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Inflammation as the Potential Basis in Depression

Sung Ho Maeng', Heeok Hong’

'Department of Gerontology, Kyung Hee University Graduate School of East-West Medical Science, Yongin, Korea

*Department of Animal Science and Technology, Konkuk University, Seoul, Korea

processes contributing to the development of depression.

There is growing evidence of the association between inflammation and stress-related disorders including depression. The
positive correlation between the increased levels of inflammatory cytokines observed in patients with other diseases and the
byproduct of the depressive symptoms may be caused by chronic stress. Increased neuroinflammatory responses are capable
of activating microglia and astrocytes, which leads to release pro-inflammatory cytokines. Moreover, elevated levels of inflam-
matory cytokines such as tumor necrosis factor-alpha, interleukin (IL)-1, and IL-6 are causally related to various aspects of de-
pression such as the behavioral symptomatology. Eventually, these elevated cytokines aggravate and propagate neuroinflam-
mation, impairing brain functions. Thus, activated astrocytes and microglia may be potential mediators in neuroinflammatory
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INTRODUCTION

Inflammation can be defined as one of the immune responses
for protecting living organisms from damage or microbial in-
fection [1]. Immune system can be triggered by various factors
such as pathogens, damage cells and stress that may induce
acute or chronic inflammatory responses in organs including
brain, potentially leading to tissue damage or disease [1,2].
Many diseases and conditions have induced to higher levels of
inflammatory cytokines which related to depression risk [3].
For example, there are cancer [4,5], chronic alcohol abuse [6,7],
psychosocial stress [8,9], and dermatitis [10,11].

The variety of factors activate inflammatory cells and trigger
inflammatory signaling pathways including nuclear factor kap-
pa B (NF-«B) and mitogen-activated protein kinase (MAPK)
pathways [12].

NF-kB, a transcription factor, is activated by IkB phosphory-
lation induced by IkB kinase (IKK) to promote the production
and distribution of inflammatory cytokines such as tumor ne-
crosis factor-alpha (TNF-a), interleukin (IL)-1p, and IL-6 [13].
MAPK is activated by cytokines. The mammalian MAPKs in-
clude extracellular-signal-regulated kinase ERK1/2, p38, and c-
Jun N-terminal kinases (JNK) [14]. Furthermore, JNK and p38
are responsive to stress and cytokines [15]. Activations of
MAPKs lead to phosphorylation and activation of transcription
factors, too. Signaling through transcription factors results in
release of inflammatory cytokines including IL-1 B, IL-6, and
TNEF- a.

Moreover, inflammatory intermediates including prostaglan-
din E2 and nitric oxide are produced by cyclooxygenase 2 and
inducible nitric oxide synthase, which react to inflammatory
cytokine [16,17]. Excess activation of these enzymes leads to re-
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lease of inflammatory cytokines. Therefore, inflammatory cyto-
kines, enzymes, and transcription factors can be used as bio-
markers in the inflammatory response.

The brain has been known as an organ with little inflamma-
tory response because it has a special structure that is inaccessi-
ble to external bacteria or foreign substances, but it is known
that neuroglial cells in the brain control the inflammatory/im-
mune reaction and that an abnormality in these cells function
causes brain disease including depression [18,19].

Inflammation of the brain is caused by microglia activation
and the release of cytokines, chemokines, and pro-inflammato-
ry factors [20].

Several papers suggested that inflammation was related to
depression. Cytokines can be produced by neurons, astrocytes
and microglia within the brain [21]. Frick et al. [22] have pro-
posed that these cells may be potential mediators of inflamma-
tory alterations in depression.

Glial cells are essential players in central nervous system
(CNS) development, maintenance, and decline [23]. It is known
that mild activation of microglia and astrocytes usually indi-
cates neuroprotection and improves the early symptoms of
neurodegeneration, while strong activation of them leads to
overproduction of cytokines, which promotes neurodegenera-
tion [24]. Hong et al. [25] have reported that activation of the
peripheral immune system leads to elevated cytokines that are
actively transported into the CNS and stimulate microglia and
astrocytes.

Astrocytes have powerful pro-inflammatory potential in the
neuroinflammatory response [26].

Neuroinflammation is defined as the reactive state of astro-
cytes and microglia induced by pathological conditions [26].
Reactive astrocytes and microglia are known to mediate the in-
nate immune responses in the brain [27]. Astrocytes respond to
CNS injury and disease through a process called reactive astro-
gliosis, an activated state of glia cells that contributes to inflam-
mation [26,28-30]. These cells produce and secrete pro-inflam-
matory cytokines, leading to neuroinflammation and contrib-
uting to the development of depression.

According to several clinical studies, patients with major de-
pression showed elevated levels of TNF-q, IL-1{, and IL-6, but
low level of IL-8 compared to healthy controls [9,31]. Several
postmortem studies demonstrated the presence of inflammato-
ry markers in the brains of depressed patients. Tonelli et al. [32]
reported that female suicide victims had increased levels of IL-4
and male suicide victims showed elevated levels of IL-13 com-
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pared to controls. Moreover, 24 teenager suicide victims had
higher TNF-a, IL-1f, and IL-6 than normal control subjects in
Brodmann area 10 [33], a brain region previously associated with
suicidal ideation [34].

On the other hand, Wang et al. [35] did not observe changes
in levels of TNF-a and IL-1f in depressed patients compared to
controls. Clark et al. [36] found that the mRNA levels of TNF-a
were lower in the ventrolateral prefrontal cortex (PFC) of de-
pressed individuals than in nonpsychiatric controls.

It would be difficult to conclude that all cases of depression
are associated with increased inflammation, not only because
most people with elevated inflammation do not develop de-
pression, but also the results of human and animal studies have
not been inconsistent.

In this review, we summarized and discuss briefly the poten-
tial roles of transcription factor and pro-inflammatory cyto-
kines in depression.

ACTIVATION OF NF-kB PATHWAY

The variety of factors activate inflammatory cells and trigger in-
flammatory signaling pathways [12]. NF-kB pathway, one of
major inflammatory pathways, plays major roles in inflamma-
tion, and dysregulation of this pathway may lead to production
of inflammatory cytokines-associated depression [1,12].

The transcription factor NF-kB plays important roles in in-
nate and adaptive immune responses and serves as a pivotal
mediator of inflammatory responses [13].

The NF-kB pathway acts as a general stress sensor operated
by a number of adverse conditions, such as inflammation [37].
Inflammation activates adaptive responses that are controlled
by NF-«B signaling pathway and these systems can be triggered
by various factors including cytokines and toll-like receptor
(TLR) ligands [37].

TLRs activates IKK in the cytoplasm and IKK phosphory-
lates IxB. Then NF-kB pathway is activated by IxB phosphory-
lation. The activated NF-kB moves into nucleus to activate gene
transcription of inflammatory cytokines [1]. Thus, NF-kB regu-
lates the expression of pro-inflammatory cytokines.

It is known that NF-«B is strongly related to neuroinflamma-
tion in astrocytes and microglia because NF-kB regulates the
neuronal inflammatory reactions around the neuronal environ-
ment [38,39]. Moreover, traditionally activated neuroinflam-
matory microglia have strong NF-kB pathway activation that is
required for the activation of neuroinflammatory reactive as-
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trocytes [29]. NF-«B transcription factors are abundant in neu-
rons, glial cells and cerebral blood vessels. Therefore, depression
is associated with NF-kB activated by inflammatory mediators.
Xu et al. [40] found that NF-xB activation was linked to depres-
sion in chronic inflammatory patients. Adolescents with de-
pression had higher levels of activated NF-kB in monocytes
than controls and these levels were strongly associated with the
severity of depressive symptoms [41].

In animal models, chronic unpredictable stress-induced
overexpression of NF-kB in the frontal cortex and hippocam-
pus and depressive-like behavior [42]. The antidepressant treat-
ment inhibited the expression of NF-«B in chronic unpredict-
able mild stress-induced depressive mice [43]. Although hyper-
activity of NF-kB has been associated with stress and depres-
sion, a postmortem study showed that NF-kB expression was
decreased in patients with depression compared with controls
[44] and NF-kB mRNA and protein expression reduced slightly
in chronic stress-induced depressed rats [45].

As noted above, the results of studies were inconsistent. Nev-
ertheless, it is considered that the role of NF-kB is important in
the regulation of neuroinflammation-associated disease patho-
genesis through the control of inflammatory mediators and the
transcription and expression of inflammatory cytokines in
brain.

Therefore, a better understanding of the mechanism that un-
derlies NF-kB activation and pro-inflammatory function is of
great significance for therapeutic strategies in the treatment of
neuroinflammation.

PRO-INFLAMMATORY CYTOKINES

Several studies demonstrated that inflammatory cytokines af-
fect the brain directly or indirectly, increasing the depression
risk [3,46-50].

Cytokines belong to the broad and loose category of impor-
tant proteins in cell signaling. These include chemokines, inter-
ferons (IFNs), IL, and TNFs. It is known that cytokines are pro-
duced by immune cells and microglia and astrocytes in brain
[21,51].

The production of IL1, IL-6, or TNF-a in the innate immune
system results in the activation of the so-called T helper 17 cells
which produce cytokines like IL-17, IL-21, and IL-22 [52].
Therefore, they are called pro-inflammatory cytokines together
with IL-1, IL-6, TNF-a and IL-17, IL-21, and IL-22, which are
cytokines that promote inflammation [21]. These pro-inflam-
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matory cytokines may lead to the development of depression
through brain structural changes and brain dysfunction.

According to meta-analytic studies, depression patients have
elevated IL-6, TNF-q, and IL-1 level compared to healthy peo-
ple [53,54]. Similarly, production of IL-6, IL-10, and TNF-a
levels have been shown to be increased in animal models for
depression using acute or restraint stress [55].

Studies showed that increased levels of cytokines including
IL-1B, IL-6, and TNF-a have been closely related with the
pathogenesis of depression. Furthermore, pro-inflammatory
cytokines are considered suitable as a biomarker of depression.
Thus, we reviewed the association between the incidence of de-
pression and pro-inflammatory cytokines such as TNF-q, IL-1,
and IL-6.

TNF-a

TNF-a is one of the more important pro-inflammatory cyto-
kines in depression, playing a central role in both initiation and
regulation of the cytokine cascade during a response to the
neuroinflammation [56]. TNF-a exerts its biological functions
by binding to tumor necrosis factor receptor 1 (TNFR1) and 2
(TNFR2) and in the brain, TNFR1 appears to show a construc-
tive pattern of expression, while TNFR2 is mainly expressed in
stimulatory conditions [57].

TNF-a may be based on the mechanism of depression by an
upregulation of the hypothalamic-pituitary-adrenocortical
(HPA) axis [9]. Moreover, the uptake of serotonin is diminished
and tryptophan deletion during the process of depression be-
cause TNF-a can regulate neuronal serotonin transporter and
indoleamine 2,3-dioxygenase activities [57].

In depression patients, Schmidt et al. [54] found significantly
higher TNF-a level compared to healthy people. Recently,
Kohler et al. [58] found that patients with major depressive dis-
order (MDD) had elevated peripheral level of TNF-a compared
to healthy controls in meta-analysis of 82 studies. Moreover,
they observed that in a meta-analysis of 45 antidepressant treat-
ment studies peripheral levels of TNF-a decreased in response
to therapy [53]. Muthuramalingam et al. [59] found that de-
pressive patients showed significantly raised TNF-a level com-
pared to healthy people and TNF-a level of female patients
tended to be higher than that of male patients. Himmerich et al.
[55] found that TNF-a levels of rats that underwent acute or
chronic stress were higher compared to those of nonstressed
rats then they proposed alteration of TNF-a level might indi-
cate a pathophysiological pathway from acute and chronic
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stress to the development of depression.

In systemic lupus erythematosus patient with depressive
symptoms, a positive correlation between the severity of de-
pressive symptoms and serum TNF-a levels was observed,
while serum TNF-a levels were independently associated with
depressive symptoms in the multivariate analysis [57]. Addi-
tionally, a meta-analysis of 22 antidepressant treatment studies
found that TNF-a level in depressive patients did not decrease
in response to therapy [60]. Whereas Miklowitz et al. [41]
found that TNF-a level in adolescents with depression did not
differ from healthy controls.

As mentioned above, the psychological stress that can affect
the development of depression, even though this pro-inflam-
matory cytokine has not been shown to have been elevated by
all studies of patients with depression, results in an increase in
pro-inflammatory cytokine levels and affects gene transcription
by pro-inflammatory cytokines.

Taken together, although the TNF-a level is still debatable for
its association with the depression, it has been able to confirm
that there is the presence of immunological basis for depression.

Interleukin 18

The microglia activation and the expression of inflammatory
cytokine IL-1 in CNS have been considered almost identical to
neuroinflammation that induce structure changes at the synap-
ticlevel [61].

IL-1P has been known as a master regulator of inflammatory
reactions within the brain inflammatory cascade because of its
essential role in regulating the expression of other pro-inflam-
matory cytokines, including TNF-a and IL-6, thus this IL is
able to control the onset of neuroinflammation [21,61]. IL-1f
produced by macrophages, endothelial cells, and astrocytes has
been found to be an important risk factor for the developing
symptoms of depression [21].

Recent studies have suggested that depression is associated
with high levels of several inflammatory cytokines such as IL-
1B, IL-6, and TNF-a.

There are various pathways in which cytokines may affect
pathophysiology of depression. Cytokine directly stimulates the
HPA axis and chronic hyperactivity of the HPA axis leads to ex-
cessive secretion of cortisol, which eventually affects the ner-
vous, endocrine, and immune systems [9,62,63]. The HPA axis
response is one of many body systems designed to assist organ-
isms respond to adversity [64]. IL-1B may influence the patho-
physiology of depression through various pathways. It has been
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reported that the HPA axis function is upregulated by pro-in-
flammatory cytokines, particularly IL-1f [65].

Keller et al. [63] investigated that patients with depression
disproportionately showed chronic hyperactivity of the HPA
axis and had higher cortisol than those of healthy controls.

IL-1 intersects the blood-brain barrier and then alters the
HPA axis. IL-1p reduces the re-uptake of serotonin from the
synaptic cleft resulting in depressive symptoms. Moreover, IL-1
B plays a role in the hypersecretions of adrenocorticotropic hor-
mone (ACTH) and cortisol [65].

Sahay and Hen [66] observed that hippocampus volume of
depressed patients was reduced in associated with disorder du-
ration. In the mouse model of [FN-y-induced depression, hip-
pocampal IL-1B expression was induced depressive behavior
[67]. These changes were not observed in IL-1 receptor knock-
out mice [65]. Therefore, elevated levels of IL-1 f can lead to the
development of depression.

Elevated levels of IL-1 and IL-6 have served as consistent
biomarkers of depression according to several studies. Ng et al.
[20] reported that elderly with depression were significantly
higher in their peripheral IL-1p levels than control participants
in meta-analysis. They also found that after Bonferroni adjust-
ment, only peripheral levels of IL-1p remained significantly
higher in elderly with depression than controls.

Zou et al. [9] found linear correlation between IL-1B and se-
verity of depression and higher IL-1{ level was associated with
higher Hamilton Depression Rating Scale scores. A meta-anal-
ysis study found that the blood levels of IL-1p were significantly
increased in suicidal patients with depression compared to
nonsuicidal patients with depression. Furthermore, in post-
mortem brain of suicide victims, levels of IL-1p were signifi-
cantly increased compared with those of healthy controls [68].

Pandey et al. [33,69] reported that the mRNA and protein
expression levels of IL-1P in the PFC were significantly in-
creased in 24 teenage suicide victims and in 24 depressed indi-
viduals who died by suicide compared with normal control
subjects, respectively.

Correlations of IL-1( and the development of depression
have been widely reported as mentioned above, although there
are also some reports that fail to show correlation between IL-
1P level and the pathophysiology of depression.

The cohort study has shown that the levels of mRNA and
protein expression of IL-1 in recurrent depressed patients tend
to be slightly higher than those of patients with the first episode
of depression, but there was no significant difference [54]. Tor-
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res-Platas et al. [70] observed that IL-1{ expression of depressed
suicides was similar to those of sudden-death controls in the
dorsal anterior cingulate cortex white matter. This region is
known to control cognition, motor, and emotion [16]. Ovas-
kainen et al. [71] reported that in the males and females with
depressive symptomatology, IL-1p concentrations were not sig-
nificantly changed as compared with the nondepressed males
and females, respectively.

Taken together, it is possible that increased levels of IL-1p,
pro-inflammatory cytokines, may contribute to the pathophysi-
ology of depression inducing the HPA axis hyperactivity, neu-
roendocrine changes, neurotransmitters, neurodegeneration, or
indeed other yet unknown mechanism.

Interleukin 6

IL-6 is an important and multifunctional cytokine within the
immune system that contributes as an inflammatory and anti-
inflammatory [72].

It is known that the cytokine IL-6 has been linked to stress-
related disorders such as depression [73]. Maydych [8] suggest-
ed that psychological stress that has an effect on inflammatory
cytokines also can affect the onset, maintenance, and recur-
rence of depression.

IL-6 induces increased production of metabolites by astro-
cytes under stress [74]. It is known that microglia and astro-
cytes modulate inflammation in the CNS [28].

Microglia is known to regulate pro-inflammatory responses
in astrocytes, but it is yet unclear about its mechanism [29,75].
IL-6 can be produced by activated microglial cells and astro-
cytes in the brain [21].

Abnormality of IL-6 has been implicated in the pathophysiol-
ogy of MDD, based on both human and animal studies. Many
studies in recent have supported the biological correlation be-
tween depression and inflammation [20,48,55,73,76,77]. In par-
ticular, the increase in IL-6 level was significantly elevated in de-
pression compared with control according to meta-analysis
study [20,48,77] and IFN-a therapy in patients with chronic
hepatitis C showed to often (frequently) develop depression [78].

Moreover, level of IL-6 was increased in animal with depres-
sion induced by using acute or restraint stress [55]. In animal
studies, IL-6 levels in cerebrospinal fluid were elevated by ma-
ternal deprivation [79] and repeated social defeat stress-in-
duced increased IL-6 mRNA expression of microglia [80].

Goldsmith et al. [81] found that patient with depression
showed elevated levels of IL-6 compared to healthy controls but

Int Neurourol J November 30, 2019

Maeng, et al. « Inflammation and Depression INJ

significantly decreased following treatment in MDD. In post-
mortem studies, I1-6 levels were significantly elevated compared
to those of healthy controls [69]. Across 24 studies of MDD
showed that increased IL-6 levels were associated with MDD
[48].

A number of researchers have suggested a functional role for
IL-6 in the development of depression and a potential for tar-
geting it to treat depression in humans [82-84].

Khandaker et al. [82] provided the first evidence about the
relationship between the peripheral inflammation and the oc-
currence of depression, which children with high IL-6 serum
levels at age 9 were 10% greater risk of developing depression
by age 18 than the healthy people or children with low levels of
IL-6 in a longitudinal study. Moreover, Ng et al. [20] proposed
that peripheral pro-inflammatory marker IL-6 is likely to be in-
creased in depression.

Even several studies observed abnormal levels of pro-inflam-
matory cytokines in depressive and suicidal patients [48,70,85],
it is not clear if similar abnormalities of cytokines are present in
the brain of depressive and suicidal patients. Zou et al. [9]
found that IL-6 levels in 117 depressed patients were slightly
higher than those in the 102 healthy standard group, but there
were no significant differences. Cohort study showed that
mRNA and protein expression of IL-6 in patients with recur-
rent depression were similar to those of patients with the first
episode of depression [86]. Walker et al. [87] reported that anti-
depressant treatment did not lead to change the plasma levels of
IL-6 in rat treated with ACTH.

Despite numerous studies showing a correlation between de-
pression and inflammation, it is still unclear whether inflam-
mation trigger depression or inflammation is simply caused by
depression.

As such, at the current state of investigation, being difficult
enough to firmly place a causative relation for depression as a
neuroinflammatory expression, it would be even more difficult
to associate voiding in an associated symptom in these patients
[25,88]. While there seems to be a significant clinical presence of
voiding dysfunction in depression, and a tentative suggestion be-
tween voiding dysfunction and neuroinflammation, the difficult
task of associating between all 3 states have yet to be studied.

Nevertheless, there is growing proposals that IL-6 levels may
serve as a predictive biomarker to resolve negative moods in
people suffering from mental and social stress, thus IL-6 levels
are believed to be associated with the incidence of depression.
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CONCLUSION

As mentioned above, cytokines are produced by microglia and
astrocytes in the brain and peripherally produced cytokines ac-
cess the brain through leaky sections of the blood-brain barrier.
However, it is not currently clear about the mechanism by
which these peripheral inflammatory responses signal the
brain. Nevertheless, multiple studies have shown hyper-activa-
tion of the neuroinmmune system is strongly linked to the de-
velopment of neuropsychiatric disorders and the potential role
of inflammatory cytokines related to neuroinflammation. Neu-
roinflammation may be a key element in the pathological pro-
gression of depression.

A better understanding of the inflammatory response path-
ways and molecular mechanisms in brain will undoubtedly
contribute to the improved prevention and treatment of depres-
sive disorder, and more studies are needed to do so.
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