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Abstract

Clinical characteristics and circumstantial evidence suggest that id-
iosyncratic drug reactions are caused by reactive metabolites and
are immune-mediated; however, there are few definitive data and
there are likely exceptions. There are three principal hypotheses
for how reactive metabolites might induce an immune-mediated id-
iosyncratic reaction: the hapten hypothesis, the danger hypothesis,
and the PI hypothesis. It has been proposed that some idiosyncratic
reactions, especially those involving the liver, represent metabolic
idiosyncrasy; however, there are even less data to support this hy-
pothesis. The unpredictable nature of these reactions makes mecha-
nistic studies difficult. There is a very strong association with specific
human leukocyte antigen (HLA) genes for certain reactions, but this
has only been demonstrated for very few drugs. Animal models rep-
resent a very powerful tool for mechanistic studies, but the number
of valid models is also limited. There may be biomarkers of risk;
however, much more work needs to be done.
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INTRODUCTION
Definition

The term idiosyncratic means specific to an individual; thus, an idiosyncratic drug
reaction (IDR) is an adverse reaction that does not occur in most people within
the range of doses used clinically. In addition, adverse reactions that involve the
known pharmacological effects of the drug are often excluded and that is how the
term is used in this review. For example, the rare cardiovascular events that have
been attributed to cyclooxygenase-2-specific agents presumably involve the inhibition
of cyclooxygenase, and, therefore, would not be called idiosyncratic even though
they are patient specific. To complicate the matter further, when allergists use the
term IDR, they usually exclude adverse reactions that are immune-mediated but not
reactions that involve the pharmacological effects of the drug. Other terms that are
used with varying degrees of overlap with IDR are type B reactions, hypersensitivity
reactions, and allergic reactions. In the absence of a clear mechanistic understanding,
itis unlikely that the nomenclature for IDRs will be standardized, buta realization that
several different terms can be used for this type of reaction and the term idiosyncratic
can be used to mean different things will help to avoid misunderstanding. Thus, IDR
here refers specifically to adverse drug reactions that do not occur in most patients
and do not involve the known pharmacological effects of a drug.

Significance

A recent study found thatadverse drug reactions in the United Kingdom are responsi-
ble for more than 6% of hospital admissions, and the mortality rate was approximately
2% (1). However, only approximately 5% of these adverse reactions were idiosyn-
cratic or type B as defined above, i.e., reactions that do not involve the known phar-
macological activity of the drug. The most common serious adverse drug reactions
were gastrointestinal or intracranial bleeding owing to nonsteroidal antiinflammatory
drugs, renal failure/electrolyte disturbances owing to diuretics, and bleeding owing
to warfarin. Other studies have found a somewhat higher fraction of idiosyncratic
adverse reactions (2).

Although less common, IDRs are a major issue for drug development. From 1975
to 2000, just over 10% of newly approved drugs in the United States either had to be
withdrawn or achieved a black box warning owing to adverse reactions that were not
predicted by clinical trials (3). In 1991, the major cause for drug candidate failure was
unfavorable pharmacokinetics (4). To a large degree, these problems have been solved,
and, presently, a major and increasing cause of candidate failure is toxicity. IDRs are
especially difficult to deal with because current testing is not effective in predicting
their risk. If a promising new drug causes an unacceptable risk of IDRs, it can lead
to the failure of the company involved. Therefore, much effort is expended trying to
predict the risk of such reactions and dealing with possible “signals” of a potential
IDR during clinical trials and postmarketing surveillance. However, the results are far
from satisfactory, and our failure to predict which drug candidates will cause a high in-
cidence of IDRs significantly increases the cost and uncertainty of drug development.
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CLINICAL CHARACTERISTICS OF IDRs

Incidence

The defining characteristic of IDRs is that they do not occur in most patients who are
treated with a specific drug; however, it would be inappropriate to use some arbitrary
incidence cutoff above which an adverse reaction would no longer be considered
idiosyncratic because there may be some specific population or circumstance in which
the incidence is quite high.

Time to Onset

A very important characteristic of IDRs is a delay between starting the drug and the
onset of the adverse reaction (5). There are rare examples in which an IDR appears
to begin within days of the first dose of a drug (6), but this is the exception. In almost
all cases, the delay in onset is a week or more on first exposure. The typical delay is
different for different types of IDRs and for different drugs. Common maculopapu-
lar rashes usually occur after one to two weeks of treatment. Agranulocytosis more
commonly occurs after one to three months of therapy. Idiosyncratic drug-induced
hepatitis most commonly occurs after a month or two of therapy, but for some drugs,
such as troglitazone, the delay is often longer and can occur after a year or more
of treatment (7). The syndrome of drug-induced lupus usually occurs after several
months of treatment, and a delay of more than a year is not uncommon. In contrast
to first exposure, the delay in onset of symptoms on rechallenge of a patient who has
previously had an IDR to a drug is often very short, and for anaphylactic reactions,
this can occur in minutes. However, sometimes the onset of symptoms on rechallenge
is also delayed (8) or the IDR may not even occur (9, 10).

Dose Dependence

IDRs are often referred to as dose independent; this is incorrect and misleading. It
is true that most patients will not have an IDR to a specific drug at any achievable
dose, and for these patients it is pointless to talk about a dose-response relationship.
There may not be a significant difference in the incidence within the narrow range of
doses used clinically; however, it is axiomatic that every biological effect has a dose-
response relationship, and a dose can always be found at which no one will have an
IDR. Avogadro’s number—the number of molecules in one mole of a compound—is
6.023 x 10%; therefore, there is a very large number of molecules in the therapeutic
dose of adrug even ifitis very potent. A good example is the treatment of a patient who
is allergic to penicillin. There are some life-threatening infections for which there is
no good substitute for penicillin, and if a patient is allergic to penicillin, it is usually
possible to give a small dose (about one ten thousandth of the therapeutic dose, but
still about 10'7 molecules) and then slowly give increasing doses until the therapeutic
dose is achieved. Although many drugs do not show an apparent increase in IDR
incidence with increasing dose, there are drugs where a dose-response relationship
for an IDR is evident within the therapeutic range (11, 12). In addition, it is an
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empirical observation that IDRs are rare with drugs given at a dose of 10 mg day™!
or less (13); conversely, drugs such as procainamide and felbamate, where the dose is
often one gram per day or more, are more likely to cause IDRs. This is an important
issue for drug development.

Adaptation/Tolerance

Another characteristic of IDRs is adaptation or tolerance. If a drug causes idiosyn-
cratic liver failure in a small number of patients, it usually causes a much higher
incidence (>100-fold) of increased transaminases, generally an indicator of liver in-
jury. However, in most patients this increase in transaminases is transient and returns
to normal despite continued treatment with the drug (14). Likewise, drugs that cause
a lupus-like syndrome usually cause a much higher incidence of elevated antinu-
clear antibodies than the incidence of clinically evident autoimmunity; this is not
an indication to stop the drug (15). In a similar vein, when patients develop a mild
drug-induced rash, the rash often resolves despite continued treatment. I have seen
the neutrophil count of a patient return to normal on stopping vesnarinone faster
than I believe can easily be explained because it takes time for neutrophil precursors
to mature, which suggests that the neutrophil count may have returned to normal
even if the vesnarinone had been continued. Thus, adaptation or tolerance appears
to be common to various types of IDRs and this has both clinical and mechanistic
implications.

Cross-Reactivity

Although there are patients that believe that they are “allergic” to all drugs, in general,
when such patients are tested, it is not true, although there may be a small increase
in risk of an IDR to another drug. One exception is the aromatic anticonvulsant
syndrome associated with phenytoin, carbamazepine, and phenobarbital. If a patient
has an IDR such as rash or hypersensitivity while on one of these drugs, the risk
that this patient will also have a similar IDR to the other two drugs is approximately
40%-60% (16, 17). This is probably better termed cross-sensitivity rather than cross-
reactivity because if a patient is rechallenged with the same drug, the onset of the
IDR is usually very rapid; in contrast, if the patient is started on one of the other two
drugs, the onset of the IDR is delayed. This suggests that the mechanisms are related
and a major risk factor is common to these three drugs, but the immune recognition
(presumably drug-specific T cells) is different. With true cross-reactivity, the T cells
would recognize both drugs or whatever the drug generates to which the T cells
respond. There may be other examples of such cross-sensitivity, but it does not appear
to be common.

Pathologic Characteristics

Most idiosyncratic adverse effects caused by drugs can also be caused by other agents
or be idiopathic, i.e., their cause is unknown. For example, there appear to be more
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cases of liver failure where no cause can be found than those caused by IDRs (18-20),
and although the histology can provide clues to the etiology, hepatic IDRs cannot be
differentiated from idiopathic liver failure or viral hepatitis on the basis of histology
alone (21). Drug-induced hepatic failure has an inflammatory component, usually less
pronounced than with viral hepatitis, but it is impossible to know if the inflammation
is responsible for hepatic damage or secondary to damage. Some hepatic IDRs are
associated with eosinophilia, which is considered evidence of an immune-mediated
reaction (21).

Drug-induced lupus is, by definition, immune-mediated because it is an autoim-
mune syndrome. Most lupus is idiopathic and, although drug-induced lupus is usually
milder than idiopathic lupus, in any individual case it is not possible to differentiate
drug-induced lupus from idiopathic lupus except for the association with a treatment
known to cause drug-induced lupus, and resolution of the syndrome when the drug
is stopped (15).

Most drug rashes are associated with a leukocytic infiltrate and are presumed to
be immune-mediated (22). Most types of drug-induced rashes are indistinguishable
from rashes caused by viruses or other agents; however, fixed drug eruptions and
probably also toxic epidermal necrolysis are rashes that can only be caused by drugs

23).

Genetic Associations

Many attempts have been made to find associations between a specific genotype and
the risk of a specific IDR. One type of gene that could have an influence on risk are
those coding for metabolizing enzymes. A few associations with genetically polymor-
phic metabolic enzymes have been found. For example, the risk of IDRs caused by
isoniazid and sulfonamide antibiotics is greater in slow acetylators (24-26); however,
the relative risk is small, and 50% of North Americans are slow acetylators; therefore,
this could not represent the factor that makes the IDR idiosyncratic. Most other stud-
ies looking for an association between polymorphisms in drug metabolism and the
risk of an IDR to a specific drug have been negative (27). It is likely that stronger as-
sociations do exist; however, such results suggest that differences in drug metabolism
are not the major risk factor responsible for the idiosyncratic nature of IDRs.

If IDRs are immune-mediated, it is likely that there would be associations with
specific human leukocyte antigen (HLA) genotypes. Most of the early studies looking
for such associations were also either negative or the associations were weak (28-33).
One of the stronger associations was between HRB1*1501-DRB5*0101-DQB1*0602
and amoxicillin-clavulanate-induced hepatitis, which was found in 57% of affected
patients and only 11.7% of controls, but the incidence of hepatitis is less than 1/1000
and more than 10% of the population carry this genotype, so there must be other
risk factors (34). Another risk factor appears to be in genes coding for cytokines. It
was found that genes associated with low IL-10 and high IL-4 expression were risk
factors for diclofenac-induced hepatotoxicity (35).

In contrast to previous studies, a few very strong associations have been
found recently. The first strong association found was between HLA-B*5701 and

www.annualreviews.org o Idiosyncratic Drug Reactions

HILA: human leukocyte
antigen

IL: interleukin

517



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

518

hypersensitivity reactions to abacavir in Australia, where the odds ratio is 960 (36, 37).
This led to genotyping of patients in Australia before they are treated with abacavir.
In contrast, B*5701 may not be a risk factor for abacavir-induced hypersensitivity
reactions in black populations (38, 39).

Very strong associations were also found between HLA-B*1502 and carba-
mazepine-induced Stevens-Johnson syndrome, with an odds ratio of 895 (100% sen-
sitivity, 97 % specificity) in Han Chinese (39). Another study in Han Chinese found
an association between HLA-B*5801 and allopurinol-induced Stevens-Johnson/toxic
epidermal necrolysis with an odds ratio of 580 (40). There was no association be-
tween HLA-B*1502 and carbamazepine-induced generalized hypersensitivity reac-
tions even though there are similarities between Stevens-Johnson syndrome and more
generalized hypersensitivity. It is not clear why these strong associations are being
found now: Is it because there is something specific about these drugs? Is it because
a more specific diagnosis was used, i.e., Stevens-Johnson syndrome is different than
generalized hypersensitivity reactions? Is it because more homogeneous populations
were studied, or maybe it is because the genotyping is now more specific?

Other Associations

There are many other factors that have been found to be risk factors for specific
IDRs, such as sex, age, weight, and disease state. Women are at increased risk of
IDRs caused by some drugs, such as halothane-induced hepatitis (41) and clozapine-
induced agranulocytosis (42), but not others. The same is true for idiopathic autoim-
mune reactions. For example, lupus and autoimmune thyroid disease are much more
common in women; however, type I diabetes, although itappears to be autoimmune in
nature, is not more common in women. For most drugs that cause liver toxicity, such
as isoniazid, acetaminophen, etc., the risk of liver toxicity increases with age; however,
it is children who are at increased risk of valproic acid liver toxicity (21). Halothane-
induced liver toxicity is more common in obese patients; this is presumably because
halothane distributes to fat and it requires a higher dose to achieve the same brain
concentrations of halothane in obese patients, therefore exposing obese patients to
more drug (41). This likely represents an example of a dose-dependent relationship.
It is often assumed that patients with preexisting liver disease are at increased risk of
idiosyncratic drug-induced liver disease; however, to quote Hy Zimmerman, “Nev-
ertheless, underlying hepatic disease appears to have no significant effect on most
forms of hepatic injury, and there is no evidence that hepatitis, cirrhosis, or carci-
noma increases susceptibility to hepatic injury” (21). There are likely exceptions; for
example, patients with hepatitis C appear to be at increased risk for veno-occlusive
disease after myeloablative treatment (43). Preexisting liver disease can certainly com-
plicate therapy and itis often difficult to determine if there is an increase in risk unless
the appropriate control groups are used (44). Some infectious diseases, in particular
mononucleosis (45), HIV infections (46), and possibly herpes virus (47), appear to be
associated with an increased risk of IDRs. Other types of disease may also affect risk

48).
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Mechanistic Hints from Clinical Characteristics

We have very little definitive evidence on which to determine the mechanism of
IDRs, and therefore we are left to make guesses based on clinical characteristics.
The idiosyncratic nature of IDRs is most easily explained by an immune-mechanism;
everyone is familiar with the fact that some people are allergic to specific agents,
whereas most people are not. However, genetic or environmental factors, either alone
or in combination, could be responsible for the idiosyncratic nature of IDRs, and it
is likely that some idiosyncratic drug reactions are not immune-mediated.

One clinical observation that supports an immune-mediated mechanism is the
delay between starting a drug and the onset of the reaction; it is presumed that this is
due to the time it takes to expand the T cell and/or B cell that is specific for a given
agent to the point where the immune response is clinically evident. It is possible that a
delay in onset could be due to the slow accumulation of some toxic agent or depletion
of some vital cell component; however, this would likely result in a similar prolonged
time course of recovery, and relatively mild IDRs usually recover very rapidly when
the responsible drug is stopped. A very rapid onset on rechallenge is strong evidence
for an immune mechanism, but the lack of a rapid onset on rechallenge does not prove
that an IDR is not immune-mediated. For example, most heparin-induced throm-
bocytopenia is mediated by antibodies against the heparin/platelet factor 4 complex
and autoantibodies against platelet factor 4. Yet, in most cases, when the heparin
was stopped, the antibodies were undetectable within 100 days and rechallenge with
heparin not only failed to result in a rapid onset of thrombocytopenia, but in most
cases there was no recurrence at all (9). We have also observed this pattern in animal
models of propylthiouracil and penicillamine autoimmunity (49, 50). Therefore, the
lack of a rapid response on rechallenge does not prove that a reaction is not immune-
mediated. This may be a feature of reactions that have an autoimmune component,
where the reaction would be expected to continue after the drug is discontinued, and
there are probably mechanisms to delete or make autoimmune cells anergic.

The observation that the dose-response relationship for a drug is often different
foridiosyncratic drug reactions than for its desired therapeutic effects is to be expected
independent of the mechanism. This is because there is no reason why two effects of
an agent should share the same dose-response relationship unless the two effects are
related, e.g., when the toxicity is simply an extension of the pharmacological effect.
However, if the dose response is shifted to the left on rechallenge, it suggests an
immune response, but the absence of such an effect does not indicate that a reaction is
notimmune-mediated. Although the response to rechallenge can be more severe than
on first exposure, probably the most common response is a similar adverse reaction,
and in many cases there is no adverse reaction; therefore, the lack of a response on
rechallenge does not prove that the drug did not cause the previous adverse event
9, 10).

There is considerable selective pressure for organisms to be able to respond to a
changing environment, and there are probably as many mechanisms by which or-
ganisms adapt/develop tolerance as there are different biochemical pathways. As
indicated above, adaptation/tolerance is also a common feature of idiosyncratic
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reactions. We simply do not know what mechanisms are involved in the observed
adaptation/tolerance. One characteristic that suggests that immune tolerance may
play an important role in many “adaptive” responses is that the time course for the
adverse effect to which adaptation occurs usually has the same delay in onset as clini-
cally evident IDRs. For example, a benign increase in transaminases is usually delayed
more than a month after starting a drug (51). Such a delay is more difficult to explain
on the basis of direct cytotoxicity or some other type of metabolic effect. If the adap-
tation involved induction of a protective enzyme after a cytotoxic effect, the onset
would be expected to occur earlier.

The pathology of most IDRs, especially skin rashes, is compatible with an immune-
mediated reaction. However, the observed histological picture is often also compat-
ible with an immune response to heal a cytotoxic response; therefore, in most cases
pathology cannot be used to prove mechanism. The presence of antidrug antibod-
ies suggests an immune-mediated reaction, but they may not be pathogenic. Cells
responsible for a cell-mediated immune response are more difficult to detect than
antibodies.

One specific example of evidence for an immune-mediated reaction based on
response to treatment is drug-induced aplastic anemia. Most aplastic anemia is idio-
pathic and probably caused by viruses. It is treated by bone marrow transplantation
or simply immunosuppression. The fact that it responds to immunosuppression sug-
gests that it is immune-mediated. Furthermore, T cells have been found in patients
with aplastic anemia that generate IFNYy, and recovery correlates with a decrease in
these cells (52). Drug-induced aplastic anemia also responds to immunosuppression,
which suggests that it is also immune-mediated.

The strong association between specific HLA genotypes and the risk of specific
IDRs is strong evidence for an immune mechanism, but this has only been demon-
strated in a very limited number of cases. The observation that the risk of an IDR to
one drug is usually independent of the risk of an IDR to other drugs suggests that if
genetic factors are important, the specific genes involved are different for different
drugs. The observations that different genotypes are associated with different IDRs
owing to the same drug and different in different ethnic groups suggest a very com-
plex picture, which is more likely to reflect an immune mechanism than differences
in metabolic pathways.

In summary, although there are some characteristics that are common to most
IDRs, there are also many significant differences, and this likely reflects mechanistic
differences. Many of the characteristics, such as the link with HLA polymorphisms,
rapid onset on rechallenge, and the presence of antidrug antibodies, suggest an im-
mune mechanism; however, the absence of such characteristics does not prove that
an IDR is not immune-mediated. Although agreement may not be universal and
exact mechanisms are certainly in dispute, I believe the consensus is that drug-induced
autoimmunity, antibody-mediated cytopenias, generalized hypersensitivity reactions,
almost all drug-associated skin rashes and hepatitis associated with antidrug antibod-
ies and/or rash and eosinophilia are immune-mediated.

It has been proposed that there are also IDRs based on metabolic idiosyn-
crasy (21). This applies mainly to drug-induced hepatitis and cytopenias, such as
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agranulocytosis, in which rechallenge does not result in rapid recurrence of the IDR
(8). The evidence for this hypothesis is essentially nonexistent except that some IDRs
lack characteristics that suggestan immune-mediated reaction. On the other hand, itis
likely that some IDRs represent some form of metabolic idiosyncrasy. Unfortunately,
the clinical characteristics of IDRs are not sufficient to provide much confidence in
the mechanisms of IDRs. Many of our assumptions are likely wrong and we need
better ways to perform mechanistic studies.

MECHANISTIC HYPOTHESES

Although the mechanisms of most IDRs are unknown, there is general consensus
that many are immune-meditated. Therefore, most of the mechanistic hypotheses
have an immune basis. In addition, there is a large amount of circumstantial evidence
to suggest that chemically reactive metabolites are responsible for many IDRs (53,
54) and this concept is part of several hypotheses. Reactive metabolite screens are
also used to try to avoid drug candidates with a high IDR potential (55). However,
it is not known if reactive metabolites are always required nor what role they play in
the mechanism of IDRs. In fact, although I believe most IDRs are due to reactive
metabolites, I suspect that some, such as those associated with ximelagatran and
lamotrigine, are not. Although it is not known whether reactive metabolite screens
have significant predictive value for the risk of IDRs, the formation of a large amount
of reactive metabolite is considered a significant liability for a drug candidate.

Hapten Hypothesis

In the hapten hypothesis, a chemically reactive drug (or more likely a reactive metabo-
lite) covalently binds to protein, and this adduct results in an immune response. The
classical theory is that the drug-modified proteins are seen as foreign by the immune
system and that is what leads to an immune response. This is part of the concept that
the immune system learns to differentiate “self” from “nonself ” early in development
and responds with tolerance to self and mounts an active immune response against
anything that is nonself or foreign (56).

The drug-modified protein must be taken up by antigen presenting cells (APCs),
processed (hydrolyzed into peptide fragments), and presented in the groove of the
major histocompatibility complex (MHC) to T cells. The recognition of this drug-
modified peptide by T cell receptors is referred to as signal 1. The hapten hypothesis
goes back to the experiments of Landsteiner some 70 years ago (57). He found that
small molecules did not elicit an immune response unless they covalently bound to
proteins. With today’s knowledge, the basis for this observation is presumably because
most small molecules do not bind with sufficient affinity to the MHC, and if their
interaction with proteins is reversible, such interactions would not survive antigen
processing. The hapten hypothesis is illustrated in Figure 1.

The IgE-mediated IDRs associated with penicillin are consistent with the hapten
hypothesis. Penicillin is chemically reactive because of the ring strain inherent in
the B-lactam ring. It binds to proteins, and most of the antibodies associated with
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Figure 1

Hapten hypothesis. The
drug or reactive metabolite
binds to protein making it
foreign, the modified
protein is taken up by
antigen presenting cells
(APCs), processed, and
drug-modified peptides are
presented in the context of
MHC-II to helper (CD4™)
T cells. Recognition of
processed antigen by the T
cell receptor (TCR) is
referred to as signal 1 and
leads to an immune
response.
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penicillin allergies are directed against penicillin-modified proteins (58). IgE anti-
bodies mediate many allergic reactions, such as anaphylaxis, and these antibodies are
clearly pathogenic. In the presence of penicillin, the antipenicillin antibodies lead
to degranulation of mast cells with the release of histamine, leukotrienes, etc. Sev-
eral other IDRs are associated with antidrug antibodies, including halothane- and
tienilic acid-induced hepatitis (59, 60); however, in these IDRs it is not clear that
the antidrug antibodies are pathogenic. In fact, the reactive metabolites associated
with these drugs are very reactive and may lead to the formation of intracellular
antigens, which would be presented in the context of MHC-I and would result in a
predominantly cell-mediated immune response.

Most drugs that are associated with a significant incidence of IDRs are metabo-
lized to reactive metabolites that could bind to proteins and act as haptens. However,
not all drugs that are metabolized to reactive metabolites are associated with a sig-
nificant incidence of IDRs, and it is not clear what determines which drugs will
cause IDRs (61). Currently, we do not know enough about what proteins different
reactive metabolites bind to, and even if we had that information, we do not have
a good way to determine which protein binding, if any, is important to the mech-
anism of a specific IDR. We do not even have good quantitative data to determine
if there is a correlation between the amount of covalent binding and the risk that a
drug will cause a relatively high incidence of IDRs. The data that we have requires

Uetrecht



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

extrapolation from either animals to humans or from in vitro to in vivo, and there is
virtually no quantitative data in humans at the target organs of IDRs. We do know that
the risk of IDRs is lower for more potent drugs that do not require high daily doses;
this suggests that even if the formation of a reactive metabolite is relatively efficient,
there is a minimal amount of reactive metabolite required to induce an IDR (13).

Danger Hypothesis

Polly Matzinger challenged the classical self-nonself hypothesis of immunology (62).
She argued that, in general, foreign proteins do not generate a significant immune
response in the absence of an adjuvant, which stimulates APCs. There are also pro-
teins that are not expressed until later in development, such as during puberty and
pregnancy, and yet they do not invoke an immune response. She also argues that it
would be inefficient to respond to something unless it was causing injury or was dan-
gerous to an organism. Her alternative to the self-nonself hypothesis is termed the
danger hypothesis, which theorizes that damage to cells causes them to release danger
signals that stimulate an immune response. It is known that in addition to signal 1 de-
scribed above, costimulation of T cells by activated APCs is required for an immune
response. This is mediated by interactions between costimulatory molecules, such as
B7 on APCs and CD28 on T cells. This is referred to as signal 2, and without signal 2,
the response is immune tolerance. In this hypothesis, it is danger signals from stressed
cells that stimulate APCs, leading to upregulation of costimulatory molecules. It is
not known what these danger signals are, but they are likely to be endogenous and
different for different types of cell stress and different types of cells. Thus, a major de-
terminant of the nature of the immune response may be the tissue being affected (63).

Extending this hypothesis to IDRs, it may be that some reactive metabolites cause
cell damage, which generates a danger signal (13, 64, 65). Therefore, the apparent
association between reactive metabolites and IDRs could be due to their ability to act
as danger signals rather than as haptens, or both effects may be important. Likewise,
it is possible that the reason that some drugs form reactive metabolites but do not
cause a significant incidence of IDRs is that their reactive metabolites do not cause
cell damage. The danger hypothesis applied to IDRs does not address the issue of
signal 1; in principle, it could be provided by the drug, a drug-modified peptide, or
an autoantigen. Any complete hypothesis must address the origin of signal 2. The
danger hypothesis applied to IDRs is illustrated in Figure 2.

If the danger hypothesis is correct, other types of injuries or infections could
increase the incidence of IDRs. As mentioned above, some viral infections do increase
the risk of IDRs, yet this is not a universal effect. Not all viral infections affect the
immune system in the same way; in addition, there is a big difference between the
effect on the immune system of an acute infection and a chronic infection.

Pharmacological Interaction Hypothesis

Pichler generated clones of T cells from patients with a history of IDRs to specific
drugs and found that these T cells proliferated in the presence of drug involved
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Figure 2
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Danger hypothesis. Stressed cells produce danger signals such as heat shock proteins that
activate APCs, leading to the upregulation of costimulatory molecules such as B7. The exact
nature of these danger signals is unknown and is likely different for different types of cell
stress. The costimulation of T cells by interactions between APCs and T cells, such as
between B7 and CD28, is referred to as signal 2. In the absence of signal 2, the response is
tolerance. In principle, the immune response can be to drug, drug-modified proteins, or
autoantigens; this hypothesis does not address the issue of signal 1. It is known that signal 2 is
required for an immune response, and this has to be incorporated into any complete
hypothesis; what is different about the danger hypothesis is what causes activation of APCs

and upregulation of costimulatory molecules.
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Pharmacological interaction
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Pharmacological interaction (PI) hypothesis. The drug binds directly to the MHC-TCR
complex, leading to signal 1 and an immune response to the parent drug. This hypothesis does
not address the issue of signal 2.

in the IDR in the absence of metabolism (66). He proposed that many drugs bind
reversibly to the MHC-T cell receptor complex, much like a superantigen, and this
can stimulate an immune response, in some cases leading to an IDR. He referred
to this as the pharmacological interaction (PI) hypothesis (67), which is illustrated
in Figure 3. This hypothesis addresses the issue of signal 1, but like the hapten
hypothesis, it does not address the issue of signal 2.

It is known that several metals, such as nickel (68) and beryllium (69), bind to the
MHC and cause allergic reactions, which could be used as an example of a similar
mechanism. However, the binding of these metals to protein is stronger than binding
of most small organic molecules is likely to be. Sulfamethoxazole was the major drug
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involved in the studies that led to the PI hypothesis. It is a primary aromatic amine
and virtually all primary aromatic amine drugs given at a dose of 10 mg day~! or
more are associated with a significant incidence of IDRs independent of the rest of
the structure (70). It is likely that this association is due to the oxidation of primary
aromatic amines to reactive metabolites; however, it is possible the association of
primary aromatic amine reactive metabolites and IDRs is due to their activity as
danger signals rather than acting as a hapten.

Another aspect of the finding that T cell clones proliferated in the absence of
reactive metabolite is that the generation of these clones involves incubation of T cells
from the patients in the presence of drug. This exerts selective pressure so that it is
more likely that T cells that proliferate in the presence of drug will be cloned. Itis quite
plausible that it is the reactive metabolite of sulfamethoxazole that is responsible for
the induction of an immune response, but in a significant IDR the immune response
widens (epitope spreading) to include recognition of the parent drug. The reactive
nitroso metabolite of sulfamethoxazole is more immunogenic than the parent drug
and it—but not the parent drug—also induces the production of interleukin 5 (IL-
5), which is a characteristic of the T cells associated with sulfamethoxazole-induced
rashes (71, 72). There is no way to determine from these clones what actually induced
the original immune response.

Nonimmune Hypotheses

There is substantive evidence that many IDRs are immune-mediated, and the major
characteristics of IDRs are most compatible with an immune mechanism. However,
it is likely that some IDRs are not immune-mediated and it is currently impossible
to know what fraction of IDRs are immune-mediated. In fact, a clear separation may
not be possible because a cytotoxic agent may cause cell damage that provokes an
immune response, and the immune response may contribute to the damage caused
by a cytotoxic agent. For example, there is evidence that the immune system (Kupffer
cells, NK T cells, and cytokines) is involved even in the toxicity of drugs such as
acetaminophen that are considered directly cytotoxic (73-76).

As mentioned above, some IDRs, especially those involving the liver, are re-
ferred to as representing metabolic idiosyncrasy based on a lack of fever and rash
and/or lack of immediate onset on rechallenge. However, there is no clear picture
of what metabolic pathways might be responsible for the idiosyncratic nature of
these reactions, and these characteristics are not very strong evidence against an
immune-mediated mechanism. One example of an IDR that is considered to rep-
resent metabolic idiosyncrasy is troglitazone-induced liver failure. Various studies
have suggested that this IDR is mediated by oxidative stress, mitochondrial damage,
inhibition of bile salt transport, and drug-induced apoptosis; however, none of the
studies are convincing, nor do they explain the idiosyncratic nature of the reaction
(77). On the other hand, some hepatic IDRs, such as valproate-induced hepatotox-
icity, do have markers of mitochondrial dysfunction such as microvesicular steato-
sis, and mitochondrial toxicity presumably does play a role in some IDRs (78). It
does not explain the idiosyncratic nature of these reactions, although mitochondrial
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diseases appear to be a risk factor for valproate-induced hepatotoxicity (79). Roth has
suggested that the idiosyncratic nature of many hepatic IDRs is due to coincident
exposure to a drug and some “inflammagen” such as lipopolysaccharide (LPS) (80).
An animal model involving this hypothesis is discussed in the next section.

Summary

Currently, these mechanistic hypotheses are simply working hypotheses, and firm
evidence for any one hypothesis is lacking for virtually all IDRs. The hypotheses are
not mutually exclusive; for example, a reactive metabolite may act as both a hapten
and a danger signal, or it may be that T cells recognize the parent drug, but a reactive
metabolite is required to stimulate an immune response. Furthermore, the immune
system may play a role in the damage caused by agents that are mostly cytotoxic. It is
likely that the mechanisms of different IDRs are different and different elements of
several hypotheses may be involved in a specific IDR. Although clinical characteristics
provide important clues, we need better ways to rigorously test these hypotheses.

ANIMAL MODELS

Given the difficulty in trying to test mechanistic hypotheses in humans and the im-
possibility of reproducing such reactions in vitro, as in most biomedical research,
animal models represent an important tool for mechanistic studies (81). The diffi-
culty is that IDRs are also idiosyncratic in animals, therefore finding a practical model
is very difficult. For example, dogs, especially large breed dogs such as the Doberman
Pinscher, have IDRs to sulfonamides that are similar to those that occur in humans,
but the incidence is only on the order of 1% and Doberman Pinschers are not easy
animals to work with (82). In addition, because what we are really interested in is
IDRs in humans, it is essential that the mechanism in the animal model represent
the mechanism of the IDR in humans. This criterion is made more complex by the
fact that different patients have different IDRs to the same drug; therefore, an animal
model may be a good model for one patient but not for another.

LPS-Potentiated Liver Cytotoxicity

Roth has found that cotreatment with LPS potentiates the hepatotoxicity of raniti-
dine. The toxicity occurs within hours and it appears to be mediated by neutrophils
(83). Ranitidine is available without a prescription and is rarely associated with sig-
nificant toxicity. In addition, the time course of this reaction is quite different than
typically observed with IDRs, so I do not believe that this represents a common
mechanism of IDRs. However, there are likely many mechanisms for IDRs and this
may represent one.

Halothane-Induced Liver Injury in the Guinea Pig

As discussed earlier, halothane-induced hepatitis has several characteristics that sug-
) p g
gest that it is immune-mediated. Several attempts have been made to reproduce this

www.annualreviews.org o Idiosyncratic Drug Reactions

LPS: lipopolysaccharide

527



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

BN: Brown Norway

TGF-B: transforming
growth factor beta

528

IDR in animals but none have been successful in producing toxicity that is similar
to that observed in humans. The most interesting studies involve the treatment of
guinea pigs with halothane, which results in an immune response but it does not
lead to a persistent immune response or liver failure (84). This result suggests that
the usual response of most animals and people to a drug that causes a relatively high
incidence of immune-mediated IDRs is immune tolerance.

Penicillamine-Induced Autoimmunity in Brown Norway Rats

Penicillamine therapy in humans is associated with a relatively high incidence of
various autoimmune syndromes, including a lupus-like syndrome and myasthenia
gravis (85). It also causes an autoimmune syndrome in Brown Norway (BN) rats
(86, 87). The syndrome in BN rats includes a rash, antinuclear antibodies, hepatic
necrosis, arthritis, and weight loss. Like IDRs in humans, there is a delay between
starting the drug and the onset of the autoimmune syndrome (in this case about 3
weeks), and it is idiosyncratic in that it only occurs in BN rats. Furthermore, even
though this is a highly inbred strain, it only occurs in 50%-80% of treated animals.
The dose-response relationship is unusual; specifically, it requires 20 mg day~! to
induce the syndrome, but increasing the dose to 50 mg day~! does not increase the
incidence. However, the incidence at a dose of 10 mg day~! is 0, and after 2 weeks
of treatment at this dose, animals are tolerant to a dose of 20 mg day~!. This is
immune tolerance because it can be transferred to naive animals with spleen cells
from a tolerant animal (88). The major cell involved in this tolerance appears to be
CD4* T cells; when tolerized animals are treated with 20 mg day~!, their CD4+ T
cells express increased levels of IL-10 and transforming growth factor beta (TGF-f)
mRNA (88). This is not observed when naive animals are treated with doses of 10 or
20 mg day~!, and suggests that tolerance is mediated by regulatory CD4* T cells;
however, it appears that other cells also play a role (89). As mentioned before, if the
penicillamine is stopped and the animal is allowed to recover and then rechallenged
with penicillamine, the autoimmune syndrome recurs with the same time course as
on initial exposure.

Penicillamine-induced autoimmunity in the BN rat is increased in incidence and
severity by one dose of poly-IC (a synthetic polymer of inosine and cytosine), which
mimics viral RNA and stimulates macrophages through toll-like receptor 3 (90).
The syndrome is prevented by one dose of misoprostol (a prostaglandin E analog).
Treatment of tolerized animals with a combination of poly-IC and penicillamine
partially overcomes tolerance, and it also appears that depletion of macrophages
during tolerance induction partially prevents the induction of tolerance. LPS, which
stimulates macrophages through toll-like receptor 4, has a similar effect as poly-IC,
although the effect s less (88). Thus the incidence of autoimmunity can be influenced
by manipulation of the immune system. However, treatment of Lewis rats with a
combination of penicillamine and poly-IC does not lead to autoimmunity; thus, the
syndrome is very strain dependent, and simply stimulating the immune system while
giving an animal a drug that causes an immune-mediated IDR in humans is not
sufficient to produce an animal model.

Uetrecht



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

Penicillamine is chemically reactive without metabolismy; it can react with protein
disulfides to form mixed disulfides and it reacts with aldehydes to form a thiazolidine
ring (91). One of the signaling pathways between macrophages and T cells involves
reaction of an aldehyde on macrophages with an amine on T cells with the formation
of a reversible imine linkage (92). The irreversible reaction of penicillamine with the
aldehyde groups on macrophages could lead to activation of the macrophages, and in
some cases this could lead to a generalized autoimmune syndrome (93), a hypothesis
that we are currently testing.

Nevirapine-Induced Skin Rash in Rats

Nevirapine (Figure 4), a nonnucleoside reverse transcriptase inhibitor, causes a high
incidence of skin rash, some of which are severe, and it can also cause liver toxicity
(94). The incidence is higher in women, and patients with alow CD4" T cell countare
partially protected (95). We discovered that nevirapine also causes a skin rash in rats,
but it does not cause significant liver toxicity (96). The rash is strain and sex depen-
dent, with a 0% incidence in all male animals treated and a 20%-100% incidence in
female Sprague-Dawley and BN rats, respectively. Like the rash in humans, there is a
2-3 week delay between starting the drug and the onset of rash in BN rats. Unlike
penicillamine-induced autoimmunity, if nevirapine is discontinued and the rash is
allowed to resolve, rechallenge results in an accelerated and more severe reaction,
with red ears in approximately 8 h. This sensitivity can be transferred to naive an-
imals with spleen cells. As in humans, CD4" T cells appear to be essential in the
rat model, and their depletion is partially protective; in contrast, depletion of CD8*
T cells is not protective, and even appears to make the rash worse (97). Unlike the
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Postulated reactive metabolite of nevirapine.
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penicillamine model, poly-IC and misoprostol had no effect on the incidence or
severity of nevirapine-induced rash in rats. Nevirapine-induced skin rash in the rat is
clearly immune-mediated and, because its characteristics are very similar to those of
the rash in humans, the mechanism is likely very similar. In both humans and the rat
model, CD4" T cells appear to play a key role.

As in humans (98), low-dose nevirapine pretreatment of rats resulted in tolerance
to high-dose nevirapine treatment (97). However, unlike the penicillamine model,
in which the tolerance is immune tolerance, the major mechanism in the nevirap-
ine model is metabolic. The tolerance is not transferable with spleen cells, it is not
long lasting, and it can be overcome by aminobenzotriazole, which is a cytochrome
P450 inhibitor. Nevirapine causes enzyme induction, and when tolerized animals are
treated with high-dose nevirapine, the blood levels of the drug are significantly lower
than when a naive animal is treated (J. Chen & J. Uetrecht, unpublished observa-
tions). The sex and strain dependence is also largely due to metabolic differences:
Given the same per weight dose, the blood level of nevirapine is much lower in male
animals than female animals and is lower in Lewis rats than BN rats.

It is not yet clear whether nevirapine or a reactive metabolite is responsible for
the rash. The major metabolic pathways of nevirapine are 2, 3, and 12 hydroxylation
(99). There is a nitrogen para to the 2 and 3 position; therefore, oxidation at these
positions has the potential to form a quinoneimine-type reactive metabolite. How-
ever, aminobenzotriazole inhibits 2 and 3 hydroxylation and yet leads to a rash at a
lower dose of nevirapine than occurs with nevirapine alone (J. Chen & J. Uetrecht,
unpublished observations). Therefore, these pathways must not be responsible for
the rash. It is possible that a one-electron oxidation of the cyclopropyl amine would
lead to a reactive metabolite, because of ring strain, that leads to a rearrangement
with the formation of a more reactive carbon-centered free radical. However, treat-
ment of a sensitized animal with a nevirapine analog in which the cyclopropyl group
is replaced by an ethyl group led to a rash; therefore, the cyclopropyl group must
not be essential for the induction of rash. Although aminobenzotriazole markedly
inhibits 2 and 3 hydroxylation, it does not inhibit 12 hydroxylation (J. Chen & J.
Uetrecht, unpublished observation). Sulfation of 12-hydroxynevirapine followed by
loss of HSO4~ would lead to a reactive quinone methide, as illustrated in Figure 4.
Sulfotransferases are present in the skin, so this could explain why the skin is a target
organ (100). Painting of small amounts of either nevirapine or 12-hydroxynevirapine
on the ear of a sensitized animal leads to a rash, which suggests that there are T cells
in sensitized animals that recognize the parent drug because there is unlikely to be
significant oxidation of nevirapine to the 12-hydroxy metabolite in the ear. In addi-
tion, in a version of the lymphocyte transformation test, T cells from animals that
have been rechallenged with nevirapine, when incubated with nevirapine, produce
interferon-y (IFN-v), although there is unlikely to be any reactive metabolite gen-
erated in this in vitro system (M. Popovic & J. Uetrecht, unpublished observations).
This is consistent with the PI hypothesis; however, it does not mean that it is the
parent drug that induced the immune-mediated rash in the first place. Itis quite con-
ceivable that it is a reactive metabolite that induces the immune response, but once
induced, T cells are generated that also respond to the parent drug. We have observed
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that treatment of animals with 12-hydroxynevirapine also causes a rash (J. Chen &
J. Uetrecht, unpublished observation). This model should make it possible to test
the PI hypothesis by studying the induction phase of the immune response. I cannot
think of any other way to rigorously test this type of mechanistic hypothesis.

Lessons from Animal Models

We have two animal models—penicillamine-induced autoimmunity in the BN rat
and nevirapine-induced rash in the rat—that we believe represent the mechanism
of the similar IDR that occurs in humans, yet in these two models the findings
are very different. Specifically, although both are immune-mediated, penicillamine-
induced autoimmunity is potentiated by immune stimulation with poly-IC, whereas
nevirapine-induced skin rash is not. The penicillamine model appears to be quite spe-
cific to the BN rat, whereas nevirapine induces skin rash in several rat strains. This is
a bit surprising because the penicillamine model seems to represent more of a gener-
alized autoimmune syndrome, possibly owing to generalized macrophage activation,
as suggested above, and as such might be less dependent on antigen presentation
by a specific MHC molecule. In contrast, the nevirapine might be expected to in-
volve antigen presentation and be more MHC and strain specific. Low-dose treatment
for two weeks produces tolerance in both models, but in the penicillamine model it is
immune tolerance, whereas in the nevirapine model it is mostly metabolic tolerance.
In the nevirapine model, rechallenge results in a very rapid onset and a more severe
syndrome, whereas in the penicillamine model, rechallenge leads to a response that is
indistinguishable from the initial response. With such differences in these two models,
it is difficult to make any generalizations that would apply to most human IDRs and
more models are needed. However, we still have a lot to learn from these two models.

Valid animal models represent a very important tool for mechanistic studies of
IDRs, and yet most attempts to develop new models have failed (81). This probably
reflects our mechanistic ignorance because if the existing hypotheses were correct,
it should be possible to produce models by inducing reactive metabolite formation,
inhibiting detoxication pathways, and/or stimulating the immune system to prevent
the development of tolerance. We have tried these strategies without success. It may
be that, as seen with carbamazepine-induced Stevens-Johnson syndrome, a specific
MHC is required and the nevirapine model is an exception. Using genetically mod-
ified animals, such as IL-10 knockouts, may help, but it is not clear yet what would
likely result in an animal model. A better understanding of tolerance, especially im-
mune tolerance, is also likely to be important (101).

The Role of mRNA Profiles, Proteomics,
and Metabonomics in the Study of IDRs

Although drugs that are associated with IDRs do not cause toxicity in most people
who take the drug, it is likely that they do cause biochemical changes that are the
precursor to the IDR but the individual responds with tolerance/adaptation. In the-
ory, such changes could be monitored using mRNA microarrays, proteomics, and
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metabonomics to see if there are patterns that predict a drug’s propensity to cause
IDRs. It would be difficult to perform such studies in humans, especially if it involved
sampling tissue such as the liver, and in most cases, the metabolic and biochemical
pathways are sufficiently similar between humans and animals that it should be possi-
ble to perform these studies in animals. However, it is likely that in some cases there
would be significant differences and the results in animals would be misleading; thus,
confirmation in humans where possible would be very desirable.

Given the importance of finding a screening method that predicts the risk that a
drug candidate would cause IDRs, it would seem that the pharmaceutical industry
would have performed extensive studies to try to find patterns of changes that reflect
IDR risk. However, if such studies have been performed, no major studies have been
published. Most of the studies that have been reported at scientific meetings involve
agents that cause predictable types of toxicity. We have performed limited studies with
microarrays, most of which have not been published yet, and my impression from
these limited studies is that, although drugs associated with IDRs do cause changes in
mRNA expression that represent a stress response, it is more complex than one might
have hoped. If there are patterns that predict IDR risk, there probably are a large
number of different patterns, and simple screens may not be sufficiently accurate to
be of benefit. However, the stakes are high and it is important that extensive studies
be performed and published. Such studies should also provide mechanistic clues.

CONCLUSIONS

IDRs are now a major factor contributing to the cost and uncertainty of drug de-
velopment. They are very difficult to study and little is known with certainty about
their mechanisms. It is possible that there are patterns of biochemical changes that
will make it possible to better predict which drug candidates are likely to be associ-
ated with a high incidence of IDRs, but from what we have seen to date in animal
models and with limited studies using microarrays, I suspect that there are several
mechanisms for IDRs and even greater numbers of biochemical patterns associated
with IDRs. A better basic mechanistic understanding is essential for dealing with the
problem. I believe that animal models represent the best way to answer the basic ques-
tions of whether it is the parent drug or a reactive metabolite that is responsible for
a specific IDR, and further, how the drug or its reactive metabolite induces an IDR.
The recent successes in finding specific genotypes that are very strongly associated
with specific IDRs are also quite encouraging; however, these relationships may also
be very complex. Such genetic relationships probably do not exist for all IDRs, and
they appear to be different for different ethnic populations and different for different
IDRs associated with the same drug.

1. Mechanistic understanding of IDRs is superficial and it is likely that there
are many mechanisms.
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. Most IDRs appear to be due to reactive metabolites and be immune-

mediated; however, the evidence is circumstantial and there are probably
many exceptions.

. Itis not clear what makes such reactions idiosyncratic; however, there are a

few examples where very strong HLA associations have been demonstrated.

. IDRs are often said to be dose independent; this is misleading and drugs

given at low doses are less likely to cause such reactions.

. Animal models represent an important tool for mechanistic studies, but few

valid animal models have been found.

. Screening for reactive metabolites may provide an indication of IDR risk,

but that has not been demonstrated. Other biomarkers that predict the risk
that a drug candidate will cause IDRs may exist, but the complexity of such
reactions may preclude a simple biomarker screen.

ACKNOWLEDGMENTS

The author is a Canada Research Chair in Adverse Drug Reactions and his research
is supported by grants from the Canadian Institutes for Health Research. The author
thanks Jie Chen for the artwork in Figures 1-3.

LITERATURE CITED

L.

Pirmohamed M, James S, Meakin S, Green C, Scott AK, et al. 2004. Adverse
drug reactions as cause of admission to hospital: prospective analysis of 18 820
patients. Brit. Med. 7. 329:15-19

. Demoly P, Bousquet J. 2001. Epidemiology of drug allergy. Curr: Opin. Allergy

Clin. Immunol. 1:305-10

. Lasser KE, Allen PD, Woolhandler SJ, Himmelstein DU, Wolfe SM, Bor DH.

2002. Timing of new Black Box Warnings and withdrawals for prescription
medications. 7. Am. Med. Assoc. 287:2215-20

. Frank R, Hargreaves R. 2003. Clinical biomarkers in drug discovery and devel-

opment. Nat. Rev. Drug Discov. 2:566-80

. Uetrecht JP. 1992. The role of leukocyte-generated metabolites in the patho-

genesis of idiosyncratic drug reactions. Drug Metab. Rev. 24:299-366

. Clay KD, Hanson JS, Pope SD, Rissmiller RW, Purdum PP, Banks PM. 2006.

Brief communication: severe hepatotoxicity of telithromycin: three case reports
and literature review. Ann. Intern. Med. 144:415-20

. Graham DJ, Green L, Senior JR, Nourjah P. 2003. Troglitazone-induced liver

failure: a case study. Am. 7. Med. 114:299-306

. Guest I, Sokoluk B, MacCrimmon ], Uetrecht J. 1998. Examination of possible

toxic and immune mechanisms of clozapine-induced agranulocytosis. Toxicology
131:53-65

www.annualreviews.org o Idiosyncratic Drug Reactions

533



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

534

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Warkentin TE, Kelton JG. 2001. Temporal aspects of heparin-induced throm-

bocytopenia. N. Engl. 7. Med. 344:1286-92

Dossing M, Wilcke JT, Askgaard DS, Nybo B. 1996. Liver injury during anti-
tuberculosis treatment: an 11-year study. Tuber. Lung Dis. 77:335-40
Cameron HA, Ramsay LE. 1984. The lupus syndrome induced by hydralazine:
a common complication with low dose therapy. Br. Med. 7. 289:410-12

Cohn JN, Goldstein SO, Greenberg BH, Lorell BH, Bourge RC, et al. 1998.
A dose-dependent increase in mortality with vesnarinone among patients with
severe heart failure. Vesnarinone Trial Investigators. N. Engl. 7. Med. 339:1810-
16

Uetrecht JP. 1999. New concepts in immunology relevant to idiosyncratic drug
reactions: the “danger hypothesis” and innate immune system. Chens. Res. Toxicol.
12:387-95

Watkins PB. 2005. Idiosyncratic liver injury: challenges and approaches. Toxicol.
Pathol. 33:1-5

Uetrecht JP, Woosley RL. 1981. Acetylator phenotype and lupus erythemato-
sus. Clin. Pharmacokin. 6:118-34

Hyson C, Sadler M. 1997. Cross sensitivity of skin rashes with antiepileptic
drugs. Can. 7. Neurol. Sci. 24:245-49

Shear NH, Spielberg SP. 1988. Anticonvulsant hypersensitivity syndrome. 7.
Clin. Invest. 82:1826-32

Ostapowicz G, Fontana R]J, Schiodt FV, Larson A, Davern TJ, et al. 2002.
Results of a prospective study of acute liver failure at 17 tertiary care centers in
the United States. Ann. Intern. Med. 137:947-54

Lee WM. 2003. Acute liver failure in the United States. Semzin. Liver Dis.
23:217-26

Gow PJ, Jones RM, Dobson JL, Angus PW. 2004. Etiology and outcome of
fulminant hepatic failure managed at an Australian liver transplant unit. 7. Gas-
troenterol. Hepatol. 19:154-59

Zimmerman H. 1999. Hepatotoxicity: The Adverse Effects of Drugs and Other Chem-
icals on the Liver. Philadelphia, PA: Lippincott Williams & Wilkins

Yawalkar N, Egli F, Hari Y, Nievergelt H, Braathen LR, Pichler WJ. 2000.
Infiltration of cytotoxic T cells in drug-induced cutaneous eruptions. Clin. Exp.
Allergy 30:847-55

Bachot N, Roujeau JC. 2003. Differential diagnosis of severe cutaneous drug
eruptions. Am. J. Clin. Dermatol. 4:561-72

Huang YS, Chern HD, Su W], Wu JC, Lai SL, et al. 2002. Polymorphism of
the N-acetyltransferase 2 gene as a susceptibility risk factor for antituberculosis
drug-induced hepatitis. Hepatology 35:883-89

Rieder MJ, Shear NH, Kanee A, Tang BK, Spielberg SP. 1991. Prominence
of slow acetylator phenotype among patients with sulfonamide hypersensitivity
reactions. Clin. Pharmcol. Ther. 49:13-17

O’Neil WM, MacArthur RD, Farrough MJ, Doll MA, Fretland AJ, et al. 2002.
Acetylator phenotype and genotype in HIV-infected patients with and without
sulfonamide hypersensitivity. 7. Clin. Pharmacol. 42:613-19

Uetrecht



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Leeder JS. 1998. Mechanisms of idiosyncratic hypersensitivity reactions to
antiepileptic drugs. Epilepsia 39:S8-16

Pirmohamed M, Park BK. 2001. Genetic susceptibility to adverse drug reac-
tions. Trends Pharmacol. Sci. 22:298-305

Batchelor JR, Welsh KI, Tinoco RM, Dollery CT, Hughes GRV, et al. 1980.
Hydralazine-induced systemic lupus erythematosus: influence of HLA-DR and
sex on susceptibility. Lancet 1:1107-9

Claas FH, Abbott PA, Witvliet MD, D’Amaro ], Barnes PM, Krupp P. 1992.
No direct clinical relevance of the human leukocyte antigen (HLA) system in
clozapine-induced agranulocytosis. Drug Saf. 7:3-6

Lieberman JA, Yunis ], Egea E, Canoso RT, Kane JM, Yunis EJ. 1990. HLA-
B38, DR4, DQw3 and clozapine-induced agranulocytosis in Jewish patients
with schizophrenia. Arch. Gen. Psychiatry 47:945-48

Andrade RJ, Lucena MI, Alonso A, Garcia-Cortes M, Garcia-Ruiz E, et al.
2004. HLA class IT genotype influences the type of liver injury in drug-induced
idiosyncratic liver disease. Hepatology 39:1603-12

Berson A, Freneaux E, Larrey D, Lepage V, Douay C, et al. 1994. Possible role
of HLA in hepatotoxicity. An exploratory study in 71 patients with drug-induced
idiosyncratic hepatitis. 7. Hepatol. 20:336-42

Hautekeete ML, Horsmans Y, Van Waeyenberge C, Demanet C, Henrion J,
etal. 1999. HLA association of amoxicillin-clavulanate-induced hepatitis. Gas-
troenterology 117:1181-86

Aithal GP, Ramsay L, Daly AK, Sonchit N, Leathart JB, et al. 2004. Hepatic
adducts, circulating antibodies, and cytokine polymorphisms in patients with
diclofenac hepatotoxicity. Hepatology 39:1430-40

Mallal S, Nolan D, Witt C, Masel G, Martin AM, et al. 2002. Association
between presence of HLA-B*5701, HLA-DR7, and HLA-DQ3 and hypersen-
sitivity to HIV-1 reverse-transcriptase inhibitor abacavir. Lancet 359:727-32
Martin AM, Nolan D, Gaudieri S, Almeida CA, Nolan R, et al. 2004. Predispo-
sition to abacavir hypersensitivity conferred by HLA-B*5701 and a haplotypic
Hsp70-Hom variant. Proc. Natl. Acad. Sci. USA 101:4180-85

Hughes AR, Mosteller M, Bansal AT, Davies K, Haneline SA, et al. 2004. Asso-
ciation of genetic variations in HLA-B region with hypersensitivity to abacavir
in some, but not all, populations. Pharmacogenomics 5:203-11

Phillips EJ. 2006. Genetic screening to prevent abacavir hypersensitivity reac-
tion: are we there yet? Clin. Infect. Dis. 43:103-5

Hung SI, Chung WH, Liou LB, Chu CC, Lin M, et al. 2005. HLA-B*5801
allele as a genetic marker for severe cutaneous adverse reactions caused by
allopurinol. Proc. Natl. Acad. Sci. USA 102:4134-39

Walton B, Simpson BR, Strunin L, Doniach D, Perrin J, Appleyard AJ. 1976.
Unexplained hepatitis following halothane. Br. Med. 7. 1:1171-76

Alvir JM, Lieberman JA, Safferman AZ, Schwimmer JL, Schaaf JA. 1993.
Clozapine-induced agranulocytosis. Incidence and risk factors in the United
States. N. Engl. 7. Med. 329:162-67

Lee WM. 2003. Drug-induced hepatotoxicity. N. Engl. 7. Med. 349:474-85

www.annualreviews.org o Idiosyncratic Drug Reactions

535



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

536

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.
57.
58.

59.

60.

Russo MW, Watkins PB. 2004. Are patients with elevated liver tests at increased
risk of drug-induced liver injury? Gastroenterology 126:1477-80

Pullen H, Wright N, Murdoch J. 1967. Hypersensitivity reactions to antibac-
terial drugs in infectious mononucleosis. Lancet 2:1176-78

van der Ven AJAM, Koopmans PP, Vree TB, van der Meer JWM. 1991. Adverse
reactions to cotrimoxazole in HIV infection. Lancet 338:431-33

Kano Y, Inaoka M, Shiohara T. 2004. Association between anticonvulsant hy-
persensitivity syndrome and human herpesvirus 6 reactivation and hypogam-
maglobulinemia. Arch. Dermatol. 140:183-88

Boelsterli UA. 2003. Disease-related determinants of susceptibility to drug-
induced idiosyncratic hepatotoxicity. Curr: Opin. Drug Discov. Devel. 6:81-91
Waldhauser L, Uetrecht J. 1996. Antibodies to myeloperoxidase in
propylthiouracil-induced autoimmune disease in the cat. Toxicology 114:155-62
Seguin B, Boutros PC, Li X, Okey AB, Uetrecht JP. 2005. Gene expression
profiling in a model of p-penicillamine-induced autoimmunity in the Brown
Norway rat: predictive value of early signs of danger. Chemz. Res. Toxicol. 18:1193—
202

Watkins PB, Zimmerman HJ, Knapp MJ, Gracon SI, Lewis KW. 1994. Hepa-
totoxic effects of tacrine administration in patients with Alzheimer’s disease. 7.
Am. Med. Assoc. 271:992-98

Sloand E, Kim S, Maciejewski JP, Tisdale J, Follmann D, Young NS. 2002.
Intracellular interferon-gamma in circulating and marrow T cells detected by
flow cytometry and the response to immunosuppressive therapy in patients with
aplastic anemia. Blood 100:1185-91

Park K, Williams DP, Naisbitt D], Kitteringham NR, Pirmohamed M. 2005.
Investigation of toxic metabolites during drug development. Toxicol. Appl. Phar-
macol. 207:425-34

Kalgutkar AS, Gardner I, Obach RS, Shaffer CL, Callegari E, et al. 2005. A
comprehensive listing of bioactivation pathways of organic functional groups.
Curr: Drug Metab. 6:161-225

Evans DC, Watt AP, Nicoll-Griffith DA, Baillie TA. 2004. Drug-protein
adducts: an industry perspective on minimizing the potential for drug bioac-
tivation in drug discovery and development. Chenz. Res. Toxicol. 17:3-16
Langman RE, Cohn M. 2000. Self-nonself discrimination revisited. Introduc-
tion. Sezzin. Immunol. 12:159-62

Landsteiner K, Jacobs J. 1935. Studies on the sensitization of animals with
simple chemical compounds. 7. Exp. Med. 61:643-56

Parker CW. 1982. Allergic reactions in man. Pharmacol. Rev. 34:85-104
Vergani D, Mieli-Vergani G, Alberti A, Neuberger J, Eddleston A, et al. 1980.
Antibodies to the surface of halothane-altered rabbit hepatocytes in patients
with severe halothane-associated hepatitis. N. Engl. 7. Med. 303:66-71
Lecoeur S, Andre C, Beaune PH. 1996. Tienilic acid-induced autoimmune
hepatitis: antiliver and kidney microsomal type 2 autoantibodies recognize a
three-site conformational epitope on cytochrome P4502C9. Mol. Pharmacol.
50:326-33

Uetrecht



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

61.
62.
63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Uetrecht J. 2001. Prediction of a new drug’s potential to cause idiosyncratic
reactions. Curr. Opin. Drug. Discov. Devel. 4:55-59

Matzinger P. 1994. Tolerance, danger and the extended family. Annu. Rev. Im-
munol. 12:991-1045

Matzinger P. 1998. An innate sense of danger. Semzin. Immunol. 10:399-415
Pirmohamed M, Naisbitt D], Gordon F, Park BK. 2002. The danger
hypothesis—potential role in idiosyncratic drug reactions. Zoxicology 181—
182:55-63

Seguin B, Uetrecht]. 2003. The danger hypothesis applied to idiosyncratic drug
reactions. Curr. Opin. Allergy Clin. Immunol. 3:235-42

Zanni MP, von Greyerz S, Schnyder B, Brander KA, Frutig K, etal. 1998. HLA-
restricted, processing- and metabolism-independent pathway of drug recogni-
tion by human alphabeta T lymphocytes. 7. Clin. Invest. 102:1591-98

Pichler WJ. 2002. Pharmacological interaction of drugs with antigen-specific
immune receptors: the p-i concept. Curr. Opin. Allergy Clin. Immunol. 2:301-5
Thierse HJ, Gamerdinger K, Junkes C, Guerreiro N, Weltzien HU. 2005. T
cell receptor (T'CR) interaction with haptens: metal ions as nonclassical haptens.
Toxicology 209:101-7

Fontenot AP, Kotzin BL. 2003. Chronic beryllium disease: immune-mediated
destruction with implications for organ-specific autoimmunity. Tissue Antig.
62:449-58

Uetrecht]J. 2002. N-oxidation of drugs associated with idiosyncratic drug reac-
tions. Drug Metab. Rev. 34:651-65

Hopkins JE, Naisbitt DJ, Humphreys N, Dearman RJ, Kimber I, Park BK.
2005. Exposure of mice to the nitroso metabolite of sulfamethoxazole stimulates
interleukin 5 production by CD4+ T-cells. Toxicology 206:221-31

Naisbitt DJ, Gordon SF, Pirmohamed M, Burkhart C, Cribb AE, et al.
2001. Antigenicity and immunogenicity of sulfamethoxazole: demonstration
of metabolism-dependent haptenation and T-cell proliferation in vivo. Br. 7.
Pharmacol. 133:295-305

Bourdi M, Masubuchi Y, Reilly TP, Amouzadeh HR, Martin JL, et al. 2002.
Protection against acetaminophen-induced liver injury and lethality by inter-
leukin 10: role of inducible nitric oxide synthase. Hepatology 35:289-98

Bourdi M, Reilly TP, Elkahloun AG, George JW, Pohl LR. 2002. Macrophage
migration inhibitory factor in drug-induced liver injury: a role in susceptibility
and stress responsiveness. Biochem. Biophys. Res. Commun. 294:225-30

Ju C, Reilly TP, Bourdi M, Radonovich MF, Brady JN, et al. 2002. Protective
role of Kupffer cells in acetaminophen-induced hepatic injury in mice. Cher.
Res. Toxicol. 15:1504-13

Liu ZX, Govindarajan S, Kaplowitz N. 2004. Innate immune system plays a
critical role in determining the progression and severity of acetaminophen hep-
atotoxicity. Gastroenterology 127:1760-74

Chojkier M. 2005. Troglitazone and liver injury: in search of answers. Hepatology
41:237-46

Pessayre D, Mansouri A, Haouzi D, Fromenty B. 1999. Hepatotoxicity due to
mitochondrial dysfunction. Cell Biol. Toxicol. 15:367-73

www.annualreviews.org o Idiosyncratic Drug Reactions

537



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

538

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Krahenbuhl S, Brandner S, Kleinle S, Liechti S, Straumann D. 2000. Mito-
chondrial diseases represent a risk factor for valproate-induced fulminant liver
failure. Liver 20:346-48

Roth RA, Luyendyk JP, Maddox JF, Ganey PE. 2003. Inflammation and drug
idiosyncrasy—is there a connection? 7. Pharmacol. Exp. Ther. 307:1-8

Shenton JM, Chen J, Uetrecht JP. 2004. Animal models of idiosyncratic drug
reactions. Chem. Biol. Interact. 150:53-70

Trepanier LA. 2004. Idiosyncratic toxicity associated with potentiated sulfon-
amides in the dog. 7. Vet. Pharmacol. Ther. 27:129-38

Luyendyk JP, Maddox JF, Cosma GN, Ganey PE, Cockerell GL, Roth RA.
2003. Ranitidine treatment during a modest inflammatory response precipitates
idiosyncrasy-like liver injury in rats. 7. Pharmacol. Exp. Ther: 307:9-16

Furst SM, Luedke D, Gaw HH, Reich R, Gandolfi AJ. 1997. Demonstration
of a cellular immune response in halothane-exposed guinea pigs. Toxicol. Appl.
Pharmacol. 143:245-55

Stein HB, Patterson AC, Offer RC, Atkins CJ, Teufel A, Robinson HS. 1980.
Adverse effects of p-penicillamine in rheumatoid arthritis. Ann. Intern. Med.
92:24-29

Donker AJ, Venuto RC, Vladutiu AO, Brentjens JR, Andres GA. 1984. Effects
of prolonged administration of p-penicillamine or captopril in various strains
of rats. Clin. Immunol. Immunopath. 30:142-55

Tournade H, Pelletier L, Pasquier R, Vial M, Mandet C, Druet P. 1990. -
Penicillamine-induced autoimmunity in Brown-Norway rats: similarities with
HgCl,-induced autoimmunity. 7. Immunol. 144:2985-91

Masson MJ, Uetrecht JP. 2004. Tolerance induced by low dose p-penicillamine
in the brown Norway rat model of drug-induced autoimmunity is immune-
mediated. Chem. Res. Toxicol. 17:82-94

Masson MJ, Teranishi M, Shenton JM, Uetrecht JP. 2004. Investigation of the
involvement of macrophages and T cells in pD-penicillamine-induced autoim-
munity in the Brown Norway rat. 7. Immunotoxicol. 1:79-93

Sayeh E, Uetrecht JP. 2001. Factors that modify penicillamine-induced au-
toimmunity in Brown Norway rats: failure of the Th1/Th2 paradigm. Toxicology
163:195-211

Howard-Lock HE, Lock CJ, Mewa A, Kean WF. 1986. p-Penicillamine: chem-
istry and clinical use in rheumatic disease. Semsin. Arthritis Rbeum. 15:261-81
Rhodes J. 1989. Evidence for an intercellular covalent reaction essential in
antigen-specific T cell activation. 7. Immunol. 143:1482-89

Uetrecht J. 2005. Current trends in drug-induced autoimmunity. Autoimmun.
Rev. 4:309-14

Pollard R, Robinson P, Dransfield K. 1998. Safety profile of nevirapine, a non-
nucleoside reverse transcriptase inhibitor for the treatment of human immun-
odeficiency virus infection. Clin. Ther. 20:1071-92

Bersoff-Matcha S, Miller W, Aberg J, van Der Horst C, Hamrick JH, et al.
2001. Sex differences in nevirapine rash. Clin. Infect. Dis. 32:124-29

Uetrecht



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

96.

97.

98.

99.

100.

101.

Shenton JM, Teranishi M, Abu-Asab MS, Yager JA, Uetrecht JP. 2003. Char-
acterization of a potential animal model of an idiosyncratic drug reaction:
nevirapine-induced skin rash in the rat. Chem. Res. Toxicol. 16:1078-89
Shenton JM, Popovic M, Chen J, Masson MJ, Uetrecht JP. 2005. Evidence of an
immune-mediated mechanism for an idiosyncratic nevirapine-induced reaction
in the female Brown Norway rat. Chem. Res. Toxicol. 18:1799-813

Barreiro P, Soriano V, Casas E, Estrada V, Tellez MJ, et al. 2000. Prevention
of nevirapine-associated exanthema using slow dose escalation and/or corticos-
teroids. Aids 14:2153-57

Riska P, Lamson M, MacGregor T, Sabo J, Hattox S, et al. 1999. Disposition
and biotransformation of the antiretroviral drug nevirapine in humans. Drug
Metab. Disp. 27:895-901

Meisheri KD, Johnson GA, Puddington L. 1993. Enzymatic and nonenzymatic
sulfation mechanisms in the biological actions of minoxidil. Biochem. Pharmacol.
45:271-79

JuC.2005. Immunological mechanisms of drug-induced liver injury. Curr: Opin.
Drug Discov. Devel. 8:38-43

www.annualreviews.org o Idiosyncratic Drug Reactions

539



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

Contents

Allosteric Modulation of G Protein—-Coupled Receptors
Lauren I May, Katie Leach, Patrick M. Sexton, and Avthur Christopoulos ............... 1

Pharmacogenomic and Structural Analysis of Constitutive G
Protein—Coupled Receptor Activity
Martine . Smit, Henry F Vischer, Remko A. Bakker; Aldo Jongejan,

Henk Timmerman, Leonardo Pardo, and Rob Leurs ..................................... 53
Cell Survival Responses to Environmental Stresses Via the
Keap1-Nrf2-ARE Pathway
Thomas W. Kensler, Nobunao Wakabayashi, and Shyam Biswal ........................... 89

Cell Signaling and Neuronal Death
Makoto R. Hara and Solomon H. Snyder ............................ccciiiiiiiii 117

Mitochondrial Oxidative Stress: Implications for Cell Death

Sten Orvenius, Viadimir Gogvadze, and Boris Zbivotovsky .............................. 143
AMP-Activated Protein Kinase as a Drug Target

D. Grabame Hardie ................................cociiiiiii 185
Intracellular Targets of Matrix Metalloproteinase-2 in Cardiac Disease:

Rationale and Therapeutic Approaches

Richard Schulz ......... ... .. .. . 211
Arsenic: Signal Transduction, Transcription Factor, and

Biotransformation Involved in Cellular Response and Toxicity

Yoshito Kumagai and Daigo Sumi ........................iciiii 243
Aldo-Keto Reductases and Bioactivation/Detoxication

Yi Fin and Trevor M. Penning ..................c.cciiiiiiiiiiiiiiiiiii 263
Carbonyl Reductases: The Complex Relationships of Mammalian Carbonyl-

and Quinone-Reducing Enzymes and Their Role in Physiology

Udo Oppermamm ................. ... e 293

Drug Targeting to the Brain
A.G. de Boer and PJ. Gaillard .............. .. ... . ... ... .. 323

Mechanism-Based Pharmacokinetic-Pharmacodynamic Modeling:
Biophase Distribution, Receptor Theory, and Dynamical Systems Analysis
Meindert Danbof, Joost de Fongh, Elizabeth C.M. De Lange, Oscar Della Pasqua,
Bart A. Ploeger; and Rob A. Voskuyl!

R
Annual Review of

Pharmacology and
Toxicology

Volume 47, 2007



Annu. Rev. Pharmacol. Toxicol. 2007.47:513-539.

vi

"The Functional Impact of SLC6 Transporter Genetic Variation
Maureen K. Habn and Randy D. Blakely

mTOR Pathway as a Target in Tissue Hypertrophy
Chung-Han Lee, Ken Inoki, and Kun-Liang Guan

Diseases Caused by Defects in the Visual Cycle: Retinoids as Potential
Therapeutic Agents
Gabriel H. Travis, Marcin Golczak, Alexander R. Moise, and Krzysztof Palczewski . ..

Idiosyncratic Drug Reactions: Current Understanding
Fack Uetrecht ... ... ...

Non-Nicotinic Therapies for Smoking Cessation
Eric C.K. Siu and Rachel F. Tyndale

The Obesity Epidemic: Current and Future Pharmacological Treatments
Karl G. Hofbauer, Janet R. Nicholson, and Olivier Boss

Circadian Rhythms: Mechanisms and Therapeutic Implications
Francis Levi and Ueli Schibler ....... ...,

Targeting Antioxidants to Mitochondria by Conjugation to Lipophilic
Cations
Michael P. Murphy and Robin A.J. Smith

Acute Effects of Estrogen on Neuronal Physiology
Catherine S. Woolley

New Insights into the Mechanism of Action of Amphetamines
Annette E. Fleckenstein, Trent 7. Volz, Evan L. Riddle, James W. Gibb,
and Glen R. Hanson

Nicotinic Acetylcholine Receptors and Nicotinic Cholinergic
Mechanisms of the Central Nervous System
Jobn A. Dani and Daniel Bertrand

Contrasting Actions of Endothelin ETs and ETg Receptors in
Cardiovascular Disease
Markus P. Schneider, Evika 1. Boesen, and David M. Pollock

Indexes

Cumulative Index of Contributing Authors, Volumes 43-47

Cumulative Index of Chapter Titles, Volumes 43-47

Errata
An online log of corrections to Annual Review of Pharmacology and Toxicology

chapters (if any, 1997 to the present) may be found at
http://pharmtox.annualreviews.org/errata.shtml

Contents

469





