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Preface

I have always been interested in chemistry and biology. My undergraduate, graduate,

and postdoctoral trainings in pharmacy, medicinal chemistry and pharmacology,

respectively, have strengthened this interest and led me to realize that significant

advances in medicine have frequently been realized because of research at the chemis-

try–biology interface. I am hoping that this comprehensive volume on recent advances

in bioactivation research will stimulate pharmacologists, medicinal chemists, pharma-

ceutical scientists, and graduate students in these fields and related areas to consider and

use bioactivation research when they explore and chart new frontiers in drug design and

drug development and when they consider ways to reduce the side effects of existing

drugs by making prodrugs. As for the toxicologists and environmental health scientists, I

hope this volume will help them generate the knowledge needed to understand better

mechanisms of toxicity to improve human risk assessments and intervention methods

after occupational or environmental exposure to various hazardous chemicals.

Adnan A. Elfarra, Ph.D.
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Mechanisms



1
Metabolic Concerns in Drug Design

Jeffrey P. Jones
Department of Chemistry, Washington State University, Pullman, WA 99164, USA

e-mail: jpj@wsu.edu

Keywords: Cytochrome P450 � AldehydeOxidase � Drug–DrugInteractions �
Mechanism-based � Virtual Screening � ADMET � Regioselectivity

1.1. Introduction

Due to recent technological innovations, such as genomics, combinatorial
chemistry, and high-throughput screening, the identification of disease
targets and of compounds that are active against these targets (‘‘leads’’)
can now be carried out efficiently.With the acceleration of these early steps
of the drug discovery process, the last step of lead optimization has become
the new ‘‘bottleneck’’ that is responsible for a substantial portion of the
estimated $800 million and the approximately 14 years that it takes to get a
new drug to market (Dimasi 2001; Lehmann Brothers 2001).

Lead optimization aims to maximize a compound’s ADMET (absorp-
tion, distribution, metabolism, excretion, toxicity) properties while at the
same time maintaining its potency and selectivity for the target. A variety
of approaches have been developed to expedite lead optimization. These
approaches include in vitro ADMET screens with increased throughput
and quick in vivo assays early in the discovery process. However, these lead
optimization strategies still require multiple cycles of compound design,
synthesis, and screening. They are cumbersome and often fail to predict the
in vivo human condition. The net result is thatmany compounds with poor
ADMETprofiles are progressing from early discovery to the pre-development
threshold where they fail as drugs. Pfizer reports that only one out of
every 12 compounds that enter its development pipeline successfully
emerges as a commercial drug (Milne 2000). An estimated 21–35% of
these compound failures result from toxicity (Prentis, Lis and Walker
1988).

A.A. Elfarra (ed.), Advances in Bioactivation Research, DOI: 10.1007/978-0-387-77300-1_1,
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Beyond the development phase, ADMET problems can surface once a
drug is launched and used by a broad and diverse patient population. They
manifest themselves as overt toxicity problems in specific patient popula-
tions or as drug–drug interaction reactions in patients who take multiple
drugs. A recent study suggests that 6.7% of hospitalized patients suffer
serious adverse drug reactions, defined as those resulting in further hospi-
talization or causing disability or death (Lazarou, Pomeranz and Corey
1998). In a single year, adverse drug reactions may cause 75 000—135 000
deaths in the US, making such reactions the sixth leading cause of death.
Overall, in the US, ADMET liabilities are estimated to account for a
significant portion of the $136 billion yearly cost of drug-related morbidity
and mortality (Jankel, McMillan and Martin 1994).

Obviously, new technologies are needed to expedite the development
and decision-making process at this stage of drug development. One
approach is to complement existing experimental approaches with com-
putational models that permit the virtual screening of up to thousands of
compounds. Such models promise to dramatically reduce the requirement
for repeated physical synthesis and screening of the compounds and thus
to expedite drug development and to reduce costs. They also permit the
evaluation and optimization of multiple ADMET properties in a more
parallel fashion and at an earlier stage of the drug discovery process than is
supported by current screening methodologies. Application of these mod-
els during drug development would thus lead to the design of compounds
with not just ‘‘adequate’’ but ‘‘optimal’’ ADMET properties that are
expected to have a greater chance of development success and to lead to
better medicines.

1.2. Overview of Computational Modeling of ADMET

Computational models for the cytochrome P450 enzymes are some of the
most useful for the characterization and optimization of drug candidates,
due to the almost universal importance of the P450 enzymes in drug
development programs. The important features of predictive models are
(1) regioselectivity (or site of metabolism), (2) substrate affinity, and
(3) metabolic rates.

Predicting the site of metabolism is of fundamental importance in the
process of compound redesign (Zamora, Afzelius and Cruciani 2003; Zhou
et al. 2006). A metabolically labile compound with a single-site major
metabolite can be improved by altering the reactivity of that site. As
described below, influencing rates of metabolism by decreasing the reac-
tivity of a site can be complicated by P450 enzyme’s ability to produce
multiple metabolites from a given substrate. Even with this caveat, com-
pound redesign remains one of the single most important uses of metabolic
models. In addition, the ability to predict the fractional importance of a
given metabolite allows the medicinal chemist to put pro-toxins in the
molecule if they are predicted to be a very minor metabolite. Predicting
regioselectivity therefore provides important information for the chemist
on how to redesign a molecule to have a longer half-life, or to avoid
toxicity.

4 J.P. Jones



The affinity of a compound for a given metabolic enzyme is an impor-
tant feature in determining the compound’s metabolic profile. In general, a
compound with high affinity for an enzyme will be a substrate for that
enzyme, although some compounds that have very high affinity are not
good substrates (He et al. 1999). Since almost all drug metabolism occurs
at subsaturating (first order) drug concentrations in vivo, the observed rate
of metabolism is proportional to affinity. In addition, since all substrates
are competitive inhibitors the binding affinity of a molecule to a metabolic
enzyme determines its potential to inhibit that enzyme and results in
drug–drug interactions (Rao et al. 2000). Since the normal therapeutic
concentrations of drugs are about 0.1–10 mM, drugs that bind to important
metabolic enzymes with less than 10-mM affinities have the potential to
inhibit the metabolism of other drugs and cause drug interactions (Rettie
and Jones 2005).

Predicting overall rate of clearance of a compound is the most useful
and problematic aspect of predictive metabolism. Metabolic rates impact
bioavailability and overall clearance of drugs. An ideal drug has an oral
bioavailability and a clearance that allows for dosing once a day. Drugs
with high first pass metabolism will soon lose market share to newer drugs
with more ideal pharmacokinetics. To predict metabolic rates, the affinity,
free fractions of drug, and the maximum turnover rate of the metabolic
enzymemust be predicted. For the P450 enzymes themaximum turnover is
dependent on the ability of the substrate to start the catalytic cycle by
initiating the reduction of P450 by P450 reductase, the amount of hydro-
gen peroxide produced, and the activation energy of substrate oxidation
by the active-oxygen species (Cpd I) process relative to reduction of Cpd I
to water (Figure 1.1).

While P450 enzymes are arguably the single most important enzyme
family, to understand the metabolism of a drug and the potential for
toxicity, the drug’s total metabolic profile must be considered. Recently
a number of models have been made for predicting glucoronide formation

Figure 1.1 The catalytic cycle of P450 enzymes.
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(Sorich et al. 2003). To effectively predict ADMET properties in whole
animals, methods for predicting the enzymes, including all phase I and
phase II enzymes, will be required. Furthermore, as a new generation of
drugs are produced that have good (low rates and binding affinities)
metabolic profiles with regard to the P450 enzymes, other metabolic
enzymes will become more important. At present the efforts to reduce
cytochrome P450 metabolic lability have increased the number of azahe-
terocyclic structures tested for their potential as new drug entities (Obach
2004; Obach et al. 2004; Obach and Walsky 2005). Replacing a carbon in
an aromatic ring with a nitrogen decreases the electron density in the
aromatic ring carbons thereby decreasing P450-mediated aromatic oxida-
tion. These electron-deficient carbons then become susceptible to nucleo-
philic attack by aldehyde oxidase (AO). The recent attention given by
Pfizer to this enzyme attests to AO’s growing significance. Given that the
discovery process takes over 10 years in general, we can expect to see a
significant increase in the number of drugs metabolized by this enzyme
over the next decade.

1.3. Predicting Inhibition/Affinities: Drug–Drug Interactions

and Drug Design

1.3.1. Cytochrome P450 Inhibition

The vast majority of drug compounds interact with the cytochrome P450
(CYP)-containing microsomal enzyme system. In most cases, the interac-
tions are detoxifying in that they result in more polar molecules that have
greater water solubility and are more susceptible to elimination from the
body, or further phase II metabolism. However, metabolism by P450
enzymes can also ‘‘bioactivate’’ a compound by introducing into the com-
pound highly reactive and toxic functionalities (toxicophores) (Park et al.
2005). For example, the oxidation of acetaminophen by CYP2E1 and
CYP3A4 produces a reactive quinone imine (Streeter et al. 1984). At
large doses, the phase II metabolism pathways that would normally
remove this reactive metabolite can become saturated and the metabolite
accumulates, leading to hepatic toxicity (Mitchell et al. 1974). Bioactiva-
tion by P450 will be discussed later in this chapter.

In addition to reactive intermediate formation, P450-mediated metabo-
lism can also lead to toxicity via P450 enzyme inhibition. Inhibition of
P450 enzymes can affect themetabolism of co-administered drugs and thus
lead to adverse drug–drug interactions. Posicor (mibefradil), for example,
was used to control hypertension and angina. However, Posicor is a potent
P450 inhibitor and interferes with the metabolism of other drugs com-
monly prescribed for high blood pressure. It was the potential for these
drug–drug interactions that caused Posicor to be withdrawn from the
market in June 1998, only a year after its launch (Krayenbuhl et al.
1999).The most important phase I enzymes are the family of cytochrome
P450 enzymes (or CYPs), of which there are approximately 60 enzymes in
humans (Nelson et al. 1996). The P450s are heme-containing monooxy-
genase enzymes. Half of all drugs are metabolized in part by the P450s
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and 30% of all drugs are metabolized primarily by P450s (Gonzalez
1992). P450 enzymes catalyze a number of reactions, including aliphatic
hydroxylations, hydrogen-atom abstractions, aromatic oxidations, and
metabolism at carbonyl groups or at heteroatoms (Jones, Mysinger and
Korzekwa 2002).

Over 99% of the oxidative metabolism of drugs by humans is mediated
by just six P450 isozymes (CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, and CYP3A4), and CYP3A4, CYP2D6, and CYP2C9 alone
mediate over 90% of human drug oxidation (Li and Jurima-Romet
1997). While CYP1A2 is not a major drug-metabolizing enzyme it tends
to metabolize relatively planer structures, giving rise to such reactive
intermediates as epoxides, phenols, and conjugated electrophiles. There-
fore, it may have a larger role in P450-mediated toxicities.

Drug–drug interactions causing toxicity is often the result of P450
enzyme inhibition. These inhibitory drug–drug interactions can arise
from three different mechanisms, which need to be addressed by separate
computational approaches. Competitive reversible inhibition is a result of
either simple competition for binding to the enzyme active site or reversible
coordination with the prosthetic heme of the enzyme (type II binding)
(Ortiz deMontellano 1995). Irreversible inhibition occurs after compound
oxidation.Most irreversible inhibitors covalentlymodify the protein or the
prosthetic heme of the enzyme such that the enzyme activity is irreversibly
destroyed in a process called suicide inhibition or mechanism-based inac-
tivation. Metabolic intermediate complex (MI complex) inhibitors form a
species that complexes to the prosthetic heme of the P450 enzyme (Sharma,
Roberts and Hollenberg 1996). A form of inhibition called ‘‘time-dependent
inactivation’’ is due to suicide inhibition and MI complex formation, redu-
cing the concentration of active P450 available over time. Bioreactive inter-
mediates are similar to suicide inhibitors in that they require metabolic
activation to a reactive species that can covalently interact with macromo-
lecules. However, they are different from time-dependent inactivators in
that metabolites produced are less reactive and diffuse from the P450 active
site and modify other cellular components (Fisher, et al. 1993). Through
damage to the cellular macromolecules, normal cellular functions are dis-
rupted and result in toxicities.

Some caveats may play an important role in interpreting results from
computational models for predicting drug–drug interactions resulting
from high affinity that have not been addressed extensively in the literature
are as follows:

1. Allosteric concerns – For a number of P450 enzymes atypical kinetics
is observed, as a result of multiple substrates binding in the same active
site. (It is also possible that allosteric activation may also occur from
binding to a site remote from the active site.) This has obvious implication
for predicting binding affinity, since each substrate may have multiple
Ki values, and inhibition constant may depend on the substrate used.
For example, Rock and coworkers have recently found that when different
fluorescent probes are used as substrates, different Ki values are found for
the same inhibitor (Hummel et al. 2006). To date no good models have
been made to predict multiple binding sites, and the data for building such
a model are difficult to obtain. However, most atypical kinetics is observed

Chapter 1 Metabolic Concerns in Drug Design 7



at high substrate concentrations, and perhaps models that only consider a
single site are the most appropriate for predicting drug–drug interactions
(Jones 2004). One practical aspect of data collection, that in part stems
from these issues, is that more general models will be built from datasets
constructed with the use of multiple substrates to determine inhibition
constants (Kumar et al. 2006). Recently a computational method has been
published for screening 2C9 substrates for the potential for allosteric
activation (Locuson et al. 2007).

2. Metabolically activated inhibitors – Predicting metabolites that will
bind very tightly to the heme (MI complexes), and suicide inactivation that
destroys enzyme activity, requires not only a binding model but a model
that predicts the amount of the reactive intermediate that causes inhibi-
tion. At times the MI complex is formed only after multiple oxidations,
increasing the problems associated with predicting the event. Given the
problems associated with predicting rates of P450-mediated reactions (see
below), the only way to address this issue at this time is to use regio-
selectivity predictions, and include them in the models. This will work
for closely related compounds that form similar amounts of hydrogen
peroxide and water, but will fail for substrates that have different coupling
of NADPH consumption to product formation.

3. Type II binding of substrates is another problem that needs to be
addressed for the accurate prediction of affinity and rates of metabolism.
In general, some of the tightest competitive inhibitors of cytochrome P450
enzymes are compounds that can coordinate a nitrogen to the iron of the
heme. Inhibition by type II binding had been used clinically in compounds
such as ketoconazole, but these compounds have a strong potential for
inhibiting P450 enzyme in a nonspecific way. For example, the antifungal
agent and type II binder fluconazole have been shown to be a teratogen;
presumably, this is a result of inhibiting steroid biosynthesis in the developing
fetus (Lopez-Rangel and VanAllen 2005).Mostmodels for affinity assume a
common binding mode. Since type II binding compounds which coordinate
to heme bind differently than normal competitive inhibitors they should not
be included in any model that assumes a specific binding orientation.

Even with these caveats a number of good models exist for predicting
binding affinity (Hudelson and Jones 2006; Mao et al. 2006; Yamashita
et al. 2006; Jensen et al. 2007; Korhonen et al. 2007) and a number of recent
reviews discuss these models in detail (Ekins, Berbaum andHarrison 2003;
Rettie and Jones 2005; Arimoto 2006). Both three-dimensional (3D) and
2D quantitative structure–activity relationships (QSARs) have been made
for the important metabolic enzymes, except P4502E1. The 2D models
have the advantage of being easy to use, and do not require alignment of
the molecules. The 3D models have the advantage of providing informa-
tion about what interactions are important in binding, and are more useful
in drug redesign to decrease binding affinity. In general most of the models
are able to predict Ki values with errors of about 1 log unit. The models for
3A4 are the hardest to construct and give the worst predictions. This is
mostly a result of the prevalence of allosteric binding of substrates and
inhibitors of this enzyme. Since no modeling method gives outstanding
predictive capability, using multiple models and looking for a consensus
gives the best results (O’Brien and de Groot 2005).
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1.3.2. Predicting Metabolites: Efficient Redesign and Avoiding

Bioactivation Pathways

The cytochrome P450 enzyme family metabolizes an amazing diversity of
substrates as dictated by both electronic features and binding features.
First, the active sites can accommodate a diverse set of substrates, most
likely with nonspecific binding interactions (Higgins et al. 2001; Dowers
and Jones 2006). Second, the oxidant used by the enzyme is very reactive
and can oxidize a wide variety of functional groups. This combination of
weak nonspecific binding interactions and a strong oxidant, results in both
broad substrate selectivity and broad regioselectivity. One method for
predicting the site of metabolism of P450-mediated reactions is to combine
the reactivity of each potential site of metabolism (electronic effects) with
any relevant accessibility effects (binding).

Experiments indicate that reaction energetics is independent of enzyme
structure and that reactivity plays a major role in the regioselectivity of
substrate oxidation (Jones, Rettie and Trager 1990; Karki et al. 1995;
Manchester et al. 1997; Higgins et al. 1998). For example, the tendency
for oxidation of a certain functional group generally follows the relative
stability of the intermediate radicals that are formed – for example,
N-dealkylation>O-dealkylation>2 carbon oxidation > 1 carbon oxida-
tion. In support of this view, several studies have shown that strong
correlations between regioselectivity can be developed using rather simple
quantum chemical models that do not take into account the protein
structure (Jones, Mysinger and Korzekwa 2002; Singh et al. 2003). These
results are in contrast to results of kinetic experiments which show that a
step prior to substrate oxidation (electron transfer) is the rate-limiting step
in the catalytic cycle (Figure 1.1). The main reason that quantum chemical
methods can predict regioselectivity is that a competition exists between a
number of different positions in the molecule for the reactive-oxygen
species. If two potential sites can approach the reactive-oxygen species
the site with the lowest activation energy will be oxidized to a greater
extent. This was first observed for molecules in which deuterium replaced
hydrogen at the site of oxidation. Deuterium increases the activation
energy by about 1 kcal mol–1 and alters regioselectivity. This is known as
isotopically sensitive branching, or metabolic switching (Jones et al. 1986;
Miwa and Lu 1987).

The kinetics of branched pathways was first described by Trager and
coworkers (Jones et al. 1986) while the phenomenon was observed earlier
by Lu and coworkers (Miwa, Walsh and Lu 1984). It was observed that if
octane was substituted in the C1 position with deuterium then less
1-octanol was produced and more 2- and 3-octanol were formed, while
the overall amount of product at all three positions remained unchanged.
Another example of branching as a result of deuterium substitution is the
oxidation of norcamphor by P450cam when it is substituted with deuter-
ium (Atkins and Sligar 1987). In this case a smaller amount of over product
from norcamphor is observed than if it has hydrogens, even though the
rate-limiting step is not norcamphor hydroxylation. Atkins and Sligar
found that the isotope effect was observed because of branching to the
alternate product water (the third decoupling pathway in Figure 1.1).

Chapter 1 Metabolic Concerns in Drug Design 9



Branching to water is most likely not an important pathway for
compounds with very reactive position of oxidation, since this pathway
appears to occur at a rate that is comparable to benzylic oxidation. How-
ever, for high-activation-energy reactions like aliphatic hydroxylation it
can be a major branched pathway. This is most likely the reason why
activation energies can be used to predict the rates of halogenated
hydrocarbons, and these compounds’ ability to modify proteins after
bioactivation as described below (Harris et al. 1992; Yin, Jones andAnders
1995; Yin, Anders and Jones 1996). In short, for high-activation-energy
metabolic processes, such as aliphatic hydroxylation, water formation
provides an alternate faster pathway that unmasks reactivity differences.
For compounds with moderate or low activation energies water formation
will be a minor pathway and will not unmask rates of reaction (Higgins
et al. 1998). For these types of oxidations an alternate metabolite of
comparable activation energy must be available for oxidation (Higgins
et al. 2001). In this case the major determinant in predicting regioselectivity
is the ability of the two sites of oxidation to approach the active-oxygen
species and to rapidly interchange at a rate faster than oxidation (Higgins
et al. 2001). Fortunately, most drug molecules have a plethora of sites that
can be oxidized as shown for simvastatin in Figure 1.2. For this molecule 19
different sites can be oxidized by P450. If all the sites can rapidly interchange
and approach the active-oxygen species the most prevalent metabolites
can be predicted by relatively simple quantum mechanical calculations to
determine the activation energy for oxidation as described below.

Branching also has another important feature, in that it allows for the
measurement of the difference in activation energies for different meta-
bolic pathways. When two enzyme–substrate (ES) complexes rapidly
interchange, the product ratios reflect the differences in activation energies
as described by the Curtin–Hammett postulate (Seeman 1983). This
method has been used to calibrate electronic models for aliphatic and
aromatic oxidation (Higgins et al. 2001; Jones, Mysinger and Korzekwa
2002).

Figure 1.2 The potential sites of oxidation of simvastatin, and the predicted ease of oxidation of each site.
The dark-shaded region contains the positions that are easily oxidized. Moderately stable sites are lightly
shaded.
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The first attempt at understanding the role of electronic effects for a
series of reactions was published in 1990 by Korzekwa (Korzekwa, Jones
and Gillette 1990). While limited in computational power relative to
today’s standards, semiempirical AM1 calculations were used to look at
the barrier heights for a series of reactions modeling hydrogen-atom
abstraction from carbons attached to different functional groups. The
activation energies reproduced the generally accepted reactivity of func-
tional groups withN-dealkylation having a lower barrier thanO-dealkylation,
and aliphatic hydroxylation having the highest barriers. A linear free energy
relationship (Eq. 1) was established that allowed for the rapid prediction of
activation energies from ground-state calculations:

�Hact: ¼ 2:60þ 0:22ð�H ÞRþ 2:38ðIPradÞ; (1:1)

where (�H)R is the AM1 heat of reaction with p-nitrosophenoxy radical,
and IPrad is the ionization potential of the radical product. The activation
energy for each position in amolecule is calculated by obtaining the energy
and ionization potential of each radical. Aromatic oxidation is modeled by
the energy of the tetrahedral intermediate.

The activation energies from this model were first applied to predicting
the LD50 values for a series of nitriles (Grogan et al. 1992). In this case
toxicity arises from oxidation adjacent to the nitrile group which releases
cyanide (Figure 1.3). It was assumed that oxidation at any other position
would not result in death. While none of these molecules were drug-like
this was one of the first models to rationally predict toxicity based on a
mechanism, and it illustrates how regioselectivity models can be used in
drug design when a potential toxicophore is needed for pharmacological
activity.

Another early application of the AM1method was for the prediction of
metabolism of halogenated hydrocarbons used as anesthetics, and in
compressors for refrigeration. The in vivo metabolism of four halohydro-
carbons was determined in rats and compared with the predicted enthalpy
of activation using the AM1 model for P450-mediated reactivity
(Harris et al. 1992) and a strong correlation was observed (r2 = 0.955).

Figure 1.3 The two pathways that lead to either cyanide release and death or a
stable metabolic product.
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Furthermore, the amount of protein adducts as estimated by immunoblots
also showed a rank-order correlation. This work was extended for the
prediction of regioselectivity in HCFC-141 and HCFC-131 (Yin et al.
1995; Yin, Anders and Jones 1996), and for the rates of metabolism of
six halogenated hydrocarbons in microsomes and purified human 2E1 to
again give very strong correlations between rates and activation energies
(Yin, Jones and Anders 1995). Our ability to predict rates in this case is a
result of the overall slow rate of reaction for hydrocarbon oxidations.
Since, as mentioned above, water formation is a branched pathway from
Cpd I and is favored over hydrocarbon oxidation, as the activation energy
for the hydrocarbon is increased the amount of water formed increases and
the amount of product decreases. Another important feature is that these
are structurally related compounds that most likely bind with similar
affinities, and have similar abilities to start the catalytic cycle. Finally,
these simple AM1 methods have been used to predict the relative rate of
activation of water contaminants to help in understanding the
potential mutagenicity of halogenated hydrocarbons in drinking water
(Tornero-Velez et al. 2004).

Since not all reactions mediated by P450 enzyme involve hydrogen-
atom abstraction, other models are required for aromatic hydroxylation,
epoxidation of alkenes, N-oxidation, and sulfoxidation. Simple AM1
models for aromatic hydroxylation have been developed by us and inte-
grated with the aliphatic models (Jones, Mysinger and Korzekwa 2002).
For these models we used methoxy radical and correlated the enthalpy of
reaction for tetrahedral intermediate formation to the activation energy
for the process. Experimental data was than used to calibrate the activa-
tion energies for aromatic oxidation with those for aliphatic oxidation. If
this calibration was not done, aromatic oxidation is predicted to be the
major metabolite for all compounds with an aromatic ring. Experimen-
tally, aromatic oxidation is very similar in activation energy to benzylic
oxidation. Problems with these models occur when a compound has multi-
ple fused aromatic rings. In this case it is possible to predict if aromatic
hydroxylation will occur, but the absolute regioselectivity is dictated by
steric concerns, and the stability of any epoxides that are formed (Dowers
et al. 2004b).

N-oxides and S-oxides are also formed by P450-mediated reaction.
HeterocyclicN-oxides are relatively easily formed with relative reactivities
being close to aliphatic epoxide formation. However, while this is a rela-
tively facile reaction, substituents ortho to the nitrogen in the ring will
significantly hinder this reaction (Dowers et al. 2004). Sulfoxidation is
another very facile reaction that electronically is favored overN-dealkylation
by about 1–2kcal mol–1 (Volz, Rock and Jones 2002). In general sulfur
oxidation will be a major route of metabolism unless the sulfur is made
electron deficient, or is sterically hindered.

When these simple AM1-based computational methods are applied to
drugs that are substrates for P450 3A4 they are very successful at predict-
ing regioselectivity. The literature was reviewed for compounds that had
reported major metabolites for 3A4 metabolism in vitro. For some com-
pounds a number of metabolites were reported. The AM1 model for
hydrogen-atom abstraction (Korzekwa, Jones and Gillette 1990), or
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where appropriate the newer model for aromatic hydroxylation (Jones,
Mysinger and Korzekwa 2002) for predicting activation energy was then
applied to each aliphatic or aromatic site of potential oxidation in the drug.
Out of the 82 compounds presented in Figure 1.4 all the reported metabo-
lites were correctly predicted for 62 of them. For the remaining compounds
at least one of the reported metabolites was reported to be among the top
three for 13 drugs. In most of these cases a number of positions are
predicted to have very similar activation energies. Only 7 drugs did
not have the major metabolite in the top three predicted sites. For most
of these molecules the low-activation-energy positions are sterically
hindered. Thus, a simple fast model predicts the site of metabolism with
about 75% accuracy.

Given that most of these molecules are very complex and have a
number of sites of metabolism the high level of predictability is unex-
pected. To illustrate this, the predictions for a simvastatin will be evalu-
ated. Simvastatin is shown in Figure 1.2, and has 19 possible positions of
metabolism. Of the 19 possible metabolic positions the top 5 are predicted
to have similar relative rates of metabolism based on activation energy,
with the highest metabolic rates predicted to be at the C2 position which is
the observed major site of metabolism (Prueksaritanont et al. 1997).
Hydrogen-atom abstraction from the C2 position produces an allylic
radical, which is stabilized by resonance. A very similar activation energy
is predicted for the C9 position which is also allylic and three other
positions in the molecule. From the predicted relative rates the effect of
having similar activation energies becomes apparent with the first three
sites having some differences in activation energy but having very little
difference in predicted rate. In terms of drug design this means that at least
the first three sites, and reasonably the five easiest sites of oxidation, would
need to be altered to have a meaningful change in the clearance of simvas-
tatin. It should be noted that these are relative rates and can be used for
redesign since other factors that affect rates, such as affinity, the ability to
start the catalytic cycle by initial electron transfer, and the amount of

Figure 1.4 The prediction success and failure of a simple AM1 electronic model for regioselectivity.
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hydrogen peroxide release, are the same since it is an intramolecular
competition (Porter, Branchflower and Trager 1977). However, the rate
of metabolism of simvastatin cannot be compared with other molecules
using this method. The site(s) of metabolism for five other compounds plus
simvastatin are given in Figure 1.5. In general, the major sites of metabo-
lism are activated by nitrogen. Cocaine, propafenone, trimethadione, and
diazepam all are oxidized adjacent to a nitrogen. This is a result of the lone
pair of electron decreasing the activation energy for hydrogen abstraction.
For simvastatin, diazepam, and meloxicam the site of metabolism is
adjacent to a double bond and hydrogen-atom abstraction is stabilized
by resonance. Overall, when two sites of metabolism are predicted to have
the same probability of oxidation, the less-hindered site is the site of
metabolism.

While this model has been shown to work for 3A4 and for 2E1, it
unlikely to work for substrates for 2D6 and 2C9 since both these enzymes
orient the substrate in the active site. It can even be shown that for 3A4 the
hydrophobic nature of the active site biases orientation, and an increase in
predictability can be obtained by biasing reactivity toward hydrophobic
portions of the molecule.

This method of modeling uses the accepted mechanism for oxidation of
a carbon–hydrogen bond, and for aromatic hydroxylation. Hydrogen-
atom abstraction is used to model dealkylation reactions and aliphatic
oxidation, assuming the Groves hydrogen-atom abstraction rebound
mechanism (Groves et al. 1978) shown in Figure 1.6. Aromatic oxidation
is modeled by the formation of a tetrahedral intermediate and is indepen-
dent of whether the tetrahedral intermediate collapses to an epoxide or
rearranges to give phenol directly (Jones, Mysinger and Korzekwa
2002). It is also assumed that all P450 enzymes have similar energetics
with respect to the active-oxygen species, and that only a single such

Figure 1.5 The observed (solid arrow) and predicted (dotted arrow) sites of metabolism of selected drugs from
Figure 1.4.
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reactive-oxygen species exists. This is consistent with a number of studies that
have concluded that the transition states as reflected by isotope effects are
almost identical for different P450 enzymes for hydrogen-atom abstraction
reactions (Higgins et al. 1998;Higgins et al. 2001). One caveat to this finding is
that recently a number of reactions have been attributed to the iron-hydro-
peroxy species known as Compound 0 (Vaz and Coon 1987; Coon and Vaz
1988; Vaz,Roberts andCoon 1990; Volz, Rock and Jones 2002; Chandrasena
et al. 2004; Cryle and De Voss 2006). Most of this work is dependent on
increases in rates of a given reaction or changes in product ratios formutation
of a threonine in the I-helix involved in proton transfer to the Compound 0 to
from Cpd I (Figure 1.7). The threonine mutant was first made by Imai et al.,
in 1989 and according to electron paramagnetic resonance (EPR) studies this
mutant increases the steady-state concentration of Compound 0 (Denisov,
Makris and Sligar 2001).

Given that the rate-limiting step is prior to Compound 0 formation, low
steady-state level of Compound 0 would be expected for each enzyme. It is
not clear if each enzyme would catalyze the breakdown of Compound 0
with similar rates, and small differences in rates would have relatively large
differences in the steady-state concentration of this species. Considering
that this rate is dependent upon proton delivery to the oxygen distal to the
iron, difference in tertiary structure that alters the flow of protons might
vary to a large extent. Furthermore, the substrate also can play a role in the
lifetime of Compound 0 (French et al. 2001; Davydov et al. 2005) since it
may alter the ability of the enzyme to deliver a proton to the distal oxygen
and instead lead to proximal protonation and hydrogen peroxide release
(Figure 1.7b). Thus, any reaction dependent on Compound 0 may be
expected to behave very differently for different P450 enzymes and possi-
bly will have different branching ratios with different substrates. Reactions
that may be mediated in part by Compound 0 include epoxidation (Vaz,

Figure 1.7 (a) Proton transfer to give
Compound I. (b) Proton transfer to
release hydrogen peroxide.

Figure 1.6 Groves
hydrogen
abstraction
rebound mechanism.
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McGinnity and Coon 1998; Jin et al. 2003; Jin, Bryson and Dawson 2004),
sulfoxidation (Volz, Rock and Jones 2002; Cryle and De Voss 2006),
aliphatic oxidation of cyclopropanes (Newcomb, Hollenberg and Coon
2003; Chandrasena et al. 2004), ipso-substitution of substitutes phenols
(i.e., aromatic carbon that has a substituent) (Vatsis and Coon 2002),
reaction with acetylenes to generate reactive-oxygen species (Blobaum
et al. 2004), deformylation of aldehydes (Vaz et al. 1996), N-dealkylation,
and aromatic hydroxylation (Hutzler et al. 2003; Keizers et al. 2005). The
enzymes involved include the mammalian enzymes 2D6, 2E1, 2B4, 101,
102, and the potential for multiple reactive species has been reviewed
recently (Newcomb, Hollenberg and Coon 2003; Jin, Bryson and
Dawson 2004).

The main tool that has been used to probe for multiple oxidants is
mutation of the threonine residue that is conserved in most P450 enzymes
and responsible for coordinating proton delivery from a water molecule to
the distal oxygen of the iron-hydroperoxy species (Figure 1.7a). By far the
most convincing of these studies report an increase or no change in the
amount of product formed when the mutant that slows Cpd I formation is
used, implying that oxidation does not come from Cpd I. For example, the
T268A mutant of P450BM3 results in a decrease in fatty acid oxidation,
but no change in the rate or stereochemistry of oxidation of thiafatty acids
(Cryle and De Voss 2006). This provides strong evidence that sulfoxida-
tion occurs from Compound 0. Supporting this conclusion is the fact that
sulfoxidation has been found to come from a different oxidant than
N-dealkylation of dimethylanilines (Volz, Rock and Jones 2002). Another
compelling study used the T309A mutant of P4502D6 and found that the
rates of aliphatic N-dealkylation of dextromethorphan and 3,4-methyle-
nedioxymethylamphetamine and aromatic hydroxylation of bufuralol
were increased while O-dealkylation of these substrates was decreased.
Finally, for the T303A mutant of P4502E1 the rates of epoxide formation
were found to increase for styrene, cyclohexene, cis-2-butene, and trans-2-
butene but not for oxidation at the allylic position (Vaz, McGinnity and
Coon 1998). Finally, ipso-substitution of a number of phenols is increased
with this 2E1 mutant (Vatsis and Coon 2002). The simplest interpretation
of these results is that the iron-hydroperoxy species is responsible for the
reactions that increase in rate (sulfoxidation, aliphatic N-demethylation,
epoxidation, and ipso-substitution), and that Cpd I is responsible for the
reactions that decrease in rate (O-dealkylation, aliphatic hydroxylation,
and allylic hydroxylation).

In contrast to the findings with the mutants, a number of these
same types of reactions have been shown to come from a common reac-
tive-oxygen intermediate (Higgins et al. 2001), and for N-dealkylation of
N,N-dimethylanilines the reactive species has been shown to be Cpd I
(Dowers et al. 2004). Aromatic oxidation, N-oxide formation, and
O-dealkylation have also been shown to come from a common intermedi-
ate (Dowers and Jones 2006). Interestingly, when the O-dealkylation and
N-dealkylation reactivity of dextromethorphan are explored by the
T309A mutant of 2D6, O-dealkylation is assigned to Cpd I and N-deal-
kylation to Compound 0 (Hutzler et al. 2003; Keizers et al. 2005). This
leads to a situation where most reaction types (N-dealkylation, aromatic
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oxidation, etc.) catalyzed by P450 may result from either Compound 0 or
Cpd I, with O-dealkylation, straight-chain aliphatic compounds, and
N-oxidation of heterocyclic amines being the only reactions unanimously
identified as only coming from Cpd I.

Theory has been used to look at the potential for the iron-hydroperoxo
species to mediate different P450 reactions. The results have been stated
rather unambiguously by Kamachi et al. (2003) when they used density
functional methods ‘‘. . . to look at whether or not the iron(III)-hydroper-
oxo species can participate in olefin epoxidation with the iron(IV)-oxo
species (Cpd I). The answer is negative.’’ Shaik and coworkers have also
looked at the reactivity of the iron(III)-hydroperoxo species (Compound
0) and found that in comparison to Cpd I oxidation the barrier heights are
at least 23 kcal mol–1 higher for Compound 0 than Cpd I (Ogliaro et al.
2002) and concluded that the iron-hydroperoxo species cannot be a second
oxidant. However in a more recent work Shaik and coworkers have stated
that in the absence of any Cpd I formation, Compound 0 may act as an
oxidant (Hirao, Kumar and Shaik 2006). Specifically they looked at the
T252A mutant of P450cam and concluded that hydroxylation of 5-methy-
lenenylcamphor could possibly occur from Compound 0 if no Cpd I is
present with a barrier height only 6 kcal mol–1 higher than Cpd I.

Surrogate oxygen donors are molecules that can donate oxygen to the
resting heme to generate Cpd I directly without having Compound 0 as an
intermediate. Obviously, given the concern about whether Compound 0 or
Compound 1 is the active oxidant in P450, a molecule that will only form
Cpd I would be highly desirable. The major caveat is that the surrogate
generated Cpd I must have the same reactivity as the native Cpd I. Three
surrogates, cumene hydroperoxide, iodosobenzene, (Guengerich, Yun and
MacDonald 1996) and the N-oxide of N,N-dimethylaniline (Dowers
et al. 2004) have been used to measure the kinetic isotope effects for
N,N-dimethylaniline dealkylation. Of these three oxygen donors only
the N-oxide of N,N-dimethylaniline gave the same isotope effect as the
native enzyme system. Both cumene hydroperoxide and iodosobenzene
gave significantly larger isotope effects indicating a change in mechanism.
However, while this might make theN-oxide ofN,N-dimethylaniline seem
like the best surrogate oxygen donor, it has never been reported to oxidize
any substrate other then N,N-dimethylaniline. While iodosobenzene
supports a number of P450-mediated reactions, besides giving different
isotope effects, it often gives different ratios of products (Berg, Ingelman-
Sundberg and Gustafsson 1979; Chandrasena et al. 2004), and causes
heme degradation at a rate that exceeds the rate of oxidation (Macdonald
et al. 1989). Cumene hydroperoxide also seems to give large isotope effects
for N-demethylation of amitriptyline (Hutzler et al. 2003) and to give
different product ratios for bufuralol (Keizers et al. 2005) and indole (Li
et al. 2005). Thus, at this time it would appear that no good oxygen
surrogate is available for Cpd I-mediated reactions.

An alternate possibility for a second oxidant that has been put forth
by Shaik and coworker is that spin-selective reactivity may be responsible
for the experimental observations that require multiple oxidants (Shaik
et al. 2005). Density functional theory (DFT) predicts that multiple spin
states of Cpd I exist with very small differences in their energetics. Thus,
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high-spin Cpd I has a lower barrier for sulfoxidation than low-spin Cpd I
(Sharma et al. 2003), while the low-spin state is responsible for hydrogen-
atom abstractions. Very small changes in structure around the heme lead
to changes in the energetic ordering of the spin states. Thus, a mutant that
changes threonine to alanine, which would change the environment above
the heme, may change the spin reaction manifold and alter reactivity
(Watanabe 2001; Shaik et al. 2005). Recently, spin-selective reactivity
has been proposed to be the reason why iodosobenzene has a different
reactivity than the native P450 system (Cho et al. 2007). When iodosoben-
zene donates oxygen to the heme it initially forms a high-spin Cpd I that in
theoretical calculations gives large isotope effects consistent with
experiment.

Thus, a contrasting view of the potential for predicting metabolites
arises from the work published on the mechanism, which appears very
complex, and the application of relatively simple models mentioned above
to predicting the actual regioselectivity of the metabolism of drugs. Under-
standing these different mechanistic possibilities, and when they come into
play, should increase our predictive capabilities.

An extension of the models developed in the early 1990s has recently
been reported by Olsen et al., in which the simple AM1 calculations were
extended to more rigorous DFT methods and the transition states for
building the model used a heme model instead of a simpler radical (Olsen
et al. 2006). These studies confirmed that AM1 model for predicting
activation energies works rather well at predicting the more computation-
ally demanding DFT full-heme activation energies. This study also found
that different functional groups could just be grouped into primary ali-
phatic, secondary aliphatic, aromatic, dealkylation with sulfur or oxygen
adjacent, and N-dealkylation and used to predict reactivity with high
accuracy. Finally these authors combined site accessibility and reactivity
to make predictions for progesterone and dextromethorphan.

An automated approach has recently been developed into a commercial
program,Metasite. The main advantage of this program over the methods
mentioned above is that the system is automated and different steric
accessibility parameters have been developed for CYP1A2, CYP2C9,
CYP2C19, CYP2D6, and CYP3A4 based on crystal structure and homol-
ogy models. This method uses GRID (a computer program to define 3D
space) flexible interaction fields to estimate if the reactive atom is acces-
sible and a reactivity parameter based on ab initio methods, which are then
used to define reactive fragments: when a significantly different fragment is
encountered anAM1 calculation is used (Cruciani et al. 2005). For 3A4 the
predictive capacity is about 78% for 340 compounds, very close to the 75%
reported above for the AM1 model alone.

The Metasite program has recently been evaluated for statin metabo-
lism (Caron, Ermondi and Testa 2007). This effort assessed the regioselec-
tivity of metabolism of seven statins by 3A4 and 2C9, and they found an
overall success rate that was very similar to the original report of about
77%. In a separate study that compared Metasite and a docking metho-
dology in predicting metabolites of 227 known 3A4 substrates, Metasite
was found to be the best method, predicting 78% of the major metabolites
versus 57% for the docking methods (Zhou et al. 2006). Thus, consistent
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predictions of the major metabolite with electronic methods alone or with
crystal structure corrections for accessibility have yet to consistently
exceed the 80% success rate.

The complex mechanistic issues mentioned above may be the reason for
this limit in predictive capability. Another possibility has recently been
presented by Shaik and coworkers who hypothesized that the activation
energy was not the only variable that needed to be accounted for in
predicting regioselectivity, and that the regioselectivity ratio also reflected
the overall energy of the products as calculated in the active site (Cohen
et al. 2006). Therefore, products that interact with the heme strongly are
not formed to as high an extent as those that interact weakly.

1.3.3. Predicting Rates of P450-Mediated Reactions

As described above we have successfully predicted the rates of reaction of
very poor substrates using our simple AM1 model (Yin, Jones and Anders
1995; Tornero-Velez et al. 2004). Our ability to make these rate predictions
is a result of a number of features of these reactions that are not general.
Therefore, in general it is not possible to use activation energy, and the
parameters associated with predicting regioselectivity, to predict rates. The
following four features of the reaction must be very similar or known to
make rate predictions:

1. Affinity of the substrate for the enzyme – Since metabolism usually
occurs at subsaturating concentrations of substrate, the higher the
affinity of the substrate to the enzyme, the faster the rate of metabolism.

2. Peroxide formation – In addition to the decoupling pathway to form
water, the peroxy or superoxy intermediates can also dissociate to
decouple the enzymatic cycle (Figure 1.1). The degree of peroxy decou-
pling is probably a whole-molecule property and is dependent on
whether Compound 0 is protonated on the proximal or distal oxygen
(Figure 1.7). If all other features are identical, the substrate that makes
the least amount of peroxide will be metabolized the fastest.

3. Composite site lability – Composite site lability is the fraction of max-
imum velocity based on all activation energy values in the molecule. This
is essentially a fractional velocity calculated for the substrate oxidation
step that is determined by the relative importance of water formation.
For compounds with easily oxidized sites, such as N-dealkylation and
epoxidation pathways, this value approaches 1. In other words, if one
site is made more difficult the overall flux to give product remains the
same since a number of products come from low-energy pathways. For
compounds that are very stable, such as halogenated hydrocarbon oxi-
dation, the log of this value is proportional to activation energy. The
scale of this parameter is compressed in the reactive region since water
formation cannot compete with the metabolism of labile sites, while very
stable compounds will branch to water, giving the perception that less
product is being formed, since water is not normally counted as product.

4. Reduction rates – The rate-limiting steps in the catalytic cycle of the
P450s is enzyme reduction, and substrate interactions in the active site
can influence the rate of reduction. A very significant influence on
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reduction rate occurs when the substrate can complex with the heme
within the active site, called type II binding. Although this results in an
increased affinity to the active site, the rate of metabolism is decreased
because a large fraction of the heme can no longer be reduced and bind
oxygen. Conversely, compounds that bind directly above the heme and
excluded water increase the rate of reduction and are metabolized at an
overall higher rate.

In the case of the halogenated hydrocarbons the compounds are all very
similar in structure, and it is likely that they have similar affinity for
CYP2E1. They also have similar size, which most likely gives similar
branching to peroxide. The composite site liability is low, leading to high
amount of water formation which gives a constant branched pathway to
unmask differences in reactivity. It is not clear what factors alter the
reduction rates of CYP2E1, but from the results all the substrates must
give rather similar amounts of reduction.

For drug-like molecules these four features will rarely be the same. For
example, the compounds we tested for regioselectivity that are given in
Figure 1.4 for the most part have very different structures and are known
to have different Ki and KM values which would lead to differences in the
binding affinity, reduction rates, and peroxide formation. Most drugs
contain functional groups that have relatively high reactivity, such as
alkyl group attached to nitrogen and oxygen. These highly reactive groups
make the electronic component less important since the maximum rate is
not determined by oxidation rate, but rather by other features. Thus, when
one considers the flux of metabolism the electronic component becomes
less important when the drug has a very reactive group. While affinity can
be modeled reasonably well, model for peroxide formation and reduction
rates are much less straightforward. Overall, predicting rates is one of the
most important, but as yet generally unattainable goal in ADMET
prediction.

1.4. Summary

Predictive models are important tools for increasing the efficiency of drug
development. Lead generation and optimization is best accomplished by
the consideration of multiple parameters, including properties involved in
ADMET processes. Predictive ADMETmodels allow for consideration of
these properties prior to synthesis and therefore for incorporation of these
properties into compound design and redesign. The emphasis of the work
described here has been on the development and application of predictive
models for cytochrome P450 enzymes but more global models need to be
developed that include other important metabolic enzymes. The models
available now predict regioselectivity, or site of metabolism, and affinity.
Additionally, concepts and relationships from these models can be incor-
porated into models of the rate of metabolism for a series of compounds,
although this has not been routinely done. ADMETmodels can be used to
design compounds with more optimal metabolic characteristics, including
low rates of metabolism, decreased potential for drug–drug interactions,
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and decreased likelihood of metabolically mediated toxicity. Ultimately,
the goal is to apply predictive tools to help decrease the huge attrition in
drug discovery and development, and to help design better medicines.
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2.1. Adverse Drug Reactions

Adverse drug reactions (ADRs) continue to be a significant contributor to
overall attrition statistics in the pharmaceutical industry. ADRs pose a
significant health problem since they contribute to patient morbidity and
mortality and represent one of the most common causes for pharmaceu-
tical product recalls and black-box warning labels. Of a total of 548 drugs
approved in the period from 1975 to 1999, 45 drugs (8.2%) acquired one or
more black-box warnings and 16 (2.9%) were withdrawn from the market
(Lasser et al. 2002). An estimated 100 000 fatalities annually are attributed
to ADRs making it the fourth to sixth leading cause of death in the United
States (Lazarou, Pomeranz and Corey 1998). Therefore, increased empha-
sis has been placed on the identification of indicators of ADRs in pre-
clinical species and humans as early as possible in the overall discovery/
development process.

Adverse drug reactions can be classified into two categories namely type
A and type B reactions. Type A or augmented reactions account for
approximately 80% of all ADRs and are predictable from the known
primary or secondary pharmacology of the drug. They show simple
dose–response relationships and, therefore, can be usually avoided by
dose reduction and are rarely life-threatening. Type A ADRs can be
routinely identified in preclinical toxicological investigations. Typical
examples of type A ADRs include the risk of hypotension with antihyper-
tensives and hemorrhage with anticoagulants. Currently, risk assessment
of overall toxicity in the clinic is usually based on the safety margin of the
drug candidate, which is often the ratio of the no observable adverse effect
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level (NOAEL) in the most sensitive preclinical species and the anticipated
efficacious dose/systemic exposure in humans. A combination of clinical
signs and histopathological evaluations serve as standard paradigm for
identification of organ toxicity in animals, and the risk assessment is then
extrapolated to humans. If an adverse event is observed in laboratory
animals at systemic drug exposures near those anticipated for clinical
efficacy, the drug is generally abandoned from further development. This
traditional approach for organ toxicity risk assessment has poor predict-
ability for type B reactions (Olson et al. 2000), since these reactions are not
related to the known pharmacology of the drug, and although they are dose-
dependent in susceptible individuals, they can occur at any dose within
the usual therapeutic range. Although less common than type A reactions,
type B reactions can be serious and may be life-threatening. Type B reac-
tions are extremely host-dependent, usually rare, and therefore referred to as
idiosyncratic ADRs (IADRs). Furthermore, there are no general animal
models that can predict the occurrence of IADRs in humans. Idiosyncratic
ADRs can be just as idiosyncratic in animals as they are in humans and
furthermore it is rare for animals to show all of the biochemical, clinical, and
morphological features characteristic of IADRs in humans. This is not
surprising considering that many of the manifestations of idiosyncratic
reactions to the same drug can be different in different humans. Compre-
hensive reviews on this subject have recently appeared in the literature (Roth
et al. 2003; Shenton, Chen and Uetrecht 2004).

Given the low frequency of occurrence of type B reactions and lack of
available animal models, large clinical trials, exposing perhaps up to 10
000 patients to a new therapeutic agent prior to registration, may not suffice
in detecting IADRs reliably. An additional complication is that IADRs
usually manifest as overt or symptomatic disease and can occur with inter-
mediate (1–8weeks) or long (1 year) periods of latency. Drugs can adversely
affect almost any organ in the body; however, potentially life-threatening
IADRs noted for several drugs include hepatotoxicity, severe cutaneous
reactions, anaphylaxis, and blood dyscrasias. Among these, drug-induced
liver toxicity is the most common cause for the withdrawal of a drug from
the market and it accounts for approximately one-half of the cases of acute
liver failure and mimics all forms of acute and chronic liver disease
(Gunawan and Kaplowitz 2004). An estimated 1400 drugs have been impli-
cated in causing liver damage in greater than one occasion (Biour et al.
2000). Manifestations of liver injury range from mild, asymptomatic
changes in serum transaminases, which occur at high frequency with a
number of drugs, to fulminant hepatic failure, which although rare is
potentially life-threatening and may necessitate a liver transplant.

2.2. Link Between Drug Metabolism and Type B ADRs

One of the liver’s main physiological roles is the metabolism of drugs into
hydrophilic metabolites (via a combination of oxidative, reductive, and
hydrolytic phase I and conjugating phase II pathways) in order to facilitate
their elimination. Considering that the liver is exposed to high concentra-
tions of drugs/metabolites after oral administration, it is not altogether
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surprising that the organ is often a target for drug-induced toxicity. In
most cases hepatic metabolism results in the loss of biological activity of
the parent drug, and such metabolic reactions are therefore regarded as
detoxification pathways. However, depending on the structural features
present in some drugs, the same metabolic events on occasion can generate
chemically reactive and toxic metabolites. The concept of drugmetabolism
to chemically reactive species that covalently modify critical protein com-
ponents leading to some form of toxicity has its basis in the field of
carcinogenicity (Fieser 1938; Miller and Miller 1947), which proposed
the carcinogenic and hepatotoxic activity of polycyclic aromatic hydro-
carbons and aminoazo dyes to arise from their bioactivation to reactive
metabolites. Extension of these concepts to human drug-induced hepato-
toxicity was provided from studies in the 1970s on the covalent binding to
hepatic tissue by structurally diverse drugs including acetaminophen
(Cohen et al. 1997). Based on these collective findings gathered over the
last 50 years, biotransformation of relatively inert organic compounds to
reactive electrophilic intermediates including free radicals, commonly
referred to as metabolic activation or bioactivation, has been speculated
to contribute toward certain drug-induced toxicities, including hepatotoxi-
city, cutaneous ADRs, and blood dyscrasias (Kaplowitz 2004). Inade-
quate detoxification of reactive metabolites is thought to represent a
pathogenic mechanism for tissue necrosis, carcinogenicity, teratogenicity,
and immune-mediated toxicity (Figure 2.1; Kaplowitz 2004).

Drug-metabolizing enzymes have evolved to process a plethora of structu-
rally diverse xenobiotics, which are encountered by the organism. These
enzymes, however, cannot distinguish between xenobiotics that are bioacti-
vated to reactive metabolites and those that are not. Whether bioactivation
will occur for any given molecule will depend on two key factors: (1) does the
molecule possess a functionality and/or architecture that is susceptible to
bioactivation and (2) is there an alternative (higher affinity but innocuous)
route of metabolism within the molecule that minimizes the potential bioacti-
vation of the ‘‘suspect’’ chemical motif within that molecule. Most bioactiva-
tion reactions in the liver involve either oxidation or reduction and can often

Figure 2.1 Proposed role of bioactivation in drug toxicity.
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be attributed mainly to the action of cytochrome P450 enzymes. In several
cases, cytosolic enzymes, such as aldehyde oxidase or alcohol dehydrogenases,
have also been noted to participate in the catalysis of bioactivation pathways.
Conjugative pathways including glucuronidation and sulfation are also
known to transform latent functional groups into electrophilic intermediates.
In some cases, bioactivation can involve a single enzymatic reaction, whereas
in other cases, multiple enzymatic and/or chemical steps are involved in the
production of the ultimate toxin. Besides the liver, neutrophils andmonocytes
can metabolize drugs to reactive metabolites, especially those drugs that have
nitrogen or sulfur in a low oxidation state. The major system involved in this
oxidation is the combination of NADPH oxidase and myeloperoxidase
(MPO), which generates hypochlorous acid. In such cases, the dominant
toxicity will be agranulocytosis and/or aplastic anemia, not hepatotoxicity.

While the detection of a bioactivation process in vitro is relatively
straightforward, the downstream consequences of this process as it relates
to toxicity remain poorly understood, although, two hypotheses have been
proposed to explain the phenomenon. Foremost amongst them is the
hapten hypothesis that proposes covalent modification of proteins by a
reactive metabolite leading to a ‘‘foreign’’ protein that, in some cases,
translates to an immune-mediated adverse reaction. Failure to downregu-
late potentially deleterious immune responses due to a ‘‘foreign’’ macro-
molecule may cause ADRs in susceptible patients (Matzinger 2002). For
example, sulfonamides such as sulfamethoxazole cause a variety of ADRs
including fever, skin rashes, hepatitis, nephritis, and blood dyscrasias,
many of which are idiosyncratic in nature. The identification of drug-
specific T cells in systemic circulation and blister fluid of susceptible
population provides convincing evidence that adverse events associated
with sulfamethoxazole require activation of the host’s immune system
(Hess et al. 1999). In the case of sulfamethoxazole, the immune activation
is thought to involve a P450-catalyzed bioactivation of the aniline group to
a reactive nitroso metabolite capable of covalently binding to cellular
constituents (Hess et al. 1999). The danger hypothesis, which aims to
account for the idiosyncratic nature of ADRs in patients, further expands
on the hapten hypothesis. In this proposal, drug–macromolecule conju-
gates lead to cell damage, which in turn generates a ‘‘danger signal’’ that
ultimately can result in antibody- or cytotoxic T-cell-mediated responses
(Uetrecht 1999). The variability in incidence of such a response in patients
is thought to be due to high interindividual differences in the competing
processes of cell damage, repair, and host cell defense.

Since the initial hypothesis that covalent binding of acetaminophen to
‘‘critical’’ hepatic proteins may be associated with its hepatotoxic effects,
there has been a plethora of publications on the identification of suscep-
tible protein targets (Pumford and Halmes 1997). However, few have
attempted to distinguish ‘‘critical’’ from ‘‘noncritical’’ proteins. With
acetaminophen, more than 30 hepatic proteins form conjugates with acet-
aminophen after a toxic overdose of the drug to rodent species (Hinson
et al. 2004; Park et al. 2005). The concomitant inactivation of multiple
proteins during this process suggests that failure in the cellular machinery
is a consequence of multiple parallel events rather than a simple cascade or
signaling mechanism. Overall, the complex nature of these events severely
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limits our ability to predict whether in vitro bioactivation and accompany-
ing covalent binding of a potential drug candidate to hepatic tissue(s) will
or will not ultimately translate in some form of toxicity in animals or for
that matter in humans. Even if the drug candidate fails to cause organ
toxicity in preclinical species, there is always some concern that the bioac-
tivation observed in human hepatic tissue may have the potential to elicit
idiosyncratic immune-mediated ADRs in the susceptible population.

2.3. Assays to Monitor Reactive Metabolites

in Drug Discovery

Formation of reactive metabolites has received considerable attention and
several in vitro assays have been established to monitor and address this
phenomenon. Reactive electrophilic metabolites are generally short-lived
(with the possible exception of some acyl glucuronides) and are not usually
detectable in circulation. Their intracellular formation can be inferred
from conjugates derived from reaction with endogenous nucleophiles.
Their formation may be modulated by enzyme induction and/or inhibi-
tion, and gene deletion in mammals. However, none of these experimental
approaches are directly applicable to humans. Consequently, human expo-
sure to chemically reactive metabolites in the liver and in the general
circulation is impossible to quantify. Given the inability to predict whether
bioactivation phenomenon detected in vitro will ultimately lead to toxicity
in the clinic, a general strategy adopted bymany within the pharmaceutical
community involves the assessment of reactive metabolite formation as
early as possible in the selection of drug candidates, with the goal of
eliminating or minimizing the formation of reactive species by rational
structural modification of lead chemical matter.

2.3.1. Covalent Binding

Availability of a radiolabeled compound allows a quantitative assessment of
the amount of covalent binding either in vitro (e.g., liver microsomes, cytosol,
or S-9 fractions) or in tissue or blood/plasma obtained frompreclinical in vivo
studies. Some companies have adopted a limit of 50pM mg–1 liver micro-
somal protein as the cutoff for further development (Evans et al 2004; Evans
and Baillie 2005). This limit is based on the commonly observed amount of
covalent binding detected in the livers of animals receiving a prototypic
hepatotoxin (e.g., acetaminophen, bromobenzene, furosemide, or 4-ipomea-
nol), which is associated with overt hepatoxicity (about 1000pMmg–1 micro-
somal protein) and a 20-fold safety margin. However, it should be noted that
the 50pMmg–1microsomal protein is not a hard cutoff. The rigor with which
teams adhere to this limit depends on multiple factors such as the therapeutic
area, the duration of therapy (acute versus chronic), the target population,
first in class or best in class and, of course, the anticipated human pharma-
cokinetics and dose. Covalent binding studies can be performed in vivo as
well. Either tissue or blood/plasma can be examined for the degree of covalent
binding. However, covalent binding may require multiple dosing to establish
the true impact of the compound. Reactive metabolites formed after the first
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dose may be efficiently trapped by nucleophiles such as glutathione (GSH)
and eliminated from the body (e.g., via the bile). Once GSH is depleted, the
extent of covalent binding with cellular or circulating proteins may increase
rapidly, which could result in an ADR. The advantage of covalent binding
studies is that they directly measure covalent binding of reactive metabolites
to macromolecules, which could cause an adverse immunological response or
direct organ toxicity. Nevertheless, no information is available about the
nature of the covalently modified proteins. Furthermore, since many drugs
display a degree of covalent modification of proteins, but only a fraction
thereof cause toxicity, a direct link with a toxicological endpoint is not
guaranteed. Indeed, the mechanism of action of some drugs (e.g., aspirin,
finasteride, clopidogrel, and omeprazole) involves covalent binding to the
target. For finasteride the binding specifically involves 5a-reductase and,
therefore, no toxicity due to off-target covalent binding is observed. An
added disadvantage of this approach is that covalent binding experiments
are laborious. Finally, radiolabeledmaterial is not routinely available in early
drug discovery at most pharmaceutical companies.

2.3.2. Reactive Metabolite Characterization as Stable Sulfydryl,

Amino, and/or Cyano Conjugates

Methodology to elucidate the structure(s) of reactive metabolites typically
involves in vitro ‘‘trapping’’ experiments conducted using liver micro-
somes, cytosol, or S-9 fractions supplemented with NADPH and appro-
priate nucleophilic trapping agents including thiols (e.g., naturally
occurring tripeptide and soft nucleophile GSH and its ethyl ester deriva-
tive or N-acetylcysteine), amines (e.g., N-acetyllysine, semicarbazide, and
methoxylamine), or cyanide anion; analysis of the resulting metabolites by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) is
employed to detect and characterize stable conjugates with the exogen-
ously added nucleophile. Elucidation of the structure of these adducts can
provide indirect information on the structure of the electrophilic species,
thereby providing insight into the bioactivation mechanism and hence a
rationale on which to base subsequent chemical intervention strategies.
These trapping agents also serve as surrogate markers of covalent binding
of the electrophile to microsomal protein. GSH adducts can be analyzed
by LC-MS/MS using either the full-scan mode or constant neutral loss
scanning for 129Da (glutamyl moiety) to detect GSH-related conjugates
(Baillie and Davis 1993; Soglia et al. 2004). Hard electrophiles (e.g.,
electrophilic carbonyl compounds) will preferentially react with hard
nucleophiles including amines (e.g., semicarbazide and methoxylamine),
amino acids (e.g., lysine), and DNA bases (e.g., guanine and cytosine)
(Zhang et al. 1996; Dalvie et al. 2002) affording the corresponding Schiff
base, which can be further stabilized by the addition of reducing agents
(e.g., sodium borohydride or sodium cyanoborohydride) to generate the
more stable amine conjugates. Typical in vitro conditions require the
addition of 5mM of amine trapping agent to the microsomal mixture
followed by LC-MS/MS analysis for the formation of stable imine con-
jugates as indicated in the case of furan ring opening to reactive b-dicarbonyl
metabolites (Zhang et al. 1996). The cyanide anion is a ‘‘hard’’ nucleophile
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that can be used to trap iminium species. Gorrod et al. (1991) have developed
a simple screening method that detects reactive iminium intermediates via
reaction with [14C]-cyanide. Extent of radiolabeled cyanide incorporation in
test compounds that are suspected of forming reactive iminium intermediates
is normalized with reference to a standard compound (e.g., S-nicotine).
Utilizing this methodology, iminium ion formation has been assessed for
several structurally diverse cyclic tertiary amines (Gorrod and Aislaitner
1994).

2.3.3. Enzyme Inactivation Studies

In some instances, P450-mediated oxidative bioactivation of drugs to reac-
tive intermediates leads to irreversible inactivation of the P450 enzyme by
the reactive species prior to its release from the active site (Murray 1997).
Becausemetabolic activation precludes enzyme inactivation, these drugs fall
into the category of mechanism-based inactivators. The mechanism-based
inactivation of P450 enzymes may result from irreversible alkylation of an
active-site amino acid or the heme prosthetic group or a combination of
both. In general, heme alkylation invariably inactivates P450, whereas
amino acid alkylation may result in loss of catalytic activity. Inactivation
of P450 enzymes often translates into clinically relevant drug–drug interac-
tions as well as immune-mediated IADRs, which can be potentially deleter-
ious. The ability of drug candidates to inactivate P450 function is typically
screened for in an industry setting.

2.3.4. Metabolite Identification

A thorough understanding of metabolic pathways and the biochemical
mechanisms by which metabolites are generated can provide insight to the
potential of a compound to yield a reactive species. Both in vitro and in
vivo approaches can and should be performed to gain a detailed under-
standing of the biotransformation pathways that a drug candidate may
undergo. Often times, stable downstream metabolites derived from non-
enzymatic processing of electrophilic intermediates provide important
clues on the generation of reactive metabolites (e.g., the detection of
carboxylic acid metabolite in the metabolism of terminal alkynes provides
evidence for the generation of a reactive ketene intermediate). The possi-
bility that metabolism occurs at an alternate site and not on the structural
alert itself, can also be assessed in these studies. In the absence of an
alternate chemical series, this information may be critical toward nominat-
ing a candidate containing a structural alert for clinical development.

2.4. Strategies to Abrogate Reactive Metabolite

Formation: Structure–Activity Relationship Studies

The propensity of a drug candidate to undergo bioactivation to reactive
intermediates, usually electrophiles, is a function of the chemistry that
ensues following metabolism. Information to qualify certain functional
groups as structural alerts (Figure 2.2) has been inferred from myriad
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examples of protoxins containing these motifs, which upon bioactivation
affords reactive metabolites. A comprehensive review that summarizes the
existing bioactivation pathways for these functional groups has been
recently published (Kalgutkar et al. 2005a). The scope of this concept
can be further expanded to include numerous drugs that contain putative
structural alerts and are associated with some form of toxicity. Indeed, for
many such drugs reactive metabolites formation has been demonstrated
and serves to provide a circumstantial link between bioactivation and
toxicity. Figure 2.3 provides a glimpse of drugs that have been withdrawn
due to toxicity and are also prone to bioactivation. For an exhaustive
review on this subject, the reader is advised to refer to the article by
Kalgutkar and Soglia (2005).

Numerous examples documenting the elimination of bioactivation
liabilities via chemical manipulations have been presented in the literature.
In several cases, elimination of bioactivation liability in prototype drugs
has also resulted in the elimination of toxicity in the successor agent. It is
noteworthy to point out that structural alterations which successfully
eliminate the propensity of new chemical leads to undergo bioactivation
may also confer a detrimental effect on the desired pharmacological

Figure 2.3 Examples of drugs susceptible to bioactivation, which have been withdrawn due to ADRs.
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(possible changes in agonist/antagonist behavior and/or subtype selectivity
for target receptor or enzyme) and pharmacokinetic attributes of the
chemical matter. Therefore, chemical intervention strategies toward the
elimination of bioactivation phenomenon are often an iterative process,
the success of which is heavily dependent on a close working relationship
between medicinal chemists, pharmacologists, and metabolism scientists.

2.4.1. Removal of Structural Alerts

There are several strategies that medicinal chemists can utilize toward
elimination of bioactivation potential of lead chemical matter. Foremost
amongst which is a strategy involving direct replacement of the potential
structural alert with substituents that are generally resistant to metabolism
or with groups that undergo biotransformation to nonreactive metabo-
lites. Circumstantial evidence, whereupon removal of structural alerts in
prototype therapeutic agents translates into a markedly improved safety
profile is illustrated in Figure 2.4. Removal of the aniline substituents in
the antiarrhythmic agent procainamide and the antidiabetic agent carbu-
tamide, which are known to be associated with bone marrow toxicity
(carbutamide has been withdrawn from the market due to life-threatening
bone marrow toxicity), results in flecainide and tolbutamide, respectively,
that are devoid of the IADRs observed with the prototype drugs. Likewise,
the bone marrow toxicity associated with the prototype H2 receptor
antagonist metiamide that led to its withdrawal has not been observed
with cimetidine. A key structural difference between the two compounds is
the replacement of the thiourea substituent in metiamide that is subject to
bioactivation with nonreactive guanidine functionality in cimetidine.

Structure–bioactivation relationships on clozapine and its analogs have
been examined (Liegeois et al. 1995, 1999). Replacing the nitrogen that
connects the two aryl rings on clozapine with oxygen or sulfur results in
marketed drugs loxapine and quetiapine, respectively, that do not undergo
peroxidase-mediated bioactivation to the reactive iminium species in neu-
trophils – ametabolic fate, which has been speculated to contribute toward
clozapine-induced agranulocytosis (Figure 2.4) (Uetrecht 1994; Liegeois
et al. 1999). Despite administration at doses comparable to clozapine,
cases of agranulocytosis with quetiapine and loxapine are extremely rare.

An additional example wherein reactive metabolite formation can be
eliminated by direct replacement of the offending motifs is evident in
structure–toxicity studies on the antimalarial agent amodiaquine, which
has been withdrawn from prophylactic use due to cases of hepatotoxicity
and agranulocytosis. Tingle et al. (1995) have shown that exchanging the
C’4-phenolic OH group in the antimalarial drug amodiaquine with a fluor-
ine results in a compound that does not undergo the obligatory peroxidase-
mediated two-electron oxidation process on the 4-aminophenol motif to the
corresponding electrophilic quinone-imine as discernible with the parent
compound (see Figure 2.4). It is interesting to note that incorporation of
steric bulk around the C’4-phenolic OH group as means to prevent oxida-
tion, however, is not successful in the case of amodiaquine as indicated with
the analogous antimalarials pyronaridine and cycloquine that are equally
susceptible to bioactivation as the parent drug (Naisbitt et al. 1998).

36 A.S. Kalgutkar



F
ig
u
re

2
.4

C
ir
cu
m
st
a
n
ti
a
l
ev
id
en
ce

li
n
k
in
g
ch
em

ic
a
l
st
ru
ct
u
re

to
IA

D
R
s:
re
m
o
v
a
l
o
f
st
ru
ct
u
ra
l
a
le
rt
s.

Chapter 2 Role of Bioactivation in Idiosyncratic Drug Toxicity 37



2.4.2. Blocking Sites of Bioactivation

An alternate approach involves blocking the site of initial metabolism that
precludes bioactivation. The strategy is particularly effective in eliminating
reactive metabolite formation in instances when bioactivation occurs in a
stepwise fashion via an enzymatic or nonenzymatic processing (oxidative,
elimination, or rearrangement) of the initially formed latent metabolite(s). In
this scenario, neighboring functional groups can participate in the process
of sequential metabolic or nonmetabolic steps leading to reactive meta-
bolite formation (e.g., oxidative metabolism of phenol to ortho- or para-
hydroquinone followed by further oxidation to the corresponding quinones).
An example of successful implementation of this approach to prevent reactive
metabolite formation is evident from structure–bioactivation studies con-
ducted on a novel potassium channel opener (Compound 1) (see Figure 2.5)
to elucidate the mechanism of bioactivation resulting in potent mechanism-
based inactivation of P4503A4 (Wu et al. 2003). Saturation of the cinnamoyl
double bond (compound 2) or insertion of fluorine on the phenyl ring in the
cinnamoyl portion of 1 to afford 3 did not abolish P450 inactivation, whereas
replacement of the morpholine ring with a hydrogen atom to afford 4 or
substitution of the hydrogen ortho to the morpholine ring with a fluorine
atom to yield 5 were successful methods toward eliminating P4503A4 inacti-
vation by 1. The lack of P450 inactivation by 5 is consistent with a bioactiva-
tion pathway involving the initial aromatic hydroxylation ortho to the
morpholine ring (or para to the benzylamine methine). Further two-electron
oxidation of this initial metabolite by P450 can result in the formation of the
reactive quinone-imine or quinone-methide intermediates. The potential for-
mation of either reactive intermediates can be avoided by the introduction of
the fluorine atom. In the present example, Compound 5 not only is devoid of
P450 inactivation liability but it also retains the pharmacological and phar-
macokinetic properties of the prototype Compound 1.

Figure 2.5 Strategies to abrogate reactive metabolite formation: blocking sites of bioactivation.
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2.4.3. Introduction of Alternate Metabolic Soft Spots

Apart from strategies that focus on replacement of structural alerts or
blocking metabolic sites that preclude bioactivation, chemists can also
introduce metabolic soft spots elsewhere on the pharmacophore to divert
metabolism. An example of this concept is evident with nifidepine, a well-
tolerated drug, despite containing the nitroaromatic structural alert
(Figure 2.6). The major metabolic pathways of nifedipine identified in
humans are restricted to biotransformations on the available soft spots
including oxidation of the 1,4-dihydropyridine ring, hydrolysis of both the
methyl ester groups, and/or hydroxylation of the methyl substituent fol-
lowed by lactonization (Bocker and Guengerich 1986; Guengerich,
Peterson and Bocker 1988). There is no evidence for formation of meta-
bolites derived from reductive metabolism of the nitro group in humans.

Additional examples that highlight the success of this strategy are
displayed in Figures 2.6 and 2.7. Toxicity associated with platelet aggrega-
tion inhibitor ticlopidine has been linked to the P450 or MPO-catalyzed
bioactivation of its thiophene ring to reactive S-oxides or S-chloride
intermediates that covalently bind to hepatic proteins and neutrophils,
respectively (Figure 2.6; Liu and Uetrecht 2000). In the case of structurally
similar drug clopidogrel, introduction of the additional methyl ester group
results in a metabolic shift such that ester hydrolysis to the inactive
carboxylic acid metabolite constitutes the principal metabolic fate
(>85% in circulation) of this drug (Figure 2.6; Reist et al. 2000). Of
much interest in this context is the observation that clopidogrel by itself
is inactive and requires biotransformation to produce inhibition of platelet
aggregation in vivo. Recently, Pereillo et al. (2002) have identified a
thiophene ring scission product as the active metabolite of clopidogrel.
The formation of this active carboxylic acid metabolite presumably occurs
via a P450-catalyzed oxidation of the thiophene ring in clopidogrel to yield
a 2-oxothiophene metabolite, hydrolytic cleavage of which generates the
active component (see Figure 2.6). Whether the formation of electrophilic
intermediates during the oxidative metabolism of the thiophene ring in
clopidogrel occurs, remains unknown. Finally, it is important to note that
the daily dose of clopidogrel (75mg) is approximately sixfold lower than
that of ticlopidine (500mg) and this feature may play a key role in the
markedly improved safety profile of clopidogrel.

The anxiolytic agent alpidem was withdrawn from the market within the
first year of its commercial release due to severe hepatotoxicity that led to
fatalities or required immediate liver transplantation. In contrast, the struc-
tural analog zolpidem does not possess the hepatotoxic liability associated
with its predecessor. Although the reason(s) for this discrepancy remains
unclear, it is interesting to note that the chloro-imidazopyridine ring in
alpidem is subject to P450 bioactivation leading to the formation of a reactive
epoxide that reacts with GSH to yield sulfydryl conjugates (see Figure 2.6),
which have been detected in humans (Durand et al. 1992). A key structural
difference in the two drugs is the replacement of the two chlorine atoms in
alpidemwith twometabolically labile methyl groups in zolpidem. Indeed, the
primary biotransformation pathways of zolpidem in humans is restricted to
the oxidative metabolism of bothmethyl groups to the corresponding alcohol
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and carboxylic acidmetabolites and no sulfydryl conjugates of zolpidem have
been observed in humans (Durand et al. 1992). Furthermore, alpidem also
exhibits potent inhibition ofmitochondrial respiration and also depletesGSH
in primary hepatocyte cultures, phenomena that are not observed with zolpi-
dem even at high concentrations (Berson et al. 2001). Finally, as observed
with clopidogrel and ticlopidine, the daily dose of zolpidem (5–10mg QD) is
significantly lower than that of alpidem (50–200mg), a feature that may
represent an additional and perhaps a more important mitigating factor.

The two catechol-O-methyltransferase inhibitors tolcapone and
entacapone used for the treatment of Parkinson’s disease also provide
important illustrations of the effectiveness of this strategy. The use of
tolcapone has been associated with a number of problems, including
abnormalities in liver function tests and three cases of fatal hepatotoxicity.
These problems have led to the drug being withdrawn from the market in
some countries and the introduction of a black-box warning and intensive
monitoring requirements in the United States. These ADRs, however, do
not occur with the use of the structurally related drug entacapone despite
administration at doses similar to tolcapone (200–1000mg QD). Both
tolcapone and entacapone are extensively metabolized in humans; a sig-
nificant portion of tolcapone biotransformation proceeds via reduction of
the nitrobenzene group to the aniline derivative, which is then transformed
to the corresponding anilide by N-acetyltransferase (Jorga et al. 1999).
Smith et al. (2003) have shown that both the aniline and the anilide
metabolites of tolcapone undergo facile two-electron oxidation to the
corresponding quinone-imine metabolites that are trapped with GSH
(Figure 2.7). In contrast, no reduction of the nitrobenzene group in enta-
capone (see Figure 2.7) has been observed in humans and its principal
clearance pathway involves N-deethylation of the tertiary amide substitu-
ent, isomerization of the active E-isomer to the inactive Z-isomer, followed
by glucuronidation of the catechol motif (Wikberg et al. 1993).

A final example is provided with the two cysteinyl leukotriene antago-
nists CP-85958 and CP-199331 (see Figure 2.7). The clinical development
of CP-85958was discontinued due to unacceptable hepatotoxicity in mon-
keys (Chambers et al. 1999). Examination of monkey bile samples after
dosing with CP-85958 revealed the presence of significant quantities of the
corresponding lactol metabolite 6, presumably generated from a P450-
mediated hydroxylation a to the oxygen atom in the chromanol ring.
Considering that the toxicity in the monkey may be mediated by the lactol
derivative by ring opening to a potentially reactive hydroxyaldehyde inter-
mediate 7, which can bind to biomacromolecules, an obvious backup
strategy was to eliminate this metabolic liability. Numerous structure–
activity studies were conducted to prevent hydroxylation of the chromanol
ring and efforts included blocking the site of hydroxylation or introducing
substituents prone to metabolism at an alternate site in the molecule.
Replacement of the benzoic acid portion in CP-85958 that was resistant
to oxidative metabolism, with the more labile 4-methoxyphenyl-methane-
sulfonamide led to the discovery of CP-199331 that not only demonstrated
enhanced efficacy against asthma in preclinical models, but also was
devoid of hepatotoxic events in the monkey (Chambers et al. 1999).
Metabolism studies in primate and human hepatocytes indicated that the
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principal route of metabolism of CP-199331 involved O-demethylation of
the labile anisole group followed by glucuronidation of the corresponding
phenol; no hydroxylation on the chromanol ring in CP-199331was dis-
cernible in the primate and human (Kuperman et al. 2001).

2.4.4. Modulation of Biochemical Reactivity via Steric Hindrance

Strategies incorporating substituents either directly on the structural alert
or in its immediate vicinity to provide steric hindrance and/or modulate its
electronic properties to minimize bioactivation have also been imple-
mented. The success of the former methodology toward the elimination of
biochemical reactivity is illustrated with carboxylic acid analogs, which
form reactive acyl glucuronides. Idiosyncratic ADRs associated with
many carboxylic acid-containing drugs have been attributed to the covalent
modification of essential proteins by the corresponding acyl glucuronide
metabolites. The covalent binding may occur via two different pathways
(Figure 2.8). The first is a transacylation mechanism, where a nucleophilic
amino acid on a protein attacks the carbonyl group of the primary acyl
glucuronide leading to the formation of an acylated protein and free glu-
curonic acid. The second is a mechanism of Schiff base formation where
condensation occurs between the aldehyde group of a rearranged acyl
glucuronide with a lysine residue or an amine group of the N-terminus,
leading to the formation of a glycated protein. The formation of the

Figure 2.8 Strategies to diminish biochemical reactivity of electrophiles via introducing steric hindrance.
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iminium species is reversible but may be followed by an Amadori rear-
rangement of the imino sugar to the more stable 1-amino-2-keto product
(Ding et al. 1993). A structural relationship between acyl glucuronide
degradation to the Schiff base and covalent binding has also been pro-
posed (Benet et al. 1993). Acyl glucuronides of acetic acid derivatives
such as the NSAIDs ibufenac, tolmetin, and zomepirac, all of which have
been withdrawn due to toxicity, exhibit the highest level of rearrange-
ment and covalent binding, whereas mono-a-substituted acetic acids
(2-substituted propionic acids) such as ibuprofen, considered to be the safest
nonsteroidal anti-inflammatory drug (NSAID) exhibit intermediate level of
acyl glucuronide rearrangement and covalent binding (Bolze et al. 2002;Wang
et al. 2004). In contrast, benzoic acid derivatives (e.g., furosemide) indicate the
least amount of rearrangement and covalent binding. Overall, these observa-
tions imply that inherent electronic and steric properties must modulate the
rate of acyl glucuronide rearrangement. For example, resonance stabilization
of the carboxylic acid group by the aromatic ring in benzoic acids could be the
reason for the lowest extent of acyl glucuronide rearrangement, whereas
2-substituted propionic acid derivatives could display a slower rearrangement
rate than the corresponding acetic acid analogs due to the steric hindrance
provided by the a-methyl substituent. In this aspect, it is noteworthy to point
out thatwhile ibuprofen is considered to be the safestNSAID in themarket, its
close-in analogue ibufenac was withdrawn due to severe hepatotoxicity. The
only structural difference between the twodrugs is the presence of thea-methyl
substituent in ibuprofen, which presumably slows the rearrangement of the
glucuronide (Castillo and Smith 1995).

2.4.5. Modulation of Biochemical Reactivity via Changes

in the Electronic Properties

Bioactivation of the alkylhalide substituents in inhaled anesthetics to
extremely reactive acylating agents is usually due to the availability of an
extractable hydrogen atom on the halogenated alkyl carbon. In susceptible
patients, halothane, isoflurane, and desflurane can produce severe hepatic
injury by an immune response directed against reactive acyl halides cova-
lently bound to hepatic proteins (Satoh et al. 1989). However, the relative
incidence of hepatotoxicity due to these agents appears to directly correlate
with the extent of their conversion to acyl halides by P450, which in turn
may be governed by the leaving group ability of the respective substituents
within these drugs. As is seen in Figure 2.9, halothane, which exhibits the
greatest incidence of hepatotoxicity in the clinic, undergoes the most con-
version to reactive acyl chloride, a feature that can be attributed to the
presence of bromide substituent, which is a good leaving group. In contrast,
isofluorane and desfluorane also undergo oxidative metabolism resulting in
the formation of reactive acyl halides, but the degree to which these anes-
thetics are bioactivated is significantly lower than halothane (Njoko et al.
1997). Thus, the lower yield of acyl halide formation with isofluorane may
be traced back to changes in the electronic environment that reduce overall
affinity toward metabolism or to the relatively poor leaving group ability of
the difluoromethoxy group compared to the bromide.
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2.5. Factors That Mitigate IADR Risks Associated with Drug

Candidates Containing Structural Alerts

There are several other variables that will impact whether the presence of a
putative structural alert in a drug candidate will eventually manifest in
unanticipated toxicity. First of all, the susceptibility of a functional group
to metabolic activation needs to be clearly understood, since there are
several examples of commercially successful drugs, which do not exhibit
toxicity despite containing structural alerts (Figure 2.10). In many such
cases, the structural alert is not involved in metabolism and the primary
clearance mechanism normally proceeds via metabolism at an alternate
site or by nonmetabolic processes. In other instances, bioactivation may be
discernible in standard in vitro systems such as liver microsomes, but the
principal clearance mechanism in vivo may involve an altogether different
and perhaps more facile metabolic pathway yielding nonreactive metabo-
lites. For example, the two phenolic groups in the selective estrogen
receptor modulator raloxifene undergo P4503A4-catalyzed bioactivation
in human liver microsomes generating electrophilic quinonoid intermedi-
ates (Chen et al. 2002); however, in vivo, glucuronidation of the same
phenolic groups in the gut and liver constitutes the principal clearance
pathway of raloxifene in humans (Figure 2.10; Kemp, Fan and Stevens
2002). Thus, the likelihood of raloxifene bioactivation in vivo may be in
question when compared with the phase II conjugation process, a feature
that may provide an explanation for the rare occurrence of ADRs, despite
administration at moderately high daily doses of 60mg QD. When
encountered with the challenge of progressing a drug candidate associated
with reactive metabolite formation, due consideration also must be given
to the intended therapeutic area (e.g., a major unmet medical need or a

Figure 2.9 Strategies to diminish biochemical reactivity of electrophiles via mod-
ulation of electronic properties.

Chapter 2 Role of Bioactivation in Idiosyncratic Drug Toxicity 45



life-threatening disease) and usage (acute versus chronic therapy). For
example, CI-1033 is an intrinsically electrophilic compound but has
shown significant promise in the treatment of breast and other cancers.
CI-1033 irreversibly inhibits all fourmembers of the erbB receptor tyrosine
kinase family via a chemical reaction of its a,b-unsaturated acrylamide
group with a cysteine residue (Figure 2.10) in the ATP-binding pocket in
these enzymes (Allen et al. 2003).

Drugs used in a chronic setting appear to be more prone to ADRs than
those used in an acute setting. Because toxicity is evident only after few
weeks of administration, agents that are administered for 2weeks or less
are rarely associated with bioactivation-related toxicities. This is illu-
strated with the widely used antidiarrheal agent loperamide that is rarely
associated with ADRs, especially, tardive dyskinesia and Parkinsonism,
despite its structural similarity to haloperidol and despite its P4503A4-
catalyzed metabolism to a potentially neurotoxic pyridinium intermediate
(Figure 2.10; Kalgutkar andNguyen 2004). Plausible reason(s) for the lack
of neurotoxic complications associated with loperamide use relative to
haloperidol include (1) opiate activity that is restricted to the gastrointest-
inal tract, (2) therapy that usually last for a few days versus haloperidol use

Figure 2.10 Balancing bioactivation with variables such as therapeutic benefits, regimen, and alternate
clearance mechanisms.
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in a chronic setting, and (3) the findings that loperamide and its positively
charged pyridinium metabolite, but not haloperidol, are p-glycoprotein
substrates and are denied access to the central nervous system (CNS),
where they can potentially damage critical neurons.

Finally, the efficacious dose of the drug candidate may be pivotal as a
factor mitigating the risk of toxicity. Type B ADRs are often referred to as
dose-independent, but this certainly does not appear to be the case. For
instance, the risk of hydralazine-induced lupus is dose-dependent, with a
significant increase in frequency at doses >200mg QD (Cameron and
Ramsay 1984). Furthermore, there are no examples of drugs that are
dosed below 10mg day–1 that cause IADRs. There are many examples of
two structurally related drugs that possess a common structural alert
prone to bioactivation, but the one administered at the lower dose is
much safer than the one given at a higher dose (Figure 2.11) (e.g., the
alpidem/zolpidem and the ticlopidine/clopidogrel comparisons, pre-
viously mentioned). Olanzapine forms the same reactive iminium species
that is presumably thought to be responsible for clozapine-induced agra-
nulocytosis (Gardner et al. 1998), yet occurrence of agranulocytosis with
olanzapine is extremely rare. A major difference between the two drugs is
the dose; clozapine is administered at doses exceeding several 100mg QD,
whereas the recommended daily dose of olanzapine is 10mg QD.

Additional examples of potential low therapeutic dose as a mitigating
factor for ADRs are depicted with tadalafil, a PDE5 inhibitor for the
treatment of erectile dysfunction, the antidepressant paroxetine, the
hypnotic quazepam, the antihypertensive prazosin, and the estrogen
ethinylestradiol. The benzodioxalane group in tadalafil is bioactivated by
P450 to the corresponding reactive catechol metabolite, a process that also
results in the mechanism-based inactivation of P4503A4 activity in vitro
(Ring et al. 2005). However, there are no reports of ADRs (especially

Figure 2.11 Examples of low-dose drugs devoid of IADRs despite forming reactive intermediates.
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hepatotoxicity) associated with tadalafil use at the recommended dose of
10–20mg QD and, furthermore, tadalafil also does not produce significant
changes in the clearance of drugs metabolized by P4503A4 (Ring et al.
2005). In a similar fashion, paroxetine undergoes a P4502D6-catalyzed
scission of its benzodioxalane group to the reactive catechol metabolite,
which is known to partition between further oxidation to reactive
O-quinone [Dr. Chandra Prakash, Pfizer Global Research & Develop-
ment, unpublished observations] or undergo O-methylation catalyzed by
catechol-O-methyltransferase (Haddock et al. 1989). Cleavage of the ben-
zodioxalane group in paroxetine also results in the mechanism-based
inactivation of P4502D6 (Bertelsen et al. 2003). Despite these liabilities,
ADRs including hepatotoxicity associated with paroxetine use are extre-
mely rare (Carvajal et al. 2002), a feature that may be linked to a moder-
ately low dose of 20–50mg day–1 and/or to the immediate detoxification of
the catechol metabolite by O-methylation.

S-oxidation of the thioamide substituent in quazepam followed by
hydrolysis of the potentially electrophilic S-oxide intermediate to the corre-
sponding amide constitutes the rate-limiting step in the metabolism of the
drug in humans (Kato et al. 2003), yet there are no reports of potentially life-
threatening toxicity linked to the use of this agent, which is administered at a
daily dose of 15mg. Likewise, there are no adverse findings with the use of
the antihypertensive agent prazosin at the recommended daily dose of 1mg,
despite the presence of the furan and the dimethoxybenzene rings in its
structure (Jaillon 1980). Finally, ethinylestradiol, the major estrogenic
component of many oral contraceptives, undergoes bioactivation at two
different regions within its architecture (oxidation of the phenol and the
acetylenic substituents to the corresponding catechol and ketene intermedi-
ates) that results in suicide inactivation of P4503A4 and a high degree of
covalent binding to hepatic tissue (Lin,Kent andHollenberg 2002), but does
not elicit a toxicological response in the clinic. The extremely low oral dose
of 0.035mg must represent a significant mitigating factor.

2.6. Exploring Biochemical Mechanisms of Toxicity Other

Than (or in Addition to) Bioactivation

There are cases where mechanisms other than (or in addition to) bioacti-
vation can result in a toxicological outcome as was discussed earlier with
the alpidem/zolpidem case. A second example is the bioactivation and
formation of glutathione adducts for the nontricyclic antidepressant nefa-
zodone. Severe hepatotoxicity resulting in death or the need for a liver
transplant has been reported for nefazodone (Choi 2003) and the incidence
(29 cases of hepatic injury per 100,000 patient years) far exceeds that
associated with other antidepressants on the market (generally less than
4 cases of hepatic injury per 100 000 patient years). Recently, nefazodone
was voluntarily withdrawn from the market. Following incubation of
nefazodone with human liver microsomes and recombinant P4503A4 for-
tified with GSH, a GSH adduct associated with the 3-chlorophenyl piper-
azine moiety (Figure 2.12) was detected (Kalgutkar et al. 2005b). The
authors suggested that formation of this GSH adduct was mediated via
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para-hydroxylation of the chlorophenyl ring followed by two-electron
oxidation to the reactive quinone-imine (Figure 2.12, pathway A).
A novel N-dearylated metabolite was detected as well and it was specu-
lated that its formation should be accompanied by release of 2-chloro-1,4-
benzoquinone. Indirect evidence for release of 2-chloro-1,4-benzoquinone
was obtained via trapping of this intermediate with GSH (Figure 2.12,
pathways B and C) and detection of the adduct by LC-MS/MS. Although
these data point to a potential liability for nefazodone, it must be empha-
sized that an unambiguous link between the formation of reactive meta-
bolites and the observed hepatotoxicity has not been established.
Moreover, recent evidence suggests that the parent compound itself is
responsible for the clinical hepatotoxicity (Kostrubsky et al. 2006). In
vitro and in vivo studies were performed, which indicate that nefazodone
inhibits the human bile salt export pump (BSEP) in the liver. Interestingly,
the structurally related drug and anxiolytic agent buspirone, which is not
associated with overt hepatoxicity, does not form GSH adduct(s) (Kalgut-
kar et al. 2005b) and is not a BSEP inhibitor (Kostrubsky et al. 2006). In
vivo rat studies showed an increase in serum bile acids following adminis-
tration of nefazodone, but not for buspirone. In vitro hepatocyte studies in
the presence of 1-aminobenzotriazole (ABT), a nonspecific mechanism-
based inhibitor of P450 enzymes, increased the cytotoxicity. ABT inhibited
the hydroxylation of nefazodone, which is the first step in formation of
GSH adducts. These two observations together suggest that the metabolic
bioactivation is not the mechanism responsible for nefazodone toxicity.
This example highlights the difficulty associated with finding the root
mechanistic cause for toxicity.

2.7. Concluding Remarks

There can be little debate on the value of predicting potential adverse events
associated with drug candidates as early as possible in the overall discovery/
development process, since safety-related issues continue to significantly con-
tribute to overall attrition statistics in the pharmaceutical industry. In an
increasing number of cases, a broader understanding of the molecular basis
for idiosyncratic pathomechanismshas aided to replace avagueperceptionof a
class effectwith a sharper picture of an individualmolecular peculiarity.A low-
risk strategy in drug discovery could potentially preclude the use of structural
alerts susceptible to bioactivation altogether, but this is likely to limit a detailed
exploration of SAR around a chemical series of interest. Thus, a proactive
approach between medicinal chemists, pharmacologists, and metabolism
scientists in establishing detailed pharmacological SAR alongside screening
for bioactivation potential is more appropriate and balanced especially in the
lead optimization stage. If the chemical matter is susceptible to bioactivation,
then efforts to minimize metabolic activation by iterative chemical interven-
tions should be considered. If an alternate structural series that does not form
reactive metabolites is available, then this series could be progressed as a
suitable replacement for further optimization of pharmacology and/or absorp-
tion, distribution, metabolism, and excretion (ADME) properties. The poten-
tial for toxicity of a new drug candidate depends on a variety of factors
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including its overall disposition (extent of metabolism via bioactivation path-
way relative to latent metabolic or nonmetabolic fate), daily dose (20mg or
less), therapeutic regimen (acute versus chronic), and the intended target
population; factors that need to be taken into consideration when making a
final decision to develop a drug candidate that is bioprocessed to reactive
intermediates. Likewise, appropriate consideration needs to be given for drug
candidates forpotential treatmentoptions forunmetandurgentmedical needs.
Despite decades of research in the arena of bioactivation and toxicity, accurate
prediction of the toxicity potential of a drug candidate susceptible to bioactiva-
tion remains elusive. Future advances in the areas of immunology, genetics,
and proteomics will hopefully provide a coherent relationship between cova-
lent modification of biomacromolecules by reactive metabolites and a toxicity
outcome. Toxicogenomics also represents a powerful new tool that may show
gene and protein changes earlier and at treatment levels below the limits of
detection of traditional measures of toxicity. Finally, considering that the
meaning of the term ‘‘idiosyncrasy’’ literally translates to a characteristic
belonging to, anddistinguishing, an individual, the ‘‘one-size-fits-all’’ paradigm
in drug discovery/development may need to be examined in greater detail.
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3.1. Introduction

Activated olefins of the type XCH=CHY, where Y is an electron-with-
drawing group and X is a good leaving group, can undergo nucleophilic
vinylic substitution reactions by a single-step or a multistep addition–eli-
mination mechanism, depending on the chemical structure of the olefin
and the reaction conditions. While nucleophilic vinylic substitution reac-
tions have been extensively characterized and described in the chemical
literature (Koch and Kielbania 1970; Kahn and Hehre 1986; Hackett et al.
1990; Rappoport 1992; Galli, Gentili and Rappoport 1994), only recently
have these reactions been recognized to occur at physiological conditions
and have been implicated in biological activity. The purpose of this chapter
is to review recent experimental evidence that documents occurrence of
Michael addition–elimination reactions in intact mammalian cells, both in
vitro and in vivo. Evidence implicating these reactions in the mechanisms
of nephrotoxicity and renal carcinogenicity of the halogenated hydrocar-
bons, trichloroethylene, and tetrachloroethylene will also be discussed.
Finally, adaptation of Michael addition–elimination reactions to design
new anticancer prodrugs that can undergo bioactivation by biological
thiols, such as glutathione (GSH) and glutathione S-transferases (GST),
to release the cytoxic drug 6-mercaptopurine (6-MP) or 6-thioguanine
(6-TG) will also be described. Furthermore, data demonstrating the
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effectiveness of this prodrug approach in increasing the efficacy of 6-MP
and 6-TG against tumor cells while decreasing the known side-effects of
these drugs on the bone marrow and small intestine will be reviewed.

3.2. Formation of Michael Acceptors During Metabolism

of Halogenated Hydrocarbons

The nephrotoxicity and renal carcinogencity of the halogenated hydrocar-
bons trichloroethylene and tetrachloroethylene have long been associated
with the GSH-conjugation pathway and the formation of the correspond-
ing cysteine S-conjugates, namely, S-(1,2-dichlorovinyl)-L-cysteine
(DCVC) andS-(1,2,2-trichlorovinyl)-L-cysteine (TCVC), respectively (Fig-
ure 3.1). While DCVC and TCVC can undergo bioactivation by cysteine
conjugate b-lyases (Elfarra and Anders 1984; Elfarra 2005; Anders 2007;
also see Chapter 12 of this volume), oxidation of the sulfur moiety of
DCVC by recombinant rabbit and human flavin-containing monooxygen-
ase 3 (FMO3) to form the Michael acceptor, DCVC sulfoxide (DCVCS;
Figure 3.1) has recently been demonstrated to represent an alternative
bioactivation mechanism (Ripp et al. 1997; Krause, Lash and Elfarra
2003). Two high-performance liquid chromatography (HPLC) peaks, cor-
responding to the two DCVCS diastereomers were detected upon incuba-
tion of DCVC with rabbit liver microsomes in the presence of NADPH,
with the late eluting peak (diastereomer II) constituting greater than 95%
of the total DCVCS peak areas. Because the microsomal activity was
inhibited by methimazole, a known FMO inhibitor, whereas inclusion of
superoxide dismutase, catalase, 1-benzylimidazole, a cytochrome P450
inhibitor, or solubilization of the microsomes with emulgen 911 did not
inhibit the S-oxidase activity, FMO3was implicated as the primary catalyst
of DCVC oxidation in rabbit liver microsomes (Ripp et al. 1997).

Oxidation of the sulfur moiety of TCVC by recombinant rabbit FMO3,
rat and rabbit liver microsomes, and rat kidney microsomes to form the
Michael acceptor TCVC sulfoxide (TCVCS) has also been demonstrated
(Ripp et al. 1997; Elfarra and Krause 2007) with rat and rabbit liver

Figure 3.1 Metabolism of the cysteine S-conjugates, DCVC and TCVC, to their corresponding sulfoxides.
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microsomes exhibiting a fivefold higher activity than rat kidney micro-
somes. In distinction from the DCVC S-oxidase activity which was
mediated solely by FMO3, the TCVC S-oxidase activity was mediated by
both FMOs and cytochrome P450s (Ripp et al. 1997; Elfarra and Krause
2007). Collectively, these results suggest that S-vinyl cysteine S-conjugates
undergo enzymatic oxidation to yield reactive vinyl sulfoxides (Michael
acceptors), and that depending upon the chemical structure of the sub-
strate FMOs and/or P450s may be involved in these metabolic reactions.

3.3. Stabilities and Chemical Reactivities

of DCVCS and TCVCS

Both DCVCS and TCVCS react readily with cellular thiols to yield multi-
ple products (Sausen and Elfarra 1991; Ripp et al. 1997; Barshteyn and
Elfarra 2007). The half-life of DCVCS when incubated with 3.3 equiva-
lents of GSH in phosphate buffer at pH 7.4 and 378C was only 1.2min,
whereas the half-life of TCVCS under similar incubation conditions was
approximately 20min (Figure 3.2). Both of the DCVCS diastereomeric
peaks disappeared at the same time upon the addition of GSH indicating
similar reactivities for the DCVCS diastereomers toward GSH. When
N-acetyl-L-cysteine (NAC) was used as the nucleophile instead of GSH,
the half-lives of the two DCVCS diastereomers were 13.8 and 9.4min and
these half-lives decreased upon increasing the incubation pH (Table 3.1),
possibly due to a higher amount of the NAC sulfhydryl group being
present in the deprotonated state, which is more favorable for nucleophilic
attack.

One of the products formed from the reaction of DCVCS and GSH has
been characterized as the GSH monoadduct, S-[1-chloro-2-(S-glutathio-
nyl)vinyl]-L-sulfoxide (Figure 3.3), a product formed by the Michael
addition of GSH to DCVCS followed by the loss of HCl (Sausen and
Elfarra 1991). Interestingly, this GSH-DCVCS monoadduct was detect-
able within 1 h in the bile of rats given DCVCS (230 mmol kg–1). Because

Figure 3.2 Stability of DCVCS (3mM) and TCVCS (3mM) in the presence of GSH (10mM) at
physiological conditions (phosphate buffer pH 7.4, 378C). Data were taken from Ripp et al. (1997).
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the DCVCS treatment also reduced hepatic and renal nonprotein thiol
concentrations at 1 h to 74% and 27% of that in control rats, respectively,
these results suggest formation of DCVCS–GSH adducts represents a
major pathway for DCVCS metabolism in liver and kidney cells. Consis-
tent with these results, treatment of human proximal tubular cells with
DCVCS caused significant depletion of cellular GSH (Lash et al. 2003).
Treatment of rats with TCVCS (230 mmol kg–1) did not alter nonprotein
thiol concentrations in the liver, but decreased nonprotein thiol concen-
trations in the kidney by nearly 50% compared with saline-treated rats
(Elfarra and Krause 2007). The greater selectivity of TCVCS toward
nonprotein thiols in the kidney in comparison with DCVCS could be
explained by the slower reactivity of TCVCS, allowing more time for
TCVCS to be actively transported and concentrated in kidney cells.

Three monoadducts [two diastereomers of S-[1-chloro-2-(N-acetyl-L-
cystein-S-yl)vinyl]-L-cysteine (monoadducts I and II) and S-[2-chloro-2-
(N-acetyl-L-cystein-S-yl]-cysteine sulfoxide (monoadduct III)] and one
diadduct [S-[2,2-(N-acetyl-L-cystein-S-yl)vinyl]-L-cysteine sulfoxide (dia-
dduct I)] (Figure 3.4) have recently been characterized from the reaction
of DCVCS (3mM) with NAC (10mM) at physiological conditions (pH 7.4
and 378C) (Barshteyn and Elfarra 2007). Monoadducts I and II were likely
formed by Michael addition of NAC to the terminal vinylic carbon of the
two DCVCS diastereomers followed by a trans-elimination of HCl (the
highly acidic proton on the carbon adjacent to the sulfoxide moiety and
the chlorine atom on the terminal carbon, Figure 3.4). While monoadduct
III could be formed from the initial Michael addition product after a less
favorable loss of HCl (the proton on the terminal carbon and the chlorine
atom on the carbon adjacent to the sulfoxide moiety, Figure 3.4), stability
studies with monoadduct II in the presence of NAC provided evidence for
rearrangement of monoadduct II to monoadduct III through the formation
of cyclic chloronium ion (Figure 3.5) as an alternative mechanism for the

Figure 3.3 The reaction of DCVCS with GSH to form a GSH-monoadduct.

Table 3.1 Half-lives (t½) of DCVCS (3mM)
diastereomers when incubated at 378C in the
presence of N-acetyl-L-cysteine (10mM) at
various pHs.

pH
Diastereomer
I t½ (min)

Diastereomer
II t½ (min)

7.4 13.8 9.4
9.0 8.3 5.5

Data taken from Barshteyn and Elfarra (2007).
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formation of monoadduct III. Because incubations of monoadduct I, II, or
III withNAC resulted in the formation of diadduct I, all three monoadducts
are likely to contribute to the formation of diadduct I, as shown in
Figure 3.4. The formation of all adducts was rapid and time-dependent
(with relative ratios of 29%, 31%, 12%, and 24% for monoadducts I, II,
and III, and diadduct I, respectively), providing strong evidence that
DCVCS could modify protein thiols and act as a protein crosslinking
agent. Recently, multiple DCVS-globin monoadducts and crosslinks

Figure 3.5 Proposed mechanism for the formation of monoadduct III from
monoadduct II.

Figure 3.4 Proposed mechanism for the formation of monoadducts I, II, and III and diadduct I from the
reaction of DCVCS with N-acetyl-L-cysteine (NAC).
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(Figure 3.6) have been detected by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and mass spectrometry after both incuba-
tions of DCVCS (0.9–450mM) with rat erythrocytes and subsequent to
treatment of rats with DCVCS (Barshteyn and Elfarra 2008).

3.4. Nephrotoxicity of DCVCS and TCVCS

In vivo studies in rats have shown DCVCS and TCVCS to be much more
potent nephrotoxicants than DCVC and TCVC, respectively (Lash et al.
1994; Elfarra and Krause 2007). A dose of 230 mmol kg–1 DCVCS caused
anuria, severe proximal tubular necrosis, and a nearly eightfold increase in
blood urea nitrogen (BUN), whereas an equimolar dose of DCVC failed to
cause nephrotoxicity (Figure 3.7). Treatment of rats with TCVCS caused a

Figure 3.7 Blood urea nitrogen levels 24 h after male
Sprague–Dawley rats were treated with DCVC,
DCVCS, TCVC, and TCVCS.

Figure 3.6 Reaction of DCVCS with hemoglobin to form monoadducts and cross-links.
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nearly threefold increase in BUN (Figure 3.7) and severe tubular necrosis,
whereas rats given the equimolar dose of TCVC failed to increase BUN
and only exhibited mild-to-moderate acute tubular necrosis. Because pre-
treatment of rats with aminooxyacetic acid, a selective cysteine conjugate
b-lyase inhibitor, enhanced TCVC toxicity, these results suggest TCVCS
may play a prominent role in TCVC-induced nephrotoxicity.WithDCVC,
the aminooxyacetic acid pretreatment provided partial protection against
DCVC-induced nephrotoxicity, suggesting a role for both cysteine
conjugate b-lyase and FMO3 in the nephrotoxicity of DCVC. Because
recombinant human FMO3 has recently been shown to convert DCVC to
DCVCS (Krause, Lash and Elfarra 2003), and as little as 10 mM DCVCS
has been shown to decrease the cellular ATP concentration by approxi-
mately 60% and induce apoptosis in primary cultures of human renal
proximal tubular cells (Lash et al. 2003), DCVC and TCVC could be
oxidized in human tissues to yield DCVCS and TCVCS, respectively,
which could then contribute to DCVC and TCVC toxicity in human
cells. As discussed above, the high reactivities and cross-linking abilities
of DCVCS and TCVCS toward protein thiols are likely to play roles in
their high nephrotoxic potency.

3.5. Addition–Elimination Reactions and the Bioactivation

of Anticancer Thiopurine Prodrugs

In an effort to develop new thiopurine produgs, we characterized the
metabolism of cis-3-(9H-purin-6-ylthio)acrylic acid (cis-PTA; Figure 3.8),
cis-6-(2-acetylvinylthio)purine (cis-AVTP), and trans-6-(2-acetylvinyl)gua-
nine (trans-AVTG), potential prodrugs of the chemotherapeutic drugs
6-MP and 6-TG targeting tumors with upregulated GSH levels
(Gunnarsdottir and Elfarra 1999; Gunnarsdottir, Rucki and Elfarra 2002;
Gunnarsdottir et al. 2002;Gunnarsdottir andElfarra 2003). These prodrugs
were envisioned to act as Michael acceptors and undergo GSH-mediated
addition–elimination reactions (Figure 3.9) to yield 6-MP and 6-TG. In
vitro results showed high reactivity of cis-AVTP and trans-AVTG toward

Figure 3.8 Structures of three
potential Michael acceptors
envisioned to be prodrugs of 6-MP
or 6-TG.
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GSH and production of 6-MP and 6-TG at high rates, whereas the rates of
conversion of cis-PTA to 6-MP was very slow possibly due to ionization of
the carboxylic acid moiety of cis-PTA at physiological pHwhich decreased
the reactivity towardGSH. The primary GSH conjugates, cis- and trans-4-
glutathionylbuten-2-one, formed from the reaction of cis-AVTP or trans-
AVTG with GSH, can react with a second molecule of GSH to form a
di-GSH-conjugate, 4-(bis-glutathionyl)butan-2-one (Figure 3.10).

Cellular uptake andmetabolism of trans-AVTG in the two human renal
carcinoma cell lines A-498 and ACHN, which were initially used as mod-
els, were rapid and associated with depletion of intracellular GSH. Pre-
treatment of the cells with diethyl maleate decreased the formation of
6-TG from trans-AVTG consistent with the role of GSH in the generation
of 6-TG (Gunnarsdottir, Rucki and Elfarra 2002). Interestingly, the pro-
drug delivered more 6-TG to the cells than did 6-TG itself. While both
cis-AVTP and trans-AVTG can react nonenzymatically with GSH, the
rates of these reactions can be enhanced significantly by glutathione trans-
ferases (Eklund et al. 2007). Among 13 examined human glutathione

Figure 3.9 GSH-dependent metabolism of cis-AVTP and trans-AVTG to their corresponding thiopurines.

Figure 3.10 Proposed mechanism for the formation of the mono- and di-glutathionyl conjugates of
butanone derived from cis-AVTP.
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transferases, GST M1-1 and GST A4-4were the most efficient catalysts
with trans-AVTG, whereas GSTM1-1 and GSTM2-2 exhibited the high-
est activity with cis-AVTP. Thus, tumors expressing high levels of GST
M1-1 or GSTA4-4may be particularly sensitive to chemotherapy with cis-
AVTP or trans-AVTG.

Mice treated with the prodrugs excreted in urine a lower fraction of the
administered dose as 6-MP or 6-TG and its further metabolites than did
mice treated with equivalent 6-TG doses (Gunnarsdottir et al. 2002). No
unchanged prodrug was detected in urine of mice given cis-AVTP or trans-
AVTG. Interestingly, distinct patterns of tissue metabolites were observed
after treatments of mice with cis-AVTP, trans-AVTG, and 6-TG, and a
higher liver/plasmametabolite ratio was observed after trans-AVTG treat-
ment than after cis-AVTP or 6-TG treatments, which exhibited similar
liver/plasma ratios (Gunnarsdottir and Elfarra 2003). The distinct patterns
of tissue metabolites observed after the different treatments suggest the
prodrugs might exhibit tissue selectivity as chemotherapeutic agents, and
may explain the decreased intestinal and bone marrow toxicity observed
with the prodrugs in comparison with 6-TG (Gunnarsdottir, Rucki and
Elfarra 2002; Gunnarsdottir et al. 2002).

3.6. cis-AVTP and trans-AVTG are More Cytotoxic

in Tumor Cells Than 6-MP or 6-TG

The cytotoxicities of cis-AVTP and trans-AVTG were evaluated in the
anticancer screening program of the National Cancer Institute using more
than 50 cell lines derived from bone marrow, skin, central nervous system
(CNS), lung, colon, ovary, breast, prostate, and kidney, and the results
were compared with the cytotoxicities of 6-MP and 6-TG obtained in the
same screen (Gunnarsdottir and Elfarra 2004). The results showed that the
prodrugs had enhanced cytotoxicity compared with their parent thiopur-
ines (Table 3.2), consistent with previous findings in the human renal cell
carcinoma cell lines ACHN and A-498 (Gunnarsdottir, Rucki and Elfarra
2002). Interestingly, cis-AVTPwasmore effective against renal cancer cells

Table 3.2 The median TGIa, GI50, and LC50 values obtained for 6-TG, 6-MP,
cis-AVTP, and trans-AVTG in the National Cancer Institute anticancer screen.

Cytotoxicity
parameter 6-TG 6-MP cis-AVTP trans-AVTG

TGI 44.8b >100 4.6 12.9
GI50 1.1 4.0 0.6 1.0
LC50 >100 >100 38.6 76.2

aTGI refers to the drug concentration required to inhibit tumor cell growth.

GI50 refers to the drug concentration that reduces tumor cell growth by 50% compared with untreated

controls.

LC50 refers to the drug concentration required to decrease tumor cell numbers by 50% compared with

untreated controls.
bAll values are given in micromolar concentration (mM).

Data were taken from Gunnarsdottir and Elfarra (2004).
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than trans-AVTG, whereas the latter was more effective against ovarian
cancer cells, and both prodrugs exhibited high growth-inhibitory activities
in leukemic cells and melanoma cells.

3.7. cis-AVTP and trans-AVTG Exhibited Reduced

In Vivo Toxicity Than 6-TG

In vivo studies in mice have shown less bone marrow toxicity associated
with the administration of cis-AVTP and trans-AVTG compared with
6-TG. The prodrugs caused no reduction of circulating white blood cells,
whereas mice treated with equimolar or 60% lower doses of 6-TG demon-
strated significant leucopenia (Gunnarsdottir, Rucki and Elfarra 2002).
Mice given multiple doses of 6-TG and, to a lesser extent trans-AVTG but
not cis-AVTP, exhibited increased myeloid:erythroid (M:E) ratios in bone
marrow (Table 3.3; Gunnarsdottir et al. 2002). The increased M:E ratio
likely results from severe erythroid hypoplasia rather than granulocytic
hyperplasia in bone marrow because erythroid cells were virtually absent
from bone marrow, and there was no evidence of tissue inflammation with
sequestered leukocytes. Intestinal epithelial crypt cell apoptosis was also
more extensive in mice given 6-TG than in those treated with trans-AVTG.
Mice given cis-AVTP had little intestinal apoptosis. No liver or kidney
lesions were detected after mice were treated with cis-AVTP or trans-
AVTG, but mild increases in the activities of the hepatocellular leakage
enzymes, alaninine aminotransferase and aspartate aminotransferase,
were observed in mice treated with trans-AVTG. Furthermore, inflamma-
tion was not detected in any of the tissues examined. Collectively, these
results suggest that the thiopurine prodrugs exhibit less in vivo toxicity
than 6-TG and provide justification for future investigations into the
efficacy of the prodrugs against tumors in vivo.

Table 3.3 Myeloid:erythroid (M:E) ratio in the bone marrow of CD-1
heterozygous nude male mice treated with vehicle alone (control), cis-
AVTP, trans-AVTG, or 6-TG.

M:E ratio (mean)a

Prodrug Dose (mmol kg
–1
) One cycle

b
Two cycles

Control 1.7:1 1.6:1

cis-AVTP 8.5 NDc 1.4:1
21.25 1.8:1 1.8:1

trans-AVTG 8.5 ND 3.2:1
21.25 6.6:1 5.7:1

6-TG 8.5 ND 11.8:1
21.25 44.8:1 86.5:1

aAll values are the means of results obtained with four animals.
bOne cycle consisted of a once daily i.p. injection for 3 consecutive days whereas two cycles

consisted of once daily i.p. injections for 3 consecutive days, repeated again 5 days later.
cND – Not done.

Data were taken from Gunnarsdottir et al. (2002).

66 A.A. Elfarra and R.J. Krause



3.8. Conclusions

The preceeding discussion demonstrates that olefins of the general structure
XCH=CHY, where X is a good leaving group (e.g., a halogen or a
thiopurine moiety) and Y is an electron-withdrawing group (e.g. a
sulfoxide or a ketone moiety), can undergo thiol-mediated addition–elimi-
nation reactions in mammalian cells and may result in the formation of
protein crosslinks.While the thiol-mediated addition–elimination reactions
of DCVCS and TCVCS were associated with severe renal toxicity, the
reactions of cis-AVTP and trans-AVTG with thiols were associated with
enhanced cytotoxicities in tumor cell lines and caused less systemic toxicity
than 6-TG in mice in vivo. Based on these results, similar addi-
tion–elimination reactions may play a role in the toxicity of other cysteine
S-conjugates of halogenated olefins after metabolism to their correspond-
ing sulfoxides. Other activated olefins, where X is a drug moiety that,
similar to the thiopurines, can act as a leaving group may also be synthe-
sized for evaluation as prodrugs. In this regard, it should be recognized that
the rates of the addition–elimination reactions are likely to vary depending
on the exact chemical structure of the activated olefin, as demonstrated
above among DCVCS and TCVCS or among cis-PTA and cis-AVTP, and
these rates are likely to be important determinants of biological activity.
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4.1. Introduction

Enzyme induction, in the context of this chapter, is a process by which
expression of certain drug-metabolizing enzymes and/or transporters is
increased by drug or xenobiotic exposure. In recent years, there have been
marked advances in the understanding of mechanisms of enzyme induc-
tion and more facile means of measuring gene expression changes. These
advances have led to increased awareness of the ability of drugs and
xenobiotics to cause enzyme induction, with increasing need to identify
and manage risks associated with this process. Enzyme induction is gen-
erally considered a means to detoxify xenobiotics by increasing their
clearance. When considering medicines, enzyme induction can result in
drug–drug interactions and/or loss of efficacy by causing decreased expo-
sure to coadministered medications. However, there is also a concern that
enzyme induction can be more than a detoxification route or drug–drug
interaction problem, in that it could lead to increased generation of toxic
and/or reactive metabolites and increased toxicity. The purpose of this
chapter is to examine enzyme induction and consider the evidence for its
role in detoxification versus bioactivation of drugs and xenobiotics.
A brief introduction to enzyme induction and mechanisms is included.
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4.2. Enzyme Induction

The primary mechanism by which drugs or xenobiotics can cause enzyme
induction is by way of activation of gene transcription. Most commonly,
a drug or xenobiotic is considered an inducer if it activates a nuclear
receptor, thereby causing increased expression of that receptor’s target
genes. The nuclear receptors that have the broadest ligand selectivity and
are most commonly involved in activation of transcription of drug-meta-
bolizing enzymes and transporters are the aryl hydrocarbon receptor
(AhR), pregnane X receptor (PXR), and constitutive androstane receptor
(CAR). There are additional nuclear receptors that are activated by a
narrower range of compounds, and are involved in activation of transcrip-
tion of a more limited set of target genes; these are farnesyl X receptor
(FXR), liver X receptor (LXR), and peroxisome proliferator-activated
receptors (PPARs). Additional mechanisms of enzyme induction that are
relevant to drug-metabolizing enzymes and transporters are the activation
of the Nrf2 transcription factor by redox active agents and the induction of
cytochrome P450 2E1 by substrate stabilization of the protein. The target
genes for these various receptors that are of interest to the study of drug
metabolism include various phase I metabolizing enzymes (e.g., cyto-
chrome P 450 s (CYPs)) as well as phase II conjugating enzymes (e.g.,
glutathione S-transferases (GSTs), uridine diphosphate glucuronosyl
transferases (UGTs), and sulfotransferases (SULTs)). Target genes can
also include numerous uptake or efflux transporters, for example, organic
anion transporting peptide (OATP) and multidrug resistance proteins
(MDR1, MRP2). Each of the receptor pathways involved in the different
enzyme induction processes will be reviewed in more detail below, and are
summarized in Table 4.1.

Table 4.1 Pathways for induction of human drug-metabolizing enzymes and transporters.

Induction pathway Activators/ligand examples Target gene examples

AhR TCDD, benzo[a]pyrene, 3-
methylcholanthrene,
indole[3,2-b]carbazole, other
polychlorinated biphenyls
and polycyclic aromatic
hydrocarbons

ALDH3A1, CYP1A1, CYP1A2,
CYP1B1, CYP2S1, GSTA1, NQO1,
UGT1A6

PXR Rifampicin, phenobarbital,
hyperforin, phenytoin,
carbamazepine, nifedipine,
clotrimazole, lovastatin

ALAS, ALDH1A4, CYP2A6, CYP2B6,
CYP2C8, CYP2C9, CYP3A4, GSTA2,
MDR1, MRP2, MRP3, OATP2,
UGT1A1, UGT1A6

CAR Phenobarbital, CITCO ALAS, ALDH1A4, CYP2A6, CYP2B6,
CYP2C8, CYP2C9, CYP3A4, GSTA2,
SULT1A1, UGT1A1, UGT1A6

Nrf2 tBHQ, sulforaphane, oltipraz GCS, GSTs, HO-1, NQO1
Protein and/or
mRNA
stabilization

Ethanol, acetone, ketone
bodies

CYP2E1
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4.3. Overview of Enzyme Induction Pathways

4.3.1. Aryl Hydrocarbon Receptor (Aromatic Hydrocarbon/

CYP1 Inducers)

The induction of CYP1 enzymes through AhR activation has been argu-
ably the most actively studied pathway in the enzyme induction research
field. The study of aryl hydrocarbon/CYP1A pathway has progressed
from the initial identification of the association of the AhR locus with
aryl hydrocarbon hydroxylase activity, to the purification and identifica-
tion of the AhR, to the development of AhR knockout mice and
realization of this receptor’s roles in a myriad of physiological responses
(Nebert and Gelboin 1968; Niwa et al. 1975; Poland, Glover and Kende
et al. 1976; Fernandez-Salguero et al. 1995). Despite the fact that this has
been an active area of research for nearly 40 years, new functions and roles
for the AhR are still being uncovered. TheAhR is known to be involved not
only in induction of xenobiotic-metabolizing enzymes, but also in cell cycle
regulation (both apoptosis and proliferation), and plays a role in numerous
physiological pathways, including liver and immune system development
and vascular remodeling (Marlowe and Puga 2005; Rifkind 2006).

The AhR is a ligand-activated transcription factor of the basic helix-
loop-helix/Per-Arnt-Sim (bHLH-PAS) family. The understanding of the
mechanism of activation of the AhR continues to evolve; a current model
for the mechanism of ligand activation of AhR is summarized as follows
(Figure 4.1; reviewed in Riddick et al. 2003). In the unliganded, inactive

Figure 4.1 Regulation of gene transcription by AhR. In the absence of activating
ligand, AhR is retained in the cytoplasm in a complex with various heat shock
proteins/chaperones. Upon ligand binding and activation, the AhR translocates to
the nucleus where it forms a heterodimer with ARNT. The AhR/ARNT hetero-
dimer binds to specific DNA sequences in the 50-regulatory region of responsive
genes, and interacts with general transcription factors and coregulatory proteins,
resulting in the modulation of gene transcription.
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state, AhR resides in the cytoplasm, in complex with a dimer of heat shock
protein 90, the cochaperone p23, and an immunophilin-related protein
called AhR-interacting protein (AIP, a.k.a. ARA9 or XAP2). Upon ligand
activation, AhR dissociates from this complex and translocates to the
nucleus where it forms a heterodimer with AhR nuclear translocator
(ARNT). The AhR/ARNT heterodimers bind to DNA sequences in the
50-regulatory regions of target genes, and interact with various coactivator,
corepressor, and/or general trancription factor proteins to positively or
negatively regulate gene transcription (Hankinson 2005). The DNA
sequences that bind AhR/ARNT are known as dioxin-responsive elements
(DREs), or alternatively as xenobiotic-responsive elements (XREs).
Target genes include numerous drug- and xenobiotic-metabolizing
enzymes (Table4.1), the most intensively studied of which are members
of the CYP1 family. In fact, one of the originally identified bioactivation
pathways, metabolism of benzo[a]pyrene to the carcinogenic diol epoxide,
is mediated by CYP1A isozymes, and inducible by AhR ligands. Ligand
activators of AhR include planar aromatic compounds such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), polychlorinated biphenyls (PCBs),
benzo[a]pyrene, 3-methylcholanthrene, as well as dietary chemicals such as
tryptophan and indole derivatives (e.g., indole[2,3-b]carbazole; Denison
and Nagy 2003). In addition, the dietary component common in red wine,
resveratrol, has been shown to be an antagonist of the AhR (Ciolino,
Daschner andYeh 1998). There is also evidence for endogenous compounds
activating the AhR; for example, it was recently reported that AhR in
endothelial cells can be activated by modified low-density lipoprotein
(LDL), providing a potential explanation for the vascular defects in AhR-
null mice (McMillan and Bradfield 2007).

Since AhR is involved in so many cellular processes, it is reasonable to
think that ligand activators of AhR could have profound effects on an
organism. Indeed, TCDD, a very potent AhR ligand, produces a plethora
of biological effects including chloracne, tumor promotion, and thymic
atrophy (Nebert 1989). TCDD is also somewhat unusual as a member of
the class of AhR activators in that it is not a substrate for the drug-
metabolizing enzymes induced byAhR.However, with other AhR ligands,
some of the potentially toxic sequelae of AhR activation are offset by the
detoxification reactions catalyzed by the AhR-responsive drug-metaboliz-
ing enzymes. These contrasting effects will be discussed further in
Section 4.5.1.

4.3.2. Pregnane X Receptor (CYP3A Inducers)

The nuclear receptor PXR (NR1I2) was first identified in 1998 as the
ligand-activated transcription factor mediating CYP3A induction by ster-
oids (Bertilsson et al. 1998; Blumberg et al. 1998; Kliewer et al. 1998).1 The
identification of the role of PXR marked a major advance in understand-
ing of the mechanisms behind CYP3A induction, and paved the way for a

1 PXR, or pregnane X receptor, is also known as the pregnane activated receptor (PAR) or

the steroid and xenobiotic receptor (SXR). The majority of recent literature uses the name

PXR, and hence this convention is followed herein.
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flurry of subsequent research into the role of CYP3A induction in detox-
ification, drug–drug interactions, and bioactivation.

Pregnane X receptor belongs to the nuclear receptor superfamily of
ligand-activated transcription factors that includes vitamin D receptor
(VDR; NR1I1), the CAR (NR1I3), PPAR (NR1C), and others (Germain
et al. 2006). Members of this NR1 subfamily of nuclear receptors typically
function as heterodimers with the retinoid X receptor (RXR; NR2B1). In
the unactivated state, the PXR/RXR heterodimers are thought to be
retained in the cytoplasm, bound to heat shock proteins and/or various
chaperone proteins (Squires, Sueyoshi and Negishi 2004). Upon ligand
binding, PXR/RXR translocates to the nucleus, binds DNA in the
50-regulatory region of target genes, and interacts with various coregula-
tory proteins thereby effecting gene transcription (Figure 4.2; reviewed in
Stanley et al. 2006).

Genes regulated by PXR code for a wide array of proteins involved in
transport and metabolism of drugs and endogenous compounds. Perhaps
the most widely recognized PXR target gene is CYP3A4. Since CYP3A4 is
involved in the metabolism of an estimated 50% of all marketed drugs,
increases in CYP3A4 expression by PXR activation can have profound
effects on the clearance of drug substrates and results in drug–drug inter-
actions. Conversely, increased CYP3A4 can be a protective mechanism

Figure 4.2 Regulation of gene transcription by PXR or CAR. Under basal condi-
tions the PXR/RXR or CAR/RXR heterodimers are thought to be retained in the
cytoplasm, likely bound to heat shock proteins and/or other chaperones – for
example, the cytosolic CAR retention protein (CCRP). Upon ligand binding,
and/or activation by phosphorylation, the PXR/RXR or CAR/RXR heterodimers
translocate to the nucleus where they bind specific DNA sequences in the
50-regulatory region of responsive genes. Gene transcription is modulated by
interactions of the heterodimeric complexes with coregulatory proteins, including
TIF2, SRC-1, SMRT, and/or NCoR. For a more comprehensive review of these
factors, refer to Stanley et al. (2006).
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whereby potentially toxic xenobiotic or endogenous compounds are
cleared more quickly. CYP3A4 is only one of many PXR target genes
that also include numerous other CYPs, GSTA2,MDR1,MRP2, OATP2,
and UGT1A6 (Table 4.1). Therefore, activation of PXR is thought to be
primarily a protective response whereby uptake, metabolism, and efflux of
potentially toxic compounds are increased.

Activators of PXR include natural and synthetic steroids and steroid
metabolites such as corticosterone, dexamethasone, and dehydroepian-
drosterone, and numerous pharmaceutical and nutriceutical agents such
as rifampicin, nifedipine, lovastatin, clotrimazole, and hyperforin
(Blumberg et al. 1998; Kliewer et al. 1998; Lehmann et al. 1998). Very
few antagonists of PXR have been identified to date. The natural product-
derived drug known as ecteinascidin 743 (ET-743) blocks activation of
PXR with IC50 values in the nanomolar range (Synold, Dussault and
Forman 2001). A recent report shows that the isothiocyanate compound
sulforaphane is an antagonist of human PXR, and can inhibit both basal
and inducible expression of CYP3A4, with IC50 values in the micromolar
range (Zhou et al. 2007). Interestingly, ketoconazole, a molecule well
known for its ability to competitively inhibit CYP3A4, also can antagonize
the activity of PXR and other nuclear receptors (Huang et al. 2007).
Ketoconazole apparently acts by disrupting the interaction between the
nuclear receptor and the coactivator protein, steroid receptor coactivator 1
(SRC-1).

In contrast to classical nuclear hormone receptors such as estrogen
receptor (ER) and glucocorticoid receptor (GR), steroid activators of
PXR exhibit low affinity, with EC50 values in the low micromolar range
rather than the low nanomolar range typical of classical hormone recep-
tors. Therefore, it appears that PXR is responsive to supraphysiological
concentrations of steroids and metabolites, which is consistent with the
assertion that PXR acts as a sensor, responding to potentially toxic con-
centrations of xenobiotics and endogenous compounds by initiating a
protective gene expression response.

4.3.3. Constitutive Androstane Receptor (Phenobarbital-Like Inducers)

Although induction of CYP2B genes by phenobarbital treatment had been
known for many years, the fact that this induction was mediated via a
nuclear receptor, now known as the CAR), was not realized until 1998
(Honkakoski et al. 1998). The challenge in identifying CAR was due in
part to the fact the phenobarbital inductive effect on CYP2B genes was
observed in vivo and in primary hepatocytes, but was not reproduced in
continuously cultured cell lines. Subsequently, it was discovered that in
vivo and in primary hepatocytes, CAR is sequestered in the cytoplasm, and
translocates to the nucleus upon ligand binding or upon phosphorylation
(Kawamoto et al. 1999). Like the closely related receptor PXR, CAR exists
as a heterodimer with RXR (Figure 4.2). Once in the nucleus, the CAR/
RXR heterodimer is constitutively active; therefore, the translocation
event is essentially a receptor activation event. The apparent lack of active
CAR in cultured cell lines was due to the fact that CAR was already
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located in the nucleus under basal conditions, and hence was constitutively
active (Kobayashi et al. 2003).

The first compounds identified that interact with CARwere actually the
inverse agonists androstanol and androstenol (Forman et al. 1998). These
compounds are termed inverse agonists in that they bind to CAR, but
rather than activate the receptor, they deactivate its constitutive activity.
Subsequently, it was discovered that regular agonist ligands also exist for
CAR, for example 1,4-bis[2-(3,5-dichloropyridyloxy)] benzene (TCPO-
BOP)(mouse CAR; Tzameli et al., 2000) and (6-(4-chlorophenyl)imi
dazo[2,1-b](1,3)-thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime)
(CITCO) (human CAR;Maglich et al. 2003). CAR can also be activated in
a ligand-independent manner. Phenobarbital, the prototypical inducer of
CYP2B6 (Cyp2b10 in mice), does not appear to be a ligand for CAR, but
rather activates the receptor via activation of receptor phosphorylation
(Kawamoto et al. 1999; Rencurel et al. 2006). In addition, nutritional and
metabolic stresses, such as fasting and caloric restriction, can activate
CAR (Maglich et al. 2004), and this apparently occurs through receptor
phosphorylation activated by cAMP/protein kinase A (Ding et al. 2006).

Soon after the discovery that CAR was involved in the phenobarbital-
mediated induction of CYP2B enzymes, it became clear that CAR, like
PXR, mediated the induction of numerous additional drug-metabolizing
enzymes, including phase II enzymes and transporters, such as GSTA2,
UGT1A1, and MDR1 (Maglich et al. 2002; Maglich et al. 2003). In
addition, it was recognized that many of the ligands that activate
CAR can also activate PXR, although the inverse is not necessarily true,
since CAR has a smaller ligand-binding pocket and narrower ligand
selectivity than PXR. There is also overlap in the target genes of these
two receptors; for example, both CAR and PXR can activate transcription
of CYP3A4, CYP2B6, and UGT1A6 (Moore et al. 2000; Maglich et al.
2002; Wei et al. 2002). Therefore, it appears that both CAR and PXR are
part of a protective response to xenobiotic exposure – regulating genes
involved in uptake, metabolism, and excretion of potentially toxic
substances.

4.3.4. Other Nuclear Receptors: FXR (Bile Acids), LXR (Sterols), PPAR

(Fibrates), VDR (Vitamin D)

Additional members of the NR1 subfamily of nuclear receptors, namely
FXR, LXRa, PPAR, and VDR are also involved in regulation of CYPs
and/or transporters. However, these receptors differ from CAR and PXR
in that they are predominantly involved in metabolism and homeostasis of
endogenous compounds. These receptors also do not exhibit the broad
ligand selectivity seen with PXR or CAR, but rather have a more specific
set of ligands. For example, FXR is activated by natural bile acids, which
results in repression of the expression of CYP7A1, the enzyme catalyzing
the rate-limiting step in the conversion of cholesterol to bile acids
(Makishima et al. 1999; Parks et al. 1999; Masubuchi 2006). LXRa is
activated by oxidized cholesterol metabolites (oxysterols), and when acti-
vated causes increased expression of cholesterol-metabolizing enzymes,
including CYP7A1 (Peet et al. 1998). VDR binds 1,25-dihydroxy-vitamin
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D3 (calcitriol) with high affinity, and regulates genes involved in calcium
and phosphate homeostasis (Reschly and Krasowski 2006). Activated
VDR has also been shown to increase expression of CYP3A4 in intestinal
cell lines and in primary human hepatocytes (Thummel et al. 2001; Dro-
court et al. 2002). Although VDR has a very limited ligand selectivity
compared to PXR and CAR, it can be activated by high concentrations
of the potentially toxic secondary bile acid LCA, resulting in increased
clearance of this compound from the liver (Makishima et al. 2002).
Although VDR activation can result in increased expression of several
CYPs, the relative importance of this pathway for CYP induction is
currently unclear since VDR has a very limited set of ligands relative to
PXR and CAR.

The PPARa (NR1C1) was originally identified as the receptor activated
by compounds known to cause peroxisome proliferation in rodents
(Issemann and Green 1990). Two additional PPAR family members –
PPARg (NR1C3) and PPARd (NR1C2, also called PPARb) – were
subsequently identified. The PPARs are ligand-activated transcription factors,
specifically involved in fatty acid and lipid metabolism and homeostasis.
The PPARs are activated by endogenous compounds (e.g., fatty acids,
leukotriene B4 (PPARa), and prostaglandin J2 (PPARg)) and by drugs
(e.g., fibrates (PPARa) and thiazolidinediones (PPARg)). However, with
the exception of these latter two classes of drugs that are specifically
targeted toward these receptors, PPARs are not generally activated by
drugs and xenobiotics, and do not induce typical drug-metabolizing
enzymes and transporters. Since FXR, LXR, PPAR, and VDR are not
typically involved in detoxification or bioactivation of drugs and xeno-
biotics, they will not be discussed any further.

4.3.5. Nrf2/Keap1 (ARE Inducers)

The induction of phase II enzymes such as GSTs, UGTs, NAD[P]H:qui-
none oxidoreductase (NQO1), and gamma-glutamylcysteine synthetase
(GCS) in response to antioxidants and chemopreventive chemicals is
mediated by the transcription factor known as nuclear factor erythroid
2-related factor 2 (Nrf2) (Kobayashi and Yamamoto 2006). The Nrf2
pathway differs significantly from the typically ligand-activated transcrip-
tion factors discussed above. The Nrf2 is not a member of the nuclear
receptor superfamily, but rather belongs to the cap ‘n’ collar subfamily of
the basic region leucine zipper transcription factors. The Nrf2 heterodi-
merizes with amember of the smallMaf transcription factor family to bind
DNA sequences known as antioxidant response elements (AREs)2 in the
50-flanking regions of target genes (Venugopal and Jaiswal 1996; Itoh et al.
1997).

Activators of the Nrf2 pathway include antioxidants (tert-butylhydro-
quinone), chemopreventive agents (sulforaphane and oltipraz), electro-
philes, and oxidative stress. These inducers are not ligands for Nrf2, but
rather activate the transcription factor indirectly via protein stabilization.

2 AREs are also known as electrophile responsive elements, or EpREs.
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Much research has focused on this unique mechanism of activation of the
Nrf2/ARE pathway, and the reader is referred to several good reviews on
the subject (Nguyen, Yang and Pickett 2004; Kobayashi and Yamamoto
2006; Zhang 2006). A summary of the current understanding is that under
basal conditions, most of the cellular Nrf2 is retained in the cytoplasm,
bound to a protein known as Keap1, which serves to target Nrf2 for
degradation via the ubiquitin-dependent proteasome pathway (Figure 4.3).
The Keap1 protein contains an unusually large number of cysteine resi-
dues, which are thought to act as redox sensors for the Keap1/Nrf2
complex. Upon treatment with ARE inducers and/or under conditions
of oxidative stress, one or more cysteine residues of Keap1 becomes
modified, thereby disrupting the interactions with Nrf2 (Itoh et al. 1999).
There is evidence that some inducers and/or their reactive metabolites
directly modify specific cysteine residues in Keap1 (Dinkova-Kostova
et al. 2002; Zhang and Hannink 2003). The disruption of the interactions
between Keap1 and Nrf2 result in stabilization of Nrf2 protein. Stabilized
Nrf2 can translocate to the nucleus, where it forms a heterodimer with a

Figure 4.3 Regulation of Nrf2–Keap1 by ARE inducers. Schematic representation
of factors involved in activation of ARE-mediated gene expression by ARE indu-
cers. Under basal conditions, most cellular Nrf2 is thought to be bound to Keap1,
which keeps Nrf2 in the inactive state and enhances its degradation. Treatment
with ARE inducers causes the release of Nrf2 from Keap1, by activation of Nrf2
phosphorylation and/or by modification of cysteine residue(s) on Keap1. Disrup-
tion of the Nrf2/Keap1 interaction results in stabilization of Nrf2, translocation to
the nucleus, heterodimerization with a small Maf protein, and activation of gene
transcription. Note that recent evidence indicates that the Nrf2/Keap1 complex
may shuttle between cytoplasm and nucleus. Cys indicates one of several cysteine
residues thought to be involved in regulation of Keap1. Cys-M, modified cysteine
residue; P, phosphorylated Ser, Thr, or Tyr residue. Figure adapted from Nguyen
et al. (2004) with permission from Elsevier.
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small Maf protein, and binds to ARE sequences, thereby activating tran-
scription of target genes. In addition, phosphorylation of Nrf2 plays a role
in its stabilization and translocation to the nucleus. Several different
protein kinases have been shown to be involved in phosphorylation of
Nrf2, including PKC, PERK, and MAP kinase family members (Yu et al.
1999; Huang, Nguyen and Pickett 2000; Cullinan et al. 2003). The exact
mechanisms of how ARE inducers activate these kinases to phosphorylate
Nrf2 are not clear at this time.

In summary, it appears that compounds known as ARE inducers
activate Nrf2-mediated transcriptional activation indirectly via protein
stabilization and enhanced translocation to the nucleus. The stabilization
and translocation of Nrf2 can be achieved by disruption of interactions
with Keap1 and/or phosphorylation. Activation of the Nrf2/ARE path-
way initiates a general cytoprotective response that allows cells to better
defend against electrophiles and oxidative stress, as described in
Section 4.5.3.

4.3.6. Ethanol-Type Induction (CYP2E1 Inducers)

The induction of CYP2E1 by ethanol is unusual in that it involves stabi-
lization of protein rather than ligand activation of a receptor/transcription
factor (reviewed in Gonzalez 2007). To date, CYP2E1 is the only CYP
isozyme known to be regulated in this manner. The role of substrate
stabilization of CYP2E1 was shown in elegant studies using in vivo label-
ing of CYP2E1 in rats. The degradation of the enzyme was found to be
biphasic, with half-lives of approximately 7 hours and 32 hours for the two
phases (Song et al. 1989). In rats treated with CYP2E1 inducers, the rapid
half-life component was missing, and only the longer half-life component
remained. This suggested that the presence of substrate shifted the protein
to the longer half-life form, thereby explaining the increase in microsomal
CYP2E1 content.

There is also evidence that CYP2E1 can be induced by way of mRNA
stabilization. This observation was made in diabetic rats, in which levels of
CYP2E1 mRNA and protein were increased, but gene transcription was
not increased (Song et al. 1987). Subsequent studies have shown that this
induction can be reversed by treatment with insulin, and a nucleotide
sequence in the 50-region of the mRNA that mediates this reversal has
recently been identified (Truong et al. 2005). That insulin is involved in
regulation of CYP2E1 is consistent with the postulated role of CYP2E1 in
a secondary pathway of gluconeogenesis (Koop and Casazza 1985). For a
more detailed discussion of the mechanisms of CYP2E1 induction, the
reader is referred to the Chapter 6.

Drugs and xenobiotic inducers of CYP2E1 are typically low molecu-
lar weight and are substrates for CYP2E1, for example, ethanol,
acetone, pyrazole, and isoniazid. A notable example of consequences
of this induction is the increased CYP2E1-mediated metabolism of
acetaminophen to N-acetyl-p-benzoquinone-imine (NAPQI), which
represents a bioactivation reaction. The consequences of CYP2E1
induction with respect to acetaminophen metabolism will be discussed
in more detail in Section 4.5.4
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4.4. Techniques in Enzyme Induction Research

The understanding of the pathways involved in enzyme induction, the
target genes, and the effect of induction on physiological and toxicological
events has advanced significantly in the last decade. The enzyme induction
field has benefited from technological advances in receptor binding and
coactivator assays, gene expression arrays, and in improved transgenic
mouse models. The needs of pharmaceutical companies to screen new
compounds for enzyme induction potential has led to the development of
numerous higher-throughput cell assays. This section is devoted to a
survey of various technical approaches to the study of enzyme induction
and is intended to briefly cover both classical techniques (e.g., CYP
activity assays in treated hepatocytes) and newer technologies (e.g., trans-
genic mice models), and discuss the impact that these techniques have had
on research in enzyme induction.

4.4.1. Measuring Induction Potential of New Chemical Entities

Researchers involved in the discovery and development of new chemical
entities, such as pharmaceuticals and food additives, need to know
whether a given compound has the potential to induce drug-metabolizing
enzymes. This is important, as enzyme induction can increase a
compound’s own metabolism (termed ‘‘autoinduction’’) and/or the meta-
bolism of other substrates. For example, drugs that induce levels of
CYP3A4, an enzyme involved in metabolism of numerous pharmaceutical
agents, can cause drug–drug interactions by causing increased clearance of
coadministered drugs. Therefore, the ability of a new chemical entity to
bind and/or activate PXR, as well as AhR and CAR, is often assessed early
in the discovery process, and hence numerous test systems have been
developed for measuring induction potential. Since there are considerable
species differences in the ability of compounds to activate the different
pathways, in vivo studies in preclinical species (rats, mice) are not typically
used for this testing. Rather, numerous in vitro assays using human-
derived reagents are used, as described below.

4.4.1.1. Primary Cultures of Human Hepatocytes
The classic technique for measuring the ability of a compound to induce
drug-metabolizing enzymes is by short-term culture and treatment of
primary human hepatocytes, followed by measurement of CYP levels.
Typically, cells are isolated from livers by collagenase perfusion, then
plated and cultured for 2–3 days prior to addition of the compound of
interest (LeCluyse et al. 2000). Cells are generally exposed to the com-
pound for an additional 3 days, followed by measurement of CYP levels.
Cytochrome P450 levels can be determined by enzyme activity measure-
ments using isoform-selective probe substrates – for example, testosterone
6b-hydroxylation to measure CYP3A4, and/or measurement of mRNA
levels. In some cases, immunoquantitation of protein levels is also done.
The benefits of primary human hepatocyte cultures are that they contain
the native receptors and enzymes of interest in induction studies. They also
have metabolic capabilities similar to the intact liver. Some drawbacks of
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this technique are that human liver specimens are not easily obtained, and
isolation of hepatocytes can yield cells of variable quality. The develop-
ment of cryopreservation techniques has improved the availability of
primary human hepatocytes, but many cryopreserved cells are not plate-
able and therefore cannot be maintained in culture. There is also signifi-
cant interdonor variability in basal and inducible CYP levels in different
hepatocyte preparations, making it more difficult to compare activities
across experiments and across laboratories. Also, due to hepatocyte avail-
ability constraints, the method is low throughput. Due to some of these
limitations, numerous additional in vitro assays have been developed to
assess enzyme induction potential, as discussed below.

4.4.1.2. Reporter Gene Assays
Reporter gene assays using cultured cell lines have proven to be a relatively
facile and widely used tool to study individual induction pathways. Con-
tinuously cultured cell lines, for example, HepG2, Huh7, etc., are typically
transfected with an expression plasmid encoding a nuclear receptor
(e.g., PXR) and a reporter gene plasmid. The reporter gene plasmid con-
tains part of the 50-regulatory region of a target gene (e.g., CYP3A4)
connected to the coding portion of a ‘‘reporter’’ gene, typically luciferase
or chloramphenicol acetyl transferase (CAT), due to the ease of detection
of their enzymatic activities. When the transfected cells are treated with
inducers, expression of the reporter gene is measured. Reporter gene
systems offer advantages over primary hepatocyte cultures in terms of
availability, cost, ease of culture, and potential for high-throughput appli-
cations. A limitation of the reporter gene system is that generally only a
limited portion of the 50-regulatory region of the target gene of interest is
used, such that the gene expression response may not translate to the full
response that would be observed in vivo or in primary hepatocytes. Also,
typically the transient transfection of a receptor plasmid results in over-
expression of that receptor, which may result in a different magnitude of
response relative to the primary hepatocyte assay. The continuously cul-
tured cell lines also lack expression of some of the liver-specific proteins,
and hence have a more dedifferentiated phenotype compared to primary
hepatocytes (Castell et al. 2006). Despite these limitations, the reporter
gene system has been very useful in identifying the potential of compounds
to cause induction.

Pregnane X receptor has been particularly amenable to reporter gene
methodologies, and there is a good correlation between activation of PXR/
CYP3A4 induction in reporter gene assays and activation of PXR/
CYP3A4 induction in primary hepatocytes (Luo et al. 2002; Sinz et al.
2006). Activation of AhR/CYP1A induction is also readily observed in
reporter gene assays, and generally does not require the transfection of
AhR expression plasmids, since cell lines typically express AhR at ade-
quate basal levels (Ciolino, Daschner and Yeh 1998). On the other hand,
reporter gene assays have not worked as well for detecting activators of
CAR (Honkakoski et al. 1998). Apparently, when CAR is overexpressed
in cultured cell lines, much of it localizes in the nucleus where it is con-
stitutively active, and hence further ligand-dependent activation of CAR
above the background of constitutive activity is difficult to detect. One
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system that has been successfully used for detecting CAR activators is the
use of CAR-transfected cells treated with androstenol. Androstenol is an
inverse agonist that blocks the constitutive activity of CAR, thereby
allowing CAR activation to be detected above background (Sueyoshi
et al. 1999).

4.4.1.3. Immortalized Hepatocytes and Minimally Derived
Hepatocyte Lines
The desire to combine the ease, reproducibility, and throughput of repor-
ter gene assays with the ability to measure native receptor and target gene
expression as in primary hepatocytes has led to the development of both
immortalized and minimally derived hepatocyte lines. The term ‘‘immor-
talized hepatocytes’’ refers to cells that originated from primary human
hepatocytes that have been transformed and are capable of growing in
culture. The termminimally derived hepatocytes refers to cell lines, origin-
ally derived from hepatoma cells, that have not been extensively passaged.
Both immortalized hepatocytes and minimally derived hepatocytes retain
a more differentiated phenotype relative to cell lines that have been exten-
sively cultured. The Fa2N4 immortalized hepatocytes have been used
successfully to measure induction via PXR and AhR pathways (Mills et
al. 2004; Ripp et al. 2006). The Fa2N4 cells are derived from primary
human hepatocytes that had been transformed with SV40 large T antigen.
When the cells are cultured in the absence of serum, they maintain a
differentiated phenotype like that of primary hepatocytes. They express
various nuclear receptors, transporters, and CYPs, although the basal
enzyme activity is lower than that of primary hepatocytes (Mills et al.
2004). Fa2N4 cells offer advantages over reporter gene assays in that they
do not require transfection or overexpression of nuclear receptors and
reporter genes, but rather they rely on native human receptors and target
gene expression. In addition, the Fa2N4 cells offer advantages over pri-
mary human hepatocytes in terms of availability and reproducibility.

The HepaRG cell line represents a minimally derived cell line that can
be continuously maintained, but can also be cultured in such a way as to
develop a more differentiated, hepatocyte-like morphology (Guillouzo
et al. 2007). When cultured in the presence of 2% dimethyl sulfoxide
(DMSO) for 30days, the cells express CYPs (with the exception of
CYP2D6), transporters, and other liver-specific proteins at levels near
those of primary hepatocytes (Aninat et al. 2006). The cells also show
inducibilty of CYP1A andCYP3A, although the CYP3A effect needs to be
done under non-DMSO culture conditions in order to observe inducibility
(Aninat et al. 2006).

4.4.1.4. Ligand-Binding or Coactivator Recruitment Assays
Activation of nuclear receptors by new chemical entities can be a result of
direct ligand binding to a nuclear receptor, or due to indirect modification
of the receptor, for example, via phosphorylation. It is useful to know the
mechanisms of receptor activation, and whether a compound is actually a
ligand for a receptor. There are several different methods for assessing this,
including scintillation proximity assay (SPA), fluorescence resonance elec-
tron transfer assay (FRET), or coactivator-dependent receptor ligand
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assay (CARLA) (Krey et al. 1997; Jones et al. 2000; Kliewer, Goodwin and
Willson 2002). In a SPA, the receptor is expressed and immobilized on
scintillant-containing beads, which are then incubated with radiolabeled
compound. When compound is bound to receptor, the scintillant is acti-
vated and can be readily measured. Binding affinity of unlabeled com-
pounds can be determined in the same system, by measuring
concentrations required to compete with a high-affinity radiolabeled
ligand. The CARLA experiments are useful when no radiolabeled ligand
for a receptor is available. The CARLA assay measures the protein–pro-
tein interactions between SRC-1 and the receptor of interest, which hap-
pens only if the receptor has been ligand activated (Krey et al. 1997).
Similarly, the ligand-induced interaction of a nuclear receptor with SRC-
1 can be measured by FRET assay, by using fluorophore-labeled proteins
(Moore et al. 2000). These ligand-binding assay techniques offer insight
into how a compound activates a receptor, whether direct or indirect, as
well as the relative affinity of that compound for the receptor.

4.4.1.5. In Silico Models
There is interest, particularly within the pharmaceutical industry, in the
use of in silico tools to predict induction potential, thereby enabling the
design of compounds that avoid interaction with nuclear receptors.
Researchers have used a combination of crystal structures, site-directed
mutagenesis studies, and pharmacophore models to better understand the
ligand-binding sites of PXR and CAR (reviewed in Poso and Honkakoski
2006). Despite the considerable effort that has been put into the develop-
ment of in silico prediction tools, the ability to predict PXR and
CAR activation remains elusive. The large size and flexibility of the
PXR-binding pocket makes development of a robust in silico model
more of a challenge. The situation with CAR is even more complex.
Although CAR has a smaller binding pocket with less flexibility, the subtle
structural changes that determine whether ligands of CAR are activators
or inhibitors is still being defined. Despite the challenges, the promise of in
silico prediction tools drives continued research and effort in this area.

4.4.2. Use of Gene Arrays to Find Novel Target Genes and Elucidate Wider

Role of Nuclear Receptor Activation

The study of nuclear receptor biology and target gene regulation has been
greatly facilitated by the ability to broadly profile gene expression
(mRNA) changes through the use of gene expression arrays. Arrays are
available that allow simultaneous profiling of anywhere from a few dozen
to thousands of genes. Some arrays are enriched in genes coding for drug-
metabolizing enzymes and transporters, while others are enriched in genes
important in pharmacological or toxicological pathways. In addition,
several companies offer the ability to make customized gene arrays. The
basic technique for a gene expression array experiment involves isolating
RNA from control and treated cells or tissues, reverse transcription and
labeling of the RNA using fluorescence or biotin systems, hybridization to
the gene array, and detection and analysis of the hybridized products
through specialized instrumentation and software. More specific technical
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aspects of gene expression arrays will not be addressed here, but the reader
is referred to the literature cited in the examples that follow, as well as
array manufacturers’ websites.

Gene expression arrays have been used for two primary purposes
related to enzyme induction: to profile gene expression changes caused
by chemical treatment and/or to profile gene expression changes induced
by lack or overexpression of a nuclear receptor. For example, the pleio-
tropic effects of rifampicin on hepatic gene expression have been assessed
by microarray analysis of primary human hepatocytes treated with rifam-
picin, emphasizing the breadth of changes in drug-metabolizing enzymes
and transporters upon rifampicin treatment (Rae et al. 2001). Similarly,
the gene expression array analysis has helped to elucidate the broad
physiological and toxicological responses to TCDD treatment (Hanlon
et al. 2005). Gene expression array analysis is also useful in characterizing
gene expression changes in receptor knockout mice. For example, the role
of CAR in the pleiotropic hepatic effects of phenobarbital treatment was
studied using gene expression profiling in CAR knockout and wild-type
mice (Ueda et al. 2002). This study was one of the first to show that gene
regulation by CAR extended beyond drug metabolism, and included genes
involved in energy metabolism. In addition, this work suggested that the
effects of phenobarbital treatment had both CAR-dependent and CAR-
independent aspects. Rosenfeld et al. compared global gene expression
changes between wild-type and PXR knockout mice, as well as mice
expressing a constitutively activated form of human PXR (Rosenfeld
et al. 2003). This study confirmed the PXR dependence of known target
genes such as Cyp3a11 and Cyp2b10, and revealed additional target genes
that were induced (e.g., carboxylesterases) or suppressed (e.g., Cyp4a10) in
the activated hPXR transgenic mice. The above examples represent only a
small fraction of the studies that have employed gene expression array
analysis to aid in our understanding of enzyme induction and the diversity
of target genes and pathways affected by nuclear receptor activation.

4.4.3. Use of Transgenic and Knockout Mice in Induction Rresearch

Transgenic and knockout mouse models have contributed greatly to the
understanding of the role of nuclear receptors in modulation of gene
expression and in vivo response to chemical stress. One key use of knock-
out mouse models has been to clarify the role of a given receptor in enzyme
induction as a result of inducer treatment. For example, the generation of
the first CAR knockout mouse was key to understanding phenobarbital
induction (Wei et al. 2000). Prior to this mouse model, CAR had been
hypothesized to be the mediator of phenobarbital induction of CYP2B
genes; however, data from expression studies in cultured cell lines yielded
conflicting results. The role of CAR was unambiguously confirmed with
the generation of the CAR knockout mouse. Cyp2b10 was strongly upre-
gulated by phenobarbital and TCPOBOP in wild-type, but not in CAR
knockout mice (Wei et al. 2000). Transgenic mice have also been useful in
translating interspecies differences in receptor ligand selectivity exhibited
by PXR and CAR. For example, mice that express a human form of PXR
show Cyp3a induction in response to the human PXR agonist rifampicin,
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but not in response to the mouse PXR agonist PCN (Xie et al. 2000; Ma
et al. 2007). Similarly transgenic mice expressing hCAR have been gener-
ated, and demonstrate responsiveness to hCAR activators (Zhang et al.
2002; Huang et al. 2005). Researchers have also generated mice that
express a constitutively activated form of human PXR, in order to assess
consequences of receptor activation without confounding effects of che-
mical treatment (Xie et al. 2000).

There are numerous examples that demonstrate the importance of
transgenic mouse models in understanding the role of nuclear receptors/
enzyme induction pathways in the toxicity of chemical treatments. For
example, PXRknockoutmice are more susceptible to hepatotoxicity caused
by lithocholic acid, and are resistant to the hepatoprotective effects of
PCN treatment, supporting the hypothesis that PXR is critical for detox-
ification of potentially toxic bile acids (Staudinger et al. 2001; see Section
4.5.2). The Nrf2 knockout mice are more sensitive to numerous toxicants
than wild-type mice and are resistant to the chemopreventive effects of
oltipraz – data that support a prominent role for Nrf2 in detoxification
(Chan Han and Kan 2001; Ramos-Gomez et al. 2001; see Section 4.5.3).

Genetically modified mouse models have also been useful in assessing
the roles of nuclear receptors in normal physiology. For example, AhR
knockout mice exhibited decreased viability, defects in liver and immune
function, and additional abnormalities (Fernandez-Salguero et al., 1995;
Rifkind 2006). These knockout mice studies revealed that AhR function
extended beyond xenobiotic sensing/enzyme induction, to that of a key
transcription factor involved in numerous physiological processes.

4.5. Consequences of Enzyme Induction – Examples

of Detoxification and/or Bioactivation

Enzyme induction is widely believed to be part of an adaptive response to
potentially toxic insult such as exposure to environmental contaminants
(e.g., TCDD, PAHs), drugs (e.g., acetaminophen, phenytoin), or excess
concentrations of endogenous chemicals (e.g., excess bile acids or biliru-
bin). However, it is also recognized that in some cases enzyme induction
can result in bioactivation to more toxic substances. Whether enzyme
induction represents a bioactivation or detoxification pathway can be
quite complex and dependent on many different factors. The following
are well-studied examples of enzyme induction that aim to illustrate some
of these factors and complexity. In some cases, the examples reflect a clear
detoxification role for enzyme induction, while in others there are elements
of both detoxification and bioactivation.

4.5.1. Consequences of AhR Activation

The activation of AhR is known to produce a multitude of gene expression
changes that include induction of drug-metabolizing enzymes, most nota-
bly, CYPs 1A1, 1A2, and 1B1. Whether this induction represents a detox-
ification pathway or a bioactivation pathway has been a matter of
discussion for many years (Conney 1967; Parkinson and Hurwitz 1991;
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Ioannides and Parke 1993; Nebert et al. 2004). As early as the 1950 s it was
recognized that treatment with various polycyclic aromatic hydrocarbons
(PAHs) resulted in induction of drug-metabolizing enzymes, although at
this time the existence of AhR and CYPs was not known (Brown, Miller
andMiller 1954). These early studies revealed that enzyme induction led to
increased metabolism; this induction was viewed as an adaptive and pre-
dominantly protective response to chemical exposure (Conney 1967).
Indeed, numerous studies showed that PAH-mediated enzyme induction
reduced chemical carcinogenesis (reviewed in Conney 1967; Parkinson and
Hurwitz 1991). The 1960 s brought the identification of cytochrome P450 s
and the recognition that the enzymes induced by PAH treatment were of
this cytochrome P450monooxygenase class (Omura and Sato 1962; Sladek
and Mannering 1966). At the same time, there was increasing recognition
that these enzymes were also involved in the bioactivation of procarcino-
gens; for example, CYP1A1 catalyzes the first step in metabolism of
benzo[a]pyrene to the carcinogenic diol-epoxide, and CYP1A2 catalyzes
the N-hydroxylation of 2-acetylaminofluorene to a carcinogenic metabo-
lite (Miller, Miller and Hartmann 1961; Sims et al. 1974). Increasingly, the
ability of a chemical or drug to cause induction of CYP1 enzymes was
viewed as an indicator of likely toxicity and carcinogenicity of that com-
pound (reviewed in Ioannides and Parke 1993). This illustrates the
seemingly contradictory effects of CYP1 induction – on the one hand
increasing bioactivation of toxins/carcinogens, and on the other hand
decreasing carcinogenicity in vivo.

The development of knockout mice has helped to clarify the roles of
AhR and the CYP1 enzymes in these various bioactivation and detoxifica-
tion pathways. Surprisingly, Cyp1a1-null and Cyp1a2-null mice showed
increased sensitivity to benzo[a]pyrene and 4-aminobiphenyl toxicities,
respectively (Tsuneoka et al. 2003; Uno et al. 2004), suggesting that
in vivo, these enzymes provide a protective response to these chemical
toxins. An interesting example of the complex nature of the in vitro versus
in vivo response to CYP1 induction is that of the role of CYP1 enzymes in
bone marrow toxicity. CYP1B1, which is constitutively expressed in
numerous tissues including bone marrow, is required for bioactivation of
PAHs and subsequent bone marrow toxicity (Heidel et al. 2000; Galvan et
al. 2003). However, induction of CYP1A1 in the liver ameliorates PAH-
induced bone marrow toxicity (Galvan et al. 2003). Therefore, although
CYP1B1 induction results in increased toxicity to bone marrow cells in
vitro, these effects can be offset in vivo due to increased metabolism in the
liver. Another example of the complexity around in vivo effects of CYP1
induction involve the observation of increased formation of DNA and
protein adducts in AhR-null mice and in Cyp1a1-null mice treated orally
with benzo[a]pyrene (Sagredo et al. 2006; Uno et al. 2006). This observa-
tion, along with the aforementioned increased toxicity of oral benzo[a]pyr-
ene treatment in Cyp1a1-null mice (Uno et al. 2004), is in contrast to an
observed decrease in skin tumorigenesis in AhR-null mice by topically
administered benzo[a]pyrene (Shimizu et al. 2000). These data again sup-
port the notion that increased Cyp1a1 metabolism in the liver (e.g., after
oral benzo[a]pyrene treatment) can offset the potential bioactivation reac-
tions in extrahepatic tissues such as skin.
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Therefore, several possibilities emerge for the explanation of the contra-
dictory effects of CYP1 induction (reviewed in Nebert et al. 2004; Rifkind
2006). Bioactivation and detoxification may be dependent upon constitu-
tive versus inducible CYP expression in different tissues, and the relative
contributions of major clearing organs (liver and intestine, after oral
administration), versus metabolism to bioactive species in target tissues
(skin, bone marrow, and thymus). Also, while CYP1-mediated metabo-
lismmight represent an initial bioactivation reaction, whether the ultimate
product is toxic likely depends on other factors, such as how tightly
coupled the phase I product is to detoxifying phase II enzymes. Taken
together, what is emerging from these years of research is that CYP1
induction via AhR activation likely represents part of an adaptive response
to toxic insult, and that this induction response represents neither solely a
bioactivation pathway nor solely a detoxification pathway, but rather a
pleiotropic response that has components of each. Whether bioactivation
or detoxification is the predominant in vivo outcome of CYP1 induction
cannot necessarily be predicted from in vitro experiments, due to the
complexities around compound-specific metabolism, tissue-specific
expression of various CYPs, and the interplay between these factors.

4.5.2. Enzyme Induction in Detoxification of Supraphysiological

Concentrations of Endogenous Compounds

Endogenous chemicals such as bilirubin and bile acids serve essential roles
in mammalian physiology, yet excess levels of these compounds can also
result in pathophysiological conditions. Bilirubin is a natural breakdown
product of heme, and is normally metabolized and excreted in the bile.
However, impairments in the heme metabolic pathways can result in
increased serum bilirubin, which if high enough can enter central nervous
system (CNS) tissues and cause neurotoxicities including encephalopathy.
Bile acids serve important roles in aiding absorption of lipids and fat-
soluble vitamins and serve to aid solubilization of lipids and cholesterol
metabolites for excretion in the bile. However, at supraphysiological con-
centrations, bile acids are toxic to cells and hence impairments in bile acid
metabolism and/or excretion can lead to hepatotoxicity. Cholestasis, or
the impairment or cessation of bile flow, leads to buildup of bile acids and
subsequent liver damage.

The prototypical inducers rifampicin and phenobarbital have been used
empirically for many years to treat cholestasis (Javor et al. 1973; Hoensch
et al. 1985). However, it was not until relatively recently that the roles of
nuclear receptor activation and enzyme induction were elucidated as part
of the mechanism underlying this treatment. In 2001, seminal studies were
published that demonstrated the importance of the nuclear receptor PXR
in metabolism of potentially toxic bile acids (Staudinger et al. 2001). This
work showed that treatment of mice with PCN resulted in increased
expression of Oatp2 and Cyp3a11, and decreased expression of Cyp7a1.
These gene expression changes would result in increased hepatic uptake
and metabolism of bile acids, and decreased formation of bile acids from
cholesterol. Moreover, it was shown that PXR is activated by supraphy-
siological concentrations of bile acids. By comparing wild-type and
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PXR-null mice, the effects on gene expression were confirmed to be
PXR-dependent, and PCN was shown to protect from lithocholic acid-
mediated hepatotoxicity in a PXR-dependent manner (Staudinger et al.
2001). These authors therefore proposed that PXR serves as a sensor of
lithocholic acid and mediates gene expression changes to reduce concen-
trations of the potentially toxic bile acids, and hence protects against liver
toxicity. Further studies utilizing both PXR-null and hPXR transgenic
mice confirmed the results of Staudinger et al., and also showed that
expression of a constitutively active hPXR protected mice from lithocholic
acid-induced liver injury (Xie et al. 2001). Subsequent investigations have
also demonstrated a critical role for PXR in the response to excess choles-
terol and cholesterol metabolites (Sonoda et al. 2005). When fed a diet rich
in cholesterol and cholic acid, PXR-null mice exhibited hepatorenal fail-
ure, whereas the same diet was well-tolerated in wild-type mice. Taken
together, these studies exemplify that in addition to responding to and
enhancing detoxification of drugs and xenobiotics, PXR also plays a key
role in detoxification of endogenous metabolic intermediates.

A role for nuclear receptor activation and enzyme induction in detox-
ification of endogenous compounds is not limited to PXR. The related
receptor CAR has been shown to be involved in the induction of metabolic
enzymes involved in the conjugation and excretion of bilirubin (Huang
et al. 2003). The potent mouse CAR agonist TCPOBOP induced hepatic
expression of known components of the bilirubin clearance pathway –
UGT1A1, MRP2, SLC21A6, GSTA1, and GSTA2 – in wild-type but
not CAR-null mice. In addition, wild-type mice respond to hyperbilirubi-
nemia by increasing bilirubin clearance, whereas CAR-null mice were
deficient in this important protective response (Huang et al. 2003). These
valuable studies now provide mechanistic insight into phenobarbital
therapy for hyperbilirubinemia, a treatment that has been used for many
years, but had previously been mechanistically not well understood.

More recently, there is evidence that PXR activation has protective
effects beyond that of induction of proteins involved in metabolism/excre-
tion. Recent evidence demonstrates that PXR activation affects expression
of numerous genes involved in cell cycle and repair, such as growth arrest
and DNA damage-inducible 45b (Gadd45b) and suppression of tumor-
igenicity 5 (St5) (Guzelian et al. 2006). These data support the notion that
activation of PXR initiates a protective response that extends beyond
metabolism.

4.5.3. ARE Inducers and Nrf2 Pathway in Detoxification

and Chemoprevention

One of the quintessential examples of the critical role of induction of
drug-metabolizing enzymes in detoxification is that of the antioxidant-
responsive Nrf2 pathway. Compounds that induce this pathway include
chemopreventive agents, antioxidants, and reactive-oxygen species (ROS),
for example, sulforaphane, tBHQ, and H2O2. Activation of the antioxi-
dant response via the transcription factor Nrf2 results in increased
expression of a plethora of cytoprotective factors, including phase II
drug-metabolizing enzymes (GSTs, NQO1), epoxide hydrolase,
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glutathione synthetic enzymes, heat shock proteins, NADPH-regenerating
enzymes, and enzymes involved in the ubiquitin-mediated degradation
pathway (Thimmulappa et al. 2002; Kwak et al. 2003).

The importance of the Nrf2 pathway to the detoxification response is
exemplified in studies using Nrf2 knockout mice. These mice have lower
basal expression and lack of inducibility of key phase II enzymes, resulting
in increased sensitivity to toxins and carcinogens. For example, Nrf2-null
mice are more sensitive to benz(a)pyrene-induced gastric neoplasia and
N-nitrosobutyl(4-hydroxybutyl)amine-induced bladder carcinoma
(Ramos-Gomez et al. 2001; Iida et al. 2004). Not only are the Nrf2-null
mice more sensitive to carcinogenic agents, but the chemoprotective effects
of ARE inducers, such as oltipraz, are lost in these mice. Nrf2-null mice are
also more sensitive to acute toxin treatment and oxidative stressors, such
as acetaminophen, cigarette smoke, and hyperoxia (Chan, Han and Kan
2001; Enomoto et al. 2001; Cho et al. 2002; Rangasamy et al. 2004). Very
recent studies have demonstrated a protective role for Nrf2 in the presence
of elevated levels of ROS due to CYP2E1 (Gong and Cederbaum 2006).
These studies showed that induction of CYP2E1 by ethanol treatment
resulted in increased Nrf2. This appeared to be part of a protective
response; blocking Nrf2 resulted in increased ROS and decreased glu-
tathione in cells overexpressing CYP2E1. Taken together, it is clear that
the activation of ARE-containing genes through Nrf2 is a critical cytopro-
tective mechanism that results in detoxification of numerous ROS- and
electrophile-producing compounds.

4.5.4. Consequences of Enzyme Induction on the Bioactivation

of Acetaminophen

Acetaminophen is a classic example of a compound that is bioactivated by
CYPmetabolism to form a reactive metabolite capable of causing toxicity.
Much research has focused on the mechanisms of acetaminophen bioacti-
vation and toxicity, particularly hepatotoxicity, and the reader is referred
to several excellent reviews on this topic (James,Mayeux andHinson 2003;
Hinson et al. 2004; Park et al. 2005). It is within the scope of this chapter to
discuss enzyme induction and acetaminophen bioactivation, and review
recent evidence pointing to roles for multiple induction processes.

Acetaminophen is a widely used over-the-counter analgesic drug that is
metabolized by a combination of sulfation, glucuronidation, and CYP-
mediated oxidation (Figure 4.4). The sulfation and glucuronidation reac-
tions are considered detoxification pathways, and result in excretion of
conjugated acetaminophen (James, Mayeux and Hinson 2003). The CYP
oxidation pathway yields the reactive metabolite NAPQI, and hence is
considered a bioactivation pathway (Dahlin et al. 1984). At therapeutic
concentrations of acetaminophen, most metabolism is thought to occur
through the phase II (conjugation) routes; however, at high acetamino-
phen concentrations, these conjugation pathways can become saturated
and cofactors depleted, sending more compound through the CYP oxida-
tion pathway (Park et al. 2005).

The metabolism of acetaminophen to NAPQI can be catalyzed by
CYP2E1, CYP1A2, and CYP3A4 (Raucy et al. 1989; Thummel et al.
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1993). Therefore, any compound that induces one or more of these CYPs
could theoretically enhance the toxicity of acetaminophen. Indeed, there is
strong evidence that treatment with ethanol enhances the hepatotoxicity of
acetaminophen (Teschke, Stutz and Strohmeyer 1979; McClain et al.
1980). This effect is thought to be due to CYP2E1 induction, but recent
evidence suggests that ethanol can also induce CYP3A forms, which could
also contribute to the enhanced toxicity effect (Kostrubsky et al. 1997).
PCN, a PXR activator and inducer of CYP3A in rodents, also potentiates
the hepatotoxic effect of acetaminophen in mice, and is thought to be due
to PXR-dependent induction of Cyp3a-mediated bioactivation (Guo et al.
2004). Phenobarbital and TCPOBOP treatments also enhance the hepa-
totoxicity of acetaminophen in mice (Mitchell et al. 1973; Zhang et al.
2002). Studies in knockout mice demonstrated that this effect was CAR-
dependent and apparently involved Cyp1a2 and Cyp3a11, but not Cyp2e1
modulation by CAR (Zhang et al. 2002).

There is also evidence in the literature to suggest that some induction
pathways can ameliorate the toxicity of acetaminophen. Since the reactive

Figure 4.4 Potential effects of enzyme induction pathways on acetaminophen
bioactivation and detoxification. Acetaminophen is metabolized by sulfation,
glucuronidation, and CYP oxidation. The sulfation and glucuronidation pathways
are considered detoxification routes, while the CYP oxidation pathway generates
NAPQI, a reactive and toxic species. Ethanol has been shown to enhance the
toxicity of acetaminophen in rodents and humans, presumably through CYP2E1
and/or CYP3A induction, resulting in increased NAPQI formation. Activation of
CAR or PXRhas been shown to enhance acetaminophen toxicity in rodent studies,
likely by way of CYP3A induction. Studies in Nrf2-null mice suggest that activa-
tion of Nrf2 ameliorates acetaminophen toxicity, presumably by increasing glu-
tathione conjugation of NAPQI, and/or by induction of UGT and SULT activity
leading to increased conjugation of acetaminophen.
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species NAPQI can be detoxified by conjugation with glutathione (Albano
et al. 1985), inducers that affect GST activity or glutathione synthesis
could affect acetaminophen-mediated toxicity. Indeed, mice that are defi-
cient in Nrf2, a transcription factor involved in regulation of glutathione
biosynthetic enzymes, as well as some UGTs and GSTs (see Section 4.3.5),
are much more sensitive to acetaminophen hepatotoxicity than wild-type
mice (Chan et al. 2001; Enomoto et al. 2001). This suggests the possibility
that ARE-type inducers, which activate Nrf2, could have a protective
effect against acetaminophen toxicity.

The studies outlined above clearly support the notion that induction of
CYP2E1, CYP1A2, and/or CYP3A results in increased hepatotoxicity of
acetaminophen in rodents, and that activation of the Nrf2 pathway could
ameliorate this toxicity. However, how each of these induction pathways
may or may not contribute to acetaminophen toxicity in humans is less
clear. There is ample evidence that alcohol consumption can enhance the
hepatotoxicity of acetaminophen in humans (McClain et al. 1980;
Zimmerman and Maddrey 1995), but the importance of the other induc-
tion pathways (PXR, CAR, andNrf2) in bioactivation or detoxification of
acetaminophen in humans remains to be demonstrated.

4.5.5. Consequences of CYP3A Induction by Troglitazone

Troglitazone is an example of a compound for which enzyme induction has
been implicated as a causal factor in the development of hepatotoxicity
(Kassahun et al. 2001). Troglitazone was the first of the thiazolidinedione
class of PPARg agonists, and was used as an insulin-sensitizing agent for
the treatment of type 2 diabetes. Troglitazone was associated with rare
instances of severe liver injury, and was withdrawn from the market in
2000. Since that time, there have been numerous studies aimed at identify-
ing the cause of the liver injury associated with troglitazone. Since it is
beyond the scope of this chapter to examine all potential mechanisms of
troglitazone hepatotoxicity, the reader is referred to several reviews on the
topic (Smith 2003; Chojkier 2005; Hastings 2006; Masubuchi 2006). It is
within the scope of this chapter to examine the role of enzyme induction in
troglitazone hepatotoxicity, and to review available evidence both for and
against a role for enzyme induction in bioactivation and hepatotoxicity of
troglitazone.

Troglitazone was first suspected of being a CYP3A inducer based on
increases in 6b-hydroxy cortisol/cortisol ratios in clinical studies (Koup,
Anderson and Loi 1998), and was later found to cause drug–drug interac-
tion with other CYP3A substrates (Loi et al. 1999). Troglitazone was then
identified as a CYP3A inducer using primary human hepatocytes
(Ramachandran et al. 1999). Further studies using primary human hepa-
tocytes revealed that not only troglitazone, but also the structurally related
compounds rosiglitazone and pioglitazone were capable of inducing
CYP3A in primary hepatocytes (Sahi et al. 2003), and activating PXR in
cell culture (Sinz et al. 2006). While all three thiazolidinediones induce
CYP3A in vitro, only troglitazone caused CYP3A induction in vivo. It
appears that the three thiazolidinediones have similar potency against
PXR, and cause similar degree of upregulation of CYP3A protein in
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vitro (Sahi et al. 2003; Ripp et al. 2006). The fact that only troglitazone
causes induction in vivo is readily explained by the difference in dose and
exposure among the three compounds. Troglitazone was used clinically at
doses ranging from 200mg to 600mg per day, whereas pioglitazone and
rosiglitazone are given at doses of 15–45mg and 2–8mg per day, respec-
tively. The free plasma levels that would be expected to correlate with drug
available for binding and activating PXR are much higher for troglitazone
than for the other two thiazolidinediones. Note that troglitazone is often
referred to as a ‘‘potent inducer,’’ compared to rosiglitazone and pioglita-
zone; however, this is actually a misstatement in that the pharmacological
potency of all three compounds for PXR is similar, it is instead the in vivo
exposures that differ (Smith et al. 2007).

In humans, troglitazone is metabolized by sulfation, glucuronidation,
and CYP oxidation, the latter pathway leading to formation of a quinone
metabolite (Loi et al. 1999; Smith 2003; Figure 4.5). The sulfate conjugate
(M1) and the quinone metabolite (M3) are the most abundant circulating
metabolites in humans, and are present at levels greater than or equal to
levels of the parent (Loi et al. 1999). Troglitazone is metabolized in human
liver microsomes to M3, and a number of additional reactive metabolites
that can be trapped by glutathione (Kassahun et al. 2001). Metabolism to
M3 can be catalyzed by a number of different CYP isoforms, with
CYP3A4 and CYP2C8 isoforms thought to be the predominant ones
(Yamazaki et al. 1999). Several investigators have hypothesized that the
ability of troglitazone to induce its ownmetabolism to reactive metabolites
is one of the factors contributing to the idiosyncratic hepatotoxicity inci-
dence with this compound (Kassahun et al. 2001; Hastings 2006).
Although this is a reasonable hypothesis, it does not appear to be sup-
ported by available data. Perhaps the most compelling evidence against
this hypothesis is that in humans, troglitazone does not appear to induce

Figure 4.5 Structures of troglitazone and metabolites, rosiglitazone, and pioglitazone.
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its own metabolism. If induction contributed to increased metabolism and
generation of reactive metabolites in humans, then upon multiple doses
steady-state levels of troglitazone should decrease, and levels of metabo-
lites should increase. However, steady-state exposures of troglitazone M1
andM3were similar after single-dose or multiple-dose administration (Loi
et al. 1999). Therefore, even though troglitazone treatment was shown to
cause CYP3A4 induction in vivo using prototypical substrates, it does not
appear to induce its own metabolism. One possible explanation for this is
that M3 formation in vivo is catalyzed by a CYP form other than
CYP3A4.

A study by Tettey et al. (2001) specifically examined the toxicity of
the quinone metabolite of troglitazone in both rat and human hepato-
cytes, and found that the quinone metabolite was actually less cytotoxic
than the parent troglitazone in both systems. In addition, induction of
CYP3A in rat hepatocytes resulted in increased formation of glu-
tathione adducts, but produced only a marginal, but not statistically
significant, increase in the toxicity of troglitazone (Tettey et al. 2001).
Hewitt et al. examined the correlation between expression of drug-
metabolizing activities and cytotoxicity of troglitazone in human hepa-
tocytes, and found that there was no link between increased metabolic
activity and increased toxicity. In fact, hepatocytes with higher levels of
CYP3A and glucuronidation activities showed less sensitivity to trogli-
tazone cytotoxicity (Hewitt et al. 2002).

Taken together, the currently available data suggest that enzyme
induction does not contribute to the hepatotoxicity of troglitazone.
There are other proposed mechanisms for the hepatotoxicity of troglita-
zone for which the data are more convincing, including inhibition of
hepatic transporters resulting in accumulation of bile acids and bilirubin,
and/or initiation of mitochondrial injury (Smith 2003; Hastings 2006;
Masubuchi 2006).

4.5.6. Enhancement of Cocaine Bioactivation

by Phenobarbital-Like Inducers

It has been known for sometime that the hepatotoxicity of cocaine is
enhanced by phenobarbital pretreatment, both in vitro and in vivo
(Boelsterli and Goldlin 1991). Several investigators have studied the rela-
tionship between induction and cocaine hepatotoxicity and the findings
provide a nice illustration of the complexity of induction as a detoxifica-
tion versus a bioactivation event (Boelsterli and Goldlin 1991; Bornheim
1998; Wei et al. 2000). In rats, cocaine is metabolized by CYP2B1 to the
N-demethylated metabolite. Induction of CYP2B1 by phenobarbital
enhances metabolism and hepatotoxicity, both in vitro and in vivo, and
inhibition of CYP2B1 acts conversely (Boelsterli et al. 1992). However, in
mice and humans, metabolism of cocaine is mediated by CYP3A and
CYP2B forms (Pasanen et al. 1995). In mouse studies, phenobarbital
pretreatment induces both CYP3A and CYP2B forms, and enhances
cocaine hepatotoxicity. However, dexamethasone pretreatment also
induces CYP3A and CYP2B forms to a similar extent as phenobarbital,
yet dexamethasone does not potentiate hepatotoxicity (Bornheim 1998).
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One plausible explanation for these seemingly conflicting results is that
dexamethasone induces liver esterases in addition to CYP3A and CYP2B,
resulting in rapid conversion of cocaine to a nonhepatotoxic metabolite.
Phenobarbital induction does not show this marked induction of liver
esterase activity (Bornheim 1998). This cocaine hepatotoxicity example
illustrates the importance of recognizing that typical enzyme inducers
increase expression of numerous target genes, and therefore multiple
clearance mechanisms need to be considered when deciding whether acti-
vation of a given induction pathway will produce overall increase or
decrease in bioactivation.

4.6. Conclusions

Ever since the 1950s, and the initial observations that exposure to certain
chemicals could increase the activity of drug-metabolizing enzymes,
understanding of the mechanisms and consequences of enzyme induction
has advanced considerably. The identification of ligand-activated tran-
scription factors, AhR, PXR, CAR, and others, have enabled the facile
identification of compounds that activate the various enzyme induction
pathways. Advances in gene expression techniques have enabled the iden-
tification of target genes and pathways, and the development of transgenic
and knockout mouse lines have helped clarify the role of different recep-
tors and enzymes in these pathways. The physiological consequences of
enzyme induction remain an area of much interest and debate. Enzyme
induction can be considered an adaptive response to chemical exposure
that enhances clearance and detoxification, or a maladaptive response
leading to bioactivation and enhanced toxicity. Whether the consequences
of enzyme induction by any particular compound is on balance a detox-
ification event versus a bioactivation event cannot necessarily be predicted
by in vitro assays, since these are typically focused on only a subset of
affected pathways. Predicting outcome requires an understanding of all
affected pathways, and their tissue-specific and compound-specific con-
siderations. Therefore enzyme induction is sure to continue to be the
subject of many more years of engaging research.

References

Albano, E., Rundgren, M., Harvison, P. J., Nelson, S. D., and Moldeus, P. 1985.
Mechanisms of N-acetyl-p-benzoquinone imine cytotoxicity. Mol. Pharmacol.
28:306–311.

Aninat, C., Piton, A., Glaise, D., Le Charpentier, T., Langouet, S., Morel, F.,
Guguen-Guillouzo, C., and Guillouzo, A. 2006. Expression Of cytochromes
P450, conjugating enzymes and nuclear receptors in human hepatoma HepaRG

cells. Drug Metab. Dispos. 34:75–83.
Bertilsson, G., Heidrich, J., Svensson, K., Asman, M., Jendeberg, L., Sydow-

Backman, M., Ohlsson, R., Postlind, H., Blomquist, P., and Berkenstam, A.
1998. Identification of a human nuclear receptor defines a new signaling path-

way for CYP3A induction. Proc. Natl. Acad. Sci. USA 95:12208–12213.

Chapter 4 Induction of Drug-Metabolizing Enzymes 93



Blumberg, B., Sabbagh Jr., W., Juguilon, H., Bolado Jr., J., van Meter, C. M.,

Ong, E. S., and Evans, R. M. 1998. SXR, a novel steroid and xenobiotic-sensing
nuclear receptor. Genes Dev. 12:3195–3205.

Boelsterli, U. A., and Goldlin, C. 1991. Biomechanisms of cocaine-induced hepa-

tocyte injury mediated by the formation of reactive metabolites. Arch. of
Toxicol. 65:351–360.

Boelsterli, U. A., Lanzotti, A., Goldlin, C., and Oertle, M. 1992. Identification of

cytochrome P-450IIB1 as a cocaine-bioactivating isoform in rat hepatic micro-
somes and in cultured rat hepatocytes. Drug Metab. Dispos. 20:96–101.

Bornheim, L. 1998. Effect of cytochrome P450 inducers on cocaine-mediated

hepatotoxicity. Toxicol. Appl. Pharmacol. 150:158–165.
Brown, R. R., Miller, J. A., and Miller, E. C. 1954. The metabolism of methylated
aminoazo dyes. IV. Dietary factors enhancing demethylation in vitro. J. Biol.
Chem. 209:211–222.

Castell, J. V., Jover, R., Martinez-Jimenez, C. P., and Gomez-Lechon, M. 2006.
Hepatocyte cell lines: their use, scope and limitations in drugmetabolism studies.
Expert Opin. Drug Metab. Toxicol. 2:183–212.

Chan, K., Han, X.-D., and Kan, Y. W. 2001. An important function of Nrf2 in
combating oxidative stress: Detoxification of acetaminophen. Proc. Natl. Acad.
Sci. USA 98:4611–4616.

Cho, H.-Y., Jedlicka, A. E., Reddy, S. P. M., Kensler, T. W., Yamamoto, M.,
Zhang, L.-Y., and Kleeberger, S. R. 2002. Role of NRF2 in protection against
hyperoxic lung injury in mice. Am. J. Respir. Cell Mol. Biol. 26:175–182.

Chojkier, M. 2005. Troglitazone and liver injury: In search of answers. Hepatology

41:237–246.
Ciolino, H. P., Daschner, P. J., and Yeh, G. C. 1998. Resveratrol inhibits tran-
scription of CYP1A1 in vitro by preventing activation of the aryl hydrocarbon

receptor. Cancer Res. 58:5707–5712.
Conney, A. H. 1967. Pharmacological implications of microsomal enzyme induc-
tion. Pharmacol. Rev. 19:317–366.

Cullinan, S. B., Zhang, D., Hannink, M., Arvisais, E., Kaufman, R. J., and
Diehl, J. A. 2003. Nrf2 is a direct PERK substrate and effector of PERK-
dependent cell survival. Mol. Cell. Biol. 23:7198–7209.

Dahlin, D. C., Miwa, G. T., Lu, A. Y. H., and Nelson, S. D. 1984. N-acetyl-p-
benzoquinone imine: A cytochrome P450-mediated oxidation product of acet-
aminophen. Proc. Natl. Acad. Sci. USA 81:1327–1331.

Denison, M. S., and Nagy, S. R. 2003. Activation of the aryl hydrocarbon receptor

by structurally diverse exogenous and endogenous chemicals. Ann. Rev. Phar-
macol. Toxicol. 43:309–334.

Ding, X., Lichti, K., Kim, I., Gonzalez, F. J., and Staudinger, J. L. 2006. Regula-

tion of constitutive androstane receptor and its target genes by fasting, cAMP,
hepatocyte nuclear factor {alpha}, and the coactivator peroxisome proliferator-
activated receptor {gamma} coactivator-1{alpha}. J. Biol. Chem.

281:26540–26551.
Dinkova-Kostova, A. T., Holtzclaw,W.D., Cole, R.N., Itoh,K.,Wakabayashi, N.,
Katoh, Y., Yamamoto, M., and Talalay, P. 2002. Direct evidence that sulfhydryl
groups of Keap1 are the sensors regulating induction of phase 2 enzymes that

protect against carcinogens and oxidants. Proc. Natl. Acad. Sci. USA
99:11908–11913.

Drocourt, L., Ourlin, J.-C., Pascussi, J.-M., Maurel, P., and Vilarem, M.-J. 2002.

Expression of CYP3A4, CYP2B6, and CYP2C9 is regulated by the vitamin D
receptor pathway in primary human hepatocytes. J. Biol. Chem.
277:25125–25132.

94 S.L. Ripp



Enomoto, A., Itoh, K., Nagayoshi, E., Haruta, J., Kimura, T., O’Connor, T.,

Harada, T., and Yamamoto, M. 2001. High sensitivity of Nrf2 knockout mice
to acetaminophen hepatotoxicity associated with decreased expression of ARE-
regulated drug metabolizing enzymes and antioxidant genes. Toxicol. Sci.

59:169–177.
Fernandez-Salguero, P., Pineau, T., Hilbert, D. M., McPhail, T., Lee, S. S.,

Kimura, S., Nebert, D. W., Rudikoff, S., Ward, J. M., and Gonzalez, F. J.

1995. Immune system impairment and hepatic fibrosis in mice lacking the
dioxin-binding Ah receptor. Science 268:722–726.

Forman, B. M., Tzameli, I., Choi, H.-S., Chen, J., Simha. D., Seol, W.,

Evans, R. M., and Moore, D. D. 1998. Androstane metabolites bind to and
deactivate the nuclear receptor CAR-[beta]. Nature 395:612–615.

Galvan, N., Jaskula-Sztul, R., MacWilliams, P. S., Czuprynski, C. J., and
Jefcoate, C. R. 2003. Bone marrow cytotoxicity of benzo[a]pyrene is dependent

on CYP1B1 but is diminished by Ah receptor-mediated induction of CYP1A1 in
liver. Toxicol. Appl. Pharmacol. 193:84–96.

Germain, P., Staels, B., Dacquet, C., Spedding,M., and Laudet, V. 2006. Overview

of nomenclature of nuclear receptors. Pharmacol. Rev. 58:685–704.
Gong, P., and Cederbaum, A. I. 2006. Nrf2 is increased by CYP2E1 in rodent liver

and HepG2 cells and protects against oxidative stress caused by CYP2E1.

Hepatology 43:144–153.
Gonzalez, F. J. 2007. CYP2E1. Drug Metab. Dispos. 35:1–8.
Guillouzo, A., Corlu, A., Aninat, C., Glaise, D., Morel, F., and Guguen-

Guillouzo, C. 2007. The human hepatomaHepaRG cells: A highly differentiated

model for studies of liver metabolism and toxicity of xenobiotics. Chem.-Biol.
Interact. 168:66–73.

Guo, G. L., Moffit, J. S., Nicol, C. J., Ward, J. M., Aleksunes, L. A., Slitt, A. L.,

Kliewer, S. A., Manautou, J. E., and Gonzalez, F. J. 2004. Enhanced acetami-
nophen toxicity by activation of the pregnane X receptor. Toxicol. Sci.
82:374–380.

Guzelian, J., Barwick, J. L., Hunter, L., Phang, T. L., Quattrochi, L. C., and
Guzelian, P. S. 2006. Identification of genes controlled by the pregnane X
receptor by microarray analysis of mRNAs from pregnenolone 16{alpha}-

carbonitrile-treated rats. Toxicol. Sci. 94:379–387.
Hankinson, O. 2005. Role of coactivators in transcriptional activation by the aryl

hydrocarbon receptor. Arch. Biochem. Biophys. 433:379–386.
Hanlon, P. R., Zheng, W., Ko, A. Y., and Jefcoate, C. R. 2005. Identification of

novel TCDD-regulated genes bymicroarray analysis. Toxicol. Appl. Pharmacol.
202:215–228.

Hastings, K. L. 2006. The use of hepatotoxic signals to predict the safety of

peroxisome proliferator-activated receptor agonists. Expert Opinion on Drug
Metab. Toxicol. 2:489–492.

Heidel, S. M., MacWilliams, P. S., Baird, W. M., Dashwood, W. M.,

Buters, J. T. M., Gonzalez, F. J., Larsen, M. C., Czuprynski, C. J., and
Jefcoate, C. R. 2000. Cytochrome P4501B1 mediates induction of bone marrow
cytotoxicity and preleukemia cells in mice treated with 7,12-dimethylbenz[a]an-
thracene. Cancer Res. 60:3454–3460.

Hewitt, N. J., Lloyd, S., Hayden, M., Butler, R., Sakai, Y., Springer, R.,
Fackett, A., and Li, A P. 2002. Correlation between troglitazone cytotoxicity
and drug metabolic enzyme activities in cryopreserved human hepatocytes.

Chem. Biol. Interact. 142:73–82.
Hinson, J. A., Reid, A. B., McCullough, S. S., and James, L. P. 2004. Acetamino-

phen-induced hepatotoxicity: Role of metabolic activation, reactive oxygen/

Chapter 4 Induction of Drug-Metabolizing Enzymes 95



nitrogen species, and mitochondrial permeability transition. Drug Metab. Rev.

36:805–822.
Hoensch, H. P., Balzer, K., Dylewizc, P., Kirch, W., Goebell, H., and
Ohnhaus, E. E. 1985. Effect of rifampicin treatment on hepatic drug metabolism

and serum bile acids in patients with primary biliary cirrhosis. Eur. J. Clin.
Pharmacol. 28:475–477.

Honkakoski, P., Zelko, I., Sueyoshi, T., and Negishi, M. 1998. The nuclear

orphan receptor CAR-retinoid X receptor heterodimer activates the pheno-
barbital-responsive enhancer module of the CYP2B gene. Mol. Cell. Biol.
18:5652–5658.

Huang, H. C., Nguyen, T., and Pickett, C. B. 2000. Regulation of the antioxidant
response element by protein kinase C-mediated phosphorylation of NF-E2-
related factor 2. Proc. Natl. Acad. Sci. USA 97:12475–12480.

Huang, W., Zhang, J., Chua, S. S., Qatanani, M., Han, Y., Granata, R., and

Moore, D. D. 2003. Induction of bilirubin clearance by the constitutive andros-
tane receptor (CAR). Proc. Natl. Acad. Sci. USA 100:4156–4161.

Huang, W., Zhang, J., Washington, M., Liu, J., Parant, J. M., Lozano, G., and

Moore, D. D. 2005 Xenobiotic stress induces hepatomegaly and liver tumors via
the nuclear receptor constitutive androstane receptor. Mol. Endocrinol.
19:1646–1653.

Huang, H., Wang, H., Sinz, M., Zoeckler, M., Staudinger, J., Redinbo, M. R.,
Teotico, D.G., Locker, J., Kalpana, G. V., andMani, S. 2007. Inhibition of drug
metabolism by blocking the activation of nuclear receptors by ketoconazole.
Oncogene 26:258–268.

Iida, K., Itoh, K., Kumagai, Y., Oyasu, R., Hattori, K., Kawai, K., Shimazui, T.,
Akaza, H., and Yamamoto, M. 2004. Nrf2 is essential for the chemopreventive
efficacy of oltipraz against urinary bladder carcinogenesis. Cancer Res.

64:6424–6431.
Ioannides, C., and Parke, D. V. 1993. Induction of cytochrome P4501 as an
indicator of potential chemical carcinogenesis. Drug Metab. Rev.

25:485–501.
Issemann, I., and Green S. 1990. Activation of a member of the steroid hormone
receptor superfamily by peroxisome proliferators. Nature 347:645–650.

Itoh, K., Chiba,T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y., Oyake, T.,
Hayashi, N., Satoh, K., Hatayama, I., Yamamoto, M., and Nabeshima, Y.-I.
1997. An Nrf2/small Maf heterodimer mediates the induction of phase II detox-
ifying enzyme genes through antioxidant response elements. Biochem. Biophys.

Res. Commun. 236:313–322.
Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel, J. D., and
Yamamoto, M. 1999. Keap1 represses nuclear activation of antioxidant respon-

sive elements by Nrf2 through binding to the amino-terminal Neh2 domain.
Genes Dev. 13:76–86.

James, L. P., Mayeux, P. R., and Hinson, J. A. 2003. Acetaminophen-induced

hepatotoxicity. Drug Metab. Dispos. 31:1499–1506.
Javor, T., Gogl, A., Horvath, T., and Tenyi, I. 1973. Effects of phenobarbital
treatment on biliary excretion in man. Drug Metab. Dispos. 1:424–427.

Jones, S. A., Moore, L. B., Shenk, J. L., Wisely, G. B., Hamilton, G. A.,

McKee, D. D., Tomkinson, N. C. O., LeCluyse, E. L., Lambert, M. H.,
Willson, T. M., Kliewer, S. A., andMoore, J. T. 2000. The pregnane X receptor:
A promiscuous xenobiotic receptor that has diverged during evolution. Mol.

Endocrinol. 14:27–39.
Kassahun, K., Pearson, P. G., Tang, W., McIntosh, I., Leung, K., Elmore, C.,
Dean,D.,Wang, R., Doss, G., and Baillie, T. A. 2001. Studies on themetabolism

of troglitazone to reactive intermediates in vitro and in vivo. Evidence for novel

96 S.L. Ripp



biotransformation pathways involving quinone methide formation and thiazo-

lidinedione ring scission. Chem. Res. Toxicol. 14:62–70.
Kawamoto, T., Sueyoshi, T., Zelko, I., Moore, R., Washburn, K., and Negishi, M.

1999. Phenobarbital-responsive nuclear tanslocation of the receptor CAR in

induction of the CYP2B gene. Mol. Cell. Biol. 19:6318–6322.
Kliewer, S. A., Goodwin, B., and Willson, T. M. 2002. The nuclear pregnane

X receptor: A key regulator of xenobiotic metabolism. Endocr. Rev.

23:687–702.
Kliewer, S. A., Moore, J. T., Wade, L., Staudinger, J. L., Watson, M. A.,

Jones, S. A., McKee, D. D., Oliver, B. B., Willson, T. M., Zetterstrom, R. H.,

Perlmann, T., and Lehmann, J. M. 1998. An orphan nuclear receptor activated
by pregnanes defines a novel steroid signaling pathway. Cell 92:73–82.

Kobayashi, K., Sueyoshi, T., Inoue, K., Moore, R., and Negishi, M. 2003. Cyto-
plasmic accumulation of the nuclear receptor CAR by a tetratricopeptide repeat

protein in HepG2 cells. Mol. Pharmacol. 64:1069–1075.
Kobayashi, M., and Yamamoto, M. 2006. Nrf2-Keap1 regulation of cellular

defense mechanisms against electrophiles and reactive oxygen species. Adv.

Enzyme Regulation 46:113–140.
Koop, D. R., and Casazza, J. P. 1985. Identification of ethanol-inducible P-450

isozyme 3a as the acetone and acetol monooxygenase of rabbit microsomes.

J. Biol. Chem. 260:13607–13612.
Kostrubsky, V. E., Szakacs, J. G., Jeffery, E. H., Wood, S. G., Bement, W. J.,

Wrighton, S. A., Sinclair, P. R., and Sinclair, J. F. 1997. Role of CYP3A in
ethanol-mediated increases in acetaminophen hepatotoxicity. Toxicol. Appl.

Pharmacol. 143:315–323.
Koup, J. R., Anderson, G. D., and Loi, C. M. 1998. Effect of troglitazone on

urinary excretion of 6beta-hydroxycortisol. J. Clin. Pharmacol. 38:815–818.

Krey, G., Braissant, O., L’Horset, F., Kalkhoven, E., Perroud, M., Parker, M. G.,
and Wahli, W. 1997. Fatty acids, eicosanoids, and hypolipidemic agents identi-
fied as ligands of peroxisome proliferator-activated receptors by coactivator-

dependent receptor ligand assay. Mol. Endocrinol. 11:779–791.
Kwak, M.-K., Wakabayashi, N., Itoh, K., Motohashi, H., Yamamoto, M., and

Kensler, T. W. 2003. Modulation of gene expression by cancer chemopreventive

dithiolethiones through the Keap1–Nrf2 pathway. Identification of novel gene
clusters for cell survival. J. Biol. Chem. 278:8135–8145.

LeClusye, E., Madan, A., Hamilton, G., Carroll, K., DeHaan, R., and
Parkinson, A. 2000. Expression and regulation of cytochrome P450 enzymes in

primary cultures of human hepatocytes. J. Biochem. Mol. Toxicol. 14:177–188.
Lehmann, J. M., McKee, D. D., Watson, M. A., Willson, T. M., Moore, J. T., and

Kliewer, S. A. 1998. The human orphan nuclear receptor PXR is activated by

compounds that regulate CYP3A4 gene expression and cause drug interactions.
J. Clin. Invest. 102:1016–1023.

Loi, C. M., Young, M., Randinitis, E., Vassos, A. B., and Koup, J. R. 1999.

Clinical pharmacokinetics of troglitazone. Clin. Pharmacokinet. 37:91–104.
Luo, G., Cunningham, M., Kim, S., Burn, T., Lin, J., Sinz, M., Hamilton, G.,

Rizzo, C., Jolley, S., Gilbert, D., Downey, A., Mudra, D., Graham, R.,
Carroll, K., Xie, J., Madan, A., Parkinson, A., Christ, D., Selling, B.,

LeCluyse, E., and Gan, L.-S. 2002. CYP3A4 induction by drugs: Correlation
between a pregnane X receptor reporter gene assay and CYP3A4 expression in
human hepatocytes. Drug Metab. Dispos. 30:795–804.

Ma, X., Shah, Y., Cheung, C., Guo, G. L., Feigenbaum, L., Krausz, K. W.,
Idle, J. R., and Gonzalez, F. J. 2007. The pregnane X receptor gene-humanized
mouse: A model for investigating drug–drug interactions mediated by cyto-

chromes P450 3A. Drug Metab. Dispos. 35:194–200.

Chapter 4 Induction of Drug-Metabolizing Enzymes 97



Maglich, J.M., Parks, D. J.,Moore, L. B., Collins, J. L., Goodwin, B., Billin, A.N.,

Stoltz, C. A., Kliewer, S. A., Lambert, M. H., Willson, T. M., and Moore, J. T.
2003. Identification of a novel human constitutive androstane receptor (CAR)
agonist and its use in the identification of CAR target genes. J. Biol. Chem.

278:17277–17283.
Maglich, J.M., Stoltz, C.M., Goodwin, B., Hawkins-Brown, D.,Moore, J. T., and
Kliewer, S. A. 2002. Nuclear pregnane X receptor and constitutive androstane

receptor regulate overlapping but distinct sets of genes involved in xenobiotic
detoxification. Mol. Pharmacol. 62:638–646.

Maglich, J. M., Watson, J., McMillen, P. J., Goodwin, B., Willson, T. M., and

Moore, J. T. 2004. The nuclear receptor CAR is a regulator of thyroid hormone
metabolism during caloric restriction. J. Biol. Chem. 279:19832–19838.

Makishima, M., Lu, T. T., Xie, W., Whitfield, G. K., Domoto, H., Evans, R. M.,
Haussler, M. R., and Mangelsdorf, D. J. 2002. Vitamin D receptor as an

intestinal bile acid sensor. Science 296:1313–1316.
Makishima, M., Okamoto, A. Y., Repa, J. J., Tu, H., Learned, R. M., Luk, A.,
Hull, M. V., Lustig, K. D., Mangelsdorf, D. J., and Shan, B. 1999. Identification

of a nuclear receptor for bile acids. Science 284:1362–1365.
Marlowe, J. L., and Puga, A. 2005. Aryl hydrocarbon receptor, cell cycle regula-
tion, toxicity, and tumorigenesis. J. Cell. Biochem. 96:1174–1184.

Masubuchi, Y. 2006. Metabolic and nonmetabolic factors determining troglita-
zone hepatotoxicity: A review. Drug Metab. Pharmacokinet. 21:347–356.

McClain, C. J., Kromhout, J. P., Peterson, F. J., and Holtzman, J. L. 1980.
Potentiation of acetaminophen hepatotoxicity by alcohol. JAMA 244:251–253.

McMillan, B. J., andBradfield, C.A. 2007. The aryl hydrocarbon receptor is activated
by modified low-density lipoprotein. Proc. Natl. Acad. Sci. USA 104:1412–1417.

Miller, E. C., Miller, J. A., and Hartmann, H. A. 1961. N-hydroxy-2-acetylamino-

fluorene: a metabolite of 2-acetylaminofluorene with increased carcinogenic
activity in the rat. Cancer Res. 21:815–824.

Mills, J. B., Rose, K. A., Sadagopan, N., Sahi, J., and de Morais, S. M. F. 2004.

Induction of drug metabolism enzymes and MDR1 using a novel human hepa-
tocyte cell line. J. Pharmacol. Exp. Ther. 309:303–309.

Mitchell, J. R., Jollow, D. J., Potter, W. Z., Davis, D. C., Gillette, J. R., and

Brodie, B. B. 1973. Acetaminophen-induced hepatic necrosis. I. Role of drug
metabolism. J. Pharmacol. Exp. Ther. 187:185–194.

Moore, L. B., Parks, D. J., Jones, S. A., Bledsoe, R. K., Consler, T. G.,
Stimmel, J. B., Goodwin, B., Liddle, C., Blanchard, S. G., Willson, T. M.,

Collins, J. L., and Kliewer, S. A. 2000. Orphan nuclear receptors constitutive
androstane receptor and pregnane X receptor share xenobiotic and steroid
ligands. J. Biol. Chem. 275:15122–15127.

Nebert, D. W. 1989. The Ah locus: Genetic differences in toxicity, cancer, muta-
tion, and birth defects. Crit. Rev. Toxicol. 20:153–174.

Nebert, D. W., Dalton, T. P., Okey, A. B., and Gonzalez, F. J. 2004. Role of aryl

hydrocarbon receptor-mediated induction of the CYP1 enzymes in environmen-
tal toxicity and cancer. J. Biol. Chem. 279:23847–23850.

Nguyen, T., Yang, C. S., and Pickett, C. B. 2004. The pathways and molecular
mechanisms regulating Nrf2 activation in response to chemical stress. Free Rad.

Biol. Med. 37:433–441.
Niwa, A., Kumaki, K., Nebert, D.W., and Poland, A. P. 1975. Genetic expression
of aryl hydrocarbon hydroxylase activity in the mouse. Distinction between the

‘‘responsive’’ homozygote and heterozygote at the Ah locus. Arch. Biochem.
Biophys. 166:559–564.

Omura, T., and Sato, R. 1962. A new cytochrome in liver microsomes. J. Biol.

Chem. 237:PC1375–1376.

98 S.L. Ripp



Park, B. K., Kitteringham, N. R., Maggs, J. L., Pirmohamed, M., and

Williams, D. P. 2005. The role of metabolic activation in drug-induced hepato-
toxicity. Ann. Rev. Pharmacol. Toxicol. 45:177–202.

Parkinson, A., and Hurwitz, A. 1991. Omeprazole and the induction of human

cytochrome P-450: a response to concerns about potential adverse effects. Gas-
troenterology 100:1157–1164.

Parks, D. J., Blanchard, S. G., Bledsoe, R. K., Chandra, G., Consler, T. G.,

Kliewer, S. A., Stimmel, J. B., Willson, T. M., Zavacki, A. M., Moore, D. D.,
and Lehmann, J. M. 1999. Bile acids: Natural ligands for an orphan nuclear
receptor. Science 284:1365–1368.

Pasanen, M., Pellinen, P., Stenback, F., Juvonen, R. O., Raunio, H., and
Pelkonen, O. 1995. The role of CYP enzymes in cocaine-induced liver damage.
Arch. Toxicol. 69:287–290.

Peet, D. J., Turley, S. D., Ma, W., Janowski, B. A., Lobaccaro, J.-M. A.,

Hammer, R. E., and Mangelsdorf, D. J. 1998. Cholesterol and bile acid meta-
bolism are impaired in mice lacking the nuclear oxysterol receptor LXR[alpha].
Cell 93:693–704.

Poland, A., Glover, E., and Kende, E.S. 1976. Stereospecific, high affinity binding
of 2,3,7,8-tetrachlorodibenzo-p-doxin by hepatic cytosol. Evidence that the
binding species is receptor for induction of aryl hydrocarbon hydroxylase.

J. Biol. Chem. 251:4936–4946.
Poso, A., and Honkakoski, P. 2006. Ligand recognition by drug-activated nuclear

receptors PXR and CAR: structural, site-directed mutagenesis and molecular
modeling studies. Mini-Rev. Med. Chem. 6:937–943.

Rae, J.M., Johnson,M.D., Lippman,M. E., and Flockhart, D. A. 2001. Rifampin
is a selective, pleiotropic inducer of drug metabolism genes in human hepato-
cytes: Studies with cDNA and oligonucleotide expression arrays. J. Pharmacol.

Exp. Ther. 299:849–857.
Ramachandran, V., Kostrubsky, V. E., Komoroski, B. J., Zhang, S., Dorko, K.,

Esplen, J. E., Strom, S. C., and Venkataramanan, R. 1999. Troglitazone

increases cytochrome P-450 3A protein and activity in primary cultures of
human hepatocytes. Drug Metab. Dispos. 27:1194–1199.

Ramos-Gomez, M., Kwak, M.-K., Dolan, P. M., Itoh, K., Yamamoto, M.,

Talalay, P., and Kensler, T. W. 2001. Sensitivity to carcinogenesis is increased
and chemoprotective efficacy of enzyme inducers is lost in nrf2 transcription
factor-deficient mice. Proc. Natl. Acad. Sci. USA 98:3410–3415.

Rangasamy, T., Cho, C. Y., Thimmulappa, R. K., Zhen, L., Srisuma, S. S.,

Kensler, T. W., Yamamoto, M., Petrache, I., Tuder, R. M., and Biswal, S.
2004. Genetic ablation of Nrf2 enhances susceptibility to cigarette smoke-
induced emphysema in mice. J. Clin. Invest. 114:1248–1259.

Raucy, J. L., Lasker, J. M., Lieber, C. S., and Black, M. 1989. Acetaminophen
activation by human liver cytochromes P450IIE1 and P450IA2. Arch. Biochem.
Biophys 271:270–283.

Rencurel, F., Foretz, M., Kaufmann, M. R., Stroka, D., Looser, R., Leclerc, I., da
Silva Xavier, G., Rutter, G. A., Viollet, B., and Meyer, U. A. 2006. Stimulation
of AMP-activated protein kinase is essential for the induction of drug metaboliz-
ing enzymes by phenobarbital in human and mouse liver. Mol. Pharmacol.

70:1925–1934.
Reschly, E. J., and Krasowski, M. D. 2006. Evolution and function of the NR1I

nuclear hormone receptor subfamily (VDR, PXR, and CAR) with respect to

metabolism of xenobiotics and endogenous compounds. Curr. Drug Metab.
7:349–365.

Riddick, D. S., Lee, C., Bhathena, A., and Timsit, Y. E. 2003. The 2001Veylien

Henderson Award of the Society of Toxicology of Canada. Positive and negative

Chapter 4 Induction of Drug-Metabolizing Enzymes 99



transcriptional regulation of cytochromes P450 by polycyclic aromatic hydro-

carbons. Can. J. Physiol. Pharmacol. 81:59–77.
Rifkind, A. B. 2006. CYP1A in TCDD toxicity and in physiology – with particular
reference to CYP dependent arachidonic acid metabolism and other endogenous

substrates. Drug Metab. Rev. 38:291–335.
Ripp, S. L., Mills, J. B., Fahmi, O. A., Trevena, K. A., Liras, J. L., Maurer, T. S.,
and de Morais, S. M. 2006. Use of immortalized human hepatocytes to predict

the magnitude of clinical drug–drug interactions caused by CYP3A4 induction.
Drug Metab. Dispos. 34:1742–1748.

Rosenfeld, J. M., Vargas, R, Jr., Xie, W., and Evans, R. M 2003. Genetic profiling

defines the xenobiotic gene network controlled by the nuclear receptor pregnane
X receptor. Mol Endocrinol 17:1268–1282.

Sagredo, C., Ovrebo, S., Haugen, A., Fujii-Kuriyama, Y., Baera, R., Botnen, I. V.,
and Mollerup, S. 2006. Quantitative analysis of benzo[a]pyrene biotransforma-

tion and adduct formation in Ahr knockout mice. Toxicol. Lett. 167:173–182.
Sahi, J., Black, C. B., Hamilton, G. A., Zheng, X., Jolley, S., Rose, K. A.,
Gilbert, D., LeCluyse, E. L., and Sinz, M. W. 2003. Comparative effects of

thiazolidinediones on in vitro P450 enzyme induction and inhibition. Drug
Metab. Dispos. 31:439–446.

Shimizu, Y., Nakatsuru, Y., Ichinose, M., Takahashi, Y., Kume, H., Mimura, J.,

Fujii-Kuriyama, Y., and Ishikawa, T. 2000. Benzo[a]pyrene carcinogenicity is
lost in mice lacking the aryl hydrocarbon receptor. Proc. Natl. Acad. Sci. USA
97:779–782.

Sims, P., Grover, P. L., Swaisland, A., Pal, K., and Hewer, A. 1974. Metabolic

activation of benzo(a)pyrene proceeds by a diol-epoxide. Nature 252:326–328.
Sinz, M. W., Kim, S., Zhu, Z., Chen, T., Anthony, M., Dickinson, K., and
Rodrigues, A. D. 2006. Evaluation of 170 xenobiotics as transactivators of

human pregnane X receptor (hPXR) and correlation to known CYP3A4 drug
interactions. Curr. Drug Metab. 7:375–388.

Sladek, N. E., andMannering, G. J. 1966. Evidence for a new P-450hemoprotein in

hepatic microsomes from methylcholanthrene treated rats. Biochem. Biophys.
Res. Commun. 24:668–674.

Smith, M. T. 2003. Mechanisms of troglitazone hepatotoxicity. Chem. Res. Tox-

icol. 16:679–687.
Smith, D. A., Dickins, M., Fahmi, O. A,, Iwasaki, K., Lee, C., Obach, R. S.,
Padbury, G., de Morais, S. M., Ripp, S. L., Stevens, J., Voorman, R., and
Youdim, K. 2007. The time to move cytochrome P450 induction into main-

stream pharmacology is long overdue. Drug Metab. Dispos. 35:697–698.
Song, B.J., Matsunaga, T., Harwick, J.P., Park, S.S., Veech, R.L., Yang, C.S.,
Gelboin, H.V., and Gonzalez, F.G. 1987. Stabilization of cytochrome P450j

messenger ribonucleic acid in the diabetic rat. Mol. Endocrinol. 1:542–547.
Song, B. J., Veech, R. L., Park, S. S., Gelboin, H. V., and Gonzalez, F. J. 1989.
Induction of rat hepatic N-nitrosodimethylamine demethylase by acetone is due

to protein stabilization. J. Biol. Chem. 264:3568–3572.
Sonoda, J., Chong, L. W., Downes, M., Barish, G. D., Coulter, S., Liddle, C.,
Lee, C.-H., and Evans, R. M. 2005. Pregnane X receptor prevents hepatorenal
toxicity from cholesterol metabolites. Proc. Natl. Acad. Sci. USA

102:2198–2203.
Squires, E. J., Sueyoshi, T., and Negishi, M. 2004. Cytoplasmic localization of
pregnane X receptor and ligand-dependent nuclear translocation in mouse liver.

J. Biol. Chem. 279:49307–49314.
Stanley, L. A, Horsburgh, B. C., Ross, J., Scheer, N., and Wolf, C. R. 2006. PXR
and CAR: Nuclear receptors which play a pivotal role in drug disposition and

chemical toxicity. Drug Metab. Rev. 38:515–597.

100 S.L. Ripp



Staudinger, J. L., Goodwin, B., Jones, S. A., Hawkins-Brown, D.,

MacKenzie, K. I., LaTour, A., Liu, Y., Klaassen, C. D., Brown, K. K.,
Reinhard, J., Willson, T. M., Koller, B. H., and Kliewer, S. A. 2001. The nuclear
receptor PXR is a lithocholic acid sensor that protects against liver toxicity.

Proc. Natl. Acad. Sci. USA 98:3369–3374.
Sueyoshi, T., Kawamoto, T., Zelko, I., Honkakoski, P., and Negishi, M. 1999. The

repressed nuclear receptor CAR responds to phenobarbital in activating the

human CYP2B6 gene. J. Biol. Chem. 274:6043–6046.
Synold, T. W., Dussault, I., and Forman, B.M. 2001. The orphan nuclear receptor

SXR coordinately regulates drug metabolism and efflux. Nat. Med. 7:584–590.

Teschke, R., Stutz, G., and Strohmeyer, G. 1979. Increased paracetamol-induced
hepatotoxicity after chronic alcohol consumption. Biochem. Biophys. Res.
Commun. 91:368–374.

Tettey, J. N., Maggs, J. L., Rapeport, W. G., Pirmohamed, M., and Park, B. K.

2001. Enzyme-induction dependent bioactivation of troglitazone and troglita-
zone quinone in vivo. Chem. Res. Toxicol. 14:965–974.

Thimmulappa, R. K., Mai, K. H., Srisuma, S., Kensler, T. W., Yamamoto, M.,

and Biswal, S. 2002. Identification of Nrf2-regulated genes induced by the
chemopreventive agent sulforaphane by oligonucleotide microarray. Cancer
Res. 62:5196–5203.

Thummel, K. E., Brimer, C., Yasuda, K., Thottassery, J., Senn, T., Lin, Y.,
Ishizuka, H., Kharasch, E., Schuetz, J., and Schuetz, E. 2001. Transcriptional
control of intestinal cytochrome P-4503A by 1alpha,25-dihydroxy vitamin D3.
Mol. Pharmacol. 60:1399–1406.

Thummel, K. E., Lee, C. A., Kunze, K. L,, Nelson, S. D., and Slattery, J. T. 1993.
Oxidation of acetaminophen toN-acetyl-p-aminobenzoquinone imine by human
CYP3A4. Biochem. Pharmacol. 45:1563–1569.

Truong, N.T., Moncion, S., Barouki, R., Beaune, P., and de Waziers, I. 2005.
Regulatory sequence responsible for insulin destabilization of cytochrome P450
2B1 (CYP2B1) mRNA. Biochem. J. 388:227–235.

Tsuneoka, Y., Dalton, T. P., Miller, M. L., Clay, C. D., Shertzer, H. G.,
Talaska, G., Medvedovic, M., and Nebert, D. W. 2003. 4-Aminobiphenyl-
induced liver and urinary bladder DNA adduct formation in Cyp1a2(–/–) and

Cyp1a2(þ/þ) mice. J. Natl. Cancer Inst. 95:1227–1237.
Tzameli, I., Pissios, P., Schuetz, E. G., and Moore, D. D. 2000. The xenobiotic

compound 1,4- bis[2-(3,5-dichloropyridyloxy)]benzene is an agonist ligand for
the nuclear receptor CAR. Mol. Cell. Biol. 20:2951–2958.

Ueda, A., Hamadeh, H. K., Webb, H. K., Yamamoto, Y., Sueyoshi, T.,
Afshari, C. A., Lehmann, J. M., and Negishi, M. 2002. Diverse roles of the
nuclear orphan receptor CAR in regulating hepatic genes in response to pheno-

barbital. Mol. Pharmacol. 61:1–6.
Uno, S., Dalton, T. P., Derkenne, S., Curran, C. P., Miller, M. L., Shertzer, H. G.,

and Nebert, D. W. 2004. Oral exposure to benzo[a]pyrene in the mouse: Detox-

ication by inducible cytochrome P450 is more important than metabolic activa-
tion. Mol. Pharmacol. 65:1225–1237.

Uno, S., Dalton, T. P., Dragin, N., Curran, C. P., Derkenne, S., Miller, M. L.,
Shertzer, H. G., Gonzalez, F. J., andNebert, D.W. 2006. Oral benzo[a]pyrene in

Cyp1 knockout mouse lines: CYP1A1 important in detoxication, CYP1B1
metabolism required for immune damage independent of total-body burden
and clearance rate. Mol. Pharmacol. 69:1103–1114.

Venugopal, R., and Jaiswal Anil, K. 1996. Nrf1 and Nrf2 positively and c-Fos and
Fra1 negatively regulate the human antioxidant response element-mediated
expression of NAD(P)H:quinone oxidoreductase1 gene. Proc. Natl. Acad. Sci.

USA 93:14960–14965.

Chapter 4 Induction of Drug-Metabolizing Enzymes 101



Wei, P., Zhang, J., Dowhan, D. H., Han, Y., and Moore, D. D. 2002. Specific and

overlapping functions of the nuclear hormone receptors CAR and PXR in
xenobiotic response. Pharmacogenomics J. 2:117–126.

Wei, P., Zhang, J., Egan-Hafley, M., Liang, S., and Moore, D. D. 2000. The

nuclear receptor CAR mediates specific xenobiotic induction of drug metabo-
lism. Nature 407:920–923.

Xie, W., Barwick, J. L., Downes, M., Blumberg, B., Simon, C. M., Nelson, M. C.,

Neuschwander-Tetri, B. A., Brunt, E. M., Guzelian, P. S., and Evans, R. M.
2000. Humanized xenobiotic response in mice expressing nuclear receptor SXR.
Nature 406:435–439.

Xie, W., Radominska-Pandya, A., Shi, Y., Simon, C. M., Nelson, M. C.,
Ong, E. S., Waxman, D. J., and Evans, R. M. 2001. An essential role for nuclear
receptors SXR/PXR in detoxification of cholestatic bile acids. Proc. Natl. Acad.
Sci. USA 98:3375–3380.

Yamazaki, H., Shibata, A., Suzuki, M., Nakajima, M., Shimada, N.,
Guengerich, F. P., and Yokoi, T. 1999. Oxidation of troglitazone to a
quinone-type metabolite catalyzed by cytochrome P-450 2C8 and P-450 3A4 in

human liver microsomes. Drug Metab. Dispos. 27:1260–1266.
Yu,R., Lei,W.,Mandlekar, S.,Weber,M. J., Der, C. J.,Wu, J., andKong,A.N. T.
1999. Role of a mitogen-activated protein kinase pathway in the induction of

phase II detoxifying enzymes by chemicals. J. Biol. Chem. 274:27545–27552.
Zhang, D. D. 2006. Mechanistic studies of the Nrf2–Keap1 signaling pathway.
Drug Metab. Rev. 38:769–789.

Zhang, D. D., and Hannink, M. 2003. Distinct cysteine residues in Keap1 are

required for Keap1-dependent ubiquitination of Nrf2 and for stabilization of
Nrf2 by chemopreventive agents and oxidative stress. Mol. Cell. Biol.
23:8137–8151.

Zhang, J., Huang,W., Chua, S. S., Wei, P., andMoore, D. D. 2002.Modulation of
acetaminophen-induced hepatotoxicity by the xenobiotic receptor CAR. Science
298:422–424.

Zhou, C., Poulton, E.-J., Grun, F., Bammler, T.K., Blumberg, B., Thummel,K. E.,
and Eaton, D. L. 2007 The dietary isothiocyanate sulforaphane is an antagonist
of the human steroid and xenobiotic nuclear receptor. Mol Pharmacol

71:220–229.
Zimmerman, H. J., and Maddrey, W. C. 1995 Acetaminophen (paracetamol)
hepatotoxicity with regular intake of alcohol: Analysis of instances of
therapeutic misadventure. Hepatology 22:767–773.

102 S.L. Ripp



5
Mechanism-Based Inactivation

of Cytochrome P450 2A and 2B Enzymes

Sharon E. Murphy and Linda B. von Weymarn
University of Minnesota Cancer Center, Minneapolis, MN 55455, USA

e-mail: murph062@umn.edu

Keywords: Cytochrome P450 � P450 � CYP2A6 � CYP2B6 � CYP2B1 �
Nicotine � Isothiocyanates � 8-Methoxypsoralen � Ethynylestradiol

5.1. Introduction

Inhibition of cytochrome P450 enzymes (P450s) contributes signifi-
cantly to drug–drug interactions (Wienkers and Heath 2005) and
recently it has been suggested that mechanism-based inactivation may
play a greater role in these interactions than previously recognized
(Zhang and Wong 2005). Mechanism-based inactivation of P450s may
also be caused by exposure to compounds present in tobacco and food.
This inactivation may result in an increase in the toxicity of drugs or
other xenobiotics. Alternatively, mechanism-based inactivators (MBIs)
may have a positive affect; for example, inactivation of the enzymes
that catalyze the metabolic activation of procarcinogens. Mechanism-
based inactivators of all human hepatic drug-metabolizing P450
enzymes have been identified (Table 5.1): the majority of these inacti-
vate P450 3A4, the major human drug-metabolizing enzyme. In this
chapter we will focus our discussion on the mechanism-based inactiva-
tion of two less abundant and less well-studied hepatic enzymes,
P450 2B6 and P450 2A6. In addition, some recent studies on the
mechanism-based inactivation of P450 2A13, an enzyme believed to
play a role in the metabolic activation of the tobacco-specific lung
carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK),
will be discussed.
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Table 5.1 Human mechanism-based inactivators.

P450 MBI References

1A1/1A2 Carbamazepine 1A2 in HLM Masubuchi et al. (2001)
Clorgyline 1A2 Polasek et al. (2006)
Coriandrin 1A1 (purified) Cai et al. (1996)
Dihydralazine HLM, B-lymphoblastoid

microsomes
Masubuchi and Horie
(1999)

Furafylline 1A2 in HLM Kunze and Trager (1993)

Oltipraz E.coli membranes Langouet et al. (2000)
Rhapontigenin 1A1 (bacterial

membrane)
Chun et al. (2001)

trans-Resveratrol 1A2 (Supersomes), HLM Chang, Chen and Lee
(2001)

Zileuton 1A2 in HLM Lu et al. (2003)

2A6/2A13 Benzylisothiocyanate (BITC) 2A6 and 2A13 (purified
from E. coli)

vonWeymarn, Chun and
Hollenberg (2006b)

(R)-(þ)-Menthofuran HLM, 2A6 purified from
E. coli

Khojasteh-Bakht et al.
(1998)

8-Methoxysporalen (8-MOP) 2A6 and 2A13 (purified
from E. coli)

von Weymarn et al.
(2005)

Koenigs et al. (1997)
Nicotine 2A6 and 2A13 (purified

from E. coli)
von Weymarn, Brown
and Murphy (2006a)

Phenethylisothiocyanate (PEITC) 2A6 and 2A13 (purified
from E. coli)

vonWeymarn, Chun and
Hollenberg (2006b)

2B6 Bergamottin Purified from E. coli Tassaneeyakul et al.
(2000)

Clopidogrel 2B6 Superosomes, HLM Richter et al. (2004)
N-(3,5-dichloro-4-pyridyl)-4-
methoxy-3-(prop-2-
ynyloxy)benzamide

2B6 Superosomes Fan et al. (2003)

Efavirenz and 8-hydroxyefavirenz Purified from E. coli Bumpus, Kent and
Hollenberg (2006)

17a-Ethynylestradiol Purified from E. coli Kent et al. (2002b)
Glabridine Purified from E. coli Kent et al. (2002a)
Phencyclidine Purified from E. coli Jushchyshyn, Kent and

Hollenberg (2003)
2-Phenyl-2-(1-piperidinyl)propane Purified from E. coli Chun et al. (2000)

n-Propylxanthate Purified from E. coli Kent, Yanev and
Hollenberg (1999)

Ticlopidine 2B6 Superosomes, HLM Richter et al. (2004)
Tamoxifen Purified from E. coli Sridar et al. (2002)
N,N0,N0 0-
triethylenethiophosphoramide
tTEPA

Purified from E. coli Harleton et al. (2004)

Richter et al. (2005)

2C8 Amiodarone E. coli membranes Polasek et al. (2004)

Fluoxetine
Isoniazid
Nortriptyline

Phenelzine
Verapamil
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2C9 Silybin Purified from E. coli Sridar et al. (2004)
Suprofen Recombinant 2C9 O0Donnell et al. (2003)
Tienilic acid Yeast microsomes Jean et al. (1996)

2C19 Phenelzine E. colimembranes, HLM Polasek et al. (2006)
Ticlopidine Yeast microsomes Ha-Duong et al. (2001)

2D6 5-fluoro-2-[4-[(2-phenyl-1H-
imidazol-5-yl)methyl]-1-
piperazinyl]pyrimidine

Superosomes, HLM Palamanda et al. (2001)

Paroxetine HLM Bertelsen et al. (2003)

2E1 Trichloroethylene E. coli membranes Cai and Guengerich
(2001)

3A4 Amiodarone Ohyama et al. (2000)

Ampenprenavir Superosomes, HLM Ernest, Hall and Jones
(2005)

Bergamottin HLM Tassaneeyakul et al.
(2000)

Clarithromycin Superosomes Mayhew, Jones and Hall
(2000)

Delavirdine b-lymphoblast
microsomes, HLM

Voorman et al. (1998)

N-desmethyl dilitiazem Superosomes Mayhew, Jones and Hall
(2000)

Diclofenac b-lymphoblast
microsomes, HLM

Masubuchi, Ose and
Horie (2002)

Dihydralazine HLM, B-lymphoblastoid
microsomes

Masubuchi and Horie
(1999)

60,70-Dihydroxybergamottin HLM, Purified from
E. coli

Tassaneeyakul et al.
(2000)

Schmiedlin-Ren et al.
(1997)

Dilitiazem Superosomes Mayhew, Jones and Hall
(2000)

Erythromycin b-lymphoblast
microsomes, HLM

Kanamitsu et al. (2000)

17a-Ethynylestradiol Purified from E. coli Lin, Kent and
Hollenberg (2002)

Fluoxetine Superosomes Mayhew, Jones and Hall
(2000)

Gestodene HLM, purified from
E. coli

Guengerich (1990)

4-Ipomeanol Alvarez-Diez and Zheng
(2004)

Irinotecan Superosomes Hanioka et al. (2002)
Limonin HLM Iwata et al. (2005)
Lopinavir Superosomes, HLM Ernest, Hall and Jones

(2005)
Mibefradil HLM Prueksaritanont et al.

(1999)
Midazolam Purified from E. coli Khan et al. (2002)

Mifepristone Purified from E. coli He, Woolf and
Hollenberg (1999)

Nelfinavir Superosomes, HLM Ernest, Hall and Jones
(2005)

(Continued )
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5.2. Characterization of Mechanism-Based Inactivation

An enzyme inactivator is any compound that causes the irreversible or
quasi-irreversible loss of enzymatic activity. The definition of a mechan-
ism-based or suicide inactivator is more specific. Pratt and Kranz defined
an MBI simply as an enzyme inactivator that requires the mechanism of
the target enzyme (Krantz 1992; Pratt 1992). The definition that will be
used in this chapter is that of Silverman who defines an MBI as a com-
pound that is catalytically transformed by the enzyme to a species that
prior to release from the active site renders the enzyme inactive (Silverman
1996). Mechanism-based inactivation, although rare in most enzyme sys-
tems, is much more frequent with P450 enzymes (Kent, Juschyshyn and
Hollenberg 2001; Zhang and Wong 2005).

The kinetic scheme for an MBI is similar to that of a noninactivating
substrate but with an additional product, the modified inactive enzyme
(Scheme 5.1). After the MBI associates with the enzyme (E), catalytic
turnover generates the inactivating species (MBI0) complexed with the

Table 5.1 (Continued ).

P450 MBI References

Nicardipine HLM, Baculovirus
microsomes

Ma, Prueksaritanont and
Lin (2000)

Nor-Verapamil HLM, Superosomes Wang, Jones and Hall
(2004)

Phenelzine E. colimembranes, HLM Polasek et al. (2006)
Raloxifene HLM, superosomes Chen et al. (2002)
Resveratrol Baculovirus microsomes Chan and Delucchi

(2000)
Ritonavir Superosomes, HLM Ernest, Hall and Jones

(2005)
Rutaecarpine HLM Iwata et al. (2005)

Saquinavir Superosomes, HLM Ernest, Hall and Jones
(2005)

Silybin Purified from E.Coli Sridar et al. (2004)
Tamoxifen HLM, superosomes Zhao et al. (2002)
Verapamil HLM, Superosomes Wang, Jones and Hall

(2004)
Zafirlukast Superosomes, HLM Kassahun et al. (2005)

Themechanism-based inactivators included in this table meet at least two of the criteria for mechanism-based inactivation.

The kinetics of inactivation is reported, whenever possible, and in addition at least irreversibility or mechanism of

inactivation is also assessed.

Scheme 5.1
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enzyme (E.MBI0). The inactivating species may then either be released as
product (P) or bind irreversibly to the enzyme, rendering it inactive
(EMBI00). A more in depth description of Scheme 5.1 and how kinetic
constants are derived from it has been reviewed by Silverman (1988). The
key parameters which describe mechanism-based inactivation of an
enzyme are: kinact, the maximal inactivation rate constant; KI, which can
be considered analogous toKm; and the partition ratio. The partition ratio
is ameasure of the efficiency of theMBI. It is the ratio of product release to
enzyme inactivation, and is described by k3/k4. This ratio does not depend
on the concentration of inactivator. It depends on the reactivity of MBI0,
the rate of diffusion of MBI0 from the active site, and the proximity of an
appropriate binding site in the enzyme active site for covalent bond for-
mation. In the case of P450 enzymes binding may occur either with an
amino acid side chain or the heme molecule.

There are several criteria that are routinely assessed to determine if a
compound is anMBI of a particular P450 enzyme (Silverman 1996). These
criteria and a brief rationale are listed below.

� Inactivation is dependent on catalytic turnover; that is, the compound
must be metabolized to a reactive species, which then inactivates the
enzyme.
� Inactivation is time dependent. Since the inactivation requires catalytic
turnover the loss in enzyme activity is usually first-order with respect to
time.
� Inactivation exhibits saturation kinetics.
� Inactivation is irreversible or at least quasi-irreversible.
� The enzyme is protected from inactivation through the addition of an
alternate substrate. The alternative substrate will compete with the MBI
and slow its metabolism and hence enzyme inactivation.
�Only one inactivator molecule is attached to eachmolecule of inactivated
enzyme.
� The inactivation occurs prior to release of the reactive species from the
active site of the enzyme. Therefore, the addition of a nucleophile such as
glutathione, which will react with electrophilic reactive species released
from the active site, should not affect the rate of inactivation.

The protocols that are used to test these criteria are described in detail
elsewhere (Silverman 1996) and will only be partially discussed here. The
classic method to study an MBI is to characterize enzyme activity in two
reactions. In the primary reaction, the P450 of interest is incubated under
standard conditions with varying concentrations of the putative MBI in
the presence and absence of NADPH. Then at different time intervals,
aliquots of the primary reaction are removed and added to a fresh reaction
mixture containing NADPH and a saturating concentration of another
substrate of this P450. The secondary reaction is carried out so that a
minimum 20-fold dilution of the MBI occurs. If the MBI is also a potent
inhibitor of the enzyme, the dilution necessary to eliminate inhibition in
the secondary reaction might be too great for the accurate quantitation of
enzyme activity. In this case, the removal of theMBImay be accomplished
through the use of spin-column gel filtration or dialysis. Kinetic
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parameters for the MBI reaction may be determined from the enzyme
activities measured in these experiments.

Mechanism-based inactivation is usually the result of covalent binding
of a reactive intermediate to the active site of the enzyme, although tight-
binding noncovalent complexes between the inactivating species and the
enzyme also occur. The former are irreversible but the latter can sometimes
slowly disassociate over time. Presently, it has not been clearly established
when a quasi-irreversible inactivator is no longer classified as an MBI.

There are three pathways by which an MBI may inactivate a P450
enzyme: covalent modification of amino acids residues in the active site,
covalent modification of the heme moiety, or destruction of the heme.
When the heme is destroyed, fragments of the heme sometimes become
bound to the apoprotein. Mechanism-based inactivators may also gener-
ate cross-links between the heme and the apoprotein, although this is not
common. It is important to note that multiple mechanisms of inactivation
may occur for one compound. For example, P450-catalyzedmetabolism of
the MBI may result in modification of both the heme and the apoprotein.
In addition, since several factors influence enzyme inactivation, the rela-
tive contribution of different mechanisms of inactivation by an MBI may
vary among different enzymes. The factors that will influence the mechan-
ism include the site of MBI oxidation, the structure of the reactive inter-
mediate generated, and the geometry and composition of the active site of
the enzyme.

5.2.1. MBI as Tools

Over the years, MBIs have proven to be useful tools with which to study
structure–function relationships of individual P450 enzymes (reviewed in
Kent, Juschyshyn and Hollenberg 2001). Specifically, the use of MBIs
have aided in determining the orientation of the heme in the P450 active
site and in identifying regions of the P450 protein involved in substrate
binding (Kent et al. 2006; Kunze et al. 1983; Ortiz de Montellano et al.
1992; Ortiz de Montellano 1995). Studies with MBIs by Ortiz de
Montellano and co-workers allowed the identification of the correct
orientation of the heme molecule in the active site. They concluded
that although the general orientation of the heme appears to be the
same in different P450s, the extent to which different regions of the
heme molecule are accessible to inactivating species varies among P450
enzymes (Ortiz de Montellano 1995). Mechanism-based inactivators that
result in covalent modification of the apoprotein are particularly useful
for identifying amino acids in the active site that are important in
substrate binding (Kent, Juschyshyn and Hollenberg 2001).

Inactivators that affect highly homologous P450 enzymes differently,
such as the human P450s 2A6 and 2A13 (94% identical) and 3A4 and 3A5
(84% identical) or the rat P450s 2B1 and 2B2 (97% identical), can also play
an important role in the identification of the P450s responsible for the
metabolism of a particular compound in vivo. The use of inhibitory anti-
bodies are usually sufficient to identify which subfamily of P450 enzymes is
involved in the metabolism, but quite often these antibodies cannot dis-
tinguish between highly homologous enzymes within that subfamily.
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Mechanism-based inactivators that are able to differentially inactivate
highly homologous P450 enzymes such as rat P450s 2B1 and 2B2 (Kent
et al. 2002b; vonWeymarn, Sridar andHollenberg 2004) and human P450s
3A4 and 3A5 (Khan et al. 2002) could be used to pinpoint which enzyme is
responsible for the metabolism of a specific compound in vivo.

5.2.2. MBI and Drug Metabolism

Annually about twomillion serious adverse drug reactions occur in the US
(Lazarou, Pomeranz and Corey 1998). Inhibition and/or inactivation of
metabolic enzymes such as the P450 enzymes has been recognized as one of
the significant causes of adverse drug–drug interactions (Wienkers and
Heath 2005). Drug–drug interactions are often caused by one drug inhibit-
ing the metabolism of another and therefore increasing the plasma con-
centration of the second drug. Since MBIs irreversibly inhibit an enzyme,
the risk for serious drug–drug interactions may be greater for these com-
pounds than for competitive inhibitors. Mibefradil is one example where
mechanism-based inactivation may have contributed to the serious drug–-
drug interactions which resulted in this drug being pulled from the market
(Friedman et al. 1999). Mibefradil is a potent MBI of P450 3A4, with a Ki

of 2.3 mM and a partition ratio of 1.7 (Prueksaritanont et al. 1999). It was
withdrawn from themarket due to potentially harmful interactions with 26
identified drugs. Reduced P450 3A4 enzyme activity was believed to play a
role in many of these interactions (Friedman et al. 1999). Over the past
decade the pharmaceutical industry has invested a great deal of money and
effort into screening for P450 inhibition by new drug entities at early stages
of the development process.

In addition to MBI-mediated drug–drug interactions, environmental
factors may result in inactivation of P450 enzymes and cause adverse drug
reactions. Compounds found in the diet, cigarette smoke, and air or water
pollution all have the potential to cause mechanism-based inactivation and
hence result in dangerous but unexpected drug reactions. Grapefruit juice
is the best characterized example of a dietary exposure resulting in the
mechanism-based inactivation of P450 enzymes. The influence of grape-
fruit juice on the pharmacokinetics of a large number of drugs is well
documented (reviewed in Saito et al. 2005). Grapefruit juice increases the
area under the curve (AUC) and the maximum plasma concentration
(Cmax) of orally co-administered drugs such as simvastatin, triazolam,
midazolam, nitrendipine, and a number of others (Saito et al. 2005). The
major cause of these effects of grapefruit juice is considered to be mechan-
ism-based inactivation of P450 3A4 (Lown et al. 1997; Schmiedlin-Ren
et al. 1997). In vitro studies have identified several components of grapefruit
juice as inhibitors of P450 enzymes (Guo andYamazoe 2004; Tassaneeyakul
et al. 2000). Among these bergamottin and 60,70-dihydroxybergamottin
have been well characterized as MBIs of P450 3A4 (Paine, Criss and
Watkins 2004; Schmiedlin-Ren et al. 1997; Tassaneeyakul et al. 2000).
60,70-Dihydroxybergamottin appears to be the major contributor to
grapefruit juice-mediated P450 3A4-mediated inactivation. However in
other foods that contain bergamottin but not 60,70-dihydroxybergamottin,
bergamottin is likely to contribute significantly to the inactivation of
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P450 3A4 (Paine, Criss and Watkins 2005). Recently, bergamottin has
been identified as a MBI of P450 2B6 (Lin, Kent and Hollenberg 2005).
Therefore, grapefruit juice consumption may also cause drug–drug inter-
actions with drugs primarily metabolized by P450 2B6. This will be
discussed in the following section.

Another class of naturally occurring compounds that may result in the
inactivation of drug-metabolizing P450s are isothiocyanates. These com-
pounds, found in various cruciferous vegetables such as cabbage, water-
cress, broccoli, and cauliflower as thioglucoside conjugates, have been
studied as cancer chemopreventive agents (reviewed in Hecht 2000). The
chemopreventive properties of isothiocyanates are believed in part to be
due to inhibition and inactivation of P450 enzymes that have been impli-
cated in the bioactivation of chemical carcinogens. Notable, the same
mechanisms that result in the chemopreventive properties of the isothio-
cyanates could also give rise to adverse drug interactions. Mechanism-
based inactivation of the rat enzymes P450 2E1 and P450 2B1 by benzyl
isothiocyanate has been well characterized (Goosen, Mills and Hollenberg
2001;Moreno et al. 2001). In both cases the mechanism of inactivation was
covalent modification of the apoprotein. Some recent work on isothiocya-
nates as MBIs of P450 2A6 and P450 2A13 is discussed below.

In addition to diet, tobacco smoke is a major source of exposure to a
large number of xenobiotics, and smokers clearly metabolize many drugs
differently than do nonsmokers. Polycyclic aromatic hydrocarbons pre-
sent in tobacco smoke are well known to induce drug-metabolizing
enzymes, including P450 1A2 and 1A1 (Kroon 2006). Whether or not,
mechanism-based inactivation by tobacco smoke constituent influences
drug metabolism is unknown. However, we have recently demonstrated
that in vitro, nicotine, the main addictive agent in tobacco, inactivates two
human P450s, 2A6 and 2A13 (von Weymarn, Brown andMurphy 2006a).
Considering tobacco smoke contains over 4000 chemicals one might sus-
pect that further studies of the components of tobacco will result in the
identification of a number of MBIs of P450 enzymes. Hence smokers may
be of potentially higher risk of adverse drug reactions than are nonsmo-
kers. In the following two sections examples of drugs, including nicotine,
and dietary constituents that are MBIs of the human P450s 2A6, 2A13,
and 2B6 are discussed in detail.

5.3. Inactivation of P450 2B6

Themechanism-based inactivation of P450 2B enzymes, P450 2B1 and 2B2
in rats, P450 2B4 and 2B5 in rabbit, and more recently P450 2B6 in
humans, has been well studied (Kent, Juschyshyn and Hollenberg 2001;
Kent et al. 2002b, 2004; Lin, Kent and Hollenberg 2005). The main focus
of these studies has been on the use of MBIs as structure–function probes
(Kent, Juschyshyn and Hollenberg 2001; Lin et al. 2004; von Weymarn
et al. 2004). Only recently has mechanism-based inactivation of P450 2B
enzymes by pharmacologically relevant drugs and dietary constituents
received attention (Bumpus, Kent and Hollenberg 2006; Harleton et al.
2004; Kent et al. 2002b, 2006; Lin, Kent andHollenberg 2005). P450 2B6 is
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not one of the major drug-metabolizing P450 enzymes; it typically
accounts for <1% of the total P450 protein in the liver (Guengerich
2003). However, P450 2B6 is inducible and levels as high as 4% of the
total P450 protein have been reported (Hanna et al. 2000; Wang et al.
2003). Recently, an increasing number of drugs that are primarily meta-
bolized by P450 2B6 (Chang et al. 1993; Faucette et al. 2000; Ward et al.
2003) have been identified. Therefore, the potential for the inactivation of
P450 2B6 to cause drug–drug interactions may be greater than previously
appreciated. Mechanism-based inactivation of P450 2B6 has been char-
acterized for a number of pharmaceutical compounds, dietary compo-
nents, and synthetic compounds (Table 5.1). The discussion in this
chapter will focus on five of these: 17a-ethynylestradiol (17EE), phency-
clidine, efavirenz, N,N0,N00-triethylenethiophosphoramide (tTEPA), and
bergamottin (Figure 5.1). This focus is due to both the extent of character-
ization of these MBIs and their possible relevance to drug–drug
interactions.

P450 2B6 plays an important role in the metabolism of a number of
commonly used drugs, such as cyclophosphamide (for cancer chemother-
apy and autoimmune disease treatment), bupropion (an antidepressant
used in smoking cessation), propofol (an anesthetic agent), and efavirenz
(used to treat HIV-1) (Faucette et al. 2000; Roy et al. 1999; Ward et al.
2003). Only one of these compounds, efavirenz, inactivates P450 2B6.
However, other compounds that inactivate P450 2B6 may influence the
pharmacokinetic parameters of these clinically important drugs. In addi-
tion to these pharmaceutical compounds, nicotine- and the tobacco-spe-
cific carcinogen, NNK are substrates for P450 2B6 (Dicke, Skrlin and
Murphy 2005; Yamazaki et al. 1999). However, while recent studies have
shown that P450 2B6, if present in relatively high levels, may play a role in
the metabolic activation of NNK in human liver microsomes, it is not
likely to contribute significantly to nicotine metabolism (Dicke, Skrlin and
Murphy 2005).

Figure 5.1 Mechanism-based inhibitors of P450 2B6.
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5.3.1. 17a-Ethynylestradiol (17EE)

One of the best-characterized MBIs of P450 2B6 is 17EE, the major
estrogenic component of oral contraceptives. The ethynyl group at the
17 position was introduced to increase the oral availability of the estradiol;
however, it also gave rise to mechanism-based inactivation (Kent et al.
2002b; Lin, Kent andHollenberg 2002; Lin andHollenberg 2007). In 2002,
Kent et al. reported that 17EE was a potent MBI of rat P450 2B1 and
human P450 2B6, but not rat P450 2B2 and rabbit P450 2B4 (Kent et al.
2002b). Inactivation of P450 2B6 was irreversible, and time- and concen-
tration-dependent (Figure 5.2). The apparent KI for the inactivation of
P450 2B6 was quite low, 0.8 mM; t1/2 was 28min. The partition ratio for the
inactivation of P450 2B6 by 17EE was 13; that is, 13 molecules of 17EE
were metabolized, per molecule of P450 2B6 inactivated. It was also
demonstrated that P450 2B6 was protected from inactivation by alternate
substrates, but the addition of exogenous nucleophiles had no effect on
inactivation. Using [3H]-17EE it was possible to demonstrate the forma-
tion of covalently modified P450 2B6 (EMBI00, Scheme 5.1).

The previously identified mechanism of P450 3A4 inactivation by 17EE
(Ki, 18 mM; t1/2, 25min) was destruction of the heme (Lin, Kent and
Hollenberg 2002). In contrast, inactivation of P450 2B6 by 17EE occurred
through the formation of adducts to the apoprotein (Kent et al. 2002b;
Kent et al. 2006). However, due to large errors in the mass assignments, it
was not possible to detect a 17EE-adducted protein by liquid chromato-
graphy-mass spectrometry (LC/MS) analysis (Kent et al. 2006). In general,
whole-protein LC/MS analysis of inactivated P450 2B6 has been difficult
to perform (Jushchyshyn, Kent and Hollenberg 2003; Lin, Kent and
Hollenberg 2005). Inactivated P450 2B6 appears to give rise to very weak
signals potentially due to poor ionization or aggregation of the inactivated
enzyme; therefore, the deconvolution of the whole-protein mass spectrum
gives rise to a relatively large error. P450 2B1 is more easily analyzed by
whole-protein LC/MS. The increase in the mass of the P450 2B1 apopro-
tein upon inactivation with 17EEwas consistent with binding of 17EE plus

Figure 5.2 Time- and concentration-dependent inactivation of P450 2B6 7-ethox-
ycoumarin O-deethylation by 17-ethynylestradiol [from Kent et al. 2002b].
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one oxygen atom (Kent et al. 2006). Cyanogen bromide digestion of
inactivated P450 2B1 and 2B6 followed by Edman sequencing and MS
analysis resulted in the identification of one adducted peptide for each
protein. The authors proposed that serine 360 within this peptide was the
amino acid residue modified since P450s 2B2 and 2B4 do not contain a
serine at this position and they are not inactivated by 17EE. The structure
of the adduct is hypothesized to be a serine ester generated from the ketene
resulting from oxidation of the ethynyl group. However, the formation of
this adduct has not been confirmed.

2-Hydroxyethynylestradiol formation is the primary pathway of P450
2B6-catalyzed 17EE metabolism (Kent et al. 2002b). Estriol, estrone, and
two unidentified metabolites were also products of P450 2B6-mediated
17EE metabolism (Kent et al. 2002b). These same five metabolites were
products of P450 2B1-catalyzed metabolism but all five were not products
of P450 2B2- or P450 2B4-catalyzed metabolisms. The fact that the latter
two enzymes are not inactivated during 17EE metabolism, led to the
suggestion that one or both of the missing metabolites (one identified as
estrone and one unidentified) might be the products of a nonbound reac-
tive intermediate; that is, P450 2B6 and P450 2B1, but not P450s 2B2 and
2B4, catalyze the formation of the reactive metabolite responsible for
enzyme inactivation. However, whether the lack of 17EE-mediated inacti-
vation of P450s 2B2 and 2B4 is due to differences in metabolism or, as
discussed in the preceding paragraph, the lack of binding to the critical
residues in the active site of these two enzymes is unknown.

17EE-mediated inactivation on P450 2B6 meets all the criteria for
mechanism-based inactivation and it has been shown that inactivation is
due to binding of a reactive intermediate to an amino acid in the active site.
What remains to be confirmed is whether or not serine 360 is the site of
modification, and the structure of the amino acid adduct. The complete
characterization of the protein adduct should aid in the identification of
the reactive intermediate. This in turn should confirm if the differences in
the sensitivity of P450 2B enzymes to 17EE-mediated inactivation are due
to differences in the pathways ofmetabolism or the location and identity of
amino acid residues in the active site.

5.3.2. Efavirenz

The reverse transcriptase inhibitor efavirenz is used in combination ther-
apy for the treatment of HIV-1. In humans efavirenz undergoes oxidative
hydroxylation to form primarily 8-hydroxyefavirenz, which may be
further metabolized to 8,14-dihydroxyefavirenz (Mutlib et al. 1999).
P450 2B6 is the principal catalyst of the 8-hydroxylation of efavirenz and
the formation of 8,14-dihydroxyefavirenz (Ward et al. 2003). The possibi-
lity for drug interactions with efavirenz is high, since efavirenz is always
used in combination therapy. In addition, patients receiving efavirenz
frequently take herbal and nutritional supplements and/or drugs for the
treatment of infections and other HIV-related disorders.

Efavirenz inactivated P450 2B6 in a time-, concentration-, and
NADPH-dependent manner with a KI of 30 mM and a t1/2 of 16min
(Bumpus et al. 2005). The inactivation followed pseudo first-order
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kinetics. The inactivation of P450 2B6 resulted in a significant loss in both
the amount of spectrally measurable enzyme and the amount of native
heme. Interestingly, the inactivation was completely reversible upon
24-hour dialysis, indicating that efavirenz is probably not a true MBI of
P450 2B6. The most likely cause of reversible inactivation is the formation
of a metabolite-intermediate (MI) complex; therefore, the authors looked
for the characteristic absorbance maximum at 455 nm that is typical for a
MI complex (Chatterjee and Franklin 2003). They did not observe an
absorbance maximum at 455 nm, instead they observed what appears to
be a type II binding spectra with an absorption maximum of 435 nm and a
minimum of 418 nm (Bumpus et al. 2005). Themechanism of the reversible
inactivation of P450 2B6 by efavirenz has not been yet characterized.

Interestingly, the primary metabolite of efavirenz, 8-hydroxyefavirenz,
inactivated P450 2B6 in a time-, concentration-, and NADPH-dependent
manner with kinetic parameters similar to those of efavirenz (Bumpus et
al. 2005). However, unlike efavirenz, 8-hydroxyefavirenz gave rise to
irreversible inactivation. Further studies on the inactivation of P450 2B6
by both efavirenz and 8-hydroxyefavirenz are currently ongoing
(Namandjé Bumpus, personal communication).

5.3.3. N,N0,N00-Triethylenethiophosphoramide (tTEPA)

tTEPA (Figure 5.2) was developed in the 1950s as a nonspecific antineo-
plastic agent used in the treatment of breast, bladder, and ovarian cancer
(Maanen, Smeets and Beijnen 2000). It is also used in high-dose che-
motherapy regimens when bone marrow toxicity is not an issue – for
example, in a bone marrow transplantation setting. tTEPA is metabolized
to its primary metabolite N,N0,N00-triethylenephosphoramide (TEPA) by
P450 2B6 and P450 3A4 in vitro (Jacobson et al. 2002). TEPA is the active
metabolite of tTEPA and is formed by oxidative desulfuration of tTEPA.
tTEPA is often co-administered with cyclophosphamide, a chemothera-
peutic pro-drug that requires P450-mediated 4-hydroxylation to exert its
alkylating activity. It was observed that if tTEPA is administered prior to
cyclophosphamide, the levels of 4-hydroxycyclophosphamide are greatly
reduced in the plasma (Huitema et al. 2000). Reduced metabolism of
cyclophosphamide was also observed in human liver microsomes when
tTEPA was co-incubated with cyclophosphamide.

Two laboratories have reported that tTEPA was an MBI of P450 2B6
(Harleton et al. 2004; Richter et al. 2005). Richter et al (2005) demon-
strated time-, concentration-, and NADPH-dependent loss in P450 2B6
activity in human liver microsomes and in membranes containing
overexpressed P450 2B6. They reported that P450 2B6 was the only P450
enzyme out of a panel of nine that was significantly inhibited by 10 mM
tTEPA. Harleton et al. (2004) used purified P450 2B6 expressed in
Escherichia coli in their studies and also observed time-, concentration-,
and NADPH-dependent inactivation. They reported a higher KI (50 mM)
than Richter et al. (3.8 mM). However, the inactivation was not linear over
time for the higher tTEPA concentrations used in the study by Richter
et al.(2005). Nonlinearity can significantly change the apparent kinetic
parameters and could possibly account for the 10-fold difference in KI
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between the two studies. A more important difference between these two
studies may be the use of different substrates to determine the extent of
inactivation. The substrate used by Harleton and co-workers was
7-ethoxycoumarin, and that used by Richter and co-workers was bupro-
pion. In the characterization of MBIs of the rat P450 2B1 it was reported
that different substrates in the secondary reaction resulted in different
levels of enzyme inactivation (Kent et al. 2004). A similar phenomenon
with P450 2B6 could give rise to the different kinetic parameters that have
been reported for tTEPA-mediated inactivation of P450 2B6.

Richter (2005) and Harleton (2004) also reported that different mechan-
isms were responsible for the inactivation of P450 2B6 by tTEPA. Richter et
al did not detect any loss in heme integrity after inactivation and therefore
concluded that inactivation was due to binding of a reactive intermediate to
the apoprotein. In contrast, Harleton et al concluded that inactivation
occurred by heme destruction. They detected a significant loss of intact
heme using three different methods: monitoring reduced CO spectrum,
quantification by high-performance liquid chromatography (HPLC) with
detection at 405 nm, and pyridine hemochrome analysis,. The loss of native
heme observed with the latter two methods correlated with the loss of
enzyme activity. Considering the differences in analysis and kinetic results
between these two studies, it is possible that inactivation of P450 2B6 by
tTEPA might occur through both heme and apoprotein modification. One
could reasonably propose that due to differences in substrate orientation
and size, an apoprotein adduct may not result in a detectable loss in
7-ethoxycoumarin activity (measured by Harleton) but might significantly
inhibit bupropion activity (measured by Richter). Therefore, Harleton et al
would detect enzyme inactivation only at higher concentration of tTEPA
that resulted in significant heme destruction.

These studies should draw attention to the need to be aware of the
potential effect of tTEPA-mediated inactivation of P4502B6 on the effi-
cacy of co-administered drugs (such as cyclophosphamide) that are meta-
bolized by P450 2B6. However, based on the differing outcomes of the two
studies discussed above, it is critical to determine the affect of tTEPA-
mediated inactivation of P450 2B6 on cyclophosphamide 4-hydroxylation.

5.3.4. Grapefruit Juice and Bergamottin

The first clinical study of the effects of grapefruit juice on the pharmaco-
kinetics of drugs was published in 1991 (Bailey et al. 1991). Since then
many studies on grapefruit juice–drug interactions have been published
including several reviews on the topic (Bailey and Dresser 2004; Dahan
and Altman 2004; Greenblatt et al. 2001; Guo and Yamazoe 2004; Saito
et al. 2005). Bergamottin, 60,70-dihydroxybergamottin, and bergapten are
major furanocoumarin components in grapefruit juice and were suggested
to play a role in the observed grapefruit juice–drug interactions. All three
compounds have been identified as MBIs of P450 3A4 in vitro (He et al.
1998; Schmiedlin-Ren et al. 1997; Tassaneeyakul et al. 2000). The major
mechanism of grapefruit juice interactions with most drugs is considered
to be inactivation of intestinal P450 3A4 by 60,70-dihydroxybergamottin
(Paine, Criss and Watkins 2005).
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Recently, Lin et al. reported that bergamottin was anMBI of P450 2B6
(Lin, Kent and Hollenberg 2005). The inactivation was irreversible, and
time-, concentration-, and NADPH-dependent. The KI was 5 mM, but in
the presence of cytochrome b5 decreased to 0.2 mM. The partition coeffi-
cient for the inactivation of P450 2B6 by bergamottin was 2. The low KI

and partition ratio clearly demonstrate that bergamottin is a potent inac-
tivator of P450 2B6; the most potent identified to date. Bergamottin
appears to be inactivating P450 2B6 by both heme destruction and apo-
protein adduct formation. The ratio of 14C-bergamottin metabolite bound
to apoprotein was determined to be 0.5–1. The fact that this value is less
than 1:1 is likely due to the contribution of heme destruction to enzyme
inactivation. As in other studies of the mechanism-based inactivation of
P450 2B6, it was not possible to determine the exact mass of the apoprotein
adduct by LC/MS analysis due to large errors in the mass assignment.
From the LC/MS data that was obtained, the adduct appeared to contain
bergamottin with two or three oxygen atoms attached to it. The potency of
inactivation of P450 2B6 by bergamottin is as great, or greater than that of
P450 3A4 by either bergamottin or 60,70-dihydroxybergamottin (He et al.
1998; Schmiedlin-Ren et al. 1997; Tassaneeyakul et al. 2000). Therefore,
grapefruit juice may significantly influence drugs that are primarily meta-
bolized by P450 2B6 as well as those metabolized by P450 3A4.

5.3.5. Phencyclidine

Phencyclidine, PCP or angel dust, became a popular drug of abuse in the
1960s. PCP was developed in the mid-1950s by Parke-Davis as an anes-
thetic, but due to severe psychotic side effects never made it to the market.
Mechanism-based inactivation of P450 enzymes by PCP was first reported
in studies with liver microsomes from phenobarbital-treated rabbits (Hoag
et al. 1984). More recently, mechanism-based inactivation of human P450
2B6 was reported (Jushchyshyn, Kent and Hollenberg 2003). PCP met all
the criteria for a MBI of P450 2B6 and the mechanism of inactivation
appeared to be through formation of adducts to the apoprotein. The
stoichiometry of binding of a PCP reactive metabolite to the P450 apo-
protein was approximately 5.5 nmol PCP per nmol P450. However, when
glutathione was present in the reaction mixture the stoichiometry of bind-
ing was reduced to 1:1. Neither glutathione nor CN– was able to protect
the enzyme from inactivation. The reactive intermediates responsible for
the loss in activity are not trapped by glutathione, giving rise to the 1:1
stoichiometry observed in the presence of glutathione.

The formation of covalent modification of biological macromolecules
during the metabolism of PCP was first observed with rabbit liver micro-
somes (Ward et al. 1982). The PCP iminium ion was proposed as the
reactive metabolite responsible. Hoag et al. (1984) investigated the
mechanism-based inactivation of rabbit liver microsomal enzymes by
PCP and concluded that the iminium ion required further metabolism to
inactivate these enzymes. They later showed that the PCP iminium ion was
metabolized by rabbit liver microsomes in a P450-dependent manner and
that this metabolism resulted in inactivation of one or more P450 enzymes
(Hoag et al. 1987). Similar results have been reported with purified rat

116 S.E. Murphy and L.B. von Weymarn



P450 2B1 (Crowley andHollenberg 1995). While the PCP iminium ion was
the major PCP metabolite formed by the rodent P450s, P450 2B6 metabo-
lized PCP primarily through oxidation of the cyclohexane ring (Jushchyshyn
et al. 2006). The PCP iminium ionwas aminor product of P450 2B6-catalyzed
PCP metabolism. Interestingly, P450 3A4 and 2D6 were not inactivated by
PCP although they metabolize PCP primarily to the iminium ion (Jushchy-
shyn et al. 2006). These data suggest that the iminium ion might not be the
precursor to the reactive intermediate that inactivates P450 2B6, and it has
been suggested that the true inactivating metabolite is a product of carbon
hydroxylation on the PCP cyclohexane ring (Jushchyshyn et al. 2006). So
despite much efforts the mechanisms of phencyclidine-mediated P450 inacti-
vation have not yet been elucidated.

Among the other seven compounds that have been identified asMBIs of
P450 2B6 (Table 5.1), three are drugs, clopidogrel, ticlopidine and tamox-
ifen (Richter et al. 2004; Sridar et al. 2002). These three are relatively
potent, but not specific inactivators of P450 2B6; Ki values are less than
1mM. In all cases, the integrity of the heme molecule was unaffected by
enzyme inactivation. Therefore, it has been proposed that the mechanism
of inactivation is apoprotein modification, but no direct evidence of a
protein adduct has been obtained. The mechanism of P450 2B6 inactiva-
tion for all the compounds that have been studied appears to be at least in
part due to covalent modification of the apoprotein, although heme
destruction clearly plays a role for some. However, neither a protein nor
a heme adduct of P450 2B6 has yet been characterized.

5.4. Inactivation of Cytochrome P450 2A Enzymes

Relatively few MBIs of P450 2A6 and P450 2A13 have been identified
(Table 4.1). This is partially due to the fact that these enzymes play aminor
role in drug metabolism (Guengerich 2003). Only a few drugs on the
market, such as valporic acid, lisigamone, 3,5-dimethyl-2-(3-pyridyl)-
thiazolidin-4-one (SM-12502), and pilcarbine (Endo et al. 2007; Pelkonen
et al. 2000) are primarily metabolized by P450 2A6. However, P450 2A6 is
the major catalyst of nicotine metabolism (Hukkanen, Jacob III and
Benowitz 2005) and both P450 2A6 and P450 2A13 are efficient catalysts
of the bioactivation of a number of carcinogens (Camus et al. 1993; He et
al. 2006; Jalas, Hecht and Murphy 2005; Wong et al. 2005a; Wong et al.
2005b). Therefore,MBIs of P450 2A6 and P450 2A13 have the potential to
be potent cancer chemopreventive agents.

There are three members of the P450 2A subfamily in humans: P450
2A6, P450 2A13, and P450 2A7, an orphan P450 enzyme (Guengerich
2003; Su et al. 2000). P450 2A13 and P450 2A6 are 94.5% identical,
differing by only 32 amino acids. P450 2A6 is primarily expressed in the
liver, and P450 2A13 is expressed throughout the respiratory tract but not
in the liver. These two closely related enzymes catalyze the metabolism of a
number of common substrates; for example, both are efficient coumarin
7-hydroxylases. However, with other substrates, the metabolic efficiency of
P450 2A6 and P450 2A13 often differs (Brown, vonWeymarn andMurphy
2005; Jalas, Hecht and Murphy 2005; Murphy, Raulinaitis and Brown
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2005; Su et al. 2000; Wong, Murphy and Hecht 2005). One of the more
striking differences was observed for the metabolic activation of the
tobacco carcinogen NNK (Su et al. 2000). P450 2A13 is a more than
500-fold more efficient catalyst of NNKmetabolism than is P450 2A6. In
addition, the site of substrate oxidation sometimes differs between these
two enzymes. For example, P450 2A6 catalyzes the metabolism of cou-
marin exclusively by 7-hydroxylation, whereas P450 2A13 efficiently
catalyzes both 7-hydroxylation and 30, 40-epoxidation of coumarin (von
Weymarn and Murphy 2003).

P450 2A6 catalyzes the conversion of nicotine, the primary addictive
agent present in tobacco, to cotinine, a nonaddictive metabolite (Hukka-
nen, Jacob III and Benowitz 2005). Inactivation of P450 2A6 should lead
to slower elimination of nicotine in smokers, and since smokers are
believed to titrate their smoking to maintain a minimum plasma nicotine
concentration, the treatment with a P450 2A6- specific MBI might lead to
a decrease in smoking (Sellers, Tyndale and Fernandes 2003b). The use of
8-methoxysporalen (8-MOP) for this purpose has been investigated and
will be discussed below (Sellers, Kaplan and Tyndale 2000). A decrease in
smoking, or the use of other tobacco products, would necessarily decrease
exposure to tobacco carcinogens and could therefore lower cancer risk. In
addition, P450 2A13 is likely the primary catalyst of NNK metabolism in
the lungs of smokers (Jalas, Hecht and Murphy 2005; Wong et al. 2005).
NNK is a lung carcinogen. Therefore, inactivation of P450 2A13 by a
potent and specific MBI might lead to a lower risk of lung cancer, and the
development of inactivators of P450s 2A6 and 2A13 may be a valid
chemoprevention approach with great potential to lower the lung cancer
risk in smokers.

Only a handful of MBIs of either P450 2A6 or P450 2A13 have been
studied in any detail: they are listed in Table 5.1. Two additional com-
pounds not listed, isoniazid and valporic acid, have been reported to be
MBIs of P450 2A6 based on NADPH- and time-dependent inactivation,
but no further characterization has been carried out (Wen et al. 2001; Wen
et al. 2002). The most potent MBI of P450 2A6 is (R)-(þ)-menthofuran
(Figure 5.3), a component of peppermint oil (Bertea et al. 2001) and a toxic
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Figure 5.3 Mechanism-based inactivators of P450 2A6 and P450 2A13.
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metabolite of the abortifacient (R)-(þ)-pulegone. The KI of inactivation
was �1.0 mM; kinact was 0.2min–1, the partition ratio was �3.5, and
covalent modification of the apoprotein was detected (Khojasteh-Bakht
et al. 1998). Menthofuran was highly selective for P450 2A6; P450s 1A2,
2D6, 2E1, and 3A4 were not inactivated at concentrations significantly
higher than those that lead to inactivation of P450 2A6.

5.4.1. 8-Methoxypsoralen

The furanocoumarin 8-MOP is, like menthofuran, a potent MBI of P450
2A6, with a KI of 0.9mM and kinact. of 1min–1 (Koenigs et al. 1997). The
partition ratio was 21, about sixfold greater than that for menthofuran.
Inactivation of the enzyme occurred by formation of a covalent adduct to
the apoprotein, which was detected using [14C]-8-MOP (Koenigs and
Trager 1998). The reactive metabolite responsible for adduct formation
was proposed to be a furanoepoxide; however, the structure of the adduct
has yet to be identified. More recently, we reported that 8-MOP is both an
inhibitor and an MBI of P450 2A13 (von Weymarn et al. 2005). Inter-
ference from potent inhibition of P450 2A13 by 8-MOP did not allow us to
determine the kinetic parameters of inactivation. However, the irreversible
time-dependent inactivation of P4502A13 by 8-MOPwas demonstrated by
using spin-column gel filtration to remove residual 8-MOP. P450 2A13,
like 2A6, was inactivated through the formation of adducts to the apopro-
tein. Covalently modified P450 2A13 protein was detected by electrospray
LC/MS analysis of P450 2A13 following 70% inactivation by 8-MOP. The
analysis detected both native P450 2A13 (theoretical mass 56,665) and a
co-eluting protein (theoretical mass of 56,888) (Figure 5.4). The 232 mass
difference between the proteins corresponds to the addition of one mole-
cule of 8-MOP with an additional oxygen atom. This mass is consistent
with the formation of a covalent adduct between P450 2A13 and
the furanocoumarin reactive metabolite proposed by Koenigs and
Trager (1998).

In experiments with human liver microsomes and enzyme-specific sub-
strates Koenigs et al. (1997) demonstrated that in addition to P450 2A6,
P450s 2C19 and P450 2E1 were inactivated by 8-MOP. In comparison to
P450 2A6, inactivation of these enzymes was very modest. Therefore, at
low concentrations 8-MOP appears to be a specific and potent MBI of
both P450 2A6 and 2A13. Sellers et al reported that 8-MOP inhibited P450
2A6-dependent clearance of nicotine in vivo in human subjects (Sellers,
Kaplan and Tyndale 2000). They also reported that 8-MOP increased the
amount ofNNKderived from cigarette smoke that was detoxified through
NNAL-glucuronidation (Sellers et al. 2003a). The observed increase in
NNK detoxification was attributed to a decrease in P450 2A6-mediated
NNK bioactivation. However, the interpretation of these data may be
more complicated. 8-MOP is a potent inhibitor of P450 1A2 (Zhang
et al. 2001), and P450 1A2 may contribute significantly to hepatic NNK
metabolism (Jalas, Hecht and Murphy 2005). Therefore, the observed
increase in NNAL-glucuronidation could be due to 8-MOP-mediated
inhibition of P450 1A2-catalyzed NNKmetabolism, not 8-MOP-mediated
inactivation of P450 2A6.
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5.4.2. Benzylisothiocyanate and Phenethylisothiocyanate

Isothiocyanates have been studied in some detail as chemopreventive
agents of NNK-induced lung carcinogenesis, and onemechanism of action
is inhibition of P450s (Hecht 2000). Isothiocyanates can inhibit P450
activity by three different mechanisms: (1) competitive inhibition, (2)
inactivation without P450 catalysis, or (3) as a mechanism-based inacti-
vator (Goosen, Mills and Hollenberg 2001; Hecht 2000; Nakajima et al.
2001). These multiple pathways of inhibition complicate the analysis of
isothiocyanates as potential MBIs. However, we have demonstrated that

Figure 5.4 Electrospray LC/MS analysis P450 2A13 apoprotein following inacti-
vation by 8-methoxypsoralen. Top panel: Total ion chromatograph of inactivated
sample. Bottom panel: Deconvoluted spectrum of inactivated P450 2A13 (insert is
an exposed control sample) (from von Weymarn et al. 2005).
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both benzylisothiocyanate (BITC) and phenethylisothiocyanate (PEITC)
inactivate P450 2A6 and 2A13 in a time- and NADPH-dependent manner
(von Weymarn, Chun and Hollenberg 2006b). This is in contrast to a
previous study that reported that PEITC inhibited, but did not inactivated,
P450 2A6 (Nakajima et al. 2001). The kinetic parameters for the inactiva-
tion of P450 2A6 by BITC were determined. The apparent KI of 28 mM
and a kinact of 0.055min–1 are similar to what has been reported for P450s
2B1 and 2E1 (Goosen, Mills and Hollenberg 2001; Moreno et al. 2001).
However, due to the potent inhibition of P450 2A13 by BITC, and
inhibition of both P450 2A6 and P450 2A13 by PEITC, the kinetic
parameters for the inactivation of P450 2A16 and 2A13 by these isothio-
cyanates could not be determined.

The inactivation of P450s 2A6 and 2A13 by BITC and PEITC was
irreversible and both compounds inactivated the enzymes exclusively
through the formation of adducts to the P450 apoprotein (von Weymarn,
Chun and Hollenberg 2006b). LC/MS analysis of the inactivated P450s
identified a covalently modified enzyme with an adduct that corresponded
to the isothiocyanate plus one oxygen atom. Nonspecific binding of the
isothiocyanate alone to the enzymes was also observed both in the absence
and presence of NADPH. Due to the potent inhibition of P450s 2A6
and 2A13 by BITC and PEITC, not all the criteria of mechanism-
based inactivation have been tested. However, the observed time- and
NADPH-dependent irreversible activity loss, and the NADPH-dependent
formation of covalent adducts to the P450 apoprotein, together with the
published data characterizing BITC and PEITC as MBIs of other P450
enzymes lead us to conclude that BITC and PEITC are MBIs of both P450
2A6 and P450 2A13.

5.4.3. Nicotine and Nicotine D50(10)iminium ion

As noted above, P450 2A6 is the primary catalyst of nicotine metabolism.
The major pathway of nicotine metabolism in smokers is conversion to
cotinine and subsequent metabolism to trans 30-hydroxycotinine. The first
step in the formation of cotinine is P450 2A6-catalyzed 50-oxidation to
generate the nicotine�50(10)iminium ion (Hukkanen, Jacob III and Benowitz
2005). P450 2A6 also catalyzes the 20 and methyl oxidation of nicotine
(Figure 5.5), but these are minor pathways. Conversion of the nicotine
�50(10)iminium ion to cotinine may be catalyzed by aldehyde oxidase or
P450 2A6 (Hukkanen, Jacob III and Benowitz 2005; von Weymarn,
Brown and Murphy 2006b). In vivo, cotinine is primarily metabolized to
trans 30-hydroxycotinine. However, in vitro both P450 2A6 and P450 2A13
also catalyze the formation of 50-hydroxycotinine and N-hydroxymethyl-
norcotinine (Figure 5.5) (Brown, von Weymarn and Murphy 2005). Sur-
prisingly, both P450 2A6 and P450 2A13 rather quickly catalyzed the
oxidation of nicotine all the way to trans-30-hydroxycotinine, 50-hydroxyco-
tinine, and N-hydroxymethylnorcotinine (Murphy, Raulinaitis and Brown
2005; von Weymarn, Brown and Murphy 2006a). We have suggested that
sequential oxidation of nicotine may occur without the intermediate pro-
ducts leaving the active site of the enzyme.
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We recently reported that nicotine irreversibly inactivates both P450
2A6 and 2A13 (von Weymarn, Brown and Murphy 2006a). The inactiva-
tion of P450 2A13 by nicotine was significantly faster than that of P450
2A6; the t1/2 values are 7min and 33min, respectively. The KI for the
inactivation of P450 2A13 by nicotine is 17 mM. TheKI for the inactivation
of P450 2A6 was estimated to be 21 mM. This is an estimate since inactiva-
tion was only linear over a very narrow range. The partition ratio for the
inactivation of P450 2A13 by nicotine was 33. No partition ratio was
determined for P450 2A6, since during the relatively long time required
for complete inactivation of P450 2A6 there was significant activity loss in
the absence of nicotine. Both enzymes were protected from nicotine-
mediated inactivation by alternate substrates. P450 2A13 inactivation
was irreversible and the exogenous nucleophile glutathione had no effect
on the inactivation. Irreversibility and the effect of exogenous nucleophiles
were not tested with P450 2A6. The mechanism of inactivation was inves-
tigated using [3H]-nicotine; however, no adducts to either the heme or the
apoprotein were observed. It was proposed that the adducts may be
unstable to the denaturing acidic conditions of the HPLC analyses.

Interestingly, significant inactivation of both P450 2A6 and P450 2A13
occurred after nicotine metabolism was complete (von Weymarn, Brown
and Murphy 2006a). Under conditions where 90% of the nicotine was
metabolized in 2minutes, there was only a 20% loss in activity. However,
the extent of P450 2A13 inactivation continued to increase for the next
15minutes. During those 15min the primary metabolite, the nicotine
�50(10)iminium ion, was further metabolized to cotinine, and cotinine was
metabolized to trans 30-hydroxycotinine, 50-hydroxycotinine, and N-hydro-
xymethylnorcotinine. These data lead us to suggest that the reactive species
responsible for nicotine-mediated enzyme inactivation was formed during

Figure 5.5 P450 2A6 and P450 2A13-catalyzed nicotine metabolism pathways.
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the oxidation of the �50(10)iminium ion to cotinine. This would suggest that
the nicotine �50(10)iminium ion is an MBI of P450 2A6 and P450 2A13. We
have observed time-, concentration-, and NADPH-dependent inactivation
of both P450 2A6 and 2A13 by the nicotine �50(10)iminium ion (unpublished
data). The nicotine �50(10)iminium ion did not inactivate either P450 2A6 or
P450 2A13 in the absence of NADPH. Experiments are ongoing to deter-
mine the mechanism of inactivation and to begin to characterize the effects
of this inactivation in vivo in smokers.

In summary, a number of compounds have been identified as MBIs of
P450 2A6 and P450 2A13, and certainly more will be characterized in the
future. It is likely that a component of grapefruit juice is an MBI of P450
2A6 (Tassaneeyakul et al. 2000) and that this compoundmay contribute to
the observed affect of grapefruit juice on nicotine clearance (Hukkanen,
Jacob III and Benowitz 2006). Mechanism-based inactivators of P450 2A6
and P450 2A13 may be useful compounds for both treating tobacco
addiction and as cancer chemopreventive agents. Based on our knowledge
MBIs of P450 2A enzymes, nicotine analogs and furan coumarin deriva-
tives appear to be the type of compounds that should be explored for this
purpose. It has been demonstrated in a mouse model that NNK-induced
lung tumorigenesis was inhibited by 8-MOP (Takeuchi et al. 2003). Pre-
sumably the protection from NNK-induced tumors was due to either
inhibition or inactivation of P450 2A5, the mouse orthologue of P450
2A6 and 2A13. P450 2A5 is an excellent catalyst of NNK bioactivation
(Jalas, Hecht and Murphy 2005). Also, as discussed above, smokers admi-
nistered 8-MOP decreased the number of cigarettes they smoked (Sellers,
Kaplan and Tyndale 2000).
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6.1. Cytochrome P450 and Oxidative Stress

The cytochrome P450 enzymes are a superfamily of hemeproteins that
serve as terminal oxidases in the mixed-function oxidase system for meta-
bolizing various endogenous substrates, such as steroids and fatty acids,
and xenobiotics including drugs, toxins, and carcinogens (Guengerich
1987). Many different enzymes belong to this P450 family; P450s are
present in virtually all living organisms. A systematic nomenclature system
was developed for the P450 family which is based on the sequence identity
of the different P450 sequences (Nebert et al. 1991; Nelson et al. 1996). The
enzymes are named CYP for cytochrome P450, followed by an Arabic
number denoting the family (more than 40% identity on the amino acid
sequence level), a letter designating the subfamily (more than 55% iden-
tity), and finally an Arabic numeral representing the individual gene in the
subfamily. The P450s catalyze many different chemical reactions including
monooxygenation (insertion of an atom of oxygen into the substrate),
peroxidation, reduction, dealkylation, epoxidation, and dehalogenation
(Porter and Coon 1991; Rendic and Dicarlo 1997; Guengerich 2001).
Many different compounds of diverse structure can be metabolized by
P450 enzymes. A major function of P450-catalyzed reactions is to convert
a compound into a more polar metabolite that can be easily excreted
directly by the organism or conjugated by phase II enzymes into more
polar excretable metabolites. With some compounds, for example, carbon
tetrachloride or acetaminophen, metabolism by P450 can give rise to toxic
metabolites which damage cells. For P450s to function catalytically,
flavoprotein reductases such as NADPH-cytochrome P450 reductase,
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adrenodoxin, adrenodoxin reductase, are necessary to transfer electrons
fromNADPH or NADH to reduce the heme from the ferric redox state to
the ferrous state. The latter is necessary to bind molecular oxygen to form
the oxygenated P450 complex that catalyzes the diverse chemical reactions
mentioned above (Lewis and Pratt 1998). Cytochrome b5may also play an
important role in electron transfer to certain P450s.

It is important to recognize that oxygen activation by P450, necessary
for the enzymes catalytic function, can also result in the production of
reactive-oxygen species (ROS). Small amounts of the superoxide anion
radical (O2

–) can be produced from decay of the oxygenated P450
complex, while hydrogen peroxide (H2O2) can form from either dismu-
tation of O2

– or from decay of the peroxy P450 complex (Loida and
Sligar 1993; Kuthan and Ullrich 1982; White 1991). Reactive oxygen
species have been implicated in many of the major diseases that plague
mankind, including the toxicity of O2 itself; hyperbaric O2; ischemia-
reperfusion injury; cardiovascular diseases; atherosclerosis; carcinogen-
esis; diabetes; neurodegenerative diseases, including Parkinsons disease
and Alzheimer’s disease; toxicity of heavy metals, for example, iron;
asbestos injury; radiation injury; vitamin deficiency; drug (e.g., redox
cycling agents) toxicity; aging; inflammation; smoke toxicity; emphy-
sema; and toxicity of acute and chronic ethanol treatment (Knight 1998;
Kehrer 1993; Bondy 1992; Nordman, Riviere and Rouach 1992; Ceder-
baum 2001). Reactive-oxygen species can be produced from many
systems in cells including the mitochondrial respiratory chain (Chance,
Sies and Boveris 1979); the cytochrome P450s (White 1991; Blanck et al.
1991); oxidative enzymes such as xanthine oxidase, aldehyde oxidase,
cyclooxygenase, monoamine oxidase, the NADPH oxidase complex
(Toykuni 1999; De Groot 1994); autooxidation of heme proteins such
as ferrohemoglobin or myoglobin or biochemicals such as catechola-
mines, quinones, or tetrahydrobiopterins. In addition to these cellular
sources of ROS, environmental sources of ROS include radiation, UV
light, smoke, and certain drugs which are metabolized to radical inter-
mediates or which can redox cycle. Reactive oxygen species are toxic to
cells because they can react with most cellular macromolecules inactiv-
ing enzymes or denaturing proteins, causing DNA damage such as
strand breaks, base removal, or base modifications which can result in
mutation, peroxidation of lipids which can result in destruction of
biological membranes and produce reactive aldehydic products such as
malondialdehyde or 4-hydroxynonenal (Nakazawa, Genka and
Fujishima 1996; McCord 1998). A variety of enzymatic and nonenzy-
matic mechanisms have evolved to protect cells against ROS, including
the superoxide dismutases, which remove O2

–; catalase and the
glutathione (GSH) peroxidase system which remove H2O2; glutathione
transferases which can remove reactive intermediates and lipid alde-
hydes, metallothioneins, heme oxygenase, thioredoxin which remove
various ROS; ceruloplasmin and ferritin which help remove metals
such as iron which promote oxidative reactions; nonenzymatic, low-
molecular-weight antioxidants such as GSH itself, vitamin E, ascorbate
(vitamin C), vitamin A, ubiquinone, uric acid, bilirubin (Halliwell 1999;
Yu 1994). Oxidative stress or toxicity by ROS reflects a balance between
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the rates of production of ROS compared to the rates of removal of
ROS plus repair of damaged cellular macromolecules. While excess ROS
can cause toxicity, macrophages and neutrophils contain an NADPH
oxidase which produces ROS to destroy foreign organisms (Rosen et al.
1995), and the enzyme myeloperoxidase catalyzes a reaction between
H2O2 and chloride to produce the powerful oxidant hypochlorite
(bleach) to help destroy foreign invaders. In addition, ROS at low
concentrations, especially H2O2, may be important in signal transduc-
tion mechanisms in cells, and thus be involved in cellular physiology and
metabolism (Lander 1997).

6.2. Alcohol, Oxidative Stress and Cell Injury

The ability of acute and chronic ethanol treatment to increase production
of ROS and enhance peroxidation of lipids, protein, and DNA has been
demonstrated in a variety of systems, cells, and species, including humans.
Much has been learned about alcohol metabolism, the various enzymes
and pathways involved, and how alcohol, directly via its metabolism, or
indirectly via its solvent-like action affecting cellular membranes impacts
on cell function. Yet, despite this tremendous growth in understanding
alcohol metabolism and actions, the mechanism(s) by which alcohol
causes cell injury are still not clear. A variety of leading mechanisms
have been briefly summarized (Cederbaum 2001; Bondy 1992; Nordman,
Riviere and Rouach 1992), and it is likely that many of them ultimately
converge as they reflect a spectrum of the organism’s response to the
myriad of direct and indirect actions of alcohol. A major mechanism
that is a focus of considerable research is the role of lipid peroxidation
and oxidative stress in alcohol toxicity. Many pathways have been sug-
gested to play a key role in how ethanol induces ‘‘oxidative stress’’. Some of
these include redox state changes (decrease in the NADþ/NADH redox
ratio) produced as a result of ethanol oxidation by alcohol and aldehyde
dehydrogenases; production of the reactive product acetaldehyde as a
consequence of ethanol oxidation by all major oxidative pathways;
damage to mitochondria which results in decreased ATP production;
direct or membrane effects caused by hydrophobic ethanol interaction
with either phospholipids or protein components or enzymes; ethanol-
induced hypoxia, especially in the pericentral zone of the liver acinus as
oxygen is consumed in order for the liver to detoxify ethanol via oxidation;
ethanol effects on the immune system, and altered cytokine production;
ethanol-induced increase in bacterial-derived endotoxin with subsequent
activation of Kupffer cells; ethanol induction of CYP2E1; ethanol mobi-
lization of iron which results in enhanced levels of low-molecular-weight
non-heme iron; effects on antioxidant enzymes and chemicals, particularly
mitochondrial and cytosolic glutathione; one-electron oxidation of etha-
nol to the 1-hydroxy ethyl radical; conversion of xanthine dehydrogenase
to the xanthine oxidase form. Again, many of these pathways are not
exclusive of one another and it is likely that several, indeed many, systems
contribute to the ability of ethanol to induce a state of oxidative stress.
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What is the evidence that ethanol-induced oxidative stress plays a role
in cell injury? While many studies have shown increases in lipid peroxida-
tion or protein carbonyl formation by alcohol, it is not always clear if these
are causes of or consequences of the alcohol-induced tissue injury.
Nevertheless, there are many studies which show that administration of
antioxidants or iron chelators or GSH-replenishing agents can prevent or
ameliorate the toxic actions of alcohol. The most convincing data that
oxidative stress contributes to alcohol-induced liver injury comes from the
studies using the intragastric infusion model of alcohol administration. In
these studies, alcohol-induced liver injury was associated with enhanced
lipid peroxidation, protein carbonyl formation, formation of the 1-hydro-
xyethyl radical, formation of lipid radicals, and decreases in hepatic
antioxidant defense especially GSH (Knecht et al. 1995; Tsukamoto and
Lu 2001; Iimuro et al. 2000; Nanji et al. 1994; Morimoto et al. 1994).
Replacement of polyunsaturated fat (required for lipid peroxidation to
occur) with saturated fat or medium chain triglycerides in the diets fed to
rats intragastrically, lowered or prevented the lipid peroxidation, and the
alcohol-induced liver injury. Thus, alcohol plus polyunsaturated fat was
required for the injury to occur. Addition of iron, known to generate OH
and promote oxidative stress, to these diets exacerbated the liver injury
(Tsukamoto et al. 1995). Importantly, addition of antioxidants such as
vitamin E, ebselen, superoxide dismutase, GSH precursors, prevented the
alcohol-induced liver injury. Because alcohol-induced liver injury has been
linked to oxidative stress, we investigated the effect of a compromised
antioxidant defense system, copper–zinc superoxide dismutase (Sod1)
deficiency on alcohol-induced liver injury (Kessova et al. 2003). C57BL/
SV129 wild-type and Sod1 knockout mice were fed dextrose or ethanol
(10% total calories) liquid diets for 3 weeks. Histological evaluation of the
liver showed the development of liver injury ranging frommild to extensive
centrilobular necrosis and inflammation. Alanine aminotransferase levels
were elevated only in the Sod1 knockouts fed ethanol and not in the other
three groups (Figure 6.1). Hepatic ATP levels were lowered only in the
Sod1 knockout mice fed ethanol (Figure 6.1), and oxidative and nitrosa-
tive stress was found in their livers. Thus a rather moderate ethanol
consumption promoted oxidative stress and liver injury in Sod1 knockout
mice indicating that compromised antioxidant defense promotes alcohol
liver injury.

In addition to these in vivo studies, in vitro studies with hepatocytes also
showed that ethanol can produce oxidative stress and hepatocyte toxicity.
Studies with isolated hepatocytes from control rats or chronic ethanol-fed
rats indicated that ethanol metabolism via alcohol dehydrogenase results
in an increase in ROS production, hepatocyte injury, and apoptosis, reac-
tions blocked by antioxidants (Adachi and Ishii 2002; Bailey and Cunning-
ham 2002). Studies in our laboratory with HepG2 cell lines expressing
CYP2E1 showed that addition of ethanol or polyunsaturated fatty acids
(PUFAs) or iron, or depletion of GSH, resulted in cell toxicity, increased
oxidative stress, and mitochondrial damage, reactions prevented by anti-
oxidants (Wu and Cederbaum 1999). Since CYP2E1 plays a role in etha-
nol-induced oxidant stress and is a minor pathway of ethanol oxidation,
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the biochemical and toxicological properties of CYP2E1 will form the
basis for the remainder of this review.

6.3. CYP2E1 and the Microsomal Ethanol-Oxidizing System

Alcohol dehydrogenase is the major enzyme pathway for oxidizing ethanol
to acetaldehyde. The morphological observations that chronic ethanol
treatment causes proliferation of the liver smooth endoplasmic reticulum
(ER) suggested that ethanol, similar to certain xenobiotics which are
metabolized by cytochrome P450, may also be metabolized by P450
(Lieber 1999). A microsomal ethanol-oxidizing system (MEOS) was char-
acterized by Lieber and associates and shown to be dependent on P450
(Lieber 1997). The Km for ethanol oxidation by the MEOS (about 10mM)
was about an order of magnitude greater than the Km for ethanol by
alcohol dehydrogenase. Acetaldehyde is the product resulting from ethanol
oxidation by MEOS, and it is clear that MEOS represents a minor path-
way of ethanol oxidation, probably accounting for less than 10% of the
liver capacity to oxidize ethanol (Lieber and DeCarli 1972). Importantly,
activity of MEOS is enhanced after chronic ethanol treatment, partly due
to an increased total content of P450, and partly due to induction of
CYP2E1, a member of the P450 family with high catalytic activity with
ethanol (Lieber 1997). Induction of MEOS may play an important role in
the metabolic tolerance found after chronic ethanol treatment, that is, the
increased capacity to oxidize ethanol. While there was early controversy
over the nature of MEOS, the purification of an ethanol-inducible form of
P450 from rabbit liver microsomes firmly established the role of P450 in
MEOS (Koop et al. 1982). Ethanol-inducible P450s have been isolated
from many species and while several P450s may be induced by ethanol, the
major inducible P450 is now referred to as CYP2E1.

Figure 6.1 Levels of serum ALT (A) and hepatic ATP (B) in Sod1þ/þ and Sod1–/– mice fed ethanol or
dextrose diets. * indicates P< 0.05 compared with correspondent control, using one-way ANOVA followed
by Student–Newman–Keuls post-hoc test.
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6.3.1. CYP2E1 Localization

CYP2E1 is mainly found in the liver but significant amounts are also found
in most organs, including the brain (Hansson et al. 1990). Within the liver
acinus, the levels of CYP2E1 are highest in the centrilobular zone of the
liver (Ingelman-Sundberg et al. 1988). This is of interest because toxins such
as ethanol, acetaminophen, nitrosamines, and carbon tetrachloride prefer-
entially destroy the centrilobular liver region. CYP2E1 is expressed mainly
in the hepatocytes of the liver; however, significant amounts are also found
in theKupffer cells (Koop,Chernosky andBrass 1991), and hepatocyte and
Kupffer cell CYP2E1 are inducible, for example, by ethanol. CYP2E1, like
other xenobiotic-metabolizing P450s, is mainly located in the membrane of
the ER, where it is anchored and retained through its hydrophobic NH2-
terminus, leaving the large COOH-terminal domain including the catalytic
site exposed to the cytosol. CYP2E1 has also been detected in other cellular
compartments such as the plasma membrane (Loeper et al. 1990, 1993; Wu
and Cederbaum 1992). CYP2E1 located at the plasma membrane has been
suggested to play a role in the immune-mediated hepatotoxicity observed in
patients suffering from alcoholic liver disease (ALD) (Eliasson and Kenna
1996; Bourdi et al. 1996; Lytton et al. 1999). CYP2E1 was shown to be
transported out of the ER to the Golgi apparatus, with subsequent transfer
to the plasma membrane (Neve et al. 1996; Neve and Ingelman-Sundberg
2000). Removal or modification of the hydrophobic NH2-terminal trans-
membrane domain of CYP2E1 resulted in specific targeting to the mito-
chondria. After mitochondrial import and processing, a soluble and
catalytically active protein, called �2E1 (Mr � 40 kD), was formed. Low
levels of �2E1 were also observed in mitochondria isolated from rat liver,
thus showing that �2E1 is present in vivo. Removal or modification of the
NH2-terminus of CYP2E1 results in the exposure of a mitochondrial
targeting signal that directs the protein to themitochondria. Themitochon-
drial targeting signal was identified and demonstrated to be located
between amino acid residues 74 and 95, an area rich in positively charged
amino acid residues and also containing a hydrophobic region (Neve and
Ingelman-Sundberg 1999).

6.3.2. CYP2E1 Substrates

Perhaps the most important endogenous substrate of CYP2E1 is acetone
which is converted to acetol andmethylglyoxal three-carbon intermediates
which can ultimately produce glucose (Koop and Casazza 1985). Blood
levels of acetone under fasting conditions were elevated up to 50-fold in
transgenic mice lacking CYP2E1 as compared to wild-type mice indicating
the critical role of CYP2E1 in acetone metabolism (Bondoc et al. 1999).
Other endogenous compounds that can be metabolized by CYP2E1
include fatty acids such as linoleic and arachidonic acids (AA) (Laethem
et al. 1993) and lipid peroxidation-derived hydrocarbon gases such as
pentane and hexane (Terelius and Ingelman-Sundberg 1986). With respect
to exogenous substrates, CYP2E1 metabolizes a variety of small, hydro-
phobic substrates including solvents such as chloroform and carbon tetra-
chloride, aromatic hydrocarbons such as benzene and toluene, alcohols
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such as ethanol and pentanol, aldehydes such as acetaldehyde,
halogenated anesthetics such as enflurane and halothane, nitrosamines
such as N,N-dimethylnitrosamine and drugs such as chlorzoxazone and
acetaminophen. Table 6.1, adapted from Koop (1992), Lieber (1997),
Raucy, Kraner and Lasker (1993), Tanaka et al. (2000), Ronis et al.
(1996), Bolt et al. (2003), summarizes some of the substrates which are
effectively metabolized by CYP2E1. From a toxicological point of view,
interest in CYP2E1 revolves around the ability of this P450 to metabolize
and activate many toxicologically important compounds such as ethanol,
carbon tetrachloride, acetaminophen, benzene, halothane, and many
other halogenated substrates. Procarcinogens including nitrosamines and
azo compounds are effective substrates for CYP2E1; for example,
CYP2E1 is a low Km dimethylnitrosamine demethylase in contrast to
other forms of P450 which exhibit a high Km for dimethylnitrosamine
(Yang et al. 1990). Toxicity by the above compounds is enhanced after
induction of CYP2E1, for example, by ethanol treatment, and toxicity is
reduced by inhibitors of CYP2E1 or in CYP2E1 knockout mice (Lee et al.
1996). Of the substratesmentioned in Table 6.1, chlorzoxazone is of special
value as its hydroxylated product can readily be assayed in the blood and
the ratio of 6-hydroxychlorzoxazone/chlorzoxazone is widely used to
assess the approximate levels of CYP2E1 in humans, including alcoholics
(Girre et al. 1994).

Molecular oxygen itself is likely to be a most important substrate for
CYP2E1. CYP2E1, relative to several other P450 enzymes, displays high
NADPHoxidase activity as it appears to be poorly coupled withNADPH-
cytochrome P450 reductase (Gorsky, Koop and Coon 1984; Ekstrom and
Ingelman-Sundberg 1989). CYP2E1 was the most efficient P450 enzyme in
the initiation of NADPH-dependent lipid peroxidation in reconstituted
membranes among five different P450 forms investigated. Furthermore,
anti-CYP2E1 immunoglobulin G (IgG) inhibited microsomal oxidase
activity and microsomal lipid peroxidation dependent on P450, but not
lipid peroxidation initiated by the action of NADPH-cytochrome P450
reductase (Ekstrom and Ingelman-Sundberg 1989). In our laboratory, we
found that microsomes isolated from rats fed ethanol chronically were
about twofold to threefold more reactive in generating superoxide radical
and H2O2, and in the presence of ferric complexes, in generating hydroxyl
radical and undergoing lipid peroxidation (Dicker and Cederbaum 1987;
Klein et al. 1983; Puntarulo and Cederbaum 1988; Rashba-Step, Turro
and Cederbaum 1993). CYP2E1 levels were elevated about threefold to
fivefold in the liver microsomes after feeding rats the Lieber–DeCarli diet
for 4 weeks. Mixed-function oxidase systems produce an oxidant that
reacts with proteins to inactivate them and to generate protein carbonyls,
a consequence of oxidation of certain amino acids such as histidine resi-
dues. This inactivation sensitizes the protein for eventual degradation by
cellular proteinases and is important in protein turnover. Microsomes
isolated from the ethanol-fed rats were twice as reactive as those isolated
from pair-fed or chow-fed rats in catalyzing inactivation of added
enzymes, such as lactic dehydrogenase, alcohol dehydrogenase, or pyruvic
kinase, in the presence of ferric-ATP or ferric-citrate (Dicker and
Cederbaum 1988). Similarly, microsomes isolated from the ethanol-fed
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rats were more reactive in catalyzing DNA strand cleavage when plasmid
DNA was added to the microsomal incubation system (Kukielka and
Cederbaum 1994).

In all the above systems, the enhanced effectiveness of microsomes
isolated from the ethanol-fed rats was prevented by addition of chemi-
cal inhibitors of CYP2E1 and by polyclonal antibody raised against
CYP2E1 purified from pyrazole-treated rats, confirming that the
increased activity in these microsomes was due to CYP2E1. Validation
for the production of the appropriate oxidant (e.g., hydroxyl radical)
was obtained by use of appropriate antioxidant molecules (e.g., cata-
lase, superoxide dismutase, competitive hydroxyl radical-scavenging
agents, vitamin E, glutathione).

CYP2E1 is a minor pathway of ethanol oxidation as it catalyzes the
two-electron oxidation of ethanol to acetaldehyde. Interestingly, acetalde-
hyde is also a substrate for CYP2E1 and is oxidized to acetate; thus,
CYP2E1 can, at least theoretically, catalyze the oxidation of ethanol to
acetate (Terelius et al. 1991). However, this oxidation is likely to be
negligible in the presence of ethanol, the substrate which generates acet-
aldehyde (Wu, Salmela and Lieber 1998). CYP2E1 can also promote the
one-electron oxidation of ethanol to the 1-hydroxyethyl radical (Albano
et al. 1987, 1991). The mechanism for this oxidation is not clear but
appears to involve the oxidase activity of CYP2E1 rather than a direct
metabolism by CYP2E1, since production of the hydroxyethyl radical is
inhibited by ROS scavengers such as superoxide dismutase and catalase
(Knecht, Thurman and Mason 1993; Rao et al. 1996). Detection of the
1-hydroxyethyl radical in the bile after administration of ethanol to
rodents has been the most valuable assay for determining ethanol-induced
radical formation and oxidant stress in vivo (Knecht et al. 1995; Reinke
et al. 1987). Formation of the 1-hydroxylethyl radical may play a role in
the development of liver damage produced by ethanol, perhaps via forma-
tion of protein adducts with subsequent autoantibody formation (Albano
et al. 1996; Clot et al. 1996).

6.3.3. CYP2E1 Polymorphisms

The CYP2E1 gene is polymorphically distributed and 10 polymorphic loci
on the human CYP2E1 gene have been reported (Harada et al. 2001). No
significant difference was observed in drinking behavior and susceptibility
to alcohol in terms of frequencies of genotypes and alleles among Japanese
subjects (Itoga et al. 1999). To date, there does not appear to be any
relationship between allelic forms of the CYP2E1 gene and the incidence
of ethanol-mediated liver cirrhosis. No differences in gene expression were
observed when reporter constructs of various CYP2E1 variant alleles were
transfected into transformed cell lines (Badger et al. 2003). Many epide-
miologic studies have been carried out to try to relate various CYP2E1
polymorphic alleles to numerous types of cancers (stomach, lung, color-
ectal, pancreatic, hepatic, renal, oval), but obvious and significant rela-
tionships have been difficult to observe. For a recent review on CYP2E1
polymorphisms, the reader is referred to Bolt, Koos and Their (2003).
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6.3.4. Induction of CYP2E1

Many of the substrates for CYP2E1 can induce their own metabolism.
This was initially observed with ethanol, which is a substrate for CYP2E1
and elevates CYP2E1 levels (Lieber 1997, 1999). In fact, these two proper-
ties explain the ability of ethanol to inhibit the metabolism of certain
substrates when the alcohol is present; that is, ethanol and the substrate
compete for oxidation by CYP2E1, and for ethanol to increase the meta-
bolism of substrates when it is no longer present to compete, but the
ethanol treatment elevated the levels of the CYP2E1 catalyst. Ethanol
can be oxidized by other P450s besides CYP2E1, notably CYPs 3A and
IA, and ethanol treatment can elevate the levels of these CYPs (Asai et al.
1996; Salmela et al. 1998). A variety of heterocyclic compounds such as
imidazole, pyridine, pyrazole, 4-methylpyrazole (4-MP), thiazole, and
isoniazid have been shown to elevate CYP2E1 levels as do solvents such
as dimethylsulfoxide, various alcohols, benzene, and acetone (Song et al.
1986, 1996, Song 1995). These low-molecular-weight compounds have
been used in vivo or in vitro to elevate or help prevent loss of CYP2E1
under tissue culture conditions, and their mode of mechanism will be
discussed below.

CYP2E1 can also be induced under a variety of metabolic or
nutritional conditions. For example, CYP2E1 levels were elevated in
chronically obese, overfed rats and in rats fed a high-fat diet (Raucy
et al. 1991; Yun et al. 1992). Somewhat paradoxical, in rats levels of
CYP2E1 were increased by fasting and by prolonged starvation (Hong
et al. 1987; Johansson et al. 1990). Diabetes has been reported to
increase the expression of CYP2E1 mRNA and protein levels several
fold (Woodcroft et al. 2002). This may be related to actions of insulin
which downregulated CYP2E1 expression at the post-transcriptional
level in a rat hepatoma cell line (DeWaziers et al. 1995; Peng and
Coon 1998) and in rat hepatocyte culture (Woodcroft and Novak
1997). CYP2E1 levels were elevated in liver and kidney microsomes
of rats treated with streptozocin (Shimojo et al. 1993). CYP2E1
induction in diabetes may be associated with the elevated production
of ketone bodies (Bellward et al. 1987). The carbohydrate content of
the diet influences CYP2E1 levels as a low-carbohydrate diet
increased the extent of induction of MEOS by ethanol (Teschke,
Moreno and Petrides 1981) and high-fat/low-carbohydrate diets
resulted in the highest levels of CYP2E1 induced by ethanol (Yoo
et al. 1991). In this respect, it is interesting that alcohol-induced liver
injury is magnified in diets with very low levels of carbohydrate and
high levels of fat (Badger et al. 1998; Lindros and Jarvelainen 1998).

Besides insulin, other hormones can affect CYP2E1 levels. Hypophy-
sectomy and triiodothyronine increase CYP2E1 protein and mRNA levels
in contrast to insulin which lowers them (Peng and Coon 1998; Hong et al.
1990). In primary rat hepatocyte cultures, glucagon lowered CYP2E1
levels by accelerating turnover of the CYP2E1 protein by a cyclic AMP-
dependent process (Eliasson, Mkrtachian and Ingelman-Sunberg 1992).
Testosterone increased renal but not hepatic, CYP2E1 levels (Hoivik
et al. 1995).
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Nonalcoholic steatohepatitis (NASH) is a condition characterized by
hepatomegaly, elevated serum aminotransferase levels, and a histologic
picture similar to alcoholic hepatitis (Reid 2001). Oxidative stress and lipid
peroxidation is one of the critical factors involved in the genesis and
probably the progression of NASH (Weltman et al. 1998). In a mouse
model of NASH, hepatic CYP2E1 was upregulated, and this was asso-
ciated with a dramatic increase in total lipid peroxide levels that were
substantially inhibited by anti-CYP2E1 antibody (Leclereq et al. 2000).
However, it is now recognized that NASH also develops in CYP2E1
knockout mice as other CYPs, notably CYP4A10 and CYP4A14 were
upregulated (Leclereq et al. 2000). An integrated concept whereby either
CYP2E1 or CYP4A or both play key roles in ROS production and con-
tribute centrally to the pathogenesis of NASH was recently proposed
(Robertson, Leclereq and Farrell 2001).

6.3.5. Regulation of CYP2E1

Considerable data have been reported elucidating the molecular mechan-
ism of CYP2E1 regulation by exogenous compounds as well as during
pathophysiological conditions. CYP2E1 is regulated by multiple, distinct
regulatory mechanisms (Koop and Tierney 1990; Ronis et al. 1991; Song
1995, Song et al. 1996). The CYP2E1 gene is under transcriptional control
during development. In rats, immediately after birth, it is activated and is
maximally transcribed within the first week. Upon fasting or induced
diabetes, the mRNA for 2E1 is increased several fold (Song et al. 1987).
It was suggested, from nuclear run-on transcription assays, that this
increase is due to post-transcriptional mRNA stabilization. Although
these mechanisms have been established, the regulation of CYP2E1 by
the small diverse group of chemicals is less clear. At one fixed time point
(24 h) after administration of ethanol, acetone, or pyrazole to rats, Song et
al. found that mRNA levels did not increase (Song et al. 1986). The
mechanism of induction was, therefore, suggested to be at the level of
protein degradation. Unlike other major classes of cytochrome P450
(especially, class I–IV family members) which can be transcriptionally
activated by their respective inducers, CYP2E1 is not transcriptionally
activated by an acute bolus dose or chronic administration of ethanol,
acetone, or other exogenous inducing agents. Although elevation of
CYP2E1 mRNA levels has been reported (Tsutsumi et al. 1989), most
investigators reported little induction or slight reduction of CYP2E1
mRNA level after ethanol administration (Song et al. 1986, 1996; Johansson
et al. 1988). From in vivo data of CYP2E1 turnover in rats chronically
treated with acetone (Song et al. 1989) and in vitro hepatocyte culture
systems (Eliasson, Johansson and Ingelman-Sundberg 1988; Wu et al.
1990), exogenous CYP2E1 inducers such as acetone, ethanol, imidazole,
and 4-MP were shown to increase CYP2E1 by protein stabilization. Using
in vivo radiolabeling of CYP2E1 followed by immunopurification, the turn-
over rate of CYP2E1 was determined. Under normal conditions, CYP2E1
was degraded by two phases with a short half-life of 7 h and a longer half-
life of 37 h However, after chronic acetone administration, the rapid
phase of degradation was abolished, while the slower phase with the
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same half-life of 37 h was still observed. These data indicated that
acetone, a substrate of CYP2E1, stabilizes the enzyme by inhibiting
the rapid phase of its degradation (Song et al. 1989).

However, different results have been reported to suggest alternative
mechanisms of CYP2E1 regulation. Tsutsumi et al. (1993) reported that
ethanol induces CYP2E1 by increasing the rate of CYP2E1 protein synth-
esis without changing its half-life (a single half-life of 27 h). It was also
suggested that CYP2E1 may be degraded in the ER (Eliasson, Johansson
and Ingelman-Sundberg 1990). Furthermore, ethanol, at high concentra-
tions (>300mg dl–1) achieved by the intragastric infusion model, induced
the CYP2E1 gene transcriptionally (Ronis et al. 1993). It is of interest to
note that ethanol (up to 1.5M concentration) did not change the level of
CYP2E1 mRNA despite a fivefold elevation of CYP2E1 protein and its
activity in a FGC-4 hepatoma culture system (McGehee et al. 1994). The
various differences discussed above may result from different model sys-
tems utilized. Using an in vivo rat model of alcohol withdrawal, Roberts
et al. (1994, 1995) recently reported that ethanol increases CYP2E1 by
protein stabilization. This phenomenon was observed not only in the liver
but also other extrahepatic tissues such as kidney, brain, and intestine. In
addition, CYP2E1 protein stabilization appeared dependent upon blood
alcohol or acetone concentration. Furthermore, a turnover study, using in
vivo radiolabeling of CYP2E1 with (14C) NAHCO3 and immunopurifica-
tion, demonstrated that ethanol treatment abolished the rapid phase of
CYP2E1 degradation while biphasic degradation of CYP2E1 was
observed in the control animals (Roberts, Shoaf and Song 1995).

Our laboratory has investigated the increase in CYP2E1 levels by
ligands such as pyrazole or 4-MP. Under a variety of reaction conditions
(dose, time after in vivo administration) or co-administration with strep-
tozotocin which stabilizes CYP2E1 mRNA, or administration to neonates
in which active CYP2E1 transcription is occurring, pyrazole and 4-MP
elevated liver and kidney CYP2E1 immunoreactive protein and catalytic
activity in the absence of an increase in CYP2E1 mRNA levels (Winters
and Cederbaum 1992; Wu and Cederbaum 1993a,b). In isolated rat hepa-
tocyte cultures, CYP2E1 mRNA and protein levels and CYP2E1 catalytic
activity rapidly declined with time in culture. Addition of pyrazole or
4-MP slowed the decline in CYP2E1 protein and activity, without any
effect on CYP2E1 mRNA levels (Wu et al. 1990). Similarly, McGhee et al.
(1994) reported the half-life of CYP2E1 in a hepatoma cell line to be 1.8 h
in the absence of ethanol and 45 h in the presence of ethanol. In ourHepG2
cell model, the half-life of CYP2E1 was about 3 h, and this was increased
by glycerol, DMSO, ethanol, and 4-MP (Yang and Cederbaum 1997a). It
is clear that amajor level of regulation of CYP2E1 formation appears to be
post-transcriptional as various substrates and ligands increase the content
of CYP2E1 by protection against rapid degradation by intracellular pro-
teolytic pathways.

What triggers CYP2E1 turnover and the nature of the proteases respon-
sible for its degradation is not clear. Two different pathways have been
reported in the literature. Ingelman-Sundberg and co-workers reported
that cAMP-dependent phosphorylation of CYP2E1 is followed by heme
loss and subsequent apoprotein degradation by serine proteases present in
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the ER which exhibit proteolytic activities, in vitro, toward detergent-
solubilized rat liver CYP2E1 (Eliasson, Johansson and Ingelman-
Sundberg 1990; Eliasson, Mkrtachian and Ingelman-Sundberg 1992;
Zhukov, Werlinder and Ingelman-Sundberg 1993). Substrates and ligands
are postulated to prevent CYP2E1 from rapid degradation by blocking the
recognition sites of phosphorylation. Tierney, Haas and Koop (1992)
using an in vivo mouse model showed that 2E1 inactivated by CCl4 and
3-aminotriazole was rapidly removed from the ER. In this model they
detected production of high-molecular-weight microsomal proteins after
CCl4 treatment believed to be ubiquitin conjugates. Roberts (1997) using
an in vitro microsomal system plus a 105 000 � g supernatant fraction
found that the loss of CYP2E1 was accompanied by the appearance of
high-molecular-weight material, some which reacted with anti-ubiquitin
IgG, suggesting that ubiquitin conjugates may target CYP2E1 for rapid
proteolysis. CYP2E1 may be labilized by oxidant stress as inhibition of
electron transfer by inhibition of the NADPH-cytochrome P450
reductase increased the stability of CYP2E1 (Zhukov and Ingelman-
Sundberg, 1999).

In our laboratory, CYP2E1 degradation was studied in HepG2 cells
which stably and constitutively express CYP2E1. When the cells were
incubated for 2 days in the presence of CYP2E1 ligands such as ethanol,
DMSO, glycerol, pyrazole or 4-MP, CYP2E1 steady-state levels were
increased several-fold as shown by immunoblot analysis and by
enhanced oxidation of p-nitrophenol (Yang and Cederbaum 1997a).
Levels of cytochrome b5 or activities of NADPH-cytochrome P450
reductase or NADH-cytochrome b5 reductase were not affected by the
ligand (glycerol) treatment suggesting some selectivity for effects on
CYP2E1 compared to other microsomal enzymes which comprise the
mixed-function oxidase system (Yang and Cederbaum 1997a,b). Levels
of CYP2E1 mRNA were not increased by the ligands. Expression of
CYP2E1 mRNA is under control of the long terminal repeats of the
retroviral promoter in the HepG2 cells. These results showed that etha-
nol and other CYP2E1 ligands increase the content and activity of
CYP2E1 in this HepG2 cell model without any effect on CYP2E1
mRNA. To evaluate CYP2E1 turnover in the HepG2 cells, pulse-chase
experiments or addition of cyclohexmide to inhibit new protein synth-
esis followed by examination of the degradation rates of the remaining
CYP2E1 protein were carried out. The half-life of CYP2E1 was 3 (pulse-
chase) or 5 (cycloheximide) h in the absence of ligand, whereas in the
presence of the ligand, 60–80% of the original para nitrophenol (PNP)
oxidation activity and CYP2E1 levels remained 24 h after addition of
cyclohexmide or after addition of excess cold methionine. In contrast to
results with ethanol, dimethyl sulfoxide (DMSO), 4-MP, or glycerol, not
all CYP2E1 substrates stabilize the enzyme against degradation; addi-
tion of 2-mM CCl4 caused a marked increase in the loss of CYP2E1
catalytic activity and content (Yang and Cederbaum 1997a). CCl4 has
long been known to inactivate CYP2E1 and enhance its degradation
(Tierney, Haas and Koop 1992; Sohn et al. 1991). These experiments
appear to suggest that ethanol and the other ligands elevate CYP2E1
levels by stabilizing the enzyme against rapid proteolysis.
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6.3.6. CYP2E1 and the Proteasome Complex

What are the proteolytic systems responsible for CYP2E1 turnover and
prevented from their action on CYP2E1 by ethanol? Microsomes isolated
from these cells showed a very slow rate of CYP2E1 degradation suggest-
ing that a protease in the ER is not a likely candidate for the rapid
degradation of CYP2E1. Several inhibitors of lysosomal protease had little
or no effect on CYP2E1 degradation. In order to evaluate a role for the
proteasome complex in the degradation of CYP2E1, the effect of the
substrate analogue Czb-I1e-Glu (otBu)-Ala-Leucinal (PSI) on CYP2E1
degradation and content was determined. PSI inhibits the chymotrypsin-
like activity of the proteasome. Calpeptin inhibitor, a peptidyl aldehydic
nonproteasomal cytosolic protease inhibitor, was also evaluated to try to
minimize the possibility of nonspecific effects by PSI. PSI proved to be
effective in preventing CYP2E1 degradation, whereas calpeptin inhibitor
provided little or no protection (Yang and Cederbaum 1997a). PSI, added
in vitro at concentrations up to 300 mM, had no effect on oxidation of PNP
by microsomes, suggesting that PSI was not acting as a ligand or substrate
for CYP2E1. Theoretically, one consequence of diminishing the proteoly-
tic degradation rate of CYP2E1 by PSI should be the steady-state accu-
mulation of CYP2E1 within the cells. Treatment of the HepG2 cells with
PSI caused a concentration-dependent increase in levels of CYP2E1 apo-
protein as shown by the Western blot analysis in Figure 6.2. Taken as a
whole, these results indicate that the human CYP2E1 has a short half-life
span and substrates can significantly modify its turnover rate in the intact
cells. The proteasome proteolytic pathway appears to be involved in
the degradation process of CYP2E1 in this model. Importantly,
Bardag-Gorce et al. (2002) recently showed that the rapid loss of
CYP2E1, which occurs in vivo after the ethanol inducer is withdrawn,
could be blocked by the proteasome inhibitor PS-341, thus establishing
the critical role of the proteasome in regulating CYP2E1 turnover in vivo.

In view of the importance of the proteasome complex in the turnover of
CYP2E1, the effect of chronic ethanol treatment on activity or content of
the proteasome would be important to determine, since inhibition of this
degradation complex would cause an increase in CYP2E1 levels. Studies
by French and collaborators indeed showed that chronic ethanol admin-
istration in the intragastric infusion model produced a decrease in activity
of the proteasome (Donohue et al. 1998; Fataccioli et al. 1999). This
inhibition may also cause oxidized, damaged proteins to accumulate in
the liver and thereby contribute to ethanol-induced hepatomegaly. To
specifically determine the role of CYP2E1 in the chronic ethanol-induced

Figure 6.2 Proteasome inhibitor elevates steady-state levels of CYP2E1.
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lowering of proteasome activity, CYP2E1 knockout mice were treated
with ethanol; whereas ethanol lowered proteasomal activity in the wild-
type mice, activity was not affected in the CYP2E1-knockout mice
(Bardag-Gorce et al. 2000). It was suggested that CYP2E1-dependent
ROS production and lipid peroxidation may be responsible for the
decrease in proteasome activity. We recently showed that in HepG2 cells
that constitutively express CYP2E1, inhibition of the proteasome with
lactacystin and other typical inhibitors potentiated the toxicity caused by
addition of a PUFA, AA, or by depletion of GSH (Perez and Cederbaum
2003). Potentiation of toxicity by the proteasome inhibitors was associated
with an increased oxidative damage as reflected by elevated lipid perox-
idation, protein carbonyls, and protein nitrotyrosine adducts and could be
prevented by antioxidants. Lactacystin also potentiated AA toxicity in
hepatocytes isolated from pyrazole-treated rats with elevated levels of
CYP2E1. Thus, the proteasome plays an important role in CYP2E1 turn-
over and removal of oxidized, damaged proteins and subsequently in
CYP2E1-mediated toxicity.

6.4. The CYP2E1 Knockout Mouse

The development of the CYP2E1 knockout mouse has been of great value
in establishing the role of CYP2E1 in the toxicity of various hepatotoxins
such as acetaminophen, benzene, acrylonitrile, or styrene (Lee et al. 1996;
Wang, Chanas and Ghanayem 2002; Carlson 2004). These mice have been
used to validate that hydroxylation of p-nitrophenol may be used as a
specific probe for CYP2E1 (Wolf et al. 2004). Levels of acetone were
strikingly elevated under fasting conditions in CYP2E1 null mice, indicat-
ing the critical role of CYP2E1 in acetonemetabolism (Bondoc et al. 1999).
It has been reported that alcohol-induced liver damage occurred in
CYP2E1 null mice to the same extent as in wild-type controls, indicating
that CYP2E1 does not play a role in alcohol liver injury (Kono et al. 1999).
However, others have shown that ethanol-induced oxidative stress and
inactivation of the proteasome complex was completely prevented in these
mice (Bardag-Gorce et al. 2000). This is further discussed below. Recently,
a CYP2E1-humanized transgenic mouse model that expresses functional
and inducible human CYP2E1 was described (Cheung et al. 2005).
Comparisons between CYP2E1-humanized mice, CYP2E1 null mice and
wild-type mice will allow a determination of whether actions of human
CYP2E1 are similar to those of mouse CYP2E1 in vivo. Indeed, the
CYP2E1-humanized mouse model was successfully used to characterize
acetaminophen toxicity by human CYP2E1 (Cheung et al. 2005).

6.5. CYP2E1 and Alcohol-Induced Liver Injury

Since CYP2E1 can generate ROS during its catalytic cycle, and its levels
are elevated by chronic treatment with ethanol, CYP2E1 has been sug-
gested as a major contributor to ethanol-induced oxidant stress, and to
ethanol-induced liver injury. Initial suggestions for a role for CYP2E1 in

148 A.I. Cederbaum



alcoholic liver injury arose from studies with the intragastric model of
ethanol feeding in which prominent induction of CYP2E1 occurs and in
which significant alcohol liver injury occurs (Tsukamoto et al. 1995;
Morimoto et al. 1994; Nanji et al. 1994). In these models, large increases
in microsomal lipid peroxidation have been observed and the ethanol-
induced liver pathology has been shown to correlate with CYP2E1 levels
and elevated lipid peroxidation (Castillo et al. 1992; Ronis et al. 1993;
Nanji et al. 1994; Morimoto et al. 1994). Experimentally, a decrease in
CYP2E1 induction was found to be associated with a reduction in alcohol-
induced liver injury (French et al. 1997; Kim, Kwak and Kim 1997).
CYP2E1 inhibitors such as diallyl sulfide (DAS) (Morimoto et al. 1993),
phenethyl isothiocyanate (PIC), (Morimoto et al. 1995; Albano et al. 1996)
and chlormethiazole (Gouillon et al. 2000), blocked the lipid peroxidation
and ameliorated the pathologic changes in ethanol-fed rats. Polyenylpho-
sphatidylcholine (PPC), another compound exerting anti-CYP2E1 prop-
erties (Aleynik et al. 1999), was effective in opposing alcohol-induced
oxidative stress (Lieber et al. 1997). A strong association between dietary
carbohydrate, enhanced CYP2E1 induction, and hepatic necrosis was
observed. No liver injury was found if carbohydrate levels were elevated
(Korourian et al. 1999). It was concluded that diet is an important factor in
toxicity mediated by ethanol because of modulation of the levels of
CYP2E1 (Korourian et al. 1999). Ethanol consumption in liquid diets
does not cause liver injury. However, micro- and macrovesicular steatosis,
occasional inflammatory foci, and a threefold increase in transaminase
levels was observed in a nutritionally adequate ethanol-containing liquid
diet with a carbohydrate content of 5.5%; no changes were found if the
level of carbohydrate was elevated to 11% (Lindros and Jarvelainen 1998;
Li et al. 2001). Thus, dietary and nutritional factors play a key role in the
toxic actions of ethanol to the liver, in part, due to modulation of the levels
of CYP2E1. Recently, a CYP2E1 transgenic mouse model was developed
that overexpressed CYP2E1. When treated with ethanol, the CYP2E1-
overexpressing mice displayed higher transaminase levels and histological
features of liver injury compared with the control mice (Morgan, French
and Morgan 2002). We developed an adenoviral vector which expresses
human CYP2E1 and showed that infection of HepG2 cells with this
adenovirus potentiated acetaminophen toxicity as compared to HepG2
cells infected with a LacZ-expressing adenovirus (Bai and Cederbaum
2004). Administration of the CYP2E1 adenovirus in vivo tomice produced
significant liver injury compared to the LacZ-infected mice as reflected by
histopathology, markers of oxidative stress and, as shown in Figure 6.3,
elevated transaminase levels (Bai and Cederbaum 2006).

On the other hand, studies by Thurman and colleagues have presented
powerful support for a role for endotoxin, activation of Kupffer cells and
cytokines such as TNFa in the alcohol-induced liver injury found with the
intragastric infusion model (Yin et al. 1999; Wheeler and Thurman 2001).
They suggested that CYP2E1 may not play a role in alcohol liver injury
based upon studies with gadolinium chloride or CYP2E1 knockout mice
(Kono et al. 1999; Koop et al. 1997). However, in contrast to their
observations, others have reported that gadolinium chloride does indeed
decrease levels of several P450 enzymes, including CYP2E1, and lowered
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the induction of CYP2E1 by ethanol (Badger et al. 1997; Jarvelainen et al.
2000). With respect to the CYP2E1 knockouts, only ‘‘early’’ alcohol-
induced injury was studied (Tsukamoto 2000). Moreover, Leclereq et al.
(2000) using the same knockout mice observed that other CYPS, notably
CYP4A10 and CYP4A14, were upregulated in the CYP2E1 knockout but
not the wild-type mice; these CYPS were, like CYP2E1, active generators
of reactive oxygen and catalysts of lipid peroxidation, and in the absence of
CYP2E1 served as alternative initiators of oxidative stress. Activity of
NADPH-cytochrome P450 reductase was elevated 2.5-fold by alcohol
treatment in the CYP2E1 knockouts; this enzyme can generate ROS,
thus, as discussed by Tsukamoto (2000), induction by ethanol of other
CYPs or of the reductase in the CYP2E1 knockout mice might have served
as alternative sources of oxidative stress in these mice, especially in the
absence of CYP2E1. Another possible consideration is that the relative
level of CYP2E1 to total P450 in mice (12 pmol per mg protein for
controls, 60 pmol per mg after ethanol treatment) is much lower than the
CYP2E1-to-total P450 ratio in rats (about 40 pmol mg–1 and 800 pmol
mg–1, respectively (Bardag-Gorce et al. 2000; Badger et al. 2003).
However, it was recently suggested that the metabolism of several CYP
substrates, including those for CYP2E1, was similar between mice and rats
(Arteel 2003). French and collaborators found that the ethanol-induced
oxidative inactivation of the proteasome and increase in oxidized proteins
(but not fatty liver) was completely prevented in these CYP2E1 knockout
mice (Bardag-Gorce et al. 2000). Clearly, further studies are necessary to
resolve the above discrepancies. As mentioned earlier, it is likely that
several mechanisms contribute to alcohol-induced liver injury, and that

Figure 6.3 Adenovirus-mediated overexpression of CYP2E1 causes liver toxicity
in mice.
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ethanol-induced oxidant stress is likely to arise form several sources,
including CYP2E1, mitochondria, and activated Kupffer cells.

6.6. Biochemical and Toxicological Properties of CYP2E1

in HepG2 Cells

As discussed above, major interest in CYP2E1 reflects the ability of this
enzyme to oxidize ethanol; to generate reactive products from ethanol
oxidation, for example, acetaldehyde and the 1-hydroxyethyl radical; to
activate various agents (CCl4, acetaminophen, benzene, halothane, halo-
genated alkanes, alcohol) to reactive products; to generate ROS; and to be
‘‘induced’’ by ethanol (as well as several low-molecular-weight agents), and
under a variety of nutritional and pathophysiological conditions. An
approach that our laboratory has utilized to try to understand basic effects
and actions of CYP2E1 is to establish cell lines that constitutively express
human CYP2E1. HepG2 cell lines, which overexpress CYP2E1, were
established either by retroviral infection methods (MV2E1-9 cells, or E9
cells) or by plasmid transfection methods (E47 cells) (Dai et al. 1993; Chen
andCederbaum 1998). Hepatotoxins such as CC14 or acetaminophen were
more toxic in E9 cells than control HepG2 cells validating the utility of the
model to study CYP2E1-dependent toxicity (Dai and Cederbaum
1995a,b). We have characterized the toxicity of ethanol, PUFAs such as
AA and iron in the E9 and E47 cell lines (Wu and Cederbaum 1996, 1999;
Chen, Galleano and Cederbaum 1997; Sakurai and Cederbaum 1998).
Concentrations of ethanol or AA or iron which were toxic to the
CYP2E1-expressing cells had no effect on control HepG2 cells not
expressing CYP2E1 or to HepG2 cells expressing a different P450,
CYP3A4 (3A4 cells). Toxicity to CYP2E1-expressing cells was found
when GSH was depleted by treatment with 1-buthionine sulfoximine
(BSO) (Wu and Cederbaum 2001a). Inhibitors of CYP2E1 prevented the
toxicity by the above treatments. Antioxidants such as vitamin E, trolox,
and ascorbate also prevented toxicity found when the CYP2E1-expressing
E9 HepG2 cells were treated with either ethanol or AA (Figure 6.4). The
above treatments of CYP2E1-expressing cells with ethanol, AA, iron, or
BSO resulted in an increase in oxidative stress to the cells as reflected by
increased lipid peroxidation and enhanced dichlorofluorescein fluores-
cence. In other studies, we observed that (Caro and Cederbaum 2001)
low concentrations of iron and AA that are not cytotoxic by themselves
can act as priming or sensitizing factors for CYP2E1-dependent loss of
viability in HepG2 cells or rat hepatocytes. This synergistic toxicity was
associated with elevated lipid peroxidation and could be prevented by
antioxidants which prevent lipid peroxidation. Damage to mitochondria
by CYP2E1-derived oxidants seems to be an early event in the overall
pathway of cellular injury. Relatively low concentrations of iron or AA
were effective in promoting toxicity in the CYP2E1-expressing cells, sup-
porting the suggestion that interactions between CYP2E1 and iron and
PUFAs may lower the threshold concentrations for these reactive nutri-
ents for inducing a state of oxidative stress, which may play a role in the
development of alcohol-induced liver injury.
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To extend the results with the HepG2 cells to primary hepatocytes,
cultures of hepatocytes from rats treated with pyrazole to elevate levels
of CYP2E1 and from saline controls were evaluated. Many of the basic
findings described above for E9 and E47 cells were recapitulated in the
hepatocytes from the pyrazole-treated rats (called pyrazole hepatocytes);
that is, AA or iron or AA plus iron were more toxic to pyrazole hepato-
cytes than saline control hepatocytes (Wu and Cederbaum 2000, 2001b;
Caro and Cederbaum 2001). Ethanol was weakly toxic, but even this was
greater in the pyrazole hepatocytes. Toxicity was associated with increased
lipid peroxidation and could be prevented by antioxidants and the
CYP2E1 inhibitor diallylsulfide.

Adaptation to oxidant stimuli is critical for short- and long-term survi-
val of cells exposed to oxidative stress. While much of the focus on
CYP2E1 has been from a toxicology point of view, the possibility that
the hepatocyte attempts to respond to increased levels of CYP2E1 by
upregulation of protective factors has not been studied. We found, to
our surprise, that the E47 cells had higher GSH levels than CYP3A4-
expressing HepG2 cells or control HepG2 cells (Mari and Cederbaum
2000). Increases in GSH were due to activation of the genes encoding the
heavy and light subunits of gamma glutamyl cysteine synthetase (GCLC
and GCLM). These increases in the E47 cells were prevented by inhibitors
of CYP2E1 and were also found in hepatocytes from pyrazole-treated rats
with elevated levels of CYP2E1 as compared to saline-treated controls
(Mari and Cederbaum 2000; Nieto, Mari and Cederbaum 2003). The
increase in GSH and GCLC and GCLM mRNA were prevented by anti-
oxidants, suggesting that ROS generated by CYP2E1 were responsible for
the upregulation of these antioxidant genes. GCLC and GCLM mRNA
expression and protein levels were further increased when E47 cells were
challenged with substrates for CYP2E1 or prooxidants, which further
elevated oxidative stress, such as ethanol, AA, and FeþAA. The increase
in mRNA in treated E47 cells was blocked by antioxidants and by a
CYP2E1 inhibitor. The transcriptional upregulation mediated by
CYP2E1-derived ROS seems to operate through a redox-sensitive element
(ARE4) localized 3.1 kb upstream of the transcription start site in the
GCLC gene (Nieto, Mari and Cederbaum 2003). The mechanisms

Figure 6.4 Effects of antioxidants on ethanol and arachidonic acid toxicity in
MV2E1-9 cells.
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controlling the induction of genes by oxidative stress involve the activation
of transcription factors, such as NF-kb, AP-1, and Nrf2, which could
mediate such inductions (Morel and Barouki 1999), but this remains to
be evaluated.

There was also a twofold increase in the content and activity of catalase,
cytosolic glutathione transferase, and microsomal glutathione transferase
in the E47 cells due to activation of their respective genes (Mari and
Cederbaum 2001). Figure 6.5 shows that heme oxygenase 1 protein levels
and activity was twofold higher in the CYP2E1-expressing E47 cells as
compared to control C34 HepG2 cells or to HepG2 cells expressing a
different cytochrome P450, CYP3A4. The elevated heme oxygenase 1
activity and protein level in the E47 cells is associated with high CYP2E1
levels and activity in these cells compared to the C34 or CYP3A4 cells
(Gong et al. 2003). These activations in the E47 cells were prevented by
antioxidants, suggesting that ROS generated by CYP2E1 were responsible
for the upregulation of these antioxidant genes. Indeed, the E47 cells,
because of this activation of antioxidant genes, were less sensitive to
toxicity by added H2O2 or menadione or 4-hydroxynonenal than were
control cells. We believe that the upregulation of these antioxidant genes
may reflect an adaptive mechanism to remove CYP2E1-derived oxidants.

Hepatic stellate cells (HSCs) are central to the fibrotic response of the
liver to injury, and ROS activate stellate cells. Since CYP2E1 produces
ROS, ethanol-induced CYP2E1 expression may promote collagen type I
biosynthesis by stellate cells. However, CYP2E1 is mostly present in
hepatocytes, whereas stellate cells contain low levels of CYP2E1. Accord-
ingly, a co-culture model involving HepG2 cells and stellate cells was
developed (Nieto, Friedman and Cederbaum 2002a,b) in which the

Figure 6.5 HO-1 protein and HO activity are increased in E47 cells. (a) HO-1
protein. (b) HO-1 activity. (c) CYP2E1 activity.
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HepG2 cells and the stellate cells were separated from each other by an
insert; therefore, the experimental protocol was designed to evaluate
whether mediators (ROS, cytokines, growth factors) produced by
HepG2 cells diffuse to the HSC and affect collagen type I protein levels.
There was a time-dependent increase in collagen type I when stellate cells
were co-incubated with C34 control cells, which was further elevated when
stellate cells were co-incubated with CYP2E1-overexpressing E47 cells.
E47 plus stellate cell co-cultures secreted much more type I collagen
protein. These experiments suggest that CYP2E1-overexpressing E47
cells generate diffusible mediators that promote type I collagen synthesis
and release by stellate cells. Catalase and vitamin E markedly decreased
type I collagen synthesis by both co-cultures and completely blocked the
increased collagen production by the E47 co-culture. These results suggest
that E47 cells release ROS, such as H2O2 and lipid peroxidation products,
that stimulate type I collagen synthesis by stellate cells.

Work from several laboratories has indicated that mitochondrial
damage may represent a common early event in cell injury caused by
toxic agents (Susin, Zamzami and Kroemer 1998). Mitochondrial damage
is initially manifested by a decrease in mitochondrial membrane potential
(�cm) followed by ATP depletion (Orrenius, Ankarcrona and Nicotera
1996; Trost and Lemasters 1996). Twomajor processes are likely candidates
as mechanism for a loss of �cm : nonspecific damage to the inner mito-
chondrial membrane or a more specific process, the permeability transition,
due to the opening of mitochondrial permeability pore. Mitochondrial
membrane potential was assessed by flow cytometry after double staining
with rhodamine 123 and propidium iodide (PI). Exposure of E47 cells to
BSO (Mari, Bai and Cederbaum 2002), AA (Perez and Cederbaum 2001),
and FeþAA (Caro and Cederbaum 2001) increased the percentage of cells
that showed low rhodamine 123 fluorescence but were not stained with PI.
This population refers to cells that are still viable but with damaged mito-
chondria, showing that these CYP2E1-dependent models of toxicity affect
mitochondria before the onset of cell death (i.e., early event). This early
mitochondrial damage was prevented by antioxidants, linking oxidative
stress to mitochondrial damage. That mitochondria are an important target
for CYP2E1-mediated oxidative stress is suggested by the fact that over-
expression of mitochondrial catalase is capable of protecting cells that
overexpress CYP2E1 against the toxicity induced by BSO, AA, and
FeþAA (Mari, Bai and Cederbaum 2002; Bai and Cederbaum 2001; Wu
and Cederbaum 2002). If the decrease of mitochondrial membrane poten-
tial depends on the opening of the permeability transition pore, then a
specific inhibitor should decrease the loss of mitochondrial membrane
potential induced by the toxic agents. Cyclosporin A inhibited the loss of
�cm and the toxicity in CYP2E1-expressing cells exposed to AA, AAþFe,
and BSO (Caro and Cederbaum 2002; Wu and Cederbaum 2001, 2002),
suggesting a role for the permeability transition on mitochondrial depolar-
ization and subsequent toxicity. Additional evidence for increased mito-
chondrial damage in CYP2E1-overexpressing cells include the following:
depletion of GSH decreased oxygen uptake in permeabilized E47 cells
with all respiratory substrates, and vitamin E prevented this decrease
(Chen and Cederbaum 1998). In CYP2E1-overexpressing cells treated with
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BSO þ Fe-NTA, levels of ATP were lowered, and this was associated with a
decreased rate of oxygen consumption by permeabilized cells with substrates
donating electrons to complexes I, II, and IV of the respiratory chain. This
mitochondrial damage was prevented by vitamin E (Sakurai and Cederbaum
1998). Damage to mitochondria is an important event in the CYP2E1-
dependent toxicity.

A working model of CYP2E1-dependent oxidative stress and toxicity is
shown in Figure 6.6. Ethanol increases levels of CYP2E1, largely by a post-
transcriptional mechanism involving enzyme stabilization against degra-
dation. CYP2E1, a loosely coupled enzyme, generates ROS such as O2

–

and H2O2 during its catalytic cycle. In the presence of iron, which is
increased after ethanol treatment, more powerful oxidants including OH,
ferryl species, and 1-hydroxyethyl radical are produced. Initially, the liver
cells respond to the CYP2E1-related oxidative stress by transcriptionally
inducing various antioxidant enzymes. Ultimately, these protective
mechanisms are overwhelmed and the cells become sensitive to the
CYP2E1-generated oxidants. These various oxidants can promote toxicity
by protein oxidation and enzyme inactivation, oxidative damage to the
DNA, and disturbing cell membranes via lipid peroxidation and produc-
tion of reactive lipid aldehydes, such as malondialdehyde and 4-hydro-
xynonenal. Mitochondria appear to be among the critical cellular
organelles damaged by CYP2E1-derived oxidants. A decrease of �cm

likely due to the mitochondrial membrane permeability transition causes
release of proapoptotic factors resulting in apoptosis. Decrease in ATP
levels will cause necrosis. We believe that the linkage between CYP2E1-
dependent oxidative stress, mitochondrial injury, and GSH homeostasis
contribute to the toxic actions of ethanol on the liver.

6.7. Future Perspectives

With respect to alcohol-induced liver injury, such injury is likely to be a
multifactorial process involving several mechanisms. Future studies are
required to further clarity how alcohol produces oxidative stress in various

Figure 6.6 Scheme for CYP2E1 toxicity in HepG2 cells.
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tissues. Some of the major proposed systems require more detailed
mechanism; for example, how ethanol-derived NADH itself or when
reoxidized in the mitochondrial respiratory chain produces ROS. What
is the role of ethanol metabolism or ethanol metabolites such as acetalde-
hyde (or NADH) in the production of ROS, and how is oxidative stress
produced by ethanol in tissues with limited ethanol metabolism?

The role of CYP2E1 in the toxic effects of ethanol requires further
study as this remains a controversial issue. This is significant not only
from a mechanistic point of view but perhaps from a therapeutic treat-
ment approach. If indeed CYP2E1-induced oxidative stress plays a
central role in alcohol-induced hepatic damage, possible strategies for
preventing this stress may be effective in attempts to minimize the
hepatotoxicity of ethanol in humans. The CYP2E1 inhibitors which
were partially effective in preventing ethanol-induced liver injury are
not entirely selective and may be toxic. There is a need for the develop-
ment of selective, nontoxic inhibitors of CYP2E1 that could be used in
vivo. Inhibitors such as phenylisothiocyanate, diethyldithiocarbamate,
and DAS are often toxic at concentrations needed to inhibit CYP2E1,
especially in vivo. They are also not selective as they can function as
antioxidants or have other actions: for example, DAS can induce heme
oxygenase-1 (Gong, Hu and Cederbaum 2004). S-adenosyl-L-methio-
nine is hepatoprotective against several toxins and can inhibit CYP2E1;
however, the KI for inhibiting CYP2E1 was high, therefore S-adenosyl-
L-methionine is not likely to be an effective inhibitor of CYP2E1 in vivo
(Caro and Cederbaum 2005). YH439 is a novel synthetic compound
inhibiting CYP2E1 (but also other P450s) that is currently being eval-
uated as a hepatoprotective agent (Choi et al. 1996; Jeong et al. 1996).
Actually, natural agents inhibiting CYP2E1, including DAS (from
garlic) mentioned above, phenylethylisothiocyanate and sulforaphane
(presents in cruciferous vegetables), (Barcelo et al. 1996) and bergamot-
tin (found in the essential oils of grapefruit and orange) (He et al. 1998)
have been proposed as possible candidates for minimizing the ethanol-
induced hepatotoxicity (McCarty 2001).

The regulation of CYP2E1 protein levels is complex, being observed
at the transcriptional and post-transcriptional levels; more mechanistic
details as to how ethanol modulates CYP2E1 levels would be important
to define, for example, effects on activity of the proteasome, ubiquiti-
nation, and how ethanol stabilizes CYP2E1. What are the factors
which trigger the rapid turnover of CYP2E1? This is a key question
to help understand why CYP2E1 turns over so rapidly. Chronic etha-
nol treatment decreases activity of the proteasome (Bardag-Gorce et al.
2000; Donohue et al. 1998); is this part of the mechanism by which
ethanol increases the content of CYP2E1? Is ubiquitination of CYP2E1
required for its degradation by the proteasome (Huan et al. 2004)? This
is not clear and has important implications with respect to the mechan-
ism of CYP2E1 turnover, the role of the 20S versus the 26S proteasome
complex, the role of accessory chaperones (e.g., heat shock proteins),
how ethanol and other low molecular ligands act to stabilize CYP2E1
(e.g., preventing labilization, ubiquitination, and access to the protea-
some core).
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Most information on the biochemical and pharmacological actions of
CYP2E1 is derived from studies with rodents and rabbits, and cultured
hepatocytes: extrapolation to human studies will obviously be necessary.
A major advance in this direction will be the humanized CYP2E1 trans-
genic mouse model (Cheung et al. 2005). The role of polymorphic forms of
CYP2E1 on its expression, activity, and actions requires further under-
standing, as current literature suggests some possible relationships with
certain types of cancers, but not with alcohol toxicity. Are there other
endogenous substrates for CYP2E1? At present, acetone and some fatty
acids (o-hydroxylation catalyzed by CYP2E1) appear to be physiological
substrates for CYP2E1, but further study should be carried out, because
altered metabolism of such putative endogenous substrates, if any, could
contribute to the cellular actions associated with activated CYP2E1.
CYP2E1 is present, although at relatively low levels, in other tissues
(e.g., kidney, lung, brain, and gastrointestinal tract). Much less is known
about the actions of CYP2E1 under various pathophysiological conditions
or after chronic ethanol exposure in these tissues. There is much current
interest in synergistic interactions between alcohol and hepatitis B or
hepatitis C virus, especially with respect to generating oxidative stress.
The role of CYP2E1 in such synergistic interactions would be important to
explore in view of the many chemicals and conditions that are known to
elevate CYP2E1.
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7.1. Enzymology of Quinone Reduction

Quinones can undergo one- or two-electron reductions to generate
semiquinone and hydroquinone derivatives, respectively (Gutierrez 2000;
Butler 1998; Ross et al. 1996; O’Brien 1991; Powis 1987). The importance
of these reactions from a toxicological perspective depends on the chemical
properties of the semiquinone and hydroquinone, the oxygen tension,
and the ability of the organ system or cell to remove or metabolize the
semiquinone or hydroquinone generated. This review will focus on the
enzymology and toxicological implications associated with both one- and
two-electron-mediated reduction of quinones.

In the following sections, enzymes associated with either one- or two-
electron reductions of quinones (Figure 7.1) will be briefly summarized.

7.1.1. Cytochrome P450 Reductase

NADPH-cytochrome P450 reductase (CPR; NADPH-ferrihemoprotein
reductase, EC 1.6.2.4) is the electron-donor flavoprotein for the multi-
component monooxygenase system, in which reducing equivalents from
NADPH ultimately are transferred to molecular oxygen, found in the
endoplasmic reticulum (microsomes) of most eukaryotic cells (Shen, Sem
and Kasper 1999). Fundamentally, the monooxygenase system consists of
CPR and one of many cytochrome P450 isozymes (Williams and Kamin
1962; Phillips and Langdon 1962), involved in the metabolism of many
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drugs, dietary substances, the synthesis of steroid hormones, and other
extracellular lipid signaling molecules. Consistent with its many functions
in the cell, CPR is a widely expressed protein, present at some level in all
tissues examined. It is most abundant in the liver, where the cytochrome
P450 system is highly expressed. Mechanistically, CPR accepts a pair of
electrons from NADPH as a hydride ion, with flavinadenine dinucleotide
(FAD) and flavin mononucleotide (FMN) being the point of entry and
exit, respectively, and transfers these electrons to cytochrome P450. Cyto-
chromes P450, in turn, utilizes these reducing equivalents for the hydro-
xylation of a variety of substrates. The redox potentials of each flavin half-
reaction in the native enzyme have been determined by potentiometric
titrations (Iyanagi, Makino and Mason 1974; Vermilion and Coon 1978).
The enzyme cycles between 1e– and 3e– reduced levels (or 2e– and 4e–), with
the one-electron reduced semiquinone of the FMN being the highest
oxidation state during catalytic turnover (Masters et al. 1965; Backes
and Reker-Backes 1988).

The ability of CPR to reduce quinones to the semiquinone radical is
related to their one-electron reduction potential. The analysis of a large
number of quinones demonstrated a correlation between their rate of
reduction by CPR and their one-electron reduction potential (Butler
and Hoey 1993). This correlation, however, is true for quinones with
one-electron reduction potentials between –400mV and –165mV, while
quinones with reduction potentials more positive than –165mV underwent
predominantly two-electron reduction by NADPH directly without the
participation of the enzyme (Butler and Hoey 1993). In another study, the
rate of reduction of a series of quinones increased as the one-electron redox
couple was increased up to a limiting value of >–100mV (Nemeikaite-
Ceniene et al. 2003).

7.1.2. Cytochrome b5 Reductase

NADH-cytochrome b5 reductase (b5R, NADH-methemoglobin reduc-
tase, EC 1.6.2.2) and cytochrome b5 are integral membrane proteins with
cytosolic active domains and have been implicated as components of a
number of systems, where essentially, b5R catalyzes the two-electron
transfer from NADH to cytochrome b5 through the enzyme-bound FAD

Figure 7.1 The generation of semiquinone and hydroquinone intermediates from
one- or two-electron reduction of quinones.
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cofactor (Strittmatter 1965; Iyanagi 1977). In human erythrocytes, these
proteins are components of the major methemoglobin reducing system
(Hultquist and Passon 1971; Schwartz and Jaffe 1978). The confusion over
the nomenclature of b5R as a diaphorase related to NQO1 has recently
been clarified (Vasiliou, Ross and Nebert 2006).

While there has not been an extensive study published on the relation-
ship between the one-electron reduction potential and the rate of reduction
by b5R there is evidence using a limited number of quinones suggesting
that the higher the one-electron reduction potential the slower the rate of
reduction by b5R (Powis and Appel 1980). These studies also demon-
strated that there was no correlation between the octanol/H2O partition
coefficient of a series of quinones and their rate of reduction by b5R (Powis
and Appel 1980).

7.1.3. Xanthine Oxidoreductase (Xanthine Dehydrogenase,

Xanthine Oxidase)

Xanthine oxidoreductase (XOR), a member of the molybdenum hydroxy-
lase flavoprotein family, exists in two interconvertable forms, xanthine
dehydrogenase (XDH, EC 1.1.1.204) and xanthine oxidase (XO, EC
1.1.3.22) (Amaya et al. 1990; Della Corte et al. 1969). The functional
distinction between XDH and XO is the preference of each for the reduc-
ing substrate. Xanthine oxidase uses molecular oxygen efficiently, as an
electron acceptor, reducing molecular oxygen by a single electron, but
has negligible reactivity with NADþ. Xanthine dehydrogenase however
prefers NADþ to molecular oxygen, reducing NADþ by a direct two-
electron reduction, but is able to use the latter in the course of turnover
(Hille and Nishino 1995). Xanthine dehydrogenase isolated frommamma-
lian sources can be either reversibly converted to XO by sulfhydryl modifi-
cation or irreversibly converted to XO by limited proteolysis (Harris,
Sanders and Massey 1999; Amaya et al. 1990; Battelli, Lorenzoni and
Stripe 1973; Nishino 1994). Physiologically, XOR is the key rate-limiting
enzyme in the catabolism of purines, both XDH and XO catalyze the
oxidation of hypoxanthine to xanthine and xanthine to uric acid, which
introduces reducing equivalents into the enzyme. The reoxidation of the
molybdenum center occurs via electron transfer to the two iron–sulfur
redox-active centers of the enzyme and ultimately to the FAD-site where
electrons are removed from the enzyme by reaction with NADþ in the
case of XDH or with molecular oxygen for XO (Hille 1996; Hille and
Massey 1981).

In mammalian tissues XOR exists mainly in the XDH form; however,
when O2 levels decrease, due to an insult, such as ischemia, XDH may be
converted to XO which is considered to be important in the pathogenesis
of ischemia/reperfusion injury (McCord 1985). During reperfusion, when
O2 levels return to normal, reduction of oxygen by XO yields the super-
oxide anion, O2

–, and hydrogen peroxide, H2O2, (Terada et al. 1991;
Brown et al. 1988) and other reactive-oxygen species (ROS). These
reactive-oxygen metabolites have been implicated in diseases charac-
terized by ischemia/reperfusion injury (Linas, Whittenburg and Repine
1990; Sussman and Bulkley 1990; Petrone et al. 1980).
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Xanthine oxidase is a one-electron and XDH is a two-electron transfer
enzyme and therefore either the semiquinone and hydroquinone forms
of the quinone drug can be formed (Figure 7.1). Anthracyclines such
as doxorubicin, daunomycin, and marcellomycin are reduced by XOR
to the corresponding semiquinone under aerobic conditions (Pan and
Bachur 1980). Mitomycin C is reduced by XOR under aerobic conditions
to the semiquinone radical with consequent formation of ROS (Pan et al.
1984). Conversely, anaerobic conditions lead to the formation of 2,7-
diaminomitosene, a DNA alkylating metabolite (Gustafson and Pritsos
1992). The activation of a number of quinone drugs, such as mitomycin C,
by one-electron reduction by XO or two-electron reduction by XDH, at
the FAD site, has also been reported (Maliepaard et al. 1995; Pritsos and
Gustafson 1994; Komiyama, Kikuchi and Sugiura 1986; Pan et al. 1984).

The relationship between the quinone one-electron reduction potential
and the rate of reduction by XO under a nitrogen atmosphere and in air
has been studied using a series of 2,5- bis(1-aziridinyl)-1,4-benzoquinone
analogs. Under nitrogen, the rate of reduction of these quinones by XO
correlated with the one-electron reduction potential as well as steric factors
(Lusthof et al. 1990). However, when similar studies were performed in
air, substantially higher quinone concentrations (>25 mM) were required
presumably to outcompete O2 for electrons donated by XO (Lusthof
et al. 1990).

7.1.4. NAD(P)H:quinone Oxidoreductase 1

NAD(P)H:quinone oxidoreductase 1 (NQO1, DT-diaphorase, EC 1.6.99.2)
is a homodimeric flavoprotein that catalyzes two-electron reduction of
a wide range of substrates (Lind et al. 1990). In addition, NQO1 has also
been shown to catalyze the four-electron reduction of methyl red (Wu et al.
1997; Chen, Hwang and Deng 1993). The enzyme is characterized by its
ability to utilize either NADH or NADPH as reducing cofactors and
inhibition by the anticoagulant dicumarol (Hollander and Ernster 1975).
Recently, a number of indolequinone-containing mechanism-based inhi-
bitors such as ES936 and MAC220 have been developed and these com-
pounds have demonstrated potent and specific inactivation of NQO1
without affecting the activities of other reductases including NQO2
(Dehn et al. 2003; Siegel et al. unpublished data). The enzymatic mechanism
of quinone reduction proceeds through a ‘‘ping-pong’’ type mechanism,
whereby NAD(P)H binds to the enzyme, reduces the protein-bound
flavin, and leaves the protein prior to substrate binding and subsequent
reduction (Li et al. 1995). NQO1 displays a wide, species-specific sub-
strate spectrum, including quinones and their glutathione metabolites,
quinoneimines, and several azo- and nitroaromatic compounds. The
four-electron reduction of nitroaromatic compounds to the hydroxyla-
mine derivatives has been proposed to occur through the cooperative
behavior of the two subunits (Cenas et al. 2001).

Expression of NQO1 protein has been detected primarily in epithelial
cells in tissues such as lung, breast, and colon as well as in vascular endo-
thelium and adipocytes (Siegel and Ross 2000). Humans, unlike rodents,
dogs, andmonkeys, do not express high levels of NQO1 in the normal liver

172 D. Siegel et al.



(Strassburg et al. 2002; Siegel and Ross 2000), but humans do express
high levels of NQO1 in hepatic tumors (Cresteil and Jaiswal 1991).
A similar finding has been seen in the pancreas which has very low
NQO1 expression in normal pancreatic tissue but NQO1 expression
increases significantly as the tissue becomes neoplastic (Lyn-Cook et al.
2006;Dehn et al. unpublished data). In addition to pancreatic cancer, there
are high levels of NQO1 inmost epithelial-derived solid tumors (Siegel and
Ross 2000; Schlager and Powis 1990) and this has made NQO1 an attrac-
tive target for the bioactivation of many quinone-based antitumor drugs
(see below). NQO1 is highly inducible and NQO1 protein levels in tissues
can be influenced by a number of environmental and dietary factors
(Munday, Smith and Munday 1999a; Sreerama, Hedge and Sladek 1995;
De Long, Prochaska and Talalay 1986). A major factor governing the
levels of NQO1 protein expression in tissues is the NQO1*2 polymorph-
ism. The NQO1*2 polymorphism has been characterized as a C-to-T base
pair substitution at position 609 of the human cDNA that results in a
proline-to-serine amino acid substitution at position 187 in the mutant
NQO1 protein (Traver et al. 1997) Genotype–phenotype studies have
shown that individuals homozygous for the NQO1*2 polymorphism are
deficient in NQO1 due to enhanced ubiquitination and proteasomal degra-
dation of the mutant protein (Siegel et al. 2001). In humans the absence of
NQO1 has been linked to increased rates of cancer, most notably leuke-
mias (Ross and Siegel 2004). This is supported by studies using NQO1
knockout mice that demonstrated increased bone marrow myeloid hyperpla-
sia inNQO1-deficientmice compared towild-typemice (Iskander and Jaiswal
2005). NQO1 knockout mice were also more susceptible to menadione-
induced toxicities confirming a role for NQO1 in quinone detoxification
(Radjendirane et al. 1998).

The rate at which a substrate is reduced by NQO1 cannot be predicted
by the one-electron reduction potential. Studies using a series of sub-
stituted aziridinylbenzoquinones found no correlation between the one-
electron reduction potential and the ability to undergo reduction byNQO1
(Nemeikaite-Ceniene et al. 2003; Gibson et al. 1992), while another study
found no correlation between the half-wave reduction potentials of
quinone epoxides and hydroxy-, methyl-, methoxy-, and glutathionyl-
substituted naphthoquinones and their rate of reduction by NQO1
(Buffinton et al. 1989; Brunmark et al. 1988). In addition, there was no
correlation between the two-electron reduction potential and rate of
reduction of a series of aziridinylbenzoquinone by NQO1 (Hargreaves
et al. 1999).

7.1.5. NRH:quinone Oxidoreductase 2

NRH:quinone oxidoreductase 2 (NQO2, EC 1.10.99.2) is a cytosolic
homodimeric flavoprotein that demonstrates 49% amino acid homology
with NQO1 (Jaiswal et al. 1990). An update of the NQO gene family has
recently been published (Vasiliou, Ross and Nebert 2006). The major
difference between the two enzymes is a 43-amino-acid deletion in the
C terminus of NQO2 (Jaiswal et al. 1990). NQO2 carries out the direct
two- and four-electron reduction of substrates similar to NQO1; however,
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NQO2 is more efficient at catalyzing the four-electron reduction of
methyl red compared to NQO1 (Wu et al. 1997). A major difference
betweenNQO1 andNQO2 is their ability to utilize reduced pyridine nucleo-
tide cofactors. NQO2 cannot utilize NADPH as a reducing cofactor and
NADH is a very poor substrate for NQO2 (Wu et al. 1997). NQO2, how-
ever, can efficiently utilize reduced ribosyl- and N-alkyldihydronicotina-
mides as reducing cofactors, including dihydronictinamide riboside
(NRH, Knox et al. 2000). NRH can be synthesized from NADH by enzy-
matic cleavage using phosphodiesterases and phosphatases (Friedlos et al.
1992). Inhibitors of NQO1 such as dicumarol, cibacron blue, ES936, and
MAC220 do not inhibitNQO2 (Wu et al. 1997; Siegel andRoss unpublished
data); however,NQO2activity can be inhibited by polyphenolic compounds
such as quercetin and resveratrol (Buryanovskyy et al. 2004; Wang et al.
2004;Wu et al. 1997).NQO2has also been shown to interact with antimalarial
quinolines such as primaquine, quinacrine, and chloroquine. Interestingly, it
has been shown that primaquine binds to the oxidized form of NQO2 while
quinacrine and chloroquine bind to the reduced form of NQO2 (Kwiek,
Haystead and Rudolph 2004). Another notable feature of NQO2 is that it
can bind melatonin, and NQO2 has been characterized as the melatoninMT3

binding site (Nosjean et al. 2000). NQO2 is expressed in many human tissues
most notably in human liver (Strassburg et al. 2002; Jaiswal 1994), testis (Long
and Jaiswal 2000) and red blood cells (Graves et al. 2002). NQO2 activity or
protein expression has been detected in many human tumor cells including
K562 human leukemia cells and humanmelanoma cell lines (Hsieh et al. 2005;
Buryanovskyy et al. 2004). As observed previously in studies with NQO1
knockout mice, studies using NQO2 knockout mice also demonstrated
increased bone marrow myeloid hyperplasia in NQO2-deficient mice
compared to wild-type mice (Iskander and Jaiswal 2005; Long et al. 2002).
Unlike NQO1 knockout mice, NQO2-deficient animals demonstrated signifi-
cantly less menadione-induced hepatic toxicity suggesting a positive role for
NQO2 in menadione-induced toxicities (Long et al. 2002).

7.1.6. Mitochondrial Reductases

Mitochondria contain a number of enzymes capable of quinonemetabolism.
NADH:ubiquinone oxidoreductase (complex I) is believed to play an impor-
tant role in quinone toxicity. This enzyme is a large multisubunit complex
consisting of 42 different polypeptide chains including a FMN-containing
subunit and six iron–sulfur centers. Complex I catalyzes the transfer of a
hydride ion fromNADHtoFMN through a series of iron–sulfur centers and
finally to ubiquinone to generate ubiquinol (Lenaz et al. 2006). NADH:
ubiquinone oxidoreductase is responsible for the majority of superoxide
generated in mitochondria (Grivennikova and Vinogradov 2006) and NADH
:ubiquinone oxidoreductase may play a central role in neurodegenerative
diseases such as Parkinson’s (Keeney et al. 2006). Another source of quinone
reduction in mitochondria is complex II (succinate dehydrogenase). This com-
plex contains five polypeptide chainswith one boundFADand two iron–sulfur
centers. Complex II functions by passing electrons from succinate to FAD and
then through the iron–sulfur centers to ubiquinone to generate ubiquinol
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(Cecchini 2003). Succinate dehydrogenase also catalyzes the oxidation of
succinate to fumarate in the Kreb’s cycle (Cecchini 2003).

7.1.7. Carbonyl Reductases

Carbonyl reductases (EC 1.1.1.1.81, CBR1, CBR2, CBR3) are monomeric
cytosolic enzymes, able to catalyze the NADPH-dependent reduction of
a variety of xenobiotic ketones and quinones (Wermuth et al. 1988;
Wermuth et al. 1982; Ris and von Wartburg 1981; Wermuth 1981). The
human enzyme is a monomer of 277 amino acid residues and was named
carbonyl reductase (gene name CBR1) owing to its properties to reduce
efficiently various endogenous and xenobiotic carbonyl compounds.
Human CBR1 is expressed in a wide variety of tissues, with high levels
found in liver, placenta, and the central nervous system (CNS), consistent
with a possible protective role against toxic carbonyls (Wirth andWermuth
1992). The xenobiotic substrates known to be metabolized by CBR1
include ortho-quinones derived from polycyclic aromatic hydrocarbons or
para-quinones, such asmenadione (Wermuth et al. 1986), as well as a broad
spectrum of xenobiotic carbonyls, such as anthracyclines, metyrapone, or
the carcinogen 4-methylnitrosamino-1-(3-pyridyl)-1-butanone (Wermuth
1981; Atalla, Breyer-Pfaff and Maser 2000). The enzyme fulfills an impor-
tant role in the phase I metabolism of xenobiotics; human CBR1A is the
major hepatic reductase of quinones, suggesting a major role in detoxifica-
tion of these compounds (Wermuth et al. 1986). This is in contrast to the
metabolic preference in rat liver, where NQO1 is the major quinone reduc-
tase. However, in the absence of superoxide dismutase (SOD), quinone
reduction by CBR1 leads to redox cycling, with generation of superoxide
anion and semiquinone radicals mediated through one-electron transfer
from the reduced hydroquinones to molecular oxygen (Jarabak and Har-
vey 1993). Thus, CBR1 is an important determinant in the metabolism of
quinones; however, a possible protective role against quinone toxicity
exerted by CBR1 depends on expression and activity of SOD and further
metabolism, reactivity, and excretion of the hydroquinone formed.

7.1.8. Other Enzymes

A wide variety of flavin-containing proteins have been shown to partici-
pate in quinone metabolism. Examples include glutathione reductase and
thioredoxin reductase, both of which are cytosolic, selenium-containing
flavoproteins, catalyzing the reduction of disulfide bonds utilizing NADPH
as the reducing cofactor (Mustacich and Powis 2000). Nitric oxide syn-
thase is another flavoprotein that can participate in quinone metabolism.
Nitric oxide synthase is a heme-containing flavoprotein whose carboxy
terminus demonstrates significant sequence homology with CPR (Iyanagi
2005). Recently, all the three isoforms of nitric oxide synthetase (NOS),
whose reductase domains have a high sequence homology with P450
reductase, have also been demonstrated as being capable of one-electron
reduction of quinones (Kumagai et al. 1998). Lipoamide dehydrogenase is
a member of the pyridine nucleotide disulfide oxidoreductase family.
Proteins in this family are homodimers with each subunit containing a
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FAD cofactor and a redox active disulfide (Arscott et al. 1997). Lipoamide
dehydrogenase is a component of the 2-oxo acid dehydrogenase complexes
and is responsible for catalyzing the NADþ-dependent oxidation of dihy-
drolipoamide in these complexes. Lipoamide dehydrogenase has been
shown to operate in reverse and reduce quinones via a ping-pong mechan-
ism utilizing NADH as the electron donor (Vienozinskis et al. 1990).

7.2. Toxicological Implications of Quinone Reduction

7.2.1. One-Electron Reduction of Quinones and Redox Cycling

The reaction of semiquinones with oxygen to produce superoxide depends
on the one-electron reduction potential of the semiquinone radical relative
to the oxygen/superoxide couple but may also depend on reaction condi-
tions and removal of products by secondary reactions (Wardman 2001;
Gutierrez 2000; Halliwell and Gutteridge 1985; Lusthof et al. 1992). The
redox potential of the oxygen/superoxide couple has been estimated
at –155mV (Wardman 2001) and –137mV (Petlicki and van de Ven
1998). A useful tabulation of redox potentials of biologically relevant
molecules and their application can be found in Halliwell and Gutteridge
(1999). The semiquinone radical can also disproportionate to form a half
mole equivalent of both quinone and hydroquinone, so this reaction
represents an alternate fate for the semiquinone radical (Butler 1998).
However, many semiquinones do react rapidly with molecular oxygen to
produce superoxide. This reaction can initiate and sustain the production
of ROS and reactive-nitrogen species (RNS), leading to lipid peroxidation,
protein adducts, and DNAmodifications, followed by a cascade of altered
cellular responses and defense mechanisms (Figure 7.2). Consequently,
metabolism of quinones by one-electron reductases has been regarded as
a toxification step. The other major point of toxicological relevance with
respect to this reaction is its cyclical nature. The interaction of semiqui-
none with oxygen regenerates the quinone substrate, so under aerobic
conditions and in the presence of reductases with sufficient concentrations
of reduced pydridine nucleotide cofactors, a cycling reaction can ensue
generating large quantities of superoxide radical, hydrogen peroxide, and
other aggressive oxygen and nitrogen species formed by downstream
reactions (Figure 7.2). This process is referred to as redox or futile cycling
(Figure 7.2).

7.2.2. Two-Electron Reduction of Quinones

Two-electron-mediated reduction of quinones is often viewed as a detoxifi-
cation reaction since it removes an electrophilic quinone from a biological
system and bypasses one-electron reduction leading to the production
of ROS and oxidative stress. The hydroquinone is generally more water
soluble and more easily excreted However, as will be described in sub-
sequent sections, whether the generation of a hydroquinone is truly a
detoxification step depends on the stability and pharmacological reactions
of the hydroquinone generated.

176 D. Siegel et al.



7.2.2.1. Detoxification of Benzene-Derived Quinones
The benzene metabolite hydroquinone can undergo peroxidase-catalyzed
oxidation to generate 1,4-benzoquinone, a metabolite that has been shown
to directly alkylate DNA and protein (Levay, Ross and Bodell 1993;
Thomas et al. 1990; Schlosser andKalf 1989).Reduction of 1,4-benzoquinone
by NQO1, however, regenerates hydroquinone and this reaction prevents the
cellular damage induced by 1,4-benzoquinone. The role of the two-electron
reductase NQO1 in protection against hydroquinone-induced cytotoxicity in
cellular systems is well established. For example, the treatment of KG1A
human promyeloblastic cells with hydroquinone resulted in induction of
NQO1 and subsequent protection against hydroquinone-induced apoptosis
(Moran, Siegel andRoss 1999). Furthermore, the role of NQO1 in protection
against benzene toxicity has been studied using NQO1 knockout mice
exposed to benzene. In these studies NQO1-deficient mice developed more
hematotoxicitywhen compared towild-typemice following benzene exposure
(Bauer et al. 2003). A role for NQO1 in protection against benzene toxicity in
human populations has emerged as well from epidemiological studies that
have demonstrated an increased risk for benzene-induced hematotoxicites in
individuals lacking NQO1 due to homozygous expression of the NQO1*2
polymorphism (Rothman et al. 1997).

7.2.2.2. Cellular Protection by Generation of Antioxidant Quinones via
Two-Electron Reduction
Lipophilic antioxidant quinones such as a-tocopherol quinone and ubi-
quinone (Figure 7.3) are a special type of quinone that when reduced by
two electrons to the corresponding hydroquinone generates stable lipo-
philic antioxidants that aid in the protection of lipid membranes against
peroxidative damage. a-Tocopherolquinone can be generated following
oxidation of a-tocopherol (Liebler, Kaysen andKennedy 1989) and reduc-
tion to a-tocopherolhydroquinone has been shown to be carried out by

Figure 7.2 Pathways of quinone metabolism and toxicity.
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NQO1 (Siegel et al. 1997) as well as by complex I of the mitochondrial
respiratory chain (Gregor et al. 2006). Microsomal enzymes such as CPR
and b5R have also been shown to generate a-tocopherolhydroquinone
(Gregor et al. 2006). Besides the role of an electron carrier in the mito-
chondrial electron transport chain, ubiquinone can also be reduced to a
stable hydroquinone and embedded into lipid membranes to protect
against lipid peroxidation (Frei, Kim and Ames 1990).

7.2.2.3. Naphthoquinones: Toxification or Detoxification Depending
on the Properties of the Hydroquinone
The generation of a hydroquinone metabolite does not always result in
quinone detoxification. The two-electron reduction of naphthoquinones by
enzymes such as NQO1 can produce hydroquinones that are resistant to
autooxidation, but depending on the particular naphthoquinone examined
may also produce hydroquinones that rapidly undergo autooxidation
generating large quantities of ROS. For napthoquinones like menadione
(2-methyl-1,4-naphthoquinone), reduction to a relatively stable hydroqui-
none metabolite has been shown to be a detoxification pathway by directly
competing with one-electron reductases such as CPR. The one-electron
reduction of menadione by these flavoproteins generates a semiquinone
radical that rapidly reacts with oxygen generating substantial quantities of
ROS (Mishin, Pokrovsky and Lyakhovich 1976). In experiments using iso-
lated rat hepatocytes significantly more menadione-induced oxidative
damage was observed in cells pretreated with the NQO1 inhibitor dicumarol
compared to cells that did not receive the inhibitor (Thor et al.1982). Inter-
estingly, studies in Chinese hamster ovary cell lines engineered to overexpress

Figure 7.3 The structure of selected quinones that undergo: (a) detoxification by two-electron reduction,
(b) reduction to a more potent hydroquinone antioxidant, and (c) activation by two-electron reduction.
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a range of NQO1 activities showed that there was a threshold level of NQO1
activity above which offered no greater level of protection against menadione
toxicity (De Haan et al. 2002). A role for the two-electron reduction of
menadione as a detoxification pathway was further confirmed in studies
using NQO1 knockout mice where the absence of NQO1 led to a dramatic
decreased in survival following multiple doses of menadione (Radjendirane
et al. 1998). Since naphthoquinones have both alkylating and redox activ-
ities they have been evaluated as potential antitumor drugs. The anticancer
activities of a series of 1,4-naphthoquinones was tested against a series of
four human cancer cells lines and in terms of quantitative structure–activity
relationships (QSARs) cytotoxicity largely depended upon the hydrophobi-
city of the naphthoquinone (Verma 2006)

A study using a variety of substituted 1,4-naphthoquinones demon-
strated that the rate of autooxidation of hydroquinones formed following
reduction by purifiedNQO1was influenced to a large degree by the presence
of hydroxy and glutathionyl substituents (Buffinton et al. 1989). For exam-
ple, the rate of menadione autooxidation could be increased significantly by
the addition of hydroxy and glutathionyl substituents (Buffinton et al.
1989). Therefore, as a rule the two-electron reduction of naphthoquinones
does not always results in detoxification since minor chemical modifications
to the naphthoquinone molecule can result in dramatic changes in redox
behavior. Other factors that will influence the redox behavior of naphtho-
quinones include quinone concentration, pH, and the level of superoxide
(Munday 2000; Ollinger et al. 1990). Studies by Munday et al. have shown
that following reduction by NQO1 the rate of autooxidation for alkyl,
alkoxy, hydroxyl, and amino derivatives was decreased in the presence of
SOD, while in similar experiments, SOD had no effect on the rate of
autooxidation of halogenated compounds (Munday 2000). Since NQO1
has been shown to have superoxide-reducing activity increasing NQO1
levels could also inhibit autooxidation in a manner similar to SOD (Siegel
et al. 2004), and in cell-free experiments increasing the concentration of
NQO1 was shown to inhibit menadiol autooxidation (Munday 2004).
A pivotal role for the two-electron reduction of naphthoquinones by NQO1
in vivo can be seen from studies in rats pretreated with inducers that increase
the levels of NQO1 in tissues. As expected, the induction of NQO1 in tissues
by BHA decreased the toxicity of menadione but conversely, increasing
the tissue levels of NQO1 increased the hemolytic anemia induced
by 2-hydroxy-1,4-naphthoquinone (Munday, Smith and Munday 1999b;
Munday, Smith and Munday 1998). Thus, prediction of whether NQO1
contributes to activation or deactivation of naphthoquinones requires a
detailed knowledge of hydroquinone properties, the cellular context in
which it is generated, and other enzyme activities, such as SOD.

7.3. Bioreductive Activation of Antitumor Quinones

The generation of cytotoxic hydroquinones within cancer cells is know as
bioreductive activation and has become the basis for the development of a
wide variety of both natural and synthetic quinones as chemotherapeutic
agents. This type of therapy exploits the high levels of quinone reductases,
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particularly NQO1, in most solid tumors as a means of targeting drug
activation to cancer cells (Ross et al. 1996; Ross et al. 1994; Ross et al.
1993). Following two-electron reduction in cancer cells by enzymes, such
as NQO1, antitumor quinones can inflict cellular damage in at least three
separate ways (Figure 7.4). Reduction to a hydroquinone can promote
intramolecular chemical rearrangements leading to the generation of
monofunctional and bifunctional DNA alkylating agents. Secondly, the
generation of large quantities of ROS by the intracellular redox cycling of
antitumor quinones is another mechanism whereby quinones can exert
anticancer activity (Figure 7.4). Finally, the generation of a hydroquinone
can have a more pronounced effect against a particular intracellular target
and exert an improved therapeutic effect.

7.3.1. Mitomycins

Mitomycin C is inactive until reduced by enzymes such as NQO1 (Siegel
et al. 1992), NQO2 (Jamieson et al. 2006; Celli et al. 2006), or XDH
(Gustafson and Pritsos 1992). Under hypoxic conditions, XO, CPR, and
b5R can also bioactivate mitomycin C (Hodnick and Sartorelli 1993; Pan
et al. 1984, see above). A relationship between the reduction potential of a
series of mitomycins and cytotoxicity has been observed (Pan and Gonzalez
1990). The bioactivation of mitomycin C by NQO1 has been shown to be
pH-dependent where substantially more metabolism and DNA crosslink-
ing were observed as the reaction pH was decreased (Siegel et al. 1992). At
higher pH values, mitomycin C was shown to inactivate NQO1 by directly
alkylating amino acid residues on the protein (Siegel et al. 1993). Despite
mechanism-based inhibition of NQO1 by mitomycin C at high pH values,
studies have shown that NQO1 does play an essential role in the bioacti-
vation of mitomycin C in vivo (Fleming et al. 2002; Gan et al. 2001). The
N-methyl aziridine analogue of MMC, porfiromycin, is a potent antitu-
mor agent that also undergoes pH-dependent metabolism as the result of
mechanism-based inhibition of NQO1 in a manner similar to mitomycin
C (Siegel et al. 1993). This is in contrast to mitomycin A and B which did
not demonstrate mechanism-based inhibition of NQO1 and underwent
bioreductive activation by NQO1 under both acidic and basic conditions
(Ross et al. 1993).

Figure 7.4 The role of two-electron reduction in the bioreductive activation of
antitumor quinones.
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7.3.2. Diazirdinyl 1,4-benzoquinones

The diaziridinyl 1,4-benzoquinones are another class of bioreductiveDNA
alkylating quinones that, following metabolism by two-electron reduc-
tases, generate the hydroquinone species facilitating aziridinyl ring
opening leading to monofunctional and bifunctional DNA alkylation
(King, Wong and Loo 1984). AZQ (2,5-diaziridinyl-3,6-bis-(carboethox-
yamino)-1,4-benzoquinone) was the first of these compounds to enter
clinical trials and was designed primarily to cross the blood–brain barrier
for the treatment of pediatric brain tumors (Curt et al. 1983). AZQ was
shown to be bioactivated rather poorly by NQO1 (Gibson et al. 1992;
Siegel et al. 1990) and this led to the design and synthesis of a series of
diaziridinyl 1,4-benzoquinones that were more efficiently bioactivated by
NQO1 and from these compounds RH-1 (2,5-diaziridinyl-3-hydroxymethyl-
6-methyl-1, 4-benzoquinone) has emerged as the lead compound and is cur-
rently in clinical trials (Danson et al. 2007; Winski et al. 1998). RH-1 has been
shown to undergo very efficient reduction byNQO1and to inducemoreDNA
crosslinking and cytotoxicity in NQO1-rich cancer cells compared to NQO1-
deficient cells (Dehn, Inayat-Hussain and Ross 2005; Dehn, Winski and Ross
2004). It has also been shown using human isogenic cancer cell lines that differ
only in the level of NQO1 protein and activity that sensitivity to RH-1
correlated with the level of NQO1 activity. However, there was a threshold
level of NQO1 activity and increasing NQO1 activity above this value did not
lead to an increase in cytotoxicity (Winski et al. 2001). Studies have also shown
that RH-1 can also be reduced by CPR to semiquinone and hydroquinone
species leading to both DNA strand breaks and DNA-crosslinking (Nemei-
kaite-Ceniene et al. 2003). However, studies in human cancer cell lines engi-
neered to overexpress CRP did not demonstrate any significant increase in
cytotoxicity following treatment with RH-1 suggesting a limited role for this
enzyme in RH-1 bioactivation (Begleiter et al. 2007).

7.3.3. Indolequinones

EO9 is an indolequinone antitumor drug that was developed to undergo
bioreductive activation similar to mitomycin C but despite robust anti-
tumor activity against human cancer cell lines with high levels of NQO1
activity EO9 failed to demonstrate a significant antitumor response in
clinical trials (Pavlidis et al. 1996; Dirix et al. 1996). The three active
centers, the vinylic group at C-2, the hydroxymethyl group at C-3, and
the aziridinyl group at C-5 are possibly activated upon reduction of the
quinone group of EO9. DNA interstrand crosslinking was observed
by indoloquinone following reductive activation with XO (Maliepaard
et al. 1995).

A structure/activity study of a series of indolequinones concluded
that slight modifications of the indolequinone structure resulted in sub-
stantial variations in activation and cytotoxicity after reduction by NQO1
(Swann et al. 2001; Beall et al. 1998). These studies also demonstrated
that NQO1 can bioactivate these compounds more efficiently under
aerobic conditions while under hypoxia, the one-electron reduction of
these indolequinones is an important pathway in bioactivation (Jafar
et al. 2003; Naylor et al. 1998).
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Indolequinones have also been used to target NQO1 and induce cyto-
toxicity in human pancreatic cancer cells. A series of indolequinones based
on the structure of ES936 (5-methoxy-1,2-dimethyl-3-[(4-phenoxy)methyl]-
indole-4,7-dione) demonstrated potent mechanism-based inhibition of
NQO1 without affecting the activities of other reductases such as NQO2,
CPR, or b5R (Dehn et al. 2003; Siegel et al. unpublished data). Since high
levels of cellular NQO1 can scavenge superoxide (Siegel et al. 2004),
indolequinones were developed to selectively inhibit NQO1 and increase
levels of superoxide leading to increased cell death of pancreatic tumor
cells (Reigan et al. 2007; Cullen et al. 2003). However, in studies using a
series of indolequinones, despite greater than 95% inactivation of NQO1
in pancreatic cancer cells, there was no correlation between NQO1 inhibi-
tion and ability to induce cytotoxicity suggesting that indolequinones may
have molecular targets in addition to NQO1 (Reigan et al. 2007).

7.3.4. Streptonigrin

The generation of ROS, and in particular the hydroxyl radical, in close
association with DNA can produce large quantities of DNA strand breaks
resulting in the loss of genomic integrity and cell death. Streptonigrin is an
example of a redox-cycling quinone antitumor antibiotic isolated from
cultures of Streptomyces flocculus (Marsh, Garretson and Wesel 1961).
Streptonigrin has multiple metal binding sites and can interact with a
variety of metals to produce streptonigrin-metal-DNA complexes (White
1977). The reduction of the quinone moiety in streptonigrin by either one
or two electrons generates the semiquinone radical or hydroquinone,
respectively. In the presence of oxygen both forms will rapidly autooxidize
to produce ROS and the parent quinone (Beall et al. 1994; Bachur et al.
1979). During autooxidation the presence of metal ions bound to strepto-
nigrin catalyze the generation of hydroxyl radicals via Fenton-type reac-
tions in close proximity to DNA resulting in large quantities of DNA
single- and double-strand breaks (Sugiura, Kuwahara and Suzuki 1984).
Streptonigrin was shown to be reduced very efficiently by NQO1 to the
corresponding hydroquinone in cell-free systems (Beall et al. 1994), and in
studies with human isogenic cancer cell lines streptonigrin was more
cytotoxic to NQO1-expressing cells compared to NQO1-null cells (Beall
et al. 1996).

7.3.5. ß-Lapachone

b-lapachone (3,4-dihydro-2,2-dimethyl-2H-naphtho[1,2-b]-pyran-5,6-dione)
is another example of a redox-cycling quinone antitumor drug. b-lapachone
was isolated from the bark of the lapacho tree (Tabebuia avellanedae) and
has been reported to possess a wide range of pharmacological properties,
including antiviral, antiparasitic, and antitumor activities (Planchon
et al. 1995; Schuerch and Wehrli 1978; Boveris et al. 1978). b-lapachone
can inhibit topoisomerase I and prevent DNA repair induced by methy-
lating agents and radiation (Boothman and Pardee 1989; Boorstein and
Pardee 1984). However, the treatment of cells with b-lapachone also
results in the generation of large quantities of hydrogen peroxide due to
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the redox cycling of the quinone. An interesting finding was that in a
variety of human cancer cell lines the sensitivity to b-lapachone corre-
lated with intracellular hydrogen peroxide generation; cell lines that
generated high levels of hydrogen peroxide were sensitive to b-lapachone
while cell lines with low levels of hydrogen peroxide were resistant (Chau
et al. 1998). These data suggest that the ability to undergo bioreductive
activation to either semiquinone or hydroquinone species and subse-
quent redox cycling are required for b-lapachone to exert maximal cyto-
toxicity. In studies using cell sonicates, the addition of b-lapachone
resulted in the oxidation of greater than stoichiometric equivalents of
reduced pyridine nucleotide cofactors and the rate of cofactor oxidation
was dependent upon the activity of NQO1 (Pink et al. 2000). Subsequent
studies in cell lines and human xenograft tumors grown in mice have
shown that NQO1 is the principle determinant of b-lapachone cytotoxi-
city (Ough et al. 2005; Pink et al. 2000).

7.3.6. Benzoquinone Hsp90 Inhibitors

A third mechanism whereby the two-electron reduction of quinones to
hydroquinones can induce cytotoxicity is through the generation of a stable
hydroquinone with unique pharmacological properties (Figure 7.4). An
example of this type of bioreductive activation can be seen with the benzo-
quinone ansamycin class of HSP90 inhibitors which includes geldanamycin,
17-AAG, 17-DMAG, and 17AG. These compounds are characterized by a
quinonemoiety attached to a large planer macrocyclic ansa bridge structure
(Figure 7.5). The benzoquinone ansamycins represent a class of compounds
that disrupt multiple pathways involved in tumor cell proliferation (Goetz
et al. 2003). It has been shown that these compounds bind to an N-terminal
ATP-binding site in heat shock protein 90 (HSP90) preventing ATP binding
and hydrolysis (Grenert et al. 1997). The inability of HSP90 to utilize ATP
prevents the protein from assisting in the folding and maturation of critical
oncogenic and regulatory proteins (Powers andWorkman 2006; Goetz et al.
2003).Geldanamycin, the prototype for this class of compounds, is a natural
product isolated from cultures of Streptomyces hygrosopicus (BeBoer and
Dietz 1976). In clinical trials geldanamycin induced unacceptable levels of
hepatotoxicity; therefore, a second generation of benzoquinone ansamycin
compounds were developed that include 17-AAG and 17-AG. These com-
pounds were selected because they induced less toxicity in animal studies but
still retained the ability to inhibit HSP90 (Behrsing et al. 2005; Schulte and
Neckers 1998). In studies using a variety of human cancer cell lines treated
with 17-AAG there was a positive correlation between 17-AAG sensitivity
and NQO1 activity suggesting a role for quinone reduction by NQO1 in the
mechanism of action of the benzoquinone ansamycins (Kelland et al. 1999).
Subsequent studies using purified recombinant NQO1 demonstrated that
the benzoquinone ansamycins could be reduced by NQO1 to their corre-
sponding hydroquinone species (Guo et al. 2005, 2006) and in studies using
purified yeast and human HSP90 the hydroquinone species induced sub-
stantially greater inhibition of HSP90 when compared to the quinone form
(Guo et al. 2005, 2006). Molecular modeling studies also confirmed that
when reduced to their corresponding hydroquinones the benzoquinone
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ansamycins exhibited a stronger binding interaction with the ATP-binding
site in HSP90 (Guo et al. 2005, 2006). In studies using isogenic human
cancer cell lines that differ only in the expression of NQO1, the reduction
of 17-AAG to the corresponding hydroquinone was seen exclusively in cells
expressing NQO1 and formation of the hydroquinone could be inhibited by
pretreating the cells with an NQO1 inhibitor (Guo et al. 2005). In addition,
these experiments also showed that cells expressing NQO1 were more
sensitive to 17-AAG and sensitivity correlated with the marked degradation
of HSP90 client proteins (Guo et al. 2005). Recently, the more active and
water-soluble hydroquinone of 17-AAG has been formulated into a stable
product and is currently in clinical trials (Sydor et al. 2006). While the
reduction of benzoquinone ansamycins by NQO1 to their corresponding
hydroquinones generates more potent HSP90 inhibitors, one-electron
reduction will form an unstable semiquinone radical that in the presence
of oxygen may redox cycle back to the quinone-generating ROS. Studies
have shown that geldanamycin can undergoCPR-mediated reduction to the
semiquinone radical that reacts spontaneouslywith oxygen to regenerate the
quinone and in the process generates superoxide (Dikalov, Landmesser and
Harrison 2002; Benchekroun, Myers and Sinha 1994). The ability of gelda-
namycin to undergo one-electron reduction by enzymes such as CPR in the
liver may play a role in the hepatotoxicity observed in patients treated with
geldanamycin in clinical trials.

Figure 7.5 The structures of antitumor quinones that undergo bioreductive activation.
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7.3.7. The Case of Hypoxia-Activated Quinone Prodrugs: Therapeutic

Exploitation of One-Electron Reduction of Quinines

Despite the association of one-electron cycling of semiquinones with oxida-
tive stress and toxicity, one-electron reduction of quinones with subsequent
generation of ROS may be a more desirable outcome from a toxicological
perspective than accumulation of potentially toxic semiquinone radicals
(Sartorelli 1988). As explained by Wardman, for drug efficacy as a hypoxic
cytotoxin, the damaging effect of the reactive product under hypoxia must
be greater than the toxicity resulting from oxygen-cycling reactions under
aerobic conditions (Wardman 2001). This reaction has been exploited for
therapeutic purposes and has been employed in the design of antitumor
quinones to kill hypoxic cell fractions in tumors. Quinone analogues were
among the first compounds explored as hypoxia-selective tumour-activated
prodrugs. After one-electron reduction of a quinone species to the semiqui-
none radical anion (Belcourt et al. 1996), dependent on the redox potential
of the semiquinone, it can be back-oxidized by molecular oxygen in normal
well-perfused cells. Under hypoxic conditions, however, the semiquinone
radical is not back-oxidized, accumulates, and can lead to cellular damage
potentially resulting in hypoxia-selective cytotoxicity (Everett et al. 1998;
Sartorelli 1988). For example, the N-methyl aziridine analogue of MMC,
porfiromycin, is a potent antitumor agent, which shows greater hypoxic
selectivity (Belcourt et al. 1996). The reduction of porfiromycin to the
semiquinone radical anion can be reversed by molecular oxygen, but
under hypoxia this undergoes complex fragmentation to a reactive species
that binds toDNA (Figure 7.6) via guanine–guanine crosslinks in the major
groove (Pan and Iracki 1988).

Mitomycin C and porfiromycin are naturally occurring prototypes of
bioreductive anticancer prodrugs. Since their discovery, various reduc-
tively activated prodrugs have been developed based on the mechanism
of action revealed by these hypoxically activated cytotoxins. In addition,
many hypoxia-targeting hybrid drugs have been designed that incorporate
quinones and nitroaromatics (triggers) connected to cytotoxic units (effec-
tors) through linker units. Upon activation, such hybrid drugs are
designed to release strong alkylating agents, for example, cyclophosphor-
amide (Denny 2005).

7.4. Summary

In summary, a wide range of one- and two-electron reductases are capable
of metabolizing quinones. Both semiquinones and hydroquinones formed
by one- and two-electron reductions, respectively, may be unstable to
oxygen and undergo redox-cycling reactions in the presence of adequate
oxygen and enzymatic cofactor. Metabolism of quinones to hydroquinone
derivatives may result in either toxification or detoxification depending on
the properties of the hydroquinone generated, and good examples of both
reactions have been documented. Both the one- and two-electron-mediated
reduction of quinones have been utilized to target cancers. One-electron
reduction has been employed in the targeting of hypoxic fractions in tumors
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while the presence of elevated levels of two-electron reductases such as
NQO1 in tumors has led to the design of anticancer quinones that can be
activated specifically in neoplasic cells.
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8.1. Introduction Generation of Lipoxidation-Derived

Electrophiles

A key process in mammalian biochemistry is the peroxidation (dioxygena-
tion) of polyunsaturated fatty acids (PUFAs), in their free or esterified
forms, to their corresponding hydroperoxy derivatives. This reaction
involves both enzymatic and nonenzymatic pathways. The PUFAs in
lipoproteins and membranes are the most susceptible cellular constituents
to oxidative stress damage. The condition of oxidative stress results in a
free-radical chain peroxidation process, initiated by abstraction of the bis-
allylic hydrogen atom. The resulting pentadienyl radical reacts at one
terminus or the other with oxygen, to give a peroxy radical, which then
abstracts a second bis-allylic hydrogen to complete the chain. The enzy-
matic peroxidation pathways are catalyzed by lipoxygenases (LOXs),
which constitute a heterogeneous family of enzymes responsible for the
biosynthesis of leukotrienes, important mediators of inflammatory and
anaphylactic disorders (Werz and Steinhilber 2005; Steinhilber 1999). The
different LOXs are classified by the positional specificity of oxygen addi-
tion, two possibilities in the case of linoleic acid and four in the case of
arachidonic acid. At least one LOX has been implicated in atherosclerosis,
and is capable of oxidizing low-density lipoprotein (LDL) to its athero-
genic form. The hydroperoxide products of the enzymatic and nonenzy-
matic pathways are basically the same, but the difference is that the latter is
randomized in terms of both regiochemistry and stereochemistry.
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Regardless of their mechanism of formation, the initial lipid hydroper-
oxide products are only metastable, and can decompose through the cata-
lytic action of transition metal ions, mainly iron and copper. In this process,
the reduced forms, Fe(II) or Cu(I), induce reductive cleavage of the peroxide
unit, and the resulting oxidized forms, Fe(III) and Cu(II), are re-reduced at
the expense of cellular reducing stores (e.g., ascorbate or cysteine). It has
also been reported that ascorbate can support a nonmetal-catalyzed decom-
position of lipid hydroperoxides (Lee, Oe and Blair 2001). The process of
peroxide decomposition can be divided into two categories: one that
involves retention of the carbon backbone (Figure 8.1), and the other that
involves chain cleavage (Figure 8.2) to generatemonofunctional and bifunc-
tional reactive aldehyde moieties (Spiteller et al. 2001; Gardner 1989).

Peroxidation of the 1,4-pentadienyl stretches of unsaturation in PUFA
chains results in two ‘‘mirror image’’ 1,3-pentadienyl hydroperoxide inter-
mediates (Figures 8.1 and 8.2, two alternate choices for R andR0). In the case
of retention of the full PUFA carbon backbone, this translates into the
expectation that there will be two possible regioisomers for every possible
unsymmetrically oxygenated end-product, for example, two regioisomers for
each of the trans-epoxy-oxo-(E)-octadecenoic acid series (EKODE-I and
EKODE-II; Figure 8.1). On the other hand, when chain cleavage occurs,
this results in two sets of aldehydes for each type of reactivemoiety generated,
one containing the methyl terminus of the acyl chain, and the other contain-
ing the carboxyl terminus (Kamido et al. 1995; Gu et al. 2003; Gugiu and
Salomon 2003; Deng and Salomon 2000). Some of these pairs demonstrated
to arise from linoleic acid (Spiteller et al. 2001) are 4-hydroxy-2-nonenal
(HNE) and 9-hydroxy-12-oxo-10-dodecenoic acid (HODA); 4-oxo-2-none-
nal (ONE) and 9-keto-12-oxo-10-dodecenoic acid (KODA); 2,4-decadienal
(DDE) and 13-oxo-9,11-tridecadienoic acid; 2-hydroxyheptanal and 9-
hydroxy-10-oxodecanoic acid; and 2-octenal and 11-oxo-8-undecenoic acid.
However, the carboxyl-terminus analog of 4,5-epoxy-2-decenal (EDE),
13-oxo-9,10-epoxy-11-tridecaenoic acid, has not yet been reported.

Small aldehydes with neither a methyl or carboxy terminus have also
been detected in lipid peroxidation, including malondialdehyde (MDA),
glyoxal (Fu et al. 1996), and acrolein (Uchida et al. 1998a,b; Uchida 1999).

Figure 8.1 Pathways for decomposition of linoleate-derived hydroperoxides without chain cleavage.
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Possible routes to the former two are shown in Figure 8.2, though potential
pathways to the formation of acrolein from intermediates of PUFA oxida-
tion have yet to be established. It should be noted that glyoxal can form
also from various glycoxidation pathways, MDA can form in prostaglan-
din biosynthesis, and acrolein can form from the amine oxidase-mediated
metabolism of the polyamine spermine.

During the past few decades, there has been an intensive effort directed at
ascertaining the nature of protein and DNA modification (Burcham 1998;
Bartsch 1999; Marnett, Riggins and West 2003; Bartsch and Nair 2004) by
lipoxidation (LPO)-derived electrophiles, and evidence is accumulating for
their being causally involved in many pathophysiological effects associated
with oxidative stress in cells and tissues in vivo (Sayre, Smith and Perry
2001). Early interest in the nature of LPO-mediated protein and DNA
modification focused on MDA. More recently, the greatest effort has been
directed at HNE, a readily diffusible and selective electrophile, which is a
key mediator of oxidative stress (Esterbauer, Schaur and Zollner 1991).
HNE has achieved the status of the best-recognized and most-studied
cytotoxic product of lipid peroxidation (Uchida 2003). Recently, the
4-keto cousin of HNE, ONE, was demonstrated to be a direct product of
lipid oxidation (Lee and Blair, 2000; Spiteller et al. 2001), arising indepen-
dently and not from oxidation of HNE (HNE and ONE appear not to
interconvert metabolically). Studies in our labs and others (see below) have
characterized the side-chain-modifying chemistry of ONE, a more reactive
protein modification and crosslinking agent than HNE. Other important
products of lipid peroxidation capable of modifying proteins include:MDA

Figure 8.2 Pathways for decomposition of PUFA hydroperoxides with chain cleavage.
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(1,3-propanedial); acrolein; simple 2-enals; 2,4-dienals; 2-hydroxyalde-
hydes; and 4,5-epoxy-2-enals.

The principal protein side-chain adducts modified by LPO-derived
electrophiles are Cys, His, and Lys. The guanidino group of Arg is highly
basic and the conjugate acid is therefore normally unreactive toward
electrophilic agents. On the other hand, 1,2-dicarbonyl compounds are
standard chemical modification agents for Arg side-chains, and these
moieties are generated during glycoxidation events or in the Maillard
reaction of reducing sugars with Lys side-chains. The ability of Arg to be
modified by 1,2-dicarbonyl compounds probably reflects the fact that the
low level of monoadducted guanidino formed in equilibrium is ‘‘trapped’’
by more irreversible chemistry that occurs upon intramolecular cyclization
of a second guanidino nitrogen with the second carbonyl functionality.
1,2-Dicarbonyl or related bifunctional reactivity can potentially be gener-
ated from LPO-derived electrophiles, suggesting the possibility for the
occurrence of Arg modification in some cases.

The search for the nature of DNA nucleobase modification was driven by
the early finding that certain LPO-derived electrophiles, such as acrolein, also
a known environmental toxin, are mutagenic both in vitro and in vivo. The
most common types of adducts generated are those that result in bridging of
the 1 and N2 nitrogen positions of guanosine or the 1 and N6 nitrogen
positions of adenosine by C1 and C3 of a,b-unsaturated aldehydes (two
regiochemistries possible), generating the so-called (substituted) propano
adducts. Bridging across these same positions by two carbons to give the so-
called etheno adducts is also observed under peroxidizing conditions (Chen
and Chung 1994). Other noncrosslink and crosslink nucleobase adducts are
formed by the various, mainly bifunctional LPO-derived aldehydes.

The chemistry of protein and DNA modification is described below in
the context of different families of reactive moieties. It is most important to
recognize that among the many model studies that have resulted in eluci-
dation of adduct structures, in only limited cases has there been documen-
tation that the protein or DNA adducts form in vivo. In the case of protein
modifications, evidence for in vivo appearance of adducts has comemainly
from immunochemical studies using highly specific antibodies. Verifica-
tion of the presence of DNA adducts in vivo has depended not only on
immunochemical methods but also polyethyleneimine cellulose thin-layer
chromatography (TLC) or high-performance liquid chromatography
(HPLC) methods with 32P-postlabeling. The high sensitivity of mass spec-
trometry makes this approach the most likely method to see increased
applications in the coming years for detection of in vivo adducts.

8.2. Chemistry of Protein and Polynucleotide Covalent

Modification

8.2.1. Malondialdehyde

Malondialdehyde has entertained major historical significance, as it con-
stitutes the principal aldehyde detected in the thiobarbituric acid reactive
substances (TBARS) assay for lipid peroxidation (Esterbauer, Schaur and
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Zollner 1991). Although other lipid-derived aldehydes give a positive
TBARS signal, MDA partitions so efficiently into the water phase relative
to more lipophilic LPO products that the TBARS measurement constitu-
tes a reasonable definition of releasedMDA.Although the ability ofMDA
to modify proteins should be limited by its existence at physiological pH
mainly in the form of its ‘‘inert’’ resonance-stabilized enolate anion con-
jugate base, MDA nonetheless appears capable of forming an array of
protein adducts, associated with crosslinking and a characteristic fluores-
cence (ex/em 390–400 nm/460–470 nm). The most obvious crosslink would
be the Lys–Lys bis-Schiff base 1a, which would exist as its resonance-
stabilized 1-amino-3-iminopropene tautomer 1b. Evidence that this cross-
link is at least reversibly formed in solution is supported by the isolation of
the corresponding propano di-lysine derivative following borohydride
reduction (Requena et al. 1997). At the same time, however, the extent to
which 1 contributes to long-lived crosslinking of protein byMDAhas been
questioned (Slatter, Murray and Bailey 1998), and it would have to form
first from accumulation of the mono-Schiff base adduct, shown to exist in
its resonance-stabilized enamino form 2 (Uchida et al. 1997). The latter
does form in considerable amounts on protein Lys residues, but because of
the resonance, it might have low reactivity toward condensation with a
second Lys amino group. One thing for sure is that the bis-Schiff base
adduct cannot explain the MDA-derived fluorescence that develops in its
reaction with proteins, as shown by independent synthesis of the 1-amino-
3-iminopropene moiety (Itakura and Uchida 2001).

Work by others to determine the nature of the MDA-derived fluoro-
phore in model studies under physiomimetic conditions led to the isolation
of strongly fluorescent 4-methyl-1,4-dihydropyridine-3,5-dicarboxalde-
hyde Lys adducts 3 (Kikugawa and Beppu 1987, Nair et al. 1988). A
retrosynthetic analysis of this structure indicates the need for two MDA
molecules along either side of the ring, tied together by a C2 fragment that
must result from breakdown of a third MDA molecule (Slatter, Murray
and Bailey 1998). Consistent with this proposal, the same structure is
generated in higher yield from a mixture of MDA and acetaldehyde (Xu
et al. 1997). Antibodies to theMDA–acetaldehyde protein adducts (referred
to as ‘‘MAA’’ adducts), which include 3 and 4, have been shown to recognize
elevated circulating titers of these adducts in cases of chronic ethanol
administration to rats and in humans with alcoholic liver disease, associated
with the severity of liver damage (Tuma 2002).

Fluorophore 3 would not explain the protein crosslinking potential of
MDA, and further studies using amodel lysine-containing peptide led to the
characterization of another fluorescent MDA adduct, in this case a dihy-
dropyridinyl pyridiniumLys–Lys crosslink 5 derived from fourmolecules of
MDA (Itakura, Uchida and Osawa 1996). Because of the need for conver-
gence of four MDA molecules, the extent to which adduct 5 contributes to
MDA-derived fluorescence and crosslinking is unclear. Another group
identified a nonfluorescent imidazole-based Lys–Arg crosslink 6 derived
from a single MDA molecule (Slatter, Avery and Bailey 2004).

Interest in the possible reactions ofMDAwithDNA has dated backmore
than 30 years (Mukai andGoldstein 1976), though the fact thatMDA, rather
than some impurity generated in its preparation, is the actual mutagen was
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confirmed only two decades ago (Basu and Marnett1983). The reaction
between MDA and guanine nucleosides was reported to form M1dG
(Marnett et al. 1986). This adduct (Figure 8.3) was later shown to exist in
equilibrium with its ring-opened tautomer (Mao et al. 1999). A mouse
monoclonal antibody to M1dG adducts was found to detect this lesion in
the DNA of bacteria treated with sufficient MDA to result in expression of
mutations (Sevilla et al. 1997). The M1dG lesion was found to induce
sequence-dependent frameshift mutations and base pair substitutions in
bacteria and in mammalian cells, suggesting its possible role in human
disease (VanderVeen et al. 2003). In additional model studies, fluorescent
20-deoxyadenosine adducts (M1FA-dA, M2FA-dA; or M1AA-dA, M2AA-
dA) were identified in the reaction of deoxyadenosine with MDA in the
presence of formaldehyde or acetaldehyde (Le Curieux et al. 2000).

8.2.2. Glyoxal

It is known that glyoxal adducts on proteins arise not only from the
Maillard reaction of reducing sugars with amines (Glomb and Monnier
1995), but also from lipid peroxidation (Mlakar and Spiteller 1994, 1996;
Loidl-Stahlhofen and Spiteller 1994). As in the case of MDA, the most
obvious crosslink would be a Lys–Lys bis-Schiff base (Figure 8.4). Indeed,
the ethano di-lysine reduction product of the latter was identified followed
by borohydride reduction (Glomb and Monnier 1995), suggesting that the
bis-Schiff base represents at least an equilibrium state when proteins and
glyoxal are present together in relatively high concentration. However, the
main Lys modification that survives after some time isN�-(carboxymethyl)-
lysine (CML) (Glomb and Monnier 1995), the mechanism of formation of
which involves an intramolecular Cannizzaro rearrangement of the
aldehyde hydrate of the mono Lys Schiff base. The finding that CML is
also generated when proteins are exposed to PUFAs undergoing metal-
catalyzed oxidation supported that fact that glyoxal or a glyoxal-donating
intermediate is generated during PUFA peroxidation (Fu et al. 1996).

Figure 8.3 MDA adducts of protein side-chain and nucleobases.

204 D. Lin and L.M. Sayre



The bis-Schiff base is nonetheless important in that it, or its carbi-
nolamine equilibrium form, must be an intermediate in the formation
of the Lys–Lys crosslink ‘‘glyoxal lysine dimer’’ (GOLD) (Frye et al.
1998), the formation of which requires a second glyoxal molecule, and
the Cannizzaro rearrangement product ‘‘glyoxal lysine amide’’ (GOLA)
(Glomb and Pfahler 2001). Glyoxal also modifies arginine, producing
dihydroxyimidazolidine and N7-carboxymethylarginine (Glomb and
Lang 2001). In addition, the Lys–Arg crosslink structure GODIC was
identified in the incubation of glyoxal with a mixture of Lys and Arg
analogs under physiological conditions (Chellan and Nagaraj 2001;
Wells-Knecht, Brinkmann and Baynes 1995). The various glyoxal
adducts such as CML and GOLD have been found in vivo, using
either immunochemical methods (Castellani et al. 2001), or by liquid
chromatography–mass spectrometry (LC–MS) techniques (Frye et al.
1998) following complete acid hydrolysis of tissue homogenates (e.g.,
lens proteins and skin collagen).

Glyoxal was also found to modify DNA and nucleosides, preferen-
tially involving guanine and producing a five-membered ring fused
between 1(N) and N2 by an ethylene glycol moiety (gx-dG) (Shapiro
and Hachmann 1966). Additional glyoxal-derived nucleoside adducts,
such as the hydroxyacetyl adduct of deoxycytodine (gdC, Figure 8.5),
and crosslinks, like dA-gx-dG, dC-gx-dG and dG-gx-dG, were detected
to form in physiologic conditions on the basis of UV and MS (Kasai,
Iwamoto-Tanaka and Fukada 1998). However, only recently were the
latter dG-based glyoxal crosslinks isolated under preparative conditions
and their structures elucidated by nuclear magnetic resonance (NMR)
(Figure 8.8; Brock et al. 2004). Utilizing a monoclonal antibody to the

Figure 8.4 Protein modifications formed from glyoxal.
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gdC adduct, glyoxal-associated DNA lesions were measured in periph-
eral blood mononuclear cells of human volunteers taking vitamin C
(Cooke et al. 2003), which has been suggested to result in elevated
levels of lipid peroxidation products.

8.2.3. 2-Hydroxyalkanals

The most abundant 2-hydroxyalkanal found in tissue is 2-hydroxyhep-
tanal, which has been found in the oxidation of the o-6 PUFAs linoleic
and arachidonic acids (Loidl-Stahlhofen and Spiteller 1994). 2-Hydro-
xybutanal has also been detected in the oxidation of the o-3 PUFAs
linolenic and docosahexaenoic acid (Mlakar and Spiteller 1994; Kawai,
Takeda and Terao 2007). In model studies, free 2-hydroxyheptanal was
found to be quite unstable, but reversible Schiff base formation with
amines was demonstrated by reductive trapping with sodium borohydride
(Figure 8.6; Kern and Spiteller 1996). A fluorescent 3-hydroxypyridinium
(3-HOPy) was isolated upon prolonged incubation of amines or lysine
derivatives with 2-hydroxyaldehydes, both by our laboratory (Liu and
Sayre 2003) and another group (Itakura and Uchida 2003). The latter
workers also obtained immunochemical evidence for the existence of the
3-HOPy epitope in atherosclerotic lesions of the human aorta (Itakura
et al. 2003). 2-Hydroxyaldehydes correspond to the simplest ‘‘reducing
sugar’’, and the mechanism of 3-HOPy formation undoubtedly involves
two sequences of Schiff base formation and subsequent Amadori rearran-
gement, in succession (Figure 8.6). On the basis of the lack of bifunc-
tional unsaturation in 2-hydroxyaldehydes, one would not expect any
obvious reaction with DNA, and no such modifications have so far
been reported.

Figure 8.5 Nucleobase adducts and crosslinks formed by glyoxal.

206 D. Lin and L.M. Sayre



8.2.4. Levuglandins

Levuglandins (LGs) (Figure 8.7), levulinaldehyde (4-oxopentanal) deriva-
tives with prostaglandin side-chains, were postulated to be generated by
nonenzymatic rearrangements of prostanoid endoperoxides (Salomon
2005). A number of regioisomers of these compounds are generated,
with nomenclature based on that used for prostaglandins. On the basis
of the well-known Paal–Knorr condensation of g-dicarbonyl compounds
with amines to form pyrroles, one would expect the reaction of LGs with
proteins to result in pyrrole derivatives on Lys side-chains. Quantitation of
protein-based levuglandin E2 (LGE2)-derived pyrroles was accomplished
through colorimetric derivatization with p-(dimethylamino)benzaldehyde,
Ehrlich’s reagent (Iyer, Kobierski and Salomon 1994). However, LG-
derived pyrroles are highly susceptible to oxidation because of their elec-
tron-rich property. It was thus found that LGE2-derived pyrroles are
readily oxidized by air to relatively stable end-products, lactams and
hydroxylactams, through MS analysis (Brame et al. 1999). These adducts
have been identified in vivo in a variety of oxidative stress states (Salomon
2005). Levuglandins were also found to be potent crosslinkers of proteins
(Jirousek, Murthi and Salomon 1990; Salomon 2005), possibly arising
from the generation of electrophilic moieties in the oxidation of the initi-
ally formed Lys-based pyrroles. The exact nature of the crosslinking has
not been structurally established.

Figure 8.6 Lysine modification by 2-hydroxyaldehydes.

Figure 8.7 Generation of levuglandins and their modification of lysine side-chains.
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On the basis of the finding that LGE2 inhibits mitosis and microtubule
assembly (Murthi, Salomon and Sternlicht 1990), the ability of these
reactive molecules to modify DNA was investigated. Indeed, LGE2 was
found to produce DNA–protein crosslinks in mammalian cells (Murthi
et al. 1993), though the exact nature of the crosslink chemistry remains
unidentified.

8.2.5. Acrolein, 2-Alkenals, and 2,4-Dienals

The 2-alkenals represent a large group of aldehydes containing two electro-
philic reaction centers, a Michael addition-reactive C=C and the C=O
group.Michael additions were suggested to occur with the sulfhydryl group
of cysteine, the imidazole group of histidine, and the amino group of lysine
in proteins. In particular, (E)-2-octenal was documented to adduct to His
residues of bovine serum albumin (Alaiz and Giron 1994). Acrolein is
thought to be the strongest electrophile among these aldehydes and shows
the highest reactivity with nucleophiles in proteins (Esterbauer , Schaur and
Zollner 1991). The higher reactivity of acrolein relative to the chain-
extended 2-alkenals undoubtedly reflects the steric accessibility of the
unsubstituted b-carbon. The bifunctional nature suggests that 2-alkenals
could potentially crosslink proteins, and this has been found to be the case,
with acrolein being the most potent crosslinking agent (Zhang et al. 2003).

The chemical nature of crosslinking and noncrosslinking modification of
proteins by 2-alkenals is an ongoing field of investigation. The formation of
the 3-formyldihydropyridine-lysine (FDP-lysine) adduct (Figure 8.8) was
first reported in the case of acrolein-modified lysine (Uchida et al. 1998a).
This adduct represents the sequential conjugate addition of a single Lys
residue to two molecules of the 2-alkenal, possibly reflecting equilibrium
generation of an initial monoadduct that has not been characterized as a
stable end-product. An alternate course for reaction of a single lysine with

Figure 8.8 Lysine modification by acrolein/crotonaldehyde and Lys–GSH crosslinking.
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two molecules of acrolein was identified to give a methylpyridinium struc-
ture (MP-lysine) (Ichihashi et al. 2001, Furuhata et al. 2003). Antibodies
recognizing the acrolein–lysine protein adducts were found to recognize
neurons specifically in Alzheimer’s disease (Calingasan, Uchida andGibson
1999) as well as atherosclerotic lesions from a human aorta (Uchida et al.
1998b), in which intense positivity was associated primarily with macro-
phage-derived foam cells and the thickening neointima of arterial walls.

The FDP- and pyridinium-type adducts were later also detected in the
incubation of lysine derivatives with other 2-alkenals, such as crotonalde-
hyde (Figure 8.8), 2-pentenal, and 2-hexenal (Ichihashi et al. 2001). The
structural connectivity of the crotonaldehyde-derived 2,5-disubstituted
pyridinium adduct confirms that the latter represents the equivalent of
one Michael addition and one Schiff base formation, though the mechan-
istic details have not been totally elucidated. Although pyridinium-type
adducts were less preferentially formed than FDP-type adducts in model
reactions of acrolein and crotonaldehyde with lysine derivatives, the pyr-
idinium structures were actually the major antigenic adducts generated
in acrolein- or crotonaldehyde-modified protein (Ichihashi et al. 2001,
Furuhata et al. 2003).

It was later recognized that the FDP adduct was itself a reactive elec-
trophile (a,b-unsaturated aldehyde) and thus could undergoMichael addi-
tion by a protein-based electrophile, resulting in protein–protein
crosslinking. In this regard, the FDP-lysine adduct was reported to react
with free sulfhydryl groups (e.g., of glutathione (Figure 8.8)) and repre-
sented a new mechanism of Lys–Cys-based protein crosslinking by acro-
lein (Furuhata et al. 2002).

Studies by Novotny’s group on the reaction of model Lys-containing
peptides with 2-hexenal were reported to yield not only 2,5-disubstituted
pyridinium structures but also 3,4-disubstituted pyridinium adducts that
appear to reflect condensation of the Lys e-amino group with the C1
carbonyl group (Schiff base formation) of both molecules of 2-alkenal
(Figure 8.9; Baker et al. 1998; Baker, Wiesler and Novotny 1999). Struc-
tural assignment was on the basis of NMR and mass spectrometry.
Although this shift in adduct structure toward double Schiff base-like
condensation probably reflects the lower tendency of the extended-chain
2-alkenal toward Michael addition relative to acrolein, as expected on
steric grounds, these other studies involved higher concentrations of reac-
tants, and more complex pyridinium structures representing condensation
of one or two molecules of Lys with three molecules of aldehyde were also
obtained.

Figure 8.9 Structures of adducts formed from lysine-containing peptides and 2-hexenal.
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It should be pointed out that one of the most abundant products of lipid
oxidation is the simple aldehyde hexanal. Although this molecule lacks
Michael adduct reactivity and its reactions with proteins would presum-
ably be limited to Schiff base formation (reversibly) on Lys amino groups,
it is known that more complex end-products are generated (Smith et al.
1999), including pyridiniums (Kato et al. 1986) and some fluorescent
moieties of unknown structure (Stapelfeldt and Skibsted 1996). The most
likely route to such products involves an amine-catalyzed aldol-like con-
densation to generate initial 2:1 aldehyde–amine adducts bearing a,b-
unsaturation as an early step.

On the basis of the rich modification chemistry induced by a,b-unsatu-
rated aldehydes, one would think that 2,4-dienals, such as DDE, a major
product of oxidation of linoleic acid (Spiteller et al. 2001), would also modify
proteins, and with perhapsmore complicatedmechanisms and structures due
to the additional unsaturation. We found that DDE has about the same
protein crosslinking ability as HNE (Zhang et al. 2003). However, the nature
of protein modification by DDE has not been thoroughly investigated.

Acrolein is reactive with DNA bases, and cyclic 1,N2-propanodeoxy-
guanosine adducts (Acr-dG1-3, Figure 8.10) have been characterized
(Chung, Young and Hecht 1984). Similar adducts were also detected
when deoxyguanosine was exposed to PUFAs undergoing oxidation
(Pan and Chung 2002). Although HNE has one more functional group
(4-hydroxy), it shares with simple 2-enals the same type of modification of
deoxyguanosine. The Acr, Cro, and HNE adducts have been detected as
endogenous DNA lesions in rodent and human tissues (Chung et al. 2003).
Although the results showed that HNE-dG adducts are preferentially
formed in a sequence-specific manner at a mutational hotspot in human
cancers, these lesions were shown to be readily repairable. Acrolein also
modifies deoxyadenosine, generating a similar propano adduct (Acr-dA,
Figure 8.10) (Smith et al. 1990). Formation of this adduct in vivo was
demonstrated immunohistochemically in the nuclei of the proximal tubu-
lar cells of rat kidney in a model for oxidative stress using a carcinogenic
iron chelate (Kawai et al. 2003).

Figure 8.10 Deoxyguanosine/deoxyadenosine adducts and dG-dG and Lys-dG crosslinks generated by
acrolein and various 2-alkenals.
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The generation of acrolein adduct Acr-dG3 serves as an intermediate to
the formation of the interchain DNA crosslink dG-Acr-dG (Figure 8.10),
which could be isolated from enzymatically digested acrolein-treated
DNA as well as by direct treatment of Acr-dG3 with dG (Kozekov et al.
2001). In addition, crosslinking between lysine-containing peptides and
deoxyguanosine-containing oligodeoxynucleotides was reported to occur
via a Schiff base linkage (Kurtz and Lloyd 2003). Very recently, three
acrolein–deoxyadenosine adducts in addition to the previously identified
propano adduct were identified from modification of calf thymus DNA
(Figure 8.10), a ring-opened propano adduct 7 and two adducts (Acr2-dA)
that contain two molecules each of acrolein (Pawlowicz et al. 2006).

As discussed in the introduction, etheno purine DNA adducts have
been identified in vivo and appear to arise from a variety of exogenous
and endogenous chemical agents, including intermediates generated dur-
ing lipid peroxidation (Chen and Chung 1994). Although simple 2-enals
give rise to the propano adducts described in Figure 8.10, exposure of
DNA to 2-enals in the presence of epoxidizing agents, including peroxy
intermediates of lipid peroxidation, results in the generation of the more
mutagenic etheno adducts. That these adducts arise from epoxy deriva-
tives was shown by the fact that the independently synthesized epoxide
arising from HNE (2,3-epoxy-4-hydroxynonanal), a potent mutagen
unlike its parent HNE, generated the etheno adducts shown in Figure 8.11
(Chen et al. 1998). Both unsubstituted and substituted etheno adducts are
seen. Other 2,3-epoxyalkanals give rise to the same chemistry.

Although some workers have found that cytotoxicity arising from the
2,4-dienal DDE involves a nonapoptotic mechanism (Cabre et al. 2003),
other workers have observed DDE to exhibit genotoxic effects (Hansen,
Even and Geneviere 2004; Chang, Lo and Lin 2005), suggesting its ability
to modify DNA. Curiously, DDE has not been reported to give rise to
propano DNA adducts analogous to those seen above from 2-alkenals.
However, a number of substituted etheno adducts have been reported to
formwhen deoxyadenosine is exposed toDDE in the presence of peroxides
or H2O2 (Carvalho et al. 1998, 2000). In these cases (Figure 8.12), it
appears that the actual DNA-modifying agents are again the 2,3-epoxides

Figure 8.11 Generation of etheno DNA nucleobase adducts from 2-enals under epoxidizing conditions.
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that form from epoxidation reactions that could occur under physiological
conditions. The unsubstituted etheno adducts edAdo and edGuo and
additional substituted deoxyguanosine etheno adducts (Figure 8.12) were
found to form under similar reaction conditions (Loureiro et al. 2000,
2004). Unlike the parent etheno adducts, the substituted forms of DDE-
derived etheno adducts have yet to be observed in vivo.

Despite the realization that 2,3-epoxyalkanals can serve as source of
unsubstituted etheno adducts edAdo and edGuo (Figure 8.12), these same
DNA lesions are also found to form from the independently synthesized
peroxidation metabolite of DDE, 4,5-epoxy-2(E)-decenal (4,5-EDE) (Lee,
Oe and Blair 2002). These workers were able to exclude contamination by
any 2,3-epoxy compound, suggesting that there is an alternate mechanistic
route to the etheno adducts from that depicted in Figure 8.12. 4,5-EDE has
been observed to be generated directly from peroxidation of the o-6
PUFAs linoleic and arachidonic acids.

8.2.6. HNE, ONE, HODA, KODA

Our laboratory has had a major focus on HNE, a highly reactive bifunc-
tional aldehyde, that is a major product of oxidation of o-6 polyunsatu-
rated (linoleoyl and arachidonyl) chains. The propensity of HNE to form
Michael adducts with nucleophilic amino acids (Figure 8.13) represents the
dominant initial reaction pathway of HNE with proteins and underlies the
ability of HNE to inactivate a large number of thiol-dependent enzymes, in

Figure 8.12 Deoxyadenosine and deoxyguanosine adducts derived from reaction with DDE under oxidizing
conditions.
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particular cysteine proteases (Esterbauer , Schaur and Zollner 1991; Witz
1989; Uchida and Stadtman 1992, 1993). Unlike simple a,b-unsaturated
aldehydes, the Michael adducts 8a in this case are stabilized in the form of
cyclic hemiacetals 8b (Esterbauer, Ertl and Scholz 1976). Antibodies raised
to HNE-treated protein, thought to recognize mainly HNE Michael
adducts, have documented the presence of HNE modifications in vivo in
diseases associated with oxidative stress (Ando et al. 1998; Yoritaka et al.
1996, Wataya et al. 2002).

Although HNE Michael adducts formed with Cys and His are stable to
isolation, Michael adducts to Lys e-amino groups are formed reversibly
(Nadkarni and Sayre 1995), and can be isolated only following reductive
trapping with NaBH4. Our efforts to characterize an irreversibly formed
HNE-lysine adduct led to the discovery of HNE-derived 2-pentylpyrroles 9
(Sayre et al. 1993, 1996), that we termed the first example of an ‘‘advanced
lipoxidation end-product’’ (ALE). This pyrrole has been documented as a
marker of oxidative stress in numerous disease states, including atherosclero-
sis (Salomon et al. 2000), Alzheimer’s disease (Montine et al. 1997a,b; Sayre
et al. 1997), Alexander’s disease (Castellani et al. 1998), and Parkinsons
disease (Castellani et al. 2002).

The bifunctional aspect of HNE allows it in theory to crosslink proteins
by conjugate addition of Cys, His, or Lys at C3 and Schiff base condensa-
tion with Lys at the C1 carbonyl, for example, 10 (Uchida and Stadtman
1993; Friguet, Stadtman and Szweda 1994; Cohn et al. 1996). However, we
found that such adduct, like the simple lysineMichael adduct, is reversibly
formed (Nadkarni and Sayre 1995). Our efforts to characterize stable

Figure 8.13 Protein side-chain modification by HNE and ONE.
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adducts that would rationalize the known protein crosslinking activity of
HNE (Cohn et al. 1996, Montine et al. 1996), led to the discovery of a
fluorescent four-electron oxidation product, 2-hydroxy-2-pentyl-1,2-dihy-
dropyrrol-3-one iminium 11, that has the same lysine–lysine connectivity
as 10, but arises via an independent mechanistic pathway (Xu and Sayre
1998; Xu, Liu and Sayre 1999). The same Lys–Lys crosslink was reported
by another group (Itakura, Osawa and Uchida 1998), and immunochemi-
cally identified in HNE-treated protein (Tsai et al. 1998) and in-vitro-
oxidized LDL (Xu, Liu and Sayre 2000). In the effort to confirm the
structure of 11 by independent synthesis, we found that the 4-keto cousin
of HNE, ONE, gives rise to 11 in much higher yield (Xu and Sayre 1998).
Soon thereafter, ONE was demonstrated to be a direct product of lipid
oxidation in its own right (Lee and Blair 2000; Spiteller et al. 2001).
Subsequent work showed that 11 (ex/em 360/430 nm) plays a key role in
HNE-induced protein crosslinking, and is the main contributor to the
fluorescence that arises when proteins are exposed to HNE (and ONE)
(Xu et al. 1999; Xu, Liu and Sayre 1999).

ONE has been found to be more reactive than HNE with protein
nucleophiles (Doorn and Petersen 2002,2003; Lin et al. 2005) and in
protein crosslinking (Zhang et al. 2003), and to be equal to (West et al.
2004) or somewhat more toxic (Lin et al. 2005) than HNE to cells in
culture. Although levels of the more reactive ONE in tissues in oxidative
stress has not been quantified in the same manner as has HNE, the
presence of ONE in the circulation was evidenced by its being trapped as
an ascorbate adduct detected in human plasma (Sowell, Frei and Stevens
2004). In addition to 11, ONE forms simple 4-ketoaldehyde Michael
adducts 12 of Cys, His, or Lys that can exist as such or undergo Paal–
Knorr condensation with a Lys amino group, affording 3-substituted
pyrrole crosslinks 13 (Zhang et al. 2003; Oe et al. 2003a). The Cys–Lys
and His–Lys crosslinks are quite stable, though the Lys–Lys version read-
ily suffers oxidation. In the absence of the possibility for condensation with
Lys residues, the ONE-derived 4-ketoaldehydes appear to cyclize to furans
14 (Zhang et al. 2003; Yocum et al. 2005). The formation on proteins
of HNE and ONE adducts characterized in model studies has been con-
firmed by immunochemical (Uchida et al. 1993, 1995; Sayre et al. 1996;
Hashimoto et al. 2003) and MS studies (Bruenner, Jones and German
1995; Bolgar, Yang and Gaskell 1996; Grace et al. 1996; Alderton et al.
2003; Fenaille, Guy and Tabet 2003; Liu, Minkler and Sayre 2003, Carini,
Aldini and Facino 2004; Fenaille, Tabet and Guy 2004; Isom et al. 2004;
Aldini et al. 2005; Orioli et al. 2005; Yocum et al. 2005).

More recently, our focus on the initial reactions between ONE and
HNEwith amines led to the finding that ONE is biased toward equilibrium
formation of C1 carbonyl Schiff bases (Figure 8.13), whereas HNE is
biased toward equilibrium formation of the Michael adduct, as verified
by trapping with NaBH4 (Lin et al. 2005). On the basis of this under-
standing and the finding by MS that ONE nonetheless forms adducts on
Lys side-chains with the molecular weight change expected of the Michael
adduct, we found that the ONE-Lys Schiff base can be transformed to a
stable ketoamide end-product (Figure 8.13) that is isomeric with the
Michael adduct (Sayre et al. 2006; Zhu and Sayre 2007a,b). Thus, the
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Lys adducts that appear to be Michael adducts by MS are actually
4-ketoamides. These ketoamides also appear to be in slow equilibrium
with two isomeric pyrrolinones that form from Lys and cis-ONE (Figure
8.13), generated by an addition–elimination isomerization sequence (Sayre
et al. 2006; Zhu and Sayre 2007a,b).

As discussed in the introductory section, generation of HNE and
ONE from linoleic acid has a ‘‘mirror image’’ counterpart in the gen-
eration of the analogous carboxy-terminating aldehydes HODA and
KODA (also referred to as DODE, Lee et al. 2005), respectively
(Figure 8.2). Thus, one may expect the same variety of protein side-
chain adducts to form from these reactive aldehydes. Indeed, the
KODA-derived Lys 4-ketoamide (Figure 8.13) has been found in addi-
tion to the ONE-derived 4-ketoamide when proteins are exposed to
peroxidizing linoleic acid (Zhu and Sayre 2007b). There are certainly
free fatty acids that circulate in biological tissues, and protein and
DNA adducts of carboxy-terminating reactive aldehydes can form
from these. However, most PUFAs in biological systems are either
esterified to cholesterol (e.g., in lipoproteins) or to (primarily) the sn-
2 position of phospholipids in membranes. In the latter case, peroxida-
tion results in the generation of the so-called ‘‘core’’ aldehydes as
reactive truncated forms of phospholipids. Reactive aldehydes in the
matrix of the membrane are most likely to target membrane proteins,
unless the reactive sn-2 chains are released by lipases.

As discussed earlier, a,b-unsaturated aldehydes like acrolein induce the
formation of protein–DNA crosslinks via a lysine-directed Schiff base
(Kurtz and Lloyd 2003). Confirmatory structural evidence for such cross-
link in the case of HNE (dG-HNE-Lys; Figure 8.14) was obtained recently
in our group on the basis of a model study using NaBH4 reduction and
structural elucidation by NMR and MS. At the same time, this model
study identified additional crosslinks dT-HNE-Lys and dG-HNE-His in
their reduced forms by MS (Yuan 2006).

Figure 8.14 Reduced HNE-derived protein–DNA base crosslinks, ONE nucleobase adducts, and ONE Arg
adducts seen in model studies.
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As might be expected based on the presence of the additional reactive
4-oxo group, ONEmodifies DNA bases more readily than does HNE. The
structures of these adducts have been identified in a series of papers by the
group of Ian Blair (Rindgen et al. 2000; Pollack et al. 2003). Unlike simple
a,b-unsaturated aldehydes that form propano-adducts with nucleotides,
ONE modification results in a series of substituted etheno-adducts, as
shown in Figure 8.14. Similar dG, dA, and dC adducts were found for
KODA (DODE) (Lee et al. 2005). Whereas all these adducts reflect the
initial oxidation of linoleic acid to 13(S)-hydroperoxy-9,11-(Z,E)-octade-
cadienoic acid, analogous adducts with R = (CH2)3COOH are formed
from oxidation of arachidonic acid through the intermediacy of 5(S)-
hydroperoxy-6,8,11,14-(E,Z,Z,Z)-eicosatetraenoic acid (Jian et al. 2005a).

On the basis of the ability of ONE to modify the guanidino moiety of
dG and the amidino moiety of dA, it was suggested that ONE might
similarly modify the Arg side-chain. Indeed, the reversible generation of
an imidazolinone imine 15 was demonstrated on the basis of its NaBH4

reductive trapping and its irreversible dehydration under heat (808C) to an
aminoimidazole adduct 16 (Oe et al. 2003b). However, the nonphysiolo-
gical conditions needed for stable adduct formation in this case raises a
question about its potential in vivo significance.

The congeners of HNE and ONE that derive from o-3 rather than from
o-6 PUFAs are 4-hydroxy-2-hexenal (HHE) and 4-oxo-2-hexenal (OHE),
respectively. The adducts from these aldehydes may serve as more impor-
tant markers in tissues that are rich in the o-3 PUFAs such as the nervous
system. Although less work has been devoted to detecting the protein and
nucleobase adducts of these congeners, the chemistry should be the same.
Most work conducted has focused on immunochemical detection of
HHE–protein adducts in diseased tissues using antibodies that have been
raised to HHE-treated protein and are assumed to recognize HHE
Michael adducts (as in the case of HNE) (Shibata et al. 2004; Tanito
et al. 2005). In one case using a monoclonal antibody selected against the
HHE–His Michael adduct, this biomarker was shown to be generated in
copper-oxidized LDL, and to be present in atherosclerotic lesions, in
which intense positivity was associated primarily with macrophage-
derived foam cells (Yamada et al. 2004). As far as OHE is concerned,
most work on this compound has focused on evidence for its mutagenic
potential (Kawai, Matsuno and Kasai 2006), most probably associated
with adduction to dG (Maekawa et al. 2006).

8.2.7. EKODE

The most abundant epoxyoxooctadecenoic acids that arise from mild
oxidation of linoleic acid are trans-9,10-epoxy-13-oxo-11(E)-octadecenoic
acid and trans-12,13-epoxy-9-oxo-11(E)-octadecenoic acid (Gardner and
Kleiman 1981, Gardner and Crawford 1981), which we have recently
named trans-EKODE-Ia and trans-EKODE-Ib (Figure 8.1) (Lin 2007).
On the other hand, when the EKODEs are synthesized from reduction of
the 13- and 9-hydroperoxides, oxidation of the resulting alcohols to the
dienone, and epoxidation with MCPBA, the major products obtained
apparently have the cis-epoxy stereochemistry (Hidalgo, Zamora and
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Vioque 1992), we refer to as cis-EKODE-Ia and cis-EKODE-Ib. The
methyl esters of these latter two EKODEs were found to react with
amino acid derivatives to produce pyrroles 17 containing the full
EKODE carbon skeleton as well as pyrroles 18 (Figure 8.15) which have
split off either the methyl or carboxyl tail of EKODE as the corresponding
aldehyde, through a retrocondensation process (Zamora et al. 2005).

More recently, isomeric EKODE histidine Michael adducts 19 and 20

(Figure 8.15) were found to represent a dominant family of protein modifica-
tions generated during mild nonenzymatic oxidation of linoleic acid (Lin
2007). Reaction of the independently synthesized EKODE isomers with His
models revealed that all are capable of forming stable Michael adducts,
though the EKODE-II series of analogs was found to be more reactive.

8.2.8. 4,5-Epoxy-2-alkenals

The reaction of 4,5-epoxy-2-alkenals with amines and amino acid
derivatives has been widely studied. For reactions relevant protein lysine
side-chains, N-substituted pyrroles 21, N-substituted 2-(1-hydroxyalkyl)-
pyrroles 22 (Zamora and Hidalgo 1994), and 2-alkylpyrroles 23 (Zamora
andHidalgo 2005) were isolated and characterized from the reaction under
different conditions of 4,5-epoxy-2(E)-heptenal (EHE), the epoxyenal in
this family that arises from peroxidation of o-3 PUFAs. Moreover, the
N-substituted 2-(1-hydroxyalkyl)pyrroles 22 are unstable and can poly-
merize to form lipofuscin-like polypyrroles 24 which results in protein
crosslinking (Hidalgo and Zamora 1993). Furthermore, the reduced
form of EHE histidine Michael adducts 25 were identified after borohy-
dride reduction (Zamora, Alaiz andHidalgo1999). Recently, EHE-derived
His–Lys crosslinking was reported, and the reduced form of the Lys–His
crosslink structure 26 was isolated and identified (Lin 2007).

Figure 8.15 Protein adducts arising from EKODE isomers, 4,5-epoxy-2-alkenals, and acroleinþONE.
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The 10-carbon epoxyenal trans-4,5-epoxy-2(E)-decenal (EDE), which
arises from peroxidation of o-6 PUFAs linoleic and arachidonic acids,
gives rise to the analogous lysine adducts as seen for EHE (Zamora and
Hidalgo 2005). We already discussed above the fact that DNA adducts
arising from DDE under peroxidizing conditions can arise from various
epoxide metabolites, of DDE, including EDE.

8.2.9. Multicomponent LPO-Derived Protein Adducts

The generation of lysine adducts from MDA, glyoxal, acrolein, crotonal-
dehyde, and 2-hydroxyalkanals described above that involve condensation
of two (or more) molecules of aldehyde with a single lysine group (Figures
8.3, 8.4, 8.6, 8.8, and 8.9) has been documented to occur in vivo (antibody
recognition of several of them has been observed). However, since it is
much more likely that any given Lys would encounter two different
aldehydes, one is led to the hypothesis that the major 2:1 aldehyde–Lys
adducts formed in vivo would be those incorporating two different alde-
hyde molecules. When the two different aldehydes are congeners of one
another (e.g., acrolein/crotonaldehyde or 2-hydroxyheptanal/2-hydroxy-
butanal) the adduct structure would be the same (Figures 8.6 and 8.8),
though the length of the alkyl ‘‘arms’’ would differ. In this case, significant
crossreactivity of antibodies might be expected. However, when two dif-
ferent aldehyde types are considered, there is now the chance for formation
of unique adduct types that are not seen with either aldehyde alone.

As ‘‘proof of principle’’ we carried out an incubation of an amine Lys
surrogate with a 1:1mixture of the two reactive aldehydes acrolein and
ONE. By analyzing this reaction compared to incubations containing only
one of the other aldehydes, a major unique adduct was isolated and struc-
turally characterized tobe a novel 3-formyl-4-pentylpyrrole 27 (Figure 8.15).
This adduct reflects two sequential conjugate additions, cyclization and
apparent elimination of CH3CH=O (Quan 2006, Sayre et al. 2006).

8.3. Functional Biological Consequences

of Nonenzymatic LPO

The majority of data on the biological activities of lipid peroxidation
products reflects the hundreds of studies that have been performed on
HNE. HNE exhibits a wide array of biological activities, from disruption
of calcium homeostasis (Camandola, Poli and Mattson 2000) to inhibition
of the proteasome (Friguet and Szweda 1997, Okada et al. 1999, Hyun et al.
2002, Grune and Davies 2003, Ferrington and Kapphahn 2004). Several
studies have defined the cytotoxic effects of HNE and ONE to represent
primarily induction of apoptosis (Kruman et al. 1997, Herbst et al. 1999, Ji
et al. 2001, West et al. 2004; Jian et al. 2005b), including such role in in vitro
models of neurodegeneration (Lovell and Markesbery 2006). In addition,
there is increasing evidence that HNE may act as a signaling molecule
(Keller and Mattson 1998; Lu et al. 2002; Forman, Dickinson and Iles
2003; Awasthi et al. 2003; Kumagai et al. 2004; Laurora et al. 2005),
including regulation of kinases (Leonarduzzi, Robbesyn and Poli 2004;
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Dozza et al. 2004), activation of adenylate cyclase, increasing protein tyr-
osine phosphorylation, and promotion of cell proliferation. It has become
clear the HNE simultaneously affects multiple stress signaling pathways,
which represent potential mechanisms through which HNE alters cellular
viability and response to damage (West and Marnett 2005). In contrast,
DDE appears to induce cytotoxic effects through a necrotic mechanism, at
least in smooth muscle cells (Cabre et al. 2003). Most biological effects of
LPO-derived 2-enals are blunted by increasing the concentration of cellular
reduced GSH, but there is evidence that the GSH adduct of HNEmay have
biological activity in its own right (Awasthi et al. 2004).

Although the mechanisms responsible for the biological properties of
HNE remain unclear, it seems certain that these represent largely covalent
interactions with cellular targets. It is known that modification by HNE
interferes with the function of numerous enzymes (Ferrali et al. 1980;
Uchida and Stadtman 1993; Siems, Hapner and van Kuijk 1996; Ji,
Kozak and Marnett 2001; Ishii et al. 2003), including lysosomal proteases
responsible for metabolism of oxidatively modified LDL (O’Neil et al.
1997, Okada et al. 1999), and the endoplasmic reticulum chaperone,
protein disulfide isomerase (PDI) (Carbone et al. 2005), which is respon-
sible for promoting correct disulfide formation in newly synthesized pro-
teins. Indirect evidence that covalent modification of proteins by HNE
contributes to its cytotoxic effects is that the levels of HNE–protein con-
jugates parallel parameters of toxicity in cell culture (Malecki et al. 2000)
and in experimental animal models of brain injury (Zhang et al. 1999).
Further evidence is that the rank order of potency of HNE and various
reactive aldehyde analogs to inhibit cell growth and cause apoptosis cor-
relates with electrophilic reactivity of the analogs (Haynes et al. 2000). It
has been shown that the neurotoxicity of acrolein and various analogs in
synaptosomes correlates with loss of free protein sulfhydryl groups
(Lopachin et al. 2007). A novel aspect of the molecular actions of at least
some aldehydes, for example, acetaldehyde and acrolein, is their reaction
with the cysteine ligands of zinc sites in proteins and concomitant zinc
release (Hao and Maret 2006).

HNE,ONE, and other 2-enals are substrates for the aldehyde-metabolizing
enzymes aldose reductase and alcohol and aldehyde dehydrogenases. In some
cases, metabolism is straightforward and represents a detoxication pathway,
such as for the action of aldose reductase on HNE, ONE, andMDA (Doorn,
Srivastava and Petersen 2003; Srivastava et al. 1999). However, in other
cases (e.g., human mitochondrial aldehyde dehydrogenase) the aldehydes
may additionally cause inhibition through enzyme modification (Mitchell
and Petersen 1991; Doorn, Hurley and Petersen 2006; Mitchell and Peter-
sen 1988). Mitochondrial aldehyde dehydrogenase is also inhibited by
MDA (Hjelle, Grubbs and Petersen 1982).

At least some toxic effects of HNE appear to reflect an indirect effect of
HNE in stimulating mitochondrial production of reactive-oxygen
species (ROS), and, through depletion of reduced GSH stores, by increas-
ing the susceptibility to other primary toxic insults (Keller, Hanni and
Markesbery 1999). However, stimulation of mitochondrial ROS produc-
tion most likely reflects covalent modification of electron transport pro-
teins, since HNE analogs with weaker protein-modifying capacity exert
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little effect on mitochondria. If the net sum of protein modification and
possible crosslinking by LPO-derived aldehydes occurs to an extent that
causes them to be resistant to proteolytic turnover (possibly explaining
how they inhibit the proteasome), this can result in accumulation of high-
molecular-weight aggregates that typify a large number of neurodegenera-
tive diseases (Dalle-Donne et al. 2006).

Overall, there have been some excellent recent reviews on the interplay
between metabolism of LPO-derived aldehydes, their mechanisms of
mutagenicity and cytotoxicity, and their potential for affecting signal
transduction and gene expression (O’Brien, Siraki and Shangari 2005;
Del Rio, Stewart and Pellegrini 2005).

8.4. Conclusions

The foregoing discussion has summarized the variety of covalent-binding
chemistries possible for the range of known LPO-derived electrophiles.
Although efforts in the future will continue to focus on qualitative and
quantitative analysis of the in vivo occurrence of defined adducts in
various disease states, it must also be recognized that identification of
adducts in vivo does not necessarily imply the adducts are playing a
functional role in that disease state. Moreover, whereas oxidative stress
has long been linked to the cell death (e.g., in neurodegeneration), whether
it is a primary cause or merely a downstream consequence of the degen-
erative process is still an open question (Andersen 2004). Despite increased
reliance on in vitro and in vivo models of disease to decipher the mechan-
istic relationship between oxidative stress and cytotoxic events linked to
DNA modification, the genotoxic and mutation-inducing potential of
specific PUFA oxidation cascades remains poorly defined (Lim et al.
2003). The complexity in this field is further heightenedwhen there appears
to be disagreement for an individual aldehyde, for example, acrolein, as to
whether the principal mechanism of toxicity represents apoptosis (Tanel
and Averill-Bates 2005) or necrosis (Liu-Snyder et al. 2006). Thus, a good
deal of work remains to be needed to unravel the full pathophysiologic
consequences of reactive intermediates generated during lipid oxidation.

Acknowledgements. Work carried out in the authors’ laboratory was sup-
ported by National Institutes of Health grants AG14249, HL53315, and
AG15885, and by the Alzheimer’s Association.

References

Alaiz, M., and Giron, J. 1994. Modification of histidine residues in bovine serum
albumin by reaction with (E)-2-octenal. J. Agric. Food Chem. 42:2094–2098.

Alderton, A. L., Faustman, C., Liebler, D. C., and Hill, D. W. 2003. Induction of
redox instability of bovine myoglobin by adduction with 4-hydroxy-2-nonenal.
Biochemistry 42:4398–4405.

Aldini, G., Dalle-Donne, I., Vistoli, G., Maffei Facino, R., and Carini, M. 2005.
Covalent modification of actin by 4-hydroxy-trans-2-nonenal (HNE): LC-ESI-
MS/MS evidence for Cys374Michael adduction. J. Mass Spectrom. 40:946–954.

220 D. Lin and L.M. Sayre



Andersen, J. K. 2004. Oxidative stress in neurodegeneration: cause or conse-

quence? Nat. Med. 10 Suppl:S18–25.
Ando, Y., Brannstrom, T., Uchida, K., Nyhlin, N., Nasman, B., Suhr, O., Yama-

shita, T., Olsson, T., El Salhy, M. Uchino, M., and Ando, M. 1998. Histochem-

ical detection of 4-hydroxynonenal protein in Alzheimer amyloid. J. Neurol. Sci.
156:172–176.

Awasthi, Y. C., Sharma, R., Cheng, J. Z., Yang, Y., Sharma, A., Singhal, S. S., and

Awasthi, S. 2003. Role of 4-hydroxynonenal in stress-mediated apoptosis signal-
ing. Mol. Aspects Med. 24:219–230.

Awasthi, Y. C., Yang, Y., Tiwari, N. K., Patrick, B., Sharma, A., Li, J., and

Awasthi, S. 2004. Regulation of 4-hydroxynonenal-mediated signaling by glu-
tathione S-transferases. Free Rad. Biol. Med. 37:607–619.

Baker, A.G.,Wiesler, D., andNovotny,M. V. 1999. Tandemmass spectrometry of
model peptides modified with trans-2-hexenal, a product of lipid peroxidation.

J. Am. Soc. Mass Spectrom. 10:613–624.
Baker, A., Zidek, L.,Wiesler, D., Chmelik, J., Pagel,M., andNovotny,M. V. 1998.

Reaction of N-acetylglycyllysine methyl ester with 2-alkenals: an alternative

model for covalent modification of proteins. Chem. Res. Toxicol. 11:730–740.
Bartsch, H. 1999. Keynote address: exocyclic adducts as new riskmarkers forDNA

damage in man. IARC Sci. Publ. 150:1–16.

Bartsch, H., and Nair, J. 2004. Oxidative stress and lipid peroxidation-derived DNA-
lesions in inflammation driven carcinogenesis. Cancer Detect. Prev. 28:385–391.

Basu, A. K., and Marnett, L. J. 1983. Unequivocal demonstration that malondial-
dehyde is a mutagen. Carcinogenesis 4:331–333.

Bolgar, M. S., Yang, C. Y., and Gaskell, S. J. 1996. First direct evidence for lipid/
protein conjugation in oxidized human low density lipoprotein. J. Biol. Chem.
271:27999–28001.

Brame, C. J., Salomon, R. G., Morrow, J. D., and Roberts, L. J. 2 nd 1999.
Identification of extremely reactive gamma-ketoaldehydes (isolevuglandins) as
products of the isoprostane pathway and characterization of their lysyl protein

adducts. J. Biol. Chem. 274:13139–13146.
Brock, A. K., Kozekov, I. D., Rizzo, C. J., and Harris, T. M. 2004. Coupling

products of nucleosides with the glyoxal adduct of deoxyguanosine. Chem. Res.

Toxicol. 17:1047–1056.
Bruenner, B. A., Jones, A. D., and German, J. B. 1995. Direct characterization of

protein adducts of the lipid peroxidation product 4-hydroxy-2-nonenal using
electrospray mass spectrometry. Chem. Res. Toxicol. 8:552–559.

Burcham, P. C. 1998. Genotoxic lipid peroxidation products: their DNAdamaging
properties and role in formation of endogenous DNA adducts. Mutagenesis
13:287–305.

Cabre, A., Girona, J., Vallve, J. C., Heras, M., and Masana, L. 2003. Cytotoxic
effects of the lipid peroxidation product 2,4-decadienal in vascular smooth
muscle cells. Atherosclerosis 169:245–250.

Calingasan, N. Y., Uchida, K., and Gibson, G. E. 1999. Protein-bound acrolein: a
novel marker of oxidative stress in Alzheimer’s disease. J. Neurochem. 72:751–756.

Camandola, S., Poli, G., andMattson, M. P. 2000. The lipid peroxidation product
4-hydroxy-2,3-nonenal increases AP-1-binding activity through caspase activa-

tion in neurons. J. Neurochem. 74:159–168.
Carbone, D. L., Doorn, J. A., Kiebler, Z., and Petersen, D. R. 2005. Cysteine

modification by lipid peroxidation products inhibits protein disulfide isomerase.

Chem. Res. Toxicol. 18:1324–1331.
Carini, M., Aldini, G., and Facino, R.M. 2004.Mass spectrometry for detection of

4-hydroxy-trans-2-nonenal (HNE) adducts with peptides and proteins. Mass

Spectrom. Rev. 23:281–305.

Chapter 8 Lipoxidation-Derived Electrophiles as Biological Reactive Intermediates 221



Carvalho, V. M., Asahara, F., Di Mascio, P., de Arruda Campos, I. P., Cadet, J.,

and Medeiros, M. H. 2000. Novel 1,N(6)-etheno-20-deoxyadenosine adducts
from lipid peroxidation products. Chem. Res. Toxicol. 13:397–405.

Carvalho, V.M., DiMascio, P., de Arruda Campos, I. P., Douki, T., Cadet, J., and

Medeiros,M.H. 1998. Formation of 1,N6-etheno-20-deoxyadenosine adducts by
trans,trans-2, 4-decadienal. Chem. Res. Toxicol. 11:1042–1047.

Castellani, R. J., Harris, P. L., Sayre, L. M., Fujii, J., Taniguchi, N., Vitek, M. P.,

Founds, H., Atwood, C. S., Perry, G., and Smith,M.A. 2001. Active glycation in
neurofibrillary pathology of Alzheimer disease: N(epsilon)-(carboxymethyl)
lysine and hexitol-lysine. Free Rad. Biol. Med. 31:175–180.

Castellani, R. J., Perry,G.,Harris, P. L.,Cohen,M. L., Sayre, L.M., Salomon,R.G.,
and Smith, M. A. 1998. Advanced lipid peroxidation end-products in Alexander’s
disease. Brain Res. 787:15–18.

Castellani, R. J., Perry, G., Siedlak, S. L., Nunomura, A., Shimohama, S.,

Zhang, J., Montine, T., Sayre, L. M., and Smith, M. A. 2002. Hydroxynonenal
adducts indicate a role for lipid peroxidation in neocortical and brainstem Lewy
bodies in humans. Neurosci. Lett. 319:25–28.

Chang, L. W., Lo, W. S., and Lin, P. 2005. Trans, trans-2,4-decadienal, a product
found in cooking oil fumes, induces cell proliferation and cytokine production
due to reactive oxygen species in human bronchial epithelial cells. Toxicol. Sci.

87:337–343.
Chellan, P., and Nagaraj, R. H. 2001. Early glycation products produce pentosi-
dine cross-links on native proteins. Novel mechanism of pentosidine formation
and propagation of glycation. J. Biol. Chem. 276:3895–3903.

Chen, H. J., and Chung, F. L. 1994. Formation of etheno adducts in reactions of
enals via autoxidation. Chem Res Toxicol. 7:857–860.

Chen, H. J., Zhang, L., Cox, J., Cunningham, J. A., and Chung, F. L. 1998. DNA

adducts of 2,3-epoxy-4-hydroxynonanal: detection of 7-(10, 20-dihydroxyheptyl)-
3H-imidazo[2,1-i]purine and 1,N6-ethenoadenine by gas chromatography/negative
ion chemical ionization/mass spectrometry. Chem. Res. Toxicol. 11:1474–1480.

Chung, F. L., Pan, J., Choudhury, S., Roy, R., Hu, W., and Tang, M. S. 2003.
Formation of trans-4-hydroxy-2-nonenal- and other enal-derived cyclic DNA
adducts from omega-3 and omega-6 polyunsaturated fatty acids and their roles

in DNA repair and human p53 gene mutation. Mutat. Res. 531:25–36.
Chung, F. L., Young, R., and Hecht, S. S. 1984. Formation of cyclic 1,N2-
propanodeoxyguanosine adducts in DNA upon reaction with acrolein or croto-
naldehyde. Cancer Res. 44:990–995.

Cohn, J. A., Tsai, L., Friguet, B., and Szweda, L. I. 1996. Chemical characteriza-
tion of a protein-4-hydroxy-2-nonenal cross-link: immunochemical detection in
mitochondria exposed to oxidative stress. Arch. Biochem. Biophys.

328:158–164.
Cooke, M. S., Mistry, N., Ahmad, J., Waller, H., Langford, L., Bevan, R. J.,
Evans, M. D., Jones, G. D., Herbert, K. E., Griffiths, H. R., and Lunec, J. 2003.

Deoxycytidine glyoxal: lesion induction and evidence of repair following vitamin
C supplementation in vivo. Free Rad. Biol. Med. 34:218–225.

Dalle-Donne, I., Aldini, G., Carini, M., Colombo, R., Rossi, R., and Milzani, A.
2006. Protein carbonylation, cellular dysfunction, and disease progression.

J. Cell Mol. Med. 10:389–406.
Del Rio, D., Stewart, A. J., and Pellegrini, N. 2005, A review of recent studies on
malondialdehyde as toxic molecule and biological marker of oxidative stress.

Nutr. Metab. Cardiovasc. Dis. 15:316–328.
Deng, Y., and Salomon, R. G. 2000. Total synthesis of oxidized phospholipids. 3.
The (11E)-9-hydroxy-13-oxotridec-11-enoate ester of 2-lysophosphatidylcho-

line. J. Org. Chem. 65:6660–6665.

222 D. Lin and L.M. Sayre



Doorn, J. A., Hurley, T. D., and Petersen, D. R. 2006. Inhibition of human

mitochondrial aldehyde dehydrogenase by 4-hydroxynon-2-enal and 4-oxonon-
2-enal. Chem. Res. Toxicol. 19:102–110.

Doorn, J. A., and Petersen, D. R. 2002. Covalent modification of amino acid

nucleophiles by the lipid peroxidation products 4-hydroxy-2-nonenal and
4-oxo-2-nonenal. Chem. Res. Toxicol. 15:1445–1450.

Doorn, J. A., and Petersen, D. R. 2003. Covalent adduction of nucleophilic amino

acids by 4-hydroxynonenal and 4-oxononenal. Chem. Biol. Interact.
143–144:93–100.

Doorn, J. A., Srivastava, S. K., and Petersen, D. R. 2003. Aldose reductase

catalyzes reduction of the lipid peroxidation product 4-oxonon-2-enal. Chem.
Res. Toxicol. 16:1418–1423.

Dozza, B., Smith,M.A., Perry, G., Tabaton,M., and Strocchi, P. 2004. Regulation
of glycogen synthase kinase-3beta by products of lipid peroxidation in human

neuroblastoma cells. J. Neurochem. 89:1224–1232.
Esterbauer, H., Ertl, A., and Scholz, N. 1976. The reaction of cysteine with a,b-

unsaturated aldehydes. Tetrahedron 32:285–289.

Esterbauer, H., Schaur, R. J., and Zollner, H. 1991. Chemistry and biochemistry of
4-hydroxynonenal, malondialdehyde and related aldehydes. Free Rad. Biol.
Med. 11:81–128.

Fenaille, F., Guy, P. A., and Tabet, J. C. 2003. Study of protein modification by
4-hydroxy-2-nonenal and other short chain aldehydes analyzed by electrospray
ionization tandem mass spectrometry. J. Am. Soc. Mass Spectrom. 14:215–226.

Fenaille, F., Tabet, J. C., andGuy, P. A. 2004. Identification of 4-hydroxy-2-nonenal-

modified peptides within unfractionated digests using matrix-assisted laser deso-
rption/ionization time-of-flight mass spectrometry. Anal. Chem. 76:867–873.

Ferrali, M., Fulceri, R., Benedetti, A., and Comporti, M. 1980. Effects of carbonyl

compounds (4-hydroxyalkenals) originating from the peroxidation of liver
microsomal lipids on various microsomal enzyme activities of the liver. Res.
Commun. Chem Path Pharm 30:99–112.

Ferrington, D. A., and Kapphahn, R. J. 2004. Catalytic site-specific inhibition of
the 20S proteasome by 4-hydroxynonenal. FEBS Lett. 578:217–223.

Forman, H. J., Dickinson, D. A., and Iles, K. E. 2003. HNE-signaling pathways

leading to its elimination. Mol. Aspects Med. 24:189–194.
Friguet, B., and Szweda, L. I. 1997. Inhibition of the multicatalytic proteinase

(proteasome) by 4-hydroxy-2-nonenal cross-linked protein. FEBS Lett.
405:21–25.

Friguet, B., Stadtman, E. R., and Szweda, L. I. 1994. Modification of glucose-6-
phosphate dehydrogenase by 4-hydroxynonenal. J. Biol. Chem. 269:
21639–21643.

Frye, E. B., Degenhardt, T. P., Thorpe, S. R., and Baynes, J. W. 1998. Role of the
Maillard reaction in aging of tissue proteins. Advanced glycation end product-
dependent increase in imidazolium cross-links in human lens proteins. J. Biol.

Chem. 273:18714–18719.
Fu, M.-X., Requena, J. R., Jenkins, A. J., Lyons, T. J., Baynes, J. W., and

Thorpe, S. R. 1996. The advanced glycation end product, Ne-(carboxymethyl)-
lysine, is a product of both lipid peroxidation and glycoxidation reactions.

J. Biol. Chem. 271:9982–9986.
Furuhata, A., Ishii, T., Kumazawa, S., Yamada, T., Nakayama, T., and

Uchida, K. 2003. Ne-(3-methylpyridinium)lysine, a major antigenic adduct gen-

erated in acrolein-modified protein. J. Biol. Chem. 278:48658–48665.
Furuhata, A., Nakamura, M., Osawa, T., and Uchida, K. 2002. Thiolation of

protein-bound carcinogenic aldehyde. An electrophilic acrolein-lysine adduct

that covalently binds to thiols. J. Biol. Chem. 277:27919–27926.

Chapter 8 Lipoxidation-Derived Electrophiles as Biological Reactive Intermediates 223



Gardner, H. W. 1989. Oxygen radical chemistry of polyunsaturated fatty acids.

Free Rad. Biol. Med. 7:65–86.
Gardner, H. W., and Crawford, C. G. 1981. Degradation of linoleic acid hydro-
peroxides by a cysteine ferric chloride catalyst as a model for similar biochemical

reactions. III. A novel product, trans-12,13-epoxy-11-oxo-trans-9-octadecenoic
acid, from 13-L-(S)-hydroperoxy-cis-9, trans-11-octadecadienoic acid. Biochim.
Biophys. Acta 665:126–133.

Gardner, H. W., and Kleiman, R. 1981. Degradation of linoleic acid hydroper-
oxides by a cysteine. FeCl3 catalyst as a model for similar biochemical reactions.
II. Specificity in formation of fatty acid epoxides. Biochim. Biophys. Acta

665:113–125.
Glomb, M. A., and Lang, G. 2001. Isolation and characterization of glyoxal-
arginine modifications. J. Agric. Food Chem. 49:1493–1501.

Glomb, M. A., and Monnier, V. M. 1995. Mechanism of protein modification by

glyoxal and glycolaldehyde, reactive intermediates of the Maillard reaction.
J. Biol. Chem. 270:10017–10026.

Glomb, M. A., and Pfahler, C. 2001. Amides are novel protein modifications

formed by physiological sugars. J. Biol. Chem. 276:41638–41647.
Grace, J. M., MacDonald, T. L., Roberts, R. J., and Kinter, M. 1996. Determina-
tion of site-specific modifications of glucose-6-phosphate dehydrogenase by

4-hydroxy-2-nonenal using matrix assisted laser desorption time-of-flight mass
spectrometry. Free Rad. Res. 25:23–29.

Grune, T., and Davies, K. J. 2003. The proteasomal system and HNE-modified
proteins. Mol. Aspects Med. 24:195–204.

Gu, X.,Meer, S. G.,Miyagi, M., Rayborn,M. E., Hollyfield, J. G., Crabb, J.W., and
Salomon, R. G. 2003. Carboxyethylpyrrole protein adducts and autoantibodies,
biomarkers for age-related macular degeneration. J. Biol. Chem. 278:42027–42035.

Gugiu, B. G., and Salomon, R. G. 2003. Total syntheses of bioactive oxidized
ethanolamine phospholipids. Org. Lett. 5:2797–2799.

Hansen, E., Even, Y., and Geneviere, A. M. 2004. The alpha, beta, gamma, delta-

unsaturated aldehyde 2-trans-4-trans-decadienal disturbs DNA replication and
mitotic events in early sea urchin embryos. Toxicol. Sci. 81:190–197.

Hao, Q., and Maret, W. 2006. Aldehydes release zinc from proteins. A pathway

from oxidative stress/lipid peroxidation to cellular functions of zinc. FEBS J.
273:4300–4310.

Hashimoto, M., Sibata, T., Wasada, H., Toyokuni, S., and Uchida, K. 2003.
Structural basis of protein-bound endogenous aldehydes. Chemical and immu-

nochemical characterizations of configurational isomers of a 4-hydroxy-2-
nonenal-histidine adduct. J. Biol. Chem. 278:5044–5051.

Haynes, R. L., Szweda, L., Pickin, K., Welker, M. E., and Townsend, A. J. 2000.

Structure–activity relationships for growth inhibition and induction of apoptosis
by 4-hydroxy-2-nonenal in raw 264.7 cells. Mol. Pharmacol. 58:788–794.

Herbst, U., Toborek, M., Kaiser, S., Mattson, M. P., and Hennig, B. 1999.

4-Hydroxynonenal induces dysfunction and apoptosis of cultured endothelial
cells. J. Cell Physiol. 181:295–303.

Hidalgo, F. J., and Zamora, R. 1993. Fluorescent pyrrole products from carbonyl-
amine reactions. J. Biol. Chem. 268:16190–16197.

Hidalgo, F. J., Zamora, R., and Vioque, E. 1992. Syntheses and reactions ofmethyl
(Z)-9,10-epoxy-13-oxo-(E)-11-octadecenoate and methyl (E)-9,10-epoxy-13-
oxo-(E)-11-octadecenoate. Chem. Phys. Lipids 60:225–233.

Hjelle, J. J., and Grubbs, J. H. 1982. Petersen DR. Inhibition of mitochondrial
aldehyde dehydrogenase by malondialdehyde. Toxicol. Lett. 14:35–43.

Hyun, D. H., Lee, M. H., Halliwell, B., and Jenner, P. 2002. Proteasomal dysfunc-

tion induced by 4-hydroxy-2,3-trans-nonenal, an end-product of lipid

224 D. Lin and L.M. Sayre



peroxidation: a mechanism contributing to neurodegeneration? J. Neurochem.

83:360–370.
Ichihashi, K., Osawa, T., Toyokuni, S., and Uchida, K. 2001. Endogenous forma-

tion of protein adducts with carcinogenic aldehydes: implications for oxidative

stress. J. Biol. Chem. 276:23903–23913.
Ishii, T., Tatsuda, E., Kumazawa, S., Nakayama, T., and Uchida, K. 2003.

Molecular basis of enzyme inactivation by an endogenous electrophile

4-hydroxy-2-nonenal: identification of modification sites in glyceraldehyde-3-
phosphate dehydrogenase. Biochemistry 42:3474–3480.

Isom, A. L., Barnes, S., Wilson, L., Kirk, M., Coward, L., and Darley-Usmar, V.

2004. Modification of cytochrome c by 4-hydroxy-2-nonenal: evidence for his-
tidine, lysine, and arginine-aldehyde adducts. J. Am. Soc. Mass. Spectrom.
15:1136–1147.

Itakura, K., Furuhata, A., Shibata, N., Kobayashi, M., and Uchida, K. 2003.

Maillard reaction-like lysine modification by a lipid peroxidation product:
immunochemical detection of protein-bound 2-hydroxyheptanal in vivo. Bio-
chem. Biophys. Res. Commun. 308:452–457.

Itakura, K., Osawa, T., and Uchida, K. 1998. Structure of a fluorescent compound
formed from 4-hydroxy-2-nonenal and Na-hippuryllysine: A model for fluoro-
phores derived from protein modification by lipid peroxidation. J. Org. Chem.

63:185–187.
Itakura, K., and Uchida, K. 2001. Evidence that malondialdehyde-derived ami-

noenamine is not a fluorescent age pigment. Chem. Res. Toxicol. 14:473–475.
Itakura, K., and Uchida, K. 2003. Reaction of N(alpha)-hippuryllysine with 2-

hydroxyheptanal: a model for lysine-directed protein modifications by lipid
peroxidation. Chem. Phys. Lipids. 124:81–88.

Itakura, K., Uchida, K., and Osawa, T. 1996. A novel fluorescent malondialde-

hyde-lysine adduct. Chem. Phys. Lipids 84:75–79.
Iyer, R. S., Kobierski, M. E., and Salomon, R. G. 1994. Generation of pyrroles in

the reaction of levuglandin E2 with proteins. J. Org. Chem. 59:6038–6043.

Ji, C., Amarnath, V., Pietenpol, J. A., and Marnett, L. J. 2001. 4-hydroxynonenal
induces apoptosis via caspase-3 activation and cytochrome c release. Chem. Res.
Toxicol. 14:1090–1096.

Ji, C., Kozak, K. R., and Marnett, L. J. 2001. IkappaB kinase, a molecular target
for inhibition by 4-hydroxy-2-nonenal. J. Biol. Chem. 276:18223–18228.

Jian, W., Lee, S. H., Arora, J. S., Silva Elipe, M. V., and Blair, I. A. 2005a.
Unexpected formation of etheno-20-deoxyguanosine adducts from 5(S)-hydro-

peroxyeicosatetraenoic acid: evidence for a bis-hydroperoxide intermediate.
Chem. Res. Toxicol. 18:599–610.

Jian, W., Arora, J. S., Oe, T., Shuvaev, V. V., and Blair, I. A. 2005b. Induction of

endothelial cell apoptosis by lipid hydroperoxide-derived bifunctional electro-
philes. Free Rad. Biol. Med. 39:1162–1176.

Jirousek, M. R., Murthi, K. K., and Salomon, R. G. 1990. Electrophilic levuglan-

din E2-protein adducts bind glycine: a model for protein crosslinking. Prosta-
glandins 40:187–203.

Kamido, H., Kuksis, A., Marai, L., and Myher, J. J. 1995. Lipid ester-bound
aldehydes among copper-catalyzed peroxidation products of human plasma

lipoproteins. J. Lipid Res. 36:1876–1886.
Kasai, H., Iwamoto-Tanaka, N., and Fukada, S. 1998. DNAmodifications by the

mutagen glyoxal: adduction to G and C, deamination of C and GC and GA

cross-linking. Carcinogenesis 19:1459–1465.
Kato, H., Kaneko, S., Okitani, A., Ito, M., and Hayase, F. 1986. Modification of

lysine residues to alkyl-substituted pyridiniums on exposure of proteins to

vaporized hexanal. Agric. Biol. Chem. 50:1223–1228.

Chapter 8 Lipoxidation-Derived Electrophiles as Biological Reactive Intermediates 225



Kawai, K., Matsuno, K., and Kasai, H. 2006. Detection of 4-oxo-2-hexenal, a

novel mutagenic product of lipid peroxidation, in human diet and cooking
vapor. Mutat. Res. 603:186–192.

Kawai, Y., Furuhata, A., Toyokuni, S., Aratani, Y., and Uchida, K. 2003. For-

mation of acrolein-derived 20-deoxyadenosine adduct in an iron-induced carci-
nogenesis model. J. Biol. Chem. 278:50346–50354.

Kawai, Y., Takeda, S., and Terao, J. 2007. Lipidomic analysis for lipid peroxida-

tion-derived aldehydes using gas chromatography–mass spectrometry. Chem.
Res. Toxicol. 20:99–107.

Keller, J. N., Hanni, K. B., andMarkesbery, W. R. 1999. 4-hydroxynonenal increases

neuronal susceptibility to oxidative stress. J. Neurosci. Res. 58:823–830.
Keller, J. N., and Mattson, M. P. 1998. Roles of lipid peroxidation in modulation
of cellular signaling pathways, cell dysfunction, and death in the nervous system.
Rev. Neurosci. 9:105–116.

Kern, W., and Spiteller, G. 1996. Synthesis and properties of natural occurring
a-hydroxyaldehydes. Tetrahedron 52:4347–4362.

Kikugawa, K., and Beppu, M. 1987. Involvement of lipid oxidation products in the

formation of fluorescent and cross-linked proteins. Chem. Phys. Lipids 44:277–296.
Kozekov, I. D., Nechev, L. V., Sanchez, A., Harris, C. M., Lloyd, R. S., and
Harris, T. M. 2001. Interchain cross-linking of DNA mediated by the principal

adduct of acrolein. Chem. Res. Toxicol. 4:1482–1485.
Kruman, I., Bruce-Keller, A. J., Bredesen, D.,Waeg, G., andMattson,M. P. 1997.
Evidence that 4-hydroxynonenal mediates oxidative stress-induced neuronal
apoptosis. J. Neurosci. 17:5089–5100.

Kumagai, T., Matsukawa, N., Kaneko, Y., Kusumi, Y., Mitsumata, M., and
Uchida, K. 2004. A lipid peroxidation-derived inflammatory mediator: identifi-
cation of 4-hydroxy-2-nonenal as a potential inducer of cyclooxygenase-2 in

macrophages. J. Biol. Chem. 279:48389–48396.
Kurtz, A. J., and Lloyd, R. S. 2003. 1,N2-deoxyguanosine adducts of acrolein,
crotonaldehyde, and trans-4-hydroxynonenal cross-link to peptides via Schiff

base linkage. J. Biol. Chem. 278:5970–5976.
Laurora, S., Tamagno, E., Briatore, F., Bardini, P., Pizzimenti, S., Toaldo, C.,
Reffo, P., Costelli, P., Dianzani, M. U., Danni, O., and Barrera, G. 2005. 4-

Hydroxynonenal modulation of p53 family gene expression in the SK-N-BE
neuroblastoma cell line. Free Rad. Biol. Med. 38:215–225.

Le Curieux, F., Pluskota, D., Munter, T., Sjoholm, R., and Kronberg, L. 2000.
Identification of fluorescent 20-deoxyadenosine adducts formed in reactions of

conjugates of malonaldehyde and acetaldehyde, and of malonaldehyde and
formaldehyde. Chem. Res. Toxicol. 13:1228–1234.

Lee, S. H., and Blair, I. A. 2000. Characterization of 4-oxo-2-nonenal as a novel

product of lipid peroxidation. Chem. Res. Toxicol. 13:698–702.
Lee, S. H., Oe, T., and Blair, I. A. 2001. Vitamin C-induced decomposition of lipid
hydroperoxides to endogenous genotoxins. Science 292:2083–2086.

Lee, S. H., Oe, T., and Blair, I. A. 2002. 4,5-Epoxy-2(E)-decenal-induced formation
of 1,N(6)-etheno-20-deoxyadenosine and 1,N(2)-etheno-20-deoxyguanosine
adducts. Chem. Res. Toxicol. 15:300–304.

Lee, S. H., Silva Elipe, M. V., Arora, J. S., and Blair, I. A. 2005. Dioxododecenoic

acid: a lipid hydroperoxide-derived bifunctional electrophile responsible for
etheno DNA adduct formation. Chem. Res. Toxicol. 18:566–578.

Leonarduzzi, G., Robbesyn, F., and Poli, G. 2004. Signaling kinases modulated by

4-hydroxynonenal. Free Rad. Biol. Med. 37:1694–1702.
Lim, P., Sadre-Bazzaz, K., Shurter, J., Sarasin, A., and Termini, J. 2003. DNA
damage and mutations induced by arachidonic acid peroxidation. Biochemistry

42:15036–15044.

226 D. Lin and L.M. Sayre



Lin, D. 2007. Modification and cross-linking of proteins by lipoxidation derived

electrophiles: chemical and biological consequences. Ph.D. Thesis, CaseWestern
Reserve University, Cleveland.

Lin, D., Lee, H.-G., Liu, Q., Perry, G., Smith, M. A., and Sayre, L. M. 2005.

4-Oxo-2-nonenal is both more neurotoxic and more protein reactive than
4-hydroxy-2-nonenal. Chem. Res. Toxicol. 18:1219–1231.

Liu, Z.,Minkler, P. E., and Sayre, L.M. 2003.Mass spectroscopic characterization

of protein modification by 4-hydroxy-2-(E)-nonenal and 4-oxo-2-(E)-nonenal.
Chem. Res. Toxicol. 16:901–911.

Liu, Z., and Sayre, L. M. 2003. Model studies on the modification of proteins by

lipoxidation-derived 2-hydroxyaldehydes. Chem. Res. Toxicol. 16:232–241.
Liu-Snyder, P., McNally, H., Shi, R., and Borgens, R. B. 2006. Acrolein-mediated

mechanisms of neuronal death. J. Neurosci. Res. 84:209–218.
Loidl-Stahlhofen, A., and Spiteller, G. 1994. alpha-Hydroxyaldehydes, products of

lipid peroxidation. Biochim. Biophys. Acta. 1211:156–160.
Lopachin, R. M., Barber, D. S., Geohagen, B. C., Gavin, T., He, D., and Das, S.

2007. Structure–toxicity analysis of type-2 alkenes: in vitro neurotoxicity. Tox-

icol. Sci. 95:136–146.
Loureiro, A. P., de Arruda Campos, I. P., Gomes, O. F., di Mascio, P., and

Medeiros, M. H. 2004. Structural characterization of diastereoisomeric ethano

adducts derived from the reaction of 20-deoxyguanosine with trans, trans-2,4-
decadienal. Chem. Res. Toxicol. 17:641–649.

Loureiro, A. P., Di Mascio, P., Gomes, O. F., and Medeiros, M. H. 2000. Trans,-
trans-2,4-decadienal-induced 1,N(2)-etheno-20-deoxyguanosine adduct forma-

tion. Chem. Res. Toxicol. 13:601–609.
Lovell, M. A., and Markesbery, W. R. 2006. Amyloid beta peptide, 4-hydroxyno-

nenal and apoptosis. Curr. Alzheimer Res. 3:359–364.

Lu, C., Chan, S. L., Fu, W., and Mattson, M. P. 2002. The lipid peroxidation
product 4-hydroxynonenal facilitates opening of voltage-dependent Ca2þ chan-
nels in neurons by increasing protein tyrosine phosphorylation. J. Biol. Chem.

277:24368–24375.
Maekawa,M., Kawai, K., Takahashi, Y., Nakamura, H.,Watanabe, T., Sawa, R.,

Hachisuka, K., and Kasai, H. 2006. Identification of 4-oxo-2-hexenal and other

direct mutagens formed in model lipid peroxidation reactions as dGuo adducts.
Chem. Res. Toxicol. 19:130–138.

Malecki, A., Garrido, R., Mattson, M. P., Hennig, B., and Toborek, M. 2000.
4-Hydroxynonenal induces oxidative stress and death of cultured spinal cord

neurons. J. Neurochem. 74:2278–2287.
Mao,H.,Reddy,G.R.,Marnett, L. J., and Stone,M. P. 1999. Solution structure of an

oligodeoxynucleotide containing the malondialdehyde deoxyguanosine adductN2-

(3-oxo-1-propenyl)-dG (ring-opened M1G) positioned in a (CpG)3 frameshift hot-
spot of the Salmonella typhimurium hisD3052 gene. Biochemistry 38:13491–13501.

Marnett, L. J., Basu,A.K.,O’Hara, S.M.,Weller, P. E.,MaqsudurRahman,A.F.M.,

and Oliver, J. P. 1986. Reaction of malondialdehyde with guanine nucleosides:
formation of adducts containing oxadiazabicyclononene residues in the base-pairing
region. J. Am. Chem. Soc. 108:1348–1350.

Marnett, L. J., Riggins, J. N., and West, J. D. 2003. Endogenous generation of

reactive oxidants and electrophiles and their reactions with DNA and protein.
J. Clin. Invest. 111:583–593.

Mitchell, D. Y., and Petersen, D. R. 1988. Inhibition of rat liver aldehyde dehy-

drogenases by acrolein. Drug Metab. Dispos. 16:37–42.
Mitchell, D. Y., and Petersen, D. R. 1991. Inhibition of rat hepatic mitochondrial

aldehyde dehydrogenase-mediated acetaldehyde oxidation by trans-4-hydroxy-

2-nonenal. Hepatology 13:728–734.

Chapter 8 Lipoxidation-Derived Electrophiles as Biological Reactive Intermediates 227



Mlakar, A., and Spiteller, G. 1994. Reinvestigation of lipid peroxidation of lino-

lenic acid. Biochim. Biophys. Acta. 1214:209–220.
Mlakar, A., and Spiteller, G. 1996. Previously unknown aldehydic lipid peroxida-
tion compounds of arachidonic acid. Chem. Phys. Lipids 79:47–53.

Montine, K. S., Kim, P. J., Olson, S. J., Markesbery, W. R., and Montine, T. J.
1997a. 4-Hydroxy-2-nonenal pyrrole adducts in human neurodegenerative dis-
ease. J. Neuropathol. Exp. Neurol. 56:866–871.

Montine, K. S., Olson, S. J., Amarnath, V.,Whetsell,W.O. Jr, Graham,D.G., and
Montine, T. J. 1997b. Immunohistochemical detection of 4-hydroxy-2-nonenal
adducts in Alzheimer’s disease is associated with inheritance of APOE4. Am. J.

Pathol. 150:437–443.
Montine, T. J., Huang, D. Y., Valentine, W. M., Amarnath, V., Saunders, A.,
Weisgraber, K. H., Graham, D. G., and Strittmatter, W. J. 1996. Crosslinking of
apolipoprotein E by products of lipid peroxidation. J. Neuropathol. Exp. Neu-

rol. 55:202–210.
Mukai, F. H., and Goldstein, B. D. 1976. Mutagenicity of malonaldehyde, a
decomposition product of peroxidized polyunsaturated fatty acids. Science

191:868–869.
Murthi, K. K., Friedman, L. R., Oleinick, N. L., and Salomon, R. G. 1993.
Formation of DNA–protein cross-links in mammalian cells by levuglandin E2.

Biochemistry 32:4090–4097.
Murthi, K. K., Salomon, R. G., and Sternlicht, H. 1990. Levuglandin E2 inhibits
mitosis and microtubule assembly. Prostaglandins 39:611–622.

Nadkarni, D. V., and Sayre, L. M. 1995. Structural definition of early lysine and

histidine adduction chemistry of 4-hydroxynonenal. Chem. Res. Toxicol.
8:284–291.

Nair, V., Offerman, R. J., Turner, G. A., Pryor, A. N., and Baenziger, N. C. 1988.

Fluorescent 1,4-dihydropyridines: the malondialdehyde connection. Tetrahe-
dron 44:2793–2803.

O’Brien, P. J., Siraki, A. G., and Shangari, N. 2005. Aldehyde sources, metabolism,

molecular toxicity mechanisms, and possible effects on human health. Crit. Rev.
Toxicol. 35:609–662.

Oe, T., Arora, J. S., Lee, S. H., and Blair, I. A. 2003a. A novel lipid hydroperoxide-

derived cyclic covalent modification to histone H4. J. Biol. Chem.
278:42098–42105.

Oe, T., Lee, S. H., Silva Elipe, M. V., Arison, B. H., and Blair, I. A. 2003b. A novel
lipid hydroperoxide-derived modification to arginine. Chem. Res. Toxicol.

16:1598–1605.
Okada, K., Wangpoengtrakul, C., Osawa, T., Toyokuni, S., Tanaka, K., and
Uchida, K. 1999. 4-Hydroxy-2-nonenal-mediated impairment of intracellular

proteolysis during oxidative stress. Identification of proteasomes as target mole-
cules. J. Biol. Chem. 274:23787–23793.

O’Neil, J., Hoppe, G., Sayre, L.M., andHoff, H. F. 1997. Inactivation of cathepsin

B by oxidized LDL involves complex formation induced by binding of putative
reactive sites exposed at low pH to thiols on the enzyme. Free Rad. Biol. Med.
23:215–225.

Orioli, M., Aldini, G., Beretta, G., Facino, R. M., and Carini, M. 2005. LC-ESI-

MS/MS determination of 4-hydroxy-trans-2-nonenal Michael adducts with
cysteine and histidine-containing peptides as early markers of oxidative stress
in excitable tissues. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci.

827:109–118.
Pan, J., and Chung, F. L. 2002. Formation of cyclic deoxyguanosine adducts from
omega-3 and omega-6 polyunsaturated fatty acids under oxidative conditions.

Chem. Res. Toxicol. 15:367–372.

228 D. Lin and L.M. Sayre



Pawlowicz, A. J., Munter, T., Klika, K. D., and Kronberg, L. 2006. Reaction of

acrolein with 20-deoxyadenosine and 9-ethyladenine – formation of cyclic
adducts. Bioorg. Chem. 34:39–48.

Pollack, M., Oe, T., Lee, S. H., Silva Elipe, M. V., Arison, B. H., and Blair, I. A.

2003. Characterization of 20-deoxycytidine adducts derived from 4-oxo-2-none-
nal, a novel lipid peroxidation product. Chem. Res. Toxicol. 16:893–900.

Requena, J. R., Fu,M.X., Ahmed,M.U., Jenkins, A. J., Lyons, T. J., Baynes, J.W.,

and Thorpe, S. R. 1997. Quantification of malondialdehyde and 4-hydroxynone-
nal adducts to lysine residues in native and oxidized human low-density lipopro-
tein. Biochem. J. 322:317–325.

Rindgen, D., Lee, S. H., Nakajima, M., and Blair, I. A. 2000. Formation of a
substituted 1,N(6)-etheno-20-deoxyadenosine adduct by lipid hydroperoxide-
mediated generation of 4-oxo-2-nonenal. Chem. Res. Toxicol. 13:846–852.

Salomon, R. G. 2005. Levuglandins and isolevuglandins: stealthy toxins of oxida-

tive injury. Antioxid. Redox. Signal 7:185–201.
Salomon,R.G.,Kaur,K., Podrez,E.,Hoff,H.F.,Krushinsky,A.V., andSayre,L.M.

2000. HNE-derived 2-pentylpyrroles are generated during oxidation of LDL, are

more prevalent in blood plasma from patients with renal disease or atherosclerosis,
and are present in atherosclerotic plaques. Chem. Res. Toxicol. 13:557–564.

Sayre, L.M., Arora, P. K., Iyer, R. S., and Salomon, R. G. 1993. Pyrrole formation

from 4-hydroxynonenal and primary amines. Chem. Res. Toxicol. 6:19–22.
Sayre, L. M., Lin, D., Yuan, Q., Zhu, X., and Tang, X. 2006. Protein adducts

generated from products of lipid oxidation: focus on HNE and ONE. Drug
Metab. Rev. 38:651–675.

Sayre, L. M., Sha, W., Xu, G., Kaur, K., Nadkarni, D., Subbanagounder, G., and
Salomon, R. G. 1996. Immunochemical evidence supporting 2-pentylpyrrole
formation on proteins exposed to 4-hydroxy-2-nonenal. Chem. Res. Toxicol.

9:1194–1201.
Sayre, L. M., Smith, M. A., and Perry, G. 2001. Chemistry and biochemistry of

oxidative stress in neurodegenerative disease. Curr. Med. Chem. 8:721–738.

Sayre, L. M., Zelasko, D. A., Harris, P. L., Perry, G., Salomon, R. G., and
Smith, M. A. 1997. 4-Hydroxynonenal-derived advanced lipid peroxidation
end products are increased in Alzheimer’s disease. J. Neurochem. 68:2092–2097.

Sevilla, C. L., Mahle, N. H., Eliezer, N., Uzieblo, A., O’Hara, S. M., Nokubo, M.,
Miller, R., Rouzer, C. A., and Marnett, L. J. 1997. Development of monoclonal
antibodies to the malondialdehyde-deoxyguanosine adduct, pyrimidopurinone.
Chem. Res. Toxicol. 10:172–180.

Shapiro, R., and Hachmann, J. 1966. The reaction of guanine derivatives with 1,2-
dicarbonyl compounds. Biochemistry 5:2799–2807.

Shibata,N.,Yamada, S.,Uchida,K.,Hirano,A., Sakoda, S., Fujimura,H., Sasaki, S.,

Iwata, M., Toi, S., Kawaguchi, M., Yamamoto, T., and Kobayashi, M. 2004.
Accumulation of protein-bound 4-hydroxy-2-hexenal in spinal cords from patients
with sporadic amyotrophic lateral sclerosis. Brain Res. 1019:170–177.

Siems, W. G., Hapner, S. J., and van Kuijk, F. J. 1996. 4-Hydroxynonenal inhibits
Na(þ)-K(þ)-ATPase. Free Rad. Biol. Med. 20:215–223.

Slatter, D. A., Avery, N. C., and Bailey, A. J. 2004. Identification of a new cross-
link and unique histidine adduct from bovine serum albumin incubated with

malondialdehyde. J. Biol. Chem. 279:61–69.
Slatter, D. A., Murray, M., and Bailey, A. J. 1998. Formation of a dihydropyridine

derivative as a potential cross-link derived from malondialdehyde in physiolo-

gical systems. FEBS Lett. 421:180–184.
Smith, R. A., Williamson, D. S., Cerny, R. L., and Cohen, S.M. 1990. Detection of

1,N6-propanodeoxyadenosine in acrolein-modified polydeoxyadenylic acid and

DNA by 32P postlabeling. Cancer Res. 50:3005–3012.

Chapter 8 Lipoxidation-Derived Electrophiles as Biological Reactive Intermediates 229



Smith, S. A., Pestka, J. J., Gray, J. I., and Smith, D. M. 1999. Production and

specificity of polyclonal antibodies to hexanal-lysine adducts. J. Agric. Food
Chem. 47:1389–1395.

Sowell, J., Frei, B., and Stevens, J. F. 2004. Vitamin C conjugates of genotoxic lipid

peroxidation products: structural characterization and detection in human
plasma. Proc. Natl. Acad. Sci. U.S.A. 101:17964–17969.

Spiteller, P., Kern, W., Reiner, J., and Spiteller, G. 2001. Aldehydic lipid peroxida-

tion products derived from linoleic acid. Biochim. Biophys. Acta 1531:188–208.
Srivastava, S.,Watowich, S. J., Petrash, J.M., Srivastava, S. K., and Bhatnagar, A.
1999. Structural and kinetic determinants of aldehyde reduction by aldose

reductase. Biochemistry 38:42–54.
Stapelfeldt, H., and Skibsted, L. H. 1996. Kinetics of formation of fluorescent
products from hexanal and L-lysine in a two-phase system. Lipids 31:1125–1132.

Steinhilber, D. 1999. 5-Lipoxygenase: a target for antiinflammatory drugs revis-

ited. Curr. Med. Chem. 6:71–85.
Tanel, A., and Averill-Bates, D. A. 2005. The aldehyde acrolein induces apoptosis
via activation of the mitochondrial pathway. Biochim. Biophys. Acta

1743:255–267.
Tanito, M., Elliott, M. H., Kotake, Y., and Anderson, R. E. 2005. Protein mod-
ifications by 4-hydroxynonenal and 4-hydroxyhexenal in light-exposed rat

retina. Invest. Ophthalmol. Vis. Sci. 46:3859–3868.
Tsai, L., Szweda, P. A., Vinogradova, O., and Szweda, L. I. 1998. Structural
characterization and immunochemical detection of a fluorophore derived from
4-hydroxy-2-nonenal and lysine. Proc. Natl. Acad. Sci. U.S.A. 95:7975–7980.

Tuma, D. J. 2002. Role of malondialdehyde-acetaldehyde adducts in liver injury.
Free Rad. Biol. Med. 32:303–308.

Uchida, K. 1999. Current status of acrolein as a lipid peroxidation product. Trends

Cardiovasc. Med. 9:109–113.
Uchida, K. 2003. 4-Hydroxy-2-nonenal: a product and mediator of oxidative
stress. Prog. Lipid Res. 42:318–343.

Uchida, K., Itakura, K., Kawakishi, S., Hiai, H., Toyokuni, S., and Stadtman, E. R.
1995. Characterization of epitopes recognized by 4-hydroxy-2-nonenal specific
antibodies. Arch. Biochem. Biophys. 324:241–248.

Uchida, K., Kanematsu, M., Morimitsu, Y., Osawa, T., Noguchi, N., and Niki, E.
1998a. Acrolein is a product of lipid peroxidation reaction. Formation of free
acrolein and its conjugate with lysine residues in oxidized low density lipopro-
teins. J. Biol. Chem. 273:16058–16066.

Uchida, K., Kanematsu, M., Sakai, K., Matsuda, T., Hattori, N., Mizuno, Y.,
Suzuki, D., Miyata, T., Noguchi, N., Niki, E., and Osawa, T. 1998b. Protein-
bound acrolein: potential markers for oxidative stress. Proc. Natl. Acad. Sci. U.

S.A. 95:4882–4887.
Uchida, K., Sakai, K., Tiakura, K., Osawa, T., and Toyokuni, S. 1997. Protein
modification by lipid peroxidation products: formation of malondialdehyde-

derived Ne-(2-propenal)lysine in proteins. Arch. Biochem. Biophys. 346:45–52.
Uchida, K., and Stadtman, E. R. 1992. Modification of histidine residues in
proteins by reaction with 4-hydroxynonenal. Proc. Natl. Acad. Sci. U.S.A.
89:4544–4548.

Uchida, K., and Stadtman, E. R. 1993. Covalent attachment of 4-hydroxynonenal
to glyceraldehyde-3-phosphate dehydrogenase. J. Biol. Chem. 268:6388–6393.

Uchida, K., Szweda, L. I., Chae, H.-Z., and Stadtman, E. R. 1993. Immunochem-

ical detection of 4-hydroxynonenal protein adducts in oxidized hepatocytes.
Proc. Natl. Acad. Sci. U.S.A. 90:8742–8746.

VanderVeen, L. A., Hashim,M. F., Shyr, Y., andMarnett, L. J. 2003. Induction of

frameshift and base pair substitutionmutations by themajor DNA adduct of the

230 D. Lin and L.M. Sayre



endogenous carcinogen malondialdehyde. Proc. Natl. Acad. Sci. U. S. A.

100:14247–14252.
Wataya, T.,Nunomura,A., Smith,M.A., Siedlak, S. L.,Harris, P. L., Shimohama, S.,

Szweda, L. I., Kaminski, M. A., Avila, J., Price, D. L., Cleveland, D. W.,

Sayre, L. M., and Perry, G. 2002. High molecular weight neurofilament proteins
are physiological substrates of adduction by the lipid peroxidation product hydro-
xynonenal. J. Biol. Chem. 277:4644–4648.

Wells-Knecht, K. J., Brinkmann, E., and Baynes, J. W. 1995. Characterization of
an imidazolium salt formed from glyoxal and N-alpha-hippuryllysine: a model
for Maillard reaction crosslinks in proteins. J. Org. Chem. 60:6246–6247.

Werz, O., and Steinhilber, D. 2005. Development of 5-lipoxygenase inhibitors –
lessons from cellular enzyme regulation. Biochem. Pharmacol. 70:327–333.

West, J. D., Ji, C., Duncan, S. T., Amarnath, V., Schneider, C., Rizzo, C. J.,
Brash, A. R., and Marnett, L. J. 2004. Induction of apoptosis in colorectal

carcinoma cells treated with 4-hydroxy-2-nonenal and structurally related alde-
hydic products of lipid peroxidation. Chem. Res. Toxicol. 17:453–462.

West, J. D., andMarnett, L. J. 2005. Alterations in gene expression induced by the

lipid peroxidation product, 4-hydroxy-2-nonenal. Chem. Res. Toxicol.
18:1642–1653.

Witz, G. 1989. Biological interactions of alpha,beta-unsaturated aldehydes. Free

Rad. Biol. Med. 7:333–349.
Xu,D., Thiele,G.M.,Kearley,M.L.,Haugen,M.D.,Klassen, L.W., Sorrell,M.F.,

and Tuma, D. J. 1997. Epitope characterization of malondialdehyde-acetaldehyde
adducts using an enzyme-linked immunosorbent assay. Chem. Res. Toxicol.

10:978–986.
Xu, G., Liu, Y., Kansal, M. M., and Sayre, L. M. 1999. Rapid cross-linking of

proteins by 4-ketoaldehydes and 4-hydroxy-2-alkenals does not arise from the

lysine-derived monoalkylpyrroles. Chem. Res. Toxicol. 12:855–861.
Xu, G., Liu, Y., and Sayre, L. M. 1999. Independent synthesis, solution behavior,

and studies on the mechanism of formation of a primary amine-derived fluor-

ophore representing crosslinking of proteins by (E)-4-hydroxy-2-nonenal
(HNE). J. Org. Chem. 64:5732–5745.

Xu, G., Liu, Y., and Sayre, L. M. 2000. Polyclonal antibodies to a fluorescent 4-

hydroxy-2-nonenal (HNE)-derived lysine-lysine cross-link: characterization and
application to HNE-treated protein and in vitro oxidized low-density lipopro-
tein. Chem. Res. Toxicol. 13:406–413.

Xu, G., and Sayre, L.M. 1998. Structural characterization of a 4-hydroxy-2-alkenal-

derived fluorophore that contributes to lipoperoxidation-dependent protein cross-
linking in aging and degenerative disease. Chem. Res. Toxicol. 11:247–251.

Yamada, S., Funada, T., Shibata, N., Kobayashi, M., Kawai, Y., Tatsuda, E.,

Furuhata, A., and Uchida, K. 2004. Protein-bound 4-hydroxy-2-hexenal as a
marker of oxidized n-3 polyunsaturated fatty acids. J. Lipid Res. 45:626–634.

Yocum, A. K., Oe, T., Yergey, A. L., and Blair, I. A. 2005. Novel lipid hydroper-

oxide-derived hemoglobin histidine adducts as biomarkers of oxidative stress.
J. Mass Spectrom. 40:754–764.

Yoritaka, A., Hattori, N., Uchida, K., Tanaka, M., Stadtman, E. R., and
Mizuno, Y. 1996. Immunohistochemical detection of 4-hydroxynonenal protein

adducts in Parkinsons disease. Proc. Natl. Acad. Sci. U. S. A. 93:2696–2701.
Yuan, Q. 2006. Modifications of biomolecules by lipoxidation derived aldehydes.

Ph.D. Thesis, Case Western Reserve University.

Zamora, R., Alaiz, M., and Hidalgo, F. J. 1999. Modification of histidine residues
by 4,5-epoxy-2-alkenals. Chem. Res. Toxicol. 12:654–660.

Zamora, R., Gallardo, E., Navarro, J. L., and Hidalgo, F. J. 2005. Strecker-type

degradation of phenylalanine by methyl 9,10-epoxy-13-oxo-11-octadecenoate

Chapter 8 Lipoxidation-Derived Electrophiles as Biological Reactive Intermediates 231



and methyl 12,13-epoxy-9-oxo-11-octadecenoate. J. Agric. Food Chem.

53:4583–4588.
Zamora, R., and Hidalgo, F. J. 1994. Modification of lysine amino groups by the
lipid peroxidation product 4,5(E)-epoxy-2(E)-heptenal. Lipids 29:243–249.

Zamora, R., and Hidalgo, F. J. 2005. 2-Alkylpyrrole formation from 4,5-epoxy-2-
alkenals. Chem. Res. Toxicol. 18:342–348.

Zhang, D., Dhillon, H. S., Mattson, M. P., Yurek, D. M., and Prasad, R.M. 1999.

Immunohistochemical detection of the lipid peroxidation product 4-hydroxyno-
nenal after experimental brain injury in the rat. Neurosci. Lett. 272:57–61.

Zhang, W.-H., Liu, J., Xu, G., Yuan, Q., and Sayre, L. M. 2003. Model studies on

protein side chain modification by 4-oxo-2-nonenal Chem. Res. Toxicol.
16:512–523.

Zhu, X., and Sayre, L. M. 2007a. Mass spectrometric evidence for long-lived
protein adducts of 4-oxo-2-nonenal. Redox. Rep. 12:45–49.

Zhu, X., and Sayre, L. M. 2007b. Long-lived 4-oxo-2-enal-derived apparent lysine
Michael adducts are actually the isomeric 4-ketoamides. Chem. Res. Toxicol.
20:165–170.

232 D. Lin and L.M. Sayre



9
Bioactivation and Protein Modification

Reactions of Unsaturated Aldehydes

J. Cai1, B.G. Hill2,3,4, A. Bhatnagar2,3,4, W.M. Pierce, Jr.1 and R.A. Prough2

1Departments of Pharmacology and Toxicology, University of Louisville School of Medicine,
the University of Louisville, Louisville, KY 40292, USA

2Biochemistry and Molecular Biology, University of Louisville School of Medicine,
the University of Louisville, Louisville, KY 40292, USA

3Division of Cardiology, Department of Medicine, University of Louisville School of Medicine,
the University of Louisville, Louisville, KY 40292, USA

4Institute of Molecular Cardiology, University of Louisville School of Medicine,
the University of Louisville, Louisville, KY 40292, USA

e-mail: russ.prough@louisville.edu

Keywords: Biotransformation of a,b-Unsaturated Aldehydes � Protein
Modification � Protein–GSH Adducts � Protein–Aldehyde Adducts �
Acrolein � 4-Hydroxynonenal � Heart � Aorta � Endothelial Cells

9.1. Processes that Produce Aldehydes

Among the foreign compounds that have been shown to promote protein
modification, aldehydes are notable due to their reactivity and prevalence
in the environment and production in vivo. Humans are exposed to
aldehydes from several exogenous and endogenous sources. Combustion
processes from forest fires, open heating and cooking facilities, cigarette
smoke, and energy production (coal-powered electrical plants) are preva-
lent sources of aldehydes. Furthermore, their use as chemicals to preserve
organic materials like wood or their use as herbicide, fungicide, and
germicide materials increases the likelihood of exogenous aldehyde expo-
sure. Endogenously, the metabolism of biological and exogenous amines,
alcohols, and lipids produces aldehydes. Althoughmany of these processes
are necessary metabolic pathways for energy production, other processes
also produce aldehydes. These include unproductive lipid oxidation, infec-
tion, inflammation, chemically induced lipid peroxidation, or foreign
compound metabolism involved in the detoxification of drugs or toxic
chemicals. Some of these aldehydes are highly reactive, such as the a,b-
unsaturated aldehydes, for example, 4-hydroxy-trans-2-nonenal (HNE) or
acrolein, formed during lipid peroxidation or combustion. As the process
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of lipid peroxidation associated with oxidative stress becomes better
understood, we note that some of the products formedmay have biological
functions as signaling molecules (Ruef et al. 1998; Ji, Kozak and Marnett
2004; Robino et al. 2001). Their properties require continued study to fully
appreciate the effects these molecules have in biological systems. Several
recent reviews thoroughly explore the possible role of endogenously gen-
erated aldehydes in mitogenic or proliferative processes, including those
associated with aberrant glucose metabolism associated with diabetes and
atherosclerosis (Ruef et al. 1998).

9.2. Metabolism of Aldehydes

Since there are a number of recent reviews on themetabolism of aldehydes,
the focus in this article will not be directed toward the disposition of
aldehydes by enzymatic oxidation or reduction reactions. However, our
intent is to address how aldehydes form adducts with cellular nucleophiles
in general, and with proteins in particular. A classic example of the
adduction of thiols is the reaction catalyzed by glutathione S-transferases.
These enzymes play important roles in metabolizing aldehydes and the
reaction catalyzed by them is similar to the reactions that occur when
aldehyde–protein adducts are formed spontaneously. Enzymatic path-
ways for aldehyde disposition have been recently reviewed by Conklin,
Prough and Bhatnagar (2006).

In addition to oxidative, reductive, and conjugative metabolic transfor-
mations, aldehydes also participate in adduction reactions with several
nucleophilic species in cells, including nucleic acids and proteins. Much of
the toxicity of aldehydes may be linked with their ability to form adducts
with proteins. Like metabolism, adduction of proteins is not static; it is a
dynamic process. To examine the intracellular fate of protein–aldehyde
adducts, we treated rat aortic smooth muscle (RASM) cells with reagent
HNE. After removal of media containing HNE, fresh media was added
and the cells were cultured in media without HNE. At appropriate times,
the cells were collected, lysed, and protein adducts were quantified by

Figure 9.1 Removal of protein–HNE adducts
in vascular cells. Anti-protein–HNE
immunoblot analysis was performed on lysates
from HNE-treated rat aortic smooth muscle
(RASM) cells. RASM cells (5 � 105 cells ml–1)
were exposed to 50-mM HNE for 30 minutes.
The medium was then removed and the cells
were either collected or HNE-free growth
mediumwas added to the cells for the indicated
times. Cells were then lysed and protein–HNE
adduct levels were assessed by slot
immunoblotting with anti-protein–HNE
antibodies. The figure is representative of at
least three experiments. n = 6 per group.
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immunoslot blotting using anti-protein–HNE antibodies. As shown in
Figure 9.1, the level of anti-protein–HNE immune complexes increased
more than three- to fourfold after 30 minutes of HNE treatment. The
protein–HNE adducts disappeared during the next 8 hours in culture, until
the level of protein–HNE complexes returned to the levels seen before
treatment. These results clearly show that in exposed cells aldehydes
rapidly form protein adducts and further that these adducts are removed
from cells with time. The processes that allow adduct formation and the
removal of protein–HNE adducts in these vascular cells are processes of
importance in understanding aldehyde toxicity. Critical questions arise,
such as, what are the reactions that form these adducts, are they reversible,
and are they processed in the cell by proteolytic mechanisms? Studies are in
progress in our laboratory to address the nature of these reactions and to
identify the biochemical processes involved.

Figure 9.2 Complex protein adducts formed by the environmental pollutant and
lipid peroxidation product, acrolein. Immunoblots of glutathiolated proteins and
protein-bound acrolein orHNE. (a)Monkey kidney fibroblasts cells were exposed to
vehicle, acrolein, or HNE for 30 minutes and protein modifications were assessed by
immunoblotting with anti-protein glutathione (anti-PSSG), anti-protein acrolein
(anti-P-Acr), or anti-protein HNE (anti-P-HNE) antibodies. Only acrolein
increased the formation of protein–glutathione adducts. (b) Concentration-
dependence of glutathiolation with acrolein. Acrolein at 25-mM (25 A) and 50-mM
(50A) concentrations increases protein glutathiolation;HNE (50mM;50H) does not
promote protein glutathiolation. (c) Potential mechanism for the formation of
glutathiolated proteins due to protein–acrolein adducts. Acrolein can form a bis-
adduct with lysine side chains (not shown) that condensates to form the
Ne-(3-formyl-3,4-dehydropiperidino) lysine (FDP-lysine) adduct. This adduct itself
possesses a, b-unsaturation that can react with glutathione or can promote protein
crosslinking reactions (scheme derived from the results of: Furuhata A. et al. 2002).
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A subsequent series of experiments were performed to compare the
effects of two different a,b-unsaturated aldehydes, acrolein and HNE, on
the formation of protein–aldehyde and protein–glutathione adducts.Mon-
key kidney fibroblast (COS7) cells were exposed to either vehicle, acrolein
or HNE, for 30 minutes and the protein modifications were assessed by
immunoblotting with anti-protein glutathione, anti-protein acrolein, or
anti-protein HNE antibodies. As shown in Figure 9.2a, row 2, acrolein
formed protein adducts distinct from that observed in cells treated with
HNE (row 3). Conversely, HNE formed protein adducts that were not
recognized by anti-protein–acrolein antibodies. Of most interest, in row 1,
acrolein treatment caused formation of protein–glutathione adducts, but
HNE did not. This result clearly indicates that although both a,b-unsatu-
rated aldehydes form protein adducts, only acrolein increases the forma-
tion of protein–glutathione modifications. Figure 9.2b shows the
concentration dependence of acrolein-dependent protein glutathiolation
reactions and the inability of HNE to enhance protein thiolation. We
postulate that protein–acrolein–glutathione adducts are formed in reac-
tions like that shown in Figure 9.2c. While these approaches allow us to
study aspects of the kinetics of adduct formation and removal, they do
not provide a method to clearly deduce the chemistry of these pro-
cesses and explain why acrolein specifically increases the formation of
glutathione-modified proteins. Our preliminary studies suggest that
using mass spectrometric (MS) approaches to study these protein
adducts offers considerable promise in understanding the processes
of oxidative stress and the spectrum of products formed during oxi-
dative stress or even normal metabolic processes.

9.3. The Chemistry of Aldehyde–Protein Adducts

Aldehydes owe their chemical reactivity to an activated carbonyl functional
group with a proton attached to it. The separation of charge in this carbonyl
allows the aldehyde functional group to interact readily with nucleophilic
groups, such as amine groups, to form a reversible adduct commonly know
as a Schiff base (Figure 9.3). The level of reactivity of aldehydes is determined
by the electron deficiency at the carbonyl carbon caused by a variety of
electron-withdrawing groups. The carbonyl carbon reacts with primary
amine groups to form a hemiaminal intermediate, and after loss of water
forms an aldimine Schiff base. As described by Klotz and coworkers study-
ing the effect of aldimine formation with hemoglobin, many of these Schiff
base intermediateswere shown to be reversible, suggesting that their presence
in proteins may be transient in nature (Zaugg, Walder and Klotz 1977).

For a,b-unsaturated aldehydes, electron withdrawal from the double
bond by the conjugated carbonyl group decreases electron density at the
b-carbon of the double bond, making the b-carbon very reactive with

Figure 9.3 Schiff base formation.

236 J. Cai et al.



protein nucleophiles. The electrophilic b-carbon can react as a Michael
acceptor with nucleophiles, such as the thiol group in cysteine (Cys), amine
groups in lysine (Lys) and N-terminal a-amino acids, and the C3 of
histidine imidazoles leading to the Michael addition reaction (Figure 9.4).
Aldehydes that form Michael adducts are particularly reactive and can
subsequently crosslink nucleic acids, proteins, and lipids. For many in this
field, these crosslinked aldehyde products are thought to be an indicator of
oxidative stress in general and important toxicological endpoints that are a
phenotype of aldehyde toxicity.

In a,b-unsaturated aldehydes, the contribution of electrons from the
double bond decreases the electron deficiency at the carbon in carbonyl
groups, which makes the a,b-unsaturated aldehydes less reactive in Schiff
base formation. In Michael addition products of a,b-unsaturated alde-
hydes, however, the double bond at a, b-carbon becomes saturated. The
further reaction of Michael addition products with primary amine groups
in proteins through Schiff base formation can result in further crosslinking
of proteins. For example, acrolein causes crosslinking of proteins such as
RNase (Burcham and Pyke 2006) and links glutathione (GSH) to proteins
through putative lysine residues involved in formation ofMichael addition
products (Figure 9.2c). Thus, a,b-unsaturated aldehydes have multiple
reactive functional groups available for protein adduct formation. In
addition to the two basic reactions mentioned above, they also participate
in more complex reactions to form other adducts.

9.3.1. Adducts Formed by Acrolein

Alkyl groups at the b-carbon decrease the reactivity of a,b-unsaturated
aldehydes inMichael addition reactions by increasing electron density and
causing steric hindrance at the b-carbon. Therefore acrolein, with no alkyl
substitution at b-carbon, is by far the most reactive compound among the
a,b-unsaturated aldehydes. Due to its high reactivity, acrolein readily
forms covalent adducts with nucleophilic protein residues. As discussed
in the Chapter 8, two types of such adducts, Ne-(3-formyl-3,4-

Figure 9.5 Proposed mechanism of MP-lysine and FDP-lysine formation.

Figure 9.4 Michael
addition reaction.
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dehydropiperidino)lysine (FDP-lysine) and Ne-(3-methylpyridinium)-
lysine (MP-lysine) have been identified by Uchida’s group (Uchida et al.
1998a, 1998b; Furuhata et al. 2003; Figure 9.5).

FDP-lysine apparently is formed by the addition of two molecules of
acrolein to the amino group at lysine by Michael addition, followed by
cyclization and loss of water. The intermediates were not detected when
Na-acetyllysine was incubated with acrolein (Uchida et al. 1998a). An
alternative mechanism might be involved in FDP-lysine formation. The
possibility of an alternate mechanism is supported by the observation that
a large excess of aldehyde over the amine is not necessary for the formation
of FDP-lysine. Similar adducts can also form from other a,b-unsaturated
aldehydes (Ichihashi et al. 2001). FDP-lysine is also a a,b-unsaturated
aldehyde and it can react with glutathione to form a glutathione conjugate
(Furuhata et al. 2002; Figure 9.2C).

Many pyridinium adducts, some that cause crosslinking of proteins, can
form from a,b-unsaturated aldehydes through complex reactions (Alaiz
and Barragan 1995; Baker et al. 1998; Ichihashi et al. 2001). Unlike many
other adducts, the pyridinium adducts are highly stable. They carry a fixed
positive charge and may have significant effect on protein function. MP-
lysine adduct, a major antigenic adduct generated in acrolein-modified
proteins (Furuhata et al. 2003), is one such adduct derived from acrolein.
The mechanism of formation proposed by Furuhata et al. is shown in
Figure 9.5. However, the mechanism of formation is still not clearly
defined. However, existence of such adducts have been confirmed by
nuclear magnetic resonance (NMR), and have been shown to be readily
formed in acrolein-treated apolipoprotein AI (ApoAI) (Shao et al. 2005).

The possibility of complex adduction reactions between a,b-unsaturated
aldehydes and proteins is supported by our data obtained using actin as a
model protein. To examine its reactivitywith a, b-unsaturated aldehydes, we

Figure 9.6 Detection of acrolein–actin adducts by
electrospray ionization-mass spectrometry (ESI-MS).
Deconvoluted spectra of actin: Actin was incubated
with 100-mM DTT in 100-mM Tris, pH 7.5, for 1 hour
at 378C. Actin was then subjected to gel filtration on a
Sephadex G25 column to remove DTT and to exchange
buffer systems. The actin was then either analyzed by
positive-mode ESI-MS (a) or incubated with 100-mM
acrolein for 1 h at 378C in 100-mM potassium
phosphate buffer, pH 7.5. Excess acrolein was then
removed by gel filtration and the modification state of
actin was assessed by positive-mode ESI-MS (b).
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first reduced actin with 100-mM dithiothreitol (DTT) in 100-mM Tris, pH
7.5, for 1 hat 378C. Subsequently, the sample was desalted and DTT was
removed by gel filtration. The actin was analyzed by electrospray ionization-
mass spectrometry (ESI-MS) after incubation in the absence (Figure 9.6a)
or presence (Figure 9.6b) of 100-mMacrolein for 1 hour at 378C in 100-mM
potassium phosphate buffer, pH 7.5. Excess acrolein was then removed by
gel filtration and the modification state of actin was assessed by ESI-MS.
Figure 9.6a and b show the deconvoluted mass spectra of actin and
acrolein-modified actin, respectively. As seen in Figure 9.6b, one can
observe a number of chemical species of actin in the spectrum suggesting
that this single protein forms multiple protein–acrolein adducts, obviously
with a variety of chemical modifications. The presence of intrachain cross-
links cannot be determined without further analysis.

9.3.2. Adducts Formed by HNE

HNE has a hydroxyl group at C4. In Michael addition reactions of HNE,
the aldehyde group can react with the hydroxyl group to form cyclic
semiacetal as shown in Figure 9.7. The dihydrofuran adduct forms upon
loss of water from the semiacetal (Liu, Minkler and Sayre 2003). This
intermediate has the same mass as a Schiff base adduct, but it cannot be
reduced by NaBH4 as expected of a Schiff base. The Michael addition
product of HNE has an aldehyde group. It can react with the e-amino
group of lysine side chains of proteins to form a Schiff base and subse-
quently cause crosslinking in proteins (Uchida and Stadtman 1993). How-
ever, Michael addition adducts exist predominantly in semiacetal form
which prevents the further reaction of Schiff base formation.

When a Schiff base is formed before Michael addition, HNE can also
form a 2-pentylpyrrole adduct as shown in Figure 9.8 (Sayre et al. 1993).
The Schiff base can rearrange to form a g-ketone, followed by cyclization
to form an unstable semiaminal and loss of water to form 2-pentylpyrrole.
Since Schiff base formation is not a favorable reaction for HNE, pyrrole
adduct formation appears to be a minor pathway when compared with the
Michael addition reaction. However, unlike other HNE adducts men-
tioned above, its formation is irreversible and it also removes positive
charges carried by the parent lysine residues. Such adducts of HNE have
been detected in human plasma and atherosclerotic plaques (Salomon et al.

Figure 9.7 Cyclic semiacetal and dihydrofuran adducts from Michael addition
adducts of HNE.
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2000) and might be more relevant markers of permanent protein damage
caused by HNE (Sayre et al. 1996).

9.3.3. Adducts Formed by 4-oxo-trans-2-nonenal

4-oxo-2-nonenal (ONE) has been identified as a common lipid peroxida-
tion product, in addition toHNE (Lee and Blair 2000, Spiteller et al. 2001),
and has much higher reactivity than HNE. Both a- and b-carbon can react
with histidine (His) and Cys in Michael Addition reactions. The b-carbon
is themore reactive position (Zhang et al. 2003). The reaction is irreversible
and about 6–31 times faster than HNE (Lin et al. 2005.) However, ONE is
less reactive than HNE toward the �-amino group of lysine side chains
through Michael addition. Instead it goes through a fast, but reversible
reaction to form a Schiff base. Schiff base formation at lysine was found to
be the fastest reaction of ONE with model compounds. Although this
reaction might be transient and the products difficult to detect due to the
reversibility of the reaction, the possible deleterious biological effects from
this reaction should be considered (Lin et al. 2005).

The Michael Addition products of 4-oxononenals can further react
through Schiff base formation, since they have two carbonyl groups.
Under nonoxidative conditions, they can react with amine groups through
Paal–Knorr condensation (Amarnath et al. 1995) to form pyrrole adducts
as shown in Figure 9.9 (Xu and Sayre 1999, Zhang et al. 2003). Such

Figure 9.9 Formation of 2-pentylpyrrole adducts from ONE.

Figure 9.8 Formation of 2-pentylpyrrole adduct from HNE.
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intrachain crosslinking by ONE was found between histidine and lysine at
a HAK motif of histone H4 (Oe et al. 2003b).

Under oxidative conditions, both HNE and ONE can react with two
Lys residues through crosslinking reaction and oxidation to form a
2-alkyl-2-hydroxy-1,2-dihydropyrrol-3-one iminium adducts (Xu and
Sayre 1998) as shown in Figure 9.10. This adduct is characterized by the
emission of fluorescence at 430 nm when excited with light at 360 nm. The
reaction for ONE is preceded by Schiff base formation at the aldehyde
group, followed by Michael addition of another lysine, tautomerization,
oxidation, and cyclization. Since Schiff base formation from HNE was
very slow (not detected in kinetic studies with spectroscopy), HNE pre-
ferentially forms Michael addition products with the e-amino group of
lysine side chains (Lin et al. 2005). The decreased electron density at the
carbonyl carbon enhances Schiff base formation. Formation of this adduct
from HNE requires two steps and 4-electron oxidation instead of one step
and 2-electron oxidation fromONE. The formation of this adduct is much
slower for HNE than ONE (Xu and Sayre 1998).

Rapid crosslinking of proteins can occur with either HNE or ONE and
lysine is normally involved in this crosslinking (Xu et al. 1999). Both
nonoxidative and oxidative reactions can generate crosslinking adducts
in proteins. However, the formation of pyrrole adducts from nonoxidative
reactions are rare and the formation of the substituted 1,2-dihydropyrrol-
3-one iminium adduct from oxidative reactions is enhanced particularly in
the case of ONE (Zhang et al. 2003).

9.4. Reactivity of Nucleophilic Residues in Protein

The common nucleophilic residues in proteins include Cys, His, Lys, as
well as the amino group at N-terminus. All these nucleophiles can partici-
pate in Michael addition, while only Lys and amino group at N-terminus

Figure 9.10 Formation of dihydropyrrole adducts from HNE and ONE.
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can participate in Schiff base formation. Multiple reactions can occur with
amino groups to form more complex products, such as FDP-lysine and
MP-lysine. The nucleophilicity of the residues is determined by their
polarizability and ionic state. The nucleophilicity of the sulfhydryl anion
is much higher than amines. Therefore, Cys is much more reactive than
His, Lys, and the N-terminal amino group. In order to be good nucleo-
philes, amines must exist in the free-base form. Amines with higher pKa
will have lower percentage of amine free base at a given pH, which will
decrease their reactivity in nucleophilic reactions. The average pKa values
of these residues in protein can be estimated with model compounds that
resemble amino acids chains (model pKa values). Some of these are listed
in Table 9.1 (Nielsen and Vriend 2001).

The pKa value of the N-terminal amino group is much lower than that
of Lys, and reactivity at the N-terminus can be much higher than Lys.
A clear example is glycosylation of hemoglobin by glucose in which Schiff
base formation is the first step of glycosylation. Higher levels of glycosyla-
tion occurs at N-terminus than at the e-amino group of Lys.When hexanal
was incubated with oxidized insulin b-chain, Schiff base formation was
found predominantly at N-terminal Phe instead of Lys (Fenaille, Guy and
Tabet 2003). Reactivity of HNE and ONE was evaluated with N-acety-
lated peptides containing one or more nucleophilic residues. Peptides were
incubated with excess amount of HNE orONE. Formation of adducts was
monitored with spectrophotometry and confirmed by MS. The reactivity
of residues was found to have the order of: Cys >>His > Lys (> arginine
(Arg) for ONE) and the reactivity of ONE toward Cys was more than 100-
fold higher than HNE (Doorn and Petersen 2002).

The guanidinium group in Arg is a strong base. Arg is mostly proto-
nated at physiological pH. Delocalization of positive charge among the
amino groups significantly decreases the reactivity of Arg in nucleophilic
reactions. Only a very reactive aldehyde will react with Arg to form
adducts. Formation of an imidazole adduct of ONE was reported by
Blair’s group (Oe et al. 2003a). The proposed mechanism of formation is
shown in Figure 9.11. The amino group of guanidine reacts with aldehyde
groups to form a carbinolamine intermediate. Then the secondary amine
of guanidine reacts with b-carbon of ONE through an intramolecular
Michael Addition to form a cyclic carbinolamine intermediate, and loss
of water from the intermediate forms the imidazole adduct. Formation of
HNE adducts with Arg has also been reported (Isom et al. 2004), and 2-
pentylpyrrole was proposed to be the product. However, this has not been
confirmed by NMR.

Table 9.1 Model pKa values of selected residues.

Residue type Model pKa value

Arg 13.0
Lys 10.4
Cys 8.7

N-terminus 8.0
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9.5. Effect of Neighboring Nucleophilic Amino Acid Residues

Reactivity of nucleophilic residues can be affected by other amino acid
residues located nearby. The presence of an Arg on a Cys-containing
peptide increased the reactivity of Cys toward HNE and ONE by a factor
of 5–6 (Doorn and Petersen 2002). Formation of MP-lysine in peptide
Ac-GEYAHKY is much higher than the peptides that His is replaced with
Arg or Glu (Shao et al. 2005). When acrolein was incubated with apolipo-
protein A-I, MP-lysine was formed preferentially at peptide sequences
containing multiple lysine residues and only one of the Lys formed adduct
with acrolein. Interestingly, FDP-lysine was not detected (Shao et al. 2005).

It is well known that the pKa and reactivity of amino acid side chains of
proteins is greatly influenced by their microenvironment. Effect of envir-
onment on reactivity of residues with HNE was studied recently by Lie-
bler’s group (Szapacs et al. 2006). After incubation with HNE, human
serum albumin (HSA) samples were reduced with NaBH4, digested with
trypsin, and analyzed by liquid chromatography (LC)/MS/MS. Ten
Michael addition products at His and Lys were identified. The reactivity
of different residues varied considerably. The kinetic study indicated the
order of reactivity was H242 > H510 > H67 > H367 > H247 � K233, which
correlates well with the calculated pKa values of these residues (reactivity
increases with decrease in pKa). The only exception was H367, which has
the second lowest pKa. Crystal structure of HSA indicates that it sits in a
cleft and steric hindrance may limit its reactivity with HNE. The H242

residue sits in the hydrophobic binding cavity and has an unusually low
pKa of 0.81; hence, its reactivity with HNE is much higher than that of any
other residue. Finally, it should be noted that these reactivity considera-
tions are for proteins in an essentially aqueous environment, so that
membrane-incorporated protein reactivities would be expected to differ.

9.6. Reversibility of Aldehyde–Protein Adduction Reactions

Some reactions between aldehydes and amino acid residues in proteins are
reversible. There is an optimal pH for Schiff base formation, depending on
the reactants. Significant deviation from the optimal pH for Schiff base

Figure 9.11 Formation of arginine adducts from ONE.
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formation decreases the rates of formation and stability of the products.
Schiff base formation ofHNE andONEwithmodel compounds have been
studied (Lin et al. 2005). Excess amounts of nucleophiles were used to react
with HNE or ONE and the reactions were monitored by spectrophotome-
try. Michael addition of HNE with amines and Schiff base formation of
ONE with amines were found to be reversible. The reversibility of adduct
formation can complicate the detection of these adducts. For example, the
thiol group in Cys is generally themost reactive nucleophile in proteins and
acrolein is the most reactive a,b-unsaturated aldehyde. Acrolein adduct
formation at Cys has not been reported to date and reversibility of reaction
is the likely explanation because the thiol anion is an excellent leaving
group. However, the effect caused by formation of reversible adducts in
proteins should not be ignored. Adduct formation and its reversal are
pH-dependent. This phenomenon may vary in different cellular microen-
vironments, may change the reactivity of proteins, and may even favor
formation of species that serve as mediators or modulators of various
biological responses.

9.7. Detection and Characterization of Aldehyde–Protein

Adducts

Immunological assays have been widely used to monitor aldehyde–protein
adduct formation. These have excellent sensitivity and specificity and are
very useful in localizing adducts in tissues or cellular organelles. However,
this technique cannot be used to establish final specific location of adducts
in proteins or to elucidate structures of new adducts. For this, MS has
emerged as a technique of choice. The basic MS techniques used in protein
analysis have been reviewed recently (Domon and Aebersold 2006).

In qualitative studies, two types of data (MS and MS/MS) are usually
acquired. In MS mode, MS spectra are dominated by peaks from intact
peptides/proteins when soft-ionization techniques such as matrix-assisted
laser desorption/ionization (MALDI) and ESI are used to ionize samples.
Mixtures of peptides/proteins can be analyzed with this technique and
intact molecular weight and charge state are the main information
obtained from this technique. Sometimes limited fragmentation can
occur during analysis. While this might provide structural information
about the adduct, it might also lead to false identification or incorrect
assignments. For example, in-source collision-induced dehydration of the
Michael adduct of HNE could be incorrectly identified as a Schiff base
adduct (Bolgar and Gaskell 1996).

In tandemMS/MS analyses, ions from samples of interest can be selected
by the first mass analyzer (separated from other ions to avoid interference),
the selected ion can be fragmented in a collision cell, and the fragment ions
can be separated with a second mass analyzer and recorded to obtain MS/
MS spectra (Figure 9.12). In other instruments (e.g., ion trap and Fourier
transform (FT)-MS), ion selection, fragmentation, and separation often
occurs within the trap, allowing the process to be repeated several times
to generate higher-order tandem mass spectra. From MS/MS spectra of
peptide/protein, sequences and specific location of modifications can be
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obtained. For unknown adducts from model compounds, MS/MS spectra
can also provide useful information for structure elucidation.

9.7.1. Top-Down Approaches to Identify Protein Modifications Using MS

Two approaches, top-down and bottom-up, have been used to identify
type and location of adducts or post-translational modifications in pro-
tein. In a top-down approach, the intact protein is fragmented by mass
spectrometers. To obtain good efficiency in fragmentation, special frag-
mentation techniques are used. Application of top-down approach has
historically been limited to small- or medium-sized proteins. With devel-
opment of new techniques, such as high-resolution Fourier transformation
ion cyclotron resonance MS, larger proteins can be analyzed by this
approach (Han et al. 2006). Fragmentation of proteins will generate
many fragments that could exist in a multiplicity of charge states. These
factors make the MS/MS spectra from top-down experiment exceedingly
complex. Capability of determination of charge states of peaks with large
number of charges is essential for determining mass of fragments in these
experiments. Therefore, mass spectrometers with very high sensitivity and
mass resolution are required for these experiments. The advantage of this
approach is that it has potential to determine the entire sequence of a
protein (and adducts at any residue). It may also be useful for detecting
unstable adducts in proteins.

9.7.2. Bottom-Up Approaches to Identify Protein Modification Using MS

Currently, most protein characterization studies are done with bottom-up
approaches. In a bottom-up approach, either purified proteins or protein

Figure 9.12 Schematic depiction of use of tandem mass spectrometry experiments.
The instrument configuration for MS/MS spectrometer (triple quadrupole) is
shown in the top panel. The methods utilizing MS/MS mass spectrometry are
shown in the lower panel: (a) product ion scanning; (b) precursor ion scanning;
and (c) constant neutral loss scanning.
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mixtures are first subjected to limited hydrolysis, usually using a purified
and well-characterized endoprotease and then the peptides from partially
digested proteins are analyzed by MS. In most cases, not all peptides are
detected. Coverage might be increased by using a bank of proteases with
different hydrolysis site specificities to digest proteins and/or by using
different MS techniques to detect the peptides. However, coverage of the
entire sequence is rare and adducts may not be detected if modification
occurs on peptides undetected by the spectrometer. The most often used
protease is trypsin. It cleaves protein at C-termini of Lys and Arg. Lys is
one of the residues that reacts with aldehydes. Formation of adducts at Lys
may prevent cleavage by trypsin. For example, trypsin does not cleave at
Lys residues that formMP-lysine adducts (Shao et al. 2005). In these cases,
other proteases such chymotrypsin, pepsin, or glutamic-C can be used to
digest proteins.

9.7.3. Analysis of Unstable Aldehyde–Protein Adducts

Some protein adducts of aldehydes are not stable. These may be lost
during digestion or during sample preparation before MS analysis. In
sample preparation forMS analysis, low-pH solvents are often used. Schiff
base formation is a reversible reaction and it can be fully reversible at low
pH (Esterbauer, Schaur and Zollner 1991). To prevent loss of Schiff base
adducts, protein samples can be reduced with NaBH4 before MS analysis
or digestion. The Michael addition product of HNE mainly exists as a
semiacetal, and it can also be reduced with NaBH4 to form 1,4-dihydroxy
derivatives. Sometimes Na(CN)BH3 is used to reduce Schiff bases to
imines. It is a weaker reducing reagent compared with NaBH4 and does
not reduce carbonyl groups (Fenaille, Guy and Tabet 2003). In some cases,
the use of sodium borodeuteride NaBD4 is useful for simultaneous reduc-
tion and mass addition.

9.7.4. Techniques for Aldehyde–Protein Adduction Detection by MS

The type and location of adduct can be identified by a shift in the mass of
peptides relative to the molecular weight of peptides from unmodified
proteins. When multiple reactive residues exist in the same peptide, mole-
cular weight alone is not enough to determine which residue forms the
adduct. In these cases, specific sites of modification can be identified by
MS/MS analysis. Some adducts introduce the same mass shifts in peptide
spectra, and these may be distinguished by their pattern of fragmentation
inMS/MS experiment or by their difference in chemical properties, such as
reducibility by NaBH4 or Na(CN)BH3 or reactivity with 2,4-dinitrophe-
nylhydrazine (DNPH).

The MS/MS data can be processed with special software, such as
P-MOD (Hansen et al. 2005) and SALSA (Hansen et al. 2001), to reveal
adducts at unknown locations. Other MS methods have also been used to
selectively detect adducted peptides from peptide mixtures. A method to
detect HNE adduct by MALDI-TOF was developed by Guy’s group
(Fenaille, Tabet and Guy 2004). In this method, the Michael
addition adducts of HNE are derivatized with DNPH and analyzed by
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MALDI-TOF with DNPH as matrix. When DNPH is used as the matrix,
the hydrazone derivatives from Michael addition adducts of HNE have
much better desorption/ionization efficiency while signals from unmodi-
fied peptides are suppressed.

Some additional MS/MS techniques can also be used to identify
unknown location of modifications in proteins. Precursor ion scans and
constant neutral loss scans are two of such techniques, both of them use the
characteristic fragmentation of adducts to identify peptides with those
adducts. In precursor ion scans (Figure 9.12), the instrument is set to
identify which precursor ion (intact peptide with adduct) produces a
specific product ion in MS/MS mode, which is a characteristic ion from
an adduct. The Michael addition adducts of HNE at His, for example,
produces an immonium ion of modified His at m/z 266. Precursor ion
scans can be set to identify all peptides with a Michael addition adduct of
HNE at His (precursors) that produce m/z 266 fragment in MS/MS, and
MS/MS spectra from these precursors can be acquired to confirm the
sequences and location of modification of the peptides (Bolgar and
Gaskell 1996). In precursor ion scans, the selectivity of precursor ion
identification is determined by the exclusiveness of formation of the frag-
ment ion. All Michael addition adducts of HNE can produce a fragment
ion at m/z 139 (dehydrated HNE). However, this fragment is not exclu-
sively generated from HNE adducts. Using m/z 139 as fragment ion in
precursor scan can result in identification of some precursor ions that do
not have HNE adducts (Bolgar and Gaskell 1996). In constant neutral loss
scans (Figure 9.12), intact peptides that can generate a fragment with
known fixed difference in mass from the intact peptide are identified.
This technique is useful for unstable adducts that can be easily lost in
fragmentation. The Michael addition adduct of HNE can easily lose HNE
(M-156) in fragmentation. It is possible to identify all Michael addition
adducts of HNE by identifying peptides that have M-156 fragment in a
constant neutral loss scan. However, there is difficulty in predetermining
the appropriate fragmentation energy for different peptides and their
different charge states (Bolgar and Gaskell 1996).

The sensitivity of precursor ion scanning and constant neutral loss
scanning is relatively low. An alternative precursor detection method
with a hybrid quadrupole-time of flight (Q-TOF) instrument was devel-
oped recently (Bateman et al. 2002). In this method, MS scans at alternat-
ing low and high collision energies are acquired. The spectra are compared
to ascertain whether there are fragment ions in high-collision-energy spec-
trum that match with ions in low-collision-energy spectrum with a fixed
mass difference. Once such precursor ions are identified, MS/MS spectra
from these precursor ions are immediately acquired in a data-dependent
acquisition mode.With this technique, better sensitivity and selectivity can
be obtained because the Q-TOF instrument has excellent mass resolution
and can identify constant neutral loss with higher mass accuracy.

9.7.5. Quantification of Protein and Adduct by MS

Mass spectrometry can also be used to measure protein adduct levels with
high sensitivity and selectivity. Quantification is usually done by analyzing
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the digested samples by LC/MS. Adduct levels can be calculated from the
peak areas of ion chromatogram specific to the peptide with adduct. To
increase the specificity of adduct quantification, a technique called multi-
ple ion monitoring can be used. In this technique, ions of adduct-contain-
ing peptides are selected and fragmented. The fragment ions specific to the
peptides can be selectively detected. Adduct levels can be calculated from
the peak areas of the ion chromatograms, and peak area ratios from
different fragments can be used to confirm that the detected levels are
indeed of the targeted adduct. Signals from different peptides vary sig-
nificantly; therefore, an internal standard must be used in quantification.
The best internal standard should have similar chemical and physical
properties as the compounds to be quantified and stable isotope-labeled
compounds are the best internal standards in MS quantification. For
quantification of absolute amount, authentic compound to be quantified
and internal standard are required.

The Michael addition adduct of a,b-unsaturated aldehydes with Cys
residues in protein has a thioether bond. It can be reduced under strong
reducing conditions (Uchida and Stadtman 1992). Methods based on this
reduction have been established to detect protein adduct of HNE and
1,4-dihydroxy-trans-2-nonene (DHN), the reduced adduct of HNE, in
plasma or whole-blood proteins as shown in Figure 9.13 (Veronneau,
Comte and Des Rosiers 2002; Asselin et al. 2006). The HNE adduct was
first reduced to the DHN adduct with NaBD4, which introduced a deuter-
ium to the DHN from HNE adduct to distinguish the DHN adduct. The
proteins were then precipitated and reduced with Raney Ni at 558C for 20
hours to release DHN. The released DHN was then extracted with ethyl
acetate, derivatized with dimethyl-tert-butylsilyltrifluoroacetamide
(MtBSTFA) to TBDMS, and analyzed by gas chromatography (GC)/
MS with D11-DHN as internal standard. This method provides very high
sensitivity. It measures the total level of HNE adduct without identifying
specific location of adduct in protein and has been used to measure HNE
adduct as biomarker of HNE exposure (Asselin et al. 2006).

Some techniques have been developed to measure relative changes,
instead of absolute amounts of protein. In these cases, the relative quanti-
fication can be accomplished by adding different tags to samples from
different treatments. Authentic compounds are not needed and best results
are obtained when tags with different isotope compositions are used.

Figure 9.13 Derivatization of HNE adducts at cysteine residues.

248 J. Cai et al.



Relative quantification of proteins is most often done after digestion of
samples with protease. Chemical tags, such as phenylisocyanate (PIC), can
be added to proteins before or after digestion. Labeling proteins with tags
before digestion will limit the labeling to some of the peptides from proteins.
With specially designed tags that include a moiety that is separable using
chemical affinity techniques, the labeled peptides can be separated from
unlabeled peptides. This simplifies subsequent detection and increases sen-
sitivity by enriching the sample in labeled peptides. This approach has
limited application in protein adduct quantification because the adduct
can form on peptides without such targeted residues and adducts may
form on the same targeted residues. These limitations can be avoided by
adding tags to either N- or C-terminus of peptides after digestion. In most
cases, all peptides can be labeled with tags (except, in some cases, peptides at
N- or C-terminus of proteins). Therefore, relative changes of all proteins at
any locations can be monitored, if the peptides are detected byMS analysis.
Another advantage of this approach is multiple peptides from same protein
can be detected. The agreement of relative changes from different peptides
will make the detection of relative change of protein more reliable.

This approach has been used to study the kinetics of HNE adduct
formation in HSA (Szapacs et al. 2006). Human serum albumin was incu-
bated with HNE and samples at different time points were collected. The
samples were reduced with NaBH4 to stabilize HNE adducts and digested
with trypsin. The N-termini of treated samples were labeled with 12C6-PIC,
referred as light tag, and mixed at 1:1 ratio (based on HSA amount) with a
reference sample which was obtained from 24-hours incubation with HNE
and prepared the same way except that it was labeled with 13C6-PIC (heavy
tag). The samples were then analyzed by LC/MS/MS and ion chromato-
grams of characteristic fragments of sample and reference peptides were
extracted. The amount ratios (sample/reference) were obtained from the
average of light/heavy ratios of three fragments from same peptide and rate
constants of formation of these HNE adducts were calculated from the
amount ratios. An alternative approach for labeling involves use of H2

18O
for labeling the carboxy terminus (reviewed by Miyagi and Rao, 2007.)

9.8. Conclusions and Summary

The purpose of this chapter has been to describe the dynamic process of
aldehyde–protein adduct formation and their characterization. Under-
standing how reactive aldehydes are formed during lipid peroxidation and
oxidative stress and how much of these products are formed has challenged
research in this area of biomedical sciences for decades. A major reason for
the slow progress in understanding these processes has been the lack of clear
chemical mechanisms as to how these events occur. Since aldehydes are
increasingly shown to be important toxicological agents, new methods to
study the chemistry and biochemistry of adduct formation by aldehydes
with cellular nucleophiles are required. Mass spectrometry has increasingly
become an enablingmethodology in toxicology andmedicine. The informa-
tion reviewed in the preceding sections will focus researchers to implement
these MS methods, in combination with other biochemical approaches, to
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study the formation and turnover of protein adducts with aldehydes and
their role in aldehyde toxicity in cells and in vivo.

The application of these MS methods in several recent studies on the
reactivity of aldehydes provides encouragement to future studies of how
endogenous and exogenous aldehydes evoke their toxicity or how they
alter cell signaling. For example, Szapacs et al. (2006) defined in chemical
terms the reaction of HNEwith HSA and provided a new direction toward
establishing defined biomarkers of lipid peroxidation-dependent processes
easily obtained from human blood. This approaches hold promise to
provide useful biomarkers in the future. In a recent study, Petersen and
coworkers (Sampey et al. 2007) have convincingly shown that HNE form
covalent adducts with extracellular signal-regulated kinase (Erk-1/2) at
residue histidine 178, a process that is linked to inhibition of function of
this important kinase. Clearly, these methods provide promise as to our
ability to understand the chemical basis of oxidative stress and lipid
peroxidation, as well as approaches to develop important biomarkers of
human diseases caused by oxidative stress and lipid peroxidation, such as
inflammation, atherosclerosis, and diabetes.
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10.1. Introduction

The ability to adapt to physiological changes or pathological or chemical
stresses is critical for growth, development, and survival. Adaptation can
be seen at numerous levels, ranging from the organism (system), the tissue
(organ), the cellular, the subcellular, and the molecular levels. One impor-
tant site at which adaptation occurs is the mitochondrion. This cellular
organelle is ultimately responsible for generating most of the ATP needed
for cellular work in most tissues. Intuitively, one can view as an adaptation
the ability of mitochondria to tightly regulate ATP production so that
ATP supply matches cellular energy demands. Mitochondria are unique in
possessing their own genome and transcription and translation mechan-
isms for protein synthesis. Although mitochondria have the capacity to
synthesize proteins (13 polypeptides), most mitochondrial proteins are
encoded by nuclear genes, which are synthesized as precursors and
imported into mitochondria by virtue of possessing mitochondrial target-
ing sequences. Besides cellular ATP production, other functions of mito-
chondria include metabolite and ion transport, drug metabolism, and
regulation of cell death pathways (Kroemer 2003; Green and Kroemer
2004; Danial and Korsmeyer 2004; Orrenius, Gogvadze and Zhivotovsky
2007; Schoolwerth and LaNoue 1985). Regulation of each of these
pathways is critical to the ability of cells to respond to their environ-
ment and adapt to physiological changes and stresses. The integration
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of intermediary metabolism and the mitochondrial electron transport
chain (ETC) is shown schematically in Figure 10.1.

Mitochondria are also an important target site in cells for reactive
metabolites of drugs and other xenobiotics. There are several reasons for
the mitochondria being the prominent targets: (1) mitochondria are the
primary sites of cellular oxygen consumption and can be a significant
source of reactive-oxygen species (ROS); (2) mitochondria contain a
large number of enzymes and transporters with sulfhydryl groups that
are only active in the reduced form (Lê-Quôc and Lê-Quôc 1985, 1989);
this provides an extensive array of molecular targets for ROS and reactive
electrophiles; (3) the mitochondrial genome may be more susceptible to
reactive electrophiles because they lack the histone proteins found in the
nuclear genome; and (4) mitochondria have lower activities and/or a less
extensive array of detoxication enzymes than the cytoplasm. In spite of
these factors and limitations, mitochondria still have an extensive capacity
to modulate their structure and function to adapt to physiological and
pathological changes.

Figure 10.1 Scheme of intermediary metabolism and mitochondrial electron transport chain. This scheme
summarizes how reducing equivalents are transferred, during the oxidation of carbohydrate substrates in the
citric acid cycle, to the electron transport chain.
Abbreviations: AcCoA, acetyl-CoA; Cit, citrate; CoASH, coenzyme A; Cyt, cytochrome; DH’ase, dehydro-
genase; Fum, fumarate; Isocit, isocitrate; Mal, malate; OAA, oxaloacetate; 2-OG, 2-oxoglutarate; Pi,
inorganic phosphate; Succ, succinate; Succ-CoA, succinyl-CoA; UQ, oxidized ubiquinone; UQH2, reduced
ubiquinone.
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The distribution, structure, and function of mitochondria in mammalian
cells occur in distinct patterns that are characteristic for different cell types
and tissues (Aw and Jones 1989). Thus, for example, mitochondria are
localized adjacent to (Naþ–Kþ)-ATPase-containing plasma membranes in
transporting epithelia such as the renal proximal tubular and gastric parietal
cells. Mitochondria are localized adjacent to contractile elements in skeletal,
cardiac muscle, and other motile cells. Mitochondria are localized adjacent
to synapses in neurons. These various spatial distributions are associated
with specific molecular interactions between mitochondria and cytoskeletal
elements and reflect the need for ATP production by the cellular structures
that are associated with the mitochondria.

Substantial structural and functional heterogeneity also exist in mito-
chondria in various mammalian cells (Table 10.1). Early cytological stu-
dies revealed large variations in size and shape of mitochondria, ranging
from large ovoid to small spherical particles and including thread-like
forms as well as extensive, irregularly shaped reticula. Such differences
in size and shape are easily visualized when comparing mitochondria
from tissues with markedly different physiological functions, such as
cardiac myocytes and hepatocytes. These variations are also observed in
different cell types within a given tissue, such as those in the different cell
populations comprising the mammalian nephron (Guder, Wagner and
Wirthensohn 1986; Lash 1990). Moreover, structural and functional dif-
ferences in mitochondria can even be observed within individual cells, such
as exists between perinuclear and peripheral mitochondria in renal prox-
imal tubular cells; the former are smaller and more spherical in shape than
the latter.

In terms of adaptation, the ability of mitochondria to change their
structure and shape in response to physiological or pathological conditions

Table 10.1 Structural and functional heterogeneity in mammalian
mitochondria.

Property Characteristics

Morphology

Size Small (<0.1-mm diameter) to large (>10-mm length)

Shape Spherical to ovoid; thread-like; reticular
Appearance Plate-like to tube-like cristae
Localization

Uniform throughout cell
Perinuclear
Adjacent to plasma membrane Naþ pump in transport epithelia

Adjacent to contractile elements in skeletal muscle and other
motile cells

Biochemical

Quantitative and qualitative differences in ETC components
Qualitative differences in specific enzyme content (e.g., bile acid
synthesis in liver; vitamin D synthesis in renal proximal tubule)

Tissue-specific isozymic forms of membrane transporters

Summary of basic structural and functional heterogeneity of mitochondria inmammalian cells.

Abbreviations: ETC, electron transport chain.
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is called ‘‘plasticity’’ (Aw and Jones 1989). In this regard, mitochondria are
viewed as dynamic organelles that can change their morphology, composi-
tion, and consequently, their function, in response to specific signals. These
signals include nutritional variation (e.g., starvation, high-protein diets),
changes in work load (e.g., aerobic activity, different developmental stages),
and changes in oxygen availability (e.g., hypoxia). Responses to these
signals include parallel changes in ETC enzymes in skeletal muscle mito-
chondria after changes in aerobic activity, increased urea cycle enzymes in
high-protein diets, increased ETC enzymes in liver and kidneymitochondria
with increased protein load or potassiumdepletion, decreasedETC enzymes
in chronic hypoxia, increased ETC enzymes in regenerating tissues, and
changes in activities and ratios of ETC and other enzymes at different
developmental stages.

Overall, these changes in mitochondrial enzymes are typically reversible
and serve to match ATP production to energy needs of the tissue. Similar
types of adaptive responses as described for physiological changes also
occur with exposure to chemical toxicants. The main difference is that for
exposure to chemical toxicants, responses are only reversible if the expo-
sure levels are relatively low. In that case, sufficient activities of detoxica-
tion enzymes and regenerative mechanisms are present to return the
mitochondria to normal function. It is only when chemical exposure levels
are relatively high and/or detoxication or regenerative mechanisms are
deficient (such as in certain genetic disorders or nutritional deficiencies) do
the changes in mitochondrial function become permanent, often leading to
cell death.

Some of the key processes that are used to produce mitochondrial
adaptations include (1) control of the supply of oxidizable substrates and
precursors (e.g., pyruvate, glutamate, fatty acyl carnitine, ADP, inorganic
phosphate) and the elimination of products (e.g., ATP, carnitine) through
regulation of membrane transporters; (2) regulation of electrical (�c) and
chemical (�pH) components of the electrochemical proton gradient (�p) by
control of electron flow through the ETC; (3) regulation of the supply of
NADH by control of dehydrogenase activities; and (4) control of redox
status through the glutathione (GSH)/glutathione disulfide (GSSG), thior-
edoxin (Trx)/thioredoxin reductase (Trd), glutaredoxin (Grx), superoxide
dismutase (SOD), and peroxiredoxin III (PrxIII) systems.

The focus of this chapter is to present information of the processes
involved in mitochondrial adaptation in response to physiological, patho-
logical, and toxicological stresses. The chapter is divided into four main
sections. The first section will discuss the role of redox status in mitochon-
drial function and adaptation. The second section will discuss the mito-
chondrial membrane permeability transition (MPT) and its function in
mediating cell death. The third section will discuss some key sensors and
signaling processes or mediators of mitochondrial adaptation. Finally,
the last section will briefly discuss four examples of physiological or
pathological stresses that are associated with alterations in mitochon-
drial function. The importance of bioactivation processes, particularly
those that result in generation of reactive species, will be emphasized
where appropriate.
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10.2. Role of Redox Status in Determining Mitochondrial

Function and Adaptation

Two central points that make regulation of redox status so important in
the control of mitochondrial function and adaptation are that, as men-
tioned above, mitochondria are the primary sites within the cell for oxygen
consumption and they contain a large array of enzymes and membrane
transporters that are susceptible to oxidative inactivation. Although mito-
chondrial respiration is tightly coupled to ADP phosphorylation and
reduction of molecular oxygen to water under normal, physiological con-
ditions, approximately 1%–2% of the molecular oxygen consumed is
thought to be converted to superoxide anion radicals (Orrenius, Gogvadze
and Zhivotovsky 2007). Increased levels of superoxide anion can be
released at two specific points in the ETC, at complex I and complex III
(cf. Figure 10.1). Besides the ETC, other mitochondrial sources of ROS
include oxidases such as monoamine oxidase, which generate hydrogen
peroxide, and cytochrome P450, which can become uncoupled and release
superoxide anion.

Reactive-oxygen species that are generated by mitochondria can pro-
duce damage to various cellular macromolecules, including nucleic acids,
phospholipids, and proteins. The polyunsaturated fatty acid residues of
phospholipids are particularly susceptible to oxidation. This occurs by
generation of hydroxyl radicals via the Fenton reaction. Oxidative
damage to DNA can cause modification of both purine and pyrimidine
bases or the deoxyribose backbone, single- or double-strand breaks, or
crosslinking of DNA to other molecules. Such changes can be mutagenic
and/or carcinogenic. Oxidative damage to proteins can occur at many
sites, including oxidation of sulfhydryl groups of cysteinyl residues, for-
mation of oxidative adducts on certain amino acid residues, protein–
protein crosslinking, and protein fragmentation. Direct oxidation of
certain amino acid residues, such as lysines, arginines, prolines, and
threonines, can lead to formation of protein carbonyls, which can dra-
matically alter protein tertiary structure. Such alterations often result in
unfolding, promotion of protein–protein interactions, a loss of function,
and enhanced proteolytic degradation.

In mitochondria, specific targets include mitochondrial DNA, iron–
sulfur proteins, other mitochondrial enzymes such as aconitase (Cooper,
Bruschi and Anders 2002; James et al. 2002), and various dehydrogenases.
Because of the multiplicity of molecular targets for ROS in mitochondria,
a variety of adaptive responses exist. For example, Lee et al. (2000) studied
responses of MRC-5 cells, a human lung fibroblast cell line, to various
treatments that induce an oxidative stress. They observed that mitochon-
dria from such oxidatively stressed cells compensate for the decline in
respiratory function by increasing the copy number of mitochondrial
DNA and mitochondrial mass. More commonly, excess formation of
ROS in mitochondria has been associated with the mitochondrial MPT
and apoptosis (Cai and Jones 1998).

In addition to ROS, recent attention has also focused on the potential
regulatory roles for reactive-nitrogen species (RNS), which are generated

Chapter 10 Adaptive Responses and Signal Transduction Pathways 261



from nitric oxide (NO) produced in mitochondria (Giulivi, Poderoso and
Boveris 1998; Tatoyan and Giulivi 1998). Both NO and peroxynitrite
(ONOO–) are associated with mitochondrial damage by causing DNA
damage, cytochrome c release, and apoptosis (Ghafourifar et al. 1999;
Li, Trudel and Wogan 2002). Giulivi and colleagues (Giulivi, Poderoso
and Boveris 1998; Tatoyan and Giulivi 1998) showed that most of the
mitochondrial nitric oxide synthase (mtNOS) is localized in the inner
mitochondrial membrane, is constitutive, and requires flavin mononucleo-
tide, calcium ions, calmodulin, and tetrahydrobiopterin as cofactors.
Nitric oxide directly inhibits cytochrome oxidase (Barone, Darley-Usmar
and Brookes 2003; Borutaite, Budriunaite and Brown 2000; Brookes et al.
2003), thereby inhibiting mitochondrial respiration (Bellamy, Griffiths
and Garthwaite 2002; Beltrán et al. 2002).

Besides direct reactions with cellular molecules, effects of NO may
also be mediated by formation of S-nitrosoglutathione (GSNO) (Ji
et al. 1999; Sandau, Callsen and Brüne 1999; Sarkela et al. 2001;
Wong and Fukuto, 1999). Figure 10.2 illustrates reactions by which
NO reacts with GSH to form GSNO and those by which NO can be
generated from GSNO, showing how GSNO can then function as an
NO donor. The normally high concentration of GSH in mitochondrial
matrix (�5mM) and the presence of a constitutively expressed NOS
in the organelle suggest that formation of GSNO plays an important
physiological role. Nitric oxide can also modulate cell injury and
growth. Delineation of the function of NO, however, is quite complex.
While NO is antiapoptotic in some cell types by processes such as
inhibition of caspases (Li et al. 1999; Mannick et al. 2001) or inhibi-
tion of Bcl-2 cleavage (Kim et al. 1998), NO is proapoptotic in other
cell types. For example, NO promotes apoptosis in human mono-
nuclear cell lines by nitrosylation of cytochrome c, which induces its
release from mitochondria (Schonhoff, Gaston and Mannick 2003).
Nitric oxide inhibits c-Jun DNA binding, by formation of GSNO and
glutathiony- lation of c-Jun (Klatt, Molina and Lamas 1999), and can
regulate the expression levels of several zinc-finger transcription

Figure 10.2 Reactions of glutathione (GSH)
with nitric oxide (NO) to form S-
nitrosoglutathione (GSNO). GSH, as the
thiolate, reacts with NO in the presence of O2

and forms GSNO. GSNO can release NO
(function of GSNO as anNO donor) or it may
react in the presence of the thiolate to form a
species that can glutathionylate protein
sulfhydryl groups. GSNO acts as an NO
donor by two reactions, the first of which is
mediated by a flavoprotein (FP) containing
FMN. The HNO generated from the first
reaction can react with another molecule of
GSNO to form an intermediate that
decomposes to GSH and NO.
Abbreviations: FMN, flavin mononucleotide;
SOD, superoxide dismutase.
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factors (Kröncke et al. 2002). Thus, multiple signaling mechanisms are
elicited in response to formation of NO and other RNS.

The tight regulation of mitochondrial redox balance is evident from the
broad spectrum of antioxidant enzymes that are present (Figure 10.3).
A supply of reducing equivalents and the battery of antioxidant enzymes
help maintain the levels of ROS at very low concentrations. There are five
major antioxidant systems or enzymes that are involved in regulation of
ROS levels, the GSH–GSH peroxidase (Gpx)–GSSG reductase (Grd)
system, the Trx–Trd system, Grx, PrxIII, and Mn-SOD (SOD2).

The Trx–Trd system has been shown to play a critical role in mainte-
nance of the mitochondrial �c and to interact with specific components of
the ETC (Damdimopoulos et al. 2002). Moreover, overexpression of Trx2
in HEK-293 cells (Damdimopoulos et al. 2002) or HeLa cells (Hansen,
Zhang and Jones 2006) protects from oxidant-induced mitochondrial dys-
function and cell death. In contrast, cells containing a dominant-negative,
active-site mutation in Trx2 (Hansen, Zhang and Jones 2006) or B-cells
that are Trx2-deficient (Tanaka et al. 2002) are markedly more sensitive to
ROS-induced mitochondrial dysfunction and apoptosis.

Unlike the cytoplasmic GSH pool, the mitochondrial GSH pool cannot
be directly increased by increases in synthesis, because the enzymes for GSH
synthesis are only found in the cytoplasm (Griffith and Meister 1985;
McKernan, Woods and Lash 1991). Instead, the mitochondrial GSH pool
is determined by transport of cytoplasmic GSH (Lash 2006). Taking into
account that the GSH molecule is an anion at physiological pH and the
existence of the�c across the mitochondrial inner membrane, we suggested

Figure 10.3 Antioxidant enzyme systems in mitochondria. Although the majority of molecular oxygen is
fully reduced to water, a minor portion (�1%–2%) is partially reduced to superoxide anion even under
physiological conditions. This fraction may increase under conditions of pathological or toxicological stress.
If the various antioxidant systems are inadequate or inhibited, consequences can include inhibition of
mitochondrial enzymes, particularly in the electron transport chain, and lipid peroxidation.
Abbreviations: Gpx1/4, glutathione peroxidase 1/4; Grd, glutathione disulfide reductase; Grx2, glutaredoxin
2; GSH, glutathione; GSSG, glutathione disulfide; IDHm, mitochondrial isocitrate dehydrogenase; PrSH,
protein containing reduced sulfhydryl group(s); PrS-SG, protein containing mixed disulfide(s) with GSH;
PrxIII, peroxiredoxin III; SOD2, mitochondrial Mn-superoxide dismutase; TH, transhydrogenase; Trx2,
thioredoxin 2.
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that one or more of the carriers for anionic intermediary metabolites is (are)
involved in transport of cytoplasmic GSH into the mitochondrial matrix
(McKernan, Woods and Lash 1991; Chen and Lash 1998; Chen, Putt and
Lash 2000). Indeed, we demonstrated thatmost, if not all, of the transport of
GSH into mitochondria of rat renal cortex is mediated by two electroneu-
tral, anionic metabolite carriers, the dicarboxylate carrier (DIC; Slc25a10)
and the 2-oxoglutarate carrier (OGC; Slc25a11) (Figure 10.4). The DIC
exchanges dicarboxylates, such as malate, for inorganic phosphate, whereas
the OGC exchanges 2-oxoglutarate for other dicarboxylates.

Because the DIC and OGC are both involved in transport of citric acid
cycle intermediates, their function in GSH transport indicates that altera-
tions in mitochondrial GSH status will alter that of citric acid cycle inter-
mediates, amino acids, and the malate–aspartate shuttle, which will in turn
alter respiratory function. Indeed, overexpression of either the DIC or
OGC in NRK-52E cells, a rat renal proximal tubular cell line, markedly
protects from oxidant-induced mitochondrial dysfunction and apoptosis
(Lash, Putt and Matherly 2002; Xu et al. 2006). Conversely, overexpres-
sion of mutant DIC or OGC carriers with markedly reduced transport
function in the NRK-52E cells increased susceptibility to oxidant-induced
apoptosis (Lash, Putt and Matherly 2002; Xu et al. 2006).

The function of the various aforementioned systems in regulation of
mitochondrial redox status has traditionally been viewed as functioning to
maintain an appropriate balance between oxidants and reductants (Sies
1985). In light of the accumulation of data on redox signaling pathways

Figure 10.4 Pathways of mitochondrial GSH transport. Scheme illustrating how GSH transport by either
theDIC orOGC interfaces with themalate–aspartate shuttle and other pathways ofmetabolism of citric acid
cycle intermediates.
Abbreviations: AGC, glutamate–aspartate exchanger; AST, aspartate transaminase; DIC, dicarboxylate
carrier; GRD, glutathione disulfide reductase; MDH, malic dehydrogenase; 2-OG, 2-oxoglutarate; OGC,
2-oxoglutarate carrier; OxAC–, oxaloacetate; ROS, reactive-oxygen species.
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and the lack of significant therapeutic benefits in intervention trials with
free-radical scavengers and antioxidants, Jones (2006) has redefined mito-
chondrial oxidative stress. Rather than the traditional or classic definition
of mitochondrial oxidative stress as an imbalance between oxidants and
reductants in favor of the former, Jones proposes a disruption of mito-
chondrial redox circuitry as a consequence of exposure to ROS and other
oxidants that can be generated by bioactivation reactions. He describes
mitochondria as possessing two types of redox circuits: (1) high-flux path-
ways that regulate ATP production; and (2) low-flux pathways that use
sulfur switches of proteins for metabolic regulation and regulation of the
mitochondrial ETC. Furthermore, he proposes that superoxide anions
provide a link between the two pathways. The hypothesis is that super-
oxide anions, rather than being merely by-products of electron transfer,
are generated by the mitochondrial ETC to serve as a positive signal to
coordinate energy metabolism. Electron mediators, such as free Fe3þ,
redox cycling agents, and free-radical scavengers, are then proposed to
cause oxidative stress by disrupting the normal superoxide anion signal.
When viewed in this manner, the array of redox enzymes and redox
couples could then respond in exquisitely sensitive ways to environmental
signals, thereby facilitating adaptation of mitochondrial function.

10.3. Mitochondrial MPT and Cell Death

Mitochondria play a key role in cell death induced by pathological condi-
tions, such as ischemia, or exposure to toxic chemicals that are generated
by bioactivation reactions. The long-standing dogma had been that cells
die by necrosis in an unregulated manner when cellular structure collapses
and there is a generalized lysis of organelle and plasma membranes.
Necrosis was often associated with the death of a large number of cells
that triggered the release of macrophages and phagocytes. In contrast,
apoptosis was considered a programmed mechanism whereby a series of
ATP-dependent processes occur that culminate in the death of individual
cells. Recently, however, it has become clear that the mechanisms behind
how cells die is not that simple (Chiarugi 2005). Cell death occurs by a
broad spectrum of mechanisms that range from apoptotic-like to necrotic-
like. Moreover, both types of mechanisms can occur by both ATP-
dependent and ATP-independent processes. Both apoptotic and necrotic
pathways have common upstream mediators and chemicophysical agents
can trigger either apoptosis or necrosis, depending on the intensity of the
exposure. A key component in many of the apoptotic and necrotic forms of
cell death induced by diverse agents is the MPT (Lemasters et al. 1998),
suggesting thatmitochondria act as universal stress sensors (Kroemer 2003).

Mitochondria from liver, kidney, and several other tissues undergo a
‘permeability transition’ whereby the inner membrane becomes permeable
to ions and other molecules of low-to-moderate molecular weight. The
MPT can be readily reversible under certain conditions and occurs when
Ca2þ loading is followed or preceded by addition of a second agent,
referred to as an ‘‘inducing agent’’ or calcium-releasing agent. The chemi-
cal diversity of MPT inducing agents is illustrated in Table 10.2. Despite
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this diversity, it is thought that inducing agents act through a common
mechanism. Perturbation of a phospholipid acylation– deacylation cycle is
seen as a central event leading to the MPT. Calcium ions are hypothesized
to increase activity of this cycle by stimulating the mitochondrial phos-
pholipase A2. The inducing agent is thought to inhibit phospholipid rea-
cylation through various direct or indirect mechanisms. As a result,
phospholipase A2 reaction products (e.g., arachidonic acid) accumulate
and increase membrane permeability.

The structure of the permeability pore (Figure 10.5) includes dimers of
the voltage-dependent anion channel (VDAC) and the adenine nucleotide
translocase (ANT), which span the outer and inner mitochondrial mem-
branes, cyclophilin D (CyD) bound to the ANT subunit on the inner face
of the inner membrane, Ca2þ ions bound to the CyD molecule, the mito-
chondrial or peripheral benzodiazepine receptor (mBzR), which spans the
outer mitochondrial membrane and associates with VDAC, and hexoki-
nase (HK), which associates with VDAC at the outer surface of the outer
mitochondrial membrane. The acidic phospholipid cardiolipin (CL),
which is unique to the inner mitochondrial membrane, binds cytochrome
c via electrostatic and hydrophobic interactions and prevents its release
from mitochondria. Upon oxidation of CL, cytochrome c binding is
decreased, thereby facilitating its release from mitochondria. A notable
characteristic of the permeability transition is that it is completely blocked
by the immunosuppressive peptide cyclosporin A (CsA). The permeability
transition can occur both with and without matrix swelling.

Several mechanisms are currently proposed to explain the role of open-
ing of the MPT in inducing cell death by either necrosis (oncosis) or
apoptosis. In many cases, opening of the MPT is associated with osmotic
swelling of the mitochondrial matrix, rupture of the outer mitochondrial
membrane, and release of intermembrane space proteins, including cyto-
chrome c (Orrenius, Gogvadze and Zhivotovsky 2007). For many years,

Table 10.2 Some agents that induce the mitochondrial permeability
transition.

Fatty acids and lipids NAD(P)H oxidants ANT inhibitors

L-carnitine

Long-chain acyl
carnitines

Long-chain acyl-CoA

Acetoacetate

tert-butylhydroperoxide,
H2O2,

oxaloacetate

Atractyloside

Carboxyatractyloside

Heavy and transition
metals

Organic sulfhydryl reagents Other chemicals

Cd2þ, Cu2þ, Fe3þ,
Hg2þ, organic
mercurials,

Pb2þ, Zn2þ

Arsenite
Diamide
Iodoacetate,
iodoacetamide,

Mersalyl
phenylarsine oxide

Phosphate,
pyrophosphate

Dopamine, 6-OH-
dopamine

Phosphoenolpyruvate
Pyridoxal phosphate
Nitrofurantoin
Cyanide
Allantoin
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the MPT was regarded as the primary mechanism for permeabilization of
the outer mitochondrial membrane. A scheme summarizing the sequence
of events by which the MPT leads to alterations in mitochondrial function
is shown in Figure 10.6. While this ‘classic’ mechanism is certainly relevant
under conditions of mitochondrial Ca2þ overload that are associated with
a severe oxidative stress, it became clear that other mechanisms and
patterns of MPT occur. For example, transient pore opening may also
occur whereby a small fraction of mitochondrial matrix proteins in a
fraction of mitochondria are released. In this case, no large-amplitude
swelling occurs and the overall �c of the mitochondrial population is
maintained. This pattern of MPT would likely occur as a reversible adap-
tation to changing physiological conditions or to a mild exposure to a
toxicant or pathological condition.

Other recent studies have brought the importance of the MPT as a key
prerequisite for apoptosis into question (Baines et al. 2005; Li et al. 2004;
Nakagawa et al. 2005). Studies with either CyD-overexpressing or CyD-
deficient cells showed that the MPT does not always accompany

Figure 10.5 Structure of the mitochondrial permeability pore. The pore is comprised of dimers of the VDAC on
the OMM that is associated with dimers of the ANT on the IMM. CyD associates with the inner surface of the
IMM and binds Ca2þ ions and the mBzR spans the OMM and associates with one subunit of VDAC. The
phospholipidCL in the IMMbinds cytochrome c (Cyt. c) on the outer surface of the IMM,promoting its retention
in the mitochondria. Additionally, HK associates with a subunit of VDAC on the outer surface of the OMM.
Abbreviations: ANT, adenine nucleotide translocase; CL, cardiolipin; CyD, cyclophilin D; Cyt. C, cyto-
chrome c; HK, hexokinase; IMM, inner mitochondrial membrane; mBzR, mitochondrial or peripheral
benzodiazepine receptor; OMM, outer mitochondrial membrane; VDAC, voltage-dependent anion channel.

Figure 10.6 Sequence of events in the classical
view of the mitochondrial membrane
permeabilization.
Abbreviations: ETC, electron transport chain;
IMM, inner mitochondrial membrane.
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apoptosis. Moreover, these studies also suggested that CyD-dependent
MPT can be involved in necrotic, but not apoptotic, cell death.

10.4. Mitochondrial Sensors and Mediators of Adaptation

This section will discuss some of the major signaling pathways
involved in the response of mitochondria to chemical and pathological
stresses. A common feature of many of these stresses is the involve-
ment of ROS and oxidative stress. At the cellular level, oxidant injury
elicits a wide spectrum of responses, many of which are initiated at
the level of mitochondria. Whatever the observed response and what-
ever the causative agent or disease state, it reflects a balance between
diverse signaling pathways that exhibit a large degree of cross-talk
(Martindale and Holbrook 2002). While these pathways are by no
means completely understood, it is clear that the existence of so many
diverse signals implies both a redundancy of function and an exquisite
ability of cells to respond to challenges. The examples that are dis-
cussed in the following subsections are by no means a complete set of
mediators, but represent those that have been most closely associated
with mitochondria.

10.4.1. Bcl-2 Family Proteins

An important group of proteins that is involved in mediating many of the
responses of mitochondria to environmental stresses is the Bcl-2 family
(reviewed in Danial and Korsmeyer (2004) and Orrenius, Gogvadze and
Zhivotovsky (2007)). This family consists of more than 30 proteins, which
are divided into three subgroups: (1) Bcl-2-like survival factors; (2) Bax-
like death factors; and (3) BH3-only death factors. The first indications
that members of this family of proteins were involved at the level of
mitochondria in controlling apoptosis came in the late-1990s, when it
was shown that Bcl-2 could prevent the efflux of cytochrome c and thereby
prevent apoptosis. Bax was then shown to stimulate cytochrome c release
and promote apoptosis by binding to Bcl-2. Thus, the ratio of Bcl-2 to Bax
is seen as functioning as ‘a rheostat that sets the threshold of susceptibility
to apoptosis for the intrinsic pathway’ (Danial and Korsmeyer 2004). The
intrinsic pathway refers to the pathway for induction of apoptosis that is
initiated in the mitochondria.

Besides Bcl-2, Bcl-XL is also an antiapoptotic member of the Bcl-2
family. Like Bcl-2, Bcl-XL serves an antiapoptotic function by binding
and sequestering BH3-only molecules, which prevents their activation.
Members of the family that include Bax, Bak, and tBid act as proapoptotic
signals. Bax and Bak can undergo oligomerization and insert into the outer
mitochondrial membrane, leading to permeabilization (Figure 10.7).
Besides cytochrome c, three other proteins have been identified as being
released from mitochondria: apoptosis-inducing factor (AIF), endonu-
clease G, and HtrA2/Omi. Apoptosis-inducing factor translocates to the
nucleus, where it causes chromatin condensation and generates
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high-molecular-weight chromatin fragments in a CyD-dependent manner.
Endonuclease G translocates to the nucleus where it produces DNA-
strand breaks. HtrA2/Omi is a serine protease that accumulates in the
cytoplasm and degrades several antiapoptotic proteins.

10.4.2. Heat Shock Proteins

Heat shock proteins (HSPs) are a group of conserved proteins induced in
prokaryotes and eukaryotes by numerous types of cellular stresses, includ-
ing oxidative stress and formation of reactive species generated by bioac-
tivation reactions. Heat shock proteins are classified according to their
apparent molecular weight, their intracellular location, their primary
inducer(s), and their functions. For example, theHsp70 family are proteins
found in the cytoplasm (Hsp72, Hsp73), the endoplasmic reticulum
(grp78), or the mitochondria (Hsp60, Hsp70). These HSPs act as molecu-
lar chaperones and play a role in protein folding, refolding, transport, and
translocation (Polla et al. 1996). Small HSPs (Hsp25/27; Hsp25 is found in
rodents and Hsp27 is the human homologue) are found primarily in the
cytoplasm.

One of the earliest studies implicating HSPs in the mitochondrial
response to injury from reactive metabolites was that of Bruschi et al.
(1993). These investigators showed that Hsp60 and a protein identified as
one of the members of the Hsp70 family (originally called ‘‘mortalin’’) were
early molecular targets of S-(1,1,2,2-tetrafluoroethyl)-L-cysteine (TFEC)-
induced nephrotoxicity. Both of these proteins are found in renal

Figure 10.7 Bax- and Bak-dependent mitochondrial membrane permeabilization. In addition to the classic
mechanism involving the mitochondrial MPT, the OMM may become permeabilized by the action of three
BH3-only proteins, Bax, Bak, and tBid; the first two are intrinsic proteins of the OMM whereas tBid binds
externally to Bax or Bak. Creation of a pore is associated with AIF. Interaction of AIFwith Bax/Bak leads to
ROS-dependent oxidation of CL on the inner mitochondrial membrane (IMM). CL, which in its reduced
form binds cytochrome c, releases it upon oxidation. Permeabilization of the OMM is inhibited by three Bcl-
2 family proteins, Bcl-2, Bcl-XL, and Mcl-1.
Abbreviations: AIF, apoptosis-inducing factor; CL, cardiolipin; MPT, membrane permeability transition;
OMM, outer mitochondrial membrane; ROS, reactive-oxygen species.
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mitochondria. These authors suggested that part of the mechanism of
TFEC-induced nephrotoxicity is mediated by adduction of Hsp60 and
Hsp70 family members in renal proximal tubular mitochondria, thereby
decreasing the ability of the renal proximal tubular cell to degrade
damaged or otherwise abnormal proteins. In a subsequent study (Bruschi,
Lindsay and Crabb 1998), these investigators demonstrated recognition
and binding of abnormal proteins generated by adducts formed from
reactive metabolites of TFEC with mitochondrial Hsp60 and Hsp70.

In another study, murine hepatocytes were used to investigate the
cellular responses to mitochondrial toxicity caused by exposure to
TFEC (Ho et al. 2006). Using complementary DNA (cDNA) microarray
analysis and reverse transcriptase-polymerase chain reaction (RT-PCR),
they showed that the mRNA for several cytoplasmic HSPs, including
Hsp25 and Hsp70, were strongly upregulated within the first few hours
after treatment. Interestingly, none of the upregulated HSPs were mito-
chondrial in origin despite the well-documented intramitochondrial toxi-
city of TFEC. The authors suggested that early damage to mitochondria
transmits signals to the cytoplasm that lead to the compensatory, geno-
mic response. It was noted, however, that there is some evidence that two
pools of Hsp25/27 may exist, one in the cytoplasm and one in
mitochondria.

Most studies of HSPs and mitochondria, however, have identified these
proteins as being responsible for protection against oxidative stress and
chemically induced mitochondrial dysfunction. Polla et al. (1996) showed
that Hsp70 protects human premonocytic U937 cells from hydrogen per-
oxide-induced alterations in mitochondrial �c and cristae structure.
Induction of Bcl-2 expression was also found, showing linkage between
HSPs and the intrinsic pathway for apoptosis.

A large number of studies have demonstrated protective functions of
the small HSP Hsp25/27. Hsp25/27 exists as oligomers and undergoes
reversible phosphorylation and dephosphorylation reactions. Increased
expression and/or phosphorylation of Hsp25/27 has been associated with
suppression of oxidant-induced MPT (He and Lemasters 2003), decreased
apoptosis induced by diverse toxicants and physicochemical agents,
including S-(1,2-dichlorovinyl)-L-cysteine (DCVC) (de Graauw et al.
2005; Lash et al. 2005a), hydrogen peroxide (Lee et al. 2004; Vertii et al.
2006; Zheng et al. 2006), arachidonic acid (Zheng et al. 2006), and Cs
irradiation (Lee et al. 2005).

Hsp25/27 has also been shown to produce other effects besides those
involving mitochondria. For example, Hsp27 promotes the ubiquitination
and proteasomal degradation of the cell-cycle regulatory protein p27Kip1

in human U937 cells, thereby enhancing S-phase re-entry (Parcellier et al.
2006). In LLC-PK1 cells, a porcine proximal tubule-derived cell line,
DCVC-induced upregulation of Hsp27 was associated with preservation
of cytoskeleton organization, thereby suppressing renal cell apoptosis (de
Graauw et al. 2005). Hsp25 expression in L929 mouse fibroblasts was
induced by hydrogen peroxide and reduced DNA fragmentation (Lee
et al. 2004). Hsp25/27 also interacts with other signaling pathways, includ-
ing the phosphatidylinositol 3-kinase (PI-3K)–Akt (protein kinase B;
PKB) (Rane et al. 2003; Zheng et al. 2006), protein kinase Cd (PKCd)
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(Lee et al. 2005), and mitogen-activated protein kinase (MAPK) (Lee et al.
2004; Zheng et al. 2006) pathways.

From this discussion on Hsp25/27, it is clear that the protective effects
of these proteins are universal, being identified in cells from multiple
tissues and species, and involves both mitochondrial and extramitochon-
drial processes. It is also apparent that there is significant cross-talk
between Hsp25/27 and multiple signaling pathways, indicating that there
is exquisite regulation of these responses.

10.4.3. Protein Kinases: PKB (Akt), PKC-a, PKC-e, PKD

Protein kinases are involved in the phosphorylation of a diverse array of
protein targets, leading to their inhibition or activation. In terms of reg-
ulation of mitochondrial function, four protein kinases have been identi-
fied as having a pivotal role. Several protein kinase isoforms exist, but the
effects of each one differs; whereas some isoforms have been shown to
promote ROS- or toxicant-induced mitochondrial dysfunction and cell
death, some are protective and promote repair and regeneration of cells.

Protein Kinase B (or Akt) is a serine/threonine kinase that is activated
in a PI-3K-dependent manner. Products of PI-3K result in translocation
to the plasma membrane, where Akt is phosphorylated. Such activation
has been associated with increases in cell proliferation, growth, differentia-
tion, and survival (Li and Zhu 2002; Storz and Toker 2002). As reviewed
by Shaik, Fifer, and Nowak (2007); the protective role of Akt against
apoptosis initiated by mitochondrial damage is well established. Akt acti-
vation inhibits cytochrome c release and activation of caspase-3 and
caspase-9, and several proapoptotic (e.g., Bad, Bax, and caspase-9) and
antiapoptotic (e.g., Bcl-XL and Bcl-2) proteins are downstream targets of
Akt. Consistent with these earlier results, Akt activation was shown to
protect WRL-68 human liver cells from hydrogen peroxide-induced apop-
tosis (Tapodi et al. 2005). The protection was associated with inhibition of
poly(ADP-ribose)polymerase (PARP), which challenges the dogma that
cytoprotection by PARP inhibitors is associated exclusively with preserva-
tion of pyridine nucleotides.

In a similar vein, Akt activation protected rabbit renal proximal tubules
from DCVC-induced inhibition of mitochondrial respiration, decreases in
ATP levels, and necrosis (Shaik, Fifer and Nowak 2007). Both pharmaco-
logical inhibition of Akt activation and overexpression of a dominant-
negative, inactive Akt exacerbated DCVC-induced necrosis. In contrast,
there was no effect of Akt activation on DCVC-induced apoptosis. This
lack of protection against apoptosis and data suggesting the Akt activation
prevents the MPT, are consistent with the hypothesis that the MPT is
associated with necrotic, rather than apoptotic, cell death.

Protein kinase C is a family of serine/threonine protein kinases that
exists as several isoforms, each of which regulates distinct functions. In
one study, Nowak (2003) showed, without specifying the isoform
involved, that PKC activation promoted recovery of mitochondrial func-
tion and active Naþ transport in tert-butyl hydroperoxide- and DCVC-
treated rabbit proximal tubular cells whereas inhibition of PKC activity
decreased the repair of cellular functions after tert-butyl hydroperoxide
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treatment. In contrast with that study, other work from Nowak and
colleagues (Nowak 2002; Nowak, Bakajsova and Clifton 2004; Liu,
Godwin and Nowak 2004) showed that both PKC-a and PKC-e inhibit
recovery of oxidative phosphorylation and active Naþ transport in rabbit
renal proximal tubules after toxicant exposure. These effects were seen
with exposure to DCVC, cisplatin, and tert-butyl hydroperoxide, indi-
cating the broad applicability of the findings.Mechanisms by which these
inhibitory effects occur include the phosphorylation of the b-subunit of
the F1F0-ATPase by PKC-a.

Protein Kinase D is a ubiquitously expressed, serine/threonine kinase
and a member of the calcium–calmodulin-dependent kinase superfamily.
Storz, Döppler, and Toker (2005) studied the role of PKD in the response
of HeLa cells to agents that produce mitochondrial ROS (hydrogen per-
oxide, rotenone, and diphenyleneiodonium). In each case, they found that
mitochondrial ROS activated PKD, which in turn activated the NF-kB
transcription factor, leading to induction of SOD2. This PKD-mediated
upregulation of SOD2 resulted in increased survival of the cells.

10.4.4. MAPK Pathway

One signaling pathway that has received considerable attention with respect
to renal repair and regeneration after chemical- or ischemia-induced acute
renal failure is the MAPK pathway (Tian, Zhang and Cohen 2000). Several
in vivo and in vitro models of proliferative or toxic renal injury are asso-
ciated with changes in MAPK regulation. The MAPK system consists of a
specific MAPK, its upstream activator, which is also a group of kinases
calledMAPK kinase orMKK, and a further upstream activator, which is a
group of kinases called MAPK kinase kinase or MKKK. MAPKs are
broadly divided into three families on the basis of sequence similarities
(i.e., extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal
kinase (JNK), and p38MAPK), upstream activators, and substrate specifi-
city. Although the classical paradigm of discrete stimuli for each MAPK
family exists, there is significant cross-talk between the families.

Mitogen-activated protein kinases are activated by ROS in renal epithe-
lial cells (Ramachandiran et al. 2002), and cell survival (i.e., recovery) from
ischemic renal injury has been associated in some cases with activation of
both ERK and JNK (Di Mari, Davis and Safirstein 1999). Effectors of
MAPKs have also been identified as being activated in response to renal
injury. For example, transcription of the growth arrest and DNA-damage
inducible transcript 153 (gadd153) mRNA in LLC-PK1 cells is increased
by DCVC and other nephrotoxic cysteine S-conjugates (Chen et al. 1992),
and activation of p53 (Healy et al. 1998; Dmitrieva, Michea and Burg
2001) and p21 and regulation of the cell cycle (Megyesi et al. 2002) are
involved in the response to renal injury as well.

In contrast to the above results, several investigators have found that
activation of the ERK1/2 pathway is associated with oxidant-induced
decreases in mitochondrial function and enhancement of toxicant-induced
apoptosis in renal proximal tubules (Nowak 2002; Nowak et al. 2006;
Sinha et al. 2004; Zhuang et al. 2007). These apoptosis-promoting and
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mitochondrial recovery-inhibiting effects occur in opposition to the acti-
vation of Akt (Sinha et al. 2004; Zhuang et al. 2007). As an illustration of
the cell type-specificity of ERK1/2 action, Ambrose et al. (2006) showed
that dephosphorylation of ERK1/2 increased apoptosis in renal cell carci-
noma cells but not in normal human renal epithelial cells. This result
suggests a potentially novel therapeutic approach for the treatment of
renal cell carcinoma, which is highly refractory to antineoplastic agents.
Lee et al. (2004) also found that ERK1/2 activation promoted hydrogen
peroxide-induced cell death in murine L929 cells.

In the traditional view of the role of members of theMAPK pathway in
cellular responses to toxicants and other stresses, ERK and JNK are
viewed as acting in opposing manners to influence cell survival during
stress (Martindale and Holbrook 2002). As indicated above, this view is
oversimplified. Similarly, conflicting results have also been obtained about
the influence of p38 MAPK in cell survival in different cell types. In a
recent review on the role of ERK in promotion of cell death, Zhuang and
Schnellmann (2006) explain that some of the apparently contradictory
results are due to tissue-specific actions of ERK activation, leading in
some cases to promotion of cell survival and in others to promotion of
cell death. Activation of ERK1/2 by phosphorylation can occur at several
steps in various signaling pathways. Points of action that have been
identified include increased recruitment of tumor necrosis factor-a
(TNF-a) to plasma membrane receptors, increased cleavage of caspase-8,
recruitment of Bax to the mitochondria, and increased release of cyto-
chrome c from mitochondria.

The complexity of these response mechanisms is further highlighted by
interactions identified between small HSPs, PKC, Akt, and members of
the MAPK pathway (Lee et al. 2004, 2005; Vertii et al. 2006; Zheng et al.
2006). Again, as noted above for the pathways that regulate mitochondrial
redox status, there are complex interactions (cross-talk) between signaling
pathways and varying degrees of functional redundancy, which allows for
exquisitely sensitive responses of cells to environmental stresses. For many
drugs and xenobiotics, the initial step that activates these signaling path-
ways is a bioactivation reaction, many occurring within mitochondria.
Viewed in this manner, mitochondrial bioactivation of potentially toxic
chemicals is the initiating step in a myriad of pathways that enable cells to
adapt to environmental stresses.

10.4.5. Nuclear Factor-Kappa B Pathway

The transcription factor nuclear factor-kappa B (NF-kB) is predominantly
localized in the cytoplasm in the absence of an inducing agent. There are
five members of the NF-kB/Rel family of proteins: (1) p50/NF-kB1, (2)
p65/RelA, (3) p52/NF-kB2, (4) RelB, and (5) c-Rel. The most commonly
studied form of NF-kB is a heterodimer of the p50 and p65 subunits (see
Ghosh, May and Kopp (1998) for an overview). In unstimulated condi-
tions, NF-kB is complexed in the cytoplasm with members of the IkB
family (IkBa, IkBb, and IkBe isoforms), which inhibit the action of the
NF-kB transcription factors. Upon stimulation of cells with agents such as
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TNF-a or ROS, IkB kinase (IKK) is activated and phosphorylates IkBa or
IkBb. The phosphorylated IkB is then readily ubiquitinated and undergoes
proteasomal degradation. This releases NF-kB to translocate to the
nucleus, where it binds to target sequences in the regulatory region of
genes that encode various proteins, such as cytokines, cytokine receptors,
antiapoptotic proteins, and cell-cycle regulators. In this manner, NF-kB
activation serves an early, protective role in the adaptive response of cells
to toxic chemicals.

Cogswell et al. (2003) demonstrated that NF-kB and IkBa are localized
in mitochondria of rat liver and human U937 cells. They demonstrated
that stimulation of cells with TNF-a led to phosphorylation of IkBa and
its subsequent non-proteasome-dependent degradation. This response was
associated with a reduction of the transcription of mitochondrial genes
encoding cytochrome oxidase III subunit and cytochrome bmRNAs. This
negative effect on mitochondrial gene transcription implies that function
of the mitochondrial ETC will be compromised, leading to decreased
production of ATP. Because other studies have shown NF-kB to activate
transcription of antiapoptotic genes such as Bcl-XL, further studies are
needed to reconcile this NF-kB-dependent inhibition of ETC function and
ATP generation. This example again highlights the complexity of mito-
chondrial adaptive responses.

10.4.6. Epidermal Growth Factor

Epidermal growth factor (EGF) is a potent mitogen for renal proximal
tubular cells and is synthesized within the kidneys (Humes et al. 1989;
Norman et al. 1987; Nowak and Schnellmann 1995; Rall et al. 1985). EGF
acts at the plasmamembrane by binding to the EGF receptor. Nowak et al.
(1999) studied the role of EGF on repair of cellular functions in rabbit
renal proximal tubules exposed to the nephrotoxicant DCVC. As shown in
many other studies by these and other authors, DCVC potently inhibited
mitochondrial respiration. Presumably as a secondary effect due to ATP
depletion, (NaþþKþ)-ATPase activity and Naþ-dependent glucose
uptake were also inhibited by DCVC. Addition of EGF to incubation
media did not directly reverse the inhibitory effects of DCVC. Rather,
EGF promoted the recovery of mitochondrial function and (NaþþKþ)-
ATPase activity, but not Naþ-dependent glucose uptake, after DCVC
bioactivation was completed and the remaining cells could recover. The
action of EGF on the plasma membrane with subsequent recovery of
mitochondrial function suggests that pathways must be activated to trans-
mit a signal from the cell surface to the mitochondria. These pathways are
likely many of those discussed above, including protein kinases, the
MAPK pathway, and HSPs.

10.4.7. Peroxisome Proliferator-Activated Receptor g Cofactor-1a
and Mitochondrial Biogenesis

Peroxisome proliferator-activated receptor g cofactor-1a (PGC-1a) is a
transcription coactivator that interacts with a broad range of transcription
factors and elicits a variety of biological responses, including adaptive
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thermogenesis, mitochondrial biogenesis, regulation of glucose and fatty
acid metabolism, fiber-type switching in skeletal muscle, and cardiac
development (Liang and Ward 2006). A transcription coactivator is a
protein or protein complex that increases the probability of gene transcrip-
tion by interacting with transcription factors. It does not, by itself, bind to
a specific DNA sequence. PGC-1a is a 92-kDa protein, has two putative
nuclear localization sequences, and is localized in the nucleus. It is highly
expressed in tissues with abundant mitochondria and active oxidative
phosphorylation, such as brown adipose tissue, heart, brain, and kidney.
There are three known members of the PGC-1 family (PGC-1a, PGC-1b,
and PGC-1-related coactivator), although the greater interest and most
studies have been done on PGC-1a, because of its powerful effects on
regulation of energy metabolism in both normal and many disease states.

Rasbach and Schnellmann (2007a,b) studied the effect of PGC-1a over-
expression on repair and recovery of mitochondrial function in rabbit
renal proximal tubules treated with oxidants (hydrogen peroxide, tert-
butyl hydroperoxide). Their studies showed that a 10-fold overexpression
of PGC-1a increased mitochondrial number by 52%, respiratory activity
by 27%, andmitochondrial marker proteins by 30%.Moreover, treatment
of rabbit renal proximal tubules with a sublethal dose of tert-butyl hydro-
peroxide initially caused a marked decrease in mitochondrial function;
however, this was followed over a period of 4 days by recovery of mito-
chondrial function. The increase in PGC-1a expression during the recov-
ery period was shown to be associated with the sequential activation of Src,
p38MAPK, and the EGF receptor. Even in control renal proximal tubular
cells, overexpression of PGC-1a increases basal and uncoupled cellular
respiration, cellular ATP content, and mitochondrial number (Rasbach
and Schnellmann 2007b). Thus, PGC-1a appears to have a fundamental
role in regulation of mitochondrial function and biogenesis under both
physiological and toxicological conditions.

10.5. Physiological, Pathological and Toxicological States

Affecting Mitochondrial Function

Although several examples of reactive metabolites of chemicals and disease
states have beenmentioned in the sections above, the focus of those sections
was primarily on the signaling pathways that mediate and the mechanisms
involved in the adaptive responses of mitochondria. This final section will
focus on four specific examples and will highlight how normal homeostatic
mechanisms inmitochondria are altered under the specified conditions. The
first example, ‘‘aging’’, can be considered as a physiological response in
which mitochondria and cellular energetics are central to the response.
Diabetic nephropathy and chronic kidney disease and compensatory renal
hypertrophy are pathological examples in which mitochondria again play
key roles in how affected tissues respond to environmental changes. Finally,
the example of cysteine S-conjugate-induced nephrotoxicity will be consid-
ered further. This is an example of a class of chemicals for whommitochon-
dria are an early and prominent intracellular target; bioactivation plays a
determining role in their mitochondrial and cellular toxicity.
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From these brief considerations of physiological, pathological, and
bioactivation-dependent mitochondrial adaptation, it should be clear
that regardless of the inducing agent or condition, many of the responses
of mitochondria are the same. Thus, in analogy with the so-called ‘‘heat
shock response’’, in which a very broad range of conditions and chemicals
can produce the response, here too, adaptive responses of mitochondria
can be induced by a similarly broad range of conditions and chemicals.
This emphasizes the fundamental nature of mitochondrial adaptation.
When these adaptive responses go to extremes because of genetic or nutri-
tional deficiencies, for example, a pathological state develops. A broad
range of diseases have been associated with mitochondrial dysfunction
(Pieczenik andNeustadt 2007), again emphasizing the fundamental nature
of mitochondria in tissue function.

10.5.1. Aging

Decreases in the efficiency of mitochondrial function with time are seen as
a central component of the aging process and are part of the free-radical
theory of aging (Cadenas and Davies 2000). Evidence in support of this
theory exists at the cellular level as well, and in species ranging from
Drosophila to humans (Sohal and Brunk 1992). Thus, whereas the release
of partially reduced oxygen species from the ETCmay occur at a frequency
of 1%–2% in normal mitochondria from young adults, this frequency is
suggested to increase with age. One factor that may be important in this
process is a decrease in the expression of antioxidant enzymes in mito-
chondria. Thus, for example, Rohrbach et al. (2006) reported decreased
expression and activity of Trd2 in aging skeletal and cardiac muscle. One
consequence of this is an increased susceptibility to apoptotic stimuli.

There are complex changes in signaling pathways that mediate the age-
dependent changes in mitochondrial function. Among the components of
the signaling pathways that impact mitochondrial function and have been
linked to longevity is the 66-kDa isoform of the growth factor adapter Shc
(p66Shc) (Hajnóczky and Hoek 2007; Pinton et al. 2007). p66Shc is a
cytoplasmic protein that, upon induction of oxidative conditions, is phos-
phorylated by PKC-b; this phosphorylation, along with recognition by the
prolyl isomerase Pin1, promotes mitochondrial accumulation of p66Shc,
which then alters mitochondrial Ca2þ responses and three-dimensional
structure, finally resulting in apoptosis.

10.5.2. Diabetic Nephropathy and Chronic Kidney Disease

Hyperglycemia that results from various modes of uncontrolled glucose
regulation provides causal links between diabetes and many of the com-
plications that arise. Mitochondrial function and cellular energetics are
central to the altered glucose regulation (Brownlee 2001; Rolo and Pal-
meira 2006). Four major pathways are thought to be involved in mediating
the pathological effects of chronic hyperglycemia (Figure 10.8). Each of
the four pathways is in turn further stimulated by increases in mitochon-
drial ROS. In their review, Rolo and Palmeira (2006) describe the hyper-
glycemia-induced overproduction of ROS by mitochondria as the trigger
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for each of these four pathways. The prevailing hypothesis for how this
occurs is that hyperglycemia induces an increase in the electron donors
NADHand FADH2, which increase flux through the ETC. The increase in
the ATP/ADP ratio and hyperpolarization of the mitochondrial inner
membrane would result in inhibition of electron transport at complex
III, resulting in an increased ratio of reduced to oxidized ubiquinone. As
illustrated in Figure 10.1, this can result in significant formation and
release of superoxide anions. Mitochondrial thiol-disulfide redox status
also plays a key role. For example, Ghosh et al. (2005) demonstrated the
importance of depletion of the mitochondrial GSH pool in cardiomyocyte
apoptosis in diabetic rats. In contrast, depletion of the cytoplasmic GSH
pool was not associated with apoptosis or the diabetic state.

Impairment of mitochondrial function is thus viewed as being intrinsi-
cally related to the diabetic state (Rolo and Palmeira 2006). Several studies
indicate that the alterations in mitochondrial energetics precede the onset
of glucose intolerance, suggesting that mitochondrial dysfunction plays a
key role in diabetes progression. The early adaptive response of mitochon-
dria to the diabetic state is concluded to likely reflect changes in gene
expression induced by hyperglycemia. This is viewed as a mechanism for
cellular adaptation to glucose toxicity.

Besides the tubular epithelial cell oxidative stress that occurs in diabetic
nephropathy, other forms of chronic renal insufficiency leading to chronic

Figure 10.8 Biochemical pathways leading from hyperglycemia to cell damage in diabetes. This scheme
summarizes some of the key pathways that ultimately mediate much of the damage associated with chronic
hyperglycemia in either type 1 or type 2 diabetes. Superimposed on the four major pathways is the
stimulation of mitochondrial ROS formation, which enhances each pathway.
Abbreviations: AGE, advanced glycation end-products; DAG, diacylglycerol; DHAP, dihydroxyacetone
phosphate; G3P, glyceraldehydes-3-phosphate; mtROS, mitochondrial reactive-oxygen species; PAI, plas-
minogen activator inhibitor; PKC, protein kinase C; TGF-b, transforming growth factor-b.
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renal disease are associated with oxidative stress as well (Shah et al. 2007).
As with many of the changes that occur with diabetic nephropathy,
changes that occur in other forms of chronic kidney disease can be viewed,
at least in the early stages, as reversible adaptations. As the disease pro-
gresses, however, the changes produce permanent alterations in cellular
and mitochondrial function.

10.5.3. Compensatory Renal Cellular Hypertrophy

In all mammalian species, reductions in functional renal mass are rapidly
followed by a series of compensatory physiological, morphological, and
biochemical changes (Fine 1986; Shirley and Walter 1991). Such reduc-
tions can occur as a result of aging, various forms of renal disease, or
uninephrectomy. The compensatory response is primarily a cellular hyper-
trophy rather than hyperplasia, and occurs predominantly in the proximal
tubules. The acute phase of the compensatory response in rodents is
complete within 7–10 days. Characteristics of the hypertrophic response
include increases in cellular protein content, brush-border and basolateral
membrane surface area, overall cell size, cellular energy metabolism, and
activities of specific enzymes over and above overall cellular protein
content.

At the level of the proximal tubular epithelial cell and intact kidney, the
hypertrophic response leads to changes that have significant toxicolo-
gical impact. For example, GSH content, activity and expression of
g-glutamylcysteine synthetase, the rate-limiting enzyme in GSH synthesis,
activities of several GSH-dependent enzymes, transcription of certain
metallothionein genes, and activity and/or expression of several ion and
metabolite transporters, including the (NaþþKþ)-stimulated ATPase, are
markedly increased as a consequence of compensatory renal cellular
hypertrophy (Epstein, Charney and Silva 1978; Jacobson et al. 1980;
Lash and Zalups 1994; Lash et al. 2005b; Salehmoghaddam et al. 1985;
Zalups and Lash 1990; Zalups, Fraser and Koropatnick 1995). The
increased workload imposed by changes in transport and metabolism led
to the hypothesis that this resulted in increased energy demands on prox-
imal tubular cells with consequent increases in rates of mitochondrial
electron transport (Harris, Chan and Schrier 1988; Shapiro et al. 1994).

To validate this hypothesis of a hypermetabolic state in proximal tub-
ular cells from remnant kidneys of uninephrectomized rats, we isolated
mitochondria from remnant kidneys of uninephrectomized rats and from
kidneys of control rats and compared their respiratory function and
selected enzyme and transport activities (Lash et al. 2001). Rates of state
3 respiration with succinate as respiratory substrate were increased by
approximately 70% when normalized to protein content in mitochondria
from remnant kidneys as compared to those in mitochondria from control
kidneys. Additionally, activities of malic dehydrogenase and succinate:cy-
tochrome c oxidoreductase were increased by 382% and 138%, respec-
tively, as a consequence of compensatory renal cellular hypertrophy.
Besides this evidence of a hypermetabolic state, increases were also
observed in both basal and toxicant-stimulated lipid peroxidation and in
rates of GSH uptake into mitochondria. These findings suggest that
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besides compensating for increased need of ATP, mitochondria also upre-
gulate GSH transport in response to an increase in basal oxidant levels.

10.5.4. Cysteine Conjugate-Induced Nephrotoxicity

As a final example of mitochondrial adaptation and responses to environ-
mental changes, the impact of cysteine conjugate bioactivation will be
briefly reviewed. The classic view of GSH conjugation is that this reaction
serves to detoxify reactive electrophiles, which are processed to the
corresponding cysteine conjugates, then N-acetylated (to form the corre-
sponding mercapturate) and excreted in the urine. For certain classes of
GSH S-transferase substrates, however, this pathway represents a bioacti-
vation rather than a detoxification mechanism. The cysteine conjugate
formed, although it can be metabolized by the ‘‘classic’’ route to a mer-
capturate, is also a potential substrate for one of two bioactivation
enzymes, the cysteine conjugate b-lyase (b-lyase; EC 4.4.1.13) or the
flavin-containing monooxygenase (FMO; EC 1.14.13.8) (Figure 10.9).
Because of the tissue distribution of the various membrane transporters
and enzymes involved in the disposition of metabolites of this pathway,
acute toxicity is observed almost exclusively in the renal proximal tubules
(Lash, Parker and Scott 2000; Lash et al. 2000).

One of the most frequently studied chemicals, whose metabolism by the
GSH conjugation pathway produces a nephrotoxic cysteine conjugate, is
trichloroethylene. While the precise role and importance of the cysteine
conjugate DCVC in producing nephrotoxicity (particularly in humans)
from exposure to trichloroethylene remain controversial, the critical

Figure 10.9 Bioactivation of DCVC to produce reactive metabolites. This scheme shows the formation of
reactive metabolites derived from bioactivation of DCVC, the cysteine conjugate of the environmental
contaminant trichloroethylene, as catalyzed by either the cysteine conjugate b-lyase (b-lyase) or FMO.
Note that for FMO-dependent bioactivation, the initial metabolite is the sulfoxide, which, like the thiol
metabolite (S-1,2-dichlorovinylthiol; DCVSH) of the b-lyase reaction, rearranges to form either the CTK or
the CTAC. These latter two metabolites can form covalent adducts with cellular macromolecules, including
lipids, protein, and DNA.
Abbreviations: CTK, chlorothioketene; DCVC, S-(1,2-dichlorovinyl)-L-cysteine; FMO, flavin-containing
monooxygenase; CTAC, chlorothionoacetyl chloride.
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importance of bioactivation to reactive intermediates and mitochondrial
dysfunction in the early effects of DCVC in the target cell are clear and
indisputable.

After identification of DCVC as the toxic by-product of trichlor-
oethylene-extracted soybean meal in cattle (McKinney et al. 1959),
subsequent work showed that DCVC could be formed enzymatically
in tissue of various animal species (Anderson and Schultze 1965;
Bhattacharya and Schultze 1967). Although the predominant cellular
target of DCVC is now known to be the renal proximal tubular cell
(Lash, Parker and Scott 2000), early studies on its intracellular toxi-
city used isolated liver mitochondria and showed that it produced
potent inhibition of mitochondrial function in a metabolism-depen-
dent manner (Parker 1965; Stonard 1973; Stonard and Parker 1971).
Functional liver mitochondria are easier to obtain in adequate
amounts than those from the kidney. Although many of the effects
observed in hepatic mitochondria also occur in renal mitochondria,
the liver is not an in vivo target organ for trichloroethylene via the
GSH conjugation pathway.

Metabolic and functional effects of DCVC in renal mitochondria
may be divided into primary and secondary effects. In both cases, all
effects have been demonstrated to be dependent on bioactivation in
that inhibition of metabolism prevents the deleterious effects asso-
ciated with DCVC exposure. Primary effects may be defined as those
resulting directly from formation of the reactive thiol, thioketene,
and chlorothionoacetyl chloride metabolites, and include the follow-
ing: GSH oxidation (Lash and Anders 1987), direct inhibition of
mitochondrial enzymes such as dehydrogenases that contain critical
sulfhydryl groups (Bruschi, Lindsay and Crabb 1998; Bruschi et al.
1993; Cooper et al. 2002; James et al. 2002; Lash and Anders 1987;
Lock and Schnellmann 1990; van de Water et al. 1995), and binding
of reactive species derived from DCVC metabolism to mitochondrial
proteins, lipids, and DNA (Banki and Anders 1989; Hayden and
Stevens 1990; Hayden et al. 1991, 1992).

Secondary effects of cysteine conjugate metabolites are defined as
those resulting from changes in redox status, as a consequence of cova-
lent adducts formed between conjugate metabolites andmacromolecules,
or as a consequence of inhibition of specific enzymes. These include
induction of the MPT (Brown et al. 1996), alterations in mitochondrial
calcium ion homeostasis (Chen, Jones and Stevens 1994; Lash and
Anders 1986; Vamvakas et al. 1990, 1992; van de Water et al. 1993,
1994), inhibition of mitochondrial respiration (Lash and Anders 1986,
1987; Lash et al. 2003; Schnellmann, Cross and Lock 1989; Wallin et al.
1987), and activation of mitochondrial HSPs (Bruschi, Lindsay and
Crabb 1998; Bruschi et al. 1993; Ho et al. 2006). Through all these diverse
effects, renal mitochondria alter their function in response to the toxic
insult. At relatively low levels of toxicant, responses are reversible and
may be considered as adaptive. At higher levels of toxicant, the various
regulatory processes that control mitochondrial redox status and�c lose
their capacity to return mitochondria to normal function, and cell death
usually occurs.
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10.6. Summary and Conclusions

Mitochondria respond in numerous ways to environmental signals and
stresses (both physiological and toxicological/pathological). An important
stress includes bioactivation of drugs and other xenobiotics to generate
reactive intermediates and ROS. The ultimate goal is for the mitochondria
to regulate ATP production so that it matches energy needs. A complex
and diverse array of processes exist inmitochondria to alter activities of the
ETC and other enzymes. Regulation of redox status occurs through pro-
cesses involving the GSH-GSSG-Gpx-Grd, Trx2-Trd2, Grx, or PrxIII
systems. These are critical components of a redox circuit that enables
mitochondria to maintain activities of key proteins. Superoxide anion
formation in mitochondria may function as a mediator by which mito-
chondria sense redox status.

A primary response of mitochondria to a broad range of toxic chemi-
cals, pathological conditions, and metabolites of endogenous chemicals is
induction of the MPT. TheMPTmay occur by either an intrinsic pathway
or through activation of proapoptotic Bcl-2 family proteins. Increasing
evidence suggests that rather than being solely involved in initiating apop-
tosis, the MPT may actually be more central to initiation of necrotic cell
death. A variety of signaling pathways also operate in mitochondria, and
are central to the adaptive and toxic responses of the organelle. These
pathways include those involving HSPs (both those of the Hsp60 and
Hsp70 families and the small HSPs), Bcl-2 family proteins, several classes
of protein kinases (PKB or Akt, PKC isoforms, PKD), MAPKs, NF-kB,
EGF and EGF receptor, and PGC-1a. There exists a high degree of cross-
talk between the pathways and functional redundancy. These features
make the systems that regulate mitochondrial function exquisitely sensi-
tive to environmental stimuli and stresses.

Four examples of physiological and pathological conditions and bioac-
tivation-dependent mitochondrial adaptation were briefly discussed to
highlight the fundamental nature of the responses of mitochondria.
These responses include upregulation of ETC protein expression in the
face of increased need for ATP, upregulation of GSH transport and
metabolism in the face of an increased basal oxidative stress, as well as
alterations in redox status, binding of reactive species to DNA, protein,
and lipids, and alterations in integrated mitochondrial functions, such as
respiration and calcium ion homeostasis.
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Kröncke, K.- D., Klotz, L.- O., Suschek, C. V., and Sies, H. 2002. Comparing
nitrosative versus oxidative stress towards zinc finger-dependent transcription

factors: Unique role for NO. J. Biol. Chem. 277:13294–13301.

284 L.H. Lash



Lash, L. H. 1990. Susceptibility to toxic injury in different nephron cell popula-

tions. Toxicol. Lett. 53:97–104.
Lash, L. H. 2006.Mitochondrial glutathione transport: Physiological, pathological

and toxicological implications. Chem. Biol. Interact. 163:54–67.

Lash, L. H., and Anders, M. W. 1986. Cytotoxicity of S-(1,2-dichlorovinyl)glu-
tathione and S-(1,2-dichlorovinyl)-L-cysteine in isolated rat kidney cells. J. Biol.
Chem. 261:13076–13081.

Lash, L. H., and Anders, M. W. 1987. Mechanism of S-(1,2-dichlorovinyl)-L-
cysteine- and S-(1,2-dichlorovinyl)-L-homocysteine-induced renal mitochon-
drial toxicity. Mol. Pharmacol. 32:549–556.

Lash, L. H., and Zalups, R. K. 1994. Activities of enzymes involved in renal cellular
glutathione metabolism after uninephrectomy in the rat. Arch. Biochem. Bio-
phys. 209:129–138.

Lash, L. H., Fisher, J. W., Lipscomb, J. C., and Parker, J. C. 2000. Metabolism of

trichloroethylene. Environ. Health Perspect. 108(Suppl. 2):177–200.
Lash, L. H., Hueni, S. E., Putt, D. A., and Zalups, R. K. 2005b. Role of organic

anion and amino acid carriers in transport of inorganic mercury in rat renal

basolateral membrane vesicles: Influence of compensatory renal growth. Tox-
icol. Sci. 88:630–644.

Lash, L. H., Parker, J. C., and Scott, C. S. 2000. Modes of action of trichloroethy-

lene for kidney tumorigenesis. Environ. Health Perspect. 108(Suppl. 2):225–240.
Lash, L. H., Putt, D. A., Horky III, S. J., and Zalups, R. K. 2001. Functional and

toxicological characteristics of isolated renal mitochondria: Impact of compen-
satory renal growth. Biochem. Pharmacol. 62:383–395.

Lash, L.H., Putt, D. A., Hueni, S. E., andHorwitz, B. P. 2005a.Molecular markers
of trichloroethylene-induced toxicity in human kidney cells. Toxicol. Appl.
Pharmacol. 206:157–168.

Lash, L. H., Putt, D. A., Hueni, S. E., Krause, R. J., and Elfarra, A. A. 2003. Roles
of necrosis, apoptosis, and mitochondrial dysfunction in S-(1,2-dichlorovinyl)-
L-cysteine sulfoxide-induced cytotoxicity in primary cultures of human renal

proximal tubular cells. J. Pharmacol. Exp. Ther. 305:1163–1172.
Lash, L. H., Putt, D. A., andMatherly, L. H. 2002. Protection of NRK-52E cells, a

rat renal proximal tubular cell line, from chemical induced apoptosis by over-

expression of a mitochondrial glutathione transporter. J. Pharmacol. Exp. Ther.
303:476–486.

Lee, Y.- J., Cho, H.- N., Jeoung, D.- I., Soh, J.- W., Cho., C. K., Bae, S.,
Chung, H.- Y., Lee, S.-J., and Lee, Y.-S. 2004. HSP25 overexpression attenuates

oxidative stress-induced apoptosis: Roles of ERK1/2 signaling and manganese
superoxide dismutase. Free Rad. Biol. Med. 36:429–444.

Lee, Y.- J., Lee, D.- H., Cho, C.- K., Bae, S., Jhon, G.- J., Lee, S.- J., Soh, J.-W.,

and Lee, Y.-S. 2005. HSP25 inhibits protein kinase Cd-mediated cell death
through direct interaction. J. Biol. Chem. 280:18108–18119.

Lemasters, J. J.,Nieminen,A.-L.,Qian, T., Trost, L.C., Elmore, S. P.,Nishimura,Y.,

Crowe, R. A., Cascio, W. E., Bradham, C. A., Brenner, D. A., and Herman, B.
1998. The mitochondrial permeability transition in cell death: A commonmechan-
ism in necrosis, apoptosis and autophagy. Biochim. Biophys. Acta 1366:177–196.

Lee, H.- C., Yin, P.- H., Lu, C.- Y., Chi, C.-W., and Wei, Y.-H. 2000. Increase of

mitochondria and mitochondrial DNA in response to oxidative stress in human
cells. Biochem. J. 348:425–432.
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11.1. Introduction

Adverse reactions to drugs are responsible for approximately 50% of the
cases of acute liver failure in the United States. While the majority of these
cases (74%) are related to accidental or intentional overdose with acet-
aminophen (Ostapowicz et al. 2002), approximately 10% of the cases of
acute liver failure reported each year are due to drug-related idiosyncratic
hepatotoxicity (Kaplowitz 2005; Lee 2003). In general, the incidence of
drug-induced liver injury (DILI) is very low; on the order of 1:1000 to
1:100 000 for most drugs. However, difficult diagnosis and poor reporting
practices are problematic, and it is likely that the true incidence of DILI is
higher than current estimates based on clinical reports. The liver has a
large functional reserve and a remarkable regenerative capacity, both of
which may complicate clinical diagnosis. DILI is the most frequent reason
for regulatory action by the FDA (Navarro and Senior 2006). Such actions
include withdrawal from the market (e.g., troglitazone, bromfenac), black
box warnings and other labeling actions (e.g., nevirapine), restriction of
use (e.g., trovafloxacin), and refusal to approve (e.g., ximelagatran). A
representative selection of drugs causing DILI and their associated regu-
latory actions is presented in Table 11.1. AlthoughDILI may only occur in
a relatively small population of patients, it can result in removal of an
otherwise beneficial drug from the market, depriving patients of a much-
needed therapy.
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Clinically, DILI may be characterized as hepatocellular, cholestatic,
or mixed type, depending on the initial pattern of biomarkers observed
(Navarro and Senior 2006). The hallmark of hepatocellular liver injury
is an early elevation of serum transaminases, primarily alanine amino-
transferase (ALT), which is released into the systemic circulation fol-
lowing necrosis of hepatic parenchymal cells. In general, ALT levels
exceeding three times the upper limit of normal are considered indica-
tive of clinically significant hepatocellular-type liver injury. Cholestatic
liver injury is characterized by initial elevations of serum alkaline
phosphatase (AP) and serum bilirubin. AP is localized primarily in
the biliary epithelium, and elevations in this enzyme are frequently
associated with damage to the biliary tract. Similarly, increases in
serum bilirubin may reflect deficits in hepatobiliary function. Fre-
quently, the clinical picture of DILI presents features of both hepato-
cellular and cholestatic injury, leading to classification as a mixed-type
injury. It has recently been proposed that significant concurrent
increases in indicators of both hepatic injury (e.g., ALT) and hepatic
function (e.g., total or conjugated bilirubin) are predictive of the
potential for serious DILI, an observation originally noted by Dr.
Hyman Zimmerman and commonly referred to as ‘‘Hy’s law’’ (Lewis
2006).

Table 11.1 Drugs with regulatory actions based on hepatotoxicity.

Drug Regulatory action

Acitretin Black box warning
Benoxaprofen Withdrawn (1982)
Bosentan Black box warning
Bromfenac Withdrawn (1998)

Dacarbazine Black box warning
Dantrolene Black box warning
Felbamate Black box warning

Flutamide Black box warning
Gemtuzamab Black box warning
Iproniazid Withdrawn (1958)

Isoniazid Black box warning
Ketoconazole Black box warning
Naltrexone Black box warning
Nefazodone Withdrawn (2004)

Nevirapine Black box warning
Pemoline Black box warning
Tolcapone Black box warning

Tricrynafen Withdrawn (1980)
Troglitazone Withdrawn (2000)
Trovafloxacin Black box warning

Valproic acid Black box warning
Ximelagatran Failure to approve
Zalcitabine Black box warning

Zidovudine Black box warning

Source: Compiled from Walgren et al. (2005) and Gunawan and Kaplowitz (2004).
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In addition to classification based on clinical pathology, DILI may be
further classified as predictable (type A reactions) or idiosyncratic (type B
reactions). Predictable DILI is generally dose-related and there is a clear
temporal relationship between the start of drug therapy and the onset of
liver damage. Furthermore, predictable DILI generally occurs by mecha-
nisms common to most mammals, and as the name implies, is frequently
detected in nonclinical safety assessment in laboratory animals. Acetami-
nophen and cyclosporine are examples of drugs that cause predictable
hepatotoxicity. Idiosyncratic DILI may be very rare (1:10 000–1:100 000)
and is by nature essentially unpredictable. Idiosyncratic DILI is usually
not dose-related, at least in the commonly understood sense, and the
temporal relationship between initiation of drug treatment and manifesta-
tion of disease is frequently obscure. Idiosyncratic hepatotoxicity has been
further subdivided into metabolic idiosyncracy, which is thought to be
related to polymorphic expression of drug-metabolizing enzymes, and
allergic idiosyncracy, which is proposed to involve loss of immune toler-
ance to drug–protein adducts (Castell and Castell 2006). Allergic hepato-
toxicity may be accompanied by other signs of allergic reaction, including
skin rash, eosinophilia, and fever. The distinction between metabolic and
allergic idiosyncracy has been criticized as an oversimplification (Boelsterli
2003), since both enzyme and/or transporter polymorphisms and immune
factors likely contribute to development of toxicity.

Development of DILI is a complex, multifactorial process that may
be attributed to the interplay between three major determinants: char-
acteristics of the drug or treatment regimen, characteristics of the
patient, and environmental factors (Boelsterli 2003). Characteristics of
the drug and treatment regimen that impact the pathogenesis of DILI
include the chemical structure, the dosage, and the duration of treat-
ment. The chemical structure of a drug is clearly of paramount impor-
tance in determining whether or not treatment may result in DILI. As
the focus of this volume indicates, DILI frequently involves drugs
containing chemically reactive functional groups, or more commonly,
inert moieties that may be converted to reactive ones via metabolism
(i.e., bioactivation). The influence of the dose and dose rate is clearly
illustrated by the common hepatotoxicant acetaminophen, which is
efficiently detoxified by sulfonation and glucuronidation at therapeutic
doses, but undergoes significant bioactivation following overdose,
resulting in dose-related hepatocellular necrosis. Less clear is the rela-
tionship between the dose and the incidence of idiosyncrastic hepato-
toxicity. However, it has been generally recognized that drugs
associated with idiosyncratic toxicity tend to be administered at rela-
tively high daily doses, while drugs that are administered at very low
doses (�10mg day–1) are rarely associated with idiosyncratic DILI
(Uetrecht 2001; Knowles, Uetrecht and Shear 2000). Similarly, the
duration of treatment has a significant influence on the development
of DILI, particularly for idiosyncratic hepatotoxicity, which may not
become manifest for weeks to months after initiation of drug therapy
(Kaplowitz 2005).

The second major determinant of DILI is related to the characteristics
of the individual patient, and includes genetic and physiological factors
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and the presence of underlying disease. Polymorphisms in drug-metabolizing
enzymes or drug transporters are thought to play a significant role in
development of idiosyncratic DILI. Such effects might include overexpres-
sion of an enzyme responsible for bioactivation of a drug (i.e., gene
duplication for CYP2D6), deficiency in expression or activity of detoxify-
ing enzymes such as glutathione S-transferases (GSTs), or deficiency in the
activity of a critical transporter, leading to abnormal accumulation of a
drug within a particular cellular compartment. In general, elderly patients
appear to be more susceptible to DILI compared to younger patients and
females tend to be somewhat more susceptible than males (Lee 2003;
Kaplowitz 2005). The presence of an underlying disease state may also
be an important factor in development of DILI. A question that has
stimulated much debate in the scientific community is whether or not
pre-existing liver disease increases susceptibility to drug-related liver
injury. In general, the presence of pre-existing liver disease does not, as a
rule, appear to predispose individuals to development of DILI (Lee 2003).
However, in some cases, such as concurrent HIV and hepatitis C infection,
affected individuals are more susceptible to development of hepatotoxicity
from highly active antiretroviral drug therapy than are their healthy
counterparts (Pol, Vallet-Pichard and Fontaine 2002; Clark et al. 2002).
There is considerable evidence to suggest that mediators of inflammation
may play an important role in DILI (Roth et al. 1997), which suggests that
patients suffering from inflammatory disorders may be more susceptible
than other individuals.

Numerous environmental factors may also contribute to development of
drug-related hepatotoxicity. These include things such as diet, alcohol con-
sumption and concurrent use of other drugs, herbal remedies, and nutra-
ceuticals. The composition and adequacy of the diet has a marked influence
on the physiological state of the individual. For example, components of
normal foods may act as inducers or inhibitors of drug-metabolizing
enzymes, resulting in alterations in the balance between bioactivation and
detoxication. On the other hand, nutritional deficiencies may lead to deple-
tion of cofactors necessary for detoxification of drugs and reactive metabo-
lites such as glutathione, predisposing an individual to development ofDILI
(Whitcomb and Block 1994). Excessive chronic consumption of ethanol is
another frequently cited risk factor for development of DILI. Chronic
alcohol consumption can lead to induction of CYP2E1, which is active in
the bioactivation of numerous low-molecular-weight compounds, including
acetaminophen. Both of these factors may render the individual more
susceptible to acetaminophenhepatotoxicity (Schmidt,Dalhoff andPoulsen
2002; Whitcomb and Block 1994). The relationship between enzyme induc-
tion and bioactivation is discussed in detail in Chapter 4 of this volume,
while the role of CYP2E1 in bioactivation reactions is addressed in detail in
Chapter 6. Finally, the use of herbal remedies and nutritional supplements
has increased markedly in recent years. Since these substances, often com-
plex mixtures, are not subject to regulation by the FDA, their health effects
and interactions with pharmaceutical agents are often not well character-
ized. For example, herbals may increase susceptibility to coadministered
drugs by depletion of cofactors or inactivation of critical enzymes in detox-
ification pathways (Fau et al. 1997; Berardinis et al. 2000).
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11.2. Mechanisms of Drug-Induced Liver Injury

On a cellular level, hepatotoxicity may involve a variety of different
mechanisms, including disruption of bile acid synthesis and excretion,
upregulation of cellular adhesion molecules leading to recruitment and
activation of polymorphonuclear leukocytes (PMNs), generation of
reactive-oxygen and -nitrogen species leading to oxidative stress and
fibrosis, and induction of the mitochondrial permeability transition
leading to both necrotic and apoptotic cell death (Jaeschke et al.
2002; Lee 2003). Development of clinical DILI is a complex multi-
factorial process, and several global hypotheses have been advanced
to explain the pathogenesis of adverse hepatic drug reactions. These
include the hapten hypothesis, the danger hypothesis (Matzinger 1994;
Pirmohamed et al. 2002), and the pharmacological interaction with
immune receptor (p-i) hypothesis (Pichler 2005). Not surprisingly, no
single mechanism can account for all of the clinical and experimental
observations related to adverse drug reactions, and it is likely that most
DILI results from a combination of immunologic and nonimmunologic
mechanisms. Potential mechanisms of idiosyncratic hepatotoxicity are
the subject of several recent reviews (e.g. Boelsterli 2003; Castell and
Castell 2006; Kaplowitz 2005). The interested reader is referred to these
reviews for an in depth treatment of this subject.

11.3. Enzymology of Hepatic Bioactivation

Regardless of which mechanism or combination of mechanisms is called
upon to explain the hepatotoxicity of a given drug, the formation of
reactive metabolites often plays a critical role in DILI. The liver contains
the highest concentration of drug-metabolizing enzymes and is the princi-
ple site of drug metabolism, particularly following oral administration.
The central role of the liver in drugmetabolism and its anatomical location
with respect to the gastrointestinal tract are major determinants in the high
prevalence of drug-related liver injury related to bioactivation.

Drug metabolism reactions are generally divided into twomajor types.
Phase I reactions are functionalization reactions in which a polar func-
tional group is added to a lipophilic moiety or a nonpolar blocking group
is removed, unmasking a polar functional group. Addition of a polar
functionality increases the water solubility of the molecule to some
extent, facilitating renal excretion. Perhaps more importantly, phase I
functionalization provides a metabolic handle for further metabolism by
phase II drug-metabolizing enzymes. Phase II reactions are biosynthetic
conjugation reactions in which a highly polar, usually charged functional
group is added to an existing polar functional group. Conjugation results
in a large increase in water solubility and in many cases converts the
molecule into a good substrate for various efflux transporters. While the
net effect of combined phase I/phase II metabolism is to accelerate
removal of the drug from the body, both phase I and phase II reactions
can result in formation of reactive intermediates that may participate in
adverse drug reactions.
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11.3.1. Phase I Reactions

The great majority of phase I drug metabolism reactions are catalyzed by
the cytochrome P-450 (CYP) superfamily of mixed-function oxidases.
These enzymes catalyze a wide variety of reactions including aliphatic
and aromatic hydroxylation, heteroatom dealkylation and oxidation, ali-
phatic desaturation, epoxide formation, and other minor oxidative reac-
tions (Testa 1995; Guengerich 1996). Under certain conditions, CYPs can
also catalyze reductive reactions, such as the reductive dehalogenation of
carbon tetrachloride, which results in generation of the highly reactive
trichloromethyl radical. CYPs have been implicated in bioactivation of
numerous drugs, natural products, solvents, and other industrial chemi-
cals. The major isoforms of CYP involved in human drug metabolism
include CYP3A4, the most abundant form in human liver, CYP2C9,
CYP2C19, CYP2D6, and CYP1A2 (Lewis 2004). In addition, CYP1A1,
CYP2A6, CYP2B6, and CYP2E1 are involved in drug metabolism in
humans, though to a lesser extent. Most CYP isoforms have been asso-
ciated with the formation of reactive metabolites. Furthermore, multiple
CYP isozymes may be involved in bioactivation of the same substrate. For
example, bioactivation of acetaminophen to the reactive species N-acetyl-
p-benzoquinonimine (NAPQI) is catalyzed by at least three isoforms,
CYP2E1, CYP3A4, and CYP1A2 (Bessems and Vermeulen 2001).
Where known, the involvement of various CYP isoforms in specific bioac-
tivation reactions will be highlighted throughout this chapter.

Although the majority of phase I bioactivation reactions are carried out
by CYPs, other phase I enzyme systems may also play a role in hepatic
bioactivation of drugs. Such systems include the flavin-containing mono-
oxygenases (FMOs), NAD(P)H:quinone oxidoreductases (NQOs), amine
oxidases, alcohol dehydrogenases, and various peroxidases. The FMOs
constitute a second NADPH-dependent microsomal monooxygenase sys-
tem and are particularly active in the oxidation of heteroatoms in xeno-
biotics. At least five isoforms of FMO are expressed in humans, of which
FMO3 is quantitatively the most important in human liver. FMOs are
known to be involved in bioactivation of several drugs including ketoco-
nazole, which has been reported to be hepatotoxic in humans (Lake-
Bakaar, Scheuer and Sherlock 1987). Bioactivation of ketoconazole by
FMOs appears to be initiated by N-oxidation of N-deacetylketoconazole,
leading ultimately to formation of a reactive dialdehyde (Rodriquez and
Acosta 1997). Other examples of bioactivation reactions catalyzed by
FMOs include sulfoxidation of 1,1,2-trichlorovinylcysteine (Ripp et al.
1997) and metabolism of thiacetazone to reactive sulfenic and carbodii-
mide metabolites (Qian and Ortiz de Montellano 2006). NAD(P)H:qui-
none oxidoreductases catalyze the two-electron reduction of quinones to
hydroquinones.Whether this represents a detoxification or a bioactivation
reaction depends on the chemical stability of the resulting hydroquinone.
Unstable hydroquinones can autooxidize resulting in generation of reac-
tive-oxygen species and, consequently, toxicity. Reduction of benzoqui-
nones and aromatic nitro compounds results in formation of potent
alkylating and DNA crosslinking agents. NQOs are involved in bioactiva-
tion of nitroquinolones, naphthoquinones, aziridinylbenzoquinones, and
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dinitropyrenes (Ross et al. 2000). Monoamine oxidase (MAO) and semi-
carbazine-sensitive amine oxidase (SSAO) catalyze oxidative deamination
of secondary and tertiary amines resulting in formation of aldehydes and
H2O2. Amine oxidase-mediated bioactivation of drugs and other xenobio-
tics is comparatively rare. However, MAO and SSAO are thought to be
involved in bioactivation of 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine
(Benedetti 2001) and 3-aminopropene (Haenen et al. 1988), respectively.
Like the amine oxidases, bioactivation of pharmaceuticals by alcohol
dehydrogenases is relatively uncommon. One example is the bioactivation
of the HIV reverse transcriptase inhibitor abacavir. Metabolic activation
was catalyzed by human liver cytosol preparations and purified human
alcohol dehydrogenase (ADH) isoforms and was characterized in vitro by
covalent binding to cytosolic proteins or added serum albumin (Walsh,
Reese and Thurmond 2002). Another example of ADH-mediated bioacti-
vation is oxidation of the industrial chemical allyl alcohol to the hepato-
toxin acrolein (Atzori, Dore and Congiu 1989). Peroxidases are involved in
numerous biosynthetic reactions such as synthesis of prostaglandins, leu-
kotrienes, and thromboxanes. Peroxidases such as prostaglandin H
synthase can also catalyze bioactivation of drugs and other xenobiotics,
utilizing organic peroxides such as prostaglandin G2 as an oxygen source
(Vogel 2000). Examples include oxidation of acetaminophen to NAPQI in
renal medulla and N-hydroxylation of procainamide in macrophages,
ultimately resulting in formation of nitrosoprocainamide. As the cited
examples suggest, bioactivation by peroxidases tends to be more impor-
tant in extrahepatic tissues with low CYP activity (e.g., neutrophils).

11.3.2. Phase II Reactions

Although phase II reactions are generally associated with detoxification,
phase II conjugating enzymes can catalyze bioactivation reactions as well.
Formation of reactive metabolites may be catalyzed by UDP-glucuronosyl-
transferases, sulfatases, N-acetyltransferases (NATs), and GSTs. As will be
discussed in more detail in a later section, an important pathway for bioac-
tivation of many acidic nonsteroidal anti-inflammatory drugs (NSAIDs)
involves formation of reactive acylglucuronides (Baily and Dickenson 2003;
Grillo et al. 2003). These metabolites are subject to transacylation reactions
with protein nucleophiles, as well as ring opening, followed by Schiff’s base
formation with lysine residues in proteins. As with CYPs, multiple isoforms
of glucuronosyltransferase (UDPGT) are expressed in mammals, and may
play a role in bioactivation of carboxylic acid-containing drugs. Isoforms
thought to play a significant role in bioactivation of carboxylate drugs
include UGT1A1, UGT1A9, and UGT2B7 (Zhou et al. 2005).

Sulfotransferases (SULTs) catalyze the sulfonation of aromatic and
aliphatic alcohols, diols, and aromatic amines and hydroxylamines (Glatt
2000; Glatt et al. 2001). Sulfate anion is a good leaving group, and a number
of sulfates decompose to form reactive cationic intermediates that can bind
to tissue nucleophiles including proteins and DNA (Glatt 2000). Examples
of SULT-mediated bioactivation include sulfonation of the hydroxylamine
of acetylaminofluorene, which subsequently decomposes to form a highly
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reactive nitrenium–carbonium ion resonance pair, and 10-hydroxysafrole,
the sulfate of which undergoes heterolytic cleavage to yield a reactive
carbonium ion (Glatt 1997). The substrate specificities of various SULT
isoforms are overlapping and complex, and reactive sulfate formation from
a given substrate may be catalyzed by several isoforms with different effi-
ciencies. SULT1A1, SULT1A2, and SULT2A1 have high hepatic expres-
sion levels (Glatt et al. 2001), suggesting that these isoforms may play a
significant role in hepatic bioactivation of xenobiotics.

N-acetyltransferases catalyze addition of an acetyl group to primary
aliphatic and aromatic amines and hydrazines. N-acetyltransferase-
mediated acetylation of isoniazid is the initial step in metabolism of this
drug to a reactive species (Nelson et al. 1976). Treatment with isoniazid is
associated with a relatively high incidence of liver injury in humans, and
administration of acetylisoniazid resulted in covalent binding of the acetyl
moiety to hepatic proteins and hepatotoxicity in rats (Timbrell et al. 1980).
N-acetyltransferases also catalyze acetylation of aromatic hydroxyla-
mines, thought to be an essential step in conversion of polycyclic aromatic
amines to mutagenic nitrenium and carbonium ions.

Conjugation of electrophilic compounds with glutathione (GSH) is
generally viewed as a detoxification reaction and a hepatoprotective phe-
nomenon. However, in some cases, such as conjugation of bifunctional
electrophiles, conversion to reactive species may result (Anders 2004). For
example, conjugation of 1,2-dibromoethane results in formation of a
reactive episulfonium ion that binds covalently to DNA bases. Indeed,
the major DNA adduct resulting from exposure to the carcinogen, 1,2-
dibromoethane, was S-2-N7-guanylethylglutathione (Inskeep et al. 1986).

11.4. Structural Alerts for Hepatic Bioactivation

With few exceptions, reactive metabolites are electrophiles; molecules
containing one or more centers of low electron density. Electrophilic
reactive metabolites with delocalized centers of low electron density are
referred to as soft electrophiles and electrophilic reactive metabolites with
highly localized centers of low electron density are referred to as hard
electrophiles. Soft electrophiles tend to react with endogenous soft nucleo-
philes, such as thiol residues in glutathione or proteins, while hard nucleo-
philes tend to react with hard nucleophiles such as the side-chain amino
group of lysine residues in proteins. While reaction of electrophiles with
glutathione provides some degree of protection to the host, formation of
covalent adducts with cellular macromolecules, such as proteins, peptides,
and nucleic acids is thought to be a critical step in mechanisms of hepato-
toxicity. In addition to formation of covalent adducts some redox active
metabolites such as quinones can also oxidize proteins and lipids, thereby
initiating oxidative stress. The interaction of reactive metabolites with
cellular components has been associated with a wide variety of toxicities,
including cellular necrosis, hypersensitivity, carcinogenicity, and terato-
genicity (Nelson 1982).

Although many compounds can form reactive metabolites to some
extent, there are ‘‘favored’’ moieties that frequently undergo bioactivation
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and cause hepatotoxicity (Table 11.2). The presence of such functional
groups within a compound suggests the potential for metabolic bioactiva-
tion and as such, serves as a ‘structural alert’ for toxicity. Compounds may
present multiple structural alerts, one or more of which may be toxicolo-
gically relevant. A brief review of common structural alerts and their role
in hepatotoxicity is presented in the following section. The reader is also
referred to Chapters 1 and 2 in this volume for more detailed information
on structure–activity relationships in bioactivation.

11.4.1. Epoxidation of Alkenes and Aromatic Rings

Through a common metabolic pathway, epoxidation of unsaturated car-
bon–carbon bonds may result in formation of potentially toxic epoxides
from a range of structurally distinct compounds (Figure 11.1). The

Table 11.2 Examples of reactive metabolites associated with hepato-
toxicity.

Structural alerts Reactive metabolites Examples

Alkenes/alkynes/benzenes/
heteroaromatics

Epoxides/arene oxides Thalidomide

Carbamazepine
Ticrynaphen
Cephaloridine
Tenidap
Aflatoxin B1

Benzo[a]pyrene
Furosemide

Michael acceptor precursors Quinones/quinone imines/
quinone methides

Acetaminophen
Amodiaquine
Diclofenac
Prinomide
Tacrine
Trimethoprim
Troglitazone
Valproic acid

Alkyl halides Acetyl chlorides Halothane

Aromatic amines/
nitroaromatics

Hydroxylamines/nitrosos Sulfamethoxazole
Procainamide
Misonidazole

Hydrazines Carbon cations Isoniazid

Free-radical sources Free radicals Carbon
tetrachloride

Halothane
Quinones

Carboxylic acids Acyl glucuronides/acyl-CoA
thioesters

Benoxaprofen
Bromfenac
Tolmetin
Ibufenac
Zomepirac
Diclofenac
Ibuprofen
Trovafloxacin
Valproic acid
Clofibric acid
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reactivity of epoxides is the result of two major factors: the electrophilicity
of the epoxide carbon atoms and the high degree of strain associated with
the three-membered heterocyclic ring. The 8,9-epoxide of aflatoxin B1 is
one of the most potent hepatocarcinogens known (Guengerich et al. 1998).
Epoxidation of aflatoxin B1 is catalyzed primarily by CYP3A4 and
CYP1A2, but may also be catalyzed by peroxidases such as prostaglandin
H synthase (Gallagher et al. 1994; Battista and Marnett 1985). Epoxides
formed on benzenoid aromatics are often referred to as arene oxides.
Perhaps the most thoroughly characterized example of arene oxide forma-
tion is the epoxidation of the environmental carcinogen benzo[a]pyrene, the
7,8-epoxy-9,10-diol of which is most strongly associated with nucleic acid
binding and carcinogenicity. Epoxidation of benzene rings in pharmaceu-
tical agents is less common than with environmental compounds, although
there is evidence that thalidomide can be metabolized to an arene oxide, an
intermediate that has been implicated in its cytotoxicity and teratogenicity
(Gordon et al. 1981). Although the exact biological effects of the epoxide
metabolite(s) of thalidomide in humans are not fully understood, reactive
metabolites appear to be associated with glutathione depletion and oxida-
tive stress in animal models (Hansena, Carneyb and Harris 1999). Since the

Figure 11.1 Examples of compounds associated with reactive arene oxide metabolites.

300 R.A. Kemper and G. Lai



revival of this compound as an anti-cancer agent, there have been reports
of rare but severe hepatotoxicity in the clinic (Fowler and Imrie 2001;
Hanje et al. 2006). However, the potential role of reactive metabolites in
thalidomide-induced hepatotoxicity is still unclear. Carbamazepine can
form a reactive arene oxide (carbamazepine-10,11-epoxide) which has
been shown to covalently bind to cellular proteins and has been associated
with idiosyncratic hypersensitive reactions, including hepatotoxicity, agra-
nulocytosis, and skin rash (Park, Pirmohamed and Kitteringham 1998).
Several CYP isoforms have been implicated in bioactivation of carbama-
zepine, and CYPs 2B6 and 3A4 are likely the major contributors to the
formation of reactive metabolites (Pearce, Vakkalagadda and Leeder
2002). CYP2C8 was also shown to have a minor role in carbamazepine
epoxidation (Kerr et al. 1994). The reactive epoxide metabolite generated
from the furan moiety of furosemide has been implicated in the toxicity of
this compound, including hepatotoxicity in both humans and mice. The
role of the reactive epoxide in the hepatotoxicity of furosemide has been
demonstrated by studies in which both liver damage and covalent binding
in mice could be decreased by inhibiting epoxide formation (Mitchell et al.
1976; Walker andMcElligott 1981). Although early studies established that
epoxidation of furosemide was induced by phenobarbital but not 3-methyl-
cholanthrene (Wirth, Bettis and Nelson 1976), studies aimed at identifica-
tion of the specific CYP isoforms involved in this reaction have not been
published. Epoxidation may play a role in the hepatotoxicity of thiophene-
containing drugs, several of which have been associated with idiosyncratic
reactions involving liver and kidney. Examples include ticrynafen (removed
from the market post approval for liver toxicity) and tenidap (withdrawn
post new drug application (NDA) submission for both liver and kidney
toxicity). Reactive oxidative metabolites of the thiophene nucleus have
been implicated in the mechanism of toxicity of these compounds. How-
ever, it is unclear whether a thiophene epoxide or a thiophene sulfoxide
metabolite is the ultimate toxic species (Bonierbale et al. 1999). In the case
of tienilic acid (ticrynafen), it has been suggested that CYP2C9 was pri-
marily responsible for covalent binding, followed by CYP2C19 and
CYP2C8 (Jean et al. 1996). This compound also caused mechanism-
based inactivation of recombinantly expressed CYP2C9.

Some epoxides and arene oxides, such as the 4,5-epoxide of benzo[a]-
pyrene, are detoxified to corresponding diols by epoxide hydrolases. Epox-
ide hydrolases can be membrane-bound or cytosolic, each form having a
distinct substrate specificity. These enzymes are found in organs involved
in elimination of xenobiotics along with cytochromes P450. It is thought
that one of major functions of epoxide hydrolases is detoxification of
highly reactive epoxides and arene oxides that are generated as intermedi-
ates during cytochrome P450-mediated metabolism. Epoxides and arene
oxides that are resistant to epoxide hydrolase activity, such as benzo[a]-
pyrene-7,8-dihydrodiol-9,10-epoxide are generally more toxic.

11.4.2. Michael Acceptors

a,b-Unsaturated carbonyls and imines are reactive electrophilic species that
can form covalent adducts with biologically important nucleophiles via 1,4-

Chapter 11 Hepatic Bioactivation and Drug-Induced Liver Injury 301



or 1,2- Michael addition reactions (Figure 11.2). Since the electron density
of these conjugated systems is delocalized over three carbons and the
heteroatom, Michael acceptors are considered soft electrophiles. Soft
nucleophiles, such as glutathione or the reduced sulfhydryl groups of pro-
teins, are referred to as Michael donors. Acetaminophen and amodiaquine
are examples of compounds containing a para-substituted acetanilide core
that can be biotransformed into reactive Michael acceptors. The antimalar-
ial drug amodiaquine can be bioactivated to a reactive quinone imine species
by both cytochromes P450 in liver and myeloperoxidases in neutrophils.
This reactive metabolite is thought to be responsible for the idiosyncratic
hepatotoxicity and agranulocytosis associated with amodiaquine therapy
(Park, Pirmohamed and Kitteringham 1998). The NSAID diclofenac has
been associated with relatively high incidence of hepatotoxicity. Through
cytochrome P450-mediated metabolism, diclofenac forms reactive quinone
imines and arene oxides, both of which can be trapped by glutathione (Poon
et al. 2001; Yan et al. 2005). As with many other NSAIDs, diclofenac also
contains a carboxylic acid group that forms a reactive acyl glucuronide via
UDP-glucuronosyltransferase-mediated conjugation (described later). The
combination of these reactive metabolites may act synergistically to cause
the observed hepatotoxicity of NSAIDs (Nelson 2001; Figure 11.3). Qui-
nones and quinone methides are also reactive Michael acceptors that may
contribute to adverse reactions of several drugs, such as prinomide,

Figure 11.2 Examples of bioactivation to Michael acceptors.
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trimethoprim (Parrish et al. 1997; Lai, Zahid and Uetrecht 1999), and
troglitazone (Kassahun et al. 2001). In addition to formation of adducts
with nucleophiles, quinones may also undergo a single-electron reduction to
semiquinone free radicals and produce oxidative stress in liver and other
tissues. Redox cycling of quinones is discussed in more detail in a later
section of this chapter and is the primary subject of Chapter 7 of this volume.

11.4.3. Acetyl Halides

The inhalational anesthetic halothane induces a rare, but potentially
severe hepatitis in humans by an immune-mediated mechanism.
Halothane is metabolized by human CYP2E1 to a reactive trifluoroacetyl
chloride, which binds covalently to proteins by nucleophilic substitution
with the chloride ion as the leaving group. Autoantibodies against the
trifluoroacetyl antigen and endogenous antigens on microsomal proteins
have been detected in the serum of patients who developed hypersensitivity
against halothane. Interestingly, a structural analogue of halothane, iso-
flurane is metabolized to essentially the same reactive metabolite but to a
much lesser extent, and the risk of hepatotoxicity has been shown to be
significantly reduced relative to halothane (Pohl et al. 1988; Njoku et al.
1997; Figure 11.4). These data clearly implicate the acyl chloride moiety in
the mechanism of anesthetic-induced idiosyncratic hepatotoxicity.

11.4.4. Hydroxylamines and Nitroso Compounds

The use of sulfonamide-containing antibiotics has been linked to a relatively
high incidence (�0.1%) of idiosyncratic reactions including hepatotoxicity
(Cribb et al. 1996a). Sulfamethoxazole, the most commonly used sulfona-
mide, is metabolized by CYP2C9 to the corresponding hydroxylamine,
which is further oxidized to reactive nitroso metabolite (Figure 11.5). The
nitroso metabolite can covalently bind to sulfhydryl-containing proteins by

Figure 11.3 Multiple bioactivation pathways leading to reactive metabolites of diclofenac.

Chapter 11 Hepatic Bioactivation and Drug-Induced Liver Injury 303



forming sufinamides, which have been implicated in both direct and
immune-mediated toxicity (Cribb et al. 1996b). Other aromatic amines,
such as procainamide, are also metabolized to reactive nitroso metabolites.
Bioactivation of some aromatic amines involves a two-step pathway in
which the parent amine is metabolized to the corresponding hydroxylamine,
followed by conjugation of the hydroxylamine by sulfate or acetate. These
conjugates are often unstable and may readily decompose to form reactive
nitrenium ions, which can bind to nucleophilic groups inmacromolecules. If
one of the carbon atoms adjacent to the nitrenium nitrogen is unsubstituted,
a carbonium–nitrenium resonance pair may occur, leading to formation of
both nitrogen-centered and carbon-centered covalent adducts, both of
which may contribute to carcinogenicity and toxicity of aromatic amines
such as acetylaminofluorene (Guengerich 2002). Hydroxylamine and
nitroso intermediates can also be generated from nitroaromatics by reduc-
tive metabolism. For example, the antitumor agent misonidazole is known
to be reduced to hydroxylamine and nitroso intermediates, which contribute
to its selective cytotoxicity toward hypoxic cells (Varghese and Whitmore
1985; Djuric 1989).

Figure 11.4 Bioactivation of inhalational
anesthetics to reactive acetyl chlorides.

Figure 11.5 Formation of reactive hydroxylamines and nitroso compounds.
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11.4.5. Carbocations

Hydrazines are bioactivated by cytochromes P450 or flavin-containing
monooxygenases to highly reactive carbocations via diazonium intermedi-
ates. Isoniazid, used widely for treatment of tuberculosis, has been asso-
ciated with severe liver toxicity in a relatively high proportion of patients. In
a process catalyzed by NATs and CYP2E1, the drug is initially acetylated
and then further bioactivated to the reactive acylating carbocation (Fig-
ure11.6). The reactive metabolite modifies proteins both in vitro and in vivo
and is thought to be responsible for hepatotoxicity (Nelson et al. 1976).
Isoniazid is mostly acetylated by the highly polymorphic NAT2. Since N-
acetylation is the initial step leading to the reactive carbocation, it might be
expected that fast acetylators would be more vulnerable to isoniazid hepa-
totoxicity. Some early clinical observations support this hypothesis (Yama-
moto, Suou and Hirayama 1986). However, further acetylation of
acetylhydrazine to diacetylhydrazine is a detoxification process and can
compete with the oxidative formation of the reactive carbocation. Recent
clinical studies suggest that the slow acetylators may actually be more
susceptible to isoniazid-induced hepatotoxicity (Huang et al. 2002).

11.4.6. Free Radicals

Some chemical structures may be metabolized to relatively stable free
radicals. Carbon tetrachloride, a common halogenated solvent, is a well-
known hepatotoxin. It is bioactivated to a trichloromethyl free radical by
cytochrome P450-mediated reductive dehalogenation. The carbon- cen-
tered free radical can initiate lipid peroxidation and lead to cellular mem-
brane damage. Although the specific isoform(s) responsible for this
reaction have not been identified, the rate of the reaction was increased
by induction with phenobarbital but not 3-methylcholanthrene (Frank,
Haussmann and Remmer 1982), suggesting minimal involvement by
CYP1A isoforms. The inhalational anesthetic halothane can also be

Figure 11.6 Bioactivation and detoxification of isoniazid.
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converted by reductive dehalogenation to a free radical (Figure 11.7), a
reaction that has been associated with halothane-induced hepatotoxicity
in rats (Cheeseman et al. 1985; De Groot and Sies 1989). It is unclear if this
mechanism is also operative in human halothane-induced hepatotoxicity.

Quinones may undergo one-electron or two-electron reduction to semi-
quinone radicals or hydroquinones, respectively. Under aerobic condi-
tions most semiquinone radicals are reoxidized back to quinones
generating superoxide anion during the process (Figure 11.8). The resul-
tant superoxide anions may undergo enzymatic or spontaneous dismuta-
tion to form hydrogen peroxide, which may ultimately generate hydroxyl
free radicals via Fenton chemistry. Hydroxyl radicals are extremely reac-
tive and can damage cellular membranes by initiation of lipid peroxidation
leading to cell death. Hydroxyl radicals also bind to nucleobases and the
sugar moieties in DNA, resulting in mutations and strand breaks (Marti-
nez et al. 2003). Usually, cellular defensive systems, such as GSH or
catalase are able to protect the cell from the quinone-induced oxidative
stress. However, when these systems are compromised due to depletion of
GSH or alkylation of cellular enzymes, uncontrolled oxidative stress can
lead to hepatotoxicity (O’Brien 1991).

11.4.7. Acyl Glucuronides and Acyl-CoA thioesters

Covalent binding to proteins has been demonstrated for numerous acyl
glucuronides both in vitro and in vivo. Acyl glucuronides are formed by
glucuronidation of carboxylic acid-containing compounds. Glucuronidation
is normally associatedwith rapid clearance and detoxification of xenobiotics.
However, covalent modification of protein, as a consequence of the

Figure 11.7 Formation of free
radicals of carbon tetrachloride
and halothane.

N
A

D
P

H
-Q

ui
no

ne
 O

xi
do

re
du

ct
as

e 

P
-4

50
 R

 

O2 

H2O 
H2O + O2 

SOD 

O2 

mitochondrial 
cytochrome c 

C
atalase 

G
S

H
 oxidase 

G
S

H
 r

ed
uc

ta
se

 

O2 H2O2 

OH 

2 GSH 

GSSG NADPH 

NADP+

Q 

QH 

P
-4

50
 R

. 

. 

QH2 

.. 

. 

Figure 11.8 Quinone-induced free radical formation and oxidative stress.
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formation of these acyl glucuronides, is thought to contribute to some severe
adverse reactions, including general anaphylactic reactions, various hemato-
logical toxicities, and hepatotoxicity (Benet et al. 1993; Boelsterli, Zimmer-
man and Kretz-Rommel 1995; Spahn-Langguth, Dahms and Hermening
1996). Carboxylic acids can also form acyl-CoA thioesters (Figure 11.9).
Since the CoA moiety is a good leaving group, these thioesters may also
contribute to the covalent binding associated with carboxylic acids (Boel-
sterli 2002). Although the 1-O-acyl glucuronides of both zomepirac and
tolmetin are among the most reactive glucuronide conjugates characterized
to date, they can also be metabolized to reactive acyl-CoA thioesters, and
recent studies suggest that these reactive acyl-CoA intermediates play a role
in covalent modification of hepatic protein both in vitro and in vivo (Olsen et
al. 2005, 2007).

A number of carboxylic acid-containing drugs, primarily NSAIDs,
have been associated with reactive conjugate formation (Table 11.2), and
several carboxylic acid-containing NSAIDs have been withdrawn from
the market due to an unacceptably high incidence of severe adverse drug
reactions including hepatotoxicity. These include benoxaprofen, brom-
fenac, tolmetin, ibufenac, and zomepirac (Bakke et al. 1995; FDA 2000),
all of which are metabolized to acyl glucuronides in humans. Some
carboxylic NSAIDs exhibit a lower incidence of toxicity. Ibuprofen is
generally considered to be the safest NSAID with very rare incidences of

Figure 11.9 Bioactivation of carboxylic acids via glucuronidation and acyl-CoA conjugation.
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hepatotoxicity and anaphylaxis (Boelsterli, Zimmerman and Kretz-
Rommel 1995; van Puijenbroek et al. 2002). However, ibuprofen use
can lead to hepatotoxicity in patients with chronic hepatitis C (Riley
and Smith 1998), lending credence to the idea that underlying liver
disease may increase susceptibility to some types of DILI. While forma-
tion of acyl glucuronides and consequent hepatotoxicity appears to be a
class effect of NSAIDs, this mechanism is also operative in other classes
of drugs. Trovafloxacin is a recent example of a non-NSAID carboxylic
acid-containing drug that causes idiosyncratic hepatotoxicity and leuko-
penia. This has led to restricted use of this drug (FDA 2000a).

11.5. Molecular Targets of Reactive Metabolites in Liver

The early studies of Mitchell and colleagues (Mitchell et al. 1973a, 1973b)
highlighted the critical role of covalent binding to the hepatotoxicity of
compounds such as acetaminophen and bromobenzene. Similarly, the pio-
neering studies of Elizabeth and JamesMiller on the genotoxic and carcino-
genic mechanism of polycyclic aromatic amines and other hepato-
carcinogens demonstrated the fundamental importance of covalent binding
to DNA in chemical carcinogenesis. Over the past several decades, the
hepatotoxicity of numerous drugs and environmental chemicals has been
found to be associated with bioactivation and covalent binding to hepatic
proteins, and this has led to the general hypothesis that covalent binding of
reactive metabolites to critical proteins is often a prerequisite for develop-
ment of target organ toxicity. On the other hand, some studies have demon-
strated that target organ toxicity can be attenuated by pharmacological or
other intervention without a corresponding decrease in overall covalent
binding, and such results have called the covalent binding hypothesis into
question. Early studies relied heavily on the use of radiolabeled test
compounds for detection and study of covalent binding. While these
studies provide definitive evidence for covalent modification of proteins,
they lack specificity and only supply information on the extent of overall
binding. More recent studies using immunological techniques and mass
spectrometry have started to identify individual target molecules for
reactive metabolites of specific drugs. Such studies suggest that toxicity
may correlate more closely with covalent modification of specific target
proteins than with overall covalent binding, providing a rationale for the
seemingly contradictory results of earlier studies. In this section we
discuss identification of specific targets for reactive intermediates of
selected drugs in the liver and present evidence linking modification of
these targets with the observed toxicity. The analgesic drug acetamino-
phen and the NSAID diclofenac were chosen to illustrate these principles
since these are two of the most extensively characterized hepatotoxic
drugs in the public literature.

11.5.1. Acetaminophen

Perhaps the most thoroughly studied example of drug-induced hepatotoxi-
city related to bioactivation and covalent binding is that of the common

308 R.A. Kemper and G. Lai



analgesic and antipyretic drug acetaminophen (APAP). APAP is responsi-
ble for approximately 74% of all cases of drug-induced liver failure, largely
related to accidental overdose or suicide attempts. Overdose of APAP is
associated with centrilobular necrosis, and is characterized by massive
elevations in serum transaminase levels. A series of pivotal mechanistic
studies conducted at the National Institutes of Health (Jollow et al. 1973;
Mitchell et al. 1973a, 1973b) demonstrated that the time course and severity
of APAP hepatotoxicity correlated with covalent binding of 14C-APAP to
hepatic proteins, and that electrophile scavengers such as N-acetylcysteine
(Mucomyst1), which decrease covalent binding, also protect against hepa-
totoxicity. In these studies, the protective effect of CYP inhibitors and the
aggravating effect of CYP inducers on APAP-mediated hepatotoxicity
clearly demonstrated the critical role of bioactivation in toxicity.

Despite intensive efforts by numerous laboratories, the molecular
mechanisms of APAP-induced hepatotoxicity are still incompletely under-
stood. While it is generally agreed that depletion of hepatic GSH is a
prerequisite for development of hepatotoxicity, there is still much debate
as to whether the critical initiating event in APAP toxicity is covalent
binding of the reactive metabolite NAPQI to critical target proteins or
oxidative stress. A critical role for covalent binding to hepatic proteins is
supported by immunohistochemical studies, which demonstrated that
patterns of APAP–cysteine adduct formation in the liver of treated mice
tracked with histopathological evidence of toxicity with respect to locali-
zation, severity, dose–response, and time course (Roberts et al. 1991).
Originally, it was thought that the overall accumulation of nonspecific
covalent adducts eventually led to compromised cellular function resulting
in necrotic cell death. However, the observation of similar levels of cova-
lent binding with the nontoxic APAP isomer 3-hydroxyacetanelide sug-
gested that binding to specific targets, rather than overall covalent binding
was a key feature of APAP-induced hepatotoxicity (Bessems and Vermeu-
len 2001). Numerous cellular proteins have now been found to be specific
targets for APAP covalent binding (James, Mayeux and Hinson 2003).
Proteins targeted by APAP are found in a variety of subcellular compart-
ments including the endoplasmic reticulum, mitochondria, nucleus, and
cytosol. Among the proteins for which APAP adducts have been identi-
fied, several are enzymes involved in cellular bioenergetics. The activities
of several of these enzymes are decreased following formation of APAP
adducts, and enzyme inhibition is thought to play a role in some aspects of
APAP-induced hepatotoxicity. For example, covalent binding of NAPQI
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in vitro has
been found to decrease the activity of this enzyme by more than 80%
(Dietze et al. 1997). Inhibition of this enzyme is the result of binding of
NAPQI to Cys-149 in the active site of GAPDH, andmay contribute to the
decrease in ATP production observed following administration of APAP
to mice (Tirmenstein and Nelson 1990). Another enzyme targeted by
NAPQI is 10-formyl-tetrahydrofolate dehydrogenase, which converts for-
maldehyde to CO2. The activity of this enzyme was decreased by approxi-
mately 20% in mice treated with APAP (Pumford, Martin and Hinson
1997). Glutamate dehydrogenase, which is responsible for metabolism of
glutamate to a-ketoglutarate andNH3, was also inhibited by about 25% in
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APAP-treated mice. Zhou et al. (1996) have demonstrated covalent bind-
ing of NAPQI to endoplasmic reticulum proteins calreticulin and protein
disulfide isomerase, both of which play a role in intracellular calcium
homeostasis. These authors postulated that interference with the function
of these proteins may be related to the increase in intracellular Ca2þ

observed following treatment of mice with APAP (Corcoran, Wong and
Neese 1987, 1988). Another common target of covalent binding for APAP
is the so-called acetaminophen binding protein (ABP), also known as
selenium binding protein (Pumford, Martin and Hinson 1992; Hoivik et
al. 1996). ABP is a 58-kDa cytosolic protein whose physiological function
is currently unknown. The toxicological significance of covalent modifica-
tion of ABP by APAP is unclear. However, after binding to NAPQI or
other electrophiles such as bromobenzene oxide, ABP translocates to the
nucleus, and has thus been suggested to play a role in cellular signaling and
defense against electrophiles (Bessems and Vermeulen 2001). In addition
to mitochondrial, microsomal, and cytosolic proteins, NAPQI has also
been found to bind to the nuclear proteins laminin A (Khairallah et al.
1995) and ribonucleotide reductase (Brunborg, Holme andHongslo 1995).
The latter target may be related to the genotoxic effects observed in rats
and mice following massive doses of APAP (Hongslo et al. 1994)

Although covalent binding of NAPQI to target proteins and inhibition
of their function likely contributes to the overall toxicity of APAP, cova-
lent binding alone is unlikely to account for the myriad biochemical effects
leading to hepatotoxicity. In most cases, the degree of inhibition observed
is modest (20–25%), and in others, the mechanistic connection of covalent
binding to hepatotoxicity is tenuous (e.g., ABP). In addition to reaction
with protein nucleophiles, NAPQI is also capable of inducing oxidative
stress, and this is thought to be a major contributing mechanism to APAP-
induced hepatotoxicity (James, Mayeux and Hinson 2003).

11.5.2. Diclofenac

Anumber of NSAIDs have been associated with hepatotoxicity in humans
and this has resulted in withdrawal of several NSAIDs from the market
(e.g., bromphenac, benoxaprofen). Diclofenac is an NSAID that has been
associated with a rare but potentially severe hepatitis that on rare occa-
sions has progressed to fulminant liver failure. Clinically, diclofenac hepa-
totoxicity is characterized by increases in serum transaminases, g-
?glutamyltransferase (GGT) and AP, jaundice, hepatomegaly, nausea,
and anorexia. Diclofenac hepatotoxicity is idiosyncratic in nature, with
an incidence in the range of 3.6 in 100 000 patients and an 8% case–fatality
rate (Aithal et al. 2004).

Evidence for the role of bioactivation in the toxicity of diclofenac
comes?from in vitro studies, which demonstrated that cytotoxicity of the
drug in rat hepatocytes was time- and dose-dependent, decreased by
CYP?inhibition, and exacerbated by CYP induction (Schmitz et al. 1992,
Kretz-Rommel and Boelsterli 1993, Jumira-Romet, Crawford and Huang
1994). The mechanism of cytotoxicity in hepatocytes appears to involve
uncoupling of oxidative phosphorylation, resulting in compromised ATP
synthesis (Ponsoda et al. 1995;Masubuchi et al. 2000). Covalent binding of
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diclofenac in rat hepatocytes was shown to occur in a time- and concentra-
tion-dependent manner, and was sensitive to UDPGT inhibitors, such as
7,7,7-triphenylheptyl-UDP and borneol (Kretz-Rommel and Boelsterli
1993). These authors also demonstrated that cytotoxicity of diclofenac
was attenuated by CYP inhibitors, but that total covalent binding
remained unchanged, indicating that covalent binding was mediated lar-
gely if not solely by acyl glucuronide formation. Thus these studies demon-
strated divergent mechanisms for direct acute toxicity and covalent adduct
formation by diclofenac. In a subsequent study (Kretz-Rommel and ?Boel-
sterli 1994), it was shown that the glucuronide moiety was retained in
covalent adducts to microsomal proteins, suggesting that covalent binding
involved ring opening and Schiff’s base formation. A mechanistic role for
covalent adduct formation, and therefore acyl glucuronide formation, was
indicated by experiments in which splenocytes from mice immunized with
a diclofenac–keyhole limpet hemocyanin (KLH) conjugate in which the
diclofenac moiety was adducted to KHL via an acyl linkage were toxic to
mouse hepatocytes treated with the parent drug. Cytotoxicity involved
both T-cell and non-T-cell-mediated mechanisms (Kretz- ?Rommel and
Boelsterli 1995). Collectively, these studies suggest that bioactivation is
intimately involved in hepatotoxicity of diclofenac, and provide evidence
that both direct cytotoxic and immune-mediated effects may play a role in
the overall mechanism of toxicity.

Specific protein targets for diclofenac metabolites have been investi-
gated by several research groups. Using a primary rat hepatocyte model,
Kretz-Rommel and Boelsterli (1993) demonstrated that 14C-diclofenac
bound with high specific activity to proteins in the endoplasmic reticulum
and plasma membrane, and that the extent of covalent binding shifted
from the microsomal fraction to the plasma membrane fraction over time.
Little adduct formation was observed in the cytosolic fraction, and the
mitochondrial fraction was not examined. The major target of diclofenac
in microsomal and plasma membrane fractions was a protein with a
molecular weight of 60 kDa. Immunochemical analysis confirmed the
presence of the 60-kDa protein adduct and revealed the presence of a
second adduct with an apparent molecular weight of 50 kDa. As demon-
strated previously, adduct formation was dependent on UDPGT activity
and was insensitive to inhibitors of CYP2C. At higher drug concentra-
tions, additional adducts were identified at 80 kDa and 126 kDa. Finally,
in vivo administration of diclofenac (30mg kg–1) to rats for 4 days resulted
in detection of the 60 kDa and 80 kDa adducts in the livers of treated rats.
Although the targets proteins were not identified, these experiments
demonstrated that binding of diclofenac metabolites to hepatocellular
proteins was relatively selective.

Selective adduct formation was also demonstrated in mice treated with
diclofenac using immunochemical techniques (Pumford et al. 1993). In this
study, target proteins with molecular weights of 50, 70, 110, and 140 kDa
were detected. The 110-kDa protein was subsequently identified as dipep-
tidyl peptidase IV (DPP), also known as CD26, and its activity was found
to be modestly inhibited by diclofenac treatment (Hargus et al. 1995). The
200-kDa protein detected with anti-diclofenac antibodies is thought to be a
dimeric form of DPP. This protein is localized to the outer hepatocyte
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membrane on the canalicular surface. Although the function of DPP in
hepatocytes is not known, its presence on the outer cell surface suggests
that it might play a role in immune-mediated hepatotoxicity by serving as a
neoantigen. Interestingly, sulindac, another NSAID associated with idio-
syncratic hepatotoxicity, also forms adducts to DPP, whereas the nontoxic
NSAID ibuprofen does not (Wade et al. 1997). Diclofenac decreases
the?functioning of other cannilicular membrane proteins, including
Mg2þ-ATPase, leucine aminopeptidase, and GGT following in vivo
administration to rats (Sallustio andHolbrook 2001). Relative enrichment
of Mg2þ-ATPase and leucine aminopeptidase in the cannilicular mem-
brane was unchanged, suggesting an in situ decrease in activity, while the
relative enrichment of GGT was decreased, suggesting redistribution of
this enzyme away from the cannilicular membrane. Consistent with this
hypothesis was the observation that diclofenac glucuronide formed
adducts upon incubation with GGT in vitro, but adduct formation had
no effect on enzyme activity.

Another specific target of diclofenac covalent binding in rats is
CYP2C11, which catalyzes bioactivation of the drug in this species
?(Masubuchi et al. 2001). Covalent binding of diclofenac to CYP2C11
appears to involve the intermediacy of an epoxide species since neither 50-
nor 40-hydroxydiclofenac, precursors of reactive benzoquinonimines, were
active. Interestingly, the human homologue CYP2C9 is not inactivated by
diclofenac, suggesting that covalent binding to CYPs is a rodent-specific
phenomenon (Tang 2003).

Both metabolic and immunological factors have been implicated
in?diclofenac-mediated hepatotoxicity in humans. Genetic polymorph-
isms in drug-metabolizing enzymes may play a role in diclofenac hepa-
totoxicity in humans. Polymorphisms in UGT2B7, CYP2C8, and
ABCC2 (MRP2) are associated with enhanced susceptibility to diclofe-
nac hepatotoxicity. The functional consequences of enzyme polymorph-
ism are unclear, as studies on the function of allelic variants have given
mixed results (Daly et al. 2007). Other genetic polymorphisms (i.e.,
cytokines) may also play a role in individual susceptibility to diclofe-
nac-induced hepatotoxicity. Patients suffering from diclofenac-induced
hepatotoxicity expressed hepatic protein adducts recognized by anti-
serum to a diclofenac–KLH conjugate. Serum from patients treated
with diclofenac with (7/7) or without (12/20) associated hepatotoxicity
contained antibodies to diclofenac–liver protein adducts. Polymorph-
isms in IL-10 (low formation) and IL-4 (high formation) were more
frequent in patients with diclofenac-associated hepatotoxicity than in
untreated controls or in patients receiving diclofenac without associated
hepatotoxicity. The combination of high IL-4 and low IL-10 could result
in a more extensive immune response, potentially contributing to devel-
opment of diclofenac-induced hepatotoxicity (Aithal et al. 2004).

Taken together, these data serve to highlight the complex, multifactorial
mechanism(s) of diclofenac hepatotoxicity. Reactive metabolites from both
phase I and phase II pathways appear to play a key role in the etiology of the
disorder. There is evidence for both a metabolic and an immunological
component, and susceptibility appears to be modulated by genetic poly-
morphisms?in drug-metabolizing enzymes and various cytokines.
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Nevertheless, despite years of intensive research, our understanding of the
mechanisms of diclofenac hepatotoxicity is far from complete.

11.6. Methods for Assessment of Reactive Metabolites

In the pharmaceutical industry, formation of reactive metabolites is one of
themajor concerns during the process of optimization of drug candidates, in
large part due to the mechanistic link with idiosyncratic toxicity. Identifica-
tion of the pathway leading to reactive metabolites is considered as one of
the key studies for understanding the mechanism of hepatotoxicity asso-
ciated with a compound of interest. To this end, several in vitro methods
have been developed for detecting the formation of reactive metabolites.

Many electrophilic reactive metabolites, particularly soft electrophiles,
can be trapped in vitro by conjugation with glutathione, an endogenous
thiol that participates in detoxification of electrophilic reactive metabolites
by forming conjugates with its nucleophilic sulfhydryl group. Conjugation
with GSH may be mediated by GSTs or may occur nonenzymatically.
Glutathione conjugates formed in the liver in vivo may be excreted intact
in bile, or converted to mercapturic acids (N-acetylcysteine conjugates) and
excreted in urine. A simple in vitro assay for detection of reactive metabo-
lite formation involves addition of glutathione to liver microsomal incuba-
tions containing the test compound to trap reactive intermediates.
Incubating the test compounds in freshly isolated hepatocytes can also
provide assessment of glutathione conjugate formation in a more physio-
logically relevant test system. To detect glutathione conjugates, mass spec-
trometry is the preferred tool, and the constant neutral loss of 129 amu
corresponding to the g-glutamyl group can be used to give relatively
selective detection for glutathione conjugates (Evans et al. 2004). In nega-
tive scan mode, the precursor of m/z 143 and 272 can also help reveal the
presence of glutathione conjugates (Dieckhaus et al. 2005). Electrophilic
reactive metabolites with more centralized areas of positive charge (hard
electrophiles) may not be trapped effectively by glutathione, but can be
trapped with cyanide ion, a hard nucleophile (Hoag et al. 1987). To facil-
itate detection of cyanide adduct by mass spectrometry, a mixture of
12C14N and 13C15N can be used as the trapping agent to produce a char-
acteristic isotope pattern (Kalgutkar et al. 2002). The results from trapping
studies are essentially qualitative, and may provide important information
on bioactivation pathway and possible structure of the reactive species.
More definitive and quantitative assessment requires covalent binding
studies using radiolabeled test compounds. More recently, semiquantitative
methods for detection of glutathione conjugates that do not rely on avail-
ability of authentic standards have been developed (Gan et al. 2005; Soglia
et al. 2006). These approaches may potentially serve as higher-throughput
surrogate for the extent of reactive metabolite generation. However, good
correlations with covalent binding have yet to be established.

The reactivity of acyl glucuronides with protein nucleophiles is corre-
lated with their chemical stability, which can be assessed by comparison of
pseudo first-order degradation half-life values of the 1-O-acyl glucuro-
nides and rate of acyl migration in a simple buffer system. This approach
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allows a rank-ordering of acylglucuronides based on their stability, pro-
viding a preliminary assessment of their potential for covalent adduct
formation (Benet et al. 1993; Bolze et al. 2002). The angiotensin II receptor
antagonist telmisartan is primarily metabolized to a very stable 1-O-acyl
glucuronide with a degradation half-life of 26 h. Its high stability was
further confirmed by its very low extent of covalent binding to human
serum albumin in contrast to the more reactive acyl glucuronide of diclo-
fenac (Ebner et al. 1999).

Mechanism-based enzyme inactivation can also serve as a surrogate
marker for the formation of reactive metabolites. Reactive metabolites
generated by drug-metabolizing enzymes (e.g., cytochromes P450) can
covalently modify the apoprotein or the heme moiety of the enzyme. In
some cases, this modification leads to irreversible inactivation of the
enzyme (for details see Chapter 5). Notable examples include troglita-
zone-mediated CYP3A4 inactivation (Lim et al. 2005) and ticrynafen-
mediated CYP2C9 inactivation (Lopez-Garcia, Dansette and Mansuy
1994). Enzyme kinetic studies offer a quantitative in vitro approach to
assess enzyme inactivation. In this approach, the test compound is incu-
bated with an enzyme source (usually microsomes) for varying lengths of
time after which the residual enzyme activity is measured using selective
probe substrates. Loss of CYP enzyme activity that is time-, concentra-
tion-, NADPH-dependent and demonstrates saturation kinetics indicates
potential mechanism-based inactivation of the enzyme (Silverman 1988).
The apparent inactivation may be due to formation of reactive species that
bind irreversibly to the enzyme apoprotein. However, CYP enzyme inac-
tivation can also occur through metabolite complex formation with the
heme, and not all reactive metabolites lead to enzyme inactivation (De
Montellano and Correia 1995). Overall, mechanism-based enzyme inacti-
vation studies can indicate the propensity of a test compound to be
metabolized to reactive intermediates and provide useful information on
the potential kinetic interactions with coadministrated substrates for the
same enzyme. However, although enzyme inactivation may suggest the
formation of reactive metabolites, additional experiments are required to
definitively demonstrate this mechanism.

Covalent binding is a more definitive method to address the forma-
tion of reactive metabolites. In drug development, the use of radiola-
beled tracers can provide an early assessment of the propensity of a
drug candidate to undergo covalent binding to cellular macromolecules
(Pohl and Branchflower 1981; Baillie and Kassahun 2001). Covalent
binding of a reactive metabolite to proteins can also be detected by
immunological methods. However, this is a very time-consuming
approach requiring generation of antibodies to the reactive metabolite
bound to protein. Covalent binding studies can be performed both in
vitro and in vivo. An advantage of the in vitro approach is that human
tissue can be used (e.g., human liver microsomes). Covalent binding
studies clearly demonstrate a direct consequence of formation of a
reactive metabolite, that is, binding to a protein. Hepatocytes provide
both the activating enzymes and also possible detoxification pathways
(further metabolism and protective thiols), as well as the molecular
targets of reactive metabolites.
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In vivo studies provide the most physiologically relevant test for reac-
tive metabolite formation; as such studies permit the observation covalent
binding and toxicity in whole animals. However, differences in the activat-
ing enzymes (e.g., cytochromes P450) between species may limit the utility
of data generated in intact animals for the prediction of covalent binding
potential in humans. Therefore, in vivo results in animals should be
compared to in vitro findings in order to relate to possible outcomes in
humans. In a procedure developed at Merck Co. (Evans et al. 2004), rats
are administered a standard dose of the test article with a specified level of
radioactivity and the extent of covalent binding of 14C in liver extracts is
measured. Covalent adducts of drug-related material (total radioactivity)
bound to liver protein of greater than 50 pmol mg–1 protein are considered
a high risk. This cutoff value was assigned based on covalent binding
analysis of some model hepatotoxins and incorporating a 20-fold safety
margin (Evans et al. 2004). In view of the difficulties in extrapolating
between in vitro and in vivo, it is usually not possible to quantitatively
predict in vivo consequences from in vitro data. These different
approaches complement each other, providing corroborating data. In
short, the approach of assessing covalent binding in drug discovery and
development can help characterize the risk associated with chemical insults
of potential drug candidates mediated by reactive intermediates.

11.7. Conclusions

Drug-related hepatotoxicity continues to be a significant cause for failure
of new pharmaceutical agents in clinical trials and post-launch. Despite
years of intensive research, we are only beginning to scratch the surface
with respect to our mechanistic understanding of DILI. In vitro and pre-
clinical screening approaches such as glutathione trapping and assessment
of covalent binding provide a means for drug discovery scientists to mini-
mize the potential for formation of reactive metabolites. Though the
ultimate impact of these approaches on late-stage attrition remains to be
seen, the general opinion is that by minimizing bioactivation potential, we
will also minimize the risk of many drug-related adverse reactions, parti-
cularly idiosyncratic toxicity. Powerful technologies, such as ‘‘omics’’,
promise new insight intomechanisms of hepatotoxicity and the role played
by reactive metabolites. It is to be hoped that increased mechanistic under-
standing offered by such technologies will stimulate development of
improved pre-clinical screening and testing methodologies, dramatically
improving the safety of new drugs entering the market.
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Dietze, E. C., Schäfer, A., Omichinski, J. G., and Nelson, S. D. 1997. Inactivation

of glyceraldehyde-3-phosphate dehydrogenase by a reactive metabolite of acet-
aminophen and mass spectral characterization of an arylated active site peptide.
Chem. Res. Toxicol. 10:1097–1103.

Djuric, Z. 1989. Reductive metabolism and DNA binding of misonidazole. Tox-
icol. Appl. Pharmacol. 101:47–54.

Ebner, T., Heinzel, G., Prox, A., Beschke, K., and Wachsmuth, H. 1999. Disposi-

tion and chemical stability of telmisartan 1-O-acylglucuronide. Drug Metab.
Dispos. 27:1143–1149.

Evans, D. C., Watt, A. P., Nicoll-Griffith, D. A., and Baillie, T. A. 2004. Drug–
protein adducts: an industry perspective on minimizing the potential for drug

bioactivation in drug discovery and development. Chem. Res. Toxicol. 17:3–16.
Fau, D., Lekehal, M., Farrell, G., Moreau, A., Moulis, C., Feldman, G. Haouzi,?

D., and Pesayre, D. 1997. Diterpenoids from germander, an herbal medicine,

induce apoptosis in isolated rat hepatocytes. Gastroenterology 113:1334–1346.
FDA. 2000. Clinical White Paper. CDER-PhRMA-AASLD Conference on Drug-

induced Hepatotoxicity pp. 1–13.

Fowler, R., and Imrie, K. 2001. Thalidomide-associated hepatitis: a case report.
Am. J. Hematol. 66:300–302.

Frank, H., Haussmann, H. J., and Remmer, H.1982. Metabolic activation of
carbon tetrachloride: induction of cytochrome P-450 with phenobarbital or 3-

methylcholanthrene and its effect on covalent binding. Chem. Biol. Interact.
40:193–208.

Gallagher, E.P., Wienkers, L.C., Stapleton, P.L., Kunze, K.L., and Eaton, D.L.

1994. Role of human microsomal and human complementary DNA-expressed
cytochromes P4501A2 and P4503A4 in the bioactivation of aflatoxin B1. Cancer
Res. 54:101–108.

Chapter 11 Hepatic Bioactivation and Drug-Induced Liver Injury 317



Gan, J., Harper, T. W., Hsueh, M. M., Qu, Q., Humphreys, W. G. 2005. Dansyl

glutathione as a trapping agent for the quantitative estimation and identification
of reactive metabolites. Chem. Res. Toxicol. 18:896–903.

Glatt, H. 1997. Bioactivation of mutagens via sulfation. FASEB J. 11:314–321.

Glatt, H. 2000. Sulfotransferases in the bioactivation of xenobiotics. Chem. Biol.
Interact. 129:141–170.

Glatt, H., Boeing, H., Engelke, C. E. H.,Ma, L., Kuhlow, A., Pabel, U., Pomplun,?

D., Teubner, W., and Meinl, W. 2001. Human cytosolic sulfotransferases:
genetics, characteristics, toxicological aspects. Mutat. Res. 482:27–40.

Gordon, G. B., Spielberg, S. P., Blake, D. A., and Balasubramanian, V. 1981.

Thalidomide teratogenesis: Evidence for a toxic arene oxide metabolite. Proc.
Natl. Acad. Sci. USA 78:2545–2548.

Grillo, M. P., Hua, F., Knutson, C. G., Ware, J. A., and Li, C. 2003. Mechanistic
studies on the bioactivation of dichlofenac: Identification of dichlofenac-S-acyl-

glutathione in vitro in incubations with rat and human hepatocytes. Chem. Res.
Toxicol. 16:1410–1417.

Guengerich, F.P. 1996. The chemistry of cytochrome P450 reactions. In:

Cytochrome P450: Metabolic and toxicological aspects. C. Ioannides ed,
pp. 55–74. CRC Press, Boca Raton.

Guengerich, F. P., Johnson, W. W., Shimada, T., Ueng, Y. F., Yamazaki, H., and

Langouet, S. 1998. Activation and detoxication of aflatoxin B1. Mutat. Res.
402:121–128.

Guengerich, F. P. 2002. N-hydroxyarylamines. Drug Metab. Rev. 34:607–623.
Haenen, G. R. M., Vermeulen, N. P. E., Tai Tin Tsoni, J. N. L., Regetti, H. M. N.,

Timmerman, H., and Bast, A. 1988. Activation of the microsomal glutathione
S-?transferase and reduction of the glutathione dependent protection against
lipid?peroxidation by acrolein. Biochem. Pharmacol. 37:1933–1938.

Hanje, A. J., Shamp, J. L., Thomas, F. B., and Meis, G. M. 2006. Thalidomide-
induced severe hepatotoxicity. Pharmacotherapy 26:1018–1022.

Hansena, J. M., Carneyb, E. W., and Harris C. 1999. Differential alteration by

thalidomide of the glutathione content of rat vs. rabbit conceptuses in vitro.
Reprod. Toxicol. 13:547–554.

Hargus, S. J., Martin, B. M., George, J. W., and Pohl, L. R. 1995. Covalent

modification of rat liver dipeptidyl peptidase IV (CD26) bu the nonsteroidal
anti-inflammatory drug diclofenac. Chem. Res. Toxicol. 8: 993–996.

Hoag, M. K., Trevor, A. J., Kalir, A., Castagnoli, N. Jr. 1987. Phencyclidine
iminium ion. NADPH-dependent metabolism, covalent binding to macromole-

cules, and inactivation of cytochrome(s) P-450. DrugMetab. Dispos. 15:485–490.
Hoivik, D. J.,Manautou, J. E., Tveit, A.,Mankowski, D. C., Khairallah, E. A. and
Cohen, S. D. 1996. Evidence suggesting that the 58-kDa acetaminophen binding

protein is a preferential target for acetaminophen electrophile. Fund. Appl.
Toxicol. 32:79–86.

Hongslo, J. K., Smith, C. V., Brunborg, G., Soderlund, E. J. andHolme, J. A. 1994.

Genotoxicity of paracetamol in mice and rats. Mutagenesis 9: 93–100.
Huang, Y. S., Chern, H. D., Su, W. J., Wu, J. C., Lai, S. L., Yang, S. Y., ?Chang,??
F.??Y., and Lee, S. D. 2002. Polymorphism of theN-acetyltransferase 2 gene as a
susceptibility risk factor for antituberculosis drug-induced hepatitis. Hepatology

35:883–889.
Inskeep, P. B., Koga, N., Cmarik, J. L., and Guengerich, F. P. 1986. Covalent
binding of 1,2-dihaloalkanes to DNA and stability of the major DNA adduct,

S42-(N7-guanyl)ethyl] glutathione. Cancer Res. 46:2839–2844.
James, L. P., Mayeux, P. R. and Hinson, J. A. 2003. Acetaminophen-induced
hepatotoxicity. Drug Metab. Dispos. 31:1499–1506.

318 R.A. Kemper and G. Lai



Jaeschke, H., Gores, G. J., Cederbaum, A. I., Hinson, J. A., Pessayre, D., and

Lemasters, J. J. 2002. Mechanisms of hepatotoxicity. Tox. Sci. 65:166–176.
Jean, P., Lopez-Garcia, P., Dansette, P., Mansuy, D., and Goldstein, J.L. 1996.

Oxidation of tienilic acid by human yeast-expressed cytochromes P-450 2C8,

2C9, 2C18, and 2C19. Evidence that this drug is a mechanism-based inhibitor
specific for cytochrome P-450 2C9. Eur. J. Biochem. 241: 797–804.

Jollow, D. J.,Mitchell, J. R., Potter, W. Z., Davis, D. C., Gillette, J. R. and

Brodie,??B. B. 1973. Acetaminophen-induced hepatic necrosis. II. Role of cova-
lent binding in vivo. J. Pharmacol. Exp. Ther. 187:195–202.

Jumira-Romet, M., Crawford, K. and Huang, H. S. 1994. Comparative cytotoxi-

city of non-steroidal anti-inflammatory drugs in primary cultures of rat hepato-
cytes. Toxicol. in Vitro 8:55–66.

Kalgutkar, A. S., Dalvie, D. K., O’Donnell, J. P., Taylor, T. J., Sahakian, D. C.
2002. On the diversity of oxidative bioactivation reactions on nitrogen- ?contain-

ing xenobiotics. Curr. Drug Metab. 3:379–424.
Kaplowitz, N. 2005. Idiosyncratic drug hepatotoxicity. Nature Rev. Drug Discov.

4:489–499.

Kassahun, K., Pearson, P. G., Tang, W., McIntosh, I., Leung, K., Elmore, C.,
Dean, D., Wang, R., Doss, G., Baillie, T. A. 2001. Studies on the metabolism of
troglitazone to reactive intermediates in vitro and in vivo. Evidence for novel

biotransformation pathways involving quinone methide formation and thiazo-
lidinedione ring scission. Chem. Res. Toxicol. 14:62–70.

Kerr, B. M., Thummel, K. E., Wurden, C. J., Klein, S. M., Kroetz, D. L.,
Gonzalez, F. J., and Levy, R. H. 1994. Human liver carbamazepine metabolism:

Role of CYP3A4 and CYP2C8 in 10,11-epoxide formation. Biochem. Pharma-
col. 47:1969–1979.

Khairallah, E. A., Bruno, M. K., Hong, M. and Cohen, S. D. 1995. Cellular

consequences of protein adduct formation (abstract). Toxicologist 15:86.
Knowles, S. R., Uetrecht, J., and Shear, N.H. 2000. Idiosyncratic drug reactions:

the reactive metabolite syndromes. Lancet 356:1587–1591.

Kretz-Rommel, A., and Boelsterli, U. A. 1993. Diclofenac covalent binding is
dependent on acyl glucuronide formation and is inversely related to P450-
mediated acute cell injury in cultured rat hepatocytes. Toxicol. Appl. Pharmacol.

120:155–161.
Kretz-Rommel, A., and Boelsterli, U. A. 1994. Mechanism of covalent adduct

formation of diclofenac to rat hepatic microsomal proteins: Retention of the
glucuronic acid moiety. Drug Metab. Dispos. 22:956–961.

Kretz-Rommel, A., and Boelsterli, U. A. 1995. Cytotoxic activity of T-cells and
non T-cells from diclofenac-immunized mice against cultured syngeneic hepato-
cytes exposed to diclofenac. Hepatology 22:213–222.

Lai, W. G., Zahid, N., and Uetrecht, J. P. 1999. Metabolism of trimethoprim to a
reactive iminoquinone methide by activated human neutrophils and hepatic
microsomes. J. Pharmacol. Exp. Ther. 291:292–299.

Lake-Bakaar, G., Scheuer, P. J., and Sherlock, S. 1987 Hepatic reactions asso-
ciated with ketoconazole in the United Kingdom. Br. Med. J. 294: 419–422.

Lee, W. M. 2003. Drug-induced hepatotoxicity. N. Eng. J. Med. 349:474–485.
Lewis, D. F. V. 2004. 57 Varieties: the human cytochromes P450. Pharmacoge-

nomics 5:305–318.
Lewis, J. H. 2006. ‘Hy’s law’, the ‘Rezulin rule’ and other predictors of severe drug-

induced hepatotoxicity: putting risk–benefit into perspective. Pharmacoepide-

miol. Drug Saf. 15: 221–229.
Lim, H. K., Duczak, Jr., N., Brougham, L., Elliot, M., Patel, K., and Chan, K.

2005. Automated screening with confirmation of mechanism-based inactivation

Chapter 11 Hepatic Bioactivation and Drug-Induced Liver Injury 319



of CYP3A4, CYP2C9, CYP2C19, CYP2D6, and CYP1A2 in pooled human

liver microsomes. Drug Metab. Dispos. 33:1211–1219.
Lopez-Garcia, M. P., Dansette, P. M., and Mansuy, D. 1994. Thiophene deriva-
tives as new mechanism-based inhibitors of cytochromes P-450: inactivation of

yeast-expressed human liver cytochrome P-450 2C9 by tienilic acid. Biochemis-
try 33:166–175.

Masubuchi, Y., Yamada, S., and Horie, T. 2000. Possible mechanism of hepato-

cyte injury induced by diphenylamine and its structurally related nonsteroidal
anti-inflammatory drugs. J. Pharmacol. Exp. Ther. 292: 982–987.

Martinez, G. R., Loureiro, A. P.M.,Marques, S. A.,Miyamoto, S., Yamaguchi, L.

F., Onuki, J., Almeida, E. A., Garcia, C.M. C., Barbosa, L. F., Medeiros, M. H.
G., and Di Mascio, P. 2003. Oxidative and alkylating damage in DNA. Mutat.
Res. 544:115–127.

Matzinger, P. 1994. Tolerance, danger and the extended family. Annual Rev.

Immunol. 12:991–1045.
Navarro, V. J., and Senior, J. R. 2006. Drug-related hepatotoxicity. N. Eng. J.
Med. 354:731–739.

Mitchell, J. R., Jollow, D .J., Potter, W. Z., Davis, D. C., Gillette, J. R., and
Brodie,??B. B. 1973a. Acetaminophen-induced hepatic necrosis. I. Role of drug
metabolism. J. Pharmacol. Exp. Ther. 187:185–194.

Mitchell, J. R., Jollow, D. J., Potter, W. Z., Davis, D. C., Gillette, J. R., and
Brodie,??B. B. 1973b. Acetaminophen-induced hepatic necrosis. IV. Protective
role of glutathione. J. Pharmacol. Exp. Ther. 187:211–217.

Mitchell, J. R., Nelson,W. L., Potter,W. Z., Sasame, H. A., and Jollow, D. J. 1976.

Metabolic activation of furosemide to chemically reactive, hepatotoxic metabo-
lite. J. Pharmacol. Exp. Ther. 199:41–52.

Nelson, S. D. 1982. Metabolic activation and drug toxicity. J. Med. Chem.

25:753–765.
Nelson, S. D. 2001. Structure toxicity relationships – how useful are they in
predicting toxicities of new drugs. Adv. Exp. Med. Biol. 500:33–43.

Nelson, S. D., Mitchell, J. R., Timbrell, J. A., Snodgrass, W. R., and Corcoran, G.
B. 3rd 1976. Isoniazid and iproniazid: activation of metabolites to toxic inter-
mediates in man and rat. Science 193:901–903.

Njoku, D., Laster,M. J., Gong, D. H., Eger, E. I., 2 nd, Reed, G. F., andMartin, J.
L. 1997. Biotransformation of halothane, enflurane, isoflurane, and desfurane to
trifluoroacetylated liver proteins: association between protein acylation and
hepatic injury. Anesth. Analg. 84:173–178.

O’Brien, P .J. 1991. Molecular mechanisms of quinone cytotoxicity. Chem. Biol.
Interact. 80:1–41.

Olsen, J., Li, C., Bjørnsdottir, I., Sidenius, U., Hansen, S. H., and Benet, L. Z. 2005.

In vitro and in vivo studies on acyl-coenzyme A-dependent bioactivation of
zomepirac in rats. Chem. Res. Toxicol. 18:1729–1736.

Olsen, J., Li, C., Skonberg, C., Bjørnsdottir, I., Sidenius, U., Benet L. Z., and

Hansen, S. H. 2007. Studies on the metabolism of tolmetin to the chemically
reactive acyl-coenzyme A thioester intermediate in rats. Drug Metab. Dispos.
35:758–764.

Ostapowicz, G., Fontana, R. J., Schiodt, F. V., Larson, A., Davern, T. J., Han, S. H.

B., McCashland, T.M., Shakil, O., Hay, E., Hynan, L., Crippen, J. S., Blei, A. T.,
Samuel, G., Reisch, J., Lee, W. M. and the U.S. Acute Liver Failure Study
Group. 2002. Results of a prospective study of acute liver failure at 17 tertiary

care centers in the United States. Ann. Intern. Med. 137:947–954.
Park, B. K., Pirmohamed, M., and Kitteringham, N. R. 1998. Role of drug
disposition in drug hypersensitivity: a chemical, molecular, and clinical perspec-

tive. Chem. Res. Toxicol. 11:969–988.

320 R.A. Kemper and G. Lai



Parrish, D. D., Schlosser, M. J., Kapeghian, J. C., and Traina, V. M. 1997.

Activation of CGS 12094 (prinomide metabolite) to 1,4-benzoquinone by mye-
loperoxidase: implications for human idiosyncratic agranulocytosis. Fundam.
Appl. Toxicol. 35:197–204.

Pearce, R. E., Vakkalagadda, G. R., and Leeder, J. S. 2002. Pathways of carba-
mazepine bioactivation in vitro I. Characterization of human cytochromes P450
responsible for the formation of 2- and 3-hydroxylated metabolites. Drug

Metab. Dispos. 30:1170–1179.
Pichler, W. J. 2005. Direct T-cell stimulation by drugs – bypassing the innate

immune system. Toxicol. 209: 95-100.

Pirmohamed, M., Nasibitt, D. J., Gordon, F., and Park, B. K. 2002. The danger
hypothesis – potential role in idiosyncratic drug reactions. Toxicol. 181-182:
55–63.

Pohl, L. R., and Branchflower, R. V. 1981. Covalent binding of electrophilic

metabolites to macromolecules. Meth. Enzymol. 77:43–50.
Pohl, L. R., Satoh, H., Christ, D. D., andKenna, J. G. 1988. The immunologic and

metabolic basis of drug hypersensitivities. Annu. Rev. Pharmacol. Toxicol.

28:367–387.
Pol, S., Vallet-Pichard, A., and Fontaine, H. 2002. Hepatatis C and human

immune deficiency coinfection in the era of highly active retroviral therapy.

J.Viral. Hepat. 9:1–8.
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12.1. Introduction

Halogenated alkenes (e.g., trichloroethylene, tetrachloroethylene,
tetrafluoroethylene, and hexachloro-1:3-butadiene) are among several
hundred potentially dangerous toxicants listed as present in Superfund
sites in the US (http://www.atsdr.cdc.gov/cxcx3.html). Part of the US
population is exposed to haloalkenes from such sites and in the workplace
(Wu and Schaum 2000), and possibly through ‘‘recreational’’ abuse
(Marjot and McLeod 1989). Haloalkenes are nephrotoxic in experimental
animals (Dekant, Vamvakas and Anders 1994). In humans, heavy expo-
sure to trichloroethylene is associated with an increased risk of kidney
cancer (Brauch et al. 2004). The cysteine S-conjugate formed from
trichloroethylene, namely S-(1,2-dichlorovinyl)-L-cysteine (DCVC)1,
induces expression of the proto-oncogenes c-fos and c-myc in LLC-PK1

cells (a pig kidney cell line) (Vamvakas and Köster 1993).

1 Abbreviations used: AlaAT, alanine aminotransferase; AGAT II, alanine-glyoxylate

aminotransferase isoenzyme II; AspAT, aspartate aminotransferase; AOA, aminooxyacetate;

BCATc, cytosolic branched-chain amino acid aminotransferase; BCATm, mitochondrial

branched-chain amino acid aminotransferase; BCDHC, branched-chain a-keto acid dehydro-

genase complex; BTC, S-(2-benzothiazolyl)-L-cysteine; cyt, cytosolic; DCVC, S-(1,2-dichlor-

ovinyl)-L-cysteine; GST, glutathione S-transferase; GTK, glutamine transaminase K; KAT I,

kynurenine aminotransferase isoenzyme I; KGDHC, a-ketoglutarate dehydrogenase complex;

mit, mitochondrial; PCBC, S-(1,2,3,4,4-pentachloro-1,3-butadienyl)-L-cysteine; PDHC, pyru-

vate dehydrogenase complex; PLP, pyridoxal 50-phosphate; PMP, pyridoxamine 50-phosphate;
TCA cycle, tricarboxylic acid cycle; TFEC, S-(1,1,2,2-tetrafluoroethyl)-L-cysteine.
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The nephrotoxicity of halogenated alkenes is due at least in part to their
conversion to the corresponding cysteine S-conjugate followed by the
action of cysteine S-conjugate b-lyases. In this review, we describe the
cysteine S-conjugate b-lyase bioactivation pathway and identify enzymes
known to catalyze b-lyase reactions with nephrotoxic halogenated cysteine
S-conjugates. We discuss mechanisms whereby reactive fragments gener-
ated from these conjugates by the action of cysteine S-conjugate b-lyases
modify proteins, including enzymes of energy metabolism and heat shock
proteins. We also provide examples of electrophilic xenobiotics other than
haloalkenes that may also be bioactivated by mechanisms that involve
cysteine S-conjugate b-lyases.

12.2. The Mercapturate Pathway

A large number of reactive electrophiles, whether generated endogenously
or ingested, are converted to mercapturates. The mercapturate pathway
may be depicted as X (electrophile)! GSX (glutathione S-conjugate)!
L-cysteinylglycine S-conjugate ! L-cysteine S-conjugate ! N-acetyl-L-
cysteine S-conjugate (mercapturate) (Figure 12.1). (For reviews see, for
example, Chasseaud 1976; Stevens and Jones 1989; Cooper and Tate
1997). Mercapturates are often more polar and water soluble than the
parent electrophile and are readily excreted. Excretion of the mercapturate
represents a detoxification process. However, as discussed below, the
mercapturate pathway may on occasion act as a bioactivation pathway if
the cysteine S-conjugate is converted by cysteine S-conjugate b-lyases to a
reactive sulfur-containing fragment.

The first step in the mercapturate pathway is attack of glutathione
thiolate (GS–) on the electrophile generating the corresponding
glutathione S-conjugate. Glutathione S-conjugate formation may occur
spontaneously, but in most cases it is catalyzed (or accelerated) by mem-
bers of a superfamily of glutathione S-transferases (GSTs). Cytosolic
GSTs are classified into several classes (A (alpha), M (mu), P (pi),
T (theta), Z (zeta), O (omega), and S (sigma)) according to their isoelectric
point, substrate and inhibitor properties, antibody recognition, and
N-terminal amino acid sequences. Glutathione S-transferases may also
be broadly classified on the basis of their cellular location, namely micro-
somal, mitochondrial, and cytosolic (Hayes, Flanagan and Jowsey 2005).
Glutathione S-transferases catalyze three types of reactions (Anders 2004).
For example, haloalkenes and dichloroacetylene undergo GST-catalyzed
vinylic substitution (SNV) reactions, which may be either an addition
reaction (e.g., with tetrafluoroethylene (Eq. 12.1), dichloroacetylene
(Eq. 12.2)), or an addition–elimination reaction (e.g., with trichloroethy-
lene (Eq. 12.3)). Glutathione S-transferases also catalyze reactions with
epoxide moieties (e.g., in the conversion of leukotriene A4 to leukotriene
C4). Glutathione S-conjugate formation with haloalkenes is catalyzed by
both microsomal (MGST1) and cytosolic GSTs in ratios that depend to
some extent on the structure of the haloalkene (Anders 2004; Wolf et al.
1984; Wallin et al. 1988; McLellan, Wolf and Hayes 1989; Oesch andWolf
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Figure 12.1 Detoxification via the mercapturate pathway and associated side reactions. If the potential toxin
contains an electrophilic center it may react directly with GS– (reaction 1). In that case the GSTs may be
regarded as phase I detoxifying enzymes. Alternatively, the toxin may be oxidized via the P450 system prior
to the GST-catalyzed reaction to generate a metabolite with an electrophilic center. In that case the
glutathione S-transferases may be regarded as phase II detoxifying enzymes and glutathione S-conjugate
formation will require two steps (reaction 2 followed by reaction 1). Urinary metabolites of the methylthio
compound may also include a sulfoxide, a sulfone and sulfate (not shown). Enzymes: (1) glutathione
S-transferases, (2) oxidases that generate an electrophilic center for attack by GS–; (3) g-glutamyltransferase
(= g-glutamyl transpeptidase); (4) aminopeptidase M/cysteinylglycinase; (5) N-acetyltransferases; (6) ami-
noacylases; (7) cysteine S-conjugate b-lyases; (8) thiomethyltransferase; (9) UDP-glucuronosyltransferases.
Abbreviations: AdoHcy, S-adenosyl-L-homocysteine; AdoMet, S-adenosyl-L-methionine; A, amino acid or
dipeptide acceptor for the g-glutamyltransferase reaction; g-GLU-A, g-glutamyl amino acid (or
g-glutamyldipeptide).
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1989; Hargus et al. 1991; Cummings, Parker and Lash 2000; Jolivette and
Anders 2002, 2003).

F2C¼CF2 þGS� þHþ ! F2CðHÞCF2SG (12:1)

ClC�CClþGS� þHþ ! ClCðHÞ¼CðClÞSG (12:2)

ClðHÞC¼CCl2 þGS� ! ClCðHÞ¼CðClÞSGþ Cl� (12:3)

Conversion of the glutathione S-conjugate to the L-cysteinylglycine
S-conjugate, L-cysteinyl S-conjugate, and mercapturate is catalyzed by
the consecutive action of g-glutamyltransferase, aminopeptidase M/
cysteinylglycinase, and an N-acetyltransferase, respectively (Figure 12.1).

12.3. Nephrotoxic Haloalkene Glutathione- and Cysteine

S-Conjugates

Trichloroethylene induces (1) aplastic anemia in cattle and (2) kidney
damage in all animal species tested, including cattle (Lock et al. 1996).
Depending on the structure, halogenated alkenes may be metabolized by
cytochrome P450 isoenzymes (especially CYP2E1) and/or by glutathione
S-conjugation. The ratio of the two activities varies markedly among the
various halogenated alkenes. For example, hexachloro-1:3-butadiene
(Wallin et al. 1988) and tetrafluoroethylene (Odum and Green 1984) are
metabolized exclusively in rats via glutathione S-conjugation. However,
trichloroethylene and tetrachloroethylene are metabolized mainly by cyto-
chrome P450s. Only a small portion (<1%) is metabolized by glutathione
S-conjugation (e.g., Koob and Dekant 1991). Nevertheless, although the
cytochrome P450 pathway generates toxic species from trichloroethylene
and tetrachloroethylene (Bull et al. 2002), a major contributor to the
overall toxicity of trichloroethylene and tetrachloroethylene is the corre-
sponding cysteine S-conjugate despite the fact that the glutathione
S-conjugation pathway is quantitatively minor (Dekant 2003).

The glutathione S-conjugate, cysteinylglycine S-conjugate, cysteine
S-conjugate, and N-acetylcysteine S-conjugate (mercapturate) derived
from halogenated alkenes are all nephrotoxic/hepatotoxic, and in many
cases nephrocarcinogenic/hepatocarcinogenic in experimental animals
(e.g., Dekant 2003; Anders 2004; Koob and Dekant 1991; Anders and
Dekant 1994, 1998). The mercapturates derived from the halogenated
alkenes are toxic because they can be hydrolyzed back to the correspond-
ing cysteine S-conjugate by aminoacylases (e.g., Uttamsingh et al. 2000).
As noted above, the nephrotoxicity of halogenated cysteine S-conjugates is
due at least in part to the action of cysteine S-conjugate b-lyases. Thus, the
mercapturate pathway enzymes together with cysteine S-conjugate
b-lyases contribute to the bioactivation of halogenated alkenes. (For
reviews see, for example, Cooper 1998; Dekant 2003; 2004; Dekant,
Vamvakas and Anders 1994.) The reactive fragments generated from
haloalkene cysteine S-conjugates by the action of cysteine S-conjugate
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b-lyases are especially cytotoxic in experimental animals to the proximal
renal tubules, in particular to the S3 region and, to a lesser extent, the S2
region (e.g., Jones et al. 1988).

12.4. The Cysteine S-Conjugate b-Lyase Reaction

In 1965, Colucci and Buyske showed that benzothiazole-2-sulfonamide is
converted in rats, rabbits, and dogs, not only to the corresponding mer-
capturate but also to 2-mercaptobenzothiazine in which the sulfur of the
mercaptanmoiety is derived from glutathione (GSH).Work from Schultze
and colleagues suggested that the toxicity of DCVC is associated with a
‘‘C-S’’ lyase reaction. Experiments with labeled DCVC showed the forma-
tion of a reactive sulfur-containing species that adds to macromolecules,
including proteins and nucleic acids (e.g., Anderson and Schultze 1965;
Bhattacharya and Schultze 1967, 1972). It was known for many years that
several electrophilic xenobiotics (e.g., phenacetin, acetaminophen, N-
hydroxy-2-acetylaminofluorene) are thiomethylated in vivo. It was initi-
ally assumed that thiomethylation involves formation of a sulfonium
compound derived from methionine followed by decomposition of the
sulfonium compound to homoserine lactone plus methylthio compound.
However, Chatfield and Hunter (1973) showed that the conversion of 2-
acetamido-4-chloromethylthiazole to 2-acetamido-4-methylthio-
methylthiazole in rats involves the mercapturate pathway.

The mechanism for the thiomethylation reactions was elucidated by
the work of Tateishi and colleagues (1978a,b). When bromazepam was
administered to rats, the corresponding mercapturate and 60-methyl-
thiobromazepam were identified in the bile (Tateishi, Suzuki and
Shimizu 1978a). The authors also showed that the thioether bond of
the cysteine S-conjugates of 2,4-dinitrobenzene and bromobenzene was
readily cleaved by an enzyme present in rat liver cytosol. Incubation of
the purified enzyme with S-(2,4-dinitrophenyl)cysteine resulted in the
formation of pyruvate, ammonium, and 2,4-dinitrobenzenethiol. Incu-
bation of the thiol product with a microsomal thiomethyltransferase and
S-adenosylmethionine resulted in formation of the corresponding
methylthio compound (Tateishi, Suzuki and Shimizu 1978a). Tateishi,
Suzuki and Shimizu (1978a,b) coined the term ‘‘cysteine conjugate
b-lyase’’ to describe an enzyme that catalyzes b-elimination from a
cysteine S-conjugate. The net cysteine S-conjugate b-lyase-catalyzed
reaction is shown in Eq. 12.4.

XSCH2CHðNHþ3 ÞCO
�
2 þH2O! CH3CðOÞCO�2 þNHþ4 þXSH (12:4)

The actual products of the enzyme-catalyzed reaction are XSH and
aminoacrylate (CH2=C(NH3

þ)CO2
–). The latter product undergoes

nonenzymatic tautomerization to the a-imino acid (CH3C(=NH2
þ)CO2

–)
and subsequent hydrolysis to pyruvate (CH3C(O)CO2

–) and ammonium.
When the eliminated sulfur-containing fragment (XSH) is stable (i.e., does
not contain electrophilic moieties that cause XSH to be converted to an
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extremely reactive electrophile), the -SH groupmay be (1) methylated as in
the case of the sulfur-containing fragment derived from S-(2,4-dinitro-
phenyl)cysteine (Tateishi, Suzuki and Shimizu 1978a; Figure 12.1, reaction
8), or (2) glucuronidated as in the case of 2-benzothiazole derived from
benzothiazolyl-L-cysteine (BTC) (Elfarra and Hwang 1990; Figure 12.1,
reaction 9).Mercapturates, methylthio derivatives, and S-glucuronates are
readily excreted.

12.5. Identification of Cysteine S-Conjugate b-Lyases

Although Tateishi, Suzuki, and Shimizu (1978b) obtained a highly purified
preparation of a cysteine S-conjugate b-lyase from rat liver they did not
identify it. Subsequently, kynureninase (Stevens 1985) and glutamine
transaminase K (GTK) (Stevens, Robbins and Byrd 1986) were identified
as major cysteine S-conjugate b-lyases of rat liver and kidney cytosol,
respectively. Over the last 20 years many more cysteine S-conjugate
b-lyases have been identified (Table 12.1). All are pyridoxal 50-phosphate

Table 12.1 Mammalian PLP-dependent enzymes with L-cysteine S-conjugate b-lyase activity.a,b

b-Lyase substrates
Syncatalytic

inactivation

Competing

transamination

Approximate specific

activity (U mg–1c)DCVC TFEC BTC

Enzyme(cytosolic)

Kynureninase (R) þ ND þ þ ND 0.25

GTK/KAT I (R)d þ þ – – þ 0.6–6.4
cytAspAT (R) þ þ – þ – 0.04–0.16
AlaAT (P) þ þ þ þ – 0.004–0.06
BCATc (H) þ þ þ þ – 0.3–0.5

Cystathionine
g-lyase (R)

– þ – – – 0.05–0.1

Enzyme (mitochondrial)

mitAspAT (R) þ þ þ þ þ 0.8–2.3

BCATm (H) þ þ – þ – 0.2–0.5
AGAT II (R) þ þ þ þ þ 0.2
GABA
aminotransferase (P)

ND þ ND ND ND 0.016

High-Mr b-lyase (R) þ þ þ – þ 1.0–1.2

aThis table is an update of that of Cooper and Pinto (2006). For original references see Cooper and Pinto (2006). A unit

of enzyme activity is defined as the amount of enzyme that catalyzes the formation of 1mmol of pyruvate per min (usually

at 378C, but temperature was not specified in all cases). ND, not determined. Species abbreviations: R, rat; P, pig;

H, human.
bAGAT II and cystathionine g-lyase are homotetramers withMr values of �210 000 and �17 600, respectively. The high-
Mr b-lyase of rat kidney and liver homogenates has a Mr >200 000. All other enzymes listed are homodimers with Mr

values for the intact holoenzyme of �90 000 – 110 000.
cActivity with DCVC and/or TFEC.
dHuman liver contains a KAT with strong cysteine S-conjugate b-lyase activity. A cysteine S-conjugate b-lyase has been
highly purified from human kidney. The lyase activity co-purifies with GTK. The humanGTK, unlike the rat enzyme, has

activity with BTC. In the rat, some GTK activity is also present in mitochondria.
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(PLP)-containing enzymes and include (1) the cytosolic enzymes kynure-
ninase, GTK, cytosolic aspartate aminotransferase (cytAspAT), alanine
aminotransferase (AlaAT), and cytosolic branched-chain aminotransfer-
ase (BCATc), and (2) the mitochondrial enzymes mitochondrial aspartate
aminotransferase (mitAspAT), mitochondrial branched-chain amino-
transferase (BCATm), alanine-glyoxylate aminotransferase isozyme II
(AGAT II), and GABA aminotransferase (Cooper and Pinto 2006). In
addition, high-Mr b-lyases occur in both cytosolic and mitochondrial
fractions of rat kidney and, to a lesser extent, rat liver. High-Mr forms in
rat kidney cytosol andmitochondria contain GTK andmitAspAT, respec-
tively (manuscript in preparation).

Most cysteine S-conjugate b-lyases identified thus far are aminotrans-
ferases (Table 12.1), and a transamination reaction may therefore compete
with the b-elimination reaction. When transamination competes with the
b-lyase reaction, an a-keto acid substrate (or PLP) must be present in the
reaction mixture to maintain the b-elimination reaction. A half-transami-
nation reaction will convert the PLP coenzyme to its pyridoxamine
50-phosphate (PMP) form, which cannot catalyze a b-lyase reaction. The
a-keto acid substrate forms a Schiff base with PMP that is converted to the
corresponding amino acid and PLP. The PLP form of the enzyme can then
catalyze another round of the b-lyase reaction (Stevens, Robbins and Byrd
1986; Cooper 1998).

Table 12.1 indicates that cysteine S-conjugate b-lyases exhibit some
degree of substrate specificity toward the commonly used b-lyase sub-
strates (DCVC, TFEC, BTC). For example, DCVC and TFEC are
b-lyase substrates of rat kidney GTK, whereas BTC is not. Curiously,
however, BTC has been reported to be a substrate of human kidney GTK
(Lash et al. 1990). On the other hand, all three cysteine S-conjugates are
substrates of rat mitAspAT. S-(1,1,2,2-Tetrafluoroethyl)-L-cysteine
(TFEC), but not DCVC, is a b-lyase substrate of g-cystathionase.
Table 12.1 also indicates that many of the cysteine S-conjugate b-lyases
are prone to syncatalytic (i.e., self) inactivation. For example, rat liver
mitAspAT-catalyzed b-elimination with TFEC leads to inactivation on
average after about 2700 turnover events (Cooper et al. 2002). Inactivation
of human BCATm and BCATc, in the presence of TFEC, occurs on
average after about 200 and 45 turnover events, respectively (Cooper et
al. 2003). Thus, factors such as the presence or absence of a-keto acids in
the assay mixture, length of incubation time, the nature of cysteine S-
conjugate used as substrate, and organ distribution of a given PLP-depen-
dent enzyme, together with variable Km values and pH optima will affect
the apparent level of cysteine S-conjugate b-lyase activity measured in
crude tissue homogenates.

12.6. Nephrotoxicity of Haloalkene Cysteine S-Conjugates

Although GSTs are present in most tissues, the liver is the major organ
contributing to the formation of glutathione S-conjugates (Anders
2004). As noted above, the conversion of the glutathione S-conjugate
to the corresponding cysteine S-conjugate is catalyzed by the
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sequential action of g-glutamyltransferase and aminopeptidase
M/cysteinylglycinase (Figure 12.1). These ectoenzymes are present in
epithelial tissues such as bile duct, intestine, renal tubules, and choroid
plexus. The cysteine S-conjugates are taken up in the kidneys by
glomerular filtration or more importantly by active uptake (Anders
2004). Both Naþ-dependent and Naþ-independent transporters have
been implicated in the renal uptake of DCVC (e.g., Lash and Anders
1989; Schaeffer and Stevens 1987a, b; Anders 2004). Most of these
studies have focused on uptake of DCVC across the basolateral (peri-
tubular) membrane of the renal proximal cells (Wright et al. 1998).
Wright et al. (1998) showed that DCVC is taken up by a Naþ-
dependent uptake system in isolated renal brush-border membrane
vesicles. Several neutral amino acids, but especially phenylalanine,
cysteine, and leucine, compete with uptake of DCVC across the lumi-
nal membrane in this system (Wright et al. 1998).

Acivicin, a selective inhibitor of g-glutamyltransferase, protects renal
tubule cells against S-(1,2-dichlorovinyl)glutathione-induced toxicity
(Elfarra, Jakobson and Anders 1986; Lash and Anders 1986). On the
other hand, it has been reported that acivicin does not protect rats against
the nephrotoxicity of hexachloro-1:3-butadiene (Davis 1988). However,
others have shown that S-(1,2,3,4,4-pentachloro-1,3-butadienyl)-L-
cysteine (PCBC; the cysteine S-conjugate of hexachloro-1:3-butadiene) is
cytotoxic to LLC-PK1 cells (Blackmore et al. 2002). Aminooxyacetate
(AOA), a general inhibitor of PLP enzymes, protects against DCVC-
induced toxicity (e.g., Lash et al. 1986; Beuter et al. 1989; Chen et al.
1990; Chen, Jones and Stevens 1994; Blackmore et al. 2002) and PCBC-
induced toxicity (Blackmore et al. 2002) in LLC-PK1 cells. AOA partially
protects against DCVC-induced toxicity in isolated rat kidney proximal
tubules (Lash and Anders 1986), but apparently not in isolated human
renal proximal tubule cells (Cummings and Lash 2000). a-Keto acids
stimulate the toxicity of DCVC toward rat renal cells (Elfarra, Lash and
Anders 1987). Exacerbation of toxicity by a-keto acids suggests involve-
ment of aminotransferases in the bioactivation process. Taken together,
despite an occasional study to the contrary, the literature strongly supports
important roles for g-glutamyltransferase and cysteine S-conjugate
b-lyases in promoting the nephrotoxicity of halogenated alkenes.
However, it appears that human renal tissue is less susceptible than that
of rat to damage from haloalkene cysteine S-conjugates, presumably as a
result of lower specific activities of cysteine S-conjugate b-lyases in human
renal tissue and allometric scaling (see discussion by Anders 2005).

Although the evidence is strong that cysteine S-conjugate b-lyases
contribute to the nephrotoxicity of DCVC and other halogenated
cysteine S-conjugates, other studies support additional mechanisms for
bioactivation. DCVC can be oxidized by a flavin-containing monooxy-
genase to DCVC sulfoxide (Park et al. 1992), which may be even more
nephrotoxic than DCVC itself (Lash et al. 1994, 2003). Moreover, the
mercapturates derived from both trichloroethylene and tetrachloro-
ethylene are both bioactivated to their sulfoxide forms by a cytochrome
P450 (CYP3A) (Werner, Birner and Dekant 1996). One possibility for
the toxicity of DCVC sulfoxide is that cysteine S-conjugate b-lyases
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catalyze the elimination of a reactive sulfenic acid [RS(O)H], which
forms a covalent adduct to macromolecules. However, AOA is not
protective against the nephrotoxicity of DCVC sulfoxide in rats and
only partially protects against DCVC (Lash et al. 1994). Thus, sulfox-
idation of DCVC is a bioactivation event in addition to, and probably
distinct from, the b-lyase pathway (Lash et al. 1994). DCVC sulfoxide
was shown to react with GSH generating the glutathione S-conjugate, S-
[1-chloro-2- (S-glutathionyl)vinyl]-L-cysteine sulfoxide, which was iso-
lated from the bile of rats given DCVC sulfoxide (Sausen and Elfarra
1991). It has been suggested that the nephrotoxicity of DCVC sulfoxide
is related in part to oxidative stress, possibly as a result of depleted
mitochondrial GSH stores (Lash et al. 1994, 2003). The b-lyase pathway
may result in greater bioactivation of DCVC than does the oxidation
pathway in rat proximal tubules, whereas the converse may be true for
human proximal tubules (Cummings and Lash 2000). Thus, although
this review focuses on bioactivation of haloalkene cysteine S-conjugates
via cysteine S-conjugate b-lyases, it is important to note that other
bioactivation pathways exist. Moreover, species and sex differences in
the mechanisms by which certain haloalkene cysteine S-conjugates are
bioactivated must also be considered when evaluating the nephrotoxicity
of halogenated cysteine S-conjugates.

Cysteine S-conjugates derived from bromine-containing fluoroalkenes
are more mutagenic than those lacking bromine. Themutagenicity of these
cysteine S-conjugates may be associated with the formation of a reactive
2,2-difluoro-3-halothiirane following a b-lyase reaction (Anders 2004).

12.7. b-Lyase-Catalyzed Generation of Reactive Fragments

from Nephrotoxic Halogenated Cysteine S-Conjugates

Active-site-generated aminoacrylate can cause syncatalytic inactivation of
enzymes that catalyze b-elimination reactions with amino acids containing
a good leaving group in the b-position. For example, pig heart cytAspAT
is syncatalytically inactivated by b-chloro-L-alanine (Morino and
Okamoto 1973) and L-serine O-sulfate (Ueno, Likos and Metzler 1982).
Thiosulfate protects this enzyme against aminoacrylate generated from
both L-serine O-sulfate and L-cysteine sulfinic acid (Cavallini et al. 1973).
Michael addition of thiosulfate to the double bond yields cysteine sulfonic
acid. Thus, thiosulfate competes with cytAspAT for interaction with
aminoacrylate (Cavallini et al. 1973). Historically, it is interesting to note
that the ‘‘C-S’’ lyase purified by Anderson and Schultze (1965) was rapidly
inactivated by products of the reaction with DCVC.Moreover, protection
was afforded in part by GSH (Anderson and Schultze 1965). Possibly, the
‘‘C-S’’ lyase was inactivated in part by aminoacrylate and in part by a
reactive sulfur-containing fragment (see below). In that case, GSH may
have protected against inactivation by competing with a susceptible
enzyme moiety for Michael addition to aminoacrylate.

Initially, it was suggested that inactivation of pig heart cytAspAT by
aminoacrylate, generated from b-lyase reactions, is due to modification of
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an active-site lysine moiety (Morino and Okamoto 1973). Ueno and
colleagues (1982), however, showed that aminoacrylate adds to the PLP
coenzyme, resulting in the formation of a pyruvate-PLP aldol condensa-
tion product, which could also result in inactivation. Thus, the nephro-
toxicity of halogenated cysteine S-conjugates could theoretically be due to
the syncatalytic inactivation of key PLP enzymes by aminoacrylate either
reacting with susceptible protein moieties or by direct attack on the alde-
hyde group of PLP. However, toxicity through these mechanisms may be
limited to special cases because cysteine S-conjugates that undergo
b-elimination are not generally toxic if the eliminated sulfur-containing
fragment is unreactive (i.e., does not contain highly electronegative
substituents), despite the fact that aminoacrylate will be produced. An
example of a relatively nontoxic cysteine S-conjugate that undergoes
enzyme-catalyzed b-elimination in vivo is BTC. As noted above, a sul-
fur-containing elimination fragment is glucuronidated and excreted in rats
treated with BTC (Elfarra and Hwang 1990). Possibly, the aminoacrylate
is scavenged by endogenous small-Mr nucleophiles (e.g., GSH), or synca-
talytic loss of activity of PLP-containing enzymes is relatively slow.

On the other hand, if the eliminated sulfur-containing fragment is
reactive (i.e., contains highly electronegative substituents, as is the case
with cysteine S-conjugates derived from halogenated alkenes) the parent
cysteine S-conjugate may be toxic, especially to the kidneys. The cysteine
S-conjugate b-lyase reaction with DCVC (1) gives rise to pyruvate
(2), ammonium and a sulfur-containing fragment that has the theoretical
structure 1,2-dichloroethylenethiolate (3) (Figure 12.2). However,
1,2-dichloroethylenethiolate is extremely unstable and may tautomerize
to chlorothioacetyl chloride (ClC(=S)CH2Cl) (not shown) or sponta-
neously lose Cl– to form the highly reactive chlorothioketene (4) (Anders
2004; and references cited therein). The chlorothioketene reacts with a
variety of nucleophiles (Nu:) to generate a thioacylated adduct (5). In
biological systems the nucleophile can be macromolecules, such as nucleic
acids (Müller et al. 1998) and proteins (Eyre et al. 1995). This chemistry
provides an explanation for the previous finding of Anderson and Schultze
(1965), who as alluded to above, showed covalent incorporation of a
sulfur-containing fragment from DCVC into macromolecules via the
action of ‘‘C-S’’ lyases.

Figure 12.2 Bioactivation of DCVC by cysteine S-conjugate b-lyases. DCVC (1) is converted to pyruvate
(2), ammonium, and a sulfur-containing fragment that has the theoretical structure 1,2-dichloroethylene-
thiolate (3). 1,2-Dichloroethylenethiolate is unstable and loses HCl to form the highly reactive chlorothio-
ketene (4). The thioketene reacts with tissue nucleophiles (Nu:) to generate thioacylated products (5). Based in
part on Anders (2004).
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Cysteine S-conjugate b-lyase-catalyzed bioactivation of TFEC is shown
in Figure 12.3. The b-lyase reaction with TFEC (1) results in the formation
of pyruvate (2), ammonium and 1,1,2,2-tetrafluoroethanethiolate
(3). 1,1,2,2-Tetrafluoroethanethiolate is very reactive, losing F– to generate
difluorothioacetyl fluoride (4), which thioacylates nucleophiles. 35S-Label-
ing studies performed in vivo show that phosphatidylethanolamine is a
major nucleophile thioacylated in mitochondria by the action of cysteine
S-conjugate b-lyases on TFEC (Hayden et al. 1992). The e-amino group of
protein lysyl moieties are also especially vulnerable to thioacylation by 4

(Hayden and Stevens 1990; Harris, Dekant and Anders 1992; Fisher et al.
1993; Hayden et al. 1991).

Rat liver mitAspAT is syncatalytically inactivated by TFEC following
fewer b-lyase turnover events than with b-chloroalanine (Cooper et al.
2002). This finding was ascribed to the fact that only one reactive fragment
is generated from b-chloroalanine (i.e., aminoacrylate) whereas two reac-
tive fragments are generated from TFEC, namely aminoacrylate and
1,1,2,2-tetrafluoroethanethiolate (–SCF2CF2H). We have recently begun
to investigate the mechanism by which rat liver mitAspAT is syncatalyti-
cally inactivated by TFEC. Mass spectrometric analysis showed that two
active-site lysyl moieties aremodified by addition of a fragment that results
in a net gain of 100 amus for each lysyl moiety. The finding is consistent
with a -CF2CF2H linkage to the e-amino group of a lysyl residue. This
linkage apparently results from direct attack of the e-amino group of a
lysine residue on tetrafluoroethanethiolate with loss of hydrogen sulfide.
This type of addition has not been described previously, and may have
been obscured in studies with 35S-labeled TFEC as a result of loss of
radiolabel as H2S. Interestingly, another lysyl moiety distal from the active
site is modified by 96 amus, which is consistent with thioacylation. Finally,
one cysteine residue was noted to be modified by 87 amus consistent with
Michael addition of a cysteine thiolate to aminoacrylate generating a
lanthionine moiety.2 Mechanisms whereby fragments derived from a
b-lyase reaction on TFEC form covalent adducts with proteins are
shown in Figure 12.4.

Figure 12.3 Bioactivation of TFEC by cysteine S-conjugate b-lyases. TFEC (1) is converted to pyruvate
(2), ammonium, and a sulfur-containing fragment that has the structure 1,1,2,2-tetrafluoroethanethiolate
(3). 1,1,2,2-Tetrafluoroethanethiolate (3) is unstable and loses F– to form difluorothioacetyl fluoride
(4). Difluorothioacetyl fluoride reacts with tissue nucleophiles (Nu:) to generate thioacylated products
(5). Based in part on Anders (2004). Note that 3 may also react by a separate pathway. Thus, addition of 3
to a lysine residue in a protein may result in loss of H2S and modification of the e-amino group by
replacement of an H with -CF2CF2(H) (see Figure 12.4).

2 The mass spectral data have been presented at a national meeting (Villar et al. 2007).
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Figure 12.4 Protein modifications resulting from the b-lyase reaction on TFEC. The initial products of the
b-lyase reaction are aminoacrylate (1) and 1,1,2,2-tetrafluoroethanethiolate (2). Aminoacrylate tautomerizes
and hydrolyzes to pyruvate (3) and ammonium. However, in the presence of suitable nucleophiles such as
RSH (e.g., GSH, thiosulfate), the aminoacrylate can be trapped as a ‘‘new’’ cysteine S-conjugate (4). It is also
possible that aminoacrylate generated from TFEC will react with PLP at the active site of a susceptible
enzyme to form the pyruvate-PLP aldol product (5). Michael addition of the sulfhydryl of a protein cysteinyl
residue (PSH) to aminoacrylate will result in the formation of a protein-bound lanthionine residue
[PSCH2CH(NH3

þ)CO2
-, 6]. 1,1,2,2-Tetrafluoroethanethiolate (2) loses F– to generate difluorothioacetyl

fluoride (7). Reaction of the e-amino group of a protein lysyl residue (P-lys(e)-NH2) with 7 results in the
formation of the tetrahedral intermediate (8). The tetrahedral intermediate (8) decomposes to thioacylated
protein (9) plus HF. Interestingly, some of the 1,1,2,2-tetrafluoroethanethiolate (2) resulting from the
b-elimination reaction with TFEC reacts directly with the e-amino group of lysine residues generating a
structure (10) that contains a –CF2CF2H grouping attached at the N.
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12.8. Mechanisms Contributing to the Nephrotoxicity

of Haloalkene Cysteine S-Conjugates – Toxicant Channeling

Haloalkene cysteine S-conjugates are especially toxic to mitochondria
(e.g., Groves et al. 1993; Chen et al. 2001). Thus, any mechanism that
demonstrates nephrotoxicity of haloalkene cysteine S-conjugates must
take into account the susceptibility of renal mitochondria and the bioacti-
vation of these compounds via mitochondrial cysteine S-conjugate
b-lyases.

Toxicity of DCVC to kidney cells has been associated with (1) cova-
lent modification of macromolecules, (2) depletion of nonprotein thiols
(presumably mostly GSH), and (3) lipid peroxidation (Beuter et al.
1989; Chen et al. 1990). These effects may be attributable to formation
of metabolites derived from a b-lyase reaction since, as mentioned
above, AOA can partially protect against DCVC toxicity in renal
tissues and in renal cells in culture. Mechanisms by which metabolites
of DCVC and other nephrotoxic haloalkene cysteine S-conjugates alter
thiol status may involve direct inhibition of glutathione reductase (Lock
and Schnellmann 1990) and generation of oxidative stress that leads
indirectly to oxidation of thiol compounds (Chen et al. 1990). Oxidation
of DCVC to DCVC sulfoxide followed by formation of a glutathione
S-conjugate resulting from the reaction of DCVC sulfoxide with GSH
may also lead to oxidative stress (Sausen and Elfarra 1991; Lash et al.
1994). Other studies lead us to suggest an additional possibility, namely
that oxidative stress may result in part from Michael addition of thiols
to aminoacrylate generated in the b-lyase reaction. In experiments in
which LLC-PK1 cells were exposed to DCVC, loss of nonprotein thiols
was about 40%–60% (Chen et al. 1990). Interestingly, the authors
suggested that depletion of nonprotein thiols to this extent was insuffi-
cient to kill the cells. As cited earlier, BTC is relatively nontoxic, despite
the fact that it is metabolized in vivo via cysteine S-conjugate b-lyases
(Elfarra and Hwang 1990). We are unaware of any studies on GSH
status in renal cells/tissue resulting from exposure to BTC. Evidently,
even if GSH is depleted in renal cells exposed to BTC, this insult may
not be sufficient to induce overt toxicity. The implication of the work by
Chen et al. (1990) is that in order for a cysteine S-conjugate to exhibit
toxicity, it must generate reactive sulfur-containing fragments that
covalently add to macromolecules. The toxicity may be enhanced,
perhaps synergistically, by oxidative stress and by Michael adduction
between aminoacrylate and susceptible nucleophiles such as GS– and
protein sulfhydryls and/or by modification of coenzyme in susceptible
PLP enzymes.

Adduct formation with reactive fragments generated from a cysteine
S-conjugate b-lyase reaction in vivo has been studied extensively using
TFEC. For example, Bruschi et al. (1993) showed that six kidney
mitochondrial proteins are thioacylated after rats are administered
TFEC. No thioacylation of cytosolic proteins was detected. The six
proteins were identified as HSP60, mitHSP70, mitAspAT, aconitase,
the E2k (dihydrolipoamide succinyl transferase) enzyme component of
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the a-ketoglutarate dehydrogenase complex (KGDHC), the E3

(dihydrolipoamide dehydrogenase) enzyme component of KGDHC,
and the E3 enzyme component of the branched-chain keto acid dehy-
drogenase complex (BCDHC) (Bruschi et al. 1993; Bruschi, Crabb and
Stevens 1994; Bruschi, Lindsay and Crabb 1998; James et al. 2002).
Interestingly, Lock and Schnellmann (1990) had previously reported
that metabolites of haloalkene cysteine S-conjugates (DCVC, TFEC,
PCBC) inhibited dihydrolipoyl dehydrogenase (E3). Our findings that
mitAspAT catalyzes a b-lyase reaction with TFEC in vitro and is
syncatalytically inactivated in the process (Cooper et al. 2002) is con-
sistent with the in vivo finding that this enzyme in kidney is thioacy-
lated after administration of TFEC to rats. We also showed that a
high-Mr b-lyase present in kidney co-purifies with HSP70 (Cooper
et al. 2001). As cited earlier, the high-Mr b-lyase in rat kidney mito-
chondria contains mitAspAT. This finding provides a mechanism for
the thioacylation of kidney mitHSP70 in rats administered TFEC.
Conceivably, mitochondrial HSP60 may also associate with a PLP-
containing enzyme that catalyzes a b-lyase reaction with TFEC.

Although the E2k and E3 enzyme components of KGDHC (and the E3

enzyme component of BCDHC) are thioacylated in kidney mitochondria
of rats administered TFEC, the E2p (dihydrolipoamide acetyl transferase)
and E3 enzyme components of pyruvate dehydrogenase complex (PDHC)
are not (Bruschi, Lindsay and Crabb 1998; James et al. 2002). Moreover,
the specific activity of KGDHC, but not that of PDHC, is diminished in
the kidneys of TFEC-treated rats. We have found that KGDHC, but not
PDHC, is directly inhibited in PC12 cells exposed to 1-mM TFEC (Park
et al. 1999). These findings are remarkable because E3 is a common
component of KGDHC, PDHC, and BCDHC (and the glycine cleavage
system). In the presence of TFEC and purified GTK (a source of thioacy-
lating moieties), purified PDHC is more resistant to in vitro inactivation
than is purified KGDHC (Park et al. 1999). Moreover, there is some
evidence that E3 enzyme components are bound to the complex via E2

enzyme components in PDHC, whereas E3 enzyme components are bound
to the complex via E1 enzyme components in KGDHC (McCartney et al.
1998). Thus, part of the resistance of PDHC to thioacylation/inactivation
in kidney mitochondria of TFEC-treated rats may be due to differences in
the arrangement of its constituent enzymes. In addition, PDHC is not
associated with any aminotransferases/b-lyases, whereas KGDHC is
closely associated with mitAspAT. Thus, the susceptibility of KGDHC
to thioacylation by a fragment derived from TFEC may be due to the
proximity of mitAspAT or to actual co-localization with subunit enzymes
(James et al. 2002; Park et al. 1999).

Several tricarboxylic acid cycle (TCA) and associated enzymes are
arranged in supramolecular complexes (metabolons) that facilitate chan-
neling of substrate from one enzyme to another. For example, mitAspAT
is part of a metabolon affiliated or localized with KGDHC (see references
cited in Cooper, Bruschi and Anders 2002). Based on our findings (Cooper
et al. 2002, 2003) and those of Bruschi and colleagues (Bruschi, Lindsay
and Crabb 1998; James et al. 2002), we have proposed that not only are
metabolites channeled through supramolecular complexes in the TCA
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cycle, but toxicants as well (Cooper, Bruschi and Anders 2002;
Figure 12.5). This concept explains not only the susceptibility of
KGDHC to TFEC-induced inactivation in rat kidney and cells in culture,
but also the susceptibility of aconitase and BCDHC to thioacylation/
inactivation. Aconitase is part of a metabolon that includes KGDHC
and mitAspAT (Ovádi and Srere 2000). BCDHC is part of a metabolon
that includes BCATm (Van Horn et al. 2004).

Cysteine S-conjugate b-lyases are ubiquitous in the body. For example,
mitAspAT, a major mitochondrial cysteine S-conjugate b-lyase, is present
in every cell that contains mitochondria. How then can one explain the
unusual susceptibility of kidney to halogenated cysteine S-conjugates?
Many factors are presumably involved, including relative distribution of
N-acetyltransferase, aminoacylases, cellular and mitochondrial uptake
mechanisms, and concentrations of natural amino acid/a-keto acid sub-
strates. However, a major contributing factor is likely to be the very large
surface area of the renal proximal tubules coupled to the extraordinary
high renal vascular perfusion. In humans, the kidneys receive 20% of the
cardiac output; yet comprise <1% of the body weight (Pfaller and
Gstraunthaler 1998).

Despite these factors, haloalkene cysteine S-conjugate-induced toxicity
is not necessarily confined to renal tubules. As we have noted above,
toxicity may also occur in the liver and occasionally in neural tissue,
presumably as a consequence of the widespread occurrence of cysteine
S-conjugate b-lyases.

Figure 12.5 Model for toxicant channeling of b-lyase-derived TFEC products in mitochondria in vivo.
TFEC (R) is transported into the mitochondrion where it is converted by cysteine S-conjugate b-lyases to
toxicant(s) (Rdþ). The three mitochondrial a-keto acid dehydrogenase complexes (BCDHC, KGDHC,
PDHC) are represented as multimeric units labeled 2, 4, and 6, respectively. Mitochondrial cysteine
S-conjugate b-lyases include the homodimeric BCATm (1) and the homodimeric mitAspAT (3). The close
juxtapositioning of BCATm and mitAspAT to enzymes of energy metabolism results in channeling of
toxicants to BCDHC (2) and KGDHC (4)/aconitase (5), respectively, resulting in their inactivation.
PDHC (6) is not known to be associated with any aminotransferase/cysteine S-conjugate b-lyase and is
not directly inactivated. The curved arrows represent syncatalytic inactivation of BCATm and mitAspAT,
respectively.
Abbreviations: IM, inner membrane; OM outer mitochondrial membrane. From Cooper and Pinto (2006).
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12.9. Metabolism of Electrophiles Other than Haloalkenes via

the Mercapturate/Cysteine S-Conjugate b-Lyase Pathways

The carbonic anhydrase inhibitor methazolamide is metabolized to both a
glutathione S- and a cysteine S-conjugate. The latter is a substrate of
cysteine S-conjugate b-lyase(s) in bovine kidney and liver homogenates
(Kishida et al. 2001). Since cysteine S-conjugate b-lyases are also presum-
ably present in eye tissues, the b-elimination reaction may account for the
binding of a metabolite of methazolamide to macromolecules and for the
specific ocular toxicity (Kishida et al. 2001).

Cisplatin is used to treat germ cell tumors, head and neck tumors, and
cervical cancer even when the cancer has metastasized. Unfortunately, its
effectiveness against other cancers is limited because at the doses required
to exhibit anticancer properties it is toxic to renal proximal tubule cells and
especially to the mitochondria in these cells (reviewed in Zhang
and Hanigan 2003). DNA damage is the primary mechanism by which
cisplatin kills tumor and other rapidly dividing cells. However, the renal
proximal tubule cells are well-differentiated, nondividing cells that are not
killed by other DNA-damaging agents. Evidence has been presented that
damage to kidney cells is due to conversion of cisplatin to its glutathione
S-conjugate and subsequently to its cysteine S-conjugate. The cysteine
S-conjugate is then bioactivated by cysteine S-conjugate b-lyase(s) to
generate a fragment containing a Pt-SH moiety (Eq. 5). This Pt-SH frag-
ment is proposed to react with macromolecules at thiophilic centers
(Zhang and Hanigan 2003).

ðH2NÞ2PtðClÞSCH2CHðNHþ3 ÞCO
�
2 þH2O! CH3CðOÞCO�2
þNHþ4 þ ðH2NÞ2PtðClÞSH

(12:5)

After mice were treated with cisplatin, proteins in kidney mitochondria
were more platinated than proteins in the cytosolic fraction (Zhang et al.
2006). Moreover, the platination was decreased in the mitochondrial frac-
tion, but not in the cytosolic fraction, in mice pretreated with AOA. The
specific activities of mitAspAT, aconitase, and especially KGDHC were
decreased in LLC-PK1 cells treated with cisplatin (Zhang et al. 2006). The
specific activity ofKGDHCwas decreased even further in cisplatin-treated
LLC-PK1 cells overexpressingmitAspAT. The data are consistent with the
hypothesis that the cisplatin cysteine S-conjugate is a b-lyase substrate of
mitAspAT and that the released Pt-SH fragment reacts with proteins in
kidney mitochondria especially KGDHC.

Another interesting example whereby cysteine S-conjugate b-lyases may
contribute adversely to human health relates to exposure to breakdown
products of inhalational anesthetic agents. Administration of various anes-
thetics can sometimes lead to damage to kidney, liver, and occasionally
neural tissue (reviewed by Anders 2005). When an anesthetic gas is used in
association with a desiccated carbon dioxide absorbent, severe heat buildup
in the anesthetic circuit, particularly in the CO2 absorber canister, can lead
to conversion of trichloroethylene to dichloroacetylene, halothane to
2-bromo-2-chloro-1,1-difluoroethylene, sevoflurane to 2-(fluoromethoxy)-
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1,1,3,3,3-pentafluoro-1-propylene (Compound A), and desflurane, isoflur-
ane, and enflurane to CO. Dichloroacetylene, 2-bromo-2-chloro-1,
1-difluoroethylene, and Compound A form glutathione S-conjugates that
undergo hydrolysis to cysteine S-conjugates, and subsequent bioactivation
to toxic sulfur-containing fragments by cysteine S-conjugate b-lyases
(Anders 2005). The cysteine S-conjugate derived from dichloroacetylene is
DCVC. Glutathione S-conjugate formation with dichloroacetylene (Eq. 2)
is much more rapid than is glutathione S-conjugate formation from
trichloroethylene (Eq. 3) (Kanhai et al. 1991). Thus, assuming that the
activities of g-glutamyltransferase and aminopeptidase M/cysteinylglyci-
nase are not limiting, toxic DCVC should form more readily from
dichloroacetylene than from trichloroethylene in vivo (Kanhai et al.
1991). The above-mentioned findings have spurred the development of
newer anesthetic gas ventilators that minimize the risk of conversion of
anesthetic gases to toxic breakdown products (Anders 2005). Toxic effects
of trichloroethylene exposure to base have been well documented particu-
larly to the facial nerves in humans (reviewed by Anders 2004). However,
whereas compound A has been found to be nephrotoxic to rats and toxic to
isolated human kidney tubules, injury to human kidneys in vivo appears to
be minimal (Anders 2004; Kharasch et al. 2005). Most likely the difference
between rats and humans resides in the lower overall renal cysteine
S-conjugate b-lyase activity in humans than in rats.

2,40,5-Trichlorobiphenyl (a polychlorinated biphenyl or PCB) is meta-
bolized through the mercapturate pathway (Bakke, Bergman and Larsen
1982). This PCB is thought to be converted to an epoxide by the action of
P450 enzymes. The epoxide then reacts with GS– to form the correspond-
ing glutathione S-conjugate, which is eventually converted to the mercap-
turate and excreted in the bile. However, several other metabolites were
also detected in the feces of rats administered 2,40,5-trichloro[14C]
biphenyl, namely 2,40,5-trichlorobiphenyls ring-substituted with -SCH3,
-S(O)CH3, or -S(O2)CH3 (Bakke, Bergman and Larsen 1982). Evidently,
the glutathione S-conjugate of trichlorobiphenyl is converted to the corre-
sponding cysteine S-conjugate, which then undergoes a b-lyase reaction
with subsequent formation of a trichlorobiphenyl metabolite containing
an -SH substituent that is methylated and partially oxidized. It is not clear
whether the -SH-substituted PCB is more toxic (i.e., bioactivated) relative
to the parent PCB. Metabolism of PCBs through the mercapturate/
cysteine S-conjugate b-lyase pathways deserves more study.

4-Amino-2,6-dichlorophenol is nephrotoxic in Fischer 344 rats. Both
AOA and acivicin are protective (Hong et al. 1997; Song, Lang and Chen
1999), suggesting that nephrotoxicity involves conversion of a glutathione
S-conjugate metabolite to a cysteine S-conjugate followed by a b-lyase
reaction.

It is well known that high doses of acetaminophen are hepatotoxic
especially to alcoholics and diabetics, but the exact mechanism is not
known. The cytochrome P450 enzyme CYP2E1 appears to be a contribut-
ing factor in acetaminophen hepatotoxicity (e.g. Cheung et al. 2005).
Acetaminophen is oxidized in vivo to a reactive quinoneimine by the
action of CYP2E1. The quinoneimine can react with protein -SH groups
and also with GSH to form a semistable ipso adduct or a relatively stable
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adduct at the C3 position (reviewed in Monks and Jones 2002). If these
glutathione S-conjugates are converted to the cysteine S-conjugates in vivo
then they might be substrates of cysteine S-conjugate b-lyases. This possi-
bility appears to have been largely overlooked. However, it is interesting
that when [14C]paracetamol (acetaminophen) was administered to ham-
sters, a small amount of labeled methyl 2-hydroxy-5-acetamidophenylsul-
fone was detected in the urine (Wong et al. 1976). Formation of this
sulfone may be rationalized by invoking a b-lyase reaction on the cysteine
S-conjugate of acetaminophen followed by methylation and oxidation of
the sulfur.

12.10. Conclusion

Conversion of an electrophile to the corresponding mercapturate and
excretion represents detoxification. However, the mercapturate pathway
may sometimes bioactivate (toxify) an electrophile. If the cysteine
S-conjugate formed in the mercapturate pathway contains a good elec-
tron-withdrawing group attached to the sulfur, it may undergo a
b-elimination reaction. This reaction is catalyzed by several PLP-contain-
ing enzymes (cysteine S-conjugate b-lyases) that are normally involved in
amino acid metabolism. If the eliminated sulfur-containing fragment is
reactive (e.g., by adding to macromolecules) the parent cysteine
S-conjugate may be toxic especially to the kidneys. Electrophiles that are
bioactivated by this mechanism include halogenated alkenes and drugs
such as methazolamide and cisplatin. Some PCBs and aminophenols may
also be metabolized in part by pathways involving cysteine S-conjugate
b-lyases. However, the contribution of the b-lyase reaction to the toxicity
of these compounds is not clear. Mitochondrial enzymes of energy meta-
bolism are especially vulnerable to reactive fragments generated from toxic
cysteine S-conjugates, by a process that we have termed toxicant channel-
ing. Humans are exposed to a large number of exogenously and endogen-
ously produced electrophiles. It is, therefore, possible that cysteine
S-conjugate b-lyases contribute to mitochondrial dysfunction of aging
and disease.

In view of (1) the large number of mammalian cysteine S-conjugate
b-lyases identified to date, (2) their overlapping specificities, (3) their
widespread occurrence in tissues, and (4) their presence in different sub-
cellular compartments (e.g., cytosol, mitochondria, and peroxisomes), the
potential of these enzymes for generating toxic products in different sub-
cellular compartments, not only in the kidneys but also in other tissues, is
highly significant. We suggest that bioactivation of some natural products,
certain drugs, and endogenously produced electrophiles via pathways that
include cysteine S-conjugate b-lyases may be more common than is gen-
erally appreciated.
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13.1. Introduction

The human lung exhibits a number of unique properties that makes it an
excellent mode of drug/xenobiotic absorption, as well as a target for toxicity
due to bioactivation to toxic metabolite(s). The lung has a very large surface
area, a very thin endothelial layer for diffusion intoblood, receives 100%of the
cardiac output, and is a complex organofmore than 40 different cell typeswith
multiple physiological functions in addition to gas exchange. There have been
excellent reviews on this subject (e.g., Dahl and Lewis 1993) and this review is
not intended to cover all lung toxicants and all diseases associated with
xenobiotic exposure. Certainly there are omissions and examples that could
have been included, and the author apologizes in advance for those short-
comings. The goal of this review is to provide the reader with some represen-
tative examples of toxicities induced in the lung by activation of xenobiotics.
This review will not cover incidences of lung toxicities from exposure to toxic
agents not requiring bioactivation, although it is recognized that these events
are extremely important from the standpoint of human health; examples
would be the Bhopal tragedy, theworst chemical (methylisocyanate) industrial
event to date; the continuing cases of mesothelioma, resulting from asbestos
exposure; a multitude of lung diseases, including asthma, associated with
ozone inhalation or particulate matter; and cancer from inhalation of radon.

13.2. Tools for the Study of Xenobiotic Bioactivation

and Lung Toxicity in Humans

13.2.1. Animal Models

Rodent models have been used extensively to study the metabolism and
toxicity of xenobiotics in the lung. In addition to the usual caveats in
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extrapolation of animal data to man, differences in the structure/function
of the human lung and most animal models have to be kept in mind; for
example, the rat is an obligatory nose-breather. Advances in computer
modeling and imaging are being used to bridge this gap (Marton et al.
2001; Minard et al. 2006). One of the greatest uses of animal models and
xenobiotic-dependent human lung disease are mouse models of lung can-
cer (Malkinson 1992; Sargent et al. 2002; Witschi et al. 2002). One advan-
tage is the potential for identification of important genes or loci (Manenti
et al. 2003), as the complete mouse genome is available, as are transgenic
mouse models for the further study of the role of a particular gene in the
etiology of cancer (or other diseases) of the lung (Glasser andNogee 2006).
The A/J strain has proven especially useful for studies on inhibition and
promotion of cancer, as it is very responsive to known or suspected human
carcinogens and has a relatively short time to tumor appearance (Bogen and
Witschi 2002; Castonguay, Pepin and Stoner 1991).

13.2.2. Human Lung Cell Lines

In most cases, transformed cell lines, such as A549 or BEAS-2B cells
have been utilized to study mechanisms of xenobiotic toxicity
(Andreescu, Sadik and McGee 2005; Biswal et al. 2002; Hukkanen et
al. 2000; Lin et al. 2004;Marano et al. 2002; Tsuji andWalle 2006; Yang,
Cardona and Barile 2002). Caution should be used in interpretation of
data from such studies in light of the fact that, as with other transformed
cell lines, the levels of xenobiotic-metabolizing enzymes differ markedly
from the original tissue (Castell, Donato and Gomez-Lechon 2005) and
some cell lines may actually be quite heterogeneous and differ markedly
from batch to batch (Watanabe et al. 2002). One alternative would be
the use of primary cells, but those are difficult to acquire and not many
studies have appeared employing such cells (Crawford et al. 1998). One
alternative approach is to produce stable transfected human lung cell
lines that express the cytochrome P 450s (CYPs), or other xenobiotic-
metabolizing enzymes, at higher levels (Sheets, Yost and Carlson 2004;
Van Vleet et al. 2002). Another approach involves the use of lung slices
from organ donors (Fisher et al. 1994). The advantages of tissue slices
are that they maintain cell–cell and cell–matrix communication, which
may be important in the toxicity of certain xenobiotics. Tissue slices also
maintain higher levels of CYP over time than primary cell cultures.
Finally, with the availability of standardized microarrays, it will be
possible to determine the impact of xenobiotics, which are bioactivated
by lung cells, on expression of genes in pulmonary tissue (Cheng et al.
2003; Hellmann, Fields and Doolittle 2001; Schultz et al. 2004;
Verheyen et al. 2004).

13.3. Xenobiotic-Metabolizing Enzymes in the Lung

Liver is the primary organ for xenobiotic metabolism in most mammals,
including humans. Other organs, including lungs, are capable of xenobio-
tic metabolism and, in certain cases, the pulmonary contribution may
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match or exceed that of liver. The composition of phase 1 and phase 2
xenobiotic-metabolizing enzymes and transporters are distinct in the lung
and this composition plays a major role in what determines whether or not
a xenobiotic will be toxic in the lung.

13.3.1. Cytochrome P450s

As in liver, CYPs are the major enzymes responsible for xenobiotic meta-
bolism. With respect to xenobiotic (and especially drug) metabolism, the
lung has not been studied as extensively as other organs, such as liver and
intestine for which one can construct a CYP pie chart (Paine et al. 2006)
showing the relative amounts of the various enzymes. The composition of
CYPs in the human lung and their contribution to xenobiotic metabolism
has been summarized in excellent reviews by Hukkanen et al. (2002) and
Ding and Kaminsky (2003). The information given in Table 13.1 draws
heavily from those reviews and also incorporates some additional infor-
mation. The listings of substrates, inducers, and inhibitors are only exam-
ples and not intended to be comprehensive.

Table 13.1 Composition of CYPS in the human lung.

CYP Substrate Inducer Inhibitor References

1A1 PAHsa Smoking ANFb Kim et al. (2004)

Choudhary et al. (2005)
Mollerup et al. (1999)
Anttila et al. (1992)
Thum et al. (2006)

1A2c Phenacetin Antilla et al. (1992)
Choudhary et al. (2005)

1B1 PAHs
estrogen

Smoking, BaPd

cancer
3,4-DMFe Kim et al. (2004)

Spivack et al. (2001)
Choudhary et al. (2005)
Jiang et al. (2006)
Tsuji and Walle (2006)

2A6f Coumarin (liver only) 8-methoxy-
psoralen

Crawford et al. (1998)
Nakajima et al. (1996)
Su and Ding (2004)
Tiano et al. (1994)
Tyndale and Sellers (2001)

2A13 Nicotine, NNK
AFB1

g
8-methoxy-
psoralen

Bao et al. (2005)
He et al. (2004)
Jalas, Ding andMurphy (2003)
Smith et al. (2003)
Su et al. (2000)
Von Weymarn et al. (2005)
Zhu et al. (2006)

2B6h S-mephenytoin CARi, PXRj

ligands
Bupropion Ekins et al. (1998)

Wang and Negishi (2003)
Kim et al. (2005)

2D6k Bufuralol None Fluoxetine Bernauer et al. (2006)
2E1 Dimethyl-

nitrosamine
butadiene

Ethanol Disulfiram Runge et al. (2001)
Csanady, Guengerich and
Bond (1992)
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13.3.1.1. The CYPs that are Selectively Expressed in the Human Lung
are CYPs 2A13, 2F1, 2S1, and 4B1
The finding that CYP1A2 is expressed at very low levels (if at all) in the
lung in both human and fetal mice is interesting given that the phenotype
of the Cyp1A2 null mouse is neonatal lethality from respiratory distress
(Pineau et al. 1995), suggesting an important role for this CYP in lung
development. Other CYP RNAs detected in the human lung include
CYP2R1, 2U1, and 2 W1 (Choudhary et al. 2005). Of course, in order
for CYPs to catalyze xenobiotic (or endobiotic) metabolism, NADPH
cytochrome P450 oxidoreductase (POR) must be present, and it is not
surprising that immunohistochemical studies have demonstrated similar

Table 13.1 (continued)

CYP Substrate Inducer Inhibitor References

2F1 3-methyl-indole
naphthalene

Carr et al. (2003b)
Lanza et al. (1999)
Nichols et al. (2003)
Wan et al. (2005)

2 J2 Ebastine
arachidonic acid

Terfenadine
derivatives

Lafite et al. (2006)
Wu et al. (1996)
Zeldin et al. (1996)

2S1 ? TCDD Rivera, Saarikoski and
Hankinson (2002)

Wang, He and Hong (2005)
3A4/5l Steroids Glucocorticoids Anttila et al. (1997)

Hukkanen et al. (2003)
4B1m Fatty acids

4-ipomeanol
3-methylindole
primary aryl
amines

Zheng et al. (2003)
Poch et al. (2005)
Lo-Guidice et al. (2002)
Henne et al. (2001)
Baer and Rettie (2006)
Baer, Rettie and Henne (2005 )

a Polycyclic aromatic hydrocarbons.
b aNaphthoflavone.
c Indicates evidence of expression at the mRNA levels, but is not present at significant amounts.
d Benzo[a]pyrene.
e 30,40,-dimethoxyflavone.
f CYP2A6 is predominantly found in liver where it plays a role in metabolism of coumarin, nicotine, and the tobacco-

specific nitrosamine, NNK. The major CYP2A in human lung is 2A13 (the earlier studies citing significant expression of

2A6 in the lung were probably the result of the inability of antibodies to distinguish the two forms and the difficulty in

separation on standard SDS-PAGE gels). Recently a peptide-derived antibody, specific for CYP2A13 has been developed

by Zhu et al. (2006).
g Aflatoxin B1.
h CYP2B6 is expressed at much higher levels in liver, where it is inducible by CAR and PXR ligands. A splice variant,

CYP2B7, is expressed in lung, but is inactive.
i Constitutive androstane receptor.
j Pregnane X receptor.
k Other studies (e.g., Kivistö et al., 1997) do not find significant levels of CYP2D6 in lung.
l Unlike liver, where CYP3A4 makes up half of the total CYP and CYP3A4>>3A5, the CYP3A subfamily is expressed at

low levels in the lung, predominantly as 3A5.
m Human CYP4B1 is unusual in binding heme covalently and having a significant portion catalytically inactive. For this

reason, and the difficulty in expressing human CYP4B1, its actual contribution to xenobiotic metabolism in lung is

uncertain.
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distribution for these components of the microsomal mixed-function oxi-
dase system within the lung (Bernauer et al. 2006; Hall et al. 1989; Kivisto
et al. 1995). The CYPs and PORs are located primarily in bronchial and
bronchiolar epithelial cells, Clara cells (nonciliated cuboidal secretory
cells), and type II alveolar cells. (Czerwinski et al. 1994; Hall et al. 1989).

13.3.2. Flavin-Containing Monooxygenases

The flavin-containing monooxygenases (FMOs) are a family of enzymes
that, like the CYPs, utilize molecular oxygen and NADPH to metabolize
xenobiotics and some endobiotics. Much of the work describing the prop-
erties of this enzyme was led by the late Dr. Daniel M. Ziegler at the
University of Texas at Austin (reviewed in Ziegler 1988, 1993, 2002;
Cashman et al. 1995; Krueger and Williams 2005). Five FMOs (1–5) are
expressed in humans, all located in a cluster on the long arm of chromo-
some 1 (Hernandez et al. 2004). In most mammals, including primates, the
major, if not sole, FMO in pulmonary microsomes is FMO2. In fact, the
first evidence that FMO could exist in more than a single form was
obtained independently at the same time in the laboratories of Dr. Ernst
Hodgson at North Carolina State and Dr. Bettie Sue Masters at the
Medical College of Wisconsin (Tynes et al. 1985; Williams et al. 1985).
Subsequent studies by these laboratories and others demonstrated that,
unlike nonhuman primates, where FMO2 protein is expressed in high
amounts in the lung, most human lung samples were negative (Yueh,
Krueger and Williams 1997; Dolphin et al. 1998; Krueger et al. 2001;
Zhang and Cashman 2006). Further examination characterized an inter-
esting genetic polymorphism in expression of FMO2. All Caucasians and
Asians, genotyped to date, have two FMO2*2 (g.23,238C>T) alleles,
encoding for a truncated and enzymatically inactive protein (FMO2.2),
whereas approximately 27% of individuals of African descent and 2–7%
of Hispanics possess at least one FMO2*1 allele, coding for the full-length
and enzymatically active FMO2.1 protein (Dolphin et al. 1998; Whestine
et al. 2000; Krueger et al. 2002a, 2002b, 2004, 2005; Furnes et al. 2003).

If active human FMO2 enzyme is expressed in the lung, this may render
these individuals more susceptible to toxicity upon exposure to xenobiotics
containing thiocarbamide and related structural moieties. These com-
pounds represent one of the few examples of a chemical class for which
FMO oxygenation produces a toxic metabolite (Henderson et al. 2004a;
Smith and Crespi 2002; Krieter et al. 1984). The toxicity arises from an
initial S-oxygenation to form the reactive sulfenic acid, which is capable of
further oxygenation to sulfinic acid or redox cycling with glutathione. The
generation of these reactive sulfur groups produces oxidative stress and
ultimately, cell death. An example, which is discussed inmore detail below,
is a-naphthylthiourea (ANTU), a rodenticide known to be a selective
pulmonary toxicant (Boyd and Neal 1976). On the contrary, for com-
pounds such as phorate (Henderson et al. 2004b; Usmani et al. 2004), in
which case FMO S-oxygenation produces a less-toxic metabolite than the
parent compound or a CYP-dependent metabolite, the presence of active
FMO2 in the lung would be predicted to be beneficial.
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13.3.3. Other Phase I Xenobiotic-Metabolizing Enzymes

In addition to CYP and FMO monooxygenases and POR, the human lung
contains other phase I enzymes capable of xenobiotic bioactivation (or inacti-
vation). These enzymes include (but are not limited to) epoxide hydrolase
(EH), carboxylesterase, prostaglandin synthase (COX1 and COX2) (Maciag,
Sithanandam and Anderson 2004; Martey et al. 2004; Tong, Ding and Tai
2006; Wiese, Thompson and Kadlubar 2001), myeloperoxidase (Petruska
et al. 1992; London, Lehman and Taylor 1997), lipoxygenase (Bedard et al.
2002), alcohol dehydrogenase (ADH), and amine oxidase (Dahl and Lewis
1993; Andres et al. 2001; Castell, Donato and Gomez-Lechon 2005; Smith,
Curtis and Eling 1991; Smith and Harrison 1997; Yang, Cardona and Barile
2002; Zhang, Wang and Prakash 2006). In the examples that follow, we will
not present an example specific to all of these enzymes. For the most part, the
activities of these enzymes result in the production of a less-toxic compound,
although there certainly are exceptions. Epoxide hydrolase can be thought of
as a bioactivating enzyme for some of the polycyclic aromatic hydrocarbons
(PAHs) carcinogenic to the lung as they catalyze the hydrolysis of the first
epoxides formed by CYP1A1/2 or 1B1 (e.g., the anti- and syn-7,8-epoxides of
BaP). Other researchers have noted that the role for xenobiotic co-oxidation
by enzymes such as COX, myeloperoxidase, and lipoxygenase may be of
greater significance in extrahepatic tissues, such as the lung, where their
amount, relative to the CYPs, is greater. COX2 has been noted to increase
in lung tumors and that may explain why COX and lipoxygenase inhibitors
are effective chemopreventive agents in animalmodels (suchas theA/Jmouse)
of lung cancer (Castonguay and Rioux 1997; Jalbert and Castonguay 1992;
Rioux andCastonguay 1998a, 1998b;Yao et al. 2000) and perhaps in humans
as well (Krysan et al. 2006; Mao et al. 2005, 2006).

13.3.4. Phase II Xenobiotic-Metabolizing Enzymes in Human Lung

A number of phase II conjugating enzymes have been described in the human
lung. A number of studies have examined the effect of genetic polymorphisms
in expression (often in conjunction with CYP1A1) of these enzymes and
susceptibility to disease, mostly cancer (see section below on Genetic Poly-
morphisms).Among the glutathione-S-transferases (GSTs, reviewed inHayes,
Flanagan and Jowsey 2005) present in the human lung are mGST, GSTA1,
GSTA2, GSTP1 (highest GST in lung), GSTM1, GSTM3, and GSTT1 (low
expression inmost samples). The conjugation of an electrophile by glutathione
(GSH) through the activity of a GST usually (with a few notable exceptions,
e.g., Sherratt et al. 1997) produces a nontoxic, easily excretable metabolite.
The role of GSTs in inactivation of lung procarcinogens, such as epoxides of
PAHs, may play an important protective role in the lung. The studies examin-
ing expression ofGSTs of various classes and the individual allelic variants are
discussed below in the section on genetic polymorphisms.

Two forms ofN-acetyltransferase (NAT1 and NAT2) are present in the
human lung (Boukouvala and Sim 2005; Chen et al. 2003; Hsia et al. 2002;
Windmill et al. 2000) and some evidence exists for variations in their
expression being important in cancer susceptibility, but these are probably
the least understood of the phase II enzymes when it comes to the human
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lung (Hengstier et al. 1998; Mace et al. 1998; McCarver and Hines 2002).
Given the ability of the lung to take up amines from the blood and the
presence of carcinogenic amines such as 4-aminobiphenyl in tobacco
smoke, a clearer understanding of the role of NAT1 and NAT2 in xeno-
biotic metabolism is needed.

Humans express 17 UDP-glucuronosyltransferases (UGTs). The UGTs are
comprised of two families. The nineUGTs in the 1 family (1A1 and 1A3-10) are
all derived from a single gene. Exons 2–5 are identical, but alternative splicing
and different functional promoters determine the composition of exon 1. The
UGTs in the 2A (2A1) and 2B (2B4, 2B7, 2B10, 2B11, 2B15, 2B17, and 2B28)
subfamilies are theproducts of distinct genes (Wells et al. 2004).Aswith theCYP
and FMO phase I xenobiotic-metabolizing enzymes, the UGTs exhibit broad
substrate specificity, tissue- anddevelopment-specific expression and responsive-
ness to inducers (Dellinger et al. 2006; Fang et al. 2002; Gong et al. 2001; Iyer
et al. 2003; Kuehl and Murphy 2003; Oguri et al. 2004; Ren et al. 2000;
Strassburg et al. 1999; Turgeon et al. 2001, 2003; Uchaipichat et al. 2006;
Yueh et al. 2001; Zheng, Fang and Lazarus 2002). UDP-glucuronosyltrans-
ferases may play an important role in lung cancer cells acquiring resistance to
therapeutic drugs (Oguri et al. 2004) and in the detoxication of the lung procar-
cinogens BaP and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK).

The final two phase II enzymes in the human lung mentioned here are the
sulfotransferases (SULTs) and NAD(P)H quinone oxidoreductases (NQO1
andNQO2). SULTs conjugate numerous xenobiotics and steroids, producing
a verypolar derivative easily excreted inurine (Falany1997).The regulationof
the level of steroids by SULTs (estrogens, dehydroepiandrosterone), other
hormones, and neurotransmitters may play an important role in the physiol-
ogy of the lung, especially during development (He, Frost and Falany 2005;
Her et al. 1998; McCarver and Hines 2002; Richard et al. 2001). SULTs can
also bioactivate prodrugs, an example being minoxidil (Waldon et al. 1989).
In the case of certain alkylated PAHs, for example, 7,12-dimethylbenz[a]
anthracene (DMBA), CYP-dependent hydroxylation of the 7-methyl group
followed by sulfation produces a reactivemutagenic and carcinogenic electro-
phile (Flesher, Horn and Lehner 1997). NQO1 and NQO2 serve to catalyze
the two-electron reduction of quinones and related structures (Jaiswal 1994;
Joseph et al. 1994; Long and Jaiswal 2000). Quinones can covalently bind to
macromolecules or undergo redox cycling through one-electron reductions
(Bolton et al. 2000). The lung is sensitive to quinones, given the high oxygen
tension and presence of enzymes such as POR capable of catalyzing one-
electron reductions. The high levels of oxygen help to drive formation of
reactive-oxygen species (ROS) during redox cycling, ultimately leading to
pulmonary toxicity. One example of this redox cycling in lung, paraquat, is
given in more detail below. The expression of NQOmay be related to suscep-
tibility to lung diseases, such as cancer (Sunaga et al. 2002; Xu et al. 2001).

13.3.5. Xenobiotic Transporters (Phase III Enzymes)

Increasingly, the important role that drug transporters play in the toxicol-
ogy of xenobiotics has been recognized. These transporters are now some-
times referred to as phase III enzymes. In addition to the ATP-binding
cassette (ABC) transporters, such as p-glycoprotein, multidrug resistance
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proteins (MRP1, MRP2, MRP3), and breast cancer resistance protein
(BCRP) (Leslie, Deeley and Cole 2001; Narasaki et al. 1996; Perez-Tomas
2006), the lung also expresses lung resistance protein (LRP) orRal-interacting
protein (RLIP76/RALBP1), not members of the ABC family (Drake et al.
2007; Leslie, Deeley and Cole 2005; Perez-Tomas 2006; Singhal et al. 2005;
Stuckler et al. 2005). These transport proteins were first studied as their
upregulation during neoplastic development conferred resistance to the
lung tumor cells to a number of therapeutic agents, including cisplatin,
doxorubicin, vinblastine, mitomycin-C, and others. These transporters
now are appreciated to have a wider function, that is, they serve as the
major conduit for the transport of xenobiotics and xenobiotic metabolites
out of the cell. An example of great relevance to the human lung is the
MRP1 export of NNAL, the major metabolite of the lung carcinogen and
tobacco-specific nitrosamine NNK (Leslie et al. 2001).

13.4. Genetic Polymorphisms in Drug-Metabolizing Enzymes

and Susceptibility to Disease

Almost without exception, human phase I and phase II xenobiotic-
metabolizing enzymes exhibit genetic polymorphisms in expression, often in
an ethnic-dependent fashion (Hirvonen 1999; Gonzalez 1995; Nebert,
McKinnon and Puga 1996; Yang et al. 2002). There have been numerous
studies examining the link between expression of certain variants and lung
disease, with the majority of the studies focusing on lung cancer (or biomar-
kers of lung cancer risk) (Hengstier et al. 1998). One aim of such studies is to
identify subpopulations that have the highest risk from exposure. It has been
known for many years that certain ethnic groups have a higher risk for
development of lung diseases. Genetic polymorphisms in expression of
enzymes involved inmetabolism of the xenobiotics associated with the etiol-
ogy of the disease, such as lung cancer, have been the driver for these studies.

Given the role of CYP1A1 and CYP1B1 in bioactivation of PAH lung
carcinogens and inactivation by GSTM1, many studies have focused on
expression of CYP1A1 and/or CYP1B1 (examples are found in Anttila et al.
2001; Georgiadis et al. 2005; Kim et al. 2004; London et al. 1995; Song et al.
2001; Taioli et al. 1998; Wenzlaff et al. 2005), GSTs (mostly GSTM1) (exam-
ples found in Baur et al. 2006; Benhamou et al. 2002; Coles et al. 2000; Cote
et al. 2005; Crawford et al. 2000; Ford et al. 2000;Houlston 1999;Matsuzoe et
al. 2001; Perera et al. 2002;Risch et al. 2001; Sorenson et al. 2004; Stucker et al.
1999, 2002; Sweeney et al. 2003), or combinations of CYP1A1 and GSTM1
(Alexandrov et al. 2002; Anttila et al. 1994; Bartsch et al. 2000; Hung et al.
2003; LeMarchand et al. 1998; Peluso et al. 2004; Schoket et al. 1998; Shields
et al. 1993; Smith et al. 2001). The hypothesis under test, supported by a
number of studies, is that individuals with both high levels of CYP1A1 or 1B1
(greater bioactivation) and null variants of GSTM1 (greater inactivation)
would exhibit the greatest risk to diseases, such as cancer, associated with
PAH exposure to lung. The examination of polymorphisms in other CYPs,
that is, 2C9 (London et al. 1996b), 2D1 (Caporaso et al. 1992), and 2E1
(London et al. 1996a; Wu et al. 1997) and association with lung cancer, has
revealed a weaker relationship than the CYP1A1/1B1 and GSTM1 studies.
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Another CYP polymorphism examined is in the CYP2A subfamily
(2A6 and 2A13), as these are the CYPs with the highest activity toward
nicotine and NNK (Ariyoshi et al. 2002; Brown von Weymarn and
Murphy 2005; Fujieda et al. 2004; He et al. 2004; London et al. 1999;
Loriot et al. 2001; Miyamoto et al. 1999; Tan et al. 2001; Su et al. 2000;
Wang et al. 2003, 2006), lung toxicants and/or carcinogens (see review by
Jalas, Hecht andMurphy 2005). As discussed in the first section, the major
CYP responsible for NNK bioactivation in the human lung is 2A13.
CYP2A13 is highly expressed in the lung and 2A6 is not; 2A13 also has a
catalytic efficacy for bioactivation of NNK that is 30-fold greater than
2A6 (Su et al. 2000). To date, there are at least nine allelic variants of
CYP2A13 and evidence has been presented with expressed enzymes
demonstrating reduction in nicotine and NNK metabolism by some
variants (e.g., CYP2A13 R257C) which has also been associated with
reduction in lung cancer risk in a human population (Wang et al. 2003).

Epoxide hydrolase genetic polymorphisms have also been associated
with lung cancer risk (Wu et al. 2001) and with emphysema (Smith and
Harrison 1997). A possible correlation between NQO1, smoking, and lung
cancer has also been described (Rosvold et al. 1995).

13.5. Examples of Xenobiotic Bioactivation in Lung

by POR (Paraquat), CYP (3-Methyindole),

and FMO (a-Naphthylthiourea)

Paraquat is a quaternary ammonium bipyridyl herbicide that is responsi-
ble for numerous accidental poisonings and suicides. As a diamine, para-
quat is rapidly and efficiently taken up from the general circulation and
accumulates in alveolar epithelial cells (type I and type II) and Clara cells
(Bus andGibson 1984; Han et al. 2006; Smith, 1985, 1987; Smith, Rose and
Wyatt 1978). One-electron reduction of paraquat produces the radical
shown below in Figure 13.1, which in turn is rapidly oxidized back to
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Figure 13.1 POR bioactivation of paraquat.
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paraquat by molecular oxygen with generation of superoxide anion radi-
cal. In the presence of superoxide dismutase, superoxide anion radical is
converted to hydrogen peroxide. In the presence of transition metals, such
as Feþ2 or Cuþ1, the extremely reactive hydroxyl radical is produced
through the Fenton reaction. In addition to the formation of these ROS,
H2O2 can also result in depletion of reducing equivalents, due to the
requirement of glutathione peroxidase (needed to regenerate GSH) for
NADPH (catalyzed by glucose-6-phosphate dehydrogenase). The high
concentration of oxygen in the lung serves to drive this toxic cycle faster,
with death ensuing from respiratory failure from anoxia followed by a
severe fibrosis. Treatment with hyperbaric oxygen is counter-indicated, as
this only serves to drive the cycle faster. It is not surprising that, unless
treated early with agents that alter absorption and accumulation in lung,
little can be done for the patient short of a lung transplant.

3-Methylindole (3-MI), produced by ruminal bacteria reductive metabo-
lism of tryptophan and indole-3-carbinol from plants, is a species-specific
pulmonary toxin (Carlson and Breeze 1984). The species specificity in toxi-
city appears to be due to the presence in cattle and goats of a CYP (CYPF)
with high selectivity toward production of the 3-methyleneindoleine meta-
bolite, which is thought to be responsible for the binding of 3-MI to macro-
molecules and toxicity in lung cells expressing CYP2F (Huijzer et al. 1989;
Kaster and Yost, 1997; Lanza and Yost 2001; Lanza et al. 1999; Loneragan
et al. 2001; Ramakanth et al. 1994; Regal et al. 2001). Much of the work
describing the metabolism of 3-MI and the role of various CYPs has been
performed in the laboratory of Dr. Garold Yost of the University of Utah.
Other CYPs also metabolize 3-MI, but do not exhibit the selectivity toward
dehydrogenation (Figure 13.2). Members of the CYP4B subfamily are also
active in carrying out the dehydrogenation of 3-MI (Carr et al. 2003a), but
for reasons given above related to expression of active CYP4B1 in the human
lung, are not likely to play amajor role in bioactivation of 3-MI in the general
population. Humans express CYP2F1 selectively in lung (Carr et al. 2003b)
and CYP2F1, as other members of this subfamily, is very efficient at
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bioactivation of 3-MI to 3-methyleneindoleine (Nichols et al. 2003). Based
on these findings, 3-MI and related structures should be pneumotoxic in
humans as well.

Flavin-containing monooxygenases oxygenate the sulfur moiety of
thiocarbamides to produce the reactive sulfenic acid (Hardwick et al.
1991; Henderson et al. 2004a; Krieter et al. 1984; Nagata, Williams and
Ziegler 1990; Onderwater et al. 1998; Poulsen, Hyslop and Ziegler 1979;
Smith and Crespi 2002; Ziegler 1982). In some cases, a second oxygenation
to the sulfinic acid is carried out (Figure 13.3). The pulmonary form,
FMO2, produces the sulfenic acid from a number of thioureas, including
ANTU, known to be a pneumotoxin in a number of species (Henderson
et al. 2004a). Human FMO produces a single major metabolite from
ANTU, which we have demonstrated by liquid chromatography-mass
spectrometry (LC-MS) and MS-MS to be the sulfenic acid (Henderson
et al. 2004a). If the reactions are carried out in the presence of glutathione,
the sulfenic acid metabolite is no longer detectable (0.2 m M GSH elim-
inates 70%of the sulfenic acid and nometabolite is detected at 1mMGSH
and above) and the ratio of GSSG/GSH is markedly increased (Henderson
et al. 2004a). These results are consistent with a redox cycle, proposed by
us and others. If the sulfenic acid is sufficiently reactive with GSH, the
parent compound will be regenerated resulting in the depletion of GSH
and ultimately NADPH (Figure 13.3).

The laboratory of Dr. Paul Ortiz de Montellano has recently described
an FMO (EtaA) in the bacteria responsible for tuberculosis (Mycobacter-
ium tuberculosis) that S-oxygenates the prodrugs ethionamide (ETA) and
thiacetzaone (TAZ) (second-line drugs for treatment of tuberculosis) to
the sulfenic acid derivatives and ETA carboxamidopyridine and TAZ
carbodiimide, thought to be responsible for the effectiveness against M.
tuberculosis (Qian and de Montellano 2006; Vannelli et al. 2002) and
probably the adverse and serious side effects, including hepatotoxicity
(Newton 1975). Human FMO1 and FMO3 (Qian and de Montellano
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2006) as well as FMO2 (our laboratory, unpublished) are also effective in
oxygenation of ETA and TZU, forming the same products. An interesting
question arises with respect to the FMO2 genetic polymorphism in lung.
Would the 27% of African-Americans and 2–7% of Hispanics who possess
active FMO2 require a higher dose (if FMO2 metabolized the prodrug
before reaching its target) or are the active metabolites of FMO2 available
to kill the bacteria, perhaps requiring a smaller and less toxic dose?

13.6. Future Directions

As can be seen from the three examples given here, paraquat, 3-MI, and
a-naphthylthiourea, bioactivated by POR, CYP, and FMO, respectively,
formation of reactive intermediates capable of directly or indirectly
producing ROS and causing oxidative stress is a common theme for
xenobiotic-dependent pulmonary toxicity. Although outside the scope
of this review, the same can be said for other agents toxic to lung that
generate acute or chronic inflammation (asbestos, atmospheric particu-
late matter, etc.). The high oxygen tension in the lung is one of the
contributing factors to this phenomenon. It is not surprising that GSH
and the enzymes required to maintain high levels of GSH are so impor-
tant in the lung (Rahman et al., 1999). Strategies for maintenance and
enhancement of antioxidant power in the lung should be a priority of
individuals at risk of exposure. In addition to what we already know
about the importance of oxidative stress in xenobiotic-dependent lung
toxicity, there is a need to understand how nanomaterials, which are
rapidly revolutionalizing our everyday life, impact lung health. There is
already evidence that the lung is a primary target organ for nano-xeno-
biotic-dependent toxicity (Borm 2002; Donaldson et al. 2002, 2006;
Muller et al. 2005) and the emerging field of nanotoxicology should be
supported by investigators concerned with the health of the human
pulmonary system.
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14.1. Introduction

The bone marrow (BM) is the site of hematopoietic developmental
processes, which originate from hematopoietic stem cell (HSC) progeni-
tors. Their differentiation generates myeloid, erythroid, and lymphoid
lineages that populate the blood, lymphatic system, and spleen. These
cells migrate from the BM to sites of injury throughout the body (Alison
et al. 2006; Greten et al. 2004). The BM plays a critical role in controlling
hematopoiesis, angiogenesis, immune responses, and stromal responses to
tissue injury. Thus, chemical affects in the BM manifest broad toxic and
carcinogenic systemic consequences. The BM also provides a key site for
tumor initiation by reactive chemicals, resulting in a variety of lymphomas
and leukemias (Forrest et al. 2005; Boffetta, Jourenkova and Gustavsson
1997; Mastrangelo, Fadda and Marzia 1996; Recio, Saranko and Steen
2000). Benzene, butadiene, and polycyclic hydrocarbons (PAHs) disrupt
each BM processes in this way.

Each of these chemicals produces multiple reactive metabolites
(Figure 14.1 a–c), which will target not only DNA, but many proteins
that contribute to the complex processes of hematopoiesis and cancer. It is
unlikely that a single reactive metabolite is responsible. Indeed, we suspect
that synergy may occur between chemicals that are toxic to cells in differ-
ent ways, such as via oxidative stress or through reactive electrophiles.
These mechanisms are cooperative since oxidative stress depletes cell
glutathione (GSH), which, in turn, diminishes the protection against
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(a)

(b)

(c)

Figure 14.1 Benzene, butadiene, and benzo[a]pyrene are each metabolized to epoxides, dihydrodiols, and
dihydrodiol epoxides, but also form other products. (a) Pathways for metabolism of Benzene. (b) Pathways
for 1,3 Butadiene. (c) Pathways for Benzo[a] pyrene.
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reactive electrophiles. This cooperation between reactive metabolites
requires more recognition in the real world of pollutant mixtures.

DNA adducts typically form from reactions of reactive electrophilic
metabolites with deoxyguanine (dG) or deoxyadenine (dA). These adducts
have been detected in BM by DNA post-labeling (Moorthy et al. 2003)
and, more recently, by mass spectrometry (MS) (Turteltaub and Mani
2003). They provide the means to trap and identify reactive metabolites,
while also producing an important source of toxicity and mutations. Post-
labeling does not detect all DNA reactions with reactive metabolites since
depurination may subsequently result in the formation of DNA strand
breaks. The excreted purine–metabolite adducts is however no longer
linked to the site of in vivo damage. DNA modification, indicated by
sites of mutation in key target genes (e.g., p53), provides complementary
information, but also reflects modifications that survive DNA repair
processes and positive growth selection (Bauer et al.1995).

These mechanisms of toxicity extend well beyond DNA damage. For
example, we have found that the effects of PAHs in BM are largely
attenuated by deleting the tumor necrosis factor a (TNFa receptor in
mice. Tumor necrosis factor a, and other suppressors of hematopoietic
steps, may be elevated by metabolites or cooperate with metabolite-
initiated responses (Galvan et al. 2006). Deletion of protein kinase R,
possibly a mediator of TNFa, also attenuates PAH effects downstream
of metabolism. P53–/– mice are resistant to many of the effects of PAHs
and benzene on hematopoiesis. p53 mediates apoptosis in pre-B cells
following PAH treatment of co-cultured stromal cells (Page et al. 2002,
2003, 2004).

Benzene, butadiene, and PAHs are each metabolized by CYPs in the
liver and in peripheral sites, like the BM (Figure 14.1). Metabolism in the
liver and extrahepatic sites may deliver reactive metabolites to the BM or,
conversely, limit the delivery of the chemical to the BM for local activa-
tion. These general issues have been extensively studied for benzene
(Bernauer et al. 2000; Bauer et al. 2003), for PAHs (Galvan et al. 2005
Uno et al. 2004), and, to a lesser extent, for butadiene (Irons et al. 2000;
Bond andMedinsky 2001). These considerations add to the importance of
understanding the pharmacokinetics in relation to the BM. The duration
of this exposure is critical since the toxicity involves extended effects on
BM cells as they progress through an extensive sequence of differentiation.
The BM toxicity produced by repeated cycles of reactive metabolite-
mediated DNA or protein damage and repair needs to be considered.
The route of chemical administration (oral, inhalation, or intraperitoneal
(i.p.)) is also critical (Uno et al. 2004). Oral administration removes much
of the chemical through first-pass metabolism, typically leading to proto-
cols where repeated administrations are used. Intraperitoneal administra-
tion produces single-dose toxicity, which aids in mechanistic dissection,
but is obviously further from environmental exposures.

The metabolic activations of benzene, butadiene, and PAHs share
several features, including considerable overlap in the participation of
various enzymes (Figure 14.1; Waidyanatha et al. 2005; Recio et al.
2000; Palackal et al. 2002). Each is metabolized to epoxides by one or
more forms of cytochrome 450 (CYPs), which can then undergo further

Chapter 14 Effects on Hematopoiesis and Impact on Human Health 379



metabolism by microsomal epoxide hydrolase (mEH) to form a trans-
dihydrodiol (DH). Each can potentially undergo secondary CYP metabo-
lism to form a dihydrodiol epoxide (DHE). While this sequence occurs for
generation of bay-region PAH epoxides, alternative rearrangement to
phenols is favored at other PAH positions and for benzene. The more
stable butadiene epoxide readily undergoes a second CYP reaction to the
diepoxide. The formation of DHEs also depends on the competing dehy-
drogenation to catechols. This is favored for the less-stable benzene DH
compared to PAHDH. Specific deletion of CYPs and other genes involved
in these pathways in mice has provided key insight into the important steps
in these toxicity processes and has also linked these reactive metabolites to
DNA adduct formation. Human deficiency polymorphisms have been
similarly helpful, while also providing a link to the mechanisms of adverse
health effects (Zhang et al. 2004). Some of these approaches will be out-
lined for each chemical.

The selectivity of the reactions of the reactive metabolites with DNA
depends on the particular metabolite. In addition, some metabolites, notably
quinones, undergo redox cycling to produce oxidative stress. This is indicated
by 8-hydroxy dG modifications in DNA. Myeloperoxidase (MPO; Zhang
et al. 2002), which is present at high levels in BM, effectively generates
quinones from phenols, hydroquinols, and catechols. Myeloperoxidase can
also directly convert PAHs to quinones and butadiene to the epoxide (Elfarra
et al. 1996). Generation of phenols (from benzene or PAHs) may lead to
detoxification through glucuronidation by UDP glucuronosyl transferases
(UDPGTs) or sulfation by sulfotransferases (STs) (Auyeung, Kessler and
Ritter 2003), but may also activate MPO by acting as a co-substrate. Qui-
nones are removed by a combination ofNADPHquinone reduction (NQO1)
and conjugation byUDPGT or ST (Grove et al. 2000). Induction of quinone
reductase and other phase 2 enzymes via dithiolethiones confers protection
against quinone toxicity (Twerdok, Rembish and Trush 1992; Twerdok,
Mosebrook and Trush 1992; Kwak et al. 2001). Orthoquinones differ from
other quinones in that they form fromDHs by dehydrogenation at aldo/keto
reductase enzymes (AKR), followed by rapid oxidation by oxygen (Palackal
et al. 2001, 2002). These quinones are typically poor substrates forNQO1 and
react readily as electophiles at protein and DNA through aMichael addition
reaction. This reactivity is the prime source of their toxicity, but also limits
their presence.

Glutathione, GSH transferases (GSTs), and deficiencies in the human
GST enzymes (mu-1 and theta-1 forms GSTM1 and GSTT1) play a key
role in removing the reactive metabolites of benzene, butadiene, and PAHs
(Sundberg et al. 2002). The common deficiencies provide a powerful means
to link reactive metabolites from occupational exposures to disease out-
comes. However, GSH/GST reactions with quinones can also enhance
toxicity by forming GS-adducts. These products provide an even better
source of oxygen radicals than the parent quinone (Bolton et al. 2000).

There is extensive overlap in the cellular processes initiated by reactive
metabolites from each of these compounds (benzene, butadiene, and
PAHs). Thus, much may be learnt from comparison of the BM response
to each chemical. Importantly, these compounds are present in mixtures in
diesel exhaust and tobacco smoke and, therefore, may combine their effects.
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14.2. BM and Hematopoiesis

The BM is highly susceptible to toxicity from reactive metabolites, in
part because of the extensive numbers of highly proliferative cells that
participate in hematopoiesis (Figure 14.2). The various BM cell popula-
tions can be identified by means of interactions of specific cell surface
markers with fluorescence-labeled antibodies. This labeling, in turn,
allows physical separation by fluorescence-activated cell sorting (FACS).
Antibody-conjugated magnetic beads are also effective for large-scale
affinity separations of cell populations. Mixed BM cells or sorted cells
are also further characterized by their differentiation in culture. Various
supporting media have been developed, which selectively promote clonal
expansion of progenitors for the specific lineages (Weissman 2000; Hardy
and Hayakawa 2001). The colonies formed in this way provide a means to
quantify the numbers of particular progenitor cells.

Different proportions of the cells arising from the BM distribute to the
blood, thymus, lymphatic system, spleen, and other tissues. Effects of
chemicals in the BM will, therefore, impact cell populations at these
other sites. Several of these cell types contribute to innate immunity and,
along with products of the mesenchymal lineage (endothelia, fibroblasts),
migrate to the sites of chemical or physical injury to provide the first line of
repair. Reactive metabolites also target the mesenchymal population,
which provide support factors that direct the hematopoietic processes.

In response to appropriate stimuli, HSCs differentiate via long term
(LT)- and short term (ST)-intermediate stem cells into precursors for three
lineages: killer cells (NK), lymphoid cells, or myeloid cells. Lymphoid
precursors further differentiate to cytotoxic T lymphocytes cells, which
are programmed to move to the thymus, or B-lymphocytes, which carry

Figure 14.2 Scheme for bonemarrow hematopoiesis showing lymphoid andmyeloid differentiation. Scheme
includes surface markers used to identify B-lymphocytes, myeloid, monocyte, and neutrophil populations.
Abbreviations: CLPs, common lymphoid progenitors; CMPs, common myeloid progenitors; GMPs, granu-
locyte/monocyte progenitors; HSCs, hematopoietic stem cells; MEPs, megakaryocyte/erythrocyte
progenitors.
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out the antigen-initiated production of immunoglobulins. Myeloid pre-
cursors divide into two lineages that lead to, respectively, erythrocytes and
megakaryotypes (produce platelets) or granulocytes, which are comprised
of neutrophils andmonocytes (Carsetti 2000;Weissman 2000). Monocytes
terminally differentiate into macrophage, the major phagocytic cell type.
Natural killer cells and macrophage provide a first line of defense against
foreign cells and viruses (Innate immunity). Antigen-initiated antibody
immune responses are mediated by recruitment of cytotoxic T cells and
NK cells along with macrophage.

These differentiation processes in BM are regulated by chemokines,
cytokines, and other protein factors that are released from specific stromal
cells, which originate from mesenchymal stem cells. Lymphocytes develop
through a discrete series of intermediate immature B-lymphocytes. These
progenitor B cells, also known as pre-B cells, express immunoglobulin
M (IgM) on their surface, but mature further in response to antigen
stimulation. This maturation is facilitated by interleukin 7 (IL7) and
stromal cell derived factor (SDF) from BM stromal cells (Grawunder,
Melchers and Rolink 1993; Iguchi et al. 1997), but is also diminished by
other factors, including interferon gamma (IFN-g and TNFa which can
arise frommacrophage (Rusten et al. 1994, 1995;Mundle et al. 1999; Rebel
et al. 1999; Kouro et al. 2001; Bryder et al. 2001). SDF1 and IL7 promote
these steps through specific receptors (e.g., CXCR4 for SDF1) on the
target progenitor cells (Tokoyoda et al. 2004).

The stromal cells are, for the most part, fibroblastic and include pro-
genitors for bone-forming osteoblasts and various related specialized cells
that support different stages of hematopoiesis. Adipocytes, which arise
from an alternative differentiation of the stromal progenitors (Liu et al.
2007), release factors that may disrupt hematopoiesis, including leptin and
adiponectin. These processes are critically affected by the local vasculature
through transport of regulatory molecules, oxygen availability, and by
factors released from the endothelia.

14.3. Chemical Disruption of Hematopoiesis

Reactive metabolites can disrupt these processes in many ways, particu-
larly via decreased proliferation, enhanced apoptosis, or altered commit-
ment to differentiation. In the case of stem cells or other multipotential
cells, chemicals may also redirect subsequent lineage commitments. The
supporting stroma may also exhibit a change in the release of paracrine
factors, including growth factors, chemokines, cytokines, proteases and
protease inhibitors, andmatrix proteins. The complexity of these problems
is enhanced by the diversity of cell types. There is of particular interest in
low doses of chemicals, which are more environmentally relevant. Low
doses also produce more subtle effects on differentiation, which can pre-
dominate over apoptosis. DNA is a key site for such interactions, not only
because of the possibility for mutations, but also because of the signaling
that arises when DNA adducts or strand breaks are recognized. This leads
to activation of the ATM and ATR kinase pathways, which link to p53,
NFkB, and Chk signaling processes (Heince et al. 2007). These signaling
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pathways, in turn, regulate cell proliferation and apoptosis (Guo, Faller
and Vaziri 2002; Yoo et al. 2007; Wu et al. 2006).

Cancers (leukemias and lymphomas) probably arise from changes in
proliferative control produced as a consequence of DNA damage or
chromosomal rearrangement in HSC or proliferative cells (Reya and
Clevers 2005). These effects arise from reactions of reactive metabolites
with DNA or from other chemical effects that are directed to chromoso-
mal stability and mitotic processes. Realignment of chromosomes can
promote growth by placing a proliferative gene under control of a more
frequently active promoter. Chemical effects on BM cell populations are
often seen with only minimal detection of DNA adducts, thus suggesting
the importance of these other targets (Whysner et al. 2004).

The toxic metabolites affect hematopoiesis, in part, through effects on
the release of these stromal/endothelial factors, which control the hema-
topoietic niches of the BM. It is notable that benzene-exposed workers
show decreased blood levels of CXCL4 and two other platelet-derived
CXC chemokines (Vermeulen et al. 2005). The origins of this deficit, health
implications, and information regarding whether this set of responses
occurs for the other similarly acting chemicals remains to be determined.

Recent work indicates that the stem cell population is sustained during
these chemical stresses, although with significant changes in gene expres-
sion (Faiola et al. 2004). The chemical stresses result in decreases in
myeloid and lymphoid progenitor cells, either through effects on the fate
of stem cells and other early progenitors or from apoptosis in the affected
populations. The targeting of stem cells raises important questions about
the chemical metabolism in these cells. Stem cells are characterized by high
activity of ATP-dependent transporters, which results in low accumulation
of Hoechst dyes relative to other cells (Reys and Clevers 2005). The
responses of separated HSC populations have been characterized for
PAHs and quinone metabolites (Zhu, Li and Trush 1995; Van Greve-
nynghe et al. 2005) and cytochrome P450 forms have been identified in
human CD34þ stem cell populations (Soucek et al. 2005).

14.4. In Vitro and Ex Vivo Model System for BM Toxicity

The complexity of these in vivo controls over hematopoiesis has necessi-
tated the generation of simpler model systems. For example, BM stromal
cell lines (typically BMS2 cells) have been cultured with various hemato-
poietic progenitor cell lines, particularly pre-B cells (Yamaguchi et al.
1997a,b; Mann et al. 1999; Near et al. 1999). BMS2 is a fibroblastic,
multipotential line derived from mouse BM stroma (Heidel et al. 1999).
Polycyclic hydrocarbon metabolism can be provided by the BMS2 cells,
while responses such as apoptosis and cell cycle changes have been char-
acterized in the hematopoietic line. This approach is helpful in addressing
detailed mechanism – for example, signaling mechanisms produced by
reactive metabolites in pre-B cells and transfer of reactive metabolites
between BMS2 cells and the pre-B cells. This model has been used to
demonstrate paracrine-induced apoptosis in pre-B cells. Evidence has
been provided for secretion of a large mediating protein (>50 kDa) from
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the BMS2 cells triggered by PAH reactive metabolites (Allen et al. 2003).
Other, more complex systems utilize mixed BM cultures or co-cultures of
separated stroma and hematopoietic cell (Wyman et al. 2002). Equivalent
apoptotic pre-B cells are very difficult to detect in vivo after these chemical
treatments due to the rapid removal of dying cells by macrophage
(Dogusan, Montecino-Rodriguez and Dorshkind 2004).

Effects of reactive metabolites on progenitor cells in vivo can be mea-
sured by characterization of their subsequent ex vivo differentiation in
culture. The effects can also be generated through in vitro incubations of
BM cells with the test chemicals. Their commitment to the separate
lineages is resolved by colony-formation assays for lymphoid or myeloid
cells or FACS analysis of changes in the respective cell populations. These
methods allow dissection of in vivo effects of the chemicals on the separate
cell populations in the more controlled ex vivo environment.

The difficulty of reconstituting the physiology of the BM compartment
in cell culture remains a major problem, particularly the control of the
stem cell niche and the local role of vasculature (Reya and Clevers 2005).
A further issue is that each of the many cell types has a distinct profile of
enzymes involved in chemical metabolism. The extent of transfer of reac-
tive metabolites between different cell types and different BM compart-
ments also remains uncertain.

14.5. Benzene Disruption of Hematopoiesis

and Initiation of Cancer

Benzene produces acute myeloid leukemia, as well as a variety of other
leukemias (Snyder 2002). Detailed examination of DNA adducts gener-
ated from carcinogenic benzene treatment suggests that adduct formation
correlates poorly with cancer development (Whysner et al. 2004). Chro-
mosomal aberrations suggest clastogenic activity. Additionally, adducts
from quinones readily undergo depurination resulting in strand breaks.
Hemotoxicity is detectable in workers exposed to low doses of benzene
(Lan et al. 2004). Kinetic considerations for benzene exposure and
distribution to the BM have been determined for workers and for mouse
models (Kim et al. 2006; Chen et al. 2007). All of the products generated
from the pathway shown in Figure 14.1 have been detected in these in vivo
studies. In the mouse, benzene is absorbed more slowly after intradermal
exposure than after intragastric gavage. This retention results in more
quinone conjugation.

Short-term responses include effects on hematopoiesis, which are par-
ticularly directed to progenitor cells (Morgan and Alvares 2005). Suppres-
sion of erythromyelopoiesis results in decreased leukocyte and erythrocyte
levels in peripheral blood (Ross et al. 1996; Moran, Siegel and Ross 1999).
By contrast, myeloid-derived granulocytes and neutrophils increase
(Faiola et al. 2004). In BM, there is a nonspecific 40% loss of nucleated
cells, but no change in stem cells (Yoon et al. 2003).

Microarray studies of mRNA from total BM cells, following extended
high-level benzene exposure, show that some changes maximize within
5 days, while other changes occur more slowly (Yoon et al. 2003). A modest
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increase in gene expression is associated with cell cycle arrest at G1/S (p21),
but larger increases are associated with G2/M arrest (cyclin G1, wee
kinase) and apoptosis (caspase 11). These responses are consistent with
activation of p53 resulting from DNA damage. Other notable changes
include substantial increases in CYP2E1 and MPO, which are involved in
benzene metabolism (see below), andmetallothionein 1, which responds to
and protects against oxidative stress. The role of p53 has been further
defined by treatment of p53 knock out (KO) mice. Benzene responses
divide into those that are removed by p53 deficiency (cell cycle, apoptosis,
metallothionein) and those that are retained (CYP2E1, MPO). For exam-
ple, chronic benzene exposure causes an S-phase arrest in myeloid pre-
cursors, which is dependent on p53 (Yoon et al. 2001, 2003). Other
hematopoietic responses are only seen after p53 deletion, probably result-
ing from the protective role of p53. Thus, p53 mediates some toxicity, but
provides protection against other changes.

Separation of HSCs, which represent about only 1/104 cells after expo-
sure to benzene (Faiola et al. 2004), shows some selective changes. For
example, the increase in p21 is only seen in the total population, while
increases in cyclin G and SDF1 or decreases in Pax 6 are unique to the
HSC. These expression changes suggest that the fate of the HSC may,
indeed, be affected by the treatment.

Since hematopoiesis depends on factors released from the adjacent
stroma, these cells provide an important site of toxicity (Funk, Kincade
and Witte 1994; Iguchi et al. 1997; Hahn et al. 2000). Ex vivo hematopoi-
esis of BM cells isolated after in vivo benzene treatment is substantially
arrested and this suppression is largely dependent on changes in the
supporting activity of the adherent stromal cells (Iguchi et al. 1997;
Abraham 1996).

For exposed workers, BM effects of benzene can be recognized not only
by changes in peripheral blood mononuclear cell populations, but also
through gene expression changes in these cells, which are identified
through microarray gene expression profiles (Forrest et al. 2005). In a
study of workers exposed to benzene in Chinese chemical plants, a set of 19
cytokines or cytokine response genes were upregulated, while other mar-
kers were substantially downregulated (cJun and HSP70) (Forrest et al.
2005).

14.6. Benzene Metabolism and Formation of Reactive

Metabolites in BM

The major products from in vivo benzene metabolism are phenol,
p-hydroquinone/p-benzoquinone, and catechol/o-quinone (Figure 14.1).
The formation of benzene epoxide and the ensuing conversion by mEH to
benzene trans-dihydrodiol (BDH) have been established from reactions
with liver microsomes (Glatt et al. 1989). Benzene epoxide also rearranges
to phenol, undergoes rearrangement to oxepine, and CYP-mediated ring-
opening to mucondialdehyde (Snyder 2002). Benzene trans-dihydrodiol is
converted to o-quinone by peroxidases and to catechol by AKRs (Palackal
et al. 2001). Benzene dihydrodiol epoxide (BDE) is formed from BDH
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(Snyder et al. 1993; Waidyanatha, Sangaiah and Rappaport 2005). Benzene
1,2,4-triphenol, which is identified among benzene metabolites, may arise
from BDE. Phenols are further metabolized via sulfation and glucuroni-
dation. Orthoquinones and p-quinones are removed by reduction at
NQO1 coupled to UDPGT to form quinone glucuronides (Lind 1985;
Schrenk et al. 1996). Benzene epoxide reacts with glutathione catalyzed
by GSTs to form phenyl GSH conjugates (Snyder 2002).

The activation of benzene depends on the presence of CYPs, particu-
larly CYP2E1, mEH, AKR, and peroxidases, including MPO. CYP2E1 is
appreciably expressed in BM stroma and, therefore, metabolism can be
initiated close to the sites of toxicity (Bernauer et al. 2000). Each of the
other enzymes is also present in BM. The contribution of liver metabolites
depends on their effective transfer to BM. Phenol, p-hydroquinol, cate-
chol, and possibly BDH are likely to transfer from liver to BM through
circulating blood. The presence of these reactive metabolites has been
detected through albumin adducts in the blood of Chinese workers
exposed to 1–>10 ppm benzene (Lin et al. 2006). The dose–response
increases were ordered: benzene epoxide>1,4 quinone>>1,2 quinone.
These adducts suggest that metabolism in the liver can deliver reactive
metabolites to the BM in exposed humans, although this depends on
the speed of this albumin-trapping reaction in blood. They also form
glutathione conjugates. These adducts and conjugates provide markers
of benzene activation in humans (Snyder 2002; Kim et al. 2006;
Waidyanatha, Sangaiah and Rappaport 2005). Benzene toxicity and the
impact of gene deletions and polymorphisms can reasonably be explained
by transfer of p-hydroquinol and catechol to the BM with subsequent
activation to reactive quinones by MPO. The transfer of BDH and activa-
tion to BDE by CYP2E1 in BM provides another possibility.

Direct administrations of phenol, catechol, or p-hydroquinol each fail
to reproduce the benzene BM toxicity. Mixtures of catechol and p-hydro-
quinol, however, reproducemany of the features of benzene toxicity in BM
(Yoon et al. 2003). Benzene toxicity in BM is substantially removed inmice
deficient in, respectively, CYP2E1 (Valentine et al. 1996) and mEH (Bauer
et al. 2003).

CYP2E1 is appreciably expressed in BM and the activity correlates well
with benzene toxicity, suggesting that local metabolism is a key factor
(Bernauer et al. 2000). A mouse deficiency of NQO1 enhances toxicity
(Long et al. 2002). NQO1 is poorly expressed in BM cells, but increases
with benzene exposure, presumably through induction by quinone metabo-
lites (Ross 2005). Low-activity human polymorphisms in NQO1 have been
linked to enhanced risk of benzene-induced leukemia, further confirming
their key roles (Moran, Siegel and Ross 1999; Ross 2005). Thus, one poly-
morphism of NQO1 (2/2 variant) is much more readily degraded through
ubiquitination leading to a near-complete deficiency. Collectively, this sug-
gests participation of a combination of metabolites: BDH from the role of
mEH and p-benzoquinone from the protective role of NQO1. Combination
of NQO1 deficiency and GST deficiencies increases the toxicity of benzene
by 20-fold in exposed workers (Chen et al., 2007; Manini et al. 2006).

Benzene toxicity from occupational exposure is substantially enhanced
by smoking. The combinatorial effect of benzene and smoking is greatly
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enhanced by polymorphisms in CYP2E1 (threefold) and, particularly, by
the NQO1 low-activity allele (up to 20-fold) (Wan et al. 2002). CYP2E1
polymorphisms alone have little effect. The basis for this strong interaction
remains to be determined, since components of cigarette smoke are also
metabolized by these enzymes (nitrosamines, CYP2E1; PAH quinones,
NQO1). Nevertheless, this dramatic effect clearly emphasizes the impor-
tance of synergy between components of environmental mixtures.

In contrast to p-quinones, o-quinones are poor substrates for NQO1,
suggesting that the protective role of this enzyme in benzene toxicity
derives from the p-benzoquinone. o-Quinones are more reactive electro-
philes that readily react with cell nucleophiles, notably glutathione and
protein cysteines. This reactivity, however, probably decreases availability
to DNA or other specific targets. The mutagenesis of BDH, when acti-
vated by liver S9, appears to involve BDE as the prime contributor, while
the alternative conversion to o-quinone by AKR diminishes mutagenesis
(Glatt et al. 1989; Snyder et al. 1993).

DNA adducts, measured by accelerated mass spectrometry (AMS)
to the lowest detectable level (5 ng kg–1), have been compared in liver and
BM after administration of 14C-benzene to mice in vivo (Turteltaub and
Mani 2003). DNA adducts in liver were maximum after 30min, whereas
peak BM adduct levels were reached in 6 h and were sustained longer.
The order of BM adduct formation between mouse strains and rats
(B6C3F1>DBA2>C57B6>rats) paralleled toxicity, suggesting that these
reactive metabolites are also critical determinants of toxicity.

Reactions of both o- and p-quinones with DNA produce unstable
adduct that result in depurination and strand breaks (Chakravarti et al.
2006). p-Benzoquinone, however, also forms more stable DNA adducts
that can be detected by post-labeling. These quinone reactions with DNA
have been directly linked to mutations (Gaskell et al. 2004; Xie et al. 2005).

Additionally, the greater stability of p-benzoquinone results in redox
cycling with generation of oxygen radicals and hydrogen peroxide. 8-
Hydroxy dG adducts are a likely additional outcome of these radical
reactions (Bolton et al. 2000; Watanabe and Forman 2003). 8-Hydroxy
dG adducts are commonly used as markers of oxidative stress through
their detection in blood and urine (excretion after depurination) (Pilger
and Raudiger 2006). Measurement of benzene exposure-mediated
8-hydroxy dG adduct levels has been equivocal, but these adducts can
readily be measured for smokers (PAH quinones). These adducts cause
mutations through G/T transversions and strand breaks.

Despite the detection of adducts in total BM populations, several studies
show that effects on other targets, such as mitotic mechanisms, are perhaps
more important. In addition, benzene and other chemical stressors enhance
epigenetic changes that do not involve adducts, through effects on DNA
methylation or DNA repair processes (Morgan and Alvares 2005). Benzene
metabolites also target key enzyme activities. For example, p-quinone inhi-
bits activation of precursor forms of cytokines by sulfhydryl-dependent
proteases (Kalf, Renz and Niculescu 1996). We will discuss the important
role of cytokines in BM effects of PAHs on hematopoiesis.

More important, is the target BM cell population. In a study that
provides insights for other chemical stressors (Givers et al. 2001), effects
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of benzene on BM HSC and progenitor populations increased with time
after exposure starting at 9 weeks and extending to 11months. At this time,
15% of the cells showed aneuploidy and some specific chromosomal
abnormalities. These experiments provide compelling evidence for the
importance of metabolism of benzene and other chemicals within HSC
niches.

14.7. 1,3-Butadiene and BM Toxicity

1,3-Butadiene (BD) is a gas, which is present in many of the sources that
provide environmental benzene, including cigarette smoke and diesel
emissions. BD is also extensively used in the plastics and rubber industries,
often in association with styrene, which shares similar epoxide-mediated
toxicities. BD induces chromosomal damage, clastogenic changes, and
extensive DNA adducts at high doses, but also increases DNA repair
activity (Vodicka et al. 2006).

BD differs from benzene in that electrophilic, but not oxidant stress
metabolites are generated. BD is primarily metabolized to the monoep-
oxide (BMO) and diepoxide (DEB) and the respective DH derivatives,
resulting from reaction at EH (Figure 14.1) (Elfarra, Krause and Selzer
1996; Scholdberg et al. 2005). These reactions are catalyzed by CYP2E1
and CYP2A6, while CYP3A4, additionally, converts BMO to DEB
(Vodicka et al. 2006). Myeloperoxidases rather than CYPs have been
implicated in the conversion of BD to BMO in BM cell lysates from
humans and mice. Metabolism is enhanced by hydrogen peroxide, which
is needed for MPO, but not by NADPH, which drives CYP metabolism
(Maniglier-Poulet et al. 1995). Myeloperoxidase forms BMD, but not
DEB (Elfarra, Krause and Selzer 1996). BD, therefore, differs from ben-
zene through the greater stability of the epoxides and a decrease in oxida-
tive stress metabolites. BMO and DEB are each generated at much higher
levels in mice than in rats (4–8 and 25–100 times, respectively), consistent
with the much greater toxicity in mice (Bond and Medinsky 2001).

Mice and humans exposed to BD each form BMO adducts with dG
(7-alkyl) and dA (1-alkyl) in multiple tissues (Scholdberg et al. 2005). 1,2,3-
Trihydroxybutyl adducts derived from DEB are also detectable in vivo
(Vodicka et al. 2006).

Formation of valine–hemoglobin adducts provides evidence for circu-
lating epoxides, which should also reach the BM (Swendberg et al. 2007).
Mice are much more susceptible than rats, consistent with higher blood
levels of the epoxides. Deletion of epoxide hydrolase enhances toxicity,
suggesting that these epoxides contribute much more to toxicity than the
DHE (Wickliffe et al. 2007). Serum analysis of workers in the Texan
rubber industry found mean BD exposure levels of up to 2 ppm. Indivi-
duals in a high-exposure group exhibited lymphocyte mutations, which
were increased by BD (Abdel-Rahman, Ammenheuser and Ward 2001).
The frequency of mutations was also increased threefold by low-activity
His/Tyr mutations of EH. A similar, more extensive study of Czech
workers exposed to BD identified metabolites due to GSH conjugation
as well as BMO- and BDE-derived hemoglobin adduct formation.
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Metabolite-selective effects of GST genotype were observed. There was,
however, no correlation between metabolite markers and lymphocyte
HPRT mutations or chromosome aberrations despite reported exposures
that were similar to those in the Texas study (Albertini et al. 2007).
A second study of Chinese workers with similar exposures also failed to
find a correlation between HPRT mutations or chromosome aberrations
and either GST or EH polymorphisms, although metabolites were not
characterized in this study (Zhang et al. 2004). Differences between the
responsive Texan workers and the apparently unresponsive Czech and
Chinese groups may reflect higher-than-estimated exposures in the Texas
analyses and also possibly other active components in the exposures. In
light of benzene effects on mitotic processes, mutations in lymphocytes are
not necessarily an indicator of critical BM effects, notably on HSC
populations.

The mutagenic activities of BMO and DEB have been compared in
lymphoblastoid cell lines. While DEB and BMO each produce AT-to-TA
transversions, DEB is much more potent and produces large deletions,
which may arise from bifunctional crosslinking (Recio, Saranko and Steen
2000). The responses to BD, however, suggest that both mechanisms
cooperate in providing the toxicity. In vivo treatment with BD and either
BMO or BDO each cause specific mutations in mouse lung, but not in the
BM of the same mice (Saranko et al. 2001). In vitro treatment of BM cells
with the epoxides produces similar mutations to those seen in lung cells.
This suggests that the mutations are produced in the mouse BM, but at a
low frequency. When human BM progenitor cell populations were treated
separately with BMO, DEB, and the DHE (Irons et al. 2000), only DEB
inhibited lymphoid and erythroid colony formation. These activities were
comparable to those of benzoquinone. The greater effectiveness of DEB-
induced DNA changes adds weight to the need to focus on such changes in
human samples.

14.8. PAH Activation and BM Toxicity

Polycyclic hydrocarbonss produce many of the same effects as benzene
on BM cells, including immunosuppression and cancer (Thurmond et al.
1987; Boffetta, Jourenkova and Gustavsson 1997). In mice, doses of
25mgkg–1 of 7,12-dimethylbenz[a]anthracene (DMBA), administered intra-
peritoneally, produce maximum effects on BM (Heidel et al. 1999). There is
50–70% suppression of bothmyeloid and lymphoid lineages between 24 and
48h of exposure. In contrast, benzo(a)pyrene (BP) causes scarcely any
depletion of BM cells. Intraperitoneal administration produces a broad
distribution of PAH with blood levels that remain relatively constant
between 6 and 24 h, with proportionate levels in the BM (Galvan et al.
2005). The lipophilic PAHs primarily distribute into fat and reach the liver
through the blood. This systemic distribution after i.p. administration is
represented schematically in Figure 14.3. Slow transfer to the liver
decreases the effectiveness of liver metabolism.

After i.p. administration, BP-mediated activation of the AhR produces
a much larger induction of CYP1A1 than the weaker AhR activator,
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DMBA. Since BP is a much better substrate for CYP1A1-mediated meta-
bolism than DMBA, the resultant increase in CYP1A1 expression level
leads to decreased intrahepatic BP levels relative to equivalent DMBA
administration (Galvan et al. 2005). This does extend to differential effects
on blood and BM PAH levels in the key 12–24-h period of BM toxicity. In
AhRd mice, the receptor binds PAH weakly and there is no induction of
CYP1A1. The diminished hepatic activity similarly does not initially affect
blood or BM levels of the PAHs. Remarkably, however, this loss of AhR
induction restores BP-initiated BM toxicity to levels seen with DMBA.
Slow transfer of PAHs into the liver from lipid storage appears to limit the
systemic effects of increased liver metabolism. The similar levels of BP and
DMBA reaching the BM in normal and AhRdmice contrast with the large
differences in toxicity. The restoration of BP toxicity in AhRd mice points
to an AhRd-mediated protection against reactive metabolites. This differ-
ence between BP and DMBA is not specific to BM toxicity. These obser-
vations provided the first clue that BM metabolism was central to these
toxicity effects.

By contrast, intragastric PAHs enter the liver through portal circulation
and are substantially removed in a first pass by CYP-mediated metabo-
lism. For BP, blood levels peak within 2–3 h and decline to near zero in 5 h
(Uno et al. 2004). Even within this short period, the much greater AUC in
CYP1A1–/– mice demonstrates that CYP1A1 is a key contributor. AhR
induction of liver CYP1A1 enhances clearance and diminishes transfer of
PAHs to BM. However, because of this effective clearance, PAH toxicity

Figure 14.3 Scheme showing systemic equilibration of PAHs after intraperitioneal injection. Most of the
lipophilic PAHs distribute into body fat from where there is distribution into blood and then to liver (high
metabolism), lung (typical of tissues with moderate metabolism), and bone marrow (the toxicity target). In
liver, uptake is slower than metabolism with the consequence that increased metabolism through induction
of CYP1A1 depletes liver PAHs (BP<<DMBA), but has little immediate effect on blood levels. Bone
marrow levels of PAH are proportional to blood levels and, therefore, not much affected by high liver
metabolism. This contrasts with orally administered PAHs, which enter the liver first and where the
enhanced metabolism rapidly lowers blood and bone marrow PAH levels.
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with orally administered PAH typically requires multiple administrations
of PAH. Thus, the protective role of liver metabolism against PAH toxicity
is substantially dependent on the route of administration.

14.9. Reactive PAH Metabolites and Formation

of DNA Adducts

Most investigations have used either DMBA or BP (Thurmond et al. 1987;
Wyman et al. 2002) as model PAHs, with potent carcinogenic and immu-
nosuppressive activities. In vivo, PAHs are found as complex mixtures
formed through partial combustion processes. Such mixtures have been
examined with respect to metabolism, DNA adduct formation, and carci-
nogenesis in a mouse epidermis model, but not as yet for BM effects
(Marston et al. 2001; Kleiner et al. 2004). The activation process involves
two CYP-dependent steps (Palackal et al. 2001; Shimada and Guengerich
2006; Conney et al. 1994), the first of which converts the PAH to a non-K-
region trans-dihydrodiol (PAHDH), and the second of which results in
formation of syn- and anti-dihydrodiol epoxides (PAHDE) (Figure 14.1).
PAHDE have been linked to the initiation of carcinogenesis through cova-
lent binding to purines of DNA, which result in mutations through error-
prone replication (Loechler 1995). The DHEs form on benzene rings in the
so-called bay and fjord locations. In these structures, the metabolized ring is
puckered by trans-bay steric interactions from either the methyl groups or
benzene rings. The out-of-plane structure increases reactivity of the epoxide
ring. For DMBA, the active bay-region configuration is provided by the 3,4
dihydrodiol 1,2 epoxide isomers. For BP, equivalent activity is provided by
the 7,8 dihydrodiol 9,10 epoxide isomers. There are four isomers of each
PAHDE (syn- and anti-epoxides, each with optical isomers), which differ in
their reactivity with the stereo-selective DNA.

While most PAH toxicity studies focus on PAHDE, their various
quinone derivatives are extensively formed and also contribute substan-
tially to toxicity. PAHDH are converted by a second competing pathway
to o-quinones, through dehydrogenation by members of the AKR family
and auto-oxidation (Palackal et al. 2002). These PAH o-quinone metabo-
lites, like the benzene o-quinone, are reactive electrophiles, which attack
proteins andDNA. Their reaction with DNA predominantly forms depur-
inatingDNA adducts and strand breaks. The PAH o-quinones also exhibit
distinct toxic effects, including inhibition of microsomal Ca-ATPases,
PKCs, and protein phosphatases. Other PAH quinones arise from the
parent PAHs through an initial electron abstraction by peroxidases or
P450 cytochromes or from further metabolism of PAH phenol metabo-
lites. These quinones are typically less electrophilic than o-quinones and
p-benzoquinone, but are more subject to 1e-redox cycling due to the
stability of the intermediate semiquinones. BP forms these quinones
much more readily than DMBA, where the preferred peroxidative
1e-reaction leads to H-abstraction from the methyl groups. This results
in the predominant formation of hydroxymethyl products. This redox
cycling of quinones with oxygen generates oxyradicals that produce
DNA damage, principally through initial formation of 8 hydroxy dG.
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Two-electron reduction by NQO1 prevents this cycling (Kerzee and
Ramos 2000; Long et al. 2000, 2001, 2002; Moorthy et al. 2003). Quinones
also readily react with glutathione to form GS-derivatives, which become
more active in redox cycling due to the electron-donor property of the
S-substituent (Bolton et al. 2000).

While we have focused on PAH metabolites as a source of toxicity, it is
important to recognize that activation of the AhR alone disrupts hemato-
poiesis (Murante and Gasiewicz 2000). Sufficient PAHs reach the BM to
increase CYP1B1 levels (Figure 14.5). Several features of the BM response
to PAHs suggest that the AhR involvement is limited to induction of
PAH-metabolizing enzymes: (1) the effects on progenitor populations
are different from those of 2,3,7,8-tetrachlorodibenzo dioxin TCDD, a
potent AhR ligand, which is metabolized extremely slowly; (2) AhRdmice,
which are scarcely induced by BP, respond more extensively; (3) DMBA, a
weak inducer, is much more toxic.

14.10. Enzymes Involved in Activation and Detoxification

The conversions of PAHs to PAHDH and then to PAHDE, respectively,
by CYP1A1 and CYP1B1 is selective to the individual PAH. The epoxida-
tion of PAHDH by either CYP1A1 or CYP1B1 competes with the con-
version to o-quinones by AKR. There are multiple forms of AKR1C that
are effective in the metabolism of PAHDH, which are distributed across
many tissues (Burczynski and Penning 2000). Mercaptoethanol and
N-acetyl cysteine have been used to trap PAH o-quinone generated
through metabolism of PAHDH by recombinant AKR forms (Jin
and Penning 2007). Mass spectrometry has been used to identify the
o-quinone-thiol conjugates. Although peroxidation of PAHs by 1e
abstraction is catalyzed by CYPs, this reaction is much more likely to be
mediated by the high levels of MPO in BM. Thus, BP is converted to a
mixture of quinones (1,6-; 3,6-; 6,12-) when incubated with BM cell lysates
(Legraverend et al. 1983). Recent work has linked MPO to adverse effects
of BP on polymorphonuclear leukocytes (Kumar et al. 2006).

AhR-mediated PAH induction responses also differ between tissues
and, notably, between liver and BM. As noted above, the activation
of the AhR is highly PAH-dependent (BP>>DMBA) (Schmidt and
Bradfield 1996). CYP1A1 is significantly expressed in mouse liver only
after activation of AhR. CYP1B1 is not expressed at detectable protein
levels in mouse liver hepatocytes, even after AhR activation, but is
expressed extensively in extrahepatic tissues (Savas et al. 1994; Sutter
et al. 1994; Bhattacharyya et al. 1995).

The loss of DMBA toxicity in the BM of CYP1B1-null mice has
established a key role for CYP1B1 in the activation process. The decline
in BM toxicity is matched by a loss of PAHDE adducts (Galvan et al. 2003;
Heidel, Czuprynski and Jefcoate 1998; Heidel et al. 2000; Figure 14.4).
CYP1B1 is constitutively expressed in many extrahepatic tissues to higher
levels than CYP1A1. BM is only one of many tissues expressing CYP1B1.
These tissues are targets for PAH toxicity and carcinogenicity (Savas et al.
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1994; Bhattacharyya et al. 1995). In humans, the expression is much higher
in tumors than in surrounding normal tissues (McFadyen and Murray
2005). Stromal fibroblasts, including those in BM, express constitutive
levels of CYP1B1 that are inducible after AhR activation. The BMS2
mouse BM stromal line expresses CYP1B1 at modest levels, but effectively
generates DMBA–DE adducts that closely match those generated from
exposure of BM cells to DMBA (Figure 14.4a). Co-cultured pre-B cells,
which have no metabolic activity, generate a similar set of adducts, indi-
cating effective transfer of DMBA–DE from BMS2 cells (Figure 14.4b).
These BM stromal cells, like other fibroblasts, express negligible levels of
CYP1A1. Mouse endothelial cells, which line the vasculature of the BM,

Figure 14.4 DMBA and BP adducts on bone marrow DNA measured by post-labeling using either 33-P
(HPLC) or 32-P (2D-electrophoresis). (a) DMBA 3,4 dihydrodiol 1,2 epoxide adducts from co-culture of
DMBA with BMS2 and pre-B mouse cell lines. 33-P labeled dG and dA adducts are similar in BMS2 cells
(upper) where activation occurs and in pre-B cells (lower), which is the site of toxicity and largely devoid of
metabolism. (b) DMBA adducts similarly analyzed in bone marrow DNA from wild-type mice (upper) and
CYP1B1–/– mice (lower). The distribution of adducts is very similar in the in vitro and in vivo models
reflecting similar proportions ofDMBE isomers. 1–8 represent the (þ) and (–) syn- and anti-DE adducts with
dG and dA. DMBA and BP adducts on bone marrow DNA are compared by 32-P post-labeling. The
numbering represents positions of adduct identified with standards. 3 and 4 correspond to dihydrodiol
epoxide adducts, 1 and 2 are likely to be quinone adducts, and 5–8 are unknown.
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also typically express CYP1B1 (Tang, Jefcoate and Sheibani unpublished).
In situ hybridization has demonstrated the presence of CYP1B1 mRNA in
BM, which is increased appreciably following various PAH exposure
(Galvan et al. 2005). Expression is detectable under basal conditions and
is enhanced more by BP than DMBA, in accord with AhR activation
(Figure 14.5).

DNApost-labeling shows thatDMBAmore readily forms PAHDE–DNA
adducts in BM than BP (Galvan et al. 2005), even in AhRd mice, where
BP is as toxic as DMBA (Figure 14.4C) (Moorthy, unpublished). This
increase in adducts for DMBA compared to BP occurs despite similar
CYP1B1-mediated metabolism to PAHDH in microsomal preparations.
The DMBA adducts are absent in CYP1B1–/– mice, indicating
similar critical roles for CYP1B1 in PAHDE production as in toxicity

Figure 14.5 Levels and distribution of cytochrome P450 1B1 in bone marrow determined by qRT-PCR and
in situ hybridization after treatment with BP. Mice were exposed to BP (50mg kg–1, i.p.) for 24 h prior to
sacrifice and removal of the sternum for sectioning. In situ hybridization and H/E staining are shown for
serial sections taken from three separate sections of the sternum comprising bone, matrix, and fat. CYP levels
are much lower in absence of BP. (a) CYP1A1 antisense probe. (b) CYP1B1 antisense probe. (c) H and E
staining. (d) Sense control. (e) QRT-PCR of mRNA 12 h after comparable 12-h treatments.
CYP1A1 was only detected in brown fat (bf) attached to the outside of sternum. CYP1B1 is seen in white fat
(wf), in the matrix (m), and in mixed fat/matrix populations (mx).

394 C. Jefcoate and M. Larsen



(Galvin et al. 2003; Figure 14.4B). The BM levels of CYP1B1, which are
higher after BP treatment, also do not correlate with either toxicity or adduct
formation (Galvan et al. 2005; Figure 14.5). This is consistent with the
hypothesis that BP metabolism is diverted to products that generate toxcity
without producing adducts, and which can be protected by the greater AhR
induction provided by BP. The effective toxicity of benzene quinones and
their preferential formation by BP than by DMBA supports this view.

The absence of CYP1B1 in liver establishes an extrahepatic role for
CYP1B1 participation in BM toxicity. Reverse transcriptase-polymerase
chain reaction (RT–PCR) shows that CYP1B1 mRNA increases appreci-
ably in BM cells 12 h after treatment with either PAH. Basal CYP1B1
levels and DMBA metabolism are each relatively high in cultured BM
stroma and are partially retained in AhR–/– cells. Since there is only a
modest increase after addition of TCDD (Heidel et al. 2000), it appears
that other regulatory mechanisms contribute to this expression.

Experiments in AhRd, CYP1B1–/–, and CYP1B1–/–AhRd mice indi-
cate two features of the PAH toxicity process: (1) CYP1B1 is essential for
activation of PAHs in BM, but is not a limiting factor in toxicity in normal
or AhRdmice; (2) AhR activates a limiting protective process, which may,
therefore, involve conjugation processes.

Three families of conjugation enzymes react with the principle PAH
metabolites (phenols, PAHDH, PAHDE, and quinones). One or more of
these enzymes may, therefore, provide this AhR-induced removal of reac-
tive BP metabolites in BM. These reactions are, of course, also involved in
the metabolism of benzene. The UDPGTs, STs, and GSTs each exist in
multiple forms, demonstrating different specificity for PAH metabolites
and different regulation by AhR. The forms participating in reactions with
PAH metabolites are likely to be different from those participating in
benzene metabolism. UDPGT1A forms are involved in further conjuga-
tion of PAH phenols and hydroquinones and, to a lesser extent, PAHDH.
NQO1 provides protection by converting quinones to hydroquinones that
can then be glucuronidated. Several forms of the enzymes (UDPGTs,
GSTs, and NQO1) are induced by PAHs through AhR activation (Long
et al. 2000, 2001) and these forms are typically involved in conjugation of
the primary PAH metabolites. NQOI also has endogenous functions in
BM cells (Long et al. 2002)

Nrf2 provides another important activation pathway. This protein is
anchored in the cytoplasm through complex formation with KEAP1, but
is released to the nucleus when the latter is activated by oxidative or
electrophilic stress. Nrf2 forms heterodimers with maf family proteins
that recognize a sequence that has been identified as the antioxidant
response element (ARE) (Ma et al. 2004). Recent functional promoter
analyses of NQO1 and UDPGT1A7 show that AhR and Nrf2 function
synergistically through complexes with ARE and XRE in the respective
promoters (Auyeung, Kessler and Ritter 2001, 2003; Jemnitz, Veres and
Vereczkey 2002; Grove et al. 2000). Polycyclic hydrocarbon quinones and
benzene quinones effectively activate Nrf2. This leads to induction of
NQO1, which initiates the excretion of these quinones. The induction of
NQO1 and UDPGT1A forms in BM by BP or BP metabolites may
account for the AhR-dependent attenuation of BP toxicity.
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14.11. Liver Metabolism of PAHs versus BM Metabolism

As with the other BM toxicants, it is critical to determine whether bioacti-
vation occurs in the liver or in the BM. This is a particular issue in PAH
toxicity for three reasons: (1) CYP1A1 is highly induced in liver; (2) basal
CYP1B1 is not expressed in hepatocytes; (3) basal CYP1B1 is appreciable
in BM (Galvan et al. 2005). The effectiveness of CYP1B1 deletion in
preventing DMBA-induced tumors argues that peripheral activation is
critical for tumorigenesis (Buters et al. 1999, 2003). The essential role of
CYP1B1 in BM toxicity and DNA adduct formation leads to a similar
conclusion (Heidel et al. 2000). The poor correlation between CYP1B1
expression levels (BP AhRd�DMBAWT>BPWT) indicate that CYP1B1
is essential, but not a limiting factor. In other words, very little BM
CYP1B1 metabolism is sufficient to initiate toxicity.

We have recently found that CYP1B1 deletion does not affect the levels
of either PAHs or PAHDH in blood, which determine the transfer from
liver to BM (Larsen and Jefcoate, unpublished). This resistance to
CYP1B1 deletion establishes that the activation does not depend on
transfer of PAH or PAHDH to BM. Activation of PAH or PAHDH is,
therefore, mediated by CYP1B1 in BM.

As noted earlier, liver metabolism plays a larger role for PAHs admi-
nistered intragastrically because intestinal uptake directly transfers the
PAH to liver (Galvan et al. 2005; Uno et al. 2004). The generation of a
conditional liver deletion of P450 oxidoreductase (OxR) provides the
means to completely prevent all NADPH-driven, hepatic P450-mediated
metabolism (Gu et al. 2003). Preliminary experiments suggest, however,
that diminished liver metabolism of i.p.-administered PAHs leads to a
compensatory enhanced metabolism in extrahepatic tissues.

14.12. Disruption of Hematopoietic Maturation by PAHs

A single i.p. administration of DMBA to C57Bl/6 mice produces over 70%
loss of BM hematopoietic cells 24–48 h after treatment, but does not affect
adherent stromal cells. This cell loss is observed in H/E-stained BM
sections (Figure 14.6) and, more quantitatively, when cells eluted
from the femurs of treated animals are analyzed by FACS. DMBA treat-
ment substantially reduced the number of BM cells of both the lymphoid
(Figure 14.6) and myeloid lineages (Figure 14.7; Heidel et al.1999, 2000;
Mann et al. 1999; Yamaguchi et al. 1997a, 1997b; Galvan et al. 2006).

Fluorescence-activated cell sorting analyses showed that DMBA
decreases precursor lymphocytes, but not mature lymphocytes. There
was a loss of granulocytes, but an increase in BM HSC (Galvan et al.
2006). These data suggest that PAHs act early in hematopoiesis and affect
bothmyeloid and lymphoid lineages.More detailed analysis of the BM cell
populations shows that although BP does not change the total number of
cells, there are effects on myeloid populations that selectivity differ from
those of DMBA (Figure 14.7). This could reflect a difference in the type of
reactive metabolites generated (e.g., quinones rather than PAHDE).
Although DMBA decreases BM progenitor cells, stem cell populations
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increase (Figure 14.8). This is consistent with the slow proliferation of
these cells. The increase may arise from a decrease in differentiation to the
progenitors. The formation of granulocytes and lymphoid progenitors
from HSCs are similarly decreased, consistent with equal effects on each
pathway (Galvan et al. 2006).

Figure 14.6 Effects of DMBA on BM cells are much greater than the effects of an equivalent dose of BP.
Mice were treated with oil controls and either BP or DMBA (50mg kg–1 i.p.) for 48 h. (a) H and E staining of
sternum sections shows depletion of cells by DMBA is much greater than by BP. (b) FACS analysis of bone
marrow cells eluted from femurs. Total BM cells are compared with the total B cell population and pro/pre
progenitor B cells. Immature B cells and mature B cells are each determined by selective cell surface markers.

Figure 14.7 FACS analysis of myeloid cells after the treatments shown in Figure 6 shows distinct effects of
DMBA and BP on monocyte and neutrophil populations.
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Co-culture of pre-B cells with BM fibroblasts in the presence of low
concentrations of DMBA (<0.3 mM) produces apoptosis (Yamaguchi
et al. 1997b). Importantly, this response, which required CYP1B1 expres-
sion in fibroblast cells, was removed when pre-B cells were derived
from p53–/– mice (Page et al. 2003). The effects of conditioned media
from DMBA-treated BMS2 cells on pre-B cells support this hypothesis
(Allen et al. 2003). Analysis of the active conditioned media implicates a
high–molecular-weight protein (greater than 50 kDa).

Polycyclic hydrocarbons induce apoptosis in a pre-B cell line, but only
when BM stromal cells are present at the time of PAH exposure (Wyman
et al. 2002; Mann et al. 1999; Near et al. 1999; Yamaguchi et al. 1997;
Heidel et al. 1999). We did not detect apoptotic cells after DMBA expo-
sures in vivo, possibly because of rapid removal of apoptotic cells by
macrophage.We have used p53–/– mice to show that p53 plays an essential
role in both the toxicity and in the in vitro apoptotic responses. p53 is
activated by DNA damage and, therefore, the reactive metabolites derived
from PAHs may generate toxic effects through signaling derived

Figure 14.8 DMBA enhances the proportion of hematopoietic stem cells (HSC), while decreasing total bone
marrow cells. (a) FACS Separation of HSC. Left: Isolation of side fraction, SP (0.1% of total cells) based on
effective depletion of Hoechst dyes; Right: Separation of HSC (Lin�, Scaþ, kitþ) from side fraction (11.5%
of SP). (b) Percent of HSC recovered from side fraction after control and DMBA treatments. Total cells and
side fraction declined by 30% after DMBA treatment, reflecting a small, but significant net increase in HSC
cells.
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from DNA damage. ATM kinase mediates such responses through p53.
PolyADP ribosylation by PARP enzymes plays a key role in the phosphor-
ylation of p53 by ATM (Heince et al. 2007). Presumably, the role of p53 in
PAHs, benzene, and possibly BD toxicity involve similar processes. Thus,
p53–/– pre-B cells do not respond in vitro to reactive DMBA metabolites
generated by CYP1B1 in BM stromal cells. These p53-linked responses are
mediated by activation of caspases 8 and 9 (Page et al. 2002, 2003), much as
for benzene (Yoon et al. 2003).

Exposure to the potent AhR agonist, TCDD, which is not metabolized
by P450 cytochromes, causes pre-B cell apoptosis in vitro and comparable
toxicity in vivo (Thurmond and Gasiewicz 2000). TCDD exposure in vivo
impaired the responsiveness of HSCs (lin- CD34- c-kitþ Sca-1þ cells)
when challenged in vitro (Sakai et al. 2003). AhR activation by PAH
alone may affect HSC, but is not sufficient for these effects, thus implicat-
ing reactive metabolites.

14.13. Cooperation of PAH Metabolites and TNFa
in BM Toxicity

TNFa is essential for this PAH-mediated damage in the BM. TNFa parti-
cipation in the response to benzene and BD is also likely, but has not been
tested. This requirement for TNFa in PAH responses has been inferred from
the effects of deleting the TNF receptor 1 (TNFR1), which is very specific
for TNFa effects on cells. TNFRI-null mice are completely resistant to
DMBA-initiated BM toxicity (Page et al. 2004). TNFa is produced by
stromal cells in response to a variety of stress stimuli (Galvan et al. 2003).
Tumor necrosis factor a binds toTNFRI (p55), whichmediates themajority
of the biological effects of TNFa and to TNFRII (p75), which plays a
modulatory role (Declercq et al. 1998; Guoqing and Goeddel 2002; Miscia
et al. 2002; Rusten and Jacobsen 1995; Rusten et al. 1994). Tumor necrosis
factor binds toTNFR1 andTNFRII to initiate either apoptotic cell death or
inflammation through NF-kB (Guoqing and Goeddel 2002; Mundle et al.
1999) and AP-1 completes (Arnott et al. 2002). TNF-Tumor necrosis factor
a exerts multiple cell-type-selective effects that alter the progress of hema-
topoiesis in the BM (Bryder et al. 2001; Rebel et al. 1999).

A similar dissociation of PAHs and TNFa has been seen in the skin.
Polycyclic hydrocarbonss stimulate epidermal expression of TNFa and other
inflammatory cytokines (Casale et al. 2000). TNFa-null mice are resistant to
PAH-induced skin tumor formation (Moore et al. 1999; Suganuma 1999).
Similarly, TNFa may enhance the effects of PAH metabolites in the BM.

TNFa stimulates double-stranded RNA-activated protein kinase R
(PKR), which inhibits translation (Gil and Esteban 2000; Williams
1999). We have shown that DMBA effects on BM cells are lost in
PKR–/– mice (Page et al. 2004). DMBA treatment causes activation of
PKR in wild type, but not in TNFR–/– mice. This suggests that PKR
activation mediates effects of TNFa in the BM. Recent work shows that
PKR plays an essential role in the cell response to bulky DNA adducts,
similar to those formed by PAHDE (Bergeron et al. 2000). Protein kinase
R may, therefore, coordinate independent effects of PAHDE on
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hematopoietic cells and a more general stress activation of TNFa. Protein
kinase R can also activate p53. This cooperation between PAH metabo-
lites, TNFa, p53, and PKR is currently under investigation in our group of
investigators.

In vivo BP and DMBA treatment increases TNFa mRNA in BM cells
immediately after elution from the femur (Galvan et al. 2006), consistent
with the finding that TNFa signaling is required for DMBA-stimulated
BM toxicity. This less than twofold effect probably reflects large increases
in immunoreactive TNFa in a subset of cells.

Figure 14.9 provides a simple overview of how we envision TNFa and
PAH-derived reactive metabolites as well as reactive metabolites from
benzene and BD might adversely affect susceptible populations of BM
cells. Reactive metabolites from stromal metabolism may either act
directly on progenitor cells or indirectly through altered cytokine release.
Reactive metabolites affect release of TNFa from stroma in response to
DNA damage, p53, and NF-kB activations. TNFa, either directly or
through enhancing chemical stress effects, suppresses hematopoietic pro-
genitor cells. The effects of other cytokines (IL7 or SDF1) may be
decreased through similar stress pathways.

14.14. Conclusions

There is considerable mechanistic overlap in the toxicity of these chemi-
cals. Many of the same questions arise concerning the extent to which the
reactive metabolites are generated exclusively in the BM or derive from
hepatic precursors. More extensive knowledge of participating enzymes in
the BM is advancing this understanding. DNA-adduct and protein-adduct

Figure 14.9 Scheme of PAH effects on
hematopoietic cells in bone marrow involving
activation by CYP1B1 in stromal cells. PAH or
PAHDH reaching BM from blood are metabolized
by CYP1B1 in stroma (fibroblasts, endothelia,
macrophage) to dihydrodiol epoxides or quinones.
These reactive chemicals activate p53 and other
stress responses in the stroma to increase or decrease
cytokines and other proteins that regulate
hematopoiesis. For example, IL7, SDF1 exert
selective stimulatory effects on progenitor
differentiation through their cognate receptors
(ILF7-R, CXLR4), while TNFa exerts suppression
effects through TNFR. Reactive metabolites from
stroma also transfer to hematopoietic cells and
cause apoptosis in combination with signaling
effects of TNFa. Synergy between p53 pathways
activated by reactive metabolites, effects on DNA,
and TNFa/PKR signaling may converge on
apoptotic pathways.
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analyses provide a measure of reactive metabolites, and have been used
extensively in occupational health studies, particularly in comparison to
lymphocyte mutations and chromosomal abnormalities. However, the
relationship between BM changes and observed responses in blood cells
requires more study.

Direct DNA damage does not provide the only route to such responses.
Epigenetic effects on DNA methylation, chromatin structure effects on
DNA repair processes, and chromosomal damage from effects on mitotic
regulation, each provide new directions for assessing toxicity. For PAHs,
and probably for the other chemicals, inflammatory cytokines, notably
TNFa, critically mediate the effects of reactive metabolites on hemato-
poietic progenitor cells, which are primarily targeted. Effects of the che-
micals on the stromal support processes have been implicated in the BM
effects of benzene and PAHs and are likely to extend to butadiene.

While extrapolation from rodent models is useful, differences between
rats and mice warrant caution in interpreting human data. More recent
work has used microarray mRNA expression studies based on blood
samples to identify novel responses and risk markers. The chemical-
mediated changes observed in HSCs provide an important direction to
understanding the long-term effects of these chemicals, including cancer.
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15.1. Exposure to Butadiene

1,3-Butadiene (BD) (CH2=CH–CH=CH2) is a four-carbon, doubly
unsaturated chemical that exists as a volatile gas at ambient temperatures
and has a mild gasoline-like odor. It ranks 36th in chemicals produced in
the US (http://www.osha.gov/SLTC/butadiene/index.html) with a global
annual production of > 12 billion pounds, with > 4 billion pounds being
produced in the US alone. It is produced through the processing of
petroleum and is mainly used in the production of synthetic rubber,
plastics, and resins. Exposure to BD mainly occurs in the workplace,
including the following industries: synthetic elastomer (rubber and latex)
production, petroleum refining, secondary lead smelting, water treatment,
agricultural fungicides, production of nylon, and the use of fossil fuels.
Exposure to the general population occurs predominantly by inhalation of
cigarette smoke, automobile exhaust, or polluted air found in close proxi-
mity to chemical, plastic, or rubber production facilities. Additional
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exposure can result from ingestion of foods that are contaminated from
storage in BD-containing plastic containers.

15.2. Human Epidemiology and Carcinogenesis

Epidemiological studies have been reported for workers exposed to BD,
both in the manufacture of the monomer and in the styrene-butadiene
rubber (SBR) industry. The largest study of monomer production workers
involved 2795 individuals employed for at least 6 months between 1952
and 1994 (Divine and Hartman 1996; Divine and Hartman 2001; Divine,
Wendt andHartman 1993). In addition, there were three smaller studies of
monomer production workers (Cowles et al. 1994; Downs, Crane andKim
1987; Ward et al. 1996). Hematological malignancies, mainly lymphomas,
were observed in one of the small studies and in the earlier update of the
large cohort study. However, these findings were not consistent. Overall,
the evidence for cancer induction in monomer production workers has
been weak and without dose-related responses. Positive correlations
between exposure to BD in monomer production workers and malignan-
cies were only seen in workers employed prior to 1950. These findings were
different for the SBR workers, in which there was an increased risk of
leukemia associated with exposure to BD in the largest SBR industry study
consisting of 17 924 men from eight North American SBR plants (Delzell
et al. 1996; Graff et al. 2005; Matanoski et al. 1993; Meinhardt et al. 1982;
Santos-Burgoa et al. 1992; Sathiakumar et al. 2005). No increases in other
lymphohematopoietic malignancies were observed. Only job categories
with relatively high BD exposures showed excess leukemia deaths. In
June, 2007, an IARC review committee reclassified butadiene as a Group
1 carcinogen based on the conclusion that there was ‘‘sufficient evidence’’
of a carcinogenic effect in humans (Grosse et al. 2007).

15.3. Rodent Carcinogenesis

Given the limited evidence for an association between BD exposure and
leukemia in epidemiological findings, investigators have examined the
effect of BD and select metabolites on rodents using carcinogenesis as an
endpoint. In mice, BD was found to be a carcinogen, inducing tumors at
multiple sites in both sexes but to a much lesser extent in rats (Melnick
et al. 1990; Owen and Glaister 1990; Owen et al. 1987). Mice developed
tumors from exposure to BD concentrations that were as much as three
orders of magnitude lower than those that caused cancer in rats (Melnick
et al. 1990; Owen et al. 1987). A two-year study of chronic inhalation
exposure of female and male mice to BD concentrations as low as 20 and
62.5 ppm, respectively, increased the incidence of lymphomas as well as
adenomas and carcinomas of the lung and liver. In both sexes, excess
tumors of the heart, forestomach, Harderian gland, and mammary glands
were seen with exposures to 200 ppm (Melnick et al. 1990). At the same
dose or higher, an increase in lymphocytic lymphomas in B6C3F1 mice
was observed (Huff et al. 1985). More recently, brain tumors were induced
in B6C3F1 mice on exposure to BD (Kim et al. 2005). Mice have proven
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particularly sensitive to the mutagenic effects of inhaled BD, as well as the
epoxide metabolites (Cochrane and Skopek 1994a; Meng et al. 1998a,
1998b, 1999a, 1999b, 2000, 2004).

15.4. Metabolic Activation

Given the interspecies variability in cancer susceptibility associated with
BD, significant attention has been focused on the metabolic fates of BD
following inhalation. Although the pathways for the metabolic activation
and detoxification have been extensively reviewed (Elfarra, Krause and
Kemper 2001; Elfarra et al., 2001), we will briefly highlight key intermedi-
ates here (Figure 15.1).

BD is oxidized by cytochrome P-450 2E1 and 2A6 to 3,4-epoxy-1-butene
(EB) (Csanady, Guengerich and Bond 1992; Duescher and Elfarra 1994);
both enantiomers are observed. EB may be further oxidized by either
cytochrome P-450 2E1 or 3A4 to form 1,2:3,4-diepoxybutane (DEB). All
three stereoisomers arise, that is, the R,R, S,S, and R,S (meso) forms. EB
can be hydrolyzed by epoxide hydrolase (EH) to form 3-butene-1,2-diol
(Cheng and Ruth 1993; Malvoisin and Roberfroid 1982; Nauhaus et al.
1996) that is subsequently metabolized by cytochrome P-450 to form hydro-
xymethylvinyl ketone (HMVK) (Kemper, Elfarra and Myers 1998).
3-Butene-1,2-diol and DEB can undergo cytochrome-mediated oxida-
tion and hydrolysis, respectively, to form 3,4-epoxy-1,2-butanediol (EBD)
(Boogaard and Bond 1996; Cheng and Ruth 1993; Malvoisin and
Roberfroid 1982). These electrophilic species (EB, DEB, EBD, and
HMVK) react with nucleophilic sites in DNA and will be reviewed below.

15.5. DNA Adducts

15.5.1. Reactions of EB

EB reacts with nucleophiles at both Ca and Cb with pure nucleophilic
reactions favoring attack at Ca and acid-catalyzed reactions favoring Cb.

Figure 15.1. Structure of BD and key reactive metabolic intermediates: EB, DEB,
and EBD

Chapter 15 Butadiene-Mediated Mutagenesis and Carcinogenesis 413



The reactions of EB with DNA and its constituent nucleosides have been
studied extensively (Citti et al. 1984; Koc et al. 1999; Koivisto et al. 1995,
1996, 1997, 1998; Kumar et al. 1996; Leuratti et al. 1993b; Neagu et al.
1994; Selzer and Elfarra, 1996a, 1996b, 1997a, 1999; Tretyakova et al.,
1996, 1997a, 1998). Reaction of EB with single-stranded (ss) and double-
stranded (ds) DNA has been found to give mainly the N7-(2-hydroxy-3-
buten-1-yl) and (1-hydroxy-3-buten-2-yl) adducts of 20-deoxyguanosine
(dGuo), formed in comparable amounts (Blair et al. 2000; Citti et al.
1984; Kumar et al. 1996; Neagu et al. 1994; Selzer and Elfarra 1999;
Tretyakova et al. 1997a). Reaction occurs to a lesser extent with dAdo
and dCyd. Adducts of dAdo at N1 convert to N6 adducts via a Dimroth
rearrangement which occurs during isolation of the nucleosides by enzy-
matic degradation of the DNA. The N1 dAdo adducts alternatively
undergo hydrolysis of the 6-amino group to give the analogous dIno
derivatives. The N3 adducts of dAdo are less stable than N7 adducts of
dGuo and readily deglycosylate. Adducts are formed at the N3 position of
dCyd which rapidly deaminate to give the analogous dUri derivatives. The
rate of reactions at the N7 position of dGuo are not significantly altered by
formation of ds DNA but the reactions at other nucleophilic sites in DNA
are significantly suppressed by Watson–Crick base pairing.

A limitation on these studies has been that the complex mixtures of
products that result from the butadiene monoepoxide (EB) reactions with
DNA preclude complete separation and identification of all of the minor
products, which although minor in quantity may make major contribu-
tions to the genotoxicity of EB. The EB studies have been carried out using
racemic EB which adds to the complexity of reaction mixtures by produ-
cing diastereomeric mixtures of adducted nucleosides. Consequently, reac-
tions of EB with the individual nucleosides have also been carried out to
simplify the separations and to provide an opportunity for more thorough
characterization of the individual adducts and thus a more complete
description of the reaction potential of DNA.

A study of the reaction of guanine with EB has been carried out (Citti et
al. 1984; Kumar et al. 1996; Neagu et al. 1994; Selzer and Elfarra 1996b).
Guo was used rather than dGuo. TheN7-substituted ribonucleosides degly-
cosylate more slowly than their 20-deoxy analogs facilitating direct observa-
tion of the N7-substituted nucleosides rather than only the bases derived
from them. Reaction occurred mainly at N7; diastereomeric forms of both
the Ca and Cb regioisomers were observed. In addition, the diastereoiso-
meric pair of adducts arising by attack of N2 on Cb were observed along
with even smaller amounts of N1 adducts arising also by attack on Cb. The
N2 and N1 adducts, but not the N7, were thermally stable.

A similar study of the reaction of EB with Ado gave five diastereo-
isomeric pairs of adducts (Selzer and Elfarra 1996a). The N1 adducts
resulting from attack on both the Ca and Cb positions of EB were char-
acterized along with the analogous N6 adducts arising by Dimroth rear-
rangement. In addition, a diastereomeric pair of 1-substituted inosines,
resulting from attack at the Cb position of EB, were observed. It is known
that adducts of epoxides at the N1 position of dAdo are prone to deamina-
tion particularly when the hydroxyl group is primary; the deamination
process involves intramolecular attack on C6 of adenine by the hydroxyl
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group (Barlow et al. 1997; Fujii, Saito and Terahara 1986; Kim et al. 2000;
Qian and Dipple 1995; Selzer and Elfarra 1996a). The reaction of EB with
dCyd gave four diastereomeric pairs of adducts (Selzer and Elfarra 1997b).
They were identified as the diastereomeric pairs of adducts arising from
attack of N3 on the Ca position of EB, the dUri resulting from both the Ca

andCb adducts of dCyt, andO
6 adducts arising from attack on Cb of dCyt.

The dCyt adduct arising by attack onCb of EBwas not observed, but it can
be inferred that this adduct had been formed but deaminated too rapidly to
be detected. The Ca dCyt adduct was thermally unstable and readily
deaminated to form the analogous dUri. The dUri adducts were found
to be thermally stable at physiological pH.

Although thymine adducts had not been observed in the reactions of
EB with DNA, the reaction of EB with thymidine gave the two pairs of
diastereomeric adducts arising from attack of O4 on the Ca and Cb

positions of EB (Selzer and Elfarra 1997a). The rate of formation was
significantly slower than the rates for formation of adducts with the other
nucleosides, which accounts for the fact that thymine adducts had not
been observed in the reactions of EB with DNA (Selzer and Elfarra
1999). These adducts were thermally stable at physiological pH.

15.5.2. Reactions of EBD and DEB

The reactions of DEB and EBD with DNA and its constituent nucleo-
sides have been studied extensively by several research groups (Blair
et al. 2000; Koc et al. 1999; Koivisto et al. 1999; Leuratti et al. 1993a,
1993b, 1994; Loeber et al. 2006; Mabon et al. 1996; Millard et al.
2006; Millard and White 1993; Millard and Wilkes 2001; Oe et al.
1999; Park et al. 2004, 2005; Park and Tretyakova 2004; Tretyakova
et al. 1996, 1997b, 1997c, 1998; Yunes et al. 1996; Zhang and Elfarra
2003, 2005; Zhao, Koskinen and Hemminki 1998; Zhao et al. 2000).
Both EBD and DEB react with DNA primarily at the N7 position of
guanine and secondarily with adenine (Koivisto et al. 1999). Both
react with high regioselectivity with the terminal Ca of the epoxide.
The main products resulting from the reactions of EBD and DEB
with DNA are the N7-(2,3,4-trihydroxybutyl) and N7-(2-hydroxy-3,
4-epoxybut-1-yl) adducts, respectively. Both of these adducts are ther-
mally unstable and undergo deglycosylation. The epoxide moiety of
the 2-hydroxy-3,4-epoxybut-1-yl derived from DEB is relatively stable
to hydrolysis, although it does undergo hydrolysis on storage. In
mouse inhalation experiments with BD, the N7-(2,3,4-trihydroxybu-
tyl) adducts were also observed (Koivisto et al. 1999). On the basis of
control experiments, they were able to conclude that 98% of these
adducts arose from EBD adduction of DEB rather than from DEB
and the reaction showed high selectivity for the 2R-diol-3S-epoxide.

The reactions of DEB with dGuo have been studied by Zhang and
Elfarra (2003, 2004, 2005, 2006). The presence of the second epoxide
leads to a number of possibilities for secondary reactions of initially
formed 2-hydroxy-3,4-epoxybuty-1-yl adducts. In the context of DNA,
this reactivity leads to the potential for crosslinking reactions, which have
been modeled by Zhang and Elfarra (2006) in nucleosides.
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DEB and EBD react with the N1 position of dAdo. The N1 adducts
readily undergo rearrangement to the isomeric N6 adducts by a base-
catalyzed Dimroth rearrangement (Barlow et al. 1997; Leuratti et al.
1993a, 1993b, 1994; Qian and Dipple 1995; Selzer and Elfarra 1996a;
Tretyakova et al. 1996, 1997b; Zhao, Koskinen and Hemminki 1998;
Zhao et al. 2000). The N1 adducts are also prone to demination giving
the analogous inosine N1 adducts (Selzer and Elfarra 1996a). In ds DNA
the N1 position is protected by Watson–Crick base pairing and the N3
position becomes the preferential site of attack (Tretyakova et al. 1996,
1997b, 1998; Zhao et al. 2000). The N3 adducts readily depurinate leaving
an abasic site in the DNA.

15.5.3. Crosslink Formation by DEB

DEB is a bis-electrophile and consequently is capable of forming intrastrand
and interstrand DNA crosslinks and DNA–protein conjugates (Loeber
et al. 2006). All three stereoisomers of DEB are produced metabolically,
with the S,S stereoisomer being the most cytotoxic and genotoxic. A fused
seven-member ring systemat theN1 andN2positions of dG, 7,8-dihydroxy-
3-(2-deoxy-b-D-erythro-pentofuranosyl)-3,5,6,7,8,9-hexahydro-1,3-dia-
zepino[1,2-a]purin-11(11H)one, was also characterized (Zhang and
Elfarra 2004). Incubation of the N1 adducts with dG led to formation of
a pair of N7-dG–N1-dG crosslinked adducts, diastereomers of 20-deoxy-
1-[4-(2-amino-1,7-dihydro-6H-purin-6-on-7-yl)-2,3-dihydroxybutyl]-dG
(Zhang and Elfarra 2006). The dominant crosslink formed by DEB arises
from the N7 adduct of dGuo reacting with a second dGuo at the N7
position (Park et al. 2005; Park and Tretyakova 2004; Zhang and Elfarra
2006). Interstrand crosslinks arise in ds DNAwith strong preference for a
50-GNC-30 sequence context (Millard et al. 2006; Millard and White
1993; Millard and Wilkes 2001; Park et al. 2005). The efficiency of cross-
linking varies, with S,S- > R,R- > R,S-DEB (Millard et al. 2006). In a
study of DNA duplexes containing a 50-GGC-30/30-CCG-50 sequence by
Tretyakova’s group, the S,S stereoform of DEB gives mainly 1,3 inter-
chain crosslinks, although a small fraction of 1,2 interstrand and intras-
trand crosslinks were also observed (Park et al. 2005; Park and
Tretyakova 2004). The R,R form of the diepoxide gave mainly the 1,3
interchain crosslink, whereas the meso form, that is, the R,S form, gave
comparable amounts of 1,2 and 1,3 intrastrand crosslinks, but little of the
interstrand crosslink. Different crosslinking specificities of DEB stereo-
isomers provide a likely basis for their distinct biological activities.

To a lesser extent, guanine–adenine interstrand crosslinks are also
formed in ds DNA treated with racemic DEB (Park et al. 2004). Crosslinks
were observed between theN7 position of dGuo andmainly theN1 position
of dAdo with lesser quantities of crosslinks to the N3, N6, and N7 of dAdo
also being formed. The N1 interstrand crosslink arises primarily in a 1,3
sequence context. Although the dAdo–dGuo crosslinks are an order of
magnitude less abundant than the dGuo–dGuo crosslinks, the dGuo cross-
links to theN1 andN6 positions of dAdo aremore hydrolytically stable than
the dGuo–dGuo crosslinks and, if formed in vivo, may accumulate to a
larger extent in target tissues. The formation of guanine–adenine adducts
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may contribute to base pair substitution and deletion mutations at A:T base
pairs following exposures to BD (Park et al. 2004).

DNA containing N7-(2-hydroxy-3,4-epoxybut-10-yl)-guanine adducts
has been found to form conjugates with the DNA repair protein
O6-alkylguanine DNA alkyltransferase (AGT) (Loeber et al. 2006). The
crosslinking sites were found to be the alkyl acceptor site, Cys145, and a
neighboring active site residue, Cys150. The chemical structure of the
crosslink was established as 1-(S-cysteinyl)-4-(guan-7-yl)-2,3-butanediol
(Loeber et al. 2006). Significantly, a correlation between cellular expres-
sion of AGT and the cytotoxic and mutagenic activity of DEB has been
noted (Valadez et al. 2004).

15.5.4. Reactions of HMVK

The HMVK metabolite of BD yielded cyclic 1,N2-dG adducts with dGuo
(Powley et al. 2003).

15.6. Mutagenic Effects of BD

15.6.1. Introduction

This section will review the evidence that BD is amutagen in rodents and in
humans. Our analyses will address (1) data on the relationship between
dose and mutagenic response, (2) treatment duration and response, (3)
organ specificity, (4) age effects and response, (5) the mutagenic effects of
specific metabolites of BD, (6) the spectrum of mutations induced by BD
and its metabolites, and (7) the effect of biotransformation of BD on its
mutagenicity. The evidence for mutagenic effects of BD in exposed human
populations and the possible importance of polymorphisms in a BD-
metabolizing enzyme will be reviewed and discussed. The objective of
this discussion is both to discern whether its mutagenic characteristics
support an argument that BD poses a cancer risk to exposed populations
and to provide a context for the studies of the possible mutagenic effects of
specific BD DNA adducts.

15.6.2. Evidence that BD and its Epoxide Metabolites are Mutagens

Since BD is not a biologically reactive compound, in order to assess its
mutagenic capacity in bacterial test systems, BD was incubated in the
presence of a preinduced rat liver microsomal preparation (S9) and was
demonstrated to be mutagenic in S. typhimurium TA 1530 (de Meester
et al. 1980). Adler et al. (1997) found that the three epoxide metabolites of
BD were mutagenic in S. typhimurium with or without metabolic activa-
tion. In cultured mammalian cells BD has failed to demonstrate a muta-
genic effect, most likely due to inadequate metabolic activation
(McGregor et al. 1991). Thus, in most mammalian cell culture studies,
the mutagenicity of the epoxide metabolites of BD was investigated.
Cochrane and Skopek (1994a) evaluated the mutagenic effects of EB,
EBD, and DEB in TK6 human lymphoblastoid cells. They measured
mutation at two loci, the X-linked Hprt locus and the autosomal tk locus
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(in heterozygous cells). All three metabolites were mutagenic at both loci.
Dose–response curves demonstrated that the order of potency was
DEB>>EBD>EB, with DEB being about 100-fold more potent than
EB. Human TK6 lymphoblasts treated with 400-mM EB or 4-mM DEB
showed increasedHprtmutant frequencies (MFs) with both epoxides, with
DEB >> EB (Steen, Meyer and Reico 1997a, 1997b).

The most definitive demonstrations of the mutagenic effects of BD come
from numerous studies in mice and rats. In an inhalation exposure study by
Cochrane and Skopek (1994b), the mutagenic effects of BDwere assessed at
the Hprt locus in spleen lymphocytes in male B6C3F1 mice. Exposure to
625 ppmBD, 6 h per day, 5 days per week for 2 weeks, resulted in an average
HprtMF of 6.2 � 10�6 as compared to 1.2 � 10�6 in air controls. Both EB
and DEB administered by intraperitoneal (i.p.) injection generated positive
dose responses, withDEBbeingmore potent thanEB.When exposure times
were limited to 5 days, an increase inHprtMF inmale mice was statistically
significant at 1300-ppm BD but not at lower doses (Tates et al. 1994).

Additionally, a series of studies of BD led by Recio were conducted in
transgenicmice that had inserts of lambda phage containing theEsche- richia
coli lac repressor gene (lacI) or the structural gene for b-galactosidase (lacZ).
Concentrations of BD ranged from 62.5 to 1250ppm. At these concentra-
tions, BD produced a dose-related increase in MF in the lung (Recio et al.
1993), bonemarrow (Recio andGoldsworthy 1995), and spleen (Recio, Pluta
and Meyer 1998).

An even more detailed understanding of the relative mutagenic potency
of BD and its metabolites, as well as the role of gender and species (mouse
versus rat), were provided by a group led by Walker. The Hprt assay was
conducted using lymphocytes from the spleen or thymus. There were
several key findings from these studies. First, they confirmed that BD,
EB, and DEB were all mutagenic in mice and rats (Meng et al. 1998a,
1999a, 1999b). Second, they determined that 4–5-week-old mice were more
sensitive to BD than mice 8–9 weeks of age, mice were more sensitive than
rats, and females were more sensitive to BD than males (Meng et al.
2007b). A valuable aspect of their assay protocol was that they usually
necropsied mice at weekly intervals following the termination of exposure,
which allowed them to determine the time of peak manifestation of
mutations. In addition, they were able to calculate the area under the
manifestation curve to determine the mutagenic potency of a treatment
(Meng et al. 1998a). This was a more useful parameter for comparing
different treatment characteristics than comparing peak MF manifesta-
tion. They calculated that the mutagenic potency of BD is about five-fold
greater in mice than in rats (Meng et al. 1998a). The low mutagenic
potency of BD in the rat has been suggested to be a function of the extent
of formation ofDEB, rather the ability of DEB to inducemutations (Meng
et al. 1999b). The shape of the dose–response curve in mice is supralinear,
with the rate of increase in MF being most rapid at the lowest doses, but
leveling off as exposure rises to concentrations that saturate biotransfor-
mation enzymes. In mice, the lowest exposure at which a significant
increase in Hprt MF was demonstrated was 3 ppm for 6 hours per day,
5 days per week for 2 weeks (Meng et al. 2001). This exposure level is within
the range of human occupational exposure.
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In several of the animal mutagenesis studies, the spectra of mutations
induced by BD and its metabolites were investigated (Cochrane and
Skopek 1994b; Meng et al., 2000, 2007a; Recio et al. 1993; Recio and
Meyer 1995; Sisk et al. 1994). Although the details of these investigations
differ, the overall conclusions are that (1) BD and its epoxides induce
mutations at both GC and AT base pairs with similar susceptibility, (2) a
variety of base substitution and frameshift mutations can be generated,
and (3) deletion mutations are also generated, probably as a response to
interstrand DNA crosslinks created by DEB.

15.6.3. Mutagenic Effects of BD in Human Studies

Three groups of investigators have studied the mutagenic effects of BD in
the lymphocytes of workers from either BD monomer production plants
or SBR plants in the USA, China, and the Czech Republic. Early investi-
gations of workers in a Texas monomer plant showed a strong correlation
between Hprt VF (variant frequency is the term used for this autoradio-
graphic assay) and butenediol urine metabolite levels, and that workers in
the highest exposure areas had higher VFs (Ward et al. 1994). A follow-up
study in the same plant produced a similar result and two studies in a
neighboring SBR plant also produced consistent results, associating Hprt
VF with exposure to BD (Ammenheuser et al. 2001; Ward et al. 1996,
2001). Using the cloning assay, it was further demonstrated that BD-
exposed workers had a higher MF than nonexposed workers, and they
had a higher proportion of exon deletion mutations (Ma et al. 2000). This
finding is consistent with evidence for induction of deletions by BD and
DEB in mice and in cultured cells.

These results, however, were not consistent with the studies done in
China (Hayes et al. 1996, 2000), or the study performed in the Czech
Republic (Albertini et al. 2003), in which there were no significant differ-
ences between exposed and nonexposed groups. In the Czech study, the
highest frequencies of Hprt mutant cells were seen in the control group,
mostly because several control subjects had very high values. Mean VFs in
the monomer and polymer sections of the plant were similar to the values
seen in the Texas plants at similar exposure levels.

The reasons for the inconsistencies in the detection of mutations asso-
ciated with BD in exposed humans are not known but may involve expo-
sure to other environmental mutagens, both in the work and home
environment. In the Texas studies, it was discovered that workers who
carried polymorphic variants that reduced the activity of microsomal
epoxide hydrolase (mEH) were sensitive to the mutagenic effects asso-
ciated with BD. Workers with the high-activity forms of the gene were
less sensitive (Abdel-Rahman et al. 2003, 2005; Abdel-Rahman, Ammen-
heuser andWard 2001). In mutagenicity studies conducted in mice lacking
mEH activity, there was a parallel increase in sensitivity to BD (Wickliffe
et al. 2003). These findings are also discussed in the section on the effects of
modulation of BD metabolism. Humans are clearly less sensitive to the
carcinogenic effects of BD thanmice, based on the cancer rates observed in
workers (Delzell et al. 1996) compared to rats in mouse bioassays (Melnick
et al. 1990). However, the demonstrated mutagenicity of BD and its
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metabolites in mice and rats suggests that there is no fundamental reason
to believe that BD is not mutagenic in humans. The question is primarily
one of exposure level and duration and possibly genetic susceptibility of
individuals. Although an increase in the frequency of mutations has been
observed in only some groups of humans occupationally exposed to BD, it
is likely that the observed increase in leukemia in workers (Delzell et al.
1996) does result from mutagenic events associated with BD exposure.

15.6.4. Modulation of Mutagenicity

Since rodents and humans share similar pathways for the biotransforma-
tion of BD (review in Jackson et al. 2000) and repair of adducted DNA,
human polymorphisms in the genes encoding both the toxifying (CYP2E1)
and detoxifying enzymes (mEH, GSTs) could cause certain individuals to
be more susceptible to the possible carcinogenic effects of BD (Abdel-
Rahman et al. 2003, 2005; Abdel-Rahman, Ammenheuser and Ward
2001). Due to the relative ease with which the mouse genome can be
manipulated, studies have been conducted using mice that are deficient
in mEH to examine sensitivity associated with a reduced capacity for
hydrolytic detoxification. In addition, mice deficient in DNA repair have
also been examined to determine which DNA repair pathways are impor-
tant in maintaining genomic integrity potentially compromised by the
reactive metabolites of BD. These studies are summarized below.

15.6.4.1. Disruption of mEH
Microsomal epoxide hydrolase is one of the principal enzymes responsible
for detoxifying the reactive epoxide intermediates of BD. Mice have been
exposed to BD by inhalation, and EB and DEB by i.p. injection. As
measured by the Hprt mutation assay, mice without a functional mEH are
significantly more sensitive to the mutagenic effects of BD and the epoxide
metabolites in comparison to mEH-proficient mice. mEH-deficient mice
exhibit a fivefold increase in the frequency of Hprt mutations following
exposure to 20-ppmBDby inhalation (Wickliffe et al. 2003). mEH-deficient
mice also exhibit a 16-fold and twofold increase in the frequency of Hprt
mutations following exposure to 240mg kg–1 EB and 30mg kg–1 DEB,
respectively (Wickliffe et al. 2003, 2007). The results with DEB are mislead-
ing since the toxicity of this compound was apparent compared to both BD
and EB, thus leading to a ‘‘muted’’ response with respect to mutagenicity.
Taken together, these results indicate that mEH is critically important in the
detoxification of the genotoxic metabolites of BD.

15.6.4.2. Disruption of DNA Repair
Based on the variety of adducts that have been detected in biological
samples and the remaining potential adducts that have been synthesized,
several DNA repair mechanisms are likely involved in recognizing and
repairing DNA damage caused by the reactive metabolite BD. Studies
have initially focused on repair pathways primarily responsible for DNA
crosslink adducts because of the substantial mutagenicity that these lesions
pose. Mice deficient in the global genome repair subpathway of nucleotide
excision repair (NER) were exposed to BD by inhalation and EB by i.p.
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injection (Wickliffe et al. 2006, 2007). These mice, lacking a functionalXpc
gene, are significantly more sensitive to the effects of BD (20 ppm as
described previously; two-fold increase in Hprt mutations) and EB
(300mg kg–1 i.p.; 2.8-fold increase in Hprt mutations). This indicates
that NER is one of the pathways involved in the recognition and repair
of BD-induced DNA adducts. A pilot experiment has also been con-
ducted, based on the number of relatively simple nucleotide modifications
(i.e., alkylpurines) suggested by previous research, that examined the role
that methylpurine glycosylase (Mpg) may play in excising damaged pur-
ines. This experiment (exposure to 62.5-ppm BD for 2 weeks), though
limited by a small sample size, suggests that Mpg is not involved in
repairing modified purines and that either an alternate repair process is
involved, or downstream repair processes are involved, or these lesions are
simply bypassed in an error-free manner such that genomic integrity is
maintained. One limitation of the preceding studies in mice is the lack of
information regarding adduct formation. These studies indicate thatNER is
involved in repairing DNA modified by BD-epoxides. It is also likely that
other repair mechanisms are crucial to the maintenance of genomic integrity
(i.e., nonhomologous end-joining), but these remain to be elucidated.

15.7. Structure–Function Analyses of Mutagenicity

15.7.1. Overall Experimental Strategy

As described above, a large number of DNA adducts have been identified
and mutation spectra characterized using several assays. In order to cor-
relate specific adducts with a mutagenic signature, we have taken a reduc-
tionist approach by synthesizing oligodeoxynucleotides (ODNs)
containing site- and stereo-specific BD adducts, establishing themutagenic
spectra of each in either prokaryotic or eukaryotic mutation assays and
solving the nuclearmagnetic resonance (NMR) solution structures of these
DNAs. Although for a few mutagens, one can design syntheses to yield a
stereochemically defined lesion at a single site in an ODN, this approach
fails for the BD-derived epoxides because of reactions with numerous
nucleophilic sites. Two alternative synthetic approaches are available for
preparation of ODNs containing adducts of the epoxides of BD and of
other electrophiles. The first of these is assembly of the adducted ODN
using an adducted phosphoramidite (Figure 15.2, top scheme). This
method has wide versatility, but the requirement for orthogonal protection
of the hydroxyl groups on the butadienyl moiety is a complication to this
approach.

An alternative approach for preparation of adducted ODNs is post-
oligomerization (Figure 15.2, bottom scheme). The method is limited to
cases in which adducts are linked to exocyclic amino groups. This synthetic
approach reverses the nucleophile–electrophile relationship between the
nucleoside and mutagen. A halopurine or similar entity replaces the Gua
or Ade. For example, 6-halopurine is used as a replacement for Ade and
2-halohypoxanthine as a replacement for Gua. The nucleophilic partner in
these condensation reactions will be an amine equivalent of the
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electrophile. For example, with epoxides the nucleophilic species will be
the corresponding amino alcohol. This strategy avoids entirely the need for
orthogonal protection of hydroxyl groups. A further benefit of the method
is that the stereochemistry and regiochemistry of the adducts of epoxides
are controlled by the choice of amino alcohols.

Irrespective of how the adducted ODNs are prepared, utmost care must
be taken to assure the constitution and purity of the materials before they
are committed to further studies. For NMR studies, a modest level of such
impurities can be tolerated; up to�5% of incorrect oligomeric entities will
usually escape detection in two-dimensional nuclear Overhauser effect
spectroscopy (NOESY) and other two dimensional NMR spectroscopy.
For mutation studies, the purity is of utmost importance to be able to have
confidence in small effects that may be observed. As a minimum standard
of the purity of an adducted ODN, the sample should be homogeneous as
determined by capillary gel electrophoresis, and the molecular weight
determined by mass spectrometry (MS). An enzymatic digestion with
phosphodiesterases to give the constituent nucleosides should be carried
out so that high-performance liquid chromatography (HPLC) analyses
can be used to establish that the nucleosides, including the adducted
nucleoside(s), are present in the correct stoichiometric proportions and
that the adducted nucleoside exists as a single diastereomer.

Figure 15.2. Synthetic approaches for the preparation of ODNs containing site-specific DNA lesions. The
top scheme shows the use of a previously adducted phosphoramidite in the ODN construction. The bottom
scheme illustrates the post-oligomerization strategy.

422 J.B. Ward et al.



15.7.2. Chemistry by which DNAs have been Prepared Containing

Structurally Defined, Site-Specific BD Lesions

15.7.2.1. N6-dAdo, 1-Hydroxy-3-buten-2-yl Adducts
EB reacts with nucleophiles to give a mixture of products arising by
attack at C1 and C2. The N6 1-hydroxy-3-buten-2-yl lesion arises in
DNA mainly or entirely by attack of Ade N1 rather than N6 on EB
(Kim et al. 2000). Oxirane ring-opening occurs with inversion of config-
uration at Cb. Rearrangement of the N1 adduct to the N6 occurs via the
Dimroth rearrangement. The N6 adduct retains the configuration of the
EB moiety at Cb. Consequently, the R and S epoxides yield the S and R
lesions, respectively.

For the synthesis of EB-adducted ODNs, the phosphoramidite reagent
prepared from 6-chloropurine 20-deoxyriboside was inserted into ODNs
(Carmical et al. 2000b; Kim et al. 1998; Nechev et al. 2001). The exocyclic
amino groups of the other nucleosides were protected with 4-tert-butyl-
phenoxyacetyl groups to facilitate deprotection of the resulting chloropur-
ine-containing ODNs without displacement of the halo-substituent. It is
advantageous to remove the halopurine-containing ODN from the solid
matrix, remove the protective groups, and purify the ODN prior to carry-
ing out the condensation. Condensations with the enantiomerically pure,
configurationally defined amino alcohols (Ohfune and Kurokawa 1984)
were carried out in dimethylsulfoxide (DMSO) containing diisopropy-
lethylamine with a large excess (�100-fold) of the 2R and 2S amino
alcohols, yielding the (2R)- and (2S)-1-hydroxy-3-buten-2-yl adducts of
dAdo; Figure 15.3a).

15.7.2.2. N6-dAdo, 2,3,4-Trihydroxybutyl-1-yl Adducts
Reactions of (2R,3R)- and (2S,3S)-DEB with nucleophiles occur at the
terminal position to give adducts having 2R,3R and 2S,3S configura-
tions, respectively. With the meso diepoxide, that is, (2R,3S)-DEB, the
terminal positions are not equivalent and two diastereomeric products,
the (2R,3S)- and (2S,3R)-2,3,4-trihydroxybutyl-1-yl adducts, would be
formed.

To date, ODNs bearing N6-dAdo adducts have only been prepared
for the 2R,3R and 2S,3S stereoisomers (Carmical et al. 2000b; Nechev
et al. 2001). The post-oligomerization synthetic strategy has been
employed using (2R,3R)- and (2S,3S)-1-amino-2,3,4-butanetriol. The
2R,3R stereoisomer was prepared by reaction of dimethyl 2,3-O-benzy-
lidine-D-tartrate with one equivalent of ammonia to give the mono-
amide followed by reduction with LiAlH4 and deprotection. However,
lack of availability of L-tartaric acid or its derivatives necessitated the
use of 3,4-O-isopropylidene-L-threonate for preparation of the 2S,3S
stereoisomer. The threonate was converted to the amide by treatment
with ammonia. Reaction with LiAlH4 reduction and deprotection gave
the (2S,3S)-aminotriol. The N6-dAdo adducts were prepared by treat-
ment of 6-chloropurine 20-deoxyriboside with the amines as described
above. ODNs containing N6-trihydroxybutyl adducts (Figure 15.3b)
were prepared in good yields by the procedure that had been used for
the 2-hydroxy-3-buten-1-yl adducts of EB.
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15.7.2.3. N6-dAdo-N6-dAdo, 2,3-Dihydroxybutane-1,4-diyl Intrastrand
Crosslinks of DEB
Intrastrand DEB-derived crosslinks have been constructed between N6

positions of adjacent adenines (Figure 15.3c) in an 11-mer ODN using a
modification of the post-oligomerization procedure (Kanuri et al. 2002;
Kowalczyk et al. 2002). The enantiomeric 2R,3R and 2S,3S diamines were
prepared from dimethyl 2,3-O-benzylidenetartrate (Carmical et al. 2000a).
The bis(amide) was formed by ammonolysis of the bis(ester). Reduction
with LiAlH4, followed by deprotection of the hydroxyl groups gave the
diamine in good yield. The diastereomeric bis-nucleosides were prepared
by reaction of the diamines with 6-chloropurine 20-deoxyriboside.

An 11-mer ODN was prepared having 6-chloropurine residues at adja-
cent positions near the middle of the chain. For synthesis of ODN contain-
ing intrachain crosslinks, condensations with the diamines were carried
out using a 25% excess of the ODNs in order to avoid 2:1 adducts of
diamine with the ODNs. Basic conditions were needed to avoid formation
of the amine salt during the course of the reaction. The diastereomeric
crosslinked ODNs were obtained in purified yields of 25–30%.

Figure 15.3. Structures of key BD-derived DNA adducts.
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15.7.2.4. N1-dIno, 1-Hydroxy-3-buten-2-yl Adducts
The N1 position of dAdo is a major site of reaction with electrophilic
reagents. However, the N1 adduct is unstable and readily undergoes
Dimroth rearrangement to the N6 adduct or hydrolysis of the amino
group to yield the analogous N1-substituted inosine (Selzer and Elfarra
1996a). The latter reaction is of importance with adducts of epoxides
where the hydroxyl group participates in the hydrolysis of the amino
group (Fujii, Saito and Terahara 1986). This reaction becomes prominent
when the hydroxyl group is primary. As a consequence, the N1-(1-
hydroxy-3-buten-1-ol) adduct derived from EB is prone to deamination
to form the analogous dIno derivative (Figure 15.3d).

ODNs containing N1 adducts of dIno cannot be prepared by the post-
oligomerization approach; neither is it feasible to prepare them by direct
adduction. As a consequence the ODNs had to be prepared from adducted
phosphoramidites (Kowalczyk, Harris and Harris 2001). Syntheses were
carried out using racemic 2-bromo-3-buten-1-ol with the hydroxyl group
protected as the acetate to block epoxide formation and the dIno protected
as the 1,1,3,3-tetraisopropyl-1,3-disiloxanediyl derivative. Although a
mixture of isomeric products was obtained, the correct isomer was isolated
(as a diastereomeric mixture) and after removal of the silyl protection,
converted to the phosphoramidite derivative. Assembly of the ODN pro-
ceeded normally with the diastereomers of the resultingODNbeing readily
resolved by HPLC. The absolute configuration at Cb of the butenyl frag-
ments was established by enzymatic digestion. An authentic sample of the
2S adduct was prepared by the reaction of (2R)-EB with inosine; the
reaction proceeds with inversion of configuration at Cb leading to the 2S
adduct.

15.7.2.5. N2-dGuo, 1-Hydroxy-3-buten-2-yl, and N2-dGuo, 2,3,
4-Trihydroxybut-1-yl Adducts
TheN7 position is the most nucleophilic site in guanine. Consequently, the
synthesis of N2-adducted dGuos and ODNs containing adducted dGuos
must rely on indirect methods. Syntheses of BD adducts have been
achieved using 2-fluoro-dIno in which the O6 position has been protected
with the trimethylsilylethyl group (Harris and Harris 2000; Nechev et al.
2001). The trimethylsilylethyl group offers advantage over other alkyl
groups commonly used to protect the O6 position in that it is readily
removed with tetrabutylammonium fluoride. dGuos bearing (2R)- and
(2S)-(1-hydroxy-3-buten-2-yl) adducts (Figure 15.3e) were prepared in
good yields by the reaction of the protected 2-fluoro-dIno with the indivi-
dual enantiomers of 2-amino-3-buten-1-ol (Nechev et al. 2001). The tri-
methylsilylethyl group was then removed by treatment with dilute acetic
acid to give the adducted nucleosides in excellent yields.

For the synthesis of ODNs, a 12-mer ODN was assembled with silyl-
protected 2-fluoro-dIno inserted at the desired position in the DNA
sequence (Carmical et al. 2000c; Nechev et al. 2001). The ODN was
deprotected with the trimethylsilylethyl group fully retained, and after
HPLC purification, the ODN was treated with the individual enantiomers
of 2-amino-3-buten-1-ol. The remaining trimethylsilyl protection was
removed by treatment with weak acid.
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The N2 2,3,4-trihydroxybut-1-yl adducts of dGuo (Figure 15.3f) are
prepared by reaction of the aminotriol with silyl-protected 2-fluoro-dIno
by the procedures used above for the EB adducts (Carmical et al. 2000c;
Harris and Harris 2000; Nechev et al. 2001).

15.7.2.6. N2-dGuo-N2-dGuo, (2R,2R)- and (2S,3S)-2,
3-Dihydroxybutane-1,4-diyl Intrastrand Crosslinks
ODNs have been prepared containing 2R,2R and 2S,3SDEB intrastrand
crosslinks between adjacent dGuo residues (Figure 15.3 g) (Carmical
et al. 2000a). Reaction of the enantiomeric 2R,3R and 2S,3S diamines
with silyl-protected 2-fluoro-dIno gave the diastereomeric bis(nucleo-
sides) having the BD-derived tether between N2 positions. The cross-
linked ODNs were prepared by reaction of the enantiomeric diamines
with an ODN containing silyl-protected 2-fluoro-dIdo at adjacent posi-
tions. In theory, the diamine should be the limiting reagent to maximize
the yield of crosslinked material as opposed to having two diamine
molecules react with each molecule of the ODN. However, on account
of the sluggishness of reactions of the 2-fluoro-dIno, it was found to be
more effective to use 1.5–2.5 equivalents of the diamine to promote the
reaction. Even with this stoichiometry, relatively good yields of the
crosslinked species were obtained which suggests that the second con-
densation, that is, the ring-closure reaction, proceeds faster than the first
condensation. After removal of the silyl protection by treatment with
aqueous acetic acid, the crosslinked ODNs were purified by HPLC and
then characterized by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS), capillary gel electro-
phoresis (CGE), and enzymatic digestion to the constituent nucleosides.
It is noteworthy that the presence of the crosslink did not appear to retard
significantly the enzymatic digestion.

15.7.2.7. N3-dUri, 1-hydroxy-3-buten-2-yl adducts
The N3 adduct of dCyt is hydrolytically unstable and readily deaminates
to give the analogous adducted dUri (Figure 15.3 h). The synthesis of an
ODN containing this lesion was carried out using racemic 3-butene-1,2-
diol, which was converted to the 1-O-tosyl-2-O-(dimethyl-t-butylsilyl)
derivative (Fernandes et al., 2006). The condensation of the tosylate with
the 50-O-(dimethoxytrityl)-30-O-(4-toluoyl) derivative of dUri was carried
out and, after the removal of the 30-O-toluoyl group, the phosphoramidite
reagent was prepared. A 12-mer ODN was prepared by automated synth-
esis using this phosphoramidite reagent. The tert-butyldimethylsilyl pro-
tecting group was removed from the hydroxyl group of the butenyl side
chain by treatment with tetrabutylammonium fluoride and tributylammo-
nium hydrofluoride. The diastereomeric ODNs were not resolved by
HPLC or CGE, but after enzymatic digestion to nucleosides, HPLC
analysis showed baseline separation of the diastereomeric nucleosides.
This procedure could readily be adapted for the preparation of ODNs
containing individual diastereomers of the dUri adducts of EB by using
(2R)- and (2S)-3-butene-1,2-diol.
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15.7.3. Mutagenesis Conferred by Replication of DNAs Containing

Specific BD Adducts

15.7.3.1. Vector Design and Mutagenesis Assay
In order to ascertain the mutagenic potential of specific BD lesions, we
have utilized two well-established ss vectors that were designed for pro-
karyotic and eukaryotic replication, M13mp7L2 and pMS2, respectively.
These ss vectors possess regions of self-complementarity that form stable
ds stem-loop structures at ambient temperatures. Within this stem struc-
ture, a unique restriction enzyme site is created that can be efficiently
cleaved by addition of EcoRI to M13mp7L2 or EcoRV to pMS2. Thus,
the resulting DNA molecules are cleaved at precise locations such that
knowledge of the sequences at the 50 and 30 ends of the ss DNA allows for
further manipulation and engineering of defined ODNs into these linear
molecules and converting them into adduct-containing ss circular DNAs
using scaffolding ODNs. The design of the scaffold perfectly positions the
modified DNA to be ligated at a fixed position in the ss vector. These
closed circular DNAs are then transformed into and replicated in either
E. coli or COS-7 cells. In the case of the M13mp7L2 vector, phage plaques
were formed in soft agarose overlays and these plaques sequentially trans-
ferred to nitrocellulose filters and subsequently hybridized with radio-
active probes that could detect single-base substitutions. For
transformation of pMS2-modified vectors, these DNAs are replicated in
COS-7 cells for 48 h and the autonomously replicated DNAs harvested
and transformed into E. coli and selected for antibiotic resistance. Bacter-
ial colonies are transferred to filters and then probed with defined ODNs
for detection of point mutations and deletions.

15.7.3.2. Mutagenicity and Structural Analyses of N6-dAdo BD Adducts
M13 replication of DNAs containing the (2R)- and (2S)-1-hydroxy-3-
buten-2-yl adducts of dAdo BD resulted in no detectable mutagenesis
(< 0.025% mutation frequency) (Carmical et al. 2000b). In contrast,
replication of DNAs containing the (2R,3R)- and (2S,3S)–2,3,4-trihydrox-
ybut-1-yl N6-dAdo adducts yielded 0.14% and 0.25%mutation frequency
per replication event, respectively. Although these lesions were very
weakly miscoding, the mutagenic spectra were very distinct with the R,R
isomer giving exclusively A-to-G transition mutations, while the S,S iso-
mer yielded only A-to-C transversion mutations. Analyses of in vitro
replication bypass studies using purified E. coli DNA polymerases I, II,
III revealed that none of these lesions caused any significant block to
replication bypass (Carmical et al. 2000b).

The solution structures of both the (2R,3R)-(2,3,4-trihydroxybutyl)-
N6-dAdo and (2S,3S)-(2,3,4-trihydroxybutyl)-N6-dAdo adducts
(Figure 15.4) were determined in the following complementary oligodeox-
ynucleotides: d(CGGACXAGAAG)�d(CTTCTTGTCCG), where the
numbering of the nucleotides is given as superscripted 1–11 and 12–22
for each ODN, respectively (Merritt et al. 2004; Scholdberg et al. 2004).
These ODNs contain codon 61 (underlined) of the human N-ras proto-
oncogene. In both instances, NMR spectroscopy revealed that the BD triol
moiety was oriented in the major groove of the DNA with modest

Chapter 15 Butadiene-Mediated Mutagenesis and Carcinogenesis 427



structural perturbations localized to the site of adduction at X6�T17, and
its nearest-neighbor base pairs C5�G18 and A7�T16. All sequential NOE
connectivities arising from DNA protons were observed. Torsion angle
analysis from correlation spectroscopy (COSY) data suggested the deox-
yribose sugar at X6 remained in the C20-endo conformation. However,
structural refinement of the two adducts suggested stereospecific differ-
ences in hydrogen bonding between the hydroxyl groups located at the b-
and g-carbons of the BD moiety, and T17 O4 of the modified base pair
X6�T17. For the R,R stereoisomer, a hydrogen bond was predicted
between the g-OH and T17 O4, whereas for the S,S stereoisomer, a hydro-
gen bond was predicted between the b-OH and T17 O4 (Figure 15.4b). This
difference positioned the two adducts differently in the major groove. The
minimal structural perturbations induced by these major groove adducts
correlated with their facile bypass by three E. coli DNA polymerases in
vitro and their weak mutagenicities as described above (Carmical et al.
2000b).

In order to model the structure of the mispaired intermediate of the S,S
stereoisomer, an NMR-derived solution structure was determined for this
lesion mismatched with dG, the intermediate that generated A-to-G muta-
tions (Scholdberg et al. 2005a). In themajor conformation, base pairX6�G17

oriented ‘‘face-to-face’’. Both nucleotide X6 and G17 were intrahelical and in
the anti conformation about the glycosyl bond. Hydrogen bonding was
suggested between X6 N1 and G17 N1H, and between X6 N6H and G17 O6.
The BDT moiety allowed formation of a stable A�G mismatch.

Collectively, these data reveal that the major groove adducts are unli-
kely to contribute significantly to the in vivo mutagenesis at adenine
residues. These data are very consistent with the lack of mutagenesis
conferred by other site-specific N6-adenine lesions, including R- and S-b-
styrene oxide (Kanuri et al. 2001) and six different stereoisomers of ben-
zo[a]pyrene-7,8-dihydrodiol 9,10-epoxide adducts (Chary et al. 1995).

15.7.3.3. Mutagenecity and Structural Analyses of N6-dAdo-N6-dAdo,
2,3-Dihydroxybutane-1,4-diyl Intrastrand Crosslinks
An additional set of lesions that can be derived from an initial reaction of
DEB with DNA containing adjacent adenine residues is of an N1,N1
crosslink that can rearrange to the N6,N6-DEB crosslink. ODNs containing
both the R,R or S,S stereoisomers were synthesized as described above,
engineered into prokaryotic and eukaryotic ss vectors and replicated (Kanuri
et al. 2002). The mutation frequencies of both lesions were nearly 10-fold
higher in COS-7 cells than in E. coli. Replication of the intrastrand crosslink
was highly mutagenic (54% per event), with all the mutations being point
mutations at the 30 adenine and yielding 40% A-to-G, 9% A-to-C, and 5%
A-to-T. In contrast, the S,S crosslink was significantly less mutagenic (20%)
with the spectra being 13% A-to-G, 6% A-to-T and 1% A-to-C.

Replication of these same lesions inE. coli produced more modest levels
of mutagenesis (R,R 8% and S,S 2.8%) with nearly all the mutations being
A-to-G transitions (Kanuri et al. 2002). The DNA polymerase responsible
for inducing these mutations was investigated by conducting mutagenesis
studies in isogenic E. coli strains that were either wild-type or only differed
by inactivation of DNA polymerase II, IV, or V (Kanuri et al. 2005).
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Mutation frequencies and spectra were indistinguishable among the wild
type, pol IV and pol V strains. However, no mutations were ever detected
in the pol II– strain, thus strongly implicating this polymerase in the
mutagenic replication bypass of these crosslinks.

Solution structural studies of both the (R,R)- and (S,S)-N6-dAdo-N6-
dAdo, 2,3-dihydroxybutane-1,4-diyl intrastrand crosslinks of DEB were
determined in the ODN 50-d(CGGACXYGAAG)�d(CTTCTCGTCCG)-
30 , where XY are the crosslink sites (Merritt et al. 2005a; Xu et al. 2007).
Both the R,R and S,S intrastrand crosslinks were accommodated in the
major groove of duplex DNA. For the R,R crosslink, at the 50-side of the
crosslink there was a break in Watson–Crick base pairing at base pair
X6�T17, whereas at the 30-side of the crosslink at base pair Y7�T16 base
pairing was intact. An increase in base pair opening was observed at base
pair X6�T17, accompanied by a shift in the phosphodiester backbone

Figure 15.4. NMR-derived solution structures of DNAs containing various BD-derived DNA Adducts. (a)
(2R,3R)-N6-(2,3,4-trihydroxybut-1-yl)-deoxyadenosine; (b) (2S,3S)-N6-(2,3,4-trihydroxybut-1-yl)-deoxya-
denosine; (c) (2S,3S)-N6-(2,3-dihydroxybutyl)-deoxyadenosyl crosslink conformation I; (d) (2S,3S)-N6-
(2,3-dihydroxybutyl)-deoxyadenosyl crosslink conformation II; (e) N1-(1-hydroxy-3-buten-2R-yl)-20-deox-
yinosine; (f) (2S)-N1-(1-hydroxy-3-buten-2-yl)-deoxyinosine.
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torsion angle b P50-O50-C50-C40 at nucleotide X6. The DNA helix was not
bent by the presence of the four-carbon crosslink, as determined from gel
mobility assays of multimers containing nonhydroxylated four-carbon
N6,N6-dA crosslinks. The potential presence of a hydrogen bond between
the hydroxyl group located on the b-carbon of the four-carbon crosslink
and T17 O4, perhaps stabilized the base pair opening at X6�T17, and
protected the T17 imino proton from solvent exchange. The opening of
base pair X6�T17 altered base stacking patterns at the crosslink site and
induced slight unwinding of the DNA duplex.

For theS,S intrastrandDNA crosslink,Watson–Crick base pairing was
perturbed at base pair X6�T17, whereas base pairing was intact at base pair
Y7�T16. The crosslink appeared to exist in two conformations in rapid
exchange on the NMR time scale. In the first conformation (Figure 15.4c),
a hydrogen bond formed between the b-OH and T16 O4, whereas in the
second (Figure 15.4d) a hydrogen bond formed between the b-OH and T17

O4. In contrast to the R,R crosslink, the anti conformation of the two
hydroxyl groups at Cb and Cg with respect to the Cb–Cg bond resulted in a
decreased twist between base pairs X6�T17 and Y7�T16, and an approx-
imate 108 bending of the duplex. These conformational differences may
account, in part, for the differential mutagenicity of the (S,S)- and (R,R)-
BD-(61-2,3) crosslinks, and suggest that stereochemistry plays a role in
modulating biological responses to these crosslinks.

15.7.3.4. Mutagenicity and Structural Analyses of N1-dIno, 1-Hydroxy-
3-buten-2-yl Adducts
As described above, BD adduction at N1 of adenine and subsequent
Dimroth rearrangement, can lead to the formation of N6 adducts, but
these N1 lesions can also undergo spontaneous deamination to yield the
(R and S)-N1-(1-hydroxy-3-buten-2-yl)-dIno adducts. Using the M13
vector, replication gave exceptionally high mutagenic yields, with the S
isomer producing point mutations of 67% I-to-G, 12% I-to-C, and 11% I-
to-T, while the R isomer gave 54% I-to-G, 34% I-to-C, and 3% I-to-T
(Rodriguez et al., 2001). Since the original base pair was an A:T, the
overall mutagenic frequencies are � 90% per replication event. When the
same lesions were incorporated into the eukaryotic pMS2 vector and
replicated through COS-7 cells, although both stereoisomers were strongly
mutagenic, the S isomer was more mutagenic yielding a 95% mutation
frequency versus 59% for the R isomer (Kanuri et al. 2002). The S isomer
yielded 79% I-to-G, 10% I-to-C, and 6% I-to-T, while the R isomer
produced 48% I-to-G, 7% I-to-C, and 4% I-to-T. These data suggest
that during replication, the dIno adduct was recognized as a dGuo adduct.
However, since N1-dIno adducts should be unable to participate in Wat-
son–Crick base pairing with dCyt, it was proposed that incorporation of
dCTP opposite the N1-dIno adducts occurred by rotation of the glycosyl
bond. This would position the modified base into the syn conformation,
enabling formation of a protonated dIno�dCyt Hoogsteen-type pair dur-
ing translesion synthesis.

The solution structures of both the (2R and 2S)-N1-(1-hydroxy-3-
buten-2-yl)-dIno (Figure 15.4e, and f, respectively) adducts were deter-
mined in the sequence described above (Merritt et al. 2005b; Scholdberg
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et al. 2005b). The stereoisomeric N1-dIno butenyl adducts were both
oriented in the major groove. For both dIno adducts, 1H NMR revealed
a weak C5 H10-to-X6 H8 NOE, followed by an intense X6 H8-to-X6 H10

NOE. Simultaneously the X6 H8-to-X6 H30 NOE was weak. The reso-
nance arising from the T17 imino proton was not observed. The modified
dIs were both in the syn conformation about the glycosyl bond with a
glycosyl bond angle of 838; T17, the complementary nucleotide, was
stacked into the helix, but not hydrogen bonded with the adducted
inosine.

These structures provide a plausible hypothesis as to why these N1-dIno
adducts strongly code for the incorporation of dCTP during translesion
DNA replication, irrespective of stereochemistry. Rotation of theN1-dIno
adduct into the syn conformationmay facilitate incorporation of dCTP via
Hoogsteen-type templating with dIno, generating A-to-G mutations.
However, conformational differences between adducts with R and S
stereochemistry suggest that adduct stereochemistry plays a secondary
role in modulating the biological response.

15.7.3.5. Mutagenicities of DNAs Containing N2 Guanine Adducts of R
and S EB and R,R and S,S DEB
As described in previous sections, ODNs containing site-specific R and S
EB and R,R and S,S DEB lesions were synthesized for replication studies
in a prokaryotic vector (Carmical et al. 2000c) and used in an in vitro
eukaryotic polymerase assay (Minko et al. 2001). Replication of M13
vectors carrying each of these four defined lesions was greatly reduced
(between 200- and 2000-fold, depending on the lesion); however, those
DNAs that were replicated were copied in a nearly error-free manner, such
that mutation frequencies were generally< 0.05% (Carmical et al. 2000c).
Consistent with the severe blockage of these lesions in the in vivo replica-
tion bypass, in vitro syntheses using purified E. coli polymerases I, II, and
III, all revealed a near-complete blockage one nucleotide prior to the
lesions.

To date, the only replication bypass study conducted using a eukar-
yotic polymerase revealed that yeast polymerase eta (Z) would modestly
replicate past these lesions, albeit with a 200–300 fold reduction in over-
all catalytic efficiency relative to control guanine (Minko et al. 2001).
Incorporation opposite the S stereoisomers was nearly 10-fold more
efficient than the corresponding R adducts. It would be of considerable
interest to test whether polymerase kappa (k) could bypass these lesions
in light of its ability to bypass other bulky N2 guanine lesions (Avkin
et al. 2004; Choi, Angel and Guengerich 2006; Ogi et al. 2002; Zhang
et al. 2002).

15.7.3.6. Mutagenicity of N2-dGuo-N2-dGuo, 2,3-Dihydroxybutane-1, 4-
diyl Intrastrand Crosslinks
Given our understanding of the replication and mutagenicity of the EBD
adducts onN2 of guanine and the paucity of data concerning replication of
aliphatic intrastrand crosslinks ODNs containing N2-dGuo-N2-dGuo,
(2R,2R)-, and (2S,3S)-2,3-dihydroxybutane-1,4-diyl intrastrand crosslinks
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were synthesized as described above. These 8-mer DNAs were engineered
into the M13mp7L2 vector and introduced into E. coli (Carmical et al.
2000a). Both stereoisomeric species were severe blocks to replication
bypass, reducing plaque formation by > 104. Analyses of the mutagenic
spectra of the limited progeny phage revealed that the S,S stereoisomer
was approximately 10-fold more mutagenic than itsR,R counterpart, with
a mixture of every possible point mutation. Additionally, an approximate
equal frequency of deletions was also detected, suggesting that the severe
block to replication could be overcome by transient slippage of the blocked
primer. Also consistent with these lesions being severe blocks to in vivo
replication bypass, analyses of in vitro reaction of E. coli polymerase I, II
and III revealed total blockage of synthesis one nucleotide prior to the
lesions (Carmical et al. 2000a).

Since these lesions were such strong blocks to replication bypass, it
was postulated that they may be sufficiently distorting to the structure of
the duplex DNA that they would be readily recognized and removed by
the NER system. However, neither of the duplex DNAs was efficiently
incised by UvrABC or was bound by UvrA protein. These data suggest
that these lesions could persist in cells and pose major challenges to
genomic replication and integrity.

15.7.3.7. Mutagenicity of N3-dUri, 1-Hydroxy-3-buten-2-yl Adducts
Although most of the research has focused on purine adducts, N3
cytosine adducts are formed upon reaction with EB, but these lesions
rapidly deaminate to the corresponding uracil adduct. Oligodeoxynu-
cleotides containing a mixture of R and S stereoisomers of the N3-dUri
adducts were engineered into the pMS2 vector and replicated in
COS-7 cells. These lesions were extraordinarily mutagenic with the
overall mutation frequency being 97%. Only point mutations were
detected with 53% C(U)-to-T, 32.5% C(U)-to-A, and 11% C(U)-to-G
(Fernandes et al. 2006). Even though the in vivo replication of these
adducted DNAs did not appear to be compromised based on the yield of
progeny vectors, in vitro replication of DNAs containing these lesions
showed that both polymerases d and e were blocked one nucleotide prior
to the lesions. However, polymerase Z could incorporate every nucleo-
tide opposite the adduct, and polymerase zeta (z) and polymerase Z
could extend all primer mismatches opposite the lesions (Fernandes
and Lloyd 2007). Collectively, these data suggest that deaminated cyto-
sine adducts may play a role in the overall mutagenic spectra following
BD exposure.

Overall, these data demonstrate that many BD-modified base adducts,
including N2 guanine (minor groove) and N6 adenine (major groove) are
only weakly mutagenic in either eukaryotic or prokaryotic assay systems,
while deaminated adenine and cytosine BD adducts are extremely muta-
genic. We also speculate that the deaminated poducts of butadiene-
modified N1-dA and N3-dC would also be mutagenic if formed in cells,
but to date, these lesions have not been detected in animal exposure
models. Further, perturbation of metabolic pathways favoring increases
in the concentration and half-life of the diepoxide intermediate or inter-
ference with the NER pathway promote mutagenesis.
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16.1. Introduction

Pharmacogenetics is the study of variation in xenobiotic response
that is caused by genetic polymorphisms in drug disposition or drug
response genes. These genes may encode receptors, transporters, or
biotransformation enzymes. Polymorphisms in biotransformation
enzymes, particularly cytochrome P450 s (CYPs), have been most
extensively studied. While biotransformation pathways are thought
to have evolved to inactivate and allow the elimination of foreign
compounds, these pathways can less commonly lead to the bioacti-
vation and increased toxicity of xenobiotics (Figure 16.1). Oxidation
of xenobiotics is a common bioactivation reaction, and can be cat-
alyzed by CYPs, flavin-containing monooxygenases (FMOs), perox-
idases, or cyclooxygenases (COXs). Less commonly, bioactivation
can be mediated by conjugation or hydrolysis reactions. This chapter
will review what is known about pharmacogenetic differences in
important xenobiotic bioactivation pathways, with an emphasis on
the association between functional polymorphisms and clinical and
toxicologic outcomes in humans. There are considerable data to
support a role for bioactivation polymorphisms in occupational
chemical toxicity and in the carcinogenicity of environmental pollu-
tants. In contrast, most idiosyncratic drug toxicities have not been
associated to date with genetic variability in bioactivation pathways;
however, studies have been limited (Pirmohamed 2006).
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16.2. Cytochrome P450s

Cytochrome P450s are heme-containing monooxygenases that are
expressed in the endoplasmic reticulum (microsomal fraction) of many
tissues, including liver, kidney, gut, lung, endocrine glands, and brain.
While CYP action most commonly renders xenobiotics less active or
more polar, CYPs can also bioactivate compounds via the formation of
hydroxylamines, epoxides, and hydroquinones, which can lead to unstable
electrophilic by-products (Ioannides and Lewis 2004).

16.2.1. Bioactivation by the CYP1 Family

The CYP1 family is the predominant group of CYPs involved in xenobio-
tic bioactivation, primarily by CYP1A1, CYP1A2, and CYP1B1. Typical
substrates of CYP1 enzymes are lipophilic and planar molecules (Ioan-
nides and Lewis 2004), a number of which are important pro-carcinogens.
CYP1A enzymes are inducible by chemicals such as benzo[a]pyrene and 2-
aminobiphenyl, via the cytosolic aryl hydrocarbon (Ah) receptor. The
mutagenicity of CYP1A substrates has been shown to correlate with the
degree of induction of these enzymes (Cheung et al. 1994).

16.2.1.1. CYP1A1
CYP1A1 is expressed in extrahepatic tissues such as the lung, skin, and
breast, and is highly conserved among species. CYP1A1 bioactivates aro-
matic amines, polycyclic aromatic hydrocarbons, and heterocyclic amines.
CYP1A1 also catalyzes the first step in the bioactivation 17b-estradiol to
its genotoxic quinone derivative (Crooke et al. 2006).

CYP1A1 activates the tobacco carcinogen benzo[a]pyrene, which is
necessary for the formation of genotoxic DNA adducts. High pulmonary
CYP1A1 expression has been associated with lung cancer in smokers
(Anttila et al. 1992). A high-inducibility polymorphism in CYP1A1

Figure 16.1 Variable potential outcomes due to pharmacogenetic variability in
xenobiotic biotransformation pathways.
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(CYP1A1*2A) has been characterized, and is identified by anMspI restric-
tion fragment length polymorphism (RFLP) in the 30-untranslated region
(UTR) of the gene (6235 T >C) (Petersen et al. 1991). The MspI allele has
been associated with an increased risk of lung cancer in Japanese patients
(Kawajiri et al. 1990; Nakachi et al. 1991), but not in Caucasians, in which
the MspI allele is rare (Raunio et al. 1995).

The heterocyclic amine 2-amino-3-methylimidazo[4,5-f ]quinolone (IQ)
is a mammary carcinogen in rodents, and is bioactivated by CYP1A1 in
human breast (Williams et al. 1998). The inducible MspI allele has been
associated with breast cancer risk in Chinese women (Shen et al. 2006), and
may interact with antioxidant deficiencies to increase the risk of breast
cancer in African-American women (Zhu et al. 2006). However, in other
populations of women, the association between CYP1A1 genotype and
breast cancer outcome has been weak or nonsignificant (Boyapati et al.
2005; Le Marchand et al. 2005; Okobia et al. 2005; Singh et al. 2007).

For colorectal cancer, for which dietary heterocyclic amine exposure is
a likely risk factor, the relationship between CYP1A1 genotype and
tumor outcome appears to be complex, with varied interactions among
this CYP and gender, meat intake, and other polymorphisms (Murtaugh
et al. 2005). However, another high-inducibility polymorphism
(CYP1A1*2C; 462 Ile > Val) (Crofts et al. 1994) was significantly asso-
ciated with colorectal cancer in a study of patients in Scotland (Sachse
et al. 2002).

16.2.1.2. CYP1A2
CYP1A2 is expressed primarily in liver, where it varies more than 50-fold
in activity among individuals (Butler et al. 1989; Turesky et al. 1998).
CYP1A2 bioactivates heterocyclic aromatic amines such as 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 2-amino-3,8-dimethyli-
midazo[4,5-f ]quinoxaline (MeIQX) to reactive hydroxylamine metabolites
(Turesky et al. 2002; Figure 16.2). These hydroxylamines are further bioac-
tivated by O-acetylation, followed by heterolytic cleavage to form a

Figure 16.2 Oxidative metabolism of heterocyclic
amines such as PhIP, and resulting mutagenic
outcome. UDP-glucuronosyltransferases (UGTs)
act to enhance elimination of the parent compound.
Bioactivation by cytochrome P450 1A2 or
cyclooxygenases (COX) 2 leads to an unstable
hydroxylamine, which can be eliminated as
glutathione or glucuronide conjugates via the action
of glutathione-S-transferases (GSTs) or UGTs.
Alternatively, the hydroxylamine may be further
bioactivated by N-acetyltransferases (NAT) or
sulfotransferases (SULT) to ultimately form a
nitrenium ion, which can form DNA adducts that
are thought to initiate colon carcinogenesis.
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nitrenium ion, which forms DNA adducts (Turesky and Vouros 2004).
CYP1A2 activity is therefore important for the carcinogenicity of these
compounds.

The CYP1A2*1D allele (-2467delT) has been associated with both
increased CYP1A2 activity in vivo (as measured by urinary caffeine meta-
bolites) and increased urine mutagenicity in smokers (Pavanello et al.
2005). Rapid CYP1A2 activity has also been linked to colorectal carci-
noma, particularly in association with smoking or redmeat intake (Badawi
et al. 1996; Bae et al. 2006; Le Marchand et al. 2002). High CYP1A2
activity phenotype has been associated with lung cancer in one study in
Chinese women, but only when modulation by N-acetyltransferase status
was considered (Seow et al. 2001).

CYP1A2 also bioactivates aflatoxin, with low Km values comparable
to concentrations expected from dietary exposure (Gallagher et al. 1996;
Gallagher et al. 1994). Aflatoxin is associated with hepatocellular carci-
noma in humans, and is the second leading cause of this tumor type, after
hepatitis B infection, in high-exposure populations in Africa and Asia
(Yu and Yuan 2004). Accordingly, impaired CYP1A2 activity
(CYP1A2*1C allele) appears to have a protective effect on the outcome
of hepatocellular carcinoma among hepatitis B seronegative patients
(Chen et al. 2006).

The antihypertensive agent dihydralazine leads to an autoimmune
hepatitis in a small subset of patients. Dihydralazine is both bioactivated
by CYP1A2 and leads to its induction (Bourdi et al. 1992), and autoanti-
bodies in patients with dihydralazine hepatitis have been shown to target
hepatic CYP1A2 (Bourdi et al. 1990). Reactive metabolites generated by
CYP1A2 are thought to both inactivate and haptenize this enzyme and lead
to autoantibody formation (Bourdi et al. 1994). Given the functional varia-
bility in CYP1A2 in humans (http://www.cypalleles.ki.se/cyp1a2.htm),
polymorphisms in this enzyme are likely to be a risk factor for this adverse
drug reaction; however, this has not yet been evaluated.

16.2.1.3. CYP1B1
CYP1B1 is also involved in the bioactivation and mutagenicity of poly-
cyclic aromatic hydrocarbons such as benzo[a]pyrene, and is inducible by
dioxin (TCDD). CYP1B1 is found in extrahepatic tissues such as breast
(Hellmold et al. 1998), and like CYP1A1, can bioactivate estradiol
(Crooke et al. 2006; Jefcoate et al. 2000).

A polymorphism in CYP1B1 at codon 432 (Val > Leu) has been eval-
uated in risk analyses of cancer outcome. The wild-type allele (432Val ),
which is found in approximately 40% of Caucasian women and 70% of
African-American women (Bailey et al. 1998), has higher activity in vitro
for estradiol activation than 432Leu (Li et al. 2000; Shimada et al. 1999).
Studies have been conflicting, with the 432Val allele found to be over-
represented among women with estrogen receptor-positive breast tumors
(Bailey et al. 1998; De Vivo et al. 2002) or breast cancer patients who
smoke (Sillanpaa et al. 2006), while the variant 432 Leu allele was found to
be associated with breast cancer risk in women who take hormone replace-
ment therapy (Rylander-Rudqvist et al. 2003).
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16.2.2. Bioactivation by the CYP2 Family

Of the CYP2 family of CYPs, CYP2E1 has the most prominent role in
clinically and toxicologically important bioactivation pathways.

16.2.2.1. CYP2E1
CYP2E1 plays a key role in the bioactivation of low-molecular-weight
environmental and industrial chemicals, to include tobaccoN-nitrosamines,
styrene, benzene, butadiene, urethane, and vinyl chloride (Ioannides and
Lewis 2004). In addition, CYP2E1 bioactivates several clinically important
drugs, such as acetaminophen, isoniazid, and halothane. CYP2E1 sub-
strates also include ethanol and other short-chain alcohols. Ethanol induces
CYP2E1 expression via stabilization of the protein against proteasomal
degradation (Roberts et al. 1995); this acquired increase in CYP2E1
protein expression can lead to discordance between genotype and pheno-
type among individuals.

The coding sequence of CYP2E1 is well conserved among humans,
likely due to an as yet undefined but important role for this CYP in
endogenous metabolism (Hu et al. 1997). Despite relatively low functional
variability in the coding region among individuals, CYP2E1 has several
potentially important polymorphisms with toxicological significance. An
important high-prevalence allele (CYP2E1*5B) comprised of two 50 flank-
ing region polymorphisms (PstI/RsaI, found at -1293 and -1053, respec-
tively) appears to involve a binding site for the transcription factor HNF1,
and leads to increased transcriptional activity in vitro (Hayashi, Watanabe
and Kawajiri 1991). This allele has a higher prevalence in Asian popula-
tions (approximately 40% are homozygotes or heterozygotes) compared
to Caucasian populations (less than 8%) (Bolt, Roos and Their 2003). The
PstI/RsaI polymorphism is thought to lead to enhanced bioactivation of
2E1 substrates, such as carcinogenicN-nitrosamines (Yu and Yuan 2004).
However an in vivo study of CYP2E1 activity (as measured by chlorzox-
azonemetabolism) found that theRsaI polymorphism was associated with
decreased enzyme activity (Le Marchand, Wilkinson and Wilkens 1999),
which is discordant with in vitro transcriptional data.

Overall, however, the PstI/RsaI CYP2E1 polymorphism appears to be
associated with increased risk of certain cancers. In a meta-analysis of
more than 2000 cases of gastric carcinoma in an Asian population, PstI/
RsaI homozygotes were significantly overrepresented (Boccia et al. 2007).
In addition, this allele was overrepresented among patients with pulmon-
ary adenocarcinoma. (El-Zein et al. 1997), and colorectal cancer (Yu and
Yuan 2004).

High CYP2E1 activity appears to be a risk factor for several chemical
toxicities. CYP2E1 metabolizes vinyl chloride to the electrophiles chlor-
oethylene oxide and chloroacetaldehyde. Consistent with this, the high-
expression PstI polymorphism was overrepresented among workers who
developed evidence of liver toxicity following occupational exposure to
vinyl chloride (Zhu et al. 2005). This same polymorphism has also been
associated with increased expression of mutant p53 protein in the plasma
of industrial vinyl chloride workers (Wong et al. 2002). In addition,
Chinese smokers who developed signs of bone marrow toxicity after
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benzene exposure were more likely to harbor thePstI polymorphism (Wan
et al. 2002). This apparent effect was particularly pronounced in subjects
with loss-of-function polymorphisms in the glutathione-S-transferase and
NAD(P)H:quinone oxidoreductase 1 (NQO1) detoxification pathways.

The chemical 1,3-butadiene is used in the synthesis of rubber and latex,
and is also found in tobacco smoke and automobile exhaust. Butadiene is
oxidized to ultimately genotoxic epoxide metabolites in part by CYP2E1
(Duescher and Elfarra 1994, Elfarra, Krause and Selzer 1996), and the
response to butadiene may be modulated by CYP2E1 genotype. Paradoxi-
cally, one 5-flanking polymorphism (CYP2E1*7B), which leads to
enhanced enzyme expression in vitro (Fairbrother et al. 1998), was asso-
ciated with a trend toward decreased levels of hemoglobin adducts in
butadiene-exposed workers (Fustinoni et al. 2002).

CYP2E1 also bioactivates the inhalant anesthetic halothane, generating
a reactive trifluoroacetyl chloride metabolite (Bourdi et al. 1996; Kenna
et al. 1988). This metabolite leads to protein binding, neohapten forma-
tion, and an autoimmune response that is associated with hepatic necrosis
(Spracklin et al. 1997). Induction of CYP2E1 leads to enhanced metabo-
lite–protein binding from halothane in vivo in rodents (Eliasson et al.
1998), as well as increased hepatotoxicity (Takagi et al. 1983); however,
the role of CYP2E1 polymorphisms in halothane hepatitis in humans has
not been evaluated.

16.2.2.2. Other CYP2 Bioactivation Pathways
CYP2A6, like CYP1A2, can also activate aflatoxin and aromatic amines,
as well as tobacco nitrosamines. Rapid CYP2A6 phenotype has been
associated with an increased risk for colorectal cancer (Nowell et al.
2002), and the CYP2A6*4C genotype, in which the entire gene is deleted,
has been associated with reduced lung cancer risk in smokers (Kamataki
et al. 2005). The relationship between CYP2A6 and lung cancer risk is
compounded by the role of this enzyme in inactivating nicotine, which
appears to modulate smoking behavior in humans (Malaiyandi, Sellers
and Tyndale 2005). Specifically, rapid CYP2A6 activity is associated with
an increased risk of habitual smoking, and higher cigarette consumption
(Tyndale and Sellers 2002).

CYP2D6 has important polymorphic variability, with approximately
30% of Caucasians expressing low-activity alleles (Bradford 2002), and
about 3% of African-Americans showing very high activity due to gene
duplication (Gaedigk et al. 2007). CYP2D6 also contributes to the bioac-
tivation of nitrosamines in tobacco (Raunio et al. 1995). In some studies,
extensive CYP2D6 activity has been associated with an increased risk of
smoking-related lung cancer (Agundez et al. 1994; Hirvonen et al. 1993).

16.2.3. Bioactivation by the CYP3 Family

CYP3A4 has a broad substrate range for therapeutics drugs, and is the
most highly expressed CYP in human liver. CYP3A4 bioactivates a num-
ber of drugs to reactive metabolites that have been associated with organ
toxicity, to include the anticonvulsant carbamazepine, the anti-infective
agents dapsone and isoniazid, the estrogen receptor antagonist tamoxifen,
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and the oral hypoglycemic agent troglitazone (Vignati et al. 2005).
CYP3A4 can also bioactivate the genotoxins aflatoxin B1 and ochratoxin
(Guengerich 2006; Vignati et al. 2005). Although CYP3A4 expression
varies widely in human liver (Guengerich 2006; Vignati et al. 2005), the
role of genetic variability in this CYP and xenobiotic toxicity remains to be
established.

CYP3A5 shares some substrate specificity with CYP3A4, and also bioacti-
vates aflatoxin, via oxidation to its genotoxic exo-8,9-epoxide. Several
CYP3A5 alleles encode proteins with markedly decreased or no activity (for
summary, see http://www.cypalleles.ki.se/cyp3a5.htm); accordingly, only
about 20% of human livers express stable CYP3A5 protein (Daly 2006).
High-activity haplotypes for CYP3A5 alleles *3, *6, and *7 have been found
to correlate with higher levels of aflatoxin–albumin adducts among people in
Gambia, a region with both high dietary exposure to aflatoxin and a high
prevalence of hepatocellular carcinoma (Wojnowski et al. 2004).

CYP3A5, but not CYP3A4, is expressed in human esophagus (Lechev-
rel et al. 1999). The CYP3A5*3 allele, which leads to markedly decreased
activity, is associated with a reduced risk of esophageal cancer, suggesting
a role for local bioactivation of esophageal carcinogens by this enzyme
(Dandara, Ballo and Parker 2005).

16.3. Other Oxidative Pathways

16.3.1. Flavin-Containing Monooxygenases

Flavin-containing monooxygenases bioactivate drugs by oxidizing a ‘‘soft’’
(i.e., readily oxidized) nucleophilic group (Krueger andWilliams 2005), such
as those containing nitrogen, sulfur, or phosphorous. FMO2, which is
variably expressed in human lung, bioactivates thiourea (used in fertilizer
manufacturing and other industries), and related pulmonary toxins (Hen-
derson et al. 2004). Reactive sulfenic acids generated by FMOs lead to redox
stress, and may contribute to lung damage from these compounds. No
Caucasian or Asian subjects evaluated to date have been found to express
functional FMO2. The absence of functional protein in the face of normal
mRNA levels is explained by a premature stop codon in the coding
sequence, leading to a truncated protein (Krueger et al. 2002). However,
one in four African-Americans and one in 20 Hispanics do express func-
tional FMO2 in lung, which could make these populations more susceptible
to thiourea lung toxicity. This area requires further study.

FMO3, expressed primarily in liver, bioactivates the antithyroid drug
methimazole (Overby, Carver and Philpot 1997), which has been asso-
ciated with idiosyncratic hepatotoxicity (Woeber 2002), and contributes to
the N-oxidation of the antipsychotic drug clozapine (Tugnait et al. 1997),
which can lead to agranulocytosis (Iqbal et al. 2003). Pharmacogenetic
variability in FMO3 has been documented in human subjects, with at least
three lower-activity alleles recognized (Zhou and Shephard 2006), and a
nearly 10-fold range in FMO3 expression in human liver (Overby, Carver
and Philpot 1997). The relationship between this variability and drug
toxicity remains to be established.
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16.3.2. Peroxidases

Peroxidases, including myeloperoxidase (MPO), lactoperoxidase, and
COXs, have strong oxidizing activity toward drugs and environmental
chemicals. Myeloperoxidase has been the most studied, and generates
reactive metabolites from many compounds. MPO oxidizes arylamine
carcinogens such as 4-aminobiphenyl and PhIP to reactive hydroxylamine
metabolites; lactoperoxidase can bioactivate these same carcinogens
locally in breast tissue (Gorlewska-Roberts et al. 2004). While MPO poly-
morphisms are not yet well characterized, a promoter polymorphism (–463
G >A), which leads to decreased transcription of MPO (Piedrafita et al.
1996), has been associated with decreased risk of both breast cancer (Ahn
et al. 2004) and lung cancer (Lee et al. 2002).

Myeloperoxidase appears to play a role in benzene toxicity as well. Bone
marrow MPO bioactivates benzene hydroquinonone to its reactive 1,4
benzoquinone metabolite. This leads to hematologic toxicity ranging from
anemia or leukopenia, to acute myelogenous leukemia (Ross et al. 1996).
Accordingly, wild-type MPO (463GG) has been associated with depressed
leukocyte cell counts in workers exposed to benzene (Lan et al. 2004). In
addition, MPO bioactivates many therapeutic drugs (Rubin and Kretz-
Rommel 2001; Uetrecht 1995), including the antimicrobials sulfamethoxa-
zole, trimethoprim, and dapsone, the anticonvulsant carbamazepine, the
antiarrhythmic drug procainamide, and the antithyroid agent propylthiour-
acil. However, the relationship between MPO polymorphisms and idiosyn-
cratic toxicity from these drugs has not yet been evaluated.

Cyclooxygenase enzymes have both COX and hydroperoxidase cataly-
tic sites. Both sites can bioactivate xenobiotics and lead to DNA binding
(Wiese, Thompson and Kadlubar 2001). COX1 isoforms are present in
most tissues, while COX2 is expressed constituitively in sites such as
kidney and brain, and is inducible in other tissues during inflammation.
A number of carcinogens are COX substrates, including benzidine (Zenser
et al. 1983), the industrial chemical 4,40-methylene-bis(2-chloroaniline
(MOCA), 4-aminobiphenyl, benzo[a]pyrene, MeIQx, and PhIP (Wiese,
Thompson and Kadlubar 2001). A high-frequency allele in the promoter
region of COX-2, -1195 G > A, leads to increased gene expression, and is
overrepresented among Chinese patients with esophageal cancer (Zhang
et al. 2005). A 8473 T>C polymorphism in the 30-UTR of COX2 has been
associated with a decreased risk of cancer of the lung (Park et al. 2006) and
prostate (Shahedi et al. 2006), but increased risk of breast (Langsenlehner
et al. 2006) and lung cancer (Campa et al. 2004) in other studies. The
functional consequences of this polymorphism have not yet been estab-
lished. More work is needed to determine the implications of COX poly-
morphisms and their relationship to xenobiotic toxicity.

16.4. Conjugation Reactions

In contrast to oxidation reactions mediated by CYP and other oxidative
enzymes, biotransformation by conjugation reactions more commonly
leads to nontoxic metabolites. However, conjugates formed by both
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N-acetyltransferases and sulfotransferases (SULTs) can in some instances
undergo heterolytic cleavage to release electrophilic products such as
nitrenium ions. These electrophiles can then react with DNA to form
genotoxic adducts.

16.4.1. N-Acetyltransferases

NN-acetyltransferases (NAT1 andNAT2) catalyze theN- andO-acetylation
of aromatic amines, aromatic hydroxylamines, and heterocyclic
arylhydroxylamines. These enzymes, in particular NAT2, are polymorphi-
cally expressed, (http://www.louisville.edu/medschool/pharmacology/NAT.
html) and approximately 50% of Caucasians and African-Americans have
low activity for the NAT2 isozyme (Blum et al. 1991).

Both NAT1 and NAT2 can bioactivate, via O-acetylation, the N-
hydroxy derivatives of 2-aminofluorene, MeIQx, and PhIP, leading to
the formation of DNA adducts (Hein 1988; Hein et al. 1994; Figure
16.2). Both MeIQx and PhIP are found in meat cooked at high
temperatures, and are colon carcinogens in rodents (Nishikawa et al.
2005). Rapid NAT2 phenotype or genotype is overrepresented among
patients with colorectal cancer, with modulation by high CYP1A2
activity, smoking, and consumption of well-done meat (Chen, Jiang
and He 2005; Hein et al. 2002; Lang et al. 1994; Le Marchand et al.
2002).

The relationship between NAT2 status and breast cancer is less well
defined, with both slow and rapid NAT2 associated with breast cancer in
different studies (Deitz et al. 2000; Sillanpaa et al. 2005). However, rapid
NAT2 has been associated with PhIP breast adducts in women who
consume well-done meat (Zhu et al. 2003). For bladder cancer, the
NAT2 pathway appears to be detoxifying overall, with rapid NAT2 status
associated with a lower risk of bladder tumors (reviewed in Hein 2002).
This same relationship was recently found for lung cancer in European
patients (Gemignani et al. 2007), although a meta-analysis found no
relationship between NAT status and lung cancer (Borlak and Reamon-
Buettner 2006).

As for NAT1, a high-activity allele (NAT1*10) leads to increased
enzyme activity in human tissues (Bell et al.1995). NAT1*10 appears
to contribute to the risk of colorectal cancer (Lilla et al. 2006), and in
some studies, cancers of the lung (Abdel-Rahman et al. 1998; Wikman
et al. 2001), stomach (Boissy et al. 2000; Katoh et al. 2000), lymphatic
system (Morton et al. 2006), and prostate (Fukutome et al. 1999; Hein
et al. 2002).

16.4.2. Sulfotransferases

Cytosolic sulfotransferases mediate the sulfonation of a diverse array of
xenobiotics and endogenous sterols. This most commonly leads to more
polar, readily excreted molecules, but can also lead to reactive by-products,
since the sulfate group can undergo cleavage to form an electrophilic cation
(Glatt 2000). SULT1A1 (a phenol SULT) bioactivates arylhydroxylamines
such as those generated from the tobacco carcinogen 4-aminobiphenyl,
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(Chou, Lang and Kadlubar 1995) and the dietary carcinogen PhIP
(Muckel, Frandsen and Glatt 2002). Despite the demonstrated role of
SULT1A1 in carcinogen mutagenicity (Glatt et al. 2000), epidemiolo-
gic studies of colorectal cancer have found either no association of
SULT with tumor outcome (Moreno et al. 2005; Peng et al. 2003;
Tiemersma et al. 2004), or significantly decreased risk of cancer or
colorectal polyps with active SULT1A1 (Bamber et al. 2001; Goode
et al. 2007; Lilla et al. 2007; Nowell et al. 2002). This apparent
paradox can be attributed to the dual roles of SULTs in both bioac-
tivation and detoxification, as well as their complex roles in the
modulation of sterol hormones that can contribute to carcinogenesis
(Glatt and Meinl 2004).

16.5. Hydrolysis

16.5.1. Epoxide Hydrolases

Epoxide hydrolases are microsomal enzymes that mediate hydrolysis
of epoxides to less-reactive dihydrodiols (Morisseau and Hammock
2005). Overall, these enzymes have a detoxifying role for most sub-
strates. However, epoxide hydrolases can also contribute to the bioac-
tivation of polycyclic aromatic hydrocarbons, such as benzo[a]pyrene
and 7,12-dimethylbenz[a]anthracene (DMBA; Miyata et al. 1999;
Wood et al. 1976) via the formation of unstable diol-epoxides (Mor-
isseau and Hammock 2005). One polymorphism in exon 3 of micro-
somal epoxide hydrolase, 113Tyr>His, which decreases enzyme
activity (Hassett et al. 1994), has been associated with a decreased
risk of lung cancer (Gsur et al. 2003; Kiyohara et al. 2006; Lee et al.
2002) and colorectal cancer (Huang et al. 2005; Sachse et al. 2002).
Consistent with these findings, a high-activity polymorphism in exon 4
(139 His>Arg) was associated with a possible increase risk of lung
cancer (Kiyohara et al. 2006).

16.6. Summary

Xenobiotic bioactivation pathways are well characterized for many
environmental carcinogens, industrial chemicals, and therapeutic
drugs. Evidence for a significant relationship between altered bioac-
tivation and toxicologic outcome is strongest for the enzymes
CYP1A1, CYP1A2, CYP2E1, and the N-acetyltransferases (Sum-
mary: Table 16.1). The most common outcome evaluated is cancer
development, although occupational chemical toxicity and its meta-
bolic risk factors are receiving more attention. It is likely that many
idiosyncratic drug reactions are due to drug bioactivation; however,
there is little evidence to date to link specific polymorphisms in
bioactivation pathways with these relatively rare adverse drug
reactions.
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17.1. Introduction

In 1915, Yamagiwa and Ichikawa demonstrated that repeated application
of coal tar to the ears of rabbits produced tumors, providing experimental
support for observations in the nineteenth century and earlier that occupa-
tional exposure to coal tar and related materials was associated with skin
cancer. The classic fractionation studies of Kennaway, Cook, and others in
London then established that polycyclic aromatic hydrocarbons (PAHs),
fluorescent products of incomplete combustion, were the responsible
agents. This led to the synthesis and characterization of a number of
these compounds and, in 1930, dibenz[a,h]anthracene was shown to induce
tumors locally by repeated application to mouse skin, the first example of
tumor induction by a pure chemical. Following this, many PAHs were
synthesized and tested for carcinogenicity. The structures of some PAHs
and their carcinogenic activities are summarized in Figure 17.1.

Considerable evidence supports a major role for PAHs as causes of lung
cancer in smokers (Hecht 1999; Hecht 2003; Pfeifer et al. 2002). Carcino-
genic PAH in cigarette smoke include BaP, benz[a]anthracene, methylchry-
senes, benzofluoranthenes, indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene,
and others, with concentrations in mainstream smoke totaling about
100–200 ng per cigarette (International Agency for Research on Cancer
2004a). Certain PAHs, including some of those in cigarette smoke, are
potent locally acting carcinogens which induce lung tumors in rodents
(Hecht 1999). Fractions of cigarette smoke condensate enriched in PAHs
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are carcinogenic on mouse skin (Hecht 1999). The uptake of PAHs in
smokers has been clearly demonstrated and there is solid evidence for the
presence of benzo[a]pyrene diol epoxide–DNA (BPDE–DNA) adducts in
lung tissue from some smokers (Beland et al. 2005; Boysen and Hecht 2003;
Hecht 2002). The pattern of mutations in the p53 gene in lung tumors
from smokers is similar to the pattern of DNA damage caused in vitro by
PAHdiol epoxides and byBaP in cell culture (Denissenko et al. 1996; Pfeifer
et al. 2002; Smith et al. 2000; Tretyakova et al. 2002), although similar
results are obtained with acrolein (Feng et al. 2006). The pattern of KRAS
mutations observed in lung tumors from smokers is also similar to that
found in lung tumors of animals treated with PAH such as BaP (Ahrendt
et al. 2001; Mills et al. 1995; Nesnow et al. 1998; Westra et al. 1993).
Collectively, these observations strongly support the role of PAHs as
major causes of lung cancer in smokers. There is also extensive evidence
that other cigarette smoke carcinogens such as the tobacco-specific nitrosa-
mine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) are involved
(Hecht 1999; Hecht 2003).

Polycyclic aromatic hydrocarbons are also regarded as causes of can-
cers of the lung and skin due to occupational exposures to coke oven
emissions, soots, coal tars, and related combustion products (International
Agency for Research on Cancer 1983, 1984, 1985). PAH are considered as
‘‘reasonably anticipated to be human carcinogens’’ by the U.S. Dept. of
Health and Human Services (U.S.Department of Health and Human
Services 2004). BaP has recently been evaluated as ‘‘carcinogenic to
humans’’ by the International Agency for Research on Cancer (Straif
et al. 2005).

17.2. Metabolic Activation and Detoxification of PAH

Polycyclic aromatic hydrocarbons themselves are quite unreactive and
require metabolic activation to be converted to electrophiles that react
with DNA. Reaction with DNA to form adducts with miscoding potential
is firmly established as the key step in the carcinogenic process. Without
conversion to electrophilic metabolites, PAH are not mutagenic and will

benzo[a]pyrene benzo[a]anthracene
CH3

5-methylchrysene

dibenz[a,h]anthracene benzo[b]fluoranthene phenanthrene

Figure 17.1 Structures of some PAHs in cigarette smoke.
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not be carcinogenic. PAH–DNA adducts cause miscoding events in the
DNA of human cells, and if these events occur in critical regions of critical
genes such as the tumor suppressor gene p53 or the oncogene KRAS, the
result can be loss of normal cellular growth control mechanisms, genomic
instability, and ultimately cancer. The role of DNA adducts and the
consequent mutations in cancer induction is firmly established through
studies of DNA repair deficiency syndromes that lead to extraordinarily
high cancer risks.

The major established route of metabolic activation of BaP and a
number of other PAH to DNA adducts is formation of diol epoxides
with one carbon terminus of the epoxide ring in the ‘‘bay region’’ of the
PAH molecule (Figure 17.2). The first step in the metabolic activation of
BaP by this pathway is formation of BaP-7,8-epoxide, catalyzed by
cytochromes P450 1A1, 1B1, and several others. This metabolite then
undergoes epoxide hydrolase (EH)-catalyzed hydration to produce BaP-
7,8-diol. This product is stable and nonreactive, but has an isolated
double bond in its terminal ring. This bond is readily oxidized, with
catalysis by cytochromes P450 and other enzymes, yielding BaP-7,8-
diol-9,10-epoxide (BPDE). Four stereoisomers are possible, but the
major one formed in human cells and the most reactive with DNA is
the ‘‘trans, anti’’ isomer (from trans- ring opening of the epoxide ring that
is anti- to the 7-hydroxyl group) illustrated in Figure 17.2. BPDE is a
‘‘bay-region diol epoxide’’ and such compounds are reactive with DNA
(depending on stereochemistry). In the case of BPDE, the major DNA
reaction product results from trans- addition of the exocyclic amino
group of deoxyguanosine to the 10-position of the epoxide ring. This
adduct has miscoding properties and is considered to play a major role in
cancer induction by BaP. While BPDE is more DNA-reactive than other
BaP metabolites, its major reaction is with H2O, producing trans-, anti-
BaP-tetraol, a nonreactive metabolite that is the major detoxification
product of BPDE.

There are other pathways of BaP metabolic activation. One involves
the generation of electrophiles via one-electron oxidation, yielding a variety
of DNA adducts which spontaneously depurinate leaving apurinic sites
(Devanesan et al. 1996). A second involves oxidation of BaP-7,8-diol to a
catechol and subsequent cycling of this metabolite with BaP-7,8-quinone,
producing oxidative damage to DNA (Jiang et al. 2005; Yu et al. 2002).
These pathways have been definitively elucidated in vitro and in some
animal studies, but there is presently limited evidence that they occur in
humans, in contrast to the BPDE pathway. In addition, the bay-region diol
epoxide metabolic activation pathway is generalizable tomany other PAHs.

Competing with the metabolic activation of BaP are a variety of detox-
ification reactions. BaP is initially oxidized to several simple epoxides, and
these undergo spontaneous rearrangements to phenols (Figure 17.2). The
epoxides can also be detoxified by reaction with glutathione, catalyzed by
glutathione-S-transferases, a pathway that also detoxifies diol epoxides.
Diols that are formed by hydration of the epoxides can be detoxified by
conversion to glucuronides. The 1,3-, 1,6-, and 6,12-quinones are also
common BaP metabolites that are generally regarded as detoxification
products.
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The picture that emerges from this brief overview of BaP metabolism is
a complex one. There is one firmly established metabolic activation path-
way and amultitude of detoxification pathways including the formation of
phenols, quinones, and glutathione or glucuronide conjugates. Similar
pathways of metabolic activation and detoxification have been established
for other PAHs.

Numerous studies have demonstrated that there are large interindivi-
dual differences in the humanmetabolism of PAH (Alexandrov et al. 2002;
Harris et al. 1976; Kiyohara et al. 1998; McLemore et al. 1990; Nebert
2000; Nowak et al. 1988; Sabadie et al. 1981), giving rise to the hypothesis
that individuals who efficiently metabolically activate PAH are at a higher
risk for cancer. Interindividual differences in PAH metabolism and their
relationship to cancer have been investigated extensively.

Beginning with the work of Conney and co-workers in the 1960s and
continuing to the present, these studies have employed a variety of
approaches. Some have investigated the inducibility of PAH metabolism.
The aryl hydrocarbon receptor (AhR) regulates the CYP1A1, 1A2, and
1B1 genes (which code for cytochromes P450 1A1, 1A2, and 1B1). Various
dietary and environmental substances bind to the AhR and induce
these enzymes (known in the older literature as aryl hydrocarbon hydro-
xylase or AHH) (Nebert, McKinnon and Puga 1996; Nebert et al. 2004;
Tang, Lin and Lu 2005). About 10% of the Caucasian population has a
high-inducibility phenotype for AHH, which co-segregates with
CYP1A1*2A (Petersen et al. 1991). It is well established that cigarette
smoking induces CYP1A and CYP1B enzymes, most likely through
the binding of PAH and other smoke constituents to the AhR (Interna-
tional Agency for Research on Cancer 1986, 2004b; Kim et al. 2004;
Nebert, McKinnon and Puga 1996; Nebert et al. 2004; Port et al. 2004;
Tang, Lin and Lu 2005). The relationship between AHH inducibility and
lung cancer risk in smokers has been examined with conflicting results
(International Agency for Research on Cancer 1986, 2004b; Kiyohara
et al. 1998; Nebert,McKinnon and Puga 1996; Nebert et al. 2004), possibly
because AHH inducibility affects both the metabolic activation and detox-
ification of PAH.

Many studies have used genotyping methods to assess the relationship
between polymorphisms in particular genes or combinations of genes
involved in PAH metabolism and lung cancer risk. Some recent reviews
and pooled analyses are illustrative (Bartsch et al. 2000; Smith et al. 2001).
Two CYP1A1 polymorphisms, the MspI polymorphism due to a T-to-C
substitution within the 30 noncoding region of the gene (CYP1A1MspI or
CYP1A1*2A), and an A-to-G substitution in exon 7 resulting in the
substitution of valine for isoleucine (CYP1A1I462V or CYP1A1*2C)
have been extensively studied, and relationships to lung cancer have been
found, particularly in Asian populations where these polymorphisms are
more common than in Caucasians (Bartsch et al. 2000). A meta-analysis
published in 2000 found little support for the role of these variants in lung
cancer risk (Houlston 2000). However, a pooled analysis found a clear
association between the homozygous CYP1A1*2A variant and lung can-
cer risk in smokers (Vineis et al. 2003). Another pooled analysis found a
gene dosage effect for the CYP1A1*2C variant and lung cancer,
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particularly in never-smokers and women (Le Marchand et al. 2003).
A pooled analysis in nonsmokers showed a significant effect of the hetero-
zygous CYP1A1*2C variant on lung cancer risk, but not CYP1A1*2A.
There was also a significant effect of the combined CYP1A1*2C and
GSTM1-null genotype (Hung et al. 2003), but no effect of GSTM1-null
genotype alone (Benhamou et al. 2002). A further pooled analysis repli-
cated the effect of CYP1A1*2A on lung cancer risk in smokers and
indicated an interaction between this genotype and GSTM1 (Vineis et al.
2004). A meta-analysis and pooled analysis did not find consistent effects
of EH polymorphisms on lung cancer risk (Lee et al. 2002). Collectively,
these results indicate that there may be some effect of polymorphisms in
CYP1A1 and GST genes on lung cancer risk, presumably due to altera-
tions in PAH metabolism, but the effects reported in these studies are
small. It is likely that PAH metabolism is simply too complex to assess
individual differences by polymorphisms in one or two genes, especially
since some of the resultant enzymes catalyze bothmetabolic activation and
detoxification.

17.3. Carcinogen Metabolite Phenotyping to Assess Individual

Differences in PAH Metabolism

Wepropose to use carcinogenmetabolite phenotyping, for example, actual
measurement of PAHmetabolites in urine, to assess individual differences
in PAH metabolism and their possible relationship to cancer risk. We
initiated our studies in this area by developing a method for analysis of
trans-,anti-BaP-tetrol in urine. As mentioned above, this metabolite is the
major end product of the BPDE metabolic activation pathway and its
levels would represent the flux of BaP metabolism through this critical
pathway in humans. A highly sensitive method was developed but the
levels of trans, anti-BaP-tetraol were so low (1–100 fmol ml–1 urine, even
in some highly exposed individuals) that multiple purification steps were
needed prior to gas chromatography-mass spectrometry (GC-MS) analy-
sis, and the method would not be practical for even modest-size clinical
and epidemiologic studies.

Therefore, we turned our attention to phenanthrene (Phe). Phe is the
simplest PAH with a bay region, but is not carcinogenic. Several studies
have clearly demonstrated similarities in metabolism between Phe
and other PAHs containing a bay region, such as BaP, chrysene, and
benz[a]anthracene (Figure 17.1; Feng et al. 2006; Nordquist et al. 1981;
Shou et al. 1994b; Thakker et al. 1985). These studies show that com-
mon P450 enzymes, particularly P450 s 1A1 and 1A2, are involved in
the formation of Phe-1,2-diol and anti-PheDE as well as the corre-
sponding dihydrodiols and diol epoxides of BaP, chrysene, and
benz[a]anthracene, and that the stereochemistry of these transforma-
tions is similar for different PAHs, leading to the formation of
bay-region diol epoxides with R,S,S,R- absolute configuration from
dihydrodiols with R,R- configuration (as shown in Figure 17.2).
Nevertheless, neither Phe nor its dihydrodiol metabolites exhibits sig-
nificant tumorigenicity on mouse skin, and its diol epoxide metabolites,
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including anti-PheDE, while having some mutagenic activity in Salmo-
nella typhimurium and Chinese hamster V79 cells, show no tumorigenic
activity in newborn mice, a test system highly sensitive to the tumori-
genic activities of BPDE and other PAH diol epoxides (Buening et al.
1979; Chaturapit and Holder 1978). To quote fromNordqvist et al, ‘‘the
lack of tumorigenicity for phenanthrene lies solely in the fact that its
bay-region diol epoxides have extremely weak biological activity, since
metabolism of phenanthrene to bay-region diol epoxides closely para-
llels that of tumorigenic hydrocarbons’’. (Nordquist et al. 1981) Con-
sistent with these observations, the binding of PheDE to DNA was only
1/250th as great as that of BPDE (unpublished data).

We propose that the measurement of Phe metabolites in human urine is
an effective surrogate for those of carcinogenic PAH, and that Phe meta-
bolite ratios can provide an accurate assessment of individual differences
in PAH metabolism. This would ultimately allow us to test the hypothesis
that individual differences in PAH metabolism are related to cancer sus-
ceptibility. An advantage of this carcinogen metabolite phenotyping
approach is that it integrates all enzymatic, genetic, and environmental
factors that impact on carcinogen metabolism.

17.4. Development ofMethods for Analysis of PheMetabolites

in Human Urine

As shown in Figure 17.2, the metabolism of Phe by the diol epoxide
metabolic activation pathway results in the formation of anti-PheDE,
which reacts with H2O to produce PheT. We developed a gas chromato-
graphy (GC)-negative ion chemical ionization-mass spectrometry method
for analysis of PheT in human urine (Hecht et al. 2003). A typical chro-
matogram obtained from a PheT analysis in a nonsmoker’s urine is illu-
strated in Figure 17.3. In contrast to trans, anti-BaP-tetraol, this
metabolite was readily detected. PheT is present in all human urine sam-
ples. The other isomers of Phe tetraol are also observed but their levels are
considerably lower than those of PheT. Amounts of PheT in smokers’
urine are about 4.5 pmol mg–1 creatinine while in nonsmokers levels are
about 1.5 pmol mg–1 creatinine. Levels of PheT in the urine of individuals
exposed to high levels of PAH, such as coke oven workers, were about
26 pmol mg–1 creatinine, more than 10 000 times the amounts of trans,
anti-BaP-tetraol in the same samples. This method provides a practical
way to monitor the metabolic activation of Phe, as a surrogate for carci-
nogenic PAH, and can be applied in large studies. A similar method for
analysis of PheT in human plasma has also been developed (Carmella,
Yoder and Hecht 2006).

Levels of PheT will be influenced by both exposure and metabolic activa-
tion. While both are important in determining the ultimate outcome, our
main focus in this work is to explore metabolic differences in individuals with
a given PAHexposure. Therefore, we need to correct for exposure. In order to
do this, we propose creating ametabolic activation: detoxification ratio. PheT
would be in the numerator of this ratio, while phenanthrols (HOPhe), pro-
ducts of detoxification (Figure 17.2), would be in the denominator.
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Five HOPhe- 1-HOPhe, 2-HOPhe, 3-HOPhe, 4-HOPhe, and 9-HOPhe-
can be formed from Phe (Figure 17.2), and all have been previously
identified in human urine (Angerer, Mannschreck and Gundel 1997;
Jacob and Seidel 2002). Several methods have been published for quanti-
tation of HOPhe in human urine. These used either high-performance
liquid chromatography (HPLC) (Bentsen-Farmen et al. 1999; Gundel
et al. 1996; Heudorf and Angerer 2001; Kuusimaki et al. 2003; Lintelmann
et al. 1994; Mannschreck, Gundel and Angerer 1996), GC (Grimmer,
Dettbarn and Jacob 1993; Hoepfner et al. 1987), or GC-MS (Gmeiner
et al. 1998; Grimmer et al. 1997; Jacob, Grimmer and Dettbarn 1999;
Serdar et al. 2003; Smith et al. 2002a, 2002b) for detection and quantita-
tion. We developed a GC-positive ion chemical ionization-MS method for
quantitation of HOPhe in human urine (Carmella et al. 2004). Our method

Figure 17.3 GC-MS
analysis of
phenanthrene-tetraol
in human urine:
(a) analyte, and
(b) internal standard.
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quantified the HOPhe, except 9-HOPhe. Levels of total HOPhe measured
by our method in smokers and nonsmokers were similar, about 2–3 pmol
mg–1 creatinine. Our data were generally similar to those reported in
previous studies (Carmella et al. 2004).

We then developed a method for quantitation of a mercapturic acid,
N-acetyl-S-(9,10-dihydro-9-hydroxy-10-phenanthryl)-L-cysteine (PheO-
NAC, Figure 17.2), the end product of reaction of Phe-9,10-epoxide with
glutathione (Upadhyaya et al. 2006). This would provide an indicator of
the glutathione detoxification pathway. PheO-NAC was quantified by
liquid chromatography-electrospray ionization-tandem mass spectrome-
try with selected reaction monitoring. PheO-NAC was detected in the
urine of 46 of 104 smokers, with an average amount of approximately
0.06 pmol ml–1 urine, considerably lower than the amounts of PheT or
HOPhe. PheO-NACwas detected significantly more frequently in subjects
who were GSTM1-positive than in those who were GSTM1-null, and the
levels of PheO-NAC were significantly higher in the GSTM1-positive
subjects, consistent with a role for GSTM1 in the detoxification of phe-
nanthrene-9,10-epoxide. There were no significant relationships between
PheO-NAC levels and the occurrence of two GSTP1 polymorphisms.
These results provided the first evidence for a PAH-derived mercapturic
acid in human urine, but the levels were fairly low, so would not contribute
markedly to the PheT:HOPhe ratios.

17.4.1. Longitudinal Study of Urinary Phe Metabolite Ratios

As described above, we propose that a ratio of PheT (as a marker of
metabolic activation) to HOPhe (as a marker of detoxification) would be
characteristic of a given individual’s ability to metabolically activate or
detoxify PAH. One major goal was to determine the longitudinal consis-
tency of this ratio in a person (Hecht et al. 2005). This would provide
essential information with respect to the design of epidemiologic studies
using this biomarker. A second goal was to compare the ratio in smokers
and nonsmokers. Twelve smokers and 10 nonsmokers were enrolled in the
study. First morning urine samples were collected daily on days 1–7, then
weekly on days 14, 21, 28, 35, 42, and 49 of the study.

As a measure of longitudinal stability, coefficients of variation (C.V.)
for PheT, 3-HOPhe, total HOPhe, and the ratios PheT:3-HOPhe and
PheT:total HOPhe over the 49-day period for smokers and nonsmokers
are summarized in Table 17.1. PheT:3-HOPhe ratios were included
because the internal standard in our HOPhe analysis is [13C]3-HOPhe.
Therefore, results for this particular HOPhe isomer should be the most
reliable. Variation in PheT levels was greater than that in 3-HOPhe or total
HOPhe. Coefficient of variation for PheT:3-HOPhe and PheT:total
HOPhe ratios were 37.3 – 17.1% and 36.3 – 18.4% in smokers, respec-
tively, while the corresponding figures in nonsmokers for these two ratios
were 44.0 – 20.8% and 45.7 – 20.3%. Overall, there were no significant
variations in PheT, 3-HOPhe, total HOPhe, or either ratio with conti-
nuous time. The results were the same in both smokers and nonsmokers.

Data for the ratio PheT:total HOPhe in smokers and nonsmokers are
illustrated in Figure 17.4. This ratio was significantly higher in smokers
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than in nonsmokers. The ratio PheT:3-HOPhe was also higher in smokers
than in nonsmokers, but the difference barely missed significance. Total
HOPhe was not different in smokers and nonsmokers. The results of this
study indicated that, when comparing Phe metabolites or their ratios
between groups such as smokers and nonsmokers, a single sampling
would probably be sufficient. Sampling in both groups should be done at
about the same time.When comparing individual levels, multiple sampling
would be advisable if feasible.

A potentially important finding of this study was the significantly
higher PheT:total HOPhe ratio in smokers than in nonsmokers
(Figure 17.4). Although it is known that smoking induces P450 1A1,
1A2, and 1B1 through binding of smoke constituents to the AhR, there
are no previous studies that have examined the consequences of this
induction with respect to metabolic activation versus detoxification of
PAH in humans. These results demonstrated that the diol epoxide
metabolic activation pathway of Phe was induced to a greater extent
than the HOPhe detoxification pathway in smokers (Figure 17.4). The
greater induction of the diol epoxide than the HOPhe metabolism path-
way is logical because P450 1A1, 1A2 and 1B1 are involved in two steps
in diol epoxide formation but only one step in HOPhe formation
(Figure 17.2).

17.4.2. Relationship of PheT: HOPhe Ratios to Genotyping Data

In this study, our goal was to investigate the relationship of polymor-
phisms in PAH-metabolizing genes to PheT:HOPhe ratios in smokers
(Hecht et al. 2006). This was designed to be a genotype:phenotype com-
parison study. We explored the association of urinary PheT:HOPhe ratios
with particular polymorphisms in these genes to determine whether these
polymorphisms, individually or in combination, could predict high
PheT:HOPhe ratios. We recruited 346 smokers and collected a blood
sample for genotyping and a first morning urine sample for analysis of
PheT and HOPhe. Genotyping was carried out for 11 polymorphisms

Figure
17.4 PheT:total
HOPhe ratios in
smokers and
nonsmokers
over a 49-day
period.
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in genes involved in PAH metabolism: CYP1A1MspI; CYP1A1I462V;
CYP1B1R48G; CYP1B1A119S; CYP1B1L432V; CYP1B1N453S;
EPHX1Y113H; EPHX1H139R; GSTP1I105V; GSTP1A114V; and
GSTM1- null. CYP1A1 and CYP1B1 code for cytochromes P450 1A1
and 1B1, which, as discussed above, catalyze both the metabolic activation
of PAH by the diol epoxide pathway, and their detoxification by phenol
formation (Figure 17.1; Bauer et al. 1995; Kim et al. 1999; Shimada et al.
1996, 1999; Shou et al. 1994a, 1994b). EPHX1 codes for microsomal EH
which is involved in the metabolic activation of PAH through the diol
epoxide pathway (Cooper, Grover and Sims 1983; Guenthner and Oesch
1981). GSTM1 and GSTP1 code for glutathione S-transferases which
catalyze the detoxification of PAH diol epoxides (Robertson et al. 1986;
Sundberg et al. 1997, 1998, 2002).

The distribution of PheT:3-HOPhe ratios is illustrated in Figure 17.5.
The geometric mean PheT:3-HOPhe ratio was 4.08. Ten percent of the
smokers had PheT:3-HOPhe ratios of 9.90 and higher, and we would
predict that these smokers should be at higher risk for lung cancer.

The relationship of PheT:3-HOPhe ratios to polymorphisms is sum-
marized in Table 17.2. There was no significant effect of the CYP1A1M-
spI polymorphism (also known as CYP1A1*2A). The PheT:3-HOPhe
ratio was significantly higher in individuals heterozygous or homozy-
gous for CYP1A1I462V (also known as CYP1A1*2C) [5.68 (95% CI
4.20, 7.68)] than in normals [3.99 (3.70,4.31)], P = 0.02. A gene dosage
effect was not observed, as the ratio for heterozygotes was greater than
for homozygotes. However, there were only four homozygotes (1.18%).
Individuals heterozygous in CYP1A1 I462V were significantly overre-
presented in the top 10% and underrepresented in the bottom 10% of
PheT:3-HOPhe ratios (P=0.03). With one exception, all subjects het-
erozygous or homozygous for CYP1A1I462V were also either

Figure 17.5 Frequency plot of PheT:3-HOPhe ratios in 346 smokers.
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heterozygous or homozygous for CYP1A1MspI. Therefore, the effects
on PheT:3-HOPhe ratios in individuals with both polymorphisms (also
known as CYP1A1*2B) were virtually identical to those with only a
CYP1A1I462V polymorphism.

The PheT:3-HOPhe ratio was significantly lower in individuals hetero-
zygous or homozygous for CYP1B1R48G (3.59 (3.23, 3.98)), than in
normals (4.88 (4.39, 5.41)), P<0.0001. It was also significantly lower in
individuals heterozygous or homozygous for CYP1B1A119S (3.48 (3.15,
3.85)) than in normals (4.98 (4.49, 5.52)), P< 0.0001. A gene dosage effect
was observed for both of these CYP1B1 variants.

There were no significant effects of EPHX1 or GSTP1 polymorphisms
on the PheT:3-HOPhe ratio (Table 17.3). The ratio was higher (4.42 (4.00,
4.90)) in GSTM1-null individuals than in those with GSTM1 present (3.80
(3.37, 4.29)), but this difference was not significant, P = 0.07.

When the data were stratified by gender, a strong relationship was
observed between the CYP1A1I462V polymorphism and PheT:3-HOPhe
ratio in females. The ratio was significantly higher in females heterozygous
or homozygous for this polymorphism (6.49 (4.28, 9.85)) than normals
(3.80 (3.43, 4.21)), P< 0.01. A gene dosage effect was not observed, but
there were only four homozygotes. No significant effect ofCYP1A1I462V
on PheT:3-HOPhe ratio was observed in males.

The data were further stratified, forming groups of �15, 16–25, and
�26 cigarettes per day. The strongest relationships between PheT:3-HOPhe
or PheT:total HOPhe ratios and CYP1A1I462V polymorphism were seen
in females in the 16–25 cigarettes per day group. The PheT:3-HOPhe ratio
was 7.74 (4.38, 13.7) in females heterozygous or homozygous for this
polymorphism compared to normals 3.74 (3.12, 4.47), P= 0.04. PheT itself
was also significantly higher in this group in heterozygous or homozygous
females (9.73 (4.42, 21.45)) than in normals (3.30 (2.76, 3.93))P=0.002, but
no effects were observed on 3-HOPhe or total HOPhe.

The combination ofCYP1A1I462V andGSTM1-null was investigated. In
individuals whowere either homozygous or heterozygous forCYP1A1I462V
and also had the GSTM1-null genotype (N = 15), the PheT:3-HOPhe ratio
(6.85 (4.50, 10.4)) was significantly higher than in normals (N = 102) (3.78
(3.33, 4.29)), P < 0.01. Stratifying by gender, this combined effect was
restricted to females, and was significant for PheT:3-HOPhe (P = 0.003),
PheT:total HOPhe (P < 0.001), and PheT (P = 0.013). Smokers with the
combination ofCYP1A1I462Val homozygous or heterozygous andGSTM1-
null were significantly overrepresented in the top 10% and underrepresented
in the bottom 10% of PheT:3-HOPhe ratios (P = 0.02). There were no
consistent significant effects on PheT:3-HOPhe ratios of the combination of
CYP1A1I462V and GSTP1 polymorphisms or of the combination of
CYP1A1MspI and GSTM1-null or GSTP1 polymorphisms.

The strongest relationship between a combination of polymorphisms
and PheT:3-HOPhe ratios in the top 10% of our subjects was found for
CYP1A1I462V andGSTM1-null. Nevertheless, only four of these individuals
had both polymorphisms and about 25% did not have either one. We inves-
tigated whether the highest 10% of PheT:3-HOPhe ratios could be predicted
by any of the 11 polymorphisms individually or by certain combinations. The
combinations were CYP1A1I462V and GSTM1-null; CYP1A1MspI and
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GSTM1-null; and each of the fourCYP1B1 polymorphisms individually with
GSTM1-null. The model could not accurately predict high PheT:3-HOPhe
ratios.

Some interesting effects of polymorphisms inCYP genes were observed
in this study. The CYP1A1I462V polymorphism was associated with a
significant increase in Phe metabolic activation, as determined by
PheT:HOPhe ratios, and this effect was particularly strong in female
smokers, and in combination with GSTM1-null. We also observed a
consistent modifying effect of the CYP1B1R48G and CYP1B1A119S
polymorphisms, in which the metabolic activation of Phe was decreased.
An important result of this study was that the polymorphisms alone or in
logical combinations could not predict elevated PheT:HOPhe ratios, indi-
cating that genotyping alone is not sufficient for evaluating individual
differences in PAH metabolism.

It is interesting to compare the results to those of previous studies in
which polymorphisms have been studied with respect to lung cancer.
The CYP1A1I462V polymorphism was not associated overall with lung
cancer risk in a cohort of men in Shanghai, China, although there was
some suggestion that having at least one valine allele might be related to
increased risk of lung cancer among smokers of less than 20 cigarettes
per day, particularly among GSTM1-null individuals (London et al.
2000). Quite similar results were obtained in two other studies in
China (Chen et al. 2001; Song et al. 2001). A study among Chinese
women demonstrated that the CYP1A1I462V genotype was associated
with a significantly elevated risk of lung cancer in both smokers and
nonsmokers, with the risk being greater in the latter (Yang et al. 2004).
Another study showed a higher risk of lung cancer in nonsmoking
Chinese women with the CYP1A1I462V genotype than in those with
the normal genotype (Ng et al. 2005). A pooled analysis of the Genetic
Susceptibility to Environmental Carcinogens database found that there
was a significant gene dosage effect for the CYP1A1I462V polymorph-
ism with respect to lung cancer in the US, and that the effect appeared to
be stronger in Caucasians than Asians. The effect of the polymorphism
was strongest in never-smoking females (Le Marchand et al. 2003).
Collectively, the results of these studies were quite consistent with our
data, if one assumes that higher PheT:3-HOPhe ratios are associated
with higher risk for lung cancer, as predicted based on metabolic
considerations.

The results of this study also showed that polymorphisms in PAH-
metabolizing genes cannot accurately predict Phe metabolism, and
likely the metabolism of other PAH, in smokers. This calls into question
the strategy of genotyping for identification of individuals who might be
particularly susceptible or resistant to PAH carcinogenesis. This con-
clusion is logical because enzyme activities are not dictated by genotype
alone. Differences in enzyme expression, induction, and inhibition,
among others, will affect PAH metabolic activation and detoxification.
Although metabolic phenotyping is presently more technically demand-
ing than genotyping, current advances in analytical chemistry should
lead to rapid phenotyping methods suitable for application in epidemio-
logic studies.
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17.5. Future Directions in Phe Metabolite Phenotyping

It is apparent from the studies described above that genotyping cannot
predict the balance of Phe metabolism by the diol epoxide metabolic
activation pathway versus the phenol-forming detoxification pathway.
Although the extent to which Phe metabolism correlates with the metabo-
lism of carcinogenic PAH is unknown, available data indicate that there
are strong similarities. Therefore, it is plausible that Phe metabolite phe-
notyping may be an approach to rigorously test the hypothesis that indi-
vidual differences in PAH metabolism are related to cancer risk.

How would such studies actually be performed? Presently, there are
stored urine and plasma samples in a number of very large screening or
epidemiologic studies in which cancer outcomes are known. These samples
were obtained when healthy subjects entered the studies, long before
disease developed. Comparing PheT:HOPhe ratios in samples from sub-
jects who developed cancer versus appropriately matched controls who did
not, provides an attractive approach to testing the hypothesis. Since the
longitudinal study described above did show considerable variation in this
ratio in some individuals, it would probably be advisable to study the
factors related to the variation and to carry out further longitudinal studies
to assess ratio consistency. The present methodology for determining
PheT:HOPhe ratios is somewhat complex but still applicable to fairly
large studies. This methodology can most likely be streamlined to allow
more rapid analysis.

If the results of such molecular epidemiology studies do support the
hypothesis that differences in PAH metabolism are related to cancer risk,
it would be important to develop a predictive model which included such
information. There is presently no such model for lung cancer, and we still
do not know which smoker will be affected. It is conceivable that a PAH
metabolism term would be an important part of such a model. The pheno-
typing method could be applied at a relatively young age and might be
helpful in encouraging susceptible individuals in particular to quit smoking.
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interacting protein, 72

ligand activation, 72

regulation of gene transcription by, 71

roles of, 85

AhR/ARNT heterodimers, 72

AhR-interacting protein, 72

Alanine aminotransferase (ALT), 292

Alcohol dehydrogenase, 137

Alcohol-induced liver injury, 136, 149

mechanisms contributing, 150

Alcohol metabolism, 135

oxidative stress and cell injury, 135–137

Aldehyde hexanal, 210

Aldehyde oxidase (AO), 6

Aldehyde–protein adducts, 236–237

analysis of unstable, 246

chemistry of, 236–237

formed by 4-oxo-trans-2-nonenal,

240–241

formed by acrolein, 237–238

formed by HNE, 238–240

detection and characterization of, 244–245

analysis of unstable, 246

bottom-up approaches to identify

protein modification using MS,

245–246

quantification of protein and adduct by

MS, 247–249

techniques for detection by MS,

246–247

top-down approaches to identify

protein modifications using MS, 245

Aldehydes

�, �-unsaturated, 236–237

reactions between proteins and, 238

level of reactivity of, 236

metabolism, 234–236

and adduction reactions, 234

processes of importance in toxicity, 235

producing processes, 233–234

sources of, 233

uses, 233

Aliphatic hydroxylation, 10

Alkaline phosphatase (AP), 292

2-alkenals, 208

crosslinking/noncrosslinking

modification of proteins by, 208

dG-dG and Lys-dG crosslinks generated

by, 210

Alpidem, 39, 42

Alzheimer’s disease, 209

marker of oxidative stress, 213

AM1 method, 11

success and failure of simple for

regioselectivity, 13

Aminoacrylate, 327, 331

1-aminobenzotriazole (ABT), 50

Aminooxyacetate (AOA), 330, 331

Androstanol, 75

Androstenol, 75, 81

Angel dust, see Phencyclidine (PCP)

Antioxidant response elements (AREs), 76

activating Nrf2 – protective effect against

acetaminophen toxicity, 90

Antioxidants, 151

Antitumor quinones

bioreductive activation of, 179–180

benzoquinone Hsp90 inhibitors,

183–184

diazirdinyl 1,4-benzoquinones, 181

indolequinones, 181–182

�-Lapachone, 182–183

mitomycins, 180

streptonigrin, 182

role of two-electron reduction in

bioreductive activation of, 180

structures undergoing bioreductive

activation, 184

Apoptosis, 66, 219, 270

Apoptosis-inducing factor (AIF), 268

ARE inducers, 78

Arene oxide metabolites, examples, 300

Aromatic hydroxylation, 12

Aromatic oxidation, 11, 14, 16

Aryl hydrocarbon receptor (AhR), 71

activated by low-density lipoprotein

(LDL), 72

ligand activators, 72

Autoinduction, 79

BaP, 461

metabolism of, 462

Base substitution mutations, 415, 423
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Bcl-2 family proteins, 268–269
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disruption of hematopoiesis and initiation

of cancer, 380–381

metabolism and formation of reactive

metabolites in BM, 381–384

pathways for metabolism of, 374

presence of CYPs and activation of, 382

Benzene dihydrodiol epoxide (BDE),

381–382

Benzene metabolite hydroquinone, 177

Benzo(a)pyrene (BP), 385

pathways for metabolism of, 374

Benzoquinone Hsp90 inhibitors, 182–185

Benzothiazolyl-L-cysteine (BTC), 332, 335

1-benzylimidazole (cytochrome P450

inhibitor), 58

Benzylisothiocyanate (BITC), 121

Bergamottin, 116

Bile salt export pump (BSEP), 50

Bilirubin, 86

Bioactivation, 29
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anticancer thiopurine prodrugs,
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of alkylhalide substituents, 44

balancing, 46

blocking sites of, 38

of carboxylic acids via glucuronidation

and acyl-CoA conjugation, 307

comprehensive list of organic functional
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by CYP1 family, 440–442

by CYP2 family, 443–445

of DCVC to produce reactive metabolites,
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and detoxification of isoniazid, 305

drugs susceptible to, 35

and enzymatic reaction, 30

enzymology of hepatic, 295

phase I reactions, 296–297

phase II reactions, 297–298

exploring biochemical mechanisms of

toxicity other than, 48–50

factors, 29

hepatic, structural alerts, 298–299

acetyl halides, 303

acyl glucuronides and Acyl-CoA

thioesters, 306–308

carbocations, 305

epoxidation of alkenes and aromatic

rings, 299–301

free radicals, 305–306

hydroxylamines and nitroso

compounds, 303–304

Michael acceptors, 301–303

in idiosyncratic drug toxicity, see

Idiosyncratic drug toxicity,

bioactivation in

inhalational anesthetics to reactive acetyl

chlorides, 304

Michael acceptors, examples, 302

of nontricyclic antidepressant agent

nefazodone, 49

organic functional groups susceptible

to, 34

pathways of nontricyclic antidepressant

agent nefazodone, 49

porfiromycin and DNA modifications,

186

proposed role in drug toxicity, 29

role in drug toxicity, 29

of TFEC by cysteine S-conjugate �-lyases,

333

Bioactivation and protein modification

reactions

aldehydes metabolism, 234–236

aldehydes producing processes, 233–234

chemistry of aldehyde–protein adducts,

236–237

adducts formed by 4-oxo-trans-2-

nonenal, 240–241

adducts formed by acrolein, 237–238

adducts formed by HNE, 238–240

detection and characterization of

aldehyde–protein adducts, 244–245

analysis of unstable aldehyde–protein

adducts, 246

bottom-up approaches to identify

protein modification using MS,

245–246

quantification of protein and adduct by

MS, 247–249

techniques for aldehyde–protein

adduction detection by MS, 246–247

top-down approaches to identify

protein modifications using MS, 245

effect of neighboring nucleophilic amino

acid residues, 243

reactivity of nucleophilic residues in

protein, 241–242

reversibility of aldehyde–protein

adduction reactions, 243–244

Bioactivation of xenobiotics in lung, 347

examples, in lung by POR, CYP, and

FMO, 355–358

susceptibility to disease, 354–355
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xenobiotic bioactivation and lung toxicity

in humans

animal models, 347–348
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xenobiotic-metabolizing enzymes in lung,

348–349

cytochrome P450s, 349–351

flavin-containing monooxygenases, 351

other phase I xenobiotic-metabolizing

enzymes, 352

phase II xenobiotic-metabolizing
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xenobiotic transporters (phase III

enzymes), 353–354

Biochemical reactivity

and changes in electronic properties, 44

and electrophiles, 45

and steric hindrance, 43, 43–44

Bioreactive intermediates, 7

Bone marrow (BM), 373

benzene metabolism and formation

of reactive metabolites

in, 381–384

CYP2E1 expressed in, 382

and hematopoiesis, 377–378

lymphoid and myeloid differentiation,

377

levels and distribution of cytochrome

P450 1B1 in, 390

liver metabolism of PAHs versus BM

metabolism, 392

stromal cell lines, 379

toxicity

and 1,3-butadiene, 384–385

matched by loss of PAHDE adducts,

388

PAH activation, 385–387

in vitro and ex vivo model system for

toxicity, 379–380

Branching, 9

Buspirone, 50

Butadiene, 444

pathways for, 374

1,3-Butadiene (BD)

evidence that BD and its epoxide

metabolites are mutagens,

413–415

modulation of mutagenicity, 416

disruption of DNA repair, 416–417

disruption of mEH, 416

mutagenic effects in human studies,

415–416

mutagenic effects of, 413

pathways for metabolism of, 374

structure and key reactive metabolic

intermediates, 409

Butadiene-mediated mutagenesis and

carcinogenesis

DNA adducts

crosslink formation by DEB, 412–413

reactions of EB, 409–411

reactions of EBD and DEB, 411–412

reactions of HMVK, 413

exposure to butadiene, 407–408

human epidemiology and carcinogenesis,

408

metabolic activation, 409

mutagenic effects of BD, 413

evidence that BD and its epoxide

metabolites are mutagens, 413–415

in human studies, 415–416

modulation of mutagenicity, 416–417

rodent carcinogenesis, 408–409

structure–function analyses of

mutagenicity

DNAs containing specific BD adducts,

423–428

experimental strategy, 417–418

site-specific BD lesions, 419–422

Calpeptin inhibitor, 147

Cancer chemotherapy, 111

Cancers, 379

Carbonic anhydrase inhibitor

methazolamide, 338

Carbonyl reductases, 175

N*-(carboxymethyl)-lysine (CML), 204

Catechol-O-methyltransferase inhibitors, 42

Cell toxicity, 136

Chloramphenicol acetyl transferase

(CAT), 80

Cholestasis, treatment, 86

CI-1033, 46

Cis-3-(9H-purin-6-ylthio)acrylic acid

(cis-PTA), metabolism of, 63

Cis-6-(2-acetylvinylthio)purine (cis-AVTP),

metabolism of, 63

cytotoxicity of, 65–66

cytotoxicity parameter, 65

formation of mono- and di-glutathionyl

conjugates of butanone derived

from, 64

GSH-dependent metabolism of, 64

nonenzymatic reaction with GSH, 64

Cis-6-(2-acetylvinylthio)purine (cis-AVTP),

metabolism of

vs. 6-TG, reduced in vivo toxicity, 66

Cisplatin, germ cell tumors treatment, 338
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Clopidogrel, 39, 42

Coactivator-dependent receptor ligand assay

(CARLA), 81–82

Cocaine, metabolism, 14

Colorectal cancer

heterocyclic amine exposure, risk

factor, 441

Compensatory renal cellular hypertrophy,

278–279

Competitive reversible inhibition, 7

Compound 0 (iron-hydroperoxy species), 15

vs. Cpd I, 17

Compound I (Cpd I), 5

branched pathway from, 12

-mediated reactions, no oxygen

surrogate, 17

responsible for O-dealkylation, aliphatic

hydroxylation, and allylic

hydroxylation, 16

Conjugative pathways, 30

Constitutive androstane receptor (CAR), 70

compounds interacting with, 75

inverse agonists, interacting with, 75

nutritional and metabolic stresses, 75

phenobarbital-like inducers, 74–75

regulation of gene transcription by, 73

role in pleiotropic hepatic effects, 83

RXR and heterodimer existance, 74

Cotinine, 118

formation, 121

Covalent binding (studies of drugs), 31–32

advantages, 32

Schiff base formation, 43

transacylation mechanism, 43

CP-85958, 41, 42

CP-199331, 41, 42

Cyclooxygenases (COXs), 439

Cyclophosphamide, 111

CYP1A1, 440

CYP1A1I462V genotype

risk of lung cancer, 473

CYP1A2, 7, 18

activity associated with colorectal

carcinoma, 442

CYP1A2*1D allele

urine mutagenicity in smokers, 442

CYP1B1, 85

CYP1 enzymes induction, 85

contradictory effects of, 86

CYP2A6, 350

activity, 444

CYP2B1, 92

CYP2B6, 75, 296

CYP2C9, 7, 18

CYP2C19, 7, 18

CYP2D6, 7, 18, 444

CYP2E1, 6, 7, 18, 20, 143–144

activity, 153

in vivo study of, 443

adenovirus-mediated overexpression

of, 150

bioactivation by CYP2 Family, 443–444

biochemical and toxicological properties

of, 151–155

drugs and xenobiotic inducers of, 78

endogenous substrate of, see Acetone

and ethanol oxidation, 142

ethanol-type induction of, 78

inducers, 78

inducible P450, 137

induction by ethanol, 78

knockout mouse, 148

localization, 138

and microsomal ethanol-oxidizing

system, 137

model of oxidative stress and toxicity, 155

polymorphisms, 142

and proteasome complex, 147–148

proteasome inhibitor elevates steady-state

levels of, 147

regulation of, 144–146

role in ethanol-induced oxidative stress,

136–137

role in toxic effects of ethanol, 156

scheme for toxicity in HepG2 cells, 155

substrates, 138–142

substrates metabolized/activated by,

140–141

toxicity to, 151

CYP2E1*5B, 443

CYP2E1 – biochemical and toxicological

aspects

alcohol, oxidative stress and cell injury,

135–137

and alcohol-induced liver injury,

148–151

cytochrome P450 and oxidative stress,

133–135

in HepG2 cells, 151–155

knockout mouse, 148

andmicrosomal ethanol-oxidizing system,

137

induction of, 143–144

localization, 138

polymorphisms, 142

and proteasome complex, 147–148

regulation of, 144–146

substrates, 138–142
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CYP3A4, 7, 18, 79, 444

CYP3A5 alleles, 445

CYP7A1, 75

Cysteine conjugate-induced nephrotoxicity,

279

Cysteine S-conjugate �-lyases reaction, 324,

327–328, 337

bioactivation of DCVC by, 332

in bioactivation of renal toxicants, role of,

323–324

bioactivation of TFEC by, 333

identification of cysteine S-Conjugate

�–Lyases, 328–329

�-lyase-catalyzed generation of reactive

fragments, 331–334

mechanisms contributing to

nephrotoxicity of haloalkene,

335–337

mercapturate pathway, 324–326

metabolism of electrophiles,

338–340

nephrotoxic haloalkene glutathione-S-

conjugates, 326–327

nephrotoxicity of haloalkene, 329–331

Cysteinyl leukotriene antagonists, 42

Cytochrome b5 reductase, 170–171

Cytochrome P450 (CYP), 439, 440

bioactivation by CYP1 family

CYP1A1, 440–441

CYP1A2, 441–442

CYP1B1, 442

bioactivation by CYP2 family

CYP2E1, 443–444

other CYP2 bioactivation pathways,

444

bioactivation by CYP3 family, 444–445

computational models for, 4

CYP1A1, antisense probe, 390

CYP1B1, 388, 391

antisense probe, 390

inhibition, 6–8

levels, determining, 79

for metabolizing endogenous

substrates, 133

nomenclature system, 133

and oxidative stress, 133–135

reductase, 169–170

role in activation process, 388

xenobiotic-metabolizing enzymes in

lung, 349

2A13, 2F1, 2S1, and 4B1, 350–351

composition in human lung, 349–350

see also P450

Cytosolic enzymes, 30

3D/2D quantitative structure–activity

relationships (QSARs), 8

DCVC, see S-(1,2-dichlorovinyl)-L-cysteine

(DCVC)

DCVCS, see DCVC sulfoxide (DCVCS)

DCVC sulfoxide (DCVCS), 58

andGSH, reaction, seeGSH-monoadduct

reaction with hemoglobin to form

monoadducts and cross-links, 62

three monoadducts and one diadduct

formation, 60–61, 61

DCVCS vs. TCVCS, 59

blood urea nitrogen levels after rats were

treated with, 62

half-life using NAC as nucleophile, 60

nephrotoxicity, 62–63

selectivity toward nonprotein

thiols, 60

stability in presence of GSH, 59

DEB, 412

crosslink formation by, 412–413

2,4-decadienal (DDE), 200

deoxyadenosine and deoxyguanosine

adducts derived under oxidizing

conditions, 212

Deletion mutations, 412

Density functional theory (DFT), 17–18

Deoxyguanosine/deoxyadenosine adducts,

210

Detoxification/bioactivation, examples, 84

AhR activation, 84–86

ARE inducers and Nrf2 pathway, 87–88

CYP3A induction by troglitazone, 90–92

in detoxification of supraphysiological

concentrations, 86–87

enhancement of cocaine bioactivation,

92–93

enzyme induction on bioactivation of

acetaminophen, 88–90

Deuterium, 9

substitution, 7

Diazepam, metabolism, 14

Diazirdinyl 1,4-benzoquinones, 181

2,5-diaziridinyl-3,6-bis-

(carboethoxyamino)-1,4-

benzoquinone (AZQ), 181

S-(1,2-dichlorovinyl)-L-cysteine (DCVC),

58, 323

bioactivation to produce reactive

metabolites, 279

blood urea nitrogen levels after rats were

treated with, 62

metabolic and functional effects in renal

mitochondria, 280
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metabolism of, 58

primary effects, 280

Diclofenac, 310–313

multiple bioactivation pathways

leading to reactive metabolites

of, 303

7,12-dimethylbenz[a]anthracene (DMBA),

353, 385

and BP adducts, 389

effects on BM cells, 393

and proportion of hematopoietic stem

cells (HSC), 394

Dioxin-responsive element (DRE), 72

DNA adducts, 375

BD-derived, 420

NMR-derived solution structures of

DNAs containing various, 425

crosslink formation by DEB, 412–413

in liver and BM, comparision, 383

reactions of EB, 409–411

reactions of EBD and DEB, 411–412

reactions of HMVK, 413

DNA bases, 32

DNA Crosslinks, 412

DNA repair, disruption of, 416–417

Drug design, 13

Drug–drug interactions, 4

allosteric concerns, 7–8

cause, 109

causing toxicity, 7

drug-related morbidity and

mortality, 4

MBI-mediated, 109

metabolically activated inhibitors, 8

predicting inhibition/affinities: drug

design and, 6–20

cytochrome P450 inhibition, 6–8

predicting metabolites, 9–19

predicting rates of P450-mediated

reactions, 19–20

type II binding of substrates, 8

Drug-induced liver injury (DILI), 291

determinant of, 293–294

development of, 293

formation of reactive metabolites, 295

idiosyncratic, 293

mechanisms of, 295

Drug metabolism

to chemically reactive species, 29

Drug-metabolizing enzymes

genetic polymorphisms and susceptibility

to disease, 354–355

Drug-related idiosyncratic hepatotoxicity,

291

Ecteinascidin 743 (ET-743), 74

Efavirenz, 113–114

inactivated P450 2B6, 113

EKODE, 216–217

protein adducts arising from, 217

�-elimination, 327, 329, 338

Endothelial cells, 347, 379

Entacapone, 42

Enzyme inactivator, 106

Enzyme induction, 69, 70

consequences, 84

ARE inducers and Nrf2 pathway in

detoxification and chemoprevention,

87–88

on bioactivation of acetaminophen,

88–90

consequences of AhR activation, 84–86

consequences of CYP3A induction by

troglitazone, 90–92

enhancement of cocaine bioactivation

by phenobarbital-like inducers,

92–93

enzyme induction in detoxification of

supraphysiological concentrations,

86–87

defined, 69

induction of drug-metabolizing enzymes,

70

pathways, overview of

aryl hydrocarbon receptor (aromatic

hydrocarbon/CYP1 inducers), 71–72

constitutive androstane receptor

(phenobarbital-like inducers), 74–75

ethanol-type induction (CYP2E1

inducers), 78

Nrf2/Keap1 (ARE inducers), 76–78

nuclear receptors: FXR , LXR, PPAR,

VDR, 75–76

pregnane X receptor (CYP3A

inducers), 72–74

techniques in research, 79

measuring induction potential of new

chemical entities, 79–82

use of gene arrays to find novel target

genes and elucidate wider role of

nuclear receptor activation, 82–83

use of transgenic and knockout mice in

induction research, 83–84

Enzyme induction, consequences of, 84

AhR activation, 84–86

ARE inducers and Nrf2 pathway, 87–88

bioactivation of acetaminophen, 88–90

cocaine bioactivation by phenobarbital-

like inducers, 92–93
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CYP3A induction by troglitazone, 90–92

detoxification of supraphysiological

concentrations, 86–87

Enzyme–substrate (ES) complexes, 10

EO9, 181

Epidermal growth factor, 274

Epoxide Hydrolases, 301, 448

Epoxides, 300

4,5-epoxy-2-alkenals, 217–218

Ethanol, toxicity, 152

Ethanol-type induction

CYP2E1 inducers, 78

Etheno adducts, 202

Ethinylestradiol, 48

17�-ethynylestradiol (17EE), 112–113

Fa 2 N-4 cells, 81

Farnesyl X receptor (FXR), 75

FDP adduct, 208

Michael addition by protein-based

electrophile, 209

FDP-lysine formation, 238

proposed mechanism of, 237

Flavin-containing monooxygenase (FMO),

59, 305, 351, 357, 439

FMO2 bioactivation of alpha-

naphthylthiourea, 357

oxidative pathways, 445

Fluconazole (teratogen), 8

Fluorescence-activated cell sorting

(FACS), 377

analysis of bone marrow, 393

separation of HSC, 394

Fluorescence resonance electron transfer

assay (FRET), 81, 82

FMO3, 58, 445

Frameshift mutations, 415

Free radicals, 305–306

of carbon tetrachloride and halothane,

formation of, 306

quinone-induced formation and oxidative

stress, 306

Furanocoumarin 8-MOP, 119

Futile cycling, 176

GC-MS analysis, 464

phenanthrene-tetraol in human

urine, 466

Gene expression arrays, 82–83

role of nuclear receptors in modulation

of, 83

use in enzyme induction, 83

use to find novel target genes, 82–83

Genetic polymorphism, 352, 354

in drug-metabolizing enzymes and

susceptibility to disease, 354–355

epoxide hydrolase, 355

role of, 312

Genotype, 441, 444, 447

Glutathione (GSH), 32, 57

conjugation of electrophilic compounds

with, 298

reactions of with nitric oxide (NO), 262

Glutathione S-transferase (GST), 57, 324

Glyoxal, 200, 201, 204–206

nucleobase adducts and crosslinks formed

by, 206

protein modifications formed from, 205

‘‘Glyoxal lysine amide’’ (GOLA), 205

‘‘Glyoxal lysine dimer’’ (GOLD), 205

Grapefruit juice, as MBI of P450 enzymes,
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GRID (program), 18

Groves hydrogen abstraction rebound

mechanism, 15

GSH conjugation, 58, 279

GSH-monoadduct, 60

GSH S-Transferases (GST), 234, 279

Guanidino group, 202

Haloalkenes, 323

nephrotoxicity of cysteine S-conjugate,

329–331

Halogenated alkenes, 323

metabolized by cytochrome P450

isoenzymes (CYP2E1), 326

nephrotoxicity of, 324

Haloperidol, 46

vs. loperamide, neurotoxic complications,

46–47

Halothane, 44

Hapten hypothesis, 30, 295

Heat of reaction, 11

Heat Shock Protein (HSP), 269–271

Hematopoiesis and impact on human health,

effects on, 373–376

1,3-butadiene and BM toxicity, 384–385

benzene disruption of hematopoiesis and

initiation of cancer, 380–381

benzene metabolism and formation of

reactive metabolites in BM,

381–384

BM and hematopoiesis, 377–378

chemical disruption, 378–379

cooperation of PAH metabolites and

TNF� in BM toxicity, 395–396

disruption of hematopoietic maturation

by PAHs, 392–395
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toxicity, 379–380
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Heme moiety, 108

Hemotoxicity, 380
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Hepatic bioactivation and drug-induced

liver injury, 291–294

enzymology of hepatic bioactivation, 295
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methods for assessment of reactive
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molecular targets of reactive metabolites
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acetaminophen, 308–310

diclofenac, 310–313

structural alerts, 298–299

acetyl halides, 303

acyl glucuronides and acyl-CoA

thioesters, 306–308

carbocations, 305

epoxidation of alkenes and aromatic

rings, 299–301

free radicals, 305–306

hydroxylamines and nitroso

compounds, 303–304

Michael acceptors, 301–303

Hepatic stellate cell (HSC), 153

Hepatotoxicity, 28

drug-related idiosyncratic, 291

drugs with regulatory actions based

on, 292

examples of reactive metabolites

associated with, 299

high doses of acetaminophen, 339

incidence of, 44

see also Halothane

tolcapone and, 42

HepG2 cells, 146, 149, 151

biochemical and toxicological properties

of CYP2E1 in, 151–155

Heterocyclic amine 2-amino-3-

methylimidazo[4,5-f]quinolone (IQ),

441

High-activation-energy reactions, 10

see also Aliphatic hydroxylation

High-performance liquid chromatography

(HPLC), 58

HNE-derived 2-pentylpyrroles 9, 213

HO-1 activity, 153

HO-1 protein, 153

Hprt mutations, 385, 417

Human mechanism-based inactivators,
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Human phenanthrene metabolites as probes
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metabolism, 464–465
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metabolic activation and detoxification of
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Phe metabolite phenotyping, future
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Hydrogen atom abstraction, 14

Hydroperoxides

decomposition of, with chain

cleavage, 201

decomposition of, without chain

cleavage, 200

Hydroquinone, 169, 176, 177

toxification or detoxification depending

on properties of, 178–179

2-hydroxyaldehydes, lysine modification by,
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2-Hydroxyalkanals, 206–207

2-Hydroxyethynylestradiol formation, 113

2-hydroxyheptanal, 206

Hydroxylamines and nitroso compounds,

303–304

formation of reactive, 304

Hydroxymethylvinyl ketone (HMVK), 409

reactions of, 413

Hydroxynonenal (HNE), 200, 201, 212
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epoxide from, 211

generated etheno adducts, 211

bifunctional aspect of, 213

generation from linoleic acid, 215
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4-hydroxy-trans-2-nonenal (HNE), 233

of adduct formation in HSA, 249
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derivatization of adducts at cysteine

residues, 248
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240
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protein adducts, 236

Schiff base formation, 239

Hyperglycemia, 276

biochemical pathways leading to cell

damage in diabetes, 277

Ibuprofen, 44

Ideal drug, 5

Idiosyncrasy, 51

Idiosyncratic ADRs (IADRs), 28, 43

evidence linking chemical structure to, 37

low-dose drugs devoid of, 47

Idiosyncratic DILI, 293

Idiosyncratic drug toxicity, bioactivation in,

50–51

adverse drug reactions, 27–28

biochemical mechanisms of toxicity,

48–50

link between drug metabolism and type B

ADRs, 28–31

reactive metabolites in drug discovery, 31

covalent binding, 31–32

enzyme inactivation studies, 33

metabolite identification, 33

as stable sulfydryl, amino, and/or cyano

conjugates, 32–33

risks associated with drugs containing

structural alerts, 45–48

strategies to abrogate reactive metabolite

formation, 33–36

alternate metabolic soft spots, 39–43

biochemical reactivity via changes in

electronic properties, 44

biochemical reactivity via steric

hindrance, 43–44

blocking sites of bioactivation, 38

removal of structural alerts, 36

Immortalized hepatocytes, 81

Indolequinones, 181–182

Induction of drug-metabolizing enzymes, 69

consequences of enzyme induction, 84

ARE inducers and Nrf2 pathway in

detoxification and chemoprevention,

87–88

on bioactivation of acetaminophen,

88–90

consequences of AhR activation, 84–86

consequences of CYP3A induction by

troglitazone, 90–92

enhancement of cocaine bioactivation

by phenobarbital-like inducers,

92–93

enzyme induction in detoxification of

supraphysiological concentrations,

86–87

enzyme induction, 70

enzyme induction pathways, overview of

aryl hydrocarbon receptor, 71–72

constitutive androstane receptor, 74–75

ethanol-type induction (CYP2E1

inducers), 78

Nrf2/Keap1 (ARE inducers), 76–78

nuclear receptors: FXR, LXR, PPAR,

VDR, 75–76

pregnane X receptor (CYP3A

inducers), 72–74

techniques in enzyme induction research,

79

gene arrays to find novel target genes

and elucidate wider role of nuclear

receptor activation, 82–83

measuring induction potential of new

chemical entities, 79–82

use of transgenic and knockout mice in

induction research, 83–84

In Silico Models, 81

Intermediary metabolism andmitochondrial

electron transport chain (ETC), 258

Intragastric infusion model of alcohol

administration, 136

Iron-hydroperoxy species, 15, 16

Irreversible inhibition, 7

Isoniazid, 305

bioactivation and detoxification of, 305

Isothiocyanates, 110, 120

inhibiting P450 activity, mechanisms, 120

Isotopically sensitive branching, 9

Keap1, 77

see also Nrf2/Keap1 (ARE Inducers)

Ketoconazole, 8, 74
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�-ketoglutarate dehydrogenase complex

(KGDHC), 336

Kinetics of branched pathways, 9

�-Lapachone, 182–183

432 Leu allele, 442

Levuglandins (LGs), 207–208

generation andmodification of lysine side-

chains, 207

Ligand-binding or coactivator recruitment

assays, 81–82

Ligand binding (to nuclear receptor), 81

Linear free energy, 11

Lipid oxidation, 201, 214

Lipid peroxidation, 136, 211

in alcohol toxicity, 135

polyunsaturated fat, for preventing, 136

Lipoamide dehydrogenase, 175–176

Lipophilic antioxidant quinones, 177

Lipoxidation (LPO)-derived electrophiles,

201, 220

chemistry of protein and polynucleotide

covalent modification

2-hydroxyalkanals, 206–207

4,5-epoxy-2-alkenal, 217–218

acrolein, 2-alkenals, and 2,4-dienals,

208–212

EKODE, 216–217

glyoxal, 204–206

HNE, ONE, HODA, KODA, 212–216

levuglandins, 207–208

malondialdehyde, 202–204

multicomponent lpo-derived protein

adducts, 218

functional biological consequences of

nonenzymatic LPO, 218–220

generation of, 199–202

protein side-chain adducts modified

by, 202

in vitro and in vivo mutagenicity, 202

Lipoxygenases (LOXs), 199

Liquid chromatography-tandem mass

spectrometry (LC-MS/MS), 32

Liver

damage due to drugs, 28

physiological roles, 28

Loperamide, 46

vs. haloperidol, neurotoxic complications,

46–47

Low-density lipoprotein (LDL)

oxidizing, 199

LPO-derived protein adducts,

multicomponent, 218

Lung cancer risk, 463

LXR�

activated by oxidized cholesterol

metabolites (oxysterols), 75

Lys–GSH crosslinking, 208

Lysine-containing peptides and 2-hexenal,

adducts from, 209

Malondialdehyde, 202–204

Malondialdehyde (MDA), 200, 201, 202–204

adducts of protein side-chain and

nucleobases, 204

protein crosslinking potential of, 203

MAPK pathway, 272–273

Mechanism-based enzyme inactivator

(MBI), 106

drug–drug interactions, 109

and drug metabolism, 109–100

kinetic scheme for, 106

of P450 enzyme, criteria of, 107

as tools, 108–109

Mechanism-based inactivation, 7

Mechanism-based inactivation of

cytochrome P450 2A and 2B

enzymes, 103

characterization of mechanism-based

inactivation, 106–108

MBI and drug metabolism, 109–110

MBI as tools, 108–109

inactivation of cytochrome P450 2A

enzymes, 117–119

8-methoxypsoralin, 119–120

benzylisothiocyanate and

phenethylisothiocyanate, 120–121

nicotine and nicotine �50(10)iminium

ion, 121–123

inactivation of P450 2B6, 110–111

17�-ethynylestradiol (17EE), 112–113

efavirenz, 113–114

Grapefruit Juice and Bergamottin,

115–116

N, N0, N0 0-

triethylenethiophosphoramide

(tTEPA), 114–115

phencyclidine, 116–117

Mechanism-based inactivator (MBI), 103

criteria for determination of, 107

defined, 106

and drug metabolism, 109–110

kinetic scheme for, 106

pathways to inactivate P450, 108

primary reaction, 107

protocols, 107

secondary reaction, 107

as tools, 108–109
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Mechanisms of receptor activation, 81

Membrane permeability transition, 260

Menadione, 178–179

autooxidation, 179

Menthofuran, 119

6-Mercaptopurine (6-MP), 57

conversion of cis-PTA to, 64

cytotoxicity parameter, 65

potential prodrugs of, 63

Mercapturate pathway, 324–326

associated side reactions and

detoxification via, 325

metabolism of electrophiles other than

haloalkenes via, 338–340

Mesothelioma, 347

Metabolic activation, see Bioactivation

Metabolic concerns in drug design, 3–4

computational modeling of ADMET, 4–6

predicting inhibition/affinities: drug–drug

interactions and drug design

cytochrome P450 inhibition, 6–8

predicting metabolites: efficient

redesign and avoiding bioactivation

pathways, 9–19

predicting rates of P450-mediated

reactions, 19–20

Metabolic intermediate complex (MI

complex) inhibitors, 7

Metabolic switching, see Isotopically

sensitive branching

Metabolism

of drugs by humans, 7

observed and predicted sites

of drugs, 13–14

rates for halogenated hydrocarbons in

microsomes and purified human

2E1, 12

Metasite program, 18

Metasite (program), 18

Methimazole (FMO inhibitor), 58

8-Methoxypsoralin, 119

electrospray LC/MS analysis of P450

2A13 following inactivation by, 120

8-methoxysporalen (8-MOP), 119, 349

3-Methylindole (3-MI), 356

CYP2F1 bioactivation of, 356, 356

Mibefradil, 109

as potent MBI of P450 3A4, 109

see also Posicor (mibefradil)

Michael acceptors, 301–303

formation during metabolism of

halogenated hydrocarbons, 58–59

structural alerts for hepatic bioactivation,

301–303

Michael addition–elimination reactions,

57–58

addition–elimination reactions and

bioactivation of anticancer

thiopurine prodrugs, 63–65

cis-AVTP and trans-AVTG reduced in

vivo toxicity, 66

cytotoxicity of cis-AVTP and trans-

AVTG, 65–66

metabolism of halogenated hydrocarbons,

58–59

nephrotoxicity of DCVCS and TCVCS,

62–63

stabilities and chemical reactivities of

DCVCS and TCVCS, 59–62

Michael addition reaction, 237

Microsomal ethanol-oxidizing system

(MEOS), 137

Minimally derived hepatocytes, 81

MitAspAT, 337

Mitochondria, 257

antioxidant enzyme systems in, 263

MPT and cell death, 265–268

role in, 265

physiological, pathological and

toxicological states affecting function

of, 275–276

aging, 276

compensatory renal cellular

hypertrophy, 278–279

cysteine conjugate-induced

nephrotoxicity, 279–280

diabetic nephropathy and chronic

kidney disease, 276–278

processes used to produce adaptation

of, 260

redox circuits, 265

role of PGC-1� in function and biogenesis

of, 275

role of redox status in determining

function and adaptation

of, 261–265

ROS generated by, 261

sensors and mediators of

adaptation, 268

Bcl-2 family proteins, 268–269

epidermal growth factor, 274

heat shock proteins, 269–271

MAPK pathway, 272–273

nuclear factor-kappa B pathway,

273–274

PGC-1� and mitochondrial biogenesis,

274–275

protein kinases, 271–272
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structural and functional heterogeneity in

mammalian, 259

target site, 258

Mitochondrial biogenesis, 275

Mitochondrial damage, 154

Mitochondrial GSH transport, pathways

of, 264

Mitochondrial membrane, 262

potential, 154

Mitochondrial membrane permeability

transition (MPT), 265

agents inducing, 266

Bax- and Bak-dependent, 269

and cell death, 265–268

Mitochondrial membrane permeabilization,

267

Mitochondrial nitric oxide synthase

(mtNOS), 262

Mitochondrial oxidative stress, 265

Mitochondrial plasticity, 259–260

Mitochondrial reductases, 174–175

Mitomycin(s), 180

Mitomycin C, 172, 180, 185

Mouse endothelial cells, 389–390

MP-lysine formation

proposed mechanism of, 237

MPO see Myeloperoxidase (MPO)

MS/MS analyses, tandem, 244

instrument configuration and methods

utilizing, 245

MspI allele

associated with breast cancer risk in

women, 441

MS techniques (protein analysis), 244

Multiple ion monitoring, 245, 248

Mutagenicity, structure-function analyses of

DNAs containing specific BD adducts,

423–428

N1-dIno, 1-Hydroxy-3-Buten-2-Yl

adducts, 426–427

N2-dGuo-N2-dGuo, 2,3-

dihydroxybutane-1,4-diyl intrastrand

crosslinks, 427–428

N2Guanine Adducts of R and S EB and

R,R and S,S DEB, 427

N3-dUri, 1-Hydroxy-3-Buten-2-Yl

Adducts, 428

N6-dAdo BD adducts, 423–424

N6-dAdo-N6-dAdo, 2,3-

dihydroxybutane-1,4-diyl intrastrand

crosslinks, 424–426

vector design andmutagenesis assay, 423

experimental strategy, 417–418

site-specific BD lesions, 419–422

N1-dIno, 1-Hydroxy-3-Buten-2-Yl

Adducts, 421

N2-dGuo, 1-Hydroxy-3-Buten-2-Yl,

and N2-dGuo, 2,3,4-trihydroxybutyl-

1-Yl adducts, 421–422

N2-dGuo-N2-dGuo, (2R,2R)- and

(2S,3S)-2,3-dihydroxybutane-1,4-

diyl intrastrand crosslinks, 422

N3-dUri, 1-hydroxy-3-buten-2-Yl

adducts, 422

N6-dAdo, 1-Hydroxy-3-Buten-2-Yl

Adducts, 419

N6-dAdo, 2,3,4-Trihydroxybutyl-1-Yl

Adducts, 419–420

N6-dAdo-N6-dAdo, 2,3-

dihydroxybutane-1,4-diyl intrastrand

crosslinks of DEB, 420

MV2E1-9, 151

antioxidants on ethanol and arachidonic

acid toxicity in, effects of, 152

Myeloperoxidase (MPO), 30, 376, 446

N-acetyltransferases, 42, 298, 447

NAT1, 447

NAT2, 447

sulfotransferases, 447–448

NADH-cytochrome b5 reductase, 170–171

NAD(P)H:quinone oxidoreductase 1

(NQO1), 172–173

induction of, 177

Naphthoquinones: toxification or

detoxification depending on

properties of hydroquinone,

178–179

�-Naphthylthiourea (ANTU), 351, 357

Nefazodone, 48

bioactivation pathways of, 49

inhibits human BSEP, 50

toxicity, 50

vs. buspirone, 50

Nicotine to cotinine, conversion, 118

Nifidepine, 39

Nitric oxide

synthase, 175–176

Nitric oxide, 175

S-nitrosoglutathione (GSNO), 262

formation, 262

N,N0,N0 0-Triethylenethiophosphoramide

(tTEPA), 114–115

Nonalcoholic steatohepatitis (NASH), 144

Nonsteroidal anti-inflammatory drug

(NSAID), 44

No observable adverse effect level

(NOAEL), 27–28
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Nrf2/Keap1 (ARE Inducers), 76–78

activation of, 78

regulation by ARE inducers, 77

Nrf2 pathway, 391

importance of, 88

NRH: quinone oxidoreductase 2 (NQO2),

173–174

Nuclear factor erythroid 2-related factor 2

(Nrf2), 76

activators of, 76–77

ARE inducers as, 77–78

binds with AREs, 76

phosphorylation of, 78

protein bound to, see Keap1

regulation by ARE inducers, 77

translocation to nucleus, 77

Nuclear Factor-Kappa B Pathway,

273–274

members of, 273

Nuclear receptor activation

elucidate wider role of, 82

Nucleophilic residues in protein, 241

effect of neighboring nucleophilic amino

acid residues, 243

reactivity of, 241–242

model pKa values of selected residues,

242

Nucleophilic vinylic substitution reactions,

57

Olanzapine, 47

Oligodeoxynucleotides (ODNs)

synthetic approaches for preparation

of, 418

One- and two-electron-mediated reduction

of quinones

bioreductive activation of antitumor

quinones, 179–180

benzoquinone Hsp90 inhibitors,

183–184

�-Lapachone, 182–183

diazirdinyl 1,4-benzoquinones, 181

indolequinones, 181–182

mitomycins, 180

streptonigrin, 182

enzymology of quinone

reduction, 169

carbonyl reductases, 175

cytochrome b5 reductase, 170–171

cytochrome P450 reductase, 169–170

enzymes, 175–176

mitochondrial reductases, 174–175

NAD(P)H:quinone oxidoreductase 1,

172–173

NRH:quinone oxidoreductase 2,

173–174

xanthine oxidoreductase, 171–172

generation of semiquinone and

hydroquinone intermediates from,

170

hypoxia-activated quinone prodrugs:

therapeutic exploitation of one-

electron reduction of quinines, case

of, 185

toxicological implications of quinone

reduction

one-electron reduction of quinones and

redox cycling, 176

two-electron reduction of quinones,

176–179

Organic anion transporting peptide

(OATP), 70

Orthoquinones, 376

Oxidative biotransformation pathways,

examples of, 449

Oxidative stress

alcohol and cell injury, 135–137

in alcohol toxicity, 135

cytochrome P450 and, 133–135

ethanol-induced, 150–151

role of CYP2E1 in, 136–137

mitochondrial, 265

role of ethanol in, 136

4-Oxo-2-nonenal (ONE), 200, 201,

214, 240

adducts formed by, 240–241

Arg adducts, 215

formation of 2-pentylpyrrole adducts

from, 240

formation of arginine adducts from, 243

formation of dihydropyrrole adducts

from, 241

generation from linoleic acid, 215

nucleobase adducts, 215

protein side-chain modification by, 213

Schiff base formation, 240

vs. HNE

modifiying DNA, 216

reactivity, 214

P450 2A6, 118

catalyzed nicotine metabolism pathways,

122

inactivation after nicotine metabolism,

122

inactivation by BITC and PEITC, 121

mechanism-based inactivators of, 118

nicotine metabolism, 121
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P450 2A13, 103

catalyzed nicotine metabolism pathways,

122

electrospray LC/MS analysis of

inactivation by 8-methoxypsoralin,

120

inactivation after nicotine metabolism,

122

inactivation of, 121

mechanism-based inactivators of, 118

P450 2A enzymes, inactivation of

cytochrome, 117–119

8-methoxypsoralin, 119

benzylisothiocyanate and

phenethylisothiocyanate, 120–121

Nicotine and Nicotine �50(10 0)iminium ion,

121–123

P450 2B6, 111

17EE-mediated inactivation on, 113

efavirenz inactivated, 113

inactivation by bergamottin, 116

inactivation of, 110–111

17�-ethynylestradiol (17EE), 112–113

efavirenz, 113–114

Grapefruit Juice and Bergamottin,

115–116

N, N0, N0 0-

triethylenethiophosphoramide

(tTEPA), 114–115

phencyclidine, 116–117

MBIs of, 111, 117

mechanism-based inhibitors of, 111

NNK, substrates, 111

PCP inactivation of, 116

role in metabolism of number of

commonly used drugs, 111

role of, 111

time- and concentration-dependent

inactivation by 17EE, 112

time- and concentration-dependent

inactivation of, 112

P450 enzymes, 4, 6–7

active oxidant, 17

atypical kinetics, 7–8

catalytic cycle of, 5

catalyzed reactions, 7

and Compound 0/Compound 1, 17

criteria for MBI, 107

ethanol-inducible, 137

inactivation of, 33

inhibition of, 6

inhibitor, see Posicor (mibefradil)

MBI pathways to inactivate, 108

mechanism-based inactivation

Grapefruit juice - example, 109

and tobacco smoke, 110

mechanisms of isothiocyanates inhibiting,

120

-mediated metabolism, 6

-mediated oxidative bioactivation, 33

metabolism by, 6

N-oxides and S-oxides, 12

predicting rates, of mediated reactions,

19–20

turnover, 5

see also Cytochrome P450 (CYP)

P450 isozymes, 7

P450-mediated reaction

N-oxides and S-oxides formation, 12

predicting rates of, 19–20

four features of reaction, 19

P4502D6, 48

P4502E1, 8

P4503A4, 48

PAHDE, 387

PAHDH, 387

Paraquat, 355

POR bioactivation of, 355

Paroxetine, 48

PCN, 89

Permeability pore, structure of

mitochondrial, 267

Permeability transition, 265

agents inducing mitochondrial, 266

Peroxidases, 297, 446

Peroxidation, 199

of 1,4-pentadienyl, 200

lipid, 201

products capable of modifying proteins,

201–202

Peroxide decomposition, 200

chain cleavage, 201

retention of carbon backbone, 200

Peroxisome proliferator-activated receptor g
cofactor-1�, see PGC-1�

PGC-1�, 274–275

Pharmacogenetics, 439

Pharmacogenetics of drug bioactivation

pathways, 439–440

conjugation reactions, 446–447

N-acetyltransferases, 447

sulfotransferases, 447–448

cytochrome P450s, 440

CYP1 family, 440–442

CYP2 family, 443–444

CYP3 family, 444–445

hydrolysis

epoxide hydrolases, 448
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oxidative pathways

flavin-containing monooxygenases, 445

peroxidases, 446

Phase I metabolism, 175

Phase I reactions, 295, 296–297

Phase II metabolism, 6

Phase II reactions, 295, 297–298

Phenanthrene (Phe), 464

Phencyclidine (PCP), 116–117

Phenethylisothiocyanate (PEITC), 121

Phenethyl isothiocyanate (PIC), 149

Phenobarbital induction, 93

Phenobarbital-like inducers

enhancement of cocaine bioactivation

by, 92–93

PheO-NAC, 467

PheT, 462, 465

geometric means of, 468

levels of, 465

PheT:3-HOPhe ratios

effects of polymorphisms on, 471

frequency plot of, 470

total HOPhe ratios in smokers and

nonsmokers, 469

PheT:HOPhe ratios, 469

distribution of, 470

PKB (Akt), 271

PKD, 272

Polycyclic aromatic hydrocarbon (PAH),

110, 385, 459

activation and BM toxicity, 385–387

as causes of cancers, 460

conversion to PAHDH and PAHDE, 388

disruption of hematopoietic maturation

by, 385

inducibility of PAH metabolism, 463

liver metabolism of PAHs versus BM

metabolism, 392

metabolic activation and detoxification

of, 460–464

metabolism, individual differences in, 463

carcinogen metabolite phenotyping to

assess individual differences in,

464–465

reactive metabolites and formation of

DNA adducts, 387–388

scheme on hematopoietic cells in bone

marrow, 396

structure in cigarette smoke, 460

structures of PAHs in cigarette

smoke, 460

systemic equilibration of, 386

toxicity, 392

Polymorphism, 439

Polymorphonuclear leukocytes (PMNs),

295

Polyunsaturated fatty acid (PUFA)

carbon backbone, retention of, 200

peroxidation (dioxygenation) of, 199

Porfiromycin, 180, 185

bioactivation and DNA modifications,

186, 186

Posicor (mibefradil), 6

PPAR(s)

activated by endogenous compounds, 76

PPAR� (NR1C1), 76

Predictive models, 4

Pregnane activated receptor (PAR), see

Pregnane X receptor (PXR)

Pregnane X Receptor (PXR), 70

activators of, 74

blocking activation, see Ecteinascidin 743

(ET-743)

CYP3A Inducers, 72–74

genes regulated for wide array of proteins,

73

regulation of gene transcription by, 73

target genes, 73–74

Primary effects, DCVC, 280

Primary human hepatocytes, 79–80

benefits, 79

culture and treatment of, 79

Propafenone

observed and predicted sites of

metabolism, 14

site(s) of metabolism for, 14

Propano adducts, 202

Protein adducts

arising from EKODE isomers, 4,5-epoxy-

2-alkenals, and acrolein+ONE, 217

formed by environmental pollutant, 235

multicomponent LPO-derived, 218

Protein and polynucleotide covalent

modification, chemistry of

2-hydroxyalkanals, 206–207

4,5-epoxy-2-alkenal, 217–218

acrolein, 2-alkenals, and 2,4-dienals,

208–212

EKODE, 216–217

glyoxal, 204–206

HNE, ONE, HODA, KODA, 212–216

levuglandins, 207–208

malondialdehyde, 202–204

multicomponent lpo-derived protein

adducts, 218

Protein–HNE adducts, 235

removal in vascular cells, 234

Protein kinase C, 271
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Protein modification

bottom-up approaches to identify,

245–246

formed from glyoxal, 205

resulting from �-lyase reaction on TFEC,

334

top-down approaches to identify, 245

Proton transfer

to give Compound I, 15

to release hydrogen peroxide, 15

Prototypical inducers, 86

PSI, 147

PstI/RsaI polymorphism, 443

Pt-SH moiety, 338

PXR/RXR heterodimers, 73

Pyridinium adducts, 209, 238

Quazepam, 48

Quinones, 169, 306

cellular protection by generation of

antioxidant quinones, 177–178

detoxification of benzene-derived, 177

naphthoquinones, 178–179

one-electron reduction of, 176

oxidoreductase 1 and 2

redox cycling and one-electron reduction

of, 176

role of two-electron reduction in

bioreductive activation of antitumor,

180

structure of, undergoing detoxification,

reduction and activation, 178

structures of antitumor, undergoing

bioreductive activation, 184

two-electron reduction of, 176

cellular protection by generation of

antioxidant quinones via, 177–178

detoxification of benzene-derived

quinones, 177

naphthoquinones: toxification or

detoxification depending on

properties of hydroquinone,

178–179

Quinones, one- and two-electron-mediated

reduction of

bioreductive activation of antitumor

quinones, 179–180

benzoquinone Hsp90 inhibitors,

183–184

�-Lapachone, 182–183

diazirdinyl 1,4-benzoquinones, 181

indolequinones, 181–182

mitomycins, 180

role of two-electron reduction, 180

streptonigrin, 182

enzymology of quinone reduction, 169

carbonyl reductases, 175

cytochrome b5 reductase, 170–171

cytochrome P450 reductase, 169–170

enzymes, 175–176

mitochondrial reductases, 174–175

NAD(P)H:quinone oxidoreductase 1,

172–173

NRH:quinone oxidoreductase 2,

173–174

xanthine oxidoreductase, 171–172

generation of semiquinone and

hydroquinone intermediates

from, 170

hypoxia-activated quinone prodrugs, 185

toxicological implications of quinone

reduction

one-electron reduction of quinones and

redox cycling, 176

two-electron reduction of quinones,

176–179

Raloxifene, 45

Reaction energetics

and enzyme structure, 9

Reactive electrophilic metabolites, 31

Reactive metabolites, 298

examples, 299

of inhalational anesthetics to reactive

acetyl chlorides, 304

multiple bioactivation pathways leading,

303

Reactive metabolites, 29, 298

assays to monitor drug discovery, 31

benzene metabolism and formation in

BM, 381–384

bioactivation of DCVC to produce, 279

in drug discovery, assays to monitor, 31

covalent binding, 31–32

enzyme inactivation studies, 33

metabolite identification, 33

reactive metabolite characterization,

32–33

as stable sulfydryl, amino, and/or cyano

conjugates, 32–33

examples associated with hepatotoxicity,

299

formation elimination

antimalarial agent amodiaquine, 36

methods for assessment of, 313–315

molecular targets in liver, 308

acetaminophen, 308–310
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diclofenac, 310–313

strategies to abrogate, 33–36, 38, 38, 40

alternate metabolic soft spots,

39–43, 41

biochemical reactivity via changes in

electronic properties, 44

biochemical reactivity via steric

hindrance, 43, 43–44

blocking sites of bioactivation, 38

removal of structural alerts, 36

Reactive-nitrogen species (RNS), 176

Reactive-oxygen species (ROS), 134–135

antioxidant systems or enzymes involved

in regulation, 263

disease due to, 134

generated by mitochondria, 261

sources of, 134

Receptor activation mechanisms, 81

Receptor modification, indirect

(phosphorylation), 81

Redox, 176

Regioselectivity, 4

in HCFC-141 and HCFC-131, 12

prediction success and failure of simple
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