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Abstract Bipolar disorder (BD) is a severe, debilitating psychiatric condition with
onset in adolescence or young adulthood and often follows a relapsing and remitting
course throughout life. The concept of neuroprogression in BD refers to the pro-
gressive path with an identifiable trajectory that takes place with recurrent mood
episodes, which eventually leads to cognitive, functional, and clinical deterioration
in the course of BD. Understanding the biological basis of neuroprogression helps to
explain the subset of BD patients who experience worsening of their disorder over
time. Additionally, the study of the neurobiological mechanisms underpinning
neuroprogression will help BD staging based on systems biology. Replicated epi-
demiological studies have suggested inflammatory mechanisms as primary contrib-
utors to the neuroprogression of mood disorders. It is known that dysregulated
inflammatory/immune pathways are often associated with BD pathophysiology.
Hence, in this chapter, we focus on the evidence for the involvement of inflammation
and immune regulated pathways in the neurobiological consequences of BD
neuroprogression. Herein we put forth the evidence of immune markers from
autoimmune disorders, chronic infections, and gut-brain axis that lead to BD
neuroprogression. Further, we highlighted the peripheral and central inflammatory
components measured along with BD progression.

Keywords Bipolar disorder - Host immune response - Inflammation -
Neuroprogression
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1 Introduction

Bipolar disorder (BD) is a severe episodic mental illness with chronic and acceler-
ating course, composed of mood swings ranging from extreme elation, called mania,
to extreme lows, called depression, which may sometimes occur together (Associ-
ation AP 2013). BD is classified as BD-1 (which represents classic manic depressive
disorder), BD-2 (represented by the manifestation of hypomanic and depressive
symptoms), and cyclothymic disorder. In BD, the obligatory symptoms (gate A
criteria) are hypomanic or manic episodes. Lifetime prevalence is about 1.0% for
BD-1, 1.1% for BD-2, and 2.4% for sub-threshold BD (Merikangas et al. 2007).
Among mental disorders, the absolute risk of suicide was found to be the highest for
men with BD (7.77%), while for women, it was 4.78% (Nordentoft et al. 2011).
There was a reported increase in the suicide risk due to comorbid occurrence of
substance abuse and unipolar affective disorders, while the co-occurrence of delib-
erate self-harm generally doubled the suicide risk (Nordentoft et al. 2011). Growing
evidence has suggested that BD, like many other chronic illnesses, may have a
progressive course with functional impairment and neuroanatomical changes.

The current clinical focus is mainly on stabilizing the acute mood episodes and
preventing their recurrence in BD patients leading to negligence of the need to
promote functional recovery (Kapczinski et al. 2017). Clinical, neuroimaging, and
neurocognitive studies further support the progressive nature of BD. In a large cross-
sectional study, it was found that 42% of the euthymic BD patients had poor overall
functioning (Samalin et al. 2016). Also, it was found that episode density, level of
residual depressive symptoms, estimated verbal intelligence, and inhibitory control
are the risk factors predictive of poor functional outcome of BD (Reinares et al.
2013). Clinical staging model, which is used in oncology and medicine for a long
time and recently introduced in psychiatry, proposes that there is a stepwise pro-
gression through a series of identifiable steps, which have characteristic features and
potential treatment implications (Berk et al. 2007). A large study has reported
progressive functional impairment from stage I to stage IV of BD on clinical staging
(Rosa et al. 2014). More specifically, stage I includes individuals who exhibit the
same status in the interepisodic period as they did before the onset of BD (i.e.,
premorbid status); stage II includes individuals whose interepisodic period is char-
acterized by psychiatric comorbidities or residual symptoms that require changes in
pharmacological treatment, but who are able to maintain daily activities; stage III
includes individuals who require occupational and social rehabilitation and face
difficulties in their daily activities; and stage IV includes individuals who are unable
to maintain personal self-care and to live autonomously.

Various studies have described that the presence of widespread structural brain
abnormalities in BD is associated with the incidence of manic episodes and higher
illness burden — which points to neuroprogression (Abe et al. 2015; Mwangi et al.
2016). A study found that reduced hippocampal volume and severe cognitive
impairment were associated with the increased number of manic episodes and
hospitalizations in BD patients (Cao et al. 2016), while another study reported
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decreased posterior corpus callosum volume in women with late-stage BD
(Lavagnino et al. 2015). Reduced hippocampal volume has also been seen in
particular viral infections pointing towards an association between inflammation
and structural changes seen in severe BD (Almanzar et al. 2005). Besides, a
longitudinal study found reduced frontal cortex volume (dorsolateral prefrontal
and inferior frontal cortex) in patients who had at least one manic episode (Abe
et al. 2015). Similar findings were described in a study that having larger lateral
ventricles was associated with a higher number of prior manic episodes in patients
with BD (Strakowski et al. 2002). Given these findings, the concept of
neuroprogression was postulated to encompass the progressive functional impair-
ment and neuroanatomical changes in BD presentation (Grande et al. 2016).

Neuroprogression has thus been proposed as the pathological alterations in the
brain that take place simultaneously with the clinical and neurocognitive deteriora-
tion in the course of BD (Berk et al. 2011). However, the clinical implications and
molecular foundations of neuroprogression remain incompletely understood. It
seems that changes in some peripheral biomarkers from oxidative, inflammatory,
and neurotrophic pathways are associated with neuroprogression. Hence, in this
book chapter, we will highlight the association of various immune pathways and also
the gut microbiota with neuroprogression in a subset of more severe patients with
BD. Light will also be shed on the association of neuroprogression and the peripheral
biomarker changes in BD.

2 Evidence of Inflammatory and Infectious Diseases in BD
Neuroprogression

Even though BD is thought to be a neuroprogressive disorder (Berk et al. 2011),
evidence suggests that disruption in neurodevelopmental pathways may play a
pivotal role in the etiopathology of this illness (Savitz et al. 2014).
Neurodevelopment can be disrupted by several pathways, causing the mood
dysregulations seen in BD (Harrison 2016). A multiple-hit model has been postu-
lated as a series of three factors, with hit 1 being a genetic predisposition to BD, hit
2 being the perinatal environment, which gives rise to phenotypes of vulnerability,
and hit 3 is the later life experiences and exposures (Daskalakis et al. 2013).
Although the mechanism is still unclear, this multiple-hit model has been suggested
to dysregulate the homeostasis chronically in a process that is thought to involve
immune dysfunction (Leboyer et al. 2016).
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2.1 Maternal Immune Activation as a Risk Factor for BD
Development and Neuroprogression

Epidemiologic evidence has repeatedly suggested that prenatal environmental influ-
ences, such as maternal immune activation (MIA), are involved in the pathophysi-
ology of neuropsychiatric disorders (Brown and Derkits 2010; Estes and McAllister
2016). Prenatal infections and inflammation are potential risk factors associated with
schizophrenia (Brown and Derkits 2010; Estes and McAllister 2016), autism spec-
trum disorders (Canetta et al. 2014), and BD (Brown 2015; Canetta et al. 2014).
Animal models of MIA have also demonstrated behavioral, chemical, anatomical,
and physiologic disturbances in the CNS of the progeny (Meyer 2014; Meyer et al.
2009). While the role of prenatal and postnatal infections as a risk factor for
schizophrenia has been studied extensively (Debnath et al. 2015; Khandaker et al.
2012), not many studies have evaluated the role of infection during the prenatal
period as a risk factor for BD (Canetta et al. 2014). For instance, multiple studies
have reported an association between serologically documented maternal influenza
infection and increased risk of BD in the offspring (Canetta et al. 2014; Parboosing
et al. 2013). A case—control study has demonstrated a nearly four times increased
risk of BD in adult offspring after maternal influenza infection at any time during
pregnancy (Parboosing et al. 2013). Another study of T2-weighted magnetic reso-
nance imaging (MRI) findings described that in BD patients three times more
periventricular white matter hyperintensities were seen as compared to controls
(Altshuler et al. 1995). Increased number of BD patients showing deep subcortical
white matter lesions were born during the winter (Moore et al. 2001) when influenza
incidence is high (Kilbourne 1987). These results suggest that structural and func-
tional abnormalities are induced in the CNS of the offspring by maternal infections
or inflammation, which might be responsible for neuroprogression of BD in
later life.

Although animal models of MIA have not explicitly been explored for their
validity as a BD model, some of the experimentally induced phenotypes may be
considered for this disorder. Deficits in sensorimotor gating, as present in various
rodent MIA models (Estes and McAllister 2016; Meyer 2014; Meyer et al. 2009), are
also seen in acute mania (Perry et al. 2001) and euthymic BD patients (Giakoumaki
et al. 2007). Besides, several animal studies have reported depression-like behaviors
in offspring exposed to MIA (Khan et al. 2014; Ronovsky et al. 2016). The latter
phenotypes may not only be seen in unipolar depression, but also depressive
episodes in BD. Evaluation of other core behavioral symptoms of BD, such as
poor decision-making, altered risk-taking behavior, impulsivity, and loss of inhibi-
tory control, remain unexplored in MIA models.
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2.2 Role of Infectious Disease as a Trigger to Develop BD
Neuroprogression

Infections with several pathogenic agents have been studied as risk factors for BD
(Stich et al. 2015; Yolken and Torrey 2008). Herpes virus can lead to latent and lytic
infection in the brain, and it has been associated with memory impairment (Kapur
et al. 1994), mania (Koehler and Guth 1979), and psychosis (Schlitt et al. 1985). A
study reported that serologic evidence of herpes simplex virus type 1 (HSV-1)
infection was an independent predictor of low cognitive functioning in BD patients
(Dickerson et al. 2004). Similar results were reported in another study showing a
negative association between HSV-1 infection and cognitive performance in both
BD patients and controls (Yolken 2011), suggesting that HSV-1 infection is associ-
ated with worse functioning in BD patients. Rising evidence also suggests a possible
association between cytomegalovirus (CMV) and BD. A study described that CMV
IgG levels are associated with a reduction in hippocampal volume and worse
episodic verbal memory in BD patients (Houenou et al. 2014). The association
between CMV latent infection and lower cognitive functioning is thought to be
mediated by a chronic inflammatory response and subsequent reduced hippocampal
volume (Almanzar et al. 2005). On the other hand, the hippocampal volume is
usually normal in BD and reported to be reduced only in the most severe forms of
BD (Strasser et al. 2005). Hence, this evidence suggests that exposure to CMV
infection may contribute to the pathological rewiring of neurons and
neuroprogression of BD.

A case—control study showed that BD patients had an increased seroprevalence
for Toxoplasma gondii compared to controls (Tedla et al. 2011). Indeed, T. gondii is
a neurotropic protozoan with high seropositivity rates globally. Two separate studies
have reported that BD patients with manic episodes had elevated 7. gondii IgM
antibody levels as compared to healthy controls. Also, these studies reported a
significant negative correlation between 7. gondii IgM antibody levels and cognitive
scores in both controls and BD patients (Dickerson et al. 2014a, b). The negative
association between the IgM antibody load and cognitive functioning points towards
the worsening of BD with exposure to 7. gondii infection. Evidence also shows that
the cognitive deterioration index (DI) in BD patients correlated to high IL-6 mRNA
expression only among 7. gondii seropositive group (Hamdani et al. 2015), asserting
that inflammatory pathways may be involved in the cognitive dysfunction caused by
the infection.

Various infections activate a common inflammatory pathway within the cell.
Infectious agents are recognized by pattern-recognition receptors (PRRs), which
are critical components of the innate immune system (Mook-Kanamori et al. 2011;
Sellner et al. 2010). Activation of PRRs causes the release of mediators, such as
pro-inflammatory cytokines and chemokines, that propagate and regulate the
immune response necessary to remove invaded microorganisms (Iwasaki and
Medzhitov 2010). Some of the pro-inflammatory cytokines that are produced during
infections, like TNF-a, IL-1p, and IL-6, are increased in BD patients compared to
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healthy controls (Dong and Zhen 2015; Munkholm et al. 2013; Soderlund et al.
2011), providing a potential pathophysiological mechanism linking infections to
neuroprogression of BD.

2.3  Autoimmune Disorders and Their Association with BD
Neuroprogression

Growing evidence has described an association between BD and various autoim-
mune disorders. Multiple epidemiologic studies have pointed towards an association
between autoimmune diseases, autoantibodies, and BD (Rosenblat and Mclntyre
2015). The most common associations established over the years have been those
with autoimmune thyroiditis (strongest association), multiple sclerosis, systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), autoimmune hepatitis,
inflammatory bowel disease, and Guillain barre syndrome (Hillegers et al. 2007;
Hsu et al. 2014; Marrie et al. 2018a, b; Tiosano et al. 2017).

Several mechanisms have been suggested through which the autoimmune dis-
eases have been hypothesized to affect the neuroprogression of BD. Benros et al.
proposed a correlation between autoantibodies and psychiatric symptoms (Benros
et al. 2013). The most well-accepted hypothesis has been synthesized from the
observation of psychiatric symptoms in the autoimmune encephalitis. In autoim-
mune encephalitis, [gG autoantibodies are formed against the NMDA (N-methyl-D-
aspartate receptor) receptors (NR1 subunit) (Vitaliani et al. 2005). As the NMDA
receptor is a primary receptor for the excitatory neurotransmitter glutamate, the
activation of the pathway will lead to an increase in excitatory neurotransmission.
When the NMDA receptor is activated, it will lead to a cascade of activation of
various components such as protein kinases. One of the protein kinases (PKC) that is
significant in the presentation of a manic episode is also activated via this pathway
(Traynelis et al. 2010). In a similar study, it was observed that the levels of
autoantibodies against the NR2 subunit of NMDA were high during a manic episode
in BD and schizoaffective disorder (Dickerson et al. 2012). Astrocytes are respon-
sible for the clearance of glutamate, by converting it into glutamine. However, due to
the interaction of astrocytes with pro-inflammatory cytokines, the glutamate clear-
ance is hampered (Zou et al. 2010). This increased glutamate receptor activation
causes an increase in the levels of calcium in the mitochondria. These changes cause
neuroplastic alterations and excitotoxicity (Berk et al. 2000; Kato 2007).

Another mechanism that can affect the neuroprogression of BD involves the
activation of the tryptophan—kynurenine pathway by the systemic
pro-inflammatory cytokines. NMDAR and tryptophan—kynurenine pathways are
responsible for the regulation of serotonin (directly) and dopamine levels (indirectly)
(Dantzer et al. 2008). Some of the pro-inflammatory cytokines that are observed to
be increased in BD patients are C-reactive protein (CRP), interleukin (IL)-1 beta,
soluble IL-2 receptor, IL-4, IL-6, tumor necrosis factor-alpha (TNF-a), and soluble
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receptor of TNF-a type 1 (STNFR1) (Barbosa et al. 2014a; Brietzke et al. 2009a, b;
Modabbernia et al. 2013). Serum levels of these cytokines have been seen to be
mood dependent. In this regard, high serum concentrations of IL-4, IL-6, IL-RA,
TNF-a, sTNFR1, CXCL10, and CXCL11 are seen in the manic phases. Similarly,
elevated serum concentrations of IL-6, IL-1, CRP, TNF-a, sSTNFR1, and CXCL10
are also seen in the depressed period (Barbosa et al. 2014a, b; Rosenblat et al. 2014).
IL-6 and TNF-« levels correlate directly with the severity of the disease (Kauer-
Sant'Anna et al. 2009). Increased levels of these cytokines lead to neuroplastic
changes in the brain. According to one hypothesis, high levels of TNF-a could
lead to reduced expression of muscarinic acetylcholine receptor (M2 receptors) in
the cortex (Gibbons et al. 2009). The M2 receptors are observed to be reduced in the
cortex of patients with major depressive disorder and BD.

Autoimmune diseases have a baseline inflammatory condition. Inflammation
causes an increase in the permeability of the blood-brain barrier (BBB). In this
instance, the pro-inflammatory cytokines and other components of the inflammatory
pathways, such as autoantibodies, can enter the CSF directly and cause various
psychiatric symptoms (Modabbernia et al. 2013). The baseline chronic inflammatory
state in autoimmune disorders can lead to excessive microglial activation (Frick et al.
2013). The microglial activation can cause detrimental changes in some of the
neuronal circuits associated with mood and cognitive functions. Another effect of
the microglial overactivation would be a surge in the levels of reactive oxygen
species (ROS), which can lead to oxidative stress and further damage to the neuronal
circuits, and hence, the neuroprogression of the BD (Frick et al. 2013; Stertz et al.
2013).

2.4 Role of the Gut-Brain Axis on BD Neuroprogression

In the last decade, there has been mounting evidence suggesting that gut microbiota
makes a substantial contribution to mental health and, subsequently, to the
neuroprogression of various neuropsychiatric disorders such as BD, depression,
and anxiety (Cryan and Dinan 2012; Forsythe et al. 2010; Painold et al. 2019).
The gut-brain axis refers to a bidirectional communication between the intestine
(enteric nervous system, gut microbiota, and metabolites of gut microbiome) and the
brain (Carabotti et al. 2015). Multiple studies have shown that the diversity of the gut
bacteria is inversely linked to the illness duration of BD (Carabotti et al. 2015;
Painold et al. 2019). However, the diversity of the gut bacteria is not solely
responsible for the severity of the BD. It is one of the contributing factors to the
overall disease state. Patients suffering from BD have decreased levels of
Faecalibacterium sp. and of an unknown bacterium of the Ruminococcaceae family
(Bengesser et al. 2019; Carabotti et al. 2015; Evans et al. 2017; Huang et al. 2019).
Notably, Ruminococcus species are related to the synthesis of butyrate, which pre-
sents anti-inflammatory and mood regulatory activities (Hwang et al. 2017). The
Enterobacteriaceae family was found in higher fractions in BD patients suffering
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from depressive symptoms (Carabotti et al. 2015; Evans et al. 2017; Huang et al.
2019). A high proportion of genus Lactobacillus and genus Streptococcus in the gut
was associated with higher levels of pro-inflammatory cytokines such as IL-6
(Painold et al. 2019) suggesting activation of inflammatory pathways by these
bacteria. A low-grade inflammatory state is seen in a subgroup of BD patients
(Bechter 2013; Fillman et al. 2014; Miller et al. 2011). Over the years, various
studies have suggested that the cause of this inflammation might be related to the
dysbiosis of the gut microbiome. The concept of microbial translocation (gut
bacteria leaking into the circulation due to changes in the permeability of the
intestinal lumen) plays a central role in this hypothesis. Microbial translocation
has been measured by markers such as soluble CD14 (sCD14) and fungal antibodies.
The inflammatory reaction mounted in response to the gut bacteria releases media-
tors in circulation that, in turn, have effects on the behavioral and cognitive patterns
(Dickerson et al. 2017). It can be postulated that the chronic inflammatory state
produced by long-term changes in the gut microbiota diversity might cause activa-
tion of microglia. This may cause a detrimental effect on the neuronal networks
directly and indirectly (via the formation of ROS damaging DNA, and proteins). In
animal models, it has been shown that the gut flora is responsible for regulating
serotonin levels in plasma (Collins and Bercik 2009). The inflammatory state
produced by the gut bacteria upregulates the indoleamine 2,3 deoxygenase (IDO)
enzyme. The IDO enzyme upregulation causes increased degradation of serotonin.
This pathway plays a vital role in the acute manic episodes in BD (Myint et al. 2007).
According to the monoamine hypothesis, the decreased levels of monoamines
play a role in the pathophysiology of depressive symptoms. Building on this
hypothesis, Bengessar et al. showed that the change in gut microbiota diversity
affects the CpG methylation status of the clock gene of aryl hydrocarbon receptor
nuclear translocator-like protein 1 (ARNTL), which plays a vital role in the
neuroprogression of BD (Bengesser et al. 2018, 2019). The ARNTL gene codes
for one of the transcription factors of the monoamine oxidase A (MAO-A) enzyme
(responsible for the degradation of monoamine neurotransmitters). The gut bacteria
diversity is negatively correlated to the methylation status of the ARNTL gene.
Hence, a decrease in gut bacteria diversity would lead to more methylation of the
ARNTL gene and decreased expression of the MAO-A transcription factor. This
cascade will lead to a reduced breakdown of the monoamine neurotransmitters. The
increased levels of monoamine neurotransmitters would have a pro-manic effect,
according to this model. However, this hypothesis has loopholes as well since the
mechanism of action of mood stabilizers does not support this hypothesis as the
MAO-A levels in the brain do not correlate with the mechanisms of these drugs.
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3 Inflammatory and Oxidative Mechanisms in BD
Neuroprogression

3.1 Mechanisms of Inflammation and Their Contribution
to BD Neuroprogression

Many experimental facts solidify the link between BD and inflammation such as an
increase in inflammatory biomarker levels seen in both manic and depressive phases
of BD, pro-inflammatory cytokine infusion being the best experimental model of
depression, epidemiologic evidence of increased rates of inflammatory medical
comorbidities in BD associated with an upsurge in the levels of inflammatory
mediators, and most importantly anti-inflammatory agents being considered as the
novel therapeutic agents in BD trials (Ayorech et al. 2015; Barbosa et al. 2014b;
Goldstein et al. 2009; Sayana et al. 2017; Wadee et al. 2002).

Neuroprogression in BD is evident in the form of brain structural changes,
neuronal and glial cell abnormalities, biochemical alterations that comprise of
inflammatory cytokines, neurotrophins including brain-derived neurotrophic factor
(BDNF), oxidative stress, autoimmunity, mitochondrial and endoplasmic reticulum
stress, dopaminergic and glutamatergic system alterations, kynurenine pathway
imbalance, and involvement of epigenetic changes such as histone and DNA meth-
ylation leading to gene expression variations (Berk et al. 2008, 2011; Grayson et al.
2010; Post 2007; Wadee et al. 2002). BD has also been linked to changes in
neuroplasticity and neuronal survival that are determined by neurotransmitters,
hormones, neurotrophins, and inflammatory biomarkers such as cytokines and
chemokines; and acute phase proteins such as immunoglobulins, complement pro-
teins, factor B and high-sensitivity CRP (Brietzke et al. 2009b; Cunha et al. 2008).

The cytokines influence the BD course via their direct actions on the immune
system as well as their effect on neurotransmitter and neuropeptide systems. Cyto-
kine production is controlled by phosphoinositides, the arachidonic acid
(AA) cascade, adenyl cyclase, tyrosine phosphorylation, and the protein kinase C
systems. Similar to neurotransmitters and hormones, cytokines act through the
hypothalamus-pituitary-adrenal (HPA) axis to maintain stress response, alter
serotonin—catecholamine associated pathways in the brain, and cause mood changes
(Ortiz-Dominguez et al. 2007). Studies have demonstrated increased levels of
circulating pro-inflammatory cytokines in various phases of BD that lead to activa-
tion of neutrophils, the proliferation of B cells, synthesis of acute-phase proteins, and
an increase in vascular permeability (Bai et al. 2014).

Pro-inflammatory cytokines, such as IL-1, [L-6, and TNF-a, are involved in
neural processes like the induction of long-term potentiation, neurogenesis, survival
regulation of neurons, and the development of astrocytes, impacting on several
cognitive functions in normal states. However, cytokines may contribute to the
neurodegenerative process in neurotoxic and stress-induced states of BD (Eyre and
Baune 2012; Khairova et al. 2009). For example, enhanced TNF-a levels seem to be
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Fig. 1 Inflammation as a mechanism of bipolar disorder neuroprogression. Infection, maternal
immune activation, dysbiosis, and autoimmune diseases can activate the host immune response
increasing the inflammatory mediators in the bloodstream, subsequently triggering cell damage and
mitochondrial dysfunction. The inflammatory mediators and damage-associated molecular patterns
(DAMPs) released from the mitochondrial dysfunction can increase the blood-brain barrier (BBB)
permeability inducing microglial activation leading to bipolar disorder (BD) neuroprogression

involved in neuronal death via the activation of caspases and apoptotic machinery in
BD cases (Cacci et al. 2005).

Cyclo-oxygenase 2 inhibitor (celecoxib), an anti-inflammatory drug, showed
better improvement of depressive symptoms compared to the standard treatment.
Other immune-based treatments in vogue for BD are anti-inflammatory drugs
(aspirin, statins), immune-based drugs (minocycline), and an anti-TNF-a monoclo-
nal antibody, infliximab (Austin and Tan 2012; Berk et al. 2013; Elisa and Beny
2010; Nery et al. 2008; Savitz et al. 2012). Thus, the immune basis in BD seems to
be a promising novel therapeutic target for BD patients, and the direct and indirect
effects of inflammation help us to understand the behavioral modification by the
immunological system. The Fig. 1 illustrates the details of inflammation mediated
bipolar neuroprogression.
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3.2 Oxidative Stress and Mitochondrial Dysfunction
Associated with BD Neuroprogression

There is ample proof in the literature linking BD and impairment in oxidative
metabolism. Increase in the generation of brain energy, basal metabolic rate, resting
energy expenditure, maximum oxygen uptake, independent of total consumed
calories is seen in the BD-manic phase, whereas in the depressed phase, there is a
decrease in energy generation (Baxter Jr. et al. 1985; Caliyurt and Altiay 2009).
Brain metabolic rates and energy production showed a gradual ascent from depres-
sion to the mixed state to euthymia to manic phase (Baxter Jr. et al. 1985). Oxidative
stress biomarkers are encountered in different types (Type I and Type II), stages
(early and late), and periods (manic, depressive, and euthymic) of BD (Panizzutti
et al. 2015).

Mitochondria are double membrane-bound cytoplasmic organelles that aid in the
production of ATP, amino acid, lipid, and steroid metabolism. It also involves
activating apoptosis and in the uptake of calcium ions, and it is a significant source
of intracellular free radicals. Mitochondrial dysfunction in BD is evidenced by
impaired energy metabolism in the brain detected by magnetic resonance spectros-
copy (Kato 2007).

BD patients also show discrepancies in mitochondrial electron transport chain
(ETC) complex I, where electron escape leads to the formation of superoxide anion
from molecular oxygen, which is the precursor for most ROS (Guo et al. 2018).
Studies on BD patients showed a reduction in ETC complex 1 activity in prefrontal
postmortem brain tissue and administration of lithium increased the activity of
mitochondrial complexes I/Il and II/IIl in the brain, altered expression of ETC
complex 1 subunits, linking BD to chromosome 19p13 that has multiple ETC
complex 1 subunit genes (Cheng et al. 2006; Konradi et al. 2004; Maurer et al.
2009; Sun et al. 2006). In the literature, there are alterations in antioxidant enzymes
in BD, such as increased activity of SOD during manic and depressive phases,
reduced activity of catalase during the euthymic period, and increased activity of
both enzymes in unmedicated manic patients (Andreazza et al. 2007; Machado-
Vieira et al. 2007). N-acetyl cysteine (NAC), which is a free radical scavenger and
glutathione precursor, when used in BD reduced the depressive symptoms and
presented overall functional improvement (Berk et al. 2011). Experimental evidence
has proven that oxidative parameters have shown a stage-dependent pattern, where
glutathione reductase and glutathione s-transferase (GST) are increased during late-
stage, suggesting a failure of compensatory mechanisms during BD progression
(Andreazza et al. 2009). Overall oxidative stress, mitochondrial dysfunction, and
antioxidant enzyme alterations can cause neuronal cell death via apoptosis or
aggregated antioxidants that may result in impairment of mood-stabilizing
mechanisms.
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3.3 Peripheral Inflammatory Mediators as a Trigger or
Accelerator of BD Neuroprogression

In chronic BD, mood relapses lead to neuroprogression with higher frequencies and
rapid cycling, resulting in worst outcomes (Berk et al. 2011). One of the crucial
mechanisms accountable for neuroprogression in BD is the aberrant exacerbation of
the inflammatory mediators during mood episodes (mania and depression) in BD
(Sayana et al. 2017).

Inflammation appears to be phase dependent on BD. On marker analysis, manic
patients experienced an elevation in peripheral TNF-a and IL-4 along with a
reduction in IL-1p and IL-2 levels, while depressed patients showed elevated levels
of IL-6 and TNF-a and decreased IL-2 levels (Ortiz-Dominguez et al. 2007).
Another study showed an increase in IL-2, IL-4, and IL-6 in mania and IL-6 in
depression (Brietzke et al. 2009b). Kim and his team showed an increase in 1L-4,
IFN-y, TNF-a, IL-6, IFN-y/transforming growth factor (TGF)B1, IL-4/TGF-f1,
IL-6/IL-4, TNF-o/IL-4, IL-2/IL-4, and IFN-y/IL-4 ratios and low levels of TGF-f1
in manic episodes (Kim et al. 2004, 2007). Data from the available literature suggest
that hsCRP levels were significantly elevated in mania compared to euthymic,
depressed phase or controls, and they positively correlated with Bech Rafaelson
Manic Rating Scale (BRMRS) and Young Mania Rating Scale (YMRS). The levels
of acute-phase reactants, notably CRP, demonstrated an elevation in depressive
phase compared to controls and positively correlated with Hamilton Rating Scale
for Depression (HAM-D) scores in one study, whereas in another study they did not
show any association with bipolar depression or HAM-D scores (Cunha et al. 2008;
De Berardis et al. 2008; Dickerson et al. 2007).

When the early and late stages of BD were compared, IL-6 and TNF-a were
elevated in both groups, while IL-10 levels were higher in the early stages. However,
TNF-o was more elevated in late stages than in early (Kauer-Sant'Anna et al. 2009).
In addition to these cytokines, eotaxin/CCL11, a chemokine, was also shown to
increase in late-stage euthymic BD compared to controls, suggesting a link between
pathological aging, eosinophil function marker CCL11, and BD neuroprogression
(Panizzutti et al. 2015). Also, damage-associated molecular patterns (DAMPs) such
as circulating nuclear DNA, HSP70, and HSP90a that bind to Toll-like receptors
(TLRs) cause systemic toxicity via immune activation in BD patients, as TLRs
activate the signaling pathways of immune system triggering inflammatory path-
ways. The DAMPs activation of TLR signaling cascades can explain how initial
insults such as drugs, stress, and relapses can cause systemic inflammation
(Kapczinski et al. 2017).

The inflammatory pathways play a crucial role in progressive cognitive impair-
ment in BD. Peripherally measured markers such as TNF-a, hsCRP, sCD40L,
IL-1Ra, and sTNFR1 seem to influence cognitive performance in BD (Barbosa
et al. 2012; Chung et al. 2013; Hope et al. 2015; Hoseth et al. 2016). The circulating
levels of TNF-a correlated with inhibitory control part of executive dysfunction in
BD patients, impairment of which is regarded as a cognitive endophenotype of BD
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(Barbosa et al. 2012). Increased CRP levels are associated with cognitive decline, as
evidenced by the low Repeatable Battery for the Assessment of the Neuropsycho-
logical Status (RBANS) (Dickerson et al. 2013). Also raised serum hsCRP levels are
negatively correlated with the volume of the orbitofrontal cortex, which is, in turn,
associated with the poor cognitive performance (Chung et al. 2013). IL-1 receptor
antagonist (IL-1Ra) and sTNFR1 levels were associated with the worst performance
on the Global Assessment of Functioning (GAF) scale (Hope et al. 2015; Hoseth
et al. 2016). The pro-inflammatory profile characterized by activation of cell-
mediated immunity, systemic inflammation, phase, and stage related changes in
BD with deleterious clinical, cognitive, and neurological consequences, seem to
act as a significant player in disease neuroprogression.

3.4 Cerebrospinal Fluid (CSF) System Inflammatory
Markers in BD Neuroprogression

BD patients present with higher CSF concentrations of markers of
neuroinflammation, glial activation, and neuronal injury compared to controls
(Isgren et al. 2017). In this regard, CSF studies demonstrated an increased
CSF/serum albumin ratio indicating increased BBB permeability, elevated CSF
cell count, IgG index, oligoclonal bands, IL-1f, IL-6, and IL-8 suggesting inflam-
mation and intrathecal immunoglobulin production (Orlovska-Waast et al. 2019).

Studies revealed elevation of inflammatory CSF markers such as IL-8, monocyte
activation marker, monocyte chemoattractant protein 1 (MCP-1; also known as
CCL-2), glial activation marker, chitinase 3 like protein 1 (CHI3L1; also known as
YKL-40) and axonal damage marker, neurofilament light chain (NFL) in BD
patients compared to controls. The IL-8 showed a positive association with lithium
and antipsychotics, whereas NFL to atypical antipsychotic drugs (Isgren et al. 2015;
Jakobsson et al. 2014, 2015). On the evaluation of cognitive decline in BD patients,
CSF biomarkers, especially microglial marker, YKL-40 showed a significant impair-
ment in executive functions for euthymic BD patients compared to controls, which is
independent of patient age, medication, disease status, and type of BD (Rolstad et al.
2015a). Moreover, the marker, NFL concentrations showed a negative association
with verbal function and working memory (Rolstad et al. 2015b). Previously
assessed CSF proteins may be involved in adaptive immune processes or may reflect
immune aberrations or a state of vulnerability for BD rather than being of predictive
value for disease progression.
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3.5 Postmortem Inflammatory Markers in BD
Neuroprogression

The role of neuroinflammation in BD and alterations in microglial, astrocyte, and
oligodendrocyte markers are evident in postmortem BD studies (Giridharan et al.
2019). The innate immune cells that contribute to the neuroinflammation are
microglia, astrocytes, macrophages, natural killer (NK) cells, mast cells, as well as
oligodendrocytes and neurons (Stephenson et al. 2018). Postmortem BD studies also
revealed increased neuroinflammation with decreased anti-inflammatory marker
levels in the frontal cortex (Bezchlibnyk et al. 2001; Rao et al. 2010). Accurately,
increased protein and mRNA levels of IL-1f, IL-1R, and myeloid differentiation
primary response 88 (MyD88) were described, as well as upregulation of nuclear
factor kappa B (NF-kB) transcription factor and its subunits (p50 and p65), and
astroglial and microglial markers (GFAP, inducible nitric oxide synthase (iNos),
c-fos and CD11b) in the pre frontal cortex of BD (Rao et al. 2010).

The neurodegenerative process mediated by TNF-a may result in the volumetric
reduction and hypoactivation of frontal lobes in BD patients, along with the disin-
hibition of limbic structures (Brooks 3rd et al. 2009; Kupferschmidt and Zakzanis
2011). A study examining TNF parameters in BA 24 and BA 46 demonstrated that
BD patients presented increased transmembrane TNF-o (tmTNF-a) protein level in
the anterior cingulate cortex (ACC; BA 24), and decreased TNFR2 protein levels in
the dorso lateral PFC (BA 46). Peripheral tissue inflammation notably increased
TNF-a levels, leads to reduced expression of muscarinic M2 receptors in the cortex
of MDD and BD, and ultimately results in cognitive deficits in BD (Gibbons et al.
2009; Haddad et al. 1996; Jones et al. 2004).

On the evaluation of kynurenine pathway metabolites, an increase in quinolinic
acid (QUIN) expression and QUIN-immunopositive microglia have been observed
in the subgenual and supracallosal anterior cingulate cortex (ACC) in depressed
patients (Steiner et al. 2011). Overall, the changes in QUIN levels signify the
importance of NMDA-R signaling, glutamate transmission, and mononuclear
phagocyte system in BD depression. The ratio of kynurenic acid (KA) to kynurenine
was lower in the BD group than in the control group, and KA levels were unchanged.
There was also an elevation in the density and intensity of both TDO (Trypto-
phan-2,3-dioxygenase) 2-positive white matter glia and TDO2-positive gray matter
glia in the BD group (Miller et al. 2006). Overall, postmortem studies showed that
BD patients presented increased markers of neuroinflammation and decreased anti-
inflammatory markers that lead to neuroprogression in the form of neuroanatomical
changes, neurotransmitter imbalance, cognitive decline, and progressive deteriora-
tion of mental health.
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4 Conclusions and Future Directions

In summary, we are now beginning to understand the underlying processes of
neuroprogression in BD that include the involvement of inflammatory cytokines,
neurotrophins, and epigenetic effects. Infection and other inflammatory processes
have clearly shown to be associated not only with increased risk of developing BD
but also with worsening cognitive impairment and structural changes indicative of
neuroprogression in BD. Various cytokines and chemokines activate multitudes of
immune pathways leading to mitochondrial dysfunction, oxidative stress generation,
and activation of microglial cells in the CNS, leading to worsening of this illness.
Cross-sectional studies suggest that inflammatory markers can be used as both a
biomarker of illness activity and stage of the disease. Longitudinal studies are
needed to clarify the exact role of inflammation and neuroinflammation in
BD. Thus prevention of infections with neurotropic pathogens in pregnant women
as well as later in life can be one of the strategies implemented to prevent the
development and progression of BD in genetically predisposed individuals. Also,
specific steps in the molecular pathways of neuroprogression in BD patients may
provide new targets for further research to develop new therapeutic drugs for this
chronic mental disorder.
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