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PREFACE

This fifth volume continues the tradition of showcasing the rich diversity of
topics and approaches to understanding toxicity at a truly molecular level,
bearing in mind the diverse interpretations of the term “molecular.”

Polychlorinated phenols have been widely employed industrially as
wood preservatives and pesticides. Though they are now banned in many
countries, they are highly persistent in the human environment. Recent
work has unveiled novel mechanisms of toxicity, and this is the focus of
Chapter 1 by Zhu and Mao.

“Omics” approaches to characterize and understand cellular responses to
toxins have found increasing application. Human exposure to algal toxins
occurs through recreation, the potable water supply, and consumption of fish
and shellfish. Characterization of the proteomic responses to various algal toxins
elucidates mechanism and biomarkers of exposure. Rossini and colleagues
document recent advances in this area in Chapter 2. Complementarily, in
Chapter 3, Spradling and Dillman outline the elaborate systemic response,
beyond the immediate effects of cholinesterase blockage, that is effected by
organophosphate chemical warfare agents. Here, an array of “omics”
approaches has been brought to bear on the manifestations of exposure.

Genomic profiling has also been applied to the toxicology of nanoma-
terials and this is discussed by Horie and Fujita in Chapter 4 in the case of
metal oxide nanomaterials. Varied responses to a spectrum of agents have
been characterized, and this has begun to allow sorting out of various
properties that manifest toxic responses and prospective biomarkers of
nanoparticle toxicity.

Nanoparticles of silver are among those that have found widest applica-
tion on the basis of their antibacterial properties. But the toxicology of silver
nanomaterials is relatively sparse. The number of variables between types of
such materials that contribute to toxicity are also not well documented.
Kruszewski and colleagues survey the status of this rapidly evolving field in
Chapter 5.

In Chapter 6, Wang and Wang explore the chemistry and biochemical
consequences of DNA carboxymethylation. This modification is the prod-
uct of a variety of agents, particularly N-nitroso compounds, a class of
compounds that is a favorite of the editor. Sources, lesion variety, biochem-
ical and mutagenic consequences, as well as analytical methodologies are
reviewed.

It is hoped that the reader will enjoy these timely and varied
contributions.

xi
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CHAPTER ONE

METAL-INDEPENDENT PATHWAYS OF
CHLORINATED PHENOL/QUINONE TOXICITY

Ben-Zhan Zhu,* Jun-Ge Zhu, Rui-Mei Fan, and Li Mao
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Abstract

Pentachlorophenol (PCP) was the most widely used chlorinated phenols, pri-
marily for wood preservation. The genotoxicity of PCP has been attributed to its
two major quinoid metabolites: tetrachlorohydroquinone and tetrachloro-1,4-
benzoquinone (TCBQ). Although the redox cycling of PCP quinoid metabolites to
generate reactive oxygen species is believed to play an important role, the exact
molecular mechanism underlying PCP genotoxicity is not clear. Hydroxyl radical
is one of the most highly reactive oxygen species produced in biological
systems. Frequently, hydroxyl radical formation from hydrogen peroxide has
been ascribed to the transition metal-catalyzed Fenton reaction. We found,
however, that *OH can be produced by PCP quinoid metabolite TCBQ and
H,0,, but it is not dependent on the presence of either transition metal ions
or its corresponding semiquinone radical. We propose that *OH production by
TCBQ and H,0, is through a novel nucleophilic substitution coupled with
homolytical decomposition pathway, which may partly explain the potential
genotoxicity of PCP and other widely used polyhalogenated aromatic biocides.

1. INTRODUCTION

1.1. Chlorinated phenols

Chlorinated phenols constitute a series of 19 compounds composed of mono-,
di-, tri-, and tetrachoroisomers and one pentachlorophenol (PCP). Although
all of the possible structural isomers are available commercially, only four
polychlorinated phenols (2,4-dichloro-, 2,4,5-trichloro-, 2,4,6-trichloro-,
and PCP) have been of major industrial significance (Figure 1), primarily

OH OH OH OH
cl cl cl cl cl cl
Cl Cl cl

Cl cl o] cl

PCP 2,4,6-TCP 2,4,5-TCP 2,4-DCP

Figure 1 Chemical structures of the four representative chlorinated phenols.
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as pesticides and as intermediates in the synthesis of the widely used chloro-
phenoxy herbicides such as 2,4-dichlorophenoxyacetic acid (2,4-D) and
2,4,5-trichlorophenoxyacetic acid (2,4,5-T), the two major components of
Agent Orange (1-7). The annual worldwide production of chlorinated phe-
nols has been estimated to be about 200,000 tons, while PCP represents about
90,000 tons of that [1,2].

Chlorinated phenols have found wide use in pesticides, disinfectants,
wood preservatives, personal care formulations, and many other products.
Residues of chlorinated phenols have been found worldwide in soil, water,
and air samples; food products; and human and animal tissues and body
fluids. Environmental contamination with these chemicals occurs from
industrial effluents, agricultural runoff, breakdown of chlorophenyloxy-
acetic acid herbicides, and hexachlorobenzene, and also from spontaneous
formation following chlorination of water for disinfection and deodoriza-
tion during wood pulp bleaching with chlorine [1-3]. Chlorinated phenols
are poorly biodegradable with a half-life in aerobic waters that can exceed
3 months and can exceed some years in organic sediments. The existing
guidelines set the permissible chlorinated phenol level (depending on Cl
content) in surface water at 0.06—4.4 mg/L and the permissible concentra-
tion in drinking water at 10 pg/L [4].

However, growing knowledge about the toxicities and environmental
fates of specific chlorinated phenols has caused governments to regulate
these compounds. Chlorinated phenols have been found in at least 166 of
the 1467 National Priorities List sites, and 5 of them are listed by the U.S.
Environmental Protection Agency (EPA) as priority pollutants, including
the four chlorinated phenols mentioned above and 2-chlorophenol (2-CP),
which are present in the environment in significant quantities [5]. For
example, chlorinated phenols were recently found to occur at relatively
high concentrations in some Chinese waters. 2,4-DCP and 2,4,6-TCP
were more frequently detected at higher concentrations in the rivers of
North China compared with those of South China. High-concentration
sites of 2,4-DCP and 2,4,6-TCP mainly occurred in the Yellow River
watershed, while PCP contamination mainly occurred in the Yangtze
River watershed. PCP was the most ubiquitous chlorinated phenols being
detected in 85.4% of samples; 2,4-DCP and 2,4,6-TCP were detected in
51.3% and 54.4%, respectively [6]. Thus, the ubiquitous nature of these
substances coupled with their carcinogenicity in animal models has raised
public awareness of the potential health risks posed by these chlorinated
phenols.

It is known that toxicity of simple chlorinated phenols depends on the
number and position of chlorine substitutions [7]. Some chlorinated phe-
nols, such as PCP, are regarded as classic examples of oxidative uncoupling
agents due to their hydrophobic (log Kow = 5.02) and weakly acidic
nature (pK, = 4.74) [8]. PCP is still used to protect timber from fungal
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rot and wood-boring insects. PCP concentrations in groundwater can be
3-23 mg/L in wood-treatment areas and concentrations in milligram per
liter can be found near industrial discharges.

The toxicity and bioaccumulation of chlorinated phenols increase with
the degree of chlorine substitution [7]. The pK, values of chlorinated phenols
decrease with the number of chlorine substitutions. Ortho-chlorinated phe-
nols are more acidic than other isomers because of the large inductive effect
of chlorine on the hydroxyl group in close proximity [9]. Increased chlorine
substitution also increases the octanol-water partition coefficient (Kow)
[10], which is positively correlated to the bioaccumulation potential
of chlorinated phenols [11]. Thus, PCP with the largest Kow value is
the most hydrophobic chlorinated phenol, which allows it to diffuse through
cellular membranes. Highly chlorinated phenols undergo oxidation into
the phenoxyl radicals readily at physiological pH because the oxidation
step involves the concerted loss of an electron and a proton and these
chlorinated phenols exist as the phenolate form under physiological
conditions.

Despite being banned in many countries and having its use severely
restricted in others, PCP remains an important pesticide from a toxicologi-
cal perspective [12]. It is a stable and persistent compound. In humans, it is
readily absorbed by ingestion and inhalation but is less well absorbed
dermally. Assessment of the toxicity of PCP is confounded by the presence
of contaminants known to cause effects identical to those attributed to PCP.
However, severe exposure by any route may result in an acute and occa-
sionally fatal illness that bears all the hallmarks of being mediated by
uncoupling of oxidative phosphorylation. Tachycardia, tachypnea, sweat-
ing, altered consciousness, hyperthermia, convulsions, and early onset of
marked rigor (if death occurs) are the most notable features. Pulmonary
edema, intravascular hemolysis, pancreatitis, jaundice, and acute renal fail-
ure have been reported. There are no antidote and no adequate data
available to support the use of repeat-dose oral cholestyramine, forced
diuresis, or urine alkalinization as effective methods of enhancing PCP
elimination in poisoned humans. Supportive care and vigorous manage-
ment of hyperthermia should produce a satisfactory outcome. Chronic
occupational exposure to PCP may produce a syndrome similar to acute
systemic poisoning, together with conjunctivitis and irritation of the upper
respiratory and oral mucosae. Long-term exposure has also been reported to
result in chronic fatigue or neuropsychiatric features in combination with
skin infections (including chloracne), chronic respiratory symptoms, neu-
ralgic pains in the legs, and impaired fertility and hypothyroidism secondary
to endocrine disruption [13]. In a cross-sectional study on former sawmill
workers exposed to PCP in New Zealand, McLean ef al. found that PCP
exposure was associated with a number of physical and neuropsychological
health effects that persisted long after exposure had ceased [14].
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1.2. Carcinogenesis of chlorinated phenols

It has been suggested that there might be an association between chlorinated
phenols and Hodgkin’s disease, soft-tissue sarcoma, and acute leukemia
[15]. Carcinogenicity of orally administered PCP has been tested in rats
and mice. The purity of PCP has been considered as an important factor,
since PCP is usually contaminated with chlorinated dibenzo-p-dioxins,
some of which (2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD) are known
animal carcinogens. Technical-grade PCP (90% pure) was tested in mice by
The National Toxicology Program (NTP) [16]. Groups of male and female
B6C3F1 mice were given diets containing 0, 100, or 200 parts per million
(ppm) PCP. A significant increase over the male control incidence in
tumors of the adrenal medulla and liver was found in PCP-treated males.
Treated females displayed a significant increase over female controls with
regard to the incidence of hemangiosarcomas of the spleen and liver. The
occurrence of rare hemangiosarcomas was considered a carcinogenic
response due to PCP exposure, although this study was limited because of
the unusually low survival in the male control group [16]. Pure PCP (99%
pure) was also tested by NTP for carcinogenicity in rats [17]. Groups of
male and female F344 rats were given diets containing 0, 200, 400, or
600 ppm PCP for 105 days. Some evidence that purified PCP is carcino-
genic to rats was detected in 2 years with malignant mesotheliomas and nasal
squamous cell carcinomas being noted in some of the rats with high dose
regimes that actually exceed the maximum tolerable dose. However, hepa-
tocellular adenomas and carcinomas were not detected [17], which is
different from the study with mice [16]. Overall, these choric animal
bioassays suggested that the liver is a target organ for carcinogenesis in
mice, but not in the rat. Based on the NTP data, a cancer potency factor
of 0.12 mg/kg/day was calculated by the Integrated Risk Information
Systems (IRIS) [18], which translates to an upper-bound unit risk level of
9 x 10~ mg/kg/day for a cancer risk of 1 in 1000.

Cooper and Jones [19] reviewed currently available data to determine
the extent to which recent studies assist in distinguishing the eftect of PCP
from that of its contaminants (e.g., dioxins and other chlorinated phenols).
They performed a systematic review of published studies pertaining to
cancer risk in relation to PCP exposure, focusing on results pertaining
specifically to all cancer sites and specific hematopoietic cancers, and data
pertaining to risks associated with other types of chlorinated phenols,
dioxins, or furans. They found that the PCP studies presented considerable
evidence pertaining to hematopoietic cancers, with strong associations seen
in multiple studies, in different locations, and using different designs. There
is little evidence of an association between these cancers and chlorinated
phenols that contain fewer than four chlorines. The extension of a large
cohort study of sawmill workers, with follow-up to 1995, provided
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information about risks of relatively rare cancers (e.g., non-Hodgkin lym-
phoma, multiple myeloma), using a validated exposure assessment procedure
that distinguishes between exposures to PCP and tetrachlorophenol. In
contrast with dioxin, PCP exposure has not been associated with total cancer
incidence or mortality. They concluded that the updated cohort study
focusing on PCP provides increased statistical power and precision and
demonstrates associations between hematopoietic cancer and PCP exposure
not observed in earlier evaluations of this cohort. Contaminant confounding
is an unlikely explanation for the risks seen with PCP exposure.

Since PCP was the most well-studied chlorinated phenol, therefore,
PCP will be used as an example for further review. We will focus on a novel
mechanism for metal-independent decomposition of hydroperoxides by
PCP quinoid metabolites and production of hydroxyl/alkoxyl radicals,
which has been suggested as a potential mechanism for PCP-induced
carcinogenicity.

2. PENTACHLOROPHENOL

2.1. PCP and its major carcinogenic quinoid metabolites

PCP is a major industrial and agricultural biocide that has been used
primarily as a wood preservative [20,21]. The annual production of PCP
has been estimated to be about 46 million pounds in the United States.
Because of its efficiency, broad spectrum, and low cost, PCP has also been
used as algaecide, bactericide, fungicide, herbicide, insecticide, and mollus-
cicide [20-23]. In the USA, ~97% of PCP was used as a wood preservative
[20,21]. The majority of U.S. use of PCP has been to preserve wooden
poles for power transmission lines and other utilities. In China and other
developing countries, PCP has also been used to kill snails to prevent snail
tever (Schistosomiasis). Its worldwide usage and relative stability make PCP a
ubiquitous environmental pollutant [20—23]. In fact, PCP has been detected
in body fluids, such as human urine, serum, and milk, and tissues of people
who are not occupationally exposed to it [20-23]. Extensive studies of PCP
concentrations in body fluids (plasma or urine) of nonoccupationally
exposed individuals have found average PCP concentrations of 40 parts
per billion (ppb) (range: 0-1840 ppb). In contrast, in blood of occupation-
ally exposed workers, the median level of PCP was found to be as high as
19,580 ppb (range: 6000—45,200 ppb). Postmortem analysis of serum,
tissue, and urine samples from individuals who died from PCP intoxication
showed tissue PCP concentrations of 20—-140 ppm and urine concentrations
of 28-96 ppm. The most likely source of exposure is PCP-treated wood
products by way of the food chain. In groups of individuals who are not
specifically exposed to PCP, net daily intake estimated in eight countries
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varied from 5 to 37 pg. Net intake was between 51 and 157 pg/day in
residents of homes made of PCP-treated logs [20]. In individuals occupa-
tionally exposed to PCP, net daily intake varied widely, from 35 to about
24,000 pg, depending on the type of work [20-23]. Human exposure to
PCP can also originate, albeit to a minor extent, through metabolic forma-
tion from hexachlorobenzene or hexachlorocyclohexane, which are also
ubiquitous environmental contaminants [20-23].

PCP is a potent carcinogen. Following chronic exposure of B6C3F1
mice to PCP, hepatocellular carcinomas or adenomas, hemangiosarcomas,
and phaeochromocytomas were observed [24]. In a recent report, malignant
mesothelioma and nasal squamous cell carcinomas were induced in F334/N
rats [25]. In humans, malignant lymphoma and leukemia have been asso-
ciated with occupational exposure to PCP [20—23]. PCP has been found in at
least 313 of the 1585 National Priorities List sites, listed as a priority pollutant
by the U.S. EPA, and classified as a group 2B (possibly carcinogenic to
humans) environmental carcinogen by the International Association for
Research on Cancer (IARC) [12,20,21]. While the precise mechanism of
PCP’s genotoxicity remains to be elucidated, it has been suggested that its
quinone and semiquinone metabolites play an important role (Figure 2).

PCP is oxidatively dechlorinated to produce tetrachlorohydroquinone
(TCHQ) by liver microsomal cytochrome P450s from rats and humans
in vitro [23,26] and by rodents in vivo [27-30]. About 20% of PCP was
recovered in urine of PCP-treated B6C3F1 mice as TCHQ and its glucu-
ronide and sulfate conjugates [28]. TCHQ can be further oxidized to
tetrachloro-1,4-benzoquinone (TCBQ) via its corresponding semiquinone,

OH
Cl Cl
Cl Cl
Cl Protein
Redox cycling —> ROS —  DNA
PCP damage
l P450s
OH . 3 .-
cl cl sz TOZ cl X al Otz O:Z a X a
cl cl CIQCI C']@C'
OH OH O
TCHQ TCSQ' TCBQ

Figure 2 PCP and its carcinogenic quinoid metabolites: TCHQ, tetrachlorohydroqui-
none; TCSQ *, tetrachlorosemiquinone radical; TCBQ, tetrachloro-1,4-benzoquinone.
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the tetrachlorosemiquinone radical (TCSQ *) [31]. TCBQ and its thiol and
glucuronide conjugates were also found in animals and humans [26-30].
TCBQ has also been observed as a reactive oxidation intermediate or
product in processes used to oxidize or destroy PCP and other polychlori-
nated persistent organic pollutants (POPs) in various chemical and enzy-
matic systems [23,32-35]. TCBQ itself has been widely used as a fungicide
(Spergon) for treatment of seeds and foliage, and as an oxidizing or
dehydrating agent in organic synthesis (often called p-chloranil [23]).

The Rappaport laboratory has developed an assay to simultaneously quan-
titate protein adducts of quinones and semiquinones following PCP adminis-
tration to rats and mice [36]. They found that TCBQ is a Michael acceptor and
forms adducts with cysteinyl residues of proteins both in vitro and in vivo [36].
TCBQ was found to retain its oxidized quinone structure following covalent
attachment of cysteinyl residues with chloride displacement. The mono-
adduct continues to react with additional sulthydryls leading to di- and
tri-substituted adducts. This assay employs Raney nickel to selectively cleave
the cysteinyl adducts, which generates quinones or tetrachlorophenols from
semiquinone-derived adducts, and the latter products were only detected
in vivo |36]. Therefore, this assay can be used to measure the extent of quinone
versus semiquinone adduct formation during PCP metabolism. In this regard,
administration of a single oral dose of PCP to Sprague—Dawley rats and
B6C3F1 mice generated proportionally greater amounts of tetrachloro-
1,2-semiquinone adducts in the livers of the rodents at low doses of PCP
(<4-10 mg/kg body weight) that was 40-fold greater in rats than in mice.
Production of TCBQ adducts was proportionally greater at high doses of PCP
(460-230 mg/kg body weight) that was 2- to 11-fold greater in mice than in
rats over the entire range of doses [36]. These results suggested that species
differences in the metabolism of PCP to semiquinones and quinones were, in
part, responsible for the production of liver tumors in mice but not in rats [36].

Redox cycling of compounds with a quinoid structure is a well-known
phenomenon [37,38]. The cyclic (auto)oxidation and reduction reactions
with the intermediary formation of semiquinone radicals can produce large
amounts of reactive oxygen species (ROS) by reducing molecular oxygen to
superoxide (O57), which in turn can induce oxidative stress [37,38]. How-
ever, it is generally accepted that O3~ itself is not directly attacking DNA, but
only after its dismutation to hydrogen peroxide (H,O,) and subsequent
metal-mediated cleavage to hydroxyl radical (*OH). This reaction sequence
is called the Haber—Weiss reaction, or superoxide-driven Fenton reaction
(M represents transition metals, especially iron and copper) [39]:

2057 + 2HT — H, O, + Oy
O;— + Mﬂ+ N 02 + M(Vl—1)+
H,O, + M=+ — *OH + OH™ + M"*
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While PCP itself does not show any reactivity toward DNA, TCHQ
was found to induce single-strand breaks in isolated DNA [30], a variety of
cell lines [31,40—42], and liver of mice [43,44]. TCHQ also induced
micronuclei and mutations at the HPRT locus of V79 cells [45,46], and
the formation of 8-hydroxy-2'-deoxyguanosine (8-OH-dG) in V79 cells
[47] and B6C3F1 mice [43]. At low concentrations, TCHQ reduced
colony-forming ability of human fibroblasts [40], and inhibited cell growth
in CHO cells [42]. Recently, TCHQ was found to induce formation of
direct adducts, apurinic/apyrimidinic (AP) sites, and oxidized bases in
human HeLa S3 cells [48].

2.2. Molecular mechanisms of PCP quinoid metabolite-
induced DNA damage

Both oxidative DNA damage and direct DNA adducts have been impli-
cated in PCP-induced mouse liver carcinogenesis [23,42,44,48]. The most
commonly analyzed biomarker of oxidative DNA damage, 8-OH-dG, was
detected in the livers of B6C3F1 mice that received acute and subacute
doses of PCP and TCHQ), and the levels were increased significantly over
the corresponding controls [42]. Recent findings in Fischer 344 rats that had
been administered PCP for 27 weeks also revealed a statistically significant
increase in 8-OH-dG in hepatic DNA over control [49]. In addition to
oxidized bases, it is likely that other types of oxidative DNA lesions are
involved. Redox cycling of PCP quinoid metabolites to generate ROS is
believed to play an important role in PCP genotoxicity.

Among ROS, *OH is regarded as the most reactive one produced in
biological systems. DNA damage resulting from attack by *OH includes
base oxidation, deoxyribose damage, strand breaks, and AP sites [39]. *OH
can induce AP sites by direct hydrogen abstraction from the sugar moiety of
DNA, resulting in 5'-nicked oxidized AP sites formation [50—52]. Another
pathway for AP sites formation may involve depurination/depyrimidina-
tion of quinone—DNA adducts. TCBQ and its corresponding semiquinone
radical are reactive electrophiles and therefore are also capable of alkylating
DNA and forming DNA adducts [49,53,54]. Recently, Lin ef al. [53]
showed that low degree of oxidative and direct DNA damage was produced
by high concentrations of TCBQ.

Comparison of the genotoxicity of TCHQ to H,O, in human fibro-
blasts also revealed a greater genotoxic potential for TCHQ than for H>O,
[46]. DNA damage was determined after 1 h treatment with TCHQ or
H,0O, by the comet assay (also called single cell gel electrophoresis assay). A
distinct tail moment was noted for TCHQ at concentrations of 10 pM,
whereas 60 pM H,O, was required to produce the same extent of DINA
damage. By monitoring the incorporation of [’H]-thymidine into DNA of
nonreplicating cells (UDS), the extent of DNA repair was measured and
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25 uM TCHQ was found to inhibit repair, while H,O, continuously
induced DNA repair up to 60 uM. In contrast to H,O,, TCHQ was also
mutagenic in the HPRT locus of V79 cells with a mutant frequency of 75
and 151 mutants per 10° cloneable cells at nontoxic concentrations of 5 and
7 UM. It was suggested [46] that the TCSQ radical may react with DNA
directly and cause AP sites which are transformed to strand breaks either
by endonucleases or under the alkaline conditions of the comet assay.
This would explain the ineffectiveness of dimethyl sulfoxide (DMSO) to
quench TCHQ-induced damage in cellular DNA. However, an alternative
explanation may stem from TCHQ-induced *OH production by a metal-
independent process (see below) that takes place close to the DNA surface,
precluding effective *OH scavenging by DMSO. The fact that TCHQ also
inhibits DNA repair enzymes would provide a rationale for its potent
genotoxicity and mutagenicity. In contrast, DNA damage by H,O,
would require transition metal ions for catalysis and DINA repair enzymes
are not inhibited by H,O, [46].

While little is known about direct interactions of TCSQ radical with
DNA, the fully oxidized PCP quinoid metabolite TCBQ is known to react
covalently with DNA to generate DNA adducts, as evidenced by the
*2P_postlabeling assay [49,52]. Treatment of calf thymus (CT) DNA with
5 mM TCBQ generated four major and several minor adducts (3.5 adducts
per 10> total nucleotides) [53]. These adducts were chemically stable and do
not generate AP sites. In addition, increases in 8-0x0-dG and AP sites were
observed that were ascribed to oxidative damage. These results demonstrated
that PCP quinone and hydroquinone metabolites induce direct and oxidative
base modifications as well as the formation of 5'~cleaved AP sites in genomic
DNA [53]. Cell culture and in vivo studies have shown that PCP itself causes
direct genotoxicity under certain conditions. Treatment of rat hepatocytes
with a single dose of PCP (50 uM) generated 17 adducts per 10° total
nucleotides. Chronic (60 mg/kg/day for 27 weeks), but not acute (60 mg/
kg/day for 1 or 5 days), exposure of rat to PCP induced a twofold increase in
8-0x0-dG (1.8 vs. 0.91 x 10°in controls) and generated two major adducts,
one derived from TCBQ, with relative *“P-postlabeling of 0.78 adducts per
107 total nucleotides [49]. The TCBQ-derived DNA adduct was also
detected in mouse liver DNA following exposure to PCP at 8 adducts per
107 nucleotides which is 10-fold greater compared with the rat. The greater
amounts of both oxidative and direct DNA damage, together with increased
hepatotoxicity and cell proliferation, may provide the critical events necessary
for hepatic carcinogenesis in the mouse. In contrast, the decreased amount of
DNA damage and the lack of hepatotoxicity and cell proliferation in the rat
do not result in such critical changes [49].

As mentioned above, DNA adducts attributable to TCBQ have been
observed previously in vitro and detected in vivo. In addition, an unidentified
adduct in these studies co-eluted with the product of the reaction of
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deoxyguanosine (dG) and TCBQ. Sturla’s group [55] have synthesized,
isolated, purified, and characterized the predominant adduct formed from
the reaction of dG and TCBQ. They proposed that the adduct is a dichloro-
benzoquinone nucleoside in which two chlorine atoms in TCBQ have
been displaced by reaction at the 1 and N” positions of dG. Their results
suggest that direct reactions between chlorophenols and DNA may play a
role in the toxic effects of chlorinated phenols and indicate a potential
difference in reactivity and biological influence between PCP and other
less substituted chlorinated phenols. They further elucidated the structure of
new agent-specific DNA adducts resulting from the reaction of dGuo,
dCyd, and Thd with TCBQ [56]. Two dGuo adducts and one dCyd adduct
resulting from the reaction of double-stranded DNA with TCBQ were
identified. The results indicate that, in the structural context of DNA,
TCBQ reacts most readily with dGuo compared to the other DNA bases
and that the mode of TCBQ reactivity is dependent on the base structure,
that is, multiple types of adducts are formed. DNA adducts consistent with
TCBQ reactions were also observed when DNA or dGuo was treated with
PCP and a peroxidase-based bioactivating system.

The association of chlorinated phenols to incidences of leukemia was
also found to be consistent with the leukemogen activity of phenolic
xenobiotics such as phenol and the phenolic anticancer drug etoposide
[5]. Phenolic compounds are substrates for myeloperoxidase present in
bone marrow and could be converted into phenoxyl radicals. Direct reac-
tions of phenoxyl radicals and thiyl radicals with biomolecules could also
contribute to peroxidase-driven toxic effects of phenolic xenobiotics. With
regard to direct reactions of phenoxyl radicals with DNA, an in vitro study by
the Turesky’s group demonstrated that adduct levels (3679/10° nucleotides)
by 0.1 mM PCP following activation by horseradish peroxidase (HRP)/
H,0, are 30-fold higher than levels induced by CYP450-containing micro-
somes and 10-fold higher than levels induced by TCBQ (5 mM) itself [57].
This suggested the possibility that the pentachlorophenoxyl radical gener-
ated by HRP/H,O,-mediated PCP oxidation might contribute to
DNA adduct formation. Manderville’s group [58] found that treatment
of PCP (0.1 mM) with HRP/H,O, or myeloperoxidase (MPO/H,0O,)
with excess dG (2 mM) led to the isolation and identification of the
oxygen-bonded C8-dG nucleoside adduct. The reaction was absolutely
specific for dG; no detectable adduct(s) was observed from HRP/H,O,
and PCP in the presence of deoxyadenosine, deoxycytidine, or thymidine.
Formation of the oxygen-bonded C8-dG nucleoside adduct was also
specific for peroxidase activation that is known to oxidize PCP into its
phenoxyl radical. Treatment of PCP/dG with rat liver microsomes (RLM)
failed to generate the adduct; instead, an adduct derived from the benzoqui-
none electrophile TCBQ was observed in the extracted ion chromatogram
from the RLM/NADPH-treated PCP/dG sample. The oxygen-bonded
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C8-dG nucleoside adduct is the first structurally characterized O-bonded
phenolic DNA nucleoside adduct and highlights the ambident electrophi-
licity of phenoxyl radicals (O vs. C) in reaction at C8 of dG. Given that PCP
is known to induce DNA adduct formation in vivo and human exposure has
been linked to incidences of leukemia, the adduct could play a key role in
PCP-mediated carcinogenesis [58].

Then they expand their investigations on a wider range of chlorinated
phenol substrates to establish their reactivity toward dG and duplex DNA (CT)
following activation by HRP/H,0O,, as a representative peroxidase system
[59]. Their data showed that chlorophenoxyl radicals may either react directly
with dG and CT-DNA to form C8-dG O-adducts in an irreversible process or
couple to yield 1,4-BQ electrophiles that react with dG to afford adducts of the
benzetheno variety. These results established the in vifro relevance of C8-dG
O-adducts of phenolic toxins. The 'H NMR chemical shifts and reactivity of
the benzetheno adducts favor 4”-hydroxy-1,N*-benzetheno-dG adduct
assignment, which is in contrast to the other literature which has assigned
the 1,4-BQ-dG adduct as y’—hydroxy—l,N2—benzetheno—dG. Overall, their
study has provided new insights into peroxidase-mediated activation of chlori-
nated phenol substrates and has strengthened the hypothesis that direct
reactions of chlorophenoxyl radicals with DNA contribute to peroxidase-
driven toxic effects of chlorophenolic xenobiotics.

2.3. The pro-oxidant versus antioxidant equilibrium

The pro-oxidant potential of biological systems and their antioxidant
capacity usually are in an approximate equilibrium [39]. In normal cells, a
primary defense against oxidative damage is provided by small molecule
antioxidants such as glutathione (GSH) and ascorbate, which are present in
millimolar concentrations. However, these defense mechanisms can be
overwhelmed by xenobiotics such as PCP and its metabolites that induce
the production of excessive ROS, which can result in damage to biological
macromolecules such as DNA [37-39]. It should be noted that the concen-
tration of ROS, including H>O,, in cells under normal physiological con-
ditions is low, but ROS concentration may be significantly increased in cells
that are subjected to oxidative stress conditions such as exposure to PCP
metabolites, as we showed recently in NIH 3T3 cells [60]. TCHQ treat-
ment was shown to cause more than 60% GSH depletion in liver tissues of
mice, possibly by forming GSH-conjugates [30,37,38,44]. It was suggested
that depletion of GSH and other antioxidants by PCP metabolites could
abolish the protective ability of the cell against ROS and lead to DNA
damage [45]. It is thus reasonable to hypothesize that PCP metabolite-
induced DNA damage could be prevented if the levels of intracellular
antioxidants were raised through supplementation of dietary antioxidants.
Indeed, it has been demonstrated recently [61] that oral administration of
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antioxidant vitamin E and diallyl sulfide 3 h before each PCP challenge
significantly protected against elevation of hepatic 8-OH-dG levels in male
B6C3F1 mice, while vitamin C, epigallocatechin gallate, and ellagic acid
showed partial protection. These findings indicate that PCP-induced oxi-
dative DNA damage in the target organ liver can be blocked by a number of
dietary antioxidants.

3. MECHANISM OF PROTECTION BY THE “SPECIFIC”
IRON-CHELATING AGENT DESFERRIOXAMINE
AGAINST TCHQ-INDUCED DNA DAMAGE

3.1. The protection by desferrioxamine against TCHQ-induced
DNA damage was not due to its classic iron-chelating
property, but rather to its scavenging of the reactive
TCSQ*®

As discussed above, TCHQ has been identified as one of the main toxic
metabolites of PCP. TCHQ can induce DNA single-strand breaks and has
also been implicated in PCP-associated genotoxicity. The ability of TCHQ
to induce DNA damage has been previously attributed to its ability to form
*OH through the classic metal-dependent Fenton reaction (see above).
This notion was based on the fact that TCHQ-induced DNA damage was
completely prevented by desferrioxamine (DFO, also called Desferal® and
deferoxamine). DFO has been used as an iron-chelating agent for the
treatment of iron overload. This includes clinical cases of individuals who
have ingested toxic oral doses of iron salts or require multiple blood
transfusions, such as in the treatment of P-thalassemia. DFO is a linear
trihydroxamic acid siderophore that forms a kinetically and thermodynam-
ically stable complex with ferric iron, ferrioxamine (Figure 3). Its high
binding constant (log f = 31) and its redox properties (E° = —0.45 V)
render the bound iron unreactive for the catalysis of oxygen radical produc-
tion as has been implicated in a variety of biological processes. It has been
classically assessed that prevention of damage by DFO was a sufficient proof
for the role of loosely bound iron in the injurious processes. Although DFO
has been repeatedly used to probe metal-catalyzed hydroxyl radical forma-
tion in biological systems, recent studies demonstrated the ability of this
trihydroxamate compound to act as radical scavenger, in addition to and
independent of its iron-binding properties. Diethylenetriaminepentaacetic
acid (DTPA) is an analog of the widely used chelating agent ethylenedia-
minetetraacetic acid (EDTA). DTPA could also form a kinetically and
thermodynamically stable complex with ferric iron (Figure 4; log f = 28;
E° = +0.03 V). Both DFO and DTPA have been widely used to study
the role of iron in various chemical and biological systems, and therefore
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Figure 3 Chemical structures of desferrioxamine (DFO) and its Fe(IIl) complex.
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Figure 4 Chemical structure of DTPA (diethylenetriaminepentaacetic acid).

we employed these two structurally different but relatively specific iron-
chelating agents to probe whether iron played any role in TCHQ-induced
DNA damage. We found [62] that DFO protected against TCHQ-induced
DNA single-strand breaks in isolated DNA, while other iron chelators such
as DTPA did not. To better understand its underlying molecular mecha-
nism, the auto-oxidation process of TCHQ yielding TCSQ * intermediate
was studied in the presence and absence of these two iron-chelating agents.
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We found that DFO led to a marked reduction in both the concentration
and half-life of TCSQ °. Interestingly, the decay of TCSQ*® was accom-
panied by concurrent formation of DFO-nitroxide radicals (DFO *), which
contains the structural component —CH,—NO *—~CO- and gives a charac-
teristic nine-line spectrum as a result of splitting of the nitroxide nitrogen
coupling (™ = 7.9 G) by two protons [a(2)" = 6.3 G] from the neighbor-
ing CH, group (Figure 5). These effects have been demonstrated both by
UV-—visible and electron spin resonance (ESR) spectral methods. In contrast,
DTPA had no detectable effect on TCHQ auto-oxidation. These results
suggest that the protection by DFO against TCHQ-induced DNA damage
was not due to its binding of iron, but rather due to its scavenging of the
reactive TCSQ *® [62].

Interestingly, we found that DFO could also dramatically enhance the
hydrolysis (dechlorination) of TCHQ (and TCBQ) to form chloranilic acid
(2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone, DDBQ) [62]. The exact
underlying molecular mechanism has recently been investigated in our lab,
and to our surprise, a novel double Lossen rearrangement reaction was
found to be involved in this process (see Section 5). Compared to TCBQ,
the DDBQ molecule was considered to be more stable, less reactive, and
much less toxic; therefore, the enhanced formation of DDBQ from TCBQ
catalyzed by DFO also contributed to its reduction of the toxicity of
TCHQ. Further, the enhanced conversion of TCHQ to DDBQ reduced
the possibility of redox cycling between TCBQ and TCHQ in the cell,
whereby repeatedly producing TCSQ °.

. TCSQ®
5min L
TmT Tetrachlorosemiquinone
p——— radical
6 min
7 min DFO*

DFO nitroxide radical

ﬁd—MdeW‘\M

Figure 5 The decay of tetrachlorosemiquinone radical (TCSQ °) was accompanied by
the concurrent formation of desferrioxamine (DFO) nitroxide radical, DFO* (mod-
ified based on Ref. [62]).
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3.2. Protection by DFO against TCHQ-induced cyto- and
genotoxicity in human fibroblasts

Then we extended our study from isolated DNA to human fibroblasts,
and from DFO to other hydroxamic acids. Cyto- and genotoxic effects of
PCP metabolites were evaluated, respectively, by the MTT and “comet”
assay (also called single cell gel electrophoresis). We found [63] that co-
incubation of DFO provided marked protection against both the cyto- and
genotoxicity induced by TCHQ. Pretreatment of the cells with DFO
followed by washing also provided protection, although less efficiently
compared to the simultaneous treatment. Similar patterns of protection
were also observed for three other hydroxamic acids: aceto-, benzo-, and
salicyl-hydroxamic acid (AHA, BHA, and SHA). Spectral studies showed
that the three hydroxamic acids tested other than DFO also effectively
scavenged the reactive TCSQ® and enhanced the formation of the less
reactive and less toxic chloranilic acid (Figure 6). DMSO, an efficient *OH
scavenger, provided partial protection only at high concentrations. The
results of this study demonstrated that the protection provided by DFO
and other hydroxamic acids against TCHQ-induced cyto- and genotoxicity
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Figure 6 Inhibition of tetrachlorosemiquinone radical (TCSQ °) formation by desfer-
rioxamine (DFO) and other hydroxamic acids monitored at 455 nm. AHA, aceto-
hydroxamic acid; SHA, salicyl-hydroxamic acid; and BHA, benzohydroxamic acid
(modified based on Ref. [63]).
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in human fibroblasts is mainly through scavenging of the observed reactive
TCSQ* and not through prevention of the Fenton reaction by the binding
of iron in a redox-inactive form [63].

4. MOLECULAR MECHANISM oF PCP QuinoiD
METABOLITE-INDUCED GENOTOXICITY

4.1. Metal-independent production of *OH by PCP quinoid
metabolite and H,0,

The above findings suggest that iron was not involved in TCHQ-induced
DNA damage. In another word, TCHQ-induced DNA damage may not be
due to the iron-mediated *OH production through the classic Fenton
reaction. Then the question became what was the underlying molecular
mechanism for PCP metabolites-mediated *OH production? To test
whether *OH can be produced by PCP metabolites, we first employed
the well-known salicylate hydroxylation method. HPLC with electrochem-
ical detection was used to measure the levels of 2,3- and 2,5-dihydroxyben-
zoic acid (DHBA) formed when *OH reacts with salicylate. We found [64]
that TCHQ and H,O, could produce both 2,3- and 2,5-DHBA when
incubated with salicylate. Their production was markedly inhibited by the
*OH scavenging agents DMSO and ethanol. In contrast, their production
was not affected by the nonhydroxamate iron chelators and the copper-
specific chelator. Similar effects were also observed with TCBQ and H,O,.
Based on these results, we suggested that *OH was produced by TCHQ and
H,O,, possibly through a metal-independent Fenton-like reaction [64].

Since the salicylate hydroxylation method cannot provide direct evi-
dence for *OH formation, a more specific method, such as secondary
radical ESR spin trapping with 5, 5-dimethyl-1-pyrroline N-oxide
(DMPO), is needed to further substantiate and extend our previous obser-
vations. A typical DMPO/ *OH signal, and DMPO/ * CHj signal derived
from *OH attack on DMSO, will be more conclusive evidence for *OH
production from H,O, and TCHQ or TCBQ [40] (Figure 7). We found
[65] that when incubated with DMPO, TCBQ and H,O, produced the
DMPO/ *OH adduct. In contrast, incubation of either compound alone
did not cause *OH formation. The formation of DMPO/ *OH was mark-
edly inhibited by the *OH scavenging agents DMSO and formate, with the
concomitant formation of the characteristic DMPO adducts with «CHj3 and
*COO7, respectively (Figure 8). These secondary radical ESR spin-
trapping results provided definitive evidence that *OH could indeed be
produced by TCBQ and H,O».

Then a critical question arose: Was the production of *OH by TCBQ
and H,O, metal-dependent or -independent? To answer this question, the
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Figure 7 °OH detection and identification by primary and secondary ESR spin-
trapping methods.
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Figure 8 Definitive evidence for *OH production by TCBQ and H,O, as demon-
strated by secondary ESR spin-trapping method (modified based on Ref. [64]).

potential role of catalytic transition metals contaminating the DMPO/
TCBQ/H,O, reaction system was carefully examined by using several
structurally different and relatively specific metal chelating agents for
iron and copper [66—68]. Neither the DMPO/*OH signal nor the
DMPOY/ * CHyj signal produced by the DMPO/TCBQ/H,O, system in
the absence and presence, respectively, of DMSO was affected by the
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addition of various nonhydroxamate iron-chelating agents, viz., bathophe-
nanthroline disulfonate (BPS), ferrozine, and ferene, as well as the copper-
specific chelating agent bathocuproine disulfonate (BCS). In addition, no
significant decrease in the DMPO/ *OH and DMPO/ * CHj; signal was
observed by low concentrations (<10 uM) of the trihydroxamate iron-
chelating agent DFO. These DFO concentrations should be sufficient to
chelate any trace amounts of iron contaminating the chelex-pretreated
buffer. However, the formation of DMPO/ *OH and DMPO/ * CH; was
abolished by high concentrations of DFO (> 1 mM), with the concurrent
formation of the DFO*. As discussed before, the inhibition of *OH
production by DFO was not due to its iron-binding capacity, but rather
due to its ability to scavenge TCSQ?®. Similar marked inhibition of
DMPO/ *OH and DMPO/ * CH; formation was observed with another
TCSQ * scavenger, BHA. In addition, even when trace amounts of iron (Fe
(IT), 0.5 pM) were added to the DMPO/TCBQ/H,0; system, no increase
in *OH production was observed.

In contrast, the formation of both DMPO/ *OH and DMPO/ * CH; by
the DMPO/Fe(II)/H,O, system in the absence and presence, respectively,
of DMSO was almost completely inhibited by the nonhydroxamate iron-
chelating agents BPS, ferrozine, and ferene, as well as the hydroxamate
iron-chelating agent DFO. No concurrent formation of the DFO* was
detected, indicating that DFO acted by chelating iron in this classic Fenton
system. These results clearly demonstrated that the production of *OH by
TCBQ and H;O, is independent of transition metal ions.

It should be noted that the metal-independent production of * OH was not
limited to TCBQ and H,O,, but was also observed in the presence of other
halogenated quinones, that is, 2-chloro-, 2,5-dichloro-, 2,6-dichloro-,
trichloro-, tetrafluoro-, and tetrabromo-1,4-benzoquinone (Figure 9). In con-
trast, no *OH production was detected from H,O; and the nonhalogenated
quinone, 1,4-benzoquinone, and the methyl-substituted quinones
2,6-dimethyl- and tetramethyl-1,4-benzoquinone [65].

4.2. Molecular mechanism of metal-independent production
of *OH by PCP quinoid metabolites and H,0,

Based on the above experimental results, we first proposed [64,65] that
the production of *OH by TCBQ and H,O, might be through a metal-
independent semiquinone-mediated organic Fenton reaction:

TCSQ® + H,O» — *H + OH™ + TCBQ

where TCSQ *® substitutes for ferrous iron in the classic, metal-dependent
Fenton reaction. This type of reaction between semiquinone radicals and
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Figure 9 Chemical structures of the chlorinated quinones.

H,0; has been previously proposed by Koppenol and Butler [69], who
suggested that if a quinone/semiquinone couple has a reduction potential of
between —330 and +460 mV, it can theoretically bring about a metal-
independent Fenton reaction. It was suggested that such reactions are
thermodynamically feasible and do not require metal ions for catalysis
[69,70], which might be the case in this study, where the reduction
potentials of the quinone/semiquinone couples for 2-chloro-, 2,5-
dichloro-, tetrafluoro-, tetrabromo-, and tetrachloro-1,4-benzoquinone
are —100, 460, +200, 4240, and 4250 mV, respectively [71]. These
values are within the suggested range of —330 to 4460 mV. In contrast, the
reduction potentials for 2,6-dimethyl-1,4-benzoquinone and tetramethyl-
1,4-benzoquinone of —430 and —600 mV, respectively [71], are outside
this range, and indeed, no *OH formation could be detected.

If the above mechanism was correct, then the production of *OH from
H>0O, and TCBQ should be dependent on the concentration of TCSQ *,
that is, the higher the concentration of TCSQ °, the more *OH should be
produced. Further, the main product of this reaction should be TCBQ.
Using secondary radical ESR  spin-trapping method, we found that
DMPO/ * CH;3 and DMPO/ *OH adducts can be produced by H,O; and
TCBQ in the presence of the spin-trapping agent DMPO and *OH
scavenger DMSO. However, no DMPO/*CH; and DMPO/°*OH
adducts were detected from H,O, and TCHQ (the reduced form of
TCBQ), although high concentrations of TCSQ?® could be produced
during the auto-oxidation of TCHQ. Interestingly, if TCHQ was quickly
oxidized to TCBQ with MPO, DMPO/ * CH; and DMPO/ *OH adducts
could be detected again, similar to that produced by TCBQ (Figure 10).
Further, the formation of DMPQO/ * CH; and DMPO/ *OH was found to
be directly dependent on the concentrations of TCBQ and H,O,. These
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TCBQ 0.5mM, H,0, 5mM DMPO, 0.1 M; DMSO, 5%

TCHQ 0.5mM, H,0, 5mM
TCSQ®

TCHQ 0.5mM, H,0, 5mM,
MPO 5 pg/ml

Figure 10 Tetrachlorosemiquinone radical (TCSQ *) is not essential for *OH pro-
duction by TCBQ and H,O,. MPO, myeloperoxidase (modified based on Ref. [72]).

results strongly suggest that TCBQ, but not its corresponding semiquinone
radical TCSQ *, is essential for *OH production. Therefore, the produc-
tion of *OH by TCBQ and H,O, appears not to occur through a semi-
quinone-dependent organic Fenton reaction.

To get more information on the mechanism of *OH production by
TCBQ/H,0,, the time- and concentration-dependent production of
DMPO/ *OH by TCBQ/H,O, was studied. Two distinct phases were
observed: the first fast phase (about 30 s) and the second slower phase. This
indicates that *OH may be produced by two-step reactions between
TCBQ and H,O,. When TCBQ concentration was fixed at 0.1 mM, the
rate of DMPO/ *OH production was dependent on H,O, concentration.
It should be noted that DMPO/ *OH could be detected at H,O, concen-
tration as low as 10 pM. When H,O, concentration was fixed at 0.1 mM,
DMPO/ *OH could be detected at TCBQ concentration as low as 5 M.
Further, UV—visible spectral studies showed that there was a direct interac-
tion between TCBQ and H,O,, with the reaction mixture changing
quickly from the original yellow color (4.« = 292 nm) to a characteristic
purple color (A, = 295 and 535 nm) in phosphate buffer (pH 7.4). The
final reaction products between TCBQ and H,O, were then identified
by electrospray ionization quadrupole time-of-flight mass spectrometry
(ESI-Q-TOF-MS). The mass spectrum of TCBQ is characterized by a
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four-chlorine isotope cluster at m/z 246 and traces of a three-chlorine
isotope cluster at m/z 227. The addition of H,O, to TCBQ led to complete
disappearance of the molecular ion peak clusters at m/z 246 and dramatic
increase of the peak clusters at m/z 227. Tandem mass spectrometric analysis
showed that the peak at m/z 227 could be fragmented to form the peak at
m/z 197, which suggests that the peak at m/z 197 is solely derived from the
peak at m/z 227. These results indicate that the major reaction product
between TCBQ and H,O, was probably the ionic form of trichloro-
hydroxy-1,4-benzoquinone (TrCBQ-OH). This was further confirmed
by comparing with the authentic TrCBQ-OH synthesized according to
published method [73], which showed the same ESI-MS profile and the
same retention time in HPLC.

To better understand the source and origin of the oxygen atom inserted
into the reaction product TrCBQ-OH formed from the reaction between
H,0O, and TCBQ, TCBQ was incubated with oxygen-18-enriched H,O,
(["*O]-H,05). The mass spectra of the molecular ion region of deproto-
nated TrCBQ-OH, obtained with unlabeled and labeled H,O,, demon-
strated the shift of the molecular ion isotope cluster peaks of the unlabeled
compound with 2 mass units, as could be expected for the incorporation of
'®0. These results indicate that H,O, is the source and origin of the oxygen
atom inserted into the reaction product TrCBQ-OH.

It has also been shown [74] that both TCBQ and H,O, were consumed
with a stoichiometric ratio of about 1:1, and H,O» accelerated the rate of
TCBQ decomposition by two orders of magnitude with the loss of chlo-
ride. Thus, the metal-independent production of *OH by TCBQ and
H,0; may be not through a previously proposed semiquinone-mediated
organic Fenton reaction. Based on the above experimental results and the
fact that H,O, is a better nucleophile than H,O [75], we proposed a novel
mechanism for *OH production by H,O, and TCBQ [72] (Figure 11): a
nucleophilic reaction may take place between TCBQ and H,O,, forming
an unstable trichloro-hydroperoxyl-1,4-benzoquinone (TrCBQ-OOH)
intermediate, which can decompose homolytically to produce *OH and
trichloro-hydroxy-1,4-benzoquinone radical (TrCBQ-O *). TrCBQ-O *
then may disproportionate to form the ionic form of trichloro-hydroxy-
1,4-benzoquinone (TrCBQ-O7). In the presence of excess of H,O»,,
TrCBQ-O™ may further react with H>O, via similar pathway to produce
another *OH (Figure 11).

Recently, we employed a previously developed photoelectrochemical
DNA sensor to investigate whether DNA damage could be induced by
tetrahalogenated quinones and H,O, through the above metal-independent
mechanism [76]. The sensor surface was composed of a double-stranded
DNA film assembled on a SnO, semiconductor electrode. A DNA inter-
calator, Ru(bpy)»(dppz)>", was allowed to bind to the DNA film and
produce photocurrent upon light irradiation. After the DNA film was
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Figure 11 Proposed mechanism for metal-independent two-step *OH production by
TCBQ and H,O; (modified based on Ref. [72]).

exposed to 0.30 mM tetrafluoro-1,4-benzoquinone (TFBQ), the photo-
current dropped by 20%. In a mixture of 0.30 mM TFBQ and 2 mM H,0,,
the signal dropped by 40%. The signal reduction indicates less binding of
Ru(bpy)»(dppz)>t due to structural damage of ds-DNA in the film. Similar
results were obtained with TCBQ, although the signal was not reduced as
much as TFBQ. Fluorescence measurement showed that TEFBQ/H,0O,
generated more *OH than TCBQ/H,0O,. Gel electrophoresis proved
that the two halogenated quinones produced DNA strand breaks together
with H>O», but not by themselves. These results indicate that DINA damage
could be indeed induced by tetrahalogenated quinones and H,O, through
the above metal-independent mechanism for *OH production.

Direct evidence of *OH production in livers of Carassius auratus (one of
the main economic fish species in Eastern China) exposed to PCP was
found recently using ESR spin-trapping method [77]. A dose—eftect rela-
tionship was obtained between *OH intensities and PCP exposure. It was
observed that *OH was significantly induced by 0.001 mg/L (below the
criteria for Chinese fishery water quality) of PCP exposure. A strong
positive correlation (r = 0.9581, p < 0.001) was observed between PCP
liver concentrations and *OH intensities within 7 days of PCP exposure,
which suggests that *OH are mainly produced from PCP itself. However,
no correlation was observed between PCP liver concentrations and *OH
intensities after 7 days, and a higher intensity of OH could still be observed
when the PCP liver concentrations decreased to a lower level, which
suggests that other mechanisms may possibly contribute to *OH produc-
tion after 7 days [77]. The glutathione/oxidized glutathione (GSH/GSSG)
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ratio decreased below that of the control level during the entire period of
PCP exposure (0.05 mg/L), which suggested oxidative stress occurred. It is
not clear whether the production of *OH in this model system is metal
independent or not. Further studies are needed to investigate this issue.

4.3. Metal-independent decomposition of organic
hydroperoxides and formation of alkoxyl radicals by
halogenated quinones

Organic hydroperoxides (ROOH) can be formed both nonenzymatically
by reaction of free radicals with polyunsaturated fatty acids and enzymati-
cally by lipoxygenase- or cyclooxygenase-catalyzed oxidation of linoleic
acid and arachidonic acid [39,78,79]. It has been shown that organic
hydroperoxides can undergo transition metal ion-catalyzed decomposition
to alkoxyl radicals, which may initiate de novo lipid peroxidation or further
decompose to o,B-unsaturated aldehydes that can react with and damage
DNA and other biological macromolecules [39,78,79].

ROOH + Me" D+ — RO®* + OH™ 4 Me"t

In previous studies, using the salicylate hydroxylation assay and ESR
spin-trapping methods, we found that *OH can be produced from H,O,
by TCBQ and other halogenated quinones independent of transition metal
ions [65,66]. However, it is not clear whether halogenated quinones react in
a similar fashion with organic hydroperoxides to produce alkoxyl radicals
independent of transition metal ions.

Using 2,5-dichloro-1,4-benzoquinone (DCBQ) as a model halogenated
quinine, and fert-butylhydroperoxide (+~BuOOH) as a model short-chain
organic hydroperoxide, we found [81] that DCBQ could markedly enhance
the decomposition of --BuOOH, leading to the formation of the DMPO
adducts with #-butoxyl radicals (+-BuO*®) and methyl radicals (+CHs)
(Figure 12). The formation of DMPO/¢-BuO * and DMPO/ * CHj; from
DCBQ and ~BuOOH was dose dependent with respect to both DCBQ
and +-BuOOH and was not affected by iron-specific or copper-specific
metal chelators. Comparison of the data obtained with DCBQ and
t-BuOOH with those obtained in a parallel study with ferrous iron and
-BuOOH strongly suggested that ~BuO*® was produced by DCBQ
and +~BuOOH through a metal-independent mechanism. Other halo-
genated quinones such as TCBQ were also found to enhance the decom-
position of ~BuOOH and other organic hydroperoxides such as cumene
hydroperoxide, leading to the formation of the respective organic alkoxyl
radicals in a metal-independent fashion.

UV-—visible spectral studies showed that there was a direct interaction
between DCBQ and +~BuOOH, with the reaction mixture changing
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Figure 12 Metal-independent decomposition of t-butylhydroperoxide (t-BuOOH)
and formation of alkoxyl radicals by 2,5-dichloro-1,4-benzoquinone (DCBQ) (mod-
ified based on Ref. [79]).

quickly from the original yellow color (4.« = 272 nm) to a characteristic
purple color (Z,,,x = 278 and 515 nm) in phosphate bufter (pH 7.4). The
reaction intermediate and final products between DCBQ and +~BuOOH
were identified by ESI-MS. These MS results indicate that the major
reaction intermediate between DCBQ and +~BuOOH was probably
chloro-t-butylperoxyl-1,4-benzoquinone  (CBQ-OO-t-Bu), and the
major reaction product between DCBQ and +~-BuOOH was probably the
ionic form of 2-chloro-5-hydroxy-1,4-benzoquinone (CBQ-OH; peak
clusters at m/z 157).

Based on the above experimental results, a novel mechanism can be
proposed [79] for DCBQ-mediated ~BuOOH decomposition and forma-
tion of ~BuO * and «CH3: a nucleophilic reaction may take place between
DCBQ and +~BuOOH, forming a CBQ-OO-t-Bu intermediate, which
can decompose homolytically to produce +~BuO® and 2-chloro-5-
hydroxy-1,4-benzoquinone radical (CBQ-O*). CBQ-O"* then dispro-
portionates to form the ionic form of 2-chloro-5-hydroxy-1,4-benzoqui-
none (CBQ-O7), and «CHj can be produced through B-scission of ¢-
BuO* (Figure 13). It should be noted that CBQ-O * could not be detected
under current experimental conditions. The reason may be that either its
half-life span is too short, or its steady-state concentration is too low.

These findings suggest that the chlorinated quinones may react with lipid
hydroperoxides and exert toxic effects through enhanced production of
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Figure 13 Proposed mechanism for DCBQ-mediated t-BuOOH decomposition and
formation of the novel carbon-centered quinone ketoxy radical and the final reaction

product CBQ(OH)-O-t-Bu (modified based on Ref. [80]).

alkoxyl radicals, and hence increased lipid peroxidation. Additional work is
needed to investigate whether these reactions occur and are relevant under
physiological conditions or in vivo.

4.4. Detection and identification of a key quinone ketoxy
radical intermediate

In the above studies, we found that halogenated quinones could enhance
the decomposition of hydroperoxides and formation of alkoxyl/hydroxyl
radicals through a metal-independent mechanism [72,79]. However, neither
the major reaction products nor the proposed quinone—peroxide reaction
intermediate CBQ-OO--Bu and quinone enoxy radical CBQ-O° were
unambiguously identified.

Therefore, in the following study, we employed semi-preparative HPLC
method in order to quickly isolate and purify the proposed unstable quinone—
peroxide reaction intermediate and the major products from the reaction
between DCBQ and ~BuOOH [80]. Two major compounds were isolated
and purified. As expected, one of them was identified as CBQ-OH. The
other compound was first assumed to be the quinone—peroxide reaction
intermediate CBQ-OO--Bu (MW 230), since this compound was charac-
terized by ESI-Q-TOF-MS with one-chlorine isotope clusters at m/z 229,
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and tandem mass spectrometric analysis showed that this peak at m/z 229
could be readily fragmented to form a peak at m/z 172. Further, detailed
studies on its chemical structure suggested, however, that this compound was
not the expected quinone—peroxide reaction intermediate.

The NMR and IR spectral studies demonstrated that this compound may
contain a hydroxyl group based on the following lines of evidence: (1) D,O
exchange experiment showed that the chemical shift at 10.74 vanished
instantly after adding D,O; (2) its IR spectra showed one broad band at
3318 cm™ ', which is a distinct vibration mode for an O—H bond; and (3) it
showed a characteristic purple color (,.x = 551 nm) in phosphate buffer
(pH 7.4), which is the typical color for hydroxylated quinones. In addition,
this compound was found to be stable for at least 1 h in the reaction solution.

Based on the above analysis and other experimental data, this compound
was finally identified, unexpectedly, as 2-hydroxy-3-t-butoxy-5-chloro-
1,4-benzoquinone (CBQ(OH)-O-t-Bu), which is the rearranged isomer
of the proposed unstable quinone—peroxide reaction intermediate CBQ-
OO-t-Bu (for its chemical structure, see Figure 13).

This surprising finding raised two new questions: (1) Is the new reaction
product CBQ(OH)-O-t-Bu derived directly from the unstable quinone—
peroxide reaction intermediate CBQ-OO-t-Bu? (2) If so, what is the
underlying molecular mechanism? To answer these questions, we hypothe-
sized that the homolytical decomposition of the unstable reaction intermediate
CBQ-OO--Bu could lead to the production of ~-BuO * and CBQ-O *. The
oxygen-centered quinone enoxy radical CBQ-O° might be isomerized
spontaneously to form its corresponding carbon-centered quinone ketoxy
radical (+«CBQ = O), which might be more stable because it is stabilized by
the resonant delocalization of the unpaired electron over the adjacent T system
which contains two conjugated carbonyl groups [81]. «CBQ = O then
may couple with ~BuO * to produce the final reaction product CBQ(OH)-
O-t-Bu via keto-enol tautomerization (Figure 13).

If the above hypothesis was correct, DMPO should compete with
«CBQ = O to trap +-BuO* since we have shown in our previous study
that DMPO can trap alkoxyl radicals [79]. This will reduce the chance of ¢-
BuO *® coupling to «CBQ = O and therefore inhibit the formation of CBQ
(OH)-O--Bu accordingly. This was found to be exactly the case: The
formation of CBQ(OH)-O-t-Bu was indeed inhibited by DMPO in a
concentration-dependent manner.

Interestingly and unexpectedly, in the presence of DMPO, a new peak
was observed from the reaction between DCBQ and ~-BuOOH. This new
compound was characterized by ESI-Q-TOF-MS with one-chlorine iso-
tope peak clusters at m/z 268 (ESI negative) or at m/z 270 (ESI positive).
These data indicate that the new compound might be a DMPO adduct with
either the proposed quinone enoxy CBQ-O * or ketoxy «CBQ = O radical
(MW 157) (tor simplicity, this DMPO adduct was referred as DMPO-157).



28 Ben-Zhan Zhu et al.

To get more accurate molecular weight, elemental composition, and struc-
tural information of the DMPO radical adducts, Fourier transform ion
cyclotron resonance (FTICR) mass spectrometry was used for further studies
since it is one of the techniques that can provide high mass accuracy and high
mass resolution [82,83]. DMPO-157 was characterized by FTICR/MS with
one-chlorine isotope peak clusters at m/z 268.0383, which corresponds to
the deprotonated molecule of the oxidized nitrone form (theoretical mass
268.0377) of the DMPO-157 nitroxide radical adduct. The same DMPO-
157 adduct was also observed when +~BuOOH was substituted by other
hydroperoxides such as H,O, and cumene hydroperoxide.

Interestingly, DMPO adducts with the corresponding quinone radical
could also be detected by FTICR/MS when DCBQ was substituted by
certain halogenated quinones such as 2,5-dibromo-1,4-benzoquinone (2,5-
DBrBQ, characterized with one-bromine isotope peak clusters at m/z 312)
and trichloro-1,4-benzoquinone (TrCBQ, characterized with two-chlorine
isotope peak clusters at m/z 302), but not by other halogenated quinones such
as 2,3-dichloro-, tetrachloro-, and tetrabromo-1,4-benzoquinone.

As mentioned above, the same DMPO-157 adduct could also be
observed when ~-BuOOH was substituted by H,O5 to react with DCBQ.
According to the above hypothesis, the source and origin of the oxygen
atom inserted into DMPO-157 adduct should be from hydroperoxide. To
test whether this is the case, DCBQ was incubated with oxygen-17-labeled
H,O, (['"O]-H>O,). The mass spectra of the molecular ion region of
deprotonated DMPO-157, obtained with unlabeled and labeled H,O,,
demonstrated the shift of the molecular ion isotope cluster peaks of the
unlabeled compound with 1 mass unit, as could be expected for the
incorporation of 70. These results indicate that H,O, is the source and
origin of the oxygen atom inserted into DMPO-157 adduct.

In our previous study on DCBQ/t+-BuOOH/DMPO system, beside
the strong and predominant ESR signals for DMPO/+~BuO * and DMPO/
*CHj3, a minor DMPO/radical adduct with weak ESR signals was also
observed, but remained unidentified [79] (Figure 12). With the new
FTICR/MS data, we realized that this unidentified radical adduct might be
the DMPO adduct either with the proposed oxygen-centered quinone
enoxy radical CBQ-O* or with its carbon-centered ketoxy spin isomer
«CBQ = O. However, due to the interference by the strong DMPO/t-
BuO*® and DMPO/ * CHj signals, only a weak four-line ESR signal with
equal intensity could be observed. Thus, it is not clear just from these results
whether the quinone radical trapped by DMPO is an oxygen-centered or a
carbon-centered radical.

According to our previously proposed mechanism for halogenated
quinone-enhanced decomposition of hydroperoxides and formation of
alkoxyl/hydroxyl radicals [72,79], we expect that, in the presence of
DMPOQO, the reaction between DCBQ and H,O, should produce the
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same DMPO-157 radical adduct with the same FTICR/MS and ESR
characteristics as from the reaction between DCBQ and +~BuOOH. To
get rid of the interference of the strong ESR signals of DMPO/#+BuO * and
DMPO/ * CHj; and obtain more simple and clear ESR spectra for DMPO-
157 radical adduct, we studied DCBQ/H,O,/DMPO system. As expected,
a six-line ESR signal with equal intensity (a"' = 28.8 G; a" = 17.0 G; a"/
a™ = 0.59) could be clearly observed in addition to the DMPO/ * OH signal
(Figure 14). These parameters are characteristic of the spin trapping of a
carbon-centered quinone ketoxy radical «CBQ = O, rather than an oxy-
gen-centered enoxy radical CBQ-O ® [84]. It is interesting to note that the
total width of the spectrum of DMPO-quinone ketoxy radical is unusually
wide for a DMPO spin adduct. The larger a™ and a" values of this novel spin
adduct is probably due to an increase in spin density on nitrogen and a
decrease in B-CH dihedral angle caused by intramolecular H-bonding from
the hydroxyl hydrogen on the quinone ring to the nitroxide oxygen [85].

Similar six-line ESR' signals for DMPO/carbon-centered quinone
ketoxy radical adducts were also observed when DCBQ was substituted
by 2,5-dibromo- and trichloro-1,4-benzoquinone, but not by 2,3-DCBQ,
tetrachloro-, and tetrabromo-1,4-benzoquinone. These ESR spin-trapping
results are in good agreement with the above FTICR/MS results, which
suggest that in order to observe the carbon-centered quinone ketoxy
radical, it is important for the halogenated quinone to contain one hydrogen
atom at the ortho-position of halogen atom on the quinone ring.

To get more definitive evidence, the DMPO-157 nitrone adduct was
isolated and purified by semi-preparative HPLC, and characterized by 'H
NMR. The downfield signals at 6.26 and 6.82 ppm, corresponding to the
single protons at the C3' position on CBQ-OH and C2 position on DMPO,
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o O Detected cl Q

5 first time 5
aH=28.8 G °CBQ-OH
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?
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? DMPO/"CBQ-OH * DMPO/"OH

Figure 14 DMPO nitroxide adduct with the carbon-centered quinone ketoxy radical.
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respectively, was clearly missing in the spectrum of DMPO-157 nitrone
adduct presumably due to the formation of a new covalent bond between
DMPO and CBQ-OH. The formation of this covalent bond also caused
significant chemical shift changes of the neighboring proton signals, namely,
the protons at the C3 position, but had little or no effect on the proton signals
farther away, that is, 5,5-dimethyl protons and the protons at the C4 and C6/
positions. Therefore, our NMR data provide more direct evidence to support
the structural assignments of the DMPO-157 nitrone adduct. To the best of
our knowledge, this is the first report that a carbon-centered quinone ketoxy
radical was detected and identified by the complementary application of ESR.
spin trapping, NMR_, and FTICR/MS methods.

It should be noted, however, that although we can 1solate DMPO-157
adduct with semi-preparative HPLC, no corresponding six-line ESR signal
was observed with the collected fraction. The reason might be that either
the DMPO-157 nitroxide radical adduct may not be stable enough to pass
through the HPLC column and decayed to its ESR-silent nitrone form
during the separation process, or the concentration of the radical adduct in
the collected fraction was just too low to be detected by ESR.

The detection and identification of a carbon-centered quinone ketoxy
radical as one of the major radical intermediates, together with the identifi-
cation of CBQ(OH)-O-t-Bu as one of the major reaction products from
the reaction between DCBQ and ~BuOOH, strongly support the possible
existence of its corresponding isomer, the proposed quinone—peroxide
reaction intermediate CBQ-OO-tBu. However, we could not isolate
and purify its nature by traditional separation methods due to its unstable
nature. These results together with the identification of CBQ-OH as
another major reaction product also support the possible existence of the
proposed oxygen-centered quinone enoxy radical CBQ-O °, although we
still could not detect it directly by ESR, either due to its short half-life or
due to its low steady-state concentration.

Taken together, these new results provided direct experimental evi-
dence for the involvement of the carbon-centered quinone ketoxy radicals
during metal-independent decomposition of hydroperoxides and formation
of alkoxyl/hydroxyl radicals by halogenated quinones. Therefore, the pre-
viously proposed molecular mechanism was further expanded to incorpo-
rate all of our new findings with previous experimental data [80]: A
nucleophilic reaction may take place between DCBQ and ~BuOOH,
forming a quinone—peroxide reaction intermediate CBQ-OO-t-Bu,
which can decompose homolytically to produce +~BuO * and CBQ-O°.
CBQ-O"* then either disproportionate to form one of the major reaction
product CBQ-OH or isomerizes to form the carbon-centered quinone
ketoxy radical «<CBQ = O, which then coupled with t-BuO * to produce
another major reaction product CBQ(OH)-O-t-Bu via keto-enol tauto-
merization (Figure 13).



Metal-Independent Pathways of Chlorinated Phenol/Quinone Toxicity 31

Our observation that not only DCBQ but also other halogented quinones
can react with both organic hydroperoxides and hydrogen peroxide to pro-
duce carbon-centered quinone ketoxy radicals in addition to alkoxyl/
hydroxyl radicals in a metal-independent manner may also have interesting
biological implications. Our data suggest that these halogenated quinones may
react with hydroperoxides and exert toxic effects not only through enhanced
production of alkoxyl/hydroxyl radicals but also through the formation of
carbon-centered quinone ketoxy radicals which may react directly with
critical biological macromolecules such as DNA, protein, and lipids.

Recently, H,O, has been increasingly favored as an environmentally
safe oxidant for remediation of the environmental pollutants such as chlori-
nated phenols [33—35]. In these “environmentally green” systems, H,O, is
often used at millimolar levels. One recent study showed 2,6-DCBQ could
be detected within the first minutes and then undergone further transforma-
tions during the oxidative mineralization of 2,4-6-TCP by H,O, with the
catalysis of iron complexes [35]. Another study showed [74] that H,O»
could accelerate the rate of TCBQ decomposition by two orders of magni-
tude, and the rate of this reaction was too fast to measure except at acidic
pH. It was suggested that peroxide-dependent decomposition pathway for
halogenated quinones may be important in systems where hydroperoxide is
either used or produced. However, the exact molecular mechanisms under-
lying such further transformations are not clear. Our new findings may
provide a new perspective to better understand such transformation
mechanisms during wastewater treatment or remediation process in which
halogenated quinones are formed.

5. DETOXIFYING CARCINOGENIC POLYHALOGENATED
QUINONES BY HYDROXAMIC ACIDS VIA AN
UNUSUALLY MILD AND FACILE DOUBLE
LOSSEN REARRANGEMENT MECHANISM

Hydroxamic acids have attracted considerable interest recently
because of their capacity to inhibit a variety of enzymes such as metallo-
proteases and lipoxygenase, and transition metal-mediated oxidative stress.
Some hydroxamates, such as suberoylanilide hydroxamic acid and DFO,
have been used clinically for the treatment of cancer or iron-overload
diseases [86—89]. Much of the activities of these hydroxamic acids were
thought to be due to their metal chelating properties.

In our previous work, we found that DFO and other hydroxamic acids,
but not other classic iron chelators such as DTPA, provided strong protec-
tion against PCP quinoid metabolite-induced cyto- and genotoxicity in
human fibroblasts [62,63]. During our recent studies on metal-independent
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decomposition of hydroperoxides by halogenated quinones, we showed
that these hydroxamic acids could also markedly inhibit TCBQ-mediated
hydroperoxide decomposition and hydroxyl/alkoxyl radical formation
[64,65,72,79,80]. Interestingly, we found that the protection or inhibition
by these hydroxamic acids was not due to their iron-chelating properties,
but possibly due to their effective scavenging of the reactive TCSQ * and
(or) their remarkable acceleration of TCBQ hydrolysis to the much less
reactive and almost nontoxic DDBQ (also called chloranilic acid) [62,63].

It was a great surprise for us to find that hydroxamic acids could
markedly accelerate the conversion of TCBQ to DDBQ, since we could
not find a reasonable explanation based on our chemical knowledge at the
time. Although we first observed the above interesting phenomenon a
decade ago [62], its underlying molecular mechanism remained a puzzle.
Recently, the reactions between TCBQ and hydroxamic acids were
carefully reexamined, and the reaction products were isolated, purified,
and unambiguously identified by HPLC/ESI-MS, NMR, and oxygen-18
isotope-labeling methods. We found, unexpectedly, that a novel double
Lossen rearrangement was responsible for this unusual reaction [90].

We found that hydroxamic acids could markedly accelerate TCBQ hydro-
lysis to the much less toxic DDBQ (also called chloranilic acid), and among the
five hydroxamic acids tested, the most effective one was BHA, with rate
accelerations of up to 150,000-fold (Figure 15). In contrast, no enhancing
effect was observed with O-methyl BHA, which clearly indicates that the free
benzohydroxamate anion is essential for the dramatic acceleration of TCBQ
hydrolysis to occur [90].

Analogous results were observed when TCBQ was substituted with
other tetrahalogenated quinones, including tetrabromo- and tetrafluro-
1,4-benzoquinones and their corresponding hydroquinone forms, as well
as tetrabromo- and tetrachloro-1,2-benzoquinones, and when BHA was
substituted with other hydroxamic acids such as suberoylanilide hydroxamic
acid and DFO. These findings suggest that this is a general reaction between
hydroxamic acids and tetrahalogenated quinoid compounds.

Since the rate of TCBQ hydrolysis in the presence of BHA is much
faster than that of its spontaneous hydrolysis, it appeared that BHA could
catalyze this process. However, we found that BHA was consumed during
its reaction with TCBQ, with the concurrent formation of a new com-
pound with m/z at 255. This suggested that the hydroxamic acid is not a
true catalyst in the TCBQ hydrolysis reaction. To better understand the
underlying molecular mechanism for this reaction, the final products of
BHA after reacting with TCBQ were then isolated, purified, and identified
by HPLC-ESI-MS and NMR. Interestingly, O-phenylcarbamyl benzo-
hydroxamate (I) was identified as the major reaction product of BHA,
while N, N'-diphenylurea (II) as a minor product.



Metal-Independent Pathways of Chlorinated Phenol/Quinone Toxicity 33

1.4 _ 5
2] cessseeseseeeeeel Cl OH
/é\ 1 o® :v/v/v mmomEE u-u-
c 1.0 /./:;VV -/-/-/-/-7- o
2 ] o " —e— TCBQ HO
€ 0.8 4 /v/v - T X
[0} /./ - ERALA
5 0.6 1 v o~ —m— +SAHA DDBQ
£ / . —v— +SHA .
2 - '/ —®— +BHA Less Reactive
2% _/'/ e d Py Less Toxic
< 02—-1‘ n ***************jﬁi’**’*‘*" than TCBQ
o S S-S “”w11§ﬂw04 >0 00004
R PPPELL . .
0 5 10 15 20 o5 30
Time (min)
B

(0]
Ao

o O O O

(AHA) (SAHA) (SHA) (BHA)
o H o o) o)
H,N /\/\/\N)‘\/\'rN\/\/\/NNN/\/\/\NJK
| H |
OH o % OH
(DFO)

Figure 15 (A) TCBQ conversion to DDBQ was dramatically enhanced by benzohy-
droxamic acid (BHA) and other hydroxamic acids (HAs); (B) the chemical structures of
HAs (modified based on Ref. [90]).

Then the question is: How are these products (I and II) formed? It has
been shown [91,92] that product I could be formed through nucleophilic
addition of phenyl isocyanate with a molecule of BHA and product II could
be formed through the hydrolysis of phenyl isocyanate to aniline, followed
by reaction of aniline with another molecule of phenyl isocyanate
(Figure 16). The above analysis strongly suggests that phenyl isocyanate
(ArN = C = O) should be formed as an initial unstable product during
the reaction of BHA and TCBQ.

This leads to a new question: In what way could phenyl isocyanate be
produced from BHA? It has been shown that one typical way could be
through the classic Lossen rearrangement, a well-known reaction which
describes the transformation of an O-activated hydroxamic acid (RC(O)
NHOX) into the corresponding isocyanate [92,93]. The rate-limiting step
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BHA: suicidal nucleophilic attack coupled with an unusual double Lossen rearrange-
ment (modified based on Ref. [90]).

of this reaction is the activation of the hydroxamic acid by various agents
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The above analysis suggested that the reaction between BHA and
TCBQ might proceed through an analogous, but previously unknown
Lossen-type rearrangement pathway.

Based on the above experimental results and earlier research on Lossen
rearrangement [91-94], as well as the fact that the benzohydroxamate anion
is a particularly eftective o--nucleophile [91], a novel mechanism for BHA-
accelerated TCBQ hydrolysis was proposed (Figure 16). According to the
mechanism, a nucleophilic reaction takes place between the benzohydrox-
amate anion (ArC(O)NHO ) and TCBQ, first forming an unstable tran-
sient intermediate ArC(O)NHOTrCBQ. Following loss of a proton from
nitrogen to form the anionic ArC(O)N~ OTrCBQ intermediate, a sponta-
neous Lossen-type rearrangement leads to the formation of TrCBQ-O™
(at low BHA/TCBQ molar ratios) and phenyl isocyanate. When BHA is in
excess, TrCBQ-O~ further reacts with BHA, through a similar reaction
intermediate, and a second-step spontaneous Lossen-type rearrangement
reaction yields DDBQ and another molecule of phenyl isocyanate [90]. As
mentioned above, phenyl isocyanate could react with another molecule of
BHA to yield the major reaction product I.

If the above proposed double Lossen rearrangement mechanism is
correct, then we expect that the source and origin of the oxygen atom in
DDBQ and product I from the reaction of TCBQ (or TrCBQ-OH) with
BHA should be from the hydroxyl group of BHA, not from water. To test
whether this is the case, TCBQ (or TrCBQ-OH) was incubated with BHA
in buffer solution prepared with oxygen-18-labeled H,O (['*0]-H,0) as
solvent. If water is the source of the oxygen atom in any of the products, the
mass spectra of the molecular ion region of DDBQ and product I, obtained
with unlabeled and labeled H,O, should show the shift of the molecular ion
isotope cluster peaks of the unlabeled compounds with 2 or 4 mass units, as
could be expected for the incorporation of '*O. However, no 'O was
found to be incorporated in any of these products. These isotope-labeling
data provide strong experimental evidence to further support the above
proposed mechanism.

Most of the previously reported Lossen rearrangement reactions take
place only under alkaline conditions and/or through heating to a requisite
temperature [91-94]. In the present study, we found that the reaction
between BHA and TCBQ could occur at room temperature and under
neutral or even weakly acidic pH. This is possibly due to the unusually
rapid and facile rearrangement of the postulated reaction intermediate, the
O-trichloroquinonated BHA.

We found that this unusual double rearrangement reaction mechanism is
not only limited to TCBQ and BHA, but it is also a general mechanism for
all tetrahalogenated quinonoid compounds and hydroxamic acids. There-
fore, our findings may have interesting biological and environmental impli-
cations: Many widely used polyhalogenated aromatic compounds can be
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metabolized in vivo [23,37,95-97], or dehalogenated chemically and enzy-
matically [33—35], to their corresponding quinones. Polychlorinated quin-
oid compounds were also found in discharges from pulp and paper mills
[20-23]. More recently, several polyhalogenated quinones, which are sus-
pected bladder carcinogens, were identified as new chlorination disinfection
byproducts in drinking water [98]. These polyhalogenated quinones not
only cause oxidative damage to DNA and other macromolecules but also
form protein and DNA adducts both in vitro and in vivo [20-23,37]. Thus,
these molecules are potential mammalian carcinogens, which render their
destruction or remediation under mild conditions of critical importance.

Of particular interest in this regard is the fact that two hydroxamic acids
are already approved for clinical applications, DFO for iron overload and
suberoylanilide hydroxyamic acid (also called Vorinostat), recently
approved for cutaneous T-cell lymphoma [86—89]. As demonstrated in
the present and our previous studies [62—65,72,76,79,80], these com-
pounds, in addition to BHA, might be especially suited for detoxication
of polyhalogenated quinones. It is worth noting that hydroxamic acids can
also efficiently inhibit hexachlorobenzene-induced porphyria [99] and
detoxify chemical warfare argents such as the nerve gases Sarin and Soman
(which are fluorinated organophosphonates) [92,93,100], as well as nitrogen
mustard [101] in animal models, possibly through an analogous Lossen
rearrangement mechanism. Therefore, suicidal nucleophilic attack coupled
with spontaneous Lossen rearrangement may serve as a general, but previ-
ously unrecognized new detoxication mechanism for the widely used
hydroxamic acids. Therefore, our findings may have broad chemical,
biological, and environmental implications for future research on polyha-
logenated aromatic pollutants and hydroxamic acids, which are two impor-
tant classes of compounds of major environmental and biomedical concern
that have been attracting the attention of both academic researchers, and the
broader general public.

6. CONCLUSIONS AND FUTURE RESEARCH

The above findings represent a novel mechanism of *OH and alkoxyl
radical formation not requiring the involvement of redox-active transition
metal ions, and may partly explain the potential carcinogenicity of not only
PCP, but also other widely used polyhalogenated aromatic compounds such
as 2,4,6- and 2,4,5-TCP, hexachlorobenzene, Agent Orange (the mixture
of 2,4,5-T and 2,4-D) and the brominated flame-retardant 3,3’,5,5'-tetra-
bromobisphenol A (TBBPA), since these compounds can be metabolized
in vivo [20-23,95,99,102—-105], or dechlorinated chemically to tetra-, di- or
mono-halogenated quinones. Our data suggest that TCBQ and other
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halogenated quinones may react with hydroperoxides and exert toxic effects
through enhanced production of hydroxyl/alkoxyl radicals, and hence
increased DNA, protein, and lipid oxidation. We also found that hydro-
xamic acids could detoxify TCBQ and other polyhalogenated quinoid
carcinogens via a novel two-step Lossen rearrangement mechanism. The
two clinically used hydroxyamic acids (DFO and suberoylanilide hydro-
xyamic acid (Vorinostat)) might be used as prophylactics for the prevention
or treatment of human diseases such as liver and bladder cancer associated
with the toxicity of polyhalogenated quinoid carcinogens.

It should be noted, however, that many questions still need to be
addressed, especially regarding the biological relevance of the reactions
under study. For example, “How does the reaction of the quinone with
H,O, compare kinetically with reactions with other good nucleophiles
such as GSH and other thiols which are present at high concentrations
in vivo?” What is the rate constant for the reaction between TCBQ and
H,0,, and could it be able to compete with the classic Fenton reaction?
Could *OH produced by this pathway be detected in cell culture or even in
an animal model? Could a more stable carbon-centered quinone ketoxy
radical adduct with the corresponding clean nitroxide ESR signal be isolated
and purified using other spin-trapping agents? Could the proposed oxygen-
centered quinone enoxy radical and the quinone—peroxide intermediate be
detected by a freeze-quenching technique? Could the carbon-centered qui-
none ketoxy radical react with macromolecules such as DNA, protein, and
lipids? Could hydroxamic acids provide protection against PCP-induced
genotoxicity in animal models?
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Abstract

The characterization of the chains of events triggered by noxious agents in
sensitive systems is mandatory for a full understanding of their mechanisms of
toxicity and the advancement of mechanistic-based toxicity testing. The com-
plexity inherent into the characterization of toxicity pathways and the identifi-
cation of biomarkers representing nodes of altered cell functioning support the
development of analyses at a system level. Proteomics is being increasingly
used for the characterization of biological systems from a toxicological perspec-
tive. Differential expression proteomics has been employed in the area of
microalgal toxins, and critical review of data indicates that system level analysis
by this nonbiased approach allows identification of components of toxicity
pathways. Still, the characterization of elements of the system has often
involved targeted investigations, supporting the conclusion that the integration
of systemic and reductionistic approaches will be essential to obtain quantita-
tive, robust models of toxicity pathways and toxicity networks.

1. INTRODUCTION

A paradigm shift in toxicity testing is attracting increasing attention
from the scientific community, stemming from concerns raised as to the
efficacy of classical approaches based on analysis of apical endpoints of
responses in whole animals, as opposed to a full characterization of mecha-
nistic links in the sets of molecular events responsible for the action of
toxicants [1-5]. Within this vision, some topics are becoming of particular
importance. The first issue is related to the concept of foxicity pathways that
would stem from the chains of reactions and mechanisms of control in
normal cellular functioning (metabolic pathways and signaling pathways).
When normal pathways are perturbed to an extent that may not be com-
pensated for by ordinary homeostatic mechanisms, resulting in adverse
effects, the process becomes a toxicity pathway, which is expression of a
compromised biological condition [3,6].

A knowledge of molecular targets of individual toxicants may not
necessarily suffice to fully characterize their mechanism of action, lending
support to the notion that a detailed description of the toxicity pathways of
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noxious agents is needed [3,4]. Thus, a complete account of the chains of
events triggered by the interaction of a noxious agent with its cellular target,
further down to the molecular effectors of the toxic response, is being
viewed as an absolute need for a real understanding of the mechanisms of
toxicity [3]. The characterization of toxicity pathways then becomes a
major task of toxicity testing, to support evidence-based choices for the
protection of human health and the environment [3].

A second issue relates to the recognition that detailed characterization of
some elements of biological entities might not suffice to properly describe
their state and make predictions on their evolution over time. Thus,
knowledge of the entire system and mathematical modeling of the system’s
behavior are being sought [3]. Indeed, a characterization of biological networks
[7] is part of this conceptual frame. A third issue contributes to the building-
up of the proposed paradigm shift in toxicity testing [3], stemming from the
recognition that the identification of a single biomarker of toxicity may not
suffice to account for relevant mechanistic aspects of any toxic response in
biological systems. Hence, the identification of sets of biomarkers, to represent
critical nodes of specific toxicity pathways in appropriate cellular systems, is
being sought, as major milestones in the development of mechanistic-based
toxicity testing [1,3].

The classical targeted approaches of biological investigations, resting on
the reductionistic view that the behavior of complex systems could be
explained by breaking them down to their parts, and characterizing the
mechanistic links existing among these parts, do not appear to suffice when
approaching biological entities at a system level. Thus, systemic approaches
are being increasingly used for the characterization of biological entities as
well as the processes they participate in, from a toxicological perspective.

2. PROTEOMICS IN THE STUDY OF BIOLOGICAL
SYSTEMS EXPOSED TO TOXINS

Analyses of biological entities at a system level have been developed
with a battery of approaches that have stemmed from the sequencing of the
human genome. This fundamental achievement has been a prerequisite to a
full understanding of functioning of biological systems. An editorial in the
Nature issue of February 15, 2001, publishing some of the papers reporting
results of the Human Genome Project, clearly recorded the ongoing shift in
researchers’ attention to “...identifying the functions and expression pat-
terns of proteins encoded by the genes.” [8]. The development of tran-
scriptomics, proteomics, and metabolomics then represented a shift in the
attention of the scientific community from the potential characteristics of
biological entities, as stored in their genomes, to real living entities, made of
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billions of components existing in their phenotypes [9,10]. Investigating
onto different molecular domains of living organisms by transcriptomics,
proteomics, and metabolomics, in fact, aims at providing a proper account
of biological entities at a system level, consisting of the full set of transcribed
RNAs, the expressed proteins, and the produced metabolites, respectively.
Owing to the wide scope of “omics” technologies, they are considered the
best suited tools to approach the challenges posed by the characterization of
toxicity pathways, the identification of relevant sets of biomarkers, and the
modeling of the system, to yield a robust understanding of the modes of
action of noxious agents [3,11-14].

Within this frame, we wish to stress some issues related to terminology,
to avoid possible ambiguities in the presentation of materials and individual
studies. The term “proteome” is often taken to indicate the entire set of
proteins of a biological system, building on both established and recent
methodologies to analyze large sets of proteins (see, for instance, Ref. [9]
and references therein). Indeed, extensive efforts are being dedicated to
increase the number of proteins that can be obtained, processed, identified,
and properly quantified in biological samples, that in best cases have been
close to 7000 different com}gonents [14]. If this figure is matched with the
current estimates of over 107 different proteins existing in a eukaryotic cell
[10,14], it is clear that proteomic analyses provide data on large sets of
proteins in subproteomes, whose features largely depend on the experimen-
tal design chosen to obtain the samples used in any study. In keeping with
this consideration, it must be recognized that a turn of attention to pheno-
types certainly brings a biological entity of interest into focus with regard to
the molecular components existing while it is living. Still, any transcrip-
tomic, proteomic, and metabolomic analysis of a biological system cannot
be truly comprehensive. Transcript, protein, or metabolic profiling of a
biological system, in fact, yield data that are aftected by the specific condi-
tions of the system of interest and are related, for instance, to the times of
sampling and the origin of analyzed materials. The experimental design,
therefore, must be carefully considered both when planning investigations
and in evaluating the significance of experimental data [1,10-14].

The relevance of experimental design will be considered in several
sections of this contribution with specific reference to the use of proteo-
mics. A detailed review of experimental designs and methodological settings
that can be used in proteomics studies, however, is not in the scope of this
contribution, and the interested reader is referred to the many excellent
reviews that have been appearing in the last years on this topic (see, for
instance, Ref. [14] and references therein).

The general setting of experiments exploiting proteomic approaches
includes five steps, often referred to as the “proteomic pipeline” [9,14],
comprising the preparation of protein samples, the separation and digestion



The Use of Proteomics in the Study of Molecular Responses and Toxicity Pathways 49

of proteins and/or peptides in the samples, a first analysis of peptides by mass
spectrometry (MS), a second MS analysis of peptides of interest after their
fragmentation. The process terminates with a final step comprising the
analysis of MS data by bioinformatic tools, which allow the characterization
of peptides and, hence, the identification of the protein from which they
originated [14]. Although the specific features of the last three steps of the
process do not greatly differ among separate experimental settings, the steps
that yield the peptides to be subjected to MS analyses can show extreme
changes, depending on the experimental design.

A classical organization of the first steps of proteomic analyses, for
instance, has been used in most studies described in Sections 3 and 4 of
this review, and its workflow is outlined in Figure 1. The samples prepared
for proteome analyses are obtained by cell lysis with a buffer comprising
urea, detergents, and inhibitors of different kinds of hydrolytic enzymes, and
extracts are used after they have been subjected to clarification by centrifu-
gation procedures, to remove residual particulate contamination that might
have remained in the lysate. The second step of the procedure includes the
separation of intact proteins, by the use of two-dimensional (2D) electro-
phoresis. The proteins in the clarified cell extracts are separated in the first
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Figure 1 Major steps of a generic experiment for the characterization of proteomes.
See text for explanation.
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dimension according to their isoelectric point, using gels containing a pH
gradient immobilized on an inert support. At the end of the isoelectrofo-
cusing, the components are further separated in the second dimension
according to their size, by inserting the strip with the immobilized gel
containing the fractionated proteins orthogonal to a second polyacrylamide
gel. At the end of the separation, proteins are distributed in the entire gel
and are visualized by staining, yielding patterns of protein spots which are
next subjected to image analysis, using densitometric scanning of stained
gels, and their processing by a specific software (Figure 1, top). The analyses
of the protein patterns by the software then lead to recognition of protein
spots that show significant quantitative changes in extracts from cells of
interest as compared to controls, thereby indicating the components worthy
of identification by MS analysis. In keeping with this condition, relevant
protein spots are subjected to trypsin digestion, to yield peptides that
undergo the last steps of the proteomic pipeline. MS analyses of peptides
and processing of spectrometric data by the use of databases then allow the
identification of proteins of interest.

Considering the general structure of the experiments described above,
and independently of differences that may characterize methodological
settings in individual studies (see next sections), a specific feature of inves-
tigations based on the use of “omics” approaches is that they should be
unbiased because they do not actually require any a priori assumption or
specific hypothesis. Indeed, many proteomic studies have not been targeted
to probe possible alterations of any particular function or molecular process
in the biological system of interest. Thus, comparisons of protein profiles
between samples from control and toxin-exposed living systems often
represent a general feature of proteomic studies, an experimental setting
that is termed “differential expression proteomics” [9,15,16]. By this term,
it is then intended that analyses of proteomes are aimed at identification of
qualitative and quantitative changes in the levels of proteins associated with
distinct conditions of a biological system, independently of the fact that they
might result from normal and/or pathological functioning, or else as a
consequence of exogenous or endogenous perturbations of the system.

The very general nature of this kind of experimental strategy would
make any attempt to review existing information on proteomics studies
devoted to toxicants problematic. We will then focus our attention onto an
area of toxicants, represented by nonproteinaceous components produced
by some microalgae. The molecular processes targeted by this broad and
heterogeneous family of toxicants include key biological and regulatory
functions. A critical review of existing data, and some discussion regarding
their potential implications in toxicology, would then allow a preliminary
examination of the applicability of the toxicity pathway concept. Further,
some issues that might demand particular efforts for the best possible efficacy
of proteomics in toxicity testing will be discussed.
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3. FROM RECEPTOR-DRIVEN TO RESPONSE-DRIVEN
INVESTIGATIONS INTO THE MECHANISMS OF ACTION
OF ALGAL TOXINS

Some taxa of marine microalgae are known to produce nonproteinac-
eous substances possessing very powerful biological activities in a variety of
systems. Under some circumstances, humans and animals may become
exposed to concentrations of toxins that are sufficiently high to cause
intoxications and poisonings [17,18]. This might occur as a consequence
of an increase in the cell population of a microalga producing toxins (the so-
called harmful algal bloom, HAB), the accumulation of microalgal toxins in
edible fish and shellfish due to their feeding behaviors, or else through the
drinking water, when toxins are produced and released by toxic producers
in freshwaters [17,18]. The complexity of issues linked to algal biotoxins has
been attracting the interest of scientists from difterent areas, well beyond
those related to the chemical characterization of natural compounds, the
biology of microalgae and human toxicology. Indeed, a glimpse to two
recent books, providing a comprehensive treatment of major aspects related
to microalgal biotoxins [19,20], shows the wide impact of microalgal
biotoxins on human activities, spanning from fishery to natural sciences,
from recreation to human health.

The natural compounds we will be dealing with are classified according
to their chemical characteristics into separate groups. Most of them are
produced by microalgae, leading to the common use of the term microalgal
toxins, which traditionally comprises some toxins synthesized in bacteria,
such as the microcystins (MCs). The chemical, biological, and toxicological
properties of microalgal toxins, as well as the description of the different
types of intoxications caused by individual groups, will not be detailed here,
but the interested reader can find relevant information in recent reviews and
references therein (for instance, Refs. [18,21-30]). In turn, we will
approach methodological and conceptual issues related to the understanding
of the modes of action of toxins at a system level by proteomic approaches,
aiming at supporting the investigations in this area.

In a biomolecular, mechanistic perspective, two aspects are of para-
mount importance when considering the major classes of toxins: their
potency and molecular targets (Table 1). Although concentrations lower
than 10~ ” M are sufficient to cause significant responses in many cases, some
toxins, such as palytoxin (PITX) and maitotoxin, can induce their effects at
concentrations as low as 10~ "' M (see the many examples reported in Refs.
[31,32]). The different ranges of effective concentrations are related to the
affinity displayed by distinct toxin groups for their specific molecular targets,
which include ion channels and transporters on cellular membranes,



52 Gian Paolo Rossini et al.

Table 1 The major groups of microalgal toxins and their molecular targets

Group Molecular target ECs
Dinophysistoxins Phosphoprotein phosphatases (ser/thr) 10~ 1"
Microcystins Phosphoprotein phosphatases (ser/thr) 10~ "
Saxitoxins Voltage-dependent Na™ channel 107°
Palytoxin Na" K -ATPase 10~
Y essotoxins Unknown 10"
Azaspiracids Unknown 10"
Brevetoxins Voltage-dependent Na™ channel 10°°
Ciguatoxins Voltage-dependent Na™ channel 10-"
Domoic acid Glutamate receptors (non-NMDA) 1077
Maitotoxin Ca®" channel (plasma membrane) 10~
Gambierol Voltage-dependent K™ channel 1077
Pectenotoxins Actin filaments 10°®

enzymes, and cytoskeletal components (Refs. [18,21-30] and references
therein). These toxins, therefore, perturb cellular homeostasis of Na™,
K", Ca®", general regulatory mechanisms involving protein phosphoryla-
tion, the organization and dynamics of structures playing key roles in the
localization and transfer of molecular components within subcellular com-
partments. In the case of azaspiracids (AZAs) and yessotoxins (YTXs), the
molecular target(s) responsible for the effects triggered by subnanomolar
concentrations remain(s) undetermined [18], but it is recognized that the
inhibition of endocytosis and cell death ensues when cells are exposed to
low levels of these toxins [18,23].

The biological relevance of molecules targeted by microalgal toxins fully
explains their frequent use as tools to investigate fundamental molecular
processes in living systems. For instance, the capacity of okadaic acid (OA)
to inhibit ser/thr phosphoprotein phosphatases (PPases) [33] has been
exploited to study protein phosphorylation in biological systems so that
more than 4700 references could be retrieved from a literature search about
the toxin in the PubMed website (http:/www.ncbi.nlm.nih.gov/pubmed)
in November 2010.

The quest for a better characterization of the molecular events partici-
pating to toxicity pathways of algal toxins is supported also by compelling
reasons. A recognition of key steps in the molecular responses triggered by
different toxins, in fact, can be proposed only in some cases and for some
effects. A few examples are described to substantiate this statement.

The molecular bases of paralytic shellfish poisoning could provide a first
case of well-characterized mechanism. The binding of saxitoxin (STX) to
site 1 of the o subunit in the voltage-dependent sodium channel, in fact,
blocks sodium conductance of the channel and membrane depolarization,
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preventing the transmission of the action potential in excitable cells, and
causing the loss of neuromuscular functioning that leads to respiratory
paralysis and death [18,22,34]. Similar mechanistic considerations can be
put forth when considering the major steps involved in the neurotoxic
response found in amnesic shellfish poisoning induced by domoic acid,
proceeding through toxin binding to non-NMDA glutamate receptors,
Ca™" overload in the cells, and tissue damage in some regions in the brain
[29,35-38]. It should be noticed that the two preceding cases highlight key
steps of responses, but the molecular details of the full train of events
responsible for those effects have not been completely characterized.

Less defined pictures are found, in turn, when approaching the molecu-
lar mechanisms responsible for toxic eftects of other groups of toxins.

The responses of biological systems to OA can be one such case. It has
long been recognized that this toxin is responsible for diarrheic shellfish
poisoning [39], and early investigations led to recognition that type 1 and
type 2A ser/thr PPases represent cellular receptors for this toxin [33]. Based
on general knowledge regarding the role of protein phosphorylation in the
control of their catalytic activity or otherwise regulatory functions, it was
originally proposed that the diarrheic response could be due to altered
properties of ion transport systems in intestinal epithelia, due to the mainte-
nance of their phosphorylated states upon inhibition of PPases [40]. This
contention was perfectly in line with the knowledge on the role of protein
phosphorylation available in the 1980s [41]. Subsequent studies, however,
have provided evidence that the water accumulation inside the intestine in
animals exposed to OA [42,43] does not result from increased ion secretion,
but represents the disruption of the barrier function of intestinal epithelia,
leading to increased paracellular permeability [44,45]. Interestingly, this
conclusion underscores the property of OA to damage cells and tissues
[42,43,45,46], at variance with another effect that has been described in
the early investigations onto OA. By the use of two-stage carcinogenesis
models, it was concluded that OA represents a tumor promoter [47—49].
Thus, the recognition of type 1 and type 2A ser/thr PPases as receptors of
OA is matched by a picture encompassing responses, whose reduction to a
single noncontradictory model of the toxin’s mode of action, in the lack of
further information, seems problematic.

Overall, one should recognize that, in the best cases, our knowledge of
the molecular basis of effects triggered by different toxins is patchy, and
considerable gaps in our understanding of mechanistic aspects of the toxins’
modes of action still remain.

Additional uncertainties exist if we consider the need to account for the
molecular basis of toxic responses when biological systems are exposed to
mixtures of agents possessing difterent receptors/targets and mechanisms of
action. The relevance of such an issue is not based simply on the general
recognition that living systems are continuously exposed to a variety of
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biologically active agents, including toxic compounds. Our consideration,
in turn, primarily stems from the fact that seafood contamination by micro-
algal toxins belonging to separate chemical groups and possessing different
mechanisms of action is relatively frequent [39,50-52], posing risks whose
real dimension remains essentially undetermined. The combined effects
exerted by mixtures of toxicants including one or more microalgal toxins,
in fact, have been investigated only in a few cases (see, for instance
Refs. [53,54]).

It might appear paradoxical, but the recognition of existing deficiencies
in our understanding of the molecular mechanisms and modes of action of
toxins is a consequence of extensive and careful investigations carried out in
the past 20 years by many scientists. Thus, the quest for a better knowledge
actually stems from the existing strong scientific background, which is a
good basis to achieve further conceptual advancements.

In the case of proteomic studies devoted to microalgal toxins, the
investigations reported so far can be broadly divided into the two major
lines of intervention found in the area of general and environmental toxi-
cology. These comprise the characterization of the mode of action of toxins
in biological systems, and the prediction of toxicity of biological materials in
the environment, including the detection of toxins in suspected samples by
the effects they induce in biological systems [11,55-57]. Both types of
investigations include some search for and the use of biomarkers of response
to specific toxins, and their general experimental strategy can be represented
by the scheme shown in Figure 2. Two major classes of biological systems
are then used in these studies, depending on the line of intervention. When
investigations are devoted to molecular bases of effects induced by toxins,
model systems are preferred, consisting primarily of established cell lines.
Animal species, however, are found as models for analysis of toxic responses
at an organismal level. If investigations are more focused onto responses

Proteomic analysis

|
| l

Model system Seafood
Molecular toxicology Biomarkers Biomarkers
Toxicity pathways Toxin detection

Figure 2 The use of proteomics in the study of molecular mechanisms of toxicity and
biomarkers of toxin exposure in the area of microalgal toxins.
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detectable in biological systems naturally exposed to toxins, studies have an
obvious application to environmental analysis and the detection of animal/
food contamination by toxins. In these cases, edible mollusks, such as
mussels, appear as the preferred choice, due to their capacity to accumulate
toxin. As already mentioned, the identification of biomarkers of toxin
action is a relevant output of these investigations, that may be eventually
used to develop cell-based assays for the detection and quantification of
toxins [58].

Considering the general structure of the studies reported in Figure 2, it
can certainly represent ongoing investigations based on omics technology in
the algal biotoxin area well beyond proteomics. In particular, transcriptomic
studies can fit the scheme [59-63], and some of those existing in the
literature will be mentioned, when approaching the molecular modes of
action of distinct groups of toxins, with regard to possible complementation
of data on cell responses based on different systemic approaches.

The distinction between mechanistic as opposed to predictive studies
mentioned above does not appear to be very strict when considering
existing contributions on differential expression proteomics in the area of
algal toxins. In the next two sections, however, we will present the results
and major conclusions of those investigations following the broad classifi-
cation of mechanistic as opposed to predictive studies, to stress the potential
of proteomics in the two areas. Focusing on differential expression proteo-
mics in a toxicological context, targeted studies where proteomic tools have
been employed to characterize protein components that might interact with
toxins under cell-free conditions (see, for instance, Refs. [64,65]) will be
considered when their content is directly relevant to mechanistic issues
discussed in the following sections. Moreover, we will not present studies
when differential expression proteomics has been applied to the characteri-
zation of toxic microalgae. In these latter cases, in fact, investigations were
essentially aimed at defining protein profiles for either toxic species recog-
nition [66—68] or components associated with toxin production and its
regulation [66,69], that are not dealt with in this review.

4. PROTEOMIC STUDIES AIMED AT THE
CHARACTERIZATION OF MODES OF ACTION OF
ALGAL TOXINS

Differential proteomics has been introduced in the area of microalgal
toxins only recently, and reports describing the effects exerted by different
toxins are limited to MCs, OA, azaspiracid-1, YTX, Pacific ciguatoxin-1,
gambierol (GB), and PITX. These studies will be described below.
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4.1. Microcystins

To the best of our knowledge, the first article reporting results from an
investigation exploiting a differential expression proteomic approach in the
area of microalgal toxins has appeared in 2005 [59] and was devoted to a
MC (MC-LR). This group of compounds consists of cyclic heptapeptides
[70] produced by some genera of cyanobacteria, including Microcystis,
Nostoc, and others [71]. Severe episodes of human and animal poisoning,
primarily due to drinking freshwater contaminated with these toxins, have
been recorded worldwide, and MCs are believed to pose relevant risks to
humans and animals [21,72]. MCs are taken up by cells expressing specific
transport systems, particularly in hepatocytes [21], and liver has been found
severely damaged in both animals and humans exposed to these toxins,
leading to classification of MCs among hepatotoxins [21,73].

The recognized molecular mechanism of action of MCs is very similar to
that of OA and involves toxin binding to ser/thr PPases, particularly type 1
and type 2A isoforms [21,74]. The interaction of MC with a PPase causes
the inhibition of its catalytic activity and leads to stabilization of phosphory-
lated states of proteins [74]. The binding of MCs to their targets is not fully
reversible, however, because covalent bonds between the enzyme and the
interacting MC slowly ensue, essentially withdrawing the involved PPase
molecules from the cellular pool of functional proteins [75].

MC:s have been found to possess tumor-promoting activity in experi-
mental systems [49], and are potent inducers of cell death, particularly when
cultured cells are exposed to the toxin [76]. The general pattern of responses
to MCs then displays the contradictory feature of those found in systems
exposed to OA [46], as mentioned above.

The study by Chen ef al. [59] was carried out in an animal model
(BALB/c mouse), focusing the attention on the liver as major target organ
of MC-LR, and was aimed at gaining a better understanding of the molec-
ular mechanisms of apoptotic responses triggered by this toxin in mouse
liver and finding biomarkers of toxin exposure. Three different doses of
MC-LR (50, 60, and 70 pg/kg b.w.) were administered by intraperitoneal
injection into the mice, and livers were dissected from animals sacrificed
24 h after toxin injection. The study was developed following an experi-
mental strategy marked by a combination of techniques, as systemic
approaches (transcriptomic and proteomic analyses) were complemented
by immunological and biochemical tools as well as mathematical modeling
[59]. Proteomic analysis was performed using proteins that had been ethanol
precipitated from tissue homogenates, following the general scheme of 2D
electrophoresis, protein staining, detection of relevant proteins by image
analyses, and protein identification in the relevant spots by MS, as outlined
in the previous section. Sixty-five proteins were found to be significantly
changed in extracts from MC-LR-treated mouse livers, including 35
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upregulated and 30 downregulated components. Some components of the
Bcl-2 family [59] and other proteins involved in oxidative stress and apo-
ptosis were investigated in more detail. BAX, BID, and Bcl-2, which could
not be detected by gel staining, probably due to their low levels in cell
extracts, but whose differential expression in livers from toxin-treated mice
had been shown by transcriptomic profiles, were analyzed by immunoblot-
ting, and dose-dependent changes in their levels were found [59]. In
particular, the three proteins were upregulated at the lower dose (50 png/
kg b.w.), but their behavior differed at higher doses, as BAX upregulation
was maintained, whereas the levels of BID and Bcl-2 were decreased.
Kinetic analysis confirmed the different behavior of these mitochondrial
proteins [59].

Many proteins involved in cellular responses to oxidative stress were also
found to be changed in extracts from livers of toxin-treated mice, including
peroxiredoxins (isoforms 1, 2, and 6), ferritin, glutathion-S-transferase, and
thiosulfate sulfotransferase [59]. Some of these components are mechanisti-
cally linked in the reactions removing free radicals in oxidative stress
responses [77—79], and their changes in liver of mice exposed to MC-LR
indicate that oxidative stress was triggered as part of the tissue response to
the toxin. In keeping with the results obtained with proteins of the Bcl-2
tamily, different patterns of expression were found with different compo-
nents. For instance, upregulation of ferritin and peroxiredoxin 2 was
accompanied by downregulation of peroxiredoxin 1 and 6 [59]. Among
proteins whose expression was affected by MC-LR in mouse liver, chaper-
onin 10, ATP synthase, and nucleoside diphosphate kinase might be of
some interest with regard to the toxicity pathways triggered by inhibitors of
PPases and the biomarkers of responses shared by these substances (see
below and Sections 5 and 6).

Based on the sets of data gathered by a combined strategy, Chen et al.
have proposed a model of the responses recorded in mouse liver exposed to
MC-LR comprising two distinct apoptotic pathways, which would be
preferentially triggered by low and high doses of MC-LR, respectively.
The two pathways would involve components of the Bcl-2 protein family
and reactive oxygen species, respectively [59]. Further, ferritin and perox-
iredoxins were proposed as potential biomarkers for hepatotoxicological
mechanisms [59].

The molecular mechanisms of MC toxicity have been studied also in
cultured cells. An initial study by Fu et al. [80] was carried out with a human
amnion epithelial cell line in culture, which was exposed to three different
concentrations (0.25, 1, and 2 pM) of MC-RR. The cell treatment com-
prised the removal of the toxin-containing medium at the end of first 2.5 h
incubation, and cells were then maintained with fresh medium devoid of
toxin for further 12 h, before being processed for the preparation of cell
extracts. Control and MC-treated cells were then lysed with a buffer system
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containing detergents; the cell lysate was subjected to ultracentrifugation to
eliminate cell debris and particulate material, yielding clear cell extracts.
These samples were then used for proteomic analyses, following the general
scheme of 2D electrophoresis, protein staining, detection of relevant spots
by image analyses, and identification of relevant proteins by MS, as outlined
in the previous section.

The protein spots recorded in those gels by image analyses were about
1200, and about 100 of them showed significant quantitative differences
between control and toxin-treated samples [80]. Among the differentially
expressed proteins of toxin-treated samples, 59 components could be iden-
tified by MS analyses with high confidence, and the list reported in the
paper included 16, 27, and 45 different proteins in extracts from cells
exposed to 0.25, 1, and 2 uM MC-RR, respectively. As these authors
noted, only a few proteins showed dose-dependent changes in their expres-
sion levels in toxin-treated cells. The dose-dependent increase of p44 ERK
and p53 proteins was shown by an immunoblotting procedure, but data
reported in the paper regarding other protein components [80] would not
allow any further consideration about dose-relatedness of recorded
responses.

The differential expression of relevant proteins was discussed in the
paper by Fu ef al. [80], taking into consideration the recorded effects of
MCs and the recognized functional roles of individual components. The
increased expression of p44 ERK in cells exposed to MC-RR was consid-
ered particularly relevant because different isoforms of this type of protein
kinase are key players in the regulatory processes of cell proliferation and
differentiation, where their activity is induced by dual phosphorylation (in
two threonine and tyrosine residues separated by a proline) catalyzed by
specific kinases (mitogen activated/extracellular signal regulated protein
kinase, MEK) in signaling cascades triggered by a variety of extracellular
signals [81,82]. The phosphorylation state of ERK proteins is controlled by
PPases [83], and the cell exposure to inhibitors of PPases is known to result
in hyperphosphorylation of ERK isoforms [46,84,85]. Based on the record-
ing of increased levels of an ERK activating kinase MEK isoform, the
upregulation of GRB2 protein in cells exposed to MC-RR, and the
recognized role played by these two components in the cascade leading to
ERK activation [81,82], it was speculated that MC-RR could modulate the
signal transduction pathway involving the Ras-Raf-ERK cascade [80]. No
information regarding the phosphorylation state of p44 ERK in amnion
cells, however, was provided in the study by Fu et al. [80].

The increased expression of the p53 protein in cells exposed to MC-RR.
was also approached, taking into consideration the recognized roles of p53
as an inducer of apoptosis and tumor suppression (for a recent review, see
Ref. [86]). The changes in expression of p53 recorded in amnion cells had
been already observed in other systems exposed to inhibitors of PPases
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[46,87], and its upregulation by MC-RR could play a key role in the
responses induced by the toxin, providing a proper background to propose
the increased expression of p53 as a biomarker of system exposure to
MC-RR [80].

Other proteins differentially expressed in amnion cells exposed to
MC-RR were discussed, including the 14-3-3 proteins, tubulin, and
peroxiredoxin 2, whose roles in the cell response to MC-RR were
proposed with regard to both cell survival (14-3-3, peroxiredoxin 2) and
apoptosis (tubulin) [80], confirming the need for a better clarification of the
mode of action of MCs.

In a subsequent study [88], Fu ef al. extended the investigation on human
amnion cells by proteomic analyses and performed time-course studies of
responses triggered by MC-RR. The general methodology did not differ
from that used in their initial study, and cell treatment comprised an initial
toxin treatment (1 pM MC-RR for 2 h), followed by removal of medium
containing MC-RR and further incubation of cells with fresh medium for
3, 12, or 24 h [88].

Several proteins were found differentially expressed in cells exposed to
MC-RR (a total of 137), and some of them could be identified with high
confidence at the three time points, including the 31, 40, and 42 compo-
nents listed in the paper. The authors noted that none of the proteins had
altered expression levels at the three time points studied, and most of the
proteins identified at each time point differed from those found in the other
time points [88]. The recorded changes in the levels of a PPase 2A subunit
and of hsp 70, chosen as reference proteins, were validated by immuno-
blotting analysis, and their possible role in the response induced by MC-RR.
in amnion cells was discussed [88]. In particular, the increased levels of a 65-
kDa regulatory subunit of PPase 2A, detected 12 and 24 h after completion
of the 2 h toxin treatment, were proposed to play a role in the inhibitory
effect exerted by MCs on PPase, by favoring the formation of the inactive
holoenzyme complex, including the 36-kDa catalytic subunit in association
with the inhibitory 65 kDa subunit, rather than by the interaction of the
toxin with the enzyme [88]. This molecular mechanism of action of the
toxin on the PPase would be at variance with its recognized action
[21,74,75], but could participate in secondary effects, reinforcing the inhi-
bition of the enzyme. In any case, its relevance with regard to the toxicity of
MCs remains to be established. The effect of MC-RR on the levels of hsp
70, in turn, was discussed with regard to the role of this stress response
protein, and the increased expression in cells exposed to the toxin was
proposed to be related to its tumor-promoting action [88].

The difterential expression of other proteins in cells exposed to MC-RR
was also considered, and particular relevance was given to proteins involved
in the ubiquitin—proteasome protein degradation pathways, some of which
were found to be decreased by MC-RR in amnion cells [88]. Although the
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importance of the ubiquitin—proteasome pathways in the mode of action of
MC-RR was pointed out by Fu ef al., no indication on the possible
consequences of the recorded effects was mentioned, beyond the consider-
ation that the turnover of cellular proteins might be affected in cells exposed
to MC-RR [88].

If the data obtained by proteomic analyses in studies involving MC-RR.
are considered as a whole, they include a number of candidate eftector
proteins, most of which do not appear to be affected in a dose- and time-
dependent manner [80,88]. It is presently undetermined whether this fea-
ture of responses might be explained at least in part by the fact that the
protocol of cell incubation involved cell harvest after several hours of toxin
removal from culture medium [80,88], whereby the newly synthesized
toxin-sensitive PPases would be unaffected by prior cell exposure to MC-
RR, rescuing the system from an inhibition involving already existing
enzyme molecules that had been inactivated by the covalent binding of
the toxin during the first phase of cell treatment [75]. Thus, the mechanistic
relevance of the dose- and time-independent molecular responses to MC-
RR would require further study. More importantly, the precise functional
roles of the components differentially expressed by the toxin have not been
clarified with regard to the general antinomy tumor promotion/cell death
that has been recorded in systems exposed to components of this group of
toxins [76]. Thus, further information remains to be gathered to understand
the apparently contradictory effects of inhibitors of PPases, including MCs
(see below).

4.2. Okadaic acid

This toxin has long been recognized to share the molecular targets of MCs,
in that it acts by inhibiting type 1 and type 2A PPases [33,40,49]. The
differential expression of proteins in epithelial cells exposed to OA has been
studied in the MCF-7 human breast cancer cell line, where OA induces cell
death [89]. The proteomic analyses were carried out in an investigation
aimed at characterizing combined responses of a cellular system to toxin
mixtures [54], whose findings will be considered in a separate part of this
section. As far as the response to OA is concerned, MCF-7 cells were
treated with 50 nM OA for 24 h, an experimental condition that was
chosen to include the early phases of cell death, before extensive cell
disposal takes place [89]. The differential expression of proteins induced
by OA in this experimental system was studied by proteomic analyses of
cytosolic extracts prepared by centrifugation of whole cell lysates, and was
performed by 2D electrophoresis and image analysis of stained gels, fol-
lowed by tryptic digestion of relevant proteins and analysis of fragmented
peptides by MS [54]. This experimental setting led to detection of several
hundred proteins, 30 of which had levels that were changed in MCE-7 cells
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exposed to OA in a significant manner [54]. Using the Gene Ontology
(GO) database (GOTERM_MEF_ALL) on the proteins identified with at
least 15% of sequence coverage, components were assigned to different
classes, including protein-binding components and enzymes. Interestingly,
about 50% of the differentially expressed components (14 of 30) can be
reduced to three functional groups. The first group includes eight isoforms of
the same protein, the heat shock protein (hsp 27), the second group includes
three components of two enzymes involved in ATP metabolism (the o and 6
subunits of ATP synthase, and nucleoside diphosphate kinase A), and
the third group involves three proteins participating to cellular responses
to oxidative stress (superoxide dismutase (SOD), peroxiredoxin-5,
thioredoxin) [54].

The hsp 27 isoforms differentially expressed in OA-treated cells included
both intact and proteolytic fragments as well as proteins diftering according
to their phosphorylation state [54]. A preliminary reconstruction of the hsp
27 system in MCEF-7 cells under the conditions of our study is outlined in
Figure 3. This representation is based on MS data [54] and immunoblotting
analyses using antibodies recognizing either total hsp 27 (phosphorylated
and nonphosphorylated) or isoforms phosphorylated in Serg, [90,91] and
shows that at least nine components can be detected in MCF-7 cells
exposed to OA. The pattern of hsp 27 isoforms we detected after prolonged
(24 h) cell treatment with OA is quite similar to that found in fibroblasts
after a short (15-30 min) exposure to this toxin [92,93]. Seven isoforms are
bona fide intact proteins, can be distinguished by their isoelectric point, and
should then difter according to their phosphorylation states (Figure 3). The
other two proteins are small MW components and should represent degra-
dation products of hsp 27. Using the codes marking the proteins in our
original 2D gels, components 5117 and 4107 represent the most abundant
intact hsp 27 isoforms in both control and OA-treated cells (Figure 3). The
difterent pI of these two isoforms shows that 4107 is more acidic than 5117,
suggesting that it is phosphorylated. The MS data [54] indicated that the
phosphorylated residue should be within a peptide fragment (Figure 3)
containing three serine residues (Serg,, Sergs, Sergg), one of which is
known to be phosphorylated in human hsp 27 in vivo [93,94]. The antibody
specific for isoforms phosphorylated in Serg, used in immunoblotting
analyses, however, did not bind to 4107 under those conditions (Refs.
[90,91], see also Figure 8 in this review), indicating that 4107 should be a
monophosphorylated isoform of hsp 27 whose phosphorylated residue is
not Serg, (Figure 3). The antibody specific for isoforms phosphorylated in
Sergy, in turn, detected components 3105 and 2109 [90,91], which should
then represent isoforms containing two and three phosphorylated residues,
respectively, including Serg, (Refs. [90,91], see also Figure 8 in this review).
The detailed phosphorylation state of isoforms detected in MCE-7 cells is
presently under investigation in our group, and further data are needed to
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Figure 3 Characterization of major hsp 27 isoforms found in MCF-7 cells exposed to
okadaic acid. The experimental conditions are as reported in Ref. [54]. Top: schematic
representation of the hsp 27 molecule, where the positions of the five peptides analyzed
by MS in the protein sequence are indicated (A—E). The numbers at the top of the
scheme indicate the positions of the amino acids in the sequence of hsp 27, and some
amino acids susceptible of phosphorylation are reported in bold letters below the
scheme. Center: electropherograms of proteins in samples from cells exposed to OA.
Proteins were fractionated by 2D gel electrophoresis, and a 17 cm strip was used for the
IEF in the first dimension. The image on the left represents stained proteins in the area
of the gel containing the hsp 27 isoforms, which are marked according to the codes
given by the software used for image analysis. The autoradiograph on the right has been
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fully clarify the molecular isoforms whose levels are increased in cells
exposed to OA. Based on original MS [54] and immunological data
[90,91], many phosphorylation patterns can be hypothesized, according to
the number of phosphorylated residues, as depicted in Figure 3. In the first
instance, results obtained by 2D gels, including immunoblotting analyses,
are compatible with comigration of multiple isoforms, differing by the
combinations of phosphorylated amino acids but not their number in the
proteins of the same spot. Further, the patterns of phosphorylated sites
might differ depending on either cellular conditions or experimental treat-
ments, and it may not be excluded that amino acids other than Ser;s, Seryg,
and Serg,, which have been shown to be phosphorylated in vivo [93,94],
might be involved in phosphorylations stabilized by OA. Data obtained by
MS analysis, for instance, indicated Thry( in peptide D as a phosphorylated
amino acid in spot 3010 (Figure 3 and Ref. [54]).

Based on already published data, however, some preliminary conclu-
sions can be put forth. The cellular levels of major isoforms of hsp 27 (the
bona fide nonphosphorylated 5117 protein and the monophosphorylated
isoform 4107) do not greatly change as a consequence of prolonged (24 h)
OA treatment (Refs. [54,91] and Figure 3). The toxin, in turn, causes a net
increase in the levels of the bis- and tris-phosphorylated isoforms (Refs.
[54,91] and Figure 3). Further, the antibody specific for isoforms phos-
phorylated in Serg, could detect two components more acidic than 2109 in
extracts obtained from OA-treated MCF-7 cells (Refs. [54,91] see also
Figure 8 in this review), indicating that the toxin causes an increase in
multiphosphorylated hsp 27 isoforms in MCF-7 cells.

The second group of proteins whose expression is changed in MCE-7
cells treated with OA includes components of two enzymes involved in
ATP metabolism. These enzymes are ATP synthase, which catalyzes the
synthesis of ATP [95], and nucleoside diphosphate kinase, which is respon-
sible for the interconversion of nucleoside diphosphates into triphosphates,
most often at the expense of cellular ATP [96]. The cellular levels of o and 6
subunits of ATP synthase have been found to be altered by OA, resulting in
upregulation of the & subunit and the downregulation of the o subunit of
the enzyme [54]. The catalytically active synthase is composed of the two

obtained by immunoblotting of proteins in the higher portion of a gel, as shown on the
left, using antibodies recognizing total hsp 27 and the procedure described in Ref. [90].
The most likely number of phosphorylated residues in the isoforms is indicated on the
top of the images. Bottom: tabular representation of the peptides of hsp 27, as detected
by MS analysis of indicated isoforms. The detection of the peptide (Y, yes; N, no) and
its phosphorylation state (Pi-S, detection of a P-Ser; Pi-T, detection of a P-Thr) is
indicated. The effect of OA on individual isoforms is shown in the first column on the
right. Portions of this figure have been reproduced from Refs. [54,90] with slight
modifications.
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major portions F,/F;, each of which contains multiple subunits in a well-
defined stoichiometric composition [95]. Thus, the significance of the
opposite changes that OA causes on two subunits of this enzyme is unclear.
One possibility is that these contradictory eftects testify the derangement of
cellular regulatory mechanisms, during the onset of the death response
induced by the toxin. The downregulation of nucleoside diphosphate
kinase under the same conditions [54], which could alter the maintenance
of proper cellular pools of nucleoside triphosphates, and might then impair
several fundamental cellular processes, such as nucleic acid and protein
synthesis, could be in line with this interpretation.

A third group of proteins differentially expressed in MCF-7 cells
exposed to OA comprises three components involved in cellular responses
to oxidative stress, all of which are downregulated by toxin treatment.
These components are mechanistically linked because SOD 1 destroys
radicals (such as "O,") which are normally produced within the cells and
are toxic to biological systems, converting them to hydrogen peroxide. This
oxidant is then converted to water by peroxiredoxins (such as peroxire-
doxin-5), using reducing equivalents donated by reduced glutathione
and/or thioredoxin [77-79]. The disulfide bridge between two molecules
of oxidized glutathione can be reduced in various redox reactions, one of
which may involve the active center dithiol of thioredoxin that is converted
to a disulfide. Thus, the downregulation of these three proteins in
OA-treated cells indicates that the mechanisms of cell protection from
oxidative stress are disrupted by the toxin in MCF-7 cells, in line with
observations obtained with other systems [97,98].

Overall, the changes induced by OA in the proteome of MCF-7 cells is
marked by an increase in phosphorylated hsp 27 protein, determining an
extensive alteration of relative proportions of isoforms in this model system,
which is accompanied by the downregulation of most of differentially
expressed proteins [54]. The general features of molecular responses induced
by OA, as detected by proteomic analysis, are then in line with investigations
targeted to specific cellular components [46,76,84,85,89,92,93,97,98], sup-
porting the notion that this toxin is primarily inducing cell death in
biological systems [46]. This conclusion matches the cytotoxic action of
MCs, although the proteins found difterentially expressed in cells exposed to
the two toxins in existing studies are not identical (see the next section).

4.3. Azaspiracids

The specific mechanism of action of azaspiracids remains undetermined at
the moment [18], and gathering information regarding the molecular
responses induced by these toxins in sensitive systems is extremely relevant.
The cellular mechanisms of azaspiracid toxicity have been investigated by
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proteomic analyses using a neuronal cell line in culture [99]. The methodo-
logical setting of this study difters from those described above because the
differential expression of proteins was not detected by comparison of images
obtained by staining of proteins in 2D gels. The quantitative analysis of
proteins expressed in the extracts, in fact, was performed by exploiting a
procedure termed stable-isotope labeling with amino acids in culture
(SILAC) [99], whose features allow a very accurate matching of samples
from control and toxin-treated cells. In this methodological setting (for a
presentation of its characteristic features, see Ref. [14]), the two cell popu-
lations, to be matched for the identification of differentially expressed
proteins, are incubated with culture media differing with respect to the
physical properties of one or more amino acids. One cell population
receives “heavy” amino acids (lysine and arginine), containing either '*C-
or "’N-labeled compounds, whereas “light”, unlabeled amino acids (**C-
or "*N-containing compounds) are included in the culture medium of the
other cell population. The incorporation of amino acids into proteins leads
to metabolic labeling of molecules in one cell population, but not in its
counterpart, and the tryptic digestion of proteins in cell extracts leads to
peptides terminating with a labeled amino acid in samples from cells incu-
bated with heavy amino acids, whereas an unlabeled amino acid is present in
the same peptides when extracts from the other cell population are sub-
jected to the same enzymatic treatment. If extracts containing the tryptic
peptides from the two cell populations are mixed, and subjected to analysis
by MS, each peptide in the mix is detected as a pair, differing by a defined
mass, depending on the isotope used in the metabolic labeling. Thus, the
peptides from the different cell populations can be discriminated even if
they are present in the same mixture, and the relative proportion of peptides
from the two cell populations depends on two major factors. Peptides from
proteins whose expression levels do not differ in the two cell populations
show a fractional value that is constant, and represents the ratio of total
protein chosen when mixing the two original extracts. The peptides from
proteins differentially expressed in the two cell populations, in turn, show a
fractional value departing from that reference figure. An advantage of this
methodological setting, therefore, is the possibility to overcome possible
errors when protein quantification is carried out by comparison of different
samples analyzed by separate procedures (for instance, matching of images
from difterent 2D gels).

Kellmann et al. used the SILAC procedure with the neuroblastoma SH-
SY5Y cell line and analyzed the changes that an incubation with 15 nM
AZA-1 for 12 h could induce in the protein expression profiles [99]. The
peptides corresponding to about 1000 different proteins were quantified,
and a linear regression of fractional values (quantitation ratios) obtained for
those proteins led to identification of the upregulated (a total of 59) and
downregulated (a total of 47) components. The classification of those
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proteins according to gene ontologies showed that most of differentially
expressed components could be grouped into few categories. Interestingly,
upregulated and downregulated proteins could be distinguished in separate
categories [99]. The upregulated components included proteins involved in
energy metabolism, most of which are located in mitochondria, and pro-
teins involved in cytoskeletal organization. Most of the downregulated
proteins, in turn, comprised components involved in mRNA splicing, the
control of gene transcription, protein synthesis and maturation, nucleotide
metabolism as well as vesicle and protein transport [99]. The findings of that
study were validated by immunoblotting of AHNAK and calpain, whose
levels were found to be increased by AZA-1 treatment of SH-SY5Y cells,
confirming the results obtained by SILAC procedure.

The use of different techniques allowed Kellmann et al. to probe some
molecular and cytological features related to the findings obtained by
proteomic analysis. For instance, the findings that several enzymes involved
in energy metabolism were upregulated by AZA-1 led to the measurement
of the eftect of the toxin on mitochondrial membrane potential, the cellular
concentrations of ATP and ADP, and the levels of lactate in the culture
medium. Thus, it was found that AZA-1 did not significantly alter the
mitochondrial membrane potential (at least within the first h of cell treat-
ment), caused a transient, but severe depletion of cellular ATP and ADP,
indicating that mitochondria were intact and the oxidative phosphorylation
was not uncoupled in cells exposed to AZA-1. Interestingly, AZA-1 was
not found to alter the levels of lactate in culture medium, indicating that the
toxin did not increase the rate of anaerobic glycolysis under those experi-
mental conditions. Thus, a significant alteration of cellular metabolism
would be part of the response induced by AZA-1 in SH-SY5Y cells [99],
confirming the conclusions obtained by the analysis of transcription profiles
in lymphocytes [61].

The changes AZA-1 induced in the expression of proteins involved in
cytoskeletal structure/functioning [99] were expected, considering that
AZAs have been found to alter actin-based cytoskeleton in several cell
lines [100-103]. The mechanistic implications of changes recorded by
Kellmann et al., however, were not readily apparent, considering the diverse
biological functions of those proteins [99].

The downregulation of components involved in mRNA splicing, the
control of gene transcription, protein synthesis and maturation as well as
nucleotide metabolism would indicate extensive impairment of macromo-
lecular synthesis, primarily RNA and proteins. This is consistent with the
inhibition of cell growth exerted by AZA-1 [99], a response recorded in
several experimental systems [100-106].

The downregulation of proteins involved in vesicle and protein trans-
port [99] could contribute to the mechanisms of cell toxicity induced by
AZA-1 by a disruption of regulated movements of components among
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relevant subcellular structures. Thus, the reduction in the number of early
endosomes [99] would be part of this functional alteration induced by AZA-
1 in SH-SY5Y cells and could represent a general aspect of the responses
induced by AZAs in sensitive systems [18]. The capacity of AZA-1 to
inhibit endocytosis of plasma membrane proteins has been shown in epi-
thelial cells [103] and could play a key role in the perturbation of cellular
functions induced by AZA-1, leading to cell death [18].

4.4. Yessotoxins

This group of sulfated polyether toxins has an as yet unknown molecular
mechanism of action [18]. The health risk posed by these toxins is highly
debated, because they have been found to cause animal death by i.p.
injection, but severe adverse effects have not been recorded after oral
administration of YTX, the parent compound of the group, and no
human intoxication has been linked to this group of natural substances so
far [18]. The detected low oral toxicity of YTX is probably due to low
absorption of the compound in the gastrointestinal tract, as low concentra-
tions (about 3 nM) have been found in the blood of mice that received 1 mg
YTX/kg b.w. daily, for seven consecutive days, by gavage [107].

Many groups have studied the mechanism of action and molecular
responses induced by YTX in cellular systems [18,23]. In several instances,
however, ex]gerimental systems have been exposed to high YTX concen-
trations (10~ ’=10~ ® M), that may not be compatible with those expected to
occur in humans ingesting naturally contaminated shellfish [108]. Thus, the
toxicological relevance of findings obtained by exposing experimental
systems to YTX concentrations higher than 10™% M, in the lack of
dose—response analyses showing that recorded effects can be induced also
at lower YTX doses (around 10”7 M), remains uncertain [18].

The lack of knowledge regarding the mechanism of action of YTX and
the variety of effects recorded in cellular systems exposed to this toxin has
been at the basis of a study carried out in HepG2 cells, where the differential
expression of proteins after exposure of the system to YTX was analyzed,
following the classical methodological setting of protein fractionation by 2D
gels, image analysis, and identification of differentially expressed proteins by
MS analyses of their tryptic peptides [109]. In this study, cells were exposed
to 1.4 uM YTX and cells were harvested 3—24 h after toxin addition, for the
preparation and analysis of soluble extracts from cell lysates. Fifty-two
proteins, whose levels were statistically different in YTX-treated cells, as
compared to controls, were identified by MS analyses and found to include
components differing with regard to their functional roles and subcellular
location [109]. In particular, proteins could be grouped among components
of heterogeneous nuclear ribonucloprotein particles (hnRINP), the
cytoskeleton, lysosomal proteases, and heat shock proteins.
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The hnR NPs differentially expressed in cells exposed to YTX included
members of the groups A/B, E, H, K, L, which are involved in distinct steps
of RNA processing, such as hnRNA splicing (A/B, E, H, K, L), mRNA
trafficking (A/B), stability (A/B, E, H, K, L), and translational regulation
(A/B, E, K, L) as well as chromatin remodeling (E, K) [110]. No unique
pattern of response for those proteins could be identified, as both up- and
downregulation of hnRNPs were detected, and differentially aftected com-
ponents could consist of degradation products [109]. Lamins A/C and B1,
which participate to the intermediate filaments underneath the inner side of
the nuclear membrane, were affected by YTX in an opposite fashion, as
lamins A/C were upregulated and lamin B1 was downregulated [109]. The
expression of cathepsins (B and D) changed in a biphasic fashion in cells
treated with YTX, as increased levels were detected 3 h after toxin addition,
but were downregulated thereafter [109]. The cellular levels of several heat
shock proteins were found to be affected by YTX, which mostly caused a
downregulation of components (hsp 70, hsp 90). These changes were
accompanied by the upregulation of hsp gp96 and of disulfide isomerase
precursors, indicating that stress response proteins were involved in the
processes triggered by YTX [109]. Overall, the changes in the levels of
hnRNPs, the upregulation of lamin A/C, and stress response proteins (hsp
gp96 and of disulfide isomerase precursors), as well as the decreased levels of
cathepsin D, supported the conclusions that YTX altered protein degrada-
tion processes and induced apoptosis in HepG2 cells. These conclusions are
in keeping with literature data regarding the capacity of YTX to alter
protein degradation by inhibition of endocytosis and phagocytosis
[111,112], to perturb lysosomal activity [113], as well as to the induction
of apoptosis in several cell lines [18,113-118]. Taking into consideration
that the study by Young et al. has been carried out by cell exposure to
1.4 uM YTX [109], a concentration that is about three orders of magnitude
higher than those that are expected in animals exposed to the toxin by the
oral route [107], further analyses by differential proteomics in cellular
systems exposed to nM YTX seem important for probing the toxicological
relevance of the effects found in HepG2 cells.

Within this constraint, it should be stressed that the pathway analysis
reported in this study is a very important contribution [109], whereby the
potential functional relationships of proteins difterentially expressed in
YTX-treated cells are considered with regard to their participation to
biological networks. To the best of our knowledge, this represents the
first published attempt to identify the biological networks [7] that could
embody the pathways of molecular responses triggered/affected by a micro-
algal toxin, as defined by differential expression proteomics. Considering
the data obtained at the first time point (3 h), the best ranking pathways
included components involved in posttranslational modifications, protein
folding, and cell cycle, whereas those of the three subsequent time points
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(12.5, 18, and 24 h), included posttranslational modifications, protein
folding, and cell death, supporting the conclusion that extensive cell damage
and cell death represent major features of molecular responses induced by
YTX in cellular systems [18,113-118].

Considering the uncertainties regarding the mechanism of action of
YTX, the findings reported in a recent paper, obtained by a targeted
proteomic approach, might be of particular interest [65]. In this study,
lysates were prepared from human blood cell membranes and were incu-
bated with beads containing immobilized desulfated YTX (dsYTX), aiming
at separating proteins selectively bound to the ligand by a pull-down
procedure. The tryptic peptides obtained from the affinity purified material
were subjected to MS analysis, and the proteins that had the best matches
with the detected peptide sequences included several members of the
superfamily of Ras proteins, including Rap 1A, Rap 1B, Rho A, Rho C,
Rac 1, Rac 2, and K-Ras [65].

These findings might be particularly relevant with regard to ongoing
efforts to clarify the molecular mechanism of action of YTX. Members of
the Ras superfamily proteins, in fact, have been shown to play key roles in
the regulation of cell proliferation [119], the regulation of cell adhesion
[120,121], as well as vesicle trafficking [122]. YTX, in turn, has been shown
to alter the ultra-structure of the E-cadherin—catenin system and to block E-
cadherin endocytosis in vitro [111,123,124], as well as to perturb the turn-
over of E-cadherin in the colon of mice orally administered with YTX
[125]. Taking into consideration that the E-cadherin system plays a key role
in cell-cell adhesion of epithelia [126], it is tempting to speculate that
Ujihara ef al. might have obtained the first indications regarding the
molecular target of YTX [65].

4.5. Ciguatoxins

The toxins of this group are recognized to cause ciguatera in animals,
including humans, as a consequence of eating fish contaminated with
compounds produced by the toxic alga Gambierdiscus toxicus (for reviews,
see Refs. 18,25,127). Ciguatera has highly variable symptoms, affecting
primarily the gastrointestinal tract and the nervous system, which are
recorded within hours from the ingestion of contaminated food, and may
last for long periods [25,128,129]. The complexity of the symptoms of this
poisoning, including the case of chronic ciguatera, remains only partially
understood, and could be due to the fact that the microalga G. roxicus
produces several toxins, in addition to multiple ciguatoxin congeners,
including maitotoxin and GB. Different molecular mechanisms of action,
in fact, have been recognized for these compounds [18]. More specifically,
ciguatoxins bind to site 5 of voltage-gated sodium channels, causing uncon-
trolled entrance of Na' ions into the cells [25,130]. Maitotoxin, in turn,
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affects calcium channels, leading to increased intracellular calcium levels
[26,32], whereas low concentrations of GB inhibit voltage-dependent
potassium channels [131,132].

The study by Ryan ef al. [60] took into consideration the complexity of
ciguatera symptoms, and the possibility that recorded eftects might involve
nonexcitable cells. Thus, the investigation was aimed at probing whether
alterations of the immune system might be caused by ciguatoxins in
an animal system. Mice were used in this study, were exposed to 264 ng
of P-CTX-1/kg by i.p. injection, and blood was collected 1, 4, and 24 h
after the administration of the toxin, to obtain peripheral leukocytes and
serum. Leukocytes were used for an analysis of transcription profiles, by the
use of oligonucleotide microarrays, whereas serum was used for the mea-
surement of proteins participating to immune responses (mostly cytokines),
through a selective immunoassay [60]. The proteomic approach in this
investigation was then applied to a targeted subproteome of blood serum.
Further, the complementing of transcriptomic and proteomic methodolo-
gies represented an interesting feature of this study.

Four serum proteins were found significantly changed in samples from
mice exposed to P-CTX-1 for 4 h, comprising chemokine ligand 2 (Ccl2),
and Ccl12, CD40, and macrophage colony stimulating factor (M-CSF).
A matching of results with transcription profiles of leukocytes did not provide
significant agreement between the two sets of results, which could be due to
the fact that serum proteins could originate from cells of organs other than
blood leukocytes themselves, as the authors pointed out [60]. Within this
limitation, however, the observation that decreased levels of Ccl2 protein in
mouse serum were matched by a reduced transcription of the gene coding for
Cecr2, the receptor of Ccl2, in leukocytes, 4 h after P-CTX-1 administration,
represented an interesting finding, considering that the expression of Cer2 gene
has been found to aftect the levels of Ccl2 in the mouse [133].

Other data in the study by Ryan ef al. [60] indicated that the transcrip-
tion of several components of immune response in leukocytes were aftected
by P-CTX-1 administration to mice, and the finding that the transcription
of'the gene coding for histidine decarboxylase was upregulated was found to
be of particular interest with regard to some recorded symptoms of ciguatera
in patients. This enzyme, in fact, catalyzes the conversion of histidine into
histamine, and it was speculated that increased histamine production could
contribute to the breathing difficulties found in animals and humans in
response to CTX exposure [60,128,129].

Opverall, the data obtained in that study, including the finding that
P-CTX-1 causes changes in the serum levels of several cytokines, support
the conclusion that this toxin aftects the levels of a number of components
involved in immune response [60], providing further indications on the
complexity of molecular bases of ciguatera poisoning, and the need to
expand studies at a system level [60,62].



The Use of Proteomics in the Study of Molecular Responses and Toxicity Pathways 71

4.6. Gambierol

Differential proteomics has been used to study cellular responses to the
ciguatera toxin GB. The investigation was not aimed, however, at a better
characterization of the molecular mechanism of action of this toxin, as it was
devoted to probe major features of molecular responses to toxin mixtures at
a system level, using OA and GB [54]. The rationale and experimental
strategy of that study, as well as its major findings and implications, will be
described below. In any case, the differential expression of proteins induced
by GB alone was analyzed in that study, providing a preliminary picture of
components affected by this toxin. The investigation was carried out in
MCEF-7 cells, which were treated with 50 nM GB for 24 h. The differential
expression of proteins was studied in soluble extracts prepared by centrifu-
gation of whole cell lysates and was performed by 2D electrophoresis and
image analysis of stained gels, followed by tryptic digestion of relevant
proteins and analysis of fragmented peptides by MS [54]. The cellular levels
of nine components were found to be significantly changed by GB treat-
ment. Four hsp 27 isoforms were upregulated by GB and included both
intact and proteolytic fragments of the protein. The levels of three enzymes
were found changed in extracts from cells exposed to GB, including the
upregulation of the subunit & of ATP synthase [54]. On the basis of the
increased levels of the stress response protein hsp 27 and of the reported
increase in cellular levels of ATP synthase subunit J in stress responses in
different experimental systems [134-137], it was concluded that GB
induced a stress condition in MCF-7 cells [54]. A matching of results
obtained in the same system after exposure to a different toxin (OA) and
to the mixture OA + GB, however, had wider implications with regard to
the patterns of response to toxin mixtures, that will be considered below.

4.7. Palytoxin

This compound is one of the largest microalgal toxins isolated so far (reviewed
in Ref. [137]). It was originally found in zoantids [138], and it has been shown
to be produced by benthic dinoflagellatae of the genus Ostreopsis [138]. In the
past, this microalga has been mostly recorded in tropical areas [139], but its
distribution has changed in recent years, and widespread occurrence in the
Mediterranean Sea has been recognized [18]. Recently, blooms of Ostreopsis
species have been suspected to be the cause of human intoxications [140,141],
extending existing records of toxic episodes linked to PITX and related
compounds [142]. Indeed, the toxicity of PITX is being debated with regard
to the possible routes of exposure, the time frames of responses, and the
molecular bases of recorded effects [143,144]. Thus, a unified model combin-
ing acute lethal effects involving excitable tissues, prolonged nonlethal eftects,
and responses involving nonexcitable cells, as well as tumor-promoting activity
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[142—144] of PITX is not available, in spite of the significant existing knowl-
edge on its mechanism of action [30,31]. After about 40 years of investigations,
the early recognition that PITX binds to Na®™,K"-ATPase and converts the
pump into a nonselective cation channel [145,146] is fully accepted. In keeping
with this notion, it is recognized that the disruption of ion homeostasis is the
basis of effects exerted on excitable tissues (reviewed in Ref. [31]). A less clear
picture, in turn, exists with regard to effects recorded in nonexcitable cells,
where different sets of proteins and signaling pathways can be aftected by the
toxin, stressing the complexity of the mode of action of PITX [30,147-149].
For instance, PITX can induce activation of protein kinases involved in the
control of cell proliferation [147], and these responses might play a role in the
tumor-promoting activity of this toxin [49,150]. However, PITX has been also
shown to possess a potent cytotoxic activity [149], as found with toxins
inhibiting type 1 and type 2A PPases, such as OA and MCs (see above).

The potent (ECs5 =~ 10~ "' M) and rapid (2-12 h, depending on exper-
imental conditions) cytolytic activity of PITX in the MCF-7 cell line [151]
has stimulated a study at a system level, aimed at the characterization of
proteins participating to the cell death response induced by the toxin in
nonexcitable cells [90]. To this end, the experimental system was treated for
8 h with 0.03 nM PITX, representing the toxin’s ECs under those condi-
tions, resulting in cell cultures undergoing a death response, without detec-
tion of extensive cell disruption [90]. The differential expression of proteins
was studied by the procedures used in other proteomics studies using the
same system [54,90], and it was found that PITX induced changes in the
levels of four proteins, comprising three isoforms of hsp 27 and one isoform
of the DJ-1/PARK?7 protein. The results obtained by image analysis of
stained gels were fully validated by immunoblotting procedures after pro-
tein separation by both one- and 2D gel electrophoresis [90]. The three
upregulated hsp 27 isoforms comprised the putative mono-, bis-, and tris-
phosphorylated proteins, including isoforms containing a phosphorylated
Serg, (Ref. [90], see also Figures 3 and 8 in this review). The DJ-1 protein in
MCEF-7 cell extracts was found to include two major isoforms, differing
according to their isoelectric point, and PITX was found to increase the
more acidic protein, while leaving the levels of the other isoform
unchanged [90]. The acidic shift in the pl of DJ-1 was undistinguishable
from that reported in the literature for the protein isoforms containing an
oxidized cysteine [152—154], and it was concluded that PITX induced an
increase in oxidized DJ-1 [90]. Based on the literature data showing that
increased cellular levels of oxidized DJ-1 are associated with stress condi-
tions [152—-155], as well as the recognized role of hsp 27 in cell stress
responses [156—161], it was concluded that the toxicity pathway of PITX
in MCF-7 cells involves increased posttranslational modifications of stress
response proteins, leading to higher cellular levels of phosphorylated hsp 27
and oxidized DJ-1 [90]. Although the death response induced by PITX had
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been shown to be inhibited by ouabain in MCF-7 cells [151], indicating
that a perturbed functioning of Na™ ,K"-ATPase was triggering the
recorded effects, no specific information regarding the chain of events in
the toxicity pathway of PITX was obtained in that study [90].

4.8. Toxin mixtures

Biological systems can be exposed to mixtures of toxic compounds in
ordinary living conditions, and it is known that seafood can be contami-
nated by multiple components belonging to different groups of toxins at the
same time [39,50-52]. Thus, investigations aimed at characterizing
responses of a biological system to mixtures of toxins is justified by both
general and factual considerations, as the consumers might become exposed
to multiple toxins by ingestion of contaminated seafood. Further, possible
interactions and synergistic effects of different groups of microalgal toxins
are essentially undetermined, posing additional reasons of concern.

Differential expression proteomics has been used to investigate onto the
pattern of responses induced in a model system, aiming at identifying sets of
components and possible interactions between toxicity pathways, as
inferred by the proteins involved in the responses induced by two different
toxins. This study was carried out by treating MCF-7 cells with OA, GB, as
well as a mixture of the two compounds [54]. The data obtained when the
system was exposed to each of the two toxins, separately, have been
described above. The choice to carry out the study using a mixture of OA
and GB was not based on recorded co-occurrence of the two components
in contaminated materials, but it was actually due to considerations regard-
ing the general strategy to use in that study [54]. In particular, the level of
complexity of results expected from proteomic analyses, and the hypothesis
that possible interactions between toxicity pathways might be responsible
for some of the effects eventually found in the model system, were consid-
ered. Thus, MCF-7 cells were exposed to toxins that are considered to
possess completely distinct molecular mechanisms of action, aiming at
reducing possible interactions between separate mechanisms at the cellular
level, and, possibly, simplifying the interpretations.

The expected complexity of results was confirmed in the initial part of
that investigation, when image analysis of stained gels revealed that multiple
patterns of response were detected, depending on individual protein spots.
Thus, independent, synergistic, similar, and antagonistic responses were
detected, based on recorded intensity of protein spots in 2D gels [54].
This kind of result was unexpected, and findings were analyzed by hierar-
chical matching of data. Results were primarily analyzed to define
the significance (p < 0.05) of changes found in combined treatments,
as opposed to controls (set 1). A second level of analysis, in turn, included
the components whose changes were significant in cells treated with one
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Figure 4 Patterns of responses in MCF-7 cells after a combined treatment with
okadaic acid and gambierol. The figure has been reproduced from Ref. [54] with slight
modifications.

toxin, individually, but not when the combined treatment was carried out
[54]. The whole set of results was then distributed into a matrix, where the
patterns of response were found to relate to specific subsets of data, based on
their significance (Figure 4).

When the components were identified, some evaluation of possible
modes of action of the toxins was attempted, but the limited number of
proteins found to be differentially affected in a significant manner by OA
and GB, both individually and in combination under the conditions of this
study, allowed only some preliminary consideration [54]. The hsp 27
system, comprising both intact and fragmented proteins in their distinct
phosphorylated states, appeared particularly affected by OA and GB, both
individually and in combination. In particular, OA favored increases in the
levels of phosphorylated hsp 27 isoforms, whereas GB treatment increased
the levels of less phosphorylated counterparts, in an independent manner,
whereas the combination of the two toxins increased the cellular levels of
degradation products of hsp 27 synergistically. These findings were consid-
ered within the frame of toxicity pathways [54]. Based on the view that life
versus death responses could be related to the opposition between phos-
phorylated and nonphosphorylated pools of cellular hsp 27 [54], the effects
induced by OA and GB on this cellular stress response protein were inter-
preted in terms of an OA-induced death response associated with increased
cellular phosphorylated hsp 27, and with a survival response to GB sup-
ported by increased cellular levels of non(less)-phosphorylated hsp 27 in
MCEF-7 cells [54]. The synergistic increase in cellular levels of fragmented
hsp 27 in cells exposed to the mixture of toxins, in turn, was proposed to
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result from a combination of the increased proteolysis of hsp 27 in cells that
are being destroyed in the course of the death response (OA effect), and the
normal degradation process of the cellular pool of the non(less)-phosphory-
lated isoforms when a higher content of hsp 27 protein exists, as a response
to a cellular stress (GB effect) [54].

The need of more detailed quantitative analyses of responses, to fully
evaluate proposed interpretations, was indicated in that study and should be
stressed here. In any case, the finding that multiple patterns of response to
toxin mixtures can be detected in a cellular system, depending on individual
proteins, indicates that interactions between toxins with distinct mechan-
isms of action are component-related [54], and a mechanistic explanation of
complex responses would then require targeted analysis of effector mole-
cules, as well as careful consideration of cross-talks between toxicity path-
ways. In our opinion, further studies on molecular responses of cells to toxin
mixtures are needed, to probe the potential of difterential expression prote-
omics in this kind of investigations [54,162].

5. PROTEOMIC ANALYSES FOR PREDICTIVE
ToxicoLOGY AND THE DETECTION OF ALGAL
ToxiIN CONTAMINATIONS

The potential of proteomics in predictive toxicology has been high-
lighted in recent reviews [11,13,55] as a relevant approach for the identifica-
tion of sets of biomarkers exploitable for ecotoxicological evaluations,
including the assessment of food safety with regard to possible toxin contami-
nation [56,57]. Within this frame, the identification of sets of biomarkers for
defined environmental stress/contaminations in sentinel species (mussels,
clams, etc.) is attracting increasing interests from investigators [11,55,57,163].

Two general areas of intervention are then defined by studies exploiting
proteomic tools in predictive toxicology, including the characterization of
toxicological responses and the identification of contaminations. In both
cases, the identification of biomarkers in biological materials is a primary
goal, and the two areas of intervention are actually intertwined, as will be
apparent in the studies we will describe below, which might be distin-
guished mostly by the general strategy used in investigations. When toxico-
logical responses are investigated by proteomics, the experimental setting
involves exposure of a model system to a defined toxin under controlled
conditions (see, for instance, Refs. [136,164—167]). Materials naturally
contaminated by toxins, in turn, represent the preferred source of extracts
when a direct relationship between some contaminant and protein biomar-
kers is investigated (see, for instance, Refs. [168,169]). Indeed, the first type
of study is quite similar to those developed for the characterization of the
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molecular modes of action of toxins described in the preceding section,
although emphasis in the studies described in this section is on the identifi-
cation of biomarkers for monitoring levels of exposures to toxins, rather
than the characterization of mechanisms whereby recorded effects are
induced in the model system.

Investigations onto MC-LR, OA-group compounds, and AZAs are
presented below.

5.1. Microcystins

The search for biomarkers of toxin exposure to MCs has been developed in
different animal systems, including fishes (Oryzias latipes and Danio rerio) and
a freshwater clam (Corbicula fluminea), under controlled laboratory condi-
tions [136,164-167]. Difterent kinds of exposure were chosen, including
waters containing controlled levels of either MC-LR [164,167] or one of
MC algal producers, Microcystis aeruginosa [166], as well as direct toxin
administration by gavage [136,165]. In these studies, proteomic analyses
followed the basal setting of 2D gels and MS identification of relevant
proteins in extracts obtained from animal tissues, which were prepared by
distinct protocols, contributing to some differences among separate studies.

In the first study by Mezhoud ef al. [164], medaka fishes (O. latipes) were
exposed to 1 mg MC-LR/L in the water of aquaria for 30 and 60 min at
25 °C, livers were excised and the cytosolic fraction of cellular extracts was
obtained by a commercial kit. Fluorescent staining of proteins was then used
to distinguish between total and phosphorylated proteins, thereby distin-
guishing a subproteome of phosphorylated components that accounted for
about 10% of the total proteome [164]. A total of 15 proteins differentially
expressed in livers of fishes exposed to MC-LR were identified by MS in
the cytosolic fraction, including five phosphoproteins, all of them being
upregulated by MC-LR, and 10 putatively nonphosphorylated components
[164]. Relevant proteins were involved in oxidative stress, apoptosis, and
cellular ultrastructures. In particular, increased levels of phosphorylated
keratin 18 were found, and were considered to be related to the disruption
of cytoskeleton [164], which is a recognized tissue response to MC [170—
173]. Oxidative stress and apoptosis are cellular responses to MC (reviewed
in Ref. [76]), and the findings that proteins with antioxidant action, such as
DJ-1 and the NKEF peroxiredoxin, are downregulated as a consequence of
fish exposure to MC-LR [164] are in line with that notion. Interestingly,
the 14-3-3 protein was found affected by MC-LR in medaka fish liver
[164], confirming that this component could be a biomarker of system
exposure to MC [80]. Interestingly, downregulation of 14-3-3 was detected
in the liver extracts from fish exposed to MC-LR [164], whereas upregula-
tion was induced by MC-RR in FL cells [80].
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The study on medaka fishes was further developed by examining the
effects of MC-LR exposure through a different route, and the administra-
tion of the toxin by gavage (5 pg MC-LR /g b.w. of fish) allowed a better
control over the levels of toxin actually introduced in experimental animals
[165]. Two hours after gavage, animals were killed and livers were used for
the preparation of cytosolic extracts, which were subjected to proteomic
analyses [165]. The use of fluorescent probes to distinguish between prote-
ome and phosphorylated subproteome was applied also to this study, and 17
proteins were identified with high confidence among those difterentially
expressed in extracts from livers of fishes exposed to MC-LR. Cytoskeletal
proteins (o- and B-tubulin) and components involved in cellular responses
to oxidative stress (ferritin H and peroxiredoxin) were found to be aftected
by MC-LR, and these findings were related to the apoptotic and oxidative
stress responses induced by MC, as mentioned above. Although the over-
lapping between the components found to be affected by MC-LR in the
two studies by the same group was only about 30% [164,165], some findings
could be of particular interest. For instance, B-tubulin was downregulated
by MC-LR in medaka fish liver [165], in keeping with the data obtained
with FL cells [80]. Similar considerations can be put forth regarding the
upregulation of ferritin, and a peroxiredoxin isoform [165], confirming that
increased levels of these proteins can be found in systems exposed to MC
[59,80] and lending support to the notion that they could represent
biomarkers of system exposure to MC (see Section 6).

In another study on medaka fish, the proteomic analysis was extended to
include proteins from cellular fractions other than cytosol, and the samples
obtained by homogenization of livers were fractionated to yield extracts
containing proteins from membrane and organelles, using a commercial kit
[136]. In this latter investigation, the toxin exposure protocol and the
methodology used for differential detection of proteins and phosphopro-
teins were identical to those employed when analysis of cytosolic fractions
had been carried out [165]. Thus, the results of the two studies might then
provide an integrated picture of the effects of medaka fish exposure to MC-
LR on different subproteomes of liver cells. A total of 79 protein spots were
found to significantly differ in the extracts from livers of fishes exposed to
MC-LR, as opposed to controls, including 21 phosphoproteins and 58
proteins, respectively [136]. Seventeen proteins were identified, among
which some components appear of interest with regard to data obtained
in other studies on effects induced by inhibitors of PPases, including both
MC and OA. The downregulation of P-tubulin as well as of B and &
subunits of ATP synthase [136], in particular, might be relevant with regard
to identification of specific biomarkers (see Section 6).

The proteomic analysis of extracts from gills and digestive tract of the
freshwater clam C. fluminea, which were prepared from animals after a 24 h
feeding with an MC-producing strain of toxic M. aeruginosa, essentially
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confirmed that cytoskeletal proteins are sensitive to MC in short-term studies
[166]. In particular, upregulation of actin isoforms and downregulation of
B-tubulin were recorded. Overall, the results obtained with medaka fish and
C. fluminea indicate that acute eftects triggered by MC-LR exposures through
different routes involve stress response and cytoskeletal proteins [166].

A different picture, however, has been obtained when proteomics has
been used to identify biomarkers of chronic toxicity induced by this toxin in
zebrafish (D. rerio) liver. In the study by Wang et al. [167], zebrafishes were
kept in water tanks and were exposed to low doses of MC-LR (2 or 20 pg/
L of water) for 30 days when livers were dissected from fishes. Liver extracts
were obtained by homogenizing tissues with a solution containing trichlor-
oacetic acid/acetone, leading to precipitation of macromolecules, and pro-
tein samples were then obtained by centrifugation yielding materials which
were dissolved in an appropriate bufter and used for 2D gel analysis [167].
Twenty-two protein spots were found to significantly change in extracts
from animals exposed to MC-LR, and their identification was achieved by
MS analysis. The differentially expressed proteins identified in this study
include enzymes involved in digestion of macromolecules and in cellular
metabolism (14 components), 2 cytoskeletal proteins, and 6 proteins with
either unknown or apparently unrelated functions. The enzymes found to be
differentially expressed by both MC-LR doses used in this study included
activities involved in fatty acid metabolism (2-hydroxyacyl-CoA-lyase 1)
and glucose oxidation (pyruvate kinase, 6-gluconolactonase), as well as
hydrolytic enzymes acting on starch (amylase o 2A) or proteins (elastase 3),
all of which were downregulated by MC-LR [167]. Downregulation was
observed also in the case of the two cytoskeletal components a4 actinin and
profilin 2-like protein [167]. In turn, a threefold increase in SOD was
detected. Thus, the results of this study indicate that chronic exposure to
MC-LR would result in changes of liver functioning characterized by a
state of response to oxidative stress, and altered carbohydrate and lipid
metabolism. Taking into consideration, the pervasive role that protein
phosphorylation plays in the control of carbohydrate and lipid metabolism
in liver [174-177], the conclusion that chronic exposure to a toxin inhibiting
PPases leads to altered levels of metabolic enzymes in this organ [167] is
relevant, although the phosphorylation states of individual components
(such as pyruvate kinase) remain to be established.

5.2. Okadaic acid

To the best of our knowledge, the first study exploiting a differential
proteomic approach using samples directly harvested in their natural envi-
ronment, and leading to identification of protein biomarkers of toxin
contamination in seafood appeared in 2008 [168]. The general structure
of this study involved the instrumental measurement of different microalgal
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toxins and the proteomic analysis of the same samples, aiming at identifying
protein biomarkers for individual toxin groups. The toxins quantified by
LC-MS included OA-group compounds (OA, DTX-1, DTX-2), YTX,
homoYTX, pectenotoxin-2, and 13-desmethyl-spirolide-C [167]. Thus,
the study was not targeted to any specific toxin, although a significant
correlation was eventually found only with OA-group compounds [167].

Owing to the general question at the basis of this investigation, and the
use of the digestive gland (DG) of a filter-feeding mollusk (Mytilus gallopro-
vincialis) as the source of extracts, the experimental strategy was defined
taking into consideration major sources of variability and possible confound-
ing factors [167]. In particular, the possibility that protein profiles of extracts
from DG might be affected by prevailing algal populations existing in the
sampling site and in difterent periods of sampling, as well as individual factors
were considered. Mussels were then harvested in four different sites of the
Northern Adriatic Sea (Italy) in an area of about 400 km, to compensate for
possible geographic variability, during an 18-month period, to compensate
for seasonal variations [167]. The possible effects of interindividual variability
on protein profiles, in turn, were eliminated by pooling DG dissected from at
least 50 different individuals in each sample. Further, the possible unwanted
degradation of proteins in crude extracts of DG by endogenous proteases
under uncontrolled cell-free conditions was approached by resuspending
tissue samples in acetone, thereby causing protein denaturation [167]. The
proteins that remained soluble in acetone extracts were then subjected to
proteomic analysis by 2D gels and identification of relevant components was
achieved by MS analysis. The levels of two protein components in the
extracts from mussel DG were found to increase as a function of their content
in OA-group compounds [167]. Database search of peptides identified by
MS indicated that the two relevant proteins showed homologies with
domains in a component of photosystem II and subunit 5 of NADH
dehydrogenase from Myfilus, respectively [167].

The increased levels of putative subunit 5 of NADH dehydrogenase in
extracts from the DG of mussels naturally contaminated with OA-group
toxins were discussed with reference to apoptotic responses induced by
these toxins [46], in line with the notion that this protein could represent a
biomarker of OA contamination in environmental samples [167]. The
detection of a protein that shows homology with a component expressed
in photosynthetic organisms, in turn, might not be considered an endoge-
nous component, and the possibility that its detection was due to materials
from algae present in the DG of a filter-feeding organism was evaluated. On
the basis of the recognition that OA-group toxins are produced by photo-
synthetic algae of the genera Dinophysis and Prorocentrum [17], a BLAST
search was carried out to evaluate possible homologies of the photosystem II
protein from different species, using a peptide in the detected protein.
By this search, it could be concluded that the relevant peptide is part of
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the photosystem II protein in several species of Dinophysis but not in
Prorocentrum [167], and this finding was in line with the recognition that
OA contaminations in mussels from the Northern Adriatic Sea are due to
Dinophysis blooms [178,179].

Overall, the data in the study by Ronzitti ef al. showed that toxin
contamination in natural samples can be detected by a differential expression
proteomic approach through both endogenous and exogenous protein
biomarkers [167]. The two kinds of components, however, should be
considered with reference to different biological processes, that is, endoge-
nous biomarkers represent molecular effects induced by toxins in the host,
whereas exogenous biomarkers would consist of cocontaminants [167].

5.3. Azaspiracids

A targeted proteomic approach was aimed at identifying proteins that might
be physically associated with AZAs in DGs of contaminated mussels [180].
In this study, extracts from mussel DG were subjected to preparative
isoelectric focusing, and the fractions containing AZAs were pooled and
subjected to size exclusion chromatography and SDS-PAGE. Paired analyses
of relevant fractionated materials showed that fractions in extracts from DG
of AZA-contaminated mussels contained five bands whose intensity was
much higher than those found in extracts from control mussels [180]. The
five bands had electrophoretic mobilities corresponding to components of
21.8—45.3 kDa, two of which were proposed to represent biomarkers of
AZA contamination in mussels [180]. The identification of those compo-
nents was accomplished in a subsequent study, by MS analyses of materials in
four major bands separated by SDS-PAGE in extracts from the DG of AZA-
contaminated mussels [169]. The proteins identified in three bands showing
an electrophoretic mobility corresponding to components in the 20—50 kDa
MW range, included cathepsin D, p53 family proteins, SOD, glutathione-
S-transferase, and multidrug resistance-associated protein [169]. The higher
levels of those proteins were discussed with reference to apoptotic effects
(cathepsin D, p53 family proteins) and stress responses (SOD, glutathione-
S-transferase, multidrug resistance-associated protein), which would be in
line with the known toxic effects of AZAs in vitro and in vivo [18,28,99-106].

The fourth band, in turn, contained a protein showing homology with a
flagellar P-ring protein precursor of bacterial origin (Methylobacterium
populi), and the ubiquitous characteristic of bacteria from the Methylobacter-
ium genus was considered to explain the detection of the protein in mussels
as a result of bacterial infection [169].

The detection of a bacterial protein in extracts from mussel DG is in
keeping with the detection of a photosynthetic component showing
homology with Dinophysis species in the DG of OA-contaminated mus-
sels [168], suggesting that proteins from organisms introduced by feeding
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habit, or else associated with mollusks, might ordinarily co-occur in
samples from tissues of filter-feeding animals.

6. PRELIMINARY CONSIDERATIONS ON STRENGTHS
AND WEAKNESSES OF PROTEOMIC APPROACHES
IN INVESTIGATIONS ONTO TOXICITY PATHWAYS

Less than 20 reports on the molecular basis and modes of action of
microalgal toxins, as studied by differential expression proteomics, can be
found in the literature and have been discussed with some detail in the
previous sections. Different model systems were used in those studies,
including tissues from intact animals, as well as cultured cell lines, to
investigate onto six distinct chemical groups of toxins. Overall, the back-
ground knowledge available for an evaluation of progress made in the area is
very limited. Nonetheless, we will discuss major indications stemming from
those studies, because they can be useful for both sketching the core items of
toxicity pathways emerging from data on different toxins, as well as the
identification of major bottlenecks and limitations appearing from ongoing
investigations. It is our opinion that the variety of distinct systems and
existing difterences in experimental designs are actually providing signifi-
cant information by consideration of their strengths and limitations, sup-
porting refinements of research activities on modes of action of microalgal
toxins using differential expression proteomics.

6.1. Quantitative issues in differential expression proteomics

A summary of major quantitative differential expression proteomics data
retrieved from the literature on biological responses to microalgal toxins is
reported in Table 2. In most cases, less than 100 proteins were found to be
differentially expressed as a consequence of toxin treatment. This low
number of components, as compared to estimated values of 10” or more
different proteins expressed in eukaryotic cells [9,181,182], confirms that
the potential to detect changes in protein profiles by available proteomic
techniques is still limited. The use of protein staining after their separation
by 2D gels is the most likely explanation, as it is recognized that the
concentrations of proteins in vivo can differ by several orders of magnitude
[9,10,183], whereas the dynamic range of staining procedures in most cases
is limited to one to two orders of magnitude [184]. While this implies that
only the most abundant cellular proteins are detected by methodologies
involving protein staining [9,10], this condition should not nullify the
significance of existing proteomics data (see below).

Protein staining and image analysis are often used to detect proteins in
most of the existing studies on microalgal toxins. This methodological
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Table 2 Summary of differential expression proteomics data from studies on modes
of action of microalgal toxins

Biological
Toxin system” Proteins’ Validated proteins® Reference
Microcystins ~ Mouse liver 65 BAX [59]
BID*
Bcl-2X!
FL cells 110 ERK 1 [80]
p53
Medaka fish 15 None [164]
liver
Medaka fish 46 None [165]
liver
FL cells 42° PP2A (A subunit) [88]
hsp 70
Medaka fish 58 None [136]
liver
Clam gills 16 None [166]
Clam digestive 13 None [166]
tract
Zebrafish liver 22 None [167]
Okadaic acid MCEF-7 cells 30 None' [54]
Azaspiracid-1 SH-SY5Y cells 106 AHNAK [99]
calpain
Mussel digestive 9¢ None [169]
gland
Yessotoxin HepG2 cells 55 hnRNP H1 (spot 29) [109]
Gambierol ~ MCEF-7 cells 9 None' [54]
Palytoxin MCF-7 cells 4 “Acidic” hsp 27" [90]
Two isoforms of hsp
27 phosphorylated
in Serg,
Acidic isoform of DJ-1

“ When tissues are used, the contribution of different cell populations is undetermined.

® The indicated figure is the total number of proteins whose expression was significantly aftected by
toxin treatment, as indicated by authors in the paper.

‘ Data refer to proteins whose levels were quantified in the published paper by immunoblotting
procedures.

4 The differential expression of proteins was validated on the basis of results obtained by transcriptomic
analysis because the indicated proteins were not detected by protein staining of 2D gels.

¢ Data have been taken from Table 2 of the paper, referring to the materials harvested 12 h after toxin
removal from culture medium, representing the experimental condition that best matches those of

 Ref. [80].

7/ Data on 2 isoforms of hsp 27 protein have been validated in Ref. [91] (see also Figure 8 in this review).

¢ Data have been taken from Table 2 of Ref. [169].

" Acidic hsp 27 is spot 4107 in the center panel of Figure 3 in this review, and most likely represents an
hsp 27 isoform phosphorylated in a residue other than Serg, [90].
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choice may be a source of error in the detection and quantification of
differentially expressed components [9,14,55], and alternatives include
either the use of more accurate methodologies to detect relevant proteins
or the confirmation of detected changes by immunoblotting of proteins
using specific antibodies, after their fractionation by one-dimensional (1D)
SDS-PAGE. The use of the SILAC procedure is considered an efficient way
to obtain more accurate quantitative estimates of differentially expressed
proteins [14,55], and it has been used to study the effect of AZA-1 [99].
This methodology, however, has not been widely used in studying micro-
algal toxins, so far. Likewise, the validation of results obtained by image
analysis of stained gels using immunoblotting procedures has not been
extensively carried out, as indicated by the data of Table 2. Thus, a more
frequent use of immunoblotting analysis to confirm results obtained by
proteomics would be appropriate. In some cases, for instance, data obtained
by image analysis of stained gels do not show clear dose-response or time—
response relationships. This can be eventually clarified by immunoblotting
procedures [80,88]. In other cases, immunological tools can strengthen
proteomic studies, by characterizing molecular features of relevant compo-
nents. The many isoforms of hsp 27 and their different phosphorylation states
can provide a first example. The single band detectable by immunoblotting
analysis of an extract by 1D electrophoresis (Figure 5) may not resolve

MCF-7 SH-SY5Y
o)
[0} 8 [0 g 8 ~
PITX (nM) S S5 £ 5 oS o
c + < + + 4+
e - e
Actin

Hep27 ‘-- am
P-Hsp27se.52 ‘ - -

Figure 5 Effect of palytoxin on the phosphorylation state of hsp 27 in MCF-7 and SH-
SY5Y cells. Cells received the indicated concentrations of PITX, and were incubated
for 8 h at 37 °C, before being processed for the preparation and immunoblotting
analysis of cytosoluble extracts, using the procedures described in Ref. [90]. The figure
shows the results obtained when immunoblotting analysis was carried out using anti-
bodies specific for actin, total (both phosphorylated and nonphosphorylated isoforms)
hsp 27, and hsp 27 isoforms phosphorylated in Serg,, as indicated.
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isoforms of similar mass but different isoelectric points. Thus, no relevant
changes are detected in the total levels of hsp 27 between control and PITX-
treated cells in the two experimental systems, which clearly differ with regard
to their respective endogenous concentration of hsp 27, based on their actin
content, being higher in the epithelial MCE-7 cells than in the neuronal SH-
SY5Y cellline. In turn, an increase in the isoforms phosphorylated in Serg, is
visualized by immunoblotting with a specific antibody in the extracts from
cells exposed to PITX (Figure 5). Additional information can be obtained if
better resolution of components is achieved by coupling 2D electrophoresis
and immunoblotting (Refs. [90,91], and Figures 3 and 8 in this review).
Likewise, immunoblotting analyses of proteins resolved by 2D gels have
shown that both OA and PITX induce increases in cellular levels of an acidic
DJ-1 isoform [64,90]. Interestingly, other difterences among DJ-1 isoforms
are apparent when considering these studies [64], further supporting the
conclusion that the use of distinct methodologies to complement proteomic
analyses can become particularly informative when approaching molecular
bases of biological functions.

6.2. Characterization of toxicity pathways

The capacity of proteomics to tackle the complexity of sets of components
in living organisms is a key element of its potential in defining molecular
steps of toxicity pathways. The data gathered by differential expression
proteomics, as applied to the study of the modes of action of microalgal
toxins, then provide the material for preliminary analysis of major elements
that could bring about their cellular responses. In our discussion on the
characterization of toxicity pathways, the results reported in the papers
discussed in previous sections will be the primary source of information,
in keeping with our focus on proteomics studies, but additional data
obtained by more classical “reductionistic” approaches will complement
our considerations, whenever they appear to relate to the issues being
analyzed. MCs have been studied more extensively than other groups of
microalgal toxins and provide the widest set of toxicoproteomic data at the
moment. Taking into consideration that type 1 and type 2A ser/thr PPases
are targeted by both MCs and OA, the data regarding this latter toxin can
contribute to evaluations regarding the modes of action of these toxins.
Thus, our preliminary considerations on the contribution of differential
expression proteomics to the characterization of toxicity pathways will be
mostly confined to these toxins. A summary of data is presented in Table 3,
which is limited to the proteins whose functional roles and significance have
been stressed in respective studies.

If we consider data on MCs, listed components can be primarily classi-
fied among proteins involved in apoptosis, oxidative stress, and cytoskele-
ton, as already noted (Sections 4 and 5). A limited matching of components,



Table3 Major proteins found affected in biological systems exposed to toxins acting by inhibiting type 1 and type 2A ser/thr phosphoprotein phosphatases,
as established by differential expression proteomics

Toxin Microcystin-LR Microcystin-RR Okadaic acid
Clam gills
Biological and digestive
system” Mouse liver Medaka fish liver tract Zebrafish liver  FL cells MCE-7 cells
Major BAX Phospho-  f-Tubulin p-Tubulin ~ B-Tubulin Pyruvate kinase ERK 1 PP2A (A Phospho-hsp
proteins  BID keratin  Ferritin ATP 6-Glucono p53 subunit) 27
Bel-2 18 Peroxiredoxin synthase lactonase  14-3-3 hsp 70 ATP synthase
Ferritin DJ-1 (NKEF) (P and o 2-Hydroxy- B Tubulin Proteasome 5 (o0 subunit and
Peroxiredoxin 1 Peroxiredoxin subunits) acyl-CoA-  Peroxiredoxin 2 subunits 2, 4, ® subunit)
Peroxiredoxin 2 (NKEF) lyase 1 6, 9 Nucdleoside
Peroxiredoxin 6 14-3-3 Amylase o0 2A Ubiquitin diphospho
Elastase 3 fusion kinase A
o4 actinin degradation Superoxide
Profilin 2-ike 1-like dismutase
protein (Cu—Zn)
Superoxide Peroxiredoxin 5
dismutase Thioredoxin
(Cu-Zn)
Reference  [59] [164] [165] [136] [166] [167] [80] [88] [54]

Tentative
matching”

Peroxiredoxins

Thioredoxin

Ferritin

Superoxide
dismutase
(Cu—Zn)

BAX

BID

Bel-2

hsp 27

ATP synthase

DJ-1

B-Tubulin

“ When tissues are used, the contribution of different cell populations is undetermined.
" The indicated proteins have been selected on the basis of results shown in the quoted studies and their relationship to additional data existing in literature, as described in the text. Isoforms/subunits remain to be defined.
 The listed components represent the proteins whose expression levels were altered by the toxin and whose functional roles and significance have been discussed with reference to the studied system in the indicated reference. Upregulated proteins are in

bold, whereas downregulated components are in italics.
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however, can be found among different biological systems and/or studies
(Table 3). Although cellular abundance of indicated proteins, as well as the
difficulties in data analysis and quantification most likely contribute to
recorded differences (see Section 6.1), the use of distinct experimental
systems and conditions could be the primary source of variability in these
studies (for instance, acute vs. chronic toxicity studies). Within these limita-
tions, apparent matching might highlight components sharing important
roles in the signaling pathway and/or molecular response to the toxin in
different model systems and experimental conditions. The differential
expression of peroxiredoxins (different isoforms), ferritin, and B-tubulin is
mentioned in at least two different reports and would represent the most
likely candidates for a tentative list of relevant components of toxicity
pathways of MCs. If this analysis is extended to include proteins differen-
tially affected by OA, other components can be added to the list, including
proteins involved in oxidative stress, such as SOD (Cu—Zn) and the donor
of reducing equivalents thioredoxin, hsp 27, some subunits of ATP
synthase, as well as proteins of the Bcl-2 family and DJ-1 (Table 3).

The inclusion of these additional components to the list of tentative
matchings stems from several considerations. On the first instance, some of
these components are differentially expressed by both MCs and OA, as
apparent either from the entries of the table or from inspection of tables in
original studies, as is the case of hsp 27 (see Table 2 in Ref. [80]). A different
situation, in turn, applies to components of the Bcl-2 family and DJ-1. As
far as the components of the Bcl-2 family are concerned, their involvement
in the apoptotic responses induced by MCs and by OA has long
been recognized (see Ref. [46] and references therein as well as Refs.
59,87,89,98,185,186). With regard to DJ-1, its involvement in responses
to OA has been documented by a recent paper, where the toxin was shown
to affect the cellular pool of several DJ-1 isoforms, differing according to
their size and isoelectric point in a dynamic fashion, and this response was
accompanied by changes in the direct interactions of DJ-1 with other
cellular proteins [64]. Interestingly, if total DJ-1 was analyzed by immuno-
blotting of proteins separated by 1D SDS-PAGE, changes in the cellular
levels were transient and were not detected upon prolonged cell exposure to
OA [64]. Thus, subtle changes in the cellular pool of DJ-1 isoforms are
caused by OA, but their detection requires analytical procedures capable of
distinguishing them, for instance by immunoblotting of proteins separated
by 2D gels [64], in keeping with results obtained on hsp 27 [90].

The similar patterns of response of hsp 27 and DJ-1 molecular systems to
OA and PITX [54,64.90] are interesting, although they can be framed by
distinct molecular mechanisms sharing only some components. The phos-
phorylation of hsp 27, in fact, is catalyzed by protein kinases whose activity
is under the control of phosphorylations by upstream activating kinases
(reviewed in Ref. [161]). Thus, the inhibition of PPases by OA, and a
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mechanism activating relevant kinases, as documented in the case of PITX
[187,188], could converge toward similar patterns of hsp 27 phosphoryla-
tion. Analogous considerations can be put forward for the molecular
mechanisms responsible for the accumulation of acidic DJ-1 [64]. Thus, it
seems likely that MCs, OA, and PITX might share some steps in their
respective mechanisms leading to cytotoxic effects.

On the basis of available data and the above considerations, a working
model of processes that could be shared by the toxicity pathways of MCs,
OA, and PITX is shown in Figure 6. In this model, the inhibition of PPases
by MCs and OAs would trigger a toxic response converging toward the
induction of oxidative stress in exposed cells. The response would involve
oxygen radicals and the production of H,O, by SODs, but the peroxides
would be reduced by peroxiredoxins, using reducing equivalents transferred
through thioredoxin. MCs and OA would affect the cellular levels and
functioning of components of this process (SODs, peroxireoxins, thiore-
doxin). Other components might contribute to this oxidative stress
response, such as ferritin [59,165] and ATP synthase [54,136,189]. The
role we hypothesized for ATP synthase in this model is inreferred from
the recorded proteomic data [54,136], as differential expression of some
subunits of this multimeric enzymatic system might indicate an impairment
of its activity, and based on the finding that MC-LR could covalently bind
to the P subunit of ATP synthase [189], an effect that could alter the
catalytic function of the enzyme. Thus, if ATP synthase is malfunctioning
in cells exposed to MCs and OA, some impairment of oxidative phosphor-
ylation and the electron transport process should be considered as a possible
effect, and this alteration might contribute to increased production of
oxygen radicals, as indicated in the model (Figure 6). The oxidative stress
would then cause increased cellular levels of oxidized proteins, such as DJ-1,
and the phosphorylation of stress proteins, such as hsp 27 and proapoptotic
components, such as BAX. Cell death by apoptosis would then result in
systems exposed to MCs and OA under those conditions [46,76].

The toxicity pathway of PITX could share some of the processes out-
lined in Figure 6, including increased cellular levels of oxidized proteins
(DJ-1) and the phosphorylation of stress proteins (hsp 27). The cell death
response, however, would have toxin-specific features, linked to the ion
imbalance induced by PITX in affected cells through the conversion of
Nat,K"-ATPase into a cation channel [30,31,145,146]. In fact, no clear
sign of apoptosis has been reported in cells exposed to PITX, where cell
death has been shown to involve apparently different mechanisms
[145,149,151,190-193].

The model depicted in Figure 6 includes also some events that could be
part of a survival pathway triggered by GB. On the basis of the finding that
this toxin induces increases in hsp 27 isoforms in a low phosphorylation state
[54] and of some isoform of DJ-1 (Gian Luca Sala ef al., unpublished
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Figure 6 Working model incorporating some processes participating to toxicity path-
ways of microcystins, okadaic acid, and palytoxin. See text for explanation. GB,
gambierol; OA, okadaic acid; MC, microcystin; PITX, palytoxin; Trx, thioredoxin;
Prx, peroxiredoxin; SOD, superoxide dismutase; ETC, mitochondrial electron trans-
port chain.

observations), it 1s speculated that GB would induce a stress response in
MCEF-7 cells, but not cell death, by favoring increased levels of stress
proteins. The isoforms whose cellular levels are increased by GB might
then represent those that are downregulated in cytotoxic responses, and
would have a protective role in the cells.
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We wish to stress that the working model of Figure 6 is speculative, and
this feature is the basis for other hypotheses for model refinement. The
unbiased sets of observational data resulting from proteomic investigations,
in fact, provide the starting point for both top-down and bottom-up
developments of working models, and we will use the existing proteomic
data on MCs and OA, to illustrate this contention.

Top-down developments are apparent when considering the model of
Figure 6 as a whole, which may not account for the full responses of cells
exposed to individual toxins, but it rather rationalizes data regarding some of
its (bona fide) constitutive events. To illustrate this point and some of its
implications with regard to the characterization of toxicity pathways, we
wish to use the scheme presented in Figure 7. In this scheme, full responses
to toxins include an initial phase brought about by toxin interaction with its
molecular target, an execution phase that proceeds through the chains of
reactions triggered by the initial molecular alteration at the toxin’s receptor
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Figure 7 Schematic representation of modules composing the toxicity pathways of
microcystins, okadaic acid, and palytoxin. This speculative scheme includes the full
chain of events bringing about the responses to the toxins, from the interaction with
respective receptorial components to the conclusion of cellular eftects, organized
within modules of reactions. The molecular processes participating to responses already
described in the literature are indicated in black, whereas hypothetical modules that
might complete toxicity pathways are indicated in gray. See text for a full explanation of
the scheme. OA, okadaic acid; MC, microcystin; PITX, palytoxin; S/T PPase, ser/thr
phosphoprotein phosphatase; NK-ATPase, N*, K"-ATPase.
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level, and it is terminated by a set of events that are determined by the
preceding molecular processes. The full response is then made of separate
modules [194,195] of interacting processes, within a normal signaling net-
work [195-198] which is perturbed by a toxin. The representation of
interacting modules participating to the responses to different toxins (i.e.,
OA/MC vs. PITX) is instrumental to stressing that the real cellular condi-
tions include signaling networks, rather than distinct toxicity pathways.
Thus, the elements outlined in Figure 6 would catch only features of
some modules of the execution phase of cellular responses to toxins,
without accounting for other molecular events preceding, accompanying,
and following those outlined in that model, a concept presented by includ-
ing additional undefined modules in the scheme of a complete response in
Figure 7. For instance, the model in Figure 6 does not include any infor-
mation regarding molecular mechanism by which the inhibition of PPases
induces an oxidative stress response, and the specific features of the apopto-
tic response that would follow.

The bottom-up approaches to model refinement, in turn, would aim at
characterizing the single molecular steps within modules, and the reactions/
processes connecting individual modules. Three examples might illustrate
this point, stemming from the differential expression of SOD, peroxiredox-
ins, and 6-gluconolactonase in systems exposed to MCs/OA (Table 3). The
importance of SOD in the toxic response has been stressed with reference to
oxygen radicals produced in connection with the activity of the electron
transfer chain and oxidative phosphorylation (Figure 6), which is located at
the level of the inner mitochondrial membrane. The SOD difterentially
expressed in response to MC-LR and OA, in turn, represents the isoform
containing Cu—Zn, which is located outside mitochondria [78], posing
issues regarding the mechanisms involved in the process. Similarly, multiple
peroxiredoxin isoforms have been found to be differentially expressed in
response to MC-LR and OA (Table 3), including mitochondrial (isoforms
3, 5) and cytoplasmic (isoforms 1, 2, 6) enzymes [199], but the model would
account for only some of them and does not specify the organization of
reactions with reference to their subcellular location (Figure 6). Further, the
proposed stimulation of reactions contributing to oxidative stress in cells
exposed to MCs and OA would be in line with the finding that increased
levels of 6-gluconolactonase are found in toxin-treated systems, as reduced
NADP, the electron donor for the reduction of thioredoxin [77-79], is
produced in the reactions preceding and following that catalyzed by 6-
gluconolactonase [79,177]. This condition, however, would require further
characterization because pyruvate kinase is downregulated under the exper-
imental conditions used in the model system [167], posing issues regarding
the actual state of metabolic pathways responsible for glucose oxidation in
cells exposed to MC. Further, the metabolism of carbohydrates is tightly
regulated by a number of coordinated phosphorylation reactions of enzymes
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participating in the metabolic pathways [174—177], whose phosphorylation
states are affected by system exposure to inhibitors of PPases [200].
The phosphorylation state of relevant enzymes, including pyruvate kinase,
however, remains undetermined under the conditions of those studies.

Thus, the identification of portions of toxicity pathways through unbi-
ased proteomics can provide relevant information with regard to more
advanced targeted investigations onto protein components and cell meta-
bolites participating to toxic responses. Indeed, most of the working
hypotheses mentioned above, stemming from open issues raised by top-
down and bottom-up approaches, can be subjected to experimental testing
and exemplify the tremendous potential of proteomics in supporting the
characterization of molecular mechanisms of toxic responses at a system
level. In any case, a mechanistic account of toxic responses demands the
characterization of its modules and intermodular cross-talks. Further, a
precise knowledge of covalent modifications, subcellular distribution, and
protein isoforms participating to individual modules is needed for the
characterization of toxicity pathways.

6.3. Distinguishing artifacts from biomarkers of toxicity

The characterization of toxicity pathways is a key achievement for the
understanding of molecular mechanisms of action of toxicants and the
possibility to make predictions regarding the adverse effects they would
cause to humans, as well as other biological systems and the environment
[3]. Within this perspective, the description of sequences of events describ-
ing some response in a particular experimental system may not suffice. In
turn, robust characterization of molecular processes accounting for modes
of action in living systems is needed. On a general ground, the robustness of
models should be fully matched by corroboration of experimental findings
in multiple biological systems. Taking into consideration the limited
dynamic range of existing proteomic tools and the recognition that a limited
set of proteins are amenable to analysis with existing methodology [9,10],
the argument that only proteins expressed at high levels in the cells are
actually being evaluated by current investigations using differential expres-
sion proteomics is serious and deserves consideration.

The inspection of Table 3 reveals that 5 of the 11 proteins included as
tentative matching for key players in toxicity pathways of indicated toxins
are among the most frequently detected proteins identified by difterential
expression proteomics, as determined by meta-analysis of published data
[201,202]. Peroxiredoxins, SOD (Cu—Zn), hsp 27, ATP synthase, and
B-tubulin are the five components, and we wish to discuss them with
reference to the antinomy “artifacts versus universal sensors” [201].

A general consideration approaching this issue is that the abundance of a
cellular protein may not by itself exclude a relevant functional role for the
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protein in question. In fact, any conclusion regarding the mechanistic
relevance of a component in a process is strictly related to the role played
by the component in that process, as recognized either by already estab-
lished knowledge or by evidence obtained through a methodology that, in
this particular case, should be independent of those used in differential
expression proteomics. With regard to the five components considered
above, we think that the significance of at least three of them in the toxicity
pathways of those toxins can be supported.

The first protein to be considered is hsp 27, which represents the most
frequently found protein in differential expression proteomics using human
material, being detected in about one-third of the studies [201]. What is
indicated by the term hsp 27 actually consists of several different proteins. At
least nine components can be distinguished in the MCF-7 cell system
(Figure 3), which have been considered with reference to the molecular
response induced by OA [54,91]. Further, simple chemical considerations
indicate that the four acidic isoforms of hsp 27 with distinct isoelectric
points most likely include multiple components differing for their pattern,
but not their total number of phosphorylated amino acids (see Section 4).
Indeed, if immunoblotting analysis is carried out using antibodies recogniz-
ing either total hsp 27 (nonphosphorylated and phosphorylated isoforms) or
the hsp 27 isoform phosphorylated in Serg,, after protein separation is
achieved by 2D gels, a minimum of six spots differing according to their
isoelectric point are resolved (Figure 8). The three less acidic isoforms are
detected in control cells, whereas the remaining three are detected in cells
exposed to OA, where their phosphorylation states are stabilized (Figure 8).
The immunoblotting analysis carried out with the antibody recognizing the
hsp 27 isoform phosphorylated in Serg, provides another relevant piece of
information, as it shows that the differential expression of isoforms follows
distinct patterns, according to the toxin that has been used in the incubation
of the model system. Thus, relevant changes of the bona fide mono- and
bis-phosphorylated isoforms (see Figure 3 and Section 4) shown in Figure 8
would not occur in cells exposed to either YIX or AZA-1, whereas
changes in multiphosphorylated forms could be detected after cell exposure
to either OA or PITX, as compared to controls [54,90,91]. Moreover, in
the case of cell treatment with OA and PITX, the pattern of upregulated
phosphorylated isoforms would be toxin-specific (Refs. [54,90,91] and
Figure 8). Interestingly, the effect of PITX on hsp 27 phosphorylation can
be found in cells with different abundance of this protein (Figure 5). In the
case of hsp 27, therefore, the results obtained by differential expression
proteomics in cells exposed to different toxins are confirmed by immuno-
blotting analyses and are better explained by mechanism-related arguments,
rather than by the abundance of hsp 27 in some experimental model, such as
the MCF-7 cell line.



The Use of Proteomics in the Study of Molecular Responses and Toxicity Pathways 93

a-Hsp 27 ‘- '
E Control
-
e o OA
a-Hsp 27 ,Serg, .’. PITX
.- YTX
- AZA-1

Figure 8 Effect of different toxins on the phosphorylation pattern of hsp 27 in MCF-7
cells. Cells were incubated for either 24 h with 50 nM OA, 1 nM YTX, 1 nM AZA-1, or
8 h with 0.03 nM PITX, or were left untreated, as indicated. At the end of the
incubations, cells were used for the preparation of extracts which were subjected to
2D electrophoresis and immunoblotting, using the methods described in Ref. [90].
A 7 cm strip was used for the separation of cell proteins in the first dimension.
Immunoblotting analyses were carried out using antibodies specific for total (both
phosphorylated and nonphosphorylated isoforms) hsp 27, and hsp 27 isoforms phos-
phorylated in Serg,, as indicated. The dashed line is introduced for alignment of
components with reference to isoform marked 3105 in Figure 3 of this review. Portions
of this figure have been reproduced from Ref. [90] with slight modifications.

The emphasis put onto the differences among phosphorylation states of
hsp 27 stems from the recognition that this kind of covalent modification of
proteins is a major mechanism controlling their activities and functional
roles. Moreover, the concept that phosphorylation of a single amino acid
can represent an on/oft switch should be considered an oversimplification,
because complex patterns of protein phosphorylation, including site-spe-
cific and/or hierarchical phosphorylations [203,204] are frequently found in
regulatory mechanisms of biological activities [175,176,205,206]. In a func-
tional perspective, therefore, protein molecules with identical amino acid
sequence and displaying different phosphorylation states should be regarded
as distinct components possessing different activities.

The considerations presented with reference to hsp 27 can be applied to
results obtained with the DJ-1 protein [64,90], and their implication is that
oxidative stress is actually induced in cells exposed to OA and PITX [64,90],
confirming literature data [97,98], and lending support to the notion that
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differential expression of peroxiredoxins and SOD (Cu—Zn) is in line with
those findings and might not need to be explained only by the cellular
abundance of proteins detected by differential expression proteomics.

Overall, the identification of components detected by differential
expression proteomics as either biomarkers of toxicity or relevant compo-
nents of toxicity pathways should be made with caution, with a careful
consideration of their artifactual detection in relevant samples. In our
opinion, collecting additional data on relevant proteins by methodologies
independent of proteomic tools can be an effective way to approach
specificity issues.

6.4. Experimental systems and variables which may affect
mechanistic interpretations

The biological frame of differential expression proteomics includes the
recognition that proteomes are inherently dynamic sets of components,
whose characteristics, at both molecular and system levels, change continu-
ously over time, representing the actual phenotype of the living entity under
the specific conditions of individual studies. A direct consequence of this
basic consideration is the huge combinations of experimental systems and
conditions amenable of investigations by differential expression proteomics,
even confining the approach to molecular toxicology. We have stressed the
advantages inherent into the availability of data regarding a single toxin
group and obtained in many different systems with regard to the robustness
of conclusions drawn on toxicity pathways. The discussion of possible
shortcomings, however, has also highlighted the need for in-depth evalua-
tions of experimental findings, aimed at better characterizing molecular
entities and processes which can help to build hypotheses amenable of
turther experimental testing, in a process of model development and refine-
ment. Thus, considering the available data obtained by differential expres-
sion proteomics and the preliminary conclusions derived from those
findings with regard to the characterization of molecular mechanisms of
toxicity and toxicity pathways, a strong indication for both extensive and
intensive approaches in future studies is emerging.

The complexity of the issues under study, however, should be consid-
ered with regard to choices on approaches and model systems. The clar-
ification of toxicity pathways, with its technical and theoretical difficulties,
should be part of a wider effort, as the whole system actually combines
pathways in networks which would result from the cross-talks between
interconnected modules. A toxicity network would then emerge when
some of its pathways/modules are altered beyond a point susceptible of
recovery within the homeostatic mechanisms of cell functions, in keeping
with the concept of toxicity pathway [3,6]. Although the need to derive
robust models of toxicity pathways is a strong argument favoring the
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exploitation of differential expression proteomics in a number of distinct
models, the complexity of the general issue should indicate the need for the
identification of one or a few model systems for in-depth integrated studies.
The complexity of the issues posed by obtaining quantitative, predictive
models of signaling networks has been at the basis of the choice made by the
Alliance for Cellular Signaling to study pathways intensively in two cell
lines, the mouse B lymphocytes and cardiac myocytes [207]. Likewise, the
need to develop suites of predictive assays based on the use of human cell
lines [3] should be a powerful drive for the identification of few model
systems for the characterization of toxicity pathways and toxicity networks.
The opportunity of finding some consensus regarding the use of a few cell
lines to identify molecular biomarkers of responses to marine biotoxins has
already been mentioned, with particular reference to the use of omics
approaches in the area [58].

Finding a consensus among investigators, to approach the characteriza-
tion of toxicity pathways and toxicity networks, seems unavoidable, aiming
at more effective action for the achievement of the goal as well as saving
time and economical resources needed to tackle such a complex topic.
Although the two cell lines chosen by the Alliance for Cellular Signaling
might be relevant options, in keeping with the concept that toxicity path-
ways/networks are severely perturbed versions of normal processes, other
cell lines of human origin could be considered. In the area of microalgal
toxins, some cell lines appear recurrent in investigations onto the molecular
mechanisms of action of toxins developed by both reductionistic and
systemic approaches. The cell lines used in these studies include SH-
SY5Y (neuronal), MCF-7 and Caco-2 (epithelial), and HepG2 (derived
from a liver cancer), which could be considered among possible reference
model systems.

In our opinion, finding a consensus and making methodological choices
about model systems is urgent and should be also considered with regard to
ecotoxicological issues, including choices on sentinel species. The concept
that procedures for the preparation of cell/tissue extracts essentially deter-
mine the subproteome that will be eventually analyzed should also receive
proper consideration, when approaching methodological choices.

6.5. Bioinformatic tools and databases in differential
expression proteomics

The bioinformatic tools used in proteomics are another relevant point to be
considered while discussing methodological issues. In fact, these tools play a
key role in the development of the investigation as well as the interpretation
of experimental data (Section 2), and, therefore, may have a considerable
impact on the robustness of conclusions. The absolute need for computa-
tional tools designed for application in system biology was early recognized
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(see for instance Ref. 208), and bioinformatics has been a field of intense
development (see for instance Refs. [6,55,197,209,210]). Two major topics
appear critical in the area of differential expression proteomics, including
the interpretation of MS data coupled to the identification of proteins, and
the analysis of functional significance of the identified set(s) of proteins.

MS techniques have been fundamental for the identification of compo-
nents in proteomics, and the increasing number of molecular components
whose analysis is pursued within a single experiment [14,181-183] has
contributed to the development of advanced bioinformatic tools, including
softwares to manage the large sets of data gathered in the course of the
studies, and their matching with existing information in databases. Several
initiatives have been developed to collect and classify existing data for the
identification of proteins, and databases are easily accessible through the web
[211-214]. The harmonization and standardization of procedures have
lagged behind, however, and data analysis is not brought about by a
reference data repository. In turn, multiple systems for archival and annota-
tion purposes have been developed, differing with regard to the methodol-
ogy used for the database, their taxonomic completeness, as well as the
possible redundancy among the terms they contain. Thus, the multiple
opportunities regarding bioinformatic tools are accompanied by some diffi-
culties when analysis of bibliographic data demands the matching of com-
ponents identified by the use of different databases. The need that items in
any database must be unequivocally identified by a specific code, in fact, is
accompanied by the existence of different codes in distinct databases for the
same component. Similarly, inconsistencies may be found when proteins
are identified only by the use of their name [215]. Further, a single entry in a
database may find multiple matchings in a distinct database, introducing
additional uncertainties and determining the need of manual validation of
the identification by the operator. The general difficulties in interpretation
of MS data and protein identification outlined above become of particular
relevance when analysis refers to proteins obtained by species whose
genome has not been sequenced, as genomic data represent the basis of
existing databases and bioinformatic tools [55-57,168,216].

With regard to analysis of functional significance of the sets of proteins
identified by differential expression proteomics, an analysis of annotations
regarding proteins in databases and their matching becomes particularly
important, and it often involves evaluation of possible similarities (molecular
function, biological process, subcellular location) existing among identified
components, that is, their ontological classification. GO is the most com-
monly used system for analysis of semantic similarities (see section 4). GO
classifies gene products on the basis of three primary categories (molecular
function, biological process, and cellular component) each of which
includes subclassifications [214,217]. Within a classification, one gene prod-
uct can play roles in more than one biological process, be part of different
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cellular compartments, and participate in multiple functions. Ontologies
may then display inhomogeneities among single entries, which are related
to the multiplicity of biological issues they are involved in, as well as the
depth of existing information about them. Thus, similarities may be incon-
clusive when approaching the functional significance of experimental data,
and the efficacy in the use of ontological classifications as well as semantic
similarities calls into question the knowledge of the operator.

7. CONCLUSIONS AND PERSPECTIVES

What’s in a name? That which we call a rose
By any other word would smell as sweet

(William Shakespeare; Romeo and Juliet; Act II, Scene II)

Difterential expression proteomics has been a very powerful non-biased
approach to identify cellular components of potential relevance in biological
processes, building bases for molecular analyses of phenotypes and their
dynamics at a system level. The nominalistic drift that has been characteriz-
ing the first 10 years of differential expression proteomics, however, has
been providing lists of components whose actual roles in biological pro-
cesses has been questioned [201,202]. Countermeasures are under develop-
ment, and targeted proteomic approaches are being used to overcome
existing difficulties and obtain robust models. The major lines of interven-
tion appear to involve methodologies for more accurate quantification of
components and their changes upon system exposure to perturbing events,
including toxins [14,55,99]. With specific reference to the area of micro-
algal toxins, major efforts are focused onto the effects these components
might induce on protein—protein interactions and posttransductional cova-
lent modifications of relevant proteins [64,90,91,99,164,165]. These devel-
opments are in line with the recognition that biological processes involve
defined sets of proteins, whose actual functioning depends on the activity
inherent into their specific structures and the interactions involving indi-
vidual components under defined conditions. The identification of proteins
that might be participating in toxicity pathways by differential expression
proteomics, therefore, would represent preliminary information to
approach their chemical characterization, a concept which is being taken
more and more into consideration in proteomic studies beyond the area of
toxicants [14].

Obtaining the characterization of changing structures for individual
protein components, the definition of dynamic patterns of interactions, as
well as an accurate quantification of relevant proteins at a system level will
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require considerable efforts. A critical evaluation of findings presented in
this review shows that most robust data have been frequently contributed by
investigations involving reductionistic approaches. Indeed, our preliminary,
tentative representation of models, as well as the discussion on major issues
which should be approached to obtain a better understanding of toxicity
pathways, has been based on information obtained by complementary
experimental strategies. We expect that the integration of systemic and
reductionistic approaches will be essential to obtain quantitative, robust
models of toxicity pathways and toxicity networks. Within this frame,
computational tools will be needed as much as the intervention of scientists.
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Abstract

Chemical warfare nerve agents continue to be a threat to both military person-
nel and civilian populations. Organophosphorus nerve agents irreversibly
inhibit the enzyme acetylcholinesterase, resulting in accumulation of high
levels of the neurotransmitter acetylcholine (ACh) at muscarinic and nicotinic
receptors. This accumulation of ACh induces clinical symptoms including myo-
sis, difficulty in breathing, convulsions, seizures, and can result in death.
Current medical countermeasures for treating nerve agent intoxication increase
survival if administered rapidly after exposure but may not fully prevent brain
injury. The downstream neurological damage induced by nerve agent exposure
is not well characterized. Researchers are now utilizing molecular approaches
to understand the molecular pathways involved in nerve agent-induced brain
injury, with the goal of developing treatment strategies that are effective when
administered after the onset of seizures and secondary responses that lead to
nerve agent-induced brain injury.

1. INTRODUCTION

Chemical weapons have been used for centuries to incapacitate or kill
the enemy in times of war. Arrows dipped in scorpion and serpent venoms
were used in the late Stone Age and are among the earliest documented
chemical weapons [1]. Since then, chemical weapons have evolved and
have been successfully used on the battlefield and in terrorist attacks [1-5]. The
most toxic chemical warfare agents known to date are organophosphorus (OP)
nerve agents, which were first developed in the 1930s by German scientists
who were originally tasked with synthesizing more potent pesticides using
organic phosphoric acid esters [3,6] (Figure 1).

Chemist Dr. Gerhard Schrader synthesized the first German nerve agent
(or G-agent) in 1936. It was the cyanide-containing compound ethyl
dimethylamidocyanophosphate, which was later named tabun (GA) [3].
After the realization that tabun was extremely toxic to humans and therefore
unsuitable for use as a plant protectant, the German army immediately
began producing it as an agent of chemical warfare. Further studies of this
toxic compound led Schrader and his colleagues to synthesize the fluorine-
containing nerve agent sarin (GB; isopropyl methanefluorophosphonate) in
1938, which was determined to be more than 10 times as toxic as tabun.
The most toxic G-agent, soman (GD; o-pinacolyl methylphosphonofluor-
idate), was then synthesized by Dr. Richard Kuhn in 1944. Cyclosarin (GF;
cyclohexyl methylphosphonofluoridate) was later synthesized by Schrader
and colleagues in 1949 [3]. Although the German army produced large
quantities of these nerve agents, there is no evidence indicating that they
used them as chemical weapons.
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Figure 1 Structures of G-series and V-series organophosphorus nerve agents.

Following the discovery of the G-series agents, Drs. Ranajit Ghosh and
J. F. Newman first discovered the V-agents in 1952 at the Plant Protection
Laboratories of Britain’s Imperial Chemical Industries while studying a class
of organophosphate compounds. As with tabun, scientists soon realized that
these agents were too toxic to be used as plant protectants. These agents
were further evaluated at the British Armed Forces research facility at
Porton Down in the United Kingdom, where the most studied compound
in this family of nerve agents, VX (o-ethyl-s-[2(diisopropylamino)ethyl]
methylphosponothioate), was synthesized in 1954. Unlike the G-series
agents, all of the V-agents are persistent, meaning that they can remain on
skin and other surfaces for long periods of time. The V-series agents are ~ 10
times more toxic than the G-agent sarin and are the most highly toxic
chemical warfare nerve agents synthesized to date [3,7].

Despite the development and military proliferation of chemical weapons
in the first half of the twentieth century, the worldview on these weapons
has changed in recent history. In 1991, UN Resolution 687 established the
term “weapon of mass destruction” and called for the immediate destruc-
tion of chemical weapons in Iraq and the eventual destruction of all
chemical weapons globally. Further, the Chemical Weapons Convention
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of 1993 banned the production, stockpiling, and use of chemical warfare
agents. Despite these extensive efforts to prevent their use, OP nerve agents
still remain a threat to soldiers in time of war as well as to the civilian
population in the event of a terrorist attack, such as the terrorist sarin attack
on the Tokyo subway in 1995 by members of the Japanese cult Aum
Shinrikyo. The attack resulted in 12 deaths and injuries to more than
5500 civilians [2,4]. OP nerve agents are likely to be a weapon of choice
for many other terrorist organizations as well because they are relatively
accessible or simple to produce, easy to transport, and can be delivered in
mass quantities [5,6].

2. NERVE AGENT ToxiCITY

2.1. Route of exposure

The various OP nerve agents differ in their water solubility and volatility,
which influences an agent’s route of exposure and potential as a chemical
warfare agent. Most nerve agents exist as liquids and are readily absorbed
through the skin and eyes; however, the G-agents (especially sarin) are
highly volatile. Therefore, inhalation exposure also poses a threat. Unlike
the G-agents, the V-agents have an oil-like consistency; therefore, the route
of exposure for V-agents is considered to be primarily dermal. However, it
should be noted that VX, which is the least volatile nerve agent, can
vaporize in high temperatures or explosive conditions. In military use,
V-agents would most likely be aerosolized into tiny droplets or vaporized
for dispersion, thereby easily entering the body through the skin and
mucous membranes or through inhalation [7,8]. Although ingestion of
nerve agents is expected to be relatively rare compared to inhalation
exposure or skin contact, they are readily absorbed from the GI tract and
are highly toxic.

2.2. Acute toxicity of OP nerve agents

Neurotransmitters, such as acetylcholine (ACh), are endogenous chemicals
that transmit signals from a neuron to a target cell across the chemical
synapse, which allows the nervous system to connect to and control other
systems of the body. The binding of ACh to its receptor sites on the
postsynaptic membrane stimulates actions in the body such as breathing,
digestion, and muscular contraction. The enzyme acetylcholinesterase
(AChE) then inactivates ACh to terminate this synaptic transmission and
allow the muscle, gland, or organ to relax.

It is well established that the acute toxicity of OP nerve agents results
from the irreversible inhibition of AChE through the formation of a
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Figure 2 Interaction of sarin with acetylcholinesterase (AChE). (A) Structures of sarin
and AChE. (B) Entry of sarin into the active site gorge of AChE. (C) Orientation of
sarin in the active site of AChE relative to the catalytic triad. The catalytic center of
AChE is a triad comprising serine-200, histidine-440, and glutamate-327. (D) Sarin
binding to the catalytic serine, which prevents binding of ACh. (E) Following attach-
ment to AChE, the fluoride ion of sarin (the leaving group) is cleaved from the bound
molecule. (F) The active site serine is covalently adducted. The sarin bound to AChE
can then undergo dealkylation in a process referred to as “aging,” which results in
irreversible enzyme inhibition. Illustration by Alexandre Katos.

covalent bond between the nerve agent and the site on the enzyme where
ACh normally undergoes hydrolysis (Figure 2). The catalytic center of
ACHhE is a triad comprising serine-200, histidine-440, and glutamate-327.
Nerve agents bind to the catalytic serine, thereby preventing ACh binding
and inhibiting cholinesterase (ChE) activity. The inhibited enzyme can be
reactivated by a strong nucleophile, such as an oxime, which removes the
neurotoxicant from the AChE molecule. However, the efficacy of AChE
reactivation is dependent on the nerve agent with which the ChE was
inhibited and the therapeutic oxime used. Following attachment to
ACHhE, a portion of the nerve agent, called the leaving group, is cleaved
from the bound molecule. OPs bound to AChE can then undergo deal-
kylation in a process referred to as “aging.” This aged complex results in
irreversible enzyme inhibition. Oximes have no effect and cannot reactivate
the aged OP—enzyme conjugate [9]. The aging half-time for OP nerve
agents is variable; it can be as short as 2 min for soman or as long as 48 h for
VX [10]. This AChE inhibition causes a toxic accumulation of ACh at
cholinergic synapses and results in the overstimulation of muscarinic and
nicotinic ACh receptors (nAChRs) in the central and peripheral nervous
system, including the neuromuscular junction [6,11,12].
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Acute exposure to an OP nerve agent initially results in symptoms such
as myosis, tightening of the chest, difficulty breathing, and a general loss of
bodily functions. As symptoms progress, the victim suffers from convulsive
spasms and seizures, which can lead to death if left untreated [6,11-15]. In
animals surviving an experimental convulsive dose of nerve agent, spiking
activity appears in the electroencephalogram (EEG) in less than 10 min, and
it rapidly progresses into status epilepticus that lasts for hours [16,17].
Although the intensity of seizures decreases over time, the EEG is still
abnormal days after the intoxication [18].

3. CURRENT MEDICAL COUNTERMEASURES
TO NERVE AGENT ToXICITY

OP nerve agents can be fatal at low concentrations, but even a
nonlethal dose can cause permanent neurological damage if the person
does not receive proper medical attention immediately. Based on the
previous scientific findings discussed in the section above, current medical
countermeasures to nerve agent intoxication include an anticholinergic
(e.g., atropine) that blocks excess ACh at muscarinic receptors to alleviate
parasympathetic overstimulation, an oxime (e.g., 2-pyridine aldoxime
methylchloride [2-PAM] or 1-2-hydroxylminomethyl-1-pyridino-3-(4-
carbamoyl-1-pyridino-2-oxapropane dichloride) [HI-6]) to reactivate
inhibited AChE molecules, and an anticonvulsant such as diazepam
[11-13,19]. These therapeutics increase survival if administered within a
short period of time following exposure, but they may not fully prevent
neurological damage or functional impairment [2,6,11,15,20-22]. This is of
great concern because although these countermeasures are readily available
to soldiers in a combat setting, they are not accessible to the general public
in case of a terrorist attack. Rapidly terminating nerve agent-induced
seizures is critical because their duration and intensity have been directly
linked to brain damage following exposure [19,23—25]. Studies have shown
signs of neuropathology present within 20 min of seizure onset and have
demonstrated the increased difficulty in terminating seizures that have lasted
beyond 40 min [15,23]. These findings are important considering that the
anticipated response time to treat civilian casualties exposed to nerve agent is
estimated to be at least 30 min [15], and many will have already initiated
seizures by the time medical personnel arrive.

Survivors of nerve agent poisoning can experience long-term neurologi-
cal and behavioral outcomes months or years following exposure [2]. Previ-
ous findings by Scremin et al. [26] revealed that sarin-exposed rats showed
behavioral abnormalities up to 16 weeks post-exposure. To date, most of our
understanding on this issue in humans comes from studies performed on
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survivors of the Tokyo subway attack. More recently, Loh and colleagues [5]
reported on the long-term cognitive sequelae of a soldier exposed to sarin by
means of an improvised explosive device (IED) while he was deployed to Iraq
in 2004. Testing performed 10 months following exposure revealed that the
victim suffered from reduced information processing speed, poor focused
attention, and difficulty in motor coordination. Despite these studies, the
long-term neurologic sequelae of nerve agent exposure are still unclear.
Therefore, the molecular effects and biological pathways involved in nerve
agent-induced neurodegeneration need to be examined to determine drug
treatments that would be effective when administered after the onset of
seizures and secondary responses that lead to brain injury.

4. GLOBAL MOLECULAR SCREENING APPROACHES
ENABLE THE IDENTIFICATION OF MOLECULAR
MECHANISMS OF TOXICANT EXPOSURE

To date, most scientific investigations of nerve agent toxicity have
involved classical toxicology where physical symptoms of exposure, tissue
histopathology, and AChE activity are used to indicate adverse effects of
exposure. While these measurements are useful indicators of acute OP
exposure, they are not as effective in studying the molecular mechanisms of
toxicity or providing insight into the long-term eftects of OP exposure. To
help determine the molecular mechanisms of nerve agent toxicity, scientists
have recently begun using “omics” technologies to assess the toxicological
effects and physiological mechanisms of OP nerve agents, expanding beyond
ACHhE inhibition. In the life sciences, the suffix omics refers to the study of
large sets of biological molecules [27]. This field of molecular biology includes
genomics (focused on the genome sequence or genomic expression, also
referred to as “transcriptomics” or “‘gene expression profiling”), proteomics
(focused on large sets of proteins, the proteome), and metabolomics (focused
on large sets of small molecules, the metabolome). These multiplex technol-
ogies offer a global screening approach for OP nerve agent toxicity, and
subsequent bioinformatic analyses enable the identification of biological path-
ways and molecular functions significantly affected by nerve agent exposure.

4.1. Genomics

Before genomics, molecular biology techniques (e.g., Northern blot or
real-time polymerase chain reaction [PCR]) were used to detect and quan-
tify the expression level of individual genes, making it difficult to see the
“big picture” of gene function in a cell. Technological developments, such
as the introduction of chip-based assays (e.g., DNA microarrays), have had a
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major impact on the resolution and throughput of omic-based studies. Since
their development in the 1990s, DNA microarrays have had an important
influence on the fields of molecular biology and toxicology. These arrays are
commonly used to simultaneously measure the mRNA (mRNA) levels of
thousands of genes in a cell and are capable of detecting even subtle changes
in gene expression. DNA arrays monitor the expression of a gene by
measuring its level of hybridization to a target sequence localized to a
specific region on an array. In brief, RINA is extracted from a biological
sample of interest and used as a template to synthesize labeled nucleic acid
probe. Labeled probe is then hybridized to the array that contains thousands
of gene targets and binds to complementary target sequences on the array.
Quantitative imaging coupled with clone database information allows mea-
surement of the amount of labeled probe that hybridized to each target
sequence, resulting in the identification and relative quantification of the
genes expressed in the biological sample [28,29]. Given that this technique
provides a quantitative overview of the mRINA transcripts present in a
biological sample by detecting the genes that are up- or down-regulated
at any given time and in any physiological situation, it can be used to
determine which genes are differentially expressed as a result of nerve
agent exposure and aid in identifying mechanisms of toxicity. Using a global
approach to analyze thousands of genes in a single experiment, it is easier to
assay the overall molecular response of a cell, tissue, or organ and then
identify specific genes and/or groups of genes altered following a chemical
exposure. Moreover, these global molecular techniques are capable of
identifying differentially expressed molecules between samples without
any prior knowledge of their functions. Thus, scientists can detect poten-
tially interesting genes and molecular mechanisms that were not previously
suspected to be important for biological processes and can generate new
biological hypotheses [30].

4.2. Proteomics

Although gene expression profiling provides many advantages for studying
the molecular mechanisms of nerve agent toxicity, such as being able to use
one biological sample to measure the expression of thousands of genes
simultaneously, DNA microarrays can only monitor cellular responses at
the mRINA level and provide little information regarding the functional
state of the proteins they encode. Even though all proteins are based on
mRNA precursors, post-translational modifications and environmental inter-
actions make it impossible to predict abundance of specific proteins based on
gene expression analysis alone. Previous studies have shown that mRINA is
not always translated into protein, and the amount of protein produced
depends on the physiological state of the cell. Further, a single gene can
give rise to a number of functionally different proteins through various
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molecular processes such as alternative splicing of pre-mR NAs, attachment of
carbohydrate residues to form glycoproteins, or addition of phosphate groups
to serine, threonine, or tyrosine amino acids in the protein. Thus, genomic
data need to be complemented with protein expression data to truly deter-
mine the molecular mechanisms of toxicity of nerve agents.

Many proteomic technologies are currently available to quantify protein
abundance and some aspects of the activation state. Proteomic studies usually
involve the physical separation of proteins by techniques such as sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), two-
dimensional SDS-PAGE (2D-PAGE), or column chromatography (e.g.,
ion-exchange chromatography, gel filtration chromatography, affinity
chromatography, or high-pressure liquid chromatography [HPLC]). Once
separated, proteins of interest can then be detected. The traditional methods of
detection used in protein chemistry, such as Western blot analysis, have the
capacity to detect only one protein at a time. Although this approach remains
valuable for a detailed understanding of a protein of interest, it does not
provide information on the interactions between numerous proteins in a
system, unless a large number of consecutive experiments are performed.
Combining a protein separation method with mass spectrometry (MS) has
the potential to overcome the limitations encountered in traditional protein
analysis techniques. The rapid evolution in MS has led to significant improve-
ments in protein identification. Combining liquid chromatography (LC) with
MS-based analyses of complex mixtures overcomes many of the drawbacks to
gel-based methods, such as limited dynamic range and sensitivity, as well as
low throughput with respect to protein identification [31]. Further, the
addition of stable isotopes to the proteome allows simultaneous protein
identification. A shotgun proteomic technique, such as iTRAQ (isobaric
tags for relative and absolute quantitation), involves isotopic labeling of pep-
tides for the simultaneous identification and quantification of proteins in two
or more samples in a single experiment [32]. With this method, isobaric tags of
varying mass are used to label the primary amines of peptides from different
biological samples. The labeled peptides from each sample are then mixed,
separated by two-dimensional LC, and analyzed using tandem mass spectrom-
etry (MS/MS) to identify global changes in the proteome. This approach has
been successfully used to study global protein expression in neuronal systems
[33]. Phosphorylation enrichment schemes, such as immobilized metal affinity
chromatography (IMAC) [34], can also be used prior to MS analysis to enrich
for signaling phosphoproteins, which are usually of low abundance and/or are
phosphorylated at low stoichiometry. Identifying changes in the global phos-
phorylation status of the proteome upon nerve agent exposure using iTRAQ
and IMAC techniques can be used to characterize proteome-wide signaling
pathways by probing many signaling phosphoproteins simultaneously. This
approach would permit the identification of molecular pathways perturbed by
nerve agent exposure and elucidate mechanisms of toxicity.
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The newest approach to analyzing the proteome involves the use of
protein microarrays, which are based on the same concept as DNA micro-
arrays discussed above. The most common protein microarrays are antibody
arrays used to profile a complex mixture of proteins and measure protein
expression levels in the mixture [35]. Although simple in principle, protein
microarrays are more difficult to work with than DNA microarrays because
proteins vary in their chemistry (e.g., hydrophobic vs. hydrophilic), and
they bind to each other by several types of noncovalent interactions. Frag-
ments of DNA, however, vary only in their nucleotide sequence and bind
to their partners by simple Watson—Crick base pairing. Despite these
challenges, this field of proteomic analysis is expected to make rapid prog-
ress and to move toward standardized protocols as with transcriptomics.

4.3. Metabolomics

The newest field of global molecular profiling is metabolomics. Metabolic
phenotypes are the by-products that result from the interaction between
genetic, environmental, and other factors [27]. In contrast to the genome
and proteome, the metabolome consists of small molecules that are also
known as metabolites. As their name suggests, metabolites are involved in
the energy transmission, or metabolism, in cells. Metabolic profiling is
performed on easily collected biological samples such as urine, saliva, or
plasma. The metabolome consists of a wide range of chemical structures,
and like the genome and proteome, it is highly variable and time-dependent
following toxicant exposure. The techniques currently used in metabolo-
mics give researchers the ability to make an unbiased assessment of bio-
chemical status at the cellular, tissue, or organism level. MS and nuclear
magnetic resonance (NMR) are the primary technologies used for metabo-
lomic studies [36]. Both technologies have made recent advances in sensi-
tivity and data manipulation and storage. MS is the most common
technique due to its high accuracy and sensitivity. The main advantage of
NMR is that it does not require any upfront chromatographic separation, and
it does not destroy the samples during analysis. NMR has the ability to
measure molecular compartmentalization and dynamic biochemical changes
in real time. An important challenge of metabolomics is to acquire qualitative
and quantitative information concerning the metabolites that occur under
normal circumstances and detect perturbations in the complement of meta-
bolites as a result of changes in environmental factors [27].

4.4. Bioinformatic tools

Although these global molecular techniques are powerful tools to explore
the expression levels of thousands of genes, proteins, or metabolites after
toxicant exposure, a major challenge lies in the interpretation of the massive
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amounts of data collected in each scientific study. The rapid advancement of
microarray technology increased the need for integration of higher-order
statistical analyses and data management (e.g., [37]), and these same analysis
tools are being applied in the field of proteomics and metabolomics.

In the past few years, there has been rapid advanced development of
software programs for comprehensive pathway analysis and literature mining.
These bioinformatic tools have enabled the interpretation of large, complex
datasets and have allowed scientists to better identify biological pathways and
molecular mechanisms involved in toxicant exposure, such as those seen
during nerve agent poisoning. However, with the continuing advancement
of molecular techniques, it is likely that the methods used for collecting data
will again surpass our capacity to adequately analyze the results. Therefore,
scientists must continually develop more advanced bioinformatic tools and
methods to interpret these large datasets.

5. GLOBAL MOLECULAR TECHNIQUES SUPPORT THE
THREE-PHASE MODEL OF NERVE AGENT TOXICITY

The neuropathology resulting from OP nerve agent exposure is typi-
cally thought to result from sustained seizure activity. Seizure-related brain
damage occurs in numerous sensitive areas in the brain such as the amygdala,
hippocampus, piriform cortex, septum, and thalamus [6,15,23,25,38—40].
In a three-phase model proposed by McDonough and Shih [11], seizure
initiation is a cholinergic phenomenon that lasts from the time of exposure
to ~5 min after seizure onset. It has been reported that a convulsant dose of
soman immediately inhibits brain ChE with maximum inhibition within
10 min and a large increase in ACh concentration at the time of seizure
initiation [41,42]. If seizures are not stopped immediately, a transition phase
occurs 5—40 min post-exposure in which other neurotransmitter systems are
perturbed. During this phase, the level of excitatory amino acids (EAAs),
such as glutamate, increases and potentiates seizure activity [11,43]. Shortly
after the onset of soman-induced seizures, choline (Ch) levels increase [41],
likely due to increased hydrolysis of phospholipids [44]. This leads to the last
phase of the model, which is predominantly a non-cholinergic phenome-
non, starting ~40 min after seizure onset. It is postulated that the seizure
activity is maintained from this point on by excessive glutamate stimulation,
and that the glutamatergic hyperactivity causes an opening of N-methyl-pD-
aspartate (NMDA) calcium channels, leading to subsequent increases in
intracellular calcium [11,13,45], which in turn initiates signaling cascades
that cause neuronal death. It is proposed that this excess influx of calcium is
the ultimate cause of neuropathology following nerve agent exposure as it
can hyperactivate enzymes such as lipases, proteases, endonucleases, kinases,
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or phosphatases that can cause damage to cell membranes and the cytoskel-
eton, as well as to organelle structure and function [18,45].

A large amount of data obtained from scientific studies utilizing
global molecular techniques support the temporal model proposed by
McDonough and Shih [11] that links nerve agent-induced seizures to
resulting neuropathology. Studies using microarray analysis have shown
that many genes and signaling pathways are altered within the first 15 min
after acute sarin exposure [39,40,46]. Among these significantly altered
genes are those involved in cholinergic signaling, catecholaminergic signal-
ing (which modulates seizure susceptibility in animal models of epilepsy
[47]), Y-aminobutyric acid (GABA)ergic signaling, glutamate and aspartate
signaling, calcium channels and binding proteins, neurotransmission and
neurotransmitter transporters, neuropeptides, and ligand-gated ion channels
that open and close in response to the binding of a neurotransmitter (e.g.,
nAChR, GABA receptor, and NMDA receptor [46]). At 2-h post-expo-
sure, Damodaran and colleagues [48] continued to observe sarin-induced
alterations in the mRINA expression of neurotransmitter transporters (such
as synaptojanin I, syntaxin 6, and SVO), signaling receptors (such as the
GABA-A receptor rho-2 subunit and AMPA?2), and ligand-gated ion
channels. The transcriptional response at these early time points following
acute sarin exposure clearly relates to the three phases of nerve agent toxicity
and supports the model proposed by McDonough and Shih [11].

Spradling and colleagues also used oligonucleotide microarrays to study
the changes in gene expression profiles after a 1X LDs5, sarin exposure in a
rat model over a 24-h time period [39,40]. Consistent with the findings of
Damodaran et al. [46,48], the findings of Spradling ef al. at 15 min after
seizure onset support the transition phase of the model. For example,
D-glutamine and D-glutamate metabolism and glutamate receptor signaling
were two of the canonical pathways significantly altered immediately after
seizure onset. Previous studies have shown an increase in choline, a precur-
sor for ACh, 15-30 min after nerve agent exposure [41] due to increased
hydrolysis of phospholipids [44], which supports the presence of phospho-
lipid degradation among the significant pathways at this early time point in
the work by Spradling et al. The most significantly altered pathway at
15 min was inositol metabolism. Inositol works closely with Ch as a primary
component of cell membranes. It is necessary for normal nerve and brain
function as it is required for proper action of several neurotransmitters, such
as ACh and serotonin. Studies have shown that membrane phosphoinosi-
tide (PI) is hydrolyzed following the activation of neurotransmitter recep-
tors, such as NMDA, to yield inositol 1,4,5-triphosphate (IP3), a second
messenger that transmits signals from the receptor into the cell by releasing
calcium from non-mitochondrial intracellular stores [11,13,45].

In addition to these earlier time points, Damodaran and colleagues [46]
also examined the transcriptional response at 3 months following sarin
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exposure. The authors noted persistent alteration of calcium/calmodulin-
dependent kinase II (CamKII) from 2 h to 3 months (along with other
calcium transporter molecules), which indicates that calcium-induced
changes persist for a long time and likely play an important role in sarin-
induced pathology [46]. Day and Greenfield [49] suggested that CamKII,
which is integrally involved with glutamate receptors in the processes of
learning and memory, is activated by calcium influx through NMDA
receptors, resulting in mitochondrial dysfunction and free radical formation,
followed by caspase activation and apoptotic cell death of sensitive brain
regions [46]. Uncovering the roles of calcium during nerve agent poisoning
is complicated due to the role calcium plays in both neuronal survival and
programmed cell death [50].

6. GLOBAL MOLECULAR TECHNIQUES PROVIDE
EVIDENCE FOR NON-ACHE MECHANISMS OF OP
NERVE AGENT TOXICITY AND REVEAL SECONDARY
EFFECTS OF EXPOSURE

Since the development of the three-phase model by McDonough and
Shih [11], studies using global molecular techniques have also indicated the
presence of non-cholinergic and non-glutamatergic systems during the late
phase response to nerve agents, providing critical insight into the secondary
effects leading to nerve agent-induced neuropathology. Blanton et al. [51]
conducted one of the first high-density gene expression profiling analyses to
identify genes altered by nerve agent exposure. In this study, the authors
employed microarray analysis to analyze gene responses following a 2-week
low-level (0.1, 0.2, and 0.4 LDs() exposure to VX. Their results revealed
altered expression profiles of non-AChE targets in the mouse hippocampus
and cortex following exposure, which returned to normal levels by 2 weeks
after the final exposure. In this early genomic study of nerve agent exposure,
Blanton and colleagues used self-organizing maps (SOMs) to identify clus-
ters of genes that were similarly affected by VX poisoning. They identified
neuronal genes encoding receptors, vesicle-related proteins, and molecular
motors as well as genes associated with neurogenesis/maintenance as being
upregulated in the hippocampus following exposure. They also identified
similar functional categories of genes being altered in the cortex. Although
the authors identified numerous genes with altered expression patterns
following VX exposure, they were unable to identify a complete alternate
pathway from the dataset.
Since the study by Blanton et al. [51], scientists have continued using
global molecular techniques to understand in greater detail the molecular
responses of sensitive brain regions to nerve agent exposure. The correlation
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between neuronal activity and the expression of specific genes has led to an
increase of scientific data related to the long-lasting functional changes that
underlie nerve agent toxicity [48]. Gene expression profiling has been
successfully used to investigate the mechanisms of toxicity and resulting
effects of sarin [39,40,46,48,52] and soman [53]. In 2006, Damodaran and
colleagues published two papers detailing sarin-induced gene expression
changes in male Sprague—Dawley rat brains following a 0.5x LDs, expo-
sure at 15 min [46] and 2 h [48] and a 1 X LD5, exposure at a later time point
of 3 months. In their studies, the animals were challenged with the appro-
priate dose of sarin (im, diluted in saline), and the animals were anesthetized
with 100 pg/kg ketamine/xylazine prior to brain dissection. In the study by
Dillman et al. [53], male Sprague—Dawley rats were pretreated with
125 mg/kg of the oxime HI-6 (ip) 30 min prior to exposure of 180 pg/
kg soman (sc, diluted with 0.9% sodium chloride). One minute after soman
challenge, the animals were treated with atropine methyl nitrate (2 mg/kg,
im). The hippocampi were immediately collected after deep anesthesia
using sodium pentobarbital (65 mg/kg, ip) at 1, 3, 6, 12, 24, 48, 72, 96,
and 168 h after the onset of convulsions. The microarray studies by Sprad-
ling and colleagues in 2010 [39,40] also involved the use of male Sprague—
Dawley rats. The animals were challenged with 1x LDs sarin (sc, diluted in
saline). One minute after seizure onset, the animals were treated with
atropine sulfate (2 mg/kg) and the oxime 2-PAM (25 mg/kg), both admi-
nistered in a single injection (im). Thirty minutes later, the animals were
given the anticonvulsant diazepam (10 mg/kg, sc). The amygdala, hippo-
campus, piriform cortex, septum, and thalamus were immediately collected
at 15 min, 1, 3, 6, and 24 h after seizure onset following decapitation. These
studies helped uncover the secondary molecular eftects of intracellular
calcium overload that are expected to produce important cerebral biochemical
and metabolic disruption [18].

6.1. Oxidative stress

Previous data have shown that the hyperactivation of enzymes resulting
from intracellular calcium overload during nerve agent poisoning promotes
oxidative stress [54]. Results have implicated exposure to OP nerve agents
in the generation of free radicals (e.g., hydrogen peroxide [H>O5], super-
oxide [O5 7], nitric oxide [NOJ, and peroxynitrite [ONOQO™]) and the
alteration of the antioxidative scavenging system. The accumulation of
reactive oxygen species during an oxidative stress response induces various
defense mechanisms or programmed cell death. Damodaran and colleagues
[46] noted an induction of nitric oxide synthase (NOS)-2 mRNA expres-
sion following sarin exposure, which supported their previous finding of
nitrotyrosine production in sarin-exposed rats [55]. Further, Damodaran
et al. [46] saw a reduction in mRINA expression level for glutathione
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S-transferase A2 (GSTA2), which serves as an important protective mecha-
nism for minimizing oxidative damage in the cell. The authors speculate
that this reduction in GSTA2 may potentiate damage to dopamine and
GABA populations due to an alteration in the mRNA expression of
dopamine receptor type 4 and GABA receptor, respectively.

The occurrence of oxidative stress during nerve agent poisoning can be
linked to numerous downstream molecular effects. The macromolecular
targets of oxidative damage include lipids, proteins, and both nuclear and
mitochondrial DNA. Oxidative stress affects numerous genes, including
those involved in modulating the production of free radicals, repairing
target macromolecules, and specifying the orderly replacement of effector
cells [46]. One of the consequences of oxidative stress is lipid peroxidation,
which has previously been shown in the CNS of sarin-exposed rats [56] and
was further supported by the observed alteration in lipophilin gene expres-
sion [46]. One mechanism in which the cells suppress oxidative-induced
toxicity is through the activation of heat shock proteins (HSPs) [57,58]. The
production of HSPs has been observed following nerve agent exposure
[39,40,48,59]. These proteins are thought to provide cellular protection
during nerve agent poisoning through their roles in protein trafficking,
protein folding, and regulation of cell death pathways.

6.2. Mitochondrial dysfunction

Mitochondria are responsible for producing energy through the coupling of
oxidative phosphorylation to respiration in order to provide ATP for most
cellular processes that require energy. There is a large amount of evidence
suggesting that mitochondrial dysfunction in the CNS is linked to epileptic
seizures [60]; therefore, it may play a role in seizure-related brain damage
following nerve agent exposure.

Previous studies have shown that neuronal mitochondria are important
for intracellular calcium sequestration, so a major form of damage likely
results from mitochondrial swelling as the mitochondria take up and scav-
enge the excess calcium produced during nerve agent poisoning. Therefore,
mitochondria may be subjected to stress and even collapse if calcium levels
exceed a physiological threshold [50].

Another important trigger for mitochondrial stress is the production of
reactive oxygen species, which have been suggested to activate mitochon-
drial permeability transition pores and release mitochondrial cytochrome c.
These oxygen radicals are generated when the mitochondrial respiratory
chain is inhibited [61,62]. When excess amounts of these reactive oxygen
species are produced, they can overload the endogenous protective enzymes
(e.g., glutathione peroxidase, superoxide dismutase, and catalase) and result
in the oxidative damage of proteins, phospholipids, and DNA [60]. Alter-
natively, oxygen radicals themselves can inhibit the mitochondrial
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respiratory chain [63] to create a very toxic and vicious cycle. This cyclic
mechanism is thought to cause the progressive respiratory chain impairment
in the CA1 and CA3 hippocampal subfields of pilocarpine-treated chronic
epileptic rats [60,64].

In addition to the alteration of neuronal calcium homeostasis, mitochon-
drial dysfunction likely results in decreased intracellular ATP levels, which
could increase neuronal excitability. This is supported by previous genomic
studies indicating the significant alteration of cyclic nucleotide signaling and
purinergic signaling within 15 min of sarin exposure [39,40,46]. Damo-
daran and colleagues [48] also noted the significant alteration of four
ATPases and four ATP-based transporters at 2 h after sarin exposure. The
data obtained in these studies support earlier findings showing a large
increase in blood glucose concentration in the first hours of soman-induced
seizures [65] and increased glucose utilization in nerve agent-damaged brain
areas [66].

Status epilepticus-induced neuronal injury by the anticholinesterase
diisopropylfluorophosphate (DFP) or the carbamate carbofuran has been
linked to excitotoxicity, energy impairment, and oxidative stress [67]. The
authors found an inverse relationship between an NO increase and a
decrease in high-energy phosphates in the CNS of rats exposed to these
ACHhE inhibitors. They attributed this finding to NO-induced impairment
of mitochondrial respiration leading to depletion of energy metabolites.
This was supported later by the findings of Damodaran et al. [46], who
noted alterations in the transcription levels of brain Acyl-CoA synthetase
and leptin along with a decrease in the mRINA levels of key mitochondria-
associated proteins such as B-cell lymphoma (BCL)-2-associated X protein
(i.e., BAX) and BCL-2-related ovarian killer protein (BOK). The authors
suggest that OP chemicals may alter cytochrome P-450 and generate
oxidants in their metabolic process that would subsequently oxidize a
wide range of endogenous chemicals.

6.3. Apoptosis

In addition to supplying ATP for cellular functions, mitochondria also
regulate apoptosis by controlling the release of mitochondrial proteins such
as cytochrome ¢ and other apoptotic factors. Members of the BCL-2 family
are involved in the regulation of apoptosis. Some of the BCL-2 family
members (including BCL-2, BCL-extra large [BCL-XL], and BCL-2-like
protein 2 [BCL-W]) are considered to be anti-apoptotic, whereas other
members (including BCL-2-associated death promoter [BAD], BAX, and
BCL-2 homologous antagonist/killer [BAK]) induce apoptosis.

Although the neurotoxic mechanism of nerve agent poisoning has yet to
be clearly defined, much of the scientific data suggest that it involves
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apoptotic neuronal cell death similar to that proposed following exposure to
a micromolar concentration of L-glutamate [46]. Scientific support for an
apoptotic mechanism of AChE-induced cell death was provided by Day
and Greentfield [49]. They used a peptide derived from the C-terminus of
AChE, which was homologous to B-amyloid, along with inhibitors of
various cellular processes to trace the cell death pathway in organotypic
hippocampal cultures and found that pathophysiological activity was pro-
duced via an apoptotic pathway. Their results indicated that the AChE
peptide activated a7 nicotinic ACh receptor (#7 nAChR) and resulted in
the activation of NMDA receptors, calcium release, mitochondrial dysfunc-
tion, and production of free radicals, leading to apoptotic cell death. They
demonstrated that the activation of the caspase family is likely the key step in
the apoptotic execution process, as they were able to block apoptotic cell
death with caspase inhibitors. Day and Greenfield [49] state that similar
conclusions have been drawn for B-amyloid toxicity and suggest that the
induction of apoptotic cell death may be a common feature shared by
neurotoxic B-sheet peptides.

Further, multiple genomic studies [39,40,46,48,52] have shown signifi-
cant dysregulation of mitochondrial-associated genes, including several Bel-
2-related genes. For example, the study by Damodaran ef al. [48] revealed
overexpression of both anti-apoptotic (Bd-X) and proapoptotic (Bc211I and
caspase 6) genes at 2 h following sarin exposure, indicating complex cell
death/protection-related mechanisms soon after exposure.

The approach used by Pachiappan and colleagues [52] to investigate the
mechanisms of nerve agent toxicity differed from the other transcription
profiling studies of nerve agent exposure because they examined gene
expression responses in human neuronal cells (SH-SY5Y cells), rather
than in brain tissues, following exposure. In their study, they identified
224 genes whose expression was significantly altered by at least threefold
following sarin exposure. Similar to the other genomic studies, they identi-
fied transcriptional changes related to dose and time of exposure. But unlike
the other genomic studies, the authors identified a mitochondrial death
pathway regulated by the transcription factor ETS2 as the main neurode-
generative signaling pathway activated in response to sarin. This unique
finding is likely due to the use of a single cell type versus whole brain tissue
where multiple cell types are represented.

In addition to the scientific data supporting an apoptotic mechanism of
neuronal death, Baille ef al. [25] also provide evidence for a necrotic
mechanism of nerve agent-induced cell death within the first 24 h following
a convulsant dose of soman and show very few apoptotic cells following the
24-h time period. They attribute the lack of apoptotic cells to a number of
factors, including the rapid occurrence of apoptosis (suggesting that they
would not see the apoptotic cells due to their elimination within a few
hours). Another possibility for the lack of apoptotic cells is that apoptosis is
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an energy-dependent process, and since cellular energy is limited during
nerve agent-induced excitotoxicity, cells may not have enough energy for
apoptosis. The presence of an inflammatory response during nerve agent
poisoning (discussed below) also supports a necrotic mechanism of nerve
agent-induced cell death because inflammation is considered to be a key
contributing factor to necrosis [68]. Therefore, nerve agent toxicity likely
involves a form of programmed cell death with both apoptotic and necrotic
characteristics.

6.4. Inflammation

Since the development of the model proposed by McDonough and Shih
[11], many studies have shown that there is also an increase in proinflam-
matory cytokine mRINA and protein expression following nerve agent
exposure that lasts hours to days later [38-40,46,48,53,69—74]. Further,
there has been increasing evidence over the past several years implicating
inflammatory reactions in the pathogenesis of several neurodegenerative
disorders, such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis,
and epilepsy [75,76]. Studies using various seizure models have shown an
increase in cytokine mRINA and protein expression levels within 30 min
following seizure induction in brain regions involved in seizure onset and
spread [77—81]. Therefore, it is likely that the late phase of the model involves
neuroinflammatory processes that lead to neuropathology following nerve
agent exposure.

Spradling and colleagues recently analyzed sarin-induced gene expression
changes in the rat amygdala, hippocampus, piriform cortex, septum, and
thalamus [39,40], which are areas of the rat brain known to be affected by
nerve agent-induced seizure [6,15,23,38]. A multitude of biological functions
and canonical pathways were identified as being significantly altered follow-
ing sarin-induced seizure. Many of the canonical pathways identified as being
most significantly affected across all of the brain regions were indicative of an
inflammatory response and included many proinflammatory cytokines such as
interleukin (IL)-1p, IL-6, and tumor necrosis factor (TNF)-a.. These signifi-
cantly altered pathways included ataxia telangiectasia-mutated protein (ATM)
signaling, CD40 signaling, IL-10 signaling, IL-6 signaling, macrophage
migration inhibitory factor (MIF) regulation of innate immunity, role of
double-stranded RINA-activated protein kinase (PKR) in interferon induc-
tion and antiviral response, toll-like receptor signaling, and triggering recep-
tor expressed on myeloid cells 1 (TREMI1) signaling. Further,
proinflaimmatory cytokines were among the top de novo networks identified
as most significantly affected in all five brain regions from sarin-exposed
seizing animals. Two of the top six networks were associated with an
inflammatory response. One network of genes was centered on TNF-o as a
central node and the other on IL-6 as a central node.
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A significant increase in proinflaimmatory gene expression was seen as
early as 15 min following sarin-induced seizure onset, and this inflammatory
response was still present at the latest observed time point of 24 h [39,40]. In
support of this finding, Damodaran ef al. [46,48] and Chapman ef al. [72]
also observed an increase in cytokine expression following sarin-induced
seizure activity. Damodaran ef al. [46,48] reported numerous changes in
gene expression profiles immediately following sarin exposure with cyto-
kines being among the significantly altered signal transduction pathways.
Chapman and colleagues [72] monitored protein expression levels of IL-1f3,
IL-6, TNF-a, and prostaglandin E2 (PGE2) in the hippocampus and cortex
at 2, 4, 6, 8, 24, 48, and 144 h, as well as 30 days, following sarin-induced
seizure. They observed a significant increase in cytokine expression starting
at their earliest time point of 2 h and peaking at 2-24 h following sarin.

Further support of a neuroinflammatory response following nerve agent
exposure is provided by studies of soman intoxication. Svensson et al.
[69,71] previously showed increases in [L-1f mRNA and protein levels
following soman exposure. In addition, Dhote et al. [73] and Williams et al.
[70] used quantitative RT-PCR to analyze the neuroinflaimmatory gene
response following a convulsant dose of soman (1.6X LDsg). Dhote et al.
[73] showed an increase of IL-1B, TNF-a, IL-6, intercellular adhesion
molecule-1 (ICAM-1), and suppressor of cytokine signaling (SOCS) 3
mRNA in the whole cortex at 0.50, 1, 2, 6, 24, 48, and 168 h following
soman exposure, which confirmed the earlier findings of Williams ef al. [70]
where they saw an initial upregulation of TNF-o0 mRNA at 2 h post-
exposure followed by an increase in IL-1p and IL-6 mRNAs 6 h later.
Johnson and Kan [74] have recently quantified the protein levels of these
cytokines in vulnerable brain regions following soman-induced seizure
onset. They saw a significant increase in IL-1, IL-6, and TINF-a protein
levels between 10 and 18 h after the peak mRINA expression levels. Dillman
et al. [53] used oligonucleotide arrays to analyze gene expression profiles of
rat hippocampi at 1, 3, 6, 12, 24, 48, 72, 96, and 168 h following exposure
to a convulsant dose of soman. In agreement with the transcriptional
response to sarin [39,40], they saw an increasing alteration in gene expres-
sion profiles over the first 24 h following soman exposure. Within this time
frame, they identified a strong inflammatory response with the presence of
immunological and inflammatory disease among the top biological processes
altered, and the top canonical signaling pathways including p38 MAPK, toll-
like receptor, IL-6, and IL-10. Angoa-Pérez and colleagues [19] recently
studied the effects of soman on the expression of cyclooxygenase-2 (COX-
2), which is the initial enzyme in the biosynthetic pathway of proinflamma-
tory prostaglandins (PGEs) and a factor that has been implicated in seizure
initiation and propagation. They found that the induction of COX-2 expres-
sion and subsequent production of PGEs correlated with seizure intensity in
the rat brain from 4 h to 7 days, suggesting that these molecules could play a
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role in neuronal degeneration well after the cholinergic and glutamatergic
response. Angoa-Pérez and colleagues hypothesize that seizures occurring in
response to a PGE overload would likely not respond to the standard
treatment of anticholinergics and benzodiazepines, indicating that other
therapeutics, such as COX-2 inhibitors, should be added to prevent or
minimize neuropathology that occurs in the later phase of the McDonough
and Shih model [11].

Proinflammatory cytokines are known to mediate cellular communication
and play a significant role in the pathological processes involved in various
brain diseases, such as status epilepticus [75,76,78,81,82]. Although picomolar
or low nanomolar ranges of cytokines enhance neuronal survival, higher
concentrations have deleterious effects on neuronal viability [83]. Based on
the findings of Spradling et al. and the findings of other investigators, inflam-
matory signaling pathways appear to be an important component of nerve
agent-induced brain injury; however, the molecular mechanisms by which
nerve agent-induced seizures produce acute neuroinflammation or how this
phenomenon contributes to the ensuing neuropathology following exposure
is still unclear. In vitro studies have shown that proinflammatory cytokines play
a role in glutamate toxicity since they inhibit glial cells from taking up excess
extracellular glutamate [84]. Cytokines are thought to further enhance this
glutamatergic hyperactivity by increasing NMDA receptor activity [85],
which promotes excitotoxic neuronal cell death [86,87].

6.5. BBB dysfunction

The blood—brain barrier (BBB) maintains the homeostasis of the CNS envi-
ronment to ensure proper function [88]. Previous studies have shown that
sarin [89] and soman [90-93] can cause breakdown of the BBB in sensitive
areas such as the thalamus. Therefore, this disruption likely plays an important
role in nerve agent-induced cell death in the sensitive brain regions. Further
support of these findings was provided by Damodaran and colleagues [46,48],
who identified numerous BBB-related genes that were altered at 15 min, 2 h,
and 3 months following 0.5 and 1.0x LDs, sarin exposure. Their data
identified multiple cell adhesion and cytoskeleton-related molecules altered
at 15 min following sarin exposure, some of which were related to BBB
function (neurexin 1-0; neurexin 1-B, PSD-95/SAP90-associated protein 4).
Alteration in lipophilin mRNA levels at 15 min and 2 h indicated active
degradation of CNS myelin. Lipophilin and myelin basic protein have been
implicated for efficient axonal signal propagation and provide extrinsic trophic
signals that affect the development and long-term survival of axons. The
authors also noted the persistence of neurexin 1-f at 3 months, possibly
indicating a continued dysfunctional BBB [46].

The mechanism by which nerve agents break down the BBB is still
unknown. An increase in BBB permeability typically involves vesicular
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transport and/or opening of tight junctions [94]. The findings of Grange-
Messent et al. [92] indicate that soman-induced seizure increases the number
of endothelial vesicles, but their data did not show any structural changes in
the endothelial tight junctions, suggesting that tight-junction opening is not
an essential mechanism for BBB dysfunction in soman poisoning. However,
it should be noted that the authors point out that vascular leakage could
occur through very few damaged tight junctions and may not be included in
the small tissue sample selected for study. In the microarray study by
Damodaran et al. [46], the authors attribute nerve agent-induced BBB
permeability to the early (15 min) alteration of CAMKII and MAP kinase
cascades followed by tyrosine phosphorylation, which was supported by the
upregulation of tyrosine kinase receptor EHK-3 at 2 h post-exposure [48].
They speculated that this phosphorylation event might increase tight-
junction permeability, which was supported by their observation that
sodium-dependent neurotransmitter transporters and ATP-based transpor-
ters were also altered. Further, they point to the role of NO, which is a
primary mediator of injury-induced BBB disruption. Induction of NOS-2
along with the changes in EDN3 (preproendothelin) expression indicates
such a scenario. They speculate that agents involved in regulating vasoactive
processes, such as vasoactive intestinal receptor-1 (VIPR1) and 2 (VIPR?2),
may be involved in the biochemical opening of the BBB, as shown for other
vasoactive genes like bradykinin and angiotensin [46].

This scenario opens the door to another possible mechanism in which
proinflammatory cytokines could contribute to nerve agent toxicity. The
brain is normally isolated from the peripheral immune system via the BBB;
however, a neurotoxic insult, such as a convulsant dose of sarin, can induce
both a local and peripherally recruited inflammatory response. BBB damage
has been seen in many neurodegenerative diseases and animal models of
seizure [95], and studies have shown that proinflammatory cytokines includ-
ing TNF-a,, IL-1f, IL-6, and interferon-A are implicated in the regulation of
BBB permeability [96-98]. For example, IL-1B can affect the permeability
of the BBB via disruption of the tight-junction organization or production of
NO and matrix metalloproteinases in endothelial cells [98]. The observed
gene response following sarin exposure [39,40] indicates that there could be a
breakdown of the BBB as well. This was indicated by the upregulation of
ICAM1 and E-selectin in the amygdala, hippocampus, piriform cortex,
septum, and thalamus. These molecules are thought to be linked to signal
transduction cascades leading to junctional reorganization as they can interact
with the actin cytoskeleton, which in turn is an indicator of infiltration of
peripheral leukocytes into damaged brain regions through the BBB [96].
There was also a decrease in occludin expression levels, which is one of the
main components of tight junctions, indicating a possible loss of tight-junction
integrity. The mechanism by which nerve agents cause seizure-related
opening of the BBB is still unclear and requires further investigation.
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6.6. Repair and recovery

Victims of nerve agent poisoning often suffer long-term neurological deficits
accompanied by brain neuronal cell death. Some survivors of the sarin Tokyo
subway attack developed long-term chronic neurotoxicity characterized by
CNS deficits and neurobehavioral impairments. Animal studies have also
demonstrated that exposure to sarin caused brain neuronal cell death [89]. In
the longer-term genomic studies of nerve agent exposure by Dillman et al. [53]
and Damodaran ef al. [46], it is apparent that nerve agent-induced transcrip-
tional changes are still present weeks to months following exposure.

The data presented by Dillman and colleagues [53] provide insight into
the temporal gene response of rat hippocampi following soman exposure.
As discussed above, the significant biological processes and canonical path-
ways appeared to represent an inflammatory response during the first 24 h of
the time course, which was also seen in the 24 h time course of sarin toxicity
[39,40]. In the middle to late portions of the time course (24-96 h), Dillman
and colleagues identified acute phase response pathway, complement sys-
tem, and coagulation system as being significantly impacted by soman
exposure 48-96 h post-exposure. The authors state that these findings are
consistent with previous studies reporting the formation of gliotic scarring
following soman exposure [99]. Collombet et al. [99] identified increases in
GFAP and VEGF by immunohistochemistry in the hippocampi of soman-
exposed mice during the time period of gliotic scar formation, which
corresponded to the observed significant increases in GFAP and VEGF
mRNA levels after soman exposure in the microarray study by Dillman
et al. [53]. At the latest point of the time course (168 h), the significant
biological processes and pathways appeared to follow the course of a recov-
ery response, as suggested by biological processes such as RINA damage and
repair, connective tissue development and function, and cell-to-cell signal-
ing and interaction, and pathways such as glutamate metabolism, alanine and
aspartate metabolism, D-glutamate metabolism, and D-glutamine metabo-
lism. The authors used principal component analysis (PCA) to identify
sources of relative variability among the hippocampal gene expression pro-
files (Figure 3). From their analysis, they identified exposure conditions (i.e.,
naive, vehicle-exposed, or soman-exposed) and post-exposure time point as
the primary sources of variability in the dataset. The PCA in Figure 3 shows
that sample groups for the 1, 3, 6, and 12-h time points partition progres-
sively further away from the control sample group, while the 24, 72, 96, and
168-h sample groups partition progressively closer to the controls. Although
these data suggest that gene expression profiles are returning to control levels,
the three-dimensional plot indicates that none of the late time point groups
partition with the control sample group, indicating altered gene expression at
168 h after soman exposure. Due to the similarities during the first 24 h of
sarin [39,40] and soman [53] intoxication, we would anticipate a similar shift
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Figure3 Principal component analysis (PCA) of hippocampal gene expression profiles
from soman-exposed rats identifies exposure conditions and post-exposure time point
as primary sources of relative variability in the dataset. Hippocampal tissues were
isolated at the indicated time points following soman exposure and processed for
oligonucleotide microarray analysis. The raw signal intensities were normalized using
robust multiarray averaging (RMA) algorithm and visualized using PCA to identify
major sources of variability in the data. Each point on the three-dimensional graph
represents the gene expression profile of an individual biological sample. The distance
between any two points is a function of the relative similarity between the two samples.
Sample points that are near each other on the plot have a relatively similar gene
expression profile, while sample points that are far apart are relatively different in a
large number of variables. Point shape corresponds to exposure condition, and point
color corresponds to the post-exposure time point. The centroid of each time point
group is shown as a sphere with an angled black line through its center. Each centroid is
connected by vectors to each of the sample points in its corresponding time point group.
Naive controls were unexposed, and vehicle controls received all treatments except
soman. The principal components in the three-dimensional graph represent the varia-
bility in gene expression levels seen within the dataset. The PCA plot rendered 51.8%
of the total information content. Principal component 1 (PC1, x-axis) accounts for 25%
of the variability in the data; PC2 (y-axis) represents 14.6% of the variability; and PC3
(z-axis) represents 12.2% of the variability in gene expression levels seen within the
dataset. Reprinted from Ref. 53. Published 2009 American Chemical Society [53].

in gene expression involving molecular processes and pathways involved in
an injury and recovery phase following sarin exposure. However, further
studies analyzing gene expression profiles over a 168-h time period are
needed to confirm this same mechanism of action following sarin-induced
seizure.

The study by Damodaran et al. [46] detailed multiple gene alterations
present at 3 months following sarin exposure. They noted the presence of
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ACCNI1, SCN9A, ATPases, and ATP-based transporters, indicating that
sarin-induced electrophysiological changes initiated early were minimized
but did not completely return to normal. Genes classified as cytoskeletal and
cell adhesion molecules were among the most significantly altered genes at
3 months after sarin exposure. B-Arrestin and neurexin1-3 both maintained
their altered state at 3 months. The authors state that the continued down-
regulation of neurexin clearly supports the idea that BBB-related perturba-
tions still persist at 3 months posttreatment, while persistent upregulation of
B-arrestin confirms the continued aberrant signaling pathways mediated by
G-protein-coupled receptors, which was evidenced by the continued over-
expression of several classes of G-protein-coupled receptors (CAMKI and
II, M2-AChR, GALRI1, and CRLR). The authors speculate that the
persistence of sarin-induced hyperphosphorylation causes defects in the
tissue repair process. Therefore, long-term changes in certain molecules
indicate that they likely play important roles in preserving, amplifying, and
transmitting altered gene expression until a later time point, which could be
either degenerative or regenerative in nature.

7. FUTURE DIRECTIONS IN THE MOLECULAR
ToxicoLOGY OF NERVE AGENTS

The biological pathways and molecular mechanisms underlying nerve
agent toxicity are still poorly understood. To help determine the molecular
mechanisms of nerve agent toxicity, scientists have recently begun using
“omics” technologies to assess the toxicological effects and physiological
mechanisms of OP nerve agents. In a recent review [31], Everley and
Dillman discuss how genomic and proteomic technologies have been used
in over 50,000 research studies since the 1990s to help determine various
biological processes, but there have been very few systems biology-related
studies focusing on chemical warfare agents, especially OP nerve agents. In
fact, there have been no large-scale proteomic studies of OP nerve agents.
Previous, smaller-scale studies have shown that OP nerve agent exposure
leads to the activation of many downstream proteins involved in numerous
cellular signaling pathways regulated by protein phosphorylation [74,100];
however, additional studies need to be performed to investigate large-scale
protein changes after nerve agent exposure. Also, in the study by Fauvelle
et al. [18], the largest metabolomic study of nerve agent exposure to date,
proton high-resolution magic angle spinning nuclear magnetic resonance
spectroscopy (‘H HRMAS NMR) was used to describe the complex
metabolic changes occurring in the piriform cortex and cerebellum of
soman-exposed mice over a 7-day period. Using this global approach, the
authors analyzed individual variation in the concentration of 13 metabolites.
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As this technology matures, there should be a growing number of metabo-
lomic studies involving nerve agents. These studies will provide valuable
information regarding the molecular mechanisms of nerve agent toxicity
leading to cell/tissue damage and long-term neurobehavioral deficits.

The typical methodology for studying nerve agents involves the use of
animal models. This approach requires specialized facilities and support staff
and can be expensive and time-consuming for large studies. Another
approach would involve the use of an in vitro model system coupled with
global molecular techniques to establish a high-throughput screening
method to rapidly assess the molecular targets and toxicological mechanisms
of any nerve agent. Although this approach was recently used by Pachiappan
et al. [52], it should be noted that their study was performed using a
neuroblastoma cell line (SH-SY5Y), which may not truly represent in vivo
mechanisms. Dissociated primary nerve cell cultures, however, may more
closely resemble in vivo biology than immortalized neuronal cells. This
model system is well established in the field of neuroscience [101-104] and
has previously been used to evaluate neurotoxicant eftects [103]. A major
concern of using an in vitro system involves the lack of important functional
features, such as the BBB, heterogeneous cell—cell interactions, and seizure
propagation that faithfully mimics what is observed in vivo. However, in vitro
systems may offer some advantages for neurotoxicity assessment over in vivo
models, including the ability to study the molecular effects of toxicants in
pure populations of specific cell types. This capability not only highlights the
vulnerability of a particular cell type (e.g., neurons or glial cells) but also
prevents significant changes in one cell type from being “diluted out” or
masked by the changes seen in a complex mixture of cells, such as in whole
tissue. Moreover, the use of an in vitro model system would easily allow the
application of other molecular technologies that are not currently feasible in
in vivo systems. For example, RNA interference (RINAi), a method of
posttranscriptional gene silencing, has rapidly become the high-throughput
system of choice in the biotechnology industry for mechanistically assessing
gene function on a global scale [104]. This technique paired with microarray
analysis for genome-wide expression profiling has proved to be effective in
identifying and validating molecular mechanisms [105].

8. CONCLUSIONS

The development of global molecular technologies has enabled scien-
tists to look at the complete complement, expression, and regulation of
genes, proteins, and metabolites involved in the response to various tox-
icants [27]. These techniques coupled with pathway modeling provide a
powerful approach in the development of neuroprotectants against nerve
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agent exposure since they identify potential biomarkers of exposure and
targets for therapeutic intervention. Because current countermeasures may
not fully prevent neurological damage, particularly in scenarios where
treatment is delayed (e.g., civilian terrorist attack), this type of in-depth
analysis is critical to examine the molecular effects following nerve agent
exposure and to identify therapeutics that can reduce or block the cascade of
secondary events that lead to neuropathology and associated functional
impairments.

A large amount of data obtained from scientific studies utilizing global
molecular techniques support the temporal model proposed by
McDonough and Shih [11] as well as provide further evidence for the
presence of non-cholinergic and non-glutamatergic systems during the
late phase response to nerve agent poisoning (Figure 4), which was first
suggested from studies using AChE knockout mice [106]. These studies
showed that acute nerve agent exposure alters the expression of multiple
genes and pathways at an early time point (0.25-2 h) following exposure,
suggesting concurrent activation of protective mechanisms as well as neu-
rodegenerative changes [39,40,46,48,53]. These data also suggest that the
persistence and magnitude of early gene expression changes predict long-
term pathological developments [46].

Primary

Figure 4 Overview of the neurotransmitter and nonneurotransmitter systems that are
impacted by nerve agent intoxication. Data from a variety of sources, as described in the
text, suggest cholinergic and non-cholinergic mechanisms involved in downstream
sequelae after nerve agent exposure, leading to neuropathology. Ilustration by
Alexandre Katos.
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Mitochondria are proposed to play a significant role in seizure genera-
tion in certain forms of epilepsy, and multiple genomic studies
[39,40,46,48,52] have shown significant dysregulation of mitochondrial-
associated genes, including several BCL-2-related genes, following nerve
agent exposure. Therefore, these mitochondrial genes should be considered
as promising targets for future therapeutic strategies to treat nerve agent
poisoning. Also, the rapid and persistent alteration of proinflammatory
cytokines seen in these studies strongly suggests that they may play a causal
role in long-term pathological changes following exposure to OP nerve
agents. Therefore, antagonism of proinflammatory molecules, as well as
their receptors and signaling pathways, may represent a novel approach
for the development of drug therapies that would reduce neurological
damage when given after the onset of seizures and secondary responses
that lead to brain injury.

Data obtained from these global molecular assays have increased our
understanding of the molecular response to nerve agent exposure during the
acute toxic response as well as during the neurodegenerative and recovery
processes [53]. The findings of Dillman et al. [53] show a gradual but
incomplete return to control gene expression profiles at 168 h following
soman exposure, but the extent of recovery at the molecular level over a
longer time-frame (weeks or months) is uncertain. Even though the gene
expression levels appear to be returning to normal after exposure, cell death
and/or neuronal rewiring that occurred during upregulation may be irre-
versible [46,53].

Gene expression profiling has provided insight into the mechanisms of
nerve agent-induced brain injury by identifying the initial molecular
responses as well as secondary responses to nerve agent poisoning. How-
ever, determining the exact sequence of events is difficult due to the
temporal overlap of many of the identified processes and pathways. The
use of global profiling techniques will further accelerate our understanding
of nerve agent toxicity and help determine the mechanisms of toxicity.
Large-scale proteomic and metabolomic studies using nerve agents have
been lacking. Just as microarrays have been used to map signaling net-
works for sarin and soman, these techniques could also complement and
expand on that work to identify additional signaling pathways impacting
nerve agent toxicity [31]. Further, these “omic” techniques could be
applied to other nerve agents (such as tabun and VX) to determine if
these agents have molecular effects similar to those of sarin and soman.
The use of global molecular profiling techniques, such as genomics,
proteomics, and metabolomics, will further accelerate our understanding
of the molecular mechanisms involved in nerve agent-induced toxicity
and identify therapeutics that can reduce or block the cascade of second-
ary events that lead to neuropathology and associated functional
impairments.
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Abstract

Metal oxide nanoparticle is one of the important industrial materials. Compared
with fine particles, nanoparticles have higher chemical and physical activity,
such as ion release, adsorption ability, and reactive oxygen species production.
These properties are important for industry use. However, these properties of
nanoparticles also induce biological influences including toxic activity.

Recently, many investigations about toxicology of nanoparticles have been
reported. In vitro studies showed that the some nanoparticles induce oxidative
stress, apoptosis, production of cytokines, and cell death. Characterization of
chemical and physical properties about individual nanoparticles is essential for
evaluation of their biological effect.

In this chapter, we outline recent studies of evaluation of biological influ-
ences induced by metal oxide nanoparticles. Moreover, we also introduce
current studies about influence factors.

1. INTRODUCTION

“Nano-objects” are defined as substances which are one or more
external dimensions in the nanoscale (1-100 nm) (ISO/TS 27687: 2008,
Nanotechnologies—Terminology and definitions for nano-objects—nano-
particle, nanofibre, and nanoplate). Among such objects, particle-shaped
substances with a diameter of 100 nm or less are known as “nanoparticles.”
Surface area per unit weight increases with nanoparticles, and thus there is a
dramatic increase over fine particles in physical and chemical activity, such as
absorption of light of specific wavelengths and catalytic activity. These
properties of nanoparticles are important industrially, and progress is being
made in research and application development for this new functional mate-
rial. Metal oxide nanoparticles are produced industrially in large volumes and
are the most frequently used. In addition to industrial uses, such as catalysts,
these are also used in products familiar to ordinary consumers such as
sunscreens, cosmetics, pharmaceutical products, and fuel additives. On the
other hand, the increase in physical and chemical activity suggests the poten-
tial for increased bioactivity, that is, an increase in biological effects including
toxic activity. In recent years, there has been active research on nanoparticles
in the field of toxicology, and there have been many reports that nanoparticles
are harmful to the body. In the twentieth century, people were shocked to
find that asbestos—previously regarded as harmless to the human body
and widely used in buildings, etc.—causes severe oxidative stress and
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mesothelioma. Since nanoparticles have only been used in commercial appli-
cations for a short time, epidemiological findings have not been collected as in
the case of asbestos’ effects on humans. Even though metal oxide nanoparti-
cles such as TiOj, are already at the stage of practical use, their biological
effects have not been adequately studied, and many points have yet to be
elucidated. However, due to energetic research by many researchers in recent
years, we are acquiring a certain degree of knowledge regarding the biological
effects of metal oxide nanoparticles.

Metal oxide nanoparticles are a promising and important material not
only in industry but also in the fields of ecology and medicine. However, to
ensure proper use, it is essential to develop an accurate understanding of the
biological effects of nanoparticles based on an appropriate evaluation system.
When using nanoparticles, they will not be accepted by customers without a
risk evaluation. There is, so to speak, no market without data of risk
assessment. Since nanoparticles exhibit different characteristics from con-
ventional materials, it is important to understand what factors are involved
in their biological effects. However, it is questionable whether conventional
techniques for evaluating toxicity are appropriate with metal oxide nano-
particles having physical and chemical characteristics like those described
above [1]. Evaluating nanoparticles with an evaluation system that is inap-
propriate and inadequate may result in underestimation or overestimation of
the biological eftects of nanoparticles and throw off findings relating to the
biological effects of nanoparticles. In risk assessment of metal oxide nano-
particles, physical and chemical characterization, in vitro examinations (with
cells and without cells), and in vivo examinations are individually significant,
but it is necessary to consider the results from these examinations compre-
hensively [2]. For these reasons, research has also been reported in recent
years on systems for evaluating biological effects of nanoparticles, particu-
larly in in vitro experiments.

This section reviews previously obtained findings regarding the
biological effects of metal oxides. It focuses, in particular, on oxidative stress
and apoptosis, where many studies have suggested an involvement of
nanoparticles in biological effects. Evaluation systems are also described.

2. OXIDATIVE STRESS

2.1. Introduction

A widely accepted definition of oxidative stress is “a disturbance in the pro-
oxidant/antioxidant system in favor of the former” [3]. Oxidative stress is
involved in a variety of biochemical reactions in vivo. In vivo, homeostasis is
maintained through various chemical reactions. The individual substances
that make up the body are constantly and fluidly synthesized and broken
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down, thus maintaining stability of the organism as a whole. The organism
is exposed to various types of stress from the outside world, but it has
acquired various compensating systems to maintain homeostasis. Among
stresses on organisms, oxidative stress is the most important factor. The
molecules, proteins, fats, and nucleic acids that make up the body are easily
oxidized, and oxidation of these molecules not only results in loss of the
original function of molecules making up the body but also disturbs main-
tenance of homeostasis due to dysfunction of enzyme proteins, etc. When
the organism is exposed to oxidative stress, the antioxidation system func-
tions and acts to reduce oxidative stress. At the cellular level, glutathione is a
typical component of the body’s antioxidation system. Glutathione has a
thiol group in the molecule and s itself easily oxidized, and in that way, it
prevents oxidation of biomolecules. As glutathione is consumed, glutathi-
one synthesis enzymes such as GST are synthesized. Also, heme oxygenase
is an enzyme which catalyzes the reaction that breaks down hemes and
produces iron, and biliverdin and carbon monoxide are produced at that
time. Biliverdin is reduced by biliverdin reductase to bilirubin. Both biliru-
bin and nitrogen monoxide have antioxidant activity, and thus increased
expression of heme oxygenase acts to mitigate oxidative stress [4]. Expres-
sion of the isozyme HO-1 of heme oxygenase increases due to oxidative
stress, heavy metals, and cytokines, and it acts to reduce these stresses [5].
Water and lipid-soluble antioxidants—such as ascorbic acid and tocoph-
erol—function in vivo and alleviate oxidative stress. Oxidative stress occurs
in the first place due to respiration by mitochondria in normal cells, and
reactive oxygen species (ROS) are also produced when digesting organic
materials and bacteria phagocytized by immune cells such as macrophages
and neutrophils. Oxidative stress constantly occurs in vivo in order to
maintain homeostasis, and a mild state of oxidative stress is regarded as
“eustress” because it activates the aforementioned antioxidation system
and immune system [6]. On the other hand, if excessive “distress” occurs
due to exposures to nanoparticles, it cannot be suppressed with the anti-
oxidation system, and biomolecule oxides accumulate. Among biomole-
cules, lipids and unsaturated fatty acids, in particular, are molecules
susceptible to oxidation, and oxidized lipid peroxides themselves act as
oxidants. The relationship has been pointed out between the accumulation
of such lipid peroxides and various illnesses. Further, oxidation of nucleic
acids has the potential to disturb genetic information.

Therefore, in vivo oxidative stress markers can be classified into three
types: (1) ROS, metals, and other substances which cause oxidation—
reduction reactions; (2) markers related to the antioxidation system such
as glutathione and its synthesis enzymes (GST), redox-related enzymes
which act to remove ROS (e.g., CAT, SOD), ascorbic acid, and tocoph-
erol; and (3) oxides of biomolecules which arise as a result of oxidation
reactions such as lipid peroxides, 8-OHdG and other oxides of nucleic
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acids, and proteins. Many studies have measured these markers, and the
results suggest that nanoparticles of metal oxides induce oxidative stress
in vivo. A rise in the oxidative stress level is thought to be involved in the
biological effect of metal oxide nanoparticles. The following describes
changes in oxidative stress markers due to metal oxide nanoparticles.

2.2. Inducement of intracellular oxidative stress by metal
oxide nanoparticles

Many studies have measured the intracellular ROS level in cells to which
metal oxide nanoparticles have been administered using the DCFH
method, and confirmed a rise in the intracellular ROS level due to nano-
particle administration. It has been reported that, in many cases, oxides of
biomolecules are produced and the antioxidation system is activated when
the intracellular ROS level rises due to administration of metal oxide
nanoparticles.

Karlsson et al. [7] investigated the cellular effects of many types of metal
oxide nanoparticles. When CuO, TiO,, ZnO, CuZnFe,O,, Fe;Oy, and
Fe,O; were administered to A549 cells derived from human lung carcino-
mas, a rise in intracellular ROS level was seen only with CuO, and oxida-
tive DNA damage was evident with Fe;O,, CuZnFe,O,, ZnO, and CuO.
CuO nanoparticles were found to have strong cellular effects on cultured
cells (decrease of cell viability, decrease of mitochondria activity, and
oxidative DINA damage), and these effects were stronger with nanoparticles
than with fine particles. (With nanoparticles, there was a significant increase
in oxidative DNA damage in particular, but no significant increase was
found with fine particles.) [8]

Other studies have also reported that CuO and ZnO produce oxidative
stress on cells. CuO causes a rise in intracellular ROS and lipoperoxidation
level, and reduces the intracellular GSH level and cell viability, but the
reduction in lipoperoxidation and cell viability is suppressed by the simul-
taneous presence of CuO nanoparticles and the antioxidant resveratrol. In
addition, although administration of CuO increases GPx activity, it inhibits
the activity of GR and catalase [9]. Inhibition of catalase activity has also
been observed due to administration of Fe;O3 nanoparticles.

In a report comparing the cellular effects of SiO; and ZnO nanoparti-
cles, 24 h after administration both particles caused an increase in the
intracellular ROS level, drop in the GSH and SOD level, and an increase
in the lipoperoxidation level dependent on the concentration. The oxida-
tive stress load on cells due to ZnO nanoparticles was markedly greater than
that due to SiO,. In other words, ZnO nanoparticles caused a marked
increase in intracellular R OS level, reduction in GSH and SOD level, and
increase in lipid peroxides in primary mouse embryo fibroblasts, resulting in
cell death [10]. There is a report where oxidative stress induced by ZnO
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particles was similar between nanoparticles and fine particles [11]. Lin ef al.
concluded that free Zn>" was not correlated with induction of oxidative
stress because Zn>" was not released in the medium. However, cellular
uptake and intracellular Zn>" release of ZnO were unclear.

On the other hand, TiO, nanoparticles have been found to significantly
increase oxidative stress, although the effect is weaker than with CuO and
ZnO. The authors have reported that anatase TiO, nanoparticles cause an
increase in intracellular ROS level in cultured cells [12]. In this case, the rise
in intracellular ROS in cells to which 30 mg/mL of TiO, nanoparticles
were administered for 24 h was roughly 1.5-2 times that in cells to which no
nanoparticles were administered.

Gurr et al. [13] compared the reactivity of TiO, nanoparticles and fine
particles in BEAS-2B cells. They reported that anatase with primary particle
diameters of 10 and 20 nm causes a rise in intracellular R OS, oxidative damage
to DNA, and peroxidation of lipids, but those reactions do not occur with
200 nm anatase. However, TiO, nanoparticles formed large aggregates at this
time, and it is not clear what sort of factors are involved in the cellular response.

No drop in the viability of BEAS-2B cells was evident with TiO,, but
when ZnO nanoparticles were administered, there was a drop in viability
over time, dependent on the concentration [14].

A rise in the intracellular ROS level and calcium concentration was also
evident at this time. Damage to cells due to ZnO nanoparticles is suppressed
by adding NAC which has antioxidant action (after being incorporated into
cells, it returns to glutathione), and this suggests that oxidative stress and
cytotoxicity are closely related.

In a report on immune cells, it was found that, at the initial stage of
administration to RAW?264.7 cells, TiO, caused a temporary rise in ROS
level, but later it dropped back to the control level. On the other hand,
ZnO caused a sustained rise to a high ROS level immediately after admin-
istration [15].

Cases have also been reported where administration of ZnO does not affect
the intracellular ROS level [7]. In this case, there was little DNA damage, and
administration of 80 pg/mL for 18 h resulted in a cell viability of 60%.

In the experiments described above, concentration of the metallic oxide
administered to the cell was in the range of 5-500 pg/mL, in which a lot of
examinations were performed at concentrations of 10-100 pg/mL.

In in vivo research using animals, there are reports that metal oxide
nanoparticles induce oxidative stress, and those eftects match reports based
on in vitro experiments. When a single dose of iron oxide was administered
to mice intratracheally, there was a drop in the intracellular GSH content of
bronchoalveolar lavage fluid (BALF) [16].

As indicated above, induction of oxidative stress is important in
biological reactions due to metal oxide nanoparticles. When cells or tissues
were damaged, either in vitro or in vivo, a rise in oxidative stress was evident



Toxicity of Metal Oxides Nanoparticles 151

at all stages. On the other hand, weak oxidative stress is associated with
activation of the antioxidation system, and as a result, there are cases where
resistance to oxidative stress is greater than with untreated cells. Elution of
metal ions, as described below, is thought to be an important influencing
factor in induction of oxidative stress due to metal oxide nanoparticles. That
is, in many cases, there is a tendency for strong oxidative stress to be induced
by metal oxides which dissolve. The degree of the oxidative stress induced
at this time depends on the type of metal ion. Strong oxidative stress is
induced with Zn, Cu, Ni, etc.

2.3. Biological effects due to CeO,

CeO; also has applications in cosmetics, but it is mainly used as a catalyst. In
Europe, CeO5 is used as a fuel additive. There are reports that CeO,
nanoparticles produce oxidative stress on cultured cells, and conflicting
reports that CeO, nanoparticles themselves have antioxidant action, and
act to alleviate oxidative stress on cells.

Park et al. have shown that in BEAS-2B cells derived from human
bronchial tubes, administration of CeO, nanoparticles results in a rise in
intracellular ROS level and a drop in GSH, and that there is an increase in
expression of redox-related enzymes such as HO-1, GST, catalase, and
thioredoxin reductase. In this case, there is a decrease over time in the cell
viability [17]. On the other hand, no decrease in cell viability is evident with
H9C2 cells or T98G cells. The rise in intracellular ROS level in BEAS-2B
is about 1.5 times that of nonadministered cells, and the reduction in cell
viability is about 80% after 24 h, which is roughly the same as TiO,. In
BEAS-2B, nuclear translocation of Nrf2 has been confirmed due to admin-
istration of CeO; nanoparticles, and there are reports that expression of
HO-1 also rises. On the other hand, activation of NF-kB does not occur
[18]. Another report also found that CeO, nanoparticles cause a rise in
intracellular ROS levels in BEAS-2B cells and A549 cells and reduce cell
viability [18,19]. In these studies, CeO, nanoparticles produced a drop in
cell viability through oxidative stress on cultured cells at a concentration of
3.5-40 mg/mL.

On the other hand, CeO, and Y,Oj3 nanoparticles protect nerve cells
from cell death caused by oxidative stress due to glutamic acid. Glutamic
acid induces oxidative stress on nerve cells, but the rise in ROS and cell
death are suppressed by treating the cells with CeO, and Y,O3 nanoparti-
cles [20]. There are also reports that CeO, suppresses apoptosis due to diesel
exhaust particles (DEPs) [15]. It has been reported that CeO, nanoparticles
have the ability to scavenge radicals and suppress inflammation [21]. When
CeO, nanoparticles were administered to human aortic endothelial cells
(HAEC:S), there was only modest expression of inflammation markers such
as IL-8 and monocyte chemostatic protein (MCP-1), even at a high
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concentration of 50 mg/mL [22]. Biological effects due to CeO, included
in fuel additive have not been reported [23,24]. Moreover, CeO, nano-
particles did not induce DNA damage [25].

As indicated above, there are conflicting assessments of the biological
effects due to CeO; nanoparticles. In any case, CeO, nanoparticles have
smaller effects on cells and the body than ZnO and CuO nanoparticles.
‘When nanoparticles are administered to a cell, the particles are taken up into
the cell by phagocytosis and subsequently, oxidative stress is induced.
Internalized nanoparticles induce activation of NF-xB via MARK activa-
tion and nuclear transit of Nrf2 [26]. Nrf2 regulates various antioxidative-
related enzymes, and these antioxidant systems are activated by nuclear
transit of Nrf2 [27,28]. Therefore, cellular effects of metal oxide nanopar-
ticles, particularly low physicochemical activity nanoparticles such as CeO,,
arise as a result of oxidative and antioxidative strength balance. Even
assuming that CeO, nanoparticles produce oxidative stress, they induce
activity of the antioxidation system, and there is also a possibility that
apparent resistance to oxidative stress is acquired. Further study will be
needed to elucidate that mechanism of biological eftects due to CeO».

3. ApPoOPTOSIS

It has been reported that metal oxide nanoparticles induce apoptosis
together with oxidative stress. Apoptosis is also called programmed cell death,
and it is the active death of cells strictly controlled by the signal transmission of
apoptosis. Cells that have undergone apoptosis are phagocytized and digested
by macrophages. Normally, in cell death due to apoptosis, there is no leakage
of the cytoplasm and expression of cytokines, and thus inflammation does not
occur. In general, apoptosis occurs in order to actively remove damaged cells,
and thereby keep the individual in better condition.

In terms of induction of apoptosis by metal oxide nanoparticles, it has
been reported that TiO, nanoparticles induce apoptosis in cultured cells.
However, apoptosis was confirmed at the same time with TiO, fine
particles, and there does not appear to be any size dependence [29]. On
the other hand, Gurr ef al. [13] have shown that TiO, nanoparticles with
primary particle diameters of 10 and 20 nm cause micronucleation in
BEAS-2B cells, but this does not occur with 200 nm fine particles. How-
ever, in this case, the TiO; nanoparticles form large aggregates, and the size
of the secondary particles is greater than the nonaggregated fine particles,
and thus the authors state that “it is impossible to make a size dependence
comparison.” Rahman ef al. [30] observed micronuclei, DNA fragmenta-
tion, and formation of apoptotic bodies in golden hamster fetal fibroblast
(Syrian Hamster Embryo: SHE) cells to which TiO, nanoparticles were
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administered. Shi et al. [31] have reported that TiO, nanoparticles induce
apoptosis in BEAS-2B cells. Activation of caspase-9 and caspase-3 has been
found in induction of apoptosis by TiO,, but there is no activation of
caspase-8. Horie ef al. [12] have also reported a moderate rise in intracellular
R OS and activation of caspase-3 in HaCaT cells to which TiO, nanopar-
ticles were administered. This result suggests that apoptosis due to TiO,
nanoparticles is induced via mitochondria. There are many reports of
apoptosis induction due to administration of nanoparticles, but their signif-
icance is not clear. Oxidative stress is also involved in induction of apoptosis.
Apoptosis is induced under weak oxidative stress, and necrosis is induced
under strong oxidative stress [32]. As discussed in the previous section, since
metal oxide nanoparticles induce oxidative stress, it is likely that oxidative
stress is involved in induction of apoptosis by metal oxide nanoparticles.

4. INFLAMMATION RESPONSE

In terms of biomarkers for inflammation response, there is a rise in
expression of inflaimmatory cytokines such as IL-1, IL-6, and THF-a.
During inflammation, these cytokines are secreted from epithelial cells
and immune cells, thereby promoting concentration of macrophages and
neutrophils, and producing inflammation. There are reports that many
metal oxide nanoparticles induce an inflammation response.

ZnO induces production of TNF-a in immune cells (RAW?264.7) and
production of IL-8 in epithelial cells (BEAS-2B), but such production is not
induced by TiO, and CeO; [15]. Veranth et al. [33] have examined effects
on interleukin production by BEAS-2B cells using nanoscale and microscale
A1203, CCOZ, F€203, NIO, SiOz, and T102

Y,0; and ZnO induce expression of inflaimmation markers in aortic
endothelial cells but there is no evidence of expression of these markers with
CeO, [22].

When iron oxide nanoparticles were instilled into the trachea of mice,
there was found to be a rise in proinflammatory cytokines, IL-1, IL-6, and
TNF-o in BALF and serum 1 day after instillation. In addition to IL-1, IL-6,
and TNF-q, there was also found to be a rise in IL-2 (ThO cytokine), IL-12
(Th1 type cytokine), IL-4, IL-5 (Th2 type cytokines), TGF-b, and IgE,
even 28 days later. Further, there was an increase in the distribution of B cell
and CD8+ T cells in blood lymphocytes, a rise in inflammation involving
MMP and heat shock proteins, and an increase in the expression of proteins
related to tissue damage [16]. Since a reduction in GSH was found, Park
et al. [16] state that the inflammation response due to iron oxide is mediated
by oxidative stress.
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In experiments where NiO nanoparticles having a 26 nm secondary
particle diameter were administered (0.1 or 0.2 mg) intratracheally in rats,
there was a rise in two types of chemokines (cytokine-induced neutrophil
chemoattractant-1 (CINC-1) and CINC-2alphabeta) in BALF from 3 days
to 3 months after instillation [34]. In rats where NiO nanoparticles (26 nm,
0.2 mg) were instilled intratracheally, infiltration of alveolar macrophages
was observed, and there was a rise in IL-1a and IL-1b in lung tissue, and a
rise in monocyte chemotactic protein-1 in BALF [35].

In an experiment where mice inhaled nanoscale TiO,, SiO,, and silica-
coated TiO,, there was a significant inflammation response with TiO,
(anatase and rutile) and SiO,, but, on the other hand, in examining silica-
coated TiO, in vitro, it induced TNF-a and neutrophil-attracting chemo-
kines when administered to human macrophages [36].

Solubility of metal oxide particle is an important factor in lung inflam-
mation. The difference in solubility of in vitro and in vivo systems is important
for understanding of biological influences of metal oxides. For example, in
cadmium compounds, although both cadmium oxide and cadmium sulfide
particles are insoluble in water, cadmium oxide easily dissolves in the lung
[37]. On the other hand, cadmium sulfide particles are removed from lung by
macrophage. Additionally, NiO nanoparticles release more amounts of Ni* ™
in biological fluid such as serum and culture medium than that in water [38].
Inhalation of TiO, and SiO, nanoparticles did not induce inflammation in
mice lung; however, silica-coated TiO, induced pulmonary neutrophilia
and secretion of cytokines such as TNF-a by macrophages [36]. These
observations suggest that surface area theory cannot explain the inflamma-
tory reaction caused by the metal oxide nanoparticle. In fact, surface reac-
tivity such as radical formation capability and solubility are important factors
of the inflammatory reaction by metal oxide nanoparticles.

5. LONG-TERM EFFECTS

TiO, and NiO are covered in reports examining the long-term eftects
of metal oxide nanoparticles. The main end points of long-term effects are
fibrosis and then carcinogenesis.

When there is exposure to metal oxide nanoparticles due to inhalation,
clearance from the lungs is an important factor influencing long-term
effects. There are known to be species differences in reactions such as
inflammation, fibrosis, and carcinogenesis in the lungs [39]. When rats,
mice, and hamsters are exposed to high-concentration carbon black (CB),
diesel particles, and TiO,, a strong eftect is found in rats, but the effects are
comparatively mild in mice and hamsters. Clearance of particles from the
lungs is slower in rats than that in hamsters. Progression of lung lesions in
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rats is faster than that in mice and hamsters [40]. When exposed continu-
ously to TiO» nanoparticles at a maximum concentration of 20 mg/m’ for
6 h a day, 5 days a week for 3 weeks, an inflammation response occurred at
2 mg/m’ for rats, and 10 mg/m’ for mice. There is a possibility that effects
such as carcinogenesis in rats under high-concentration exposure conditions
are a reaction specific to rats. The possibility has been suggested that with
poorly soluble particles, clearance is slow due to high-concentration admin-
istration, thus causing sustained strong inflammation, and eventually result-
ing in carcinogenesis [41]. Even if a particle has poor solubility and low
toxicity (PSLT), clearance in alveoli is inhibited if the dosage is excessive,
and an overload state occurs. Here, the question arises whether there is
difference in clearance between nanoparticles and fine particles. Oberdor-
ster et al. [42] exposed rats to TiO, nanoparticles with a particle diameter of
20 nm and fine particles with a particle diameter of 250 nm at almost the
same concentration and observed their lungs afterward. As a result, it was
shown that the inflammation response and problems seen at the initial
exposure disappeared after 1 year.

In carcinogenesis in the lungs, clearance of inhaled particles is slow, and
chronic inflammation develops. As a result, primary and secondary oxida-
tive stresses occur, and that results in tissue damage and dysfunction of
biomolecules. When this state persists further, it may result in fibrosis and
the development of cancer. It has been reported that the dose which
induces carcinogenesis with PSLT is about 10 times the dose which causes
inflammation [43].

After inhalation, TiO, nanoparticles were observed in the luminal side
of airways and alveoli, in all major lung tissue compartments and cells, and
within capillaries of the rat [44]. According to an in vitro study, Geiser ef al.
indicated that cellular uptake of nanoparticles occurred by diftusion or
adhesive interactions, not endocytosis.

To understand the long-term effects of metal oxide nanoparticles, it will
be necessary to conduct in vitro experiments of oxidative stress and inflam-
mation, understand reactions in the acute phase, and also examine clearance
by conducting animal experiments.

6. BloLoGIcAL EFFECT FACTORS DUE TO METAL
OXIDE NANOPARTICLES

6.1. Particle size: Primary particle, aggregate, and
agglomerate

Discussions of particle diameter focus on primary particle diameter or
secondary particle diameter. Many previous studies have discussed primary
particle diameter. On the other hand, nanoparticles have a strong tendency
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to aggregate, and it is unusual for them to exist as independent primary
particles without special processing. Secondary particles come in two types:
aggregates where the primary particles are strongly bonded, and agglomer-
ates which are looser groupings. Aggregates are groupings of primary
particles which are solidly bonded through covalent bonds, and they do
not easily decrease in size due to ultrasound or bead mill treatment. On the
other hand, agglomerates are formed by loose bonding due to van der
Waals® forces and single physical entanglement between aggregated parti-
cles. They can be easily reduced in size by ultrasonic treatment or agitation.

In ISO (ISO/TS 27687: 2008), it is defined that the external specific
surface area of an aggregate is smaller than the total surface area of primary
particles constituting the aggregate because primary particles are strongly
bonded or fused to each other. It is also defined that in agglomerates, the
external specific surface area is similar to the total surface area of its con-
stituents (particles or aggregates) because they are weakly or loosely bonded.
However, the term secondary particle is described as “Aggregates are also
termed secondary particles and the original source particles are termed
primary particles” or “Agglomerates are also termed secondary particles
and the original source particles are termed primary particles.” As seen
above and in many other cases not cited here, the definition of term
secondary particle is unclear, noting that both aggregates and agglomerates
are included in the term.

In biological fluids such as pulmonary surfactant and culture medium,
particles or aggregates will adsorb proteins and salts [45]. It can be expected
that under in vivo and in vitro conditions, “secondary particles” might be a
complex of aggregates of primary particles and biomolecules such as proteins.

In terms of primary particles, many reports have found that nanoparticles
have greater cytotoxicity and biological eftects than fine particles [8,38,46].
However, there are also cases such as ZnO where there is no relationship
between particle diameter and toxicity [47]. In examining the biological
effects of nanoparticles, comparisons of primary particle diameters are
frequently seen, but in reality, nanoparticles have a strong tendency to
aggregate, and it is unusual for them to exist as primary particles. In
explaining cosmetics using nanoparticles, it is sometimes said that “the
nanoparticles penetrate to the dermis and exhibit their effects,” but experi-
mentally speaking, transit to the subcutaneous of metal oxide nanoparticles
coated on the skin has not been confirmed [48].

In a study using TiO,, Gurr ef al. [13] found that nanoparticles (10 and
20 nm) have stronger cellular effects than fine particles (200 nm). In that
study, the nanoparticles aggregated, and the largest secondary particles
reached a diameter of 1000 nm. Fine particles, on the other hand, did not
aggregate, and thus their size was smaller at the secondary particle level.

There are reports on the aggregate size, secondary particle size, and
biological eftects of TiO,. When anatase TiO, nanoparticles with different
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primary particle diameters, but the same secondary particle diameters, were
administered to cultured cells, differences were not seen in biological effects
(intracellular oxidative stress, cell viability) between the two types of
particles [12].

Further, even in experiments where TiO, nanoparticles from the same
manufacturer were administered intratracheally to rats, no particular differ-
ences in effects on the lungs were seen between the case where primary
particle diameter is the same but secondary particle diameter 1s different, and
the case where primary particle size is different and secondary particle size is
different [49]. It is likely that the size of the secondary particle diameter
affects phagocytosis by microphages. The alveolar macrophage works on
clearance of particles in the lung [50]. However, the in vivo phagocytosis
mechanism of metal oxide nanoparticles by macrophage is unclear. Phago-
cytosis of particles by macrophages is involved in clearance inside the body,
and is an important biodefense mechanism. If nanoparticles are not recog-
nized by macrophages and other immune cells, clearance is slow, and the
particles are likely to remain for a long time in the lungs and other organs.
Epithelial cells ordinarily conduct endocytosis to take in nutrients, and in
observations with TiO; and NiO, both nanoparticles and fine particles were
phagocytized into cells [12,38]. The secondary particle diameter is thought
to be important for this incorporation of particles into immune cells and
epithelial cells via endocytosis but the details are unclear, including the
range of secondary particle diameters which can be taken in. This will
need to be examined in future research.

6.2. Surface area and surface activity

The increase in specific surface area per unit weight is frequently mentioned
as the reason why nanoparticles have greater biological eftects than fine
particles. An increase in surface area leads to an increase in physical and
chemical activity. An increase in physical and chemical activity is related to
bioactivity, and thus surface area is likely to be important for the biological
effects of nanoparticles.

The reaction most frequently mentioned in connection with surface
activity i1s the production of ROS at the particle surface. In particular,
anatase TiO, nanoparticles have greater photocatalytic activity than the
rutile type, and ROS production due to irradiation with light has an effect
on cells [51]. With anatase TiO,, ROS such as H,O, and hydroxyl radical
are produced at the particle surface due to photoexcitation. This reaction is
stronger with nanoparticles, which have a large surface area per unit weight.
When anatase TiO, nanoparticles are administered to HeLa cells, there are
effects on cell survival without light irradiation, but with UV irradiation,
cell death occurs in proportion to the irradiation time [52]. This cell death is
suppressed by the simultaneous presence of catalase which removes H,O,
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and tryptophan which removes hydroxyl radical, and this suggests that cell
death is caused by ROS produced at the particle surface by UV irradiation.
On the other hand, there is no possibility that TiO, incorporated into the
body through routes such inhalation exposure will be exposed to exciting
light. No evidence has been found that TiO, anatase nanoparticles directly
produce ROS without exciting light [53]. The applications of TiO, nano-
particles where exposure to exciting light is most likely are sunscreen and
cosmetics, but most of the TiO, used in these products is the rutile type
with low photocatalytic activity. In actual use, the photocatalytic activity of
TiO, is likely to have small effects except in special cases.

The biological activity of metal oxide nanoparticles is affected by modi-
fication of particle surface such as addition of functional groups and coat-
ings. After exposure to TiO, nanoparticles modified with —-OH and —NHo,
cell viabilities were decreased compared with unmodified TiO; nanoparti-
cles. Compared with unexposed cells, the cell viabilities of unmodified,
—NH,, and —OH modified TiO, were 80%, 75%, and 65%, respectively.
On the other hand, —=COOH modified TiO, nanoparticles did not affect
the cell viability [54]. Thevenot et al. [54] considered that the surface charge
is related with differences in cellular influences. Cellular influence of nega-
tive charged particles such as —-COOH modified TiO; is small because the
particles are taken up into cells easily without membrane binding, and
subsequently, the particles are submitted to processing inside intracellular
compartments.

These results suggest that biological activities of metal oxide nanoparti-
cles are affected by physicochemical properties of particle surface. Also,
physicochemical properties are affected by modification of particle surface
and adsorption of environmental materials. Oberdorster ef al. [42] reported
that the biological influences of nanoparticles depend more on surface area
than on particle mass. In their report, TiO, particles (particle sizes: 20 and
250 nm) exposed to rats lungs by intratracheal instillation revealed lung
injury dependency to particle surface area. On the other hand, Warheit ef al.
reported that there was no relationship with particle surface area and lung
toxicity; significant differences in lung injury and inflammation were not
observed in rats exposed to 300 nm rutile- and 10 nm anatase-type TiO,
nanoparticles [55,56]. Further, Warheit ef al. injected o-quartz of various
sizes and surface areas to rat lung to compare particle surface area and lung
injury influence [57]. As a result, differences of lung inflaimmation and
cytotoxicity were not observed between the nanoparticle (primary particle
size of 12 nm and specific surface area of 90.5 m*/g) group and fine particle
(524 nm, 5.1 m*/g) group. Other examination using TiO» also showed that
the influence on lungs depended on the surface property [58]. According
to these examinations, Warheit ef al. conclude that pulmonary toxicity of
a-quartz and TiO, depends on its surface property and that particle size and
surface area are not related with pulmonary toxicity.
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Because the amount of the functional group and the adsorbed materials
correlate to the surface area, the influence of the surface area cannot be
disregarded. Nevertheless, it might be difficult to explain the biological
influences of the metal oxide nanoparticles only by the surface area theory.

6.3. Solubility

In recent years, in vitro research—particularly that using cultured cells—has
revealed the finding that elution of metal ions from particles is an important
part of the cytotoxicity of metal oxide nanoparticles. In research comparing
the toxicity of ZnO, CuQO, and TiO, nanoparticles and fine particles on
Saccharomyces cerevisiae, ZnO exhibited the same toxicity in both nanoparticle
and microparticle form [59]. Further, the toxicity of these forms of ZnO was
the same as soluble ZnSO+7H,0O. With CuO, nanoparticles exhibited great
effects than fine particles, but their effects were similar to soluble CuSO, and
the authors explained the difference in toxicity between nanoparticles and fine
particles as due to the difference in elutability of Cu ions from the particles.
TiO, exhibited no effects on S. cerevisiae. Studer et al. revealed that a strong
cytotoxicity of CuO nanoparticles was induced by cellular uptake of CuO
nanoparticles and subsequently intracellular Cu" release [60].

NiO nanoparticles exhibit greater influences than NiO fine particles on
cultured cells. Whereas NiO fine particles eluted almost no Ni** in the
culture medium, NiO nanoparticles did elute Ni*" [38]. The cellular effects
of NiO nanoparticles resemble soluble NiCl,, but cytotoxicity is greater than
the same concentration of NiCl. CuO nanoparticles also exhibit greater
cytotoxicity than the same amount of CuCl, on cultured cells [7]. It has been
observed that NiO nanoparticles are taken into epithelial cells. Various types
of cellular effects due to metal oxide nanoparticles are conceivable. In addi-
tion to effects due to extracellular elution of metal ions in the culture medium
or biological fluids, other possibilities are intake of particles into cells and
elution of metal ions inside cells. Metal oxide nanoparticles taken into cells
likely act as a source supplying metal ions, and continually elute metal ions
into the cytoplasm. With some ions such as Ni*", the influx of extracellular
ions into the cell is controlled by ion channels [61,62]. Cu®" and Zn®" are
essential for some of the enzymes crucial for maintaining cellular homeostasis
such as SOD [63], and an increase in the intracellular concentration of these
metal ions can disturb the cell’s metabolic system, or produce ROS due to a
Fenton-like reaction [64].

The results of in vitro studies suggest that elution of metal ions is an
important factor in the cellular effects of metal oxide nanoparticles, but
there are many points which are unclear, such as the relationship between
soluble kinetics and organelles inside the cell. There is a possibility that the
same reaction will occur in vivo, but there is still no data, and further studies
are necessary.
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It has been pointed out that NiO and CuO have effects due to elution of
metal ions, but both are ordinarily insoluble in water. The material safety
data sheet (MSDS) included when purchasing these particles from a manu-
facturer states: “Solubility in water: insoluble.” Actually, although green
NiO fine particles are almost completely insoluble in water, green NiO
nanoparticles exhibit marked solubility [38]. Further, the solubility of NiO
nanoparticles is greater in biological fluids such as culture medium than in
water. Elution of metals contained as impurities should also be considered.
An increase in solubility is one distinguishing feature of metal oxide nano-
particles, and measuring the elution of metal ions in biological fluids is
essential for evaluating the risk of metal oxide nanoparticles.

6.4. Adsorption

Some metal oxide nanoparticles exhibit strong adsorption. In research by the
authors [45], nanoparticles adsorbed to proteins derived from serum in a cell
culture medium when metal oxide nanoparticles were dispersed in the
medium. TiO,, CeO,, and ZnO, in particular, exhibited high protein-
adsorption capacity. TiO, and CeO, adsorbed salts in the culture medium,
particularly calcium. The surface potential of particles likely contributes to
adsorption of these culture medium components, and the details are described
in the following section. The fact that many nanoparticles adsorb salts and
biomolecules such as proteins suggests the possibility that bioactivity of the
particles themselves varies depending on the adsorbed substances. In culturing
cells, 10% serum is frequently added to the culture medium. Therefore, in the
culture medium, metal oxide nanoparticles form “secondary particles” in the
form of complexes with proteins or salts. It has been reported that, in an in vitro
system, proteins adsorbed to nanoparticles do not affect interaction between
cells and particles [65]. On the other hand, in the in vivo case, metal oxide
nanoparticles which are inhaled or make contact with the skin first make
contact with saliva, mucous membranes, alveoli surfactants, and moisture
retention components of the skin. These biogenic substances include many
biomolecules such as proteins and lipids, and thus metal oxide nanoparticles
are likely to adsorb these substances in actual exposure as well. These adsorbed
substances are thought to influence biological eftects, but there is no data on
adsorption in vivo, and this is a topic for the future.

6.5. Zeta potential

Zeta potential is related to interactions between particles and biomolecules
and is thought to be an important factor for formation of aggregates. When
metal oxide nanoparticles are dispersed in water, the zeta potential depends
on the molecular species and the surface condition. In in vitro experiments,
on the other hand, the zeta potential when dispersed in culture medium for
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cell culture is about —15 to —20 mV regardless of the type of substance
[66]. This is thought to be because, ordinarily, about 10% serum is added to
the culture medium when culturing most of the cells used in toxicity
assessment experiments, and thus the value reflects the zeta potential due
to proteins such as albumin adsorbed to the particle surface. Actually, the
charge of bovine serum albumin is negative at neutral pH, and this almost
matches the zeta potential of metal oxide nanoparticles in culture medium
dispersion fluid. Positively charged particles directly adsorb albumin, and
particles with a negative charge such as TiO, are thought to adsorb albumin
via calcium ions, etc. For example, TiO, and CeO, exhibit high calcium-
adsorption capacity [45]. On the other hand, albumin itself is a typical
calcium-binding protein, and thus calcium is thought to play a crucial role
in these interactions. However, Patil et al. [67] described that protein
adsorption is not only due to electrostatic interactions but also due to van
der Waals’ forces, hydrophobic, hydrophilic, structural, and steric interac-
tions between the protein and the adsorbed material. It is difficult to
measure in vivo the zeta potential of metal oxide nanoparticles inhaled by
humans or animals, but saliva and alveoli surfactants contain many proteins
and calcium components. On the epidermis too, there are proteins as well as
lipids and salts, and it is likely that metal oxide nanoparticles quickly adsorb
these molecules. Therefore, in toxicity assessment, it is probably not appro-
priate to discuss the correlation with in vive conditions based on the value of
the zeta potential measured in aqueous dispersion.

6.6. Other factors

In addition to various biological influence factors noted above (primary/sec-
ondary particle size, aggregation/agglomeration state, surface property, solubil-
ity (ion release ability), adsorption ability, and surface charge), particle shape and
crystalline phase are also suggested as important biological influence factors.
Comparison of macrophage phagocytic capacity in Al,O3 nanoparticles and
oxides-coating Al nanoparticles (thickness of oxide layer was 2-3 nm) showed
that phagocytic capacity was more affected by kinds of material than particle
size. Al nanoparticles showed stronger cytotoxicity than Al,O3 nanoparticles,
and phagocytic capacity of macrophage was decreased [68]. Intratracheal instil-
lation of two kinds of TiO, nanoparticles which had the same composition and
different shape (particle and rod) did not show differences in pulmonary
influences [55]. Refer to the review by Oberdorster [69] for details of the
difference of biological activities of the fibril and the particulate materials.

In characterization of nanoparticles for toxicity evaluation, understand-
ing the actual state of nanoparticles in vivo is very important as well as in vitro
characterization [70,71]. However, the characterization technique of in vivo
physicochemical properties is still in progress. The in vivo characterization is
the next task.
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7. METHODS OF EVALUATING BI0OLOGICAL EFFECTS
OF METAL OXIDE NANOPARTICLES

Nanoparticles exhibit greater physical/chemical activity and bioactiv-
ity than fine particles. Nanoparticles have different properties than fine
particles, even with the same chemical composition. Therefore, many
industrial applications have been attempted, but the question arises: Can
substances like this which have new properties be handled with conven-
tional methods of evaluating biological effects? What is important when
evaluating the biological effects of nanoparticles is to characterize the
various effect factors indicated above together with in vivo testing. Typical
markers for the evaluation of biological influences are listed in Table 1.

Adsorption often has an effect on in vitro testing. Culture medium compo-
nents are adsorbed to nanoparticles, depending on the test system, and cells
become starved [45]. This leads to toxicity being estimated as greater than it
really is. Caution regarding depletion of culture medium components due to
nanoparticles is necessary in in vitro test systems particularly when the particle
concentration is high. Further, the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide) method that uses mitochondrial activity as an
indicator is one of the most widely used methods of measuring the cell viability.
However, MTT assay is not suitable for evaluation of cytotoxic activity of some
nano-objects. When MTT assay was conducted to cytotoxic examination of
carbon nanotube (CNT), the MTT formazan was adsorbed to CNT and the
apparent viability decreased [72]. The effects of metal oxides on the MTT
method are unclear, but Veranth ef al. have reported that when nanoparticles
were administered, the interleukin released by cells was adsorbed to nanopar-
ticles, and it was impossible to correctly measure with ELISA [33]. Prior to
experiments, it is necessary to ascertain the adsorption of metal oxide
nanoparticles.

The solubility of metals from metal oxide nanoparticles is one of the
factors which most aftect the body. There are some cases where a substance
is insoluble as a conventional fine particle and the MSDS states that it is
“insoluble,” but it dissolves when in nanoparticle form. Prior to experi-
ments, it is necessary to ascertain solubility. However, there are sometimes
differences in solubility of metal oxide nanoparticles in water and biological
fluids such as culture medium [38].

It is essential to develop an understanding of the above physical and chemical
properties in noncellular system (in vitro systems in the narrow sense). On the
other hand, the body has various systems to maintain dynamic equilibrium
(homeostasis). The next step is to check whether the results from noncellular
systems are reflected in in vitro systems using cells (in vitro in the broad sense).

In vitro experiments using cultured cells are simpler than in vivo experi-
ments, and they are essential for understanding the mechanisms of biological
effects. They are also less expensive and faster than in vive experiments, and



Table 1 Typical markers for the evaluation of biological influences

End point Marker Measurement method
Invitro Oxidative stress ~ ROS production Intracellular ROS level DCFH
Activation of antioxidative GSH level DTNB
potential
Antioxidant related enzymes ELISA, Western blot, gene expression
(HO-1, SOD, GST, etc.)
Oxidized biomolecule Lipid peroxide MDA (TBARS), DPPP
Protein carbonyls Western blot
Apoptosis Activation of caspase pathway Caspase activity
Phosphatidylserine on the Annexin V staining
extracellular surface
Morphology Microscopic observation
Cell viability Mitochondrial activity Mitochondrial reductase MTT assay, WST-1 assay
Cell membrane damage LDH leaking LDH activity
PI staining
Cell proliferation Colony formation Clonogenic assay
DNA damage Comet assay
Cellular uptake TEM observation
In vivo Oxidative stress  Activation of antioxidative Antioxidant related enzymes ELISA, Western blot, gene expression
potential (HO-1, SOD, GST, etc.)
Oxidized biomolecule Lipid peroxide
Inflammation Leukocyte Macrophage, neutrophil Microscopic observation
Cytokine Interleukin, TNF-o ELISA, gene expression
Injury LDH leaking LDH activity
Pathological Histology finding Histopathological staining
change

DCFH, 2',7'-dichlorofluorescin; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); DPPP, diphenyl-1-pyrenylphosphine; LDH, lactate dehydrogenase; MTT, 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide; MDA, malondialdehyde; TBARS, thiobarbituric acid-reactive substances; WST, water soluble tetrazolium
salts.
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thus they are also useful for first-stage screening of toxic substances. What is
important in evaluating the biological eftects of nanoparticles in in vitro
systems 1s the homogeneity and stability of the metal nanoparticle disper-
sion. Culture medium contains salts and proteins, and thus aggregation
occurs immediately when nanoparticles are added to culture medium. If
secondary particles of various sizes are present in the dispersion, large
secondary particles will reach cells due to gravitational sedimentation,
while nanoscale secondary particles reach cells through diffusion [73].
Teeguarden et al. [73] have reported in detail on this mechanism. If large
aggregates/agglomerates are formed, gravity sedimentation led large aggre-
gates to reach the cells faster than small aggregates. Therefore, the dispersion
concentration differs from the cell exposure concentration. On the other
hand, if dispersion includes only nanoscale aggregates/agglomerates (with
size less than 100 nm), the aggregates reach the cells only by diffusion. In this
case, the dispersion concentration reflects the cell exposure concentration.
Kato ef al. [74,75] have shown that the dynamic light scattering (DLS)
method is effective for evaluating secondary particle size and stability in
many dispersions of metal oxide nanoparticles and culture media. Conduct-
ing DLS measurement simultaneously with cellular examinations makes it
possible to understand the state of the dispersion being administered to cells.

The living organism is more complex than an in vitro system using cultured
cells. Reports comparing biological effects in vitro and in vivo are limited in
scope, but they do suggest that it is possible to predict in vivo results based on
in vitro tests. In a comparison of in vitro and in vivo experiments on ZnO
nanoparticles and fine particles, an increase in oxidative stress markers and
activation of the antioxidation system were observed in both tests [76]. These
results suggest that in vivo effects due to nanoparticles—such as oxidative stress
in the acute stage, inflammation response, and damage due to these reac-
tions—can be screened based on in vitro tests. In other words, when cellular
damage markers such as lactate dehydrogenase, oxidative stress markers such as
intracellular ROS level and lipid peroxidation, and inflammation markers such
as interleukin are at a high level in the in vitro system, it is highly probable that
the substance will have strong effects in vivo, and cause oxidative stress and
inflaimmation. However, the doses that cause these reactions are different
in vitro and in vivo, and the times for the reactions to occur are not the same.
Adequate caution must be exercised when applying the results of in vitro tests to
in vivo systems. Further, it is impossible at the current stage to predict or screen
for long-term effects such as carcinogenesis based on in vitro tests. In vivo tests
are essential for predicting long-term effects [77].

In recent years, there have been reports of effects on the fetus due to
exposure of the mother to nanoparticles. When 100 pg of TiO, nanopar-
ticles were subcutaneously injected to pregnant mice, the development of
fetuses’ brain was affected [78]. The particle size of TiO, “nanopowder”
used in this study was described as 2570 nm (surface area was 2025 m>/g);
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however, the actual particle size in the administration solution is unclear.
In another report, abdominal cavity injection of TiO; nanoparticles at dose
of 5, 10, 50, 100, and 150 mg/kg BW induced oxidative stress in brain of
mice [79]. Further, in an experiment with subcutaneous injection of 100 pg
of TiO; nanoparticles to maternal mouse, TiO, nanoparticles were detected
in Leydig cells, Sertoli cells, and testicular spermatids of newborns [80].
Sperm morphology did not differ but number of sperm per testis signifi-
cantly decreased when the mother had been subcutaneously injected with
TiO,. On the other hand, in vitro study showed similar results. When TiO,
nanoparticles, DEP and CB, were exposed to mouse Leydig TM3 cells,
TiO, nanoparticle showed cytotoxicity at lower dose than DEP and CB.
Toxic influences of TiO, on cell viability and proliferation were observed at
concentrations of 10 and 100 pg/mL, respectively [81]. These investigations
give us meaningful results of disposition of metal oxide nanoparticles.

However, in these reports, the dosage is such that it could not happen under
ordinary conditions, and the method of administration is intraperitoneal or
subcutaneous implantation. Thus the effects are being examined with a method
different from ordinary exposure. Further studies of reproductive toxicity will
be necessary in the future, including the validity of experimental methods.

Findings obtained under “impossible” conditions and dosages which
normally do not occur, even in in vivo experiments, can be used as basic
data which suggests the latent effects of the substance, but the results should
not be interpreted by extrapolating. The results of tests involving subcuta-
neous or intraperitoneal implantation of excessively large amounts should
be very carefully interpreted, without overestimating or underestimating.
In the end, these results are reference data, and it is essential to determine
the no observable adverse effect level (NOAEL) by conducting separate
additional experiments under conditions which can actually occur.

To ensure accurate and appropriate evaluation of the risk of metal oxide
nanoparticles, it is important to ascertain and evaluate information obtained from
the results of both in vitro and in vivo tests conducted using the proper methods.

8. GENE EXPRESSION PROFILING FOR EVALUATING
THE BioLoGIc EFFECTS OF MANUFACTURED
NANOMATERIALS

8.1. Application of DNA microarray-based gene expression
profiling analysis to the toxicological responses in the
pulmonary system

Assessing cellular responses at molecular level upon exposure to intention-
ally and unintentionally created chemical substances could provide new
insights into their toxicological behavior. In the recent decade, DNA
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microarray technology has been developed and widely used in the fields of
genomic study, disease prevention, drug discovery, and diagnostic micro-
biology [82]. Among them, the DNA microarray-based approach is begin-
ning to be available to elucidate toxicological responses in the pulmonary
system.

c¢DNA microarrays have been performed to identify clusters of genes
involved in the progression of pulmonary fibrosis after bleomycin, a cyto-
toxic drug, administration [83], and nickel-induced acute lung injury in an
experimental animal model [84]. Zuo et al. have analyzed samples from
patients with histologically proven pulmonary fibrosis (usual interstitial
pneumonia) by using oligonucleotide microarrays to elucidate the molecu-
lar mechanisms that lead to end-stage human pulmonary fibrosis [85].
Comprehensive gene expression profiling of rat lung revealed distinct
acute and chronic responses to cigarette smoke inhalation and identified
molecular pathways that could be responsible for the damaging conse-
quences of smoking [86]. These microarray data identified that metabolic
processes were most significantly increased early in response to cigarette
smoke. After a transient acute response, gene sets related to immunity and
defense progressively increased and predominated at the later time points in
smoke-exposed rats. The significance of these findings is to represent the
transition from acute to chronic smoke exposure by microarray data shown
from selected time points at the gene expression level.

8.2. In vivo studies of manufactured nanomaterials

In recent years, concern over the influence of various manufactured
nanomaterials such as nanoparticles (ultrafine particles), nanofibers, and
nanotubes on human health and the environment has risen due to advances
in the development of nanotechnology. Especially, based on the clinical
assessments of dusts, asbestos, or related exposures, there has been more
interest in the influences of manufactured nanomaterials on pulmonary
inflammation, fibrosis, and cancer, etc. Whereas it is not easy to predict
those potential toxicities because of a unique physicochemical quality of
manufactured nanomaterials, the toxicity delivered to the lungs of rodents
by inhalation has been performed. There are a lot of reports concerning the
toxicological effect of a ultrafine titanium dioxide particles on pulmonary
systems [49,58,87].

CNTs are unique in having a high aspect ratio. Due to this fiber-like
shape, CNTs introduced into the abdominal cavity may show asbestos-like
pathogenicity [88]. The number of reports of inhalation toxicity of multi-
walled carbon nanotubes (MWCNTs) or single-walled carbon nanotubes
(SWCNTs) has been increasing with the progress in the physicochemical
analysis [89-92]. These studies focus on the lung toxicity with respect
to inflammatory response, oxidative stress, and immune system, etc.
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In addition to these approaches, an in vivo biodistribution study revealed that
inhaled CNTs reach the subpleural tissue in mice [93].

The use of Cg fullerenes is also expected to increase in diverse industrial
fields. Despite interest in the potential toxicological impact of Cg, full-
erenes, little is known about its mechanism of action in vive. It has been
reported that suspensions of Cg fullerenes in water had little or no differ-
ence in the lung toxicity effects [94]. The assessment of toxicity resulting
from inhalation exposure to Cg fullerene nanoparticles and microparticles
revealed minimal changes in the toxicological endpoints [95]. However, the
precise underlying mechanism of action is still unknown. A global toxico-
logical research might be useful to evaluate the toxicity of manufactured
nanomaterials with an unknown end point.

8.3. In vivo DNA microarray analysis of manufactured
nanomaterials

Gene expression analysis using DNA microarrays has been used to elucidate
the toxicological responses of metal oxide ultrafine particles in in vivo
studies. Chen et al. [96] observed that titanium dioxide nanoparticles
(nano-Ti0O,) induced pulmonary emphysema, macrophage accumulation,
extensive disruption of alveolar septa, type II pneumocyte hyperplasia, and
epithelial cell apoptosis by morphometric analysis and dUTP nick-
end-labeling (TUNEL) staining. Meanwhile, mouse cDNA microarray
reveals that nano-TiO, induced differential expression of hundreds of
genes including activation of pathways involved in cell cycle, apoptosis,
chemokines, and complement cascades. Taken together, the authors sug-
gested that nanoTiO; can induce severe pulmonary emphysema, which
may be caused by activation of placenta growth factor (PIGF) and related
inflammatory pathways [96]. Chou et al. [97] have demonstrated that
intratracheal instillation of 0.5 mg of SWCNTs into male mice induced
alveolar macrophage activation, various chronic inflammatory responses,
and severe pulmonary granuloma formation. The authors used oligonucle-
otide microarrays to investigate the molecular effects on the macrophages
when exposed to SWCNT, and suggested that innate and adaptive immune
responses may explain the chronic pulmonary inflammation and granuloma
formation in vivo [97].

Gene expression profiles in rat lungs after intratracheal instillation of
ultrafine nickel oxide particles have been analyzed [98]. Genome-wide
expression analysis revealed that intratracheal instillation of ultrafine nickel
particles led to a rapid increase in the expression of chemokines and genes
involved in inflammation. These changes were most pronounced at 1 week
postinstillation with ultrafine nickel particles. However, expression
returned to control levels by 6 months postinstillation, and expression of
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various other genes categorized into the detection of chemical stimulus was
increased at this time point. The results corresponded well with the results
obtained using conventional methods such as immunohistochemical analy-
sis and BALF cell analysis [34], and expression of inflammation-related
cytokines [99]. Taken together, the results suggest that residual ultrafine
nickel oxide particles in the lungs subacutely initiated distinct cellular events
after resolution of the inflammatory response.

The pulmonary effects of the inhalation of Cg fullerenes compared with
ultrafine nickel oxide particles have been reported [100,101]. The study was
conducted to examine pulmonary response at 3 days, 1 month, and 3 months
postexposure to Cg fullerene exposure of 6 h a day, and 4 weeks (5 days a
week) to assess the short-term effects of the inhalation postexposure. Cgg
fullerenes were found in alveolar epithelial cells at 3 days postexposure, and
they were engulfed by macrophages at both 3 days and 1 month postexpo-
sure. However, conventional methods such as histochemical analysis, neu-
trophil and BALF cell analysis demonstrated that Cg fullerenes might not
have adverse effects on the lung under the inhalation exposure condition.
The gene expression profiles of the rat lung after whole body inhalation
exposure to Cg fullerenes have been simultaneously performed to assess the
influence of the nanoparticles on molecular events [101]. Oligo DNA
microarray revealed that the few genes involved in the inflammatory
response, oxidative stress, apoptosis, and metalloendopeptidase activity
were upregulated at both 3 days and 1 month postinstillation. Meanwhile,
these results were significantly different from those of ultrafine nickel oxide
particles, which induced high expression of genes associated with chemo-
kines, oxidative stress, and matrix metalloproteinase 12 (Mmp12). This
suggests that ultrafine nickel oxide particles lead to an acute inflammation
for the exposure period, and the damaged tissues are repaired in the post-
instillation period. The gene expression profiles provide evidence for the
pulmonary toxicity difterences in each manufactured nanomaterials.

The pulmonary effects after intratracheal instillation to ultrafine Cg
fullerene particles compared with those of ultrafine nickel oxide particles
have been reported [100]. The gene expression profiles in rat lungs after
intratracheal instillation of Cg fullerene particles have been examined to
characterize time-dependent changes in the gene expression profiles at
different dosages and to identify the expressed genes as potential candidates
of biomarkers [102]. Gene expression profiling suggested that the expres-
sion of some genes is correlated with the dose of intratracheally instilled Cg
fullerenes. The expression levels of 89 and 21 genes were positively corre-
lated with the Cg fullerene dose at 1 week and 6 months after the instilla-
tion, respectively. Most of them were involved in “inflammatory response,”
and the Cd17, Ctsk, Cxd2, Cxd6, Ln6, Orm1, Rnase9, Slc26a4, Sppl,
Mmp7, and Mmp12 genes were overlapped. These genes might be useful
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for identifying potential biomarkers in acute phase or persistent responses to
Ceo fullerenes in the lung tissue.

8.4. Conclusions

We consider that DNA microarray-based gene expression analysis provides
useful information about (1) a comprehensive set of the toxicological
responses in dose- and time-dependent manner at the molecular level, (2)
genes for identifying potential biomarkers in acute phase or persistent
responses to nanomaterials, (3) in vivo characteristics of manufactured nano-
materials, comparing with the profiling of another kind of manufactured
nanomaterials or other chemical materials. Further development of analyti-
cal method, accumulation of analytical data, and information-sharing
through a public functional genomics data repository are necessary to propel
the future study.

9. SUMMARY

At present evaluation of the biological effects of metal oxide nanopar-
ticles is being discussed and researched in many countries.

For industrial applications of metal oxide nanoparticles, it is important to
correctly evaluate both risks and benefits, and use the material properly (it is
also possible to opt not to use the material). Evaluation using appropriate
experimental systems is important for this reason too. It is also crucial to
evaluate using appropriate experimental systems when developing an
understanding of biological effects due to accidentally or naturally produced
nanoparticles (including metal oxides) such as DFP and yellow sand.
Further, it is essential to evaluate risks and ascertain latent effects for uses
where nanoparticles are actively administered to the body, as with DDS.

Figures 1 and 2 summarize the biological effect factors and evaluation
methods for metal oxide nanoparticles. Basically, nanoparticles have greater
potential for bioactivity than fine particles. However, it is still unclear
whether the fact that they are nanoscale directly affects the body. At present,
the greatest effect factor for metal oxide nanoparticles is the increase in
solubility. Nanoscale particles have greater solubility due to the increase
in surface area per unit weight. Eluted metals have an effect on the body.
In terms of biological effects, increased oxidative stress causes apoptosis and
inflammation, and in some cases, continuous oxidative stress or inflamma-
tion can lead to fibrosis or cancer. “Oxidative stress” is a key word for the
biological effects of metal oxide nanoparticles. However, it is not the case
that all metal oxide nanoparticles dissolve, and factors such as surface
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Figure 1 Cellular influence factors induced by metal oxide nanoparticles.

modification also have an effect. Even metal oxide nanoparticles with the
same chemical composition (e.g., TiO,) are likely to have different eftects
depending on the manufacturer. At the present time, risk evaluation
requires characterization of each substance and each product. Recently,
some investigations about preparation of nanoparticle dispersion and mea-
surement method for accurate evaluation of biological influences by nano-
particles in vivo and in vitro have been reported [74,75,103-106]. In vitro and
in vivo tests with no characterization are meaningless, and do nothing but
confuse the results. Particle diameter (primary, secondary), specific surface
area, dispersion stability, solubility, and adsorption should be ascertained for
characterization, and oxidative stress, apoptosis, cytotoxicity (mitochondria
activity, colony formation, etc.), and cytokine production should be ascer-
tained for in vitro evaluation using cultured cells. For in vivo tests, it is valid to
adopt acute toxicity (oxidative stress, damage, inflammation, etc.) and long-
term toxicity (carcinogenesis) as end points. These items are still being
discussed.

Previously, a number of outstanding reviews have been presented
regarding the biological effects of nanoparticles [107-111]. Outstanding
reviews have also been presented regarding the environmental effects of
metal oxides. For matters which could not be adequately explained in this
section, such as environmental effects, or for discussion from different
perspectives, the reader should refer to these reviews.
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Figure 2 Evaluation of biological influences induced by metal oxide nanoparticles.
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Abstract

The rapid expansion of nanotechnology promises to have significant benefits to
society, yet there is increasing concern that exposure to nanoparticles (particles
typically <100 nm in size) will have negative impact on both human and environ-
mental health. Due to its well-known bactericide properties, silver nanoparticles
(AgNPs) are nowadays among the most commercialized nanomaterials, but sur-
prisingly studies concerning toxicity at the cellular and molecular level are rather
limited and the mechanisms that lay behind AgNPs toxicity are far from being
understood. This critical review presents a detailed analysis of data on the in vitro
and in vivo uptake, biodistribution, and toxicity of AgNPs. Emphasis is placed on
the systematization of data over animal and cell models, organs examined, doses
applied, the type of particle administration, and the time of examination.

1. INTRODUCTION

The rapid expansion in the field of nanotechnology is likely to benefit
the society, yet there are increasing concerns that human and environmental
exposure to nanoparticles (NPs) and nanomaterials may produce adverse
effects. NPs and nanomaterials are defined as substances with at least one
dimension less than 100 nm in size, such particles can take many different
forms, for example, different crystal forms, tubes, rods, wires, spheres or,
more elaborate structures, such as core-shell NPs. Due to their small size and
high surface area, coupled to other physicochemical properties such as metal
contaminants, coating and charged surfaces, and quantum-related eftects,
introduction of nanomaterials into the human environment may have
unexpected consequences, both beneficial and harmful.

Silver is a well-known bacteriocide, but this review neither considers its
antimicrobial effects (for review, see Refs. [1] and [2]) nor includes non-
particulate forms of silver, such as silver ions or organic compounds of silver
used in many consumer goods; only particulate forms of nanoscale silver are
discussed. Silver nanoparticles (AgNPs) are widely used in medicine, phys-
ics, material sciences, and chemistry. Many medical products are coated or
embedded with nanosilver, for example, contraceptive devices, surgical
instruments, bone prostheses, and dental alloys. However, little is known
about their in vivo behavior, tissue distribution as well as adverse health
effects in mammals, including humans. Being present in many consumer
goods, AgNPs can easily penetrate the human body through different
portals, for example, AgNPs released from different surface coatings can
be readily inhaled [3] or AgNPs can be directly absorbed from medical
devices, such as catheters or dental and bone implants [4]. AgNPs present in
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dressings for burns and bandages and ointments used for wound healing,
nanosilver-based textiles, and cosmetics (like antibacterial deodorants) can
penetrate into both compromised and intact skin [5,6] and can localize in
the stratum corneum and the upper layers of epidermis [7]. These findings
raise a concern over the widespread use of AgNPs in consumer products.

AgNPs present in consumer goods are released into the environment,
where they could be bioaccumulated or enter the food chain or drinking
water supplies [8,9]. The environmental fate of nanosilver will depend upon
the nature of the NPs. NPs that aggregate and/or associate with dissolved or
particulate natural materials will likely end up deposited in sediments or
soils. Some types of AgNPs, however, are engineered to remain dispersed in
water. The bioavailability of these materials can be determined by their
uptake when in contact with organisms. The potential threat and persis-
tence of these particles, on timescales of environmental relevance (days to
years), are not known.

Despite the fact that AgNPs are among the most commercialized nanoma-
terials, studies concerning toxicity at the cellular and molecular level are rather
limited and the mechanisms that lay behind AgNP toxicity are far from being
understood. NPs and cellular components share a similar size, and, therefore, it
is highly likely that AgNPs could interact with cells and cross barriers, such as
cell membranes, potentially resulting in adverse and unpredictable eftects.

2. CELLULAR UPTAKE

2.1. Kinetics of cellular uptake of AgNPs

The uptake of AgNPs is relatively fast and time-dependent. Usually after 2 h
exposure, the vast majority of cells contains AgNPs. Sometimes, uptake
saturation is observed after prolonged incubation [10—13]. Gaiser ef al. [10]
demonstrated that 35 nm AgNPs and bulk silver particles (0.6—1.6 pm) were
found in the cytoplasm of C3A human hepatocytes or Caco-2 human
intestinal epithelial cells after 2 and 24 h of exposure; however, uptake of
the NPs was greater than that of bulk particles. The kinetics of AgNP uptake
in relation to shape and form was investigated by Lu ef al. [11]. The
transmission electron microscopy (TEM) showed that both 30 nm silver
nanoprisms and 30 nm silver nanospheres penetrated into the human HaCaT
keratinocytes and accumulated in the nucleus. Saturation of uptake was
reached after 7 h for all the different forms of AgNPs (colloidal and powder
spheres, colloidal and powder prisms) with similar dimensions. The uptake
kinetics of all forms was nearly the same. In contrast, the surface charge
of AgNPs significantly modified their uptake. Internalization of positively or
negatively charged Ag dendrimer complexes (3—7 nm) or functionalized
50 nm AgNPs was more eftective than that of neutral ones [14,15].
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2.2. Mechanisms of the cellular uptake of AgNPs in vitro

NPs are taken up by a variety of cell types via different mechanisms, such as
macropinocytosis, lipid raft-dependent endocytosis (caveolin-dependent,
dynamin-dependent, dynamin-independent), clathrin-dependent endo-
cytosis, and phagocytosis [16—19]. Despite the fact that these mechanisms
have been extensively studied to elaborate the uptake of other biologically
active molecules, such as viruses, proteins, and DNA, the exact mechanism
of AgINP uptake is not completely understood. It is believed that different
cell types may have different uptake mechanisms. Further, the mechanism
of NP uptake can be influenced by several factors, such as morphology of
the NPs, their size, concentration, and surface properties [20]. Attempts to
identify the uptake routes of AgNPs led to the conclusion that they are
internalized mainly through clathrin-dependent endocytosis and macropi-
nocytosis. AshaRani ef al. [21] found that the normal human IMR-90 lung
fibroblasts and human U251 glioblastoma cells exposed to AgINPs (6—20 nm)
at low temperature take up less AgNPs as compared to cells incubated at
37 °C. However, intracellular concentration of AgNPs showed a dose- and
time-dependent increase at both temperatures. Inhibition of clathrin pits
formation did not result in a complete inhibition of endocytosis. Moreover,
TEM micrographs did not show the presence of coated endosomes.
Therefore, AgNPs may be internalized by a mechanism different from
clathrin-dependent endocytosis. When the cellular uptake through macro-
pinocytosis was abolished, a significant decrease in AgNP uptake followed,
suggesting an active involvement of that pathway. Inhibition of the calveo-
lin-mediated endocytosis did not aftect AgNP uptake. Similar results were
reported by Greulich ef al. [22] who observed that AgNPs were taken up by
clathrin-dependent endocytosis and by macropinocytosis into human
mesenchymal stem cells (hMSCs). Cytoplasmic vesicles were also formed
in J774 A1 macrophages upon exposure to uncoated and uncharged AgNPs
containing clusters of particles suggesting internalization via pinocytosis [23].
Quite often the surface of NPs is modified not only to avoid aggregation
but also to prevent the interaction between the particle’s surface and the
cell. It has been suggested that surface modification can alter AgNPs
properties and their subsequent distribution in the organism [24].

2.3. Intracellular distribution of internalized AgNPs

TEM can provide the most detailed information regarding in vitro NP
uptake and localization by allowing both visualization of NP location
within a cell or tissue and, in conjunction with spectroscopic methods,
characterization of the composition of the internalized NPs (Figure 1).
vanWinkle et al. [25] reported that AgNPs (20—40 nm) were found both
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Figure1 TEM microphotographs showing presence of AgNPs and their agglomerates
(indicated by arrows) in cytoplasm and mitochondria (A) and nucleus (B) of HepG2
cells. Cells were treated with 20 nm AgNPs (50 pug/ml) for 2 h.

as agglomerates and as single particles in the cytoplasm, inside the nucleus, in
the lysosomal compartment, and in the mitochondrial matrix of rat type I-
like alveolar epithelial cell (R3-1). AgNPs lesser than 20 nm were evenly
distributed as individual particles inside the R3-1 cells in filipodia, cytosol,
cell nucleus, and mitochondria. Moreover, they not only appear not to be
restricted to the mitochondrial intermediate space but also were found
inside the matrix. The diameter of AgNPs inside the cells was significantly
smaller (9—18 nm) than the documented average size (40 nm). This may
indicate that only very small AgNPs enter the R3-1 cells and that smaller
AgNPs rapidly traverse membranes. Uniform intracellular distribution of
AgNPs was also observed by AshaRani ef al. [21,24] in IMR-90 and U251
cells exposed to 620 nm AgNPs. While the peripheral cytoplasm of the
treated cells showed numerous endosomes with engulfed NPs, AgNPs were
also observed in the nucleus. The authors suggested that the particles may be
able to pass through the pores of the nuclear envelope because of their small
size. This observation was confirmed by Greulich et al. [22] who deter-
mined the intracellular distribution of internalized AgNPs in hMSCs after
24 h. They observed that the ingested AgNPs occurred in agglomerates in
the perinuclear region. The molecular basis of this intracellular agglomera-
tion of AgNPs is still not known; however, the authors suggested that it is
likely that encapsulation in a membrane vesicle might be involved. How-
ever, in this study, fluorescent staining of cellular structures showed that
AgNPs occurred in endolysosomal structures but not in the cell nucleus,
endoplasmic reticulum, or Golgi complex.

The use of fluorescence and laser confocal microscopy in detection of
NPs has also allowed researchers to track the paths taken by individual
AgNPs within tissues and single living cells. The study performed by Chung
et al. [26] revealed that spherical AgNPs (3.8 nm) were able to enter platelet
cells and 3T3 fibroblasts and reach the cell nucleus within 2 h.
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3. Toxicity oF AGNPs

3.1. Toxicity in vitro

Several in vitro studies using various cell line-based models for gastrointesti-
nal tract, skin, and lung exposure, etc. suggest that increasing concentrations
of AgNPs lead to decreased viability and proliferation and induction of
apoptosis (Table 1). Starch-coated AgNPs affected mitochondrial function
in IMR-90 and U251 cells. The levels of necrosis and apoptosis were low
and together with decreased ATP levels indicate metabolic arrest [24].
Mitochondrial membrane integrity of N2A murine neuroblastoma cells
was altered, and actin cytoskeleton was disrupted upon exposure to both
uncoated and polysaccharide-coated AgNPs (25 nm). Cell proliferation was
decreased, and despite the addition of nerve growth factor, the effect
persisted [46]. Induction of G1 arrest was observed in RAW264.7 mouse
peritoneal macrophages exposed to uncoated AgNPs [53]. However, when
J774 A1 macrophages were exposed to uncoated AgNPs of various sizes
(3.1, 5.8, and 24.9 nm), cell proliferation was inhibited only by the smallest-
sized NPs [23]. Polyvinylpyrrolidone-coated AgNPs (100 nm) were cyto-
toxic to hMSCs above 3 pg/ml and caused a decrease of chemotaxis [36].
Polyvinylacetate- and starch-coated AgNPs caused concentration-
dependent membrane damage in human erythrocytes and haemagglutina-
tion. The cells lost the biconcavity, appeared swollen, and hemolysis was
observed. Therefore, it was suggested that wound dressings containing
AgNPs could potentially result in hemolysis depending on the concentra-
tions used in the product [27]. Diversion from normal shape and mor-
phology was also apparent in HT-1080 human fibrosarcoma cells and
A431 human skin carcinoma cells exposed to uncoated AgNPs. The
mitochondrial activity was decreased above 6.25 pig/ml, and DNA ladder-
ing was observed, indicative of apoptosis [6]. However, cellulose gum-
coated AgNPs did not induce cell death after exposure for 24 h up to a
concentration of 0.02 ppm and did not enhance the effect of UVB-
irradiation on apoptosis [30]. However, the concentrations tested were
lower compared to the ones used in other studies, and the average size of
the particles was 730.5 nm. Polyethylamine-stabilized AgNPs were toxic
to HepG2 human hepatocytes at concentrations above 1 mg/l, whereas at
lower concentrations, there was an increase in cell proliferation, suggesting
that potential toxic agents could act as stimulants at low concentrations
[38]. Viability was restored upon addition of cysteine; however, the
morphological aberrations persisted suggesting that there could be a com-
bined effect of both Ag ions and particles [38,39]. A dual effect depending
on concentration was also observed in rat coronary endothelial cells
exposed to uncoated AgNPs. Cell proliferation was inhibited at low



Table 1

In vitro models for AgNP toxicity assessment

Size (nm)

10.88 (PVA)
5.78
(starch)

30-50

18

730.5

13

61

68.9

Surface coating

PVA coated,
starch coated

PVP-coated Ag
(0.2% PVP)
Uncoated

Cellulose gum-
coated

Uncoated
Uncoated

Uncoated

Model

Human erythrocytes

A549 human lung
carcinoma cells
Baby hamster kidney

(BHK21) and
human colon
adenocarcinoma
(HT?29) cells
Human skin, HaCaT
normal human
keratinocytes

Mouse blastocysts

MAMC s primary
culture murine
adrenal medullary
chromaftin cells

RAW264.7 mouse
peritoneal
macrophages

Concentration
tested

25—-400 pg/ml

0-20 pg/l

11 pg/ml

0.5, 50 ppm
(skin),
0.002—
0.02 ppm
(cells)

25 and 50 pM

0.01, 0.1, and
1 nM

0.2-1.6 ppm

Exposure
duration

3h

24 h

12,24 h

24 h

24 h
24 and 48 h

24,48 |72,
and 96 h

Outcome

Produced more severe

effects than uncoated

R OS generation and
apoptosis

AgNPs induced p53-
mediated apoptosis

AgNPs did not sensitize
keratinocytes to UV-B

radiation

Embryonic toxicity

Cytotoxicity, decreased

secretion

Cytotoxicity and
oxidative stress

References

[27]

(28]

[29]

[30]

[33]

(Continued)



Table 1 (Continued)
Concentration Exposure
Size (nm) Surface coating Model tested duration Outcome References
20, 50, 80 Unwashed, HEKSs, human 0.000544— 24 h Dose-dependent decrease [5]
(uncoated), washed, carbon epidermal 1.7 pg/ml in cell viability of
25, 35 coated keratinocytes uncoated nanoparticles
(coated) while carbon-coated
AgNPs were nontoxic
30 (spherical) Uncoated Japanese medaka 0.05-5 pug/cm® 24 h Toxicity, DNA damage  [34]
(Oryzias latipes)
cell line
7-20 Uncoated Mouse fibroblasts and 10-200 pg/ml 24 h Reduced cell viability, [35]
liver cells oxidative stress, and
apoptosis
35 (0.6— Uncoated C3A human 0-1000 pg/ml 24 h Internalization, [10]
1.6 pum hepatocytes, Caco- cytotoxicity
bulk) 2 colon cancer cells
Primary trout
hepatocytes
100 PVP coated hMSCs human 0.05-50 pg/ml 7 days Cell proliferation and [36]
(spherical) mesenchymal stem chemotaxis were
cells decreased, while IL8
release was increased
50 Uncoated Bovine retinal 100-500 nM 24 h Induction of CASP3 [37]

endothelial cells

activity and DNA
ladder formation




90

25

45

Polyethylen-
imine stabilized

Uncoated

PVP coated

Uncoated

Uncoated

HepG2 human
hepatoma cells

HepG2 human
hepatoma cells

Human skin
(epidermis and
dermis) Franz
diffusion cell
method

HeLa S3 human
cervical cancer cells

Rat coronary
endothelial cells

0.1-3 mg/1 24 h

0.1-5 pg/ml 28 h

0.46-2.32 ng/ 24h

2

cm

0-120 pg/ml 24 h

0.1-100 pg/ml 24 h

Noncytotoxic doses of
AgNPs accelerate
DNA damage repair
genes and micronuclei
induction

Cytotoxicity,
overexpression of
superoxide dismutase,
glutathione peroxidase,
catalase

AgNPs are able to
permeate the damaged
skin in an in vitro
diffusion cell system

Oxidative stress,
apoptosis, HO1 and
MT2A overexpression

At low concentrations,
AgNPs act as
antiproliferative/
vasoconstrictive factors
that impair NO
production, at high
concentrations the
AgNPs stimulate NO-
mediated proliferation/
vasorelaxation

[38]

[39]

[40]

[41]

(Continued)




Table 1 (Continued)
Concentration Exposure

Size (nm) Surface coating Model tested duration Outcome References

3.08, 5.75, Uncoated J774 A1 macrophages 1and 10 ppm 24, 48, and Cytotoxicity, production [23]

and 24.85 72 h of IL1, IL6, and TNF

25 Uncoated, Mouse embryonic 50 pg/ml 24,48, and Both coated and uncoated [42]

polysaccharide stem cells (mES), 72 h AgNPs induced DNA
coated mouse embryonic damage and apoptosis.
fibroblasts (MEF)

7-20 Uncoated HT-1080 human 1.56-50 pg/ml 24 h Reduced cell viability, [6]
fibrosarcoma cells oxidative stress, DINA
derived from fragmentation, and
dermis, A431 higher CASP3 activity
human skin
carcinoma cells
derived from
epidermis

6—20 Starch coated IMR-90 human 25-400 pg/ml 24, 48, and  Oxidative stress, DNA [24]
lung fibroblast, 72 h damage, apoptosis, and
U251 human necrosis
glioblastoma cells

15, 30, 50 Uncoated Rat alveolar 10-75 pg/ml 24 h ROS generation and [43]
macrophages oxidative stress

mediated toxicity




1-100 N/A NIH3T3 mouse 0.0005- 24 h AgNPs act through ROS  [44]

fibroblast cells, A10 50 pg/ml and Jnk to induce
rat vascular smooth apoptosis via
muscle cells, mitochondrial pathway

HCT116 human
colon cancer cells

2-5 Uncoated HeLa S3 human 92 pg/ml 3, 4, and Cytotoxicity, apoptosis  [45]
cervical cancer cells 24 h and induction of
oxidative stress-related
genes
25 Uncoated, N2A murine 0.5-100 pg/ml 24 h Oxidative stress, [46]
polysaccharide neuroblastoma cells degradation of
coated mitochondrial

membrane integrity,
disruption of actin

cytoskeleton
100 Uncoated A549 human alveolar 5-200 pg/ml 24 h Dose-dependent [47].
epithelial cells apoptosis
3-100 Uncoated A549 human alveolar 0.01-10 pg/ml 48 h Oxidative stress, cytokine [48]
epithelial cells IL6 and IL8 production
15 Uncoated Rat neuroendocrine 50 pg/ml 24 h Reduced mitochondrial  [49]
cells (PC12) function and dopamine
level
15 Uncoated C18-4 mouse 5-100 pg/1 48 h Reduced mitochondrial ~ [50]
spermatogonial function, increased
stem cells LDH

(Continued)



Table 1 (Continued)

Size (nm) Surface coating

15, 100 Uncoated

25 (uncoated) N/A
20 (coated)

Concentration
Model tested

BRL 3A rat liver cells 5-50 pg/ml

RAW267.9 mouse  0-10 pg/ml
alveolar
macrophages

Exposure
duration

24 h

24 h

Outcome

Reduced mitochondrial
function and GSH
level, and increased
level of ROS

Citotoxicity

References

[51]

[52]
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concentrations (1-10 pg/ml), whereas stimulation was observed at high
concentrations (50-100 pg/ml) probably due to size heterogeneity [41].

Studies on embryonic development with the use of mouse blastocysts as
a model showed that uncoated AgNPs inhibited cell proliferation and
induced apoptosis. The percentage of developed blastocysts from morulas
was lower compared to control, and the number of both inner cell mass and
trophectoderm cells was lower. This indicates potential harm of AgNPs on
embryonic implantation and development. However, the effect of Ag™ ions
was stronger [31]. Mouse embryonic stem cells and mouse embryonic
fibroblasts demonstrated a decrease in viability and an increase in the
expression of annexin upon exposure to both uncoated and polysaccharide
(acacia gum)-coated AgNPs. The effect of the coated particles was higher in
both cell lines suggesting that surface chemistry does indeed lead to difterent
responses [42]. Mitochondria-dependent apoptosis was also observed in the
NIH3T3 but not in the HCT116 cells treated with AgNPs, as suggested by
the presence of cytochrome cin the cytoplasm and BAX in mitochondria. It
was suggested that HCT116 cells are protected by the upregulation of the
antiapoptotic BCL2 protein [44]. Although viability is not always compro-
mised, AgNPs can affect other functions of the cell such as exocytosis.
Primary culture murine adrenal medullary chromaftin cells exposed to
uncoated AgNPs (61 nm) for 24 h exhibited a decrease in epinephrine
secretion despite the viability was not decreased [32].

Since the cellular uptake and biological response are dependent on
various parameters such as dispersibility, surface properties, aggregation,
persistence, or ability to translocate to other organs, etc. [54-56], the same
type of particle may exhibit different toxicity varying on the coating agent
and functionalization [42,54]. It is crucial to take into account the size,
coating, agglomeration in solvents or media to allow comparison across
different studies and to obtain reliable, reproducible results [55]. Further, it
should be noted that NPs could possibly interfere with some colorimetric
assays and mask the effects [5,27]. It has also been shown that the toxicity
exhibited in human epithermal keratinocytes exposed to AgNPs was due to
contaminants present in the NP solution but not to the NPs themselves [5].
In addition, it has been pointed out that the actual size of the NPs may be
different from the size provided by the manufacturer, showing the impor-
tance of in house measurements [28,41].

3.2. In vivo toxicity in mammals

3.2.1. In vivo studies on mammalian animal models

There are relatively few papers describing the effect of AgNPs in vivo
(Table 2). AgNPs, similar to other NPs, may enter human and animal
bodies through different routes of exposure: ingestion [33,63,65], inhalation
[57,66,67], dermal contact [5,73], or they can be administered



Table 2 /n vivo mammalian models for AgNP toxicity assessment

Size (nm)

18

18

18

29

13-15

Surface
coating

None

None

None

None

None

Model

Sprague—
Dawley
rats

Sprague—
Dawley
rats

Sprague—
Dawley
rats

C57BL/6N

mice

Sprague—
Dawley
rats

Concentration tested

1.73 x 10%,
1.27 x 10°,
1.32 x 10°
particles/cm’

1.73 x 10%,
1.27 x 10°,
1.32 x 10°
particles/cm’

30, 300, and
1000 mg/kg

100, 500, and
1000 mg/kg

1.73 x 10%,
1.27 x 10,
1.32 x 10° particles/
em’ (61 ug/m?’)

Exposure method and
duration

Inhalation exposure:
6 h/day, 5 days/
week, for 28 days

Inhalation exposure:
6 h/day, 5 days/
week, for 90 days

Ingestion exposure:
Ag NPs mixed
with diet for
28 days

Intraparentally 24 h

Inhalation exposure:
6 h/day, 5 times/
week, 28 days

Outcome References

No significant changes in the [57]
hematological and blood
biochemical parameters in
either male or female rats

Decreased tidal volume and [58]
alveolar inflammation.

Increased bile duct hyperplasia
and liver inflammation

Significant dose-dependent [59]
changes in alkaline,
phosphatase activity,
cholesterol level, and slight
liver damage

Altered gene expression [60]
associated with oxidative stress
in the caudate, frontal cortex,
and hippocampus regions of
the brain

Size and number of goblet cells  [61]
containing neutral mucins
increased in lungs




22

56

15

22,42, 71, and
323

None

None

None

None

C57BL/6
mice

Fischer
F344 rats

Fischer
F344 rats

Mice

1.91 x 107 particles/ Inhalation exposure:
3

cm 6 h/day, 5 days/
week, 14 days

30, 125, and 500 mg/kg Ingestion 90 days
body weight

Inhalation Inhalation: 6 h

133 pug/m’ Intratracheal: Single
(3 x 10° cm?) administration
Intratracheal

50 pg AgNPs

7 pg AgNO;

Single dose: 1 mg/kg  Ingestion 14 days
Repeated doses: 0.25,  Repeated oral
0.50, 1.00 mg/kg toxicity during
28 days (42 nm
only)

Expression of several genes in the
brain associated with motor
neuron disorders,
neurodegenerative disease, and
immune cell function

Difterent adverse effects,
including loss of body weight,
changes in blood biochemical
parameters, bile-duct
hyperplasia, fibrosis, and
pigmentation. Gender-related
differences in accumulation of
AgNPs in kidney

Dose-dependent translocation to
main organs

Single dosage: The largest AgNPs
were not found in any of the
organs studied. Repeated
dosage adversely impacts on
liver and kidney in a high dose-
treated group (1.00 mg/kg),
when determined by blood
chemistry and
histopathological analysis.
Decrease in cytokine levels

[62]

[64]

[33]

(Continued)
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Surface Exposure method and
Size (nm) coating Model Concentration tested duration Outcome References
60 None Sprague— 30, 300, 1000 mg/kg  Ingestion 28 days Translocation to the tissues. [65]
Dawley Changes in mucus chemistry
rats
18-19 None Sprague— 0,6 x 10°, 1.4 x 10°,  Inhalation exposure: Lung and liver inflammation. [66]
Dawley 3.0 x 10° particles/ 6 h/day, 5 days/ Increased bile duct hyperplasia
rats cm® week, for 13
weeks
None Sprague—  0.94 x 10°, Inhalation exposure: No significant changes [67]
Dawley 1.64 x 10°, 4h
rats 3.08 x 10° particles/
em’
50-100, 2-20 pm None Rats 62.8 mg/kg Subcutaneously AgNPs traversed the blood—brain [68]
barrier (BBB) and move into
the brain in the form of
particles. Induction of
neuronal degeneration and
necrosis
50-100, 220 pm None Rats 62.8 mg/kg Subcutaneously AgNPs translocated to the blood [69]

circulation system and
distributed throughout the
main organs, especially in the
kidney, liver, spleen, brain, and
lung in the form of particles.
Caused neuronal degeneration




20, 80, 110

50-60

Colloidal silver

None

None

None

Rats 23.8, 26.4, 27.6 ng/ml  Intravenously

Sprague—  Intraperitoneal (50 mg/ Single dose, 24 h
Dawley kg), intravenous
rats, mice (30 mg/kg),
intracarotid (2.5 mg/

kg)

Piglets 20, 40 mg/kg diet Ingestion exposure:

AgNPs mixed
with diet for
5 weeks

Size-dependent deposition in all
major organs

Altered the BBB function.
Marked decreases in local
cerebral blood flow and
pronounced brain edema was
seen in regional areas associated
with BBB leakage. Neuronal
cell injuries, glial cell
activation, heat shock protein
upregulation

No effect was observed, minimal
retention of AgNPs in liver

[70]

[71]

[72]
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subcutaneously [68,69], intraperitonally [60], or intravenously [70,71].
Once entering the body, some AgINPs remain in entry tissues, but generally
they can be easily translocated and distributed throughout the body via
bloodstream or lymphatic system. Regardless of the routes of exposure,
AgNPs are found in all major target organs: lungs, skin, liver, spleen, brain,
adrenals, testes, and kidneys [74]. AgNPs easily cross blood vessels walls, and
can cross the blood-brain [71], alveoli—capillary vessels [64], blood—testes
[74], and skin—blood [5] barriers.

It has been proven that the impact of AgNPs depends not only on their
dose [59-61] but also on their size [33,64,70]. Differences between chronic
and acute exposure have also been shown [67,70]. In most of the studies, a
toxic eftect of AgNPs on various organs and tissues has been found,
although in one report no effect was found [57], but in this case, only a
very small dose was administered.

One of the natural routes by which NPs can penetrate into an organism
is the inhalation route. Two weeks of 5 day/week, 6 h/day inhalation
exposure of C57BL/6 mice to AgNPs resulted in changes of expression of
several genes associated with motor neuron disorders, neurodegenerative
disease, and immune cell function in brain, indicating potential neurotox-
icity and immunotoxicity associated with AgNP exposure [62]. In a study
by Takenaka ef al. [64], the effect of inhalation of 10 nm AgNPs was
compared to that of intratracheal exposure to AgNPs larger than 100 nm.
In both cases, the highest levels of AgNPs were found in lungs and blood
immediately after the exposure. Inhalation of AgNPs resulted in some silver
accumulation in all main organs. After intratracheal administration, massive
AgNPs accumulation was found mainly in alveolar walls and alveolar
macrophages, suggesting rapid phagocytosis of large silver agglomerates by
alveolar macrophages.

A subacute exposure by inhalation to different size AgNPs caused
significant change neither in body weight nor in hematological or biochem-
ical blood parameters [57,75]. Although no symptoms have been noticed,
AgNPs were found in all investigated organs. The accumulation in lungs,
brain, olfactory bulb, and liver was dose related [57]. Similarly, a chronic,
repeated oral administration of AgNPs (60 nm) resulted in no significant
changes of body and organ weights, despite a dose-dependent deposition of
AgNPs in all organs. Two groups [57,61] administered AgNPs to the rats’
nasal septum respiratory mucosa during 28 days. Histopathological exami-
nation revealed no lesions in nasal cavity and lungs. However, exposure to
high AgNP-doses caused significant growth of goblet cells and an increase
of neutral mucus production. In another study, AgNPs administrated to rats
in an inhalation chamber for 90 days, 6 h/day caused a statistically significant
decrease in the tidal volume and minute volume [58]. In a subsequent study,
subchronic exposure induced alveolar inflammation and macrophage accu-
mulation in lungs of rats treated with the highest dose used
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(3.0 x 10° particle/cm’) [66]. However, acute inhalation (4 h) of the same
AgNPs did not show any significant eftects on lung function in rats of both
sexes [67]. In all studies, dose-dependent AgNPs deposits in main organs
have been found. Silver concentration in kidneys of female rats was two- to
threefold higher than that in kidneys of male rats. A similar relationship was
described for rats exposed by oral route [59,63,75], suggesting gender-
specific accumulation of AgNPs to be a common phenomenon, apparently
independent of the route of administration.

Kim et al. [63] studied the effect of oral administration of AgNPs (56 nm)
during 13 weeks to male and female rats, demonstrating dose-dependent
liver lesions, manifested as increases in cholesterol and alkaline phosphatase
levels in blood, bile-duct hyperplasia as well as necrosis, fibrosis, and/or
pigmentation changes in liver tissue. A dose-dependent silver accumulation
in all tissues was also observed. Further, Jeong et al. [65] found histological
changes in the intestinal mucosa and altered properties of mucin after
repeated oral administration of AgNPs (60 nm) in rats exposed for
28 days. A dose-dependent increased accumulation of AgNPs was observed
in the lamina propia of the small and large intestine. It was also proven that
orally administered AgNPs cause secretion of abnormal mucin typical for
active ulcerative colitis, small intestine carcinoma, and intoxication.

There are also studies reporting no impact of AgNPs on the gastrointes-
tinal tract. In piglets treated for 5 weeks with low doses of metallic nano-
silver in colloidal form, no histopathological changes in ileal mucosa were

Intentional exposure: Unintentional exposure:
Dermal Dermal
Subcutaneous Inhalati
Ingestion nna a.lon
Intravenous Transport: Ingestion
Peritoneal
Intraocular ' Blood

* Lymphatic *

system

Target organ: Temporary retention,
Cardiovascular system, transient deposition
skin, brain, bones, _> > organs: Skin, lung
eyes ‘_ gastrointestinal tracts
Excretion: Long time deposition:
Urine _> Liver, lung, kidneys,
Feces < == |spleen, brain, heart,
Sweat bones, testes

Figure 2 Diagram illustrating the origin and fate of AgNPs in the human body.
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found. There was also no AgNPs accumulation in kidneys and skeletal
muscles, and only small amounts of AgNPs were found in livers [72].
Notably, even a protective impact of orally administered AgNPs has been
demonstrated in a rat model of ulcerative colitis [76] (see Section 4 for more
discussion on pro- and anti-inflammatory properties of AgINPs).

To improve our understanding of the impact of AgNPs on the mamma-
lian organism, Tang et al. [68] examined the ability of AgNPs and silver
microparticles to traverse the blood—brain barrier. Only AgNPs crossed the
blood-brain barrier after subcutaneous injection and caused neuronal
degeneration/necrosis. All eftects were time dependent, reaching a plateau
after 12 weeks. The role of the cardiovascular system in AgNPs distribution
and discrimination in the body was subsequently examined [69]. A high
percentage of AgNPs, but not microparticles, was translocated to the blood
circulatory system after their subcutaneous administration and was depos-
ited in all main organs (kidneys, liver, spleen, brain, and lungs). Ultrastruc-
tural observations confirmed AgNPs accumulation in renal tubular
epithelial cells, hepatocytes, and neurons.

Intraperitoneal or intravenous administration of AgNPs also resulted
in silver accumulation in different organs. Lankveld et al. [70] described a
rapid clearance of AgNPs from blood and deposition after intravenous
administration with accumulation of AgNPs depending on particle size, as
20 nm AgNPs were found mainly in liver, kidneys, and spleen, whereas
100 nm AgNPs in spleen, liver, and lungs. In other tissues, the accumulation
of AgNPs of difterent sizes did not vary. Similarly, dose-dependent alter-
ation of expression of genes related to oxidative stress was observed in
different parts of brain 24 h after intraperitoneal administration of 25 nm
AgNPs to adult male C57BL/6N mice [60].

3.2.2. Humans

Results of the studies of NPs impact on human organism are of particular
interest because of the possible uncontrolled contact of humans with
AgNPs. Nanosilver is released from consumer products and medical devices
and via the bloodstream or lymphatic system is distributed to main organs
(Figure 2). A negative impact of AgNPs on humans has been demonstrated
in studies on people drinking colloidal silver. The prolonged consumption
caused accumulation of silver in their bodies and many adverse eftects
similar to those observed in model animals (reviewed in Refs. [3,4,77]).

3.3. Toxicity in nonmammalian eukaryotes

Whereas a steady increase in applications using AgNPs in industrial settings
and consumer products takes place, still little is known on their potential
ecotoxicity. A limited number of nonmammalian test species has been used
for toxicity testing of AgNPs (Table 3). Most of these assays are based on



Table 3 /n vivo nonmammalian models for AgNP toxicity assessment

Size (nm)

81
AgNO; (Agh)

5-20

60 and 300

2040

Surface coating

None

None

None

None

Model

European perch
(Perca fluviatilis)

Zebrafish (Danio
rerio) adults

Japanese medaka
(Oryzias latipes)

Concentration
tested

63, 129, 300 ng/
ml AgNPs

39 and 386 pg/1
AgNO;

30, 60, 120 pg/
ml

N/A

Exposure duration

24 h

24 h

96 h

Outcome

No impact of AgNPs on
the Basal Metabolic
Rate (BMR),
whereas exposure to
AgNOj resulted in a
significant increase in
BMR

Oxidative stress,
induction of DNA
damage and
proapoptotic markers
in liver

LCs, 28 and 67 pg Ag/1
for 60 and 300 nm
AgNP, respectively.
No toxicity if Ag"
ions were eliminated

References

[78]

[80]

(81]

(Continued)




Table 3 (Continued)

Size (nm) Surface coating

10, 35, >600 None

35 None

3, 10, 50, 100 None

Model

Japanese medaka
(O. latipes) at

early-life stages

Rainbow trout
(Oncorhynchus
mykiss)

Carp (Cyprius
carpio)

Zebrafish (D. rerio)
embryos

Concentration
tested

0.5-8 pg/ml fish

0.5-4 pg/ml
eggs

0.1-1 pg/ml
embryos

10, 100 pg/ml

0.01 and 0.1 pg/
ml
100 pM

Exposure duration

48 h
168 h
60 days

240 h

21 days

24-120 h

Outcome References

Developmental
retardation and
morphological
defects in embryonic
larvae, toxicity in
larval—juvenile
medaka,
histopathological
changes in the larval
eye were evaluated

Smallest AgNPs induced [82]
expression of cypla2
in the gills

AgNP uptake via [10]
gastrointestinal route
Dose-dependent [83]

toxicity and a variety
of embryonic
morphological
malformations




31-50 None
50 None
Ag+
10-20 None
26 None
44 and 216 in
medium
5-20 BSA and starch

coated

Fathead minnow
(Pimephales
promelas)

Japanese medaka
(O. latipes)

Zebrafish (D. rerio)
embryos

Zebrafish (D. rerio)
adults

Zebrafish (D. rerio)
embryos

0.625-25 pg/ml 96 h

1 and 25 ng/ml  24-240 h

10, 20 ng/ml 48 h

1 pg/ml 48 h
5-100 pg/ml 24,48,72h
postfertilization

Toxicity

Genotoxicity,
carcinogenic, and
oxidative stresses,
induction of genes
related with metal
detoxification/
metabolism
regulation, and
radical scavenging
action

[84]

85]

Toxicity and a variety of [86]

embryonic
morphological
malformations,
induction of
antioxidant enzymes,
changes in gene
expression

Toxicity, changes in
gills morphology and
gene expression

Dose-dependent
toxicity and a variety
of embryonic
morphological
malformations

[87,88]

[89]

(Continued)




Table 3 (Continued)

Size (nm)

5-46

Crustaceans
60 and 300

26

44 and 216 in
medium

26

44 and 216 in
medium

35

Bivalves

Surface coating

None

None

None

None

None

Model

Zebrafish (D. rerio)
embryos

Daphnia magna

Daphnia pulex

Ceriodaphnia dubia

(juveniles)

D. magna

Concentration
tested

0.04-0.71 nM

N/A

1 pg/ml

1 png/ml

0.1 pg/ml

Exposure duration

24-120 h

48 h

48 h

48 h

96 h

Outcome

Dose-dependent
mortality and
developmental
abnormality in
embryos

ECsp1.0and 1.4 pg Ag/
1 for 60 and 300 nm
AgNP, respectively.
No toxicity if Ag™
ions were eliminated

Toxicity

Toxicity

60% toxicity

References

[90]

[80]

88]

88]
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Worms
7,21, 75

20

Insects
10

10

None

PVP, citrate

None

Polysaccharide

Polysaccharide
versus bare

Opyster (Crassostrea
virginica)
embryos, adults

Caenorhabditis
elegans (wild type
and mutant)

C. elegans

Drosophila
melanogaster
(larvae)

D. melanogaster

(adult)

0.0016—1.6 ng/
ml

50, 104 pg/ml

0.1, 0.5 pg/ml

50, 100 pg/ml

50, 100 pg/ml

48 h

24 h

24-72 h

Ingestion, 24 and
48 h

Inhalation, 24 and
48 h

Inhibition of embryo [91]
development,
lysosomal
destabilization,
changes in
metallothionein gene
expression

Growth inhibition and ~ [92]
toxicity, partially due
to the Ag"

Decreased reproductive  [93]
potential. Changes in
gene expression

Oxidative stress, [94]
induction of hsp70,
p38and p53 and
activity of caspase 3
and 9

Oxidative stress, [95]
induction of hsp70
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aquatic species as this is considered to be an important environmental
compartment for AgNPs in the environment. This is not surprising, since
AgNPs are released from fabrics during washing [96], and under certain
conditions, AgNPs may stay largely dispersed in freshwater and slightly salty
water of environmental relevance [97]. The number of publications report-
ing toxicity of AgNPs for nonaquatic species is very limited and even
smaller than those for aquatic species (Table 3).

3.3.1. Nonmammalian vertebrates

Most data for AgNPs are available for a variety of fish species including larval
and adult life stages. AgNPs affect the early development of zebrafish (Danio
rerio) embryos [86,90]. Developmental retardation, increased heart rates,
neurodevelopmental effects, sluggish circulation, pericardial edema, tube
heart, and eye malformations were observed resulting from embryonic
exposure to AgNPs [81,86]. Edema was also the most prominent malfor-
mation in fathead minnows (Pimephales promelas) after larval exposure [84].
The eftects were ascribed both to the actual AgNP exposure and to the
toxicity of Ag ions formed during AgNP dissolution, as uptake of AgNPs
has been reported for fish embryos [62] and Ag" in culture media was
reported [84].

In adult zebrafish, there was evidence of uptake of AgNPs via the gills
that caused AgNP-specific changes in gene expression [87] and resulted in
increased mortality [88]. Increased mortality upon treatment with AgNPs
was also observed in adult Japanese medaka (Oryzias latipes) [81], accom-
panied by induction of DNA damage [85]. Treatment of rainbow trout
(Oncorlvynchus mykiss) with AgNPs caused an increase in expression of
cypla2 in the gills [82].

It cannot be excluded that AgNPs are partly decomposed in vivo, thus
causing exposure to Ag' [83]. Interestingly, gene expression profiles in fish
after exposure to Ag' ion and AgNP showed little similarity, providing
distinguishable toxicity fingerprints of Ag ions compared to AgNPs [10,85].
The result adds further evidence that AgNPs can directly induce harm in
exposed organisms and that those biological responses are induced not only
by dissolved silver ions [45,85,88,98], as sometimes suggested [99].

3.3.2. Invertebrates

AgNPs were more toxic to Daphnia magna in a 96 h acute exposure study
than the bulky counterparts [10]. The LCs, for survival in Daphnia pulex
(adults) and Ceriodaphnia dubia (juveniles) was in the same range, whereas
the susceptibility of both species to the identical AgNPs was higher than that
of zebrafish. The higher susceptibility of crustaceans is explained by the fact
that filter feeders may be exposed to more than 190 million NPs per hour
under these experimental conditions [88]. While it was recognized some
time ago that lethality of Daphnia sp. may not be a sensitive endpoint and
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that therefore sublethal effects need to be studied [88,100], data for sub-
chronic and sublethal eftects of AgNPs are still missing.

AgNPs affected the embryonic development of oysters (Crassostrea virgi-
nica) and decreased lysosomal integrity in adult hepatopancreas tissue, thus
giving evidence for potential threats to bivalve embryos and adults [91].
Similarly, growth of the terrestrial nematode Caenorhabditis elegans was
reduced following exposure to AgNPs, and only some toxic eftects could
be related to the release of free silver species, again giving evidence for
“nano-specific” toxicity [92]. Recent results of functional genomic studies
by Roh et al. [93] revealed that AgNPs-induced dramatic reproductive
failure in C. elegans likely associated with oxidative stress.

4. INFLAMMATORY RESPONSE

Inflammation is fundamental in a range of homeostatic and patho-
physiological processes, such as in protection against invading pathogens
and in the repair of damaged tissue. In several in vivo studies, inflammatory
responses have been investigated, using difterent concentrations and differ-
ent sizes of particles, with and without coating in acute or chronic treatment
regimes. Inflammatory changes after inhalation exposure to AgNP have
been reported in some instances [58]. In some studies, no such changes have
been reported [57,61,67], but it is not always clear to what extent inflam-
matory changes have been monitored. After oral exposure, a focal lympho-
cytic infiltration was observed in the liver portal tracts of both nano-and
micron-size particle-fed mice, suggesting the induction of inflaimmation.
Further, in the NP-fed mice, focal lymphocytic infiltration was also found
in the intestine. From a microarray analysis of the RNA from the livers, the
expression of genes related to inflammation was observed [101].

Subchronic oral toxicity study of AgNPs in rats by Kim ef al. [63]
confirmed the liver as a target organ for AgNPs toxicity after ingestion.
An increase in necrotic cells in liver was observed, in particular, in the male
rats. At the high dose, multiple foci of inflammatory cell infiltrates, includ-
ing eosinophils, were found especially around the central vein and portal
areas. No, or only negligible, signs of inflammation were observed in other
tissues. When AgNPs were applied dermally, macroscopic observations
showed no gross irritation in the porcine skin; however, microscopic and
ultrastructural examination revealed areas of focal dermal inflammation and
with no difference for the washed and unwashed particles. Importantly, this
study indicates that toxicity of the AgNPs is due to residual contaminants
in the silver NPs solution, and conceivably this is also the case for the
inflammatory responses [5].



206 Marcin Kruszewski et al.

Interestingly, direct anti-inflammatory effects are also shown for AgINPs.
Thus, in a porcine contact dermatitis model, lower levels of proinflamma-
tory Tgtbl and Tnf and increased expression of the anti-inflammatory
cytokine I14 were detected after treatment with nanocrystalline silver,
compared to an Ag-nitrate-treated group [73,102]. Further, Bhol et al.
[76] demonstrated, using a murine dermatitis model, decreased expression
of the inflammatory cytokines Tnf and 1112 after treatment with nanocrys-
talline silver cream. Moreover, in a thermal injury animal model, faster
wound recovery was observed when wound dressings were coated with
nanosilver, and levels of proinflaimmatory cytokines were decreased both
locally and systemically [103]. The same group has also used a postoperative
peritoneal adhesion model, in which nanosilver decreased adhesion forma-
tion, implying decreased Infg or 1112 production [104]. In line with this,
another study using a model of bladder inflammation observed significantly
decreased lymphocyte and mast cell recruitment as well as decreased Tnf
expression after treatment with nanosilver [105].

Taken together, the bioactivity of AgNPs seems to be a double-edged
sword. Several reports emphasize the beneficial anti-inflammatory eftects,
whereas other research is highlighting the possibilities of proinflammatory
responses that may lead to adverse effect. Possibly, the anti-inflammatory
responses emerge in a prestimulated state and/or at high concentration of
AgNPs, whereas the proinflammatory responses appear under homeostatic
conditions and/or at lower concentrations.

5. THE ROLE OF OXIDATIVE STRESS IN AGNP-INDUCED
Toxicity AND DNA DAMAGE

Many studies have demonstrated that the generation of reactive oxy-
gen species (ROS) is a key mechanism by which airborne ultrafine particles
exert their proinflammatory and proatherogenic effects on the respiratory
and cardiovascular systems [106—108]. Similarly, overproduction of ROS is
proposed as a crucial mechanism for engineered NP-toxicity [56]. Under
normal physiological conditions, ROS are generated in low concentrations
during cell respiration in the mitochondrial electron transport chain and
have important roles in cell signaling. However, the presence of NPs could
increase the ROS formation by interfering with the mitochondria or other
enzymes producing ROS, such as NADPH-oxidase [109]. Further, the
surface chemistry of particles can lead to direct ROS formation [107,108].
Additionally, the natural property for many NPs to bind transition metals is
believed to enhance ROS-induced toxicity. Under normal physiological
conditions, ROS are easily neutralized by antioxidant defenses such as
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glutathione (GSH) and several antioxidant enzymes. However, upon NPs
exposure, an excess of ROS production can occur and the antioxidant
defenses available may be overwhelmed, which may lead to a damage in
cellular components [110].

Toxicity of AgNPs has been associated with oxidative damage to the cell
by many authors [43,51,106]. Several studies have reported the mitochon-
dria as a sensitive target of AgNP-mediated cytotoxicity. A reduced mito-
chondrial membrane potential and a leakage of ROS have been reported in
the study of Hussain ef al. [51], but the mechanism of AgNPs action on
mitochondria has not been resolved. Interestingly, Ag ions have been found
to bind with high affinity to cysteine residues contained in the Escherichia coli
homolog of mitochondrial NADH:ubiquinone oxidoreductase, resulting in
an inefficient passage of electrons leading to a production of large quantities
of ROS, thereby causing toxicity to E. coli [111]. It would be of interest if
such a mechanism could be extrapolated to AgNPs action in eukaryotic cells.

Hussain ef al. have also reported a significant depletion of GSH in
BRL3A cells following exposure to AgNPs, which could be due to the
direct binding of AgNPs by GSH or to the inhibition of enzymes involved
in GSH synthesis. GSH depletion in liver cells exposed to AgNPs is strongly
correlated with an increase in ROS. It is speculated that the loss of GSH
may compromise the cellular antioxidant defense and lead to the accumula-
tion of ROS generated as by-products of normal cellular function [51].

Endogenous overproduction of ROS is commonly considered the
major source of genotoxicity that has been observed after exposure to
many types of engineered NPs that have been found to cause DNA-strand
breaks, point mutations, oxidative DNA adducts, and chromosomal frag-
mentation [56]. AgNPs are no exception. Extensive and dose-dependent
damage to DNA and/or alterations in DNA-damage response has been
observed after AgNPs treatment in studies in vitro as well as in vivo (Table 4).
Double-strand breaks (DSB), if not repaired, are considered one of the most
biologically lethal forms of lesion to cells among the difterent DNA-damage
types. Several studies on AgNP exposure clearly demonstrate the induction
of this particular damage type [42,79]. Chromosomal aberrations and
formation of micronuclei often occur as a direct consequence of DSB
formation. Chromosomal aberrations have been observed in AgNP-treated
IMR-90 and U251 cells. Interestingly, the chromosomal abnormalities
were more pronounced in the cancer cell (U251) when compared to the
fibroblasts (IMR-90) [21]. AgNP-exposed HepG2 human hepatoma cells
also demonstrated an increased frequency of micronucleus formation. The
results suggested more severe chromosome damage with AgNPs compared
to ionic Ag" and polystyrene NP [38]. Interestingly, bulky DNA adducts
have also been detected by **P-postlabeling in the human lung cancer cell
line (A549) exposed to AgNP [28].



Table 4 Induction of DNA damage by AgNP
Size (nm) Surface coating Model Dose and exposure Methods Endpoints Outcomes References
69 (spherical)  0.2% A549 human lung  0-15 pg/ml, 24 h  **P-postlabeling  DNA adduct Dose-dependent [28]
polyvinylpyrrolidone carcinoma formation increase in the
epithelial-like level of bulky
cell line DNA adducts
inhibited by
antioxidant
treatment 1 h
prior to Ag
exposure
20-25 None THP-1 3.5 pg/ml, 24h  Alkaline comet ~ DNA-strand No significant DNA  [112]
monocytes assay breaks damage was
observed
5-20 None Zebrafish (Danio  0-120 mg/1, 24 h  Western blot Double-strand  Induction of DNA  [79]
rerio) YH2AX foci breaks, DNA damage was
repair found at highest
dose. Increased
tp53 expression
30 (spherical)  None Japanese medaka 0.05-5 Chromosomal Chromosome Induction of [34]
(Oryzias pg/cm?, 24 h aberrations breaks chromosomal
latipes) aberrations and
OLHNI2 cell aneuploidy
line
8 (spherical) None Human Mono ~ 0.5-10 Alkaline comet ~ DNA-strand Induction of DNA  [113]
Mac 6 cells, pg/cm? for assay breaks damage. After
rat alveolar 10 min exposure to NPs
macrophages cells were
incubated for
24 hin cell

culture medium




10 (stock)
48 (suspension)

7-10
Ag>,CO; (Ag+)

Polysaccharide

Polyethylenimine

5-10 (spherical) None

100-300 in
media.
AgNO; (Agh)

6-20

Starch

Wild-type
Drosophila
melanogaster

Human
hepatoma
HepG2 cells

Human
hepatoma
HepG2 cells

Human
glioblastoma
cells (U251),
human
fibroblasts
(IMR-90)

0-100 pg/ml,
24 h

AgNP/Ag?,

1 mg/l, 24 h

AgNP/Ag, 1-
2 pg/ml, 24 h

0—400 pg/ml,
48 h

Western blot

DNA damage
repair

Micronucleus test Chromosomal

YH2AX foci

Alkaline comet
assay,
micronucleus
test

abnormalities

Double-strand
breaks

Double-strand
breaks,
chromosomal
abnormalities

Induction of both
cell cycle
checkpoint tp53
and cell signaling
protein p38

Highly increased [38]
frequency of
micronuclei after
exposure to
AgNP. The
effect was not
seen after
exposure to Ag"

Induction of DNA  [39]
damage after
exposure to
AgNP or Ag*

The effect was
inhibited by 2 h
pretreatment
with antioxidant

Extensive and dose- [24]
dependent
damage to DNA
(both cell types).
Significant
numbers of
micronuclei were
formed, but the
number was
higher in cancer
cells as opposed
to fibroblasts

[114]

(Continued)




Table 4 (Continued)

Size (nm) Surface coating Model Dose and exposure Methods Endpoints Outcomes References
30 (spherical Citrate Human skin 100 pg/ml, 24 h  Alkaline comet =~ DNA-strand Negative for [11]
and HaCaT assay breaks colloidal AgNPs.
nanoprisms) keratinocytes Positive results
AgNO; for AgNps
(Ag™) powder
25 Polysaccharide versus Mouse 50 pg/ml, Western blot Double-strand ~ Increased level of [42]
uncoated embryonic 4-72 h YH2AX/ breaks, DNA YH2AX/Rad51
stem cells and Rad51 foci repair Coated AgNP
mouse exhibited more
embryonic severe damage
fibroblasts than uncoated
AgNP
7-20 (spherical) None Human skin 6.25 ug/ml, 24 h  Agarose gel DNA DNA laddering [6]
carcinoma electrophoresis fragmentation
(A431)/
fibrosarcoma

(HT-1080)
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6. SUMMARY

To the broad public, the benefits of nanotechnology development are
doubtless, but on the other hand, clear scientific evidence has been gained of
AgNPs toxicity to both humans and the environment. Responsible and
sustained development of nanotechnology requires attention to possible
risks to human health and environment along with other public concerns
about social and ethical issues. Public awareness of nanotechnologies is now
increasing rapidly, largely as a consequence of nonspecifically regulated
introduction of products containing nanomaterials into the market.

It is hard to generalize from the already available data because new NPs
are continuously synthesized with different shapes, coatings, sizes, etc.
Further, the experimental conditions between different studies are quite
different with the use of nanomaterials that are vastly diverse concerning
their physicochemical properties. At this stage, it is not possible to draw
conclusions about the drawbacks of AgNPs in biological systems, since the
studies are still quite limited [41] and the materials are not always adequately
characterized. There is a need for some kind of standardization concerning
experimental conditions, toxicity methods, and NPs used (reference NPs) as
well as adequate characterization of the materials under study in order to be
able to make comparisons across studies. In addition, it is questionable
whether the existing conventional testing strategies are adequate for nano-
toxicology. Therefore, it has been proposed that the use of toxicogenomics
and proteomics may provide a good alternative that could also give more
insight in new mechanisms of NPs action [115].

There is a clear lack of ecotoxicological data for AgNPs; hence, more
research especially on relevant test species is needed as the potential uptake
of AgNPs was already shown for a variety of species. The observed differ-
ences in acute toxicity for AgNPs of similar size classes can probably be
attributed to other components present on the NP surface, chemical mix-
tures, or to interspecies differences. This aspect needs a more thorough
research and reporting in the scientific literature. Further, the methods used
for preparation of AgNPs suspension for testing in aquatic environments
need a discussion in the future, as the applied rigid and sophisticated
suspension procedures may not be realistic for AgNPs in the natural envi-
ronment with factors in the water such as pH, salinity, or dissolved organic
carbon (DOC) constantly changing and influencing AgNPs stability [9,94].

Given that there is a paucity of information, persistent long-term expo-
sure to NPs requires understanding their impact on living organisms, which
is essential for toxicological and ecotoxicological hazard and risk estimation
[116,117]. Such information is necessary in order to facilitate the develop-
ment of any future regulations based on robust scientific information and
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evidence enabling an informed risk assessment. Such a requirement must
make use of studies that provide a holistic, interdisciplinary approach that
permits the use of existing methodologies and technologies. At the same
time, development is necessary of more novel fit for purpose regulatory tools
that are robust and reproducible.
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oxygen or nitrogen atom at various positions of nucleobases. This modification
is induced mainly upon exposure to endogenous and exogenous sources of
N-nitroso compounds. We also described various carboxymethylated DNA
lesions and diverse carboxymethylating agents that have been uncovered
since the 1980s. In addition, we reviewed analytical methods for detecting
carboxymethylated DNA lesions and synthetic strategies for the preparation
of authentic carboxymethylated DNA lesions and their incorporation into oligo-
deoxyribonucleotides. Further, we discussed the cytotoxic and mutagenic prop-
erties of the carboxymethylated DNA lesions and the implications of these DNA
lesions in the early stage of gastrointestinal cancer development.

1. INTRODUCTION

Chemical modification of DNA is of interest in toxicology and in
evaluating human health risks associated with exposure to chemical carci-
nogens. Formation of various DNA adducts is considered an initial step for
chemical species to exert their genotoxicity. In this chapter, we focus on a
specific type of DNA modification, namely, carboxymethylation, where a
carboxymethyl moiety is covalently bonded to an oxygen or nitrogen atom
at various positions of nucleobases.

DNA carboxymethylation is mainly induced upon exposure to endoge-
nous and exogenous sources of N-nitroso compounds (NOCs) [1,2], and it
was hypothesized as a potential etiological factor for gastrointestinal carci-
nogenesis [3]. NOCs are characterized by a nitroso group (—N=O) being
bonded to a nitrogen atom and are capable of inducing a diverse array of
DNA adducts [4]. NOCs that can be considered as N-carboxymethyl-
N-nitroso derivatives are potential carboxymethylating agents. Since the
1980s, a series of carboxymethylated DNA adducts have been shown to be
formed in vitro and in vivo, and in the mean time, a number of carboxy-
methylating agents have been uncovered.

Initial toxicological and biological studies have concentrated on
O°-carboxymethyl-2'-deoxyguanosine (O°~-CMdG) since alkylation at the
O° position of guanine is known to give rise to mutations by polymerase
misinsertions. O°-Methyl-2'-deoxyguanosine (O°~-MdG) is a highly muta-
genic DNA adduct and subject to repair by O°-methylguanine methyl-
transferase (MGMT) [1]; however, O°-CMdG cannot be repaired by
MGMT [1,5]. In addition, the cytotoxicity of azaserine (AS), a model
carboxymethylating agent, is thought to be elicited by its effect on carboxy-
methylation, but not on methylation [5]. Moreover, replication of potas-
sium diazoacetate (KDA, a carboxymethylating agent)-treated, human p53
gene-containing plasmid in yeast cells gave rise to a mutation spectrum that
is distinct from that induced by N-methyl-N-nitrosourea (MNU, a
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methylating agent) [3]. Importantly, the types and frequencies of non-CpG
mutations in human p53 gene induced by KDA are strikingly similar to
those found in stomach and colorectal cancers. Therefore, this study sug-
gests that DNA carboxymethylation might be potentially involved in the
early stage of gastrointestinal cancer development.

Although DNA carboxymethylation has been known for almost three
decades, we are still in the relatively early stage of studies about chemistry of
this modification and about the replication and repair of these carboxy-
methylated DNA lesions. The goal of this chapter is to introduce readers
with our current understanding about DNA carboxymethylation.

2. THE CHEMISTRY OF DNA CARBOXYMETHYLATION

2.1. Human exposure to NOCs

NOCs are ubiquitously present in the human environment, although at a
very low level. Humans are exposed to NOCs and their precursors in tobacco
smoke, as well as from occupational, dietary, and other environmental
sources. For example, NOCs are found in tanneries and plants manufacturing
pesticides, rubber products, and tires [6,7]. The most abundant NOCs present
in the diet are nonvolatile N-nitrosated amino acids and amino acid deriva-
tives such as N-nitrosated glycine [8], and they are mainly found in smoked
and nitrate-cured meats, dried and smoked fish, seafood, and smoked cheese
[9]. Other sources of NOCs are pharmaceuticals, toiletry and cosmetic
products, and other household products such as detergents and pesticides [8].

In addition to exogenous sources, in vivo formation of NOCs was
estimated to account for 45—75% of total human NOC exposure [8]. The
endogenous transformation of amines to NOCs in laboratory animals and
humans is well known. Many nitrogenous dietary precursors can be con-
verted to NOCs through nitrite-derived nitrosation [4]. The principal
reactions involved in this process are shown in Scheme 1. For nitrite to
induce nitrosation, it must be acidified to form nitrous acid (HNO,). On
one hand, HNO, dimerizes to form N,O5 with the loss of water, and the
resulting N,Oj3 reacts with amines to give NOCs; on the other hand,
HNO, can be protonated to yield H,NO," which preferentially reacts
with amides to yield nitrosamides [4]. Owing to the importance of acidic
environment in the generation of NOCs from nitrite, the acidic gastric
compartment is expected to be the major site for nitrite-derived nitrosation
in humans [10,11].

Other than nitrite-induced nitrosation, mammalian cell-mediated nitro-
sation and bacterial nitrosation are two other major pathways for endoge-
nous generation of NOCs. Many types of mammalian cells produce NO via
a common biochemical pathway involving oxidation of an ®-nitrogen of
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Scheme 1 Formation of NOCs through nitrite-derived nitrosation.

L-arginine by NO synthase (NOS) in the presence of O, and coenzyme
NADPH [12,13]. Being a signaling molecule, NO formed in vivo has
important biological functions [14]. However, under certain conditions
such as intense physical activity and immunostimulation, cells exhibit ele-
vated endogenous NO synthesis, which may stimulate the generation of
nitrosating species [15—17].

Some bacteria inhabiting the gastrointestinal tract can also evoke the
nitrosation of secondary amines at neutral pH [18], where the cytochrome
cd-nitrite reductase may catalyze nitrosation through the production of
NO or NO-like species [19]. Bacterial nitrosation at neutral pH is inhibited
by ascorbic acid [20] and cysteine [21], suggesting that the nitrosating
species are most likely N,O3 or N,Oy produced via an NO intermediate.
For example, Escherichia coli reduces nitrite to NO and a small amount of
N,O under anaerobic conditions; under aerobic conditions, nitrosating
agents are produced and they are presumably N,O5; and N,O4 [22].

Several reviews summarized the mechanism by which NOCs exert their
biological effects and their relevance to human cancers [23,24]. NOCs
exhibit wide tissue specificity, and chemical modification of DNA induced
by NOC:s is thought to be the initial step of carcinogenesis [4].

2.2. DNA carboxymethylation induced by NOCs

NOCs are known alkylating agents, and O°-MdG is a characteristic muta-
genic and toxic adduct induced by N-methyl-N-nitroso compounds.
As described above, NOCs that can be considered as N-carboxymethyl-
N-nitroso derivatives are potential carboxymethylating agents. Scheme 1
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illustrates an example of in vivo formation of NOC:s that are carboxymethy-
lating agents. Once N-carboxymethyl-N-nitroso compounds are generated,
they can undergo decomposition in stomach or move to other organs. The
diffusion is mediated by a combined effect of their stability and surrounding
pH [11]. It is well known that N-nitrosamines (as alkylating agents) require
metabolic activation by cytochrome P450 enzyme to give o-hydroxynitro-
samines as the initial step of alkylation, and nitrosamides are converted to
alkylating species by chemical, nonenzymic reactions. However, the
detailed mechanism of carboxymethylation remains largely unknown, and
it was hypothesized that carboxymethylation occurs through a highly reac-
tive intermediate, diazoacetate [2,25]. A representative mechanism based on
nitrosamide and nitrosated primary amine is displayed in Scheme 2. The
intermediates are proposed structures and have not been formally
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Scheme 2 Formation of diazoacetate and its induction of DNA carboxymethylation.
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characterized, and other type of carboxymethylating agents may also require
metabolic activation to initiate the decomposition.

Itis of note that intermediates 2a and 2b in Scheme 2 are diazoates which
possess a Z or E conformation. Fishbein ef al. [26] previously demonstrated
that in general simple (E)-alkanediazoates decompose with rate-limiting
N—-O bond heterolysis yielding diazonium ions that are diffusionally equili-
brated intermediates. Decomposition of (Z)-diazoates requires acid catalysis
to enable proton transfer to oxygen that is concerted with N—O bond
heterolysis to yield diazonium ions. Z and E isomers usually have different
decomposition rates, and in a case of trifluoroethanediazoic acid, the Z
isomer decomposes 2600 times faster than the E isomer. Although the
intermediates generated from decomposition of carboxymethylating agents
have not been characterized, it is reasonable to extend the aforementioned
generation mechanism of diazonium ions from alkanediazoates to carbox-
ymethyl diazoates (intermediates 2a and 2b).

It should be pointed out that most carboxymethylating agents can also
induce methylation to a lesser extent, and different compounds yield differ-
ent ratios of methyl and carboxymethyl adducts upon reaction with DNA.
This observation appears to rule out a possibility that the intermediate such
as carboxymethyldiazonium ion is not the only source giving rise to both
carboxymethyl and methyl adducts. It suggests that, during the decomposi-
tion of carboxymethylating agents, intermediates other than carboxy-
methyldiazonium ion may also arise from the precursors; however, these
intermediates are not in rapid equilibria with each other. As a result, the
partition between carboxymethylation and methylation varies among dif-
ferent carboxymethylating agents [2,25]. The proposed mechanism for
diazoacetate-mediated carboxymethylation, as illustrated in Scheme 2, is
based on the alkylation mechanism of simple NOCs, though other mechan-
isms are also possible.

2.3. Diverse carboxymethylated DNA adducts and
carboxymethylating agents

Many carboxymethylated DNA adducts emanating from exposure to NOCs
have been identified, and the structures of known carboxymethylated DNA
adducts are summarized in Scheme 3. In 1982, Longnecker ef al. [27]
identified the first carboxymethylated DNA adduct, N7-carboxymethylgua-
nine (N7-CMG) in pancreatic acinar cells treated with AS. Shuker ef al. [28]
subsequently carried out a large body of work about DNA carboxymethyla-
tion. In 1987, they found that the incubation of calf thymus DNA
with N-nitrosoglycocholic acid (NOGC) in vitro gave rise to N7-CMG,
N3-carboxymethyladenine (N3-CMA), and O°-carboxymethylguanine
(O°-CMG). Later in 1997, they reported the synthesis of O°~-CMdG and
detected, by using an immunochemical method, this adduct in calf thymus
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Scheme 3 Carboxymethylated DNA adducts induced by NOC:s.

DNA treated in vitro with three different carboxymethylating agents encom-
passing N-(IN'-acetyl-L-prolyl)-N- nltrosoglycme (APNG), AS, and KDA
[29]. In 2004, they discovered that O°~-CMdG can be produced in calf
thymus DNA treated with a reaction mixture of nitric oxide (NO) and
glycine, which was the first time that O°~-CMdG was found to arise from
NO exposure [30]. Very recendy, several carboxymethylated DNA adducts
including N*-carboxymethyl-2’ deoxycytldlne (N*-CMdC), N3-carboxy-
methylthymidine (N3- CMdT) O*-carboxymethylthymidine (O*-CMdT),

and N°-carboxymethyl-2’-deoxyadenosine (N°-CMdA) were chemically
synthesized and their formation in calf thymus DNA upon treatment with

KDA was confirmed by LC-MS/MS [31,32].
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DNA carboxymethylation is largely induced by NOCs. Among the
many N-alkyl-N-nitroso compounds that are known to be carcinogenic,
many are carboxymethylating agents that share a common feature of being
an N-carboxymethyl-N-nitroso derivative. Some examples of carboxy-
methylating agents are shown in Scheme 4. Strictly speaking, AS and
KDA are not true NOC:s, but they can be considered as the decomposition
intermediates of their corresponding NOCs. Thus, we do not exclude them
when discussing NOCs as carboxymethylating agents.

Aside from NOC:s, other chemicals are also capable of inducing DNA
carboxymethylation. As a toxic chemical present in the environment and a
degradation product of glucose under physiological conditions, glyoxal was
frequently observed to be present at elevated levels in the plasma of patients
with diabetes, peritoneal dialysis, and uremia [33-35]. An earlier study by
Kronberg et al. [36] demonstrated that treatment of 2’-deoxyguanosine or
calf thymus DNA with glyoxal could give rise to N*-carboxymethyl-2'-
deoxyguanosine (N>-~CMdG) as well as some other adducts, but N°~-CMdG
was found to be the only stable adduct formed during this treatment. In
addition, Wang ef al. [37] recently observed that incubation of calf thymus
DNA with glucose or glyoxal led to a dose-dependent formation of
N’-CMdG (Scheme 5A), and exposure of HEK 293T cells to glyoxal
further stimulated the formation of this adduct. It was also found that

N
N+
0 \\/Mo
oM / 2 NH,
\V\ N OH
o\
N=0 HO ]
APNG AS
N 0]
N
\\)ko K+
KDA
| o)
0y, -
NG

Scheme 4 Examples of NOCs that are carboxymethylating agents.
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Scheme 5 Formation of carboxymethylated DNA adducts by non-NOC species: (A)
glyoxal or glucose; (B) mesyloxyacetic acid.

mesyloxyacetic acid (MAA) can induce both carboxymethylation and
methylation at O° position of 2/-deoxyguanosine in calf thymus DNA
(Scheme 5B) [2], and the ratio of O°~-CMdG to O°-MdG was found to
be 18 upon treatment with 5 mM of MAA [2].

3. DETECTION OF CARBOXYMETHYLATED DNA
ADDUCTS

Detection of DNA adducts remains one of the core tasks for research
in DNA damage. Various methods for DNA adduct detection have been
developed over the past few decades [38]. Except for immunohistochemical
methods which can facilitate the detection of DNA adducts in intact tissues,
other detection methods normally require sample preparation, where DNA
extraction and adduct isolation constitute two major steps.

Several methods are available for extracting DNA from tissues of labo-
ratory animals and patients as well as from cultured cells that are treated with
genotoxic agents. Phenol—chloroform extraction is a classic DNA isolation
method that has been used for many decades. In order to avoid using toxic
phenol, a simple high salt method was developed in which cellular proteins
were first precipitated from a solution containing high concentrations of
inorganic salts and DINA was subsequently isolated by ethanol precipitation
[39]. If operated properly, both methods can afford high-quality DNA.
Since the amount of DNA adducts is typically many orders of magnitude



228 Jianshuang Wang and Yinsheng Wang

lower than unmodified DNA bases in biological samples, enrichment of
DNA adducts of interest is sometimes necessary prior to the measurement.
During the enrichment process, DNA adducts, in the form of nucleobases,
2/-deoxyribonucleosides or 2'-deoxyribonucleotides, are first liberated from
DNA chain by hydrolysis or enzymatic digestion. The mild enzymatic
digestion method has the least likelihood in the artificial generation or
decomposition of DNA adduct(s) under investigation. However, neutral
thermal hydrolysis is also effective in releasing N7-guanine and N3-adenine
derivatives; the formation of the latter two modified nucleobases renders the
N-glycosidic linkage labile. Adducts of interest are subsequently enriched
from the mixtures by various separation techniques including column
purification, HPLC, solid-phase extraction, and extraction of hydrophobic
adducts into butanol. The accumulated DNA adducts are then subject to
analysis.

A variety of analytical methods are available for DNA adduct detection,
and the choice of a method depends on the form of DNA available for
analysis and the type of DNA adduct under investigation. Next, we discuss
several methods that have been used for detecting carboxymethylated DNA
adducts.

3.1. Radioisotope-labeled DNA-binding assay

By dosing experimental animals, culturing cells or treating isolated DNA
with radioisotope-labeled genotoxic compounds, radioisotope-labeled
DNA adducts can be generated. This is probably the most reliable method
to reveal all adducts that may be induced by a genotoxic agent. Owing to
their long half-lives, *H- and '*C-labeled compounds are most commonly
used in such studies. The disadvantages of this method lie in two aspects:
first, not all genotoxic agents are available in the radiolabeled form; second,
under certain experimental conditions or in specific biological tissues, the
relatively rapid and easy exchange of >H with the nonradioactive 'H results
in false-positive identification and inaccurate quantification of DNA
adducts [40].

After treatment with the radiolabeled compound, DNA is isolated,
purified, and the labeled adducts are detected by scintillation counting to
quantify the total amount of bound radioactivity. In order to confirm the
adduct formation and elucidate the chemical structure of adduct, the radio-
actively labeled DNA is usually digested to 2’-deoxynucleosides and sepa-
rated by HPLC to reveal whether the radiolabel is from a covalently bound
adduct or other nonadduct species such as metabolites of radiolabeled
compounds or noncovalent adduct. In addition, by comparison with the
chromatogram of authentic compounds, certain DNA adducts can be
identified [41 ,421. Along this line, Longnecker et al. [27] cultured pancreatic
acinar cells with ' *C-labeled AS and subsequently employed neutral thermal
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hydrolysis to liberate the unstable N-alkylated purines. One component in
the purine mixture coeluted with authentic N7-CMG on three different
HPLC systems, thereby establishing N7-CMG as a DNA adduct induced by
AS. Radioisotope-labeled DNA-binding assay is capable of detecting one
adduct in up to 10® nucleotides, but requires submilligram to several milli-
grams of DNA sample.

3.2. Antibody-based immunoassay

Immunoassay for DNA adduct detection is based on the specific interaction
between an antibody and a DNA adduct of interest [43,44]. Among the
various DNA adduct detection techniques, immunohistochemistry is
unique in that it can detect DNA adducts in intact tissues. Intact DNA or
digested DNA can be analyzed by competitive immunoassays, and antibo-
dies to DNA adducts may also be used to prepare immunoaffinity columns.
Although specific antibodies for adducts of interest are often not available,
antibodies against some methyl and carboxymethyl adducts were developed.
Along this line, Shuker et al. [2] established a combined immunoaffinity/
HPLC method to assess the concomitant formation of O°-CMdG and O°-
MdG in calf thymus DNA upon exposure to nitrosated glycine derivatives.

It is worth noting that, in addition to the limitation of antibodies, some
antibodies may not be highly specific to the adduct of interest and they may
cross-react with adduct(s) of similar structure. Antibody-based immuno-
assay requires less DNA sample (normally 1-200 pg) than what is needed for
radioisotope-labeled DNA-binding assay. The sensitivity of immunoassay
depends on the binding affinity of the antibody for the adduct of interest;
thus, it is variable among different biological samples, but could reach one
adduct per 10°® nucleotides.

3.3. Mass spectrometry

Today, mass spectrometry has become the most powerful bioanalytical tool
in many fields of research and continues to improve and achieve greater
application and sensitivity. Among all the detection methods for DNA
adducts in cellular or tissue DNA, mass spectrometry provides the most
structural information especially when tandem mass spectrometry is
employed [45,46]. Along this line, the elimination of 2-deoxyribose is
frequently observed upon the collisionally induced dissociation (CID) of
2'-deoxynucleosides and their derivatives, and this loss is reflected by a mass
difference of 116 Da between the fragment and precursor ions in tandem
mass spectra. This fragmentation pathway is commonly employed for the
LC—MS/MS analysis of modified 2’-deoxyribonucleosides. In this vein, this
method was recently used for the successful identification of four
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carboxymethylated DNA adducts including N3-CMdT, O*-CMdT, N°-
CMdA, and N*-CMdC [31,32].

The great success of the LC-MS/MS method is attributed to the
development of electrospray ionization (ESI) which allows direct introduc-
tion of HPLC effluent into a mass spectrometer. If stable isotope-labeled
internal standards are available, accurate quantitation can be achieved. The
sensitivity of mass spectrometry has continued to improve, and it already
reached the level of one adduct per 10°~10'" nucleosides.

4. CHEMICAL SYNTHESIS OF CARBOXYMETHYLATED
NUCLEOSIDES AND THEIR INCORPORATION INTO
DNA

4.1. Synthesis of carboxymethylated nucleosides

Although many methods for DNA adduct analysis have been developed,
most of them rely on the availability of structurally defined DNA lesions as
standards. Viewing that direct treatment of nucleosides with a chemical
carcinogen often results in the formation of the adduct of interest in a
relatively low yield and it is frequently difficult to isolate pure and sufficient
modified nucleosides from the reaction mixture, synthesis of authentic
compounds is often necessary.

The introduction of an ester form of the carboxymethyl functionality
into nucleobases has been recognized as a key step toward the synthesis of
carboxymethylated DNA adducts, and the desired carboxymethylated
adduct can be obtained from simple alkaline hydrolysis of the ester deriva-
tive. For instance, treatment of 2’-deoxyguanosine with ethyl bromoacetate
yielded 7-ethoxycarbonylmethylguanine which, upon alkaline hydrolysis,
rendered N7-CMG (Scheme 6) [47].

Since the 1990s, synthesis of authentic carboxymethylated DNA adducts
has been extended to 2'-deoxyribonucleoside derivatives. Although proper
protection and deprotection are sometimes required for deoxyribose
hydroxyl groups, this approach offers several obvious advantages. (1)

i {
N Po) OH
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«fL o o o
HO N N/)\NHZ X )/ o Q
le} Br o N NH N NH
(Ethyl bromoacetate) <\N |N g OH/H,0 <\N | Y

OH OH NH, N~ 'NH,

Guanosine N7-CMG

Scheme 6 Synthesis of N7-carboxymethylguanine.
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As described above, stable carboxymethylated nucleobase lesions can
be released from DNA as nucleosides upon enzymatic digestion.
The availability of the authentic nucleoside derivatives makes it feasible to
identify carboxymethylated lesion(s) in the nucleoside mixture. (2) Upon
appropriate nucleobase protection, 2'-deoxyribonucleoside derivatives can
be converted to phosphoramidite building blocks, which are amenable for
the incorporation of the modified nucleosides into DNA by automated
solid-phase DNA synthesis. This aspect will be discussed further in
Section 4.2. Since modification on O° position of guanine is known to be
mutagenic, efforts were first made toward synthesizing O°-CMdG
(Scheme 7) [29].

The synthetic route for O°~CMdG was based on an approach developed
by Gaftney and Jones [48]. In this regard, the 3/,5'-hydroxyl groups were
first protected with readily hydrolyzable H;COCO-functionalities, and the
O°-arylsulfonate is subsequently replaced with a trialkylamine, quinucli-
dine, with the resulting trialkylammonium intermediate reacting with
methyl glycolate to give the corresponding ester derivative of O°~-CMdG.
It is of note that intermediate trimethylammonium or N-methylpyrroli-
dium ion in Gaffney’s and Jones’ reaction is not suitable for preparing
O°-CMdG, and these two intermediates gave rise to the formation of
substantial amounts of 6-(dimethylamino)- and 6-pyrrolidino-dG products,
respectively. The introduction of quinuclidine overcame this problem and
afforded a 65% conversion yield.
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Scheme 7 Synthesis of O°-carboxymethyl-2’-deoxyguanosine. Conditions: (i) meth-
oxyacetic anhydride, N,N-dimethylformamide (DMF); (ii) mesitylenesulfonyl chlo-
ride, triethylamine (TEA), N,N-dimethyl-4-aminopyridine (DMAP); (iii)
quinuclidine, tetrahydrofuran (THF); (iv) methyl glycolate, 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU), THF, 65 °C; (v) 1, TEA, MeOH; 2, Ca(OH),/H,0.
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In the recent couple of years, we synthesized authentic carboxymethy-
lated derivatives of 2'-deoxyadenosine, 2'-deoxycytidine and thymidine
(see synthetic procedures in Schemes 8 and 9) [31,32]. In this respect, we
introduced the ethoxycarbonylmethyl functionality to the N° position of
2'_deoxyadenosine by substitution of the chlorine atom in 6-CIdA with
glycine ethyl ester, and the resulting compound was hydrolyzed under
alkaline conditions to render N°~-CMdA. The chemical synthesis of
N*-CMdAC was inspired by the previous synthesis of O*-methylthymidine
[49]. In this vein, the 1,2,4-triazolyl moiety was replaced with glycine ethyl
ester in the presence of triethylamine to give ester derivative of N*-CMdC,
which was again hydrolyzed under alkaline conditions to yield the desired
N*-CMdC.

We also introduced the methyl ester derivative of the carboxymethyl
functionality to the N3 position of thymidine by alkylation with methyl
bromoacetate, and treated the resulting compound with 0.5 M NaOH

1
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Scheme 8 Synthesis of N°-carboxymethyl-2’-deoxyadenosine and N*-carboxy-
methyl-2'-deoxycytidine. Conditions: (1): (i) glycine ethyl ester, TEA, acetonitrile
(ACN); (ii) 0.5 M NaOH/MeOH. (2): (i) acetic anhydride, DMAP, ACN; (ii) 1,2,4-
triazole, phosphorus oxychloride, TEA, ACN; (iii) glycine ethyl ester, TEA, ACN; (iv)
0.4 M TEA/MeOH; (v) 0.5 M NaOH/MeOH.
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Scheme 9 Synthesis of N3-carboxymethylthymidine and O*-carboxymethylthymi-
dine. Conditions: (3): (i) methyl bromoacetate, potassium carbonate, MeOH; (ii)
0.5 M aqueous NaOH. (4): (i) 1,2,4-triazole, phosphorus oxychloride, TEA, CH;CN;
(ii) methyl glycolate, DBU, CH;CN; (iii) trichloroacetic acid, CH,Cl,; (iv) 0.1 M
aqueous NaOH.

to give the desired N3-CMdT. O*-CMdAT was synthesized by using a
nucleoside conversion strategy similar to the synthesis of N'-CMdC.
The 1,2,4-triazolyl moiety was incorporated into the C4 carbon atom of
3',5'-O-di-DMTr-protected thymidine, which, upon treatment with
methyl glycolate in the presence of 1,8-diazabicycloundec-7-ene (DBU),
renders the corresponding methyl ester of O*-CMdT. The DMTr groups
in the latter derivative was removed by using 3% trichloroacetic acid (TCA)
in CH,Cl,, and the resulting product was incubated with 0.1 M NaOH to
give the corresponding carboxylic acid derivative, O*-CMdT.

We used two-dimensional NMR methods to confirm the structures of
carboxymethylated DNA adducts. In particular, the heteronuclear multiple-
bond correlation (HMBC) experiment allowed us to assign unambiguously
the sites of carboxymethylation in the modified nucleosides. In this respect,
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the two methylene protons in the carboxymethyl functionality exhibit strong
correlation with the C6 atom in N°~CMdA, the C4 atom in N*-CMdC,
both the C2 and C4 atoms in N3-CMdT, and the C4 atom (but not the C2
atom) in O*-CMdT (Figure 1). These distinct spectral features confirm the
sites where the carboxymethyl moiety is introduced [31,32].

4.2. Site-specific incorporation of carboxymethylated
nucleosides into oligodeoxyribonucleotides

The availability of oligodeoxyribonucleotides (ODNs) bearing a site-
specifically incorporated carboxymethylated adduct constitutes a crucial
step toward examining the biological implications of these adducts at the
molecular level. Solid-phase DINA synthesis makes use of phosphoramidite
derivatives of four nucleosides with nucleobase amino groups being prop-
erly protected. If a phosphoramidite derivative of a DNA adduct 1s available,
this adduct can be site-specifically inserted into a certain ODN sequence by
using automated solid-phase ODN synthesis.
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Figure 1 'H-">C HMBC Spectra of N°-CMdA, N*-CMdC, N3-CMdT, and
O*-CMJT. Correlations indicate the positions where the carboxymethyl moiety is
covalently bonded.
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In 2000, Xu [50] developed the first synthetic route to incorporate
the O°~CMdG into a 12-mer ODN. It was found that an acyl group at
the N’-position of an O°-substituted guanine is much more resistant to
removal by ammonia than that at N*-position of an unmodified guanine
[51-53]; therefore, the isobutyryl group that is frequently used for protect-
ing the amino group in 2’'-deoxyguanosine is no longer suitable for amino
protection in O°~CMdG. For this reason, a base-labile functionality, phe-
noxyacetyl (PAc) group was chosen for N* protection in O°~CMdG phos-
phoramidite synthesis [50]. Xu’s synthetic pathway is summarized in
Scheme 10.

After ODN assembly, the amino-protecting groups on nucleobases need
to be removed. However, since the carboxymethyl moiety is in its ester
form, common deprotection procedures with the concentrated ammonium
hydroxide cannot be used, as this will result in partial conversion of ester to
amide. Nevertheless, aqueous NaOH at low concentration satisfactorily
produced oligomers containing O°-CMdG. Risks that one needs to
be aware of are that alkaline solution might lead to the conversion of
N°-substituted adenine and N'-substituted cytosine into hypoxanthine
and uracil, respectively, but this can be largely avoided by using NaOH
solution at low concentration [50].

In our synthesis of ODNs containing carboxymethylated DNA adducts,
certain precursors such as 1a, 2d, 3a, and 4b in Schemes 8 and 9 were readily
converted to the corresponding phosphoramidites. After ODN assembly,
simple alkaline hydrolysis rendered ODNs containing the desired
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Scheme 10 Synthesis of O°-CMdG-containing phosphoramidite building block.
Conditions: (i) acetic anhydride, pyridine, DMF; (ii) phenoxyacetic anhydride, pyri-
dine; (iii) see corresponding conditions in Scheme 7; (iv) 4,4’-dimethoxytrityl chloride,
DMAP, pyridine; (v) 2-cyanoethyl-N, N-diisopropylchlorophosphoramidite, diisopro-
pylethylamine (DIPEA), CH,Cl,.
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Scheme 11  Synthesis of N°~CMdA-containing phosphoramidite building block and its
insertion into DNA. Conditions: (i) 4,4'-dimethoxytrityl chloride, DMAP, pyridine; (ii)
2-cyanoethyl-N, N-diisopropylchlorophosphoramidite, DIPEA, CH,Cl,; (iii) auto-
mated solid-phase DNA synthesis; (iv) 0.5 M aqueous NaOH, 6 h, followed by
neutralization with 1.0 M aqueous HCIL.

carboxymethylated adducts. Scheme 11 depicts a general protocol used for
assembly and deprotection of ODNs containing N°-CMdA [31,32].

5. BIOLOGICAL IMPLICATIONS

5.1. Relevance between carboxymethylating NOCs and
gastrointestinal cancers

A number of studies have suggested the implications of human exposure to
NOC:s in the etiology of gastrointestinal cancer. The gastrointestinal tract
tends to suffer long-term NOC exposure under a wide range of pH. The
maximum total NOC level was observed at pH 1.0-2.5 and 6.0-8.5, which
was attributed to chemical nitrosation at low pH and bacterial nitrosation at
high pH. At pH 2-6, the NOC level decreases, but it is still higher than
3 uM in many individuals’ gastric juice samples [54,55]. These endo-
genously produced NOCs are known to cause damage to DNA, and the
resulting DNA adducts can be both mutagenic and carcinogenic.

Gastric infection with Helicobacter pylori contributes to the etiology of
gastric cancer [56]. Intestinal metaplasia of the stomach, a precursor lesion
for gastric cancer, is associated with H. pylori infection, elevated bile acid
levels and other factors [57]. Earlier studies by Wogan et al. [58] revealed
that the treatment of male Fischer rats with nitrosated bile acid conjugates
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NOGC and N-nitrosotaurocholic acid (NOTC) could induce significant
levels of hepatocarcinoma in 54-70% of the treated animals, and 12—-13% of
the treated rats developed gastric tumors. Forward mutation assay in Salmo-
nella typhimurium and in TK6 diploid human lymphoblasts showed that
NOGC and NOTC are both mutagenic, with NOGC being more effective
in inducing mutations in TK6 cells.

By using the Comet assay, Shuker ef al. [59] observed a dose-dependent
DNA lesion formation upon KDA treatment in three different types of
mammalian cells including human peripheral lymphocytes, human adeno-
carcinoma colon Caco-2 cells, and rat primary colon cells. This finding
confirmed that KDA is genotoxic in a range of mammalian cells; however,
the relative contributions of carboxymethylation and methylation remained
unclear. Later, the same group demonstrated that red meat consumption
enhances the colonic formation of O°~CMG [60]. Red meat is known to be
associated with the endogenous formation of NOCs and increased risk for
developing colorectal cancers. The percentage of positive staining for the
NOC-specific DNA adduct, O°-CMG was significantly (P < 0.001)
higher in colonic exfoliated cells of individuals on high-red-meat diet.
O’-CMG was also found in intact small intestine from rats treated with
the APNG and in HT-29 cells treated with diazoacetate. Since NOGC,
APNG, and diazoacetate can all give rise to carboxymethylation of nucleo-
bases in DNA, the above studies suggest that DNA carboxymethylation
induced by NOCs could be involved in pathology of gastrointestinal

cancers.

5.2. Mutagenicity and repair of carboxymethylated DNA
adducts

Mutation in p53 tumor suppressor gene is a hallmark for many human
tumors. An earlier work by Greenblatt ef al. [61], who reviewed more than
2500 p53 mutations, revealed a high frequency of G:C — A:T transition
mutations in human cancers which is accompaniedby G — Tand G — C
transversion mutations. Simple alkylating NOCs may produce at least some
of these G:C — A:T transitions, especially those occurring at non-CpG
sites through the generation of O°-alkyl adducts of dG. However, Shuker
et al. [3] recently observed that the passage of KDA-treated, human p53
gene-containing plasmid in yeast cells can result in substantial single-base
substitutions. Distinct from the high frequency of G:C — A:T transition
mutations (>80%) induced by methylating agent MNU, KDA elicited
almost equal distributions of transition and transversion mutations, and
strikingly the mutation spectrum induced by KDA at non-CpG site is
very similar to the corresponding mutation spectra found in stomach and
colorectal cancers (Figure 2). In addition to carboxymethylated DNA
lesions, KDA can also induce, to a lesser extent, methylated DNA adducts.
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Figure 2 Comparison of mutation spectra of human p53 gene induced by KDA and
MNU in yeast cells with those found in stomach and colorectal cancers (reprint with
permission from Oxford University Press).

The above findings suggest that carboxymethylation may contribute signif-
icantly to p53 mutations in gastrointestinal cancers, and diazoacetate may
constitute the major etiological agent in the development of gastrointestinal
cancers. This conclusion was also consistent with a previous observation
that the cytotoxicity of a model carboxymethylating agent AS is due to
DNA carboxymethylation, but not methylation [5].

Another important aspect of this study highlighted a substantial fre-
quency of single-base substitutions at A:T base pairs that are comparable
to those observed in human gastrointestinal tumors. The percentages of
mutations occurring at A:T base pairs account for 43% and 28% of all
observed mutations, while the human p53 gene-containing plasmid was
treated with KDA in PBS and Tris—=EDTA, respectively. Additionally, the
observation of a significant proportion of mutations at A:T base pairs
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supports that KDA can also induce promutagenic lesions at adenine and/or
thymine. In this respect, our unpublished mutagenesis study showed that
N3-CMdT and O*-CMdT are highly mutagenic in E. coli cells [62].

The high frequency of G:C — A:T mutations in p53 in human cancers
reduces the usefulness of this mutation in identifying the responsible carci-
nogens; however, the unique mutation spectra found in stomach and
colorectal cancers suggest that carboxymethylating agents could contribute
significantly to the etiology of these cancers, and carboxymethylated DNA
adducts may serve as potential biomarkers for early diagnosis of these
diseases.

To counteract the deleterious effects of DNA lesions, cells are equipped
with an intricate DNA repair system. Some initial studies have been carried
out for carboxymethylated DNA lesions, particularly for O°-CMdG.
Despite the fact that O°-MdG is subject to repair by MGMT, O°-CMdG
appears not to be repaired by MGMT. Along this line, Karran ef al. [5]
demonstrated that the AS-mediated cell killing cannot be rescued by the
overexpression of MGMT, which agrees with a previous study by Shuker
et al. [1] showing that O°~-CMdG is not subject to repair by MGMT in vitro.
Likewise, S°-CMdG, a structure analog of O°-CMdG, was found not to be
a substrate for mismatch repair (MMR) system. However, lymphoblastoid
cells deficient in nucleotide excision repair (NER) were significantly more
sensitive to AS than the control repair-proficient cells, suggesting that
O°-CMdG can be repaired by NER factors [5].

Although many human cancers have been linked to NOC exposure,
DNA carboxymethylation arising from NOCs might be an important initial
step toward the development of gastrointestinal cancers. The chemical
synthesis of authentic carboxymethylated nucleosides and their incorpora-
tion into DNA facilitate the assessment of the formation and biological
consequences of the carboxymethylated DNA lesions in vivo. We hope that
future studies on how these DNA lesions perturb the fidelity and efficiency
of DNA replication and how they are repaired in mammalian cells will
improve further our understanding of the implications of these lesions in the
development of gastrointestinal cancers.
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