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a b s t r a c t

A century of investigations enhanced our understanding of bipolar disorder although it remains a
complex multifactorial disorder with a mostly unknown pathophysiology and etiology. The role of the
immune system in this disorder is one of the most controversial topics in genetic psychiatry. Though
inflammation has been consistently reported in bipolar patients, it remains unclear how the immuno-
logic process influences the disorder. One of the core components of the immune system is the NF-kB
pathway, which plays an essential role in the development of innate and adaptive immunity. Remarkably,
the NF-kB pathway received only little attention in bipolar studies, as opposed to studies of related
psychiatric disorders where immune dysregulation has been proposed to explain the neurodegeneration
in patient conditions. If immune dysregulation can also explains the neurodegeneration in bipolar dis-
order, it will underscore the role of the immune system in the chronicity and pathophysiology of the
disorder and may promote personalized therapeutic strategies. This is the first review to summarize the
current knowledge of the pathophysiological functions of NF-kB in bipolar disorder.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Bipolar disorder (BD) is a major episodic chronic psychiatric
illness with an accelerating course, which comprises of mood
swings that range from extreme high (mania) to extreme low
(depression) that appear with discrete beginnings and ends, but
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may appear together. The changes in symptomatology over the
course of the illness, sometimes termed progression, is character-
ized by increases in the frequency and severity of affective episodes
over time (Zis et al., 1980; Roy-Byrne et al., 1985; Goodwin, 2002),
worsening of long-term outcome (Schneider et al., 2012), reduction
in the likelihood of response to appropriate treatment, both bio-
logical, such as lithium (Swann et al., 1999), and psychological, such
as cognitive-behavioral therapy (Scott et al., 2006), and worsening
health-related quality of life (Roshanaei-Moghaddam and Katon,
2009). The chronicity in BD and its possible contribution toward
its progression alongside the growing appreciation of the profound
interrelationship between the central nervous system (CNS) and
immune system suggests that understanding the role of immunity
in the pathophysiology of the disorder may help decipher the
molecular mechanisms underlying BD.

The immune system is a neuroanatomical area of great interest
in BD due to the emotional and neuronal consequences of major
shifts from homeostasis. It is well established that BD is charac-
terized by high peripheral levels of pro-inflammatory agents, such
as cytokines (mainly interleukins like IL-2, IL-4, and IL-6) (Brietzke
et al., 2011; Munkholm et al., 2013), tumor necrosis factors (TNF-a)
(Brietzke and Kapczinski, 2008), and chemokines (e.g., CCL24 and
CXCL) (Brietzke et al., 2009a). The observed increase in the pe-
ripheral pro-inflammation particularly during mood swings led a
growing number of authors to propose that ongoing inflammation
and related processes like neuronal death (apoptosis) may account
for the observations reported in neuroimaging studies, where at
least a subset of BD patients exhibit a cortical thickness reduction
(Rajkowska et al., 2001; Jung et al., 2011), significant loss of gray and
white matter volumes (McDonald et al., 2004; Haznedar et al.,
2005; Lyoo et al., 2006), and changes in morphology and integrity
of white matter tracts (L�opez-Larson et al., 2002; Connor et al.,
2011; Sprooten et al., 2013). The possibility that chronic inflam-
mation leads to structural brain abnormalities and cognitive defi-
cits in BD patients raised hopes that biochemical markers can be
utilized to detect the illness at early stages (Jones and Thomsen,
2013) instead of carrying patient interviews and self-report ques-
tionnaires, which lack objectivity and biological validation (Frey
et al., 2013). Thus far, however, efforts have met with limited suc-
cess, suggesting that a more thorough understanding of the
immunoregulatory mechanisms in BD is necessary.

Like all mammals, the human immune system also consists of a
functionally linked group of anatomically disparate tissues and cell
types, most of which are subject to rapid turnover. Orchestrating
these processes that involve both cell proliferation and apoptosis
requires the involvement of complex regulatory systems. One of
those system is the Nuclear Factor kappa-light-chain-enhancer of
activated B cells (NF-kB) signaling pathway, which has received
little attention in BD studies, but its abnormal activity has been
widely reported in related mental disorders, like schizophrenia
(Song et al., 2009), major depression (Kim et al., 2015), and autism
(Manzini et al., 2014). This review aims to bridge this knowledge
gap by describing the role of NF-kB in BD and addressing key
questions regarding the role of the immune system in the patho-
physiology of the disorder.

2. Progression through stages predicts clinical and mental
deterioration

In the course of their illness, bipolar patients may endure an
increase in the frequency and severity of symptoms from early
onset bipolar with “soft” spectrum conditions to later stages where
the symptoms become severe (Schneider et al., 2012). Progression
in BD was first documented in the pioneering work of Emil Krae-
pelin. Kraepelin (1921) described in detail the episodic nature of the
disorder and its progression, characterized as faster recurrences
(shorter intervals between episodes of high disease activity) that
appeared to be dependent on the episode number. The positive
feedback between the disease process and its episodes results in
episode sensitization (Huber et al., 2003), which may be the key
mechanism underlying the long-term course of recurrence in bi-
polar. Kraepelin also described stress sensitization in which early
episodes of unipolar and bipolar disorders are often precipitated by
psychosocial stresses, in contrast to later episodes that occur
seemingly independently of psychosocial stresses after a sufficient
number of recurrences (Kraepelin, 1921). The association between
stress and episode sensitization is considered to be firmly estab-
lished (e.g., Roy-Byrne et al., 1985; Kendler et al., 2001; Kessing and
Andersen, 2004; Post, 2007; Kessing, 2008; Berk et al., 2011a;
Grande et al., 2012; Post et al., 2012). Progression in bipolar has
also been associated with unfavorable clinical outcomes and
mental deterioration, such as escalation in frequency and duration
of the episodes, shortening of inter-episodic intervals (Goodwin,
2002; Torres et al., 2007; Berk et al., 2009), lower responsiveness
to treatment, particularly with lithium and cognitive behavioral
therapy (Swann et al., 1999; Ketter et al., 2006; Scott et al., 2006),
higher rates of comorbidity (Matza et al., 2005; Magalhaes et al.,
2012), functional impairment (Roshanaei-Moghaddam and Katon,
2009; Rosa et al., 2012), increased cognitive dysfunction (Kessing
and Andersen, 2004; Torres et al., 2007; Schouws et al., 2009;
Post et al., 2012), and a higher risk of hospitalization and mortal-
ity due to suicide (Goldberg and Ernst, 2002; Goldstein et al., 2005;
Hawton et al., 2005.

Progression in BD is characterized by the expansion of the struc-
tural abnormalities in the brain and cognitive impairment, one of the
core features of BD that largely contributes to the various disabilities
associated with the disorder. It encompasses phenomena like
impaired response inhibition, difficulties with set shifting and sus-
tained attention (Bora et al., 2009; Schouws et al., 2009), and slow
informationprocessing (Malhi etal., 2007;Martinez-Aranet al., 2007)
that are more severe in late onset patients (Schouws et al., 2009).

The failure of the neuroprotective mechanisms to protect
against the ill effects of progression was proposed to be due to
dysregulated immuno-mechanisms (or immuno-mechanisms that
are disrupted due to multiple mood disorders) that may be
responsible to the increase in cytokine levels during acute episodes
that alter neuroplasticity, cell resilience, neuronal survival (Brietzke
and Kapczinski, 2008; Kunz et al., 2011), and prompt neuronal
death (apoptosis) in a cycle of events that has been termed “neu-
roprogression” (Berk et al., 2010; Fries et al., 2012). Ongoing neu-
roprogressive changes were linked with tissue damage, brain
structural changes, patients' increased vulnerability to future epi-
sodes of illness, relapse, neuropsychiatric illnesses and stress, and
eventually cognitive impairment (Berk et al., 2010; Gama et al.,
2013; Ketter et al., 2006; Waddington et al., 1998). Unfortunately,
the literature on the progressive nature of cognitive impairments is
scant and contradictory. For example, Torrent et al.'s (2012)
repeated-measure analyses over time showed a slight improve-
ment in attention but worsening in executive function, whereas
Mora et al. (2013) showed that the cognitive functioning of
euthymic bipolar patients remains, on average, steadily affected in
6 years of follow-up.

To recapitulate the pathological reorganization of the CNS along
the course of the disorder, Berk et al. (2011b) opted to consider
bipolar as a neuroprogressive disorder. It has been argued that the
reactivity of the nervous system in BD is altered following repeated
mood episodes, which ultimately promotes a brain rewiring that
makes the patient increasingly vulnerable to follow-up episodes
(Kapczinski et al., 2008; Grande et al., 2012; Vieta et al., 2013). A
similar concept of allostatic load has also been proposed to explain



Fig. 1. A proposed schematic for the mechanism of neurodegeneration in BD patients in relation to healthy individuals.
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why seemingly unrelated findings, such as cognitive impairment
and higher rates of physical comorbidity and mortality observed in
the course of BD, are part of the cumulative damage associated with
BD (Kapczinski et al., 2008; Juster et al., 2010; Vieta et al., 2013).
When encountering potentially stressful challenges, the body may
respond in adaptation involving the activation of neural, neuro-
endocrine and neuroendocrine-immune mechanisms. This “allo-
stasis” or “stability through change” is an essential component of
maintaining homeostasis. Allostatic load thereby represents the
accumulation of the bodily “wear and tear” that emerges in a state
of chronic or frequent stress leading to an allostatic overload in a
non-adaptive way (Kapczinski et al., 2008). It aligns with the
perception of progression in that both attempt to explain why pa-
tients who undergo recurrent mood episodes are clinically
perceived as less resilient (Fig. 1).

A similar hypothesis known as kindling, advanced by Post and
associates, emphasized the role of life history in mood disorders
(Post,1992; Post andWeiss,1997). The basic tenet of this hypothesis
is that major psychosocial stressors play a greater role in the initial
episodes of a mood disorder, as compared to subsequent episodes.

The frequency of the mood episodes increases over time due to
the progressive decline in the threshold required to elicit these
episodes, at least in a subgroup of patients. The kindling hypothesis
has been well documented in animal models (Monroe and
Harkness, 2005) but received mixed results in humans (Bender
and Alloy, 2011).

Few limitations are common to all hypotheses. First, it is
difficult to reliably identify the first onset of mood episodes, which
is critical in studies that test the patient's response to potential
environmental stressors. Second, no standard definition exists for
stressful life events, the earliest time life events should be recor-
ded (infancy, childhood, or adulthood), how to record life events
(interview or clinical observations), and who should record life
events (patient or guardians). Third, when studying the relation-
ships between mood disorders and life events, it is often chal-
lenging to discern cause and effect. Finally, the effect of
antidepressant medications may obscure the neuro-
developmental processes under study, and it is often impossible
to control for their effect.
3. Inflammatory abnormalities and cognitive impairment in
bipolar patients

To understand why neuroprotective mechanisms fail to account



E. Elhaik, P. Zandi / Journal of Psychiatric Research 70 (2015) 18e27 21
for the progressive decline in mental health, researchers attempted
to stereotype common phases over the course of the disorder. This
allowed clinicians to conceptualize the disorder as a combination of
episodic “stages,” each with a distinct immunologic signature and
clinical outcomes that converge towards clinical impairment
(Kapczinski et al., 2009; Gama et al., 2013) (Fig. 1), but it remained
unclear which biological mechanisms regulate them.

Several mechanisms have been proposed to account for that the
clinical impairment, such as: the Dopaminergic system for which
pharmacological evidence suggests that excessive dopamine
neurotransmission is involved in the development of manic
symptoms; the Glutamatergic system, purported to be related since
mood stabilizers were shown to modulate glutamate levels which
may have therapeutic value; neurotrophins like BDNF (Fernandes
et al., 2011), bcl-2, neurotrophin-3 (NT-3) (Walz et al., 2007), and
neurotrophin-4/5 (NT-4/5) (Walz et al., 2009), glial-derived neu-
rotrophic factor (GDNF) (Rosa et al., 2006), and vascular endothelial
growth factor that play a vital role in neuronal survival and pro-
liferation; oxidative stress, which is linked to a fundamental ab-
normality in oxidative energy generation (Kato, 2007; Bauer et al.,
2014); life stress and trauma that have been shown to be associated
with a decrease in serum BDNF levels among BD patients (Kauer-
Sant'anna et al., 2008); accelerated aging and disease trajectories
(McEwen, 2003; Juster et al., 2010); and inflammation (e.g., Bauer
et al., 2014). Of all the biological mechanisms purported to under-
lie cognitive impairment (Berk et al., 2011a; Bauer et al., 2014)
inflammation was the most potent one.

At the molecular level, inflammation is a response to harmful
stimuli characterized by cytokine cascades resulting in instanta-
neous regulatory changes of immune related genes and their
transcription factors as well as cellular immune responses. At
present, research regarding the relationship between inflammatory
response and cognitive performance in BD is extremely limited;
however, findings indicate a link between the effects of pro-
inflammatory and oxidative processes, the mechanisms of neuro-
inflammation and neuroprotection, and the cognitive decline
observed in BD (Brietzke and Kapczinski, 2008; Stertz et al., 2013;
Bauer et al., 2014). Evidence that stress elevated cytokine levels
are associated with BD was provided by Dickerson and colleagues.
Following the reported association between the levels of C-reactive
protein (CRP), a marker of inflammation, and cognitive functioning
in schizophrenia (Dickerson et al., 2012), the authors compared the
levels of CRP in bipolar patients and controls. They found that
elevated levels of CRP are associated with lower cognitive func-
tioning in individuals with bipolar disorder. Although they could
not explain the reasons for the association, they speculated that
they are related to inflammatory processes occurring within the
vasculature of the CNS, but other factors like diet and allergen
exposure may also contribute to the increase in CRP levels. This
group has also reported that manic episodes preceding the eleva-
tion in inflammatory markers are predictors of re-hospitalization
(Dickerson et al., 2013a, 2013b). The authors speculated that cyto-
kine activation could represent an exposure to an exogenous in-
fectious agent, a reactivation of an endogenous agent, or the
progression of an autoimmune reaction. Similarly, Lotrich et al.
(2014) proposed that elevated serum levels of IL-1RA in BD pa-
tients, even during euthymic states, were associated with worse
cognitive function.

Few authors went as far as to propose that the relatedness be-
tween BD and inflammation is due to autoimmunity to organ-
specific antigens, implying that bipolar is, at least partially, an
autoimmune disorder. This notion is not new, although empirical
evidence remains scarce (Leboyer et al., 2012). Kupka et al. (2002)
showed that bipolar patients tend to develop organ specific auto-
immunity to thyroid peroxidase with a higher prevalence of
clinically overt thyroid failure (hypothyroidism) due to autoim-
mune thyroiditis. A follow-up study extended these findings and
reported that bipolar is associated with other organ-specific auto-
antibodies (Padmos et al., 2004).

Although deregulation of the immune system is not considered
an autoimmune condition it may potentiate similar consequences
in patients. Accumulating evidence supports the view that such
deregulation represents an important vulnerability factor for psy-
chosis, an abnormal condition expressed in BD patients that may be
triggered by exogenous factors, such as allergens. For example,
pollen-specific immunoglobulin E has been reported to be associ-
ated with worsening of depression scores in BD patients during
high pollen season (Manalai et al., 2012). A Taiwanese nationwide
study reported that adolescents with asthma are at a higher risk of
developing BD in later life (Chen et al., 2014). Bergink et al. (2014)
reviewed studies that discussed the relatedness between autoim-
munity, inflammation, and psychosis, and proposed that psychosis
may be triggered by either immune-mediated mechanisms, such as
genetic predisposition, or nonimmune-mediated pathogenic
mechanisms. The role of autoimmunity in modulating inflamma-
tory pathways in psychiatric disorders remains one of the most
debated topics in genetic psychiatry (Davison, 2012). In the
following, we review additional mechanisms proposed to account
for the changes in inflammatory pathways and their potential
contribution to the etiology of BD.

4. Pro- and anti-inflammatory cytokines in bipolar

Cytokines are small signaling proteins secreted by immune cells
in response to a variety of stimuli. Cytokines mediate crucial
cellular functions, such as proliferation, survival, maturation, and
neuroplasticity, during innate and adaptive immune responses
(Brietzke and Kapczinski, 2008). Under normal physiological con-
ditions, cytokines have beneficial roles (McAfoose and Baune,
2009); however, during excessive and prolonged activation of the
immune response, cytokines can also promote several abnormal-
ities thought to be relevant to the pathophysiology of BD. These
effects include diminished neurotrophic support, decreased neu-
rogenesis, increased glutamatergic activation and oxidative stress,
induction of apoptosis in relevant cell types (e.g., astrocytes and
oligodendrocytes), and deregulation of glial/neuronal interactions
(reviewed in Brietzke et al., 2011).

Activation of the immune system has been repeatedly demon-
strated in bipolar patients in both (Stertz et al., 2013), but direct
evidence supporting progressive immune alterations in patients is
limited for several reasons, including the use of assays with insuf-
ficient sensitivity and sample heterogeneity (O'Brien et al., 2006;
Brietzke et al., 2009b). Because bipolar patients exhibit increased
peripheral levels of inflammatory mediators mainly during acute
mood episodes, studies on patients during acute episodes of
depression ormania are themost informative (Brietzke et al., 2011).

The consensus among studies reviewed by Goldstein et al.
(2009) is that peripheral pro-inflammatory cytokine levels in-
crease in bipolar patients during manic and depressive episodes
when compared with normal controls. For example, O'Brien et al.
(2006) used high sensitivity assays to define the cytokine profile
of bipolar patients in acute mania and depression compared to
controls. The authors exemplified that both depression and mania
states are associated with an increased production of the pro-
inflammatory cytokines (TNF-a, IL-6, and IL-8). The levels of the
anti-inflammatory cytokine IL-10 did not differ, but its concentra-
tion was positively correlated with cortisol concentration in mania.
Focusing on different cytokines, Brietzke et al. (2009b) also re-
ported an increase in few other pro-inflammatory cytokines (IL-2,
IL-4, and IL-6) during mania compared with controls, whereas
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depressed patients showed only an increase in IL-6 levels. That only
IL-4 levels were increased in euthymic patients compared with
healthy subjects points to the importance of studying non-
euthymic patients. This may be one of the foremost reasons for
inconsistent results among studies (Brietzke et al., 2009b).

Many studies have reported an increase in pro-inflammatory
cytokines and hyperactivity of T helper cell type 1 in bipolar, with
significantly higher TNF-a levels in patients during manic (O'Brien
et al., 2006; Kim et al., 2007; Ortiz-Domínguez et al., 2007;
Munkholm et al., 2013) or depressive episodes when compared
with normal controls (O'Brien et al., 2006; Ortiz-Domínguez et al.,
2007; Munkholm et al., 2013). On the flip side are reports of a
decrease in anti-inflammatory cytokines, implying that the imbal-
ance between pro- and anti-inflammatory cytokines plays a role in
the pathophysiology of BD (Kim et al., 2007). This hypothesis is
reasonable considering the neuroprotective role of some anti-
inflammatory cytokines (Vitkovic et al., 2001), but it does not
explain all observations. A recent meta-analysis of 30 studies re-
ported a significant elevation of both pro- and anti-inflammatory
cytokines in BD (Modabbernia et al., 2013), implying that anti-
inflammatory cytokines are unable to provide the necessary neu-
roprotection against the harmful effects caused by pro-
inflammatory cytokines elevated in both conditions.

However, until a direct causality between immune dysfunction
and BD is established, the possibility of reverse causation must not
be ignored. In other words, it is possible that disruptions of ho-
meostasis caused by mood swings disrupt the activity of the im-
mune system. There is much evidence that the CNS can influence
the immune response and that psychological stress can lead to
adverse immunological changes, providing a physiological pathway
through which negative life events may result in an increased
vulnerability to infectious and malignant disease (Hall et al., 1994).
For example, it has been shown that uncontrolled anger, such as
experienced during an episode, is related to a stress-induced in-
crease in circulating pro-inflammatory cytokines like IL-6 and that
a greater long-term exposure to such cytokines results in negative
health consequences (Puterman et al., 2014). Mood disorders pro-
moted by immune dysregulation and mood disorders that pro-
motes it may be clinically similar, but are likely dissimilar at the
molecular level, in which case our inability to discern these sub-
types will confound case-control studies and yield erroneous re-
sults. An added complication to the study of stress-induced
neurochemical changes is that events in the immune cascade,
triggered by external stimuli, are changed as a consequence of the
stress response itself, which also depends on prior exposures. A
prior exposure to traumatic brain injury (TBI), for example, has
been associated with BD. Reekum et al. (2000) reviewed five
studies where BD has occurred to subjects after TBI and found a BD
prevalence of 4.2% over a maximum of 7.5 years of follow-up,
whereas the general community lifetime prevalence rate was
0.8%. However, conclusions should be drawn with caution since BD
patients are also more prone to TBI compared to healthy controls
(Malaspina et al., 2001). Identifying the molecular pathways
involved in the abnormal immune activation, neuroinflammation,
and alteration in neuroplasticity observed in the pathophysiology
of the disorder has been the central aim of many recent analyses
(e.g., Dickerson et al., 2015; Stertz et al., 2015).

5. The role of the NF-kB in innate and adaptive immunity,
neuroprotection, and apoptosis

Interestingly, alongside their critical role in the process of
alteration in neuroplasticity (Brietzke and Kapczinski, 2008; Potvin
et al., 2008), some pro-inflammatory cytokines also stimulate re-
ceptors in neurons linked to the activation of NF-kB, a signaling
pathway that modulates neuronal excitability and vulnerability to
excitotoxicity (Brietzke and Kapczinski, 2008). Unfortunately, the
potential molecular or environmental triggers that activate the NF-
kB in brain tissue and involved in inducing bipolar are under-
studied. In the following, we introduce the NF-kB signaling
pathway and then focus on its role in the etiology of bipolar.

The NF-kB signaling pathway plays a key role in a multitude of
cellular, developmental, and organismal processes, responses, and
diseases in mammals (Gilmore andWolenski, 2012). At its simplest,
this pathway represents a family of structurally related and
evolutionarily conserved proteins that participate in various bio-
logical processes, including immune response, inflammation, cell
growth and survival, and development (Hayden and Ghosh, 2012).
From insects to mammals, there are multiple NF-kB⁄Rel transcrip-
tion factors (2e3 in insects and 5 in humans). The vertebrate NF-kB
is induced by over 150 different stimuli, including inflammatory
cytokines, mitogens, growth factors and hormones (e.g., insulin),
viral and bacterial pathogens, stress-inducing agents, therapeuti-
cally used drugs and chemical agents, and environmental hazards
(Perkins, 2007). The toll-like receptor (TLR) pathway, for example,
is one of the most highly conserved signaling pathway for activa-
tion of NF-kB. Mammalian NF-kB family is composed of five
members: NF-kB1 (p105/p50) NF-kB2 (p100/p52), RelA (p65), RelB,
and c-Rel. NF-kB proteins form numerous homo- and hetero-
dimers associated with specific biological responses that stem
from their ability to regulate target gene transcription differentially
(Bonizzi and Karin, 2004; Perkins, 2007). In mammals, there are
multiple genes at every level of the standard “core” NF-kB signaling
pathway (Gilmore and Wolenski, 2012).

Due to its importance as a transcriptional regulator and because
a large variety of bacteria and viruses can also activate it, the NF-kB
has often been termed a “central mediator of the human immune
response” (Pahl, 1999), though amore appropriate definitionwould
be a central regulator of stress and immune responses. This repu-
tation is well justified. NF-kB plays a critical role in the activation of
immune cells by upregulating the expression of cytokines essential
to the immune response. In particular, NF-kB stimulates the pro-
duction of IL-1, IL-6, and TNF-a, some of which, like IL-1 and TNF-a,
activate the NF-kB itself, thus initiating an autoregulatory feedback
loop (Liang et al., 2004). NF-kB proteins form numerous homo- and
hetero-dimers associated with specific biological responses stem-
ming from their ability to differentially regulate target gene tran-
scription (Bonizzi and Karin, 2004). NF-kB transcription factors, in
turn, promote the expression of over 150 target genes involved in a
variety of cellular processes including growth factors, cytokines,
chemokines, inflammatory mediators and adhesion molecules,
many of which have readily apparent relevance to plasticity (Ghosh
et al., 1998; Kumar et al., 2004; Mattson and Meffert, 2006; Pahl,
1999).

NF-kB activity can also be induced by various physiological
stress conditions such as ischemia/reperfusion, liver regeneration,
and hemorrhagic shock. Physical stress in the form of irradiation as
well as oxidative stress to cells also induce the NF-kB (Pahl, 1999).
Here again, NF-kB relays the information of an imminent stress and
at the same time enacts a response by promoting the transcription
of genes whose products alleviate the stress condition. The di-
versity of NF-kB inducers originating from a wide variety of
mechanisms underlie the complexity of its regulation (Kumar et al.,
2004).

The generic literature distinguishes between NF-kB's two major
pathways responsible for the release of NF-kB dimers from their
inhibitors. The canonical NF-kB pathway plays a key role in the
innate immunity and is triggered by many stimuli including pro-
inflammatory cytokines, antigens, pathogens, receptor activator of
NF-kB ligand (RANKL), and TLR ligands. Activation followed by



Fig. 2. An illustration of the canonical and non-canonical NF-kB pathways alongside pathways involved in their activation. The canonical pathway is induced by pro-inflammatory cy-
tokines (e.g., IL-1 andTNF-a), toll like receptors (TLRs), andother stimuli likeViruses and somezincfingerproteins. It dependson theactivationof IKKb,which results in thephosphorylation
(P)of IkBaat Ser32andSer36, leading to itsubiquitination (Ub)and subsequentdegradationby the26Sproteasome.Releaseof theNF-kBcomplexallows it to relocate to thenucleus.Adirect
path for activation is throughNF-kB's essentialmodifier (NEMO) in thenucleus.WhenNEMOis sumoylatedandubiquitinated, for example, in response to genotoxic agents, it relocates back
to the cytoplasmwhere activation of IKKb occurs together with ataxia telangiectasiamutated (ATM) checkpoint kinase, which helps orchestrate the cellular response to DNA damage. This
complex can also be activated independently of NF-kB, which is IKK-dependent. An alternative IKK-independent route also exists. The non-canonical pathway is induced by various
molecules involved in the immune response like chemokines and receptors (e.g., TLRs and TNFs). Under normal conditions, NIK is bound by a complex of TNF receptors that prevent non-
canonicalNF-kBactivation,but in response to receptor stimuli,NIK is releasedandaccumulated.NIKactivates IKKabyphosphorylationof its p100NF-kBsubunit. This results inproteasome-
dependent processing of p100 to p52, which can lead to the activation of p52eRelB heterodimers that target distinct kB elements. RelB contains a transcription activation domain, and it
formsa stableheterodimerswithp52 that can result in transcriptionalactivationand repressionaswell aspromoter-specificeffects. Furthermore, combinedwithother transcription factors,
these heterologous transcription factors can target NF-kB complexes to specific promoters, resulting in the selective activation of gene expression following cellular exposure to distinct
stimuliand theactivationor inhibitionof the twoNF-kBpathways.Abbreviations:Ac,acetylation;bZIP, leucinezipper-containing transcriptionfactor;HMG-I, high-mobility-groupprotein-I;
IkB, inhibitor of kB; IKK, IkB kinase; LMP1, latent membrane protein-1; LPS, lipopolysaccharide; NF-kB, nuclear factor-kB; RHD, Rel-homology domain; TAD, transcriptional activation
domain;TF, transcription factor;UV,ultraviolet; Zn-fingerTF, zinc-finger-containing transcription factor. Reprintedbypermission fromMacmillanPublishers Ltd:NatureReviewsMolecular
Cell Biology (Perkins, 2007), copyright 2007. Adapted by permission fromMacmillan Publishers Ltd: Cell Death and Differentiation (Perkins and Gilmore, 2006), copyright 2006.
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nuclear translocation of NF-kB dimers is associated with rapid in-
crease in transcription of genes encoding chemokines, cytokines,
adhesion molecules, and enzymes that produce secondary in-
flammatory mediators and inhibit apoptosis. These molecules are
vital components of the innate immune response to invading mi-
croorganisms or in response to infection or injury. The nonca-
nonical NF-kB pathway plays a central part in the adaptive
immunity and can be activated by members of the TNF cytokine
family, lymphotoxin b (TNFSF3), CD40 ligand (CD40L and TNFSF5),
B cell activating factor (BAFF and TNFSF13B), and RANKL (Bonizzi
and Karin, 2004; Lawrence, 2009; van Loo and Beyaert, 2011). A
detailed illustration of the NF-kB pathway can be found in Fig. 2.

NF-kB's ubiquitous roles in inflammation and immune re-
sponses, neuroprotection, and apoptosis are most apparent in the
nervous system (Mattson and Camandola, 2001). Early indications
that NF-kB could promote survival in neurons came from studies of
embryonic rat hippocampal cultures. Neurons incubated with TNF-
a were more resistant to death once exposed to metabolic and
excitotoxic insults (Mattson and Meffert, 2006; Brietzke and
Kapczinski, 2008). Wang et al. (1998) reiterated that TNF-a bind-
ing to the TNF receptor (TNFR) can initiate apoptosis and added that
it also activates the NF-kB transcription factors which suppress
apoptosis. One of NF-kB's major anti-apoptotic role is in mature
granulocytes. For example, neutrophils, which undergo daily
turnover and rapid apoptosis in vitro, exhibit accelerated apoptosis
as well as sensitization to pro-apoptotic stimuli following NF-kB
inhibition (Hayden et al., 2006; Greten et al., 2007). A dysregulated
NF-kB pathway may also result in an induction of apoptosis. One
such mechanism was identified by Ikeda et al. (2011), who showed
that blocking SHARPIN, a ubiquitin-binding and ubiquitin-like-
domain involved in NF-kB's activation, led to rapid cell death
upon TNF-a stimulation. NF-kB's protective roles sometimes have
undesired results when they benefit malignant cells, making the
NF-kB a target for cancer treatment (Karin, 2014). By contrast to its
neuroprotective roles, NF-kB's activation by glial cells indirectly
promotes neuronal death (Mattson, 2005). For example, chimeric
mice lacking key component of the canonical NF-kB pathway with
pronounced defect in NK cells and lymphoid lineages had experi-
enced elevated levels of NF-kB activity in these cells, which
appeared to exert a pro-apoptotic effect (Hayden and Ghosh, 2008).
Consequently, it has been suggested that the NF-kB activation in
glial cells may induce neuronal loss, whereas its activation in
neurons could promote their survival (Mattson, 2005; Mattson and
Meffert, 2006). Overall, NF-kB's activation can have contrasting
roles, sometimes in the same-cell lineage, depending on the
physiological context (Lawrence, 2009). Moreover, severe or loss of
function mutations in NF-kB genes can be lethal, pathogenic, or
steer an imbalance in the immune response (Pahl, 1999). A
dysfunctional NF-kB is a major mediator of some human genetic
disorders (Baldwin, 2001) and associated with many disease states
such as atherosclerosis, asthma, arthritis, diabetes, inflammatory
bowel disease, and viral infections. Similarly, aberrant activation
occurs in the pathogenesis of a number of human diseases related
to inflammation, enhanced cellular proliferation, viral infection,
and genetic diseases (Kumar et al., 2004; Sun, 2011).

6. Assessing the role of NF-kB in the etiology of bipolar

The NF-kB signaling pathway has been rarely studied in bipolar
patients, though investigations centered on cytokines may have
indirectly assessed its role by measuring some of its products. Few
studies, however, adopted more direct assessment methods. Sun
et al. (2001) provided one of the first lines of evidence for the
involvement of NF-kB transcription factors in the frontal cortex of
bipolar patient brains. The authors carried a serial analysis of gene
expression and reverse transcription-polymerase chain reaction in
postmortem tissue from 19 bipolar patients and 15 controls. They
found that mRNAs encoding the serotonin transporter and NF-kB2
transcription factor, a subunit of the NF-kB transcription factor
complex, were both elevated in bipolar patient tissues. Since the
expression of NF-kB2 is regulated by different factors, such as vi-
ruses and cytokines, the authors suggested that its over-expression
is consistent with an environmental factor that contributes to the
pathogenesis of the disorder. This is consistent with reports of
increased BD prevalence following winter or spring birth, which
suggests a possible role of infectious or inflammation factors in BD.

The crucial role of NF-kB in immune activation and dysfunction
of inflammatory molecules prompted Spiliotaki et al. (2006) to test
the hypothesis that NF-kB transduction cascade may be associated
with the neuro-immuno-endocrine abnormalities of depression.
They found that the whole cell NF-kB was significantly higher in
depressed patients than controls; however, there were no signifi-
cant differences in the NF-kB nuclear content and NF-kB-DNA-
binding activity between the different subgroups, which may be
due to the well documented effects of lithium, chronic valproate
(VPA), and other antidepressants in NF-kB activation and NF-
kBeDNA binding activity (Ichiyama et al., 2000; Post et al., 2000;
Bartholoma et al., 2002; Rao et al., 2007). Remarkably, the find-
ings of these studies were similar to studies showing increased
levels of NF-kB activity in Parkinson and Alzheimer patients' brains
(Hunot et al., 1997; Kaltschmidt et al., 1997).

To study the role of increased NF-kB activity in the brain, Rao
et al. (2010) compared the protein and mRNA levels of excitotox-
icity and neuroinflammatory markers in postmortem frontal cortex
brains from bipolar patients and controls. The authors reported an
upregulated NF-kB transcription factor in the bipolar patient's
brain, which could be explained by the increased protein and
mRNA levels of different inflammatory cytokines, probably due to a
response to systemic and local insults. Upregulation could result in
apoptosis and account for the brain atrophy and cognitive decline
reported in bipolar patients. An upregulation in NF-kB activity,
initiated by a stimuli and later goes out of control due to regulatory
problems, can thereby be responsible for the excitotoxicity and
neuroinflammation observed in the frontal cortex of bipolar
patients.

Insights about the upregulation of NF-kB in psychiatric disorders
prompted the search for useful approaches to deregulate it using
existing mood stabilizers or newer substances. An indication to the
therapeutic effects of the mood stabilizer valproate, used to treat
BD, was provided by Rao et al. (2007). The authors administered
valproate to rats and reported a significant reduction in NF-kB
levels that may also have affected other NF-kB-regulated genes in
the rats' cortex. These results insinuate that chronic valproic acid
treatment can decrease the accumulation of NF-kB components in
the brains of bipolar patients and mitigate the symptoms. Lithium
has been reported to have two outcomes in NF-kB signaling. On one
hand, treatment of mouse embryonic fibroblasts with lithium
decreased TNF-a-induced NF-kB transactivation and on the other
hand, lithium increased NF-kB activity in neuron-like PC12 cells,
which was associated with a decreased apoptosis in these cells.
These results suggest that the neuroprotective influence of lithium
is due to its ability to induce the anti-apoptotic NF-kB activity
(Bournat et al., 2000; N�emeth et al., 2002). Lithium is also a direct
inhibitor of glycogen synthase kinase-3b (GSK3b), which regulates
several transcription factors including NF-kB. The activity of GSK3b
has a major influence on cell survival, but when it is hyperactive,
GSK3b also increases the susceptibility of cells to the lethal con-
sequences of a wide variety of insults. Inhibition of GSK3b results in
an increase in cellular survival and reduced apoptosis in an NF-kB-
dependent pathway (Bournat et al., 2000; Jope and Bijur, 2002;
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Brietzke and Kapczinski, 2008).
Some authors have focused on curcumin ((1E,6E)-1,7-bis(4-

hydroxy-3-methoxyphenyl)-1,6-hepta-diene-3,5-dione) due to its
anti-inflammatory potential which is directly related to the inhi-
bition of NF-kB and reduction of pro-inflammatory cytokines. Gazal
et al. (2014) reported that curcumin prevented the behavioral and
pro-oxidant effects induced by ketamine in rats, suggesting that
curcumin might be an attractive compound for preventive inter-
vention in BD by reducing the episode relapse and the oxidative
damage associated with mania. The positive outcomes of curcumin
were also observed in various animal models for major depression
(Kulkarni et al., 2009; Brietzke et al., 2013).

Studies of the Catechol-O-methyltransferase (COMT) provide
some of the best examples for the involvement of the NF-kB in the
etiology of BD. COMT regulates the homeostatic levels of neuro-
transmitter dopamine in the synapses and is one of the most
intensively investigated genes in psychiatric illnesses (e.g.,
Abdolmaleky et al., 2005, 2006). COMT membrane-bound (MB-
COMT) is the predominant isoform involved in the degradation of
synaptic dopamine in the human brain. Abdolmaleky et al. (2006)
analyzed 115 post-mortem brain samples from the frontal lobe of
BD patients and showed that the MB-COMT promoter is frequently
hypomethylated in patients, specifically in the left frontal lobes. The
link between NF-kB and COMT expression was better understood a
few years later when Tchivileva et al. (2009) reported that TNF-a
downregulates COMT mRNA and protein in astrocytes. An exami-
nation of the distal COMT promoter revealed a putative binding site
for NF-kB, the target of TNF-a. Similarly, Nohesara et al. (2011) re-
ported a hypo-methylated MB-COMT promoter in DNA derived
from the saliva of BD patients, suggesting that a methylation
analysis of this promoter in saliva can potentially be used as an
epigenetic biomarker for the disorder's state BD. Overall, these
studies imply that NF-kB-mediated inhibition through COMT,
contributes to the pathogenesis of inflammatory states associated
with BD.

Other popular therapeutic targets of non-steroidal anti-inflam-
matory drugs in bipolar patients are cyclooxygenases (COX). COX
received much attention due to their crucial pro-inflammatory role
(Williams et al., 1999). The first of the twomain COX enzymes, COX-
1, is constitutively expressed in most tissues, whereas the second
one, COX-2, is an inducible enzyme that responds to pro-
inflammatory stimuli (Choi et al., 2009; Font-Nieves et al., 2012).
These isoforms act as homodimers and were shown to form het-
erodimers in mice (Yu et al., 2006). Since COX-2 is regulated by NF-
kB, it became the target of anti-COX therapeutics (Lee et al., 2004;
Roy et al., 2011), although the use of COX-2 inhibitors in BD is
currently not recommended because its potential interactions with
lithium may have severe side effects. Preliminary observations of
COX-1 inhibitors, however, suggest beneficial effects on the
depressive symptoms of bipolar patients (Fond et al., 2013). These
positive effects support the hypothesis that COX-1 inhibitors can
reduce neuro-inflammatory processes with consequent beneficial
improvement for bipolar patients (Choi et al., 2009).

7. Conclusions

This is the first review of the role that the NF-kB signaling
pathway plays in the etiology of BD. This review also considered
whether dysregulation of this signaling pathway can explain the
progression of the disorder, or phrased differently, increases the
allostatic load associated with worsening condition in BD patients.
While evidence to the involvement of the NF-kB pathway in the
etiology of BD is supported only by a handful of studies, multiple
studies reported that pro-inflammatory cytokines are associated
with the pathophysiology of BD and pharmacological response.
These studies, though scant in quantity, appear to support the
premise that dysregulation of the NF-kB signaling pathway may
explain the observed progression in bipolar disorder (Fig. 1). NF-
kB's activity is also known to be tightly linked withmany regulators
that are themselves may be NF-kB dependent and affected by life
history, creating convoluted auto-regulatory feedback loops which
appear to be a core feature of NF-kB. Further support to the role of
NF-kB in BD can be found in studies investigating the interplay
between therapeutic drugs and anti-inflammatory effects.
Although not fully assessed, there is much evidence indicating that
the success of drug therapy can, at least partially, be ascribed to the
downregulation of the immune response either by blocking a pro-
inflammatory cascade (2012) or by directly down regulating the
NF-kB pathway (Ichiyama et al., 2000; Rao et al., 2007). Part of the
reason for the scarcity of investigations targeting the NF-kB
pathway is its high complexity. NF-kB regulates the expression of
numerous genes and itself is regulated by innumerable factors such
as genes products, pathogens, allergens, and stress (Kumar et al.,
2004; Hayden et al., 2006).

In summary, there is evidence to support the contention that
NF-kB dysregulation is an important factor in the etiology of BD and
related psychiatric diseases, though whether such involvement is
limited to a certain subgroup of patients or more common remains
unknown. Moreover, given the broader spectrum of NF-kB's regu-
lation, further research efforts should be directed towards identi-
fying more specific effectors in this transcription pathway or
downstream of it and highlight potential intervention strategies.
Such efforts focusing on gaining a more comprehensive under-
standing of the role of NF-kB transcription factors in controlling
immune responses and their effect of the neuroprogression in
mood disorders and particularly BD may allow us one day to cross
the bridge between synapse, neurology, immunology, and treat-
ment, leading to better outcomes for BD patients.
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