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Overproduction of reactive oxygen and nitrogen species can result from exposure to environmental pollutants, such as ionising and
nonionising radiation, ultraviolet radiation, elevated concentrations of ozone, nitrogen oxides, sulphur dioxide, cigarette smoke,
asbestos, particulate matter, pesticides, dioxins and furans, polycyclic aromatic hydrocarbons, and many other compounds present
in the environment. It appears that increased oxidative/nitrosative stress is o
en neglected mechanism by which environmental
pollutants a�ect human health. Oxidation of and oxidative damage to cellular components and biomolecules have been suggested
to be involved in the aetiology of several chronic diseases, including cancer, cardiovascular disease, cataracts, age-related macular
degeneration, and aging. Several studies have demonstrated that the human body can alleviate oxidative stress using exogenous
antioxidants. However, not all dietary antioxidant supplements display protective e�ects, for example, �-carotene for lung cancer
prevention in smokers or tocopherols for photooxidative stress. In this review, we explore the increases in oxidative stress caused
by exposure to environmental pollutants and the protective e�ects of antioxidants.

1. Introduction

Many environmental pollutants are sources of several reactive
species (RS). RS is a collective term that includes both oxygen
radicals and other reactive oxygen and nitrogen species
(ROS/RNS). Free radicals, important for living organisms,
include hydroxyl (OH∙), superoxide (O2

∙−), nitric oxide
(NO∙), thyl (RS∙), and peroxyl (RO2∙) radical. Peroxynitrite
(ONOO−), hypochlorous acid (HOCl), hydrogen peroxide

(H2O2), singlet oxygen (1O2), and ozone (O3) are not free
radicals but can easily lead to free radical reactions in living
organisms. 	e term reactive oxygen species (ROS) is o
en
used to include not only free radicals but also the nonradicals

(e.g., 1O2,ONOO−,H2O2,O3) [1].
	ere is strong evidence that RS is involved in oxidative/

nitrosative stress (O/NS) as a common mechanism by which
several environmental pollutants induce damage. Oxidative
stress can be de�ned as an excessive amount of RS, which is
the net result of an imbalance between production and des-
truction of RS (the latter is regulated by antioxidant defences).

Oxidative stress is a consequence of an increased generation
of RS and/or reduced physiological activity of antioxidant
defences against RS. Environmental pollutants stimulate a
variety of mechanisms of toxicity on molecular level and
oxidative stress seems to be the common denominator
leading to the damage to cellular membrane lipids, DNA, and
proteins [2], aswell asmodulation of antioxidant enzymes. RS
are, due to their high reactivity (e.g., hydroxyl radical forma-
tion), prone to cause damage to any type of molecule within
the cell, for example, polyunsaturated fatty acids, glutathione,
certain amino acids, and so forth.

When the antioxidant defence in the human body
becomes overwhelmed, oxidative stress to the cellular com-
ponents o
en occurs, inducing in�ammatory, adaptive, inju-
rious, and reparative processes [3]. On other hand, lifestyle
and nutrition might play an important role against envi-
ronmental oxidant exposure and damage. Protection against
O/NS-mediated environmental pollutants can generally
occur at two levels: (i) physiochemical protection to lower
the dose of exposure, which typically cannot be accomplished
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by individuals living in polluted areas, or (ii) physiological
protection to increase the antioxidative defence of the organ-
ism. 	ere is growing scienti�c evidence that low molecular-
weight antioxidants are involved in the prevention of or the
decrease in the damage caused by certain environmental
pollutants. Because we have little in�uence on the increasing
levels of endogenous antioxidants, it would be reasonable
to increase the amount of exogenous antioxidants (mainly
through ingestion) to strengthen the defensive properties
of organisms against environmental oxidative stress. 	e
current evidence suggests that increased consumption of
fruits and vegetables or certain dietary supplements can
substantially enhance the protection against many common
types of environmentally induced O/NS.

2. Purpose

	is review aims to determine whether antioxidants can
modulate the toxicity of environmental pollutants, thereby
in�uencing health and disease outcome associated with
oxidative stress-induced insults. Evidence will be presented
that environmental pollution increases oxidative stress and
that dietary supplementation with antioxidants may play
a role on the neutralization or bu�ering of the e�ects of
pollutants with oxidizing properties. 	e recommendation
for the use of dietary antioxidants in areas of increased
environmental pollution will be discussed.

	is review summarises the most common and health-
relevant sources of oxidative stress like air pollution, radia-
tion, pesticides, noise, and household chemicals. Due to space
constrains and a broad scienti�c data, not all the studies
could be covered in this review.	e reader is thus referred to
search through provided references (and references therein)
for further details on selected environmental pollutant or
selected antioxidant.

2.1. Air Pollution-Induced Oxidative Stress and Protection
against It. 	e health e�ects of air pollution result from
minor irritation of the eyes and the upper respiratory system
to chronic respiratory disease, heart and vascular disease,
lung cancer, and death. Di�erent studies presented in Table 1
are demonstrating increased oxidative stress/damage due
to air pollutant exposure and that antioxidants could o�er
certain level of protection [4–7].

Oxygen could be presented as the leading air pollutant
in regard to oxidative stress formation. Molecular O2 itself
quali�es as a free radical because it has twounpaired electrons
with parallel spin in di�erent �-antibonding orbitals. 	is
spin restriction accounts for its relative stability and paramag-
netic properties. O2 is capable of accepting electrons to its
antibonding orbitals, becoming “reduced” in the process, and,
therefore, functioning as a strong oxidizing agent [76]. 	e
diatomic molecule of oxygen contains two uncoupled elec-
trons and can therefore undergo reduction, yielding several
di�erent oxygen metabolites, which are collectively called
ROS. Mitochondria are the main site of intracellular oxygen
consumption and the main source of ROS formation [8, 10,
13, 77]. Once ROS are produced, they are removed by cellular

defenses which include the enzymes superoxide dismutase
(Mn-SOD, Cu/Zn-SOD, and extracellular (EC)-SOD), cata-
lase, glutathione peroxidase, peroxiredoxins, and the nonen-
zymatic antioxidants, like glutathione (GSH), thiore-doxin,
ascorbate, �-tocopherol, and uric acid [9, 78]. Since oxidative
damage of cells increases with age, the increased intake
of exogenous antioxidants may support the endogenous
antioxidative defense. Clinical studies imply that eating a diet
rich in fruits, vegetables, whole grains, legumes, and omega-3
fatty acids can help humans in decreasing oxidative stress and
postponing the incidence of degenerative diseases [79].

Ozone is formed from dioxygen by the action of ultra-
violet light and atmospheric electrical discharges. Ozone is
a very reactive gas whose uptake depends on the availability
of antioxidants in the lining �uids [17, 18, 52]. 	e surface of
the lung is covered with a thin layer of �uid that contains
a range of antioxidants that appear to provide the �rst line
of defence against air pollutants. Mudway et al. [17] studied
the interaction of ozone with antioxidants and found that the
hierarchy toward ozone in human epithelial lining �uid was
ascorbic acid followed by uric acid and then glutathione. Wu
and Meng [34] analysed the e�ects of sea buckthorn seed oil
on the protection against sulphur dioxide inhalation. 	ey
found that buckthorn seed oil contributed antioxidant e�ects.
Furthermore, study by Zhao et al. [33] revealed the protective
e�ect of salicylic acid and vitamin C on sulphur dioxide-
induced lipid peroxidation in mice.

Tobacco smoke is one of the most common air pollutants
and generates high amounts of various ROS/RNS. Cigarette-
induced oxidative stress was found to be a�ected by the
protective e�ects of vitamin C, glutathione, and other antiox-
idants, mainly as quenchers of ROS/RNS (Table 1) [36–41].

Kienast et al. [54] demonstrated that alveolar macro-
phages and peripheral blood mononuclear cells become acti-
vated following exposure to nitrogen dioxide. Several studies
have demonstrated that certain antioxidants might play a
bene�cial role in NO�-induced toxicity. Guth and Mavis [55]
and Sevanian et al. [56, 80] examined the e�ect of vitamin
E content on the lungs. Furthermore, a study by Böhm et al.
[62] revealed that dietary uptake of tomato lycopene protects
human cells against nitrogen dioxide-mediated damage. 	e
possible in�uence of dietary antioxidants, especially vitamin
C, on the increasing prevalence of asthma was explored by
Hatch [81].

Particulate matter can also cause oxidative stress via
direct generation of ROS from the surfaces of soluble com-
pounds, altering the function of mitochondria or reducing
the activity of nicotinamide adenine dinucleotide phosphate-
oxidase, inducing the activation of in�ammatory cells to gen-
erate ROS and RNS and mediating oxidative DNA damage
[63, 82]. Antioxidants could also provide protection against
particulate matter-induced toxicity. Indeed, lung lining �uid
antioxidants (urate, glutathione, and ascorbate) were demon-
strated to be e�ective in a study by Greenwell et al. [83]. Luo
et al. [70] detected an inhibitory e�ect of green tea extract on
the carcinogenesis induced by the combination of asbestos
and benzo(a)pyrene in rats drinking 2% green tea extract
throughout their lives.
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Table 1: Studies demonstrating increased oxidative stress/damage due to air pollutant exposure and the protective e�ects of antioxidants.

Air pollutant Increased oxidative stress markers Study
Antioxidants exerting a
protective e�ect

Study

Oxygen (O2)

Superoxide and hydrogen
peroxide generation

Floyd (1995) [8]
Catalases, glutathione
peroxidases, and
peroxiredoxins

Nordberg and Arnér (2001)
[9]

Hydroxyl radical (OH∙)

Forman and Boveris (1982)
[10]
Keyer and Imlay (1996) [11]
Hutchinson (1985) [12]
Ames (1983) [13]

Oxidative DNA lesions

Friedberg et al. (1995) [14]
Speakman et al. (2003) [15]
Shackelford et al. (1999)
[16]

Ozone (O3)

Antioxidant depletion
Mudway et al. (1996) [17]
Pryor (1992) [18]
Cross et al. (2002) [3]

Vitamins C and E and
beta-carotene

Grievink et al. (1999; 1997)
[19, 20]
Samet et al. (2001) [21]
Menzel (1994) [22]
Romieu et al. (2002) [23]
Romieu et al. (1998) [24]

Protein oxidation
Kelly and Mudway (2003)
[5]

Grievink et al. (2000) [25]

Membrane oxidation Ballinger et al. (2005) [26]

In�ammation Menzel (1994) [22]

Sulphur
dioxide (SO2)

TBARS
Meng et al. (2003) [27]
Meng and Bai (2004) [28]

Vitamin E
Ergonul et al. (2007) [29]
Etlik et al. (1997) [30]

Zhao et al. (2009) [31] Vitamin C

Depletion of endogenous
antioxidants

Etlik et al. (1997, 1995)
[30, 32]
Zhao et al. (2008) [33]

Salicylic acid and vitamin C Zhao et al. (2009) [31]

Malondialdehyde Wu and Meng (2003) [34] GSH
Langley-Evans et al. (1996)
[35]

Change in the glutathione redox
system

Sea buckthorn seed oil Wu and Meng (2003) [34]

Cigarette
smoke

Decreased antioxidant capacity

Midgette et al. (1993) [36]
Banerjee et al. (1998) [37]
Bloomer (2007) [38]
Aycicek et al. (2005) [39]
Tsuchiya et al. (2002) [40]
Zhou et al. (2000) [41]

Vitamin C
Banerjee et al. (2008) [42]
Mayne and Cartmel (1999)
[43]

Cruciferous vegetables and
green tea
((−)-epigallocatechin
gallate (EGCG) and
ca�eine)

Chung et al. (1993) [44]
Xu et al. (1992) [45]

Lipid peroxidation
Banerjee et al. (1998) [37]
Jha et al. (2007) [46]

Black tea Chung (1999) [47]

Oxidation of purines Jha et al. (2007) [46]

8-OH-dGuo Xu et al. (1992) [45]

Decreased antioxidant vitamin
activities

Zhou et al. (1997) [48]
Dietrich et al. (2003) [49]
Chávez et al. (2007) [50]
Bloomer (2007) [38]

Tomato-based juice,
vitamin E, and
beta-carotene

Mayne and Cartmel (1999)
[43]

Protein damage and in�ammation Banerjee et al. (2008) [42]

Malondialdehyde (MDA)
Chávez et al. (2007) [50]
Polidori et al. (2003) [51]
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Table 1: Continued.

Air pollutant Increased oxidative stress markers Study
Antioxidants exerting a
protective e�ect

Study

Nitrogen
oxides (NO�)

Aldehydes, hydrogen peroxide,
and reactive oxygen intermediates

Pryor and Church (1991)
[52]
Last et al. (1994) [53]
Kienast et al. (1994) [54]

Vitamin E
Guth and Mavis (1986) [55]
Sevanian et al. (1982) [56]

Depletion of antioxidants
Kelly and Tetley (1997) [57]
Kelly et al. (1996) [58]

Vitamin C
Rietjens et al. (1986) [59]
Mohsenin (1987) [60]

Lipid peroxidation
Sevanian et al. (1982) [56]
Khopde et al. (1998) [61]

Lycopene Böhm et al. (2001) [62]

Particulate
matter (PM)

Direct generation of ROS
González-Flecha (2004)
[63]

N-acetylcysteine and
deferoxamine

Pinho et al. (2005) [64]

Proin�ammatory mediators
released from PM-stimulated
macrophages

González-Flecha (2004)
[63]

Oxidative DNA damage
González-Flecha (2004)
[63]
Aganasur et al. (2001) [65]

Inhibitory e�ects on oxidative
stress-related enzymes

Hatzis et al. (2006) [66]

	iobarbituric acid reactive
substances, protein carbonyls

Possamai et al. (2010) [67] vitamins C and E Possamai et al. (2010) [67]

Asbestos

ROS formation (oxygen free
radicals)

Kamp et al. (1992) [68]
Walker et al. (1992) [69]

Green tea extract Luo et al. (1995) [70]

Hydrogen peroxide, hydroxyl
radical, and superoxide anion

Lewczuk and Owczarek
(1992) [71]

SOD Fattman et al. (2006) [72]

Activation of phagocytic cells
Kamp et al. (1992) [68]
Hei et al. (2006) [73]
Walker et al. (1992) [69]

Increased 8-isoprostane Pelclová et al. (2008) [74]

8-Hydroxy-2�-deoxyguanosine
Marczynski et al. (2000)
[75]

As the diet is the main source of antioxidant micronutri-
ents, a plausible link now exists between the exposure to air
pollution and the quality of food consumed.

2.2. Radiation-Induced Oxidative Stress and Protection against
It. Ionising radiation consists of highly energetic particles
which can generate ROS. 	ese ROS can either be generated
primarily via radiolysis of water or they may be formed by
secondary reactions. Extensive doses of ionizing radiation
have been shown to have a mutating e�ect; for example,
Sperati et al. [84] concluded that indoor radioactivity appears
to a�ect the urinary excretion of 8-OHdG among females,
who are estimated to exhibit a higher occupancy in the
dwellings measured than males (Table 2). Many compounds
have been demonstrated to protect against cell injury caused
by radiation-induced ROS formation. One of these com-
pounds is ebselen, a selenoorganic compound [85]. Another
compound is N-acetylcysteine, which reduces nitrosative
damage during radiotherapy [86] as well as oxidative dam-
age [87]. 	e radioprotective e�ects of quercetin and the
ethanolic extract of propolis in gamma-irradiated mice were
also detected [88]. 	e radioprotective and radiosensitising
activities of curcuminwere demonstrated in a study by Jagetia
[89].

Aside from ionising radiation, nonionising radiation also
causes oxidative stress. Magnetic �elds can a�ect biological

systems by increasing the release of free radicals. 	ere are
several studies that indicate a relationship between electro-
magnetic �elds, ROS levels, and OS to exert toxic e�ects on
living organisms [90]. Because it is unlikely that electromag-
netic �elds can induce DNA damage directly due to their low
energy levels, most studies have examined their e�ects on the
cell membrane, general and speci�c gene expression levels,
and signal transduction pathways [91]. Musaev et al. [92]
indicated that decimetric microwaves exert oxidant e�ects
at a high intensity of irradiation (speci�c absorption rate of
15mW/kg) and antioxidant e�ects at a low intensity (speci�c
absorption rate of 5mW/kg) (Table 2). 	e protective e�ects
of melatonin and ca�eic acid phenethyl ester against retinal
oxidative stress during the long-term use of mobile phones
were reported [93]. Jajte et al. [94] concluded that melatonin
provides protection against DNA damage to rat lymphocytes.
Another investigation revealed that Ginkgo biloba prevents
mobile phone-induced oxidative stress [95]. Guney et al.
[96] found that vitamins E and C reduce phone-induced
endometrial damage.

Visible and UV light are insu�cient to ionize most
biomolecules. Nevertheless, human exposure to ultraviolet
radiation has important public health implications. Although
the skin possesses extremely e�cient antioxidant activities,
during aging, theROS levels rise and the antioxidant activities
decline. In addition, UV exposure to the skin results in
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the generation of ROS [118], such as singlet oxygen, per-
oxy radicals, the superoxide anion, and hydroxyl radicals,
which damage DNA and non-DNA cellular targets [113–116]
and accelerate the skin aging process. UV-radiation alters
endogenous antioxidant protection; for example, in a study
by Shindo et al. [127], a
er UV-irradiation, the epidermal
and dermal catalase and superoxide dismutase activities were
greatly decreased. With respect to the protective role of
antioxidants, many studies (Table 2) investigated the e�ect of
vitamin C on ultraviolet-radiation- (UVR-) induced damage.
Oral vitamin C supplements resulted in signi�cant increases
in plasma and skin vitamin C content [118]. In the study
by Aust et al. [134], the photoprotective e�ects of synthetic
lycopene a
er 12 weeks of supplementation were examined,
and signi�cant increases in the lycopene serum and total
skin carotenoid levels were detected. Studies of animals and
humans suggested that green tea polyphenols are photopro-
tective and can be administered to prevent solar UVB light-
induced skin disorders [137]. A review of the research reveals
that polyphenols or other phytochemicals, such as green
tea polyphenols, grape seed proanthocyanidins, resveratrol,
silymarin, genistein, and others, exert substantial photo-
protective e�ects against UV-induced skin in�ammation,
oxidative stress, DNA damage, and so forth.

Presently, we are exposed to various sources of radiation,
both ionising and nonionising. 	e results of many studies
indicate that the human body can cope with radiation-
induced oxidative stress to a certain degree by consuming an
appropriate antioxidant diet.

2.3. Pesticide-Induced Oxidative Stress and Protection against
It. Pesticides have become an integral constituent of the
ecosystem due to their widespread use, distribution, and
the stability of some of the pesticides in the environment.
Pesticide exposure may play a major role in increased
oxidative stress of the organisms and may result in altered
disease susceptibility. Bagchi et al. [145] demonstrated that
pesticides induce the production of ROS and oxidative
damage to tissues. de Liz Oliveira Cavalli [146] found that
exposure to glyphosate causes oxidative stress and activates
multiple stress-response pathways leading to Sertoli cell
death in prepubertal rat testis. 	e role of oxidative stress
in immune cell toxicity induced by the pesticides lindane,
malathion, and permethrin was examined by Olgun and
Misra [147]. Hassoun et al. [148] reported that chlordane
produces oxidative tissue damage based on the levels of
hepatic lipid peroxidation and DNA damage (Table 3). Bus
et al. [149] reported that paraquat pulmonary toxicity results
from the cyclic reduction and oxidation of paraquat. 	e
results of a study performed by Pérez-Maldonado et al.
[150] demonstrated the induction of apoptosis by DDT.
Hassoun et al. [148] reported that lindane, DDT, chlor-
dane, and endrin exposure resulted in signi�cant increases
in hepatic lipid peroxidation and DNA damage. Another
study by Sen
 et al. [151] found out that dioxin increases
mitochondrial respiration-dependent ROS production. On
the other hand, Ci
ci et al. [152] reported a protective e�ect
of curcumin on the immune system of rats intoxicated with

2,3,7,8-tetrachlorodibenzo-p-dioxin. Additionally, Hung et
al. [153] suggested that tea melanin might be a potential
agent against the development of tetrachlorodibenzodioxin-
induced oxidative stress. Gultekin et al. [154] examined the
e�ects of melatonin and vitamins E and C on the reduction
of chlorpyrifos-ethyl.

Another group of pesticides are polychlorinated biphen-
yls (PCBs), which also induce increased intracellular ROS
production. Zhu et al. [155] indicated that di�erent PCB com-
pounds (Aroclor 1254, PCB153, and the 2-(4-chlorophenyl)-
1,4-benzoquinone metabolite of PCB3) increase the steady-
state levels of intracellular O2

∙− and H2O2 in breast and
prostate epithelial cells. Many antioxidants showed protec-
tion also against PCB-induced oxidative stress and damage.
Ramadass et al. [156] tested the hypothesis that �avonoids
modify PCB-mediated cytotoxicity and found that �avonoids
inhibit PCB-induced oxidative stress. Zhu et al. [155] demon-
strated that treatment with N-acetylcysteine signi�cantly
protected cells against PCB-mediated toxicity. Red ginseng,
which displays a variety of biological and pharmacological
activities, including antioxidant, anti-in�ammatory, antimu-
tagenic, and anticarcinogenic e�ects, was found to protect
the body against oxidative stress/damage induced by PCB
exposure [157]. Sridevi et al. [158] also reported that the
e�ect of alpha-tocopherol against PCB-inducedneurotoxicity
resulted in decreased oxidative stress. Another study reported
the synergistic e�ects of vitamins C and E against PCB-
(Aroclor 1254) induced oxidative damage [159].

Dioxins and furans are byproducts of chemicals pro-
duction. Dioxins may be released into the environment
through the production of pesticides and other chlorinated
substances. Both dioxins and furans are related to a variety
of incineration reactions and the use of a variety of chemical
products. Ci
ci and coworkers reported that dioxin (2,3,7,8-
tetrachlorodibenzo-p-dioxin; TCDD) causes an oxidative
stress response in the rats liver. 	e subcellular sources and
underlying mechanisms of dioxin-induced reactive oxygen
species, however, are not well understood. TCDD increases
the formation of thiobarbituric acid-reactive substances. It
also causes a signi�cant decline in the levels of glutathione,
catalase, GSH-Px, and Cu-Zn superoxide dismutase in rats
[160]. 	e impact of 2-furan-2-yl-1H-benzimidazole on vita-
mins A, E, C, and Se, malondialdehyde, and glutathione
peroxidase levels on rats was analysed in a study by Karatas
et al. [161]. 	e results showed that vitamins A, E, C, and
Se levels were lower than the control groups, while serum
MDA level andGSH-Px activity �exibly increased, depending
on the injection days. 	e observed decreases in vitamins A,
E, C, and Se levels in the blood might be causally related
to the increased amount of ROS. 	e potential protective
e�ect of quercetin on TCDD induced testicular damage in
rats was studied by Ci
ci et al. [160]. 	e results showed that
exposure to TCDD induces testicular damage, and quercetin
prevents TCDD-induced testicular damage in rats. Resver-
atrol’s antioxidative e�ects were also investigated against in
a study by Ishida et al. [162]. 	e results suggested that oral
resveratrol is an attractive candidate for combating dioxin
toxicity. Türkez et al. [163] analysed e�ects of propolis against
TCDD induced hepatotoxicity in rats and found that propolis
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Table 3: Studies demonstrating increased oxidative stress/damage due to pesticide exposure and the protective e�ects of antioxidants.

Pesticide
Increased oxidative stress
markers

Study
Antioxidants exerting a
protective e�ect

Study

General

ROS
Bagchi et al. (1995) [145]
Song et al. (2007) [164]
Olgun and Misra (2006) [147]

DNA damage
Bagchi et al. (1995, 1996)
[145, 165]
Kisby et al. (2009) [166]

Alterations in antioxidant
enzymes and the glutathione
redox system

Yi et al. (2007) [167]

Increased level of
malondialdehyde
Lipid peroxidation

Kesavachandran et al. (2006)
[168]
Hassoun et al. (1993) [148]

Bipyridylium
herbicides
(paraquat, diquat
and difenzoquat)

Production of superoxide anions
and singlet oxygen

Bus et al. (1976) [149] Selenium

Combs and Peterson (1983)
[169]
Glass et al. (1985) [170]
Cheng et al. (1998) [171]

Lipid peroxidation (peroxidation
of cellular membranes)

Bus et al. (1976) [149]

Alterations in antioxidant
enzymes and the glutathione
redox system

Takizawa et al. (2007) [172]
Glutathione reductase
and superoxide
dismutase

Aono et al. (1995) [173]

Organo-
phosphate
insecticides

Lipid peroxidation
Gultekin et al. (2001) [154]
Akturk et al. (2006) [174]
Hassoun et al. (1993) [148]

Melatonin, vitamin C
and vitamin E

Gultekin et al. (2001) [154]

Decreased antioxidant defence
Gultekin et al. (2001) [154]
Verma et al. (2007) [175]
Akturk et al. (2006) [174]

Vitamins A, E, and C
Verma et al. (2007) [175]
Altunas et al. (2002) [176]
Akturk et al. (2006) [174]

Increased ROS production Bagchi et al. (1995) [145]

DNA damage Bagchi et al. (1995) [145] Zinc Goel et al. (2005) [177]

Aldrin and
dieldrin

ROS production Stevenson et al. (1999) [178]
Alpha-tocopherol and
ascorbic acid

Bachowski et al. (1998)
[179]
Stevenson et al. (1995) [180]

Depletion of the antioxidant
defence

Klaunig et al. (1995) [181]

Lipid peroxidation
Bachowski et al. (1998) [179]
Klaunig et al. (1995) [181]

DNA damage Klaunig et al. (1995) [181]

DDT

ROS production
Pérez-Maldonado et al. (2005)
[150]

N-acetyl-L-cysteine
Pérez-Maldonado et al.
(2005) [150]

Lipid peroxidation Hassoun et al. (1993) [148]

DNA damage Hassoun et al. (1993) [148]

Polychlorinated
dibenzo-para-
dioxins (dioxins)
and
polychlorinated
dibenzo furans
(furans)

Depletion of the antioxidant
defence

Ci
ci et al. (2011) [160]
Stohs (1990) [182]
Karatas et al. (2008) [161]

Quercetin Ci
ci et al. (2011) [160]

Lipid peroxidation
Stohs (1990) [182]
Karatas et al. (2008) [161]

Curcumin, �-myrcene
and 1,8-cineole

Ci
ci et al. (2011) [160]
Ci
ci et al. (2010) [152]

Resveratrol Ishida et al. (2009) [162]

Tea melanin Hung et al. (2006) [153]

TBARS Ci
ci et al. (2011) [160] Vitamin A and vitamin E
Alsharif and Hassoun
(2004) [183]

Increased ROS production Sen
 et al. (2002) [151]

8-OHdG Wen et al. (2008) [184]

DNA damage Stohs (1990) [182]
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Table 3: Continued.

Pesticide
Increased oxidative stress
markers

Study
Antioxidants exerting a
protective e�ect

Study

Polychlorinated
biphenyls (PCBs)

ROS production (superoxide and
hydrogen peroxide)

Song et al. (2008) [185]
Zhu et al. (2009) [155]

Dietary �avonoids
(epigallocatechin-3-
gallate (EGCG) and
quercetin)

Ramadass et al. (2003) [156]

Imbalance in the antioxidant
status

Zhu et al. (2009) [155]
Shimizu et al. (2007b) [186]

N-acetylcysteine (NAC)
and the combination of
polyethylene glycol
(PEG)-conjugated
Cu/Zn-SOD and
PEG-conjugated catalase

Zhu et al. (2009) [155]

Lipid peroxidation Shimizu et al., (2007a) [187] Red ginseng Park et al. (2010) [157]

Alpha-tocopherol
Banudevi et al. (2006) [188]
Sridevi et al. (2007) [158]

Alpha-tocopherol and
ascorbic acid

Krishnamoorthy et al.
(2007) [189]
Murugesan et al. (2005)
[159]
Zhou and Zhang (2005)
[190]

Melatonin
Venkataraman et al. (2008)
[191]

Lycopene Elumalai et al. (2009) [192]

alleviate pathological e�ects and prevents the suppression of
antioxidant enzymes in the livers.

It can be concluded that the stimulation of ROS pro-
duction, the induction of lipid peroxidation and oxidative
DNA and protein damage, and the disturbance of the total
antioxidant capacity of the body are mechanisms of the
toxicity induced by most pesticides, including organophos-
phates, bipyridyl herbicides, and organochlorines. Antioxi-
dant nutrients and related bioactive compounds common in
fruits and vegetables as well as food additives can protect
against environmental exposure to pesticides-induced oxida-
tive stress/damage (Table 3).

2.4. Household Chemical-Induced Oxidative Stress and Protec-
tion against It. 	epredominant use of industrial resins, such
as urea-formaldehyde, phenol-formaldehyde, polyacetal, and
melamine-formaldehyde resins, can be found in domestic
environments in adhesives and binders for wood products,
pulp products, paper products, plastics, synthetic �bres, and
in textile �nishing. Formaldehyde was demonstrated to exert
increased oxidative stress formation (Table 4), primarily as
lipid peroxidation, as found in a study performed by Chang
andXu [193]. Also in the case of household chemical-induced
oxidative stress certain antioxidants showed protection. In a
recent study, Köse et al. [194] reported that rose oil inhalation
protects against formaldehyde-induced testicular damage in
rats. Zararsiz et al. [195] demonstrated that exposure to
formaldehyde increased the free radical levels in rats and
that omega-3 fatty acids prevented this oxidative stress. 	e
protective e�ect of melatonin against formaldehyde-induced
renal oxidative damage in rats has also been reported [196].

Many studies have been performed on carbon tetrachlo-
ride because it is a well-known model of inducing chemical
hepatic injury in mice. Also carbon tetrachloride exposure
increases oxidative stress/damage in tested model organisms
and carbon tetrachloride-induced damage has been reversed
by many antioxidants examined. 	us, the antioxidant and
hepatoprotective e�ects of many antioxidants and plant
extracts against oxidative stress induced by carbon tetra-
chloride have been reported [198]. For example, chlorella-
mediated protection against carbon tetrachloride-induced
oxidative damage in rats was demonstrated in a study by
Peng et al. [224]. Ozturk et al. [201] found that apricot
(Prunus armeniaca L) feeding exerted bene�cial e�ects. 	e
potency of vitamin E to enhance the recovery from carbon
tetrachloride-induced renal oxidative damage in mice was
revealed in a study byAdaramoye [202].	e protective e�ects
of Curcuma longa Linnwere reported by Lee et al. [205]. 	e
protective e�ect of blackberry extract against oxidative stress
in carbon tetrachloride-treated rats was reported by Cho et
al. [207].

Chemicals found in common household and personal
care goods are major sources of oxidant exposure that can
lead to oxidative stress. Many antioxidants, such as mela-
tonin, vitamin E, ascorbate, and extracts from various plants,
for example, rose, green tea, and blackberry, were reported to
decrease oxidative stress and/or damage in vivo and in vitro.

2.5. Disinfection Byproducts (DBP) and Other Water Born
Pollutants. 	e bene�cial role of water ingestion can be
minimised due to the formation of disinfection byproducts.
Chlorination and ozonation in the water treatment process
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Table 4: Studies demonstrating increased oxidative stress/damage due to exposure to selected toxic compounds and the protective e�ects of
antioxidants.

Other
Increased oxidative stress
markers

Study
Antioxidants exerting a
protective e�ect

Study

Formaldehyde

Lipid peroxidation Chang and Xu (2006) [193] Rose oil Köse et al. (2011) [194]

Imbalance in antioxidant
status

Chang and Xu (2006) [193] Melatonin Zararsiz et al. (2007) [196]

Carbon
tetrachloride
(CCl4)

Increased ROS production Brent and Rumack (1993) [197] Electrolysed reduced water Tsai et al. (2009) [198]

Lipid peroxidation
Morrow et al. (1992) [199]
Basu (2003) [200]

Apricot
(Prunus armeniaca L.)

Ozturk et al. (2009) [201]

Vitamin E Adaramoye (2009) [202]

Megahydrate silica hydride
Lutein

Hsu et al. (2010) [203]
Sindhu et al. (2010) [204]

Curcuma longa Lee et al. (2010) [205]

Acetyl-L-carnitine
Annadurai et al. (2011)
[206]

Blackberry extract Cho et al., (2011) [207]

Capsaicin Hassan et al. (2012) [208]

Propolis Bhadauria (2012) [209]

Melatonin and pinoline Aranda et al. (2010) [210]

Black and green tea Almurshed (2006) [211]

Water disinfection
byproducts

ROS production
(OH∙, H2O2, and singlet
O2)

Hassoun and Ray (2003) [212]
Ascorbate, glutathione, and
urate

Yadav et al. (2010) [213]

Ascorbate and desferal
N-acetyl-cysteine

Yadav et al. (2010) [213]
Leustik et al. (2008) [214]

Ascorbate and deferoxamine
Zarogiannis et al. (2011)
[215]

Green tea catechins Kawai et al. (2008) [216]

Melatonin Tan et al. (2000) [217]

S-allylcysteine
Medina-Campos et al.
(2007) [218]

	ioallyl compounds from
garlic

Argüello-Garćıa et al.
(2010) [219]

Trolox Strosova et al. (2009) [220]

Vitamin C Carr et al. (2000) [221]

Glutathione Rezk et al. (2004) [222]

Many other local
Mediterranean plant foods

Scha�er et al. (2004) [223]

are believed to produce various active oxygen species, which
seem to participate in the reactionwith fumic acid, pollutants,
and bacteria (Table 4). Hypochlorous acid (HOCl) is formed
when Cl2 is added to the water for disinfection purposes.
	is acid is highly reactive and is capable of oxidising many
biological molecules. HOCl reacts with O2

− to give OH∙ and
with H2O2 to form singlet O2. HOCl a�ects endogenous
enzymatic antioxidants and increases oxidative stress. For
example, Hassoun and Ray [212] demonstrated the induction
of oxidative stress and cellular death of drinking water
disinfection byproducts. Similar observations were reported
by Leustik et al. [214]. Studies suggest that Cl2 inhalation
damages both airway and alveolar epithelial tissues and that
these damaging e�ects were ameliorated by the prophylactic
administration of low molecular-weight antioxidants. Trolox

was reported to be protective against oxidative injury induced
by HOCl to Ca-ATPase in the sarcoplasmic reticulum of
skeletal muscle [220]. Ascorbic acid might also play a pro-
tective role (Table 4), especially in individuals consuming
supplements containing this vitamin. Also thioallyl and S-
allylcysteine (both are garlic-derived compounds), melato-
nine, glutathione, glutathione disul�de, S-methylglutathione,
lipoic acid, and dihydrolipoic acid were reported to protect
against hypochlorous acid and peroxynitrite-induced dam-
age [217–219, 222]).

Additionally, the following plant extracts display a protec-
tive e�ect against HOCl-induced oxidative damage: Agaricus
campestris, Cynara cardunculus, �ymus pulegioides, and
Vicia faba [223]. When resolving the problem of DBP, �rst
the cause of their formation should be assessed with di�erent
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engineering approaches DBP, for example, by moving the
point of chlorination downstream in the treatment train,
reducing the natural organic matter precursor concentration,
replacing prechlorination by peroxidation, and so forth.

	e use of antioxidants as compounds which ameliorate
DBP-induced toxicity should be just the last alternative when
all other approaches deal with the DBP formation in the
drinking water fail.

Researches in the past two decades have pointed out that
redox active metals like iron (Fe), copper (Cu), chromium
(Cr), cobalt (Co), and other metals present in water possess
the ability to produce ROS such as superoxide anion radical
and nitric oxide. Disruption of metal ion homeostasis may
lead to oxidative stress, a state where increased formation
of reactive oxygen species overwhelms body antioxidant
protection and subsequently induces DNA damage, lipid
peroxidation, protein modi�cation, and other e�ects [225].
Pollutants in water like heavy metals As, Cd, Cu, Fe,
Pb, and Zn can cause oxidative stress in �sh [226]. On
other hand Yang and coworkers [227] reports that water
spinach containing chlorophyll and lycopene have potential
to reduce cytotoxicity and oxidative stress in liver induced
by heavy metals. Besides heavy metals also pesticides in
water can represent sources of oxidative stress. Atrazine
and chlorpyrifos are the most common pesticides found in
freshwater ecosystems throughout the world. Xing et al. [228]
investigated the oxidative stress responses in the liver of
common carp a
er exposure to atrazine and chlorpyrifos and
found that exposure or theirmixture could induce decrease in
antioxidant enzyme activities and increase in MDA content
in a dose-dependent manner. Eroǧlu et al. [229] reported
organophosphate pesticides produce oxidative stress due to
the generation of free radicals, which alter the antioxidant
defence system in erythrocytes and that vitamins C and E can
act as protective role.

2.6. �e Role of Oxidative Stress in Noise-Induced Hearing
Damage. Noise is a disturbing and unwanted sound. Expo-
sure to noise causes many health problems such as hearing
loss, sleep disturbance, and impairs performance as well as
e�ecting cognitive performance. It also increases aggression
and reduces the processing of social cues seen as irrelevant to
task performance, as well as leading to coronary heart disease,
hypertension, higher blood pressure, increased mortality
risk, serious psychological e�ects, headache, anxiety, and
nausea ([230] and references within). Prolonged exposure to
noise can also cause oxidative stress in the cochlea which
results in the loss (via apoptotic pathways) of the outer hair
cells of the organ of Corti. Increased noise exposure results in
increased levels of reactive oxygen species formation that play
a signi�cant role in noise-induced hair cell death [231]. Acute
as well as long-term exposure to noise can produce excessive
free radicals alter endogenous antioxidative enzymes as
superoxide dismutase, catalase, and glutathione peroxidase
[232, 233].

In a study by Demirel et al. [230] the e�ect of noise on
oxidative stress parameters in rats was analyzed bymeasuring

malondialdehyde, nitric oxide levels, and glutathione per-
oxidase activity. 	e results showed an elevation in MDA
level, an indicator of lipid peroxidation, as well as NO level
and GSH-Px activity through noise exposure, suggesting that
the presence of oxidative stress may have led to various
degrees of damages in the cells. Additionally, increases in
oxidative stress parameters, such asMDA level, and decreases
in CAT and SOD activities in textile workers exposed to
elevated levels of noise supports the hypothesis that noise
causes oxidative stress [234]. It seems that noise might cause
damage not only in the ears but also across the entire
body, leading to oxidative stress [230]. In a study by van
Campen et al. [235], the time course of ROSdamage following
exposure was assessed. Based upon oxidative DNA damage
present in the cochlea following intense noise, the researchers
postulate that the �rst 8 h following exposure might be a
critical period for antioxidant treatment. 	us, the ROS
quenching properties of antioxidants and medicinal plants
are attracting more and more research to counteract noise-
induced oxidative stress. Manikandan and Devi [232] inves-
tigated the antioxidant property of alpha-asarone against
noise stress induced changes in di�erent regions of the rat
brain and their data proved that the antioxidant property
of alpha-asarone acts against noise stress induced damage.
	e aim of a study performed by Manikandan et al. [233]
was to evaluate the protective e�ect of both ethyl acetate
andmethanolic extract ofAcorus calamus against noise stress
induced changes in the rat brain. Both the ethyl acetate
and methanolic extract of Acorus calamus protected most
of the changes in the rat brain induced by noise stress. N-
acetyl-cysteine also o�ered protection against noise-induced
hearing loss in the Sprague Dawley rat [236]. 	e study
by Ewert et al. [237] determined if administration of a
combination of antioxidants 2,4-disulfonyl �-phenyl tertiary
butyl nitrone (HPN-07) and N-acetylcysteine could reduce
both temporary and permanent hearing loss. 	e results
showed that a combination of antioxidantsHPN-07 andNAC
can both enhance the temporary threshold shi
 recovery and
prevent permanent threshold shi
 by reducing damage to the
mechanical and neural components of the auditory system
when administered shortly a
er blast exposure. Additionally,
arboxy alkyl esters (esters of quinic acid found in fruits and
vegetables) have been shown to improve DNA repair capacity
of spiral ganglion neurons in response to noise stress [238].

	e problem of oxidative stress in the production of
hearing loss is even worse when the synergistic e�ects takes
place since a broad range of environmental and occupational
contaminants can interact with noise to enhance noise-
induced hearing loss, for example, through carbonmonoxide
and by acrylonitrile [239].

2.7. Adverse or Insigni�cant E�ects of Antioxidant Treatment
aer Exposure to Environmental Pollutants. Administration
of antioxidants in cases of environmentally induced oxidative
stress does not always demonstrate protection (Table 5).
Hackney et al. [240] analysed whether vitamin E supplemen-
tation protected againstO3 exposure and found no signi�cant
di�erences between the vitamin E- and placebo-treated
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Table 5: Studies demonstrating adverse or insigni�cant e�ects of antioxidant treatment a
er exposure to environmental pollutants.

Environmental pollutant
Antioxidants displaying adverse or
insigni�cant e�ects

Study

Ozone (O3) Vitamin E Hackney et al. (1981) [240]

Cigarette smoke Beta-carotene (synthetic)
Ruano-Ravina et al. (2006) [241]
Albanes (1999) [242]
Neuhouser et al. (2003) [243]

Asbestos Beta-carotene van Helden et al. (2009) [244]

UVR

Beta-carotene Stahl et al. (2006) [124]

Vitamin E and beta-carotene (no
protective e�ect)

McArdle et al. (2004) [245]
Wolf et al. (1988) [246]
Garmyn et al. (1995) [247]

Bipyridinium herbicides (paraquat,
diquat and difenzoquat)

Iron and copper
Korbashi et al. (1986) [248]
Kohen and Chevion (1985) [249]

Polychlorinated dibenzo-para-dioxins
(dioxins) and polychlorinated
dibenzofurans (furans)

Vitamin E (no protective e�ect)
Latchoumycandane and Mathur (2002)
[250]

No extraexposure to environmental
pollutants

Green tea catechins (enhanced colon
carcinogenesis in rats)

Furukawa et al. (2003) [251]

Melatonin (may exhibit carcinogenic
potential)

Sakano et al. (2004) [252]

groups. Another study demonstrated that in a high-risk
group, such as smokers, high doses of beta-carotene increased
the rate of lung cancer [241]. Additionally, the results of
large, controlled trials of an intervention of beta-carotene
supplementation did not support the detected bene�cial
associations or a role for supplemental beta-carotene in lung
cancer prevention; instead, they provided striking evidence
for its adverse e�ects among smokers [242]. McArdle et al.
[118] investigated the e�ects of oral vitamin E and beta-
carotene supplementation on ultraviolet radiation-induced
oxidative stress to the human skin. 	e results revealed that
vitamin E or beta-carotene supplementation displayed no
e�ect on the sensitivity of the skin to UVR. A study by
Stahl et al. [122] was performed in which the antioxidant
e�ect of carotenoids and tocopherols was investigated based
on their ability to scavenge ROS generated during photoox-
idative stress. 	e antioxidants used in this study provided
protection against erythema in humans andmay be useful for
diminishing the sensitivity to ultraviolet light (Table 5).

Iron and copper have been reported to aggravate the
toxicity of paraquat in E. coli. Treatment with ferrous iron
in a study by Korbashi et al. [248] led to an enhancement
of bacterial killing by paraquat, whereas treatment with
chelating agents, such as nitrilotriacetate and desferriox-
amine, markedly reduced, up to complete abolishment, the
toxic e�ects. Some compounds contribute to the antioxidant
defence by chelating transition metals and preventing them
from catalysing the production of free radicals in the cell.
Metal-chelating antioxidants, such as transferrin, albumin,
and ceruloplasmin, ameliorate radical production by inhibit-
ing the Fenton reaction, which is catalysed by copper or iron.
Latchoumycandane and Mathur [250] investigated whether
treatment with vitamin E protects the rat testis against oxida-
tive stress induced by tetrachlorodibenzodioxin and revealed

that the activities of antioxidant enzymes and the levels of
hydrogen peroxide and lipid peroxidation did not change
in the animals coadministered tetrachlorodibenzodioxin and
vitamin E. Although several studies have demonstrated the
protective e�ect of antioxidant administration against oxida-
tive stress, it is important to note that not all antioxidants
exert health bene�ts.

2.8. What Could Be the Reason? 	e inappropriate use
of dietary supplements may lead to “antioxidative stress.”
Detailed description of the negative e�ects of antioxidants
can be found in publications by Poljsak et al., [253], Poljsak
andMilisav [254], and references therein. Brie�y, the intake of
only one antioxidantmay alter the complex systemof endoge-
nous antioxidative defence of cells or alter the cell apoptosis
pathways [255]. 	e bene�cial physiological cellular use of
ROS is being demonstrated in di�erent �elds, including
intracellular signalling and redox regulation and synthetic
antioxidants cannot distinguish among the radicals that have
a bene�cial role and those that cause oxidative damage to
biomolecules. If administration of antioxidant supplements
decreases total ROS/RNS formation, itmay also interferewith
the immune system to �ght bacteria and essential defensive
mechanisms for removal of damaged cells, including those
that are precancerous and cancerous [256]. When large
amounts of antioxidant nutrients are taken, they can also act
as prooxidants by increasing oxidative stress [257, 258]. None
of the major clinical studies using mortality or morbidity as
an end point has found positive e�ects of antioxidant, such
as vitamin C, vitamin E, or �-carotene, supplementation.
Some recent studies demonstrated that antioxidant therapy
displays no e�ect and can even increasemortality (	eAlpha-
Tocopherol, Beta-Carotene Cancer Prevention Study Group,
1994; [259–261], Heart Protection StudyCollaborativeGroup,
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2002; Age-Related Eye Disease Study Research Group, 2001).
On the other hand, antioxidant supplements do appear to be
e�ective in lowering an individual’s oxidative stress if his/her
initial oxidative stress is above normal or above his/her
set point of regulation [262, 263]. 	us, the antioxidant
supplements may help the organism to correct the elevated
levels of oxidative stress when it cannot be controlled by the
endogenous antioxidants.

3. Conclusions

	ere is substantial evidence that environmental pollution
increases oxidative stress [264] and that dietary antioxidant
supplementation and/or increased ingestion of fruit and
vegetable may play a role in neutralising or bu�ering the
e�ects of pollutants that display oxidising properties. In
vitro and in vivo studies suggest that antioxidant nutrients
and related bioactive compounds common in fruits and
vegetables can protect against environmental toxic insults.
It is important to emphasise that antioxidants as dietary
supplements can provide protection against ROS-induced
damage under conditions of elevated oxidative stress to the
organism. It could be postulated that antioxidants would
be therapeutically e�ective under circumstances of elevated
oxidative stress or in aged mammals exposed to a stressor
that generates exacerbated oxidative injury. Evidence is pre-
sented demonstrating that synthetic antioxidant supplements
cannot provide appropriate or complete protection against
oxidative stress and damage under “normal” conditions and
that the administration of antioxidants to prevent disease
or the aging process is controversial under conditions of
“normal” oxidative stress. Many clinical trials in which
individuals received one ormore synthetic antioxidants failed
to detect bene�cial e�ects (reviewed in [253]). 	us, the
results of clinical trials of exogenous antioxidant intake
are con�icting and contradictory. 	ese �ndings indicate
that other compounds in fruits and vegetables (possibly
�avonoids) or a complex combination of compounds may
contribute to the improvement in cardiovascular health and
the decrease in cancer incidence detected among individuals
who consume more of these foods [265, 266].

It must be understood that the use of synthetic vitamin
supplements is not an alternative to regular consumption
of fruits and vegetables. Cutler explains that most humans
maintain stable levels of oxidative stress, and no matter how
much additional antioxidant that individuals consume in
their diet, no further decrease in oxidative stress occurs.
However, antioxidant supplements do appear to be e�ective
in lowering an individual’s oxidative stress if his/her initial
oxidative stress level is above normal or above his/her stably
regulated level [262, 263].	us, antioxidant supplementsmay
only provide a bene�t to an organism if it was necessary
to correct a high level of oxidative stress that could not be
controlled by endogenous antioxidants. All of this evidence
indicates the need to determine an individual’s oxidative
stress level prior to the initiation of antioxidant supplement
therapy. Both, the ROS/RNS formation and the antioxidative
defense potential should be measured in a person in order to

determine his/her oxidative stress status.Multiplemethods of
oxidative stress measurement are available today, each with
their own advantages and disadvantages (reviewed in [253]).

In the end it should be stressed that more research
should be performed to strengthen the evidence for dietary
supplements as modulators of the adverse e�ects caused by
increased exposure to environmental pollution.

Conflict of Interests

	e authors declare that there is no con�ict of interests
regarding the publication of this paper.

References

[1] B. Halliwell and J.M. C. Gutteridge, Free Radicals in Biology and
Medicine, Clarendon Press, Oxford, UK, 3rd edition, 1999.

[2] A. Valavanidis, T. Vlahogianni,M.Dassenakis, andM. Scoullos,
“Molecular biomarkers of oxidative stress in aquatic organisms
in relation to toxic environmental pollutants,”Ecotoxicology and
Environmental Safety, vol. 64, no. 2, pp. 178–189, 2006.

[3] C. E. Cross, G. Valacchi, B. Schock et al., “Environmental oxi-
dant pollutant e�ects on biologic systems: a focus on micronu-
trient antioxidant-oxidant interactions,” American Journal of
Respiratory and Critical Care Medicine, vol. 166, supplement 1,
pp. S44–S50, 2002.

[4] B. Brunekreef and S. T. Holgate, “Air pollution and health,”�e
Lancet, vol. 360, no. 9341, pp. 1233–1242, 2002.

[5] F. J. Kelly and I. S. Mudway, “Protein oxidation at the air-lung
interface,” Amino Acids, vol. 25, no. 3-4, pp. 375–396, 2003.

[6] A.Nel, “Air pollution-related illness: e�ects of particles,” Science,
vol. 308, no. 5723, pp. 804–806, 2005.

[7] R. B. Schlesinger, N. Kunzli, G. M. Hidy, T. Gotschi, and M.
Jerrett, “	e health relevance of ambient particulate matter
characteristics: Coherence of toxicological and epidemiological
inferences,” Inhalation Toxicology, vol. 18, no. 2, pp. 95–125,
2006.

[8] R. A. Floyd, “Measurement of oxidative stress in vivo,” in �e
Oxygen Paradox, pp. 89–103, Cleup University Press, Padova,
Italy, 1995.

[9] J. Nordberg and E. S. J. Arnér, “Reactive oxygen species,
antioxidants, and the mammalian thioredoxin system,” Free
Radical Biology andMedicine, vol. 31, no. 11, pp. 1287–1312, 2001.

[10] H. J. Forman and A. Boveris, “Superoxide radical and hydrogen
peroxide in mitochondria,” in Free Radicals in Biology, E. Pryor,
Ed., pp. 65–90, Academic Press, New York, NY, USA, 1982.

[11] K. Keyer and J. A. Imlay, “Superoxide accelerates DNA dam-
age by elevating free-iron levels,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 93, no.
24, pp. 13635–13640, 1996.

[12] F. Hutchinson, “Chemical changes induced in DNA by ionizing
radiation,” Progress in Nucleic Acid Research and Molecular
Biology, vol. 32, pp. 115–154, 1985.

[13] B. N. Ames, “Dietary carcinogens and anticarcinogens,” Science,
vol. 221, no. 4617, pp. 1256–1263, 1983.

[14] E. C. Friedberg, L. D. McDaniel, and R. A. Schultz,DNA Repair
and Mutagenesis, ASM Press, Washington, DC, USA, 1995.

[15] J. R. Speakman, A. van Acker, and E. J. Herper, “Age-related
changes in the metabolism and body composition of three dog
breeds and their relationship to life expectancy,” Aging Cell, vol.
2, no. 5, pp. 265–275, 2003.



14 Oxidative Medicine and Cellular Longevity

[16] R. E. Shackelford, W. K. Kaufmann, and R. S. Paules, “Cell
cycle control, checkpoint mechanisms, and genotoxic stress,”
Environmental Health Perspectives, vol. 107, no. 1, pp. 5–24, 1999.

[17] I. S. Mudway, D. Housley, R. Eccles et al., “Di�erential depletion
of human respiratory tract antioxidants in response to ozone
challenge,” Free Radical Research, vol. 25, no. 6, pp. 499–513,
1996.

[18] W. A. Pryor, “How far does ozone penetrate into the pulmonary
air/tissue boundary before it reacts?” Free Radical Biology and
Medicine, vol. 12, no. 1, pp. 83–88, 1992.

[19] L. Grievink, A. G. Zijlstra, and X. Ke, “Double-blind interven-
tion trial onmodulation of ozone e�ects onpulmonary function
by antioxidant supplements,”American Journal of Epidemiology,
vol. 149, no. 4, pp. 306–314, 1999.

[20] L. Grievink, A. G. Zijlstra, X. Ke, and B. Brunekreef, “Acute
e�ects of ozone on pulmonary function in antioxidant supple-
mented cyclists,” European Respiratory Journal, vol. 10, supple-
ment 25, article 229S, 1997.

[21] J. M. Samet, G. E. Hatch, D. Horstman et al., “E�ect of
antioxidant supplementation on ozone-induced lung injury in
human subjects,” American Journal of Respiratory and Critical
Care Medicine, vol. 164, no. 5, pp. 819–825, 2001.

[22] D. B. Menzel, “	e toxicity of air pollution in experimental
animals and humans: the role of oxidative stress,” Toxicology
Letters, vol. 72, no. 1–3, pp. 269–277, 1994.

[23] I. Romieu, J. J. Sienra-Monge, M. Ramı́rez-Aguilar et al.,
“Antioxidant supplementation and lung functions among chil-
dren with asthma exposed to high levels of air pollutants,” �e
American Journal of Respiratory and Critical Care Medicine, vol.
166, no. 5, pp. 703–709, 2002.

[24] I. Romieu, F. Meneses, M. Ramirez et al., “Antioxidant supple-
mentation and respiratory functions among workers exposed
to high levels of ozone,” American Journal of Respiratory and
Critical Care Medicine, vol. 158, no. 1, pp. 226–232, 1998.

[25] L. Grievink, H. A. Smit, and B. Brunekreef, “Anti-oxidants and
air pollution in relation to indicators of asthma and COPD: a
review of the current evidence,”Clinical&Experimental Allergy,
vol. 30, no. 10, pp. 1344–1354, 2000.

[26] C. A. Ballinger, R. Cueto, G. Squadrito et al., “Antioxidant-
mediated augmentation of ozone-induced membrane oxida-
tion,” Free Radical Biology and Medicine, vol. 38, no. 4, pp. 515–
526, 2005.

[27] Z. Meng, G. Qin, B. Zhang et al., “Oxidative damage of sulfur
dioxide inhalation on lungs and hearts of mice,” Environmental
Research, vol. 93, no. 3, pp. 285–292, 2003.

[28] Z. Meng and W. Bai, “Oxidation damage of sulfur dioxide on
testicles of mice,” Environmental Research, vol. 96, no. 3, pp.
298–304, 2004.

[29] Z. Ergonul, A. Erdem, Z. D. Balkanci, and K. Kilinc, “Vitamin E
protects against lipid peroxidation due to cold-SO2 coexposure
in mouse lung,” Inhalation Toxicology, vol. 19, no. 2, pp. 161–168,
2007.
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[67] F. P. Possamai, S. Á. Júnior, E. B. Parisotto et al., “Antioxidant
intervention compensates oxidative stress in blood of subjects
exposed to emissions from a coal electric-power plant in South
Brazil,” Environmental Toxicology and Pharmacology, vol. 30,
no. 2, pp. 175–180, 2010.

[68] D.W. Kamp, P. Grace�a, W. A. Pryor, and S. A.Weitzman, “	e
role of free radicals in asbestos-induced diseases,” Free Radical
Biology and Medicine, vol. 12, no. 4, pp. 293–315, 1992.

[69] C. Walker, J. Everitt, and J. C. Barrett, “Possible cellular and
molecular mechanisms for asbestos carcinogenicity,”�eAmer-
ican Journal of Industrial Medicine, vol. 21, no. 2, pp. 253–273,
1992.

[70] S. Q. Luo, X. Z. Liu, and C. J. Wang, “Inhibitory e�ect of
green tea extract on the carcinogenesis induced by asbestos plus
benzo(a)pyrene in rat,” Biomedical and Environmental Sciences,
vol. 8, no. 1, pp. 54–58, 1995.

[71] E. Lewczuk and H. Owczarek, “	e role of oxygen free radicals
in asbestos cytotoxicity,”Medycyna pracy, vol. 43, no. 4, pp. 335–
342, 1992.

[72] C. L. Fattman, R. J. Tan, J. M. Tobolewski, and T. D. Oury,
“Increased sensitivity to asbestos-induced lung injury in mice
lacking extracellular superoxide dismutase,” Free Radical Biol-
ogy and Medicine, vol. 40, no. 4, pp. 601–607, 2006.

[73] T. K. Hei, A. Xu, S. X. Huang, and Y. Zhao, “Mechanism of �ber
carcinogenesis: from reactive radical species to silencing of the
�igH3 gene,” Inhalation Toxicology, vol. 18, no. 12, pp. 985–990,
2006.
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Hernández, J. Pedraza-Chaverŕı, and G. Ortega-Pierres,
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[264] D. W. Filho, S. Á. Júnior, F. P. Possamai et al., “Antioxidant
therapy attenuates oxidative stress in the blood of subjects
exposed to occupational airborne contamination from coal
mining extraction and incineration of hospital residues,” Eco-
toxicology, vol. 19, no. 7, pp. 1193–1200, 2010.

[265] A.Cherubini, G. B.Vigna,G. Zuliani, C. Ruggiero,U. Senin, and
R. Fellin, “Role of antioxidants in atherosclerosis: epidemiolog-
ical and clinical update,” Current Pharmaceutical Design, vol. 11,
no. 16, pp. 2017–2032, 2005.

[266] S. B. Lotito and B. Frei, “Consumption of �avonoid-rich foods
and increased plasma antioxidant capacity in humans: cause,
consequence, or epiphenomenon?” Free Radical Biology &
Medicine, vol. 41, no. 12, pp. 1727–1746, 2006.



Submit your manuscripts at

http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 

Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment

AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 

Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


