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Abstract: There is growing evidence that the imbalance between oxidative stress and the antioxidant defense system may
be associated with the development neuropsychiatric disorders, such as depression and anxiety. Major depression and
anxiety are presently correlated with a lowered total antioxidant state and by an activated oxidative stress (OS) pathway.
The classical antidepressants may produce therapeutic effects other than regulation of monoamines by increasing the
antioxidant levels and normalizing the damage caused by OS processes. This chapter provides an overview of recent work
on oxidative stress markers in the animal models of depression and anxiety, as well as patients with the aforementioned
mood disorders. It is well documented that antioxidants can remove the reactive oxygen species (ROS) and reactive
nitrogen species (RNS) through scavenging radicals and suppressing the OS pathway, which further protect against
neuronal damage caused oxidative or nitrosative stress sources in the brain, hopefully resulting in remission of depression
or anxiety symptoms. The functional understanding of the relationship between oxidative stress and depression and
anxiety may pave the way for discovery of novel targets for treatment of neuropsychiatric disorders.
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INTRODUCTION
Depressive and anxiety disorders are among the most
common mental health conditions around the world with a
lifetime prevalence of 16% and 10%, respectively. They are
also highly associated with substantial co-morbidity and
mortality [1]. Depression and anxiety are considered to be
complex brain traits that result from the interplay of multiple
genetic and environmental determinants. Under the current
antidepressant monotherapy, the arrival of newer drugs has
not improved efficacy; only half of patients improve with
their first prescription and only one-third ever achieve
remission [2]. Therefore, there is a clear need to better
understand the mechanisms of action of classical
antidepressants, as those insights may lead to improved
strategies in the development of more efficacious treatments
with different therapeutic targets.
It has been debated that brain oxidative stress
disturbances might be a plausible pathogenesis and risk
factor for several specific diseases of the nervous system
including behavioral disturbances and disorders [3]. Recent
developments suggesting that oxidative stress-induced
neuroinflammatory response, mitochondrial dysfunction,
neuroplastic deficits and intracellular signaling pathways
may help to elucidate the interrelationship between oxidative
stress and depressive and anxiety disorders, providing a
novel avenue for treatment [4,5]. The clinical and preclinical
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studies on oxidative stress and the antioxidant effects of
antidepressants and anxiolytic agents suggest that they can
remove reactive oxygen species (ROS) and reactive nitrogen
species (RNS) through scavenging radicals and suppressing
the oxidative stress (OS) pathway, which further protect
against oxidative stress-induced neuronal damage and may
result in the remission and functional recovery of depression
or anxiety symptoms. We propose an innovative therapy
focusing on the relationship between oxidative stress and
depression and anxiety on systemic, cellular and molecular
levels, which may bring crucial insights to improve
strategies in antidepressant or anxiolytic drug development.
Environmental and Endogenous Factors of Oxidative
Stress in Psychiatric Disorders
Oxidative phosphorylation, which takes place in the
mitochondria of the cell, is the major source of ATP in
aerobic organisms. The downside of this important process is
that it often produces free radicals, commonly resulting in
elevated levels of ROS and RNS. Though typically described
as a harmful component of cellular respiration, they do have
important beneficial effects as well. At low or moderate
concentrations, they take part in normal physiological
processes such as cellular responses to injury or infection,
signaling, and mitosis [6]. However, oxidative stress results
when the balance is shifted between the pro-oxidant
substances that are produced during aerobic metabolism and
the antioxidant defense system that performs the function of
neutralization. This is indicative of the dysfunction within a
series of protective mechanisms, both enzymatic and nonenzymatic. Enzymatic system components regularly
discussed include superoxide dismutase (SOD), catalase
©2014 Bentham Science Publishers
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(CAT) and glutathione peroxidase (GSH-Px). In nonenzymatic system, the most discussed components are
molecular in size and include compounds such as
glutathione, alpha-tocopherol (vitamin E), ascorbic acid
(vitamin C), flavonoids, polyphenol compounds and
minerals (e.g. zinc, copper, and selenium) [7]. Under normal
conditions the ROS and RNS are tightly regulated by an
orchestral flow of all these species. Some proteins (e.g.
albumin, transferrin, haptoglobin and ceruloplasmin) also
work as radical scavengers which function as antioxidants by
binding to ROS and RNS. Under critical conditions, the
oxidative stress resulting from impaired oxidative defense
mechanisms can evoke pathological changes such as
neuropathies. The result of a prolonged or elevated oxidative
stress state is damage to major groups of cellular macromolecules (proteins, lipids, carbohydrates, and nucleic
acids), which ultimately result in apoptosis [8,9]. Given
that the brain has one of the highest mass-specific oxygen
consumption rates in the body [10], even the smallest
imbalances in antioxidant defense mechanisms and oxidative
stress can be deleterious to neurons [11]. Oxidative stressrelated molecular mechanisms may represent one factor
influencing the etiology of depressive and anxiety disorders.
An imbalance between the generation of ROS by endogenous/
exogenous pro-oxidants and the defense mechanism against
ROS by antioxidants has been found in these disorders [12].
However, information at large about how oxidative stress
affects the processes of mental disorders is still unclear.
Oxidative Stress and Neuroinflammation
Oxidative stress is a major upstream component in the
signaling cascade involved in the activation of redoxsensitive transcription factors and pro-inflammatory gene
expression leading to inflammatory response [13].
Inflammation is a condition characterized by dysfunction of
cytokine cascades and cellular immune responses, as well as
increased levels of acute phase proteins and complement
factors. Interleukin-1! (IL-1!) and tumor necrosis factor-"
(TNF-") are the primary inflammatory mediators that
activate nuclear factor-#B (NF-#B), which in turn activates
the production of cytokines, such as IL-6 and IL-8, and Tcell derived cytokines including interferon (IFN) [14]. IL-1!,
IL-6 and TNF-", in turn, induce the production of acute
phase proteins, such as haptoglobin and C-reactive protein
(CRP) [15]. Increasing evidence suggests that chronic
mild inflammatory processes both in the periphery and the
brain, termed neuroinflammation, are involved in the
pathophysiology of depression and anxiety. Clinical studies
suggest that there are moderate increased plasma levels of
pro-inflammatory cytokines, such as IL-6 and TNF-"; and
increased IL-1! and NF-#B protein and mRNA levels in
post-mortem frontal cortex of bipolar patients [16]. NF-#B is
a heterodimer of two subunits, usually p65 and p50 [17].
Interestingly, mice lacking p50 have deficits in specific
cognitive tasks and have a noted decrease in anxiety-like
behaviors compared to wild-type mice [18]. Moreover,
chronic NF-#B blocking by systemic administration of
pyrrolidine dithiocarbamate (PDTC) attenuates the higher
levels of cytosolic and mitochondrial ROS generation in the
kidneys of spontaneously hypertensive rats when compared
to treated wild type rats [19]. These findings suggest that

Current Neuropharmacology, 2014, Vol. 12, No. 2

109

NF-#B activation may induce oxidative stress and
inflammation that leads to neuronal damage, which may be
related to the depressive- and anxiety-like behaviors.
Inflammation and oxidative stress are inextricably
connected in physiological as well as pathological conditions;
they have even been termed “essential partners” in certain
diseases [20]. Under normal physiological status, oxidative
stress and immune system activation are generally shortlived due to intrinsic negative feedback mechanisms, such as
increased production of antioxidant compounds or antiinflammatory cytokines. In certain chronic disease states,
however, both of these systems remain activated and may
form a positive self-sustaining feedback loop, or a “coactivation” state [21]. Such co-activation over time may
lead to a higher risk of disease as well as increased severity
[20, 22, 23]. Consistent with experimental animal study,
elevation in the activation of inflammatory pathways has
been also observed in patients with anxiety disorders and
major depression [24, 25]. The increased levels of proinflammatory cytokines also seem to be involved in mild
emotional disruptions, as increasing activation of inflammationrelated transcription factors, such as NF-#B and CREB,
begin to play a role in the processes of mood disorders.
These transcription factors also regulate the expression level
of several inflammation-related enzymes, including NOS,
COX2, and NADPH oxidase, that enhance production of
ROS [26, 27]. It is worth noting that the infusion of proinflammatory cytokines may be the best experimental human
model of depression because the elevated cytokines are known
to be associated with depression and anxiety symptoms
based on the clinical investigations [28-30]. These direct
effects of inflammation on intracellular and extracellular
signaling are essential to the understanding of how the
immunological system interacts with depression and anxiety.
Oxidative Stress and Mitochondrial Dysfunction
Mitochondria are the main intracellular sites of ROS
generation and are also prime target for oxidative damage,
which induce further mitochondrial dysfunction and ROS
generation. Increasing evidence suggests that mitochondrial
dysfunction leads to oxidative stress and increases in intracellular Ca2+ levels, damage or deletions of mitochondrial
DNA, alterations in mitochondrial morphology and
mitochondrial fission or fusion, all which may result in
neuronal death [31, 32]. These permutations in mitochondrial
function likely play an important role in various aspects
of mood disorders [31-33]. Comorbidity of mitochondrial
diseases and psychiatric disorders have also been reported.
Particularly, many patients that manifest psychiatric
presentations also have been diagnosed with some form of
mitochondrial disease [34]. Stabilizing mitochondrial
function may represent one of the critical components for the
treatment of psychiatric disorders [35].
Several bioenergetics that have demonstrated to improve
mitochondrial function, namely creatine, coenzyme Q10,
nicotinamide, riboflavin and lipoic acid, have also been
confirmed to have neuroprotective efficacy in neurodegenerative and neuropsychiatric disorders [5, 36, 37].
Furthermore, several genetic studies, both in humans and in
rodents, also have provided evidence for the involvement of
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mitochondrial dysfunction in neuropsychiatric diseases.
Patients with certain mitochondrial diseases, such as
progressive external ophthalmoplegia (PEO) and mitochondrial
recessive ataxia syndrome (MIRAS), have psychiatric
symptoms, including anxiety and depression [38] Both PEO
and MIRAS can be caused by mutations in the nuclear
encoded mitochondrial polymerase gamma (POLG) gene.
Mutations in POLG, which is responsible for mitochondrial
DNA replication, result in randomly distributed mtDNA
point mutations. Interestingly, transgenic mice expressing
mutant POLG specifically in forebrain neurons show a mood
disorder-like phenotype [39]. Studies of another transgenic
model with the Y955C POLG mutation have suggested that
one of the pathological mechanisms may be oxidative
damage to mtDNA [40]. The effect of mtDNA damage to the
forebrain neurons of mice and its consequences on
behavioral phenotypes has also been studied in a transgenic
mouse model that have been designed specifically to result
in the induction of a high number of apyrimidinic sites to the
mitochondrial genome [41]. On a behavioral level, the
transgenic mice have elevated locomotor activity, but
decrease cognitive ability and anxiety-like behaviors. In
addition, evidence for the involvement of mitochondrial
variations on anxiety-like behaviors in mice have been
obtained from a model in which C57BL/6J mice with
substituted mitochondria from FVN/NJ mice show increased
anxiety-like behaviors compared to C57BL/6J mice with
either AKR/J mtDNA or their own mtDNA [42].
In humans, decreased mitochondrial ATP production rate
and deletions of mtDNA have been observed in patients with
major depressive disorder comorbid with somatic illnesses.
A post-mortem gene expression study of the dorsolateral
prefrontal cortex of post-traumatic stress disorder (PTSD)
patients and controls using mitochondria focused microarrays has found that the majority of the differentially expressed
transcripts were related to mitochondrial dysfunction and
oxidative phosphorylation [43], conditions which may be
associated with excessive ROS production. It seems that a
mitochondrial deficit is sufficient to trigger different
psychiatric disorders; however, it remains to be determined
whether the mitochondrial dysfunctions contribute to
the disease development or are epiphenomena, i.e. how
nonspecific mitochondrial dysfunction may cause specific
symptom.
Oxidative Stress, Neuroplasticity and
Signaling

the Related

The term “neuroplasticity” refers to an array of important
processes of brain response and adaptation to stimuli, both
internal and external. These modifications include alterations
in dendritic function, synaptic remodeling, long-term
potentiation (LTP), axonal sprouting, neurite extension,
synaptogenesis, and neurogenesis. Although little evidence
suggests neuronal loss in depression and anxiety, mild
oxidative stress in these disorders may further modify
various molecules associated with intracellular signaling,
giving an overall decrease in brain activity similar to that of
cell death. Oxidative modifications of these synaptic
molecules have been found in depressive and anxiety
disorders and may be affecting neurotransmission and
impairing neuroplasticity in key brain regions associated

with mood disorders [44, 45]. A recent genome-wide
association study of bipolar disorders (BD), which is another
chronic major mental illness composed of recurrent episodic
mood disturbances ranging from mania to severe depression,
revealed that most of the highly significant associations were
implicated in signaling cascades of plasticity [46]. It has
been proposed that abnormalities in neuroplasticity lead to
maladaptive developments in neural circuits, affecting the
information processing that mediates various facets of BD
symptomatology [47, 48]. Another study using peripheral
biomarkers suggested that BD patients show increased
oxidative stress and decreased neuron-specific endolase, a
neuronal glycolytic enzyme known to mediate neuroplastic
pathways and cell survival [49]. Futhermore, an animal study
showed that oxidative stress is correlated with BDNF
reductions, as well as reductions in cyclic AMP responsive
element binding protein (CREB) and synapsin I molecules
that are involved in cellular plasticity cascades [50]. Such
research suggests that oxidative stress may play a role in the
abnormal neuroplastic processes found in the pathophysiology of depressive and anxiety disorders.
Optimal brain health is promoted by intermittent
challenges to neurons, such as exercise and cognitive
stimulation that result in expression of synaptic proteins
related to neuronal proliferation, differentiation and survival.
Such proteins include those that modulate mitochondrial
biogenesis, and neuronal resistance to oxidative stress, such
as antioxidant enzymes, DNA repair enzymes and those
involved in BDNF signaling [10]. One of the mechanisms by
which synaptic proteins and BDNF signaling exert
neuroprotective effects is via the modulation of synaptic
plasticity by regulating dendritic length, numbers, and spine
density. However, these protective proteins are suppressed
under conditions of chronic adverse stress and disease states,
such as neurodegenerative and psychiatric disorders. Moreover,
excessive formation of ROS in the brain under disease states
may lead to dysfunction of genes and proteins involved in
neuroplasticity and neurogenesis, which result in neuronal
apoptosis [51].
More evidence demonstrated that N-methyl-D-aspartic
acid (NMDA) receptor allows the passage of calcium and
sodium into the cell, thereby promoting the activation of
p38, JNK, and p53 that are generally proapoptotic [52, 53].
NMDA receptor activation triggers the activation of
Ca2+/calmodulin-dependent protein kinase IV (CaMKIV),
present in mitochondrial external membrane, which may
activate nitric oxide synthases (NOS1 and NOS3), thereby
leading to increased nitric oxide production [54]. Activation
of NMDA receptors also increases intracellular Ca2+
levels which associated with oxidative stress may trigger
endoplasmic reticulum stress [55]; mitochondrial Ca2+
uptake in combination with NO production may trigger the
collapse of mitochondrial membrane potential, culminating
in delayed cell death and release of free radicals [54]. A
growing body of evidence has pointed to the ionotropic
glutamate NMDA receptor as an important player in the
etiology of psychopathologies, including anxiety and major
depression. Clinical findings suggest that ketamine which
has been used clinically as a dissociative anesthetic since the
1960s and is regarded as a noncompetitive glutamate NMDA
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receptor antagonist may be useful for the treatment of major
depression [56, 57]. The possible mechanism may be
involved in NMDA receptor-mediated oxidative stress and
the downstream cGMP dependent pathway.
Recently, the Wnt signaling pathway, a network of
proteins that helps in the communication of external stimuli
to the nucleus and cell at large, was found as a novel
treatment target for anti-psychiatric disorders because of the
aforementioned pathway. It’s believed that through careful
manipulation of this pathway, pharmaceutical intervention
may result in the expression of various target genes resulting
in a return to status quo. Wnt genes encode a family of
secreted signaling glycoproteins that play a vital role during
neural development and in an assistant role in the developed
nervous system. Wnt signaling has been well characterized
as a pathway that helps regulates cell fate determination, cell
proliferation and cell polarization during growth and
development of multi-cellular organisms [58-63]. More
recently, there have also been suggestions that Wnt signaling
may play a role in synaptic modulation and plasticity in later
stages of development making them excellent candidates for
therapeutic targeting. It has recently been shown that Wnt7a
can regulate axonal remodeling and synaptic differentiation
and induce the clustering of the synaptic protein synapsin I at
the pre-synaptic terminal. These findings demonstrate that
Wnt signaling may play an important role in psychiatric
disorders later as more is understood about how the various
component of Wnt are modulated.
Although there is no direct evidence that abnormalities of
the Wnt pathway can be induced by oxidative stress and in
turn lead to the development of psychiatric disorders, some
studies suggest a possible involvement of ROS-induced
changes in this signaling in the brain of aged mice and
Alzheimer’s disease [64]. Recent reports have even
demonstrated the interconnection between Wnt signaling and
oxidative response mechanisms. One key example is nitric
oxide, a diffusible free radical gas that mediates cell-to-cell
communication, can increase expression of a member of the
Wnt signaling pathway known as Wnt-induced secreted
protein-1 [65], suggesting that an involvement of the Wnt
signaling in the regulation of many events that hallmark
cellular disruption in mood disorders, such as alterations in
cell cycle progression and cell growth [66]. Other findings
also suggest the existence of a neuroprotective effect of Wnt
through interaction with BDNF and a possible complex
feedback loop between Wnt and mediators of inflammation
and oxidative stress. Therefore, it seems reasonable to
assume that therapies that act in these pathways may have a
beneficial effect on psychiatric disorders.
There is also emerging data that supports that
neurotrophic effects are key aspects to lithium and valproate
efficacy, drugs known for having little conscience toward
their mechanism of action [67]. Since lithium and valproate
are known, at least in part, to affect Wnt signaling through
the activities of GSK-3! and that Wnt signaling molecules
are abundant at synaptic regions, this pathway seems to be a
good candidate for an investigation into activity of these
mood stabilizing agents [68, 69]. Additionally, direct
inhibition of GSK-3! seems to have antidepressant-like
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activity by enhancing overall serotonergic activity [70].
Genetic studies have also implicated polymorphisms of
GSK-3! gene in both the vulnerability to development of
mood disorders and overall severity of said disorders [71].
These studies provide further evidence that the genetic
variants in the GSK-3! could partially be involved in some
mood disorders, such as major depression and bipolar
disorders.
There is a large body of evidence that antidepressants can
increase activity of signaling pathways related to antioxidant
effects; neuroplasticity by upregulation of cAMP/PKA/CREB
cascade, regulation of CaMKII activity and upregulation of
the MAPK cascade are choice examples [72]. The hypothesis
that long-term antidepressant treatment enhances neuroplasticity is based on upregulation of stress-responsive neurotrophic factors, namely BDNF signaling, in the hippocampus
and the prefrontal cortex [73]. Chronic antidepressant
administration has been demonstrated to increase the number
of new neurons in the dentate gyrus of the hippocampus, a
change not found with other classes of psychotropic drugs.
Reduced cellular resilience refers to several processes
causing neurons, especially in the hippocampus, to become
more vulnerable to insults, such as ischemia and excitotoxicity,
as a result of excessive stress. This is noteworthy as there is
increasing evidence that cAMP/PKA/pCREB and cGMP/PKG/
pCREB pathways are related to neuroplasticity, cellular
resilience, anti-inflammation and anti-oxidative stress factors.
These then become important targets in the treatment of
depression and anxiety for a multifaceted approach [74-77].
The Role of Antioxidants in Depression: Preclinical and
Clinical Evidences
Oxidative damage to macromolecules such as lipid,
protein and nucleic acids as a result of excessive ROS [78]
lead to neuronal dysfunction that is associated with the
development of depression disorder [79, 80]. It is extensively
reported that chronic unpredictable chronic stress impairs the
antioxidant status of brain tissue, presumably by generating
excessive ROS and increasing oxidative stress. Although the
brain metabolizes 20% of the total oxygen in the body, it has
a limited amount of antioxidant capacity, so it is particularly
vulnerable to the production of ROS [81]. Some brain
regions, especially those in the limbic system (e.g.
hippocampus and frontal cortex), act in concert to mediate
the symptoms of depression and anxiety [82, 83], and seem
to be strongly affected by the deleterious effects of an
oxidative insult [84], making them excellent candidates to
observe antioxidant factors. Cu/Zn SOD is a key antioxidant
enzyme involved in superoxide detoxification in cellular
metabolism and is widely expressed in different neuronal
populations, such as hippocampal pyramidal and granule
neurons [85]). Decreased expression of Cu/Zn SOD in the
hippocampus is often seen in stressed animals [86]. Chronic
treatment with antidepressants restores Cu/Zn SOD
expression in a dose dependent manner [85-88].
Oxidative stress markers and antioxidant concentrations
have been evaluated in numerous animal studies to
investigate the role of drugs in the treatment of depression
and anxiety. Despite the fact that antidepressants ameliorate
the oxidative status, their mechanism of action is still not
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fully elucidated. The classic hypothesis was formulated
around the idea that the antidepressants restore noradrenergic
and serotoninergic neurotransmitter systems to normal levels
as a primary or direct effect, while the antioxidant efforts are
becoming a noted secondary effect. Recently, a new concept
of antidepressants action has been proposed based on
growing evidence indicating the immediate antioxidant
effects of antidepressants in the treatment of major
depressive disorder (MDD). Some evidence has shown that
there is co-existence of increased oxidative stress with
symptoms of depression, as evidenced by enhanced lipid
peroxidation [89-91]. Examples include studies in which
chronic mild stress (CMS)-induced depression in rodents
lowered concentrations of brain glutathione [92] and total
glutathione concentrations in the cortex [93-96]. In addition,
unpredictable chronic mild stress (UCMS) induced a
lowered total antioxidant capacity (TAC) and GSH content,
in addition to decreased SOD and CAT activities [97].
Additionally, recent evidence from behavioral tests suggests
that metabolic oxidative stress and key subunits of NADPH
oxidase, particularly p47phox and p67phox, mediate
depressive-like behaviors in sociability and forced
swimming tests in mice [98]. The subsequent study suggests
that inhibition of NADPH oxidase produces beneficial
antidepressant-like effects. A growing body of data has
reported that antioxidants (e.g. vitamin C, rutin, caffeic acid
and rosmarinic acid) possess antidepressant activity with
relatively lower doses than commonly used antidepressants
such as imipramine or fluoxetine [99,69]. The mechanism of
action of antioxidants on the central nervous system is not
well elucidated; however, it has been demonstrated that rutin
exerts its antidepressant activity similarly to conventional
antidepressants by increasing the availability of serotonin
and norepinephrine in the synaptic cleft [99].
The oxidative stress pathway provides an intriguing
target for pharmacological intervention. Though there is a
plethora of evidence from animal models suggesting that
treatment with antioxidants can reduce oxidative stress and
ameliorate depressive-like behaviors, there are very few
human clinical trials of antioxidants that have been published
on depressive disorders [100]. The limited investigation from
the clinical trials suggests that the implemented therapies are
based on supplementation with antioxidants or on reinforcement
of endogenous antioxidant pathways with compounds such
as N-acetylcysteine (NAC) [9]. NAC is a substrate for the
glutamate/cysteine antiporter of glial cells, which can be
converted to cysteine in the brain [101]. The glial cysteine
uptake causes export of glutamate and modulation of
glutamatergic neurotransmission in brain regions related to
emotional function. The increased cellular cysteine can also
reinforce GSH-related antioxidant defenses, as it is the ratelimiting component of GSH synthesis [9]. Traditional bipolar
treatments, such as valproate and lithium, also have antioxidant
properties through increased GSH levels [102]. A double
blind, placebo controlled trial of NAC in trichotillomania, a
condition related to obsessive-compulsive disorder (OCD),
reports significant improvement of symptoms observable
after 9 weeks of active use.
Case studies have further reported symptom reduction by
NAC in OCD [101], trichotillomania, and pathological nail
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biting and skin picking [103]. Depressive symptoms in
bipolar disorder were significantly reduced by 24-week
adjunction of NAC to usual medication in another double
blind, placebo controlled trial [9]. In major depressed
patients, subchronic treatment with fluoxetine and citalopram
partially reversed the depression-related increased in serum
SOD and malondialdehyde (MDA) and decreased in plasma
ascorbic acid [104, 105]. Additionally, selective serotonin
reuptake inhibitors (SSRIs) significantly decreased MDA
levels and activities of peripheral antioxidant activity. In
another study [106], the combined treatment of depressed
patients with fluoxetine alone and combined with acetylsalicylic
acid during 3 months was examined. The combined
treatment significantly reduced SOD, catalases and GPX,
and the MDA levels, suggesting that this treatment improves
lipid peroxidation and may normalize disturbed antioxidant
levels. Sarandol et al. [107] investigated 96 patients with
major depression and determined their plasma MDA, the
susceptibility of red blood cells to oxidation, plasma vitamin
E and C, TAC, SOD and whole blood GPX activities after
antidepressants treatment. They found that a 6-week
treatment with antidepressants did not change the disordered
levels in depression. However, the ex vivo effects of
desipramine, imipramine, maprotiline and mirtazapine on the
mRNA levels of SOD isoforms, GPX, catalase, gammaglutamylcysteine synthetase, glutathion-S-transferase and
glutathion reductase were examined and found that the shortterm treatment with antidepressants for 2.5 hours decreased
antioxidant mRNA levels, whereas long-term treatment of 24
hours significantly increased the mRNA levels of these
antioxidants [108]. The contradictory findings prompt
further study for how the antidepressants affect the redox
balance in the body.
It is well known that oxidative stress is associated with
DNA damage, endothelial dysfunction, and telomere
shortening. Notably, patients with bipolar disorders have a
marked increase of DNA damage in white blood cells and
more importantly, this DNA damage is highly correlated
with the severity of symptoms [109]. However, the degree of
redox imbalance in these patients is not correlated to the
degree or severity of the depressive symptoms. Due to
depression most likely resulting from irregularities in a host
of different cellular networks, only focusing on a single
system may prove fruitless in the efforts to treat depression
at large. Moreover, even with proper care and treatment, a
third of bipolar patients taking classic antidepressant treatment
continue to suffer from depressive behaviors which alters
daily function and leading to a lessened quality of life. This
could be partially explained by the contradictory results,
since several antidepressants have little to no change
oxidative stress markers. To further this point, it has been
shown that some parameters of oxidative stress can also be
normalized by mood stabilizing treatment [49, 110, 111] This
is in accordance with preclinical studies showing that lithium
and valproate exert antioxidant effects in vitro and in vivo
[111]. This may help demonstrate a rationale for why the
adjunct treatments with mood stabilizers and antidepressants
have such high efficacy in the treatment of bipolar disorder.
A recent trial assessing the potential application of the
antioxidant N-acetylcysteine has shown promising results,
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which suggest that it may ameliorate depressive symptoms
within two weeks compared to the standard one month
outlook of current SSRI treatments [112].
Mitochondrion is a well-known target of oxidative stress,
a point that is rarely debated. Inhibition of the mitochondrial
MAO is likely the most studied effect of antidepressants on
mitochondrial functions. An early observation of iproniazid,
an irreversible MAO inhibitor, having antidepressant effects
[113] lead to the pursuit and discovery of other compounds
with similar mechanisms of action. Generally, selective
inhibitors of MAO-A and nonselective MAO inhibitors seem
to be effective in the treatment of patients with depression,
panic disorder, and other anxiety disorders [114].
Antidepressants, which act primarily as serotonin and/or
norepinephrine reuptake inhibitors, show inhibitory activity
towards MAO as well bringing more validity to the concept
of antioxidant action in the treatment of depression and
anxiety.
The Role of Antioxidants in Anxiety: Preclinical and
Clinical Evidences
Several studies have mentioned that oxidative stress can
cause anxiogenic behavior, but the relationship between
them is indirect. Desrumaux et al. [115] showed that vitamin
E deficiency in the mouse brain significantly caused
oxidative stress, resulting in increased anxiogenic behaviors
without abnormalities in the locomotor performance. Berry
et al. [116] reported that the mice develop the anxiety-like
behaviors during aging, likely due to the accumulation of
oxidative damage, which is a characteristic of normal aging
processes. A subsequent study in rats by Souza et al. [117]
revealed that the consumption of a highly palatable diet
enriched with sucrose leads to an obese phenotype, increased
protein oxidation of the frontal cortex and an induction in
anxiety-like behaviors in the dark/light choice test without
altering locomotion in an open field test.
Recent evidence suggests a direct correlation between
oxidative stress and anxiety. For example, Masood et al.
(2008) reported that oxidative stress induced by L-buthionine(S,R)-sulfoximine (BSO) in the hypothalamus and amygdala
occurs in parallel with anxiety-like behavioral patterns in
mice. Another study in outbred Swiss mice by Bouayed et al.
[118, 119] indicated that increased anxiety-like behavior is
positively correlated with increases in reactive oxygen
species in granulocytes. Since there is a strong relationship
between stress, neonatal handling and feeding behaviors, the
influences of these three factors on behavioral parameters
and oxidative stress in key brain regions have been
investigated. These studies suggest that these factors are
closely involved in behavioral activity, such as anxiety and
locomotion, as well as redox components, such as ROS/SOD
and NADPH levels [120].
The advent of anxiety can result from a multitude of
different avenues, such as pharmacological side effect of
various treatments (e.g. methyl-!-carboline-3-carboxylate),
stressful situations (e.g. immobilization stress) or natural
conditions (e.g. aging process). Although the link between
oxidative stress disturbances and anxiety is not being
disputed, it’s whether oxidative stress is a side effect of
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emotional stress or disorders, or if oxidative stress is the
genesis of the condition remains unclear; a chicken versus
egg dilemma of physiological and behavioral aspects. Could
prevention of oxidative stress attenuate oxidative stressinduced anxiety-like behavior or is it a bandage about to a
wound? To answer this question, one study employed a rat
model in which oxidative stress was induced by Lbuthionine-(S,R)-sulfoximine (BSO) for 3 or 7 days and the
net change in anxiety-like behaviors was assessed [100]. In
the study, two different treatment options to prevent oxidative
stess was applied: antioxidant tempol supplementation as a
pharmacological intervention or the use of a moderate
treadmill exercise regimen The findings suggested that BSOinduced anxiety-like behavior of rats was prevented by both
antioxidant tempol supplementation and moderate treadmill
exercise in rats. This was one of the first studies that
provided a direct causal role of oxidative stress in anxietylike behavior in rats. A follow-up study replicated these
findings using another oxidative stress inducer, xanthine plus
xanthine oxidase (X+XO), which led to increased anxietylike behaviors in rats [87]. These studies support, at least in
part, the interconnection between oxidative stress and
anxiety-like behaviors. However, it is important to note that
this relationship is not perfectly correlated. Results from
Masood et al. [118] showed that the well-known anxiolytic
diazepam did not fully reverse the anxiety generated by BSO
treatment, suggesting that ROS could be one of many factors
causing spontaneous anxiety.
Although psychopharmacological studies present
antioxidants as a potential new strategy for the treatment of
anxiety, the use of these substances has to be with used
caution. Several studies are required to investigate the
toxicity of antioxidants at nonnutritional doses. At high
doses, it has been discussed that antioxidants could enact
deleterious effects on health. An example, it has been
demonstrated that epigallocatechin gallate (EGCG) polyphenols
at pharmacological doses (30 and 60 mg/kg) abolishes
anxiety in mice; however, at 150 mg/kg this tea polyphenol
lead to death in mice with 100% mortality in less than 24
hours. Despite the fact that antioxidants given at higher
doses could be toxic, they are presumed safe in food due to
their presence at low doses levels, instead working through a
combined effect through many avenues of antioxidant
activity [121]. Therefore, antioxidants from a normal diet
could play a role in the prevention anxiety. For example,
Viggiano and co-workers [122] demonstrated that the
symptoms of aged rats with anxiety fed for 10 weeks with a
standard diet supplemented with fresh fruit were significantly
ameliorated than aged rats fed with the standard diet sans the
fruit. The decrease of anxiety was not associated with a
change in TAC but a reduction of overall oxidative stress
was found. Additionally, it has been suggested that the antianxiety effect of sustained intake of fruits, olive oil and
honey may be due to the diet containing complex mixtures
of nutrients, including vitamines, flavonoids, phenolic acids,
several carotenoids, acting on a synergistic or additive
manner.
The connection between anxiety and oxidative stress in
humans has been studied as well but to a much lesser extent
than that of other animals. Yasunari and his colleagues [123]
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Fig. (1). Mechanism of oxidative stress-induced neuronal damage.

found a significant relationship between trait anxiety and
ROS formation in monocytes of hypertensive individuals.
The efficacy of natural remedies, most of which have
antioxidant properties, in treatment of anxiety disorders was
recently reviewed. The findings suggested that various
herbal remedies, such as passionflower, may play some role
in the alleviation of anxiety [124]. Some target synthetic
compounds focusing on depression and anxiety, such as
phosphodiesterase 5 inhibitors, have also been proven to be
effective in neutralizing radical oxygen species, which may
result in the treatment of anxiety-related disorders, such as
the irritable bowel syndrome [125].
Taken together, findings from all animals, from humans
to mice, studies clearly support involvement of altered
oxidative stress-related mechanisms in anxiety disorders, but
to what extent and how their representation of various
symptoms or trait markers have not yet been conclusively
resolved. Some studies have addressed the effect of
antidepressant treatment on oxidative stress markers in
patients with anxiety or depressive disorders [126, 127].
However, in the absence of healthy controls receiving
treatment or patient groups receiving placebo, the interpretation of these results is difficult and nigh mute.

SUMMARY & FUTURE DIRECTIONS
The oxidative stress hypothesis of depression and anxiety
is slowly gaining merit. The information reviewed in this
chapter reveals the influence of oxidative stress in the
function, inflammation, plasticity, and signaling of neurons,
as well as mitochondrial dysfunction in the pathogenesis of
depressive and anxiety disorders (Fig. 1). Identification of
new molecular pathways provides promise, as they are
potentially amenable to pharmacological intervention.
Increased interest in exploring novel pathways involved in
the oxidative stress is good news for the study of depressive
and anxiety disorders, an area that has stagnated in novel
treatment approaches.
Cyclic AMP (cAMP) and cyclic GMP (cGMP), critical
second messengers, play an important role in regulating
central nervous system’s functions, such as emotion-related
learning and memory in addition to nerve growth and
regeneration [128]. Cyclic nucleotide phosphodiesterases
(PDEs) are a super-family of enzymes that are involved in
the regulation of the intracellular second messengers cAMP
and cGMP, by controlling their rates of degradation. Since
PDEs have been demonstrated to play distinct roles in the
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process of emotion as well as learning and memory, selective
PDE inhibitors could also help modulate mood disorders.
The effects of specific PDE inhibitors as pharmacological
agents on depression and anxiety are a field of high research
interest. It has found that PDE2 inhibition is able to inhibit
oxidative stress-induced anxiety in mice [77]. A noted
anxiolytic effect of two PDE2 inhibitors, Bay 60-7550 and
ND7001, was observed in the elevated plus-maze and open
field test in stressed mice. The related mechanism is
demonstrated by primary neuronal cultures, which suggest
that Bay 60-7550 and ND7001 decrease reactive oxygen
species generation and improve the total antioxidant capacity
in cerebral cortical neurons. These behavioral and neurochemical results support the notion that PDE2 may be a
pharmacological target for treatment of neuropsychiatric
diseases, which is involved in their antioxidant actions.
Another phosphodiesterase subtype, PDE4, has also been
implicated in various disorders such as depression, anxiety,
and inflammation-related disorders ten years ago. However,
causal links among these actions with antioxidant effects by
rolipram, a non-selective PDE4 inhibitor, have not been
established. To date, a growing body of evidence suggests
that PDE4 inhibitors alleviate the depressive-like behaviors,
which is at least in part mediated by modulating oxidative
stress status in animal brains [4]. However, there remain
large gaps in our understanding of major contributions of
PDE4 inhibitors on depression and anxiety by regulation of
oxidative/antioxidant parameters. The reason for this lack of
understanding is that the same as the lack of knowledge
about the major aspects of oxidative stress and its overall
contributions to emotional disorder.
To fully elucidate the role of oxidative stress in the
development of mood disorders like depression and anxiety,
there must be several questions answered:
1 What are the molecular mechanism and the relationship
between oxidative stress and neuroinflammatory changes
in mood disorders?

knowledge may take years to identify but a journey with
high rewards at its conclusion.
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