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PREFACE

This fourth volume in the series offers a potpourri of chemistries relevant to
the broad and diverse discipline of Molecular Toxicology. From single ions
to silica nanomaterials, these reviews encompass the best in mechanistic
considerations in the discipline. The Editor hopes you enjoy the breadth of
this spectrum.

This volume opens with a review of the chemistry and toxicology of a
small but highly reactive compound that is pervasive in the human envir-
onment—acrolein. Burcham, Thompson, and Henry survey an extensive
recent literature on its activity, particularly as a pulmonary toxicant. There
has been a rapidly evolving literature on the chemical reactivity of acrolein
with biomolecules and its activity in a variety of models. But as the authors
demonstrate, our understanding of the detailed molecular basis for the
mode of action of acrolein in lung toxicity is relatively fragmentary.

Consumption of cooked poultry, meat, and fish leads to widespread
human exposure to heterocyclic aromatic amines. A number of such
compounds have been demonstrated to be powerful mutagens and carci-
nogens. Since Sugimura and coworkers demonstrated the activity in
charred fish and meat more than three decades ago, there has been a
growing literature on the metabolism and activation of these compounds
that have demonstrated arise not only from the initial sources but from
diesel and cigarette combustion and endogenous reactions as well. In
Chapter 2, Turesky reviews this class of compounds, their metabolism
and activation, the products of reactive intermediates interacting with
biomolecules, and potential biomarkers for determining their contribution
to the human cancer burden.

Nickel and cadmium make up tiny fractions of the earth’s crust but they
are key elements in many important industrial applications leading to
significant human exposure. This is compounded by the presence of sig-
nificant quantities of these elements in products of combustion—cigarettes
smoke, coal, and diesel fly ash. In Chapter 3, Kurowska and Bal take a
novel view of commonalities in both the exposure, absorption, and mole-
cular basis of the toxicological activities of nickel and cadmium in this
comprehensive review.

Radical intermediates and their consequences are the focus of Chapter 4
which concerns oxidative damage to the sugar moiety of DNA. From the
five simple carbon-centered radicals derive a rather large array damage
products, some of which are suitably functionalized to form further
adducts. The complexity of this chemistry is well elaborated here. The
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X Preface

need to consider the metabolic context in which the radical is formed and
the degree to which this can determine its subsequent fate and the ultimate
“fingerprint” of the initial oxidation is emphasized.

Nitric oxide, redox inflammation, and cancer are the topics of Chapter
5. Cheng and coauthors elaborate the fundamental chemistry of NO and its
Janus-like character in both normal and aberrant biochemical contexts.
This modest diatomic radical manifests a profusion of homeostatic and
toxic roles. Its role in carcinogenesis and metastatic processes, a form of
molecular hijacking, is discussed. A key insight to the contrasting behaviors
is that NO levels—"“dose”—can be a key determinant to “outcome.”

Biological thiols and their redox chemistry are the focus of Nagy and
Winterbourn in Chapter 6. The approach is fundamental, as is warranted.
The balance of numerous redox couples is integral to the detection of
oxidative stress and numerous modifications of small molecule and protein
thiols are both key signaling and enzyme activity-modifying events. Activ-
ity of thiols as targets is often modulated by microenvironment that controls
nucleophilicity and selectivity. The extent of previously little-recognized
array of posttranslational modifications of protein cysteine residues is docu-
mented. Finally, the newly recognized activity of H,S as a key signaling
agent acting at sulthydryls is discussed.

Nanomaterials are a current focus of materials development as they offer
unique bio- and physicochemical properties that can significantly impact on
the properties of the materials themselves and the agents with which they
may be coupled or attached. With these new properties accrue new
manifestations of toxicity. An aspect of this is the focus of Petushkov and
coauthors in Chapter 7. This includes a survey toxicity of zeolites and
nanoscale silicalites and mesoporous silicates as well as the impact of surface
functionalization. The involvement of reactive oxygen species in toxication
is emphasized and the numerous variables that impact on this activity are
emphasized. This underscores the need in this area, respecting materials for
which application is conceived, for careful characterization of the physico-
chemical characteristics of the constructs.

The editor wishes to thank all the authors for distinguished contribu-
tions and acknowledges the talented Elsevier staft who have put this
volume together.



CHAPTER 1

INVITED REVIEW
Acrolein and the Lung: Chemical, Molecular, and
Pathological Aspects

Philip C. Burcham,” Colin A Thompson, and Peter ). Henry
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2 Philip C. Burcham et al.

1. INTRODUCTION

1.1. Scope of review

The three-carbon o,B-unsaturated aldehyde acrolein was first identified
170 years ago as a thermal decomposition product of glycerine, the name
assigned in recognition of its pungent odor (“acrid”) and oil-like constitu-
ency (“oleum”) [1]. Among the most noxious substances known to tox-
icology, recent years have witnessed a resurgence of interest in acrolein,
partly driven by debate concerning its contribution to smoking-related lung
cancer [2]. The renewed interest also reflects the growing awareness that
acrolein forms endogenously during oxidative stress, suggesting a role in
various degenerative disorders [3]. The rising profile is increasing the
application of modern molecular tools to the study of the cellular effects
of acrolein, an outcome that should help clarify its role in specific diseases.
In the face of a rapidly expanding literature, this review focuses on the
chemical and cellular eftects of acrolein within the context of its emerging
role as a mediator of human lung disease. As a volatile, airborne toxicant,
the lung is the primary port of entry for environmental acrolein, ensuring
respiratory epithelium bears the brunt of its cell-damaging properties. An
overarching goal is to review existing knowledge with a view to synthesiz-
ing understandings of the chemical reactivity of acrolein and its molecular
effects at the cellular level with its toxicological and pathological effects on
the intact lung. When viewed from this standpoint, the state of knowledge
concerning acrolein and the lung appears surprisingly rudimentary.

1.2. Sources of airborne acrolein

Although it forms ubiquitously during a range of natural and human
activities, most atmospheric acrolein likely derives from the combustion
of organic matter. Based on air measurements within two outdoor urban
settings over 1961-1980, the US Environmental Protection Agency
reported average ambient concentrations of 14.3ugm > (6.2 ppb) [4].
Corresponding indoor concentrations can be 2—20-fold higher, with the
higher levels typically recorded in smoky indoor environments, poorly
ventilated kitchens, and dwellings heated with wood stoves [4,5]. Forma-
tion during combustion of organic matter ensures particular lifestyle or
occupational practices can heighten human exposure to acrolein. For
example, as a by-product of the combustion of sugars and to a lesser extent
glycerol within tobacco, in excess of 100-200 Lg acrolein can be released
from a burning cigarette [1,4]. Cigarette smokers likely inhale up to
100 nmol acrolein/puff, with even higher levels present in sidestream
smoke [1,5,6]. Acrolein levels in smoke formed upon burning other types
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of organic matter can exceed those in tobacco smoke [5]. Wood, vegeta-
tion, fossil fuels, and construction materials are all sources for smoke-borne
acrolein, with especially high yields released from smouldering synthetic
polymers such as polyethylene and polypropylene [7].

While measuring airborne acrolein is straightforward, clarifying the
concentrations achieved in lung tissue during either chronic or acute
exposure to acrolein-containing smoke is more problematic. This partly
reflects the technical challenges accompanying measurement of inhaled
toxicants in the fluids that line the respiratory tract, the initial point of
contact for inhaled acrolein. Conventional lavage techniques used to collect
airway and bronchoalveolar liquid samples cause unpredictable dilution of
lung fluids, rendering toxicant concentrations unreliable [8]. Furthermore,
the reactivity of acrolein with fluid proteins and epithelial cell constituents
ensures any such measurement of “free” acrolein in respiratory fluids is of
questionable toxicological significance. Notwithstanding these challenges,
some workers have estimated that smoking a single cigarette achieves
“micromolar” acrolein concentrations in respiratory fluids, although the
quantitative basis for these estimates is uncertain [9]. Concentrations of
acrolein within respiratory fluids of heavy, long-term smokers, or victims of
high-dose, acute smoke intoxication [e.g., smoke inhalation victims (SII)],
are entirely unknown. Future progress awaits translation of knowledge of
the chemistry of acrolein adduction of biological macromolecules (e.g.,
DNA, protein—see Section 2 below) into robust analytical methods that
allow the “biologically effective dose” to be estimated for acrolein under
difterent exposure conditions (Figure 1).
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Figure 1 Application of the “toxicological paradigm” to the role of acrolein in various
human respiratory disorders. Acrolein may contribute to lung injury following either
acute, high-dose exposure to smoke in fire victims (e.g., smoke inhalation injury) or
after chronic exposure to tobacco smoke (e.g., COPD or lung cancer). See text for
details.
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1.3. Involvement in respiratory diseases

While trial as a chemical warfare agent in World War I raised the prospect
of acute, single-agent exposure to acrolein, the potential for similar
exposures in the modern era seem limited to specific workplace settings
(e.g., factories involved in the synthesis of acrylics, etc). Ongoing concern
over the pulmonary effects of inhaled acrolein thus mostly centers upon its
presence in smoke formed from various combustible materials. A complex
mixture of particulates, gases, and organics, the composition of smoke
varies according to the flammable material, ignition temperature, oxygen
availability, rate of incineration, etc [10]. While the simultaneous expo-
sure to multiple combustion products complicates evaluation of the
contribution of acrolein to smoke toxicity, possible toxicological inter-
actions involving acrolein during smoke inhalation are beyond the scope
of this review.

Respiratory diseases in which a role for acrolein is suspected include
chronic disorders plaguing individuals exposed to first- or second-hand
tobacco smoke over an extended period as well as acute, life-threatening
disorders seen in fire and SII victims.

1.3.1. Chronic obstructive pulmonary disorder

Chronic obstructive pulmonary disorder (COPD) is a devastating condition
that despite the success of smoking cessation initiatives in many countries is
of increasing global significance [11]. While COPD occurs most frequently
among tobacco smokers, chronic exposure to other forms of air pollution
can induce a similar syndrome. The lung pathology underlying COPD is an
exaggerated manifestation of the low-grade infiltration of inflammatory
cells to the bronchi and peripheral lung of “normal” smokers. In the
minority of smokers who develop COPD this process is amplified and
accompanied by a tissue-remodeling process that produces lung injury
resembling chronic bronchitis. Other features of COPD include mucus
hypersecretion, small airways obstruction, emphysematous alveolar
damage, and pulmonary hypertension [12]. The airflow limitation and
“breathlessness” that is characteristic of COPD is mainly due to permanent
enlargement of distal respiratory air spaces following destruction of the
alveolar walls [12]. While the pathobiological basis for COPD is complex,
it appears the transition from a “normal” inflaimmatory response to an
abnormal innate and adaptive immune response is driven by disparities in
the protease—antiprotease and oxidant—antioxidant balance attending the
influx of neutrophils, macrophages, and lymphocytes [12]. Together with
proinflammatory cytokine production and other tissue responses, these
processes trigger apoptosis and failure of repair mechanisms, eliciting alveo-
lar destruction and remodeling of the small airways.
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Indications that acrolein participates in COPD include the finding that
it is the tobacco smoke constituent which most strongly stimulates mucus
hypersecretion. The molecular basis for this response is reviewed in Section
3.2. Acrolein is also implicated in the macrophage adhesion and activation
that accompanies the alveolar destruction phase of COPD [13]. Microarray
analysis of COPD lung samples also identified Egrl, a transcription factor
that is strongly upregulated by acrolein in lung cell lines (Section 3.2
below), as a highly predictive marker of COPD [14]. As Egrl may promote
the expression of proinflammatory cytokines as well as metalloproteinase
activation [15,16], acrolein may facilitate COPD pathogenesis by driving
the expression of this proinflammatory transcription factor.

1.3.2. Tobacco-related lung cancer

Lung cancer in smokers is insidious since it typically develops over a period of
years, partly driven by the accrual of mutations within critical growth
regulatory genes [17]. Countless careers within the toxicology and cancer
research communities have been devoted to clarifying the pathways of
metabolic activation, detoxication, and DNA adduction by classic tobacco-
borne carcinogens such as polycyclic aromatic hydrocarbons, nitrosamines,
and aromatic amines. While the combustion of a cigarette typically releases
just nanogram quantities of these carcinogens, the cumulative doses received
over a 40-year period by a pack-a-day smoker (i.e., ~290,000 cigarettes in
total) resemble those inducing tumors in rodents [12,18]. However long-
standing assumptions concerning the tobacco smoke constituents of greatest
toxicological significance are challenged by recent suggestions that acrolein
strongly contributes to lung tumorigenesis in smokers [19]. Compared to
“classic” tobacco carcinogens that require CYP-catalyzed bioactivation to
form DNA adducts, acrolein is a direct-acting genotoxicant that is present in
smoke at 1000-10,000-fold greater concentrations. Its potential role in
tobacco-related lung cancer is explored further in Section 3.4.

1.3.3. Smoke inhalation injury

Despite significant advances in burns management, the pathological effects
of inhaled smoke remain significant contributors to morbidity and mortality
among fire victims [20]. As the port of entry, the lung is particularly
vulnerable to life-threatening pulmonary edema upon inhalation of large
doses of smoke [20,21]. The clinical prognosis after SII is often poor, with
mortality rates of 45-78% reported in some studies [20-22]. Respiratory
failure in such patients can involve a latency of 2472 h followed by severe
bronchorrhea, bronchospasm, breathing abnormalities, and retrograde
alveolar flooding [20-22]. The pathobiology of pulmonary edema in
acute lung injury involves loss of vascular and epithelial permeability as
well as disruption of ion and fluid transporters that normally maintain “dry”
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alveolar airspaces [23,24]. Production of proinflammatory cytokines also
accompanies the acute phase of SII [25].

The data implicating acrolein as a mediator of pulmonary edema in SII
is long-standing, including early canine work by Zikria et al. which com-
pared the edematogenic potential of smoke produced from different com-
bustible materials [26]. Acrolein levels in smoke from burning cotton waste
and wood were over 50-fold higher than in smoke formed during kerosene
combustion [26]. In clear contrast to animals exposed to the two high-
yielding smoke types, no fatalities or edema occurred in dogs exposed to
kerosene-derived smoke [26]. Later, using anesthetized sheep, Hales ef al.
performed some compelling studies with synthetic smoke containing
different reactive smoke constituents that incriminated acrolein as the
primary edematogenic constituent [27-29]. Despite these long-standing
observations, existing SII therapies remain poorly directed against the role
of toxic smoke constituents such as acrolein.

1.3.4. Cyclophosphamide-induced lung injury

In a minority of patients the anticancer drug cyclophosphamide can induce
pulmonary toxicity that involves endothelial swelling, intra-alveolar exuda-
tion, interstitial inflammation, pulmonary fibrosis, and fibroblast prolifera-
tion [30]. As a major CYP-derived metabolite of cyclophosphamide, a role
for acrolein in the pulmonary pathology is suggested by long-standing
animal studies [31].

2. CHEMICAL TOXICOLOGY OF ACROLEIN

2.1. Chemical properties

The toxicity of acrolein toward lung tissues reflects its strong reactivity with
electron-dense centers in target macromolecules. In chemical terms, acrolein
is a type-2 alkene, possessing a polarizable alkene (~C=C-) bond in close
proximity to an electron-withdrawing carbonyl group. m-Electron mobility
within this conjugated system creates a strong electron deficiency at the
terminal B-carbon [32]. According to the Hard—Soft theory used to explain
the interaction of reactive intermediates with their cellular targets [33],
acrolein is a “soft” electrophile that reacts preferentially with “soft” nucleo-
philic centers. With large atomic radii and polarizable valence electrons,
sulfur (S) atoms are the softest nucleophiles within cells and tissues [32]. In
recent studies of the reactivity of various of,B—unsaturated carbonyl com-
pounds with model S-containing nucleophiles, a strong correlation was
observed between the electrophilic index (@) and functional deficits elicited
by the carbonyl compounds in a synaptosomal bioassay system [34]. Acrolein
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was more reactive with soft nucleophiles than other type-2 alkenes such as
4-hydroxynonenal, methyl vinyl ketone, or acrylamide [34]. As the major
low-mass S-containing cellular nucleophile, glutathione is a key biological
target for acrolein, generating S-glutathionyl conjugates that undergo sub-
sequent renal proteolysis and N-acetylation to urinary mercapturates [1].
Since these conjugates undergo spontaneous P-elimination reactions to
release acrolein they are proposed to function as “toxic transporters,” circu-
lating from the port of entry to induce damage at distal sites [35].

2.2. Chemistry of protein damage

Acrolein displays striking chemical diversity during reactions with proteins
(Figure 2). The following discussion will highlight that more work is
needed to determine which of the multiple protein adducts formed by
acrolein in vitro contribute to its pathological effects within the intact lung.

Lysine

N

A ;\N/{a f\N/i:z f\N/{a f\NJi:z
H Ho Ho g Ho Ho

Aldimine adduct Propanal adduct  bis-propanal adduct FDP-lysine adduct MP-lysine adduct
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Figure 2 Protein modification by acrolein potentially generates a diversity of adducts
at lysine residues as well as species at cysteine, histidine, and arginine residues. The
in vivo significance of individual adducts awaits confirmation via definitive assay
methods. See text for details.
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2.2.1. Cysteine
Due to its favored reactivity with S-containing nucleophiles, acrolein read-
ily forms cysteine adducts during Michael addition reactions with proteins
[36—-38]. Adduction of accessible cysteine residues on such diverse cellular
targets as transcription factors (e.g., NF-XB), ion channels (e.g., TRPAT1),
and caspases likely underlie many of the cellular effects of acrolein [39-41].
To date, quantitative information concerning the levels of cysteine adducts
in lung proteins from acrolein-exposed animals or humans is lacking.
Nonetheless, since Michael adducts at cysteine are readily derivatized
with the carbonyl-modifying reagent 2,4-dinitrophenyl hydrazine, it is
likely that cysteine—acrolein adducts are main species detected during
Western blotting with anti-DNP serum in acrolein-exposed lung cells
[42]. However, the lack of specificity of this approach ensures Michael
adducts at histidine and lysine groups are also detected during these assays.
One factor complicating detection of cysteine—acrolein adducts within
tissues is their likely instability. In A549 lung cells allowed to “recover”
from a brief (30 min) exposure to acrolein, carbonylated adducts decline
quickly over 2-3h, with neither proteasomal nor lysosomal inhibitors
slowing the loss [42]. Several mechanisms might underlie such protein
decarbonylation, including retrograde Michael addition reactions as well
as adduct consumption during cross-linking reactions. Recent studies of the
fate of acrolein adducts in a model peptide (insulin) revealed that Michael
adducts at cysteine underwent rapid secondary reactions to form Schiff
adducts, with mass spectrometry (MS)/MS analysis localizing these
species to the N-terminus of modified peptides [37]. Prior blocking of
the N-terminus increased the stability of cysteine adducts by impeding
Schift adduction of the terminal nitrogen [37]. Minimal Schiff adduction
occurred on peptides that did not contain cysteine residues [37]. The
authors concluded that proteins containing cysteine near the N-terminal
domain might be especially prone to adduct migration, a possibility that was
confirmed using two model proteins [37]. While such reactions have yet to
be confirmed within biological settings, the possibility that cysteine adducts
formed by acrolein undergo secondary reactions complicates the study of
protein modification by this substance, and further explains the paucity of
quantitative data concerning the levels of acrolein—cysteine adducts within
animal or human lung.

2.2.2. Lysine

The chemistry of lysine modification, while well studied in vitro (Figure 2), is
also subject to uncertainty concerning which of the known adducts are of in
vivo relevance. MS of products formed during reactions between acrolein and
N%blocked lysine or model peptides have confirmed expected Michael
adduction on the e-NH, group (propanal) as well as a bis-Michael adducted
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species involving the same nucleophile [43,44]. Minor Schift base formation
(aldimine) also occurred on lysine side chains and the terminal-NH, of
model peptides [44]. While mono- and bis-Michael-adducted species pre-
dominate in the early stages of peptide modification by acrolein, an additional
heterocyclic species also forms, N°-(3-formyl-3,4-dehydropiperidino)lysine
(FDP-lysine, Figure 1), with an analogous adduct also detected on the
N-terminus [44]. These cyclic adducts form via condensation of bis-Michael
adducted species [43]. FDP-lysine reacts rapidly with glutathione [45], raising
the possibility it reacts with protein nucleophiles to form cross-links,
although acyclic Michael adducts are also likely mediators of protein cross-
linking [42,46]. Another cyclic species, N®-(3-methylpyridinium)lysine
(MP-lysine, Figure 2) forms via sequential Michael and Schift adduction of
a single peptidyl lysine by two acrolein molecules [47,48].

‘Whether acrolein—lysine adducts form in vivo has been explored using
antibodies that recognize cyclic lysine adducts, with several studies report-
ing the formation of modified proteins in the aftected tissues of several
degenerative diseases [49]. Recently, a rabbit polyclonal antibody against
acrolein—lysine adducts was used to detect damaged proteins in the lungs of
mice after 5h exposure to tobacco smoke or acrolein [50]. Acrolein
increased the adduction intensity of several proteins (~75, 130, 150, and
250kDa) in the lungs of exposed animals, with modified proteins also
detected in plasma and peripheral tissues [50]. Future identification of the
pulmonary targets may provide useful insights into the pathogenetic
mechanisms underlying acrolein pneumotoxicity.

Despite these promising observations, quantitative data obtained using
structurally definitive analytical methods 1s lacking in relation to tissue levels
of any known acrolein—lysine adduct [43,45,47]. The absence of analytical
confirmation of the presence of cyclic acrolein—lysine adducts within
biological samples is problematic, given that antibodies raised against acro-
lein-adducted lysine groups may also detect acyclic species [51]. The advent
of specific analytical methods permitting quantification of the multiple
acrolein-derived lysine adducts within biological samples would provide
important validation of adduction chemistry that to date has been described
under test tube conditions or surmised on the basis of immunochemical
data.

2.2.3. Other amino acid targets

Recent work using purified actin as a model protein target as well as high
molar ratios of acrolein established that modification of several histidine
residues (His™, His®’, and His'"?) only occurred after saturation of adduc-
tion of the most susceptible residue, Cys’* [52]. A role for either Michael-
or Schiff-type histidinyl adducts in the formation of cross-linked oligomers
was also demonstrated using the f—chain of insulin as a model target [46].
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In the main however, the chemistry of histidine modification by acrolein is
poorly characterized.

The most basic of all amino acid side chains (pK, =12.48), the gua-
nidino group of arginine is fully protonated at physiological pH, a factor
that is thought to preclude modification by soft electrophiles such as
acrolein. During our recent MS studies of peptide modification by acro-
lein, no adducts were detected on arginine residues under exposure
conditions that caused extensive adduction of lysine and N-terminal
amines [44]. Surprisingly however, in recent work that explored the
distribution of adducts within the p50 subunit of NF-xB, a known target
for acrolein, use of MALDI-TOF MS identified novel cyclic adducts on
two arginine residues, Arg>" and Arg’"’ (Figure 2) [53]. This suggests
that local sequence context or other factors may create zones of increased
pH within protein microenvironments that enhance the reactivity of
specific arginine side chains, an intriguing reminder of the difficulties
accompanying extrapolation from simple experimental systems compris-
ing model amino acids or peptides to intact proteins within the tissue
setting.

Collectively, acrolein is an efficient electrophile that attacks multiple
residues within susceptible proteins, and while cysteine groups are preferred
targets on kinetic grounds, the instability of these species may ensure that
adduction events at other residues (e.g., lys, his, and arg) may be of
comparable toxicological relevance. At present, there is a dearth of quali-
tative or quantitative information concerning protein adduction within the
epithelium or parenchyma of respiratory tissues during either chronic or
acute exposure to acrolein. A solid understanding of acrolein toxicity in the
lung would thus require knowledge of intraorgan protein adduct distribu-
tion under different exposure conditions. To reiterate, development of
sensitive assays for the various species of protein adducts formed by acrolein
would facilitate achievement of these goals.

2.3. Chemistry of DNA damage by acrolein

Since none of the nucleophiles present in DNA are sufficiently “soft” to
allow reactions at rates matching those occurring at cysteine, protein
adduction is expected to predominate under conditions of low acrolein
exposure, while DNA adducts seem more likely to form at higher levels of
exposure. Such assumptions are speculative, however, since no studies have
compared dose—response relationships for DNA adduction versus protein
modification in acrolein-exposed lung.

Acrolein can react with all four nucleobases within DNA [54-56].
Guanine, the most nucleophilic DNA base, is the major target, undergoing
conversion to two hydroxy-1,N°-propanodeoxyguanosine adducts, here-
after designated o~ and y-OH-Acr-dGua [57,58] (Figure 3).
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Figure 3 Acrolein attacks guanine bases in DNA to form two isomeric species, both
of which have been detected in human tissues. See text for details.

Given the long-standing interest in using DNA adducts as markers of’
exposure to genotoxic carcinogens, some progress has been made in the
quantitation of acrolein-derived DNA adducts in respiratory tissues using
either **P-postlabeling or MS-based techniques. Due to the low levels of
DNA adducts in the human genome, such approaches are typically com-
bined with adduct enrichment steps. These sensitive procedures require
scrupulous attention to protocol, witnessed by the recent finding that low
levels of acrolein in water used to prepare sample buffers may influence
baseline levels of acrolein—guanine adducts in DNA [59].

In work conducted by Chung and associates using the **P-postlabeling-
assay, comparatively high levels of v-OH-Acr-dGua were detected in
DNA from the lungs of control rats that had not been deliberately exposed
to acrolein [60]. Levels of the 0i-isomer were below assay detection limits.
The same group also used this approach to explore the effects of smoking
on adduct levels in humans [61]. Consistent with the presence of acrolein in
tobacco smoke, -OH-Acr-dGua levels were elevated threefold in DNA
collected from the oral cavities of a small sample of tobacco smokers
(N=11) relative to nonsmokers (N=12, adduct levels were 1.36 + 0.9
in the former vs. 0.46 + 0.26 tmolmol™' guanine in the latter group,
p=0.003) [61].

Newer MS-based methods allow more precise estimation of DNA
adducts within biological samples [62]. In the sole definitive study of
acrolein-derived macromolecular adducts in human lung, Hecht and
associates used liquid chromatography—electrospray ionization tandem MS
to measure both 0~ and y-OH-Acr-dGua in lung biopsies from smokers
and ex-smokers [63]. The two adducts were detected at comparable con-
centrations in all samples [63]. Moreover, no differences in adduct levels
were evident between smokers and ex-smokers, nor did adduct levels
correlate with urinary nicotine or cotinine levels, two common markers
of tobacco usage [63]. These observations are puzzling given the known
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decline in urinary acrolein metabolites on smoking cessation [64]. The
inability to observe an effect of smoking cessation on pulmonary DNA
adduct levels may partly reflect limited knowledge of DNA adduct dis-
tributions within human lung or the repair kinetics for these lesions. The
impact of alternative environmental and endogenous acrolein sources on
pulmonary DNA adduct levels is also unknown. Clarifying such issues is
clearly crucial to the ongoing debate concerning the role of acrolein in
smoking-related lung cancer (see below). But work is also needed to clarify
the extent and significance of DINA adduction during exposure to acrolein
under conditions other than those associated with chronic tobacco smok-
ing, such as SII (Figure 1).

2.4. Macromolecular cross-links

As a bifunctional electrophile, initial reactions of acrolein with protein or
DNA generate a Michael adduct that may participate in secondary reactions
with neighboring nucleophiles to form cross-linked species (Figure 4). The
formation of inter- and intrastrand DNA-DNA, protein—DNA, and
protein—protein cross-links can all accompany exposure of respective
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Figure 4 Asabifunctional electrophile, acrolein-adducted cell macromolecules can
react further to form DNA-DNA, DNA-protein, or protein—protein cross-links.
See text for details.
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biomolecules to acrolein, although cross-linked species involving guanine
adducts are best characterized in terms of their chemical and biological
properties [58].

Given the “crowded” nature of the cytosolic compartment acrolein is
likely to elicit extensive protein cross-linking within this subcellular envir-
onment, but to date the chemistry of this process is poorly characterized.
A species likely formed via reaction of Michael-adducted histidine adducts
with the e-NH, group of lysine was recently identified as a contributor to
protein—protein cross-linking within a model experimental system [46].
Recent work in our laboratory established that acrolein readily generates
intramolecular protein—protein cross-links involving two common targets
for electrophiles, heat shock protein-90 (hsp90) and the intermediate
filament (IF) vimentin (see below) [42,65]. Although the formation of
protein aggregates was potentially inhibited by cytoprotective electrophile
scavengers, the relevance of protein—protein cross-linking to the in vivo
pulmonary toxicity of acrolein is unknown.

3. CELLULAR TOXICOLOGY OF ACROLEIN

3.1. Protein targets

Identifying proteins that incur adduction during the biotransformation of
xenobiotics to reactive intermediates is a key objective in modern tox-
icological research, driven largely by the expectation that such knowledge
can clarify the cellular pathways that are disrupted during the onset of any
organ-directed pathology [66]. As a reactive electrophile, acrolein attacks
numerous cell proteins, but to date the identities of those sustaining
damage in the lung during inhalational exposure to acrolein or smoke
are poorly defined. As highlighted above, in one of the few efforts to
characterize protein damage during pulmonary acrolein exposure, Con-
klin and associates established that a handful of lung proteins in mice
sustained modification during a 5h inhalational exposure to 5ppm
airborne acrolein [50]. Since these researchers were primarily assessing
the cardiovascular impact of inhalational acrolein exposure, neither the
protein identities nor the extent of lung injury accompanying acrolein
exposure was established.

3.1.1. NF-xB pathway

In contrast to the lack of information concerning in vivo pulmonary targets,
a number of damaged proteins have been identified in acrolein-exposed
lung cells. During a study of its effect on inflaimmatory processes in
immortalized human bronchial epithelial (HBE-1) cells, Valacchi and
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associates found that, in keeping with prior observations with other reactive
carbonyls, acrolein suppressed the activation of NF-xkB signaling by the
proinflammatory cytokine TNFa. [67]. Activated in response to numerous
noxious stimuli, the transcription factor NF-kB drives the production of
inflammatory cytokines in pulmonary epithelial cells. The most common
form of NF-xB exists as a heterodimer between p50 and p65, with this
complex mainly localized in cytoplasm in association with I-kKB (the
binding of which masks nuclear localization sequences within p65). During
exposure to proinflammatory stimuli, I-kB undergoes phosphorylation,
ubiquitination, and proteolytic degradation, allowing NF-xB migration
to the nucleus where it interacts with KB motifs in target genes [68]. One
such gene is the proinflammatory cytokine interleukin-8 (IL-8), a powerful
chemoattractant for neutrophils and other immune cells [69]. In HBE-1
cells, a 30 min exposure to acrolein prior to challenge with TNFo reduced
cellular TL-8 secretion over the following 24 h while also suppressing IL-8
gene transcripts [67]. Use of an electrophoretic mobility shift assay revealed
that acrolein inhibited TNFo-induced relocation of NF-kB to nuclear
extracts, an effect that was accompanied by increased cellular levels of its
binding partner, I-kxBal [67]. The mechanism underlying these effects
appeared to involve acrolein adduction on IKKf, the kinase that
regulates the phosphorylation state and cellular persistence of the NF-kB/
[-xB complex [67]. This finding is intriguing given the susceptibility of p50
to acrolein adduction discussed in Section 2.2.3 [53]. Since other thiol-
reactive electrophiles are known to modulate IKKf activity via reactions
with an active site cysteine in the activation loop [70], these findings
highlight a mechanism whereby the reactivity of acrolein disrupts a funda-
mental biological process (immune signaling) via actions at specific cell
targets. While these conclusions are broadly consistent with findings in
other laboratories concerning disruption of NF-xB signaling during acro-
lein exposure in cells of pulmonary origin [71,72], future work 1s needed to
confirm the in vivo relevance of these observations.

3.1.2. Intermediate filaments

In recent preliminary work conducted with a view to identifying novel
targets for acrolein in human lung cells, we used cellular fractionation,
Western blotting, and peptide mass fingerprinting to identify several IFs
as targets for acrolein in A549 lung cells [65]. Among the most susceptible
family members was vimentin, an IF that participates in many cellular
processes and is a known target for diverse electrophiles [65,73-75].
Other targets included various keratins, with the low abundance IF kera-
tin-7 proving especially vulnerable to acrolein, as well as the more abundant
and structurally important IF keratins-8 and -18 [65]. Damage to the most
abundant keratins was accompanied by a loss of cellular adhesive strength in
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A549 cell monolayers, a finding that is consistent with the mechanical
functions of IF in providing tensile strength within cellular and tissue
networks [76,77]. To determine whether IF sustain damage in other
epithelial cells of pulmonary origin, we compared patterns of protein
carbonylation in A549 cells (alveolar origin) to Calu-3 cells (bronchiolar
origin) following a 60 min exposure to two concentrations of acrolein
(Figure 5). The lower concentration of acrolein (25UM) had no effect
upon cell ATP levels during a 4h incubation in either cell lines, whereas
the higher concentration (150 uM) diminished cell ATP in a manner
consistent with the onset of overt cell death (Figure 5A and B). While
expression of the two most vulnerable IF seemed to differ between the two
cell lines (relative to A549 cells vimentin was less abundant in Calu-3 cells
while keratin-7 was more abundant), the extent of adduction at these two
targets was consistent with its level of expression in the respective cell types
(Figure 5C and D). Given that IF appear to be reliable targets for acrolein in
epithelial cells originating from different zones of the respiratory tract,
future work is needed to determine whether these proteins sustain damage
in intact lung during in vivo exposure to acrolein.
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Figure 5 The intermediate filaments vimentin and keratin-7 are targets for acrolein
in lung cells of alveolar (A549) and bronchiolar (Calu-3) origin. ATP measurements
were made after a 4 h exposure to acrolein (panels A and B) while protein carbonyls
were determined following a 30 min exposure (panels C and D). See [65] for a
description of the relevant experimental methods.
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3.2. Transcriptional responses to acrolein
3.2.1. ARE genes

Cells typically up- and downregulate gene clusters in response to noxious
chemicals, with analysis of the affected pathways providing predictive insights
into the toxicological effects that might accompany exposure to the substance
[78-80]. Interest in the transcriptional responses of cells to acrolein has
typically focused on members of the classic antioxidant response element
(ARE) locus. This key adaptive pathway is controlled by nuclear factor-
erythroid 2-related factor 2 (Nrf2), a cap ‘n’ collar (CNC) basic-region
leucine zipper (bZIP) transcription factor that normally interacts with the
intracellular redox sensor KEAP1 [81]. Under regular conditions, Nrf2
transcriptional activity is suppressed due to cytosolic sequestration by actin-
associated KEAP1, but exposure to oxidants and electrophiles causes Nrf2
release and its migration to the nucleus, promoting the expression of up to
100 cytoprotective genes that contain ARE sequences in their promoters
[81,82]. The mechanisms underlying the loss of KEAP1-mediated restraint
on Nrf2 activity on exposure to electrophiles is subject to debate [83].
Acrolein is an especially effective Nrf2 inducer in lung cells, strongly activat-
ing hallmark ARE genes such as heme oxygenase-1 (HO-1), NAD(P)H:
quinone oxidoreductase-1 (NQO1), glutathione-S-transferase (various iso-
forms), and glutamate-cysteine synthetase (GCS) [83]. Recent findings in
HBE1 cells suggest a role for various kinases in acrolein-induced induction of
a range of Nrf2-driven genes, including mitogen-activated protein (MAP)-
and PI3-kinase family members [84]. In general, increased expression of
Nrf2-driven ARE genes is likely to “blunt” the toxic consequences accom-
panying repeated acrolein exposure.

3.2.2. Mucin-related genes

The role of transcriptional responses in mediating the deleterious effects of
inhaled acrolein is also of interest. More needs to be done in this regard, but a
useful line of recent research has explored the role of transcriptional events in
the mucous hypersecretion that occurs in the airways of animals upon
inhalational exposure to acrolein [85]. Mucus is rich in highly glycosylated
mucin proteins produced by goblet cells lining secretory ducts in the large
airways. Mucins protect the epithelium against damage by infectious particles
and noxious airborne substances, but excess production is deleterious in
diseases such as COPD. Although several mucin genes are present in the
human genome, mucin 5, subtypes A and C (MUCS5AC) appear most
important in human airway secretions. MUC5AC is upregulated by noxious
substances including acrolein, with strong induction seen in the lungs of mice
after a 4-week exposure to 2 ppm airborne acrolein (6h per day, 5 days a
week) [86]. Low concentrations of acrolein also upregulated MUC5AC
mRNA transcripts in NCI-H292 human lung epithelial cells [87].
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MUCS5AC upregulation was highly sensitive to acrolein, occurring at con-
centrations two- to threefold orders of magnitude lower than those that
depleted cellular glutathione [87]. MUCS5AC upregulation by acrolein pro-
ceeds via a multistep process involving activation of the mitogen-activated
protein kinase (MAPK) pathway by epidermal growth factor receptor
(EGFR) ligands formed via the activity of various matrix metalloproteinases
including ADAM17, MMP-9, MMP-12, and MMP-14 [88]. This pathway
was confirmed using MAPK inhibitors (e.g., PD98059) and anti-EGF recep-
tor antibodies to suppress acrolein-induced MUC5AC upregulation in cul-
tured cells [87]. Since MAPK activation underlies other cellular responses to
acrolein, this pathway will be explored further in Section 3.3 below.

3.2.3. Egr family genes
Transcriptional responses to higher concentrations of acrolein during the
onset of cell death might differ from those eliciting mucus hypersecretion at
lower concentrations. To explore this issue we used microarrays to study
mRNA profiles in A549 human lung cells after 1, 2, or 4 h exposures to a
concentration of acrolein that elicited apoptotic changes during a 24h
incubation (cytochrome ¢ release and DNA fragmentation) but did not
induce the overt necrosis characteristic of short-term exposure to high
concentrations of acrolein (e.g., a reduction in cell ATP) [89]. In keeping
with its pronounced chemical reactivity, acrolein altered transcript levels
for hundreds of genes [89]. Consistent with transcriptional responses to
other strong stressors, the initial cellular response was to downregulate large
numbers of genes, with the mRNA levels for 478 genes diminished by
twofold or more after 1 h (Figure 1B). This “knee-jerk” reaction was offset
by a rapid recovery in transcript levels so that after 2 h just 172 genes were
downregulated relative to control [89]. This rapid recovery could reflect
DNA repair within damaged promoters to restore transcription of attenu-
ated genes, or alternatively, spontaneous reversal of Michael adduction of
transcription factors involved in controlling the expression of target genes.
After 4h, gene upregulation had come to dominate the transcriptional
response, with 286 transcripts increased over controls (58.1% of total).
Transcripts upregulated by acrolein belonged to numerous biological
pathways including genes involved in apoptosis, cell cycle control, antiox-
idant and heat shock responses, cytoskeletal maintenance, and, for the
category containing the largest number of affected genes, transcription
[89]. The most strongly induced genes included members of the early
growth response family, known to encode a homologous class of DNA-
binding proteins belonging to the zinc finger class of transcription factors.
The mRNA transcript for the best characterized member of this family,
Egrl, was strongly upregulated in a time-dependent manner in A549 cells
during acrolein exposure, an effect that was shown by microarray and
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RT-PCR analysis (Figure 6). These findings concur with the upregulation
of Egrl in A549 cells during exposure to cigarette smoke [90]. Egrl is
activated by the leucine-zipper transcription factor c-fos, the transcript of
which was upregulated by acrolein in a concentration-dependent manner
(Figure 6). Acrolein also induced strong but transient upregulation of c-Fos
expression prior to the increase in Egrl protein levels (Figure 6). cFos
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Figure 6 Acrolein elicits strong upregulation of Egrl and c-fos at both the mRINA and
protein levels in A549 lung cells. mRNA levels were measured via microarray analysis
(upper panel) or RT-PCR (middle panel) following exposure to 100 tM acrolein for the
times indicated in the figure legends. Each data point represents the mean £ SE of four
independent determinations. The lower panel depicts immunoblots obtained via
Western blotting using antibodies against Egrl, c-fos and the loading control B-actin
(25 pg protein/lane). See [89] for details concerning experimental protocols.
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activation by acrolein is likely mediated by the classic extracellular MAPK,
ERK-1/2, a topic that is explored in Section 3.3.

The fact that Egr1 is upregulated by a range of stimuli including various
stresses (e.g., UV irradiation) and physiological stimuli (e.g., hormones,
growth factors) while also participating in diverse biological phenomena
such as cell growth, differentiation, and mitogenesis, complicates clarifica-
tion of the significance of any pulmonary Egrl upregulation elicited by
acrolein. Based on in vitro studies, a number of Egrl-dependent pathways
of toxicological significance seem plausible. One possibility is that
Egrl upregulation drives the activation of matrix metalloproteinases
(e.g., MMP-2) that promote activation of the MAPK pathway [91].
Another possibility is that acrolein augments the role of Egrl in controlling
the expression of repressors that regulate the expression of tight-junction
proteins (e.g., claudins and cadherins) [92].

Insight into the potential number of Egrl-regulable genes was supplied
during recent use of chromatin immunoprecipitation and tiled promoter
arrays to identify several thousand Egrl-binding sites in the genome of
phorbol ester-stimulated THP-1 monocytes [93]. The most common
Egrl-binding sites colocalized with histone acetylation sites within GC-rich
consensus sequences located near the transcription start sites of constitutively
active promoters [93]. Many of these genes were involved in transcription
and translation cascades, indicating that during monocyte differentiation at
least, Egrl is a key initiator of information transmission. Intriguingly, com-
parison of the findings of Kobosaki ef al. with results obtained during study of
UV irradiation-induced patterns of Egrl binding to DNA in human prostate
M12 cells revealed comparatively few overlapping genes, most of which
were involved in regulating transcription and nucleic acid functions
[93,94]. These findings indicate that the transcriptional program accompany-
ing Egrl activation varies among cell types and according to the specific
stimuli. Such conclusions highlight the need for careful analysis of acrolein-
induced patterns of Egrl binding to gene targets in human lung cells.

3.3. Molecular effects of acrolein

Knowledge of cellular signaling and cell death pathways that are disrupted
by o,B-unsaturated aldehydes and other electrophilic species has greatly
expanded in recent decades [68]. As a promiscuous electrophile, acrolein
disrupts multiple signaling pathways, but those demonstrated within models
relevant to the pulmonary setting will receive most attention here.

3.3.1. MAPK signaling
As with cellular responses to other toxic stresses, acrolein activates one
or more of the three main MAPK pathways, namely, the extracellular
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signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), or the
p38 kinase cascades. Activation of these stress-activated pathways com-
monly signals a shift to a proapoptotic environment, but within the lung
can accompany a chronic proinflammatory state [95]. Each of these path-
ways conforms to the common pattern of a MAPK kinase kinase
(MAPKKK) activating a MAPK kinase (MAPKK) which activates a
MAPK pathway that is variously linked to downstream targets that include
various phosphorylation-dependent transcription factors. Phosphorylation
of the latter typically boosts transcription of various immediate-early genes.
In Chinese hamster ovary cells, acrolein was recently shown to activate
both the ERK and p38 MAPK pathways, events that accompanied the
induction of apoptosis [96]. However, the relevance of these findings to
lung cells 1s uncertain given that p38 and ERK inhibitors did not block the
induction of classic Nrf2-driven genes in HBE-1 cells [84].

While p38 and ERK MAPK pathways may not participate in Nrf2-
mediated responses to acrolein in lung cells, these pathways may participate
in the chronic pulmonary inflammation that occurs in smokers who are
exposed to acrolein over an extended timeframe [97]. As highlighted in
Section 1.3.2, COPD is a debilitating respiratory disease that most com-
monly afflicts smokers. Central to COPD pathogenesis is an inflammatory
cascade involving production of cytokines and chemokines that recruit
neutrophils and macrophages to the respiratory tract [12]. The barrage of
free radical oxidants released upon activation of these immune cells pro-
gressively damages the respiratory epithelium and adjacent microvascula-
ture. The powerful chemoattractants IL-8 and TNFo appear to be
especially important in initiating and maintaining a chronic inflammatory
state during COPD [12].

A role for acrolein in COPD emerged during studies of the stimulatory
effects of cigarette smoke extracts on the production of IL-8 and TNFa by
model human macrophages [98]. Not only were the IL-8-releasing eftects
of smoke extracts in macrophages reproducible with equivalent concentra-
tions of acrolein, but prior bubbling with nitrogen gas (which reduced
aldehyde contents of the extracts by 70%) produced corresponding reduc-
tions in cytokine release from the cells [98]. Likewise, coexposure of the
macrophages to carbonyl-trapping reagents but not antioxidants blunted
the IL-8 release elicited by cigarette smoke extracts [98]. These findings
were recently extended by exploring the role of MAPK in smoke-induced
IL-8 production in lung fibroblasts and small airway epithelial cells [97]. In
both cell types, cigarette smoke extracts and equivalent concentrations of
acrolein elicited IL-8 release that was attenuated by the acrolein scavenger
MESNA. In lung fibroblasts the IL-8 upregulation was accompanied by
phosphorylation of both ERK1/2 and p38. Moreover, inhibitors of the
upstream signaling protein MEK kinase (MAP kinase kinase) and ERK1/2
itself inhibited smoke-induced ERK1/2 phosphorylation and IL-8 release
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[97]. While awaiting confirmation within the whole animal setting, these
observations implicate acrolein and MAPK pathways as key mediators of
the neutrophilia and pulmonary inflammation that plague long-term
tobacco smokers.

The precise mechanisms underlying MAPK activation during the pro-
gression to a proinflammatory state in smokers are unknown. Ideally, a
suitable explanation of the effects of acrolein on MAPK pathways should
include demonstrable chemical reactivity with member proteins in this
pathway. One possibility could be that acrolein directly modifies MAPK
kinases, triggering conformational changes that promote phosphorylation
of substrate proteins. Although a precedent for such an mechanism exists
for other o, -unsaturated aldehydes [99], literature support is weak for this
mechanism as a general pathway of kinase activation by electrophiles. More
feasibly, acrolein might attack critical cysteine residues in phosphatases that
regulate MAPKSs, a mechanism that is consistent with the vulnerability of
MAP kinase phosphatases to thiol oxidants [100]. The finding that acrolein
attacks a critical catalytic cysteine on a key protein tyrosine phosphatase,
PTP1B, further supports this mechanism [101].

3.3.2. IL-8 synthesis—up- or downregulated by acrolein?

The previously discussed findings concerning upregulation of IL-8 produc-
tion by acrolein appear contradictory in light of the data discussed in
Section 3.1 regarding its inhibitory eftects on NF-kB-driven IL-8 expres-
sion in bronchiolar epithelial cells [67]. Such reports suggest acrolein may
exert opposing actions on IL-8 production; an inhibitory effect involving
attenuation of the NF-xB pathway, and a stimulatory action involving
activated MAPKs. Perhaps differences in experimental design between
the model systems used in these respective studies are relevant to this
paradox since the various laboratories used dissimilar culture media condi-
tions that are likely to influence experimental outcomes. In recent work,
we found that the presence of nucleophilic acrolein-scavenging constitu-
ents such as cysteine or fetal bovine serum (FBS) strongly influenced the
transcriptional responses of A549 lung cells to acrolein [102]. Thus
~10-fold higher concentrations of acrolein were needed to upregulate the
Nrf2-driven HO-1 gene when cells were intoxicated in the presence of
nucleophilic media constituents compared to when cells were maintained
in nucleophile-free buftered saline [102]. It thus seems significant that the in
vitro models used to demonstrate MAPK-mediated upregulation of IL-8
expression by acrolein used cysteine-containing RPMI 1640 media supple-
mented with 10% FBS, an experimental condition that likely caused
extensive scavenging of extracellular acrolein [97,98]. In contrast, the
inhibitory effect of acrolein on TNFo-activated, NF-kB-driven synthesis
of IL-8 in bronchial epithelial cells was seen in a nucleophile-free exposure
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Figure 7 The effect of acrolein on pulmonary production of the proinflammatory
chemokine IL-8 is likely a balance of its effect on two opposing pathways.
The magnitude of acrolein exposure is a likely determinant of the overall response.
See text for details.

medium (Hank’s balanced salt solution) which likely allowed much higher
intracellular concentrations [67]. The apparently contradictory effects on
IL-8 production could thus be reconciled by the likelihood that a MAPK-
driven upregulation of IL-8 production predominates under conditions of
low acrolein exposure, while at higher levels of exposure, adduction of
proteins that regulate NF-KB transcriptional activity effectively inhibit IL-8
release. At any given level of exposure, overall IL-8 production will reflect
the net effect of acrolein on these opposing pathways (Figure 7). Once
again, these conclusions must be tested in relevant in vivo systems that allow
clarification of the dose dependence of the effects of acrolein on cytokine
production within the lung.

3.4. Mutagenicity of acrolein

The toxicological significance of the DNA damage that is inflicted by
acrolein within the lung has generated significant recent controversy within
the context of smoking-related human lung cancer [19]. Acrolein is long
known to induce base-pair substitution mutations in both bacterial and
mammalian cell lines [103-106]. Upon sequence analysis of acrolein-
induced mutations in a shuttle vector-based system, mutations mainly
occurred at guanine residues, consistent with the tendency of acrolein to
target guanine during reactions with DNA to form cyclic 0~ and y-OH-
Acr-dGua lesions (Figure 3 and Section 2.3 above). While v-OH-Acr-dG
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appears more abundant within the genome of acrolein-exposed cells,
molecular studies on the mutagenicity of this lesion during replication in
mammalian cells suggests this adduct has less miscoding potential than
0-OH-Acr-dG [107]. A number of in vitro studies have reported a low
incidence of mutational events during translesional bypass of y-OH-Acr-
dG-containing DNA templates [108,109].

Controversy concerning the status of acrolein as a mediator of lung
cancer in tobacco smokers arose upon publication of a paper by Feng ef al.
in 2006 [2,19]. These researchers presented data showing a strong similarity
between the patterns of DNA damage within a crucial mutational target
(the p53 tumor suppressor gene) induced by acrolein and the spectrum of
p53 mutations found in lung cancer in smokers [19]. The researchers also
noted that acrolein reduced the cellular capacity to repair DNA adducts
generated by a major promutagenic species formed from tobacco combus-
tion products, benzola]pyrene diol epoxide. Weighing these findings
against the fact that acrolein concentrations in tobacco smoke are several
orders of magnitude higher than those of benzo[a]pyrene, the authors
suggested acrolein deserves greater attention as a mediator of cigarette
smoke-related lung cancer [19].

The above report inspired a subsequent eftfort by Besaratinia ef al. to
characterize the mutagenicity of acrolein in Big Blue mouse embryonic
murine fibroblasts [110]. This experimental system allows screening for
chemically induced mutations within the chromosomally incorporated cII
mutational target gene. As with other comparable attempts in cell-based
models, the pronounced cytotoxicity of acrolein toward the embryonic
fibroblasts confounded the detection of mutations, necessitating study of
mutation frequencies at low acrolein concentrations [110]. Under these
conditions, no significant increase in mutation frequencies over controls
accompanied acrolein exposure [110]. Following this report, the workers
responsible for the initial association of acrolein with p53 mutations in lung
cancer conducted a renewed analysis of acrolein mutagenicity in a shuttle
vector-based assay system [111]. Such models facilitate study of the geno-
toxicity of electrophilic chemicals by permitting direct exposure of plasmid
DNA to reactive substances prior to cellular transfection. This approach
allows removal of unreacted toxicants via plasmid extraction protocols and
therefore minimizes direct cellular exposure to toxic compounds [112].
Using this method along with careful attention to determining adduct levels
in treated plasmids, these workers found a close correlation between muta-
tion frequencies in viral progeny and the levels of acrolein—guanine adducts
[111]. These latter findings provoked a strong exchange of views between
the chief investigators involved in these apparently conflicting studies
[113,114]. This ongoing debate highlights that the role of acrolein in
tobacco-associated pulmonary tumorigenesis is a controversial topic that
challenges long-standing assumptions concerning the central roles of such
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tobacco carcinogens as nitrosamines, polycyclic aromatic hydrocarbons,
and aromatic amines.

3.5. Cell death pathways

As with other cellular responses to acrolein, the cell death pathways it
initiates in cells of pulmonary origin have been most commonly defined
in vitro. In cells of nonpulmonary origin, acrolein has been shown to induce
both necrotic and apoptotic forms of cell death, with evidence presented to
suggest the latter proceeds via both mitochondrial (intrinsic) and death-
receptor-mediated (extrinsic) pathways [41,115-117]. In recent work con-
ducted in A549 lung cells, acrolein initiated cellular changes that are
characteristic of both early- and late-stage intrinsic apoptosis, including
Bax relocation to the mitochondria, collapse in the mitochondrial mem-
brane potential, cytochrome ¢ release, activation of caspases-3 and -7, and
redistribution of apoptosis-inducing factor-1 to the nucleus [118].

Our recent microarray study added to the complexity of acrolein-
induced cell death pathways in A549 cells by identifying changes in both
mitochondrial and death receptor pathways [89]. For example, acrolein
strongly induced TNFSF10, an important regulator of the extrinsic apop-
totic pathway [89]. We also identified the nuclear receptor Nur77 as a
possible pluripotent mediator of A549 cell death by acrolein. Nur77 has
analogous actions to p53, helping maintain cell survival under normal
conditions while undergoing activation by proapoptotic stimuli to a potent
pro-death effector that translocates to mitochondria where it interacts with
Bcl-2 to elicit cytochrome ¢ release [119]. Nur77 may also translocate to the
endoplasmic reticulum to activate a novel nonmitochondrial pathway of
intrinsic apoptosis [120]. Moreover, Nur77 can activate receptor-mediated
apoptosis in some cells [121,122].

Clearly, more work is needed to define the mechanisms of lung cell
death prevailing under conditions of both chronic and acute acrolein
exposure within the in vivo setting where little is known concerning the
molecular events that mediate the epithelial damage elicited by smoke-
borne acrolein.

4, RESPIRATORY EFFECTS OF ACUTE INHALED
ACROLEIN

As a potent irritant to mucosal membranes, inhalational exposure to
aitborne acrolein produces dose-related symptoms including nose and
throat irritation, and important acute reflex responses including reduced
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breathing rate, airway constriction, mucus secretion, and cough. These
reflex responses are typically mediated through a variable combination of
central reflex pathways and local axon-reflex pathways [123], and are
evoked to limit further inhalation of the irritant and to promote its rapid
removal. At present, these effects of acrolein upon pulmonary physiology
are poorly integrated with a chemical description of its effects on key
mediators of these processes at the molecular level.

4.1. Bronchoconstriction

Bronchoconstriction appears to be a significant component of the bronch-
oprotective reflex response that accompanies an acute exposure to acrolein.
In animal studies, inhalational exposure to acrolein caused dose-dependent
increases in pulmonary resistance in guinea pigs [124,125]. Acrolein-
induced bronchoconstrictor responses were diminished by capsaicin treat-
ment and potentiated by thiorphan pretreatment, indicative that acrolein
causes an acute release of neuropeptides from bronchopulmonary C-fiber
sensory nerves [125]. These earlier findings have been extended by a recent
in vitro study demonstrating that exposure of guinea pig isolated tracheal
preparations to acrolein caused a significant release of the neuropeptides
substance P and CGRP, and that acrolein-induced contractions were
inhibited a combination of NK; and NK, receptor antagonists [126].
Acrolein appears to initiate neuropeptide release from capsaicin-sensitive
nerve endings in the lung via TRPA1 [127], an excitatory ion channel that
has been proposed to function in diverse sensory processes. In summary,
acrolein stimulates TRPA1 on C-fiber sensory endings to promote the local
axon-reflex release of sensory neuropeptides such as tachykinins, which
cause bronchoconstriction via activation of NK; and NK, receptors on
airway smooth muscle cells.

4.2. Airways hyperresponsiveness

In addition to its acute bronchoconstrictor eftects, acrolein exposure can
induce airways hyperresponsiveness to other spasmogenic stimuli. For
example, guinea pigs previously exposed to acrolein were more sensitive
to the bronchoconstrictor effects of acetylcholine [124]. In this study,
acrolein-induced airways hyperresponsiveness to acetylcholine was max-
imal between 2 and 6 h after acrolein exposure, and was dependent upon
the dose of acrolein [124]. Acrolein-induced airway wall edema and mucus
secretion may contribute to in vivo airway hyperresponsiveness to spasmo-
genic stimuli. In vitro exposure to acrolein enhanced the responsiveness of
airway smooth muscle preparations from humans, ferrets, and rats to a
variety of bronchoconstrictor substances, including muscarinic cholinocep-
tor agonists (carbachol, acetylcholine) and neuropeptides (substance
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P, neurokinin A) but not KCl [128-130]. Of particular interest, acrolein
potentiated the contractile response of passively sensitized human isolated
bronchus to specific antigen stimulation [131]. Several mechanisms for
acrolein-induced airways hyperresponsiveness have been proposed includ-
ing diminution of neutral endopeptidase [129], involvement of lipoxygen-
ase and cyclooxygenase products [130], and altered calcium signaling in
airway smooth muscle [132,133]. With respect to the latter mechanism,
acrolein may alter calcium signaling in airway smooth muscle by enhancing
agonist-induced InsP; production and the amplitude of the first cytosolic
Ca”™ concentration peak [132,133], although the molecular target for
acrolein (e.g., G proteins, phospholipase C) is not known.

4.3. Protective COX-2-mediated counter responses

In addition to stimulating the rapid release of neuropeptides from sensory
nerves, acrolein modulates the production and release of other mediators
than alter bronchomotor tone, including prostaglandin E, (PGE,). Acrolein
elevated PGE, levels in numerous cell types derived from the respiratory
tract, including epithelial cells [134,135], fibroblasts [136], and alveolar
macrophages [137], as well as in neutrophils [138] and vascular endothelial
cells [139]. Current evidence indicates that acrolein-induced increases in
PGE; levels are the result of the combination eftects of increased synthesis
and decreased metabolism of PGE,. For example, in rat lung epithelial cells,
acrolein produced time and concentration-dependent increases in the
expression of cyclooxygenase-2 (COX-2), a key enzyme in the synthesis
of PGH,, a PGE, precursor [140]. Acrolein-induced increases in COX-2
expression were dependent upon a Ca®'-dependent, Ras/Raf/ERK-
mediated activation of NE-xB [140]. Interestingly, the expression of
microsomal prostaglandin E synthase (mPGES), which is responsible for
the conversion of PGH, to PGE,, was markedly increased by acrolein in
human lung fibroblasts [136]. Acrolein may also decrease the metabolism of
PGE, by inactivating NAD"-linked 15-hydroxyprostaglandin dehydro-
genase (PGDH), which enzymatically oxidizes PGE; to a 15-keto deriva-
tive [141].

It appears that part of the bronchoprotective response to acrolein
includes stimulating the delayed expression of enzymes involved in the
synthesis of PGE,. Resultant increases in the levels of PGE, are likely to
produce a raft of eftects within the lung, including bronchodilatation and
anti-inflammatory effects [142,143]. PGE, produces these eftects primarily
via activation of E prostanoid receptors, a family of four G-protein-coupled
receptors called EPy, EP,, EP3, and EP,. These four major subtypes of EP
receptors are widely expressed within the airways, and the various cell types
within the airways have different patterns of EP receptor subtype expres-
sion. Thus, PGE, can exert a diverse array of biological actions within the
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airways depending upon which EP receptor-mediated eftects predominate.
Typically, PGE,-induced relaxation of airway smooth muscle occurs via
activation of EP, receptors which are linked to the Ggg-adenylate cyclase-
cAMP-protein kinase A pathway. However, PGE, may also exert a
bronchoconstrictor response via the activation of EP; receptors expressed
on sensory nerves, which causes the reflex activation of parasympathetic,
cholinergic nerves and contraction of airway smooth muscle [144]. Inter-
estingly, electrophilic metabolites of PGE, may activate TRPA1 on sensory
nerves independent of EP receptors [145]. One potential benefit of these
latter effects is that the airways will have a heightened sensitivity to the
possibility of a subsequent exposure to an irritant.

It is not clear whether the augmented capacity of the airways to generate
PGE, following acrolein exposure can be exploited in the treatment of
acrolein-induced lung damage. A recent study reported that PGE,; inhibited
cigarette smoke extract-induced apoptosis of human lung fibroblasts via an
EP, receptor-dependent mechanism [146], potentially preventing smoke-
induced apoptosis and emphysema. Thus, pathways that stimulate PGE, may
be bronchoprotective. Activation of epithelial protease-activated receptors
(PARs) promotes the generation of PGE, via pathways involving phospho-
lipase A,, COX-2, and mPGES [147,148]. Although hitherto untested, it is
possible that the levels of PGE,; produced in response to PAR activation will
be augmented following acrolein exposure, by virtue of the capacity of
acrolein to elevate the expression of COX-2 and mPGES, and to inactivate
PGDH. The potential beneficial effects produced by elevating PGE, levels
(bronchodilation, anti-inflammatory effects), will need to be weighed up
against the potential for PGE, to activate pathways that may contribute to the
development of diseases such as lung cancer [146,149,150].

5. CONCLUSIONS

As a volatile and reactive electrophile formed upon combustion of
organic matter, acrolein is likely to contribute to a range of respiratory
conditions. Our survey has attempted to highlight the state of existing
knowledge concerning the chemical basis for its diverse biological eftects
on respiratory tissues. While acrolein toxicity is increasingly well under-
stood at the molecular level, this review has highlighted a need for a
heightened effort to show the relevance of in vitro findings within whole
animal models as well as human tissues from individuals subjected to various
degrees of intoxication with acrolein-containing smoke. The goal of such
efforts should be to rationalize the profound chemical reactivity of acrolein
toward biological macromolecules with its ability to disrupt a wide range of
cellular processes and elicit diverse pulmonary pathologies. Our survey has
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also demonstrated that the toxicological investigation of the pulmonary
effects of acrolein is still very much in its infancy and that many important
research questions remain unanswered.
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1. INTRODUCTION

The diet provides key nutritents and minerals for sustenance and well-
being of the body; however, hazardous chemicals present in the diet can
also contribute to the development of diseases such as cancer [1]. Hetero-
cyclic aromatic amines (HAAs) are a class of compounds in the diet that are
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receiving widening attention as a risk factor for human cancer. HAAs were
discovered more than 30 years ago by Professor Sugimura and his collea-
gues in Japan [2], who showed that the charred parts and smoke generated
from broiled fish and beef contained potent activity in Salmonella typhimur-
ium-based mutagenicity assays. Since that discovery, more than 20 HAAs
have been identified in cooked meats, fish, and poultry [3—6]. Several
HAAs have also been identified in cigarette smoke condensate and diesel
exhaust [7,8]. HAAs induce cancer of the oral cavity, liver, stomach, lung,
colorectum, prostate, and mammary glands of rodents, during long-term
feeding studies [5]. It is noteworthy that the colon, prostate, and female
mammary glands are common sites of cancer in the Western countries in
which well-done cooked meats containing HAAs are frequently consumed
[9]; and the rates of cancer in these organs are increasing in Japan and other
countries that are adapting western dietary habits [5]. Therefore, questions
have been raised about the safety of foods containing HAAs, and much
research has already been devoted to the biochemical toxicology of HAAs
and their potential role in the etiology of human cancer. The recent Report
on Carcinogens, Eleventh Edition, of the National Toxicology Program
concluded that several prevalent HAAs are “reasonably anticipated” to be
human carcinogens [10].

1.1. Mechanisms of formation of HAAs

There are two major classes of HAAs. One class of compounds is known as
“pyrolytic HAAs.” These compounds arise during the high-termperature
pyrolysis (>250 °C) of individual amino acids. HAAs are formed during
the pyrolysis of tryptophan, glutamic acid, phenylalanine, or ornithine.
Several HAAs also arise during the pyrolysis of proteins such as soybean
globulin and casein [2,11]. The reactions of these amino acids or proteins at
high temperature produce deaminated and decarboxylated products and
reactive radical fragments, which can combine to form heterocyclic ring
structures. The known pyrolytic HAAs comprise five structurally distinct
groups that contain pyridoindoles, pyridoimidazoles, phenylpyridine, tetra-
azofluoranthene, or benzmidazole moieties (Figure 1). The tryptophan
pyrolysates 2-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole (Trp-P-1) and
2-amino-1-dimethyl-5H-pyrido[4,3-b|indole (Trp-P-2), and the soybean
globulin  pyrolysates 2-amino-9H-pyrido[2,3-b]indole  (A0C) and
2-amino-3-methyl-9H-pyrido[2,3-b]indole (MeA0C) each contain an
indole moiety as a part of their structure, which may be derived from
tryptophan. The high temperature of burning cigarettes catalyzes the for-
mation of several pyrolytic HAAs [12]. Ao.C and MeA0.C are the two most
abundant HAAs that arise in mainstream cigarette smoke [13], with levels
reported up to 258 and 37 ng per cigarette, respectively. These levels are
considerably higher than the levels reported for many polycyclic aromatic
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hydrocarbons and aromatic amines, which are established human carcino-
gens [14]. Several pyrolytic HAAs are formed at low nanogram per gram
concentrations in some broiled or grilled fish and meats that are cooked
very well-done or burnt [15-21]. However, concentrations of pyrolytic
HAAs are typically formed below the nanogram per gram range in cooked
meat prepared under common household cooking practices, because the
temperatures of the cooking surfaces are below 250 °C: this heat level is
insufficient to catalyze the production of pyrolytic HAAs.

The second class of HAAs, named aminoimidazoarenes (AIAs)
(Figure 1), are formed in meats cooked at temperatures (150-250°C)
commonly used in the household kitchen. The Maillard reaction is thought
to play an important role in the formation of AlAs. Jagerstad and coworkers
employed a model system that contained creatine, free amino acids, and
hexoses, constituents present in uncooked meats, and they refluxed these
components at temperatures >130 °C to produce 2-amino-3-methylimi-
dazo[4,5-fl]quinoline  (IQ), 2-amino-3-methylmidazo[4,5-f]quinoxaline
(IQx), 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MelQx), and
2-amino-3,4,8-trimethylimidazo[4,5-f|quinoxaline (4,8-DiMelQx) [22,23].
The proposed pathways of ATA formation are shown in Figure 2A and B. The
N-methyl-2-aminoimidazole portion of the molecule is derived from crea-
tine, and the remaining parts of the IQ and IQx skeleton are assumed to arise
from Strecker degradation products (e.g., pyridines or pyrazines), formed in
the Maillard reaction between hexoses and amino acids [22,24]. An aldol
condensation is thought to link the two molecules through an aldehyde or
related Schiff base, to form IQ- and IQx-ring-structured HAAs. 2-Amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) can form in a model system
containing phenylalanine, creatinine, and glucose [25]; however, PhIP can
also form in the absence of sugar. Phenylalanine and creatine were shown, by
dry heating of '>C-labeled phenylalanine and creatine, to be precursors of
PhIP [3]; the Strecker aldehyde phenylacetaldehyde was identified as a critical
intermediate [26] (Figure 2B). Free radical intermediates have also been
suggested to be involved in AIA formation [24,27,28]. IQx-type compounds
arise in model systems containing glucose, glycine, and creatine through
formation of pyrazine cation radical and carbon-centered radicals [28]; evi-
dence for this pathway was obtained by heating of creatinine with
2,5-dimethylpyrazine or 2-methylpyridine and acetaldehyde, to produce
4,8-DiMelQx or IQ, respectively [24].

1.2. Endogenous formation of HAAs

The PB-carboline compounds 9H-pyrido[3,4-blindole (norharman) and
1-methyl-9H-pyrido[3,4-b|indole (harman) are formed at considerably higher
levels in tobacco condensates and cooked foods than are other HA As (Figure 1)
[29]. Norharman and harman are not mutagenic in S. typhimurium in the
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presence or absence of liver S9 fraction mixture; however, a mutagenic effect
is observed when these compounds are coincubated with aniline or o-tolui-
dine [30]. This comutagenic effect is attributed to the formation of novel,
mutagenic HAAs [31]. The structures of the compounds formed are 9-(4'-
aminophenyl)-9H-pyrido[3,4-b]indole (amino-phenylnorharman, APNH),
9-(4’-amino-3-methyl-phenyl)-9 H-pyrido[3,4-b]indole (aminomethyl-phe-
nylnorharman, AMPNH), and 9-(4’-aminophenyl)-1-methyl-9H-pyrido
[3,4-b]indole (amino-phenylharman, APH). The compounds are produced
by the respective reactions of norharman with aniline; norharman with
o-toluidine; and harman with aniline [32], during metabolism of the aryla-
mines by a P450 complex. In the metabolism, an ipso attack on the aniline (or
toluidine) can occur by norhaman or harman to produce these novel com-
pounds (Figure 3A). Human P450s 1A2 and 3A4 catalyze the process [33].
APNH is a liver and colon carcinogen in F344 rats [34]. APNH has been
detected at comparable concentrations in urine of smokers, nonsmokers, and
patients receiving parenteral alimentation [35]. These results suggest that
APNH is a novel mutagen/carcinogen that is produced endogenously.
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Figure 3 Endogenous AIA formation. (A) Formation of 9-(4'-aminophenyl)-1-
methyl-9H-pyrido[3,4-b]indole (APH) via a P450 complex with aniline. Adapted
from Oda et al. [32] with permission. (B) Formation of IQ[4,5-b] by reaction of
2-aminobenzaldehyde with creatinine. Adapted from Holland et al. [38] with
permission.
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2-Amino-1-methylimidazo[4,5-b]quinoline (IQ[4,5-b]) is a weak bacter-
1al mutagen [36,37] and an isomer of 1Q, a powerful animal carcinogen [5].
The amounts of 1QQ[4,5-b] measured in the urine of some human volunteers
who consumed grilled beef exceeded the ingested dose [38], and base treat-
ment of urine at 70 °C increased the amount of IQ[4,5-b] by more than 100-
fold in urine of meat-eaters and vegetarians. [Q[4,5-b], but not IQ, 8-MelQx,
or PhIP was produced in urine incubated for 3h at 37 °C: creatinine and
2-aminobenzaldehyde are the likely precursors of 1Q[4,5-b] (Figure 3B). IQ
[4,5-b] may form endogenously within the urine or other biological fluids.
The contribution of these endogenously formed HAAs to the daily genotoxic
burden of dietary HAAs remains to be investigated.

1.3. Estimates of HAAs in cooked meat, poultry, and fish

The amounts of HAAs formed in many types of meats, poultry, and fish,
prepared under various cooking conditions, have been summarized in several
review articles [3,39,40]. AlAs are the principal class of HAAs formed in meats
prepared under common household cooking conditions [21,41-46]. The levels
of HAAs formed are dependent upon the type of meat and the method of
cooking: HAAs form in cooked meats at levels that can range from 0.01 up to
several hundred nanograms per gram cooked meat. Panfrying or barbecuing of
meats at high temperatures produces the greatest concentrations of HAAs. The
roasting or broiling of meats generates lower amounts of HAAs, perhaps because
less efficient heat transfer occurs, thereby retarding the migration of HAA
precursors to the meat surface, where HAA formation occurs [44,45,47].

The influence of both the temperature of the cooking surface and the
length of time of cooking on the amounts of HAAs formed in fried
hamburgers is shown in Figure 4 (panels A and B). A cooking temperature
of 160 °C gives rise to low concentrations of HAAs over time, but both the
concentrations and the numbers of individual HAAs increase significantly at
higher temperatures [21,43,47]. AIAs containing the 2-amino-1-methyli-
midazo[4,5-g|quinoxaline (IgQx) skeleton, linear tricyclic ring isomers of
the angular tricyclic ring-structured IQx compounds [6,48], are among the
most abundant HAAs formed in cooked meats. The biochemical toxicol-
ogy of these compounds warrants further investigation.

2. MUTAGENESIS AND CARCINOGENESIS

2.1. Bioactivation of HAAs and DNA adduct formation

The mutagenic potency of an HAA is dependent upon the chemical
structure and the ability of the molecule to undergo N-oxidation to form
the reactive nitrenium ion [49]. Cytochrome P450s catalyze the oxidation
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Adapted fromTuresky et al. [6] with permission.

of the exocyclic amine groups of the HAAs to produce the genotoxic
N-hydroxy-HAA metabolites [50-52]. Hepatic P450 1A2 and extrahepatic
P450s 1A1 and 1B1 are the principal P450s that catalyze this reaction. The
N-hydroxy-HAA metabolites can directly react with DNA, but the penul-
timate carcinogenic species are thought to be acetate or sulfate esters of the
N-hydroxy-HAAs, esters that are produced by N-acetyltransterases (NATSs)
or sulfotransferases (SULTs) expressed in liver or extrahepatic tissues
[53,54]. These esters undergo heterolytic cleavage to produce the reactive
nitrenium ion that binds to DNA.

The reaction of the N-hydroxy HAA derivatives with DNA occurs at
deoxyguanosine (dG) to produce dG-C8-HAA adducts: bond formation
occurs between the C-8 atom of dG and the oxidized, exocyclic amine
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group of the HAA [53,54]. DNA adducts also form at the N atom of dG
and the C-5 atom of the heterocyclic ring structures of 1Q and MelQx,
indicating charge delocalization of the nitrenium ion over the heteronuclei
of these HAAs (Figure 5) [53]. Recently, dA adducts of both IQ and
MelQx were identified; bond formation was proposed to occur between
the N° atom of adenine and the C-5 atom of the IQ or MelQx hetero-
nucleus, to form 5-(deoxyadenosin-N°-yD)-IQ (dA-N°-IQ) [55] and
5—(deoxyadenosin—]\76 ~yD)-MelQx (dA-N°-MelQx) [56], via a carbenium
ion intermediate of the N-acetoxy-HAAs [57].

2.2.1. Biological effects of AA-DNA and HAA-DNA adducts
The conformational changes in DNA induced by HAA—purine base mod-
ifications are believed to be important determinants of the adduct’s biolo-
gical activity, and its propensity to induce frameshift mutations or base-pair
substitutions during translesional synthesis [58—60]. The potential for an
adduct to induce mutations or to block DNA polymerase activity is a
function of the adduct structure, but the biological eftects are strongly
influenced by the sequence context of the oligonucleotide neighboring
the adduct [58—60], as well as the particular polymerase or the host cell [61].
The isomeric N-(deoxyguanosin-8-yl)-1Q (dG-C8-1Q) and dG-N"-1Q
adducts were placed at the Gy or Gg site of the Narl recognition sequence
(5'G1G>CG3CC-3') [62]. The Gj site 1s a known “hotspot” for frameshift
mutation with the model arylamine N°-acetyl-aminoflourene (AAF), but
the Gy site is not [58]. Human DNA polymerase (pol) 1 extended primers
beyond template G-IQ adducts more efficiently than did pol K, pol t, or pol
d. Mass spectrometry (MS) of the pol M| extension products revealed a single
major product in each of four adduct templates. A cytosine was incorpo-
rated across the G; or Gz modified with the dG-C8-IQ adduct; the
extension product was largely error free. With the dG-N>-IQ adduct
placed at the G; position, a —2 deletion occurred in the newly formed
sequence across the site of the adduct; however, when the dG-N>-IQ
adduct was placed at the G; position, the product formed at the site
opposite the adducted base was error free and then the polymerase stalled.
Thus, the pol N products yielded frameshifts with the dG-N>-IQ adduct
but not with the dG-C8-1Q adduct [62]. The translesional synthesis pro-
ducts of these isomeric dG-IQ adducts in the same sites of the Narl
sequence were examined with Escherichia coli pol 1 Klenow fragment
exo , E. coli pol 1l exo™, and Sulfolobus solfataricus P2 DNA polymerase IV
(Dpo4) [63]. The end products were profoundly different from those
obtained with the human polymerases. The dG-C8-1Q adduct located at
the Gj position induced a two-base deletion in the sequences produced by
all three bacterial polymerases, whereas error-free bypass and extension
were observed for the adduct situated at the Gy position. In contrast, the
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dG-N-1Q adduct was bypassed and extended by all three polymerases,
when placed at the Gy position, and the error-free product was observed.
However, when the dG—NZ—IQ adduct was situated at the G5 position, the
adduct exerted blocking eftects, and it was bypassed and extended only by
Dpo4 to produce an error-free product.

The mutagenic effects of N-(deoxyguanosin-8-yl)-PhIP (dG-C8-PhIP)
were assessed in oligonucleotides containing a single dG-C8-PhIP adduct
in the sequence context 5-CCTCCTXGCCTCTC-3/, where X=C, A,
G, or T was placed immediately at the 5'-flanking position to the dG-C8-
PhIP. Translesional synthesis across the adduct was assessed by placement of
the adducted oligonucleotide into a single-strand plasmid vector, in repli-
cating simian kidney (COS-7) cells [64]. The GC — TA transversions were
the most frequent mutations observed, particularly when dC was at the
5’-flanking position to the adduct. Single-base deletions were detected only
when either dG or dT was 5" to dG-C8-PhIP. The mutational frequency of
dG-C8-PhIP (27.5%) was ninefold higher than that observed in a similar
sequence with dG-C8-2-aminofluorene (AF) [65].

General frameshift or base-slippage models have been proposed to
explain the mechanism of GC base-pair deletion for dG-C8-1Q and dG-
C8-PhIP adducts [62—64]; these models have been based upon the NMR
solution structural conformations of the adducts within oligodeoxynucleo-
tide duplexes [66—68]. The glycosidic torsion angle of the dG-C8 adducts
of PhIP and IQ exists in the syn form in some oligonucleotide sequence
contexts, thus favoring a base-displaced intercalated model. Such a con-
formation can help explain the mechanism of frameshift mutations of these
two adducts [66,68] (Figures 5 and 6). Neither the NMR structural con-
formations of the dG-N*-IQ adduct within oligonucelotides, nor the
mechanisms by which these structural perturbations influence translesional
synthesis have not been investigated. In summary, the studies above show
that each individual HAA-DNA adduct structure and the location of the
adduct within the sequence context of the oligonucleotide can affect the
fidelity and the catalytic efficiency of each of the polymerases in a unique
manner.

The structural conformation of the HAA-DNA adduct can also influ-
ence the persistence and rate of removal of the adduct in vive. Some
dG-C8 arylamine and HAA-DNA adducts that adopt the glycosidic
torsion angle in the syn conformation can cause greater perturbation of
the DINA duplex at the site of carcinogen adduction than is seen for the
glycosidic linkage of the dG-N? adducts; the latter often adopt the
normally-occuring anti conformation [66—71] (Figure 6). The differing
extents of structural perturbation induced by these adducts in duplex
DNA are believed to result in variable degrees of recognition and extents
of enzymatic removal of the adduct, by the nucleotide excision repair
complex. The dG-C8-1Q and dG-C8-AAF adducts both of which can
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exist in the syn conformation, are rapidly removed from tissues in rodents,
whereas the isomeric dG-N>-1Q and dG-N>-AAF, which exist in the nor-
mally occuring anti conformation, persist [72,73]. In the case of IQ, the
proportion of dG-N>-IQ among the total adducts increased in slowly divid-
ing tissues of nonhuman primates over time, apparently due to the much
slower repair rate than is seen for dG-C8-IQ, and the dG-N>-IQ adduct
became the predominant lesion during long-term feeding studies [73].
Because of their persistence, the dG-N* adducts are expected to play a
significant role in the tumorigenic properties of aromatic amines and HAAs
[73,74].
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2.2. Bacterial and mammalian mutagenesis

The early investigations on bacterial mutagenesis of HAAs were conducted
with liver homogenates from rodents pretreated with polychlorinated
biphenyls (PCBs), so as to augment the levels of P450s (P450 1A1 and
1A2) that N-hydroxylate HAAs. 2-amino-3,4-dimethylimidazo[4,5-f]qui-
noline (MelQ), IQ, and MelQx rank among the most potent mutagens
ever tested in the Ames bacterial reversion assay [5,75,76], while PhIP and
A0C are, respectively, about 100-fold and 1,000-fold weaker in potency,
under similar assay conditions. The strong propensity of some HAAs to
induce frameshift revertant mutations in S. fyphimurium TA98 and TA1538
tester strains is attributed to a preference by these compounds to react at a
site about nine base pairs upstream of the original CG deletion in the hisD™*
gene sequence, within a run of GC repeats [77]. The existence of this
“hotspot” is consistent with the presence of dG-HAA adducts, which can
induce CG deletions during translesional DNA synthesis [62,64]. Several
HAAs also induce strong genotoxic effects in strain TA100, which reverts
to the wild type through point mutations. Many HAA—DNA lesions can be
repaired, since the mutagenic potencies of several HAAs are 100-fold less
active in the uvrB™ proficient S. typhimurium strain [78]. The mutagenic
potencies of even some of the weaker HAAs can be increased by up to 250-fold
in S. typhimurium TA1538/1,8-DNP-derived strains that have been engi-
neered to express NAT or SULT proteins [79,80], and also in mammalian
cells [79,81,82], thereby demonstrating the importance of xenobiotic meta-
bolism enzymes (XMEs) in the biological properties of HAAs [83].

The mutagenic effects of HAAs in other bacterial genes such as lacZ,
lacZo, and lacl of E. coli also occur primarily at GC base pairs. The types of
mutations are dependent upon DNA sequence context and upon the assay
system. The genotoxicity of aromatic amines and HAAs has been studied in
E. coli cells carrying a mutated copy of the lacZ gene that reverts back to the
wild-type gene by a =2 GC frameshift mutation [84]. These bacteria have
been genetically engineered to simultaneously express human P450 1A2,
NADPH cytochrome P450 reductase, and NAT, so that the bioactivation
of HAAs occurs within the cell. Thus, the formation of the chemically
reactive metabolites occurs in close proximity to the target gene, which
enhances the sensitivity of the mutagenicity assay.

Other bacterial systems have used the induction of the SOS response in
S. typhimurium NM2009 as a measure of DNA damage induced by HAAs;
these systems possess high bacterial O-acetyltransferase (OAT) activity and
contain a umuC regulatory sequence attached to the lacZ reporter gene [85].
More recently, such strains have been modified to express human P450
enzymes, NADPH-cytochrome P450 reductase, and bacterial OAT [86].
These tester strains have been used to compare genotoxic potencies of
HAAs and to identify specific human P450s that are involved in the
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biotransformation of HAAs. The findings confirm that P450 1A2 is a
principal cytochrome P450 involved in bioactivation of HAAs.

Short-term bacterial mutagenesis assays have served as an effective
screening tool for the identification of mutagenic HAAs in complex food
matrices and for the characterization of enzymes involved in bioactivation
of HAA; however, these assays cannot reliably predict carcinogenic
potency. The huge differences in range seen for the mutagenic potencies
of HAAs in bacteria are not observed in mammalian cell assays or in long-
term carcinogen bioassays, where the total doses required to induce cancer
at 50% incidence (TDs,) fall generally within a tenfold range [5].

In mammalian cells, HAAs often induce base-pair substitutions at gua-
nines as the prominent mutations; however, frameshift mutations at
guanines also occur, depending upon the base sequence context and the
assay employed. The occurrence of these mutational events is consistent
with the chemical DNA binding data, which show that guanine is the
principal target for HAA-DNA adduct formation [53,54]. The PhIP-
induced mutations at the hgprt locus in human lymphoblastoid cells occur
predominantly through GC — TA transversions [87], while CG — AT and
GC — TA transversions have been reported at PhIP-induced mutants in
the aprt and dhfr genes of Chinese hamster ovary (CHO) cells [88,89]. PhIP
also predominantly induced GC — TA transversions at the hprt locus in
Chinese hamster V79 cells; however, 13% of the mutants displayed a —1
frameshift mutation in the 5'-GGGA-3' sequence [90], which is identical to
a sequence that is mutated in the Apc tumor suppressor gene of rat colon
tumors induced by PhIP [91]. In CHO cells, 80% of the mutations induced
by PhIP were single-base substitutions at GC base pairs, with 57% of those
reported as GC — TA transversions. The study on the mutagenicity of IQ
at the hgprt locus in human lymphoblastoid cells also revealed that about
30% of the mutations were guanine deletions, principally occurring in a run
of six guanines in exon III [92]. GC — TA and GC — CG transversions
were also noted. The majority of the identified mutations occurred at GC
pairs, suggesting that either the dG-C8-1Q or the dG-N*-IQ adduct is the
premutagenic lesion.

The mutagenic potencies of MelQx, PhIP, and A0.C were investigated
in nucleotide excision repair-deficient CHO cells that had been con-
structed with a stable transfection of human P450 1A1 or 1A2, plus either
human NAT2"4 (rapid acetylator) or NAT2"5B (slow acetylator) allele.
The capacity of the cells to bioactivate the HAAs, to form DNA adducts
and induce mutations in the hprf locus, was dependent upon the expression
of P450s and NAT. In the case of MelQx [81], DNA adduct formation and
genotoxicity occurred only in cells expressing both P450 1A2 and NAT?2 4
protein, AOC was bioactivated most efficiently by cells expressing P450
1A2 and NAT2 4 protein, followed by lesser activation in cell lines
expressing P450 1A2 and the NAT2 5 protein, whereas no adduct
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formation or genotoxicity was observed in cells just expressing P450 1A2
[93]. For PhIP, the differences in bioactivation were only modest among
the various cell lines expressing only P450 1A2, or P450 1A2 and NAT?2 4,
or P450 1A2 and NAT2 5 proteins [82]. The N-hydroxylated metabolite of
PhIP appears to be a poor substrate for NAT2; an endogenous SULT in the
CHO cells may have catalyzed the binding of PhIP to DNA [82]. CHO
cells stably transfected with mouse P450 1A2 and human NAT2"4 alleles
were also shown to efficiently activate 1Q, but not PhIP, to a genotoxicant
[79,94]. Thus, the genotoxic potencies of A0C, MelQx, and PhIP are
affected differently by NAT2 polymorphisms. These findings signify that
the identification of the specific HAA exposure is very important in any
molecular epidemiological investigation that seeks to assess the roles of
HAAs and NAT?2 genetic polymorphism in cancer risk [93].

Transgenic (T'G) mouse and rat models have been established to enable
the measurent of genotoxicity in vivo, with the lacZ or lacl transgene used as
the targlet gene. The TG mutation ~5says use A phage- baeed TG rodents:
Muta™ Mouse [95,96] or Big Blue® Mouse or Big Blue®Rat models [97].
These assays employ reporter genes of the bacterial lac operon. The lacZ
encodes PB-galactosidase and is the reporter gene in Muta Mouse, and the
lacI gene, which encodes the repressor protein of the lacZ gene, is the reporter
gene in the Big Blue® Mouse and Rat models. Either gene is stably incorpo-
rated into mouse or rat chromosomes as part of a A shuttle vector; the vector is
easily recovered as phage particles from genomic DNA, by in vitro packaging
reactions [98]. In an assay, TG rodents are exposed to the putative mutagen,
followed by a suitable expression period to “fix” the mutation. The shuttle
vector is recovered from various tissues and incubated with X in vitro packa-
ging extracts, which initiate packaging of the shuttle vector into infectious
lambda bacteriophage. The recovered shuttle-vector phage is then used to
infect restriction-deficient E. coli K12 cells, and mutants are screened.

PhIP induced a number of one-base deletlons in the lacl gene of the colon
mucosa of the TG Big Blue® Mice and Big Blue® Rats [99]. A characteristic
deletion of a guanine base at 5'-GGGA-3' sequence reported in the Apc gene
of rat colon cancers induced by PhIP [91] accounted for 7 and 10% of the
total mutations of this lacl gene in Big Blue® Mice and Big Blue® Rats,
respectlvely This mutation was also observed in mammary glands of female
Big Blue® Rats treated with PhIP: 6% of the mutations that were found
displayed a GC base-pair deletion at the 5'-GGGA-3’ site [100]. If this GC
base-pair deletion at the 5'~-GGGA-3' sequence can be shown to be a specific
and unique mutation induced by PhIP, it may be used as a molecular marker
for evaluating the role of PhIP in human cancers. The prostate is a target
tissue of cancer induced by PhIP in male rats [101], and PhIP was also
reported to induce both GC — TA transversions and —1G frameshifts of
GC base pairs in the lacl gene of prostate of Big Blue® male rats, at high
frequency [102,103].



52 Robert J. Turesky

The lacl and lacZ reporter genes appear to be useful predictors of PhIP-
induced carcinogenesis, and the mutational characteristics of MelQ in the
lac genes correlated well with those characterized in the Ha-ras gene of
MelQ-induced mouse forestomach tumors and rat Zymbal gland tumors
[104]. These results suggest that the mutational characteristics of each
chemical are conserved across different genes in multiple species, in the
processes of carcinogenesis induced by genotoxic carcinogens. However,
the relationship linking DNA adduct formation, mutation frequencies in
the lacl/lacZ gene, and cancer incidences of HAAs, including MelQ [105]
and IQ [106], has not been shown to be a quantitative correlation. More-
over, HAAs induce mutations in lacl or lacZ in organs that do not develop
tumors. Some of the discrepancies between mutagenesis and carcinogenesis
can be attributed to different cell proliferation rates in different organs that
affect mutation frequencies. In addition, the number of mutations and the
specific types of genetic alterations required for cancer development can
also vary across different organs [105].

Other in vivo mutation systems have been used to assess HAA carcino-
genesis. PhIP, but not MelQx, was shown to induce intestinal stem-cell
mutations at the DIb-1 locus in Dlb-1a/b heterozygous mice [107]. PhIP
was also reported to induce tumors in the C57B/6]J-Min/+ (multiple
intestinal neoplasia) mouse model and to truncate the Apc protein at an
elevated frequency [108].

2.3. Experimental animal carcinogenesis

Long-term 2-year feeding studies have been conducted on the tryptophan
(Trp-P-1, Trp-P-2) and glutamic acid (2-amino-6-methyldiprido[1,2-
a:3',2'-dJimidazole (Glu-P-1), 2-aminodiprido[1,2-a:3’,2'-d]imidazole (Glu-
P-2)) pyrolysates, AaC, MeAoC, 1Q, MelQ, MelQx, and PhIP, in both
mice (CDF;) and F-344 rats, of both genders. All 10 HAAs tested in rodents
have been found to be carcinogenic. These compounds induce tumors at
multiple organs, including liver, lung, hematopoietic system, forestomach,
and blood vessels in mice; and colon, small intestine, prostate, hematopoietic
system, liver, Zymbal gland, skin, clitoral gland, mammary gland, oral cavity,
and urinary bladder in rats [5,109]. The C57BL/6 (B6) mouse model has
recently been used in carcinogenesis studies [99,110]. This mouse strain is
more susceptible than is the CDF; mouse to intestinal carcinogenesis of
several classes of genotoxicants, including alkylating agents [111] and HAAs
[112]. In long-term feeding studies, MelQ induced cancer of the cecum and
colon [112] and PhIP induced small intestinal tumors [113] in C57BL/6 mice.
IQ was also reported to be a powerful liver carcinogen in nonhuman primates
[114].

Genetic alterations arise in tumor-related genes of experimental animals
during long-term feeding studies with HAAs ([104,115-117] and
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references therein). The GC — TA transversion at codon 13 at the second
position in the Ha-ras gene was predominantly observed in mouse forest-
omach and rat Zymbal gland tumors induced by MelQ. In contrast, several
types of mutation were detected in the ras family genes in rat Zymbal gland
tumors induced by IQ; the presence of an additional methyl group at
position 4 of MelQQ gave rise to a remarkable difference in the mutational
fingerprint. The K-ras mutations were rare, and no mutations were
detected in either the N-ras or the Ha-ras gene in any of the tumors of
the colon. Similarly, p53 gene mutations were not detected in any rat colon
tumors induced by these HAAs even though 60-70% of human colon
cancers have mutations in the p53 gene [104]. Therefore, HAAs could
represent suitable model compounds for use in investigations of sporadic
colon carcinogenesis, a process which does not involve mutations in the
p53 gene [104]. However, mutations in either Ha-ras or Ki-ras and the p53
genes were found in rat Zymbal gland tumors induced by IQ [104]. IQ also
induced mutations in the p53 gene in 4 of 20 nonhuman primate subjects
that developed hepatocellular carcinoma during long-term feeding studies;
three of the mutations contained GC — TA transversions, and one pos-
sessed a GC — AT transition [118].

The APC gene plays a major role in human colon carcinogenesis and its
genetic alteration is considered to be an initial or early mutational event in
that process [119]. Alterations of the APC gene were more prominent in
PhIP-induced than in IQ-induced rat colon carcinogenesis [91]. In that
study, four of the eight colon tumors caused by PhIP had mutations in the
rat Apc gene and featured a guanine deletion from 5'-GGGA-3' sequences.
This specific GC base-pair deletion in 5'-GTGGGAT-3" at codon 635 of
the Apc gene occurs as an early mutation in the colon of male rats exposed
to PhIP for as little as 1 week [120]. One of the hotspots of PhIP-induced
mutation at the 5'-GTGGGAT-3' sequence around codon 635 in the rat is
conserved in the human APC gene and may be a signature mutation of this
HAA [116]. The mutations in the Apc gene of IQ-induced colon tumors in
rats were detected in only 2 of 13 tumors, and no specific or characteristic
mutations were identified [91,116].

3. METABOLISM AND BIOMARKERS

3.1. Phase | and phase Il enzymes

HAAs undergo extensive metabolism, by phase I and II enzymes, in experi-
mental animals and humans [83,121-123]. The major pathways of HAA
metabolism are depicted in Figure 7. Cytochrome P450 1A2 primarily
expressed in liver [126] and P450s 1A1 and 1B1 expressed in extrahepatic
tissues [51,127] are the principal P450 enzymes (http://www.cypalleles.ki.se)
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involved in oxidation of HAAs. Metabolic studies revealed that P450 1A2-
null mice still possess significant activities of N*-hydroxylation and DNA
adduction of PhIP: mouse P450 2C enzymes may be the major P450 isoform
involved in N-oxidation of PhIP, in livers of P450 1A2-null mice [128].

There are important species differences in the regioselectivity of P450-
mediated oxidation of HAAs. P450-mediated N-demethylation of IQ and
MelQx occurs in rodents and nonhuman primates [129,130], but this
metabolic pathway is not prominent in the metabolism of these HAAs in
experiments conducted in vitro with human liver microsomes or in vivo
[50,131-135]. Both the human and rodent orthologues of P450 1A2
catalyze the bioactivation of HAAs through N-oxidation of the exocyclic
amine groups. However, human P450 1A2 catalyzes the detoxication of
PhIP by 4'hydroxylation only poorly, while the rat orthologue efficiently
carries out this reaction [50,121]. In the case of MelQx, human P450 1A2
catalyzes the oxidation of the C*-methyl group of 8-MelQx, to form 2-
amino-3-methylimidazo[4,5-f|]quinoxaline-8-carboxylic  acid  (IQx-8-
COOQOH); this reaction is the major pathway of metabolism and detoxica-
tion of 8-MelQx in humans [131,132]. The rat P450 1A2 orthologue does
not catalyze IQx-8-COOH formation, but it does catalyze the detoxication
of MelQx through C-5 hydroxylation [131]. However, human P450 1A2
does not catalyze C-5 hydroxylation of MelQx.

Phase II conjugation reactions occur at the exocyclic amino group of
HAAs, to form detoxication products in both experimental animals
and humans. The uridine diphosphate glucuronosyltransterases (UGTs)
are a superfamily of enzymes that catalyze the glucuronidation of many
endogenous and xenobiotic compounds. UGT proteins are divided into
two families, UGT1A and UGT2B, based on sequence homologies
(http://www.pharmacogenomics.pha.ulaval.ca/sgc/ugt_alleles/index.html)
[136]. Both PhIP and N-hydroxy-2-amino-1-methyl-6-phenylmidazo[4,5-
blpyridine (HONH-PhIP) undergo conjugation by multiple human
UGTIA isoforms to produce N°- and N°-glucuronide conjugates
[121,134,135,137-139]. UGT activity toward PhIP and HONH-PhIP
has been detected in human liver and in colon microsome samples
[137,140-143]. The glucuronide conjugates of HONH-PhIP have been
viewed as detoxication products [144], although bacterial glucuronidases can
hydrolyze N°-(B-1-glucosiduronyl-2-(hydroxyimino)-1-methyl-6-phenyli-
midazo[4,5-b]pyridine (HON-PhIP-N’-Gl) to liberate HONH-PhIP for
further metabolism and potential DNA adduct formation [145]. There are
interspecies differences in the regioselectivity of glucuronidation of PhIP and
HONH-PhIP. In rodents, the endocyclic N° atom is the preferential site of
glucuronidation [121,146], whereas the exocyclic N* atom is the principal site
of glucuronidation in humans [134,135,137]. Both MelQx and N-hydroxy-2-
amino-3,8-dimethylimidazo[4,5-f]quinoxaline (HONH-MelQx) also undergo
glucuronidation in rodents, nonhuman primates, and humans [132,141].
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There are two distinct NAT isoenzymes, designated NAT1 and NAT2
(http://louisville.edu/medschool/pharmacology/nat/). NAT?2 is expressed
primarily in the liver, whereas NAT1 appears to be more prominently
expressed in extrahepatic tissues [147,148]. N-Acetylation is an important
mechanism of detoxication of primary arylamines [148]. NATs do not
catalyze the detoxication of HAAs containing the N-methyl-2-aminoimi-
dazole moiety [149], but both NAT1 and NAT?2 isoforms do N-acetylate
A0C and several other pyrolysate HAAs [122]. The HONH-AIA
and pyrolytic HONH-HAAs serve as substrates for NATs and undergo
O-acetylation, primarily by NAT2, to form the N-acetoxy species, which
then binds to DNA [149,150]; HONH-A0C undergoes bioactivation by
both NAT1 and NAT2 isoforms [151].

The SULTs belong to a superfamily of genes that is divided into two
subfamilies [152]: the phenol SULTs (SULT1) and the hydroxysteroid
SULTs (SULT2). A third, less well-characterized subfamily of brain-specific
SULTS has also been reported [153]. SULT1A1 and SULT1A2 preferentially
catalyze the sulfation of small planar phenols such as 4-nitrophenol and the
estrogens, while SULT1A3 preferentially catalyzes the sulfate conjugation of
monoamine derivatives. Human SULT1A1 catalyzes the detoxication of
IQ and MelQx to form sulfamates [122,154]. These SULT' can also bioac-
tivate the N-hydroxyated HAA metabolites, presumably by formation of
the reactive N-sulfate esters. Human SULT1A1 and SULT1A2 catalyze
the binding of the N-hydroxy metabolites of the aromatic amine 4-amino-
biphenyl, as well as PhIP and AaC, to DNA. SULTs also increase the
genotoxic effects of IQ, N-hydroxy-2-amino-3-methylimidazo[4,5-f|]quino-
line (HONH-IQ), Aa.C, and MeAolC in bacterial or mammalian cells [83].
SULT1E1, which is under hormonal regulation, catalyzes the binding of
HONH-PhIP to DNA in cultured human mammary cells; this SULT may
play a role in carcinogen bioactivation in breast tissue [155].

3.2. Nitrosation reactions

HAAs, such as 1Q and MelQx, that contain the 2-amino-N-methylimidazo
moiety are resistant to nitrosation under acidic conditions, whereas many
pyrolytic HAAs readily undergo nitrosation, followed by oxidation [156].
However, IQ and MelQx can undergo nitrosation with nitric oxide, under
neutral pH conditions, to form 2-nitrosoamino-3-methylimidazo[4,5-f]
quinoline (N-NO-IQ) and 2-nitrosoamino-3,8-dimethylimidazo[4,5-f]
quinoxaline (N-NO-MelQx). Both N-NO-IQ and N-NO-MelQx are
converted to reactive species that can form covalent DNA adducts
[157,158]. A mechanism for the NAT2-catalyzed bioactivation of
N-NO-MelQx has been proposed (Figure 8) [159]. Reactive intermediates
derived from N-NO-IQ and N-NO-MelQx have also been suggested to
form under acidic pH, on the basis of detection of azo intermediates that are
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dimerization products derived from the nitrenium ion [157,158]. The
bioactivation of AlAs via nitrosation could be an alternative mechanism
to P450-mediated N-oxidation of HAAs and contribute to their genotoxi-
city, under inflammatory conditions, during which elevated levels of NO
can arise [159].

3.3. Genetic polymorphisms in genes that encode xenobiotic
enzymes involved in HAA bioactivation

Genetic polymorphisms in genes that encode for enzymes that catalyze the
activation and/or detoxification of HAAs could account for interindividual
differences in susceptibility to this group of carcinogens [160]. The con-
stitutive P450 1A2 mRINA expression levels in human liver can vary by as
much as 15-fold [161], and interindividual expression of P450 1A2 protein
can vary by 60-fold [50,162]. Environmental and dietary factors [163],
varying extents of CpG methylation [164], and genetic polymorphisms in
the upstream 5'-regulatory region of the P450 1A2 gene [165,166], which
affect the level of P450 1A2 mRNA expression, can all lead to variations in
P450 1A2 protein levels. However, the genotype responsible for the
> 60-fold range of interindividual differences in human hepatic P450
1A2 constitutive expression is still not well understood [167]. In contrast
to what is seen in humans, the amount of P450 1A2 protein in the liver of
inbred rodent varies by only severalfold across different strains [50]. The
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level of P450 1A2 protein expression in human liver, on average, is several-
to 10-fold or greater than the level of P450 1A2 expression in liver of
inbred rodents [50,162]. The interspecies differences in the level of P450
1A2 expression, catalytic activity, and regioselectivity of P450 1A2-cata-
lyzed oxidation influence the toxicological properties of HAAs and must be
considered in any assessment of human risk.

More than 20 genetic polymorphisms have been identified in these
NAT genes; these polymorphisms can affect the catalytic activity of
NATSs toward AAs and HAAs [147,168]. In humans, a common genetic
polymorphism is seen in arylamine NAT2, giving rise to rapid and slow
acetylator phenotypes. The NAT2"4 wild-type allele is associated with the
rapid acetylator phenotype, whereas the NAT2"5B allele is the most
common haplotype associated with the slow acetylator phenotype
[147,148]. Some N-hydroxy-AIA and N-hydroxy-pyrolytic HAAs are
preferentially or exclusively activated by the NAT2 4 protein, but not by
the NAT2 5 protein [81,82,93]. The role of NAT?2 genetic polymorphism
in urinary bladder cancer risk, in factory workers or tobacco smokers
exposed to aromatic amines, is well documented [168,169]. This increased
cancer risk has been attributed to the impaired capacity of slow N-acet-
ylator individuals to detoxify aromatic amines, which are human bladder
carcinogens [168]. The epidemiological data on the role of NAT2 genetic
polymorphism, in susceptibility to various cancers, suggest that the role of
this polymorphism varies both with the specific carcinogen and with the
organ site [147,148].

In contrast to aromatic amines, many HAAs are not detoxified by
NAT?2, but their N-hydroxylated metabolites undergo O-acetylation by
NAT?2 to form reactive N-acetoxy intermediates that bind to DNA [54].
The epidemiological studies on the role of NAT2 genetic polymorphisms
and cancer risk of HAAs have provided inconsistent findings [147,148].
Since both phase I and II enzymes are required to bioactivate HAAs, risk
may be markedly elevated in individuals who are both rapid N-oxidizers
and rapid O-acetylators. Cigarette smoking is a known risk factor for
colorectal cancer [170]. Two epidemiological studies reported a marked
increased risk of colorectal cancer among individuals who were tobacco
smokers and who frequently ate meats cooked well done. Both tobacco
smoke and well-done meats are sources of exposures to HAAs. The
elevated cancer risk was observed only in individuals possessing high
activities of both the P450 1A2 and NAT2 enzymes; these subjects had
up to an 8.8-fold increased risk of colorectal cancer [171,172]. It is note-
worthy that A0C, a carcinogen formed in substantial amounts in tobacco
smoke and well-done cooked meats, is a potent genotoxicant in the colon
of rodents [173,174].

Single-nucleotide polymorphisms (SNPs) in the SULT genes can result
in functional changes in the stability or catalytic activity of the translated
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protein. In general, these SNPs are fairly uncommon in the population but
some, most notably for SULT isoform 1A1, are common. They have been
associated not only with cancer risk for a variety of tumor sites, but also
with response to therapeutic agents [153]. The epidemiological studies on
genetic polymorphisms of the SULTs and the cancer risk posed by HAAs
are limited and have provided inconsistent results. A GC — AT transition at
codon 213 (CGC/Arg to CAC/His) of the SULT1A1 gene is a common
genetic polymorphism [175]. The gene product of this allele has substan-
tially lower enzyme activity than does the gene product of the wild-type
allele. Women who possess the Arg/ Arg genotype (SULT1A1"1) and who
frequently ate well-done cooked meats were found to be at an elevated risk
for breast cancer (odds ratio 3.6); no such association was evident in women
with the His/His genotype, in that subpopulation of women who ate meat
[176]. Thus, the His/His genotype, characterized by poor bioactivation of
HONH-HAAs and HONH-AAs [177], was protective against breast can-
cer in this above-described exposed population. Other studies are war-
ranted to confirm this observation. However, genetic polymorphisms in
SULT1A1 and SULT1A2 have not been demonstrated to influence color-
ectal cancer risk [178], and the variant SULT1A1"2 allele did not show an
association with prostate cancer risk [179].

3.4. Measurement of HAAs and their metabolites in human urine

Urine is a useful biological matrix for the measurement of HAAs and their
metabolites, given that large quantities can be obtained noninvasively. The
measurements of urinary HAAs and their metabolites do not shed light on
DNA damage, but they can reflect the relative capacity of an individual to
bioactivate and detoxicate the procarcinogen. HAA urinary biomarkers can
be used to probe the interrelationship between HAA exposure and P450
1A2 and phase II enzyme metabolism, which can affect the cancer risk
[180]. A recent study reported that elevated urinary mutagenicity of meat-
eaters ascribed to HAAs is positively associated with an increase in color-
ectal adenoma risk [181]: this finding reinforces the hypothesis that HAAs
may contribute to the etiology of colorectal cancer.

Several different analytical approaches have been devised to isolate
HAAs and/or their metabolites from human urine. The analysis is techni-
cally challenging, because the concentrations of HAAs and their metabolites
are often below the parts per billion (ppb) level in urine. Moreover, the
polar and ionic nature of the metabolites presents difficulties for their
selective isolation from thousands of other components in the urine matrix
[182]. The isolation techniques include organic solvent extraction
[183,184], solid-phase extraction (SPE) with reverse-phase resin [185] or
a mixed-mode reverse-phase cation exchange resin [135], use of molecu-
larly imprinted polymers [186], or immunoaffinity methods [187,188]. The
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quantification of HAAs has been done by gas chromatography and nega-
tive-ion chemical 1onization mass spectrometry (GC-NICI-MS)
[183,184,188], by liquid chromatography-electrospray ionization/tandem
mass spectrometry (LC-ESI/MS/MS) [185,186], and by fluorescence
detection [189]. Urinary metabolites of HAAs have been detected by
LC-ESI/MS/MS, following SPE [133—135], or indirectly after chemical
reduction or acid hydrolysis of HONH-PhIP or HONH-MelQx glucur-
onide conjugates, employing either LC-ESI/MS/MS or GC-NICI-MS
[190,191]. A facile extraction method, employing a mixed-mode reverse-
phase cation exchange SPE resin, was recently reported [135] for the
simultaneous isolation of PhIP, its glucuronide conjugates, and the glucur-
onide conjugates of HONH-PhIP, from urine of meat-eaters. The quanti-
fication of the analytes was done by LC/MS: the limit of quantification
(LOQ) of PhIP was five parts per trillion (ppt) and the LOQ values for the
glucuronide conjugates were at 50 ppt. The use of this method of analysis
should aid in identifying genetic polymorphisms in xenobiotic metabolism
enzymes that influence the biotransformation of PhIP and should allow us
to assess chemoprotective agents that inhibit the metabolism and the
potential deleterious effects of PhIP.

Most of the human urinary metabolism studies have been conducted
on MelQx or PhIP. Both compounds are rapidly absorbed from the
gastrointestinal tract and eliminated in urine as multiple metabolites and
only several percent or less of the dose is excreted in urine as the unaltered
parent compound within 24h of consumption of grilled meats
[132—-135,183,187,192]. In the case of MelQx, lower levels of the unal-
tered compound were found in urine from individuals with high P450 1A2
activity than in urine from subjects with low P450 1A2 activity, thus
demonstrating the importance of this enzyme in the metabolism of
MelQx [193]. In pharmacokinetic studies with furafylline, a selective
mechanism-based inhibitor of P450 1A2 [194], up to 91% of the elimina-
tion of MelQx and 70% of the elimination of PhIP, could be accounted for
by P450 1A2-catalyzed metabolism [183]. The major metabolite of MeIQx
in human urine, accounting for ~50-70% of the dose in urine, is the
8-carboxylic acid derivative 1Qx-8-COOH; its formation is catalyzed by
P450 1A2 [132,195]. Thus, human P450 1A2 serves a dual role in the
metabolism of MelQx: it can both bioactivate and detoxicate this
procarcinogen.

In a pilot study that analyzed urine from 10 volunteers, the N*-(B-1-
glucosiduronyl-2-(hydroxyamino)-1-methyl-6-phenylimidazo[4,5-b]pyri-
dine (HON-PhIP-N’-glucuronide) was the most abundant of the 12
metabolites of PhIP identified, by accelerator MS, in urine from all of the
subjects [144]. The levels of this metabolite varied significantly among the
individuals. In the same study, interindividual differences in colon PhIP-
DNA adduct levels were noted. The individuals with a rapid P450 1A2
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phenotype and a high level of urinary HON-PhIP-N*-glucuronide showed
the lowest level of colon PhIP-DNA adducts. This negative correlation
suggested that glucuronidation plays an important role in the detoxication
of HONH-PhIP and protects against colorectal DNA adduct formation. A
larger study group will be required for investigatiors to firmly establish the
role of UGT in protection against PhIP-mediated DNA damage and
consequent colorectal cancer risk.

The eftect of a diet high in cruciferous vegetables, on the metabolism of
PhIP, was investigated in a group of volunteers [134]. Components of
cruciferous vegetables significantly increased the hepatic P450 1A2 activity,
measured by changes in the kinetics of caffeine metabolism and by the
increases in levels of urinary HON-PhIP-N*-glucuronide. This latter urin-
ary biomarker was 32% higher in urine from subjects on a cruciferous diet,
as compared to the level in urine from the same subjects when they
consumed a diet not containing cruciferous vegetables [134]. That study
confirmed the observation that HON-PhIP-N"-glucuronide is the major
metabolite of PhIP eliminated in human urine [133]. The consumption of
cruciferous vegetables was épostulated to increase the production and elim-
ination of HON-PhIP-N"-glucuronide through an induction of UGT
activities, resulting in an overall reduction of the HONH-PhIP available
for reaction with DNA. At the same time, however, the consumption of
cruciferous vegetables also increased the expression of hepatic P450 1A2
protein. Unfortunately, the balance between the enhanced formation of
HNOH-PhIP and the UGT-mediated detoxication of HON-PhIP, as
might have been assessed through measurement of the change in the levels
of PhIP-DNA adduct formation in the colon, was not examined. There-
fore, the potential beneficial chemoprotective effects of cruciferous vege-
tables toward HAAs remain uncertain.

3.5. DNA and Protein Adducts of HAAs

Although short-term urinary biomarkers of PhIP and MelQx and their
metabolites have been established [133—135,183,196,197], such biomarkers
are transient, and they capture only the preceding 24—48 h of exposure. For
individuals who chronically but intermittently consume cooked meats,
urinary HAA biomarkers can be undetected, and these individuals can be
misclassified. Thus, long-lived biomarkers of HAAs are required for a
reliable assessment of HAA exposure in epidemiological investigations.
Putative HAA-DNA adducts have been detected in human colon,
breast, and lymphocytes, in assays employing “P-postlabeling, immuno-
histochemical, or accelerator mass spectrometric (AMS) methods [198—
202]. The putative N-(deoxyguanosin-8-yl)-MelQx (dG-C8-MelQx)
adduct was detected in colon and kidney of some individuals at levels of
several adducts per 10° DNA bases, when assayed by **P-postlabeling [203].
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A GC/MS assay, based upon alkaline hydrolysis of putative dG-C8-HAA
adducts back to the parent HAAs, was employed to measure putative PhIP-
DNA adducts in the colorectal mucosa of individuals, at levels of several
adducts per 10° DNA bases [204]. A base-labile adduct of PhIP, presumably
dG-C8-PhIP, was also detected in long-lived lymphocytes of colorectal
cancer subjects, at levels of several adducts per 10° DNA bases [200]. The
adduct was detected in about 30% of subjects, and its level varied across a
>10-fold range. The adduct levels were not significantly higher either in
smokers or in subjects who frequently consumed well-done cooked meat as
compared to individuals who ate meat less frequently. Moreover, relation-
ships were not observed between PhIP-DINA adduct formation and alleles
of NAT1, NAT2, or SULT1A1, the genes encoding the XMEs that are
involved in bioactivation of PhIP [160]. However, a subset of younger
individuals who carried two mutated GSTA1 alleles had higher adduct
levels than did homozygous wild-type or heterozygous subjects [200]. The
GSTAL1 protein is known to detoxicate N-acetoxy-PhIP [205,2006].

A DNA adduct of PhIP, presumably, dG-C8-PhIP, was detected by
immunohistochemistry, in human breast tissue biopsy samples [207], by
**P_postlabeling of DNA obtained from exfoliated breast epithelial cells in
milk of lactating mothers [208]. PhIP-DNA adducts were detected at high
frequency (>50% positivit_/y) in both studies: Adduct levels were approxi-
mately one adduct per 10" bases [207,208]. Putative PhIP-DNA adducts
were also detected at high levels and high frequency in prostate tissue from
cancer patients, by immunohistochemical methods [209]. Collectively, the
data suggest that HAA-DNA adducts can form in human tissues even when
the concentrations of HAAs in the diet are at the low ppb range.

Caveats are associated with the measurements of HAA-DNA adducts in
all of the adduct studies cited above: identities of the adducts are equivocal.
The **P-postlabeling and immunohistochemical methods lack specificity
and are not quantitative [53]; AMS is a specific method of detection, but it
does not provide confirmatory spectral data. Robust and sensitive LC-ESI/
MS/MS-based methods have emerged as essential tools for biomonitoring
of intact DNA adducts of diverse carcinogens at levels of less than or equal
to one adduct per 10 DNA bases in experimental animal models and in
humans [53,210-214]. The incorporation of LC-ESI/MS/MS methods can
permit corroboration or refutation of the validity of the HAA-DNA adduct
biomaker data generated from the less specific bioanalytical methods.

Carcinogen adducts of abundant blood proteins, such as hemoglobin
(Hb) and serum albumin (SA), have also been investigated as potential
biomarkers for various genotoxicants [215]. HAA—protein adducts can
form by the reaction between nucleophilic amino acid residues within
proteins and the metabolically activated HAAs. On the basis of experi-
mental animal model studies and pilot human studies, the levels of 1Q,
8-MelQx, and PhIP bound to Hb are low (~0.01% of the dose)
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[199,215,216]. Such a low level of protein binding will probably preclude
the development of Hb—HAA adducts as biomarkers in humans, because
the LOQ wvalues for the adducts are below the limits of current MS
instruments. However, the reaction product(s) of PhIP with serum albumin
(SA) show promise as biomarker(s) [199]. Human SA is the most abundant
protein in plasma (~45 mgml ™). The cys>* is one of 35 cysteine residues that
are conserved in SA across species [217]. Thirty-four of these cysteines are
involved in 17 disulfide bonds. The single unpaired cys>* is present either as
a free thiol or in an oxidized form: this singular residue is present partially as
disulfide linkages with low-molecular-weight thiols. Albumin functions as
an antioxidant and scavenges reactive oxygen and nitrogen species that are
generated by basal acrobic metabolism. The cys®* of SA is believed to be
responsible for many of the antioxidant properties of SA and accounts for
~80% of the net free thiols in plasma [218,219], and it is a m%jor transporter
of NO in blood [220]. The scavenging properties of this cys ' residue with
respect to reactive carcinogens and some toxic electrophiles are well docu-
mented. Adducts at the cys®* residue have been identified with reactive
metabolites of various toxicants in vitro in rodent SA and human SA, which
include 1Q [221], MelQx [222], PhIP [223,224], acrylamide [225], sulfur
mustard [226], benzene [227], and acetaminophen [228].

An adduct formed between IQ and SA in the rat was characterized,
by MS, 'H NMR, and amino acid analysis, as a sulfinamide adduct
(Figure 9). The adduct was formed by a nucleophilic reaction of the
sulfhydryl group of the cys”* residue of SA with nitroso-IQ, an oxidation
product of HONH-IQ. This sulfinamide adduct was estimated to
account for about 10% of the total adducts of SA in the rat [221]. The
adduct was characterized following enzymatic hydrolysis of SA with
pronase, to produce a tripeptide-containing sulfinamide—1Q adduct, or
by mild acid hydrolysis of SA, to regenerate 1Q and produce a sulfonic
acid at the cys”™” residue of SA (Figure 9). In a human study, one or more
acid-labile PhIP-SA adducts were detected in human subjects on a
noncontrolled diet; levels were 10-fold higher in meat-eaters than in
vegetarians (6.7 + 1.6 vs. 0.7 + 0.3 fmol PhIP-SA/mg protein; mean +
SE) [230]. The structure(s) of the adduct(s) attributed to the acid-labile
lesion remain to be determined. It is plausible that some proportion of
the acid-labile PhIP adduction products were formed at the cys®* residue
in human SA. Additional studies are required to elucidate the structure of
the adduct(s) and to validate the biomarker prior to its use in population-
based studies.

3.6. Biomonitoring of HAAs in hair

Various drugs and contaminants are known to accumulate in human hair,
and it has served as a matrix for the biomonitoring of chemicals such as
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nicotine, narcotics, and other drugs [231,232]. However, such exposures
occur at levels that exceed the levels of HAAs by at least 3 orders of
magnitude. Studies with experimental laboratory animals have shown that
“C-labeled PhIP accumulates in melanin-rich tissues, including fur [184].

A method was established to quantitate PhIP in mouse fur and human
hair by GC-NICI-MS [184,233], and more recently a method to
quantitate  PhIP in human hair was conducted by LC-ESI/MS
[234,235]. Both methods require elaborate purification procedures prior
to the MS assay. PhIP was identified at high frequency, but at variable
levels in hair of Norwegian subjects (60~7500pgg ™" hair) [236] and
Japanese subjects (180-3600pgg " hair) [235]. A more recent analytical
method was reported to require considerably less hair (50 mg) and
includes a simplified HAA extraction procedure [237]. Hair samples are
digested by base hydrolysis, and the liberated HAAs are then isolated
by tandem solvent/solid-phase extraction, followed by quantification by
LC/MS/MS [237]. In the latter study, PhIP was detected in hair of all six
meat-eaters at levels ranging from 290 to 890 pgg ! hair, while MelQx
and AolC were below the LOQ (50 pgg ™' hair) in hair from meat-eaters
and also from six vegetarians. PhIP was detected in the hair from one
vegetarian, and that occurrence was at a level (65pgg ' hair) just above
the LOQ (50pgg ™" hair). These data suggest that the exposure to PhIP
occurs primarily through consumption of cooked meats or poultry
[238,239] and that nonmeat-derived sources of exposure to PhIP
[240,241] are probably negligible. The levels of PhIP in hair samples
from two meat-eaters varied by less than 24% over a 6-month interval,
signifying that the exposure to PhIP and its accumulation in hair are
relatively constant over time [237].

The wide range of PhIP accumulation levels in hair of subjects of the
above studies is due to several variables. The concentration of PhIP in the
individual’s diet constitutes one critical variable. The pharmacokinetics and
metabolism of PhIP represent another important variable. There are large
interindividual difterences in the hepatic P450 1A2 protein content, which
can vary by more than 50-fold [50]; this enzyme accounts for ~70% of the
metabolism of PhIP in humans [183]. Thus, the amount of unmetabolized
PhIP in the bloodstream that reaches the hair follicle, following first-pass
metabolism, can widely range and may affect the levels of PhIP accrued in
hair. The pigmentation of hair also affects the amount of PhIP incorporated
into hair. PhIP has a high binding affinity for eumelanin [242], a pigment
that is more predominant in black hair than in lighter colored hair [243].
The accumulation of PhIP in hair can be used as an integrative dose of
exposure and can serve as a marker of exposure to this dietary carcinogen.
However, studies that examine the interrelationship among dietary expo-
sure to PhIP, P450 1A2 activity, and the melanin content of hair will be
required, before we can determine how these factors affect the level of PhIP
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accumulated in hair and the accuracy of this hair biomarker as a measure of
dietary intake of PhIP.

4., CONCLUSIONS

Humans are continuously exposed to HAAs in their diet. With the
recent improvements in the sensitivity of mass spectometric instrumenta-
tion, it is now possible to probe for HAA biomarkers in sampled biological
fluids and tissues. The challenge remains to develop rapid and robust
methods to analyze these biomarkers; such methods can then be employed
in epidemiological studies that investigate HAA exposures, together with
metabolic phentotypes/genotypes in determination of cancer risk. With
such data available, we can define more accurately the human health risk
posed by these HAAs.
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Factors eliciting toxicity can be subdivided into physical, chemical,
and biological ones. Physical toxic agents include a wide section of the
electromagnetic radiation spectrum, from gamma rays through X-rays and
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ultraviolet, to infrared and microwaves, corpuscular radiation, and other
physical processes capable of delivering enough uncontrolled energy to
interfere with biological processes. Biological toxic agents include parasites,
infectious fungi, bacteria, and viruses, as well as toxins produced by infec-
tious organisms in vivo. Chemical toxic factors cover the field in-between,
with significant overlaps. An example from the physics/chemistry border-
line is provided by radioactive elements introduced into the organism.
They generally act as sources of highly energetic photons and particles,
which elicit cascades of ionizing radiation intermediates. Their actual
toxicities will, however, depend on their biodistribution, which in turn
depends on their nonradiative, chemical properties. Moreover, many radio-
active elements, uranium for example, are definite chemical poisons as well
[1]. Toxins present in venoms of such organisms as marine snails or snakes
serve as an example from the biology/chemistry borderline. These toxins
have an obvious biological origin and are introduced into their victims by a
definitely biological act of stinging or biting. From this moment, however,
they act solely by the virtue of their chemical properties.

In molecular terms toxic agents can be divided into organic poisons
(such as ethylene glycol, sarin, and strychnine) and inorganic poisons
(such as chlorine, cyanide, and phosgene). The latter ones are distin-
guished somewhat formally by the absence of carbon—carbon bonds.
In this simplistic classification, toxins produced by living organisms
generally, but not exclusively, belong to the organic chemistry realm.
Proteins (e.g., botulinum toxin or ricin) or alkaloids (e.g., atropine or
tubocurarine) are typical organic toxins, but, for example, the toxicity of
cyanogenetic glycosides, such as amygdalin, is due to the release of a
classical inorganic poison, hydrogen cyanide, from their molecules upon
the action of -galactosidase.

Toxic metal ions have a specific property that difterentiates them from
all other poisons. Inorganic or organic toxins are multiatomic molecules,
which, at least in principle, can be detoxicated by chemical modification, in
particular, by decomposition into nontoxic derivatives. A toxic metallic
element cannot be transmuted into another, nontoxic one by biological
means. (Transmutation is an alchemy term for changing lead into gold. In
modern terms transmutation is equivalent to nuclear reaction which can be
accomplished in a controlled fashion in an accelerator, and nuclear explo-
sion is an example of uncontrolled transmutation.) Therefore, the means
of defense against toxic metal ions are seriously limited, only to immobi-
lization or excretion. Furthermore, a toxic metal ion can act by many
molecular pathways. Being indestructible, it can migrate from one interac-
tion with a protein, nucleic acid, or small molecule to another. Many toxic
metal ions act indirectly, as catalysts facilitating the formation of inorganic
or organic toxins.
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In this context, we need to make a note regarding two styles of naming
partners in such interactions. A biochemical convention uses the term
ligand for small molecules, including metal ions that bind to macromole-
cules such as proteins. In coordination chemistry, however, the term ligand
is used to label all molecules, big or small, which form bonds with metal
ions, assumed to be the center of the complex. The latter convention seems
to be more appropriate for describing interactions of toxic metals with
biomolecules. Toxic metals usually do not have their specific physiological
binding partners (they are not dedicated to macromolecules of any specific
kind). Instead, they are “free to choose”—it is their binding preferences
that define toxic interactions.

The toxicity of metal ions is aggravated by the fact that many of them
are either absent from the natural environment, or present there in such
chemical forms that make them inaccessible for a living system. Such metals
are particularly dangerous, when introduced into the environment or
mobilized from hitherto safe stores as a result of industrial activity, because
no defense mechanisms have had a chance to evolve against them. Alumi-
num poisoning of fish in Northeast United States and Scandinavian lakes
several decades ago, caused by the dissolution of soil aluminosilicates by
acid rain of industrial origin is a classical example of such an event [2,3].

Mercury and lead are two very toxic elements, which have been present
in human environment in very large quantities, due to their widespread
technological usage since antiquity [4]. The increasing awareness of their
toxicity, particularly neurotoxicity in children [5,6], led to a gradual with-
drawal of these metals and their compounds from materials and objects
accessible to general public. Lead was first to go. Lead metal water pipes
(the memory of this technology frozen in the word plumber, from Latin
plumbum for lead) and toy soldiers, pigments in paints, such as yellow lead
(IT) chromate (PbCrO,) and white lead(Il) carbonate (PbCQO3), and tetra-
ethyllead additive to gasoline [7] have been gradually vanishing from the
human environment in most countries. Somewhat surprisingly, extremely
toxic mercury has been slower to depart. Recent European Union (EU)
decisions to promote energy-saving light sources may even result in the
increase of environmental mercury burden. However, such potentially
hazardous mercury applications, as amalgam dental fillings [8], spill-prone
mercury thermometers, and mercury-containing drug preservatives
(sodium ethylmercurithiosalicylate—thimerosal) [9] are being gradually
removed from the global market (the latter has been banned in EU since
2001, but is still approved in the United States and many other countries).

The aim of this review is to summarize the current state of knowledge
about molecular mechanisms of toxicity of two other, very toxic, metals:
cadmium (Cd) and nickel (Ni). These two elements are abundant in the
human environment, largely due to their applications in the articles of
everyday use. The amount of evidence of their toxicity and carcinogenesis
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at low doses is rising continuously. Health hazards to large communities
due to current exposures to these two elements are likely. Yet, the aware-
ness of their toxic properties seems to be limited, compared to that related
to lead and mercury.

2. CHEMICAL PROPERTIES AND ROUTES OF EXPOSURE
TO CADMIUM AND NicKEL COMPOUNDS

2.1. Chemical properties of cadmium

Cd, element no. 48, belongs to the 12th group of the periodic table
(together with zinc and mercury), due to its electron configuration [Kr]
4d""5s>. Natural Cd is a mixture of eight isotopes with isotopic masses
between 106 and 116. Its standard atomic weight 1s 112.41Da. In its
elemental metallic form Cd is soft and malleable at room temperature. It
undergoes passivation in contact with oxygen, being covered with a layer
of Cd oxide. Chemistry of Cd includes 0, 41, and +2 oxidation states;
however, only Cd(IlI) compounds are stable under ambient conditions.
In complexes Cd(II) coordination numbers vary from 2 to 8, with 4 (tetra-
hedral) and 6 (octahedral) being the most frequent ones [10]. The
d-electron shell of Cd(I) is filled, therefore, its chemical behavior is similar
to that of main group rather than transition metals. Cd(II) is a moderately
soft metal ion, forming particularly strong bonds with thiolates, but can also
interact effectively with oxygen and nitrogen donors [11,12]. Conse-
quently, CdS and CdO are the most important binary Cd(II) compounds.
Thiolate Cd(II) complexes are tetrahedral, and isostructural with Zn(IT)
complexes [11,13]. Higher coordination numbers are encountered in
oxygen donor environments, by analogy to Ca(II) [11].

2.2. Chemical properties of nickel

Ni, element no. 28 belongs to the 10th group of the periodic table
(together with palladium and platinum), due to its electron configura-
tion [Ar]3d®s®. Natural Ni is a mixture of five stable isotopes with
isotopic masses between 58 and 64, with 58 and 60 being most
abundant. Its standard atomic weight is 58.69 Da. Elemental Ni is a
white metal with a yellowish shade. It is malleable, melts in high
temperatures, and is ferromagnetic up to 627K (Curie temperature
for Ni). Metallic Ni is resistant to corrosion in humid air. In chemical
compounds Ni can be encountered at oxidation levels from —1 to +4,
but Ni(II) is by far the most important oxidation level at ambient
conditions. Its most common coordination numbers are 4, 5, and 6
[10]. The existence of readily interconvertible high- and low-spin Ni(II)
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compounds is the most characteristic feature of Ni(Il) chemistry, because
of the accompanying changes of color (Ni(Il) termochromism). High-
spin Ni(II) complexes are wusually octahedral (six-coordinate) and
the low-spin complexes are typically square-planar (four-coordinate).
Much less frequent square-pyramidal (five-coordinate) species occur
for both high- and low-spin configurations. Ni(Il) readily accepts
oxygen, nitrogen, and sulfur ligands. Harder ligands, like water or
carboxylate oxygens, stabilize high-spin complexes, whereas softer
donors, like thiolate sulfurs promote the formation of low-spin
complexes [13].

Low oxidation levels, =1 and 0, are encountered in organometallic
complexes (defined as those containing metal—carbon bonds). The very
stable Ni(0) tetracarbonyl is the most important of them. Ni(I) complexes
are very unstable in air. This oxidation level is stabilized by thiolate
coordination and is known mostly from bioinorganic studies of redox
enzymes of anaerobic microorganisms [14]. Ni(III) is a strong oxidant,
stabilized by strong nitrogen ligands [15,16]. Compounds of the even
stronger oxidant, Ni(IV) are very rare and unstable. Characteristically, the
spin state of a Ni(II) complex controls its redox properties: the Ni(I) and Ni
(ITI) state are accessible only from the low-spin complexes, while Ni(IV)
complexes can only be obtained from high-spin species [17]. This phenom-
enon is due to Jahn—Teller eftect, which precludes the octahedral geometry
for d-electron configurations of d7 and d9, corresponding to Ni(III) and Ni
(I), respectively.

2.3. Exposures to cadmium

Cd is widespread in the natural environment at low levels, comprising
~1.5x 10 % of the earth’s crust. It accompanies mainly zinc and also
calcium (e.g., otavite, CdCO3) [18,19]. Grenockite, CdS, the most impor-
tant specific Cd mineral, is very rare in nature, and industrial Cd is obtained
as a by-product of refinement of copper and zinc. Cd is not considered to
be essential for life in general. However, an interesting exception is pro-
vided by marine diatoms grown under zinc deficiency. The addition of Cd
(II) can restore growth in these organisms, apparently by taking up key
enzymatic functions of Zn(II), including that in carbonic anhydrase [20,21].
As mentioned above, due to chemical similarities with Ca(Il), Cd(Il) is
sometimes present in limestone soils and often accompanies phosphates.
Several anthropogenic sources of Cd(II) are relevant for the general
population. Large-scale burning of materials containing Cd is one of
them. Energetic coal burning spreads very fine dusts and ashes containing
Cd oxide and inorganic salts over large areas [22]. There is, however, a very
large variation of Cd contents depending on geological origin of the solid
fossil fuel [23]. Municipal solid waste incinerators (MSWI) appear to be
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important sources of Cd enriched fly ash. Their overall emissions are much
smaller, than the energetic ones, but MSWI are often located close to
human settlements [24]. The speciation of Cd in MSWI fly ashes is more
complex, with “hot spots” made of water soluble, and thus readily bioa-
vailable Cd halides and sulfate (CdCl,, CdBr,, and CdSOy,), accompanied
by less bioavailable Cd silicate, oxide, and metallic Cd [25-27]. Further
sources include phosphate fertilizers, which may contain up to 0.01% of
Cd, depending on the geological source of the phosphate [28], and calcium
carbonate used for re-cultivation of acidified soils and waters (however, the
liming process may actually reduce bioavailability of Cd from natural acid
soils [29]). Industrial emissions of Cd are related to its usage in the manu-
facturing of Ni—Cd accumulators, pigments, alloys (addition of Cd lowers
the melting point), and organic polymers (e.g., Cd(II) compounds are used
as stabilizers in plastics such as PVC). Some plants, including tobacco, are
efficient Cd(II) bioaccumulators. As a result, tobacco smoking is perhaps
the most relevant source of Cd exposure to persons not exposed occupa-
tionally [30]. Both first- and second-hand smoke is dangerous, as air
exhaled by a smoker is enriched in Cd [31].

Accumulation in farm animals is strongly organ-specific, with kidney as
a prime target [32]. Doses of Cd at the level of 1-3ug Cd per day
approximately, ingested with food and drink in industrialized areas, such
as EU, are not considered hazardous [33,34]. However, the bioavailability
of food Cd depends on a person’s nutritional status. The intestinal absorp-
tion of Cd, generally proportional to the concentration in the diet, is
reduced, if the nutritional status of zinc, iron, or calcium of a person is
high, and correspondingly, the low general nutritional status of these metals
enhances Cd absorption [34]. A significant consumption of specific foods
may affect both factors. For example, rice accumulates Cd into grain, when
available, but excludes zinc, even when grown on soils rich in zinc.
Consumption of such rice leads to zinc/iron malnutrition and increase of
Cd intestinal absorption and accumulation. On the other hand, the con-
sumption of foods rich in Cd, iron, and zinc, such as seafood, does not
increase Cd absorption [35]. This fact is especially important with respect to
premenopausal women, who commonly have low body iron stores [35].
Recent studies indicate that divalent metal transporter-1 (DMT-1) is
partially, but not exclusively responsible for increased Cd absorption in
the presence of a nutritional deficit of other metal ions transported by
DMT-1 [36].

Occupational exposures to Cd relevant to human health are mainly
of respiratory nature, and are related to mining or manufacturing of bat-
teries and pigments. The average consumption of Cd with tobacco smoke,
~1-3ug of Cd per pack of cigarettes is considered to be of a higher
toxicological importance. The Cd turnover in the human body is slow,
with a biological half-life of ~10-20 or more years, significantly higher in
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women [37,38]. Consequently, Cd tends to accumulate in human body
with age, and heavy smokers accumulate significantly more Cd than non-
smokers [37-39]. Also, the environmental exposure in childhood aggra-
vates the Cd status in adults [40].

2.4. Exposures to nickel

Ni is widespread in the environment at levels generally higher than those of
Cd. It comprises 0.0084% of the Earth’s crust, existing mostly as soluble
salts (sulfate, chloride, etc.) and insoluble compounds (sulfides, oxide).
Major ores of Ni include pentlandite (Fe,Ni)oSg accompanied by other
sulfide minerals, and are excavated, for example, in the world’s largest
deposits in Sudbury in Canada, Norilsk in Russia, and most other mining
sites, except for New Caledonia, where garnierite [hydrous Ni silicate (N,
Mg);3S1,05(OH)] ores are exploited. Higher soil Ni(II) levels are encoun-
tered locally, due to particular geological conditions and in the areas of Ni
ore mining and smelting, such as Sudbury [41].

Ni-containing cofactors are crucial components of several enzymes key
to metabolism of archaeons and anaerobic bacteria, providing redox
chemistry for functions such as energy generation and utilization, akin to
those assumed by copper enzymes in aerobic organisms [14]. Ni is also
essential for legumes, and some other higher plants, and for many species of
aerobic bacteria and fungi. Two Ni(II) ions constitute the active site of
ureases, a unique class of nonredox enzymes breaking down urea to
ammonia, which is an appropriate nitrogen source for plants [42,43].
Apart from this specific usage, Ni(II) is bioaccumulated in some plant
foods such as spinach, cocoa, and nuts [44]. Tobacco also accumulates Ni
(ID).

The literature provides conflicting data on the extent of intestinal
absorption of Ni(Il) salts, from as low, at 1-5% of the dose to as high as
20-25% [45—47]. The nutritional status and mode of administration seem
to be crucial in this respect. The urinary elimination of Ni(II) is rather
rapid—with a half-life of approximately a couple of days [48]. A high
proportion of ingested Ni(Il) is removed from the human body with urine
within several days. Opposite Cd, the retention of Ni is lower in women
than in men, by a factor of 2 [49]. Oral exposure to low doses of Ni(II)
compounds is not considered to be hazardous. This notion is supported by
animal experiments [50]. However, a prolonged elevation of respiratory
cancer risk in retired Ni refinery workers, has been related to continuous
presence of accumulated Ni(IT) in their airways [51,52]. The clearance of
insoluble Ni(II) compounds is about 10 times slower than that of soluble
compounds [53].

Ni is listed in many textbooks as an essential microelement in
humans, on the basis of experiments on animals fed on Ni-deficient
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diets (reviewed in [54]). The lack of specificity of effects observed,
seems to be associated with an absence of any Ni-specific physiological
process in animals, including humans. In contrast, many bacteria,
including the notorious Helicobacter pylori, which causes peptic
ulcers, require Ni(Il) for urease, which is similar to that described
above [55]. The opinion that Ni is required by (not necessarily
beneficial) bacteria inhabiting our digestive tracts, rather than ourselves,
was expressed some time ago [54]. We are not aware of any new
facts that could challenge it. On the contrary, all recent research,
reviewed below, provided evidence for toxic effects of Ni(Il) in
human body.

Major industrial uses of Ni include stainless steel and other alloys.
White Ni alloy with copper (75% Cu, 25% Ni), other Cu-Ni and
Cu—Ni—Zn alloys, and sometimes even pure metallic Ni are used
worldwide for coin production. Other uses of Ni include Ni plating
of corrosion-prone metals, such as iron, manufacturing of Ni—Cd
batteries, and Ni-based catalysts, including those for industrial hydro-
genation processes (such as that of edible oil) and carbon nanoparticle
manufacturing.

Occupational exposure to Ni compounds is mostly respiratory,
similarly to Cd. It is associated with Ni mining and refinement, elec-
troplating, metallurgy of Ni-containing alloys and stainless-steel weld-
ing. Another type of respiratory exposure, affecting the general public,
is due to residual fly ash containing bioavailable Ni(II) compounds [56].
There are two types of such ash. Residual oil fly ash (ROFA) is
generated in the course of combustion of heavier fractions of oil
products in diesel car engines and power plants. Its Ni contents can
be as high as 1.5% [57], and the resulting air level of Ni in large cities
and industrial areas is increased by a factor of 10-20, compared to
suburban areas [58]. Some coal burning electric power plants and
MSWI also emit fly ash containing significant amounts of Ni [59,60].
The presence of Ni in oil and coal reflects its physiological functions in
anaerobic bacteria and plants, respectively. Ni is present in ROFA
predominantly as water-soluble NiSOy,, with varied amounts of inso-
luble salts, including little or no sulfides [57,61]. In contrast, other types
of fly ash contain mainly Ni oxide and sulfides, followed by insoluble
Ni(II) compounds and metallic Ni, and generally little amounts of
NiSO, [60,62]. Ni is bioavailable from ROFA to airways and may be
partially responsible for acute toxic effects of ROFA inhalations, as
determined using experiments on cell lines and laboratory animals
[63—68]. These studies point, however, toward vanadium(IV) and vana-
dium(V) compounds, which always accompany Ni in ROFA, as the
major source of direct oxidative damage to cells, observed as a result of
acute exposure.
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3. HEALTH HAZARDS DUE TO EXPOSURES TO
CApmium AND NicKEL COMPOUNDS

3.1. Health hazards related to cadmium exposure

Nephropathy associated with the characteristic Cd proteinuria is the most
prevalent result of Cd intoxication, observed for all routes and modes of
exposure [69,70]. Acute Cd intoxications are rare and confined to occupa-
tional accidents. Acute respiratory exposure to airborne Cd or Cd oxide
gives symptoms of Cd fever, similar to that of much more common zinc
fever but much more persistent, due to a slow clearance of CdO from the
lung tissue. However, for Cd, such exposure may also result in lung fibrosis,
atherosclerosis of pulmonary arteries, and nephropathy [71]. Acute oral
poisoning may evoke circulatory insufficiency [72]. Major health hazards
of chronic respiratory exposure to Cd include carcinogenesis in respiratory
tract and internal organs, as well as reproductive disorders, such as derange-
ment of spermatogenesis and impairment of hormonal balance [73-75].
Osteoporosis is a very characteristic effect of chronic oral intake of large
doses of soluble Cd compounds, accompanying nephropathy [76,77]. The
itai-itai disease was described in Japan in areas heavily polluted with Cd-
rich industrial waste. This condition affected mostly postmenopausal
women, prone to osteoporosis. Despite a rather weak ability of Cd to
substitute calcium in bones directly, at levels 30-fold lower from those
detected in the liver, significant bone mass loss occurred. This led to the loss
of the bone resistance to weak mechanical stress and multiple recurring
fractures. The mechanism of this process is likely based on the interference
with calcium metabolism in bone remodeling cells—osteoblasts and
osteoclasts [76]. The improved environmental protection makes itai-itai
largely a historical condition. Notably, long-term Japanese studies indicated
that there was no elevation of cancer incidence in populations suftering
long-term exposure to environmental Cd [78].

3.1.1. Cadmium nephropathy

Kidneys are the main and ultimate Cd target in the human body. This
feature of Cd toxicity is seen most clearly in chronic exposures to low levels
of Cd, which are most relevant to the general public. Cd(II) nephrotoxicity
1s observed with no regard to the intake route, be it oral or respiratory. It is
characterized by a specific form of proteinuria, which manifests itself
clinically upon a prolonged duration of exposure, typically of 20 years or
more [79]. Tubular resorption impairment in kidneys results in the appear-
ance of low-molecular-weight proteins and metabolites in urine, while
glomerular dysfunction leads to the leakage of high-molecular-weight
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proteins [79,80]. The proteinuria is generally irreversible, despite of the
cessation of exposure, except for very mild cases. This fact is related to the
very long biological half-life of Cd, mentioned above [37,38]. The renal
abnormalities are accompanied by elevated Cd(II) levels in the kidney
tissue. The element is then also present in urine [80-82].

There is a threshold level for Cd in the renal cortex, above which
tubular damage occurs. The older data indicated the threshold value of
~200-250 ppm [81]. Now the limit has been lowered to ~150-200 ppm
[83]. The levels of Cd in whole blood, kidney, liver, and urine of exposed
subjects are correlated, signifying high mobility of Cd among the compart-
ments of human body. Cd(Il) is transported to kidney as a complex with
metallothionein (MT), a metal ion storage protein. The exchange of this
complex between kidney and liver is thought to be responsible for the
paradoxical lowering of kidney Cd burden along with the progression of
renal dysfunction [84]. There are, however, no epidemiologic data that
would link Cd intoxication with liver disease.

Recent studies indicate that Cd exposure may be linked to diabetic
nephropathy and to diabetes itself. Epidemiology suggests that the body
Cd(IT) burden may exacerbate kidney damage due to diabetes, and diabetes
may aggravate Cd nephropathy. Animal studies confirm these observations
and demonstrate a direct action of Cd(II) on Langerhans islets, resulting in
the pancreatic Cd accumulation and decrease of blood insulin [85]. These
results suggest that Cd toxicity is more widespread and more severe in
broad populations than hitherto estimated.

3.1.2. Reproductive disorders due to cadmium exposure

Exposure to Cd causes reduced male fertility (reduced sperm count and
poor semen quality), disruption of blood—testes barrier (BTB), germ cell
loss, testicular edema, hemorrhage, necrosis, and, eventually, sterility [86].
In women Cd influences oocyte maturation, oocyte pickup and
development of the preimplantation embryo, which have obvious clinical
implications. As mentioned above, tobacco smoke is one of the main
sources of Cd in the human organism. Consequently, the concentration
of Cd(Il) in the follicular fluid of female smokers undergoing in vitro
fertilization was reported to be elevated by 15% compared with nonsmo-
kers [87]. Elevated Cd(I) levels have also been associated with a higher risk
of ectopic pregnancy and with recurrent miscarriages. Cd exposure is also
teratogenic [87].

The reproductive toxicity of Cd(Il) is largely related to its hormone
mimicking activity. Cd binds to estrogen (ER) and androgen receptors.
Opvariectomized female rats exposed to Cd showed increase of the uterus
weight and increased growth of mammary glands. The effects were sup-
pressed by administration of an antiestrogen [88]. In castrated rat males,
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Cd(Il) had an androgenic effect also suppressed by administration of the
antiandrogen. Therefore, the data suggest that Cd is a potent endocrine
disruptor acting via binding to hormone receptors [88]. Recent cell line
experiments also provide evidence for the interference of Cd(II) with ER-
related signal transduction pathways [89].

3.1.3. Cadmium and COPD

Chronic obstructive pulmonary disease (COPD) is a life-threatening
disorder of pandemic proportions, considered as one of the major
global causes of morbidity and mortality [90]. COPD involves small
airways disease, mucus hypersecretion, and chronic bronchitis, which
lead to the progressive impairment of lung function, decrease of air-
flow, and shortness of breath. The disease, clearly associated with
smoking, is likely to have multiple triggering factors, related to the
exposure to environmental pollutants, including metal ions [91]. There
is also evidence for the relationship of COPD with the occupational
exposure to metals [92]. Exposure to Cd, measured by urinary Cd
excretion, has recently been correlated with the severity of pulmonary

function decrease, and there is mounting evidence for the causative
relationship between the Cd exposure and COPD [93,94].

3.1.4. Cadmium carcinogenesis
The World Health Organization’s International Agency for Research
on Cancer (IARC) rates chemical elements and compounds according
to their carcinogenicity. Group 1 includes confirmed human carcino-
gens, and Groups 2A and 2B include substances assigned as probable
and possible carcinogens, respectively. Group 3 contains chemicals
declared noncarcinogenic according to the current state of knowledge
[95]. Cd and its compounds were declared as definitely carcinogenic
(Group 1) in 1993, on the basis of substantial epidemiological evidence
of lung cancer incidence in workers exposed occupationally to
Cd-containing fumes [74]. These data were complemented by the
abundant evidence of pulmonary adenocarcinomas in rats which
inhaled either soluble Cd chloride aerosols or insoluble Cd oxide
fumes [96,97]. Occupational and nonoccupational Cd exposure has
also been implicated in the etiology of transitional cell carcinoma of
the urinary bladder [98,99]. Smoking-related Cd seems to be respon-
sible for most, or even all excess risk of this cancer [100,101]. These
epidemiological studies are supported by cell culture studies, which
demonstrate the ability of Cd(II) ions to directly cause the malignant
transformation of bladder epithelial cells [102].

Weaker, but still accumulating evidence is available for the causative
involvement of Cd in carcinogenesis in several other human organs. While
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epidemiological studies of prostate cancer etiology yielded conflicting
results with respect to Cd [103], animal and cell culture studies support
the involvement of Cd in the development of prostate adenocarcinoma
[96,104—106]. Results of a recent analytical study indicate that the Cd
accumulation does not differentiate the prostatic cancer from the benign
prostatic hyperplasia (BPH), both significantly elevated above the control
level, but suggest that the elevated MT level, observed specifically in BPH
could provide protection against malignancy [107].

The incidence of pancreatic cancers is related to cigarette smoking,
chronic pancreatitis, diabetes, and occupational exposures to toxins and
heavy metals. Cd is represented in the first and the last of these factors, and
has been implicated in the etiology of diabetes and diabetic nephropathy
[85,108]. A significant increase of blood Cd was also recorded in pancreatic
cancer patients [109]. These coincidences warrant further studies within
this research area, which is very important due to the extreme malignancy
and very low survival ratio in pancreatic cancer patients [110].

Renal cancer also seems to be associated with occupational exposure to
Cd [111,112]. The nephropathy develops into kidney cancer rarely, indi-
cating a requirement for additional causative factors for the latter to occur.
Per analogy with prostate, is seems likely that Cd carcinogenesis in kidney
also depends on the intracellular level of MT.

Interestingly, Cd has not been demonstrated directly to cause breast
cancer, in spite of its estrogen-mimicking activity, which seems to pre-
destinate it to such an ability. This striking contradiction has been ascribed
to antiangiogenic properties of Cd(II) [113]. On the other hand, epide-
miological studies indicate an association between the increased incidence
of breast cancer and occupational Cd exposure [114]. Also this area of
research can be expected to grow rapidly, due to the populational signifi-
cance of breast cancer.

Recently, an epidemiological correlation of long-term non-occupa-
tional Cd exposure with a slightly increased risk of endometrial cancer
was demonstrated in postmenopausal women [115]. An association of this
fact with hormone-mimicking Cd activity is very likely.

3.2. Health hazards related to nickel exposure

Health effects exerted by exposure to Ni and its compounds can be sub-
divided into three major groups: acute toxicity related to respiratory or oral
exposure, carcinogenesis in respiratory organs, resulting from chronic
inhalation of Ni compounds, and Ni allergy, related to dermal and oral
exposure. Other health hazards include hard metal asthma, which has a
Ni-specific component [116] and teratogenicity, observed in extreme
industrial exposures, but not pronounced at lower exposures near Ni

refineries [117,118].
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3.2.1. Acute nickel toxicity

Nickel tetracarbonyl [Ni(CO)4] is a Ni compound responsible for the
majority of known cases of acute Ni toxicity. It is a gas formed upon the
direct reaction of CO (carbon monoxide) gas with metallic Ni, used for
obtaining very pure Ni for industrial applications in the Mond process
[119]. Human exposure to Ni(CO), occurs only occupationally, as a result
of rare industrial accidents [120,121]. The immediate symptoms include
respiratory tract irritation and headache, followed by an asymptomatic
period and delayed pulmonary symptoms similar to a pneumonia, accom-
panied by cardiological and cerebral problems. Depending on the dose and
individual susceptibility, the exposures may be deadly, and in the survivors
the long-term neurasthenic syndrome and weakness may last for as long as 6
months [121]. On the other hand, the accidental ingestion of water con-
taining a high concentration of soluble Ni(II) salts by a group of workers
resulted in transient symptoms, largely of gastrointestinal character. No
long-term health problems were detected in this group [122].

3.2.2. Nickel allergy

Ni is the most frequent of all allergens causing allergic contact dermatitis
(ACD) [123]. Consequently, Ni allergy is a worldwide health problem. It
affects one of every six persons on average. Women exhibit hypersensitivity to
Ni four times more frequently than men [124]. This prevalence is currently
thought to result from the frequent childhood exposure of women to Ni-
containing fashion jewelry [125]. The EU acknowledged Ni allergy to be a
major social health problem for European societies and issued a directive
posing limits on Ni release from materials coming into prolonged contact
with skin [126]. In the light of recent epidemiological data indicating the
increase of incidence of Ni hypersensitivity in general population, and parti-
cularly in children in North America, a similar regulation has been proposed
for the United States [127—-129]. ACD to nickel (Ni-ACD) is the most
frequent clinical manifestation of Ni allergy, but general allergic symptoms,
like conjunctivitis, rhinitis, bronchial asthma, or disseminated eczema are also
prevalent. There is no medication available, and the only way to alleviate the
symptoms is to avoid contact with objects made of stainless steel and other
Ni-containing alloys, including tools, door handles, some arts of silver jew-
elry, coins, and many others. Coins in particular are difficult to avoid, and they
are usually made of alloys with high Ni(Il) content. The common name
“Nickel” for the American 5 cent coin made of the typical 75% Cu, 25% Ni
alloy is indicative of a long history of this issue, but it was Euro coins, which
contain the same alloy in their white parts and a 5% Ni alloy in their yellow
parts, that attracted public attention more recently [130,131]. A severe man-
ifestation of Ni allergy has therefore obvious deleterious consequences in life
and work, and there is urgent need for active remedies against this disease.
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3.2.3. Nickel carcinogenesis

Carcinogenicity of Ni was first reported in the occupational context, and
solid medical evidence on incidence of cancer resulting from Ni exposure
remains to be largely associated with workplace exposure [54,132,133].
The first reports regarded rather spectacular cancers of the nasal cavities in
workers employed in a Ni refinery (Mond Nickel Works in Clydach,
Wales), soon to be complemented with lung cancers [134]. The incidence
of malignancies was horrific: 35.5% of employees died of these cancers, as
compared to 1.5% incidence in coal miners [135]. In the light of these
findings, Ni-related cancer of upper and lower airways has been the first
officially recognized occupational disease, in Great Britain and worldwide
[132,133]. The locations of malignancies clearly suggested the inhalatory
route of exposure. Subsequent epidemiological studies confirmed exposure
to airborne Ni(II) compounds as the cause of cancer in chronically exposed
individuals [136,137]. Dusts containing insoluble compounds, mostly
Ni3S,, NiS, and NiO, as well as aerosols of soluble Ni(II) salts bear a risk
of cancer, confirmed by the IARC assignment of these compounds as
confirmed (Group 1) human carcinogens. Metallic Ni dusts are currently
rated as possibly carcinogenic to humans (IARC Group 2B)[132].

There is no single type of tumor resulting from inhalatory Ni(IT)
exposures. A careful histopathological study of a large number of respiratory
tract tumors developed in Ni refinery workers in Wales, Canada, and
Norway indicated a prevalence of squamous cell carcinomas, followed by
a number of other carcinomas, with a small incidence of adenocarcinomas
and several other tumor types [138].

The location of tumors within airways was found to be related to the
size of Ni-containing particles, due to their ability to penetrate the airways.
The largest, millimeter size grains are deposited in the nose and mouth,
while the finest of micrometer and smaller sizes can penetrate all the way
down to the lungs [139].

While causative relations between Ni exposure and other malignancies,
for example, larynx, kidney, prostate, and stomach carcinomas and soft-
tissue sarcomas were suggested, they have not been demonstrated in
humans in a statistically relevant fashion [133]. On the other hand, there
is some evidence for such malignancies in laboratory animals, as reviewed
[54,133]. Ni compounds induce local tumors at virtually all sites of applica-
tion. Water-insoluble sulfides and oxides are more active than soluble salts,
which is due to a rapid clearance of soluble Ni(II) compounds from the site
of application [140,141]. Interestingly, intraperitoneal injections of soluble
Ni(II) acetate resulted in both local and distant tumorigenesis, including
lung tumors in strain A mice and renal cortical adenomas in F344 rats, the
latter, when accompanied by a prolonged administration of sodium barbi-
tal, a cancer promoter [142,143]. Intraperitoneal administration of Ni(II)
acetate in pregnant F344 rats produced pituitary (without barbital) and renal



Recent Advances in Molecular Toxicology of Cadmium and Nickel 99

(with barbital) tumors [144]. As mentioned above, the administration of
soluble Ni(II) salts in drinking water did not yield tumors in experimental
animals [50].

A phenomenon of transgenerational, paternally inherited carcinogenesis
was noted in epidemiological studies of children whose fathers were occu-
pationally exposed to toxic metal mixtures (e.g., welders) [145]. Never-
theless, the direct association of this rare phenomenon with exposure to Ni
specifically, however likely, seems premature at this moment.

Endoprostheses and other implantable surgical devices made of
Ni-containing alloys have been suspected to cause tumors locally due to
Ni leaking by corrosion in body fluids [133,146]. The evidence has not
been ruled conclusive, but convincing enough to assign these implants to
Group 2B by IARC [147]. These alloys have been subsequently phased out
in favor of alloys based on metals considered noncarcinogenic, ceramics, or
materials coated with biocompatible organic polymers.

As mentioned above, general populations are exposed to Ni compounds
in food, tobacco, and urban air. These exposures have not been considered
to pose Ni-specific health hazards, as no direct epidemiological evidence for
such is available. Nevertheless, the combination of facts reviewed briefly
above suggests that such analysis might be worthwhile. In particular, the
chemical forms of Ni in inhaled particulate matter, such as ROFA, are
sufficiently similar to those considered carcinogenic in the occupational
setting. Of course, doses of Ni inhaled occupationally are much higher than
the environmental ones. The levels of total Ni in lung wet tissue were
found to be higher than controls by a factor of 112-5800 in Ni refinery
workers and by a factor of 500 in stainless-steel welders [148,149]. How-
ever, the populations exposed are about as much bigger, and huge differ-
ences in individual susceptibilities to Ni carcinogenicity are evident.
Further studies are definitely required to clarify the issue of environmental
hazard of airborne Ni, but this issue should not be neglected, as stated
already 15 years ago by Canadian Environmental Health Directorate [150].

4, MOLECULAR MECHANISMS OF CADMIUM AND
NICKEL ToxXiCITY

4.1. Molecular mechanisms of cadmium toxicity

The molecular toxicology of Cd is an interplay between extracellular
transport phenomena, which govern the distribution of this metal in the
organism and intracellular interactions, predominantly involving proteins.
The following paragraphs cover three major areas of cellular and molecular
research in this area: MTs and Cd redistribution, mechanisms of Cd
carcinogenesis, and eftects of Cd on cellular junctions.
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4.1.1. Metallothionein and extracellular transport of Cd(ll) ions

Both inhalatory and gastrointestinal ways of exposure to Cd yield, even-
tually, Cd(Il) ions into the bloodstream. Albumin is a major Cd-binding
protein of human serum, capable of simultaneous binding of two Cd(II) ions
[151,152]. Other proteins, including transferrin and oO-2-macroglobulin
were also implicated in blood transport of Cd on the basis of in wvitro
experiments and animal studies [153,154]. These proteins bind Cd(II) ions
with their oxygen and nitrogen donors, despite the preference of Cd(II) ions
for thiol ligands. This is due to a low availability of thiol ligands in the
bloodstream. The resulting binding is in the micromolar affinity range,
enabling facile and rapid (in a minutes to hours timescale) transport of Cd
(II) ions to the liver [155]. Two pathways of further Cd(II) transport are
known. Intracellularly, Cd(Il) spontaneously forms relatively strong com-
plexes with reduced glutathione (GSH, v-Glu—Cys—Gly) [156,157]. The Cd
(GSH), complex is a molecular mimic of glutathione disulfide (GSSG) and is
exported out of the cell along with GSSG, through the ABC transporter
system [158]. In liver, this pathway results in the secretion of Cd into the
bile, and its transter down the digestive tract. This Cd fraction is largely
excreted with the feces, as Cd resorption in the gut is low [159].

An alternative pathway includes the Cd(II) binding to MTs. MTs are a
family of small proteins of ~60 amino acids, very rich in cysteines (20
residues), involved in intracellular storage and buffering of Zn(Il) and Cu(l)
ions [160,161]. There are three major human MTs: MT1, MT2, and MT3.
The former two are expressed in many organs, including the liver and
kidney, MT3 is brain-specific. The Zn(II)-saturated MT contains seven
metal ions, forming two metal—sulfur clusters: Zn;Sy and Zn,S;;. The recent
detailed study on Zn(II) binding to MT2 revealed that the binding is fully
cooperative and stronger for the four-zinc domain, while the three-zinc
domain demonstrates less cooperative and weaker interactions [162].

The Cd(I) binding to MT is nearly isostructural with the Zn(II)
binding, and mixed Zn/Cd forms are known to exist in vivo [163,164].
Cd(II) ions induce expression of MT1 and MT?2 in hepatocytes, so that a
24 h pretreatment with subtoxic Cd doses protects liver from injury due to
a subsequent treatment with a higher dose of Cd(Il) [165,166]. The result-
ing cadmium metallothionein (Cd—MT) is stored in the hepatocyte cytosol,
preventing injury to cellular organelles. Such Cd is not prone to induce
apoptosis or necrosis, but can impair DNA repair (see below) [167]. The
net result of Cd—MT storage is positive anyway, as poor MT expression was
demonstrated to enhance Cd carcinogenesis [168]. It is very interesting to
note that MT expression 1s very highly variable in humans. Differences
between individuals in a given population in hepatic MT expression are
very large, up to a factor of 50 or 100 [169,170]. Genetic variability in the
promoter region of MT2A gene was recently discussed as a possible source
of this effect [170].
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Small portions of liver-bound Cd-MT can be released back to circula-
tion from damaged hepatocytes, upon prolonged exposure, resulting in the
slow decrease of liver Cd burden [77,171]. The tight binding of Cd(II) ions
to MT prevents their unspecific leakage and there is little uptake of Cd-MT
in most tissues. The epithelial cells of the S1 segment of kidney proximal
tubules, however, absorb these complexes, which pass kidney glomeruli
due to their low molecular weight of ~7 kDa. This scenario was considered
to be responsible for Cd nephropathy, and supported by nephrotoxicity
observed in rats receiving transplants of Cd-loaded livers [172]. Studies on
MT-null mice and renal cell culture experiments demonstrated, however,
that CdCl, is much more toxic that Cd-MT in kidney cells [173—175]. The
exact molecular mechanism of Cd nephropathy remains, therefore, to be
elucidated [165].

4.1.2. Cadmium carcinogenesis: oxidative stress and DNA
repair inhibition

As mentioned above, Cd, in the form of Cd(II) compounds, is one of the
most potent metallic carcinogens [74]. Several molecular mechanisms
apparently coexist in Cd carcinogenesis, including oxidative stress, inhibi-
tion of DNA repair and apoptosis, and alterations of gene expression. Also,
some of these mechanisms are more important than others in specific
cell types.

Oxidative stress has been proposed to be a unifying theme, manifesting
itself in other mechanistic trails listed [176]. It is a common feature of metal
carcinogenesis [177]. However, unlike arsenic, Ni, and chromium, the
redox silent Cd is unable to oxidize biomolecules or to catalyze the
formation of reactive intermediates. Therefore, indirect mechanisms must
be involved. Furthermore, Cd is only weakly genotoxic, and typical results
of direct oxidative damage to DNA, such as strand breaks or 8-oxo-dG
formation were detected only at high micromolar levels of intracellular
Cd(II) ions [178,179]. Other mechanisms of Cd carcinogenesis manifest
themselves at much lower Cd exposures, which makes them more relevant
at realistic long-term Cd exposures in humans [180].

Depletion of GSH and (partially interdependent) impairment of mito-
chondrial control of reactive oxygen species (ROS) production seem to be
the most important indirect pathways of oxidative stress induction by Cd.
However, the induction of antioxidant MT [165,166] and activation of
GSH synthesis [179,181] occur very early in response to Cd exposure, and
these effects need to be overcome for the oxidative stress to ensue. The
interplay of these pro- and antioxidative processes appears to be relevant for
apoptosis-related Cd carcinogenesis.

Apoptosis is a frequent result of Cd exposure in cell cultures. Both
caspase-dependent and caspase-independent mechanisms were reported
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[182,183], with oxidative stress as a likely common origin of the process
[184]. This concept is supported by antiapoptotic eftects of antioxidants in
Cd exposure [185]. On the other hand, Cd has been frequently reported to
inhibit apoptosis induced by other toxins, thereby serving as a cocarcinogen
[186,187]. One way to explain this apparent contradiction was provided by
the observation that Cd exposure of RWPE-1 prostate cell cultures resulted
in the selection of a subset of cells, which were apoptosis resistant due to the
elevation of MT content [188]. The prevention of apoptosis is considered
to facilitate accumulation of DNA lesions in surviving cells, leading to
malignant transformation [176]. What is very important, individual
elements of these overall mechanisms may be enhanced or suppressed in
response of various cell types to Cd exposure. For example, testicular
toxicity of Cd in various strains of mice was reported to be independent
of the relative MT contents [189].

Low-level (submicromolar) Cd exposures result in alterations in gene
expression patterns, which are clearly cell type specific [176]. Oxidative
stress and ROS production are implicated in many of these phenomena,
including overexpression of proto-oncogenes, such as ¢-fos, ¢-jun, and others
[190-192], and inhibition of expression of tumor suppressors, such as p53
[188]. More research is required to elucidate the cause—effect patterns
involving these phenomena.

DNA repair inhibition emerges as a major molecular mechanism in Cd
carcinogenesis, explaining the apparent contradiction between weak muta-
genicity and strong cocarcinogenicity of Cd. There are four major DNA
repair systems in mammalian cells: mismatch repair (MMR), nucleotide
excision repair (NER), base excision repair (BER), and recombinational
repair [193]. Cd(II) was reported to aftect the first three [180,194,195]. The
relevance of DNA repair inhibition in carcinogenesis due to a chronic
exposure to Cd is supported by very low, noncytotoxic Cd(II) levels, at
which DNA repair inhibition is observed. There is sufficient evidence to
assume that Cd(I) ions interfere with repair systems on the level of
individual proteins involved, rather than at a DNA lesion site.

With respect to BER, Cd(II) inhibited repair of DNA oxidative
damage products [196,197]. The mechanism of this activity includes
inhibition of several BER proteins, such as OGG1, which repairs
8-oxoguanine lesions [198] or PARP, which orchestrates single strand
break repair [199]. The action on OGG1 appears to be indirect, via Spl
transcription factor, while that on PARP may be direct. Cd(Il) ions
inhibit the first step of the NER system, the incision of the DNA lesion.
Therefore, the XPA protein, an NER repair complex initiator was
proposed to be the prime Cd toxicity target [200]. The MMR inhibition
by Cd(Il) also involves a direct interaction with the repair complex,
resulting in the decrease of ATP consumption by MSHG6 protein,
observed in human cell cultures [201,202].
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The above data for NER and BER are consistent with a concept of zinc
fingers (ZFs) in DNA repair proteins as targets for carcinogenic Cd(II) ions,
as many of the toxic effects described above could be reversed by an
administration of Zn(Il) ions. Section 4.3 presents molecular evidence for
this idea in more detail. Zn(II) administration did not, however, reverse the
inhibition of MHS6 exerted by Cd(II) ions, suggesting that the MMR
pathway of Cd toxicology involves oxygen, rather than sulfur-binding sites.

4.1.3. Effects of Cd(Il) on cellular junctions

While Cd primarily damages kidney, the metal is also known to readily
assault vascular endothelium [203]. The focal point of Cd toxicity toward
these two targets is the interaction of the Cd(II) ions with cell adhesion
molecules, which form cell—cell or cell-matrix junctions. In this respect,
the most important junctions include adhering junctions and tight junctions
[zonula occludens (ZO)] [204].

Adhering junction is a complex of transmembrane proteins—cadherins,
whose intracellular domains form links with catenin scaffolding proteins,
which, in turn, are physically linked with cellular skeleton proteins.
Cadherins are single-span transmembrane proteins, responsible for cal-
cium-dependent cell-cell adhesion. They can transfer information intracel-
lularly through o~ and B-catenins and the actin skeleton [205]. B-catenin
has a double function, it is both a structural protein and a transcription
factor. It participates in the Wnt signaling pathway (controlling embryo-
genesis and involved in human carcinogenesis) via TCF/LEF proteins
[205,206]. B-catenin trans-activates genes stimulating cell proliferation
(like ¢-myc) and also genes protecting from apoptosis (e.g., Abcb1) [206]
and therefore may be involved in the malignant transformation.

Tight junctions comprise occludins, claudines, JAMs (junctional adhe-
sion molecules), and ZO proteins. They form a complex serving as a semi-
permeable barrier to the paracellular transport of ions, solutes, water, and
cells (e.g., leukocytes). Tight junctions provide a barrier dividing the apical
domains of plasma membranes from their basolateral parts [207].

It has been reported that in vascular and kidney epithelium Cd disrupts
the cadherin-dependent cell junctions. It is believed that Cd(IT) binds at the
Ca(II)-binding domain, thereby disorganizing the whole adhering junction
complex. The molecular details of this instance of calcium/Cd antagonism
are not known. This action has a twofold effect: not only the cellular
attachment loosens, but also the B-catenin molecule translocates to the
nucleus where it exerts its gene-regulatory properties [204,206]. In kidney,
the disruption of cellular junctions takes place both in the proximal tubule
and in vasculature [204]. It has been also reported that expression of
the endothelium-specific claudin-5 in tight junctions was irregular and
diminished in the glomeruli and small blood vessels of the kidneys from
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Cd-treated rats [204]. Therefore, Cd(Il) clearly influences at least two types
of cell—cell junctions.

Due to its junction disrupting properties, Cd exerts a direct antiangio-
genic effect on vascular epithelium by redistributing vascular E-cadherin
from cell—cell contacts and disabling the migration and tube formation of
endothelial cells [208]. This fact leads to the suggestion that under certain
conditions, Cd may have an anticarcinogenic effect by preventing
formation of blood vessels feeding the growing tumor [203,208].

Cd toxicity to other organs may also be attributed to the Cd capacity to
disrupt cell—cell junctions in the vascular endothelium. For example, in
lungs the earliest stages of Cd-induced pulmonary injury involve the
disruption of the alveolar septum and the leakage of fluid and solutes into
the alveoli. This observation is in accordance with the fact that Cd, via
disruption of cellular junctions, increases the endothelial permeability

[203].

4.2. Molecular mechanisms of nickel toxicity

The studies of molecular mechanisms in Ni toxicology are virtually limited
to two major Ni-dependent pathologies: allergy and carcinogenesis.
Current views on these mechanisms are presented in respective sections
below.

4.2.1. Molecular mechanisms in nickel allergy

Ni allergy is a T-cell-controlled disease [209]. The allergic reaction is a
result of skin surface penetration by Ni, which results in the induction of
cellular immune response. In this chapter we focus on those molecular
events of Ni allergy that involve Ni(Il) ions directly. Other important
molecular aspects of immune system response to Ni exposure have been
reviewed recently [210,211].

The allergenic potential of a Ni-containing material depends on its
ability to deliver Ni(II) ions. The oxidation of metallic Ni to Ni(II) occurs
in human sweat with a sufficient rate to elicit allergic reaction, while NiO
particles, which do not dissolve in sweat, are not allergenic [130,131,212].
The translocation of Ni through the outer layers of skin occurs in the form
of Ni(II) ions, most likely bound to proteins. Human serum albumin (HSA)
is considered as a likely main Ni(II) shuttle, due to its high abundance and
mobility in skin [213]. This protein contains a specific Ni(II) binding site at
its Asp—Ala—His— N-terminal sequence [214-216]. Recently, another skin
protein, filaggrin (FLG), has been implicated in Ni(II) binding in the skin.
This large protein is necessary for the process of skin cornification, which
provides a barrier preventing epidermal water loss and penetration by
infectious agents, toxins, and allergens [217]. A decrease of expression or
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loss-of-function mutations in FLG gene are seen in a large proportion of
atopic dermatitis individuals, including those suffering from Ni allergy. In
addition to a general barrier function, FLG 1s considered to provide Ni(II)-
specific defense by chelating Ni(Il) ions [218,219]. A role of recently
discovered FLG2 in Ni allergy remains to be investigated [220)].

Upon skin penetration, Ni(Il) ions induce hyperreactivity by activating
human leucocyte antigen (HLA)-restricted, Ni-specific T cells. There is
evidence for two concurrent mechanisms of initiation of immune response
by Ni(II) [221]. Some T cells can react to HLA-associated peptidic deter-
minants which include bound Ni(Il). This mechanism is similar to the
standard presentation of organic haptens, except for the fact that Ni(II) ions
do not form strong, covalent bonds with presenting peptides. Instead, much
more labile coordination bonds are formed. Another mechanism requires a
permanent presence of surplus Ni(Il) in the medium for activation, inde-
pendent of peptides presented. These cells seem to be activated by Ni(IT)
complexation at TCR-MHC (T cell receptor—major histocompatibility
complex) contact sites, which add strength to the TCR-MHC binding.
HSA is a likely, but confirmed only in vitro, donor of Ni(Il) to such
complexes [213,221]. Histidine residues in surface peptides have been
implicated in Ni(II) binding in these more or less putative complexes
[221-223].

Despite these developments, the chemical nature of Ni(Il) interactions
with T cells remains largely unknown. The allergic cross-reactivity
between Ni(II) and Pd(II) has been noted [224,225]. This fact suggests
that active Ni(Il) complexes are square-planar, rather than octahedral,
because Pd(II) complexes are always square-planar [10]. Very recently, it
was demonstrated that NiSOy triggers monocyte activation in a way that
includes changes of cell surface thiols [226]. A hypothetical Ni(Il)-thiol
complex would also be square-planar [227]. Furthermore, experiments in
mice suggested that Ni(II) compounds can activate T cells, but are unable
to prime the naive ones. The latter effect could be obtained by using
preformed Ni(III) or Ni(IV) peptide complexes or by coadministration of
Ni(II) with H,O, [228,229]. All these pieces of evidence point at the
involvement of redox active planar Ni(Il) species in the mechanism of Ni
allergy [177,230].

The ability of some metal ions to hydrolyze peptides was mentioned as
potentially contributing to abnormal antigen processing, and thereby elicit-
ing allergic response. However, no data were presented in support of this
idea [231]. In this context, it is very interesting to note that Ni(II) ions are
able to hydrolyze specific His-containing sequences, in vitro as well as
intracellularly, yielding redox-active square-planar Ni(II) complexes
[232-235]. Another interesting line of research stems from the epidemio-
logical observation that a prolonged childhood contact with Ni-releasing
orthodontic braces prior to ear piercing decreases incidence of Ni allergy.
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Reversing this order of events, however, provides no protection [236,237].
Once sensitized, a patient can develop skin symptoms upon oral challenge
with Ni(II) compounds [238]. The dose-dependent development of oral
tolerance to Ni(II) was confirmed recently in an animal study, which
showed that only mice challenged with NiCl, orally had specific Ni(II)-
reactive regulatory T cells [239]. These data suggest the presence of specific
chelation of Ni(Il) somewhere in the digestive tract that results in a “safe”
presentation of Ni(I) to the immune system. One can clearly state that
despite significant progress, very much remains to be discovered with
respect to molecular mechanisms in early stages of Ni allergy. Such
knowledge is prerequisite for the development of Ni allergy medication.

4.2.2. Molecular mechanisms in nickel carcinogenesis

As presented above, Ni carcinogenicity depends on the water solubility of
its compound. Insoluble, particulate Ni(II) compounds are stronger carci-
nogens than soluble compounds in both epidemiological and experimental
animal studies. However, there is abundant evidence that soluble Ni(Il) is
the actual ultimate carcinogen for both types of compounds (for review, see
[54,133,177,240]). The difference in health hazards is primarily due to the
resistance of insoluble compounds to clearance from the site of exposure in
the body. For example, NiO yields Ni lung burdens with persistence up to
1000-fold higher than NiSO, [241]. Furthermore, particles of Ni(II) com-
pounds of dimensions smaller than 5 um can cross the cell membrane by
phagocytosis, delivering very high amounts of Ni in the vicinity of cell
nucleus [242-244]. The toxicity of Ni delivered this way depends on
the efficiency of mobilization of Ni(Il) ions by dissolution in lysosomes
[243-246]. A very recent study demonstrated higher toxicity of NiO
nanoparticles, compared to both fine (micrometer size) NiO particles and
soluble NiCl, in cell lines [247]. This property can be assigned to a
combination of efficient particle delivery with fast intracellular dissolution
of small particles. By the way, this finding is the early sign of an emerging
problem of nanoparticle toxicity.

Another, much slower way of delivering Ni(II) intracellularly is through
DMT-1, which exhibits a broad metal ion specificity, and participates in
Cd(IT) transport as well [36,248,249]. This transport mode yields substantial
amounts of cytosolic Ni(Il), but particulate Ni(II) compounds, dissolved
intracellularly were found to deliver a higher proportion of Ni(II) into the
cell nucleus [243,245]. A nonspecific diffusion through the cell membrane
was also proposed [250]. The latter mechanism, however, seems to be less
likely in vivo, except for the digestive tract.

Many molecular mechanisms were proposed for Ni(II) carcinogenesis,
and the relative importance of these mechanisms is far from being under-
stood. Ni(II) has been considered to be a source of ROS in the cell nucleus,
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with concomitant procarcinogenic DNA damage [177,251]. Indeed, the
pattern of DNA damage in cells exposed to Ni(II) resembles that of ionizing
radiation, which suggests the involvement of Ni(II)-generated ROS [252].
Even more importantly, G — T transversions, mutations typical for oxida-
tive damage, were found in both experimental renal tumors induced by
Ni;S,, and in human lung cancers associated with Ni exposure [253,254].
However, the mutagenicity of Ni(Il) compounds is very low in many
experimental systems, at odds with their high ability to induce neoplastic
transformation [240,255]. Several concepts were raised to overcome this
apparent discrepancy. Cell line studies provided more or less stringent
evidence for epigenetic mechanisms of Ni carcinogenesis. A unifying
epigenetic concept has been proposed recently, which combines several
hitherto separate molecular tracks [240]. Ni(Il) exposure leads to alterations
of acetylation, methylation, and ubiquitylation of core histones, which may
be associated with silencing of tumor suppressor and other cell cycle control
genes [256-261]. Ni(I) ions are also able to damage histone H2A directly,
by hydrolytic truncation of the C-terminal H2A octapeptide [234]. The
presence of such truncated H2A in cultured cells resulted in an altered
pattern of expression of cancer-related genes [262].

Ni(II) ions disturb intracellular redox control by depleting cellular
stores of glutathione and ascorbate [263—-267]. The latter event leads to
the accumulation of Fe(IIl) in the cells. Finally, Ni(Il)-exposed cells
suffer from hypoxia, which is common to fast-growing tumors
[268,269]. The latter state facilitates selection of neoplastic phenotype
that can escape apoptosis. This preconditioning may be combined with a
weak, but present mutagenic ability of Ni(II) to complete carcinogenic
transformation [240].

An order of these events may also be different for specific carcinogens.
For example, Ni;S, dissolution is biphasic. The first, rapid phase is
associated with high redox activity and may lead to the DNA damage,
while the second, slow phase of Ni(II) release may elicit epigenetic damage
[270].

The above phenomena result from exposures of cells to high levels of
intracellular Ni(II), most likely to be induced by phagocytosis of Ni sulfides
or oxide. However, low, noncytotoxic Ni(II) levels may also cause DNA
damage and neoplastic transformation. At low concentrations, Ni(Il) ions
strongly enhance mutagenicity of other carcinogens, by inhibiting DNA
repair [193]. Such synergy of Ni(II) with mutagenic carcinogens, including
UV irradiation, N-methyl-N-nitrosourea and benzo[a]pyrene was demon-
strated in cell line experiments [271-273]. Ni(II) was demonstrated to
inhibit the XPA protein, which enables the formation of the NER complex
[274]. This cocarcinogenic mechanism can also very well explain the
discrepancy between the low mutagenicity and the high carcinogenicity
of Ni(Il) compounds.
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It seems that exposure to Ni(Il) can induce many concurrent intracel-
lular processes. Their relative relevance is likely to depend strongly on the
type of tissue and cells affected. This general notion was formulated
previously in the context of various strains of mice [270]. It is also valid
on the most elementary molecular level. For example, the ability of Ni(Il)
to deplete GSH depended strongly on the cell line type [263-266]. Also,
the efficiency of the direct attack of Ni(II) on histone H2A was cell type
specific [234]. To elucidate these and other basic mechanisms of Ni(Il)
interactions inside the cell one needs to find out about molecular forms of
its presence. Taking into account the intracellular abundance of potential
low- and high-molecular-weight ligands for Ni(II), which can be estimated
as higher than 20 mM, hypothetical free Ni*" aqua ions may only exist
temporarily at the moment of dissolution of a particle. Studies using
molecular models, aided by species distribution calculations suggest that
essential metabolites, ATP and histidine, as well as histones may bind the
majority of Ni(I) ions in the cell nucleus [232,233,275-278]. These data
indicate another direction of future research, linking basic metabolism of
particular cell types with their susceptibility to Ni(II)-induced carcinogen-
esis. A clear protective effect of Mg(Il) ions and other essential divalent
metals against Ni;S, carcinogenesis seems to fall into the same category
[133,279].

4.3. Interactions with zinc fingers—a common target for
cadmium and nickel

ZF domains are one of the most abundant families of protein motifs in the
eukaryotic genome, comprising at least 3% of identified human proteins
[280]. Their functions include the binding and recognition of nucleic acids
and formation of multiprotein complexes [281,282]. Typical ZF domains
contain one or two Zn(II) ions bonded tetrahedrally in Cys,His,, Cys;His,
or Cysy environments, and ZF proteins contain from one to more than 20
individual ZF units [283]. Zn(II) does not participate in interactions of ZF,
but secures their structure, so that zinc release results in the loss of the ZF
function [284]. ZF are targets for oxidizing agents, and cellular toxicity of
reactive oxygen and nitrogen species is attributed in part to oxidation of
zinc-binding thiol groups in ZF [284,285]. ZF were also proposed to be
targeted by toxic metals, including Ni(II) and Cd(II). This issue is particu-
larly interesting, because it provides a unifying mechanistic concept for
carcinogenesis related to DNA repair inhibition [286]. Indeed, several
DNA repair proteins, which are susceptible to inhibition by carcinogenic
metals, contain ZF domains [194,286]. ZF is a dual target for a toxic metal
ion, because its function can be compromised by metal-metal substitution
as well as by metal-catalyzed oxidation of zinc-binding thiols. Ni(Il) ions
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form weaker complexes with all kinds of ZF than Zn(Il) ions [227,287—
289]. Nevertheless, they were demonstrated to substitute for Zn(II) in Cys,
and Cys,His, ZF at a sufficient molar excess [227,290]. This substitution
results in an alteration of ZF structure, because of the nontetrahedral
geometry of the binding site, imposed by the Ni(Il) ion [227,287,288].
Moreover, Ni(II) ions were shown to facilitate disulfide bridge formation
and zinc release from XPAzf, a ZF peptide derived from the XPA DNA
repair protein [227]. The relative affinity of Cd(Il) ions to ZF versus Zn(II)
ions increases with the number of Cys residues in the ZF-binding site [291].
It is lower for Cys,His, ZF [289-293]. On the other hand, Cys, ZF
preferentially bind Cd(II) ions [287,294]. The binding in the latter ZF is
nearly isostructural, as demonstrated for XPAzf [295,296]. Oppositely to
the Ni(Il) finger, Cd(II)-substituted XPAzf was much more resistant to
oxidation than the parent Zn(II) complex [294]. These facts suggest that the
ZF-based mechanisms of Ni and Cd toxicity may be different. Ni(I) ions
can assault ZF domains directly, or indirectly by eliciting oxidative damage.
Cd(Il) ions can impair physiological redox control of ZF activity, by
protecting it when inhibition would be desired, for example, in gene
transcription regulation [284].

The yet unsolved issue of the molecular mechanism of Cd(II) xenoes-
trogenicity is also related to ZF interactions. The estrogen-mimicking
activity of Cd(II) ions, mentioned in Section 3.1.2, appears to be largely
due to their direct interaction with the the O-subtype of estrogen receptor
(ER@). Its DNA-binding domain (DBD) and ligand-binding domain
(LBD) are two potential binding sites for Cd(Il). DBD is a dimeric ZF
structure, and its apo-form was demonstrated to reconstitute in the
presence of Cd(II) ions. The resulting complex retained DNA-binding
properties of the native domain [297]. However, a Zn(II)/Cd(lI) competi-
tion was not studied. LBD contains four Cys residues which were not seen
to form disulfide bonds in crystal structures [298]. The issue of Cd(II)
binding to these cysteines remains however, to be elucidated [299-301].
Notably, the Zn(Il) ions were found not to bind to LBD, but the Ni(II)
ions were found to do so with a high affinity [299].

5. SUMMARY

Toxic properties of Cd and Ni are usually discussed separately, due to
their obvious differences in chemical properties (such as ionic radii), pre-
ferred geometries of complexes with bioligands, and redox properties.
However, the awareness of health hazards related to exposure to their
compounds appears to be generally low. Therefore, we chose to describe
these two elements together, in one chapter. Nevertheless, as described



110 Ewa Kurowska and Wojciech Bal

above, Cd and Ni share some toxicologically relevant features. They are
increasingly present in the human environment due to their joint techno-
logical usage, such as Ni—Cd batteries. They are coemitted in fly ash
generated in coal power plants and municipal waste incinerators and are
simultaneously present in the tobacco smoke. As a result, they share the
respiratory route of human exposure. The main difference between expo-
sures to Cd and Ni is due to the different levels at which toxic eftects are
induced. The lower presence of Cd in the earth’s crust corresponds to its
higher toxicity, compared to Ni.

Further similarities between Cd and Ni can be noticed in their fate in
the human body. Both Cd(II) and Ni(II) ions are taken up in the digestive
tract via DMT-1, distributed in the blood by albumin and finally delivered
to liver. A crucial difference in toxic properties between Cd(II) and Ni(II)
ions results from the ability of Cd(II) (and inability of Ni(II)) to induce MT
synthesis in hepatocytes. This difterence is probably due to the distinct
geometric requirements of thiolate complexes: Cd(II) readily forms a
tetrahedral structure, while Ni(II) strongly prefers a square-planar geometry
of the complex. The long term accumulation of Cd within the human body
and Cd nephrotoxicity appear to be the distant consequence of this differ-
ence in its geometric requirements. In contrast, some data, reviewed above,
seem to indicate that the preference of Ni(II) to form planar complexes
containing sulfur atoms may be partially responsible for the Ni allergy.
Despite these differences, both Cd(Il) and Ni(II) were shown to deplete
intracellular glutathione and elicit oxidative stress, which is likely relevant
in their carcinogenesis.

DNA repair inhibition is a yet another common area of Cd and Ni
toxicity. Subcellular and molecular studies indicate that both these metals
may actually target the same ZF domains in repair complex components.
However, specific mechanisms of this interference differ on the molecular
level, as Ni(Il) destroys ZF structures, while Cd(II) appears to stabilize
them, in comparison to the native Zn(II) ion.

The above presented data provide a reason for research on the effects of
joint exposures to Cd(II) and Ni(Il). The combination of analogies and
discrepancies of their molecular properties, discussed briefly above, makes
them potentially synergic toxins, properties of which need to be investi-
gated in order to provide a better protection for humans exposed.
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1. INTRODUCTION

Oxidative damage to nucleic acids occurs at the nucleobase and at the
sugar-phosphate backbone. While base damage dominates in frequency,
the attack of oxidants at sugars in the nucleic acid backbone often leads to
strand breaks which ultimately leave gaps or nicks that carry modified or
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“dirty” ends. When the damage is focused on the 2'-deoxyribose compo-
nent of DNA, hydrogen atoms are abstracted from one of the five unique
carbons of the pentose ring to deliver a highly reactive radical intermediate.
Due to the fact that each radical is chemically unique, the majority of
degradation products formed from each intermediate are characteristic of
the radical that preceded it [1-3] (Figure 1). The level of oxygen present,
the amount of reducing equivalents available, and the extracellular pH all
influence the nature and distribution of products formed [4]. These para-
meters must all be taken into consideration when the outcome of in vivo
oxidative damage to DNA is to be predicted.

Another important factor, which should be considered when attempt-
ing to make such predictions, is the identity of the oxidant. One of the most
significant species to consider when discussing DNA oxidants is the hydro-
xyl radical. This reactive oxygen species is produced endogenously through
cellular metabolism, at higher levels under conditions of oxidative stress, as
a part of chronic inflammation and as a major outcome of the exposure of
cells to ionizing radiation. The hydroxyl radical is small, highly diffusible,
extremely reactive, and capable of hydrogen atom abstraction at any
position of 2'-deoxyribose. When it has completed this task, it loses its
oxidizing abilities. Other entities of significance to toxicology that partici-
pate in nucleic acid oxidation are much more complex and may have the
capacity to carry out other reactions with DNA radicals in addition to
oxidation. These include, but are not limited to, pharmaceutical agents and
environmental toxins. Many of these compounds are not rendered inactive
through reduction and have the ability to participate in oxidation,
conjugation, or electron transfer processes with radical intermediates.
These conversions can influence the ultimate fate of the initially formed
sugar radical in DNA.

It is clear however that irrespective of the oxidant, the initial reactive
intermediate formed upon abstraction of a hydrogen atom from the
2'_deoxyribose moiety of a nucleotide is a sugar radical. From a chemical
perspective, these are all carbon-centered radicals whose reactivity is highly
influenced by, among other factors, 0~ and B-substitution. The C1’-radical
(1) is a N-glycosyl radical whose reactivity may be sequence dependent due
to its direct attachment to the nucleobase; however, this has yet to be
fully demonstrated. The C2'- and C4'-radicals (2, 4) are both
B-phosphatoxyalkyl species, one of which (4) has been demonstrated to
easily undergo B-elimination leading to prompt strand breaks [5]. Radical 4
is chemically distinct from the analogous C2'-radical (2) due to the fact that
it is also an o-oxy radical whereas the C2’-radical is not o-oxy but
B-glycosidic. The remaining reactive intermediates, the C3'- and
C5'-radicals (3, 5), are both o-phosphatoxyalkyl radicals with 3 being
tertiary and 5 being secondary and in very close proximity to the nucleo-
base. Even though each of the 2'-deoxyribose radicals in DNA is
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chemically distinct, some generalities remain as follows: (1) In the absence
of oxygen or at very low oxygen concentrations, the initially formed
radicals are subject to reduction by cellular thiols. (2) Each of these radicals
reacts with oxygen at or near diffusion-controlled rates delivering peroxyl
radicals, which are also subject to reduction by the same cellular thiols.

Extensive studies have been performed that have significantly increased
our understanding of the mechanism and fate of the oxidative damage of
nucleic acids. The majority of these studies have employed systems which
photochemically generate radical intermediates, site specifically, in nucleic
acids at defined locations, making the determination of the fate of the
radical intermediate less ambiguous [6,7]. These systems revealed their
value in the elucidation of oxidative mechanisms in simple DNA systems
and DNA—protein complexes [8]. This is significant considering the fact
that oxidative damage to DNA, within cells, occurs when proteins are
attempting to protect DNA from mechanical and chemical assault or
carrying out their duties during replication, transcription, repair, etc. In
any case, proteins are in close proximity, altering the structure of DNA
frequently and its environment dramatically. Alterations in DNA structure
can lead to intramolecular hydrogen atom abstraction events and the for-
mation of DNA damage products not seen in normal B-form DNA [9]. In
addition, the ability of oxygen to reach radical sites may be limited, making
aerobic degradation a less likely pathway. The same may be true of redu-
cing equivalents that are not found within the bound protein. These factors
can significantly alter the mechanism and fate of oxidative damage in DNA
as compared to that found in the noncomplexed nucleic acid.

Another factor, which may significantly alter the outcome of oxidative
damage mechanisms, is the cellular environment in which the sugar radical is
formed. When DNA is present at sites of disease such as in the tumor
microenvironment, normal physiological conditions can be significantly
altered. It has long been known that in the tumor microenvironment, the
availability of oxygen and reducing equivalents is cyclic and the pH of the
extracellular compartment is low [10]. As mentioned above, sugar radicals
react with oxygen, when available, to deliver peroxyl radicals, which undergo
reaction with reducing agents. When reducing equivalents are not in abun-
dance, peroxyl radicals can find other sources of hydrogen atoms through
intra- or interstrand hydrogen atom abstraction in DNA or the release of
superoxide. When hydroperoxides are produced, they may participate in
rearrangements or degradation pathways, which are strongly dependent
upon pH. The outcome of these rearrangements is the formation of strand
breaks, which form nicks or gaps in DNA, which in turn possess modified
ends. These modified ends may be released as small molecules if not repaired.
The genotoxicity of oxidative damage depends to some degree on the
reactivity of these small molecules. Their reactivity toward the nucleobases
of DNA can cause the formation of DNA adducts which may be mutagenic.
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2. THE C1’-RADICAL

The C1'-radical (1) is an N-glycosyl radical that is trapped by a
hydrogen atom from one of two faces of the sugar to deliver the distinctly
different isomeric nucleosides 6 and 7. When reduction by thiols occurs
from the o-face, repair of the initially formed radical delivers the
B-nucleoside 6. Repair from the P-face leads to “pseudorepair” and
formation of O-nucleoside 7 (Scheme 1).

When DNA was exposed to gamma radiation under anoxic conditions,
O-adenosine was determined to be a primary damage product [11]. In
ssDNA and dsDNA of the same sequence, Greenberg ef al. demonstrated
through the site-specific generation of 2-deoxyuridin-1-yl (1), using a
photocleavable radical precursor that both - and B-2-deoxyuridine deri-
vatives are obtained upon reduction with B-mercaptoethanol (BME), with
the natural nucleoside dominating (4:1 ssDNA, 6:1 dsDNA, and 3:2 in the
monomer) [12]. With rates of trapping of ~1.8 + 0.6 x 10° M™" 57! in
dsDNA and <4 x 10° M~ ' s in ssDNA, this reduction, which leads to
chemical repair as well as a premutagenic lesion, can compete with oxygen
trapping.

In addition to reduction products, the C1’-radical, under anaerobic
conditions, is also responsible for the creation of small amounts of the
2-deoxyribonolactone lesion (9, Scheme 2). This lesion, which is the
hallmark of C1’-oxidation, is produced in greater abundance in the
presence of oxygen [13,14]. Various aspects of the generation and fate of
1 have been extensively reviewed elsewhere and will not be covered here
[5,6]; however, a few points are relevant to this review. One significant
point about 1 that makes it different from several of the other sugar radicals
is the reactivity of the hydroperoxide formed upon oxygen trapping.
Through competition experiments it was determined that peroxyl radical
14 undergoes release of superoxide at a rate that inhibits the formation of
the corresponding hydroperoxide. Upon the release of superoxide from 14,
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a carbocation forms, which subsequently reacts with surrounding water
to deliver ribonolactone 9 [15]. Under physiological conditions of
temperature and pH, 9 has a half-life of ~20h in ssDNA and 32-54 h in
dsDNA depending upon the opposing base [16]. This makes the formation
of strand breaks resulting from the ribonolactone lesion a very slow process.
In cases where enzymatic repair is hindered, strand breaks may occur
through B-elimination producing a Michael acceptor, which is in turn
reactive toward nitrogen and sulfur nucleophiles [15,17]. Lesion 10 can
undergo a second elimination which releases a small sugar-derived
fragment, 5-methylene-2-furanone (12). This small molecule is a strong
electrophile, which has the capacity to react with a variety of cellular
nucleophiles.

3. THE C2’-RADICAL

C2'-oxidation occurs through the abstraction of either the 2'a- or
B-H of a 2’-deoxyribose moiety in DNA. Radical intermediate 2 has been
generated by ~y-radiolysis of DNA [18] and through the abstraction of
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either of the 2’-hydrogens by the photochemically generated 5-uridinyl
radical [8]. As this reactive intermediate is a B-phosphatoxyalkyl radical,
it is expected that rapid B-phosphate elimination occurs under anoxic
conditions to deliver a highly reactive radical cation that participates in
electron transfer processes. To date this aspect of the reactivity of the
C2'-radical has not been fully validated. Reduction of 2 by cellular
thiols from either face of the nucleoside delivers the same substrate, so
issues of stereochemical scrambling do not exist with this reactive
intermediate.

Through trapping of the C2'-radical with oxygen, isomeric o,3-2'-
peroxyl radicals are formed (Scheme 3). The ratio of these radicals
and/or their degradation products is strongly influenced by the geo-
metry of the sugar at the time of radical generation. This has been
proven by analysis of the decomposition products observed to result
from 2 when it is formed under conditions that promote the stabiliza-
tion of DNA in different conformations [8]. For example, as noted in
Scheme 3, when 2 is generated in Z-form DNA, the primary product
is ribonucleotide 17 [19,20]. When the same radical is generated in
B-form DNA, the major products of degradation are formed
through base release, with concomitant formation of an erythrose abasic
site 18. Lesion 18 is stable with a halt-life of 3h in 0.1 M NaOH at
37°C [21].
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4, THE C3’-RADICAL

Formal hydrogen atom abstraction at the C3'-carbon of 2'-deoxyribose
in DNA produces the o-phosphatoxyalkyl radical 3 (Scheme 4). The decom-
position of 3 has been investigated through its site-specific generation using a
photocleavable radical precursor [22]. It was determined using this system that
when oxygen concentration is low or oxygen is absent altogether, sponta-
neous strand scission is the result. Barton reported similar results upon the
generation of 3, using Rh-phenanthrenequinone diimine complexes [23,24].

In our laboratory we have shown that in the presence of thiols, strand
breaks compete with radical reduction [25], resulting in the chemical repair
of the nucleoside delivering the natural 2'-deoxyribose moiety or
“pseudorepair” to 2-deoxyxylose containing oligomers. When 3 is gener-
ated in the presence of physiological concentrations of glutathione (GSH)
[~6 mM], a 1:1 ratio of oligomers 6 and 20 is obtained. DNA oligomers
containing 2-deoxyxylose-derived nucleosides have been shown to signifi-
cantly destabilize DNA duplexes [26] in an additive fashion [27,28].

Under aerobic conditions, trapping of 3 also occurs from both faces of
the nucleoside forming isomeric nucleoside peroxyl radicals 21a and b
(Scheme 5). We determined, through extensive chromatographic and
mass spectral analysis, that the major products observed in the degradation
of 3 under aerobic conditions are 13 and 11 [29]. These products are likely
the result of the formation and subsequent degradation of 3’-oxonucleoside
23. In addition to 23, several other lesions were also observed, which can
be traced back to intramolecular hydrogen atom abstraction events at the
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C4'- and C5'-positions within the same oligonucleotide strand in ssDNA.
These outcomes indicate the decreased reactivity of 21a and b toward GSH.
Without reduction, the peroxyl radicals can undergo other reactions such as
superoxide release or intramolecular hydrogen atom abstraction to produce
22, 23, and 25. Compound 24 is the expected product of the aerobic
degradation of 3. Superoxide release from 21a or b would result in cation
formation, which upon solvolysis delivers lesion 23. This is a plausible but yet
to be confirmed mechanism for the formation of these products.

5. THE C4/-RADICAL

The C4'-radical is fascinating in that it is B-phosphatoxyalkyl (relative to
two phosphate groups). This unique position in the sugar moiety of DNA 1is
reflected in the complexity of its degradation pathway. Under conditions
of limited oxygen availability, spontaneous strand breaks occur upon
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C4'-oxidation via B-phosphate elimination to generate a highly reactive radical
cation (Scheme 6) [30]. Thiol trapping competes with this process to chemi-
cally repair/“pseudorepair” the radical, delivering the natural nucleoside 6 and
the unnatural 2-deoxy-R-r-threo-pentofuranosyl nucleoside isomer 27
(Scheme 7) [30]. In ssDNA, chemical repair is nonselective, producing 6 and
27 in equal quantities. When the DNA is double stranded, reduction is much
more selective, chemically repairing the radical to its natural state in an 8:1 ratio.

Another lesion which has been shown to form as a result of C4’-oxidation
is 30 (Scheme 8). The lesion, a 2-deoxypentos-4-ulose derivative, results
from the oxidation of the initially formed radical and ultimately leads to the
loss of the nucleobase. The stability of the subsequent lesion was found to be
comparatively low having a half-life of 8-26h at physiological pH and
temperature [31,32].

At physiological concentrations of oxygen and reducing equivalents,
reduction is only a minor competitor with isomeric peroxyl radical produc-
tion. These radicals are then converted to hydroperoxides which rearrange
to the C4'-associated 3’-phosphoglycolate (3'-PG) residue (25) [33] and
base propenal (32) [34] (Scheme 9). The phosphoglycolate lesion is highly
stable and is formed as a result of the oxidation of DNA by ionizing
radiation, bleomycin, and peroxynitrite, among others.
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6. THE C5-RADICAL

Finally, the position of the C5'-radical (5) relative to the nucleobase
of DNA renders its reactivity toward the heterocyclic nucleic acid moieties
very distinct as compared to the four other positions. When oxygen is low
and the number of reducing equivalents is minimal, this radical whether
generated from pro-R or pro-S hydrogen atom abstraction results in
cyclization at the C8 of purine bases to deliver the bulky cycloA and
cycloG adducts (33 and 34) shown in Scheme 10 [35]. Due to the forma-
tion of two damage sites, that is, at the sugar and the base in the same
nucleotide, the formation of 33 and/or 34 in a DNA oligomer is consid-
ered to be a tandem lesion. The rate constant for this cyclization has been
determined to be 1.0 x 10° and 1.6 x 10°, respectively, for dA and dG
indicating that trapping by GSH at physiological concentrations likely
competes with cyclization. In nucleoside monomers, the rate of trappin
of 5 by cysteine and GSH was found to be 2.1 x 10" and 4.9 x 10,
respectively [36]. The rate of trapping in DNA oligomers however remains
to be evaluated.
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Reaction of 5 with oxygen, as is the case with all other sugar radicals, is
at diffusion-controlled rates (~2 x10”). The resulting peroxyl radical (35)
has been postulated to decompose via two different pathways, delivering
either a 5'-aldehyde 22 [37] or a 5'-(2-phosphoryl-1,4-dioxobutane) (37)
[38,39] residue at the point of radical formation (Scheme 11). In the case
of strand breaks, which result in 5'-aldehyde formation, the 5'-oligomer
carries a 3'-phosphate (13), while 5'-(2-phosphoryl-1,4-dioxobutane)
(37)-associated breaks carry a formyl modification (38) on the 5'-oligomer.
These differences in product distribution often depend upon the nature of
the oxidant. For example, it has been observed that in the presence of
manganese porphyrin compounds [1] (oligonucleotides) under anaerobic
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conditions, the production of the aldehyde lesion predominates. Also, in
the presence of oxygen, the 5'-aldehyde is the predominant lesion [1].

Oxidative damage of DNA involves a highly complex set of events,
which only begins with the attack of a reactive oxidant. When the 2-
deoxy-ribose moieties of DNA are the target of cellular oxidants, sugar
radicals are formed which undergo chemical “repair/isomerization” with
cellular thiols or react with oxygen. When the latter ensues, lesions result in
the form of base loss or formation of gaps and nicks, which are associated
with modified ends that may or may not be repaired within the time span of
their lifetimes. Even when strand breaks do not result, these lesions can
cause distortion in the DNA helix. A great deal of the biological effects
observed as a result of lesion formation such as the inhibition of gene
expression, interference with transcription and mutagenesis can be related
to this feature. In the next sections we will explore the consequences of
sugar-derived oxidatively generated DNA lesions.

7. THE FATE OF ANAEROBIC RADICAL DAMAGE
PRODUCTS

Normal human cells experience oxygen levels at or near arterial levels
(~100 mm Hg) to average tissue levels (~40 mm Hg). In the microenvir-
onment of a tumor, this can change drastically dropping to anoxic levels
(<0.1% O,) [40]. In such situations, anaerobic damage pathways dominate
due to the lack of available oxygen for radical trapping. In addition, this
hypoxic environment is also believed to make changes in the proteome,
which lead to elevated levels of H-donors in the form of GSH and protein
thiols. It is under these conditions that the substrates in Figure 2 are likely to
form.
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Figure 2 “Inverted”nucleic acids in DNA.
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8. "INVERTED" NUCLEIC AcCIDS

a-Deoxyribonucleotides have not been extensively studied with the
exception of (-adenosine. As mentioned above, when DNA was exposed
to gamma radiation under anoxic conditions, O-2-deoxyadenosine was
determined to be a primary damage product. This modified nucleoside
was also found to be promutagenic [41]. Oligomers containing 7 block
replication moderately and generate single nucleotide deletions in vivo. In
addition to the incorporation of the correct nucleoside opposite the lesion,
dC and dA are also incorporated [42]. In M13 vectors, exclusively single
nucleotide deletions are observed [43]. 0-2-Deoxyadenosine is repaired by
the nucleotide excision repair pathway and found not to be a substrate for
base excision repair glycosylases [44—46]. Human Apel incises duplex
DNA at both 0-dA and 0-dT in a glycosylase independent manner,
creating a nick at the 5'-side of the base leaving proper ends for DNA
synthesis, a 3’-hydroxyl and a 5'-phosphate terminus.

The formation of 0-deoxynucleosides is strongly dependent upon the
existence of hypoxic conditions. It has been postulated that the confine-
ment of oxidative metabolism to the mitochondria of eukaryotic cells
[47,48], along with the presence of a repair pathway for o-nucleosides,
indicates a possible biological significance of these lesions. The structural
consequences of the formation of 7 and related substrates have been
evaluated through thermal denaturation [49] and NMR solution studies
[50]. In 9-mer duplexes it was determined that inversion of configuration at
the glycosidic carbon of a single dA does not disturb stacking of the
nucleobase in the DNA helix or pairing with the conical T. This stability
appears to be sequence dependent, however, as decamer duplexes contain-
ing 0-dA exhibited slightly lower stability [48]. NMR studies reveal the
presence of a wide minor groove in duplexes containing O--dA similar to
that seen in duplexes containing abasic residues [51,52]. As these lesions are
recognized and repaired by human Apel, the same enzyme responsible for
the repair of abasic sites, it is believed that this structural feature plays a role
in damage recognition of 0t-nucleosides.

Nucleic acids with inversion of configuration at the C3'- and C4'-
positions have received limited attention. The majority of the investigations
into 20 (Scheme 4) have centered on the change in sugar pucker exerted on
the nucleoside by the altered configuration at C3'. This altered configura-
tion was considered advantageous for use of these substrates in antisense
technology [53]. It has been determined by several groups through thermal
denaturation experiments that the incorporation of a single xylo nucleoside
(e.g., 20) into a DNA duplex has a significant destabilizing effect [26—28].
The reduction product of the 4’-radical, a threo nucleic acid, 27 (Scheme
6), was shown to transiently block DNA pol I (Klenow fragment) on
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damaged templates [54]. Stereochemical inversion at the 4’-position of the
sugar did not impair base pairing; however, polymerization was still inter-
rupted. These studies indicate that backbone distortions created by such
conformation changes may have an effect on DNA replication. Studies
remain to be performed to determine the level of occurrence of all three of
these lesions under physiological conditions.

9. 8,5-CYCLOPURINE-2-DEOXYNUCLEOSIDES

An excellent review by Dizdaroglu appeared recently concerning the
formation and repair of 8,5-cyclopurine-2-deoxynucleosides [35]. Several
of these damage lesions were found to form in cells exposed to ionizing
radiation [55] as well as in the DNA of primary keratinocytes and fibroblasts
obtained from XP complementation group C (XP-C) patients, who have
been exposed to low doses of ionizing radiation [56]. In addition, the S
isomer of 8,5-cyclo-2-deoxyadenosine (33) was found to be significantly
elevated in the stroma of women, between the ages of 32—-46, whose
incidence of breast cancer is significantly higher. The presence of cyclo-
purine lesions in diseases in which cancer incidence is higher indicates its
role in mutagenesis and carcinogenesis. These lesions are repaired by the
nucleotide excision repair pathway; however, when this fails, their accu-
mulation leads to transcriptional mutagenesis and carcinogenesis. Lesion 33
was found to block transcription and DNA polymerases including the
bypass polymerase M [35]. As is the case with the “inverted” nucleosides
discussed above, lesions 33 and 34 have an excessively distorting effect on
the structure of the DINA helix. Local distortion is seen at 33 and 34, with
increased bond lengths from C2' to C5 due to the formation of the
covalent bond between the sugar and the base [57]. This causes the sugar
pucker and the bond angles at this nucleoside to diverge significantly from
those of a normal 2-deoxyadenosine [58]. The required rotation of the base
around the N-glycosidic bond to form the covalent bond with the C5’
weakens hydrogen bonding at the adenosine causing helix distortion [59].
This combination of structural abnormalities can have a significant impact
on the processing of these lesions [60].

10. THE FATE OF AEROBIC DAMAGE PRODUCTS

When sugar radicals are generated in DNA, without the interception of
reducing agents, the result is often a single-strand break. In the presence of
oxygen, nucleic acid peroxyl radicals result. It is the fate of these peroxyl
radicals that becomes of interest when investigating the toxic outcomes of
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oxidative damage to DNA under aerobic conditions. It has been shown that,
at least in the case of the C1’-[14] and likely the C3/-peroxyl radicals [29],
superoxide is released to generate a carbocation, which dictates some of the
products derived from the original radical. Due to the high reactivity of
peroxyl radicals, transfer of damage to the bases or other sugars within close
proximity in the same nucleic acid strand through hydrogen atom abstraction
is also observed causing tandem and cluster lesion formation. This type of
damage is believed to be particularly difficult for DNA repair systems to
reverse [61,62]. Radical degradation usually occurs with base loss and is often
accompanied with strand cleavage. When strand breaks occur, oligonucleo-
tide fragments are produced which are terminated with small highly oxyge-
nated and often electrophilic fragments. These breaks form at high rates or
very slowly depending upon the originating radical. We will look at the fate
of the lesions, which are formed upon aerobic degradation of sugar radicals.

10.1. Strand breaks

When the sugar moiety of DNA degrades via a peroxyl radical, oxygen atoms
are incorporated either from molecular oxygen found in the cell or from water
molecules found in the aqueous environment. This leads normally to the
formation of modified end groups that are electrophilic. These lesions are
usually part of nicks in the nucleic acid strand because the original sugar is not
completely degraded and the phosphate group of either one or both unmo-
dified nucleotides at the damage site is maintained. From the point of view of
repair, this is a rather complicated single-strand break to repair, depending
upon the modifying group. These chemically diverse functional groups block
the work of DNA polymerases and ligases as these enzymes require a
5'-phosphate and a 3'-hydroxyl functionality for gap filling and ligation.
Due to their electrophilic nature, they can react with the side chains of
amino acids or nucleobases to form protein—-DNA or DNA-DNA cross-
links. If repair is slow or inefficient, several of these lesions can also hydrolyze,
delivering small electrophilic sugar fragments which themselves react with the
nucleobases and side chains of amino acids. The consequences of formation of
several of these fragments will be discussed below.

11. 3’-PHOSPHATE (3'-P)

Many agents, which oxidatively damage DNA, generate breaks in the
nucleic acid strand leaving behind phosphate groups on both the 3/~ and 5'-
oligomers. As mentioned above, the removal of the 3'-phosphate is
required for repair of the strand break while the 5'-phosphate is needed
by ligases. Cells conveniently possess an enzyme, which has 3'-phosphatase
activity to remove the 3'-phosphate group and convert it to the required
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3/-hydroxyl terminus. This enzyme, in humans, polynucleotide kinase
(hPNK), also possesses 5'-kinase activity to facilitate the introduction of a
5’'-phosphate moiety at DNA strand breaks when it is required for repair
[63]. Interestingly, many damaging agents as well as repair pathways
involved in the formation of breaks with 3’-phosphate termini; therefore,
PNKSs become a vital part of the repair of single-strand breaks in DINA.

12. 3'-PHOSPHOGLYCOLALDEHYDE

The complex mixture of oxidation products generated through
3’-oxidation under aerobic conditions in ssDNA is not unique. Many of
the reactive intermediates formed during the process of oxidative damage
degrade via several pathways leading to several modified oligonucleotide
products, nucleobases, and sugar fragments. The C3'-radical is a key exam-
ple. One of the products derived through this process is 3’-phosphoglycol-
aldehyde (3-PGA). Due to the complex mixture of products obtained from
this radical species, it cannot be stated with certainty; however mechanisti-
cally, it can be assumed that a gap is created upon 3’-PGA formation
accompanied by a 5'-phosphate residue. To date there have been no
systematic studies reported on the repair of 24 in human systems. Demple
and coworkers used the 3'-PGA fragment as a model system to determine the
enzymes in yeast [64] and Escherichia coli [65] responsible for the removal of
modified end groups such as 24 and 25 (see below). The same synthetically
obtained oligonucleotides were used for the identification of 3'-esterases in
human cells [66]. Two class II AP endonucleases and repair diesterases
were determined to convert these 3'-PGA-containing oligomers to
3’-OH-terminated oligonucleotides. These are class II AP endonucleases,
endonuclease IV from E. coli and Apnl from Saccharomyces Cerevisiae, and
exonuclease III from E. coli and Apn2 from S. cerevisiae as well as Apel from
humans. Apel has, however, a very low level of 3'-phosphatase activity.

In the purification of human Apel from HeLa cells, Demple ef al. used the
above assay to determine enzyme activity by monitoring the release of radio-
actively labeled 2-phosphoglycolaldehyde [67]. Interestingly, over a decade
later Dedon and coworkers determined that 2—phosph0§lycolaldehyde (39)
reacts with dG and DNA to form the diastereomeric 1,N"-glyoxal adducts of
dG, 3-(2-deoxy-B-p-erythro-pentofuransyl)-6,7-dihydro-6,7-dihydroxyimi-
dazo-[1,2-a]purine-9(3H)-one (41) [68] (Scheme 12). This DNA adduct is
also a product of the direct action of the known mutagen glyoxal [69,70]. The
reaction was determined to occur much slower than that of dG with glyoxal;
however, it is not clear if changes in cellular conditions such as those found in
the tumor microenvironment may change this reactivity. Through sensitive
and specific analytical techniques, Dedon ef al. were able to detect the forma-
tion of 39 in 1solated DNA and cells exposed to ionizing radiation [71,72].
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13. 3’-PHOSPHOGLYCOLATE

When a single nucleotide gap is created in a DNA strand upon
C4'-oxidation under aerobic conditions through ionizing radiation or
the action of one of several pharmaceutical agents, it carries a 3'-PG end
group (25) and a 5'-phosphate residue. The 5'-residue is required for
further processing by polymerases and ligases; however, the 3'-PG residue
must be trimmed to give the necessary 3’-hydroxyl. This can be accom-
plished by the base excision repair (BER) enzyme APE-1 at single-strand
breaks [73,74]; more recently, it was also reported that this lesion can be
processed by the single strand break (SSB) repair enzyme aprataxin [75].
3’-PG at double-strand breaks has been discovered to present a much
more complex picture. Because 3’-PG has been found to be a primary
lesion formed in cells exposed to ionizing radiation, it is logical to assume
that it will be formed at sites of double-strand breaks and complex lesions.
In addition, the formation of 3'-PG as a product of the highly complex
mixture of 3’-oxidation products makes the elucidation of its repair out-
side simple strand breaks important. Enzymes outside BER have been
identified to process 25 in several cases of double-strand breaks; however,
the nature of the break and sequence context appear to have quite an
effect on lesion repair. The enzymes that have been identified to be
involved are human tyrosyl-DNA phosphodiesterase (hTdp1) [76] and
Artemis nuclease along with DNA-dependent protein kinase [77]. There
is no true consensus on the mechanism of repair of this lesion and further
studies are warranted.

14. 3'-KETONE

The 3'-keto- or 3/-oxo-nucleoside-terminated oligomer 23 is one
component of the complex mixture of damage fragments generated upon
3’-oxidation under aerobic conditions in ssDNA (Scheme 13). Preliminary
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results from our laboratory indicate, just as proposed by Stubbe several
decades ago [78], that this compound is also the determining intermediate
in the anaerobic degradation of the 3/-radical. In addition to the formation
of 23 as the direct result of 3’-oxidation, both the Sugiyama and Greenberg
groups have observed this labile fragment as the result of 5-uridinyl radical
formation [79,80]. Work of Sugiyama indicates that 23 is relatively unstable
in water at 0 °C with a half-life of 48 h. This suggests that under physio-
logical conditions of pH and temperature, the lesion is expected to possess
considerable instability. Lesion 23 decomposes by the elimination of the
nucleobase to deliver unsaturated ketone 42, which undergoes a second
elimination of a 3’-phosphate to yield furanone 43. There have been no
studies on the repair of this lesion either in vivo or in vitro.

15. 5'-ALDEHYDE

The 5'-aldehyde (5'A), produced by 5'-oxidation under aerobic con-
ditions, represents a strand break, which does not carry a 5'-phosphate;
however the nucleobase remains intact. To the knowledge of the author,
the repair pathway of 22 is not known. It has been demonstrated that 22
degrades through liberation of a 5'-phosphorylated oligomer (11) to give
an unsaturated substrate (44), which undergoes aromatization via base
elimination to form furfural [81,82] (45, Scheme 14). It has been further
shown that 45 reacts with adenine residues in DNA to generate the
N°-furfuryladenine adduct [83]. This adduct undergoes deglycosidation to
deliver an abasic site (46) and kinetin (47) (Scheme 15). Compound 47 is an
experimental chemotherapeutic as well as a kinase inhibitor and induces
redifferentiation in human leukemia cells [84].

The 5'-(2-phosphoryl-1,4-dioxobutane) lesion, which is also a product
of 5’'-oxidation, is a biselectrophile that was shown through independent
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generation of the lesion via photochemical means to form DNA-DNA
cross-links [85]. Two structures in equilibrium constitute the lesion, a
cyclic and an open chain form, and can undergo B-elimination of a 5'-
phosphorylated oligomer to give cis-2-butene-1,4-dial (48), a known
metabolite of furan (Scheme 16) [86]. This metabolite also forms adducts
with DNA bases offering another avenue of endogenous oxidative damage.
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16. OXIDATIVELY GENERATED ABASIC LESIONS

Several degradation pathways of sugar radicals in DNA do not lead to
prompt strand breaks. Instead, the lesions that are generated constitute
relatively stable oligonucleotides, which are devoid of the respective
nucleobases due to base elimination. These lesions include the ribonolac-
tone lesion 9, the erythrose abasic site 18, and the 2-deoxypentos-4-ulose
abasic site 30 (Figure 3). Due to the extensive coverage of the consequences
of the formation of 9 in other reviews, it will not be discussed here [5,6].
The erythrose abasic site 18 was described by the Greenberg group to
observe the “A-rule” in primer extension studies, showing preference for
insertion of dA opposite the damage lesion when the Klenow fragment is
employed [87]. These findings indicate that this abasic site behaves with
great similarity to the traditional abasic lesions formed by spontaneous base
loss in DNA. While 4’-lesion 30 also adheres to the “A-rule,” it induces
three-nucleotide deletions under SOS conditions [88]. This was attributed
to structural differences in the abasic site, which are not found in related
lesions. These data represent examples of a larger body of work involving a
variety of abasic sites. The results indicate that structural variations at abasic
sites can affect the interactions of these lesions with DNA polymerases. This
is significant in that this information can provide insight into the means by
which polymerases handle each of these structurally distinct lesions. In the
case of 2/-lesion 18, it was shown that both Endo IV and Exo III are capable
of its processing, however, much less efficiently than other abasic lesions
[87]. Lesion 18 is also not a substrate for Exo II, while 30 is effectively
processed by this type II repair enzyme [89]. Lesion 30 is a substrate for
Endo III and IV as well as Exo III. One of the most interesting cluster
lesions seen to date arises from the cross-link formed between lesion 30 and
dA or dC in the opposing strand. This lesion exists in a dioxo form, which
readily undergoes elimination when catalyzed by a nearby adenine or other
available bases. The resulting alkene then forms an adduct with the above-
mentioned nucleobases creating a nick and a cross-link at adjacent sites [90].

RO-P-O RO-P-O RO-P-O
o O 0 o OH o O OH
; N HO ;
Q o © Q
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OR OR OR
9 18 30

Figure 3 Oxidatively generated abasic lesions.
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This lesion is handled by the nucleotide excision repair pathway and
appears to result in the generation of double-strand breaks when repaired
by UvrABC [91].

17. ApbpucTS DERIVED FROM 2'-DEOXYRIBOSE
DAMAGE LESIONS

Several DNA adducts which are derived from oxidatively generated
sugar fragments have been introduced heretofore during this discussion.
These include the experimental chemotherapeutic, kinetin (47), and the 1,
N’-glyoxal adducts of dG, 3-(2-deoxy-B-p-erythro-pentofuransyl)-6,7-
dihydro-6,7-dihydroxyimidazo-[1,2-a]purine-9(3H)-one ~ (41).  These
adducts are the result of the formation of the reactive electrophiles furfural
(45) and glyoxal (40) formed via the C5'- and C3'-radicals, respectively
[36,37,68,83] (Figure 4). Even though these small molecules are reactive,
they selectively form adducts with specific nucleobases with greater pre-
valence. In the case of furfural, adenine adducts are formed exclusively [92]
and with glyoxal (40), guanine is the primary target [69]. Nucleic acid
adducts formed from oxidative damage products are an aspect of the
genotoxicity of oxidative damage to DNA, which has been considered
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Figure 4 DNA adducts derived from 2’'-deoxyribose oxidation.



Fate of DNA Sugar Radicals 149

only marginally in the role that oxidative stress plays in disease
development.

Another significant adduct which belongs to this group is the pyrimido
[1,2-a]purin-10-(3H)one nucleoside (M;G) (50) derived from deoxygua-
nosine. This adduct results from the conjugation of dG by the base prope-
nals (32) which are formed during C4’-radical decomposition [34]. Base
propenals are mutagenic, a property that is likely related to their ability to
form DNA adducts [93]. The actual mechanism of formation is not known;
however, MG, which is also formed from a prevalent product of lipid
peroxidation, namely malondialdehyde [94], is believed to be a significant
contributor to the effects of oxidative damage. Additionally, base adducts
have been identified which are the result of the adduction of dC, dA, and
dG by a second 5'-oxidation product, cis-1,4-butenedial (48) [95,96].
These adducts were identified in varying amounts in DNA exposed to
agents from various classes capable of 2’-deoxyribose oxidation. In addition
to these adducts, this lesion has also demonstrated its ability to form
interstrand DNA cross-links [97].

Several other DNA damage lesions have demonstrated reactivity
toward simple nitrogen and sulfur nucleophiles. In the case of ribono-
lactone lesion 9, both Sheppard [15] and Greenberg [16] showed that
the secondary amines piperidine and dimethylethylene-diamine as well
as the thiol BME react with the B-elimination product of the lactone to
give relatively stable adducts. Even though this type of reactivity toward
the nucleobases of DNA has not been demonstrated to date, it is not
definite that these types of reactions do not occur. In addition, the cross-
linking, which is manifested through the interaction of several of these
lesions with repair proteins, indicates the willingness of these substrates
to participate in conjugation reactions under physiological conditions
[98]. Lesion 43 has also been shown to react readily with sulfur nucleo-
philes [99]. Initial experiments in our laboratory indicate that lactone 43
reacts readily with dC to deliver several adducts. The 1,4-dicarbonyl-
containing lesion 30 resulting from C4’-oxidation also reacts readily
with simple amines [100].

18. SUMMARY

The catalog of DNA damage lesions which result from the oxidation
of the 2'-deoxyribose moiety in DNA is large and steadily growing as we
continue to utilize traditional and developing techniques to ponder old
questions and to tackle new ones. With the identification of the lesions,
which arise from sugar oxidation, we can now begin to understand their
participation in further chemical reactions, their repair pathways, and their
toxicity. We have only begun to scratch to surface of the complex pathways
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by which these events may affect the interactions of DNA damage lesions
with the enzymes responsible for their processing or the adduction of the
same to form cross-links and protein adducts. Even though we have
answered many questions about the formation of radicals in DNA by
oxidants, issues still remain in this arena. The effect of sequence on the
outcome of lesion formation or the eftect of protein binding on the fate of
the radical remains to be more thoroughly investigated.
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1. INTRODUCTION

Since the discovery of nitric oxide’s (NO) role in vasodilation
(which was mistakenly considered as a direct effect of acetylcholine
at that time) in the early 1980s by Furchgott and coworkers [1],
NO has demonstrated involvement in nearly every aspect of tumor
biology [2—4]. In tumor cells, NO can increase proliferation,
adhesion, and migration. Moreover, NO promotes angiogenesis
and regulates the activity of different matrix proteins [5]. Chronic
elevated expressions of proinflammatory biomarkers [i.e., cyclooxy-
genase (COX)-2] in a number of cancers have shown its influence
on tumor progression and represent mechanisms and pathways
that are deleterious to the patient. Although the biological responses
to NO are multifaceted and appear contradictory at times, the
concentration-dependent responses clarify discrepancies and point
to a simpler model. Therefore, many of the dichotomous responses
to NO can be explained in terms of its concentration and duration
profiles. Many of the differential cellular responses may be simply
a function of the concentration (dose) and duration of exposure,
so that distinct biological responses result from specific incremental
NO levels. NO is a diffusible gas whose biological concentration is
determined partly by its distance from the point of synthesis and
partly by the cellular redox environment as discussed below.

There are three major isoforms of nitric oxide synthase (NOS)
which are responsible for the conversion of arginine to citrulline
and NO [6]. The constitutive forms NOS1 and NOS3 regulate
physiological functions and are calcium dependent. However,
NOS3 (or eNOS) can be phosphorylated, becoming calcium
independent providing a low flux of prolonged NO at nanomolar
concentrations. This is important in processes such as angiogen-
esis (blood wvessel formation). The inducible NOS, NOS2 (or
iNOS) is generally associated with inflammation [7]. Though it can
be expressed constitutively in lung and kidney regulating some
physiological functions [8,9], it is primarily related to inflammation
where this isoform has received much attention with respect to
cancer [2,10]. Despite these wvast differences in behavior, the
effector molecule NO and its related chemistry play critical roles in
every tissue, in both physiological and pathophysiological processes.
The diversity of this biological activity is due to its unique chemistry
[2,11].
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2. DIRECT AND INDIRECT EFFECTS OF THE CHEMISTRY
ofF NO

The chemistry involved with the chemical biology of NO occurs in
two different types of reactions, direct and indirect [12]. The direct reac-
tions are where NO directly reacts with biological target molecules, includ-
ing metals and highly reactive radicals (Figures 1 and 2). In contrast, the
indirect effects require that NO reacts with oxygen or superoxide to
generate reactive nitrogen species (RNS), which subsequently react with
different biomacromolecules and alter their downstream functions. The
indirect mechanism can be further subdivided into nitrosative and oxidative
stress [13]. Nitrosative stress implies the addition of a nitrosonium [NO™]
equivalent to a thiol or secondary amine or hydroxyl groups. Reactive

NO
”~ N
Direct reaction Indirect reaction
Molecular targets Oxygen/superoxide
Metals l
Reactive radicals Reactive nitrogen species

Nitrosative stress
Oxidative stress

Figure 1 Direct and indirect reactions of NO.

NO

Y 0, 0,
(lipid) (aqueous)
NO NO J
ONOO™ =——————p NO, — N,0;
metalloprotein
H,0,

- Oxidation Nitrosation
N02 . . . R
nitration (nitrosative stress)
(oxidative stress)

Figure 2 The chemistry of direct and indirect reactions of NO.
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oxygen species (ROS) (OH radical, O5) such as those produced by the
Fenton reaction are most often associated with oxidative stress. N,O5 is the
primary initiator of nitrosative stress and can generate nitrosamines as well
as S-nitrosothiols. Though ONOO™ is a powerful oxidant, it is rapidly
converted to NO, which is the primary oxidant and can lead to lipid
oxidation and create products such as 4-hydroxynonenal that can alter
DNA, as well as induce signal transduction cascades [14,15]. However,
the chemistry of NO, and other oxidants formed from peroxynitrite are
extremely limited in the presence of NO due to their near-diffusion-
controlled reaction with NO [16]. Thus, it was anticipated that high NO
levels such as those experienced by an activated macrophage or hepatocyte
would lead to nitrosative or oxidative stress.

3. THE CHEMISTRY OF NITRIC OXIDES AND REACTIVE
NITROGEN AND OXYGEN SPECIES

The primary determinant for the role of NO, the ROS, and the RNS
are their chemical components and the surrounding redox environment.
Interactions of ROS and NO could result in a number of RNS that can
aftect different biological pathways. The predominant result of ROS and
NO is the rapid conversion of NO to nitrite/nitrate which represents a
mechanism to reduce the bioavailability of NO [egs. (1-9)]. However, the
interaction of NO and O, produces the reactive species ONOO™ suggest-
ing potential powerful oxidants may form [egs. (3 and 4)]. Conversely, O,
quenches peroxynitrite-mediated oxidation and nitration indicating that
direct peroxynitrite chemistry has a limited role (10) [17,18].

NO — reacts with biological target (1)

NO + O, — ONOO~ 2)

ONOO™ + CO, — CO,ONOO™ (3)
CO, — OONO™ — [CO; - - - NO,|™ 4)
[COs - - - NOs| ™ — oxidants — NO,~ + CO, (5)

NO + [CO; - - - NO,]~ — NO, + CO2~ (6)
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NO, + NO — N,O; (7)

N,Oj; — nitrosation (8)

N,O; + H,O — 2HNO; (9)

20,” +[CO; - - NOy|” — NO, + CO#~ (10)

However, NO, generated from this reaction can oxidize and nitrate
substrates as well as nitrosate proteins via N>Oj [eqs. (6-9)] [19,20]. NO,
and N,O; induce heme oxygenase (HO)-1 and IL-8 in monocytes [21]
implying that RNS has anti-inflammatory properties and stimulates
proliferation. Nitrosation by N>Oj can activate latent TGFP [22] which
downregulates type 2 inflaimmation. Despite the potential deleterious
effects of RNS, the biological signaling has been adapted to these reactive
intermediates that are utilized as feedback mechanisms to downregulate the
inflammatory response, promote wound healing, and restore tissue. The
RNS-mediated cellular responses indicate that there are biological alarm
systems as well as feedback loops that are important in understanding
NO response in vivo.

4. NITRIC OXIDE AND INFLAMMATION

Inflammation is associated with numerous cancers at every stage of
the disease [7]. Moreover, one third of all cancers are thought to have
arisen from previous inflammatory conditions [23] while inflammation
is proposed to drive some cancers to more aggressive phenotypes [2].
Two key mediators of inflammation, NOS2 and COX-2, are associated
with cancer progression and poor prognosis in several tumor types [10,
24]. Inflammation can be classified into acute and chronic. Though the
temporal profiles differ, there are common mechanisms though with
different timescales and amplitudes of the biological response. One of
the best examples of the acute inflammation response is the major tissue
restoration processes that occur after ischemia reperfusion injury, while
classic examples of chronic inflammation include ulcerative colitis [25]
or neurological degeneration diseases such as Alzheimer’s disease [26].
In the case of cancer, it has been likened to a wound that does not heal
[27-29] (Figure 3). Solid tumors utilize aspects of both acute and
chronic inflammation.
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Figure 3 NO and inflammation. Inflammation is associated with numerous cancers
at every stage of the disease and is proposed to drive some cancers to more aggressive
phenotypes. Unlike pathogen infection or ischemia reperfusion, cancer-related
inflammation can initiate a cancer loop (red arrows) and keep the TH1-polarized M1
macrophage at bay, thus preventing the M1 to M2 transformation. Such cancer loop
would evade the normal wound healing initiation and benefit cancer growth.

5. THE Two FACES OoF NO IN CANCER

NO and inflammation have been associated with increased genotoxi-
city and tumor progression as well as antitumor activity. In the early 1980s
it was found that nitrite increased in ill human patients [30]. Both in vitro
and in vivo assays exhibited increased levels of nitrosamines during inflam-
mation [31,32]. In addition, it was shown that NO and resulting inter-
mediates could increase genotoxicity by inhibiting DNA repair [33]. These
studies bridged the gaps between NOS, inflammation, and cancer.

In the mid-1990s, two studies overexpressing NOS2 in colon tumor
cells showed increased tumorigenicity and aggressiveness while increased
NOS2 expression in melanoma showed decreases in these two attributes
[34-39]. These findings indicated that NOS, NO, and RNS are playing
multiple roles that could result in different phenotypes.
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6. INFLAMMATORY MOLECULES, NOS2, AND COX-2
IN PATIENT OUTCOME

Although NOS2 correlates with good prognosis in ovarian [40]
and lung cancers [41], epidemiological studies suggest that elevated
NOS is associated with poor prognosis in other cancers [42—45].
Many studies suggest that elevated NOS2 is linked to poorer prognosis
in breast [46], colon [3], gastric [47—49], esophageal [50], prostate [51],
melanoma [52,53], cervical [43], squamous cell carcinoma [54], hepa-
tocellular carcinoma [55], and leukemia [56] cancers. These studies
often concluded that there is a link to the inflammation biomarkers.
These findings suggest that NOS2 and COX-2 play a role in chronic
inflammation in the resistance to conventional cancer treatment that
leads to a more aggressive phenotype.

7. MECHANISM OF NO IN CANCER

Not only it is a multifactorial disease, cancer is also a multifaceted
disease that progresses in different stages over decades. It is not a single
disease but rather over 256 different types, which share the common
characteristic of uncontrolled growth, that is, tissue that has lost normal
growth control. These diseases are further complicated for even when
they share similar genotypes, they may have different prognoses. For
example, breast cancer can be characterized into several types. One
distinction is the estrogen status or the presence of estrogen receptor
(ER)o, which can be further divided into five distinct subtypes which
give different prognoses [57]. Another difficulty in curing cancer is that
there are subpopulations of cells within a solid tumor that escape
conventional treatment and have developed resistance that leads to
the failure of therapy. This illustrates the complexity of this disease
and since there is no magic bullet, there is an urge to devise multi-
pathway therapies that target different mechanisms in addition to the
cytotoxic agents. In addition, there is a need for developing persona-
lized treatment for individual patients. It is becoming clear from whole
genome transcript profiling that there are numerous subpopulations of
patients that respond differently to various treatments within the same
category of cancer. This has become possible with the advent of gene
therapy and metabolomic methodologies. Hopefully, the findings from
these new approaches will bring hope to those patients with poor
prognostic indications.
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8. HYPOXIA AS THE DRIVING FACTOR
OF INFLAMMATION

There are two main types of cancer, the ascites tumor, which
include the hemopoietic cancers such as leukemia and lymphoma, and
the solid tumors which are [57] commonly known by their organ of
origin. Tumor staging is reflective of the severity of the disease and is
measured by the degree of invasiveness/metastasis. In general, if the
tumor spreads to organs such as the brain, liver, lung, or bone, it will
dramatically lower the 2-, 5-, and 10-year survival rate. The tumor
environment is unique and often amorphous with poorly structured cell
architecture and vascular supply, which is due to rapidly growing
tumor cells and extensive recruitment of leukocytes and endothelial
cells. The poor and inconsistent blood flow within a tumor leads to
cellular heterogeneity and an uneven distribution of nutrients and
oxygen leads to areas of hypoxia, a low oxygen concentration status
[58]. Hypoxia within a solid tumor would alter the physiology of cells
of the stressed regions which leads to increase in growth factors that
promote angiogenesis as well as factors that drive processes involved
with metastasis, such as epithelial mesenchymal transitions (EMTs) and
matrix reorganization through increases in matrix metalloproteinase
(MMP) activities. Solid tumors with regions of greater than 35%
hypoxia lead to poor outcomes no matter what treatment is received
[59]. This indicates that hypoxia is a major driving force behind
patients with poor outcomes.

9. HYrPoxiA AND WOUND HEALING

Hypoxic conditions will fluctuate due to inconsistent blood
flow. Unlike normal tissue where the unidirectional flow from the
arterial to venule side of the circulation through the capillaries, tumor
blood flow can be retrograde with backflow and erratic patterns
(Figure 4) |58]. This leads to areas of hypoxia similar to the condition
caused by ischemia reperfusion injury (the loss of blood flow and low
oxygen followed by restoration of the blood flow), which leads to
stroke and myocardiac infarction. This dramatic fluctuation in oxygen
levels with regions of hypoxia would cause cell injury [58,60,61].
This injury leads to a cascade of immune responses similar to tissue
ischemia or wound healing. There is a burst of macrophage infiltra-
tion with other immune cells. This would initiate the Thl response
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Figure 4 Hypoxia and normoxia. A normal capillary network would only allow
unidirectional blood flow from arteriole to venule. In the case of wound healing or
cancer, blood flow patterns at the lesion can be erratic due to damaged capillary
network.

(Figure 5). In normal wound healing this process eradicates infection
in the wound and triggers a conversion to M2 macrophage or alter-
native polarization, which increases the immunosuppression and is
followed by a tissue restoration response. In tumors, there is as
much as 40% leukocyte infiltration and particularly the monocytes
with other fibroblasts. Cancer can be termed as “the wound that does
not heal” [27-29].

In the normal wound healing process, the innate immune response
involving neutrophils and macrophages utilizes redox molecules such as
ROS and NO to eradicate pathogens. If the innate immune response fails,
there is an increase in the adaptive immune response and orchestrating this
response can also include reactive species. Upon eradication of infection,
the macrophages will become polarized to facilitate the cleanup and tissue
restoration processes [26,62,63]. In cancer, macrophages are chronically
polarized and remain in M2 state without resolution; thus, tumors are
constantly undergoing these ischemia reperfusion events that lead to the
stimulation of injury wound healing processes. One of these is EMT, where
cells change to become more mobile as well as an increase in factors that
stimulate proliferation. This is essential to restore normal tissue; however,
in tumors these processes lead to cells migrating from the lesion to the
neighboring stroma and eventual entry into the blood and lymph. These
processes lead to metastatic disease and result in higher staged tumors and a
poor survival outcome [64,65]. Thus, the driving forces are essentially
coming from the failure of normal inflammatory and tissue restoration
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Figure 5 A wound that does not heal. An injury can lead to a cascade of immune
responses similar to tissue ischemia or wound healing. First is a burst of macrophage
and other immune cells’ infiltration. This would initiate the Thl response, the
polarized M1 macrophage will transform into M2 macrophage if they successfully
removed the pathogen. Adaptive immune response will respond if the innate immune
response failed to eradicate the pathogen. Once the pathogen is eliminated, an
increase in immunosuppression and initiation of tissue restoration occurs. During
carcinogenesis, the cancer cells is not eradicated by the body’s immune system, thus
the lesion would like “a wound that never heals.”

responses. There are several factors that contribute to this: one is the genetic
and epigenetic changes that occur in the tumor cells that are reprogrammed to
rapid uncontrolled growth, this causes poor architecture in blood flow and
escape from the immune surveillance system. Another factor is the increase of
hypoxia regions in tumors and that triggers the chronic injury and
inflammatory responses along with the increase of tissue restoration factors.

10. TISSUE RESTORATION AND NITRIC OXIDE

In the events such as ischemia reperfusion and wound healing, redox
molecules play critical roles in not only the eradication of pathogens and
tumors but also in cellular, immune, and physiological processes.
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Endogenously produced redox molecules include NO, ROS and RNS,
arachidonic acid metabolites, carbon monoxide (CO), and hydrogen sulfide
(H,S). These molecules all play roles in the normal regulation of physiolo-
gical function such as cardiovascular homeostasis and even neurological
function as well as being part of the tissue restoration response [66—68].
ROS are formed from the reduction of oxygen to superoxide and peroxide.
Through the reaction with metal centers (heme and nonheme) there is
production of powerful oxidants that if unchecked, lead to the oxidation of
proteins, lipids, and DNA, which is referred to as oxidative stress. Peroxide
and hypochlorous acid (HOCI) are used in the innate immune response to
sterilize the area of injury. The primary source of ROS is NOX, which
reduces oxygen through the heme site through an outer-sphere electron
transfer reaction. There are five isoforms of NOX where NOX-2 is
associated with the innate immune system and oxidative burst [69]. This
isoform can generate 1 nmolmin~' 107° cells of superoxide which rapidly
dismutates to peroxide [70]. In contrast, the other isoforms produce much
lower superoxide/peroxide within the cell and regulate critical cellular
processes. The superoxide and peroxide mediate the biological outcomes
through reactions with metals to produce oxidants resulting in oxidation,
particularly of thiols. The latter has emerged as a large biomedical field and
thiols are critical molecular targets for ROS and RINS.

More recently discovered endogenously formed redox molecules are
CO and H,S [66,71,72]. CO is produced by HO-1, which catalyzes the
degradation of heme to generate bilirubin, iron, and CO. CO is an immune
suppressor which is able to downregulate the innate inflammatory response.
Also, CO is able to stimulate processes such as angiogenesis and inhalation
of CO has been utilized to treat shock and other forms of trauma [71]. H,S
has been discovered in a variety of tissues in concentrations as high as
100 uM 1in the central nervous system [66]. It is reported to be derived
from the cystathionine «y-lyase and cystathionine [ synthase, two enzymes
involved in the conversion of methionine to cysteine. It has been reported
that H,S regulates circadian rhythms, neuron signal transmission, and
modulation of the blood flow [66,73].

11. NO AND MACROPHAGES

Macrophages are not only an important component of the immune
system but also act as a major source of NO. Macrophages generate NO
derivatives such as nitrosamines that were early indicators that nitrosative
environment is endogenously generated [74,75] Macrophages perform a
wide variety of functions from fighting bacteria and suppressing tumor
growth to coordinating the resolution of tissue repair and restoration
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processes. In 1990, the Fe-NO electron paramagnetic resonance (EPR)
signal was discovered, and it was demonstrated that dinitrosoiron complexes
were formed during the inflammation process [76]. These diverse properties
in the cardiovascular and immune response suggested that NO was a multi-
functional molecule. Macrophages can generate a number of different levels
of NO that serve different purposes [77]. For instance, endothelial nitric
oxide synthase (eNOS) stimulation of guanylate cyclase in nonactivated
macrophages is required to fully activate lipopolysaccharide (LPS)-induced
iNOS in activated macrophages [78]. Interestingly, the amount of NO
produced from activated macrophages is dependent upon the manner by
which they are stimulated. When IFN"y pretreated macrophages are activated
by TNFa or IL-1f, the amount of NO generated in solution is approxi-
mately 10 times less than when they are stimulated with IFN~y + LPS (PIPC
and Listeria) even though there is only a modest difterence in NOS activity
[77,79]. Moreover, the amount of NO-mediated nitrosation from TNFo or
IL-1 stimulation was 30 times less than when stimulated with LPS or PIPC
[77]. This suggests that NO generated from cytokine stimulation leads to
considerably lower NO concentrations in the surrounding environment than
those agents that activate through the toll-like receptors. These data revealed
that murine macrophages are capable of producing wide ranges of NO
concentrations depending on the source of stimulus.

12. NITRIC OXIDE LEVELS DETERMINE EFFECTS

The paradoxical nature of NO biological effects can be explained in
terms of concentration and temporal response. Characterizing steady-state
concentration of NO is particularly important when assessing its effects at
the cellular level [80,81]. Distinct signaling pathways are elicited in
response to distinct fluxes of NO. For example, 50 nM of sustained NO
1s associated with increased ¢cGMP-mediated ERK phosphorylation,
where intermediate sustained concentrations (>100nM) lead to
hypoxia-inducible factor (HIF)-1a stabilization, and high sustained con-
centrations of NO (>300 nM) increase p53-P(ser-15), which persists even
after NO drops below these concentrations [summarized in [80] (Fig-
ure 0)]. These phenotypic responses favor a pro-growth and anti-apoptotic
paradigm at steady-state NO levels at or below 100 nM. However, the
prosurvival effects of NO are lost at concentrations above 400 nM, which
is signified by increases in phosphorylation and acetylation of p53 and the
induction of p53 tumor suppressor activity [82]. Other proteins, including
MKP-1, a phosphatase that regulates pERK, also increases at or above
400 nM steady-state NO [83,84]. This signaling profile was mimicked by
activated macrophages co-cultured with MCF-7 cells at varying ratios
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Figure 6 NO levels determine effects. The molecular levels of NO determine its
effects to the surrounding cells. Low levels (<10 nM) of NO are required to maintain
physiological function in muscle and endothelial cells. Fifty nanometres of sustained
NO is associated with increased cGMP-mediated ERK phosphorylation, where
intermediate sustained concentrations ( >100nM) lead to HIF-1a stabilization, and
high sustained concentrations of NO (>300nM) increase p53-P(ser-15), which
persisted even after NO drops below these concentrations.

[85]. Interestingly, high levels which mediate the tumorcidial activity in
leukemic cells requires wild-type p53 [86]. Indeed, tumor phagocyte
density and aberrant p53 expression correlated significantly with the phos-
phorylation of Akt at ser-473 in human breast cancer tissue [87]. Similarly,
co-localization of p53-P-(ser-15) and iNOS protein expression in human
samples of ulcerative colitis indicate that NO causes a p53 pathway activa-
tion in humans [82]. Therefore, some aspect of NO as tumoricidal agent or
promoting of cancer depends on p53 status.

Another important aspect in signaling involves the temporal properties
of NO. Though NO is short lived, the sustained NO flux generated by
NOS can vary in duration from seconds to days. NO-mediated HIF-1a
stabilization correlates directly with concentration and time [80]. While
pERK increases immediately in response to NO, it also transiently
decreases despite the maintenance of steady-state NO levels. Moreover,
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NO-induced p53 phosphorylation remains stably elevated even after
the dissipation of steady-state NO. Thus, signaling responses to NO are
temporally and spatially defined [80].

13. FLUXES OF NO IN CELLS AND /N VIVO

Although NO elicits many unique cellular responses in vitro, the ques-
tion remains: are these NO concentrations and conditions actually achievable
in vivo? Several studies have looked at in vivo concentrations of NO under
different biological conditions by different methods [88,89]. One method to
address this question is to compare the cellular response to NO generated
from NO-donor compounds with responses from NO generated from NOS.
Correlating these two different sources of NO provides an approximation of
the in vivo NO concentrations necessary to elicit specific cellular responses.
Using this “molecular signature” approach for various concentration levels of
NO, a picture of the redox environment under specific biological conditions
can be ascertained. Previous studies using MCF-7 cells co-cultured with
activated NO-producing ANA-1 murine macrophages show increases in the
phosphorylation of Akt, and p53 as well as stabilization of HIF-1o as
discussed above [82,85,87]. Increases in the macrophage to tumor cell ratio
led to a proportional increase in the measured NO in bulk solution which
increased Akt then HIF-1a and then p53 at the highest macrophage con-
centration [85,87]. As discussed above, when NO donors were employed for
NO delivery, the concentration of NO necessary to induce p53 phosphor-
ylation was >400 nM while with the macrophage and tumor cell co-culture
the level was only >160nM [85]. This discrepancy can be rectified by
considering that NO generated from NO donors is uniformly distributed
throughout the media, whereas, the enzymatic production of NO from
macrophage generates a concentration gradient emanating from the point
of origin. Therefore the close proximity of the macrophages and the tumor
cell indicate that a much higher local NO concentration than 160 nM and
the local flux is 400 nM [85,86,90], the minimum amount of NO necessary
to cause p53 phosphorylation [85].

14. NiITRIC OXIDE, CANCER, AND P53

Under inflammatory conditions, several studies have shown an
increase in both p53 and NOS2 expression [82]. Furthermore, over 60%
of cancers are reported to have a disruption in their p53 signaling [91].
As discussed below, there is an important relationship between p53 and NO.
It has been shown that p53 can directly inhibit NOS2 activity by binding and



Cancer and Nitric Oxide 171

decreasing its activity [92]. But when there is a high level of NO, the p53
phosphorylation and acetylation are increased [82]. This finding has impor-
tant consequences for apoptotic and DNA repair mechanisms. In p53
mutated or p53 null cells, there is dysregulation in cell cycle. p53 mutated
cells are far less susceptible to apoptosis and this leads to a higher rate of
mutation, and increased survival. On the other hand, the leukemic cells that
were p53 wild type that are influenced by macrophage-derived NO were
more likely to undergo apoptosis [86]. This is borne out in the p53—/—and
NOS2—/—animals, which have a dramatic increase in leukemia [93]. There-
tore, NO ability for tumorigenicity and DNA repair are influenced by the
p53 status.

15. THE PARADIGM OF NO/cGMP AND ITS INHIBITOR
TSP-1

In 2005, we showed that low (<2nM) steady-state NO mediated
50% suppression of the antiangiogenic factor thrombospondin-1 (TSP-1) in
endothelial cells, which was both cGMP and ERK dependent, and inhib-
ited by the exogenous TSP-1. MKP-1 phosphatase expression levels were
elevated when NO concentrations increased to ~100nM. At the same
time, there is a decrease in phosphorylated ERK and subsequently incre-
mental increases in TSP-1 levels were observed. Hence, we identified an
important cross-talk relationship between proangiogenic NO and antian-
giogenic TSP-1 [84]. These molecules are mutually antagonistic and pro-
vide a critical balance in many processes related to inflammation and wound
healing. TSP-1 is a large glycoprotein secreted by various cells under stress
conditions such as those found in ischemic injury. This protein engages
several cell surface receptors through which it elicits different effects on
cells in the cardiovascular and immune systems. One of the major functions
of this protein pertains to its inhibitory affects of adhesion, motility,
growth, and survival of endothelial cells [94,95]. In addition to regulating
endothelial cell growth, TSP-1 also regulates T cells, monocytes, and
macrophage differentiation, and therefore has critical functions during
innate and adaptive immunity [96,97].

This cross-talk relationship was then extended to demonstrate drama-
tically improved tissue survival in skin flap, hind-limb ischemia, and
radiation injury models. A protective response was observed in TSP-1
null mice exposed to ischemic injury, suggesting improved NO vascular
response in the absence of systemic TSP-1 [98]. Moreover, when the
TSP-1 null mouse was exposed to an NO donor, nearly complete tissue
preservation following ischemic injury can be observed. TSP-1 null mice
also demonstrated an enhanced protection against soft tissue radiation
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injury [99]. These results demonstrate the in vivo existence of NO/TSP-1
cross talk; reduction of endogenous TSP-1 would increase NO-mediated
vascular response culminating in dramatically improved wound healing
following ischemic injury. NO/TSP-1 antagonism is mediated by CD47
cell surface receptor, and aftects NO/cGMP signaling. During ischemia,
NO donors provide abatement of numerous mechanisms that increase
flow and reduce leukocyte recruitment of neutrophils and macrophages,
which are M1 polarized. In addition to increase blood flow, NO also
induces an antiapoptotic response in the cell. Thus, reduction of TSP-1
increases the bioavailability and efficacy of the protective effects of NO.
However, ischemic injury results in increased TSP1 expression that effec-
tively blocks the beneficial activity of NO. Thus, agents that either
suppress TSP1 or prevent its interaction with CD47 would dramatically
improve survival of fixed ischemic injuries as well as ischemia/reperfusion
injury [100,101].

16. ROLE OF NO IN MATRIX REORGANIZATION AND
ANGIOGENESIS

Tumor angiogenesis, growth, and metastasis all require matrix degra-
dation and remodeling to facilitate cell migration and neovascularization
processes. Three major groups of proteases that regulate angiogenesis are
MMPs, cathepsin cysteine proteases, and serine proteases. Among the
MMPs, MT1-MMP, MMP-2, and MMP-9 are considered the most
important regulators of angiogenesis in many diseases including cancer
[102,103]. We have shown NO regulation of MMP-9 in murine macro-
phages, which involved cGMP/pERK-mediated suppression of TIMP-1
[104]. In addition, higher NO concentrations such as those present in
activated macrophages would suppress MMP-9 activity, due to the nitrosa-
tion of the enzyme, and provides a unique mechanism for regulation of this
zymogen. Importantly, NO activation of MMP-9 in macrophage-condi-
tioned media stimulated vascular cell migration in a muscle explant angio-
genesis assay, which was inhibited by the silencing of macrophage MMP-9
protein translation prior to NO exposure. It was further shown that
exogenous TSP-1 blocked both NO-mediated MMP activation and
TIMP-1 suppression. Thus, TSP-1 suppresses NO-mediated angiogenic
responses in both macrophage and endothelial cell models.

Following injury, macrophages are recruited into the wounded tissue
bed during the initial stage of inflammation. A previous report has shown
that TSP-1 overexpression in human melanoma cells increases ROS
production and M1 difterentiated macrophage recruitment in tumor
xenografts. This observation demonstrates a role of TSP-1 in antitumor
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immunity and therefore suggests a selection which favors the loss of TSP-1
during cancer progression [97]. During Th1/Th2 transition of wound
response, NO will scavenge ROS as well as suppress TSP-1, which suggests
that NO donors could decrease M1 polarization and trigger M2 resolution
phase and tissue restoration. We believe this concept will prove to be
important in chronic inflaimmation as it is associated with the
progression and cancer therapy, and will provide new opportunities in drug
development.

17. NITRIC OXIDE AND MATRIX
METALLOPROTEINASES

MMPs are important mediators of inflammation, angiogenesis,
wound response, and carcinogenesis [102,103,105,106]. MMPs are
tightly regulated, primarily at the levels of transcription and posttransla-
tion and are targeted by ROS and RINS at both these levels [107-109].
While contradictory results have been reported with respect to redox
regulation of MMPs, the ability of ROS and RNS to biphasically
regulate MMP activity has been reported and suggests a critical role
of these species in the spatial and temporal regulation of MMPs during
matrix remodeling [110-112]. Toward this end, the biphasic and dose-
dependent regulation of matrilysin (MMP-7) by HOCI, initially
demonstrated by Peppin and Weiss [110] involved oxidation of the
cysteine switch at low HOCI concentrations that mediated activation of
the zymogen [111]. Higher HOCI concentrations inactivated the
enzyme by chlorination/oxidation of adjacent tryptophan—glycine resi-
dues within the catalytic domain, leading to structural modifications
that impeded substrate binding at the active site cleft [113,114]. The
physiologic relevance of oxidant-mediated MMP inactivation was later
demonstrated using gp91phox knockouts in a murine model of emphy-
sema [115]. Macrophage-derived NO has also been shown to biphasi-
cally modulate the activity of MMPs. A recent report demonstrated
both biological and chemical mechanisms of MMP activation by
macrophage-derived NO [112]. MMP activity (MMP-9, -1, and -13)
secreted from macrophages increased in response to low steady-state
NO levels (~50nM) via cGMP-mediated suppression of the endogen-
ous tissue inhibitor of metalloproteinase-1 (TIMP-1) [112]. Exposure of
purified latent MMP-9 to exogenous NO demonstrated a concentra-
tion-dependent activation (>500nM) and inactivation (>1uUM) of
the enzyme, which occurred at higher NO flux. These chemical
reactions occurred at concentrations similar to that of activated macro-
phages. Interestingly, inactivation of TIMP-1 by HOCI has also been
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reported, again suggesting multiple mechanisms for oxidant regulation
of MMPs during matrix remodeling [116]. In an epithelial wound
model, low NO levels similarly increased MMP-9 mRNA, which
translated to enhanced enzymatic activity [117]. Together, these results
suggest that NO regulation of MMP-9 secreted from macrophages may
occur chemically by RNS-mediated protein modification or biologi-
cally through sGC-dependent modulation of the MMP-9/TIMP-1
balance.

18. POTENTIAL AGENTS THAT MODULATE NO

Certain agents provide an opportunity for reversing pathways that
involve NO. The first and most obvious are NOS inhibitors. The second is
not as obvious and involves the use of NO donors. The third is targeting
pathway nodes downstream. All have advantages and disadvantages where
NOS inhibitors can reduce blood flow from tumor, while NO donors can
reduce blood pressure. Targeting a single pathway can also be problematic
in that cancer progression and metastasis always involve numerous compli-
mentary pathways. Nonetheless, cytotoxic agents, surgical approaches, and
radiation therapy are still essential procedures and therapies beyond this will
be complimentary to these effects.

While NO has multiple roles in carcinogenesis, NO donors or
NOS inhibitors can affect conventional therapy such as radiation and
chemotherapy. A limiting factor in radiation treatment of solid tumors is
low oxygen in vivo. In 1957 Howard Flanders demonstrated radiosensitiza-
tion of Escherichia coli, grown under hypoxic conditions, by O, and NO
[118]. Several decades later it was found that NO performs nearly as well as
O5 in the radiosensitization of hypoxic mammalian cells [119].

In vivo, local administration of NO donors prior to radiation would
enhance tumor blood flow and oxygenation, resulting in a modest radio-
sensitization of the tumor [120] or sensitize tumor cells to chemother-
apeutic compounds with particular alkylating agents [121]. NO donors
also sensitize tumor cells to cisplatin and melphalan toxicities which
persisted for several hours after NO treatment [122,123]. Similarly,
iINOS gene therapy in combination with an inducible promoter also
caused tumor radiosensitization in vivo [124] while eNOS knockout
animals showed decreased sensitization [125]. Interestingly, NOS inhibi-
tion also enhances radiation response of animal xenografts if given post-
irradiation by modulation of the tumor’s wound response [126]. These
studies further indicate the temporal importance of NO modulation in
tumor outcome.
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19. CONCLUSION

Compelling evidence that a significant number of diseases and
conditions have features of altered NO metabolism that may be expected
to affect biological properties, such as inflammation, wound healing, and
carcinogenesis have been reviewed here. Over the years, NO has firmly
been established as a potent redox molecule, influencing a myriad of
physiological and pathophysiological processes through various pathways
and reactions. Connecting and understanding the alterations in NO
metabolism observed in different diseases or conditions would be the
main challenge in the NO arena.

A deeper understanding of the biochemical pathways that dictate NO
availability and levels will also be required in order to optimize the
beneficial functions of NO, while limiting the formation of more damaging
RNS or triggering untoward pathways. Lastly, more in-depth investiga-
tions between NO and inflaimmation will no doubt benefit our under-
standing of the carcinogenesis (and other diseases) process and may shine a
light on how to cure the “the wound that does not heal.”
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1. INTRODUCTION

Sulfur is the second chalcogen after oxygen in the periodic table. It
has 16 protons and an electron configuration of 1s> 2s> 2p°® 3s> 3p*. Sulfur
has six valence electrons and a vacant 3d orbital, which allows it to exist in a
wide range of oxidation states (from —2 to +6). Thus it has strong electron-
donating and electron-accepting properties and an extraordinary reactivity
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compared to oxygen or nitrogen. The thiol functional group (—SH also called
a sulthydryl group), where the sulfur atom is in its lowest oxidation state, is the
functional group of the amino acid cysteine. Due to the soft nature of sulfur
and its low oxidation state in the sulthydryl group, thiols are very strong
nucleophiles and susceptible to oxidation. Cysteine residues in proteins have
important physiological functions. They provide covalent cross-linking of
proteins and protein subunits, represent the redox active functional group of
many different enzyme active sites, act as nucleophiles in proteases and
phosphatases, have an integral role in redox signaling and have oxidant-
scavenging function in antioxidant peptides and proteins [1-5]. Many of
these physiological properties are mediated by the promiscuous redox chem-
istry of cysteine. However, the underlying chemical mechanisms whereby
thiol oxidation mediates biological events, albeit extensively studied, are still
not fully understood [6]. This chapter emphasizes the importance of a rigorous
chemical approach to gain insight into the biology of thiols.

Most endogenously generated oxidants show preferential reactivity
toward sulthydryl groups. We mainly focus on two-electron oxidations of
thiols but also shed light on radical-mediated reactions. We demonstrate the
importance of the oxidizing and electrophilic properties of the oxidant as
well as the nucleophilicity of the sulfur center in these reactions. The
ionizability of the sulthydryl group is a major determining factor in its
nucleophilic character. We summarize the chemistry of microscopic and
macroscopic acid dissociation equilibria of cysteine and glutathione and
emphasize the importance and challenges of measuring protein sulthydryl
pK, values. Although most studies focus on the initial step of cysteine
oxidation, it is now realized that this initiates an array of subsequent events.
These reaction cascades play important roles in redox-mediated cellular
functions and may determine the outcome of the initial stimulus. There-
fore, it is fundamental to understand the chemistry of the intermediates and
products of these reactions, which is the focus of this contribution. We also
highlight the physiological importance and the redox properties of hydro-
gen sulfide (H,S), a newly recognized signaling molecule that can be seen
from the chemical point of view as the smallest thiol.

2. REDOX REACTIONS OF THIOLS WITH
TwO-ELECTRON OXIDANTS

Aerobic organisms produce large amounts of reactive oxidants often
referred to as reactive oxygen species (ROS). Oxidant production is mostly
considered to be a “side effect” of respiration or an immune response to
pathogenic invasion. Overproduction of these oxidants in vivo is associated
with many inflammatory diseases, cancer, and aging, representing the toxic
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nature of these species. Therefore, aerobic organisms produce an array of
antioxidants to prevent oxidant-mediated cellular damage. However,
mounting evidence suggests that intentional oxidant production is
involved, via redox signaling, in the regulation of cellular events in meta-
bolism, cell proliferation, and apoptosis [7].

Cysteine residues efficiently scavenge both one- and two-electron
oxidants and they are major players in antioxidant defense and signal
transduction. The bimolecular oxidation of thiols by ROS generates
reactive sulfur-centered intermediates. Two-electron oxidants generate
sulfenic acids (either directly or indirectly, see the later sections) and
thiyl radicals are formed in reactions with radical species. Due to their
high reactivity both species are short lived. Sulfenic acids initiate two-
electron redox cascades and thiyl radicals are precursors of short radical
chain reactions in biological systems. We are focusing on two-electron
redox reactions and their products and only mention some interesting
aspects of the radical-mediated pathways. We discuss the initial oxidation
reactions of thiols with the most studied two-electron oxidants hydrogen
peroxide (H,O,), peroxynitrite, the hypohalous acids, and hypothiocya-
nous acid.

2.1. Hydrogen peroxide

H,0O, is produced in large quantities in vivo. It is generated for example
directly by peroxisomal enzymes (e.g., D-amino acid oxidase or uric acid
oxidase) or indirectly in the mitochondria via the disproportionation of
superoxide (O, 7). H,O, is a strong oxidant. However, its redox reac-
tions with nucleophiles in many cases have a high activation barrier and
therefore, although thermodynamically favored, are quite sluggish. Thiols
are among the few nonmetallic biomolecules that can reduce H,O,
efficiently. These reactions produce a sulfenic acid intermediate. The
rate of sulfenic acid formation is highly dependent on the pK, of the
sulthydryl group (see Section 3). It can vary significantly based on the
microenvironment of the thiol with the apparent second-order rate
constants at pH 7 being anywhere between 1 and 10'M 's™'. An
unusual example is the peroxiredoxin (Prx) family, which to date repre-
sent the highest reactivity thiols with H,O, (k.g= 10°M s at pH 7)
[8=11]. The underlying chemical reasons for this high reactivity are not
clear, but cannot be explained solely by the low pK, of their peroxida-
tive cysteine thiol group.

There have been extensive efforts to study the redox signaling function
of H,O, via its reactions with thiol proteins. A number of key enzymes,
including Prxs, protein tyrosine phosphatases (PTPs, e.g., PTP1B), the
dual-specificity phosphatase Cdc25B, and the glycolytic glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), all have reactive cysteines in their
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active site and have been identified as critical targets of H,O,. A
common feature of these proteins is that they exhibit relatively large
reactivity with H>O, compared to glutathione (with second-order
rate constants at pH~7.4: SH=089M 's!, 'TPIB_ooM s
k4B =160 M5!, KSAPPH ~500 M5!, Based on simple kinetic
considerations, the initial site of H,O, attack in complex biological systems
will not only depend on the reactivity but also on the relative concentra-
tions of the different thiols in the cellular compartment where H,O, is
generated. In a recent review article, we have attempted to model the
partitioning of H,O, between the above-mentioned thiol proteins and
GSH, using published intracellular thiol concentrations (in a typical
mammalian cell) and their reactivities with H>O, assuming a
homogenous system (see Figure 1) [5]. Due to its high reactivity with
H,O, (k°"™'=3 x 10"M~"'s™") we have also included the selenoprotein
glutathione peroxidase (GPx1) in the model.

The most important conclusions that can be drawn from this exercise
are as follows:
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Figure 1 Simulation of oxidation of thiol proteins and GSH in a mixture treated with
increasing concentrations of H,O,. Simulations of the kinetic traces were carried out
using Mathematica 5.2. The simultaneous differential equations that represent the
rate laws of the competing reactions were solved numerically using the Euler—
Cauchy method. The time increments were chosen to be less than one-tenth the
inverse of the largest rate constant to ensure that the Euler—Cauchy method provided
acceptable accuracy. In the model, previously published second-order rate constants
and cytoplasmic protein concentrations were used in the absence of target recycling.
Figure was adapted from Winterbourn and Hampton [5].
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— Despite its very high abundance in the cytosol, reduced glutathione
(GSH) competes very poorly for H,O,.

— Owing to their large reactivity and local concentration, Prxs are
favored targets of H>Os.

— Gpx1 and Prx consume virtually all H,O, until they are fully
oxidized. If they are efficiently recycled other proteins should be
minimally modified by H,Os5.

— Based on the model, GAPDH and PTPs, despite their low pK,
values, would only start reacting when Prxs are consumed. This
inability to efficiently compete for H,O, is somewhat against
experimental observations, but perhaps tells us that their oxidation
is a result of either secondary events rather than direct bimolecular
reactions with H,O, or colocalization with the oxidant source.

We would like to emphasize that cells are nonhomogenous systems, which
represent the greatest limitation for such kinetic modeling.

2.2. Hypo(pseudo)halous acids

Hypohalous acids (HOX; X=Cl, Br, I) and hypothiocyanous acid
(HOSCN) are produced by heme peroxidase-catalyzed oxidation of halo-
gens and thiocyanate by H,O».

The relative oxidant strength of HOX are HOCI > HOBr >>
HOI~HOSCN [12]. Their pK, values are 4.85 for HOSCN [13],
7.59 for HOCI [14], 8.59 for HOBr [15], and 10.4 for HOI [16].
Theretfore at physiological pH (7.4) HOI and HOBr are protonated,
HOCI is partially protonated and HOSCN is completely deprotonated.
This is important, because these oxidants react with thiols in an electro-
philic-nucleophilic reaction where they serve as the electrophile. In
these reactions the electrophile accepts an electron pair (they are Lewis
acids) donated by the nucleophile. Therefore, due to columbic effect, the
protonated forms of the oxidants are usually 3-5 orders of magnitude
more reactive than the deprotonated forms [13,15,17-20]. All of them
react preferentially with thiols under physiological conditions [13,21-24].
The oxidizing and electrophilic nature of these species as well as their
pK, all contribute to their reactivity with sulthydryls. The pH-indepen-
dent second-order rate constants of the reactions of HOCI, HOBr, and
HOSCN with thiols are very similar at ~10°M™"'s™" [13,19,25]. How-
ever, due to the large difference in their pK, values their reactions at pH
7 exhibit very different apparent second-order rate constants [for GSH:
HOBr (6 x 10°M ™ 's™") [26] > HOCI (2 x 10'M~'s™") [24] >>
HOSCN 8 x 10*M~'s™ ! [13]].

The bimolecular reactions of HOX with thiols proceed via X transfer
to give a sulfenyl-(pseudo)halide. The initial formation of sulfenyl-
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thiocyanates was observed directly in the reaction of thiols with HOSCN
[27-30] but the formation of sulfenyl-chloride and sulfenyl-bromide was
only observed indirectly by kinetic analysis because they hydrolyze very
rapidly to give a sulfenic acid [19].

HOX can interconvert via their reactions with halides and SCN™. In
line with their oxidizing strength HOCI reacts with Br, I, and SCN™ but
HOBr only reacts with ™ and SCN™. The low abundance of I in
physiological fluids and cells and the slow reactivity of HOCI with Br™
suggest a minor role for these reactions. However, HOCI and HOBr react
with SCN™ very rapidly to generate HOSCN and these reactions are likely
to occur in vivo [20,31]. They were shown to be important when predicting
the partitioning of HOX in a physiological milieu, because in contrast to
HOCI and HOBr, which are indiscriminant and react with a variety of
functional groups [21,32], HOSCN is specific to thiols [13,23]. The hydro-
lysis product of HOSCN, thiocarbamate S-oxide, also reacts with thiols in a
similar way. Sulfenyl-thiocarbamate is formed in the initial reaction, which
then reacts with another thiol to give the disulfide and thiocarbamate
[33,34].

HOCI and HOBr also react with amine residues in a highly favorable
reaction to give haloamines (e.g., [35,36]). Haloamines are also reactive
oxidants, and are more specific to thiols than HOCI or HOBr. They are
generated in vivo, for example, in the phagosomal space and surroundings of
neutrophil white blood cells [37,38]. Their membrane permeability and
reactivity with thiols vary depending on their size, structure, and other
functional groups [21,39]. For example, ammonia—chloramine and gly-
cine—chloramine can readily pass through cell membranes and directly
oxidize thiol proteins [40], but taurine—chloramine is membrane imperme-
able and can only act extracellularly [41-43].

2.3. Peroxynitrous acid/peroxynitrite

Peroxynitrous acid (ONOOH) is a strong two-electron oxidant that is
generated in the diffusion controlled reaction of O," and nitrogen mon-
oxide (NO; also called nitric oxide) [44]. Since NO is relatively long lived
compared to O, ", the sites of ONOOH formation in vivo are associated
with O,"" production.

ONOOH is very unstable in aqueous media and decomposes via
different reaction pathways which can give secondary thiol-reactive species.
It can isomerize to nitrate, it can decompose via radical-mediated pathways
to eventually produce oxygen and nitrite in a 1:2 molar ratio [45—49] and
based on a recent study its disproportionation yields peroxynitrate and
nitrite [50]. ONOOH can be stabilized at high pH, because its deproto-
nated form ONOO™ is relatively long lived. Its pK, is around 6.5-6.8,
depending on the buffer and ionic strength of the solution [51].
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Peroxynitrite reacts rapidly with thiols, predominantly via two-electron
oxidation. However, thiol oxidation can in some cases compete with the
decomposition of ONOOH, and result in radical-mediated thiol oxidation
pathways [52]. These reactions were proposed to proceed via NO," or
OH". The decomposition of ONOOH is facilitated by bicarbonate. This
produces carbonate radicals that also react with thiols preferentially. The
reactivity of ONOOH with different thiols has not been investigated
systematically, but the major two-electron oxidation pathways are clearly
pH [53,54] and thiol pK, dependent [55]. Prxs exhibit high reactivity with
ONOOH (kg=~10-10"M""s™" at pH 7) compared to typical rate
constants with other thiols, and are proposed to be specific ONOOH
scavengers in vivo [56—59].

3. AcID-BASE EQUILIBRIA OF THIOLS

The protonation state of the sulthydryl group has a marked effect on its
reactivity with oxidizing agents. In general, the thiolate form is a much better
nucleophile than the thiol and exhibits larger reactivity with electrophilic
oxidants. In addition, based on the linear free energy relationship theory
(described by the Bronsted equation) the pH-independent second-order rate
constants for the reaction of the oxidant with the thiolate are linearly
correlated with the pK, of the thiol [60,61]. In other words when the thiol
is deprotonated at any given pH the rate of the reaction will increase with the
pK, of the thiol, representing an opposite pK, effect. Therefore, it is essential
to understand speciation in aqueous solution when investigating the redox
reactions of thiols. We attempt to summarize the most important aspects of
thiol protonation equilibria in aqueous solution and give examples how to
calculate the concentrations of the thiolate derivatives.

3.1. Macroscopic and microscopic acid dissociation constants

Even the amino acid cysteine has three ionizable functional groups and
hence is considered a polyprotic acid. For a biprotic acid the following
equilibria establishes the speciation of the different macroscopic protona-
tion states of a molecule.

Ka Ko 5
LH, LH L

K, and K, are macroscopic acid dissociation constants. When L*" has
only one protonation site, consecutive protonation equilibria are well
described by K,; and K,,, such as in the case of H,S where K,; =6.76
and K, =19.2 [62]. However, when L*~ has two different protonation
sites, from the statistical point of view, the proton in the first reaction can
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bind either of the sites representing two structurally different protonation
isomers, also called microspecies. Therefore LH ™ in this case represents a
mixture of two protonation isomers and is called a macrospecies. In some
cases the macroscopic constants are well separated, due to drastic differences
in the proton affinity of the different functional groups. In this extreme
case, one of the protonation isomers is in large excess at any given pH. The
macroscopic dissociation constants therefore represent protonation equili-
bria of particular functional groups and the speciation of microspecies. In
most cases, however, the protonation of a particular functional group aftects
the proton affinity of the neighboring group. Binding a proton (even
though to a different functional site) increases the total charge of the
molecule usually resulting in a decrease in proton affinity (this is particularly
true in the case of small molecules).

Conventional titration methods (such as pH—potentiometric or UV—vis
spectophotometric titration) determine the overall protonation states of a
molecule and therefore result in macroscopic pK, values. Microscopic pK,
values are relatively hard to determine. Special techniques that can determine
microspeciation have to be used. However, in most cases the protonation of
a functional group has an effect on the spectroscopic properties of the other
functional groups (due to the same reason why they have an effect on each
other’s pK, values). For example, when nuclear magnetic resonance (NMR)
spectroscopy is used to study microspeciation, protonation (at any site) results
in a decrease in overall electron density of the molecule and therefore the
nucleus of interest senses a difterent electronic environment. This causes a
difference in the chemical shift of this particular species, the parameter that is
used in the pH-dependent spectral series [63]. Therefore corrections, using
assumptions, are necessary to calculate the contribution of the protonation
of the functional group of interest to the observed change in the chemical
shift. The same is true for other spectroscopic techniques such as Raman, IR,
or UV—vis spectroscopies. The microscopic acid dissociation constants
of cysteine and GSH were widely studied by a plethora of different
techniques. Each of these techniques uses its own assumptions, but the results
are in reasonable agreement. It is, however, very challenging to obtain pK,
values for macromolecules, such as larger peptides or proteins that are
important to understand fundamental biological events like cell signaling.
In the next sections we discuss these issues using cysteine and GSH as
examples.

3.2. Cysteine

Cysteine is a triprotic acid with three ionizable functional groups including
a carboxylic acid, an amino, and a sulthydryl group (Scheme 1). The three
macroscopic pK, values were determined by Brooks et al. in 1937 to be:
1.71, 8.33, and 10.78 at 25°C and close to zero ionic strength [64]. It is
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Scheme 1 Macroscopic and microscopic acid—base equilibria of cysteine.

generally accepted that the first macroscopic pK, of cysteine represents the
acid—base equilibria of the carboxylic acid group. Therefore the carboxylate
group at pH > 3 is fully ionized. However, the second and third macro-
scopic pK, values were the subject of a large debate in the 1950s through to
the 1970s. Initially, Cohn and Edsall assigned the dissociation of the second
proton to the ammonium group and the third to the sulthydryl group [65],
whereas Calvin suggested the opposite [66]. Even 10-15 years later differ-
ent textbooks assigned the two macroscopic pK, values to different func-
tional groups [67,68]. Edsall was the first to suggest that since the intrinsic
proton affinities of nitrogen and sulfur are very similar, the two pK, values
should represent mixed equilibrium constants. They and others (even
almost 30 years later) have tried to evaluate the microscopic pK, values
by derivatizing each group separately and measuring the pK, value of the
other [69,70]. However, this approach eliminates the potential eftects of
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intramolecular H-bonding and intermolecular H-bonding with water
molecules [71]. The microscopic pK, values (see Scheme 1) of cysteine
were first determined in the classical work of Benesch and Benesch [72].
They used UV—vis spectrophotometric titration to follow the ionization of
the sulthydryl group at 230-240nm and assumed that the two cysteine
thiolate derivatives ([,HN-Cy-S]*~ and [HN-Cy-S]~ in Scheme 1) had
similar extinction coefficients in this wavelength range.

In 1956 De Deken suggested that the shift in the absorption maximum
in the Benesch and Benesch study was due to a H-bonding interaction
between the sulfur and nitrogen centers and suggested that the biprotonated
cysteine represents one microspecies (see Scheme 2) [73].

Later, Edsall revisited the problem using Raman spectroscopy utilizing
the strong S—H stretching frequency at 2580 cm™ ' [74,75]. He elegantly
showed that if the H-bonding intermediate exists at all, it must have a very
low (undetectable) steady-state concentration [76]. An equilibrium between
[LHN-Cy-SH] ™ and [sHN-Cy-S]~ (K.,) should also exist and the reaction
most probably proceeds by entropy reduction facilitated intramolecular H™
transfer, where a low steady-state concentration of the above suggested
intermediate is feasible. Edsall’s microscopic pK, values agreed well with
those reported by Benesch and Benesch (see Table 1) in spite of differences
in ionic strengths between the two studies (Table 1). Others have remea-
sured the microscopic pK, values for cysteine using different methods and in
most cases the obtained values were relatively close (see Table 1).

It is interesting to note that the four microspecies form a thermody-
namic cycle and therefore are interrelated [see box, eq. (1)]. They also relate
to the macroscopic pK, values [egs. (2 and 3)]. Also, [LHN-Cy-SH] ™ and
[;HN-Cy-S] ™ are protonation isomers and their ratio is independent of the
pH and total concentration of cysteine [eq. (4)]. Therefore if one of
the microscopic pK, values can be measured, it is enough to establish all
the others.

From the kinetics point of view, it is important to use microscopic rather
than macroscopic pK, values, because the reactivity of the cysteine thiol will
be more affected by the ionization state of the sulthydryl group than the

N H-.

TH3 / “~NH; THz
Kao S K
HS CH 0 . CH o B, S CH_ 0
\C/ \C/ = \C/ \C/ \C/ \C/
Ho | Ha | Ho |
o- o- o~
[;HN-Cy-SH]® [H-bonded Int] [,HN-Cy-SI*~

Scheme 2 Acid-base equilibria of cysteine via a H-bonded intermediate
protonation state as proposed by De Deken et al. [73].
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Reported microscopic acid dissociation constants for cysteine
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macroscopic protonation state of the whole molecule. The extent of the
deprotonation of an individual site can be given by protonation functions.
The protonation functions of the sulthydryl group can be calculated using the
microscopic pK, values based on eq. (5). One can also define a function that
relates to the deprotonation of the sulfhydryl group (F*™) using microscopic
pK, values, which results in the speciation of the cysteine derivatives with
protonated and unprotonated sulthydryl groups and ignores the protonation
state of the ammonium group [egs. (6 and 7)]. It should be noted that although
this function represent the kinetics of thiols with oxidants far better than the
macroscopic pK, values, the protonation of the amino groups could also have
an effect on the reactivity of the sulfur [82,83] and therefore difterent rate
constants should be assigned to each microspecies when possible.

K2(NH3) - K3(SH) = Kp(SH) - K;3(NH3) (1)
K, = K;3(NH3) 4 K3(SH) (2)
Ky - Ky = Kp(NH;) - Ki3(SH) = Ky2(SH) - Ki3(NH3) (3)

[(HN-Cy-S]~  Kp(SH)[H'][[JHN-Cy-SH]" K, (SH)

LHN-Cy-SH] ™ K,,(NH,)[H*][,HN-Cy-SH]’  Ko(NH;)

[{HN-Cy-S] ™ + [,HN-Cy-S]*~
[Cys] i
B K (SH)/[H] + Ko(SH)K,3(NH3) /[H]?
1+ (Ko(SH) + K2(NH3))/[H'] + Koo(SH)K,3(NH3) /[HT]

a(SH) =

_ Kao(SH)/[H'] + KooK /[H')
T4 Kp/[HY] + KoKy /[H)?

(5)

CySH=—=CyS~ 4+ H*, FOH — %
([3HN-CY—S] S+ [QHN-Cy-s]2*> [H*] (6)

([sHN-Cy-SH]’ + [,HN-Cy-SH] ")

FOH) _ a(SH)[H']  Ko(SH)[H'] + Kip(SH) K3 (NH3) (7)

1 — a(SH) [H*] + K2(NH3)
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Figure 2 Differences in thiolate distribution using microscopic or macroscopic K,
values. Thiolate concentrations calculated assuming that the macroscopic pK,, (solid
line) or pK,; (dotted line) represent the sulthydryl group and using the microscopic pK,
values (dot dashed line) determined by Elson et al. [74]. The dashed and dotted lines show
the distribution of the microspecies [HN-Cy-S]~ and [,HN-Cy-S]*", respectively, and
the dot—dashedline was obtained by summation of [;HN-Cy-S]  and [LHN-Cy-S]*".

Figure 2 represents the marked differences in speciation when macro-
scopic or microscopic pK, values are used.

3.3. Reduced glutathione

GSH is a tripeptide (7-Glu—Cys—Gly). It has two carboxylic acid, an amino
and a sulthydryl functional groups. Rabenstein has shown that the two
carboxylic acid groups are protonated simultaneously in the pH < 6 region,
well separated from the ammonium and sulthydryl groups, which protonate
in the pH > 7 region [84,85]. He has shown that GSH acts as a biprotic
acid in both regions (see Scheme 3).

Values determined for the physiologically more important microscopic pK,
values for the ammonium and sulthydryl groups of GSH are shown in Table 2.

3.4. Proteins

The measurement of thiol pK, values of particular protein cysteines is
highly desirable to predict or explain reactivities or enzymatic function.
The most extensively used methods include NMR spectroscopy [87—-89],
spectrophotometric titration at 240 nm (the absorbance maximum of thio-
late) for example, [90], and changes in rates of reactions with electrophiles.
There are several complications associated with each method which include
the following:

— In most proteins there are more than one Cys residues and in many
cases spectrophotometric and kinetic pK, measurements cannot
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Scheme 3 Microscopic acid—base equilibria of reduced glutathione.

difterentiate between them. One way to overcome this problem is
site directed mutagenesis, although even point mutations may result
in significant conformational changes and alter the pK, values of
interest. A recent study reported an elegant liquid chromatography/
mass spectrometry (LC/MS) method where quenching the reaction
of cysteine residues with an iodoacetamide-based reagent at
different time points is followed by tryptic digestion and peptide
mapping, which allows to follow alkylation of each cysteine
residues separately [91].

— pK, measurement by NMR spectroscopy is challenging because of
overlapping signals and line-broadening problems. Changes in
chemical shifts are usually not specific to one functional group (see
Section 3.1).

— Accessibility to the active site can aftect kinetic measurements by
alkylating agents such as iodoacetate or iodoacetamide [92].

Moreover, in light of the complexity of measuring the pK, values for
cysteine or glutathione it is not hard to imagine that there are further
challenges in the complex systems of proteins. We would like to draw
attention on the 2 orders of magnitude difference in the K, values of the
sulthydryl group of free cysteine when the ammonium group is protonated
or deprotonated (see Table 1). Likewise in proteins, neighboring charged,
aromatic, or H-bond donor or acceptor functional groups will have a
pronounced effect on the thiol pK,, especially at buried active sites. In
fact, these interactions are used in protein pK, simulation methods (e.g.,
[93]). Furthermore, all experimental methods to measure pK, values
include pH titration and most proteins are known to undergo conforma-
tional changes as the pH is varied. Therefore, changing the pH could not



Table 2 Reported microscopic acid dissociation constants for the ammonium and sulfhydryl groups of reduced glutathione

pK,>(SH) pK,»(NH;) pK,;(SH) pK,;(NH;) Ionic strength Temperature Method
(°C)
8.93 9.13 9.28 9.08 I=0.2-0.55M 25 NMR specroscopy
8.72 9.47 8.72 9.47 I=1M (KCJ) 30 Spectrophotometry
8.72 9.28 8.72 9.28 N/A reported to 25 Kinetics
have negligible
effect
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only perturb the charge and protonation state of the thiol and the neigh-
boring functional groups, but also their distances from each other. It is
therefore hard (if not impossible) to evaluate the contribution of the
protonation/deprotonation of one particular functional group in a pH
titration data set of a protein. However, this complex network is exactly
what causes the extraordinary reactivity and specificity of protein thiols
compared to small molecules. Therefore from the functional point of view,
it is more important to understand how the pH affects the reactivity of the
protein thiol and draw general conclusions based on the ionizability of its
sulthydryl group, than strictly assigning its acid dissociation constant.
Therefore the meaning of protein pK, is slightly different than the strict
chemical definition used for small molecule pK,.

4. CLOSED-SHELL' SULFUR SPECIES GENERATED
IN THIOL REDOX REACTIONS

Sulfenic acids are typically formed in the two-electron oxidation
reactions of thiols and can engage in various inter and intramolecular
redox reactions to give derivatives with sulfur centers having higher
or lower oxidation states. The most common biologically relevant deri-
vatives are depicted on Figure 3. A reaction scheme demonstrating
some of the possible pathways for their interconversion is shown in
Scheme 4.

Studying the chemistry of these reactions is challenging because most of
the derivatives are short lived and do not exhibit distinct spectroscopic
properties. However recent studies involving chemical trapping and kinetic
analysis have identified most of the intermediates on small thiols or proteins
and are currently the focus of many biochemical investigations.

4.1. Sulfenic acid

Sulfenic acids are produced by the reactions of a thiol with two-electron
oxidants [3,94-97]. They can alternatively be generated via the hydrolysis
of sulfenyl-halides, sulfenyl-thiocyanate [19,29,98-100] or thiosulfinate
esters [82,83,101,102], or in radical-mediated reactions (see the later
sections).

Sulfenic acids are usually short-lived transient species [103], and in the
presence of thiols they are rapidly consumed to form disulfides. A lower
limit for the second-order rate constant of the reaction of cysteine sulfenic
acid with cysteine thiolate at pH 7 was estimated to be 10°M™"'s™' [19]. In

! Closed shell molecules have only doubly occupied or empty molecular orbitals and no unpaired electrons.
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Figure 3 Most common thiol oxidation products and intermediates observed in
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contrast, the rates of the reactions of sulfenic acid on human serum albumin
(HSA-SOH) with low-molecular-weight thiols are surprisingly slow with
second-order rate constants in the range of 2-100M™'s™' [104]. This
could be due to the fact that Cys34 of HSA is located in a partially
solvent-protected hydrophobic cleft. This could also be the reason for the
large stability of HSA—SOH (after 2 h incubation less than 15% decomposi-
tion was observed) in the absence of nucleophiles (other that H,O or OH™)
at neutral pH [105]. These reactions are, however, rapid enough to ensure a
short lifetime of HSA—SOH under physiologic conditions, suggested by the
fact that 25% of HSA circulates in blood as a mixed disulfide with low-
molecular-weight thiols [106].

Condensation of two sulfenic acids to give a thiosulfinate ester [19,107]
or disproportionation to a sulfinic acid and a thiol (P. Nagy , unpublished
results) can compete to some extent with disulfide formation even at a
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Scheme 4 Two-electron redox cascade of biologically common Cys derivatives.
X =Cl, Br, SCN, or OH.

>10-fold excess of thiol over sulfenic acid [19]. The contributions of these
reaction pathways are dependent on the pH, pK, of the sulfenic acid and
the surrounding thiols, and the relative thiol and steady-state sulfenic acid
concentrations. The rates of the disproportionation and condensation reac-
tions are expected to peak close to the pK, of the sulfenic acid. The rational
for this is that one sulfenic acid serves as the electrophile and the other as the
nucleophile in these reactions and at the pK, of the sulfenic acid the
deprotonated and protonated isoforms (representing the best nucleophile
and electrophile, respectively) are present at equal concentrations. Due to
their high reactivity, measuring the pK, for a sulfenic acid is complicated and as
far as we are aware there is only one study that estimated a range of 6-10
for the pK, value for a cysteine sulfenic acid [19]. The steady-state sulfenic
acid concentration largely affects the rate of the condensation and dispropor-
tionation reactions because the rate laws of these reactions exhibit second-
order dependency on it. It is determined by the relative rates of the initial
oxidation step (which produces sulfenic acid) and the reaction of the
sulfenic acid with extra thiol (which consumes sulfenic acid). Therefore the
oxidative properties of the primary oxidant and its relative concentration aftect
the extent of the self~reactions compared to disulfide formation. The mechan-
isms of sulfenic acid disproportionation and condensation reactions have
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not been studied in detail and are not well understood. However, it is clear
that the redox potential and pK, of the sulfenic acid as well as the pH and the
nature of the primary oxidant have a major effect on these reactions.

Sulfenic acids can also be further oxidized [19,108]. These reactions
occur in competition with the reaction of the sulfenic acid with another
thiol molecule. Sulfenic acid overoxidation can be detrimental to protein
function. However, solvent-exposed protein sulfenic acids are expected to
react rapidly with abundant low-molecular-weight thiols such as
glutathione. This is recognized as a mechanism for protecting protein thiols
from overoxidation (see Section 4.2).

Sulfenic acids also react with amines and amides in both inter- and
intramolecular reactions to form sulfenamides, sulfinamides, or sulfonamides
(see Section 4.5) [109—-112]. Other reactions, such as the reaction of a thio-
sulfinate ester or a disulfide with the sulfenic acid can theoretically happen, but
these reactions have not been observed to date [19,83]. Their relevance is even
less likely in a complex biological system, where other nonsulfur-derived
electrophiles and nucleophiles will join the competition for sulfenic acids
and further complicate their chemistry (these reactions are not discussed here).

Sulfenic acid formation on proteins is now well recognized. Initially
long-lived sulfenic acids were detected on proteins such as HSA [105],
NADPH peroxidase [113,114], glutathione reductase (GR), 1-Cys Prxs
[115,116], and methionine sulfoxide reductase [117]. In these proteins the
sulfenic acids are stabilized from disulfide formation due to conjugation,
H-bonding, or steric hindrance [118-123]. They have been characterized
by NMR, MS, chemical trapping, or even single-crystal X-ray diffraction
(reviewed in [97]). Evidence for intermediate sulfenic acid formation in
2-Cys Prxs [124], OhrR [125], cysteine-based proteases (Cathepsin B and L
and SUMO proteases) [126,127], and PTPs [128] were also obtained
recently by means of chemical trapping and kinetics (reviewed in [2]).
The potential of Cys—sulfenic acids as regulatory switches for the activation
and deactivation of tyrosine phosphatases is now widely accepted
[111,112]. Carroll’s group has developed dimedone analogs that specifically
react with sulfenic acids, which allow study of thiol oxidation in cellular
systems. For example, azidodimedone was utilized in human tumor cell
lines to confirm 14 known proteins that are modified by sulfenic acid
formation as well as identify almost 200 new potential candidates that are
involved in wide ranging cellular functions [129]. Antibodies that recognize
dimedone-labeled proteins [130] will have further application for probing
sulfenic acid formation in pathological conditions. An important recent
study suggests that sulfenic acids represent a major posttranslational mod-
ification of periplasmic Cys residues in Escherichia coli. The same work
discovered that two thioredoxin (Trx)-like proteins DsbG and DsbC are
responsible for maintaining thiol homeostasis via reducing sulfenic acids on
proteins with single functional cysteine residues [131].
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4.2. Disulfide

Disulfides are relatively stable products of thiol oxidation and have important
roles in the secondary, tertiary, and quaternary structures of proteins. Folding
of newly synthesized polypeptides is accompanied by enzyme-catalyzed
disulfide bond formation. Briefly, in the endoplasmic reticulum protein
oxidation is mediated by protein disulfide isomerases via their intramolecular
redox active Cys—x—x—Cys disulfide bonds and in the mitochondrial inter-
membrane space the Mia40 enzyme is responsible for oxidation of the
incoming proteins via its Cys—Pro—Cys motif (reviewed in [132]). It was
thought for a long time that once formed structural disulfide bonds are stable
and inert entities in a physiological milieu. However, a number of proteins
contain disulfide bonds that can be reduced enzymatically, suggesting a much
more dynamic situation. This process has been shown to be involved in
activation of a number of regulatory proteins, including thrombospondin,
cell surface receptors, and tissue factor (reviewed in [133]).

Disulfide formation is a common outcome of oxidative stress. Sulfenic
acids, sulfenyl-halides, and sulfenyl-thiocyanates on proteins or small mole-
cules, are generally intermediates and are rapidly quenched by reacting with
an additional thiol to form disulfides. Nitrosothiols and sulfenamides also
react slowly with thiols to give disulfides. Higher oxidation states such as
thiosulfinate or thiosulfonate esters can convert to disulfides by reduction or
hydrolysis. Radical-mediated thiol oxidation can lead to disulfides (see the
later sections). For proteins with vicinal thiols, the product is an intramo-
lecular disulfide. For other protein thiols, the favored reaction of the
oxidized intermediate is with the GSH present at high intracellular
concentrations to form a glutathionylated protein. Protein glutathionyla-
tion is thought to be important as a mechanism for protecting functional
protein thiols under oxidative stress. Although this can render the protein
inactive, removal of the glutathione can restore activity. Reversible protein
glutathionylation is also being increasingly recognized as a regulatory
mechanism in signal transduction.

Formation of disulfides on redox-active thiols is a dynamic and rever-
sible process. Trx and glutaredoxin, together with Trx reductase and GR,
are largely responsible for intracellular disulfide reduction. These enzymes
themselves function via reversible inter- and intramolecular thiol-disulfide
(or seleno—sulfide) cycles [134—137]. Disulfides also undergo exchange
reactions. Spontaneous thiol-disulfide exchange is relatively slow; the
order of magnitude of their second-order rate constants at pH 7 is ~107>
M~ 's7! [138]. It proceeds via nucleophilic attack of the thiolate on the
more electrophilic sulfur centers in the disulfide bond. Therefore both the
thermodynamic and kinetic properties of these reactions will largely depend
on the corresponding thiol pK, values and redox potentials. These reactions
are used to determine protein redox potentials and pK, values (reviewed in
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[139]). Uncatalyzed exchange reactions are too slow to have a major impact
in a dynamic cellular environment. However, enzyme-catalyzed exchange
reactions, catalyzed primarily by glutaredoxin and Trx, play an important
role not only in reversing oxidation but in regulating protein glutathionyla-
tion and redox-sensitive signaling pathways (reviewed in [140]).

Thiols are thought to act as intracellular redox buffers and the redox
potentials of the GSH/GSSG, Trx,.q/ Trx,, and cysteine/cystine couples
provide a useful measure of cellular oxidative stress. Interestingly, these
couples are not in equilibrium but are insulated kinetically. In other words,
as a result of marked differences in thiol oxidation and disulfide reduction
rates (vis-a-vis catalyzed and noncatalyzed events) the redox status of the cell
is controlled kinetically rather than thermodynamically, representing a
dynamic nonequilibrium steady-state system [141,142].

4.3. Thiosulfinate and thiosulfonate ester

Thiosulfinate esters are formed in the condensation reaction of two
sulfenic acids or via oxidation of disulfides [19,82,83,101,143—145].
They are also an intermediate in the reduction of sulfinic acids via ATP-
dependent sulfiredoxin (Srx)-catalyzed pathways (see the next section)
[146—148].

Thiosulfinate esters are reactive species. They react further with thiols to
give a sulfenic acid and a disulfide [83,149,150] or in the absence of thiols
undergo hydrolysis. Hydrolysis can proceed via a number of pathways, with
the contribution of each largely depending on the conditions [82]. All
eventually yield disulfide and sulfinic acid in a 1:1 ratio, but the nature of
the intermediates could be different.

Disproportionation of aromatic thiosulfinate esters was reported to give
a thiosulfonate ester and a disulfide [102,151-153]. Thiosulfonate esters can
alternatively be intermediates in the hydrolysis of thiosulfinate esters [82].
While cysteine thiosulfonate ester reacts rapidly with cysteine to give a
disulfide and a sulfinic acid [82], the thiosulfonate ester of glutathione is
quite stable even in the presence of excess GSH [154]. The biological
importance of these species has not been explored.

Thiosulfinate esters on the other hand are biologically relevant. They
are intermediates in the enzymatic reduction of Prx sulfinic acid residues by
Srx (see Section 4.4). The natural products allicin and leinamycin are
thiosulfinate esters. These species were reported to have antibacterial,
antineoplastic, antifungal, antithrombic, hepatoprotective, and choles-
terol-lowering [155—159] properties. Most of these properties are mediated
via their reactions with thiols. Oxidation of GSH by singlet oxygen or
H,O, has been reported to give substantial formation of the thiosulfinate
ester (GS(=0)SG) [160,161]. Singlet oxygen was also shown to oxidize
GSSG to form GS(=0O)SG [162,163]. Due to its reactivity with thiols a
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recent study proposed GS(=0O)SG to be a primary glutathionylating species
in vivo [164]. Furthermore, enzymatic oxidation of disulfides by cyto-
chrome P-450 can lead to thiosulfinate ester formation in rat and human
liver microsomes, which provide evidence for the catalytic formation of
these species in complex biological systems [165-167].

4.4. Sulfinic and sulfonic acid

Two-electron oxidants can react with sulfenic acids to give sulfinic acids or
sulfonic acids, which are much less reactive species. They can also be
formed in disproportionation reactions of sulfenic acids or in hydrolysis
and redox reactions of oxi-disulfide derivatives. In the cysteine dioxygenase
(CDO) pathway of cysteine metabolisms CDO oxidizes free cysteine to
cysteine sulfinic acid, which eventually breaks down to taurine or pyruvate
and sulfate [168].

Sulfinic acids are far less reactive than sulfenic acids or thiosulfinate
esters and ~5% of cellular protein cysteine residues has been estimated to
be in this oxidation state [169]. The sulfinic acid functional group has a
pK, value at around 2, and is always deprotonated under physiological
conditions. This would explain why sulfinic acids mainly act as soft
nucleophiles despite having two largely electron-withdrawing oxygens
attached to the sulfur center. Importantly, sulfinic acids cannot be reduced
by thiols.

Recently, sulfinic acid formation on Prxs has received considerable
interest [170-173]. The reactive thiol in these proteins reacts with per-
oxides to form a sulfenic acid intermediate. This sulfenic acid then reacts
with another Cys (either on the same or on an adjacent subunit) to form
a disulfide. The sulfenic acid can alternatively react with another peroxide
to give a sulfinic acid and thus inactivate the protein (this phenomenon is
commonly called hyperoxidation). However, an ATP-driven sulfinic acid
reducing enzyme called Srx is able to reverse this process [174,175]. Two
groups have studied the mechanism of Srx-mediated Prx sulfinic acid
reduction [146—148]. They propose slightly different pathways but agree
on the involvement of a mixed protein thiosulfinate ester intermediate.
The reaction takes Prx back to its reduced form, but it is very slow
compared to the Trx-mediated disulfide reduction. Prx hyperoxidation is
proposed to have a role in cellular signaling as a redox switch (reviewed
in [2]).

Sulfinic acids can be further oxidized by strong oxidizing agents such as
HOX, H,O,, or ONOOH to give sulfonic acids. These are believed to
truly represent dead-end oxidation products, because no biological pathway
has been discovered to date for sulfonic acid reduction. This posttransla-
tional modification on an active site cysteine may irreversibly inhibit
enzyme function. Chae ef al. have shown that sulfonic acid formation on
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Prx activates a “super-chaperone” activity that may be induced during
oxidative stress [176]. They have also discovered a protective mechanism
against irreversible overoxidation by acetylation of the N-terminal amino
group [177]. When formed on an N-terminal cysteine residue (such as
GTPase-activating proteins) the sulfonic acid group can also be a marker for
ubiquitin-dependent protein degradation [178—180].

4.5. Sulfenamide, sulfinamide, and sulfonamide

The discovery of a sulfenamide intermediate in the oxidation of the
catalytic cysteine of PTP1B drew attention to this type of posttranslational
modification [111,112]. The PTP1B sulfenamide is formed via electrophi-
lic attack of the catalytic Cys sulfenic acid residue on the adjacent main
chain amide nitrogen to form a five-membered sulfenamide ring (also called
sulfenyl amide). It is proposed to protect the catalytic cysteine from over-
oxidation during oxidative stress. Sulfenamide formation is accompanied by
conformational changes in the active site, which retards substrate binding.
Importantly, this cyclic sulfenamide can further react with thiols, for
example, GSH, thus allowing reversible redox-regulated enzyme inhibi-
tion. Formation of five-membered isothiazolidinone rings, analogous to the
sulfenamide in PTP1B, requires high energy, which can be associated with
the breakage of the S—O bond [181]. However by enhancing the electro-
philicity of the sulfenic acid sulfur or the nucleophilicity of the amide
nitrogen (e.g., via H-bonding between the amide oxygen and His214 in
PTP1B) the reaction can be so favorable as to proceed even in the presence
of thiols. Sulfenamide, sulfinamide, and sulfonamide formation in peptides
by hypochlorous acid has been demonstrated and proposed as a potential
pathway for myeloperoxidase-mediated cross-linking of low-density lipo-
proteins [109]. HOCIl-mediated oxidation of the neutrophil cytoplasmic
protein ST00AS also results in sulfinamide formation via intramolecular as
well as intermolecular cross linking. These sulfinamides are stable and form
via a sulfenic acid intermediate that was chemically trapped in the presence
of dimedone [110].

The reaction of GSH with HOCI or HOBr results in the formation
of a stable sulfonamide derivative with a nine-membered ring structure
[154,182,183]. Glutathione sulfonamide has an intramolecular covalent
bond between its y-glutamyl ammonium nitrogen and its Cys sulfur and
is proposed to form via a sulfenamide intermediate. Glutathione sulfo-
namide is formed in cellular systems and it is stable under physiological
conditions [182—184]. It forms when the oxidants are generated by
myeloperoxidase or neutrophils and it is specific to HOCI or HOBr-
initiated two-electron redox reactions of GSH. This makes it an impor-
tant biomarker for neutrophil-mediated oxidative damage in clinical
samples [185].
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5. RADICAL-MEDIATED CHAIN REACTIONS INVOLVING
THIOLS

Free radicals are highly reactive species, with one or more unpaired
electrons on an open-shell configuration. Radical-mediated acute or
cumulative tissue injury is associated with many diseases including inflam-
matory and neurodegenerative diseases, atherosclerosis, cancer, and aging.
The most extensively studied endogenously generated free radicals include
the hydroxyl radical (OH"), O,"", NO, nitrogen dioxide (NO,"), and
tyrosyl radical. They all react with thiols and eventually produce similar
closed-shell intermediates and products as the two-electron oxidants (see
Scheme 5). The reaction of OH" is diffusion controlled at pH 7 [186], but
most other radicals react more slowly.

Tyrosyl radicals together with NO," can be produced by peroxidase-
catalyzed reactions. Protein tyrosyl radicals also participate in the catalytic
cycle of some enzymes such as ribonucleotide reductase. Hydroxyl radical
(OH") is produced by splitting water by ionizing radiation or by transition
metal ion-catalyzed homolytic cleavage of the O—O bond in H,O, (called
Fenton or Fenton-like reactions). It is the most reactive and indiscriminant
radical produced by living organisms. O," " represents the most abundant
radical in biology. It is primarily generated during respiration via the

Scheme 5 One-electron reaction cascade of common biological Cys-derived
radicals. Reviewed in [189].
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accidental leakage of electrons from the mitochondrial electron transport
chain or by the Nox (NADPH oxidase) family of enzymes. NO is pro-
duced in vivo by neuronal, inducible, or endothelial NO synthases during
the oxidation of L-arginine to L-citrulline. Its cell regulatory role is mainly
attributed to its interaction with guanylate cyclase but its reactions with
protein thiols to form, among others, nitrosothiol intermediate species are
increasingly recognized as major contributors to its signaling function [187].
The chemistry of nitrosothiol formation and degradation is a subject of a
heated debate. Several pathways including one- and two-electron redox
reactions are proposed and reviewed elsewhere [188].

Most radicals react with thiols to generate the highly reactive thiyl
radical [186]. Thiyl radicals can combine to give a closed-shell disulfide
with a second-order rate constant of 2k=1.5 x 10°M~'s™' for GSH
[190]. This reaction, albeit fast, is likely to be minor in a physiological
environment, because thiyl radicals are highly reactive with other more
abundant species. The two most favorable reactions of thiyl radicals under
biological conditions are (1) with molecular oxygen (k~10°*~10"M~"'s™ ")
to give a thiyl peroxyl radical (RSOO) or (2) with another thiol
>10°M"'s™Y to give a disulfide radical anion (RSSR"7). The latter
reaction proceeds via the deprotonated thiolate; therefore, the apparent
rate of this reaction will be dependent on the pK, and concentration of the
thiol. In contrast to the oxidizing thiyl radical, RSSR "™ is a very powerful
reductant. It predominantly reacts with molecular oxygen (k=5 x 10’
M™'s7! for GSH) to give O,"~ and RSSR. RSOO" can be reduced to
a thiyl hydroperoxide (RSOOH) via hydrogen abstraction, which was
suggested to be a possible intermediate in the formation of sulfenic, sulfinic,
and sulfonic acids [94,95,191]. Alternatively RSOO" can react with
another thiol molecule to give a sulfenic acid and a sulfinyl radical. The
latter can also be reduced to sulfenic acid after hydrogen abstraction
[52,192]. The isomerization of RSOO" to the sulfonyl radical (RSO,") is
thermodynamically favored [193]. RSO," can be reduced to a sulfinic acid
or react further with oxygen to give the sulfonyl peroxyl radical
(RSO,00") [193]. RSO,OO" ultimately converts to a sulfonic acid [194].

From a biological point of view, the reaction of thiyl radicals with oxygen
is proposed to have a minor role compared to the reaction with another
thiolate in the presence of millimolar glutathione concentrations at pH 68,
representative of a cellular environment [195]. As GSH was shown to play an
important role in scavenging oxidizing radicals, the subsequent conversion of
these radicals to O,"~ via RSSR "™, to be destroyed by superoxide dismutase
represent an intriguing intracellular radical sink [196—200]. This hypothesis
was corroborated by rigorous physical chemical calculations of the energetics
of all possible reactions [201]. It is important to mention that ascorbate
competes for the thiyl radical with glutathione representing another radical
sink mechanism which is discussed elsewhere [202].
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0;+ GSH —> (GS--O;H)'™ —> GSO"+ OH~
GSO'+ GSH —> GSOH + GS*

GSOH + GSH —» GSSG + H,0

GS'+ GS"=—= GSSG'~

GSSG™+ O, — > GSSG + 05~

20,7+ 2H* —> Oy + Hy0,

Scheme 6 Shortradical chainreactionsinitiated by the reactionof O,"~ with GSH[197].

The rate of the reaction of O, with thiols is relatively slow (the second-
order rate constant is only around 10-1000M~'s™" [197,200,203-205], but
the large concentration of thiols makes it feasable under physiological condi-
tions. The reactions comprise a short chain that consumes oxygen and regen-
erates O," (see Scheme 6) [197]. The chain reaction eventually yields 90%
GSSG and 10% GSO3H, representing the partitioning of the preformed thiyl
radical between another thiolate and oxygen, respectively.

6. HYDROGEN SULFIDE

An emerging signaling molecule, H,S, from the chemical point of view
can be seen as the smallest thiol. It represents a sulthydryl group with only one
extra hydrogen attached to it. Initial reports on the biology of H,S were
focused on its toxicity, mainly via its inhibitory effect on cytochrome ¢
oxidase [206]. However, it is now clear that H,S is formed physiologically
in mammalian tissue by the pyridoxal phosphate-dependent enzymes,
cystathione gamma lyase and cystathione beta synthetase, that are involved
in the transsulfuration pathways of cysteine metabolism [207]. The discovery
of the in vivo generation of H,S resulted in a sharp increase of studies to assess
its physiological function. Following on from NO and carbon monoxide
(CO), it 1s also identified as a physiological gasotransmitter. A large body of
literature has accumulated on the signaling properties of NO and CO and the
role of H,S as a signaling molecule is also increasingly recognized [208,209].
As with NO and CO it has vasorelaxant properties, but unlike NO or CO
it acts via opening Kap channels [210,211]. It induces suspended animation
in mice by decreasing oxygen consumption and drastic reduction of meta-
bolic rate [212] and increases thermotolerance and lifespan in Caenorhabditis
elegans [213]. Its medical and therapeutic potential is attracting considerable
interest [214]. The protective role of H,S in cardiovascular disease was
reported recently by several research groups [209,215-217]. Lefer and col-
leagues showed that direct injection of H,S into the heart protects against
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inflammatory events and ischemia reperfusion injury [216]. Evidence that
Ho,S is indeed a physiologic vasorelaxant arose from the hypertension seen in
cystathione v lyase knockout mice [211].

However, the physiological eftects of H,S are controversial. Conflicting
reports suggest pro- [218] and anti-inflammatory [219], pro- [220] and
antiapoptotic [221], and pro- [222] and antioxidant [223] effects of HS.
This is perhaps the result of the diverse physiological chemistry of H,S that
has not been fully explored. Future studies to understand the underlying
chemical mechanisms of the interactions of H,S with biological molecules
(some proposed major pathways are outlined in Figure 4) are needed to
explain controversial physiological observations.

H,S reacts rapidly with two-electron oxidants. As the smallest thiol, its
redox chemistry exhibits similarities to that of cysteine. A major difterence is
that whereas the highest common oxidation state of sulfur for cysteine
derivatives is 44 in sulfonic acids, sulfite (SO5°~, which is the sulfonic
acid analog of H,S) can be easily oxidized to sulfate (SO4”7) [224,225] in
which the oxidation state of the sulfur center is +6. H,S reacts rapidly with
ONOOH, H0,, lipid peroxides, and HOCI ([226—228] and P. Nagy,
unpublished results). Its oxidation can lead to the formation of polysulfides
HS,  (x=2-8), thiosulfate (S,05>"), tetrathionate (S;04>), SO5>, and
SO,”". Similar to cysteine thiol oxidation products, these species also
interconvert [229,230]. The kinetics of H,S oxidation reactions have not
been widely studied except for its relatively slow reaction with H,O,
[231,232]. The bimolecular reaction is proposed to give a sulfenic acid
analog HSOH. It is also proposed to be a short-lived intermediate (that

Radical
scavenging

Reduction of Reduction of
reactive oxidants disulphide bonds

/ We need to better
Secondary ﬁ understand the chemistry
reactive oxidants ) to answer physiological

observations!

Inhibition of enzyme | | |  Role in respiration
function

Formation of
bioactive products

Figure 4 Proposed molecular mechanisms for the interactions of H,S with biological
molecules.
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has never been observed experimentally) and similar to cysteine sulfenic
acids another SH™ and H,O, can compete for HSOH to give polysulfides
or polythionates (oxysulfur species), respectively.

7. CONCLUSIONS

The chemical properties of sulfur make it very reactive in biological
systems. Cysteine residues are primary targets of endogenous oxidants that
are generated in large quantities especially under inflammatory conditions.
Thiols engage in two-electron oxidation reactions and they are also effi-
cient scavengers of radical species. The rates of these reactions are largely
dependent on the chemical properties of the oxidant as well as the thiol.
The nucleophilic character of thiols is probably the most important factor
that determines reactivity. This property is reflected in thiol ionizability and
therefore the acid dissociation constants of sulthydryl groups provide
invaluable information in kinetic studies. Using the rate constants obtained
from kinetic investigations in modeling potential cellular targets of different
oxidants provide a very powerful tool for cell biologists.

Most studies are focused on the initial oxidation step. However, it is now
clear that these primary reactions generate reactive intermediates, which initiate
a cascade of redox events. The mechanisms of these reactions are not well
understood. Nevertheless, their importance in determining the final outcome
of the oxidative stimuli is more appreciated and warrants further investigation.

Recent improvements in proteomic, kinetic, and imaging techniques to
detect cysteine posttranslational modifications and previously undetected
intermediate species has resulted in an explosion of publications on redox
mediated cellular events via thiol oxidation. To be able to gain further
insight into the functional significance and regulation of these phenomena,
it 1s essential to undertake a multidisciplinary approach, which includes
mechanistic studies using rigorous chemical analysis.

The recent discovery that H,S exerts its signaling properties via inter-
acting with protein thiols to form persulfides opens up a new aspect of thiol
biochemistry [233]. This further complicates the redox chemistry of thiols
and sets the stage for systematic chemical and biochemical studies.

REFERENCES

[1] P. Nagy, J.D. Becker, R.C. Mallo, M.T. Ashby, The Jekyll and Hyde roles of
cysteine derivatives during oxidative stress, New Biocides Dev. Comb. Approach
Chem. Microbiol. 967 (2007) 193-212.

[2] L.B. Poole, KJ. Nelson, Discovering mechanisms of signaling-mediated cysteine
oxidation, Curr. Opin. Chem. Biol. 12 (2008) 18-24.



Redox Chemistry of Biological Thiols 211

(3]

[10]

(11]

(12]

[13]

[14]

[15]

[16]

(17

(18]

[19]

[20]

[21]

[22]

K.G. Reddie, K.S. Carroll, Expanding the functional diversity of proteins through
cysteine oxidation, Curr. Opin. Chem. Biol. 12 (2008) 746—754.

C.C. Winterbourn, Reconciling the chemistry and biology of reactive oxygen
species, Nat. Chem. Biol. 4 (2008) 278-286.

C.C. Winterbourn, M.B. Hampton, Thiol chemistry and specificity in redox signal-
ing, Free Radic. Biol. Med. 45 (2008) 549-561.

A. Yarnell, Cysteine oxidation, Chem Eng. News 87 (2009) 38—40.

R.J. Soberman, The expanding network of redox signaling: New observations,
complexities, and perspectives, J. Clin. Invest. 111 (2003) 571-574.

A.G. Cox, A.V. Peskin, L.N. Paton, C.C. Winterbourn, M.B. Hampton, Redox
potential and peroxide reactivity of human peroxiredoxin 3, Biochemistry 48
(2009) 6495-6501.

B. Manta, M. Hugo, C. Ortiz, G. Ferrer-Sueta, M. Trujillo, A. Denicola, The
peroxidase and peroxynitrite reductase activity of human erythrocyte peroxiredoxin
2, Arch. Biochem. Biophys. 484 (2009) 146—154.

D. Parsonage, P.A. Karplus, L.B. Poole, Substrate specificity and redox potential
of AhpC, a bacterial peroxiredoxin, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
8209-8214.

A.V. Peskin, FM. Low, L.N. Paton, G.J. Maghzal, M.B. Hampton, C.C. Win-
terbourn, The high reactivity of peroxiredoxin 2 with H(2)O(2) is not reflected in
its reaction with other oxidants and thiol reagents, J. Biol. Chem. 282 (2007)
11885-11892.

P. Nagy, K. Lemma, M.T. Ashby, Kinetics and mechanism of the comproportiona-
tion of hypothiocyanous acid and thiocyanate to give thiocyanogen in acidic aqueous
solution, Inorg. Chem. 46 (2007) 285-292.

P. Nagy, G.N. Jameson, C.C. Winterbourn, Kinetics and mechanisms of the reaction
of hypothiocyanous acid with 5-thio-2-nitrobenzoic acid and reduced glutathione,
Chem. Res. Toxicol. 22 (2009) 1833—-1840.

L.C. Adam, I. Fabian, K. Suzuki, G. Gordon, Hypochlorous acid decomposition in
the pH 5-8 region, Inorg. Chem. 31 (1992) 3534-3541.

C.M. Gerritsen, M. Gazda, D.W. Margerum, Non-metal redox kinetics: Hypobro-
mite and hypoiodite reactions with cyanide and the hydrolysis of cyanogen halides,
Inorg. Chem. 32 (1993) 5739-5748.

W.A. Prutz, R. Kissner, T. Nauser, W.H. Koppenol, On the oxidation of cyto-
chrome ¢ by hypohalous acids, Arch. Biochem. Biophys. 389 (2001) 110-122.
K.D. Fogelman, D.M. Walker, D.W. Margerum, Non-metal redox kinetics—
hypochlorite and hypochlorous acid reactions with sulfite, Inorg. Chem. 28
(1989) 986-993.

C.M. Gerritsen, M. Gazda, D.W. Margerum, Nonmetal redox kinetics—hypobro-
mite and hypoiodite reactions with cyanide and the hydrolysis of cyanogen halides,
Inorg. Chem. 32 (1993) 5739-5748.

P. Nagy, M.T. Ashby, Reactive sulfur species: Kinetics and mechanisms of the
oxidation of cysteine by hypohalous acid to give cysteine sulfenic acid, J. Am.
Chem. Soc. 129 (2007) 14082—-14091.

P. Nagy, J.L. Beal, M. T. Ashby, Thiocyanate is an efficient endogenous scavenger of the
phagocytic killing agent hypobromous acid, Chem. Res. Toxicol. 19 (2006) 587-593.
D.I. Pattison, M.J. Davies, Reactions of myeloperoxidase-derived oxidants with
biological substrates: Gaining chemical insight into human inflammatory diseases,
Curr. Med. Chem. 13 (2006) 3271-3290.

A.V. Peskin, C.C. Winterbourn, Kinetics of the reactions of hypochlorous acid and
amino acid chloramines with thiols, methionine, and ascorbate, Free Radic. Biol.
Med. 30 (2001) 572-579.



212

Péter Nagy and Christine C. Winterbourn

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

O. Skaft, D.I. Pattison, M.J. Davies, Hypothiocyanous acid reactivity with low-
molecular-mass and protein thiols: Absolute rate constants and assessment of biolo-
gical relevance, Biochem. J. 422 (2009) 111-117.

C.C. Winterbourn, Comparative reactivities of various biological compounds with
myeloperoxidase-hydrogen peroxide-chloride, and similarity of the oxidant to hypo-
chlorite, Biochim. Biophys. Acta 840 (1985) 204-210.

X.L. Armesto, M. Canle, M.I. Fernandez, M.V. Garcia, J.A. Santabella, First steps in
the oxidation of sulfur-containing amino acids by hypohalogenation: Very fast gen-
eration of intermediate sulfenyl halides and halosulfonium cations, Tetrahedron 56
(2000) 1103-1109.

W.A. Prutz, R. Kissner, W.H. Koppenol, H. Ruegger, On the irreversible destruc-
tion of reduced nicotinamide nucleotides by hypohalous acids, Arch. Biochem.
Biophys. 380 (2000) 181-191.

M.T. Ashby, H. Aneetha, Reactive sulfur species: Aqueous chemistry of sulfenyl
thiocyanates, J. Am. Chem. Soc. 126 (2004) 10216-10217.

C.L. Hawkins, D.I. Pattison, N.R.. Stanley, M J. Davies, Tryptophan residues are targets
in hypothiocyanous acid-mediated protein oxidation, Biochem. J. 416 (2008) 441-452.
K. Lemma, M.T. Ashby, Reactive sulfur species: Kinetics and mechanism of the
equilibrium between cysteine sulfenyl thiocyanate and cysteine thiosulfinate ester in
acidic aqueous solution, J. Org. Chem. 73 (2008) 3017-3023.

E.L. Thomas, T.M. Aune, Lactoperoxidase, peroxide, thiocyanate anti-microbial
system—correlation of sulthydryl oxidation with anti-microbial action, Infect.
Immun. 20 (1978) 456—463.

M.T. Ashby, A.C. Carlson, M.J. Scott, Redox buftering of hypochlorous acid by
thiocyanate in physiologic fluids, J. Am. Chem. Soc. 126 (2004) 15976-15977.

D.I. Pattison, M.J. Davies, Kinetic analysis of the reactions of hypobromous acid with
protein components: Implications for cellular damage and use of 3-bromotyrosine as a
marker of oxidative stress, Biochemistry 43 (2004) 4799—-4809.

P. Nagy, X. Wang, K. Lemma, M.T. Ashby, Reactive sultur species: Hydrolysis
of hypothiocyanite to give thiocarbamate-S-oxide, J. Am. Chem. Soc. 129 (2007)
15756-15757.

X.G. Wang, M.T. Ashby, Reactive sulfur species: Kinetics and mechanism of the
reaction of thiocarbamate-S-oxide with cysteine, Chem. Res. Toxicol. 21 (2008)
2120-2126.

P. Nagy, M.T. Ashby, Reactive sulfur species: Kinetics and mechanism of the
oxidation of cystine by hypochlorous acid to give N,N’-dichlorocystine, Chem.
Res. Toxicol. 18 (2005) 919-923.

P. Nagy, M.T. Ashby, Kinetics and mechanism of the oxidation of the glutathione
dimer by hypochlorous Acid and catalytic reduction of the chloroamine product by
glutathione reductase, Chem. Res. Toxicol. 20 (2007) 79-87.

M.S.A. Coker, W. Hu, S.T. Senthilmohan, A.J. Kettle, Pathways for the decay of
organic dichloramines and liberation of antimicrobial chloramine gases, Chem. Res.
Toxicol. 21 (2008) 2334-2343.

E.L. Thomas, Myeloperoxidase, hydrogen-peroxide, chloride anti-microbial
system—mnitrogen-chlorine derivatives of bacterial components in bactericidal action
against Escherichia-Coli, Infect. Immun. 23 (1979) 522-531.

M.B. Grisham, M.M. Jefferson, D.F. Melton, E.L. Thomas, Chlorination of endo-
genous amines by isolated neutrophils. Ammonia-dependent bactericidal, cytotoxic,
and cytolytic activities of the chloramines, J. Biol. Chem. 259 (1984) 10404-10413.

R.G. Midwinter, F.C. Cheah, J. Moskovitz, M.C. Vissers, C.C. Winterbourn,
IkappaB is a sensitive target for oxidation by cell-permeable chloramines: Inhibition
of NF-kappaB activity by glycine chloramine through methionine oxidation, Bio-
chem. J. 396 (2006) 71-78.



Redox Chemistry of Biological Thiols 213

[41]

[42]

[43]
[44]
[45]

[46]

[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

R.G. Midwinter, A.V. Peskin, M.C.M. Vissers, C.C. Winterbourn, Extracellular
oxidation by taurine chloramine activates ERK via the epidermal growth factor
receptor, J. Biol. Chem. 279 (2004) 32205-32211.

A.V. Peskin, R.G. Midwinter, D.T. Harwood, C.C. Winterbourn, Chlorine transfer
between glycine, taurine and histamine: Reaction rates and impact on cellular
reactivity, Free Radic. Biol. Med. 15 (2004) 1622-1630.

E.L. Thomas, M.B. Grisham, M.M. Jefferson, Cytotoxicity of chloramines, Methods
Enzymol. 132 (1986) 585-593.

T. Nauser, W.H. Koppenol, The rate constant of the reaction of superoxide with nitrogen
monoxide: Approaching the diffusion limit, J. Phys. Chem. A 106 (2002) 4084—4086.
J.W. Coddington, J.K. Hurst, S.V. Lymar, Hydroxyl radical formation during per-
oxynitrous acid decomposition, J. Am. Chem. Soc. 121 (1999) 2438-2443.

M. Kirsch, H.G. Korth, A. Wensing, R. Sustmann, H. de Groot, Product formation
and kinetic simulations in the pH range 1-14 account for a free-radical mechanism of
peroxynitrite decomposition, Arch. Biochem. Biophys. 418 (2003) 133—-150.

R. Kissner, W.H. Koppenol, Product distribution of peroxynitrite decay as a function
of pH, temperature, and concentration, J. Am. Chem. Soc. 124 (2002) 234-239.
S.V. Lymar, R.F. Khairutdinov, J.K. Hurst, Hydroxyl radical formation by O-O
bond homolysis in peroxynitrous acid, Inorg. Chem. 42 (2003) 5259-5266.

S. Pfeiffer, A.C.F. Gorren, K. Schmidt, E.R. Werner, B. Hansert, D.S. Bohle, B.
Mayer, Metabolic fate of peroxynitrite in aqueous solution—reaction with nitric
oxide and pH-dependent decomposition to nitrite and oxygen in a 2:1 stoichiometry,
J. Biol. Chem. 272 (1997) 3465-3470.

D. Gupta, B. Harish, R. Kissner, W.H. Koppenol, Peroxynitrate is formed rapidly
during decomposition of peroxynitrite at neutral pH, Dalton Trans. (2009) 5730-5736.
R. Kissner, T. Nauser, P. Bugnon, P.G. Lye, W.H. Koppenol, Formation and
properties of peroxynitrite as studied by laser flash photolysis, high-pressure
stopped-flow technique, and pulse radiolysis, Chem. Res. Toxicol. 10 (1997)
1285-1292.

C. Quijano, B. Alvarez, R.M. Gatti, O. Augusto, R. Radi, Pathways of peroxynitrite
oxidation of thiol groups, Biochem. J. 322 (1997) 167-173.

B. Alvarez, G. Ferrer-Sueta, B.A. Freeman, R. Radi, Kinetics of peroxynitrite
reaction with amino acids and human serum albumin, J. Biol. Chem. 274 (1999)
842-848.

R. Radi, J.S. Beckman, K.M. Bush, B.A. Freeman, Peroxynitrite oxidation of
sulthydryls. The cytotoxic potential of superoxide and nitric oxide, J. Biol.Chem.
266 (1991) 4244-4250.

M. Trujillo, R. Radi, Peroxynitrite reaction with the reduced and the oxidized forms
of lipoic acid: New insights into the reaction of peroxynitrite with thiols, Arch.
Biochem. Biophys. 397 (2002) 91-98.

R. Bryk, P. Griftin, C. Nathan, Peroxynitrite reductase activity of bacterial peroxir-
edoxins, Nature 407 (2000) 211-215.

R. Ogusucu, D. Rettori, D.C. Munhoz, L.E. Netto, O. Augusto, Reactions of yeast
thioredoxin peroxidases I and II with hydrogen peroxide and peroxynitrite: Rate
constants by competitive kinetics, Free Radic. Biol. Med. 42 (2007) 326-334.

M. Trujillo, A. Clippe, B. Manta, G. Ferrer-Sueta, A. Smeets, J.P. Declercq, B.
Knoops, R. Radi, Pre-steady state kinetic characterization of human peroxiredoxin 5:
Taking advantage of Trp84 fluorescence increase upon oxidation, Arch. Biochem.
Biophys. 467 (2007) 95-106.

M. Trujillo, G. Ferrer-Sueta, L. Thomson, L. Flohe, R. Radi, Kinetics of peroxir-
edoxins and their role in the decomposition of peroxynitrite, Subcell. Biochem. 44

(2007) 83-113.



214

Péter Nagy and Christine C. Winterbourn

[60]

R.P. Szajewski, G.M. Whitesides, Rate constants and equilibrium-constants for
thiol-disulfide interchange reactions involving oxidized glutathione, J. Am. Chem.
Soc. 102 (1980) 2011-2026.

[61] J.M. Wilson, R.J. Bayer, D.J. Hupe, Structure-reactivity correlations for thiol-dis-

[62]

[63]
[64]
[65]
[66]
[67]
[68]
[69]

[70]

ulfide interchange reaction, J. Am. Chem. Soc. 99 (1977) 7922-7926.

M.N. Hughes, M.N. Centelles, K.P. Moore, Making and working with hydrogen
sulfide: The chemistry and generation of hydrogen sulfide in vitro and its measure-
ment in vivo: A review, Free Radic. Biol. Med. 47 (2009) 1346—1353.

Z. Szakacs, M. Kraszni, B. Noszal, Determination of microscopic acid-base para-
meters from NMR-pH titrations, Anal. Bioanal. Chem. 378 (2004) 1428-1448.

H. Borsook, E.L. Ellis H.M. Huftman, Sulthydryl oxidation—reduction potentials
derived from thermal data, J. Biol. Chem. 117 (1937) 281-308.

E.J. Cohn, J.T. Edsall, Proteins, Amino Acids and Peptides as Ions and Dipolar Ions,
Reinhold Publ. Corp., New York, 1943.

M. Calvin, Mercaptans and Disulfides, Academic Press, Inc., New York, NY, 1954,
pp 8-11.

D.D. Perrin, Dissociation Constants of Organic Bases in Aqueous Solution, Butter-
worths, London, 1965.

H.A. Sober, CRC Handbook of Biochemistry: Selected Data for Molecular Biology,
(2nd edn), Chemical Rubber Co, Cleveland, 1970.

G.M. Bodner, Assigning the pKa’s of polyprotic acids, J. Chem. Educ. 63 (1986)
246-247.

M.A. Grafius, ].B. Neilands, Apparent dissociation constants of cysteine derivatives, J.
Am. Chem. Soc. 77 (1955) 3389-3390.

[71] J.T. Edsall, R.B. Martin, B.R. Hollingworth, Ionization of individual groups in

[72]

[73]

[74]

[75]

dibasic acids, with application to the amino and hydroxyl groups of tyrosine, Proc.
Natl. Acad. Sci. U. S. A. 44 (1958) 505-518.

R.E. Benesch, R. Benesch, The acid strength of the -SH group in cysteine and
related compounds, J. Am. Chem. Soc. 77 (1955) 5877-5881.

R.H. De Deken, J. Broekhuysen, J. Bechet, A. Mortier, Spectrophotometric study of
the dissociation of the sulthydryl group and molecular structure of cysteine, Biochim.
Biophys. Acta 19 (1956) 45-52.

E.L. Elson, J.T. Edsall, Raman spectra and sulthydryl ionization constants of thiogly-
colic acid and cysteine, Biochemistry 1 (1962) 1-7.

D. Garfinkel, ]J.T. Edsall, Raman spectra of amino acids and related compounds. 11.
The ionization of cysteine, J. Am. Chem. Soc. 80 (1958) 3823—-3826.

[76] J.T. Edsall, The ionization of cysteine and the possible role of hydrogen bonding by

[77]

[78]

[79]

[80]

[81]

[82]

the thiol group, Biochemistry 4 (1965) 28-31.

D.M.E. Reuben, T.C. Bruice, Reaction of thiol anions with benzene oxide and
malachite green, J. Am. Chem. Soc. 98 (1976) 114-121.

P.H. Connett, K.E. Wetterhahn, Reaction of chromium(Vi) with thiols—pH-
Dependence of chromium(Vi) thio ester formation, J. Am. Chem. Soc. 108 (1986)
1842-1847.

H. Lindley, Study of the kinetics of the reaction between thiol compounds and
chloroacetamide, Biochem. J. 74 (1960) 577-584.

E. Grunwald, K.C. Chang, P.L. Skipper, V.K. Anderson, Kinetics of bifunctional
proton-transfer. 2. Lysine and cysteine in aqueous-solutions, J. Phys. Chem. 80
(1976) 1425-1431.

W. Stricks, .M. Kolthoff, Equilibrium constants of the reactions of sulfite with
cystine and with dithiodiglycolic acid, J. Am. Chem. Soc. 73 (1951) 4569-4574.

P. Nagy, M.T. Ashby, Reactive sulfur species: Kinetics and mechanism of the
hydrolysis of cysteine thiosulfinate ester, Chem. Res. Toxicol. 20 (2007) 1364-1372.



Redox Chemistry of Biological Thiols 215

[83]

(84]

[85]
(86]

(871

(38]

[89]

[90]

(91]

(92]
(93]
[94]

[95]

[96]

(97

[98]

[99]

[100]

P. Nagy, K. Lemma, M.T. Ashby, Reactive sulfur species: Kinetics and mechanisms
of the reaction of cysteine thiosulfinate ester with cysteine to give cysteine sulfenic
acid, J. Org. Chem. 72 (2007) 8838-8846.

D.L. Rabenstein, Nuclear magnetic-resonance studies of acid-base chemistry of
amino-acids and peptides. 1. Microscopic ionization-constants of glutathione and
methylmercury-complexed glutathione, J. Am. Chem. Soc. 95 (1973) 2797-2803.
D.L. Rabenstein, D.A. Keire, Nuclear magnetic resonance spectroscopy of glu-
tathione, Coenzymes Cofactors 3 (1989) 67-101.

H.M.S. Patel, D.L.H. Williams, Nitrosation by alkyl nitrites. 6. Thiolate nitrosation,
J. Chem. Soc. Perkin Trans. 2 (1990) 37—42.

P.T. Chivers, K.E. Prehoda, B.F. Volkman, B.M. Kim, J.L. Markley, R.T. Raines,
Microscopic pK(a) values of Escherichia coli thioredoxin, Biochemistry 36 (1997)
14985-14991.

I. Krimm, S. Lemaire, E. Ruelland, M. Miginiac-Maslow, J.P. Jaquot, M. Hirasawa,
D.B. Knaff, .M. Lancelin, The single mutation Trp35 — Ala in the 35-40 redox site of
Chlamydomonas reinhardetii thioredoxin h affects its biochemical activity and the pH
dependence of C36-C39 H-1-C-13 NMR, Eur. . Biochem. 255 (1998) 185-195.

E. Mossner, H. Iwai, R. Glockshuber, Influence of the pK(a) value of the buried,
active-site cysteine on the redox properties of thioredoxin-like oxidoreductases,
FEBS Lett. 477 (2000) 21-26.

R. Benesch, R.E. Benesch, Thiolation of proteins, Proc. Natl. Acad. Sci. U. S. A. 44
(1958) 848-853.

K.J. Nelson, A.E. Day, B.B. Zeng, S.B. King, L.B. Poole, Isotope-coded, iodoace-
tamide-based reagent to determine individual cysteine pK(a) values by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry, Anal. Biochem. 375
(2008) 187-195.

K.J. Nelson, D. Parsonage, A. Hall, P.A. Karplus, L.B. Poole, Cysteine pK(a) values
for the bacterial peroxiredoxin AhpC, Biochemistry 47 (2008) 12860—12868.

H. Li, A.D. Robertson, J.H. Jensen, Very fast empirical prediction and rationalization
of protein pK(a) values, Proteins: Struct. Funct. Bioinf. 61 (2005) 704-721.

W.S. Allison, Formation and reactions of sulfenic acids in proteins, Acc. Chem. Res.
9 (1976) 293-299.

S. Carballal, R. Radi, M.C. Kirk, S. Barnes, B.A. Freeman, B. Alvarez, Sulfenic acid
formation in human serum albumin by hydrogen peroxide and peroxynitrite, Bio-
chemistry 42 (2003) 9906-9914.

L.B. Poole, H.R. Ellis, Identification of cysteine sulfenic acid in AhpC of alkyl
hydroperoxide reductase, Methods Enzymol. 348 (2002) 122-136.

L.B. Poole, P.A. Karplus, A. Claiborne, Protein sulfenic acids in redox signaling,
Annu. Rev. Pharmacol. Toxicol. 44 (2004) 325-347.

J.S. Stamler, D.I. Simon, J.A. Osborne, M.E. Mullins, O. Jaraki, T. Michel, D.J.
Singel, J. Loscalzo, S-Nitrosylation of proteins with nitric-oxide—synthesis and
characterization of biologically-active compounds, Proc. Natl. Acad. Sci. U. S. A.
89 (1992) 444—-448.

A. van der Vliet, P.A.C. Hoen, P.S.Y. Wong, A. Bast, C.E. Cross, Formation of
S-nitrosothiols via direct nucleophilic nitrosation of thiols by peroxynitrite with
elimination of hydrogen peroxide, J. Biol. Chem. 273 (1998) 30255-30262.

D.A. Wink, R.W. Nims, J.F. Darbyshire, D. Christodoulou, I. Hanbauer, G.W.
Cox, F. Laval, J. Laval, J.A. Cook, M.C. Krishna, W.G. Degraft, ].B. Mitchell,
Reeaction-kinetics for nitrosation of cysteine and glutathione in aerobic nitric-oxide
solutions at neutral pH—insights into the fate and physiological-effects of
intermediates generated in the NO/O, reaction, Chem. Res. Toxicol. 7 (1994)
519-525.



216

Péter Nagy and Christine C. Winterbourn

[101]

G.I. Giles, C. Jacob, Reactive sulfur species: An emerging concept in oxidative stress,
Biol. Chem. 383 (2002) 375-388.

[102] J.L. Kice, T.E. Rogers, Kinetic study of the reaction of mercaptans with phenyl

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

benzenethiolsulfinate and benzenethiolsulfonate in aqueous dioxane, J. Am. Chem.
Soc. 96 (1974) 8015-8019.

S. Patai (Ed.), The Chemistry of Sulfenic Acids and Their Derivatives, John Wiley,
New York 1990.

L. Turell, H. Botti, S. Carballal, G. Ferrer-Sueta, J.A. Souza, R. Duran, B.A. Free-
man, R. Radi, B. Alvarez, Reactivity of sulfenic acid in human serum albumin,
Biochemistry 47 (2008) 358-367.

S. Carballal, B. Alvarez, L. Turell, H. Botti, B.A. Freeman, R. Radi, Sulfenic acid in
human serum albumin, Amino Acids 32 (2007) 543-551.

P. Di Simplicio, S. Frosali, R. Priora, D. Summa, F.C. Di Simplicio, D. Di Giuseppe,
A. Di Stefano, Biochemical and biological aspects of protein thiolation in cells and
plasma, Antioxid. Redox Signal. 7 (2005) 951-963.

E. Block, The organosulfur chemistry of the genus allium—implications for the
organic-chemistry of sulfur, Angew. Chem. Int. Ed. Engl. 31 (1992) 1135-1178.
Z.A. Wood, L.B. Poole, P.A. Karplus, Peroxiredoxin evolution and the regulation of
hydrogen peroxide signaling, Science 300 (2003) 650—-653.

X. Fu, D.M. Mueller, J.W. Heinecke, Generation of intramolecular and intermole-
cular sulfenamides, sulfinamides, and sulfonamides by hypochlorous acid: A potential
pathway for oxidative cross-linking of low-density lipoprotein by myeloperoxidase,
Biochemistry 41 (2002) 1293-1301.

MJ. Ratftery, Z. Yang, S.M. Valenzuela, C.L. Geczy, Novel intra- and inter-mole-
cular sulfinamide bonds in s100a8 produced by hypochlorite oxidation, J. Biol. Chem.
276 (2001) 33393-33401.

A. Salmeen, J.N. Andersen, M.P. Myers, T.-C. Meng, J.A. Hinks, N.K. Tonks, D.
Barford, Redox regulation of protein tyrosine phosphatase 1B involves a sulphenyl-
amide intermediate, Nature 423 (2003) 769-773.

R.L. van Montfort, M. Congreve, D. Tisi, R. Carr, H. Jhoti, Oxidation state of the
active-site cysteine in protein tyrosine phosphatase 1B, Nature 423 (2003) 773-777.
A. Claiborne, T.C. Mallett, J.I. Yeh, J. Luba, D. Parsonage, Structural, redox, and
mechanistic parameters for cysteine-sulfenic acid function in catalysis and regulation,
Adv. Protein Chem. 58 (2001) 215-276.

A. Claiborne, J.I. Yeh, T.C. Mallett, J. Luba, E.J. Crane, V. Charrier, D. Parsonage,
Protein-sulfenic acids: Diverse roles for an unlikely player in enzyme catalysis and
redox regulation, Biochemistry 38 (1999) 15407-15416.

H.J. Choi, S.W. Kang, C.H. Yang, S.G. Rhee, S.E. Ryu, Crystal structure of a novel
human peroxidase enzyme at 2.0 angstrom resolution, Nat. Struct. Biol. 5 (1998)
400—-406.

S.W. Kang, I.C. Baines, S.G. Rhee, Characterization of a mammalian peroxiredoxin
that contains one conserved cysteine, J. Biol. Chem. 273 (1998) 6303-6311.

S. Boschi-Muller, S. Azza, S. Sanglier-Cianferani, F. Talfournier, A. Van Dorsselear,
G. Branlant, A sulfenic acid enzyme intermediate is involved in the catalytic mechan-
ism of peptide methionine sulfoxide reductase from Escherichia coli, J. Biol. Chem.
275 (2000) 35908-35913.

K. Goto, M. Holler, R. Okazaki, Synthesis, structure, and reactions of a sulfenic acid
bearing a novel bowl-type substituent: The first synthesis of a stable sulfenic acid by
direct oxidation of a thiol, J. Am. Chem. Soc. 119 (1997) 1460-1461.

K. Goto, K. Shimada, S. Furukawa, S. Miyasaka, Y. Takahashi, T. Kawashima,
Formation of a stable sulfenic acid by hydrolysis of a thionitrate and a sulfenyl
bromide, Chem. Lett. 35 (2006) 862—863.



Redox Chemistry of Biological Thiols 217

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]
[133]
[134]
[135]
[136]
[137]

[138]

[139]

A. Tshii, K. Komiya, J. Nakayama, Synthesis of a stable sulfenic acid by oxidation of a
sterically hindered thiol (Thiophenetriptycene-8-thiol) and its characterization, J.
Am. Chem. Soc. 118 (1996) 12836—12837.

N. Nakamura, A stable sulfenic acid, 9-triptycenesulfenic acid: Its isolation and
characterization, J. Am. Chem. Soc. 105 (1983) 7172-7173.

R. Tripolt, F. Belaj, E. Nachbaur, Unexpectedly stable sulfenic acid: 4,6-
Dimethoxy-1,3,5-triazine-2-sulfenic acid; synthesis, properties, molecular and crystal
structure, Z. Naturforsch. B Chem.Sci. 48 (1993) 1212-1222.

T. Yoshimura, E. Tsukurimichi, S. Yamazaki, S. Soga, C. Shimasaki, K. Hasegawa,
Synthesis of a stable sulfenic acid, trans-decalin-9-sulfenic acid, Chem. Commun.
(Camb.). issue 18 (1992) 1337-1338.

T. Nakamura, T. Yamamoto, M. Abe, H. Matsumura, Y. Hagihara, T. Goto, T.
Yamaguchi, T. Inoue, Oxidation of archaeal peroxiredoxin involves a hypervalent
sulfur intermediate, Proc. Natl. Acad. Sci. U.S.A. 105 (2008) 6238—6242.

W. Panmanee, P. Vattanaviboon, L.B. Poole, S. Mongkolsuk, Novel organic hydro-
peroxide-sensing and responding mechanisms for OhrR,, a major bacterial sensor and
regulator of organic hydroperoxide stress, J. Bacteriol. 188 (2006) 1389—1395.

H.A. Headlam, M. Gracanin, K.J. Rodgers, M.J. Davies, Inhibition of cathepsins and
related proteases by amino acid, peptide, and protein hydroperoxides, Free Radic.
Biol. Med. 40 (2006) 1539-1548.

Z. Xu, L.S.M. Lam, L.H. Lam, S.F. Chau, T.B. Ng, S.\W.N. Au, Molecular basis of
the redox regulation of SUMO proteases: A protective mechanism of intermolecular
disulfide linkage against irreversible sulfhydryl oxidation, FASEB ]. 22 (2008)
127-137.

J.M. Denu, K.G. Tanner, Specific and reversible inactivation of protein tyrosine
phosphatases by hydrogen peroxide: Evidence for a sulfenic acid intermediate and
implications for redox regulation, Biochemistry 37 (1998) 5633-5642.

S.E. Leonard, K.G. Reddie, K.S. Carroll, Mining the thiol proteome for sulfenic acid
modifications reveals new targets for oxidation in cells, ACS Chem. Biol. 4 (2009)
783-799.

Y.H. Seo, K.S. Carroll, Profiling protein thiol oxidation in tumor cells using sulfenic
acid-specific antibodies, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 16163—-16168.
M. Depuydt, S.E. Leonard, D. Vertommen, K. Denoncin, P. Morsomme, K. Wahni,
J. Messens, K.S. Carroll, J.F. Collet, A periplasmic reducing system protects single
cysteine residues from oxidation, Science 326 (2009) 1109-1111.

J. Riemer, N. Bulleid, J.M. Herrmann, Disulfide formation in the ER and mito-
chondria: Two solutions to a common process, Science 324 (2009) 1284—-1287.

PJ. Hogg, Disulfide bonds as switches for protein function, Trends. Biochem. Sci. 28
(2003) 210-214.

C.H. Lillig, C. Berndt, A. Holmgren, Glutaredoxin systems, Biochim. Biophys. Acta
1780 (2008) 1304-1317.

C.H. Lillig, A. Holmgren, Thioredoxin and related molecules—from biology to
health and disease, Antioxi. Redox Signal. 9 (2007) 25—47.

E.SJ. Arner, A. Holmgren, Physiological functions of thioredoxin and thioredoxin
reductase, Eur. J. Biochem. 267 (2000) 6102—-6109.

I. Carlberg, B. Mannervik, Glutathione-reductase, Methods Enzymol. 113 (1985)
484-490.

D.A. Keire, E. Strauss, W. Guo, B. Noszal, D.L. Rabenstein, Kinetics and equilibria
of thiol disulfide interchange reactions of selected biological thiols and related mole-
cules with oxidized glutathione, J. Org. Chem. 57 (1992) 123-127.

H.F. Gilbert, Thiol/disulfide exchange equilibria and disulfide bond stability, Meth-
ods Enzymol. 251 (1995) 8-28.



218

Péter Nagy and Christine C. Winterbourn

[140]
[141]

[142]

[143]
[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

M.M. Gallogly, J.J. Mieyal, Mechanisms of reversible protein glutathionylation in
redox signaling and oxidative stress, Curr. Opin. Pharmacol. 7 (2007) 381-391.
D.P. Jones, Radical-free biology of oxidative stress, Am. J. Physiol. Cell. Physiol. 295
(2008) C849—C868.

M. Kemp, Y.M. Go, D.P. Jones, Nonequilibrium thermodynamics of thiol/disulfide
redox systems: A perspective on redox systems biology, Free Radic. Biol. Med. 44
(2008) 921-937.

P.L. Folkins, D.N. Harpp, Alpha-disulfoxides and other intermediates in the oxida-
tion of disulfides, J. Am. Chem. Soc. 115 (1993) 3066—-3070.

C. Jacob, G.I. Giles, N.M. Giles, H. Sies, Sulfur and selenium: the role of oxidation
state in protein structure and function, Angew. Chem. Int. Ed. 42 (2003) 4742—4758.
C. Jacob, I. Knight, P.G. Winyard, Aspects of the biological redox chemistry of
cysteine: From simple redox responses to sophisticated signalling pathways, Biol.
Chem. 387 (2006) 1385-1397.

TJ. Jonsson, A.W. Tsang, W.T. Lowther, C.M. Furdui, Identification of intact
protein thiosulfinate intermediate in the reduction of cysteine sulfinic acid in perox-
iredoxin by human sulfiredoxin, J. Biol. Chem. 283 (2008) 22890-22894.

X. Roussel, G. Bechade, A. Kriznik, A. Van Dorsselaer, S. Sanglier-Cianferani, G.
Branlant, S. Rahuel-Clermont, Evidence for the formation of a covalent thiosulfinate
intermediate with peroxiredoxin in the catalytic mechanism of sulfiredoxin, J. Biol.
Chem. 283 (2008) 22371-22382.

X. Roussel, A. Kriznik, C. Richard, S. Rahuel-Clermont, G. Branlant, The catalytic
mechanism of Sulfiredoxin from Saccharomyces cerevisiae passes through an oxidized
disulfide Sulfiredoxin intermediate that is reduced by thioredoxin, J. Biol. Chem. 284
(2009) 33048-33055.

G.I. Giles, K.M. Tasker, C. Collins, N.M. Giles, E. O’Rourke, C. Jacob, Reactive
sulphur species: An in vitro investigation of the oxidation properties of disulphide
S-oxides, Biochem. J. 364 (2002) 579-585.

K.-P. Huang, F.L. Huang, P.K. Shetty, A.L. Yergey, Modification of protein by
disulfide S-monoxide and disulfide S-dioxide: Distinctive effects on PKC, Biochem-
istry 46 (2007) 1961-1971.

D.R. Hogg, J. Stewart, Nucleophilic substitution at bivalent sulfur. III. Kinetics and
mechanism of the base-catalyzed hydrolysis of ethyl 2-nitro-4-(trifluoromethyl)ben-
zenesulfenate, the corresponding sulfenyl chloride, and the disulfide, J. Chem. Soc.
Perkin Trans. issue 1 (1974) 43—47.

D.R. Hogg, P.W. Vipond, Nucleophilic substitution of bivalent sulfur. I. Kinetics
and mechanism of the base-catalyzed hydrolysis of 2-nitrobenzenesulfenate esters, J.
Chem. Soc. B. (1970) 1242-1247.

S. Oae, T. Takata, Y.H. Kim, Alkaline hydrolyses of unsymmetrical thiosulfinates:
evidence for selective attacking of hydroxide ion on sulfinyl atom, Tetrahedron Lett.
issue 48 (1977) 4219-4222.

C.C. Winterbourn, S.O. Brennan, Characterisation of the oxidation products of the
reaction between reduced glutathione and hypochlorous acid, Biochem. J. 326
(1997) 87-92.

A. Arora, C. Tripathi, Y. Shukla, Garlic and its organosulfides as potential chemo-
preventive agents: a review, Curr. Cancer Therapy Rev. 1 (2005) 199-205.

E. Block, S. Ahmad, J.L. Catalfamo, M.K. Jain, R. Apitz-Castro, The chemistry of alkyl
thiosulfinate esters. 9. antithrombotic organosulfur compounds from garlic: Structural,
mechanistic, and synthetic studies, J. Am. Chem. Soc. 108 (1986) 7045-7055.

Y. Cai, R. Wang, F. Pei, B.-B Liang, Antibacterial activity of allicin alone and in
combination with b-lactams against Staphylococcus spp. Pseudomonas aeruginosa, J.
Antibiot. (Tokyo) 60 (2007) 335-338.



Redox Chemistry of Biological Thiols 219

[158]

[159]

R. Gebhardt, H. Beck, K.G. Wagner, Inhibition of cholesterol biosynthesis by allicin
and ajoene in rat hepatocytes and HepG2 cells, Biochim. Biophys. Acta 1213 (1994)
57-62.

Y. Yamada, K. Azuma, Evaluation of the in vitro antifungal activity of allicin,
Antimicrob. Agents Chemother. 11 (1977) 743-749.

[160] J.W. Finley, E.L. Wheeler, S.C. Witt, Oxidation of glutathione by hydrogen-per-

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

oxide and other oxidizing-agents, J. Agric. Food Chem. 29 (1981) 404—407.

T.P.A. Devasagayam, A.R. Sundquist, P. Di Mascio, S. Kaiser, H. Sies, Activity of
thiols as singlet molecular-oxygen quenchers, J. Photochem. Photobiol. 9 (1991)
105-116.

E.L. Clennan, D.Y. Wang, C. Clifton, M.F. Chen, Geometry-dependent quenching
of singlet oxygen by dialkyl disulfides, J. Am. Chem. Soc. 119 (1997) 9081-9082.
E.L. Clennan, D.Y. Wang, H.-W. Zhang, C.H. Clifton, Photooxidations of sulfenic
acid-derivatives. 2. A remarkable solvent effect on the reactions of singlet oxygen
with disulfides, Tetrahedron Lett. 35 (1994) 4723—-4726.

K.P. Huang, F.L. Huang, Glutathionylation of proteins by glutathione disulfide
S-oxide, Biochem. Pharmacol. 64 (2002) 1049-1056.

D. Fukushima, Y.H. Kim, T. Iyanagi, S. Oae, Enzymatic oxidation of disulfides and
thiolsulfinates by both rabbit liver-microsomes and a reconstituted system with
purified cytochrome-P-450, J. Biochem. (Tokyo) 83 (1978) 1019-1027.

C. Teyssier, L. Guenot, M. Suschetet, M.H. Siess, Metabolism of diallyl disulfide by
human liver microsomal cytochromes P-450 and flavin-containing monooxygenases,
Drug Metab. Dispos. 27 (1999) 835-841.

C. Teyssier, M.H. Siess, Metabolism of dipropyl disulfide by rat liver phase I and
phase II enzymes and by isolated perfused rat liver, Drug Metab. Dispos. 28 (2000)
648—654.

C.A. Joseph, M.J. Maroney, Cysteine dioxygenase: Structure and mechanism, Chem.
Commun. (Camb.) (2007) 3338-3349.

M. Hamann, T.Q. Zhang, S. Hendrich, J.A. Thomas, Quantitation of protein sulfinic
and sulfonic acid, irreversibly oxidized protein cysteine sites in cellular proteins,
Protein sensors and reactive oxygen species, Pt B, Thiol Enzymes Proteins 348
(2002) 146-156.

A. Hall, P.A. Karplus, L.B. Poole, Typical 2-Cys peroxiredoxins—structures,
mechanisms and functions, FEBS J. 276 (2009) 2469-2477.

T.J. Jonsson, L.C. Johnson, W.T. Lowther, Structure of the sulphiredoxin-peroxir-
edoxin complex reveals an essential repair embrace, Nature 451 (2008) 98-U16.

[172] J.C. Moon, Y.S. Hah, W.Y. Kim, B.G. Jung, H.H. Jang, J.R. Lee, S.Y. Kim, Y.M.

[173]

[174]

[175]

Lee, M.G. Jeon, C.W. Kim, M.J. Cho, S.Y. Lee, Oxidative stress-dependent struc-
tural and functional switching of a human 2-Cys peroxiredoxin Isotype II that
enhances HeLa cell resistance to H202-induced cell death, J. Biol. Chem. 280
(2005) 28775-28784.

K.S. Yang, S.W. Kang, H.A. Woo, S.C. Hwang, H.Z. Chae, K. Kim, S.G. Rhee,
Inactivation of human peroxiredoxin I during catalysis as the result of the oxidation of the
catalytic site cysteine to cysteine-sulfinic acid, J. Biol. Chem. 277 (2002) 38029-38036.

B. Biteau, J. Labarre, M.B. Toledano, ATP-dependent reduction of cysteine-sulphi-
nic acid by S. cerevisiae sulphiredoxin, Nature 425 (2003) 980-984.

T.S. Chang, W. Jeong, H.A. Woo, S.M. Lee, S. Park, S.G. Rhee, Characterization of
mammalian sulfiredoxin and its reactivation of hyperoxidized peroxiredoxin through
reduction of cysteine sulfinic acid in the active site to cysteine, J. Biol. Chem. 279
(2004) 50994-51001.

[176] J.C. Lim, H.I. Choi, Y.S. Park, H.-W. Nam, H.A. Woo, K.S. Kwon, Y.S. Kim, S.G.

Rhee, K. Kim, H.Z. Chae, Irreversible oxidation of the active-site cysteine of



220

Péter Nagy and Christine C. Winterbourn

peroxiredoxin to cysteine sulfonic acid for enhanced molecular chaperone activity, J.
Biol. Chem. 283 (2008) 28873—-28880.

[177] J.H. Seo, J.C. Lim, D.Y. Lee, K.S. Kim, G. Piszczek, H.-W. Nam, Y.S. Kim, T. Ahn,

[178]

[179]

[180]

[181]

[182]

[183]

C.H. Yun, K. Kim, P.B. Chock, H.Z. Chae, Novel protective mechanism against
irreversible hyperoxidation of peroxiredoxin N-alpha-terminal acetylation of human
peroxiredoxin II, J. Biol. Chem. 284 (2009) 13455-13465.

R.G. Hu, J. Sheng, X. Qi, Z.M. Xu, T.T. Takahashi, A. Varshavsky, The N-end
rule pathway as a nitric oxide sensor controlling the levels of multiple regulators,
Nature 437 (2005) 981-986.

E. Graciet, R.G. Hu, K. Piatkov, J.JH. Rhee, EIM. Schwarz, A. Varshavsky,
Aminoacyl-transferases and the N-end rule pathway of prokaryotic/eukaryotic
specificity in a human pathogen, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 3078-3083.
T. Tasaki, Y.T. Kwon, The mammalian N-end rule pathway: New insights into its
components and physiological roles, Trends Biochem. Sci. 32 (2007) 520-528.
B.K. Sarma, G. Mugesh, Redox regulation of protein tyrosine phosphatase 1B
(PTP1B): A biomimetic study on the unexpected formation of a sulfenyl amide
intermediate, J. Am. Chem. Soc. 129 (2007) 8872—-8881.

D.T. Harwood, A.J. Kettle, C.C. Winterbourn, Production of glutathione sulfona-
mide and dehydroglutathione from GSH by myeloperoxidase-derived oxidants and
detection using a novel LC-MS/MS method, Biochem. J. 399 (2006) 161-168.
D.T. Harwood, S.L. Nimmo, A.J. Kettle, C.C. Winterbourn, M.T. Ashby, Mole-
cular structure and dynamic properties of a sulfonamide derivative of glutathione that
is produced under conditions of oxidative stress by hypochlorous acid, Chem. Res.
Toxicol. 21 (2008) 1011-1016.

[184] J.M. Pullar, M.C.M. Vissers, C.C. Winterbourn, Glutathione oxidation by hypo-

[185]

[186]
[187]

[188]

[189]
[190]

[191]

[192]

[193]

chlorous acid in endothelial cells produces glutathione sulfonamide as a major product
but not glutathione disulfide, J. Biol. Chem. 276 (2001) 22120-22125.

D.T. Harwood, AJ. Kettle, S. Brennan, C.C. Winterbourn, Simultaneous determi-
nation of reduced glutathione, glutathione disulphide and glutathione sulphonamide
in cells and physiological fluids by isotope dilution liquid chromatography-tandem
mass spectrometry, J. Chromatogr. B 877 (2009) 3393-3399.

P. Wardman, C. von Sonntag, Kinetic factors that control the fate of thiyl radicals in
cells, Biothiols, Pt A 251 (1995) 31—45.

M.W. Foster, D.T. Hess, J.S. Stamler, Protein S-nitrosylation in health and disease: A
current perspective, Trends Mol. Med. 15 (2009) 391-404.

A. Keszler, Y. Zhang, N. Hogg, Reaction between nitric oxide, glutathione, and
oxygen in the presence and absence of protein: How are S-nitrosothiols formed?,
Free Radic. Biol. Med. 48 (2010) 55—-64.

G.H. Xu, M.R. Chance, Hydroxyl radical-mediated modification of proteins as
probes for structural proteomics, Chem. Rev. 107 (2007) 3514-3543.

M.Z. Hoftman, E. Hayon, Pulse-radiolysis study of sulthydryl compounds in aqu-
eous-solution, J. Phys. Chem. 77 (1973) 990-996.

F.A. Davis, R.L. Billmers, Chemistry of sulfenic acids. 4. The 1st direct evidence for
the involvement of sulfenic acids in the oxidation of thiols, J. Am. Chem. Soc. 103
(1981) 7016-7018.

M.G. Bonini, O. Augusto, Carbon dioxide stimulates the production of thiyl,
sulfinyl, and disulfide radical anion from thiol oxidation by peroxynitrite, J. Biol.
Chem. 276 (2001) 9749-9754.

M.D. Sevilla, D. Becker, M. Yan, The formation and structure of the sulfoxyl
radicals RSO®, RSOO®, RSO,", and RSO,OO" from the reaction of cysteine,
glutathione and penicillamine thiyl radicals with molecular oxygen, Int. J. Radiat.
Biol. 57 (1990) 65-81.



Redox Chemistry of Biological Thiols 221

[194]

[195]
[196]
[197]
[198]

[199]

[200]

[201]

[202]

[203]
[204]
[205]

[206]

[207]

[208]
[209]
[210]

[211]

[212]
[213]

[214]

XJ. Zhang, N. Zhang, H.P. Schuchmann, C. Vonsonntag, Pulse-radiolysis of
2-mercaptoethanol in oxygenated aqueous-solution—generation and reactions of
the thiylperoxyl radical, J. Phys. Chem. 98 (1994) 6541-6547.

P. Wardman, Reactions of Thiyl Radicals in: L. Packer, E. Cadenas (Eds.), Biothiols
in Health and Disease, Marcel Dekker Inc., New York, 1995, pp. 1-20.

C.C. Winterbourn, Superoxide as an intracellular radical sink, Free Radic. Biol. Med.
14 (1993) 85-90.

C.C. Winterbourn, D. Metodiewa, The reaction of superoxide with reduced glu-
tathione, Arch. Biochem. Biophys. 314 (1994) 284-290.

C.C. Winterbourn, D. Metodiewa, The reaction of superoxide with glutathione and
other thiols, Methods Enzymol. 251 (1995) 81-86.

H. Pichorner, D. Metodiewa, C.C. Winterbourn, Generation of superoxide and
tyrosine peroxide as a result of tyrosyl radical scavenging by glutathione, Arch.
Biochem. Biophys. 323 (1995) 429-437.

C.C. Winterbourn, D. Metodiewa, Reactivity of biologically relevant thiol com-
pounds with superoxide and hydrogen peroxide, Free Radic. Biol. Med. 27 (1999)
322-328.

W.H. Koppenol, A thermodynamic appraisal of the radical sink hypothesis, Free
Radic. Biol. Med. 14 (1993) 91-94.

B.E. Sturgeon, H.J. Sipe, D.P. Barr, Jr, J.T. Corbett, J.G. Martinez, R.P. Mason,
The fate of the oxidizing tyrosyl radical in the presence of glutathione and
ascorbate. Implications for the radical sink hypothesis, J. Biol. Chem. 273 (1998)
30116-30121.

N. Zhang, H.-P. Schuchmann, C. von Sonntag, The reaction of superoxide radical
anion with dithiothreitol: A chain process, J. Phys. Chem. 95 (1991) 4718-4722.
M. Benrahmoune, P. Therond, Z. Abedinzadeh, The reaction of superoxide radical
with N-acetylcysteine, Free Radic. Biol. Med. 29 (2000) 775-782.

G. Feroci, A. Fini, Voltammetric investigation of the interactions between super-
oxide ion and some sulfur amino acids, Inorg. Chim. Acta 360 (2007) 1023-1031.
R.O. Beauchamp, J.S. Bus, J.A. Popp, CJ. Boreiko, D.A. Andjelkovich, A critical-
review of the literature on hydrogen-sulfide toxicity, CRC Crit. Rev. Toxicol. 13
(1984) 25-97.

T. Chiku, D. Padovani, W.D. Zhu, S. Singh, V. Vitvitsky, R. Banerjee, H,S
biogenesis by human cystathionine gamma-lyase leads to the novel sulfur metabolites
lanthionine and homolanthionine and is responsive to the grade of hyperhomocys-
teinemia, J. Biol. Chem. 284 (2009) 11601-11612.

R. Wang, Two’s company, three’s a crowd: Can H,S be the third endogenous
gaseous transmitter?, FESAB J. 16 (2002) 1792-1798.

DJ. Lefer, A new gaseous signaling molecule emerges: Cardioprotective role of
hydrogen sulfide, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 17907-17908.

W.M. Zhao, J. Zhang, Y.J. Lu, R. Wang, The vasorelaxant effect of H,S as a novel
endogenous gaseous K-ATP channel opener, EMBO J. 20 (2001) 6008-6016.

G.D. Yang, LY. Wu, B. Jiang, W. Yang, J.S. Qi, K. Cao, Q.H. Meng, A.K. Mustafa,
W.T. Mu, S.M. Zhang, S.H. Snyder, R. Wang, H,S as a physiologic vasorelaxant:
Hypertension in mice with deletion of cystathionine gamma-lyase, Science 322
(2008) 587-590.

E. Blackstone, M. Morrison, M.B. Roth, H,S induces a suspended animation-like
state in mice, Science 308 (2005) 518-518.

D.L. Miller, M.B. Roth, Hydrogen sulfide increases thermotolerance and lifespan in
Caenorhabditis elegans, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 20618-20622.
C. Szabo, Hydrogen sulphide and its therapeutic potential, Nat. Rev. Drug Discov. 6
(2007) 917-935.



222

Péter Nagy and Christine C. Winterbourn

[215]

G.A. Benavides, G.L. Squadrito, R.W. Mills, H.D. Patel, T.S. Isbell, R.P. Patel,
V.M. Darley-Usmar, J.E. Doeller, D.W. Kraus, Hydrogen sulfide mediates the
vasoactivity of garlic, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 17977-17982.

[216] J.W. Elrod, J.W. Calvert, J. Morrison, J.E. Doeller, D.W. Kraus, L. Tao, X.Y. Jiao,

[217]

[218]

[219]

[220]

[221]

[222]
[223]

[224]

[225]

[226]

[227]

[228]

[229]
[230]

[231]

[232]

[233]

R. Scalia, L. Kiss, C. Szabo, H. Kimura, C.W. Chow, D J. Lefer, Hydrogen sulfide
attenuates myocardial ischemia-reperfusion injury by preservation of mitochondrial
function, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 15560-15565.

L. Li, A. Hsu, P.K. Moore, Actions and interactions of nitric oxide, carbon monoxide
and hydrogen sulphide in the cardiovascular system and in inflammation—a tale of
three gases!, Pharmacol. Ther. 123 (2009) 386—400.

L. Li, M. Bhatia, P.K. Moore, Hydrogen sulphide—a novel mediator of inflamma-
tion?, Curr. Opin. Pharmacol. 6 (2006) 125-129.

R.C.O. Zanardo, V. Brancaleone, E. Distrutti, S. Fiorucci, G. Cirino, J.L. Wallace,
Hydrogen sulfide is an endogenous modulator of leukocyte-mediated inflammation,
FASEB J. 20 (2006) 2118-2119.

M.A. Mariggio, V. Minunno, S. Riccardi, R. Santacroce, P. De Rinaldis, R.
Fumarulo, Sulfide enhancement of PMN apoptosis, Immunopharmacol. Immuno-
toxicol. 20 (1998) 399—408.

L. Rinaldi, G. Gobbi, M. Pambianco, C. Micheloni, P. Mirandola, M. Vitale,
Hydrogen sulfide prevents apoptosis of human PMN via inhibition of p38 and caspase
3, Lab. Invest. 86 (2006) 391-397.

E.H. Berglin, J. Carlsson, Potentiation by sulfide of hydrogen peroxide-induced
killing of Escherichia-Coli, Infect. Immun. 49 (1985) 538-543.

Y. Kimura, H. Kimura, Hydrogen sulfide protects neurons from oxidative stress,
FESAB J. 18 (2004) 1165-1166.

K.D. Fogelman, D.M. Walker, D.W. Margerum, Nonmetal redox kinetics: Hypo-
chlorite and hypochlorous acid reactions with sulfite, Inorg. Chem. 28 (1989) 986—
993.

R.C. Troy, D.W. Margerum, Non-metal redox kinetics: Hypobromite and hypo-
bromous acid reactions with iodide and with sulfite and the hydrolysis of bromosul-
fate, Inorg. Chem. 30 (1991) 3538-3543.

H. Laggner, M.K. Muellner, S. Schreier, B. Sturm, M. Hermann, M. Exner, B.M.K.
Gmeiner, S. Kapiotis, Hydrogen sulphide: A novel physiological inhibitor of LDL
atherogenic modification by HOCI, Free Radic. Res. 41 (2007) 741-747.

M. Whiteman, J.S. Armstrong, S.H. Chu, S. Jia-Ling, B.S. Wong, N.S. Cheung, B.
Halliwell, P.K. Moore, The novel neuromodulator hydrogen sulfide: An endogenous
peroxynitrite ‘scavenger’?, J. Neurochem. 90 (2004) 765-768.

M.K. Muellner, S.M. Schreier, H. Laggner, M. Hermann, H. Esterbauer, M. Exner,
B.M.K. Gmeiner, S. Kapiotis, Hydrogen sulfide destroys lipid hydroperoxides in
oxidized LDL, Biochem. J. 420 (2009) 277-281.

T. Siu, C.Q. Jia, Kinetic and mechanistic study of reaction between sulfide and sulfite
in aqueous solution, Ind. Eng. Chem. Res. 38 (1999) 3812-3816.

T. Siu, C.Q. Jia, Kinetics of reaction of sulfide with thiosulfate in aqueous solution,
Ind. Eng. Chem. Res. 38 (1999) 1306-1309.

G. Rabai, M. Orban, L.LR. Epstein, Systematic design of chemical oscillators. 77. A
model for the pH-regulated oscillatory reaction between hydrogen-peroxide and
sulfide ion, J. Phys. Chem. 96 (1992) 5414-5419.

M.R. Hoffmann, Kinetics and mechanism of oxidation of hydrogen-sulfide by
hydrogen-peroxide in acidic solution, Environ. Sci. Technol. 11 (1977) 61-66.

A K. Mustafa, M.M. Gadalla, N. Sen, S. Kim, W. Mu, S.K. Gazi, R.K. Barrow, G.
Yang, R. Wang, S.H. Snyder, H,S signals through protein S-sulfhydration, Sci.
Signal. 2 (2009) ra72.



CHAPTER 7

ToxXiCITY OF SILICA NANOMATERIALS:
ZEOLITES, MESOPOROUS SILICA, AND
AMORPHOUS SILICA NANOPARTICLES

Anton Petushkov?’, Nicholas Ndiege®, Aliasger K. Salem®”,
and Sarah C. Larsen®""

Contents

1. Introduction
2. Toxicity Studies of Micron-Sized Synthetic and Natural Zeolites
2.1. Carcinogenicity of naturally occurring fibrous zeolites
2.2. Effect of crystal morphology and surface area of zeolites
2.3. Surface reactivity and reactive oxygen species
3. Crystal Size and Surface Functionalization of Nanoscale Silicalite
3.1. Physicochemical properties of nanoscale silicalite
3.2. Effect of size and surface functionalization on toxicity of nanoscale
silicalite
4. Cytotoxicity of Mesoporous Silica
4.1. Effect of surface functionalization on toxicity and cellular uptake
4.2. Effect of MSNs on cellular respiration
5. Silica Nanoparticle Toxicity
6. Cytotoxicity of Quartz
7. Summary
Acknowledgements
References

1. INTRODUCTION

223
230
238
239
240
243
244

244
248
248
253
254
256
259
261
261

Nanomaterials with unique properties are being incorporated into a
diverse array of applications in areas such as electronics, catalysis, optics, and
medicine. Carbon-based nanomaterials (carbon nanotubes, buckyballs),
semiconductor quantum dots (CdSe), metal nanoparticles and nanorods
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(gold, nickel, platinum), and nanosized metal oxides (TiO,) are important
nanomaterials that have been widely studied. For example, metal nanopar-
ticles and nanorods (gold nickel and platinum) are being intensely investi-
gated for applications in cancer detection [1,2], imaging [1], and gene
delivery [3-5].

Silica-based materials including porous materials, such as mesoporous
silica, microporous zeolites, nonporous amorphous silica, and crystalline
silica, are important materials with a wide range of applications. Zeolites
and mesoporous silica [6—10] have emerged as porous nanomaterials with
new properties and many potential applications, in areas such as environ-
mental catalysis [11], drug delivery [12,13], and imaging [14—-18].

There is a growing use of silica-based nanomaterials in commercial
products. In addition, natural crystalline silica materials, such as quartz
and cristobalite, are major constituents of coal mine dust or coal fly ashes.
It is therefore of critical importance to study their toxicity. The smaller size
scale of nanoparticles may increase their toxicity or change the mechanism
by which they induce toxicity. Toxicological data on “incidental” nano-
particles that are produced as a by-product cannot necessarily be extrapo-
lated to engineered nanoparticles because they do not have the same size,
composition, and surface properties [19]. Studies of the toxicity of nano-
materials are complex because nanomaterials have size- and shape-depen-
dent properties that may affect toxicity. In addition, surface coatings are
routinely used to control the surface chemistry and in many cases, this will
affect the toxicity. Therefore, it is necessary to completely and thoroughly
characterize the materials being studied.

Zeolites are crystalline aluminosilicate or silicate materials with very
large surface areas due to their pores of less than ~2 nm. Mesoporous silica is
a related porous material that is amorphous and has its pores of greater than
~2nm. The structures of a common zeolite with the MFI structure, ZSM-5
(or silicalite-1 in the purely siliceous form), and mesoporous silica, MCM-
41, are shown in Figure 1A and B, respectively. Zeolites and mesoporous

7.467nm

Figure 1 Representative structures of porous materials: (A) ZSM-5 zeolite and (B)
MCM-41mesoporoussilica.
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silica are important commercial materials widely used in traditional applica-
tions such as catalysis [20,21], separations [22], and water softening [22].
Recently, biomedical applications of zeolites and mesoporous silica in drug
delivery, bloodclotting [23], and imaging [16,18,24-26] have been
developed.

Zeolites and mesoporous silica can be synthesized with crystal sizes of
100 nm or less, giving these materials two dimensions on the nanoscale—
the pore size and the crystal size. Nanoscale zeolites and mesoporous silica
nanoparticles (MSNs) have large surface areas due to appreciable internal
and external surface areas [27,28]. The external surface area of nanoscale
zeolites is up to an order of magnitude larger than the external surface area
of micron-sized zeolites and provides an additional surface for reaction or
functionalization [29-31]. The external surface of nanoscale zeolites has
been functionalized with organic functional groups for use in biomedical
applications, such as imaging [32] and drug delivery [12], and in the
development of low dielectric materials [33] for the semiconductor indus-
try. Due to the larger pore sizes, MSNs can be functionalized on both the
internal and external surfaces for applications in catalysis [34], imaging
[17,35,36], and drug delivery [13,37].

Functionalizing silica-based nanoparticles can change the mechanisms
and level of toxicity induced in cells. Cells can die by either of two
major mechanisms: necrosis or apoptosis [38]. Necrosis, which can occur
in a matter of seconds, is the death of the cells through external damage
usually mediated via destruction of the plasma membrane or the bio-
chemical supports of its integrity. The other major form of cell death,
apoptosis, is much slower and is based on the concept of programmed
cell death. Apoptosis requires from a few hours to several days, depend-
ing on the initiator. The manifestations of apoptosis, both biochemical
and morphological, are unique and are completely different from those
of necrosis [39]. The lactic dehydrogenase (LDH) release assay can be
used to measure damage to the cell membrane, the caspase 3/7 activity
assay can be used to measure key molecules involved in apoptosis, and
the Annexin V—propidium iodide (PI) staining method provides visual
confirmation of the types of cell death induced relative to the size and
surface functionalization of the silicalite nanoparticles. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is a
colorimetric assay used to assess cytotoxicity. The activity of enzymes
that reduce MTT to formazan which results in a purple color is mea-
sured spectrophotometrically. The LDs5o value is the dose lethal to 50%
of the cells.

Asefa and coworkers [40] and Martens and coworkers [41] have
proposed that for materials in the solid phase, the conventional metric
of cytotoxicity, LDs, measurement, is inappropriate since the particles
are not soluble in aqueous media [40]. Asefa and coworkers prefer to
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measure the number of particles needed to inhibit normal cell growth by
50%, which they call Qso. The geometric area of the average particle is
calculated from transmission electron microscopy (TEM) and X-ray
diffraction (XRD) measurements. The number of particles per gram
weight of the material is measured through the Brunauer, Emmett and
Teller (BET) adsorption isotherm using nitrogen. Average viability of the
cells is determined by light microscopy using a hemacytometer under
standard trypan blue conditions. Martens and coworkers found that the
cellular response was determined by the total mass/number/surface area
of particles as well as concentration [41].

In proliferation assays, in vitro nanotoxicity assessment is commonly
done whereby cellular reduction of tetrazolium salts produces formazan
dyes. Cologenic assays, where colonies of highly proliferating cells are
counted by visual inspection after exposure to nanomaterials, can be used
where there is a need to avoid interactions between nanomaterials and
probe molecules. Necrosis assays typically assess membrane integrity by
monitoring:

(1) the uptake of a supravital dye, such as Trypan Blue, Neutral Red,
or PI or

(2) the leakage of active enzymes into the cell media using the LDH
assay.

DNA damage assays reveal DNA damage resulting from nanoparticle
exposure leading to apoptosis[42].

As underscored in the previous paragraph, the importance of adequate
methods to study the toxicity/cellular viability attributes of porous silicon
(PSi) particles is paramount to evaluating their cytotoxic effects. The
molecular cation MTT™ is an important redox indicator that has been
used in assays to study cytotoxicity, cell viability, and proliferation of living
cells. This colorimetric assay method is based on the metabolic activity of
viable cells. As a result, MTT is reduced to formazan (1-[4,5-dimethylthia-
zol-2-yl]-3,5-diphenylformazan).

MTT +e &©MTT"
MTT" 4 e < formazan~
However, the intermediate species reacts in a pH-dependent fashion:
MTT"+H" & MTTH™
MTTH"" + ¢ ¢ formazanH

formazanH + H" & formazanH, "
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Despite mitochondrial activity, the MTT reduction has also been attributed
to nonmitochondrial enzymes as well as to endosomes and lysosomes
rendering the exact reduction mechanism not well understood. Hirvonen
and coworkers demonstrated that the use of the MTT assay as an agent for
the determination of the cell viability in the presence of PSi microparticles
can give erroneous information on the real cell viability [43]. PSi particles
were able to reduce MTT directly, giving the same signal as is given by the
metabolic activity of living cells. As a result, when used alone, the MTT
assay was found to possibly underestimate the cytotoxicity of drug-loaded
PSi microparticles. The redox activity of silicon particles was found to
possibly cause unwanted reactions to occur in other systems containing
redox-sensitive substances. This was not an issue for related materials, such
as mesoporous silica.

Chen and coworkers found that determining whether nanomaterials are
toxic depended greatly on diverse parameters, such as the structural proper-
ties of particles, their dosage forms, and their intended uses [44]. The
location of particles relative to the cells was found to influence their
cytotoxicity. Particles that were internalized into cells caused different
cytotoxicity than particles mantling the cell membrane as discussed in
more detail in Section 4 [44]. Commonly studied cells include human
neuroblastoma (SK-N-SH) cells, human lung epithelial cells, skin and
pulmonary fibroblast cells, HeLa cells, human bone marrow mesenchymal
stem cells, 3T3-L1 cells, and Jurkat cells.

Toxicity studies of industrially important zeolites [45] and related crys-
talline silicas [46—52], such as quartz, have been reported in the literature.
Studies of the natural zeolite, clinoptilolite, indicate that it is nontoxic and
safe for human and veterinary use [8,53], but other studies have shown that
crystalline silica materials exhibit toxicity through silicosis which is caused
by inhalation of crystalline silica particles of respirable size. For example, in
a study by Fubini and coworkers, the cytotoxicity of artificial crystalline
silicas or porosils (differing size, morphology, surface area) to macrophages
was investigated [45]. Macrophages were chosen because alveolar macro-
phages play a key role in silica-related diseases by clearing particles out of
the lung or by causing chronic inflammation [44]. Similar toxicity was
observed for calcined versus uncalcined crystalline silicas, suggesting that
the internal surface does not play a significant role in silica toxicity for these
materials. Recently, in a study on the cytotoxicity of nanocrystalline
silicalite, we have shown that the toxicity was complex and depended on
the size, surface functionalization, and cell line used in the cytotoxicity
studies. The toxicity studies on zeolites will be reviewed in Sections 2 and 3
and are summarized in Table 1.

Mesoporous silicas, such as MCM-41, which in comparison with zeo-
lites are amorphous, are being intensively investigated for biomedical
applications [17,54,55]. There have been several studies recently focused



Table 1 Summary of toxicity studies of zeolites

Material

Erinoite,
mordenite

Asbestos,
erionite,
mordenite,
zeolite 4A

Erionite,
mordenite,
asbestos

Cell line/ Concentration,
animal model exposure

Mice 10-30 mg/mouse
Mice 0.5-20 mg/mouse
HTE, rat AM 2.5-25ugem °

Test (MTT, etc.)

Gross anatomical
observation,
light
microscopy,
histochemistry,
electron
microscopy

Gross
anatomical,
histological
observation,
tissue staining,
histochemistry,
electron
microscopy

Assay for
generation of’
peroxide
radicals, >'Cr
release assay,
Collagen/

noncollagen

Toxicity

Toxic, mordenite
less toxic than
erionite

Toxic, mordenite
less toxic than
erionite, zeolite 4A
has the smallest
toxicity

Erionite more toxic
than mordenite,
less toxic than
crocidolite absestos

Reference

[62]

[61]

[59]
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TON, MTT
CRIS-rd,
FAU, MFI-
2, MFI-1,

Erionite,
mordenite

Silicalite-1

Macrophage
cell line
(J774)

AS52 cell line

HEK-293,
RAW264.7

5-50 ugmL™

2-16ug cm 2

zeolite,2—20 UM
FeC12

0.25-1 mgmL™

protein
synthesis

detection assay.

Cytotoxic effect
to J774 cells of
the six different
porosils was
determined on
cells at
confluence and
on
exponentially
growing
cultures

Cell viability
study,
mutagenesis
study

LDH release,
caspase 3/7
activity assay,
Annexin V-PI
staining.

Shape-dependent [45]
toxicity
Cytotoxic effect [60]

depends on the
concentration of
the zeolite and the
amount of added
iron (IT)

Cytotoxicity [63]
depends on the
type of cell, zeolite
functionalization,
and concentration
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on the interaction of mesoporous silica materials with cells [40,56—58]. The
effect of surface functionalization of MCM-41 on cellular uptake [58] was
investigated and showed that the cellular uptake varied with surface func-
tionality in that the LDs, increased with decreasing (-potential. The
toxicity study of MCM-41 and functionalized MCM-41 showed that
unfunctionalized MCM-41 was more toxic on a per particle basis toward
human neuroblastoma (SK-N-SH) than aminopropyl- and mercaptopro-
pyl-functionalized MCM-41 and that the most toxic mesoporous silica
materials studied were those with the largest BET surface areas [40].
Positively charged MCM-41 was shown to enhance cellular uptake and
increased surface charge did not increase cytotoxicity [56]. Another recent
study suggested that mesoporous silica inhibited cellular respiration [57].
Representative toxicity studies of mesoporous silica will be discussed in
Section 4 and are summarized in Table 2.

Crystalline silica materials such as quartz are potential human carcino-
gens. In contrast, amorphous silica nanomaterials are generally thought to
be safe and nontoxic. Extensive studies of crystalline silica materials such as
quartz dusts have shown that physicochemical properties such as particle
size, shape, surface area, and surface chemistry all impact toxicity [45-51].
The cytotoxicity of amorphous silica nanoparticles and crystalline silica will
be discussed in Sections 5 and 6, respectively, and are summarized in
Tables 3 and 4, respectively. Studies were chosen to highlight examples
in which the properties of the materials such as size or surface functiona-
lization could be correlated with cytotoxicity.

In this chapter, we provide a survey of the cytotoxicity of silica nano-
materials including porous silica materials such as zeolites and mesoporous
silica, and amorphous silica nanoparticles and crystalline silica. Zeolites and
mesoporous silica are unique relative to other classes of nanomaterials due
to their porosity, which leads to very large internal and external surface
areas and potentially increased surface reactivity. A comparison of the
cytotoxicity of zeolites and mesoporous silica with related materials such
as amorphous silica nanoparticles and quartz will be provided.

2. ToxXICITY STUDIES OF MICRON-SIZED SYNTHETIC
AND NATURAL ZEOLITES

Zeolites are important materials in many industrial processes. Since
one of the most common pathways of zeolite exposure is inhalation, studies
of zeolite interactions with lung tissue and epithelial lung cells are of
particular interest. Several studies were conducted using epithelial [59],
macrophage [45], and other cell lines [60], and live animals followed by
extraction of their lung tissue and cells [59,61]. Several different types of



Table 2 Summary of cytotoxicity studies of mesoporous silica nanoparticles

Material

MCM-41, MP-T
(mercapto
grafted), AP-T
(aminopropyl
grafted), SiO,

MCM-41, SBA-15,
solid silica
microsphere
(SMS) and
ammonium-
functionalized
analogues

Cell line

SK-N-SH
(human
neuroblastoma)

Jurkat cells
(lymphoid),
SK-N-SH
(human
neuroblastoma)

Concentration
(pgmL™)

40-800

50, 100, 200

Test (MTT,
etc.)

Cell viability

Cell viability,
TEM

Toxicity

LDs5 increases in
the following
order: MCM-

41 <MP-
T < AP-T ~SiO,.

Observed toxicity
explained by
changes in
endocytosis;
positively charged
quaternary
ammonium
amines prevented
toxicity; these
positively charged
particles were not
endocytosed; for
Jurkat cells, SMS
exhibited instant
and constant
toxicity whether
aminated or not.

Reference

[40]

[78]

(continued)
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Table 2 (continued)

Material

Mesoporous silica
nanoparticles
(MSNs) of type
MCM-41

MCM-41, SBA-15

MCM-41

MCM-41

Fluorescein
isothiocyanate-

(FITC-MSN)

conjugated MSNs

Cell line

Human

mesenchymal
stem cells

(hMSCs), 3T3-

L1

HL-60

(myeloid),

Jurkat

(lymphoid)

Hela (human
cervical cancer

cells)

Rabbit red blood

cells

hMSCs, 3T3-L1

Concentration
(pgmL™)

100

25-500

0-80

Test (MTT,
etc.)

Cell viability
MTT

Cell
respiration
studies

Guava
ViaCount
assay

CCK-8 assay

Toxicity

Uptake of MSNs is

cell type and
surface charge
dependent.

SBA-15 inhibited
cellular respiration:
MCM-41 had no
effect on cellular

respiration.

EDs increased as (-

potential

decreased with
different surface
functionalization.

Clathrin-dependent

endocytosis;

nontoxic to stem

cells.

Reference

[56]

[79]

EDs, effective dose for 50% of the cells; LDs5, lethal dose for 50% of the cells.
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Table 3 Summary of cytotoxicity studies of silica nanoparticles

Material Cell line Concentration Test (MTT, etc.)
Silica nanoparticles ~ Human 0-2500pgmL™"  MTT and LDH assays,
(varied from 14 endothelial Annexin V
to 335 nm cells
diameter) (EAHY926)
Silica nanoparticles ~ Mouse ~l mgmL™’ MTT, WST1, EPR to
(2-335 nm) macrophage evaluate hydroxyl radical
(J774), human formation
endothelial
cells
(EAHY9206)

Toxicity Reference

Smaller silica [81]

nanoparticles are
more toxic. For
smaller particles,
necrosis 1is
observed within a
few hours. Surface
area 1s an
important
parameter.

Cytotoxicity [82]

increases with
decreasing particle
size; radical
formation
observed that also
increases with
decreasing size.

(continued)
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Table 3 (continued)
Material

Silica nanoparticles
(15, 46 nm),
crystalline silica
(Min-U-Sil 5)

Silica (21, 80 nm),
silica—chitosan
composite (150—
170 nm)

Cell line

Human
bronchoaleolar
carcinoma-
derived cells

(A549)

Fibroblast (WS1,
CCD-966sk,
MRC-5,
MKN-28,
HT-29)

Concentration

10-100ugmL™"  Sulforhodamine (SRB)

method, ROS

4mgmL™ MTT, LDH

Test (MTT, etc.) Toxicity

Reference

Both nanoparticles [83]

were more
cytotoxic than
crystalline silica;
dose and exposure
time dependent;
ROS increased
upon exposure to
nanoparticles.

Slightly toxic at high  [84]

concentrations,
high dosages were
more toxic to
normal human
fibroblast cells than
to cancer cells;
toxicity was
reduced for
chitosan—silica
composites.
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Table 4 Summary of cytotoxicity studies of quartz particles

Material Cell line Concentration,
exposure
Quartz Rat alveolar ImgmL™
macrophage
cells
Madagascar quartz Murine Up to
alveolar 80ugem >
macrophages

Test (MTT, etc.)

LDH release,
peroxidation of
unsaturated
lipids, hemolysis
assay

LDH activity,
TBARS assay,
Annexin
V/propidium
iodide cell
staining, PPP
activity assay,
G6PD, 6PGD,
GAPDH ctivity
assays, GOPD
expression,
measurement of
GSH

Toxicity

Reference

Freshly ground [87]

quartz sample
has higher
toxicity that
diminishes as
the sample is
aged for 1-5
days.

The sample was [88]

found to be
toxic, likely to
inhibit the
G6PD activity.
The proposed
mechanism
involves
decreasing the
ability of cells to
counteract
oxidative stress.

(continued)
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Fable 4 (continued)

Material

Bentonite, acid,
alkaline, or organic
activated, up to 6%
quartz content

Cell line

Human lung

fibroblasts
(IMR90)

Concentration,

exposure

Up to
50 ug cm?

Test (MTT, etc.)

Flow cytometry,
Annexin
V/propidium
iodide cell
staining,
hemolytic
potential, DNA
fragmentation

Toxicity

Toxicity of
bentonite
depends on the
quartz content
as well as on the
type of
activation.
Acid-activated
particles with
higher quartz
content
exhibited the
highest
cytotoxicity.

Reference ‘

(89]
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DQ-12 quartz,
native, coated with
aluminum lactate,
polyvinylpyridine-
N-oxide (PVNO)

‘Wistar rats,
RLE cell
line

2 mg per rat
40pgem

Total cells,
percentage of
PMNs, total
protein, LDH,
alkaline
phosphatase

Exposure to [90]
quartz leads to a
persistent
inflammation,
as shown by in
vivo and ex vivo
approaches.
The
inflammatory
response 1is
associated with
activation of
NF-xp factor.
Surface coating
significantly
reduces quartz
cytotoxicity.
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zeolitic materials were studied including naturally occurring erionite
[45,59-62], crocidolite [59], mordenite [45,59—62], TON [45], and
MTT [45] zeolites as well as synthetic zeolite 4A [61], faujasite [45], and
MEFI zeolites [45,63]. Studies of the zeolites mainly focused on the eftect of
zeolite type and morphology [45,59-62], specific surface area [45], the
presence of iron cations on the surface of zeolite [60], and the effect of
surface coating and functionalization [45,63] on cytotoxicity of the samples.
A summary of these toxicity studies is provided in Table 1 and a more
detailed discussion follows.

2.1. Carcinogenicity of naturally occurring fibrous zeolites

One of the first studies of zeolite biological activity and cytotoxicity was
done by Baris ef al., who studied the cases of malignant mesothelioma and
chronic fibrous pleuritis among residents of Karain, Turkey [64,65]. Similar
diagnosis 1s usually linked to asbestos exposure. However, no natural or
industrial sources of asbestos were found in the area. The small amount of
asbestos fibers in drinking water was highly unlikely to cause the symptoms,
as it was previously shown that the penetration of the ingested asbestos
fibers through the walls of the gastrointestinal tract does not occur [66]. The
authors proposed that the symptoms could be attributed to naturally occur-
ring erionite zeolite found in the surrounding area and lung tissues of
patients diagnosed with chronic fibrous pleuritis [64,65].

This work was followed by Suzuki, who used two naturally occurring
zeolites, erionite and mordenite, to test their carcinogenic and fibrogenic
effects on mice [62]. In the preliminary study, varying amounts of erionite
and mordenite zeolites were intraperitoneally injected in mice and the
effects were compared with positive (asbestos) and negative control speci-
mins. It was shown that both erionite and mordenite can cause fibrosis and
mesothelioma in mice lungs, the effect being more pronounced in the case
of erionite zeolite consisting of thin fibers than mordenite, consisting of
granular and fibrous particles.

In a later study, a larger group of animals was subjected to intraper-
itonial and intra-abdominal injection of different types of asbestos, natural
erionite and mordenite zeolites, and synthetic zeolite 4A [61]. The animals
were kept for up to 23 months after a single injection of particles and were
either found dead or sacrificed. Gross anatomical and histological observa-
tions as well as electron microscopy were done for all animals. It was found
that erionite zeolite samples were highly toxic, causing peritoneal fibrosis
and leading to many cases of premature death. Fibrogenic effects of
synthetic zeolite 4A (a nonfibrous zeolite) were the mildest of all samples.
Mordenite-treated mice also developed peritoneal fibrosis, but the severity
of fibrosis was decreased relative to the highly fibrous erionite sample.
The authors concluded that there is a strong correlation between
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fibrogenicity of zeolites and their carcinogenicity that leads to formation of
tumors and fibrosis.

2.2. Effect of crystal morphology and surface area of zeolites

The effect of crystal morphology has been one of the most commonly
investigated parameters for zeolite toxicity studies. Zeolite crystal morphol-
ogy is dictated by the crystal structure and varies from one zeolite to
another. In some cases, the zeolite crystal morphology can be controlled
by varying the synthetic conditions.

The cytotoxic effect of fibrous versus spheroid-shaped zeolite particles
was studied in a series of papers [45,59]. In a study by Mossman and
coworkers, rat alveolar macrophage (AM) cells and a hamster tracheal
epithelium (HTE) cell line were used to study the eftect of fibrous and
nonfibrous mineral particles on the generation of superoxide species, release
of >'Cr as well as the rates of collagen and noncollagen protein synthesis
[59]. The zeolite, erionite, was chosen among other minerals as an example
of a highly fibrous material and the zeolite, mordenite, was chosen for its
nonfibrous morphology. The results demonstrated that chemically similar
fibrous and nonfibrous dusts have different cytotoxicities. The fibrous
zeolite, erionite, was characterized by a significantly higher rate of super-
oxide species generation in comparison with nonfibrous mordenite. The
presence of 5Um cm > erionite increased the amount of generated super-
oxide up to 750% compared to the control run. In order to attain a similar
rate of superoxide generation, 25 (tm cm > mordenite was required.

The >'Cr assay was used to measure the release of the radioactive
chromium isotope from the cells as a result of their death. The chro-
mium-51 assay study has shown increased release of °'Cr from the cells in
presence of fibrous particles in comparison with nonfibrous ones, although
the authors have not shown the results for the zeolitic particles, that is,
erionite and mordenite. Similarly, the presence of fibrous minerals in the
cells resulted in increased synthesis of collagen proteins, while nonfibrous
particles did not show enhanced synthesis of collagen. Excessive synthesis of
collagen in the cells is an indication of fibrosis.

Fubini ef al. provided a more detailed study on the effect of particle
morphology on cytotoxicity [45]. Several types of purely siliceous zeolites
were chosen for the study including Theta-1 (TON), ZSM-23 (MTT),
CRIS, ZSM-5 (MFI), and faujasite (FAU). The shape of particles was evaluated
quantitatively by calculating their aspect ratios (ar) using the following equation:

a

ar =

a

where a, b, and care the three dimensions of the crystals, a being the largest one.
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The following types of zeolites (aspect ratio shown in parentheses) were
used in this study: fibrous TON (14.8), MTT (8.1), and CRIS-rd (7.1)
zeolites; rod-shaped MFI-2 (8.2); spherical MFI-1 (1.2); and FAU (1.0)
(Figure 2). The cytotoxic effect of different zeolite samples was studied
using a monocyte—macrophage cell line (J774). The cells were exposed to
zeolite powder, with concentrations ranging from 5 to 50 ugmL™'. The
ratio of surviving cells to the control samples after 24 h was used to evaluate
cytotoxicity. It was shown that zeolites with small aspect ratios, that is,
spheroid form, exhibited low levels of cytotoxicity even at high concentra-
tions in the cell medium, while fibrous zeolites, such as MTT and TON,
were toxic even at small concentrations. Increasing the fibrous zeolite
concentration in the cell medium further increased the cytotoxic eftect of
these zeolites.

Another important parameter of zeolites as porous materials which was
considered to have an influence on cytotoxicity of particles is the available
surface area. The external surface area of particles varied from 1.7 to
31.3m>g ', while the internal surface area varied from 10.5 to 776 m*g '
When uncalcined zeolite samples in which the pores were still blocked by the
respective template molecules were used, no change in toxicity was
observed, indicating that the internal surface area does not have any signifi-
cant effect on toxicity. Both uncalcined and calcined TON zeolite samples
exhibit large cytotoxicity despite the fact that the uncalcined TON does not
have any accessible internal surface area.

Based on these results, the authors concluded that the particle shape is
the key factor in the cytotoxic potential. Fibrous particles of sufficient size
cannot be fully engulfed by macrophage cells and uptake of such particles
may result in rupture of the cell membrane, release of lysosomal content,
and ultimately cell death. Two of the most toxic zeolites used in the study
have a fibrous structure. At the same time, a zeolite with relatively high
aspect ratio, MFI-2, did not show any significant toxicity. This is explained
by the fact that while MFI has a relatively high aspect ratio, the length of
the crystals is on the order of 10 m, which makes them too large to be
phagocytized by macrophage cells.

2.3. Surface reactivity and reactive oxygen species

One of the factors associated with the biological activity of aluminosilicate
dusts is the generation of reactive oxygen species (ROS) by their surface.
One of the most common and important oxygen free radicals is the super-
oxide anion (O, ), which can be dismutated to form H>O, and the highly
reactive hydroxyl radical (-OH) [67]. Generation of ROS can be facilitated
either by the surface of aluminosilicates or in the presence of certain metal
ions, particularly iron (Fenton chemistry). Studies have shown that silicon
oxygen radicals can be generated by a freshly fractured surface of silica.
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Figure 2 Scanning electron microscopy (SEM) images: (A—C) TON at increasing
magnification, (D) MTT, (E) CRIS-rd, (F) MFI-1, (G) MFI-2, and (H) FAU. Reprinted
with permission from Fenoglio et al. [45]. Copyright 2000 American Chemical Society.



242 Anton Petushkov et al.

When in contact with aqueous medium, the free radicals on the silica
surface can give rise to -OH radicals [67]. Generated ROS can react with
biomolecules inside the cell causing cell damage and mﬂammanon
Another source of ROS comes from the presence of Fe*" ions on the silica
surface. A schematic representation of Fenton chemistry is shown below:

O, + cellular reductants — O; T+ H,O,
Fe(Illl) + O~ — Fe(1l) 4+ Oz
20;7 + 2HT — O, + H,O,

Fe(IT) + H,O, — Fe(IIl) 4 *OH + OH™

. Fe(IIT) /Fe(I1)
0" + 00— O, +*OH + OH™

Since iron ions act as a catalyst in this reaction, even a small amount of iron
present in the cell can cause the generation of large amount of radicals.

In a study by Fach ef al., two zeolites, mordenite and erionite, were
investigated with respect to their cytotoxic potential toward the Chinese
hamster ovary AS52 cell line as well as the effect of iron in the zeolite on the
cytotoxicity [60]. The rationale for studying the toxicity of the zeolites in
the presence of iron is because of their ion-exchange capabilities and the
fact that naturally occurring zeolites can accumulate iron on their surface. A
mutagenesis study was performed by exposing the cells to various concen-
trations of zeolites and iron. The cells were treated with 6-thioguanine
(TG), were incubated for 10-14 days, and were examined for the devel-
opment of TG-resistant (TGr) clones. Cytotoxicity was determined by
measuring the relative cloning efficiency (RCE) and comparing it with
untreated control samples.

Similar to the results of other studies, erionite, a fibrous zeolite, exhib-
ited a larger cytotoxicity than mordenite. The percent viability in the case
of erionite was as low as 20%, while for mordenite, cell viability increased
to 40% under similar conditions. The cytotoxic eftect also depends on the
concentration of the zeolite and the amount of added iron (II).

The cytotoxicity of the zeolites was enhanced by ferrous ions, albeit
only at high concentrations of both zeolite and iron (II). Mordenite
was not mutagenic and ferrous ion did not alter mordenite’s mutagenic
potential. On the other hand, the mutagenic potential of erionite
zeolite was significantly higher and the presence of ferrous cations
further increased it. The difference in cytotoxic and mutagenic poten-
tials of mordenite and erionite is explained by higher rate of ROS
generation by the latter as well as higher iron (II) uptake from the
environment. Another explanation of different effect of iron (II) on the
two zeolites is that they have different crystal structures and, therefore,
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different ion exchange sites. This difference can affect the Fenton
chemistry by limiting the access of iron cations to hydrogen peroxide
or changing the iron redox potential.

Fubini ef al. investigated surface reactivity of the zeolite samples to
provide more insight into the effect of OH radical generation on the
cytotoxicity of the samples [45]. The samples were classified in the follow-
ing order of ROS generation activity: FAU, MFI-2 < MTT < CRIS-rd
and TON < MFI-1. The rate of radical generation varied from one zeolite
to another and did not show any significant correlation with the toxicity of
the zeolites. For example, MFI-1 zeolite that shows the lowest cytotoxicity
has the highest rate of OH radical generation, while TON zeolite that has
the highest cytotoxicity in the series showed a medium rate of radical
generation.

The reactivity of the zeolite surface can be suppressed by coating
the surface. Fubini et al. used aluminum lactate coating on TON,
the most toxic zeolite used in their study. Treatment of TON with
3% w/v aluminum lactate solution decreased the toxicity of both
calcined and noncalcined samples [45]. The decrease of cytotoxicity
after surface coating was less pronounced in case of calcined samples, as
adsorbates are more likely to concentrate inside the pores, while the
external surface coverage becomes smaller.

3. CRYSTAL SI1ZE AND SURFACE FUNCTIONALIZATION
OF NANOSCALE SILICALITE

New biomedical applications are currently being developed for
zeolites and mesoporous silica materials (discussed in Section 4) including
drug delivery and imaging. For these applications to be realized, the
cytotoxicity of these materials in solution under biological conditions
should be investigated. The cytotoxicity of silicalite-1 with varying crystal
size (~30, 150, and 500 nm) and surface functionalization (amine, thiol,
carboxylic acid) was investigated in phosphate buffer solution [63].
Silicalite-1, which has the MFI structure (Figure 1A) is the purely silic-
eous form of the zeolite ZSM-5 [27,28]. The silicalite external surface
was functionalized by grafting of aminopropyl, mercaptopropyl, and
carboxy functional groups onto the external zeolite surface as shown
schematically in Figure 3. These functional groups were chosen so that
the effect of surface charge on cytotoxicity could be systematically inves-
tigated [63]. The cytotoxicity of the silicalite samples with different crystal
sizes and different surface functional groups was investigated using human
embryonic kidney 293 (HEK-293) cells and the RAW264.7 macrophage
cell lines.
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Figure 3 Reaction scheme depicting the reaction of the surface silanol groups with
the organosilanes (APTES, MPTS, and CPTS) to form amino-, thiol-, and cyano-
functionalized silicalite-1. The cyano-functionalized silicalite-1 was treated with
sulfuric acid to form carboxy-functionalized silicalite-1. Reprinted with permission
from Petushkov et al. [63]. Copyright 2009 American Chemical Society.

3.1. Physicochemical properties of nanoscale silicalite

Silicalite was synthesized in three difterent crystal sizes (~30, 150, and 500 nm)
and the samples were subsequently calcined and then functionalized with
3-aminopropyltriethoxysilane (APTES), 3-mercaptopropyltriethoxysilane
(MPTS), and (3-ethoxysilyl)propionitrile (CPTS) functional groups as
shown schematically in Figure 3. The smallest CPTS-functionalized zeolite
sample was 50 nm in diameter. The silicalite crystal structure was confirmed
by powder XRD. The crystal morphology from the SEM images is approxi-
mately cubic and did not noticeably change when the sample was functiona-
lized. Functionalization of silicalite nanoparticles results in a decrease in the
total specific surface area by up to 20% in case of APTES and up to 40% in
case of CPTS. The (-potential represents the surface charge of the particles in
solution and varies with pH and ionic strength. Functionalization of silicalite
with APTES leads to a marked positive shift of (-potential in comparison
with the calcined silicalite sample. The (-potential for APTES-silicalite-1 is
more positive than the (-potential for the calcined silicalite. The (-potential
for CPTS-silicalite-1 is governed by dissociation of the surface carboxy
groups, which shifts the (-potential to more negative values.

3.2. Effect of size and surface functionalization on toxicity of
nanoscale silicalite
The cytotoxicity of the silicalite samples with different crystal sizes and

different surface functional groups was investigated using HEK-293 cells
and the RAW264.7 macrophage cell lines [63]. The rationale behind this
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selection of cell models is that the RAW264.7 cell line is a model macro-
phage cell line commonly used to represent the physiological scavengers of
foreign nanoparticles. HEK-293 cells were selected for evaluation in cyto-
toxicity studies because of their relevance and wide utility in the develop-
ment of drug and gene delivery vehicles.

The cytotoxic potential of the silicalite-1 nanocrystals was evaluated
using the LDH release assay, the caspase 3/7 activity assay, and Annexin V—
PI staining. The leakage of LDH from cells provides a direct measure of the
damage/integrity to the cell membrane. Caspases participate in a proteoly-
tic cascade that leads to the programmed death of cells. Initiator caspases
such as caspases 8 and 10 have an early role in the cascade, while effector
caspases such as caspases 3, 6, and 7 are involved at later stages. As a result,
measuring caspase 3/7 activity allows for a strong correlation of the degree
of apoptosis occurring in a cell population. The Annexin V—-PI staining
method was then used to provide visual confirmation of the type of cell
death induced by the different functionalized silicalite nanoparticles.
Annexin-V FITC is a 35.8 kDa protein that has a strong natural affinity
for phosphatidylserine, a membrane phospholipid that, soon after apoptosis
initiates, translocates from the inner to the outer surface of the cell plasma
membrane. Cells with preserved membranes are impermeable to PIL
However, PI enters those cells with a damaged membrane, staining the
DNA red.

The degree of LDH release of cells treated with silicalite nanoparticles is
dependent on dose, particle size, and cell type (Figure 4). In HEK-293 cells,
an increase from 0.5 to 1 mgmL ™" for 30 and 150 nm silicalite nanoparticles
significantly increased LDH release, while an increase of 0.5 to 1 mgmL™
for 500 nm nanoparticles did not significantly increase LDH levels in HEK-
293 cells. In contrast to the HEK-293 cells, increasing the dose of 30 nm
silicalite nanoparticles from 0.5 to 1 mg did not cause a significant increase
in toxicity when incubated in RAW?264.7 cells. However, increasing the
dose of 150 and 500 nm silicalite nanoparticles from 0.5 to 1 mg did cause a
significant increase in toxicity when incubated in RAW264.7 cells. Increas-
ing the dose of larger silicalite nanoparticles increased toxicity in
RAW?264.7 cells, while increasing the dose of smaller silicalite nanoparticles
increased toxicity in HEK-293 cells.

The biological characteristics of each of these cell lines can be used to
rationalize these results. HEK-293 cells, which are a hypotriploid human
cell line derived from the kidney and commonly used for drug and gene
delivery efficacy testing, preferentially internalize particles <300nm by
clathrin-mediated endocytosis [68]. Particles above the 250-300 nm thresh-
old for endocytosis such as the 500 nm silicalite nanoparticles would prob-
ably have greater difficulty entering the cell by this route and the toxicity of
these particles even with increasing dose would be reduced. In contrast, the
RAW?264.7 cells are a macrophage-like cell line that has a greater capacity
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Figure 4 Cytotoxicity of calcined, amine-functionalized, thiol-functionalized, and
carboxy-functionalized silicalite nanoparticles after 4h of incubation in (A) HEK-
293 cells and (B) RAW?264.7 macrophages as measured by the extent of LDH release.
The extent of enzyme leakage is expressed as a percentage of the total activity
(mean*SD of three separate experiments). Reprinted with permission from
Petushkov et al. [63]. Copyright 2009 American Chemical Society.
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to phagocytose micron-size range particles. Therefore, 500 nm particles
would be expected to be internalized more easily in RAW264.7 cells when
compared to HEK-293 cells accounting for the dose-dependent toxicity at
higher particle sizes. A recent study by Thrall et al has shown that changing
the size of silica nanoparticles from 10 to 500 nm did not significantly change
any of the 1009 gene sets they tested, which were present in RAW264.7 cells
[69]. This study by Thrall ef al. implies that it is not genotoxicity that is being
affected by the size of the silicalite nanoparticles [69]. The surface area does
not correlate with cytotoxicity as indicated by the fact that 30 nm silicalite
particles have the largest external surface area, yet show markedly lower
toxicity relative to the largest 500 nm silicalite particles.

The dominant parameters aftecting increased LDH release in HEK-293
cells were dose and particle size independent of surface functionalization.
However, LDH release activity in RAW?264.7 cells was connected to dose,
particle size, and surface functionalization. The degree of toxicity did not
change with surface functionalization in RAW264.7 cells incubated with
30 nm silicalite nanoparticles but did change toxicity induced by the 150
and 500 nm silicalite nanoparticles. The larger 500 nm silicalite nanoparti-
cles showed dose-dependent increases in toxicity that increased with sur-
face functionalization in the order of amine < carboxylic acid < thiol. The
amine-functionalized silicalite which has the largest positive surface charge
had the lowest toxicity for both the 150 and 500 nm silicalite particles,
suggesting a correlation with surface charge. Nitric oxide (NO) production
which is also linked to S-nitrosoglutathione (GSNO) production is inhib-
ited by thiol groups [70-72]. One possible reason that thiol-functionalized
500 nm silicalite nanoparticles trigger strong LDH release but not apoptosis
may be related to interference with levels of GSNO and NO production.
Toxicity in macrophages that is predominantly caused by necrosis results
when GSNO is depleted [70]. This could account for the large LDH release
but low caspase 3/7 activity observed in RAW?264.7 cells when treated
with thiol-functionalized 500 nm silicalite nanoparticles.

Significantly higher levels of caspase 3/7 activity were generated by
carboxylic acid-functionalized 500 nm silicalite nanoparticles when com-
pared to all other groups. Previous studies comparing quantum dots coated
functionalized with either amine groups or carboxylic acid groups have
shown that the quantum dots coated with COOH groups are significantly
more toxic. These particles stimulated significantly higher proinflammatory
cytokines such as interleukin (IL)-6, IL-8, and IL-10 that have been
reported to be correlated with immunotoxicity and apoptosis [73]. Other
studies have shown that COOH coated nanoparticles are efficiently taken
up by cells such as macrophages [74]. COOH-coated silicalite nanoparticles
generate the strongest ROS production, which has been reported to be
correlated with high levels of caspase 3/7 activity and apoptosis [75].
Studies on quartz dusts have shown that surface modification can
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dramatically influence the toxicity [51,76]. For example, quartz modified
with aluminum lactate or polyvinylpyridine-N-oxide (PVNO) was signifi-
cantly less toxic and this was correlated with lower production of hydroxyl
radicals when the modified quartz was exposed to hydrogen peroxide [76].
We investigated the radical generating ability of our silicalite samples in the
presence of hydrogen peroxide and did not observe a clear correlation with
toxicity.

4. CYTOTOXICITY OF MESOPOROUS SILICA

Mesoporous silica consists of silica channels/pores (>2nm in dia-
meter) capable of adsorbing small molecules (Figure 1B). The surface of
mesoporous silica can be functionalized with different organic groups
through grafting or cocondensation methods for applications in catalysis,
imaging (markers and contrast agents), drug delivery, gene delivery, and
sensing applications. The biological field has shown a keen interest in
mesoporous silica for these applications due to its high surface area
(>1000m>g "), large pore volume, and well-defined and tunable pore
size (1.5-10nm). Reduction of particle size to the nanosize regime allows
for optimal cell uptake. Mesoporous silica also shows high compatibility
with biological media at concentrations adequate for pharmacological
applications. However, concerns of cytotoxicity have resulted in various
studies of their toxicity in an effort to determine the extent of any toxicity
of the MSNs. An overview of the cytotoxicity studies discussed in this
section is provided in Table 2.

4.1. Effect of surface functionalization on toxicity and cellular
uptake

Surface-functionalized mesoporous silica materials offer numerous unique
features, such as stable mesoporous structures, large surface areas, tunable
pore sizes and volumes, and well-defined surface properties for site-specific
delivery and for hosting molecules with various sizes, shapes, and function-
alities. This is ideal for a controlled release mechanism where any premature
release of guest molecules poses a challenging problem, for example, the
delivery of many toxic antitumor drugs requires “zero release” before
reaching the targeted cells or tissues. The possible cytotoxicities of MSNs
could result from cellular injuries through a variety of mechanisms, such as
membrane peroxidation, glutathione depletion, mitochondrial dysfunction,
and DNA damage, eventually leading to cell death. Further reports on
cytotoxicity of MSNs suggested that low concentrations of MSNs were
more biocompatible than high doses. MSNs were nontoxic or less toxic to
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local tissues but induced serious systemic toxicity. These toxicities could be
lessened by decorating surfaces of the particles with certain functional
groups. The mesoporous silicas impacted mitochondrial functions in a
manner dependent on their physical properties. Several groups have inves-
tigated the effect of organic functionalization of MSNs on cytotoxicity.

Slowing, Trewyn, and Lin reported the synthesis of a series of organic
functionalized MSNs (similar to scheme in Figure 3) and investigated the
cytotoxicity and the mechanism of endocytosis of these materials with
different charge profiles on human cervical cancer cells (HeLa) [58]. Three
functional groups were grafted onto the surface of fluorescein-functionalized
MCM-41-type MSN (FITC-MSN): 3-aminopropyl (AP), N-(2-ami-
noethyl)-3-aminopropyl (AEAP), and N-folate-3-aminopropyl (FAP). The
EDs (effective dose for 50% of the cells) for FITC-MSN, AP-MSN, and
FAP-MSN decreased in the order 12.35>10.95>2.7 ugmL ' suggesting
dose-responsive endocytosis [58]. The increase in EDs( correlated with a
decrease in (-potential.

Cellular uptake of these materials (shown schematically in Figure 5) in
the presence of specific inhibitors was tested to investigate the possible
mechanism of endocytosis. It was found that the FITC- and FAP-MSNs
are endocytosed via a clathrin-pit-mediated uptake mechanism. Addition-
ally, uptake of FAP-MSN was partially inhibited by folic acid, whereas
endocytosis of FITC-MSN was not perturbed. These findings suggested
that the mechanism of endocytosis for this material is mediated by folic acid
receptors on the HeLa cell surface. In contrast, endocytosis of AP- and GP-
MSNs was affected by a caveolar inhibitor, genistein, suggesting that these
materials are endocytosed via a caveolae-mediated mechanism. In further
analysis of surface functionality on endosomal escape, it was found that the
more negatively charged FITC- and AP-MSNs appeared to be able to
escape from endosomes within 6h, while those with more positive (-
potentials (GP-MSNs, FAP-MSNs) remained trapped within the
endosomes.

Huang and coworkers evaluated the effect of surface charge on the cell
uptake of MSNs and elucidated the uptake mechanism [56]. MSNs were
found to have a high cellular labeling efficiency and subsequently the positive
surface charge had negligible effect on the uptake efficiency of MSNEs. It was
inferred that the uptake of MCM-41-type MSNs by human mesenchymal
stem cells (hMSCs) can be regulated by a threshold of positive surface charge
but also implied that the modulation of surface charge on MSNs uptake is
specific to cell type [56]. At low surface charge, the normal clathrin- and
actin-dependent mechanisms operate, which by themselves are already quite
efficient for hMSC and 3T3-L1 cells. Above this threshold, a new but
unknown mechanism takes effect for hMSC. Surface charge functionaliza-
tion with different amounts of positively charged quaternary ammonium
group did not affect the biocompatibility of MSNs.
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Figure 5 Schematic representation of (A) the endocytosis of organically
functionalized mesoporous silica nanoparticles (MSNs) by a human cervical cancer
cell (HeLa). (B) TEM image of a fluorescein-functionalized MSN (FITC-MSN).
Reprinted with permission from Slowing et al. [58]. Copyright 2006 American
Chemical Society.

Amorphous silica materials are known to cause hemolysis of mammalian
red blood cells, raising serious biosafety concerns over the use of amorphous
silica for intravenous drug delivery. It is widely accepted that the hemolytic
activity of silica is related to surface silanol groups. Lin and coworkers
investigated the hemolytic properties of MSNs with mammalian (rabbit)
red blood cells [77]. The researchers showed that hemolytic amorphous silica
actually contained less silanol groups than nonhemolytic MSNs, implying
that the hemolytic properties of these silica materials were not proportional to
the total amount of silanol groups. They further showed that there was
significant difference between the surface charge properties of amorphous
silica and MSNs in aqueous media via electrophoretic light scattering. This
suggested that the external surface of amorphous silica is more abundant in
negatively charged species than that of the MSNs; thus, even if MSNs had
more silanol groups than amorphous silica, not all of these groups contribute
to the electrophoretic mobility of the particles. Thus, despite MSNs having
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more silanol groups than amorphous silica, most of these groups are inacces-
sible for any direct interaction with the cell membrane. Amorphous silica
possesses many nanoscale domains with abundant silicates on its external
surface which are responsible for strong and continuous electrostatic inter-
actions with trimethylammonium head groups of the membrane lipids as
shown in Figure 6. MSNs on the other hand have a low surface density of
silanol groups for MSNs caused by the unique honeycomb-like structure
with arrays of 3 nm mesopores resulting in low hemolytic behavior.

Several groups have studied the cellular uptake of MSNs. Asefa and
coworkers investigated the mesoporosity dependence and functional group
dependence of cytotoxicity and endocytosis of MSNs [78]. In their study, the
uptake of MCM-41, SBA-15, and solid silica microsphere (SMS, ~300 nm)
and the ammonium-functionalized analogues (MCM-41-N, SBA-15-N,
and SMS-N) of each of these were investigated on Jurkat cells (lymphoid)
and SK-N-SH (human neuroblastoma) cells [78]. MCM-41 has a larger
surface area but a smaller pore size compared to SBA-15. SMS has very
low surface area and low porosity. The cytotoxicity of SBA-15 on Jurkat cells

Figure 6 Representation of the interaction of (A) amorphous silica nanoparticles
and (B) MSNs with the RBC membrane (bottom rectangular surfaces). Arrows show
the disruption of the membrane due to the cumulative interaction between silanol
groups and phospholipids. Reprinted with permission from Slowing et al. [77].
Copyright 2009 Wiley—VCH.
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was both dose dependent and time dependent. In contrast, MCM-41 did not
cause significant cytotoxicity unless there was a long exposure time (greater
than ~1 day). No significant cytotoxicity was observed when SBA-15 and
MCM-41 were functionalized with positively charged ammonium. In gen-
eral, SK-N-SH cells were more resistant to the MSNs whether aminated or
not. SMS was toxic to Jurkat cells in both forms.

The observed toxicity was explained by changes in endocytosis. Posi-
tively charged ammonium-functionalized MSNs prevented toxicity; these
positively charged particles were not endocytosed. The endocytosis was
studied using transmission electron microscopy (TEM) and the results are
shown in Figure 7. In Figure 7A and B, the endocytosis of SBA-15 and

Sum#
5pm - 1

Figure 7 TEM images that visualized the uptake of silica nanoparticles by Jurkat
cells. (A) Endocytosis of SBA-15. The cytoplasm membranes inclined to fold with an
intension to absorb the material from outside. In addition, an internalized SBA-15
nanoparticle was observed penetrating the nuclear membrane. (B) Endocytosis of
MCM-41. Particles are ingested by cells as cell membranes hug around MCM-41
nanoparticles, forming a pseudopodium. (C) Endocytosis of SBA-N (upper panel) or
MCM-N (lower panel). No efficient endocytosis can be observed, as particles stay
outside of cells in the medium. (D) Endocytosis of SMS (upper panel) or SMS-N
(lower panel). Internalized solid nanoparticles are indicated by arrows. Reprinted
with permission fromTao et al. [78]. Copyright 2009 American Chemical Society.
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MCM-41, respectively, by Jurkat cells, was observed in the TEM images. In
Figure 7C, no endocytosis of MCM-41-N and SBA-15-N by Jurkat cells
was observed. Finally, in Figure 7D, SMS and SMS-N were both endocy-
tosed. Based on these results, Asefa and coworkers concluded that the
cytotoxicity is both particle dependent as well as cell-type dependent [78].

In a related study by Chen and coworkers, the efficient cellular
internalization of fluorescein isothiocyanate-conjugated mesoporous
silica nanoparticles (FITC-MSNs) with highly ordered hexagonal pores
and well-defined hexagonal edges was demonstrated [79]. The mechan-
isms of cellular uptake of FITC-MSNs in 3T3-L1 cells and hMSCs was
further investigated. Microscopy experiments demonstrated that the
intracellular internalization detected by flow cytometry was not a result
of adherence to the cell surface. hMSCs internalized FITC-MSNs more
efficiently than the 3T3-L1 cells. hMSCs reserved the intracellular
FITC-MSNs longer, implying that FITC-MSNs could be a viable
candidate for stem cell tracking. FITC-MSN internalization did not
affect cell viability, cell proliferation, and the immunophenotypic pro-
files of surface markers in hMSCs. Further evidence of FITC-MSN
biocompatibility was the exertion of equal (to untreated cells) adipo-
genic differentiation ability by the labeled 3T3-L1 cells after cellular
internalization of the FITC-MSNs. FITC-MSNs could be found in the
late endosomes or lysosomes after internalization and its uptake was
significantly reduced after inhibition of clathrin but not caveolae, indi-
cating the involvement of clathrin-dependent endocytosis in the uptake
pathway [79].

FITC-MSNs retained their architectonic integrity after internalization
and appeared to escape from endolysosomal vesicles. Due to the absence of
cytotoxicity, it was inferred that FITC-MSNs escaped from endolysosomal
vesicles via the localized destabilization of endolysosomal membrane but
not via the rupture of endolysosomal vesicles with surface cationization.
The results support a claim for potential application of these nanoparticles
in stem cell tracking.

However, according to a study by Peters and coworkers, human
endothelial cells possess a large capacity for the internalization of particulate
matter in the nanometer scale [80]. This capacity allows for nanoparticulate
incorporation mostly into vacuoles. Particle containing vacuoles possess an
autophagic function since these vacuoles also contain varying amounts of
amorphous cellular material and membranes.

4.2. Effect of MSNs on cellular respiration

In a study by Asefa and coworkers, MSNs (SBA-15 and MCM-41) were
found to induce mitochondrial oxidative stress and deplete cellular glu-
tathione [57]. Their results confirmed a concentration-dependent
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interference by SBA-15 in glucose-supported respiration. MCM-41 was
observed to affect glucose processing but not respiration. They also con-
firmed that ATP hydrolysis (consumption) is not significantly altered in the
nanoparticle-treated cells. It was thus unlikely that significant ROS was
generated in the nanoparticle-treated cells. Both SBA-15 and MCM-41
were equally toxic to the mitochondria and SMP. It appeared that the
physical properties of nanoparticles determined their effects on cellular
bioenergetics. MCM-41 had only a small effect on cellular respiration.
The minimal effect of MCM-41 was likely due to limited access to cellular
mitochondria. The cellular uptake of MCM-41 was likely hindered by its
high surface area per unit mass.

5. SiLicA NANOPARTICLE TOXICITY

Silica (S10,) can be produced inexpensively, is generally regarded as
relatively safe, and is used in a multitude of different applications. Of
particular interest is the use of silica in biomedical applications. The cyto-
toxicity of amorphous, nonporous silica nanoparticles has been investigated
and a brief summary of representative results is presented here for compar-
ison with the porous silica nanomaterials, zeolites, and mesoporous silica.

Hoet and coworkers investigated the cytotoxicity of amorphous silica
nanoparticles (sizes varied from 14 to 335 nm in diameter) in endothelial
cells (EAHY926) [81]. Their amorphous silica samples were stable mono-
disperse dispersions that were stable against aggregation. The particle size
distributions were measured by dynamic light scattering (DLS). They
determined that smaller silica nanoparticles are more toxic when the par-
ticle morphologies are similar and the doses are expressed in mass concen-
tration. The 14 and 16nm silica nanoparticles have EDsq=33 and
47 ugem 2, respectively, compared to the 104 and 335 nm silica particles
that have EDs,= 1095 and 1087 ugcm >, respectively. The surface area
was also an important factor in toxicity and when the toxicity was com-
pared in terms of surface area (cm”cm ), the toxicity was similar for
different sized silica particles. The mechanism for cell death was also
investigated and it was found that, for smaller particles, necrosis is observed
within a few hours.

In a subsequent study, Martens and coworkers investigated cytotoxicity
of amorphous silica nanoparticles (sizes varied from 2 to 335 nm diameter)
in endothelial cells (EAHY926) and mouse macrophages (J774) [82]. The
cytotoxicity was observed to increase with decreasing particle size as shown
by the correlation between EDs5 and particle size in Figure 8. The ability of
the silica to generate hydroxyl radicals from hydrogen peroxide was also
investigated using the spin trap, 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO), and electron paramagnetic resonance (EPR) spectroscopy to
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Figure 8 Cytotoxicity expressed as half-maximum effective dose (EDj, value) in
gmL ™" (upper panel) and in mmol mL™" (lower panel) of SNP in human endothelial
(EAHY926, gray) and mouse monocyte macrophage (J774, black) cell lines in
function of silica nanoparticle diameter. Different symbols are applied to distinguish
SNP synthesis procedure: Lys-Sil, squares; Stober, triangles; Ludox, diamonds.
Reprinted with permission from Thomassen et al. [82]. Copyright 2009 American
Chemical Society.

detect the hydroxyl adduct, 2,2-dimethyl-5-hydroxy-1-pyrrolidinyloxyl
(DMPO-OH). On a per mass basis, the radical-generating activity
decreased with increasing particle size, suggesting that the radical formation
which is a surface property correlates with cytotoxicity. This was the first
report of radical formation on amorphous silica nanoparticles in aqueous
solution [82].

Ma and coworkers evaluated the cytotoxicity of SiO, nanoparticles
(15nm, 46 nm) in human bronchoalveolar carcinoma-derived cells, using
crystalline silica as a positive control [83]. Prior to their work, studies had
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shown that SiO, nanoparticles caused aberrant clusters of topoisomerase 1
(topo I) in the nucleoplasm in cells, proinflimmatory stimulation of
endothelial cells, and fibrogenesis in Wistar rats. On the other hand, an in
vivo mouse study showed that silica nanoparticles are not toxic in an
apparent contradiction. Ma et al. observed that the cytotoxicity of the
46 nm SiO, nanoparticles was not significantly different from that of the
15 nm SiO5 nanoparticles in the 10-100 ugmL ™" dosage range possibly due
to aggregation or a similar hydrodynamic radius [83]. Both sizes of SiO,
nanoparticles produced greater cytotoxicity than the crystalline silica in the
50-100 ugmL ™" range. A strong correlation between decreased cell viabi-
lity and increased ROS level after 48 h exposure was observed. The reverse
correlation between the decreased cell viability and the increased LDH
activity suggested that cell death was the primary cause of the reduction in
cell number. The authors concluded that the ROS generated by exposure
to the nanoparticles produces oxidative stress in these cells as reflected by
the reduced glutathione levels and the elevated production of malondial-
dehyde and LDH, indicative of lipid peroxidation and membrane damage.

In a related study by Kong and coworkers, the cytotoxicity was shown
to correlate with the metabolic activity of the cell line [84]. They deter-
mined that silica nanoparticles are nontoxic at low concentrations but cause
cell membrane damage at higher concentrations as indicated by increased
LDH. The high doses were found to be more toxic to human fibroblast
cells which have long doubling times relative to tumor cells which have
shorter doubling times.

6. CYTOTOXICITY OF QUARTZ

Exposure to crystalline silicates, such as quartz, occurs during quarry-
ing, mining, or processing. A number of silicate materials are known for
their cytotoxic potential that leads to pulmonary inflammation and pul-
monary fibrosis when the particles are inhaled [85]. Hochstrasser and
Antonini have show that Si and Si—O radicals are present on the surfaces
of freshly cleaved silica and quartz [86]. These surface radicals can react with
other molecules, such as CO,, and produce new radicals. In a series of
works, Shi and coworkers showed that freshly cleaved crystalline silica has a
higher potential to generate hydroxyl radicals than the sample that was aged
for several days in air [67,87]. The relative intensity of ESR signal of
DMPO-OH adduct decreased 2.5-fold in comparison with a freshly
ground sample [67]. This work was followed by a more detailed study of
the fresh versus aged quartz hydroxyl radical generation and cytotoxic
potential toward alveolar macrophage cells [87]. It was shown that the
treatment of alveolar macrophages with freshly ground silica resulted in
higher secretion of hydrogen peroxide and higher rate of LDH release in
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comparison with aged quartz. Freshly ground quartz particles also exhibited
a much higher hemolytic potential to red blood cells than the aged samples.

An in-depth study on the mechanism of quartz toxicity was done by
Polimeni et al. [88], who used murine alveolar macrophage cell line (MH-S)
to evaluate oxidative stress imposed by quartz crystals. Pure quartz powder
with particle size ranging from 1 to 10 wm was obtained by grinding Mada-
gascar quartz crystals. Several methods were used to determine the oxidative
effect of quartz in the cells. Release of LDH in the extracellular environment
was used to monitor cytotoxic effect of quartz. The thiobarbituric acid
reactive substances (TBARS) assay was used as a screening method for lipid
peroxidation. Cell apoptosis was detected using Annexin V and PI assays.
The pentose phosphate pathway (PPP) activity was measured as it is one of
the metabolic pathways most sensitive to a cell oxidative stress. PPP is
activated in the cells in response to an oxidative stress. During the oxidative
phase of the pathway, the reduced form of nicotinamide adenine dinucleo-
tide phosphate (NADPH) is synthesized. NADPH acts as a redox cofactor for
many antioxidant enzymes. However, PPP activation was not observed
when the cells were incubated with quartz particles. Moreover, the presence
of quartz particles inhibited the PPP activity, while the glutathione/oxidized
glutathione ratio (GSH/GSSG ratio) that serves as an indicator of oxidative
stress in the cells was decreasing.

The PPP pathway in the cells is regulated by a glucose-6-phosphate
dehydrogenase (G6PD) enzyme that catalyzes the rate-limiting step in the
pathway. The measurement of G6PD activity in the studied system showed
significant decrease of its activity in presence of quartz. The authors
hypothesized that the decrease of GODP enzyme activity by quartz particles
goes via an oxidative mechanism. It was concluded that the presence of
quartz particles in the cells decreases their ability to counteract oxidative
stress by inhibiting activity of certain enzymes.

The eftect of quartz content in bentonite mineral, a mineral containing
up to 6% of o-quartz, as well as activation of the particles with alkaline,
acidic, and organic solutions was studied by Geh ef al. [89]. The particles
were also treated with alkaline, acidic, and organic solutions, and the
cytotoxic effect of particle activation was studied. The IMR-90 human
lung fibroblast cell line was chosen for evaluation of bentonite cytotoxicity.
The cellular uptake of bentonite particles was studied with TEM. The
degree of uptake depended on the type of activation. Alkaline-activated
particles exhibited the largest uptake in comparison with untreated parti-
cles, ~3.5-fold higher than the untreated particles.

Cytotoxicity was analyzed using flow cytometry and by measuring of
the cell respiratory activity. Cell staining (Annexin/FITC, PI) was used to
distinguish between early apoptotic cells (Annexin V-positive, PI-nega-
tive), late apoptotic/necrotic cells (Annexin V-positive, Pl-positive), and
necrotic cells (Annexin V-negative, Pl-positive).
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Figure 9 Cytotoxicity of different bentonite particles in IMR-90 cells in relation to
quartz, measured by Coulter Counter, exposure time 24h. Reprinted with
permission from Geh et al. [89]. Copyright 2006 Springer.

Flow cytometry has shown that cytotoxicity of bentonite is both quartz
concentration and activation dependent. Increase of the quartz concentra-
tion in the bentonite samples led to higher toxicity (Figure 9). Particle
activation played a significant role. For example, acid-treated samples con-
taining 5-6% quartz showed higher cytotoxicity than DQ-12 quartz used as
a positive control. These effects appeared at higher concentration of ben-
tonite, while at lower concentration the presence of bentonite in cell
cultures resulted in their proliferation. Relatively low positive control
(pure quartz) toxicity was attributed to the fact that the quartz powder
was not freshly prepared, while freshly ground quartz powders are known
to have higher cytotoxicity than aged ones [87]. The authors also claimed
that the cytotoxicity of bentonite samples may originate not only from the
presence of quartz but also from iron, a transition metal known to cause
generation of ROS. Based on the experimental data, the authors have
concluded that the cytotoxic effect of bentonite particles was slightly
more necrotic than apoptotic, caused by rupture of the cell membrane.

Albrech et al. focused on the effect of quartz surface coating on cyto-
toxicity of particles [90]. DQ12 (Dorentruper quartz) was used for evalua-
tion of cytotoxicity in rat alveolar macrophages over time. Rat
bronchoalveolar lavage was analyzed for cell toxicity parameters using
several techniques. Rat lung macrophage cell line NR8383 was used as a
model to study the quartz effect on the epithelial cells. The bronchoalveolar
lavage fluid (BALF) was analyzed for the number or macrophage and
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neutrophil cells, total protein, amount of released LDH, and concentration
of alkaline phosphatase.

The exposure of rats to untreated quartz particles resulted in significant
steady increase of the number of cells in BALF over time. Neutrophils
constituted up to 65% of the total number of cells in the lavage, a char-
acteristic of inflammatory process occurring in rat lungs. Also, the amount
of LDH released (as a result of cell membrane rupture) increased especially
after 90-day period. At the same time, coating the quartz particles with
aluminum lactate or PVNO resulted in significant decrease of parameters
linked to cytotoxic and inflaimmatory processes. PVINO appeared to be a
more effective coating than aluminum lactate as shown by the above
mentioned methods.

Measurement of B-glucuronidase and macrophage inflammatory pro-
tein MIP-2 was performed to characterize the activity of inflammatory cells
in the rat lung after animal treatment. It was shown that the presence of
native DQ-12 quartz results in higher concentrations of B-glucuronidase
and MIP-2 indicates an enhanced amount of inflammatory cells in BALF in
comparison with coated quartz particles and negative control samples.

In order to investigate the role of epithelial lung cells in the inflammatory
response to the presence of quartz particles, nuclear translocation factor
nuclear factor-kappaB (NF-K[3) was studied. NF-x[} is an important tran-
scription factor involved in inflammatory cellular responses. Activity of NF-
K[ was measured by means of immunohistochemistry as well as by measuring
the concentration of IkBot inhibitor protein in lung homogenates. The
studies have shown that the concentration of the inhibitor protein is sig-
nificantly lower in animals treated with native quartz particles in comparison
with control samples. Treatment with PVNO-coated quartz did not change
the concentration of IKBo in the rat lungs significantly at any time point.
Immunostaining of lung sections showed that an enhanced amount of NF-
KB was detected in lungs treated with native quartz. The NF-xf signal
appears to be acute and subchronic after 3 and 90 days from quartz instilla-
tion, respectively. In comparison with native quartz particles, lungs treated
with coated quartz show lower amounts of NF-k[3.

7. SUMMARY

In this chapter, an overview of the toxicity of silica-based nanomater-
ials was presented. Porous materials, such as crystalline, microporous zeo-
lites, and mesoporous silica materials, have two nanoscale aspects: nanoscale
pores which provide large internal surface areas and nanoscale crystal or
particle sizes which may lead to unique external surface reactivity. The
nonporous silica materials are crystalline silica (most commonly quartz or
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cristobalite) and amorphous silica, with the focus here being on amorphous
silica nanoparticles. Particular attention was given to studies in which the
physicochemical properties of silica-based materials were correlated with
toxicity. For most of the toxicity studies discussed here, the reported
toxicity was complex and often depended on cell type, dosage, length of
exposure, and chemical properties of the material.

Toxicity studies of zeolites suggest that the internal surface does not
appear to influence the toxicity of the zeolites most likely because the
internal surface does not interact with the biological system of interest
[44]. This does not rule out a secondary toxicity that could be associated
with toxic species located in the internal pore surface that could then be
released; however, a study of this proposed secondary eftect has not been
reported. The impact of particle aspect ratio is critical for zeolites and
crystalline silicas which exhibited increased toxicity at high aspect ratios
[44,60-61]. These particles cannot be completely endocytosed by macro-
phage cells, for example, and may rupture the cell membrane leading to cell
death.

The eftect of particle size and surface functionalization was also inves-
tigated by comparing the toxicity and endocytosis of mesoporous and
nonporous silica nanoparticles [75,76]. It was found that the toxicity of
the materials could be correlated with the endocytotic efficiency of the
MSNs which depends on particle size and surface functionalization. Ami-
nated MSNs exhibited less toxicity and this was due to the less effective
endocytosis of the aminated MSNGs relative to the untreated MSNs [76]. It
was also further demonstrated that the endocytosis could be controlled by
varying the surface functionalization [75]. For zeolites, coating the surface
with aluminum lactates decreased the toxicity substantially [44]. However,
the variation in toxicity with surface functionalization for silicalite nano-
particles was complex [62]. For nonporous silica nanoparticles, the smaller
particles were found to be more toxic when endothelial or mouse macro-
phage cell lines were used [80].

The formation of ROS was investigated for several different materials in
order to explain toxicity results. For quartz, it was shown that a freshly
cleaved quartz surface generates more radicals than an aged quartz surface
which correlated with a higher rate of LDH release. For nonporous
amorphous silica nanoparticles and endothelial and mouse macrophage
cells, the ROS-generating ability increased with increasing cytotoxicity
and decreasing particle size. [80]. In contrast, for zeolites and MSNs, the
R OS-generating ability did not correlate with cytotoxicity [44,56].

The results from the literature presented here underscore the impor-
tance of careful materials characterization since the toxicity depends on the
particle size, porosity, shape, surface area, surface functionalization, and
surface treatment. In addition, the toxicity may vary based on the cell line,
concentration, and exposure time in a complex way. The formation of
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ROS and the endocytosis can often be correlated with observed cytotoxi-
city. As new silica-based nanomaterials are synthesized with careful control
of size and surface properties, it remains critically important to evaluate the
toxicity of the materials prior to the development of widespread
applications.
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Cd carcinogenesis, 95-96
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IL-8. See Interleukin-8 (IL-8)

Imaging, 243

Inorganic poisons, 86

Interleukin-8 (IL-8), 14

Intermediate filament (IF), 13, 14—15, 15f

International Agency for Research on Cancer
(IARC), 95

“Inverted” nucleic acids, 140—141

In vitro nanotoxicity assessment, 226

1Q[4,5-b]. See 2-Amino-1-methylimidazo[4,5-b]
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of, 171-172
NO levels determine effects, 168—170
NO role in tumor biology, findings, 158
NOS isoforms, role in angiogenesis, 158
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types of, 240
water softening, 224
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