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Abstract
Parkinson’s disease (PD), the most common neurodegenerative movement disorder, is associated
with selective degeneration of nigrostriatal dopamine neurons. While the underlying mechanisms
contributing to neurodegeneration in PD appear to be multifactorial, mitochondrial impairment
and oxidative stress are widely considered to be central to many forms of the disease. Whether
oxidative stress is a cause or consequence of dopaminergic death, there is substantial evidence for
oxidative stress in both human PD patients and in animal models of PD, especially using rotenone,
a complex I inhibitor. There are many indices of oxidative stress, but this review covers the recent
evidence for oxidative damage to nucleic acids, lipids and proteins in both the brain and peripheral
tissues in human PD and in the rotenone model. Limitations of the existing literature and future
perspectives are discussed. Understanding how each particular macromolecule is damaged by
oxidative stress and the interplay of secondary damage to other biomolecules may help design
better targets for treatment of PD.
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Oxidative damage: an overview
Free radicals are chemical species that contain one or more unpaired electrons in their outer
orbit. Although free radicals may be very reactive, their reactivity varies depending on the
particular species. Collectively, reactive oxygen species (ROS) include both oxygen radicals
and non-radical derivatives of O2 that are oxidizing agents and/or are easily converted into
radicals. Three biologically important ROS in mammalian cells are: superoxide (O2

−),
hydrogen peroxide (H2O2), and the hydroxyl radical (OH·, Fig. 1). Each plays a significant
physiological role in the body; for instance, as part of the artillery of the immune system,
O2

− is involved in killing invading microorganisms [1], and H2O2 is an important signaling
molecule.

In eukaryotic cells, mitochondria are the major source of oxygen radicals, which are formed
during oxidative adenosine-5′-triphosphate (ATP) production. The mitochondria use about
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80% of the O2 we inhale [2–4] and during the course of oxidative phosphorylation,
molecular O2 is reduced to H2O. However, there is normally also leakage of a very small
proportion of electrons from the electron transport chain (ETC) directly to O2 to produce
O2

−. Of the O2 reduced in the mitochondria, 1–3% may form O2
−; however this may be an

overestimation [5]. The relative role of each ETC complex in forming O2
− differs by tissue,

yet complex I is a major source of O2
− in the brain [6].

Despite the requirement for O2 to generate ATP in aerobes, oxidative toxicity/damage
occurs even in ambient levels of O2. In a seminal paper in 1954, Denham Harman first
proposed that oxygen radicals were responsible for the damaging effects of O2 and since
then, the free radical theory of aging has expanded to include the mitochondrion’s role in the
production of ROS [7]. Since superoxide can be toxic, nearly all organisms living in the
presence of oxygen contain isoforms of the superoxide scavenging enzyme, superoxide
dismutase, which catalyzes the dismutation of superoxide into O2 and H2O2 [6, 8]. Although
H2O2 is not a free radical, it is a reactive oxygen species and it still may be dangerous
because it can easily be converted, by interacting with Fe2+, into OH·, one of the most
destructive free radicals. ROS may also be produced by monoamine oxidase in the outer
mitochondrial membrane, as well as by specific Krebs cycle enzymes [6]. In general, ROS
can either directly cause damage or participate in unwanted side reactions, resulting in cell
damage.

An imbalance between the production of ROS and the ability to detoxify the reactive
intermediates results in oxidative stress. Excessive ROS can damage all macromolecules,
including nucleic acids, lipids and proteins, leading to an overall progressive decline in
physiological function. Nucleic acids, both RNA and DNA, are subject to oxidative damage,
with DNA damage occurring most readily at guanine bases. Free radical damage to fatty
acids (known as lipid peroxidation), results in lipid degradation and cell membrane damage.
ROS attack on proteins may be reversible or irreversible, often leading to either a loss
function or protein aggregation. Oxidative damage has been characterized and implicated in
aging [9], as well as in a variety of diseases such as cancer [10] and neurological disorders
including Parkinson’s disease (PD) [11].

Direct measurement of ROS is often difficult due their short lifespan and there is not a
practical method for ROS measurement in the living human brain. Thus, much of the current
evidence for oxidative stress in neurological disease comes from measurement of oxidative
modifications of various cellular components. In PD, there is considerable evidence for
ROS-mediated damage in postmortem brain samples as well as in other tissues, even outside
of the central nervous system. Moreover, animal models also provide convincing evidence
for oxidative stress in PD. In fact, many of the current animal models of PD utilize oxidative
stress as a means to selectively damage the nigrostriatal dopamine system in order to
replicate the clinical, pathological and biochemical features of PD [12]. In this regard, fly,
rat and non-human primate models using rotenone, a mitochondrial complex I inhibitor,
replicate many of the core characteristics of PD and provide evidence for oxidative stress
[12]. Here we will review the recent evidence for oxidative damage to nucleic acids, lipids
and proteins in both the brain and peripheral tissues in human PD and in the rotenone model
thereof.

Introduction to Parkinson’s disease
PD is the most common neurodegenerative movement disorder. A central pathological
hallmark of PD is the selective loss of dopamine (DA) neurons in the substantia nigra pars
compacta (SNpc). These dopaminergic neurons are required for proper motor function, and
their loss is associated with tremor, rigidity, bradykinesia and postural instability. To date,
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treatments are only symptomatic; they do not alter the inexorable progression of the disease
– and PD patients continue to experience a higher mortality rate compared to the general
population [13–15]. Even with expert treatment, PD patients typically deteriorate over time
and endure considerable motor and cognitive disability in the years after diagnosis.

A second neuropathological hallmark of PD is the Lewy body (LB), which is a cytoplasmic
spherical proteinaceous inclusion. LBs have been reported to contain various proteins
including but not limited to alpha-synuclein, ubiquitin, parkin, and neurofilaments [16–18].
Whether LBs are neuroprotective or pathogenic in PD is controversial and is reviewed
elsewhere [18]. The mechanisms by which alpha-synuclein and other proteins aggregate to
form Lewy pathology are uncertain, but may involve oxidative modifications and/or cross-
linking.

Historically, the neurodegeneration of PD was thought to be confined to dopaminergic cell
loss in the SNpc; however, cell loss and neuropathology occur elsewhere, including in the
locus coeruleus, raphe, nucleus basalis of Meynert, dorsal motor nucleus of the vagus,
cerebral cortex, olfactory bulb and autonomic nervous system [19]. In addition, hippocampal
and cortical neurodegeneration may contribute to dementia that is often associated with PD.
It is likely that these nondopaminergic pathways are involved in the non-motor PD
symptoms that often develop (reviewed in [18]).

Oxidative damage in human PD
The brain is particularly susceptible to oxidative damage due to its high levels of
polyunsaturated fatty acids and relatively low antioxidant activity [20]. The majority of the
resultant oxidative damage in PD has been found in the SN, as most of the research on
underlying mechanisms of neurodegeneration in PD has focused on this brain region.
However, mitochondrial dysfunction and complex I inhibition are not limited to the brain in
PD, and oxidative damage has been reported in peripheral tissues of PD patients. While a
wide variety of biological molecules undergo oxidative damage in PD, damage to the three
classes of macromolecules will be reviewed below.

Oxidative damage to nucleic acids in human PD brain
ROS can damage nucleic acids, including DNA and RNA. DNA damage is any modification
of DNA that alters its coding properties or interferes with normal metabolic function – and it
is linked to many different types of diseases [21]. Unrepaired DNA damage may have major
consequences for the cell, including genetic and protein instability. The presumed slow
accumulation of oxidative DNA damage in both the mitochondrial and nuclear genomes can
potentially trigger cell death. This type of damage would be particularly deleterious to
neurons, which cannot rely on self-renewal through cell proliferation. Limited types of
oxidative RNA damage have been reported, even though RNA should be at least equally
subject to oxidative insults, if not more susceptible [22].

In general, very little is known about DNA damage in PD. Specific types of oxidative DNA
damage are reported to be elevated in the SN in PD, but are not restricted to this brain region
[23–25]. In PD, the number of strand breaks in nuclear DNA is higher in the SN than in
other brain areas, and there is evidence of alterations in DNA conformation and stability in
the SN as well [25]. Alam and colleagues [23] reported that the sum of guanine damage
products in nuclear DNA is not higher in PD brains relative to age-matched controls.
Interestingly, however, if the guanine damaged products are evaluated separately, levels of
8-oxo-deoxyguanine (8-oxo-dG) are increased in the SN, frontal pole, and medial putamen,
while FAPy guanine is reduced in almost every brain area in PD tissue when compared to
the controls [23]. The mechanisms eliciting the selective rise in 8-oxo-dG and reduction in
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FAPy guanine are unknown, but the authors speculate that these results may not reflect a
true rise or decline in damage products, but rather a shift in the chemical nature of guanine
damage products due to more oxidizing conditions of the PD brain [23]. While these studies
have been informative, there are limitations to the interpretation of the results. An artificially
higher number of oxidative lesions may be associated with phenol chloroform extractions
[26]. Further, the oxidative DNA damage observed in these studies was not ascribed to a
particular cell type. In addition, mitochondrial DNA damage was not investigated [23, 25].
Such evaluation may be crucial, as mitochondrial DNA is reported to be more susceptible to
oxidative damage than nuclear DNA [27].

To determine the sub-cellular distribution of DNA damage, Zhang and colleagues [24] used
an immunohistochemical approach, with an antibody that recognizes both the DNA and
RNA damaged products, 8-oxo-dG and 8-oxo-G, respectively. In age-matched controls,
immunoreactivity is rarely observed, whereas it is increased in PD brains, particularly in the
ventrolateral SN, as well as in additional midbrain regions and glial cells [24]. The reported
immunoreactivity is restricted to the cytoplasm of the neuron, which suggests higher
oxidatively damaged mitochondrial DNA and/or RNA [24]. These results are in contrast to
previous results that show an increase of 8-oxo-dG with age in both nuclear and
mitochondrial DNA from human postmortem brains [28].

This lesion, 8-oxo-dG, has been a particularly popular subject of study since it is an
abundant, promutagenic lesion [29, 30] and there a variety of assays available for its
measurement. While these features may render 8-oxo-dG lesions particularly harmful for
replicating cells, this lesion type does not block transcription and represents a small fraction
of total ROS-induced lesions [31]. Therefore, it is unlikely that this lesion itself is
significantly interfering with cell metabolism in post-mitotic cells, but rather problems may
arise with further oxidative DNA damage products, if it is left unrepaired. Furthermore, the
current available data on levels of 8-oxo-dG are conflicting, probably due to technical
problems involving sensitivity, background, sample preparation issues and an antibody with
unclear specificity [26].

Overall, in all three studies [23–25], late stage PD cases were used, and therefore the
increase in DNA damage was found in the remaining small fraction of surviving neurons (or
perhaps glia), as it is likely that by this point, the vast majority of dopaminergic neurons
have already degenerated. It is unclear whether DNA damage is responsible for neuronal
loss or is an epiphenomenon of the disease in the surviving neurons—or both. Studies
investigating the specific types of oxidative lesions, the proportion of nuclear vs.
mitochondrial DNA damage, and levels in early PD cases will help further elucidate the role
of DNA damage in PD. Furthermore, levels of oxidized RNA have not been evaluated in PD
brains relative to controls, and will be important for further investigation, in order to shed
light on whether or not the rise in oxidative DNA damage is specific to this nucleic acid.

Oxidative nucleic acid damage within and outside of the central nervous system
PD is increasingly being viewed as a systemic illness that affects tissues outside the brain
and even outside the nervous system. Higher levels of oxidative damage to nucleic acids are
found in cerebrospinal fluid (CSF) samples from PD patients [32, 33]. Damage to nucleic
acid in PD has also been reported outside of the central nervous system (CNS).
Lymphocytes are white blood cells that play a role in immune function. Lymphocytes are
differentiated and post-mitotic; however, they can be renewed by stem cells. In the blood,
the majority of nuclear and mitochondrial DNA originates from the lymphocytes. There is
conflicting evidence regarding DNA damage levels in PD versus healthy control
lymphocytes, with some studies indicating higher levels and others reporting no difference
[34–38]. In one study, there is a gender bias - higher in females vs. males, with serum levels
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of nucleic acid oxidation higher overall in PD patients [32]. In this study, the specific
cellular source of DNA or RNA was unclear. Mitochondrial DNA damage has not been
evaluated in PD lymphocytes, platelets or CSF.

Two studies have analyzed 8-oxo-dG in urinary samples from PD patients and healthy
controls and found opposing results. Halliwell’s group reported higher levels of 8-oxo-dG in
early PD [39], while a different group demonstrated a rise in 8-oxo-dG with increasing
severity of PD [40]. These differences might be attributable to the different methods used to
assay 8-oxo-dG. In addition, the one study used samples collected from patients during
hospitalization and it is unknown if their illness or treatment affected total 8-oxo-dG levels
[40].

DNA repair in human PD
Maintaining the integrity of the genome is imperative for faithful replication of DNA, as
well as for proper functioning of cellular metabolism; however, various endogenous and
environmental agents can damage DNA. To protect against DNA damage, numerous
mechanisms within the cell are devoted to DNA repair (reviewed in [41]). Expression of
proteins involved in the repair of oxidative DNA damage, (OGG1, MUTY, and MTH1), is
increased in dopaminergic neurons in the SN of PD patients [42–44]. Up-regulation of these
DNA repair enzymes likely represents a compensatory response to oxidative DNA damage.
Recently, an association between DNA repair variants and an increased PD risk was
reported [45]. However, the role of DNA repair proteins in the development of PD is unclear
and remains a promising avenue for investigation.

Mitochondrial DNA mutations in human PD
Damage to DNA, whether it is oxidative or not, may interfere with DNA replication and
must to be repaired. If the damaged DNA is not repaired, this may result in a mutation.
However, mutations may arise independently of damaged DNA through other mechanisms,
and therefore mutational analysis is not necessarily an indirect measure of oxidative DNA
damage. Levels of somatic mitochondrial DNA (mtDNA) mutations are modestly increased
in late-stage PD patients [46–48]. Interestingly, larger increases in mtDNA mutations are
reported in incidental LB disease (presumed to be pre-symptomatic PD) compared to late-
stage PD or controls [49]. It is important to note that the robustness of mtDNA mutation
analysis has now been questioned [50], and the functional consequences of the reported
somatic mtDNA mutations are unclear.

Lipid peroxidation in human PD brain
Lipid peroxidation refers to the process by which lipids are oxidized leading to degradation.
Polyunsaturated fatty acids (PUFAs) are the most prone to lipid peroxidation. After adipose
tissue, the organ with the highest lipid content is the brain. Particularly enriched in the brain
are the two PUFAs, arachidonic and docosahexaenoic acids, the components of which must
be obtained from the diet [51]. Phosopholipid composition is dynamic throughout life;
shorter PUFAs increase with age while longer PUFAs decrease with age [52]. Lipids in
general are involved in membrane fluidity and permeability, can serve as an energy
reservoir, and mediate inflammatory processes and apoptotic signals [53]. While specific
lipid oxidation products can act as signaling molecules and exert protective cellular effects
[54, 55], damaged or oxidized lipids may have deleterious effects on the aforementioned
functions and lead to neuronal damage and ultimately death.

The rate of phospholipid membrane turnover in the SN is low, and may affect the ability of
neurons to respond to stress [56]. Several markers of lipid peroxidation have been found to
be significantly increased in PD brains. One particular marker of lipid peroxidation is
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malondialdehyde, (MDA), which largely results from peroxidation of PUFAs with more
than two double bonds. The first report of lipid peroxidation in PD showed higher levels of
MDA, although the overall levels of PUFAs were reduced in the SN from PD patients, as
compared to other brain regions and control tissue [57]. The frontal cortex from PD patients
exhibited higher levels of MDA [58, 59], and interestingly, lower levels of MDA were
observed in the caudate nucleus and putamen [58]. However, the thiobarbituric assay to
measure MDA levels is now in question, and these studies should be interpreted with
caution [6].

A battery of additional lipid peroxidation markers have also been found to be increased in
PD. An early marker of lipid peroxidation, cholesterol lipid hydroperoxide, is increased 10-
fold in PD SN compared to control subjects [60]. Isofurans, byproducts of arachidonic acid
peroxidation, are specifically increased in both the SN of PD patients and in patients with
LB disease, but are not elevated in other neurodegenerative diseases [61]. Acrolein is also
higher in neuromelanin positive neurons in the SN of PD patients [62]. In addition,
approximately one third of neuromelanin positive neurons labeled for acrolein in PD
samples also co-localize with alpha-synuclein [62]. Recently it has been proposed that
PUFAs may play a role in either stimulating or promoting α-synuclein aggregation [53].

4-Hydroxy-2-non-nenal (HNE) is a compound typically formed during the peroxidation of
PUFAs with the double carbon bond six carbons from the methyl end of the chain. HNE is
present in LBs in PD and in diffuse LB disease [63]. HNE adducts are detected in nigral
neurons of PD patients, while these adducts are not as frequently observed in adjacent
nuclei, glia or in nigral neurons of controls [64]. There is specificity to particular lipid
peroxidation products, as not all are found in the PD brain. Levels of F2-isoprostanes (F2-
iPs), which are chemically stable prostaglandin-like compounds formed from PUFAs with at
least three carbon double bonds, were not elevated in PD [61, 65]. However, these studies
only evaluated a small cohort of PD patients and a larger sample size is necessary to verify
these results.

Peripheral lipid peroxidation in PD
There is strong evidence for lipid peroxidation in blood from PD patients. Plasma MDA
levels are higher in PD patients than healthy controls [66]. Plasma levels of the oxidized
lipid product, hydroxyeicosatetraenoic acid, are also elevated in PD patients [67]. In one
study, serum MDA levels were higher in patients with PD relative to healthy controls [68],
but this was not confirmed in two other studies [69, 70]. Higher levels of MDA were
reported in PD leukocytes [71]. In PD patients, erythrocytes are more susceptible to lipid
peroxidation [72], in addition to having higher MDA levels [71]. Two studies found higher
plasma lipid peroxides in the PD group than in the control group [72, 73]. Plasma levels of
8,12-isoprostaneF2[alpha]-VI (iP), a type of F2-iP, are similar in PD subjects and controls, but
iP urine levels are higher in PD, although there is substantial overlap with controls [74]. This
was consistent with two additional studies that showed plasma F2-iPs levels are similar in
the PD and control group [67, 75]. However, sample size may be crucial in detecting a
significant difference among groups. When Halliwell’s group expanded the sample size of
PD patients, they found that overall plasma F2-iPs levels did in fact increase, and that the
highest levels are correlated with those with early PD [39].

There are limited studies investigating lipid peroxidation in the CSF of PD patients, but lipid
peroxidation products are reported to be significantly elevated in the CSF of PD patients
[76]. HNE is also significantly increased in the CSF of PD patients and the difference in
HNE is greater in CSF than in serum [77]. In addition, MDA is increased in the CSF of
newly diagnosed non-treated PD patients [78]. This result is in contrast, however, with a
later study indicating that CSF levels of MDA are not correlated with PD status [79].
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Using skin fibroblasts from PD patients, cholesterol biosynthetic capability was found to be
lower compared to healthy controls [80]. Using primary fibroblasts cultures established from
skin biopsies, those patients who were homozygous for the mutation G309D-PINK1 showed
an increase in MDA levels relative to heterozygous carriers or controls [81]. As the
technology to differentiate fibroblasts into neurons continues to progress, the utility of this
model system will likely be used to further investigate mechanisms of PD [82].

Overall there is ample support for lipid peroxidation in both the brain and in the periphery in
PD. Future studies may include investigation of cardiolipin, which is contained in the
mitochondrial inner membrane and which may contribute to age-related decline in
mitochondrial function [83]. Given the role of cardiolipin and its metabolites in apoptosis,
cardiolipin as a target for oxidative damage seems likely [84]. Interestingly, cardiolipin
forms a triple complex with cytochrome c and alpha-synuclein, which exerts a peroxidase
activity and leads to aggregation of alpha-synuclein [85]. In addition, there has been
renewed interested in the role of sphingolipids and PD as a result of the recent reports
associating mutations in the glucocerebrosidase gene and the development of PD, even in
heterozygrous carriers [86].

Protein oxidation in human PD
ROS can damage proteins in a reversible manner, such as methionine sulfoxide formation.
Proteins can also be damaged by ROS in an irreversible fashion, for example amine groups
on side chains of specific amino acid may be modified into carbonyls. Oxidative stress in the
cell does not damage proteins universally. Certain proteins appear to be more vulnerable to
oxidative damage. In addition, specific residues, such as cysteine or selenocysteine, are
targeted for oxidation. Oxidative damage to proteins may alter expression levels and/or
confer a toxic loss or gain of function. Moreover, oxidative damage to enzymes, receptors
and antibodies may have significant functional consequences to the cell: oxidative protein
damage may exert its effects on regulatory, metabolic, transport and signal transduction
pathways that may impair crucial functions within the cell.

One of the most commonly used markers of protein oxidation is protein carbonyl content.
An increase in protein carbonyls is found in PD-relevant brain regions compared to healthy
controls [87]; however, the elevated levels of protein carbonyls are widespread and are not
restricted to specific brain regions. Interestingly, protein carbonyls are not higher in
incidental LB disease, suggesting that this is a phenotype that may progress with disease
severity [87]. Another group confirmed that protein carbonyls are increased in the frontal
cortex of PD patients relative to controls [59]. Recently, it was demonstrated that specific
complex I subunits of PD frontal cortex showed increased protein carbonyl damage relative
to controls [88].

While most studies have used brain homogenates and evaluated total protein carbonyl
content, specific proteins have also been found to be oxidatively damaged in PD. Mutations
in the DJ-1 gene lead to early onset familial PD [89]. Several studies have found DJ-1 to be
more oxidized in PD brains [90, 91]. Furthermore, in the frontal cortex of idiopathic PD
cases, there is evidence for DJ-1 cysteine and methionine oxidation [92]. Mutations in the
uibiquitin carboxy-terminal hydrolase L1 (UCH-L1) gene have also been linked to PD [93].
Interestingly, carbonyl formation, and methionine and cysteine oxidation occur on UCH-L1
in idiopathic PD [94]. Iron dysregulation has also been associated with PD [95]. One key
player in iron metabolism, transferrin, has increased oxidized thiols in SN of human PD
patients [96].
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Peripheral protein oxidation in PD
In peripheral tissues in PD, there is conflicting evidence for protein oxidation. One study
found an increase in protein carbonyls in PD leukocytes [71], while another found no
difference when compared to controls [97]. No differences in protein carbonyls are found in
PD plasma [98]; yet this may be related to the clinical stage, as a different study found that
protein carbonyls increased in later PD stages [71]. This same group also found an increase
in protein carbonyls in PD erthyrocytes in later stage patients. Higher levels of oxidized
DJ-1 (cysteine residue 106) in erthryocytes are found in untreated PD patients compared to
controls or PD patients that had been treated [99].

Environmental risk factors associated with PD: Link to rotenone
PD is widely accepted as a multifactorial disease - with both genetic and environmental
contributions. About 10% of PD cases are estimated to have a monogenic cause; the
remaining cases are called “sporadic” or “idiopathic”, with unknown origin. In fact,
epidemiological evidence from twin studies points to a small role of genetic factors in
causing typical PD, especially after age 50 [100–105]. Although genetics have an important
role in PD pathogenesis, other factors must be at play. Geographic variations in PD
distribution within and among countries support environmental risk factors [106–109].

Many environmental risk factors have been implicated in PD [110]. Factors that may
enhance or decrease PD susceptibility, include smoking, well water consumption, exercise,
head trauma and infectious agents [111–116]. Exposure to metals has also been postulated to
be a potential environmental risk factor for PD [117–120]. Occupational exposure to
manganese has been suggested to contribute to PD susceptibility, but this remains
controversial [121–124]. One of the primary classes of environmental agents associated with
PD is pesticides, which include fumigants, fungicides, herbicides, insecticides, and
rodenticides [125, 126]. The chronic use of certain herbicides is associated with PD [113,
117, 127], with increased risk applied to certain pesticides [128]. These pesticides may be
used for residential purposes, in fish management and in commercial agriculture. In
addition, residence in a rural environment and presumed exposure to pesticides may be
related to an elevated risk of PD [129]. Several commercial pesticides are known to inhibit
complex I of the ETC [130, 131], but their role in causing parkinsonism is unknown. Of
note, there are many types of naturally-occurring complex I inhibitors that presumably
contaminate our food, water and air [130].

One such pesticide that inhibits complex I is rotenone. Rotenone is a prototypical example
of how an exogenous toxin can mimic clinical and pathological features of PD in an animal
model [132, 133]. Reports that rotenone could reproduce many features of PD in rats led to
follow-up epidemiological studies to investigate the role of human exposure to rotenone as a
risk factor for PD development. Although the number of cases of exposure to rotenone was
low, two small studies found the risk of developing PD elevated [134, 135]. However, in a
follow-up rigorous, case-control study, the examination of 31 pesticides revealed two that
increased the risk of developing PD, one of which is rotenone [136].

The rotenone model of PD
The rotenone model of PD was developed in an effort to experimentally model in vivo
nigrostriatal dopamineric degeneration, LB formation, a systemic complex I defect, and the
potential relevance of pesticide exposure to PD [132]. The pesticide rotenone, a member of
the rotenoids, is derived from the roots or leaves of certain plant species. Rotenone shares a
common mode of action with the pro-parkinsonian toxin, 1-methyl-4-phenylpyridinium
(MPP+), in that it is a specific inhibitor of mitochondrial complex I. In addition, it is able to
readily cross biological membranes, including those of the blood brain barrier, due to its
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hydrophobic nature, thereby gaining access to all organs quickly after exposure [137].
Unlike MPP+, however, rotenone does not depend on specific transporters for access into the
cell. Therefore, rotenone is well suited for in vivo experimentation to investigate systemic
mitochondrial complex I inhibition.

The rotenone model reproduces PD pathology and behavior
Rotenone was first used to model PD by injecting a high concentration directly into the brain
and was found to kill dopaminergic neurons [138]. Others followed up this study by
administering rotenone systemically at very high doses, but this resulted in peripheral
toxicity and non-specific brain lesions [139]. However, when rotenone was used at lower
doses (2–3mg/kg/day), that approximate the complex I inhibition found in platelets from PD
patients, highly selective nigrostriatal degeneration was observed [132]. In addition to
selective degeneration of nigrostriatal dopamine neurons, alpha-synuclein inclusions similar
to LBs were seen in surviving dopaminergic neurons [132]. Additionally, the animals were
hypokinetic and had postural instability [132]. Because rotenone freely enters all cells, the
high susceptibility of DA neurons to rotenone in this study suggested that dopaminergic
neurons are preferentially sensitive to complex I inhibition. In fact, using a radioreceptor
assay, the highest concentration of rotenone in the brain was estimated to be 30 nM [140].
Strikingly, the concentration and degree of inhibition of complex I was uniform in both the
brain and other organs as well [140]. Most importantly, for the first time, the rotenone model
provided a proof of concept: systemic mitochondrial dysfunction can cause selective
nigrostriatal degeneration.

In addition to selective nigrostriatal degeneration, the rotenone model accurately
recapitulated many other features of human PD including anatomical, neurochemical,
behavioral and neuropathological characteristics. In vitro studies have shown that chronic
rotenone exposure leads to the accumulation and aggregation of both alpha-synuclein and
ubiquitin, and caspase-activated cell death [141]. Alpha-synuclein and polyubiquitin
containing LBs and Lewy neurites have also been observed in vivo [132, 133]. The
ubiquitin-proteasome system is also found to be impaired [142, 143]. Iron accumulation
[96], gastrointestinal impairment [144, 145], L-DOPA and apomorphine-responsive
behavioral deficits [133, 146, 147], retinal disease [148–151], and sleep disturbances, which
are typical of human PD, are also recapitulated in the rotenone model [152].

Mechanism of rotenone action
As an inhibitor of mitochondrial respiration, it might be anticipated that rotenone would
exert toxicity by decreasing ATP synthesis (bioenergetic crisis); however, it appears instead
that toxicity in the rotenone model is via oxidative stress [141, 153]. Rotenone specifically
binds complex I with an affinity of 10–20 nM [140] and in so doing, reduces electron flow
to ubiquinone. Upstream of the rotenone binding pocket, there is a site of electron leak in
complex I [154] and, as a result, there are more free electrons available to react with
molecular oxygen to produce O2

−. The generation of O2
−, and further ROS can damage

complex I itself, as well as other complexes of the ETC, especially those containing iron-
sulfur clusters [152]. ROS may also damage other proteins in the mitochondria, as well as
other macromolecules. Therefore, it is thought that the primary mechanism by which
chronic rotenone exposure leads to degeneration of dopaminergic neurons is by cumulative
oxidative damage.

It should be noted that rotenone may have effects other than complex I inhibition, and it has
been claimed that rotenone-induced microtubule disruption (rather than ETC inhibition) may
account for its toxicity in dopamine neurons [154–156]. It was also recently suggested that
rotenone and other complex I inhibitors, do not require complex I inhibition for
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dopaminergic neuronal death [157]. However, these reports do not seem compatible with
results from the Greenamyre lab or the literature: To determine the molecular site of action
of rotenone, cells were transfected with the rotenone-insensitive single-subunit NADH
dehydrogenase of Saccharomyces cerevisiae (NDI1), which incorporates into the
mammalian ETC and acts as a “replacement” for endogenous complex I. In response to
rotenone, NDI1-transfected cells did not show mitochondrial impairment, oxidative damage,
or death, demonstrating that these effects of rotenone were caused by specific interactions at
complex I [158]; similar results have been obtained in in vivo systems [159, 160]. Thus, the
preponderance of evidence suggests that rotenone acts via specific inhibition of complex I
and that chronic oxidative stress plays a more important role than ATP depletion in this
model of PD.

Oxidative nucleic acid damage in the brain and periphery in the rotenone model
Similar to human PD, very little is known regarding nucleic acid damage in the rotenone
model. Multiple in vitro studies with cell lines using an antibody to 8-oxo-dG and 8-oxo-G,
found an increase in nuclear staining following an acute high concentration of rotenone
[161, 162] or a chronic low concentration [141, 163]. Additional types of DNA damage,
including strand breaks were increased following rotenone treatment in cell lines [162, 163].
However, rotenone’s effect on levels of nucleic acid damage may be influenced by the stage
of the cell cycle, and therefore it will be important to pursue further studies in post-mitotic
neurons to better determine relevance for PD. However, one study using an in vivo rotenone
model demonstrated an increase in 8-oxo-dG or 8-oxo-G staining in SN neurons [159].
Lastly, while it has been demonstrated that mitochondrial mutations and rotenone treatment
further exacerbate respiratory dysfunction [164], it has not been tested whether rotenone
alone can induce mutations.

One advantage to the rotenone model is that complex I inhibition is not restricted to the SN,
but is systemic. Therefore, the rotenone model is an ideal platform to study oxidative
damage in peripheral tissues. Currently, there have been no studies utilizing this beneficial
aspect to the model. However, ex vivo treatment of human whole blood and peripheral
lymphocytes with rotenone highlighted cell cycle dependent cytotoxicity in addition to an
increase in chromosomal aberrations and strand breaks [165]. Therefore, one avenue for
future investigations in the rotenone model may include determining nucleic acid oxidative
damage in blood and lymphocytes.

DNA repair in rotenone model
Greene and colleagues [166] were interested in gene pathways affected by a chronic low
concentration of rotenone in human neural cells. Gene sets related to DNA damage and
repair were up-regulated after four weeks of rotenone treatment [166]. In addition, specific
genes involved in the DNA damage response were elevated only after one week of rotenone
treatment. While the interpretation of these studies is limited by the fact that these studies
were performed in replicating cells and not in differentiated or post-mitotic neurons, DNA
repair pathways are likely functionally relevant following rotenone exposure. In addition,
effects of DNA damage may be cumulative, given that the DNA damage sensing and repair
gene responses are augmented with progressive rotenone exposure.

Lipid Peroxidation in rotenone model
In vitro and in vivo rotenone models consistently demonstrate an increase in lipid
peroxidation. In dopaminergic neuroblastoma cells, rotenone treatment induces higher lipid
peroxidation products, as determined by the loss of cis-parinaric acid fluorescence [167].
PC-12 cells or human skin fibroblasts incubated for three days with rotenone showed
increased levels of lipid peroxidation using a C11-BODIPY581/591 dye [161, 168]; yet the
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precise lipid peroxidation products indicated by this particular dye are unclear. Higher levels
of HNE adducts in retinal cell cultures are observed in both neurons and glial cells after
rotenone treatment, although the neuronal population is more sensitive to rotenone toxicity
[169]. In isolated forebrain mitochondria, MDA production induced by rotenone was greater
in the presence of calcium [170]. Several studies found that MDA levels are increased in
midbrain, cerebellum, and striatum of rotenone treated animals compared to vehicle treated
animals [171–176]. There may be a temporal development of MDA in the brain, as MDA
levels increased first in the striatum and later in cortex in an in vivo rotenone model [177].
Interestingly, lipid peroxidation is enhanced in rotenone treated ceruloplasmin, (a copper-
binding ferroxidase), deficient mice [178].

Rotenone model: protein oxidation
Studies using the rotenone model provide convincing evidence of protein oxidation. Overall,
evaluating total protein, rotenone induces protein carbonyls in neuroblastoma cell lines [179,
180]. In a similar cell line, SK-N-MC cells, either short-term or chronic exposure to
rotenone increases protein carbonyls in the insoluble fraction [141, 158]. These results are
also replicated using postnatal midbrain organotypic slices [181]. Additionally, rotenone
treated rats exhibit a three-fold increase in protein carbonyl levels in striatal tissue as
compared to the vehicle group [176].

Multiple studies have also revealed an increase in thiol oxidation with rotenone treatment.
Overall, thiol oxidation is increased in DA neurons when compared to both vehicle treated
and cortical neurons [182]. With acute exposures, rotenone induces a multiphasic response,
with alternating cycles of oxidation and reduction. Thiol oxidation of DA neurons in living
zebrafish larvae is strikingly similar to results in rat primary ventral midbrain cultures [182].
In rats, under basal conditions, DA neurons are more oxidized than neurons in the VTA or
cortical regions [182]. Moreover, in rats or monkeys treated with rotenone to endpoint, DA
neurons show an overall increase in thiol oxidation [96].

Similar to human studies, few groups have investigated oxidation to single proteins in PD
models. There are two examples however using the rotenone model. In SK-N-MC cells, the
mitochondrial form of thioredoxin is oxidized with rotenone treatment [183]. Furthermore,
consistent with the human transferrin protein, the rat tranferrin protein is subject to thiol
oxidation [96].

Conclusions
Human PD samples from both brain and peripheral tissues provide much evidence for
oxidative damage to all categories of macromolecules. While only direct oxidative damage
to nucleic acids, lipids and protein were covered within this review, many other indices of
oxidative stress are also found in human PD. The role of oxidative stress in the etiology of
PD is unclear; however, numerous animal studies, including the rotenone model, confirm the
human postmortem data and suggest that oxidative damage plays a significant role in
pathogenesis.

Antioxidants have been proposed as treatments for PD but, as yet, these strategies have had
limited success in clinical trials. One theory is that by the time of diagnosis it is too late to
save the remaining neurons and efforts should be made to improve early diagnosis—this
would allow administration of antioxidants well before substantial oxidative damage has
occurred. In addition, many of the tested antioxidants have different abilities to access sub-
cellular compartments and may not be in the required location to exert maximal protective
effects. While there are likely numerous factors contributing to the failure of such trials,
perhaps currently tested antioxidant strategies do not adequately take into account the
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complexity of the sequence and types of damage that occur in this disease or the specific
molecular targets of oxidative damage. Thiol oxidation may initially be reversible, and it
may lead to adaptive or deleterious signaling mechanisms. Reversal of the oxidation may
seem like a rational approach, but it may prevent the adaptive signaling and paradoxically
worsen the situation. Moreover, oxidation of one macromolecule likely influences damage
to others (Fig. 1). For instance, damage to proteins can occur directly from ROS, or by
attack from the end-products of lipid peroxidation. Understanding the sequence of events,
downstream mechanisms, how each macromolecule is impacted by oxidative stress, and the
interplay of secondary damage to other biomolecules may lead to design of better
antioxidants or identification of new targets to alter the course of this devastating illness.
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Abbreviations

O2
− superoxide

H2O2 hydrogen peroxide

OH· hydroxyl radical

ATP adenosine-5′ triphosphate

ROS reactive oxygen species

ETC electron transport chain

PD Parkinson’s disease

SN substantia nigra pars compacta

DA dopamine

LB Lewy body

L-DOPA levodopa L 3,4dihydroxyphenylalanine

VTA ventral tegmental area

PUFAs polyunsaturated fatty acids

CSF cerebrospinal fluid

CNS central nervous system

MDA malondialdehyde

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

mtDNA mitochondrial DNA
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Highlights

Oxidative stress is a key player in Parkinson’s disease

Oxidative damage to nucleic acids, proteins and lipids is found in Parkinson’s
disease

Rotenone model recapitulates macromolecule oxidative damage found in
Parkinson’s disease
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Fig 1. Mitochondrial dysfunction may lead to oxidative damage of macromolecules
Genetic mutations or environmental factors inhibit complex I activity and/or result in
mitochondrial impairment. Mitochondrial dysfunction produces ROS. The resultant ROS
may damage macromolecules, including nucleic acids, lipids and proteins. An oxidized
macromolecule can then damage another macromolecule, leading to a vicious cycle of
oxidized products.
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