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a b s t r a c t

‘Oxidative and Nitrative Stress in Toxicology and Disease’ was the subject of a symposium held at the EURO-
TOX meeting in Dresden 15th September 2009. Reactive oxygen (ROS) and reactive nitrogen species (RNS)
produced during tissue pathogenesis and in response to viral or chemical toxicants, induce a complex
series of downstream adaptive and reparative events driven by the associated oxidative and nitrative
stress. As highlighted by all the speakers, ROS and RNS can promote diverse biological responses asso-
ciated with a spectrum of disorders including neurodegenerative/neuropsychiatric and cardiovascular
eactive oxygen species
eactive nitrogen species

nflammation
arcinogenesis
eurotoxicology

diseases. Similar pathways are implicated during the process of liver and skin carcinogenesis. Mecha-
nistically, reactive oxygen and nitrogen species drive sustained cell proliferation, cell death including
both apoptosis and necrosis, formation of nuclear and mitochondrial DNA mutations, and in some cases
stimulation of a pro-angiogenic environment. Here we illustrate the pivotal role played by oxidative
and nitrative stress in cell death, inflammation and pain and its consequences for toxicology and dis-
epatotoxicity ease pathogenesis. Examples are presented from five different perspectives ranging from in vitro model
systems through to in vivo animal model systems and clinical outcomes.

© 2010 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

A symposium was held at the EUROTOX meeting in Dres-
en September 2009 entitled ‘Oxidative and Nitrative Stress in
oxicology and Disease’. In this lively and well-attended session,
nflammation and the role of reactive oxygen and reactive nitro-
en species (ROS and RNS) were discussed initially followed by
llustrative examples from diverse tissue and model systems. The
oncept behind the session was to seek cross-fertilisation between
he different illustrative examples, revealing common themes.

Inflammation begins when tissues react to a local irritation
sually caused by a physical injury, by infection or by exposure
o a toxicant. Fluid and accompanying white blood cells traverse
he vascular barrier leading to swelling, erythema, further inflam-

ation and attraction of further white blood cells (Fig. 1). The
esolution phase of inflammation involves repair and cell pro-
iferation ultimately leading to tissue regeneration. During the
nflammatory phase, there is a burst of respiration leading to the
reation and release of free radicals, including production of both
eactive oxygen species (ROS) and reactive nitrogen species (RNS).
OS and RNS utilize three main pathways of signalling which
esults in damage to DNA, proteins and lipids. Lipid peroxida-
ion triggers the arachidonic-acid cascade, with the production
f cell proliferation-stimulating eicosanoids. While free radicals
nduce DNA damage directly, by-products of the arachidonic-acid
athway such as malondialdehyde (MDA) and 4-hydroxynonenol
4-HNE) also are DNA-damaging agents. Free radicals can also mod-
fy enzyme systems involved in DNA repair and alter cell death

ignalling by modification of caspases and modulation of cell sur-
ival pathways regulated by key molecules such as JNK and p38
AP kinase (reviewed in Aslan et al., 2008; Roberts et al., 2009a,b).
Although inflammation and the associated generation of free

adicals can have a deleterious effect on the host, these processes

ig. 1. Inflammation and the role of ROS and RNS in tissue damage. Inflammation begins w
nd white blood cells into extravascular tissue. This is followed by tissue repair and reg
elease of free radicals, such as reactive oxide species (ROS) and reactive nitrogen species
ascade, with the production of cell proliferation-stimulating eicosanoids. Also, DNA-dam
y-products of the arachidonic-acid cascade. The free radicals can also damage DNA and m
2

− , superoxide; NO, nitric oxide; ONOO− , peroxynitrite; N2O3, nitrous anhydride.
gy 276 (2010) 85–94

also play a normal physiological role, especially in the elimination
of invading pathogenic organisms. Since free radicals are ubiqui-
tous in our body and are generated during normal physiological
processes, mutiple defense systems have evolved to protect our
cells from these potentially damaging free radicals. Antioxidant
enzymes and scavenger systems serve to remove free radicals,
whereas DNA repair pathways are triggered to repair damage to
DNA after it has occurred.

It is clear that in certain situations of toxicant exposure or dis-
ease, the generation of ROS and RNS and the associated oxidative
and nitrative stress are key mediators of inflammation, cell pro-
liferation and cell death. In this review, evidence is presented in
diverse tissues including the liver, brain, heart and skin in order to
highlight common themes.

2. Oxidative and nitrative stress: role in the response to
liver toxicants (Roberts)

The liver is the front line of defence and is therefore a target
organ for many toxicants. Persistent inflammation plays a pivotal
role in the response of liver to both chemical and viral damage,
ranging from transient liver injury and repair through to hepato-
carcinogenesis (Fig. 2).

There is a major drive to understand the mechanisms of tox-
icant and viral-induced liver disease to facilitate prevention and
treatment and also to understand the molecular basis of individual
susceptibility. WHO mortality data for the Americas (WHO, 2003)

show liver cirrhosis as responsible for 4% of deaths in the 45–64
age group, making it the 3rd most common cause of death. As illus-
trated by these figures, cirrhosis itself is a major health issue which
is exacerbated by the association of chronic cirrhosis with quite
frequent progression to hepatocellular adenoma and carcinoma.

ith a reaction to an irritant or infection that is characterized by movement of fluid
eneration and involves cell proliferation. Associated with these processes are the

(RNS). This can activate a process called lipid peroxidation and the arachidonic-acid
aging agents, such as malondialdehyde (MDA) and 4-hydroxynonenol (4-HNE), are
odify the structure and function of cancer-related proteins. OH•, hydroxyl radical;
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Fig. 2. Liver damage, inflammation and cancer: lessons from PPAR�. A schematic
depicting the pathway from toxicant exposure to inflammation and ultimately to
tumor development. Inflammation can be triggered by toxicant exposure or by viral
infection; if this inflammation persists it can progress to the development of tumors.
Similarly, exposure of rodent liver to peroxisome proliferators causes activation
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Kupffer cells do not have to express PPAR� to support these
f PPAR� and hepatic growth changes ultimately leading to hepatocellular carci-
oma. Cytokines such as TNF� and survival signalling molecules such as NF�B are

mplicated in both processes.

There are multiple causes of cirrhosis and associated carcino-
enesis, with the majority of cases attributed to alcohol, viral
nfection or a fatty diet (Ryder and Beckingham, 2001). The statis-
ics surrounding hepatitis B infection are shocking; approximately
hird of the world’s population (∼2 billion people) have been
nfected with hepatitis B, with 600,000 deaths each year due to the
cute or chronic consequences of viral infection and 25% of adults
ho become chronically infected during childhood later die from

iver cancer or cirrhosis (WHO, 2003).
Accumulating evidence implicates the dedicated hepatic

acrophage, the Kupffer cell, as a key mediator of the response to
hemical and viral insult as well as other liver stresses such as trans-
lantation (Krohn et al., 2009). Examination of the liver architecture
reviewed in Roberts et al., 2007) shows that the location of Kupf-
er cells, which are distributed around the key interface between
he parenchyma, the sinudoidal space and the portal space allow
hese specialized macrophages to respond to incoming toxicants
y stimulation of parenchyma.

The primary mechanism for the stimulation of parenchyma is
ia release of cytokines (Krohn et al., 2009; McVicker et al., 2007)
nd ROS (Rusyn et al., 2000; Tsuchiya et al., 2008) and RNS (Powell
t al., 2006). The release of ROS by Kupffer cells was well illustrated
ecently by Lin et al. (2009) who showed an increase in hepatic
OS during d-galactosamine-induced acute liver injury and apop-
osis. Interestingly, staining for 4-HNE which identified oxidized
rotein revealed co-localization with lipid accumulation in these

ivers (Lin et al., 2009). Similarly, Powell et al. (2006) reported that
subtoxic dose of acetaminophen significantly increased nitroty-

osine adducts in rat liver in vivo, especially in the centrilobular
egion, as a marker for peroxynitrite formed by the combination of
he ROS, superoxide anion, and nitric oxide (NO). Thus, Kupffer cells
rchestrate the hepatic response to chemical and viral insult via
roduction and release of many mediators including ROS and RNS.
o, how do these mediators impact on both normal liver biology
nd, more importantly, the adverse response to toxicants?

Toxicants cause tissue damage via diverse mechanisms, many
f which involve activation of cell survival and apoptosis path-
ays. Two broad categories of apoptosis networks, referred to as

he intrinsic and extrinsic pathways have been identified (reviewed

n Aslan et al., 2008). The extrinsic pathway is driven by signalling
rom death receptors such as the tumor necrosis factor a (TNF�)
eceptor and Fas through the death inducing signalling complex
DISC) and caspase 8. The intrinsic pathway is triggered by cellu-
gy 276 (2010) 85–94 87

lar stress and signals through survival kinases to the mitochondria
which then engage caspase 9 through cytochrome-c release. Both
pathways converge on caspase 8 leading to cellular execution
(reviewed in Aslan et al., 2008). Oxidative and nitrative species
can impact on these pathways at several key points; reactive nitro-
gen species (RNS) and reactive oxygen species (ROS) can modulate
survival signalling molecules such as JNK and p38 MAP kinase
(reviewed in Aslan et al., 2008; Roberts et al., 2009a,b). Similarly
RNS such as nitric oxide (NO) can induce DNA damage, leading
to p53 stabilization and engagement of apoptosis pathways. Con-
versely, NO down regulates NF�B which protects from apoptosis
often via perturbation of hepatocyte proliferation and death via
apoptosis and necrosis (reviewed in Roberts et al., 2007).

2.1. Carcinogenesis and inflammation

As described, Kupffer cells detect and respond to viral and
chemical stress by release of ROS, RNS and cytokines that in turn
regulate cell survival and proliferation. So how would this pertur-
bation of cell growth lead to carcinogenesis? These concepts are
well described in the early publications on multistage carcinogen-
esis models (Weinstein et al., 1984; Cohen, 1983), as summarised
briefly here. First, in order to proliferate, a cell has to survive;
thus any cell that should have died due to DNA damage but per-
sists due to perturbation of signalling remains to be stimulated
into proliferation possibly with an enhanced risk of mutation due
to missense-mismatch repair (Radman and Wagner, 1993). These
cells are then subjected to further mitotic stimulation and genetic
instability progressing through to cancer. Overall, this explanation
leads to the interesting question, ‘is cancer linked to unresolved
inflammation?’

One of the most interesting papers to address this point looked
at the immune pathogenesis of hepatocellular carcinoma (HCC) in
response to HBV infection (Nakamoto et al., 1998). As mentioned
earlier, HCC is a common complication of HBV infection and it has
long been assumed that the clonal integration of viral DNA into
hepatocytes would play a key role in the process. However, these
authors showed that HCC occurred in the absence of viral trans-
activation and insertional mutagenesis. In contrast, the immune
response to HBV was shown to be critical for tumor development.
Overall, these data suggest that the HCC accompanying chronic
hepatitis may result from the immune response to viral infection
possibly mediated by Kupffer cells. In this respect, non-genotoxic
and viral carcinogenesis may share common features.

2.2. Cross-talk with PPAR˛?

In addition to the regulation of hepatocyte survival and pro-
liferation by ROS and RNS released by Kupffer cells, there is
the possibility of complex interplay between ligand-activated
receptors such as the peroxisome proliferators activated recep-
tors (PPARs) which appear to play different roles in Kupffer cells
versus the hepatocytes. PPAR� is the receptor for the peroxi-
some proliferators (PPs), a diverse group of rodent non-genotoxic
hepatocarcinogens of broad environmental and therapeutic sig-
nificance (see Oliver and Roberts, 2002 for review). In rodents,
PPs induce hepatocyte proliferation and suppress apoptosis medi-
ated by PPAR�, ultimately leading to clonal expansion and tumors.
Both in vitro and in vivo experiments have shown that the hep-
atic response to PPs is absolutely dependent upon Kupffer cells
(Hasmall et al., 2002; Parzefall et al., 2001) but interestingly,
changes in proliferation (Hasmall et al., 2002). Indeed, in a sep-
arate series of experiments, it was demonstrated that PPAR� is
absent in Kupffer cells that instead express PPAR� (Peters et al.,
2000).
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Overall, it is clear that oxidative and nitrative stress play a
ivotal role in the response to liver toxicants and viral injury.
his is often orchestrated by complex interplay between the
on-parenchymal Kupffer cells and hepatocytes with cross-talk
etween survival mechanisms and transcriptional regulation. Fur-
her development of our understanding of these mechanisms
rovides increased opportunities in the future for vital work on
revention, intervention and treatment.

. Characterization of oxidative stress using neuronal cell
ulture models (Smith)

The brain consumes more oxygen under physiological condi-
ions than other organs, thereby increasing its susceptibility to
xidative stress since generation of higher levels of ROS can lead
o pathological changes when these are in excess of the buffering
apacity of endogenous antioxidant systems (Fatokun et al., 2008b).
xcessive stimulation of glutamate receptors, especially N-methyl-
-aspartate (NMDA) receptors, also contributes significantly to
he production of ROS and/or NO. Glutamate toxicity is known
o underlie many neurological disorders including Alzheimer’s,
arkinson’s and Huntington’s diseases and stroke (Ischiropoulos
nd Beckman, 2003): with mitochondrial dysfunction triggering
euronal death pathways and subsequent neuronal loss in such
onditions (Trushina and McMurray, 2007). Fully elucidating the
echanisms involved remains pivotal in the development of strate-

ies to ameliorate these neurodegenerative disorders (Fatokun et
l., 2008b).

Much data pertaining to oxidative and nitrative stress in the
ervous system comes from postmortem findings and experimen-
al mammalian in vivo studies. In view of the complexities of the
ervous system however, mechanistic studies of oxidative stress
ave benefitted also from using reductive in vitro culture models.
ffects on neuronal and glial components can be investigated in
oth combined mixed cultures or using individual cell types in cul-
ure to monitor specific responses. The merits and limitations of
ifferent cell systems appropriate to neurtoxicological approaches
ave recently been reviewed (see Smith, 2009).

Continuous cell lines are available for the elucidation of
he death pathways activated by oxidative stress insults. The
opaminergic neuronal cell line, SH-SY5Y, derived from a human
euroblastoma, has been used in many studies since treatments
an be applied both to proliferating undifferentiated cells or to cul-
ures triggered to differentiate (Cheung et al., 2009). SH-SY5Y cells
ave also been used successfully in recent work demonstrating the
rotection afforded by the naturally occurring antioxidants, resver-
trol and oxy-resveratrol, against oxidative stress induced by the
arkinsonian mimetic 6-hydroxydopamine (Chao et al., 2008).

Primary cultures, maintained either as neuronal and glial cell
o-cultures, or as neuronal- or astrocyte-enriched cultures, have
he advantage of expressing a phentoype more closely resem-
ling the in vivo state. They can be routinely prepared from most
rain areas in which oxidative stress is of interest, including
ortical regions (Tauskela et al., 2008). Postnatal cerebellar gran-
le neurons (CGNs), maintained in culture for at least a week,
ndergo extensive regrowth of neurite processes and express func-
ional glutamate receptors. As such, they remain as one of the

ost frequently used model systems for in vitro investigation
f excitoxicity and oxidative stress. The cerebellum, comprises
f over 95% of this neuronal type, and therefore represents a

ource of highly purified and homogenous neurons which are
nown to release glutamate as their principal neurotransmit-
er (Smith et al., 2003,2008; Ward et al., 2005). Extensive data
n oxidative stress, signalling pathways, cell death and neu-
oprotection have been generated in many studies using this
Fig. 3. A summary diagram of the oxidative stress insults applied to primary cultures
of postnatal cerebellar granule neurons (Smith et al., 2003), the mechanistic and
signalling pathways investigated, and the neuroprotective strategies employed to
attenuate neuronal damage and loss (see text for details of the individual studies).

culture model, including those illustrated in Fig. 3 and described
below.

Fatokun et al. (2007, 2008a) reported on the oxidative stress
induced by hydrogen peroxide and glutamate. Means of attenuat-
ing the damage resulting from exposure of CGNs to the oxidative
stressors were investigated by administrating the adenosine
receptor A1 agonist, N6-cyclopentyladenosine, and the A2A antag-
onist, ZM 241385, 4-(2-[7-amino 2{furyl}{1,2,4}trichloro{2,3-a}
{1,3,5}triazin-5-yl-amino] ethyl)phenol, which proved effective in
protecting CGNs. The death pathways triggered were a mixed pro-
file of both apoptosis and necrosis (Fatokun et al., 2008a). The
free radical-generating system of xanthine and xanthine oxidase,
frequently used as a source of the superoxide anion to cause
oxidative stress leading to cellular death, was investigated in CGN
cultures (Fatokun et al., 2007). Addition of superoxide dismu-
tase failed to prevent damage by xanthine and xanthine oxidase,
while catalase completely ameliorated it. When applied alone, xan-
thine oxidase significantly lowered cell viability, an effect that was
blocked by allopurinol and catalase, but not by superoxide dismu-
tase. These observations suggest that hydrogen peroxide, rather
than the superoxide anion, mediates the main stress leading to cell
death in this system (Fatokun et al., 2007).

The role of stimulation of NMDA receptors in the cell death
induced by mitochondrial disruption following exposure to 3-
nitroproprionic acid (3-NPA) and potassium cyanide (inhibitors of
respiratory chain complexes II and IV, respectively) was demon-
strated using primary cultured CGNs: the NMDA channel blocker
(MK-801), and the antagonist, 2-amino-5phosphopentanoic acid
(D-AP5), proving effective, although resistance to blockade by
kynurenic acid suggested NMDA receptor activation independent
of the glycine site (Fatokun et al., 2008c). Protection of cultured
CGNs against subsequent lethal challenges of 3-NPA and glutamate
toxicity was also achieved by preconditioning with sublethal doses
of NMDA (Smith et al., 2008). Less severe protocols, in which neu-
rons were pre-conditioned by use of longer sublethal exposures
with the potassium channel blocker, 4-aminopyridine (4-AP), and
the GABAA receptor antagonist, bicuculline, have been shown to
protect cortical neurons from oxidative stress by up-regulating
bcl-2 expression and by stimulating the phosphorylation of the

cyclic-AMP response element binding protein (CREB) (Tauskela et
al., 2008). CREB phosphorylation increases in CGNs pre-conditioned
with 4-AP, although activation of bcl-2 and caspase 3 levels did not
differ significantly from untreated controls (Smith et al., 2009a).
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Investigation of the signalling pathways activated by oxida-
ive stress has been the focus of studies of a number of
eurotoxic intermediates generated by the metabolism of tryp-
ophan to nicotinamide via the kynurenine pathway (Smith et
l., 2009b). Neuronal loss, resulting from treatments with 3-
ydroxykynurenine, 3- or 5-hydroxyanthranilic acids, appeared to
e mediated by H2O2 since the effects were prevented by catalase,
ut not by superoxide dismutase. Activation of the p38 pathway
as demonstrated, whereas caspase-3 levels were not increased,

ndicating the involvement of a caspase-3 independent mechanism
Smith et al., 2009b). Neuronal culture also permits the quan-
ification of neurite outgrowth and its modification by oxidative
tressors which offers a additional endpoint for assessing damage
n in vitro studies (Smith, 2009).

Despite the acknowledged limitations implicit in the simplicity
f neuronal culture models, primary cells such as CGNs have proved
ost valuable in generating data that extends our understanding

f the mechanisms underlying the response of the nervous system
o oxidative stress. When taken together with in vivo studies, it is
lear that in vitro culture systems can play a vital role in the devel-
pment of novel drug therapies targeting pathways associated with
xidative stress, with potential relevance to the management of a
umber of neurodegenerative conditions.

. Nitrative stress and glial-neuronal interactions in the
athogenesis of Parkinson’s disease (PD) (Tjalkens and
tephen Safe)

Parkinson’s disease (PD) is a severely debilitating movement
isorder resulting from progressive degeneration of dopaminergic
eurons within the substantia nigra pars compacta of the midbrain.
nfortunately, pharmacologic treatment for PD has not progressed
eyond the use of dopamine mimetics, such as l-dopa, that only
ransiently alleviate motor symptoms. Furthermore, chronic use
f l-dopa is associated with its own array of resultant patholo-
ies such as dyskinesia, cardiac arrhythmia and ischemic injury,
nd cerebral vascular dysfunction. Ultimately, individuals suffer-
ng from PD will progress to the end-stage of the disease, which is
haracterized by significant gait abnormalities and frequent falls,
s well as a deficit in non-motor functions resulting in demen-
ia, psychosis, and other autonomic disturbances (Djaldetti et al.,
004).

Currently, a precise etiology explaining PD remains to be discov-
red but recent research has revealed features of the disease that
epresent realistic targets for neuroprotective chemotherapeutic
ntervention that could mitigate the progressive loss of dopamin-
rgic neurons (Tjalkens et al., 2008). Among these observations are
he presence of chronic inflammation and sustained expression of
nducible nitric oxide (NOS2), accompanied by activation of the
urrounding astrocytes and microglia (Teismann and Schulz, 2004).

.1. Neuroinflammation and PD

Neuroinflammation is now understood to play a critical role
n the progression of PD. Unfortunately, current therapies do not
ddress this problem, being focused on ameliorating the symptoms
f dopamine loss rather than on targeting the underlying causes of
njury to dopaminergic neurons. Thus, there remains no ‘disease

odifying’ therapeutic that has been approved for the treatment
f PD. Although much attention has been devoted to understanding
he role that activated microglia have in neuroinflammation, it has

ecome clear that a more complex interplay between microglia and
strocytes underlies the neuroinflammatory phenotype observed
n PD (Tansey et al., 2008). Both microglia and astrocytes pro-
uce neurotoxic levels of inflammatory mediators such as TNF�
nd NO that are increased in PD patients and in animal models
gy 276 (2010) 85–94 89

of the disease (Good et al., 1998). However, recent clinical trials
aimed at suppressing microglial-mediated inflammation have, to
date, yielded poor results. Thus, a better understanding of funda-
mental inflammatory pathways and cell–cell interactions between
microglia and astrocytes is required to decipher the pathogene-
sis of neuroinflammation in degenerative CNS disorders such as
PD. Although the pro-inflammatory role played by microglia in PD
has been extensively studied, the neuroinflammatory phenotype of
activated astrocytes is less well understood.

Astrocytes have diverse and critical functions in the CNS that
include providing metabolic substrates to neurons, antioxidant
protection, and the synthesis of trophic factors essential for the
survival and function of neurons (Hermann et al., 2001; Hunot et
al., 1996). However, many neurological disease states, including
PD, Alzheimer’s disease, and ischemic injury are typically accom-
panied by varying degrees of astrocyte activation, or astrogliosis.
While the exact cause of astrogliosis in PD is unknown, several
reports have suggested that the activation of astrocytes is due
to secretion of inflammatory cytokines, such as TNF� and inter-
feron gamma (IFN�), by the surrounding microglial cells (Liberatore
et al., 1999). While some degree of activation is likely benefi-
cial, reactive astrogliosis results in neuronal injury. Astrogliosis
results in increased production of various neurotoxic inflamma-
tory mediators, including NO, that contribute to the progressive loss
of nigro-striatal neurons. Supporting a deleterious role for exces-
sive NO production in PD are postmortem observations of increased
NOS2 expression in patients diagnosed with PD (Ebadi and Sharma,
2003), as well as reports that deletion of the Nos2 gene in mice con-
fers protection against MPTP-mediated neurotoxicity (Liberatore et
al., 1999).

4.2. Regulation of neuroinflammatory genes in astrocytes

Expression of NOS2 in response to diverse neurotoxicants is
highly dependent upon the NF-�B signalling pathway. Recent stud-
ies demonstrated that NF-�B is required for expression of NOS2 in
activated astrocytes following stimulation with various inflamma-
tory cytokines and neurotoxicants (Carbone et al., 2009; Moreno et
al., 2008). Multiple signalling pathways activate NF-�B through the
I�B kinase (IKK) complex, leading to phosphorylation and degra-
dation of the inhibitory I�B subunit and nuclear translocation of
the transcriptionally active p65 subunit. Ensuing induction of Nos2
mRNA then typically requires binding of p65 to enhancer sequences
on the Nos2 promoter, acetylation of histones, and removal of con-
stitutively bound nuclear co-repressor proteins such as NCoR2 by
the nuclear proteosome (Ghisletti et al., 2007). Increasing attention
is being given to NF-�B as a therapeutic target for blocking neu-
roinflammation in PD because of its central role in inflammatory
signalling in glia. Recent data from transgenic animals containing
microglial- and astrocyte-specific gene deletion of NF-�B support
the neuroprotective efficacy of blocking this signalling pathway
in models of inflammatory neurodegeneration (Brambilla et al.,
2009). The importance of NF-�B-dependent transcriptional regula-
tion of inflammatory genes in PD was highlighted in recent studies
demonstrating that the orphan nuclear receptor, Nurr1, normally
inhibits NF-�B-regulated neuroinflammatory genes in glia and its
deficiency associates with loss of dopaminergic neurons (Saijo et
al., 2009). Deficiency in expression of Nurr1 is also associated with
a late-onset form of PD (Le et al., 2008), suggesting that nuclear
regulators of NF-�B are linked to inflammatory activation of glia
and loss of dopaminergic neurons.
4.3. Therapeutic strategies to interdict neuroinflammation

Suppressing neuroinflammation has emerged as a potential
strategy for treating disorders such as PD. Specifically, modula-
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ion of nuclear orphan receptors has been examined as a possible
pproach for suppressing inflammatory gene expression in astro-
ytes using traditional thiazoladinedione (TZD) ligands of PPAR�
Dehmer et al., 2004). The TZD ligand rosaglitazone appears
o antagonize NF-�B by stabilizing NCoR2 at the proximal p65
nhancer element in RAW macrophages (Pascual et al., 2005) and
nother drug in this series, pioglitazone, confers partial neuropro-
ection in MPTP-induced parkinsonism, preserving dopaminergic
ell bodies in the substantia nigra but not dopaminergic fibers in
he striatum (Dehmer et al., 2004). The work presented here (Fig. 4)
emonstrates that a novel para-substituted diindolylmethane com-
ound, 1,1-bis(3′-indolyl)-1-(p-t-butyl)methane (DIM-C-pPhtBu)
Qin et al., 2004), suppresses protein nitration in dopaminergic
eurons in vivo caused by exposure to the neurotoxin 1-methyl-
-phenyl-1,2,3,6-tetrahydropyridine (MPTP). It was also recently
eported that DIM-C-pPhtBu blocked NF-�B-dependent expres-
ion of NOS2 in astrocytes and protected co-cultured neurons
rom astrocyte-mediated apoptosis following treatment with MPTP
nd inflammatory cytokines (Carbone et al., 2009). Furthermore,
he mechanism underlying DIM-C-pPhtBu-mediated inflamma-
ory suppression differs from the trans-repressive mechanism
escribed for rosiglitazone (Pascual et al., 2005), presenting

potentially novel avenue for suppression of inflammatory
enes and neuroprotection using this class of compounds. The
nti-neuroinflammatory efficacy of DIM-C-pPhtBu was further

xamined in astrocytes derived from a unique transgenic mouse
xpressing a reporter construct consisting of high affinity NF-
B consensus elements driving expression of enhanced green
uorescent protein (EGFP). DIM-C-pPhtBu potently suppressed
PTP-dependent NF-�B activation in transgenic astrocytes isolated
57Bl/6 mice were treated with MPTP (4 × 10 mg/kg, 2 h intervals) in the presence
and sacrificed after 7 days. Frozen sections were stained by immunofluorescence

mation), and nuclear morphology (DAPI; blue). (a–d) – Control; (e–h) MPTP; (i–l)
zation. (For interpretation of the references to color in this figure legend, the reader

from these transgenic mice that directly correlated with inhibition
of NOS2 expression (Carbone et al., 2009). Thus, inhibition of key
molecular signalling pathways responsible for induction of NOS2,
such as NF-�B, may offer a strategy for preventing neuronal injury
resulting from excessive production of NO.

5. Oxidative and nitrative stress in multistage
carcinogenesis (Robertson)

The murine model of multistage skin carcinogenesis has been
used to define the sequential genetic and epigenetic mechanisms
responsible for development of human squamous cell carcino-
mas (Abel et al., 2009). This classic model of skin inflammation
and carcinogenesis has also been used to identify chemicals that
have potential carcinogenic activity and is a primary screening tool
to evaluate the toxicological profile of drugs under development.
The process of murine multistage carcinogenesis is operationally
defined as consisting of discreet steps of initiation, promotion, and
malignant progression. Initiation is the first step in inducing growth
of skin tumors and occurs following treatment of the dorsal skin of
genetically susceptible mice with a chemical or physical carcino-
gen such as 7,12-dimethylbenz[a]anthracene (DMBA) or exposure
to ultraviolet light in the 290–320 nm range, which is uvB light
derived from solar irradiation. Exposure to DMBA induces stable,
permanent and heritable genetic alterations that consist of specific

point mutations within the celluar v-Ha-ras gene, while exposure
to uvB light induces signature mutations in the p53 tumor sup-
pressor gene. These mutations occur in “label retaining” epidermal
keratinocytes located within both the basal epidermis and in the
“bulge region” of the hair follicles of the dermis, which are now
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oxynitrite decomposition catalysts may reduce MMP activation.
ig. 5. Schematic of the roles of reactive oxygen species (ROS), reactive nitrogen
pecies (RNS) oxidative DNA damage, pro-inflammatory cytokines, and vascular
ndothelial growth factor (VEGF) in multistage skin carcinogenesis.

ecognized to represent the stem cell compartments of adult skin
Affara et al., 2006).

The second stage of skin carcinogenesis is tumor promotion,
hich is induced by multiple applications of the tumor promoter

2-0-tetradecanolyphorbol-13-acetate (TPA) or by multiple expo-
ures to uvB light. While initiation is characterized by genetic
lterations, there are multiple epigenetic changes that are critical to
he process of tumor promotion. As an example, tumor promoters
timulate inflammation characterized by the production of reactive
ntermediates and pro-inflammatory mediators with contributions
y multiple cell types, including epidermal keratinocytes, leuko-
ytes and vascular endothelial cells (Fig. 5). Multiple types of
ro-inflammatory cytokines including interleukin-1 alpha, tumor
ecrosis factor and granulocyte-macrophage stimulating factor
re produced during tumor promotion (Oberyszyn et al., 1993;
obertson et al., 1996a,b; Robertson et al., 1994). To add to the
ro-inflammatory microenvironment in the skin during growth of
apillomas and conversion to malignant carcinomas, the process of
umor promotion is associated with the production of ROS includ-
ng the cell permeant mediator hydrogen peroxide (Robertson et
l., 1990; Sirak et al., 1991; Ariza et al., 1996). ROS are produced
n sufficient quantities during tumor promotion to result in forma-
ion of signatures of oxidant-mediated DNA damage, detectable by
he presence of the sentinel DNA adduct, 8-oxo-deoxyguanosine
8-oxodG).

In addition to production of ROS, NO and peroxynitrite (ONOO-)
lay a role in the process of tumor promotion in the skin (Robertson
t al., 1996a,b), and are collectively defined as RNS. Peroxyni-
rite, formed by the interaction of ROS with NO and detectable by
he presence of nitrotyrosine, was produced by infiltrating leuko-
ytes within the dermis during tumor promotion (Robertson et al.,
996a,b). In addition, there was a notable absence of NOS2 in hyper-
lastic epidermis, consistent with the known anti-proliferative
ffect of NO.

In contrast to the localization of NOS2 to infiltrating leukocytes
n the dermis, NOS, also known as endothelial NOS, was localized
pecifically to the vascular endothelium during tumor promo-

ion. Additionally, the NOS inhibitor l-NG-monomethyl-arginine
l-NMMA) was found to block vascular permeability, suggesting
hat targeting NOS3 effectively inhibits the early changes in ves-
el permeability that are characteristic of the “angiogenic switch”
gy 276 (2010) 85–94 91

during skin carcinogenesis. Data generated showed that VEGF reg-
ulates vascular permeability at early times during tumor promotion
and at later times in this process, mediates the robust tumor-
associated angiogenesis that is a requirement for formation of skin
papillomas and their malignant progression to form carcinomas
(Affara and Robertson, 2004).

Taken together, these studies suggest that the pro-inflammatory
signatures of tumor promotion are regulated in part by pro-
inflammatory cytokines, as well as by ROS and RNS. Furthermore,
NO and VEGF are interlinked and are an integral part of the process
of multistage skin carcinogenesis (Fig. 5).

6. Role of peroxynitrite in the pathogenesis of
doxorubicin-induced cardiotoxicity (Szabo)

Doxorubicin is a broad-spectrum antitumor anthracycline
antibiotic that is commonly used to treat a variety of can-
cers, including severe leukemias, lymphomas and solid tumors.
It continues to be an effective and widely used broad-spectrum
chemotherapeutic agent. However, its clinical use is limited
because of its serious dose-limiting cardiotoxicity (Blum and Carter,
1974; Young et al., 1981; Singal et al., 1987; Singal and Iliskovic,
1998). Clinical and experimental investigations suggested that
increased oxidative stress associated with an impaired antioxi-
dant defense status plays a critical role in subcellular remodeling,
calcium-handling abnormalities, alteration of cardiac energetics
and subsequent cardiomyopathy and heart failure associated with
doxorubicin treatment (Myers et al., 1977; Doroshow and Davies,
1986; Siveski-Iliskovic et al., 1994; Li and Singal, 2000; Weinstein
et al., 2000; Mihm et al., 2002).

Increased expression of NOS2 and formation of nitrotyrosine,
a marker of RNS, have been shown to be present in cardiomy-
ocytes after doxorubicin exposure (Weinstein et al., 2000; Mihm
et al., 2002; Pacher et al., 2002a,b). The causative role of peroxyni-
trite in the cardiotoxic effects of doxorubicin is evidenced by the
protective effects of peroxynitrite-neutralizing agents in experi-
mental models of doxorubicin cardiotoxicity. For instance, studies
with FP15, an N-PEGylated-2-pyridyl iron porphyrin, a potent per-
oxynitrite decomposition catalyst, demonstrated that FP15 exerts
cardioprotective effects in various rodent models of doxorubicin
cardiotoxicity (Pacher et al., 2002a,b). FP15 attenuated the devel-
opment of cardiac dysfunction, increased survival and reduced
the doxorubicin-induced increase in serum lactate dehydroge-
nase (LDH) and creatine phosphokinase (CK) activities, consistent
with protection against peroxynitrite-mediated necrosis of cardiac
myocytes. FP15 also abolished tyrosine nitration in the hearts of
doxorubicin-treated animals (Pacher et al., 2002a). Although tyro-
sine nitration can be induced by alternative pathways, not only
by the reaction of peroxynitrite with protein tyrosine residues
(Szabó et al., 2007), the increase in nitrotyrosine in myocytes of
doxorubicin-treated mice, and its abolishment by FP15, suggests
that a causative link exists between oxidative and nitrosative stress
and cardiotoxicity of doxorubicin.

FP15 also prevented doxorubicin-induced cardiac lipid perox-
idation and activation of matrix metalloproteases (MMPs). MMP
are significant contributors to the development of various patho-
physiological conditions including dilated cardiomyopathy and
congestive heart failure. The activation of proMMPs is triggered
by peroxynitrite generation, via an extensive S-glutathiolation
reaction (Okamoto et al., 2001). By inhibiting this reaction, per-
In addition to direct oxidation, peroxidation and nitration reac-
tions and MMP activation, likely additional downstream, cytotoxic
mechanisms elicited by peroxynitrite during doxorubicin-induced
cardiac injury include DNA damage and activation of the nuclear
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Fig. 6. Schematic diagram of doxorubicin-induced cardiotoxicity: role of superoxide, NO, and peroxynitrite. Doxorubicin initially increases mitochondrial superoxide and,
consequently, the generation of other ROS (e.g., H2O2) in cardiomyocytes and/or endothelial cells by redox cycling. Increased doxorubicin-induced ROS generation in
cardiomyocytes triggers the activation of the transcription factor NF-kB, leading to enhanced NOS2 expression and NO generation. NO reacts with superoxide to form
peroxynitrite both in the cytosol and mitochondria, which, in turn, induces cell damage via lipid peroxidation, inactivation of enzymes and other proteins by oxidation and
nitration, and activation of stress signalling pathways (e.g., MAPK), MMPs, and PARP-1, among others. In the mitochondria, peroxynitrite, in concert with other ROS/RNS,
impairs various key mitochondrial enzymes, leading to more sustained intracellular ROS generation (persistent even after doxorubicin already metabolized), triggering
further activation of transcription factor(s) and NOS2 expression, resulting in the amplification of oxidative/nitrosative stress. In the mitochondria, peroxynitrite also triggers
the release of proapoptotic factors (e.g., cytochrome-c and apoptosis-inducing factor) mediating caspase-dependent and -independent cell death pathways, which are also
pivotal in doxorubicin-induced cardiotoxicity. Peroxynitrite, in concert with other oxidants, also causes strand breaks in DNA, activating the nuclear enzyme PARP-1. Once
excessive oxidative and nitrosative stress-induced DNA damage occurs, overactivated PARP initiates an energy-consuming cycle by transferring ADP-ribose units from
NAD+ to nuclear proteins, resulting in the rapid depletion of intracellular NAD+ and ATP pools, slowing the rate of glycolysis and mitochondrial respiration, eventually
leading to cellular dysfunction and death, mostly by necrosis. Overactivated PARP may also facilitate the expression of a variety of inflammatory genes leading to increased
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nzyme poly(ADP-ribose) polymerase (PARP), as well as the inhi-
ition of myofibrillar creatine kinase (Weinstein et al., 2002; Mihm
t al., 2002; Pacher et al., 2002b). Consistent with these findings,
irect, pharmacological inhibition of PARP activation, as well as
enetic deletion of the PARP gene has been shown to be effec-
ive in protecting against doxorubicin-induced cardiotoxicity in
odent models (Pacher et al., 2002b; Pacher et al., 2006). Per-
xynitrite, via activation of PARP, can also induce myocardial
alcium overload and contractile dysfunction in doxorubicin-
reated hearts (Szenczi et al., 2005). Although peroxynitrite can
lso induce the activation of myocardial MMPs, this effect is inde-
endent of PARP activation (Bai et al., 2004; Mukhopadhyay et al.,
009).

.1. Molecular mechanisms of peroxynitrite formation

A recent series of in vitro and in vivo studies have evaluated
n detail, the molecular mechanisms of peroxynitrite forma-
ion and cardiotoxicity in response to doxorubicin exposure, and
ested the effect of various peroxynitrite-neutralizing molecules
Mukhopadhyay et al., 2009). Using a well-established mouse

odel of doxorubicin-induced heart failure, marked increases in

yocardial apoptosis (caspase-3 and caspace 9 expression/activity,

ytochrome-c release, TUNEL, etc.), NOS2 gene expression, genera-
ion of NO and mitochondrial superoxide generation, nitrotyrosine
ormation, MMP2 and MMP9 gene expression and PARP activa-
ion were demonstrated, without major changes in expression
, thus facilitating the progression of cardiovascular dysfunction and heart failure.

of the multiple other genes linked to ROS and RNS production
including NOX1, NOX2, p22phox, p40phox, p47phox, p67phox,
xanthine oxidase, NOS1 and NOS3, genes. These changes were
associated with a decrease in myocardial contractility after dox-
orubicin treatment. Pre-treatment of mice with two different
peroxynitrite decomposition catalysts (FeTMPyP and MnTMPyP)
markedly attenuated doxorubicin-induced myocardial apopto-
sis and dysfunction (Mukhopadhyay et al., 2009). Doxorubicin
also increased mitochondrial superoxide and nitrotyrosine gen-
eration in a dose dependent manner, and apoptosis/necrosis in
cardiac-derived H9c2 and/or human coronary artery endothe-
lial cells as measured by flow cytometry and fluorescence
microscopy. The doxorubicin- and/or peroxynitrite-induced apop-
tosis/necrosis positively correlated with intracellular nitrotyrosine
formation, and was abolished by FeTMPyP/MnTMPyP. Likewise,
the doxorubicin-induced cell death was also attenuated by selec-
tive NOS2 inhibitors. Importantly, co-administration of various
NO donors and doxorubicin, but not NO donors alone, dramati-
cally enhanced doxorubicin-induced cell death with concomitant
increased nitrotyrosine formation and decreased mitochondrial
superoxide generation (Mukhopadhyay et al., 2009). These stud-
ies lend additional support to the hypothesis that peroxynitrite,

and not NO or superoxide, is the major trigger of doxorubicin-
induced cell death (Fig. 6). It is hoped that future experimental
therapies will be designed around neutralization of peroxynitrite,
or around modulation of the pathways leading to peroxynitrite
generation.
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. Conclusions

The examples presented by the different authors illustrate that
xidative and nitrative stress play a pivotal role in the tissue
amage that occurs both in response to toxicants and in the patho-
enesis of multiple human diseases. The pathways activated in cells
y ROS and RNS include those that regulate cell survival or cell
eath and are a common feature of the response of tissues to chem-

cal and viral toxicant exposure. ROS and RNS trigger a complex
nterplay of signalling pathways, with the potential central role of
F�B in transcriptional regulation of these responses. Additionally,

here is evidence to support the differential role of peroxynitrite,
ormed from the interaction of superoxide anion and NO, in medi-
ting tissue responses to toxicants.

Taken together, these studies suggest that further understand-
ng of the multiple roles of ROS and RNS in the molecular responses
o toxicants using model systems of pathological conditions is an
nteresting and fruitful route of investigation which may lead to
dentification of compounds to abrogate the deleterious effects of
xidative and nitrative stress.
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