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EDITOR’S PREFACE
The Editor is grateful to the Authors for outstanding contributions in this
third volume in the Series. Once again emphasis is on the eclectic areas,
pursuits, and technologies that are subsumed in the topicMolecular Toxicology.
It is anticipated that the reader will delve in, be awakened, and edified at this
diversity.

Patrizia Ciminiello, Carmela Dell’Aversano, Ernesto Fattorusso, and
Martino Forino open this volume in Chapter 1 with review of the elaborate
toxins of marine origin, specifically algal toxins. Algal blooms increasingly
impact the shore life and aquatic farms, particularly of populated regions.
The structural array of toxins produced by some of these algae is impressive
and focus of this chapter is on relatively recent incidences in the contained
to the Mediterranean Sea.

In the 1970s the U.S. EPA sharply curtailed the uses of asbestos, a known
human carcinogen. The mechanism by which asbestos fibers cause lung
cancer is unknown, but there is a large literature on the array of variables
that collude to elicit transformation of these fibers. Reactive oxygen species
and inflammation are certainly involved and there are a number of signaling
pathways and extranuclear effectors as well. Tom Hei surveys this complex
set of considerations in fiber carcinogenesis in Chapter 2.

The last two decades of technological improvements in mass spectrometry
have made it a key technology for application to solving innumerable
biochemical problems. The problem of idiosyncratic reactions to pharma-
ceuticals is responsible for discontinuation of many drug candidates and
sometimes the withdrawal of approved agents from the market. Such drug
reactions are often the result of metabolic activation through reactive
intermediates. New technologies are increasingly employed to identify
and characterize these reactive metabolites. Mingshe Zhu and Bo Wen
elaborate in Chapter 3 the application of quadrupole-linear ion trap
mass spectrometry in problems of metabolite characterization and high-
throughput screening in drug development.

The causes of Parkinson’s disease, despite the focus of extensive research,
are still not clearly understood, particularly what are the toxins that give rise
to neuronal decay. Juan Segura-Aguilar considers the molecular mechan-
isms of action of a number of neurotoxins that have been studied as models
for therapeutic intervention and discusses the utility of a new agent of utility
in preclinical approaches in Chapter 4.

Cigarette smoke contains a smorgasbord of carcinogens, one amongwhich
is 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a proven rodent
xi



xii Editor’s Preface
lung carcinogen. In humans it undergoes metabolism to yield a variety of
reactive agents that can contribute to its activity as a lung carcinogen. Lisa
Peterson surveys the literature on this agent in Chapter 5 with a view toward
strategies for perspective chemoprevention andunderstandinghowunderlying
genotype can be predisposing to carcinogenesis by NNK.

Heme is a critical iron-containing heterocycle with diverse roles from
oxygen transport, serving a key residue at the active cite of redox active
enzymes (e.g., the p450 enzymes) and in electron transport as well as other
functions. It is also the source of the derivative bilirubin which serves an
important role as an antioxidant. Andrew Smith and Tatyana Chernova
discuss the basis of toxicity of a family of haloaromatics that can dramatically
alter heme synthesis in Chapter 6.

Plants of the genus Aristolochia are found in various parts of the globe and
their constituents have found their way into the human food chain and in
herbal personal care products and therapies. A set of compounds derived
therefrom, the aristiolochic acids, have been shown to be nephrotoxins and
presumed causatives of Balkin endemic neuropathy and Chinese herb
nephropathy. Arthur Grollman, John Scarborough, and Bohan Jelakovic
review the molecular and clinical toxicology of these agents in Chapter 7.
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2 Patrizia Ciminiello et al.
1. Introduction

Marine toxins from harmful algae are listed among the most important
causative agents of poisoning episodes occasionally involving seafood con-
sumers [1–3]. Out of the thousands of species of microscopic algae lying at
the base of the marine food chain there are several dozens, which produce
very potent toxins (Figure 1). These toxins normally occur in small quan-
tities and do not pose any serious problem to public health. Proliferations of
harmful algae may mostly happen as massive ‘‘red tides’’ or blooms of cells
capable of discoloring seawater. However, sometimes dilute and/or incon-
spicuous concentrations of harmful cells get noticed only because of the
harm caused by the highly potent toxins they produce.
A

B

C D E

F

Figure 1 Most occurring harmful algae in theMediterranean basin: (A)Dinophysis fortii
(left); Dinophysis acuminata (right); (B) Pseudonitschia pungens; (C) Protoceratium reticula-
tum; (D) Alexandrium ostenfeldii; (E) Ostreopsis ovata; (F) Alexandrium tamarense (top);
Alexandrium minutum (bottom).
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Well documented is the process through which shellfish can accumulate
marine biotoxins in their edible tissues from harmful algae; it is also known
that other organisms, such as reef fish, crabs, and tunicates, can be affected
by proliferation of toxic plankton. Therefore, harmful algal toxins can find
their way through the different levels of the food chain ending up on the
table of unaware consumers, thus provoking a variety of gastrointestinal and
neurological illnesses. Moreover, toxins can also cause alterations of marine
trophic structure through adverse effects on larvae and other life history
stages of commercial fishery species [4,5].

In addition to those toxins passed along to consumers through the food
chain, particular phytoplankton blooms can directly affect humans acciden-
tally exposed to toxic algae through swimming or breathing aerosols. It is
also to be underlined that other harmful algal proliferations can induce
severe ecological disruption through widespread killing of sea life including
marine mammals and seabirds [6,7].

The extent of harmful algal blooms has changed considerably over the
last decades. If in the past only a few regions were affected in scattered
locations, now virtually every coastal state is threatened by toxic outbreaks,
in many cases even over large geographic areas and by more than one toxic
algal species. Even though the causes for this apparent expansion are still
largely unknown, the explosive growth of toxic plankton is sometimes
clearly intertwined with changes in weather conditions. Important contri-
buting causes may also be found in variations in upwelling, temperature,
transparency, turbulence, or salinity of seawater, as well as in concentration
of dissolved nutrients, wind, and surface illumination [8].

It is not clear why some micro-algal species produce toxic compounds,
secondary metabolites playing no explicit role in the internal economy
of the producer organisms. These toxins are probably used as a tool
for competing for space, fighting predation, or as a defense against the
overgrowth of other organisms [9].

A wide diversity of marine algal toxins has been discovered so far, but
those of major significance can be gathered into eleven classes reported in
Table 1.

Phytoplankton marine toxins rank among the most potent and
extremely dangerous toxins in the world. For some of them, doses in the
range of micrograms per kilogram may be lethal to humans. In fact, small
quantities of contaminated seafood are able to kill a normal, healthy, adult
human. Alongside these extremely potent biotoxins, there are also dozens of
less potent toxins, which can be all the more accumulated to such a high
level to still cause harm to humans.

Unfortunately, poisonous seafood neither looks nor tastes different from
uncontaminated seafood, and cooking or other culinary treatment do not
destroy toxins.



Table 1 Algal toxins

Toxins class Azaspiracids

Main algal source Protoperidinium crassipes

Toxicity Neurotoxic
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Toxins class Domoic Acid

Main algal source Pseudo-nitzschia species

Toxicity Amnesic
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representative
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Toxins class Gymnodimines

Main algal source Karenia selliformis
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Toxins class Okadaic acids

Main algal source Dinophysis species

Prorocentrum lima

Toxicity Diarrhetic tumor promoter
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Table 1 (continued)

Toxins class Palytoxins

Main algal source Ostreopsis species

Toxicity Neurotoxic tumor promoter
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representative
O

OH

O

O

OH

O
OH

HO
OH

OH
Me

O

HO

O
HO

Me

O

OH

O
O

OHHO

O

O

HN

O

H2N

OH

HO
OH

OH

OH

OH

OH

OH

O

O

OH
OHOH

HO

OH

OH

Me

Me OH

OHHO

OHOH

OH Me OH

OH

OH

OH

Me

Me

OH

N
H

HO

OH
OH

OH

Palytoxin

Toxins class Pectenotoxins

Main algal source Dinophysis species

Toxicity Diarrhetic
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Toxins class Saxitoxins

Main algal source Alexandrium species

Toxicity Paralytic
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representative

HN

N NH

NH

NH2

Me

O

OH
OH

O

H2N

H2N

Saxitoxin

6 Patrizia Ciminiello et al.



Toxins class Spirolides

Main algal source Alexandrium ostenfeldii

Toxicity
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representative
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Toxins class Yessotoxins

Main algal source Protoceratium reticulatum

Toxicity
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representative
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Therefore, fish and shellfish farms infested by toxic algal species need to
run costly monitoring programs for checking the occurrence of toxic algae
in seafood. Whenever these are present, regular tests for toxins in seafood
products need to be attentively carried out. As toxicity is the only common
factor among the diverse phycotoxins isolated so far, it is no wonder that
live-animal toxicity assay is currently the most widely used method for toxin
detection in regulatory settings. At the moment, the most common test is
the mouse bioassay. This test is carried out by injecting a sample extract into
intraperitoneal cavity of a 20 g mouse that is observed for a given stretch
of time in order to determine symptoms and time-to-death generally
correlated to the amount of toxin present [10].
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2. Distribution of Algal Toxins in the

Mediterranean Sea

Due to its geographical features, the Mediterranean basin is home to a
large variety of living species, some of which endemic and unknown
elsewhere. Survival of this biodiversity depends strongly on conservation
of its necessary biotope. Unfortunately, many indicators have clearly shown
a declining quality of the Mediterranean seawater and sediments, as testified
by the alarming surge of harmful algal blooms over the last two decades [11].
These toxic episodes occurred basically across the whole Mediterranean
basin with disquieting frequency and intensity. Figure 2, alongside the
geographical location of the toxic outbreaks, details also the chemical nature
of the major causative toxins, whose levels in seafood have frequently edged
and sometimes exceeded guideline values.

In particular, the Northern Adriatic Sea—which shows a peculiar and
complex toxin profile—has been plagued by okadaic acids (OAs), yesso-
toxins (YTXs), and lately also by spirolides [12]; French, Spanish, and North
African coasts have mainly been interested by the occurrence of saxitoxins
[11], while relatively simpler appears the Greek toxic profile where only
OA has been detected this far [13]. Very recently, a new, most alarming,
threat has been impending over the Mediterranean Sea where the tropical
alga Ostreopsis spp. is rife [14,15]. Over the past years, such an alga has
been causing severe sanitary emergencies and economic losses due to its
production of palytoxins [16,17] brought ashore through the marine
aerosol [18].
Saxitoxins 

Okadaic acids 

Yessotoxins 

Domoic acids 

Pectenotoxins 

Palytoxins 

Spirolides 

Mediterranean Basin 

Figure 2 Major reported toxic outbreaks in the Mediterranean basin over the past
two decades.
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In the ensuing paragraphs, first of all, we intend to shortly describe the
chemistry and the toxicology of the main toxins that have been infesting the
Mediterranean Sea up to date. Successively, we will provide insights into
the latest Mediterranean toxic outbreaks, discussing their impact on human
health, economy, monitoring programs, and related law provisions.
2.1. Saxitoxins

Saxitoxin and its analogues (Figure 3) are potent water-soluble neurotoxins
that block voltage-gated sodium channel on excitable cells. Currently, over
29 congeners of saxitoxin are known [19]. They represent a suite of
heterocyclic guanidines, whose structures vary by different combination
of hydroxyl and sulfate substitutions at four sites on the molecule. Based on
substitutions at R4, saxitoxins can be subdivided into four groups: the
carbamoyl-, sulfocarbamoyl-, decarbamoyl-, and deoxydecarbamoyl-
saxitoxins. Substitution at R4 results in substantial changes in toxicity,
with the carbamoyl toxins being the most potent.

These compounds—responsible for the syndrome known as Paralytic
Shellfish Poisoning (PSP)—are toxic at submicromolar concentrations and
represent a severe public health risk.

A number of dinoflagellate species are known to produce saxitoxins:
Alexandrium (formerly Gonyaulax or Protogonyaulax), Gymnodinium and Pyr-
odinium spp. [20]; most of these dinoflagellates have not been shown to be
directly toxic to fish or shellfish. By far, most cases of human PSP intoxications
are caused by the consumption of shellfish that have accumulated saxitoxins
after filtration of toxic marine dinoflagellates.

PSP symptoms develop fairly rapidly, within 0.5–2 h after ingestion of
shellfish, depending on the amount of toxin consumed [20]. In humans the
peripheral nervous system is affected, with symptoms ranging from tingling of
the tongue and lips, followed by a numbness spreading towards the extremities,
to vomiting, pain, diarrhea, loss of coordination, and breathing difficulty.
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Figure 3 Chemical structure of saxitoxin and its analogues.
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In severe cases, ataxia, muscle weakness, and respiratory paralysis can occur.
Without intervention, symptoms can turn into coma or death from suffoca-
tion.When respiratory support is provided within 12 h of exposure, recovery
usually is complete, with no lasting side effects. In unusual cases, because
of the weak hypotensive action of the toxins, death may occur from
cardiovascular collapse despite respiratory support.

PSP is prevented by large-scale monitoring programs (assessing toxin
levels in mussels, oysters, scallops, clams) and rapid closures to harvest of
suspect or demonstrated toxic areas.
2.2. Okadaic acids

OA is the parent compound of a group of polyether toxins—consisting of at
least eight congeners—responsible for the Diarrhetic Shellfish Poisoning
(DSP) syndrome, associated with seafood consumption and characterized by
an acute gastrointestinal disturbance [21]. OA, dinophysistoxin 1 [22], and
dinophysistoxin 2 [23] (Figure 4) are the primary congeners involved
in shellfish poisoning, with the other congeners believed either precursors
or shellfish-modified products of the active toxins.

The toxins are produced both by several Dinophysis species including
Dinophysis acuta, Dinophysis fortii, Dinophysis acuminata, Dinophysis norvegica,
Dinophysis mitra [24], and Dinophysis caudata [25], and by benthic species
such as Prorocentrum lima [26,27]. The toxins are accumulated by several
bivalves, which filter the seawater containing the toxic phytoplankton and
cause human poisoning after ingestion.

Oral assumption of OAs can lead to gastrointestinal distresses, often
beginning within 30 min after consumption of contaminated shellfish.
The main DSP symptom is represented by diarrhea, often associated with
other disturbances such as nausea, vomiting, and abdominal pain [28]. No
O
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Dinophysistoxin 1 (DTX1)
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Figure 4 Chemical structure of okadaic acid and some of its analogues.
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human casualty has been to date reported in literature due to any case of
DSP poisoning, although sometimes considerable morbidity has resulted in
hospitalization. The clinical symptoms of DSP may have been often mis-
taken for those of bacterial gastric infections and the problem may be much
more widespread than currently thought. The treatment, if necessary, is
only supportive to replace fluid and electrolyte losses.

OA is a potent tumor promoter [29] and chronic exposure to it may
promote tumor formation in the digestive system.

Themechanism of action underlying diarrheic as well as tumor-promoting
activity is explained mainly by their potent inhibitory action against ser/thr
protein phosphatases [30,31]. Inhibitory activity is specific for classes PP2A and
PP1, whilst PP2B is inhibited only at high concentrations of OA and PP2C is
practically insensitive.
2.3. Yessotoxins

YTXs represent a group of polycyclic ether molecules (Figure 5). The
parent compound of this class of marine toxins is YTX, a disulphated
polyether, first reported as a contaminant of the scallop Patinopecten
yessoensis [32].

YTX in shellfish results from ingestion of toxic algae. The first species
reported as a YTX producer is the dinoflagellate Protoceratium reticulatum
[33]. However, more recent studies have shown that YTX is also produced
by the closely related species Lingulodinium polyedrum [34] and Gonyaulax
spinifera [35].

YTX represents the dominant toxin in algal cultures; there is, however,
a report in which the major toxin of P. reticulatum cultures is homoYTX
[36]. This conflicting result, which is indirectly confirmed by the toxin
profiles in some contaminated shellfish [37–39], can be attributed to a
genetic variability of the producer species inducing a slight modification
of the genes involved in the YTX biosynthesis. Some YTX analogues
present in large quantities in contaminated shellfish—45-hydroxyYTX,
carboxyyessotoxin (carboxyYTX), noroxoYTX, and/or their homo-ana-
logues—are supposed to derive from oxidative modification of the absorbed
YTX or homoYTX within the mollusk [40].

YTX and its analogues were at beginning included within the DSP
group because they are not distinguishable from OAs on the basis of the
mouse bioassay-based standard procedure [10]. However, their toxic activ-
ities are significantly different; in fact, YTX and its analogues do not induce
diarrhea, whereas their cardiotoxic effects have been demonstrated in mice
after intraperitoneal (i.p.) and oral exposure to very high doses of YTX [41].
For these reasons, YTXs are not included in the list of DSP toxins anymore.
YTX is highly toxic towards mice when administered after i.p. injection,
while its oral toxicity is at least 10-fold lower [42].
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Although no human intoxication caused by consumption of shellfish
contaminated by YTXs has been reported, the widespread occurrence of
these compounds in shellfish, sometimes at high levels, arouses an increasing
interest in studying YTX toxicity. Nonetheless, no one has so far succeeded
in proposing a unitary model for its mechanism of action. The chemical
structure of YTX resembles that of brevetoxins, which are known to
interfere with the voltage-sensitive sodium channel [43]; this finding sug-
gested a possible interaction between YTX and cellular ion channels.
Recently, however, it has been observed that YTX does not interact with
sodium channels nor induces any competitive displacement of brevetoxins
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from site five of sodium channels [44]. It has been proposed that YTX may
interact with calcium channels inducing an uptake of calcium in human
lymphocytes [45,46]. Finally, studies on immune cells point to phospho-
diesterases as an intracellular target for YTX [47].
2.4. Domoic acids

Domoic acid (DA) is a water soluble excitatory tricarboxylic aminoacid
(Figure 6), structurally resembling the excitatory neuro-transmitter gluta-
mic acid. It has been recognized as the causative toxin of Amnesic Shellfish
Poisoning (ASP) syndrome [48].

DA is produced by Pseudo-nitzschia pungens f. multiseries, a diatom widely
distributed in coastal waters all around the world [49]. Several further
species of Pseudo-nitzschia (P. australis, P. pseudo-delicatissima, P. galaxiae)
have been found to produce DA, although some species are not always
toxic and there is a considerable variability in toxicity [50–52].

Up to date, several congeners of DA have been identified, among
which three geometrical isomers, isodomoic acids D, E, and F and the
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Figure 6 Chemical structure of domoic acid and its stereoisomers.
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C50-diastereomer have been found in small amounts in both the producing
diatom and shellfish tissue [53] (Figure 6).

Due to their structural analogies, DA and glutamic acid share the same
mechanism of action, even though DA shows a far stronger receptor
affinity. More in details, DA binds predominantly to N-methyl-d-aspartate
(NMDA) receptors in the central nervous system, thus causing depolariza-
tion of neurons. As a consequence, the permeability to calcium ions
increases, thus inducing cell dysfunction and even death. This provokes
lesions in those areas of the brain where glutaminergic pathways are heavily
concentrated, particularly in the CA1 and CA3 regions of the hippocampus
responsible for learning and memory processes [54].

The clinical symptoms of ASP include abdominal cramps, vomiting,
diarrhea, incapacitating headaches, disorientation, and short-term memory
loss. In the worst-case scenario patients are victims of seizures, coma,
profuse respiratory secretions, unstable blood pressure, and also death [55].
2.5. Pectenotoxins

Pectenotoxins (PTXs) are lipophilic macrocyclic polyethers, whose chemi-
cal structures resemble OA in having cyclic ethers and a carboxyl group in
the molecule. Unlike OA, the carboxyl moiety in many PTXs is in a form
of macrocyclic lactone (Figure 7).
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A number of PTXs have been isolated or identified in a range of source
organisms [56]. The PTXs in shellfish originate from dietary microalgae.
This far, only the genusDinophysis (e.g.,D. acuta,D. fortii,D. acuminata, and
D. caudata) has been implicated in contamination of shellfish with PTXs
[56]. However, only PTX-2 and the seco acids of PTX-2 (PTX-2SA and
epi-PTX-2SA) have been isolated from phytoplankton, while the other
compounds have been detected only in shellfish samples. Therefore, it has
been supposed that many of these PTXs are products of shellfish metabo-
lism, produced after ingestion of PTX-contaminating algae [56,57].

Similarly to YTXs, also PTXs have been grouped at the beginning
together with DSP toxins because of their coextractability with OAs.
However, animal studies have indicated that PTXs are much less toxic
than the latter ones through oral route and that they do not induce diarrhea
[58]. Additionally, many DSPs have been found to be potent phosphatase
inhibitors [59], but PTX-1 and PTX-6 were found to be inactive against
PP-1 and PP2A [60]. Therefore, they are currently considered as a separate
group.

Since PTXs often cooccur with other phycotoxins in shellfish, no toxic
episodes in humans could be unequivocally related to them and therefore
there is no information about their toxicity to humans.

It has been shown that PTXs are potently cytotoxic [61] and cause
necrosis to hepatocytes [62]. Nothing is known of the chronic toxicology
of PTXs or the potential implications to public health in the long term.
2.6. Spirolides

Spirolides constitute a group of toxins featuring a spiro-linked tricyclic ether
ring system and an unusual 7-membered spiro-linked cyclic imine moiety
(Figure 8).

The causative microorganism producing spirolide toxins has been
unequivocally identified as the dinoflagellate Alexandrium ostenfeldii [63,64].
Chemical studies performed on strains of A. ostenfeldii from several geo-
graphical areas have individuated a considerable number of spirolide toxins
differing in slight structural details [65–70].

Spirolides induce a fast lethal toxic effect when i.p. administered to both
mice and rats, and are less toxic by oral administration. Spirolide toxicity on
humans still remains unknown, although gastric distress and tachycardia
were diagnosed in shellfish consumers in coincidence with the occurrence
of spirolides in Canadian mollusks. The unique cyclic imine moiety seems
to be the pharmacophore responsible for the fast-acting syndrome induced
in mice when spirolides are i.p. administered (LD50 = 40 mg/kg) [71].
In fact, two hydrolysis derivatives of the cyclic imine functionality, namely
spirolide E and spirolide F, reported by Hu et al. in 1996 are inactive in the
mouse bioassay [66] (Figure 8).
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2.7. Palytoxins

Palytoxin (Figure 9) is a complex polyhydroxylated water-soluble com-
pound and one of the most potent nonprotein marine toxins known so far.

It was first isolated in 1971 by the soft coral Palythoa toxica [72] but its
gross structure was elucidated only 10 years later by two groups indepen-
dently, namely Moore’s [73] and Hirata’s group [74]. In 1982, Kishi and
coworkers disclosed the complete stereochemistry of the natural isomer of
palytoxin isolated from Palythoa tubercolosa [75], which was confirmed a few
years later by the total synthesis of palytoxin [76].

Although palytoxin has been isolated worldwide from zoanthids belong-
ing to the genus Palythoa, its origin has long been controversial. Recently,
dinoflagellates belonging to the genus Ostreopsis have been suggested as
probable biogenetic origin of palytoxin [77,78]. Support to this hypothesis
is provided by identification of putative palytoxin as the causative toxin of
cases of clupeotoxism occurred during Ostreopsis siamensis blooms [79] and,
most importantly, by identification of a number of palytoxin-like com-
pounds from various Ostreopsis spp., namely:

a. ostreocin-D (fromO. siamensis), whose complete structure (Figure 8)
was assigned as 42-hydroxy-3,26-didemethyl-19,44-dideoxypaly-
toxin, basing on NMR data [77,80], and verified by negative-ion
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fast-atom bombardment collision-induced dissociation tandem mass
spectrometry [81].

b. mascarenotoxins [82] (from O. mascarenensis) purified and identified
as palytoxin-like compounds based on comparison of their mass
spectrum profiles and fragmentation patterns with those of a refer-
ence standard of palytoxin.

c. ovatoxin-a (fromO. ovata) [17], whose LC/MS/MS structure deter-
mination is largely described in Section 3.5.

Other analogues of palytoxin, namely homo-, bishomo-, neo-, and deoxy-
palytoxin (Figure 9) were isolated from the soft coral Palythoa tuberculosa [83]
but they have not yet proved to be produced by Ostreopsis spp.

Palytoxin exhibits high toxicity in mammals with intravenous LD50

ranging between 25 and 450 ng/kg [84]. Although no data is available on
toxicity of palytoxin by oral administration, studies on rats demonstrated
that toxicity by intra-gastric administration is significantly lower with an
LD50 > 40 mg/kg [84,85].
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Despite palytoxin high lethality to terrestrial animals, some marine
animals appear not to be affected by the toxin, namely crabs [86], filefish
[87], triggerfish [88], and mackerel [89]. Such animals accumulate palytoxin
and enable it to enter the human food chain. Some fatal human poisonings
attributed to palytoxin have been reported worldwide [90,91]. Symptoms
of intoxication include vasoconstriction, hemorrhage, ataxia, muscle weak-
ness, ventricular fibrillation, pulmonary hypertension, ischemia, and death.
Palytoxin binds to the Na+, K+-ATPase and converts this pump into an
open channel [92–95].

In the late 1980s, palytoxin was also identified as a skin tumor promoter
[96,97]. In contrast to TPA (12-O-tetradecanoylphorbol-13-acetate), paly-
toxin induces neither ornithine decarboxylase in mouse skin nor HL-60 cell
adhesion. Furthermore, palytoxin neither binds to protein kinase C in vitro
nor increases ornithine decarboxilase activity in the mouse skin. On the
basis of such evidence, palytoxin is classified as a non-TPA-type tumor
promoter [98].

Detection and quantitation of palytoxin in biological samples can be
accomplished by both analytical means and biological assays. However, it is
often necessary to use a combination of methods to confirm the presence
of the toxin. The simplest way to detect palytoxin is the mouse bioassay
(LD50 ¼ 450 ng/kg) [99]. Alternative assays take advantage of palytoxin
functional properties and include in vitro cytotoxicity [100], delayed hemo-
lysis [101], and antibody-based hemolysis neutralization tests [102]. All these
assays are extremely sensitive but, in most regulatory situations, positive
results require further confirmation by instrumental methods.

Recently, a precolumn derivatization method has been proposed for
the separation and quantification of palytoxin; it takes advantage of the
presence of one amino terminal group in the palytoxin molecule and uses
the 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate as derivatization
reagent [103].

A newmethod for detection of palytoxin based on liquid chromatography
with electrospray ionization and tandem mass spectrometric detection
(LC-ESI-MS) has been recently developed by our group [16] and extensively
described in Section 3.5.
3. Recent Insights into the Latest

Mediterranean Toxic Outbreaks

3.1. Historical background

Across the Mediterranean basin, toxic outbreaks due to harmful algal
blooms have been spreading with an ever increasing incidence over the
past decades. Such toxic events have been particularly monitored and
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studied across the Northern Adriatic Sea, where mollusk consumers have
experienced recurring sanitary problems, and shellfish farmers suffered
heavy economic losses. Towards the late 1980s—when for the first time
in Italy some cases of gastroenteritis were related to the presence of produ-
cers of DSP toxins both in seawater and shellfish [104]—our group under-
took a research line aimed at investigating the occurrence of marine
biotoxins in Italian seas. Ever since, we have contributed to provide
insightful details on the complex and peculiar Mediterranean toxin profile.

As mentioned above, when in the late 1980s DSP-producers, (e.g.,
D. fortii, D. sacculus, and D. tripos [105]), bloomed in the Adriatic Sea, we
succeeded in isolating and unambiguously identifying OA from a bulky
batch of contaminated shellfish [104]. This afforded the very first experi-
mental evidence of the occurrence of DSP-toxins in the Mediterranean Sea.
Since then, OAs have been the main Adriatic marine biotoxins through the
mid 1990s [106–108].

Around 1995, in fact, discrepant results deriving from mouse bioassays
and analytical HPLC-based methodologies suggested the presence in Adria-
tic mussels of toxins other than OAs. This assumption was also prompted by
a concomitant proliferation of a new dinoflagellate, P. reticulatum, in the
Northern Adriatic Sea. Through analyzing a huge amount of toxic mussels
(about 300 kg), for the first time in Italy we could isolate YTX (Figure 5) in
addition to only trace quantity of OA [109].

Successively, beside relatively large amount of 45-hydroxyYTX [110],
two new analogues, homoYTX and 45-hydroxyhomoYTX [111], were
also isolated from Italian mussels.

Over the following years, our continuous studies on toxic shellfish led us
to isolate and fully characterize a number of new YTX analogues, namely
adriatoxin (ATX), [112] carboxyYTX [113], carboxyhomoyessotoxin
(carboxyhomoYTX) [114], and 42,43,44,45,46,47,55-heptanor-41-
oxohomoYTX (noroxohomoYTX) [115] (Figure 5).

From 1995 on, YTXs have played a dominant role in Adriatic mussel
poisoning, while OAs have slowly subsided until virtually disappearing
around the turn of the new millennium.
3.2. The diverse relative harmfulness of YTXs and OAs:
A problem for DSP mouse test

The presence of YTXs and OAs in shellfish has pushed scientists to set up
analytical methods capable of unambiguously discerning and exactly quan-
tifying the toxin responsible for seafood contamination. In fact, YTX and
OAs pose completely different hazards to human health, on the basis of their
substantially diverse toxicology. In fact, even though almost as potent as
OAs when tested through the mouse bioassay, YTXs appear significantly
less toxic than OAs when orally administered [116].
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Consequently, on account of their diverse relative harmfulness, the EU
has recently established an allowance level for YTX in shellfish which is
almost 10-fold as high as that set for DSP-toxins (16 mg of OA and 100 mg of
YTX in 100 g of mollusk, respectively) [117]. Such a provision required a
revision of the official protocol for checking the presence of marine biotox-
ins in mollusks. In fact, it was necessary setting up a new official procedure
for analyzing seafood capable of separating YTXs and OAs in distinct layers
[117] (Figure 10). In fact, the old official scheme did not allow any separa-
tion between YTXs and OAs; therefore, the mouse bioassay alone could
not lead to any confident assessment of toxin(s) involved [118]. This was
successfully resolved by a new official extraction procedure capable of
separating YTXs and DSP-toxins in distinct phases (Figure 10).

Lately, national institutions entitled to monitor toxicity in Adriatic
shellfish have noticed that, as the hydrophilic phase (aqueous methanol)
was becoming less and less toxic, the CH2Cl2 one was proving toxic again.
This reasonably prompted a further change in the Adriatic toxin profile with
a likely decrease of YTXs accompanied by a comeback of OAs, which, as
mentioned above, had faded away around 2000.

In order to verify this assumption, we analyzed a batch of Adriatic toxic
mussels collected in October 2004, whose only CH2Cl2 fraction obtained
from 100 g of mussels had resulted positive to the mouse bioassay. This
fraction was subsequently analyzed through LC/MS [119] and, against any
expectation, no peak related to DSP-toxins was recorded, nor was any of
Mytilus galloprovincialis hepatopancreas 

• Acetone extraction 

• Acetone removal 

• Methanol addition to afford a 60% 
aqueous methanol solution 

Aqueous methanol solution       Dichloromethane 

Yessotoxins    DSP-toxins
Pectenotoxins
Azaspiracids 

Figure 10 Extraction protocol for toxic shellfish currently in force in the European
Community [117]. Such experimental procedure allows now to separate yessotoxins
and DSP-toxins in different layers on the basis of their relative lipophilicity.
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the other main lipophilic toxins usually coextracted in the CH2Cl2 phase,
namely PTXs and azaspiracids.

The presence of a new toxin was assumed.
A massive extraction of Adriatic toxic mussel (about 150 kg) was carried

out for isolating any contaminating toxin in sufficient amount for its NMR
characterization. This was a laborious and time consuming procedure that
eventually afforded two toxic fractions containing 200 and 300 mg of pure
compounds, respectively.

It must be emphasized that the small quantity of pure biotoxins isolated did
not correspond to its real occurrence in natural samples. In fact, a large part of
each compound was unavoidably lost during the several steps of extraction
and purification aswell as consumed through themouse bioassay indispensable
for following up toxicity throughout the purification.

Despite the small quantity of the isolated toxins, their structural elucida-
tion was successfully carried out by MS and 1D and 2D NMR-based
techniques.

At first glance, 1H NMR spectra of both compounds highlighted a
YTX-like structure and more precisely a close similarity to carboxyho-
moYTX previously isolated in our laboratory [114]. Interpreting COSY,
TOCSY, and ROESY spectra alongside MS/MS experiments, we accom-
plished to classify the two toxins as 1-desulfocarboxyhomoyessotoxin and
4-desulfocarboxyhomoyessotoxin, respectively (Figure 11) [120].
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In spite of their small structural innovation in comparison to other YTXs
and in particular to carboxyhomoYTX, the occurrence of desulfocarboxy-
homoyessotoxins in the Adriatic mussels raises some issues that would be
worth studying over the next future. First, it must be noted that these new
two desulfoyessotoxins are unexpectedly recovered in the lipophilic layer,
so that the purpose of the European new protocol fails. Hence an overhaul
of the EU control procedure is urgently needed.

In addition, the toxicity of desulfocarboxyhomoyessotoxins should be
carefully investigated, as the lack of a sulfate group surely decreases the
hydrophilicity of desulfoyessotoxins in comparison to YTXs. As a conse-
quence, desulfoyessotoxins could permeate living biomembranes more than
YTX itself, thus resulting more toxic to humans by oral ingestion.

Finally, it would be also interesting to assess if the lack of a sulfate ester in
carboxyhomodesulfoYTXs is an outcome of the mollusk metabolism.
3.3. A threat impending over the Mediterranean Sea: DA

From 2000 on, approximately in coincidence with the surge of desulfoyes-
sotoxins, the diatom Pseudo-nitzschia spp. has started spreading in the Adria-
tic Sea. Such a diatom is the producing organism of DA, the causative toxin
of ASP syndrome. Even though the concentration of this toxin in Adriatic
shellfish has been so far estimated always below its regulatory level, it
requires an attentive monitoring because of its serious harmfulness.

Once established the presence of DA in Adriatic shellfish, we had to
tackle the problem of monitoring such a molecule in a rapid, reliable, and
sensitive way. In fact, reported bioassay and instrumental methods [121] for
detection of DA in shellfish and phytoplankton were all flawed by a number
of setbacks, as illustrated below.

The Association of Official Analytical Chemists (AOAC) mouse bioas-
say for PSP toxins can be employed for detecting DAs pretty unique
toxicity, which enables analysts to distinguish this biotoxin among the
other most occurring hydrophilic toxic agents [122]. This method, basically
consisting in boiling shellfish tissue with an equal volume of 0.1 N HCl,
provides a common extract for screening both DA and PSP toxins. How-
ever, unlike PSP-toxins, i.p. injection in mice of an extract containing DA
induces a typical symptomatology characterized by scratching of shoulders
by hind legs, sedation-akinesia, rigidity, loss of posteral control, convul-
sions, and death [123]. Unfortunately, such symptoms are observed only
when DA is present at a concentration >40 mg/g of edible tissue, which is
twice as high as the regulatory limit for DA set at 20 mg/g of shellfish tissue.
Therefore, the relative insensitivity of this assay precludes its use for any
regulatory purpose.

Instrumental methods provided a far more sensitive detection of DA.
In particular, liquid chromatography with UV detection (LC-UV) was
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the preferred analytical technique for determination of DA in shellfish [124,
125]. For this analysis, mollusk tissue could be extracted either by the
AOAC procedure [124], or by an aqueous methanol (1:1, v/v) solution
[125], which used to afford a better yield and a more stable extract. The
detection limit for DA provided by this method ranged between 0.1 and
1 mg DA/g tissue, depending on the sensitivity of the UV detector. However,
also this method was affected by some inconveniences, such as interferences
with crude extracts leading to false positives. Particularly, tryptophan and its
derivatives, commonly contained in mollusks, could elute close to DA, thus
making interpretation of the results not straightforward at all.

Sensitive techniques based on derivatization with 9-fluorenylmethyl-
chloroformate (FMOC) followed by LC analysis with fluorescence detec-
tion were also developed for monitoring DA in marine matrices [126].
However, these methods were more difficult for the analysis of shellfish
tissue because of matrix interferences with the derivatization reactions.

Even capillary electrophoresis (CE) with UV detection used to be
applied for determining DA in shellfish, but in this procedure two clean-
up steps were required in order to achieve reliable results [127,128].

More recently, the LC-MS technique has been employed for rapid and
highly selective analysis of DA in crude extracts. Quilliam et al. clearly
demonstrated the potential of the electrospray (ESI)-MS technique for the
confirmation of DA and other seafood toxins in shellfish extracts [129].
However, as contaminated shellfish samples may contain several toxin
analogues belonging to the same class, or even different classes of toxins, it
would have been useful to develop multitoxin determination methods.
Thus, a method allowing a combined analysis of DA and PSP toxins,
normally coextracted with them, was highly desirable. This prompted our
research efforts in this field, which resulted in setting up an analytic method
based on hydrophilic interaction liquid chromatography–mass spectrometry
(HILIC–MS) technique [130–132]. The high percentage of organic modi-
fier in the mobile phase and the omission of ion pairing reagents, both
favored in HILIC, resulted in enhanced MS detection limits. Due to their
highest sensitivity and selectivity, multiple reaction monitoring (MRM)
experiments were used for screening and quantitative analyses.

Our method proved suitable to combined analysis of DA and PSP toxins
in a single 35 min chromatographic run with a gradient elution, whereas an
isocratic elution allowed the detection of DA in 10 min [132]. The mini-
mum detection levels for the toxin in tissue were found to be 63 and 190
ng/g in positive and negative MRM experiments, respectively, which are
well below the regulatory limit of DA in tissue (20 mg/g). Consequently, as
this method is able to reveal DA at concentrations lying far below its
allowance level, it might be proposed as official test for regulatory purposes.

We applied this method to a number of samples ofMytilus galloprovincialis
from the Adriatic Sea collected from 2000 to 2004. Our results
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demonstrated for the first time the presence of DA as a new toxin that has
entered the Adriatic M. galloprovincialis toxin profile [132]. Such results
clearly demonstrate that there are DA producing species in the Adriatic
Sea. Although concentrations of DA in the analyzed samples were far below
the current regulatory level, careful monitoring of this toxin in Italian
shellfish is strongly recommended.
3.4. Occurrence of Spirolides in phytoplankton and mussels
from the Adriatic Sea

The spreading of DA producing species in the Adriatic Sea further com-
pounds sanitary problems associated to shellfish contamination in that
area already plagued by the presence of YTXs and DSP-toxins. To make
the picture even more alarming, a new threat to human health is now
impending over the Adriatic Sea: the toxic dinoflagellate A. ostenfeldii.

Ever since November 2003, high concentrations of A. ostenfeldii cells
have been detected along the Northern Adriatic coasts (Italy), and in
concomitance with these toxic outbreaks we started analyzing the toxin
profile of Adriatic A. ostenfeldii cultures [133] as well as that of mussels
grown in areas massively infested by this dinoflagellate.

In literature, Alexandrium strains are reported to produce different classes
of marine biotoxins depending on its geographical provenience. In Canadian
strains, high levels of spirolides have been described [64]; whilst strains
from New Zealand have been proven to produce PSP-toxins [134]. Even
more complex is the toxin profile of certain A. ostenfeldii populations
detected in Scandinavia, where both spirolides and PSP-toxins have been
found [135]. On the basis of these reports, we searched the occurrence of
both spirolides and PSP-toxins in samples of toxic mussels and in cultures
of A. ostenfeldii from the Adriatic Sea. Our study characterized the Adriatic
A. ostenfeldii as an organism producing several spirolides but none of the
major PSP-toxins [133].

Chemical studies performed on strains of A. ostenfeldii from several
geographical areas have individuated a considerable number of spirolide
toxins differing in slight structural details [65,67–70]. Among the isolated
compounds, 13-desmethyl spirolide C represents the major component of
the spirolide content of all the A. ostenfeldii strains analyzed this far [68].

Some preliminary studies performed on Adriatic A. ostenfeldii cultures in
our laboratories proved that 13-desmethyl spirolide C was the main toxin
produced by the dinoflagellate in accordance with what already reported in
literature [133]. Alongside this major already known spirolide, our analysis
highlighted the occurrence of a complex mixture of other, potentially new,
spirolides. Unfortunately, the small amount of available material kept us
from fully assigning the structures of these new spirolides. Therefore, large
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scale culturing of A. ostenfeldii was carried out in order to isolate the new
derivatives in amount sufficiently large for NMR investigation.

Starting from such greater quantity of A. ostenfeldii culture we were able
to detect a much higher number of spirolides than that reported in our
previous study. Some of the detected derivatives corresponded to those
described by other authors on the basis of [M + H]+ ions and fragmentation
patterns [68–70], while some others appeared to have been never reported
before. Among them, three major spirolides were identified: the recently
described 13,19-didesmethyl spirolide C [70] and 13-desmethyl spirolide C
[67] (Figure 8), as well as a compound at m/z 694.5 which appeared a
potentially new spirolide. Consequently, its structural determination was
achieved by employing both MS- and NMR-based experiments, which led
us to define it as 27-OH-13,19-didesmethyl spirolide C [136] (Figure 12).

A number ofminor spirolides were also detected by LC-MS experiments,
but they were all present in too small quantity for NMR investigation. As a
consequence, for these new spirolides only structural hypothesis have been
provided on the basis of MS/MS analyses [136]. HRMS experiments are
needed to achieve better structural hypotheses, even though conclusive
structural assignments might be yielded only through NMR investigation.

Besides the analysis of Adriatic A. ostenfeldii cultures, we have also inves-
tigated the toxin content of shellfish samples collected along the Adriatic
coastline in coincidence with the occurrence of high concentrations of
A. ostenfeldii in seawater. Studies carried out on these toxic samples provided
almost the same conclusions we afforded by investigating the Adriatic
A. ostenfeldii cultures. In particular, LC-MS analyses clearly highlighted the
occurrence of 13,19-didesmethyl spirolide C and 13-desmethyl spirolide
C as major component of the spirolide content (data not published).
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Figure 12 Chemical structure of 13,19-didesmethyl-27-hydroxy spirolide C from
Adriatic A. ostenfeldii.
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3.5. Ostreopsis spp. blooms and palytoxins outbreaks in the
Mediterranean Sea

Dinoflagellates belonging to Ostreopsis genus have been blooming along the
Mediterranean coastlines since the late 1990s (Figure 13). The first docu-
mented cases occurred in summers 1998, 2000, and 2001 along North-
western Tuscanian coasts [137], when massive blooms of O. ovata resulted
in extensive benthonic biocenosis sufferings. Concurrently, most of the
emerging rocks and pebbly sea-bottom as well as seaweeds were covered
by a reddish-brown jelly film teeming withO. ovata [138]. Human sufferings
were occasionally recorded during these events and in following summers
when an Ostreopsis population bloomed along the Apulian coasts [139].

In summer 2005, the phenomenon broke out with alarming proportion
along the Ligurian coasts and caught the attention of both national and
international media. Hundreds of people required medical attention after
exposure to marine aerosol during recreational or working activities on the
beach and promenade of Genoa (Italy). The symptoms shown by all the
patients included high fever associated to serious respiratory distress such as
watery rhinorrhea, dry or mildly productive cough, bronchoconstriction
with mild dyspnea. and wheezes. Conjunctivitis was also observed in some
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Figure 13 Map of Italy. The coastal regions where Ostreopsis ovata blooms and/or
outbreaks occurred in the years 1998–2007 are labeled.



Recent Developments in Mediterranean Harmful Algal Events 27
cases and 20 people required extended hospitalization. During the event,
weather conditions were quite stable, the sea water appeared clear and
barely circulating, and its temperature was around 25 �C. Some people
described a metallic taste of the water. At the same time, an environmental
suffering involving mostly epibenthos, both sessile (cirripeds, bivalves,
gastropods) and mobile (echinoderms, cephalopods, little fishes), was
observed. A careful look at the marine plankton brought to the light that an
unusual proliferation of the tropical microalga O. ovata (1.8 � 106 cells/L)
was occurring along the investigated coastal areas during the toxic outbreak.
Most symptoms in humans disappeared as the population ofO. ovata started
fading away.

Our group analyzed a plankton sample collected off Genoa coasts during
the toxic outbreak. The aqueous-methanol extract of the sample was proved
to induce mice death within 30 min after i.p. injection. Initially, the presence
in the extract of the following phycotoxins was investigated by liquid chro-
matography-mass spectrometry (LC-MS) [119,131,132]: (a) OA, spirolides,
YTXs, saxitoxins, and DA, that are commonly found in the Mediterranean
Sea [140]; (b) brevetoxins that, although never reported in the Mediterranean
Sea, are usually associated with poisonings due to marine aerosols [141]. None
of the above toxins was detected in the plankton sample [16].

Since some Ostreopsis species are regarded as producers of palytoxin-like
compounds (Figure 9), the need arose to set up a new method for detection
of palytoxin to investigate whether theO. ovata blooming during the Genoa
endemic disease was producing the toxin.

Liquid chromatography with electrospray ionization-tandem mass spec-
trometric detection (LC-ESI-MS/MS) has great potential for rapid, sensi-
tive, and unambiguous identification of palytoxin in contaminated material.
In fact, the capability of ESI to produce multiply charged molecules under
mild conditions has accessed detection of a high MW compound such as
palytoxin (C129H223N3O54) by extending the mass range for m/z-limited
mass spectrometers.

Figure 14 shows a full-MS spectrum in positive ion mode obtained by
direct infusion of the toxin standard in a mixture of acetonitrile–water (1:1,
v/v) both eluents containing 30 mM acetic acid. Basing on full-MS spectra,
the following ions were selected for selected ion monitoring (SIM) experi-
ments: m/z 1340.7 [M + 2H]2+, 1331.7 [M + 2H-H2O]2+, and 906.1 [M +
2H + K]3+. Whatever was the precursor ion used, either bi-charged or tri-
charged, the fragmentation pattern of palytoxin produced in the product
ion spectra contained an intense ion at m/z 327, which arises from the
cleavage between the carbons 8 and 9 of the toxin molecule and the
additional loss of a molecule of water [83]. Thus, the following transitions
Q1!Q3 at m/z values of 1340.7! 327.1, 1331.7! 327.1, and 906.1!
327.1 were selected for MRM experiments, which permit better selectivity
and better signal-to-noise ratios than SIM.
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Figure 14 Full scan MS spectrum of palytoxin standard acquired on an ESI triple
quadrupole MS instrument in positive ion mode.
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The best LC conditions which allowed determination of palytoxin in a
15 min analysis are the following:
Column:
 5 mm Gemini C-18, 150 � 2.00 mm, (Phenomenex,
Torrance, CA, USA)
Mobile phase:
 A = water with 30 mM acetic acid

B = acetonitrile/water (95:5, v/v) with 30 mM acetic
acid
Elution:
 Gradient = 20–100% B over 10 min and hold 4 min

Flow:
 200 ml/min

Temperature:
 room temperature (21 �C)
Under the used conditions, limits of detection (LOD, S/N = 3) and
quantitation (LOQ, S/N = 10) in MRMmode were calculated to be 25 and
84 ng/ml for matrix-free palytoxin, respectively; while they resulted to be
38 and 127 ng/ml for matrix-matched palytoxin, respectively.

Based on the newly developed method for detection of palytoxin, we
analyzed the plankton extract and detected a peak in MRM chromatogram
which matched perfectly in retention time, fragmentation, and ion ratios
those of a reference sample injected under the same experimental condi-
tions. This indicated that putative palytoxin was contained in the plankton
extract at levels of 3.30 mg which matched with the mouse bioassay results.
Due to the complex stereo-structure of palytoxin we referred to the
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detected compound as putative palytoxin rather than palytoxin, as the
possibility that the compound is a palytoxin isomer cannot be excluded
on the basis of the obtained LC-MS results [16].

Following this event, in 2006 the presence of O. ovata was monitored
along the Ligurian coasts (Figure 13) in order to prevent further human
sufferings. Indeed, a remarkable proliferation ofO. ovatawas detected in the
Mediterranean Sea from July through August 2006. Bathing was forbidden
in several Italian coastal areas and, thus, the number of people suffering from
the toxic outbreak was significantly limited in comparison to the 2005
event.

Four plankton samples were collected in summer 2006 along the Ligur-
ian coasts in the area of Genoa and La Spezia and they were analyzed by the
newly developed method for detection of palytoxin [16]. The obtained
results paralleled those obtained on the 2005 plankton samples with levels of
putative palytoxin in the range 0.09–0.40 pg/cell. The presence of putative
palytoxin was shown in all the samples by peaks which closely matched
those of a reference sample of palytoxin in retention time, fragmentation,
and ion ratios.

In order to look for additional palytoxin analogues in the samples, a
more detailed and comprehensive MS investigation was carried out by using
different MS instrumentation. Initially, full scan mass spectra were recorded
on both an ESI triple quadrupole MS (Figure 15A) and an ESI-ion trap-MS
(Figure 15B). A different degree of front end fragmentation, likely due to
different geometry of ionization sources and ionization parameters used,
was observed on the two instruments. However, an accurate comparison
between the obtained MS spectra and palytoxin standard’s indicated the
presence in the sample of a palytoxin-like molecule that did not correspond
either to palytoxin itself or to any known palytoxin analogue. We named it
ovatoxin-a [17].

The exact mass of ovatoxin-a and its fragments were established by high
resolution spectra obtained in LC-MS and LC-product ionMSmodes using
a linear ion trap hybrid FTMS instrument. The mono-charged ion cluster
in the HRMS spectrum of ovatoxin-a presented a mono-isotopic ion peak
[M + H]+ at m/z 2647.4868 (Figure 16A) which allowed to infer the
molecular formula C129H223N3O52 (△ = �3.918 ppm) to the molecule.
Further confirmation for such elemental composition was provided by the
exact masses of bi-charged (mono-isotopic ion peak at m/z 1335.2429 for
C129H224N3NaO52,△ =�0.174 ppm) and tri-charged (mono-isotopic ion
peak at m/z 890.4937 for C129H225N3NaO52, △ = �4.657 ppm) ions.
Ovatoxin-a presented two oxygen atoms less than palytoxin
(C129H223N3O54). The LC-HR product ion spectrum obtained by select-
ing the mono-charged ion of ovatoxin-a as precursor ion (Figure 16B)
contained abundant peaks due to subsequent losses of two, three, and four
water molecules from the [M + H]+ ion and a structurally interesting
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fragment ion at m/z 2286.2864 (mono-isotopic ion at m/z 2285.2825) due
to loss of 362.2043 amu from the precursor ion, corresponding to a
C16H30N2O7 (△ ¼ �2.765 ppm) neutral fragment.

In the same experimental conditions, the LC-HR product ion spectrum
of palytoxin standard paralleled that of ovatoxin-a in the presence of ions
due to multiple water losses and of an ion (m/z 2318.2749) due to neutral
loss of 362.2036 amu (C16H30N2O7). The neutral fragment C16H30N2O7

originates from cleavage between carbons 8 and 9 and corresponds to A
moiety of palytoxin with an additional molecule of water. Thus, structural
differences between ovatoxin-a and palytoxin likely lie in the rest of the
molecule (part structure B in Figure 17).
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On the basis of molecular formula (ovatoxin-a presents two oxygen atoms
less than palytoxin), fragmentation pattern, and chromatographic behavior,
the structure of ovatoxin-a appeared to be strictly related to palytoxin’s.
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However, on the account of data reported on bio-activity of palytoxin
analogues, even slight structural differences could significantly affect and
differentiate the toxicology of the two compounds. By way of example,
ostreocin D, whose structure is very similar to palytoxin’s, presents a very
different citotoxic (2.5 pM for ostreocin D vs. 0.2 pM for palytoxin) and
hemolytic activity (39.5 nM for ostreocin D vs. 1.5 nM for palytoxin) from
those of palytoxin [80, 142]. Thus, isolation of ovatoxin-a is most necessary
both to elucidate its chemical structure and evaluate its toxicology.

Quantitative analyses were carried out by assuming for palytoxin and
ovatoxin-a a similar molar response as a consequence of the evident struc-
tural similarities between the two compounds. The calculated amount of
ovatoxin-a in the analyzed sample were in the range 1.26–3.11 pg/cell,
suggesting that ovatoxin-a was by far the predominant palytoxin-like com-
pound in the 2006 plankton. Application of the developed method for
detection of palytoxin and ovatoxin-a to the analysis of cultures of O.
ovata indicated it as the producing organism of both compounds detected
in natural plankton. Quantitative analyses afforded a putative palytoxin and
an ovatoxin-a contents of 0.55 pg/cell and 3.85 pg/cell, respectively.
Interestingly, the two compounds appeared to be produced approximately
in the same ratio observed in natural plankton [17].

In summer 2007, O. ovata bloomed again in Italy along the whole
Tirrenian coasts, from Liguria to Sicily, and in some sites of the Adriatic
coasts, in Apulia and Friuli Venezia Giulia (Figure 13). About 80 people
reported serious respiratory distress after exposure to toxic marine aerosols
along the coasts of Bari (Apulia).

Due to recurring cases ofO. ovata blooms and palytoxins outbreaks along
the Italian coastlines, the Italian Ministry of health has warned local institu-
tion about the phenomenon and associated risks for human health [143].

Very recently, an episode of shellfish contamination due to palytoxin-like
compounds fromOstreopsis species has been reported along the coastal waters
of theNorth Egean Sea (Greece). Studies were carried out by testing toxicity
of the samples by mouse bioassay and delayed hemolytic activity [144].
4. Conclusions

Our study carried out over the past 20 years has afforded significant
insights into the problem of marine biotoxins infesting the Italian coastline.

Unlike other marine environments across the world, probably due to its
geographical and morphological features, the Adriatic Sea shows a pretty
unique, complex, and, above all, continuously changing toxin profile. In
fact, if from the late 1980s through the mid 1990s OAs have been the main
Adriatic toxins, from 1995 onwards, YTXs have dominated the toxic content
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of this sea. Successively, around the beginning of the third millennium,
desulfoyessotoxins have proven the most abundant toxic compounds
detected in Adriatic mollusks; while lately spirolides have been posing health
risks to seafood consumers. To make the picture even more complex, also
DA has recently entered the Adriatic toxin profile. Even though detected so
far at concentrations lying below its regulatory limit, this latter toxin must be
attentively monitored as it could any time be rising at alarming levels.

In such a dangerous context, a frequent and in-depth chemical analysis
of toxic plankton and contaminated seafood is strongly needed. In fact,
routine monitoring based on mouse bioassays alone suffers from at least two
main drawbacks.

1. Only already known biotoxins can be individuated, and no informa-
tion is given on any other new toxic compound possibly occurring in
toxic plankton or mollusks.

2. Critical misunderstandings in assessing toxin content of a sample can
arise, as demonstrated in the case of OAs and desulfoyessotoxins
whose identity cannot be established on the basis of the official
mouse bioassay alone.

Besides all of the above hazards, very recently another most dangerous threat
has been impending over the Mediterranean Sea: the spreading of the tropical
alga O. ovata. Our investigation on Mediterranean O. ovata has brought to
light the presence of a new palytoxin-like compound, named ovatoxin-a,
alongside minor amounts of a putative palytoxin. In this field, the next step of
our lab will be the isolation and full characterization of ovatoxin-a. This is a
prerequisite to evaluate its toxicity and assess whether it represents a serious
threat to human beings. The potential of ovatoxin-a of entering the human
food chain should be also investigated. In particular, scientific efforts should
zero in on singling out edible marine organisms capable of accumulating
ovatoxin-a, as well as assessing the extent of the accumulation process.

Another crucial issue entwined with O. ovata deals with the release of
palytoxins into the marine aerosol, inducing fastidious symptoms—that is,
respiratory distress and conjunctivitis-in humans. To this regard it is funda-
mental studying the environmental factors, such as weather conditions and
geographical morphology, favoring the onset of the toxic aerosols, as they
cause grave damages to the tourism industry, such an essential component of
the Italian economy.
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1. Introduction

The association between exposure to asbestos fibers and the develop-
ment of lung cancer and mesothelioma has been well-established in both
man and experimental animals [1–3]. Furthermore, cigarette smoking can
enhance the lung cancer incidence among asbestos workers in a synergistic
fashion [4,5]. The fact that asbestos, a known and highly durable carcino-
gen, which has been used extensively in industry and households for
decades, continues to pose an important health concern even though the
US Environmental Protection Agency has restricted the industrial use of
asbestos since the early 1970s. The danger of developing asbestos related
diseases appears to extend beyond that of a simple occupational hazard since
it has been documented in family members of asbestos workers [6,7], in
individuals living in the neighborhood of industrial sources of asbestos [8],
and in some school and public buildings where asbestos is being used as
insulation material [9,10]. The attack of the World Trade Center in New
York City created an environmental disaster of enormous magnitude and
there had been reports that many tons of asbestos-containing dust particles
were released into the surrounding neighborhood [11]. The identification
in 2000 that approximately one-third of the 4500 residents of Libby,
Montana, some as young as 10 years-old, developed asbestos-related diseases
from exposure to tremolites-contaminated vermiculites, exemplifies the
human toll of environmental asbestos exposure. The continued discovery
of routes through which the general public may be exposed to asbestos
suggests a long-term, low dosage exposure of a large number of people.
A better understanding of the genotoxic/carcinogenic mechanisms of asbes-
tos is critical for the prevention and treatment of asbestos-induced diseases
including mesothelioma, an often fatal cancer with an average patient
survival of less than 6 months from the time of diagnosis.

The mechanisms by which asbestos produces malignancy are not
entirely clear at present. Various in vitro and in vivo studies, however, have
suggested that fiber dimensions, surface properties, and physical durability
are important criteria for the carcinogenicity of the fibers [12–14]. The
correlation between fiber dimension and carcinogenic potency suggests the
importance of fiber–cell interactions [15]. There is evidence to suggest that
oxygen free radicals, particular hydroxyl radicals, may play an essential role
in fiber toxicology [16–18]. Several studies have shown that iron content in
many types of carcinogenic fibers (e.g., crocidolites that contains 21% of
iron by weight) provides the necessary catalyst in the formation of reactive
oxygen species (ROS) through a series of one electron reduction of molec-
ular oxygen [19–21]. There is evidence that iron from phagocytosized fibers
can be mobilized by intracellular chelators, thereby enhancing its redox
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activity and allowing cellular damages to occur at sites distant from the fibers
[22]. The production of nitric oxide has also been shown in fiber-exposed
human lung epithelial cells as well as in rodent alveolar macrophages [23,24].
2. Interaction Between Asbestos and

Tobacco Smoke

Earlier studies by Selikoff et al., have shown that tobacco smoking can
synergistically enhance the lung cancer incidence among asbestos workers
[4]. In addition to various cancer causing chemicals in tobacco smoke,
including tobacco specific nitrosamines, phenolic compounds, benzo(a)
pyrene, tobacco smoke also contains trace amount of polonium-210 radio-
nucleotide [25,26]. It is possible that these alpha emitters can interact with
asbestos to promote development of lung cancer.
3. Neoplastic Transformation as a Surrogate

for In Vivo Carcinogenicity

Morphological transformation assays based on rodent cell systems such
as C3H 10T1/2, NIH3T3, and Syrian hamster embryo cells occupy a useful
intermediate position between the bacterial mutagenesis assays, which are
quick and inexpensive, and animal studies, which are cumbersome and
inordinately expensive [27]. These assays afford an opportunity to evaluate
both the qualitative and quantitative aspects of fiber/particle-induced onco-
genic transformation as well as mechanisms involved in the neoplastic
process. Upon treatment with mineral fibers, transformed cells, which loss
contact inhibition of growth, form multilayered growth and criss-crossing
cells at the peripheral over a contact-inhibition background of nontrans-
formed cells. The morphology of the foci can be correlated with neoplastic
potential with type III foci being the most tumorigenic when injected into
either syngeneic animals or immunosuppressed nude mice.
4. Transformation Induction by Asbestos

and Radon

Using the mouse C3H 10T1/2 cell system, the oncogenic transform-
ing effect of a 1 mg/cm2 dose of UICC standard reference crocidolite fibers
in concert with a 66 cGy dose of alpha particles accelerated with the
Radiological Research Accelerator Facility of Columbia University was
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examined, and the results are shown in Figure 1. As shown previously,
crocidolite fibers at the dose used which resulted in only moderate cell
killing induced an oncogenic transformation incidence which was indistin-
guishable from the spontaneous rate. However, cells pretreated with the
fibers for a period of 24 h and subsequently irradiated with a-particles
exhibited a significantly higher transformation yield than those receiving
radiation alone ( p < 0.01, [28]). The combination of asbestos fibers and
high LET a-particles produced a transformation incidence which was
higher than the sum of the two agents alone. This apparent supra-additivity,
in lieu of synergism in the absence of a complete dose response curve, has
implications for the possible interaction of radon and asbestos both in the
environment as well as in the workplace.
5. Asbestos as a Gene and Chromosomal

Mutagen

The physical interaction between asbestos and spindle asters and the
presence of binucleated cells in fiber treated mammalian cells suggests that
asbestos fibers may interfere with cytokinesis, that is, genotoxic. However, a
brief survey of the literature suggests otherwise. Although various types of
asbestos fibers have been shown to induce chromosomal aberrations and
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sister chromatid exchanges in human mesotheliomas and lung cancers; and
in cultured human and mammalian cells [29], mutagenic studies at the
hypoxanthine-guanine phosphoribosyl transferase (hprt) and ouabain loci
in mammalian cells have yielded negative results ([30], for review). Using
the human–hamster hybrid (AL) cells in which mutations are scored at a
marker gene (CD59) located on human chromosome 11 (11p13) that the
AL cell carries as its only human chromosome, there is evidence that both
crocidolite and chrysotile fibers are indeed mutagenic and induce mostly
multilocus deletions in mammalian cells (Figure 2, [17,31,32,41]). In con-
trast, among the same fiber-treated AL cell population, there were few, if
any, mutations scored at the hprt locus of the hamster X-chromosome
[31,32]. This discrepancy has been attributed to the observation that in
assays that are proficient in recovering large deletions, ROS such as those
induced by asbestos fibers, have been shown to induce mainly multilocus
deletions in mammalian cells [33–35]. Since the hprt gene is on the
X-chromosome, multilocus deletions in the region of the gene would be
lethal and any mutants induced would not be viable [32]. In recent years,
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several other mutagenic assays that are proficient in detecting either large
deletions, homologous recombinations, or score mutants located on a
nonessential gene have been used successfully to demonstrate the mutagenic
potential of various fiber types [36–38]. These findings provide a direct link
between chromosomal abnormalities that have frequently been demon-
strated in fiber exposed human and rodent cell lines and carcinogenicity
in vivo. The observation that antioxidant enzymes such as catalase and
superoxide dismutase can protect cells against the mutagenic effects of
asbestos provides further evidence for the role of oxyradicals in fiber
toxicology [39–42].
6. Role of Fiber Cell Interaction in Mediating

Fiber Genotoxicity

The correlation between fiber dimension and carcinogenic potency
suggests the importance of fiber-cell interactions. The ability of cells to
phagocytose asbestos fibers both in vitro and in vivo has been well documented
[43]. Fibers less than 5 mm in length are usually completely phagocytosed
whereas those greater than 25 mm are generally not. This inability to
completely engulf long fibers has been termed ‘‘frustrated phagocytosis’’
which has been associated with increased membrane permeability and
increased oxyradical production [44]. Figure 3 shows the effect of a diminished
phagocytic ability on chrysotile-induced mutagenicity in AL cells. Cytochala-
sin B at a dose of 1 mg/ml, while being minimally cytotoxic (surviving fraction
�0.82) and largely nonmutagenic, reduced to one third the percentage of AL
1. CB 1mg/ml
2. Chrysotile 2mg/cm2
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cells containing phagocytosed fibers in cells treated with a 2 mg/cm2 dose of
UICC chrysotile fibers as well as the number of internalized fibers per phago-
cytic cell (data not shown). Concurrent treatment of fiber-exposed cells with
cytochalasin B significantly reduced fiber-induced CD59� mutant yield (p <
0.05). In cells exposed to 2 mg/cm2 dose of fiber, concurrent treatment with
cytochalasin B reduced the induced mutant fraction to a level similar to that of
cytochalasin B treatment alone (Figure 3). There is evidence that oxyradicals
play an essential role in fiber toxicology [45, for review]. Although iron has
been shown to be an important source of ROS with the iron-rich crocidolite
fibers [22], not all iron containing minerals, for example, iron oxide are toxic.
Furthermore, the observation that tremolites and erionites, which contain little
or no iron are mutagenic in the AL cells, suggest that fiber–cell interactionmay
be an important prerequisite in fiber mutagenesis [46].
7. Asbestos Fibers Induce ROS

If generation of ROS is one of the major mechanisms for asbestos-
induced mutagenesis in mammalian cells, then fiber treatment should be
expected to induceROS production in the AL cells. Using the radical probe,
chloromethyl, dichloro-dihydrofluorescein diacetate (CM-H2DCFDA),
there is evidence that asbestos fibers induce a dose dependence induction
of ROS in mammalian cells [17]. Quantification of relative fluorescence in
fiber-treated and control cells indicated that treatment with a 6 mg/cm2 dose
of crocidolite fibers induced a 5-fold increase in the generation of ROS
compared with controls ( p< 0.05). However, there was no further increase
in fluorescence induction with fiber concentration>6 mg/cm2. The oxyra-
dical nature behind the increase in fluorescence intensity was further sup-
ported by including the radical scavenger, dimethyl sulfoxide (DMSO) in the
reaction mixture. Although DMSO alone had little effect on the formation
of ROS among control cells, the relative fluorescence level induced by a
6 mg/cm2 dose of fibers in AL cells decreased by 3-fold in the presence of
DMSO, which was consistent with the previous observation of a suppressive
effect of DMSO on the formation of 8-hydroxyl-deoxyguanosine in
crocidolite-treated AL cells [17].
8. Source of the Reactive Radical Species

Although there is considerable evidence from various in vivo and
in vitro studies supporting the hypothesis that ROS are important in fiber
toxicities [30,47], the origin of these ROS in asbestos-treated cells are not
clear. Although iron mobilization has been demonstrated to be important in
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the induction of ROS among iron containing asbestos, for example, croci-
dolites and amosites as stated above, the observation that noniron containing
fibers, such as erionites and chrysotiles, are carcinogenic [13,48] suggests
that iron mobilization from fibers may not be the only pathway for ROS
induction. Since mitochondria produce 80% of the ATP needs of a cell,
they are regarded as the energy center of the cell. ROS and other organic
free radicals such as ubisemiquinone and flavosemiquinone are generated as
byproducts of electron transport in the respiratory chain [49,50]. Normally,
these toxic intermediates are disposed of by antioxidants and free radical
scavenging enzymes, such as manganese superoxide dismutase, catalase, and
glutathione peroxidase inside the mitochondria. However, mitochondria
damage induced by chemical exposure results in decreased activity of these
antioxidants, as in the case of asbestos exposure [51,52] and a corresponding
increase in ROS which may cause further mitochondrial DNA damage
and lipid peroxidation of mitochondrial membranes ([53], for review).
Mitochondrial membrane damage has been shown to result in leakage of
ROS into the cytoplasm and increase the oxidative stress of the cells [54,55].
In the following section, enucleation and cell fusion techniques are applied
to show that the nucleus is not the only target in fiber mutagenesis.
9. Extranuclear Target in Fiber Genotoxicity

To clarify whether the nucleus is a necessary and sufficient target for
crocidolite fibers-induced genotoxicity in mammalian cells, enucleated
cytoplasts were exposed to crocidolite followed by rescue fusion with
normal karyoplasts from untreated cells to determine whether gene muta-
tions can be induced in the absence of direct nuclear damage by crocidolite
fibers. Firstly, the ability of cytoplasts to generate oxyradicals upon crocido-
lite treatment was examined using the radical probe, chloromethyl,
dichloro-dihydrofluorescein diacetate (CM-H2DCFDA) described above.
Cytoplasts were generated from enucleation by treating cells with cytocha-
lasin B followed by centrifugation [56,57]. Treatment of cytoplasts with
graded doses of crocidolite fibers resulted in a dose dependence increase in
fluorescent signaling. A 6 mg/cm2 dose of crocidolite increased the fluores-
cent intensity by more than 4-fold above the control levels. In contrast,
concurrent treatment with 0.5% DMSO, a radical quencher, reduced the
fluorescence by more than 2-fold, which was consistent with our previous
studies indicating that such a dose of DMSO effectively reduced the muta-
genicity of crocidolites. Similarly, results of these studies are consistent with
the observations that antioxidant enzymes such as superoxide dismutase and
catalase effectively reduce the mutagenicity of fibers [41].
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10. Mutagenicity of Crocidolite-Treated

Cytoplasts

To evaluate whether cytoplasts can initiate signaling pathways result-
ing in genotoxic damaging upon crocidolite treatment, enucleated cells
were exposed to crocidolite at a dose of 4 mg/cm2 for 3.5 h with or without
concurrent DMSO treatment and then immediately fused with karyoplasts
at a ratio of 3:1. When cytoplasts were fused with karyoplasts under
the conditions used in the experiments, three fusion outcomes are possible:
(i) a karyoplast could fuse with another karyoplast to produce an unstable
doublet; (ii) a cytoplast could fuse with another cytoplast to produce
another nonviable cytoplasmic doublet; and (iii) a cytoplast could fuse
with a karyoplast to produce a viable fusion cell. Whereas the fusion
efficiency was only 15–20%, the successfully fused cells had a high viability
index (�80%), as determined by colony-forming capacity. Cultures formed
by fusion of nontreated cytoplasts with nuclei in a similar manner were used
as controls. The mutation yield induced by crocidolite in reconstituted cells
was more than 2-fold than that of the control cultures. The average number
of spontaneous CD59� mutants per 105 survivors in fused cells used for all
the experiments in the present study was 120 � 58 per 105 survivors. This
number was about 2-fold higher than normal spontaneous background in
AL cells and was possibly due to enhanced oxidative stress in enucleated
cultures. Concurrent treatment with 0.5% of DMSO dramatically reduced
the mutation fraction by 5-fold to 43 � 17 per 105 survivors. DMSO alone
was nonmutagenic at the dose used in fused cells. These data suggest that
extranuclear target(s) play an important role in fiber genotoxicity [57].

The observation that asbestos induces predominately multilocus dele-
tions provides a mechanistic basis for the potential loss of tumor suppressor
function. To delineate the step-wise neoplastic transformation of human
bronchial epithelial cells by asbestos, an in vitro model using human bron-
chial epithelial cells were used and described below.
11. Transformation Studies with Human

Epithelial Cells

One of the main difficulties in studying mechanisms of asbestos
carcinogenesis is the lack of a suitable human cell model system whereby
the various tumorigenic stages can be dissected and the molecular changes
associated with each stage examined. Up to the present moment, no
primary human cell model is available for this area of studies because the
frequency for human cell transformation has been estimated to be in the
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range of 10�15, an incidence too low to be reproduced in any laboratory
setting [58]. Treatment of normal human mesothelial cells with amosite
asbestos has been shown to extend the proliferative life span of 4 out of 16
independently derived primary cultures [59]. However, the cells eventually
all senesced and entered crisis. Using a human papillomavirus immortalized
human bronchial epithelial (BEP2D) cells, there is evidence that a single,
7 day-treatment with a 4 mg/cm2 dose of chrysotile induced neoplastic
transformation of these cells in a step-wise fashion at a frequency of
�10�7 as shown in Figure 4. The immortalization step, therefore, increases
the transformation yield of primary human epithelial cells by more than a
million fold. Tumorigenic BEP2D cells show no mutation in any of the ras
oncogenes [60]. Results of cell fusion studies between asbestos-induced
tumorigenic and parental BEP2D cells demonstrated that the tumorigenic
phenotype induced by chrysotile treatment could be completely suppressed
by fusion with nontumorigenic control cells [61]. These data indicate that
nontumorigenic BEP2D cells complement the loss of putative suppressor
element among tumorigenic cells and suggest that loss of suppressor gene(s)
as an important mechanism of fiber carcinogenesis. Results of these studies
are corroborated with frequent chromosomal loss seen in tumorigenic
human bronchial epithelial cells induced by asbestos treatment based on
karyotype analyses [62] and in human mesotheliomas [63].
Immortalized human bronchial epithelial cells
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Figure 4 Schematic diagram illustrating the multistep process in the neoplastic trans-
formation of immortalized human bronchial epithelial cells by chrysotile fibers.
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12. Causally Linked Genes to Fiber

Carcinogenesis

The next question is what kinds of genes are functionally linked to the
tumorigenic phenotype in asbestos treated immortalized human bronchial
epithelial cells. Using cDNA microarrays to compare differentially
expressed genes in asbestos-induced tumorigenic cell lines relative to paren-
tal BEP2D cells, there is evidence that the expression of the bigH3 gene is
downregulated by more than 7–8-fold in the tumorigenic cells (Figure 5;
[64]). Furthermore, in the fusion cell lines that are no long tumorigenic in
nude mice, the expression level of bigH3 has been found to be restored to
control levels. bigH3 is a secreted protein induced by transforming growth
factor-b (TGF-b) in human adenocarcinoma cells as well as other human
cell types [65]. This protein is highly conserved and has been shown to
modulate cell adhesion and tumor formation. Mutations or altered expres-
sion of this gene have been linked to the pathogenesis of human corneal
dystrophy, osteogenesis [66,67] and in many human cancer cell lines [64].
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13. Ectopic Reexpression of bigH3 Suppresses

Tumorigenic Phenotype

To ascertain the tumor suppressive effect of bigH3 gene, it is necessary
to reexpress the lost or down-regulated gene in tumor cells and determines
the tumor outcome upon inoculation into nude mice. The approach was to
ectopically express the gene in a highly malignant cell line (AsbTB2A) using
the pRc/CMV2-bigH3 expression vector. Two G418 resistant colonies
(AsbTB2A-clone 5 and AsbTB2A-clone 11) that expressed different levels
of bigH3 gene were chosen for further studies. From the Northern and
Western blotting results, the parental TB2A cells and TB2A-pRc/CMV2
cells expressed a low, detectable, and similar level of bigH3 gene. After
transfection, the expression of bigH3 gene in TB2A-clone 5 cells was
restored to a level similar to that of control BEP2D cells, whereas in
TB2A-clone 11 cells it was 2-fold higher than control. Upon inoculation
into athymic nude mice, no tumor (0/10 mice) was detected in animals
injected with the parental BEP2D cells after more than 20 weeks [64].
However, 10/10 mice that were injected with either TB2A or TB2A-pRc/
CMV2 tumorigenic cells developed progressively growing tumors at
4 weeks, with average volumes of 544.9 mm3 and 495.9 mm3, respectively.
In contrast, only 5/10 mice injected with TB2A-clone 5 and 6/10 mice
injected with TB2A-clone 11 cells formed small tumor nodules at 4 weeks,
with an average volume of 62.8 mm3 which was significantly smaller than
that of the parental TB2A cells ( p < 0.01). The results of these studies
provide unequivocal evidence of the bigH3 gene function in fiber carcino-
genesis [64].
14. Summary

Asbestos is a well established human carcinogen and, as exemplified by
the recent Libby, Montana incidence, the danger of developing asbestos
associated disease has extended beyond that of a simple occupational setting.
The carcinogenic mechanism of asbestos is complex and no single pathways
can account for all of the known effects of asbestos fibers. It is likely that
multiple pathways involving physical interaction of asbestos and the target
cells and the subsequent inflammatory response are important in the initia-
tion of diseases. A better understanding of the carcinogenic mechanism of
asbestos and other mineral fibers will provide important information on
interventional and preventive measures in the management of asbestos
mediated human diseases.
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1. Introduction

Idiosyncratic drug reactions (IDRs) are a leading cause of patient
morbidity and mortality and result in significant attrition in late drug
development, restricted drug use, and even drug withdrawal from the
market [1]. To date, it has been difficult to predict IDRs, because they
have no obvious dose-response relationship, no suitable animal models for
evaluation and a very low frequency of occurrence, which are often not
clearly observed until clinical trials or use in very large populations.
Although mechanisms of IDRs remain to be elucidated, chemically reactive
drug metabolites are believed to play a significant role as mediators in drug-
induced toxicities including idiosyncratic hepatotoxicity [2,3]. It was
reported recently that among 21 drugs which have been either withdrawn
from the U.S. market since 1950 or have black box warnings because of
hepatotoxcity, 13 formed reactive metabolites via metabolic activation [4].
Because of these safety concerns, a drug candidate that undergoes metabolic
activation is less favorable for further development. Therefore, lead com-
pounds or new chemotypes are routinely subjected to in vitro evaluation for
reactive metabolite formation through covalent protein binding assays [5] or
use of chemical trapping agents such as glutathione (GSH) [6,7], since such
information is very important to minimize these liabilities and/or prioritize
drug candidates in early preclinical stage. As a result, rapid, sensitive, and
reliable methods for detecting and characterizing reactive metabolites are
highly desired in the drug discovery and development process [2,8].

Significant efforts have been made in the pharmaceutical industry to
evaluate and minimize the bioactivation potentials of new chemical entities
(NCEs). Reactive metabolites can be detected, structurally characterized,
and quantitatively estimated in a variety of in vitro ‘‘trapping experiments,’’
in which reactive metabolites formed in incubations of liver tissue prepara-
tions are trapped by excess amounts of small molecular nucleophiles, such as
glutathione (GSH), followed by analysis by liquid chromatography coupled
with mass spectrometry (LC/MS) and other analytical methods [6]. Mass
spectrometry techniques have been evolved over the years, with the
advancing of new mass spectrometric technologies, to improve the sensitiv-
ity, selectivity, reliability, as well as higher-throughput capability of these
assays. Triple quadrupole, ion trap, and high-resolution mass spectrometers
are common LC/MS platforms employed in the analysis of drug metabolites
[9], including reactive metabolites [6]. Recently, updated quadrupole-linear
ion trap mass spectrometers (API 4000 and API 5500 Q-trap instruments)
were introduced [10–13]. Although limited examples are available in the
literature, the Q-trap has been demonstrated to be a promising analytical
technology for profiling and structural elucidation of drug metabolites
[14–21], especially in reactive metabolite screening that often requires
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high-throughput and better sensitivity than that in metabolic soft spot deter-
mination [22–24]. General instrumentation, scan functions, and utilities of
the Q-trap in the identification of stable drug metabolites have been well
described in recent review articles [10,25]. The intention of this review is to
focus on recent advances in the applications of the Q-trap to the analysis of
reactive metabolites. Following brief descriptions of common analytical
strategies and LC/MS techniques employed in reactive metabolite screen-
ing in the drug discovery and development processes, applications of special
scanning capabilities of the Q-trap to the high-sensitivity analysis, high-
throughput screening and quantitative estimation of reactive metabolites are
discussed. Recent examples of using the Q-trap to investigate bioactivation
mechanisms of several drugs, including clozapine, trazodone, amitripthline,
and nortriptyline, are presented.
2. Reactive Metabolite Analysis in Drug

Discovery and Development

To evaluate and minimize metabolic activation of drug candidates
during the drug discovery process, a variety of experimental approaches
have been developed and applied from early optimization of lead com-
pounds to characterization of development candidates [2,3,8,26]. As sum-
marized in Table 1, these studies can be categorized as: (1) rapid screening
and characterization of in vitro reactive metabolites in ‘‘trapping experi-
ments,’’ (2) quantitative analysis of in vitro reactive metabolites-trapped by
small nucleophiles, (3) evaluation of bioactivation in toxicology animal
species, and (4) evaluation of bioactivation in humans. LC/MS techniques
play a dominant role in the detection, identification, and quantification of
reactive metabolites in these studies. In the early drug discovery, LC/MS is
often employed for screening reactive metabolites in a high-throughput
fashion, for lead selection and optimization. In this analysis, test compounds
are usually incubated with liver microsomes from humans and toxicology
species in the presence of trapping agents, such as GSH. GSH-trapped
reactive metabolites in the incubations can then be detected and structurally
characterized by LC/MS analysis. Results from these in vitro screening
experiments afford important guidance for the bioactivation potentials of
a given compound or chemotype. Further characterization of the trapped
adduct by LC–MS/MS may provide an insight into the chemical nature of
the reactive species. Such information is invaluable to medicinal chemists
who are engaged in the process of structural optimization of lead chemical
templates. Consequently, the information of the nature and extent of
metabolic activation, as one of parameters in the benefit/risk assessment,
contributes to the chemotype or lead selection in the drug design process.



Table 1 Experimental approaches for screening and evaluating bioactivation of drug
candidates in drug discovery and development

Study of

bioactivation of

drug candidates

Study

objective Analytical approach

In vitro reactive

Met screening

in early

discovery

� Chemotype

and lead

selection

� Screening and

characterization of reactive

Met in vitro using LC/MS

Quantification of

in vitro reactive

Met from early

to late

discovery

� Lead optimization

via SAR analysis

and clinical candidate

selection

� Quantification of small

thiol-adducts

– LC/MS/UV

– LC/MS [34]

– LC/MS/Fluoresce

detection [29]

– LC/MS/radiodetection

[30,32,33]
� Quantification of protein

adducts

– Radioactivity

analysis [26]

Evaluation of

bioactivation in

animals at the

discovery and

preclinical

development

stages

� Characterization of

bioactivation of

drug candidates

in Tox species

– In vitro and in vivo

correlation

– Study non-CYP

mediated

bioactivation
� Monitoring of

reactive Met

exposure to Tox

species

� Radiolabeled ADME study

– Analysis of small

thiol-adducts by

LC/MS/radiodetection

– Protein covalent binding

using radioactivity

analysis
� Use nonlabeled drug

candidates

– Qualitative analysis of

GSH adducts in bile

by LC/MS

– Screening and

quantification of

mercapuric acids in urine

by LC/MS

Evaluation of

bioactivation in

humans at the

clinical

development

stage

� Characterization of

bioactivation of drug

candidates in humans

� Radiolabeled ADME study

– Analysis of small

thiol-adducts by

LC/MS/radiodetection
� Nonradiolabeled clinical

study

– Monitoring of

mercapuric acids in urine

by LC/MS

� Monitoring of

reactive Met

exposure to humans



Applications of Quadrupole-Linear Ion Trap Mass Spectrometry 63
With advances of modern mass spectrometry and evolved analytical
methodology (Table 2), the sensitive detection of in vitro reactive metabo-
lites by various types of LC/MS instruments has often been achieved.
As a result, multiple novel GSH adducts of model compounds, which are
usually present in incubations at very low levels, were discovered by newly
developed LC/MS techniques [22,23,27,28]. However, none of these
LC/MS methods are applicable to quantification of reactive metabolites
due to the lack of GSH adduct standards or the consistency of mass
spectrometric responses to different GSH adducts. Quantitative assessment
of reactive metabolites formed in in vitro screening experiments is crucial for
determination of soft spots of bioactivation for structural modifications,
optimization of lead compounds by analyzing structure-activity relationship
(SAR), and in particular, ranking and selection of drug candidates. Table 2
lists several liquid chromatographic methods that have been employed for
quantitative analysis of reactive metabolites. For example, LC/UV analysis
of GSH adducts works effectively only for high levels of reactive metabo-
lites, while sensitive quantification of reactive metabolites trapped by
dansyl-GSH [29], radiolabeled GSH [30–32], and radiolabeled cyanide [33]
can be accomplished by fluorescence or radiochromatographic detection,
respectively. In all cases, identities of these thiol-adducts are determined by
on-line mass spectrometers. Additionally, a semiquantification method using
quaternary ammonium GSH as the trapping agent has been recently reported
for estimation of reactive metabolite formation [34]. Compared to the
protein covalent binding study which measures the total amount of reactive
metabolites formed in human liver microsome (HLM) (Table 1), the major
advantage of the LC/UV and LC/fluorescence detection methods is that
they can be performed rapidly without using radiolabeled compounds.

LC/MS techniques also play an essential role in the analysis of reactive
metabolites formed in in vivo animal species in drug discovery and develop-
ment (Table 1). In general, the first study to assess in vivo bioactivation of
drug candidates is the detection and structural identification of GSH adducts
in bile samples using LC/MS and/or NMR after dosing a non- or radi-
olabeled compound to rats. Usually, reactive metabolites formed in liver are
immediately trapped by endogenous GSH to form GSH adducts. A signifi-
cant portion of GSH adducts is excreted into bile in rats and other animal
species. Many pharmaceutical companies prefer the use of radiolabels in the
study because quantitative determination of reactive metabolites can be
readily achieved via the radioactivity analyses of GSH adducts in bile and
protein covalent binding in liver tissue [26]. When a drug candidate is at the
development stage, more comprehensive radiolabeled administration, dis-
tribution, metabolism, and excretion (ADME) studies in toxicology species
and humans are conducted using various radiodetection techniques com-
bined with LC/MS (Table 1). Results from these ADME studies allow for
the confirmation of bioactivation pathways observed in liver microsomal



Table 2 Detection and characterization of GSH-trapped reactive metabolites in vitro using various types of mass spectrometers in
combination with data acquisition and processing methods

Mass spectrometry Triple quadrupole

Ion trap and

linear ion trap High resolution MS instrument Quadrupole-linear ion trap

Method for

detecting GSH

adducts

� NL scan [39]
� PI scan [28]
� MRM [40]

� NL filtering of

MS/MS data

[41,95 and 96]

� Mass defect filtering [46]
� MSE [47]

� NL-EPI [22,23]
� PI-EPI [23]
� MRM-EPI [22]

Sensitivity and

selectivity

MRM > PI scan

> NL scan

Good Good sensitivity; Selectivity is

compound- or sample-

dependent

As triple quadrupole; EPI

acquisition has better

sensitivity than product

ion scan

MS/MS spectra

quality

Rich and small

fragments

Fewer and larger

fragments

Accurate MH+ and fragment

ions

As those recorded with

triple quadrupole

Fast analysis

capacity

Poor Reasonably good

with data-

dependent

MS/MS

acquisition

Reasonably good with data-

dependent MS/MS or MSE

acquisitions

Excellent with PI-EPI

Comments Suitable for

bioactivation

research where

high

throughput is

not critical

Not effective for

in vivo adducts;

MS2 spectra

have limited

structural

information

Capable of analyzing other

metabolites in the same runs;

above MS/MS acquisition

methods may be not

effective for in vivo adducts

MRM-EPI provides the

highest sensitivity and

selectivity. PI-EPI well

suited for high-

throughput screening
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incubations, the identification of reactive metabolites mediated by non-
microsomal enzymes or multiple biotransformation reactions, which are
usually not detected by in vitro screening methods [35], and the contribution
of the bioactivation to the total drug clearance in humans and toxicology
animal species. At the late stage of drug development, quantitative analysis
of mercapturic acids (MA) (N-acetyl-systeine conjugates) by LC/MS in
urine samples after dosing nonlabeled drug candidates is often required to
monitor the exposure of reactive metabolites to humans in special popula-
tions and animals in chronic safety studies.
3. Mass Spectrometry in Reactive

Metabolite Analysis

3.1. Triple quadrupole mass spectrometry

Neutral loss (NL) scanning using a triple quadrupole mass spectrometer is
the first LC/MS method developed for detecting reactive metabolites
trapped by GSH or other trapping agents in studies of bioactivation of
drugs or other xenobiotics in the late 1980s [36,37]. During the 1990s,
this LC/MS approach was employed as a primary tool for screening for
in vitro reactive metabolites in the pharmaceutical industry [38]. In the NL
analysis, GSH adducts formed inHLM incubations with an excess amount of
GSH are monitored for a NL of 129 Da, which is a common fragmentation
pathway of GSH adducts. TheNL experiment can be easily operated follow-
ing a generic acquisition protocol, and is especially useful in detecting GSH
adducts regardless theirm/z values.However, theNL scanningmethod often
suffers from relatively poor selectivity, resulting in the appearance of intense
false positive peaks in NL ion chromatograms. To improve the selectivity
of the NL scanning, a mixture of GSH and stable-isotope labeled GSH
(1:1 ratio) was employed as a trapping agent [39]. As a result, false positive
peaks displayed inNL ion chromatograms can be readily recognized based on
the lack of a unique isotope pattern in their NL MS/MS spectra.

Another major drawback of the NL scan method is the lack of effective-
ness in the analysis of certain classes of GSH adducts that do not afford a NL
of 129 Da as the primary fragmentation pathway, such as aliphatic/benzylic
thioether GSH adducts. Fragmentation patterns of GSH adducts in the
positive ion mode are dependent on the linkage structures between the
drug moiety and GSH, while in the negative ion mode GSH adducts afford
a series of preeminent anions such as m/z 272 corresponding to deproto-
nated g-glutamyl-dehydroalanyl-glycine originating from the glutathionyl
moiety, regardless of classes of GSH adducts. Based on these observations,
a precursor ion (PI) scanning method that monitors the anion at m/z 272 in
the negative electrospray ionization mode was developed as a more broadly
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useful survey scan for the detection of unknown reactive metabolites using
triple quadrupole instruments [28]. Analysis of in vitro and in vivoGSH adducts
have demonstrated that the PI scan method is able to detect various classes of
GSH adducts with better selectivity and sensitivity than NL scanning.

In addition to NL and PI scanning modes, a multiple reaction monitor-
ing (MRM) method to monitor six MRM transitions from protonated
molecules (MH+) of potential reactive metabolites trapped by glutathione
ethyl ester to their product ions [MH � 129]+ was developed for sensitive
detection of reactive metabolites [40]. This method was up to 80-fold more
sensitive than the NL scanning. However, classical triple quadrupole instru-
ments are incapable of performing more than 10 MRM transitions. Thus,
for comprehensive detection of a variety of GSH adducts, multiple LC/MS
injections with different MRM transitions are required, each of which
targets 4–8 potential GSH adducts. Recently updated triple quadrupole
mass spectrometers are capable of performing a large number of MRM
transitions (up to 500–10000) in a single run. The new feature can be
potentially utilized for improving the throughput of the MRM screening
of GSH adducts.

A common major limitation of triple quadrupole instrument-based
scanning methods, including NL, PI, and MRM scans, is the lack of
high-throughput capability (Table 2). In general, the detection and struc-
tural characterization of GSH adducts by these methods are a multiple-step
process. For example, in the NL scan analysis, the first step is the detection of
GSH conjugates using a NL of 129 Da in the positive ion mode. The second
step is the visual inspection of each peak present in a resultant NL ion
chromatogram (TIC). Once the detection of a GSH adduct is confirmed,
acquisition of the adduct MS/MS spectrum using a compound-dependent
product ion scan method can then be carried out in an additional LC/MS
injection. The entire process is a truly time-consuming and labor intensive
practice.
3.2. Ion trap and linear ion trap mass spectrometry

Ion trap instruments, including linear ion trap mass spectrometers, feature
data-dependent MSn acquisition and high sensitivity in full-scan MS analy-
sis. Because of these advantages, ion traps have been employed as one of the
major LC/MS platforms for profiling drug metabolites in the pharmaceuti-
cal industry. The data-dependent MSn acquisition that includes list-, inten-
sity- and isotope-dependent data acquisition enables recording of full-scan
MS andMSn data sets in a single LC/MS run. In the list-dependent MS/MS
experiment, full scan MS analysis serves as a survey scan to search for
metabolite ions listed in an acquisition method. Once a listed metabolite
ion is found in the survey scan, MS/MS acquisition of the metabolite is
automatically triggered. As a result, detected metabolites are displayed in
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total ion chromatograms of MS/MS data sets. Alternatively, the intensity-
dependent MS/MS experiment, in which MS/MS acquisition is carried out
for most intense ion(s), in combination with postacquisition data processing,
including extracted ion chromatographic analysis of full-scan MS data sets
and NL or product ion filtering of MS/MS data sets are employed for rapid
drug metabolite detection and structural characterization. Recently, an
intensity-dependent scanning method on an LTQ linear ion trap instrument
was applied to the data acquisition of reactive metabolites trapped by stable
isotope labeled GSH (Table 1) [41]. MS/MS data were further processed
with NL filtering of 129 Da. The study demonstrates the feasibility of NL
filtering of MS/MS data in detecting GSH adducts and the utility of using
stable isotope labeled trapping agents to identify false positive peaks,
although the sensitivity and selectivity of this approach in analyzing different
classes of GSH adducts were not fully evaluated. MS/MS spectra of GSH
adducts also can be acquired with isotope pattern-triggered data-dependent
acquisition using stable isotope labeled GSH as a trapping agent. The
approach is more effective in selectively recording MS/MS spectra of
GSH adducts for postacquisition NL filtering and structural elucidation
of GSH adducts (Table 1).
3.3. High-resolution mass spectrometry

High-resolution mass spectrometry provides chemical formulae for
metabolites and their fragments, which, in some cases, are required in meta-
bolite structural elucidation [42]. However, in the past, high-resolution
mass spectrometry was not employed as a primary or standalone LC/MS
platform for drug metabolite profiling due to the lack of the true NL and PI
scanning functions. Recently, a mass defect filter (MDF) technique was
developed to facilitate the detection of oxidative metabolites by high
resolution and accurate mass LC/MS based on predictable and narrow shifts
in mass defects of the metabolites [43–45]. The MDF technique was also
shown to be applicable to detecting GSH-trapped reactive metabolites
in vitro and in vivo [46]. Table 3 is a summary of common bioactivation
reactions leading to GSH adduct formation in HLM. Although the mass
shifts of these GSH adducts from the sum of the drug and GSH masses
(MH+ of the drug + GSH � 2H) vary significantly from �34 to + 32 Da,
the differences in the mass defects between the GSH adducts and the GSH
adduct filter templates (MH+ of the drug + GSH � 2H) are in a narrow
range from �0.024 to + 0.039 Da. Therefore, a mass defect filter (MDF)
from �0.025 to + 0.040 Da around the mass defect of the GSH adduct
filter template are able to select for all the GSH adducts listed in Table 1.
To evaluate the effectiveness of the MDF approach, several model com-
pounds that are known to form reactive metabolites were incubated with



Table 3 Mass and mass defect shifts of GSH-trapped reactive metabolites that are formed via common P450-mediated bioactivation
reactions occurred in HLMa [22,46]

Mass shift of

the drug

moiety GSH adduct composition

Mass defect

shift

of GSH adductb Functional group

Common metabolic

activation reaction

�34 P + GSH � HCl +0.0389 b-Cl to a nitrogen or

sulfur

Loss of Cl to form aziridinium

or episulfonium

�32 P + GSH � S � 2H +0.0279 Thiourea R-NH-C(=S)-NH-R
0!R-NH-C(SG)=N-R0

�30 P + GSH � 2N�4H �0.0157 Hydrazine R-NH-NH2!R-SG

�18 P + GSH + O � HCl �0.0109 Aromatic chlorine Formation of quinone imine

or epoxide followed by

GSH attack and loss of HCl

�15 P + GSH � NH3 Aromatic amine Oxidative deamination to

formamide

�14 P + GSH � CH2 � 2H �0.0157 Aromatic ether Demethylation followed by

oxidation to quinone

�12 P + GSH � C � 2H 0 Methylenedioxy Formation of quinone

�2 P + GSH + O � HF 0.0043 Aromatic fluoride Epoxidation followed by GSH

attack and loss of HF

0 P + GSH � 2H 0 Substituted phenol

derivative

Formation of quinone

methide

+1 P + GSH + O

� NH � 2H

�0.0238 Aromatic amine Formation of quinone via

oxidative deamination

+2 P + GSH +0.0157 a,b-Unsaturated

carbonyl

CH2 = CH-C(=O)-R

!GS-CH2-CH-C(=O)-R

6
8



+14 P + GSH + O � 4H �0.0208 Benzylamine Formation of hydroxylamine

followed by oxidation to

nitrile oxide

+16 P + GSH + O � 2H �0.0051 Phenol Formation of quinone

+18 P + GSH + O +0.0106 Furan Formation of epoxide

followed by GSH attack

+28 P + GSH + CO � 2H �0.0051 Benzylamine Formation of isocyanate

+32 P + GSH + 2O � 2H �0.0102 Benzene Formation of quinone

a Most listed common bioactivation reactions, example of these reactions and associated references were adapted from a previously published document [22].
b The mass defect shifts of GSH adducts are defined as the difference in the mass defects between a detected GSH adduct and the GSH-adduct MDF template (MH+ of
the drug + GSH � 2H).

6
9



70 Mingshe Zhu and Bo Wen
HLM and GSH. Accurate full-scan MS datasets were acquired with the
LTQ/Orbitrap or Fourier transform ion cyclotron resonance mass spec-
trometry (LTQ FTMS) and processed using GSH adduct filter templates
[46]. Results from the study demonstrated that the MDF approach has
several advantages over the NL scanning method. (1) The MDF approach,
in general, is more sensitive in detecting in vitro GSH adducts, and far more
effective in the analysis of the GSH adducts that do not afford a NL of 129
Da as a significant fragmentation pathway. (2) The MDF approach is more
selective in detecting drug-GSH adducts in rat bile, in which there are
large amounts of endogenous GSH conjugates that undergo the NL frag-
mentation pathways similar to those of drug-GSH adducts. (3) The accu-
rate mass spectral data acquired for the GSH adduct detection are also
useful in the determination of molecular formulae of GSH adducts and
elimination of false positives. (4) In addition to GSH-trapped reactive
metabolites, stable oxidative metabolites and other classes of metabolites
can be detected via processing the same LC/MS data sets with different
MDF templates [44].

Alternatively, an exact mass pseudo NL acquisition method was devel-
oped on a Q-Tof instrument for screening GSH adducts [47]. In the
analysis, the NL monitoring is achieved via alternating the data acquisition
with low- and high-collision energy (MSE). Once an exact mass difference
of 129.0426 Da (within a narrow mass tolerance window) between ions
in low- and high-energy full scan mass spectra is detected, product ion
acquisition of the potential precursor ion is triggered. High-resolution mass
spectrometers have become one of major LC/MS platforms in the analysis
of reactive metabolites.
4. Quadrupole-Linear Ion Trap Mass

Spectrometry (Q-trap) in Reactive

Metabolite Analysis

4.1. Unique scan functions of the Q-trap

The Q-trap retains the MS/MS scan functions of both the triple quadrupole
and the ion trap [10]. Therefore, it can be used as a stand alone triple
quadrupole instrument to perform NL, PI, and MRM scans or a stand
alone ion trap instrument to perform data-dependent MS/MS analysis for
metabolite analysis (Table 2). Most importantly, the Q-trap allows for the
use of the quadrupole-based NL, PI, or MRM mode as the survey scan to
trigger MS/MS acquisition by the ion trap. As a result, the detection and
MS/MS acquisition of analytes can be accomplished in a single LC/MS run.
In addition to speeding up the data acquisition processes, these information-
dependent scan modes take advantages of both the selectivity of precursor
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ion, NL andMRM scans by triple quadrupole and the sensitivity of MS/MS
spectral acquisition by the ion trap. Furthermore, a survey scan and an
information-dependent MS/MS scan can be performed in opposite ion
modes using the +/� polarity switching technique. Some of these hybride
scanning capabilities are not available in conventional quadrupoles, ions
traps, and high resolution mass spectrometers. In the following section, the
definitions and workflow of unique Q-trap scan modes applied in the
analysis of reactive metabolites are described.
4.1.1. Enhanced resolution scan
The enhanced resolution (ER) scan mode is designed to record increased
resolution full-scan spectra by the Q-trap. In the ER experiment, Q1 is
typically set to isolate an ion of interest within a mass window of approxi-
mately 6 amu wide. The ion is then transmitted through Q2 without
fragmentation and stored in the ion trap. The trap operates at the reduced
scan speed (250 amu/sec) with a smaller than normal step to generate a full-
scan MS spectrum.
4.1.2. Enhanced product ion scan
The enhanced product ion (EPI) scan mode is designed to acquire a high
quality product ion spectrum on an ion of interest by the Q-trap. In the EPI
experiment, the precursor ion is selected in Q1 with a narrow mass window
and fragments in Q2. Resultant fragments are stored and subsequently
scanned in the ion trap.
4.1.3. Precursor ion-enhanced product ion scan and
neutral loss-enhanced product ion scan

These scan modes combine the triple-quadrupole based precursor ion
(PI) or neutral loss (NL) scan with the ion trap based EPI scan by using
an information-dependent acquisition (IDA) method. In the PI-EPI or
NL-EPI experiment, a PI scan or NL scan is used as a survey scan for
selectively detecting any precursor ions that generate a predefined prod-
uct ion or undergo a predefined NL, respectively. Once a precursor ion
or a neutral loss is detected by the survey scan, a subsequent ER scan
is carried out to display the ion of interest at an increased resolution
full-scan spectrum. Based on the full-scan spectral data, an EPI scan is
performed as a dependent scan to acquire an MS/MS spectrum. If the
polarity switching function is activated, the m/z value of a precursor ion
isolated for MS/MS acquisition in the EPI scan is automatically justified
by either +2 or �2 Da based on the most intense ion present in the
corresponding survey scan.
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4.1.4. Multiple reaction monitoring (MRM)-enhanced
product ion (EPI) scan

The workflow combines the MRM with the EPI scan using an informa-
tion-dependent method. In the MRM–EPI experiment, up to 300 pre-
defined MRM transitions with the quadrupole are performed as the survey
scan [48]. Once a predefined ion is detected by one of the MRM transitions,
a dependent EPI scan is performed to acquire its MS/MS spectrum with the
ion trap [49]. If the polarity switching is needed in the EPI scan, an ER scan
between MRM and EPI scans is performed.
4.2. High-sensitivity analysis using MRM-EPI

One of special applications of the Q-trap mass spectrometry to reactive
metabolite screening is the sensitive and selective detection and characteri-
zation of GSH-trapped reactive metabolites using the MRM-EPI scan [22].
In this approach, MRM serves as the survey scan to search for potential
GSH adduct ions listed in a predefined MRM protocol. Once a GSH
adduct ion is detected by MRM, the acquisition of its EPI spectra is
triggered (Figure 1A). The MRM scan step is carried out following up to
�110 MRM transitions from protonated molecules of potential GSH
adducts to their product ions derived from a NL of 129 or 307 Da since
all classes of GSH adducts, including aliphatic, benzylic, and aromatic
thioethers, offer the NL of either 129 or 307 Da as a primary or significant
fragmentation pathway. In the MRM–EPI analysis, MRM and EPI datasets
are recorded for each LC/MS injection and displayed as a total ion chro-
matogram (TIC) of MRM and a TIC of EPI, respectively. Usually, a TIC
MRM (+) for a
GSH adduct

EPI (+)

TIC of EPITIC of MRM

 MH+ of
the adduct

YesNo

PI scan (−)
for m/z 272 

ER (−)

TIC of EPI

MS2 spectrum
of the adduct

TIC of PI scan

[M-H]− of
an adduct

YesNo

EPI (+)

Polarity switching

A B

MS2 spectrum
of the adduct

Figure 1 The workflow of MRM-EPI (A) and PI-EPI with polarity switching (B) for
the detection and structural elucidation of GSH adducts in HLM.



Applications of Quadrupole-Linear Ion Trap Mass Spectrometry 73
of MRM of a sample is similar to that of the corresponding EPI scan.
EPI spectra of GSH adducts can be directly retrieved from the TIC of
EPI for the structural characterization or elimination of false positives
(Figure 1A), while the TIC of MRM only reveals m/z values of the GSH
adduct molecular ions. MRM transition protocols can be constructed based
on predicted common bioactivation reactions in HLM (Table 3) and/or
specific bioactivation reactions known for certain types of chemotypes and
lead compounds encountered early. To search for the common GSH
adducts listed in Table 3, an MRM protocol with a total of 32 MRM
transitions is able to detect all of these potential GSH adducts. Alternatively,
if a loss of an N atom is not expected in the bioactivation of a test
compound, a generic MRM protocol containing all even numbers of
mass shifts over a range from + 50 to �40 Da around the m/z values of
the drug–GSH complex (total 90 MRM transitions) can be simply applied
for screening potential unknown GSH Conjugates. As indicated in Table 3,
the mass shifts of drug moieties of common GSH adducts are usually all odd
numbers except for two GSH adducts derived from the bioactivation
associated with loss of a nitrogen atom (the mass shift of �15 or +1).

The effectiveness of this approach has been demonstrated in the analysis
of reactive metabolites of several model compounds formed in HLM
incubations, including acetaminophen, diclofenac, carbamazepine, clomip-
ramine, and mefenamic acid [22]. As shown in the TIC of EPI for the
carbamazepine HLM incubation (Figure 2A), a number of carbamazepine-
GSH adducts, including several minor GSH adducts not observed previ-
ously in HLM incubations, are clearly displayed with few false positive
peaks. The TIC of EPI can be further processed with extracted ion chro-
matogram (EIC) analysis to separate coeluting GSH adducts, such as CM2
(Figure 2B) and CM3 (Figure 2D). Additionally, as shown in the example of
acetaminophen, the product ion spectrum of the major acetaminophen-
GSH adduct recorded with MRM-EPI (Figure 3A) displays much more
small fragment ions [22] than that acquired by an LTQ linear ion trap
instrument (Figure 3B), which makes the Q-trap more useful in structural
elucidation of GSH adducts. Compared to the MRM analysis with a classical
triple quadrupole LC/MS, the MRM-EPI scan with the Q-trap has
several advantages: (1) MRM-EPI can perform 10-fold more MRM
transitions (up to 100 transitions with API 4000 Q-trap) without a significant
loss of sensitivity; (2) product ion spectra of detected GSH adducts are
recorded in the same LC/MS run; and (3) the sensitivity of EPI acquisition
is greatly improved, which is comparable to that of the MRM scan.

Compared to the NL scan with a triple quadrupole instrument or the
NL-EPI scan with a Q-trap instrument, the MRM-EPI scan has signifi-
cantly improved sensitivity and selectivity. As shown in the analysis of
clomipramine-GSH adducts [22] (Figure 4), two GSH adducts, LM1 and
LM2, were clearly detected by MRM-EPI; the TIC of EPI displayed LM1
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and LM2 as predominant chromatographic components with very low
background noises (Figure 4C). In contrast, LM1 and LM2 was not
detected by the NL-EPI scanning for 129 Da (Figure 4A) and barely
detected by the NL-EPI scanning for 307 Da barely detected (Figure 4B).
Results from comparative analysis of several in vitro incubation samples
suggest that MRM-EPI provides higher sensitivity for detection of GSH
adducts, up to 179-fold better than the NL-EPI scan and up to 10-fold
better than the PI-EPI scan. The major limitation of the MRM-based
approach is that it only detects the GSH adducts preset on an MRM
transition protocol. Additionally, MRM-EPI is not applicable to high
throughput screening of reactive metabolites since the design and
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preparation of compound-specific MRM transition protocols are required
for individual samples before data acquisition.

The superior sensitivity of MRM-EPI is also observed in analyzing MA
(N-acetyl-cysteine conjugates) in rat and human urine [50,51]. MA are
degradation products of GSH conjugates and formed via peptide hydrolysis
and subsequent acetylation. Many of reactive metabolites-trapped by GSH
are converted to the corresponding MA and excreted into urine in humans
and animals [52]. For example, �10% of administrated acetaminophen is
observed as MA of acetaminophen in human urine [53]. Results from the
detection and structural characterization of urinary MA of a test drug
candidate provides insight into the chemical mechanism of bioactivation
in humans and toxicology species. Additionally, the amount of MA of a
drug candidate is an indicator of exposure levels of reactive metabolites of
the drug candidate in humans and animals. In many cases, qualitative and
quantitative analysis of MA in urine is the only option to assess drug
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bioactivation in clinical and safety studies, such as a clinical trial in a large
population or a carcinogenicity study in rats. MA afford the NL of 129 Da as a
single major fragmentation pathway in the negative ion electrospray mode
[51] (Figure 5, top panel). The unique MS/MS fragmentation has been
utilized in screening for MA in urine using the negative ion MRM-EPI
scan with a Q-trap instrument. In the analysis, 252MRM transitions from the
[M-H]� ion of a potential MA to the product ion derived from theNL of 129
Da were monitored. A TIC of the MRM scan (252 transitions) for a control
urine sample from a female subject is displayed in Figure 5B, which revealed
multiple MA [50]. These MA are metabolites of organic solvents from
environment such as benzene and n-hexane or food cooking products such
as acrylamide-MA, a metabolite of acrylamide that is formed in the processes
of French fries or coffee beans. TheMRM-based approach can be utilized for
sensitive monitoring of potential MA of drugs since their concentrations in
urine are usually higher than those from environmental and endogenous
compounds. The negative ion NL-EPI scan for the NL of 129 Da was also
applied to the analysis of MA in human and rat urine [51,54] (Figure 5A).
Although its sensitivity is not as good as MRM, the NL-based approach is
well suited for rapid screening of reactive metabolites of lead compounds
formed in vivo in rats and mice during the lead optimization.
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4.3. High-throughput screening using PI-EPI
and polarity switching

As combinatorial chemical synthesis and high-throughput screens in drug
discovery have resulted in large numbers of drug candidates, the need for
more efficient methodologies for screening reactive metabolites has become
evident. Recently, a high-throughput method was developed for detection
and characterization of GSH-trapped reactive metabolites with the Q-trap
[23]. This method uses a negative precursor ion (PI) as the survey scan to
trigger the acquisition of positive EPI spectra. Polarity switching between
MS detection and MS/MS acquisition enables the detection of GSH
adducts in the negative ion mode and simultaneous acquisition of MS/MS
spectra in the positive ion mode which are much more informative than
those acquire in the negative ion mode.

Results from analysis of bioactivation of several model compounds
suggest that the PI-EPI approach is a feasible high-throughput method
that can be utilized to screen for a large number of diverse compounds
with reliable sensitivity and selectivity in a drug discovery setting [23].
As shown in Table 4, a number of new GSH conjugates that have not
been detected by traditional NL scanning experiments were identified by
this PI-EPI approach. GSH conjugates previously detected by NL scanning
experiments are also among the most abundant identified by this approach.
Compared to the triple quadrupole-based NL scanning methods, this PI-
EPI approach, as a generic method, has displayed several major advantages:
(1) high-throughput capability that performs the detection and structural
characterization of GSH conjugates in a single LC/MS/MS run, (2) signifi-
cantly improved sensitivity for detection and MS/MS acquisition of minor
GSH conjugates at low levels, (3) superior selectivity for different classes of
GSH conjugates with essentially no false positive signals for in vitro samples.
4.4. Quantitative determination using MRM

Quantitative determination of reactive metabolites is a crucial step in
the assessment of bioactivation for lead optimization and selection of devel-
opment candidates (Table 1). Reactive metabolites trapped by GSH,
dansyl-GSH [29], and radiolabeled GSH [30,32,33] can be quantitatively
determined by UV, fluorescence, and radiochromatographic detection,
respectively. In these analyses, structural confirmation of chromatographic
peaks, including thiol-adducts, is required and often accomplished by an
on-line mass spectrometer. Due to the superior sensitivity and selectivity,
the MRM-EPI scan with a Q-trap instrument is well suited for this task.
In addition, theMRMscanning analysis can be directly applied to determining
the relative concentrations of thiol-adducts in incubations without synthetic



Table 4 Summary of glutathione conjugates identified by the negative precursor ion scanning of m/z 272 and positive MS/MS [23]

Compound (MH+) Structure

GSH

conjugate

MH+ and (major

fragment) of GSH

conjugatea

Postulated

conjugate

composition

GSH

conjugate

detected

previously

by NLb

Acetaminophen

(152)

OH

NHO

AM1 473 (344, 274, 256, 227,

199, 181, 145)

P + GSH + O

� 2H

�

AM2 473 (398, 344, 327, 285,

224, 164, 156)

P + GSH + O

� 2H

�

AM3 457 (411, 382, 336, 328,

311, 208, 166, 140)

P + GSH

� 2H

+

AM4 457 (411, 382, 336, 328,

311, 208, 166, 140)

P + GSH

� 2H

�

AM5 489 (414, 360, 184,

172, 138)

P + GSH

+ 2O � 2H

�

Diclofenac (296)

H
N

Cl

Cl

OH

O

DM1 599 (551, 470, 452,

307, 290, 262, 199,

181, 145)

P + GSH

+ 2O � HCl

�

DM2 583 (508, 490, 454, 436,

419, 334, 315, 290,

230, 199)

P + GSH + O

� HCl

�

DM3 617 (542, 488, 470, 452,

367, 350, 342,

331, 296)

P + GSH + O

� 2H

+

(continued)



Table 4 (continued)

Compound (MH+) Structure

GSH

conjugate

MH+ and (major

fragment) of GSH

conjugatea

Postulated

conjugate

composition

GSH

conjugate

detected

previously

by NLb

DM4 567 (492, 438, 420, 403,

318, 299, 246, 214)

P + GSH�HCl �

DM5 583 (508, 454, 316,

308, 262)

P + GSH + O

� HCl

+

Imipramine (281)

N

N

IM1 574 (499, 445, 301, 159,

117)

P + GSH + O

� 2H

� 2CH2

�

IM2 602 (584, 473, 329, 256,

155)

P + GSH + O

� 2H

�

IM3 517 (499, 442, 388, 242,

211)

P + GSH + O

� 2H after

N-
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a The boldface type denotes characteristic product ions resulting from neutral losses of 75 and 129 Da, respectively.
b The + denotes GSH conjugates identified in the NL scanning previously reported in the literature; the – denotes those not detected.
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standards. The types of experiments are frequently conducted in the CYP
reaction phenotyping studies. For example, the Q-trap was employed for
rapidly determining major CYP enzymes responsible for bioactivation of
antidepressant drugs trazodone [24]. In the experiment, GSH adducts of
trazodone formed in HLM were detected and structurally characterized by
the PI-EPI scan with the Q-trap (see the Section 5.2) (Figure 6). Trazodone
and its N-dealkylated metabolite, 1-(30-chlorophenyl)piperazine (m-CPP),
were then incubated separately with cDNA-expressed recombinant P450
isozymes or with HLM in the presence of specific chemical inhibitors for
these individual P450 isozymes. The GSH adducts were quantitatively ana-
lyzed by theMRM scan without changing high pressure liquid chromatogra-
phy (HPLC) conditions. Although absolute amounts of the GSH adducts
formed in these incubations could not be determined due to the lack of
synthetic GSH adduct standards, relative concentrations of these adducts
determined byMRM scans provided sufficient and reliable data for evaluating
contributions from individual CYP isozymes [24]. As demonstrated in
Figure 7, the results of analyzing relative concentrations of GSH adducts of
trazodone and m-CPP formed by the cDNA-expressed recombinant P450
enzymes clearly revealed the significant roles of CYP3A4 and CYP2D6 in
the bioactivation of trazodone and m-CPP, respectively.

5. Examples of Using the Q-trap to Study

Drug Bioactivation

5.1. Clozapine

Clozapine is a dibenzodiazepine antipsychotic drug whose major advantages
include the lack of extrapyramidal adverse effects such as tardive dyskinesia
[55] and its effectiveness in otherwise ‘‘treatment-resistant’’ patients [56].
Despite these advantages, the use of clozapine is restricted because of a
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relatively high incidence (0.8%) of agranulocytosis, a potentially fatal
decrease in circulating neutrophils [57,58]. In defining the chemical entity
responsible for clozapine-induced agranulocytosis, evidence centers on
drug bioactivation to a chemically reactive intermediate, thought to be a
nitrenium ion reactive metabolite [59–62]. It has been postulated that
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covalent modifications of neutrophil/bone marrow proteins by this reactive
species could be directly toxic to cellular processes causing cell death, or
alternatively, lead to hapten formation and immune-mediated toxicity or
hypersensitivity [63,64].

To determine the mechanism that may underlie drug-induced agranulo-
cytosis, clozapine was incubated with HLM and samples were analyzed by the
PI-EPI approach with polarity switching [23]. Within a single LC/MS/MS
run, a total of seven GSH conjugates of clozapine were detected (Figure 8)
and structures of these detected components were simultaneously verified
based on the MS/MS spectra in the positive ion mode. In addition to the
major GSH conjugates such as CM6 and CM7 previously reported, at least
four conjugates (CM1, CM2, CM4, and CM5) identified by the PI-EPI
approach were characterized for the first time (Figure 9). For instance, the
MS2 spectrum of CM1 suggested that monohydroxylation occurred on
the dibenzodiazepine ring rather than the piperazine ring of clozapine.
CM1 was proposed to be formed via a quinone imine intermediate
(Figure 10). Another abundant GSH adduct that has not been reported in
the literature was CM5. This adduct has an [M + H]+ ion at m/z
664, corresponding to a GSH adduct of a dioxidation product (P + GSH
+ 2O � 2H). Product ions at m/z 243, 270, 325 suggest that it was a
hydroxylated GSH conjugate of clozapine N-oxide, formed presumably by
sequential N-oxidation and a monohydroxylation that leads to quinone
imine intermediate (Figure 9D). Based on the mass spectral data, it was
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proposed that CM2 was formed via a nitrenium ion reactive intermediate
after dechlorination, and CM4 was likely formed from the nitrenium ion of
demethylclozapine, which was a major metabolite identified previously
from HLM incubations. From the GSH conjugates newly identified by
the PI-EPI approach, it has been proposed that clozapine can be bioacti-
vated to electrophlic reactive intermediates via not only nitrenium ions but
also quinone imines (Figure 10).
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5.2. Trazodone

Trazodone is a second-generation triazolopyridinone antidepressant drug
(Figure 11), which is structurally distinct from selective serotonin reuptake
inhibitors, such as tri- and tetracyclics, and monoamine oxidase inhibitors. It
is thought to act through combined 5-HT2 antagonism and 5-HT reuptake
blockage [65]. Trazodone is often coprescribed with other antidepressants as
a sleep-inducing agent because of its more sedating and less anticholinergic
side effects. Despite its therapeutic benefits, treatment with trazodone has
been associated with rare, but severe incidence of hepatic injury, which is
often described as idiosyncratic toxicity [66–69]. Although the exact mecha-
nism of trazodone hepatotoxicity is not clearly understood, a probable causal
link between trazodone use and the onset of hepatic injury has been estab-
lished [70,71].

As shown in Figure 11, trazodone contains a triazolopyridinone moiety
and a 3-chlorophenylpiperazine ring system. In humans, trazodone under-
goes extensive hepatic metabolism mainly by hydroxylation, N-dealkylation
and N-oxidation [72–74]. Of particular interest in the biotransformation
pathways of trazodone in humans is the detection and characterization of a
dihydrodiol metabolite and 40-hydroxytrazodone as major metabolites in
urine [72,74,75]. Formation of the dihydrodiol metabolite can presumably
occur by nucleophilic addition of water to an electrophilic epoxide
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intermediate. On the other hand, 40-hydroxytrazodone can undergo a two-
electron oxidation leading to formation of an electrophilic quinone imine
intermediate, which is capable of reacting with cellular proteins and other
nucleophiles such as GSH. In HLM incubations, two glutathione adducts
were previously identified arising from quinone imine and epoxide inter-
mediates [76]. The epoxidation of triazolopyridinone, para-hydroxylation
of 3-chlorophenylpiperazine and subsequent oxidation to quinone imine
were shown to be mediated by cytochrome P450 3A4 [76].

Using the PI-EPI approach of the Q-trap, several new GSH adducts
(M3–M7) were detected in the incubations of trazodone with HLM using
LC/MS/MS [24]. Bioactivation of m-chlorophenylpiperazine (m-CPP), a
major circulating metabolite shared by several antidepressant drugs includ-
ing trazodone, nefazodone, and etoperidone, was demonstrated by detec-
tion of three m-CPP derived GSH conjugates [24]. Formation of the
m-CPP derived GSH conjugate M3 was proposed via a quinone imine
intermediate after an initial C-40 hydroxylation and subsequent two-
electron oxidations (Figure 12). This mechanism of m-CPP bioactivation
was supported by the lack of M3 formation in the incubations of a regioi-
somer of m-CPP, p-CPP with HLM and recombinant P450 enzymes,
which suggested that formation of M3 requires the initial oxidation at the
C-40 position (Figure 12). Moreover, a total blockage of all three m-CPP
derived GSH adducts M3–M5 in incubations of p-CPP suggested that they
are likely formed via a common reactive quinone imine intermediate by
two-electron oxidations, after the initial 40-hydroxylation on the chloro-
phenyl ring. An alternate pathway for deschloro adduct formation is P450-
mediated epoxidation between the C-30 and C-40 or the C-30 and C-20
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positions on the chlorophenyl ring. Loss of chlorine would result from an
attack of GSH on the epoxide. This mechanism has been proposed for the
formation of the deschloro GSH adduct of diclofenac in HLM incubations
[77]. Since such potential epoxides could be formed in incubations of
m-CPP and the formed epoxides can readily be trapped by GSH to afford
corresponding conjugates, this study concluded that m-CPP is bioactivated
via a quinone imine intermediate instead of an epoxide [24].

In addition, formation of GSH adducts M3, M4, and M5 from m-CPP
was mediated specifically by CYP2D6 (Figure 7) [24], in contrast to the
CYP3A4-catalyzed bioactivation of trazodone (Figure 7) and nefazodone
[76]. It was shown that no single P450 isozyme was able to catalyze
formation of m-CPP derived M4 from the incubations of trazodone [24].
These results further support the conclusion that N-dealkylation of trazo-
done to form the metabolite m-CPP is mainly carried by CYP3A enzymes,
while bioactivation and/or metabolism of m-CPP is specifically mediated
CYP2D6 (Figure 12) [24]. These findings are of significance in understand-
ing biochemical mechanisms of idiosyncratic toxicity of several m-CPP
containing antidepressant drugs and a possible relevance of CYP2D6 poly-
morphism and/or drug interactions to m-CPP toxicokinetics.
5.3. Amitriptyline and Nortriptyline

Amitriptyline, along with other tricyclic antidepressants (TCAs), has been
the cornerstone of antidepressive therapy for more than three decades.
Current treatment guidelines recommend the use of TCAs only in patients
with psychotic features and treatment resistance [78]. Nevertheless, more
than 1 million patients received TCAs in the United States in 2000 [79] and
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amitriptyline is still used extensively in developing countries because of its
favorable cost/benefit ratio. The clinical effects of amitriptyline are char-
acterized by changes in mood, which is thought to be related to its ability
to inhibit the neuronal uptake of the biogenic amine, norepinephrine.
Despite its therapeutic benefits, treatment with amitriptyline has been
associated with very rare, but severe liver toxicity [80–86]. Although the
exact mechanism of hepatotoxicity caused by amitriptyline is currently
unknown. Similar idiosyncratic hepatotoxicity has also been observed
with the antidepressant nortriptyline, which is an N-dealkylated metabolite
of amitriptyline [87,88].

The clearance of amitriptyline in humans is heavily dependent on
hepatic oxidative metabolism by cytochrome P450s [89–92]. Amitriptyline
undergoes extensive metabolism mainly by hydroxylation, N-dealkylation,
N-oxidation, and glucuronidation [89]. Of significant interest in many
biotransformation pathways of amitriptyline in humans is the detection
and characterization of a dihydrodiol metabolite of amitriptyline in urine
[91]. Formation of the dihydrodiol metabolite can presumably occur by
nucleophilic addition of water to the electrophilic epoxide intermediate as
shown in Figure 13. We proposed that the reactive epoxide intermediate,
resulting from an initial P450-catalyzed bioactivation on an aromatic ring of
amitriptyline, could add water to yield the dihydrodiol M2, react with
glutathione to form GSH adduct M1 or react with cellular proteins to
trigger a toxicological response (Figure 13). Considering that nortriptyline
is similar in structure to the N-dealkylated metabolite of amitriptyline,
formation of an epoxide intermediate from nortriptyline could contribute
to the observed hepatotoxicity caused by amitriptyline and nortriptyline,
respectively (Figure 13).

Direct evidence for bioactivation of amitriptyline comes from the
detection of two GSH adducts of this drug using the PI-EPI method on a
hybrid Q-trap mass spectrometer (Figure 14). Apart from the literature
reports on the involvement of CYP2D6 and CYP3A4 in the hydroxylation
of amitriptyline and nortriptyline, these studies demonstrated major roles for
these enzymes in the metabolic activation of the two antidepressants.
Formation of the glutathione conjugate M1 is consistent with a bioactiva-
tion sequence involving initial P450-catalyzed oxidation of the benzene
nucleus in amitriptyline to an electrophilic epoxide, which reacts with
water and glutathione generating the dihydrodiol metabolite M2 and the
sulfydryl conjugate M1, respectively (Figure 13). Formation of the glutathi-
one conjugate M4 is mediated by a similar oxidative pathway after
P450-mediated N-demethylation of amitriptyline to afford nortriptyline.
Bioactivation of nortriptyline was further confirmed by direct incubations
of nortriptyline with HLM and recombinant P450s [94].

Formation of M1 from amitriptyline and formation of M4 from nortrip-
tyline is mainly catalyzed byCYP2D6. In contrast, CYP3A4 andCYP3A5 are
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the major enzymes involved in formation of M4 from incubations of amitrip-
tyline [94]. These data are consistent with the previous reports that CYP3A4
and CYP2C19 are the major enzymes catalyzing N-demethylation of ami-
triptyline to nortriptyline, while CYP2D6 has poorN-demethylation activity
towards amitriptyline [90,93]. In addition, other enzymes such as dihydrodiol
dehydrogenase and soluble epoxide hydrolase may also contribute to the
bioactivation of amitriptyline. For example, dihydrodiol dehydrogenase may
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oxidize the dihydrodiol metabolites M2 and M3 to reactive ortho-quinone
intermediates which can contribute to the toxicity of this drug via redox-
cycling. The roles of these individual nonmicrosomal enzymes in the bioacti-
vation of amitriptyline and nortriptyline remain to be established [94].
6. Conclusions

Although the updated version of the quadrupole-linear ion trap mass
spectrometry (API 4000 Q-trap) has been commercially available only for a
few years, it has proved to be a unique, valuable LC/MS platform for
profiling and identification of drug metabolite, especially in analysis of
reactive metabolites in drug discovery and development. The Q-trap retains
all scan functions of classical triple quadrupoles so that it can be used as a
stand alone triple quadrupole instrument for quantitative analysis of drugs
and metabolites in routine bioanalytical studies. More importantly, the
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Q-trap has the information-dependent scan capability that utilizes the
selective MS/MS scan modes of quadrupoles, such as NL, PI, and MRM
scans, as survey scans to trigger the sensitive MS/MS acquisition (EPI). The
unique PI-EPI, NL-EPI, and MRM-EPI scan functions enable the Q-trap
to perform a variety of mass spectrometric experiments suitable for the
fast, sensitive and selective detection, identification and quantification of
chemically reactive drugs metabolites. As demonstrated in the analysis of
metabolic activation of a number of model compounds and drugs presented
in the review, including clozapine, trazodone, amitripthline, and nortripty-
line, the PI-EPI scan with the polarity switching is well suited for the high-
throughput screening of reactive metabolites [97,98,99]. This LC/MS
approach is able to detect different classes of GSH adducts by scanning for
a common product ion such as m/z 272 in the negative ion mode and
acquire informative MS/MS spectra of the adducts in the positive ion mode
in the same LC/MS injection. The MRM-EPI scan is capable of providing
the highest selectivity and sensitivity in the detection of reactive metabolites
among common LC/MS methodologies listed in Table 2. This technology
has been applied to search for up to 50–300 potential GSH adducts or MA is
especially useful in detecting and identifying reactive metabolites at very
low levels or present in complex biological matrixes, where endogenous
GSH conjugates and mercapturic acids are problematic. Because of these
special utilities and the advantages over traditional triple quadrupoles, Q-
trap has the potential to become the primary LC/MS platform in some of
bioanalytical labs where quantitative analysis of drugs is their primary task
and metabolite identifiation is performed occasionally. In addition, hybrid
triple quadrupole-linear ion trap instruments are specially useful in small
drug metabolism labs where metabolite profiling and in vitro ADME studies,
including as metabolic stablity, reactive metabolite screening and CYP
inhibtion experiments, are routinely carried out with a limited number of
LC/MS instruments.
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1. Neurodegeneration of Dopaminergic Neurons

In Parkinson’s disease (PD), the dopaminergic neurons containing
neuromelanin, which are localized in nigro-striatal system, are lost
during the neurodegenerative process. An important feature of this neuro-
degenerative process of dopaminergic neurons in PD is the fact that this
process is very slow, taking years before the symptoms appear when the
majority of dopaminergic neurons are lost from the nigro-striatal system.
The disease develops very slowly, and patients live with this disease for
�10–25 years. These data contrast with the fact that MPTP is able to induce
a pure and severe Parkinsonian syndrome in only a few days, as has been
observed in American drug addicts who injected synthetic drugs contami-
nated with MPTP [1]. The rapid action of MPTP demonstrates that
exogenous neurotoxins with high specificity to dopaminergic neurons are
able to induce an extensive neurodegenerative process in dopaminergic
neurons in a very short time. Therefore, the neurotoxin responsible for
the neurodegenerative processes in PD can not be of exogenous origin since
B.V.
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the neurodegeneration in PD is very slow and takes years. The main
question is why does it take years to degenerate dopaminergic neurons in
PD when exogenous neurotoxins such as MPTP take only a few days? The
neurodegenerative action of MPTP is rapid because a high concentration is
injected directly into the blood, which crosses the blood–brain barrier and is
taken up into astrocytes where MAO-B converts MPTP to MPP+

(Figure 1). MPP+ has a high affinity for the dopamine transporter (DAT),
resulting in its accumulation in dopaminergic neurons and the induction of
an extensive degeneration of dopaminergic neurons. However, the slow
neurodegenerative process in PD probably depends on the action of an
endogenous neurotoxin, where the degeneration is localized to one or a few
neurons, taking years to induce symptoms.
2. 6-Hydroxydopamine Neurotoxin

6-Hydroxydopamine was the first highly selective neurotoxin for
catecholaminergic neurons, and its selectivity of action was dependent on
the fact that 6-hydroxydopamine has high affinity for the norepinephrine
and DAT [2].

NH2

HO OH

6-hydroxydopamine

HO

Unilateral 6-hydroxydopamine-lesioned rats circle in the direction of
the lesion, while dopamine agonists produce contralateral turning—due to
the development of D2 receptor super sensitization on the lessened side
[3–7]. The neurotoxin 6-hydroxydopamine has been a valuable tool used to
investigate motor and biochemical dysfunctions in PD [8–11]. However,
the problem with using 6-hydroxydopamine as a model neurotoxin in
preclinical studies to understand the neurodegeneration in PD is that it is
an exogenous neurotoxin. Thus, despite its ability to destroy dopaminergic
neurons, it is not known whether the same neurotoxic events induced by
6-hydroxydopamine occur in the neurodegenerative process in PD.

It has been suggested that the molecular neurotoxic action of 6-hydro-
xydopamine involves:

i. Oxidative stress due to its high reactivity with oxygen since 6-hydro-
xydopamine oxidizes to 6-hydroxydopamine semiquinone radical,
which then autoxidizes to 6-hydroxydopamine quinone(s) by reducing
two molecules of dioxygen to superoxide radicals (Figure 2). Superoxide
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Figure 1 Possible mechanism for MPTP-induced neurotoxicity in dopaminergic neurons. MPTP is metabolized byMAO-B in the astrocytes
to MPP+, which is taken up into dopaminergic neurons and monoaminergic vesicles by dopamine transporter (DAT) and VMAT-2,
respectively. MPP+ induces inflammation and inhibits complex I of mitochondria, resulting in ATP depletion required for cell function.
The concentration of cytosolic dopamine increases by competing with dopamine due to the high affinity of MPP+ for VMAT-2, and in
addition, MPP+ decreases the expression of VMAT-2. Cytosolic dopamine is oxidized to aminochrome which can be one-electron reduced to
a leukoaminochrome o-semiquinone radical, which is highly toxic.
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radicals, spontaneously or enzymatically produced by superoxide dismu-
tase, generate hydrogen peroxide, which is the precursor of hydroxyl
radicals [12]. However, hydrogen peroxide can also be formed by
6-hydroxydopamine oxidation catalyzed by monoamine oxidase-A
[13]. The formation of reactive oxygen species is potentiated by the
redox cycling generated between the one-electron reduction of 6-hydro-
xydopamine quinone to its corresponding semiquinone radical, which
directly oxidizes to the 6-hydroxydopamine quinone. This redox cycling
will continue until NADH, which is required for energy production, or
NADPH, which is required for the biosynthesis and reduction of oxi-
dized glutathione catalyzed by glutathione reductase, is depleted or all
oxygen is reduced to superoxide radicals (Figure 2). 6-Hydroxydopamine
is oxidized to quinone species, which then attack endocellular nucleo-
philic groups [14,15]. The increase in the levels of reactive species
induced by 6-hydroxydopamine, resulting in the depletion of endocel-
lular antioxidant, potentiates its neurotoxic effects in dopaminergic
neurons. Antioxidant agents attenuate 6-hydroxydopamine-induced
neurotoxicity [12,16–19], and the overexpression of superoxide dismutase
and glutathione peroxidase reduce 6-hydroxydopamine neurotoxicity
[20–23]. Compounds related to the nitrone spin trap a-phenyl-N-
tert-butylnitrone (PBN) inhibit 6-hydroxydopamine-induced lipid
peroxidation and protein carbonylation [24].

ii. Another neurotoxic action of 6-hydroxydopamine is to alter mitochon-
drial function by inhibiting complex I in isolated brain mitochondria
[25]. However, the inhibition of complex I was not dependent on
oxidative stress due to the lack of effect of antioxidants [26]. It seems
plausible that the lack of effect of antioxidants on 6-hydroxydopamine
inhibition on complex I is dependent on the ability of 6-hydroxydop-
amine quinones to form adducts with mitochondrial proteins. 6-Hydro-
xydopamine induces profound mitochondrial fragmentation, and
silencing of DLP1/Drp1, which is involved in mitochondrial and perox-
isomal fission, by siRNA prevented 6-hydroxydopamine-induced frag-
mentation of mitochondria [27].

iii. The oxidative stress evoked by low concentrations of 6-hydroxydop-
amine was selective for dopaminergic neurons in culture and fully
dependent on COX-2 activity [28]. The EP1 antagonists completely
prevented the 40–50% loss of dopaminergic neurons caused by
peroxide. In the presence of reduced iron, hydrogen peroxide is converted to hydroxyl
radicals. One-electron reduction of 6-hydroxydopamine to 6-hydroxydopamine semi-
quinone gererates a redox cycling, which potentiates the formation of superoxide
and hydroxyl radicals. Hydroxyl radicals and 6-hydroxydopamine quinones disrupt
mitochondrial function, which induces apoptosis and cell death.
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exposure to 6-hydroxydopamine [29]. These data suggest that Prosta-
glandin E(2) activation of EP1 receptors may be the mediator of
6-hydroxydopamine’s neurotoxic action.

iv. 6-Hydroxydopamine activates the apoptosis pathway through the p38
mitogen-activated protein kinase (MAPK)-mediated, p53-independent
activation of Bax and p53 upregulated modulator of apoptosis (PUMA)
[30]. 6-Hydroxydopamine induces an increase in caspase-3 activity and
cytochrome c translocation into the cytosol from mitochondria in three
ways: decreasing the Bax/Bcl-2 ratio, activating c-Jun N-terminal kinase,
and activating protein kinase C [31]. The toxicity of 6-hydroxydopamine
was mediated through the generation of reactive oxygen species and was
accompanied by a large increase in phosphorylated ERK1/2 [32]. The
rapid activation of ERK1/2 in dopaminergic cells by oxidative stress serves
as a self-protective response, reducing the content of reactive oxygen
species and caspase-3 activity and increasing downstream ERK1/2 sub-
strates [33]. 6-Hydroxydopamine induces caspase 3-dependent PKCd
proteolytic activation in thecell bodiesof the substantia nigrapars compact,
implicating this kinase in theneurodegenerative process [34].a-Lipoic acid
suppressed 6-hydroxydopamine-induced apoptosis through an increase in
cellular glutathione through the stimulation of the glutathione (GSH)
synthesis system but not by the expression of heme oxygenase-1 [35].
3. MPTP Neurotoxin

The finding that American drug addicts developed marked parkinson-
ism after using an illicit intravenous drug containing MPTP opened a new
line of study using this exogenous neurotoxin as a preclinical experimental
model [36].

N-CH3

MPTP

N-CH3

MPP +

+

MPTP is a selective dopaminergic proneurotoxin that crosses the blood–
brain barrier, and it is converted by monoamine oxidase-B in the astrocytes
to MPP+ (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinium ion), the
active neurotoxic metabolite of MPTP (Figure 1). MPP+, with high selec-
tive affinity for the DAT, is largely accumulated in DA nerves and inhibits
complex I of the mitochondrial respiratory chain [37]. This interferes with
energy production, which adversely affects cellular function, leading to a
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disruption in Ca2+ homeostasis and further adverse effects that lead to
neurotoxicity. MPTP produces irreversible parkinsonism in primates,
including humans. Additionally, hydroxyl radical is a likely mediator of
MPTP/MPP+ since acetyl-L-carnitine attenuates neurotoxicity by reducing
hydroxyl radicals as well as xanthine oxidase-generated uric acid [38].

MPP+ has been shown to be taken up into dopaminergic neurons through
the plasma membrane DAT as well as into catecholamine storage vesicles
through the granule vesicular monoamine transporter (VMAT) [39]. MPP+ is
one of the most potent dopamine-releasing agents. MPP+ perfusion into the
striatum increases extracellular dopamine levels [39,40]. The sustained eleva-
tion of dopamine in the extracellular fluid elicited by MPTP may result in
dopamine oxidationwith concomitant formation of hydroxyl radicals [41,42].
MPTP significantly decreases VMAT-2 expression, resulting in an increase in
cytosolic dopamine and its autoxidation to aminochrome [43,44]. The toxic
effect of MPP+ is potentiated by inhibition of the enzyme DT-diaphorase in
the presence of dicoumarol, and it appears that dopamine oxidation to
aminochrome is a major mechanism by which MPP+ exerts toxicity [45].

Studies done with COX-2-deficient mice revealed that the loss of
COX-2 activity reduces MPTP-induced damage to the dopaminergic neu-
rons of the sunstantia nigra but that it does not alter the levels of dopamine
and its metabolites in the striatum [46]. The reduction of COX-2 activity
mitigates the secondary and progressive loss of dopaminergic neurons, as well
as the motor deficits induced byMPTP [47]. Experiments done with insulin-
like growth factor-1R(+/�) mice showed a dramatically increased neuroin-
flammatory response to MPTP. MPTP induced more severe lesions of
dopaminergic neurons of the substantia nigra in Insulin-like growth factor-
1R(+/�) mice than in wild-type animals [48]. In the MPTP mouse model,
MK2-deficient mice show a reduced neuroinflammation and less degenera-
tion of dopaminergic neurons in the substantia nigra after MPTP lesion
compared with wild-type mice [49]. Myeloperoxidase, a key oxidant-
producing enzyme during inflammation, is upregulated in the ventral
midbrain of MPTP mice [50]. Anti-inflammatory drugs such as celecoxib
and pioglitazone decreased inflammation and restored mitochondrial function
in rats intrastriatally injected with lipopolysaccharide [51].

It has been shown that the Jun-N-terminal kinase (JNK) pathway is a
major mediator of MPTP-induced neurotoxicity [52,53]. MPP+ induced
not only an activator of c-Jun but also an early and robust stimulator of
caspase-9 in themidbrain of rats [54].MPTP induces caspase-3 and caspase-8
activation in mice cerebellar granule neurons [55]. Compound FLZ, a
synthetic derivative of natural squamosamide, inhibited the MPP+-induced
release of cytochrome c, apoptosis-inducing factor and the activation of
caspase 3 in SH-SY5Y cells [56]. Nucling is a novel type of apoptosis-
associated molecule, essential for cytochrome c, apoptosis protease activating
factor 1, pro-caspase-9 apoptosome induction, and caspase-9 activation
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following proapoptotic stress. Interestingly, Nucling-deficient mice treated
with MPTP did not exhibit locomotor dysfunction in an open-field test.
The substantia nigra dopaminergic neurons of Nucling-deficient mice
were resistant to the damaging effects of the neurotoxin MPTP [57].
MPP+-induced apoptosis in MES23.5 cells involves DMT1-dependent
iron influx and mitochondria dysfunction [58]. MPP+-induced increases
caspase-3 enzymatic activity, DNA fragmentation, and apoptotic cell
death, which is inhibited by NADPH oxidase inhibitors [59]. Ultrastructural
details of the nucleus under transmission electron microscopy confirmed
a distorted nuclear organization with shrunken or condensed nuclei and a
disrupted nuclear membrane, which is typical of a nucleus undergoing apo-
ptosis, in rats with unilateral intranigral infusion of MPP+ [60]. Blockage of
glycogen synthase kinase-3b activity by its two specific inhibitors, indirubin-
30-oxime and AR-A014418, prevented dopaminergic neurons from under-
going MPTP-induced apoptosis [61]. a-Lipoic acid, a thiol antioxidant,
abolished the activation of apoptosis signal regulating kinase (ASK1) and
phosphorylation of downstream kinases, MKK4, and JNK, and it also pre-
vented the down-regulation of DJ-1 and translocation of Daxx to the cytosol
induced by MPTP [62]. Glial cell line-derived neurotrophic factor protects
tyrosine hydroxylase-positive neurons derived from human embryonic stem
cells against MPP(+)-induced apoptotic cell death [63]. A possible role for
calpain in the mechanism of motorneuron apoptosis induced by MPTP has
been suggested [64].MPTP-induced conversion of the cdk5 activator p35 to a
pathogenic p25 form is dependent on calpain activity in vivo [65].
4. Aminochrome as Endogenous Neurotoxin

Dopamine in dopaminergic neurons is efficiently incorporated into
vesicles by VMAT-2 for neuronal transmission or storage. The low pH
inside of the vesicles prevents oxidation of the catechol structure of dopa-
mine to the o-quinone aminochrome. However, the protons of dopamine
hydroxyl group are dissociated at physiological pH in the cytosol of dopa-
minergic neurons, and oxygen catalyzes dopamine oxidation to dopamine
o-quinone, which automatically cyclizes in several steps to aminochrome at
this pH.

HO

HO

NH2

Vesicles

O

O

NH2

Dopamine o-quinone

O

O N
H

Aminochrome

Oxidation

O

O

NH2

Cytosol



Molecular Aspects of Neurotoxins in Dopaminergic Neurons 107
Aminochrome in the cell has the following alternative pathways:
(i) Aminochrome can polymerize to neuromelanin, which seems to be a
normal process (Figure 3). The evidence that oxidation of dopamine to
aminochrome indeed occurs in the brain in vivo is the existence of neurome-
lanin in human substantia nigra, which also accumulates with age [66].
Neuromelanin is able to chelate metals [67,68] and bind proteins. a-Synuclein
was detected in neuromelanina of PDpatients and controls after cleavage of the
melanin backbone under solubilizing conditions [69]. It is important to
remember that neuromelanin containing cells are not degenerated in control
human substantia nigra, which suggests that neuromelanin formation itself is
not a neurotoxic pathway. However, studies in vitro with SH-SY5Y cells
showed that neuromelanin selectively induced apoptosis by deglutathionyla-
tion in mitochondria [70]. (ii) Aminochrome forms adducts with proteins,
such as a-synuclein by inhibiting its fibrillization and enhancing and stabilizing
its protofibril formation [71,72]. a-Synuclein oligomerization into cytotoxic
protofibrils seems to be essential for its neurotoxic effects [71]. Aminochrome
is also able to form adducts with proteins, thereby inactivating enzymes
(Figure 3, reaction 2). Dopamine o-quinone, which binds covalently to
nucleophilic sulfhydryl groups on protein cysteinyl residues, has been reported
to modify and inactivate tyrosine hydroxylase, human DAT, and parkin
[73–75]. It is important to note that the amino chain of dopamine o-quinone
cyclizes spontaneously at physiological pH generating aminochrome. Amino-
chrome was also found to inhibit the proteasome [76]. (iii) One-electron-
reduction of aminochrome catalyzed by flavoenzymes. Aminochrome can be
reduced by one-electron to leukoaminochrome-o-semiquinone radical,
which is extremely reactive with oxygen, autoxidizing with the generation
of a redox cycling between aminochrome and leukoaminochrome o-semiqui-
none radical (Figure 3) [77,78]. This redox cycling is initiated by one-electron
reduction of aminochrome and catalyzed by flavoenzymes using NADH or
NADPH, and it is extremely rapid and potent, producing acute neurotoxicity.
This redox cycling results in (a) the depletion ofNADH,which is required for
ATP synthesis in the mitochondria; (b) depletion of NADPH required by
glutathione reductase to keep GSH in the reduced state necessary to exert
its antioxidant action; (c) depletion of oxygen, required for ATP synthesis in
the mitochondria; (d) formation of superoxide radicals, which spontaneously
or enzymatically generate hydrogen peroxide, the precursor of hydroxyl
radicals. Leucoaminochrome o-semiquinone radical is highly neurotoxic in
cells and rats, and it has been proposed as a endogenous neurotoxin that
induces neurodegeneration of dopaminergic neurons in PD [79–85]; and
(iv) Aminochrome can be reduced with two-electron to leukoaminochrome
catalyzed by DT-diaphorase (Figure 3). This reaction prevents the formation
of leucoaminochrome o-semiquinone radical during one-electron reduction
of aminochrome [77–80,83,86]. DT-diaphorase (EC.1.6.99.2) is the unique
flavoenzyme, which catalyzes the two-electron reduction of quinones to



HO

Oxidation

O

O N
H

N
H

N
H

HO

NH2

HO

HO
NAD(P)+

NAD(P)H)

NADH/NADPH NAD+/NADP+

DT-diaphorase

HO

1e− red.

O2
.−

O2
.−

.
O

O2

H2O2

OH.

αα-synuclein

DAT

Protofibrils

Neuroprotection

Neurotoxicity

Neuromelanin

Aminochrome
Redox cycling

Leukoaminochrome o -
semiquinone

Dopamine

Figure 3 Possible mechanism for aminochrome-induced neurotoxicity in dopaminergic neurons. At physiological pH, dopamine hydroxyl
protons are dissociated, and dopamine is oxidized to aminochrome. Aminochrome is able to participate in four different reactions, which can be
divided in two neuroprotective reactions (i) and (ii) and two neurotoxic reactions (iii) and (iv). (i) Aminochrome polymerizes to neuromelanin,

10
8

Ju
a
n
S
e
g
u
ra
-A
g
u
ila

r



Molecular Aspects of Neurotoxins in Dopaminergic Neurons 109
hydroquinones and which can use both NADH and NADPH as electron
donators. DT-diaphorase immunoreactivity colocalized with tyrosine
hydroxylase-like immunoreactivity has been found in neurons of substantia
nigra and ventral tegmental area [87]. Interestingly, DT-diaphorase prevents
aminochrome neurotoxic actions such as the one-electron reduction of ami-
nochrome [79,80,83,85] and the formation of a-synuclein protofribrils [88].
5. Neurotoxin Election to Use in

Preclinical Parkinsonism

The lack of success founding elucidating the molecular mechanism(s)
in the degenerative process in PD opens the question of whether the
preclinical experimental models are suitable for understanding what hap-
pens in the degeneration of neuromelanin containing dopaminergic neu-
rons in this disease. The neurodegeneration of neuromelanin containing
dopaminergic neurons in PD seems to be a slow progressive process where
the symptoms are present only when the majority of dopaminergic neurons
are degenerated. This slow degenerative process contrasts with the
extremely rapid action of MPTP, which induces parkinsonism in only 3
days [1]. Perhaps the problem with the preclinical experimental models
(MPTP or 6-hydroxydopamine) used to investigate the mechanism(s) of the
neurodegenerative processes in PD is that they are exogenous neurotoxins,
unable to mimic what happens in idiopathic PD. Both neurotoxins have
been very useful in understanding cell death mechanisms in dopaminergic
neurons where mitochondrial dysfunction seems to be a common feature of
both neurotoxins. However, the question is the identity of the neurotoxin
that induces mitochondrial dysfunction and where this neurotoxin is acting
in the mitochondria. I propose aminochrome as model neurotoxin to study
the neurodegenerative processes occurring in neuromelanin containing
dopaminergic neurons in PD since (i) Aminochrome is an endogenous
metabolite of dopamine oxidation, (ii) Aminochrome is the precursor of
and it is known that healthy people have their melanin-containing dopaminergic
neurons intact; (ii) Aminochrome can be two-electron reduced to leukoaminochrome
which also forms neuromelanin. This reaction is only catalyzed by DT-diaphorase; (iii)
Aminochrome forms adducts with a-synuclein, inhibiting a-synuclein fibrillization and
enhancing and stabilizing the formation of neurotoxic protofibrils; and (iv) Amino-
chrome can be one-electron reduced to leukoaminochrome-o-semiquinone radical,
which is extremely reactive with oxygen, undergoing autoxidizion with the generation
of a redox cycling between aminochrome and leukoaminochrome o-semiquinone
radical. This redox cycling will continue until NADH, NADPH, or dioxygen are
depleted.
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neuromelanin, (iii) This model is focused on melanin containing neurons
that are lost in the substantia nigra in PD, and (iv) The formation and
stabilization of a-synuclein protofibrils in sporadic PD is dependent on
aminochrome. Aminochrome induces neurotoxicity under certain aberrant
conditions, such as the one-electron reduction of aminochrome catalyzed
by flavoenzymes to leukoaminochrome o-semiquinone radical, which is a
highly reactive neurotoxin. Aminochrome also induces neurotoxicity
through the formation of adducts with a-synuclein, which enhances and
stabilizes the formation of neurotoxic protofibrils.
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1. Introduction

Epidemiological studies have linked tobacco use to cancers of the lung,
oral cavity, pharynx, larynx, esophagus, pancreas, urinary bladder, liver, and
several other tissues [1]. Among these, lung cancer kills more than one million
people each year worldwide [2]. It is the leading cause of cancer death for both
women and men in the United States, with 80–90% of these deaths linked to
cigarette smoking [3–5]. Environmental tobacco smoke is also widely
accepted as cause of lung cancer, however, the risk is much lower than that
associated with smoking [1]. It is important to understand the mechanisms of
tobacco-induced cancers so that cancer risk can be decreased, susceptible
individuals identified and strategies for early detection can be developed.

Cigarette smoke contains more than 4000 chemicals, of which 55
have been classified as chemical carcinogens in animal models [5]. The
tobacco-alkaloid derived nitrosamines are formed during the curing pro-
cess of tobacco [6]. The focus of this review, 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK), is derived from nicotine [7]. Significant
levels of NNK are found in tobacco products and tobacco smoke. Levels of
NNK in cigarettes range from 55 to 10,745 ng per cigarette [8–12]. They
are �10-fold lower in mainstream smoke (5–1749 ng) [8–13].
2. Carcinogenesis

NNK is carcinogenic in laboratory animals, generating tumors at sites
similar to those observed in smokers [14]. NNK is a strong lung specific
carcinogen, independent of species and route of administration [15–17].
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It also causes liver, nasal, and pancreatic tumors [14]. This compound
induces lung adenocarcinomas in rodents at doses that are comparable to
those experienced by smokers [14]. This type of cancer is now the most
common type of lung cancer observed in humans, having surpassed squa-
mous cell carcinoma. This shift in histology has been attributed not to
improvements in diagnoses but rather to the changing cigarette, which
increases the exposure of humans to tobacco-specific nitrosamines [18].
Metabolic products of NNK have been detected in urine of smokers and
individuals exposed to second hand smoke, indicating that humans are
exposed to and metabolize this carcinogen [19–28]. As a result of these
studies, NNK is considered to be a human carcinogen [29].
3. Metabolism

3.1. Overview

NNK is rapidly and extensively metabolized in rodents, primates, and
humans [30–35]. The major metabolic pathways, as outlined in Figure 1,
consist of carbonyl reduction, N-oxidation and a-carbon hydroxylation.
Glucuronidation is an important pathway of NNAL metabolism. Each of
these four pathways are described below.
3.2. Carbonyl reduction

Carbonyl reduction of NNK by carbonyl reductases generates 4-(methylni-
trosamino)-1-(3-pyridyl)-1-butanol (NNAL), a major NNK metabolite
(Figure 1). This reduction leads to the formation of enantiomers which
have stereoselective differences in tissue distribution and excretion in rats
and humans [34,36,37]. At least five different enzymes have been shown to
carry out this reduction, microsomal 11b-hydroxysteroid dehydrogenase
type 1 [38], cytosolic carbonyl reductases, and three members of the aldo-
keto reductase superfamily, AKR1C1, AKR1C2, and AKR1C4 [39]. There
may be other reductases that can catalyze the reduction of NNK to NNAL.
In a study with human pancreatic tissue, (S )-NNAL was the major product
when NNK was incubated with cytosolic fractions whereas (R)-NNAL
was the predominant isomer in microsomal incubations [40]. Significant
interindividual differences in the rates of reduction were observed. There-
fore, there is likely to be intra-individual variability in the rates and stereo-
selectivity of carbonyl reduction of NNK in humans. This reaction is not
necessarily a detoxification process since NNAL is almost as carcinogenic as
NNK in a variety of animal models [14]. Cytochrome P450 is able to oxidize
(S)-NNAL, but not (R)-NNAL to NNK [41,42]. The ability of other
enzymes to catalyze this oxidation reaction has not been investigated.
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3.3. N-Oxidation

Both NNK and NNAL undergo oxidation to form N-oxides (Figure 1).
This step is considered a major detoxification pathway in rodents [14]. It is
less important pathway in humans where NNK N-oxide was not observed
and the levels of NNAL N-oxide were �20% the levels of NNAL-glucur-
onides in smokers’ urine [43]. There is wide species and tissue variation in
the production of these metabolites in microsomes [14]. Cytochrome P450
2B1 appears to be involved in NNK-N-oxide formation in rodents [14,44].
None of the expressed human P450s or FMO have been shown to be
effective NNK N-oxidases [44,45]. Human P450 2A13, rat P450 2A3,
and mouse P450 2A5 catalyze the N-oxidation of the (S)- but not
(R)-enantiomer of NNAL [41,42].
3.4. a-Hydroxylation

A major route of metabolism for NNK involves a-carbon hydroxylation
leading the formation of two different a-hydroxymetabolites (Figure 1).
Methyl hydroxylation leads to the formation of 4-(hydroxymethylnitrosa-
mino)-1-(3-pyridyl)-1-butanone (OHMeNNK). This unstable metabolite
spontaneously decomposes to a reactive pyridyloxobutylating agent that
reacts with water to generate 4-hydroxy-1-(3-pyridyl)-1-butanone (HPB).
Methylene hydroxylation generates 4-hydroxy-4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (4-OHNNK). This product is also unstable and
decomposes to form 4-oxo-1-(3-pyridyl)-1-butanone (OPB) and methane-
diazohydroxide. OPB is oxidized to 4-oxo-4-(3-pyridyl)-1-butanoic acid
(OPBA). Both a-hydroxylation pathways are considered bioactivation
routes since they result in the formation of DNA and protein adducts [14].

NNAL is also subjected to a-hydroxylation reactions (Figure 1) [14].
Methyl hydroxylation produces 4-(hydroxymethylnitrosamino)-1-(3-
pyridyl)-1-butanol (4-OHMeNNAL) which spontaneously decomposes
to a reactive pyridylhydroxybutylating agent that reacts with water to
form 4-hydroxy-1-(3-pyridyl)-1-butanol (diol) and 2-(3-pyridyl)-2,3,4,5-
tetrahydrofuran (pyridyl-THF). Methylene hydroxylation creates 2-(3-
pyridyl)-5-hydroxy-2,3,4,5-tetrahydrofuran (lactol). As with NNK, these
oxidation pathways generate reactive metabolites capable of alkylating
DNA and protein.
3.4.1. Enzymes involved in NNK a-hydroxylation
Cytochrome P450 is primarily responsible for catalyzing the a-hydroxyl-
ation of NNK and NNAL [44]. The recent report indicating the require-
ment of active cytochrome P450 reductase for NNK-induced tumor
formation demonstrates that this pathway is critical for carcinogenesis
[46]. The role of various cytochrome P450 enzymes in the a-hydroxylation
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of NNK has been recently reviewed [44]. Based on Km data determined
with expressed human P450s, the relative efficiencies of oxidation are (from
most efficient to least efficient): 2A13>> 2B6> 2A6> 1A2� 1A1> 2D6
� 2E1 � 3A4 [44]. Whether these enzymes are involved in NNK metabo-
lism in humans will depend on numerous factors such as relative expression
levels, tissue localization, levels of cytochrome P450 reductase, and the
concentration of NNK in human tissues [44]. Studies with human periph-
eral lung microsomes indicate that NNK a-hydroxylase activity does not
correlate well with P450 2A6 and 2A13 levels except in individuals with
high levels of P450 2A13 [47,48]. Therefore, it appears that there will be
individual differences as to which P450 will be involved in NNK bioactiva-
tion in humans. Other P450s that are expressed in human lung include P450
1A1 (in smokers), 1B1, 2B6, 2E1, and 3A5 [49]. The kinetic parameters of
P450 1B1 and 3A5 have not been determined for NNK [50].

Another factor complicating the identification of the cytochrome P450
enzymes involved in the a-hydroxylation of NNK is that the lung is a
heterogeneous tissue with over 40 different cell types, each of which are
likely to have a different distribution of enzymes. Immunohistochemical
studies have indicated that cytochrome P450 reductase is expressed in
bronchial and bronchiolar epithelium, Clara cells, types I and II alveolar
cells, and alveolar macrophages [51]. The localization of a number of P450s
in human lung tissue has been investigated with immunohistochemistry
with different distribution for each one. P450 1A1 is expressed primarily in
bronchiolar, terminal bronchiolar, and alveolar epithelium of smokers [50],
P450 1B1 has only been observed in alveolar macrophages [52], and P450
3A5 is distributed in the bronchial, bronchiolar, and alveolar epithelium as
well as in alveolar macrophages [53].

Consistently, different lung cell types have different abilities to metabo-
lize NNK. In rat, the relative a-hydroxylation activity of the different lung
cell types was Clara cells > alveolar macrophages � alveolar type II cells >
small cells are the most active in terms of a-hydroxylation of NNK as well as
NNAL [54]. The NNK a-hydroxylase activity of human alveolar type II
cell and alveolar macrophages were comparable within an individual but
varied widely between individuals [55].

3.4.2. Enzymes involved in NNAL a-hydroxylation
The enzymes involved in the a-hydroxylation of NNAL have been less
studied. Human P450 2A13, rat P450 2A3, and mouse P450 2A5 all
catalyze the a-hydroxylation of NNAL [41,42]. The ratio of methylene
(lactol formation) versus methyl hydroxylation (diol plus pyridyl-THF)
is dependent on the P450 enzyme catalyzing the reaction. Mouse P450
2A5 preferentially catalyzed methylene hydroxylation [41], rat P450 2A3
preferentially catalyzed methyl hydroxylation [42], and human P450 2A13
had a slight preference for methylene hydroxylation [42]. In general, NNAL
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is not as easily oxidized as NNK. The Vmax/Km values for NNAL metabo-
lism by P450s 2A3 and 2A13 were 1–2 orders of magnitude lower than
those obtained for NNK [42].

3.4.3. Relative amount of NNK methyl versus
methylene hydroxylation

The relative amount of methyl versus methylene hydroxylation varies with
species and tissue as reviewed by Hecht [14]. For example, the rate of
methyl hydroxylation exceeds methylene hydroxylation in lung micro-
somes from A/J mice, patas monkey, and Sprague-Dawley rats [56–58]
whereas methylene hydroxylation is the dominant pathway in A/J mouse
liver microsomes [59]. Methylene hydroxylation is similar to methyl
hydroxylation in Sprague-Dawley rats and patas monkeys [57,60]. These
differences result from the fact that various P450 enzymes differ in the
relative amount of methyl versus methylene hydroxylation they produce
[44]. For example, human P450 2A13 is 1.5–4 times better at methylene
hydroxylation than methyl hydroxylation whereas mouse P450 2A5 is a
better methyl hydroxylase [44].
3.5. Glucuronidation

While NNK is not directly glucuronidated, several of its metabolites
undergo glucuronidation. NNAL glucuronides are significant in vivo meta-
bolites of NNK. The formation of these metabolites is considered to be
the primary route of detoxification of NNK in humans [14]. There are
several glucuronides formed from this compound, diastereomeric
4-(methylnitrosamino)-1-(3-pyridyl)-1-(O-b-D-glucopyranuronosyl)butane
(NNAL-O-Gluc) [33,61,62] and 4-(methylnitrosamino)-1-(3-pyridyl-N-
b-D-glucopyranuronosyl)-1-butanolonium inner salt (NNAL-N-Gluc)
(Figure 1) [23]. These metabolites have been effectively employed as bio-
markers for NNK exposure and absorption from tobacco products [28]. In
humans, the glucuronosyl transferases (UGTs) UGT2B7, UGT1A9, and
UGT2B17 are important enzymes in the O-glucuronidation of NNAL
[63,64] whereas UGT1A4 and UGT2B10 are important catalysts of
NNAL-N-Gluc formation [65,66]. The ratio of NNAL-N-Gluc/NNAL-
O-Gluc in the urine of smokers is 1 whereas it is 0.5 in snuff-dippers [23].

The O-glucuronides of HPB and OHMeNNK have been observed as
minor urinary metabolites of NNK in phenobarbital-treated rats [67]. The
latter product is likely a detoxification pathway in NNK metabolism since
glucuronidation of this compound would block its decomposition into a
DNA alkylating species. Consistent with this hypothesis is that the levels of
hemoglobin pyridyloxobutylation is reduced in rats pretreated with pheno-
barbital despite the fact that the a-hydroxylation pathways are enhanced in
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these same animals; glucuronidation of OHMeNNK is also increased in
these animals [68]. The presence of this pathway in humans has not been
investigated.
3.6. Balance of metabolic pathways in vivo

In laboratory animals, a-hydroxylation is the primary pathway [33,61].
When total NNAL metabolites are considered (NNAL plus its glucuro-
nides), they account for 0–50% of mouse urinary metabolites and 0–33% of
rat urinary metabolites [61]. NNAL and its glucuronides represented
19–22% of the urinary NNKmetabolites in the patas monkey [33]. Pyridine
N-oxidation was either equal to or less than the levels of NNAL plus
NNAL-glucs in these species [33,61]. The rest of the urinary metabolites
in these species are products of a-carbon oxidation.

Recent studies in smokeless tobacco users have been designed to deter-
mine the relative contribution of each pathway to overall NNKmetabolism
in humans [35]. NNAL and its glucuronides comprised 14–17% of an NNK
dose. Given that pyridineN-oxidation was about 7 times less abundant than
NNAL and its glucuronides in the urine of smokeless tobacco users [43], it
was estimated that a-hydroxylation is the major metabolic pathway in
smokeless tobacco users [35].
4. DNA Damage

While the products of this reaction, OHMeNNK and 4-OHNNK,
are too unstable for isolation and chemical characterization, these metabo-
lites probably have a significant biological half life. OHMeNNK is stable
enough to serve as a substrate for glucuronidation [67]. In addition, several
a-hydroxynitrosamines have been prepared and were shown to some lim-
ited stability with half-lives greater than 10 s at pH 7 [69]. Therefore, it is
likely that a-hydroxymetabolites are sufficiently stable to migrate from the
site of formation to other locations within the cell.

a-Hydroxylation generates multiple reactive metabolites of NNK that
are capable of damaging DNA. Each a-hydroxymetabolites decomposes to
an alkanediazohydroxide and an aldehyde. Both of these decomposition
products can damage DNA as outlined below. Given the very short half life
of the alkanediazohydroxides, it is likely that the aldehyde product is
generated in the vicinity of the reactive diazonium ion. Therefore, when
DNA is damaged by the diazonium ion intermediate, an aldehyde is likely
generated within the nucleus. The overall contribution of the aldehyde
to the toxicological properties of nitrosamines is not well investigated.
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In general, the aldehyde decomposition products of a-hydroxynitrosamine
metabolites are ignored when considering reactive metabolites of nitrosa-
mines, despite the fact that aldehydes are known toxicants and mutagens
[70–75] and are capable of inhibiting DNA repair pathways [71,76]. The
types of DNA damage generated by each of the reactive metabolites formed
from NNK a-hydroxylation are discussed below.
4.1. Methyl DNA damage

4-OHNNK decomposes to form methanediazohydroxide (Figure 1). The
diazohydroxide reaction product further degrades to a methanediazonium
ionwhich reactswithDNA to formwell-characterizedmethylDNAadducts
(Figure 2). As with other methylating nitrosamines, 7-methylguanine
(7-mG), O6-methylguanine (O6-mG), and O4-methylthymidine (O4-mT)
have been detected in DNA isolated from tissues of NNK-treated rodents
[77–81]. In the absence ofDNA repair, the distribution of the various adducts
is as expected for a methanediazonium intermediate with 7-mG present in
quantities roughly 10 times the levels ofO6-mGwhich is�10 times the levels
of O4-mT [82]. The dose and time dependence of NNK-induced methyl
DNA adduct formation has been extensively reviewed elsewhere [14,83].
Methyl DNA adducts have been observed as well in NNAL-treated rodents
[84]. Methyl adducts have been observed in tobacco smokers but these
adducts are also detected in nonsmokers and are likely to be derived from
both tobacco and nontobacco sources [83].
4.2. Pyridyloxobutyl DNA damage

OHMeNNK decomposes to 4-(3-pyridyl)-4-oxobutanediazohydroxide
and subsequently to 4-(3-pyridyl)-4-oxobutanediazonium ion. Studies
investigating the solvolysis of model pyridyloxobutylating agents provide
evidence for multiple reactive intermediates generated by the 4-(3-pyridyl)-
4-oxobutanediazonium ion (Table 1; Figure 3; [85]). It can react directly
with nucleophiles to form 4-oxo-4-(3-pyridyl)-1-butyl adducts (pathway 1).
Second, it can cyclize by intramolecular attack of the carbonyl oxygen on the
terminal carbon atom to form a reactive cyclic oxonium ion (pathway 2)
which reacts with nucleophiles to form cyclic adducts. Finally, it can elimi-
nate a proton andN2 to generate 4-oxo-4-(3-pyridyl)-but-1-ene which will
rearrange to form an a,b-unsaturated ketone, 4-oxo-4-(3-pyridyl)-but-2-
ene (pathway 3). This latter compound is reactive with model nucleophiles,
such as N-acetylcysteine to generate 4-oxo-4-(3-pyridyl)-2-butyl adducts
[86]. An alternative intermediate leading to the a,b-unsaturated ketone
involves the formation of a primary carbocation to a secondary carbocation
that then loses a hydrogen to become the a,b-unsaturated ketone directly
(pathway 4). The absence of 3-hydroxy-1-(3-pyridyl)-1-butanone as a
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solvolysis product argues against a discrete secondary carbocation as an inter-
mediate in this process [85]. The formation of cyclopropyl(pyridin-3-yl)-
methanone is explained by the deprotonation of the carbon adjacent to the
carbonyl which produces an anion that can intramolecularly react with
the electrophilic carbon adjacent to the diazonium ion (pathway 5). While
the a,b-unsaturated ketone and the cyclopropyl derivative are observed
during the hydrolysis of model pyridyloxobutylating agents, they have not
been detected as metabolites of NNK in biological systems [86].

HPB is the major decomposition product formed during the solvolysis
of NNKOAc or 4-carbethoxynitrosamino-1-(3-pyridyl)-1-butanone. This
product can be formed either via direct reaction with the diazonium ion
intermediate or via reaction with the cyclic oxonium ion intermediate to
form an unstable hemiacetal that rapidly rearranges to HPB. When the



Table 1 Solvolysis of model pyridlyoxobutylating agentsa (reproduced from Ref. [85])

N

N

O N O

OAc

N

N
COOEt
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3b,c 4b,d

Products H2O MeOHf H2O MeOHe

N

O

OH

63 48 48 28

N

O 4 4 2 3

N

O 24 30 17 13

N

O
OCH3

11 13

a Product distribution expressed in percent yield.
b Solvolyzed in 10 mM MOPS and 150 mM NaCl, pH 7.4 at 22 �C.
c Contained 5.7 mg/ml esterase.
d Contained 19 mg/ml esterase.
e Contained 4.9 M methanol.
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solvolysis is performed in the presence of methanol, only the stable acetal,
2-(3-pyridyl)-2-methoxy-2,3,4,5-tetrahydrofuran is formed, not 4-meth-
oxy-1-(3-pyridyl)-1-butanone. This result suggests that the cyclic oxonium
ion represents a significant intermediate in the solvolysis of these com-
pounds. Therefore, it is possible that both 4-(3-pyridyl)-4-oxobutyl and
2-(3-pyridyl)-2,3,4,5-tetrahydrofuran adducts are formed from 4-(3-pyri-
dyl)-4-oxobutanediazonium ion.

Initial attempts to characterize DNA adducts from this pathway were
unsuccessful as a result of their instability. When pyridyloxobutylated DNA
is subjected to strong acid or neutral hydrolysis conditions, the majority of
these adducts decompose to release HPB [14,87]. HPB itself does not react
with DNA to form adducts [87], demonstrating that these adducts are
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derived from a reactive intermediate resulting from methyl hydroxylation.
The amount of HPB released from DNA (HPB-releasing adducts) has been
used as a dosimeter for this pathway [14].

Four pyridyloxobutyl DNA adducts have been recently characterized
(Figure 2): 7-[4-3-(pyridyl)-4-oxobut-1-yl]-20-deoxyguanosine (7-pobdG)
[88], O2-[4-3-(pyridyl)-4-oxobut-1-yl]-20-deoxycytosine (O2-pobdC) [89],
O2-[4-3-(pyridyl)-4-oxobut-1-yl]thymidine (O2-pobdT) [89], and O6-[4-
3-(pyridyl)-4-oxobut-1-yl]-20-deoxyguanosine (O6-pobdG) [88–90]. Stan-
dards for N2-[4-3-(pyridyl)-4-oxobut-1-yl]-20-deoxyguanosine were
prepared but this adduct was not observed in pyridyloxobutylated DNA
[91]. O6-pobdG and O2-pobdT are the most stable of these DNA adducts
[89,90]. The other two adducts, 7-pobdG and O2-pobdC, undergo one of
two reactions under neutral thermal hydrolysis conditions: they lose the sugar
moiety to generate the nucleobase adducts, 7-[4-3-(pyridyl)-4-oxobut-1-yl]
guanine (7-pobG) and O2-[4-3-(pyridyl)-4-oxobut-1-yl]cytosine or they
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dealkylate to release HPB [88,89]. The dealkylation reaction increases
in strong acid hydrolysis conditions. Cyclic adducts derived from a cyclic
oxonium ion intermediate are expected to dealkylate to generateHPB under
neutral thermal, acid or enzymatic degradation of DNA.

Quantitation of these adducts in NNKOAc-treated DNA indicates that
HPB-releasing adducts represent about 65% of the total pyridyloxobutyl
DNA adducts [92]. The relative amount of adduct formed: 7-pobG >>
O2-pobC > O2-pobdT > O6-pobG [92]. When the adduct levels are
measured with deuterated standards for each identified adduct, 7-pobG >
O6-pobG > O2-pobdT � O2-pobC [93].

The presence of phosphate adducts in pyridyloxobutylated DNA is
unclear. HPB was not released from pyridyloxobutylated DNA when
heated under alkaline conditions [87], suggesting that the HPB-releasing
adducts are not derived from adducts attached to the phosphate backbone.
However, there is some evidence supporting that there are phosphate
adducts in DNA isolated from [5-3H]NNK-treated mice. Indirect evidence
for phosphate adducts was obtained when the 30-termini of NNKOAc-
induced strand breaks were resistant to 32P-labeling in the presence of
T4 DNA polymerase even after the DNA had been incubated with endo-
nuclease IV [94]. This latter enzyme will remove blocking groups such as
30-phosphate or 30-phosphoglycolate. This result suggests that the 30-posi-
tion of the NNKOAc-induced strand breaks is blocked with an adduct
so that it is not recognized by the endonuclease. However, O6-pobG
blocks 30-exonuclease degradation of DNA [95], indicating that an investi-
gation into the ability of pyridyloxobutylated nucleobase adducts to inhibit
endonuclease IV should be conducted.

Evidence for phosphate adducts was also observed when reaction of
enzyme digests of DNA from [5-3H]NNK-treated animals with cob(I)
alamin, followed by reduction with sodium borohydride led to the forma-
tion of a 4-(3-[5-3H]pyridyl)-4-hydroxy-2-butylcobalam complex [96].
Cob(I)alamin is thought to react selectively with alkyl phosphate adducts
[97]. From these studies, it was concluded that phosphate adducts represented
up to 22% of the pyridyloxobutyl DNA adducts present in DNA fromNNK-
treated mice. It is possible that cob(I)alamin reacts with the pyridyloxobutyl
nucleobase adducts given the increased reactivity of the pyridyloxobutyl group
relative to other simpler alkyl groups. Additional studies are required to
explain these discrepant results.

Indirect evidence for the formation of formamidopyrimidine (fapy)
adducts in DNA from NNKOAc-treated human cells was obtained using
the comet assay [98]. The contribution of these adducts to the overall damage
observed in pyridyloxobutyl DNA is unknown since the method of detec-
tion assumed that pyridyloxobutyl fapy adducts equally good substrates for
formamidopyrimidine glycosylase as methyl fapy adducts.
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4.2.1. Formation of specific pyridyloxobutyl DNA adducts
in animal studies

The formation and persistence of HPB-releasing adducts has been exten-
sively reviewed [14,83]. More recently, the levels of specific pyridyloxobu-
tyl DNA adducts have been reported in rats treated with NNK. When
rats were treated with four daily subcutaneous injections of NNK, all
four pyridyloxobutyl DNA adducts were detected (Table 2). The levels
of 7-pobG, O2-pobC, and O2-pobdT were higher in liver relative to
lung DNA. The levels of O6-pobG were higher in lung relative to liver.
This adduct-specific difference likely results from tissue differences in
repair as discussed below. The relative adduct levels were O2-pobdT �
7-pobG > O2-pobC >> O6-pobG in lung DNA and O2-pobdT ¼
7-pobG � O2-pobC > O6-pobG in liver DNA of the treated animals.

When rats were chronically treated with a lower dose of NNK (10 ppm
in drinking water), the levels of the four pyridyloxobutyl adducts were
higher in lung versus liver DNA (Figure 4) [99]. A similar dose dependent
shift in tissue levels of total pyridyloxobutyl adducts has been previously
reported [80]. The relative distribution of pyridyloxobutyl DNA adducts
was O2-pobdT > 7-pobG >> O2-pobC >> O6-pobG in lung DNA and
O2-pobdT >> 7-pobG > O2-pobC in liver DNA; O6-pobG was not
observed in liver DNA from these animals [99].

Interestingly, chronic treatment with (S)-NNAL or (R)-NNAL (10 ppm
in the drinking water) led to the formation of these adducts in lung and liver
DNA of the exposed animals [99]. The total levels of these adducts in
the lung and liver DNA of (S )-NNAL, but not (R)-NNAL, were compara-
ble to those observed with the same dose of NNK: NNK� (S )-NNAL>>
(R)-NNAL (Figure 5). The distribution of the specific adducts were com-
parable to that observed with NNK. These results indicate that a significant
amount of NNAL is oxidized to NNK in vivo.
4.2.2. Pyridyloxobutyl DNA adduct formation in human studies
Levels of HPB-releasing adducts have been measured in human tissue
samples. Levels of HPB releasing lung DNA adducts were significantly
higher (p < 0.0001) in lung cancer cases who were self reported smokers
as compared to lung cancer cases who were self-reported nonsmokers
(404 � 258 vs. 59 � 56 fmol HPB/mg, respectively) [100]. In another
study, there was no difference in lungHPB-releasing DNA adducts between
sudden death victims who were smokers or nonsmokers [101]. These studies
suggest that individual smokers who accumulate pyridyloxobutyl DNA
adducts may be at increased risk of lung cancer.



Table 2 Adduct levels in NNK-treated rats (reproduced from Ref. [110])

Tissue

Dose

of NNK

(mmol/kg)a

N6-HOCH2-dA dA-CH2-dA 7-pobG O2-pobdT O2-pobC O6-pobG

(fmol/mg DNA)b

Lung 0.025 230 � 84 2c 933 � 89 1120 � 66 483 � 36 251 � 26

0.1 615 � 504 18c 1800 � 478 2020 � 483 840 � 169 487 � 101

0 84 � 7 2d N.D.g N.D. N.D. N.D.

Liver 0.025 586 � 191e 17 � 12e, f 3550 � 1600 3530 � 725 2930 � 521 28 � 17

0.1 3720 � 2210 303 � 290 12,200 � 1600 12,300 � 1690 7800� 1680 140 � 25

0 133 � 126 9c N.D. N.D. N.D. N.D.

a Administered by s.c. injection daily for 4 days.
b Mean � S.D., N ¼ 5 except where noted.
c dAdo-CH2-dAdo was not detected in 3 samples; number shown is mean of 2.
d N ¼ 2.
e N ¼ 4.
f dAdo-CH2-dAdo was not detected in 1 sample; number shown is mean of 3.
g N.D. ¼ not detected (detection limit, 3 fmol/mg DNA).



Figure 4 Levels of pyridyloxobutyl DNA adducts in (A) liver and (B) lung DNA of
NNK-treated rats; (C) O6-pobdG in lung DNA of NNK-treated rats on a different
scale. Animals were treated with 10 ppm NNK in the drinking water for the time
indicated. Symbol designations are: , O2-pobdT; , 7-pobG; , O2-pobC; ,
O6-pobdG. Each value is the mean � S.D. of single analyses of DNA samples from
three rats per group. Reproduced from Ref. [99].
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Figure 5 Time course of total levels of pyridyloxobutyl DNA adducts in (A) liver and
(B) lung DNA of NNK- and (R)- and (S)-NNAL-treated rats. Animals receive 10 ppm
of each compound in the drinking water for the time indicated. Symbol designations
are: , NNK, , (S)-NNAL; , (R)-NNAL. Values are the sum of amounts of all POB-
DNA adducts measured in lung or liver DNA at each time point � S. D. Reproduced
from Ref. [99].

Molecular Mechanisms of NNK-Induced Lung Carcinogenesis 133
4.3. Pyridylhydroxybutyl DNA damage

a-Methyl hydroxylation of NNAL results in the formation of 4-(3-pyridyl)-
4-hydroxybutanediazonium ion which may react with DNA. Reaction
of calf thymus DNA with the model pyridylhydroxybutylating agent,
4-(acetoxymethylnitrosamino)-1-(3-pyridyl)-1-butanol led to the detection
of 7-[4-3-(pyridyl)-4-hydroxybut-1-yl]-guanine (7-phbG) [102],O6-[4-3-
(pyridyl)-4-hydroxybut-1-yl]-20-deoxyguanosine (O6-phbdG) [102],
N2-[4-3-(pyridyl)-4-hydroxybut-1-yl]-20-deoxyguanosine (N2-phbdG) [102],
O2-[4-3-(pyridyl)-4-hydroxybut-1-yl]-20-deoxycytosine (O2-phbdC) [89],
O2-[4-3-(pyridyl)-4-hydroxybut-1-yl]thymidine (O2-phbdT) [89] (Figure 6).
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A comprehensive investigation of the presence of these adducts in NNK- or
NNAL-treated animals has not been performed.
4.4. OPB-derived DNA damage

OPB is formed along with methanediazohydroxide when 4-OHNNK
degrades. OPB induces DNA damage [73] but it is not known if it induces
this damage as a result of direct adduct formation or as a result of DNA
repair inhibition. The ability of OPB to bind covalently to DNA has not
been investigated. It induced sister chromatid exchanges (SCEs) at concen-
trations from 0.01 to 0.5 mM in V79 cells [73]. DNA single strand breaks
(SSB) were observed at concentrations from 0.05 to 1 mM in V79 cells and
greater than 0.5 mM in hepatocytes [73–75]. Unlike NNK-induced SSB,
this damage was stable to increases in pH. Therefore, it is likely that OPB
does not contribute greatly to the SSB observed in NNK-treated tissues.
4.5. Formaldehyde-derived DNA damage

Formaldehyde is formed during the decomposition of 4-OHNNK along
with 4-(3-pyridyl)-4-oxobutanediazohydroxide. Formaldehyde damages
DNA [71,103], inducing SSB [74] as well as specific adducts [104,105].
It reacts with DNA in vitro with the exocyclic amino groups of 20-deoxya-
denosine (dA), 20-deoxycytidine (dC) and 20-deoxyguanosine (dG) to form
the following adducts in decreasing order: N 6-hydroxymethyl-20-deoxya-
denosine (N 6-HOCH2-dA, Figure 2) >> N 4-hydroxymethyl-20-deoxy-
cytidine > N 2-hydroxymethyl-20-deoxyguanosine [104,105]. These initial
adducts lead to the formation of crosslinks with exocyclic amino groups of
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dA, dC, or dG [105–109]. The major crosslink detected at low concentra-
tions of formaldehyde is a dA–dA crosslink (dA-CH2-dA, Figure 2) [105].

Evidence for the formation of N 6-HOCH2-dA in lung and liver DNA
from NNK-treated rats was obtained with a sensitive LC-MS/MS assay
[110]. Significant levels of dA-CH2-dA were observed in liver but not lung
DNA from these animals [110]. The levels of the formaldehyde derived
adducts were comparable to the levels of several pyridyloxobutyl DNA
adducts detected in these tissues (Table 2) [110]. Subsequent studies indicated
that formaldehyde adducts were also formed in DNA treated with the model
pyridyloxobutylating agent, NNKOAc in vitro [105]. These data indicate that
a-hydroxylation generates two reactive species, the diazonium intermediate
as well as an aldehyde. The contribution of the aldehyde to the mutagenic and
carcinogenic activity of nitrosamines requires further investigation.
4.6. Other NNK-induced DNA damage

An increase in oxidative damage to lung DNA was observed in rats and
mice treated with NNK [111]. How NNK induces oxidative DNA damage
is not known.

NNK (0.39 mmol/kg) induced SSB in livers of rats and hamsters [112].
These SSBs persisted up to 4 weeks post injection. Similar results were
obtained with dimethylnitrosamine (up to 3 weeks) [112]. NNK induced
SSB in hepatocytes. This damage show increased lability with increasing
pH [74,75]. In vitro studies indicated that both the methylation and the
pyridyloxobutylation pathways will generate SSB in DNA [94]. NNKOAc-
induced breaks occurred at all four bases in decreasing order guanine >
adenine> cytosine> thymine whereas methylation-induced SSB occurred
primary at guanine residues [94]. While the methyl derived SSB are
likely caused by the depurination of 7-mG, the mechanism by which the
pyridyloxobutylation pathway causes SSBs requires further investigation.
5. Mutagenic Activity of NNK Metabolites

NNK requires metabolic activation to exert its mutagenic properties
[113–116]. a-Deuterium substitution impacts the mutagenic activity of NNK
in Salmonella typhimurium tester strains TA1535 and TA100 [113]. Deuteration
of the methyl group completely blocked the mutagenic activity of NNK
whereas [4,4-2H]NNKwas equal in activity to unlabeled NNK. Consistently,
the model pyridyloxobutylating agent, 4-carbethoxynitrosamino-1-(3-
pyridyl)-1-butanone, is a more active mutagen than the model methylating
agent, carbethoxynitrosaminomethane [113]. These data suggest that pyridy-
loxobutyl DNA adducts may be more mutagenic than methyl DNA adducts
in bacteria.
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In confirmation of the role of cytochrome P-450 in the activation
of NNK to a mutagenic metabolite, NNK is active in several strains of
Salmonella typhimurium YG7108 coexpressing human P450s along with
cytochrome P-450 reductase [115]. Since Salmonella typhimurium YG7108
lacks both the ogt and ada O6-alkylguanine DNA alkyltransferase genes,
these strains lack efficient repair of O6-alkylguanine adducts and will
be sensitive to the mutagenic effects of both a-activation pathways of
NNK. In this system, the activity of NNK was greatest in the strain
expressing CYP1A2. The relative mutagenic activity of NNK was affected
by the various P450s in the following order: CYP1A2 > CYP1A1 >
CYP1B1 ¼ CYP2A6 > CYP2C19 > CYP3A4. NNK is also muta-
genic in human lymphoblastoid cells transfected with cytochrome P450s
[116]. The relative order of activation was CYP2A6 ¼ CYP1A2 >
CYP2E1 > 2D6.
5.1. Mutation spectrum

The mutational spectrum generated by CYP2A6 catalyzed activation of
NNK was determined in the gpt gene of AS52 cells, a transgenic Chinese
hamster ovary (CHO) cell line. In this cell line, the majority of mutations
were GC to AT transitional mutations (84%). Only 5% of the mutations
were transversion mutations, with the majority of these being GC to TA
mutations.

NNK increases the mutagenic frequency in the lacZ and cII genes in the
lungs and livers of Muta mouse in a dose dependent manner [117]. In this
model, NNK induced an increased rate of G–C to A–T transitional muta-
tions at non CpG sites. Transitional mutations were also observed in AT
base pairs. In addition, there was a greater than 40-fold increase in A–T to
T–A mutations in both lungs and liver. There was also a significant increase
in transversionmutations (AT toGC,AT toCG, andGC toCG). Therewas
a 5-fold increase in G–C to T–A transversion mutations in the liver but not
lungs of these animals.

Similar trends were observed in the lungs and livers of NNK-treated Big
Blue C57BL/6 mice (transgenic for lacI ) [118]. NNK induced about a
10-fold increase in the mutation frequency in the lungs and livers of these
animals. In the lungs, there was a significant shift in the amount of G–C
to A–T transitional mutations. Increases in transversion mutations (A–T to
T–A, AT to CG, and GC to TA) were also observed.

The complexity of the mutational spectrum induced by NNK contrasts
significantly from that generated by compounds that only generate metha-
nediazonium ion. For example, dimethylnitrosamine primarily induces GC
to AT mutations at nonCpG sites in the lacZ, cII, or lacI genes from lacZ
or lacI transgenic mice (mutamouse and Big Blue mouse, respectively)
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[119–121]. Increases in AT to TA mutations were also observed in DMN
treated mice relative to controls [119,121].

NNK-induced mutational spectra also differ substantially from that
induced by formaldehyde. Formaldehyde induces predominantly transver-
sion mutations in the hprt gene at AT base pairs (AT to CG, AT to TA,
or GC to TA) in CHO and human cells [122,123]. Formaldehyde induced
DNA–protein crosslinks, SCEs and micronuclei but not point mutations in
V79 cells [124] and small scale deletions and chromosomal rearrangements
were the major mutations observed in the mouse lymphoma assay [125].
The mutagenic activity of OPB has not been determined.

5.2. Mutagenic activity of NNK-derived DNA adducts

The mutagenic activity of various methyl adducts has been investigated with
site-specific substrate.O6-mG induces primarily GC to AT transition muta-
tions [126,127]. Site specifically incorporatedO4-mT induces primarily TA
to CG [126,127]. In addition to TA to CGmutations, a small amount of TA
to ATmutations were also induced by this adduct in LoVo cells, a mismatch
repair defective human colon tumor cell line [126]. While O4-mT is more
mutagenic thanO6-mG [126,127], the levels ofO6-mG are much higher in
NNK-treated rodents [77–81]. Given the dominant mutations observed in
lacZ or lacI transgenic mice treated with methylating agents are GC to AT
transitional mutations, O6-mG is thought to be the dominant mutagenic
methyl adduct formed from NNK [119–121].

The only pyridyloxobutyl DNA adduct that has been investigated for its
mutagenic activity is O6-pobG. This adduct induces primarily GC to AT
mutations but it also induces a small amount of GC to TA transversions and
deletions in human cells [128]. This adduct is almost completely mutagenic in
E. coli when presented in a gapped vector [128], consistent with the inability
of bacterial AGTs to repair this bulky O6-alkylG adduct [129]. NNKOAc
induced G–C to A–T transitions as well as G–C to T–A transversions in the
12th codon of the K-ras oncogene of tumors in A/J mice [130]. Therefore,
the formation of O6-pobG is hypothesized to contribute significantly to the
mutagenic activity at GC base pairs for the pyridyloxobutylation pathway.
Investigation into the mutagenic properties of other pyridyloxobutyl DNA
adducts is required to have a more complete understanding of themechanisms
of mutagenesis by pyridyloxobutylating nitrosamines.
6. DNA Adduct Repair

Inadequate removal of DNA damage results in increased rates of
mutagenesis and consequently, increased likelihood of cancer development.
There are multiple repair pathways that protect a cell against the mutagenic
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and carcinogenic activity of NNK metabolites. There are at least three
different pathways that are involved in the repair of tobacco-related DNA
damage. These include DNA adduct reversal by alkyltransferases or excision
of the DNA damage from the DNA in base excision repair or nucleotide
excision repair. Mismatch repair also plays an important role in the
recognition of mismatched O6-mG adducts.
6.1. O6-alkylguanine DNA alkyltransferase

O6-alkylG adducts are repaired by AGT in a reaction that involves transfer
of the alkyl group from theO6-position of guanine to a cysteinyl residue on
the protein ([131] and references therein). This transfer reaction renders the
protein inactive. The alkylated protein undergoes a conformational change
[132], which leads to its degradation [133]. A consequence of this repair
mechanism is that the constitutive levels of AGT determine the initial repair
capacity of a cell. Therefore, AGT levels in a cell affect the rate of repair of
this class of mutagenic DNA damage.

NNK generates two AGT substrate adducts, O6-mG and O6-pobG
[90,129,131,134,135]. All AGT orthologs repair O6-mG efficiently [131].
The ability of these proteins to repair the larger O6-pobG is highly depen-
dent on protein structure [129]. Rodent AGTs repair O6-pobG at a rate
similar toO6-mGwhereas human AGT repairsO6-pobGmore slowly. This
ability of the rodent protein to accommodate such large structural differ-
ences likely results from the additional amino acid residue (Gly166) in the
binding pocket of the rodent proteins [136]. The inability of bacterial AGTs
to repair this damage is related to the much smaller binding pocket in these
orthologs [137]. Therefore, the steric constraints of an AGT’s active site will
determine whether it can repair a bulky O6-alkylG adduct.

There are two known human AGT variants, G160R and I143V/
K178R, in which the variation occurs in the binding pocket of the protein.
G160R is a mutant hAGT predominantly found in Asian populations
[138–140]. Another variant, I143V/K178R, was associated with a 2-fold
increase in lung cancer risk in a hospital based case-control study [140] as
well as an increase risk of lung cancer risk in nonsmokers exposed to
second-hand smoke [141]. A recent study provided support for the hypoth-
esis that genetic variations in this protein may affect an individual’s response
to NNK’s genotoxic effects. Increased NNK-induced chromosomal aber-
rations were observed in lymphocytes from individuals that were homozy-
gous variant as compared to those who had the wild-type genotype [142].

Our laboratory has investigated the ability of expressed human AGT
variant proteins to repair O6-mG relative to O6-pobG. G160R repaired
O6-pobG very slowly [129] whereas the other human AGTs repaired
O6-mG twice as fast O6-pobG. More in-depth studies indicated that
AGT-mediated repair of O6-pobG was more profoundly influenced by
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sequence context than that of O6-mG with the I143V/K178R variant less
sensitive to the effects of sequence context than the wt or L84F proteins
[143]. These studies indicate that the sequence dependence of O6-pobG
repair by human AGT varies with subtle changes in protein structure.
Whether this subtle functional difference can influence an individual’s
susceptibility to the mutagenic and carcinogenic properties requires further
investigation.

The mutagenic activity of O6-mG or O6-pobG is enhanced when cells
are pretreated with the AGT depletor, O6-benzylguanine [128,144], indi-
cating that this repair pathway is important in protecting against the muta-
genic activity of these adducts. Expression of AGT protected against cells
against the mutagenic effects of model methylating agents [145,146].
Expression of human AGT protected against the mutagenic effects of
NNKOAc in Salmonella typhimurium [102,147]. Expression of human
AGT did not significantly impact the mutagenic activity of NNKOAc in
CHO cells but it altered the mutagenic spectrum of this compound
(Li, Pegg, and Peterson, unpublished results). The percentage of GC to
AT transitional mutations were reduced in the cells expressing AGT,
consistent with the repair of O6-pobG.

6.1.1. In vivo studies
AGT repairs both O6-mG and O6-pobG in vivo. Levels of O6-pobG were
higher in mice receiving both NNKOAc and the AGT depletor,
O6-benzylguanine [135], indicating that AGT is a significant repair pathway
for O6-pobG in vivo. Levels of these adducts were higher in both lung
and liver of AGT knockout mice relative to wild-type animals following
multiple doses of NNK [118]. In addition, AGT is depleted in tissues from
NNK-treated animals, consistent with the hypothesis that this repair path-
way is involved in the repair of NNK-induced DNA damage. AGT levels
are depleted in Clara cells from NNK-treated rats [148] and lungs and liver
of A/J mice [149]. While liver AGT levels recovered to control values
by 96 h after exposure, AGT activity remained depressed in the lungs of
NNK-treated mice [149]. These results indicate that the lung will be more
susceptible to the mutagenic effect of NNK-derived O6-alkylguanine
adducts.

AGT has some protective role in the mutagenic activity of NNK in vivo.
Knockout of AGT caused a trend towards increased mutation frequency in
liver of Big Blue mice treated with NNK [118]. A smaller trend was
observed in the lungs of these animals. The absence of this repair protein
resulted in a significant increase in the number of GC to AT transitional
mutations induced by NNK [118]. Conversely, NNK is a less potent lung
carcinogen in transgenic mice containing the human AGT transgene [150].
Together, these data provide support for the hypothesis that AGT is an
important protector against the mutagenic properties of NNK.
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6.2. Base excision repair

BER is an important pathway for the repair of oxidized DNA bases such as
8-oxoguanine and oxidized pyrimidines, SSBs and small alkyl guanine
damage [151,152]. Therefore, it is likely that this pathway is important in
the repair of NNK-derived methyl DNA damage. The major methyl
adducts repair by this pathway include 7-mG, N3-methyladenine,
O2-methylcytidine, and O2-methylthymidine [153].

Little is known about the involvement of BER in the repair of pyridy-
loxobutyl DNA adducts. Studies in CHO cells lacking an important BER
protein, XRCC1, were more sensitive to the cytotoxic and mutagenic
properties of NNKOAc (Li and Peterson, unpublished results). This sensi-
tivity is derived from either unrepaired pyridyloxobutylated bases or SSBs
induced by this model pyridyloxobutylating agent.
6.3. Nucleotide excision repair

Methyl DNA damage is not significantly repaired by NER. Evidence is
accumulating that this is an important repair pathway for some pyridylox-
obutyl DNA adducts. Pyridyloxobutyl DNA adducts are repaired by nucle-
otide excision repair as judged by the ATP-dependent incorporation of
[a32P]dTTP in to plasmid DNA upon incubation with extracts from NER
competent and deficient human lymphoid cell lines [154]. Cell extracts
from XPA and XPC-deficient cell lines were less active in their ability to
repair pyridyloxobutylated DNA. The cytotoxicity of NNKOAc (25 mM)
was modestly greater in XPA (2.3-fold) or XPC (1.5-fold) deficient cell
lines relative to control. The involvement of NER on the repair of specific
pyridyloxobutyl DNA adducts was not determined in this study.

Studies in our laboratory indicate that the major adduct repaired by
NER in CHO cells is O2-pobdT (Li and Peterson, unpublished results).
Knockout of the NER pathway led to a modest increase in mutagenicity
and toxicity induced by NNKOAc, suggesting that O2-pobdT is a muta-
genic adduct (Li and Peterson, unpublished results). O6-pobG is a weak
substrate for the CHO and human NER pathway (Li, Reardon, Sancar, and
Peterson, unpublished results). The less stable pyridyloxobutyl adducts,
7-pobG and O2-pobC, do not appear to be repaired by this pathway in
CHO cells (Li and Peterson, unpublished results).
6.4. Mismatch repair

Mismatch repair influences the mutagenic activity of O6-mG [126,155].
This pathway recognizes O6-mG-thymidine mismatches and triggers apo-
ptosis in the cases where O6-mG is not repaired [156]. Therefore, in the
absence of mismatch repair, these mismatches proceed through cell division
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undetected. Methylating agents are more carcinogenic in the absence of
functional mismatch repair [155,157], consistent with the involvement
of O6-mG in the carcinogenic properties of these compounds. It is not
known if mismatch repair is involved in the recognition of mispaired
pyridyloxobutyl DNA adducts during DNA replication.
6.5. NNK-induced unscheduled DNA synthesis

NNK induces UDS in rabbit Clara cells and rat hepatocytes when incubated
in vitro [158–160]. The pathway(s) generating the UDS is not clear. Both
methylating and pyridyloxobutylating agents can increase UDS in hepato-
cytes indicating that both pathways of NNK activation can trigger this
cellular response [160]. The a, d, and e polymerase inhibitors, aphidicolin
and arabinocytidine, were capable of completely blocking NNK- and
NNKOAc-induced UDS in hepatocytes [160]. The polymerase b inhibi-
tor, dideoxythymidine, was less effective at inhibiting this process [160].
These data are consistent with the involvement of excision repair in the
response to NNK-derived DNA damage.
7. Relative Role of a-Hydroxylation Pathways

in the Carcinogenic Properties of NNK

There is strong evidence that cytochrome P-450 catalyzed a-hydroxyl-
ation of NNK is required for tumor formation. Selective knockout of pulmo-
nary cytochrome P450 reductase blocked pulmonary tumor formation in
NNK-treatedmice [46], indicating that cytochrome P450 catalyzed oxidation
of NNK is critical for tumor formation. The relative contribution of each
a-hydroxylation pathway to the overall carcinogenic properties of NNK is
species dependent. The available experimental data is discussed below.
7.1. A/J mouse studies

In A/J mice, numerous studies indicate that DNAmethylation is the critical
pathway for NNK-induced lung tumorigenesis [81,161]. Pyridyloxobuty-
lating compounds are only weak lung carcinogens in this model [81].
Deuterium substitution of the methylene but not the methyl protons of
NNK significantly reduced the pulmonary carcinogenic effects of NNK in
A/J mice [161]. In fact, deuteration of the methyl group resulted in a
significant enhancement of the lung tumorigenic activity over the unlabeled
compound. Consistently, the levels of pulmonary O6-mG were substan-
tially lower in [4,4-2H2]NNK-treated A/J mice. More recent studies
demonstrated that (4R)-[4-2H1]NNK was 2-fold less carcinogenic than
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(4S)-[4-2H1]NNK or unlabeled NNK [162]. The (4R)-deuterium substi-
tution also led to a 2-fold reduction in pulmonary levels of 7-mG and
O6-mG. Kinetic studies with expressed mouse P450 2A4 and 2A5 demon-
strated that these enzymes selectively extracted the 4-pro-(R)-hydrogen of
NNK [162].

The formation and persistence of O6-mG is critical for NNK-induced
lung tumor formation in A/J mice. While O6-mG is efficiently repaired in
livers of NNK-treated mice, it persists for at least 2 weeks in lung DNA
[81,149]. Levels of O6-mG in lung DNA are highly correlated to pulmo-
nary tumorigenic activity in A/J mice [81,149]. These observations suggest
that inefficient repair of O6-mG, presumably by AGT, is linked to tumori-
genic activity of NNK. This conclusion is supported by the observation that
high levels of AGT protect against NNK-induced lung tumorigenesis;
NNK is a less potent lung carcinogen in transgenic mice expressing the
human AGT transgene [150].

K-ras mutation and activation is closely associated with pulmonary
tumor formation in NNK-treated A/J mice [163,164]. Almost all of the
mutations in K-ras in tumors from NNK-treated mice were GC to AT
transitional mutations in the second base of the 12th codon, consistent with
the formation of O6-mG. NNKOAc induced G–C to T–A transversions as
well as G–C to A–T transitions in the twelfth codon of the K-ras oncogene
of tumors in A/J mice [130]. Together, these data indicates that metabolic
activation of NNK to a DNA methylating agent is critical for lung tumor
formation in the A/J mouse. As discussed below, the pyridyloxobutylation
pathway seems to increase the carcinogenic properties of NNK’s methyla-
tion pathway in this animal model [81,149].
7.2. Rat studies

In rats, the available experimental evidence is consistent with the hypothesis
that bothDNAmethylation andDNApyridyloxobutylation are important for
tumor formation.Compounds that just generateDNAmethyl adducts, such as
dimethylnitrosamine, or generate pyridyloxobutyl DNA adducts without
forming methyl DNA adducts are not potent lung carcinogens in rats
[14,78]. In addition, [4,4-2H2]NNK and [C2H3]NNK were equally active
as a pulmonary and liver carcinogen in F344 rats [165]. Higher levels of nasal
cavity tumors were observed in [4,4-2H2]NNK-treated animals relative to
[C2H3]NNK or NNK treated animals. Consistently, the levels of HPB-
releasing adducts but not methyl DNA adducts were elevated in nasal cavity
DNA isolated from [4,4-2H2]NNK-treated mice [166]. These results are
consistent with the hypothesis that that DNA pyridyloxobutylation may be
more important than DNA methylation for nasal cavity tumor formation.

Both methyl and pyridyloxobutyl DNA adducts persist in lung DNA
following NNK treatment. O6-mG persists in F344 rat derived Clara cells
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for up to 8 days after NNK treatment (10 mg/kg/day for 4 days) whereas it
is efficiently removed from other lung cell types [148]. A strong correlation
between tumor formation and levels of O6-mG in Clara cells, but not
type II cells, has been observed in NNK-treated rats [148]. Levels of
HPB-releasing adducts in Type II cells are strongly correlated to lung
tumor formation in F-344 rats [167]. A correlation was not observed
between HPB-releasing adduct levels in Clara cells and tumor formation.
Since NNK-induced lung tumors arise from Type II cells [46], these data
suggest that there may be signals from initiated Clara cells that influence
NNK-triggered carcinogenesis in Type II cells [79]. More recent studies
indicate that O2-pobdT is the major pyridyloxobutyl DNA adduct in lung
DNA when rats are chronically treated with NNK in the drinking water.
More in-depth studies are required to determine the contribution of each
adduct to the overall carcinogenic properties of NNK in rats.
7.3. Role of NNAL in NNK-induced carcinogenesis

The observation of comparable levels of pyridyloxobutyl DNA adducts in
the lungs of (S )-NNAL-treated and NNK-treated rats suggests that the
oxidation of NNAL back to NNK and the subsequent generation of NNK-
derived adducts contributes significantly to the carcinogenic properties of
NNAL [99]. There was a shift in time course of pulmonary adduct forma-
tion in the (S )-NNAL-treated animals relative to that observed in NNK-
treated animals (Figure 5). This delay in adduct formation was proposed to
result from tissue-specific retention of (S )-NNAL and its gradual release
from a compartment in the lung [99]. The stereoselective retention of
(S )-NNAL in rat lung is further supported by pharmacokinetic studies
[34,37]. The mechanism of sequestration is unknown but thought to
involve selective binding of (S )-NNAL to unknown receptors within the
lung [34,37,99]. Together, these data have led to a proposed mechanism for
the involvement of NNAL in NNK-induced carcinogenesis as shown in
Figure 7. Reduction of NNK to (R)-NNAL is thought to represent
NNK

(R )-NNAL (S )-NNAL

Excretion in urine or bile
as glucuronides

Sequestration in lung

POB-DNA adducts Lung tumors

Figure 7 Proposed mechanism for the involvement of NNAL in NNK lung tumor-
igenesis in rodents. Reproduced from Ref. [99].
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a detoxification pathway as this NNK metabolite is a good substrate for
glucuronidation and subsequent excretion. Formation of (S )-NNAL results
in tissue selective sequestration followed by slow release. This metabolite
can then be reoxidized by cytochrome P-450 to back to NNK for metabo-
lism via a-hydroxylation to generate mutagenic DNA adducts.
8. Co-Carcinogenic Activity of NNK and

its Metabolites

Several studies have produced data which suggest that NNK and its
metabolites can enhance the genotoxic effects of NNK-derived DNA
damage. As discussed below, one mechanism by which this occurs is
through the ability of metabolites to influence repair of specific adducts.
A second mechanism is derived through tumor promotional activity of the
parent molecule.
8.1. Interaction between DNA alkylation pathways

Studies in A/J mice indicate that there is an interaction between the two
DNA alkylation pathways derived from NNK [81,149]. The model methy-
lating agent, acetoxymethylmethylnitrosamine (AMMN) was more tumor-
igenic when given in combination with the model pyridyloxobutylating
agent, NNKOAc. The ability of NNKOAc to increase the tumorigenic
activity of AMMNwas attributed to its ability to enhance the persistence of
O6-mG in lung DNA [81]. While there are multiple mechanisms by which
pyridyloxobutylation could lead to increased persistence of O6-mG, the
available evidence supports effects on DNA repair [81,149,168].

Both O6-pobG and O6-mG are substrates for AGT as discussed above.
Studies with purified proteins indicate that these adduct compete efficiently
with one another for repair by AGT variants [129]. Therefore, the presence
of both O6-alkylguanine adducts will lead to their increased persistence in
lung DNA. However, the in vivo levels of O6-pobG are not sufficient to
explain the persistence of O6-mG in NNK-treated mouse lung. O6-pobG
was not detected in lung DNA from [5-3H]NNK-treated mice 24 h after
exposure; the limits of detection were�0.5 pmol/mmol guanine [135]. This
compares to 14 pmolO6-mG/mmol guanine at the same dose and time point
[81]. In addition,O6-pobG was also not detected in lung DNA from [5-3H]
NNKOAc-treated mice [135]. The low levels of this adduct likely result
from efficient repair by AGT since coadministration of the AGT depletor,
O6-benzylguanine with NNKOAc, increased lung DNA adduct levels to
1.5 pmol O6-pobG/mmol guanine. This dose of NNKOAc (4.2 mmol)
doubled O6-mG levels observed in lungs of 1.0 mmol AMMN-treated
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mice (from 20 pmol O6-mG/mmol guanine to 41 pmol O6-mG/mmol
guanine at 4 h) when the two compounds were coadministered [81]. Such
a large increase in O6-mG levels cannot be fully explained by competition
betweenO6-mG andO6-pobG for reaction with AGT given the low levels
ofO6-pobG relative toO6-mG in these animals. Our laboratory is currently
exploring other mechanisms by which the pyridyloxobutylating path-
way can enhance the carcinogenic activity of the methylating pathway in
A/J mice.
8.2. Inhibition of DNA repair by NNK aldehyde metabolites

The aldehyde metabolites formed during NNK metabolism are known
inhibitors of AGT activity. Formaldehyde inhibited AGT and increased
the mutagenicity of N-methylnitrosourea (MNU) in normal human
pulmonary fibroblasts [71]. OPB inhibits AGT in rat hepatocytes [76].
Both formaldehyde and OPB synergistically increased the number of SSB
induced by MNU [169]. Formaldehyde was more effective in this enhance-
ment than OPB. Studies from our own laboratory suggest that the aldehyde
decomposition product can influence the mutagenic activity of methane-
diazohydroxide (Li, Brown, Cummings, Sungur, Vu and Peterson, unpub-
lished results). The precise mechanism responsible for these effects is not
clear but likely involves interference with DNA repair pathways such as
AGT. Together, these observations suggest that formaldehyde and OPB
interfere with the repair of methyl DNA damage. The effects of the
aldehyde metabolites on the repair of pyridyloxobutyl DNA damage have
not been investigated.
8.3. Tumor promoting activity of NNK

NNK induces cell survival and proliferation of a number of different cell lines
[170–175]. These effects are mediated through two different types of recep-
tors: b-adrenergic receptors and acetyl choline receptors as described below.

NNK is a high affinity agonist for both b1 and b2-adrenergic receptors
[170,171]. NNK binding to these receptors triggers the release of arachadonic
acid, leading to DNA synthesis and cell proliferation [170,171]. These effects
were reversed by b-adrenergic antagonists, cyclooxygenase inhibitors or
lipoxygenase inhibitors. Consistent with the importance of this pathway
to the tumorigenic effects of NNK is the observation that nonsteroidal
anti-inflammatory drugs are effective blockers of NNK-induced lung tumor-
igenesis in mice [176–179]. There are multiple signaling pathways that are
activated as a result of NNK binding to the b-adrenergic receptors
(Figures 8A and B) [180]. In one pathway, NNK binding to the b-adrenergic
receptors activates GTP-binding proteins (G-proteins), triggering the activa-
tion of adenylyl cyclase and cyclic AMP (cAMP) leading to the activation of



Figure 8 Potential mitogenic signal transduction pathways activated by the binding of NNK to b-adrenergic receptors (A and B) or
a7-cholinergic receptors. Adapted from Refs. [180,181,183].
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protein kinase A (PKA) (Figure 8A). PKA, then activates various transcription
factors that result in increased cell proliferation. PKA activation is also an
important trigger for the release of arachidonic acid (AA) from cell-
membrane phospholipids which also leads to cell proliferation signals. The
precise pathway depends on the cell type [180]. A second major pathway
involves the activation of the kinase c-SRC as a result of NNK binding to b-
adrenergic receptors (Figure 8B) [180]. This pathway triggers the activation of
variety of transcription factors that control cell proliferation and survival.
Recently, interaction of NNK with b-adrenergic receptors induced survival
of pulmonary adenocarcinoma cells in a mechanism that involves the c-Src/
PKCi/Bad signaling pathway (Figure 8B) [181].

NNK is also a site-selective high–affinity agonist for the a7 subunit of
the acetylcholine receptor (a7-AChR) [172–174]. Interaction with this
receptor increased both cell proliferation and cell survival [172–175] as
well as induced a transformed phenotype in several cell lines [174,175].
The signaling mechanisms downstream of a7-AChR likely involved several
pathways. NNK binding to a7-AChR led to the activation of the serine/
threonine kinase, Akt [174] as well as a Raf-1/MAPK/c-Myc signaling
pathway (Figure 8C) [182]. In addition, NNK triggered the phosphoryla-
tion of both Bcl2 and c-Myc which promotes functional cooperation of
these two proteins resulting in increased cell survival and proliferation in
human lung cancer cells [183]. Bcl2 and c-Myc phosphorylation and
cell growth were both blocked when a a7-AChR selective inhibitor
(a-bungarotoxin) was included.

These receptor mediated activities of NNK indicate that, in addition to
generate DNA damage, it likely acts as a tumor promoter. The effects will
be mediated via either the b-adrenergic or acetyl choline receptors depend-
ing on the cell type. Adenocarcinomas express significant levels of the
b-adrenergic receptors whereas small cell carcinomas express acetyl choline
receptors [182]. Normal human bronchial epithelial cells (which are the
precursors to squamous cell carcinomas) and small airway epithelial cells
(which are precursor cells for adenocarcinomas) express acetyl choline
receptors and are sensitive to NNK-mediated acetyl choline derived cell
proliferation [174]. These cells are capable of activating NNK to DNA
reactive metabolites, resulting in mutations. Then, the initiated cells will be
subjected to continuous growth stimulation from the promotional effects of
NNK as well as those of other tobacco constituents.

9. Summary

Our understanding of the molecular mechanisms of NNK-induced
pulmonary carcinogenesis in rodents has increased substantially in the past
5–10 years. NNK requires metabolic activation to elicit its carcinogenic
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properties. Both DNA alkylation pathways are important to the carcino-
genic properties of this potent lung carcinogen. The DNA methylation
pathway is well-characterized and is a critical pathway for the elicitation of
NNK-induced pulmonary tumors in A/J mice. The pyridyloxobutylation
pathway likely contributes to the mutagenic properties in this animal model
by influencing the repair of the mutagenic O6-mG through several possible
mechanisms. The pyridyloxobutylion pathway appears to play an important
role in the initiation of lung tumors in rats. Now that specific pyridylox-
obutyl DNA adducts have been characterized, more specific details regard-
ing the mutagenic properties of this pathway can be acquired. It is clear that
multiple pyridyloxobutyl DNA adducts contribute to the overall mutagenic
properties of this compound. Which adduct(s) is (are) more important will
likely depend on particular situations. For example, O6-pobG is likely
responsible for the GC to AT transitional mutations triggered by the
pyridyloxobutylation pathway. So this adduct may be responsible for
GC to AT mutations observed in activated K-ras associated with pyridylox-
obutylating agents. Other adducts, likeO2-pobdT, are likely responsible for
other mutations (i.e., AT to TA transversion). It is important that the
mutational specificity of these newly identified adducts be determined.
Recent data also indicate the importance of defining the role the aldehyde
metabolites of NNK play in the mechanism of tumor induction of this
compound. These compounds are likely to enhance as well as contribute to
the mutagenic properties of the alkylation pathways. It is also clear from
the accumulating data that NNK is an effective promoter of cells which
have been initiated by its genotoxic metabolites. Further investigations into
the biochemical mechanisms of tumor promotion by this potent carcinogen
will provide insights into possible chemoprevention strategies. The identi-
fication of all the important steps in the activation, formation, and cellular
responses to NNK and its metabolites are critical for our application of
the laboratory animal studies to humans for adequate risk assessment. While
most lung cancers are attributed to smoking, only 15% of smokers get
lung cancer [184]. Genetic variations in the proteins involved in every
step in this process likely influence a person’s risk. Therefore, genetic
susceptibility is likely to be critical in the determination of lung cancer
risk in humans. Therefore, it is critical that we establish the biochemical
details of NNK-induced carcinogenesis so that we can determine the
genetic factors responsible for increased risk in susceptible populations.
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1. Introduction

Heme is a polycyclic molecule consisting of an atom of iron at its core in
a framework of the tetrapyrrole protoporphyrin IX. It is of immense funda-
mental importance in biology [1]. The redox nature of the iron and its ability
to bind oxygen and molecules such as carbon monoxide and nitric oxide are
key to the importance of heme in oxidative respiration, transportation, and
detection of these gases as well as in themany enzymic oxidation reactions that
it catalyzes (Figure 1) [2,3]. In plants, the related molecule chlorophyll, with
magnesium at its core and central to photosynthesis, shares much of its route of
biosynthesis with heme. Heme operates in mammals not only as the key
component of hemoglobin and myoglobin to transport or store oxygen, but
is also important inmanymetabolic and pharmacological processes [4]. Energy
production in all organs is dependent on its presence in some mitochondrial
cytochromes, while drug, steroid and prostaglandinmetabolism are carried out
by cytochromes in other cellular regions. Other hemoproteins produce cell
messengers, for instance nitric oxide [5]. The diversity of the role of heme in
biology depends on its three dimensional environment in the particular
protein in which is embedded by co-ordination or covalent binding. For
instance, the immense variability in substrate specificity of cytochrome P450
enzymes depends to a great extent on the surrounding protein structures.
In some circumstances, for example, cytochrome a3, modifications of the
side-chains of heme also influences its precise mode of action.
Heme

Mitochondrial
respiratory

cytochromes

Cytochrome P450: 
Drugs, steroids, 
prostaglandins

NO formation 
and signalling

Gene
regulation

Heme released 
from hemoglobin

is toxic

Fe

CO

Bilirubin

Bilirubin formed 
from heme is an 

antioxidant

Hemoglobin

Figure 1 Important roles of heme in mammalian physiological systems.
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In contrast to functional levels of heme, high levels of free heme in
the body can be toxic by catalyzing uncontrolled free radical oxidations,
as occurs as the consequence of the haemolysis of blood in stroke and
cerebral malaria [6,7]. The metabolism by heme oxygenase of high levels
of extracellular heme in the brain in such circumstances is an active field
of research. Degradation of heme by heme oxygenases, as well as being
important in erythrocyte turnover, is believed to contribute to the
stress response of cells by producing the product biliverdin which is then
subsequently reduced to bilirubin that has antioxidant properties [8].
Thus besides an erythroid function, heme as a constituent of hemo-
proteins constitutes a vital component of many aspects of the control
of gene expression and cellular metabolism in all cell types. Consequent-
ly, cellular heme homeostasis is an important consideration of normal
metabolism [4].

In nonerythroid cells, including brain and liver, production of the first
enzyme of heme synthesis, 5-aminolaevulinic acid synthase (ALAS1) is
controlled, at least in part, by levels of a ‘‘free’’ regulatory heme pool in
the cell [2,9]. However, there is increasing evidence that small pools of
unbound heme can also act as an intra- and extracellular messenger with
signalling functions for a variety of physiological systems by binding to
heme-regulatory motifs of a number of proteins [10,11]. For instance, the
operation of the clock transcription factors such as NPAS2, PER, and Rev-
erba and Rev-erb-b modulate metabolic events and coregulate heme
biosynthesis and circadian rhythm [12–15]. Heme is also involved in reg-
ulating the expression of many genes, by the processing of micro RNAs
[16], and by regulating protein degradation [17]. The demonstration of
a stable interaction of heme with the Slo-BK channel [18] and its influence
on an NMDA receptor-channel [19,20] suggests new roles for heme in
modulation of ion channel action.

Heme metabolism can be massively disturbed by both intrinsic and
extrinsic factors that may sometimes act synergistically with resulting severe
physiological consequences [21]. In this chapter, the broad outline of heme
synthesis in mammals will be outlined together with the human inherited
diseases that have been described associated with mutations of the eight
enzymes catalyzing heme formation [2,3]. A variety of drugs and chemicals
are well known to interfere with the action of these enzymes and experi-
mentally have been used as models of the genetic diseases and to explore
fundamental aspects of heme metabolism especially in relation to the supply
for the drug metabolism cytochrome P450 family [21,22]. Of these, the
polychlorinated aromatic chemicals are perhaps the most important and
their mechanism is the least understood. The major part of this review will
summarize the aspects that we do know about how this particular toxic action
of these aryl hydrocarbon receptor (AHR) ligands appears to be associated
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with iron metabolism and how this resembles the known human hepatic
disorder of heme metabolism, sporadic porphyria cutanea tarda (PCT).
2. Heme Synthesis and Disruption

2.1. Basic heme synthesis

The basic pathway of heme synthesis has been well established for many years.
It is a remarkable achievement of nature to produce from simple molecules of
intermediary metabolism, complex macrocyclic products in a process of
stereospecific polymerizations and modifications; in principle, not unlike
that seen in cholesterol and subsequent steroid biosynthesis. Of the eight
steps specific to heme synthesis, the initial and last three take place in the
mitochondria whereas the intermediate ones occur in the cytosol (Figure 2)
[2,3]. In animals, the first precursor, 5-aminolevulinic acid (5-ALA) is formed
by the condensation of glycine with succinyl CoA (Figure 2). For hemoglobin
synthesis, which accounts for the major part of the body’s heme production,
regulation of the erythroid specific 5-ALA synthase gene (ALAS2) occurs by
iron responsive and other elements coupled to requirements of heme demand.
Nonerythroid heme synthesis may account for much less heme production
but is vital for many cellular systems in all tissues, not the least oxidative
respiration (see Section 1). In this case, the expression of the nonerythroid
specific enzyme (ALAS1 gene) is regulated differently. For many years a
major influence has been considered to be a pool of ‘‘regulatory’’ heme
negatively controlling transcription, mRNA stabilization, and protein proces-
sing although the exact mechanisms are not certain [9, 23–27]. More recently,
other systems have been identified such as hepatic nutrition, hormones,
and induction of particular cytochrome P450 isoforms, that act not only
by modulation of transcription, but also on ALAS protein processing and
degradation [13,28–31].

Dimerization of 5-ALA by cytosolic ALA dehydratase (ALAD gene)
leads to the first cyclic product, the pyrrole porphobilinogen, four units of
which create a linear tetrapyrrole, 1-hydroxymethylbilane (catalyzed by
hydroxymethylbilane synthase, alias porphobilinogen deaminase; HMBS
gene). At this point, one of two things can happen. Either the semistable
bilane can cyclize spontaneously to the symmetrical macrocyclic tetrapyr-
role uroporphyrinogen I, or, uroporphyrinogen III synthase cyclizes the
bilane but at the same time by spiro transformation inverts one pyrrole ring
to form the asymmetric isomer uroporphyrinogen III (Figure 2) [2,3]. The
reason for this transformation becomes clear at the end of the pathway. Both
uroporphyrinogens are highly unstable and in vitrowill rapidly oxidise by six
electron withdrawal to the respective uroporphyrins especially under the
presence of light. This is extremely pertinent to the consequences of genetic
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and chemical malfunctions of heme metabolism. Uroporphyrinogen I is not
a precursor of heme in animals and any formed in vivo is excreted. Similarly,
any uroporphyrins I and III that may have been formed by endogenous
oxidation are not utilized biosynthetically and are excreted. Small amounts
are found naturally in urine of humans and animals.

Uroporphyrinogen III undergoes four sequential decarboxylation steps
of the acetate side-chains to methyl groups (Figure 2) [32,33]. The enzyme
uroporphyrinogen decarboxylase (UROD) exists as a homo dimer [34] and
is catholic in its acceptance of substrates, including uroporphyrinogen I, but
in a preferred clock-wise sequence of decarboxylation steps uroporphyr-
inogen III is converted to coproporphyrinogen III [32,35]. Interference in
the operation of this enzyme by an unknown mechanism caused by some
chemicals is the theme of this review [36]. Intermediate partially decar-
boxylated porphyrinogens oxidized to their respective porphyrins are found
in excreta under normal circumstances, and especially under pathological
conditions, in addition to coproporphyrin I. Coproporphyrinogen III is the
sole product processed as a precursor of heme. At this point, heme synthesis
returns to the mitochondria with two further decarboxylation steps
occurring by an oxidative mechanism, this time of adjacent propionic acid
side-chains. The resulting divinyl product, protoporphyrinogen IX, will
spontaneously oxidize to protoporphyrin IX but in vivo this is controlled by
protoporphyrinogen IX oxidase (PPOX gene) (Figure 2). Finally, Fe2þ is
inserted into protoporphyrin IX to form heme under the action of a
ferrochelatase (FECH gene). Thus, the process of heme formation from
simple precursors starts and finishes in the mitochondria so that the product
is ready to be utilized in respiratory cytochromes. For many other functions,
such as in microsomal cytochrome P450s, heme must be exported from the
mitochondria. The asymmetric macrocyclic molecule contains two vinyl
side-chains on one side and two adjacent carboxy propyl side-chains on the
other. In different roles of heme these allow variable covalent or hydrogen
bonding to surrounding peptides and together with iron coordination result
in highly specific oxidation mechanisms.

Heme released from hemoglobin or in excess of requirements can be toxic
due to its ability to catalyze free radical reactions [37]. Reprocessing occurs
through the action of microsomal heme oxygenases; enzymes that resemble
cytochrome P450 in that they use heme to generate oxidations of the substrate
which in this case self cleave the hememolecule itself at a bridge position. This
results in the release of the iron atom, CO from a meso carbon and the linear
pyrrole biliverdin (Figure 2). Biliverdin reductase converts this to bilirubin
which is believed to be an important endogenous antioxidant [38] and may
be considred an anti-inflammatory response [39]. However, high levels of
bilirubin, as produced in liver disease, can be toxic and so the body aids the
excretion by coupling to glucuronides to make it more hydrophilic.
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2.2. Genetic disorders

Phenotypic consequences of inherited defects in enzymes of the heme
pathway in humans (porphyrias) are known for all genes expressed in the
liver except for that of ALA synthesis (Table 1) [3,40,41]. Deficiency of
ALAS2 in erythroid tissue does not lead to a porphyria but causes X-linked
sideroblastic anemia with iron deposition in mitochondria [3]. Some por-
phyrias are expressed in heterozygotes and in others the phenotype is seen in
patients homozygous for the mutation. Although the porphyrias are rela-
tively rare, the frequency varies greatly for each gene. The incidence of a
particular mutation can also be much higher in one population than in
another. For instance, in variegate porphyria (due to a mutation in PPOX) the
incidence in some populations of South Africa is much higher than in other
countries probably due its introduction into the Cape region from a Dutch
settler over 300 years ago [42]. Over the last decade or so it has become clear
that phenotypic manifestation is often considerably less than might be pre-
dicted from the genotype. This is probably due to an interaction of ‘‘environ-
mental’’ factors such as nutrition and hormones with genes that modify
responses. For each porphyria, one gene mutation dominates but its effect
may be very dependent on expression of other genes or factors. Many of the
details of these interactions have yet to be fully understood but this is not an
unusual scenario. In fact, most diseases are complex interactions between
multigenetic actions and physiological and external influences.

The results of enzyme deficiencies of the heme biosynthetic pathway
means that intermediates in the pathway, such as 5-ALA and porphyrino-
gens, may accumulate in tissues and/or are excreted in elevated amounts.
In addition, the porphyrinogen intermediates are unstable, especially to light,
and form the respective porphyrins. Porphyrias have been classified clini-
cally as either hepatic or erythropoietic, depending on whether the primary
gene affected is predominantly expressed in the liver or bone marrow, and
as acute or cutaneous depending on symptoms [40]. Broadly, in acute
porphyrias there is an over production of simpler precursors such as 5-ALA
and porphobilinogen before porphyrinogens are formed (or the oxidative
porphyrin products) and this can be manifested clinically by neurological
disturbances involving mechanisms that have not yet been resolved.
In cutaneous porphyrias, porphyrins are produced in excessive amounts and
can be deposited in the skin causing photosensitivity and are probably also
toxic to the liver in high quantities. However, the separation between acute
and cutaneous porphyrias is not absolute; for instance both types are seen in
variegate porphyria (Table 1).

Of particular relevance to this review is the disorder PCTwhich encom-
passes a group of diseases characterized by a deficiency of UROD
[3,40,43,44]. In familial (or type II) PCT, various mutations in the UROD
gene lead to reduced activity in the decarboxylation of uroporphyrinogen III



Table 1 Human genetic diseases associated with heme synthesis

Enzyme Gene Condition Abbreviation Inheritance

5-Aminolevulinate synthase 1 ALAS1 None known

5-Aminolevulinate synthase 2 ALAS2 X-linked sideroblastic anemia XLSA X linked R

5-Aminolevulinate dehydratase ALAD ALA dehydratase deficiency porphyria ADP R

Hydroxymethylbilane synthase HMBS Acute intermittent porphyria AIP D

Uroporphyrinogen III synthase UROS Congenital erythropoietic porphyria CEP R

Uroporphyrinogen III decarboxylase UROD Porphyria cutanea tardaa PCT V

Uroporphyrinogen III decarboxylase UROD Hepatoerythropoietic porphyria HEP R

Coproporphyrinogen oxidase CPOX Hereditary coproporphyria HCP D

Protoporphyrinogen oxidase PPOX Variegate porphyria VP D

Ferrochelatase FECH Erythropoietic protoporphyria EPP D

a PCT is heterozygous; the very rare homozygous form is HEP. R, autosomal recessive; D, autosomal dominant; V, variable.
Many different mutations in these genes have been recorded and affect the phenotypic outcomes.
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to coproporphyrinogen III in blood, liver, and other tissues. The result is the
accumulation of uroporphyrinogen I and III as well as partial decarboxyl-
ation products which become oxidized to the respective porphyrins. These
porphyrins not only pile-up in the liver, but are excreted in large quantities
in the feces and particularly in the urine (because of their hydrophilic nature).
In addition, uroporphyrins are deposited in other tissues especially bone,
teeth, and skin. The presence in the skin can cause extreme photosensitivity,
especially in sunny climes, for instance causing development of vesicles that
progress to crusting, scarring, and pigmentation. Porphyrin-mediated acti-
vation of the complement system occurs. Hypertrichosis may develop as a
protection mechanism. Liver in PCT patients often shows siderosis but also
classic signs of hepatic damage including steatosis, necrosis, and chronic
inflammatory responses.

Sporadic (or type I PCT) might be considered more interesting in that it
is an acquired disorder characterized by decreased UROD activity in the
liver, not in erythrocytes, but otherwise very similar to familial PCT
[43,44]. From a toxicological perspective, it has similarities with sporadic
adverse reactions to drugs. Precipitating factors include alcohol consump-
tion, estrogen exposure as in contraceptive steroids, various viral infections
such as hepatitis C and HIV, and moderately elevated levels of hepatic iron
[45]. Some classic toxicological agents, hexachlorobenzene, 2,3,7,8-tetra-
chlordibenzo-p-dioxin and coplanar polychlorinated biphenyls, cause a
PCT-like condition in humans and rodents and can be viewed as precipi-
tating factors for a genetic predisposition [44,46]. What the mechanism is
that leads to a deficiency of UROD activity in sporadic PCT is not known
but it is not apparently accompanied by immunoreactive protein loss [47].
Predisposing genetic factors can include hemochromatosis gene (HFE)
mutations and there are undoubtedly others not yet identified, perhaps
also linked to iron metabolism [48,49]. It is probable that mutations of
UROD in familial PCT are a predisposing factor for the mechanism of
sporadic PCT development.

In treating both sporadic and familial PCT removal of any possible
precipitating factor such as alcohol is required. In addition, phlebotomy to
reduce iron stores seems to be effective in relieving clinical symptoms
[43,44].
2.3. Chemical and drug disruption

It has been known for many years that a range of drugs and chemicals
including metals could disrupt heme synthesis, in rodent liver particularly
but also other organs, and could be used as models to explore phenotypes of
human porphyrias [21,50]. In addition, they were also extremely important
in elucidating the fundamentals of the pathway and it interactions with
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cytochrome P450 in drug metabolism (Figure 3). One of the simplest
interactions is the well known inhibition of 5-ALA dehydratase by lead
(Pb) which in mice has been shown to be genetically variable [51]. Lead also
acts at other stages including 5-ALA formation. Another interesting exam-
ple is of succinyl acetone that is excreted in human tyrosinemia. This is a
powerful inhibitor of ALA dehydratase and has been an extremely useful
tool in many studies on the role of heme in biological processes [52]. The
demonstration that succinyl acetone is produced in zeta glutathione trans-
ferase, null mice, identical with maleylacetoacetate isomerase, probably as a
consequence of disturbed phenylalanine and tyrosine metabolism, shows
the complex interactions that may occur between heme homeostasis and
general intermediary metabolism [53].

Although protoporphyrinogen will oxidize naturally to protoporphyrin,
both in animals and plants in vivo, this is controlled enzymatically by
protoporphyrinogen oxidase (PPOX) [2]. Inhibition of this enzyme causes
inappropriate oxidation of protoporphyrinogen and accumulation of pro-
toporphyrin that can lead to photosensitivity. This has been exploited by the
agrochemical industry to produce herbicides such as acifluoren which
inhibit PPOX in weeds making them sensitive to sunlight just as are patients
with hepatocutaneous porphyrias. These PPOX inhibitors act similarly in
rodents [54]. A number of metals besides lead, including mercury, affect
heme synthesis at various steps and these can be tissue and polymorphism
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specific [55,56]. One step in heme synthesis sensitive to chemicals that has
been particularly studied is the insertion of iron (Fe2þ) into protoporphyrin
IX by ferrochelatase to form heme. Cobalt ions in vivo can substitute for iron
in heme production in the liver causing a lack of protoporphyrin for
cytochrome P450 [57]. Many of the metals also induce heme oxygenase 1
and modify 5-ALA synthase activity potentially exacerbating heme
availability.

Ferrochelatase is also the molecular target for other inhibitors of heme
metabolism. Extensive work by De Matteis, Marks, Ortiz de Montellano,
and Tephly and their colleagues demonstrated that in the metabolism by
cytochrome P450 forms of a range of drugs and chemicals, especially those
containing alkene or alkyne functions, the heme moiety of the hemoprotein
can be alkylated at one of the pyrrole nitrogens via suicidal inactivation [58].
Once released from the compromised cytochrome P450 the iron atom
of the modified heme is lost. If alkylated with a small substituent, especially
a methyl or ethyl group, the N-alkylated-protoporphyrin IX adducts
can be powerful inhibitors of ferrochelatase. In some species and with
certain drugs, the consequence is accumulation of protoporphyrin in the
liver not unlike that seen with human erythropoietic protoporphyria.
Periodically, a drug under development is observed to cause such a response
in dogs or other test animals which may be viewed as a toxic effect.
Comparisons with erythropoietic protoporphyria can be misleading since
the origin of protoporphyrin in the liver in the human disease appears to
be mainly of erythropoietic origin, as also occurs in the ferrochelatase
mutant mouse, whereas with griseofulvin the porphyrin is mainly of hepatic
origin [59].

The most intractable problem of how some chemicals cause dysfunc-
tions of heme metabolism is with the effects of the chlorinated aromatics
such as hexachlorobenzene (HCB), chlorinated biphenyls (PCBs), and
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in experimental animals
and in humans (Figure 4). The primary site of action is in causing marked
inhibition of the action of UROD leading to great accumulation of uro-
porphyrins in the liver. Excretion of uroporphyrin in the urine can be so
great as to color it red (Figure 5). After decades of work the mechanism is
still not resolved. It is of considerable interest because of the similarity with
sporadic PCT in humans. Both disorders appear to have genetically variable
components and seem to involve disturbed iron homeostasis. Experimental
studies also implicate a role for the AHR, especially with the polychlori-
nated aromatic chemicals that binds TCDD as its prototype molecule.
The history, including how this was first discovered in humans, details of
the biochemical toxicology, genetic investigations, and most the recent
pertinent finding are summarized here.
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3. Porphyria Caused by Polyhalogenated

Aromatics

3.1. Incidences in humans

Up until the mid-twentieth century PCT in humans had been reported to
occur mainly in middle-age to older men and associated with moderate to
heavy drinking of alcohol [3,43–45]. On the whole, some liver damage was
usually present but PCT did not seem to occur in patients with severe
hepatic problems, as if a moderately healthy liver is required. However,
from 1955 until at least 1960, many people were observed in eastern Turkey
to be exhibiting PCT-like symptoms unlike the more sporadic occurrences
documented in the USA or in Europe [46,60–65]. The usual precipitating
factors like alcohol could not be implicated. What is more, most of the cases
were young, unlike the majority of sporadic PCT patients. Eventually, and
unfortunately, after many more cases, the cause was pin pointed as the
fungicide HCB which had been consumed in bread and bulgar prepared
from wheat treated with the fungicide and originally destined to be seeds
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for planting. The exact reasons why the HCB-treated wheat was eaten by
whole populations, rather than being planted, has never been properly
explained. Reasons may included low crop yields coupled with late arrival
of seed wheat from abroad so that local seed was planted and imported
fungicide-treated wheat was eaten. However, it is difficult to understand
why this continued for some years. In addition, local speculators may have
bought up cheap seed wheat from the government and sold it on to the local
population. Although it was reputed that some thousands of cases of
porphyria developed this was still probably less than 10% of those people
that had consumed the chemical. In 1959, HCB was withdrawn as a
fungicide and cases of ‘‘Turkish porphyria’’ declined over the next
2 years. Instead of porphyria, many young patients exhibited a condition
known as ‘‘pembe yara’’ which was associated with high mortality and has
never been reproduced in experimental animals [64,66]. It should be
pointed out that the seed wheat also contained mercuric salts although the
erythematoid sores reported in babies and toddlers are not symptoms of
mercury poisoning.

The majority of those patients in south-east Turkey who developed
porphyria were children and male. They developed lesions such as bullae
and skin fragility on areas of skin that were frequently exposed to the sun,
such as face, arms, and legs [67,68]. These areas were later associated with
severe hypertrichosis and hyperpigmenatation and frequently infections and
scarring that could lead to partial loss of phalanges and psychiatric problems.
In some patients that were examined other symptoms were observed that
were probably due to the initial exposure to HCB rather than as a conse-
quence of porphyria. Not surprisingly for a disease of skin sensitization to
light, symptoms were much more severe in summer than in winter when
days and strength of sunshine were much less [64,67,69].

Although the early literature contains some interesting and suprising
studies on the outbreak of the poisoning, opportunities for extensive studies
were limited. Fascinating details can be found in full in previous reviews
[46,60] and suggest marked individual factors of sex, age, and genetics [70].
Information on liver functions is limited but many patients were reported to
have hepatomegaly or were cachectic [64,67,69]. Thyroid enlargement was
observed in some individuals. Examination of isolated cases revealed cir-
rhosis or hydropic and granular degeneration of hepatocytes. Needle biopsy
samples of liver fluoresced red under ultraviolet light whereas bone marrow
did not, compatible with a hepatic rather than acute type of porphyria [69].
Urine was often dark red-brown, due to the presence of uroporphyrins,
similar to that seen with PCT patients. Because of the slow metabolism and
persistence of HCB in the body, some patients examined up to 30 years still
showed elevated excretion of porphyrins as well as scarring and other
symptoms [71,72].
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The Turkish HCB-induced porphyria episode still remains one of the
most significant mass poisonings in modern history. Other episodes of
exposure of humans to such polychlorinated chemicals have been less
significant in terms of seeing any reported cases of porphyria [73,74].
Despite significant contamination by HCB of factory workers synthesizing
chlorinated chemicals and nearby inhabitants of a village in Spain, very few
showed elevated porphyrin levels and no cases of overt PCT were found
that could not be explained by alcohol consumption [75]. Only slight
irregularities in porphyrin excretion have been reported for other workers
exposed to HCB [46,60,76–78]. The marked difference between these
cohorts and the Turkish patients in development of porphyria is probably
explained by the much greater consumption of HCB by the latter group.
In itself this is of importance in assessing the risk from exposure to HCB.

In classic poisonings or contamination of people by polychlorinated
biphenyls (PCBs) in Japan, Taiwan, and other countries only mild changes
in the excretion of porphyrins have been observed [46,76–84]. Similarly, in
contamination of the food chain by polybrominated biphenyls through
accidental poisoning of cattle feed in Michigan, only mild changes in
patterns of porphyrin excretion by farmers were detected and no overt
cases of porphyria [85].

Toxicologically, the most potent polychlorinated aromatic chemicals are
the dibenzo-p-dioxins and dibenzofurans. However, again the evidence that
TCDD or related chemicals cause porphyria like PCT is weaker than it is
for HCB [46,86–88]. In 1964, Bleiberg reported that 11 patients had PCT
like symptoms out of 29 workers that had developed chloracne (the most
established symptom of TCDD poisoning in humans) while working in a
New Jersey factory making the herbicides 2,5-dichloro- and 2,4,5-trichlor-
ophenoxyacetic acids [89]. Most patients probably had uroporphyrinuria
(high levels of uroporphyrin in the urine) not the obvious skin lesions seen
clinically with PCT.Many cases of uroporphyrinuria or PCTwere reported
in a similar chemical plant in Czechoslovakia in the 1970s where 55 workers
developed chloracne [83,90,91]. Other chemicals were also made at these
plants including chlorinated benzenes. A worker exposed to waste oil
contaminated with TCDD developed both PCT and chloracne [92].
Other studies of people exposed occupationally or accidentally to TCDD
have shown no correlation with chloracne development or their body
burdens of TCDD and PCT although disturbances of porphyrin metabo-
lism have detected from analysis of their urine [46]. These studies include
the large population poisoned in Seveso, Italy [93] but there may well other
groups around the world which have not been investigated.

Clearly, polychlorinated aromatic chemicals can cause disturbance of
heme synthesis in man of which HCB is by far the most documented
chemical leading to a severe disorder closely resembling PCT. In humans,
the action of PCBs and TCDD appear much weaker. However, in
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experimental animals TCDD and PCBs, as well as HCB, are powerful
disruptors of hepatic heme synthesis.
3.2. Porphyria in animals induced by HCB, PCBs, and TCDD

Following the episode of porphyria in Turkey, feeding HCB to rabbits and
rats was found to cause massive hepatic porphyria [94–97]. High levels of
the chemical were given to the animals but even so it took several weeks in
rats before overt porphyria was manifested as the characteristic fluorescent
liver and urine, due to the accumulation and excretion of uroporphyrin
isomers I and III as well as 5-ALA and porphobilinogen. Perhaps because of
the slow metabolism of HCB the porphyria may take weeks or months to
regress. There are also indications that the time to regress may not be
entirely related to the body or liver burden of HCB but to additional factors
intrinsic in the mechanism of UROD inactivity. Some species, such as the
hamster, are very resistant (Smith, unpublished data), whereas quail and
cultures of chick embryo liver respond extremely rapidly [98–103]. Mice
may succumb to chronic nervous and dermal toxicity before developing
porphyria but this can be dramatically altered by manipulation of other
physiological systems (see later). Rats will also develop porphyria after
exposure to hexabromobenzene although comparisons of potency with
HCB are difficult due to the greater insolubility and much higher molecular
weight of this chemical [104–106]. The related chemical octachlorostyrene
may be porphyrogenic in quail but has little effect in rats or mice [107,108].
Less chlorinated benzenes have been shown to cause disturbances of heme
metabolism but nowhere near the severity seen with HCB [46]. Metabolism
of HCB is slow but extensive involving hydroxylation to pentachlorophe-
nol and conjugation to glucuronide or direct reaction with glutathione
leading to excretion of the mercapturate [109,110]. Overall, there is little
evidence that any metabolite causes the inactivation of UROD activity
although at one time this was a favored mechanistic hypothesis. HCB-
induced porphyria in the rat has been reported to be modulated by a
number of endogeneous factors including N-acetylcysteine, S-adenosyl-
L-methionine, thyroid and steroid hormones, and various drugs but no
particular mechanisms have been identified [46]. Some may involve induc-
tion by drugs and chemicals of antioxidant systems. The clearest effect is
probably the influence of estrogenic steroids. Male rats are markedly more
resistant than females to the porphyria inducing potential of HCB [111–
113]. This can be reversed by estrogenic drugs such as diethylstilbestrol
[114]. The sexual dimorphism is of interest since with most drugs or
chemicals it is the female sex which is usually more resistant to a response
due to lower induction of cytochrome P450, etc. In addition, estrogenic
drugs have been heavily implicated as precipitating factors in many PCT
patients [45].
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Higher chlorinated PCBmixtures, such as Aroclor 1254 and 1260, cause
porphyria in rats, rabbits, and quail [46,115–119]. Similarly, the polybro-
minated mixture FireMaster caused chronic induction of porphyria in rats,
with symptoms of fluorescent livers and urine, after an initial delay of some
weeks, predominantly in female rats, very similar to HCB but with greater
potency on a weight for weight basis [120,121]. What is more, unlike HCB,
mice are also affected by these chemicals.

The demonstration that TCDD is an extremely powerful inducer of
porphyria in mice completed the spectrum of the types of polychlorinated
chemicals that could cause this type of disruption of hepatic heme synthesis
[122–124]. Rather than continual oral administration of HCB or PCBs, a
single small dose of �2 mg of TCDD per mouse is sufficient to cause both
hepatic damage and porphyria (Figure 5) [123]. Interestingly, although
porphyria takes a few weeks to manifest, progressive depression of
UROD activity in the liver can be detected within a few days but takes
some weeks to be reversed. In rats, porphyria takes much longer to develop
and with weekly does of TCDD [125,126]. This is partly due to the
systemic toxicity observed when larger doses, comparable to that given to
the mouse, are administered to the rat and so many small doses have to be
given. The extreme potency of TCDD and difference from HCB in
structure is further evidence for the lack of association of a specific chemical
metabolite with UROD inhibition. The slow metabolism of the polyhalo-
genated chemicals, with resultant long-term induction of drug metabolism
enzymes and other gene expressions including ALAS1, is probably a factor
in their ability to induce hepatic toxicity and porphyria.
3.3. Implication of the AHR

The action of TCDD and coplanar PCBs to act as long-term occupancy
ligands for the AHR with toxic and carcinogenic consequences has been,
and continues to be, a highly researched area which is reviewed frequently.
An important aspect is the apparent lack of a similar toxic effect of non-
chlorinated high affinity ligands. Here, the focus will be on the evidence
that the specific toxicity of polyhalogenated aromatics associated with
dysfunction of heme synthesis in the liver is linked to these chemicals acting
as AHR ligands.

The early demonstration that TCDD, including a single dose, cause
hepatic porphyria in C57BL/6 mice with up-regulation of ALAS1 is an
important finding that allowed many further investigations of the mecha-
nism [122]. Using crosses of C57BL/6J and DBA/2 mice with high and low
affinity AHRs (b1 and d), respectively for ligands, susceptibility to TCDD
for inhibition of UROD and development of porphyria was shown to be
inherited with aryl hydrocarbon rsponsiveness [46,127]. This could be
complemented by comparisons of the C57BL.D2 congenic strain
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expressing the DBA/2 low affinity receptor in the C57BL/6 background
[128]. In general, if C57BL and DBA/2 mice are compared this association
has stood up not only with TCDD but also with PCBs. Genetic studies of
C57BL � DBA/2 F2 crosses exposed to TCDD have clearly shown the
contribution to porphyria of a polymorphic gene consistent with it being
Ahr [128]. Most recently for porphyria caused by TCDD in mice, the
necessity for AHR expression has been demonstrated using Ahr null mice.
C57BL/6 Ahr�/� mice show no susceptibility to porphyria if administered
TCDD, and little associated hepatic toxicity, even with a 10-fold increase in
dose, in line with previous findings on other aspects of TCDD-induced
toxicity [129]. However, it has become clear that the original view that
polymorphism in the Ahr gene was the only factor for determining suscep-
tibility to TCDD and related chemicals causing porphyria, is an over
simplification. Other strains of mice such as BALB/c with a similar AHR
to C57BL mice (AHRs) are much less susceptible [130]. On the other hand
a number of strains with identical AHR (d type) to DBA/2 respond to
TCDD if first given iron, a known factor in human PCT.

In many aspects of its experimental toxicity, HCB causes effects not
unlike those of TCDD. Although its shape does not conform to the
preferred structure usually accepted for AHR ligands, in its binding proper-
ties and enzyme inducing properties HCB does appears to be a weak ligand
in vitro and in vivo [131–133]. Findings of association of porphyria induced
by HCB in genetic studies of C57BL � DBA/2 crosses and of the response
of C57BL.D2 congenic mice, as well as of other mouse strains, are compat-
ible with a role for the AHR [132,134]. However, despite the fact that the
HCB used in most investigations has been of an extremely high grade [135],
there have been suggestions over the years that trace levels of TCDD and its
congeners might account for its observed toxicity [136]. Recent analyses
have shown that even the highly purified preparations do indeed contain
trace levels of TCDD but this does not seem to account for its porphyro-
genic properties (Smith, unpublished data). It is likely that this is an issue that
will rumble on for some time to come. Purifying enough HCB free of all
traces of polychlorinated dibenzo-p-dioxins and furans to enable unequivocal
toxicological investigations on a variety of endpoints will be a challenging task
but should be undertaken if there is debate as to whether HCB should be
included in the risk assessment of ‘‘dioxin’’ like chemicals [137].
3.4. Evidence for a role of hepatic iron status

A great deal of evidence supports the view that some unknown aspect of
hepatic iron homeostasis, with perhaps modest increases in iron levels, is
involved in the development of PCT in humans [3,44,45]. Venesection is a
well proven treatment for PCT even if patients have no apparent increases in
iron stores. Recent evidence shows that inheritance of the hemochromatosis
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gene in UK and US populations is associated with increased risk for the
disorder although only a few patients develop PCT [48,49]. A variety of
studies suggested that iron status may also play a role in the inhibition of
UROD and subsequent porphyria in rats administered HCB. Porphyria
development is enhanced by injections of iron dextran [138–142] and ame-
liorated by bleeding or the powerful iron chelator desferrioxamine [143,144].
This suggests that similar mechanisms occur in both human PCT and in the
porphyria caused by polyhalogenated chemicals in rodents. Interestingly,
in rats hepatic iron levels, and some antioxidant enzymes, are often greater
in females than males for reasons that have never been clarified.

As with PCT, lowering hepatic iron by bleeding, an orally active iron
chelator, or low iron diets appears to protect mice from the porphyrogenic
properties of TCDD or powerful PCBs [124,145–147]. Interpretation of
some of these experiments has been queried as it is difficult to do these studies
without altering other physiological and nutritional parameters [145]. The
influence of a pretreatment of iron dextran on porphyria development in mice
has been especially marked and has led to a variety of new models of PCT.
Administration of iron dextran to C57BL/10ScSn mice greatly enhances
general hepatic toxicity and porphyria induced by TCDD, PCBs, and poly-
brominated biphenyls even in Ahrþ/� null mice [129,130,135,140,147,148].
Most interestingly, treatment of iron will overcome the resistance of many
Ahrb and Ahrd mouse strains to the hepatotoxic and porphyrogenic actions of
TCDD whereas the DBA/2 strain remains resistant [130,149]. Ahr�/� null
mice remain totally resistant [129]. The most significant findings have been
with HCB that in mice frequently produces neurotoxicity before hepatic
porphyria develops. Pretreatment with iron dextran, often by one subcutane-
ous injection, sensitises C57BL/10ScSn mice to HCB in the diet to a
remarkable degree resulting in hepatic porphyria [135,150]. Although excre-
tory routes of metabolites may be altered, overall metabolism of HCB is not
appreciatively affected [151]. Interestingly, after a single oral dose of HCB to
iron loaded mice, inhibition of UROD and porphyria is observed after a time
lag but continues for the life of the animal despite the fall in the levels of the
organochlorine with metabolism [148,152]. Careful estimations showed that
inhibition of UROD appeared before major elevation of hepatic porphyrin
levels and liver damage [152]. Such effects are also observed with other
polyhalogenated aromatic chemicals [123].

The marked potentiation and prolonged effect of iron on porphyra
induced by polychlorinated aromatics led to new avenues of thinking
about experimental models of PCT. Mechanisms of PCT and experimental
porphyria as pathogenic modulations of iron homeostasis were early sugges-
tions in the field but it had been difficult to reconcile PCT and the disorders
produced experimentally by TCDD, PCBs, and HCB. As TCDD and other
poorly metabolized chemicals of this type are inducers of the cytochrome
P450 1A system via activation of the AHR, the hypothesis was proposed



180 Andrew G. Smith and Tatyana Chernova
that classic nonchlorinated polycyclic aromatic hydrocarbons might also
induce porphyria in iron treated mice. Multiple doses or dietary application
of polycyclic aromatic hydrocarbons, such as b-naphthoflavone, 3-methyl-
cholanthrene, and dibenz[ah]anthracene, do indeed inhibit UROD and
caused porphyria [153,154]. In addition, this is extra evidence against the
idea that a specific metabolite of the chlorinated chemicals is involved in the
inhibition of UROD and demonstrates a novel mode of toxicity of carci-
nogenic polycyclic aromatic hydrocarbons. That the flux through the heme
pathway might be an important factor is supported by the stimulation
of porphyria as a consequence of continuous administration of the heme
precursor 5-ALA [154].

After more than 15 weeks of chronic iron overload of C57BL/10ScSn
mice, iron alone eventually induces porphyria [148,155,156]. Iron also
causes porphyria in the related strain C57BL/6J if also administered the
heme precursor 5-ALA [157]. This probably accounts for the continued
inhibition of UROD after HCB when the level of the chemical has greatly
declined. Comparison of other strains show that SWR mice with signifi-
cantly higher basal hepatic iron levels than C57BL mice also develop
porphyria if only given 5-ALA [158]. Null hemochromatosis gene (Hfe�/
Hfe�) mice with elevated hepatic iron levels and heterozygous null for the
Urod also exhibited porphyria after a few months [159]as do Hfe null mice
administered 5-ALA [160].

Although implicated in sporadic PCT, there has been until recently little
evidence that alcohol will induce porphyria in experimental animals. Admin-
istration of 5% or 10% alcohol in the drinking water iron loaded to C57BL/
10ScSn mice for up to 20 weeks failed to induce porphyria to no greater
extent or any earlier than iron treatment alone (Smith, unpublished data).
In contrast,Hfe null mice in the 129S6/SvEvTAC strain, developing elevated
tissue iron, given 10% or 15% alcohol for 6.5 months have accumulation of
uroporphyrin in the liver whereas Hfe null mice on a C57BL/6 background
are not susceptible [161,162], although the length of the time and severity are
not faster or greater, respectively, than occurs with just iron overload in
the wild type C57BL/10ScSn line [155,156]. In rats, ethanol disturbs heme
synthesis and seems to be a predisposing factor for HCB [163].

All of these findings demonstrate that the disruption of heme biosynthe-
sis by polyhalogenated aromatic ligands via the AHR, and by other chemi-
cals, can be viewed as potentiating the consequences of an endogenous
malfunction of iron metabolism.
3.5. Genetic predispositions

Familial and sporadic PCT were at one time seen as separate disorders
[3,164] but it now seems likely that deficiency in UROD in the former
acts as a predisposing factor for the latter [44]. Mutations in the
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hemochromatosis gene may be a genetic predisposition for some PCT
patients. For Turkish patients poisoned by HCB, genetic predispositions
also seem likely as even within families some individuals developed the
disorder while others did not [70]. Thus it is probable that like other
diseases, sporadic PCT and that of the Turkish episode are the result of
complex interactions between genetic and so-called ‘‘environmental’’ fac-
tors. The experimental findings in rodents are one way to explore these
genetic interactions as well as a route to elucidating the mechanisms
involved. Two rat strains were originally shown to differ in their response
to HCB which could have been associated with differing levels of hepatic
iron but this has not been further explored genetically because one was
outbred and the other inbred [165]. Analyses of the response of inbred
strains of mice to porphyrogenic agents have been much more rewarding.

Extensive studies illustrated that the porphyrias induced by TCDD,
with a marked block in UROD activity and high accumulation and excre-
tion of uroporphyrins, varied considerably between mouse strains
[127,130,166,167]. Preliminary studies of genetic crosses suggested that
this was solely dependent on the inheritance of a responsive allele of the
Ahr gene [127]. C57BL/6J or C57BL/10ScSn mice with the high affinity
AHR (Ahrb1 allele) were far more sensitive than DBA/2 mice with the low
affinity AHR (Ahrd allele). In fact, the latter strain appear refractory to the
porphyria inducing effects of TCDD. However, with investigations of
other strains and crosses the story became more complex illustrating the
involvement of genes besides Ahr. Strains like BALB/c with the variant
responsive Ahrb2 allele are less sensitive then Ahrb1 mice but become much
more susceptible to porphyria if first given iron [130]. In addition, some
Ahrd strains, such as AKR and SWR, also become susceptible with this
regimen whereas DBA/2 mice remain resistant.

The conclusion from these studies is that the induction of porphyria in
inbred mice is a complex trait. The AHR is usually required and the Ahrb1

allele an important susceptibility gene if AHR ligands are administered.
However, other susceptibility genes can play a significant role and may
implicate polymorphisms of genes of iron homeostasis. Comparison of the
susceptibility of 12 inbred strains of mice to porphyria induced by iron
treatment showed distinct variability but no correlation with Ahr genotype
alone [156]. Using quantitative trait locus (QTL) analysis with polymorphic
microsatellite DNA markers to associate chromosomal regions (gene posi-
tions) with porphyric response [168], susceptibility loci to TCDD and HCB
have been identified in iron loaded F2 crosses between some of these strains
and highly resistant DBA/2 mice (Figure 6). A QTL on chromosome 12,
corresponding in position to the Ahb1 gene, was observed when C57BL/6J
or C57BL/10ScSn, respectively, were the sensitive strain [128,134]. As
expected in a F2 cross between the two Ahrd strains, SWR and DBA/2,
given iron and TCDD, a QTL corresponding to the Ahr was not detected.
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However, with both C57BL/6J and SWR mice as the susceptible parental
lines exposed to TCDD there was at least one susceptibility gene on
chromosome 11 (Figure 6) and with porphyria caused by HCB in
C57BL/10ScSn mice, loci on chromosomes 14 and 17 were observed. A
QTL on chromosome 14 was also detected in the susceptibility of C57BL/
6J mice to TCDD but not SWR. In contrast, more than one susceptibility
gene on chromosome 1 appeared to contribute to the susceptibility of the
SWR strain to TCDD (Figure 6) [128]. Hence, although the endpoint
porphyria phenotype is similar in these three models of PCT, polymorph-
isms in genes affording susceptibility vary in their penetrance and are not
identical. Alleles of the Ahr may play an important role but expressions of
other genes have a marked modulating influence.

It would, of course, be extremely important to identify the susceptibility
genes contributing to the QTL as these may have orthologs pertinent to
understanding sporadic PCT. So far, QTL studies of the porphyria induced
by regimens of iron treatment without polyhalogenated aromatics have not
been reported. Studies of this kind would be significant, not only for the
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mechanism of porphyria but as an example of iron-induced toxicity rather
than iron status that has been mostly studied [169].
3.6. Metabolic responses in porphyria

3.6.1. Modulation of the heme and iron metabolism pathways
Depletion in activity of UROD is the most characteristic enzymic change in
the liver that occurs in the porphyria following exposure to TCDD, PCBs,
and HCB (Figure 5) [170–172]. This is very similar to PCT [44,173] and
although its importance has been debated, it is probable that this is the most
significant event leading to the high levels of uroporphyrin isomers in the
liver and urine. Assay of the enzyme is not easy because of the instability of
the prime substrate uroporphyrinogen III and the number of possible
intermediates in coproporphyrinogen formation and their leakage from
the enzyme [46]. In most scenarios that have been investigated UROD
activity starts to decrease before major rises in porphyrin levels, whatever
the causative agent, and correlate with sensitivity of various models
[123,152,172]. The reasons for the decreased activity are still not properly
elucidated and are discussed later. The few studies that have been conducted
show little change in protein or mRNA expression although activity is
reduced to less than 50% [129,174,175]. Minor modulations in other enzymes
of the heme pathway may occur to contribute to the phenotype. Of these the
most important is 5-ALA synthase (ALAS1). In some experimental systems
ALAS1 becomes induced, partly as a derepression mechanism following
depletion of the end product heme (Figure 3) [46,122,129,141,176–178].
Up-regulation may depend on the degree of porphyria being sufficient to
cause a shortage of heme for cytochrome P450 and other cytochromes,
perhaps under chronic conditions [9]. This greater supply of heme precursor
may also serve to potentiate the block at UROD and thus aggravate the
porphyria. This is the rationale, and possibly the reason, why administration
of 5-ALA to mice enhances the action of porphyrogenic chemicals
[157,158,179]. Iron loaded Urodþ/� mice develop porphyria much faster
if administered PCBs and 5-ALA than wild type mice [159,180].

Heme oxygenase metabolises heme to biliverdin (which is then reduced
to bilirubin), CO and iron. Marked up-regulation of Hmox1 occurs in most
cells under circumstances of stress, including the exposure to chemicals and
many drugs, and in current hypotheses might destroy heme destined for
hemoproteins (Figures 1 and 3) [1]. Again this could enhance a porphyro-
genic mechanism by leading to further up-regulation of 5-ALAS1 activity
[181]. Up-regulation of hepatic Hmox1 following TCDD has been shown
recently in mice using gene array but how much this contributes to the
porphyria is not entirely clear [129]. Such expression could be due to
infiltration by white cells following toxic inflammation in the liver rather
than to hepatocytes.
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Without prior administration of iron, modest increases in hepatic iron
may occur in both PCT and experimental porphyrias [122,123,182–184]
although sometimes these may be the consequence of general liver damage,
with possible increased intestinal uptake (see [46] for further details). In rats,
TCDD aromatics may induce increases in microsomal and mitochondrial
iron [185,186]. Microsomal systems that release iron from ferritin have been
described but the physiological consequences are obscure [187]. A role for
iron release is attractive as it could contribute to oxidation of heme pre-
cursors leading to an inhibitor of the UROD. Support for porphyrogenic
chemicals mobilizing a ‘‘toxic’’pool of iron [22,36] has been found in rats
administered HCB in which lysosomal, not mitochondrial, levels are ele-
vated [188]. Ideas of iron homeostasis have become much more sophisti-
cated in recent years with many more genes identified and there are
probably more to be found [189]. Gene array analysis and other analyses
have shown that hepatic expression of many of these genes is modulated as
porphyria develops in C57BL/6J mice caused by TCDD and to a lesser
extent in DBA/2 [129,149]. A connection between changes in expression
of most of these genes and porphyria development is not clear and does not
seem to account for susceptibility loci identified in QTL studies. Future
identification of new iron metabolism genes may well do so.

3.6.2. Stimulation of the drug response pathways
Polyhalogenated aromatic chemicals such as TCDD, PCBs (e.g., as con-
stituents of Aroclor 1254), and HCB have been established for many years as
inducers of cytochrome P450 species (CYPs) and do not need to be
described here in this context. Although the mixtures like Aroclor 1254,
individual PCBs and HCB are inducers of a variety of CYPs, it is their
ability to up-regulate CYP1A family members in particular that seems to
correlate most closely with porphyria induction [36,46,190]. This seem-
ingly would account for the action of the prototype AHR ligand TCDD to
inhibit hepatic UROD in rats and mice and cause porphyria. Chronic
induction via the transcription factor AHR appears to be required that is a
consequence of the slow metabolism of these chemicals. This also accounts
for the ability of nonchlorinated, but more quickly metabolized, AHR
ligands to produce porphyria if administered for long enough and at high
enough doses [153]. Expression of CYP1A2 appears to be much more
important than CYP1A1 for porphyria development [179,191,192]. Mice
null for the Cyp1a2 gene are totally resistant to porphyria induced by iron,
PCBs, HCB, and TCDD whereas the evidence for the role of Cyp1a1 gene
expression is equivocal [193–198]. It now seems clear that an optimum
expression level of CYP1A2 protein is required and that much greater
amounts may have no additional effect. This is exemplified by the massive
induction of the Cyp1a2 gene by TCDD in both C57BL/6J and DBA/2
mice yet only the former develop porphyria [128]. It is possible that under
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some experimental conditions, for instance with HCB, other CYPs may
also contribute to the toxic process [121,176,199–201].

Not only phase I enzymes are induced by polyhalogenated chemicals.
Up- or down-regulation of glutathione transferases, transport proteins,
genes associated with the antioxidant responses and those of intermediary
metabolism can all be associated with a porphyrogenic response
[129,149,202]. However, so far, as with iron metabolism, no specific
mechanistic explanation has been forthcoming linked specifically to por-
phyria, and these may be of a general inductive/hepatotoxic nature as seen
in a mutant model of porphyria [59].
4. Mechanistic Hypotheses

For some time it has been hypothesized that the mechanism for the
porphyria induced by polyhalogenated chemicals is of an oxidative nature.
The fact that these chlorinated chemicals are poorly metabolized and that
the most potent chemical, TCDD, is administered in very small amounts,
coupled with the establishment that nonchlorinated chemicals will also do
this would seem to exclude the possibility of a reactive metabolite.
In addition, the clear demonstration that iron itself is a porphyrogenic
chemical in mice and as well as enhancing other regimens depending on
genetic background, supports the view of an oxidative mechanism [36]. An
iron-catalyzed oxidative process would explain not only porphyria caused
by these environmental chemicals but also bridge the gap with a mechanism
for human PCT.
4.1. Evidence for an oxidative process

Many papers have described hepatic lipid peroxidation and criteria of
oxidative stress when rodents are administered HCB, PCBs, and TCDD
[185,186,203–209]. In addition, there is evidence for protection from
porphyria, induced by HCB or PCBs, by antioxidants [210] and modula-
tion by iron chelators of [143–145,211]. In some of the simplest regimens,
up-regulation of antioxidative stress genes has been observed by PCR or
gene array [129]. Since lipid peroxidation and changes in antioxidant
enzymes are very common in liver injury, one of the many unanswered
questions is what selective oxidative stress processes occur which specifically
lead to UROD inhibition and porphyria? Any mechanism has to account
for the vital role of the AHR and the evidence for essential CYP1A2
expression but to a much lesser extent CYP1A1. The interrelationship
between CYP1A2 and AHR seems complex. The role of AHR does not
seem to be just as a transcription factor controlling CYP1A2 expression.
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High expression of CYP1A2 is not sufficient for a porphyric response [128].
How would these relate to an oxidative mechanism? A sustained oxidative
stress response as measured by oxidized GSH levels and
8-hydroxydeoxyguanosine was detected up to eight weeks following expo-
sure of C57BL/6J mice to TCDD [212]. Similar findings have been shown
with PCBs [203]. The assumption has been that these could be due to
uncoupling of microsomal P450 species. CYP1A2 binds polyhalogenated
chemicals of the AHR ligand type and this may perhaps enhance uncou-
pling [36]. Do such reactions occur in vivo with human CYP1A2, as well as
with rodent enzyme? On the other hand, increased respiration-dependant
generation of reactive oxygen species in mitochondria can be associated
with the AHR but is independent of expression of CYP1A forms and leads
to H2O2 formation and decreased ATP [213–216]. Whether generation of
reactive oxygen in mitochondria or microsomes is important in the selective
action at the level of UROD inhibition remains to be elucidated.

Many observations suggest that it is not the generation of active oxygen
that is the key but the inappropriate release of Fe2þ that could catalyze a
site-specific oxidative reaction [22,217,218]. Although in vitro microsomal
systems from TCDD treated animals release iron, the pertinence remains
obscure [187]. Even so, a selective mechanism involving some aspect of iron
homeostasis could be important in reconciling the diverse experimental
regimens that cause porphyria development in rodents and the known
association of PCT with iron metabolism.

The inherent instability of uroporphyrinogens and their partially dec-
arboxylated analogs to oxidation would seem to make them prime sensors
of an intracellular oxidative environment. Oxidations of porphyrinogens to
the porphyrins will lead to their escape from the heme biosynthetic pathway
[219]. The conversion of these colorless compounds to products highly
fluorescent under UV light is a remarkable natural phenomenon as shown
by examination of porphyic animals and tissue as well as urine. Interestingly,
in porphyria induced by HCB in rats, only after some time did the liver
become really fluorescent as porphyrinogens that accumulated were fully
oxidized to the porphyrins [33]. Differential hepatic lobe and lobular dis-
tributions were marked in the early stages [220]. In contrast, in mouse
experimental systems involving iron overload, the proportion of porphyrins
present is far greater (Smith, unpublished data) suggesting some intrinsic
factors, differing between species and treatments, may modify intracellular
oxidative environments. Similar findings have been reported for mice with
PCBs [221] and in PCT [44].

How would CYP1A2 be involved in an oxidation process? Microsomal
preparations from rodents and chick liver embryos induced by polychlori-
nated aromatics, or nonhalogenated CYP1A inducers, oxidise uroporphri-
nogen to uroporphyrin [222,223]. In rodents, CYP1A2 appears to be the
major isoform involved [224,225]. Microsomes from Cyp1a2 null mice
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treated with HCB or 3-methylcholanthrene have a minimal ability to do
this and uroporphyria does not result in vivo [195]. These findings are
persuasive that a process involving CYP1A2 and oxidation of uroporphyr-
inogen has a role to play in experimental porphyria but there are difficulties
that require explanation. A minimal expression seems obligatory [179,192],
but levels of CYP1A2 in strains of mice, and in highly responding groups of
genetic crosses, do not correlate with differential marked up-regulation of
cytochrome P450 [128,134]. It is also curious that CYP1A2 with substrates
that are normally highly lipophilic should in vivo oxidise the hydrophilic
molecule uroporphyrinogen containing eight carboxy1 groups. How
would this oxidation process result in greatly depressed activity of hepatic
UROD?
4.2. Interrogation of UROD in porphyria

Those studies that have been conducted show no decreased UROD protein
by immunoblotting or mRNA following porphyria in animals or in PCT,
in contrast to the severe depression of activity [129,173–175]. Although at
high concentrations metabolites of HCB have been reported to inhibit the
enzyme, evidence with other models of porphyria, described earlier, make a
metabolite-derived mechanism of the chemicals per se unlikely. Direct
inhibition and modification by Fe2þ or Hg2þ that have been studied
in vitro are also probably not selective and significant in vivo. Efforts to
recover enzymic activity from inhibited UROD after HCB or TCDD
treatment have not been successful (Smith, unpublished data). Modification
of UROD from HCB treated rats seems to protect it from some other
chemicals when subsequently exposed in vitro [226]. In regenerated liver of
two-thirds hepatectomized mice after porphyria induced by HCB or
TCDD, enzymic activity does not recover quickly [227]. Unlike many
decarboxylases there is no evidence that UROD requires a bound cofactor
that becomes destroyed. This suggests that the enzyme is modified in some
way at the active site or that a high affinity inhibitor is produced [228].
A number of laboratories have reported that an inhibitor of UROD, more
polar than uroporphyrins, can be produced from heat-treated liver cytosols
of porphyric rats and mice, whatever the regimen, and which cannot be
removed by dialysis and is not produced by or from uroporphyrins present
in the samples [121,147,153,229–231]. It can be detected in mouse liver
concomitant with decreased UROD activity and before major elevation of
porphyrin levels [231]. The relationship between these extracts and inhibi-
tion of UROD in vivo, however, is not established. The inhibitory fraction
from porphyric mice also affects recombinant human UROD [180].
Deproteinisation of cytosol by mild acid treatment gives similar results and
the ‘‘inhibitor’’ is unstable following HPLC purification as well as being
considerably more polar than uroporphyrin (Smith, unpublished data).
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Attention has been given to the possibility that a potential inhibitor may
be derived by oxidation of uroporphyrinogens, but not simply to uropor-
phyrins [232]. This is an attractive hypothesis as oxidation of uroporphyr-
inogens, catalyzed by Fe2þ in some form might be an explanation for the
enhancement of porphyria in vivo after administering the precursor 5-ALA.
Indeed 5-ALA administered to SWR mice is uroporphyrogenic in itself
without other treatments [158]. Microsomal oxidation of uroporphyrino-
gen is associated with concomitant decreased UROD activity which is
reversible if the CYP inhibitor ketoconazole is added. One explanation
for the UROD decreased activity is that it is due to inhibition by partially
oxidized uroporphyrinogens [233]. Most recently using the techniques for
isolation of the inhibitory factor, Phillips et al. reported isolation of a
product from porphyric mice and PCT liver with properties mainly consis-
tent with a uroporphomethene the first step in oxidation of uroporphyrino-
gens (Figure 7) [234]. Its absolute potency and stoichiometry as an inhibitor of
UROD was not ascertained. Some questions have been raised as to the
identification [235] and there are difficulties in reconciling considerable
historical data with this as the simple explanation for PCT and experimental
porphyrias. For instance, it is difficult to explain inhibition of UROD by a
partially oxidized porphyrinogen and the severely depressed UROD activity,
which is slow to recover in porphyria. However, there may be related
processes in which formation of the uroporphomethene is a first step in a
sequence that generates a more active inhibitor or a molecule with affinity for
UROD that directly modifies the active site. Detailed studies of the oxidation
of uroporphyrinogen in vitro and in vivo, and the consequential end products,
are thus important considerations for these hypotheses.
4.3. Oxidation of uroporphyrinogen

Oxidation of uroporphyrinogens to uroporphyrins, under a partial pressure
of oxygen and in even dull light, apparently occurs in three steps that lead
predominantly to two intermediates [236]. The respective porphomethene
and porphodimethene intermediates from uroporphyrinogen III are shown
in Figure 7. Similar steps also probably occur rapidly following oxidation
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with iodine and in the oxidation of other porphyrinogens including hepta-
carboxylic acid porphyrinogen IIId. Uroporphomethene (with an absor-
bance at 500 nm) and uroporphodimethene are thought to be stable enough
for their spectral properties and stability to other reagents to be studied.
Experiments show that they are prone to photocatalytic oxidation by
uroporphyrin and likely to be more stable after purification although still
sensitive to light and air. However, to the authors’ knowledge rigorous
modern analysis has yet to be performed. The identification of uroporpho-
methene in porphyric samples from mice and sporadic PCT liver was based
on mass spectral as well as absorption at 500 nm and by comparison with
products prepared from biosynthetically-generated uroporphyrinogen
exposed to UV light [234], although HPLC properties were not as might
be expected [235].

As described above, many investigations have shown the in vitro oxida-
tion of uroporphyrinogen as a model of that in vivo e.g. [194,224,225].
In contrast to rodent microsomes, the microsomal system from chick
embryo liver is stimulated by the presence of 3,30,4,40-tetrachlorobiphenyl
[223]. The reasons are unclear. The oxidation of the porphyrinogen to
uroporphyrin by rodent CYP1A2 in vitro does not appear to require bound
chlorinated aromatic hydrocarbons or involve free reactive oxygen species
such as O2

��. However, addition of Fe-EDTA to microsomal systems speeds
up uroporphyrinogen oxidation and may incorporate another oxidative
mechanism as, unlike microsomes alone, catalase, mannitol, and glutathione
partially protect [217,223]. This can be interpreted as implicating a reactive
oxygen mechanism perhaps the generation of hydroxyl radicals. Curiously,
ascorbate protects against uroporphyrin formation in hepatocytes and
microsomal incubations apparently by inhibiting porphomethene formation
[237]. That this may be pertinent in vivo has been demonstrated by the
partial protection of dietary ascorbic acid against HCB and 3,30,4,40,5-
pentachlorophenyl (PCB126) induced porphyria in rat and mouse models
under low or modest, but not high, iron contents [210,238].

Fe-EDTAmarkedly stimulates chemical oxidation of porphyrinogens to
porphyrins using H2O2 or xanthine oxidase to generate O2

�� whereas
uroporphyrin is only slowly oxidized [217,232]. This illustrates the potential
importance of iron-catalyzed oxidation in vivo if pools of free iron are
released inappropriately. Experiments of this type have shown other impor-
tant concepts. 1-Hydroxymethylbilane is also oxidized and this may be one
reason for the significant proportion of uroporphyrin I that occurs in
porphyric tissue (Figure 5) [232]. Careful quantitation of reactions demon-
strates the low yield of uroporphyrin, if based on comparisons with mild
oxidation by iodine, and the concomitant formation of products that inhibit
UROD [232]. Although inhibition is to the degree reported for uropor-
phomethene, nonporphyrin products appear to have been formed which
are not oxidized back to uroporphyrin if treated with iodine.
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Radiochemical experiments with HPLC showed that these are more polar
than uroporphyrin. Thus it has become clear that simple conversion of
uroporphyrinogen to uroporphyrin is not the only route of oxidation that
needs to be considered.

Exposure of uroporphyrinogens to day and UV light produces substi-
tuted uroporphyrins hydroxylated at meso positions of the porphyrin rings
and in the acetate and propionate side-chains [239,260]. These hydroxy-
lated porphyrins have been identified in tissues and excreta from
PCT patients and from HCB and TCDD treated animals (Figure 8)
[149,240–242]. Of perhaps greater interest is the formation of dihydroxy-
and hydroxyspirolactone urochlorins possibly derived by epoxidation of
uroporphyrinogen (Figure 8) [239,242]. These chlorins were first observed
many years ago but not characterized fully due to lack of appropriate
techniques at the time. They could account for the loss of recoverable
uroporphyrin observed in systems of chemical oxidation systems of uropor-
phyrinogen [217,232]. These nonporphyrin products from uroporphyrino-
gen have recently been found for the first time in vivo in porphyric liver of
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TCDD treated mice [242]. It remains to be seen as to whether any of these
molecules have significant inhibitory properties towards UROD. Alterna-
tively, such mechanisms of uroporphyrinogen oxidation in vivo may be
conduits for understanding the inactivation of UROD at the active site.
Arguments as to which might come first, oxidation to uroporphyrinogen or
to other products causing effects on UROD, are probably misplaced. They
may be synchronous processes but vary in degree.
5. Liver Injury, Cancer, and Porphyria

Polyhalogenated aromatic chemicals cause many effects, besides
hepatic porphyria, and these are covered elsewhere in many reviews
[243]. However, there is evidence that some aspects of the hepatocellular
injury and hepatic tumors caused by these agents in rodents may be linked to
their property of inducing porphyria [46]. In addition, there are parallels
with sporadic PCT patients [3,44]. A lot of this evidence has been reviewed
previously but will be summarized here. The topic is of some importance as
it may be pertinent to the risk assessment of these chemicals. Unlike the
human epidemiology data, the development of liver tumors at relatively
high doses is one of the main sites of cancer in rodents [46,244].
5.1. Hepatocellular injury

Exposure of rats and mice to HCB, PCBs, and TCDD generally induce
hepatic proliferation of smooth endoplasmic reticulum and hypertrophy
with varying degrees of steatosis and necrosis especially in centrilobular
regions. Of course other chemicals, including those that are chlorinated
like DDT, may also have some of these effects but there seem to be features
of injury that are associated with porphyria development. One porphyric
patient exposed to HCB in Turkey had chronic inflammation, hepatocyte
necrosis, and regenerating lobules, as well as fluorescence under UV light,
when a liver biopsy was examined [69]. Porphyric liver from rats treated
with HCB shows crystalline inclusions of uroporphyrin in parenchyma as
seen in PCT cases [44,46]. In mice with porphyria due to a combination of
iron with HCB, uroporphyrin crystals are associated with ferritin within
hepatocytes that may indicate involvement in toxic damage [150,245]. Such
experiments also show the elevation of plasma transaminases, indicating
liver injury as porphyria develops. In rats exposed to PCBs, liver toxicity,
as determined by both plasma enzyme levels and histopathology is observed
in females before that seen in males and concomitant with porphyria
[209,246]. In mice iron overload not only stimulates TCDD induced
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porphyria but also plasma enzymes and liver damage although these are not
necessarily interdependent [128,130].
5.2. Porphyria and liver cancer

Although not frequently discussed, it is curious that all experimental models
in which polyhalogenated aromatic chemicals induce porphyria are also
associated with subsequent formation of hepatic adenomas and carcinomas.
Like porphyria and liver damage, there is marked sexual dimorphism in rats
associated with hepatic tumor response to PCBs, PBBs, and TCDD
(Table 2) (see Smith, [46] for a full list of references) and can be exemplified
by that of HCB [113]. In contrast, such distinct susceptibility of females is
not observed for other genotoxic and nongenotoxic hepatocarcinogenic
chemicals such as tamoxifen, diethylnitrosamine, aflatoxin, and phenobar-
bital. In studies where HCB was used to promote tumors initiated by
diethylnitrosamine, tumors were not porphyric (unlike with HCB alone)
and a marked sex difference was not observed [247]. Livers from rats fed
HCB that have hepatocellular carcinomas and adenomas show accumula-
tion of iron possibly as the result of peliosis followed by regeneration [182].
Table 2 Association of porphyria with hepatocellular tumors

Species Exposure Hepatocarcinogenesis response

Human

sporadic

PCT

Alcohol/estrogen

treatment/HCV

Incidence of cancer more

significant than due to agents

alone or cirrhosis

Rat HCB, PCBs, PBBs,

TCDD

Both porphyria and liver tumors

occur predominantly in

females (hepatic iron / > ?)

Rat Initiation by

diethylnitrosamine

followed by HCB

promotion

No marked sex difference in

tumor response

Rat HCB � iron Stimulation of both porphyria

and tumor development by

iron treatment

Mouse HCB, PCBs, PBBs �
iron

Massive stimulation of both

porphyria and tumor by iron—

earlier and to a greater degree

Mouse PCBs þ iron � CYP1A2

(Cyp1a2 null)

No porphyria or tumors in

absence of CYP1A2

For references see text and [46].
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Iron accumulation in hepatocytes and Kupffer cells of females, but not
males, is also observed in rats administered coplanar PCBs after developing
porphyria and hepatic neoplasms [184]. Iron overload enhances both
porphyria and severity of hyperplastic lesions in rats fed HCB [140].
In humans there is good evidence for the association of hepatic cancer
with PCT that is not just a consequence of cirrhosis [248–250]. This implies
that there is some kind of unique mechanistic link between a toxic process
involving iron which not only leads to porphyria but may eventually
predispose to hepatocellular tumors. This is not to exclude other mechan-
isms contributing to the hepatocarcinogenic actions of polyhalogenated
aromatics.

Mouse models have been particularly amenable to a comparison of
porphyria with subsequent hepatic carcinogenesis. Intriguingly, not only
is the porphyria inducing property of HCB and PCBs in C57BL/10ScSn
mice massively increased by prior iron treatment but so is the subsequent
incidence of liver adenomas and cancer [148,155,205]. In contrast, the
DBA/2 strain is highly resistant to both porphyria and hepatocarcinogenesis
following iron and PCBs as are, importantly, Cyp1a2 null mice [193]. The
polychlorinated aromatic chemical octachlorostyrene, which does not cause
porphyria in iron loaded mice, is very weakly tumorgenic even with
additional iron [251]. Tumor developments caused by other nongenotoxic
carcinogens phenobarbital and nafenopin are unaffected by iron (Smith,
unpublished data). HCB and PCBs tumors in mice do not show increased
incidences of Ha-ras mutations but do show the emergence of a mononu-
cleated diploid population consistent with precancerous changes [252,253].
In support of an oxidative mechanism for tumorigenesis compatible with
that proposed for porphyria, oxidative DNA damage after PCBs has been
reported in C57BL/10ScSn mice but not DBA/2 [203]. Point mutations
could not be detected, using the l/LacI in vivo mutation system suggesting
that more complex chromosomal deletions or rearrangement are involved
in the oxidative damage or in the mutagenicity of the porphyrins themselves
[254]. A scheme illustrating a possible scenario is shown in Figure 9. Fech
(m1/Pas1) mice that have a mutation in the ferrochelatase gene develop
marked hepatic protoporphyrin levels, liver toxicity and, in far less than a
year, severe hepatocellular tumors illustrating that porphyria alone can be
carcinogenic [59,255]. Protoporphyria may also partially account for the
hepatocarcinogenic actions of the drug griseofulvin [256]. That oxidative
processes alone can be tumorigenic is illustrated by the mitochondrial
disruption, oxidative stress, and subsequent liver tumors that are observed
in mice with mutation of the frataxin gene involved in hepatic iron and
heme metabolism [257].
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6. Summary

The disruption of heme synthesis by polyhalogenated aromatic che-
micals with physiological consequences has been recognized for decades
starting with the identification of HCB as the causative factor of the mass
porphyria in Turkey. Both chemical-induced porphyria and sporadic PCT
are characterized by accumulation and excretion of uroporphyrins and
decreased activity of UROD in the liver. However, for a long time, any
similarity between the effects of HCB, PCBs, and TCDD in experimental
systems (and humans) and sporadic PCT precipitated by other agents and
implicating iron metabolism, was difficult to comprehend. The demonstra-
tion that not only could manipulation of iron status alter the experimental
outcomes but that iron causes porphyria in mice in a genetically variable
manner, illustrated that the underlying mechanisms of PCT and that caused
by HCB, etc. are probably very similar. In fact, uroporphyria in mammals
may be viewed as a genetically variable aspect of iron toxicity precipitated or
enhanced by a variety of other agents of which the polychlorinated aro-
matics are the most powerful. The contributions these chemicals make
include through binding to the AHR and mediating the expression and
action of other gene products. Of these CYP1A2 seems to play an important
role, at least in rodents, albeit so far it is not clear how or whether this is true
in PCT [258,259]. The key part of iron homeostasis in the molecular
pathogenesis of both PCT and chemical porphyria would seem to suggest
an oxidative mechanism and this is supported by other experimental
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evidence. Since uroporphyrinogen III is a relatively unstable molecule to
iron-catalyzed oxidation it is not unreasonable to hypothesise that in such a
process products are produced that have an affinity for the active site of
UROD and cause long acting inhibition or inactivation. The recent iden-
tification of some novel oxidation products of uroporphyrinogen in por-
phyric tissue (Figures 7 and 8) may be a clue to the generation of such a
process (Figure 9). However, it would be unwise to exclude other possible
mechanisms that could cause UROD inactivity. There are still many other
questions to ask including:

1. Why are polychlorinated aromatics so effective in promoting por-
phyria? Is it just because of their CYP1A2 inducing effects or do they
have additional properties, perhaps physical as well as transcriptional,
that contribute to their effectiveness?

2. What are the polymorphic genes in mice that are so influential in the
porphyrogenic sequence? What can they tell us about the mechanism
and whether such similar polymorphisms explain the sporadic nature
of human PCT?

3. If an oxidative mechanism is involved, what is its specific nature in
porphyria which is not seen as a consequence of general oxidative
stress with other chemicals or agents?

4. What are the specific roles for CYP1A2 and iron?
5. Is a similar specific oxidative process involving iron metabolism

operating that predisposes to hepatocarcinogenesis?

Research tools are available to answer these questions.
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1. Introduction

The Aristolochiaceae family of herbaceous plants, specifically members
of the genus Aristolochia, has been used for medicinal purposes for more than
2500 years [1]. Remarkably, the extensive materia medica describing the
therapeutic use ofAristolochia rarely mentions its intrinsic toxicity. Recently,
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aristolochic acid (AA), a principal component of all Aristolochia sp., was
shown to be the toxin responsible for the clinical syndromes known as
Chinese herb nephropathy (CHN) and endemic (Balkan) nephropathy
(EN). Both disorders are associated with a high incidence of urothelial
(transitional cell) cancer and appear to constitute a single disease entity,
designated aristolochic acid nephropathy (AAN).

The epidemiology and pathophysiology of CHN and EN have been
reviewed extensively [2–7] and the association of these diseases with human
cancer is the subject of several comprehensive reports [8,9]. Guided by the
hypothesis thatAA is the commonetiologic agent inCHNandEN[10,11],we
review themolecular andclinical toxicologyof this potent nephrotoxic chemi-
cal carcinogen.Additionally, basedon the traditional useofAristolochia inherbal
remedies, we posit that AAN represents a long-overlooked iatrogenic disease
and an international public health problem of considerable magnitude [12].

2. Toxicity of Aristolochia

Toxicologists have long been aware of the toxic properties of
Aristolochia sp. In 1825, while investigating the homeopathic principle that
‘‘like cures like,’’ Jörg performed experiments on himself and his colleagues,
revealing the acute toxic properties of Aristolochia serpentaria [13]. Among the
effects experienced after ingesting multiple doses of the root (2.5–7.5 gm,
each dose estimated to contain �5 mg AA), were intense gastrointestinal
discomfort and polyuria. Later, Orfila, the founder of modern quantitative
toxicology, demonstrated the lethal effects of Aristolochia clematitis in short-
term experiments performed on dogs [14]. More than a century ago, Pohl
administered extracts prepared from seeds and roots of A. clematitis to rabbits,
revealing the nephrotoxic effects of the partially purified phytotoxin [15].
Later, Dumić [16] and Martinčić [17] reported that horses ingesting hay
contaminated with A. clematitis developed chronic renal failure, recording
the histopathology of the diseased kidneys [17]. Subsequently, Mengs docu-
mented the acute and chronic toxicities of purifiedAA in rodents, including its
carcinogenicity [18–20]. The molecular and cellular mechanisms underlying
AA cytotoxicity have been explored in cultured renal proximal tubule cells
and in rodent models of AAN (reviewed in [21]).

3. AA-I and AA-II

Aristolochia herbs contain a number of structurally related nitrophe-
nanthrene carboxylic acids, principally aristolochic acid I (AA-l) and aris-
tolochic acid II (AA-ll) [22]. Many of the studies discussed here utilize the
naturally occurring mixture of AA-l and AA-ll, designated for purposes of
this discussion as AA.
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4. Chinese Herb Nephropathy

Between 1990 and 1992, �1800 otherwise healthy Belgian women
inadvertently ingested Aristolochia fangchi in conjunction with their partici-
pation in a weight-loss regimen. Several of these women developed rapidly
progressive renal interstitial fibrosis leading to chronic renal failure [23].
Histopathologic examination revealed a corticomedullary gradient of inter-
stitial fibrosis, and marked atrophy of proximal tubules with glomeruli
generally being spared. Approximately 5% of women ingesting the herbal
supplement developed end-stage renal disease (ESRD), ultimately requiring
dialysis or renal transplantation [3]. When the diseased kidneys were
removed, urothelial cell atypia and carcinoma were found in the upper
urinary tract [24]. Specifically, among 39 patients undergoing prophylactic
bilateral nephrectomy, 46% had urothelial cancers located primarily in the
renal pelvis and upper ureter [25]. All but two of the remaining patients
displayed mild-to-moderate urothelial cell dysplasia.

Definitive evidence that AA was responsible for CHN was obtained
when aristolactam (AL)-DNA adducts were detected in renal tissues
(reviewed in [26]). Additionally, Cosyns et al. reproduced the nephrotoxic
and carcinogenic effects observed in humans by treating rabbits with low
doses of AA [27]. Based on these reports, the term aristolochic acid
nephropathy (AAN) was suggested to reflect the etiologic role of this
phytotoxin in CHN [28].

The dramatic revelation that AA is a powerful nephrotoxin and carcin-
ogen for humans drew attention to the worldwide distribution and exten-
sive use of Aristolochia sp. as herbal remedies. Unsurprisingly, subsequent
reports described almost 200 patients outside of Belgium in whom chronic
renal failure followed ingestion of Aristolochia herbs (reviewed in [9]).

Undoubtedly, published reports represent only a small fraction of AAN
cases. In support of this assertion, we note that in a single year in China,
320,000 kg ofAristolochia manchuriensiswas harvested for medicinal purposes
[29]. And, in 2003, 5000 kg of Qing Mu Xiang and 10,000 kg of Tian Xian
Teng, Aristolochia herbals listed in the 2005 Chinese Pharmacopeia, were
produced in the Shanghai district alone. However, despite heavy and
widespread use of Aristolochic herbals, very few cases of AAN were
reported in China prior to 1999 [30].

Epidemiologic studies in Taiwan, where the prevalence of chronic
kidney disease (CKD) is among the highest in the world, reveal a strong
association between CKD and the use of herbal therapies [3l]. Furthermore
a survey of prescriptions filled between 1997 and 2003 in Taiwan revealed
that one-third of the population had been treated with herbal products
known to contain, or suspected to be contaminated with Aristolochia [32].
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CKD also is recognized as a major public health problem in India [33].
Traditional Ayurvedic medicines used in India and elsewhere include
several species of Aristolochia, predominantly Aristolochia indica and Aristolo-
chia bracteolata. Vanherweghem [34] suggested that the nephrotoxicity asso-
ciated with Aristolochia herbal remedies may contribute to the high
incidence (27.8%) of chronic interstitial nephritis in India [35].

In conclusion, the failure to relate traditional uses of Aristolochia sp. to its
delayed nephrotoxic and carcinogenic effects has created a global health
problem that will require attention from public health authorities for the
foreseeable future [12].
5. Endemic (Balkan) Nephropathy

EN is a chronic tubulointerstitial disease occurring in rural villages
located near tributaries of the river Danube in Bosnia and Herzogovina,
Bulgaria, Croatia, Romania, and Serbia. First described 50 years ago [36–
39], EN is estimated to affect at least 25,000 individuals in countries
harboring this disease, while another 75,000 men and women residing in
endemic regions are believed to be at risk [40]. Significant epidemiologic
features of EN include its focal occurrence in certain farming villages; a
familial but not inherited pattern of disease, frequently affecting members of
the same household; occurrence only in individuals older than 18 years of
age; presence in less than 10% of households in endemic villages; and a
strong association with upper urinary tract transitional cell (urothelial)
cancer (UUC) [4–6,41].

Until quite recently, the etiology of EN remained obscure [42].
A variety of environmental agents, including mycotoxins, heavy metals,
viruses, and trace-element deficiencies have been investigated as potential
causative agents [42,43], with ochratoxin A (OTA), being a principal focus
of EN research in recent years. Residents of villages in endemic areas are
exposed to relatively high concentrations of OTA; however, elevated serum
levels of OTA have been detected in residents of countries throughout the
world [44] while EN is limited to isolated villages in Balkan countries [4–6].
In fact, OTA has never been associated directly with nephrotoxicity in
humans [45] and a comprehensive review of the literature concluded that
published epidemiologic studies are inadequate to assess a cause-and-effect
relationship between OTA and human cancer [46]. Thus, the weight of
scientific evidence, including the inability of OTA to form DNA adducts
under physiologic conditions [47–49], argues strongly against OTA or other
mycotoxins playing a role in the etiology of EN [10,21].

Current experimental evidence supports the view [12,50–51] that chronic
dietary poisoning by AA accounts for all of the important characteristics of
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EN, including the geographical distribution, characteristic pattern of renal
tubulointerstitial fibrosis, and increased risk of developing UUC. Earlier,
Kazantzis [52] and Ivić [53] suggested that A. clematitis might contain the
etiologic agent responsible for EN; however, this insightful observation was
not pursued. In fact, our impetus to investigate the role of AA in EN was
prompted by the striking clinical and histopathologic similarities between EN
and the nephropathy observed in the cluster of Belgian women [54].
6. AAN ¼ BEN ¼ CHN

In the following section, we review critically the toxicology of AA,
focusing on renal proximal tubules and urothelial cells, which are targeted
by the toxin. In so doing, we integrate observations on the pathophysiology
of CHN and EN with research on animal models of AAN and mechanistic
studies of the molecular and cellular effects of AA (reviewed in [21]).
7. Dose–Toxicity Relationship

Estimates have been made of the amount of AA ingested by �100
Belgian women who developed end-stage renal failure [3,55] and by many
of the �200 sporadic cases of CHN reported in the world literature
(reviewed in [9]). Our analysis of the dose–toxicity relationship assumes
that AA-induced DNA damage in cells is cumulative and largely irrevers-
ible. Thus, 1800 Belgian women received a maximum of 0.025 mg/kg of
AA over a period averaging 13 months, with 5% of this group developing
end-stage renal failure 3–85 months after administration was stopped [3].
Similarly, Chinese patients estimated to have ingested 0.7–1. 5 mg AA
per day intermittently over 1–10 years in the form of pills containing
A. manchuriensis developed chronic renal failure, sometimes within 6 months
of initial exposure to the herb [9]. Higher doses of AA, such as those
employed in a Phase I clinical study of AA (1 mg/kg intravenously for 3 or
more days) [56], and in some Chinese patients (10 mg/day for 10 days) [57]
resulted in acute renal toxicity.

In EN, 20 years or more may elapse before renal dysfunction becomes
clinically apparent. The slow progression of this endemic disease likely
reflects a low level of exposure to AA. However, Croatian farm families
who ingest bread contaminated by AA are estimated to accumulate over
8–10 years the same amount of AA as did Belgium women with CHN in a
single year [51]. The number of residents in Croatian endemic areas who
depend on home-baked bread has decreased substantially in the past 20 years
( Jelaković et al., unpublished data). Decreased dietary exposure to AA is
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expected to translate into lower incidence of EN and delayed age of onset of
nephrotoxicity. The observed shift to the older age group among newly
diagnosed EN cases and among EN patients beginning dialysis [5] is in line
with this prediction.
8. Renal Histopathology

AAN is marked by progressive tubulointerstitial fibrosis resulting in
ESRD. Comparison of patients with CHN and EN revealed a striking
histopathologic feature, namely, a corticomedullary gradient of interstitial
fibrosis present in both diseases [54]. This gradient, reported only in AAN
and cadmium-induced nephropathy [58] is even more pronounced in renal
biopsies obtained prior to the development of ESRD.

New Zealand White rabbits treated over a period of 17–21 months with
low doses of AA developed impaired renal tubular function displaying and
interstitial fibrosis with a corticomedullary gradient [27]. Following treat-
ment with AA, C3H/He mice developed acute tubular necrosis and inter-
stitial fibrosis while C57BL/6 mice are resistant to similar doses of the toxin
[59]. AA-I and AA-ll exhibit similar genotoxic potential [60], however,
AA-I is solely responsible for the nephrotoxicity observed in C3H mice
[59,60]. Histopathologic findings in Wistar rats include necrosis of outer
medullary proximal tubules and urothelial dysplasia. As in mice, renal injury
in rats is manifested initially by an acute inflammatory/necrotic phase lasting
several days, followed by a chronic phase, consisting of interstitial inflam-
mation, tubular atrophy, and interstitial fibrosis [61]. Biochemical markers
were consistent with epithelial–mesenchymal transition, although an alter-
native mechanism involving TGF-b activation of fibroblasts may account
for some of the interstitial fibrosis involved [62].
9. Proximal Tubular Function

AAN is characterized by proximal tubule dysfunction, including persis-
tent glycosuria, aminoaciduria, and low-molecularweight (tubular) proteinuria
(LMWP) [3,4].Normally, LMWPare filtered at the glomerulus, reabsorbed by
endocytosis in the proximal tubule, and then catabolized. Proximal tubule
damage interferes with this process; thus, the urinary LMWP/albumin ratio is
strikingly elevated in patients with CHN and EN compared with patients
with glomerular disease [63]. This parameter provides a useful biomarker for
detecting early proximal tubule dysfunction in AAN [64–66].

Rabbits given AA intraperitoneally 5 days a week for 17–21 months
developed impaired proximal tubule function manifested by glycosuria and
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tubular proteinuria [27]. InWistar rats, high doses of AA disrupted proximal
tubule function, as reflected by proteinuria, glycosuria, and neutral amino
acid enzymuria [67]. Both animal models reproduce the principal features of
AAN in humans. The rat was used to investigate early functional
impairment of the proximal tubule, revealing that the outer medullary S3
segment of the proximal tubule was the preferential target of AA [67].

10. Urothelial Cancer

The strong association between exposure to AA and the development
of urothelial neoplasia was first recognized in Belgian women with CHN
[24,68]. Ultimately, 40–45% of this group developed multifocal high-grade
transitional cell carcinomas located primarily in the upper urinary tract [25].
Based on this observation, prophylactic bilateral nephroureterectomy is
strongly recommended for CHN and EN patients requiring dialysis or
renal transplantation.

UUC is prevalent among residents of endemic villages in the Balkan
region [69]. In the former Yugoslavia, data from more than 2000 cases of
UUC were used to explore the epidemiology of this uncommon cancer [70].
The prevalence of UUC in certain endemic regions can be as much as
100-fold greater than in the country as a whole [71]. More than two-thirds
of these cancers are localized in the renal pelvis or ureter [72,73] compared to
�5% of UUC among patients residing in nonendemic areas [74]. In Serbia,
the fraction of urothelial cancers located in the renal pelvis and ureter
increased from 18% in the period 1921–1952 to 63% in 1953–1960 [70,72].

Patients undergoing surgery for UUC often exhibit signs of renal dysfunc-
tion. Petković et al. recorded ‘‘renal failure’’ in 63% (111/187) of patients with
UUC [75]. This important observation was confirmed by Nikolić in a review
of 710 patients with UUC, 65% of whom had creatinine clearances of less
than 80 ml/min [70]. Recently, 9 of 11 residents of endemic villages under-
going nephroureterectomy for UUC were found to have histopathologic
changes in the renal cortex compatible with EN [50]. Thus, UUC may
precede, accompany, or follow manifestations of nephrotoxicity in patients
with EN. The age at which patients in endemic regions develop symptoms
associated with UUC has increased steadily over the past 30 years [76], again
suggesting that environmental exposure to AA is diminishing over time.

11. AL-DNA Adducts

Both AA-l and AA-ll are subject to enzymatic nitroreduction in
mammalian cells, generating active nitrenium intermediates (Figure 1) that
react with the exocyclic amino groups of deoxyadenine and deoxyguanine
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bases of DNA (reviewed in [26]). Both AL-l- and AL-ll-derived
DNA adducts were detected in the renal cortex of patients with EN and/or
UUC [50] and in persons ingesting botanical products containing AA
(reviewed in [9]).

The level of AL-DNA adducts in target tissues represents the integration
of external exposure with interindividual variability in metabolism, nucleo-
tide excision repair, and other cellular processes, providing a tangible link
between exposure to the genotoxin and its cytotoxic and carcinogenic
effects [77]. Their usefulness as biomarkers is enhanced by their persistence
in target tissues. For example, in humans, AL-DNA adducts were detected
36–89 months following termination of exposure to AA [26,50]. Thus,
among Belgian women, AL-DNA adduct levels ranged from 0.1 to 17
adducts per 108 deoxynucleotides (dNs), with dA-AL-I being the major
adduct found in the renal cortex while dA-AL-II and dG-AL-I were present
in significantly lower amounts [26].

In patients with EN, adduct levels ranged from 8 to 59 adducts per 108

dNs for dA-AL-l and 2–62 adducts per 108 dNs for dG-AL-l [50].
In urothelial tumors, adduct levels were significantly lower, 0.7–1.6 and
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0.3–0.5 adducts per 108 dNs for dA-AL and dG-AL, respectively [50].
In rodent models of AAN, AL-DNA adducts accumulate in target tissues
[26,78]; however, the prominent cytotoxic effects of AA-l in proximal
tubule cells appear unrelated to its DNA-damaging effects [60].
12. Mutational Signature of AAN

Mutational analysis of the p53 tumor suppressor gene in UUC tumors
from patients residing in endemic villages revealed that the frequency of
A:T ! T:A mutations was 78% [50]. In contrast, A:T ! T:A mutations
occur infrequently in transitional cell carcinomas of the renal pelvis (0%),
ureter (5%), and bladder (4.8%) in patients from nonendemic regions [79].
Importantly, the p53 mutation pattern in UUC associated with EN is
consistent with the mutational spectra induced by AA-I (or by a mixture
of AA-I and AA-II) in (i) the H-ras gene of rats [80]; (ii) transgenic rodent
models [81]; (iii) the p53 gene in a urothelial cancer from a patient with
CHN [82]; (iv) site-specific mutagenesis studies in which a single dA-AL
adduct is transfected into nucleotide excision repair (NER)-deficient human
cells (Yang and Moriya, unpublished data); and (v) immortalized (Hupki)
mouse cell lines carrying the human p53 gene [83]. Indeed, the predominance
of A:T! T:A transversions in the p53 mutational spectrum is widely recog-
nized as a mutational signature for human exposure to AA [10,50,83,84].
13. Genetic Considerations

Only 5% of the 1800 Belgian women exposed to similar amounts of
AA developed AAN [3] and the reported prevalence of EN is 3–7% [5].
Similarly, various strains of mice exhibit differing susceptibilities to the toxic
effects of AA [59,60]. Thus, genetically determined interindividual varia-
bility may contribute to the risk of developing AAN and/or its associated
UUC [85]. Rarely, however, does a single mutated gene result in a high
absolute risk of an associated cancer or other disease. Thus, susceptibility to
AA most likely is influenced by the additive or synergistic effects of several
genes, none of which individually may result in a large phenotypic effect.
Furthermore, the cumulative effect of susceptibility to this environmental
mutagen may result from complex interactions among multiple genes and
from gene–environment interactions [86]. Molecular epidemiologic studies
have been undertaken to potentially capture such interactive effects in EN,
and mouse models of AAN have been used to identify genes controlling
susceptibility to the nephrotoxic effects of AA [87].
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Polymorphisms that affect susceptibility to AA are likely to be found in
genes responsible for its absorption, bioactivation, detoxification, excretion,
and/or transport. Metabolism of AA, mediated by enzymes known collec-
tively as xenobiotic metabolizing enzymes (XMEs), has been demonstrated
in humans and animals treated with AA [88] (Figure 1). O-demethylation,
mediated by Cytochrome P450s, results in rapid detoxification of AA-1 in
rodents [89]. Thus, functional polymorphisms in XMEs may affect the level
of critical intermediates produced during biotransformation, some of which
bind to DNA and proteins. Similarly, polymorphisms in certain DNA repair
enzymes can affect an individual’s ability to excise the AL-DNA adducts that
initiate UUC [90]. Although individual risks associated with such polymorph-
isms might be low, they potentially have great public health relevance (i.e.,
population-attributable risk) because of their high population frequency [91].

14. AAN as an Iatrogenic Disease

The varied uses of Aristolochia (birthwort) have been traced from the
fourth century BC to the eighteenth century AD, based on excerpts from
the original literature [1]. The actual cumulative doses of Aristolochia
employed in treating illness during the Greco-Roman period were esti-
mated by Scarborough who suggested that this early usage likely resulted in
unrecognized iatrogenic disease as a result of the herb’s intrinsic toxicity
[92].

Extending this novel hypothesis, we have reviewed the use ofAristolochia
herbal combinations in Ayurvedic and Chinese medicine. Our immediate
goal is to document clearly the past and present use, worldwide, of
Aristolochia, a family of herbs recently shown to be nephrotoxic and carci-
nogenic to humans.

The first description of Aristolochia is found in ‘‘Enquiry into Plants’’ by
Theophrastus (300 BC) who described the morphology of the plant and its
medical uses [93]. At that time, Aristolochia was used for snakebites, as a
general antidote against poisons, to clean wounds, to alleviate insomnia,
cure uterine malfunctions, ease bowel obstruction, and relieve symptoms of
dropsy (edema). In the Hippocratic Diseases of Women, anonymous writers
of that era discuss the use ofAristolochia as an oxytocic agent to aid women in
childbirth and abortifacient, obstetric and gynecologic practices that con-
tinue to this day [94].

Arguably the most influential medical work of classical antiquity, De
Materia Medica, written ca. 70 AD by Dioscorides, includes almost all herbs
then employed in Greco-Roman pharmacology. Individual chapters are
devoted to Aristolochia rotunda, Aristolochia longa, and Aristolochia clematitis
[95]. Interestingly, not one word of caution was expressed regarding the
potential toxicity of these herbs [92].
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The influence of De Materia Medica on Western and Islamic medicine
was profound. Dioscorides’ descriptions of Aristolochia were translated into
Arabic and Latin and this information was preserved throughout the Byz-
antine period and the Middle Ages [96]. With the advent of the printing
press, information originating in De Materia Medica was incorporated (often
verbatim) into the printed herbals of the Renaissance, which enjoyed wide
distribution in Europe [97]. Ultimately, an entry for Aristolochia appeared in
the Pharmacopeia Londinesis of 1618 and, following that, in other official
compendia and textbooks of pharmacology. Literature discussing properties
of birthwort continued throughout the twentieth century [98]. Once again,
usage of this herb was never associated with nephrotoxicity or cancer.

Ayurveda, one of several codified systems of traditional medicine, enjoys
the same legal status in India as does allopathic medicine. The Carakasam-
hita, dating from ca. 400 AD and constituting one of the earliest Ayurvedic
medical treatises, contains descriptions of 341 plant products. Scholars have
identified in this classic text several species of Aristolochia used in Ayurveda
today. Undoubtedly, many patients currently treated by Ayurvedic prac-
tioners are exposed to the toxic effects of thesewidely distributed native herbs.

Gandhanakuli, isvari, and nakuli, identified as Aristolochia indica Linn or
A. bracteolata Lam are mentioned in the Carakasamhita as antidotes to
snakebite and for intermittent fevers (G.J. Meulenbeld, personal communi-
cation). Similar applications of Aristolochia sp. appear in more recent Indian
pharmacopeia where the herb continues to be used for children with fever
as well as an emmenagogue and antiarthritic [99].

In China, the earliest record of herbal medicines is the Shen Nong Ben
Cao Jing (Shennong Herbal), compiled sometime between the first century
BC and the second century AD [96]. Three hundred sixty-five agents are
listed in this text, divided into superior, medium, and inferior based on their
relative toxicity. Mou Dou Ling (fruit of Aristolochcha debilis) first appears in
the Lei Gong Pao Jiu Lun (ca. 421 AD) with no subsequent mention of its
potential toxic effects.

The Ben Cao Gang Mu, compiled by Li Shi-Zhen in the latter part of
the sixteenth century, was based on the author’s experience and on data
obtained from earlier herbals. This Chinese herbal classic describes 1892
‘‘drugs’’ (with 1110 drawings) including many species of Aristolochia. For
400 years, the Ben Cao Gang Mu remained the principal source of infor-
mation in traditional Chinese medicine and the work was translated into
numerous languages, reflecting its influence in countries other than China.

In the mid-twentieth century, Ben Cao Gang Mu was replaced by
modern materia medica, the most comprehensive source being Zhong Hua
Ben Cao (Encyclopedia of Chinese Materia Medica), published in 1999
[100]. The Encyclopedia lists 23 species of Aristolochia, again with little
mention of toxicity. The Chinese government currently lists the following
Aristolochia herbs: A. manshuriensis (stems), A. fangchi (root), A. debilis (root
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and fruit), and A. contorta ( fruit), two of which (Mou Dou Ling and
Quingmuxiang) appear in the 2005 Pharmacopeia.

Thus, for thousands of years, herbs have been used for medicinal pur-
poses and in the twenty-first century 80% of the world’s population rely on
herbal remedies to treat symptoms of disease. Aristolochia herbals play an
important role in this tradition. The governments of China and India,
countries with populations in excess of one billion, have been slow in
implementing measures to reduce human exposure to this toxic herb.
Thus, from a global perspective, we conclude that AAN and its associated
upper urothelial cancer continues to exist as it has in centuries past as a
‘‘silent’’ but omnipresent iatrogenic disease.
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[26] V.M. Arlt, M. Stiborová, H.H. Schmeiser, Aristolochic acid as a probable human
cancer hazard in herbal remedies: A review, Mutagenesis 17 (2002) 265–277.

[27] J.P. Cosyns, J.P Dehoux, Y. Guiot, et al., Chronic aristolochic acid toxicity in rabbits:
A model of Chinese herb nephropathy?, Kidney Int. 5 (2001) 2164–2173.

[28] G. Gillerot, M. Jadoul, V.M Arlt, et al., Aristolochic acid nephropathy in a Chinese
patient: Time to abandon the term ‘‘Chinese herbs nephropathy’’? Am. J. Kidney Dis.
38 (2001) E26.



224 Arthur P. Grollman et al.
[29] S.L. Hu, H.Q. Zhang, K. Chan, Q.X. Mei, Studies on the toxicity of Aristolochia
manshuriensis (Guanmuton), Toxicology 198 (2004) 195–201.

[30] X. Li, H. Wang, Aristolochic acid nephropathy: What we know and what we have to
do, Nephrology 9 (2004) 109–111.

[31] J.Y. Guh, H.C. Chen, J.F. Tsai, L.Y. Chuang, Herbal therapy is associated with the
risk of CKD in adults not using analgesics in Taiwan, Am. J. Kidney Dis. 49 (2007)
626–633.

[32] S.C. Hsieh, I.H. Lin, W.L. Tseng, C.H. Lee, J.D. Wang, Prescription profile of
potentially aristolochic acid-containing Chinese herbal products: An analysis
of National Health Insurance data in Taiwan between 1997 and 2003, Chin. Med.
3 (2008) 13.

[33] G.K. Modi, V. Jha, The incidence of end-stage renal disease in India: A population-
based study, Kidney Int. 70 (2006) 2131–2133.

[34] J.L. Vanherweghem, Aristolochia sp. and chronic interstitial nephropathies in Indians,
Lancet 349 (1997) 1399.

[35] M.K. Mani, Chronic renal failure in India, Nephrol. Dial. Transplant. 8 (1993)
684–689.

[36] Y. Tanchev, Z. Evstatiev, D. Dorossiev, J. Pencheva, G. Zvetkov, Studies of the
nephritides in the District of Vratza, Savremenna Medicina 7 (1956) 14–29.
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Endemic nephropathy: The case for chronic poisoning by aristolochia, Croat Med J.
46 (2005) 116–125.

[52] G. Kazantzis, Comment in the general discussion of possible nephrotoxic agents, In:
G.E. Wolstenholme and J. Knight (Eds.), The Balkan Nephropathy, CIBA Founda-
tion, Boston, MA, 1967, p. 114.
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