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1. Introduction

Understanding the structure and composition of plasma membrane is important as it guards
the integrity and function of the cell as a whole. Lipid peroxidation is a process in which the
lipids of the cell, particularly the membrane lipids, are degraded by oxidation resulting in
the disruption of the entire cell. All cells are enclosed by a plasma membrane which serves
as a boundary and it is the primary barrier between cell’s internal and external
environments. It is semi-permeable and plays a major role in regulating the transport of
molecules into and out of the cells. This property of the plasma membrane is known as
selective permeability. The fluid mosaic model describes the arrangement of the lipids and
the proteins in the plasma membrane [1]. The lipids are smaller in size than the proteins.
However, there are many more lipids than there are proteins. The lipids give the
membranes their basic shape. Membrane lipids are amphipathic molecules, with
hydrophilic and hydrophobic ends [2]. These lipids arrange in two layers (bilayer) such that
the hydrophobic ends of one layer touches the hydrophobic ends of the other lipid layer.
The hydrophilic ends of the phospholipids are in contact with the aqueous external and
internal environments. Membrane lipids include phospholipids, cholesterol, sphingomyelin,
triacylglycerides and glycolipids [3]. Several different types of phospholipids are found in
cellular membranes: phosphatidylcholine (the most abundant), phosphatidylserine,
phosphatidylinositol and phosphatidylethanolamime [4]. Each species of organisms has its
own unique combination of these different phospholipids in its cellular membranes.

The proteins of the membrane float in the lipid bilayer. There are fewer proteins than lipids
in the plasma membrane. However, they are much bigger than the lipids. The proteins can
be associated with the lipids of the bilayer in one of the three ways [5]. Integral proteins are
amphipathic molecules that span the entire width of lipid bilayer. Their hydrophilic and
hydrophobic portions allow them to interact with both lipids and the aqueous environments
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on either side of the lipids. Membrane associated proteins are associated with either external
or internal surfaces of the membrane. These proteins often contain a lipid anchor which
helps to hold them in the membrane. Peripheral proteins are attached to the inner surface of
the membrane through covalent bonds to another protein. For example, the proteins that
link the plasma membrane to the cytoskeleton. Plasma membrane proteins have several
functions [6]. They serve as transporters, receptors, enzymes and as anchors, tying the cell to
the external environment or to other cells. Carbohydrates attached to some proteins serve as
identification markers and help in the differentiation of self from non-self cells [7].

The composition and structure of the plasma membrane described above is affected by free
radicals. So the next section deals with free radicals, on how they are generated in the cells
and their effects on cellular macromolecules.

2. Free radicals and Reactive Oxygen Species (ROS)

A free radical may be defined as any atom or molecule that has one or more unpaired
electrons in its outermost shell. Free radicals were discovered in biological material about 50
years ago [8] and since then, they have generated great curiosity for their involvement in
disease and aging. Oxygen free radicals or reactive oxygen species (ROS) are defined as any
free radical molecules containing oxygen. Some examples of the most common ROS include:
hydrogen peroxide (H20:2), hydroxyl (*OH), and superoxide (Oz* -) anion. Under normal
conditions, ROS are produced as necessary intermediates in white blood cells to defend
against invading pathogens, and they also play a role in intracellular signaling. Owing to
their unpaired electrons in their outermost shell, ROS are highly reactive and unstable and
they exert damage on biological structures. Free radicals react quickly with other molecules
and “steal” electrons to acquire stability. The molecule which lost its electron to a free
radical will become a free radical itself, thus beginning a chain reaction. Free radicals modify
the structure of other molecules and cause oxidative damage. Once the process is started, if
not quenched in time, it can eventually result in cell damage. Additionally, excessive
amounts of free radicals are generated when tissues are damaged, for example, in times of
tissue hypoxia, exposure to smoke, ultraviolet radiation and pollutants.

2.1. Generation of reactive oxygen species

Most of the energy required to fuel metabolic functions of aerobic organisms is produced at
the cellular level in the mitochondria via the electron transport chain. In addition to energy,
reactive oxygen species (ROS) are also generated from electron transport chain as part of
normal cellular metabolic reactions. In this transport chain, ROS are formed at the
mitochondrial inner membrane. Under normal conditions, the oxygen molecule acts as a
terminal electron acceptor in the electron transport chain and is reduced to form water.
However, sometimes electrons leak prematurely and reduce oxygen to form ROS. The
electron transfer between ubiquinone-cytochrome b is the most probable site of ROS
formation [9]. Microsomes and membranes of the nucleus also involve electron
transportation through the cytochromes Pso and Bs which can produce free radicals [10].
The following few paragraphs discuss the generation of various ROS.
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2.2. Superoxide anion (O2*-)

When ground state oxygen accepts a single electron a superoxide anion (O:z*-) is formed.

O24+e — O

Under normal physiological conditions cell organelles, namely, mitochondria, microsomes
and peroxisomes, generate O2° -. The half-life of superoxide anion is longer than that of
another potent ROS, hydroxyl radical (OH*), and it can react with biological molecules for
longer times [10]. Phagocytic cells produce superoxide during a phenomenon known as the
“respiratory burst” which occurs when they encounter pathogens. Phagocytic cells known
to produce superoxide anions are macrophages, monocytes, neutrophils and eosinophils
[11]. Superoxide anions can trigger the formation of hydroxyl and peroxyl radicals, which in
an acidic environment can form hydrogen peroxide (H202).

2.3. Hydrogen peroxide (H202)

The addition of a second electron to O2° - gives rise to the peroxide ion, O2*. At physiological
pH any peroxide ion formed is protonated to hydrogen peroxide (H202).

202--+ 2H* — H2O2 + O2

Hydrogen peroxide can then diffuse far from the site of its production to other sites where
its biological effects may be greater. The diffusion range is extended by H202 carriers formed
spontaneously by hydrogen bonding with compounds such as amino and dicarboxylic
acids, peptides, proteins, nucleic acid bases, and nucleosides. Equilibrium exists between an
adduct-forming compound and H20:. The hydrogen peroxide adducts (HPAs) retard the
decomposition of H202 up to several hundredfold [12]. The overall charge on an HPA
influences the cytotoxic and clastogenic effects of H20:. The adducts, especially L- Histidine,
play an important role in the stabilization and reduction in the reactivity of the hydrogen
peroxide thereby preventing single strand breaks of the DNA in cell free DNA systems [13].

2.4. Hydroxyl radical (*OH)

The hydroxyl radical (*OH) can be formed by the homolytic fission of the O-O bond of the
H202 molecule. Simple mixing of iron (II) salts with the H20: also forms the *OH radical.
This reaction was first reported by Fenton in 1894 and it is called Fenton’s reaction. The
hydroxyl radicals can also be produced by Haber-weiss reactions in the cells, in which H20O:
interacts with superoxide radical [10]. Additionally, copper salts can also react with H20:2 to
generate *OH radicals. All the three ways of *OH radical generation is shown below:

By the decomposition of H2O2 by Fenton’s reaction:

Fe*? + H20O2 — Fe* + " OH + OH-

and H20z interaction with superoxide radical by the Haber-Weiss reaction:
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Oz + H202 - 02 +H0+0OH

The hydroxyl radical can also be formed when copper salts react with H2O2 to make
hydroxyl radicals as shown below:

Cut + H202—Cu?+ OH+ OH-

Although the hydroxyl radical (OH’) has the shortest half-life, it is one of the most reactive
of all ROS [14, 15]. Due to this property it reacts with almost all macromolecules found in
the cells such as proteins, nucleic acids (RNA and DNA), phospholipids, sugars and
carbohydrates, and exerts deleterious effects on them.

2.5. Free radicals and the damage to cellular components

Excess generation of free radicals combined with the failure of cells to scavenge them
through protective mechanisms (antioxidative agents and enzymes) results in oxidative
damage. Oxidative damage is witnessed in the form of free radical mediated attack on
macromolecules within their vicinity and causing disruption of these molecules. Severe
oxidative stress can even result in apoptosis and cell death [16]. Free radical mediated
damage to proteins, carbohydrates, nucleic acids and lipids is described below.

2.6. Free radical damage to proteins

The oxidization reaction of free radicals on amino acids causes changes in the physical
properties of proteins that they compose. These physical changes are of three types:
fragmentation, aggregation and susceptibility to enzyme digestion [17]. The fragmentation
of albumin and collagen due to free radical mediated oxidization is a classic example of this
phenomenon [18, 19]. Selective fragmentation at specific amino acids, especially at proline,
histidine and arginine, is observed due to their close association with transition metals. The
second type of physical change, protein aggregation, is believed to be caused predominantly
by hydroxyl radicals due to their ability to form cross-links between the constitutive amino
acids. Lastly, gross alteration in the conformation of protein structure may be the reason for
the susceptibility of these altered proteins to enzyme digestion [10].

2.7. Free radical damage to carbohydrates

Hydroxyl radicals generated by Fenton reaction are reported to induce damage on simple
carbohydrates [20]. It is also reported that oxidation of glucose may be a means of
quenching hydroperoxide radicals while also generating a source of oxygen free radicals
[21]. Another study indicated that rapid auto-oxidation of glucose results in the formation of
dicarbonyl and H20:2 under physiological conditions [22]. Thus, oxidized glucose can react
with proteins in a process called glucosylation or glucation leading to the disruption in the
function of these macromolecules. Glucosylation of certain long-lived proteins by a non-
enzymic reaction with free glucose may contribute to ageing.
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2.8. Free radicals and the alteration of gene expression

Free radicals are extensively implicated for their role in DNA damage and alteration in the
gene expression leading to various types of cancers [23]. It has been reported that about
twenty types of changes are induced by ROS in the DNA. The damage in the DNA’s
deoxyguanosine residues is estimated to be in the range of 8 to 83 residues per million
deoxyguanosine residues. This damage increases with age and seems to affect organs such
as the liver, kidney and spleen while leaving brain tissue relatively undamaged [24].
Mitochondrial DNA experiences greater damage due to proximity to the ROS generated
from the electron transport chain of mitochondrial membranes. Free radical induced
damage to DNA includes a range of specifically oxidized purines and pyrimidines, alkali
labile sites, single strand breaks and instability formed directly or by repair processes
[25,26]. The pyrimidine residues, cytosine and thymine, of DNA are the most susceptible to
the attack by hydroxyl radical, followed in decreasing levels of susceptibility by adenine,
guanine and deoxyribose sugar [10]. Some of these modified bases have been found to
possess mutagenic properties. Therefore, if not repaired they can lead to carcinogenesis.

2.9. Free radicals and lipid peroxidation

Free radicals steal electrons from the cell membrane’s polyunsaturated fatty acids (PUFAs)
and initiate an attack called lipid peroxidation. The peroxidation of lipids occurs in three
steps, namely, initiation, propagation and termination. Free radicals target the carbon-
carbon double bond of PUFAs, as this double-bond weakens the carbon-hydrogen bond,
permitting easy dissociation of the hydrogen by a free radical. During the first step, a single
electron is stripped by a free radical from hydrogen atoms associated with the carbon at the
double-bond leaving the carbon with a single electron. Molecular arrangements occur in an
attempt to stabilize, leading to the formation of conjugated dienes. In the propagation phase,
the conjugated diene readily reacts with molecular oxygen and transitions to a
hydroperoxide radical that begins stealing electrons from other lipid molecules, resulting in
a lipid hydroperoxide [11]. The hydroperoxide molecules undergo decomposition with the
aid of transition metals into alcoxyl and peroxyl radicals that, in turn, can initiate a chain
reaction and further propagate lipid peroxidation and cause damage to the cell. The three
phases or steps of lipid peroxidation are shown in the following equations:

Initiation reaction

Lipid -H + OH — Lipid + H,O
Hydroperoxide formation

Lipid + O, — Lipid-O,

Lipid hydroperoxide

Lipid-O, +Lipid - H — Lipid + Lipid-O,H

The important fatty acids that undergo peroxidation are: linoleic acid, arachidonic acid, and
docosahexaenoic acids [14]. The hydroxyl radical damages cell membranes and other
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lipoproteins by lipid peroxidation. It is important to note that the low density lipoprotein
based lipid peroxidation plays a significant role in atherosclerosis [27].

The generation of free radicals and their action on macromolecules thus leads to disruption
of cellular functions. The following section discusses chemicals that are present in the body
to protect against these damaging radicals.

3. Antioxidative protection against reactive oxygen species (Free radicals)

All aerobic cells have an armory of chemicals known as antioxidants which are capable of
counteracting the damaging effects of oxidative free radicals and inhibiting the oxidation of
other molecules in the body. Based on the mechanism of their action, these antioxidants are
divided into two categories: chain breaking antioxidants and preventive antioxidants.
Vitamin E, glutathione, vitamin C and beta-carotene are some examples of the chain
breaking type as they donate their own electron to the existing free radical and prevent the
continuation of oxidation chain reaction. These antioxidants are found in the plasma and
interstitial fluid [28, 29]. The preventative category of antioxidants consists of enzymes that
scavenge the free radicals before they initiate an oxidative attack.

Another way to categorize these antioxidants is based on their solubility in lipids or water.
The antioxidants which are lipid soluble are located in the cellular membrane and
lipoproteins, while the water soluble ones are located in the aqueous environments, such as
the cytoplasm inside cells and the blood [30]. The following few sections discuss some of the
important antioxidants of cells.

3.1. Glutathione

Glutathione (GSH) is one of the important cellular antioxidants. It is made up of three amino
acids namely, cysteine, glutamic acid and glycine. All the cells of the body have the ability to
synthesize glutathione, but it is found in high concentrations in the liver, lungs, and
intestinal tract. The important functions of the glutathione include: anti-oxidation,
detoxification, strengthening the immune system and signal transduction under stressful
conditions. The diverse functions of GSH are due to the sulfhydryl group in cysteine,
enabling it to chelate and detoxify harmful substances [31]. Additionally, glutathione also
plays a role in processing medications and cancer-causing compounds (carcinogens), and in
building DNA, proteins, and other important cellular components. Its usefulness as an
antioxidative agent lies in its ability to donate electrons, and in that process it is oxidized to
glutathione disulfide (GSSG) form. By donating an electron to a free radical, GSH can
quench the unstable and highly reactive free radical and thus can prevent free radical
mediated oxidative damage in the cells. GSSG is reduced to GSH by NADPH, an electron
donor in this reaction. This reduction reaction is catalyzed by glutathione reductase. Thus
the ratio between reduced and oxidized glutathione serves as an indicator of cellular toxicity
mediated by oxidative damage. Large amounts of GSH are produced and stored in the liver,
where it is used to detoxify harmful compounds. GSH levels are found to decline with age
leaving the body susceptible to the damage by free radicals.
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3.2. Vitamin C, vitamin E and beta carotene

Vitamin C is a water soluble antioxidant which plays an important role in protecting the
body against oxidative damage. Chemically, it is a carbohydrate-like substance. Human
beings, unlike other mammals, do not have the ability to synthesize Vitamin C. Therefore, it
must be furnished through the diet. Vitamin C is easily oxidized and many functions in the
body depend on this property. It stops the free radical chain reaction by donating an
electron and prevents the reaction from progressing.

Carotenoids are a class of cellular antioxidants. Carotenoids are referred as provitamin A as
they can potentially yield Vitamin A. Free radicals which can damage DNA and cause
diseases like macular degeneration, coronary artery disease and cancer are neutralized by
these carotenoids. Beta-carotene is perhaps the best known carotenoid. It was isolated in
1831 and its structure was determined in 1931.

Vitamin E is a fat soluble compound which also can impede oxidation to some degree [32].
Though there are eight forms in nature, only alpha-tocopherol form is functional in human
beings. Vitamin E stops the production of ROS formation when fat undergoes oxidation. In
addition to the above mentioned vitamins, essential trace elements, selenium, zing,
manganese, and copper, also play a critical role as antioxidants.

3.3. Antioxidant enzymes

Antioxidant enzymes inside the cells are the main defense against the free radicals. The
most important antioxidant enzymes present inside the cells are superoxide dismutase
(SOD), catalase, glutathione peroxidase (GPx), and glutathione S-transferase (GST). SOD
catalyzes the dismutation of superoxide anion to Oz and H20:. This reaction is considered to
be the body’s primary defense against free radicals as it prevents further generation of free
radicals [29]. SOD is found in high levels in the liver, adrenal glands, kidney and spleen [33].
GPx, catalyzes the reduction of hydroperoxides and serves to protect the cell from hostile
free radicals. Catalase, another antioxidant enzyme, along with GPx, is essential for
removing hydrogen peroxide formed during oxidation reactions, and is found in high levels
in liver, kidney and red blood cells. Both catalase and GPx enzymes exhibit a great degree of
cooperativity in their action. Glutathione S-Transferase (GST) is yet another antioxidant
enzyme primarily responsible for cellular defense mechanism against ROS. GST metabolizes
xenobiotics, whether they are of endogenous or exogenous origin [34]. GST along with
glutathione and GPx neutralizes free radicals and lipid hydroperoxides especially at low
levels of oxidative stress [35]. The undesirable end products of lipid peroxidation are thus
detoxified by GST. All of these enzymes prove to be indispensable in the cellular antioxidant
defense mechanism and they are all necessary for the survival of the cell, even in normal
conditions. An appropriate equilibrium between antioxidant enzyme activities is vital to
ensure the cell survival during increased oxidative stress.

However some exogenous factors, such as environmental contaminants, have the potential
to disrupt this equilibrium and cause incredible damage to the cells. The following section
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describes a specific group of brominated flame retardants called polybrominated diphenyl
ethers (PBDEs).

4. Polybrominated diphenyl ethers: A class of brominated flame
retardants

Fire accidents in the United States have the potential to cause severe economic problems for
the individuals and for society at large. Each year, several thousand Americans die, several
thousand more are injured, and millions of dollars of loss are all due to fires. To recover
from these losses, individuals, their insurance companies, and society as a whole spend
significant resources on temporary housing, groceries and meals, medical costs,
psychological support, and relocation costs, to name a few expenditures. These ancillary
costs may be 10-times higher than the cost to rebuild structures actually gutted by fire. To
give a rough idea, the annual losses from natural calamities such as floods, hurricanes,
tornadoes, earthquakes, etc., all put together in the United States equal just a fraction of total
loss due to fires [36]. To comply with fire safety regulations in the United States
manufacturers must follow strict guidelines in order to reduce the flammability of their
products. For years, manufacturers have added chemicals to plastics and fabrics in order to
reduce combustibility and increase overall safety of the products. Different types of
brominated flame retardants have the promise of slowing down fire and hence are being
extensively used. Figure 1 shows the chemical structures of four typical bromine
compounds, namely, polybrominated biphenyls (PBBs), polybrominated diphenyl ethers
(PBDESs), hexabromocyclododecane (HBCDs) and tetrabromobisphenol A (TBBPAs) [37].
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Figure 1. Chemical structures of BFRs. (A) PBBs, (B) PBDEs, (C) HBCD, and (D) TBBPA [37]

In the past few decades, use of PBDEs has become quite commonplace and these chemicals
are added in large quantities to many commercial and household products, such as
computers, TVs, foam mattresses, and carpets, to inhibit ignition and prevent fire accidents
[37]. At high temperatures PBDEs liberate bromine atoms, which are effective at hindering
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the basic oxidizing reactions that drive combustion. Ever since PBDEs were introduced into
the market, deaths due to fire accidents dropped significantly. Functionally, these flame
retardants are similar to polychlorinated biphenyls (PCBs) that were banned from
production in the U.S in the late 1970s due to potential adverse health effects and a
persistent bio-accumulative nature [38]. Like PCBs, the PBDEs class contains 209 possible
congeners. During the synthesis of PBDEs, a bromination reaction occurs on the biphenyl
rings as one or more bromine atoms are attached to the biphenyl rings giving rise to one of
the possible 209 possible congeners of PBDEs. The maximum number of bromine atoms that
can attach to biphenyl rings is 10 and this brominated flame retardant is called decaBDE.
Commercially these chemicals are available in three mixtures, pentaBDEs, octaBDEs and
decaBDEs. Congeners with 1-5 bromine atoms are referred as lower BDEs and those with 6 -
10 are referred as higher BDEs.

4.1. Production of PBDEs

PBDEs were introduced into the market in the U.S. in the 1970s and peaked in the late 1990s.
The production of various PBDEs in different regions of the world is shown in Table 1[37].

BDE Americas Europe Asia Rest of the World
Deca BDE 24,500 7,600 23,000 1,050

Octa BDE 1,500 610 1,500 180

Penta BDE 7,100 150 150 100

Total BDEs 33,100 8,360 24,650 1,330

Data from BSEF (2001)

Table 1. BFRs produced (metric tons) in various regions of the world [37]

Table 2 shows the percent composition of various commercial PBDE mixtures. Currently,
deca BDE constitutes 97% of the total production of PBDEs worldwide and it is the only
BDE which is in use in the US [39].

Product Tetra Penta Hexa Hepta Octa Nona Deca
Penta 24-38 50-60 4-8

Octa 10-12 44 31-35 10-11 <1
Deca <3 <97

Table 2. Percent composition of commercial PBDE flame retardant mixtures [39].

Many research findings indicate that lower brominated congeners manifest greater affinity
for lipids and accumulation. Hence they are more toxic and pose a greater health risk to
humans and livestock than the higher brominated congeners [40].
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4.2. Exposure to PBDEs

PBDEs are lipophilic and resistant to chemical and physical degradation. Due to their
persistent nature, they have become widespread environmental contaminants and about
97% of the American adult population has detectable levels of PBDEs [41]. Over the last 30
years the levels of these compounds in humans have increased and their levels in the US
population are 10-100 times higher than levels measured in the Europe and Asia. According
to a recent report, their levels in humans may be leveling off or decreasing due to their ban
in many states of the US and European countries[39]. They are reported to be present in
sediments, soil, outdoor and indoor air, household dust, foods, birds, fish, and terrestrial
organisms [42].They have been detected in human serum, adipose tissue, and breast milk,
and long-term exposure to these contaminants may pose a human health risk, especially to
the developing fetus.

Despite their ban in many countries, vast amounts of these compounds are found to persist
in existing consumer products, potentially contributing to environmental and human
burdens for years to come. When released into the environment PBDEs adsorb rapidly onto
solid particles such as soil or sediments due to their low water solubility and vapor
pressure. Therefore, sediments and sewage sludge serve as a sink for these pollutants. These
contaminants are still bioavailable even after adsorbing to the sediment particles [43].
PBDEs exposure to human being occurs through inhalation of household and workplace
dust and by eating PBDE-contaminated foods. Exposure to PBDEs is nearly impossible to
avoid as they are found in air, water and food. The fetus is also exposed to these compounds
in utero, and after birth the newborn continues to be exposed from breast milk, where the
toxins are transferred from the mother to the baby. A 25-year Swedish study found that the
concentration of PBDEs in breast milk doubled every five years during the 25-year period
[44]. The PBDE levels in breast milk from North American women are much higher than in
breast milk from Swedish women, indicating greater exposure to PBDEs in this continent.

4.3. Dietary intake of PBDEs

The dietary intake of PBDEs from food in humans between ages 0-60 years are presented in
Table 3. The intake of PBDEs was the highest in the first year during nursing. Breast milk
has the highest levels of PBDEs. The intake of PBDEs per kg body weight reduced gradually
with age. Children have higher PBDE intake than adults due to higher food intake per kg
body weight [45].

4.4. Adverse effects of PBDEs in laboratory animals

Few toxic studies on PBDEs are reported in laboratory animals [46,47]. Some studies report
these compounds to be toxic, carcinogenic and endocrine disruptors [48]. There are some
reports indicating that PBDEs can induce disruption in spontaneous behavior, reduced
habituation, impaired memory and learning in rats exposed during critical developmental
period [46, 47]. BDE-99 is a penta congener and it has been found to induce hyperactivity and
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impaired spermatogenesis in rats. Additionally, two recent in-vitro studies showed the
induction of oxidative stress in rat neurons exposed to BDE-47 (another congener of penta-
BDE congener) in primary cultured rat hippocampal neurons [49] and human cells [50] serving
as note-worthy examples that call for more careful assessment of these toxic substances.

Agein Years |0-1 2-5 6-11 12-19 20-39 40-59 >60
Diary 0 427 293 372 250 203 175
Meat 0 1,839 1,170 1,721 1530 1,408 1,094
Fish 0 280 232 300 309 357 467
Eggs 0 69 38 55 48 53 58
Margarine 0 6 6 7 6 8 9
Butter 0 30 17 19 22 15 22
Human Milk | 306,560| 0 0 0 0 0 0
Total PBDE 2652 1755 2774 2164 2,084 1857

Table 3. Daily intake of PBDEs from food (pg/kg body weight) [45]

5. Lipid peroxidation during PBDE exposure

Despite many studies, exact mechanism of toxicity of PBDEs is not yet clear and there is no
definite explanation as to how PBDEs trigger the above mentioned deleterious effects. There
appeared a school of thought that PBDEs, by reason of their electron affinity favor free
radical formation in various tissues [51]. In the face of increased free radical generation the
antioxidant enzymes namely, SOD, GPx, Catalase, and GST, are expected to give protection
to the cells against the oxidative damage. An appropriate equilibrium between the
antioxidant enzyme activities and free radicals is vital to ensure the cell’s survival during
increased oxidative stress. In the process of investigating the toxic mechanism authors have
surmised oxidative stress induction in mice exposed to BDE-209, one of the most
abundantly used flame retardant worldwide. This is based on a recent study showing the
induction of oxidative stress in rat neurons exposed to BDE-47, a penta congener [49]. To
interpret the adverse effects, both an assessment of the magnitude of free radical production
and a careful evaluation of the threshold of protection in terms of antioxidant enzyme
activity is necessary. Antioxidant enzymes such as SOD, GPx, GST, and catalase could also
be the key indicators that could disclose the sequence of biochemical dysfunctions and
alterations in signal transduction brought about by BDE-209. In the following few
paragraphs the research protocols that one of the authors (MCV) adopted to investigate the
biological markers for oxidative stress following BDE-209 exposure are explicated. The
study is performed on the liver and brain tissues of adult mice. The liver is a major bio-
transforming organ and brain is the most sensitive target to lipid soluble toxicants. Studying
these two organs would give a clear picture of how this particular BDE is handled by these
two vital organs. Further, since the metabolism and excretion of many PBDEs or for that
matter any xenobiotics are tissue, species, sex and age dependent [52] it is intended to
understand the effects of BDE-209 on these two vital organs; thus the hepato- and neuro-
toxic mechanisms could be simultaneously studied and correlated.
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5.1. Materials and methods
5.1.1. Chemicals

BDE- 85- CS (certified standard) was procured from Cambridge Isotope laboratories, Inc.,
Andover, MA, USA. Assay kits for the determination of lipid hydroperoxides, SOD, GPx,
catalase, and GST were purchased from Cayman Chemical Company, Ann Arbor, Michigan,
USA. BCA™ protein assay kit was purchased from Pierce Biotechnology Inc., Rockford IL,
USA, for the protein assay of the sample. All other chemicals needed for the experiments
were obtained from Sigma Aldrich Company.

5.1.2. Animals

Adult male Swiss Webster mice were obtained from Taconic Inc (Hudson, New York) and
used for oxidative stress studies. Mice weighing 33+3 g were maintained at 23°C+2°C with
12-hour light/12-hour dark photoperiods. Mice were provided food pellets and water ad
libitum and were allowed to acclimatize for 15 days. The guidelines set forth by the
Institutional Animal Care and Use Committee, Gannon University, Erie, Pennsylvania, were
followed in the maintenance and use of mice. Mice were grouped into two groups randomly
(n=9). Group 1 was injected intraperitoneally with 0.25mg/kg body weight of BDE-209 for
four consecutive days and group 2 served as control and received same volume of vehicle
solution, corn oil. Oral route of administration was not considered in this study as the aim
of this work is to study the biochemical alterations induced at this particular
concentration and administering via oral route results in elimination of some fraction of
this chemical through feces. The present dosage of BDE-209 was selected based on some
reports on other penta-BDE congeners in rodents [42,52]. In addition, the dosage used in
the present study also is commensurate with the average levels of PBDEs (except BDE-
209) found in household dust [53]. On the fifth day mice were sacrificed and liver and
brain tissues were separated, washed in phosphate-buffered saline (PBS), and weighed.
For all the biochemical assays, a 5% tissue homogenate of liver or brain was prepared
using appropriate homogenizing buffers. The protocols that came with the assay kits were
used for all biochemical assays and they are described below. The protein content of all
the enzyme samples is assayed using Pierce® BCA Protein Assay Kit. Bovine serum
albumin was used as standard.

5.1.3. Lipid hydroperoxides

Lipid peroxidation is quantified by a new method which directly quantifies the lipid
hydroperoxides utilizing the redox reactions with ferrous ions.The liver and brain tissues
from control and experimental mice were homogenized in nanopure water and the lipid
hydroperoxides from the homogenate were extracted into chloroform. According to the
protocol accompanying the lipid hydroperoxide assay kit, supplied by the Cayman
Chemical Company, this chloroform extract was then used for the determination of lipid
hydroperoxides.
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5.1.4. Superoxide Dismutase (SOD)

The liver and brain tissues from control and experimental mice were homogenized in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer containing 1 mmole/L
ethylene glycol tetraacetic acid (EGTA), 210 mmole/L mannitol and 70 mmole/L sucrose and
centrifuged. The supernatant was used for the assay of SOD activity and was determined
from the quantity of tetrazolium salt formed. One unit of SOD is defined as the amount of
enzyme needed to exhibit 50% dismutation of superoxide anion.

5.1.5. Glutathinoe Peroxidase (GPx)

GPx activity was measured indirectly by a coupled reaction with glutathione reductase.
Oxidized glutathione, produced upon reduction of hydroperoxide by GPx is recycled to its
reduced state by glutathione reductase and NADPH. The oxidation of NADPH to NADP* is
accompanied by a decrease in absorbance at 340 nm. The rate of decrease in the As«w is
directly proportional to the GPx activity in the sample. The tissues from control and exposed
mice were homogenized in cold Tris- HCl with 5 mmole/lL EDTA and 1 mmole/L
dithiothreitol (DTT). The homogenate was centrifuged and the supernatant was used for the
enzyme assay. The protocol described in GPx assay kit was followed.

5.1.6. Catalase

A tissue 5% homogenate of liver or brain was prepared in cold potassium phosphate buffer
containing Immole/L. EDTA. The supernatant that surfaced was used for catalase assay as
described in the assay protocol provided by Cayman Chemical Company. The catalase assay
kit used the peroxidatic function of CAT for determination of enzyme activity. The enzyme
reacts with methanol in the presence of an optimal concentration of H20z. The formaldehyde
produced is measured spectrophotometrically (¢ = 540 nm) with 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (Purpald) as the chromogen. Purpald specifically forms a bicyclic
heterocycle with aldehydes, which upon oxidation changes from colorless to a purple color.
One unit is defined as the amount of enzyme that will cause the formation of 1.0 nmol of
formaldehyde per minute at 250°C.

5.1.7. Glutathione S- transferase (GST)

Tissues from control and experimental mice were homogenized in cold potassium
phosphate containing 2 mmole/L EDTA. Homogenates were centrifuged and the
supernatants used for the assay of Glutathione S-transferase, GST. GST activity was
measured from the quantity of 1-Chloro-2, 4-Dinitrobenzene (CDNB) conjugated to
glutathione. The one unit of enzyme conjugates 1.0 nmole of CDNB with reduced
glutathione/min/mg.

5.1.8. Statistical treatment of the data

Data presented in the Tables 4 and 5 are mean + standard deviation (SD) of 9 animals per
group. The data were subjected to analysis of variance (ANOVA) and when means were
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significantly different they were further subjected to Tukey test. The percentage variation
from controls was calculated and presented in the following results section. A value of P <

0.05 was considered significant.

Oxidative Stress Marker Control BDE-209 % change
LPO 2.06 +0.63 2.94+1.33 +42.72%
SOD 13.89 +1.77 19.25 + 2.56 +38.58*
GPx 103.43 +14.77 85.92 +5.61 -16.93*
Catalase 58.78 + 14.22 44.54+5.9 -24.22~
GST 0.22 +0.07 0.17 +0.05 -22.73+

Table 4. The lipid hydroperoxides and antioxidant enzyme activities in the brain tissue. Values are

mean + Standard deviation (1 = 9). *Significant at p < 0.05, = not significant

Oxidative Stress Marker Control BDE-209 % change
LPO 22.52+2.76 27.31+1.98 +21.67*
SOD 33.37 +1.59 30.69 +1.77 -8.03+
GPx 198.77 + 26.87 143.78 +7.8 -28.01*
Catalase 134.75 + 18.34 92.78 +10.54 -31.15*
GST 4.32+0.9 2.97 0.3 -31.3*

Table 5. The lipid hydroperoxides and antioxidant enzyme activities in the liver tissue. Values are
mean + Standard deviation (n = 9). *Significant at p < 0.05, *not significant

6. Results

The overall short term effect of BDE-209 over a period of four days is a remarkable
disruption in the oxidant/antioxidant equilibrium. First, the levels of lipid hydroperoxides
in the experimental tissues, liver and brain, have increased considerably. The percent
increase in the levels of lipid hydroperoxides in liver was 27.67 % (p < 0.05) and in brain was
42.72% (p < 0.05) over controls. These results are shown in Table 4 and 5. The activities of
SOD showed varied response in brain and liver. In liver, though there was a decrease in
activity by 8.03 %, when compared to controls, it was not statistically significant. However
in brain there was significant ((p < 0.05) increase in activity (38.58%). Another anti-oxidant
enzyme activity measured was the GPx. The activity of this enzyme has been reduced in
both brain (16.93%) and liver tissues (28.01%). These percentage changes also were
significant at p < 0.05 for both the tissues.

The enzyme catalase also suffered a similar reduction in activity over a four day exposure to
BDE-209. Both in the brain and the liver tissues the catalase activity was lowered. In the
brain there was a 24.22% of reduction and in liver it went down by 31.15%. Just like GPx and
catalase, GST also can reveal oxidative damage. In the present work GST activities were
decreased in exposed liver by 31.3% (p < 0.05) and in brain by about 22.73% (NS). All the
above results clearly exhibited differential susceptibility of mice liver and brain tissues to
BDE-209 — induced oxidative stress.
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7. Discussion

The results of this study clearly indicate the susceptibility of mice brain and liver tissues to
BDE-209 induced damage when exposed to 0.25 mg/kg body weight for four consecutive
days. The oxidative stress markers namely, lipid hydroperoxides, were found to increase in
both the exposed liver and brain tissues. The increase in the lipid hydroperoxide levels
could be due to an immediate perturbation in metabolizing enzymes in liver [54].The degree
to which this can happen is yet open for further research. Liver being an important
metabolizing organ hydrolyzes PBDEs in its attempt to eliminate them from the body. In
this process the metabolites formed might possess greater toxicity than the parent BDE [55],
thus making the liver prone to excessive damage. In the present study, BDE-209 exposed
brains also showed significant increase in lipid hydroperoxides. Similar observations of
increased peroxidation in the brain regions of adult rats exposed to two different
concentrations of BDE-99 [42] lend support to this observation. In another study an
increased peroxidation was noted in rat hippocampal neurons during BDE-47 exposure [49].
Additionally, there are reports on BDE-99 exposure in rats causing an increased ROS
production in the tissues [47,55]. The mechanism responsible for ROS generation during
PBDEs is not clear; however, it is suggested that PBDEs are electron acceptors under
standard conditions prevailing in biological systems [51]. Reports on PBDE exposure and
their involvement in the release of [3H] arachidonic acid, protein kinase-C translocation, and
disruption in calcium homeostasis [56,57] could further offer an explanation for the
mechanism of ROS formation [49]. Thus the present observation of increased lipid
hydroperoxide levels in the liver and brain tissues of mice substantiates higher lipid
peroxidation process and oxidative stress following BDE-209 exposure.

The objective of the second part of this study was to examine how antioxidative enzymes
responded to BDE-209 exposure in mice tissues. Although lipid hydroperoxides and lipid
peroxidation have increased in the tissues, there was no corresponding increase in all the
protective antioxidant enzymes studied, namely, SOD, GPx, catalase and GST in BDE-209
exposed mice tissues with the exception of brain SOD. The elevated lipid hydroperoxides
under normal conditions should trigger an increase in antioxidant enzyme activity to suit
the increased need to quench them. But in the present study there was a decrease in the
activities of GPx, GST and catalse in the liver tissue. A decrease in catalase reflects an
inability of the liver to remove hydrogen peroxide. As mentioned already, both catalase and
GPx show high cooperativity in their action [58]. During the periods of increased
hydroperoxide formation catalase activity depends on GPX activity to keep from being
inactivated. On account of decreased GPx activity in BDE-209 exposed tissues of mice, the
catalase might be inactivated by higher concentration of hydroperoxides. Glutathione-S-
transferase is another antioxidant enzyme whose activity was reduced in liver tissue during
BDE-209 exposure. BDE-99 exposure in rats showed a similar response of decreased
antioxidant enzymes at 0.6 mg/kg bw [42]. In another report on BDE-99, rat liver and kidney
showed an upsurge of lipid peroxidation and unstable antioxidant system [55], rendering
support to our observations. The overall lowered activities of SOD, GPx and catalase in liver
denote that liver tissue is not able to quench increased ROS and oxidative stress. These
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findings thus show that BDE- 209 brings about an oxidative stress in liver tissue not only
through increased lipid hydroperoxide formation but also by reduced antioxidative enzyme
protection.

The responses in the brain tissues were different with respect to SOD, catalase, and GST.
Unlike in liver, SOD activity in brain was elevated indicating the presence of some degree of
protection in the brain tissue against the oxidative damage. Though catalase and GST
activities showed reduction (a trend as seen in the liver tissue) the values however, were
not statistically significant. This variation in responses in brain compared to liver suggests
that brain tissue was able to cope with increased lipid hydroperoxides to some degree, by
way of increased SOD activity. The differences in responses in liver and brain tissues
could be due to their intrinsic biochemical and functional differences. Brain with its high
rate of O2 utilization, high levels of polyunsaturated lipids tends to respond differently
[59]. A report on GST of rat brain regions after BDE-99 treatment showed similar response
[47]. Further, the dosage used in this study could have resulted in this response in the
brain tissue. A study [42] on the adult rat brains exposed to 2 different concentrations of
BDE-99 showed contrasting results on TBARS (indicative of oxidative stress) levels. At
lower dosage of exposure, the levels of TBARS were found to be reduced and at higher
dosage they were increased. There are reports on rats showing decreased antioxidative
enzymes in brain tissue during BDE-99 indicating that not all congeners have the same
impact on the tissues. Another observation made by the authors (MCV) is BDE-209 is
much less toxic compared to BDE-85 [60].

In summary, exposing mice to BDE-209 for four days has brought about an increased lipid
hydroperoxide production as seen in the liver and brain tissues. The consequent
peroxidation process has significantly impeded the activity of antioxidant enzymes, GPx,
GST and catalase, in liver. Brain tissue on the other hand, showed elevated SOD, lowered
GPx without significantly reducing catalase and GST activities. The results of this study
indicate that BDE-209 congener of PBDEs has grave potential to disrupt the activity of
antioxidant enzymes and induce oxidative stress. Additionally, liver seemed to be more
susceptible to this toxicant than the brain. These differences in responses in these two tissues
could be due to their inherent biochemical and functional differences.

8. Conclusion

Plasma membrane covers a cell and acts as a barrier between the internal and external
environment thereof. It also regulates the movement of molecules across it. Chemically, the
plasma membrane is a bi-layer composed of phospholipids and proteins. Membrane lipids
form the bulk of the membrane itself and are more abundantly found than the proteins;
however, they are smaller in size. Lipids serve as semipermeable barrier allowing only those
materials that are lipid soluble and non-polar in nature to freely cross the plasma
membrane. The membrane proteins give structural support and also have several functions
including serving as transporters, receptors, enzymes and anchors. Carbohydrates which



Lipid Peroxidation and Polybrominated Diphenyl Ethers — A Toxicological Perspective 531

are attached to the membrane proteins serve as identification markers and help in the
differentiation of self from non-self. Thus the plasma membrane is a very important
structure of the cell and disruption in its structure leads to disruption in cellular function.
The membrane lipids are prone to disruption and loss of selective permeability needed for
normal metabolism especially through lipid peroxidation by free radicals.

Free radicals are atoms or molecules with one or more unpaired electrons in their outermost
shell. Free radicals with oxygen are called reactive oxygen species (ROS). Examples of ROS
include hydrogen peroxide, hydroxyl radicals, and superoxide anions. From time to time
free radicals are generated as part of aerobic life during normal metabolism and in some
instances these radicals are intentionally generated as part of normal signal transduction
process. Superoxide anions are generated in cell organelles such as mitochondria and
microsomes. These anions can react with biological molecules the most due to their longer
half-life. Another most reactive free radical of the cell is hydroxyl radical. This radical is
formed by the hemolytic fission of hydrogen peroxide. Free radicals, due to their high
reactivity, attack other macromolecules within their vicinity and cause disruption of these
molecules. When these free radicals attack proteins they change their biophysics thereby
leading to functional disruption. They also earned notoriety in disrupting DNA and gene
expression. It is reported that twenty types of alterations are introduced in the DNA by
these ROS leading to variations in the gene expression. Last but not the least, ROS also can
attack lipids especially the membrane lipids of the cell and cause extensive damage to the
cellular function. Free radicals steal electrons from the polyunsaturated fatty acids (PUFAs)
and other lipoproteins of the cells and initiate an attack called lipid peroxidation. The
peroxidation of lipids occurs in three steps, namely, initiation, propagation and termination.
In particular, lipid peroxidation characterized by low density lipoproteins plays an
important role in atherosclerosis.

All cells have antioxidants in place to counteract the harmful effects of free radicals.
Antioxidants are of two types, chain breaking antioxidants and preventive type. Vitamins
such as E and C are examples for chain breaking type as they donate electrons to the existing
free radicals and lessen their degree of reactivity to prevent further oxidative damage. The
second category of antioxidants (the preventive type) consists of enzymes that scavenge the
free radicals before they initiate oxidative attack. Glutathione is an important antioxidant of
the cells whose function includes anti-oxidation, strengthening immune system, building
DNA, and detoxification of medications and cancer causing compounds. The diverse
functions of glutathione are mainly due to the sulfthydryl group in one of its amino acids
known as cysteine. Vitamins C, E and provitamin A also play a role in protecting the body
against the free radical induced damage. There are many enzymes inside the cells with
antioxidant property. The most important antioxidant enzymes present inside the cells are
superoxide dismutase (SOD), catalase, glutathione peroxidase, and glutathione S-
transferase. SOD catalyzes the dismutation of superoxide anion to O: and H:02 GPx
catalyzes the reduction of hydroperoxides and serves to protect the cell from the hostile
free radicals. Catalase, another antioxidant enzyme, along with GPx, is essential for
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removing the hydrogen peroxide formed during oxidation reactions. GST along with
glutathione and GPx neutralizes free radicals and lipid hydroperoxides especially at low
levels of oxidative stress.

Polybrominated diphenyl ethers (PBDEs) are organic brominated flame retardants that were
introduced into the market in 1970s and are added in large quantities to many commercial
and household products such as computers, TVs, foam mattresses, carpets, etc., to inhibit
ignition and prevent fire accidents. Ever since they were introduced into the market, deaths
due to fire accidents abated significantly. Commercially these chemicals are available in
three mixtures, pentaBDEs, octaBDEs and decaBDEs. Currently, deca BDE constitutes 97%
of the total production of PBDEs worldwide and it is the only BDE which is in use in the US.
PBDEs are lipophilic and resistant to chemical and physical degradation. Due to their
persistent nature, they have become widespread environmental contaminants. Avoiding
exposure to PBDEs is nearly impossible as they are ubiquitously found in air, water and
food. Few toxic studies on PBDEs are reported in laboratory animals. There are some
reports indicating that PBDEs can induce disruption in spontaneous behavior, reduced
habituation, impaired memory and learning in rats exposed during critical developmental
period. When the toxic effect of BDE-209 was explored in the mice at 0.25 mg/kg body
weight, it became clearly evident that this particular BDE triggers lipid hydroperoxide
generation and increased lipid peroxidation process. Additionally, the antioxidant
enzymes were diminished in liver, but in brain the levels of SOD increased without any
change in catalase and GST. These results show that BDE-209 has the ability to elicit
serious oxidative stress in mice with increased lipid peroxidation and decreased
antioxidant protection. Research is underway to understand the effects of BDE-209 on the
expression of genes and to find out if it are responsible for impairment of cell cycle
regulation and causing apoptosis.
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