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Abstract
Background: Many major psychiatric illnesses have been associated with aberrant stress
response systems. In particular, those with mood disorders have been found to have an
excessive and prolonged release of glucocorticoid stress hormones. Studies have also
begun to reveal increased oxidative damage through mitochondrial dysfunction as part of
the pathophysiology of such disorders. As both behaviorally induced stress and
glucocorticoid treatment can increase the production of reactive oxygen species, this
study aims to look at the effects of glucocorticoids on protein oxidative damage,
mitochondrial function, and antioxidant activity.
Methods: The effects of chronic treatment with corticosterone on cultured rat PC12 cells
were examined. Protein oxidative damage was measured using both a spectrophotometric
and immunoblotting method for protein carbonylation. Activity of the mitochondrial
electron transport chain protein was examined through spectrophotometric techniques
that measured complex I by quantifying NADH oxidation and complex III by cytochrome
C reduction. Total antioxidant capacity (TAC) was measured to assess intracellular
antioxidant capacity using a spectrophotometric assay.
Results: It was found that chronic treatment with corticosterone was able to increase the
amount of protein carbonylation in PC12 cells. Complex I activity, but not complex III,
was decreased with drug treatment. TAC did not show any significant differences at
doses which affected carbonylation or complex I activity.
Limitations: The effects found with the time course and dosage of glucocorticoid
treatment used here in cultured cells may be different then those found in normal or
pathophysiological human conditions. Further research should also determine whether
there are significant effects on neuronal function.
Conclusions: Excessive glucocorticoid activity can decrease mitochondrial activity,
leading to oxidative damage. Thus, over-active stress response systems and oxidative
stress may be interrelated in the neurobiology of mood disorders, and may underlie
neuronal pathophysiology in associated diseases. Moreover, chronic psychological stress
could lead to detrimental effects on the brain through protein oxidation and mitochondrial
dysfunction. Elucidation of these processes may open new possibilities for psychiatric
treatments.
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1. Introduction

1.1 Stress responses, hypothalamic-pituitary-adrenal axis, and glucocorticoids

The hypothalamic-pituitary-adrenal (HPA) axis is activated during the experience
of stressful situations. Starting in the hypothalamus, the parvocellular neurons in the
paraventricular nucleus (PVN) release two neuropeptides: the corticotropin releasing
hormone (CRH) and vasopressin (AVP). These are both transported through the
hypothalamic-hypophyseal blood vessel portal system to the anterior lobe of the pituitary
gland. This in turn stimulates the release of adrenocorticotrophic hormone (ACTH) from
corticotropic cells into the general circulation. From here ACTH travel to receptors in the
cortex of the adrenal glands, causing a systemic release of glucocorticoids (GCs), cortisol
in humans and corticosterone in rodents. These released glucocorticoids target organs
throughout the body. Glucocorticoid levels are controlled through a negative feedback
reaction when it binds to receptors in the PVN, the anterior pituitary gland, and the
hippocampus, causing an attenuation of HPA axis activation (Figure 1).
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Figure 1. Hypothalamic-pituitary-adrenal axis

The hypothalamic-pituitary-adrenal axis is the central stress regulating pathway of the
body. Upon the appraisal of threat, the hypothalamus will release corticotropin releasing
hormone (CRH) to stimulate the pituitary glands to release adrenocorticotropic hormone
(ACTH), which flows to the adrenal glands to release glucocorticoids. Elevation of
glucocorticoids will feed back to glucocorticoid receptors in the brain, particularly the
hypothalamus, which will attenuate the HPA axis activity.

Within the limits of physiological and psychological homeostasis, stress responses
are adaptive activations of coping mechanisms towards threat. Generally these responses
are observed to be surges in arousal, alertness, vigilance, attention, and cognitive
efficiency. These adaptive responses become compromised when they are prolonged or
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excessive, and the physiological responses that occur from HPA axis activation become
overloaded and lead to deleterious effects on the brain and the body, leading to disease
susceptibility. In research of both chronically stressed animals and humans, this can have
lasting consequences on brain and behavior. In the brain, structural abnormalities have
been well documented in hippocampus, amygdala, and PFC (McEwen, 2007). On the
cellular level, this has been observed as reduction of dendritic complexity and synaptic
contacts (Wellman, 2001, Sandi et al., 2003), and altered expression of neurotransmitter
receptors (Froger et al., 2004). These effects are thought to be mainly due to the
heightened levels of GCs. Excessive amounts of GCs may lead to increases in oxidative
stress in the cell, which may be one avenue through which HPA axis hyperactivity
induces its damaging effects. Oxidative stress occurs when levels of reactive oxygen
species (ROS) are too high. This can occur through the overproduction of ROS,
deficiencies in cellular antioxidant capacity, or both. As mitochondria are the primary
contributors to ROS generation, it has been long suggested in the literature that
mitochondrial dysfunction is a central part of oxidative stress pathophysiology. Taken
together, this project proposes that excessive levels of GCs can lead to increases in
oxidative stress by causing mitochondrial dysfunction and decreases in antioxidant
capacity. This increased oxidative stress results in higher amounts of oxidative damage to
cellular macromolecules such as proteins. The sum of these effects thus appears to
underlie a number of stress-related neuropsychiatric disorders, and HPA axis
abnormalities confer risk towards developing such illnesses (de Kloet et al., 2005). A
prominent example in the literature is the diminished suppression of cortisol in response
to a low dose injection of the synthetic GC dexamethasone in those with bipolar disorder
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(BD; Watson et al., 2004), as well as in healthy subjects with a high familial risk for
mood disorder (Holsboer et al., 1995).

Cellular effects from glucocorticoid signaling are best understood through their
activation of glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs). The
affinity of MRs for glucocorticoid is greater than the affinity of GRs by a factor of 10.
Thus, at basal concentrations, MRs are typically occupied, and GRs become activated
primarily during the elevated levels that occur in stress responses (de Kloet et al., 1998).
As such, GRs have received an extensive amount of attention in research on stress
responses, as well as its involvement in stress related disease of the brain (de Kloet et al.,
2005). GRs and MRs are typically understood to be intracellular receptors that have
genomic effects as transcription factors upon activation. Upon binding of corticosterone,
activated receptors will homodimerize before translocating to the cell nucleus. Evidence
is also available to suggest that in certain brain structures in which GRs and MRs
colocalize, such as the hippocampus, heterodimerisation may occur (Liu et al., 1995).
From there, they bind to mineralocorticoid response elements (MRE) or glucocorticoid
response elements (GRE) in order to modulate gene transcription (Figure 2). This occurs
either through transactivation or transrepression. Transactivation induces an increase in
transcription, and typically occurs in promoter regions by recruiting relevant co-factors
(Datson et al., 2008). Alternatively, transrepression results in the inhibition of gene
expression, and occurs when monomers of the GR or MR interact with other transcription
factor such as nuclear factor κB, activator protein 1, or interferon regulatory factor-3
(Prager and Johnson, 2009). The availability of different co-factors and associated
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proteins in these processes is likely to provide diversity of GC action on gene
transcription in response to various cellular environments and varying GC levels (Nishi
and Kawata, 2006). The details of the response may be influenced from cross talk with
other activated signaling cascades, such as those triggered by monoaminergic or
glutamatergic neurotransmission. It is well known that HPA axis responses are activated
in concert with other sympathetic, parasympathetic, and limbic circuits in the nervous
system (Kolber et al., 2008). Versatility on the cellular and network levels of stress
response signaling allows for the orchestration of the appropriate behavioral response
depending on the context (Datson et al., 2005). Importantly for our study, activated GRs
have also been found to translocate to the mitochondria and affect mitochondrial gene
expression (Demonacos et al., 1996).

The brain is a major target for GCs, and distribution of MRs and GRs vary
throughout the brain, further expanding the heterogeneity of responses depending on the
subregional GR/MR balance and circulation of hormones. GRs have been observed to
have widespread expression throughout the brain, with densities highest in the PVN,
neurons of ascending aminergic pathways, and in limbic areas that modulate the
hypothalamus (de Kloet et al., 2005). Distributions of MRs are restricted to limbic
structures such as the hippocampus, amygdala, lateral septal nuclei, and some cortical
areas (Datson et al., 2005). Gene targets for GCs are diverse and encompass a wide range
of functional classes, such as growth factors, signaling cascades, neuronal structure,
synaptic proteins, energy metabolism, and neurotransmitter catabolism. It is important
which receptors are available within a given cell type, as GC-responsive genes can be GR
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activated, MR activated, or requiring both (Datson et al., 2001). Moreover, as MRs have
a much higher affinity for GCs, circulating concentrations of GCs determine which genes
may be activated. Indeed, it has been generally proposed that MRs modulate the basal
influences of GCs to maintain neuronal integrity and a stable excitatory tone, whereas
GRs modulate responses to increased glucocorticoid levels during stress, with functions
in recovery or neuroplasticity from stress responses and encoding and storage of
information (Joels et al., 2008).

Research has advanced in more recent years to uncover GC signaling mechanisms
other than the well-established genomic effects of cytosolic receptors (Figure 2). One
such mechanism is through membrane associated MRs and GRs, which can have
membrane to gene signaling either though activation of intracellular signaling cascades or
through direct translocation to the nucleus to bind to GREs or MREs. The signaling
cascades appear to be mediated by a variety of second messenger molecules such as
protein kinase C, cRaf-1, and extracellular signal-regulated kinases (ERK1/2), the last of
which translocates to the nucleus and elicits genomic modifications (Qiu et al., 2001).
Other membrane bound GRs are located in a receptor complex that binds to GREs. A
complex of Gβ, Gγ, and receptor activated C kinase 1 was found to co-migrate with
membrane GRs to the nucleus (Kino et al., 2005). GCs have also been found to have
nongenomic action on cells, which generate faster signaling responses and influences a
wide range of behaviors and endocrine outputs in a matter of minutes, much too rapid to
be explained by genomic effects (de Kloet et al., 1999). Studies of various brain
structures such as the hippocampus, amygdala, and PFC have demonstrated rapid
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modulation of excitatory post-synaptic curren frequency by GCs (Groeneweg et al.,
2011). On a cellular level, these effects may be largely due to activation of ion channels
in the brain by GCs or through other neurosteroids that are products of GC metabolism
(Evanson et al., 2010). Applications of corticosterone have been shown to change the
excitability of α-amino-3-hydrox-5-methyl-4-isoxazolepropionic acid (AMPA) and Nmethyl-D-aspartate (NMDA) receptors (Karst et al., 2005; Sato et al., 2004). Importantly,
there are differential effects depending on dose and receptor type. For example, lower
concentrations of corticosterone appear to increase neuronal excitability dependent on
MRs, whereas higher doses can result in GR dependent decreases in excitability (Prager
and Johnson, 2009). Such influences on ion channels result in rapid changes to synaptic
transmission and neuronal excitability, with subsequent downstream effects on activity
dependent processes such as long-term potentiation and modeling of dendritic
architecture (Krugers et al., 2005). Lastly, GCs have a significant bidirectional influence
on other signaling systems. For example, GC treatment can decrease glutamatergic
activity on CRH neurons, and antagonizing endocannabinoid receptors can block these
effects (Herman et al., 2003). Another example is found in the amygdala, where GC
modulation of this structure is dependent on adrenergic signaling, and treatment with GCs
can increase levels of noradrenaline (McReynolds et al., 2010).
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Figure 2. Glucocorticoid pathways in the cell

Glucocorticoids have various signaling pathways in cells of the brain. When bound to
cytosolic GRs, they will translocate to the nucleus and bind to glucocorticoid response
elements (GRE) in order to modulate transcription (1). These cytosolic receptors can also
translocate to the mitochondria to influence mitochondrial genome transcription (2).
Membrane bound GRs can influence second messenger cascades that continue down to
regulate transcription factors to modulate gene expression (3), or be with other membrane
proteins to form a complex that translocates together to the nucleus in order to bind to the
GRE (4). Activated GRs in the cytosol or membrane can also modulate the activity of
various ion channels such as AMPA or NMDA receptors in order to influence cellular
membrane excitability (5). GRs and GREs can be interchangeable for MRs
(Mineralocorticoid receptors) and MREs (Mineralocorticoid Response Elements)
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1.2 Mitochondrial dysfunction and oxidative stress

Mitochondria are membrane bound organelles with the primary function of
energy production. The mitochondria have an outer membrane that encloses on an inner
membrane. An intermembrane space exists in between, and the inner membrane
surrounds the mitochondrial matrix. Energy production occurs through the process of
oxidative phosphorylation, where electrons derived from the oxidation of nutrients are
taken through the mitochondrial electron transport chain (ETC) in the inner mitochondrial
membrane to create an electrochemical gradient that drives a process generating the
energy-rich molecule adenosine triphosphate (ATP) and consuming molecular oxygen
(O2). The ETC consists of a series of protein complexes imbedded within the inner
mitochondrial membrane, and serve as specialized electron donor and acceptor
molecules. As electrons are passed through the series of protein complexes, energy is
released in order to pump protons (H+ ions) from the inner mitochondrial matrix to the
intermembrane space. The resulting H+ gradient serves as an energy source to
phosphorylate adenosine diphosphate (ADP) to produce ATP. This occurs through the
membrane bound enzyme ATP synthase, which provides a pathway for protons to flow
down the electrochemical gradient in order to drive the reaction of ADP + Pi to ATP.

The process of oxidative phosphorylation begins with the transfer of electrons to
coenzyme Q (or ubiquinone) through Complex I on the ETC. Nicotinamide adenine
dinucleotide (NAD+) becomes reduced to NADH through the earlier oxidation of nutrient
molecules and is the electron carrier that donates to this initial reaction. Complex I,
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otherwise known as NADH dehydrogenase, is the largest of the ETC complexes,
consisting of more than 40 polypeptide subunits. It accepts electrons from NADH
through the reduction of the flavin mononucleotide (FMN) molecule, which then passes
them through at least seven iron-sulfur centers to ubiquinone, a lipid soluble electron
carrier independent of the protein complexes. Alternatively, ubiquinone can accept
electrons from complex II, or succinate dehydrogenase, which receives its electrons from
the oxidization of succinate from the citric acid cycle by flavin adenine dinucleotide
(FAD). Ubiquinone transfers its electrons to the ETC complex III, or the cytochrome bc1
complex. This dimeric protein complex consists of at least 11 polypeptide subunits, and
accepts electrons from ubiquinone in order to pass them onto the electron carrier
cytochrome c. This electron carrier in the intermembrane space passes the electrons to
Complex IV, or the cytochrome oxidase complex, consisting of 13 polypeptide subunits
and also functions as a dimer. Complex IV completes the chain of reactions when
electrons are transferred to reduce O2 to water. The O2 is held by complex IV at a special
bimetallic center, enclosed by a heme-linked iron atom and a copper atom, and released
upon reaction to produce water. This reaction is estimated to account for close to 90% of
all oxygen uptakes in most cells. Importantly, O2 can also pick up free electrons, leading
to the formation of the superoxide radical (O2-), a reactive oxygen species (ROS). The O2anion can lead to the production of other highly reactive free radicals through various
chemical cascades (Figure 3).

As oxygen-containing free radicals, ROS have unpaired electrons that are highly
reactive as strong oxidizing agents (very inductive to absorbing electrons from other
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molecules). These free radicals can cause substantial damage to macromolecules through
the generation of adducts, destruction of unsaturated C-C bonds, and oxidation of
disulfides (Maher & Schubert, 2000). More generally, these are damaging effects to
proteins, lipids, and nucleic acids. The main source of ROS production is known to be
due to oxidative phosphorylation in the ETC. Under physiological conditions, roughly 15% of all oxygen consumed by the cell is converted into ROS (Lee and Wei, 2005), and
occurs when electrons are prematurely released from the ETC. This occurs when
electrons are leaked as they are being passed through the chain, most commonly at
complexes I and III (Halliwell, 1997). As these free electrons interact with molecular
oxygen, they form O2-•. These free radicals can then be neutralized by antioxidant
defenses: either by dismutation to hydrogen peroxide (H2O2) by superoxide dismutase
(SOD), or to water by glutathione peroxidases or catalase (Wallace, 2005). In the
presence of ferrous iron (Fe), H2O2 is converted into the highly reactive hydroxyl radical
in what is described as the Fenton reaction: H2O2 + Fe2+ à Fe3+ + OH- + OH•. The OH•
generated from this reaction can go on to react with proteins in order to introduce
carbonyl groups into lysine, proline, arginine, threonine and other amino acid residues.
Measurement of carbonyl content in proteins is the standard method for measuring
oxidative stress mediated protein oxidation, since the generation of carbonyl derivatives
is orders of magnitude greater than other forms of protein oxidation (Dean et al., 1997).
The effects of oxidation to proteins can range from alteration of function, formation of
deleterious intermolecular aggregates, or complete inactivation or degradation. Moreover,
this may lead to downstream effects on gene expression through abnormal transcription
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factor functioning, alterations in signaling pathways, and dysfunction on cell-to-cell
communication, which is of particular importance in the nervous system.

Under controlled conditions by antioxidant systems, free radicals can serve
important roles in physiological processes (Halliwell, 1997). Thus, pathological states
arise when the ROS are produced in excess and overwhelm cellular antioxidant capacity,
and/or these antioxidant defenses are not functioning adequately. As such, dysfunction in
the mitochondrial ETC could lend to greater inefficiencies in oxidative phosphorylation
and increased loss of electrons most likely through complexes I and III. This in turn
would increase the amount of ROS produced and form a state of oxidative stress in the
cell. Interestingly, mitochondria may not only be the major intracellular source of ROS, it
may also be a main target for oxidant attack (Harmin, 1956). Free radicals can damage
mitochondria-related macromolecules, including those of the ETC (Radi, 1994), with the
iron-sulfur clusters that mediate electron transport in complexes I and III as the most
susceptible (Wallace, 2005). Also, mtDNA is considered to be more sensitive than
nuclear DNA to oxidative stress due to the proximity of the oxidant generation source, as
well as lacking protective histones and having a more limited DNA repair system
(Miquel, 1992).
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Figure 3. Production of oxidative stress in the cell.

Electrons that are lost from the electron transport chain of the mitochondria (1.) can react
with molecular oxygen to form reactive oxygen species (2.), which can accumulate to
oxidative damage to cellular macromolecules (3.). Complex I/II/III/IV (CI, CII, CIII,
CIV), Superoxide (O2-• ), superoxide dismutase (SOD), hydrogen peroxide (H2O2), Iron
(Fe), hydroxyl radical (OH•), carbonyl group (C=O), Lys (Lysine), Arginine (Arg),
Proline (Pro), Threonine (Thr).

Importantly, there may be a greater propensity towards ROS production in the
brain, as it is known to metabolize 20% of total body oxygen while only being 2% of
total body weight. As rising O2 concentration is associated with an increased rate of
electron leakage (Fridovich, 1978), the great amounts of oxygen consumption by the
brain may result in high O2-• formation. Furthermore, it has been widely argued that the
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brain is especially prone to oxidative damage, as attributable by the brain (1) having an
enrichment of peroxidizable fatty acids, (2) being poor in catalase activity and only
moderate amounts of SOD and glutathione peroxidase, and (3) being rich in iron in
several areas (Halliwell, 1992; Floyd, 1999). To this end, the effects of free radicals have
been widely implicated in the pathogenesis of many brain-based neurological and
psychiatric disorders. In BD research, reports of both mitochondrial dysfunction and
increased oxidative stress in the neurobiology of the disease process have been mounting
steadily within recent years.

1.3 Glucocorticoid effects on oxidative stress and mitochondrial dysfunction

In recognizing the widespread influences of both GC signaling, mitochondrial
dysfunction, and oxidative stress in the brain, it is well within reason to assume there are
many points of overlap and bi-directional effects between these processes. Beginning
with mitochondria, it is known that these organelles have their own independent genome
in the form of a circular double stranded mtDNA molecule located in the mitochondrial
matrix (Iborra et al., 2004). With GCs and their conventional mode of transcriptional
regulation through GREs, it has been proposed that the reach of their genomic effects
may include the mitochondria. Indeed, GRs have been observed to be localized in the
mitochondrial matrix of rat brain cells (Moutsatsou et al., 2001), as well as humanderived HeLa and Hep-2 cell cultures (Scheller et al., 2000). Moreover, there exists the
presence of nucleotide sequences in mtDNA that resemble nuclear GREs (Demonacos et
al., 1995). GCs have been also been known to influence gene expression of the mtDNA
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(Mansour and Nass, 1970), which influences mitochondria function and code for proteins
of oxidative phosphorylation (Psarra & Sekeris, 2009; Zhang et al., 2006). A recent in
vitro study using murine neural stem cells showed that dexamethasone treatment resulted
in altered expression of genes encoding for the ETC and antioxidant enzymes (Mutsaers
and Tofighi, 2012). Mitochondrial function as measured by mitochondrial calcium levels
and membrane potential was found to be influenced by GCs in a concentration dependent
manner (Du et al., 2009), suggesting a possible relationship to the elevated GC amounts
seen in stress responses. Indeed, it has been demonstrated in animals that chronic stress is
able to induce decrease mitochondrial complex I-III activity (Madrigal et al., 2001).

Research on the effects of chronic stress paradigms on animals has provided
evidence of a link to increased oxidative stress. Perez-Nievas et al. (2007) reported that
6h of immobilization restraint stress was able to induce upregulation of lipid peroxidation
markers and calcium dependent nitric oxide (NO) activity, a precursor to the reactive
nitrogen species peroxynitrite. In accordance with this, a chronic 21-day stress paradigm
was able to increase levels of nitric oxide synthase (NOS), which may infer a larger
production of NO amounts (Harvey et al., 2004). Abidin et al. (2004) reported a
correlation between lipid peroxidation and corticosterone levels in the chronically
stressed rats of their study. To this end, on the behavioral level there is accumulating
evidence that stress is associated with oxidative stress. There are some reports studies
looking specifically at the effects of excess GCs. In hippocampal slice cultures, GCs
treatment led to higher levels of a fluorescent measure of ROS production (McIntosh and
Sapolsky, 1996), which also appears to be dependent on GR activation (You et al., 2009).
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Cerebral cortical neuron cultures given corticosterone treatment for 1-3 days showed
increases in oxidative damage (Lee et al., 2009). In vivo, corticosterone has been shown
to increase NOS levels (Pinnock et al., 2007), and rats given high doses of orally ingested
corticosterone show increases in oxidative damage (Zafir and Banu, 2009). Interestingly,
prenatal exposure to GCs showed increases in ROS-induced cell death, decreases in the
antioxidant catalase, and abnormalities in mitochondrial function pertaining to calcium
accumulation and oxygen consumption (Ahlbom et al., 2000), suggesting an effect of
maternal stress on oxidative stress and mitochondrial dysfunction of their offspring.
Antioxidant capacity is important to address in determining the causes of oxidative stress.
A study by Filipovic and Pajovic (2009) demonstrated that while acute stress leads to
increases in expression of the copper-zinc SOD antioxidant, these effects were abolished
in rats that were chronically stressed. Rats directly treated with chronic injections of
corticosterone show decreased levels of copper-zinc SOD in the hippocampus, cortex,
and cerebellum (McIntosh et al., 1998a), and decreases in catalase as well (Cviljic et al.,
1995)

Lastly, GCs may increase oxidative damage if they are exacerbating existing
oxidative stress processes. For example, Andriamycin is an oxygen radical generator, and
treatment with GCs can increase its ability to generate ROS (McIntosh and Sapolsky,
1996). Lipid peroxidation induced by FeSO4 and amyloid β-peptide was further increased
upon corticosterone administration (Goodman et al., 1996). GCs are also known to
increase Ca2+ through its effects on ion channels as described earlier, and this can lead to
the excitotoxic effects of increased free radical generation (Lee et al., 2002) and
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depolarization of mitochondrial membrane potential (Takahashi et al., 2002). With regard
to antioxidants, McIntosh et al. (1998b) showed that GCs blocked the induction of
antioxidant defenses that would normally upregulate in response to the ROS generating
excitotoxin kainic acid. Therefore it appears that pre-existing states of oxidative stress
may be further worsened in the presence of elevated GC levels.

1.4 Glucocorticoid, oxidative stress and bipolar disorder

HPA axis abnormalities and an exaggerated stress response have been implicated
in BD. Stress is one of the most commonly associated factors with affective illnesses, and
animal studies have consistently demonstrated that chronic stress can induce maladaptive
changes to the HPA axis. In these pathological states, HPA axis function is over-activated
and gives rise to chronic and prolonged release of GC steroid hormones, including
cortisol, which in turn induces a number of deleterious effects on the brain (Daban et al.,
2005). In particular, BD has been found to be associated with enlarged pituitary glands
(Takahashi et al., 2009), increases in circadian secretion of cortisol (Cervantes et al.,
2001), and higher adrenocorticotropic hormone release upon stimulation (Vieta et al.,
1999). GRs are responsible for negative feedback on the HPA axis, which serves to
attenuate GC levels after stress induction, but this ability appears to be impaired in those
with BD (Watson et al., 2004). Importantly, it has been demonstrated that the GR system
may be a potential therapeutic target for novel BD treatments, as the GR antagonist RU486 was shown to alleviate mood and cognitive symptoms in patients (Young et al.,
2004). A more recent meta-analysis pooled data from all studies available at the time on
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antiglucocorticoid interventions in BD and revealed promising results in some diagnostic
subtypes, particularly non-psychotic depression (Gallagher et al., 2009).

Recently, research has emerged to increasingly suggest mitochondrial dysfunction
and oxidative stress in the pathophysiology of BD. Imaging studies through magnetic
resonance spectroscopy (MRS) have demonstrated that energy metabolism within the
brains of BD patients may be abnormal, inferring mitochondrial dysfunction (Kato et al.,
1994; Deicken Feln, & Welner, 1995). Alongside these studies have been the genetic
research highlighting increases in mitochondrial DNA (mtDNA) deletions and mutations
(Kato et al., 1997) and altered expression of mitochondrial protein coding mRNAs
associated with the disease (Konradi et al., 2004). Furthermore, specific abnormalities
have been found in the mitochondrial ETC, where DNA microarray analyses have
identified decreased expression of mRNAs that code for ETC complexes (Sun et al,
2006), postmortem brain tissue studies showing decreased levels of ETC complex I
subunit expression and impaired functionality (Andreazza et al., 2010). ETC deficits have
been proposed to be associated to findings of increased oxidative stress in BD, where
overproduction of ROS overwhelms cellular antioxidant capacity to lead to oxidative
damage to cellular macromolecules. Studies with postmortem brain tissue have revealed
evidence of increased oxidative damage to proteins, nucleic acids, and lipids (Andreazza
et al., 2010; Che et al., 2010; Wang et al., 2009). Evidence of compromised antioxidant
capacity in BD comes from reports of decreased glutathione, the major antioxidant in the
brain (Gawryluk et al., 2010), as well as expression down regulation of a number of
antioxidant enzymes. Taken together, increased oxidative stress may damage the
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biochemical properties of proteins, lipids, and nucleic acids in order to cause functional
abnormalities in the brain and impairments in neuroplasticity.	
  
The current project seeks to extend our knowledge of the effects of GC on
oxidative stress and mitochondrial dysfunction. Using an in vitro cell culture experiment,
we will examine if GCs are able to increase levels of protein oxidation, which would
demonstrate a closer link to functional abnormalities in neurons due to increased
oxidative stress. Moreover, many studies use the synthetic GR agonist dexamethasone to
study GC effects on oxidative stress. The current study uses corticosterone which is the
endogenous, naturally occurring GC released in rodents, which may closer resemble the
cellular effects of stress in vivo. Furthermore, while GCs have been found to mediate and
influence various measures of mitochondrial function such as membrane potential, ATP
production, and gene expression, there have been no direct demonstrations of changes in
activities of ETC complexes. Thus, another important aim of the current proposal is to
examine whether GCs have effects on ETC complex I and III activity, the two main sites
of electron leakage leading to production of free radicals. As antioxidant defenses make
up the other side of the equation in determination of oxidative stress, we will also
determine the effects on cellular antioxidant capacity with GC treatment and how this
corresponds with the changes in protein oxidation and mitochondrial dysfunction.
Combined, these results will allow comparisons of corticosterone induced oxidative
damage to corresponding changes in mitochondrial function and antioxidant capacity.
Indeed, we will be able to expand on the previous literature by examining the effects of a
wider range of GC concentrations compared to any of the other studies in the past. This
will be useful to in finding the adaptive and deleterious ranges of the stress response
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hormone on pro-oxidant, antioxidant, and mitochondrial activities in vitro. This study
will contribute to an important understanding of the effects of HPA axis hyperactivity on
a cellular level, as mitochondrial dysfunction and increased oxidative stress are becoming
increasingly highlighted as sources of aberrant neuronal processing and plasticity in brain
diseases such as BD. As both antiglucocorticoid and antioxidant treatments have recently
become promising avenues for research into novel drug development for BD, further
elucidating the mechanisms and pathways between these neurobiological systems may
prove useful in advancing our treatment of this devastating illness.
1.5 Objective and hypotheses

To examine the effects of glucocorticoids on oxidative stress and mitochondrial
dysfunction in order to gain insight on these important cellular and molecular
mechanisms that are implicated in BD.

1. To determine the effects of glucocorticoid treatments on protein oxidative damage
by testing for levels of carbonylated proteins. It is hypothesized that relatively
higher concentrations of corticosterone will lead to higher levels of protein
carbonylation.
2. To examine the effects of glucocorticoids on mitochondrial function through the
measurement of ETC complex I and III activity. We hypothesized an impairment
of complex I and III activity due to corticosterone treatment.

	
   20	
  

3. To study the effect of glucocorticoids on the total antioxidant capacity of cells.
We expect that glucocorticoids may impair antioxidant responses and decrease
cellular antioxidant capacity.
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2. Methods

2.1 PC12 cell cultures

2.1.1. Culturing cells
For these experiments we are using the PC12 cell line as a neuronal cell model.
PC12 cells are clonal cell lines derived from rat adrenal pheochromocytoma and express
neuronal properties, thus making useful model systems for studying the nervous system at
the single cell and molecular levels. PC12 cells have also been used extensively
throughout the literature to study processes of oxidative stress and glucocorticoid
signaling in neurons. Cells are grown in DMEM medium containing 10% fetal bovine
serum, grown to 80% confluence before harvested for experiments.

2.1.2. Bradford assay for determination of protein concentration
The Bradford assay is a colorimetric assay based on the absorbance shift of
protein samples reacting with the Coomassie Brilliant Blue G-250 dye (Bradford, 1976).
Under acidic conditions, increasing protein concentrations result in color changes from a
red/brown to blue. This reaction occurs when the red form of the dye donates a free
electron to ionisable groups of a protein, which disrupts protein conformation in order to
expose its hydrophilic pockets. When these hydrophilic pockets become available they
will interact non-covalently through van der Waals forces to non-polar regions of the dye.
This repositions the positive amine groups in closer proximity with the negative charge
of the dye, strengthening their ionic interaction. The result is a conformational
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stabilization of the blue form of the Coomassie dye. Protein samples are diluted 20x in
PBS and added to each well of a 96-well microplate at volumes of 10µL. A series of
Bovine serum albumin (BSA) diltutions were used as a protein standard. The reaction is
started by the addition of 200µL of the dye to each well, and incubated on an orbital
shaker for 5 minutes. The plate is read at an absorbance wavelength of 595nm and protein
concentrations are determined through comparisons with the BSA standard curve.

2.2 Measurement of protein carbonyl content

2.2.1 Colorimetric analysis
Cells were treated with corticosterone diluted in DMSO for 24h at various
concentrations, with confluence targeted at around 80% prior to harvesting. Following
treatment, media is removed and cells are washed in ice-cold PBS two times. Cells are
extracted in 10mL PBS with a cells scraper and spun down at 1,000g for 3 minutes. The
supernatant is discarded and remaining cell pellet suspended in 150µL PBS. Cells were
lysed by homogenization with a hand-operated, motor driven pellet –pestle grinder, and
then centrifuged at 10,000g for 10 minutes at 4oC. The supernatant was aliquoted for
protein determination, storage at -20oC and subsequent carbonyl content assay.

The 2,4 dinitrophenyl hydrazones formed from the reaction between carbonyl groups and
2,4-dinitrophenylhydrazines (DNPH) can be quantified spectrophotometrically at an
absorbance of 370nm. Derivitization reactions were performed with the 1:1 v/v addition
of DNPH to protein samples for 1h and vortexed briefly every 15 minutes. Following
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this, derivitized proteins were precipitated with the addition of 20% trichloroacetic acid
(TCA) and centrifuged at 11,000g for 10 minutes at 4oC. Supernatants were removed and
cells washed once more in TCA. This was followed by washes of 1mL of ethanol/ethyl
acetate (1:1 v/v) for three times, each time spinning at 11,000g for 10 min at 4oC to
remove supernatants. Finally, the protein pellet was solubilized in 0.5mL of 6M
guanidine-HCl and centrifuged for 10min at 11,000g and 4oC to remove insoluble
materials. Carbonyl content of the protein samples were determined by measuring
absorbance at 370nm using a plate reader.

2.2.2 Immunoblotting analysis
Cells were treated with corticosterone diluted in DMSO for 24h at various
concentrations with confluence targeted at around 80% prior to harvesting. Following
treatment, media are removed and cells are washed in ice-cold PBS two times. Cells are
extracted in 10mL PBS with a cells scraper and spun down at 1,000g for 3 minutes. The
supernatant was discarded and the remaining pellet was suspended in 80µL of lysis buffer
(20mM HEPES, 250mM NaCl, 20% glycerol, 30mM MgCl2, 0.5mM EDTA, 100mM
EGTA, 1M DTT, 1% NP-40. 1% protease inhibitor cocktail) and incubated for 1 hour on
ice, with mixing by pipetting several times every 10 minutes. Cell lysates were then
centrifuged for 10 minutes at 10,000g and supernatants collected, aliquoted, and stored at
-20oC in between experiments.

Levels of protein carbonyl content in protein residues are determined by the
derivitization of the carbonyl group when reacted with DNPH to produce 2,4-
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dinitrophenol hydrazone, which can be immunodetected, by a specific antibody. The
derivitization protocol begins with the transfer of 4µg/µL protein sample to individual
Eppendorf tubes. The proteins are denatured by the addition of 5µL 12% sodium dodecyl
sulphate (SDS) for a final concentration of 6% SDS. Each sample was derivitized by the
addition of 10µL of 10mM DNPH and incubated for 15 minutes. The reaction was
stopped with the addition of 7.5µL of neutralization solution.

The resulting protein solution was loaded into the wells of a 1% SDS
polyacrylamide gels for at 110V or until they migrated to the bottom of the gel. A pilot
experiment with varying concentrations to identify which concentrations would give the
best detection of immunoreactivity determined that 20µg of each sample should be used
in each test. Afterwards, the gel was transferred to polyvinylidene fluoride membranes at
110V for 1.5h. The membranes are then blocked by incubation of 5% milk in Trisbuffered saline (TBS) for 1h at room temperature. The blots were then probed with a
1:1,000 dilution of primary antibody, the rabbit anti-DNP antibody (No. 90451), which is
specific to the DNP moiety of proteins overnight at 4oC. Membranes were then washed in
tris-buffered saline with 0.05% tween (TBS-T) for 3 times, 15 minutes each, before being
incubated with a 1:2,000 dilution of the secondary antibody, the goat anti-rabbit
horseradish peroxidase-antibody (No. 90452), for 1 hour at room temperature.
Membranes were then washed in TBS-T for 6 times, 10 minutes each wash, and a final
wash in TBS for 10 minutes. Immunoreactive bands were detected with the enhanced
chemiluminescence reagent (PerkinElmer, Canada) containing luminol, which is
converted to a light-emitting form at 428nm by the antigen/primary antibody/secondary
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antibody/peroxidase complex in an H2O2 catalized oxidation reaction. The light is then
detected by the Fujifilm LAS-3000 system (Fujifilm Medical Systems USA Inc., USA)
by short exposure to blue-light sensitive films. Protein bands were then analyzed
densitometrically by Gene Tool software (PerkinElmer).

2.3 Mitochondrial complex activity

2.3.1 Extraction of mitochondria
Cells were treated with corticosterone diluted in DMSO for 24h at 0.125 mM,
with confluence targeted at around 80% prior to harvesting. This was the concentration
determined from the previous experiments to induce significant increases in protein
carbonylation. Cells are first centrifuged from culture at 1,000g for 3 minutes. The
supernatant is removed and the remaining cell pellet is suspended in 3ml of ice-cold IBc.
Cells are then homogenized with a Douce grinder for 30 seconds on ice. After
homogenization, samples are centrifuged at 1,000g for 3 minutes in order to remove cell
debris. The supernatant was collected and centrifuged again at 30,000g for 30 min at 4oC.
The supernatant was discarded and the remaining precipitate is the mitochondrial samples
and suspended in 150µL storage buffer. A separate amount was taken for determination
of protein concentration and stored in aliquots at -20oC.

2.3.2 Complex I activity
Preparation of Reagents:
Isolation buffer: 0.32M sucrose, 5mM HEPES.
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Storage buffer: 0.21M mannitol, 0.07M sucrose, 10mM Tris-HCl, pH adjusted to 7.4.
Assay buffer: 50mM potassium chloride, 10mM Tris-HCl, 1mM EDTA, 2mM potassium
cyanide, pH adjusted to 7.4.

NADH: 500µM dissolved in distilled water, stored in -80oC.
Ubiquinone (CoQ1): 500µM dissolved in 100% ethanol, stored in -20oC.
Rotenone: 100µM dissolved in 100% ethanol, to be prepared fresh on the day of
experiments.

The current protocol was adopted from Andreazza et al. (2010), using a
spectrophotometric technique to measure complex I activity. This measurement detects
NADH oxidation, the role of Complex I in transferring electrons from NADH to
ubiquinone on the ETC. Complex I will convert NADH into NAD+ in the presence of the
electron acceptor ubiquinone, and so the rate of disappearance of NADH is obtained from
reading the absorbance values of NADH over a period of time.

Before use in the assay, mitochondrial extracts underwent three cycles of freeze
and thaw in order to expose the inner mitochondrial membrane where the ETC protein
complexes are located. Each mitochondrial sample was tested in triplicates for overall
rate of complex I activity, rate of activity in the presence of the complex I inhibitor
rotenone, and for baseline activity before the addition of ubiquinone, the electron
acceptor necessary for the reaction. Complex I inhibition by rotenone is used as a control
to parse out the activity of other enzymes and agents present in the samples that may be
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oxidizing NADH in the presence of ubiquinone. Each sample tested contained 20µg of
the mitochondrial extract, brought to a total volume of 65µL with assay buffer. NADH,
ubiquinone, and rotenone were placed in a water bath at a temperature of 30oC for 5-10
minutes. Overall rate of samples was measured with the addition of 15µL NADH, 10µL
ubiquinone, and 10µ of assay buffer for a final volume of 100µL. Rate in the presence of
an inhibitor is measured with the addition of 15µL NADH, 10µL ubiquinone, and 10µL
rotenone, with a final reaction volume of 100µL. The reaction is started upon addition of
ubiquinone, so it is the last reagent to be added before the plate is immediately read at
340nm, the absorbance wavelength of NADH, in 20-second intervals for a total period of
5 minutes. Baseline or blank absorbance values were obtained by reading the plate before
the addition of ubiquinone. Readings are plotted as absorbance over time, forming a
linear equation (y=mx+b) in which “m” is the slope of the line and represents the rate of
NADH oxidation by complex I. Measuring the disappearance of NADH results in a
negative value, so the absolute value of the slope is used for all calculations. In the end,
complex I activity is calculated as [(Overall rate – blank) – (Inhibited rate –
blank)]*1000.

2.3.3 Complex III activity
The current protocol was adopted from Luo et al. (2008), using a
spectrophotometric technique to measure complex III activity. Ubuquinone accepts
electrons from complex I in order to be reduced to ubiquinol. This technique measures
the activity of Complex III in transferring electrons from ubiquinol to cytrochrome c by
quantifying cytochrome c reduction. This assay uses decylubiquinone, an analogue of
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ubiquinone, which has been shown to be effective in activating complex III activity in
synaptosomes (Telford et al., 2010). Decylubiquinone is used to prepare decylubiquinol,
which is the necessary enzyme added to start the reaction mixture in the experiment.
Importantly, decylubiquinol has been shown to inhibit Complex I activity (Benit et al.,
2008), thus can be used as a good substrate for specifically examining complex III.

Preparation of decyclubiquinol: First, 100µL of 500mmol/L decylubiquinone was
taken and diluted to 25mmol/L in ethanol. This was then added to 6mL of a solution
consisting of 0.1mol/L potassium phosphate buffer (pH 7.4) and 0.25mol/L sucrose.
Following this, 1mL of cyclohexane and a pinch of solid sodium dithionite were added,
and the mixture was shaken vigorously until colorless. The upper organic phase layer of
cyclohexane contained the decylubiquinol and was transferred to another tube. This was
repeated 2 more times with 1mL of cyclohexane, and the extracted organic phases
combined organic phase combined in one tube. This was taken to be evaporated in vacuo,
after which a light-yellow syrup remained at the bottom of the tube. This syrup was
dissolved in 900µL ethanol and 100µL of 0.1mol/L HCl, before being stored at -80oC in
aliquots.

Assay procedure for Complex III activity:
Isolation of mitochondria samples was done as described for the complex I
experiments. Each mitochondrial sample was tested in triplicates for overall rate of
complex III activity, rate of activity in the presence of the complex III inhibitor antimycin
A, and for baseline activity before the addition of decylubiquinol, the electron donor
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necessary for the reaction. Complex III inhibition by antimycin A is used as a control to
parse out the activity of other enzymes and agents present in the samples that may be
reducing cytochrome C.

The enzyme assays were performed in a 96-well plate. Each had 40µL of
0.25mmol/L cytochrome c, 80µL of ddH2O, and 40µL of 10µg mitochondria sample
diluted in the same assay buffer prepared for Complex I experiments. The reaction
mixture was prepared containing 250mmol/L Tris-HCl (pH 7.4), 20mmol/L NaN3,
0.24mmol/L decylubiquinol. A separate reaction mixture for the activity in the presence
of the complex III inhibitor included 10µmol/L antimycin A. Upon the addition of 40µL
of the reaction mixture, the plate was read for 4minutes at 35second intervals, at an
absorbance wavelength of 550nm. Baseline or blank absorbance values were obtained by
reading the plate before the addition of the reaction mixture. Readings are plotted as
absorbance over time, forming a linear equation (y=mx+b) in which “m” is the slope of
the line and represents the rate of cytochrome c reduction by complex III. As with the
complex I activity, blank values were subtracted from all readings, and inhibited rate
subtracted from the overall rate.

2.4 Total antioxidant activity

Antioxidant activity of PC12 cells was assessed using the Cell Biolabs’ OxiSelect
Total Antioxidant Capacity (TAC) assay kit (Cell Biolabs, Inc., San Diego, California).
As antioxidants typically neutralize radicals via a single electron transfer, this assay is
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based on measurement of the reduction of copper (II) to copper (I) by viable antioxidants
in a sample within a 96-well microtiter plate. Upon reduction, the copper (I) ion will react
with a coupling chromogenic reagent that produces a color with a maximum absorbance
at 490 and read in a spectrophotometer. The absorbance values are then compared to a
standard curve of uric acid antioxidant activity. Antioxidant capacity was determined for
cells treated with corticosterone for 24h at concentrations of 0.031, 0.063, and 0.125mM
compared with controls treated for 24h with the vehicle (DMSO).

2.4.1. Cell culture sample preparation

Media from plates is discarded and cells are washed 2 times in cold PBS. Cells
are then scraped from the plate in 10mL PBS and spun down at 1,000g for 3 minutes. The
supernatant is discarded and remaining cell pellet suspended in 150µL PBS. Cells were
lysed by homogenization with a hand-operated, motor driven pellet –pestle grinder, and
then centrifuged at 10,000g for 10 minutes at 4oC. The supernatant was aliquoted for
protein determination, storage at -20oC and subsequent TAC assay.

2.4.2 Preparation of uric acid standard curve
Uric acid standard stock solutions were prepared by weighing out uric acid
powder for a 10mg/mL or 60mM solution in 1N NaOH, and stored in -80oC for up to one
week. The stock solution is used to prepare serial dilutions of uric acid in deionized
water, with highest concentration at 1mM diluted to 9 difference concentrations with
0.0039mM as the lowest, and the 10th sample as a blank sample containing only water.
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2.4.3 Assay protocol
Each uric acid or cell culture sample is tested in triplicate, at 20µL volumes. From
the cell extract samples, it was determined in a preliminary experiment that 20µg of
protein should be used for each test. 180µL of the supplied reaction buffer was added to
each sample and mixed with the pipette. An initial, baseline absorbance was read at
490nm. The reaction was started with 50µL of the supplied copper ion reagent was added
into each well, and incubated for 5 minutes on an orbital shaker. Following this, the
reaction was terminated with the addition of 50µL of the supplied stop solution. The plate
was then read at 490nm for copper reduction absorbance. The baseline readings were
subtracted from these values to produce the corrected net absorbance values. Antioxidant
capacities of the samples were calculated first into “mM uric acid equivalents” by
comparison against the uric acid standard concentration curve. This value is then used to
obtain the “copper reducing equivalents” by multiplying the uric acid equivalent
concentrations by 2189(µM Cu2+/mM uric acid). This final value is proportional to the
TAC of the sample and used for data analysis.

2.5 Data analysis

All of the results will be expressed as the mean ± S.E.M. Statistics will be
performed using SPSS 16 software (SPSS Inc., USA). Difference between means will be
determined by independent t-test for mitochondrial complex activity. Difference between
groups for protein carbonylation and TAC will be subjected to one-way analysis of
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variance and covariance (ANOVA), with statistical significance set as p<0.05. Significant
treatments detected (p<0.05) are compared by mean values using post hoc comparisons.
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3. Results

3.1 Dose dependent glucocorticoid effects on protein carbonylation
Protein carbonylation was measured to quantify oxidative damage to proteins.
First, this was done through a colorimetric assay by spectrophotometer for samples
treated with 24h corticosterone at 0.031, 0.063, 0.125, 0.25mM concentrations and a
control group. Significant differences were found between groups (F4,44= 2.600; p<0.05).
Post-hoc analyses showed significant increases compared to controls at 0.063 (107%,
p<0.05) and 0.125mM (126%, p<0.05). Doses at 0.031 and 0.25mM did not reach
significance (p>0.05). These results are shown in Figure 4.
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Figure 4. Protein carbonylation by spectrophotometer colorimetric assay.

PC12 cells were treated for 24h at varying doses of corticosterone. Values are shown as
mean ± SE. Differences among groups were determined using a one-way ANOVA,
followed by post hoc analysis comparing control groups with drug conditions. *Indicates
p<0.05.

Next, we sought to confirm these findings in another commonly used assay for
protein carbonylation done with immunoblotting analysis. First, western blots were
needed to determine the signals of loading different amounts of protein; it was
determined that 20µg would be optimal for each sample (Figure 5A). Also, a testing of
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positive controls was done to determine our ability for protein carbonylation
immnodetection. For this we used H2O2 treatment for 30 minutes at 0.30 or 0.60M. As
expected, H2O2 treatment increased protein carbonylation (Figure 5B). For corticosterone
treatment, the doses tested were 0.125mM, the concentration showing the strongest
effects in the previous experiments, and 0.031, which was the low dose that showed the
least difference from controls. There was a significant difference found between these
groups (F2,9= 4.785; p<0.05). Post-hoc analyses revealed significant increases in cells
treated with 0.125mM corticosterone (159%, p<0.05), while the lower 0.031mM
concentration showed no changes from the control condition (Figure 6). Together, these
results show that corticosterone had significant oxidative damage effects at 0.125mM and
not at lower concentrations at 0.031mM.
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Figure 5. Pilot tests for immunoblotting experiments.

(A) Loading control signals for DNP antibody immunofluorescence. (B) Positive
controls with H2O2 treated for 30 minutes.
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Figure 6. Protein carbonylation by immunoblotting analysis.

PC12 cells were treated with corticosterone at 0.031 and 0.125mM corticosterone for
24h. Values are shown as mean ± SE. A representative blot is shown on the right side.
Differences among groups were determined using a one-way ANOVA, followed by post
hoc analysis comparing control groups with drug conditions. *Indicates p<0.05.
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3.2 The effect of corticosterone on activities of mitochondrial complex I and III

Complex I and III are the main sites where electrons are leaked to oxygen, resulting
in production of ROS that cause oxidative stress. To determine if corticosterone-induced
oxidative damage results from dysfunctional mitochondrial complex I and III, we further
analyze the effect of corticosterone on activities of complex I and III in cultured PC12
cells. Cells were treated with vehicle (control) or corticosterone at 0.125mM for 24 hours.
We found a significant difference between complex I, but not complex III, and controls.
Complex I showed a decrease of 33.3% in cells treated with corticosterone (T(8)=2.549,
p<0.05), whereas complex III had a non-significant decrease of 7.3%. Results are shown
in Figure 7.
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Figure 7. Mitochondrial complex I and III activity.

PC12 cells treated with 0.125mM corticosterone for 24h (CORT) or a control (CTL)
condition with only DMSO vehicle. (A) Complex I is a multi-subunit membrane protein
of the mitochondrial electron transport chain which transfers electrons from NADH to
unbiquinone. Activity is measured by quantifying the oxidation of NADH to NAD+
spectrophotometrically at 340nm. (B) Complex III is a multi-subunit membrane protein
of the mitochondrial electron transport chain which transfers electrons from ubiquinone
to cytochrome c. Activity is measured by quantifying the reduction of cytrochrome c
spectrophotometrically at 550nm. Results are reported as the mean ± SE, and compared
by independent t-test. *Indicates p<0.05.
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3.3. The effect of corticosterone on total antioxidant capacity
Deficient endogenous antioxidant defense can also cause oxidative stress. In order
to understand if impaired antioxidant defense contributes to corticosterone-induced
oxidative damage, we further analyzed the effect of corticosterone on total antioxidant
capacity in PC12 cells.

The antioxidant activity of uric acid was used as standard. As shown in Figure 8,
uric acid dose-dependently reduced copper (II) to copper (I). Cells were treated with
vehicle (control) or corticosterone at concentrations of 0.031, 0.063, and 0.125 mM for
24 hours. There was a significant difference between groups on TAC in our study (F3,16=
3.437, p<0.05. Post-hoc analyses showed that TAC was significantly increased for cells
having corticosterone at 0.031mM (17.6%; p<0.05) compared to controls (Figure 9).
There were no significant differences for doses of 0.063 or 0.125mM. Spectrophotometer
readings were first converted to Uric Acid equivalents by the standard curve and then
converted to copper reducing equivalents, as the assay measured antioxidant capacity by
the ability to reduce a copper containing solution.
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Figure 8. Uric acid standard curve for total antioxidant capacity assay.

This assay is based on measurement of the reduction of copper (II) to copper (I) by
antioxidant uric acid. Upon reduction, the copper (I) ion will react with a coupling
chromogenic reagent that produces a color with a maximum absorbance at 490 and read
in a spectrophotometer.
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Figure 9. Total antioxidant capacity.

PC12 cells were treated with 0.031, 0.063, 0.125 mM corticosterone for 24 hours or with
vehicle (CTL). Total antioxidant capacity was measured by ability to reduce copper (II)
to copper (I) in a copper solution. Values are shown as mean ± SE. Differences among
groups were determined using a one-way ANOVA, followed by post hoc analysis
comparing control groups with drug conditions. *Indicates p<0.05.
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4. Discussion

The present study sought to elucidate the effects of GCs on oxidative stress and
mitochondrial dysfunction. We determined that at certain concentrations of GCs, protein
oxidative damage was increased, mitochondrial ETC complex I activity was decreased,
complex III was unchanged, and antioxidant defenses did not show an adequate capacity
to neutralize high concentrations of GC-induced oxidative stress. These results suggest
some of the negative cellular consequences of excessive stress responses, and these
mechanisms may underlie the neurobiology of brain diseases such as BD.

Measurement of changes in protein carbonyl content was used to determine
oxidative stress mediated protein oxidation. Within the range of concentrations used in
our experiments, it was determined in vitro that 0.063mM and 0.125mM concentrations
of corticosterone was able to induce significant increases in protein oxidative damage. As
corticosterone is a primary output of the HPA axis during a stress response, these data
suggest that stress can have deleterious effects on the cell through oxidative damage to
proteins. This represents a downstream effect on cellular macromolecules as a result of
increased ROS, and indeed, previous studies have demonstrated the ability of GCs to
increase the production of ROS (You et al., 2009). These oxidative modifications are
likely to infer abnormal expression or function of afflicted proteins, and suggest that
increases in ROS do indeed have lasting consequences on cells. In neurons, this could
have a myriad of effects on signal transduction, plasticity, synaptic function that are
important in BD and other neuropsychiatric diseases depending on the types of proteins
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that are being carbonylated to a greater extent. As such, the next steps in future research
should be to elucidate proteins being targeted by oxidative stress, either by a
comprehensive screening of the changes in protein expression or function of neurons, or
by specifically examining the important molecular players implicated in given diseases.
Indeed, a recent experiment by Tan et al. (2011) showed that 4-hydroxy-2-nonenal (4HNE), a lipid peroxidation product, can form protein adducts with vesicular monoamine
transporter 2, which is crucial in monoamine neurotransmitter packaging and extensively
proposed to be involved in the aetiology and pathology of psychiatric disorders. The
relationship between high GCs and oxidative stress is revealing for our understanding of
BD, as both increases in GCs and oxidative damage have been identified in patients. In
comparing cortisol secretion profiles of those with BD, patients in both depressed and
manic episodes showed increases compared to controls (Cervantes et al. 2001). A recent
study of postmortem frontal cortex tissue of subjects with BD showed increases in protein
carbonyl content (Andreazza et al., 2010). To this end, it is interesting that the
relationship between GC levels and oxidative stress demonstrated here may help
elucidate a link between these separate bodies of research.

Increases in protein oxidation have been observed in previous studies using of GC
treatment in cultured cells (Lee et al., 2002) and in rats (You et al., 2009). The data here
provide important replications of these reports, but also give an extended examination of
different dose responses on protein oxidation, which was not done in those studies.
Identifying dose dependent stress responses are important as GC signaling is known to
have dose dependent effects on gene modulation and neuronal function (Prager and
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Johnson, 2009), stress responses are not entirely deleterious and are supposed to be
adaptive mechanisms until they are activated in excess (de Kloet et al., 1999), and
magnitude of GC release is an important function of disease, as many neuropsychiatric
disorders including BD are characterized by hypercortisolemia (Daban et al., 2005). Our
results show that at 0.031mM corticosterone there is a small but insignificant increase in
protein oxidation, demonstrating that this dose is below the threshold for disease related
processes. The important adjunct to these results is the experiments of TAC, in which we
showed that there were significant increases in antioxidant activity at the same dose. This
suggests that cellular antioxidant capacity increases to neutralize GC-induced ROS
production at manageable levels and was able to prevent increases in protein oxidation.
Conversely, at 0.063 and 0.125mM concentrations, oxidative damage was significantly
increased, whereas antioxidant capacity had no significant differences from controls.
Oxidative stress is defined as the state where free radical production overwhelms
antioxidant capacity; thus in the presence of excessively higher GC levels, as observed in
vitro at 0.063 or 0.125mM, antioxidant defenses are inadequate or may be quickly
exhausted, and significant increases in protein oxidation occur, which may be analogous
to what occurs during disease states. Concentrations around 0.031mM may be at a level
that is physiologically controllable by the cell, and thus antioxidant capacity remains
robust and keeps down the level of protein carbonylation. This concept of an adaptive
limit to stress responses was demonstrated by a previous study showing that acute
stressors can trigger increases in SOD antioxidant activity, but animals that were
chronically stressed had an impaired ability to do the same (Filipovic and Pajovic, 2009).

	
   46	
  

Surprisingly, at a higher dose of 0.25mM levels of protein carbonylation did not
show increases from control. In the colorimetric assay, this dose appeared to be nonsignificantly increased to a lesser extent than the smaller concentration behind it. While
this might not be readily expected, comparisons with other studies of GC effects in vitro
do suggest that concentrations around this range significantly induce cytotoxicity and cell
death. In one such study, Zhao et al. (2009) reported that at doses around 0.3mM,
corticosterone treatment for 24h reduced cell viability measures of around 50%. Thus, in
the present experiments, in which carbonylation can only be measured in intact and
viable cells, these extremely high doses are killing many of the cells within the 24 hours
before they are harvested for testing. It is therefore possible that the high amounts of GCs
in these treatments are activating necrotic or apoptotic cell death mechanisms aside from
the oxidative stress pathways that we are currently interested in. They may be
overwhelming a myriad of other cellular functions such as ion channel excitability,
calcium storages, and second messenger systems, therefore producing toxic effects that
supersede the accumulation of ROS and protein carbonylation. This is in contrast to the
0.125mM concentration, in which GC levels are below cytotoxic levels but generated
ROS still cause substantial protein oxidation.

Increases in levels of oxidative stress are likely due in large part to mitochondrial
dysfunction. To determine if GCs can impair ETC function, we measured the activity of
complex I and III. We found that complex I, but not complex III, activity was decreased
by corticosterone. This indicates that corticosterone-induced oxidative stress is mainly
caused by dysfunctional complex I. While previous studies have demonstrated GC-
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induced abnormalities of mitochondrial functions such as ATP production and
maintenance of membrane potential (Du et al, 2009), our results are the first to show
specific impairment of the ETC complex known to contribute to ROS production.
Mitochondrial complexes I and III are main sites where electrons are leaked to generate
ROS as they are being passed through the ETC (Halliwell, 1997). It has been well
documented that decreases in Complex I activity leads to increase in superoxide
production, which goes on to form other ROS that induce oxidative damage to proteins
(Lenaz, 2001). A previous study has already shown that behaviorally induced chronic
stress can decrease combined activity of complexes I and III (Madrigal et al., 2001),
which compliments our findings of a direct link between the stress hormone and complex
I dysfunction. Interestingly, it has been found that complex III only contributes to the
formation of superoxide radical when the mitochondrial membrane potential is high
(Nohl et al., 2005). Since previous studies have shown that GCs decrease mitochondrial
membrane potential (Seo et al., 2011, Takahashi et al., 2002), this suggests that under
stress and high GC conditions, increases in oxidative stress may not involve contributions
from complex III. Importantly, it is understood that the production of superoxide radicals
is far lower compared to the rates produced by complex I (Murphy, 2009), perhaps
meaning that impairment of complex III may be less important in oxidative stress as well
as in disease conditions. As GCs have a variety of signaling mechanisms, there are
different possibilities for how they may be impairing complex I activity. One major
possibility is through genomic regulation, as GC’s have been shown to downregulate
expression of mitochondrial genes encoding ETC proteins (Mutsaers and Tofighi et al.,
2012). Using quantitative polymerase chain reaction (Mutsaers and Tofighi (2012)
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showed that dexamethasone altered gene expression of two central subunits ND1 and
ND4. As the central subunits are sufficient to perform all of the bioenergetics functions of
the complex (Brandt, 2006), it is very likely that these two particular subunits are
contributing to the loss of electrons as they are being passed along. While they also
showed altered expression of the cyt b gene in complex III, the current data do not
suggest that it significantly impairs enzyme function. It is possible that since they used
dexamethasone, a GR agonist, the difference may be that our study used corticosterone,
which binds to both the GR and the MR. Also, oxidative modifications to proteins of the
ETC may increase the amount of electron leakage to molecular oxygen and ROS
formation. A study by Naoi et al. (2005) showed increases in 3-nitrotyrosine for complex
I subunits compared to other ETC proteins when the SH-SY5Y neuroblastoma cell line
was incubated with peroxynitrite, suggesting that oxidative stress from reactive nitrogen
species may result in the inhibition of complex I activity. It is also possible that increases
in oxidative stress is damaging mtDNA in order to impair ETC gene expression and
function, as ROS are known to be able to damage nucleic acids as well (Imlay and Linn,
1988). Oxidative damage on mtDNA leads to mispairing and point mutations, and
deletions in mtDNA, all of which are linked to etiology of many diseases (Richter 1992).
Mitochondrial DNA are considered to be more sensitive than nuclear DNA to oxidative
damage, perhaps because of proximity to main source of oxidant generation, or its limited
DNA repair system. Increasing damage to mitochondrial DNA leads to more release of
ROS, and a vicious cycle is set into motion. (Finkel & Holbrook 2000).	
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GC effects on glutamate gated calcium ion channels have been well documented,
and this may have implications on oxidative stress through excess glutamatergic activity
and calcium influx. Glutamate excitotoxicity occurs when heightened glutamate signaling
on its receptors causes elevated or prolonged calcium release into the cell, which is
known to increase the production of ROS (Wolkowitz et al., 2010). In neurons, there is a
clear increase in ROS levels following application of glutamate, and this effect is
abolished in calcium free buffers (Kahlert et al., 2005). This is thought to occur through
the destabilization of mitochondrial membrane potential (Schinder et al., 2006). Although
details on this mechanism remain unclear, mitochondria are sites of calcium storage in
the cell, so one way may be through the accumulation of calcium above sequestration
levels resulting in respiratory inhibition and ROS production (Leist & Nicotera, 1998).
Increasing GC levels lead to glutamate accumulation (Stein-Behrens et al., 1994), and
appear to modulate NMDA receptor activity to facilitate calcium influx (Xiao et al.,
2010).
GCs may have genomic effects that downregulate antioxidant enzyme expression,
which can predispose the cell to oxidative injury. Indeed, Mutsaers and Tofighi (2012)
estimated that dexamethasone treatment induced altered expression in 43% of the
antioxidant genes of the murine-derived multipotent neural stem cell line C17.2. It is
entirely possible that GCs increase oxidative stress through the increase of oxidative
damage to antioxidant enzymes, altering their function to further increase susceptibility to
ROS accumulation. Our current data do not support the notion that GCs decreases
antioxidant expression or activity, although it does appear as though antioxidant increases
in response to ROS overproduction become impaired at high concentrations of
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corticosterone. Our data show that at higher concentrations, 0.063 and 0.125mM in PC12
cells, antioxidant capacity is unchanged from control levels, while protein carbonylation
is significantly increased. This is in contrast to a lower dose of corticosterone at
0.031mM, which showed increases in antioxidant capacity, appearing as though it is
responding to the threat of increasing ROS. To this end, it may be that high levels of
corticosterone impairs or inhibits the recruitment of antioxidant defenses to incoming
oxidative insult. Conversely, it is possible that antioxidant capacity may be exhausted
after a period of time, with an early increase upon GC treatment, but over the 24 hour
chronic drug treatment it becomes exhausted and overwhelmed. Moreover, antioxidant
enzymes may be undergoing oxidative damage, which renders them inactive or
inefficient in function. Future research will be required to elucidate the nature of this lack
of antioxidant response to higher concentrations of GCs. This may be through monitoring
antioxidant capacity over time after immediate corticosterone application to see if there
are early increases that may have gone undetected in the current experiments. Taken
together, it becomes clear that there is a vastly complex interplay between ROS
generation, antioxidant activity, and mitochondrial function, and thus none of the GC
effects on these parameters are likely to occur in isolation.

The implications of these findings are important for our understanding of BD and
other psychiatric disorders. Studies presenting DNA microarray data point to decreased
expression of many mRNAs coding for subunits in mitochondrial ETC complexes I – V.
The group by Konradi et al. (2004) found decreased expression of genes for Complex I,
IV, and V subunits in postmortem hippocampal tissue of BD patients. Decreases in PFC
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mRNA for complex I, III, and IV subunits were reported by Iwamoto et al. (2004). Sun et
al. (2006) found that 8 genes associated with ETC complexes I, III, IV, and V are
downregulated in PFC of BD patients. While there are separately occurring lines of
evidence suggesting oxidative stress and mitochondrial dysfunction in BD, there are also
many reports of these two processes being linked (Clay et al., 2011). For example, in the
study by Andreazza et al. (2010), decreases in complex I subunit NDUFS7 were
correlated with increasing protein carbonylation. Moreover, increases in 4-HNE levels of
postmortem brain tissue of BD patients were negatively correlated with pH, which may
be indicative of a relationship between oxidative stress and mitochondrial dysfunction.
Specifically, mitochondrial dysfunction may be leading to both an increase in ROS
production and a shift from energy production in the mitochondrial ETC towards
glycolysis and lactic acid production.

The effects of oxidative stress and mitochondrial dysfunction from high levels of
stress hormones may have widespread deleterious effects on the brain over time, leading
to a myriad of pathophysiological consequences that will predispose towards disease.
Mounting evidence suggests that mitochondria are directly involved in processes of
synaptic plasticity. Mitochondria are enriched in presynaptic terminals, and play
important roles in neurotransmission via energy production. In addition, mitochondria
buffer the levels of calcium (Billups and Forsythe, 2002). Calcium influx precedes
neurotransmitter release and is necessary for vesicle docking and exocytosis.
Mitochondrial dysfunction may be responsible for more pronounced calcium spikes and
abnormal neurotransmitter release (Quiroz et al., 2008). Deficiencies in the ETC will lead
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to impairments in oxidative phosphorylation and subsequent ATP production, and can
impair the energy demanding processes of vesicle docking, fusion, and endocytosis.
Moreover, GC treatment was shown to decrease ATP production in hypothalamic
neurons (Fujita et al., 2009) as well as decreasing activity of the ATP-ase in the ETC
(Pandya et al., 2007). The sum of these abnormalities on mitochondria energy
metabolism in the brain has been identified in humans using MRS. Energy related
metabolite levels and pH values can be visualized using MRS, and these studies have
shown that high-energy phosphates such as phosphocreatine and ATP are reduced in BD
(Kato et al., 1994; Deicken Feln, & Welner, 1995). There is also evidence to suggest that
oxidative stress may be related to impairments in neuroplasticity. For example, in an
animal study by Wu et al. (2004), oxidative stress was shown to correlate with brain
derived neutrotrophic factor (BDNF) reductions, as well as reductions in CREB and
Synapsin I, molecules that are involved in cellular plasticity cascades. Such research
suggests that oxidative stress may play a role in the abnormal neuroplastic processes
found in BD. Recently, research on the neurobiology of BD has shifted focus towards
changes in cellular structure, function, growth, and development, together characterized
as mechanisms of neuroplasticity (Schloesser et al., 2008). Interestingly, Kapczinski et al.
(2008) showed that serum lipid peroxidation levels were negatively correlated with
BDNF levels. Another study using peripheral biomarkers showed that BD patients
showed increased oxidative stress and decreased neuron-specific endolase, a neuronal
glycolytic enzyme known to mediate neuroplastic pathways and cell survival (MachadoVieira et al., 2007), although the relationship between these variables were not analyzed.
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With increasing understanding of how oxidative stress, mitochondrial
dysfunction, and glucocorticoids are involved in the pathophysiology of BD, there is the
hope that this knowledge will fuel the development of novel therapeutics. Existing mood
stabilizer treatments can have severe and debilitating side effects, and the efficacy of
these drugs remain limited (Wang, 2007). The possibility of novel drug treatments for BD
through the alleviation of oxidative stress has been supported by some human studies. In
a double-blind randomized placebo-controlled trial, Berk et al. (2008) used treatment
with N-Acetyl Cysteine (NAC) in BD patients in their maintenance phase. NAC is an
acetylated derivative of cysteine, which is the rate-limiting precursor in GSH production
(Dodd et al., 2008). This study showed that NAC caused a significant improvement in
assessments of depression and global occupational and social functioning. More recent
reports showed that in a small sample of bipolar II disorder patients, full remission of
symptoms was significantly higher in the group given NAC in addition to their regular
treatment compared to the placebo group (Magalhaes et al., 2011). Using NAC as
adjunctive treatment for BD lead to reductions of depression scores in patients currently
suffering from depressive phases (Berk et al., 2011). These studies are consistent with
animal studies showing that NAC can reduce amphetamine induced hyperactivity maniclike behaviour, behavioral sensitization and striatal dopamine depletion (Fukami et al.,
2004), and can boost GSH levels as well (Dean et al., 2009). With regard to existing
mood stabilizing drugs, Machedo-Vieira et al. (2007) monitored the blood samples of
unmedicated manic patients given lithium, the current gold standard treatment for BD,
and found normalization of the SOD/catalase ratio and a decrease in lipid peroxidation
levels. Moreover, lithium alone or in combination with olanzapine appears to relieve lipid
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peroxidation and increase total antioxidant status (Aliyazicioglu et al., 2007). In a study
of healthy volunteers given therapeutic doses of lithium for 2-4 weeks, results showed
decreases in H2O2 levels (Khairova et al., 2012). These studies are useful in providing
evidence for the therapeutic effect of antioxidant properties in current mood stabilizer
treatments. Similar conclusions can be made about the productivity of HPA axis
intervention. RU486 in BD patients alleviated mood and neurocognitive symptoms
(Young, et al. 2004). To summarize most of the clinical randomized control and crossover trial studies of anti-glucocorticoid agents, Gallagher et al. (2009) conducted a review
and suggested that GR receptor antagonists and cortisol production inhibitors were able
to alleviate depressive symptoms in BD. Moreover, it has been shown that RU-486 does
specifically have the ability to attenuate cortisol levels in patients up to 21 days after
being on the drug (Gallagher et al., 2008). The mineralocorticoid receptor antagonist
spironolactone was able to alleviate residual symptoms and improve stress responses in a
small preliminary study (Juruena et al., 2009).

While the current study provides evidence of increases in oxidative stress and
mitochondrial dysfunction from GCs, there are limitations in the interpretations of our
results. First, although in vitro studies provide tightly controlled study of cellular and
molecular mechanisms of interest, they provide a very limited scope in extrapolating
these conclusions to full-fledged physiological systems in vivo. The stress response
system as regulated by the HPA axis is a process that involves the entire body, through a
wide involvement of many organs, cell types, and neurobiological systems. The
incredible versatility of GC signaling through MRs, GRs, genomic, and non-genomic
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mechanisms indicates the possible diversity of different stressors and the contexts with
which they occur, both externally and internally. All of these important details are not
included when using a very reductionist method of modeling the stress response by
incubating cells in corticosterone dissolved in culture media. When released into the
bloodstream, GCs are able to affect all areas of the brain, and the immense heterogeneity
of neuronal cell types makes it difficult to make simple generalizations on the effects of
oxidative stress and mitochondrial dysfunction. Moreover, the functional consequences of
protein oxidation can essentially be limitless, as free radical induced damage is largely
non-specific, and each protein with their individual sequence and structure could be
affected differently by the addition of carbonyl groups. Perhaps most importantly, both
the stress response and mental illnesses such as BD are processes of mind and behavior,
which cannot be studied in cell cultures. Despite the limitations on interpreting the
present data, a more comprehensive picture can be gained when these results are
compared with other studies using animals and humans. Indeed, the GC induced changes
in protein carbonylation, complex I activity, and TAC are comparable to other studies
using chronically stressed animal models, in vivo GC administration, and experiments on
relevant biomarkers in human populations. In attempting to better understand BD, the
current study is also limited in modeling the pathophysiological state of the illness.
Indeed, the dosages and time course of the GC treatments used here cannot be validated
to be analogous in the human conditions of stress.

To this end, further research will be required to address the limits of the findings
offered in the present study. While previous studies have used behaviorally induced stress
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or corticosteroid injections to increase oxidative stress, it remains to be seen if the same
paradigms will result in mitochondrial dysfunction, particularly in complex I activity as
shown here. It would also be valuable if the same dose dependent changes in protein
carbonylation and antioxidant capacity can be reproduced in animals. To further
understand the consequences of oxidative stress and mitochondrial dysfunction, it will be
important for future research to show that these abnormalities can correlate with or cause
the functional impairments characteristic of neuropsychiatric disease processes such as
dysfunction in monoamine neurotransmission, reductions in dendritic morphology, loss
of neurogenesis, or decreases in long term potentiation (LTP), a form of synaptic
memory. For example, integral players of LTP such as NMDA and AMPA receptors
could be examined for increased carbonylation. Moreover, in order to further demonstrate
the link between GCs and oxidative stress, it would be interesting to see if manipulating
one of them would change the pathophysiological effects of the other. For example, GCs
and oxidative stress have both separately been shown to reduce dendritic spine
morphology, so a possible study could be to test the effects of an antioxidant on GCinduced spine reductions, or the effects of a GR-antagonist on ROS-induced spine
reductions. Lastly, it would be interesting to link oxidative stress and GCs in clinical
populations as to better understand diseases such as BD. Such studies could be
correlating biomarkers of HPA axis abnormalities with those for oxidative stress and
mitochondrial dysfunction. For example, is there a relationship between deficiencies in
the dexamethasone suppression test and increased peripheral or post mortem markers for
protein or lipid oxidation? Other such research approaches could be to determine if
antiglucocorticoid drugs in patients can normalize oxidative stress parameters (such as
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blood biomarkers) or mitochondrial function (such as energy metabolism through
investigations with MRS). The same could be shown of antioxidant treatments for
normalization of HPA axis activity. These studies would be important steps in examining
candidate drugs in the development of novel therapeutics for disease.

In conclusion, the data here provide some novel insights into mechanisms that are
important in understanding BD and other brain-based disorders. GCs were demonstrated
to change levels of protein carbonylation depending on the dose, and at concentrations
resulting in increased oxidative damage, mitochondrial complex I activity was decreased
and cellular antioxidant capacity was not able to upregulate in response to the stress
(Figure 10). These findings extend the current scope of the literature by identifying
complex I dysfunction and blunted antioxidant defenses as mediating factors in the
oxidative stress caused by GCs. This study was also able to show adaptive coping states
of stress responses that were not deleterious to the cell, as lower concentrations of
corticosterone application did not significantly increase carbonylation and antioxidant
defenses showed adequate increases to neutralize the oxidative threat. The research done
here sets the stage for further characterization of the functional consequences of oxidative
damage and mitochondrial dysfunction on the level of the individual neuron, neural
networks, and the overlying behavioral changes. This progress in understanding is
important for continuing to elucidate the neurobiology of brain disorders such as BD,
which can hopefully drive the development of better treatments for those afflicted.
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Figure 10. Glucocorticoids, oxidative stress, and mitochondrial dysfunction.

Under hyperactive stress responses due to excessive activity of the HPA axis, there is an
increase in the glucocorticoid (GC) concentrations released compared to normal (A).
Increases in GCs can induce mitochondrial electron transport chain (ETC) dysfunction, as
demonstrated in our findings showing decreased complex I activity (B). When the ETC is
not functioning properly, there will be an increased leakage of electrons to form reactive
oxygen species (ROS), which in accumulation leads to oxidative stress (C). Typically,
ROS is neutralized by endogenous antioxidant defense systems, but our results show that
high levels of GCs impair the antioxidant increase in response to oxidative stress (D).
Combined, this results in oxidative damage to cellular macromolecules in the brain, with
our current data highlighting increases in protein carbonylation (E).
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