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Preface

A large body of evidence indicates inflammation may play a role in the pathophysi-
ological mechanisms underlying mental illnesses such as depression, bipolar disor-
der, and schizophrenia and neurodegenerative disorders. Classic anti-inflammatory
drugs such as corticosteroids and nonsteroidal anti-inflammatory drugs (such as
selective cyclooxygenase-2 inhibitors) have shown consistent beneficial effects in
patients with mood disorders and schizophrenia. Moreover, supporting evidence
indicates that psychotropic medications affect the production of inflammatory
mediators in both animals and humans.

Despite significant support for the “inflammation hypothesis” of mental
disorders, many unanswered questions and controversies remain. For example,
(a) many studies have reported that inflammatory mediator profiles are not altered
among mentally ill patients; (b) the majority of human studies have examined
peripheral tissues (especially blood), but brain tissue is more pertinent to the study
of psychiatric illnesses; (c) it is not clear whether the therapeutic efficacy and toxicity
of psychotropic drugs are influenced by inflammation; and (d) some studies reported
that anti-inflammatory compounds were not effective as treatments for mental
disorders.

There is increasing evidence that glial cells perform many important roles in
various brain functions. A greater understanding of the interaction between neurons
and glia may shed new light on clarifying many unknown aspects including the
mind-brain gap and conscious-unconscious relationships. It is well known that
central nervous system (CNS) inflammation and immune activation play a major
role in the pathophysiology of neurodegenerative diseases. Although the blood-brain
barrier is able to protect the CNS from immune activation, it becomes more
permeable during inflammation, which renders the brain vulnerable to infections.
A better understanding of the interaction between inflammatory mediators, such as
cytokines, and the activated immune response, including astrocytes and microglia, is
critical for the development of new therapeutic strategies for neurodegenerative
diseases.

The gut-microbiota-brain axis is an area of active research with respect to
neuropsychiatric disorders and their pathophysiological mechanisms. Bidirectional
interactions between microorganisms and the brain affect various CNS activities
(such as the stress response, behavior, and mood) through immune and
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vi Preface

neuroendocrine system pathways. The gut microbiota are thought to directly or
indirectly influence neuropsychiatric illness. Various neuropsychiatric disorders
(including autism, depression, anxiety, and schizophrenia) are associated with or
modulated by variations in the microbiome, microbial substrates, and by exogenous
prebiotics, antibiotics, and probiotics. The microbiota-gut-brain axis may provide
novel targets for prevention and treatment of neuropsychiatric disorders.

This book reviews the latest research addressing the relationships between
cytokines, glia, and neurons in the pathophysiology of neuropsychiatric disorders
and examines the mechanisms of action of the drugs used for treatment of these
disorders. Evidence indicating inflammation-induced production of toxic
metabolites from the tryptophan pathway plays a role in a wide range of neuropsy-
chiatric disorders, including depression, bipolar disorder, and Alzheimer’s disease,
is provided. In presenting a review of the state of the science with regard to the
interactions between cytokines, glia, and neurons, the book will help to pave the way
for the development of novel targets for the prevention and treatment of neuropsy-
chiatric disorders.

I sincerely thank all of the authors for their valuable time that was spent preparing
manuscripts.

Ansan, Republic of Korea Yong-Ku Kim
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Neuron-Microglia Crosstalk
in Neuropsychiatric Disorders 1
Sang Won Jeon and Yong-Ku Kim

Abstract

Numerous studies have investigated the causes and mechanisms of psychiatric
disorders through postmortem examination of patients with a history of a schizo-
phrenia, mood disorder, or neurocognitive disorder. In addition, the search for
specific mechanism-based treatments for psychiatric disorders has been
intensified through the use of transgenic animal models involving specific
genes tightly associated with psychiatric disorders. As a result, many studies
with patients or animal models have reported a close association of neuroglia with
major psychiatric disorders. Recently, research has focused on the associations
between microglia and major psychiatric disorders and on the role of the immune
response and abnormal microglia in the onset and symptoms of psychiatric
disorders, in particular. Postmortem studies of brain tissue and animal models
recapitulating human mental disorders have also confirmed association between
psychiatric disorders and quantitative, structural, or functional abnormalities of
neuron-microglia crosstalk. This review aims to describe the relationships
between microglia and major psychiatric disorders and to specifically examine
studies of gene expression and function of microglia in depression, schizophre-
nia, and Alzheimer’s disease.
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Keywords
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1.1 Introduction

Neuroglia is a generic term that defines nonneuronal cells in the nervous system.
Glia account for 90% of the cells of the central nervous system (CNS) and consist of
oligodendroglia, astroglia, and microglia cells [1]. The definition of neuroglia has
recently been extended to include nerve/glial antigen 2 (NG2) cells, a type of
progenitor cell distributed throughout the cerebrum with unique differentiation
patterns in each brain area [2]. The basic function of neuroglia is to defend the
central nervous system and maintain homeostasis. As with neurons, most neuroglia
cells are derived from neuroepithelial cells; as such, they may resemble neurons in
terms of structural and molecular characteristics, although unlike neurons, neuroglia
lack axons and dendrites and have highly heterogeneous cellular morphology as a
result of their optimization for various homeostatic functions [3]. In addition, while
most mature neurons (except those in certain brain areas) lack the ability to prolifer-
ate by mitosis, neuroglia are able to proliferate in a suitable environment [4].

Neuroglia support neurons through glucose shuttling and phosphorylation to
control synaptic plasticity and may also produce cytokines. The loss of neuroglia
has been consistently reported in postmortem studies of individuals with psychiatric
disorders [5]; additionally, the distribution of cytokine receptors throughout the
hypothalamus, hippocampus, locus ceruleus, and prefrontal cortex also implies the
role of neuroglia, especially the immune responses of microglia, in the pathogenesis
of a variety of psychiatry disorders [6]. This review aims to describe the associations
between microglia and psychiatric disorders and, specifically, the role of abnormal
immune responses and microglial functions in the onset and symptoms of major
psychiatric disorders.

1.2 Physiological Roles of Microglia

Microglia account for approximately 5-15% of brain cells and are considered the
resident macrophages of the central nervous system (CNS). Given that microglia
originate from hematopoietic precursor cells, they act as the immune cells of the
CNS and assist in interactions between the immune system and glutamate neuro-
transmission [7]. In CNS disease, including neurodegenerative diseases, stroke,
traumatic injury, or brain tumors, microglia migrate to and surround the damaged
or dead cells to remove the cellular debris [8]. Microglia engage in apoptosis,
proliferation, and differentiation of neurons during neurogenesis with crucial roles
in the neurogenesis of mature cells [9, 10]. The main physiological functions of
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microglia may be categorized as proliferation, morphological transformation, motil-
ity and migration, intercellular communication, phagocytosis, and proteostasis [11].

Microglia are capable of regulating the extracellular milieu and inflammatory
responses through the expression of K+ channels and release of various proteins
such as cytokines, similar to the activities of astroglia [12]. In addition, microglia
may contribute to neuroregeneration through the secretion of neurotrophic factors
such as the brain-derived neurotrophic factor (BDNF) and nerve growth factor
(NGF) [13]. Microglial secretion of BDNF is known to promote synaptic plasticity,
as well as learning and memory, by increasing the expression of the glutamate
receptors GluN2B and VGluT1 at the synapse [14]. Microglia create an appropriate
environment for normal brain function by acting as immune cells that support and
interact with neurons. The general hypothesis is that microglia remain quiescent
under normal conditions and become activated upon injury or disease. However,
microglia are morphologically dynamic, continuously extending their branch-like
protrusions into the extracellular space and migrating through the CNS [15], which
enables them to monitor the cerebral parenchyma and maintain tissue homeostasis,
with rapid responses to brain injury or damage [16].

1.3 Neuron-Microglia Crosstalk in Depression

In cases of major depressive disorders, the number of astroglial cells in the cerebral
cortex and limbic system of the patients is reduced. The reduction in the number of
astroglial cells may lead to abnormal synaptic structure or glutamate function in
neurons and an imbalance in energy metabolism, leading to dysfunctions in the
cerebral cortex and limbic system [17]. In an animal model, when the number of
astroglia cells in the cerebral cortex was specifically reduced, a state of depression
appeared, indicating a close association of depressive disorders with the reduced
number of astroglia [18]. White matter obtained from patients with major depressive
disorder was found to have greatly increased thickness of the myelin sheath
generated by oligodendroglia cells, in contrast to the findings in schizophrenia
patients [18], while the prefrontal cortex showed an increase in the number of
microglia cells [19]. In addition, in an animal model, activation of the nucleotide
binding and oligomerization domain-like receptor family pyrin-domain-containing
3 (NLRP3) inflammasome in microglia cells of the prefrontal cortex was reported to
increase interleukin-1 beta (IL-1β) production, which was suspected to be the causal
mechanism of major depressive disorder [20]. In contrast, bipolar disorder was
correlated with a reduction in the number of oligodendroglia cells in humans [21],
while abnormal activation of the glycogen synthase kinase (GSK)-3 beta, as a
transmission signal related to serotonins in microglia, promotes the onset of bipolar
disorder [22].

The main cytokines released by microglia, T-helper 1 (Th1) lymphocytes and M1
macrophages, are the pro-inflammatory Th1-type cytokines, including IL-1β, IL-2,
IL-6, tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) [23]. Pro-inflamma-
tory cytokines activate cyclooxygenase-2 (COX-2), which induces prostaglandin E2
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(PGE2) expression, thus increasing the activity of inflammatory cells and promoting
inflammation. In contrast, astroglia cells, Th2 lymphocytes, regulatory T cells
(T regs), and M2 macrophages mainly release Th2-type anti-inflammatory
cytokines, including IL-4, IL-5, and IL-10 [23]. The interaction of these cytokines
is known as the “Th1-Th2 cytokine seesaw” (Fig. 1.1), whereby inflammation is
determined according to the relative dominance between Th1 and T2 cytokines.
Together, microglia, astroglia, T cells, and glutamate activities are key contributors
to the inflammatory cytokine profile [24], and during chronic inflammation, an
imbalance in cytokine profiles appears to lead to the onset of various mental
disorders [25].

An imbalance in the Th1-Th2 cytokine production in the CNS affects the
metabolism of tryptophan, a precursor of serotonin. Indoleamine-2,3-dioxygenase
(IDO) secreted by microglia and astroglia is the rate-limiting enzyme in the metabo-
lism of tryptophan to kynurenine and of serotonin to 5-hydroxyindoleacetic acid
(5HTT). Kynurenine 3-monooxygenase (KMO) secreted by microglia is the rate-
limiting enzyme in the transformation of kynurenine into 3-hydroxykynurenine,
while tryptophan-2,3-dioxygenase (TDO) and kynurenine aminotransferase (KAT)
secreted by astroglia are the rate-limiting enzymes in the transformation of trypto-
phan into kynurenine and kynurenine into kynurenic acid, respectively [26]. In the
CNS, when Th1 cytokines are dominant over Th2 cytokines, neuroglia cells increase
the secretion of IDO and KMO, with a consequent reduction in serotonin and
increase in kynurenine. Thereafter, kynurenine is converted into quinolinic acid,
which is an n-methyl-D-aspartate (NMDA) receptor agonist in microglia, to increase
glutamate neurotransmission as well as intracellular calcium influx, which in turn
reduces Th2 activity but promotes Th1 activity in astroglia cells, thus perpetuating
inflammation [26, 27]. In addition, kynurenine is converted to kynurenic acid in
astroglia cells, which is an NMDA receptor antagonist, which decreases glutamate
neurotransmission (Fig. 1.2) [28].
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These phenomena support the glutamate and neuroplasticity model of major
depressive disorder. Notably, glutamate concentrations in the cerebral cortex are
proportional to the severity of depressive symptoms. Given that ketamine, an
NMDA receptor antagonist, exhibits highly potent antidepressive effects, this
model may explain the pathophysiology of major depressive disorder [29]. It is
thus likely that the role of microglia and cytokine imbalance in major depressive
disorder will receive continued attention. In a meta-analysis including 29 previous
studies that compared patients with major depressive disorder (n = 822) and healthy
control individuals (n = 726), increased levels of soluble IL-2 receptor (sIL-2R),
IL-6, and TNF-α were determined to be markers of major depressive disorder in the
blood sample [30]. In a comparison of patients with major depressive disorder with
(n = 47) or without (n = 17) a history of suicidal attempt and healthy controls
(n = 16), increased TNF-α and IL-6 and reduced IL-2 were correlated with suicidal
attempts [31]. The degree of alteration in cytokine profiles varied across the
reviewed studies, presumably due to varying past histories and disease durations
of participating patients. Among the various cytokines, IL-6 exhibited the most
consistent increase and was thus considered a marker of the risk of suicide and
treatment outcomes in relation to major depressive disorder [32]. However, as
cytokines were often measured in peripheral blood samples, the CNS status of the
study patients could not be confirmed due to potential confounding by a number of
factors, such as physical disorders, leading to some uncertainty in the interpretation
of the results. In addition, studies assessing cytokines in CNS tissue samples were
often small-scale in vitro studies. As a consequence, recent studies have instead
examined S100 calcium-binding protein B (S100B) as a novel marker of neuropsy-
chiatric disorders.

The S100B peptide is secreted by neuroglia and is involved in the control of
calcium homeostasis, as it acts on the receptor for advanced glycation end product
(RAGE) in neurons and neuroglia [33]. Depending on the concentration, S100B may
protect or damage neurons [33]. Because it can pass through the blood–brain barrier
(BBB) and may be detected in the peripheral blood, S100B is also called the
“C-reactive protein (CRP) of the brain” and serves as a clinical indicator of cerebral
ischemia, hemorrhage, trauma, and neurodegenerative diseases [34]. Increased
plasma concentrations of S100B have also been detected in mood disorders and
were of notable significance in acute major depressive episodes and manic episodes
and have been positively correlated with the severity of suicide [35]. Increased
plasma S100B concentrations in schizophrenia patients were positively correlated
with paranoia, negative symptoms, cognitive impairment, reduced therapeutic
response, and disease duration [36]. Plasma S100B concentrations decreased in
response to treatment with antidepressants and antipsychotic drugs [37], and the
genetic polymorphisms of S100B and RAGE genes detected in patients with depres-
sive disorder or schizophrenia indicated they may be associated with the primary
etiology of the disease, rather than being secondary markers [38].
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1.4 Neuron-Microglia Crosstalk in Schizophrenia

A key difference between schizophrenia and neurodegenerative diseases, in terms of
pathology, is that the former exhibits a reduced volume of specific brain regions
(frontal lobe, parietal lobe, temporal lobe, hippocampus, and parahippocampus)
without a prominent loss of neurons [39]. Brain imaging and postmortem
examinations of patients with schizophrenia and animal disease model studies
showed various abnormal findings in the white matter, thus highlighting the role
of structural abnormalities in neural connectivity or neural network connectivity
[40]. These results have shifted the focus of research into the pathology of schizo-
phrenia toward the role of neuroglia cells that are the primary component of white
matter. While the number of studies reporting abnormal findings related to neuroglia
in schizophrenia has increased, it is still unclear whether abnormal neuroglia are the
primary cause or a secondary effect of schizophrenia [41].

Previous studies of patients with schizophrenia and animal models found
associations between the onset of schizophrenia and increased numbers of astroglia
cells in the amygdala and cerebral cortex [42]. In schizophrenia patients, increased
numbers of astroglial cells in the cerebral cortex that express the retinoic acid-
inducible gene 1 (RAI-1), which regulates the retinoic acid signaling pathway that
plays a critical role in synaptic plasticity and learning, were determined to be a key
determinant of schizophrenia symptoms and treatment responses [43]. Other factors
that induce schizophrenia are a quantitative reduction of oligodendroglia cells,
reduced expression of genes related to the myelin sheath of oligodendroglia cells,
and abnormal differentiation of oligodendroglia cells during development [44]. Two
genes that cause schizophrenia, disrupted-in-schizophrenia-1 (DISC1) and DISC1-
binding zinc finger (DBZ), control differentiation of oligodendroglia cells, and
mutations of these genes have the potential to cause schizophrenia by leading to
dysfunctions in the differentiation of and myelin sheath formation by oligodendrog-
lia cells [44].

One study also reported an increase in the density of activated microglia cells in
the brain of schizophrenia patients [45]. When microglia activity in the cerebral
cortex white matter of schizophrenia patients was assessed using (R)-[(11)C]
PK11195 PET scanning (ABX, Radeberg, Germany), it was found to be increased,
indicating the inflammatory response caused by microglia was tightly correlated
with the onset of schizophrenia [46]. Notably, a recent study has shown that Ca2+-
related signaling pathways that play critical roles in the secretion of cytokines or
inflammatory mediators produced by microglia may be main targets in the treatment
of schizophrenia [46]. Similarly, the results of animal studies indicated that schizo-
phrenia symptoms improved after treatment with minocycline, a type of tetracycline
antibiotic which also acts as a microglial suppressor [47]. While it is possible that
schizophrenia treatments or disease progression may cause inflammatory or abnor-
mal immune responses in the brain, recent studies have consistently reported
microglial dysfunction in schizophrenia patients. In a PET study, only patients
examined within 5 years of the onset of schizophrenia showed activated microglia
[46]. In a recent meta-analysis, relatively consistent changes in cytokine levels were
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observed in schizophrenia patients regardless of the medication used; therefore, they
are sometimes regarded as markers of schizophrenia [48].

According to an epidemiological study and supporting evidence from several
other studies, a cause of schizophrenia may be infection with influenza virus during
the second trimester of pregnancy [49]. Infection before birth enhances the sensitiv-
ity of the immune system to external stimuli, and overreaction of microglia becomes
evident. A negative correlation was found between the onset of schizophrenia and
rheumatic arthritis, while other autoimmune diseases showed a positive correlation,
which indicated that abnormal immune system function could be a risk factor for
schizophrenia [50]. Precisely how activated microglia cause abnormalities in neural
connections and lead to psychotic symptoms of schizophrenia remains unclear.
Nonetheless, a recent study with DISC1 transgenic mice showed that activated
microglia had an effect on GABA and dopamine signaling pathways [51] and that
the cytokines and reactive oxygen species released by microglia had an effect on
schizophrenia-like behavioral dysfunctions [52].

The reported increase in pro-inflammatory cytokines in schizophrenia suggests
the possibility of novel drug development. Minocycline (tetracycline antibiotics)
relies on a mechanism that controls microglia function, which ensures that it is an
effective drug candidate for the treatment of schizophrenia. Minocycline can inhibit
secretion of pro-inflammatory cytokines including IL-1, nitric oxide, and TNF-α and
can block the nuclear translocation of nuclear factor kappa light-chain enhancer
within activated B (NF-kappa B)-expressing cells [53, 54]. Several studies have
reported a positive effect of minocycline in patients with schizophrenia or major
depressive disorder [55]. Anti-inflammatory COX-2 inhibitors have also shown
promising therapeutic effects in acute schizophrenia patients. In a study using a
COX-2 inhibitor as an adjunct therapy in patients with schizophrenia, symptoms
improved [56], although such effects were observed solely in acute schizophrenia
patients with recent onset and not in chronic schizophrenia patients [57].

1.5 Neuron-Microglia Crosstalk in Neurocognitive Disorder

Microglia differ from neurons in that they maintain the ability to proliferate and
regenerate even when mature [58]. The total number and density of microglia
increase as animals or humans age, albeit with reduced immune functions
(Table 1.1), such that the overall functional capacity remains similar; the increase
in microglia numbers is thought to be the result of microglial proliferation and
accumulation [59]. It is possible that the pathogenesis of AD is correlated with the
morphological transformations of microglia caused by aging. In support of this
hypothesis, accumulation of microglia around amyloid plaques has been reported
in Alzheimer’s disease (AD) [60]. Morphological changes in microglia in AD have
also been reported. In general, the morphological transformations of microglia are
characterized by an early contraction and subsequent hypertrophy to a slight degree
[60]. The microglia in AD are typically short and thick with blunt protrusions, while
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Table 1.1 Neuron-microglia crosstalk in Alzheimer’s disease

Physiological functions
of microglia

Proliferation • Increased total number and density of microglia
• Reduced immune functions of microglia
• Accumulation of microglia around plaques

Morphological
transformation

• Dystrophy of microglia
• Loss of microglia protrusions and segmentation with an

abnormally twisted cytoplasm

Motility and migration • Increased concentrations of chemokines and their receptors that
regulate microglial migration

Intercellular
communication

• Microglia secrete various pro-inflammatory proteins
• Neural toxicity

Phagocytosis • Impaired ability to degrade engulfed substances
• Not able to degrade myelin, Aβ, and cellular debris
• Reduced the rate of Aβ removal

aged microglia generally lose their protrusions and become segmented with an
abnormally twisted cytoplasm, thus displaying a pattern of dystrophy [61].

Microglial protrusions are considerably flexible to facilitate functional activity in
the cerebral parenchyma. The mobility and migration of microglia are likely to be
impaired as age increases [62]. In AD, newly emerging plaques are rapidly
surrounded by microglia, and imaging studies found that β-amyloid (Aβ) was able
to directly stimulate chemotaxis of microglia [63]: the concentration of chemokines
and the corresponding receptors that regulate microglial migration increase, thus
implying that Aβ deposition summons and activates the microglia. Notably,
microglial migration toward the plaques is mediated by MCP-1, macrophage inflam-
matory protein (MIP)-1α, MIP-1β, IL-8, and macrophage-colony-stimulating factor
(M-CSF) [64].

Microglia secrete various proteins with pro-inflammatory and anti-inflammatory
functions. In AD patients and animal models, upregulation of several proteins in
microglia has been reported and, in particular, that of human leukocyte antigen
(HLA)-DR, cluster of differentiation (CD)11b/complement receptor type 3 (CR3),
CD68, and toll-like receptors [65]. Secretion of these markers is generally correlated
with antigen expression, lysosomal function, recognition of various pathogens, and
complement proteins. These markers tend to increase in the brains of AD patients,
which indicates a relative increase in neural toxicity as compared with neural
protection [66]. Based on these findings, microglia in AD patients are considered
to be constitutively active and stimulated.

Microglial cells are phagocytic, a process that includes recognition, engulfment,
and degradation of a foreign substance in the CNS. The association between
phagocytosis and AD has only been partially determined, although a study in rats
showed the accumulation of various forms of vacuoles, vesicles, and lysosomal
inclusions, which may be attributed to the impaired ability of microglia to degrade
engulfed substances [67]. Aged microglia are not able to degrade myelin, Aβ, or
cellular debris. Age and the stage of AD influence the phagocytotic ability of
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microglia: in the early stages of AD, the removal of Aβ is efficient, but in later stages
of AD, the rate of Aβ removal is reduced [68]. Based on this, future studies should
focus on the improvement of microglia phagocytosis as an option for AD treatment.

Microglia exhibit simultaneous responses to various chemokines and cytokines
related to Aβ. Several studies of AD patients have shown that microglia display
pathological dysfunctions or reduced efficiency. A paradigm shift in AD treatment
may therefore involve the development of drugs targeting the microglia-related
neurotransmitters/chemokines and cytokines/inflammatory responses that mediate
disease responses.

1.6 Conclusions

Neuron-microglia crosstalk has been shown to support close interactions among
neurons or other types of neuroglia that play a critical role in maintaining normal
behavior and cognitive function, rather than an assistive role in brain homeostasis or
neurons. Postmortem examinations of brain tissue and animal studies recapitulating
human mental disorders have also confirmed an association between psychiatric
disorders and quantitative, structural, or functional abnormalities of neuron-
microglia crosstalk. However, additional studies investigating the associations
between microglial dysfunction and the symptoms of psychiatric disorders, as well
studies to identify the specific underlying mechanisms of the changes in neurological
function, are needed. The understanding of brain function and mental disorders
requires consideration of neuron-microglia interactions, rather than solely focusing
on the role of neurons. Future efforts to improve our understanding of the brain are
thus predicted to initiate the search for the cause of psychiatric disorders and novel
treatments.
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Abstract

Gut microbiota influence human behavior. The immunological, metabolic, and
endocrine systems are involved in bidirectional communication between the gut
and the brain, which is regulated by microbes through the microbiota-derived
neurochemicals and metabolites. Gut microbiota have certain effects on
neurodevelopment and maturation of immunity. However, gut dysbiosis can
lead to neuropsychiatric disorders. Animal research and clinical case-control
studies have demonstrated that gut dysbiosis has an adverse effect on human
behavior through a variety of mechanisms. Recent meta-analysis on clinical
studies confirmed gut dysbiosis in several major neuropsychiatric disorders.
Microbiota-targeted intervention has recently been in the spotlight and meta-
analyses have confirmed its effectiveness. In this chapter, we summarize the
evidence for the interactions between microbiota and brain–gut network, as
well as the potential pathophysiological mechanisms involved.
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2.1 Introduction

The gut has evolved to contain diverse microbial communities, including fungi,
parasites, archaea, viruses, protozoa, and bacteria. The bacterial community is
currently the most characterized. It is estimated that bacteria in humans are 1.3
times more numerous than human cells [1], and most are present in the gut. Gut
microbiota are essential for maintaining health as they produce short-chain fatty
acids (SCFAs), digest carbohydrates, synthesize vitamins, and metabolize toxins
[2]. Of particular importance is their role in the maturation and development of the
central nervous system (CNS), despite the gut microbiota being located away from
the brain [3]. As a result, the gut microbiota has been demonstrated to affect mood,
behavior, and cognition and is acknowledged to have an impact on the onset and
progression of neuropsychiatric disorders [4].

Possible pathways to allow the brain and gut to interact with microbiota include
neural (vagal and enteric), endocrine (hypothalamic–pituitary–adrenal [HPA] axis
and enteroendocrine), metabolic (bacterial metabolites and host metabolism), and
immunologic (innate and adaptive immunity) pathways (Fig. 2.1) [4, 5]. Each com-
ponent involved in these pathways is not limited to one pathway but seems to be
interrelated to the others. The exact mechanism of this communication is still under
investigation; however, from the vast evidence gathered from animal, human

Fig. 2.1 Communication pathways of the microbiota–gut–brain axis. HPA hypothalamic–
pituitary–adrenal, SCFA short-chain fatty acids, LPS lipopolysaccharide, TLR toll-like receptor
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cross-sectional, and human cohort studies, the importance of the gut microbiota in
the interactions between the gut and the brain in both directions has been
demonstrated.

In this chapter, we discussed how bacteria interacts with the brain–gut network
and influences mental function, as well as how the microbiota–gut–brain axis affects
neuropsychiatric disorders.

2.2 Microbiota–Gut–Brain Axis

It is widely acknowledged that resident microbiota can have a significant impact on
host behavior [6, 7]. Bidirectional communication between gut and brain is an
essential component of the synergy between the microbiota and host in accessing
gut–brain signaling pathways to modify the host’s brain and behavior [4]. Studies
conducted to identify and investigate the microbiota–gut–brain axis have utilized a
variety of interventions, including GF animals [8], antibiotic induction [9], prebiotic
and probiotic supplementation [10, 11], pathogen infection in the gastrointestinal
(GI) tract [12], and fecal microbiota transplantation (FMT) [13].

Gut dysbiosis has been linked to several negative outcomes in neuropsychiatric
disorders [14–17]. Animal studies have shown that gut dysbiosis leads to a persistent
low-grade pro-inflammatory state in the host by causing the intestinal barrier to
become more permeable, making it easier for bacterial antigens to enter into the
circulation [18]. This may lead to disease in those individuals prone to particular
illnesses, whether in animals, experimental models, or otherwise healthy persons.

2.3 Potential Communication Pathways Between Gut
Microbiota and the Brain

2.3.1 Immunological Pathway

Gut microbiota affect immunity by inducing the circulation of pro-inflammatory
cells and cytokines through the interaction of microbial metabolites with intestinal
host receptors and by directly interacting with host cells in the brain through
systemic translocation of microbial metabolites. First, intestinal infection by
microbiota can induce an inflammatory response directly in the CNS of host cells.
Chronic low-grade inflammation further affects the immune system by releasing
cytokines into the bloodstream. The gut microbiota contains pro-inflammatory
substances such as lipopolysaccharides (LPSs) and peptidoglycans. LPS can be
recognized by the toll-like receptor (TLR)-4, which is widely distributed in
monocytes, macrophages, and microglia of the brain. Activation of the TLR-4-
mediated inflammatory response by the gut microbiota has been reported in patients
with inflammatory bowel syndrome and depression [19]. The indirect effects of gut
microbiota on the innate immune system can directly affect brain function by
altering pro-inflammatory and anti-inflammatory cytokines at the circulatory level
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[20]. The commensal microbiota is known to influence the development of the host
immune system [21] and affect the autoreactivity of peripheral immune cells to the
host CNS [22]. Correlated and experimental data linking autoimmunity, GI activity,
and neuropsychiatric disorders suggest a possible influence of the immune pathway
on the pathogenesis of neuropsychiatric disorders.

2.3.2 Microbial Metabolites

The gut microbiota decomposes carbohydrates into various forms of SCFA, and the
main components of SCFA produced in this way are acetate, propionate, and
butyrate [23]. They are absorbed in the intestine and supplied to distant organs
through blood vessels, where they are mainly used for production of the energy
required for cell activity.

Butyric acid and propionic acid promote the expression of the genes for tyrosine
hydroxylase, an enzyme that regulates the rate at which dopamine and noradrenaline
are synthesized, and dopamine-β-hydroxylase, an enzyme that converts dopamine to
noradrenaline [24]. GABA, serotonin, and dopamine levels were decreased in vivo
by prolonged administration of propionic acid in germ-free rats [25]. SCFAs
generated by microorganisms are consequently a part of a brain circuit that can
influence physiology and behavior. Propionate generated by the intestinal
microbiota boosted intestinal gluconeogenesis gene expression via a gut–brain
neural circuit that included the fatty acid receptor FFAR3 [26].

SCFAs regulate the generation of inflammatory cytokines, chemokines, and lipid
mediators by interacting with intestinal epithelial cells and immune cells such as
neutrophils [27–29]. They also regulate gut barrier function and intestinal mucosal
immunity [30]. By activating neutrophil receptors, acetate and propionate have been
demonstrated to have an impact on the generation of circulating inflammatory
cytokines and chemokines [31]. Before crossing the blood–brain barrier, SCFAs
can reach the systemic circulation through the intestinal mucosa and impact innate
immune cells, such as microglia and astrocytes in the brain [32]. G protein-coupled
receptors (GPR), such as GPR41 and GPR43, frequently mediate interactions
between SCFAs and innate immune cells [31, 33]. However, these receptors are
not essential for SCFAs to reach the brain. Propionate, butyrate, and acetate seem to
directly impact microglia through intracellular inhibition of histone deacetylases,
which leads to increased transcription of certain genes involved in microglial
function [32].

Numerous neurotransmitters and chemically related compounds can be produced
by bacteria. Some gut bacterial strains have the ability to generate and locally release
neurotransmitters such as γ-aminobutyric acid (GABA), serotonin, catecholamine,
and histamine. Through enterochromaffin cells and enteric nerve receptors, these
neurotransmitters originating from bacteria can transfer signals to the CNS.

In the human intestines, Lactobacillus brevis and Bifidobacterium dentium effec-
tively manufacture GABA, a key inhibitory neurotransmitter in the central nervous
system (CNS) whose malfunction is linked to sadness, anxiety, autism, and
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schizophrenia [34]. In an animal investigation, Takanaga et al. hypothesized that
GABA generated by gut bacteria penetrates the blood–brain barrier (BBB) and
enters the CNS [35]. Mice exposed to Lactobacillus rhamnosus exhibited fewer
depressive behaviors, and their hippocampuses contained more GABA [36, 37]. It is
plausible that gut bacteria indirectly control GABA signaling via the vagus nerve
given that such effects only appear when the vagus nerve is healthy.

The neuromodulators dopamine and noradrenaline play a key role in regulating
vigilance, motivation, reward, learning, and memory processes. Given that SPF
animals have significantly higher amounts of noradrenaline and dopamine in the
cecum than germ-free mice do, it is likely that gut microbiota can provide catechol-
amine [38]. In some bacterial species, there is a gene for a transcript with a sequence
similar to that of tyrosine hydroxylase, the rate-limiting enzyme in the synthesis of
noradrenaline and dopamine [39]. Gut bacteria, such as Enterococcus, can produce
dopamine [40]. Dopamine produced in the peripheral nervous system cannot cross
the BBB; hence, the impact of catecholamines generated by microbes on the brain
remains unproven. Tyrosine, the rate-limiting substrate for the synthesis of noradren-
aline and dopamine, is found in lower concentrations in germ-free mice than in ex-
germ-free mice, indicating that the gut microbiota may enhance dopamine levels in
the brain [41]. A study comparing ex-germ-free animals to germ-free mice found that
catecholamine levels were higher in the brains of the former group, but that gut
microbiota restoration reduced those levels through regulating dopamine and nor-
adrenaline reuptake in the brain [42].

Histamine, a neurotransmitter and immunomodulator, is involved in the control
of circadian rhythm, cognition, waking, and neuroendocrine regulation. Histidine
decarboxylase is expressed by Lactobacillus reuteri, which also produces histamine
[43]. In addition to promoting histamine synthesis, Lactobacillus reuteri cultures
also produce histidine decarboxylase. In addition, Lactobacillus reuteri suppresses
the pro-inflammatory cytokine TNF-α via generating histamine in myeloid progeni-
tor cells. Histamine has also been demonstrated to play an immunomodulatory role
in the control of Yersinia enterocolitica infection in intestinal lymphoid organs [44].

2.3.3 Endocrine System

The gut is the largest endocrine organ, and epithelial enteroendocrine cells (EECs)
are most important in brain–gut endocrine communication, although they account
for less than 1% of intestinal endothelium [45]. The gut epithelium interacts directly
with enteric neurons and epithelial cells via EECs in the presence of trophic and
microbial stimuli [46, 47]. Certain subsets of the EEC also form neural circuits by
synapsing directly with vagus neurons, enabling rapid communication with the brain
by activating afferent synaptic transmission [48, 49]. There are various types of
EECs that secrete 5-hydroxytryptamine (5-HT), regulatory peptides (e.g., glucagon-
like peptides 1 [GLP-1], ghrelin, cholecystokinin, peptide YY), and bioactive
molecules.
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Exposure to bacterial metabolites, such as indole, activates EEC and induces
5-HT secretion, which stimulates the vagus sensory ganglion and activates choliner-
gic enteric neurons [50]. ECC directly detects gut microbiota and its metabolites by
expressing a group of receptors including TRPA1 and TLR2 [49, 51]. Mucosal
neurons were infected as a result of EECs delivering the rabies virus into the colon
lumen [52]. This neuroepithelial circuit acted as a direct pathway for the nervous
system to communicate with both food and gut bacteria.

GLP-1 receptor is currently being addressed in the context of mood regulation
and neurodegenerative process [53, 54], in addition to its function in controlling
eating behavior. Gut microbiota and microbial metabolites have been found to
mediate the secretion and function of GLP-1, activating afferent nerve neurons in
the colon in the process [55, 56].

The HPA axis is a major component of the neuroendocrine system that responds
to stress [57], and the understanding of microbiota–brain communication through
this axis is increasing. Stress affects the HPA axis by increasing the release of
glucocorticoids, and its chronicity reduces hippocampal neurogenesis [58]. Chronic
glucocorticoid exposure may lead to hippocampal fragility by diminishing neuronal
differentiation and maturation via corticosterone [59]. It has been found that the
hippocampal expression of glucocorticoid receptor pathway genes, which are
responsible for intracellular cytokine receptor signaling, cellular growth, and neuro-
transmitter production, changes after the transplantation of gut microbiota from
severely depressed patients into germ-free mice [60]. Microbiota modulation has
been found to enhance social behavior and decrease corticosterone levels in mice
subjected to high social stress by inhibiting HPA axis activation [61]. This effect was
countered by antibiotic depletion of the gut microbiota and reversed by adrenalec-
tomy, glucocorticoid receptor antagonists, and pharmacological suppression of
corticosterone synthesis.

2.3.4 Autonomic Nervous System

The vagus nerve plays an important role in facilitating bidirectional communication
between the CNS and the gut microbiota. A single synaptic link from the gut to the
brain is made possible by enteroendocrine cells in the gut, which have been
demonstrated to establish glutamatergic synapses with vagus nerve in the small
and large intestine [62, 63]. Gut-innervated vagal afferents are important elements
of the host reward circuitry, directly inducing the release of dopamine in the striatum
[64]. All layers of the intestinal wall are covered by vagal afferent fibers; however,
because they do not pass through the epithelium, they are unable to interact with the
gut microbiota directly [65]. Furthermore, intestinal epithelial cells can produce
peptides in response to bacterial metabolites, such as indoles. The peptides can be
sensed indirectly by vagal afferent fibers through the diffusion of microbial
metabolites [66]; the microbial synthesis of host molecules, such as gut serotonin
[62]; and other mechanisms [50, 55]. The nucleus tractus solitarius relays vagus
nerve stimulation to the brainstem and then to other regions of the brain [67], which
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has implications for various clinical problems. In mice, a depression-like phenotype
was observed according to the integrity of the vagus nerve, after the administration
of Lactobacillus reuteri and LPS [68, 69]. Lactobacillus reuteri and Lactobacillus
intestinalis, on the other hand, also provide advantageous neurological effects by
reversing social behavioral abnormalities in ASD mice with an intact vagus nerve
[70, 71]. The major impact of the vagotomy technique, which involves severing both
afferent and efferent vagus nerve fibers and affects brain function, may contribute to
the contradictory effects of Lactobacillus [72]. Additionally, compromising vagal
integrity worsens inflammation [73], and this may account for the enhanced inflam-
matory activity of Escherichia coli and Paenalcaligenes hominis in mice with
cognitive impairment post-vagotomy [74].

Tryptophan is a precursor of serotonin, which regulates the mood, cognition, and
learning functions, and kynurenine, which is involved in the generation of
neuroprotective and neurotoxic components [75]. A recent meta-analysis that con-
firmed the reduction of tryptophan and kynurenine in major depressive disorder
(MDD), bipolar disorder, and schizophrenia underscored the importance of trypto-
phan metabolism in neuropsychiatric disorders [76]. Furthermore, its role has also
been shown in autism spectrum disorders [77] and neurodegenerative diseases
[78]. Gut microbiota has a significant impact on the availability of tryptophan, and
research is ongoing to determine the link between alterations in microbiota function-
ality and various illnesses. According to the findings of prior studies, germ-free mice
had greater serum levels of tryptophan and lower levels of serotonin than normally
colonized mice, which may mean that tryptophan hydroxylase expression in the gut
is lower in germ-free mice [79, 80]. Bifidobacterium infantis has been found to boost
the levels of tryptophan and inflammatory indicators while decreasing the
kynurenine-to-tryptophan ratio [81]. Changes in certain functional pathways
involved in tryptophan production and metabolism have been discovered in recent
investigations of intestinal metagenomes from patients with bipolar disorder with
current major depressive episode [82].

The endocannabinoid system is an emerging pathway that is recognized as a
modulator in the microbiota–gut–brain axis. The endocannabinoid system functions
include modulating CNS responses to stressors through a signaling system that is
composed of cannabinoid receptors, the mediator molecules such as the endogenous
cannabinoid receptor ligands, and the enzymes involved in the production and
degradation of these ligands [83]. The modulation of endocannabinoid system
genes which are linked to gastrointestinal dysfunction and chronic stress has been
linked to colonization studies in germ-free mouse models [84]. According to a cohort
study that examined anhedonia and amotivation, people with more severe symptoms
had higher amounts of palmitoylethanolamide, the endogenous cannabidiol, and less
microbial diversity [85]. Fatty acid amide hydrolase, the primary catabolic enzyme
of endocannabinoid agonists, is inhibited by palmitoylethanolamide. By controlling
synaptic feedback to maintain excitatory and inhibitory balance in the CNS,
endocannabinoid agonists protect mental health [86]. Chronic stress causes
microbiota dysbiosis that alters lipid metabolism and endocannabinoid production,
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which reduces adult neurogenesis in the hippocampus and endocannabinoid system
signaling [87].

2.4 The Role of Gut–Microbiota–Brain Axis in Neuropsychiatric
Illnesses

2.4.1 Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
deficiencies in social interaction and communication, as well as repetitive stereo-
typed behaviors. Chronic GI symptoms such as constipation and diarrhea are
common in children with ASD [88]. Several studies have found that ASD severity
is correlated with GI symptoms [89, 90], suggesting that the gut may significantly
influence the onset and severity of ASD symptoms. In particular, the first evidence
implicating the gut microbiota in ASD came from a small interventional trial in
11 children with regressive-onset autism, showing that oral vancomycin treatment
improved both GI and ASD symptoms in these children [91].

Microbiological analysis has shown that the intestinal microflora of children with
ASD is characterized by low diversity and is composed of an abnormal microbial
community structure. Actinobacteria were abundant compared to the control.
Bacteroides, Parabacteroides, Clostridium, Faecalibacterium, and
Phascolarctobacterium were relatively abundant, whereas Coprococcus and
Bifidobacterium accounted for a small proportion [92]. Some studies have reported
no differences in the microbiota composition of children with ASD when compared
with that in controls [93, 94].

2.4.2 Schizophrenia

Schizophrenia is a serious psychiatric illness that causes hallucinations, delusions,
disorganized language and behavior, and negative symptoms. Epidemiologically,
the risk of developing schizophrenia significantly increases following prenatal
microbial infection [95]. Patients with schizophrenia have a higher incidence of
intestinal barrier dysfunction, increased bacterial translocation, and more frequent
GI diseases [96]. Patients with schizophrenia frequently have comorbidities
associated with GI dysfunction, including inflammatory bowel diseases and celiac
disease [97].

A cohort research found a nearly threefold elevated incidence of schizophrenia in
individuals with soluble CD14, a sign of intestinal bacterial translocation [98]. Acute
GI infection caused by Toxoplasma gondii causes an imbalance in the gut microbiota
and a pro-inflammatory status with an elevated T cell response [99]. Toxoplasma
gondii infection was reported as a risk factor for the development of early-onset
schizophrenia in a cohort study [100].
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A fecal microbiota analysis of a cohort of patients with first-episode psychotic
disorders showed that increases in Bifidobacterium and Lactobacillus were
associated with the severity of psychosis [101]. Patients with schizophrenia had
less variety in their gut microbiota, and their disease severity was correlated with
certain bacterial taxa including Lachnospiraceae and Veillonellaceae [102]. In this
study, transplantation of microbiota from feces of schizophrenia patients lowered
glutamate and increased GABA in the hippocampus and showed behaviors similar to
animal models of schizophrenia involving glutamatergic hypofunction in germ-
free mice.

In a clinical trial, Lactobacillus rhamnosus and Bifidobacterium lactis Bb12 were
administered for 12 weeks in patients with schizophrenia, and they showed no
change in the positive and negative syndrome scale (PANSS) score; however, they
had decreased GI dysfunction [103]. In another clinical trial of patients with schizo-
phrenia, probiotics containing Lactobacillus acidophilus, Bifidobacterium bifidum,
Lactobacillus reuteri, and Lactobacillus fermentum significantly improved
symptoms of schizophrenia, reduced inflammation, and increased plasma antioxi-
dant capacity [104]. In another randomized controlled trial (RCT), PANSS and
anxiety/depression scores were improved, and interferon-γ, IL-1R1, IL-10, and
IL-22 levels were increased in 29 outpatients with schizophrenia who received
Bifidobacterium breve A-1 for 4 weeks and decreased tumor necrosis factor-α
levels [105].

2.4.3 Depression

Depression is a common mood disorder that causes severe symptoms that affect the
way one feels, thinks, and processes daily activities, such as eating, sleeping, or
working. Depressive symptoms are often accompanied by GI dysfunction such as
inflammatory bowel disease and irritable bowel syndrome. Therefore, this may
provide epidemiological evidence regarding the effects of gut microbiota on depres-
sion [106, 107].

HPA axis dysfunction is observed in patients with depression and in animal
models of the disease [108]. Since animal studies have shown that modulation of
the HPA axis is different in germ-free and wild-type mice, it is generally accepted
that the gut microbiota may influence its effects [109].

The underlying mechanisms may include direct and indirect effects on the CNS
of microbial metabolites such as SCFAs [110]. Changes in fecal SCFAs such as
acetic acid, propionic acid, and pentanoic acid were observed in the animal depres-
sion model [111]. In humans with depressive symptoms, there was a positive
relationship with acetate level and a negative relationship with both butyrate and
propionate levels compared to healthy controls [112].

The “leaky gut” hypothesis for depression suggests that the translocation of
bacteria by alterations in intestinal permeability leads to inflammation, resulting in
symptoms similar to depression [113]. A positive correlation between a marker
reflecting intestinal permeability and the Montgomery–Åsberg Depression Rating
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Scale score was confirmed in patients with recent suicide attempts, patients with
non-suicidal MDD, and healthy controls [114].

Changes in the gut microbiota have been described in individuals with depres-
sion. A meta-analysis found that the number of bacteria from the Prevotellaceae
family and the genera Coprococcus and Faecalibacterium was lower in the gut of
MDD patients than in the control group without depression [115]. A recent
meta-analysis reported a depletion of certain anti-inflammatory butyrate-producing
bacteria, such as Faecalibacterium and Coprococcus and an enrichment of pro-
inflammatory bacteria, such as Eggerthella in patients with depression [116]. Implan-
tation of gut microbiota obtained from depressed patients into mice and rats resulted
in more depressed and anxious behavior than the control group that received
microbes from healthy individuals, suggesting the possibility of a causal role of
the depressive-gut microbiota in the development of depression [117, 118]. A meta-
analysis of RCTs provided limited evidence of the benefit of adjunctive probiotics as
compared to antidepressant monotherapy in the treatment of MDD [119].

2.4.4 Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progres-
sive cognitive decline. Although the main question of how the microbiota–gut–brain
axis contributes to the pathogenesis and/or progression of AD remains unclear,
evidence suggests that the gut microbiota may be associated with the formation
and processing of amyloid β (Aβ) and increased inflammatory reactions leading to
neuronal death.

However, it is not yet known whether the gut microbiota has a direct effect on
age-related cognitive decline. However, it may also play an important role in aging-
related vulnerability. Firmicutes to Bacteroidetes ratio becomes more pronounced
with advancing age, which may reflect inflammatory status [120]. It is likely that
pathogenic bacteria increase with age at the expense of beneficial bacteria, which
may be manifested by an increase in the relative abundance of Proteobacteria and
decrease in Bifidobacterium species. This is also important because it can lead to
chronic low-grade inflammation.

Systemic inflammation has the potential to lower the immunologically protective
function of the brain and further promote the pathological progression of AD. An
increased pro-inflammatory bacteria Escherichia/Shigella ratio and decreased levels
of anti-inflammatory bacteria Eubacterium rectale are correlated with elevated levels
of IL-1β, NLRP3, and CXCL2 in the plasma of patients with brain amyloidosis and
cognitive impairment [121]. Gut microbiota also crosses the blood–brain barrier,
producing pathogenic neurotoxins in the CNS through an inflammatory process that
has a detrimental effect on the homeostatic function of neurons. The LPS was
detected in the neocortex and hippocampus of patients with AD [122].

It has been proposed that Aβ accumulation and the microbiota–gut–brain axis are
related. Increased Firmicutes/Bacteroidetes ratio and decreased trypsin were
observed in transgenic mice to overproduce human amyloid precursor protein



2 Microbiota–Gut–Brain Axis: Pathophysiological Mechanism. . . 27

(APP), suggesting that gut function is affected in AD-prone mice [123]. In APP/PS1
mice, which are APP overexpression mutant mice, the composition of gut microbiota
changed with increasing age, which was also associated with increased Aβ levels and
impairments in spatial learning and memory [124].

Several microbiota-targeted treatments have improved the progression of AD
pathology and alleviated the symptoms of AD. APP/PS1 transgenic mice treated
with probiotics such as Bifidobacterium longum and Lactobacillus acidophilus
showed increased spatial memory and significantly decreased hippocampal plaques
[125]. Long-term administration of probiotics containing Bifidobacterium lactis,
Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus acidophilus
resulted in significant improvements in fecal and brain microbial composition,
cerebral nerve and synaptic damage, and immune response activation in mice with
APP overproduction [126]. Probiotics also improved spatial cognitive impairment
and significantly restored synaptic plasticity in rats intracerebroventricularly injected
with Aβ [127]. One study examined the effects of microbiota-targeted treatment in
humans, and patients with AD who received probiotics presented improved cogni-
tive function and favorable changes in metabolic status, such as malondialdehyde
and serum triglyceride [128]. Mice transplanted with fecal microbiota from wild-
type mice to AD-like pathology with amyloid and neurofibrillary tangles (ADLPAPT)
mice showed reduced formation, glial reactivity, and cognitive impairment of
amyloid plaques and neurofibrillary tangles. Fecal microbiota transplant was thought
to restore gut homeostasis in ADLPAPT mice through aberrant expression of gut
macrophage activity-related genes and reverse the increase in circulating blood
inflammatory monocytes [129].

2.4.5 Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized
by tremors, slow movements, rigidity, and distinctive gait. The destruction of nigral
dopaminergic neurons and the development of Lewy bodies enriched in α-synuclein
are cellular markers of PD [130]. GI dysregulation frequently precedes the onset of
neurological symptoms of PD. Two decades ago, it was first proposed that PD starts
in the gut and travels via the gut–brain axis to the brain [131].

Cell culture studies have shown that intestinal neurons release α-synuclein
[132]. α-Synuclein is transported from the distal to the proximal vagus nerve in a
time-dependent manner [133]. As a result, it is possible that, over time, any patho-
genic activity that produces α-synuclein in the gut causes the illness to move to the
brain. Indirect support for this theory comes from the accumulation of α-synuclein in
rats that have bacteria which create extracellular bacterial amyloid proteins
[134]. Interestingly, an epidemiological study found that individuals with duodenal
ulcers who underwent vagotomy to eliminate the communication link between the
brain and stomach axis had a decreased risk of PD [135].

The gut microbiota of patients with PD differed from that of healthy controls. The
severity of movement-related symptoms such as postural instability and gait
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disturbance was correlated with the prevalence of certain bacterial families
[136]. Another study of gut microbiota from treatment-naive PD patients reported
alteration in gut microbiota composition between PD patients and healthy controls
[137]. Bacteroidetes, Verrucomicrobia, and Proteobacteria were more abundant in
the feces of PD patients at the phylum level, and pro-inflammatory bacteria were
more abundant at the genus level in them. Alterations in the gut microbiota caused
by Parkinson’s disease can result in significant functional differences that affect host
metabolism and disease phenotype [138]. This study revealed that the predicted
secretion potential of microbial metabolites, including increased methionine and
cysteinylglycine, shows PD-associated metabolic patterns.

Microbiota-targeted interventions to treat PD symptoms are noteworthy. An
animal study on a dietary supplement containing prebiotic fibers including galacto-
and fructo-oligosaccharides (GOS and FOS, respectively) as well as other nutrients
found benefit in motor, cognitive, and gastrointestinal (GI) symptoms in a mouse
model of PD [139]. One clinical study published on the benefits of a fermented milk
containing multiple strains of probiotics as well as prebiotics in treating constipation
in PD [140].

2.5 Modulation of Gut Microbiota for the Treatment
of Neuropsychiatric Disorders

Microbiota-targeted interventions have emerged as a promising avenue for the
development of new therapeutic approaches due to the involvement of the gut
microbiota in the process of mental illness and the possibility of modifying the
microbiota through external factors [141]. Live microorganisms that have positive
health effects on people or animals are referred to as probiotics [142]. Probiotics
mostly consist of Lactobacillus and Bifidobacterium genera. Numerous positive
findings have been published from animal studies that have examined the roles of
probiotics in different neuropsychiatric conditions [143]. Recently published narra-
tive and systematic reviews have investigated the benefits of probiotics on mental
health outcomes [144], including particular diseases such as ASD [14], schizophre-
nia [145], and MDD [146]. Prebiotics are indigestible fibers that are selectively
digested in the small intestine to support the development of Lactobacillus and
Bifidobacterium, which are two healthy gut bacteria. GOS and FOS, inulins, and
oligofructose are important prebiotics. The microbiota–gut–brain axis benefits from
these prebiotics, which increase the amount of Bifidobacterium in the intestinal tract
[147]. The composition of Bacteroides and Bifidobacterium appears to be
normalized by the prebiotics in the healthy people [148]. Owing to the adjusted
composition of the gut microbiota, GOS and FOS further increase the production of
SCFAs [149]. However, evidence on the effectiveness of specific probiotics and
prebiotics is currently limited.

Fecal microbiota transplantation (FMT) is the process of introducing healthy
human feces into a patient diagnosed with probable gut dysbiosis to control the
intestinal microbiota. The regeneration of normal bacterial flora by FMT can be
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exceptional when the normal gut microbiota is eliminated by antibiotic treatment and
Clostridium difficile enteritis develops [150]. Consequently, interest in FMT has
increased. The first FMT trial in the neuropsychiatric field was recently published by
Kang et al. Both GI and ASD symptoms were dramatically reduced in this 8-week,
open-label clinical experiment to assess the effect of FMT on both symptoms. Eight
weeks after treatment, the GI and ASD symptoms continued to improve [151].

2.6 Conclusions

The gut microbiota communicates with the brain, is involved in brain function, and
inevitably affects the onset and course of brain disease. Although a clear association
between microbiota and host physiology has been identified, a causal relationship
has not yet been established. To clarify the processes by which the gut microbiota is
responsible for neuropsychiatric disorders in humans, further human researches are
required as many findings of brain–gut interactions have been gained from animal
investigations. In particular, it emphasizes the importance of longitudinal large-scale
human cohort studies, which will provide insight into the role of the gut microbiota,
including genetic predisposition and environmental factors, such as prenatal expo-
sure and life experience, in the investigation of the life cycle.

Although not yet perfect, microbiota-targeted therapies are promising approaches
for the treatment of brain diseases. Most studies on the modulation of gut microbiota
have been conducted on probiotics. According to a recent meta-analysis, probiotics
for the treatment of neuropsychiatric disorders still lack specific evidence in terms of
efficacy, and it is difficult to sufficiently explain their mode of action. FMT trials in
humans are gradually being studied, and noteworthy results may be obtained in the
future for specific subjects, such as those with treatment-resistant depression.
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Abstract

Since its first description over a century ago, neurodegenerative diseases (NDDs)
have impaired the lives of millions of people worldwide. As one of the major
threats to human health, NDDs are characterized by progressive loss of neuronal
structure and function, leading to the impaired function of the CNS. While the
precise mechanisms underlying the emergence of NDDs remains elusive, associ-
ation of neuroinflammation with the emergence of NDDs has been suggested.
The immune system is tightly controlled to maintain homeostatic milieu and
failure in doing so has been shown catastrophic. Here, we review current concepts
on the cellular and molecular drivers responsible in the induction of
neuroinflammation and how such event further promotes neuronal damage lead-
ing to neurodegeneration. Experimental data generated from cell culture and
animal studies, gross and molecular pathologies of human CNS samples, and
genome-wide association study are discussed to provide deeper insights into the
mechanistic details of neuroinflammation and its roles in the emergence of NDDs.
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3.1 Introduction

Neurodegenerative diseases (NDDs) have been bringing significant impacts on some
related aspects. Not only giving a challenge for health care system, but also bringing
impacts on economic situation. For example, in 2018, almost 40 million people
globally were diagnosed with Alzheimer’s disease (AD). In economic point of view,
based on a report released by an authorized body in 2015, the global cost expended
for tackling AD was approximately US$818 billion and was projected that this
expenditure would increase to US$ 2 trillion in 2030 [1, 2]. It is noteworthy that
this number is only associated with AD-related cost without taking into account the
cost for the other neurodegenerative diseases.

Other surprising data come from a report focusing on the global aging issues
released by the United Nations in 2015. In that report, in 2050, the number of people
aged 60 years and older globally could reach approximately 2.1 billion [3]. As this
group of age is the most vulnerable group suffering from the NDDs, this number
with its increment is threatening our health care system and economic aspects if no
significant efforts are achieved in the near future for providing a good therapeutic
treatment for NDDs.

It is believed that these figures may continue to increase as no treatment gives
satisfying outcomes for curing the NDDs recently. Within 10 years, between 2002
and 2012, only one new anti-AD drug was approved by the US Food and Drug
Administration after reviewing 214 candidates that had entered clinical trials
[4]. This is even worse if we are looking at the fate of the other NDDs, such as
amyotrophic lateral sclerosis and Huntington’s disease [1]. Some challenges for
developing new drugs for treating NDDs exist from a big hurdle faced by the
compounds to cross the blood-brain barrier to get into the brain [5], no animal
model that is closely related to the NDD characteristic as seen in humans [6], to the
high amount of fund that must be expended [7].

To tackle those challenges, a strong collaboration among all related players
(multidisciplinary academics, industry, public, and government) is a critical need.
Given that the efforts for discovering and developing drugs could not be achieved in
a short-time setting, this collaboration could ensure the sustainability of the efforts.
As described above, a large amount of money that may have to be spent could also
be overcome by a good collaboration among the related parties [1]. A comprehen-
sive and holistic approach should also be taken into account as NDDs are not only
about curative aspects, but also associated with other aspects, including the promo-
tive, preventive, and palliative aspects. At this point, the integrative and collabora-
tive actions are, once again, pivotal.
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Multifactorial events have been known to take part in the pathogenesis of NDDs.
This could be like a double-edged sword. In one edge, multifactorial-related
disorders could be beneficial in terms of providing various targets that could be
explored in the effort of drug discovery. However, on the other edge, these disorders
bring difficulty to be treated due to the complex pathophysiological aspects involved
in the pathogenicity of the disorders.

Here, we focus on the aspect of NDDs linked to their interrelation with inflam-
matory events. It has been known that inflammation is one of the key events involved
fundamentally in the emergence and development of the NDDs. An in-depth under-
standing regarding this aspect should provide an insight for the purpose of seeking
treatment for NDDs. Also, we describe various models that can be utilized for doing
NDD studies.

3.2 Hallmarks of Neurodegenerative Diseases

NDDs are still counted as fatal diseases, although many advances have been
achieved in terms of their treatment. NDDs mainly attack the central nervous system
leading to detrimental consequences on the synaptic network and death of neurons.
Despite many NDD risk factors having been elucidated, aging is apparently a critical
factor for neurodegenerative events [8, 9]. The elderly typically display perturbation
in their cytokine expression that could be detrimental as this may lead to an
imbalance between the higher expression of pro-inflammatory cytokines and anti-
inflammatory cytokines. This could result in the development of a condition called
“inflammaging” which is characterized by a chronic low-grade inflammation [10].

The human body has developed a delicate inflammatory system to respond to
either the attack of various noxious biological/chemical materials or the presence of
tissue injuries. A complex interrelationship between the inflamed cells and the
inflammatory factors, such as cytokines, plays a major role in determining the
state of inflammation. In principle, inflammatory events should be balanced between
pathological and physiological modulation. This means that once the inflammatory
causes have been removed, the resolution of the inflammation should be achieved.
However, in some conditions, such as in NDDs and in inflammaging, the inflamma-
tion cannot be resolved easily as in a chronic state of inflammation certain
modifications have altered the way the immune system acts leading to an
unachievable inflammatory resolution [11].

The relationship between aging brains and NDDs brings several interesting points
of view. For example, it is proposed that neurodegenerative processes are linked
inherently to the normal brain aging as it is difficult to seek aging brains with a good
or normal function. Therefore, an interesting point of view defines NDDs as
accelerated aging processes that may be caused by a complex network between
many factors, such as genetics and environmental factors. However, this view has a
drawback, especially in capturing the underlying mechanisms by which aging is
linked to neurodegenerative diseases [9].
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Overall, although no fixed definition has come into a consensus from the experts
regarding NDDs, in some aspects, some agreements have been made. It is
understandable that a proper definition of NDDs is a necessity in the effort of
tackling the impact of NDDs.

The abnormal accumulation, folding, and aggregation of a specific protein, e.g.,
α-synuclein, tau, and β-amyloid (Aβ), in the central nervous system are the key
contributors and the hallmarks for the pathogenesis of NDDs, such as in Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), frontotemporal
dementia (FTD), and spinocerebellar ataxia type 1. Although many advanced points
have been achieved recently regarding some aspects involved in the pathogenicity of
the specific disease-driving proteins, the mechanisms used by those proteins to
facilitate the emergence and development of the NDDs are still unclear [1].

Another hallmark of NDDs could be related to the spread of the pathogenic
proteins. It has been demonstrated that abnormal protein aggregates could spread
throughout the brain [12]. Firstly, an aggregate of proteins somehow experiences an
abnormal conformation. Further, these initial abnormal aggregates become a trigger
for the other proteins inducing the conversion of their nature from normal to
pathogenic proteins. One evidence supporting this interesting phenomenon is
given by a study observing the effect of pathogenic conformation of tau protein
seeded in the other models expressing the tau protein. This study found that the
seeded abnormal tau acted as inducer to other in vitro models expressing tau
proteins, turning tau proteins in these models into abnormal aggregates [13].

Moreover, some studies reported that the inoculation of the pathogenic tau
protein into mutant human tau protein-expressing mice brain caused an induction
of tau abnormalities as also seen in individuals suffering from tauopathies
[14, 15]. At this point, a question raises regarding how a single pathogenic protein
can generate different phenotypic characteristics of the disease. Other groups con-
firmed that neurons developed from induced pluripotent stem cells expressing
mutations associated with tauopathy experienced several neurodegeneration-related
events, including alteration of the transport mechanism of the mitochondria, change
in either the splicing or the distribution of tau protein preceding the event of tau
aggregation, and change in the maturation of the cells [16]. Recently, no satisfying
explanation has been provided to answer some attractive questions, e.g., whether all
tau assemblies experience further spreading or only a specific tau assembly and
whether the pathogenicity of the abnormal tau protein affects all types of cells or it is
toxic only for specific cells [1].

Inflammation is another key contributor of NDD pathogenesis. Although the
connection between the aggregation of the pathogenic proteins and the emergence
of the NDDs has been accepted to explain the etiology of the NDDs, recently some
changes in defining the etiological aspects of the NDDs have been proposed. For
example, it has been known that Aβ aggregation has been linked closely to the
pathogenesis of AD. However, some studies have proposed another hypothesis
which states that inflammation is the main causative factor of neurodegeneration
[17, 18]. It has also been indicated that before the emergence of the neurodegenera-
tive events, various inflammatory pathways are activated resulting in the
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enhancement of the inflammatory cascades. This intriguing hypothesis should pro-
vide alternative for NDDs’ pharmacological intervention by targeting the pro-
inflammatory factors, such as cytokines, and inflammation-related cascades [19].

3.3 The Role of Inflammation in the Development
of Neurodegeneration

In the past years, increasing awareness on the important role of the innate and
adaptive immune systems in the emergence of neurodegeneration has been one of
the critical aspects in the study of neuroimmunology [20]. Many cells of the innate
and adaptive arms of immunity are found throughout the human body. Essentially,
these cells and their products define the existence of the immune system which
possesses various pivotal roles: ranging from maintaining tissue homeostasis and
repairing tissue injuries to host defense against pathogenic invaders [20, 21]. In the
central nervous system (CNS), microglial cells are the main immune cells playing
duties to ensure the physiological homeostasis takes place. Under normal condition,
microglia produce various factors which play roles in anti-inflammatory and
neurotrophic events in the CNS [22]. However, this condition changes when there
is an invasion of pathogens leading to the production of inflammatory factors by
microglia to counter the invasion [23].

Once the pathogens are eradicated and tissues are repaired, inflammatory
response should be switched off. In fact, in several cases, the resolution of inflam-
mation is disturbed [24]. Although inflammation is a normal mechanism and is
involved in many beneficial effects, uncontrolled inflammation is a danger for the
environment homeostasis [24]. The deposited pathogenic proteins are perceived by
the immune system as a threat thereby activating the inflammatory processes.
Unfortunately, in the case of NDDs, the accumulation of the proteins persists, and
this could lead to the uncontrolled inflammatory responses.

The deposited pathogenic proteins are sensed by the immune cells, such as
macrophages, via pattern recognition receptors, such as Toll-like receptors (TLRs),
which are responsible for the recognition of pathogen-associated molecular patterns
[25]. This interaction results in the recruitment of more immune cells, initiates
adaptive immunity, and promotes the production of antimicrobial factors. These
events are mediated by various cytokines released by the cells (i.e., TNF-α and
IL-1β), chemokines (i.e., MCP-1), and other molecules (i.e., iNOS, ROS). In the
context of NDDs, as the frontline defense in the CNS, microglia appear to be the
major cells responsible for generating and maintaining inflammatory response
because other immune cells may have a difficulty in infiltrating the CNS because
of the existence of the blood-brain barrier (BBB). For a simplified reference, a
schematic figure depicting proposed general inflammatory events involved in the
development of NDDs is provided (Fig. 3.1).

Among all systems available in the human body, the CNS is previously consid-
ered to be immune-privileged [26], suggesting that the presence of non-self-antigens
in the CNS is unable to induce adaptive immune responses. This was primarily
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Fig. 3.1 Proposed general inflammatory events involved in the development of neurodegenerative
diseases

discussed by Sir Peter Medawar, a Noble Prize winner, over 70 years ago [26]. How-
ever, recent evidence indicated that the concept of immune privilege is not an
unequivocal notion since immune responses have been shown to play a critical
role in the mitigation of infection in the CNS [27–29]. In response to this, increasing
attention to investigate close connection between inflammatory responses and the
emergence of NDDs has been reported [30, 31]. A number of evidence strengthen
the involvement of inflammatory events in the course of the diseases [20, 31]. A
comprehensive understanding on this issue, including the specific role of the
immune system in mediating inflammation-related neurodegenerative diseases,
will in turn refuel the efforts to develop drugs used for treating the diseases.

Since its first description over a century ago, NDDs have been mainly studied
based on changes appearing in the gross anatomy of the neurons and related organs
as well as changes in the integrity of neurons leading to neuronal loss [32]. However,
recent data generated from genetic, histopathological, and molecular studies
revealed the involvement of immune dysregulation phenotypes such as alteration
in the cytokine production and signaling, changes in the proliferation of migration of
immune cells, and improper modification of phagocytosis behavior, in the develop-
ment of NDDs [32]. These immunological changes have been presently noted as
important players in the onset and progression of neurodegenerative diseases
[20, 32].
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How can inflammation of the CNS provoke neurodegeneration? While this is a
simple yet important question in the study of NDDs, it proves to be difficult to
address. Preliminary findings from in vitro and in vivo animal studies suggested the
role of neuroinflammation in the development of NDDs [32–34]. Since this notion is
fairly supported by limited human studies, hallmarks of neuroinflammation and the
intricate relationship between neuroinflammation and NDDs remain difficult to
define in a general term [35]. Phenotypical events such as intense glial responses
and impairment of the blood-brain barrier leading to extravagant infiltration of the
blood-circulating lymphocytes and monocyte-derived macrophages into the CNS
parenchyma were observed in the cases of multiple sclerosis (MS). However, in
contrast to the unambiguous role of neuroinflammation in the development of MS,
such events are not typically observed in other neurodegenerative diseases such as
AD, PD, and amyotrophic lateral sclerosis (ALS). Instead of the typified massive
infiltration of systemic immune cells into the CNS, neuroinflammation observed in
AD, PD, and ALS is characterized by increasing activity of astrocytes and microglia
with the presence of inflammatory mediators in the CNS parenchyma at a low to
moderate concentration [35].

Neuroinflammation is a distressing manifestation of immune dysregulation and
the role of such event in the development of NDDs, including AD, PD, ALS, and
MS, at different stages of the diseases has been increasingly appreciated
[20, 32]. Signatures of the innate and adaptive immune responses leading to the
induction of neuroinflammation have been observed and characterized [20],
emphasizing the notion of inflammation-mediated neurodegeneration. At present,
the roles of several immune cells (Table 3.1) in the development of NDDs have been
suggested. These cells are predominantly involved in the induction of
neuroinflammation, leading to neuronal cell death and ultimately neurodegeneration.

3.4 The Role of Neuroinflammation in the Pathogenesis
of Neurodegenerative Diseases

Although different pathological mechanisms underlie many NDDs, the formation of
pathological insoluble aggregates formed from a specific protein deposition in the
CNS seems to be the shared pathological identity among the diseases (Table 3.2)
[37, 38]. The accumulation of the pathologic proteins can result from two main
factors, i.e., the excessive production of the proteins and the impairment of the
clearance mechanism of proteins where both factors can work either independently
or together. Intriguingly, growing evidence shows that abnormal proteins can be
transmitted among cells through pathways that are being investigated intensively.

Neurons usually become the preferred site for experiencing dysfunctionalities
following the pathogenic protein deposition. Several characteristics support the
vulnerability of a neuron including its long axon which can reach a meter or more
to get into contact with the adjacent neurons, the inability to undergo mitosis
(postmitotic), the inability to have a proper regeneration process once it is
degenerated, and its complex synaptic connection [38]. Neuronal damage will
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Table 3.1 Immune cells involved in neuroinflammation and neurodegeneration

Immune Roles in neuroinflammation
cells and neurodegeneration

Innate
immune
cells

Astrocytes Astrocytes play a major role in
the formation and maintenance
of synapse function, providing
a physiological support for
neurons. In addition, astrocytes
also provide support during
synaptic pruning by phagocytes
[20] and maintain the integrity
of the BBB and the homeostatic
concentration of
neurotransmitters and ions at
the extracellular region [36]

There are two different
phenotypes of astrocytes: A1
(inflammation-induced) and A2
(ischemia-induced). In the
event of immune dysregulation,
inflamed astrocytes,
particularly A2, were present.
These cells have been shown to
produce pro-inflammatory
cytokines and chemokines,
which will induce the
recruitment of monocytes into
the CNS, activate more
astrocytes, and further induce
the inflammation in the CNS
[20]. In addition, in the event of
infection or the release of
danger-associated molecular
patterns (DAMPs), pathogen
recognition receptors (PRRs)
such as TLR will mediate the
activation of microglia which
are necessary for the induction
of A1 astrocytes in a manner
dependent on the combination
of IL-1α, TNF, and
complement C1q. In the CNS
tissues obtained from MS, PD,
AD, and ALS patients, A1
astrocytes expressing
downstream complement C3
were found, suggesting their
important roles in the induction
of inflammation-mediated
neurodegeneration [20]

Innate
immune
cells

Microglia
(microglial
cells)

Microglial cells serve as
phagocytic cells, providing a
first line of defense against
pathogens in the CNS. Non-
self-antigens produced by
pathogens or injured cells are
recognized via various TLRs
expressed on the surface of
microglia, leading to the
expression of pro-inflammatory
mediators followed by
subsequent phagocytosis by the
corresponding microglia.
Prolonged expression of pro-

Upon exposure to inflammatory
insults, microglial cells are
rapidly activated and
subsequently migrated to the
source of insults. Activated
microglia are able to express
surface molecules such as
CD14 and major
histocompatibility complex
(MHC), allowing them to
interact with T cells [21]. In the
pathological events leading to
severe inflammatory condition,
microglial cells retain

(continued)
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inflammatory cytokines will
promote subsequent
recruitment of other microglia
into the sites of infection/injury
[ ]. In addition to its
immunological function,
microglia also serve the
purpose to promote new
synapse formation that leads to
the differentiation and
proliferation of neurons [21]
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Table 3.1 (continued)

Immune
cells

Roles in neuroinflammation
and neurodegeneration

amoeboid M1-like phenotypes
characterized by increased
expression of pro-inflammatory
cytokines, inducible nitric
oxide synthase (iNOS), and
reactive oxygen species (ROS)
[21]. Prolonged expression of
such pro-inflammatory
cytokines in the CNS can
induce neuroinflammation and
neuronal cell death, leading to
neurodegeneration [23]

Adaptive
immune
cells

CD4+ T
helper
lymphocytes

As one type of lymphocytes,
CD4+ T cell is an important
player in the activation of
adaptive immune responses. Its
main function is mainly related
to the orchestration of adaptive
immune cells, including the
initiation of B cell-mediated
production of antibodies. CD4+
T cells are classified into
several cell types including
T-helper 1 (Th1), Th2, Th17,
and Tregs. Proper levels of Th1
and Th2 and the balance
between these two cell types
determine the healthy condition
of the CNS environment
[21]. In addition, production of
a wide range of cytokines by
Th17, including IL-17A,
IL-17F, IL-22, and IL-21, is
known to mediate host immune
responses and the activation of
Treg is essential in the
maintenance of immune
tolerance in the CNS [21]

Elevated levels of pro-
inflammatory cytokines,
including IFN-γ and TNF-α
(due to hyperactivation of Th1
cells) as well as IL-17 and
IL-22 (due to Th17
overactivation), have been
suggested to play a role in the
neuroinflammation-mediated
neurodegeneration [21]

Adaptive
immune
cells

CD8+ T
cytotoxic
lymphocytes

In addition to CD4+ T cells,
CD8+ T cells (cytotoxic T cells)
play a vital role in the
recognition of pathogen-
infected cells to maintain the
cellular function of adaptive
immune responses. This has
been suggested as an important
value in the maintenance of
homeostasis in the CNS [21]

The exact role of CD8+ T cells
in the development of
neuroinflammation remains
unclear. However, current data
implicated its role in the
pathophysiology of NDDs,
predominantly MS [21]
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Neurodegenerative diseases Protein deposition

Alzheimer’s disease (AD) Amyloid beta (Aβ), tau
Parkinson’s disease (PD) α-Synuclein
Huntington’s disease (HD) Huntingtin

Amyotrophic lateral sclerosis (ALS) TDP-43, SOD1

Frontotemporal dementia (FTD) Tau, TDP-43

Prion disease PrP

ultimately affect physiological processes occurring in glial cells and synapses
leading to the impairment of their connection system [39]. However, a growing
body of evidence shows that the accumulation of the proteins can also take place
within glial cells, such as astrocytes and oligodendrocytes [40].

In this section, we will only focus on how inflammation could play a significant
role in the pathological mechanism of AD, PD, ALS, and MS.

3.4.1 Alzheimer’s Disease

Since its first identification more than a century ago, many important milestones
related to the formation and progression of Alzheimer’s disease have been reached.
However, there are still many unknown aspects of this disease and there is still no
satisfying therapy for the patients who are suffering from this NDD.

It has been known that the culprits responsible for the occurrence of Alzheimer’s
disease are amyloid plaques and neurofibrillary tangles (NFTs) [41]. While the
amyloid plaques are formed from the aggregates of Aβ extracellularly, NFTs are
developed intracellularly following the hyperphosphorylation of tau proteins respon-
sible for stabilizing neuronal microtubules [41].

Aβ is formed from the cleavage of the amyloid precursor protein (APP) which is a
type I transmembrane protein with N-terminus located in the ectodomain and
C-terminus in the cytosol. It has three isoforms which differ from the number of
their amino acid residues. The 695-amino acid isoform is abundantly found in the
neuron, while the others, the 751- and 770-amino acid isoforms, are mostly
expressed systemically. The Aβ domain contains 40–43 amino acid residues and is
located in the middle of the APP [41]. The gene that codes the APP is mapped in
chromosome 21q21.3, while the microtubule-associated protein tau is encoded by a
MAPT gene located in chromosome 17q21 [39]. As APP, several isoforms are also
detected for the protein encoded by MAPT gene.

The proteolytic cleavage of the APP occurs via either amyloidogenic or
non-amyloidogenic pathways. Both pathways utilize secretases as the catalyst. The
secretase enzymes are divided into three types, i.e., α-, β-, and γ-secretases. In the
non-amyloidogenic pathway, the α-secretase cleaves the APP at amino acid
17 within the Aβ domain where this action inhibits the formation of Aβ. This action
produces two products, i.e., APP-α ectodomain and APP-CTF83 (membrane-bound
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Fig. 3.2 Biogenesis of amyloid beta and its proposed impact on the development of Alzheimer’s
diseases

C-terminal fragment containing 83 amino acids of APP). The latter product is further
cleaved by γ-secretase to generate the P3 fragment and AICD [41–43].

In the amyloidogenic pathway, the β-secretase cleaves the APP generating two
products, i.e., APP-CTF99 (membrane-bound C-terminal fragment containing
99 amino acids of APP) and APP-β. The former domain undergoes further cleavage
by the γ-secretase generating two other domains, i.e., Aβ and APP intracellular
domain (AICD). There are two Aβ peptides produced by γ-secretase, which are
soluble Aβ1–40 and insoluble Aβ1–42 [42]. Although the latter is the minor product
generated from this metabolism process, it is the main composition found in amyloid
plaque compared to the former peptide. A simplified explanation on the biogenesis
of amyloid beta and its proposed impact on the development of Alzheimer’s diseases
is presented in Fig. 3.2.

During the amyloidogenic processing of APP, Aβ1–42 is secreted as a monomer.
The monomeric form of Aβ1–42 has a propensity to aggregate into oligomers which
further form fibrils. The ultimate form of this aggregation process is the formation of
amyloid plaques which have been identified as the hallmarks of AD [41, 42]. The
plaques are linked to many harmful effects, especially on neuronal activity where the
plaques can cause disruption of synaptic function, intracellular signaling, inflamma-
tory cascade, and cytoskeleton activity.

Several studies reported that Aβ1–42 peptides were released in a physiological
level to assist several processes such as the release of neurotransmitter, the removal
of excessive metal ions, and the cellular protection on oxidative stress [44–46]. How-
ever, in Alzheimer’s disease, this homeostasis is disturbed. Overproduction of
Aβ1–42, excessive supply of Aβ1–42 from the systemic circulation, and impairment
of Aβ1–42 clearance from the brain are the main factors causing the toxic accumula-
tion of Aβ1–42 in the brain [42]. In this regard, the role of the receptor for advanced
glycation end products (RAGE) in mediating the influx of Aβ1–42 into the brain and
low-density lipoprotein-related protein (LRP) receptor 1 (LRP1) which facilitates
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the efflux of the peptides from the brain is an interesting topic to be further elucidated
[47–50]. Related to this, mutations occurring in the APP and γ-secretase have been
found to have contributions to familial AD [51]. In addition, the clearance of Aβmay
also be carried out by a mechanism which involves the interaction between microglia
and apolipoprotein E (apoE) [52].

In addition to oxidative stress and tau hyperphosphorylation, inflammation plays
an important role in assisting AD progression. The excessive accumulation of
amyloid plaques and the presence of NFTs can stimulate the production of pro-
inflammatory cytokines, chemokines, and radical oxygen species from associated
immune cells, such as microglia [53, 54]. Specifically, the level of IL-1β, IL-6, MHC
class II, COX-2, MCP-1, TNF-α, IL-1α, CXCR2, CCR3, CCR5, and TGF-β is
elevated in the brains of patients suffering from AD [53, 55, 56]. The uncontrolled
production of those molecules is associated with neuronal death.

In the brain, Aβ accumulation is sensed by microglia through TLRs and other
sensors, such as CD14 and MD2, expressed in microglia [25]. TLR4 is proposed as
the specific TLRs involved in this sensing process. The activation of TLRs expressed
in glial cells is followed by the activation of the subsequent transcription factors that
will upregulate the inflammatory gene expression [57, 58].

NOD-like receptors (NLRs) are the next receptor involved in the sensing system
of Aβ [25]. The presence of this senile protein induces a member of NLRs called
NALP3 expressed in microglia which is responsible for the activation of various
signaling proteins implicated in the occurrence of apoptosis and maturation of pro-
inflammatory cytokines, e.g., IL-1β and IL-18 [25, 59].

In addition to its role in mediating influx of the Aβ, RAGE is identified as another
sensing system expressed in various cells, including microglia, astrocytes, vascular
endothelial cell, and neurons [25]. This receptor was initially found as a receptor for
advanced glycation end products (AGEs). However, several studies confirmed that
this cell surface receptor also has an affinity to bind Aβ [60]. The Aβ-RAGE
complex activates microglia which is followed by the production of pro-inflamma-
tory cytokines, such as TNF-α, IL-1β, and IL-6 through the activation of caspases
and signal-dependent transcription factors such as NF-kB and AP-1 [25]. These
cytokines may be responsible for the neuronal apoptotic mechanism upon their direct
binding to the neuron.

Reciprocal communication between microglia and astrocytes also plays a certain
role in inducing inflammation in the course of AD. The cytokines released by
astrocytes may cause further activation of microglia and vice versa. Intriguingly, it
has been found that the APP, γ-secretase, and β-secretase are found to express
NF-κB in their promoter region [61]. Once the NF-κB sites are occupied by the
cytokines, subsequent upregulation of the APP and the secretases occurs in neurons
and this is linked to further induction of Aβ secretion. Ultimately, the excessive
production of the Aβ from the neuron is followed by the activation of microglia, and
this will lead to the aggravation of microglia-mediated inflammation in AD [25, 62].

To sum up, upon the production of Aβ aggregates and plaques, sensing systems in
microglia are activated, mainly TLRs and RAGE. The activation of these systems is
followed by the release of some related pro-inflammatory factors, such as cytokines,
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chemokines, and ROS which is mediated by NF-κB and AP-1 signaling pathways
[25]. Next, these factors induce astrocytes and neurons so that the pro-inflammatory
signal is exaggerated leading to neurotoxic effects where the neuron suffers from
either apoptosis or necrosis events [63, 64]. ATP released from the death neurons is
then taken up by microglia via the P2X7 receptor, a purinergic receptor, which is
involved in the aggravation of inflammatory responses [65]. Several studies
suggested that cholinergic neurons were found as the most vulnerable target to
undergo neurotoxicity after an Aβ-induced inflammatory course, while other
neurons, such as GABAergic and glutaminergic, may be also susceptible [25, 66,
67].

3.4.2 Parkinson’s Disease

As in AD, the pathogenesis of PD is linked to the accumulation of a misfolded
neuronal protein. The protein, recognized as α-synuclein, is a member of the
synuclein family consisting of two other synucleins, β- and γ-synuclein [68]. Of
those synucleins, α-synuclein has been identified as the primary culprit in the
development of PD as α-synuclein is the major component found inside the
intraneuronal inclusions called Lewy bodies which are responsible for the pathogen-
esis of PD [68, 69].

α-Synuclein consists of 140 amino acids and is encoded by the SNCA gene
located in 4q21 [39, 70]. Natively formed in the unfolded monomer form in the
cytoplasm, α-synuclein is further converted into misfolded α-helical secondary
protein after having contact with lipid components in the lipid membranes [69–
71]. The product has a propensity to form aggregates with other monomers and is
linked to neurotoxic effects [70].

Posttranslational modification processes, including phosphorylation, nitration,
and ubiquitination, are also implicated in the neurotoxic property of the protein
[70–74]. It has been proposed that posttranslational modification of α-synuclein
positively correlates with the formation of Lewy bodies [71]. The modification
may increase the insolubility, induce aggregation, change the localization, inhibit
clearance, and promote the neurotoxic effect of α-synuclein [70, 73–75]. Phosphory-
lation of α-synuclein occurs mostly in serine residues, while ubiquitination and
nitration predominantly take place in lysine and tyrosine residues, respectively
[70, 76, 77].

To date, the physiological roles of α-synuclein are still unclear. The soluble and
membrane-bound form of α-synuclein is found to be balanced in physiological
conditions [68]. One study proposed that α-synuclein was involved in the release
of neurotransmitters from the presynaptic terminal in dopaminergic networks
[70]. Accordingly, the accumulation of this protein may lead to the emergence of
dopaminergic neuron dysfunctionalities located mainly in the substantia nigra of the
brain resulting in the emergence of several specific PD symptoms which are either
related to motor disturbances (tremor, rigidity, bradykinesia) and non-motor-related
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symptoms, e.g., deficits in olfactory and cognitive functions, disturbances in auto-
nomic nervous system, and sleep disorders [25].

Unlike amyloid beta, α-synuclein tends to accumulate intracellularly. However, a
study suggested that α-synuclein could be secreted out of the neuron and formed
α-synuclein aggregates [78]. After this accumulation, several pathogenic effects
occurred such as neuroinflammation, neurodegeneration, and cell death [79]. Inter-
estingly, neurodegeneration may also be caused by the failure of α-synuclein in
playing its physiological roles [80].

α-Synuclein accumulation-induced inflammation begins when microglia sense
the deposition of the protein. As microglia do not exhibit a specific sensing system to
sense the accumulation of α-synuclein [25], the sensing process occurs when the
protein directly binds to microglia to begin inflammatory cascades. Upon the uptake
of α-synuclein by microglia, NF-κB is activated which is followed by the increased
production of several pro-inflammatory factors such as cytokines (TNF-α and
IL-1β), radical oxygen species through the activation of NADPH oxidase, and NO
via the action of inducible nitric oxide synthase (iNOS) [25]. These factors act
directly on dopaminergic neurons as the main target in PD. In addition, these factors
also activate astrocytes. The activated astrocytes also release pro-inflammatory
factors which attack the dopaminergic neurons amplifying the attack of the factors
produced by microglia [25]. Finally, the products produced by both microglia and
astrocytes as a response for α-synuclein aggregation induce neurotoxicity [25].

Several environmental toxins have been found to produce a neurotoxic effect on
dopaminergic neurons. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a
prodrug which is converted in glial cells into its metabolite named 1-methyl-4-
phenylpyridinium (MPP+) [81]. This metabolite is recognized as a neurotoxin
causing permanent symptoms of PD by destroying dopaminergic neurons [25] via
induction of mitochondrial damage-related oxidative stress.

Bacterial lipopolysaccharide (LPS) also displays an ability to induce neuronal
death by inducing the release of inflammatory factors from nonneuronal cells, such
as microglia [82]. Unlike the TLR-independent mechanism shown by α-synuclein,
LPS can be sensed by microglia particularly via TLR4 [83]. By utilizing this
mechanism, LPSs subsequently induce the release of pro-inflammatory factors
mainly via the activation of NF-κB and finally cause loss of dopaminergic neurons
in the substantia nigra [25].

3.4.3 Amyotrophic Lateral Sclerosis

This progressive NDD was first identified by the French neurologist, Jean Martin
Charcot, in 1874. Although many important things have been revealed, the disease,
also known as Lou Gehrig’s disease, is still incurable.

In ALS, three major sites in the brain which are related to motor function initially
malfunction, i.e., the brainstem, spinal cord, and motor cortex [25]. The
dysfunctionalities of these motor neurons lead to the emergence of clinical features
of ALS, e.g., muscle twitching (fasciculation), muscle loss, weakness, spasticity, and
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some respiratory complications such as respiratory muscle and diaphragm paralysis,
which are described as the main causes of ASL-related death [25].

As other progressive NDDs, the pathogenesis of ALS is also linked to the
deposition of a pathological protein called transactive DNA-binding protein-43
(TDP-43) within the cytoplasmic ubiquitin inclusion in degenerating motor neurons
[84]. The protein is encoded by the tardbp gene located in chromosome
1 [39, 84]. Although the abnormal TDP-43 deposition in abnormal intracellular
ubiquitin inclusion is seen in the sporadic form of ALS, TDP-43 deposition is also
observed in the familial form of ALS due to mutation occurring in the tardbp gene
[85–88].

TDP-43 is a protein consisting of 414 amino acids [84]. Physiologically, TDP-43
does not form an inclusion as it is involved in several normal processes such as in the
regulation of RNA splicing, stability, transcription, and translation [84, 89]. The
formation of insoluble TDP-43 aggregates occurs when the protein mislocalizes in
the cytoplasm [84].

Posttranslational modification is the critical step in emanating pathological
TDP-43. Two processes in PTM that have been identified as the key processes
involved in generating pathological TDP-43 are phosphorylation and ubiquitination
[84]. Neumann et al. reported that either ubiquitinated or phosphorylated TDP-43
was found abundantly in ALS patients [88]. The abnormal accumulation of TDP-43
in neurons followed by dysfunctionalities of the neuron and glial cells is proposed as
the primary pathogenesis of ALS [84]. In Drosophila melanogaster, the accumula-
tion of TDP-43 is associated with a swollen axon leading to transmission disturbance
in motor neurons and ultimately causes motion disability [90].

The accumulation of TDP-43 is exacerbated by the clearance inhibition of
TDP-43 [84]. Two mechanisms have been identified as the primary clearance routes
for pathological TDP-43, i.e., exocrine secretion and autophagy [91, 92]. Barmada
et al. demonstrated that autophagy stimulation could diminish mislocalization of
TDP-43 leading to the increase of neuronal survival after being deposited by
TDP-43 [91].

Other genes are also responsible for the heritability of ALS including superoxide
dismutase 1 (SOD1) [93, 94] and FUS/TLS (fused in sarcoma or translocation in
liposarcoma) [95, 96]. These genes are implicated to the production of other
neurotoxic proteins SOD1 and FUS/TLS, respectively, also found abundantly in
ALS [25].

Following the deposition of TDP-43 and SOD1 aggregates, inflammatory reac-
tion emerges. Like the previously described NDDs, microglia also utilize TLRs
along with their co-receptor, CD14 (cluster of differentiation 14), as the sensing
system towards the pathological aggregates formed. Subsequently, NF-κB and AP-1
signaling pathways are activated resulting in the release of pro-inflammatory-related
factors, such as cytokines, chemokines, and ROS. Intriguingly, the abundant release
of IL-1β and TNF-α causes neurotoxic effects in vitro only, while there is no
satisfying evidence supporting the role of these cytokines in ALS in vivo as deletion
of the genes coding those cytokines in animal models produces no significant
inhibition in ALS progression [25].
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Those inflammatory factors then attack the motor neurons and activate the
astrocytes. In turn, the activated glial cells also release pro-inflammatory factors
which are also involved in generating neurotoxic effects on the motor neurons. The
activation of microglia could also occur when the dying motor neurons release ATP
which is then sensed by the purinergic receptor P2X7 expressed on them [25, 65].

3.4.4 Multiple Sclerosis

Multiple sclerosis is a neurodegenerative disease characterized by inflammation and
demyelination occurring in the CNS leading to damaging impacts on the motor,
autonomic, cognitive, and visual systems of patients [97]. In an autoimmune disease,
immune cells attack the myelin sheath leading to axonal dysfunction and ultimately
neuronal degeneration. Intriguingly, although protein deposition is observed in MS
as seen in the previously described NDD, it does not relate to the pathogenic
characteristic [25].

There is no satisfying evidence supporting the inheritability of this disease,
suspecting the role of environmental factors as the initiator for the emergence of
MS. Microbial infection is suspected as the potent factor that could initiate MS as
certain regions found in viruses and bacteria are known to express antigenic
pathogen-associated proteins which display similarity to myelin basic protein
(MBP) expressed in myelin sheath of the neuron [25].

The involvement of both innate and acquired immunity in MS pathology has been
described. It has also been shown that APCs circulating outside the CNS also play a
pivotal role in the progression of MS. Some antigen-presenting cells (APCs), such as
dendritic cells and macrophages, including microglia in the CNS, mediate the
recognition of the antigens by lymphocytes (Glass). The induction of Toll-like
receptors (TLRs) expressed in microglia and astrocytes triggers NF-κB and AP-1
signaling pathway [25].

Following the myelin-derived antigen recognition, microglia release IL-6 and
TGF-β, which are responsible for the induction of naïve T cells to differentiate into
Th17 cells expressing retinoic acid receptor-related orphan receptor γt (RORγt)
[98, 99]. The activated microglia release IL-23 inducing Th17 to secrete IL-17 and
TNF-α [100]. This Th17 induction could also be stimulated by osteopontin which is
released by the activated astrocytes [101]. These excessive secreted cytokines impair
the myelin sheath resulting in axonal damage [25].

Furthermore, the activated astrocytes secrete BAFF (B cell-activating factor
belonging to the TNF family) differentiating into plasma cells responsible for the
production of anti-myelin antibodies [102]. In addition, the activated astrocytes and
microglia release ROS and NO which are also involved in the impairment of the
myelin sheath. Finally, the massive damage occurring in the myelin sheath could not
be repaired by oligodendrocytes, the glial cells responsible for producing new
myelin [25].
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3.5 Model Systems Available to Study Inflammatory-Mediated
Neurodegenerative Diseases

The development of in vitro and in vivo models for studying NDDs is still
experiencing several challenges. Many studies reported their success in testing
drug candidates using the current models, but later reported their failure to translate
the results into clinical settings. No models can completely phenocopy human
diseases, including NDDs [103]. While each model comes with its unique
advantages, at the same time some aspects limit the ability of the model to mimic
the development and progression of NDDs in humans.

3.5.1 Alzheimer’s Disease

AD is mainly identified by two hallmarks, i.e., Aβ deposition leading to the
formation of insoluble plaques and the formation of neurofibrillary tangles
[41]. These pathogenic events lead to the progressive degeneration of the hippocam-
pus and other related parts of the brain. Given these key events of AD, the ideal
model for AD should facilitate the formation of Aβ and neurofibrillary tangles and
should display processes involved from the beginning to the occurrence of neural
degeneration resulting in behavioral changes.

According to these key pathogenic events, transgenic APP rodents could not be
used to capture all events that occurred as these models only increase the formation
of Aβ, but not for tau proteins, the major proteins involved in the formation of
neurofibrillary tangles [103]. Consequently, the use of these mutants in studying
cognitive and behavioral studies in AD is not recommended [104, 105].

Although animal models offer more complex anatomical and neurobiological
systems compared to in vitro models, the use of animal models is exclusively limited
in mimicking early-onset familial AD which is only found in approximately 5% of
all AD cases [33, 103, 106]. The etiology of familial AD is associated with mutations
occurring in the three main genes, i.e., amyloid precursor protein (APP), presenilin
1 (PSEN1), and presenilin 2 (PSEN2) [103, 106]. Conversely, the common type of
AD, late-onset AD or sporadic AD, is experienced by patients who are over the age
of 65 years. The major cause of this AD type is still unknown and is believed to be
multifactorial, making the design for developing the appropriate model challenging
as the genetically engineered rodents that have been developed are almost exclu-
sively put as the model for the familial AD [33, 107].

Another limitation faced by most animal models, such as rodents, in mimicking
AD is associated with the difficulty in forming senile plaques and neurofibrillary
tangles [33]. As AD is not found naturally in rodents [108], the injection of Aβ into
the animals is typically undertaken. Yet, although the models can be injected with
Aβ and tau proteins, these molecules rarely develop into senile plaques and NFTs,
respectively [33]. This may be caused by the fact that the formation of the plaques
and tangles needs years which cannot be compared to the short life span of the
rodents [105]. Furthermore, the accumulation of the proteins in genetically modified
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mice remains enigmatic as the models cannot lead to extensive neuronal loss and
behavioral changes as seen in AD patients [103].

As the closest animal having physiological similarity to humans, nonhuman
primates are the promising models for deciphering the underlying mechanisms of
AD and in testing drug candidates for AD treatment [109]. By having this similarity
supported by their complex neuroanatomy as well as cognitive and motor functions,
nonhuman primates play an important role in AD research [110]. However, several
hurdles limit the use of nonhuman primates. Although Aβ and tau protein as well as
the formation of the plaques and the tangles can be seen naturally in some aged
nonhuman primates, the distribution of these proteins is not identical with those in
humans [111]. For example, in Rhesus macaques, Aβs are deposited mainly in the
limbic cortex and frontal area of the brain [109]. Only a small portion of Aβ is
deposited in the hippocampal area, which is the main site of Aβ deposition in
humans [109]. Another example could be seen in tau protein accumulation. As in
Aβ, the accumulation of tau protein in humans is mainly detected in the hippocampal
area, while in mouse lemurs, this protein is accumulated in the cerebral cortex
[109]. Ethical and financial issues are also on the list of the drawbacks which
ultimately affect the size of the animal samples, which is typically small [109].

In addition to rodent and nonhuman primate models, the use of other animal
models is also utilized. These include Drosophila melanogaster [112], Danio rerio
[113], and Caenorhabditis elegans [114]. They are used to gain information regard-
ing the potential effects that can be generated by Aβ and tau proteins either on the
cellular or organism level.

Two-dimensional (2D) in vitro models are also useful in the study of AD as these
models bring several clear advantages, i.e., easy to conduct genetic modification and
genome screening, shorter time needed to perform the experiments, ease of handling,
and relatively cheap [115]. However, two-dimensional in vitro models are not the
model of choice for studying the complexity of physiological systems as well as for
looking deeper at the aspect of developmental biology [115]. These models are
invaluable as they can provide insights into how neuronal dysfunction and cellular
loss occur in AD [116].

PC12, HEK293, and SH-SY5Y cell lines are commonly used and they are easy to
be transfected with Aβ and tau proteins [116]. In addition to immortalized cell lines,
the use of primary cortical and hippocampal culture systems is also common
[116]. Some groups have utilized 2D models developed from induced pluripotent
stem cells (iPSC) [117–119]. Yagi et al. found that neurons that differentiated from
iPSC isolated from fibroblasts in patients suffering from early-onset AD with PSEN1
and PSEN2 mutations showed higher production of Aβ42 compared to the healthy
control group [119]. Moreover, Israel and coworkers reported that the administration
of the β-secretase inhibitor on iPSC produced a reduction of the tau protein and
GSK-3β, an enzyme mediating the effect of Aβ on the activation of tau protein [117].

Although 2D models have provided answers on some pathophysiological events
occurring in AD, the models are not free of drawbacks. It has been observed that Aβ
secreted within the models has insufficient levels to produce senile plaques [120]. It
is also noteworthy that glial cells, such as microglia and astrocytes, play a significant
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role in AD development [121, 122]. At this point, co-culture between 2D models of
neuronal cells and glial cells is pivotal in the effort of providing more relevant
models.

The drawbacks faced by the 2D models inspire researchers to generate and
develop 3D models. Choi et al. developed the first 3D neuronal model which
differentiated from an immortalized human neural stem cell line [123]. The model
is powerful as it does not only differentiate into neuronal cells, but also into glial
cells [123]. This 3D model not only secretes Aβ and tau proteins, but also facilitates
the formation of senile plaques and neurofibrillary tangles, respectively [123].

Brain organoids are another powerful in vitro model in studying AD. This model
improves the features that have been achieved by previous models. For example,
vascularized human cortical organoids have been developed in some studies to
overcome the lack of oxygen and nutrition faced by conventional brain organoids
[124–127]. This model is an eminent model as it can also express some major blood-
brain barrier markers, such as transporters (e.g., ABCB1) and tight junction proteins
(e.g., ZO-1, claudin-5, and occludin) [124]. The presence of BBB is pivotal because
the impairment of BBB is spotted in AD development, allowing the movement of
immune cells and cytokines into the brain which is further followed by inflammatory
events [128].

3.5.2 Parkinson’s Disease

As in AD, several in vitro models have been designed and developed to study the
pathophysiological aspects of PD and to test drug candidates. Some conventional 2D
culture models used are HEK293, H4, PC12, and SH-SY5Y [33, 116]. Of those
models, the latter is preferred as it displays a dopaminergic phenotype as seen in PD
[129] and also mediates the formation of Lewy body-like inclusion after being
exposed to human α-synuclein [130]. However, this cell line has a problem in
reaching its postmitotic dopaminergic state [131]. As a result, SH-SY5Y can differ-
entiate not only into dopaminergic neurons, but also other different neuronal
cells [129].

The Lund human mesencephalic (LUHMES) cell line is another in vitro model
taking more attention recently. These cells were isolated from healthy human fetal
ventral mesencephalic tissue at 8 weeks old and were immortalized via v-myc
insertion regulated by a tetracycline-responsive promoter [33, 116, 132]. LUHMES
cells provide advantages in PD research as they can reach postmitotic state to
differentiate into dopaminergic neurons similar to primary neurons [33, 116,
133]. The maturation of the neurons enriched with glial cells (e.g., astrocytes and
oligodendrocytes) takes only 25 days [33, 134]. This cell line also possesses an
ability to form an extracellular matrix naturally which is important in supporting cell
interactions [133, 134].

The immortalized cell lines described above, like other cell lines, show a reduc-
tion in their properties along with the longer passage used. At this point, the use of
primary culture isolated from human brains is an alternative. However, due to its
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several limitations, the model is not always preferred. In addition to the ethical issues
and the availability of the samples, the preparation and isolation of dopaminergic
neurons from aged human brains are challenging. Looking at these drawbacks,
dopaminergic neurons are mainly isolated from the embryonic brain of rodents
[135]. However, the experiments utilizing primary culture may produce variable
data depending on how the researchers dissect the brain out and prepare the
isolation [33].

Furthermore, the use of iPSC and organoids for studying PD neuropathology and
testing novel candidates for PD treatment is promising [33]. Although both models
are directly derived from patients, making them close to the actual human cellular
physiology, they also face limitations in their utilization, e.g., costly preparation,
sophisticated procedures, and time-consuming [33]. However, the advantages of
both models outweigh their disadvantages as described below.

It has been found that G2019S mutation occurring in leucine-rich repeat kinase
2 (LRRK2) plays a key role in the etiology of both familial and sporadic PD [136–
140]. Upon these published findings, the concept of genetic role in late-onset PD
changed. Previously, the genetic role in PD was only associated with several mutated
genes, such as PARKIN and PINK1, which have been found frequently in early-
onset PD, while the role of genetic mutation in sporadic PD was neglected
[141]. This new milestone in studying PD becomes a trigger to design and develop
a new PD model expressing LRRK2. As a result, both in vitro and in vivo models
were successfully engineered so that they expressed mutated LRRK2. However,
some LRRK2 mutation models fail to show dopaminergic neuron loss as well as
Lewy body formation [142–144].

Furthermore, the human midbrain organoid derived from a patient suffering from
sporadic PD is found to have LRRK2 G2019S mutation with dopaminergic neuronal
loss [145, 146]. Another finding was reported by Kim and colleagues demonstrating
that the length of dopaminergic neurites of isogenic midbrain organoids was reduced
in the LRRK2 mutation group [143]. This was supported by the lower level of
several important dopaminergic neuron markers, such as DAT, AADC, VMAT2,
and TH, in the LRRK mutation group compared to the control group [143]. Further,
this group also found that α-synuclein clearance was inhibited resulting in the
aggregation of this protein inside the model [143].

The improvement of brain organoid models is underway to complement some
shortcomings. As the role of glial cells and other supporting neuronal cells in PD
pathophysiology is clear, then the model should cover this issue. Fortunately, Kwak
et al. reported their success in generating midbrain organoid from human pluripotent
stem cells that has the ability to differentiate into astrocytes, oligodendrocytes, and
other supporting neuronal cells [147]. This group also confirmed that the model
could produce midbrain dopaminergic neurons distributed homogenously while the
exposure of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a parkinsonian
neurotoxin [148], killed those dopaminergic neurons [147]. This confirms the
functionality of the models for being an appropriate model system in studying PD
pathophysiology or testing drug candidates.
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Another issue that should be of concern is the role of the blood-brain barrier in PD
progression. It has been known that BBB experiences increased leakage in PD as
reflected by the higher value of the transfer coefficient across the BBB of a contrast
substance in the PD group compared to the control group [149]. This could be
caused by the impairment of ABC transporters, such as ABCB1, as shown by
Kortekaas and coworkers who conducted an in vivo study in the parkinsonian
midbrain [150]. Therefore, an in vitro model of PD should reflect the existence of
the BBB. Cakir et al. have developed vascularized human brain organoids
expressing key biomarkers of the BBB such as tight junction proteins (e.g.,
claudin-5, occludin, and ZO-1) and pivotal transporters (e.g., ABCB1 and
GLUT1) [124]. Another group has also reported their success in generating
vascularized brain organoids developed from iPSC-endothelial cells [151]. The
existence of the vascular system in human brain organoids plays a critical role as
the system could assist the development of the models by regulating neural differ-
entiation and distribution, providing oxygen and nutrients, and helping in the
formation of the neural circuit [127].

Although great success has been achieved recently in developing suitable in vitro
models for PD, the use of animal models is still unavoidable. Some aspects that
cannot be covered by in vitro model can be fulfilled by in vivo approach. For
example, human physiological complexity can only be mimicked by animal models,
especially mammals and nonhuman primates [115]. In this aspect, human organoids
are also only partly suitable for covering the complexity of the human physiological
system [115]. Nonhuman primates are a valuable model for studying PD pathology
as aged primates, such as monkeys, show deficits in their nigrostriatal system and
disturbances in α-synuclein distribution followed by the emergence of Parkinson-
related symptoms [152, 153].

Numerous animal models have been developed and prepared as a platform for PD
either as neurotoxin models, transgenic α-synuclein models, or models of other
related genetic forms, such as LRRK2, of PD [103, 154]. Typically, the
pharmacologic-based model of PD could be modeled by using two substances,
namely, 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). While the former substance does not readily cross the
BBB, MPTP can cross the BBB as this substance is highly lipophilic. The uptake of
both substances into the cell is mediated by the dopamine transporter system. Once
inside the cell, they disturb the functions of mitochondria leading to excessive
radical species production and ultimately cause neurodegeneration.

Several studies confirmed that the administration of MPTP to nonhuman primates
produced parkinsonian symptoms such as bradykinesia, tremor, rigidity, cognitive
deficits, and abnormalities in their posture and balance [155–157]. These symptoms
were mainly related to the loss of dopaminergic neurons in the substantia nigra pars
compacta area [155, 156], while Villalba et al. reported neuronal loss in the caudal
intralaminar thalamic nuclei [157]. Nevertheless, the success in using nonhuman
primates as a neurotoxin model is not always followed by the success in translating
the achievements into the clinical setting [158], leaving researchers to keep the
efforts for designing appropriate models that have good translatability.
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One of the important requirements that must be fulfilled as a model of PD is the
formation of aggregated α-synuclein. However, the formation of the aggregates
gives inconsistent results in various models [154]. The aggregation of α-synuclein
followed by its insertion into the Lewy body needs time. To overcome this time-
consuming process, the use of the truncated c-terminal form of α-synuclein has been
introduced. It has been found that the aggregation of α-synuclein in transgenic mice
expressing the truncated proteins becomes faster than the wild-type group resulting
in the progressive loss of dopaminergic neurons [154, 159, 160]. Interestingly, the
truncation of the c-terminal of α-synuclein is found in a normal event in the human
brain [161, 162].

3.5.3 Amyotrophic Lateral Sclerosis

Several genetic mutations have been identified as the major etiology in ALS
generation and progression. Of those genes, mutations occurring in tardbp and
SOD1 genes have attracted higher interest as they are mostly found in either sporadic
or familial ALS cases [86, 93]. Consequently, in the effort of designing ALS in vivo
and in vitro models, these genes should be expressed by the chosen models.
Furthermore, as ALS attacks motor neurons, any models used should exhibit the
characteristic of this neuron [116].

Transgenic mice overexpressing SOD1 mutations have been developed to study
the pathomechanism of ALS and to test the promising ALS drugs. Due to these
mutations, the models experience significant motor neuron loss, excessive produc-
tion and accumulation of misfolded SOD1, and ultimately paralysis occurring
progressively [163, 164]. However, the inability of the SOD1 models in displaying
the pathogenic aspect of TDP-43 has been reported and this becomes a shortcoming
of these models [103].

In addition to mice, other animal models have generated interest. Nagai and
colleagues reported the use of transgenic rats expressing human SOD1 that experi-
enced progressive motor neuron degeneration [165]. Other animal models including
marmoset [166], Danio rerio [167], Drosophila melanogaster [168], and
Caenorhabditis elegans [169] have also been used in studying ALS.

As a DNA-/RNA-binding protein, TDP-43 is involved in numerous metabolic
RNA processing targeting hundreds of molecules [170]. At this point, the develop-
ment of pathological TDP-43 models is challenging as the targets of RNA
processing mediated by TDP-43 are different between species [103]. Recently,
approximately 20 transgenic rodent models of TDP-43 have been developed [171],
while other transgenic animal models, such as nonhuman primates [172], zebrafish
[167], fruit fly [173], and Caenorhabditis elegans [174], are also attracting attention.

Neurotoxin-based models of ALS have been developed. Recently, the use of
bisphenol A exposed to zebrafish has been reported to induce degeneration of motor
neurons even though this model has not been validated yet regarding the existence of
ALS-related gene mutation such as TDP-43 expressed by the model [175]. The
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exposure of β-sitosterol-β-d-glucoside (BSSG) in murine has also been reported as
one of the neurotoxin-based models [176].

Recently, the use of human organoids is becoming a powerful tool for studying
ALS. Because ALS is characterized by progressive loss of motor neurons in the
brain (upper motor neurons) and spinal cord (lower motor neurons), the development
of organoid models should consider these sites. Pereira et al. confirmed their success
in developing sensorimotor organoids generated from human iPSC lines isolated
from ALS patients that can form neuromuscular junctions [177]. The human spinal
cord organoid has also been developed [178, 179].

However, the promising use of organoid models in elucidating the fate of ALS
should inspire researchers to improve their features from some drawbacks. For
example, as the severity of ALS is strongly linked to the activation of glial cells,
especially astrocytes and microglia [180], the development of an organoid model
completed with glial cells is crucial. Vascularization of the organoids should also be
considered. It has been reported that lack of a vascular system for a longer period of
culture processes in organoids could lead to cell death as no sufficient oxygen and
nutrients are supplied [127, 144]. Furthermore, BBB properties should be given
more attention in the effort of improving brain organoid features as the impairment
of the BBB is involved in ALS pathophysiology [181, 182]. Recently, Cakir and
colleagues reported their achievement in generating brain organoids possessing the
major features of the BBB such as ABC transporters (e.g., ABCB1 and GLUT1) and
tight junctional proteins (e.g., occludin and claudin-5) [124]. This organoid model
also expresses astrocytes and pericytes which are also critical in regulating barrier
functions of the BBB [124].

3.6 Concluding Remarks and Future Directions

A close interrelationship between dysfunctional neurons and immune signaling
pathways during the emergence and development of NDD has attracted much
interest recently. This complex interplay brings several important consequences,
including in the effort of developing novel drug candidates for NDDs that act on
regulating immune cascades. Related to this consequence, immunotherapy use for
treating NDDs has become an attractive idea nowadays. This approach basically
utilizes the immune system to assist clearance of the pathogenic protein aggregates
and removal of the noxious neurotoxins. Although most of the efforts are not
successful, this insight may lead to more extensive studies in the future [183].

In addition, the failure in translating preclinical findings into clinical settings
needs to be critically addressed. Most of the laboratory-based work uses both in vitro
and in vivo models to represent the physiological and pathological aspects of NDDs.
However, those models are not a complete representative to depict NDD in humans.
Recently, the use of more physiologically relevant models, such as human organoid
models and humanized chimeric models, is a promising progress. Further, the effort
of developing microglia-like cells from iPSC has attracted much attention as these
cells can depict the alteration of an immune signaling pathway associated with
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NDDs. However, this model is not free from drawbacks. In general, the use of iPSC,
including iPSC microglia, from different patients should consider the effect of
genetic variation before going further to the conclusion [32]. It is noteworthy that
a combination between the iPSC and other brain cell models, such as 3D brain
organoids, may bring beneficial effects for deciphering the complex interaction
among the cells which is not observable in 2D in vitro models [184, 185]. In
principle, no model can entirely recapitulate both human physiology and pathophys-
iological aspects of NDDs in human [32]. Nonetheless, every effort conducted to
reveal the NDD-related mysteries by using various models must be appreciated
while at the same time the effort to develop a better model should also be carried on.

To sum up, there are still many unanswered questions regarding the role of
inflammation in mediating the emergence and progression of NDDs. However, the
interplay between NDDs and inflammation becomes evident. As a consequence,
more resources should be allocated to investigate deeper about this topic of interest.
An in-depth understanding gained regarding this topic would bring a brighter insight
for tackling burdens caused by NDDs.
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Abstract

Microorganisms’ flora, which colonize in many parts of our body, stand out as
one of the most important components for a healthy life. This microbial organi-
zation called microbiome lives in integration with the body as a single and whole
organ/system. Perhaps, the human first encounters the microbial activity it carries
through the immune system. This encounter and interaction are vital for the
development of immune system cells that protect the body against pathogenic
organisms and infections throughout life. In recent years, it has been determined
that some disruptions in the host-microbiome interaction play an important role in
the physiopathology of autoimmune diseases. Although the details of this inter-
action have not been clarified yet, the focus is on leaky gut syndrome, dysbiosis,
toll-like receptor ligands, and B cell dysfunction. Nutritional regulations,
prebiotics, probiotics, fecal microbiota transplantation, bacterial engineering,
and vaccination are being investigated as new therapeutic approaches in the
treatment of problems in these areas. This article reviews recent research in
this area.
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4.1 Introduction

Studies examining the effect of the microbiome on health and the formation of
diseases have yielded very important data on a strong and bidirectional interaction
between bacteria and eukaryotic functions. This interaction, which is probably
established in the intrauterine period and lasts for life, is not pathogenic but largely
symbiotic.

Although the pathogenic effect of microorganisms was first revealed by Robert
Koch in 1876, the first-century BC Roman scientist Marcus Terentius Varro
predicted that microbes cause infections [1, 2]. In the following period, microbes
were recognized only for their disease-causing roles. However, the first scientist to
offer a different perspective on the subject was Nobel Prize winner Elie Metchnikoff.
According to his hypothesis, there is a relationship between the beneficial microbes
in yogurt and the strengthening of the immune system [3]. During the same years,
J. George Porter Phillips drew attention to the potential of lactobacilli in the
treatment of depression [4]. Although the importance of the subject was understood
in those years, no further development could be put forward due to technological
impossibilities.

With the “hygiene hypothesis,” in 1989, David P. Strachan argued that there may
be a correlation between antimicrobial applications and the increase in allergic
diseases [5]. Then, Graham A. Rook developed the hygiene hypothesis and brought
a broader interpretation to the relationship between unicellular and multicellular life.
According to the “old friends hypothesis” proposed by Rook, human evolution is
modulated and even stimulated by commensal microorganisms [6]. This is called
“co-evolution.”

Where on the host did these microorganisms colonize? In fact, a very large part of
the host body is colonized by bacteria. They are present on the skin, starting from the
mouth throughout the gastrointestinal tract, and in the vagina. The organ with the
highest number of bacterial colonization is the intestines. It is estimated that approx-
imately four times the number of human eukaryotic cells (380 trillion) prokaryotic
microorganisms live in the intestines [7]. Organic materials belonging to these
microorganisms are distributed in the intestinal lumen and these gene particles are
mixed into the systemic circulation. Thus, prokaryotic materials come into contact
with eukaryotic cells and processes coevolution [8–10].

4.2 Microbiome-Induced Autoimmunity

4.2.1 Microbiome

Prokaryotes are the first living cells to come to life on earth and they constitute the
largest group among living things in terms of population [11]. Homo sapiens hosts
millions of prokaryotic cells in addition to its own eukaryotic cells that carry
46 chromosomes [12]. There is hardly a region where microorganisms do not
colonize the host body [13]. Our guests communicate with each other [14] and
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with the eukaryotic cells of the host [15]. Although speculative, there are studies that
talk about “brain microbiota” [16].

Commensal prokaryotes are most commonly colonized in the gastrointestinal
tract, especially the colon, in the human body [17]. The total number of these
microbiota prokaryotes is greater than the number of eukaryotic cells, and the
number of genes they have is more than the number of human genes [10].

Microbiota composition may vary depending on the genetic structure, aging, and
environmental factors (nutrition, stress level, medications). For example, olanzapine
exposure increases Firmicutes levels and decreases Proteobacteria levels
[18]. Bifidobacteria and Lactobacillus levels decrease after acute stress in newborns
[19, 20]. Depending on chronic stress, Bacteroides decrease and Clostridium
increases [21]. The long-term use of broad-spectrum antibiotics can permanently
alter the composition of the gut microbiota [22]. These reasons make the microbiota
composition dynamic and unique throughout life [23–25].

The immune system and microbes interact in a complex way. Prokaryotic cell
wall elements and genetic materials stimulate immune system cells [17]. This
interaction is mediated by pattern recognition receptors (PRRs) and toll-like
receptors (TLRs) [26]. Commensal bacteria such as Lactobacillus GG and
Bifidobacterium infantis create an anti-inflammatory effect by increasing the level
of interleukin-10 [27, 28]. They can also inhibit the pro-inflammatory process by
stimulating TLR-2 and TLR-4 [29].

4.2.2 Maternal Microbiota

During pregnancy, very interesting adaptations occur in the female body, perhaps
the most important of which is the development of the placenta. One of the functions
of the placenta is to prevent maternal immunogenicity towards the fetus (as well as
the fetus towards the mother). This complex and highly specialized organ provides
fetomaternal exchange of molecules. This exchange includes materials originating
from the maternal microbiota [30].

In recent years, there has been a great deal of research and speculation that draws
attention to the existence of a placental microbiota. Whether the placenta harbors a
microbial community is still a matter of argument. These discussions started with a
study conducted in 2014 [31]. In this study challenging the “sterile uterus” paradigm,
human placenta samples were examined and a microbial colonization was detected
[31]. In previous publications, bacteria were found in the human placenta during
term [32, 33] and preterm [33] births. Studies that isolated bacteria from umbilical
cord blood [34], meconium [35], and amniotic fluid [32] have also been published.
In addition, it was isolated from culture of amniotic fluid [34] and meconium [35]
following oral administration of genetically labeled E. faecium to pregnant mice. In
the following period, many studies [36–39] claiming the existence of placental
microbiota were conducted. Shortly after the article published by Aagaard et al. in
2014 [31], Kliman et al. claimed that the detection of bacterial DNA alone does not
provide evidence for the presence of living microbes [40]. Over time, it became clear
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that the contamination issues [41, 42] and the microbiome of the test kit (for which
the name “kitome” was proposed) [43] posed great challenges in the search for a
microbiota that lives in the placenta.

Later, further studies were conducted with more rigorous scrutiny at each step of
the process (including only cesarean section tissue samples to reduce the risk of
contamination, comparing bacterial taxa with those in the immediate environment,
and removing taxa that overlap with the kitome) [44–48]. Despite all these measures,
a unique placental microbiota could not be detected [41, 43, 49–52]. However,
although there are recently published articles claiming to detect bacterial DNA and
live bacteria in the fetal gut, this information still seems speculative [53–55].

With or without the placental microbiome, the effect of microorganisms on the
immune system begins in the intrauterine period [56]. Toll-like receptors (TLRs) on
intestinal epithelial cells are thought to be the first step in cytokine production
[57, 58]. Intestinal microorganisms can directly affect cytokine production by
contacting TLRs [59–61]. As a result of the stimulation of TLRs, the production
of pro-inflammatory cytokines increases [62]. Dendritic cells, one of the cells of the
immune system in the intestines, can take the bacteria in the intestinal lumen and
their metabolites into the cytoplasm, causing them to mix into the systemic circula-
tion and initiate an immune reaction [63]. The results of changes in the composition
of the microbiota in the postnatal period can continue throughout life [64].

4.2.3 Hygiene Hypothesis

Strachan’s original report in 1989 was based on a simple observation: hay fever and
atopic dermatitis occur less frequently in families with many children than in
families with only one or two children [5]. He suggested that there may be a negative
correlation between the increase in the frequency of allergic diseases observed in the
previous three or four decades and the decrease in the frequency of infectious
diseases in the following period [65]. In the early 2000s, the hygiene hypothesis
was expanded to include autoimmune diseases [66]. At the time, data were already
available from experimental models showing that infections, particularly parasitic
infections, could prevent the occurrence of autoimmunity [67]. To date, convincing
evidence was gathered to support the hygiene hypothesis.

As with every hypothesis, there are opinions against the hygiene hypothesis.
When the literature is searched, it is seen that the majority of several hundred articles
on the subject support the hypothesis. However, there are still articles that question
the hypothesis and express hesitations. It is questioned whether the
recommendations of 20 years ago are still valid today [66].

It is clear that the incidence of communicable diseases is decreasing in
industrialized countries where hygiene, vaccines, and antibiotics are widely used.
However, new pandemics such as COVID-19 may occur. In addition, the frequency
of type 1 diabetes mellitus and allergic diseases continues to increase in recent years
[68–70].
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Evidence of worsening asthma severity has been reported in patients exposed to
antiparasitic treatments [71]. Although data are contradictory, we can talk about a
decrease in atopic susceptibility after probiotic administration [72].

There are relatively few publications for autoimmune diseases. The first convinc-
ing observation that autoimmune diseases could be prevented by infestation of the
parasite Plasmodium berghei was published in 1970 [67]. Recently, there are studies
suggesting that Trichuris suis infestation has a positive effect on patients with
multiple sclerosis [73, 74]. It has been shown that autoimmune diseases such as
systemic lupus erythematosus can be significantly cured by administering viral [75]
and parasitic [76] microorganisms in mouse experiments. Other studies have con-
firmed this positive effect of parasites [77–81].

However, the observation that there is a negative relationship between the
decrease in infections and the increase in allergic and autoimmune diseases is not
enough to say that there is a cause-effect relationship between the two conditions.

4.2.4 Epithelial Barrier Hypothesis and Leaky Gut Syndrome (LGS)

The intestinal epithelium is the largest mucosal surface in the body and covers an
area of around 300 m2 when the piles of enterocytes are ironed [82]. In the healthy
state, tight junction proteins in the intestinal epithelium and the mucus layer form a
physical barrier that protects the organism from invading bacteria [83]. Microorgan-
ism-derived antigens can enter the systemic circulation with the formation of micro-
damages in the intestinal enterocyte wall and increased permeability [84]. It is called
“leaky gut” [85]. It can trigger an immune response with the introduction of
pathogenic antigens into the circulation [86]. With the deterioration of intestinal
permeability and entrance of bacteria-derived lipopolysaccharides into the systemic
bloodstream, the production of pro-inflammatory cytokines increases with the stim-
ulation of TLRs [62]. As a result of the impairment in intestinal permeability, TLRs
are stimulated, and the production of pro-inflammatory cytokines increases due to
the bacterial lipopolysaccharides entering the systemic blood circulation.

A low-fiber diet and high glucose intake increase the rates of mucin-degrading
bacteria [87, 88]. Antibiotics are another important factor that contributes to the
change of microbial composition [89]. Proton pump inhibitors reduce gastric acid
barrier and facilitate translocation of oral microbiota pathogens to the gut [90]. Some
genetic mutations (NOD2 and XBP1) and environmental stress can cause dysbiosis
and Paneth cell dysfunction which has antibacterial activity [91].

In addition, patients with low serum IgA concentrations are highly susceptible to
intestinal dysbiosis and allergic and autoimmune diseases (e.g., type 1 diabetes,
rheumatoid arthritis, and systemic lupus erythematosus) [92–94].

One of the issues emphasized in recent years is the AP1M2 (encoding the m1B
subunit of the AP-1B complex) gene dysfunctions. AP1M2 deficiency was shown to
alter the functions of some cytokine receptors (e.g., IL-6, IL-17, tumor necrosis
factor) [95]. These abnormalities cause decreased cytokine signaling, disruption of
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IgA secretion into the intestinal lumen, and decreased expression of antimicrobial
peptides in the intestinal epithelium.

In conclusion, dysbiosis and LGS are seen in mice with AP1M2 deficiency
[95]. The importance of AP-1B-mediated functions in systemic immune homeostasis
and maintenance of intestinal epithelial integrity is currently being studied.

4.2.5 Dysbiosis

The human genome lacks genes encoding enzymes to digest plant-derived
polysaccharides. The digestion of these nutrients is possible through the enzymes
synthesized by the microbiota [96]. As a result of the digestion of plant-derived
polysaccharide fibers, short-chain fatty acids (SCFAs) (these are acetate, butyrate,
propionate, lactate) are produced [97]. These SCFAs are absorbed from the colon,
enter in the systemic circulation, go to the liver and muscles, and take part in many
metabolic functions [97]. A small amount of SCFAs crosses the blood-brain barrier
to reach the central nervous system and change neuromodulation [98, 99].

Metabolites of microbiota bacteria are not limited to SCFAs. Metabolites
originating from the microbiota and entering the blood circulation have a very
important role in neuroimmune disorders and neuroinflammation [100]. For exam-
ple, the role of metabolites such as serotonin and antioxidant indoxyl sulfate and
indole-3-propionic acid synthesized from tryptophan was demonstrated in germ-free
animal experiments [101].

It is thought that the normal healthy lumen and its associated immune system
physiology change with the change in intestinal bacterial composition, and this
change may lead to autoimmune diseases [17, 26].

4.2.6 The Role of B Cells

B cells play a crucial role in the dialogue between the mucosal microbiota and the
host’s immune system due to their capacity to produce IgA antibodies and differen-
tiate into other lymphocytes. The B cell’s IgA response is essential for maintaining a
healthy microbiota system. Therefore, any change in the IgA response will affect the
microbial diversity in the intestinal mucosa and lead to dysbiosis. This dysbiosis can
lead to autoimmune inflammation under certain conditions [102].

IgA dimers and J-chain antibody complexes produced in the lamina propria are
transported through epithelial cells after binding to the poly-Ig-receptor (pIgR) on
the basolateral side of epithelial cells [103]. The IgA response is determined by
intestinal bacteria. Pathogenic bacteria induce T-cell-dependent IgA responses,
while the vast majority of commensal bacteria induce T-cell-independent IgA
responses [104].

In addition to producing antibodies, B cells can also serve as antigen-presenting
cells (APC) and can produce significant amounts of cytokines. IL-10-producing B
cells, also known as regulatory B cells (Bregs), have the capacity to suppress
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autoimmune inflammation. Therefore, gut-resident bacteria and bacterial
metabolites can induce abundant IL-10 production from B cells that control anti-
inflammatory activity in autoimmunity [105]. In addition, bacterial metabolites can
suppress the production of inflammatory cytokines by B cells [106].

While many questions have been cleared about the complex interaction between
the microbiota and immune response mediated by B cells in autoimmunity, some
fundamental questions still remain. Is intestinal dysbiosis the result of inflammation
or one of the environmental triggers of autoimmune inflammation in the
susceptible host? Can genetics influence gut microbiota composition by regulating
IgA response or regulating epithelial/systemic immune cell function? More research
is needed to answer these questions.

4.2.7 The Role of Toll-like Receptor (TLR) Ligands

At the molecular level, many arguments suggest that both pathogens and commensal
microorganisms primarily interact molecularly with TLRs. Many different infectious
agents have TLR ligands. The proof of this is that allergic and autoimmune reactions
can be suppressed as a result of systemic administration of TLR ligands [107]. More-
over, it is not necessary for the abovementioned infectious microorganisms to be
alive to prevent the onset of autoimmune diseases. The same results can be obtained
with bacterial [108] or parasitic materials [77, 78].

Different TLR ligands may have different mechanisms of action depending on the
specific receptor. For example, TLR4 ligands act through FoxP3+ regulatory T cells,
while TLR3 ligands act through natural killer T (NKT) cells [107].

The same TLR2 desensitization may also play a role in the prevention of experi-
mental allergic encephalomyelitis (EAE) [109]. Administration of low doses of two
different TLR2 ligands (Pam2CSK4 and Lipid 654) to formerly encephalitogenic
(EAE-inducing) T cells attenuated EAE and reduced the level of TLR2 signaling as
well [109, 110]. Interestingly, Lipid 654 is a TLR2 ligand derived from a microbiota
commensal and is present in healthy human serum but significantly less in the serum
of patients with multiple sclerosis [109, 110]. In another mouse model of EAE,
repeated administration of a synthetic TLR7 ligand was reported to significantly
reduce disease severity as well as expression of chemokines in the target
organ [111].

Studies of children growing up on dairy farms in an LPS-rich environment found
a low incidence of allergies, which may be a result of TLR desensitization
[112, 113].

4.2.8 Autoimmunity

The origin of autoimmunity is long thought to be cross-reacting due to the molecular
similarity between antigens on microorganisms and host antigens. Of course, some
mimotopes were found in commensal bacteria that were suggested to cause
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induction of autoimmune pathogenesis [114, 115] as well as the production of
antibodies against host antigens [116].

In addition to the local humoral response in the intestinal mucosa, bacteria and
bacterial components entering the systemic bloodstream trigger a systemic antibody
reaction beyond the intestinal mucosa. This results in circulating antibodies against
bacteria found in the gut [117].

The immune system performs its complex functions through mediators—the
most important of which are cytokines—synthesized and secreted by leukocytes
and lymphocytes. These mediators in protein structure enable immune cells to
communicate with each other [118]. Various cytokines have different effects on
immune cells, providing pro-inflammatory or anti-inflammatory stimuli
[119]. Pro-inflammatory activity is the primary function of cytokines and they
initiate inflammation in body tissues. Cytokines with main pro-inflammatory activity
are interleukin (IL)-6, IL-1β, IL-15, IL-17, IL-18, tumor necrosis factor (TNF)-α,
and interferon-γ (IFN-γ) [119]. The main anti-inflammatory cytokines that function
to inhibit the immune reaction are IL-4, IL10, and IL13 [119, 120]. The imbalance
between pro-inflammatory cytokines and anti-inflammatory cytokines may predis-
pose to various immune system-related disorders that adversely affect all body
functions.

The main function of the immune system is to find and neutralize pathogenic
microorganisms. Molecular extracts of microorganisms (nucleic acids, cell wall
components in lipopolysaccharide structure, flagella, etc.) activate immune system
cells [17]. Microbiota bacteria come in contact with the immune system through
pattern recognition receptors (PRRs). The most important members of PRRs are toll-
like receptors (TLRs), as explained in detail above [26].

When PRRs are activated by commensal bacteria, anti-inflammatory cytokines
such as interleukin-10 (IL-10) are produced [27]. For example; in humans,
Bifidobacterium infantis and Lactobacillus GG increase IL-10 levels, decrease pro-
inflammatory cytokine levels, and restore blood-brain barrier permeability impaired
due to inflammation [28]. In addition, beneficial bacteria block the pro-inflammatory
process caused by pathogens by activating TLR-2 and TLR-4, [29]. They can also
induce prostaglandin synthesis, which provokes the pro-inflammatory process in
another way [121]. Psychobiotics play an important role in reducing low-level
inflammation by reducing the level of pro-inflammatory cytokines in the systemic
circulation.

In recent years, studies in the field of psychoneuroimmunology provided
supporting evidence that depression, a prototype neuropsychiatric disease, may
also have an autoimmune aspect. Opinions emphasizing the role of autoimmune
processes in the etiopathogenesis of depression are increasing [122]. This and similar
observations suggest that immune processes and inflammation may play a role in the
pathophysiology of depression.

For example, in healthy individuals, the pro-inflammatory cytokine interleukin-6
(IL-6) levels increase after typhoid vaccine, and that may cause depression
[123]. Some meta-analysis studies reveal that the levels of pro-inflammatory
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cytokines (IL-6, IL1β, tumor necrosis factor alpha, and C-reactive protein) increase
in patients with depression and decrease with antidepressant treatments [124, 125].

Is inflammation the cause or the result of depression? This debate is going on for
years. However, some recent cohort studies suggest that depression may develop
following elevation of pro-inflammatory cytokines with immune stimulation
[126, 127]. However, in order to clarify the role of inflammation in depression, it
is necessary to differentiate the immune effect on specific symptoms. For example, it
was determined that the CRP levels of patients with depression whose somatic
symptoms (anergy, sleep, and appetite problems) are at the forefront, rather than
psychological symptoms (unhappiness, pessimism, etc.), were increased [128]. A
similar situation exists in cancer patients who developed secondary depression due
to interferon therapy [129]. It is quite obvious that there is a correlation between
depression and immune hyperactivity. However, the evidence obtained in the light
of evaluations to establish a causal relationship suggests that an inflammation is
likely to be stimulated for an unknown reason before the development of depression.
Therefore, the validity of the immune hypothesis in depression is increasing day by
day and immune system hyperactivity comes to the forefront as a risk factor for
depression.

One of the important areas in the immunological etiopathogenesis of depression
is the immune-kynurenine pathway [130]. A common precursor of serotonin and
kynurenine is tryptophan [131]. More than 90% of tryptophan is converted to
kynurenine through the enzymes indoleamine-2,3-dioxygenase (IDO) found in all
somatic cells and tryptophan-2,3-dioxygenase (TDO) found only in hepatocytes
[132, 133]. IDO is in two different configurations, IDO1 and IDO2 [134]. When
systemic inflammation occurs, IDO1 and TDO activity rate increases. Pro-inflam-
matory cytokines and glucocorticoids, molecular precursors of systemic inflamma-
tion, convert tryptophan to kynurenine by strongly stimulating both the IDO1 and
TDO pathways [133]. Metabolites of kynurenine (kynurenic acid and quinolinic
acid) have a stimulating effect on N-methyl-D-aspartate (NMDA) and alpha-7
nicotinic cholinergic receptors [135]. Kynurenic acid exhibits anti-inflammatory
and neuroprotective properties, while quinolinic acid exhibits excitotoxic properties
[136, 137].

In order to put the immune-kynurenine pathway in its place in the etiology chain
of depression, we also need to address the gut-brain axis. When the intestinal
microbiota composition is disrupted and dysbiosis develops, serotonin synthesis
from tryptophan in the intestines decreases [130]. In addition, lipopolysaccharides
that enter the systemic circulation due to leaky gut can stimulate the immune system
and trigger low-grade inflammation [17]. Under these conditions, the production of
serotonin from tryptophan is further reduced by the effect of additional inflammation
added to the cycle, and tryptophan catabolism shifts from serotonin to the
kynurenine pathway. This cyclical system plays a role in the etiopathogenesis of
depression and may feed the autoimmune reaction [17].
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4.3 Novel Therapeutic Intervention

4.3.1 Engineering the Gut Microbiota

Is it possible to carry out engineering studies to restore the impaired microbiota
balances? Can obtaining more efficient bacterial metabolites and creating stronger
commensal bacterial strains through engineered bacteria provide further therapeutic
benefits?

For any disease, when long-term administration of a compound with therapeutic
properties is required, engineered bacteria with a high potential can be used for
colonization [138]. In addition, this method can reduce the off-target effects of a
compound by the slow release of the targeted beneficial metabolite locally (in the
small intestine or colon).

To date, products designed to be produced by therapeutic bacteria included small
molecules, vaccine antigens, enzymes, interleukins, and antibodies. Any type of
bacteria found in the human gut can theoretically be engineered. Because the
composition of the gut microbiota varies both longitudinally (e.g., ileum vs. colon)
and transversely (e.g., intestinal mucus vs. lumen), bacteria localized to the most
suitable target site for modification shall be selected [139].

However, the technical process appears to be directed by practical considerations
such as ease of genetic manipulation, large-scale culture, and low toxicity. There-
fore, the most commonly used genetically modified strains are lactic acid bacteria
and Escherichia coli strains [140]. These strains are being tested in the treatment of
inflammatory bowel diseases, cancer, diabetes, cardiometabolic syndrome, and
phenylketonuria [141].

4.3.2 Personalized Nutrition

The impact of diet on health and disease has been studied for decades and includes a
variety of pediatric and adult disorders, particularly diseases such as obesity, type
2 diabetes (T2D), myocardial infarction, stroke, and nonalcoholic hepatosteatosis
[142]. Indeed, changes in our dietary habits over the past few decades have been
associated with a large increase in the prevalence of these diseases.

At the same time, it is clearly observed that the prevalence of certain diseases such
as T2D and dyslipidemia—which were known as adult age group problems in the
past that leads to cardiovascular disorders later on if not addressed early—and
obesity are increasing in children [142].

Today, obesity has become a global epidemic, and decades of nutritional advice
from health organizations have not alleviated this epidemic. The reason for this is
that general nutritional recommendations do not apply to individuals. Several recent
studies show that one diet paradigm may not suit all [142]. Responses to diet are
heterogeneous among different individuals, and this heterogeneity is driven by our
individual genetic makeup and gut microbiota composition [142, 143]. This view
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raised a growing interest in the role and potential of personalized nutritional
interventions.

Technological advances allow not only a more complex understanding of the
mechanisms that cause disease, but also a more comprehensive understanding of the
underlying mechanisms that act to cure disease [142, 143]. Increasing knowledge
about the personalized effects of dietary components suggests that diet may have a
potential role in the prevention and treatment of autoimmune and immune system-
mediated neuropsychiatric diseases, especially metabolic diseases.

4.3.3 Probiotics and Prebiotics

Bacteria colonizing the microbiota also need food like other living things. Foods or
substances that allow certain intestinal bacteria to grow more in number are called
prebiotics [12]. For example, Bacteroides fragilis and Faecalibacterium prausnitzii
synthesize SCFAs (acetate, butyrate, propionate) from fiber. For these bacteria, fiber
has prebiotic properties and these metabolites have an anti-inflammatory effect
[144, 145].

Oral or rectal administration of a commensal microorganism to regulate the
microbiota composition is called probiotic therapy [146]. There are many
publications stating that probiotics are beneficial in the treatment of depression as
a disease with autoimmune etiopathogenesis [147, 148]. This beneficial effect is
probably due to the regulation of the immune system and anti-inflammatory activity.

In a study compiling ten randomized controlled trials (RCT) published between
1990 and 2016, it was found that probiotics have a positive effect on depression and
anxiety symptoms [149]. However, in a study conducted on 18,019 people between
2005 and 2012, no relationship was found between probiotics and low depression
rates [150]. In another RCT, it was determined that 8-week-long Lactobacillus
helveticus and Bifidobacterium longum application was not effective on depressive
symptoms [151].

There is a widespread opinion that prebiotic and probiotic supplements have
positive effects on the immune system and may play a role in the control of
autoimmune diseases by exhibiting anti-inflammatory activity in this direction.
However, more clear evidence is needed between prebiotics/probiotics and immune
mechanisms in order to be included in the standard treatment modalities.

4.3.4 Fecal Microbiota Transplantation (FMT)

FMT is the process of suspending stool from a healthy donor and transporting it to
the intestines of the sick person [26]. Although the history of FMT dates back
centuries ago in traditional medicine, it was first applied in 1958 in modern medi-
cine. It was reported that cases of pseudomembranous enterocolitis caused by
Clostridium difficile were successfully treated with this method [152]. A second
case series of Clostridium difficile infection (CDI) treated with FMT was reported
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23 years after the first one [153]. After these publications, the mechanism of action
and safety of FMT were researched extensively.

The main indications for use of FMT are CDI and inflammatory bowel diseases
such as ulcerative colitis and Crohn’s disease. It is effective on irritable bowel
diseases and psychiatric symptoms [154]. The main purpose of FMT application is
to repair and regulate the intestinal microbiota that has become highly dysbiotic.

Although the general medical condition of the patients administered stool trans-
plantation is quite poor, FMT is a safe practice. In previous publications, very low
rates and probabilities of serious side effects were reported [155–158]. Because of
the huge amount of knowledge accumulated over the last 40 years, FMT appears to
be an increasingly prominent modality in the treatment of autoimmune
disorders [159].

4.3.5 Vaccination

Is the vaccine option reasonable and reasonable in the prevention or treatment of
autoimmune diseases? Rook and colleagues speculated in 2012 whether a vaccine
could be developed to treat depression [160]. This idea, like every innovative idea,
seems to be found strange by the scientific world, because there is no vaccine studied
for the treatment of depression in the literature [161]. In fact, considering the low rate
of treatment with standard antidepressant drugs and the high rate of relapse, it is very
important to have a vaccine option especially for the prevention of recurrent
depression, because, according to the rapidly increasing literature, the immune
component in depression is quite obvious.

Vaccines are generally developed for a certain infectious disease and are
treatments applied to immunize against the pathogenic microorganism that is the
cause of that disease [162]. In other words, in order to develop a vaccine, it is
necessary to determine the pathogen that plays a role in the etiopathogenesis of the
disease. The same route shall also be used to develop a vaccine against depression.

In this direction, those in the intestinal microbiota shall come first among the
targeted microorganisms. A vaccine containing bacteria and their metabolites that
enter the systemic circulation due to leaky gout may have a chance of success. In this
direction, for example, it was determined that IgA and IgM levels for LPS of gram-
negative enterococci (Proteobacteria) were increased in depression cases [163]. In
addition, fecal microbiota analyses of depressed patients showed high Bacteroidetes
levels [164]. However, there are studies showing that it is possible to transmit
depression [165, 166]. If depression and many other autoimmune diseases are
caused by certain microorganism, and after these are clearly identified, we can be
hopeful for the development of a vaccine in the future.
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4.4 Conclusion

It has been 350 years since the Dutch scientist Antonie Philips van Leeuwenhoek,
who is considered the “father of microbiology,” discovered bacteria. All this time,
science has tried to understand the relationship between unicellular and multicellular
organisms. Today, we know that this interaction has existed for millions of years and
that eukaryotes coevolved with prokaryotes. Commensal bacteria living in the
microbiome—so to speak—train our immune system. Any disruptions in this
education may pave the way for autoimmune diseases. The area where the
microbiota-host interaction is most intensely studied is the gut-brain axis. There is
comprehensive and up-to-date information about the role of the microbiota in the
formation of inflammation and the neuropsychiatric disorders caused by
neuroinflammation in the other chapters of this book. In this chapter, the role of
the microbiome in the formation of autoimmunity and new treatment options
emerged on this basis are examined. Although these new therapeutic approaches
(prebiotics, probiotics, fecal microbiota transplantation, bacterial engineering, and
vaccination) are still in their infancy, it seems possible that they can be applied more
specifically and safely in the future.
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Abstract

Mounting evidence links psychiatric disorders to central and systemic inflamma-
tion. Experimental (animal) models of psychiatric disorders are important tools
for translational biopsychiatry research and CNS drug discovery. Current experi-
mental models, most typically involving rodents, continue to reveal shared
fundamental pathological pathways and biomarkers underlying the pathogenetic
link between brain illnesses and neuroinflammation. Recent data also show that
various proinflammatory factors can alter brain neurochemistry, modulating the
levels of neurohormones and neurotrophins in neurons and microglia. The role of
“active” glia in releasing a wide range of proinflammatory cytokines also
implicates glial cells in various psychiatric disorders. Here, we discuss recent
animal inflammation-related models of psychiatric disorders, focusing on their
translational perspectives and the use of some novel promising model organisms
(zebrafish), to better understand the evolutionally conservative role of inflamma-
tion in neuropsychiatric conditions.

Keywords

Animal models · Neuroinflammation · Neurodegeneration · Rodents · Zebrafish ·
Model organisms

5.1 Introduction

Neuropsychiatric illnesses, especially affective and psychotic disorders, are the
leading causes of human disability that markedly reduce the quality of life [1–
5]. Mounting evidence supports the overlap of various psychiatric conditions, such
as bipolar and unipolar depression, anxiety, schizophrenia, and autism, with central
or peripheral inflammation [6, 7]. These two pathogenetic processes do not simply
coexist, but also seem to facilitate each other, as, for example, depression promotes
inflammation, whereas increased inflammation worsens depressive symptoms
[7]. Chronic neuroinflammation is common in patients with psychiatric disorders
[8], elevating multiple inflammatory biomarkers, such as proinflammatory cytokines
and their receptors, as well as chemokines, acute-phase reactants (e.g., C-reactive
protein), and adhesion molecules [9–16]. The innate immune system cells, including
activated T-cells, monocytes, and neutrophils, are also hyperactive in psychiatric
patients [17, 18]. While peripheral immune molecules produce pronounced behav-
ioral alterations in both human and animal studies [19–22], remission often
correlates with normalized proinflammatory biomarkers [23].

Experimental (animal) models of psychiatric disorders are important tools for
translational biopsychiatry research and CNS drug discovery. Based on clear practi-
cal and ethical considerations, the most currently used experimental models of
psychiatric disorders involve rodents that continue to reveal fundamental
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pathological pathways and biomarkers conserved between humans and animals [24],
to better translate human disease into relevant rodent phenotypes [25].

Corroborating human data, animal models show altered system
of proinflammatory cytokines in various models of CNS disorders. For example,
elevated levels of proinflammatory cytokines interleukins (IL) IL-6, IL-1β, and
tumor necrosis factor-alpha (TNF-α) are commonly seen in rodent models of
depression [26–29], strikingly paralleling clinical findings [30]. Proinflammatory
factors, in turn, can also alter brain neurochemistry, including monoamine and
glutamate metabolism, as well as the levels of neurohormones and neurotrophins,
in neurons and microglia [6, 31–33] (Fig. 5.1). The role of “reactive” microglia
(M1 phenotype) in releasing proinflammatory cytokines IL-1β, TNF-α, and IL-6
further implicates inflammation in various psychiatric disorders [6, 35–38]. Here, we
discuss inflammation-related animal models of psychiatric models, focusing on their
translational perspectives and novel organisms to better understand the evolutionally
conservative link between inflammation and neuropsychiatric conditions.

5.2 Animal Models of Inflammation and CNS Disorders

Rodent experimental models are widely used in both inflammation and CNS
research. Inflammation-related rodent models of psychiatric disorders often involve
injecting proinflammatory substances and/or genetically manipulating various
inflammation-associated genes. For instance, administering proinflammatory cyto-
kine IL-1β to the rat anterior hypothalamus induces the release of norepinephrine,
dopamine, and serotonin [39], whereas nonsteroidal anti-inflammatory drugs
(NSAIDs) block murine depressive-like behavior enhanced by lipopolysaccharide
(LPS) [40]. Systemic injections of LPS also induce neuroinflammation and provoke
characteristic “sickness behavior” in rodents, tyopically manifesting as motor retar-
dation (hypoactivity), decreased food and water consumption, social withdrawal,
and prolonged sleep, collectively resembling signs of clinical depression [41]. Dur-
ing systematic inflammation, IL-1β, IL-6, TNF-α, and other proinflammatory
cytokines reach various brain areas that lack a fully developed blood–brain barrier,
and may also impact the hypothalamic–pituitary–adrenal (HPA) axis to trigger CNS
pathogenesis.

Prenatally administered LPS or polyinosinic acid–polycytidylic acid (poly I:C) in
rodents can provoke depression-like phenotype in offspring [42], whereas stress,
depressive-like behavior, and aberrant sociality correlate with elevated levels of
peripheral proinflammatory cytokines [43, 44]. In turn, cytokines can trigger
microglial activation, elevating neuroinflammation in brain regions and thereby
damaging neuronal circuits [45]. For example, following chronic stress in
depression-prone mice, a neuroinflammation biomarker indoleamine-2,3-
dioxygenase is increased in the raphe nuclei, whereas elevated TNF-α levels are
seen in the prefrontal cortex [46].

Since neuroinflammation often leads to affective disorders clinically [47],
inflammation-based rodent models of anxiety- and depression-like states become
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important. For example, LPS injection provokes both inflammation and anxiety-like
behavior in mice [47], as does a high-calorie carbohydrate diet [48] that
also promotes inflammation and obesity. Chronic mild stress in rats not only
activates microglial cells and hippocampal neuroinflammation, but evokes anxiety-
and depression-like behavior as well [49].

Alzheimer’s disease (AD) is another severely debilitating CNS disorder that
is pathogenetically related to neuroinflammation. In rodents, a proinflammatory
agent LPS promotes cognitive impairments [50] which may be relevant to modeling
neurodegeneration during AD pathogenesis. Nicotinamide adenine dinucleotide
(NAD+) is involved in AD and increases proinflammatory biomarkers in genetically
modified APP/PS1 mice with beta-amyloid pathology [51].

Attention deficit hyperactivity disorder (ADHD) is a highly prevalent psychiatric
illness characterized by inattention, impulsivity, and hyperactivity [52]. Fetal alco-
hol syndrome and ADHD have several common symptoms, and rat prenatal expo-
sure to ethanol can be used as a model of ADHD [53], in line with the fact that
prenatal alcohol exposure caused clinical ADHD as well [54]. Likewise, prenatally
exposed animals frequently exhibit attention deficit [55, 56], impulsivity, and
hyperactivity [57]—the traits that can easily be assessed in rodents in the open
field, radial arm maze, or the Morris water maze test [58–60]. An opioid-like alkaloid
papaverine ameliorates ADHD symptoms in rats by modulating inflammatory pro-
cesses, increasing brain levels of an anti-inflammatory cytokine IL-10 and
neurotrophin BDNF, as well as by lowering proinflammatory cytokines IL-6 and
TNF-α [61].

Consistent with likely evolutionarily conserved pathophysiological mechanisms,
neuroinflammation has particular behavioral consequences—the so-called sickness
behavior that can be observed both clinically and in animals under systemic and
neuroinflammatory conditions [62]. Human sickness, including systemic behavioral
inhibition, loss of appetite, anhedonia, fatigue, hyperalgesia, anxiety, and
neurocognitive symptoms, contributes to depression-related behavioral phenotype
which is directly linked to CNS inflammation [63]. In rodents, experimentally
induced sickness behavior follows the same patterns as in humans [64]. For example,
IL-1β provokes depression-like behavior, HPA activation, and fever [65]. Collec-
tively, this suggests that rodent sickness behavior is regulated by cytokines within
evolutionary conserved neuroimmune mechanisms that are shared between humans
and animals.

5.3 Zebrafish Models

A small freshwater teleost fish, the zebrafish (Danio rerio), has recently emerged as a
promising organism in biomedicine [66–68], currently representing the second (after
mice) most used laboratory animal species [69–71]. The rapidly growing use of
zebrafish in neuroscience [72, 73] is supported by the simplicity of their genetic and
transcription manipulations and gene editing [74, 75]; fully sequenced genome [76];
rapid and well-studied embryonic and larval development [77]; descriptive, valid,
and translatable to mammals’ behavioral phenotypes [78]; and the availability of
medium- and high-throughput behavioral and molecular screens [73].
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Fig. 5.2 Selected experimental models of neuroinflammation in zebrafish. Panel (a) shows the
tilapia lake virus (TiLV)-induced neuroinflammation model, where the injection of TiLV
upregulates the expression of immune genes, activating microglia and CD4+ and CD8+ T cells to
release proinflammatory cytokines that facilitate adult zebrafish neuroinflammation [79]. Panel (b)
illustrates the neuroinflammation model based on a chemotoxin pentylenetetrazol (PTZ) that
induces the expression of the high mobility group box 1 (HMGB1), damage-associated molecular
patterns (DAMPs) that promote inflammation upon release into the extracellular space. The
HMGB1 acts via the toll-like receptor 4 (TLR4) to activate the NF-κB pathways that triggers
proinflammatory cytokine release [80]. Panel (c) shows how prolonged unpredictable chronic stress
(PUCS) induces neuroinflammation in stressed zebrafish. The PUCS battery involves different
types of stressors (e.g., novel object exposure, bright light with shallow water, conspecific exposure,
shaking, crowding, superbright light, social isolation, exposure to a predator) that induce changes in
zebrafish immune biomarkers in the brain and body, including elevated proinflammatory cytokines,
which are typically produced by microglia [81]. Panel (d) illustrates copper (Cu2+) injection-
induced neuroinflammation in zebrafish, increasing oxidative stress in brain parenchyma and
releasing free radicals that, in turn, injure cellular membranes and release proinflammatory
cytokines [82]

Zebrafish are also becoming a valuable model for probing inflammation-related
neuropsychiatric disorders (Fig. 5.2). For example, these fish display a wide



5 Animal Inflammation-Based Models of Neuropsychiatric Disorders 97

spectrum of aberrant CNS states, including anxiety-like, depression-like, despair-
like, and anhedonia-like behaviors [83–86] that are paralleled by increased expres-
sion of proinflammatory biomarker genes of IL-1β, IL-6 [81], and COX-2 [87]. Inter-
estingly, compared to mammals, zebrafish have generally superior neuro-
regenerative potential [88]. For example, unlike in mice, functional recovery of
zebrafish locomotor abilities is observed in the spinal cord injury model within
4–8 weeks [89–91]. Recovery can also be seen in zebrafish models of AD [92]
and traumatic brain injury [93, 94]. Thus, zebrafish can be used as a CNS disease
model to study the role of neuroprotection in psychiatric illnesses, including
neuroinflammation-related psychiatric disorders.

Overall, zebrafish inflammation is rather conservative and shares the same
mechanisms with humans, including macrophage and neutrophil migration to the
source of inflammation with further involvement of other immune cells [95]. Simi-
larly to humans, major inflammatory mediators of zebrafish include vasoactive
amines (histamine, serotonin), vasoactive peptides (substance P, bradykinin), com-
plement components (C5aR1, C3aR1), lipid mediators (prostaglandin E2), cytokines
(interleukins/ILs, interferons/INFs), chemokines (Cxcl12a, Cxcl12b, Ccl19, and
Cxcl8), and proteolytic enzymes (cysteine, serine, aspartic, and
metalloproteinases) [96].

Currently, zebrafish inflammation studies employ well-recognized experimental
models, such as the tail fin amputation (TFA), pharmacogenic models (e.g., using
LPS, leukotriene B4 [LTB4], copper, trinitrobenzene sulfonic acid [TNBS]), and
genetic models (e.g., zebrafish mutants with aberrant hepatocyte growth factor
activator inhibitor 1a [hai1a] and the cdp-diacylglycerol–inositol
3-phosphatidyltransferase [cdipt] genes) [97].

Neuroinflammation is a particular case of general inflammation and is based on
the CNS’ own immune response to specific pathologens and insults, such as brain
trauma, neuroinfection, or stress [98]. The main mechanisms of neuroinflammation
involves the activation of microglia and astrocytes, which initiates immune response
via immune mediators, recruiting the peripheral immune cells [99]. In zebrafish,
intracerebral hemorrhage (ICH) is one of the most efficient experimental models of
neuroinflammation [100]. As in mammals, the functional division of microglia and
brain macrophages occurs in zebrafish ICH, including the M1 (proinflammatory) and
the M2 (anti-inflammatory) microglia phenotypes, respectively [101]. However,
zebrafish brain is generally much more resilient to neuroinflammatory damage due
to the presence of radial glia cells, which can transform into new neurons [102].

The M1 microglia starts releasing proinflammatory agents, such as IL-1β, IL-6,
TNF-α, and chemokines (CXCs), that stimulate the blood–brain barrier permeability
to peripheral immune cells (macrophages and T-cells), which in turn activate M2
microglia-promoted neuron progenitor cell (NPC) proliferation via anti-
inflammatory factors (IGF-1, TGF-β) and specific signaling pathways, such as Stat3
and β-catenin [103].

Like mammals, zebrafish display characteristic sickness behavior (e.g., in a
model of tilapia lake virus-induced neuroinflammation, Fig. 5.2), including
hypolocomotion, decreased food intake, and increased anxiety [79]. Bacterial



98 K. A. Demin et al.

infections induce similar behavior in zebrafish, including hypolocomotion, bottom
dwelling, slow circling in the center of the experimental tank, and stereotypic
intermittent stops [104]. In contrast, epilepsy-driven inflammation in zebrafish
(Fig. 5.2) correlates with cognitive decline in learning and memory tasks, success-
fully reversed by anti-inflammatory monoclonal antibodies (e.g., anti-HMGB1
monoclonal antibody [mAb]) [105]. Hypoxia-induced neuroinflammation shifts
the content of some neurotransmitters, indicating acetylcholine decrease and
GABA or glutamate increase, with unaltered serotonin [106], whereas pilocarpine
seizure-like activity in zebrafish elevates neuroinflammatory markers and
glutamate [107].

Recent cross-species genomic studies on mammalian and zebrafish acute sys-
temic inflammation reveal high evolutionary conservation of inflammation-related
genes between these taxa, including tlr4, il1b, il6, cxcl8a, ccl-c25y, ccl34.a, ccl35.2,
ccl22, csf3, cxcl8a, cxcl11.1, il10, il1b, il6, tnfa, atf3, and socs1b [108]. A well-
established zebrafish systemic inflammation model, TFA, demonstrates the
upregulation of prostaglandin E2 (PGE2), inducible NO synthase (iNOS),
cyclooxygenase-2 (COX-2), TNF-α, IL-10, IL-6, IL-1β, and nuclear factor
(NF-κB) [109]. Acute inflammation induces remarkable shifts in the expression of
some key inflammatory factors in zebrafish brain, including the upregulation of the
CCAAT/enhancer binding proteins (C/EBPs) of “b” and “d” isoforms,
COX-2 [110].

Stress also modulates zebrafish neuroinflammation, elevating proinflammatory
(IL-1β, TNF-α) and anti-inflammatory (IL-10) cytokine expression under chronic,
but not acute stress [111]. Similar results were obtained with fluorescent light-
induced inflammation in zebrafish brain, where in addition to IL-1β, IL-6, and
TNF-α, other up-regulated proinflammatory biomarkers include INF-γ and peroxi-
some proliferator-activated receptor-γ (PPAR-γ) [112].

5.4 Conclusion

Overall, neural and systemic inflammation typically evokes evolutionarily
conserved pathophysiological changes across human and animal studies. Thus,
further cross-species analyses of neuroimmune mechanisms of brain disorders
become critical (Fig. 5.3). Likewise, establishing specific endophenotypes of psy-
chiatric disorders in the context of (neuro)inflammation may also open new avenues
of research, eventually leading to recognizing immune-related subtypes of various
brain disorders and revealing their specific neuronal circuits. In turn, this may
necessitate novel models of such subtype-specific animal models and, consequently,
ensuring high face, predictive, and construct validity of such inflammation-based
neuropsychiatric models. Finally, widening the spectrum of animal model organisms
for such translational research, including a wider use of some novel model species,
such as zebrafish, is warranted.
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Fig. 5.3 Selected tests to assess behavioral deficits in animal inflammation-based models. Inset:
rodent and zebrafish behavioral models to measure affective (depression/anxiety-, anhedonia-, and
despair-like) states [35, 113]. Other panels show examples of selected behavioral deficits seen in
animal inflammation-based models. For example, mice acutely exposed to lipopolysaccharide
(LPS), spend more time immobile in the tail suspension test of behavioral “despair” [114]. Mice
acutely exposed to interferon (IFN-α) spend less time in the central zone and travel a shorter
distance in the open arms of the elevated plus maze test, indicative of anxiogenic-like effect
[115]. Likewise, zebrafish chronically exposed to LPS spend less time at the top of the tank, an
common “affective” anxiety-like behavior in fish [116]
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Abstract

Stress exposure during early stages of life elevates the risk of developing
psychopathologies and psychiatric illness in later life. The brain and immune
system are not completely developed by birth and therefore continue develop
after birth; this post birth development is influenced by several psychosocial
factors; hence, early life stress (ELS) exposure can alter brain structural develop-
ment and function. A growing number of experimental animal and observational
human studies have investigated the link between ELS exposure and increased
risk of psychopathology through alternations in the immune system, by
evaluating inflammation biomarkers. Recent studies, including brain imaging,
have also shed light on the mechanisms by which both the innate and adaptive
immune systems interact with neural circuits and neurotransmitters, which affect
psychopathology. Herein, we discuss the link between the experience of stress in
early life and lifelong alterations in the immune system, which subsequently lead
to the development of various psychiatric illnesses.
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6.1 Introduction

Both positive and negative experiences in early life can have profound effects on
mammalian brain development. In particular, early life stress (ELS) is associated
with increased risk of both mental and physical health deterioration throughout life
[1–3]. Approximately 12% of youth, from infancy to age 18 years, experiences ELS
to such an extent that they will have mental and physical health discrepancies
throughout life [4, 5]. These individuals who account for almost half of all mental
disorders [6] experience approximately 44% increase in strokes and heart attacks [7]
and elevated risk of death by age 50 years [8, 9].

Generally, two main criteria, namely, the developmental age range of early life
and the characteristics of stressful events, should be considered when defining ELS.
Previous studies have considered an upper age limit between 12 and 18 years as early
life. Regarding the stress criterion, various models have proposed that stress is
experienced when an individual faces a threatening situation for which adequate
coping skills are not available. Disruption to physiological homeostasis also induces
stress responses. A certain event occurring within a defined developmental term may
be classified as ELS. Thus, ELS can be defined as an injury, potential of injury, or
threat of injury generally caused by a child’s caregiver [10]. This definition includes
different stressful experiences, such as the death of a caregiver, neglect, bullying,
emotional maltreatment, and physical and sexual abuse. However, emotional and
physical abuse and neglect are the most common patterns of harm reported [11].

The most major forms of ELS in individuals are neglect (physical or emotional),
abuse (physical, emotional, or sexual), and parental loss (death, or separation). The
number of abused children reached approximately 520,000 in the United Kingdom
in 2011, which has since increased [12]. According to a large-scale epidemiological
study on adverse childhood events, approximately 65% of individuals in the United
States have been exposed to at least one event, while 12.5% have been exposed to as
many as four [13]. Adults reporting ≥4 ELS are 4.6 times more likely to experience
depression and 12.2 times more likely to attempt suicide compared to those with no
ELS exposure. Gilbert et al. found that children self-reporting physical and emo-
tional abuse is estimated at up to 29% and 33%, respectively, in Eastern Europe [14].

Approximately 8% of males and 20% of females experience childhood sexual
abuse, with the highest prevalence in Africa (34.4%), followed by Asia, America
(10.1%), and Europe (9.2%) [15]. Physical abuse, the intentional use of physical
force that harms the child’s development, survival, or dignity, is estimated at 17.6%
[16]. Meanwhile, psychological abuse, the failure to give children enough support-
ive environment, may also be more than physical and sexual abuse but is more
difficult to estimate [17]. Neglect, the failure of a caregiver to provide for a child’s
basic needs, is the most major ELS affecting 78.5% of children in the general
population. Other forms of ELS include natural disasters, physical diseases,
surgeries, accidents, and events such as terrorism or war. Less salient experiences
with significant distress on children include poverty, unstable families, poor parental
care, and dysfunctional relationships between parent and children. ELS can be often
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complex, with different forms simultaneously coexisting and can happen as chronic
or ongoing stress.

ELSs are associated with an elevated risk of noncommunicable diseases in
adulthood [18–21] and premature mortality [22], possibly mediated by a dysfunc-
tional immune system, particularly chronic low-grade inflammation [23–25]. The
dysregulated immune responses could be prone to developmental programming
attributed to ELS exposure that only trigger an excessive stress response at onset,
but also influencing long-term stress responses, leading to chronic low-grade inflam-
mation [26, 27]. The immune system responds to foreign invaders [28], and both
human and animal researches have shown that ELS can cause persistent inflamma-
tion, which could develop psychiatric problems through effects on brain develop-
ment and response to stressors [29].

The brain and immune system are not fully developed at birth, yet have minimal
functions in newborns that enable adjustment to limited and expected stimuli. The
ongoing maturity of the immune system throughout infant and childhood indicates
that environmental effects and stimulation during childhood can seriously affect the
immune system. Therefore, the brain and immune system experience during early
postnatal development progressively increases their repertoire to maximize adapta-
tion to stimuli specific to the individual’s own environment [1, 30, 31]. Notably, ELS
gives rise to various aberrations in brain circuitry, cognitive function, and general
health [32–34] and the immune system may also play a unifying role in the
pathophysiology of these multifactorial diseases related to ELS. Herein, we provide
an overview of the current evidence connecting ELS to elevated inflammation and
subsequent risk of psychiatric disorders.

6.2 Early Life Stress and Inflammation

6.2.1 Experimental Animal Studies

The first report for the effect of ELS on the immune system came to light from
experimental animal models more than half a century ago. Mouse handled before the
process of weaning exhibited a decreased rate of development in transplanted tumor
[35] and elevated serum antibody titer in response to the bacterial protein flagellin
[36]. These results attracted interest in the area of developmental psychoneuroim-
munology [37–39], which facilitated subsequent studies on the association between
ELS and immune functioning in later life in rats and nonhuman primates [40, 41].

Experimental animal models have expanded our understanding of the relationship
between ELS and immune system abnormalities and allowed for invasive
procedures to investigate immune function since components in the immune system
can be targeted with drugs during and after ELS to determine the adverse health
outcomes. ELS in rats has been manipulated through various experimental models
with heterogeneous effects on parental caregiving behavior, such as nursery rearing,
maternal separation (MS), maternal deprivation, neonatal handling, and dexametha-
sone exposure. Measures of immune function range from pro-inflammatory
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cytokines and chemokines in the plasma and antigen-specific immune response to
pro-inflammatory gene expression in the brain and gut microbiota.

MS has been commonly used in animal models of ELS. In nonhuman primates,
MS increased macrophage activity [42] and upregulated long-term pro-inflammatory
gene transcription in monocytes [43]. In rats, MS elevated core temperature [40] and
pro-inflammatory cytokines in the plasma [44, 45]. These findings demonstrated the
association between MS and inflammatory processes in later life.

Using a mouse model, a previous study has reported that MS results in a loss of
prefrontal cortex (PFC) interneurons [46], underlying a supposed mechanism of
schizophrenia associated with inflammatory and excitotoxic damage [47]. In an
animal model undergoing repeated MS (RMS), elevated hippocampal interleukin-
1β (IL-1β) mRNA levels approximately 20 times that of the control have been
reported [48]. One study also showed elevated NF-α expression in the PFC of
animals sacrificed on the day of their final MS episode [49], while another reported
that MS animals sacrificed immediately after their final episode had higher hypotha-
lamic tumor necrosis factor-α (TNF-α) than those with a single episode of MS
sacrificed simultaneously [48]. In animals sacrificed on the final day of MS, elevated
interleukin-10 (IL-10) expression was identified in the PFC and small intestine but
not the hippocampus or serum [49, 50].

In pubs, MS during brain development is associated with reduced
lipopolysaccharide-binding protein expression in the hippocampus [51] and
decreased microglial cell numbers in the midbrain [52]. In contrast, early MS in
adult animals increases synaptic levels of pro-inflammatory cytokine interleukin-1
(IL-1) receptor [53], elevates the number and motility of cortical microglial pro-
cesses [54], and exacerbates microglial activation [55]. Moreover, mice
experiencing MS have a higher elevation in body core temperature after a second
MS, increased cytokine expression followed by viral infection [56], and greater
cortical microglial activation following exposure to chronic food-restriction stress
[55]. Although the peripheral response to ELS may not be mostly activated or
suppressed, ELS-linked early immune programming seems to sensitize later pro-
inflammatory processes and result in higher risk to depression and anxiety in
adulthood [57]. Increased heart rate and inflammatory responses to a physiological
stressor [58], as well as elevated TNF-α and interferon-γ (IFN-γ) and corticosterone
levels, and anxiety-like behavior [59] in maternally deprived rodents have been
shown.

ELS studies have recently reported overall increases in activation and number of
microglial cells in various brain regions. Microglial cells sensitized in early life
could show a dysregulated response and morphological changes in later life
[60]. ELS may therefore convert a neuroprotective state to a pro-inflammatory
state in microglia [48]. Moreover, microglial activation and increases could facilitate
brain maturation [61]. Ex vivo studies on the early MS-induced damage on microglia
have reported an overall elevation in the proportion of cells with an activated
morphology in the hippocampus [48, 62, 63] and medulla [64]. Furthermore,
using captured microglial cells in vivo, one study showed that somatosensory
stimulation in adulthood caused a significantly higher increase in microglial motility
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in MS mice compared to controls which could also affect microglia–synapse
interactions and neuronal function [54].

Psychosocial stressors other than immune stimuli can also provoke a microglial
response that may induce different responses to threats [65]. Gong et al. reported that
1 day of brief social isolation at postnatal day (P)14 elevated microglial density in the
hippocampus, presumably by facilitating increases of these cells [66]. Four days
following isolation (P14–17), the number of cells was restored to normal levels. In
contrast, a week of brief social isolation (P14–21) in adulthood decreased microglial
cell number in the dentate gyrus of the hippocampus. Concordantly, social defeat in
adolescent mice triggers early increase of ionized calcium-binding adapter molecule
(IBA-1) in the hippocampus and a following decrease in microglial cells and IBA-1
expression in adulthood [67, 68]. Furthermore, a milder social defeat paradigm
adopted during the adolescent stage elevated microglia number, IBA-1 expression,
and the size of soma in the ventral tegmental area of pups [69]. Adult mice
experiencing repeated social defeat show significant elevation in neutrophils and
CD11b+LyC6high monocytes in the spleen and circulation [70, 71]. Splenic dendritic
cells from mice experiencing repeated social defeat have shown greater surface
expression of major histocompatibility complex class I, CD80, and CD44,
suggesting an activated state [72]. Exposure to repeated social defeat in mice and
low socioeconomic status in humans can also lead to a relative expansion of a
transcriptional protein associated with immature pro-inflammatory monocytes in
peripheral blood mononuclear cells [73]. Therefore, various types of social stressors
in early life independently impact the development of the immune system, although
the dysfunctional relationship between mother and infant may negatively affect
health outcome.

Recent studies on the gut microbiota found that MS in rodent and nonhuman
primate models also has transient and long-term effects on gut microbiota
[59, 74]. ELS-induced changes of the microbiome in murine models continue during
adulthood [75–77] and are linked to anxiety-like behaviors and activation of systems
involved in stress [78]. Rats exposed to stress show inflammation, altered gastroin-
testinal function and leaky gut, and disturbances of immune activity [78]. Moreover,
gut microbiota and dysregulated inflammation in rats or mice exposed to stress can
regulate the metabolism of tryptophan to kynurenine or 5-hydroxytryptamine (5-HT)
[79–81]. Inflammatory cytokines such as IFN-γ and interleukin-6 (IL-6) enhance
indoleamine-2,3-dioxygenase (IDO) production, which subsequently metabolizes
tryptophan to kynurenine, increasing kynurenine production and decreasing 5-HT
levels [80]. Elevated kynurenine/tryptophan ratios have been recognized in rats with
depression-like behavior, together with elevated pro-inflammatory cytokines and
altered gut microbiota [81]. Furthermore, a study on Flexibacter and Prevotella, in
connection with colitis, revealed that they were more abundant in the gut of MS rats
[82], and concordantly, Wong et al. showed that caspase-1 inhibition, an
inflammasome factor, restored stress-induced gut microbiota alterations [83].
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6.3 Early Life Stress and Inflammation

6.3.1 Observational Human Studies

ELS can affect the immune system at the time of exposure [57, 84] and alter its
normal developmental trajectory [85]. The exaggerated effects of ELS on the
immune system are long term, resulting in chronic low-grade inflammation through-
out life [86]. A large population-based study of almost 12,000 participants observed
an association between increased white blood cell counts and ELS [87].

A meta-analysis demonstrated that adults with ELS have higher levels of C-reac-
tive protein (CRP) and the major pro-inflammatory cytokines IL-6 and TNF-α as
compared to adults without ELS [88]. Another meta-analysis reported a significant
correlation between ELS and inflammatory markers, with effect sizes being greatest
for TNF-α, followed by IL-6 and CRP. A recent meta-analysis showed a relationship
between ELS and IL-1β, IL-6, TNF-α, and CRP, but not interleukin-2 (IL-2),
interleukin-4 (IL-4), interleukin-8 (IL-8), IL-10, or fibrinogen [89]. Moreover,
Baumeister et al. reported that various types of ELS exposure differentially resulted
in alterations of inflammatory markers [88]. Notably, physical and sexual abuse were
associated with significantly elevated TNF-α and IL-6, but not CRP, which is mainly
associated with parental absence during the early developmental period. Although
the underlying pathophysiology remains nebulous, factors such as situation and
duration of stress exposure may interact with individual stress types to regulate
immune response.

Furthermore, a meta-analysis of 27 studies conducted by Kuhlman et al.
evaluated the relation between ELS and inflammation in those under 18 years of
age [90] and found small associations between ELS and inflammation that were
statistically significant only for CRP. Meanwhile, other longitudinal studies have
reported an association between ELS and elevated inflammatory markers in early
adulthood [91, 92], thereby providing evidence for the relationships between ELS
and increased peripheral CRP levels, particularly profound in those who develop
subsequent depression in adult life [93, 94]. Danese et al. reported elevated inflam-
mation levels in abused children who had depression at the age of 12 years compared
to normal controls [95]. Increased CRP levels were also identified in 10-year-old
children with recent onset of maltreatment and a genotype predisposing to elevated
CRP levels [93]. Exposure to stressful events before the age of 8 years is associated
with increased CRP at 10 and 15 years old [25]. Peripheral low-grade inflammation
may describe the relationships between early-life stress and various physical or
mental health outcomes [96–98]. To the best of our knowledge, there has been one
study investigating the relationship between ELS and inflammation in preschool-
aged children (3–5 years) which showed increased IL-1β levels in connection with
ELS [99]. In healthy community samples, ELS has been related to elevated IL-6, in
response to the Trier Social Stress Test [100] and IL-1β, interleukin-12 (IL-12), and
TNF-α levels [101]. Furthermore, recent findings suggest that repeated exposure to
ELS is connected with significant increases in soluble urokinase plasminogen
activator receptor (suPAR) in young adulthood [102] and mid-adulthood
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[92]. During activated immune and pro-inflammatory states, suPAR is discharged
into the systemic bloodstream by cleavage of the membrane-bound urokinase
receptor (uPAR) [103, 104] expressed on endothelial cells and immune cells
[105]. While CRP and IL-6 are influenced by acute fluctuations in inflammation,
such as during infections [106, 107], suPAR reflects a person’s overall immune
activity level and is predicted to be involved in low-grade chronic inflammation,
tissue and organ damage [108, 109], development and progression of disease,
adverse clinical outcomes, and mortality [110, 111] and thus is an effective and
additional measure of persistent inflammatory response. Concordantly, suPAR is
associated with ELS [92, 102] and adult stressful life events [112], whereas IL-6 and
CRP are not persistently related to these kinds of stressors.

Granulocyte function, evaluated by ex vivo killing of Staphylococcus aureus, is
decreased by 20% in children with divorced parents [113], which is in line with the
findings of elevated vulnerability to Staphylococcus aureus in children exposed to
acute or chronic family stress [114]. Moreover, reduced natural killer (NK) cell
activity was related to stressful events in adolescents with depression or conduct
disorder [115] and adult females with breast cancer [116]. However, increased NK
cell activity has been identified in children whose parents showed more chronic
stress, which is also associated with greater rates of febrile diseases in childhood,
while this was not associated with NK cell activity [117]. Furthermore, Wyman et al.
studied a younger population undergoing immune assessment [117] and observed an
elevation in NK cell activity [118]. Meanwhile, Ayaydin et al., in a relatively small
number of participants, also showed no significant difference in NK cell activity
between control and sexually abused adolescents [119]. Sexual or physical abuse is
associated with lower salivary IgA levels in young females, even though adult sexual
victimization appeared to mediate this relationship [120].

Evidence of the relationship between ELS and increased reactive oxygen species
(ROS) production, oxidative stress, and mitochondrial activity, which are associated
with pro-inflammatory cytokine from different immune cells, has been reported
[121]. Dysfunctional cellular immunity caused by repeated viral infections and
reactivation of viruses elevates inflammatory markers including IL-6 and CRP
[122]. Also, individuals exposed to ELS showed increased immune activation with
higher CD25 expression, major histocompatibility complex, class II, DR (HLA-DR),
or implicating CD8 T cells [123]. Moreover, adolescents exposed to ELS have
decreased NK and NK T cells and increased circulating and senescent T cells with
the activation markers CD3+/CD69+ and CD2+/CD4+/CD25+ [124, 125].

Positron emission tomography (PET) imaging of the mitochondrial translocator
protein (TSPO) can provide insights on the microglial activation in the human brain.
One study found that after peripheral lipopolysaccharide (LPS) injection, TSPO
expression uniformly increased across the brain [126]. These findings allow for
deeper assessment of neuroinflammatory markers to investigate microglial activation
during brain injury and neurodegeneration. Interestingly, only one study has
investigated microglial activation using TSPO-PET in individuals exposed to ELS
[71, 127]; therefore, further investigations on the relationship between ELS and
microglial activation are warranted.
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Also, in line with findings from animal studies, results from human studies
suggest that females may have higher sensitivity to stressful events in provoking a
pro-inflammatory response than males [128, 129]. Moreover, evidence from an
environmental risk study indicates that the levels of inflammation were already
increased in children exposed to ELS who developed depression at the age of
12 years as compared to controls [95], while sex differences may influence the
susceptibility to cause a pro-inflammatory state post ELS exposure [130]. CRP
concentrations in 18-year-old females were significantly correlated with childhood
victimization, yet no such correlation was observed in their male counterparts.
According to the study by Entringer et al., the relationship between CRP levels
and maltreatment was significantly mediated by child sex and were higher in the
maltreated girls compared to the control group which was stable over the 2-year
follow-up period, whereas no relationship between maltreatment and CRP levels
was shown, suggesting that following ELS exposure at a very young age in girls, the
effect of maltreatment may immediately emerge in an inflammation process and
exacerbate over time.

In summary, peripheral inflammation caused by ELS can influence the brain and
change neural activity through various routes, such as humorally via active transport
of cytokines stimulated by the release of second messenger or cellular routes
involving macrophage-like cells residing in circumventricular organs. Microglia
can be activated by peripheral inflammation that enter the brain across the blood-
brain barrier (BBB) with different routes [131]. Subsequently, microglia cells affect
cell proliferation and survival in the brain based on their inflammatory state
[126]. Microglial cells can undergo several alterations [132] such as pro-inflamma-
tory cytokine production and expression of cell surface antigens related to oxidative
stress in the brain. Peripheral LPS injection, used for immune challenge in primates,
can increase TSPO expression uniformly across the brain. Recently, alterations in
the gut microbiome have been reported in adults with ELS-induced PTSD
[133]. Children exposed to ELS have also been reported in a study to exhibit gut
microbiome alterations, with gut bacteria levels associated with PFC activation in an
emotional face experiment [134]. Generally, the association between ELS-linked gut
dysbiosis and inflammation is likely bidirectional [135, 136].

6.4 Inflammation and Psychiatric Illness

6.4.1 Experimental Animal Studies

Animal models are beneficial to investigate the pathophysiology due to their flexi-
bility in randomly assigning animals to different rearing environments and allow for
directly investigating the brain and immune system using techniques thought to be
too invasive in humans. Inflammation can increase animals’ responses to rewarding
stimuli with reinforcers such as food or electrical stimulation [137]. Initial findings
linking the immune function and psychiatric etiology, particularly mood disorders,
originated from studies involving humans and animals with acute infection showing
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stereotypical behaviors as featured by anhedonia, anorexia, and reduced grooming
[138]. In line with the hypothesis of this “sickness behavior” with evolutionarily
inflammatory origins, gene knockout models in rodents have been strongly benefi-
cial in emphasizing the causal relationship of inflammatory cytokines (including
IL-1β and TNF-α) in developing social withdrawal, sickness behaviors, and anhedo-
nia [137]. Also, the development of sickness behavior led by a pro-inflammatory
state is attenuated by treatment with IL-10 and aggravated in mice that are IL-10-
deficient [137]. An elevation in cytokine serum levels may correspondingly elevate
oxidative stress and reduce availability of serotonin and other neurotransmitters,
along with activities of the hypothalamic-pituitary-adrenal (HPA) axis in the brain
[137, 139]. Acute induction of pro-inflammatory agents, such as LPS or typhoid
vaccination, can trigger transient and similar symptoms [140]. Rodents exposed to
MS show dysfunction in PFC-mediated behaviors including social interactions
[141], learned helplessness [142], and cognitive function [46] in adolescence and
elevated peripheral inflammatory cytokines IL-β and IL-6 [45]. Findings in rodents
have suggested that this immune-to-brain traffic can control the cortico-amygdala
circuitry involved in threat processing and is connected with enhanced anxiety-like
behaviors [143–145]. Pigs with MS show sickness-like behavior that is buffered
with anti-inflammatory treatment [146, 147], indicating that pro-inflammatory pro-
cesses can influence early responses to ELS. Social withdrawal, lethargy, and
anhedonia related to exposure to pro-inflammatory agents may be part of the
organism’s evolutionary effort to use all its resources for fighting foreign invaders
and overcoming diseases [148]. Giovanoli et al. have investigated if an anti-
inflammatory medication with minocycline in early life during peripubertal adversity
exposure could prevent the following occurrence of adult behavioral problems
[149]. Notably, rats deficient in the inflammasome NLRP3 showed improvement
in both pro-inflammatory state and cognitive function and reduced both systemic
inflammation and functional decline during aging [150].

6.5 Inflammation and Psychiatric Illness

6.5.1 Observational an Experimental Human Studies

Experimental findings suggest that inflammation can decrease neural activity to
reward circuit, as shown by studies that induced inflammation with low-dose
bacterial stimuli [151] or investigating the effects of immune-activating treatments
on neural reward circuit [152]. Induction of pro-inflammatory states in humans
produces a clinical response similar to major depression [153]. Patients with some
types of cancer or hepatitis C treated with interferon-α (IFN-α) also develop depres-
sive symptoms within weeks [140, 154]. Additional experimental evidence related to
the inflammation as the pathophysiology of mood disorders comes from the antide-
pressant effects of anti-inflammatory medications. These experimental human stud-
ies proposed that inflammation can modulate neural circuit activity linked to rewards
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independently in different processes that may lead inflammation in those exposed
to ELS.

Recently, a meta-analysis showed that cytokine inhibitors and nonsteroidal anti-
inflammatory drugs can have small to moderate antidepressant effects [155]. More-
over, patients administered minocycline exhibited a greater decrease in negative
symptoms in two clinical trials comparing minocycline versus placebo
[156, 157]. Pro-inflammatory cytokines may also reduce executive control-related
processes associated with PFC in the brain where it is linked to decision making,
executive control, and regulation of reward and threat-related predisposition
[158, 159]. Cytokine increase may alternate microglia in the cortex, thereby causing
structural and functional changes, which increases the risk of mental illness
[160]. Concordantly, alterations in microglial activation have been observed in
several psychiatric disorders including schizophrenia [161], depression [162], and
anxiety [163].

Microglia plays a major role in the adaptive immune response in the central
nervous system (CNS) that can modulate neuronal function not only during inflam-
mation but also in synaptic pruning [164] and plasticity during development
[165, 166]. A recent TSPO-PET study showed elevated microglial activity in
patients with schizophrenia and persons who are even at ultrahigh risk of psychosis.
Moreover, increased microglial activity was positively associated with greater
symptom severity in the high-risk population [167], suggesting a relationship
between neuroinflammation and psychotic symptoms.

In line with these findings, human observational studies over the past 30 years
have emphasized the role of the immune function in the pathophysiology of several
psychiatric disorders, including schizophrenia, depression, bipolar affective disorder
[168, 169], obsessive–compulsive disorder [170, 171], and posttraumatic stress
disorder (PTSD), along with an increase of suicidal attempt [172]. A meta-analysis
controlling the effect of antipsychotics in schizophrenia showed persistently
increased levels of several immune proteins released from macrophages, such as
IL-12, TNF-α, and IFN-α [97]. Interestingly, cell cultures from patients with schizo-
phrenia also produce greater levels of circulating IL-1 and IL-8, thereby confirming
the role of immunity-related pathophysiology in schizophrenia. Studies on
obsessive–compulsive disorder reported polymorphisms in the TNF-α gene [173]
and elevation in plasma TNF-α cytokine levels [174–176]; based on the individual,
cytokine gene polymorphisms may manifest differently [173]. Other prospective
studies also showed that elevated IL-6 and CRP were significantly associated with
depressive symptoms later in life. Longitudinal studies have found that increase
inflammatory levels in patients with depression likely result from a bidirectional
relationship between inflammation and depression over time [177]. A meta-analysis
of clinical studies found that patients with depression show a slight elevation in
several inflammatory biomarkers [178]. Concordantly, longitudinal associations
between inflammation and subsequent psychopathology were shown in participants
with psychosis [179], depression [171], and PTSD [180, 181].

Associations between inflammation and psychopathology have been best
investigated in depression [182]. Patients with depression show immune cell profiles
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featured by systemic low-grade inflammation [183]. A cross-sectional meta-analysis
investigated alterations in inflammation in depressed adults and characterized
depression by a small increase of serum inflammatory markers [178]. Anti-
inflammatory medications showed antidepressant effects in a subset of depressed
patients with elevated baseline levels of inflammation [184]. Group differences
between inflammation in patients with depression and controls likely attributed to
the bidirectional relationship between depression and inflammation
[29, 177]. Increased levels of pro-inflammatory cytokines, such as IL-6 and TNF-
α, are associated with depressed mood [185–187], and decreased levels of the anti-
inflammatory cytokine IL-10 have been shown in depression [188]. A meta-analysis
demonstrated increased TNF-α and IL-6 in patients with depression [189]. Moreover,
a study by Miller and Cole showed that the transition to depression was associated
with relative increases in CRP and IL-6 levels in individuals exposed to ELS,
indicating that ELS can potentially enhance a phenotype wherein depression and
inflammation occurred simultaneously [190].

Concordantly, patients with bipolar disorder also have increased levels of inflam-
mation [191], TLR-mediated intracellular signaling [45], and toll-like receptors
(TLRs) in peripheral monocytes and lymphocytes. Moreover, elevated NLRP3
levels were found in the frontal cortex of patients with bipolar disorder, which is
associated with elevated levels of IL-6, IL-1, TNF-α, and IL-10 [192]. Meta-analyses
of clinical studies found that patients with bipolar disorder have small to moderate
elevation of both pro-inflammatory cytokines [193] and CRP [194] levels compared
to controls. An elevated inflammation state can predict poor treatment prognosis in
bipolar disorder [195]. These relationships can reflect the negative outcomes in
individuals exposed to ELS [29]. Systemic inflammation in patients with bipolar
disorder can be identified not only during active episodes, but also in euthymic
phases [194], indicating that inflammation may be a trait marker rather than a state
marker for bipolar disorder.

Although there have been limited findings from cross-sectional human studies,
increased IL-6 and CRP levels is associated with psychosis [3, 196], as supported by
longitudinal studies involving the general population, including the Avon
Longitudinal Study of Parents and Children birth cohort. Furthermore, greater levels
of pro-inflammatory cytokines in childhood are associated with an elevated risk for
psychosis in adolescence and young adulthood [179, 197]. A meta-analysis
controlling antipsychotics persistently showed increased TNF-α, interleukin-12
(IL-12), and IFN-γ in patients with schizophrenia [97]. Furthermore, schizophrenic
patients show a moderate to large increase in pro-inflammatory cytokines [97] and
CRP [198]. Initial evidence also suggests that elevated baseline inflammatory levels
can be predictive of poor treatment response in first-episode psychosis [126]. Indeed,
a study on both chronic psychotic disorders and first-episode psychosis showed that
several inflammatory markers appear to be trait markers and showed no reduction
following antipsychotic medication [97, 198].

Patients with PTSD also exhibited increased inflammation levels. A meta-
analysis suggests that patients with PTSD have moderate to large elevation in several
pro-inflammatory cytokines [199] after controlling the effect of comorbid depression
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[199]. Genetic [181] and longitudinal [180] studies have suggested that inflamma-
tion can be a preexisting susceptibility factor for patients with PTSD exposed to ELS
rather than a simple correlation of disease severity, subjective distress, or dysfunc-
tional coping strategies after PTSD development.

6.6 Early Life Stress and Psychiatric Illness

6.6.1 Experimental Animal Studies

Animal studies of ELS on psychiatric disorders found that associations between
early contexts of stress and later emotional and behavioral abnormalities are likely
causal in nature [200–206]. Studies using mouse [202, 205] and nonhuman primate
models [203, 204, 206] have found that ELS from MS can negatively influence the
emotional and behavioral development and impair cognitive functioning, in line with
the seminal studies of clinical observations by Spitz [207] and Bowlby [208] on the
effects of MS on psychiatric disorders. Indeed, animals exposed to ELS show
behavioral despair and learned helplessness [200], dysfunctional fear conditioning
[200], and avoidant behaviors. Surprisingly, sensitization in guinea pigs was first
identified when two, 3-h separations at a 24-h interval increased the number of 1-min
intervals that guinea pig pups spent showing a passive, depressive-like response on
the second day of separation [40]. Although the effects of induced ELS can be
different based on the protocol used and the animals’ gender and age, the findings of
these experimental studies strongly indicate a causative role of ELS in psychopa-
thology in the late stage.

6.7 Early Life Stress and Psychiatric Illness

6.7.1 Observational Human Studies

Individuals exposed to ELS are 1.3–3.1 times more likely to result in lifetime major
depressive disorder or dysthymia, based on the frequency, type and severity, and
stressful events [209–211]. Although exposure to ELS can increase the risk of many
psychiatric disorders, the relationship between ELS and various types of psychiatric
etiology have not been clarified [6, 212–215]. One study showed that ELS predicts
several psychiatric disorders, including schizophrenia, depression, bipolar disorder,
and PTSD [216–218]. ELS from childhood neglect has also been related to later
changes in reward function in individuals [219]. Activation of the nucleus
accumbens [220] and other basal ganglia regions [221] associated with the reward
system decreases in teenagers exposed to ELS. Therefore, individuals exposed to
ELS have an increased lifelong risk of major depression including an early-onset and
elevated comorbidity [213, 222]. Individuals with present depression and a history
of ELS are also more likely to show high levels of high-sensitivity CRP compared to
controls. Notably, this association is not likely to be suggested by retrospectively
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biased reports of individuals in depression at the time of ELS assessment as the
evidence is persistent with those from official records and prospective evaluations of
maltreatment investigated in childhood [223]. Moreover, this is also unlikely to be
described by the effects confounded genetically because a higher risk of depression
in individuals exposed to ELS has been identified within twin studies [209].

Also, a history of ELS is highly associated with patients with bipolar disorder and
can predict an unfavorable illness course and clinical symptoms such as higher
severity of manic, psychotic, and depressive symptoms, a higher suicidal attempt,
higher risk of comorbid substance use disorders, anxiety disorders, elevated risk of
rapid cycling, and increased occurrence of depressive and manic episodes
[224]. Moreover, ELS predicts an increased number of psychotic disorders such as
schizophrenia or schizoaffective disorder later in life [217] Furthermore, ELS is
related to an elevated risk of PTSD [218] and is associated with more complex
symptoms including dysfunctional interrelationship, dysregulated emotion, and poor
self-concept [225].

6.8 Discussion

In this chapter, we provided an overview of the literature on early-life stress,
inflammation, and psychiatric illness. This section reviews how ELS affects the
psychopathology of psychiatric illness via inflammation. In the past, the brain is
thought to be immune-privileged with highly controlled innate and adaptive immu-
nity, especially inflammation in the blood-brain barrier. It has increasingly become
evident that the immune-privileged property of the brain is complicated and not
absolute [226]. The brain immune system is not only associated with the peripheral
immune system [137] but also actively contributes to normal brain development and
functioning [227]. The immune system in the brain has different cells, such as T cells
and microglia, and proteins such as chemokines or cytokines that play essential roles
to maintain homeostasis in the CNS resting state. Microglia monitor the surrounding
extracellular space during the resting state for infection and eliminate cellular debris
as well as maintain neurogenesis and inactive or dysfunctional synaptic structures.
Conversely, during a pro-inflammatory state, microglia produce inflammatory
cytokines and other molecules and clean up triggering foreign invaders through
phagocytosis. T cells originating from the lymphoid hematopoietic cell scan and
detect signals cascaded from brain into the CSF during the resting state. Meanwhile,
during the pro-inflammatory state, T cells release cytokines (e.g., IL-4) that stimulate
astrocytes to lead the production of brain-derived neurotrophic factor (BDNF) and
control inflammatory activity in parenchymal and meningeal myeloid cells such as
microglia and induce a protective immune response that may be associated with
aggravated results for brain function. Moreover, cytokines accumulating in the
microglia and T cells at the resting states play a critical role in hippocampus-linked
learning and memory processes, putatively via supporting long-term potentiation,
whereas cytokines during the pro-inflammatory state enhance neuroinflammation
and decrease monoaminergic transmission and trigger glutamate transmission and
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the HPA axis–mediated neuroendocrine stress response. Furthermore, a higher level
of cytokines inhibits BDNF and cholinergic transmission [137, 227]. Notably, there
are various routes through which inflammatory cytokines can increase synaptic
monoamine availability; these routes can play a fundamental role in the mechanism
underlying the pathophysiology of psychiatric illness [228]. An increased level of
IDO is also associated with cytokine-induced monoamine neurotransmitter changes
by converting the metabolism of tryptophan more into the kynurenine pathway but
less into the 5-hydroxyindoleacetic acid, thereby reducing serotonin production.
Subsequently, the neurotoxic metabolite quinolinic acid from microglia, monocytes,
and macrophages in the CNS originates from kynurenine [229, 230]. Quinolinic acid
stimulates N-methyl-D-aspartate receptors for glutamate and glutamate release by
astrocyte and blocks glutamate reuptake by astrocytes [231], which directly affect
glutamate metabolism to ultimately increase excitotoxicity and decrease efficient
neurogenesis, finally resulting in increased glutamate both inside and outside the
synapse. Therefore, elevated glutamate also increases excitotoxicity and decreases
the production of BDNF [232].

Concordantly, high levels of nitric oxide (NO) [233] released from microglia in
the inflammatory state can promote more neuronal cytotoxicity and apoptosis
[234, 235] and contribute to neuronal loss in schizophrenia and Alzheimer’s diseases
[236–238]. Thus, ELS sensitize microglial activation resulting in a lower threshold
for a reactive state and subsequently increasing inflammatory cytokine levels and
dysregulated neurotransmission, which can explain psychopathologies of psychiat-
ric illness caused by ELS.

As mentioned above, previous studies have linked the peripheral immune system
and the brain immune system; researchers have recognized that the immune-
privileged property of the brain is complicated and not absolute. The humoral
pathway refers to the cytokine passage through regions such as the circumventricular
organs with increased permeability in the BBB and elevated binding of cytokines to
saturable transport molecules on the BBB. The neural pathway [137] refers to the
binding of peripheral cytokines to peripheral afferent nerve fibers, such as the vagus
nerve, which subsequently triggers ascending catecholaminergic fibers in the CNS
and/or brings back cytokine signals in the central part [139]. The signal transduction
pathway refers to the triggering by peripheral cytokines from cell surface receptors
on endothelial cells and astrocytes in the brain that maintain the BBB, subsequently
stimulating more cytokine production by these cells. The transmembrane pathway
refers to the active transport of cytokines (TNF-α, IL-6, IL-1) through saturable
carrier proteins to enter the BBB. Finally, the cellular pathway refers to the traffick-
ing of activated immune cells, typically monocytes, to the brain vasculature and
parenchyma. Through these pathways, peripheral inflammation can trigger
neuroinflammation in the brain [137, 239]. For example, peripheral induction of
LPS in rodents increases the production of pro-inflammatory cytokines [240] and
microglia activation and inhibited adult neurogenesis in the brain [241].

Chronic stress in early life causes repeated and prolonged HPA overactivation,
which can subsequently cause less compensation in reduced signaling through
epigenetic alterations in the glucocorticoid receptor [242] and promote resistance
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to the function of cortisol to control the inflammatory state. Experimental human
studies have found that traumatic experiences during childhood are associated with
allele-specific DNA demethylation related to glucocorticoid response elements
(FKBP5 gene), which is related to the subsequently reduced sensitivity of peripheral
blood immune cells to the inhibitory function of glucocorticoids on LPS-induced
production of IL-6 in vitro [243]. A longitudinal study also showed that adolescents
exposed to harsh familial treatment showed decreased sensitivity of glucocorticoid
over time and elevated ex vivo cytokine responses to LPS administration [244].

Furthermore, the alteration of colonization and composition of the gut microbiota
might be influenced by ELS, which could affect immune development as well as
brain development via inflammatory signal transmission through metabolic
alterations or the vagus nerve [135]. Experimental animals findings also showed
that MS during the first year of life causes a significant reduction in fecal lactobacilli
[74] with long-term alterations on the composition of the microbiota in the gut being
apparent in later life [59].

Interestingly, recent meta-analytical findings in animal models showed that ELS
is linked to a small increase in the risk of obesity [19], as individuals with ELS may
be less sensitive to reward and hence may be involved in more dysfunctional
appetitive behaviors, such as eating fast foods or more high-calorie food items.
Also, given that ELS can potentiate HPA axis activation and related unpleasant
feelings, individuals with ELS eat more to decrease HPA axis activation. Elevated
pro-inflammatory cytokines by adipocytes can trigger a systemic inflammatory state
in individuals with obesity [245]. Moreover, individuals with ELS may have dys-
function in hormonal pathways regulating thermogenesis and lipolysis including the
leptin pathway or the HPA axis [19].

Previous studies have also reported that individuals exposed to ELS are at
increased risk of sleep disturbances [246, 247], which showed stronger relationship
for participants with more severe maltreatment exposures [246] regardless of con-
current PTSD or depressive disorders [248] Furthermore, MS in rodents can disrupt
sleep architecture and decrease total sleep; meanwhile, in humans, MS can induce
sleep deprivation and loss, which elevates the expression and levels of pro-inflam-
matory cytokines [249, 250].

In line with the biological and evolutional aspects of the bidirectional associations
between the brain and immune system, the critical targets primary related to inflam-
mation in the brain include those brain regions associated with both motivation and
motor activity such as arousal, anxiety, and alarm. In other words, the main
neurocircuits affected by inflammation involve the reward and anxiety circuits.
Dopamine as a core neurotransmitter plays a critical role in the reward circuit and
inflammatory cytokines have been demonstrated to reduce the production of dopa-
mine in the basal ganglia, which is involved in decreased motivation and activation
of the reward circuit in the ventral striatum [151, 152, 251]. Accumulated imaging
studies such as PET, functional magnetic resonance imaging (fMRI), and magnetic
resonance spectroscopy (MRS) have shown decreases in reward activation in the
striatum, showing strong reproducibility and validity of the cytokine-induced
alterations of the brain in nondepressed individuals peripherally administered LPS,
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typhoid vaccination, or IFN-α [151, 152, 252–254]. Notably, fMRI studies also
found that inflammation-mediated reduction of positive reward activation is related
to elevated sensitivity to negative stimuli and decreased activations in the substantia
nigra in the basal ganglia [254, 255]. According to studies on positive valence
systems, peripheral administration of typhoid vaccine and LPS decreases responses
to reward in the ventral striatum [151, 152]. Inflammatory cytokines in dopaminergic
pathways also induce a state of reduced motivation. Moreover, elevated inflamma-
tion is related to elevated responses to anxiety and threat neurocircuitry, involving
the amygdala, dACC, and insula [155, 256, 257]. Notably, the dACC and amygdala
are regions with elevated responses in patients with depression, anxiety, and neurot-
icism [258]. Thus, elevated oral IL-6 expression is strongly associated with
increased response of the amygdala to social evaluation stressor, with subjects
showing the highest IL-6 responses to stress, indicating greatest functional connec-
tivity within threat circuitry, which involves the dorsomedial PFC and amygdala
[259]. Similarly, elevated concentrations of oral IL-6 and soluble TNF receptor 2 in
response to an induced social anxiety condition, such as a public speaking, are
strongly associated with the activation of the dACC to a social rejection task
[257]. Indeed, these findings are related to the trafficking of monocytes to the
amygdala led by social defeat stress in rodents [145]. Considering negative valence
systems, typhoid vaccine decreases the relationship between the sACC and the
amygdala and elevates the activation in the sACC while processing emotional
faces [158]; peripheral administration of LPS also enhances activation in the amyg-
dala in conditions of socially threatening stimuli [260]. Subsequently, alterations in
reward and threat processing are critical potential mediators led by the effect of
systemic inflammation on behavioral responses.

As immune stimulation also profoundly affects the perinatal brain development
processes involved in cognitive function, some experimental animal studies showed
that infection and systemic inflammation during prenatal or neonatal periods impair
learning, memory, and attention [261–264]. Meanwhile, observational human stud-
ies found a relationship between prenatal exposure to infection and elevated risk of
schizophrenia [265, 266]. Elevated levels of the systemic inflammatory marker IL-6
during childhood are significantly related to an elevated risk of causing psychosis
and depression in young adult [179].

Accumulated experimental and observational studies in animals and humans have
suggested bidirectional relationships between psychiatric illness and inflammation in
peripheral and neuroinflammation over time [177], indicating that susceptibilities
associated with emotional and behavioral symptoms and dysfunctional perception of
distress could elevate inflammatory responses and sensitization over time or vice
versa. Thus, the severities and frequencies of stressful events could be affected by an
individual’s susceptibilities, such as personality traits or attachment style, and their
environmental risk factors, both of which are critical risk factors for ELS [267].
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Abstract

An increasing number of studies have investigated the role of inflammation in
psychiatric disorders, by demonstrating how an altered/dysfunctional immuno-
logical and inflammatory system may underpin a psychiatric condition. Particu-
larly, several studies specifically investigated the role of a neuroinflammatory
biomarker, named C-reactive protein (CRP), in psychiatric disorders. Overall,
even though scientific literature so far published still does not appear definitive,
CRP is more likely reported to be elevated in several psychiatric disorders,
including schizophrenia, mood disorders, anxiety disorders and post-traumatic
stress disorder. Moreover, a low-grade inflammation (CRP >3 mg/L) has been
more likely observed in a subgroup of patients affected with a more severe
psychopathological symptomatology, more treatment resistance and worst clini-
cal mental illness course, strengthening the hypothesis of the need for a different
clinical and prognostic characterization based on this concomitant
neuroinflammatory predisposition. However, even though further research stud-
ies are needed to confirm this preliminary evidence, CRP may represent a
potential clinical routine biomarker which could be integrated in the clinical
routine practice to better characterize clinical picture and course as well as
address clinicians towards a personalized treatment.
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7.1 Introduction

C-reactive protein (CRP) is a pentameric acute-phase reactant protein, member of the
pentraxin family, produced mainly by the hepatocytes, as a result of the activation of
the innate humoral system. The increasing CRP level is stimulated by the production
of a set of inflammatory cytokines, especially interleukin-6 (IL-6), enhanced syner-
gically by IL-1β, which are secreted by macrophages and T cells during the acute
phase of an inflammatory process [1–3]. CRP was firstly identified in the serum
samples from patients affected by Streptococcus pneumoniae in 1930 [4]. The name
CRP was derived by its reaction with the capsular polysaccharide antigen of the
bacteria [4]. The human CRP gene is located at 1q23.2 on the long arm of chromo-
some 1 and it is produced as a native protein (nCRP), which can irreversibly
dissociate itself into five separate monomers (mCRP) at the inflammation and
infection sites. These two types of isomers display different antigenic, biological
and electrophoretic activities [2, 5]. The role of CRP is to recognize and eliminate
pathogens as well as damage cells, by binding itself at various ligands, such as
lysophosphatidylcholine, phospholipids, histone, chromatin and fibronectin, by
activating the complement system, by binding at Fc receptors and by activating
several other inflammatory-related mechanisms [3]. CRP has both pro-inflammatory
and anti-inflammatory properties. In fact, nCRP may exert anti-inflammatory
activities, mainly by inducing phagocytosis, promoting apoptosis and limiting the
generation of the membrane attack complex (MAC) and C5a, or by suppressing the
adherence of platelets to neutrophils. Conversely, mCRP may promote monocyte
chemotaxis, the recruitment of circulating leukocytes towards the inflammatory
sites, by increasing IL-8 and MCP-1 cytokine production [2, 6]. However, the
precise mechanism by which CRP interacts within the immune response is not
entirely understood.

In clinical practice, CRP is generally used as a biomarker of infection, chronic
disease state and chronic low-grade inflammation [7]. A normal value of CRP levels
is considered below 3 mg/dL, although levels between 1 mg/dL and 10 mg/dL are
considered borderline levels which should be accurately investigated [3]. Generally,
CRP levels rise and fall rapidly with the onset and removal of the inflammatory
stimulus [8]. Moreover, CRP is correlated with cardiovascular risk, including
myocardial infarction, stroke, sudden cardiovascular death and peripheral vascular
disease and its levels may change depending on the occurrence of the
abovementioned clinical conditions [9]. The high-sensitivity CRP (hs-CRP) is easily
measured through a blood sample [8]. In general, hs-CRP levels ranging 1–3 mg/L
and greater than 3 mg/L are respectively associated with a moderate and high risk for
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the development of a cardiovascular disease [8, 10]. Furthermore, baseline hs-CRP
levels may hugely vary across different individuals, depending on their inflamma-
tory state, and these levels may also vary whether an individual is taking some types
of medications (e.g. non-steroidal anti-inflammatory drugs [NSAIDS], statins,
etc.) [3].

Overall, recently, a wide range of scientific evidence is bringing to light on how
inflammation and, more generally, the immunity dysregulation may play a crucial
role in psychiatric disorders [11–20]. In particular, several mechanisms have been
hypothesized by which CRP may interact with the central nervous system (CNS),
either via indirect effects through peripheral signalling or through more direct central
effects [17]. Among these supposed mechanisms, an increased dysregulated activa-
tion of the complement pathway (mediated by CRP) has been observed in some
psychiatric disorders, such as schizophrenia and depression [15, 21]. Furthermore,
increased CRP levels and its pro-inflammatory activity which may drive a CNS
inflammation, through microglia and astrocytes activation, have been observed in
several psychiatric disorders [22–24]. Moreover, it has been hypothesized that
peripheral myeloid cells or pro-inflammatory cytokines can induce a neurovascular
damage and an upregulation of the matrix metalloproteinases (MMPs), by increasing
the blood–brain barrier (BBB) permeability [25, 26]. CRP usually does not freely
cross the BBB [27]. An increased BBB permeability may be determined by a severe
stress and/or a traumatic brain injury which indeed may facilitate an easy access of
peripheral CRP through the BBB into the cerebrospinal fluid (CSF) [26, 28]. Simi-
larly, CRP may in turn induce BBB disruption, through the binding and activation of
Fc gamma receptors (expressed also in the microglia and astrocytes), CD16 and
CD32 present on the endothelial cells [29].

With this in mind, in the paragraphs below, a more in-depth overview will be
carried out on how CRP may play a clinically relevant role in different psychiatric
disorders and whether CRP levels may be associated with more severe and
treatment-resistant psychopathological states.

7.2 Depressive Disorders

Depression is the most common mental illness, affecting around 10–20% of the
general population, by representing one of the leading causes of disability worldwide
[30]. The aetiopathogenesis of depression is highly complex and not entirely under-
stood. The most widely accepted pathophysiology of depression is based on the
monoaminergic theory [31], although recent research directions focused on other
pathways, such as genetic susceptibility and epigenetic modifications, the
dysregulation of the hypothalamus–pituitary–adrenal axis (HPA), hippocampal
and frontal lobe dysfunction, oxidative stress–induced damage and the
neurodevelopment theory of depression which pointed out on the risk/protective
factors occurring at the earlier stages of human life, including the prenatal period
[32–36].
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Furthermore, recent studies have also hypothesized the role of immune
dysregulation in the aetiopathogenesis of depression [37, 38], by supporting the
evidence about the association between inflammation and depression [39–42]. In
this regard, a pro-inflammatory state encountered during inflammatory diseases has
been associated with the so-called sickness behaviour characterized by a depression-
like symptomatology, such as anhedonia, weight and appetite loss, memory
impairment and cognitive and social dysfunction, which can be frequently reported
in major depressive disorder (MDD) [43]. In this regard, several studies investigated
the role of CRP levels in depressive individuals, by mainly observing increased CRP
levels [38, 42, 44], even though findings are often contrasting [16, 45]. A retrospec-
tive cohort study reported that elevated serum hs-CRP levels in women may indeed
represent an independent risk factor for de novo major depressive disorder [46]. CRP
levels have been reported to be higher in atypical major depressive disorder (MDD)
compared to other MDD variants [47], in MDD patients with predominantly somatic
symptomatology [48] and in MDD patients at higher risks of psychiatric hospitali-
zation [44]. Moreover, higher levels of CRP and IL-6 at baseline predicted the risk of
persistent depressive symptoms over 5 years [49] and concomitant cognitive symp-
tomatology during a 12-year follow-up [50]. In addition, higher hs-CRP levels were
significantly associated with a more severe MDD symptomatology, particularly
among women who also reported concomitant cognitive symptomatology and
suicidality [51]. Higher CRP levels have been also observed in treatment-resistant
MDD patients (TRD) [52] and in those MDD individuals who are early responders
to paroxetine treatment [53]. Conversely, other studies reported lower baseline CRP
levels among MDD patients who display a better and faster response to SSRI
treatment [51, 54].

Overall, about a third of all depressed patients seem to display elevated serum
CRP (>3 mg/L) indicating a low-grade inflammatory state [44, 55, 56]. A chronic
low-grade inflammation may be associated with a different MDD subgroup with a
distinct aetiopathogenesis, different clinical course, treatment response and progno-
sis [37, 51]. In fact, one could argue that those MDD patients who do not adequately
respond to treatment should be investigated regarding a concomitant pro-inflamma-
tory state [52, 57, 58]. Furthermore, considering the anti-inflammatory properties of
selective serotonin reuptake inhibitors (SSRIs), selective serotonin and noradrena-
line inhibitors (SNRIs) and tricyclic antidepressant (TCAs), one could hypothesize a
possible additional mechanism of antidepressants through which they can indirectly
reduce depressive symptoms by acting on the inflammatory state [59–61]. Finally,
based on the inflammatory hypothesis, anti-inflammatory drugs (e.g. non-steroidal
anti-inflammatory drugs [NSAIDs] or anti-cytokine) could be helpful in treating
depression [62–66]. However, findings are so far contradictory, being reported a
beneficial effect only in those patients with CRP levels higher than 5 mg/L [67] or
not observing any clinically relevant improvement in depressive
symptomatology [68].

Contrasting findings have been published regarding the association between CRP
and postpartum depression (PPD) [69–72]. For example, Roomruangwong et al. [73]
observed that increased CRP levels in the third trimester were strongly associated
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with depressive symptomatology in the prenatal and early postpartum period.
Similarly, higher hs-CRP and IL-6 levels have been found significantly associated
with the onset of PPD at 6 months [69, 74]. Long-term studies evaluating newborns
of mothers with elevated CRP levels during pregnancy found that higher maternal
CRP levels, particularly during the third trimester, may predict poorer child cogni-
tive flexibility in the third trimester [75], the development of ADHD particularly in
boys [76, 77], schizophrenia [78] and autism [79]. However, these findings are still
controversial and not definitive and should be further investigated to clarify the role
of CRP in pregnancy and the postpartum period [80, 81].

Therefore, further larger and methodological homogeneous studies should be
carried out in order to better understand the role of CRP levels in MDD and PPD.

7.3 Bipolar Disorders

Bipolar disorder (BD) is a mood disorder characterized by recurring mood states,
ranging from mania/hypomania to mild–moderate–severe depression, interspersed
with period(s) of euthymia [82]. BD is associated with functional impairment, high
disability, healthcare costs, premature mortality and increased risk of cardiovascular
disease compared to the general population [13, 83–85].

Despite the pathogenesis of BD being widely studied [86, 87], some research
directions suggested a possible role of the immune system in BD aetiopathogenesis
[88, 89]. In fact, BD patients are usually accompanied by high physical comorbidity
involving the immune system (e.g. cardiovascular diseases and autoimmune
disorders such as diabetes mellitus, autoimmune thyroiditis, systemic lupus
erythematosus, psoriasis and inflammatory bowel disease) [13]. Furthermore, altered
levels of inflammatory mediators, such as the cytokine system, have been reported in
BD individuals [41, 85, 90], including altered CRP levels [91–93]. CRP levels have
been significantly reported higher in manic and euthymic BD phases but not in
depressed phases [91], by suggesting that CRP may represent an early warning sign
for the onset of a manic phase in depressed BD individuals [92, 94–96]. A prospec-
tive study reported significant higher CRP levels in depressed BD II compared to
unipolar MDD individuals, suggesting that CRP may represent a useful biomarker to
differentiate between MDD and BD II depression in both their depressed and
euthymic state [97]. A population-based study revealed increased CRP levels in
individuals at higher risk of late-onset BD [98]. Increased CRP levels have been also
observed in more severe BD patients [99–101]. A recent systematic review and
meta-analysis [85] showed higher pro-inflammatory immune biomarkers, including
increased CRP levels, in BD patients compared to the control group. The meta-
regression analysis reported a marginally significant inverse and negligible associa-
tion between CRP levels and BD phase duration, by suggesting a possible role of
CRP as a biomarker of mood episodes within BD [85].

Although few studies investigated the role of CRP genetic polymorphism in BD
individuals [102, 103], a significantly higher prevalence of the CRP rs1130864 A
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allele has been observed in those BD patients with a concomitant thyroid disorder
and in those BD patients with a rapid cycling illness course [102].

Furthermore, few studies investigated the association between CRP levels and
cognitive impairment in BD individuals [104, 105], by observing a worst cognitive
performance in those BD patients who displayed CRP levels greater than 5 mg/L
compared to those with lower CRP levels [106]. However, further studies are needed
to confirm this preliminary evidence.

Although mood stabilizers may exert an anti-inflammatory activity [61, 107],
there is still poor literature about the association between CRP levels and mood
stabilizer treatment [91, 103, 108–110]. Similarly, few studies investigating the role
of anti-inflammatory and/or neuromodulator drugs in the improvement of BD
reported inconclusive results [111]. Therefore, although some findings are
promising, results are still controversial and further studies should be carried out
in order to evaluate whether CRP may represent a sensitive and specific biomarker of
BD phases and/or recrudescence, severity, etc.

7.4 Suicidality

Overall, the role of CRP in suicidal ideation and/or behaviour has been investigated,
reporting a significant association with history of suicidal attempts in depressed
patients [112, 113], a greater risk of suicide after 9 years of follow-up [114] and
suicidal ideation [115]. Moreover, elevated CRP levels have been associated with
anger, hostility, impulsivity and aggressiveness [116–118] which may be indirectly
related to a higher probability of suicidality.

Few studies evaluated the role of inflammation-related genes in suicidal
behaviour, by reporting a significant association between a polymorphism located
at the CRP gene, +1444C > T (rs1130864), and a predisposition to trait impulsive-
ness in women [119] and between +1444 T allele and suicide attempters compared to
+1444C allele [120].

7.5 Schizophrenia and Psychotic Spectrum Disorders

Schizophrenia is a complex psychiatric disorder characterized by positive and
negative symptoms, cognitive deficits and a gradual functional impairment, with a
prevalence of around 1% in the general population [9, 121]. The aetiopathogenesis
of schizophrenia and psychotic spectrum disorders is multi-determined by the
reciprocal interactions between genetic, environmental and social determinants
[122–124]. Furthermore, a potential determinant role of the immunological and
inflammatory system has also been supposed, by observing a low-grade inflamma-
tory state in schizophrenia and psychotic spectrum disorders [125–127]. In schizo-
phrenia individuals, several altered immunological and pro-inflammatory cytokines,
as well as a higher prevalence of positive antinuclear antibodies and modifications in
white blood cell (WBC) count, have been reported, by supporting the hypothesis of a
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potential role of the immunological system in the pathogenesis of schizophrenia
[127–129]. Moreover, schizophrenia individuals usually display parameters more
likely associated to a pro-inflammatory state, such as high BMI, metabolic syn-
drome, smoking status and autoimmune disorders (e.g. psoriasis, celiac disease and
pernicious anaemia) [130–133]. Furthermore, as altered inflammatory markers have
been found since the prodromal stage and in first psychotic episode (FEP) of
schizophrenia, a potential role of the inflammation in the aetiopathogenesis of
schizophrenia has been hypothesized, at least in a subgroup of schizophrenia patients
[134, 135].

Within this context, some studies investigated the role of CRP as a biomarker of
schizophrenia and psychotic spectrum disorders, by reporting baseline CRP levels
greater than 3 mg/L in those adolescents who more likely will develop schizophrenia
[55, 136]; in those schizophrenia patients with an acute exacerbation, compared to
the healthy control group and chronic schizophrenia individuals [121, 137]; in those
schizophrenia individuals who manifest a late or very-late-onset schizophrenia [44];
and in those patients who manifest more negative and severe psychotic symptom-
atology [138, 139], even though another study reported higher CRP levels in those
who manifest more severe positive versus negative symptomatology [92].

Recent genetic studies confirmed the role of inflammation in the development of
schizophrenia and psychotic spectrum disorders, by identifying two genetic risk
scores, i.e. the presence of four single nucleotide polymorphisms (SNPs) in the CRP
gene and the presence of 18 SNPs which appear to be more likely associated with
higher CRP levels in a largest genome-wide association study (GWAS) carried out
in schizophrenic individuals [66, 140].

Furthermore, only few studies investigate the association between CRP levels and
cognitive impairment in schizophrenia individuals, by mainly reporting a significant
association with an impaired semantic and working memory, general intellectual
ability, abstract reasoning, an impaired mental flexibility and processing speed and
poor verbal abilities and attention [104, 121, 141–145]. Moreover, higher CRP
levels as well as an inverse association have been observed between cortical
thickness in the frontal, insula and temporal brain regions and CRP levels [121].

Although antipsychotics may partially normalize immune alterations in schizo-
phrenia individuals [145–147], a meta-analysis showed how increased CRP levels in
schizophrenic patients do not necessarily change following an antipsychotic treat-
ment [92]. Recently, few studies reported promising findings following clozapine
treatment in significantly reducing WBC, IL-6 and CRP levels [127, 148] and
aripiprazole [149]. Similarly, few studies investigated the potential role of NSAID
and/or anti-inflammatory drug augmentation strategy in schizophrenia [150, 151],
even though a recent meta-analysis reported a significant efficacy only with aspirin,
oestrogens, minocycline and N-acetylcysteine, particularly in FEP and early-onset
schizophrenia [152]. Therefore, although some findings are promising, results are
still controversial and further studies should be carried out in order to evaluate
whether CRP may represent a useful biomarker in schizophrenia and psychotic
spectrum disorders.
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7.6 Fear and Anxiety Disorders

Fear and anxiety disorders include general anxiety disorder (GAD), phobic disorders
(PD), agoraphobia, social phobia and specific phobias, according to the DSM-5
[153]. It has been largely demonstrated how the inflammatory system may play a
significant role in the pathogenesis of several fear and anxiety disorders, such as how
the exposure to traumatic and stressful life events may determine the activation of the
HPA axis, the immune system and the subsequent release of a set of pro-inflamma-
tory cytokines [12]. However, very few studies reported significant findings about
CRP, which was observed more elevated in a sample of individuals with a
non-specific anxious state [154], in GAD children and adolescents [155] and in a
male sample affected by mixed anxiety disorder [156], compared to a healthy control
group. Conversely, no significant CRP differences have been reported in individuals
with agoraphobia [157] and in another case-control study recruiting anxious
individuals [158], compared to the healthy control group. A recent systematic review
[159] reported significantly higher CRP levels in five studies recruiting GAD
patients [156, 160–163], with only one study reporting an inverse correlation
between CRP levels and GAD [164]. Finally, a population-based study reported a
significant association between increased CRP levels and a diagnosis of panic
disorder with agoraphobia [165]. Overall, there are still limiting and contrasting
findings regarding the potential role of CRP in fear and anxiety disorders to be able
to draw up conclusive evidence. Further research is needed to better understand new
research directions in this regard.

7.7 Post-Traumatic Stress Disorder (PTSD)

Post-traumatic stress disorder (PTSD) is a mental disease which may generally occur
after an objective traumatic event or a subjunctive trigger stimulus, characterized by
highly intrusive memories, flashbacks, nightmares, avoidant behaviours related to
traumatic cues, increased arousal or hypervigilance [166]. PTSD may be
accompanied with comorbid MDD, substance use disorder (SUD) and suicidal
ideation and/or attempt [12].

Overall, it has been well documented how being exposed to a trauma may be
associated with a pro-inflammatory activity, the dysregulation of the HPA axis,
alteration in the immune cell system and increased IL-6, TNF-α, INF-γ and CRP
levels [12, 167–170]. Moreover, individuals who have been exposed to childhood
maltreatment or difficult familial, socio-economic circumstances during their child-
hood reported significantly higher CRP levels in their adulthood, compared to those
not exposed in childhood [171–173]. Elevated CRP levels have been reported in
PTSD patients [174–180], particularly in those PTSD patients who manifest severe
symptomatology, concomitant dissociative and/or depressive symptoms as well as
more avoidance and re-experiencing domains [12, 78, 173, 179, 181]. However,
other studies reported conflicting results [182].
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Furthermore, altered immune gene expression and methylation patterns have also
been associated with PTSD [166, 183]. In particular, rs1130864, a SNP in CRP gene
expression, has been associated with increased peripheral CRP levels in more severe
PTSD individuals and with a higher probability to develop PTSD in those
traumatized individuals [184]. Moreover, PTSD was associated with higher CRP
levels mediated by SNPs and methylation of the CRP gene promoter locus AIM2 in
a sample of military veterans of post-9/11 events [185]. Therefore, further studies
should be carried out in order to evaluate whether CRP may represent a useful
biomarker in PTSD, whether it may correlate with severity and which PTSD-related
domains and which treatment strategies may be further investigated and
implemented considering this confirmed association between inflammatory state,
CRP levels and PTSD.

7.8 Obsessive-Compulsive Disorder (OCD)

Although the aetiopathogenesis of obsessive-compulsive disorder (OCD) is still not
completely understood and several multifactorial hypotheses have been proposed,
there are still few studies investigating the role of inflammation in OCD, mainly
focussing on the potential role of oxidative stress and free radicals in the brain tissues
as well as in the immunological dysfunction occurring in a subset of OCD
individuals [186, 187]. In particular, a persistent low-grade inflammation in OCD
individuals has been documented, which could be determined by a pre-existing
immuno-genetic susceptibility which may also explain the higher prevalence of
autoimmune diseases, such as Sjögren’s syndrome and celiac disease, Guillain–
Barré syndrome, Crohn’s disease, Hashimoto’s thyroiditis and type 1 diabetes
mellitus, in OCD patients [188, 189]. However, a recent meta-analysis did not report
any significant differences in the levels of TNF-α, IL-6, IL-1β, IL-4, IL-10 or IN-γ
between individuals with OCD and healthy control [190].

Overall, few studies investigated the role of CRP in OCD individuals, by
demonstrating that elevated CRP levels have been associated with a poor insight,
earliest age of OCD onset, higher suicidality and a family history of OCD [19, 20,
187, 191]. Overall, there are still limiting findings regarding the potential role of
CRP in OCD which should address further research directions to be implemented in
this regard.

7.9 Attention Deficit Hyperactivity Disorder (ADHD)
and Autism Spectrum Disorder (ASD)

Attention deficit hyperactivity disorder (ADHD) represents the most common
neurodevelopmental disorder in children, characterized by four core domains
(i.e. inattention, hyperactivity, impulsivity and destruction) [192, 193]. Although it
has been demonstrated to have a strong genetic component, recent studies revealed
how immunological mechanisms and oxidative stress may be involved in the
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aetiopathogenesis of ADHD [193–200]. In fact, ADHD is frequently associated with
comorbid immunological conditions, such as atopic dermatitis, type 1 diabetes,
hypothyroidism and asthma, which may suggest an immune-mediated pathway
[200, 201].

Overall, few studies specifically investigated the role of CRP in ADHD, by
reporting elevated CRP and IL-6 levels associated with low bedtime salivary
cortisol, TNF-α and brain-derived neurotrophic factors (BDNF) in ADHD youths
[143], elevated CRP levels associated with poor emotional regulation and more
severe impulse dyscontrol [193, 201]. However, other studies reported contrasting
findings, mainly due to heterogeneous methodologies and small sample size
recruited [197, 202].

Autism spectrum disorder (ASD) is often a comorbid condition with ADHD
[201, 203]. Few studies investigating the role of CRP in ASD, being only reported
in a recent meta-analysis [204], reported significantly elevated CRP levels in periph-
eral blood in ASD children compared to healthy controls.

Overall, there are still limiting and contrasting findings regarding the potential
role of CRP in neurodevelopmental disorders. Therefore, further studies are needed.

7.10 Addictive Disorders

Several studies are recently investigating the relationship between substance and/or
alcohol use disorders (SUD and AUD) and inflammation [205–207]. For example,
alcohol consumption may provoke an elevation of pro-inflammatory cytokines, such
as IL-6, IL-10, IL-12, INF-γ and TNF-α [208–211] and the immune system may be
involved in the development of alcohol hangover [212–214]. An analysis of the
National Health and Nutrition Examination Survey (NHNES) reported lower CRP
levels in past or current marijuana users, compared to non-marijuana users, by
supporting the hypothesis of a potential anti-inflammatory activity of cannabis,
even though prospective studies demonstrated that elevated CRP levels may indeed
predict cannabis use and nicotine dependence [207, 215–219]. Elevated CRP levels
have been reported in cocaine, tobacco, opioid and alcohol users [192, 205, 207,
216, 220–222]. However, further studies are needed to better understand the associ-
ation between opioid use and CRP levels as other studies reported an anti-
inflammatory effect of opioids [223–225]. For example, a study investigating the
CRP levels in OUD patients undergoing methadone maintenance treatment (MMT)
found significantly lower CRP levels after a 12-week MMT [206]. Inconclusive
findings have been found between CRP and cocaine use disorder [226]. Therefore,
further studies should be carried out in order to better understand whether CRP may
be helpful as biomarkers in SUD and/or AUD.
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7.11 COVID-19-Related Psychopathology

As the current COVID-19-related pandemic significantly increased the emergence of
studies specifically addressed on inflammatory and immune system impairment in
patients affected by COVID-19, it would be interesting to evaluate if any study
deepened COVID-19-related inflammatory status and psychiatric disorders, as
patients affected by COVID-19 frequently manifested de novo depressive disorders,
PTSD, OCD and anxiety disorders or recurrence of previously diagnosed psychiatric
conditions [227–229]. COVID-19 infection may induce an overproduction of
pro-inflammatory cytokines which could be indirectly related to neuropsychiatric
symptomatology onset [228, 229]. Furthermore, within the context of COVID-19
infection, an increase in CRP concentration is often described [228, 230] and it may
be related with the development of severe COVID-19 disease and poor prognosis
[231–233]. However, CRP would seem to be involved in the neuropsychiatric
symptoms related to COVID-19 infection. In fact, some studies reported a significant
association between peripheral inflammatory biomarkers and mental conditions
among patients affected with COVID-19, particularly in depressive patients who
have been positively correlated with elevated CRP levels [227, 234], even though
another study did not report any association between CRP and post-COVID depres-
sion at the third month of follow-up [235]. Every 50 mg/L CRP increase has been
associated with a higher risk of delirium onset in a sample of patients aged 65 years
and older affected with COVID-19 [236]. Further studies reported a significant
correlation between CRP levels and long-term cognitive impairment [237], with
poor verbal fluency and executive function [238], as well as poor sustained attention
[239], in COVID-19 patients. Therefore, this preliminary evidence may help in
guiding further research studies for investigating whether CRP may be a biomarker
of post-COVID depression.

7.12 Conclusion

Although several studies investigated the role of inflammatory biomarkers in periph-
eral blood in psychiatric conditions, it is still unclear whether there is a causal
association between an inflammatory dysregulation and the development of a psy-
chiatric disorder. However, measuring peripheral CRP as part of routine clinical
assessment could be highly useful, because it would allow to identify a subgroup of
patients in whom there is a low-grade inflammatory state, which has been
demonstrated in some studies to be significantly correlated with a more severe,
earlier onset, a different clinical course and prognosis and a higher percentage of
treatment resistance of some mental illnesses. However, as these preliminary
findings mainly come from extremely heterogeneous methodological studies with
often small sample size and missing a control group, further larger longitudinal and
randomized controlled studies should be implemented before drawing up clear and
definitive clinical and therapeutic strategies. Overall, one could argue that clearly
identifying a sensitive and specific biomarker (e.g. CRP) may potentially help
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clinicians in identifying a subset of psychiatric patients who are more likely to
benefit from anti-inflammatory and/or immunomodulatory treatments.
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Abstract

Major depressive disorder (MDD) is one of the most prevalent disorders and
causes severe damage to people’s quality of life. Lifelong stress is one of the
major villains in triggering MDD. Studies have shown that both stress and MDD,
especially the more severe conditions of the disorder, are associated with inflam-
mation and neuroinflammation and the relationship to an imbalance in tryptophan
metabolism towards the kynurenine pathway (KP) through the enzymes
indoleamine-2,3-dioxygenase (IDO), which is mainly stimulated by
pro-inflammatory cytokines and tryptophan-2,3-dioxygenase (TDO) which is
activated primarily by glucocorticoids. Considering that several pathophysiologi-
cal mechanisms of MDD underlie or interact with biological processes from KP
metabolites, this chapter addresses and discusses the function of these
mechanisms. Activities triggered by stress and the hypothalamic-pituitary-adre-
nal (HPA) axis and immune and inflammatory processes, in addition to epigenetic
phenomena and the gut-brain axis (GBA), are addressed. Finally, studies on the
function and mechanisms of physical exercise in the KP metabolism and MDD
are pointed out and discussed.
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8.1 Introduction

Major depressive disorder (MDD) affects 300 million people worldwide. It
contributes to suicides and morbidity, causing a significant loss of quality of life
[1–3]. Depressive people are at high risk of committing suicide, one of the leading
causes of death worldwide [1]. The disturbance of serotonin (5-HT) metabolism in
the brain is linked to MDD, suicide, and alcohol use disorder [4].

Monoaminergic and glutamatergic neurotransmission and the immune system are
biological systems involved in the pathophysiology of MDD. A range of studies has
shown that the kynurenine pathway (KP) is an intersection point in the relationship
between these three systems. Neuroactive KP metabolites are involved in the
interface between immune function and serotonergic neurotransmission,
culminating in the positive or negative modulation of glutamatergic neurotransmis-
sion and, thus, inducing neuroprotection or neurotoxicity. The literature provides
evidence that an imbalance in KP metabolites is involved in several neuropsychiatric
disorders, including MDD [5].

Tryptophan (TRP) is an essential amino acid. That means it is not synthesized in
the human body. This amino acid is present in foods such as eggs, milk, meat,
soybean, potatoes, and cereals. After absorption, it is carried with albumin (80–90%)
and free form in the blood. TRP is related to appetite, sleep-wake rhythm, and pain
perception [6].

Kynurenine (KYN) is a metabolization product of L-tryptophan (L-Tr). Similarly,
5-HT is another product of L-Tr metabolization, which is initially converted to
5-hydroxytryptophan and then to 5-HT. The proportion of 5-HT and KYN after
these two different pathways is, respectively, 5% and 95%. The imbalance of this
proportion is related to the pathogenesis of depressive-related disorders mediated by
5-HT deficiency. Both substances are produced centrally and peripherally [7, 8].

The KP is the primary degradation pathway of TRP and plays a role in the
immune response as it comprises compounds that play a role in the nervous system.
These substances have neuroprotective or neurotoxic effects. Under physiological
conditions, substances related to the KP present a balance between neuroprotective
and neurotoxic activities, but in cases of stress and exacerbated immune activation,
there is an imbalance that increases the excitotoxic activity of metabolites in the
N-methyl-D-aspartate (NMDA) receptor [9].

Studies emphasize that the link between inflammation markers and activation of
the KP is enhanced in cases where the immune system has exacerbated activation.
With an overactive immune system, a high rate of pro-inflammatory cytokines is
released, which have as one of their functions to stimulate the conversion of TRP to
KYN in the periphery. The KYN crosses the blood-brain barrier (BBB), increasing
pro-inflammatory substances and KYN metabolites in the central nervous system
(CNS). Thus, creating a vicious and harmful cycle for body homeostasis can
culminate in various illnesses and psychiatric disorders, as MDD [10].

Neuronal plasticity is a neuronal adaptation mechanism, and its function is
affected by MDD. The exacerbated immune activation present in the disorder’s
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pathophysiology causes alterations in the function of the hippocampus, prefrontal
cortex (PFC), and amygdala and in the glutamate and glucocorticoid pathways [11].

Several mechanisms related to the KP are inherent to the pathophysiology of
MDD, such as the stimulation of the immune system and the effects on neuronal
plasticity. The changes in brain plasticity seem to be one of the main
morphophysiological processes in depression. Therefore, this study considers the
mechanisms that interact or are underlying stress, KP metabolism, and its relation-
ship with MDD.

8.2 Kynurenine Pathway

Among the theories that try to explain the pathophysiology of MDD are monoamin-
ergic and inflammatory. These two theories are not watertight. In the KP, monoam-
inergic and inflammatory mechanisms are related by some intersections [12]. In the
KP, indoleamine-2,3-dioxygenase (IDO), which can be found in extrahepatic
tissues, including the brain, together with tryptophan-2,3-dioxygenase (TDO), is
responsible for degrading the TRP [13]. IDO can be stimulated by pro-inflammatory
cytokines, lipopolysaccharides (LPSs), and free radicals [14, 15] whereas TDO is
mainly activated by glucocorticoids [14] and is restricted to liver tissue [16]. Periph-
eral cell-mediated immune activation and inflammation may cause microglial acti-
vation with increased levels of pro-inflammatory cytokines [14].

The activity of the IDO or TDO enzymes promotes the transformation of TRP
into N-formylkynurenine (NFK) [13], which is metabolized by formamidase, the
second enzyme in the KP to produce KYN [17, 18]. KYN metabolism occurs mainly
in astrocytes and microglia, each of which leads KYN to follow a different pathway,
considering that the kynurenine monooxygenase (KMO) is expressed in microglia
but not in astrocytes [19], and kynurenine aminotransferases (KATs) enzymes are
expressed in astrocytes but not in microglia [20].

Through the action of KATs, KYN undergoes irreversible transamination to form
kynurenic acid (KYNA) [20]. Four KATs appear to catalyze the KYN reaction to
KYNA. However, KAT II is believed to be the major biosynthetic enzyme
[21, 22]. KYNA is a glutamatergic NMDA receptor antagonist [17, 23, 24] and is
therefore considered a neuroprotective metabolite [25, 26]. However, the activity of
KATs does not appear to be able to compete with the other arm of the KP, the direct
pathway for the production of quinolinic acid (QA), by transforming KYN into its
metabolites [18].

KYNA is a competitive broad-spectrum glutamate receptor antagonist, inhibiting
all three ionotropic excitatory amino acid receptors (NMDA, kainate, and AMPA)
[27]. This metabolite also has a greater affinity for the glycine obligate co-agonist
site of the NMDA receptor [28]. Besides, KYNA is a noncompetitive α7 nicotinic
acetylcholine (ACh) receptor inhibitor [29]. Given this, increased concentrations of
KYNA decrease extracellular levels of glutamate and dopamine in various regions of
the rat brain [30–32]. In addition, KYNA regulates the ACh levels in the medial PFC
of male rats, thereby showing the ability to attenuate extracellular ACh levels [33].
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By another KP, KMO and kynureninase (KYNU) catalyze the degradation of
KYN to 3-hydroxykynurenine (3-HK) and anthranilic acid (AA), respectively
[34, 35]. 3-HK can stimulate the production of reactive oxygen species (ROS) and
cellular apoptosis [36, 37]. In the CNS, 3-HK conversion occurs mainly in microglia,
where it will later be transformed into 3-hydroxyanthranilic acid (3-HAA) by the
action of KYNU, considering that KYNU preferentially recognizes 3-HK
concerning KYN, thus catalyzing the formation of 3-HAA [18, 38]. 3-HAA
generates highly reactive hydrogen peroxide and hydroxyl radicals [39]. After the
production of 3-HAA, there are two possible degradation pathways. One pathway
proceeds with the complete oxidation of 3-HAA to form adenosine triphosphate
(ATP) and a small amount of picolinic acid (PA) through the action of 2-amino-3-
carboxymuconate-6-semialdehyde decarboxylase (ACMSD). The other pathway
promotes the oxidation of 3-HAA by 3-hydroxyanthranilic acid oxidase (3-HAO)
into 2-amino-3-carboxymuconic semialdehyde (ACMSA). ACMSA spontaneously
is converted to QA [40, 41]. QA is responsible for selectively activating NMDA
receptors, and thus, persistent activation of excitatory neurons causes excitotoxicity
[42]. QA is processed by quinolinic acid phosphoribosyltransferase (QPRT) to the
nicotinamide adenine dinucleotide + (NAD+) precursor nicotinic acid mononucleo-
tide (NAMN) [43–45]. Then, through a reaction catalyzed by NAMN
adenylyltransferases (NMNATs), the NAMN is converted to nicotinic acid adenine
dinucleotide (NAAD). Finally, through the action of glutamine-dependent NAD+
synthetase (NADsyn), the NAAD metabolite is converted to NAD+ [40]. KP is
summarized in Fig. 8.1.

Thus, KP inhibition can be therapeutic in neuroinflammatory situations by
reducing the production of excitotoxins such as QA. From KP, 3-HK is responsible
for generating free radicals and causing neuronal apoptosis. In its turn, 3-HAA
generates highly reactive hydrogen peroxide and hydroxyl radicals. The QA selec-
tively activates NMDA receptors, promoting high concentrations of extracellular
glutamate and persistent activation of excitatory neurons, causing excitotoxicity.
Given this, the accumulation of QA can result in neuronal excitotoxicity and
selective apoptosis of astrocytes. Thus, it can subsequently promote neurodegenera-
tive changes, making them susceptible to MDD [16, 46, 47].

Glutamate reuptake occurs through excitatory amino acid transporter 2 (EAAT2),
the leading glutamate transporter in the brain, predominantly expressed in astrocytes
[48]. In astrocyte cell cultures, QA decreased glutamate uptake, contributing to
increased extracellular concentrations, collaborating with the super stimulation of
the glutamatergic system [45]. From activation of NMDAR, Na+ and Ca2+ influx
occur, increasing Ca2+ cytoplasmic levels and uptake in the mitochondria. Elevated
mitochondrial Ca2+ levels can induce ROS rise and inhibit ATP generation
(Fig. 8.2) [49].

On the other hand, KP metabolism can also be cytoprotective through intracellu-
lar NAD+ synthesis [50]. In genomic DNA, poly-(ADP-ribose) polymerase (PARP)
are DNA-binding enzymes, particularly PARP-1, activated by free radical-mediated
DNA strand breaks and play a crucial role in excision repair. NAD+ is the sole
substrate for the PARP [51, 52].
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Fig. 8.1 Kynurenine pathway: tryptophan (TRP) is degraded either by indoleamine-2,3-
dioxygenase (IDO), in extrahepatic tissues, or by tryptophan-2,3-dioxygenase (TDO), in the liver.
These two enzymes convert TRP into N-formylkynurenine (NFK), which is metabolized by
formamidase to form kynurenine (KYN). In astrocytes, kynurenine aminotransferases (KATs)
catalyze KYN to kynurenic acid (KYNA), the neuroprotective metabolite. In this pathway,
anthranilic acid (AA) is also formed by kynureninase (KYNU). In addition, in microglia,
kynurenine 3-monooxygenase (KMO) converts KYN in 3-hydroxykynurenine (3-HK). Subse-
quently, 3-HK is transformed into 3-hydroxyanthranilic acid (3-HAA) by KYNU. 3-HAA can be
oxidized to either picolinic acid (PA) or 2-amino-3-carboxymuconic semialdehyde (ACMSA) by
2-amino-3-carboxymuconate-6-semialdehyde decarboxylase (ACMSD) and 3-hydroxyanthranilic
acid oxidase (3-HAO), respectively. Then ACMSA spontaneously converts to quinolinic acid
(QA). QA is processed by QA phosphoribosyltransferase (QPRT) to the NAD+ precursor nicotinic
acid mononucleotide (NAMN), which is then converted to nicotinic acid adenine dinucleotide
(NAAD) via NAMN adenylyl transferases (NNMATs). Finally, through the action of glutamine-
dependent NAD+ synthetase (NADsyn), the NAADmetabolite is converted to NAD+. Images were
extracted from the BioRender app
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Fig. 8.2 Quinolinic acid and glutamate after microglial activation induced by pro-inflammatory
cytokines, increased quinolinic acid (QA) levels can be found in the extracellular domain. The
release of kynurenic acid (KYN), the glutamatergic N-methyl-d-aspartate (NMDA), receptor
antagonist, happens in astrocytes. QA activates the NMDA receptor. QA also inhibits the glutamate
reuptake by astrocytes carried out through excitatory amino acid transporter 2 (EAAT2), increasing
extracellular glutamate. QA and glutamate are then free to stimulate the NMDA receptor repeatedly.
Thus, there is an increase in calcium (Ca2+) and sodium (Na+) influx. Elevated cytoplasmic levels of
Ca2+ can induce mitochondrial Ca2+ uptake, stimulating the production of reactive oxygen species
(ROS) while inhibiting the production of adenosine triphosphate (ATP) and leading to cells
apoptosis and damaged neural plasticity. Images were extracted from the BioRender app

8.3 Kynurenine Pathway and Inflammation

The currently most accepted hypothesis supports the claim that metabolites of the
KP are related to inflammation associated with depression through their effect on
glutamate receptors in the brain [53]. Another mechanism related to KP and MDD
involves IDO, which mediates the production of pro-inflammatory substances for the
breakdown of TRP in KYN both in the periphery and in the CNS [23]. The
substances produced by KP have different functions in the immune system. AA
and KYNA have anti-inflammatory functions, and QA is a pro-inflammatory sub-
stance that stimulates mitochondrial dysfunction, cell death, apoptosis, energetic
deficit, and lipid peroxidation, among other neurotoxic mechanisms [42].

LPS induces the expression of pro-inflammatory cytokines that activate IDO1,
causing a sustained immune activation, culminating in depression, anxiety, or
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cognitive deficits. The chronic inhibition of IDO1 or TDO2 seems to reverse the
effects induced by LPS [54].

The CSF of patients with an acute neuroinflammatory disease had higher KYN,
QA, and AA levels and lowered TRP, 3HAA, and KYNA. Furthermore, the nitric
oxide (NO) pathway and neopterin were also altered in patients compared to
controls. In the NO pathway, the levels of arginine and citrulline were decreased,
and asymmetric dimethylarginine and argininosuccinic acid were increased. The
neopterin was significantly elevated [55].

NO and neopterin are substances present at high levels in neurological diseases
with inflammatory mechanisms. There is a correlation between elevated neopterin
and the KYN/TRP ratio in serum and CSF [56, 57]. The levels of neopterin and
interferon (IFN)-γ inducible protein of 10 kDa (IP-10) stimulates IFN-γ activity,
which is shown to activate the KP in patients with acute CNS infection, mainly
mediating neurotoxic effects [58]. Individuals with advanced Parkinson’s have
increased neopterin formation and increased TRP degradation, corroborating the
hypothesis of a relationship between the two pathways [56].

IDO mediates the depletion of TRP in the KP through IFN-γ. An in vitro study on
the human epithelial cell line RT4 found that INF stimulation inhibited the growth of
Staphylococcus aureus mediated by IDO, an effect abolished by endogenous
NO. Both endogenous and exogenous NO reduce the IDO level in RT4 cells. This
effect does not occur due to a decrease in IDO gene transcription or mRNA stability
but because NO production leads to degradation accelerated IDO in the
proteasome [58].

In an experimental human protocol, healthy individuals submitted to an immune
challenge presented depressive symptoms and increased KYN, TRP, KYNA, IL-6,
and TNF-α in parallel to a higher plasma IDO function measured by KYN/TRP
ratio [59].

Bipolar disorder (BD) is a condition involving the immune system’s chronic
activation. Some individuals do not respond to the traditional treatments available
and are then diagnosed with treatment-resistant bipolar depression (TRBDD).
Individuals TRBDD were treated with a combination of escitalopram and the
cyclooxygenase-2 (COX-2) inhibitor celecoxib (CBX) as an add-on. The research
results suggest high levels of IL-1β in TRBDD individuals, culminating in an
increase in pro-inflammatory cytokines through the COX-2 pathway with activation
of KP [60].

Chronic low-grade inflammation is present in individuals with primary hyper-
parathyroidism. A cross-sectional survey found that individuals with primary hyper-
parathyroidism without other acute diseases have KP activation. Circulating
concentrations of KYN and QA were related to C-reactive protein. A critical
relationship occurred between TRP, KYN, and QA with echocardiographic
parameters of cardiac remodeling, an important alteration present in individuals
with primary hyperparathyroidism. High QA levels were associated with the left
ventricular mass index, left ventricular hypertrophy, and left atrial volume
index [61].
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It is possible to verify that several inflammatory diseases are related to alterations
in KP and their respective metabolites. It is considered a key mechanism for
developing and progressing the diseases mentioned above and MDD.

8.4 Stress and Hypothalamic-Pituitary-Adrenal (HPA) Axis
and Kynurenine Pathway

Psychosocial stress is one of the risk factors for mood disorders. Stressful aversive
stimuli are involved in the complex mechanisms of MDD pathogenesis
[62, 63]. Acute stress increases blood levels of chemokines and cytokine [64]
whereas chronic stress promotes the sensitization of inflammatory responses to stress
[65]. Blood levels of pro-inflammatory monocytes and cytokines are increased from
psychosocial stress. In addition, stress also increases monocyte circulation to the
brain and microglial activation in the amygdala, hippocampus, and prefrontal cortex
[15, 66, 67].

Stress can affect the activity of enzymes that regulate the KP [68]. Among the
enzymes is IDO, which is upregulated by pro-inflammatory cytokines such as TNF-
α, IFN-γ, and IL-6 [14, 68, 69]. The association of stress with inflammation,
increasing IDO activity, culminates in increased KYN levels and reduced availabil-
ity of TRP for the 5-HT pathway [65].

Some studies provide evidence on the relationship of KP hyperactivity with
stress-related disorders such as MDD [14, 70–75]. Rats subjected to acute stress
showed alterations in the gene expression of enzymes that regulate the KP in a
regionally dependent manner. There was an increase in IDO, KMO, and KYNU
mRNA expression in the amygdala after exposure to acute stress. A reduction in
KYNU mRNA gene expression was observed in the medial prefrontal cortex. An
increase in TDO mRNA expression was observed in the hypothalamus of rats after
exposure to acute stress. On the other hand, there was a reduction in the expression
of TDO mRNA in the hippocampus. The identification and understanding of these
regional differences regarding the KP can provide further elucidation about the
dysregulated mechanisms in MDD and other stress-related disorders [76].

Chronic moderate stress (CMS) in rats culminated in depressive-like behavior.
Additionally, stressed animals showed an increase in TNF-α and IL-1β levels and
IDO expression in the frontal cortex. CMS animals also showed increased QA
levels, indicating an increase in IDO activity [12]. Chronic psychosocial stress in
mice, through a protocol of chronic social defeat (CSD), induced higher blood levels
of TNF-α, IFN-γ, KYN, 3-HK, and KYNA. KYN and 3-HK levels also increased in
the amygdala and hippocampus of stressed animals. Inhibition of IDO reversed
CSD-induced levels of KYNs [65].

Stress-induced activation of the HPA axis [76] results in the release of
glucocorticoids from the adrenals which can lead to the induction of TDO upon
activation of intracellular glucocorticoid receptors (GR) [77].

There is an increase of TDO activity after dexamethasone administration in
hepatocytes [78] and a lowering of TRP availability [79]. A meta-analysis knew
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that depressive individuals had reduced levels of TRP compared with nondepressed
individuals [80]. In a study with dates of depressed individuals involving the
analyses of KYN levels, TRP, and cortisol, no differences between KYN, TRP, or
KYN/TRP ratio in depressive versus nondepressive individuals were found. How-
ever, there was found enhancement of evening cortisol in individuals with decreased
KYN/TRP ratio in the total sample. The hypothesis for this phenomenon is that the
enhanced levels of cortisol cause glucocorticoid resistance, downregulating gluco-
corticoid receptor and then reducing the signalization to increase TDO by cortisol
[81, 82]. However, this is just theoretical analysis, and then more studies are
necessary to support this hypothesis.

For individuals with high cognitive reactivity marked as dysfunctional cognition
after stressful circumstances or sad mood, the supplementation with TRP-rich
hydrolyzed protein reduces the negative mood response to stress and the levels of
cortisol after stress exposure [83].

In suicidal MDD patients, lower TRP levels and increased KYN/TRP rates were
observed compared to healthy controls and non-suicidal MDD. MDD without
suicide risk also presented an increased KYN/TRP rate than controls. Plasma levels
of KYN were higher in patients with a history of suicide attempts. Plasma cortisol
levels were significantly higher in MDD patients with and without suicide risk and
were positively correlated with KYN levels and the KYN/TRP ratio [84]. In suicidal
MDD patients, cytokine activation markers were positively correlated with the
KYN/TRP rate [75].

Still considering the relationship of the HPA axis with the KP, it is interesting to
observe the studies in which healthy male volunteers were treated acutely with
gamma-hydroxybutyrate (GHB), a GABA metabolite and GABAB receptor agonist,
which is used in narcolepsy. In the morning, after nocturnal administration, subjects
treated with GHB had reduced KP metabolites such as KYN, KYNA, 3-HK, QA, as
well as reduced 3-HK/KYNA rates and cortisol-awakening response. Thus, GHB is
suggested as a potential stress reducer and antidepressant [85]. It was hypothesized
that GHB decreases cortisol levels by anti-unknown depressant mechanisms and
lowers inflammatory cytokines like IFN-γ and TNF-α, reducing TDO and IDO,
respectively [78, 85, 86]. The relationship of stress with the HPA axis and KP and
inflammation and depression is illustrated in Figs. 8.3, and 8.4.

8.5 Kynurenine Pathway and Major Depressive Disorder

Protocols for studies in humans with MDD have observed imbalances in the KP,
often with an increase in neurotoxic metabolites, associated with an increase in
inflammatory markers. MDD inpatients had reduced levels of KYNA and mean TRP
index, in addition to an increase in TRP degradation and a reduction in
neuroprotective rate, measured by plasma KYNA levels over KYN levels. In the
same series of studies, the authors found that the neuroprotective rate increased after
6 weeks of antidepressant treatment, but only in patients admitted after the first
depressive episode [47]. Still considering the imbalance of the KP pathway, a recent
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Fig. 8.3 Stress and kynurenine pathway: the hypothalamic-pituitary-adrenal (HPA) axis is
increased by stress, raising the release of corticotrophin release hormone (CRH), which in turn
activates the secretion of adrenocorticotrophin hormone (ACTH) by the pituitary. ACTH then
stimulates the secretion of glucocorticoids from the adrenal cortex. The glucocorticoid increases the
tryptophan-2,3-dioxygenase (TDO) activation. TDO metabolizes tryptophan to kynurenine, which
is then converted to kynurenic acid (KYNA) by kynurenine aminotransferase (KAT) or
3-hydroxykynurenine by kynurenine monooxygenase (KMO). 3-hydroxykynurenine (3-HK) is
further metabolized to anthranilic acid (AA) or 3-hydroxyanthranilic acid (3-HAA) by
kynureninase (KYNU). 3-HAA can be oxidized to 2-amino-3-carboxymuconic semialdehyde
(ACMSA) by the action of 3-hydroxyanthranilic acid oxidase (3-HAO). Then ACMSA spontane-
ously is converted to quinolinic acid (QA). Images were extracted from the BioRender app

meta-analysis highlights the shift in the metabolization of the pathway, showing that
there is an increase in KYN over TRP and an increase in neurotoxic, to the detriment
of neuroprotective metabolites [87].

The KP appears to be involved with the suicide risk or attempted in depressed
patients. Adolescents who attempted suicide showed reduced levels of TRP and
higher levels of KYN than TRP [88]. These results indicate a strong relationship
between the KP and suicidal behavior in patients with MDD. The enzyme ACMSD
appears to protect against suicidal behavior through a balance of KYN metabolites.
ACMSD activity reduces the formation of QA through a competitive synthesis of the
neuroprotective metabolite PA. One study observed that individuals with suicidal
behavior had lower PA levels and a lower PA/QA rate, both in peripheral blood and
CSF. Individuals with the genotype for lower ACMSD expression had a higher
prevalence of suicide attempts associated with higher levels of QA in the CSF [89].

Electroconvulsive therapy (ECT) is considered the standard gold treatment for
acute and treatment-resistant depression (TRD), as it controls the increased func-
tional connectivity of specific neural networks present in disorder [90]. ECT
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Fig. 8.4 Kynurenine pathway and neuroinflammation and depression: tryptophan-2,3-
dioxygenase (TDO) is mainly activated by glucocorticoids, whose release increases in situations
of stress and depression. Peripheral cell-mediated immune activation promotes pro-inflammatory
cytokines release. These cytokines stimulate indoleamine-2,3-dioxygenase (IDO) and can also
stimulate microglial activation, increasing pro-inflammatory cytokines levels in the central nervous
system (CNS). IDO and TDO exacerbated stimulation shifts metabolism to the kynurenine pathway
(KP) at the expense of the serotonin pathway. The increase in kynurenine (KYN) levels in these
situations can increase quinolinic acid (QA) and decrease kynurenic acid (KYNA). QA activates
N-methyl-D-aspartate (NMDA) receptor and increases extracellular glutamate, leading to neuro-
toxicity. Peripheral QA cannot cross the Blood-Brain Barrier (BBB) under physiological conditions
but inflammation can disrupt the BBB, opening the way for the peripheral QA into the CNS. The
CNS QA accumulation can result in neuronal excitotoxicity as it is also capable of stimulating
mitochondrial dysfunction, cell death, apoptosis, energetic deficit, lipid peroxidation, among other
toxic mechanisms. Thus, the imbalance in tryptophan metabolism contributes to the triggering and
severity of depression. Images were extracted from the BioRender app

decreased plasma levels of QA, KYN, and TRP in TRD patients. Besides, the
QA/KYNA ratio significantly decreased in TRD patients from ECT [91]. This
evidence suggests that the balance of KP metabolites is a mechanism involved in
the ECT therapeutic effect.

Women diagnosed with peripartum depression had increased plasma levels of
IL-6 and IL-8 and reduced 5-HT, IL-2, and QA. These changes were also associated
with the severity of symptoms and increased risk of suicide, indicating that the
pathophysiology of peripartum depression involves dysregulation of the immune
system and, inherently, of the KP [92].

Some studies provide evidence that alterations in the KP are underlying the brain
gray matter volume and neural circuits changes in MDD individuals [93]. A study
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with magnetic resonance imaging (MRI) scan observed that MDD subjects had a
reduction in the thickness of areas of the medial prefrontal cortex (mPFC), concomi-
tantly with a reduction in the serum concentrations rate of KYNA/3HK and log
KYNA/QA, suggesting that an imbalance between neuroprotective and neurotoxic
metabolites of the KP are related to the loss of brain gray matter [94]. In another
study, researchers observed lower hippocampal and amygdala volume and lower
serum KYNA/3HK and KYNA/QA rates in unmedicated MDD subjects. The
KYNA/QA rate was negatively correlated with anhedonia and positively correlated
with hippocampal and amygdala volumes, suggesting dendritic atrophy and anhe-
donia associated with depression, from an imbalance between neuroprotective and
neurotoxic metabolites of KYN [73].

In addition to contributing to structural and functional impairments and mood
changes, the KP metabolism is involved with cognitive deficits and sleep disturbance
associated with MDD.Women with MDD had a negative association between verbal
learning and KYN levels. Furthermore, processing speed and verbal and visual
learning were negatively correlated with the KYN/TRP rate [95]. Sleep disturbances
in MDD subjects were associated with reduced KYNA/QA and increased C-reactive
protein levels in the serum of patients [96].

Considering that neurotoxic metabolites of the KP are related to suicide risk, it is
also essential to observe the studies, which suggest that these metabolites and the
imbalances towards possible neurotoxicity are associated with higher inflammatory
markers present more frequently in melancholic symptoms that appear in severe
depression with psychotic and suicidal features. In this sense, the studies by
Milaneschi et al. [97] observed that plasma KYN and QA levels, as well as
KYN/TRP, QA/KYN, and QA/KYNA rates, were positively associated with TNF
and CRP, which were higher in individuals with melancholic symptoms and atypical
symptoms related to energy. These results align with results from other studies,
which showed a reduction in KYNA and the KYNA/QA ratio in depression with
psychotic characteristics [98].

In patients diagnosed with MDD and not medicated, KYN was increased in
plasma and cerebrospinal fluid (CSF) associated with increased levels of plasma
tumor necrosis factor (TNF). A higher level of KYN concerning TRP is associated
with high levels of KYN, QA, and KYNA in the CSF. In a subgroup of individuals,
increased levels of TNF and KYN, compared to plasma TRP levels, was associated
with greater severity of depression, anhedonia, and nonresponse to treatment [53].

In a series of studies looking at individuals at high risk for MDD and mice
undergoing a chronic stress protocol, the authors observed increased serum AA
levels and decreased TRP concentrations. Based on the evidence in these studies, the
researchers suggest AA as a sensitive biomarker that can be used to detect MDD risk
in individuals from susceptible groups [99].

Studies with animal protocols also show peripheral and brain alterations in the
metabolites of the KP, associated with depressive-like behaviors. In a protocol with
an immune challenge through the administration of LPS, the dose that induced
depressive-like behavior in mice also reduced neuroplasticity in the hippocampus
and increased the neurotoxic metabolite 3-HK in the hippocampus and cerebral
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cortex [5]. Mild chronic stress in mice induced depressive-like behavior and, in
parallel, increased KP metabolism, culminating in high levels of 3HK in peripheral
blood. In the same studies, a reduction in TRP was observed in the hippocampus and
striatum of animals subjected to stress [100].

It is worth highlighting the studies that suggest KMO knockout mice as a model
that can meet the three validity criteria for a suitable MDD animal model. In these
studies, KMO knockouts showed increases in KYN, KYNA, and AA in serum and
hippocampus, in addition to a reduction in hippocampal 5-HT turnover. At the same
time, the animals showed depressive-like behavior, which was reversed after chronic
administration of imipramine and sertraline [101].

Also noteworthy are recent studies by Tanaka et al. [102] who observed a potent
antidepressant-like effect of KYNA intracerebroventricularly in mice. Worthy of
mention, KYNA seems to have interacted strongly with the 5-HT2 serotonergic
receptor; weakly with the D2, D3, and D4 dopaminergic receptors; and moderately
with the GABAergic, γ-aminobutyric acid (GABAA) receptor to exert its
antidepressant-like effect.

8.6 Kynurenine Pathway, Autonomic Nervous System,
and MDD

Stress activates the autonomic nervous system (ANS) [16, 103–105]. Dysregulation
of the ANS is one of the potential reasons for the relationship between depression
and heart problems [106–109]. In chronic stress situations, such as MDD,
the sympathetic nervous system (SNS) can be continuously activated without the
counteracting action of the parasympathetic nervous system (PNS). Thus, the
immune system can be activated, culminating in increased levels of pro-inflamma-
tory cytokines [16, 105].

Under stress, the paraventricular nucleus of the hypothalamus (PVN) increases
the release of corticotropin-releasing hormone (CRH). CRH-containing neurons
project to noradrenergic centers in the brainstem and spinal cord. Noradrenergic
nuclei send projections to preganglionic neurons, increasing sympathetic and
decreasing parasympathetic activities. Persistent sympathetic nervous system acti-
vation stimulates CRH release, culminating in an endless loop [16, 110–113].

The SNS is persistently activated in prolonged stress and MDD without SNP
antagonism. Epinephrine and norepinephrine, through α and β adrenoceptors,
increase the release of pro-inflammatory cytokines, such as TNF, IL-1, IL-6, and
IFNs. Pro-inflammatory cytokines induce IDO activity, leading to increased KYN
production from TRP. Following the KP, there is an increase in the production of
metabolites, such as 3-HK, 3-HAA, and QA [16, 113, 114].

The reduction in PNS activity culminates in an alteration in the immune response
through the cholinergic anti-inflammatory pathway. Autonomic imbalance with
reduced cholinergic activity is implicated in psychiatric disorders in comorbidities
with cardiovascular disease and significant variations in the immune system. Among
the inflammatory variations is the increased release of TNF-α. Outstanding that the



176 M. E. D. Mingoti et al.

mechanisms are not straightforward and interact with each other. Thus, an imbalance
of the KP from hyper inflammation or an imbalance of the ANS can increase KYNA
release. Although KYNA is a metabolite that provides more protection due to its
glutamatergic antagonist and anti-inflammatory action, its nicotinic cholinergic
antagonist action contributes to an increase in inflammation through the imbalance
of autonomic function [115].

8.7 Epigenetic, Kynurenine Pathway, and MDD

Mice exposed to Bacille Calmette-Guérin (BCG) exhibited increased depressive-like
behavior, but rats knocked out to the IDO gene or pre-treated with an IDO inhibitor
completely had blocked BCG-induced depressive-like behaviors. The IDO and
3-HAO mRNA expressions were increased, as well as TNF-α and IFN-γ, after
exposure to BCG. These findings suggest that an epigenetic increment of IDO and
3-HAO expression is probably mediated by TNF-α and IFN-γ [116]. Another study
observed that mice submitted to an immunological challenge with BCG exhibited
depressive-like behavior, unlike IDO1 knockout mice who submitted to the same
challenge. At the same time, wild mice had a higher number of replication-
dependent acetylated histones in microglia after recovery from inflammation than
IDO1 deficient animals. In addition to differences in posttranslational epigenetic
changes, wild-type and IDO1 knockout mice subjected to immune challenge showed
differences in the expression of several proteins, suggesting that inflammation and
microglial activation promote IDO-dependent molecular changes, which may be
responsible for the duration of depressive behavior [117].

The induction of IDO was observed in mouse microglia cell culture in the
presence of IFN-γ. When IL-4 was included in the culture containing IFN-γ, an
average of 3.2-fold in KYN concentration was observed compared to IFN-γ alone. A
synergistic action was found between IFN-γ, IL-4, and IL-13 in IDO induction. First,
neither increase in IDO was found in cultures with IL-4 or IL-13. Although, in
microglia culture with IFN-γ, an increase about sixfold was found in IDO mRNA
expression. Finally, the association IFN-γ plus IL-4 resulted in an increase of 2-fold
and IL-13, 3.2-fold compared with IFN-γ alone, showing synergic relations between
IFN-γ and anti-inflammatory IL-4 and IL-13 cytokines [118].

The tryptophanyl tRNA synthetase (TrpRS) is an enzyme that attaches TRP to
tRNA to generate proteins. The expression of this enzyme enhances in mouse
microglia with INF-γ stimulation but declines with IFN-γ plus IL-4 or IL-13. IL-4
or IL-13 alone does not influence TrpRS levels. It can be theorized that an immuno-
suppressant effect conducted by IFN-γ explains this phenomenon, which is
enhanced when IL-4 or IL-13 are linked in this formula. In inflammation situations,
IFN-γ signalizes to enhance TRP storage by increasing TrpRS, preventing TRP
deficiencies caused by IDO enhancement [119]. Nevertheless, in situations when
IFN-γ is linked with the anti-inflammatory cytokines IL-4 and IL-13, there is an
immune suppressor effect by TrpRS downregulation, reducing TRP storage and
protein synthesis, finally reducing immune cell activation, preventing auto-immune
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attack [118]. Janus kinase-signal transducer and activator of transcription
(JAK-STAT) is a pathway that acts in the cell through IFN-γ. IFN-γ links to the
JAK-STAT-1 receptor to initiate the cascade that culminates in DNA activating and
transcription, generating its effects on cells [120]. In mouse microglial cells, the
IFN-γ effect on IDO and TrpRS was mediated by JAK-STAT-1. The effects of IL-4
and IL-13 were not mediated by their JAK-STAT-6 traditional pathway [118].

A difference in enzyme production of the KP was observed according to the cell
type after stimulation. After stimulating macrophages and microglia cells, Guillemin
et al. [19] found a production of QA 20-fold greater in macrophages. This difference
appears to be related to lower expression of IDO, KYNU, and KYN hydroxylase in
microglia [19]. It was found that levels of QA increased in CSF of patients with
depressive symptoms [69]. Then, in situations of neuroinflammation, it can suggest
that the invasion of macrophages results in a more significant increase of QA, which
may culminate in depressive symptoms.

8.8 Aging, MDD, and Kynurenine Pathway

Two critical factors are involved in aging processing. First, TRP decreases in many
tissues, including the brain; second, it increases inflammatory cytokines,
characterizing the senescence-associated secretory phenotype (SASP). Braidy et al.
[50] found TRP levels in the brain, liver, and kidney of rats, decreasing over the
aging process (3, 12, and 24 months of age). On the contrary, the KYN, QA, KYNA,
IDO, TDO, and KAT increase in the aging brain (although the levels in the kidney
and liver were irregular). The supposed consequences of these finds in the brain may
be a 5-HT depletion from the low TRP levels, causing disorders like MDD. Another
possibility is the depletion of NAD+, one of the final products of KP, which acts as a
substrate for cellular energy production. Still, QA is relatively enhanced. Then, the
KYNA increase may exert some protective influence for excitotoxicity exerted by
QA on NMDA receptors [50]. On the other hand, a study with Alzheimer’s disease
(AD) subjects showed that the AD group had lower levels of KYNA than the control
group. Maybe, the relative lower KYNA levels in AD can contribute to lower
NMDA receptor activation, leading to memory loss related to AD [121].

Inflammatory cytokines can enhance the levels of QA by increasing the IDO
cellular expression. It was recently found in untreated MDD patients with poor
associative memory, a higher QA/KYNA rate. Probably the QA excitotoxic effect
from NMDA receptor activation without the KYNA antagonism causes damage in
memory [122]. In this regard, a study with elderly subjects (70–72 years) submitted
to questionnaires to measure cognitive function found an association between poor
cognitive status and high KP activation. KP activation was measured by the
KIN/TRP ratio [123].

Neurodegenerative diseases like AD, Parkinson’s disease (PD), and Huntington’s
disease (HD) are linked with MDD in terms of pathophysiological mechanisms and
high prevalence of MDD in these diseases [124–126]. In elderly patients with AD
and PD, the blood KYN/TRP is increased [56, 127, 128]. Increased KYN/TRP also
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was found in blood samples of HD patients. KYN/TRP is increased too in CSF of PD
patients [56].

Then, conditions like neuroinflammation and neurotoxicity linked with MDD,
neurodegenerative diseases, and activation of the KP can permeate all these
conditions, forming a complex link between the neuronal aggression mechanisms
related to these conditions.

8.9 Gut Microbiota-Brain Axis and Kynurenine Pathway
and MDD

The connection between the intestinal microbiota and the brain is called the gut-brain
axis (GBA). Neuronal, endocrine, and immunological pathways establish these
connections. Given this, GBA can be involved in the neurophysiology and neuropa-
thology of various diseases such as PD, AD, MDD, and autism spectrum disorder
(ASD) [129–131].

The intestinal microbiota is composed of many microbes, generally considered
commensal bacteria. These organisms serve multiple purposes in the human body
and exist in symbiosis with the host. Their prominent role is involved in the digestion
and conversion of food materials into many useful substrates, but they also play a
dynamic role in several biological functions, including strengthening the gastroin-
testinal epithelial barrier and resistance to pathogen invasion, promoting nutrient
absorption and regulation of the functionality and maturation of the host’s
neuroimmune system [132, 133]. However, the microbiota is influenced by different
external stimuli. Several animal studies suggest that maternal separation, contain-
ment conditions, crowding, heat, and acoustic stress alter the composition of the gut
microbiota. Different forms of stress can affect the GBA [129, 134–136]. These
factors can cause an imbalance between pathogenic and beneficial bacteria,
stimulating the process called dysbiosis [141, 148].

Dysbiosis can alter the permeability of the intestinal barrier, and, consequently,
bacteria and their metabolic products can cross to the periphery and activate the
immune response [149]. Dysbiosis can increase inflammatory cytokines, and bacte-
rial metabolites can alter the intestine and the BBB permeability [151, 152,
155]. With the disruption of the BBB and pro-inflammatory cytokines gaining
access to the CNS, the peripheral QA, which under physiological conditions cannot
overcome the BBB protection, reaches the CNS [142]. Consequently, a
neuroinflammatory process occurs [140, 144].

Adult rats with a standard diet were subjected to a microbiome depletion para-
digm followed by adoptive transfer of cecal plus colonic contents collected from
donor mice fed either to high-fat diet (HFD) or control diet (CD). Mice who received
the HFD microbiota showed increased anxiety and significant and selective
interruptions in exploratory, cognitive (memory), and stereotypical behavior com-
pared to those with the control diet microbiota. Mice with HFD microbiota exhibited
a significant decrease in occludin expression in the jejunum and colon and claudin-3
in the colon. As these intestinal permeability markers decrease, inflammation
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markers, such as inducible nitric oxide synthase and phosphorylation of the nuclear
factor-kappa B subunit p65, increase in the colon of HFD mice. These results
indicate increased inflammation and intestinal permeability in mice with HFD
microbiota. In the analysis of the association between markers of inflammation,
cerebrovascular integrity, and synaptic density in tissue homogenates prepared from
the medial prefrontal cortex, an increase in the expression of microgliosis was
perceived, through the expression of ionized calcium-binding adapter molecule
1 (Iba1), of toll-like receptor (TLR)-2, TLR4, and matrix metalloproteinase
(MMP)-9, while endothelial tight junction proteins (zonulae occludents protein
(ZO)-1 and claudin-5) and phosphorylated synapsin-1 (P-Synap) were decreased
in HFD mice. These results contribute to other suggestions that alterations in the
microbiota can increase neuroinflammation and interrupt cerebrovascular
homeostasis [139].

Despite some studies linking GBA with neuroinflammatory and behavioral
changes, the literature lacks research on the involvement of KP and the interaction
of GBA and KP in MDD. This shortage is a significant gap to be considered in new
studies.

8.10 Kynurenine Pathway and Physical Exercise and MDD

Among the risk factors for developing MDD are obesity and a sedentary lifestyle. As
a result, regular physical exercise can help reduce the risk of developing the disease,
in addition to helping to control when depression is established. The practice of
physical exercise has benefits on mental health, in addition to causing preventive and
therapeutic benefits related to psychiatric disorders. A cross-sectional survey
supported the argument that physical exercise is a protective factor in the develop-
ment of MDD, emphasizing a higher risk of developing the disorder in individuals
with higher body mass index (BMI) and worse health, factors that may be related to a
sedentary lifestyle [154].

Physical exercise is a strategy that has been used as a therapeutic adjuvant in
MDD and has the potential to promote neuroplasticity and improve symptoms in
both moderate depression and more severe conditions [143] in both human MDD
and animal protocols [146]. Physical exercise can be a therapeutic strategy for
patients’ refractory to classic antidepressant treatment. Aerobic exercise, adjuvant
to pharmacological therapy in treatment-resistant individuals, promoted decreasing
depressive symptoms in 26% of individuals [150].

Recent studies provide evidence that among countless mechanisms underlying
the effects of exercise in MDD is the modulation of the immune system, promoting
neuroprotective benefits [153].

Noteworthy, in older men, the practice of physical exercise increased in skeletal
muscle the transcription factors gene expression related to the KP, despite not having
altered the plasma levels of KYN [138]. These results suggest that physical exercise
can promote epigenetic changes in the KP. From this angle, it is crucial to highlight
the peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC 1α)
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gene, which is one of the genes regulated by physical exercise and that regulates the
transcriptional coactivator of peroxisome-proliferator-activated γ-receptor (PPAR-γ)
coactivator 1α. This transcriptional factor participates as a potent activator in
mitochondrial biogenesis and oxidative metabolism, promoting increased mitochon-
drial density and myofibrillar proteins in muscle fibers [145, 156, 157]. Without
neglecting several mechanisms through which PGC 1α can promote neuroprotection
and antidepressant effect [146], KP is a relevant underlying mechanism [137].

IL-6 is known as a pro-inflammatory cytokine with altered activity in patients
with MDD and related to the KP, considering that pro-inflammatory cytokines
potentiate the metabolization of TRP to the KP. IL-6 levels in patients with MDD
decreased with the practice of physical exercise concurrently with the reduction in
the severity of depression, indicating a positive effect of physical exercise in
controlling the alteration of the KP [156].

Emotionally impulsive individuals that practiced high-intensity interval training
(HIIT) 3× a week for 8 weeks presented reduced blood levels of IL-6 and KP
neurotoxic branch activity. In addition, HIIT contributed to controlling impulsivity,
while the control group only showed positive results related to emotion. Improved
impulsivity was associated with decreased IL-6 levels and increased KP
neuroprotective substances, identified by KYNA/QA and KYN/QA [147].

Considering that physical exercise is related to beneficial results in MDD and
many chronic diseases whose conditions involve inflammation or chronic hyper
inflammation [146], it is crucial to invest in more research with protocols involving
KP and other mechanisms underlying MDD.

8.11 Conclusion and Future Directions

This chapter sought to understand and discuss the results of translational and human
research whose protocols have assessed the role of KP in the pathophysiology of
MDD. Studies involving KP, or phenomena that somehow underlie or interact with
the pathway, were considered. The choice was to understand the morphofunctional,
metabolic, neuroprotective, and neurotoxic mechanisms and the underlying physio-
logical processes.

Some studies have shown that inflammation is a process that is related to MDD, at
least in some subtypes, in which anhedonia and reduced energy are more intense
symptoms and are often associated with the severity of the disorder. In this preamble,
some authors suggest that these symptoms are more related to inflammation and an
imbalance, increasing neurotoxic TRP catabolites [96]. For example, KYNA and
KYNA/QA ratio had a more pronounced reduction in MDD with psychotic features,
which are usually more pronounced in more severe conditions of the disorder [98].

It is also essential to highlight the studies, which show that a shift in KP
metabolism towards an increase in neuroprotective metabolites can protect against
suicidal behavior in severe MDD. In this sense, new studies looking for metabolites
or mechanisms will enable scientific advances on pharmacological targets or
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therapeutic strategies aimed at the disorder’s biological phenomena, which involve
inflammation and KP.

Volume reduction with dendritic atrophy and neuronal loss has been observed in
MDD, especially in more severe conditions that are refractory to available
treatments. Some studies have shown an association between inflammation and
mechanisms activated by KP with impairments in neuronal plasticity. Thus, studies
aimed at the role of KP in brain morphophysiology are extremely relevant. Further-
more, study protocols with humans and animal models that can assess epigenetic
alterations associated with polymorphisms in KP and brain morphology can provide
the elucidation of markers and mechanisms as targets or therapeutic strategies.

Still considering advancing in investigations and possibilities of targets or more
effective therapeutic strategies, it is essential to highlight the results from ECT and
physical exercise protocols, pointing to the elucidation of molecular markers in the
interaction of pathophysiological mechanisms.
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of the Pathophysiology of Bipolar Disorder
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Abstract

Bipolar disorder (BD) is a severe and chronic psychiatric disorder that affects
approximately 1–4% of the world population and is characterized by recurrent
episodes of mania or hypomania and depression. BD is also associated with
illnesses marked by immune activation, such as metabolic syndrome, obesity,
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type 2 diabetes mellitus, and cardiovascular diseases. Indeed, a connection has
been suggested between neuroinflammation and peripheral inflammatory markers
in the pathophysiology of BD, which can be associated with the modulation of
many dysfunctional processes, including synaptic plasticity, neurotransmission,
neurogenesis, neuronal survival, apoptosis, and even cognitive/behavioral func-
tioning. Rising evidence suggests that synaptic dysregulations, especially
glutamatergic system dysfunction, are directly involved in mood disorders. It is
becoming clear that dysregulations in connection and structural changes of glial
cells play a central role in the BD pathophysiology. This book chapter highlighted
the latest findings that support the theory of synaptic dysfunction in BD,
providing an overview of the alterations in neurotransmitters release, astrocytic
uptake, and receptor signaling, as well as the role of inflammation on glial cells in
mood disorders. Particular emphasis is given to the alterations in presynaptic and
postsynaptic neurons and glial cells, all cellular elements of the “tripartite syn-
apse,” compromising the neurotransmitters system, excitatory-inhibitory balance,
and neurotrophic states of local networks in mood disorders. Together, these
studies provide a foundation of knowledge about the exact role of the glial-
neuronal interaction in mood disorders.
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9.1 Introduction

Bipolar disorder (BD) is a severe and chronic psychiatric disorder that affects
approximately 1–4% of the world population [1] and is characterized by recurrent
episodes of mania or hypomania and depression [2]. BD is highly incapacitating and
associated with premature mortality. Depressive symptoms and episodes are the
most frequent cause of disability in patients with BD, and over half of patients do not
respond adequately to approved treatments for this condition, showing the need for
new classes of treatments to complement the current pharmacotherapy. In addition,
long-term BD frequently leads to enduring functional and cognitive impairment
[3, 4]. These changes occur both during the acute episodes of the disease, whether
depressive or manic, and during euthymia, a state characterized by the remission of
symptoms [5, 6]. While persistent cognitive deficits in BD are well established, there
is significant heterogeneity in the literature regarding the specific domains of cogni-
tion that are affected, and not all patients seem to be equally affected. For example,
40% of BD patients have cognitive deficits in one to two domains, 22% are affected
in three to five domains, and 38% of patients do not display any cognitive deficits
[7]. Taken together, these studies indicate very heterogeneous cognitive deficits in
some, but not all, BD patients, suggesting the possibility of subgroups existing
among BD patients.
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BD is also associated with illnesses marked by immune activation, such as
metabolic syndrome [8], obesity, type 2 diabetes mellitus, and cardiovascular
diseases [9], suggesting a connection between neuroinflammation and peripheral
inflammatory markers in the pathophysiology of BD [10]. Indeed, evidence shows a
significantly higher cytokine level in patients with BD [11], during acute mood
episodes, euthymia, and after treatment [12]. Moreover, the chronic and mild
inflammation observed in BD patients can trigger atherosclerosis, hypertension,
and diabetes [13], comorbidities described in BD, suggesting that BD may be a
multisystem disease with an inflammatory component, both peripherally and in the
CNS. Several meta-analyses reported significantly higher concentrations of
circulating pro-inflammatory cytokines such as interleukin 6 (IL-6) and tumor
necrosis factor-α (TNF-α) in BD patients [11, 13, 14]. Moreover, studies have
shown that immune system hyperactivation can be associated with modulating
many dysfunctional processes in BD, including synaptic plasticity, neurotransmis-
sion, neurogenesis, neuronal survival, apoptosis, and even cognitive/behavioral
functioning [15–18]. Immune system hyperactivation, propagated by increased
serum interleukin-1β (IL-1β) and TNF-α levels, correlates with increased risk of
depression and cognitive impairment and decreased treatment responsivity, espe-
cially to lithium. Additionally, peripheral sTNF-R1 levels positively correlate with
disease severity, decreased cognitive function, and psychotic features in BD patients
[16, 19].

Patel and colleagues [20] have suggested that the blood-brain-barrier (BBB) of
patients with BD can be impaired, facilitating the passage of pro-inflammatory
molecules from the periphery and decreasing central nervous system (CNS) protec-
tion. Furthermore, studies using neuroimaging and postmortem samples have found
that BD patients present increased neuroinflammation through excessive microglial
activation [20, 21]. Activation of glial cells dysregulates the innate immune system,
such as the complement system, scavenger, and toll receptors, causing neuronal
death [21]. In this context, this chapter aims to provide an overview of the recent
findings in the field and provide a comprehensive update on the most recent
hypotheses concerning the glial-neuronal interaction in BD.

9.2 BD and Glial Cells

Glial cells constitute between 33 and 66% of the total brain mass, depending on the
mammalian species [22, 23]. In a very simplified view, glia cells provide support and
protection for the neurons and can be subdivided into four major groups: microglia,
astrocytes, oligodendrocytes, and their progenitors NG2-glia. Microglia play an
essential role in remaining under constant surveillance, in a resting state, to protect
the brain parenchyma (for review, see) [24–26]. It is known that microglia can
exhibit two central activation phenotypes due to their high plasticity [27]. The
classical activation is known as M1, which is the mediator of pro-inflammatory
responses (hyper ramified or ameboid/phagocytic). The alternative activation,
known as M2, is responsible for resolution and repair (anti-inflammatory). Thus,
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the main functions of microglia in the adult brain are to monitor the environment and
to start an inflammatory response in case of the detection of any dangerous signal.
Microglia can also eliminate harmful debris and promote tissue repair and homeo-
stasis, partly by affecting the surrounding astrocytes and neurons [28, 29]. Microglia
can also release anti-inflammatory cytokines, enhance axonal regeneration and
neurogenesis, and promote trophic support [30, 31].

Neural immune interactions and inflammatory processes are involved in the
pathogenesis of psychiatric disorders [32]. In BD, the brain and the peripheral
blood concentrations of pro-inflammatory cytokines were increased both in preclin-
ical and clinical studies [14, 33]. It is believed that in mood disorders, there is a lack
of balance between M1 and M2 phenotypes [26, 34]. A postmortem study indicates
an increase in activated microglia density and macrophage recruitment in the cortex
of depressed patients who committed suicide [35]. Neuroimaging studies reinforce
that there is greater microglial activation in the prefrontal cortex, anterior cingulate,
and insula in patients with BD during depressive episodes compared to control
individuals [36]. The same evidence of neuroinflammation resulting from microglial
activation has also been observed in the hippocampus of individuals with BD
[37]. Pandey [38] found a significantly increased mRNA and protein expression of
TNF-α, IL-1β, IL-6, and Toll-like receptors in postmortem prefrontal cortex tissues
of suicide victims. Moreover, Pantazatos et al. [39] showed altered immune-related
gene expression in depression and suicide and lower expression of genes associated
with glial cell functions.

The microglia-mediated inflammatory processes can disrupt and damage gluta-
mate homeostasis by astrocytic functions impairment [40, 41]. The action of these
cytokines, after microglial activation, on the astrocyte occurs directly through
disrupting the reuptake of the neurotransmitters by decreasing the expression of
neurotransmitters transporters in astrocytes, increasing neurotransmitters release,
tissue metabolism, and ROS production [42], which contributes to neuronal damage
during neuroinflammation [43]. Therefore, it is believed that in BD, the immune
system is chronically activated by microglia, which makes the CNS vulnerable and
unstable to many varieties of insults, leading to mood disturbances [44]. Interest-
ingly, treatment with antidepressants appears to modulate serum concentrations of
inflammatory cytokines in individuals with mood disorders, resulting in lesser
microglial activation [45]. Lower concentrations of IL-10 and chemokines are
observed in individuals with major depressive disorder (MDD) who respond to
antidepressant treatment, especially with selective serotonin reuptake inhibitors
(SSRIs) [46, 47]. On the other hand, an increase in the concentration of inflammatory
cytokines has been demonstrated in approximately one-third of patients who do not
respond to treatment. In this sense, it is suggested that the lack of response to
antidepressant therapy is due, in part, to a dysfunction of the immune system [40].

Inflammatory cytokines also play an essential role in activating the kynurenine
pathway, which has been associated with BD. Briefly, enzymes in this pathway are
located preferentially in glial cells [48]. Microglia express kynurenine
3-monooxygenase and produce quinolinic acid, while kynurenine aminotransferase
is observed in astrocytes forming kynurenic acid. Kynurenic acid is a
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neuroprotective molecule with nonselective antagonist activity at NMDA receptors
and antioxidant properties [49]. On the other hand, quinolinic acid favors
excitotoxicity by selectively activating NMDA receptors, favoring the release of
glutamate while inhibiting the astrocytic reuptake of this neurotransmitter [49]. In
BD, studies have found a reduction in the peripheral index of kynurenic acid/
quinolinic acid, indicating a lower concentration of the neuroprotective compound
[50, 51]. Furthermore, lower plasma concentrations of tryptophan and kynurenic
acid observed in patients with mood disorders correlate with the severity of depres-
sive symptoms and could function as a biomarker with predictive diagnostic poten-
tial [52]. In the same line, Benevenuto et al. [53] showed that kynurenine metabolites
are decreased in both BD patients and unaffected BD offspring, and are associated
with depression severity symptoms, suggesting that the kynurenine pathway might
underlie the familial risk of BD shown by high-risk offspring individuals.

Astrocytes are the most abundant and highly distributed glial cells in the CNS,
which have an intrinsic relationship with neurons as they are arranged in a network
of interposed processes [54]. They act in the development and functions of the CNS,
in synaptogenesis, in the ionic homeostasis of the extracellular environment and
brain microcirculation, in the modulation of synaptic signaling, and also play an
essential role in the metabolic support of neurons [55–57]. Glutamate homeostasis is
dependent on two astrocytic functions: clearance of excess glutamate, preventing
excitotoxicity, and glutamate storage and transportation to neurons in the form of
glutamine provided by glial cells [54, 58]. Glial fibrillary acidic protein (GFAP) is a
classical astrocyte protein marker [59, 60], and it is commonly altered in the brain of
patients with BD [61], where a significant increase in GFAP expression in the
dorsolateral prefrontal cortex of patients with BD was evidential [62]. GFAP
mRNA levels have been shown to be increased in the peripheral blood of patients
with BD not treated with lithium when compared with the lithium-treated BD
patients and control subjects [63]. In an in vitro study, Vadodaria et al. [64] showed
that BD hiPSCs-derived astrocytes generated from BD patients are transcriptionally
distinct from controls and are less supportive for neuronal activity, even without
stimulation. In the same study, the authors found that the addition of IL-6 blocking
antibody in the conditioned culture medium of stimulated BD astrocytes was
sufficient to rescue the decrease neuronal activity, suggesting that secreted factors
from astrocytes play a role in regulating neuronal activity and that, in the case of BD,
IL-6 at least in part mediated the effects of inflammation-primed astrocytes on
neuronal activity. Moreover, a study showed that BD patients exhibit elevated levels
of serum S100B during manic episodes [65]. The serum increment in S100B content
represents an alteration in astrocyte activity, such as an alteration in GFAP expres-
sion. This alteration and other reported glial cells in mood disorders reinforce the
involvement of astrocytes in the pathogenesis of BD [66–68]. However, like in other
brain disorders, it remains to be shown whether the S100B increment reflects an
astrocytic death or an active secretion of S100B to repair neuronal damage [69, 70].
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9.3 BD and Neurons

Since the mid-twentieth century, the monoaminergic hypothesis, based on pharma-
cological studies, has been the most accepted and one of the primary explanations for
the neurobiological basis of mood disorders [71]. Therefore, mood changes, espe-
cially depressive episodes, occur due to the reduction of central levels of
monoamines serotonin (5-HT), dopamine (DA), and norepinephrine
(NE) [72]. Supporting this theory, studies have shown that low concentrations of
homovanillic acid (HVA) and 5-hydroxyindoleacetic acid (5-HIAA) in the CSF are
associated with depressive symptoms in patients with mood disorders [73–
75]. Young et al. [76] showed that although the levels of NE, 5-HT, and DA were
not different in BD brain, an increase in the NE turnover and a decrease in 5-HT
metabolites was found, suggesting an alteration in the balance of NE and 5-HT in
mood disorders. Palsson et al. [77] showed that BD patients had significantly higher
CSF levels of HVA and 5-HIAA but lower levels of 3-methoxy-4-
hydroxyphenylglycol (MHPG) when compared to controls. The same authors also
demonstrated that euthymic patients with a history of psychosis had an increased
CSF concentration of HVA, while BD patients without such history did not differ
significantly from controls [77, 78]. Furthermore, higher concentrations of MHPG in
CSF have been associated with acute mania or atypical symptoms of depression in
patients with BD [79, 80], while mood-stable patients had lower MHPG concentra-
tion [77]. Indeed, one of the main targets of current antidepressant therapies is the
modulation of these neurotransmitters, which occurs mainly through the inhibition
of reuptake or inhibition of the metabolism of monoamines [72].

However, the monoaminergic hypothesis can no longer fully elucidate the path-
ophysiology of mood disorders. The balance between excitatory and inhibitory
impulses is assumed to be essential for processing information and preserving
cognitive functions. Therefore, new therapies have been developed to modulate
the neurotransmission of gamma-aminobutyric acid (GABA) and glutamate, the
primary inhibitory and excitatory neurotransmitters, respectively [81]. The
dysregulation in the levels of these primary impulses leads to a change in neural
activity and resting state, which chronically can result in a maladaptation of these
neuronal systems, contributing to the onset of mood symptoms [82]. The exact ratio
between GABA and glutamate seems to be altered in patients with BD [83]. Unfor-
tunately, there is still no consensus on both peripheral and central levels of these
neurotransmitters in patients with mood disorders due to the difficulty of studies in
controlling the effects of medication and postmortem metabolism [84]. Even so,
patients who show a reduction in cortical GABA seem to have a more significant
cognitive impairment, especially concerning inhibitory control [85, 86]. On the other
hand, high levels of glutamate have already been observed in the prefrontal cortex of
individuals with BD [87, 88]. Furthermore, a neuropathological study showed a
significant decrease in the density of glutamate receptor ASCT-1 (neutral amino acid
transporter 1) in neurons and glial cells in BD patients compared to healthy
controls [89].
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Glutamate receptor modulators, such as ketamine, have been suggested as poten-
tial treatments for BD depression because of their rapid-acting and sustained antide-
pressant effects [90, 91]. The first study of ketamine in BD depression showed the
effect of ketamine as an adjunct to mood stabilizers (lithium or valproate) in patients.
A difference was observed within 40 min after infusion, and this improvement
remained significant through day 3 [92]. Replication of these results occurred in
2012 after infusion of ketamine demonstrated a clinical response of 79% effective-
ness [93], and on the 7th day after a single infusion of ketamine in half of the patients
with bipolar depression receiving mood stabilizers, in which treatment with
antidepressants had not had a satisfactory effect [94]. It is speculated that a single
ketamine infusion could improve neuropsychological performance independently of
its antidepressant effect [95]. Recently, a meta-analysis found higher antidepressant
response rates in patients with BD and improvement in suicidal ideation after
ketamine administration [96]. Ketamine acts on several pharmacologic targets,
having effects on glutamatergic transmission, BDNF levels, and intracellular signal
transduction, which are all perturbed in patients with BD. Moreover, ketamine also
shows beneficial effects on synaptogenesis and neuroplasticity, and the ability to
regulate inflammation [97].

9.4 Neuron-Glia Interactions in BD

The bidirectional communication between neurons and astrocytes on synapses is
called “tripartite synapse,” which comprises three cellular elements: postsynaptic
and presynaptic neurons and astrocytes [98]. There is a common agreement regard-
ing the fact that astrocytes are considered morphological and metabolic support cells
since they play a crucial role in the synthesis and reuptake of glutamate, in buffering
extracellular K+ to control neuronal excitability, in the release of gliotransmitters,
facilitating neuro-energetics, participating in cerebral inflammation, and in the
maintenance of the BBB [99, 100]. Moreover, astrocytes display dynamic signaling
with neurons and synapses by sensing the neuronal and synaptic activity through ion
channel activation and neurotransmitter transporters and receptors. Recently,
microglia have been added to the number of synaptic players, creating the “quad-
partite” synapse. As described above, microglia coordinate brain innate immunity,
displaying features characteristic of immune cells able to rapidly expand their
population, migrate to injury sites, and trigger and sustain inflammatory responses
through their chemokine and cytokine repertoire [101, 102]. Microglia interact with
neurons and astrocytes in the resting state to support and regulate brain homeostasis,
acting in excitatory and inhibitory transmission by releasing chemokines, cytokines,
purines, glutamate D-serine, ATP, and BDNF [103–108].

Growing evidence points to the hypothesis that all elements of the quad-partite
glutamatergic synapse may be altered in BD. Briefly, in glutamatergic synapses,
following presynaptic neuronal depolarization, calcium channels open, permitting
the influx of calcium and triggering synaptic vesicles loaded with glutamate, by the
vesicular glutamate transporter (vGluT) to fuse with the presynaptic membrane by
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interacting with soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNARE), creating a large opening through which glutamate is released
into the synaptic cleft [54, 109]. Upon release, glutamate binds to and activates
ionotropic and metabotropic receptors, resulting in both immediate changes in
membrane potential and sustained alterations in synaptic connectivity. Because
there are no extracellular enzymes to degrade glutamate, the only way to terminate
glutamate signaling, and to keep extracellular glutamate levels low, is through
uptake of glutamate by excitatory amino acid transporters (EAAT), especially
EAAT2, encoded by the SLC1A2 gene, on neighboring astrocytes [99, 110]. In
glial cells, glutamate is converted to glutamine catalyzed by glutamine synthetase,
which is later returned to neurons to generate glutamate, completing the
glutamate-glutamine cycle (Fig. 9.1). Thus, EAAT plays a crucial role in preventing
extracellular glutamate concentrations from reaching neurotoxic levels and recycling
glutamate at synapses by transporting glutamate into astrocytes for conversion to
glutamine [111]. In BD, studies have shown that the SLC1A2 promoter region was
hypermethylated in BD patients [112] and that the SLC1A2 polymorphisms
(rs4354668) in BD patients with low scores of adverse childhood experiences
significantly influence gray matter [113]. Besides, magnetic resonance spectroscopy
(MRS) studies have shown that patients with BD had elevated brain glutamate/
glutamine ratio [114–118].

Numerous molecular factors indicate region-specific alterations of presynaptic
functions in BD. Eastwood and Harrison [119] found that vGluT1, netrin-G2, netrin-
G1d, and netrin-G1f mRNA levels were elevated in the anterior cingulate cortex in
patients with BD. On the other hand, a decrease in the vGluT1 and netrin-G1c
mRNA expression was found in the entorhinal and temporal cortex of patients with
BD [120, 121]. Postmortem studies also indicate abnormalities in the expression of
individual SNARE proteins and regulatory proteins in the hippocampus and frontal
cortex of patients with depression and BD [122, 123]. Moreover, studies have also
found associations between mood stabilizers and presynaptic markers. Kim and
Thayer [124] showed that lithium-induced inositol depletion increases the formation
of new synapses between hippocampal neurons and an increase in fluorescent puncta
formed by the presynaptic marker synaptophysin-GFP. The same authors also
showed that the inhibition of postsynaptic NMDA receptors or presynaptic calcium
channels significantly reduced lithium-induced synapse formation, indicating that
glutamatergic synaptic transmission was required for the effects of lithium
[124]. More recently, a study showed that chronic lithium treatment significantly
reduced intracellular calcium flux in mouse cortical neurons by activating mGluR5
[125]. The same study demonstrated that chronic lithium reduced spine number and
decreased the percentage of mature spines, mature spine width, and PSD-95 puncta
intensity. Ketamine also inhibits glutamate transmission from astrocytes to neurons
and disrupts the synchronization of astrocytic slow inward currents, presumably
mediated by the extrasynaptic GluN1/GluN2B receptors [126]. Evidence from
preclinical studies also demonstrated that ketamine rapidly induces changes in the
hippocampal presynaptic machinery, including a downregulation in CaMKIIa phos-
phorylation, which consequently reduced its binding to syntaxin 1A, therefore,
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Fig. 9.1 Schematic representation of tripartite glutamatergic synapses and alterations observed in
BD. Glutamate (Glu) is synthesized in presynaptic neurons and is loaded into synaptic vesicles via
the vesicular glutamate transporter (VGluT). SNARE complex proteins mediate the fusion of
vesicles with the presynaptic membrane. After release into the synaptic cleft, glutamate binds to
ionotropic glutamate receptors (NMDA re and AMPAR) and metabotropic glutamate receptors
(mGluR1 to mGluR8) on both postsynaptic and presynaptic neurons, resulting in both immediate
changes, including membrane depolarization, activation of intracellular messenger cascades, mod-
ulation of local protein synthesis, and, eventually, gene expression. Glutamate in the extracellular
space is taken up by astrocytes through (EAAT1 and EAAT2), whose expression in astrocytes can
be upregulated by glutamate. The conversion of glutamate into glutamine is catalyzed by glutamine
synthetase and glutamine is transported back to the presynaptic neuron to be converted back to
glutamate. Studies have associated several changes in all elements of the tripartite glutamatergic
synapse in BD, not all of which are shown here. (a) Changes in the expression of vGluT (b)
abnormalities in the expression of SNARE proteins; (c) reduced glutamate clearance by EAATs; (d)
glutamate spillover, which leads to increased activation of extrasynaptic glutamate receptors,
resulting in excitotoxicity; (e) increase in the expression of the glial fibrillary acid protein (GFAP)

interfering with SNARE complex assembly, as well as a decrease in the expression
of the synaptic vesicle protein synaptotagmin I and an increase in the levels of
synapsin I in hippocampal synaptosomes [127, 128].

Additionally, evidence for glial involvement in BD has also been described.
However, findings concerning glial cells’ overall number and density in specific
subregions are contradictory [68, 129–133]. A recent meta-analysis showed findings
of glial deficits and a thinning of grey matter, as well as a reduced density of
CB-positive neurons in some layers of the dorsolateral prefrontal cortex (DLPFC),
suggesting that interneurons may be affected in BD. Studies have also described
reductions in neuronal markers in several brain regions [134, 135]. Tobe et al. [136]
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showed that dendrite length and spine density is diminished in postmortem brain
tissue from the DLPFC of patients with BD, but no changes in spine density were
observed in individuals BD patients treated with lithium. Furthermore, reductions of
parvalbumin- and somatostatin-positive interneurons in the parahippocampal area,
lateral amygdala nucleus, and thalamic reticular nucleus in BD have been described,
which could be associated with disrupting synchronization and integration of
cortico-hippocampal circuits [137–139]. Using in vitro models by differentiating
mature neurons from human-induced pluripotent stem cells (hiPSCs) derived from
BD patients with a PCDH15 (protocadherin related 15) deletion, a study found that
hi-PSCs-derived glutamatergic neurons exhibited abnormalities in dendrite and
synapse formation [140]. Using a similar in vitro model, Kim et al. [141] showed
that the expression of GAD1, the gene encoding glutamate acid decarboxylase, in
hiPSCs-derived neurons from BD patients was increased.

In view of the crucial role of aberrant synaptic plasticity involving neuronal,
astrocytic, and microglia dysfunction, Mitterauer [142] proposed a model of
imbalances in tripartite synapses in mood disorders based on a formalism of
system-balancing. Thus, the expression of astroglial receptors would determine the
imbalances of neurotransmission. Based on this model, in depression, the
upregulation of gap junctions exerts an overexpression of astroglial receptors that
cannot be activated by neurotransmitters, which leads to low Ca2+ levels and
underproduction of gliotransmitters resulting in prolonged neurotransmission. On
the other hand, in mania, the imbalance of tripartite synapses is caused by an under-
expression of gap junctions in the astroglial network and astroglial receptors, which
causes an increase in Ca2+ levels and gliotransmitters that exert shortened feedback
on the presynaptic receptors causing a shortened neurotransmission. However, this
model is mainly theoretical and must be clinically and biologically tested.

9.5 Conclusion

This compilation of evidence illustrates the relevance of synaptic dysfunction, in
particular, the role played by the tripartite or quad-partite glutamatergic synapse
(presynaptic neuron, postsynaptic neuron, and glia) in the pathophysiology of mood
disorders. However, the mechanisms leading to tripartite synapse dysregulation
remain to be determined. Thus, an increase in understanding of the role of neuron-
glia interaction in mood disorders is highly warranted. Future studies need to look at
more developmental time points, different brain regions, and synapse types and
consider the astrocyte heterogeneity. Improving our understanding of these
alterations may provide the framework to investigate the complex mechanisms
behind mood disorders and novel therapeutic options.
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Abstract

Major depression is impacted by the disruption of gut microbiota. Defects in gut
microbiota can lead to microbiota-gut-brain axis dysfunction and increased
vulnerability to major depression. While traditional chemotherapeutic
approaches, such as antidepressant use, produce an overall partial therapeutic
effect on depression, the gut microbiome has emerged as an effective target for
better therapeutic outcomes. Recent representative studies on the microbiota
hypothesis to explore the association between gut pathophysiology and major
depression have indicated that restoring gut microbiota and microbiota-gut-brain
axis could alleviate depression. We reviewed studies that supported the gut
microbiota hypothesis to better understand the pathophysiology of depression;
we also explored reports suggesting that gut microbiota restoration is an effective
approach for improving depression. These findings indicate that gut microbiota
and microbiota-gut-brain axis are appropriate new therapeutic targets for major
depression.
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10.1 Introduction

More than a century ago, Metchnikoff proposed that gut microbiota are fundamental
to alleviating mental disorders, including major depression, and supplementation
with live microorganisms improves disorders. However, his theory has been largely
ignored because of limitations, one of which posits a prevailing biological concept
that implicates aberrations in the brain and central nervous system in mental
disorders [1–3]. Current therapeutic as well as diagnostic approaches to major
depression need to be expanded and consider the complex pathophysiology of the
disorder [4–6]. A recent therapeutic approach for major depression includes antide-
pressant use for chemotherapeutic modification of the contents and density of central
neurotransmitters to modulate the activity and function of neural structures,
circuitries, and networks in the brain [7, 8]. This central neural system-targeted
chemotherapeutic approach, however, has led to high relapse and low remission
rates of depression, resulting in a considerable number of treatment-refractory
patients worldwide [9–11]. The partial efficacy of brain-targeted therapeutics
underscores the urgency to identify novel targets, such as gut microbiota, to treat
depression.

Major depression diagnosis and treatment approaches need to be reassessed with
consideration of the gut microbiota hypothesis, which carries three components of
critical importance [12–14]. The first consideration is the interplay between the gut
and brain through bidirectional communication pathways, mainly including neural
systems [11, 15–19], metabolic systems [20–22], endocrine system [23–26], and
immune system [27–32]. The brain and gut are common neural organs, known as the
central and enteric nervous systems, respectively [33, 34]. Crosstalk between the
brain and gut, also known as the gut-brain axis, using various peripheral systems,
could be a potential biomarker and a novel therapeutic target for major depression.
Second, major depression and gut-brain axis disruption are causal factors, and this
represents the aberrations in enteric live microorganisms, known as gut microbiota
[35–40]. The gut-brain axis is frequently referred to as the microbiota-gut-brain axis,
which underscores the potential role of the gut microbiota in regulating emotion and
behavior. Third, improving gut microbiota and regulating the microbiota-gut-brain
axis may lead to enhanced flexibility and operability in therapeutics for major
depression [41–44]. Gut microbiota restoration has emerged as a novel treatment
option for depression and includes various methods such as supplementation of live
microorganisms, diet regulation, and fecal microorganism transplantation
[45]. Taken together, major depression can be viewed as a mental disorder that
systemically implicates the gut and brain; gut microbiota may be a plausible
biomarker for depression, and gut microbiota restoration can be achieved through
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non-chemotherapeutic approaches. The following sections will review the gut
microbiota hypothesis in detail, with representative research findings for the afore-
mentioned three premises, to improve understanding of the gut microbiota and
microbiota-gut-brain axis as potential treatment targets for major depression.

10.2 Major Depression: A Gut-Brain Axis Disorder

The gut-brain axis is a bidirectional pathway that transfers signals between the gut
and the brain. It connects the gut and brain through multiple peripheral routes,
including the neural, endocrine, metabolic, and immune systems (Fig. 10.1).
According to the gut microbiota hypothesis, the gut microbiota regulates the brain
through the gut-brain axis, which is also referred to as the microbiota-gut-brain axis,
to emphasize the role of the microbiota in regulating the brain and multiple periph-
eral systems. For example, gut microbiota regulate the growth and functions of the

Fig. 10.1 Microbiota-gut-brain axis defects that contribute to major depression. Microbiota-gut-
brain axis defects are major pathophysiology contributors and potential therapeutic targets for major
depression. The defects simultaneously impact brain and gut microbiota. The blue boxes indicate
therapies that can restore gut microbiota, while the red boxes indicate risk factors for major
depression
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gut neural systems [35–38], maintain the immune systems [46–48], develop and
facilitate maturation of the HPA axis [49–52], and contribute to construction of the
blood-brain barrier [53], neurogenesis [54], neuroglia function [55, 56], neurotrans-
mitter synthesis [46–52, 57], myelination [58], and growth of the brain [41, 48, 59,
60]. Hence, gut microbiota are a key component of the gut-brain axis, and restoring
the microbiota may ameliorate gut-brain axis dysfunction and aberrations in the
neural, endocrine, immune, and metabolic systems.

Major depression is a gut-brain axis disorder with diverse physiological defects
that are engraved in the neural, endocrine, immune, and metabolic systems. Physical
insults and psychological stress can impair one or more of the multiple peripheral
systems that are involved in the gut-brain axis, which may result in gut-brain axis
dysfunction and, in turn, major depression [61–63]. The down-top effects (from the
gut to the brain) and top-down effects (from the brain to the gut) of the gut-brain axis
have been assessed to better understand the extent of the peripheral system involve-
ment [61, 64, 65], both of which emphasize the potential of the gut microbiota in the
pathophysiology of major depression. Alterations in the gut microbiota influence
emotion and behavior, and changes in the brain also regulate the composition and
function of gut microbiota [12–14, 34, 39–41, 66–68]. Some representative studies
have suggested mechanisms by which gut microbiota regulate brain function
through the gut-brain axis. For the metabolic systems of the gut-brain axis, several
studies have indicated that metabolites from carbohydrate and amino acid pathways
influence the composition and activity of gut microbiota and even contribute to
major depression. Fecal microbiota transplantation from patients with major depres-
sion has been reported to induce disturbances in carbohydrate- and amino acid-
derived metabolites in mice recipients [21]. The human kynurenine metabolic
pathway has been shown to be regulated by Lactobacillus reuteri and is also related
to major depression [20]. Short-chain fatty acids, such as acetate and butyrate, are
gut microbiota-derived mediators in the gut-brain axis [22]. Oral supplementation
with short-chain fatty acids ameliorated psychological stress in depressed mouse
models [22]. Likewise, for the inflammatory systems of the gut-brain axis, some
studies have indicated that the gut microbiota regulate inflammasome-mediated
signaling pathways and thus affect emotion and behavior [69]. Caspase-1 is
known to cleave pro-interleukin-18 and pro-interleukin-1ß to their mature isoforms
in response to stressful stimuli [69]. Wong et al. [69] found that inhibition of
caspase-1 increased the abundance of some gut microbiota, such as Akkermansia
and Blautia, and improved stress-associated depressive-like behavior in mice. Oral
supplementation with multiple probiotics, including B. longum R0175, L. helveticus
R0052, and L. plantarum R1012, affected the composition of pro- and anti-
inflammatory cytokines in the hippocampus of depressed mouse models [70]. 5-
Hydroxytryptamine is a key metabolite that is involved in major depression and may
be regulated by gut microbiota. Bifidobacterium regulates the density of
5-hydroxytryptamine and brain-derived neurotrophic factor in the brain [71]. Clos-
tridium butyricum increased 5-hydroxytryptamine and glucagon-like peptide-1
concentrations and brain-derived neurotrophic factor expression and reduced
depressive-like behavior in mice [72]. Taken together, these findings support the
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existence of the gut microbiota-inflammasome-brain axis and the aforementioned
gut microbiota-metabolites-brain axis, suggesting the potential role of gut
microbiota in regulating the gut-brain axis and associated peripheral systems. Cor-
respondingly, major depression reflects disruption in the microbiota that are crucial
for the gut-brain axis and also in the associated peripheral systems.

10.3 Gut Microbiota Disruption Is a Stable Hallmark of Major
Depression

Major depression can be analyzed from the perspective of gut microbiota disruption.
Recent increasing evidence emphasizes the association between disrupted
microbiota and depressive phenotypes in both humans and animals. Studies that
focused on human subjects have shown that the physiology of gut microbiota
significantly differs between patients with major depression and healthy controls.
Animal studies have provided evidence for the vital role of gut microbiota in major
depression. Corroborating findings from human and animal studies support the gut
microbiota hypothesis in major depression, thereby suggesting that gut microbiota
disruption is a hallmark of major depression.

10.3.1 Associations Between Gut Microbiota Disruption and Major
Depression in Human Studies

The gut microbiota hypothesis posits that gut microbiota are involved in the under-
lying pathophysiology of major depression. Gut microbiota disruption is directly
associated with environmental and genetic risks of major depression [39, 40, 67, 68,
73–78]. Clinical trials that focused on major depression have supported a correlation
between gut microbiota composition and depressive phenotypes. Gut microbiota
composition notably changed in patients with depression [73, 79]. With respect to
phyla, the abundance of Firmicutes decreased, while that of Bacteroidetes and
Proteobacteria increased. With respect to family, the abundance of Prevotellaceae
increased. At the genus level, the abundance of Faecalibacterium and Ruminococcus
decreased, while that of Prevotella increased [79, 80]. Furthermore, antibiotic
damage may interfere with gut microbiota composition and thus affect an
individual’s susceptibility to various diseases, including major depression [81–
84]. Antibiotics kill both pathogens and beneficial microbiota and lead to gut-brain
axis dysfunction. Large-scale human studies have revealed that antibiotic treatment
for infectious diseases significantly elevates the risk of psychiatric disorders, includ-
ing major depression. Psychiatric risk was found to be positively correlated with the
time and dose of antibiotic use. The increased risk persisted even 10 years after
antibiotic treatment [85, 86]. A study on infants also demonstrated that antibiotic
treatment in the first year after birth increases behavioral and psychological problems
later in life [87]. In addition to antibiotic use, changes to early microbial exposure,
such as during delivery by cesarean section, could hamper the composition of the
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microbiota in infants. A cesarean section significantly elevates the alpha diversity of
gut microbiota, while reducing the abundance of Bacteroides, which regulates
intestinal immunity [88]. The elevated alpha diversity of gut microbiota in infants
is correlated with a decline in cognitive performance in language and visual recep-
tion skills [89]. Assessment of maternal microbiota indicated that cesarean section
and breastfeeding were also associated with postpartum depression. Women who
underwent cesarean section delivery and discontinued breastfeeding had a higher
risk of postpartum depression than controls [90]. A meta-analysis of 532,630
subjects reported an association between cesarean section and postpartum depres-
sion with a pooled odds ratio of 1.26 (95% confidence interval, 1.16–1.36) [91]. This
association may be due to gastrointestinal dysfunction or infection [91]. However,
no human studies have directly examined the causal relationship between gut
microbiota and major depression.

10.3.2 Associations Between Gut Microbiota Disruption
and Depressive-Like Behavior in Animal Studies

Animal studies provide strong evidence for a causal relationship between gut
microbiota disruption and depressive-like behavior. The causal relationship has
been explored by comparing the gut microbiota of animals with depressive-like
behavior and controls, using animal models of depression, such as chronic social
defeat stress, maternal separation, and learned helplessness [92, 93]. Recent studies
suggest that alterations in gut microbiota are related to changes in depressive-like
behavior. To elucidate this relationship, agents that induce microbial alterations have
been used, such as prebiotics [94], antibiotics [69], and antidepressant agents
[95]. For example, in some chronic stress models, animals were exposed to
conditions such as food deprivation, restraint, isolation, and cage tilt for several
weeks [71, 96–101]. Animals under chronic stress showed a disrupted gut
microbiota, which was associated with chronic stress-induced depressive-like behav-
ior and altered neurotransmitter concentrations [101]. Oral administration of
albiflorin [101] and Lactobacillus [99] reversed depressive-like behavior of animals.
Of note, administration of L. helveticus NS8 ameliorated depressive-like behavior
and improved cognitive function, and the effects were superior, compared to those
with antidepressants such as citalopram [102].

In chronic social defeat stress models, animals are exposed to psychological stress
in which members of the same species conflict and attack each other [103]. Mice
under chronic social defeat stress exhibited depressive-like behavior such as anhe-
donia and social avoidance, along with alterations in the microbiota, including a
decreased abundance of Firmicutes and a decreased ratio of Firmicutes/
Bacteroidetes [104]. Resilience to chronic social defeat stress, on the other hand,
was achieved through administration of Bifidobacterium [105], indicating that
Bifidobacterium reduces depressive symptoms and improves stress resilience. With
respect to maternal separation models, animals are exposed to early life stress, which
is thought to provoke long-lasting psychological vulnerability that leads to the risk of
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mental disorders in adulthood [106]. After oral administration of Bifidobacterium
infantis 35,624, rats exposed to maternal separation exhibited biological profile
restoration, such as noradrenaline concentrations in the brain and immune response,
as well as improvements in behavior, such as immobility time in the forced swim test
[107, 108]. Finally, for the learned helplessness models, animals were exposed to
unavoidable shocks and examined for subsequent behavioral tests. The learned
helplessness-induced depression model decreased the abundance of gut microbiota,
including Clostridiales incertae sedis [109] and Lactobacillaceae [110]. Of note,
consumption of probiotics blended with galactooligosaccharides and polydextrose
early in life increased the Lactobacillus population and reduced the learned
helplessness-induced depressive-like behaviors [111]. Taken together, these studies
clearly supported the induced disruption of gut microbiota leading to defective
neural function, hampered social behavior, and elevated susceptibility to depression,
indicating that gut microbiota disruption is a stable hallmark of major depression.

10.4 Gut Microbiota Restoration Alleviates Major Depression

New therapeutics to restore gut microbiota have promising antidepressive effects
[40–44]. Several methods to restore gut microbiota have been introduced, including
the use of probiotics and fecal microorganism transplantation [112–114]. In this
regard, healthy diets and prebiotics have emerged as an alternative therapeutic
approach for depression. Importantly, an integrative approach of antidepressant
use and probiotic supplementation as an adjuvant helps further advance therapeutics
for major depression.

Probiotics are live microorganisms that confer a health benefit to the host when
administered in adequate amounts [115]. The beneficial effects are not isolated to the
gut, but also reach the gut-brain axis. These probiotics could be conceptualized as
psychobiotics to underscore their abilities to improve social behavior and emotion
[116]. The psychobiotics that have been studied most frequently belong to lactic acid
bacteria, including Bifidobacterium bifidum [117, 118], Lactobacillus casei
[117, 118], and Lactobacillus helveticus [102]. Supplementation with psychobiotics
improved the gut-brain axis and ameliorated emotional stress in both volunteers and
patients with major depression [119]. Daily oral supplementation with probiotic
strains alleviated the vulnerability of subjects to mental disorders. A randomized
controlled study tested the antidepressant effects of multispecies psychobiotics,
including B. bifidum W23, B. lactis W52, L. brevis W63, L. casei W56, L. lactis,
and L. salivarius W24, and found that psychobiotic supplementation for 4 weeks
significantly improved cognitive reactivity to negative emotions, such as sadness, in
patients with major depression, compared with controls that received placebo
[120]. Psychobiotic supplementation effectively reduced depression scale scores
for both patients with major depression and healthy volunteers. In particular, the
psychobiotic effects were more prominent for individuals under 60 years of age than
older individuals [121]. However, a more recent study that involved 1349 subjects
reported different results. In a study that used psychobiotics, the authors found that
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there was an insignificant effect on emotion in healthy subjects but a significant
effect in patients with mild-to-moderate depression [122]. In comparison, another
study found that there was no significant difference between the psychobiotic
(Bifidobacterium and L. helveticus)-supplemented and placebo-treated groups
[123]. These contradictory findings indicate that the psychobiotic effect on major
depression might depend on the population and bacterial strains used.

Probiotics, also called psychobiotics, function as adjuvants for antidepressant
agents in treating major depression [124]. A clinical trial adopted a combination of
C. butyricum MIYAIRI 588 and selective serotonin reuptake inhibitors, including
duloxetine, escitalopram, fluvoxamine, and sertraline, and found a >50% reduction
and a 35% remission rate in 17-item Hamilton depression rating scale scores
[125]. Another study found that the combined administration of selective serotonin
reuptake inhibitors and probiotics/magnesium orotate formulations, including
L. acidophilus, B. bifidum, and Streptococcus thermophiles, significantly improved
depression severity scores and quality of life in patients with treatment-refractory
major depression [126]. Furthermore, cessation of the probiotic adjuvants led to
depression relapse [126]. Consequently, research indicates that probiotics can
enhance the therapeutic effect of chemotherapeutic agents on major depression,
even in treatment-refractory depression.

Recent studies that evaluated transplanted fecal microorganisms from patients
with major depression to stress-naïve animals support the role of gut microbiota in
the manifestation of depressive-like behavior [21, 73, 102, 127–130]. After fecal
microorganism transplantation, rats exhibited depressive-like behavior, such as
anhedonia, in the sucrose consumption test [73]. Fecal microorganism transplanta-
tion from patients with major depression led to an increased abundance of
Actinobacteria and decreased mobility time in the forced swim and tail suspension
tests [21]. Similarly, stress-naïve rats that received microbiota from rats with
depressive-like phenotypes demonstrated depressive-like behavior [131]. Rodents
that received fecal microorganism transplantation from healthy hosts showed
improvements in depressive-like behavior, whereas transplantation from patients
with major depression led to depressive phenotypes [132, 133]. However, other
studies indicated that probiotic transplantation might not be correlated with a
reduction in the incidence of depression [40]. The debate on the efficacy of microor-
ganism transplantation is currently ongoing, and there are limitations to comparing
the findings due to discrepancies in bacterial strains, dose, and time of probiotic use.

Contrary to the psychobiotics and fecal microorganism transplantation
approaches, both prebiotics and healthy diets have been more recently highlighted
for their alternative therapeutic potential for major depression. Prebiotics are defined
as substrates that confer a health benefit to the host when selectively utilized by the
host microorganisms [134]. Prebiotics not only regulate gut microbiota but also
improve social behavior and emotion, acting in a similar manner to psychobiotics.
The prebiotic effects may also be achieved through improvements in the gut-brain
axis; however, currently there is debate on the efficacy of prebiotics in treating major
depression [111, 112, 135, 136]. The most frequently studied types of prebiotics are
omega-3 fatty acids, fructose-oligosaccharides, and galactooligosaccharides



10 Microbiota-Gut-Brain Axis in Major Depression: A New Therapeutic Approach 217

[134]. In addition, healthy diets are a hot research topic especially in regard to gut
microbiota. Healthy diets improve gut microbiota stability and diversity, thereby
leading to psychological and physical well-being [112, 137–139]. Healthy diets
increase the abundance of beneficial microbiota and improve cognition and behav-
ior, presumably through the gut-brain axis [114, 137, 139–141]. Healthy diets, such
as the Mediterranean diet, are enriched in fermented foods, dietary fiber, and
unsaturated fatty acids and contain less food additives, sugar, saturated fatty acids,
and refined carbohydrates. Recent studies support dietotherapy for major depression
[139]. Furthermore, a recent study combined psychotherapy and dietotherapy to treat
patients with panic attacks. In this study, the authors removed sugar-rich foods and
increased foods rich in probiotics. This integrative approach ameliorated the anxiety
symptoms of the patients and increased the fecal abundance of beneficial microbiota
such as Lactobacillus [142]. There are various effective methods for restoring gut
microbiota and alleviating depression phenotypes, and these can be considered as
alternatives or adjuvants to depression therapeutics.

10.5 Conclusions

Major depression is a heterogeneous disorder associated with the physiology of the
brain, gut, and other peripheral systems. The focus of research on major depression
has transitioned from the mind to the brain, to other peripheral systems, to the
gut-brain axis, and finally to the microbiota-gut-brain axis. According to the gut
microbiota hypothesis, gut microbiota disruption directly induces depressive
phenotypes, gut microbiota affects emotion and behavior through the microbiota-
gut-brain axis, and microbiota-gut-brain axis disruption is an essential pathophysi-
ology of major depression [12–14, 143–145]. Based on this hypothesis, restoring the
gut microbiota and regulating the microbiota-gut-brain axis may be an effective
therapeutic approach for major depression. Further, major microbiota restoration
methods have been established, including psychobiotics and fecal microorganism
transplantation. In particular, the combined use of chemotherapeutic agents and
psychobiotic adjuvants broadens the therapeutic boundary for major depression
and even improves efficacy in patients with treatment-refractory depression.
Therapies that target the gut microbiota and the microbiota-gut-brain axis are
expected to progress and become an invaluable approach for treating major
depression.
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Abstract

Posttraumatic stress disorder (PTSD) is a severe trauma and stress-related disor-
der associated with different somatic comorbidities, especially cardiovascular and
metabolic disorders, and with chronic low-grade inflammation. Altered balance
of the hypothalamic-pituitary-adrenal (HPA) axis, cytokines and chemokines,
C-reactive protein, oxidative stress markers, kynurenine pathways, and gut
microbiota might be involved in the alterations of certain brain regions regulating
fear conditioning and memory processes, that are all altered in PTSD. In addition
to the HPA axis, the gut microbiota maintains the balance and interaction of the
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immune, CNS, and endocrine pathways forming the gut-brain axis. Disbalance in
the HPA axis, gut-brain axis, oxidative stress pathways and kynurenine
pathways, altered immune signaling and disrupted homeostasis, as well as the
association of the PTSD with the inflammation and disrupted cognition support
the search for novel strategies for treatment of PTSD. Besides potential anti-
inflammatory treatment, dietary interventions or the use of beneficial bacteria,
such as probiotics, can potentially improve the composition and the function of
the bacterial community in the gut. Therefore, bacterial supplements and con-
trolled dietary changes, with exercise, might have beneficial effects on the
psychological and cognitive functions in patients with PTSD. These new
treatments should be aimed to attenuate inflammatory processes and conse-
quently to reduce PTSD symptoms but also to improve cognition and reduce
cardio-metabolic disorders associated so frequently with PTSD.

Keywords

Brain-gut axis · Cardiovascular disease · Chemokines · CRP · Kynurenine
pathway · Cytokines · HPA axis · Inflammation · Immune system · Oxidative
stress · PTSD

Abbreviations

3-HAA 3-Hydroxy-anthranilic acid
3-HK 3-Hydroxy-kynurenine
4-HNE 4-Hydroxy-2-nonenal
8-OHdG 8-Hydroxy-2′-deoxyguanosine
ACTH Adrenocorticotropic hormone
AIM2 Absent in melanoma 2
BBB Blood-brain barrier
BDNF Brain-derived neurotrophic factor
BMI Body mass index
CAPS Clinician administered PTSD scale
CNS Central nervous system
CRH Corticotrophin-releasing hormone
CRP C-reactive protein
CSF Cerebrospinal fluid
CVD Cardiovascular disease
DST Dexamethasone suppression test
ELISA Enzyme-linked immunosorbent assay
FDG Fluorodeoxyglucose
GABA Gamma-aminobutyric acid
GPx Glutathione peroxidase
HPA Hypothalamic pituitary-adrenal axis
IDO Indoleamine 2,3-dioxygenase
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IFN-γ Interferon gamma
IgA Immunoglobulin A
IL Interleukin
KAT Kynurenine aminotransferase
KMO Kynurenine 3-monooxygenase
KYN Kynurenine
KYNA Kynurenic acid
LD Linkage disequilibrium
MDA Malondialdehyde
MDD Major depressive disorder
MetS Metabolic syndrome
NAD+ Nicotinamide adenine dinucleotide
NF-κB Nuclear factor-κB
NMDA N-Methyl-D-aspartate
NR3C1-1F Glucocorticoid receptor gene exon 1F
PC Phosphatidylcholine
PE Phosphatidylethanolamine
PET Positron emission tomography
PTSD Posttraumatic stress disorder
QUIN Quinolinic acid
RAS Renin-angiotensin system
ROS Reactive oxidative species
SNS Sympathetic nervous system
SOD Superoxide dismutase
TBI Traumatic brain injury
TDO Tryptophan 2,3-dioxygenase
TGF-β Transforming growth factor beta
TNF-α Tumor necrosis factor alpha
Treg Regulatory T cells

11.1 Introduction

Posttraumatic stress disorder (PTSD) is a severe mental disorder that develops in
some, but not all individuals who have witnessed or have been exposed to traumatic
and stressful events. It affects mental and physical quality of life of patients and their
families and is frequently associated with different somatic comorbidities
[1]. Although it is a stress-related disorder that affects primarily the brain and the
stress circuits, PTSD is believed to be a systemic illness affecting all organ systems
[2, 3]. PTSD and trauma exposure are frequently associated with chronic low-grade
inflammation [4–9]. Immunological alterations lead to the long-term health
consequences [10], while exposure to trauma results in the stimulation of the
hypothalamic pituitary-adrenal (HPA) axis and activation of the immune system,
with the subsequent release of the pro-inflammatory cytokines [11]. PTSD is a
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highly heterogeneous disorder, and it should be acknowledged that not all studies
have reported increased inflammation [12].

11.2 The Hypothalamic-Pituitary-Adrenal Axis
and Inflammation in PTSD

The HPA axis is dysregulated in PTSD [3, 10, 13–16]. It is a main stress system
which responds to different stressors and traumas first by the activation of the HPA
axis in the interaction with the sympathetic nervous system (SNS). After an acute
stress, corticotrophin-releasing hormone (CRH) is released from the paraventricular
nucleus of the hypothalamus into the portal blood that stimulates corticotropic cells
in the anterior and intermediate lobes of the pituitary gland to secrete
proopiomelanocortin, which releases, among other active peptides, also
adrenocorticotropic hormone (ACTH). ACTH is released in the circulation and
stimulates the synthesis and the release of glucocorticoid hormones from the adrenal
cortex. The balance of the HPA axis, with a decrease of the HPA activation and
reduced release of CRH, ACTH, and cortisol, is achieved by the negative feedback
of cortisol that self-regulate the secretion of CRH, arginine vasopressin, and ACTH,
by binding mostly on the mineralocorticoid but also on the glucocorticoid receptors
located in various brain regions and in the anterior pituitary [10]. During the
traumatic experience in PTSD, SNS interacts with HPA axis, and activation of the
HPA is associated with the rapid release of noradrenaline, adrenaline, and dopamine,
and cortisol binds also to glucocorticoid receptors [17, 18] that results in a failure of
restoration to normal activity and in the failure of the feedback mechanism. This fine
balance is altered and the HPA is dysregulated [17, 18], resulting in the abnormal
and overstated reactions to the usual and non-frightening cues and stimuli, leading to
the exaggerated fear reactions to stressors, fear potentiation and fear conditioning,
consolidation of the traumatic memories, and inability of the fear extinction, a
normal mechanism of fear inhibition [11, 15, 16, 19]. The HPA axis disruption is
related to elevated CRH which might be responsible for the altered balance of
glucocorticoids and CRH interactions, leading to the disrupted responses to trau-
matic and/or fear stimuli, or stressors and different symptoms in PTSD [20]. There
are inconsistent data regarding plasma cortisol levels in PTSD [15], since the results
differ according to the different body fluid sampled (e.g., plasma or saliva or urine),
different time of the day when cortisol was measured, and various other factors that
affect cortisol concentration such as sex, age, present therapy, or the time that period
between sampling and exposure to a traumatic event [15, 21, 22]. There were no
differences between PTSD patients and controls in cortisol levels in plasma, saliva,
serum or urine, and no differences based on tissue type, but lower cortisol was
detected in PTSD compared to trauma nonexposed controls [23]. Similarly, cortisol
concentration did not differ in plasma, saliva, and urine in subjects with PTSD,
trauma exposed controls and trauma nonexposed controls [24]. Regarding PTSD
comorbid with major depression, morning cortisol levels and daily output cortisol
levels were lower in PTSD and in subjects with PTSD and comorbid depression
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compared to trauma unexposed controls, while evening cortisol level was reduced in
PTSD and trauma exposed controls vs. trauma unexposed controls, but increased in
PTSD comorbid with depression compared to trauma unexposed controls [25]. More
uniform results are collected for saliva cortisol which is generally lower in PTSD
subjects compared to controls [15, 22]. However, the level of ACTH did not differ
between subjects with PTSD, trauma exposed controls and healthy subjects
[26, 27]. The data about CRH in cerebrospinal fluid (CSF) are scarce and show
elevated CRH release in PTSD [28, 29].

The HPA axis reactivity is associated with the activation of the immune system
[30] and increased release of the pro-inflammatory cytokines [11, 31]. Chronic
low-grade inflammation is present in PTSD [4–9]. Glucocorticoid receptors mostly
inhibit and regulate proinflammatory cytokines. Among the immune markers,
increased concentration of the acute phase reactant, C-reactive protein (CRP), was
found in PTSD [4], and was related to the re-experiencing and avoiding symptoms
[4, 32], the PTSD severity [2, 32], and a chronic form of PTSD [33]. Other pro-
inflammatory markers associated with exposure to trauma are increased interleukin
(IL)-1β and IL-6 and tumor necrosis factor (TNF)-α [34]. Most data suggest
increased concentrations of IL-1β, IL-6, TNF-α, and interferon gamma (IFN-γ) in
PTSD [35]; but the literature findings regarding these increased proinflammatory
immune markers in PTSD are inconsistent, due to the variations in sample sizes,
differences in the ethnicities involved, possible effects of therapy, presence of
infection, and comorbidities with different mental and somatic conditions and in
the comparison groups [11]. Therefore, both increased but also unchanged or
reduced levels of interleukin IL-2, IL-6, IL-1β, CRP, TNF-α, and IFN-γ were
detected in PTSD compared to controls, while anti-inflammatory markers IL-4,
IL-8 and IL-10 are reduced in PTSD [11]. Recent meta-analysis suggested that
increased levels of serum proinflammatory cytokines IL-1β, IL-6, and TNF-α
might be used as potential markers of PTSD; however, serum IL-6 level is affected
by the trauma subtype [3]. Inflammatory processes affect prefrontal cortex, amyg-
dala, and hippocampus, regions altered in PTSD and associated with cognitive
functions such as emotions, executive control, responses to fear, and retrieval of
the fear- and trauma-induced memories. In these regions, but also in the HPA axis,
increased IL-6 concentration might disturb the connection between proinflammatory
cytokines and glucocorticoid receptors and their interaction [3].

There is a bidirectional interaction between inflammation and cognition, since
inflammation disrupts cognition [36]; namely inflammation affects neuronal
pathways involved in the regulation and response to fear, recall, and fear extinction
and moderates cognitive processes [37], all processes disturbed in PTSD. In addi-
tion, there is also a bidirectional link between PTSD and cognition, since cognitive
decline is a major symptom in PTSD [38], while cognitive deterioration might
represent a risk factor for development, progression, or severity of PTSD [37]. How-
ever, the relationship between HPA axis and inflammation, i.e., inflammatory
cytokines, is complex since both glucocorticoid receptors and cytokines modulate
the HPA-immune axis via multiple feedback mechanisms achieved on different
levels [39]. PTSD is associated with increased glucocorticoid receptor sensitivity
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and elevated inflammation [39]. Glucocorticoids suppress proinflammatory
cytokines and show anti-inflammatory effects at higher levels through increased
glucocorticoid reactivity, while their proinflammatory responses are achieved at the
basal glucocorticoid levels [39]. In addition, proinflammatory markers, TNF-α and
IL-6, and high-sensitivity CRP are significantly associated with decreased cortisol
levels after dexamethasone suppression test (DST) and post-DST cortisol decline but
also with a promoter methylation of human glucocorticoid receptor gene exon 1F
(NR3C1-1F) [39].

The mathematical modeling [39] of the HPA axis and the immune system
revealed that elevated glucocorticoid sensitivity might lead to a higher inflammation.
These results suggest that various strategies aimed to restore glucocorticoid sensitiv-
ity might be beneficial for PTSD since they might normalize inflammation [39].

11.3 PTSD, Inflammation, and Cardiovascular Disease

PTSD is frequently associated with cardiovascular disease (CVD), and it was
recognized as early as in the Dutch World War II Resistance veterans [40] and
confirmed today [41, 42]. A growing body of evidence has demonstrated the
complex and multifactorial link between PTSD symptoms and poor somatic health,
including CVD and coronary heart disease [41]. In a nationwide Swedish
population-based and sibling-controlled follow-up study, people with stress related
disorders, including PTSD, were at elevated risk of multiple CVD types, such as
ischemic heart disease, cerebrovascular disease, heart failure, emboly, thrombosis,
and fatal cardiovascular events [42]. The incidence of coronary heart disease was
more than double in twins who had PTSD than in those without PTSD [43]. While
traumatic stress induces numerous physiological changes, PTSD symptoms are
those which are associated with CVD pathology. Middle-aged American war
veterans with PTSD had increased risk for myocardial infarction, peripheral vascular
disease, and congestive heart failure compared to veterans without PTSD [44]. The
presence of PTSD was also linked to CVD risk factors: PTSD was independently
associated with a worse endothelial function [45]. Among service members,
participants who screened positive for PTSD had higher odds for hypertension
[46]. PTSD is increasingly recognized as a systemic disorder [3]. For example, it
is characterized by a higher nonpsychiatric healthcare utilization than the general
population [47]. The link between CVD and PTSD is complex and includes common
biological underpinning, shown in the increased prevalence of metabolic syndrome
(MetS), hypertension, elevated pro-inflammatory cytokine and homocysteine levels,
psychological mechanisms such as neuroticism and trait impulsivity/hostility, type-
D (distressed) personality, and behavioral factors including unhealthy lifestyles,
high smoking rates, and severe substances abuse [48].

Inflammation is supposed to have a critical role in the onset, progression, and
manifestation of CVD, given that atherosclerosis is driven by a chronic inflammation
[49]. Monocytes play a key role in the development of atherosclerotic plaques. They
operate either directly, such as antigen presentation and cytokine secretion or



11 PTSD, Immune System, and Inflammation 231

through their differentiation into macrophages or foam cells which secrete pro-
inflammatory cytokines and chemokines [50]. Increased proinflammatory mediators,
such as TNF-α, IL-1, and IL-6, along with CRP, contribute to the increased CVD
risks via platelet activation and endothelial dysfunction and development and accel-
eration of atherosclerosis [48, 49]. Research on the long-term effects of psychologi-
cal stress has focused on the immune system. Subclinical, low-grade inflammation
may be a psychobiological link between PTSD symptoms and CVD.

Preclinical data provided important evidence on the devastating effects of stress
on the heart. In a psychosocial stress model, stressed rats subjected initially to
ischemia and after that to reperfusion had larger heart infarct sizes than
non-stressed rats [51]. While trauma is quite essential for the PTSD onset, there is
evidence that PTSD symptoms rather than trauma itself may induce heart tissue
damage. In a predator stress model, rats that developed PTSD experienced
histomorphological signs of metabolic and hypoxic injury in cardiomyocytes and
impaired contractility, in contrast to PTST-resistant rats, who had no signs of cardiac
injury [52]. Increased inflammation may also be triggered by PTSD symptoms,
given that among the animals exposed to the same stress, those who developed
PTSD-like symptoms had experienced signs of immunological dysfunction. Rats
who presented with PTSD-like symptoms after predator stress had higher IL-6 and
lower IL-4 in myocardium and plasma, compared to both control and PTSD-resistant
rats [52]. In addition, TNF-α, IL-1β, and IL-6 were increased in the hippocampus of
rats exposed to the single-prolonged stress compared to normal rats [53], and rats
subjected to predator scent stress displayed higher TNF-α, IL-6, and IL-1β and
several hypertensive component mRNA expressions in amygdala, but also higher
plasma angiotensin II levels, than non-stressed rats [54].

Clinical data confirm that patients with PTSD had a trend for higher CSF IL-6
levels than trauma-exposed individuals without PTSD [3]. Among combat-exposed
veterans, those with PTSD had higher cortisol and ACTH suppression, IL-6, TNF-α,
and high sensitivity CRP and lower glucocorticoid receptor promoter methylation
than participants without PTSD [39]. These studies suggest that traumatic stress, and
particularly PTSD symptoms, is associated with the excess inflammatory response
eventually leading to atherosclerosis.

Inflammatory changes might be the result of biological alterations related to
PTSD symptoms. Multiple systems affect activity of the immune system, including
HPA axis, sympathetic system, and sex hormones. This complex cascade of events
begins with dysregulated amygdala activity. Amygdala is considered a starting point
for these effects which transform negative emotional states to physiological effects.
Stress increases microglial activity in the amygdala [55]. Amygdala activity
increases during recollection of traumatic events, which induces HPA activation
and the cascade of physiological responses to acute stress and later PTSD [56]. SNS
predominance is well-determined finding in PTSD patients [57], together with the
lower parasympathetic activity [58]. Preclinical studies demonstrated increased
activity of both central and peripheral renin-angiotensin systems after experimental
stress [55]. Patients with PTSD had lower morning and 24-h cortisol concentrations
compared to healthy subjects [59]. Increased glucocorticoid receptor sensitivity, a
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well-known finding in PTSD, may contribute to the increased inflammation due to
its relationship with higher proinflammatory cytokine production [39]. While inflam-
matory cytokines normally upregulate cortisol secretion, in PTSD patients the
glucocorticoid negative feedback prevails over cytokine-mediated positive feed-
back, resulting in insufficient cortisol rise and increased inflammatory response. A
bidirectional relationship exists between the neuroendocrine and immune systems.
Cortisol via glucocorticoid receptors inhibits inflammation, such as the production of
TNF-α, IL-1, and IL-6 [60], while a decreased HPA axis function in PTSD results in
the reduced ability of cortisol to inhibit inflammatory processes, leading to the
increased release of pro-inflammatory cytokines and overactivity of the SNS.
Patients with PTSD have increased heart rate, both at baseline and during stress
[58]. Effects on blood pressure may, in turn, be more pronounced during stress.
While the effects of PTSD symptom severity on blood pressure are not robust [61],
blood pressure reactivity may be more important indicator of CVD risks. Namely,
although rats exposed to predator scent stress had no changes in basal blood pressure
and heart rate, rats had greater hypertensive response to a slow-pressor dose of
angiotensin II challenge than non-stresses animals [55]. Importantly, this stress-
related response was prevented by the TNF-α synthesis inhibitor pentoxifylline [55],
suggesting an interplay between increased sympathetic activity and inflammation.
Noradrenaline-dependent adrenergic stimulation results in nuclear factor-κappa B
(NF-κB) activation in peripheral blood mononuclear cells that was reduced by α1-
and β-adrenergic receptor inhibitors [62]. The release of proinflammatory cytokines
from the activated mononuclear cells has numerous effects, such as decrease in
serotonin availability and brain-derived neurotrophic factor (BDNF) levels [63], and
the production of reactive oxygen species which may lead to heart damage [52]. Gen-
eral autonomic system dysregulation [58, 64] further drives immune dysfunction,
that compromises the structural integrity of cardiac tissue [65]. Therefore, increased
amygdala activity, which is a hallmark of PTSD, may contribute to the inflammation.
In support, amygdala activity was linked to a systemic inflammation in the cohort
consisting of PTSD subjects and healthy group, suggesting a presence of brain-
systemic inflammation [12]. The activation of the brain renin-angiotensin system
(RAS) or immune system can independently or synergistically lead to hypertension
[55]. Preclinical study reported that stress induced the activation of the microglia in
the rat hippocampus, accompanied by the increase in the hippocampal IL-1β, TNF-
α, and IL-6 expression and decrease in anti-inflammatory IL-10 levels [53]. This link
may be influenced by different factors, such as sex or the severity of PTSD
symptoms. Namely, high circulating estrogen levels stimulate the HPA axis while
inhibiting inflammation and the sympathetic activity [64].

Higher levels of systemic inflammation, presented as a combined inflammatory
score, were found in patients with severe compared to those with moderate PTSD
symptoms [66]. In addition, different stress reactivity was reported in patients with
more severe symptoms, given that participants with severe PTSD symptoms had
greater heart rate variability reduction than those with moderate symptoms
[66]. CCF IL-6 levels also correlated positively with PTSD severity scores and
independently contributed to PTSD severity [3]. These findings suggest that patients
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with higher levels of psychopathology already have higher CVD risks, which further
increase if they are exposed to stressful situations [66]. PTSD severity was also
correlated with IL-6 levels [35]. In patients with recent myocardial infarction, higher
PTSD symptom severity was associated with an enhanced inflammatory response of
IL-6 to experimentally induced stress [67]. In addition, a longitudinal study found
that persistently severe PTSD course was associated with a higher total white blood
cell count [68]. The duration of PTSD was positively correlated with IL-1β levels
[35]. These data collectively suggest a dose-response relationship between PTSD
severity [35, 64, 67–69] or persistence of symptoms [35, 68] and the intensity of
inflammation.

Another link between PTSD and inflammation may include poor health behavior.
Namely, PTSD symptom severity was associated with eating poorer quality foods,
mediated by emotion suppression, as an attempt to reduce the emotional burden
[70]. In turn, poor diet may be related to obesity and inflammation. Being obese was
associated with higher levels of serum TNF-α, IL-1β, and IL-6, all produced by
macrophages from the adipose tissue [71]. While patients with PTSD were 31%
more likely to be obese than participants in non-PTSD groups, of particular concern
was the association between PTSD and obesity in individuals 20–30 years old
[72]. Strikingly, in the same meta-analysis, the likelihood of current smoking in
males with PTSD was highest in respondents in the same age group [72]. In
agreement, stress-related disorders were strongly associated with an early onset
CVD [42]. In Croatian war veterans, the majority of participants with PTSD who
had no CVD were overweight and had total cholesterol and triglycerides slightly
above reference range [73]. On the other hand, about one third of patients treated for
PTSD, with the mean age of 55, have already been diagnosed with CVD
[74]. Participants with PTSD were more frequently smokers [75] and had higher
prevalence of tobacco dependence than veterans without PTSD [44]. Of note, twins
with PTSD were also more frequently smokers, than twins without PTSD
[76]. Heavy smoking may be associated with a more severe PTSD pathology
[74]. There is also evidence that immunological dysfunction may contribute to a
poor treatment outcome. Higher acute increase of plasma IL-6 levels after psycho-
social stress prior to combined trauma-focused therapy was associated with a
negative therapy outcome in PTSD, especially regarding depressive symptoms
[77]. No differences in vascular or systemic inflammation, as assessed by
fluorodeoxyglucose (FDG)-positron emission tomography (PET) imaging, were
reported between PTSD and control subjects [12]. However, these data should be
interpreted in the context of similar TNFα, IL-1β, and IL-6 levels, as well as lipids,
glucose, blood pressure, BMI, and smoking prevalence across groups but also in a
small number of patients and in the young (34 years) patient age [12]. In addition,
older veterans had higher serum CRP levels than veterans in non-PTSD group, but
after controlling for BMI and triglycerides, the significance of this association
disappeared [78].
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11.4 Cytokines in PTSD

Cytokines are glycoproteins with the major role in the initiation, amplification,
mediation, and regulation of adaptive immunity [79]. They can act as
proinflammatory factors (IL-1, IL-6, IL-12, TNF-α, and INF-γ), generating an
inflammation in the host defense and disease, or they can have anti-inflammatory
effect (IL-6, IL-10, and transforming growth factor beta (TGF-β)), by attenuating the
inflammation and inducing repair [79]. At the periphery, cytokines are produced by
B cells, T cells, macrophages, mast cells, neutrophils, basophils, and eosinophils
[79], and in the central nervous system (CNS), they are produced by neurons,
astrocytes, and microglia [80]. In CNS, cytokines can participate in physiological
functions, such as neurite outgrowth, neurogenesis, neuronal survival, synaptic
pruning, and regulation of synaptic plasticity [81], but also their overproduction
and exaggerated release can be associated with neuronal dysfunctions related to
neuropsychiatric disorders [82]. Since cytokines can cross blood-brain barrier, both
inflammation in CNS and in the periphery can contribute to neuroinflammation
[5]. In PTSD, the stress-mediated activation of HPA axis leads to elevated secretion
of CRH which stimulates SNS to produce catecholamines, including noradrenaline
which is associated with PTSD symptoms, such as hyperarousal. The complex
interaction between the autonomic nervous system and the immune system is then
manifested by the production of proinflammatory cytokines, such as IL-1 and IL-6,
which is stimulated by an increased production of norepinephrine via NF-κB-
dependent and other mechanisms [83].

A lot of studies have shown that individuals with PTSD exhibit significantly
elevated blood levels of cytokines when compared to healthy control subjects [7, 8,
84, 85]. However, findings supporting the proinflammatory activity in PTSD are
often inconsistent. The source of inconsistency can be of pure technical nature, such
as different immunological assay methods or sampling procedures, or they can be
related to gender, the type of included controls (exposed or non-exposed to trauma),
or comorbid disorders and early-life adversities in PTSD patients. Although studies
comparing the immunological factors between trauma-exposed individuals who
developed PTSD and those who did not develop PTSD excluded this possibility
[7], there are some indications that the trauma exposure itself can be the cause of the
increased levels of proinflammatory markers [34, 85]. Namely, the levels of IL-6 and
IL-10 were showed to be increased when PTSD patients were compared with
no-trauma exposed controls, but they were not increased in the PTSD group when
only trauma-exposed controls were used [85]. On the other hand, when PTSD
patients were compared only to the control individuals not exposed to trauma,
their levels of IL-1β were similar [85]. Compared to men, women are at higher
risk of developing PTSD after trauma exposure [86], and it seems that pro-inflam-
matory cytokines are significant mediators in this relationship. A recent study [87]
reported that, compared to women, men have higher total pro-inflammatory cytokine
score (estimated from IL-6, IL-1β, TNF-α, and IFN-γ concentration), and it was
associated with higher estradiol levels and lower risk of non-remitting PTSD
development.
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Beside gender, comorbid major depressive disorder (MDD) [88] and a history of
childhood maltreatment [89] were showed to be associated with increased inflam-
mation, which makes these conditions as confounding variables in the association
between PTSD and inflammation. For example, a meta-analysis [85] indicated that,
when comparing PTSD patients with healthy control individuals, IL-8 levels were
elevated in PTSD patients only when MDD comorbidity was excluded.

It was also noticed that PTSD is prevalent in individuals who sustain traumatic
brain injury (TBI) [90], but since this is not universal, one should question the source
of this kind of variable vulnerability. The findings of a recent study [91] suggest that
PTSD in military personnel and veterans with multiple TBIs is associated with
chronic inflammation, specifically with chronically elevated levels of IL-6 in those
individuals.

11.5 Oxidative Stress in PTSD

Oxidative stress is a molecular process underlying many chronic diseases and is
closely related to the inflammatory process. It is caused by an excessive production
and accumulation of reactive oxygen species (ROS) which exceeds the antioxidant
capacity of a biological system, resulting in oxidative damage of cellular
components and tissue.

There are different approaches to measure the level of oxidative stress [92]. One
is to directly measure the cellular levels of ROS by specific fluorogenic probes.
However, there are several ways to indirectly measure oxidative stress levels based
on detecting the products of damaged biomolecules. It is possible to use protein
carbonyl content as a marker of protein oxidation [92]. The level of lipid peroxida-
tion is usually measured through malondialdehyde (MDA) formation or by
identifying other lipid peroxidation products, such as 8-iso-prostaglandin F2α,
4-hydroxy-2-nonenal (4-HNE), conjugated dienes, and lipid hydroperoxides
[92]. DNA damage caused by oxidative stress is quantified by measuring the level
of 8-hydroxy-2′-deoxyguanosine (8-OHdG) which is generated due to hydroxyl-
ation of the deoxyguanosine residues [92]. It is also possible to measure the level of
thymidine glycol or to evaluate DNA damage through single- or double-stranded
breaks within the DNA [92]. Another approach for determining the extent of
oxidative stress is to assess the antioxidant status of the cells by determining the
activity of antioxidant enzymes that regulate ROS levels (superoxide dismutase
(SOD), glutathione peroxidase (GPx), catalase) or by measuring the level of nonen-
zymatic antioxidants (glutathione, vitamin A, vitamin C, vitamin E). However, the
total antioxidant status in clinical samples can also be determined with the help of
different methods and assays [92].

Persistent exposure to psychologic stress, with emphasis on stressful events in
childhood and adolescence, was associated with disrupted oxidant-antioxidant bal-
ance within the brain tissue and with the development of different psychiatric
disorders [93]. Literature search revealed a modest number of studies that have
focused on exploring the association between witnessing and/or experiencing
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traumatic event and oxidative stress levels in humans that can be measured in a
variety of ways, most commonly through specific markers of oxidative stress. Most
of the studies that have focused on the involvement of oxidative stress in PTSD
suggest its implication in the pathogenesis of PTSD.

Impaired antioxidant defense system, characterized by reduced levels of SOD and
GPx, was detected in red blood cells of individuals diagnosed with PTSD,
suggesting dysfunctional response to oxidative stress [94]. However, Tezcan and
colleagues [95] reported no significant differences in SOD, GPx, and catalase
activity between PTSD subjects and healthy individuals, but they detected a positive
correlation between the PTSD symptom severity and the activity of SOD and GPx.
The authors also reported a possible positive correlation between PTSD symptom
severity and MDA levels [95]. The MDA, as a final product of lipid peroxidation in
the cells, was found to be elevated in combat-related PTSD [96] and in civilians who
developed PTSD after surviving earthquake [97]. Mentioned studies suggest that
increased lipid peroxidation and decreased antioxidant enzyme function could be
associated with PTSD pathophysiology [96, 97]. In our recent study, we have
reported elevated levels of 4-HNE in patients with combat-related PTSD [98]
which suggests that oxidative stress and subsequently altered lipid metabolism,
reflected by an increase in 4-HNE levels, could be associated with pathophysiology
of PTSD. However, there are also conflicting results that deny the association
between lipid peroxidation (MDA) levels and PTSD, suggesting a possible compen-
satory mechanism and adaptation to stress in war veterans with PTSD, compared to
veterans without PTSD diagnosis [94]. Michels and colleagues [99] found evidence
of higher γ-aminobutyric acid and glutathione levels in anterior cingulate cortex and
dorsolateral prefrontal cortex of subjects diagnosed with PTSD. Glutathione
S-transferase mu1, an enzyme that participates in the metabolism of oxidative stress
products, was also suggested as a potential marker for predicting PTSD development
in US Marines [100, 101]. Increased levels of glycerophospholipids, phosphatidyl-
ethanolamine (PE; 18:1/0:0) and phosphatidylcholine (PC; 18:1/0:0) were detected
in Croatian war veterans with combat-related PTSD [102]. The abovementioned
lipid species are involved in the inflammation process and associated with membrane
breakdown, oxidative stress, mitochondrial dysfunction, and neurotoxicity [102].

No relationship between chronic PTSD diagnosis and different markers of oxida-
tive stress damage was reported in soldiers who participated in the Croatian war, in
the period between 1991 and 1994 [103]. A similar conclusion was reached by the
authors who investigated the association between oxidative stress levels and the
development of PTSD after experiencing a sexual trauma [104]. However, their
results indicated the correlation of lower levels of cortisol and 8-OHdG with the
amount of time that has passed since the exposure to the trauma [104]. Urinary levels
of 8-OHdG, along with serum thromboxane B2 and serum urates, were also
investigated as potential biomarkers of oxidative stress in war veterans with
PTSD, but no significant association was detected [103].

The relationship between PTSD diagnosis and oxidative stress is not yet clarified.
One of the possible explanations can be found in abnormal functioning of HPA axis
which we have long known to play an important role in the PTSD pathophysiology
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[14]. However, the relationship between PTSD and oxidative stress could also be
mediated by the sleep disturbances that are frequent in PTSD. There is evidence of
increased MDA levels and reduced GPx activity in subjects with insomnia [105],
while animal studies suggest that the lack of sleep can lead to hippocampal oxidative
stress and memory deficits which can be reversed by the antioxidant agents, such as
melatonin, N-tert-butyl-alpha-phenylnitrone, and vitamin E [106]. Sleep deprivation
has also been linked to inflammation and proinflammatory markers, such as TNF-α,
interleukins, and CRP [107, 108]. This leads to the conclusion that oxidative stress
and inflammation may be the main processes behind accelerated aging, cognitive
impairment, and neurodegeneration which are the long-term consequences of PTSD.

11.6 Chemokines in PTSD

Chemokines are small proteins, part of cytokine family involved in cell migration to
the infection or injury sites [109] and initiation of inflammation [110]. In general,
they are involved in the activation of inflammatory response, wound healing process,
immune surveillance, localization, and migration of lymphocytes and leukocytes.
According to the cysteine arrangement, chemokines might be divided into four
subfamilies C, CC, CXC, and CX3C, while CXC and CC subfamilies are the most
common chemokines in mammals [109, 111]. Alterations in the immune system, as
well chemokines, have been reported for several neuropsychiatric disorders, includ-
ing PTSD, which can be defined as psychoneuroimmunological disorder [111]. It is
known that stress activates certain chemokines and receptors that might influence the
HPA axis [112], which regulation has been altered in patients with PTSD. Hence,
alterations in chemokines might lead to neuroendocrine and neurochemical
alterations. Dysregulation of the HPA axis in combination with impaired immune
system in patients with PTSD increase the risk for development of autoimmune,
metabolic, and cardiovascular diseases [14]. Furthermore, chemokines can cross
blood-brain barrier and cause certain alterations in brain areas associated with PTSD
development and progression, including the amygdala, prefrontal cortex, hippocam-
pus, and insula [113, 114]. Due to low-systemic chronic inflammation in patients
with PTSD, several studies have found alterations in the immune system, including
the role of chemokines [111]. For example, increased levels of chemokine CCL-5
have been reported in subjects with PTSD. CCL-5 is produced by macrophages, NK
cells, platelets, T cells, and monocytes, while it is activated or inhibited by other
cytokines [111].

In PTSD, it regulates arrival of monocytes and T-cells to the walls of brain
vessels. Furthermore, in men and women with PTSD, CCL-5 levels were increased
compared to healthy controls group, while the elevation was even higher for PTSD
subjects with avoidant personality disorder [111]. The levels of another chemokine,
SDF-1, were also reported as elevated in patients with PTSD compared with control
group. Chemokine SDF-1 is produced by stromal cells in the bone marrow, and
together with CXC receptor, it is highly expressed in the brain areas involved in the
memory process and fear learning, such as amygdala, hippocampus, and
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hypothalamus. Therefore, altered levels of chemokine SDF-1 might affect neuroen-
docrine regulation [111]. Moreover, the highest increase in the CCL-5 and SDF-1
chemokines has been found for women with PTSD and avoidant personality disor-
der. It is assumed that estrogens might have a role in the chemokine activation
[111, 114]. Likewise, elevation has not only observed for chemokine levels, but also
for their receptors, such as CCR-5 and CXCR-4. The levels of the receptor CCR-5
have been increased in both women and men with PTSD alone or in combination
with avoidant personality disorder, compared with control subjects. Similar findings
have been reported for the receptor CXCR-4 in women; however for men, no
significant differences were found for the receptor CXCR-4 [111]. Therefore,
chemokines CCL-5, SDF-1, and their receptors, CCR-5 and CXCR-4, might repre-
sent immunological but gender dependent biomarkers of chronic stress in PTSD.
Furthermore, study published by Zhang and colleagues [115] reported altered levels
of certain chemokines in subjects with PTSD compared to subjects without PTSD
who were active in the military service. Elevation in the inflammatory state of PTSD
subjects has been reported, which resulted in chemokine dysregulation. Four
chemokines, CXCL-2, CCL-2, CCL-15, and CCL-22 were significantly increased,
while CXCL-12 (SDF-1) and CCL-25 were significantly decreased in subjects with
PTSD, compared with subjects without PTSD [115]. These chemokines might
represent potential biomarkers for PTSD onset [115], while CCL-2 is increasing
over the time in patients with PTSD [116]. Moreover, downregulation of CXL-6,
CCL-13, and CCL-23, as well upregulation of CCL-20 might represent risk for
PTSD, while dysregulation of the chemokines CXCL-11, CCL-13, CCL-23, and
CCL-25 was associated with PTSD severity. The chemokine CCL-13 binds to the
receptors on T-lymphocytes, basophils, eosinophils, and monocytes, while CCL-23
and CCL-25 bind to the specific receptors on monocytes, lymphocytes, or leukocytes
in the peripheral blood [115]. Likewise, chemokine CX3CL-1 might be associated
with reduced PTSD risk. Its lower levels have been reported in subjects with PTSD,
in comparison with subjects without PTSD [115]. CX3CL-1 is a large chemokine
with important role in migration adhesion, learning, neurotransmission, and synaptic
plasticity. It is assumed that alterations in the chemokines and interactions with other
cytokines might be involved in alterations of certain brain regions that regulate fear
conditioning and memory processes, such as the prefrontal cortex, insula, and
amygdala [114]. Alterations in these brain areas are associated with PTSD symp-
tomatology. Activation of the astrocyte’s proliferation leads to chemokine release
and production of ROS, which might interrupt synthesis of serotonin. Decreased
levels of serotonin might be associated with typical PTSD symptoms, including
re-experiencing and hyperarousal. Hence, according to the published results, it is
assumed that elevation of inflammatory reaction, as well altered levels of
chemokines and others mediators of immune system are associated with PTSD
development and progression [111]. However, it should be considered that
differences in the chemokine levels might be due to gender differences, sample
type, age, and detection methods [114]. For example, certain sex-specific variations
have been found in the genes for chemokines, while different endocrine regulation
might also lead to different chemokine levels between women and men. Regarding
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the age, significant differences in chemokines were found in older PTSD subjects,
probably due to imbalance in immune system. Moreover, reported by Pan and
colleagues [114], certain detection methods, such as ELISA, are much more stable
and sensitive for detection of chemokine alterations, while plasma samples are more
suitable for chemokine detection in comparison to serum samples.

11.7 CRP and PTSD

Immunological disruptions, especially in innate immune pathways, have been linked
to increased risk of PTSD and more severe clinical manifestation of PTSD symptoms
[117]. One of the most investigated and validated markers of the innate immune
signaling pathways is CRP which is synthesized primarily in the liver during acute-
phase inflammation, and its concentration drastically elevates within 2 h after
inflammatory trigger [118, 119]. CRP exhibits its proinflammatory properties
through stimulation of the complement system, activation of macrophage phagocy-
tosis, and reduction of the anti-inflammatory IL-10 levels [117, 120]. Elevated
concentration of peripheral CRP has been associated with increased risk of CVD,
metabolic syndrome, diabetes, hypertension, and other chronic diseases [121].

Although some studies showed lower levels of CRP in PTSD [122], a majority of
studies reported increased levels of plasma CRP in both civilian and military subjects
with PTSD [2, 123–126]. Moreover, patients with PTSD were two times more likely
to have clinically significant increase in CRP levels (>3.0 mg/L), associated with
cardiovascular risk and metabolic syndrome, which are both common comorbidities
in PTSD patients [125]. Recent studies have shown increased CRP in stroke lesions
[127], senile plaques in patients who suffered from Alzheimer’s disease [128–130],
and CSF and plasma of patients with MDD [131, 132]. The role of CRP in
immunological and pathological states was mostly associated with peripheral sig-
naling pathways, while conclusive mechanisms by which it could affect the CNS and
psychiatric disorders remain unclear. It has been suggested that CRP could also been
produced by endothelial cells that form the blood-brain barrier (BBB) [133] or that
increased BBB permeability, which has been reported in states of high inflammation
and TBI could cause the crossing of peripheral CRP to CSF and brain [134–
136]. That way, not only CRP, but other pro-inflammatory cytokines and immune
cells could enter the brain and contribute to the neuroinflammation and PTSD risk
and symptoms severity [117].

There is growing evidence of the association of PTSD and CRP levels; however,
it is unclear whether the increased pre-trauma CRP is a risk factor contributing to the
development of PTSD or it is a clinical marker of already developed PTSD
symptoms. Increased CRP was reported in male Marines before combat deployment
who subsequently developed PTSD; however, it did not correlate with PTSD
severity [137]. On the other hand, pre-trauma levels of CRP were not significantly
predictive for PTSD development in civilian women [138]. These differences are not
surprising since alterations in innate immune system response, including CRP levels,
have already been documented between men and women, as well as between
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different ethnicities [117, 139, 140]. Elevated CRP was associated with several
symptom domains, mostly with avoidance, re-experiencing [4, 141, 142], and
depression [32] but also with impaired inhibition of fear-potentiated startle in
women, which is also related to PTSD symptoms, specifically with hyperarousal
[2, 143]. The association of increased CRP and heightened fear response and fear of
a terrorist event was more noticeable in women than in men, while the depressive
symptoms after terrorist-induced trauma were more correlated with CRP in male
civilian population compared to female subjects [144].

Although there is possibility that traumas involving physical injury such as war
experience, car accidents, and physical violence, would activate stronger immune
response than psychological trauma [145], the differences in CRP levels depending
on the types of traumas have not been directly studied. However, the history of
childhood trauma is associated with higher inflammation and CRP levels in adult-
hood [146–148] and also with higher risk of psychiatric disorders, including PTSD
[11, 149]. Other environmental factors such as socioeconomic status and social
support could also mediate the CRP association with PTSD development. Low
socioeconomic status was associated with worse clinical manifestation of PTSD
[150] and with higher CRP levels [151, 152]. Additionally, low socioeconomic
status has been associated with lower DNA methylation of several proinflammatory
genes, which could lead to higher expression of proinflammatory factors and
exacerbated inflammatory response [153]. Social support could influence the trauma
perception, processing, and management and in that manner might alleviate the
symptoms or reduce the risk for development of PTSD after traumatic event
[154, 155]. Patients who received high social support also had lower levels of
CRP [156, 157].

The estimated heritability of CRP is around 35–40% [158], and recent studies
have shown the association of rs1130864, SNP within CRP gene, and CRP levels, as
well as with PTSD symptoms, especially increased hyperarousal, vulnerability to
hypervigilance, increased fear-potentiated startle [2], and major depression
[159]. Additionally, SNP rs3091244, which influences CRP promotor activity and
is in strong linkage disequilibrium (LD) with rs1130864, has been associated with
CRP levels in healthy individuals [160] and subjects with PTSD [2], while rs1205
and rs2794520, previously associated with cardiometabolic conditions [161], signif-
icantly interacted with PTSD to influence CRP levels [162]. Decreased methylation
at cg10636246, located near the transcription start site of absent in melanoma 2 gene
(AIM2), which plays a role in activating the innate immune response [158, 163], was
associated with both increased expression of AIM2 and elevated CRP levels, as well
as with PTSD severity [162].

These results suggest that association of PTSD and CRP is bidirectional and is
possibly mediated by genetic variations in the CRP gene, but also with other factors
such as gender, type of trauma, history of maltreatment in young age, socioeconomic
status, dietary habits, and social support, that could influence the CRP levels and its
relationship in PTSD pathology partially on epigenetic level [117, 162,
164]. Increased inflammation, which can be reflected in increased peripheral CRP,
could reflect the symptoms that cross between different neuropsychiatric disorders;
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however, the exact mechanism by which it could affect the trauma management in
the CNS is still unknown. More in vivo and in vitro studies are necessary to
understand the role of CRP and other immune signaling factors in PTSD develop-
ment and severity [117].

11.8 Stress-Related Regulation of the Kynurenine Pathway

The kynurenine pathway represents an important link between stress, CNS, and
neuroendocrine and immune systems, as well as altered behavior [165–168]. This
pathway regulates many important biological systems including oxidative stress,
energy metabolism, immune function, gut-microbiota actions, and neurotransmitter
systems [169]. Moreover, the kynurenine pathway is activated by acute and chronic
stress and immune responses, and resulting neuroactive and immunomodulatory
kynurenines may be involved in the etiology of a wide range of illnesses including
immune diseases, cancer, neurodegenerative diseases, and psychiatric disorders
[168, 170–175].

Kynurenine pathway is, in addition to protein synthesis and serotonin/melatonin
production, the main metabolic pathway of the essential amino-acid tryptophan
[166, 173, 176]. Approximately 95–99% of tryptophan is metabolized through the
kynurenine pathway [174]. The enzymes, tryptophan 2,3-dioxygenase (TDO), and
indoleamine 2,3-dioxygenase (IDO) [177], both metabolize tryptophan to
kynurenines; however, TDOs are primarily distributed in the liver, whereas IDOs
are found in the brain, blood, lung, spleen, and kidney [174, 178]. Kynurenine
(KYN) is subsequently converted by the enzyme kynurenine 3-monooxygenase
(KMO) into metabolites, which exert modulatory effects on glutamatergic neuro-
transmission [166] as well as various immune effects [179]. Specifically, in the
so-called excitotoxic branch, neurotoxic kynurenine metabolites are generated:
3-hydroxy-kynurenine (3-HK) is metabolized into quinolinic acid (QUIN), subse-
quently to 3-hydroxy-anthranilic acid (3-HAA), and then to the end-point metabolite
nicotinamide adenine dinucleotide (NAD+) [176, 180]. On the other hand, in the
so-called neuroprotective branch, KYN is metabolized by the kynurenine amino-
transferase (KAT) into kynurenic acid (KYNA), the NMDA, and alpha7 nicotinic
acetylcholine receptor antagonist [166, 180, 181]. KYNA exerts neuroprotective,
antioxidant, and immunomodulatory properties [182–184], by reducing extracellular
release of glutamate [185, 186] and decreasing inflammation, oxidative imbalance,
and mitochondrial dysfunction [183, 187] and might counteract the neurotoxicity
mediated by 3-HK and QUIN [166]. The balance between KYNA and QUIN is
suggested as an important parameter of the brain homeostasis [188], whereas its
disruption underlies the pathogenesis of different CNS disorders, such as mood and
anxiety disorders and certain stress-related diseases [189, 190].

Stress activates pro-inflammatory cytokines [191], such as TNF-α, IL-1β, IL-6,
and IFN-γ, [192–194], and cortisol secretion via stimulation of the HPA axis, which
activates IDOs and TDOs, respectively [195–197]. Specifically, during stress IDOs
are activated by proinflammatory cytokines, whereas TDOs are activated by the
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glucocorticoids [174], resulting in the shift in the tryptophan metabolism from the
methoxyindole pathway to the kynurenine pathway [174]. As a result, the
kynurenine formation is elevated and neurotoxic downstream kynurenine
metabolites such as 3-hydroxy-kynurenine (3-HK) and quinolinic acid (QUIN) are
increased [198], leading to the induction of free radicals and neuronal apoptosis
[194]. QUIN, a N-methyl-D-aspartate (NMDA) receptor agonist, has been reported
to increase glutamate levels and induce oxidative stress and ROS formation, mito-
chondrial dysfunction, and reduced respiratory capacity, resulting in neuronal
excitotoxicity and apoptosis [181, 199–202]. Neurotoxicity is also caused by the
oxidative properties of 3-HK and of the end-product metabolite NAD+ [203]. Several
kynurenine metabolites have also neuroactive properties and are involved in regula-
tion and modulation of neurotransmitter systems such as glutamatergic, GABAergic,
nicotinic, serotonergic, and dopaminergic systems [169]. Therefore, they may influ-
ence neurotransmission and neuronal function [174] and contribute to the develop-
ment of CNS disorders. In addition, stress and inflammatory states induced via
kynurenine pathway activation may trigger serotonin deficiency, by depleting the
tryptophan resources necessary for serotonin synthesis, resulting in mood and
psychiatric symptoms [204–206].

Various human studies [173, 207, 208], as well as experiments in animal models
[209], have shown that the kynurenine pathway is activated during acute and chronic
stress. In addition, several clinical studies have found the increase in kynurenine in
the peripheral circulation to be associated with CNS diseases and might serve as a
reliable biomarker to highlight dysregulation in the kynurenine metabolic pathway
[169, 210, 211]. In addition, pharmacological agents targeting specific kynurenine
pathway enzymes have been investigated in animal models of CNS disorders, in
order to offer novel therapeutic targets [212, 213]. Different types of stressors, such
as acute predatory stress [214], physical restraint or immobilization [215, 216], foot
shock [217], separation stress [218], or different types of chronic stress [219, 220],
activate the kynurenine pathway, suggesting that this pathway represents a good
candidate to mediate the effect of stress on brain neurotransmission, by generating a
variety of metabolites acting as oxidants, antioxidants, neurotoxins, neuroprotectants
and immunomodulators [175]. It has been shown that the immunomodulators
facilitate the immune system resulting in a chronic low-grade inflammation, which
is commonly observed in obesity, poor nutrition, after exposure to chemicals or
allergens, as well as in various chronic disorders, such as cardiovascular, metabolic,
immune, neurodegenerative, and psychiatric diseases [221], including PTSD [9].

Inflammation, and particularly systemic low-grade inflammation, has been
associated with PTSD [9]. Elevated levels of proinflammatory cytokines IL-1,
IL-6, IFN-γ, and TNF-α have been observed in the serum of patients with PTSD
and correlated with the severity of the disease [3]. On the other hand, lower serum
concentrations of anti-inflammatory cytokine IL-4 were also reported in subjects
with PTSD [113]. Moreover, higher anti-inflammatory cytokine TGF-βwas found as
predicative indicator for the development of PTSD 1 month after accidents
[222]. However, so far there are no published data on the alterations in the
kynurenine pathway in PTSD [11], and there are no clinical studies regarding the
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peripheral or CSF samples of kynurenines in PTSD patients. The kynurenine
pathway metabolites are monitored in clinic as evidence of inflammatory responses
contributing to the sleep deprivation and the formation of intrusive memories
[113]. Nevertheless, in rodents, injections of TNF-α and IL-6 in the amygdala
resulted in the glutamate toxicity, which is associated with impaired auditory fear
conditioning [223, 224]. In addition, the altered levels of neurotransmitters, such as
GABA [225] in PTSD and other fear- and anxiety disorders, might be linked to
inflammation-induced glutamate excitotoxicity [226].

Therefore, although there is accumulating evidence for the kynurenine pathway
activation by the stress and immune responses in various neuropsychiatric and
neurodegenerative disorders, more research is needed, especially regarding its
involvement in PTSD and its potential role as a target for drug discovery and
development.

11.9 The Gut-Brain Axis in PTSD

The microorganisms composing gut bacteria, or gut microbiota, play an important
role in maintaining health and influence the brain through complex bidirectional
communication via immune, neurological, and endocrine pathways, known as the
gut-brain axis. More than 1000 species of gut microbiota are located in the human
intestine, with 1011 to 1012 bacteria per gram of stool. Research conducted on gut
microbiota and their host brain function has revealed that gut microbiota affects
stress and emotional responses, as well as psychosomatic disorders [227].

Experiments on germ-free mice have discovered that the gut microbiome is a new
major player in the structure, development, and function of both the enteric and
central nervous system [228], while experimental and clinical data suggest that
intestinal bacteria mediate changes in brain function and behavior such as depres-
sion, anxiety, and cognition. Germ-free mice showed reduced anxiety-like behavior
[229] and impaired working memory [230] compared to normal, conventionally
raised mice. Therefore, behavioral traits of a more anxiety-like phenotype could be
adoptively transferred to mice that showed a less anxious phenotype by colonization
with their donor gut bacteria [231]. Furthermore, specific strains of beneficial
bacteria such as Lactobacillus rhamnosus or Bifidobacterium longum can ameliorate
anxiety- and depressive-like behaviors after their administration to mice
[232, 233]. Modification of the gut microbiota causes these changes in behavior
that are associated with changes in brain neurochemistry including changes in the
BDNF and N-methyl-D-aspartate receptor expression, but this communication
between intestinal bacteria and brain is highly complex and involves several meta-
bolic, neural, and immune pathways [229, 231]. Gut microbiota is also characterized
by a huge metabolic activity. They ferment and digest host-derived and dietary
components (carbohydrates, proteins, and lipids) and convert them into various
metabolites that can be beneficial or harmful for health [234]. Capsular
polysaccharide A, a membrane component of Bacteroides fragilis, and membrane
vesicles from the cell surface of Bacteroides fragilis of Lactobacillus rhamnosus
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JB-1 can have anti-inflammatory and neuronal effects that represent effects of parent
bacteria [235]. Also, the production of systemic serotonin via the tryptophan/
kynurenine pathway is dependent on the presence of gut bacteria, and consumption
of a probiotic (Bifidobacterium infantis) changes this pathway and is associated with
antidepressant effects in a rodent study [236]. Food antigens, possible pathogens,
and symbiotic intestinal microbiota that the gastrointestinal tract is constantly
confronted with present a risk factor for intestinal inflammation. The gastrointestinal
tract is highly innervated by vagal fibers that connect the CNS with the intestinal
immune system. Anti-inflammatory capacities of the vagus nerve, another important
intermediary component in the gut-brain communication, are mediated through the
HPA axis, the splenic sympathetic anti-inflammatory pathway, and the cholinergic
anti-inflammatory pathway. This cholinergic anti-inflammatory pathway plays a
crucial role in the intestinal immune response and homeostasis and presents an
interesting target for the development of novel treatments for inflammatory diseases
such as PTSD, related to the gut-immune system [237]. Further, investigations on
gut microbiota in patients with MDD have reported increased levels of Alistipes and
Oscillibacter, reduced levels of Faecalibacterium [238], and increased fecal levels
in bacterial product isovaleric acid [239]. These findings suggest that anxious and
depressive symptoms, common in PTSD, may be associated with composition and
functionality alterations of the gut microbiota. Thus, the balance of communities of
commensal bacteria is important in the regulation of the gut barrier function,
immune, and nervous systems that in turn can affect brain function and
behavior [236].

In the exploratory study conducted on 18 PTSD participants and 12 trauma-
exposed control participants from South Africa, no significant differences in diver-
sity of a microbial community or predicted functional capacity between these two
groups were found [240]. However, in this study, random forest analysis has
revealed three phyla, Actinobacteria, Lentisphaerae, and Verrucomicrobia that
distinguish PTSD participants from trauma-exposed controls. Higher PTSD clini-
cian administered PTSD scale (CAPS) scores were associated with a decreased total
abundance of these three phyla [240]. The Verrucomicrobia phylum was represented
by Akkermansia muciniphila which is thought to be anti-inflammatory in humans,
induces T regulated (Treg) cells, and is reduced in many diseases or conditions
associated with a failure of immunoregulation and/or increased inflammation
[240]. The Actinobacteria was represented by Collinsella genus, and its decreased
relative abundance has been reported in individuals with MDD [238]. Further,
individual differences in the host immune response possibly play an important role
in the vulnerability to PTSD after trauma exposure. Studies in rats showed that
glucocorticoids decrease immunoglobulin A (IgA), which is responsible for inhibi-
tion of bacterial adherence to intestinal epithelial cells, and they increase bacterial
adherence, as well as bacterial translocation to mesenteric lymph nodes
[240]. Decreased frequency of Treg cells or altered Treg function may result in
overactive host immune defenses, increased gut permeability, colitis, and
exaggerated PTSD symptoms after trauma exposure [241]. According to this
study, decreases in the relative abundances of Actinobacteria, Lentisphaerae, and
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Verrucomicrobia with the prevalent human commensal Akkermansia muciniphila
could contribute to decreased immunoregulation in PTSD [240].

Dietary interventions or the use of beneficial bacteria such as probiotics can
potentially improve the composition and the function of the bacterial community
in the gut [236]. Also, the administration of different species of Lactobacillus and
Bifidobacterium was found to be associated with an improvement in mood, a
decrease in anxiety, as well as a decrease in psychological distress, especially in
individuals with low cortisol levels. Furthermore, the administration of probiotics
from fermented milk products affects the activity of brain regions that are responsi-
ble for the central processing of emotions in women [236]. Bio-immunomodulatory
probiotics, such as Lactobacillus reuteri DSM 17938, are of greater interest due to
their potential to decrease stress-induced inflammatory responses, high accessibility,
low costs, self-sustaining, and existing information about their previous safety and
tolerability without serious side effects [242]. Their ability to induce the proliferation
of Treg cells and to increase the production of anti-inflammatory cytokines, includ-
ing IL-10 and TGF-β, makes them promising candidates for the treatment of PTSD
symptoms accompanied by mild traumatic brain injury [242].

11.10 Potential Treatment

The most effective treatment in PTSD is trauma-focused psychotherapy, but unfor-
tunately even 30–50% of patients do not benefit from it [243]. It was shown that
while during therapy symptoms became less severe, cytokine levels were increasing
until the anti-inflammatory therapy was applied [116]. A more recent study [77]
investigated the predictive associations of acute stress-induced IL-6 reactivity before
the onset of psychotherapy intervention and the therapy outcome after 8 weeks of
treatment. They reported [77] an association of the high reactivity of IL-6 to
psychosocial stress at the beginning of the therapy with a negative therapy outcome
in PTSD, especially regarding depressive symptoms.

There is an urgent need to determine the effect of bacterial supplements and
controlled changes in diet on psychological symptoms and cognitive functions in
patients with PTSD. Dysregulated HPA axis and altered glucocorticoid signaling
suggest that future studies should focus on the strategies aimed to restore glucocor-
ticoid sensitivity to normalize inflammation, since glucocorticoid receptors inhibit
and regulate proinflammatory cytokines [39].

Although the link between PTSD, inflammation, and CVD is established in
majority of studies, there is paucity of data how potential interventions may impact
the CVD and inflammation in this population. In preclinical study, both ACE or
TNF-α inhibitors prevented proinflammatory and hypertensive response to stress
[55], while suppressing sympathetic tone by clonidine or blocking β-adrenergic
receptors by propranolol did not block myocardial hypersensitivity to ischemia
during psychosocial stress [51]. Moreover, lycopene has suppressed the increase
of IL-6, IL-1β, and TNF-α and decrease of BDNF after single prolonged stress in
mice hippocampus and prefrontal cortex [244]. In veterans with PTSD, a
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Fig. 11.1 The complex link between PTSD symptoms and increased inflammation

combination of different treatments, including psychotherapy, increased serum
TNF-α levels, despite improvements of clinical symptoms [245]. Likewise, serum
IL-1β, chemokine MCP-1 and TNF-α levels in PTSD patients increased during
12-week multidisciplinary program, in contrast to other patients [116]. However,
in another study including PTSD patients, serum IL-1β levels were decreased to
normal levels after treatment with citalopram and sertraline but also after placebo
[246]. There is also evidence that the modulation of autonomic response, such as
vagal nerve stimulation, may improve the vagal tone and block the increase in
mental-stress related cytokine increase [63].

PTSD is a chronic, difficult-to-treat disorder. Given its relationship with a range
of somatic disorders such as CVD, and the role of low-grade inflammation, it
remains to be determined how different treatments impact long-term CVD risks.

Since some individuals are resilient to trauma and do not develop PTSD after
exposure to a traumatic experience, these differences might suggest that distinct
pre-existing proinflammatory state might be responsible for the vulnerability or
resilience to develop PTSD after traumatic exposure [3, 69], as shown in Fig. 11.1.



11 PTSD, Immune System, and Inflammation 247

11.11 Conclusion

It is obvious that a great attention was given to the inflammatory pathology of PTSD,
but there are still a lot of details in inflammatory mechanisms that remain to be
investigated. Alterations in chemokines and interactions with other cytokines might
be involved in alterations of certain brain regions that regulate fear conditioning and
memory processes, such as the prefrontal cortex, insula, and amygdala. Changes in
these brain areas are associated with PTSD symptomatology. However, there is a
great potential in using altered inflammatory indicators as potential diagnostic and
prognostic biomarkers of PTSD. They can also be used in searching for the novel
anti-inflammatory treatment strategies in PTSD. The relationship between PTSD
diagnosis and oxidative stress is not yet clarified. However, there is evidence linking
chronic and repeated activation of the HPA axis with oxidative stress and inflamma-
tion. This leads to the conclusion that oxidative stress and inflammation may be the
main processes behind the accelerated cellular aging and neurodegeneration, which
are the long-term consequences of PTSD, and highlights the importance of future
research that would focus on the novel therapeutic approach to PTSD, targeting both
oxidative stress and inflammation. In addition, there is accumulating evidence for the
significance of the kynurenine pathway activation by the stress and immune
responses in various neuropsychiatric and neurodegenerative disorders. However,
more research is needed, especially regarding its involvement in PTSD and its
potential role as a target for drug discovery and development. In addition, the
findings suggest that association of PTSD and CRP is bidirectional and is possibly
mediated by the genetic variations in the CRP gene but also with other factors such
as gender, type of trauma, history of maltreatment in young age, socioeconomic
status, dietary habits, and social support, which could influence the CRP levels and
its relationship in PTSD pathology on epigenetic level. Increased inflammation,
which is reflected by the increased peripheral CRP levels, could reflect the symptoms
that cross between different neuropsychiatric disorders; however, the exact mecha-
nism by which it could affect the trauma management in CNS is still unknown. The
gut microbiota maintains the balance and interaction of the immune, CNS, and
endocrine pathways. Some bacteria might distinguish PTSD participants from
trauma-exposed controls and might contribute to immune dysregulation in PTSD.
Dietary interventions or the use of beneficial bacteria such as probiotics can poten-
tially improve the composition and the function of the bacterial community in the
gut, and therefore the effect(s) of bacterial supplements and controlled dietary
changes on psychological symptoms and cognitive functions in patients with
PTSD needs to be determined.

The dysregulated HPA axis, altered immune signaling, and disrupted homeosta-
sis, as well as the association of the PTSD with the inflammation and disrupted
cognition, oxidative stress markers, disrupted brain-gut axis, and CVD, support
novel strategies, and new avenues for treatment of PTSD. These strategies should
be aimed to attenuate inflammatory processes and consequently to reduce PTSD
symptoms, but also to improve cognition and reduce cardio-metabolic disorders
associated so frequently with PTSD.
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Abstract

Sleep and immunity have bidirectional relationships. In this chapter, we review
the links between sleep and immunity, focusing on immune changes occurring in
the insomnia disorder. During physiological sleep, there is a decrease of
pro-inflammatory cytokines (IL-1, IL-6 and TNF-α) and a decrease of anti-
inflammatory cytokines (IL-4, IL-10). Examinations of ratios of
pro-inflammatory and anti-inflammatory cytokines allow to identify rather a
pro-inflammatory activity at the beginning of the night and confirm then anti-
inflammatory during the second part of the night. Immune cells, as NK-cells,
decrease in the blood, due to their migration to secondary lymphoid organs, but
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Only few studies have investigated changes in immunity in patients with

More studies are necessary to better understand the pathophysiology of
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their activity increases. Inversely, a short sleep duration appears associated with
increased inflammatory processes and increased risk of infection.

insomnia disorder. These studies suggest that insomnia disorder is related to
deregulation of the immune system, with an increase in the level of
pro-inflammatory cytokines and change in rate of secretion and a decrease in
the level of lymphocyte. Insomnia treatments, particularly cognitive behavioral
therapy (CBT-I), seems to have a restorative effect not only on sleep, but also on
the associated inflammation. Melatonin also seems to reduce inflammation in
patients suffering from insomnia disorder.

changes in immune system in patients suffering from insomnia disorders and
their clinical implications.

Keywords

Insomnia · Immunity · Inflammation · Sleep immune cross talk · Sleep disorders ·
Sleep deprivation · Sleep loss

12.1 Introduction

Sleep and immunity have bidirectional relationships and activation of the immune
system can affect sleep, and similarly, sleep has an effect on the immune system [1–
3].

At the end of the nineteenth century, some experimental studies conducted in
animals have shown that particularly total sleep deprivation may led to lethal
consequences several or 15 days after [4, 5]. One hypothesis was that these animals
died as a result of bacteremia caused by sleep deprivation [6]. These observations
suggested an important role of sleep on immunity, which indeed remained to be
clarified in humans.

Among causes, which may lead to sleep deprivation, insomnia may play a role,
and it is one of the most frequent sleep disorders in the general population. Insomnia
is defined by the ICSD-3 (International Classification of Sleep Disorders version 3)
[7] as at least one sleep disorder (difficulty in falling asleep, difficulty in maintaining
sleep, waking up too early, sleep time less than 6 h). These symptoms must occur
with a specific frequency (at least 3 times a week) and persist for a certain time (for at
least 3 months), in an adequate night sleep context, with repercussions on daytime
functioning (fatigue, irritability, concentration and memory problems, mood
disorders, alteration of social life, etc.). The prevalence of insomnia in the different
studies varies due to the great heterogeneity of the definitions, populations, and
methodologies used [8]. Nevertheless, about one-third of the general population
reports occasional difficulty falling or staying asleep during the night, and for
approximately 6–13% of the population, these difficulties are experienced more
regularly and result in distress and negative consequences for daytime functioning
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[9]. The rigorous application of diagnostic criteria for insomnia disorder places its
prevalence at around 10% in the general population [10]. Insomnia is a severe
disorder leading to medical and neurodegenerative disorders, psychiatric, addictive
disorders, and increased suicide risk, all conditions potentially associated with
insomnia-related inflammation [11–14].

This work will review the links between sleep and immunity, starting by outlining
relationships between the immune system and physiological sleep. In a second part,
we will focus on immune changes occurring in the insomnia disorder.

12.2 Changes in Immunity During Physiological Sleep

12.2.1 Cytokines

12.2.1.1 Pro-inflammatory Cytokines (IL-1, IL-6, TNF-a)
Several studies have found that pro-inflammatory cytokines (IL-1, IL-6, and TNF-α)
decrease during normal sleep, suggesting an anti-inflammatory function of sleep. In
contrast, during sleep deprivation, an increase in blood levels of pro-inflammatory
cytokines is observed [15].

IL-2 is a cytokine that mediates adaptive immunity. Under normal circumstances,
no changes are observed during sleep. However, after vaccination, an increase in
IL-2 levels has been observed, which is not found in case of prolonged wakefulness
after vaccination [15].

12.2.1.2 Anti-inflammatory Cytokines (IL-4, IL-10)
Conversely, an decrease in IL-4 and IL-10 anti-inflammatory cytokines levels have
been reported during sleep [15].

12.2.1.3 Ratio of Pro- and Anti-inflammatory Cytokines
Dimitrov et al. [16] found an increase in the TNF-α/IL-4 ratio during the first part of
sleep (thus in favor of a pro-inflammatory activity), which reverses in the second part
of the night (in favor of an anti-inflammatory activity). In line with these
observations, Axelsson et al. [17] reported an increase in the IL-2/IL-4 ratio in the
case of prolonged sleep deprivation (pro-inflammatory activity).

Taken together these findings suggest a decrease in anti-inflammatory activity
during sleep when measuring cytokine levels. Examinations of ratios of pro-inflam-
matory and anti-inflammatory cytokines allow to identify rather a pro-inflammatory
activity at the beginning of the night and confirm then anti-inflammatory during the
second part of the night.

12.2.2 Immunity Cells

In 1997, Born et al. found a decrease in the blood level of leukocytes and Natural
Killers cells (NK-cells) during sleep [18] and hypothesized that this decrease is



266 M. A. Akkaoui et al.

related to a redistribution of immune cells to the lymph nodes and organs during
sleep. Ruiz et al. [19] validate this hypothesis in skin transplanted from mice,
showing a redistribution of immune cells during sleep to the spleen and lymph
nodes, in contrast to sleep deprived mice.

Irwin et al. [20] show that NK-cells activity actually increases during sleep and
decreases during sleep deprivation. Moreover, if sleep deprivation is prolonged, a
rebound in NK cell activity is observed. This observation is identical for
lymphocytes and monocytes [20]. Recently, Ruiz et al. [21] reported that a total of
two nights of sleep deprivation resulted in increased leukocytes and neutrophils in
healthy men compared to their baseline values. After 24 h of sleep recovery, those
figures returned to the values observed at baseline.

In summary, during sleep, immune cells decrease in the blood, due to their
migration to secondary lymphoid organs. In addition to this migration, the activity
of immunocompetent cells increases during sleep.

12.2.3 Effects of Sleep on Adaptive Immunity: The Example
of Vaccination

Vaccination is an example of adaptive immunity. The first observation was
conducted by Spiegel et al. [22], who observed the effects of sleep deprivation on
the creation of antibodies specific to the H1N1 flu virus after vaccination. A first
group of patients received the H1N1-vaccine and then underwent sleep deprivation
(4 h of sleep per night for 6 nights) and was compared with a second group that also
received the vaccine but without sleep deprivation. Patients without sleep depriva-
tion had 2.5 times higher levels of H1N1-specific antibodies than those who were
sleep deprived. This study suggests that sleep has a key role and allow the immune
system to develop antibodies. Later studies confirmed that a single night of sleep
deprivation resulted in decreased antibody levels following vaccination against
hepatitis A and B [23].

If decreased sleep duration prevents the humoral response following vaccination,
it may be so hypothesized that increased sleep duration may enhance the adaptive
immunity response following vaccination. Prathner et al. [24] compared the humoral
response following hepatitis B vaccination in individuals sleeping less than 6 h and
more than 7 h and found that the proportion of individuals achieving effective
protection was 3.5 times higher in the longer sleep group.

Just as sleep promotes memory consolidation at the brain level, it seems to
promote immune memory and would allow for better adaptive immunity (Fig. 12.1).

12.2.4 Sleep Response to Acute Immune Activation

12.2.4.1 Sleep Architecture Modifications during Infection
During acute infection, increased sleep is considered as a host defense response.
Indeed, during acute infection in general, non-rapid eye movement sleep
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Fig. 12.1 Effects of sleep on immune memory. (Adapted from Besedovsky, 2019 [23])

(NREM-Sleep) and more specifically slow wave sleep (SWS) are increased, together
with febrile response [25, 26]. On the contrary, rapid eye movement sleep (REM
sleep) is rather diminished or suppressed. This sleep response to infection is
mediated by cytokines. Indeed, pro-inflammatory cytokines, such as IL-1 and
TNF-α, are described as NREM-sleep inducers with fever; however, IL-6 induces
fever but impairs sleep (sleep fragmentation). Overall, animal studies suggest that
most pro-inflammatory cytokines are NREM sleep promoting, while anti-
inflammatory cytokines are NREM sleep reducing [23].

12.3 Insomnia and Immunity

12.3.1 Effects of a Reduced Sleep Duration on Immunity

There seems to be a relationship between the duration of sleep and immunity
(cellular and humoral). Several studies in humans have shown that short habitual
sleep duration, i.e., less than 5–6 hours, increases cardiovascular and mental
disorders and increases the mortality risk [27–29]. Short sleep duration has been
showed to be related to cardiovascular diseases, metabolic diseases, some forms of
cancers, and an neuropsychiatric diseases [1], which all involve immune
dysregulations.

A study conducted in 2500 elderly people, who were followed for 7 years, found
that a sleep duration of less than 5 h was associated with an increase in
proinflammatory cytokines (IL-6, TNF-α) and CRP and was associated with an
increased mortality [30]. Another prospective study conducted in 3000 elderly
subjects, who were followed for 9 years, found an association between pro-inflam-
matory cytokines (IL-6, TNF-α), CRP, reduced sleep duration, and mortality [31]. In
line with this, in adolescents sleeping less than 8 h per night was associated with an
increase in leukocytes, monocytes, neutrophils, and T lymphocytes [32].
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Several studies have found an increased risk of developing an infection in people
with shortened sleep duration. Indeed, Patel et al. [33] found an increased risk of
developing a lung infection in people sleeping less than 5 h per night. Another study
found that people who reported sleeping less than 7 h per night were more likely to
develop respiratory infections than people who reported sleeping more than 8 h per
night [34].

So shorter sleep durations appear associated with increased inflammatory pro-
cesses and increased risk of infections.

12.3.2 Insomnia and Immunity

A study conducted by Donners et al. [35] in German students found that students
who reported being sick frequently reported more insomnia symptoms (on the
SLEEP-50 questionnaire) than students who reported being rarely sick.

Few studies have investigated changes in immunity in patients with insomnia
disorder (Table 12.1). A study reported that chronic insomnia has been shown to be
associated with increased secretion of TNF-α and IL-6 during the day, combined
with hypersecretion of cortisol, an arousal hormone that leads to daytime fatigue,
sleepiness, and poor sleep quality [36]. In this study, authors observed in individuals
with insomnia, compared to controls, a shift of the peak levels of systemic IL-6 and
TNF-α from night time to daytime. So the authors hypothesized that these daytime
increases in inflammatory cytokines may explain increased fatigue experienced
during the day. Another interesting study reported increased levels of IL-6 during
the night compared to day time, in 11 patients suffering from insomnia disorder
[37]. Moreover, in the same study, longer PSG-derived nocturnal wake duration was
related to higher IL-6 levels. Consistent results were found in the study by Floam

Table 12.1 Summary of changes in immunity during physiological sleep, sleep deprivation, and
insomnia disorder

Physiological Sleep Insomnia
sleep deprivation disorder

Leucocytes

Lymphocytes ?

Monocytes ?

NK-cells

∙ Count
∙ Activity

# " =
=

Cytokines

Pro-inflammatory
IL-1, IL-6, TNF-α
Anti-inflammatory (IL-4,

IL-10)
= ?

CRP

CRP =
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et al. [38], who found a higher inflammatory score (composite score based on IL-6,
CRP and monocyte levels) in 29 patients with insomnia disorder, compared with
good sleepers. This increase in inflammation was associated with an objective
decrease in sleep duration (measured by actigraphy) of 45 min in patients with
insomnia.

As mentioned above, sleep plays an important role in the consolidation of
adaptive immunity and humoral memory. A study that compared 133 healthy
college students with or without insomnia disorder (based on DSM-5 criteria)
found that students who reported insomnia had a poorer humoral response (lower
antibody levels) to influenza vaccination than students with no sleep problems
[39]. In a another study, Savard et al. [40] compared the count of lymphocytes in
patients with chronic insomnia (based on DSM-IV criteria) and in patients with no
sleep disorders. The authors found a lower count of lymphocyte subpopulation (i.e.,
total T cells, CD4 T cells, and CD8 T cells) in patients with chronic insomnia than in
healthy controls. They did not find any differences regarding total leukocyte counts,
NK-cell activity, or production of IL-1, IL-2, and IFN-γ. However, in this study,
individuals with insomnia and healthy controls did not differ on PSG-sleep
parameters, while the group with a diagnosis of insomnia reported subjectively a
longer nocturnal wake duration and lower sleep efficiency. This lack of differences
in objective sleep parameters on PSG may have explained the absence of difference
in the total leukocyte count in both populations. Only one study [41] explored
telomere length in insomnia disorder and found that the presence of insomnia may
accelerate cellular aging in the later years of life (>70 years).

The results of these different studies suggest that the insomnia disorder is related
to deregulations of the immune system: increase in the level of pro-inflammatory
cytokines and change in the rate of secretion and decrease in the level of
lymphocytes.

12.3.3 Insomnia Treatments and Immunity

According to international guidelines, insomnia treatment includes
non-pharmacological sleep intervention such as cognitive behavioral therapy
(CBT-I) and pharmacological options such as GABAa-receptor allostatic
modulators and melatonin receptors agonists, among antidepressants doxepine and
dual orexin receptor antagonists (DORAs).

12.3.3.1 Non-pharmacological Sleep Intervention: Cognitive Behavioral
Therapy (CBT-I)

The gold standard treatment for chronic insomnia is cognitive behavioral therapy
[42]. Irwin et al. [43] found that the use of CBT-I in 100 patients suffering from
chronic insomnia was accompanied not only by clinical improvement but also by a
decrease in the level of pro-inflammatory cytokines (IL-6, TNF-α) and CRP. This
decrease persisted at 2 months of follow-up for cytokines, and up to 16 months of
follow-up for CRP. Several other studies have found this decrease in CRP after



270 M. A. Akkaoui et al.

CBT-I in insomniacs, as well as in IL-1 and IL-18 levels [23]. A study using
genome-wide transcriptional profiling found that the transcription of genes involved
in inflammation were downregulated after treatment with CBT-I [43]. Transcription
of genes involved in IFN and antibody responses were upregulated [43].

12.3.3.2 Pharmacological Sleep Intervention

GABAa-Receptor Allostatic Modulators
Hypnotics and anxiolytics of the BZD class improve sleep efficiency by reducing the
latency of sleep onset and arousals during the night [44]. We have not found any
specific study on the effect of Z-drugs and benzodiazepines on immunity in humans.
We found two studies conducted in animals and involving benzodiazepines: In the
first study, mice were treated with midazolam daily after a burn injury; the authors
observed a decrease in IL-1, TNF-α, IL-6, IL-10, and TGF-b levels compared to
saline-treated mice [45]. In a second study, using the same treatment with
midazolam, investigated whether psychological stress could alter survival following
Pseudomonas aeruginosa infection. The results showed that midazolam had a
protective effect in mice [46].

Together, these two studies suggest that benzodiazepines can modulate the
immune system and inflammatory mediators. Another study hypothesizes that the
use of benzodiazepines may help healing in cases of skin infection, through their
indirect effect on the immune system, mediated by their effect on sleep [44].

Orexin Receptor Antagonists (DORAs)
We have not found any specific study on the effect of DORAs on immunity in
humans in relation to insomnia. Indeed, a study was conducted in patients with
delirium to examine the efficacy of suvorexant, as a therapeutic agent for the
treatment of delirium and C-reactive protein levels. Suvorexant exhibited to decrease
levels of C-reactive protein, suggesting an anti-inflammatory effect [47].

12.3.3.3 Antidepressants
The only antidepressant suggested for insomnia treatment is doxepine. At low doses,
it is very high selective for H1 receptors and can produce selective H1 blockade. It
binds with histamine receptors for 100 times more than that of norepinephrine and
serotonin receptors, and this inhibits the arousal pathway.

We have not found any specific study on the effect of doxepine on immunity in
humans. A study investigated the effects of doxepin on levels of tumor necrosis
factor-alpha (TNF-α) in the rat hippocampus following repeated restraint stress. A
study has shown that TNF-α level was increased significantly in stress group and low
dose of doxepin decreased TNF-α level [48].

12.3.3.4 Melatonin Receptor Agonists
The use of melatonin in the treatment of insomnia seems to have an effect on the
decrease in CRP levels. In a meta-analysis, Zareradeh et al. [49] show that the use of
melatonin as a dietary supplement, at a dose of 3–25 mg/day for several months, is
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accompanied by a decrease in the levels of pro-inflammatory cytokines (IL-6, TNF-
α) and CRP. The authors conclude that melatonin is useful in reducing low-grade
inflammation. In another study, Shimizu et al. [50] found an immunomodulatory,
anti-inflammatory and antioxidant effect of Ramelteon in subjects suffering from a
chronic insomnia disorder. Melatonin has an inhibitory role on pro-inflammatory
cytokines and prostaglandins. It also seems to have a role in T-cell proliferation.

12.4 Conclusion

A bidirectional link seems to exist between the immune system and sleep. Few
studies have looked at changes in immunity in insomnia. The few studies found tend
to show an increase in the level of pro-inflammatory cytokines in insomnia and a
decrease in lymphocytes. It is interesting to note that the various insomnia
treatments, in particular CBT-I, have a clinical impact on insomnia, but also on the
regulation of immunity.

Further studies are needed to better understand the links between insomnia and
the immune system and their clinical consequences.
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Abstract

In the last years, much focus has been given to the possible role of inflammatory
and immunologic alterations in the pathophysiology of obsessive-compulsive
disorder (OCD) and some related conditions, such as pediatric autoimmune
neuropsychiatric disorders associated with streptococcal infection (PANDAS)
and Tourette syndrome (TS). Although the matter is intriguing, the available
data are still controversial and/or limited. Therefore, the aim of this chapter was at
reviewing and commenting on the literature on possible dysfunctions of inflam-
matory and immune system processes in OCD, PANDAS, and TS.

Scholar for English language papers from January 1985 to December 31, 2021.

might be heterogeneous according to the age of the patients and the disorder
examined. Indeed, PANDAS seem more related to infections triggering autoim-
munity not necessarily following group A beta-hemolytic streptococcal
(GABHS) infection, as supposed in the past. Autoimmunity seems also important
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In conclusion, taken together, the current findings pave that way towards novel
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in TS, if coupled with an individual vulnerability that can be genetic and/or
environmental. The data in adult OCD, albeit scattered and sometimes obtained
in small samples of patients, would indicate that immune system and inflamma-
tory processes are involved in the pathophysiology of the disorder. However, it is
still unclear to conclude whether they are primary or secondary phenomena.

and promising domains to explore the pathophysiology of OCD and related
disorders, as well towards the development of innovative therapeutic strategy
beyond current pharmacological paradigms.
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5-HT 5-Hydroxytryptamine
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CASPR2 Contactin-associated protein-like 2
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COX-2 Ciclooxigenase-2
CSF Cerebrospinal fluid
CSTC Cortico-striatal-thalamo-cortical
DSM-5 Fifth edition of the Diagnostic and Statistical Manual of Mental

Disorders
GABA Gamma-aminobutyric acid
GABARAP GABA receptor-associated protein
GABHS Group A beta-hemolytic streptococcus
HCs Healthy controls
HPA Hypothalamic-pituitary axis
IDO Indoleamine-2,3-dehydrogenase
IFN Interferon
IL Interleukin
LPS Lipopolysaccharide
MS Multiple sclerosis
NK Natural killer
NSAIDs Nonsteroidal anti-inflammatory drugs
OCD Obsessive-compulsive disorder
OCRDs Obsessive-compulsive and related disorders
OCS Obsessive-compulsive symptoms
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PANDAS Pediatric autoimmune neuropsychiatric disorders associated with
streptococcal infections

PANS Pediatric acute-onset neuropsychiatric syndrome
PD Parkinson’s disease
PET Positron emission tomography
ROS Reactive oxygen species
SLE Systemic lupus erythematosus
sTNFR1 Soluble TNF receptor-1
sTNFR2 Soluble TNF receptor-2
Th T helper
TM Transverse myelitis
TNF Tumor necrosis factor
Treg T regulatory
TS Tourette syndrome
VT Distribution volume
Y-BOCS Yale-Brown obsessive-compulsive scale

13.1 Introduction

The study of the complex interactions between the nervous and the immune systems
represents one of the most intriguing fields of research in recent years [1]. Not
surprisingly, the immune system has been considered to play an important role in the
pathophysiology of several neuropsychiatric disorders [2], such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), HIV encephalopathy, multiple sclerosis,
transverse myelitis, dementia, schizophrenia (SZ), depression, panic disorder, social
phobia, post-traumatic stress disorder, and obsessive-compulsive disorder (OCD)
[1, 3–5]. Besides OCD, a role of inflammation has been also suggested in related
conditions as pediatric autoimmune neuropsychiatric disorders associated with
streptococcal infections (PANDAS) and Tourette syndrome (TS), based on well
documented findings collected from both animal and human studies.

Obsessive-compulsive disorder is a common psychiatric disorder with a preva-
lence of about 2.5%, similarly distributed in both genders in adulthood, although
disagreement does exist [6]. It is characterized by obsessions and/or compulsions.
Obsessions are recurrent, persistent, intrusive, and unwanted thoughts, urges, or
images that cause marked anxiety or distress. The individual tries to ignore or
suppress such thoughts, urges, or images or to neutralize them by performing a
compulsion that is a repetitive behavior or mental act. The aim of compulsions is to
prevent or reduce anxiety or distress, and some dreaded events or situations,
although compulsions are not connected in a realistic way to what they are supposed
to prevent or neutralize, or are clearly excessive [7]. The evidence that obsessive-
compulsive symptoms (OCS) are present even in several other disorders has led to
the conceptualization of the new chapter of the fifth edition of the Diagnostic and
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Statistical Manual of Mental Disorders (DSM-5) [7] called “obsessive-compulsive
and related disorders” (OCRDs) that, besides OCD, include body dysmorphic
disorder, hoarding disorder, trichotillomania (hair-pulling disorder), excoriation
(skin-picking disorder), and other.

Despite the impressive achievements obtained in the treatment of OCD since the
1980s of the last century, a large percentage of OCD subjects still show unsatisfac-
tory response to first-line treatments [8, 9] mainly targeting the serotonin
(5-hydroxytryptamine, 5-HT). Therefore, other neurotransmitters, such as dopamine
and glutamate [10–12], and systems, in particular the immune one, have been
proposed [13–18].

Different immunologic processes have been highlighted in both OCD and
OCRDs, with more consistent data gathered in children than in adult patients
[15, 17, 19]. Pediatric autoimmune neuropsychiatric disorders associated with strep-
tococcal infections (PANDAS) represent a childhood-onset clinical entity
characterized by the sudden onset of OCD, tics, and other behavioral symptoms,
with a temporal relationship with group A beta-hemolytic streptococcal (GABHS)
infection that has become the paradigm of an autoimmune model for OCD [20–
23]. Tourette syndrome (TS) is a neuropsychiatric disorder, usually with childhood
onset, characterized by the presence of multiple motor tics and one or more vocal tics
[24] and representing, once more, a clinical entity in which immune system
dysregulations seem to play a pivotal role [25, 26]. On the contrary, data in adult
OCD patients are more heterogeneous and scattered. A wide range of mediators and
processes of the immune system are supposed to be involved, such as cytokines,
microglia cells, genetic and fetal-maternal immune interactions, and anti-basal
ganglia antibodies (ABGA) [27–32].

Given the potential of this topic in the perspective of both pathophysiology and
novel treatment options, the aim of this chapter was to review the current literature
on the relationships between the immune system and OCD, PANDAS, and TS.

13.2 Methods

The narrative review was carried out through searching PubMed and Google Scholar
for English language papers from January 1985 to December 31, 2021. The
keywords used and combined with “OCD” or “OCD symptoms” were “childhood”
or “adulthood” or “pathophysiology,” or “immune system,” “inflammation,” or
“neuroinflammation,” or “cytokines” or “streptococcus infections” or “PANDAS”
or “PANS” or “CANS,” or “Tourette syndrome,” or “antiobsessional drugs.”
Articles were searched by all authors: they agreed not to include conference abstracts
or posters, while case reports were considered if published in indexed journals. The
following inclusion criteria were adopted: studies carried out in clinical samples of
children/adolescents and/or adults; reliable diagnosis of OCD according to
structured interviews and standardized criteria; and use of reliable laboratory tests
for biological measures. At the end, a total of 183 papers were included in the
review.
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13.3 Obsessive-Compulsive Disorder

Currently, the immuno-inflammatory hypothesis of OCD can be considered one of
the most fascinating and promising research domains [12, 17, 33, 34]. Indeed, the
role of the immune system in the pathophysiology of OCD in adults has long been
discussed, on the basis of a large amount of data that, in any case, an association
between OCD and autoimmunity is conceivable, as shown by a more frequent
presence of different autoimmune disorders (systemic lupus erythematosus, or
some thyroid diseases) in patients with OCD, as compared with patients with other
mental disorders [15, 35–39]. Furthermore, some immune cell alterations were
found in adult OCD patients [3, 40].

13.3.1 Peripheral Biomarkers of Inflammation in OCD

Recently, growing interest has been given to the detection of inflammatory markers
of OCD in easily accessible bodily fluids such as blood and cerebrospinal fluid
(CSF). Furthermore, both the innate and the acquired immune systems appear to be
involved.

As far as the innate immune system is concerned, much attention has been
focused on monocytes, mostly implicated in the first immune response upon
infections. Circulating monocytes can be recruited in the central nervous system
(CNS) in response to psychosocial stress or brain injury, where they can display their
phagocytic activity and release immune mediators such as cytokines [41]. Further
peripherally produced cytokines can also enter the CNS boosting the
neuroinflammatory response and influencing neurotransmitter availability
[42, 43]. Their activity is mainly expressed in the basal ganglia and in the dorsal
anterior cingulate cortex, structures that have been related to OCD pathophysiology
[44]. The peripheral activation of monocytes may also suggest an activation of
microglia, representing the main cells of innate immunity in the CNS. Furthermore,
apparently, monocytes and microglia may act similarly in response to external
stimuli [45]. In a study of a few years ago [46], the percentage of different
subpopulations of monocytes and of their overall number was assessed in blood
samples from 102 patients with early-onset OCD, compared to 47 healthy controls
(HCs). A flow cytometric analysis was performed to detect different CD profiles on
monocyte surface and three different groups of cells were identified: classical,
intermediate, and non-classical monocytes [46]. Intermediate monocytes are also
referred to as “proinflammatory,” based on their higher production of inflammatory
cytokines [47, 48]. In addition, the production of proinflammatory cytokines was
evaluated in isolated monocyte cultures both in basal conditions and after exposure
to lipopolysaccharide (LPS) or dexamethasone. Interestingly, OCD patients had a
significantly higher percentage of total, intermediate, and nonclassical monocytes,
compared to controls. Moreover, monocytes of OCD patients released higher
amounts of proinflammatory cytokines compared to HCs after exposure to LPS. In
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parallel, no significant differences between groups in basal cytokines production and
after exposure to dexamethasone were reported [46].

In an effort to evaluate immune system abnormalities in OCD, different subsets of
T cells in blood samples have been assessed in unmedicated and comorbidity-free
OCD patients and in HCs, applying flow cytometric analysis. A significantly
reduced amount of T regulatory (Treg) lymphocytes was observed in OCD subjects,
compared to unaffected individuals. Similar results had been previously found in an
investigation involving children suffering from OCD-related syndromes [49]. Nota-
bly, Treg cells suppress the potentially excessive activity of T helper
(Th) lymphocytes, thus playing a critical role in the regulation and homeostasis of
immune and autoimmune mechanisms. In particular, these lymphocytes fulfill their
function either by inhibiting the production of proinflammatory cytokines or by
secreting anti-inflammatory molecules [50, 51]. Those preliminary results further
support the immuno-inflammatory theory of OCD and might perhaps lead to new
paradigm of peripheral biomarkers detection, bringing substantial advantages in this
research field.

Cytokines represent a wide family of glycoproteins produced by several cellular
types in different organs and they are involved in mechanisms associated with
inflammation, response to infections and autoimmunity. They include interleukins
(ILs), chemokines, interferons (IFNs), lymphokines, and tumor necrosis factors
(TNFs). Among the most studied cytokines stand IL-6, IL-1β, and TNF-α.
Interleukin-6, a pleiotropic factor produced by macrophages and T-cells [52], is
involved in several processes such as immune response and hematopoiesis [53], and
its overproduction has been associated with several inflammatory diseases
[54, 55]. Interestingly, IL-6 was recently found to be increased in drug-naive OCD
patients compared to HCs [56], thus posing the question whether it might contribute
to OCD pathophysiology. Such finding was consistent with a previous research that
highlighted the increased plasma levels not only of IL-6 levels, but also of IL-2, IL-4,
IL-10, and TNF-α [57]. Interestingly, antiobsessional drugs may lead to a significant
decrease of plasma IL-6 levels [58]. Interleukin-1β is a crucial member of the IL-1
family that has often been the focus of scientific interest due to its role in several
autoinflammatory diseases [59]. Along with Il-1α, it acts as a proinflammatory
cytokine with pleiotropic effects, including homeostatic processes such as sleep
and temperature regulation [60], and it can be released by different cell types, such
as neurons, fibroblasts, and several immune cells, like macrophages, mast cells, and
microglia [61–64]. In an attempt to shed light on the connection between OCD,
immune system, and cognitive dysfunctions, a significant increase in blood IL-1β
levels, along with those of IL-6 and TNF-α, was demonstrated in OCD patients
[65]. Interestingly, IL-1β was positively related to the Trail Making Test A score, a
neuropsychological assessment tool used to evaluate different cognitive skills,
thereby suggesting both the role of this cytokine in the pathophysiology of OCD
and in cognitive functions of these patients [65]. Again, the available evidence is far
from being overall coherent, as a previous work had instead highlighted a decrease in
IL-1β plasma levels in OCD [3], while two further studies found no difference
[66, 67]. On the other hand, the data around other immune mediators, such as
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TNF-α, are more promising. First named by O’Malley et al. in 1962 [68], the actions
exerted by this molecule have been progressively unveiled over the years, as it seems
to be involved both in the immune response and in cell proliferation and differentia-
tion [69]. It is primarily produced by macrophages and circulating monocytes, and
together with its receptors, it is involved in autoimmune and inflammatory processes
[27, 58, 70, 71]. Besides the findings reported above, plasma TNF-α levels were
found to be increased in drug-naive OCD patients and negatively correlated with the
age of onset [58]. Similarly, increased TNF-α levels were demonstrated in children
affected by OCD, along with decreased serum IL-12 levels [72]. These findings were
suggested to be associated with the role of Th-mediated immune response to
psychosocial stress in OCD within this age range [72]. However, a subsequent
meta-analysis did not lead to similar findings, while pointing to elevated TNF-α
levels in the case of comorbid depression [73]. Interestingly, some OCD patients
displayed abnormal changes in the hippocampus, where TNF-α and IL-6 have been
found [74, 75]. Soluble TNF receptor-1 and receptor-2 (sTNFR1 and sTNFR2) were
found to be increased in their density, thus suggesting an inflammatory condition of
mild entity [76]. TNF-α gene and its polymorphisms have also been a subject of
investigation. This gene is located on chromosome 6p21.3 that has been suggested to
be associated with OCD [73]. In particular, the 308G/A polymorphism may affect
TNF-α transcription, albeit data are still inconclusive, and it has been associated with
different autoimmune diseases that may also include psychiatric symptoms in their
clinical presentation, such as SLE [77–79]. However, even when taken together,
these and other data are still overall scant.

Further mediators involved in the mechanisms of autoimmunity may also be
involved. A decrease in peripheral T cells was demonstrated in adult subjects with
OCD, with a possible association with the severity of symptoms [58, 80]. The levels
of different subtypes of lymphocytes may also be altered in OCD, as shown by a
decreased activity of natural killer (NK) cells, decreased CD4+ lymphocytes and
increased CD8+ lymphocytes [19]. Nevertheless, the immune system should not be
considered individually in OCD, as it interfaces and interacts with other equally
important systems, such as that mediated by 5-HT [81, 82]. Two crucial immune
modulators, that are TNF-α and IFN-γ, may lead to the activation of a key enzyme in
the metabolism of tryptophan, the 5-HT precursor, that is indoleamine-2,3-dehydro-
genase (IDO) [83]. Indeed, IDO causes a shift in the metabolism of this amino acid,
from the production of 5-HT to that of kynurenines [83], thus reducing the synthesis
of 5-HT. On the one hand, the latter may cause a condition of vulnerability to
different neuropsychiatric disorders including OCD, while on the other hand,
kynurenines are tryptophan metabolites that may also exert an excitotoxic effect in
the CNS at the level of the glutamate system. Interestingly, glutamate, a ubiquitous
excitatory neurotransmitter presents in the brain involved in OCD, has been shown
to modulate the function of T lymphocytes [84]. Along this line, a few studies
reported increased CSF glutamate levels in OCD patients [85, 86].
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13.3.2 Microglia Activation in OCD

Preliminary evidence also suggests a possible role of the microglia in OCD.
The main activity of microglia is the protection of CNS homeostasis against

triggers of different kinds, as these cells can quickly translate from a resting state to
activation, taking part in the mechanisms of both the innate and the adaptive
immunity. On the other hand, its excessive alterations may cause several damages
to neurons and glias [87]. The inflammation process stimulating the response of the
microglia can follow two different pathways of activation, which are M1 and M2.
The M1 pathway involves an increase in different cytokines, complement proteins,
reactive oxygen species (ROS), and proteinases, while the M2 response enhances
tissue remodeling and repair, the expression of angiogenesis factors, and the removal
of cellular debris. In any case, microglia activation leads to an increased expression
of the translocator protein 18kDA, also known as TPSO, a mitochondrial membrane
protein that is considered a key marker of neuroinflammation [29, 88]. Through
positron emission tomography (PET), a prominent TSPO activity was detected in the
cortico-striatal-thalamo-cortical (CSTC) circuit in OCD patients, that seems to
constitute the most specific altered pathway in this condition [32]. Another study
analyzing the TSPO distribution volume (VT) as an index of TSPO density to
address the matter, reported an increased TSPO VT in most brain regions [29]. Fur-
thermore, TSPO VT in the orbitofrontal cortex was positively associated with the
Y-BOCS measure of distress associated with preventing compulsive behaviors. All
these findings led to hypothesize that the neuroinflammatory processes in OCD go
far beyond the basal ganglia [29].

Finally, it should be emphasized that microglial dysregulation has been
documented not only in OCD, but also in TS and PANDAS [89].

13.3.3 The Role of Genetics and Fetal-Maternal Immune Interactions

Accumulating evidence shows that OCD and other psychiatric syndromes in chil-
dren may be related to autoimmune conditions (such as serum autoantibody positiv-
ity) and/or, as already mentioned, diseases [90].

Notably, autoimmune conditions are characterized by strong familiarity. One
study, enrolling people born between 1940 and 2007 to explore the link between
OCD and autoimmune diseases and multigenerational familial correlation, showed
that subjects affected by OCD had 43% higher risk of developing autoimmune
disorders than those without OCD [30]. In addition, a greater risk was found in
relatives of OCD patients compared to family members of HCs. Interestingly, the
strongest correlation concerned the mothers (18%) and siblings (16%), while a minor
correlation was found with the fathers (8%) [30]. Furthermore, it appears that
mothers of OCD children are more likely to develop autoimmune disorders to a
greater extent than mothers of children affected by neurologic autoimmune
disorders [31].
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It has been speculated that the transplacental passage of antibodies from mother to
child might have an impact on the neurological and psychiatric development of the
fetus. Indeed, maternal immunoglobulins G pass the placenta at the beginning of the
second trimester, when the blood-brain barrier (BBB) is not yet fully developed
[91]. The transfer of maternal-fetal antibodies has been ascertained for several
antibodies, e.g., the presence of contactin-associated protein-like 2 (CASPR2)
antibodies has been associated with neurodevelopmental disorders in children.
These antibodies cause a decrease in glutamatergic synapses which is then compati-
ble with the autogenic hypothesis of SZ and autism [88, 92]. Specifically, in OCD
patients elevated serum levels of ABGA, dopamine receptor of type 2 and
lysoganglioside were found compared with HCs. In particular, two antibodies that
weighed approximately 55 kDA and 86 kDA were detected [92, 93].

The implications regarding pregnant women with OCD are worth focusing on, as
it is a fairly common disorder in pregnancy. In one study, the cord blood of fetuses
from mothers with OCD appeared to have higher levels of TNF-α than in fetuses of
healthy mothers. This condition might interfere with both neuronal development and
the general growth of the fetus. It was actually reported that the children of mothers
suffering from OCD had a lower birth weight compared to the children of healthy
mothers [94]. Additional studies are warranted to confirm and expand these prelimi-
nary hypotheses.

13.3.4 Autoimmunity and OCD

OCD-related clinical pictures and dysfunction of the basal ganglia are common
findings throughout a spectrum of neuropsychiatric syndromes with a well-
demonstrated (e.g., Sydenham chorea) or suspected (pediatric acute-onset neuropsy-
chiatric syndrome, or PANS, and TS) autoimmune etiology [95–98]. Hence, it might
be speculated that shared pathophysiological mechanisms underlie those disorders,
all manifesting with OCD-like phenotypes. In PANS, robust evidence supports the
hypothesis of an induction of ABGA subsequent to molecular mimicry mechanisms
involving GABHS [99–101]. As a matter of fact, ABGA exhibit high avidity for
certain antigens expressing variable degrees of proteomic similarity with GABHS
surface molecules (such as lysoganglioside, tubulin, dopamine receptors of type 1
and 2) and for neuronal glycolytic enzymes (including aldolase C, neuron-specific
gamma-enolase, no-neuronal alpha-enolase, and pyruvate kinase M1) [97–99, 102,
103]. Increased odds of ABGA positivity in the serum of patients suffering from
these disorders have been widely shown [96, 98, 104, 105]. Nevertheless, the exact
causative relationship between ABGA and primary OCD remains elusive. Reports
from a large systematic review and meta-analysis reveal that significantly greater
proportions of people suffering from OCD are ABGA seropositive compared to
different control groups, even after stratifying the analysis by various specifiers
(such as age, gender, disease severity, study type). However, no significant
differences in ABGA peripheral profile were detected when comparing the primary
OCD group with TS, attention-deficit/hyperactivity disorder (ADHD), or PANS
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groups. Interestingly, a study examining CSF samples reported a significantly
greater proportion of ABGA CSF-positivity in primary OCD patients compared to
HCs [28]. Recently, an additional meta-analysis confirmed these observations
[92]. Although encouraging, these results are not sufficient to clarify the role of
ABGA as putative OCD biomarkers or as mere epiphenomena of the concomitant
autoimmune process. In parallel, increasing efforts have been made in trying to
better define the functions of immune cells directly involved in autoimmune pro-
cesses (such as Th cells) in the pathogenesis of OCD. In particular, Th1 and Th17
lymphocytes play a critical part in autoimmune disorders, by producing IL-2, IFN-γ,
TNF-α, and IL-17 [106–109]. A study examined the levels of those cytokines in the
blood of children with a diagnosis of OCD and in a group of age- and gender-
matched controls. Interestingly, significantly higher levels of IL-17, TNF-α, and
IL-2 have been found in OCD patients compared to HCs, suggesting a possible
implication of Th1 and Th17 lymphocytes in the occurring autoimmune process.
Moreover, a lack of correlation between severity and duration of OCS and blood
cytokine levels was reported [110]. These results may strengthen the link between
autoimmune disorders and OCD, but additional investigations are warranted to
expand this evidence.

13.4 PANDAS

In 1989 Swedo et al. observed a high prevalence of OCS in children and adolescents
with Sydenham chorea and proposed the existence of a link between OCD, basal
ganglia, and immunity [111]. Almost 10 years later, the same authors described the
clinical characteristics of a new subgroup of 50 patients presenting OCD and tic
disorders and fulfilling five diagnostic criteria: (1) presence of OCD and/or a tic
disorder; (2) prepubertal onset; (3) episodic course of symptom severity, that is to
say an acute symptom onset and relapsing-remitting course; (4) association with
GABHS infections; and (5) association with neurological abnormalities [95]. More
specifically, the symptomatology also included emotional lability, separation anxi-
ety, night-time fears and bed-time rituals, cognitive deficits, oppositional behaviors,
and motoric hyperactivity. As already mentioned, this novel syndrome was named
PANDAS [95]. While early-onset and late-onset OCD are characterized by a mean
age at onset of, respectively, 11 and 23 years [112], the age at onset for PANDAS is
6–7 years [113]. The temporal association with Streptococcus pyogenes infection led
to the hypothesis of an autoimmune pathogenetic mechanism similar to that
characterizing Sydenham chorea, that represents the neurological manifestation of
rheumatic fever, in which streptococcal antibodies cross-react against brain antigens
due to a molecular mimicry process [22]. In 2012 PANDAS criteria were modified to
describe an expanded clinical entity, PANS, characterized by abrupt, dramatic onset
of OCD, or severely restricted food intake, by the concurrent presence of additional
neuropsychiatric symptoms with similarly severe and acute onset, and by the
exclusion of a known neurologic or medical disorder [114], while entailing that
several agents other than Streptococcus might be involved [115]. Therefore,
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PANDAS might be considered as a subgroup located within the broader PANS
spectrum [22], the latter defining neuropsychiatric conditions triggered by infective,
environmental, and metabolic factors [114].

The existence of PANDAS as a distinct entity has been discussed, and its
recognition has not met a general agreement [115]. Nonetheless, since its
defition, PANDAS has been representing the paradigm of an autoimmune model
for OCD, at least in childhood, while encouraging the evaluation of inflammatory,
infective, immunologic, and metabolic alterations in patients with acute onset of
OCS, neurocognitive and motor symptoms, as well as the evaluation of antibiotics
and non-steroidal anti-inflammatory drugs (NSAIDs) as therapeutic strategies
[115, 116].

Among the novel theoretic models emerging in psychiatric research and focusing
on the immune system, the gut microbiota seems interesting [117]. The gut-brain
axis, that is to say, the bidirectional connection occurring between the gut microbiota
and the brain, implies a reciprocal influence according to which the diversity in
microbiota composition affects brain development and behaviors, and vice versa
[118]. A recent study demonstrated the presence of an altered microbiota in
PANDAS/PANS patients in comparison to controls, suggesting that GABHS
might alter gut microbiota leading to a pro-inflammatory state through the selection
of bacterial strains which are associated with gut inflammation and the activation of
the immune response. Therefore, according to the gut-brain axis model, an altered
bacterial community in the gut would influence behavior, as observed in PANDAS/
PANS patients. Some authors also suggested the possibility of studying bacterial
biomarkers in these patients, as well as searching for new therapies [22]. On the other
hand, since the composition of intestinal flora might be altered even by antibiotics, it
has also been suggested that PANDAS might indeed be caused by the antibiotics
used to treat the infection, rather than by GABHS [119].

13.5 Tourette Syndrome

Originally described in 1885 by the French neurologist Georges Gilles de la
Tourette, when he was just a student of Charcot at the Salpétrière hospital in Paris,
TS is a neurodevelopmental disorder with a typical onset in childhood and predomi-
nantly characterized by motor and vocal (or phonic) tics. Tics may be described as
brief, reiterative and involuntary movements or sounds, classically preceded by a
sense of urge/discomfort that is relieved after the end of the tic. Their clinical
presentation is heterogeneous, and fluctuations in their frequency and severity are
typically documented in clinical practice [120]. The following diagnostic criteria
must be met to make a diagnosis of TS: (1) the presence of at least two motor tics and
one phonic tic, (2) onset of symptoms before 18 years and their persistence for more
than 12 months, and (3) these symptoms should not represent a consequence of other
neurological disorders, such as encephalitis, stroke and/or other intracranial
lesions [7].
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Epidemiological data reported an estimated prevalence of TS of 1% [121], with
an apparent role of gender, as TS affects about four times more boys than girls
[122]. Furthermore, it often presents along with different neuropsychiatric
comorbidities, including most frequently OCD and ADHD, but also sleep
disturbances and depression [123, 124]

The pathophysiology of TS is far from being completely clarified. The main
hypothesis is centered on a multifactorial model encompassing the individual vul-
nerability (perhaps but not only on a genetic basis) and immunologic/environmental
factors [125, 126]. In the genetic field, the focus has primarily been directed
towards the SLITRK1 gene, known for its influence on dendritic growth, and
with variants have been associated with TS [127]. Several studies highlighted a
dysfunction of the basal ganglia and of the associated CSTC circuitry
[128, 129]. Abnormalities of the dopaminergic [130, 131] and serotonergic systems
[132] have also been reported.

Nevertheless, the interest of scientists has long been directed to the impact of
different infectious agents, mainly but not exclusively GABHS, a common cause of
acute pharyngitis in childhood [133], based on the findings of high antistreptolysin O
levels and cultural GABHS-positivity in the throat of TS patients [134]. Moreover,
the risk for TS was found to be increased in subjects suffering from plurime GABHS
infections [135]. GABHS may also be crucial in TS, as patients presenting swings of
tics/OCD symptomatology also displayed chronically elevated streptococcal levels
than patients having a steady or remitting course of disease [136].

Other infectious agents, such asM. pneumoniae [137, 138], B. burgdorferi [139],
and C. trachomatis [140], might also be involved.

GABHS and the other infectious noxae would lead to the activation of an
inflammatory response, as documented by higher serum levels of TNF-α and
IL-12 [76]. Indeed, either infections or autoimmune response in TS might be caused
by a dysregulation of the innate immunity as a predisposing factor, based on
different findings, including an increase in monocyte levels [141]. The existence
of an immune/inflammatory response in TS is also critical for its therapeutic
implications. Anecdotally, a patient affected by chronic TS was treated, as an
add-on to the antibiotic prophylaxis, with celecoxib [142], a NSAID belonging to
the group of ciclooxigenase-2 (COX-2) selective inhibitors [143]. This treatment
was successful in improving both the motor symptoms and the altered behavior
(specifically social retreat and aggressivity). More interestingly, discontinuation of
the drug led to a heavy deterioration of tics, and its re-administration caused relevant
benefits [142]. That and similar evidence would suggest new frontiers of treatment
strategies, going beyond the currently most used treatments, including comprehen-
sive behavioral interventions for tics and different antipsychotics, such as haloperi-
dol, aripiprazole, and risperidone [144, 145].
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13.5.1 Genetic Vulnerability to an Aberrant Autoimmune Response
in TS

As already mentioned, it is likely that a susceptibility due to a genetic basis may
represent a key factor in the genesis of TS. Most important, an increasing amount of
evidence supports the hypothesis that the expression of specific genes may alter the
mechanisms of autoimmunity in these patients.

A role of the expression of genes linked to catecholamines in TS has been
suggested, as it was documented an overexpression dopamine receptors of type
22, of histamine receptors of type 3, of brain-derived neurotrophic factor (BDNF),
and others [131, 146, 147]. Furthermore, since dopamine seems to exert a regulatory
function on immunity cells, such as different subtypes of T lymphocytes [148], it is
possible that, either directly or indirectly, it might contribute to the onset of TS, a
although more and substantial evidence on the matter is warranted. Interestingly, the
genetic expression of catecholamines has been associated with the severity of TS
symptomatology [147].

Similarly, a relationship between the severity of the clinical picture and the genes
associated with the cholinergic system and gamma-aminobutyric acid (GABA) has
been reported [149]. It is noteworthy that acetylcholine and its receptors play a role
in the modulation of both B and T lymphocytes [150]. Furthermore, these receptors
also regulate the release of dopamine, due to their expression in dopaminergic and
GABAergic neurons of the striatum [150], thus suggesting that their dysregulation
may take a part yet to be unveiled in TS. Regarding the role of GABA, the main
findings so far suggest a negative correlation between the GABA receptor-associated
protein (GABARAP) and the severity of tics [149]. GABA and its receptors, also
present in macrophages and lymphocytes, display several effects on the modulation
of different immunity cells, such as neutrophils [151].

13.5.2 Microglia Activation in TS

An aberrant activation of microglia in the striatum of TS patients represents one of
the main pieces of evidence collected so far. Specifically, a postmortem study
demonstrated an increased expression of CD45+ in microglia cells and, as such,
an hyperactivation of these cells in the striatum [152]. Consistently with this finding,
a PET study using (11)C-[R]-PK11195 that binds to translocator protein by
microglia cells following their activation demonstrated an increased binding of this
ligand in the caudate nuclei of a pool of children affected by TS and PANDAS
[153]. However, the PANDAS group displayed an increased neuroinflammation
induced by microglia activation in both bilateral lentiform nucleus and bilateral
caudate, while the TS group displayed an inflammatory activation of bilateral
caudate nuclei alone. Such findings were not detected in the adults. These data led
the authors to suggest the involvement of different inflammatory pathways in the two
disorders [153]. In addition, data gathered from mice models appear to strengthen
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the relationship between microglia and the pathogenesis of TS and further suggest
hyperreactivity to noxae in these patients [89, 154].

13.5.3 Effector Molecules of Immunity/Inflammation and Their Role
in TS

Chemokines, cytokines, and adhesion molecules are a heterogenous class of
molecules whose role in the activation and modulation of the innate and the adaptive
immune systems is long known. In particular, cytokines and chemokines are heavily
involved in a wide range of functions, such as cell growth, differentiation, traffick-
ing, and regulation following insults of different etiology, and also determine the
type of response activated (humoral, cell-mediated, cytotoxic, allergic) [155]. Cur-
rent findings also point to a proinflammatory state in TS, where the role of such
mediators appears to be crucial. Interestingly, plasma TNF-α and IL-12 levels, along
with those of other cytokines (IL-6, IL-17) further increased during the exacerbation
of the symptoms in a sample of children affected by TS but not OCD [76, 156]. Inter-
estingly, it is worth noting that drug-naive patients also displayed higher TNF-α
levels than controls [156].

The comorbidity of TS and OCD might involve different immunological
pathways than patients affected by TS alone. Indeed, only in the former IL-2 and
IL-12 plasma levels were higher in comparison to the control group, while no
significant differences were detected in the other cytokines examined (IL-1β, IL-2,
and IL-6) [157]. Noteworthy, TS and OCD seem to show opposite patterns in terms
of cytokine secretion, given the above findings and the evidence of decreased TNF-α
and IL-1β and increased IL-6 levels [66, 67, 158], thus suggesting how the immu-
nological pathways may differ in these disorders. Finally, a positive correlation was
also found with plasma levels of neopterin. Neopterin, a metabolite of guanosine
triphosphate, mainly known as a biomarker of cell-mediated immunity [159],
resulted significantly higher in two different studies involving adolescents and/or
children affected by TS [141, 160].

13.5.4 Regulation/Dysregulation of Immunity Cells in TS: Which
Ones and How?

Studies targeting immunity cell subpopulations analysis in TS led to a mix of
intriguing results. First of all, an alteration in these cells’ number or function may
be also strictly related to the clinical picture, as in the case of Treg cells, that have
been proposed as important mediators in the pathogenesis of TS and chronic tic
disorder [161]. This subpopulation of T-cells is fundamental in the mechanisms of
autoimmunity, inflammation, and allergic response [162]. A correlation between
their decreased number and severity of TS symptoms has been documented in one
study [163]. Moreover, the association between dopamine and T cells might also be
closer than originally hypothesized, as patients affected by TS showed not only a
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higher mRNA expression of dopamine receptors 1-5 in peripheral blood
lymphocytes, but also a significant correlation with the severity of compulsive
symptoms [164]. The investigation of several lymphocyte surface markers in a
sample of 20 adults affected by TS reported a significant difference in CD69+/
CD22+ B cells and in CD95+/CD4+ T cells, thus leading to hypothesize an increase
in peripheral immune activity in this disorder [165]. As a matter of fact, CD69
represents a marker of early activation of lymphocytes [166], while CD95 is strictly
associated with T-cells death [167]. Therefore, their increase, as in the case of the
previous research, suggests an augmented removal of activated cells in the periphery
and, so, an increase in peripheral immune activity.

However, literature is still controversial, and in a recent study, no significant
phenotypic differences on higher levels of inflammatory markers in the CSF of a
sample of children affected by TS and positive to Streptococci were
demonstrated [168].

13.6 Future Directions

Data collected up to now, although requiring more solid and widespread evidence,
seem to suggest a key role of immune alterations in the pathophysiology of OCD,
with complex mechanisms that are yet to be fully explained. Available findings
would suggest that OCD and related conditions are deeply linked to immune system
alterations, often triggered by several agents, as stress or infectious insults. None-
theless, from a therapeutic perspective, a deeper understanding of the complex
interplay between nervous and immune systems, as well as of immune alterations
detectable in patients, might help to develop new therapeutic strategies, taking into
account inflammatory and immunologic mechanisms.

At the moment, immunotherapy, antibiotics prophylaxis and administration of
oral penicillin, plasmapheresis, and intravenous immunoglobulins have all been
proposed as therapeutic options in reducing the symptoms of OCD and related
conditions, but results remain controversial to date, especially in adult patients
[14, 169].

In comparison to placebo, cefdinir, a β-lactam antibiotic, led to improvements
of both tic and OCD symptoms, although the effects were non-statistically signifi-
cant. Nonetheless, the authors underlined how β-lactam antibiotics might have
neuroprotective properties, beyond antimicrobial ones [170]. As far as augmentation
strategies are concerned, a clinical trial on the efficacy of celecoxib as an adjunct in
the treatment of OCD showed that its combination with fluoxetine led to a more
robust decrease of OCS than fluoxetine plus placebo [80]. Similar results were
observed with a fluvoxamine-celecoxib combination [171].
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13.7 Conclusions

The spectrum of OCD disorders including among the others OCD, PANDAS, and
TS might recognize common biological underpinnings also involving an altered
immune response due to noxae of different kinds. This immune dysregulation is
likely to represent a part of a complex etiopathogenetic mosaic. According to
available data, the molecules and mediators of the immune response in these
neuropsychiatric disorders might be similar, but still differ\according to patients’
age, genetics or environmental insults. Their specific role, the brain areas that are
mostly involved and how they might correlate with the severity of the clinical picture
is another topic of interest, mainly but not only in the case of PANDAS that was
recently recognized, as compared with OCD and TS, and is characterized by a wide
range of symptoms.

Animal and human studies (both in adults and children patients) seem to support
such a statement, albeit nowadays the evidence is still inconclusive, given the
paucity of the size of the samples and of the amount of research. The hope is that
it will be possible to clarify which clinical features, symptom clusters or dimensions
might be related to specific immunologic/inflammatory alterations. Therefore, fur-
ther effort is desirable in the near future to unveil the peculiar pathogenetic
mechanisms behind these neuropsychiatric disorders. The potential scenario of
therapeutic options that may consequently unfold is intriguing, as drugs used
today for other purposes, as well as new compounds, might appear in the horizon
as valid tools.
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Abstract

Alzheimer’s disease (AD) is the most prevalent neurocognitive disorder. Due to
the ineffectiveness of treatments targeting the amyloid cascade, molecular
biomarkers for neuroinflammation are attracting attention with increasing knowl-
edge about the role of neuroinflammation in the pathogenesis of AD. This chapter
will explore the results of studies using molecular imaging for diagnosing AD and
mild cognitive impairment (MCI). Because it is critical to interpreting the data to
understand which substances are targeted in molecular imaging, this chapter will
discuss the two most significant targets, microglia and astrocytes, as well as the
best-known radioligands for each. Then, neuroimaging results with PET
neuroinflammation imaging will be reviewed for AD and MCI. Although a
growing body of evidence has suggested that these molecular imaging
biomarkers for neuroinflammation may have a role in the diagnosis of AD and
MCI, the findings are inconsistent or cross-sectional, which indicates that it is
difficult to apply the contents in practice due to the need for additional study. In
particular, because the results of multiple interventions targeting
neuroinflammation were inconclusive, molecular imaging markers for
neuroinflammation can be used in combination with conventional markers to
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select appropriate patients for early intervention for neuroinflammation rather
than as a single marker.

Keywords

Alzheimer’s disease · Mild cognitive impairment · Neuroinflammation ·
Biomarkers · Neuroimaging · Microglia · Astrocytes

14.1 Introduction

Alzheimer’s disease (AD) is the most prevalent major neurocognitive disorder in the
world [1], and its incidence among the elderly is increasing at an alarming rate
[2, 3]. Around 10% of people aged 65 and over are considered to have AD [4]; this
proportion rises to 32% in those aged 85 and more, with an annual incidence of
6.48% [5]. Individuals diagnosed with AD experience a reduction in their quality of
life and impairment over time, which finally results in death [6]. A further point to
mention is that in 2015, the average annual socioeconomic cost per patient was
$19,144.36, with total costs of $167.74 billion. According to projections, overall
annual expenses are estimated to reach $507.49 billion in 2030, increasing to
$1.89 trillion in 2050 [7]. Atri et al. state that early and accurate diagnosis is crucial
for optimal treatment [8], but this is challenging since the current diagnostic
approach for AD relies on clinical observation and objective neuropsychiatric
testing [9].

Amyloid-β (Aβ) plaques and abnormal tau tangles in the brain are pathological
markers of AD [10]. The amyloid cascade hypothesis, which asserts that Aβ
accumulation initiates a cascade of events that end in neuronal destruction, was
proposed in light of the historical evolution of amyloid and tau diseases and evidence
that Aβ overproduction results in AD [11]. However, numerous treatments targeting
Aβ plaques and neurofibrillary tangles are limited in their ability to modify the
course of AD [12]; thus, additional AD pathologies for intervention have been
proposed [13]. In particular, neuroinflammation is thought to be a key pathogenic
characteristic of AD [14]. These results highlight the critical need for accurate
in vivo neuroinflammation assessment, allowing researchers to understand better
the neuroimmune processes that contribute to neurological illness and better guide
clinical trial design [15].

Unlike in autoimmune disorders of the central nervous system (CNS) such as
multiple sclerosis, in which CNS antigen-specific T cells infiltrate the brain and
spinal cord [16], neuroinflammation in AD originates in the brain and begins near the
Aβ plaques and involves inflammatory activation [17]. The accumulation of Aβ
plaques is thought to be a major component driving the neuroinflammatory response
in AD associated with microglia activation [17–19]. Activated microglia are consis-
tently seen in proximity to Aβ plaques in postmortem immunohistochemical
investigations of AD patients’ brain slices [20, 21]. Microglial cells may bind to
soluble and fibrillar Aβ through cell surface receptors causing inactivation and



14 Molecular Imaging of Neuroinflammation in Alzheimer’s Disease and. . . 303

cytokine production [22]. Aβ clearance by microglia via receptor-mediated phago-
cytosis and degradation has also been demonstrated in vitro [23, 24].

There are several methods for detecting neuroinflammation, but neuroimaging is
important in terms of being able to examine the degree of inflammation in the brain.
Positron emission tomography (PET) scanning may be a valuable tool in the study of
neuroinflammation by enabling researchers to elucidate the interplay between
inflammatory processes and neurodegenerative disorders and allow for the early
detection of novel treatment strategies. PET scanning provides us with the ability to
identify, measure, and define the morphology of the brain’s inflammatory response
[16]. This chapter focuses on results from molecular imaging studies using PET in
AD and mild cognitive impairment (MCI) that investigated neuroinflammation.

14.2 Positron Emission Tomography (PET)

The advent of numerous noninvasive imaging techniques has significantly aided our
understanding of the brain’s architecture and function. PET is a type of functional
imaging that allows for the in vivo observation and quantification of metabolic
processes in mammalian biology [25]. PET is particularly well suited for assessing
neuroinflammation and has the ability to discriminate between components of the
neuroimmune response due to its power to identify specific proteins at low levels
[15]. To obtain PET images, a ligand must be developed with a high degree of
specificity for a single target and a low degree of nonspecific binding [26]. Particles
of positron-emitting radioisotopes are attached to the molecular probe or ligand (e.g.,
18F, 11C, 15O). The radioligand is then administered intravenously at a tracer dose to
ensure that it occupies the fewest possible target locations in the brain (generally
defined as less than 5% of the total accessible target in the brain). After being
injected intravenously, the radioligand decays, generating positrons (+) from its
nucleus as it degrades. When one electron collides with another electron in the
tissue, annihilation happens, converting their masses to their energy counterparts
through the emission of two 511-keV photons that are 180° apart [25]. Scintillation
detectors positioned around the participant detect the photons, allowing for calcula-
tion of the radioligand’s spatial distribution in the brain and, therefore, the analysis
of the biological process under research.

14.3 Targets of PET Concerning Neuroinflammation in AD
and MCI

14.3.1 Microglia

A type of myeloid lineage immune cell called microglia is found in the CNS.
Microglial cells, which are mononuclear phagocytes found throughout the brain
and account for about 10% of the total cell population in the CNS, serve as the first
line of defense against invading pathogens and other harmful chemicals [27, 28]. In
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the resting state, microglial cells have a ramified shape. It is via microglial receptors
that danger signals are detected, and this is what triggers microglial activation. The
activated state is associated with a surge in the number of resident microglia and
morphological and physiological alterations in the cells, all of which lead to an
amoeboid morphology and increase expression of major histocompatibility complex
II [29].

Genome-wide association studies have identified variants in genes associated
with innate immunity as risk factors for AD, underscoring the crucial role of
microglia in the genesis and progression of AD responding to neurodegeneration
[30]. Microglial activity is a neuropathological hallmark of AD in humans, and
microglia contribute to the development of neuritic plaques by concentrating near
Aβ deposits [31]. Activated microglia seem to develop after Aβ plaques but before
tau pathology, according to a mathematical model [32]. However, longitudinal PET
imaging experiments with ligands for detecting microglia, Aβ, and tau are required
to investigate the nature of these processes in vivo.

14.3.2 Astrocytes

Astrocytes are specialized glial cells that serve as the scaffolding for the whole
central nervous system (CNS). They can be protoplasmic (found chiefly in grey
matter) or fibrous (found primarily in white matter) [33]. Along with endothelial
cells and tightly enclosed synapses, astrocyte processes contribute to the blood-brain
barrier (BBB). As predicted by their anatomical niche, astrocytes regulate cerebral
blood flow, maintain fluid and neurotransmitter balance, induce synaptic develop-
ment, and provide metabolic and neurotrophic support for synapses [34–36]. Addi-
tionally, astrocytes generate distinct perivascular channels in the central nervous
system, referred to as the glymphatic system, which removes neurotoxic molecules
such as Aβ and tau tangles [37, 38].

Astrocytes contribute to neuroinflammatory processes through their response to
various pro- and anti-inflammatory factors [39]. Microglia and astrocytes both have
a role in the phagocytosis of cell debris and A, as well as in response to injury
[40]. Additionally, as demonstrated in preclinical investigations, astrocytes contrib-
ute to neuronal metabolic support [41]. A increases glucose absorption in primary
cultures of astrocytes [42], changing their metabolic profile. As a consequence,
monoamine oxidase B (MAO-B) expression is increased in astrocytes [43] and is a
potential molecular target for imaging astrocytes. Overexpression of astrocytic
MAO-B resulted in elevated levels of gamma-aminobutyric acid (GABA) and
neurotoxic glutamate in a transgenic mouse model of AD, interrupting homeostasis
and resulting in cognitive deficits [44].

Astrocytes seem to attempt to reestablish homeostasis during the early stages of
AD with their multiple housekeeping functions [42]. Astrocytes have also been
shown to have amyloid-containing granules in the region of plaques in human brains
[45], indicating an effort by astrocytes to remove amyloid accumulations throughout
the illness process [46]. Additionally, studies have shown that astrocytes move
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toward Aβ plaques and destroy Aβ both in vitro and in vivo [47, 48]. Reactive
astrocytes were discovered to generate GABA and glutamate excessively in an
animal model of AD, resulting in poor memory and synaptic loss. Additionally,
these cells disrupted both microcirculation and BBB, which increase A deposition
and disease development. Reactive astrocytes may possibly pave the path for the
initial amyloid plaques to develop. Notably, astrocytes collaborate closely with
microglial cells and may mediate some of microglia’s harmful effects during disease
states.

14.4 Targets for Detecting Microglial Activity in AD and MCI
Patients

14.4.1 18-kDa Translocator Protein (TSPO)

An increase in or de novo production of a number of cell-surface and cytoplasmic
substances is seen in microglia that have been activated [49]. Translocator protein
18-kDa (TSPO) is one protein that has piqued researchers’ attention for measuring
neuroinflammation in vivo. TSPO was discovered through investigations of central
benzodiazepine receptor (CBR) binding [50]. It was first referred to as a peripheral
benzodiazepine receptor (PBR) due to its widespread distribution in peripheral
organs [51–53].

A variety of physiological functions, including cellular respiration, cholesterol
transport, and immunomodulation, are regulated by TSPO expression [54]. The
voltage-dependent anion channel and the adenine nucleotide carrier, both of which
are 30 kDa, may form a multimeric complex in the outer mitochondrial membrane
[55, 56]. While TSPO is distributed throughout the cell, the outer mitochondrial
membrane is the main intracellular site [57]. However, the precise physiological
activities of TSPO remain unknown. Despite this, it is thought to be involved in a
range of activities, including cell growth, bile acid production, steroidogenesis, cell
metabolism, cholesterol transport, calcium flow, apoptosis, and neuroinflammation
[58, 59].

TSPO is found at low levels throughout the normal central nervous system,
including endothelial cells, the epidermis, the choroid plexus, the olfactory bulb,
and particular sparse glial cells [60, 61]. In response to brain injury, normal aging,
and illnesses of the CNS such as AD, cerebrovascular disease, and multiple sclerosis,
this expression increases rapidly from a relatively low baseline level [53, 59,
62]. Microautoradiography and immunohistochemical investigations have shown
that regions with elevated TSPO levels also exhibit an increase in microglia [63, 64]
and have connected this upregulation to microglial cell activation.

TSPO–radioligand binding was found to be correlated with the number of
activated microglia in postmortem tissues from individuals suffering from a variety
of neurological diseases [65]. This finding indicated that TSPO may be associated
with microglial proliferation, migration, and phagocytic capacity [56]. Moreover,
it’s worth noting that reactive astrocytes have been shown to have higher TSPO
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expression [66, 67]. Because TSPO levels are low in the brain parenchyma in the
normal state and rise regionally in response to brain injuries, it is an excellent marker
for molecular imaging for neuroinflammation.

14.4.2 Existing TSPO Radioligands

Numerous TSPO radioligands have been produced throughout the years, some of
which have been investigated in human populations in vivo. [11C]-PK11195, a
specific antagonist for TSPO, is the most frequently utilized radioligand. [11C]-
PK11195 was initially utilized as a racemic mixture [66]. However, because more
recent research discovered that [11C]-(R)-PK11195, the R-enantiomer of [11C]-
PK11195, had higher affinity for TSPO than the S-enantiomer [68], [11C]-(R)-
PK11195 has recently been employed to study neuroinflammation. [11C]-PK11195
has been utilized in the diagnosis of various neurologic diseases including AD [69],
Parkinson’s disease [70], multiple sclerosis [71], cerebrovascular disease [72], and
Huntington’s disease [70].

However, there are some technological constraints, and the inherent
characteristics of the chemical associated with [11C]-PK11195 have hampered
utilizing this for investigating neuroinflammation in clinic. First, carbon-11
radiolabeling is a complex process, and the half-life of carbon-11 is just 20 min
long; thus, [11C]-PK11195 could only be used in PET centers equipped with
cyclotrons [16]. Second, [11C]-PK11195 has a low signal-to-noise ratio because of
its nonspecific binding associated with high lipophilicity, low BBB penetration, high
plasma binding, and low bioavailability [73]. As a result, it is limited in its capacity
to detect minor changes in TSPO expression [74]. Because of the limitations of
[11C]-PK11195, a lot of research has gone into developing better radioligands.

Newly developed second-generation TSPO ligands have presented greater affin-
ity for TSPO and improved kinetic properties. Only those that have been researched
extensively in humans, particularly in AD, will be included in this chapter. In the
monkey brain, [11C]-PBR28 showed a stronger specific signal for microglial activa-
tion than [11C]-PK11195 due to higher affinity, higher BBB penetration, and more
specific binding with lower lipophilicity [75, 76]. In healthy brain research, [11C]-
DPA-713 was shown to be more sensitive than [11C]-PK11195 for detecting
enhanced expression of TSPO [77]. This claim was supported by recent research,
which found that [11C]-DPA-713 shows higher TSPO density in more broad brain
areas of aging individuals and AD patients than [11C]-PK11195 [78]. The ligand
[11C]-DAA1106 has been shown to bind to activated microglial cells in CNS
diseases with higher affinity (tenfold greater than [11C]-PK11195), resulting in
greater contrast between lesioned and unlesioned regions [59, 65, 79, 80].

The discovery of novel chemicals radiolabeled with [18F] that showed higher
affinity, stronger specific signal, higher bioavailability, and longer half-life than
[11C] has permitted PET centers without on-site cyclotrons to utilize PET for
detecting neuroinflammation. Preclinical investigations in nonhuman primates
have revealed that [18F]-FEDAA1106 has a stronger TSPO affinity than
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[11C]-PK11195 and [11C]-DAA1106 and that [18F]-FEDAA1106 has a higher BBB
penetration than [11C]-PK11195 and [11C]-DAA1106 [81, 82]. It’s also been
claimed that [18F]-FEMPA is a good tracer for TSPO [83]. [18F]-FEPPA had a
high TSPO affinity and good BBB penetration and pharmacokinetics
[84]. Vinpocetine is a neuroprotective compound that may potentially have anti-
inflammatory effects. Radiolabeled vinpocetine has also been shown to be a poten-
tial TSPO marker [85]. Gulyás et al. [86] suggested that its good brain penetration
compensates for a low TSPO affinity [86].

14.4.3 Genetic Polymorphism Affecting TSPO Quantification by PET

In comparison with [11C]-PK11195, second-generation TSPO radioligands exhibit
greater affinity and brain uptake and a higher signal-to-noise ratio. However, second-
generation TSPO radiotracers are limited in their sensitivity to a polymorphism in
the TSPO gene that causes an alanine-to-threonine substitution [87]. Due to this
polymorphism, these ligands have a varied affinity for TSPO, resulting in three
distinct binding patterns [88, 89]. These patterns are high affinity binders (HAB) and
low affinity binders (LAB), which are homozygotes that express Ala or Thr,
respectively, and mixed affinity binders (MAB), which are heterozygotes that
express both Ala and Thr [87, 90]. Because the TSPO polymorphism impacts the
binding of all second-generation radioligands, participants must be genotyped to
allow for precise measurement of TSPO availability [91]. Notably, there were no
significant differences among the three TSPO affinity subgroups of individuals with
AD when examining clinical characteristics, amyloid deposition, and degree of
cognitive impairment [92, 93]. These results reduce the possibility of bias that
may occur when the interpretation of PET imaging results obtained from the
TSPO subgroup is applied to the AD population.

14.4.4 Other Radiotracers Targeting Microglial Activation

This section presents alternative radioligands for active imaging microglia that do
not use TSPO as a target. Additional research is needed to find new targets related to
microglia migratory or phagocytic capabilities more than to investigate upregulated
proteins in active microglial cells. These targets could be identified and prioritized
for future exploration utilizing innovative methodologies such as cell type-specific
transcriptional profiling, which uncovered multiple cell type-specific alterations
previously unreported in whole tissue RNA [94].

Immune cells such as monocytes and macrophages express the cannabinoid type
2 receptor (CB2R), and CB2R is largely present on microglia in the brain [95]. The
CB2R is a component of the endogenous cannabinoid system and serves as an
alternate membrane signal for microglial activation, resulting in increased expres-
sion. Although its upregulation has been reported in an AD animal model, an in vivo
study that evaluated [11C]-NE40—a tracer for CB2R—in healthy controls and
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patients with AD presented decreased CB2R availability in vivo in AD patients
compared with preclinical and postmortem data [96]. This discrepancy is most likely
caused by the extremely low level of CB2R expression and an inadequate selectivity
for CB2R; thus additional CB2R agonists with high affinity are being
developed [97].

Ketoprofen is a selective COX-1 inhibitor, which is found in high concentrations
in activated microglia [98]. Ketoprofen pro-radiotracer ([11C]-KTP) enhances the
drug’s BBB penetration [99]. Animal studies have shown that [11C]-KTP is
maintained in inflammatory lesions due to the presence of COX-1 in the tissues.
According to the results of the first in vivo research conducted on a healthy popula-
tion, [11C]-KTP showed characteristics as a stable and safe PET tracer with high
BBB penetration [100]. Despite this, the washout rate was not significantly different
in AD patients compared with controls, indicating that further research and devel-
opment are needed before this test can be regarded as a viable neuroinflammation
indicator [101].

Moreover, radioligands related to different targets are being developed. Studies
using radioligands that detect the nicotinic acetylcholine receptors have also reported
significant AD-related results. Recently, 2-[18F]-fluoro-A85380, a radioligand for
nicotinic acetylcholine receptors, was found to be upregulated to the same extent as
TSPO in activated microglia and astrocytes compared with [11C]-PK11195
[102]. Additionally, recent studies using novel radioligands for nicotinic acetylcho-
line receptors, such as [18F]-ASEM and [18F]-DBT-10, showed encouraging results
with varying degrees of effectiveness [103–105].

14.5 Targets for Detecting Activity of Astrocytes in AD and MCI
Patients

Numerous molecular imaging markers are required to investigate astrocytosis since
it is a highly dynamic process that sequentially progresses from protective to harmful
phases [106]. However, there is mounting evidence that morphology and function
are linked in astrocyte activation, which can be characterized by increased expres-
sion of MAO-B and intermediate filaments including nestin, vimentin, and glial
fibrillary acidic protein (GFAP) [107].

14.5.1 Enzymes

MAO-B expression is increased in reactive astrocytes during neuroinflammatory
processes. L-deprenyl is a highly specific irreversible inhibitor of the MAO-B
enzyme. The radioactive isotope [11C]-L-deprenyl ([11C]-DED) has been used to
study the distribution of MAO-B in the brain and, on occasion, to evaluate the degree
to which other MAO-B inhibitors bind to it [108, 109]. Increased regional binding
was shown to correlate with an increased number of activated astrocytes in
Alzheimer brains in a postmortem investigation [110]. Autoradiography



14 Molecular Imaging of Neuroinflammation in Alzheimer’s Disease and. . . 309

investigations have shown that the binding of 3H-L-deprenyl partially coincides with
that of GFAP in AD and other neurodegenerative disorders [111], suggesting that
MAO-B has a high degree of selectivity for activated astrocytes. The most signifi-
cant absorption of [11C]-L-deprenyl in AD brain tissue was seen during the first
Braak stages, suggesting an early involvement of astrocytosis in AD [110].

[11C]-DED exhibited favorable kinetics as a radioligand, and its binding is not
reliant on brain perfusion [112]. PET imaging using [11C]-DED has been utilized to
study astrocytosis in neurodegenerative disorders such as AD [113, 114]. Multi-
tracer PET scans using [11C]-DED, [11C]-PIB, and [18F]-fluorodeoxyglucose ([18F]-
FDG) enabled the investigation of the spatiotemporal patterns of astrocytosis,
fibrillar Aβ deposition, and glucose metabolism at various phases of illness devel-
opment. In these investigations, prodromal AD was shown to have substantially
higher [11C]-DED binding than healthy controls or AD patients [114]. Astrocytosis
was detected early in the presymptomatic phases of autosomal-dominant AD using
[11C]-DED PET [48]; longitudinally, A plaque deposition ([11C]-PIB) increased
while astrocytosis ([11C]-DED) decreased [115].

14.5.2 Other Markers

Historically, [18F]-FDG-PET hypometabolism was considered a biomarker for
neurodegeneration and neuronal injury. However, the previous study found that
activating astrocytes resulted in extensive graded glucose absorption in rodent brain
using [18F]-FDG-PET [116]. This research provides further evidence for the
astrocyte-neuron lactate shuttle theory, which was proposed 20 years ago and stated
that most neuronal energy requirements are supplied by lactate produced in
astrocytes and shuttled to neurons [117, 118]. Consistent with these preclinical
results, a longitudinal decrease in astrocytosis, as assessed by MAO-B expression,
was recently found to be associated with progressive hypometabolism in autosomal-
dominant AD mutation carriers [119], suggesting that astrocytes represent metabolic
activity in AD. The observed decrease in MAO-B, which may indicate decreased
astrocyte glucose demand, may represent neurodegeneration by astrocytes, a pheno-
type associated with late-stage AD [107]. This association must be verified in
research comparing [18F]-FDG-PET imaging of AD patients with the postmortem
examination of humans.

Other possible targets have been investigated in preclinical research, although
in vivo human trials remain uncommon. Astrocyte-specific glutamate transporters
GLT1 (in rats) and EAAT2 (in humans) were decreased in postmortem tissue
[120, 121], indicating that astrocytes lose function throughout late illness stages.
Similarly, glutamine synthetase expression decreased with age in a transgenic mouse
model of AD [122]. Another possible indicator of astrocyte-associated metabolic
failure is a decrease in the expression of the GLUT1 (glucose transporter 1) protein, a
glucose transporter that is primarily expressed in astrocytes [123]. Interestingly,
aerobic glycolysis, which is believed to occur mainly in astrocytes, was shown to
decrease as tau accumulated in preclinical AD patients [124], indicating that
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Table 14.1 A list of existing radioligands for detecting neuroinflammation of AD and MCI
concerning targets

Targets Existing radioligands

Microglia 18-kDa translocator
protein

[11C]-
PK11195

[11C]-PBR28 [11C]-
DPA-713

[11C]-
DAA1106

[18F]-FEMPA [18F]-
FEDAA1106

[18F]-
PBR06

[18F]-
DPA714

Cannabinoid type
2 receptor

[11C]-NE40

Ketoprofen [11C]-KTP-Me

Nicotinic
acetylcholine
receptors

2-[18F]-
fluoro-
A85380

[18F]-
ASEM

[18F]-
DBT-10

Astrocyte Monoamine oxidase
B

[11C]-DED

Metabolic markers [18F]-FDG

Adenosine A2A
receptors

[11C]-TMSX

astrocyte dysfunction occurs early in AD. These findings provide the impetus for
ongoing research into PET imaging tracers that may specifically target astrocyte-
specific glutamate transporters in the human brain, such as EAAT1/EAAT2 and
GLAST (glutamate aspartate transporter). These investigations will significantly
advance our knowledge of how astrocytes contribute to the metabolic alterations
seen in AD.

Adenosine binding to adenosine A2A receptors (A2AR) has been shown to
reduce inflammation, resulting in an increase in the expression of A2AR in areas
of neuroinflammation and tissue injury to control the endogenous inflammation.
[11C]-TMSX, a radioligand for adenosine A2ARs, has been utilized in vivo to
investigate healthy controls, individuals with Parkinson’s disease, and those with
multiple sclerosis (Table 14.1) [125, 126].

14.6 PET Imaging of Neuroinflammation in AD

[11C]-PK11195, has been used in various studies with contradictory results. In two
studies, increased uptake of [11C]-PK11195 was reported in AD patients: using
SPECT in the frontal and mesotemporal regions [127] and using region-of-interest
analysis in the frontal, parietal, temporal, cingulate cortices, and occipital as well as
the striatum [128]. Another early research using [11C]-PK11195 demonstrated a
significant increase not only in binding across multiple cortical areas but also in
regions that are generally unaffected in the early stages of AD such as the cerebellum
and striatum [69]. These findings were replicated in the other study that
demonstrated an increase in cortical [11C]-PK11195 binding that remained signifi-
cant in the frontal cortex following multiple comparisons correction in AD patients
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with positive [11C]-PIB-PET imaging [129]. However, another initial investigation
of AD patients using [11C]-PK11195 failed to elucidate TSPO binding sites linked
with microglial activation in dementia patients [130]. Wiley et al. [131] suggested
that microglial activation is either not detectable in mild to moderate AD or is
restricted to the latter stages of severe AD [131]. Recent research using voxel-wise
statistical parametric mapping (SPM) analysis of [11C]-PK11195 revealed inconsis-
tent findings; one study indicated enhanced binding [132], while one found no
change between diagnostic groups [133]. Interestingly, another longitudinal study
using [11C]-PK11195 discovered distinct patterns of microglial activation between
MCI and AD: the AD group demonstrated an increase in binding over time, while in
contrast, the MCI group demonstrated decreasing levels of binding over time [134].

The second generation of TSPO ligands enabled the continuation of PET studies
in AD with advanced specificity. However, the conclusions of studies that do not
account for the genetic status of TSPO binding (as discussed in “Genetic polymor-
phism affecting TSPO quantification by PET”) must be interpreted cautiously.
Numerous studies using second-generation TSPO ligands discovered that AD
patients had increased binding compared with controls. The neuroanatomical areas
associated with increased binding have varied across studies. Most studies presented
widespread cortical binding while some also demonstrated increases in specific brain
regions: the frontal, temporal, and parietal cortex ([18F]-DPA-714) [93]; the parietal
and temporal cortices including hippocampus, entorhinal cortex, precuneus, and
occipital cortex ([11C]-PBR28) [135–137]; and the medial and lateral temporal
cortex, posterior cingulate, caudate, putamen, and thalamus ([18F]-FEMPA)
[83]. Only one study has examined binding in the white matter [138] and reported
a significant increase in the cingulum bundle and posterior limb of the internal
capsule.

14.6.1 Subtypes of AD

Additionally, several PET investigations have examined the connection between
neuroinflammation and subtypes of AD such as age of onset and AD variants.
Concerning clinical features of AD, the age of onset was shown to have an impact
in the study using [11C]-PBR28, with early-onset AD (<65 years) patients showing
higher TSPO binding than late-onset AD patients [135]. In contrast, no connection
with onset age was reported in studies utilizing [18F]-DPA-714 on a larger cohort of
individuals [93]. Moreover, more recent research using [18F]-FEPPA found no link
between TSPO binding and disease severity or duration of illness [138].

Even though the importance of AD variants has been emphasized in AD demen-
tia, only a few studies have examined putative differences in TSPO binding patterns
among AD types. Kreisl et al. [139] demonstrated increased [11C]-PBR28 binding in
posterior cortical atrophy-PCA areas of the occipital, posterior parietal, and temporal
lobes, most notably with a pattern of hypometabolism shown by fluorodeoxyglucose
(FDG) PET imaging in AD [140]. In comparison, individuals with amnestic AD
patients had much higher [11C]-PBR28 binding in the inferior and medial temporal
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cortex [135]. In conjunction with the finding that early-onset AD patients had more
[11C]-PBR28 binding than late-onset AD patients [137], these findings imply that
microglia activation is a marker of neurodegeneration across various subtypes of
AD. However, the variations in sample sizes and quantification methodologies make
it difficult to convey a clear message.

14.6.2 Cognitive Deficits of AD

Neuroinflammation and cognition have also been linked by researchers. The major-
ity of research investigated this association through using TSPO binding and global
cognition measured by cognitive tests such as the mini-mental state examination
(MMSE). In the case of correlations with cognitive deficits, the use of [11C]-PBR28
binding revealed negative associations between TSPO binding and cognitive tests
scores of MMSE, Clinical Dementia Rating Scale (CDR) Sum of Boxes, Trail
Making Part B, Logical Memory Immediate, and Block Design [135]. Additional
experiments utilizing [11C]-DPA-713 or [18F]-FEPPA have proposed that
impairments in visuospatial function and linguistic ability were associated with
TSPO binding in the parietal cortex and posterior limb of the internal capsule
[78, 138]. Moreover, some studies demonstrated no correlation between TSPO
binding and cognitive impairments [79, 83, 133], and subsequent research with a
larger sample size demonstrated that [18F]-DPA-714 binding was positively
associated with MMSE score [93], which could imply a protective role of
neuroinflammation in the early or even preclinical stages of AD.

Collectively, it is unknown whether neuroinflammatory alterations correspond
with the degree of cognitive impairment. We may assume that there is a correlation
between neuroinflammation and cognitive impairment; however, this link may not
become evident until late in the illness. Additionally, cognitive deficits are probably
impacted by several pathologies, such as the existence of neurofibrillary tangles.

14.6.3 Amyloid Deposition

Reactive microglia have been shown to colocalize closely with Aβ plaques in the
brains of AD patients in postmortem studies, suggesting a possible connection
between amyloid deposition and microglial activation [141, 142]. The amyloid
cascade-inflammation theory suggested sequential development of amyloid plaques,
microglial activation, and neurofibrillary [143]. Thus, given the discovery of
activated microglial cells grouped around Aβ plaques, several studies investigated
if the spatial connection can be measured in vivo using the most widely used
amyloid radioligand, [11C]-PIB.

The topic of a possible association between neuroinflammation and amyloid
burden conducted by in vivo PET imaging is currently being debated. The first
research to examine this link found no association between [11C]-PK11195 and
[11C]-PIB in 13 AD patients and 14 healthy individuals [128]. Two subsequent
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investigations using [11C]-PK11195 and [11C]-PIB in AD also revealed conflicting
results; one group observed no spatial association [131], while the other group
discovered a negative correlation in the posterior cingulate in AD patients
[132]. The absence of geographical correlations suggested that microglial activation
may be affected by other diseases such as tangle buildup. Additionally, they
hypothesized that beta-amyloid oligomers might be involved in activated microglia,
which would account for the absence of association, as [11C]-PIB binds to fibrillar
Aβ rather than oligomer Aβ. A more recent longitudinal study using second-
generation TSPO ligands reported positive correlation between [11C]-PIB and
[11C]-PBR28 in AD patients [139].

14.7 PET Imaging of Neuroinflammation in MCI

While most in vivo AD investigations have indicated an increase in TSPO binding,
the precise timing of neuroinflammation throughout disease development is still
unknown. To gain a better understanding, MCI, characterized as a stage between
normal aging and dementia [144], was the subject of a neuroinflammation study to
conduct an in vivo investigation of individuals who have not yet reached the
advanced stage of cognitive impairment. The rate of advancement from MCI to
dementia is 10–15% per year, which is substantially more significant than the rate of
conversion in the general population, which is estimated to be 1–2% each year
[145]. MCI is classified into two subtypes: amnestic (aMCI), which refers to
memory impairments, and non-amnestic (naMCI), which refers to deficits in
non-memory domains such as executive function, language, or visuospatial abilities
[146]. Between the two kinds, aMCI is considered to represent the prodromal stage
of AD, as persons with aMCI are more likely to develop to AD [147, 148].

In MCI, various TSPO radioligands have been utilized to measure
neuroinflammation in vivo, similar to what has been done in AD research. Using
the prototypical radioligand [11C]-PK11195, conflicting findings have been
published in the literature. Two studies found no significant difference in [11C]-
PK11195 binding between healthy controls and an MCI population [131, 133]. In
contrast, according to the findings, one study of 14 individuals with aMCI discov-
ered higher [11C]-PK11195 uptake in 38% of the patients [129]. After multiple
comparisons were corrected for, only the [11C]-PK11195 binding in the frontal
cortex remained substantially higher. In addition, increased binding was detected
in the posterior cingulate, anterior cingulate, and frontal cortex.

Additionally, several studies employed second-generation radioligands for TSPO
to investigate neuroinflammation in MCI [135, 149]. [11C]-DAA1106 binding was
shown to be significantly increased in the medial prefrontal cortex, cerebellum,
parietal cortex, anterior cingulate cortex, lateral temporal cortex, and striatum,
among other areas [149]. Individuals whose [11C]-DAA1106 binding was more
significant than the healthy control progressed to dementia within 5 years, which
was a surprising finding. In addition, in later research comparing MCI-AD patients
and demented-AD patients, neuroinflammation was shown to be stronger in
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MCI-AD patients, supporting the notion that neuroinflammation is greater during the
early stages of the illness [16]. Using [11C]-PBR28, on the other hand, no changes
were detected between MCI patients and healthy controls. The latter research was
the first to account for the influence of the TSPO genotype on the outcome of the
experiment (rs6971). Four HABs and six MABs were identified among the ten MCI
patients who were included in the study [135].

Researchers studying neuroinflammation in MCI have also examined the possi-
bility of seeing the geographical connection between microglia and amyloid plaques
in vivo [129, 131, 135]. Two investigations using [11C]-PIB and [11C]-PK11195 in
MCI and AD populations discovered no geographic associations between the two
radioligands [129, 131]. In comparison, more recent research employing the second-
generation radioligand [11C]-PBR28 discovered a spatial connection between the
radioligands’ binding in the inferior parietal lobule, superior temporal cortex,
precuneus, hippocampus, and parahippocampal gyrus. These associations, however,
were established using partial volume adjusted data and by combining the two
patient groups of AD and MCI [135]. Taking the previous five TSPO PET
investigations in this group into account, it is evident that the presence of
neuroinflammation during this prodromal period remains unknown.

Correlations between TSPO binding and cognitive impairment have also been
investigated in research exploring neuroinflammation in MCI populations, with most
studies finding negative results [129, 133, 149]. The only study involving both AD
and MCI to establish a correlation between binding and cognition included patients
with AD and MCI (19 AD and 10 MCI) and found a significant association between
binding and cognitive impairment [89, 135].

14.8 Clinical Implications of Molecular Imaging
for Neuroinflammation in AD and MCI

There are no effective interventions for treating the degenerative course of AD.
Thus, early diagnosis of AD based on molecular imaging for neuroinflammation will
be beneficial when effective treatments based on neuroinflammation become avail-
able [150]. Early clinical studies using nonsteroidal anti-inflammatory drugs
(NSAIDs) in mild-moderate AD patients have shown considerable protection
against progression of cognitive impairment over a 6-month period [151]. However,
large-scale clinical research examining the preventive benefits of anti-
inflammatories associated with progressive cognitive loss in mild to moderate AD
has mixed results with poor side effects such as excess cardiovascular risk [152–
157]. In addition, another study that explored whether anti-inflammatories were
effective at delaying the onset of AD in high-risk groups showed that treated groups
tended to have more impaired cognitive functions [158]. These results show that the
use of anti-inflammatories without additional evaluation of neuroinflammation based
on the conventional diagnostic system is not adequate.

Despite negative results, further studies investigating data from studies on the
efficacy of anti-inflammatories in AD have provided implications for the use of



14 Molecular Imaging of Neuroinflammation in Alzheimer’s Disease and. . . 315

Fig. 14.1 The clinical implications of molecular imaging for neuroinflammation in Alzheimer’s
disease, including the current status and future improvement directions. The contents included in
the dotted line are the contents of future improvement directions. Ineffectiveness of anti-
inflammatories in treating Alzheimer’s disease to date and inconsistent results from molecular
imaging appear to be due to dynamic process of neuroinflammation. By conducting a large-scale
longitudinal study using molecular imaging including the early preclinical stage of Alzheimer’s
disease through established tests, it will be possible to obtain comprehensive information on the
appropriate patient and the appropriate time to apply anti-inflammatories

anti-inflammatories. When investigating the data with subgroup analysis, anti-
inflammatories were protective before symptom onset but harmful after symptom
onset, and their effects varied according to the rate of decline [159, 160]. In animal
models of AD, microglial activation was presented at the pre-plaque stage
[161]. And, in another study, the injection of Aβ into the brain alone did not induce
amyloid pathology, but it was reported that amyloid plaque formation was detected
when lipopolysaccharide, which induces systemic inflammation, was administered
alongside it [162]. Additionally, as discussed in the previous section, studies using
molecular imaging studies in people with MCI reported increased microglial activa-
tion in the absence of amyloid tracer uptake [93, 137]. Therefore, it is necessary to
investigate neuroinflammation focusing on early AD changes, and molecular imag-
ing for neuroinflammation could play an important role in this process (Fig. 14.1).

To examine neuroinflammation in early AD, it seems investigating several factors
at the same time will be needed. Several tests, such as tau in blood and CSF, PET
scanning using [11C]-PIB, and early genetic testing for the ApoE ε4 allele, can
already be used to diagnose early stages of AD, so it is necessary to combine these
with neuroinflammation molecular imaging. Epidemiological investigations
demonstrated an association between NSAID usage and the ApoE ε4 genotype
[163, 164], and a large cohort study demonstrated that carriers of ApoE ε4 with
early AD progression benefited more from NSAIDs in terms of lowering the chance
of developing AD [165]. Additionally, a clinical experiment that provided ibuprofen
and esomeprazole to individuals with mild to moderate AD for 1 year discovered that
participants with the ApoE ε4 allele experienced reduced cognitive deterioration
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[166]. Molecular imaging will play an important role in providing comprehensive
information on neuroinflammation in AD in view of the different modalities that can
be performed simultaneously with multiple tests.

Although inconsistent results related to cognitive decline and subtypes
concerning neuroinflammation in AD patients have been reported, a meta-analysis
so far provided helpful insights for several studies introduced in this chapter. This
study reported a detrimental role of microglial activation in the later stages of AD
based on a significant correlation between neuroinflammation and cognitive decline,
which are more prominent in AD [167]. However, since different tracers, the
methods of tracer analysis, and other image analysis strategies all significantly
influence the results of PET imaging studies [78, 136, 168], it is difficult to simplify
the inconsistent results shown in several studies. Cohort studies involving both
prodromal and dementia stages of AD show that neuroinflammation in AD is a
dynamic process [150]. In particular, because microglial activation can also play a
positive role to degrade and clear Aβ [169], the role of microglial activation in AD
trajectories cannot be explained by a single process [150]. Results regarding distinct
patterns of microglial activation in people with MCI or AD are thought to reflect this
complexity [134]. It is thought that this complexity of neuroinflammation in AD
trajectories contributes to the inconsistency of the molecular imaging results exam-
ined so far. Therefore, a large-scale longitudinal study using the same tracer and
analysis method in both MCI and AD is needed to understand the dynamic role of
neuroinflammation. These results may be helpful for deciding the optimal timing of
anti-inflammatory therapies.

14.9 Conclusion

According to current research, neuroinflammation appears to play a critical role in
the development and progression of AD. Molecular imaging is a helpful tool to
identify such neuroinflammation, and PET imaging is the best-known molecular
imaging. In PET imaging, the main targets to investigate in neuroinflammation are
microglia and astrocytes, and various radioligands have been utilized. Studies
examining neuroinflammation in AD and MCI showed significant differences from
the normal group, and in addition, significant associations were found with clinically
important subtypes, cognitive impairment, and amyloid deposits in AD. However,
inconsistent results have been continuously reported. These results are thought to be
due to the dynamic course of neuroinflammation in AD trajectories. Considering this
complexity, to utilize anti-inflammatories prophylactically and therapeutically in
AD, it will be necessary to longitudinally examine neuroinflammation in early-
state AD together with various other markers.
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Abstract

Attention deficit hyperactivity disorder (ADHD) is a neurobehavioural disorder in
children and adolescents. Although increases in oxidative stress and disturbances
of neurotransmitter system such as the dopaminergic and abnormalities in several
brain regions have been demonstrated, the pathophysiology of ADHD is not fully
understood. Nevertheless, ADHD involves several factors that have been
associated with an increase in neuroinflammation. This chapter presents an
overview of factors that may increase neuroinflammation and play a potential
role in the development and pathophysiology of ADHD. The altered immune
response, polymorphisms in inflammatory-related genes, ADHD comorbidity
with autoimmune and inflammatory disorders and prenatal exposure to inflam-
mation are associated with alterations in offspring brain development and are a
risk factor; genetic and environmental risk factors that may increase the risk for
ADHD and medications can increase neuroinflammation. Evidence of an associ-
ation between these factors has been an invaluable tool for research on
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inflammation in ADHD. Therefore, evidence studies have made it possible to
generate alternative therapeutic interventions using natural products as anti-
inflammatories that could have great potential against neuroinflammation
in ADHD.

Keywords

ADHD · Autoantibodies · Neuroinflammation · Inflammatory disorders ·
Cytokines · Polymorphisms

15.1 Introduction

Attention deficit hyperactivity disorder (ADHD) is a neurobehavioural disorder
characterised by a persistent pattern of age-inappropriate inattention and/or
hyperactivity-impulsivity, leading to numerous degrees of functional or develop-
mental impairment, resulting in cognitive behavioural, emotional, and social
changes that are pervasive in all social settings [1–4].

Because it is a neurobehavioural disorder, it has been difficult to establish a
uniform prevalence; however, a prevalence of 5.9% was found in children and
adolescents worldwide [4–6]. While a recent meta-analysis published by Song
et al., reports that the persistent prevalence in adults (start in childhood) was 2.5%,
leading to a prevalence of approximately 50% towards adulthood, data is consistent
with several authors [5–8]. Conversely, the prevalence of symptomatic ADHD
(regardless of its onset in childhood) is 2.8% worldwide [9]; also, in people aged
50 years or older, a prevalence of 0.02% is estimated worldwide [10]. Several
authors have suggested that gender is an important factor in the prevalence and a
higher prevalence was repeatedly seen in boys than in girls at a ratio of approxi-
mately 2:1; it was also evaluated with predominant criteria for inattention or in
hyperactivity/impulsivity, and different proportions related to gender were observed
[5, 11]; it is also suggested that the above relationship is difficult to assess, since
depending on gender, the response to different situations, such as depression, stress
and anxiety can affect the evaluation criteria [2, 12, 13].

15.2 Aetiology in ADHD

There is strong evidence for the high heritability of ADHD, estimated to range
between 70% and 80% [4, 14, 15]. Genome-wide association study (GWAS) designs
allow the analysis of genome-wide DNA variants to obtain data on the association of
ADHD with any gene. A recent GWAS meta-analysis identified 12 loci that harbour
a DNA variant that increased the risk of suffering ADHD [16], representing approx-
imately 22% of the heritability of the disorder [4]. However, the effect of sizes of
individual loci are too small to be clinically relevant, and these findings do not
describe which genes are causal [17]. In contrast, molecular studies have suggested
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the participation of rare genetic mutations, known as copy number variants (CNV)
[17, 18], and it has been discovered that the genomic regions covered by the CNVs
associated with ADHD show a significant overlap with CNVs involved in autism
and schizophrenia [18]. Moreover, ADHD shares genetic overlap with
43 phenotypes, including insomnia, mortality, educational outcomes, smoking and
depressive disorders [16].

Given the aetiological diversity associated with ADHD, numerous risk factors
have been described associated with the disorder. They are classified into two main
groups: genetic factors, describing a series of candidate genes associated with
ADHD and environmental factors, which establish the peri-, pre- and postnatal
events that are involved in the development of ADHD. The genetic studies of
ADHD have shown that it is highly polygenetic, so its genetic architecture is
explained by thousands of common genetic variants, each with a small effect and
rare mutations that have a greater effect [16, 18]. Therefore, a single gene is unlikely
to be involved in ADHD; rather, it could interact with several different genes. Thus,
several studies on ADHD-associated candidate genes mainly involve genes related
to the catecholaminergic system, including the dopamine transporter gene (DAT1)
[19, 20], the dopamine D4 receptor gene (DRD4) [21, 22], the dopamine D5 receptor
gene (DRD5) [21, 23] and lastly, the catechol-O-methyltransferase gene [24]. Con-
versely, genes involved with other neurotransmitter systems have also been
described, such as the serotonin receptor 1B (HTR1B) gene [25, 26] and the
nicotinic acetylcholine receptor 4 (CHRNA4) gene [27, 28]. In addition, genes
related to the glutamatergic system have also been reported, such as the ionotropic
glutamate receptor and N-methyl-D-aspartate (NMDA) receptor subunit-encoding
genes (GRIN2A and GRIN2B) [29, 30]. Similarly, genes involved in the central
nervous system (CNS) development have been described; one of the genes widely
studied and associated with ADHD is the gene encoding for a regulatory protein of
synaptic vesicles called SNAP25, involved in axonal growth and synaptic plasticity
and in the coupling and fusion of the synaptic vesicles in the presynaptic neurons,
necessary for regulating neurotransmitter release [31, 32]. Moreover, genes involved
in immune regulation have also been reported, such as IL-2, IL-6 and tumour
necrosis factor-alpha (TNF-α) [33, 34].

Epidemiological studies have described multiple environmental exposures as
associated with ADHD, establishing them as putative causal factors for the disorder
[4]. It is estimated that between 10% and 40% of the variations associated with
ADHD are explained by environmental factors [35]. Among the pre-and perinatal
factors, several events have been identified such as maternal stress during pregnancy
[35, 36], perinatal vitamin D deficiency [37], maternal exposure to alcohol and
tobacco, associating the latter with an increase of approximately two times the risk
of suffering ADHD, since it has been established that maternal smoking places the
foetus at risk of birth complications; in addition, the nicotinic receptors can modulate
the dopaminergic activity, and it has been shown that dopaminergic alteration is
involved in the pathophysiology of ADHD [38–40]. Another of the events widely
associated with the disorder is the low birth weight (<2500 g) or premature birth
(from 33 to <37 weeks of gestation), where children born are small for the
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gestational age and present a greater risk of up to three times to be diagnosed for
ADHD [35, 40–42]. Besides, complications in pregnancy or childbirth could also
influence the risk of getting ADHD by damaging the brain in the early stages of its
development [41, 43]. It has also been reported that exposure to environmental
toxins such as organophosphates, polychlorinated biphenyls and lead, with medium
to low exposures to lead, were associated with the risk to be diagnosed with ADHD
[43, 44], and also a risk has been linked to the mother’s overweight or obesity before
pregnancy [45, 46] and the maternal age, where the children of adolescent mothers
(<20 years) are 78% more likely to be diagnosed with ADHD [47].

Regarding the postnatal factors, the main highlights are exposure to artificial food
colours and flavours and food or diet supplements [48]. Moreover, social
determinants have also been associated, where a set of psychosocial adversity factors
could be influencing ADHD development, such as severe marital discord, low social
class, large family size, paternal criminality, family dysfunction, child institutional
deprivation and the foster home placement [43, 49, 50].

Although genetic and environmental risk factors in ADHD have been described
separately, the course of the disorder is likely influenced by how these factors
interact and affect the response of an individual to the environment, so to understand
the aetiology of ADHD, fully; it is critical to consider how genes and the environ-
ment work together to cause the disorder. Therefore, it is suggested that gene–
environment interactions (GxE) could be the main mechanism by which environ-
mental factors increase the risk of ADHD since this interaction describes any
phenotypic event that is due to interactions between the environment and genes
[43, 51]. The presence of GxE interactions has been reported between several
genetic variants, mainly between genes associated with the catecholaminergic trans-
mission and environmental factors, such as maternal alcohol and tobacco consump-
tion and the psychosocial adversity, and thus, the results seem to be more consistent
for psychosocial factors compared with prenatal factors [51, 52].

15.3 Diagnosis of ADHD

There is no gold standard for diagnosing ADHD; it is based on a personalised
clinical examination, where the parents or the caregiver and the patient are
interviewed to document the criteria of the disorder, questionnaires and standardised
tests can be used to capture behavioural and cognition deficiencies and the diagnosis
can be very accurate only if it is made by a licensed physician specialising in the
subject and using the international standard manual designated by WHO, the
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) and the latest
version of the American Psychiatric Association [4, 5, 53]. Two criteria for the
diagnosis are considered: criterion A1 and criterion A2 (Table 15.1).

For children under 17 years old:

• Predominantly inattentive: at least six symptoms of criterion A1 without the
presence of A2
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Table 15.1 Diagnostic criteria for ADHD

At least six symptoms for each criterion <17 years old

At least five symptoms for each criterion ≥17 years old

A1-inattention symptoms A2-hyperactivity and impulsivity
symptoms

Does not pay attention to details and makes
mistakes in activities

Is touching with hands or feet or twists in the
seat

Difficulty maintaining attention on tasks or
recreational activities

Gets up in situations where you are expected
to remain seated

Seems not to listen when spoken to directly Runs or climbs in situations where it is not
appropriate

Does not follow instructions and does not finish
tasks or activities

Unable to play or quietly engage in
recreational activities

Difficulty organising tasks and activities Acts as if it is “driven by an engine”

Avoids or dislikes tasks that require sustained
mental effort

Speech excessively

Loses things needed for tasks or activities Answer unexpectedly before a question has
been concluded

Easily is distracted by external stimuli Difficulty waiting turns

Forgetfulness in daily activities Interrupts or interferes with others

• Predominantly hyperactivity/impulsivity: at least six symptoms of criterion A2
without the presence of A1

• Combined: at least 12 symptoms of both criteria

For children over 17 years old or more:

• Predominantly inattentive: at least five symptoms of criterion A1 without the
presence of A2

• Predominantly hyperactivity/impulsivity: at least five symptoms of criterion A2
without the presence of A1

• Combined: at least ten symptoms of both criteria

They are required to be present in the last 6 months to obtain a diagnosis, and it is
required that some of those symptoms are present before the age of 12 years and that
have lasted at least the last 6 months, also that the symptoms are present in different
environments and affect daily life. Presently, many researchers are trying to develop
biological or computerised tests; progress continues in different lines of research
such as neuropsychology, neuroimaging, genetics and electroencephalography,
among others with which physicians could easily study and evaluate changes, and
thus, the diagnosis would be more accurate [3, 5].



332 D. Vázquez-González et al.

15.4 Treatment of ADHD

Treatment for ADHD is considered multimodal, since it can consist of pharmaco-
logical, behavioural, psychological and psychoeducational therapy, or a combina-
tion thereof. In this sense, following the evidence of a neurochemical basis for
ADHD, it was found that medications that favour the dopaminergic and/or norad-
renergic pathways seem to be necessary for the clinical efficacy of the pharmacolog-
ical treatments for ADHD [1, 4, 54]. Moreover, choices of treatment approaches are
based on the evaluation of the severity of the symptoms, the presence of
comorbidities and the preferred periods of the day to alleviate the symptoms.
Therefore, medications approved for ADHD treatment include the psychostimulants
(considered first-line agents), such as methylphenidate (MPH) and amphetamines,
and non-psychostimulants (considered second-line agents), such as atomoxetine
(ATX) and α-2 adrenergic receptor agonists (guanfacine and clonidine). Further-
more, several emerging drugs such as glutamatergic agents are increasingly used as
treatment, among which are amantadine and memantine, both NMDA glutamate
receptor antagonists and modafinil, which, although the mechanism of action is not
well established, the data suggest that it exerts effects on the glutamatergic system
since it can stimulate glutamate release in the thalamus, the striatum and the
hippocampus [1, 3].

The MPH and amphetamine showed similar mechanisms of action since they
exert their effects, inhibiting the dopamine and norepinephrine transporters (DAT
and NET), thus increasing the extracellular levels of dopamine (DA) and norepi-
nephrine (NE) [55, 56]. It is known that approximately 75–80% of children with
ADHD respond efficiently to psychostimulants. The side effects of psychostimulants
therapy are headache, anxiety, insomnia, weight loss, agitation, tics and stomach
pain, which depend on the dose [57, 58]. The therapeutic use of psychostimulants in
ADHD is associated with increased recreational use and increased risk of intentional
overdose related to improper use [59, 60]; therefore, psychostimulants use, often for
life, has raised several concerns and controversies over the years [61]. Due to lack of
response or partial response to psychostimulants, some patients may not take those
medications. The clinical advantages of non-psychostimulants over psychostimulant
treatments are that there is no potential for abuse, as there are no known effects on
drug abuse-related regions of the brain, such as the nucleus accumbens
[62, 63]. Although between 10% and 30% of patients do not respond to
psychostimulant treatment, non-psychostimulant drugs are generally better tolerated
than psychostimulants, and they have lower efficacy and a longer onset of action
[64]. ATX acts by selectively inhibiting the NET at the presynaptic level, thus
increasing the NE and DA levels in the hippocampus, pre-frontal cortex (PFC) and
cerebellum [62, 63, 65, 66]. Common adverse effects include headache, abdominal
pain, nausea, diarrhoea, vomiting, decreased appetite, fatigue, dizziness, mood
swings and insomnia, where most of the reported effects were mild or moderate
and are often seen in the early stages of treatment and tend to decrease significantly
over time [3, 63]. Conversely, the α-2 adrenergic receptor agonists, clonidine and
guanfacine, are being used mainly as monotherapy or adjuvant therapy in patients
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who present a suboptimal response to psychostimulants or ATX. The exact mecha-
nism of action of α-2A agonists in ADHD is unknown; the predominant theory is
that these agents directly mimic the effects of NE on α-2A adrenergic receptors in the
PFC [67]. Guanfacine is more selective than clonidine at these receptors and may
improve treatment efficacy [68]. The pre-synaptic action of clonidine is through the
reduction of NE release in the locus coeruleus [69]. Nevertheless, adverse side
effects, including dry mouth, nausea, dizziness, constipation, fatigue, variations in
blood pressure and cardiovascular actions, have been observed during therapy
[70, 71].

15.5 Pathophysiology of ADHD

There is strong evidence that structural, functional and neurochemical brain
differences are involved in vital cognitive functions, relating to the pathophysiology
of ADHD [72–74]. Neuroimaging studies have shown a reduction in global brain
volume of 2.5% in patients with ADHD [75]. Moreover, the reductions reported in
white matter have been mainly in the splenium of the corpus callosum that extends to
the right cingulate and the right sagittal stratum, suggesting problems in the
connections between the two hemispheres in regions involved in attention and
perception [5, 73]. ADHD has long been listed as a disorder of the PFC. Its
connections and the most relevant circuits of the PFC in ADHD are the dorsal
frontostriatal (cognitive control), orbitofrontostriatal (reward processing) and fronto-
cerebellar (synchronisation), and the dysfunction in these circuits can occur due to
deficits in the PFC or problems in the circuits that transmit information to the cortex
[73, 76–78]. Another structure widely involved with changes in ADHD is the
thalamus. Thus, an altered profile of thalamocortical connectivity has been observed
in patients with ADHD, associated with deficits in the processing of information
regarding task performance [79]. Furthermore, an anomaly has been seen in the
projection fibres that run through the thalamus, ganglia and medulla in ADHD
[80]. The cerebellum is another important area related to the cerebral cortex and
involved in ADHD. Brain imaging studies have shown the structural abnormalities
of the cerebellum in ADHD where a difference in functional connectivity between
the cerebellum and the neocortex was demonstrated [81].

Conversely, ADHD has been associated with an imbalance in the dopaminergic
and noradrenergic systems, involving them in the pathophysiology of ADHD.
Furthermore, the fronto-subcortical circuit associated with ADHD is rich in cate-
cholaminergic signalling [82, 83]. Dopaminergic signalling pathways are crucial for
maintaining of physiological processes and play an important role in the
neuromodulation of motor control, motivation, reward and cognitive function
[84]. ADHD has been associated with dopaminergic dysfunction, particularly with
the mesocortical, mesolimbic and nigrostriatal pathways [85, 86], and alterations in
those pathways cause deterioration of cognitive abilities. Present-day hypotheses of
DA involvement suggest that the core symptoms in ADHD patients stem from DA
decrease due to increased DA reuptake [87]. Moreover, it has also been shown that
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NE influences the modulation of arousal, state-dependent cognitive processes,
motivation, alertness and wakefulness, as well as the neuromodulation of the
mechanisms of reward, learning and memory; it also plays a key role in the
pathophysiology of ADHD [85]. Studies from patients with ADHD established
that they present a deficient transmission of DA and NE that affect the function of
the PFC [82]. Additionally, abnormal levels of DAT have been detected in different
brain areas of patients with ADHD [2]. As neurotransmitters of the CNS, the
catecholamines DA and NE can undergo autoxidation forming reactive oxygen
species (ROS) [88, 89]. Therefore, the reaction products formed by the oxidation
of catecholamines result in cellular damage, thus contributing to oxidative stress and
neuronal death [90, 91].

Recently, there has been an increasing interest in oxidative and nitrosative stress
in ADHD and its potential to contribute to the pathophysiology of the disorder.
Oxidative stress is defined as the biochemical imbalance caused by the excessive
production of ROS and reactive nitrogen species (RSN), which cause oxidative and
nitrosative damage to biomolecules and which the antioxidant systems cannot
counteract [34, 92–94]. This imbalance can occur because of the malfunctioning
of the antioxidant system or as an excessive generation of ROS. It can be caused by
several factors such as mitochondrial dysfunction and genetic and environmental
factors. Therefore, excessive ROS/RSN levels may damage the integrity of neurons
by oxidizing the polyunsaturated fatty acids (PUFAs), producing more ROS that
causes oxidative damage of neurons; thus, the neurons that are rich in mitochondria
can generate ROS, causing bioenergetic dysregulations, leading to cell death
[94, 95]. Oxidative stress could also modify the inflammatory response; therefore,
if there is a redox imbalance, the signalling pathways regulating the immune system
are changed, producing a dysregulation of the immune response, and on the contrary,
if there is a redox balance, the inflammatory response could act as a defence
mechanism [96, 97]. In a chronic state of several disorders such as ADHD, oxidative
stress can oxidise proteins and lipids and damage the DNA. Thus, oxidative stress in
the CNS could also lead to microglia and reactive astrocytes activation and produce
chronic neuroinflammation [98]. Therefore, high oxidative stress could activate the
secretion of pro-inflammatory chemokines and cytokines and produce a harmful
vicious circle [97, 99]. Accordingly, oxidative stress and neuroinflammation are
processes that are intricately linked and can coexist. The association of oxidative
stress and neuroinflammation as a potential role in the pathophysiology of ADHD
could be influenced by the genetic and environmental factors, catecholaminergic
dysregulation, an imbalance between oxidants and antioxidant defences,
medications used for handling the disorder and as we will see below by multiple
immunological factors that could enhance the neuroinflammation and thus increase
even more the oxidative stress and inflammation, which could additionally increase
or worsen the symptoms of ADHD, resulting in a harmful vicious circle [94].
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15.6 Neuroinflammation

Inflammation is a physiological process in which the CNS responds to infections,
environmental toxins or injuries that affect homeostasis. The inflammatory response
in the CNS (brain and spinal cord) is defined as neuroinflammation.
Neuroinflammation is at first a protective response, but chronic inflammation is
related to the pathogenesis and progression of several psychiatric and mental health
disorders [100–102]. The neuroinflammation increases the risk and promotes the
progression of neurodegenerative and neurodevelopmental disorders, including
ADHD, through different mechanisms such as glial cell activation, increased oxida-
tive stress, loss of neuronal function and neurodevelopment changes [34, 94].

Glial cells can produce different inflammatory mediators (cytokines, chemokines,
ROS, RNS, prostaglandins, leukotrienes and growth factors) in response and
depending on the degree of CNS injury [103–105]. Pro-inflammatory cytokines
and chemokines trigger activation of surrounding stromal cells, induce glutamate
release (excitotoxicity) and increase the permeability of the blood-brain barrier
(BBB), allowing more immune cell infiltration in the brain parenchyma, enhancing
the inflammatory response [106–109]. Inflammation resolution is performed when
the tissue has been repaired and homeostasis is restored and mediated by the release
of anti-inflammatory cytokines (IL-10, IL-4, TGF-β and IL-37), lipoxins, resolvins
and neuroprotectins [110–112].

Microglia are the resident macrophages of the CNS, originating from myeloid
precursor cells in the yolk sac during embryonic development and represent 10% of
the CNS cell population [113, 114]. Microglia has pleiotropic functions during CNS
development, such as axon guidance, neurite growth, synapse function and plasticity
[115]. Microglia activation and accumulation (known as microgliosis) in response to
various external and internal stimuli, induce morphological (amoeboid shape) and
functional changes (inflammatory mediators production, tissue repair and phagocy-
tosis) [116]. Depending on the detected insult and the microenvironment, microglia
can acquire a pro-inflammatory phenotype, called M1. The production of cytokines
characterises the M1-phenotype as IL-1β and TNF-α, chemokines, ROS, nitric oxide
and prostaglandins. The anti-inflammatory M2-phenotype is characterised by the
expression of IL-10, IL-4, TGF-β (transforming growth factor-β), IGF-1 (insulin-like
growth factor 1), arginase and other factors [116, 117].

Astrocytes represent about 40% of all brain cells and play a critical role in
providing nutrients to neurons, synapse formation and synaptic transmission
[118]. Similar to microglia, astrocytes have pro-inflammatory and anti-inflammatory
functions depending on the damage. The active state of astrocytes (reactive
astrocytes) and their accumulation (astrocytosis or astrogliosis) are a hallmark of
neurodegeneration and neuroinflammation. Reactive astrocytes show morphological
changes and altered expression proteins, such as glial fibrillary acidic protein,
vimentin and glutamine synthetase [118]. Activated microglia and astrocytes are
primarily responsible for the productions of ROS and lead to oxidative stress. As
indicated above, oxidative stress can induce chronic neuroinflammation and contrib-
ute to neurodegeneration [98]. In pathological states, astrocyte activation leads to
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astrocyte hypertrophy, proliferation, production of inflammatory mediators and an
altered communication between astrocytes and neurons contributing to neuronal
damage [118, 119].

Oligodendrocytes are glial cells in the CNS that produce myelin structure that
wraps around axons, allows proper conduction of action potentials and provides
metabolic support to neurons [120]. Oligodendrocytes express various immunomod-
ulatory molecules such as IL-1β, IL-6, IL-17A, chemokines, tetraspanins, major
histocompatibility complex (MHC) proteins, co-stimulatory molecules and proteins
of complement. Thus, immunologically active oligodendrocytes can be an important
factor in the initiating inflammation or its resolution, especially in demyelinating
diseases [121].

The T and B cells are constituents of the adaptive immune system; their activation
is antigen-specific. Brain parenchyma under physiological conditions does not
contain lymphocytes, but B and T cells reside in the meninges and choroid plexus
and can influence brain development and function [122]. B cells have different
effector functions depending on the signal receiving and intensity. B cells primary
function is to produce antibodies; also, they are antigen-presenting cells (activation T
cells), activate inflammatory macrophages and inhibit regulatory immune cells
[122, 123]. Through their T cell receptor (TCR), T cells detect antigens that have
been presented on MHC molecules by other cells. CD8+ T cells subsets detect
antigens presented on MHC class I molecules, and CD4+ T cells detect antigens
presented on MHC II molecules. After activation, CD4+ T cells proliferate and
differentiate into numerous subsets, including type 1 T helper (Th1) cells, Th2, Th17
and regulatory T cells (Treg) [124]. Meningeal T cells can produce cytokines,
neurotransmitters such as γ-aminobutyric acid (GABA), neuromodulators such as
serotonin and growth factors (BDNF), which influences neuronal function in physi-
ological and pathological conditions [122, 125]. For example, it has been shown that
T cells are responsible for social and cognitive behaviours in mice [126, 127].

Mast cells are effector immune cells resident in several brain areas and are in the
meninges, parenchyma of the thalamic hypothalamic region and in the abluminal
side of the blood vessels, where they modulate the interaction between meninges and
the immune system. Activated mast cells produce IL-6, TNF-α, tryptase, histamine,
chymase, corticotrophin-releasing hormone (CRH) and neurotransmitters. They also
produce chemokines that can recruit other immune peripheral cells in the brain
tissue. Thus, mast cells can exacerbate the development of pathologies affecting
the CNS by producing inflammatory cytokines, cytotoxicity and neuronal and glial
cell death [128, 129].

15.6.1 Key Inflammatory Cytokines

Interleukin-1 (IL-1) are a family of pro-inflammatory cytokines, consisting of
11 members, including IL-1α, IL-1β, IL-1 receptor antagonist (IL-1Ra) and IL-1
receptor accessory proteins (IL-1RAcP), IL-33 and IL-37, and the only anti-
inflammatory cytokine of family. IL-1β can trigger inflammatory mediators like
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other cytokines and chemokines (as IL-6, TNF-α and IL-8) and can stimulate
macrophages, neutrophils, lymphocytes and perivascular endothelial cells, among
other cells. IL-1Ra is a regulatory molecule that competes for receptor binding with
IL-1a and IL-1β, blocking their role in immune activation. In different brain regions,
various components from the IL-1 family are constitutively expressed in healthy
individuals. IL-1β is a pivotal mediator and has been shown to influence dopaminer-
gic and noradrenergic function, feeding, fever, sickness behaviour and sleep
[128, 130–132]. During an event of injury or infection, microglia is the primary
source of IL-1β. Microglia, through the inflammasome, generates active caspase-1
that cleaves pro-IL-1β to convert it to active IL-1β. IL-1β activation induces a
cascade of events, leading to activation of nuclear transcription factor-κB (NF-κB)
and transcription of genes involved in the immune response. In addition, IL-1-
β-activated microglia produces proteases, ROS, RNS, prostaglandins, cytokines
and chemokines. All these mediators are central to the development of neuropsy-
chological, neurodegenerative and demyelinating diseases [110, 128, 133, 134].

TNF-α is a pro-inflammatory cytokine, expressed under physiologic conditions
by microglia and neurons, but its expression increases in activated microglia,
neurons, oligodendrocytes, reactive astrocytes, endothelial cells and ependymal
cells in brain injuries and chronic diseases. TNF-α controls numerous physiological
processes in the CNS, at low concentrations, promoting neurogenesis, axonogenesis
and synaptic plasticity [130, 135]. TNF-α mediates different physiological and
pathological functions, by activating types 1 and 2 TNF receptors (TNFR1 and
TNFR2). The binding of TNF-α with TNFR1 leads to the recruitment of complex
1, which allows nuclear translocation of transcription factors, as NF-κB and AP1 and
transcription of pro-inflammatory mediators and anti-apoptotic proteins. However,
an alternative pathway of TNRF1 is mediated by complex II recruitment that can
turn on apoptosis. Conversely, TNFR2, similar to TNFR1, leads to NF-κB activation
and promotes cell survival, resolution of inflammation and tissue repair [136–139].

The interleukin-6 (IL-6) is a crucial mediator in regulating the inflammatory
response and can have both pro- and anti-inflammatory activity. The anti-
inflammatory effects of IL-6 are through the activation of IL-1ra and IL-10 and the
decrease of TNF-α and IL-1. IL-6 is widely produced by many CNS cells, but IL-6
receptor-α (IL-6R), essential for the cellular response, is differentially expressed in
cells [140]. IL-6 binds to membranal IL-6R, which triggers oligomerisation with
gp130, and downstream signalling culminates in signal transducers and activators of
transcription 3 (STAT3) activation, which in turn mediated expression of IL-6-
regulated genes. But cells that lack the IL-6R in the CNS can respond to IL-6
using an alternate mode of signalling (called trans-signalling) through soluble
IL-6R (sIL-6R), which retains its biological activity and can activate signalling
through gp130 expressed in cells lacking IL-6R [141]. IL-6 is essential in the CNS
development and the appropriate functioning of neurons and glial cells. Neurons,
microglia and endothelial cells produce IL-6, but astrocytes are the main source. IL-6
dysregulation can lead to inflammatory, autoimmune and psychiatric
disorders [142].
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Interleukin-10 (IL-10) is an anti-inflammatory cytokine that negatively regulates
inflammation. IL-10 is expressed in the brain; specifically, it is produced by
microglia, astrocytes and neurons. IL-10 binds to the cell surface receptor, a
heterotetrameric complex IL-10R1/IL-10R2; this interaction leads to the activation
of downstream signalling cascades including the STAT3 and AKT pathways. IL-10
plays an important role in inhibiting the production of pro-inflammatory mediators,
decreasing cytokine receptor and MHC class II expression, neuroprotection and
modulation of synaptic activity. Moreover, IL-10 regulates GABAergic transmission
in the hippocampal neurons via pre-and post-synaptic mechanisms [142, 143].

15.7 Neuroinflammation in ADHD

Pro-inflammatory cytokines are closely involved in the onset, development and
symptoms of ADHD (Table 15.2). Patients with ADHD have elevated
concentrations of pro-inflammatory cytokines (as IL-6 and TNF-α) and reduced
levels of anti-inflammatory cytokines (IL-4, IL-2 and IFN-γ) and brain-derived
neurotrophic factor (BDNF) [144, 147–149]. Thus, high concentrations of cytokines
and chemokines and oxidative stress markers were found in the serum of juvenile
spontaneously hypertensive rats (SHRs, used as a rodent model for ADHD) com-
pared with the age-matched controls [150]. Interestingly, there was an association
between high pro-inflammatory cytokines levels and severity of symptoms in chil-
dren with ADHD [151–153]. However, this correlation was lost in the adult patients
with ADHD [154, 158]. Several studies have shown that IL-6 may be a hallmark of
ADHD pathogenesis since increased IL-6 alters attention and memory through its
effects on synaptic plasticity in the hippocampus and PFC [144]. Moreover, it was
demonstrated that IL-6 inhibited the neurogenesis in the hippocampus through the
blockade of the differentiation of neural progenitor cells, which compromised brain
development and increased the risk of ADHD [145, 159]. However, there are also
contrasting results because it was found that the IL-6 levels did not correlate with
ADHD symptoms severity. Nevertheless, findings from numerous studies suggested
that the increased IL-6 levels can be directly related to the ADHD aetiology
[148]. Metalloproteinases (MMPs) are proteolytic enzymes involved in the cleave
of components in the extracellular matrix, adhesion molecules and cytokines and
growth factors [160]. Particularly, the MMPs are involved in the memory and the
learning process in the brain. Therefore, in ADHD patients, it was found that there
was a correlation between MMP-2 and MMP-9 levels with cognitive problems, as
well as a negative correlation between MMP-2, MMP-9 and TNF-α levels with the
intelligence quotient (IQ) [146]. An overview of the factors involved in
neuroinflammation is shown in Fig. 15.1.
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Table 15.2 Principal neuroinflammatory mediators associated with ADHD

Inflammatory factors Main findings References

IL-6 High levels in children with ADHD compared with
control and affects attention and memory by its
effect on neurogenesis and synaptic plasticity in
the hippocampus and PFC

[144, 145]

TNF-α, MMP-2, MMP-9 Higher concentrations in patients with ADHD and
positive correlation with age and a negative
correlation with IQ and also, correlation with
cognitive and inattention problems

[146]

IL-6, TNF-α In patients with ADHD and obesity, it was found a
correlation between the severity of hyperactivity/
impulsivity

[147]

IL-6, TNF-α Higher serum levels in children with ADHD, did
not correlate with IQ or ADHD symptoms severity

[148]

CRP, IL-6, TNF-α, BDNF Higher plasma levels (CRP and IL-6) [149]

Lower levels of TNF-α and BDNF in ADHD
young

IL-1β, IL-6, TNF-α, TGF-β,
MCP-1, RANTES, IP-10

There were significant increases of serum and/or
tissue in the ADHD animal model when compared
with controls

[150]

IL-8, TNF-α, VEGF,
MMP-9

Children born preterm express high concentrations
Correlation with the severity of ADHD symptoms

[151]

IL-6, IL-8, ICAM-3,
VEGF-R1, VEGF-R2,
TNF-RI

Children born prematurely with increases in blood
during the first postnatal weeks are associated with
an attention problem

[152]

IL-13, IL-16, IL-2 High concentrations in serum were associated with
hyperactivity, inattention, and opposition

[153]

IL-6, IL-10, anti-Yo
antibodies

High cytokine and antibodies levels in children
with ADHD compared with controls

[154]

IL-2, IL-6, TNF-α, IL-16,
S100B

Gene polymorphisms are highly associated with
ADHD

[155, 156]

Anti-DAT antibodies These antibodies are present in patients with
ADHD and are noteworthy as a sign of
inflammation

[157]

15.7.1 Genetic Variants in ADHD

ADHD is a highly inherited disorder, and there is a lot interest in identifying the
genetic factors involved. Some genetic risk factors for inattention and hyperactivity/
impulsivity are shared with other disorders, and others are unique to ADHD
[161]. Different GWAS studies have identified genetic variants associated with an
increased risk for ADHD [162, 163]. There are polymorphisms in genes related to
inflammatory pathways, such as angiogenic (NRP1 and NRP2), neurotrophic
(NTRK1 and NTRK3), cytokine (IL-16 and S100B) and kynurenine (CCBL1 and
CCBL2) genes, associated with ADHD [155]. IL-1RA is a molecule that competes
for receptor binding with IL-1a and IL-1b, blocking their role in immune activation.
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Fig. 15.1 Potential role of neuroinflammation in the pathophysiology of ADHD. Comorbidity
between ADHD and several autoimmune and inflammatory disorders, environmental and genetic
factors, medications used for the treatment, maternal alcohol consumption and smoking, obesity,
some polymorphisms, and also oxidative stress may increase the risk of neuroinflammation in
ADHD and natural compounds may have anti-inflammatory and antioxidant effects against
neuroinflammation in ADHD

Polymorphisms in the IL-1Ra gene, IL1-RN, also have been directly associated with
ADHD [131]. Other studies involve neurotrophic factors (NTFs), molecules that
control survival, differentiation and neural functions. Polymorphisms in NTFs and
their receptors might be involved in the genetic predisposition to ADHD. Thus, it has
been shown the contribution of the ciliary neurotrophic factor receptor (CNTFR)
locus as a predisposition factor to childhood and adulthood in ADHD. At the same
time, variants of NTF3 and NTRK2 are childhood-specific [156].

15.7.2 Autoantibodies in ADHD

A disruption of BBB integrity due to an inflammatory process in the brain leads to
increased flux of CNS antigens to peripheral lymphoid organs, with a subsequent
autoimmune response (autoantibodies production). Therefore, elevated levels of
anti-basal ganglia antibodies and antibodies against the DAT in ADHD with notable
signs of inflammation have been found [157, 164]. In addition, it was demonstrated
that anti-Yo antibodies (Purkinje cell antibodies) were associated with high cytokine
serum levels in children with ADHD compared with controls [154, 165]. However,
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more studies are needed to establish a possible role of autoantibodies in ADHD
pathogenesis.

15.7.3 Comorbidity of ADHD with Other Diseases and Factors

Numerous studies have shown a relationship between ADHD, inflammatory and
autoimmune diseases. The systemic increase in pro-inflammatory cytokines levels
due to common mechanisms (genetic and/or environmental) could cause
neuroinflammation and impaired cognitive functions, resulting in the onset and
development of neurodevelopmental disorders [166]. Furthermore, inflammatory
cytokines can disrupt the maturation of PFC regions and the dopaminergic systems
involved in ADHD pathology [167].

Atopic eczema, rhinitis and allergic asthma are among the most common chronic
diseases worldwide and are grouped as atopic diseases. Multiple studies suggest that
in children with ADHD are more likely to develop [168–170]. Moreover, children
with atopic disease have increased levels of pro-inflammatory cytokines that pass
through the BBB and affect mechanisms involved in the behaviour and emotion
[171, 172]. Children (age 8–9) with asthma had a twofold greater risk of having one
or more symptoms of hyperactivity/impulsivity and a more than twofold risk of
having three or more symptoms among the older age (13–14 years), and these results
were independent of asthma medications [169].

Obesity is also a risk factor for the onset of neuroinflammation, and a chronic and
low-grade inflammatory process is present in adipose tissue in obese individuals.
Therefore, adipocytes can also release many pro-inflammatory mediators that
increase the concentration of peripheral cytokines and predispose them to
neuroinflammation [173]. Thus, multiple studies suggest that obesity may increase
inflammation and contribute to ADHD symptoms [147, 174]. For example, in
patients with obesity and ADHD, a correlation was found between the hyperactiv-
ity/impulsivity scores and cytokines IL-6 and TNF-α, which held after controlling
for body mass index and oppositional symptoms [147]. Interestingly, obesity risk
allele polymorphisms are associated with ADHD and related to some symptoms
such as inattention and hyperactivity/impulsivity. For example, one of the genes was
the cell adhesion molecule 2, which was associated with hyperactivity [175]. Fur-
thermore, maternal obesity has also been associated with inflammation and
behavioural and cognitive alterations in offspring linked to neurodevelopmental
disorders such as ADHD and autism [176].

Genetic, epigenetic and environmental interactions have a principal role in brain
formation and function. Thus, pre-clinical studies show that environmental
disruptions to the developing CNS in early life can result in alterations in the
neurobehavioural, cognitive and mental health of individuals [100, 177]. In this
manner, several findings show exposure to prenatal inflammation associated with
behavioural symptoms related to ADHD such as inattention, hyperactivity, impul-
sivity and impaired learning and memory [100]. Moreover, the effect of maternal
inflammation on the neurodevelopment of the offspring is multifactorial and is
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generally related to other perinatal complications such as preterm delivery, low birth
weight and placental ischaemia [178, 179]. Children with ADHD whose mothers
were exposed to moderate and severe stress during pregnancy develop more severe
symptoms than offspring with ADHD whose mothers were not exposed to prenatal
stress [180]. Additionally, children born premature and whose mothers suffered from
stress during pregnancy had a significantly increased risk of developing
asthma [181].

Alcohol exposure is related to neurodegeneration and cognitive dysfunction
resulting from microglial activation and inflammatory response [182]. Any amount
of alcohol exposure during prenatal development can increase the risk of developing
cognitive or psychiatric disorders; even low levels of foetal alcohol exposure can
negatively affect cognitive function in the offspring [183]. Thus, alcohol-induced
inflammation could contribute to the development of ADHD through several
mechanisms such as inhibition of neurogenesis, T-cell infiltration through the
BBB and the pro-neuronal survival transcription factor CREB [145]. Conversely,
it has also been shown that smoking during pregnancy is associated with ADHD. A
meta-analysis study showed a dose-response relationship between smoking during
pregnancy and the risk of ADHD in offspring and specifically with a more severe
presentation of ADHD symptoms, including comorbidity with behaviour disorders
[184, 185]. Besides, prenatal nicotine exposure in mice produced hyperactivity
similar to the human ADHD phenotype, decreased DA turnover in the frontal cortex,
decreased cortical volume and radial thickness. However, MPH administration
decreased the hyperactivity and increased the DA turnover in the frontal cortex
[186]. Moreover, it was found by quantifying the concentration of cotinine levels,
used as a biomarker indicating nicotine exposure and revealed an association with a
dose-response and nicotine exposure during pregnancy and offspring with ADHD
[39]. Furthermore, smoking during pregnancy could have consequences such as
preterm delivery, low birth weight, placenta abruption, development of obesity or
overweight, reduced foetal lung development and increased infection [187, 188]. Sev-
eral studies have also shown a connection between prenatal exposure to different
infectious agents (bacteria and virus) and the risk of ADHD in the offspring
[189, 190]. Also, neonatal infection associated with systemic inflammatory
responses during the postnatal stage was associated with the risk of ADHD
[151]. In this context, a recent study showed that preterm infants who had neonatal
infection had an increased risk of severe motor impairment in ADHD and IQ delay
than those without infection and who had preterm births [191]. Conversely, long-
term maternal use of acetaminophen during pregnancy was associated with ADHD
in offspring [192]. Acetaminophen is the most commonly used medication for
analgesic and antipyretic purposes among mothers during pregnancy and infants in
early life. Moreover, it was shown that prenatal exposure to acetaminophen was
associated with an increased ADHD risk in offspring, regardless of gestational
infections or maternal mental health diseases [193]. But contradictory results have
been reported, where it was found that maternal fever in the first trimester can be a
risk factor for ADHD (mainly inattention). However, this risk factor was indepen-
dent of the use of acetaminophen [194].
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There is now evidence that exposure to pollutants (including industrial chemicals,
pesticides, heavy metals and phytoestrogens) during early gestational stages can
increase the risk of ADHD through inflammatory mechanisms [195]. Through
maternal immune activation, studies in animal models have generated information
on neurodevelopmental disorders compatible with ADHD [196]. Thus, prenatal
exposure to an inflammatory environment can be associated with changes in the
development of the brain in the foetus, including anatomical changes, such as
reduction in the volume of the areas in the cortical zone, observed in patients with
ADHD [100]. Nowadays, there is a correlation between poor mental development
and the presence of pesticides during the human gestational stage. Nevertheless,
there are few association studies between pesticides and ADHD [197]. Studies in
animal models, have established certain biological correlations on pesticide expo-
sure with neurodevelopmental and behaviour alterations, but are not conclusive
[198]. Bisphenol A is a ubiquitous endocrine-disrupting chemical associated with
disturbances in neurobehavioural development [199]. Although, overall prenatal
exposure to bisphenol A can contribute to neurobehavioural outcomes in children,
the evidence is still limited; however, ADHD symptoms constantly suggested
association with both prenatal and concurrent exposure to bisphenol A [200, 201].

Epidemiologic studies have displayed a close correlation between exposure to
phthalates and a disturbance during neurodevelopment with ADHD [202]. However,
there are inconsistencies between the presence of metabolites and the
neurobehavioural assessment criteria, possibly due to heterogeneity in
neurodevelopmental tests [203]. In addition, perfluoroalkyl and polyfluoroalkyl
substances (PFASs) are persistent pollutants that can have neurotoxic effects
because they can cross the placental barrier. However, current evidence is insuffi-
cient to establish the association between prenatal exposure to PFASs and ADHD
symptoms or cognitive dysfunctions in preschool children [204, 205]. Finally, both
human and animal studies showed a critical role for the placenta in mediating the
impact of chronic inflammatory state, foetal immune activation and increased
oxidative stress on foetal brain development [206]. Therefore, future research should
focus on further elucidating the mechanism of toxicity of pollutants like pesticides
on the axis foetal brain/placental and the possible consequences on foetal brain
development in ADHD.

15.8 ADHD Medications and Neuroinflammation

Several studies have shown that treatment with MPH can increase
neuroinflammation; thus, the highest concentration and chronic administration of
MPH resulted in microglial activation in multiple brain regions of rats [207]. Also, it
was demonstrated that MPH induced DA neuron loss and inflammation through the
increase in mRNA levels of pro-inflammatory cytokines (IL-6 and TNF-α) in the
mice striatum [208]. Moreover, MPH treatment improved cell survival at low
concentrations in monocytic immune cell lines, and conversely, highest
concentrations caused a significant reduction in monocytic cell survival
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[209]. Recently, the dose-dependent administration of high doses of MPH altered
motor activity, anxiety and increased TNF-α and IL-1β levels, lipid peroxidation and
glutathione oxidised levels in the hippocampus and cerebral cortex of adult rats
[210]. In contrast, acute treatment with ATX decreased the expression of microglial
activation markers (CD40 and CD11b) and IL-1β, TNF-α and iNOS in the cerebral
cortex of rats after systemic treatment with lipopolysaccharides [211]. ATX also
protected against ischaemic damage, attenuating the activation of astrocytes and
microglia in the ischaemic hippocampal region in the gerbil [212]. Further studies
are necessary to investigate the side effects caused by medications used for ADHD
treatment (mainly on the inflammatory process) during critical periods of
neurodevelopment.

15.9 Use of Dietary and Natural Compounds Against
Neuroinflammation in ADHD

Every day, more studies focus on the neuroprotective effects of dietary or natural
products against oxidative stress and/or inflammation because they may be alterna-
tive therapeutic interventions with fewer side effects and better tolerated to improve
symptoms of ADHD. Several dietary or natural components have been studied in
patients due to the therapeutic benefits in ADHD, focused on its anti-inflammatory
and/or antioxidant activities such as diverse flavonoids that have anti-inflammatory
activities and include several natural polyphenols that are found in a great quantity in
vegetables, fruits, red wine and green tea [58, 213, 214]. Quercetin, a flavonoid
compound present in cilantro, onion, asparagus, capers, red leaf lettuce, lovage, dill,
berries and apples may exert anti-inflammatory properties [215]. N-Acetylcysteine, a
precursor of the antioxidant glutathione, may also exert anti-inflammatory activities
and is found in the onion [34, 214]. Omega-3 fatty acids have anti-inflammatory
activities and the two principals are eicosapentaenoic acid and docosahexaenoic acid
and are found mainly in oily fish [34, 213, 214, 216]. Sulforaphane may exert anti-
inflammatory activities and is found in the highest concentrations in cauliflower and
broccoli [34]. There are other compounds such as ginseng, St. John’s wort, Ginkgo
biloba and passion flower [58] used with ADHD patients against oxidative stress;
however, it is not ruled out that they may also have anti-inflammatory effects;
nevertheless, further studies are necessary to confirm such effect. Accordingly,
these natural compounds could improve ADHD progression due to their anti-
inflammatory and/or antioxidant properties.

15.10 Conclusion

The pathophysiology of ADHD has been associated with an increase in
neuroinflammation. Therefore, several of the immune factors discussed in this
chapter appear to play a potential role in the pathological process of ADHD. Factors
such as an altered immune response, genetic associations and also exposure to
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environmental factors, such as pollutant exposure, maternal smoking and alcohol
consumption, could trigger inflammation during the early postnatal period and
childhood and, thus, influence risk for ADHD; comorbidity between ADHD and
several autoimmune and inflammatory disorders, some medications used for the
treatment and also some polymorphisms in genes can cause alterations of the
inflammatory response in ADHD. Conversely, dietary and natural compounds
with potent anti-inflammatory and antioxidant properties could improve the inflam-
mation and reduce oxidative stress and be used as alternative therapeutic
interventions for ADHD. In summary, the evidence indicates a potential role of
neuroinflammation in the pathophysiology of ADHD. However, the new tools and
technologies will enable future research to evaluate inflammation in patients with
ADHD in a non-invasive aspect and, therefore, have more reliable results. Further
clinical trials and future, well-designed studies are still needed to confirm the
potential role of neuroinflammation in ADHD.
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A Link Between Inflammatory Mechanisms
and Fibromyalgia 16
Ashika Bains, Samuel Kohrman, Diana Punko,
and Gregory Fricchione

Abstract

Fibromyalgia (FM) is a condition characterized by chronic widespread pain,
which has traditionally been considered psychogenic in nature due to lack of
known underlying organic pathophysiology. In more recent years, inflammation
of the nervous system has become increasingly recognized as a sign of neuropsy-
chiatric conditions, and this association may enhance our knowledge of
conditions such as FM. Emerging evidence has suggested inflammation, particu-
larly neuroinflammation, as a potential contributor underlying the etiology of
FM. Studies have searched for linked biomarkers with mixed results, though the
literature is beginning to point to increased systemic levels of pro-inflammatory
cytokines such as IL-6 and IL-8 in patients with FM relative to healthy controls. A
multicenter imaging study has also reported results suggestive of microglial
activation related to the presence of FM. Given the consistency in
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neuroinflammatory effects implicated in “sickness behavior” characteristic of
chronic systemic inflammatory conditions such as cancer or rheumatic diseases,
therein springs the hypothesis for a connection between FM and
neuroinflammation as discussed in this chapter.

Keywords

Fibromyalgia · Neuroinflammation · Neuropsychiatry · Chronic stress · Chronic
pain · Central sensitivity syndromes (CSS) · Pain · Nociception

16.1 Introduction

16.1.1 History of Fibromyalgia

Fibromyalgia (FM) is a complex condition that overlaps the fields of internal
medicine, rheumatology, psychiatry, and immunology. It falls into a category of
syndromes that historically has lacked disease-defining biological markers, leading
to the phenomena often being regarded as “psychogenic” rather than “organic” in
etiology. Other examples of conditions in this category, sometimes called medically
unexplained symptoms or functional somatic syndromes, include chronic fatigue
syndrome (CFS) or myalgic encephalomyelitis (ME), irritable bowel syndrome
(IBS), and temporomandibular joint pain. The term fibromyalgia is relatively new,
first recognized by the American Medical Association in 1987, but in the past, the
disorder has gone by other names including chronic widespread pain andmyofascial
pain syndrome. Over one hundred years ago, Sir William Gowers coined the term
fibrositis, but this nomenclature is no longer in use as it became apparent that
inflammation of connective tissues was not a common pathological finding
[1]. The later term fibromyalgia better captured the concept of pain in the muscle
fibers without the requirement for local inflammation, though, as this chapter will
show, central inflammation may be involved.

In 1990, the American College of Rheumatology (ACR) presented their first set
of diagnostic criteria for FM, primarily intended for consistency in research settings
rather than clinical diagnosis. These criteria included generalized pain for at least
3 months, in at least three of four quadrants of the body, with pain elicited at a
minimum of 11 out of 18 “tender points” [2]. Since then, the ACR has released
updates of these criteria in 2010, 2011, and again in 2016, which will be described
further below. FM was first included in the World Health Organization’s Interna-
tional Statistical Classification of Diseases and Related Health Problems (ICD) in
1992 [3]. In contrast to the 3 months’ duration of symptoms required by other
definitions, in the most recent edition, ICD-10, the definition of FM can include
“an acute, subacute, or chronic” painful state, although it also describes FM as “a
chronic disorder” [3].
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It is worth noting that FM is frequently comorbid with mental health disorders
and that the condition is accordingly at risk for diagnostic overshadowing. In the
most recent edition of the American Psychiatric Association’s (APA) Diagnostic
and Statistical Manual of Mental Disorders, Edition 5 (DSM-5), which was
published in 2013, FM would be best categorized as a subset of somatic symptom
disorder with predominant pain as a specifier [4]. Interestingly, the DSM-5 diagno-
sis of somatic symptom disorder no longer requires exclusion of a known general
medical condition or the presence of symptoms in excess of what would be expected
of a related general medical condition as did its DSM-IV predecessor, somatization
disorder [5], perhaps reflecting a more nuanced understanding of these conditions.

16.1.2 Clinical Phenotype and Diagnostic Criteria for Fibromyalgia

FM is characterized by pain that is widespread in distribution and chronic in
duration. There are frequently additional symptoms that accompany FM including
fatigue, subjective cognitive impairment, sleep disturbance, depression, and anxiety.
These additional symptoms are better reflected in the revised ACR diagnostic criteria
released most recently in 2016, which includes a numerical score, the fibromyalgia
severity (FS) scale, that is the sum of the Widespread Pain Index (WPI) and
Symptom Severity Scale (SSS) score [6]. The WPI addresses the pain component
of the diagnosis, and the SSS score incorporates the presence and severity of nonpain
symptoms including fatigue, cognitive dysfunction, and headache (see Table 16.1
for details). To meet criteria for diagnosis under the most recent schema, a patient
must have generalized pain, the presence of symptoms for at least 3 months, and a
WPI ≥ 7 and SSS score ≥ 5 or WPI 4–6 and SSS score ≥ 9. These revised criteria
additionally eliminated the requirement for “tender points” (which were shown to be
difficult to reliably identify in everyday clinical practice) and also accommodates
other illnesses that could present with similar symptoms.

Efforts continue to establish an evidence-based diagnostic system for FM. The
Addiction Clinical Trial Translations, Innovations, Opportunities, and Networks
(ACTTION), a public-private partnership with the United States Food and Drug
Administration (FDA) and the American Pain Society (APS), initiated the
ACTTION-APS Pain Taxonomy (AAPT) for improved clinical usefulness and
consistency across chronic pain disorders [7]. Using the AAPT framework, an
international group of FM clinical and research experts proposed a new definition
of FM; however, it requires further evaluation for feasibility, reliability, and validity
before being put into widespread use [8].

16.1.3 Epidemiology, Demographics, and Prevalence

Estimates of the prevalence of FM range from 2% to up to 8% of the population
depending on the criteria used [9, 10], and FM occurs more commonly in women
than in men [9, 11]. FM is often comorbid with other so-called medically
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Table 16.1 American College of Rheumatology’s criteria for fibromyalgia

Criteria
A patient satisfies modified 2016 fibromyalgia criteria if the following 3 conditions are met:

1. Widespread pain index (WPI) ≥7 and symptom severity scale (SSS) score ≥5 ORWPI of 4–
6 and SSS score ≥9
2. Generalized pain, defined as pain in at least 4 of 5 regions, must be present. Jaw, chest, and

abdominal pain are not included in generalized pain definition

3. Symptoms have been generally present for at least 3 months

A diagnosis of fibromyalgia is valid irrespective of other diagnoses. A diagnosis of fibromyalgia
does not exclude the presence of other clinically important illnesses

Ascertainment
1. WPI: In how many areas has the patient had pain over the last week? The WPI score will be
between 0 and 19

Left upper region
(Region 1)

Right upper region
(Region 2)

Axial region (Region 5)

Jaw, lefta Jaw, righta Neck

Shoulder girdle,
left

Shoulder girdle,
right

Upper back

Upper arm, left Upper arm, right Lower back

Lower arm, left Lower arm, right Chesta

Left lower region
(Region 3)

Right lower region
(Region 4)

Abdomena

Hip (buttock,
trochanter), left

Hip (buttock,
trochanter), right

Upper leg, left Upper leg, right

Lower leg, left Lower leg, right

2. SSS score Scale:

For each of the three symptoms below,
indicate the level of severity over the past
week using the scale to the right:

0 = No problem

(a) Fatigue 1 = Slight or mild problems, generally mild or
intermittent

(b) Waking unrefreshed 2=Moderate, considerable problems, often present
and/or at a moderate level

(c) Cognitive symptoms 3 = Severe, pervasive, continuous, life-disturbing
problems

The SSS score is the sum of the severity scores of the 3 symptoms (fatigue, waking unrefreshed,
and cognitive symptoms) plus the number of the following symptoms that the patient has been
bothered by that occurred during the previous 6 months:

1. Headaches

2. Pain or cramps in lower abdomen

3. Depression

The final SSS score will be between 0 and 12

The fibromyalgia severity (FS) scale is the sum of the WPI and SSS (between 0 and 31)

Source: Adapted from Wolfe et al. [6]
a Not included in generalized pain definition
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unexplained syndromes or functional somatic syndromes including CFS, IBS,
interstitial cystitis, and others. To date, there have been no identified useful clinical
biomarkers for the diagnosis of FM; however, there is preliminary evidence of a
cytokine/chemokine signature that can help distinguish FM from systemic lupus
erythematosus (SLE) and rheumatoid arthritis [12]. Purported risk factors for FM
include: female sex, older/middle age, the presence of musculoskeletal disorders,
high body mass index, cigarette smoking, and lower educational level and socioeco-
nomic status [10, 13].

16.1.4 Differential Diagnosis

The signs and symptoms of FM overlap considerably with those of other conditions,
and these should be considered when clinically formulating a differential diagnosis.
Although the revised ACR diagnostic criteria for FM described above have
increased diagnostic precision, there are currently no clinically relevant objective
tests for FM, and thus, proper evaluation for FM requires a comprehensive assess-
ment by a skilled clinician.

CFS was previously discussed in this text as being in FM’s same syndromic
category. Some authors (e.g., [13]) suggest that in fact the two are not distinct
disorders but rather exist on a spectrum with pain as the prominent feature at one
extreme (i.e., FM) and fatigue at the other end of the spectrum (i.e., CFS) as
demonstrated in Fig. 16.1. Both pain and fatigue are essentially subjective
phenomena.

Neurasthenia is a related condition that was popularized in the years after the
American Civil War by the neurologist George Miller Beard and was thought to arise
out of nervous system exhaustion. Headaches, fatigue, and impotence were the
reported symptoms, and the stress of modern civilization was the proposed cause.
Although many consider this concept to be outdated, neurasthenia is still listed as a
diagnosis in the ICD-10 [3] and in the most recent edition of the Chinese Society of
Psychiatry’s Chinese Classification of Mental Disorders in 2001 [14]. IBS is another
somatic symptom condition that is linked to the same pathophysiology as FM [15]
and shares some overlap in symptoms (namely, pain or cramping in the lower
abdomen) but is distinct in that the pain is relieved by defecation.

FM = fibromyalgia, CFS = chronic fatigue syndrome

CFS = Fatigue with pain

Fig. 16.1 Fibromyalgia and chronic fatigue syndrome as part of a spectrum. FM fibromyalgia,
CFS chronic fatigue syndrome
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FM can be distinguished from systemic inflammatory rheumatic diseases (such as
SLE) by the presence of skin rashes, vasculitis, and adenopathy in the latter
[16]. Additionally, systemic inflammatory rheumatic diseases may have abnormal
joint findings on radiographic imaging whereas these would not be characteristic of
FM. Other potential culprits to consider when diagnosing FM include
endocrinopathies such as hypothyroidism, which can cause profound fatigue, and
medications such as cholesterol-lowering statins, which can cause muscle pain.

A controversial diagnosis, chronic Lyme disease is characterized by prolonged
fatigue and pain following the acute resolution of a Borrelia burgdorferi infection.
There are strong advocates for this theory though there is no clear evidence basis in
support of it as a condition. Similarly, a subset of survivors of coronavirus disease
2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), are reporting neuropsychiatric sequelae long after acute resolution
of the illness. This condition is characterized by fatigue, anxiety, and “brain fog” or
poor concentration [17] and has been given the name post-acute syndrome of
COVID-19 (PASC) [18] or “long-haul COVID” [19]. Clearly, there is an overlap
in symptomatology with FM, though of course FM existed as a concept long before
the recent pandemic. The etiology of long-haul COVID is believed to be related at
least in part to the repercussions of the intense cytokine storm that takes place at the
beginning of acute COVID-19 illness and may be related to persistent autoantibodies
in the central nervous system (CNS) [20].

Neuroinflammation offers a potential explanatory model and unifying underlying
pathophysiology for these conditions, perhaps a final common pathway leading to
altered pain processing.

16.1.5 Neuroinflammation and Psychiatric Illness

Neuroinflammation is addressed in detail elsewhere in this book so here we will
review a few brief principles. Psychosocial stressors can produce neuroinflammation
creating a vulnerability to chronic pain and fatigue, two cardinal symptoms of FM
[21–23]. The inflammatory response is primarily mediated by activated microglial
cells through the production and release of pro-inflammatory cytokines and
chemokines in a process very similar to that which is found in response to threats
in infectious disease. Michael Maes and Joseph Levine classically identified the
strong association between depression and markers of inflammation in the periphery
and in cerebrospinal fluid (CSF) [24, 25], and animal and human studies have
demonstrated that immune challenges can induce depressive-like “sickness behav-
ior” [23, 26, 27]. Neuroinflammation is known to be associated with several neuro-
logic disorders such as multiple sclerosis and neurodegenerative disorders such as
Alzheimer’s disease [28]. It is interesting to note that depressive symptoms are
frequently early manifestations of these diseases before their more distinguishing
neurological symptoms emerge. In this chapter, we will expand on this work to
explore the potential role of neuroinflammation in FM.
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16.1.6 Additional Etiologic Factors in FM

While this chapter will focus primarily on biologic mechanisms, it is important to
also appreciate psychological and social contributors for a full understanding of the
illness [29]. The etiology for FM is multifactorial and includes the impact of genetic
and biological influences, cognitive factors, and adverse life events [30]. An
integrated perspective that acknowledges all these contributors is the best basis for
clinical practice.

Genetic factors likely play a role in FM; to date, a few candidate genes with
compelling evidence for their association with FM have been identified, TAAR1,
ZNF77, and C11orf40, but their role in the etiology of FM is as yet unproven
[7, 31]. History of adverse childhood experiences (ACEs) is more common among
individuals with FM [13, 32] as is that of psychological distress, particularly sexual
assault and physical abuse [33]. Relatedly, in a cross-sectional study, women with
FM showed lower percentages of secure attachment style while showing higher
avoidant attachment and increased anxious-ambivalent attachment relative to
healthy female controls [34]. Alexithymia, a condition in which individuals have
difficulty identifying and describing subjective feelings, has been associated with
FM [35] perhaps due to symptom vigilance or misinterpretation of amplified physi-
cal sensations.

The degree of contribution to actual disease development of these proposed
etiological factors has yet to be elucidated; it may be that the aforementioned
considerations could be causative in FM or simply consequential. Nevertheless,
these psychosocial factors are often prime targets for therapies as will be discussed
below. Though clear and direct links have not yet been demonstrated, it would not be
surprising if these additional etiologic factors were mediated by a common
neuroinflammation pathophysiological mechanism.

16.2 A Link Between Inflammation and Illness

16.2.1 Overview of Inflammation

Inflammation is a response of the immune system using interactions between specific
cell types and signaling molecules to protect and defend the body. Cell types include
white blood cells (leukocytes), which penetrate tissue for phagocytosis and antigen
presentation, and endothelial cells, which detect inflammatory stimuli and mediate
leukocyte trafficking. Signaling molecules include locally acting molecules (e.g.,
nitric oxide), chemokines, and cytokines. There are different types of immune
responses: innate immunity is a nonspecific response triggered by danger-associated
molecular patterns (DAMPs) including pathogen-associated (PAMPs) and non-
pathogen-associated (non-PAMPs); and adaptive immunity refers to specialized
response to pathogens via T and B lymphocytes. During an inflammatory reaction,
the endothelium becomes more permeable to leukocytes that are drawn toward a
high concentration of cytokines near the stimulus/pathogen. Within the tissues,
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leukocyte cells such as monocytes differentiate to macrophages for phagocytosis and
secrete additional signaling molecules, thereby amplifying the inflammatory
response from local to systemic. Inflammation has built in mechanisms that aim to
control the initial stimulus for protection, as an excessive and prolonged inflamma-
tory response can contribute to damage and disease.

Cytokines are signaling proteins that regulate inflammation either by exacerba-
tion or by reduction; they can be classified as either pro- or anti-inflammatory. Pro-
inflammatory cytokines include interleukin (IL)-1, IL-12, IL-18, tumor necrosis
factor (TNF), interferon-gamma (IFN-γ), and granulocyte-macrophage colony
stimulating factor. Anti-inflammatory cytokines include IL-4, IL-10, IL-13, inter-
feron-alpha (IFN-ɑ), and transforming growth factor-beta (TGF-β). Pro- and anti- are
not rigid designations; disease pathology and effects of inflammatory molecules
depend on location and context of disease. Chemokines are small chemoattractant
cytokine proteins that help direct leukocyte migration and positioning by binding to
endothelial cell surface receptors.

16.2.2 Neuroinflammation

Neuroinflammation differs from peripheral inflammation in that it concerns
specialized cell types and specialized endothelium, the blood brain barrier (BBB).
Specialized cell types include microglia and astrocytes. Microglial cells are the yolk-
sac-derived resident macrophages in the central nervous system (CNS). In response
to cytokines or other signaling molecules of acute inflammation, they transform from
an inactive state to an activated phagocytic state and release pro-inflammatory
mediators. Microglial activation can be divided into M1 or M2 activation. M1
activation is stimulated by IFN-γ and TNF to produce an aggressive immune
response and release of cytokines. M2 activation is stimulated by IL-4 and has
roles in wound healing and regulation of the macrophage response. Astrocytes are
glial cells that release pro-inflammatory signaling molecules working in tandem with
microglia.

The BBB and the choroid plexus (CP) form the interface between the peripheral
and central immune systems. Cytokine levels are known to modulate the permeabil-
ity of the BBB by altering the resistance of tight gap junctions of endothelial cells,
thereby providing a connection between peripheral and central inflammation.
Chemokines are involved in chemotaxis (cell movement in response to a stimulus)
of astrocytes and microglia in response to inflammatory stimuli. The movement of
leukocytes across the BBB is also regulated by chemokines, another connection
between peripheral and central inflammation. The circumventricular organs (CVOs),
located along the cerebral ventricular surface, lack endothelial tight junction barriers
unlike other areas of the BBB and have fenestrated capillaries. These CVOs contrib-
ute to functions such as thermal homeostasis, energy balance, chemoreception of
blood-derived substances, and neuroinflammation [36]. Saper et al. [37] proposed a
mechanism by which circulating cytokines can enter the CVOs through the
fenestrated capillaries and act on cells in the CNS such as microglia and astrocytes
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[37]. In other studies, the neurosecretory region of CVOs, particularly the neurohy-
pophysis (NH), has been associated with neuroglial plasticity [36]. Additionally, the
CP provides a port of entry into the CNS for immune cells and contains several
immune cells (such as CNS-specific T cells, macrophages, etc.); the plexus may be
the site by which microglia access cerebrospinal fluid (CSF) [38]. Recent COVID-19
research has suggested that the CP is instrumental in the crossover of peripheral
inflammation to neuroinflammation in COVID-19 neuropsychiatric illness [39].

16.2.3 Cytokines and FM

There is growing evidence establishing the relationship between neuroinflammation
and FM and related disorders. The release of neuropeptides and the subsequent
neuroinflammatory changes in the brain, the spinal cord, and the periphery are
thought to contribute to the symptoms of FM.

Current evidence suggests that cytokines, and especially chemokines, may have a
role in the pathogenesis of FM and may be correlated with disease symptomatology.
Several studies have reported higher levels of IL-8 in serum and plasma of FM
patients [40, 41]. IL-8 is stimulated by substance P (SP) and mediates sympathetic
pain. SP and the SP structurally related hemokinin-1 (HK-1) and corticotropin-
releasing hormone (CRH) levels were also shown to be significantly elevated in
the blood of 84 female FM patients compared with that of healthy controls (HCs) in
one study [21]. IL-17 was increased in FM, correlated with levels of TNF, and is
positively correlated with pain and anxiety [42]. IL-6, a cytokine secreted by
neurons, glial cells, and endothelial cells, is associated with hyperalgesia, fatigue,
and sympathetic system activation and was also found to be elevated in plasma of
FM patients [40]. Higher levels of TNF-ɑ were also reported in FM as compared
with controls in blood; TNF-ɑ has been reported to promote degeneration of BBB
and is associated with fatigue and anorexia [43]. A number of studies suggest that
pro-inflammatory cytokines such as IL-1, IL–6, and IL-8 are elevated, and anti-
inflammatory cytokines such as IL-4 and IL-10 are lower or normal in FM patients
[21]. One study showed a significant association between both IL-8 and IL-6 and
clinical severity scores in patients with FM suggesting a link to a clinically relevant
mechanism in FM [21].

A study by Bäckryd et al. [44] provided an analysis of 92 inflammatory-related
proteins in CSF and plasma and established evidence for both neuroinflammation
and chronic systemic inflammation in FM patients [44]. Participants were excluded
if there was an organic etiology for pain or if the participant met criteria for a mood
or anxiety disorder based on the DSM-IV. The investigation included the CSF and
plasma inflammatory profiles of 40 FM patients compared with CSF from 10 HCs
and plasma from 46 blood donor controls. Assessment of neuroinflammation was
provided through CSF analysis and chronic systemic inflammation through plasma.
In plasma, elevated levels of 21 inflammatory substances in FM patients were
reported as compared with those of HCs. Four proteins were found to overlap in
both CSF and plasma analyses. Notably, the authors also reported, in the FM group,
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elevated levels of CSF chemokine CX3CL1 (also known as fractalkine), which is
associated with pain. In addition, previously reported findings of high systemic
levels of pro-inflammatory cytokines IL-6 and IL-8 were replicated in this study.

Üçeyler et al. [45] performed a systematic review and meta-analysis of reported
studies measuring cytokine levels in FM [45]. Overall, they reported most studies
were not of high methodological quality. The better-quality studies showed elevated
plasma IL-8 levels and elevated IL-6 serum levels in FM patients compared with
those of controls. The following results were reproduced regardless of the
methodology used: patients with FM have higher serum levels of IL-1RA, IL-6,
and IL-8; patients with FM have higher plasma levels of IL-8. Higher levels of these
cytokines in plasma and/or serum of patients with FMmay be associated with pain as
previously discussed given IL-8’s association with SP. Whether the findings
concerning cytokines are a risk factor or a consequence of the pathological process
is an important area for further research.

Of special interest is the finding of cytokine IL-8 elevation, but not elevated
IL-1β, in the CSF of FM patients as compared with HCs. This cytokine is
co-localized with the translocator protein (TSPO) in glial cells, which implies that
IL-8 is derived from glial cells within the CNS, which mediate
neuroinflammation [21].

16.2.4 Neuroinflammation and FM

While the consequences of neuroinflammation in FM are not yet clear, evidence
suggests that neuroinflammation does play a role. Albrecht et al. [46] conducted a
multicenter study measuring brain glial activation in 31 FM patients and 27 HCs
using positron emission tomography (PET) scans [46]. Glial activation can be
studied in vivo using PET scanning with labeled proteins such as [11C]PBR28,
which is upregulated in microglia and astrocytes under inflammatory conditions.
[11C]PBR28 binds to the high affinity state of the TSPO. They utilized [11C]PBR28
PET ligand to study microglia and astrocyte activation while also utilizing [11C]-L-
deprenyl-D2 signal PET scan, which is more specific for astrocytes, in a sub-study.
Results showed [11C]PBR28 distribution volume was elevated in several brain
regions including dorsolateral prefrontal cortex (dlPFC), dorsomedial prefrontal
cortex (dmPFC), primary somatosensory cortex (S1), primary motor cortex (M1),
posterior cingulate cortex (PCC), supplementary motor area (SMA), supramarginal
gyrus (SMG), and superior parietal lobule (SPL) in FM patients as compared with
HCs. There were no regions where standardized uptake values normalized by
occipital cortex signal were higher in HCs when compared with FM. They also
reported a positive association between protein PET signals in several regions and
subjective ratings of fatigue. These results suggest correlation between
neuroinflammation and FM. No statistical difference was found in [11C]-L-depre-
nyl-D2 PET scans suggesting astrocyte activation may not be a prominent factor in
FM pathophysiology.
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As mounting evidence suggests a connection between neuroinflammation and
FM, consideration must be paid to negative outcomes of chronic neuroinflammation
and its potential relationship with the persistent symptoms of FM. In chronic
neuroinflammation, microglia and astrocytes can remain activated for extended
periods of time releasing excess quantities of cytokines and neurotoxic molecules.
This can affect various brain functions associated with clinical manifestations of FM.

Microglia are involved in synaptic plasticity. A growing body of evidence
suggests astrocytes may have a function in maintenance and development of the
synapse; astrocyte-mediated inflammation could have detrimental long-term effects.
Neurogenesis (the differentiation of progenitor cells to neurons) is inhibited by pro-
inflammatory cytokines such as IL-6, TNF-α, and IL-18; microglia release these
cytokines. The TNF family of cytokines causes direct biological effects on neuronal
survival and apoptosis. Astrocytes and microglia release inducible nitric oxide,
which, when elevated, can cause neuronal apoptosis [47]. Microglia in the thalamus
are associated with maintaining the pain sensation even after the original stimulus is
no longer present, and therefore chronic microglial activation may mediate chronic
pain.

16.3 Discussion

16.3.1 Stress and Its Relation to FM Symptoms

When bearing in mind effects of life-stress and its relation to FM symptoms, a
potential link to consider is a nucleic acid-sensing pathway linking to the immune
response. A protein named cyclic-GMP-AMP synthase (cGAS) is an innate immune
system receptor, which detects pathogenic DNA and alerts an innate immune
adaptor protein, stimulator of interferon genes or STING, to mount an IFN-based
response to protect the host. Chronic low-grade inflammation can engage the cGAS-
STING system as it senses cytosolic self-DNA in the form of mitochondrial DNA
(mtDNA), which has slipped through mitochondrial pores disrupted by reactive
oxygen species (ROS) [48]. Stress-induced non-PAMP inflammation alone can be
associated with a neuroinflammatory cytokine profile related to gene expression
upregulation of nuclear factor kB (NF- kB) and type I IFN pathways. This inflam-
mation has been shown to be driven by the cGAS-STING pathway [49]. Excessive
engagement of the cGAS–STING pathway in the brain (especially by microglia) can
lead to neuroinflammation and neurodegeneration. Future targeting of the cGAS–
STING pathway may afford therapeutic benefits in disorders such as FM [48].

16.3.2 Potential Model for Neuroinflammation and Symptoms

As discussed above, one theoretical connection between neuroinflammation and FM
symptoms is the impact on selectively vulnerable brain regions with increased BBB
permeability to chronic non-PAMPs inflammation.
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These areas referred to as CVOs include regions such as the median eminence
(ME), organum vasculosum of the lamina terminalis (OVLT), subfornical organ
(SFO), area postrema (AP), neurohypophysis (NH), and the pineal gland. The
neurons within these CVOs innervate the nearby portions of the brain; the ME and
OVLT project to the hypothalamus, anterior cingulate cortex (ACC), and basal
forebrain. The SFO projects to the hypothalamus. The pineal gland is susceptible
to inflammation, and the AP abuts the brainstem and cerebellum [37]. As such,
symptoms stemming from neuroinflammation across numerous disease states are
believed to derive from a number of pathways impacted by these regions. These can
be conceptualized as the aforementioned “sickness behaviors” including the core
components of FM: depression, fatigue, impaired sleep, and cognitive dysfunction
[23, 50]. This inflammatory milieu is also implicated in FM pain symptoms.

16.3.3 Pain Symptoms

Literature suggests that the pain component of FM and that of other central sensitiv-
ity syndromes (CSS) may be associated with nociceptive system hypersensitivity
characterized by increased transmission, central amplification, reduced inhibitor
control mechanisms, and reduced opponent non-nociceptive sensory processing
[51]. The afferent and non-nociceptive pathways and their component regions are
presumed to be interconnected and function in a circuit, leading dysfunction in one
region to directly or indirectly impact other regions. Several ascending nociceptive
afferent pathway regions include the thalamus, amygdala, posterior, mid and anterior
insula, midbrain, and dorsal anterior cingulate cortex (dACC). Additional regions
such as the secondary somatosensory regions, adjacent opercula, and inferior frontal
gyrus [52] are connected via projections from the more directly impacted
regions [53].

Furthermore, additional areas in the descending nociceptive inhibitory pathway
such as the perigenual ACC (pgACC), the posterior cingulate (PCC), precuneus, and
paracentral lobule have been associated with a variety of affective, autonomic,
social, self-referential, and decision-making functions also related to FM symptom-
atology [52]. The triad of the ACC, insular cortex, and amygdala is theorized as the
confluence of emotional pain and somatic pain. All play roles in propagating and
mitigating both anxiety and chronic pain. Particularly, the ACC and its related
network appear to play a special role in illness-related anxiety and anxiety related
to somatic pain and suffering [54].

The connection between neuroinflammation and pain may be related to
chemokines, specifically the CXL family, which are expressed by neurons and
glial cells and initiate cytokine activations leading to neuroinflammation. As stated
above, one of the proteins found to be significantly elevated in both CSF and plasma
in individuals with FM is fractalkine (also known as CX3CL1), which is linked to
the signaling pathway supposed to be most prominent in experimental models of
neuropathic pain [55]. Fractalkine is released from primary afferent terminals by
cathepsin S. Activated microglia release cathepsin S, which then cleaves fractalkine
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from neurons. If fractalkine is increased in CSF and plasma in FM patients, it could
mean an increase in cathepsin S and indicate microglia activation. Increased levels of
cathepsin S and/or fractalkine may provide contributions to etiology of pain in FM
patients.

From a neurotransmitter perspective, neuropathic pain is transmitted to the CNS
via a number of receptors including serotonergic 5-hydroxytryptamine receptors
(5-HT1B/D and 5-HT3), alpha 2 adrenergic receptors (ɑ2), gamma aminobutyric
acid (GABA) receptors, glutamate receptors, and N-methyl-D-aspartate (NMDA)
receptors [56]. A 2016 review by Chinn et al. identified the involvement of 5-HT2A,
alpha 1 adrenergic receptors (ɑ1), and catechol-o-methyltransferase (COMT)
pathways in FM symptoms [51]. In one theory, NMDA serves a long-term potentia-
tion (LTP) role of pain in the ACC. Central sensitivity plays a role in symptoms, and
lack of restorative slow wave non-rapid eye movement (N-REM) sleep is presumed
to enhance pain sensitivity [51]. Oxidative stress is implicated, particularly leading
to decreased levels of catalase and coenzyme Q10 (CoQ10); micronutrient
deficiencies (vitamins D, B1, B12/folate) are also theorized to play a role [51, 57].

16.3.4 Mood and Behavioral Symptoms

In addition to pain, symptoms of fatigue, anxiety, depression, non-restorative sleep,
and cognitive impairment predominate in FM. Neuroinflammatory and oxidative
disruptions at analogous regions to the ME and OVLT project to the adjacent ACC
and basal forebrain leading to aberrations in pathways of orexin, histamine, acetyl-
choline (Ach), GABA, and glutamate; disruptions in these pathways along with
pathways of monoamines 5-HT, dopamine (DA), NE are associated with
dysregulated mood, behavior, sleep, and cognition [58, 59]. Additionally, TNF-ɑ,
IL-1, and IL-6 disrupt the LTP of the hippocampus disrupting memory, as studied in
postoperative inflammatory states [23, 60].

The OVLT abuts the ACC. From the oncology literature, inflammation allows
INF-ɑ to increase regional blood flow in the dACC. This increased dACC activity
has been demonstrated in individuals at risk for mood and anxiety disorders [23].

The ME and OVLT both project toward the hypothalamus. The SFO projects to
the hypothalamus with GABA projections from the pallidothalamic circuit.
Neuroinflammation is known to increase the neuropeptide CRH leading to flattened
diurnal cortisol release with increased secretion at times of traditional quiescence,
decreased glucocorticoid sensitivity, and decreased cortisol responsiveness, all of
which are found in conditions like depression, insomnia, anxiety, and anorexia [23].

The AP abuts the brainstem and cerebellum and impacts the projection path of
DA release in the ventral tegmental area (VTA), norepinephrine (NE) release in the
locus coeruleus (LC), and serotonin or 5-HT release in the raphe nuclei (RN) with
impact on mood and behavior as mentioned above. As such, inflammation at the AP
leads to CNS serotonin depletion, particularly at the RN. IFN and IL-6 deplete
tryptophan via induction of indolamine 2,3 dioxygenase (IDO), also reducing
production of melatonin with a shift to production of neurotoxic kynurenine
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[58, 61]. Furthermore, TNF-ɑ and lL-1 increase the function of the 5-HT and NE
pumps, increasing their reuptake and decreasing these monoamines in their respec-
tive clefts, influencing mood and behavior [23].

CNS dopaminergic neurons in the basal ganglia (BG) and VTA are known to be
susceptible to neuroinflammation and oxidative stress. Namely, as studied in
Parkinson’s disease, neuroinflammation causes DA neuronal cell damage with
involvement of IL-6, TNF, and IL-1β [62]. Neuroinflammation-driven TNF triggers
proteolytic activation of protein kinase Cδ (PKCδ), leading to proapoptotic signaling
and dopaminergic cell death, while tumor necrosis factor-R1 (TNF-R1) neutralize
antibodies and the soluble TNF receptor etanercept blocked TNF-induced PKCδ
proteolytic activation [63]. Oxidative stress is also involved in the pathology of
Parkinson’s disease (PD), destabilizing DA neurons and oxidizing DA molecules to
dopamine quinone, which in turn can propagate further ROS [62].

The pineal gland appears relatively susceptible to oxidative stress and hypoxic
damage [64]. Melatonin synthesis is modulated by GABA and glutamate while
release is regulated by direct NE signals [59, 65], all of which is dysregulated in
association with neuroinflammation and can lead to downstream sleep-wake cycle
dysregulation [58].

16.4 Treatment Considerations

16.4.1 Nonpharmacologic Treatment

Treatment for FM is multimodal and includes lifestyle, pharmacologic, and somatic
treatments. These treatments are tailored to relieve symptoms attributed to the
proposed mechanisms above. While first-line treatment remains education and a
physical exercise plan, more comprehensive multimodal treatment is now consid-
ered the gold standard, without a consensus as to which components should be
included. The FIBROWALK study [66] demonstrated that a multicomponent treat-
ment plan including neuroscience education, therapeutic exercise, cognitive behav-
ioral therapy (CBT), and mindfulness in addition to pharmacologic treatment as
usual had more favorable revised FM Impact Questionnaire (FIQR) scores than
pharmacologic treatment as usual alone in terms of physical impairment, pain,
kinesiophobia, and physical function more so than in fatigue, anxiety, and depres-
sive symptoms.

As the aforementioned descending inhibitory nociceptive pathway is moderated
by cognitive biases such as negative maladaptive thoughts and emotional/behavioral
factors, which can lead to a perceived experience of pain [52, 66], education and
psychotherapy permitting reconceptualization are presumed to mitigate this
[51, 53]. CBT has shown to strengthen self-efficacy and promote adaptive coping
strategies in patients suffering from chronic pain; a meta-analysis of 29 randomized
controlled trials (RCTs) testing the effectiveness of CBT-based interventions for FM
noted significant and small to medium mean effect sizes in pain relief, improvement
of quality of life, reduction of negative mood, disability, and fatigue [66].
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Exercise, namely aerobic exercise, has shown benefit in domains of pain, with
mixed results in fatigue, given that the exercise itself could be fatiguing. Mind-body
therapy, namely yoga, Tai-Chi, and Qigong have shown benefit in domains of pain
and sleep, with unclear outcomes for other domains [51]. Exercise has further shown
decrease in pain sensitivity and significantly greater activity in the anterior insula and
the left dlPFC [53].

Acupuncture has been studied with nociceptive pain benefit and is directly related
to the aforementioned afferent and non-afferent nociceptive tracts. In a review by
Ong et al. [53], nociceptive pain benefit from acupuncture was correlated with
increased connectivity between insula and mid cingulate cortex. Furthermore, the
benefit was correlated with greater activation in the dlPFC, ACC, and midbrain as
shown by PET study, while functional magnetic resonance imaging (fMRI) study
showed greater activation in the amygdala, ACC, periaqueductal gray (PAG),
hypothalamus, anterior insula, and PFC [53]. In rat and mouse models, acupuncture
serves a potential anti-inflammatory role, particularly in relation to dopaminergic
cells [67].

16.4.2 Pharmacologic Treatment

Despite the potential etiology of FM being inflammatory, traditional anti-
inflammatory therapeutics including nonsteroidal anti-inflammatory drugs
(NSAIDs) and glucocorticoids do not seem to be effective for pain in FM
[68]. These treatments target the cyclooxygenase pathway, whereas it is suspected
that the inflammatory downstream aspects of FM are more related to sympathetic
overarousal and decreased responsiveness of monocytes.

Pharmacologically, tricyclic antidepressants (TCAs), namely amitriptyline, have
been studied as the first-line agent for FM. The mechanism of action includes
serotonin and NE reuptake inhibition and direct effects on 5-HT receptors, musca-
rinic/anticholinergic receptors, histamine receptor antagonism, ɑ1 receptor antago-
nism, voltage-gated sodium channels, and some theoretical activity on opiate and
NMDA/glutamate receptors [59]. Typical doses of 10–50 mg nightly improve pain,
fatigue, sleep disturbance in FM in a superior fashion to that of selective serotonin
reuptake inhibitors (SSRIs) and serotonin norepinephrine reuptake inhibitors
(SNRIs), while the effect on depression requires more study as a monotherapy
[51]. Amitriptyline does have evidence as antidepressant monotherapy throughout
the psychiatric literature though usually at higher doses. In terms of FM, amitripty-
line performed better in combination with SSRI fluoxetine than amitriptyline
monotherapy [51]. This could theoretically be due to fluoxetine’s role as a cyto-
chrome P450 (CYP450) 2D6 inhibitor, a hepatic enzyme that is responsible for
degradation of TCAs, thus increasing relative amitriptyline concentrations.

Some have suggested cyclobenzaprine, as included in Table 16.2, as an alterna-
tive initial agent given the structural similarity to amitriptyline. A single systematic
review showed benefit at standard dosing (10–40 mg at night) for sleep but not pain
[69] while another RCT of very low dose cyclobenzaprine (1–4 mg at night) showed
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Table 16.2 Pharmacologic agents in the treatment of FM

Symptom domain

Pain Fatigue Sleep Depression

Amitriptylinea, b 5-HT; NE/α-1/α-2; Ach;
H1; NMDA/Glut

+ +

Cyclobenzaprinec, d Undetermined; 5-HT2
antagonist at brainstem

+/ - +/ -

SNRIa 5-HT; NE/α-1/α-2 + +

SSRIa 5-HT +/- +/- +/- +

Gabapentinoidsa

(pregabalin/
gabapentin)

α2δ voltage gated Ca
channel; NMDA/Glut

+ - + -

Cannabinoidsa Indirect NMDA/glutamate + - + -
Sodium oxybatea GABA - -
Low-dose naltrexonee Opiate partial agonist + -
Memantinef NMDA/glutamate + +

CoQ10g Antioxidant + +

In this table, + indicates that the given agent has beneficial effect in this symptom domain, -
indicates that the given agent showed no benefit in this symptom domain, and +/- indicates that the
evidence is mixed
a Chinn et al. [51]
b Lawson [59]
c Macfarlane et al. [69]
d Moldofsky et al. [70]
e Patten et al. [71]
f Olivan-Blázquez et al. [72]
g Lowry et al. [57]

self-reported benefit for both pain and sleep and for fatigue [70]. In general, it does
not confer notable antidepressant benefit.

Second-line pharmacotherapy includes SNRIs, particularly duloxetine and
milnacipran, both of which are approved by the United States FDA for FM.
Duloxetine at a target dose of 60 mg daily confers pain and depression benefit,
with no effect on fatigue and inconclusive effect on sleep as characterized by the
FIQR and the mental component of quality of life (QoL) measures [51].

SSRIs such as fluoxetine showed benefit at higher than standard dosing (80 mg),
and others such as citalopram, escitalopram, sertraline, and paroxetine have also
been studied [51].

Pregabalin (FDA-approved for FM) along with gabapentin can act by binding and
blocking the α2δ subunit of voltage-gated calcium ion channels to block over-
excitation of neurotransmitters such as glutamate to reduce anxiety, worry, and
fear, while also acting on such channels to block transmission of noxious mechanical
and sub-noxious thermal stimuli from the peripheral nervous system (PNS) to the
CNS [56]. They have demonstrated benefit for pain and sleep, with unclear effect on
fatigue [51].
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Some evidence exists for agents such as sodium oxybate, a salt derived from
GABA, which binds GABA receptors and increases slow wave non-REM sleep,
improving sleep disturbance, fatigue, and overall functioning [51].

Cannabinoids, which indirectly act as anti-glutaminergic agents, have also
resulted in improved pain and FIQR scores in some studies while impacting only
sleep in others [51].

16.4.3 Additional Agents

Additional agents with less robust evidence and exciting theoretical benefit, with
low-cost low-harm implementation include:

Low dose naltrexone at a typical goal dose 4.5 mg has shown benefit in domains
of pain and overall QoL in a number of small RCTs in patients with FM (e.g., [71]).

Memantine, an NMDA antagonist, showed improvement in self-reported pain
and depression at doses of 20 mg daily in one small study [72]. In one model, LTP of
pain and pain-related anxiety in the ACC is triggered by NMDA receptors. Increased
phosphorylation of NMDA receptors in spinal dorsal horns theoretically increases
central sensitization [57]. These effects may explain the benefit of anti-glutamatergic
and NMDA antagonist agents in the treatment of FM such as amitriptyline,
gabapentin/pregabalin, cannabinoids, and memantine.

Melatonin, suggested in 2020 as an anti-inflammatory and antioxidant agent in
COVID-19 by Zhang et al., offers interesting conceptual benefit as an adjuvant
medication in the regulation of immune system, inflammation, and oxidative stress
in FM [73]. It theoretically acts on the sirtuin-1 (SIRT-1) pathway downregulating
polarization of macrophages, decreasing their pro-inflammatory activation and
subsequent release of pro-inflammatory cytokines/ILs. Melatonin theoretically
downregulates (NF-kB), which is closely associated with inflammatory and oxida-
tive response. Melatonin stimulates NF-E2-related factor 2 (Nrf2), which also
confers theoretical benefit. As a result, melatonin downregulates TNF-α, IL-1β,
IL-6, and IL-8 and elevates IL-10, an anti-inflammatory cytokine. Melatonin may
upregulate anti-oxidative enzyme superoxide dismutase, downregulate
pro-oxidative enzyme nitric oxide synthetase, and interact directly as a free radical
scavenger [73]. Melatonin itself confers antioxidant and free radical scavenger
effects; its absence would perpetuate further oxidative and pro-inflammatory states
[64, 73].

Dietary interventions, such as nutritional changes or supplementation can aid
patients in terms of reducing oxidative damage, modulate inflammatory states,
improve energy production, and aid neuromodulation within the PNS and CNS
[57]. A 2020 systematic review by Lowry et al., with relatively smaller sample
sizes and lack of methodological homogeneity, identified the following:

– A diet low in fermentable oligo-di-mono-saccharides and polyols (FODMAP)
appeared to improve nearly all related symptoms including pain, fatigue, sleep,
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depression, and memory. This may be due to proposed antioxidant and
neuromodulatory benefits.

– Supplementation with CoQ10 at doses 300–400 mg daily led to improvement in
reported pain and depression symptoms. CoQ10 is decreased in oxidative stress
and inflammatory conditions such as FM, depression, and chronic fatigue. This
mitochondrial electron transport carrier molecule improves mitochondrial func-
tion and also serves as an antioxidant.

– Vitamin D at 50,000 IU once weekly did not separate from placebo, while
vitamin D 1200–2400 IU daily did separate from placebo, with reported benefit
in pain and morning fatigue. This may be explained by anti-inflammatory and
neuromodulatory benefits.

– A combination of Vitamin C and Vitamin E alone did not separate from placebo,
while the addition of Nigella sativa seeds did separate in terms of pain improve-
ment. The proposed mechanism is by antioxidant effect, and vitamin C serves as
an important cofactor in monoamine synthesis.

16.5 Conclusion

This chapter highlights the potential role of neuroinflammatory biomarkers in FM
leading to a deeper understanding of this condition as opposed to the oversimplified
“psychogenic” explanation. Importantly, specific therapeutic targets can be
identified serving as possible niches for novel treatments for this often refractory
condition. For instance, modulating microglial activity may be a possible therapeutic
niche in fibromyalgia and potentially other centrally mediated pain syndromes
[22]. From an evolutionary standpoint, a so-called trigger-happy inflammation
response to stressors was advantageous for our ancestors; however, as our environ-
ment has changed to one with chronic psychosocial stress and noncommunicable
diseases, this sensitive neuroinflammatory response has become increasingly mal-
adaptive [27]. Although here we focus on FM, it is important to note somatization is
a feature of other psychiatric conditions including depression; thus, this topic has
broader implications. In conclusion, recent advances in knowledge of potential
biomarkers of FM can help us elucidate neurobiology and evolutionary implications,
which can promote change in perspective on the etiology of this and other central
pain syndromes.
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Abstract

Suicide is a leading cause of death worldwide. Although the neurobiological
dysfunction underlying suicidal behavior remains unclear, recent work suggests
that the immune system may play a role in the pathophysiology of suicide. In this
chapter, we discuss a nascent body of literature suggesting that peripheral and
central nervous systems (CNS) inflammation are associated with suicidal behav-
ior. Because early-life stress is a major risk factor for suicidal behavior and is also
associated with immune dysregulation, we hypothesize that such immune
dysregulation may be the mechanism by which childhood maltreatment leads to
an increased risk of suicidal behavior and suicide. Targeting inflammatory pro-
cesses may be a novel treatment strategy, especially in populations that have
experienced childhood trauma and exhibit elevated inflammation. Future work
should directly test the hypothesis that reducing inflammation would result in a
reduction in suicidal behavior.
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17.1 Suicide

Suicide is a leading cause of death worldwide, with over 700,000 suicides occurring
annually [1]. In the United States, suicide has become the tenth leading cause of
death, and alarmingly the second leading cause of death in people ages 10–34
[2]. Each of these deaths impacts the lives of surviving friends, family, and
communities, and over half of Americans report having been affected by a suicide
[2]. Further, suicidal behavior places a significant psychological, social, and eco-
nomic burden on society. For example, the average cost of one suicide is estimated at
$1.4 million dollars, with the majority, 97%, of this cost due to lost productivity
[3]. Suicide represents a significant, yet preventable public health concern; therefore,
increased attention and funding have been devoted to suicide research and public
awareness and prevention campaigns.

Suicidal phenotypes exist along a continuum, ranging from ideation to attempt to
suicide, suggesting that this public health problem is not limited to those that die by
suicide. In 2019 alone, nearly 1.4 million Americans made a suicide attempt, which
can be defined as self-injury with the intention of death [2]. The cost of emergency
room visits and hospitalizations associated with suicide attempts among young
adults has been estimated at $2.6 billion annually [4]. Many others report suicidal
ideation or having thoughts of ending their own life. Although estimates vary, a
World Mental Health Survey found that the lifetime prevalence of suicidal ideation
is 9.2% [5]. In the United States alone, 12 million Americans had serious thoughts of
suicide in 2019 [2]. However, this number may be underestimated as a variety of
factors can contribute to a person’s hesitancy to report suicidal thoughts, including
stigma, religious beliefs, and even criminalization of suicide in some countries. The
frequency of suicidal ideation is positively correlated with the risk of attempting
suicide, and a history of suicide attempts is a strong predictor of suicide death, with
up to 40% of people that die by suicide having made a previous suicide attempt
[6, 7].

Suicidal behavior is a global phenomenon; however, incidence varies between
groups and across regions. Low- and middle-income countries, for example, account
for nearly 80% of suicide deaths [1]. In addition, some regions, including Africa,
Europe, and South-East Asia, tend to have higher suicide rates than the global
average [1]. The lowest rates of suicide are found in the Eastern Mediterranean
region [1]. Suicide rates also differ across age groups. In the United States in 2019,
36.6% of people that died by suicide were over 55 years old, compared to the 14.7%
of suicides that occurred in 10–24 year olds [2]. Females are generally more likely to
attempt suicide, while males are more likely to die by suicide [2]. Further,
marginalized populations, including refugees, indigenous people, and prisoners
tend to be at higher risk of suicidal behavior [5].

The vast majority, up to 90%, of suicides are associated with a diagnosable
psychiatric illness [2, 8]. The most common psychiatric disorders associated with
suicide include major depressive disorder (MDD), bipolar disorder (BD), substance
use disorders, and schizophrenia [8]. The majority of patients diagnosed with these
disorders will not experience suicidal behavior; however, certain features associated



17 Suicide and Inflammation 381

with the specific disorder may predict suicide risk. For example, in MDD, the
number, duration, and intensity of depressive episodes can influence the likelihood
of suicidal behavior [9, 10]. In schizophrenia, patients with less insight into their
illness may be at a greater risk for suicidal behavior [11]. Further, certain personality
traits have been associated with an increased risk of suicidal behavior, including
impulsivity and aggression, as well as perfectionism [12].

In addition to our understanding of the psychological risk factors for suicide,
considerable effort has been made to determine the biological mechanisms that
underlie suicidal behavior. The identification of biomarkers for suicide risk may
lead to prevention strategies and is therefore an area of great research interest.
Recently, psychiatric disorders associated with suicide, including MDD and schizo-
phrenia, have been associated with increased inflammatory signaling, which has led
to an increase in research into immune mechanisms underlying suicidal behavior.

17.2 The Immune System

The immune system was developed to protect mammals from invading
microorganisms. This system involves a complex interplay between specialized
cells and proteins that act to recognize foreign pathogens, contain the infection,
and provide a memory in order to enhance future responses to the same pathogen.
Importantly, multiple mechanisms have evolved to regulate the duration and magni-
tude of the immune response itself, which can cause damage to cells and tissues
[13]. Further, the immune system can also act to repair tissue injuries that occur in
the absence of infection. The immune system is made up of two main branches, the
innate and adaptive immune systems, which work together to limit damage. The
innate immune system serves as the first line of defense, providing rapid, nonspecific
responses against invading pathogens. Cells of the innate immune system, including
those of a myeloid lineage (e.g., macrophages/monocytes and dendritic cells) and
lymphoid cells (e.g. natural killer cells), continuously monitor the circulation for
conserved features of invading pathogens. Specialized receptors on the cell surface
recognize damage-associated molecular patterns (DAMPs), host molecules that
signal cellular damage, or pathogen-associated molecular patterns (PAMPs), which
are located on infectious agents. Upon activation, cells of the innate immune system
release cytokines, small proteins that act through receptors to influence cellular
functions and migration. Cytokines can be either pro- or anti-inflammatory and
have been divided into families based on their specialized roles. Among the pro-
inflammatory cytokines, interleukin (IL)-6, tumor necrosis factor (TNF)-α, IL-1β,
and the interferons (IFN) have been the most commonly studied in the psychoneu-
roimmunology field, while IL-10 is the most highly examined anti-inflammatory
cytokine. The release of these cytokines can be influenced by not only a current
infection but also genetics and previous immune challenges [14]. Cytokines are
produced primarily by immune cells, but other cell types, including neurons and
astrocytes of the central nervous system (CNS), can also produce and release
cytokines.
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In addition to the cellular components of the innate immune system, the comple-
ment system consists of ~20 soluble proteins that opsonize pathogens and induce
inflammatory responses [15]. The complement system can be initiated along three
distinct pathways: the classical pathway, the lectin pathway, and the alternative
pathway. Each of these pathways ultimately leads to the cleavage of the inactive
C3 protein into C3a, an inflammatory mediator, and C3b, an opsinin. During
infection, complement activation and C3 cleavage ultimately results in inflammation
and destruction of the invading pathogen [15].

The adaptive immune system, which produces a slower but more specific immune
response, is made up of lymphocytes (T and B cells). Each lymphocyte, expressing a
unique antigen receptor, exists in an inactive state until is activated by antigen
recognition. Upon activation, lymphocytes undergo clonal differentiation to produce
a specific immune response. T cells are made in the bone marrow but mature in the
thymus. Upon activation, T cells can become one of three types of effector T cells.
Cytotoxic T cells (CD8+ cells) detect infected cells and destroy them. T helper
(Th) cells can influence the activity of other immune cells. Regulatory T cells (Treg)
suppress the activity of other lymphocytes to prevent autoimmunity [13].

B cells, which are made and mature in the bone marrow, also express antigen-
specific receptors. B cells are activated by Th cells that express the same receptor,
leading to clonal proliferation and differentiation into plasma cells. These plasma
cells then produce and release antibodies into the blood. Antibodies are Y-shaped
proteins that recognize a unique part of the pathogen, called an antigen. Upon
antigen binding, antibodies can act to neutralize microorganisms or target them for
phagocytosis. A proportion of activated B and T cells become memory cells once the
pathogen is removed from the body. These memory cells allow for a more rapid and
robust immune response when the same antigen is encountered in the future [13].

17.3 Peripheral Versus Central Immunity

The brain was once considered an immune privileged organ, based on the observa-
tion that bacteria, viruses, vectors, and tissue grafts can evade immune recognition
when delivered directly to the brain parenchyma [16]. However, more recent data
suggest that immune privilege may not be absolute, as multiple brain compartments,
including the ventricles, blood brain barrier (BBB), and choroid plexus actually
contain immune cells, such as macrophages and dendritic cells. In addition, factors
such as age or prior infection have been shown to increase baseline immune activity
in the brain [16]. Importantly, the brain also contains specialized macrophages,
called microglia, that colonize the central nervous system during early development
and make up ~5–10% of all cells in the adult brain. Under healthy conditions,
microglia exist in a highly ramified state, with fine, motile processes that continu-
ously survey the microenvironment [17]. These “resting” microglia have been
shown to play an active role in processes such as neurogenesis, neuronal differentia-
tion, synaptic formation, pruning, and plasticity [18]. In addition to these homeo-
static mechanisms, microglia can also respond to a wide variety of stimuli, including
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infection or injury, by altering their morphology [18]. Microglia exist on a contin-
uum of morphological phenotypes ranging from ramified to the highly activated
amoeboid phenotype, which participate in antigen presentation, release cytokines,
and remove cellular debris by phagocytosis [19].

Although not considered immune cells per say, astrocytes can also participate in
central immune function. Under healthy conditions, astrocytes regulate important
processes, including ion homeostasis, neurotransmitter reuptake, and synaptic plas-
ticity [20]. Similar to microglia, astrocytes express receptors that detect a variety of
stimuli, including those that signal infection or injury, and can respond by entering a
range of activation states. Reactive astrocytes have been shown to release immune
signaling molecules, including cytokines and complement proteins [21], and can be
toxic to neurons and other brain cells. In addition to their role in immune signaling,
astrocytes also contribute to the BBB, which helps to exclude foreign pathogens and
immune cells from the brain. The BBB is composed of multiple cellular elements,
including the end feet of astrocytic processes that surround blood vessels and
provide a barrier between the brain and the circulation [22].

In addition to immune signaling that originates within the brain itself, multiple
pathways have been shown to transduce immune signals from the periphery to the
central nervous system [23]. One way in which peripheral immune signaling can
activate a central immune response is via circumventricular organs, structures that
surround brain ventricles and lack a functional BBB. Circumventricular organs, such
as the median eminence, typically regulate autonomic nervous system activity and
endocrine function; therefore, blood vessels in these organs contain fenestrations to
allow diffusion of molecules through the blood vessel wall [24]. Cytokines can enter
the brain parenchyma at these sites via volume diffusion [25]. In addition, in
situations of high peripheral inflammation, cytokine transporters at the BBB can
also move cytokines into the brain. Further, activation of IL-1 receptors on
perivascular macrophages and endothelial cells of brain venules can result in the
production of inflammatory mediators, such as prostaglandin E2 [26, 27]. Together,
these pathways can transduce peripheral inflammation into central inflammation in
the absence of the invasion of immune cells into the brain.

17.4 Evidence for Role of Immune Dysregulation in Suicide

17.4.1 Suicide Associated with Inflammatory Treatments

The hypothesis that inflammation may lead to suicidal behavior was first proposed
when clinicians observed that immunotherapy was associated with depression and
suicidal behavior in some patients. Recombinant cytokines, including IL-2, and INF-
α, have been used to treat certain types of cancer and chronic viral infections, such as
hepatitis C [28–30]. IFN-α has both antiviral and antiproliferative actions, but
treatment produces significant side effects, including symptoms consistent with
major depression in up to 50% of patients [31]. Further, multiple case reports
presented in the 1980s and 1990s described patients, often with no psychiatric
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history, that developed psychiatric side effects during immunotherapy, including
suicidal ideation [32, 33]. A subset of these case studies also report suicide attempts
and completions [33–36]. In some of the cases, symptoms improved upon the
completion of cytokine therapy [32, 34–36]; however, others attempted suicide
after the withdrawal of cytokine therapy [36]. These case studies suggest that there
may be a connection between immunotherapy and suicidal behavior, and a limited
number of subsequent experiments have confirmed this connection. One study
examined the psychological consequences of IL-2 or IFN-α therapy on patients
being treated for renal cell carcinoma or advanced melanoma [37]. Each form of
immunotherapy examined, including IL-2 therapy alone, IFN-α therapy alone, and
combined IL-2 + IFN-α treatment produced a significant increase in the severity of
depressive episode as measured by the Montgomery-Asberg Depression Rating
Scale (MADRS). The overall increase in MADRS score was caused, in part, by an
increase in cognitive symptoms, which included suicidal thoughts [37]. Another
study found that veterans treated with IFN-α for hepatitis C experienced a significant
increase in suicidal thoughts during the course of cytokine therapy [38]. These
results suggest that activation of the immune system may lead to an increased risk
for depression and suicidal behavior.

17.4.2 Suicide Associated with Inflammatory Disorders

In addition to results suggesting that cytokine therapy may induce symptoms of
depression and suicidal behavior, there is also evidence that a variety of medical
diagnoses that involve activation of the immune system are also associated with an
increased incidence of suicide. Autoimmune disorders, for example, occur when the
body cannot distinguish between self and foreign invaders, leading to the attack of
healthy cells, tissues, and organs by the immune system. Approximately 80 different
autoimmune disorders that targeting different parts of the body have been identified.
In multiple sclerosis (MS), the immune system attacks the cells that insulate nerves
and facilitate electrical signaling. Patients with multiple sclerosis have an increased
risk of dying by suicide. One epidemiological study found that MS patients were
twice as likely as the general population to die by suicide [39]. However, other
reports have found that MS patients are 7.5 times more likely than the general
population to die by suicide [40]. Suicide risk seems to be increased even in
autoimmune disorders that don’t target the central nervous system. Psoriasis is
another autoimmune disease in which T cells of the immune system attack skin
cells. Patients with psoriasis have an increased risk of suicidal ideation compared to
both healthy controls and those with other dermatological conditions (melanoma and
allergy) [41–44]. Interestingly, blocking IL-17 signaling with an anti-IL-17RA
increases suicidality in psoriasis patients [45], whereas targeting pathogenic Th17
cells with IL-17A therapy improved depression symptoms in this population [46].

Further, infections have also been associated with an increased risk of suicide.
One Danish population study found that people who were hospitalized for infection
were more likely to die by suicide than people that were not hospitalized. Further,
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this relationship was graded, with increasing number of infections associated with an
increased risk of suicide [47]. This effect has been observed across pathogen types,
including bacterial, viral, and parasitic infections [47, 48]. For example, Herpes
simplex virus (HSV-1) is a common and highly contagious virus that has been
considered largely innocuous in immunocompetent individuals. Most infected peo-
ple are asymptomatic but can have periodic sores in and around the mouth. However,
more recent evidence has suggested that HSV-1 infection produces negative effects
on human cognition [49–51] and may lead to an increase in suicidal behavior. For
example, the Danish Blood Donor Study found that HSV-1 infection, as determined
by seroprevalence of HSV-1 antibodies, was associated with an increased risk of
suicide attempts and death [52].

Toxoplasma gondii (T. gondii), one of the most common parasites in humans, has
also been associated with an increased risk of suicidal behavior. Although T. gondii
infection has been shown to cause complications during pregnancy [53] and in
immunocompromised patients [54], symptoms of infection tend to be relatively
mild and time-limited in immunocompetent individuals. However, this parasite
can lie dormant in brain tissue, and T. gondii infection is known to cause changes
in host behavior [55]. T. gondii infection has been associated with psychiatric
disorders, such as schizophrenia [56], and has been implicated in suicidal behavior
[57]. In one cross-sectional, observational study, T. gondii seropositivity was
associated with a higher rate of suicide attempts [58]. Further, when psychiatric
patients with a history of suicide were compared to healthy controls, a significantly
higher percentage of psychiatric patients have T. gondii infections [59–61]. These
results have been recently confirmed by multiple meta-analyses demonstrating that
T. gondii infection increases the risk of suicidal behavior [62, 63].

Traumatic brain injury (TBI) encompasses a wide range of injuries that can be
classified as mild, moderate, or severe, depending on the extent to which conscious-
ness and mental state are affected [64]. A variety of external forces, including blunt
trauma, rapid acceleration/deceleration, penetrating injury, or blast, can cause TBI.
The initial injury to brain tissue and vasculature can be localized or diffuse and is
followed by a secondary injury involving changes in neurochemical and metabolic
pathways, including inflammation [64]. TBI has been associated with an increased
risk of psychopathology, including MDD, schizophrenia, and substance abuse
[65]. TBI has also been associated with an increased risk of suicidal behavior. As
early as the 1950s, it was observed that veterans returning from the first and second
world wars with a TBI were committing suicide at alarming rates [66]. Since then,
multiple studies have suggested an association between TBI and suicidal ideation
[67], attempt [68], and death by suicide [69]. These findings were confirmed by a
recent meta-analysis that found even mild TBI (i.e., concussion) was associated with
a twofold risk of death by suicide [70].

Together, these results suggest that immune system activation is associated with
an increase in suicidal behavior. However, this correlational observation may be
influenced by a variety of factors, including the trauma associated with TBI or
diagnosis with a lifelong and potentially fatal illness.
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17.4.3 Peripheral Inflammation Observed in Suicidal Patients

Although the studies presented thus far are suggestive, a variety of confounding
factors, including the presence of trauma or disease, has led researchers to examine
inflammatory markers in patients experiencing suicidal behavior.

17.4.4 Peripheral Cytokines

One of the most common observations in suicidal patients is an increase in peripheral
cytokine levels. A recent meta-analyses indicated that the pro-inflammatory
cytokines IL-1β and IL-6 are the most consistently altered cytokines in the peripheral
blood of suicidal patients [71]. IL-6 is produced rapidly in response to infection or
injury and has a pleiotropic effect on the immune system, inducing the synthesis of
acute phase proteins, promoting B- and T-cell differentiation, and inducing fever
[72]. One study found that in MDD patients, those with suicidal ideation had higher
levels of plasma IL-6, an effect that was independent of depression severity
[73]. These findings have been confirmed by a similar study demonstrating that in
patients with depression or anxiety, increased plasma IL-6 levels were associated
with a higher likelihood of recent suicidal ideation, but not suicide attempts
[74]. Janelidze also found increased plasma IL-6 concentrations in patients that
had attempted suicide compared to both depressed patients that had not attempted
suicide and healthy controls [75]. IL-6 mRNA levels in whole blood have been
correlated with the severity of suicidal ideation [76]. However, others have failed to
find differences in plasma IL-6 levels between suicidal and non-suicidal depressed
patients [77] or in suicidal adolescents compared to age-matched healthy controls
[78]. This discrepancy may relate to personality traits or method of suicide. For
example, personality traits such as extraversion, impulsivity, and monotony avoid-
ance have all been associated with an increased risk of suicidal behavior. One study
found that plasma IL-6 levels were positively correlated with each of these traits in
suicide attempters. Further, this study also found an association between violent
methods of suicide and higher levels of plasma IL-6 [79].

The pro-inflammatory cytokine, IL-1β, has also been associated with suicide
[71]. IL-1β also promotes fever and participates in activation of T cells and
macrophages [80]. In patients with bipolar disorder, those at higher risk for suicide,
as determined by the MINI International Neuropsychiatric Interview, had higher
levels of IL-1β [81]. However, other studies have found decreased IL-1β in suicidal
patients. For example, one study observed a decrease in plasma IL-1β in MDD
patients that had attempted suicide within the last 5 years as compared to those that
only thought about suicide and depressed patients that had not experienced suicidal
ideation or made a suicide attempt [82]. The authors suggested that this may be
related to the timing of sample collection but others have also found a decrease in
plasma IL-1β in patients that died by suicide compared to healthy controls
[83, 84]. There have also been reports that failed to find an association between
suicidal behavior and IL-1β [78, 85].
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In addition to IL-6 and IL-1β, other cytokines have been implicated in suicidal
behavior. For example, TNF-α, another pro-inflammatory cytokine that promotes
inflammation and activation of endothelial cells [80], has also been associated with
suicidal behavior. TNF-αmRNA expression was significantly increased in the blood
of psychiatric inpatients that had attempted suicide compared to those that had just
thought about suicide [86]. This work is corroborated by another study that found
increased TNF-α in the plasma of suicidal depressed patients compared to depressed
patients that were not experiencing suicidal behavior [75]. TNF-α has also been
positively correlated with the severity of suicidal ideation [76]. However, others
have not observed a difference in TNF-α levels in the plasma of depressed patients
experiencing suicidal behavior compared to those that were not suicidal [77]. Further,
in adolescents, TNF-α was actually decreased in depressed patients experiencing
suicidal behavior compared to depressed patients without suicidal ideation [78].

The cytokine IL-2, which promotes T-cell proliferation [80], has also been
implicated in suicidal behavior though the relationship is less clear. For example,
Janelidze found that plasma IL-2 levels were lower in depressed patients that had
attempted suicide compared to those without suicidal behavior [75]. However,
increases in the soluble IL-2 receptor have also been observed in psychiatric patients
experiencing suicidal behavior compared to healthy controls [87]. Together, these
results suggest that suicidal behavior is associated with changes in peripheral
cytokine levels; however, the magnitude and direction of the effect may depend on
a variety of factors, including the cytokine examined, the age of the patient, and
specific type of suicidal behavior.

17.4.5 Peripheral Human C-Reactive Protein (hCRP)

Human C-reactive protein (hCRP) is an acute phase protein synthesized in the liver
that is secreted in response to IL-6 or other pro-inflammatory cytokines
[86, 88]. CRP plays an important role in innate immunity through its ability to
activate the complement system, but its rapid and robust response to infection has
also led to its use as a marker of inflammation [89]. Increases in hCRP have been
associated with suicidal behavior. For example, one study found that plasma CRP
levels were increased in suicide attempters, either with or without an associated
syndromal depression diagnosis, compared to both controls and MDD patients not
experiencing suicidal behavior [90]. This result was confirmed by Yang et al., who
also found increased hCRP protein expression in the blood of depressed patients that
had attempted suicide compared to both depressed patients without a previous
attempt and to healthy controls [88]. Further, hCRP expression may increase with
the severity of suicidal behavior as it has been shown that hCRP mRNA levels were
significantly increased in patients that attempted suicide compared to those that just
experience suicidal ideation [86].

Support for the association between hCRP levels and suicidal behavior also
comes from larger epidemiological studies. For example, one study conducted health
surveys and measured plasma hCRP levels in nearly 40,000 patients. Patients with
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the highest levels of hCRP were four times more likely to die by suicide than those in
the lowest group. Further, this response was graded with larger increases in serum
hCRP in patients that had attempted suicide compared to those with suicidal ideation
alone [91]. A cross-sectional study of over 4000 Korean adults also found that
suicidal ideation was more prevalent in people with higher levels of hCRP, even
after controlling for other factors including disease, depression, and BMI [92].

17.4.6 Kynurenine Pathway

Tryptophan is an essential amino acid that is transported into the brain and converted
by the enzyme tryptophan hydroxylase to 5-hydroxytryptophan, which is then
converted to 5-hydroxytryptamine (serotonin). Two major enzymes have been
shown to metabolize tryptophan, tryptophan 2,3 dioxygenase (TDO), and
indoleamine 2,3 dioxygenase (IDO). IDO can be directly activated by a number of
pro-inflammatory cytokines, including IFNγ and TNF-α. IDO is expressed by
immune cells both in the periphery and in the brain, including microglia,
macrophages, and dendritic cells. IDO activation can decrease levels of tryptophan
and ultimately lead to a reduction in serotonin, which has been associated with
depression. Activation of IDO is also thought to have an impact on behavior through
the compounds generated by the kynurenine pathway including, quinolinic acid and
kynurenic acid, which act as agonists or antagonists at the NMDA receptor,
respectively [23].

Multiple studies have demonstrated an association between suicidal behavior and
activation of the kynurenine pathway. For example, MDD patients with a history of
suicide attempt have higher plasma kynurenine concentrations than depressed
patients without a history of suicide and healthy controls [93]. Suicidal patients
suffering from MDD have also been shown to have lower plasma tryptophan levels
and a higher kynurenine/tryptophan ratio (used as a proxy for IDO activity) than
depressed patients without suicidal ideation [94]. Further, picolinic acid, a
neuroprotective metabolite produced by the kynurenine pathway, is decreased in
the plasma of suicide attempters [95]. Similar results have been observed in
depressed adolescents displaying suicidal behavior. Suicidal adolescents had lower
tryptophan levels and an elevated kynurenin/tryptophan ratio compared to depressed
adolescents without suicidal behavior [96].

17.5 Central Nervous System Inflammation

As discussed above, multiple mechanisms exist to promote communication between
the peripheral and central immune systems. Therefore, more recent studies have
begun examining CNS immune activation in patients experiencing suicidal
behavior.
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17.5.1 Cerebrospinal Fluid (CSF)

Cerebrospinal fluid (CSF) bathes the brain and spinal cord and can be accessed in
living patients via a lumbar puncture. Multiple studies have demonstrated cytokine
changes in the CSF of patients experiencing suicidal behavior. As has been observed
in the periphery, IL-6 levels are increased in the CSF of patients that attempted
suicide compared to healthy controls [97, 98]. Further, CSF IL-6 levels have been
positively correlated with the severity of suicidal symptoms [97]. However, another
study found no difference in CSF IL-6 levels between suicide attempters and healthy
controls [85]. The discrepancy in findings may be related to personality traits or the
method used to attempt suicide. For example, CSF IL-6 has been associated with
traits that increase suicide risk, such as monotony avoidance and impulsivity [79], as
well as more violent methods of suicide [98].

IL-8 is another pro-inflammatory cytokine that has been associated with suicidal
behavior. During inflammation, IL-8 acts as a chemoattractant cytokine and targets
neutrophils, basophils, CD8 cell subsets, and endothelial cells [80]. One study found
that IL-8 levels were decreased in the CSF of suicide attempters compared to healthy
controls [85]. Another study found that female patients that attempted suicide were
more likely to have a single nucleotide polymorphism (SNP) on the IL-8 gene
[99]. However, others have failed to observe a difference in CSF levels of IL-8
between patients experiencing suicidal behavior and controls [97, 98]. It is possible
that IL-8 levels underlie other symptoms of the psychiatric disorder rather than
suicidal behavior itself. For example, when patients that had attempted suicide
were divided into high or low anxiety groups, only those with high anxiety had
significantly lower CSF IL-8 concentrations than controls [99].

Interestingly, some cytokines that seem to be elevated in the plasma, including
TNF-α and IL-1β, are no different than healthy controls in the CSF [97, 98].

As has been observed in the periphery, multiple studies have also found
alterations in the kynurenine pathway in the CSF of individuals displaying suicidal
behavior. One study found that quinolinic acid, a metabolite of the kynurenine
pathway that acts as an agonist of the glutamatergic NMDA receptor, was elevated
in the CSF of patients that had attempted suicide compared to healthy controls.
Conversely, kynurenic acid, another metabolite of the pathway that acts as an
antagonist at the NMDA receptor, was not altered in suicide attempters. Interest-
ingly, quinolinic acid levels were positively correlated with scores on the Suicide
Intent Scale and were no different than controls when measured 6 months after the
attempt [100]. This result was confirmed by another study that found that patients
experiencing suicidal behavior had increased quinolinic acid and decreased
kynurenic acid in the CSF compared to healthy controls. Further, there was a
significant negative correlation between kynurenic acid levels and the severity of
suicidal symptoms [97].
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17.5.2 Brain Imaging

Although measuring inflammation in the living brain remains a challenge, the
18-kDa translocator protein (TSPO) has been used as a proxy for measuring
neuroinflammation. TSPO is a mitochondrial protein that can be measured in the
brain using positron emission tomography (PET) imaging. In the healthy brain,
TSPO binding remains relatively low but is upregulated during neuropathological
conditions [101]. Although TSPO upregulation was originally thought to occur
primarily in microglia, recent work suggests that it may also represent local myeloid
cell proliferation and monocyte infiltration in to the brain [102]. Increased TSPO
binding has been observed in the brains of patients suffering from major depressive
disorder [103–105]. TSPO binding has also been measured in suicidal patients,
although few studies have been performed and the findings remain inconclusive.
One study found that MDD patients with suicidal thoughts had greater TSPO
binding in the anterior cingulate cortex (ACC) compared to healthy controls or
depressed patients without suicidal ideation [104]. However, a subsequent study
found that although depressed patients had elevated TSPO binding in the ACC
compared to controls, there were no differences in depressed patients with and
without suicidal behavior [105].

17.5.3 Postmortem Brain

The only way to directly measure inflammation in the brain is in postmortem tissue,
and multiple studies have examined cytokines in the postmortem brain of suicide
victims. Some studies have demonstrated that cytokines that are elevated in plasma
and CSF of suicidal patients are also increased in the brain. IL-6, IL-1β, and TNF-α,
for example, are all increased in the prefrontal cortex (Broadman’s Area 10) of
teenagers that died by suicide compared to people that died by other means
[106]. Others have observed increased IL-6, IL-1β, and TNF-α mRNA expression
in another prefrontal region (Broadman’s Area 9) in depressed patients that died by
suicide compared to controls without a psychiatric diagnosis [107]. The increase in
IL-6 expression was also observed when tissue was pooled from multiple regions,
including the amygdala, gyrus cinguli, hippocampus, and pons [108]. However,
other studies have failed to identify a difference in IL-6, IL-1β, and TNF-α mRNA
expression in the ventrolateral prefrontal cortex between depressed patients that died
by suicide compared to depressed patients that died by other means [109]. Further,
no difference in IL-6, IL-1β, or TNF-αmRNA expression was observed in the orbital
frontal cortex (Broadman’s Area 11) of suicide victims [110], suggesting that
cytokine alterations may be restricted to specific brain regions.

Examination of additional cytokines has also identified differences between
suicide victims and controls. For example, Tonelli et al. found that female suicide
victims had higher levels of IL-4 in the orbitofrontal cortex compared to controls
[110]. IL-4 is a pro-inflammatory cytokine that induces activation of B cells and
promotes differentiation toward Th2 cells [80]. At the same time, male suicide
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victims had higher levels of IL-13 in the orbitofrontal cortex than controls
[110]. This cytokine induces B-cell growth and differentiation, inhibits cytokine
production by macrophages and Th1 cells, and induces allergy and asthma [80]. Fur-
ther, in pooled tissue from the amygdala, gyrus cinguli, hippocampus, and pons,
suicide victims had increased expression of interferon-associated genes, including
IFNA1, IFNA2, IFNB1, and IFNG, genes associated with Toll-like receptors
(TLRs), including TLR3, TLR7, and TLR8, and cytokine genes, such as TIMP-1
and CXCL9 [108]. Others have also observed a change in TLRs, which can be
activated my PAMPs and DAMPs, ultimately leading to the production of cytokines
through the activation of the transcription factor, NFkB. Pandey et al. found that
depressed patients that died by suicide had an increase in TLR2, TLR3, TLR4,
TLR6, and TLR10 protein expression in the prefrontal cortex compared to control
subjects [111]. These results suggest that additional cytokines may play a role in the
central inflammation associated with suicide.

In addition to altered cytokine expression, changes in the resident immune cells,
microglia, have also been observed in the brains of suicide victims. The idea that
microglia may be altered in suicide victims was first proposed in 2006 when human
leukocyte antigen–DR isotype (HLA-DR) staining was used to label microglia in
postmortem brains of schizophrenia patients. Two schizophrenic patients had a
marked increase in microglia cell number in the anterior cingulate cortex (ACC)
and mediodorsal thalamus (MDT) compared to the other samples. These two
patients had died by suicide [112]. Subsequently, Steiner et al. compared HLA-DR
staining in the dorsolateral prefrontal cortex (DLPFC), ACC, MD, and hippocampus
of healthy controls, patients with schizophrenia and depression. Although diagnosis
per se (depression or schizophrenia) had no effect on microglia density, microgliosis
was observed in the DLPFC, ACC, and MD of patients that died by suicide. Another
study that used ionized calcium-binding adaptor molecule 1 (Iba1) to label microglia
did not find a difference between the total number of microglia or the ratio of primed
versus ramified microglia in suicide victims compared to controls. However, this
study did find that suicide victims had more blood vessels with a high density of
Iba1-positive cells surrounding them than controls. Further, gene expression of
IBA1, CD45, and MCP-1 were significantly increased in suicide victims compared
to controls [113]. In addition, microglia have been examined in other brain regions,
including the dorsal raphe nucleus, the predominant serotonergic cell group in the
brainstem. HLD-DR staining was used to show that depressed patients that died by
suicide had significantly more microglial reactivity than depressed patients without
suicidal thoughts [114]. Alterations in the kynurenine pathway within microglia
have also been observed in suicide victims; however, the result seems to be contrary
to that observed in the periphery and CSF. Depressed patients that died by suicide
had fewer hippocampal microglia expressing quinolinic acid compared to
controls [115].

Astrocytes also play a role in neuroimmune signaling, and there is some evidence
to suggest that alterations in astrocyte function are associated with suicidal behavior.
In patients that died by suicide, astrocytes located in white matter adjacent to the
anterior cingulate cortex (Broadman’s Area 24) had larger cell bodies and more
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ramified processes than those found in control brains [116]. A decrease in the
number of astrocytes labeled with glial fibrillary acidic protein (GFAP) has also
been observed in the prefrontal cortex, caudate nucleus, and mediodorsal thalamus
of depressed patients that died by suicide compared to controls [117]. This effect was
also observed when other astrocytic markers, including vimentin, which labels
different populations of astrocytes were used [117]. Further, in depressed patients
that died by suicide, the area of astrocyte staining with GFAP was inversely
correlated with the duration of depression [118].

17.6 Treatment Studies

While very few studies have examined the effect of anti-inflammatory treatments on
suicidal behavior directly, there is increasing evidence that reducing inflammation
may be a useful treatment strategy for disorders associated with suicide, including
depression. For example, drugs that are currently being used as antidepressants, and
are known to reduce suicidal behavior, have been shown to possess anti-
inflammatory properties. Multiple meta-analyses have demonstrated a reduction in
peripheral cytokines, including IL-6, TNF-α, IL-10, and CCL2, after treatment with
antidepressants [119–124]. However, in at least one analysis, the reduction in
cytokines was not correlated with treatment response [119]. The results of these
studies are fairly heterogeneous, with multiple factors contributing to variable
results, including baseline inflammation, BMI, smoking status, and type of antide-
pressant used [125]. For example, selective serotonin reuptake inhibitors (SSRIs)
and cognitive behavioral therapy have both been shown to reduce peripheral inflam-
mation [123, 126]. Conversely, serotonin and norepinephrine reuptake inhibitors
(SNRIs) and ECT have been shown to induce cytokines [120, 127, 128]. One recent
study examined peripheral inflammation in response to ketamine, a glutamatergic
NMDA receptor antagonist that has been shown to rapidly reduce symptoms of
depression, including suicidal ideation [129, 130]. Circulating monocytes, the main
source of macrophages that infiltrate tissue during infection, were collected from
MDD patients that had been hospitalized for suicidal ideation or attempt. The study
demonstrated that in vitro treatment with ketamine biased monocytes toward an M2c
phenotype, with lower expression of HLA-DR and other activation markers. Further,
ketamine-treated monocytes had lower baseline IL-6 and IL-10 production and
produced less TNF-α when challenged with lipopolysaccharide [131].

In addition to studying the effect of established antidepressants on immune
factors, others have examined the utility of anti-inflammatory treatments in depres-
sion. Nonsteroidal anti-inflammatory drugs (NSAIDs), for example, have been
shown to be useful both as an add-on therapy to traditional antidepressants and as
a stand-alone treatment strategy [132]. NSAID treatment has also been associated
with a reduction in suicidal ideation. Using data provided by MedWatch and the
Food and Drug Administration Safety Information and Adverse Event Reporting
Program, significantly less suicidal ideation was reported in patients treated with
NSAIDs compared to acetaminophen (a non-NSAID) [133]. In addition, cytokine
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inhibitor therapies have also been examined as a potential treatment strategy for
depression [132, 134], although it should be noted that most studies have been
conducted in patients with comorbid inflammatory disorders [46, 135–141]. In
depressed patients without a comorbid inflammatory disorder, infliximab, a
TNF-α-neutralizing antibody, seems to be effective, but only in a subset of
treatment-resistant patients with elevated baseline levels of inflammation
[142]. This drug has also been shown to reduce depression symptoms in patients
that experienced childhood trauma [143], an effect that was associated with its anti-
inflammatory properties [144].

17.7 Potential Mechanism: Early-Life stress

There is strong evidence that stressful experiences in early life increase risk of
developing a spectrum of diseases in adulthood, including major psychiatric and
other medical disorders. This is particularly concerning considering that in the
United States in 2012, 3.4 million cases of child abuse and neglect were referred
to child protective services, representing 686,000 children [145]. The vast majority
of cases never get reported to law enforcement and self-report studies suggest that up
to 40% of the population experience some form of neglect or abuse
[146, 147]. Although clinical observations have long suggested a connection
between early-life stress and adult psychopathology [148], the 1998 Adverse Child-
hood Experiences (ACE) study sponsored by the US Center for Disease Control,
provided more conclusive evidence that early life stress can lead to psychiatric
disorders. In the ACE study, a standardized medical exam and questionnaire about
early-life experiences were administered to >10,000 individuals living in the San
Diego area. The study compared the number of ACEs experienced, including
psychological, physical or sexual abuse, domestic violence, household substance
abuse, and parental loss, with overall health. They found that over 50% of
respondents had experienced at least one category of childhood exposure, and
about 25% experienced two or more ACEs. Further, the study demonstrated a
significant association between ACEs and disease. People that experience four or
more ACEs had an increased risk for developing psychiatric disorders, including
depression, anxiety, panic attacks, substance, and alcohol abuse. Alarmingly, the
ACE Study found that people who had experienced four or more ACEs also had a
12-fold risk of suicidal behavior [149]. This risk of suicidal behavior remains even
when other risk factors are controlled, including alcoholism, drug use, or depression
[150]. Further, risk of suicidal behavior increases as the number of ACEs increases,
with each additional ACE increasing the risk of suicide attempt by about 60% [150].

The relationship between suicide and early-life stress has been repeatedly con-
firmed in numerous studies, examining a variety of early life stressors
[151, 152]. For example, childhood sexual abuse has consistently been shown to
increase suicide risk [153–156], which was demonstrated by a recent meta-analysis
that found that childhood sexual abuse causes a fourfold increase in the risk of
attempting suicide [157]. Physical abuse and bullying have also been associated with
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an increased risk of suicidal behavior [158]. Certain factors, including the frequency
of the abuse, sex of the victim, and identity of the abuser, may influence the
likelihood of suicidal behavior [159, 160].

Interestingly, the ACE Study found that early-life stress was associated with not
only psychiatric diseases and suicidal behavior but also other negative health
outcomes, including sleep disturbances, obesity, smoking, COPD, asthma, and
heart disease [149]. Similar to the relationship between early-life stress and psychi-
atric disorders and suicide, the risk of developing another medical disorder is
proportional to the number and magnitude of ACEs [149, 161–164]. Interestingly,
inflammation has been associated with or is implicated in the pathology of many of
these medical diagnoses, suggesting that the immune system may be one mechanism
by which early-life stress may lead to psychiatric and other medical disorders. Over
the past 30 years, several studies have demonstrated that stress can alter immune
function. Acute stressors lead to activation of the hypothalamic-pituitary-adrenal
(HPA) axis and the sympathetic nervous system (SNS), which promote physiologi-
cal responses that help deal with the threat. These physiological changes are
mediated in part by the release of hormones, including glucocorticoids and
corticotropin-releasing hormone. These stress hormones can influence the immune
system by binding to receptors on immune cells or indirectly [165, 166]. While this
response may be adaptive in adults, evidence suggests that stress during develop-
ment may lead to long-term changes in immune function [167]. For example, one
study found that a standard laboratory stress test produced an elevated IL-6 response
in depressed men with a history of childhood abuse or neglect compared to controls
[168]. One of the first human studies to examine the relationship between early-life
stress and immune function examined hCRP levels and white blood cell numbers in
adults that had experienced early-life stress. They found that adults that had experi-
ence childhood maltreatment were 1.5 times more likely to have elevated hCRP
levels and an increased number of white blood cells. This result was independent of
cooccuring childhood risk factors, including low birth weight and socioeconomic
disadvantages, adult stress, and participation in health-damaging behaviors [169]. In
adult patients with depression, the elevation in hCRP seems to be driven by early-life
stress as depressed patients without early life trauma did not have elevated hCRP
levels [170]. In breast cancer survivors, early life stress was linked to IL-6 levels,
even when controlling for treatment, age, BMI, ethnicity, and alcohol use [171]. Fur-
ther, the timing of the stressor may play a role as stressors experienced in middle
childhood (6–8 years) were associated with higher levels of peripheral IL-6 and CRP
at age 10 and 15, although these effects were at least partially mediated by BMI
[172]. Together, these results suggest that one biological mechanism by which early-
life stress may influence the risk of suicidal behavior is via the immune system.
Future work should determine the utility of immune factors as biomarkers for suicide
risk and determine whether targeting the immune system can reduce suicidal behav-
ior, especially in at-risk groups, such as those that have experienced early-life stress.
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Effects of Current Psychotropic Drugs
on Inflammation and Immune System 18
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Abstract

The immune system and inflammation are involved in the pathological progres-
sion of various psychiatric disorders such as depression or major depressive
disorder (MDD), generalized anxiety disorder (GAD) or anxiety, schizophrenia,
Alzheimer’s disease (AD), and Huntington’s disease. It is observed that levels of
inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β
(IL-1β), and other markers are highly increased in the abovementioned disorders.
The inflammation and immune component also lead to enhance the oxidative
stress. The oxidative stress and increased production of reactive oxygen species
(ROS) are considered as important factors that are involved in pathological
progression of psychiatric disorders. Increase production of ROS is associated
with excessive inflammation followed by cell necrosis and death. The psychotro-
pic drugs are mainly work through modulations of neurotransmitter system.
However, it is evident that inflammation and immune modulation are also having
important role in the progression of psychiatric disorders. Rationale of the use of
current psychotropic drugs is modulation of immune system by them. However,
the effects of psychotropic drugs on the immune system and how these might
contribute to their efficacy remain largely unclear. The drugs may act through
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modification of inflammation and related markers. The main purpose of this book
chapter is to address the role of current psychotropic drugs on inflammation and
immune system. Moreover, it will also address the role of inflammation in the
progression of psychiatric disorders.

Keywords

Inflammation · Immune system · Oxidative stress · Psychotropic drugs · TNF-α

18.1 Introduction

The psychotropic medications can be divided in five main subtypes, namely
antidepressants, antianxiety drugs, CNS stimulants, antipsychotics, and mood
stabilizers [1]. There are changes in neurotransmitter levels that have been observed
in these disorders, and the drugs mainly work through the modification in the levels
of various neurotransmitters (NTs) such as dopamine (DA), serotonin or
5-hydroxytryptamine (5-HT), norepinephrine (NE), glutamate, gamma-
aminobutyric acid (GABA), acetylcholine (Ach), etc. [2]. The abovementioned
neuropsychiatric disorders and inflammation are closely associated with each other
in a bidirectional loop. Neuropsychiatric disorders facilitate inflammatory reactions
on the other way inflammation promotes depression and other neuropsychiatric
disorders. The patients affected with the psychiatric disorders have cardinal feature
of inflammation including amplified circulating levels of inflammatory inducers,
activated sensors, and inflammatory mediators targeting all tissues [3]. Mood behav-
ior and cognition can be affected by the pro-inflammatory cytokines. These
cytokines are associated with reduction in brain monoamine levels, activating
neuroendocrine responses, promoting excitotoxicity (increased glutamate levels),
and impairing synaptic plasticity. Increasing evidence suggests that modifications in
regulation of neuroendocrine system, biotransformation, brain–gut–microbiome
axis, oxidative stress, the use of prebiotics–probiotics, and negative health behaviors
are important triggers of inflammation [4, 5]. Finally, recent data indicate that early-
life stress is linked with overt inflammation prior to the development of neuropsy-
chiatric disorders. Various clinical studies also indicated the crucial role of immune
system in the progression of psychiatric diseases, while basic biology has revealed
that the brain has an active and multicellular resident immune system that
coordinates with peripheral immunity and affects behavior [6]. Neuroimmunology
may act as an important perspective in the progression of psychiatric disorders.
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18.2 Pathophysiology of Different Psychiatric Disorders

18.2.1 Depression or Major Depressive Disorder (MDD)

Latest report of WHO states that worldwide 264 million people are affected with the
mental disorders. MDD is a state of prolonged sadness [7]. As per the monoamine
hypothesis, mainly three NTs, namely, 5-HT, NE, and DA, are involved in depres-
sion. The levels of above three NTs decreased in the brain of depressed person
[8, 9]. Glutamate and GABA are the other NTs that are involved in the pathophysi-
ology of depression. GABA is an inhibitory NT of CNS, and glutamate is an
excitatory NT. Current studies suggested that these NTs are involved in neuronal
plasticity, long-term potentiation (LTP), limbic system development, and modifica-
tion in frontal cortex and hippocampus volume [10] [11]. It is well recognized now
that mutations in certain genes are also involved in the progression of depression.
Genes like SLC6A4 (previously known as SERT), DRDR4, SLC6A4 or 5-HTT, and
TPH2 are associated with pathological progression of MDD [12]. In addition,
dysfunction of hypothalamic-pituitary-adrenal (HPA) axis, amplified oxidative
stress, and excessive ROS production is also associated with pathophysiology of
depression. Oxidative stress can be correlated with inflammation. Increase oxidative
stress leads to increase in the levels of various pro-inflammatory peripheral
biomarkers. Increased activity of C-reactive protein (CRP), TNF-α, and interferon-
α has been observed in depressed patients [13, 14].

18.2.2 Anxiety or Generalized Anxiety Disorder (GAD)

Anxiety is a condition of fear and apprehension as important component. According
to data from WHO, an estimated 3.6% of the population globally had anxiety is
264 million people [15]. More than 50% percent patients affected with depression
have comorbidity of anxiety. According to the US National Comorbidity Survey, the
prevalence of co-occurrence with other psychiatric disorders and any type of anxiety
disorder in MDD patients is 76.7% and 56.8%, respectively [16]. Epidemiological
data also indicate that 59% of subjects with anxiety disorder satisfy the criteria of
depression [17]. The etiologic factors of anxiety include stress, comorbidity with
other disorders such as diabetes and depression, genetic, first-degree relatives with
generalized anxiety disorder (25%), and environmental factors like child abuse and
substance abuse. The major NTs are involved in the anxiety are 5-HT, NE, and
GABA. Lower activity of serotonergic system and elevated noradrenergic system
activity are responsible for the pathophysiological progression of anxiety
[18, 19]. The disorder is highly comorbid with MDD. The involvement of increased
oxidative stress and dysregulation of HPA axis is common in the progression of
anxietyand MDD. Increased ROS production and abnormality in the negative
feedback mechanism of HPA axis is also observed in anxiety as seen with MDD
[20]. The involvements of immune component with psychological disorders are
studied in “Psychoneuroimmunology” [21]. The disorder anxiety has also
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involvement of immune and inflammatory pathways in the pathological progression
of the disease. The psychological stress is reported to affect the production of
cytokines, proposing potential significance of this mediator to the psychological
health. Moreover, signaling of cytokine in the brain is known to modulate the crucial
brain functions including metabolism of neurotransmitters, physiology of neuroen-
docrine system, synaptic plasticity, and the neural circuitry of mood [22].

The main treatment of anxiety includes the use of selective serotonin reuptake
inhibitors (SSRI), benzodiazepines, and psychotherapy [23]. Among psychothera-
peutic treatments, cognitive behavior therapies have been extensively used and have
wide evidence. Benzodiazepines such as diazepam, alprazolam, nitrazepam, etc. are
effective in reducing anxiety symptoms by modulation of GABA NT-mediated
signal transduction mechanism, but their use is restricted by the risk of abuse and
adverse event profiles [24]. In addition to above treatments, SSRIs are also useful in
the treatment of anxiety and depression. Moreover, serotonin-norepinephrine reup-
take inhibitors (SNRI) are also used frequently as a first-line treatment for anxiety
disorders [25].

18.2.3 Alzheimer’s Disease (AD)

AD was first identified by Alois Alzheimer in a 51-year-old female patient with
memory loss, confusion, and other psychiatric symptoms in 1906 [26]. In the same
patient’s brain, Alzheimer found plaques, neurofibrillary tangles, astrogliosis, and
neuronal death [27]. AD is now the most common neurological condition. AD
causes dementia, cognitive decline, and neuronal death. Globally, 131.5 million
people will have dementia by 2050 [28].

AD causes broad brain atrophy due to severe neuronal degeneration and synapse
loss in the hippocampus and cortex [29]. The key hallmarks of AD were thought to
be amyloid beta (Aβ) peptide accumulation and neurofibrillary tangles (NFT).
However, neuroinflammation has recently emerged as a third disease hallmark [30].

It is the abnormal presence of Aβ plaques and neurofibrillary tangles in the brain
that defines AD. Although the causes and course of AD are unknown, postmortem
diagnosis is achievable. The amyloid cascade hypothesis (ACH) blames Aβ build-up
for AD etiology. The Aβ protein comes from the amyloid precursor protein (APP),
which is prevalent in CNS cells and required for normal brain development and adult
neural plasticity [31, 32]. APP can be processed in two ways: amyloidogenic and
non-amyloidogenic [32].

Incorrect cleavage of the APP results in Aβ monomers that combine to form
oligomeric Aβ and eventually fibrils and plaques. Understanding the mechanics of
Aβ monomer formation, clearance, and aggregation into oligomeric Aβ is critical to
understanding AD pathogenesis. APP is normally processed via non-amyloidogenic
pathway involving proteolysis by α- and λ-secretases, resulting in soluble fragments
[32, 33]. While Aβ is soluble, it has the potential to form oligomers, which then
aggregate to create the amyloid plaques associated with AD [32]. Amyloidogenic
processing of APP involves an initial cleavage by β-secretase 1 enzyme (BACE1)
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followed by a second three step cleavage by the γ-secretase enzyme to generate
insoluble Aβ, which aggregates to build β-amyloid plaques in the brain [34].

Even if the specific mechanism is unknown, genetic variants that influence A
secretion or plaque development have been shown to affect AD risk. Familial
Alzheimer’s disease (FAD) is caused by mutations in the APP or presenilins 1 and
2, which code for the enzymes involved in Aβ cleavage. FAD is genetic. Aβ plaque
load found in postmortem brains of elderly persons without dementia has no
association to their level of cognitive impairment [32, 35]. Aβ plaques can grow
up to 10 years before symptoms or diagnosis; therefore, their role in AD etiology is
uncertain. An accumulation of neurofibrillary tangles (NFTs) is another feature of
AD. Hyperphosphorylation of Tau protein forms NFTs, which are required for
microtubule stability [32].

Tau must be phosphorylated before it can be carried by microtubules. Then
dephosphorylation restores Tau to the microtubule. Multiple Tau phosphorylation
in AD promotes microtubule collapse and disruption of several cellular activities,
from protein trafficking to overall cellular structure [36–38]. pTau generates paired
helical fragments that eventually form neurofibrillary tangles [39–43]. Neurons
begin to misfire and finally die because of pTau tangle accumulation and loss of
cellular function [36].

Aβ plaque accumulation leads to neurofibrillary tangles, which lead to neuritic
injury and cell death [44–46]. They tend to be more detrimental than plaques in
terms of disease severity and cognitive decline [32, 47, 48]. Suppressing long-term
potentiation in APP mutant mice prior to plaque formation has been found to affect
synaptic function, calcium homeostasis, neuroinflammation, and oxidative stress.
Most ACH-based AD treatments target Aβ synthesis. While solanezumab and
aducanumab showed early promise, they failed in phase 3 clinical trials [32, 49,
50]. Two prominent occurrences show the need for disease models beyond ACH. On
autopsy and imaging studies, NFTs are found in elderly people [51]. Individual
reactions to Aβ deposits and NFTs may influence AD susceptibility. It reduced Aβ
burden in both human and animal models but did not affect disease progression.
Some patients got better, but AD continued. Aβmay cause an inflammatory reaction
to Aβ and NFT. Neuroinflammation is increasingly recognized as a major etiology of
AD [32, 52].

New AD features may help explain disease development and link the other two
major disorders. In addition to Aβ plaques and NFT, AD patients show chronic brain
inflammation [53]. Inflammation has been observed in postmortem AD tissues and
preclinical AD model systems [53]. Disruption of anti-inflammatory/pro-inflamma-
tory signal balance causes chronic inflammation (AD) (neuroinflammation). Chronic
neuroinflammation is caused by microglia and cytokines. Neuroimmunological
responses are not unique to AD. According to some research, people with
Parkinson’s disease, chronic traumatic encephalopathy (CTE), amyotrophic lateral
sclerosis (ALS), and multiple sclerosis (MS) have higher signs of inflammation in
their brains. A long-term immune response is now a hallmark of neurodegenerative
diseases [53].
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The extended inflammatory response in AD patients’ brains was originally
thought to be a consequence to neuronal loss. Recent research demonstrates that
prolonged immune responses in the brain produce neurodegeneration and exacerbate
Aβ and NFT disorders. Inflammation may be a link between early Aβ pathophysiol-
ogy and later NFT formation [53–56].

18.2.4 Schizophrenia

Schizophrenia is a serious mental condition that affects around 1% of the world’s
population. Early childhood interactions between genetic predisposition and envi-
ronmental stresses and subsequent molecular neurodegeneration play a role in the
development of schizophrenia. Positive symptoms like hallucinations, delusions,
and disorganized speech are common in schizophrenia, as are negative symptoms
like social disengagement, lack of desire, and cognitive symptoms including atten-
tion and learning difficulties [57, 58].

Schizophrenia is assumed to be caused by a neurodevelopmental disorder. Defec-
tive connection between dorsolateral prefrontal cortex and subcortical regions is a
contributing factor to the development of autism. The cause and pathophysiology of
schizophrenia are still unknown, but there is some evidence that suggest dopamine,
serotonin, gamma-aminobutyric acid (GABA), and glutamate system alterations
have a role in the onset of schizophrenia symptoms [57].

Schizophrenia has been linked to dopaminergic system abnormalities ever since
the dopamine hypothesis was first proposed [59, 60]. Schizophrenia patients have
altered dopaminergic transmission in the mesocortex and mesolimbic ganglia. The
mesolimbic dopaminergic neurotransmission, on the other hand, is overactive in
schizophrenia, even though the mesocortical dopaminergic transmission to the
prefrontal cortex is hypoactive [57].

Dopamine 2 (D2) receptor stimulation in the subcortical regions is assumed to be
responsible for schizophrenia’s positive symptoms, while dopamine 1 (D1) receptor
stimulation in the cortex is responsible for schizophrenia’s negative symptoms.
Current antipsychotic drugs (APDs), which block D2 receptors to diminish
mesolimbic dopamine transmission, affect clinical remission in schizophrenia
patients [61].

While the dopamine hypothesis still dominates translational research in schizo-
phrenia, new data reveals that abnormal immunological pathways in the peripheral
and central nervous systems influence the etiology and pathophysiology of
symptoms [57].

Current research suggests that neuroinflammation may play a role in the devel-
opment of schizophrenia. If microglial activation is uncontrolled and pro-inflamma-
tory cytokines are released into the brain, schizophrenia can result. By inducing
microglial activation, pro-inflammatory cytokines in the central nervous system
trigger inflammation, which in turn leads to neurodegeneration (Fig. 18.2) [57].
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Fig. 18.2 Depicts progression of schizophrenia. Various pro-inflammatory cytokines are respon-
sible for the activation of microglia. The activated microglia releases pro-inflammatory cytokines,
abnormal oxidative stress, increased kynurenic and quinolinic acids, increased cortisol level,
decreased serotonin level, synaptic plasticity, and present antigen to T cells and leads to generation
of autoantibody by B cells. The overall action leads to generation of positive and negative
symptoms of psychoses and neuronal degeneration

18.2.4.1 Neurodevelopmental Approach and Infection Link
to Schizophrenia

Psychiatric disorders like schizophrenia stem from brain development. Schizophre-
nia is caused by a mix of environmental, genetic, and developmental factors [62]. In
schizophrenia, brain damage begins early in life and takes a long time to
manifest [62].

Some researchers believe schizophrenia increases the risk of developing other
CNS disorders, such as autism, Parkinson’s disease, AD, and MS. This may be due
to the fetus being exposed to inflammatory modulators during development, causing
brain disruptions or malfunctions [63, 64]. Pregnant women who are exposed to viral
or bacterial pathogens are more prone to schizophrenia. A higher risk of schizophre-
nia in offspring has been linked to maternal infections like toxoplasmosis and
rubella [57].

Several epidemiological studies have linked prenatal infection to increased risk of
schizophrenia in children [59]. These findings support the theory that maternal
immune activation (MIA) increases the risk of schizophrenia by altering the fetal
brain’s development [65].

Schizophrenia-like symptoms, such as a disturbed pre-pulse inhibition in the
offspring, have been observed in animal models of schizophrenia that were
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stimulated during pregnancy by viral or bacterial agents (such as influenza) [65]. Pre-
natal or perinatal exposure to infections has been shown to be a risk factor for
schizophrenia in both animal models and humans [65].

Interleukin (IL)-1, IL-6, and TNF-a are thought to contribute to MIA’s detrimen-
tal effects on the fetal brain [65]. Endotoxins like lipopolysaccharide and
polyinosinic/polycytidylic acid were found to increase the expression of pro-inflam-
matory cytokines (polyI/C) in rat fetal brain. The inflammatory cytokine IL-6 has
been linked to structural and functional deficits in the developing fetal brain [65].

Infections have also been linked to schizophrenic symptoms in human studies
[66]. Infections of the respiratory, genital, and reproductive tracts increased the risk
of schizophrenia in children [66]. Prenatal Toxoplasma gondii infection has been
linked to schizophrenia [66]. Encroachments on the CNS (especially prenatal
infections) raise the risk of later schizophrenia [66]. For decades, schizophrenics
have been tested for viral antibody titers. The results may be inconsistent because
interfering factors such as antibody levels associated with medication state were not
controlled [66]. The “infectious index” of schizophrenia patients was found to be
higher than that of healthy controls [66].

Interleukin-8 (IL-8) is a cytokine that has been linked to an increased risk of
schizophrenia in children [66]. Lower volumes of the right posterior cingulate and
left entorhinal cortex and increased volumes of the ventricles were linked to
increased maternal IL-8 levels during pregnancy [66].

Childhood autoimmune diseases are linked to adolescent and adult psychosis
[67]. First-degree relatives of schizophrenics are more prone to autoimmune diseases
[67]. In people with autoimmune disease, the risk of schizophrenia increases linearly
with the number of severe infections [67]. As a result, the links between schizophre-
nia and infections and autoimmune diseases suggest an inflammatory immune
response [67]. Along with its own effects on the brain, inflammation is thought to
increase the blood–brain barrier permeability and aid in immune component
penetration [67].

Schizophrenia has been linked to abnormal ROS and inflammation. Stress may
contribute to the pathogenesis of schizophrenia by increasing pro-inflammatory
cytokines and even contributing to the development of a long-term pro-inflammatory
state. Immune system changes affect glutamate and dopaminergic neurotransmis-
sion. The neuroactive metabolite indoleamine 2,3-dioxygenase influences serotoner-
gic and glutamatergic neurotransmissions [57].

There is evidence of increased density and activation of microglia and brain-
resident immune cells, throughout the illness [57]. However, recent research has
shown that the immune system, systemic inflammation, and the brain are all
intertwined and can lead to changes in behavior, mood, and perception [57]. Under-
standing the neuroinflammatory mechanisms involved in schizophrenia may help
find potential therapeutic targets to help reduce mortality and morbidity [57].



18 Effects of Current Psychotropic Drugs on Inflammation and Immune System 415

18.3 Trauma- and Stressor-Related Disorders

Trauma and stress are responsible for traumatic and stressful events. The two major
trauma-related disorders are acute stress disorder and posttraumatic stress disorder
(PTSD). Accumulating evidence demonstrated that excess of inflammation plays a
crucial role in associationship between stress and stress-related diseases. Trauma and
stress are also associated with substance abuse to a great extent [68]. It is well
accepted now that stress also weakens the immune system. The adrenergic system is
stimulated in PTSD. In addition, disruption of HPA axis and negative feedback
mechanism is also observed in PTSD. The traumatic brain injury model in rats
demonstrated the hyper-agitated behavior post injury. The animals showed increased
activity in open field test and phase aversion and aggressive behavior in elevated
plus maze test. In addition, the animals also showed the anhedonia behavior
[69]. Cognitive behavior therapy (CBT) is considered as first-line treatment for
stress and trauma disorders. However, benzodiazepines can be used to get relieved
from agitation and sleep disturbances. The hallmark events during trauma include
Wallerian degeneration of axons, dysfunction of mitochondria, neuronal
excitotoxicity, oxidative stress, and cell death due to destructions of neurons and
glial cells [70]. Many disturbing changes are taken place in the neurotransmitter
levels after the injury or trauma. The modification in neurotransmitters is not specific
and depends on the area of injury.

18.3.1 Associationship of Depression with Inflammation
and Immune System

It is well known that inflammatory processes are having influence on the progression
of depression. Dysregulation of both innate and adaptive immune response has been
implicated in the pathophysiology of depression. The immune component hinders
with favorable prognosis in addition to antidepressant treatment. Presence of inflam-
mation may influence the susceptibility to depression [71]. In our brain, microglia
and other CNS cells have crucial role in CNS functions like neuroplasticity. Excess
and long-term inflammatory cytokine activity produces impairment of neurotrans-
mitter signaling disruption of the synthesis, reuptake, and release of neurotransmit-
ter. The brain has specialized cells known as glial cell namely microglia. It is
composed of 5–10% of total brain cells and carries out functions similar to
macrophages, i.e., engulfment of external debris [72]. Recent evidence suggested
that microglia cells are important for neurogenesis and synapse pruning. Microglia
cells are activated in various neurodegenerative and neuropsychiatric diseases,
where they have role in neuroinflammation [73]. However, more studies are required
to get proper insight on the role of microglia in the progression of depression and
other brain functions and disorders.

Controlling inflammation might have a useful therapeutic approach for the
treatment of depression. Moreover, inflammation component has also linked with
oxidative stress. Consequent to an increased OS, stimulation of pro-inflammatory
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signaling pathways also associated with progression of depression. Depression is
linked with an imbalance of factors associated with neurodegeneration and
neuroprotection including brain-derived neurotrophic factor (BDNF) and NF-κB
[74, 75]. MDD is also associated with various inflammatory processes such as
enhancement of activity of pro-inflammatory cytokines, decreased nerve growth,
and subsequent neuro-progression. Production of inflammatory markers IL-1 and
IL-18, the formation of cellular pores in membrane, and leakage of the substances
from the cells lead to cell death [76–78]. The subjects affected with depression have
shown higher levels of IL-1, IL-6, TNF-α, and C-reactive protein (CRP) compared to
nondepressed individuals [79, 80]. Inflammation is a component of innate immune
system’s response toward any injury or infection. The chief mediators of the
inflammatory response, pro-inflammatory cytokines, such as interleukin (IL)-1β,
interleukin (IL)-1 receptor antagonist (RA), interleukin (IL)- 6, tumor necrosis factor
(TNF)-α, and interferon (IFN)-γ, have been recently demonstrated to associate with
the brain and influence neuronal signaling, activity of neuroendocrine system, and
structure and physiology of brain, thereby inducing the changes in the emotional,
cognitive, and behavioral setup [3, 81]. Increase in the levels of pro-inflammatory
cytokines can enhance pathological progression of MDD. The positive relationship
is existing between inflammation and depression as suggested by various [80, 82].

Acute stress also leads to increase inflammation and further leads to behavioral
and cognitive decline [83, 84]. Exposure to long-term stress causes dysfunction of
endocrine and immune system functions that results in sustained low-grade inflam-
mation, which involved in MDD pathogenesis [85]. Individuals exposed to early-life
adversity (ELA) exhibit pronounced increased in the levels of pro-inflammatory
cytokines [86].

18.3.2 Association of Anxiety with Inflammation and Immune
System

Anxiety is a condition of fear and apprehension with insomnia. Most of the patients
of depression also have comorbid anxiety. Anxiety may be present in various forms
like panic disorder, social phobia, stress related, and obsessions and compulsions
associated. Large evidence indicate that stress have ability to activate inflammatory
pathways in the brain and peripherally [85, 87]. The communication exists between
the neuroendocrine and immune systems [88]. Long-term stress activates HPA axis.
This activation leads to higher levels of the glucocorticoids (GCs) such as cortisol in
the blood. These GCs are well recognized for their anti-inflammatory and immuno-
suppressive activity. GCs reduce the expression of several pro-inflammatory
cytokines (e.g., tumor necrosis factor α (TNF-α) and interleukin-6 (IL-6)) and
enhance the expression of anti-inflammatory cytokines (e.g., IL-10 and TNF-β)
[89]. However, recent studies by researchers have showed that GCs have pro-
inflammatory potential on immune system. In addition, GCs also increase the
expression of inflammasome NLRP3 and enhance the release of IL-1β in response
to ATP. Cytoplasmic multi-protein senses exogenous and endogenous danger
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signals and cleaves pro-inflammatory cytokines into mature cytokines such as IL-1β
and IL-18 [90]. According to a case-controlled study, significant increase in the
serum levels of IL-10, TNF-α, and IFN-γ has been observed in patients affected with
GAD [91]. The above study investigated the balance of pro- and anti-inflammatory
cytokines in the progression of GAD. The study demonstrated relatively increased
pro-inflammatory response and decreased anti-inflammatory response.

18.3.3 Association of AD with Inflammation and Immune System

Neuroinflammation is linked to AD etiology because it is significantly expressed
near A plaques and NFTs [92]. Amyloid plaque clearance and antioxidant
mechanisms against ROS production are particularly effective in early AD
[93]. Anti-inflammatory immune system cellular mediators are overproduced when
oxidative stress increases in AD, increasing brain inflammation [94].

The BBB is a strict gatekeeper for systemic stimuli, including inflammatory
signals. Neuroinflammation is triggered by stress, disease, and traumatic brain injury
[95]. Inflammation has a favorable initial reaction, but when it persists, it causes
neuronal dysfunction, damage, and loss [96]. Microglia are resident macrophages
and perform basic immunological monitoring, and astrocytes have several functions
and are essential for cell-to-cell communication [97].

The CNS is inflamed by microglia, astrocytes, and neurons. Microglial activation
produces increased pro-inflammatory effects and neurotoxicity in AD. Inflammatory
agents, oxidative stress, and neuroinflammation are all caused by activated microglia
as demonstrated in Fig. 18.1 [98]. Inflammation by microglia releases neurotoxic
cytokines. Microglia activation leads to neurotoxic changes that contribute to AD
onset/progression. Astrocytes may be involved in AD development [98]. Aβ plaques
stimulate astrocytes, increasing cytokine (IL-1 or IL-6) and oxidative stress
[98]. Synaptic connections are disrupted, resulting in neuronal injury [99, 100]. Inges-
tion of oligomers causes extracellular annular protofibrils, which enhance oxidative
stress and neuron death. Neurons may be involved in neuroinflammation through
increasing inflammatory molecule expression. Neurons promote inflammation by
exacerbating local inflammation [98].

Neuroinflammatory biomarkers are linked to AD progression. In 31 mild AD
patients, hippocampal shrinkage, cognitive profile, and neuroinflammation were
statistically associated [32]. On the other hand, anti-IFN Ab treatment cured AD
and cognitive impairment in mice produced by TH1 cells [32]. Neuroinflammation
via IL-1, IL-6, and NO seem to increase Tau hyperphosphorylation. They increase
BACE enzyme activity and mRNA levels, which cleaves APP to generate Aβ [101].

Systemic inflammation, obesity, and traumatic brain injury all increase the risk of
AD [102]. Inflammation may prime microglia prior to AD onset, making them more
prone to activation [102]. Pro-inflammatory cytokines and chemokines may be
secreted after Aβ activation, causing neuronal hyperexcitability and synaptic dys-
function. Previously thought to be passive observers during neuroinflammation,
recent research shows that neurons can actually create inflammatory mediators
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Fig. 18.1 Depicts onset and progression of Alzheimer’s disease. Abnormal Aβ deposition,
hyperphosphorylation of Tau protein, and production of ROS lead to activation of microglia, and
astrocytes lead to release of pro-inflammatory cytokines. Activation of cytokines results in
neuroinflammation, neurodegeneration, and nerve cell death. IL: interleukin and TNF: tumor
necrosis factor

[102]. Complement activation is critical in AD, because neurons manufacture the
vast majority of the cascade’s components. Pathogen-associated molecular patterns
(PAMPS) and danger-associated molecular pattern (DAMPS) have the ability to
activate the complement system. Complement can be activated by the buildup of
extracellular Aβ or the discharge of components from dying neurons since C1q can
directly bind to molecules like Aβ [102]. Additionally, AD patients have elevated
levels of complement component synthesis in their neurons. COX-2-derived
prostanoids and cytokines such IL-1β, IL-6, and tumor necrosis factor alpha (TNF-
α) have also been linked to neurons [102].

Several investigations have indicated that in vivo LPS treatment increases Aβ 1–42

and decreases Aβ 1–40 [102, 103]. This finding links amyloidogenesis to
neuroinflammation. However, the mechanisms of LPS-induced amyloidogenesis
remain unexplained. Lee et al. found increased β- and γ-secretase activity in cortical
and hippocampal regions of ICR mice and Sprague-Dawley rats treated with LPS,
suggesting secretase activity is a contributing component [102, 103]. Pro-inflamma-
tory cytokines including TNF and IL-1 have been demonstrated to increase
β-secretase mRNA, protein, and enzyme activity. Lee et al. argue that
LPS-induced inflammation affects APP processing by increasing β- and
γ-secretase activity and thereby amyloidogenesis [102, 103]. Inflammatory
mediators and cells involved with AD DAMP receptors on the surface of innate
immune cells identify unfolded, misfolded, and aggregated proteins. In the realm of
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neuroinflammation, aggregated Aβ functions as a DAMP, activating the innate
immune system in the brain, resulting in pro-inflammatory cytokine production
[104]. Following an initial buildup of extracellular oligomeric Aβ, microglia may
be induced to produce an inflammatory response. As the pro-inflammatory response
target self-DAMPS and pro-inflammatory cytokines damage neurons, a positive
feedback loop is likely to form, resulting in disease development and chronic
disease [102].

When it comes to peripheral innate immune responses, cytokines in the central
nervous system (CNS) play an important role in controlling neuroinflammation. AD
may cause neuronal damage in part because of the brain’s pro-inflammatory envi-
ronment. IL-1β and TNFα, for example, may have a direct impact on neuronal
function [105]. Pro-inflammatory cytokines, notably TNF- α and IL-6, have been
found in higher amounts in serum and brain tissue of AD patients than in controls
[32, 106, 107]. The astrogliosis-inducing cytokine IL-1β was discovered in 30 times
more glial cells, mainly microglia, in AD patient’s tissue sections than in controls
[108]. Patients with raised TNFα levels and lower cerebrospinal fluid (CSF) TGFβ
concentrations are more likely to proceed from mild cognitive impairment to
dementia. Microglia secreted pro-inflammatory and neurotoxic substances (IL-1β
and iNOS) when stimulated by amyloid plaques in AD model rats [32].

Microglia and astrocytes are stimulated by cytokines to produce inducible nitric
oxide synthase (iNOS), which is toxic to neurons at high doses [43]. iNOS has been
found to be overexpressed in AD brains [102]. In vitro tests have confirmed this
theory by demonstrating that microglia binding to Aβ results in the generation of
reactive oxygen species (ROS) [102].

Study indicated that AD patients’ microvasculature expressed higher levels of
pro-inflammatory IL-1β, IL-6, TNF-α, and microvessel-associated monocyte
chemoattractant protein than non-AD controls [109]. Immune cells physically con-
nect with Aβ, in addition to pro-inflammatory chemical signatures. Several
investigations have shown the presence of immune cells and proteins near Aβ
plaques. The HLA-DR protein, which is typically produced by activated T cells,
has been shown to colocalize with Aβ plaques in the cortex of AD patients,
indicating that they may cross the BBB [110].

AD is substantially connected with ageing. Several studies have shown that
healthy ageing impacts the brain’s ability to trigger an immunological response
[32]. Increased levels of pro-inflammatory cytokines like IL-1, IL-6, CD68,
CD11b, and decreased levels of TLRs and anti-inflammatory cytokines like IL-10
and IL-4 have been associated to ageing [32]. Also, ageing has been associated to
increased BBB permeability, allowing external influences, such as pro-inflammatory
cytokines, to have a greater impact on brain homeostasis and neuroinflammatory
processes [32].
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18.3.4 Association of Schizophrenia with Inflammation and Immune
System

When schizophrenia patients had acute psychotic exacerbations in the past,
researchers found that the levels of pro-inflammatory cytokines (IL-1β., IL-6., and
TNF-α.) in their peripheral blood were elevated, suggesting the presence of immu-
nological alterations [111, 112]. Additionally, microglia, innate immune cells that
reside in the CNS, secrete cytokines as a response to traumatic, infectious, and
stressful events [113]. Immune system activation in the CNS, particularly through
the activation of microglia during pregnancy, can be a “priming” mechanism as
shown in Fig. 18.2 [66, 114–116].

Conditioned stimuli such as prior infections and environmental stress can
increase the release of pro-inflammatory cytokines from primed microglia
[117, 118]. During adolescence, the prefrontal cortex and the hippocampus are
particularly vulnerable to external stressors, resulting in damage to these regions
of the brain [119]. A previous study in mice found that IL-6 administration increased
the sensitivity of mice to amphetamine [120, 121] and ketamine-induced [122]
neurobiological insults, suggesting an intertwined relationship between pro-inflam-
matory cytokines and neurotransmitter systems. Irritation-induced brain damage can
be caused in part by activated microglia that shift the kynurenine metabolism toward
quinolinic acid (QA), which causes oxidative stress and neurotoxicity [123–125]. In
animal studies, a high concentration of QA was found to disrupt the
neurodevelopmental process and cause cognitive and behavioral alterations that
are associated with schizophrenia [126, 127]. Although the role of kynurenine
metabolites in schizophrenia has yet to be fully understood, sustained microglial
activation may lead to further neurodegeneration and deterioration of the
illness [128].

Previous studies have shown an increased density of microglia in postmortem
brain analysis of patients with chronic schizophrenia, which supports the involve-
ment of activated microglia [129, 130]. Patients with schizophrenia [131, 132] and
those at high risk of psychosis [133] have activated microglia in their gray matter,
according to in vivo neuroimaging studies using positron emission tomography.

The plasma cytokine levels of schizophrenia patients have been found to be
elevated in many clinical studies. Prostaglandin E2, C-reactive protein, interleukin
(IL)-1ß, IL-6, IL-8, and tumor necrosis factor (TNFα)-a serum/plasma levels are all
indicators of an increased immune response in the peripheral tissue [111, 134].

The upregulation of peripheral IL-6, IL-1ß, TNF-α, soluble IL-1β antagonist,
soluble IL-2 receptor, and IL-8 has been documented in studies performed in patients
with first-episode schizophrenia receiving minimal treatment or no medication at all
[135, 136]. IL-6, IL-12, TNF-α, IL-1ß, and interferon (IFN)-γ are elevated in the
blood and cerebrospinal fluid of patients with acute relapse and the first episode of
schizophrenia, according to a meta-analysis of previous research [26, 111].

The monocytic immune response, which produces and secretes pro-inflammatory
cytokines, has also been found to be disturbed in schizophrenia
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[136, 137]. Schizophrenia has been linked to an increase in the number of total white
blood cells and monocytes in numerous studies [138].

The anti-inflammatory response increases in response to increased peripheral
pro-inflammatory activity in schizophrenia [139]. This is supported by the rise in
sIL-1RA and sIL-2R levels in the periphery [140]. To protect the organism from the
harmful effects of the pro-inflammatory process, it is thought that the mentioned
increase occurs as a result of the stimulation of the pro-inflammatory process
[51, 111].

Chronic low-level inflammation [141] associated with immune sensitization may
lead to a more severe disease process because of the abnormal expression of
inflammatory genes in the monocyte/ macrophages in response to specific environ-
mental factors, such as physical, physiological, or pathogen contact [51, 58].

Peripheral immune changes have been shown to influence brain functions and
behaviors in a variety of neuropsychiatric conditions. At least 20–30% of patients
have experienced acute psychotic episodes characterized by depression or excitation
because of receiving repeated injections of purified and recombinant cytokines used
to treat viral diseases and uncontrolled cancer [51, 142]. Pro-inflammatory cytokines
may be produced in the brain as a result of peripheral immune stimulation, which
may have an effect on the brain’s functions. Increased expression of pro-inflamma-
tory cytokines in mice’s hypothalamus (IL-8, IL-1ß, and TNF-α) after intraperitoneal
LPS injections has been documented and is linked to symptoms like decreased food
intake [51, 143].

18.3.5 Association of Trauma- and Stressor-Related Disorders
with Inflammation and Immune System

Considerable evidence suggested that the long-term stress is associated with inflam-
mation. The level of CRP is increased due to chronic stress. Chronic stress also
associated with glucocorticoid resistance including cytokine changes in response to
stressful challenges. Within 24 h of TBI injury, dysfunction of BBB takes place. This
dysfunction leads to infiltration of circulating neutrophils, monocytes, and
lymphocytes into the injured parenchyma of brain [144]. Cerebrospinal fluid
(CSF) analysis and postmortem tissue of TBI patients as well as tissue of TBI
rodents demonstrated that polymononuclear leukocytes release complement factors
and pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α, as exhibited by an
increase in the corresponding mRNA and protein 24 h after the trauma [145]
[146]. The sustained increase in the levels of cytokines is associated with modified
permeability of BBB, edema formation, and neurological deficits. The TNF-α
activation is associated with stimulation of apoptotic pathway. TNF-α interacts
prominently with Fas ligand, which leads to activation of caspases that are essential
for programmed cell death. In addition, chemokines like MIP-α, MCP-1, and IL-8
(CXCL8) are also predominantly upregulated after trauma, which further involved in
the recruitment of leukocytes at the site of injury [147, 148]. In addition,
upregulation of ICAM-1 and VCAM-1, which are ligands for endothelial and
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leukocyte cell adhesion receptors, also governs the cross talk between WBC and
immune cells with endothelium hence stimulating their recruitment at the site of
injury [149]. Long-term inflammation is associated with recruitment of
macrophages, activates micro glial cells, and promotes astrogliosis. Increased
phagocytosis with continuous inflammatory response is demonstrated by macro-
phage accumulation and microglia activation in TBI survivors’ years after
injury [150].

18.4 Psychotropic Drugs

Current psychotropic drugs have been associated with modulation of immune
system. However, the effect of psychotropic drugs on inflammation and immune
system is still not clear. The available literature suggested that antidepressants like
clomipramine and fluoxetine more consistently decreases the levels of pro-inflam-
matory cytokines such as IL-6, IFN-γ, and TNF-α while others like mirtazapine and
venlafaxine tend to increase the levels of pro-inflammatory cytokines. Overall
inflammatory markers need to hold important place in the discovery of psychotropic
substances. The effect of these psychotropic drugs needs to be studied in
detail [151].

18.4.1 Effect of Psychotropic Drugs on Inflammation

18.4.1.1 Antidepressants on Inflammation
Increasing evidence of mediators of pro-inflammatory expression in major depres-
sion indicate that inflammatory mediators play a crucial role in the pathogenesis of
depression [84]. If the above statement is true, the efficacy of antidepressants may be
partially attributable to suppress the inflammation. The antidepressants can inhibit
the levels of inflammatory mediators in addition to the modulation of
neurotransmitters. The mechanism also includes the modification in the signaling
of glial cells, which are considered as the main sources and targets of cytokines and
other inflammatory mediators in the brain [152]. A pooled meta-analysis study
conducted by Hannestad et al., 2011, also revealed that resolution of a depressive
episodes may be associated with the normalization of the cytokine levels. However,
the results are consistent with the possibility that inflammatory cytokines may
contribute to depressive symptoms and that antidepressants block the effects of
inflammatory cytokines on the brain [153]. In addition, the presence of inflammation
in the patients of depression affects the outcome of first-line treatment for major
depressive disorder. In this situation, immediately, one should be switched to the
regimens that affect dopaminergic and glutaminergic transmission, or additionally,
anti-inflammatory regimens can be added [154]. Moreover, a bidirectional relation-
ship exists between depression and inflammation. Several studies have indicated the
effect of anti-inflammatory drugs on depression. However, the results have been
conflicting, and detrimental adverse effects may contraindicate the use of
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anti-inflammatory agents. Several studies have reported antidepressant effects of
anti-inflammatory treatment; however, the results have been conflicting, and detri-
mental adverse effects may contraindicate the use of anti-inflammatory agents.

18.4.1.2 SSRIs, SNRIs, and Tricyclic Antidepressants on Inflammation
Accumulating evidence suggested that in in vitro studies SSRIs and SNRIs produces
their effect vial modification in the signaling of inflammatory pathways. Ohgi et al.,
2013, reported that SSRIs and SNRIs produce their effect via modification of the
levels of pro-inflammatory cytokines TNFα and the anti-inflammatory cytokine,
IL-10 in mice. According to study conducted by them, pre-treatment with SSRIs
(fluoxetine and paroxetine), SNRIs (venlafaxine and duloxetine), or
5-hydroxytryptophan (5-HTP), a precursor of serotonin, attenuated LPS-induced
increases in TNFα, whereas it increased serum levels of IL-10, in mice treated
with LPS. The above evidence suggested that antidepressants also produce their
effects in animal models via modification of inflammatory pathways. The above
study also indicates the partial effect of serotonin in the signaling [155]. Moreover,
Bhatt et al., 2017, also reported the effectiveness and potential of 5-HT3 receptor
antagonist, (4-benzylpiperazin-1-yl)(3-methoxyquinoxalin-2-yl) methanone
(compound code: 6 g) in various animal models of depression and comorbid anxiety.
The compound produces its action via modification of inflammatory pathway and
showed its potential against depression comorbid with anxiety [156]. The in vitro
studies with antidepressants demonstrated that drugs like clomipramine and fluoxe-
tine, more consistently, reduces the levels of pro-inflammatory cytokines such as
IL-6, IFN-γ, TNF-α; on the other hand, mirtazapine and venlafaxine are associated
with increase in their levels. So, no clear-cut results are obtained with respect to
effect of anti-depressants on inflammation [151].

18.4.1.3 Tetracyclic Antidepressant: Mianserin
Mianserin is a tetracyclic antidepressant that has antihistaminic and hypno-sedative,
but minimal anticholinergic potential. It is a weak norepinephrine reuptake inhibitor
and predominantly stimulates the release of norepinephrine. It is also interacted with
serotonergic receptors in central nervous system. The scientists have reported that
structural modification in the antidepressant mianserin also leads to produce anti-
inflammatory activity that may be independent of 5-hydroxytryptamine receptors. In
the study, lead compound demonstrated a significant loss of serotonergic receptor
binding. However, the compound retained the potential to inhibit endosomal toll-like
receptor 8 (TLR-8) signaling primary human macrophages and spontaneous cyto-
kine production from human rheumatoid synovial tissue equivalent to that previ-
ously observed for mianserin [157].

18.4.1.4 Antianxiety Drugs and Posttraumatic Stress Disorder
Medications on Inflammation

Anxiety is comorbid with depression. It is common in around 60–70% of the patients
affected with depression. Anxiety comes when we think too much about the future.
As discussed in the earlier sections of this chapter, pathophysiological progression of



424 S. Bhatt et al.

anxiety and stress may be involved inflammation and immune component
[158]. There are a good number of data available for the correlation of depression
with inflammation as compared to anxiety with inflammation. Anxiety also comes
hand to hand with depression in most of the cases. Anxiety disorder is related with
increased risk of coronary heart disease, atherosclerosis, and metabolic disorders.
Because these conditions have low grade of inflammatory component, the
researchers can predict the modification of inflammatory pathways, and immune
component may be a reason for the progression of anxiety disorders.

The drugs like SSRIs are useful in relieving anxiety via modification of inflam-
matory pathways. Tricyclic antidepressants like imipramine and clomipramine also
found to be effective in anxiety and obsessive-compulsive disorders, respectively,
via modification in the levels of pro-inflammatory markers. High levels of phobic
anxiety state are associated with increased leptin and inflammatory marker levels
[159]. Oxidative stress and HPA axis dysregulation are also seen in case of anxiety
disorders and be involved in inflammation and immune component. The drugs target
oxidative stress pathways like anti-oxidants such as vitamin C and E, resveratrol,
curcumin, etc., which are natural substances and can be useful to treat CNS disorders
via influence of inflammation [160]. CRF-1 receptor antagonists that target HPA
axis also have found to show beneficial effects in depression and anxiety [161].

18.4.1.5 Anti-Alzheimer’s Drugs on Inflammation
The pathological progression of AD involves neurodegeneration following the
deposition of β-amyloid (Aβ) plaques and neurofibrillary tangles in vulnerable
brain regions [162]. Inflammation is also one of the important components to play
a role in progression of AD. In cell line and mouse study of AD, an NSAID subset of
ibuprofen, indomethacin, and sulindac has been demonstrated to reduce the produc-
tion of the 42 residue β-amyloid peptide independently of changes in cyclooxygen-
ase activity [163]. The main category of drugs used in the AD is choline-esterase
inhibitors such as tacrine, rivastigmine, donepezil, etc. In addition, immunotherapies
induce circulating antibodies to the Aβ peptide so that they can either bind and
sequester the circulating Aβ from the blood [164], inhibit Aβ fibrillogenesis or toxic
oligomer formation [165], or bind to plaques in the brain and stimulate Fc-γ
receptor-mediated phagocytosis by microglia [166]. It looks that the above
mechanisms could be associated with immune clearance of Aβ in mice. However,
data from some other study indicate that antibody-mediated mobilization of Aβ from
plaques has the potential to transform Aβ into more toxic and inflammatory soluble
oligomeric forms [167]. The above findings opened the concepts of immune stimu-
lation as therapeutic approach. However, the same approach thought to be patho-
genic earlier.

Herbal drugs like resveratrol, curcumin, and innate vitamins like vitamins C and
E also produced beneficial effect in patients of AD [162]. One more finding
demonstrated that locking the Aβ-binding receptor for advanced glycation end
products (RAGE) on Aβ- treated human microglia has significant anti-inflammatory
properties. RAGE, which is upregulated on a number of cell types in AD brains
including microglia, astrocytes, vascular cells, and neurons, is currently a drug target
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for AD and a number of other vascular and inflammatory diseases [168]. Induction
of microglia that used an expression leads to induction of various pro-inflammatory
markers such as IL-1β, IL-8, MCP- 1, MMP, IL-6, Cox-2, etc. Not only changes in
the expression of genes associated with human microglia are markedly pro-inflam-
matory but also some potential anti-inflammatory mediators are also stimulated such
as IL-1 receptor antagonist, somatostatin receptor-2, vitamin D receptor, endothelial
cell protein C receptor, and adenosine 2A receptor, etc. [169].

18.4.1.6 Antipsychotic Drugs on Inflammation
The effect of antipsychotic drugs on inflammation is controversial. Previous studies
have demonstrated that polymorphism in genes is associated with modification of
immune system in schizophrenia. Disruption of cytokine networks and change and
increase in circulating peripheral immune cells are also observed in psychoses
[170, 171].

The in vitro studies on antipsychotics are also have shown less clear-cut idea,
showing pro- and anti-inflammatory activity for the same antipsychotic agent (halo-
peridol, clozapine, and risperidone) across different studies. Al-Amin et al., 2013,
have demonstrated that haloperidol and quetiapine significantly increased the IL-4
levels ( p< 0.05) in LPS-stimulated PBMC cultures, while clozapine and quetiapine
predominantly enhanced the IL-4 levels ( p < 0.05) in poly(I:C)-stimulated PBMC
cultures. Only treatment with haloperidol resulted in a significant increase in IL-10
production (p < 0.05) in LPS-stimulated PBMC cultures, whereas clozapine,
quetiapine, and risperidone treatment markedly increased IL-10 production
(p < 0.05) in poly(I:C)-stimulated PBMC cultures [172]. Immunomodulation
approaches include the use of NSAIDs, antioxidants, antioxidant vitamins, some
herbal products, and other neuroprotection agents that inhibit pro-inflammatory
processes. Clozapine found to blunt inflammatory responses and certain biological
agents to antagonize specific immune mediators such as the cytokines. Combination
of synthetic molecule of biological agent may be a useful approach for the treatment
of schizophrenia via modification of inflammation and immune function. In addition,
patients with high levels of C-reactive protein, IL-6, IFN-γ, TNF-α, and genetic
polymorphisms of cytokines with schizophrenia can be targeted for personalized
medicine [173]. The personalize medicine should target the inflammatory pathways
for the treatment of schizophrenia in such patients. In addition, clozapine reduced the
level of poly(I:C)-activated NLRP3 expression by 57%. The result gives an idea that
clozapine might produce its anti-inflammatory properties via inhibiting NLRP3
inflammasome [174].

18.5 Conclusion

Inflammation and immune system are highly integrated and involved in the patho-
genesis of neuropsychiatric disorders. We can target inflammation and immune
components for the treatment of the disorders like depression, anxiety and stress
disorders, AD, and schizophrenia. Researchers observed that levels of inflammatory
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markers in brain and blood are increased in the pathogenesis of abovementioned
disorders. Hence, targeting the inflammatory pathway and immune component may
be an attractive strategy. Some of the standard drugs used in the treatment of
psychiatric disorders also target these pathways indirectly or directly. For example,
some anti-oxidant vitamins or drugs like curcumin and resveratrol targets the
oxidative stress pathways, which also results in pronounced inflammation. However,
some more studies are required to reach in any fruitful conclusion.
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Abstract

In this chapter, we conducted a systemic literature review for the anti-
inflammatory effects of Traditional Chinese Medicine (TCM) applying molecular
mechanisms focusing on the neuroinflammation and gut-brain axis in three
neuropsychiatric disorders: major depressive disorder, Alzheimer’s disease, and
Parkinson’s disease. We demonstrated the anti-inflammation or
immunomodulation effects of TCM, including acupuncture, from basic and
clinical research, including cellular and molecular approaches. In conclusion,
inflammation plays a critical role in the neuropsychopathological process. At
the same time, anti-inflammation seems to be the common biological pathway for
the effects of TCM and acupuncture in depression, Alzheimer’s disease, and
Parkinson’s disease.
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19.1 Introduction

Neuroinflammation has an important role in neuropsychiatric diseases, including
depression, Alzheimer’s disease (AD), and Parkinson’s disease (PD). The current
evidence supports the close relationship between mind and body. Around 3000 years
ago, Traditional Chinese Medicine (TCM) originated on the idea that the mind and
body are interconnected [1]. In this chapter, we discussed the systemic literature
review of the anti-inflammatory effects of TCM in depression, AD, and PD.

“Qing Re Yao (清熱藥)” is translated from Chinese words; it means “medicine
that removes heat.” In TCM theory, heat symptoms (or commonly known as “on fire
(上火)”) [1] indicated a similar modern concept of inflammation. Professor Cheng’s
team investigated 226 herbs of TCM for anti-inflammatory agents. Among the
226 herbs, 54 of them are classified as “Qing Re Yao (清熱藥).” They did the
chemical analysis of six anti-inflammatory pathways—COX2, iNOS, IL-6, IFN-γ,
TNF-α, and glucocorticoid—and found that 96% of “Qing Re Yao (清熱藥)” had
involved at least one anti-inflammatory process. Then, they investigated the effect of
combination therapy and showed the synergistic effect of multiple targets enhanced
TCM efficacy.

Acupuncture was first applied around 3000 years ago and is considered one of the
ancient forms of TCM, representing an ancient physiological system that believes
health to be the result of harmony among bodily functions and between body and
nature [2]. It showed therapeutic effects in many diseases, especially pain manage-
ment. Compared to conventional treatment, acupuncture is characterized by offering
a more personalized approach and better tolerance [3].

19.2 Methods

Two independent investigators searched the MEDLINE, CENTRAL, and EMBASE
databases for eligible publications from January 1, 1980, till June 20, 2021, written
in English and Chinese, using the following keywords: TCM, acupuncture, depres-
sion, major depressive disorder, Alzheimer, Parkinson, inflammation, and immune.
We also checked the reference lists of relevant studies to identify any missing
publications.
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19.3 Results

19.3.1 Depression

We used Preferred Reporting Items for Systematic reviews and Meta-Analysis
(PRISMA) guidelines for searching and listed our flowchart (Fig. 19.1). A total of
370 records were identified. Then, we excluded duplicated records, articles that
didn’t mention depression or major depressive disorder, animal studies, review
articles, trial protocols, and articles not using TCM. We included the studies that
contain inflammatory markers in depressive patients. We made a list of all the
clinical research of TCM and depression for systemic review (Table 19.1).

19.3.2 Alzheimer’s Disease

We used Preferred Reporting Items for Systematic reviews and Meta-Analysis
(PRISMA) guidelines for searching and listed our flowchart (Fig. 19.2). A total of
251 records were identified. Then, we excluded duplicated records, articles that
didn’t mention AD, animal studies, review articles, and chemical analyses of
individual TCM formulas. We included the studies that contain inflammatory
markers in AD disease patients (Table 19.2).

Fig. 19.1 Preferred reporting items for systematic reviews and meta-analysis (PRISMA)
guidelines for searching and listing our flowchart for “Depression”
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Fig. 19.2 Preferred reporting items for systematic reviews and meta-analysis (PRISMA)
guidelines for searching and listing our flowchart for Alzheimer’s disease

19.3.3 Parkinson’s Disease

We used Preferred Reporting Items for Systematic reviews and Meta-Analysis
(PRISMA) guidelines for searching and listed our flowchart (Fig. 19.3). A total of
145 records were identified. Then we excluded duplicated records, articles that
didn’t mention Parkinson’s disease, animal studies, review articles, and articles
that didn’t mention TCM. We included the studies containing inflammatory markers
in Parkinson’s disease patients (Table 19.3).

19.4 Discussion

19.4.1 Depression

Depression is a major psychiatric disease and a leading cause of disability globally
[9]. Several researchers devoted their life to the pathogenesis of depression. The
monoamine hypothesis had been widely accepted over two decades [10]. It states
that the insufficiency of serotonin, norepinephrine, or dopamine in the central
nervous system contributed to depression. Then, the mainstay antidepressive drugs
were SSRIs (selective serotonin reuptake inhibitors) [11]. In addition, the
neuroinflammation hypothesis had been developed to explain the cause of depres-
sion [12]. The clinical investigations found elevated pro-inflammatory cytokines
levels in depressive patients, including IL-6 [13–20], IL-1β [15], and TNF [14, 16,
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Fig. 19.3 Preferred reporting items for systematic reviews and meta-analysis (PRISMA)
guidelines for searching and listing our flowchart for Parkinson’s disease

20, 21], with reduced anti-inflammatory cytokines, including IL-10 [22] and IL-13
[23]. On the other hand, the patients who received interferon-α developed behavioral
changes, such as depressive mood, anxiety, and cognitive impairment [24]. The
study using functional imaging 18F positron-emission tomography (PET)
demonstrated that interferon-α injection affected the activity of the prefrontal cortex
and basal ganglia, which are associated with depressive symptoms [25, 26]. The
cytokines had interaction with monoamines, particularly serotonin [12]. Several
findings reported that cytokines (IL-1, IL-6, interferon-α) [27] increase hypotha-
lamic-pituitary-adrenal (HPA) axis activity by increasing mRNA and the protein of
corticotropin-releasing hormone (CRH), thus contributing to the onset of depression
in the animal model [28]. The depressive patients showed cognitive impairment and
reduced hippocampal volume by weakening neurogenesis [29, 30].

Furthermore, clinical studies reported that autoimmune diseases such as multiple
sclerosis [31], rheumatoid arthritis [32], or systemic lupus erythematosus [33] are
associated with depression [34]. Anti-inflammatory drugs like celecoxib, aspirin,
minocycline, omega-3 fatty acids, and neurosteroids are used as supplementary
treatment for depression [35–43].

Despite the widespread use of SSRIs, only 27% of depression patients got
remission clinically after a 14-week persistent and vigorous treatment regime
[44, 45]. After 1 year of treatment, including drug and nondrug intervention,
one-third of depressive patients remained significantly ill [46, 47]. Because of this
unmet medical need (enduring impairments in function and persistence of
symptoms) [48], many depressive patients seek alternative therapy. In the United
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States, 53.6% of depressive people use some forms of complementary and alterna-
tive (CAM) therapies to deal with their depression [49].

TCM is one of the oldest medical treatments in the world, and it is a common
form of complementary and alternative medicine (CAM) therapy for depression
[50, 51]. The onset of depression is often due to “damage” caused by extreme
emotion. TCM is based on individual patients’ patterns of diagnosis [2]. TCM
pattern differentiation is a diagnostic conclusion of the pathological changes of a
disease state based on an individual’s symptoms, physical signs, pulse form, and
tongue appearance [52]. There are eight major parameters, yin (陰) and yang (陽),
external (表) and internal (裡), cold (寒) and hot (熱), and the deficiency (虛) and
excess (實), that describe the patterns of bodily disharmony. Additional systems,
such as qi (氣), blood (血), and body fluid (津液) differentiation and zang-fu (臟腑)
(organ) differentiation are also used [2]. In 2015, a research team in Hong Kong
performed a comprehensive systemic review of Chinese herbal medicine treatment
for depression, including 61 studies, 2504 subjects, and 27 TCM patterns [52]. They
found the top four commonly studied TCM patterns were liver qi depression (肝氣

鬱結), liver depression and spleen deficiency (肝鬱脾虛), dual deficiency of the
heart and spleen (心脾兩虛), and liver depression and qi stagnation (肝鬱氣滯). Bai
Shao (Paeonia lactiflora Pall.) (白芍) and Chai Hu (Bupleurum chinense DC.) (柴
胡) were most commonly used across different TCM patterns regardless of the
prescribed Chinese herbal formulae. Bai Shao had the function of nourishing the
blood and emolliating the liver. In an animal study, the antidepressant effect of Bai
Shao may be through the modulation of the function of the hypothalamic-pituitary-
adrenal axis [53]. Chai Hu, which can soothe the liver, was found to have
hepatoprotective, anti-inflammatory, antipyretic, analgesic, and immunomodulatory
effects [54, 55].

Acupuncture is an important component of TCM. Previous research
demonstrated the anti-inflammatory effect of acupuncture in depressive disorder
[56, 57]. In 2018, our team published a systemic review [2] of the effectiveness of
acupuncture combined with manual, laser, or electro-acupuncture in treating depres-
sion. We investigated 26 acupuncture-based randomized control trials (RCTs)
involving 2618 participants. In most head-to-head clinical trials, acupuncture and
medication did not differ significantly in reducing depressive symptoms. But acu-
puncture might be more effective than medication in reducing specific symptom
clusters such as anxiety, somatization and cognitive disturbance [58], and faster
onset than antidepressant drugs [59]. However, these findings should be interpreted
with caution because they were not conducted under double-blind conditions. A few
studies [60, 61] comparing active and inactive laser acupuncture demonstrated a
definite superiority with active treatment, eliminating the placebo effect associated
with acupuncture. Finally, electro-acupuncture was associated with positive antide-
pressant results [62, 63].

The above evidence convinced us that TCM had an antidepressive and anti-
inflammatory effect. We are curious about human clinical studies of the
antidepressive effect of TCM via the anti-inflammatory mechanism. Therefore, we
conducted this systemic review.
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Although many animal studies demonstrated the anti-inflammatory effect of
TCM in depression [64–67], only three human clinical studies investigated the
anti-inflammatory effect in depressive patients. In 2009, Song et al. compared
95 depressive patients and 30 healthy controls. They found that the depressive
patients had a higher pro-inflammatory cytokine, interleukin (IL)-1β, and a lower
anti-inflammatory cytokine, IL-10 [4]. Furthermore, they divided the 95 depressive
patients into 3 groups: electro-acupuncture and placebo capsules, sham electro-
acupuncture and fluoxetine, and sham electro-acupuncture and placebo capsules.
Then, both electro-acupuncture and fluoxetine treatments, but not the placebo,
reduced IL-1β concentrations in responders. However, only electro-acupuncture
attenuated TNF-α concentration and INF-γ/IL-4 ratio compared with the control
group. This was the first randomized controlled trial supporting the anti-
inflammatory effect of electro-acupuncture (by restoring the balance between Th1
and Th2 systems via increasing TNF-α and decreasing IL-4).

In 2011, a Mexican group recruited 42 depressive patients and divided them into
real acupuncture and sham acupuncture groups [5]. The real acupuncture treatment
reduced the depressive symptoms (by Carroll rating scale and SCL-90) and the
salivary cortisol level. This study pointed out the anti-inflammatory effect of real
electro-acupuncture in depression and the mechanism involved the hypothalamic-
pituitary-adrenal (HPA) axis.

In 2015, a research team in Hangzhou, China, published an article on smoothing-
liver and nourishing-heart acupuncture for depression [6]. They divided the
126 participants into the SSRI group (65 patients) and SSRI-added acupuncture
group (61 patients). They found that the acupuncture add-on group had lower
MADRS and SERS scores at weeks 1, 2, 4, and 6 after treatment. And the cytokine
analysis found lower IL-6 in the acupuncture add-on group. The anti-inflammatory
cytokines IL-4 and IL-10 were significantly higher in the acupuncture add-on group.
The authors stated that acupuncture could regulate the balance of pro-inflammatory
cytokines and anti-inflammatory cytokines, which was compatible with the findings
in the animal models [57, 68].

19.4.2 Alzheimer’s Disease

AD is the most common neurodegenerative disease worldwide [69]. The percentage
of people with AD increases dramatically with age [70]. The death resulting from
stroke, HIV, and heart disease has decreased, whereas death from AD is increased to
146.2% [70]. But most of the current treatments failed in combating AD [71]. There
are significant unmet medical needs among AD patients. Many patients tried to seek
alternative treatment to alleviate their symptoms. In Taiwan, among the 1137 newly
diagnosed AD patients, between 1997 and 2008, 78.2% used TCM treatments,
including Chinese herbal remedies and acupuncture [72].

In TCM theory, the brain is an outgrowth of and is nourished by the kidney
[73]. The energy from the kidney, called kidney essence, can produce marrow,
including cerebral marrow, spinal cord, and bone marrow. As Huangdi’s Classics
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on Medicine [74] (黃帝內經) said: “the brain is sea of marrow,” and “kidney stores
essence to generate marrow.” Therefore the kidney essence deficiency relates to AD.
Other studies stated that AD might be caused by spleen deficiency, qi and blood
deficiency, or blood stasis in collaterals [75, 76]. Many clinical and basic studies
demonstrate the evidence of TCM (including acupuncture) in treating AD.

First, we briefly summarized the clinical evidence of using TCM to treat AD. The
single herbs and herbal formulae are used in treating AD [77]. In 2012, a premodern
literature review organized 127 Chinese medical books and identified 31 herbs used
in treating dementia [78]. Of the 110 different natural products identified, the most
frequently cited for dementia were yuan zhi (Polygala tenuifolia), fushen (Poria
cocos), and changpu (Acorus spp.). A nationwide, population-based cohort study
conducted in Taiwan [72] found that the Bu-Zhong-Yi-Qi-Tang and Ji-Sheng-Shen-
Qi-Wan were the two formulae most frequently prescribed by TCM practitioners to
treat AD. The female patients living in urban areas were more likely to use Chinese
medicine to treat AD [72]. Another study found young-onset dementia, a higher
number of BPSD, multiple chronic diseases, and polypharmacy were independent
predictors for dementia patients seeking TCM medical advice [79]. An integrated
study found benzodiazepines (BZD) were the most common sedative drugs com-
bined with traditional Chinese formulae. Both neurologists and TCM practitioners
focused on treating the sleep problems of dementia patients and on a significant
number of co-prescriptions of hypnotic drugs and sedative herbal formulas [80]. Fur-
thermore, a multicenter, randomized, double-blind trial showed the effect of
Jia-Wei-Xiao-Yao-San in reducing depression and anxiety, which commonly
occur in the course of AD [81].

One of the important mechanisms of these formulas was anti-inflammation. For
example, the major component of the frequently prescribed TCM (Tian-Ma-Gou-
Teng-Yin, Ban-Xia-Xie-Xin-Tang, and Chai-Hu-Jia-Long-Gu-Mu-Li-Tang) was
Scutellaria baicalensis [80]. In addition, some studies showed its sleep-inducing
and sedative effect [82]. In animal studies, there were numerous TCM formulas that
had an anti-inflammatory or immunomodulatory effect [83]. The ginkgo biloba
extract EGb 761 displayed anti-neuroinflammatory activity, reduced
neuroinflammatory activation by targeting the COX/PGE2 pathway [84].

Acupuncture is a widely used non-pharmacologic therapy to treat physical pain
[85, 86], and it is also effective in treating AD [87]. Clinically, there were some
systemic reviews and meta-analyses that demonstrated the treatment effect of acu-
puncture in AD, including acupuncture [87], acupuncture plus herbal medicine [88],
and acupuncture plus western drugs [89].

Acupuncture is documented to regulate the Aβ metabolism, tau phosphorylation,
neurotransmitters, neurogenesis, etc. [90]. In Senescence-Accelerated Prone
8 (SAM-P8) mice, the acupuncture treatment inhibited the PI3K/PDK1/Npkc/Rac1
signaling inflammatory pathway and improved cognitive function [91]. Acupuncture
is said to downregulate the NLRP3 inflammasome and decrease the production of
downstream pro-inflammatory cytokines like IL-1β and Caspase-1, thus improving
cognitive function [92, 93]. Another Aβ-induced AD rat model found the anti-
inflammatory effect of electro-acupuncture by downregulating the JAK/STAT3
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pathway [94]. Cai et al. used the 5xFAD mice model and found EA stimulation
ameliorated cognitive impairment by inhibiting neuroinflammation. Then, the
CD11b (for microglia) and GFAP (for astrocytes) expression in the prefrontal cortex
of mice was decreased [95].

The above evidence demonstrated that TCM, including acupuncture, could ame-
liorate the cognitive impairment in AD. Then, we conducted a systemic review of the
clinical study of TCM in AD via an anti-inflammatory mechanism.

By our systemic review, we found an article published in 2016, showing the
effect of Huang-lian Jie-du decoction (composed of Coptis, Scutellaria,
Phellodendron, and Gardenia, belonging to “Qing Re Yao” [96]) in treating AD
[7]. The authors conducted a randomized controlled trial and found that Huang-lian
Jie-du decoction reduced the level of pro-inflammatory cytokines, such as IL-1β,
IL-6, and TNF-α in blood, and Aβ-1-42 protein, phosphorylated tau protein in
cerebrospinal fluid. As a result, the authors suggested the anti-inflammatory effect
of Huang-lian Jie-du decoction in AD patients.

Previous research had discovered the cerebrospinal fluid biomarkers in AD, such
as Aβ-1-42 and phosphorylated tau protein [97]. Researchers have proposed that the
pro-inflammatory cytokines promote the production of Aβ peptides [98]. These
inflammatory cytokines, such as IL-1β, tumor necrosis factor-α (TNF-α), and IL-6,
induced neuroinflammation via deposition of Aβ plaques and thus aggravated
neurotoxic effects [99]. In addition, elevated levels of pro-inflammatory cytokines
in the cerebrospinal fluid and blood in AD patients were observed [100–103].

19.4.3 Parkinson’s Disease

PD is the second most common neurodegenerative disease, complex and generally
progressive, with many motor and non-motor symptoms [104]. In 2020, an article
published on “Nature Review” comprehensively analyzed evidence for immune
system involvement in PD [105]. The clinical observation studies found an increased
risk of PD in patients with autoimmune disease [106–113]. The anti-inflammatory
drugs or immunosuppressants are associated with a lower risk of PD [114, 115]. In
1988, the postmortem PD brain specimen analysis found MHC class II molecules,
indicating the involvement of neuroinflammation in PD [116]. Pro-inflammatory
cytokines (IL-1β, IL-2, IL-6, and TNF) are present at high levels in the CSF of
patients with PD and the striatum of postmortem brains from PD patients [117–
120]. The high levels of IL-6 in peripheral blood or CSF had been associated with an
increased risk of PD [121–123]. In addition, the cellular immune response was also
involved in PD patients. A study that compared the peripheral blood of PD patients
and healthy controls showed that monocytes and their precursors are upregulated in
PD patients [124]. In a mouse model, the peripheral monocyte upregulation was
associated with the expression of full-length α-synuclein [125]. As we know,
α-synuclein is a presynaptic neuronal protein linked genetically and
neuropathologically to PD [126]. In addition, monocytes isolated from PD patients
expressed a higher level of the PD-associated protein, LRRK2, than those from
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healthy controls [127]. Several findings found that impaired lysosomal function in
monocytes leads to failure of α-synuclein clearance and contributes to PD [128]. PD
patients had altered gut microbiota and inflammatory markers in the feces [129]. The
brain image reveals activated microglia in the PD patients [130–132]. Bioinformatic
analysis showed that PD and autoimmune diseases share similar molecular pathways
and polygenic risk variants [133–135]. Then, the genetic analysis revealed that some
loci associated with PD are associated with the immune function [136, 137].

Current modern treatment for PD is symptomatic; no disease-modifying pharma-
cologic therapies are available [138]. Most neurologists use dopamine-based
therapies to treat motor symptoms and nondopaminergic approaches (SSRIs for
psychiatric symptoms) to treat nonmotor symptoms—the advanced treatment
being deep brain stimulation, levodopa-carbidopa enteral suspension for
medication-resistant tremors or dyskinesias. But some patients still got an unsatis-
factory response to the above treatment [139], explaining why the patients chose to
receive alternative therapy for treating PD. 40% of PD patients visited alternative
therapy providers for their symptoms [140].

TCM is an important alternative therapy widely used globally, especially in East
Asia [141]. James Parkinson originally described PD in 1817 [142]; therefore, the
term “Parkinson” could not be found in ancient TCM books. But centuries ago, the
TCM bible, Huangdi Neijing (Huangdi’s Internal Classic) [143], described a single
herb or herbal formula in treating similar disorders, featured by tremor, rigidity,
bradykinesia, and gait disturbance, currently considered as PD [144]. In TCM, PD
corresponds to Chan Zheng (tremor), Chan Zhen (shaking), and Dong Feng (wind
stirring). In a systemic database review over the last 30 years, the authors
documented PD’s most frequent TCM patterns. The top five were “Yin deficiency
of kidney and liver,” “a deficiency of Qi and blood,” “phlegm heat and wind
stirring,” “blood stasis and wind stirring,” and “a deficiency of Yin and Yang” [145].

In 2017, Li et al. published a systemic review of the mechanism of TCM in
treating PD [144]. TCM could inhibit oxidative stress in the central nervous system,
regulate mitochondrial dysfunction, inhibit neuronal apoptosis, inhibit abnormal
protein aggregation, inhibit neuroinflammation, etc. Curcumin had the effect to
protect dopaminergic neurons [146], and celastrol could delay the progression of
PD [147].

Acupuncture is an important component of TCM. In 2005, a double-blind pilot
study found that the patients who received acupuncture had nonsignificant trends
toward improvement in the activities of daily living score of the PDQ-39
[148]. Later, there were rising numbers of clinical studies investigating the effect
of acupuncture in treating PD. In 2020, a study conducted a qualitative assessment of
11 systemic reviews or meta-analyses of acupuncture in PD [149]. They found that
10 of the 11 systemic reviews/meta-analyses reached positive effect (90.9%). But
most studies didn’t draw firm conclusions about acupuncture due to small sample
sizes or low methodological quality. The authors stated that acupuncture might be a
promising treatment for PD, especially for motor symptoms. But additional studies
with rigorous experimental designs and larger sample sizes are needed to verify these
results.
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In respect to the mechanism of acupuncture in PD, a few animal studies
demonstrated the reduction of oxidative stress and neuroinflammation [150] b
inhibiting microglial activation [151], stimulating the release of neurotrophic factors,
or regulating the network between the cortex and striatum [152]. Here we mainly
discussed the neuroinflammation and gut-brain axis.

Recent evidence demonstrated that the gut-brain interaction is relevant to the
pathogenesis of PD [153, 154]. PD patients are known to exhibit constipation, which
is currently known as a prodromal symptom of PD. The evidence supports the Braak
hypothesis that α-synuclein pathology spreads from the intestine to the brainstem via
the vagus nerve and then ascends to the substantia nigra [155–158]. The inflamma-
tory process in the gut plays a vital role in the pathogenesis of PD [159–161]. In a
clinical study, PD patients had higher pro-inflammatory cytokines and colon glial
cell activation levels than healthy controls [162]. In addition, PD patients had altered
gut microbiota composition than healthy controls [163]. The alteration of gut
microbiota was associated with plasma cytokines changes. Furthermore, the stool
samples in PD patients had higher levels of TLR4, T cells, and cytokines than those
in healthy controls [129].

Acupuncture had shown the effect of neuroprotection, anti-inflammation, and
anti-apoptosis in PD mice models [164–170]. In the mice model of sepsis, acupunc-
ture could regulate the immune system, possibly via the vagus nerve, which was
widely discussed in the gut-brain axis [171]. The relationship between
neuroinflammation and the gut-brain axis was observed in the animal model.
Acupuncture is found to alter the gut microbiota and inhibit neuroinflammation in
the substantia nigra and striatum. Furthermore, this regulation improved the motor
function of mice and protected the dopaminergic neurons [172].

We did a systemic review of acupuncture and TCM in treating PD via anti-
inflammatory mechanisms. In a well-designed randomized clinical trial [8],
participants were randomized to drug alone (n = 20) or drug plus electro-
acupuncture (EA) group (n = 28). They found clinically better responses in patients
with the EA add-on group (by UPDRS, HDRS, and Pittsburgh Sleep Quality Index).
The result showed that the EA add-on group had a lower nitric oxide (NO) in serum
(compared to the drug alone group). The result was compatible with previous
evidence [173] that higher NO levels in PD patients lead to higher UPDRS scores,
which means more severe PD symptoms. In summary, this study demonstrated the
clinical effectiveness and anti-inflammatory mechanism of EA add-on treatment in
PD patients.

In summary, we did a systemic review of the anti-inflammatory effect of TCM,
including acupuncture, in treating depression, AD, and PD. Most of the detailed
mechanisms were found by basic studies. We organized the anti-inflammatory
mechanism and presented it in Fig. 19.4.

The major limitation of TCM application is that the research results have been
inconsistent in design quality and clinical powers [1]. With financial incentives from
patent protection, pharmaceutical companies are more willing to invest in expensive
RCTs with the highest standard methodology to successfully detect the small
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Fig. 19.4 A brief summary of the anti-inflammatory mechanism of TCM on the concept of mind-
body interface. TCM could modulate astrocyte, microglia in the central nervous system. TCM also
had an effect on cytokines and HPA axis. TCM could regulate the gut-brain axis and epigenetics.
HPA hypothalamic-pituitary-adrenal axis

therapeutic effects of complex diseases. However, most of the TCM, including
acupuncture, are non-patentable treatments.

19.5 Conclusion

Both basic and clinical studies demonstrated the anti-inflammatory and immuno-
modulatory effects of TCM, including acupuncture, in treating depression, AD, and
PD. TCM, including acupuncture, may be introduced to patients with unsatisfactory
treatment response by current management. Future research will be needed to
investigate the anti-inflammatory effect of TCM further.
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Abstract

This chapter analyzes the therapeutic potential of current anti-inflammatory drugs
in treating psychiatric diseases from a neuro-immunological perspective. Based
on the bidirectional brain-immune system relationship, the rationale is that a
dysregulated inflammation contributes to the pathogenesis of psychiatric and
neurological disorders, while the immunology function is associated with psy-
chological variables like stress, affective disorders, and psychosis. Under certain
social, psychological, and environmental conditions and biological factors, a
healthy inflammatory response and the associated “sickness behavior,” which
are aimed to resolve a physical injury and microbial threat, become harmful to the
central nervous system. The features and mechanisms of the inflammatory
response are described across the main mental illnesses with a special emphasis
on the profile of cytokines and the function of the HPA axis. Next, it is reviewed
the potential clinical utility of immunotherapy (cytokine agonists and
antagonists), glucocorticoids, unconventional anti-inflammatory agents (statins,
minocycline, statins, and polyunsaturated fatty acids (PUFAs)), the nonsteroidal
anti-inflammatory drugs (NSAIDs), and particularly celecoxib, a selective
cyclooxygenase-2 (Cox-2) inhibitor, as adjuvants of conventional psychiatric
medications. The implementation of anti-inflammatory therapies holds great
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promise in psychiatry. Because the inflammatory background may account for the
etiology and/or progression of psychiatric disorders only in a subset of patients,
there is a need to elucidate the immune underpinnings of the mental illness
progression, relapse, and remission. The identification of immune-related
bio-signatures will ideally assist in the stratification of the psychiatric patient to
predict the risk of mental disease, the prognosis, and the response to anti-
inflammatory therapy.
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20.1 Introduction

Over 2000 years ago, Aristotle hypothesized a connection between physical health
and mood. The concept reached its zenith with Descartes, who proposed the major
advances in medicine, the Cartesian mind-body dualism. With the lighting up of
psychoneuroimmunology in the 1980s of the past century, scientists began to
explore one critical phenomenon of this dualistic paradigm, the interaction between
psychological processes and the nervous and immune systems of the human body
[1]. The immune system and the central nervous system maintain a relationship
hitherto underestimated in many psychiatric illnesses. On one hand the immune
system function is commonly associated with psychological variables like stress,
distress, and affective disorders. Psychosocial stress together with cumulative
genetic and epigenetic risk factors plays a role in the disturbances of the immune
homeostasis [2]. On the other hand, a dysregulated inflammatory response of the
immune system to harmful stimuli contributes to the pathogenesis of psychiatric and
neurological disorders. This is the case of schizophrenia, autism spectrum disorders,
bipolar disorders, depression, or even anorexia nervosa, whose neuropathological
mechanisms may in some cases engage chronic inflammation [3–7]. Numerous
epidemiological data have demonstrated the link that exists between a whole series
of immune-inflammatory diseases and mental illnesses. For example, all the articles
currently published on the microbiota and mental illnesses imply the same mecha-
nism: inflammation increases the permeability of the digestive barrier and allows
antigens to pass into the circulation which, normally, do not enter and will cause the
appearance of autoantibodies and autoimmune diseases [8]. This is a phenomenon
that is built up gradually, more or less quickly depending on the exposure. It is
estimated that at least one third of patients with these severe conditions have elevated
inflammatory markers. Some diseases heretofore considered to be exclusively psy-
chiatric may also have a neurological and even immunological explanation. Under-
standing these psychiatric diseases from a neurological and immune perspective
opens up new therapeutic possibilities [9].
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Certain immunosuppressive treatments already known to treat multiple sclerosis
or autoimmune encephalitis could find their place in the management of these mental
conditions [10]. Trials currently being carried out with anti-inflammatory drugs
associated with treatment, in particular in resistant depression [11], confirm our
idea that this immuno-inflammatory pathway is extremely promising. This immu-
nology approach is not only likely to move psychiatry towards neuropsychiatry but
also to encourage healthcare professionals to look for signs of inflammation via
certain additional examinations such as an MRI of the brain or assays in the blood
and CSF of certain markers, such as C-reactive protein or CRP, and pro-inflamma-
tory cytokines TNF-α or interleukin-6 (IL-6) [12, 13]. Many answers still remain to
be found regarding the mechanisms of occurrence of these diseases and the effec-
tiveness of anti-inflammatory treatments. To meet these challenges, the association
of neurologists and psychiatrists in this new field, that is, immunoneuropsychiatry,
seems promising for many patients. Recognition that inflammation may represent a
common mechanism of disease extended to include neuropsychiatric disorders
shakes up concepts in psychiatric illness.

An approach to exploring the connection between the immune system and mental
condition is through medical illnesses associated with immune system dysfunction
like HIV infection [14] and autoimmune disorders such as systemic lupus
erythematosus (SLE) [15]. Immunomodulatory drugs have been known and have
been used for many years to treat classic neurological autoimmune diseases such as
multiple sclerosis and encephalitis. Pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) are induced by
autoimmune disorders, toxins, infections, and even psychosocial stress to trigger
both peripheral and central immune reactions through the binding to pattern recog-
nition receptors (PRRs). The major consequences of ligating PRRs are to initiate a
cascade of responses that direct inflammation, a process characterized by the activa-
tion of immune and non-immune cells that protect the host by eliminating threats and
promoting tissue repair and recovery [16].

A healthy inflammatory response engages an acute immune response temporally
restricted to the period the threat is present. Depending on the degree and extent of
inflammation, specific energy-saving behaviors can occur that conserve metabolic
energy and allocate more nutrients to the activated immune system. Biobehavioral
effects of the immune system activation or “sickness behaviors” include sadness,
anhedonia, fatigue, reduced libido and food intake, altered sleep, and social-
behavioral withdrawal [17], which are critical for survival during times of physical
injury and microbial threat. However, under certain social, psychological, environ-
mental, and biological factors, the inflammatory response either fails to eliminate the
damage or does not resolve once the threat has passed. Then, the process enters in a
state of chronic, low-grade inflammation which is distinct from that in the onset.
While acute inflammation is initiated by PAMPs, chronic inflammation is typically
triggered by DAMPs in the absence of an acute physical insult and microbial threat.
Shifts in the inflammatory response from short- to long-lived can cause a breakdown
of immune tolerance [18].
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20.2 Immune-Associated Pathophysiology of Mental Diseases

Inflammation aggresses the CNS and increases the risk for psychiatric disease
[19]. Long considered to be protected by the immune system, the central nervous
system (CNS), and in particular the brain, can also be the site of chronic inflamma-
tion. Cytokines are produced in CNS glial cells [20]. Astrocytes and microglia are
key components of the innate immune system that can cause detrimental processes
when activated while producing beneficial processes when quiescent. Cytokines
increase neuronal excitotoxicity, reduce brain trophic factors and neurogenesis,
and provoke oxidative stress directly by the release of reactive oxygen [3] and
indirectly through the conversion of kynurenic acid, a product of the normal
metabolism of amino acid L-tryptophan, to neurotoxic quinolinic acid (QA) and
3-hydroxykynurenine (3-HK) by activated microglia [21]. Although the entire
region of brain parenchyma is excluded from the peripheral immune system,
immune responses of the CNS are in close communication with the peripheral
immune reactions [22, 23]. Circulating cytokines released by endothelial and immune
cells in cerebral vasculature can diffuse passively or interact directly with BBB
receptors stimulated by the central noradrenergic system to induce cyclooxygenase-
2 (Cox-2) inflammatory signaling within the brain parenchyma. In addition, peripheral
cytokines can also bind to receptors located on the liver, the spleen, or the nodose
ganglion to relay cytokine signals to the brain via afferent sensory fibers of the vagus
nerve to trigger neural firing or lead the synthesis of IL-6 by microglia [24, 25]. In the
CNS, cytokines may also exert their effects by activating the hypothalamus-
pituitary-adrenal (HPA) axis [26]. Given the abnormal profiles of pro-inflammatory
and anti-inflammatory cytokines observed in some groups of psychiatric patients, an
inappropriate CNS-immune communication may be the hallmark of
neurodevelopmental, neurodegenerative, and neuro-immunomodulatory disorders.

How is immunity involved in the pathophysiology of mental diseases? Mental
illnesses are due to the interaction between a genetic background and environmental
factors. In the case of dysimmunity, the immunogenic background of the person
does not allow him to defend himself sufficiently effectively against early environ-
mental factors associated with the onset of mental pathologies, such as infections or
severe stress, which are pro-inflammatory factors. This results in the appearance of
an immuno-inflammatory cascade which varies according to the pathologies. Expo-
sure to other environmental factors that are repeated throughout life, such as
infections, stress, an unbalanced lifestyle (diet, physical activity, sleep, etc.),
maintains this low-level inflammation, which will have consequences at the periph-
eral level, at the cerebral level, and on the digestive tract. Several lines of evidence
suggest that dysfunction of innate immunity, including the microglia, the brain’s
resident immune cells derived from the monocyte lineage, may occur in a number of
neuropsychiatric conditions [27]. Raised inflammatory processes (microglia activa-
tion and elevated cytokine levels) across diagnoses may disrupt neurobiological
mechanisms regulating glutamate release and uptake, oxidative stress, and
excitotoxicity [28]. Finally, cytokines activate the HPA axis to fuel inflammation
and catecholaminergic neurotransmission [29].
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20.2.1 Anxiety Disorders

Inflammation in the CNS primarily reflects physical and psychological stress. Early-
life stress is more clearly associated with overt inflammation prior to the develop-
ment of neuropsychiatric symptoms. For example, childhood trauma is associated
with significantly elevated peripheral levels of C-reactive protein, IL-6, and TNF-α
among other pro-inflammatory markers [30]. Stress can lead to increased cytokine
levels and an induction of catecholamines via an activation of the HPA axis
[29]. This in turn increases pro-inflammatory cytokines within and outside the
CNS through a complex positive feedback loop [31]. Abnormalities in serotonergic
function are involved in the pathogenesis of anxiety. The pro-inflammatory
cytokines affect serotonin (5-HT) metabolism by reducing tryptophan levels.
Cytokines appear to activate indoleamine-2-3-dioxygenase (IDO), an enzyme
which metabolizes tryptophan, thereby reducing serotonin levels and creating neu-
rotoxic serotoninergic metabolites 3-HK and QA, which next cause oxidative stress
and permanent neuro-inflammatory damage [32]. Furthermore, inflammatory
cytokines, such as IL-1β, may reduce extracellular 5-HT levels, via activation of
5-HT transporter mechanisms [33]. Disturbances in the microglial system increases
TNF-α, oxygen radicals and oxidative stress [34], QA, and complement factors
along with a decrease of neurotrophic factors of individuals genetically predisposed
to hyper-anxiety [35].

Post-streptococcal autoimmune disorders are related to delayed neurological
complications that persist throughout life in the function of the basal ganglia [5]. It
would explain the enhanced pro-inflammatory innate immune response in the
etiopathogenesis of obsessive compulsive disorders (OCD) [36]. The first evidence
of the nexus between inflammation and OCD was found in the late 1980s, when the
National Institute of Mental Health reported for the first time the association between
streptococcal-induced Sydenham chorea and the abrupt, early-onset of obsessive-
compulsive symptoms in pediatric patients. Although the syndrome was originally
denominated pediatric autoimmune neuropsychiatric disorders associated with strep-
tococcus or PANDAS [37], it has been reconsidered and evolved towards pediatric
acute-onset neuropsychiatric syndrome (PANS) [38] and/or childhood acute
neuropsychiatric syndrome (CANS) [39] all characterized by the presence of typical
OCD symptoms and tics. In the case of adult OCD patients, it has been associated
with a previous history of rheumatic fever following group A β-hemolytic strepto-
coccal pharyngitis [40]. Other infectious agents like Toxoplasma gondii or Borna
disease virus may also be of paramount importance to OCD. A complete picture of
the changes in immune parameters in OCD is not possible owing to the scarce
number of studies. Conversely to schizophrenia and BD, the circulation of the
inflammatory cytokine IL-1β is decreased in patients with OCD [41]. Although
this finding seems to indicate a non-inflammatory profile in OCD, this cytokine is
likely to play a role in re-myelination, which is in agreement with the structural
changes reported in OCD. The alterations of immune cells should be considered a
state-dependent marker, perhaps related to stress associated with OCD. The
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OCD-immune system relationship [42] hints for possible anti-inflammatory
therapies in OCD [43].

Posttraumatic stress disorder or PTSD is a debilitating psychiatric disorder that
follows trauma exposure. There is evidence that the immunological balance is
skewed towards a pro-inflammatory state (IFN-γ, IL-6, TNF-α, and IL-17) in the
plasma and increased levels of immune stimulatory Th1 and inflammatory
Th17 cells in the blood following an initial trauma event [6]. Because of hyper-
arousal state, people living with PTSD commonly manifest dysregulations of the
systems that regulate the stress response, the HPA axis, and the sympatho-
adrenomedullary system. The release of excess levels of stress hormones further
contributes to low cortisol levels and chronic immune dysregulation in PTSD. This
potentially causes the development of autoimmune disease, especially in younger
individual. PTSD increase presents elevated risks for rheumatoid arthritis, systemic
lupus erythematosus, multiple sclerosis, inflammatory bowel disease, and thyroiditis
[44]. Interestingly, among the genetic variations associated with the risk for PTSD
after trauma exposure, there are included genes encoding regulators of the immune
function [45]. Enhanced cell-mediated immune function and pro-inflammatory
cytokine level significantly increase the odds of developing clinically worse courses
of PTSD. For instance, there is a direct correlation between PTSD severity and
spontaneous overnight secretion of IL-6 and TNF-α by the leukocytes [46]. Because
of the close association between PTSD and neuroendocrine and immune dysfunc-
tion, and given the increased risk for comorbid somatic autoimmune and inflamma-
tory disorders in PTSD, the targeting of the neuroendocrine and immune dysfunction
is likely to improve PTSD symptoms [47].

20.2.2 Mood-Related Disorders

Altered cytokine activity in the periphery and the brain of a subpopulation of
depressed patients [48] brings support to the concept of depression-associated
inflammation [49]. Patients with major depressive disorders (MDD) demonstrate
that C-reactive protein and inflammatory cytokines are strongly correlated with CSF
markers of neuro-inflammation, which suggests that peripheral inflammatory
biomarkers may reflect similar findings in the CNS [50]. Psychosocial stress, a
well-known precipitant of mood disorders, is capable of stimulating neuro-
inflammatory pathways within the brain [3], while MDD occurs at a substantially
higher rate in patients with inflammatory disorders in peripheral organs such as
multiple sclerosis, psoriasis, rheumatoid arthritis, inflammatory bowel disease, and
myocardial infarction. Individuals with autoimmune diseases who are given
inflammation-based therapies (e.g., interferon, typhoid vaccination, or endotoxin)
are at an increased risk of presenting with mood disorders [51]. When used for
immunotherapy in cancer or hepatitis, large doses of pro-inflammatory IL-2 and/or
IFN-α induce depressive symptoms that can be efficiently treated by antidepressants
[52, 53]. The overactivation of the immune system over the course of life (e.g.,
aging-related and comorbid disease-related inflammatory processes) also increases
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the vulnerability to anxiety and depression. In accordance with the phenotypic
heterogeneity of MDD, a pattern of low-grade inflammation is present in at least
one third of MDD cases, with being atypical depression a more pro-inflammatory
condition [54]. Somatic or neuro-vegetative symptoms of depression (fatigue, sleep
disturbances, poor appetite) are more associated with inflammation than emotional/
cognitive symptoms (depressed mood, worthlessness, anhedonia, poor concentra-
tion). In this vein, depression probably represents a maladaptive version of “sickness
behavior” (social withdrawal, reduced appetite, and low energy), which might occur
in the presence of an exacerbation in intensity and/or duration of the innate immune
response [55].

Small physiologic differences in the immune system can have a huge effect over
time on depression if they are consistently skewed in one direction. It has been
hypothesized that the activation of microglia from stress or preexisting pro-inflam-
matory state causes metabolic changes in the tryptophan-kynurenine pathway
[56]. Tryptophan is the main precursor of 5-HT, whose deficiency leads to depres-
sion, whereas kynurenine is the precursor of the neuroprotective molecule kynurenic
acid that antagonizes the NMDA receptor. However, pro-inflammatory cytokines
activate the IDO enzyme, which metabolizes kynurenine into excitotoxic
metabolites like 3-HK and QA [21]. Oxidative stress induced by the overweight of
N-methyl-D-aspartate (NMDA) agonism leads to the loss of glial elements, altered
glutamate release/reuptake, and decreased neurotrophic support that characterize
depressive disorders. Cytokines cause tryptophan depletion by the stimulation of
the IDO synthesis and the promotion of the neurotoxic pathway of the kynurenine
pathway [32]. Another pivotal mechanism by which cytokines may induce depres-
sion is the activation of the HPA axis [57]. Pro-inflammatory cytokines like IL-1,
IL-6, TNF-α, and IFN-γ can result in the synthesis of corticotrophin-releasing factor
(CRF), which in turn stimulates adrenocorticotropic hormone (ACTH) release and
the subsequent hyperactivity of the HPA axis [26]. Clinical studies have
demonstrated hyperactivity of the HPA axis and increased levels of cortisol in
patients with major depression, because of an impairment of glucocorticoid receptor
(GR)-mediated negative feedback or glucocorticoid resistance [58]. Reduction of
GR function is the main neuroendocrine abnormality in depression, and
hypercortisolemia is seen as a compensatory mechanism in the presence of reduced
brain sensitivity to glucocorticoids. Although corticosteroids are generally anti-
inflammatory, at normal endogenous levels, adrenal steroids appear to function as
immune regulators rather than simply immune suppressors [59]. A lack of the
“positive” effects of cortisol on the brain, because of “glucocorticoid resistance,”
is likely to be involved in the pathogenesis of melancholic depression.

Chronic (low-grade) dysregulated immune activation (e.g., Guillain-Barré syn-
drome, autoimmune hepatitis, multiple sclerosis, rheumatoid arthritis, systemic
lupus erythematosus, psoriasis, and autoimmune thyroiditis) in patients suffering
from bipolar disorder (BD) is present at higher rates than in normal population,
suggesting a significant cross-talk between autoimmune processes and BD
[60]. Indeed, patients with BD exhibit increased rates of obesity and metabolic
syndrome, conditions associated with low-grade inflammation. Immune-BD
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interaction may be bidirectional. BD increases the risk of the development of
comorbidities, such as cardiovascular and metabolic diseases. Increased and
decreased levels of IL-1β and IL-6 respectively in the cerebrospinal fluid of a subset
of BD patients during mania and depression are suggestive of the CNS-focused
immune mechanisms [61]. BD patients present a hypo-responsive glucocorticoid
receptor (GR) in peripheral tissues, which could be at least partly responsible for a
deficient cortisol-mediated negative feedback loop of the HPA axis and basal
hypercortisolemia. Pro-inflammatory cytokines contribute to a chronic HPA activa-
tion and inflammatory responses in BD [62].

Finally, immune deficiencies are secondary processes to malnutrition observed in
the development and progression of another mood-related disorder, anorexia
nervosa [63]. During the course of anorexia, there are metabolic changes; hormonal
imbalances, particularly with regard to secretion of cortisol; and altered production
of various neurotransmitters, which result in a dysfunctional immune system
[64]. Malnutrition causes a significant reduction in the percentage of T-cells and
unchanged or slightly elevated B-cell numbers which provokes a high instability in
the immune system of anorexia patients [65]. Consequently, the severity of anorexia
nervosa correlates with higher levels of peripheral inflammatory markers
[66]. Plasma levels of the pro-inflammatory cytokines TNF-α and IL-1β in plasma
significantly increase in patients with anorexia nervosa, while the levels of
prostaglandins PGE2 (pro-inflammatory) and 15d-PGJ2, (anti-inflammatory) and
their PPARγ receptor implicated in their modulation diminish [7]. Cytokines directly
interact with hunger centers, especially IL-1 and TNF-α, which additionally affects
peripheral signals to satiety centers, leading to temporary gastric emptying inhibi-
tion. Of especial interest are the adverse effects of increased TNF production on
anorexia, since this cytokine has an exacerbating central effect of food intake
suppression and/or increased tissue catabolism [67]. Despite the immune
deficiencies and changes in immunological parameters, an unexplained, remaining
paradox is that many people suffering from anorexia appear very healthy and do not
suffer from viral infections excluding cases of advanced malnutrition.

20.2.3 Schizophrenia

Schizophrenia is a neurodevelopmental disease driven by risk genes, and the
immune system is positioned as a common link between the seemingly diverse
genetic and environmental risk factors for schizophrenia [68]. Appearance of psy-
chotic symptoms represents a relatively late manifestation triggered by environmen-
tal stress factors and disturbances of the immune system. Accordingly, the
contribution of the immune dysregulation to the pathogenesis of schizophrenia
may occur even before the onset of full-blown psychosis [69]. Schizophrenic
patients with a history of prenatal exposure to influenza infection (second trimester)
and rubella infection (first trimester) show impaired neurocognitive performance and
structural abnormalities (e.g., synaptic pruning) in the brain [70]. The critical
mediators of neuro-inflammation IL-6, which is highly expressed in fetal brains
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following maternal immune activation [71], and IL-1β alter the neuronal develop-
ment of the dopaminergic and serotonergic systems [72], thus causing functional
deficits in the brain. These alterations may even prime the innate CNS immunocom-
petent cells so that they would later on exaggerate inflammatory responses. This
would explain why physical and mental stress, HIV and influenza infections, and
autoimmune disorders such as systemic lupus erythematosus (SLE) are associated
with psychotic symptoms in more vulnerable individuals. Pro-inflammatory
cytokines like IL-1β, IL-6, and TNF-α are increased in the peripheral blood of
patients with schizophrenia during acute psychotic exacerbations and related to a
greater severity of both cognitive deficits and negative symptoms [73]. TNF-α and
IL-6 cross the blood-brain barrier (BBB) and modulate several molecular/cellular
processes, including, but not limited to, monoamine metabolism. It suggests that
immunological alterations may even affect their clinical status after the onset of the
illness.

There is an intertwined interaction of pro-inflammatory cytokines with the dopa-
minergic and glutamatergic neurotransmitter systems in areas affected by schizo-
phrenia like the prefrontal cortex and hippocampus [74]. Conversely to depression,
type-1 immune responses (e.g., IL-2 release) is blunted in schizophrenia, which may
lead to an unbalance in IDO and in the tryptophan-kynurenine metabolism
associated with an imbalance in the glutamatergic neurotransmission and NMDA
antagonism in schizophrenia [75]. In addition, low concentrations of IL-2 may also
alter dopamine-mediated neurotransmission. Neuroleptic medications used for psy-
chosis also influence immune factors, often normalizing or reversing the direction of
the abnormalities described in premedicated patients. Neuroleptic administration is
associated with type-1 activation, including decreased IL-6 and soluble IL-6
receptors (sIL-6R), normalization of IFN-γ production, and increased sIL-2R. Nev-
ertheless, recent studies suggest that the cytokine profile changes with the clinical
status of the patients, with a high level of pro-inflammatory cytokines like IL-1β,
IL-6, and transforming growth factor-beta (TGF-β) during the acute phase of
diseases, which is absent in the remission phase [76].

20.2.4 Autism Disorders

In the case of autism, pro-inflammatory factors, infections, or autoimmune diseases
are most likely involved during pregnancy, leading to genetically predisposed
fetuses to develop this condition before the age of three [77]. The first evidence of
the familial link of polyendocrine autoimmune disorder with autism was reported
50 years ago. Since then, some large population-based studies support the theory that
autoimmune responses and immune dysfunction at or around the time of pregnancy
may be related to a later diagnosis of autism in the offspring [78]. For instance,
increased rates of rheumatoid arthritis, celiac disease, psoriasis, and type 1 diabetes,
as well as immune-mediated disorders such as asthma and allergies, are found in
mothers of children with autism. In addition, animal models known as immune
activation in the mother, in which inflammation is induced through infections during
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pregnancy, trigger the appearance of autism-mimicking behaviors in offspring.
Accordingly, global immune dysfunction in mothers during pregnancy, rather than
specific diseases, may be associated with increased risk for autism disorder. This risk
nexus is not limited to the mothers, since a higher rate of the autoimmune condition
type 1 diabetes is reported in fathers, which suggests underlying heritable immuno-
genetic factors [79]. Nonetheless, observations of autoimmunity are not limited to
families of the children with autism disorder, but also to the presence of immune
dysfunction in some children with autism disorder. Increased levels of pro-inflam-
matory cytokines such as IL-6 and TNF-α in brain specimens and CSF, as well as in
the periphery in autism disorder individuals, point that to an ongoing neuro-
inflammatory process in autism disorder [80]. The presence of antibodies directed
against adult brain or CNS tissue, but not fetal brain tissue, has been repeatedly
reported in children with autism disorder [77]. Findings so far published suggest a
complex pattern of immune activation that varies among different subgroups of
individuals with autism disorder. Unfortunately, the extent of immune abnormalities
in the broader autism disorder phenotype is not yet well understood, neither are
known the mechanisms by which immune dysfunction contributes to the etiology of
autism disorder.

20.3 Anti-Inflammatory and Immune-Based Therapies
for Treatment-Resistant Mental Illness

Psychiatric disorders present a tremendously large heterogeneity that accounts for
the lack of responsiveness and high rates of treatment resistance to conventional
neuroleptic, antidepressant, and anxiolytic drugs. Although the monoaminergic
hypothesis has been dominant in our understanding of the pharmacological effects
of psychotropic medications, additional mechanisms might also play a role.
Neurotransmitters involved in the neurobiology of mental health and disease like
dopamine, serotonin, and glutamate have been found altered in low-level neuro-
inflammation. Therefore, dysfunction of the immune system and brain-immune
interactions may be some of the sources of the neurotransmitter deficits historically
ascribed to the major mental disorders [81]. In recent years, there has been a
paradigm shift to place abnormal cytokine profiles at the center of psychiatric
symptoms. Pro-inflammatory cytokine levels like TNF-α and IL-6 are related to
the level of mental distress in some psychiatric inpatients suggesting that low-grade
inflammation is probably a cause of resistance to conventional pharmacological
treatments [54, 82]. In this vein, some recent studies have shown promising results
with anti-inflammatory therapies like steroids, plasmapheresis, intravenous immu-
noglobulin, cyclophosphamide, or monoclonal antibodies acting on B cells, particu-
larly in the treatment of certain children with autism, who suffer from inflammation,
or adults with schizophrenia, for whom immunosuppressive therapy or a bone
marrow transplant has significantly reduced psychiatric symptoms [83]. Some stud-
ies have even made it possible to highlight the anti-inflammatory role, hitherto
unknown, of successful antidepressant treatment like selective serotonin reuptake
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inhibitors widely used today [84]. The antidepressant bupropion interferes with the
production of cytokines, while antipsychotic drugs like clozapine, risperidone, and
haloperidol influence the balance between anti-inflammatory and pro-inflammatory
cytokines upon stimulation of the immune system. In the light of this, drugs with
demonstrated anti-inflammatory effects may well show improvement of mental
conditions when used as add-on treatments to conventional psychiatric medications
[85–91]. Increasing evidence demonstrates that anti-inflammatory agents are likely
to modify the relationship between cytokines and mental distress (Table 20.1).
Nonetheless, no superiority has been found in anti-inflammatory monotherapy,
raising the question of the mechanism behind the effect.

20.3.1 Cytokine Antagonists and Agonists

Given their specificity, immunotherapy against cytokines offers an unparalleled
opportunity to directly test the hypothesis of whether immune dysfunctions play a
causal role in psychopathology. The use in schizophrenia of monoclonal antibodies
like natalizumab, siltuximab¸ canakinumab, and tocilizumab targeting specific
immune molecules is an illustrative example [92]. The same holds true for the
treatment of depression. Anti-TNF therapy, which is being considered as an option
in improving postoperative cognitive dysfunction, has shown clinical efficacy on
cognition and depressive symptoms [93]. However, the complex signaling pathways
of TNF-α and its receptors and the duality of its function in being both
neuroprotective and neurodegenerative preclude long-term benefits of anti-TNF-α
therapies [94]. The pro-inflammatory cytokine IFN-γ plays a pivotal role in
modulating immune and inflammatory responses. The effect of IFN-γ-1b on
stimulating the type-1 immune response showed preliminary, but encouraging,
results in reducing clinical symptoms of schizophrenia [95]. Immunotherapy may
also have possible psychiatric adverse effects: there is evidence that the treatment of
hepatitis C with IFN-α precipitates depressive episodes [96]. Before considering
immunotherapy as an adjunctive to conventional psychotropic medications, there is
the need to improve our understanding of cytokine actions in the CNS and how
peripheral inflammation reflects or perpetuates psychiatric symptoms.

20.3.2 Glucocorticoids

Glucocorticoids produced by the zona fasciculata of the adrenal cortex are a class of
steroid hormones that are part of the feedback mechanisms of the immune system.
Glucocorticoids are often exploited for their immune-suppressor properties [97],
since they inhibit prostaglandins (PGs) and leukotrienes, the two main products of
inflammation. Glucocorticoids act at the level of phospholipase A2 (PLA2), the
enzyme that supplies the arachidonic acid (AA) substrate to both cyclooxygenase/
PGE isomerase (COX-1 and COX-2 isoenzymes), to synthetize prostaglandin H2

(PGH2), and to the lipoxygenases that catalyze the dioxygenation of AA in a class of
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Table 20.1 Evidence for anti-inflammatory therapies in neuropsychiatric disorders

Anti-inflammatory
drug [Ref.no.]

Anxiety Catecholamine depletion and excessive oxidative stress
due to elevated cytokines via HPA axis

NAC [109, 111]
Aspirin [161]
Diclofenac [162]
Naproxen [162]
Ketoprofen [162]

OCD Autoimmune syndrome largely caused by β-hemolytic
streptococcal infections

NAC [109]
Celecoxib [154]

PTSD Autoimmune dysregulation caused by excessive levels
of stress hormones

Glucocorticoids
[106, 107]

MDD Low-grade chronic inflammation caused by aging-
related and comorbid disease-related inflammatory
processes

Anti-TNF-α [93]
Minocycline [115]
Omega-3 FA
[125, 126]
Probiotics [128]
Celecoxib [150–
153]
NSAIDs
[161, 162]

BD Autoimmune diseases and low-grade chronic
inflammation

Minocycline [116]
Celecoxib
[116, 155]

Anorexia
nervosa

Dysfunctional immune system caused by malnutrition Unknown

Schizophrenia
and psychosis

Immune dysregulation caused by perinatal influenza
and HIV infections and autoimmune disorders

Cytokine
monoclonal Ab
[92]
NAC [110, 158]
Statins [122]
Omega-3 FA
[124]
Celecoxib
[138, 151, 159]
Minocycline [158]
Aspirin [158, 160]

Autism-related
disorders

Infections and autoimmune disease during pregnancy Celecoxib [157]

Ab antibody, BD bipolar disorder, FA fatty acids, MDD major depressive disorder, NAC
N-acetylcysteine, NSAIDs nonsteroidal anti-inflammatory drugs, OCD obsessive compulsive disor-
der, PTSD posttraumatic stress disorder

lipids called leukotrienes characterized by containing a cis, cis-1,4-pentadiene. In
addition, glucocorticoids also inhibit both COX isoenzymes, an effect being much
like that of NSAIDs (see next section). Finally, glucocorticoids suppress COX
expression, which reinforces their anti-inflammatory effects.

How endogenous or exogenous glucocorticoids, through their immune and
inflammatory inhibiting or promoting properties, would alter brain function and
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behavior is unknown and requires investigation. At normal endogenous levels,
adrenal steroids appear to function as immune modulators [98]. They shift cytokine
production to favor the type-2 immune response while inhibiting type-1 response.
Chronic or acute stress and Cushing’s disease can produce an excess of endogenous
corticosteroids, thus increasing susceptibility to mood changes, cognitive deficits,
and even psychosis [99]. Likewise, acute corticosteroid treatment with prednisone
and dexamethasone adversely impacts memory, executive functions, and mood
[100]. Exacerbated glucocorticoid levels cause neuronal damage and lasting
alterations to the plasticity and structural integrity of the hippocampus and prefrontal
cortex, and this mechanism may plausibly contribute to impaired memory and
cognition in critical illness survivors [101] and in children and adolescents with
inflammatory bowel disease [100]. Among the behavioral outcomes of high
glucocorticoids, mood and anhedonia appeared to be the most consistently and
strongly affected [102]. Chronic stress primes neuro-inflammatory responses in a
glucocorticoid-dependent manner [103]. Therefore, the glucocorticoid state of the
patient preceding illness may be important for the eventual outcome. According to
the glucocorticoid resistance hypothesis of depression [104], increased levels of
cortisol may be the consequence of an impairment of glucocorticoid receptor (GR)-
mediated negative feedback on the HPA axis. Rather than using immunosuppressive
corticoid-based treatment, the therapy of depression and mood-related disorders may
well benefit from manipulating GR function with both agonists and antagonists.
Conversely, glucocorticoid-based therapy can possibly protect against the develop-
ment of PTSD given the association with low cortisol levels. Glucocorticoid treat-
ment at the time of acute stress may prevent changes in hippocampal and amygdala
architecture and associated changes in affective behavior [105]. The exogenous
treatment with glucocorticoids has shown promise for the prevention of PTSD
after a traumatic experience [106]. High doses of glucocorticoids administered
with appropriate timing may block fear memory formation or retrieval, although
moderate doses would also be expected to enhance fear memory, depending on their
timing [107].

20.3.3 Unconventional Anti-Inflammatory Agents

N-Acetylcysteine (NAC) is a synthetic derivative of the endogenous amino acid
L-cysteine and a precursor of glutathione with well-known anti-inflammatory and
antioxidant properties [108]. Several studies have demonstrated that NAC regulates
impaired glutamate and dopamine neurotransmission. There is preliminary, but
encouraging, evidence of the therapeutic potential of NAC in disorders such as
anxiety and attention deficit hyperactivity disorder [109]. Some evidence exists to
support the use of NAC as an adjunct treatment to reduce the total and negative
symptoms of schizophrenia [110]. In addition, NAC also appears to be effective in
reducing craving in substance use disorders, especially cocaine and cannabis [111].

Minocycline is a tetracycline antibiotic with potential as an adjunctive treatment
in psychiatry [112] due to its anti-inflammatory and anti-apoptotic/neuroprotective
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properties and inhibition of cytochrome P450 enzymes that metabolize
antipsychotics such as clozapine [113]. Minocycline has been checked in open-
label or small randomized controlled trials in psychiatry showing divergent
outcomes, with positive results in some studies counterbalanced by a number of
cases with no significant improvements [114]. Anecdotal evidence supports
minocycline’s efficacy for augmentation of antidepressants in treatment-resistant
depression patients with low-grade peripheral inflammation [115]. Minocycline may
potentially be useful as an adjunctive for BD [116]. There is no evidence that
minocycline or celecoxib monotherapy was superior to placebo for the treatment
of BD. Minocycline reduces fear processing and improves implicit learning in
healthy volunteers [117] and may still hold promise like a candidate treatment for
depression owing to its neuroprotective role.

Statins are cholesterol-lowering agents that act by inhibiting 3-hydroxy-3-
methylglutaryl coenzyme A reductase. Several studies have suggested that statins
may have anti-inflammatory properties, with lowering pro-inflammatory markers
such as IL-1β, IL-6, TNF-α, and C-reactive protein levels [118]. Simvastatin also
could alleviate cognitive function, since it modulates muscarinic M1 and M4

receptors, central dopamine D1 and D2 receptors, and the serotonin transporter
[119]. Whereas conflicting evidence exists about the relationship between statins
and mood amelioration [120, 121], a meta-analysis of statin adjunctive therapy for
schizophrenia showed that statins improved the Positive and Negative Syndrome
Scale (PANSS) [122].

Polyunsaturated fatty acids like omega-3 present antioxidation, anti-
inflammation, and neuroprotection. In humans, dietary deficiencies of omega-3
fatty acids, in particular eicosapentaenoic and docosahexaenoic acids, have been
linked to increased risk of developing MDD, BD, schizophrenia, dementia, attention
deficit hyperactivity disorder, and autism [123]. Diet omega-3 fatty acids are essen-
tial because of their anti-inflammatory, antioxidative, and neuroprotective effects on
neuronal membrane fluidity. Randomized clinical trials have found a significant
benefit of omega-3 adjunctive schizophrenia therapy in the total, positive, and
negative PANSS scores of patients or in their cognitive function [124]. For the
remaining psychiatric disturbances, the data are too scarce to draw any conclusion
regarding the benefits of diet supplementation with omega-3 fatty acids. Omega-3
fatty acid replacement therapy has only been shown to have a mild effect for the
treatment of mood disorders and ADHD [125, 126].

Probiotics have traditionally been used to reestablish the physiological functions
of the gastrointestinal tract. Given the extensive bidirectional communication
between the gastrointestinal tract and the CNS, the gut-brain axis [127], probiotics
are capable of changing the behavior and decreasing the levels of systemic inflam-
matory markers in animal models. A meta-analysis of randomized controlled trials
has suggested that probiotics may be associated with a significant reduction in
depression [128].
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20.4 Nonsteroidal Anti-Inflammatory Drugs (NSAIDs): The
Targeting of Cox-2

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used as antipyretic, anti-
inflammatory, and analgesic agents. NSAIDs work by inhibiting the activity of
cyclooxygenase Cox-1 or Cox-2 isoenzymes [129]. There are two types of NSAIDs
available: nonselective and Cox-2-selective inhibitors (celecoxib, etoricoxib). Non-
selective NSAIDs are typically divided into groups based on their chemical struc-
ture: acetylated salicylates (aspirin), non-acetylated salicylates (diflunisal, salsalate),
propionic acids (naproxen, ibuprofen), acetic acids (diclofenac, indomethacin),
enolic acids (meloxicam, piroxicam), anthranilic acids (meclofenamate, mefenamic
acid), and naphthylalanine (nabumetone). Cyclooxygenases (Cox) are a group of
heme-containing enzymes that catalyze a rate-limiting conversion of AA to largely
bioactive prostaglandins (PGs) involved in inflammation, through the addition of
molecular oxygen [130]. The Cox-1 isoform is a housekeeping enzyme constitu-
tively expressed in all tissues. Although the mitogen-inducible Cox-2 is activated to
cause inflammation, this isoform is also constitutively expressed in certain tissues as
in the kidney and in the brain. In the human brain, Cox-1 is preferentially expressed
in microglia, where Cox-2 is in glutamatergic neurons in the cerebral cortex,
hippocampus, and amygdala [131]. Prostaglandin PGE2 may be the predominant
metabolite of the enzymatic activity of Cox-2 in the brain where it may function as
neuromodulators of the inflammation as well as may be involved in important
physiology functions in synaptic plasticity and long-term potentiation [132]. Immu-
nological disturbances may lead to an increased PGE2 production and probably also
in an increased Cox-2 expression that would also contribute to neuropathology by
enhancing glutamate excitotoxicity [133], promoting neuronal cell death, and
metabolizing the endogenous cannabinoid 2-arachidonoyl-glycerol into PGE2G

through the oxidation of its AA moiety. Some studies suggest upregulation of
Cox-2 expression in inflammatory and neurodegenerative diseases [134] as well as
schizophrenia [135] and bipolar disorder [136].

NSAIDs penetrate the brain [137], and the use of NSAIDs as adjunctive
treatments in neuropsychiatric disorders—including schizophrenia, bipolar disorder,
and major depressive disorder—is currently under investigation [138–141]. NSAID
treatment benefits on the brain in depression are thought to be due to their ability to
block Cox-1 during pro-inflammatory microglial activation and neuronal Cox-2,
which may affect glutamatergic and monoaminergic neurotransmission [133]. Cox-2
expression is upregulated in inflammatory schizophrenia and bipolar disorder.
Accordingly, the selective Cox-2 inhibitor celecoxib has so far been the most studied
NSAIDs in psychiatry [142, 143] because of the inhibition of microglial activation
and glutamate release, the enhancement of serotonergic and noradrenergic output in
the prefrontal cortex, and the modulation of glucocorticoid receptors (off-target
mechanism of action). When reviewed the literature to determine whether selective
Cox-2 and nonselective Cox inhibitor NSAIDs as adjuncts or monotherapy affect
depressive symptoms [144–146], the search gives mix results regarding efficacy.
Possible confounding factors [147] include age range (young versus elderly
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subjects), sex, presence of antidepressant use, medical comorbidities (diabetes,
metabolic syndrome), method of depression measure (somatic symptoms are more
sensitive than subjective feelings to the influence of NSAIDs), severity of depressive
symptoms, clinical phase of the illness (most of the studies rest on trials in acute
depression), duration and study design (randomized controlled trials, cohort studies,
and an open label), and pharmacological strategies (add-on treatments versus
monotherapy). Despite the negligible therapeutic effects of NSAIDs reported by
one meta-analysis in MDD [148], celecoxib reaches the CNS in humans in
concentrations sufficient to inhibit Cox-2 [149] and thus improve the therapeutic
management of depression [150–153], BD [117], and schizophrenia [138]. In effect,
celecoxib works as an adjunctive treatment to fluvoxamine in moderate to severe
OCD [154], to escitalopram in treatment-resistant BD [155], and to reboxetine and
vortioxetine in MDD [156]. The combination of risperidone and celecoxib is
superior to risperidone alone in treating irritability, social withdrawal, and stereotypy
of children with autism [157]. In schizophrenia, celecoxib has shown efficacy in
augmentation of amisulpride treatment in the early disease stages and first psychosis
episode [158] as well as an effective adjuvant agent to risperidone in the manage-
ment of patients with chronic schizophrenia [159]. It should be noticed that the use
celecoxib in the treatment of schizophrenia reduces the symptoms only when
administered in combination with the anti-schizophrenic drugs (i.e., risperidone,
olanzapine, amisulpride). In the fact of BD, celecoxib monotherapy is not superior
to placebo either. Strikingly, aspirin, which is a nonselective Cox inhibitor with
preferential selectivity for the Cox-1 isoenzyme, significantly reduced the positive
and negative symptoms of schizophrenia regardless it is administered either alone or
as adjunctive therapy [160]. In a large register-based cohort study in Sweden, aspirin
and other NSAIDs have demonstrated their effectivity in decreasing the risk of
depression, anxiety, and stress-related disorders during the first year following
cancer diagnosis [161]. A population-scale retrospective analysis has demonstrated
the anxiolytic effects of ketoprofen, diclofenac, and naproxen in patients with
pain [162].

Despite these promising preliminary results, the efficacy and safety of chronic
NSAID exposure have been called into question in the treatment of both symptoms
of depression [163], particularly in the elderly [164], and of psychotic disorders
[148, 165]. The conflicting evidence may be due to the methodological heterogene-
ity of the clinical trials and the selection bias (inadequate assessment of the inflam-
matory and clinical status of patients). Another neglected aspect is that Cox
selectivity of NSAIDs matters. Although neuro-inflammation is originally triggered
by the induction of glial Cox-2 expression, the activity of Cox-1 also yields a
prooxidant/pro-inflammatory action. Neuronal Cox-2 plays a homeostatic role in
synaptic transmission and plasticity [133]. Deviations in inflammatory levels in both
directions may actually impair neural plasticity. Studies show that both inflammation
and neural plasticity act as key players in the vulnerability and recovery from
psychiatric disorders with an impact on anxiety and memory [166]. Accordingly, a
failure in the Cox-2/Cox-1 ratio might cause behavioral disturbances that otherwise
would be commonly ascribed to neuro-inflammation [167].
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Blanket blockade of Cox-2 may not be advisable because Cox-2 expression might
in fact have pro-resolution properties [168]. In addition, selective Cox-2 inhibitors
may alter the metabolism of the endocannabinoid system of the brain [169]. Given
the significance of different Cox isoforms and their unknown role of their relative
levels in the CNS, careful attention must be given to selection and evaluation of
specific NSAIDs. Aspirin whose activity on Cox-1 prevails over Cox-2 alleviates
psychiatric symptoms on its own (Hu et al., 2020). An interesting alternative to Cox
inhibition would be the pharmacological intervention of the AA cascade. Some
genetic evidence supports the notion that disturbances of the PLA2-Cox-2 axis
underlie abnormalities of monoaminergic neurotransmission in schizophrenia
[170], BD [171, 172], and MDD [173]. In addition, preclinical experiments have
also confirmed that mood stabilizers like lithium chloride target the upstream release
of AA substrate for Cox enzymes [174].

20.5 Final Remarks

Although we now know by decades of research that there is a robust and complex
link between inflammation and mental illness, one must be cautious about the
apparent simplicity of the idea that anti-inflammatory agents could improve psychi-
atric symptoms. Meta-analyses do not undermine the potential clinical utility of anti-
inflammatory agents, but they suggest that clinical trials carry a variety of caveats
that need careful consideration. What the reviewed cohort studies and follow-up
studies have actually demonstrated is that the inflammation-mental health link lacks
diagnostic specificity and varies considerably among individuals and with each
clinical phase of illness. Given the multifactorial etiology, preexisting inflammatory
conditions may then account for at least a subset of psychiatric patients. Moreover,
the biology of inflammation and related immune alteration may depend on the stage
of the illness as it does the clinical symptomatology. For example, in schizophrenia
and BD, a marked inflammation appears during episodes of acute decompensation
so that chronic, low-grade inflammation seems to precede the initial illness episode
[69]. Most of the studies in the field have not considered the inflammatory status
before starting the anti-inflammatory clinical trials. Finally, while the onset of mental
disorders appears well explained by its inflammatory background, the immune
underpinnings of their progression, relapse, and remission remain to be elucidated.
In some cases, anti-inflammatory treatments used outside the acute clinical phase
may be detrimental because of the ambivalence nature of the inflammatory response.

There are some interesting future prospects to undertake the difficulties found in
implementing anti-inflammatory therapies in psychiatry. Firstly, a number of
publications indicate the importance of stratifying patients on the basis of their
degree of phase-specific neuro-immune dysfunction and surrogate biological
signatures of inflammation [12, 175–177] aided by neuroimaging to launch thera-
peutic trials. The identification of immune-related bio-signatures will ideally assist in
predicting risk of disease, prognosis, and response to therapy. A broad immune-
phenotyping is likely to be essential to identify the subpopulations of psychiatric
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patients who are likely to respond to anti-inflammatory therapy either alone or when
combined with conventional psychiatric drugs. In the second place, there are impor-
tant gaps in our knowledge about the immune-associated pathophysiology. For
example, the majority of studies investigating the role of inflammation in psychiatry
conditions assessed peripheral levels (i.e., plasma or serum) of cytokines, while only
a few studies evaluated CSF cytokine levels [178, 179], which may reflect better
CNS levels and, therefore, any ongoing neuro-inflammatory process. Surprisingly,
microglia activation shows no significant association with specific diagnostic
categories of mental conditions [180], which means that it is not present in all
psychiatric patients. It should then be explored how peripheral and neural immune
mechanisms interact in these cases, particularly at the level of the blood-brain barrier
as well the dynamics of the innate and adaptive immune responses. Finally, in the
advent of precision medicine in psychiatry, it is important to understand the phar-
macological off-target effects of the anti-inflammatory agents described in this
chapter. The enhanced neuroprotection plus a reduction in inflammation may be
an extended avenue for future interventions at least in depression. The complex
opposing functions of TNF-α (neuroprotective and neurodegenerative) advice
against the long-term benefits of anti-TNF-α therapies [181]. The lack of knowledge
on immune-physiology and neurobiology of Cox enzymes limits the therapeutic
potential of selective Cox-2 inhibitors, since Cox-1 is also pro-inflammatory.

In summary, anti-inflammatory pharmacotherapy may need to be used according
to the phase of illness and be tailored based on the immune profile of the patient.
Future studies with larger arrays of cytokine profiles may provide more sensitive and
specific modes of diagnostics in determining etiology of psychiatric conditions and
provide guidance in individual therapies. A better understanding of the pharmaco-
logical mechanism of current anti-inflammatory agents will help discover new
therapeutic targets and drugs. This multimodal approach will ultimately foster the
understanding of the biological basis of mental disorders and their interaction with
the immune system. Despite the drawbacks highlighted by some meta-analyses, the
preliminary results are very promising.
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Abstract

The glutamatergic system is the primary excitatory pathway within the CNS and
is responsible for cognition, memory, learning, emotion, and mood. Because of
its significant importance in widespread nervous system function, it is tightly
regulated through multiple mechanisms, such as glutamate recycling, microglial
interactions, and inflammatory pathways. Imbalance within the glutamatergic
system has been implicated in a wide range of pathological conditions including
neurodegenerative conditions, neuromuscular conditions, and mood disorders
including depression. Major depressive disorder (MDD) is the most common
mood disorder worldwide, has a high prevalence rate, and afflicts approximately
280 million people. While there are numerous treatments for the disease, 30–40%
of patients are unresponsive to treatment and deemed treatment resistant; approx-
imately another third experience only partial improvement (World Health Orga-
nization, Depression fact sheet [Internet], 2020). Esketamine, the S-enantiomer of
ketamine, was approved by the Food and Drug Administration for treatment-
resistant depression (TRD) in 2019 and has offered new hope to patients. It is the
first treatment targeting the glutamatergic system through a complex mechanism.
Numerous studies have implicated imbalance in the glutamatergic system in
depression and treatment resistance. Esketamine and ketamine principally work
through inhibition of the NMDA receptor, though more recent studies have
implicated numerous other mechanisms mediating the antidepressant efficacy of
these agents. These mechanisms include increase in brain-derived neurotrophic
factor (BDNF), activation of mammalian target of the rapamycin complex
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(mTORC), and reduction in inflammation. Esketamine and ketamine have been
shown to decrease inflammation in numerous ways principally through reducing
pro-inflammatory cytokines (e.g., TNF-α, IL-6) (Loix et al., Acta Anaesthesiol
Belg 62(1):47–58, 2011; Chen et al., Psychiatry Res 269:207–11, 2018; Kopra
et al., J Psychopharmacol 35(8):934–45, 2021). This anti-inflammatory effect has
also been shown to be involved in the antidepressive properties of both ketamine
and esketamine (Chen et al., Psychiatry Res 269:207–11, 2018; Kopra et al., J
Psychopharmacol 35(8):934–45, 2021).
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21.1 Introduction

This chapter aims to introduce the role of the glutamatergic system in treatment-
resistant depression (TRD) including agents that target this system, such as ketamine
and its enantiomers. Since its initial use as an antidepressant in clinical trials in 2000,
ketamine has been a unique therapy due to its rapid onset of action and first-in-class
mechanism targeting the glutamatergic system primarily through NMDA receptor
inhibition [1]. Since the introduction of the monoamine hypothesis of depression in
the 1960s, psychiatric research has established that a host of additional factors
contribute to the pathophysiology of major depressive disorder (MDD) and treat-
ment resistance [2, 3]. These include, but are not limited to, an upregulated HPA
axis, metabolic dysfunction, microbiome composition, and inflammation. This
chapter will (1) provide background into MDD and treatment-resistant depression
(TRD) including its definition, prevalence, and treatment approaches; (2) highlight
the role the glutamatergic system plays in depression; (3) highlight the use of
ketamine and esketamine for TRD including benefits and drawbacks to therapy;
and (4) describe the interactions between glutamatergic dysfunction, inflammation,
and depression. In spite of the complexity and intricacy of these concepts, they
represent an exciting new frontier in psychiatric diagnosis and treatment and overall,
and ultimately, in achieving a higher rate of response and remission.

21.2 Background

Major depressive disorder (MDD) afflicts nearly 280 million people worldwide or
approximately 3.8% of the world’s population [4]. It is the most common psychiatric
condition with severe morbidity including, but not limited to, overwhelming sadness
and guilt, anhedonia, low energy, poor sleep and appetite, difficulty with concentra-
tion, loss of usual interests, weight gain or loss, and, most severely, suicide. Suicide
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is currently the 17th leading cause of death worldwide and represents ~1.3% of all
deaths globally [5, 6].

Treatments for MDD vary greatly with over 30 drugs across 5 different classes
targeting serotonergic, noradrenergic, dopaminergic, and most recently
glutamatergic systems. The development of most of these drugs was stimulated by
the formulation of the monoamine hypothesis during the 1950s and 1960s. During
that time, researchers were studying the role of serotonin and the hallucinogen
lysergic acid diethylamide (LSD) [7–9]. Through this research, psychiatrists pro-
posed a link between decreases in monoamines, particularly serotonin, norepineph-
rine, dopamine, and depression. The first treatment for depression was discovered
accidentally while developing drugs for tuberculosis in the late 1950s. The drug,
iproniazid, was originally marketed as an anti-TB drug but was commonly used
off-label for MDD due to its ability to induce a state of euphoria [10]. Later it was
discovered that iproniazid was a monoamine oxidase (MAO) inhibitor (MAOI) and
thus became the first successful pharmacologic treatment for MDD [11]. MAO is a
key enzyme in the breakdown of serotonin, norepinephrine, epinephrine, and dopa-
mine [11]. With two isoforms, MAO-A andMAO-B, drugs can be specific for one of
the enzymes or nonspecific. Inhibition of this enzyme results in an increase of these
neurotransmitters in the CNS.

Today, additional mechanisms of commonly prescribed drugs include selective
serotonin reuptake inhibitors (SSRIs), such as fluoxetine, sertraline, paroxetine,
citalopram, escitalopram, and vilazodone; serotonin/norepinephrine reuptake
inhibitors (SNRIs), such as duloxetine, desvenlafaxine, and levomilnacipran; tricy-
clic antidepressants (TCAs); or atypical antidepressants, such as bupropion.

Each of these drugs targets depression by increasing monoaminergic neurotrans-
mission, particularly of serotonin, norepinephrine, and dopamine. More recently,
however, the effect of these drugs has been suggested to be due, at least in part, to
downstream effects on synaptic plasticity by increasing levels of numerous
neurotrophins [12–15]. This may, at least partially, account for the delay of these
drugs in achieving efficacy, even though a rise in monoamine levels may occur
instantly.

The approval of esketamine for introduction into the market has introduced a
novel mechanism of action for the treatment of depression. Esketamine, the
S-enantiomer of ketamine, increases glutamate, the primary excitatory neurotrans-
mitter in the CNS, through inhibition of the NMDA receptor on GABAergic
neurons. This novel treatment approach offers new hope for the treatment-resistant
patient population.

While there are numerous drugs to treat depression, a large percentage of patients
are not adequately treated and experience persistent symptoms. It is estimated that
approximately 50–60% of patients are unresponsive to one or more trials of
antidepressants and 30–40% of all patients are nonresponders to at least two
adequate treatments [16–18]. There is a significant debate as to what is considered
treatment resistance; however, it is generally accepted to be failure of at least two
adequate treatments, adequacy being defined as adequate dosing and length of
treatment [16–18]. Once a patient is considered to have TRD, there are significantly
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fewer treatment options. Today, there are only two pharmacotherapies approved for
TRD including esketamine (Spravato) and olanzapine-fluoxetine combination
(Symbyax). Outside of pharmacotherapies, other treatment modalities such as elec-
troconvulsive therapy (ECT) and repetitive transcranial magnetic stimulation
(rTMS) are also used.

The approval of esketamine in March of 2019 was particularly exciting for
patients with TRD as it offers a fast-acting, novel mechanism of action through
upregulation of the glutamatergic system. There is a significant ongoing investiga-
tion into the role of glutamate in depression, and the next section will summarize the
current understanding.

21.3 Glutamate’s Role in CNS Function

Although serotonin, norepinephrine, and dopamine were linked to depression as
early as the 1960s, glutamate, the primary excitatory neurotransmitter of the CNS,
was not implicated until the 1990s [19, 20]. In fact, glutamate was not even thought
to be a neurotransmitter until the 1980s [19]. Up until that point, glutamate was
viewed to be essential for brain metabolism as well as having general excitatory
properties [21]. Since then, however, research into the role of glutamate has
accelerated. It is now understood to be the most widespread neurotransmitter in
the brain. Further, glutamate is now implicated in general cognition, learning,
memory, and more recently emotion and mood regulation [22–25]. Glutamate is
synthesized from glucose via the citric acid cycle or converted from glutamine by
glutaminase [26]. Because of its widespread, critical function, it is one of the more
tightly regulated systems within the brain. It is tightly regulated with numerous
positive and negative feedback mechanisms. Additionally, after glutamate is
released from the presynaptic terminal and binds to its receptors, it is quickly
taken up by glutamate transporters on astrocytes. In astrocytes, it can be converted
to glutamine via glutamine synthetase and recycled to the neuron. This tight regula-
tion occurs in part due to significant tissue damage when glutamate is unbalanced
(e.g., excitotoxicity). Imbalance within the glutamatergic system has been implicated
in numerous pathologic states over the last two or three decades including neurode-
generative conditions, mood disorders, complications of stroke, and autism spectrum
disorder among others [24, 27–30]. Mood disorders, such as depression, are now
understood to entail glutamatergic imbalance, and this is presently an exciting new
area of research.

21.4 Glutamate’s Receptors

To better understand the role that glutamate plays in depression, it is important to
discuss the diversity of glutamate receptors. Generally, there are two distinct types of
glutamate receptors in the brain: ionotropic and metabotropic. Ionotropic receptors
(iGluR) are ligand-gated ion channels that are nonselective cation channels allowing
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the passage of Na+, K+, and Ca2+ into the neuron [23, 31, 32]. These receptors lead to
cellular excitation and include N-methyl-D-aspartate (NMDA) receptors, α-amino-
3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptors, and kainic acid
receptors [23]. Metabotropic receptors (mGluR) are a family of receptors which
eventually lead to ion channel opening through a signal cascade [32]. Many of these
receptors are G-protein-coupled receptors which results in multiple steps to signal-
ing. Activation of metabotropic receptors through glutamate binding results in a
slower response and is linked to both increasing and decreasing excitability of the
neuron. There are three distinct groups of metabotropic glutamate receptors in
humans (i.e., group 1, group 2, group 3) with many receptors within each group
(e.g., mGluR1, mGluR2) [32]. The colocalization of these receptors on synapses
throughout the brain leads to a tremendous amount of diversity and complexity
within the glutamatergic system. With this background, we can now move to discuss
the current understanding of the role of the glutamatergic system in depression.

21.5 Glutamatergic System in Depression

Like many pathological mechanisms within the brain, the discovery of glutamate’s
role in depression was uncovered after the use of a therapeutic agent. In early rodent
studies in the 1990s, animal models mimicked depression via stress-induced
decrease in long-term potentiation. This means that by exposing the rodents to
inescapable stress (e.g., forced swim test, tail suspension test), there is a decrease
of neuronal efficiency in the hippocampus leading to a depressive-like state [20]. In
essence, stress led to depression within the rodents by weakening connections
throughout the brain. In these studies, administration of ketamine relieved this
depressive-like episode by increasing rodents’ urge to swim [20]. This led to the
belief that glutamate played a role in depression. Unknown to the investigators at the
time, it was later revealed that glutamate had been targeted as early as 1959 when
cycloserine, a tuberculosis drug and partial NMDA antagonist, was shown to exert
antidepressant effects [33].

The implication of glutamate playing a role in human depression has been largely
attributed to experiments performed in 2000 [1]. At that point, Berman et al. used a
sub-anesthetic dose of IV ketamine to improve depression in seven patients [1]. The
study was groundbreaking because it showed that modulation of glutamate in the
CNS leads to improvement in depression. Over the past two decades, research into
the “glutamate hypothesis” has taken off. Studies in humans have been complicated
and have shown a muddled picture concerning the issue of glutamatergic signaling
[34]. Select studies have revealed site-specific glutamatergic dysfunction. Regions
like the anterior cingulate cortex, prefrontal cortex (PFC), hippocampus, and occipi-
tal cortex have shown decreased glutamatergic signaling in depressed individuals
[35–38]. Serum and CSF studies have been even less clear with studies showing both
increased and decreased glutamate levels [28, 39, 40]. This dysfunction in glutamate
has been attributed to various factors including HPA axis upregulation, elevated
cytokines, and faulty glutamate recycling. Taken together, glutamate imbalance is a
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part of the story of the pathophysiology of depression, but research has been
showing that the glutamate story is more complicated than originally hypothesized.

The complexity and breadth of this topic have prompted many to call for an
integration of parameters including neuroplasticity, synaptogenesis, and neuronal
signal transduction. In essence, stress leads to weakening of the synapses within the
rodent’s brain leading to depression. As a result, it has been suggested that the
“glutamate hypothesis” should be more broadly described as the “neuroplasticity
hypothesis” [41, 42]. Neuroplasticity can be defined as the ability of the nervous
system to adapt to stimuli, whether intrinsically or extrinsically [43]. Commonly,
this is viewed as the brain’s response to stress, and many diseases implicated with
glutamatergic dysfunction are thought to be due to a maladaptive response to stress,
otherwise referred to as poor or faulty neuroplasticity. Regardless, the past two
decades have focused on uncovering the role of glutamate in depression. Studies
have even shown that traditional antidepressants (e.g., SSRIs, SNRIs) work, in part,
due to their effects on the glutamatergic system [44, 45]. Unfortunately, the precise
glutamatergic effects of traditional antidepressants remain hazy in both basic science
and clinical research. Since glutamatergic dysfunction in depression is now widely
accepted, it is important to discuss one of the most implicated receptors, NMDAR, to
further elaborate on this system.

21.6 The Role of NMDAR in MDD

As stated previously, NMDA receptors (NMDARs) are ligand-gated ion channels
that are under the control of glutamate. There are four subunits that make up this
receptor, and when activated by glutamate and its co-agonist glycine, there is an
influx of cations. Most importantly, NMDAR allows the influx of Ca2+ which can
activate numerous signaling pathways within the neuron itself [23, 46]. It is impor-
tant to note that for activation and opening of NMDAR, Mg2+, a negative regulator
of the channel, must be released. This occurs when an influx of cations enters the
neuron, usually through AMPA or other glutamatergic receptors. As a result,
NMDARs are typically activated only after other glutamatergic receptors on the
neuron have been activated [23].

Once Ca2+ flows into the cell, numerous reactions occur. The most important
pathway for this discussion is the activation and synthesis of brain-derived
neurotrophic factor (BDNF) [47–49]. Also known as abrineurin, BDNF, is a peptide
growth factor that is essential for neuronal development, synaptogenesis, and
neuroplasticity [50]. Low levels of BDNF have been implicated in depression and
suicide in what is termed the “neurotrophin hypothesis” [51]. Dysfunction of
glutamatergic signaling then can directly reduce BDNF levels, thus phenotypically
presenting with depression or suicidal ideation. In the study of Murakami et al., both
chronic and acute stress reduced BDNF mRNA expression in the hippocampus of
rodents [52]. This link between stress and BDNF production supports the hypothesis
that a dysfunctional stress response increases susceptibility to depression.
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The ability to adapt to stress is in part controlled through glutamatergic signaling.
NMDARs are critical for neuroplasticity through two mechanisms termed long-term
potentiation (LTP) and long-term depression (LTD). These mechanisms allow
glutamate to tightly modulate brain activity and appropriately respond to stress. In
LTP, there is improved efficiency of certain connections, and in LTD, there is
synaptic weakening. It has been suggested that through LTP and LTD, memory
and cognition occur but also pathologic states such as depression [53]. The assump-
tion here is that if certain synapses are altered due to dysfunction of NMDAR and
glutamatergic signaling, depression or other pathologies can occur.

Dysfunction in NMDARs has been linked to depression, not only through
changes in neuroplasticity but also in select studies examining receptor subunits.
Specifically, Feyissa et al. showed that the NMDAR subunit NR2 is decreased in the
prefrontal cortex (PFC) of postmortem brains of patients with MDD [54]. NR2 is a
subunit critical to receptor function, and it is responsible for glutamate binding.
Furthermore, postmortem studies have shown differences in the glutamate binding
site of the NMDA receptor in the anterior PFC in suicide victims [55]. These studies
indicate that there is NMDAR dysfunction in depressed patients, making it a clear
target for therapeutics, such as ketamine and its derivative. In addition to NMDARs,
there are other glutamatergic receptors that are critical to this topic, one of which is
AMPAR.

21.7 The Role of AMPAR in MDD

AMPAR, or α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor, is a
four-subunit ionotropic receptor that is typically co-expressed with NMDAR on
glutamatergic neurons [23]. When these receptors are activated by glutamate or
AMPA, cations flow into the cell increasing its electric potential. This results in the
activation of NMDAR allowing Ca2+ influx and numerous downstream effects
including BDNF production. Studies in rodents have shown that administration of
ketamine leads to a rise in glutamate and activation of AMPAR [56–58]. Further,
pre-treatment with an AMPAR antagonist, such as NBQX, reduces the
antidepressive properties of ketamine indicating that AMPAR is critical to its
efficacy [57]. Finally, postmortem studies in depressed patients have found reduced
mRNA expression of AMPAR subunits in the brain, particularly in the hippocampus
and cortex of the temporal lobe [22]. This highlights the role of AMPAR dysfunction
in the pathophysiology of depression and how restoration of AMPAR function with
ketamine leads to resolution of depression. Additionally, traditional antidepressants,
such as fluoxetine and paroxetine, have been shown to upregulate AMPAR in
rodents [59]. Through this data, one can see the clear implications of AMPAR in
depression. Over the next sections, we will elaborate on the role of ketamine and
esketamine in altering glutamatergic signaling via AMPAR and NMDAR to provide
rapid-acting antidepressive effects.
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21.8 History of Ketamine and Esketamine

Originally used as a veterinary anesthetic in the early 1960s, ketamine and its
complex mechanism of action have been under investigation for over half a century.
Its discovery occurred after intensive investigation of the anesthetic properties of
phencyclidine (PCP) [9, 60]. Ketamine was found to be a powerful anesthetic in
humans due to its ability to cause “dissociative anesthesia.” This allows the patient to
be awake yet have both amnesia and analgesia. These effects were first published in
1966 when Edward Domino and Guenter Corssen showed that ketamine could be
used clinically to provide safe and effective anesthesia [61]. The relatively promising
safety profile allowed the drug to be widely adopted as an anesthetic in the 1970s and
still be used today. Unfortunately, ketamine became a popular recreational drug, and,
as a result, restrictions surrounding its medical use became more stringent [60]. Keta-
mine is classified as an arylcyclohexylamine and is closely related structurally to
PCP. Further, the racemic mixture contains both the S (+) and R (-) enantiomer.

As mentioned previously, ketamine was originally shown to have antidepressive
effects in 2000, when Berman et al. published their influential data. These
investigators demonstrated that a sub-anesthetic dose of 0.5 mg/kg exhibited
improvement in depressive symptoms over 72 h in seven subjects [1]. This was
dramatic because it introduced a potential novel therapy for treating depression and
was unique due to its rapid acting effect. All of the other pharmacotherapies
approved for depression act on monoamines and take 4–6 weeks to produce a
noticeable effect. Berman’s data caught the interest of those in psychiatric research
leading to a significant amount of research published on its mechanism of action,
pharmacodynamics, pharmacokinetics, and clinical effectiveness over the past two
decades. The next few sections will highlight the available data, as they pertain to
ketamine and its derivative.

21.9 Clinical Data Supporting Use in TRD

After Berman’s pioneering study in 2000, it was not until 2006 that the same 0.5 mg/
kg dose was shown by Zarate et al. to improve symptoms in a trial of 18 patients with
TRD [62]. Following this trial, Mathew et al. showed that the use of ketamine was
effective in a trial of 26 TRD patients in 2010 [63]. In this trial, 65% of patients
responded to therapy at 24 h [63]. Numerous trials that followed between 2006 and
2017 further reaffirmed ketamine as a promising treatment in TRD, including reports
by Ibrahim et al., Shiroma et al., andMurrough et al., among others [64–66]. Because
of ketamine’s clear benefit in TRD, many manufacturers were interested in develop-
ing the drug for depression treatment. One of those companies, Janssen
Pharmaceuticals, sought to develop the S-enantiomer of ketamine, esketamine, in
TRD and MDD with suicidality. One of the reasons that the S-enantiomer was
chosen was due to the higher affinity to antagonize the NMDA receptor [67–69]. It
has been stated that the S-enantiomer has four times greater potency for this receptor
[67–69]. At the time this was believed to be beneficial, although there are now
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mechanistic questions whether the S-enantiomer is preferred as an antidepressant
[70, 71]. This discussion will be covered in the mechanism of action to follow.
Janssen patented the intranasal formulation of the drug. This was helpful for dug
development because up until that point, trials were conducted with the IV
formulation.

In 2018, the phase II clinical trial in 67 TRD patients was published which
showed that administration of esketamine in combination with traditional antide-
pressant drug therapy (i.e., SSRI, SNRI) leads to significant improvements in the
Montgomery-Åsberg Depression Rating Scale (MADRS) in comparison with pla-
cebo [72]. Besides the significant efficacy with esketamine administration, there
were numerous side effects that were noted in this trial. Several of these adverse
events included transient elevations of blood pressure and heart rate, dissociative
reactions, syncope, and headache [72]. These adverse events were not surprising
based on the extensive history of investigation of this compound; however, they did
bring to focus important practical considerations when administering this drug.
Additionally, several treatment groups were left out of this study including those
with a history of psychotic symptoms, bipolar disorder, alcohol or substance use
disorders, recent use of marijuana, and current or recent suicidal ideation with intent
to act [72]. Nevertheless, this trial was an important step in the approval of
esketamine for patients with TRD.

Following this trial, numerous phase III clinical trials were published in 2019 and
2020 [73–76]. Not all of these trials showed significant therapeutic benefit; however,
two of the trials showed significant positive results for esketamine and were used for
submission to numerous regulatory bodies [73, 74]. These trials focused on the
short-term benefit and time to relapse of esketamine in combination with oral
antidepressants (AD). In the first study, there was a significant improvement of
MADRS at 24 h when compared to placebo among 197 patients with TRD [74]. In
the second study of 297 patients with TRD, the use of esketamine in combination
with an oral AD was superior at delaying relapse in comparison with an oral AD
alone [73]. However, following discontinuation of the active treatment trial, nearly
40% of patients in the esketamine group had relapsed by week 40 [73]. So, though
esketamine delayed relapse, many patients eventually relapsed after the administra-
tion of esketamine was discontinued. Within these trials the adverse events were
consistent from the phase II trial. Side effects included, but were not limited to,
dissociation, somnolence, dizziness, and a rise in blood pressure [73, 74].

After the submission of this data to both the FDA and EMA, esketamine
(Spravato) was approved in combination with an oral AD in March 2019 and
December 2019, respectively [77]. Currently, there is only one other therapy,
olanzapine-fluoxetine combination, approved for TRD. With the success of keta-
mine and esketamine in depression, there has been a significant amount of research
into its mechanism of action. The following section will discuss the progress that has
been made in uncovering the complex mechanism of ketamine and esketamine in
depression.
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21.10 Ketamine and Esketamine’s Mechanism of Action: NMDAR
and AMPAR

The mechanism of action of ketamine and its enantiomers has been under investiga-
tion since its original discovery in the 1960s. A few of the earliest papers on its
mechanism of action were published in the 1980s, when it was found to reduce
excitatory potentials in rodents, cats, and amphibians [78, 79]. This research was
focused on the anesthetic properties of ketamine, and it was found that ketamine
antagonized NMDA receptors on glutamatergic neurons. A simplified overview of
the highly complex mechanism of action of these compounds is presented in
Fig. 21.1. The way in which ketamine acts on NMDA is twofold. First, ketamine
binds to a site within the channel of the NMDA receptor occluding cation flow.
Additionally, ketamine acts by decreasing channel opening frequency through
another allosteric mechanism [20, 80, 81]. As a result, inhibition of NMDA receptors
on glutamatergic neurons leads to decreased activity in the CNS and results in
dissociative anesthesia. These effects of ketamine were studied in the late twentieth
century in depth.

The antidepressive properties of ketamine that occur when given at a
sub-anesthetic dose were really investigated after Berman et al. published their
results in 2000. As an aside, a sub-anesthetic dose is typically 0.1–0.5 mg/kg
[82]. Studies have found that there are various cellular mechanisms of ketamine
and its derivatives that result in its antidepressive effect [15, 83, 84]. The
hypothesized mechanisms include (1) inhibition of NMDA receptors on GABAergic
interneurons; (2) blockade of extra-synaptic NMDA receptors; and (3) activation of
AMPAR resulting in mechanistic target of rapamycin complex (mTORC) activation
and BDNF release.

Fig. 21.1 Simplified overview of the complex mechanism of action of ketamine and esketamine
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These are just a few of the mechanisms that have been attributed to the
antidepressive effects. Outside of NMDA, ketamine and its enantiomers have
affinity for serotonin reuptake transporters (SERT), norepinephrine reuptake
transporters (NET), sigma-1 receptors, and opioid receptors [84, 85]. Ketamine
also has been shown to reduce activation of the lateral habenula which is referred
to as the “anti-reward center.” It is postulated that by downregulating the lateral
habenula, ketamine is further able to improve depression [86]. It is important to
acknowledge, however, that as more data emerge, many neuroscientists are
questioning whether NMDA antagonism is truly the primary mechanism behind
the antidepressive efficacy of ketamine and esketamine [84].

With that said, one of the mechanisms that has been extensively investigated is
the inhibition of NMDA receptors on GABAergic interneurons. Ketamine decreases
inhibition from the GABAergic interneurons, thereby increasing glutamatergic
signaling. This effect of ketamine and esketamine results in activation of neurons,
particularly pyramidal neurons, in the cerebral cortex [81, 84, 87]. As a result, there
is an increase in CNS activity and associated decrease in depressive symptoms.
Rodent studies have shown an increase in glutamate concentration after the admin-
istration of ketamine [88].

Additionally, there is inhibition of extrasynaptic NMDA receptors by ketamine
and its derivatives. These extrasynaptic receptors are located on cortical neurons and
act to suppress cortical neuronal function. These receptors are activated by basal
glutamate levels in the brain. After administration of ketamine, inhibition of these
receptors frees up cortical pyramidal neurons and results in their activation
[81, 84]. This has been shown in mouse models as an additional mechanism by
which ketamine reduces depression [89].

One mechanism that has seen growing support as the primary mechanism for
ketamine’s effectiveness in depression is the activation of AMPAR. This activation
occurs because of the increased glutamate that is released as a result of GABAergic
interneuron blockade. AMPAR signaling results in numerous downstream effects.
One these effects is activation of mTORC, a critical pathway in synaptogenesis
[58, 84, 90, 91]. This mechanism is of particular importance based on rodent studies
showing that infusion of rapamycin, an inhibitor of mTORC, resulted in decreased
antidepressive effects of ketamine [92]. With that said, studies in humans showed
that rapamycin administration was unable to attenuate the antidepressive effects of
ketamine and increased the response rates at 2 weeks [93]. In one rodent study,
inhibition of mTORC blocked the effects of esketamine, but not R-ketamine
[69]. This highlights the intricate biological mechanism with mTORC and the
importance of distinguishing enantiomers.

Besides mTORC, AMPAR activation has been shown to result in BDNF release
[13, 58, 81]. BDNF, a potent neurotrophic factor, is hypothesized to be critical in the
rapid acting effect of ketamine and its enantiomers. One mechanism by which this
occurs is through inhibition of eukaryotic elongation factor 2 (eEF2), an inhibitor of
BDNF translation [94]. Activation of AMPAR via a glutamatergic surge results in a
positive feedback loop and additional BDNF translation via tropomyosin receptor
kinase B (TrkB) signaling [15, 94]. This loop releases a large amount of BDNF and
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is one of the many distinguishing factors between ketamine, esketamine, and
traditional oral ADs. While oral ADs result in increased expression of BDNF over
several weeks, there is a decreased initial release of BDNF with traditional ADs in
comparison with ketamine and esketamine [15].

While numerous studies have implicated a critical role of NMDA antagonism in
ketamine’s efficacy, it is hypothesized that there are additional mechanisms that are
not yet known. Studies with other NMDA antagonists, such as memantine, a
treatment used in Alzheimer’s disease, have not shown any antidepressive effects
[95]. Therefore, it is hypothesized that other serotonergic, dopaminergic, noradren-
ergic, or opioid signaling may play a role, and it is unlikely that NMDA antagonism
alone is driving the antidepressive effects [84]. Furthermore, the degradation
products of ketamine and its enantiomers are drivers for its efficacy. Particularly,
the production of (S,R)-hydroxynorketamine (S,R-HNK) may also contribute to its
antidepressive effectiveness [96, 97].

Rodent studies have shown mixed results with S,R-HNK [68, 96, 98]. As a result,
the role that HNK plays in ketamine and esketamine’s mechanism of action is still
uncertain. Select rodent studies have shown that the metabolite S-norketamine
produced a response similar to esketamine [97]. Further, S-norketamine did not
show many of the dissociative effects of esketamine [97]. In summary, additional
studies in humans are necessary to better understand these complex actions of
ketamine and esketamine.

Finally, it is important to distinguish between mechanisms associated with
S-ketamine (i.e., esketamine) and R-ketamine. Esketamine has been shown to be a
more potent inhibitor of the NMDA receptor [67]. Nevertheless, there has been
increasing literature that supports the clinical use of R-ketamine. The reasons for this
are largely related to a proposed similar efficacy and reduced dissociation induced by
R-ketamine [70, 71, 97]. In Yang et al.’s study in rodents, administration of
R-ketamine resulted in a more potent response and longer-lasting antidepressant
effects than S-ketamine [70]. Further, previous studies have shown that S-ketamine
elicits greater undesirable psychotomimetic side effects (e.g., dissociation,
hallucinations) than R-ketamine [70, 99]. Unfortunately, there is limited published
data directly comparing S-ketamine and R-ketamine on TRD in humans. Such a
study would be helpful to not only determine which is the more effective and safe
treatment but also help understand the role NMDA antagonism truly plays. If
R-ketamine, the less potent NMDA antagonist, is shown to have greater
antidepressive properties, then it can be deduced that NMDA antagonism plays a
less prominent role in the mechanism of action.

A body of data has been published evaluating racemic ketamine vs. esketamine.
These studies have found that IV racemic ketamine exhibits a greater overall
response and remission rates in comparison with intranasal esketamine [100]. Unfor-
tunately, from years of use as an anesthetic, racemic ketamine is generic, and
manufacturers are unlikely to complete clinical trials necessary for approval in
depression.

In conclusion, ketamine and esketamine have a complex mechanism of action
that has been investigated at length. While there is increased glutamatergic signaling,
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additional studies are necessary to confirm many hypotheses regarding the mecha-
nism(s) behind it. One area to watch is further studies on R-ketamine. With less
potent NMDA antagonism, it is surprising that preclinical rodent studies have shown
increased antidepressive response and decreased dissociation with its administration
[70, 71, 101]. As we will discuss in the following section, the dissociative adverse
effects are one of the many drawbacks of esketamine therapy that prevents its more
widespread use. The next section will review the benefits and drawbacks of
esketamine therapy in TRD.

21.11 Benefits and Drawbacks of Therapy

Intranasal esketamine (Spravato) offers several benefits to patients with TRD. These
benefits include (1) a rapid onset of effect; (2) promising efficacy when few other
treatment options exist; and (3) a potent anti-suicidality effect.

The first and probably the most significant is the rapid acting antidepressive
effect. Patients who receive esketamine reported efficacy almost immediately after
administration with increasing antidepressive effect upon repeat dosing. In one of the
phase III trials, there was improvement of >3 points in MADRS in the esketamine
and oral antidepressant (AD) group vs. placebo and oral AD within the first 24 h
[74]. By day 28, this difference between the two groups increased to 4 points, and the
total change in the treatment group was an improvement of 21.4 points [74]. The
clinical data clearly show the rapid acting effect of adjunctive esketamine over
traditional oral AD alone. As stated previously, the rationale behind this rapid acting
effect is still unclear. One hypothesis is that esketamine results in the release of
BDNF, whereas traditional oral AD results in greater expression of BDNF over
many weeks [15].

Outside of the rapid acting effect, another benefit of esketamine is its efficacy in a
disease area with very few treatments. As stated previously, olanzapine-fluoxetine
combination is the only other pharmacotherapy approved for TRD. As a result, the
approval of esketamine offered new hope for patients with TRD.

Finally, esketamine has a potent anti-suicidality effect that allows it to be
extremely valuable in emergency situations of patients with major depression with
suicidal ideation (MDSI). This indication was approved in the United States in
August 2020 for MDSI and became the first therapy approved with rapid symptom
control in MDD. There were two phase II clinical trials, ASPIRE I and ASPIRE II,
which showed statistically significant improvement in depressive symptoms at 24 h
[102, 103].

Despite all the benefits, there are some drawbacks with esketamine treatment. A
few of these include (1) adverse effects such as dissociation and transient rise in
blood pressure; (2) a demanding treatment regimen; and (3) limited durability of
response.

One of the drawbacks of esketamine treatment is the adverse event profile.
Esketamine has been approved with a black box label, the most severe safety
warnings given by the FDA [77]. This is due to the risk of sedation, dissociation,
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abuse and misuse, and suicidal thoughts in select patients. Besides these potentially
severe side effects, esketamine is also associated with dizziness, nausea,
hypoesthesia, anxiety, lethargy, vomiting, and rise in blood pressure [77]. These
side effects occurred at an incidence of at least 5% in clinical studies, but for the most
part they are transient and resolve within a few hours post-administration [77].

Because of the risk of adverse events, esketamine has additional barriers to
treatment that have been mandated by the FDA. For instance, esketamine must be
administered at a qualified health facility by an esketamine certified prescriber.
Additionally, patients must be observed for 2 h following administration, and the
patient is unable to drive for 24 h. These barriers alone can be very restrictive, if the
patient has a job or has difficulty getting to a certified health center. This is especially
true due to the dosing regimen. With esketamine, the induction period consists of
twice weekly treatments for 4 weeks followed by once weekly treatments for weeks
5–8 [77]. After week 8, treatments are recommended weekly or biweekly [77]. This
is a significant commitment and is not suitable for all patients. As a result, when
prescribing this therapy, it is imperative that the prescriber discusses potential risks
and requirements.

A final drawback to consider is the limited durability of response in many
patients. In clinical trials, nearly 40% of patients experienced a relapse of their
depression by week 40 while on esketamine and an oral AD [73]. This was improved
in comparison with 50% of patients on AD and placebo. Nevertheless, there is still
significant room for improvement particularly when it comes to long-term treatment
for TRD. Based on our own experience to date, we believe booster treatments at
specified intervals will assure long-term maintenance of the beneficial outcome.
However, precise recommendations about booster efficacy and administration
schedules will have to await longer-term clinical trials.

While this description of the benefits and drawbacks is not exhaustive, it does
highlight many important considerations. The following section will discuss another
perspective in the treatment of depression and especially TRD and the mechanism
behind ketamine, that is, the role of inflammation.

21.12 Role of Inflammation in MDD and TRD

Substantial evidence links inflammatory pathways to changes in glutamatergic and
monoaminergic signaling resulting in clinical depression [29, 104, 105]. This has
been reported in numerous studies and led to the development of the field psycho-
neuroimmunology [106–108]. Pioneered by studies completed by Ader and Cohen
nearly 50 years ago, this field has grown into a massive area of psychiatric research
[106]. While many books have been published on this subject, this section will give
an overview of the field with a particular focus on the impact of glutamate. It has
been consistently shown that inflammation is increased in patients with MDD and
TRD [109–114]. This occurs through numerous pathways that have been covered at
length. The focus of this chapter, however, will be on: (1) activation of indoleamine
2,3-dioxygenase; (2) cytokine-induced glutamatergic excitotoxicity; and
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(3) stress-induced inhibition of glutamatergic signaling. It should first be restated,
however, that the glutamatergic system is one of the most tightly regulated systems
within the brain. Both an excess of and a deficiency in glutamate can lead to severe
psychiatric conditions, such as depression. This occurs through various mechanisms,
and this section will highlight a few as it relates to inflammation.

One of the most extensively investigated areas of research surrounding inflam-
mation and depression involves indoleamine 2,3-dioxygenase (IDO) [115–
117]. This enzyme is found in the intestines, lungs, female genital tract, placenta,
and lymphatic tissue, such as microglial cells. It is a critical mediator in the
breakdown of tryptophan in the kynurenine pathway which ultimately leads to the
production of nicotinamide adenine dinucleotide. While this pathway is critical in
cell metabolism, if upregulated, it can divert tryptophan away from the serotonin
pathway where it is also a precursor [116, 118]. In conjunction with inflammation,
this pathway can be upregulated through various signaling cascades (e.g., MAPK,
NFkB). Additionally, high levels of kynurenine can lead to cell-specific conversion
into other toxic products within the brain. For instance, within astrocytes,
kynurenine can be converted to kynurenic acid (KA). High levels of KA are believed
to result in inhibition of glutamatergic signaling [104, 118]. As a result, there can be
decreased dopamine release within the striatum [104, 118]. This has been shown in
rodent models [119]. On the other hand, within glial cells, kynurenine is converted to
quinolinic acid (QA), a toxic metabolite [120]. QA has been shown to activate
NMDA receptors leading to additional glutamate release [121]. With excessive
glutamate, excitotoxicity can occur, and BDNF production is decreased. Although
the exact mechanism of neurotoxicity is still being investigated, studies have shown
that excess QA leads to decreased BDNF in rodents [122]. As discussed previously,
decreased levels of BDNF have been linked to depression and suicidality
[15, 49]. These are two ways by which inflammation can lead to depressive
symptoms through both decreased glutamatergic and dopaminergic signaling in
the striatum, as well as glutamate excitotoxicity and decreased BDNF production
in the PFC and hippocampus. Admittedly, much of this research is preclinical, and
clinical studies are necessary to confirm this mechanism.

In addition to the impact of inflammation and IDO, there are also direct
implications of cytokine release on glutamatergic signaling. Increased cytokines
(e.g., TNF-alpha, IL-1, IL-2, IL-6) and acute phase reactants (e.g., C-reactive
protein) have been directly linked to depression for years [112, 123–126]. This has
been a target of therapeutics through utilizing anti-inflammatories, such as celecoxib,
to enhance depression treatment [127–130]. Studies have also shown that depression
is a common side effect in those utilizing cytokines, such as IFN-alpha, for cancer or
hepatitis C [131–133]. Several mechanisms have been proposed as to why cytokine
release may result in depression, such as HPA upregulation, IDO activation, and
serotonergic and noradrenergic dysregulation. One mechanism that is particularly
relevant to this chapter is the impact cytokines have on glutamate. It has been shown
that cytokines dramatically impact glutamate recycling [104, 112, 134]. This occurs
when cytokines increase glutamate release and decrease glutamate reuptake in
astrocytes and other glial cells [104, 112, 134]. The increase of glutamate from
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astrocytes leads to a preferential binding to extra-synaptic NMDA receptors. As
stated in the mechanisms of action section above, these receptors are tonic regulators
of cortical function and BDNF production. Increased glutamate binding through
cytokine activation leads to decreased cortical activity and BDNF production,
further contributing to depression.

Finally, the close link between inflammation, stress, and glutamate excitotoxicity
may also contribute to depression. For example, corticotrophin-releasing hormone
(CRH) is released by the hypothalamus and is a critical component of the stress
response within the HPA axis [135, 136]. As a result of this increased secretion, there
is increased HPA activity. Studies have shown HPA upregulation to be linked to
depression and other mood disorders [137, 138]. In terms of glutamatergic signaling,
it has been shown that chronic stress induces changes in this system in two ways.
First, HPA upregulation leads to increased glutamatergic signaling and
excitotoxicity. This excitotoxic surge of glutamate is followed by adaptive
downregulation of glutamatergic activation leading to depression-like symptoms in
rodents [52, 112, 139]. This is clearly detectable in the PFC and hippocampus in
rodent studies [112, 139]. Indeed, in select rodent studies, HPA upregulation and
glutamatergic excitotoxicity were shown to lead to volume reduction in the PFC and
hippocampus [140]. As a result, research has confirmed the stress response impacts
the glutamatergic system and may play a role in the pathophysiology of depression.
Unfortunately, limited progress has been made in considering the hyperactive HPA
axis therapeutically.

Overall, the field of psychoneuroimmunology is an exciting area of scientific
endeavor, and our understanding of glutamate’s role within and as a result of
inflammation is expanding. Activation of IDO, increased cytokine release, and
HPA axis upregulation alter the glutamatergic system and have downstream effects
manifesting themselves as depression. Outside of traditional anti-inflammatory
drugs, such as NSAIDs, limited pharmacotherapeutics are available to treat psychi-
atric conditions through principally targeting inflammation. With growing research
and clinical use, ketamine and its enantiomers have been shown to impact inflam-
mation in a way unlike other currently marketed antidepressants.

21.13 Ketamine, Esketamine, and Inflammation

Over the past 50 years, a significant debate has occurred regarding the role of
ketamine and its enantiomers in reducing inflammation. In fact, some authors
argue that it is not an anti-inflammatory agent, but rather an anti-pro-inflammatory
agent [141]. That is, ketamine reduces the pro-inflammatory response. This has been
under investigation since ketamine was shown to be beneficial as an anesthetic agent
in septic shock. Studies have largely rationalized its benefit in septic shock to be
principally due to its preservation of cardiovascular function compared with other
anesthetics [142–144]. Outside of the cardiovascular benefit of ketamine, there is
also an anti-inflammatory benefit of utilizing ketamine due to its inhibition of
cytokine release, particularly TNF-alpha and IL-6 [145, 146]. This has been
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investigated in numerous studies with ketamine as an anesthetic and more recently as
an antidepressant [144–147]. As a result, there is both decreased activation of IDO
and decreased HPA hyperactivation. This is an important link to ways in which
ketamine may rapidly decrease depression in patients who have been treatment
resistant. Studies have indicated that levels of inflammation are correlated with
treatment resistance in major depression [148]. In fact, it may be the anti-
inflammatory properties of ketamine that are making a difference in the treatment-
resistant population.

Decreased activation of IDO due to decreased cytokine production has been
reported in numerous human and animal studies. This result was established both
by decreased IDO activation and decreased KYN/tryptophan ratio [141, 149–
151]. As stated above, upregulation of IDO has been identified as a pathophysiologi-
cal mechanism of depression [115]. These studies indicate that ketamine’s complex
mechanism likely reduces activation of the kynurenine pathway and thus reduces
tryptophan depletion, an important precursor for serotonin.

Additionally, ketamine is also believed to normalize the HPA axis. Through
decreased release of inflammatory cytokines and acute phase reactants, ketamine is
able to decrease the activation of the HPA axis in numerous rodent studies
[151, 152]. In one study, the authors suggest that chronic stress on rodents led to
HPA hyperactivation and depressive-like behavior in part due to downregulation of
the glucocorticoid receptor within the hippocampus and upregulation of corticoste-
rone, the primary stress hormone in rodents [151]. Upon administration of ketamine,
the rodents resumed normal behavior and were shown to have return of baseline
levels of the glucocorticoid receptor in the hippocampus as well as normalized
corticosterone levels [151]. Additional studies in humans monitoring HPA axis
activity are necessary as much of the data to date are unclear.

As stated above, while many studies in both humans and animals predict an anti-
inflammatory effect of ketamine, it is unclear if this effect is the cause of its efficacy
or simply just another ancillary effect. Certain studies point to downward trends in
serum cytokines to be associated with treatment response to ketamine and depression
relief [153]. On the other hand, select studies found only transient decreases in
cytokines bringing to question the role inflammation plays in ketamine’s effective-
ness [146, 154]. One thing that is clear, however, is the need for more clinical
investigation into this matter.

21.14 Future Direction

The approval of esketamine arrived after years of investigation and brought new
hope into the treatment of TRD. This agent was the first to be approved for the
treatment of TRD since 2009 and a novel mechanism targeting the glutamatergic
system. As we look ahead, there are over 100 clinical trials in the United States
currently underway in TRD [155]. These trials are investigating agents such as novel
small molecules, nerve stimulators, and older known compounds such as psilocybin
[155]. Additionally, there are numerous investigators studying the glutamatergic
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system and its role in depression, ketamine’s complex mechanism, and other pieces
to this puzzle. As we look ahead, there are several important questions that will need
to be answered. How does dysregulation of the glutamatergic system first occur to
cause depression? Is there a role for R-ketamine in TRD? Does inflammation cause
depression, or is it merely associated with the disease? How can duration of response
be improved with esketamine in TRD? Significant progress has been made to answer
these questions over the past few decades. As we look toward the future, additional
information will provide new avenues to target TRD.

21.15 Conclusion

In summary, this chapter defined treatment-resistant depression and discussed cur-
rent understanding of prevalence, pathophysiology, and treatments with an emphasis
on the glutamatergic system. As described previously, the glutamatergic system is
tightly regulated, and imbalance within it can lead to various pathologies. It is an
extremely intricate system that is critical to cognition, learning, and memory and
more recently understood to play a role in mood. Additionally, we highlighted the
history and current understanding of the only glutamatergic agent approved for the
treatment of TRD, esketamine. This agent can normalize glutamatergic activity in
various areas of the brain and increase important neurotropic factors such as BDNF.
We discussed the current understanding of inflammation in depression and how
ketamine has been shown to influence it. This includes ketamine’s role on the
kynurenine pathway and HPA axis principally through its reduction of inflammatory
mediators. With this in mind, we briefly discussed the future direction of the
treatment of TRD and questions that remain unanswered. Ultimately, the informa-
tion presented in this chapter can be used to guide research and improve the
treatment for this debilitating disease.
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The Strategy of Targeting Peroxisome
Proliferator-Activated Receptor (PPAR)
in the Treatment of Neuropsychiatric
Disorders
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Abstract

Peroxisome proliferator-activated receptors (PPARs) are nonsteroid nuclear
receptors and transcription factors that regulate several neuroinflammatory and
metabolic processes, recently involved in several neuropsychiatric conditions,
including Alzheimer’s disease, Parkinson’s disease, major depressive disorder,
post-traumatic stress disorder (PTSD), schizophrenia spectrum disorders, and
autism spectrum disorders. PPARs are ligand-activated receptors that, following
stimulation, induce neuroprotective effects by decreasing neuroinflammatory
processes through inhibition of the nuclear factor kappa-light-chain-enhancer of
activated B cell (NF-κB) expression and consequent suppression of
pro-inflammatory cytokine production. PPARs heterodimerize with the retinoid
X-receptor (RXR) and bind to PPAR-responsive regulatory elements (PPRE) in
the promoter region of target genes involved in lipid metabolism, synthesis of
cholesterol, catabolism of amino acids, and inflammation. Interestingly, PPARs
are considered functionally part of the extended endocannabinoid (eCB) system
that includes the classic eCB, anandamide, which act at cannabinoid receptor
types 1 (CB1) and 2 (CB2) and are implicated in the pathophysiology of stress-
related neuropsychiatric disorders. In preclinical studies, PPAR stimulation
improves anxiety and depression-like behaviors by enhancing neurosteroid bio-
synthesis. The peculiar functional role of PPARs by exerting anti-inflammatory
and neuroprotective effects and their expression localization in neurons and glial
cells of corticolimbic circuits make them particularly interesting as novel
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therapeutic targets for several neuropsychiatric disorders characterized by under-
lying neuroinflammatory/neurodegenerative mechanisms. Herein, we discuss the
pathological hallmarks of neuropsychiatric conditions associated with
neuroinflammation, as well as the pivotal role of PPARs with a special emphasis
on the subtype alpha (PPAR-α) as a suitable molecular target for therapeutic
interventions.

Keywords

Alzheimer’s disease · Schizophrenia · Depression · PTSD · Emotional behaviors ·
Neurosteroids · Endocannabinoid system · PPAR

22.1 Introduction

Chronic low-grade systemic inflammation and consequent activation of the pro-
inflammatory response within the CNS, generally referred as neuroinflammation,
represent a well-known pathogenetic mechanism affecting several neuropsychiatric
conditions including Alzheimer’s disease and Parkinson’s disease, major depressive
disorder (MDD), post-traumatic stress disorder (PTSD), autism spectrum disorder
(ASD), and schizophrenia spectrum disorders (SSD) [1–6]. Abnormal activation of
neuroinflammatory processes strongly associates with the severity of the disease
progression and affects the treatment response [7, 8]. Peripheral inflammatory
stimuli reach the brain and trigger astrocytes and microglia activation
[9, 10]. Microglia cells constitute the innate immune cells and in the absence of
inflammation are generally in a surveillant state [11, 12]. Moreover, triggered
astrocytes can transform into a pro-inflammatory phenotype and regulate nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) expression [13] and
the production of pro-inflammatory cytokines through the toll-like receptor (TLR)4,
which then stimulates microglia activation [14–16]. A microglia-neuron crosstalk
via pro-inflammatory molecular mediators leads to neuroinflammation and
neurodegeneration [2, 4, 17], which are both involved in the pathogenesis of
neuropsychiatric conditions. Neuroinflammation causes abnormalities in synaptic
plasticity with consequent abnormal neurotransmitter release, learning and memory
process alterations, and ultimately neuronal death [18–20]. Under physiological
conditions, microglia play an active role in defending the central nervous system
from noxious stimuli via an active surveillance and promptly respond to challenging
events that cause damage to neuronal cells. This occurs through activation of a
cascade of inflammatory processes mediated by TLR signalling pathway that
converges to the NF-κB transcription factor and pro-inflammatory cytokine produc-
tion. Besides the underlying pathological conditions, associated risk factors includ-
ing alcohol, drugs of abuse, stress, and infections, common among mood disorders
and schizophrenia populations, activate neuroinflammatory processes. For example,
abnormal expression of TLR has been reported in the early stages of schizophrenia
and Alzheimer’s disease and linked to cognitive deficits [21–23]. Systemic
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inflammation can also affect the brain and its development as hypothesized for ASD
vulnerability [24, 25].

The nuclear receptor peroxisome proliferator-activated receptor (PPAR) is
involved in metabolic syndrome pathophysiology and several other inflammatory-
based conditions, including neuropsychiatric disorders [26, 27]. For instance, several
studies have recently revealed its role in the inflammatory mechanisms leading to
Alzheimer’s disease and MDD as well as the intriguingly pharmacological strategy
of targeting PPAR in the treatment of several neuropsychiatric disorders.

Hereinafter, we will review the functional and therapeutic role of PPARs by
exerting anti-inflammatory and neuroprotective effects underlying
neurodevelopment and mood disorders. We will also discuss their expression locali-
zation across neurons and glial cells of corticolimbic areas involved in behavior
regulation in several neuropsychiatric disorders. The pivotal role of PPAR-α as an
emerging molecular target for the treatment of neuroinflammatory and neurodegen-
erative diseases will also be analyzed.

22.1.1 Peroxisome Proliferator-Activated Receptor (PPAR)-a
and Inflammation

PPARs belong to the class of nonsteroid nuclear receptors with transcription factor
activity, and consist of three isoforms, α, β/δ, and γ, encoded by NR1C1, NR1C2,
and NR1C3 gene respectively, and differ for target genes, physiological functions,
and tissue distribution [28, 29]. PPARs are expressed in many cellular types that
exhibit differences in ligand specificity and activation of metabolic pathways.

PPAR-α and PPAR-δ are preferentially involved in the control of β-oxidation in
organs with high energy demands like the heart, skeletal muscle, liver, and kidneys,
whereas PPAR-γ is highly expressed in peripheral tissues with a high fatty acid
synthesis and storage such as the adipose tissue [30]. All PPAR isotypes are
expressed in the CNS in both neurons and glia with a unique pattern of brain areas
and cell-type expression [31]. It has been reported that PPAR-α colocalizes with
neurons, astrocytes, and microglia, PPAR-β/PPAR-δ colocalizes with neurons and
astrocytes in white matter but not microglia, and PPAR-γ colocalizes with neurons
and astrocytes but not microglia in the human brain. Also, PPAR-α is the only
isotype to colocalize with all cell types in both adult mouse and adult human brain
[32, 33], making this specific isotype a suitable target for pathological conditions
that involve a glia-neuron crosstalk network. PPAR-α heterodimerizes with retinoid
X receptors (RXR) to bind DNA-responsive elements (PPREs) on targeted gene
promoters and, thereby, regulates transcription of multiple genes [31, 34]. Recently,
we studied PPAR-α expression and its epigenetic regulation in a mouse model of
stress-related disorders. We observed that Ppar-α gene promoter was
hypermethylated in the hippocampus of socially isolated mice associated with a
decrease of its mRNA expression and increased proinflammatory markers [35]. To
our knowledge, this finding contributes the first demonstration that epigenetic
changes occur at the Ppar-α gene promoter in the adult mouse brain.
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The role of PPAR-α in brain proinflammatory processes and degeneration has
become an emerging concept that has been intensively investigated in the past few
years. PPAR-α exhibits anti-inflammatory effects and neuroprotective activity by
modulating the expression of proinflammatory mediators, including the enzyme
complex IkappaB kinase (IκB), an NF-κB inhibitor involved in propagating the
cellular inflammatory response [36].

A number of studies have shown that the stimulation of PPAR-α mediated by the
endogenous ligand palmitoylethanolamide (PEA) exerts anti-inflammatory effects
through the inhibition of NF-kB signalling [36, 37]. PEA also potentiates
neurosteroid biosynthesis and improves behavioral deficits induced by protracted
stress in rodents [38, 39]. PEA is an endocannabinoid (eCB)-like bioactive lipid
mediator, primarily targeting PPAR-α, with pleiotropic effects including anti-
inflammatory, analgesic, anticonvulsant, antimicrobial, antipyretic, antiepileptic,
immunomodulatory, and neuroprotective functions [40–42]. PEA’s pleiotropic
effects create potential therapeutic benefits in many pathological conditions, includ-
ing neuroinflammatory and neurodegeneration [43, 44]. Systemic administration of
PEA in socially isolated mice reversed the stress-induced downregulation of PPAR-
α expression in the brain [39]. PEA also reversed the affective-like behavior by
increasing neurosteroid biosynthesis and probably by enhancing the
anti-inflammatory component associated with this mechanism. Indeed, chronic
stress-induced hypermethylation of PPAR-α (Fig. 22.1) was associated with an
increased pro-inflammatory response investigated in the hippocampus of socially
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Fig. 22.1 Schematic representation of stress effects on PPAR expression and regulation of target
genes. Stress increases inflammation mediated through NF-kB pathway activation and TNF release.
By releasing NF-kB-dependent inflammatory markers, including IL1, IL6, and TNF-α, astrocytes
become reactive and crosstalk with activated microglia, ultimately leading to neuronal damage.
PPAR-α is known to exhibit anti-inflammatory effects and a neuroprotective activity by modulating
the expression of inflammatory mediators, including IκB, an NF-κB inhibitor, leading to the
suppression of cytokine production. Stress induces epigenetic changes that alter PPAR-α expres-
sion, including hypermethylation of Ppar-α gene promoter [35], and these effects are associated
with increased inflammation and altered behavior
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isolated mice [35]. These preliminary findings strongly support our hypothesis of a
beneficial role of PEA in the treatment of neuroinflammatory-based neuropsychiatric
disorders.

PPAR-α expressed in astrocytes and neurons is deeply involved in several
physiological and pathological conditions, including regulation of mitochondrial
and proteasomal function, neuroinflammation, oxidative stress, and
neurodegeneration, which are considered key pathogenetic mechanisms involved
in stress-related disorders such as anxiety spectrum disorders and depression [27, 38,
39]. Deficits in PPAR-α signalling have also been observed in elevated
neuroinflammatory processes in schizophrenia pathogenesis [45, 46]. Accordingly,
a therapeutic role for PPAR-α ligands includes treatment of neurodegenerative
disorders and addiction [47–49].

Pro-inflammatory markers, such as NFκB, PGE2, iNOS, and COX-2, are highly
expressed in a cohort of schizophrenia patients [50, 51], compared to healthy
controls. This supports the hypothesis that targeting these molecular players may
represent a novel therapeutic strategy for schizophrenia management [52]. Moreover,
it is well established that PPARs elicit anti-inflammatory effects via inhibition of the
NF-κB pathway, and its popularity among the scientific community as a target for
the treatment of neuroinflammatory conditions, including schizophrenia, is fast-
growing. The finding that PPAR-α is target for endogenous ligands to induce
neurosteroid biosynthesis [38] further supports the hypothesis that activation of
PPAR-α may prevent inflammatory-induced neuronal damage by upregulating
neurosteroid metabolites with anti-inflammatory actions [53–55].

Administration with PPAR agonists in the knockdown of GluN1, an NMDA
receptor subunit, model of schizophrenia showed positive results in long-term
memory improvement [56]. In the schizophrenia animal model of maternal immune
activation (MIA), prenatal treatment with the PPAR-α agonist fenofibrate attenuates
the MIA-induced biochemical and behavioral deficits [57]. Favorable effects were
also observed in the management of the second-generation antipsychotic olanzapine-
induced weight gain by using a histamine agonist with PPAR-α modulating activity
[58]. Interestingly, besides endogenous and synthetic compounds, such as the
fibrates, several natural bioactive compounds and phytocannabinoids act as ligands
for PPAR-α including polyphenols and unsaturated fatty acids which stimulate its
expression and induce anti-inflammatory effects [28, 59, 60], supporting a relevant
role for natural bioactive compounds found in functional foods that can be added to
the diet of these populations.

Also, PPAR-γ ligands have been studied for their role in cognition [49], which is
a core symptom of schizophrenia. Taken together, these findings suggest that PPAR
activation can be investigated in a broad spectrum of conditions associated with
mood, neurodevelopmental, and neurodegenerative disorders that are characterized
by pervasive neuroinflammation. Here, we discuss the anti-inflammatory role of
PPAR-α in (1) neurodegenerative disorders such as Alzheimer’s disease and
Parkinson’s disease; (2) psychiatric disorders such as schizophrenia spectrum
disorders, major depressive disorder, and PTSD; and (3) neurodevelopmental
disorders such as autism spectrum disorders (ASD).
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22.2 PPAR-a as Potential Molecular Target for Neuropsychiatric
Conditions

22.2.1 Alzheimer’s Disease

Alzheimer’s disease represents the most common cause of dementia; accounting for
an estimated 60–70% of cases worldwide [61]. Although the pathological hallmarks
of Alzheimer’s disease in the brain are amyloid-β (Aβ) plaques and abnormal tau
tangles, which were extensively addressed by research in the last decades, these
abnormalities did not explain the persistence of cognitive decline despite the
patients’ amyloid load was reduced in clinical trials [62, 63]. The recent evidence
of increased levels of pro-inflammatory markers in subjects with Alzheimer’s
disease and the identification of Alzheimer’s disease risk genes associated with
innate immune functions strongly supported the hypothesis of neuroinflammation
as a prominent mechanism involved in the pathogenesis of Alzheimer’s disease
[64, 65]. Neuroinflammation consists in an inflammatory response within the CNS
usually caused by various pathological stimuli such as infections, traumatic brain
injuries, stroke, and toxins [66] as well as chronic stress [67]. The
neuroinflammatory mediators are produced and released by activated innate immune
cells represented by the resident CNS glia cells (microglia and astrocytes) and
endothelial cells or derived from peripheral immune cells. Importantly, the inflam-
matory response may lead to synaptic dysfunction, neuronal death, and inhibition of
neurogenesis contributing to the neurodegeneration and cognitive deterioration in
Alzheimer’s disease [68]. Our lab just recently demonstrated that protracted social
isolation stress induced an increase in pro-inflammatory markers in the hippocampus
associated with epigenetic changes in PPAR-α gene promoter and consequent
suppression of its expression [35]. Decreased PPAR-α expression has also been
implicated in the pathogenesis of Alzheimer’s disease [69], and administration of
PPAR-α agonists (gemfibrozil and WY14643) decreases amyloid pathology and
reverses memory deficits and anxiety symptoms in APP-PSEN1ΔE9 mice [70]
suggesting that PPAR-α activation may be relevant for the improvement of cognitive
function [71].

22.2.2 Parkinson’s Disease

Parkinson’s disease is the most invalidating motor disorder characterized by rest
tremor, rigidity, and bradykinesia [72]. Motor symptoms usually represent the
“core” feature of the disease although non-motor symptoms are also frequent and
include autonomic dysfunction and cognitive and psychiatric changes such as major
depressive disorder and psychosis [73–75]. Parkinson’s disease is a neurodegenera-
tive disorder caused by loss of dopaminergic neurons projecting from the substantia
nigra pars compacta to the caudate nucleus and putamen (striatum) associated with
mitochondrial dysfunction, oxidative stress, excitotoxicity, apoptosis, and inflam-
mation [76–78]. Animal models for Parkinson’s disease have been reproduced by
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exposure to the toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which
induces degeneration of dopaminergic neurons in the substantia nigra [79]. In
MPTP-exposed rodents, the PPAR-γ activator pioglitazone protects against neuro-
toxicity, decreasing microglial activation, and iNOS-positive cells, as well as
inhibiting monoamine oxidase-B expression [80]. In a chronic MPTP model, admin-
istration of the PPAR-γ agonist rosiglitazone protected from dopaminergic neuron
loss [81]. Similar effects were obtained with MHY908, a PPAR-α/PPAR-γ dual
agonist, that showed neuroprotective effects by reducing microglial activation and
neuroinflammation in the MPTP mouse model [82]. In addition, studies showed that
the PPAR-α agonist fenofibrate decreases the toxicity induced by MPTP [83] by
reducing the production of inflammatory cytokines [84]. Taken together, these
findings strongly suggest that targeting PPARs may change the Parkinson’s disease
trajectory and could be a pertinent target for Parkinson’s disease treatment.

22.2.3 Schizophrenia Spectrum Disorders

Schizophrenia spectrum disorder is a severe chronic, highly heterogenic,
neurodevelopmental disorder associated with progressive neuronal loss, brain struc-
tural and functional changes, and a significant shortened life expectancy [85–
87]. Although several hypotheses have been made including the dopaminergic
hypothesis and the GABAergic/glutamatergic neurotransmission imbalance hypoth-
esis, the causes of schizophrenia are not completely elucidated. In fact, besides the
individual genetic vulnerability, epigenetic changes occurring as consequence of
environmental adverse events (“second hit”), including stress, drug abuse, and
trauma, play an important role in alterations in cortical GABAergic/glutamatergic
neurotransmission [88, 89]. Recently, neuroinflammatory processes in schizophre-
nia have been investigated and demonstrated by the evidence that individuals
affected by schizophrenia show elevated expression of inflammatory markers such
as interleukin (IL)-β, IL-6, or C-reactive protein (CRP) in both the brain and
peripheral blood [90–92]. Recently, it has been shown that peripheral low-grade
inflammation is associated with ultra-resistance to treatment in schizophrenia UTRS
[93–95], suggesting that inflammation contributes to treatment resistance. A study
reported that schizophrenia patients show a specific immune-inflammatory bio-
marker pattern characterized by increased NFκB, PGE2, iNOS, and COX-2 levels
compared to bipolar disorder patients and healthy controls [6, 96], hypothesizing
that pharmacological modulation of these inflammatory markers may constitute a
promising therapeutic target. Indeed, PPAR stimulation plays a pivotal role in
schizophrenia illness severity and treatment response by modulating pro-inflamma-
tory cytokine expression.

The mechanism that links schizophrenia to inflammation relies on the evidence
that systemic inflammation caused by different pathological conditions leads to pro-
inflammatory cytokine release into the general system, which then creates a mirror
inflammatory response in the brain via microglia activation and secondary produc-
tion of pro-inflammatory cytokines, such as tumor necrosis factor (TNF), IL-1β, and
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IL-6 [52, 93, 97, 98]. Neuroinflammation during development or early life, in turn,
alters neuronal maturation and synaptic plasticity by altering the glutamatergic
system [45, 99, 100]. Through microglia-neuron crosstalk, pro-inflammatory
cytokines, including TNF-α, which alters the cell membrane expression of AMPA
and NMDA glutamate receptors leading to abnormal calcium mobilization,
stimulates glutamate release that precipitates excitotoxicity processes, inhibits glu-
tamate transport on astrocytes, and alters GABAA receptor expression [101]. PPAR-
α exhibits anti-inflammatory effects and neuroprotective activity by modulating the
expression of inflammatory mediators, such as IκB, an NF-κB inhibitor [36]. Thus,
PPAR-α activation may reduce (1) illness severity and progression, (2) metabolic
adverse effects induced by certain medications (i.e., antipsychotics), and (3) treat-
ment response. To this end, PPAR-α stimulation may represent a useful anti-
inflammatory tool for therapeutic intervention in schizophrenia in which
neuroinflammation plays a pivotal role.

An additional mechanism that has emerged recently highlights the role of
neurosteroids, including allopregnanolone, in neuronal development and brain func-
tioning by modulating GABAergic neurotransmission via a direct action on mainly
extra-synaptic GABAA receptors [102, 103]. Also, sulfated neurosteroids modulate
N-methyl-d-aspartate (NMDA) receptors, a key molecular player in schizophrenia
pathogenesis, with different electrophysiological effects and binding affinity based
on the NMDA receptor subunit composition. For instance, pregnanolone sulfate
inhibits tonic-mediated NMDA neurotransmission, which provides neuroprotection
[104, 105]. PPAR-α stimulation by systemic administration of PEA promotes
allopregnanolone and its sulfated congener biosynthesis and therefore might
improve schizophrenia course by reducing the impact of inflammation on neuronal
damage.

Treatment-resistant schizophrenia (TRS) represents a subgroup of population that
does not respond to at least two first-line antipsychotic medications at adequate dose
and duration with documented compliance [106]. TRS affects around 30% of
subjects with schizophrenia and results in a high risk of relapses, poor global
functioning, social impairments including unemployment, and reduced overall qual-
ity of life [107]. The only approved evidence-based treatment for TRS is the atypical
antipsychotic clozapine, which is still considered the most effective antipsychotic
but, unfortunately, used only as a second-line treatment due to its adverse effects and
tolerability profile [108]. The biological mechanisms underlying the neuropathology
of TRS are not completely understood. Recent evidence highlights the role of several
conditions including dopamine supersensitivity, hyperdopaminergic and normo-
dopaminergic subtypes, glutamate dysregulation, inflammation and oxidative stress,
and serotonin dysregulation [109]. Recently, Keller et al. (2018) reported that
treatment strategies using anti-inflammatory agents showed some benefits in people
with schizophrenia [110].

Also, only 40% of treatment-resistant schizophrenia subpopulation responds to
clozapine [111], thus creating a subgroup of population (12–20%) that is clozapine-
resistant and therefore referred to as ultra-resistant (UTRS) or clozapine-resistant
schizophrenia (CRS) [112]. Although the pathophysiological bases of ultra-resistant



22 The Strategy of Targeting Peroxisome Proliferator-Activated. . . 521

schizophrenia remain largely unknown, recent evidence suggests that UTRS is
associated with chronic peripheral low-grade inflammation as resulted by increased
levels of high-sensitivity C-reactive protein (hs-CRP) [93, 113]. Also, peripheral
inflammatory markers correlate with poor treatment response prediction to
antipsychotics [114, 115]. Given the remarkable pro-inflammatory component of
this disorder, while it has not been experimented yet, it would be of interest to test
whether PPAR agonists would be beneficial in this treatment-resistant population.

22.2.4 Autism Spectrum Disorder (ASD)

ASD is a neurodevelopmental disorder of childhood characterized by impaired
social communication and social interaction and restricted and repetitive behaviors
with a complex, multifactorial etiology [116]. The pathogenesis of ASD is
characterized by a high heterogeneity and associated with a strong genetic vulnera-
bility combined with environmental adverse factors in the early phase of develop-
ment [117, 118]. Current FDA-approved medications for ASD belong to the class of
antipsychotics (e.g., risperidone and aripiprazole) that mainly target irritability and
aggressive behaviors in children with ASD, but these drugs fail to treat core
symptoms of ASD. Although alterations in GABAergic/glutamatergic neurotrans-
mission associated with abnormal synaptic plasticity are strongly involved in the
pathogenesis of ASD, the precise mechanisms remain unclear. The growing evi-
dence suggests a relevant role for systemic inflammatory dysregulation and
neuroinflammation in the neuropathology of ASD [119–122]. PPARs regulate
inflammatory pathways by controlling gene expression of key transcription factors
such as NF-κB or cyclooxygenase. Activation of PPAR-α and PPAR-γ by selective
agonists has been reported to exert neuroprotective effects by reducing oxidative
stress and neuroinflammation, which are processes involved in ASD
pathophysiology [123].

Clinical studies showed a significant reduction in irritability, lethargy, stereotypy,
and hyperactivity with the PPAR-γ agonist pioglitazone [124]. In a 10-week study,
pioglitazone was also studied as add-on strategy to risperidone in the treatment of
irritability in ASD [125]. Pioglitazone also favorably modifies behavioral symptoms
along with a significant reduction of pro-inflammatory IL-6 [126].

Consistent with PPAR-α activation, neurobehavioral and biochemical benefits in
an ASD animal model were observed following administration with fenofibrate that
resulted in reduced oxidative stress and inflammation in several brain regions [127].

PPAR-α is required for normal cerebral functions, and its genetic ablation leads to
repetitive behaviors and cognitive inflexibility in mice [128]. In another rodent
model of ASD, the BTBR T + tf/J (BTBR) mouse, PEA reverted the altered
phenotype and improved ASD-like behavior through PPAR-α activation. This effect
was accompanied by decreased levels of inflammatory cytokines and restored the
hippocampal brain-derived neurotrophic factor (BDNF) signaling pathway in BTBR
mice [129]. Indeed, PPAR-α activation modulates BDNF expression and
neuroplasticity [130], an action that was associated with improvement of mood
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deficits [131]. Treatment with the selective PPAR-β/δ agonist GW0742 improved
repetitive behaviors and lowered thermal sensitivity responses in the BTBR rodents
while decreasing pro-inflammatory and increasing anti-inflammatory
cytokines [132].

22.2.5 Major Depressive Disorder

Neuroinflammation has been implicated in the pathophysiology of depression
[133, 134]. Dysregulations of immune system occurs in depressed patients and
obstruct favorable prognosis and antidepressant treatment responses [135]. Synthetic
agonists of PPAR-α have been investigated in clinical trials for their ability to
improve depression symptoms [26]. PPARs are key molecular regulators of cell
metabolism, energy homeostasis, cellular development, and differentiation; thus,
their ligands find several clinical applications such as hyperlipidemia and
hypertriglyceridemia in combination with statins, type 2 diabetes mellitus, metabolic
syndrome, and nonalcoholic fatty liver disease, as well as neurodegenerative
diseases, cancers, and inflammatory diseases where they play a relevant role between
metabolic disorders and chronic low-grade systemic inflammation promoting anti-
inflammatory effects [136]. In addition, PPAR agonists have been tested in mood
disorders, especially major depression and depressive episodes in bipolar disorder,
showing a marked improvement of depressive symptoms [137, 138], although the
underlying mechanisms are not fully understood. We propose that PPARs might
work in synergism with neurosteroids to exert their beneficial effects to relieve
depressive symptoms. Interestingly, recent preclinical evidence suggest that
PPAR-α activation induced by the administration of its endogenous modulator,
PEA, induces biosynthesis of allopregnanolone in corticolimbic brain areas includ-
ing the frontal cortex, hippocampus, and amygdala [38]. The PEA-induced
neurosteroid increase was also correlated with behavioral dysfunction improvement
expressed in a mouse model for PTSD and depression. Previous work showed that
the PEA-induced activation of peripherally expressed PPAR-α also results in
allopregnanolone upregulation [139, 140]. Altogether, these findings highlight the
potential role of PPAR-α regulation as a suitable target for developing new strategies
for the treatment of mood disorders that are characterized by deficiency in
neurosteroidogenesis and elevated neuroinflammatory processes, including major
depressive disorder, PTSD, and postpartum depression. Importantly, synthetic
PPAR-α agonists, such as the fibrates, fenofibrate and clofibrate, which are
FDA-approved for the treatment of hypercholesterolemia, could be repurposed to
treat mood disorders by targeting the PPAR-allopregnanolone pathway
[141, 142]. By this mechanism, enhancing allopregnanolone biosynthesis would
enhance extrasynaptic GABAA receptor-mediated inhibitory signaling as well as
decrease the pro-inflammatory pathway mediated by TLR4 activation [54, 55].

It has been recently reported that approximately one third of patients with major
depression fail to reach even a partial response with current pharmacological
treatments, and remission is obtained in only about one third of responders. Failure
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to achieve a complete remission after trials with different antidepressants is known
as treatment-resistant depression (TRD) [143–145]. Inflammation has been consid-
ered as potential underlying pathological mechanism in TRD [146, 147]. Increased
levels of cytokines in depression provide the rationale for targeting the immune
inflammatory system in MDD [148]. Treatment-resistant depression has been
associated with increased peripheral levels of CRP in humans [149]. Moreover,
inflammation is associated with depression, especially in women, and levels of CRP
and interleukin (IL)-6 correlate with the response to antidepressants [150]. The anti-
inflammatory celecoxib and some nonsteroidal anti-inflammatory agents (NSAIDs)
improve depressive symptoms in adult subjects with major depressive disorder in
combination with antidepressants [151, 152]. Similar results were obtained with the
use of the TNF antagonist infliximab [153]. The process of neuroinflammation can
also lead to neurodegeneration and alterations of neurosteroid synthesis
[154]. Endogenous allopregnanolone in the brain is downregulated in rodent stress
models and in humans with major depression. Previous studies showed that brain
allopregnanolone levels fell markedly in rodents following protracted social isola-
tion stress as well and in the bulbectomized model of depression [104, 155–
157]. Interestingly, in vivo treatment with PEA ameliorated the behavioral pheno-
type in socially isolated mice [38, 39, 104] unveiling a potential novel mechanism as
target for drug therapy in treatment-resistant depression.

22.2.6 Post-Traumatic Stress Disorder (PTSD)

PTSD is a debilitating trauma-related mental disorder that develops in individuals
who experience or witness a life-threatening traumatic event [158]. Lifetime preva-
lence of PTSD is estimated at around 3.9% worldwide [3]. Diagnostic symptoms of
PTSD include severe emotional distress or physical reactions, flashbacks, avoidance
behavior, fear and anxiety, cognition impairment, mood changes, hyperarousal, and
reactivity (irritability). Current available medications for symptom reduction include
selective serotonin reuptake inhibitors (SSRIs) and serotonin-norepinephrine
(SNRIs) such as fluoxetine, paroxetine, sertraline, and venlafaxine. Unfortunately,
these current pharmacological treatments fail to address the immune-inflammatory
responses and cognitive impairments as well as to achieve a complete remission, and
augmentation strategies are needed [159]. Endocannabinoids, through the activation
of CB1 and CB2 receptors, play an important role in the regulation of the amygdala-
hippocampal-corticostriatal neuronal circuit involved in PTSD, specifically in stress
response [160]. PEA recently has been proposed to be part of the extended eCB
system inducing its main pharmacological effects by stimulating PPAR-α which
plays a role in suppressing neuroinflammation and oxidative stress upon stimulation
[38, 39], thereby linking the eCB system to inflammatory processes in the
neurocircuit responsible for the PTSD pathogenesis. PPAR-α is decreased in the
socially isolated mouse model for PTSD, and the treatment with PEA reverses this
deficit causing an increase in PPAR-α expression and ameliorating the behavioral
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phenotype, including improvement of fear extinction deficits and fear extinction
retention [35, 38, 39].

Evidence showed a strong correlation of PTSD and alterations in oxidative stress,
inflammation, and neurosteroid levels [161–166]. Individuals with PTSD exhibit
significantly elevated blood levels of inflammatory markers, such as IL-1β, IL-6,
TNF-α, and CRP, relative to healthy control subjects [167]. Mounting evidence
indicates that the cannabinoid system is involved in multiple aspects of the patho-
physiology of PTSD including inflammatory processes [168]. Although the potential
risks of cannabis use for PTSD treatment outweigh the benefits [169], its anti-
inflammatory properties might be beneficial in the treatment of PTSD and might
open to new potential molecular targets involving the eCB system and extended eCB
family by targeting PPAR-α. In fact, in the mouse model for PTSD induced by
protracted social isolation, PPAR-α stimulation induced by PEA reverses the abnor-
mal biochemical and behavioral phenotype [38, 39, 104], suggesting a therapeutic
effect of PEA in PTSD symptoms potentially via stimulation of GABAergic neuro-
transmission and inflammatory processes inhibition [35].

22.2.7 Conclusions and Future Perspectives

PPARs represent novel fascinating targets for the treatment of neuropsychiatric
disorders associated with elevated neuroinflammatory processes and
neurodegeneration. Its epigenetic regulation in the brain under chronic stress
conditions unveils new scenarios for drug therapy. A growing body of preclinical
and clinical data suggests that neuroinflammation is a pathological process common
to several neuropsychiatric conditions that deserves to be therapeutically addressed
beyond the specific cause which characterizes the single disease. Based on the
compelling scientific evidence provided, PPAR activation by downregulating
neuroinflammation may help in the better management and treatment of neuropsy-
chiatric disorders. Both natural or synthetic PPAR ligands, by stimulating anti-
inflammatory mechanisms and, possibly, by enhancing neurosteroid biosynthesis,
may provide a future treatment approach to prevent and alleviate pathophysiological
processes that lead to the development of brain pathological conditions (Fig. 22.1).
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Abstract

The ketogenic diet, known as a low-carbohydrate, high-protein, and high-fat diet,
drastically restrains the major source of energy for the body, forcing it to burn all
excess fat through a process called ketosis—the breaking down of fat into ketone
bodies. First suggested as a medical treatment for children suffering from epi-
lepsy, this diet has gained increased popularity as a rapid weight loss strategy.
Over the past few years, there have been numerous studies suggesting that the
ketogenic diet may provide therapeutic effects for several psychiatric conditions
such as mood- and anxiety-related disorders. However, despite significant prog-
ress in research, the mechanisms underlying its therapeutic effects remain largely
unexplored and are yet to be fully elucidated. This chapter provides an in-depth
overview of preclinical and clinical evidence supporting the use of a ketogenic
diet in the management of mood and anxiety disorders and discusses its relation-
ship with inflammatory processes and potential mechanisms of actions for its
therapeutic effects.
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23.1 Introduction

The ketogenic diet, commonly known as the “keto diet,” is one of the many
low-carbohydrate regimes, consisting specifically of a high fat intake of up to
55–60% of total daily calories [1]. It is usually composed of a 4:1 ratio of lipid/
non-lipid [2]. This form of diet was first proposed by American physician Russell
Wilder as a therapeutic agent to treat epilepsy in children [1]. However, its use
diminished as modern medicine became more prominent. Nowadays, this diet has
gained increasing popularity as a rapid weight loss formula [1].

An individual with a healthy diet normally utilizes carbohydrates as the primary
source of energy. However, when an individual opts for the ketogenic diet, his body
becomes deprived of carbohydrates, forcing it to enter into a catabolic state, with fat
being now the primary source of energy [1]. This causes insulin secretions to reduce
and glycogen storage to deplete, leading to gluconeogenesis and ketogenesis
[1]. When glucose levels drop, this process is not able to keep up with the body’s
great need for glucose; hence, ketogenesis begins [1]. Ketogenesis in turn produces
ketone bodies, which replace glucose and act as an alternate source of energy for the
body. At this stage, insulin secretion is low due to low blood glucose feedback,
which reduces the stimulus for fat and glucose storage [1]. In addition, hormonal
changes contribute to the increased breakdown of fats into fatty acids as a source of
energy for the body [1]. These fatty acids are then broken down into three fat-derived
metabolites: acetoacetate (keto acid), beta-hydroxybutyrate (keto acid), and acetone
(ketone) [1]. The body is now in a “ketosis state,” in which the ketone bodies are
now the primary and alternate source of energy as long as the body is deprived of
carbohydrates.

Studies conducted over the past few years suggest that the ketogenic diet has
several health benefits other than weight loss, one of which includes having anticon-
vulsant effects, that is, the ability to control seizures [3]. This was mainly explained
by the “pH hypothesis” proposed by Bridge and Iob [4], which suggests that the
ketogenic diet makes the blood and brain slightly acidic, hence allowing the brain to
stop seizures. In fact, this occurs in the absence of carbohydrates, where fats are used
as the primary source of energy, which break down into two keto acids and a ketone.
In this case, the ketogenic acids decrease the blood’s pH, leading to anticonvulsant
effects. In addition to treating epilepsy, the ketogenic diet has shown to be an
effective strategy for managing type 2 diabetes [5]. Indeed, there seems to be a
positive correlation between weight loss and the ketogenic diet due to this regime’s
ability to reduce appetite and the amount of body fat [6, 7]. In point of fact, it was
shown that a low-carbohydrate diet is much more effective in reducing body weight
compared to a low-fat diet [8], most likely due to the presence of ketone bodies
coming from excessive fatty acid metabolism. Additionally, the ability of ketone
bodies to decrease glucose metabolism and reverse insulin resistance was shown to
be associated with low hemoglobin A1c (Hb1ac) levels, which in turn has proved to
be beneficial in treating type 2 diabetes [5]. Furthermore, preclinical experiments
have shown that ketone bodies significantly increase cardiac efficiency by providing
oxidizing ketone bodies as a fuel source for the heart, suggesting that the ketogenic
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diet may be beneficial for individuals with cardiovascular complications [9], which
are hallmarks of type 2 diabetes [10]. The ketogenic diet is also able to lower
triglyceride and increase HDL levels in humans, whose effects play a role in
reducing the risk of heart disease [11]. Finally, the ketogenic diet has proved to be
effective in helping treat cancer due to its ability to reduce insulin levels and cellular
proliferation, hence leading to reduced blood glucose level and fuel availability for
cancer cells [12].

The ketogenic diet has recently been mentioned in several studies for its benefi-
cial effects on mood and anxiety disorders. The asset of this diet is that it can replace
pharmacological treatments used to treat psychiatric disorders, therefore decreasing
the occurrence of potential unwanted side effects while being financially advanta-
geous [13]. In addition, this diet can reverse mitochondrial dysfunction and decrease
reactive oxygen species (ROS) production, increase energy production, produce
antioxidant characteristics, reduce inflammation and oxidative stress, and limit
apoptosis, all of which can have beneficial effects in mood and anxiety disorders
[14]. However, despite significant progress in research, the beneficial effects of the
ketogenic diet in mood and anxiety disorders along with its underlying mechanisms
of actions are poorly understood. In this book chapter, the focus will be on the
potential therapeutic effect of the ketogenic diet in neuropsychiatric conditions and
the role of inflammation in its underlying mechanisms of action. This chapter first
starts by describing the symptoms and underlying neurobiological mechanisms of
mood and anxiety disorders and their link with inflammation and finally provide an
overview of preclinical and clinical studies highlighting the role of the ketogenic diet
in inflammation and in the management of these disorders.

23.2 Mood and Anxiety Disorders

23.2.1 Symptoms and Underlying Neurobiological Mechanisms
of Mood Disorders

Mood disorders are one of the biggest issues today, being considered as a leading
cause for disabilities and death [15]. Among them, major depressive disorder (MDD)
is a debilitating disorder characterized by a variety of emotional and psychological
problems [16]. Approximately 10% of the population will experience at least one
episode of depressive disorder once in their lifetime [17]. According to the Diagnos-
tic and Statistical Manual of Mental Disorders (DSM-5), symptoms of MDD include
low mood, loss of interest or pleasure, significant weight loss or gain, insomnia or
hypersomnia, psychomotor retardation or agitation, loss of energy, feelings of
worthlessness, difficulty in thinking or concentrating, and suicidal attempts
[18]. An individual is diagnosed with MDD if he has at least five of these symptoms
during the same 2-week period [18]. Bipolar disorder is another chronic and
recurrent mood disorder that affects at least 1% of the population, leading to
increased cognitive and functional impairments [19]. It is characterized by huge
mood swings ranging from depression to mania or hypomania [20]. According to the
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DSM-5, symptoms of bipolar disorder include inflated self-esteem, diminished need
for sleep, pressured need to keep talking, racing thoughts, increased in goal-directed
activity, engaging in activities with painful consequences, and distracted attention
[21]. Bipolar disorder was also shown to be associated with increased risk for
cardiovascular diseases [22] and anxiety disorders [23]. Last but not least, schizo-
phrenia is a mood disorder characterized by positive symptoms, which include
delusion and hallucination; negative symptoms, which include a lack of motivation
and social withdrawal; and cognitive symptoms, which include reduced attention
and altered speech [24, 25]. Globally, this disease has a low prevalence (<1%) but
imposes a severe burden to the affected individual and their caregivers [26].

There is mounting evidence showing that genetic factors play a significant role in
mood disorders [27]. A meta-analysis of twin studies estimates that genetic factors
account for approximately 37% in the heritability of MDD [28]. In addition,
genome-wide association studies (GWAS) show a genetic overlap between schizo-
phrenia, bipolar disorder, and MDD due to the merging of functional pathways
[29]. GWAS have also shown that the ODZ4 gene, which is involved in signaling
and neuronal path finding, and the ankyrin 3 (ANK3) gene, which is involved in
localization of sodium channels, are involved in bipolar disorder [30]. Bipolar
disorder is also associated with variation in the calcium voltage-gated channel
subunit alpha 1C (CACNA1C) gene [31], which has been shown to correlate with
cognitive disturbances [32]. In addition, epigenetic factors such as hypomethylation
of the catechol-O-methyltransferase (COMT) gene were demonstrated to play a
significant role in the pathophysiology of bipolar disease and schizophrenia
[33]. Similarly, polymorphisms in genes encoding growth factors such as the
brain-derived neurotrophic factor, fibroblast growth factor, insulin-like growth fac-
tor, and vascular endothelial growth factor have been shown to be associated with
the pathophysiology of MDD [16]. Susceptibility to mood disorders may also be
influenced by epistatic interactions between genes, such as the genes encoding for
the arginine vasopressin receptor 1B (AVPR1B) and the corticotropin-releasing
hormone receptor 1 (CRHR1) [34]. These findings indicate that mood disorders
can be viewed as multifactorial disorders, resulting not only from polymorphisms in
certain susceptibility gene but also from the interaction between genetic and envi-
ronmental factors.

Neurotransmitters, including serotonin, dopamine, and norepinephrine, have also
been shown to play a major role in the development of mood disorders. For instance,
reduced brain serotonin levels and polymorphism of the serotonin transporter gene
were shown to be associated with MDD [35]. In addition, a meta-analysis of
monoamine depletion studies showed that reduced level of serotonin, dopamine,
or norepinephrine was associated with decreased mood in individuals with a family
history of MDD and in drug-free patients with MDD in remission [36]. There is also
accumulating evidence indicating that schizophrenia is associated with increased
dopamine transmission particularly in mesolimbic areas [37], and dopamine receptor
blockade through antipsychotics has been the cornerstone of schizophrenia therapy
for several decades [38]. The neurotransmitter glutamate has shown to play an
important role in the pathophysiology of MDD inasmuch as blockade of the
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glutamate N-methyl-D-aspartate (NMDA) receptor exerts rapid and robust antide-
pressant effects even in treatment-resistant individuals [39]. Bipolar disorder is also
positively correlated with excessive sympathetic nervous system activity as evidence
indicates that norepinephrine is abnormally elevated in individuals with this disorder
[40]. It is also noteworthy to mention that glial changes in brain regions such as the
anterior cingulate cortex, prefrontal cortex, orbitofrontal cortex, and amygdala have
been demonstrated in individuals with mood disorders, suggesting a link with
immune and inflammatory responses [41–43]. In addition, MDD was shown to be
associated with decreased responsiveness to glucocorticoids as a result of increased
level of inflammatory cytokines [44]. Finally, there is mounting evidence illustrating
a relationship between mood disorders and the occurrence of gray matter
abnormalities and structural changes in several brain structures in particular those
within the frontal-subcortical circuit and the mesolimbic reward circuit [45, 46].

23.2.2 Anxiety Disorders: Link with Inflammation

Listed as a serious mental health disorder, anxiety can be subdivided into numerous
diagnostic categories including social phobias, post-traumatic stress disorder
(PTSD), panic disorders (PD), obsessive-compulsive disorder (OCD), and
generalized anxiety disorder (GAD) [47]. Anxiety could be induced either by genetic
or dietary contributions; by psychological inputs in early childhood, for example,
living with overprotective parents; by social inclusions and environmental factors by
means of social pressure such as at school or at work; or by a stressful life event such
as the death of a close relative [48, 49]. Some of the biological and dietary factors
that are either directly or indirectly associated with stress- and anxiety-like behaviors
include the neurotransmitters glutamate, norepinephrine, and GABA [50–52] and
dietary intake of magnesium [53]. Inflammation is another main biological factor
that is directly linked to anxiety-like disorder [54]. Indeed, exposure to anxiety-
provoking stimuli leads to the activation of the hypothalamic-pituitary-adrenal
(HPA) axis and the immune system and to the increased release of pro-inflammatory
cytokines [55, 56]. Inflammatory cytokines are associated with high levels of
oxidative stress as well as the delivery of ROS and reactive nitrogen species
(RNS), which in turn alter the cerebral neurocircuits of anxiety by affecting brain
regions involved in emotional behaviors such as the amygdala, insula, and prefrontal
cortex [57]. In a more profound manner, it was shown that individuals suffering from
PTSD show high levels of pro-inflammatory cytokines interleukin-1 beta (IL-1β),
IL-6, tumor necrosis alpha (TNF-α), and interferon-gamma (IFN-γ) in the serum
and/or cerebrospinal fluid [58, 59] and elevated activity of NF κ B [60] and
C-reactive protein (CRP) [59]. PTSD was also shown to be associated with changes
in immune gene transcription and differential methylation level of genes involved in
immune and inflammatory functions [61, 62]. Other anxiogenic factors include
changes in sleep rhythms such as loss of sleep hours or interruptions in usual sleep
cycles, which can accelerate the production of IL-6 and CRP, creating further
inflammatory reactions that promote anxiety [63, 64]. Finally, numerous studies
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point to the fact that anxiety disorders are characterized by structural and functional
changes in certain brain regions, such as the amygdala, hippocampus, medial
prefrontal cortex (mPFC), and anterior cingulate cortex (ACC), most of which are
known to play important roles in inflammatory processes [57]. For instance,
increases in IL-6 levels—either through disruption in sleep or stress—were shown
to play a major role in linking the functions of both the amygdala and the mPFC in
promoting anxiety [65]. In addition, evidence indicates that anxiety disorders are
associated with smaller hippocampal [66, 67] and amygdala [68, 69] volume, as well
as reduced anterior cingulate gray matter density [69]. Anxiety disorders were also
shown to be associated with increased activation of the insula and decreased
connectivity between the anterior insula, amygdala, and anterior cingulate
cortex [70].

Taken together, inflammation has effectively proven to play critical roles in
inducing anxiety- and fear-like behaviors and to induce structural and/or functional
changes in several brain regions. However, it is important to note that further studies
are needed to better understand the relationship between inflammation and anxiety
and the underlying mechanisms of action.

23.3 Ketogenic Diet and Inflammation

There is mounting evidence suggesting that ketone bodies obtained from the keto-
genic diet exert neuroprotective and anti-inflammatory properties. By binding to
hydroxy-carboxylic acid receptor 2 (HCA2) expressed on immune cells such as
microglia, dendritic cells, and macrophages, β-hydroxybutyrate (BHB)—one of the
main ketone bodies detected after supply of a ketogenic diet—can directly influence
neuroinflammatory mechanisms [71, 72]. Activation of these receptors by BHB
triggers the release of a neuroprotective subset of macrophages leading to dampened
inflammation [73, 74]. The ketogenic diet has also been shown to influence
neuroinflammatory processes through its inhibitory action on nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) [74, 75]. It exerts neuroprotective
and anti-inflammatory actions through the activation of microglial cells [76] and its
inhibitory effect on the activity of pro-inflammatory cytokines including IL-1β, IL-6,
and TNF-α [77]. Preclinical evidence also indicates that the ketogenic diet may exert
anti-inflammatory effects through BHB-mediated inhibition of the NLRP3
inflammasome, which controls the release of pro-inflammatory cytokines
[78]. This diet was also associated with reduced inflammation through the activation
of peroxisome proliferator-activated receptor gamma (PPARγ) [79]. Findings from
preclinical experiments correlate with those in clinical settings inasmuch as con-
sumption of a low-carbohydrate diet by overweight individuals with atherogenic
dyslipidemia resulted in marked decreases in inflammatory and immune markers
including TNF-α, IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-1), and
E-selectin [80].

Because of the strong evidence supporting an anti-inflammatory property of
ketogenic diet, it is not surprising that many studies have investigated the potential
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use of this diet for the treatment of neurodegenerative and psychiatric conditions
where inflammatory processes are dysregulated [81]. For instance, the ketogenic diet
was shown to be effective in reversing the increased expression of inflammatory
cytokines and the production of oxidative stress in a murine model of multiple
sclerosis [82]. In a mouse model of Parkinson’s disease based on treatments with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), the ketogenic diet was
shown to exert anti-inflammatory actions by inhibiting the activation of microglia
and the level of pro-inflammatory cytokine in the substantia nigra [76]. These
molecular changes were associated with a significant alleviation of motor
dysfunctions, suggesting a potential therapeutic effect of the ketogenic diet in
Parkinson’s disease [76]. The ketogenic diet has also shown great promise in treating
Alzheimer’s disease due to its ability to reduce the expression of inflammatory and
apoptotic mediators [74] and in treating conditions involving inflammatory pain
such as allodynia [83]. Since inflammatory processes play a key role in the underly-
ing pathophysiology of psychiatric disorders such as anxiety [84], MDD [85],
bipolar disorder [86], and schizophrenia [87], it is not surprising that several studies
have investigated the therapeutic potential of the ketogenic diet in these disorders.

23.4 Ketogenic Diet in Mood Disorders

23.4.1 Evidence from Animal Studies

Despite significant improvements in both pharmacological and non-pharmacological
treatments, mood disorders, including schizophrenia, MDD, and bipolar disorder,
remain at the top of the mood behavior therapeutics agenda displaying a high
treatment resistance. Therefore, several studies to date hypothesized nutritional
intervention as a promising treatment strategy for mood behaviors. In order to
validate those hypotheses, researchers based their studies on animal models of
depression, mainly mice and rats, induced either by corticosterone injections [88]
or by the chronic social defeat stress model [89, 90].

Several recent studies suggest that a sustained ketogenic diet is of novel thera-
peutic importance in animal models of schizophrenia [91–93]. For instance,
according to Sarnyai and colleagues [91], the ketogenic diet resulted in a complete
restoration of normal behavior phenotype in mice models of schizophrenia. In fact,
while converging evidence classify brain bioenergetic defects as a cause of schizo-
phrenia and other psychotic disorders [94, 95], the ketogenic diet normalizes brain
energy metabolism by circumventing glycolysis and relying on ketosis in order to
restore normal brain glucose metabolism and mitochondrial function. Furthermore,
by allowing the body to rely on ketone bodies as alternative energy substrates, the
ketogenic diet has proven to change the GABA/glutamate ratio in favor of GABA in
a way to compensate the low GABA levels displayed in schizophrenic mice by
suppressing its catabolism and stimulating its synthesis [91, 92].

Moreover, there is a wide consensus in the literature that the ketogenic diet has
similar beneficial effects as conventional antidepressant drugs in the force choice
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model of depression in rats [96–98]. In this context, Murphy and colleagues [97]
used the Porsolt model—also known as the forced swim test (FST)—to assess the
time spent immobile by rats, which indicates behavioral despair, a characteristic of
depression. For instance, rats fed with a ketogenic diet and rats treated with antide-
pressant drugs spent on average less time immobile compared to rats fed with a
standard control diet [96, 97]. Since rats on the ketogenic diet are less likely to
exhibit behavioral despair, the results suggest that the ketogenic diet has efficient
antidepressant properties and in turn could be useful in the treatment of depression.
However, despite the aforementioned importance of ketosis in schizophrenia treat-
ment [91–93], a plausible interesting finding of this research is that behavioral
change in rats fed with a ketogenic diet was ketosis independent [97]. A likely
mechanism mediating the antidepressant effect of the ketogenic diet is the restoration
of microglial activation and neuronal excitability in the lateral habenula, a region
involved in negative reward processing [99]. There is clearly a need for future
research to cautiously examine the importance of ketosis and other potential factors
in the antidepressant effect of the ketogenic diet.

Furthermore, evidence suggests that gestational ketogenic diet reduces the sus-
ceptibility of mice to depression [100]. In fact, mice prenatally exposed to a
ketogenic diet exhibit elevated physical activity in both the FST and the exercise
wheel test (EWT) compared to mice exposed to a standard diet prenatally [100]. The
following could be explained by neuro-anatomical differences evidenced by mag-
netic resonance imaging, including a hypothalamic and corpus callosum reduction
along with cortical and cerebellar volumetric enlargement [100]. These findings
indicate that a prenatal ketogenic diet confers an antidepressant effect even with a
postnatal standard diet by inducing neuro-anatomical changes. In addition, while the
aforementioned studies neglected gender-based differences [96, 97], this study
investigated gender as a covariate of physical activity since female rats fed with a
ketogenic diet displayed a significant higher number of rotations on the EWT
compared to males [100]. However, all other variables of EWT and FST were
gender independent [100].

Difficulties arise, however, when an attempt is made to solely examine the effect
of ketogenic diet on animal models of bipolar disorder. In fact, while several clinical
approaches investigated the interplay between bipolar disorder in humans and
ketogenic diet, no study to date focused on such correlation among animals due to
the limited number of suitable experimental models of bipolar disorder available for
behavioral and histological analysis [101]. In addition, animal models of bipolar
disorder fail to capture all pathophysiological aspects of the disease; only few
selected symptoms are displayed, leading to a reduced validity of the model [102].

Taken together, the nutritional intervention of the ketogenic diet is of therapeutic
importance in terms of mood disorders in animal models. Although this diet has been
shown to exert therapeutic effects in MDD, bipolar disorder, and schizophrenia,
several inconsistencies exist in the literature. In addition, many of the studies
investigating the therapeutic properties of the ketogenic diet have neglected
gender-based differences between male and female rats. For this matter, further
studies are required to better examine the therapeutic effect of the ketogenic diet in
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mood disorders. At last, despite its efficiency in treating mood disorders, more
evidence is needed to assess the long-term safety and tolerability of this diet in
order to avoid potential side effects.

23.4.2 Evidence from Human Studies

There are converging lines of evidence showing that a ketogenic diet shows benefi-
cial effects in the treatment of mood disorders in humans similar to that observed
with traditional medications [2, 103–105]. A study conducted by Campbell and
Campbell [106] with bipolar disorder patients showed that the majority of patients
(~85%) following a ketogenic diet reported a positive effect on mood stabilization.
In another clinical study conducted by Phelps and colleagues [103] on two women
diagnosed with bipolar disorder, prolonged ketosis (2 or 3 years) achieved through a
ketogenic diet resulted in significant improvement in mental health that exceeded
that achieved with medication and led to no signs of adverse effects. On the other
hand, a study done with one individual with bipolar disorder showed no positive
result with the ketogenic diet keeping in mind ketosis was not achieved [107]. Alto-
gether, these findings indicate that a state of ketosis is necessary for the positive
effect and impact of the ketogenic diet on bipolar disorder. Taking this concept
another step forward, ketosis is postulated to decrease the level of sodium and
calcium intracellularly therefore acting as a mood stabilizer [2, 103, 107, 108].

When it comes to schizophrenia, the ketogenic diet can be considered to be an
efficient treatment and can even reverse some of the persistent symptoms of this
disease [109]. In another case study, a 33-year-old man diagnosed with MDD and
schizoaffective disorder was prescribed with several medications including
lamotrigine and lorazepam and then started a ketogenic diet for 3 weeks
[110]. Two observations were identified; first, there was a significant reduction on
body weight (~15 lb), and second, there was a noticeable improvement in mood and
a decrease in schizophrenia-related symptoms including hallucinations [110]. Similar
effects were observed in another 31-year-old female patient diagnosed with
schizoaffective disorder and prescribed drugs [110]. However, in the latter case,
withdrawal from the ketogenic diet led to a severe symptom relapse, and after being
back on the diet, it was not before a short fasting period that the symptoms started to
disappear [110]. While these findings indicate that the ketogenic diet can success-
fully be used for the management of schizophrenia, a short fasting is required for this
diet to continue exerting its effects if it is discontinued [110]. Interestingly, the
medications used by the 31-year-old female patient led to a significant symptom
improvement until ketosis was activated, suggesting that the latter can be an impor-
tant factor in the therapeutic effects of drugs prescribed for schizophrenia [110]. In
another study, Kraft and Westman [111] report the case of a female in her 70s with a
diagnosis of schizophrenia since the age of 17 and long-standing severe symptoms
of paranoia, disorganized speech, and hallucinations. Her doctor suggested a keto-
genic diet as she suffered from obesity along with depression [111]. After 7 days of
following a ketogenic diet, she already showed a significant amelioration in her
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symptoms, and after 19 days, she reported having no more signs of hallucinations
[111]. Altogether, these findings demonstrate a strong potential for the ketogenic diet
in managing symptoms of schizophrenia.

Moreover, there is strong evidence in humans showing that depressive symptoms
can be treated with a ketogenic diet rather than a conventional pharmacological
routine [14]. In a study by Cox and colleagues [112], a 12-week ketogenic diet
regimen led to decreased glucose levels and fewer symptoms of depression as per the
PHQ-9 scale in a patient with MDD and type 2 diabetes. As mentioned previously
[110], symptoms of depression are often comorbid with other disorders like bipolar
disorder or schizophrenia, and significant mood amelioration was observed follow-
ing a ketogenic diet, suggesting that this diet increases the quality of life and mental
well-being of individuals with mood disorders [13].

Overall, the ketogenic diet is an alternative strategy that is being used and
recommended in many cases to treat mood disorders such as bipolar disorder,
MDD, and schizophrenia. It can cross out and minimize side effects of medicinal
drugs while easing the financial burden to the affected individual. It has been tested
and proved that it can reverse the mitochondria dysfunction, which in turn reduces
the symptoms of mood behavior [14]. Also, as observed in clinical cases, patients
who are suffering from these three major disorders all demonstrate improvement in
results and less symptomatology after starting the ketogenic diet as long as ketosis
has started. However, some limitations could be noted; for instance, during the
online experiments by Campbell and Campbell [106], reports could have been
biased and inaccurate, diminishing the validity of the results. Clearly more clinical
research needs to be done to better understand the efficiency and mechanisms of
action of the ketogenic diet in mood disorders in humans.

23.5 Ketogenic Diet in Anxiety Disorders

Over the past few years, there has been an increased interest in using the ketogenic
diet in treating anxiety disorder. Individuals with anxiety disorders usually have
frequent and persistent fear when dealing with everyday life situations [113]. Anxiety
disorders have become more prevalent, possibly due to increased environmental
stress and misuse of social media [114, 115]. Anxiety disorders are typically treated
with pharmacotherapy and psychotherapy [116], but nutrition seems to have a major
impact on these disorders [117].

Numerous studies on experimental animals have investigated the effects of the
ketogenic diet on anxiety. Włodarczyk and colleagues [118] and Sussman and
colleagues [100] argue that several neurotransmitters are involved in the etiology
of anxiety, including serotonin, norepinephrine, glutamate, and GABA. The effects
of GABA on anxiety disorders were extensively studied in several preclinical and
clinical studies. Through its inhibitory action on neural activity, GABA can regulate
anxiety by preventing excessive neuronal excitability [119], and its receptors are
often key targets of anxiolytics [52]. As far as the ketogenic diet is concerned, a
study conducted by Calderón and colleagues [120] showed that rodents fed with a
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ketogenic diet had a significantly higher urine level of GABA compared to rodents
fed with a normal diet, suggesting that this diet might be beneficial in reducing
anxiety through its action on GABA. Similarly, mice prenatally exposed to a
ketogenic diet were shown to travel shorter distances and to spend more time in
the center in an open-field test, indicating that this diet may have anxiolytic effects
[100]. In addition, results show that male mice visited the center of the open-field
apparatus more frequently than female mice regardless of their diet, suggesting that
both gender and prenatal diet have an impact on anxiety-related behaviors [100]. The
anxiolytic effect of the low-protein intake during gestation is likely due to reduced
extracellular release of dopamine in the brain as previously suggested [121, 122]. In
another study, chronic administration of ketone supplements to a standard diet was
shown to reduce anxiety-like behaviors in rats as assessed by the elevated plus maze
test [123]. Concentrations of BHB were significantly elevated, implying the occur-
rence of ketosis [123]. The anxiolytic properties of KD could also be assessed by
investigating its effect on sleep insomuch as individuals with anxiety have reduced
sleep quality [124]. In a study conducted by Hallböök and colleagues [125] o
18 children with epilepsy, sleep quality was significantly improved, and the rapid
eye movement (REM) was increased following a ketogenic diet for a period of
3 months. In accordance with these findings, a 3-month ketogenic diet therapy
significantly improved the sleep anxiety of children with epilepsy, suggesting that
this diet may have positive effects on the overall sleep quality of mental well-being
of the individual [126].

Taken together, the ketogenic diet can have significant effects on certain neuro-
transmitter systems and can influence anxiety-related behaviors in a gender-specific
manner. However, more studies should be conducted to better understand the
anxiolytic effect of the ketogenic diet prior to recommendation for therapeutic
purposes over traditional anxiolytic drugs.

23.6 Conclusion

Overall, the ketogenic diet has gained increased global popularity not only as a
weight loss strategy but also as a therapeutic modality for mood and anxiety
disorders. As presented in this chapter, the beneficial effects of the ketogenic diet
in mood and/or anxiety disorders may be attributed to a wide variety of mechanisms
including the generation of ketone bodies [110, 123], the facilitation of GABAergic
transmission [120], the reduction in dopamine release [121, 122], the restoration of
microglial activation and neuronal excitability in the lateral habenula [99], the
induction of neuro-anatomical changes [100], and the improvement of sleep quality
[125, 126]. However, despite significant advances in this field of research, the risks
of this diet and its advantages over alternative strategies are far from being fully
elucidated and need further clarification. One of the main gaps in the existing
literature is that human studies investigating the mood-stabilizing or anxiolytic effect
of the ketogenic diet are largely limited to case studies involved in a small number of
individuals. Obviously more research using large-scale human cohorts are needed to
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better understand the effect of the ketogenic diet on behavior and biomarkers related
to mood and anxiety disorders. Notwithstanding this limitation, the ketogenic diet
has shown great efficacy in the management of mood and anxiety disorders and is
already extensively being used as a complement or alternative strategy to conven-
tional pharmacotherapy.

References

1. Masood W, Annamaraju P, Uppaluri KR. Ketogenic diet. In: StatPearls [Internet]. Treasure
Island, FL: StatPearls; 2021. https://www.ncbi.nlm.nih.gov/books/NBK499830/. Accessed
22 Nov 2021.

2. Bostock EC, Kirkby KC, Taylor BV. The current status of the ketogenic diet in psychiatry.
Front Psych. 2017;8:43. https://doi.org/10.3389/fpsyt.2017.00043.

3. Zhang Y, Xu J, Zhang K, et al. The anticonvulsant effects of ketogenic diet on epileptic
seizures and potential mechanisms. Curr Neuropharmacol. 2018;16(1):66–70.

4. Bridge EM, Iob LV. The mechanism of the ketogenic diet in epilepsy. J Ment Sci. 1931;77
(317):437–8.

5. Azar ST. Benefits of ketogenic diet for management of type two diabetes: a review. J Obes Eat
Disord. 2016;2:2. https://doi.org/10.21767/2471-8203.100022.

6. Gibson AA, Seimon RV, Lee CM, et al. Do ketogenic diets really suppress appetite? A
systematic review and meta-analysis. Obes Rev. 2015;16:64–76. https://doi.org/10.1111/obr.
12230.

7. Kong Z, Sun S, Shi Q, et al. Short-term ketogenic diet improves abdominal obesity in
overweight/obese Chinese young females. Front Physiol. 2020;11:856. https://doi.org/10.
3389/fphys.2020.00856.

8. Samaha FF, Iqbal N, Seshadri P, et al. A low-carbohydrate as compared with a low-fat diet in
severe obesity. N Engl J Med. 2003;348(21):2074–81. https://doi.org/10.1056/
NEJMoa022637.

9. Aubert G, Martin OJ, Horton JL, et al. The failing heart relies on ketone bodies as a fuel.
Circulation. 2016;133(8):698–705. https://doi.org/10.1161/CIRCULATIONAHA.115.
017355.

10. De Rosa S, Arcidiacono B, Chiefari E, et al. Type 2 diabetes mellitus and cardiovascular
disease: genetic and epigenetic links. Front Endocrinol (Lausanne). 2018;9:2. https://doi.org/
10.3389/fendo.2018.00002.

11. Kosinski C, Jornayvaz FR. Effects of ketogenic diets on cardiovascular risk factors: evidence
from animal and human studies. Nutrients. 2017;9(5):517. https://doi.org/10.3390/
nu9050517.

12. Weber DD, Aminazdeh-Gohari S, Kofler B. Ketogenic diet in cancer therapy. Aging (Albany
NY). 2018;10(2):164–5. https://doi.org/10.18632/aging.101382.

13. Tillery E, Ellis K, Threatt T, et al. The use of the ketogenic diet in the treatment of psychiatric
disorders. Ment Health Clin. 2021;11:211–9. https://doi.org/10.9740/mhc.2021.05.211.

14. Niepoetter P, Gopalan C. The effects of ketogenic diets on psychiatric disorders involving
mitochondrial dysfunction: a literature review of the influence of dieting on autism, depres-
sion, anxiety, and schizophrenia. HAPS Educator. 2019;23:426–31. https://doi.org/10.21692/
haps.2019.002.

15. Bradford DW, Cunningham N. Psychotic disorders cause the greatest mortality disparity
among mental disorders, though more deaths are attributable overall to mood and anxiety
disorders. Evid Based Ment Health. 2016;19(2):58. https://doi.org/10.1136/eb-2015-102100.

16. Fakhoury M. New insights into the neurobiological mechanisms of major depressive
disorders. Gen Hosp Psychiatry. 2015;37(2):172–7. https://doi.org/10.1016/j.genhosppsych.
2015.01.005.

https://doi.org/10.3389/fpsyt.2017.00043
https://doi.org/10.21767/2471-8203.100022
https://doi.org/10.1111/obr.12230
https://doi.org/10.1111/obr.12230
https://doi.org/10.3389/fphys.2020.00856
https://doi.org/10.3389/fphys.2020.00856
https://doi.org/10.1056/NEJMoa022637
https://doi.org/10.1056/NEJMoa022637
https://doi.org/10.1161/CIRCULATIONAHA.115.017355
https://doi.org/10.1161/CIRCULATIONAHA.115.017355
https://doi.org/10.3389/fendo.2018.00002
https://doi.org/10.3389/fendo.2018.00002
https://doi.org/10.3390/nu9050517
https://doi.org/10.3390/nu9050517
https://doi.org/10.18632/aging.101382
https://doi.org/10.9740/mhc.2021.05.211
https://doi.org/10.21692/haps.2019.002
https://doi.org/10.21692/haps.2019.002
https://doi.org/10.1136/eb-2015-102100
https://doi.org/10.1016/j.genhosppsych.2015.01.005
https://doi.org/10.1016/j.genhosppsych.2015.01.005


23 Ketogenic Diet and Inflammation: Implications for Mood and Anxiety Disorders 549

17. Lim GY, TamWW, Lu Y, et al. Prevalence of depression in the community from 30 countries
between 1994 and 2014. Sci Rep. 2018;8(1):2861. https://doi.org/10.1038/s41598-018-
21243-x.

18. Fakhoury M. Diagnosis of major depressive disorders: clinical and biological perspectives. In:
Kim Y-K, editor. Understanding depression. Singapore: Springer Nature; 2018. https://doi.
org/10.1007/978-981-10-6577-4_4.

19. Vieta E, Berk M, Schulze T, et al. Bipolar disorders. Nat Rev Dis Primers. 2018;4:18008.
https://doi.org/10.1038/nrdp.2018.8.

20. Jain A, Mitra P. Bipolar affective disorder. In: StatPearls [Internet]. Treasure Island, FL:
StatPearls; 2021. https://www.ncbi.nlm.nih.gov/books/NBK558998/.

21. Culpepper L. The diagnosis and treatment of bipolar disorder: decision-making in primary
care. Prim Care Companion CNS Disord. 2014;16(3):PCC.13r01609. https://doi.org/10.4088/
PCC.13r01609.

22. Weiner M, Warren L, Fiedorowicz JG. Cardiovascular morbidity and mortality in bipolar
disorder. Ann Clin Psychiatry. 2011;23(1):40–7.

23. Spoorthy MS, Chakrabarti S, Grover S. Comorbidity of bipolar and anxiety disorders: an
overview of trends in research. World J Psychiatry. 2019;9(1):7–29. https://doi.org/10.5498/
wjp.v9.i1.7.

24. Fervaha G, Zakzanis KK, Foussias G, et al. Motivational deficits and cognitive test
per-formance in schizophrenia. JAMA Psychiat. 2014;71:1058–65.

25. Fakhoury M. Role of the endocannabinoid system in the pathophysiology of schizophrenia.
Mol Neurobiol. 2017;54(1):768–78. https://doi.org/10.1007/s12035-016-9697-5.

26. Charlson FJ, Ferrari AJ, Santomauro DF, et al. Global epidemiology and burden of schizo-
phrenia: findings from the global burden of disease study 2016. Schizophr Bull. 2018;44(6):
1195–203. https://doi.org/10.1093/schbul/sby058.

27. Lau JY, Eley TC. The genetics of mood disorders. Annu Rev Clin Psychol. 2010;6:313–37.
https://doi.org/10.1146/annurev.clinpsy.121208.131308.

28. Sullivan PF, Neale MC, Kendler KS. Genetic epidemiology of major depression: review and
meta-analysis. Am J Psychiatry. 2000;157(10):1552–62. https://doi.org/10.1176/appi.ajp.157.
10.1552.

29. Witt SH, Streit F, Jungkunz M, et al. Genome-wide association study of borderline personality
disorder reveals genetic overlap with bipolar disorder, major depression and schizophrenia.
Transl Psychiatry. 2017;7(6):e1155.

30. Leussis MP, Madison JM, Petryshen TL. Ankyrin 3: genetic association with bipolar disorder
and relevance to disease pathophysiology. Biol Mood Anxiety Disord. 2012;2:18. https://doi.
org/10.1186/2045-5380-2-18.

31. Fiorentino A, O'Brien NL, Locke DP, et al. Analysis of ANK3 and CACNA1C variants
identified in bipolar disorder whole genome sequence data. Bipolar Disord. 2014;16(6):
583–91. https://doi.org/10.1111/bdi.12203.

32. Moon AL, Haan N, Wilkinson LS, et al. CACNA1C: association with psychiatric disorders,
behavior, and neurogenesis. Schizophr Bull. 2018;44(5):958–65. https://doi.org/10.1093/
schbul/sby096.

33. Abdolmaleky HM, Cheng KH, Faraone SV, et al. Hypomethylation of MB-COMT promoter is
a major risk factor for schizophrenia and bipolar disorder. Hum Mol Genet. 2006;15(21):
3132–45. https://doi.org/10.1093/hmg/ddl253.

34. Szczepankiewicz A, Leszczyńska-Rodziewicz A, Pawlak J, et al. Epistatic interaction between
CRHR1 and AVPR1b variants as a predictor of major depressive disorder. Psychiatr Genet.
2013;23(6):239–46. https://doi.org/10.1097/YPG.0000000000000007.

35. Fakhoury M. Revisiting the serotonin hypothesis: implications for major depressive disorders.
Mol Neurobiol. 2016;53(5):2778–86. https://doi.org/10.1007/s12035-015-9152-z.

36. Ruhé HG, Mason NS, Schene AH. Mood is indirectly related to serotonin, norepinephrine and
dopamine levels in humans: a meta-analysis of monoamine depletion studies. Mol Psychiatry.
2007;12(4):331–59. https://doi.org/10.1038/sj.mp.4001949.

https://doi.org/10.1038/s41598-018-21243-x
https://doi.org/10.1038/s41598-018-21243-x
https://doi.org/10.1007/978-981-10-6577-4_4
https://doi.org/10.1007/978-981-10-6577-4_4
https://doi.org/10.1038/nrdp.2018.8
https://doi.org/10.4088/PCC.13r01609
https://doi.org/10.4088/PCC.13r01609
https://doi.org/10.5498/wjp.v9.i1.7
https://doi.org/10.5498/wjp.v9.i1.7
https://doi.org/10.1007/s12035-016-9697-5
https://doi.org/10.1093/schbul/sby058
https://doi.org/10.1146/annurev.clinpsy.121208.131308
https://doi.org/10.1176/appi.ajp.157.10.1552
https://doi.org/10.1176/appi.ajp.157.10.1552
https://doi.org/10.1186/2045-5380-2-18
https://doi.org/10.1186/2045-5380-2-18
https://doi.org/10.1111/bdi.12203
https://doi.org/10.1093/schbul/sby096
https://doi.org/10.1093/schbul/sby096
https://doi.org/10.1093/hmg/ddl253
https://doi.org/10.1097/YPG.0000000000000007
https://doi.org/10.1007/s12035-015-9152-z
https://doi.org/10.1038/sj.mp.4001949


550 R. El Karkafi et al.

37. Brisch R, Saniotis A, Wolf R, et al. The role of dopamine in schizophrenia from a neurobio-
logical and evolutionary perspective: old fashioned, but still in vogue. Front Psych. 2014;5:47.
https://doi.org/10.3389/fpsyt.2014.00047.

38. Li P, Snyder GL, Vanover KE. Dopamine targeting drugs for the treatment of schizophrenia:
past, present and future. Curr Top Med Chem. 2016;16(29):3385–403. https://doi.org/10.
2174/1568026616666160608084834.

39. Niciu MJ, Ionescu DF, Richards EM, et al. Glutamate and its receptors in the pathophysiology
and treatment of major depressive disorder. J Neural Transm (Vienna). 2014;121(8):907–24.
https://doi.org/10.1007/s00702-013-1130-x.

40. Grossman F, Potter WZ. Catecholamines in depression: a cumulative study of urinary norepi-
nephrine and its major metabolites in unipolar and bipolar depressed patients versus healthy
volunteers at the NIMH. Psychiatry Res. 1999;87(1):21–7. https://doi.org/10.1016/s0165-
1781(99)00055-4.

41. Ongür D, Drevets WC, Price J. Glial reduction in the subgenual prefrontal cortex in mood
disorders. Proc Natl Acad Sci U S A. 1998;95(22):13290–5. https://doi.org/10.1073/pnas.95.
22.13290.

42. Bowley MP, Drevets WC, Ongür D, et al. Low glial numbers in the amygdala in major
depressive disorder. Biol Psychiatry. 2002;52(5):404–12. https://doi.org/10.1016/s0006-3223
(02)01404-x.

43. Schroeter ML, Abdul-Khaliq H, Sacher J, et al. Mood disorders are glial disorders: evidence
from in vivo studies. Cardiovasc Psychiatry Neurol. 2010;2010:780645. https://doi.org/10.
1155/2010/780645.

44. Pace TW, Hu F, Miller AH. Cytokine-effects on glucocorticoid receptor function: relevance to
glucocorticoid resistance and the pathophysiology and treatment of major depression. Brain
Behav Immun. 2007;21(1):9–19. https://doi.org/10.1016/j.bbi.2006.08.009.

45. Bonelli RM, Cummings JL. Frontal-subcortical circuitry and behavior. Dialogues Clin
Neurosci. 2007;9(2):141–51. https://doi.org/10.31887/DCNS.2007.9.2/rbonelli.

46. Russo SJ, Nestler EJ. The brain reward circuitry in mood disorders. Nat Rev Neurosci.
2013;14(9):609–25. https://doi.org/10.1038/nrn3381.

47. Martin P. The epidemiology of anxiety disorders: a review. Dialogues Clin Neurosci. 2003;5
(3):281–98. https://doi.org/10.31887/DCNS.2003.5.3/pmartin.

48. Domschke K, Maron E. Genetic factors in anxiety disorders. Mod Trends
Pharmacopsychiatry. 2013;29:24–46. https://doi.org/10.1159/000351932.

49. Platt R, Williams SR, Ginsburg GS. Stressful life events and child anxiety: examining parent
and child mediators. Child Psychiatry Hum Dev. 2016;47(1):23–34. https://doi.org/10.1007/
s10578-015-0540-4.

50. Goddard AW, Ball SG, Martinez J, et al. Current perspectives of the roles of the central
norepinephrine system in anxiety and depression. Depress Anxiety. 2010;27(4):339–50.
https://doi.org/10.1002/da.20642.

51. Riaza Bermudo-Soriano C, Perez-Rodriguez MM, Vaquero-Lorenzo C, et al. New
perspectives in glutamate and anxiety. Pharmacol Biochem Behav. 2012;100(4):752–74.
https://doi.org/10.1016/j.pbb.2011.04.010.

52. Nuss P. Anxiety disorders and GABA neurotransmission: a disturbance of modulation.
Neuropsychiatr Dis Treat. 2015;11:165–75. https://doi.org/10.2147/NDT.S58841.

53. Boyle NB, Lawton C, Dye L. The effects of magnesium supplementation on subjective anxiety
and stress-a systematic review. Nutrients. 2017;9(5):429. https://doi.org/10.3390/nu9050429.

54. Vogelzangs N, Beekman A, de Jonge P, et al. Anxiety disorders and inflammation in a large
adult cohort. Transl Psychiatry. 2013;3:e249. https://doi.org/10.1038/tp.2013.27.

55. Haroon E, Raison CL, Miller AH. Psychoneuroimmunology meets
neuropsychopharmacology: translational implications of the impact of inflammation on behav-
ior. Neuropsychopharmacology. 2012;37(1):137–62. https://doi.org/10.1038/npp.2011.205.

https://doi.org/10.3389/fpsyt.2014.00047
https://doi.org/10.2174/1568026616666160608084834
https://doi.org/10.2174/1568026616666160608084834
https://doi.org/10.1007/s00702-013-1130-x
https://doi.org/10.1016/s0165-1781(99)00055-4
https://doi.org/10.1016/s0165-1781(99)00055-4
https://doi.org/10.1073/pnas.95.22.13290
https://doi.org/10.1073/pnas.95.22.13290
https://doi.org/10.1016/s0006-3223(02)01404-x
https://doi.org/10.1016/s0006-3223(02)01404-x
https://doi.org/10.1155/2010/780645
https://doi.org/10.1155/2010/780645
https://doi.org/10.1016/j.bbi.2006.08.009
https://doi.org/10.31887/DCNS.2007.9.2/rbonelli
https://doi.org/10.1038/nrn3381
https://doi.org/10.31887/DCNS.2003.5.3/pmartin
https://doi.org/10.1159/000351932
https://doi.org/10.1007/s10578-015-0540-4
https://doi.org/10.1007/s10578-015-0540-4
https://doi.org/10.1002/da.20642
https://doi.org/10.1016/j.pbb.2011.04.010
https://doi.org/10.2147/NDT.S58841
https://doi.org/10.3390/nu9050429
https://doi.org/10.1038/tp.2013.27
https://doi.org/10.1038/npp.2011.205


23 Ketogenic Diet and Inflammation: Implications for Mood and Anxiety Disorders 551

56. Michopoulos V, Powers A, Gillespie CF, et al. Inflammation in fear- and anxiety-based
disorders: PTSD, GAD, and beyond. Neuropsychopharmacology. 2017;42(1):254–70.
https://doi.org/10.1038/npp.2016.146.

57. Felger JC. Imaging the role of inflammation in mood and anxiety-related disorders. Curr
N e u r o p h a r m a c o l . 2 0 1 8 ; 1 6 ( 5 ) : 5 3 3 – 5 8 . h t t p s : / / d o i . o r g / 1 0 . 2 1 7 4 /
1570159X15666171123201142.

58. Baker DG, Ekhator NN, Kasckow JW, et al. Plasma and cerebrospinal fluid interleukin-6
concentrations in posttraumatic stress disorder. Neuroimmunomodulation. 2001;9(4):209–17.
https://doi.org/10.1159/000049028.

59. Kim TD, Lee S, Yoon S. Inflammation in post-traumatic stress disorder (PTSD): a review of
potential correlates of PTSD with a neurological perspective. Antioxidants (Basel). 2020;9(2):
107. https://doi.org/10.3390/antiox9020107.

60. Pace TW, Wingenfeld K, Schmidt I, et al. Increased peripheral NF-κB pathway activity in
women with childhood abuse-related posttraumatic stress disorder. Brain Behav Immun.
2012;26(1):13–7. https://doi.org/10.1016/j.bbi.2011.07.232.

61. Smith AK, Conneely KN, Kilaru V, et al. Differential immune system DNA methylation and
cytokine regulation in post-traumatic stress disorder. Am J Med Genet B Neuropsychiatr
Genet. 2011;156B(6):700–8. https://doi.org/10.1002/ajmg.b.31212.

62. Rusiecki JA, Byrne C, Galdzicki Z, et al. PTSD and DNA methylation in select immune
function gene promoter regions: a repeated measures case-control study of U.S. military
service members. Front Psych. 2013;4:56. https://doi.org/10.3389/fpsyt.2013.00056.

63. Vgontzas AN, Papanicolaou DA, Bixler EO, et al. Circadian interleukin-6 secretion and
quantity and depth of sleep. J Clin Endocrinol Metab. 1999;84(8):2603–7. https://doi.org/10.
1210/jcem.84.8.5894.

64. Meier-Ewert HK, Ridker PM, Rifai N, et al. Effect of sleep loss on C-reactive protein, an
inflammatory marker of cardiovascular risk. J Am Coll Cardiol. 2004;43(4):678–83. https://
doi.org/10.1016/j.jacc.2003.07.050.

65. Muscatell KA, Dedovic K, Slavich GM, et al. Greater amygdala activity and dorsomedial
prefrontal-amygdala coupling are associated with enhanced inflammatory responses to stress.
Brain Behav Immun. 2015;43:46–53. https://doi.org/10.1016/j.bbi.2014.06.201.

66. Wignall EL, Dickson JM, Vaughan P, et al. Smaller hippocampal volume in patients with
recent-onset posttraumatic stress disorder. Biol Psychiatry. 2004;56(11):832–6. https://doi.
org/10.1016/j.biopsych.2004.09.015.

67. Woon FL, Sood S, Hedges DW. Hippocampal volume deficits associated with exposure to
psychological trauma and posttraumatic stress disorder in adults: a meta-analysis. Prog
Neuropsychopharmacol Biol Psychiatry. 2010;34(7):1181–8. https://doi.org/10.1016/j.
pnpbp.2010.06.016.

68. Milham MP, Nugent AC, Drevets WC, et al. Selective reduction in amygdala volume in
pediatric anxiety disorders: a voxel-based morphometry investigation. Biol Psychiatry.
2005;57(9):961–6. https://doi.org/10.1016/j.biopsych.2005.01.038.

69. Rogers MA, Yamasue H, Abe O, et al. Smaller amygdala volume and reduced anterior
cingulate gray matter density associated with history of post-traumatic stress disorder. Psychi-
atry Res. 2009;174(3):210–6. https://doi.org/10.1016/j.pscychresns.2009.06.001.

70. Fonzo GA, Simmons AN, Thorp SR, et al. Exaggerated and disconnected insular-amygdalar
blood oxygenation level-dependent response to threat-related emotional faces in women with
intimate-partner violence posttraumatic stress disorder. Biol Psychiatry. 2010;68(5):433–41.
https://doi.org/10.1016/j.biopsych.2010.04.028.

71. Taggart AK, Kero J, Gan X, et al. (D)-beta-Hydroxybutyrate inhibits adipocyte lipolysis via
the nicotinic acid receptor PUMA-G. J Biol Chem. 2005;280(29):26649–52. https://doi.org/
10.1074/jbc.C500213200.

72. Yang H, Shan W, Zhu F, et al. Ketone bodies in neurological diseases: focus on
neuroprotection and underlying mechanisms. Front Neurol. 2019;10:585. https://doi.org/10.
3389/fneur.2019.00585.

https://doi.org/10.1038/npp.2016.146
https://doi.org/10.2174/1570159X15666171123201142
https://doi.org/10.2174/1570159X15666171123201142
https://doi.org/10.1159/000049028
https://doi.org/10.3390/antiox9020107
https://doi.org/10.1016/j.bbi.2011.07.232
https://doi.org/10.1002/ajmg.b.31212
https://doi.org/10.3389/fpsyt.2013.00056
https://doi.org/10.1210/jcem.84.8.5894
https://doi.org/10.1210/jcem.84.8.5894
https://doi.org/10.1016/j.jacc.2003.07.050
https://doi.org/10.1016/j.jacc.2003.07.050
https://doi.org/10.1016/j.bbi.2014.06.201
https://doi.org/10.1016/j.biopsych.2004.09.015
https://doi.org/10.1016/j.biopsych.2004.09.015
https://doi.org/10.1016/j.pnpbp.2010.06.016
https://doi.org/10.1016/j.pnpbp.2010.06.016
https://doi.org/10.1016/j.biopsych.2005.01.038
https://doi.org/10.1016/j.pscychresns.2009.06.001
https://doi.org/10.1016/j.biopsych.2010.04.028
https://doi.org/10.1074/jbc.C500213200
https://doi.org/10.1074/jbc.C500213200
https://doi.org/10.3389/fneur.2019.00585
https://doi.org/10.3389/fneur.2019.00585


552 R. El Karkafi et al.

73. Rahman M, Muhammad S, Khan MA, et al. The β-hydroxybutyrate receptor HCA2 activates a
neuroprotective subset of macrophages. Nat Commun. 2014;5:3944. https://doi.org/10.1038/
ncomms4944.

74. Rusek M, Pluta R, Ułamek-Kozioł M, et al. Ketogenic diet in Alzheimer's disease. Int J Mol
Sci. 2019;20(16):3892. https://doi.org/10.3390/ijms20163892.

75. Cullingford TE. The ketogenic diet; fatty acids, fatty acid-activated receptors and neurological
disorders. Prostaglandins Leukot Essent Fatty Acids. 2004;70(3):253–64. https://doi.org/10.
1016/j.plefa.2003.09.008.

76. Yang X, Cheng B. Neuroprotective and anti-inflammatory activities of ketogenic diet on
MPTP-induced neurotoxicity. J Mol Neurosci. 2010;42(2):145–53. https://doi.org/10.1007/
s12031-010-9336-y.

77. Dupuis N, Curatolo N, Benoist JF, et al. Ketogenic diet exhibits anti-inflammatory properties.
Epilepsia. 2015;56(7):e95–8. https://doi.org/10.1111/epi.13038.

78. Youm YH, Nguyen KY, Grant RW, et al. The ketone metabolite β-hydroxybutyrate blocks
NLRP3 inflammasome-mediated inflammatory disease. Nat Med. 2015;21(3):263–9. https://
doi.org/10.1038/nm.3804.

79. Jeong EA, Jeon BT, Shin HJ, et al. Ketogenic diet-induced peroxisome proliferator-activated
receptor-γ activation decreases neuroinflammation in the mouse hippocampus after kainic
acid-induced seizures. Exp Neurol. 2011;232(2):195–202. https://doi.org/10.1016/j.
expneurol.2011.09.001.

80. Forsythe CE, Phinney SD, Fernandez ML, et al. Comparison of low fat and low carbohydrate
diets on circulating fatty acid composition and markers of inflammation. Lipids. 2008;43(1):
65–77. https://doi.org/10.1007/s11745-007-3132-7.

81. Koh S, Dupuis N, Auvin S. Ketogenic diet and Neuroinflammation. Epilepsy Res. 2020;167:
106454. https://doi.org/10.1016/j.eplepsyres.2020.106454.

82. Kim DY, Hao J, Liu R, et al. Inflammation-mediated memory dysfunction and effects of a
ketogenic diet in a murine model of multiple sclerosis. PLoS One. 2012;7(5):e35476. https://
doi.org/10.1371/journal.pone.0035476.

83. Ruskin DN, Sturdevant IC, Wyss LS, et al. Ketogenic diet effects on inflammatory allodynia
and ongoing pain in rodents. Sci Rep. 2021;11(1):725. https://doi.org/10.1038/s41598-020-
80727-x.

84. Salim S, Chugh G, Asghar M. Inflammation in anxiety. Adv Protein Chem Struct Biol.
2012;88:1–25. https://doi.org/10.1016/B978-0-12-398314-5.00001-5.

85. Enache D, Pariante CM, Mondelli V. Markers of central inflammation in major depressive
disorder: a systematic review and meta-analysis of studies examining cerebrospinal fluid,
positron emission tomography and post-mortem brain tissue. Brain Behav Immun. 2019;81:
24–40. https://doi.org/10.1016/j.bbi.2019.06.015.

86. Fries GR, Walss-Bass C, Bauer ME, et al. Revisiting inflammation in bipolar disorder.
Pharmacol Biochem Behav. 2019;177:12–9. https://doi.org/10.1016/j.pbb.2018.12.006.

87. Müller N. Inflammation in schizophrenia: pathogenetic aspects and therapeutic considerations.
Schizophr Bull. 2018;44(5):973–82. https://doi.org/10.1093/schbul/sby024.

88. Zhao Y, Ma R, Shen J, et al. A mouse model of depression induced by repeated corticosterone
injections. Eur J Pharmacol. 2008;581:113–20. https://doi.org/10.1016/j.ejphar.2007.12.005.

89. Golden S, Covington H, Berton O, et al. A standardized protocol for repeated social defeat
stress in mice. Nat Protoc. 2011;6:1183–91. https://doi.org/10.1038/nprot.2011.361.

90. Yoshida K, DrewM, Kono A, et al. Chronic social defeat stress impairs goal-directed behavior
through dysregulation of ventral hippocampal activity in male mice.
Neuropsychopharmacology. 2021;46:1606–16. https://doi.org/10.1038/s41386-021-00990-y.

91. Sarnyai Z, Kraeuter AK, Palmer CM. Ketogenic diet for schizophrenia: clinical implication.
Curr Opin Psychiatry. 2019;32(5):394–401. https:/ /doi.org/10.1097/YCO.
0000000000000535.

https://doi.org/10.1038/ncomms4944
https://doi.org/10.1038/ncomms4944
https://doi.org/10.3390/ijms20163892
https://doi.org/10.1016/j.plefa.2003.09.008
https://doi.org/10.1016/j.plefa.2003.09.008
https://doi.org/10.1007/s12031-010-9336-y
https://doi.org/10.1007/s12031-010-9336-y
https://doi.org/10.1111/epi.13038
https://doi.org/10.1038/nm.3804
https://doi.org/10.1038/nm.3804
https://doi.org/10.1016/j.expneurol.2011.09.001
https://doi.org/10.1016/j.expneurol.2011.09.001
https://doi.org/10.1007/s11745-007-3132-7
https://doi.org/10.1016/j.eplepsyres.2020.106454
https://doi.org/10.1371/journal.pone.0035476
https://doi.org/10.1371/journal.pone.0035476
https://doi.org/10.1038/s41598-020-80727-x
https://doi.org/10.1038/s41598-020-80727-x
https://doi.org/10.1016/B978-0-12-398314-5.00001-5
https://doi.org/10.1016/j.bbi.2019.06.015
https://doi.org/10.1016/j.pbb.2018.12.006
https://doi.org/10.1093/schbul/sby024
https://doi.org/10.1016/j.ejphar.2007.12.005
https://doi.org/10.1038/nprot.2011.361
https://doi.org/10.1038/s41386-021-00990-y
https://doi.org/10.1097/YCO.0000000000000535
https://doi.org/10.1097/YCO.0000000000000535


23 Ketogenic Diet and Inflammation: Implications for Mood and Anxiety Disorders 553

92. Włodarczyk A, Wiglusz M, Cubała W. Ketogenic diet for schizophrenia: nutritional approach
to antipsychotic treatment. Med Hypotheses. 2018;118:74–7. https://doi.org/10.1016/j.mehy.
2018.06.022.

93. Sullivan C, Mielnik C, Funk A, et al. Measurement of lactate levels in postmortem brain,
iPSCs, and animal models of schizophrenia. Sci Rep. 2019;9:5087. https://doi.org/10.1038/
s41598-019-41572-9.

94. Sullivan CR, O'Donovan SM, McCullumsmith RE, et al. Defects in bioenergetic coupling in
schizophrenia. Biol Psychiatry. 2018;83(9):739–50. https://doi.org/10.1016/j.biopsych.2017.
10.014.

95. Yuksel C, Chen X, Chouinard VA, et al. Abnormal brain bioenergetics in first-episode
psychosis. Schizophr Bull Open. 2021;2(1):sgaa073. https://doi.org/10.1093/schizbullopen/
sgaa073.

96. Brietzke E, Mansur R, Subramaniapillai M, et al. Ketogenic diet as a metabolic therapy for
mood disorders: evidence and developments. Neurosci Biobehav Rev. 2018;94:11–6. https://
doi.org/10.1016/j.neubiorev.2018.07.020.

97. Murphy P, Likhodii S, Nylen K, et al. The antidepressant properties of the ketogenic diet. Biol
Psychiatry. 2004;56:981–3. https://doi.org/10.1016/j.biopsych.2004.09.019.

98. Stafstrom C, Rho J. The ketogenic diet as a treatment paradigm for diverse neurological
disorders. Front Pharmacol. 2012;3:59. https://doi.org/10.3389/fphar.2012.00059.

99. Guan YF, Huang GB, Xu MD. Anti-depression effects of ketogenic diet are mediated via the
restoration of microglial activation and neuronal excitability in the lateral habenula. Brain
Behav Immun. 2020;88:748–62. https://doi.org/10.1016/j.bbi.2020.05.032.

100. Sussman D, Germann J, Henkelman M. Gestational ketogenic diet programs brain structure
and susceptibility to depression & anxiety in the adult mouse offspring. Brain Behav. 2015;5
(2):e00300. https://doi.org/10.1002/brb3.300.

101. Gould T, Einat H. Animal models of bipolar disorder and mood stabilizer efficacy: a critical
need for improvement. Neurosci Biobehav Rev. 2007;31:825–31. https://doi.org/10.1016/j.
neubiorev.2007.05.007.

102. Grunze H. Bipolar disorder. In: Neurobiology of brain disorders; 2015. p. 655–73. https://doi.
org/10.1016/b978-0-12-398270-4.00040-9.

103. Phelps J, Siemers S, El-Mallakh R. The ketogenic diet for type II bipolar disorder. Neurocase.
2013;19:423–6. https://doi.org/10.1080/13554794.2012.690421.

104. Dsouza A, Haque S, Aggarwal R. The influence of ketogenic diets on mood stability in bipolar
disorder. Asian J Psychiatr. 2017;41:86–7. https://doi.org/10.1016/j.ajp.2017.10.024.

105. Operto FF, Matricardi S, Pastorino GMG, et al. The ketogenic diet for the treatment of mood
disorders in comorbidity with epilepsy in children and adolescents. Front Pharmacol. 2020;11:
578396. https://doi.org/10.3389/fphar.2020.578396. PMID: 33381032; PMCID:
PMC7768824

106. Campbell I, Campbell H. Ketosis and bipolar disorder: controlled analytic study of online
reports. BJPsych Open. 2019;5(4):e58. https://doi.org/10.1192/bjo.2019.49.

107. Yaroslavsky Y, Stahl Z, Belmaker R. Ketogenic diet in bipolar illness. Bipolar Disord. 2002;4:
75. https://doi.org/10.1034/j.1399-5618.2002.01212.x.

108. El-Mallakh RS, Paskitti ME. The ketogenic diet may have mood-stabilizing properties. Med
Hypotheses. 2001;57(6):724–6. https://doi.org/10.1054/mehy.2001.1446.

109. Palmer C, Gilbert-Jaramillo J, Westman E. The ketogenic diet and remission of psychotic
symptoms in schizophrenia: two case studies. Schizophr Res. 2019;208:439–40. https://doi.
org/10.1016/j.schres.2019.03.019.

110. Palmer CM. Ketogenic diet in the treatment of schizoaffective disorder: two case studies.
Schizophr Res. 2017;189:208–9. https://doi.org/10.1016/j.schres.2017.01.053.

111. Kraft BD, Westman EC. Schizophrenia, gluten, and low-carbohydrate, ketogenic diets: a case
report and review of the literature. Nutr Metab (Lond). 2009;6:10. https://doi.org/10.1186/
1743-7075-6-10.

https://doi.org/10.1016/j.mehy.2018.06.022
https://doi.org/10.1016/j.mehy.2018.06.022
https://doi.org/10.1038/s41598-019-41572-9
https://doi.org/10.1038/s41598-019-41572-9
https://doi.org/10.1016/j.biopsych.2017.10.014
https://doi.org/10.1016/j.biopsych.2017.10.014
https://doi.org/10.1093/schizbullopen/sgaa073
https://doi.org/10.1093/schizbullopen/sgaa073
https://doi.org/10.1016/j.neubiorev.2018.07.020
https://doi.org/10.1016/j.neubiorev.2018.07.020
https://doi.org/10.1016/j.biopsych.2004.09.019
https://doi.org/10.3389/fphar.2012.00059
https://doi.org/10.1016/j.bbi.2020.05.032
https://doi.org/10.1002/brb3.300
https://doi.org/10.1016/j.neubiorev.2007.05.007
https://doi.org/10.1016/j.neubiorev.2007.05.007
https://doi.org/10.1016/b978-0-12-398270-4.00040-9
https://doi.org/10.1016/b978-0-12-398270-4.00040-9
https://doi.org/10.1080/13554794.2012.690421
https://doi.org/10.1016/j.ajp.2017.10.024
https://doi.org/10.3389/fphar.2020.578396
https://doi.org/10.1192/bjo.2019.49
https://doi.org/10.1034/j.1399-5618.2002.01212.x
https://doi.org/10.1054/mehy.2001.1446
https://doi.org/10.1016/j.schres.2019.03.019
https://doi.org/10.1016/j.schres.2019.03.019
https://doi.org/10.1016/j.schres.2017.01.053
https://doi.org/10.1186/1743-7075-6-10
https://doi.org/10.1186/1743-7075-6-10


554 R. El Karkafi et al.

112. Cox N, Gibas S, Salisbury M, et al. Ketogenic diets potentially reverse type II diabetes and
ameliorate clinical depression: a case study. Diabetes Metab Syndr. 2019;13(2):1475–9.
https://doi.org/10.1016/j.dsx.2019.01.055.

113. Ströhle A, Gensichen J, Domschke K. The diagnosis and treatment of anxiety disorders. Dtsch
Arztebl Int. 2018;155(37):611–20. https://doi.org/10.3238/arztebl.2018.0611.

114. Mahan PL, Mahan MP, Park NJ, et al. Work environment stressors, social support, anxiety,
and depression among secondary school teachers. AAOHN J. 2010;58(5):197–205. https://
doi.org/10.3928/08910162-20100416-01.

115. Shensa A, Sidani JE, Dew MA, et al. Social media use and depression and anxiety symptoms:
a cluster analysis. Am J Health Behav. 2018;42(2):116–28. https://doi.org/10.5993/AJHB.42.
2.11.

116. Cuijpers P, Sijbrandij M, Koole SL, et al. The efficacy of psychotherapy and pharmacotherapy
in treating depressive and anxiety disorders: a meta-analysis of direct comparisons. World
Psychiatry. 2013;12(2):137–48. https://doi.org/10.1002/wps.20038.

117. Norwitz NG, Naidoo U. Nutrition as metabolic treatment for anxiety. Front Psych. 2021;12:
598119. https://doi.org/10.3389/fpsyt.2021.598119.

118. Włodarczyk A, Cubała WJ, Wielewicka A. Ketogenic diet: a dietary modification as an
anxiolytic approach? Nutrients. 2020;12(12):3822. https://doi.org/10.3390/nu12123822.

119. Lydiard RB. The role of GABA in anxiety disorders. J Clin Psychiatry. 2003;64(Suppl 3):
21–7.

120. Calderón N, Betancourt L, Hernández L, et al. A ketogenic diet modifies glutamate, gamma-
aminobutyric acid and agmatine levels in the hippocampus of rats: a microdialysis study.
Neurosci Lett. 2017;642:158–62. https://doi.org/10.1016/j.neulet.2017.02.014.

121. Mokler DJ, Torres OI, Galler JR, et al. Stress-induced changes in extracellular dopamine and
serotonin in the medial prefrontal cortex and dorsal hippocampus of prenatally malnourished
rats. Brain Res. 2007;1148:226–33. https://doi.org/10.1016/j.brainres.2007.02.031.

122. Alamy M, Bengelloun WA. Malnutrition and brain development: an analysis of the effects of
inadequate diet during different stages of life in rat. Neurosci Biobehav Rev. 2012;36(6):
1463–80. https://doi.org/10.1016/j.neubiorev.2012.03.009.

123. Ari C, Kovács Z, Juhasz G, et al. Exogenous ketone supplements reduce anxiety-related
behavior in Sprague-Dawley and Wistar albino Glaxo/Rijswijk rats. Front Mol Neurosci.
2016;9:137. https://doi.org/10.3389/fnmol.2016.00137.

124. Oh CM, Kim HY, Na HK, et al. The effect of anxiety and depression on sleep quality of
individuals with high risk for insomnia: a population-based study. Front Neurol. 2019;10:849.
https://doi.org/10.3389/fneur.2019.00849.

125. Hallböök T, Lundgren J, Rosén I. Ketogenic diet improves sleep quality in children with
therapy-resistant epilepsy. Epilepsia. 2007;48(1):59–65. https://doi.org/10.1111/j.1528-1167.
2006.00834.x.

126. Ünalp A, Baysal BT, Sarıtaş S, et al. Evaluation of the effects of ketogenic diet therapy on
sleep quality in children with drug-resistant epilepsy and their mothers. Epilepsy Behav.
2021;124:108327. https://doi.org/10.1016/j.yebeh.2021.108327.

https://doi.org/10.1016/j.dsx.2019.01.055
https://doi.org/10.3238/arztebl.2018.0611
https://doi.org/10.3928/08910162-20100416-01
https://doi.org/10.3928/08910162-20100416-01
https://doi.org/10.5993/AJHB.42.2.11
https://doi.org/10.5993/AJHB.42.2.11
https://doi.org/10.1002/wps.20038
https://doi.org/10.3389/fpsyt.2021.598119
https://doi.org/10.3390/nu12123822
https://doi.org/10.1016/j.neulet.2017.02.014
https://doi.org/10.1016/j.brainres.2007.02.031
https://doi.org/10.1016/j.neubiorev.2012.03.009
https://doi.org/10.3389/fnmol.2016.00137
https://doi.org/10.3389/fneur.2019.00849
https://doi.org/10.1111/j.1528-1167.2006.00834.x
https://doi.org/10.1111/j.1528-1167.2006.00834.x
https://doi.org/10.1016/j.yebeh.2021.108327

	Preface
	Contents
	Contributors
	Part I: Rethinking and Paradigm Shift
	1: Neuron-Microglia Crosstalk in Neuropsychiatric Disorders
	1.1 Introduction
	1.2 Physiological Roles of Microglia
	1.3 Neuron-Microglia Crosstalk in Depression
	1.4 Neuron-Microglia Crosstalk in Schizophrenia
	1.5 Neuron-Microglia Crosstalk in Neurocognitive Disorder
	1.6 Conclusions
	References

	2: Microbiota-Gut-Brain Axis: Pathophysiological Mechanism in Neuropsychiatric Disorders
	2.1 Introduction
	2.2 Microbiota-Gut-Brain Axis
	2.3 Potential Communication Pathways Between Gut Microbiota and the Brain
	2.3.1 Immunological Pathway
	2.3.2 Microbial Metabolites
	2.3.3 Endocrine System
	2.3.4 Autonomic Nervous System

	2.4 The Role of Gut-Microbiota-Brain Axis in Neuropsychiatric Illnesses
	2.4.1 Autism Spectrum Disorder
	2.4.2 Schizophrenia
	2.4.3 Depression
	2.4.4 Alzheimer´s Disease
	2.4.5 Parkinson´s Disease

	2.5 Modulation of Gut Microbiota for the Treatment of Neuropsychiatric Disorders
	2.6 Conclusions
	References

	3: Inflammation-Mediated Responses in the Development of Neurodegenerative Diseases
	3.1 Introduction
	3.2 Hallmarks of Neurodegenerative Diseases
	3.3 The Role of Inflammation in the Development of Neurodegeneration
	3.4 The Role of Neuroinflammation in the Pathogenesis of Neurodegenerative Diseases
	3.4.1 Alzheimer´s Disease
	3.4.2 Parkinson´s Disease
	3.4.3 Amyotrophic Lateral Sclerosis
	3.4.4 Multiple Sclerosis

	3.5 Model Systems Available to Study Inflammatory-Mediated Neurodegenerative Diseases
	3.5.1 Alzheimer´s Disease
	3.5.2 Parkinson´s Disease
	3.5.3 Amyotrophic Lateral Sclerosis

	3.6 Concluding Remarks and Future Directions
	References

	4: Microbiome-Induced Autoimmunity and Novel Therapeutic Intervention
	4.1 Introduction
	4.2 Microbiome-Induced Autoimmunity
	4.2.1 Microbiome
	4.2.2 Maternal Microbiota
	4.2.3 Hygiene Hypothesis
	4.2.4 Epithelial Barrier Hypothesis and Leaky Gut Syndrome (LGS)
	4.2.5 Dysbiosis
	4.2.6 The Role of B Cells
	4.2.7 The Role of Toll-like Receptor (TLR) Ligands
	4.2.8 Autoimmunity

	4.3 Novel Therapeutic Intervention
	4.3.1 Engineering the Gut Microbiota
	4.3.2 Personalized Nutrition
	4.3.3 Probiotics and Prebiotics
	4.3.4 Fecal Microbiota Transplantation (FMT)
	4.3.5 Vaccination

	4.4 Conclusion
	References

	5: Animal Inflammation-Based Models of Neuropsychiatric Disorders
	5.1 Introduction
	5.2 Animal Models of Inflammation and CNS Disorders
	5.3 Zebrafish Models
	5.4 Conclusion
	References

	6: Early Life Stress, Neuroinflammation, and Psychiatric Illness of Adulthood
	6.1 Introduction
	6.2 Early Life Stress and Inflammation
	6.2.1 Experimental Animal Studies

	6.3 Early Life Stress and Inflammation
	6.3.1 Observational Human Studies

	6.4 Inflammation and Psychiatric Illness
	6.4.1 Experimental Animal Studies

	6.5 Inflammation and Psychiatric Illness
	6.5.1 Observational an Experimental Human Studies

	6.6 Early Life Stress and Psychiatric Illness
	6.6.1 Experimental Animal Studies

	6.7 Early Life Stress and Psychiatric Illness
	6.7.1 Observational Human Studies

	6.8 Discussion
	References

	7: C-Reactive Protein (CRP): A Potent Inflammation Biomarker in Psychiatric Disorders
	7.1 Introduction
	7.2 Depressive Disorders
	7.3 Bipolar Disorders
	7.4 Suicidality
	7.5 Schizophrenia and Psychotic Spectrum Disorders
	7.6 Fear and Anxiety Disorders
	7.7 Post-Traumatic Stress Disorder (PTSD)
	7.8 Obsessive-Compulsive Disorder (OCD)
	7.9 Attention Deficit Hyperactivity Disorder (ADHD) and Autism Spectrum Disorder (ASD)
	7.10 Addictive Disorders
	7.11 COVID-19-Related Psychopathology
	7.12 Conclusion
	References


	Part II: Inflammation and Specific Disorders
	8: Stress and Kynurenine-Inflammation Pathway in Major Depressive Disorder
	8.1 Introduction
	8.2 Kynurenine Pathway
	8.3 Kynurenine Pathway and Inflammation
	8.4 Stress and Hypothalamic-Pituitary-Adrenal (HPA) Axis and Kynurenine Pathway
	8.5 Kynurenine Pathway and Major Depressive Disorder
	8.6 Kynurenine Pathway, Autonomic Nervous System, and MDD
	8.7 Epigenetic, Kynurenine Pathway, and MDD
	8.8 Aging, MDD, and Kynurenine Pathway
	8.9 Gut Microbiota-Brain Axis and Kynurenine Pathway and MDD
	8.10 Kynurenine Pathway and Physical Exercise and MDD
	8.11 Conclusion and Future Directions
	References

	9: Glial-Neuronal Interaction in Synapses: A Possible Mechanism of the Pathophysiology of Bipolar Disorder
	9.1 Introduction
	9.2 BD and Glial Cells
	9.3 BD and Neurons
	9.4 Neuron-Glia Interactions in BD
	9.5 Conclusion
	References

	10: Microbiota-Gut-Brain Axis in Major Depression: A New Therapeutic Approach
	10.1 Introduction
	10.2 Major Depression: A Gut-Brain Axis Disorder
	10.3 Gut Microbiota Disruption Is a Stable Hallmark of Major Depression
	10.3.1 Associations Between Gut Microbiota Disruption and Major Depression in Human Studies
	10.3.2 Associations Between Gut Microbiota Disruption and Depressive-Like Behavior in Animal Studies

	10.4 Gut Microbiota Restoration Alleviates Major Depression
	10.5 Conclusions
	References

	11: PTSD, Immune System, and Inflammation
	11.1 Introduction
	11.2 The Hypothalamic-Pituitary-Adrenal Axis and Inflammation in PTSD
	11.3 PTSD, Inflammation, and Cardiovascular Disease
	11.4 Cytokines in PTSD
	11.5 Oxidative Stress in PTSD
	11.6 Chemokines in PTSD
	11.7 CRP and PTSD
	11.8 Stress-Related Regulation of the Kynurenine Pathway
	11.9 The Gut-Brain Axis in PTSD
	11.10 Potential Treatment
	11.11 Conclusion
	References

	12: Sleep Immune Cross Talk and Insomnia
	12.1 Introduction
	12.2 Changes in Immunity During Physiological Sleep
	12.2.1 Cytokines
	12.2.1.1 Pro-inflammatory Cytokines (IL-1, IL-6, TNF-α)
	12.2.1.2 Anti-inflammatory Cytokines (IL-4, IL-10)
	12.2.1.3 Ratio of Pro- and Anti-inflammatory Cytokines

	12.2.2 Immunity Cells
	12.2.3 Effects of Sleep on Adaptive Immunity: The Example of Vaccination
	12.2.4 Sleep Response to Acute Immune Activation
	12.2.4.1 Sleep Architecture Modifications during Infection


	12.3 Insomnia and Immunity
	12.3.1 Effects of a Reduced Sleep Duration on Immunity
	12.3.2 Insomnia and Immunity
	12.3.3 Insomnia Treatments and Immunity
	12.3.3.1 Non-pharmacological Sleep Intervention: Cognitive Behavioral Therapy (CBT-I)
	12.3.3.2 Pharmacological Sleep Intervention
	GABAa-Receptor Allostatic Modulators
	Orexin Receptor Antagonists (DORAs)

	12.3.3.3 Antidepressants
	12.3.3.4 Melatonin Receptor Agonists


	12.4 Conclusion
	References

	13: Obsessive-Compulsive Disorder, PANDAS, and Tourette Syndrome: Immuno-inflammatory Disorders
	13.1 Introduction
	13.2 Methods
	13.3 Obsessive-Compulsive Disorder
	13.3.1 Peripheral Biomarkers of Inflammation in OCD
	13.3.2 Microglia Activation in OCD
	13.3.3 The Role of Genetics and Fetal-Maternal Immune Interactions
	13.3.4 Autoimmunity and OCD

	13.4 PANDAS
	13.5 Tourette Syndrome
	13.5.1 Genetic Vulnerability to an Aberrant Autoimmune Response in TS
	13.5.2 Microglia Activation in TS
	13.5.3 Effector Molecules of Immunity/Inflammation and Their Role in TS
	13.5.4 Regulation/Dysregulation of Immunity Cells in TS: Which Ones and How?

	13.6 Future Directions
	13.7 Conclusions
	References

	14: Molecular Imaging of Neuroinflammation in Alzheimer´s Disease and Mild Cognitive Impairment
	14.1 Introduction
	14.2 Positron Emission Tomography (PET)
	14.3 Targets of PET Concerning Neuroinflammation in AD and MCI
	14.3.1 Microglia
	14.3.2 Astrocytes

	14.4 Targets for Detecting Microglial Activity in AD and MCI Patients
	14.4.1 18-kDa Translocator Protein (TSPO)
	14.4.2 Existing TSPO Radioligands
	14.4.3 Genetic Polymorphism Affecting TSPO Quantification by PET
	14.4.4 Other Radiotracers Targeting Microglial Activation

	14.5 Targets for Detecting Activity of Astrocytes in AD and MCI Patients
	14.5.1 Enzymes
	14.5.2 Other Markers

	14.6 PET Imaging of Neuroinflammation in AD
	14.6.1 Subtypes of AD
	14.6.2 Cognitive Deficits of AD
	14.6.3 Amyloid Deposition

	14.7 PET Imaging of Neuroinflammation in MCI
	14.8 Clinical Implications of Molecular Imaging for Neuroinflammation in AD and MCI
	14.9 Conclusion
	References

	15: A Potential Role for Neuroinflammation in ADHD
	15.1 Introduction
	15.2 Aetiology in ADHD
	15.3 Diagnosis of ADHD
	15.4 Treatment of ADHD
	15.5 Pathophysiology of ADHD
	15.6 Neuroinflammation
	15.6.1 Key Inflammatory Cytokines

	15.7 Neuroinflammation in ADHD
	15.7.1 Genetic Variants in ADHD
	15.7.2 Autoantibodies in ADHD
	15.7.3 Comorbidity of ADHD with Other Diseases and Factors

	15.8 ADHD Medications and Neuroinflammation
	15.9 Use of Dietary and Natural Compounds Against Neuroinflammation in ADHD
	15.10 Conclusion
	References

	16: A Link Between Inflammatory Mechanisms and Fibromyalgia
	16.1 Introduction
	16.1.1 History of Fibromyalgia
	16.1.2 Clinical Phenotype and Diagnostic Criteria for Fibromyalgia
	16.1.3 Epidemiology, Demographics, and Prevalence
	16.1.4 Differential Diagnosis
	16.1.5 Neuroinflammation and Psychiatric Illness
	16.1.6 Additional Etiologic Factors in FM

	16.2 A Link Between Inflammation and Illness
	16.2.1 Overview of Inflammation
	16.2.2 Neuroinflammation
	16.2.3 Cytokines and FM
	16.2.4 Neuroinflammation and FM

	16.3 Discussion
	16.3.1 Stress and Its Relation to FM Symptoms
	16.3.2 Potential Model for Neuroinflammation and Symptoms
	16.3.3 Pain Symptoms
	16.3.4 Mood and Behavioral Symptoms

	16.4 Treatment Considerations
	16.4.1 Nonpharmacologic Treatment
	16.4.2 Pharmacologic Treatment
	16.4.3 Additional Agents

	16.5 Conclusion
	References

	17: Suicide and Inflammation
	17.1 Suicide
	17.2 The Immune System
	17.3 Peripheral Versus Central Immunity
	17.4 Evidence for Role of Immune Dysregulation in Suicide
	17.4.1 Suicide Associated with Inflammatory Treatments
	17.4.2 Suicide Associated with Inflammatory Disorders
	17.4.3 Peripheral Inflammation Observed in Suicidal Patients
	17.4.4 Peripheral Cytokines
	17.4.5 Peripheral Human C-Reactive Protein (hCRP)
	17.4.6 Kynurenine Pathway

	17.5 Central Nervous System Inflammation
	17.5.1 Cerebrospinal Fluid (CSF)
	17.5.2 Brain Imaging
	17.5.3 Postmortem Brain

	17.6 Treatment Studies
	17.7 Potential Mechanism: Early-Life stress
	References


	Part III: Inflammation and Therapeutic Interventions
	18: Effects of Current Psychotropic Drugs on Inflammation and Immune System
	18.1 Introduction
	18.2 Pathophysiology of Different Psychiatric Disorders
	18.2.1 Depression or Major Depressive Disorder (MDD)
	18.2.2 Anxiety or Generalized Anxiety Disorder (GAD)
	18.2.3 Alzheimer´s Disease (AD)
	18.2.4 Schizophrenia
	18.2.4.1 Neurodevelopmental Approach and Infection Link to Schizophrenia


	18.3 Trauma- and Stressor-Related Disorders
	18.3.1 Associationship of Depression with Inflammation and Immune System
	18.3.2 Association of Anxiety with Inflammation and Immune System
	18.3.3 Association of AD with Inflammation and Immune System
	18.3.4 Association of Schizophrenia with Inflammation and Immune System
	18.3.5 Association of Trauma- and Stressor-Related Disorders with Inflammation and Immune System

	18.4 Psychotropic Drugs
	18.4.1 Effect of Psychotropic Drugs on Inflammation
	18.4.1.1 Antidepressants on Inflammation
	18.4.1.2 SSRIs, SNRIs, and Tricyclic Antidepressants on Inflammation
	18.4.1.3 Tetracyclic Antidepressant: Mianserin
	18.4.1.4 Antianxiety Drugs and Posttraumatic Stress Disorder Medications on Inflammation
	18.4.1.5 Anti-Alzheimer´s Drugs on Inflammation
	18.4.1.6 Antipsychotic Drugs on Inflammation


	18.5 Conclusion
	References

	19: Anti-Inflammatory Effect of Traditional Chinese Medicine on the Concept of Mind-Body Interface
	19.1 Introduction
	19.2 Methods
	19.3 Results
	19.3.1 Depression
	19.3.2 Alzheimer´s Disease
	19.3.3 Parkinson´s Disease

	19.4 Discussion
	19.4.1 Depression
	19.4.2 Alzheimer´s Disease
	19.4.3 Parkinson´s Disease

	19.5 Conclusion
	References

	20: Anti-Inflammatory Therapy as a Promising Target in Neuropsychiatric Disorders
	20.1 Introduction
	20.2 Immune-Associated Pathophysiology of Mental Diseases
	20.2.1 Anxiety Disorders
	20.2.2 Mood-Related Disorders
	20.2.3 Schizophrenia
	20.2.4 Autism Disorders

	20.3 Anti-Inflammatory and Immune-Based Therapies for Treatment-Resistant Mental Illness
	20.3.1 Cytokine Antagonists and Agonists
	20.3.2 Glucocorticoids
	20.3.3 Unconventional Anti-Inflammatory Agents

	20.4 Nonsteroidal Anti-Inflammatory Drugs (NSAIDs): The Targeting of Cox-2
	20.5 Final Remarks
	References

	21: The Glutamatergic System in Treatment-Resistant Depression and Comparative Effectiveness of Ketamine and Esketamine: Role ...
	21.1 Introduction
	21.2 Background
	21.3 Glutamate´s Role in CNS Function
	21.4 Glutamate´s Receptors
	21.5 Glutamatergic System in Depression
	21.6 The Role of NMDAR in MDD
	21.7 The Role of AMPAR in MDD
	21.8 History of Ketamine and Esketamine
	21.9 Clinical Data Supporting Use in TRD
	21.10 Ketamine and Esketamine´s Mechanism of Action: NMDAR and AMPAR
	21.11 Benefits and Drawbacks of Therapy
	21.12 Role of Inflammation in MDD and TRD
	21.13 Ketamine, Esketamine, and Inflammation
	21.14 Future Direction
	21.15 Conclusion
	References

	22: The Strategy of Targeting Peroxisome Proliferator-Activated Receptor (PPAR) in the Treatment of Neuropsychiatric Disorders
	22.1 Introduction
	22.1.1 Peroxisome Proliferator-Activated Receptor (PPAR)-α and Inflammation

	22.2 PPAR-α as Potential Molecular Target for Neuropsychiatric Conditions
	22.2.1 Alzheimer´s Disease
	22.2.2 Parkinson´s Disease
	22.2.3 Schizophrenia Spectrum Disorders
	22.2.4 Autism Spectrum Disorder (ASD)
	22.2.5 Major Depressive Disorder
	22.2.6 Post-Traumatic Stress Disorder (PTSD)
	22.2.7 Conclusions and Future Perspectives

	References

	23: Ketogenic Diet and Inflammation: Implications for Mood and Anxiety Disorders
	23.1 Introduction
	23.2 Mood and Anxiety Disorders
	23.2.1 Symptoms and Underlying Neurobiological Mechanisms of Mood Disorders
	23.2.2 Anxiety Disorders: Link with Inflammation

	23.3 Ketogenic Diet and Inflammation
	23.4 Ketogenic Diet in Mood Disorders
	23.4.1 Evidence from Animal Studies
	23.4.2 Evidence from Human Studies

	23.5 Ketogenic Diet in Anxiety Disorders
	23.6 Conclusion
	References



