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Polycyclic aromatic hydrocarbons in air and their neurotoxic potency
in association with oxidative stress : A brief perspective
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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) are a class of toxic organic chemicals widely distributed in the environment and in food stuffs. PAHs such as Benzo a pyrene,
[B (a) P] essentially enters either through the ingestion of contaminated food and water or by the inhalation of particulates in the ambient air. The link between B (a) P
metabolism and oxidative damage appears to be one of the key pleiotropic modulators which may be involved with several pathological processes because of its high
affinity for lipid-rich tissues such as brain. B (a) P can enhance the generation of reactive oxygen species (ROS) by inducing cytochrome P450 enzymes and free
radicals produced by B (a) P metabolism. This can alter physiological functions like neuronal development, differentiation, and signal transduction. Brain does not
have a strong antioxidant defense system and has limited or poor ability to replace adult neurons. The molecular mechanism of oxygen derived species such as
superoxide radicals, hydrogen peroxide, singlet oxygen and hydroxyl radicals produced by B (a) P metabolism and its implication in the etiology of wide array of
neurological disorders remain elusive. ROS can be involved in the neuropathology of bipolar disorder, schizophrenia, and possible reduction in cognitive abilities
among infants, and it is known to play janus like role of possessing both deleterious and beneficial effects. This review discusses the role of oxidative stress derived
from B (a) P metabolism relating to neurological disorders, which can introduce new targets for the development of therapeutic interventions.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs)
are ubiquitous environmental pollutants,
among which benzo (a) pyrene (B (a) P) isa
PAH having five aromatic rings in a fused,
honey comb-like structure. B (a) P is toxic
to humans and laboratory animals and is
generated through the burning of fossil
fuels or wood, and is notably found in
diesel exhaust particles, cigarette smoke,
charcoal-cooked foods and industrial
waste by products’. B (a) P is not
manufactured and has no industrial use,
but produced by industries involved in the
production of aluminum, graphite, coal
and asphalt and ubiquitously distributed
throughout the environment. Human
environmental exposure to B (a) P mainly
occurs through cigarettes, ingestion of
contaminated food and water'. Their
levels in mainstream tobacco smoke are
reported to be 20-40ng/cigarette’, coke
oven workers are exposed to about
42ug/m’B (a) P’. Indoor exposure to B (a) P
from cooking oil fumes has been reported
to be 20 ug/ m°.* Lioy et al., estimated that
B (a) P intake ranged from 20-800ng/m’in
people living in the vicinity of hazardous
waste sites contaminated by PAHs’.
Similarly, B (a) P emitted from wood
combustion in rural houses has been
measured as high as 100ug/m’.°

Benzo (a) pyrene is generally large, flat
molecule built from a collection of fused
benzene-like rings and have a relatively

low solubility in water, since they are rich
in carbon and are hydrophobic. It can pass
easily through the cell membranes and
travel quickly into the cells. Benzo (a)
pyrene does not attack DNA directly, but
forms an intermediate within cells, with a
reactive epoxide ring, for e.g. the 9, 10-
epoxide (BPDE) that damages cellular
macromolecules like proteins, lipids and
DNA’. The bay region diol epoxides of
PAHs are widely accepted as the ultimate
carcinogenic forms of PAHs through their
covalent binding to DNA. If this were so,
one would expect that they would be
carcinogenic at lower concentrations than
the parental hydrocarbon. The formation
and accumulation of B (a) P diol epoxide
(BPDE)-DNA adducts, as represented by
the common BPDE, are considered a
critical early event in the initiation of
carcinogenesis®. In addition, the radical
cationic forms of B (a) P may be involved in
both the metabolism and metabolic
activation leading to the formation of
DNA adducts. However, the mechanism of
the promotion stage remains unclear.
Among the known biological molecules,
lipids are considered to be extremely
susceptible to the presence of reactive
oxygen species (ROS). In particular,
unsaturated fatty acids located in the
neuronal membranes are prone to ROS
attack, producing lipid peroxides’. B (a) P
is reported to disturb the antioxidant
defense system and responsible to induce
oxidative stress and has great potential for

causing adverse effects due to redox
cycling with their semiquinone radicals
generating ROS, increasing oxidative
stress and DNA damage. Antioxidants are
critical in combating oxidative stress in
neurons by scavenging free radicals.
Induction of oxidative stress has been
proposed previously as a possible
mechanism of action for many
pathological changes®.

B (a) P as an environmental neurotoxic
compound

As the normal functioning of the brain is
essentially dependent on an adequate
oxygen supply to maintain energy
metabolism, it is also vulnerable to
oxidative damage, which can cause
alterations in gene expression, impaired
cellular signaling, and disruption of
membrane integrity, altered
neurotransmission and causing neuronal
cell death'". Due to its high metabolic rate
and relatively reduced capacity for cellular
regeneration compared with other
organs, the brain is believed to be
particularly susceptible to the damaging
affects of reactive oxygen species (ROS),
which are derived from the metabolism of
molecular oxygen™'". The ROS decrease
the antioxidant capacity or inhibit the
antioxidant enzyme activity culminating
in toxicant induced oxidative stress'”.
These include its comparatively high
oxygen utilization and hence generation
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of free radical by-products, its modest
antioxidant defences, its lipid-rich
constitution that provides ready
substrates for oxidation, the reducing
potential of certain neurotransmitters,
and the presence of redox-catalytic metals
such asiron and copper'®. Additionally, the
brain is also susceptible to secondary and
self-perpetuating damage from oxidative
cellular injury and the activated
inflammatory response'’. In central
nervous system (CNS), neurons derive
their energy almost completely from
oxidative phosphorylation in the
respiratory chain of the mitochondria and
adenosine triphosphate is generated by
the reduction of oxygen to water through
the sequential addition of four electrons
and four protons. During this process, a
leakage of high-energy electrons can
potentially cause the formation of
superoxide radicals O, and through the
action of superoxide dismutase (SOD),
ultimately produce hydrogen peroxide
(H,0,)*. Under conditions in which
mitochondrial superoxide generation
increases, or when antioxidant systems
are depleted, H,0, may accumulate and
react with mitochondrial Fe’*, resulting in
formation of reactive hydroxyl radicals
(OH & OH) via Fenton reaction®.
Although H,0, is not considered to be a
free radical, it can easily form superoxide
and hydroxyl radicals.

Normally, in healthy cells, there is a fine-
tuned equilibrium between the
generation of the reactive oxygen species
and different enzymatic and non-
enzymatic antioxidant defense systems.
ROS normally exists in all aerobic cells in
balance with biochemical antioxidants
but, these have been shown to be
modulated in diseases caused by free
radical attack’. Oxidative stress occurs
when this critical balance is disrupted by
excess ROS production or a deficiency in
an antioxidant system through B (a) P
metabolism®'. Although the reason for
this oxidative stress is not completely
understood, it may be caused by the
accumulation of toxic metabolites
produced by B (a) P metabolism that leads
to the excessive production of free
radicals. Again an unusual increase in
metabolic by-products directly, or
indirectly, depletes a cell's antioxidant

capacity. When a cell's pro-oxidants
exceed its antioxidant capacity, free
radicals accumulate and oxidative stress
occurs (Fig.1). In brief, these free radicals
play integral roles in cellular signaling,
physiological immunological responses
and mitosis. The resultant cellular damage
may range from cellular structural
damage and mitotic arrest, to apoptosis
and cell necrosis, depending on the level
of oxidative stress severity”*?.

Induction of Cytochrome P450s (CYP)
enzymes by B (a) P

The cytochrome P450 (CYP) are a
superfamily of ubiquitous enzymes
involved in the metabolism of a wide
range of either endogenous or exogenous
(xenobiotic) compounds. The elimination
of PAHs, from organisms is mediated by
enzymatic oxidation which the
monooxygenase enzyme system with the
CYPs as a functional link. CYP1A1 is an
isoform that is highly induced by planar
aromatic compounds like benzo (a)
pyrene and which is able to metabolize a
wide range of substrates, in particular
PAHs. Benzo (a) pyrene, a model of PAH,
undergoes a metabolic activation to form

O

Red. ‘

* Reactive oxygen spocics

* Lipid perosidation

reactive intermediates before it is capable
of inducing its mutagenic and
carcinogenic effects in biological systems.
The first step during B (a) P metabolism is
to attach some hand-holds onto these
slippery molecules like cytochrome P450.
These cytochrome P450 enzymes add
oxygen atoms to the rings, making them
more water soluble and creating anchors
for attachment of larger groups, like
sugars or glutathione leading to their
elimination. Unfortunately, some of the
intermediate forms are highly dangerous
and cause damage before they can be
removed™. However, there is convincing
evidence suggesting that high CYP 1A1
activity could lead to toxicity e.g. during B
(a) P metabolism. B (a) P when
metabolized via Cytochrome P450s
sometimes changes into B (a) P-7, 8-oxide,
which through hydration by epoxide
hydrolase, is metabolized to B (a) P-trans-
7, 8-dihydrodiol [B (a) P-7, 8-DHD]. B (a) P-
7, 8-DHD may then serves as a substrate
for a second CYP-dependent oxidation
reaction, generating the ultimate
carcinogenic metabolite B (a) P-7, 8-
dihydroxy-9, 10-epoxide (BPDE), which
could have profound effects on
neurological functioning and other health
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Figure 1. Oxidative stress vs. antioxidant defenses

Reactive oxygen Species ROS normally exists in all aerobic cells in balance with biochemical
antioxidants. During B a P metabolism, when the bioactivation exceeds the detoxification it
causes in production of biologically reactive metabolites, resulting in the formation of ROS.
The increase in lipid peroxidation and decrease in antioxidant defense systems may lead to
oxidative stress, sometimes result in insoluble protein an aggregate which fails to be degraded
by the existing cellular machinery and accumulates within the cytoplasm.
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related issues. In the nucleus, the BPDE
may covalently bind to DNA, mainly
forming deoxyguanoside-DNA adducts’,
which may result in misreplication and
mutagenesis®. The ratio between
cytochrome P450 enzymes like CYP1A1
and phase Il enzyme activities is critical to
avoid the accumulation of putatively toxic
reactive intermediates of B (a) P
metabolism. B (a) P also act as both a
substrate and inducer of this cytochrome
P450 enzyme activity’, which converts
these substances into more polar,
oxygenated products, facilitating their
elimination from the cell. Another
mechanism is the production of ROS,
through which CYP1A1 could lead to
toxicity by using B (a) P as a substrate”.
Hence, the physiological significance of
the small amounts of this cytochrome
presentin brain microsome would depend
on several properties like substrate
specificity, inducibility, and distribution
within the CNS. Thus, high CYP1A1 activity
within the cell may be deleterious because
of the generation of an intracellular
oxidative stress and the subsequent
oxidation of biological molecules. When
the production of ROS is overwhelming, it
will cause necrosis because of the
irreversible degradation of cellular
macromolecules and can induce
apoptosis®?®. However, some of the
intermediates generated during B (a) P
metabolism are chemically reactive,
electrophilic derivatives which can be
more toxic than the parent compound™.

In addition to effects of the PAH
metabolites, there is another aspect of the
action of this class of carcinogens caused
by interaction of a nonmetabolised
compound with the cytoplasmic Ah-
receptor (Aromatic hydrocarbon-
receptor). Although, B (a) P itself is not
genotoxic, its biological effects are
initiated by binding to a ligand-dependent
transcription factor termed aromatic
hydrocarbon receptor (AhR)*'. This
ligand-bound AhR is translocated to the
nucleus and forms a heterodimer with aryl
hydrocarbon receptor nuclear
translocator (ARNT).  After metabolic
activation within the cells, some active
metabolites of B (a) P trigger to form
Ligand-activated AhR-ARNT complexes
and can interact with specific promoter
elements xenobiotic-response elements
(XREs) to initiate the transcriptional

activation of many genes, including
members of the cytochrome P450
enzymes such as CYP1A1, CYP1A2 and
CYP1B1*. Mainly, Phase | enzymes are
responsible for the production of aryl
hydrocarbon hydrolase (AHH), and the
oxidative metabolism of AhR ligands. B (a)
P is metabolized by AHH to a
procarcinogen compound BPDE, (+-)-
anti-7p, 8a-dihydroxy-9a, 10a-epoxy-7, 8,
9, 10-tetrahydropyre), which binds to
DNA and forms predominantly covalent
(+) trans adducts at the N, (N2) position
of guanine®. Phase | enzymes also
increase the production of reactive oxygen
species (ROS)™, which have been shown to
be associated with lipid peroxidation,
oxidative DNA damage and other
pathological effects®. The biochemical
and molecular studies by Nebert et al.,”
also established that AhR plays a key role
in cell-cycle regulation and apoptosis.
AhR activation by PAHs including B (a) P
leads to the induction of AHH, which
generate reactive metabolites from the
parent compound (by the AhR regulation
of AHH enzyme), and which contribute to
apoptosis and other cellular damage in
biological system.

Studies performed in in vitro have
demonstrated clearly that CYP1A1 is
involved in the metabolic activation of B
(a) P into reactive intermediates, rather
than the non-metabolised parent
compound, and is responsible for B (a)
P-mediated mutations, cancer and birth
defects™. Among the various forms of
P450 determined so far, CYP1A1 and
CYP1B1 have been shown to be the most
important human P450 enzymes in the
metabolic activation of PAHs and PAH
dihydrodiols”. Several cytochrome P450
enzymes are associated with key steps in
the oxidation of B (a) P, namely 7, 8-
epoxidation of B (a) P and 9; 10-
epoxidation of B (a) P-7, 8-diol and
CYP1A1 has been demonstrated to be the
most active in these oxidations in
mammals®. Uncoupling of electron
transfer and oxygen reduction from
monoxygenation by CYP1A1 and CYP1A2
can result in the release of O,, H,0, and
OH™. These reactive oxygen species or
oxyradicals react with DNA, proteins and
membrane lipids in the intracellular
milieu’* thereby contribute to cytotoxic
and neurological deficits. Many of the
recent reports primarily focus on

induction of CYPs**; however, the
mechanism by which the B (a) P acts on
CYP450 metabolic activity has not been
investigated.

Neurological effects after exposure to B
(@Pr

There is growing evidence that prenatal
exposure to air pollutants from
combustion of coal and other fossil fuels
have adverse effects on fetal growth and
early child neurodevelopment (Fig.2).
Recent studies by Saunders et al., also
demonstrated that oxidative stress in the
CNS through the generation of reactive
oxygen species and repression of
enzymatic antioxidants may be a critical
mechanism in the behavioral effects
induced by B (a) P*'. Furthermore, it has
been reported that there is close
relationship between oxidative stress and
locomotor behavior and striatal function,
and also between hippocampal oxidative
stress and age-induced cognitive
decline™*. Molecular and epidemiological
research has shown that fetuses and
infants are more susceptible than adults
to the harmful effects of a variety of
environmental contaminants, including
PAHs®. Experimental animal studies have
demonstrated that B (a) P, is a toxicant and
produces a variety of neurodevelopmental
effects as a result of nervous system
damage, including decreased motor
activity; neuromuscular, physiologic, and
autonomic deficits and decreased
responsiveness to sensory stimuli®®. It
was also reported that gaiting, loss of
coordination, neuromuscular weakness,
decrease response to sensory motor
stimuli, increased wurination and
defecation were demonstrated following
acute exposure to B (a) P and fluranthene,
a closely related PAH compound®'. They
showed inhibition of motor activity in rats
exposed to 27ug/m3of B (a) P by
inhalation'. According to Perera et al.,
DNA-adducts_ were associated with
reduced DQs in the motor and language
areas and also associated with increased
odds of developmental delay in the motor
area®.

In epidemiologic studies, prenatal
exposure to PAHs has been shown to be
associated with reduced birth weight and
head circumference®®. In the present
cohort, reduction of head circumference
was associated with PAH-DNA adductsin
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cord blood™. Reduction of weight or head
circumference at birth has been correlated
with lower IQ as well as poorer cognitive
functioning and school performance in
childhood™. In some studies prenatal
exposure toinhaled B (a) P was reported to
cause deficits in 'learning and memory' as
revealed by the fixed-ratio performance of
behavioral study and long term
potentiation”*. In Wistar rats cognitive
deficits have been reported after
administration 25mg/kg i.p. dose of 3-
methylcholanthrane, another PAH
compound™*. According to Cardozo et
al., unequaled oxidative stress in brain

pathophysiological mechanism
underlying major depression and medical
co-morbidities™.

Benzo (a) pyrene metabolism and
oxidative stress

Oxidative stress is believed to be one of the
major causes of many human diseases as it
can result in severe cellular dysfunction
due to peroxidation of membrane lipids,
protein modification, depletion of
nicotinamide nucleotides, cytoskeletal
disruption and DNA damage”. It has been
implicated as an important mechanism in
the carcinogenicity of PAHs". Oxidative
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Figure 2. Potential behavioral neurotoxicity of benzo a pyrene

Human exposure to B a P essentially takes place through the ingestion or by inhalation of
particulates in the air, cigarette smoking etc. The CNS may be extremely susceptible to attack
by ROS reactive oxygen species derived from B (a) P metabolism, which may results repression
of enzymatic antioxidants causing in behavioral changes and altering the biochemical's in

brain.

regions has some impact on spontaneous
motor activity and cognition'. Several
studies have associated PAH exposure
with decrements in the mental
development index on the Bayley Scales of
Development at 3 years of age®. The
deficits in development at 2-3 years of age
may be educationally meaningful because
compromised function at an early age
may have a negative impact on
subsequent school performance™. Others
have also suggested oxidative changes,
such as cumulative oxidative DNA
damage, to be a common

and genotoxic stress induced by PAHs,
including B (a) P, activate check point
mechanisms for cell cycle control and
apoptosis in mammalian cells’. It was
reported that most of these chemicals
induce free radical-mediated lipid
peroxidation leading to disruption of
biomembranes and dysfunction of cells
and tissues®. It is a deleterious process
that can be an important mediator of
damage to cell structure and
consequently have an important role in
the etiology of various disease states.
Some environmental chemicals, like B (a) P

when led into oxidative stress, it mainly
affect the rates of metabolism, growth
and development, higher nervous
function, as well as ability to deal with
stress due to the antioxidant defence
mechanism of a cell or tissue, resulting in
some abnormalities. Our brain always
operates using a highly intricate chemical
communication system and for this to
occur properly a receptor must have an
affinity for specific chemical ligands or
signals, to initiate a response. As brain
encounters high levels of oxidative stress
as it consumes ~20 % of the inhaled
oxygen and possesses low levels of
antioxidant enzymes then the metabolism
of B (a) P via Cytochrome P-450 generates
free radicals, which can disrupt the
intracellular oxidant/ antioxidant
balance®. However, the question whether
uncontrolled formation of ROS species is a
primary cause of down stream
consequence of the pathological process.
Because neurodegenerative conditions
like Alzheimer's disease, Parkinson's
diseases and Huntington's disease have
oxidative stress implication in their
pathogenesis®. In several recent reviews,
the role of oxidative stress and oxidative
damage to biomolecules has been
supported by the pathogenesis of
neurodegenerative disease, and
specifically e.g. Alzheimer's disease™.

Generally, three pathways have been
proposed by researchers to explain B (a) P
metabolism (Fig.3.). The first pathway
involves the formation of epoxides,
catalyzed by CYP-dependent
monoxygenases. Further metabolism
includes hydration by microsomal epoxide
hydrolase to diols that are oxidized by CYP
to produce a diol epoxide, for e.g. the B (a)
P-7, 8-dihydrodiol, 10-epoxide (BPDE). The
BPDE is the main metabolite that causes
toxicity and carcinogenicity by covalently
binding to the guanine residue on DNA to
form DNA-adducts. The second pathway
involves a one electron oxidation of B a P
to 6-o0xo-B (a) P-radical intermediates that
may attack DNA resulting in
depurination®. The third pathway involves
enzymatic dehydrogenation of
dihydrodiol metabolites to yield quinone
intermediates that may combine directly
with DNA or generate reactive oxygen
species, capable of attacking DNA®.
Therefore, quinone formation is
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associated with events in the B (a) P
metabolism. Of the three pathways, the
epoxide pathway is the predominant
pathway of B (a) P metabolism (Fig.3), and
the vulnerability of neural tissues to B (a)
P-induced toxicity depends on the CYT P-
450-dependent metabolic capacity of the
tissues®®. Further, dihydrodiol
dehydrogenase and peroxidase were
reported to be involved in the metabolic
conversion of B (a) P to reactive and redox
active o-quinones, that have been
demonstrated in chemical systems to
undergo one electron redox cycling with
their semiquinone radicals resulting in the
formation of ROS and lipid
peroxidation®®. The increase in lipid
peroxidation and subsequent decrease in
antioxidant defence systems may
contribute to an increased susceptibility
to oxidative stress®.The increased
formation of the dihydrodiols also
indicate the tilt of B (a) P metabolism
towards toxification and the decreased
formation of this metabolite group,
points shifting the balance towards
detoxification”. Therefore, bioactivation
of B (a) P to highly reactive metabolites
and decreased levels of antioxidants
enzymes resulting in oxidative stress
might be the cause for neurobehavioral
toxicity. Continued research is needed to
better understand the mechanisms and
specific pathways involved in ROS-
induced cell death, and to determine the
most rational and effective combination
of redox-active agents, resulting in some
neurobehavioral changes.

Oxidative stress and neurological
disorders

The theory of oxidative stress as a
pathophysiological mechanism, at its
most basic, can be explained by the
concept, 'oxygen paradox' that while
oxygen is essential for aerobic life,
excessive amounts of its free radical
metabolic by-products are toxic”. The
brain does not have high levels of
protective enzymes and the inability of
adult neuronal cells to replicate and
replace damaged DNA, and owing to
lower level of glutathione peroxidase
(GSH-Px), catalase (CAT) and having high
levels of SOD **. Glutathione exists in the
reduced (GSH) and the oxidized (GSSG)
forms, which can be inter-converted by

the enzymes glutathione peroxidase (Gpx)
and glutathione reductase (GR). In
mammalian cells, the cycling between
GSH and GSSG serves to remove reactive
oxygen species (ROS), to protect the cells
from oxidative stress®. A proper balance
among these enzymes is required for an
effective antioxidant defense because,
excess SOD in relation to GSH-Px and CAT,
enzymes of peroxide metabolism,
contribute to brain pathology®. Depletion
of GSH is associated with number of
human diseases including Parkinson's
disease, Alzheimer's disease®. The
increased SOD activity was associated
with manic and depressive episodes,
whereas another study found a trend for
reduced SOD in bipolar disorder and
significantly reduced CAT levels from
studies with patient samples that include
other psychiatric disorders®™®. An increase
in the lipid peroxidation product, TBARS,
was also reported for both bipolar
disorder and schizophrenia”. Some of the
studies suggested that O, causes changes
in intracellular calcium by affecting
microsomal and mitochondrial calcium
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stores and thereby leading to changes in
signal transduction and differential gene
expression. One possibility is that damage
to these organelles can contribute to
decreased energy production and
increased levels of intracellular free
calcium which, in turn can lead to cellular
dysfunction and even death.
Dysregulation of secondary messenger
calcium has been described in bipolar
disorder in response to oxidative stress’".

Sometimes, brain is vulnerable to
oxidative damage due to its high oxygen
utilization, its high content of oxidisable
polysaturated fatty acids (PUFAs), and the
presence of redox-active metals copper
and iron. The redox state of the cell is
largely linked to these redox couple and is
maintained within strict physiological
limits. Mainly, iron regulation ensures that
there is no free intracellular iron; however
in vivo, under stress conditions an excess
of superoxide releases “free iron” from
iron containing molecules. The entry and
release of iron from iron-storage protein,
ferritin, occurs via the “free iron ferrous
labile pool”, active in Fenton chemistry.
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Figure 3. Metabolic pathways of Benzo a pyrene

In the profile of B a P metabolism, major primary and secondary metabolites of B a P are formed
as a result of oxidation of the parent compound by the cytochrome P450 enzymes. The
epoxides and hydroxyl metabolites, with further oxidation results the formation of quinines,
diols, and diol epoxides, are mutagenic. These three predominant quinines can affect the
redox cycle between their hydroquinone and semiquinone intermediates to generate reactive
oxygen species ROS such as superoxide anion, H,0, and hydroxyl radicals by Fenton chemistry,

which can lead to cytotoxicity.
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Besides superoxide, 6-hydroxydopamine a
neurotoxin implicated in Parkinson's
diseases can release ferritin iron also.
There is also strong experimental evidence
showing that oxidative stress and lipid
peroxidative products can cause decreases
in dopamine and inhibit Na+/K+ ATPase
activity as well”. In humans, only a
handful of relevant studies have been
published. These reported elevated lipid
peroxidation products and antioxidant
changes in obsessive-compulsive panic
disorder and social phobia””>"*. A study of
anxious women found reduced total
antioxidants capacity when compared
with non-anxious control group along
with other parameter like impaired
immune functioning””. The notion of
oxidative stress mechanism underlying
anxiety disorder has been known for some
years which might play a major role in
setting up a vicious etiological cycle
involving free radicals, inflammatory
cytokines in post traumatic stress
disorder”. However oxidation biology
research in anxiety disorder is still at its
infancy and the bulk of limited literature is
insufficient to generate intriguing
findings.

Recent studies have also indicated that
ROS play a key role in the
pathophysiological pathway of wide
variety of clinical and experimental
diseases™. About 100 different types of
disorders, like rheumatoid arthritis,
hemorrhagic shock, cardiovascular
diseases, gastro-intestinal ulcerogenesis
and AIDS, have been reported as the ROS
mediated disorders"’®. Some brain
related specific examples of ROS-
mediated diseases are Alzheimer's disease
and Parkinson's disease'®’®. In
neurodegenerative diseases like
Parkinson's, Alzheimer's and amyotrophic
lateral sclerosis ALS, ROS damage has
been reported within the specific brain
region that undergo selective
neurodeganeration. Protein oxidation has
been reported in the hippocampus and
neocortex of patients with Alzheimer's
diseases, Lewy bodies in Parkinson's
disease and within the motor neurons in
ALS”. Lipid peroxidation has also been
identified in the cortex and hippocampus
of patients with Alzheimer's disease,
substantia nigra of patients with
Parkinson's disease and spinal fluid in

patients with ALS. It is also known that
ROS can cause neuron and astrocyte death
through apoptosis and necrosis, but, B (a)
P-induced apoptosis have not been fully
investigated. Innate deregulation of
apoptosis and oxidative processes has
been suggested by a recent study, in
which the hippocampal expressions of
genes encoding DNA repair and
antioxidant enzymes were found to be
down-regulated in bipolar disorder, while
many apoptosis genes were up-
regulated”. According to Chung et al., B
(a) P metabolites produced by
Cytochrome P450 enzymes can elicits
genetic toxicity by forming DNA adducts
and results in DNA damage-induced
apoptosis”®. Disorders in DNA repair
typically cause additional symptoms such
as mental retardation, photosensitivity,
immunodeficiency and neoplasia®.

Oxidative stress is also related to
glutamate release and NMDA receptor
activation during cerebral ischemia-
reperfusion, production of O, in neurons,
brain macrophages and glutamate-
induced ROS production in astrocytes.
Recently, Grova et al., demonstrated that
chronic exposure to B (a) P in adult mice
modulates gene expression of NMDA NR1
subunit in brain areas that are highly
involved in cognitive function like the
hippocampus®®. Evidences implicating
ROS in major degenerative disease is also
consistent with their role in brain aging™.
Thus exposure to various environmental
chemicals like B (a) P acting through
oxidative stress and the reduced capacity
for the homeostatic maintenance of
synaptic plasticity mechanisms during
brain development may contribute to
subsequent behavioral learning deficits.
The exact mechanism by which B (a) P
administration causes reduction in
antioxidant enzymes is not clear’*. Thus,
B (a) P-mediated toxicity might be due to
its own oxidative properties, its reactive
metabolites or both. It is not known
whether B (a) P-mediated toxicity is due to
its direct toxicity, the toxicity of
metabolites or both.

Conclusions and future prospects

Many questions remain unanswered with
regard to the role of B (a) P in nervous
system dysfunction. Is B (a) P a full
carcinogen? What is the major role of ROS

and what form of the compound (original
or metabolized) is acting? Whether there
are changes in functioning of the same
regulatory systems as in by nongenotoxic
mechanism? Taken together, the study
reviewed herein supports the view that an
imbalance between oxidants and
antioxidants and between proteases and
antiproteases may play an important role
in the susceptibility of CNS. It becomes
clear that reduced antioxidant potential
which might result from the binding of
free radicals to the active sites of these
enzymes, contribute to the increased
oxidative stress that is associated with
nervous system dysfunction. This ROS
production could contribute to repress
the expression of oxidative-stress-
sensitive genes. The negative regulation of
transcription by ROS could affect several
CYP isoforms, exhibiting high CYP
metabolism, which would rapidly activate
the pro-apoptotic machinery leading to a
massive cell death following different
pathways in order to determine the cell
fate. Another potential mechanism for the
alterations in enzyme status might be
through transcription factors causing
changes in antioxidant gene expression. B
(a) P is a carcinogen, which induces both
the initiation and promotion stages of
carcinogenesis. The mechanism of the
initiation is well studied while the
promotion stage of the carcinogenic
action is virtually uninvestigated. We
await more experiments on oxidative
stress in the CNS through generation of
ROSs and the change in enzymatic
antioxidants, which may be the critical
mechanism in neurological diseases,
induced by B (a) P. These chemicals are
affecting the normal growth and
development at a degree far greater than
ever imagined and it needs some of the
challenging areas for further research in
oxidative stress related diseases in brain. It
will be necessary to examine the
relationships between metabolite
formation of PAHs and oxy-PAHs and DNA
adduct formation and metabolic enzyme
induction by the processes in detail.
Further, more laboratory studies aimed at
identifying the underlying mechanisms of
B (a) P exposure, particularly on those
individuals deemed to be a greatest risk,
and are badly needed.
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