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Abstract

Stress is a common occurrence in everyday life and repeated or traumatic stress can be a
precipitating factor for illnesses of the central nervous system, as well as peripheral organ systems.
For example, severe or long-term psychological stress can not only induce depression, a leading
illness worldwide, but can also cause psychosomatic diseases such as asthma and rheumatoid
arthritis. Related key questions include how psychological stress influences both brain and
peripheral systems, and what detection mechanisms underlie these effects? A clue is provided by
the discovery of the pathways underlying the responses to host “danger” substances that cause
systemic diseases, but can also contribute to depression. The inflammasome is a protein complex
that can detect diverse danger signals and produce the accompanying immune-inflammatory
reactions. Interestingly, the inflammasome can detect not only pathogen-associated molecules, but
also cell damage-associated molecules such as ATP. Here, we propose a new inflammasome
hypothesis of depression and related comorbid systemic illnesses. According to this hypothesis,
the inflammasome is a central mediator by which psychological and physical stressors can
contribute to the development of depression, and as well as a bridge to systemic diseases. This
hypothesis includes an explanation for how psychological stress can influence systemic diseases,
and conversely how systemic diseases can lead to psychiatric illnesses. The evidence suggests that
the inflammasome may be a new target for the development of treatments for depression, as well
as psychosomatic and somatopsycho diseases.
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1. Introduction

Major depressive disorder (MDD) is characterized by depressed mood, low self-esteem,
anhedonia, and disrupted sleeping, eating, and cognition, and has now been recognized to
have an overall impact on global illness that is projected to be second only to ischemic heart
disease in social and economical burden by 2020 (Greden, 2001; Murray and Lopez, 1997).
In the United States, about 14 million people, or about 10% of the population, suffer from
depression at any point in time (Kessler et al., 2003). Because approximately one third of
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MDD patients do not respond to traditional pharmacological medications such as
monoamine reuptake inhibitors, there is a major unmet need for the development of novel,
more efficacious therapeutic agents.

Although it is clear that genetic factors are involved [heritability estimates from twin studies
are reported to be 37%—-38% (Kendler et al., 2006; Sullivan et al., 2000)], environmental
factors such as stress are strongly implicated in the pathology of depression (Kessler, 1997).
Levels of stress have increased with growing social and economic demands in recent
decades, resulting in a rapid rise in the prevalence of depression (Kessler et al., 2003). Here,
we discuss evidence that psychological, as well as physical stressors can activate immune
and inflammation processes and lead to increased cytokine levels, contributing to structural
and functional alterations of neurons and the development of MDD.

A role for inflammation and related cytokines in MDD was first suggested in the 1980’s and
since then evidence has accumulated in support of this hypothesis (Ader and Cohen, 1993;
Maes, 1995; Maier et al., 1994; Tecoma and Huey, 1985). There have been several excellent
reviews of this work, but the current paper examines a novel aspect of the immune-
inflammation process in the response to stress and depression: that interkeukin-1p (IL-1f)
and its regulator, “the Nod-like receptor (NLR) family, pyrin domain-containing 3 (NLRP3)
inflammasome”, are a bridge between psychological stress and depression. Related to this
hypothesis is the possibility that the inflammasome provides a bidirectional pathway
between depression and comorbid systemic illnesses, suggesting novel strategies for treating
depression.

2. Comorbidity of mood disorders and systemic/peripheral diseases

Psychosocial stress and systemic disease can both affect the onset of depression. For
example, the comorbidity of depression in patients with diabetes, cancer, or cardiac disease
is 17%—-29%, much higher than that of the general population (10.3%) (% comorbidity of
depression with specific systemic illnesses is shown in Table 1) (Evans et al., 2005).
Moreover, chronic inflammation is implicated in the pathology of these diseases, and the
possible mechanisms by which the NLRP3 inflammasome may serve as a key mediator is
being elucidated (Table 1). There is also evidence from clinical procedures that
inflammation can cause depression. For example, interferon (IFN) a cytokine that strongly
activates the immune system (e.g., natural killer cells and macrophages), is used as a
treatment for certain types of cancer and viral infections and causes a high prevalence of
dose-dependent depressive symptoms (~50%) (Raison et al., 2006). Immune reactivity and
inflammation has thus been implicated as a common factor underlying depressive effects of
IFN.

Further support for this hypothesis is provided by studies demonstrating that serum levels of
pro-inflammatory cytokines such as IL-1f, IL-6 and TNFa are elevated in depressed patients
(Dowlati et al., 2010; Howren et al., 2009). It is well known that these cytokines can induce
somatic symptoms, referred to as sickness behavior, including fatigue and loss of appetite
(Schiepers et al., 2005), which overlap with common symptoms of major depression.
Further, cytokines can affect mood, causing dysphoria and anxiety (Schiepers et al., 2005).
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Here, we explore the possibility that repeated psychological stress can induce a chronic
immune reaction and elevation of cytokines and discuss how this could contribute to
depression and comorbid immune/inflammation illnesses.

3. Innate immune response mechanisms

Host survival requires defense mechanisms against external danger substances, including the
ability to discriminate “nonself” from “self” and to eliminate or neutralize danger molecules.
The mechanisms by which the immune system detects diverse danger signals were only
recently elucidated with the discovery of Toll-like receptors (TLRs). TLRs are pattern
recognition receptors (PRRs) on the cell-surface of immune cells, characterized by
extracellular leucine-rich repeats (LRRs) and an intracellular Toll/IL-1 receptor (TIR)
domain (Fig 1). TLRs recognize invariant molecular structures called pathogen-associated
molecular patterns (PAMPs) (Schroder and Tschopp, 2010; Tschopp et al., 2003). As a
result, there is release of pro-inflammatory “alarm” cytokines, including IL-1p, one of the
most potent endogenous pyrogens, as well as tumor necrosis factor-alpha (TNFa) and IL-6
(Tschopp et al., 2003).

Induction of TNFa and IL-6 in response to TLR occurs via activation of gene transcription
(Hoshino et al., 1999; Tamandl et al., 2003). The formation of IL-1p also requires TLR4
induction of gene transcription, but requires an additional step, the processing of pro-1L-1f
to the mature, active form of IL-1p, which is then released (Bryant and Fitzgerald, 2009)
(Fig 1). The processing and release of pro-1L-1 occurs via NLRP3, part of a multiprotein
complex referred to as the “inflammasome” (Martinon et al., 2002). A key activator of
inflammasome is the ATP purinergic type 2X7 (P2X7) receptor (Ferrari et al., 1997a; Ferrari
et al., 2006), although there are examples of NLRP3 independent induction of IL-1p (Bryant
and Fitzgerald, 2009; Chae et al., 2011).

4. NLRP3 inflammasome and pattern recognition

The PRR danger signal receptors are divided into two major types membrane-associated and
cytosolic, based on cellular localization (Bryant and Fitzgerald, 2009) (Fig 1). Membrane-
associated PRRs include TLRs and C-type lectin receptors (CLR), and cytosolic PRRs
include nucleotide-binding oligomerization domain (NOD)-like receptors (NLR), retinoic
acid-inducible gene (RIG)-like RNA helicases (RIR), and DNA sensor (absent in melanoma
2: AIM2 etc.). Activation of TLRs leads to increased transcription of pro-1L- 1B, which is
subsequently processed by activation of the NLRP3 inflammasome complex (also referred
to as cryopyrin or NALP3). NLRP3 has a tripartite structure, consisting of a C-terminal
leucine- rich repeat domain (LRR), a central nucleotide-binding oligomerization (NACHT)
and N-terminal protein—protein interaction domain, and a Pyrin domain (PYD) (Bryant and
Fitzgerald, 2009) (Fig 2). Of all the NLRs, NLRP3 is activated by the most diverse array of
danger signals. In addition to PAMPs, NLRP3 also recognizes molecules with damage-
associated molecular patterns (DAMPS).

In non-stimulated cells, the activity of NLRP3 is inhibited through binding of the LRR to the
NACHT domain, thereby blocking oligomerization and binding of the apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC) (Fig 2). This auto-
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inhibition is relieved through the binding of a stimulant molecule to the LRRs. This enables
the oligomerization and binding of NLRPs to the adapter protein ASC and pro-caspase-1,
making a large multiprotein inflammasome complex, which results in the activation of
caspase-1 and cleavage of pro-IL-1 (Tschopp et al., 2003). Four inflammasome complexes
have been partially characterized to date: NLRP1, NLRP3, NLRC4 (also called IPAF) and
AIM2 (Bryant and Fitzgerald, 2009) (Fig 2).

5. Inflammasome is a key mediator of stress, depression and comorbid

illnesses

This review focuses on the role of the inflammasome and IL-1f in depression for several
reasons. First, inflammatory cytokines such as IL-1p are elevated in depression, and second,
activate the HPA axis, which is dysregulated in depressed patients. Third, chronic
inflammatory diseases like rheumatoid arthritis and diabetes that have high rates of
comorbidity with depression also activate the NLRP3 inflammasome complex (Evans et al.,
2005; Mason et al., 2012). Fourth, we have found that blockade of IL-1f is sufficient to
block depressive behavioral and cellular responses resulting from exposure to chronic stress
(Koo et al., 2008). Fifth, we hypothesize that IL-1p is the first step in the pro-inflammatory
response to psychological stress and results in a cascade of inflammatory cytokine
responses. Each of these points is discussed in detail in this section.

5.1. Inflammatory cytokines are elevated in depression

Although the role of the NLRP3 complex in the response to psychological stressors and
depression has not been directly examined, there is extensive evidence that the inflammatory
cytokines controlled by this inflammasome are increased. There are a large number of
studies reporting elevated levels of pro-inflammatory cytokines, including IL-10, as well as
IL-6 and TNFa, in depressed patients (Ader and Cohen, 1993; Dowlati et al., 2010;
Hannestad et al., 2011; Howren et al., 2009). Meta-analysis reports the strongest and most
consistent evidence for IL-6 and TNFa (Dowlati et al., 2010; Howren et al., 2009). There
are several reports that IL-18 is increased in MDD (Leo et al., 2006; Levine et al., 1999;
Owen et al., 2001; Thomas et al., 2005), but there has also been a negative meta-analysis
(Dowlati et al., 2010). Another study found that antidepressant treatment reduces serum
levels of IL-1B, but not TNFa, suggesting a role for IL-1f in treatment response (Hannestad
etal., 2011) and as a possible biomarker of depression (Schmidt et al., 2011). Although the
pathways and mechanisms underlying elevated IL-1p in depression have not been identified,
it is interesting to consider the molecules known to activate the NLRP3 inflammasome
(Table 2, Fig. 2).

5.2. Inflammatory cytokines and dysfunction of the HPA axis

Inflammatory cytokines are potent activators of the HPA axis (Berkenbosch et al., 1987;
Sapolsky et al., 1987)(Fig 3), which is elevated in depressed patients, possibly due in part to
increased levels of IL-1p (Turnbull and Rivier, 1999). A recent large meta-analysis (354
studies, 18,374 individuals) found that approximately 73% of depressed individuals had
elevated cortisol values compared to nondepressed individuals (Stetler and Miller, 2011).
IL-1p increases the release of hypothalamic corticotropin-releasing hormone (CRH),
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secretion of pituitary adrenocorticotropic hormone (ACTH), and adrenal steroidogenesis
(Fig. 3) (Berkenbosch et al., 1987; Maes et al., 1993; Sapolsky et al., 1987; Tominaga et al.,
1991), effects that are thought to occur via indirect mechanisms (Hsieh et al., 2010) (Goshen
and Yirmiya, 2009).

Decreased glucocorticoid receptor (GR) expression and function and loss of negative
feedback could also contribute to IL-1p activation of the HPA axis (Hill et al., 1988; Pace
and Miller, 2009; Pariante et al., 1999; Verheggen et al., 1996). A role for GR dysfunction is
also consistent with the evidence of glucocorticoid resistance (i.e., decreased dexamethasone
suppression) that is correlated with increased IL-1 in depressed patients (Maes et al., 1993).
This resistance, which could be caused by inflammatory cytokine activation of the HPA
axis, is puzzling because glucocorticoids inhibit IL-1f production and release (Goshen and
Yirmiya, 2009; Maes et al., 1993; Snyder and Unanue, 1982).

Sustained levels of glucocorticoids can cause atrophy of pyramidal neurons in the
hippocampus and medial prefrontal cortex (mPFC), and thereby contribute to depressive
symptoms (Sapolsky et al., 2000; Wellman, 2001). These effects could be due to
excitotoxicity (Nestler et al., 2002; Sapolsky et al., 2000; Woolley et al., 1990), decreased
BDNF expression (Smith et al., 1995; Schaaf et al. 2000), and/or decreased neurogenesis in
the adult hippocampus (Chaouloff and Groc, 2011; Muller and Schwarz, 2007; Nestler et al.,
2002; Tse et al., 2011). Loss of hippocampal function and negative feedback could also
contribute to over activation of the HPA axis (Zunszain et al., 2012).

5.3. NLRP3 inflammasome and comorbidity of depression

Examination of the relationship between depression and comorbid illnesses suggests a role
for the NLRP3 inflammasome that is a sensor of a broad range of danger substances
(Schroder and Tschopp, 2010). For example, elevated glucose levels can activate the NLRP3
inflammasome, and increase IL-1p, thereby contributing to insulin resistance and the
pathology of diabetes (Schroder and Tschopp, 2010; Zhou et al., 2010). The NLRP3
inflammasome is also involved in the innate response to amyloid B, suggesting a role in
Alzheimer’s disease (Halle et al., 2008).

The NLRP3 inflammasome is constitutively expressed in macrophages and microglia, the
resident macrophages of the central nervous system (CNS). Microglia are monocytic in
origin and migrate to the CNS during early embryonic development (Kaushik et al., 2012).
Microglia are ubiquitous throughout the brain, with the highest concentration in the
hippocampus (Block et al., 2007; Lawson et al., 1990; Perry et al., 1985). Preliminary results
from our group have shown that acute restraint stress leads to activation of the NLRP3
inflammasome in the hippocampus (Iwata et al., 2012). We are currently extending this
work using NLRP3 knockout mice to examine the functional impact of the NLRP3
inflammasome in the actions of stress. The maturation and release of IL-1f is significantly
reduced in NLRP3 null mutant mice (Hanamsagar et al., 2011; Martinon et al., 2006), and
we predict that the molecular and behavioral effects of stress will be decreased in these
mice. Pharmacological inhibitors of the NLRP3 inflammasome, such as the antidiabetic drug
glyburide, may also prove effective in blocking the elevation of IL-1 in response to stress
and depression (Lamkanfi et al., 2009).
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5.4. Inflammatory cytokines cause depressive behaviors: possible mechanisms

The sickness behavior resulting from IL-1p exposure includes depressive symptoms such as
suppression of locomotor activity, social exploration, motivation, and feeding, as well as
anhedonia, a core symptom of depression (Anisman et al., 1998; Bluthe et al., 1996;
Bonaccorso et al., 2003; Crestani et al., 1991; Hellerstein et al., 1989; Kent et al., 1992;
Lacosta et al., 1998; Linthorst and Reul, 1998; McCarthy et al., 1986; Wilhelm et al., 2012).
IL- 1 also induces anxiogenic behavior in the open field test and the elevated plus maze,
and impaired spatial memory in the Morris water maze (Song et al., 2006). Administration
of an IL-1 receptor (IL-1R) antagonist reduces fear conditioning and learned helpless
behavior in an inescapable stress/helplessness paradigm (Konsman et al., 2008; Maier and
Watkins, 1995), and IL-1R deletion mutant mice have reduced anxiety compared to wild
type controls (Koo et al., 2010).

Systemic administration of TNFa also decreases social exploration and causes weight loss
(Bluthe et al., 1994; Simen et al., 2006), and central TNFa causes a reduction in social
interaction, increased despair behavior, decreased food intake, and a loss of body weight
(Bluthe et al., 1994; Palin et al., 2009; Plata-Salaman et al., 1988). The TNFa-induced
behavioral alterations may be mediated by endogenous release of IL-1, because pretreatment
with an IL-1 receptor inhibitor antagonizes the depressive behaviors caused by TNFa
(Bluthe et al., 1994). Central administration of IL-6 decreases wheel-running behavior in
rats (Harden et al., 2008), activates the HPA axis, and causes fever (Lenczowski et al.,
1999). Infusion of IL-6 into the amygdala or the hippocampus increases immobility in the
FST (Wu and Lin, 2008).

IL-1P decreases the expression of brain derived neurotrophic factor (BDNF) and adult
hippocampal neurogenesis, which have been linked to susceptibility to depressive behaviors
(Banasr and Duman, 2011). IL-1p is also a potent regulator of the serotonin transporter
(SERT) (Ramamoorthy et al., 1995; Zhu et al., 2010), and lipopolysaccharide (LPS)
stimulation of SERT activity and behavioral despair are blocked by inhibition of IL-1R (Zhu
etal., 2010). Interestingly, 30% of depressive people who are resistant to selective serotonin
reuptake inhibitors (SSRISs) also have significantly increased levels of pro-inflammatory
cytokines (O’Brien et al., 2007).

5.5. Stress activates the inflammasome-IL-1p cascade

The hypothesis that IL-1p is a key factor in the pro-inflammatory response to psychological
stress is based on several lines of evidence. First, psychological stressors have been
demonstrated to increase pro-inflammatory cytokines such as IL-1f and TNFa in blood and
brain tissue (Madrigal et al., 2002; O’Connor et al., 2003; Raison et al., 2006). Second, our
preliminary studies demonstrate that acute restraint stress first increases IL-1f in the
hippocampus, prior to increasing levels of IL-6 and TNFa (unpublished). Moreover, stress
increases ATP levels in the hippocampus resulting in P2X7 receptor dependent elevation of
IL-1pB, and subsequent release of TNFa and IL-6 (unpublished) (Fig. 2). This is similar to
neuropathic pain, which also causes an initial induction of IL-1f that is dependent on ATP-
P2X7 receptor activation (Nadeau et al., 2011; Whitehead et al., 2010). In contrast,
experimental bacterial infection (i.e., LPS) first increases TNFa (Amiot et al., 1997).
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The canonical pathways for induction of IL-1f include both a priming step, mediated by
TLR4, as well as P2X7 receptor-activation of the inflammasome to process pro-IL-1p. It is
currently not known if stress rapidly increases an endogenous activator of TLR4 that
increases transcription. Alternatively, it is possible that there is a basal level of readily
available pro-IL-1p that could be converted to IL-1p and released. The latter possibility is
supported by studies demonstrating that IL-1f is involved in cellular models of learning and
memory (Goshen et al., 2007; Labrousse et al., 2009), indicating pro-IL-1p is present and
readily available for processing and release under physiological conditions. Additional
studies are required to further characterize the mechanisms underlying the rapid release of
IL-1p in response to acute, as well as chronic stress.

6. Effects of anti-inflammatory drugs on depression

Activation of the inflammasome and elevated cytokines in stress and depression suggests
that suppression of the inflammatory response could ameliorate depressive symptoms.
Interestingly, tricyclic antidepressants (TCA) and SSRIs normalize serum levels of
inflammatory cytokines in depressed patients, as well as increase the production of anti-
inflammatory cytokines such as IL-10 (Kenis and Maes, 2002; Raedler, 2011). In addition,
co-treatment of antidepressants with non-steroidal anti-inflammatory drugs (NSAIDs), such
as celecoxib, a cyclooxygenase-2 inhibitor, significantly augments antidepressant efficacy
(Muller et al., 2006). Administration of minocycline, an anti-inflammatory drug and
selective microglial inhibitor, also augments the clinical efficacy of antidepressants (Pae et
al., 2008). Minocycline treatment has neuroprotective effects (i.e., decreases excitotoxicity)
by inhibiting microglial proliferation (Tikka et al., 2001). However, a recent study in mice
reported that NSAIDs inhibit the beneficial effects of antidepressants on inflammation
(Warner-Schmidt et al., 2011).

These findings have led to additional studies examining other approaches that block or
normalize pro-inflammatory cytokines. A large-scale survey showed that etanercept, a
soluble TNFa receptor that binds to TNFa and inhibits it’s interaction with cell-surface
receptors, relieves fatigue and some symptoms of depression in patients being treated for
psoriasis (Tyring et al., 2006). 3-hydroxy—-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors (statins) decrease cholesterol levels and are used to prevent or treat
cardiovascular diseases, but are also reported to have antidepressant effects, possibly as a
result of anti-inflammatory actions (Otte et al., 2012). Similarly, a meta-analysis of
eicosapentaenoic acid (EPA), an omega-3 fatty acid with anti-inflammatory properties,
shows that it has antidepressant actions (Block et al., 2012; Lin and Su, 2007). Ketamine, a
rapid onset antidepressant and N-methyl-D-aspartate (NMDA) receptor antagonist, also
possesses anti-inflammatory properties, although at doses higher than used for behavioral
studies (Adams et al., 2008).

7. New anti-inflammatory approaches for the treatment of depression

7.1. Regulation of IL-1f expression, release, and signaling

We have previously demonstrated that administration of an IL- 13 antagonist blocks the
inhibitory effects of stress on neurogenesis, as well as the expression of depressive
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behaviors (Koo and Duman, 2008). In addition, IL-1R null mice are resistant to the
development of depressive behaviors, including anhedonia, caused by chronic stress
exposure (Koo and Duman, 2009). These studies indicate that blockade of IL-1R, or the
production and release of IL-18 would produce antidepressant effects. We have also
reported that blockade of IL-1R downstream signaling molecules, such as IxK, lkb, and
nuclear factor kappa B (NF-xB), blocks the reduction of neurogenesis caused by stress (Koo
and Duman, 2008, 2009; Koo et al., 2010). These findings indicate that inhibitors of 1L-15-
signaling could be useful for the treatment of depression.

7.2. P2X7 receptors and depression

When considering possible targets for regulation of IL-1f, the purinergic receptor, P2X7,
has received attention for several reasons. The processing and release of IL-1f in microglia,
as well as peripheral macrophages, are stimulated by ATP-activation of the P2X7 receptor
(Block et al., 2012; Ferrari et al., 1997b). The P2X7 receptor is a cell surface K* ionophore
that, when stimulated leads to activation of the NLRP3 inflammasome and release of IL-1f
(Fig. 2) (Ferrari et al., 1997b). Moreover, there is a P2X7 receptor gene polymorphism that
is associated with major depression (Lucae et al., 2006). P2X7 receptor knockout mice also
exhibit an antidepressant- like profile in behavioral models, including the tail suspension and
forced swim tests (Basso et al., 2009), and are resistant to stress in certain models of
depression (Boucher et al., 2011). Preliminary results from our laboratory demonstrate that a
selective, high affinity P2X7 receptor antagonist, A-804598 (Donnelly-Roberts et al., 2009),
blocks the down-regulation of neurogenesis caused by acute stress (lwata et al., 2012).
Moreover, we have found that chronic administration of this P2X7 receptor antagonist
reverses the depressive behavior caused by chronic unpredictable stress (unpublished
observations).

7.3. Peripheral regulation of IL-1p

The induction of IL-1f by stress in the periphery and the brain, and the reciprocal
interactions between these systems (Fig. 3) (Dobbin et al., 1991; Nguyen et al., 1998) raises
the question as to whether peripheral blockade of IL-1 is sufficient to block the neuronal
and behavioral effects of chronic stress. The blood brain barrier (BBB) protects the brain
from systemic pathogens, as well as the entry of peripheral peptides and proteins.
Inflammatory cytokines, including IL-1p, are large polypeptides and are thus unlikely to
cross the BBB (Watkins et al., 1995). However, there are several mechanisms by which the
brain and peripheral systems can communicate. The vagus nerve, a cranial nerve connecting
the brain to the periphery, has an afferent fiber by which peripheral stimulation can be
directly conducted to the central nervous system (Maier et al., 1998). In support of this,
vagotomy has been reported to block numerous brain-mediated sickness responses following
both LPS and IL-1p administration (Maier et al., 1998; Nguyen et al., 1998; Watkins et al.,
1995).

Alternatively, communication between the brain and the periphery could occur via leaky

areas (e.g., circumventricular organs), binding to cerebral blood vessel endothelial cells, or
active transport of cytokines into the brain (Maier et al., 1998; Moltz, 1993; Watkins et al.,
1995). In support of this view, a peripheral injection of etanercept, which neutralizes TNFa
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and does not cross the BBB, is able to ameliorate sickness behavior produced by a
proinflammatory manipulation (Jiang et al., 2008), and can produce antidepressant effects in
patients (Krishnan et al., 2007; Tyring et al., 2006). It is possible that peripheral
administration of an IL- 1R antagonist, such as Anakinra, which does not cross the BBB,
may also reduce IL-1p function in the periphery and subsequently have effects on the brain.
Studies are currently underway to determine if blockade or neutralization of IL-1f in the
periphery is sufficient to block the effects of stress and/or produce antidepressant effects in
cellular and behavioral models of depression.

8. An inflammasome hypothesis of depression: bidirectional pathways

between depression and comorbid systemic illnesses

Here we suggest a new hypothesis for depression and comorbid illnesses based on evidence
of bidirectional pathways between psychological stress and systemic diseases, and danger
substances and depression (Fig. 4). As previously discussed, psychological stress can
activate the NLRP3 inflammasome, leading to the release of IL-1p, which can contribute to
the pathophysiology of systemic illnesses such as diabetes, cardiovascular, and
inflammatory diseases. In addition, danger substances such as fatty acids and allergens can
activate the NLRP3 inflammasome and thereby elevate IL-1 and contribute to depression
symptoms. Based on this hypothesis, depressed patients may be more susceptible to NLRP3-
associated diseases. In parallel, patients with NLRP3-associated systemic diseases are more
likely to show depressive symptoms. These two pathways can also work in conjunction: for
example, in diabetes and cardiovascular disease, psychological stress, along with fatty acids
and cholesterol crystals, could act together to hyper-activate the NLRP3 inflammasome, and
thereby increase the susceptibility to depression via elevated release of IL-1f.

In summary, the major points of the “inflammasome hypothesis of depression” are: 1)
psychological stress activates NLRP3 and causes subsequent development of depression; 2)
elevated levels of danger substances such as glucose, fatty acids, and cholesterol crystals,
can activate the NLRP3 inflammasome, which could contribute to certain types of comorbid
“systemic illnesses”; 3) “psychosomatic diseases” may be caused by psychological stressors
that cause systemic diseases via a common NLRP3 inflammasome; and 4) “somato-psycho
diseases” may be caused by intra- and extra- cellular danger substances that also activate the
NLRP3 inflammasome and subsequently contribute to depression (Fig. 4).

The immune system consists of diverse mechanisms that provide fine control and protection
from external hazards and abnormally high levels of danger substances. However, high
levels of psychological stress encountered in everyday life can lead to activation of the
immune system and could represent a “warning” to activate biological defense mechanisms.
If left unchecked, sustained stress and immune responses can lead to full-blown depression,
as well as contribute to comorbid systemic illnesses. The NLRP3 inflammasome represents
a possible sensor for psychological stress and is a potential target for the treatment of
depression.
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Fig. 1.
Danger signals and host defense mechanisms. Danger signals are detected via pattern

recognition receptors (PRRS) to prepare defensive responses. PRRs can be classified into
two main groups, membrane associated and cytosolic. NOD-like receptors (NLRs) are
cytosolic PRRs, and can detect diverse ligands including ATP, fatty acids and amyloid p.
NLRP3, one of the best characterized NLRs, forms large multiprotein complexes termed
inflammasomes. However, the mechanism by which the NLRP3 inflammasome detects such
diverse ligands is unclear. Shown in this figure is the pathway for regulation of IL-1p.
Danger signals such as PAMPs are detected by TLRs and induce the synthesis of pro-IL-1p.
Pro-IL-1p is processed by the oligomerized NLRP3 complex leading to secretion of I1L-1p.
Although psychological stress is known to increase plasma levels of IL-1p, the mechanism
by which psychological stress is detected by the innate immune system is not known.
Abbreviations: AIM, absent in melanoma; DAI, DNA-dependent activator of interferon
(IFN)-regulatory factors; IPAF, ICE-protease activating factor; NLRP, NLR family, pyrin
domain-containing; NOD, nucleotide-binding oligomerization domain.
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Fig. 2.
Inflammasome subtypes and activation of NLRP3. A. There are four cytosolic pattern

recognition receptors that can form inflammasomes that subsequently activate caspase-1 and
produce IL-1B. B. The NLRP3 inflammasome undergoes autoinhibition by binding of the
LRR domain to the NACHT domain, resulting in blockade of oligomerization and ASC
binding. Stimulation relieves this inhibition and enables NLRP3 to bind with pro-caspase-1
through the adaptor protein ASC. Pro-caspase-1 is then cleaved, and the activated caspase-1
cleaves pro-1L-1p, resulting in the release of IL-1p. Interestingly, the NLRP3 inflammasome
can detect not only PAMPs, but also DAMPs, which include endogenous danger signals
such as ATP. Extracellular ATP binds to the P2X7 receptor ionophore, causing K + efflux,
which leads to oligomerization NLRP3. ATP may be associated with stimuli that can cause
damage to cells, such as high levels of the excitatory neurotransmitter glutamate, which can
cause excitotoxicity. Abbreviations: ASC, apoptosis-associated speck-like protein
containing a caspase recruitment domain; CARD, caspase-recruitment domain; FIIND,
domain with function to find; LRRs, leucine-rich repeats; NACHT, nucleotide-binding
oligomerizetion; NLRP3, NLR family, pyrin domain-containing 3; PYD, Pyrin domain.
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Fig. 3.

Pr% inflammatory cytokines activate the HPA axis. Hypothalamic CRH stimulates the
pituitary, which in turn releases ACTH, leading to stimulation of the adrenal cortex.
Released glucocorticoid provides negative feedback on the HPA axis via the hypothalamus
and pituitary, as well as hippocampus. Glucocorticoids also suppress pro-inflammatory
cytokines under normal conditions, although paradoxically cytokine levels remain high in
depressed patients. Cytokine-activation of the HPA axis in the presence of elevated
glucocorticoid levels could result from disruption of HPA axis homeostatic mechanisms:
that is, inflammatory cytokines activate each step of the HPA axis, including the
hypothalamus, pituitary and adrenal cortex. This occurs at the same time that cytokines
disrupt glucocorticoid receptor-mediated negative feedback (see text). In this model,
inflammatory cytokines in the brain are directly activated by stress. Also, brain pro-
inflammatory cytokines can reciprocally affect peripheral cytokines, which can activate the
HPA axis and also influence other brain regions via several possible mechanisms (see text).
Increased pro-inflammatory cytokines in both brain and periphery disturb negative feedback
by glucocorticoids. Abbreviations: ACTH, adrenocorticotropic hormone; CORT,
corticosterone; CRH, corticotropin-releasing hormone.
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Fig. 4.

NLRP3 inflammasome is a central mediator of depression and comorbid disease. Top panel:
(A) Psychological stress could cause activation the NLRP3 inflammasome, which may lead
to release of IL-1f and the development of depression. Danger substances also activate the
NLRP3 inflammasome and contribute to the pathology of several comorbid diseases. Thus,
the NLRP3 could be a central mediator of both psychological and systemic diseases. In
support of this, it is well known that psychological stress can affect systemic, peripheral
diseases, and these diseases frequently accompany depression. Bottom panel: (B) depression
is caused by psychological stress via the NLRP3 inflammasome; (C) systemic diseases can
be caused by danger substances via the NLRP3 inflammasome; (D) the NLRP3
inflammasome may also explain how psychological stress can contribute to the development
of systemic diseases (psychosomatic disorder); and (E) how intra- and extra- cellular danger
substances can lead to the development of depression (somato-psycho disorder). Taken
together, it is hypothesized that NLRP3 serves as a bridge between psychological stress and
depression, as well as bidirectional pathway between depression and systemic comorbid
illnesses.
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Table 1

Systemic/Peripheral diseases comorbid with depression and the role of IL-1f and the NLRP3 inflammasome.

Physical diseases Stimulator Pathology/I mplication of Prevelence of Depression  References
associated with NLRP3 NLRP3 on physical disease
inflammasome

Metabolic Disorders

Type Il Diabetes Mellitus ~ Hyperglycemia B cell death, Insulin resistance 26% Zhou et al.
Fatty acids (2010),Mason et al.
(2012)

Evans et al.(2005)

Obesity Fatty acids Decrease insulin sensitivity 20%-30% Wen et al. (2011),
Vandanmagsar et al.
(2011), Evans et al.

(2005)
Cardiovascular disease Cholesterol crystals Inflammation / polymorphism in 17%-27% Duewell et al. (2010),
the NLRP3 locus and Mason et al. (2012),
concordance with fibrinogen gene Evans et al.(2005)
variants
Autoimmuno Diseases
Rheumatoid Arthritis ? Chronic inflammation of the 13%-20% Kastbom et al. (2008),
synovium / Increased expression Mason et al. (2012),
of NLRP3 Sheehy et al. (2006)
Systemic lupus U1-snRNP Inflammatory response causes 22.5%-42% Bachen et al. (2009),
erythematosus (SLE) cell death and organ failure Shin et al. (2012),
Nery et al. (2007)
Alzheimer’s disease Amyloid NIrp3~~ microglia demonstrated 30%-50% Mitroulis et al. (2010),
a significant reduction in the Mason et al. (2012),
proinflammatory mediators when Evans et al. (2005),
treated with amyloid-f Halle et al. (2008)
Multiple Sclerosis (MS) ? NIrp3 found to play a role in the 25%-50% Gris et al. (2010),
progression of disease in an Mason et al. (2012),
experimental autoimmune Fischer et al. (2012)

encephalomyelitis model

Infection / Environmental Disease

HIV HIV Activation of immune system 5%-30% Pontillo et al. (2012),
against the virus Evans et al. (2005)

Asthma Allergen? A substaital reduction in 18% Besnard et al. (2011),
inflammation and leukocyte Mason et al. (2012)

recruitment to the lung in
NIrp3~~and IL-1R™~ mice
compared to WT mice

Chronic obstructive Inflammation (uric Chronic bronchitis and 10%-42% Eisner et al. (2005)

pulmonary disorders acid ?) emphysema Gasse et al. (2009),
Mason et al. (2012)

Healthy Subject

General population 10.3% (12-month) Caferella et al. (2012)
7.1% (Lifetime) Kessler et al. (1994),
Evans et al. (2005)

Listed are the systemic diseases associated with NLRP3, as well as the different types of danger substances that lead to IL-1p release (or activate
caspase-1). The prevalence of depression in populations with these different diseases is much higher (up to 30% or even higher) than that of the
general population, which is 10.3%.

(Bachen et al., 2009; Besnard et al., 2011; Cafarella et al., 2012; Duewell et al., 2010; Eisner et al., 2005; Evans et al., 2005; Fischer et al., 2012;
Gasse et al., 2009; Gris et al., 2010; Halle et al., 2008; Kastbom et al., 2008; Kessler et al., 1994; Mason et al., 2012; Mitroulis et al., 2010; Nery et
al., 2007; Pontillo et al., 2012; Sheehy et al., 2006; Shin et al., 2012; VVandanmagsar et al., 2011; Wen et al., 2011; Zhou et al., 2010).
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Table 2

Cytosolic pattern recognition receptors (PRRS).

Cytosolic PRRs  Potential ligands

CIITA

NALP Flagellin from Legionella

NOD1 GM-tripeptide, y-d-Glu-DAP (iEDAP), d-lactyl-I-Ala-y-Glu-meso-DAP-Gly (FK156), hepatonoyl-y-Glu-meso-DAP-Ala
(FK565)

NOD2 MDP, MurNAc-I-Ala-g-d-Glu-I-Lys (M-TRILys)

NLRC3 NLRC

NLRCA4 (IPAF)
NLRC5
NLRP1
NLRP2
NLRP3

NLRP4-14
NLRX1
AIM2
MNDA
IFI16

IFIX

Flagellin from salmonella, Legionella, Listeria, Pseudomonas

MDP, Lethal Toxin

Sendai virus, Influenza virus, Adenovirus, Candida albicans, Saccharomyces cerevisiae, MDP, Nigericin, Maitotoxin, ATP,
MSU, Silica, Asbestos, Alum, Amyloid B, Fatty acid, HIV

DNA
DNA(?)
DNA(?)
DNA(?)

Listed are the known human cytosolic PRRs, including NLRC4 (IPAF), NLRP1, NLRP3 and AIM2 that assemble to form large multiprotein
complexes referred to as inflammasomes (in bold).

Abbreviations: AlM, absent in melanoma; ATP, adenosine triphosphate; CIITA, class 11, major histocompatibility complex, transactivator; DNA,
deoxyribonucleic acid; HIV, human immunodeficiency virus; IFI, IFN-inducible protein; IPAF, ICE-protease activating factor; MDP, muramyl
dipeptide; MNDA, myeloid nuclear differentiation antigen; MSU, monosodium urate crystals; NALP, NACHT, LRR and PYD domains-containing
protein; NLRC, NLR family CARD domain-containing protein; NLRP, NLR family, pyrin domain-containing; NLRX, NLR family member X;
NOD, nucleotide-binding oligomerization domain.
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