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Renewing interest in immune aspects of schizophrenia and new findings about the
brain-fat axis encourage us to discuss the possible role of interleukin-6 (IL-6) in schizo-
phrenia. Previously, it was suggested that a primary alteration of the innate immune
system may be relevant in schizophrenia. Functional dichotomy of IL-6 suggests that
this chemical messenger may be responsible for regulating the balance between pro-
and anti-inflammatory responses, with tissue-specific properties at the periphery and
in the central nervous system. Specific phase of this chronic and deteriorating disorder
must be considered, which can involve IL-6 in acute or possible chronic inflammation
and/or autoimmunity. We give an overview of IL-6 role in the onset and progression
of this disorder, also considering cognitive impairment and metabolic changes in
patients with schizophrenia. Data suggest that decreased serum level of IL-6 following
antipsychotic therapy could be predisposing factor for the development of obesity and
obesity-related metabolic disorders in schizophrenia. As we reviewed, the IL-6 plays
significant role in disease genesis and progression, so the use of specific inhibitors
may not only be beneficial for exacerbation and alleviation of positive symptoms, but
may attenuate cognitive impairment in patients with schizophrenia.

Keywords: interleukin-6, schizophrenia, immune response, inflammation, metabolic syndrome

INTRODUCTION

The immune system could be described as a sensory system whose primary purpose is identifying
the foreign (“non-self”) substances, referred to as antigens. Two equally important aspects of the
immune system are the innate and acquired immunity. The mechanisms of innate immunity are
physical and chemical barriers, cellular components, and soluble molecules. The principal cellular
components of the innate immune response include dendritic cells, monocytes, macrophages,
granulocytes, and natural killer (NK) cells. The unique components of acquired immunity are
T and B lymphocytes that specifically recognize and respond to an antigen. Thus, innate and
acquired immune response represents the action of various specialized cells and soluble molecules
that they secrete.

Cytokines are chemical messengers or hormones of the immune system. They mediate cell-cell
interactions in immune responses and induce the movement of cells toward sites of inflammation,
infection, and trauma. Thus, these soluble molecules regulate and coordinate many activities of
the cells of innate and acquired immunity.

There is a renewing interest in immune aspects of schizophrenia (1, 2) and new findings have
been presented regarding the linkage of innate and adaptive immunity by the brain-fat axis (3).
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These findings encouraged us to discuss a possible influence of
interleukin-6 (IL-6) in schizophrenia onset and progression,
considering cognitive impairment and metabolic changes in
patients with schizophrenia. We try to enlighten some meta-
bolic aspects of IL-6 in schizophrenia and introduce some new
drug-targets.

IL-6 AS A PLEIOTROPIC CYTOKINE

Interleukin-6 was first identified as a B-cell differentiation factor,
which induces antibody production by activated B cells. This
cytokine promotes the differentiation of B cells, the population
expansion and activation of T cells, and regulates the acute
inflammation (4, 5). Upon IL-6 binding to IL-6 receptor (IL-6R)
are initiated its multiple functions. The IL-6R is composed of the
IL-6-binding chain, existing in forms of transmembrane IL-6R
and soluble IL-6R (sIL-6R) (6), and a gp130 signal-transducing
chain (7). IL-6 is secreted by different types of cells and under
various conditions of immune activation. For example, the pri-
mary sources of this cytokine are monocytes and macrophages
at site of injury during acute inflammation, as well as T cells in
chronic inflammation.

The toll-like receptors (TLRs) are major sensors of the
innate immunity, able to recognize a broad spectrum molecule
of different classes of microbes, as well as damage-associated
molecular pattern released from stressed cells, and to initiate an
inflammatory response rapidly. TLR ligation is one of the earliest
events leading to IL-6 production (8). In homeostatic conditions,
level of IL-6 is low, but IL-6 serum levels rise quickly in stress.
Numerous studies show that IL-6 modulates various aspects of
the innate immune system, such as hematopoiesis and influx of
neutrophils at sites of infection or trauma (9, 10). In addition,
this cytokine induces synthesis of C-reactive protein, serum
amyloid A, and fibrinogen, as proteins of acute phase.

Interestingly, IL-6 has pro- and anti-inflammatory proper-
ties which are context dependent. Although it has been mostly
regarded as a clear pro-inflammatory cytokine of acute innate
responses, it has many regenerative or anti-inflammatory
activities crucial for resolution of inflammation [reviewed in
Ref. (11)]. A role of IL-6 in limiting inflammation has been
based on several observations. It was shown that IL-6 exerts
its immunosuppressive properties by inhibiting activity of the
transcription factor named nuclear factor kappa-light-chain-
enhancer of activated B cells and expression of the chemokine
receptor on dendritic cells required for recruiting these cells to
lymphoid tissues (12). Moreover, IL-6 signaling promotes alter-
native macrophages activation and inhibits their microbicidal
activities (13-15). Additionally, IL-6 also induces expression of
the IL-1R antagonist and the soluble p55 receptor for tumor-
necrosis factor (TNF) (16). In these settings, IL-6 is involved
not only in the induction of acute inflammation, but also in the
resolution of inflammation.

Upon activation by antigen-presenting cells, naive CD4+
T cells can differentiate into Th1, Th2, or Th17 and regulatory
T (Treg) cells. Besides its role in the innate immune response,
IL-6 also regulates acquired immunity by promoting specific
differentiation of naive CD4+ T cells, but these effects are

context dependent. Some reports suggested that IL-6 skewed
T-cell differentiation toward Th2 cells and simultaneously
inhibited Th1 polarization through two independent molecular
mechanisms (17, 18). However, it has been demonstrated that
IL-6 promotes Thl-cell responses (19). Recently, it has been
reported that IL-6 has an important role in regulating Th17/
Treg balance (20). Thus, in the presence of the transforming
growth factor-beta (TGF-p), IL-6 is a necessary signal for dif-
ferentiation of naive T cells to Th17 cells, a subset of T helper
cells that are implicated in the induction of autoimmune dis-
eases (21, 22), and contribute to local tissue damage in chronic
inflammatory diseases (23). In contrast, IL-6 can strongly
inhibit the TGF-B-induced differentiation of Treg cells that
inhibit autoimmunity and protect against tissue injury (24).
Downregulation or overproduction of IL-6 alters the balance
between Th17 and Treg cells. Th17/Treg disbalance appears
to interfere with immunological tolerance and consequently
leading to development of autoimmune and chronic inflamma-
tory diseases (20). Also, considering its role in production of
IL-10 by T cells (25, 26), it seems that IL-6 may be included in
relieving an inflammatory response. This functional dichotomy
suggests that IL-6 may be responsible for regulating the balance
between pro- and anti-inflammatory responses.

ROLE OF IL-6 IN THE BRAIN FUNCTION

Interleukin-6 can be also produced by activated astrocytes and
microglial cells in the brain (27, 28) and neurons (29, 30). IL-6Rs
have been localized in the central nervous system (31). It has
been shown that IL-6 boosts central neurotrophin secretion
by different cells (32, 33). Under stress, IL-6 induces increased
production of metabolites by astrocytes, while neurons primarily
consume resources from the microenvironment (34).

Interleukin-6 contributes in the normal brain functioning
(Figure 1): it is involved in the body weight control, food intake,
and energy expenditure, it stimulates the pituitary-adrenal
axis, has a role in pain, sleep-wake behavior, emotional reactiv-
ity, learning, and memory [reviewed in Ref. (35)]. Pyrogenic
effects of IL-6 have been widely explored (36) and sickness
behavior was observed in association with higher IL-6 levels in
the peripheral circulation and the liver of a mouse (37).

Interleukin-6 exerts its effects on neurotransmission of
catecholamines, by intensifying dopaminergic and serotonergic
turnover in hypocampus and frontal cortex (38, 39). Although,
there was no effect of IL-6 on noradrenaline, reversely this
neurotransmitter could induce expression of IL-6 in glial cells
(40). IL-6 and other pro-inflammatory cytokines activate kinure-
nine pathway, involved in glutamatergic neurotransmission
[reviewed in Ref. (41)].

While IL-6 can have protective properties in many infec-
tions, its activity seems to be a key in maintaining the chronic
inflammation in model of autoimmune encephalitis and various
neurological diseases when IL-6 is overexpressed in the central
nervous system [reviewed in Ref. (11)]. Population-based lon-
gitudinal studies reported associations of higher serum IL-6
with future risks for depression and psychosis (42). Increased
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FIGURE 1 | IL-6 as a mediator in physiology and pathology of CNS. Both physiologic functions observed low-grade inflammation-related phenomena and may be
involved in obesity and schizophrenia. In pathological conditions, such as increased IL-6 level in CNS and periphery may be involved in schizophrenia and
accompanied metabolic syndrome. IL-6, interleukin-6; DA, dopamine; 5HT, serotonin; NA, noradrenaline; GLU, glutamate.

levels of IL-6 were observed in acutely ill patients with schizo-  treatment, and metabolical and other comorbid states. IL-6-
phrenia, bipolar mania, and major depressive disorder and  174G/C polymorphism showed to be associated with increased
significantly decreased following treatment in schizophrenia  IL-6 plasma levels and represent a risk factor for schizophrenia

and major depressive disorder, so one may speculate about com-  (44). IL-6 gene expression in first-episode psychosis is in sig-
mon stress-related phenomenon across acute phases of these  nificant negative correlation with BDNF gene expression and
disorders (43). associated with a smaller left hippocampal volume (45). The

meta-analysis of Baumeister et al. (46) provide strong evidence
POSSIBLE ROLE OF IL-6 IN that traumatic events have significant impact on the inflam-
SCHIZOPHRENIA matory immune system. Further, IL-6 is included in potential

molecular pathway that leads to development of mental disorders
Interleukin-6 has been widely studied in different aspects of  and somatic states later in life. Induced viral or bacterial infection
schizophrenia: its onset and progression, association with  with IL-6 in pregnant mice produces intermediate phenotypes
different clusters of symptoms, response and resistance to the  that are related to adult offspring schizophrenia (47). Also,
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increased levels of IL-6 were found only in those patients with
schizophrenia that had a positive childhood trauma history
(48). The Avon Longitudinal Study of Parents and Children has
recently reported twofold increased risk of psychotic disorder
at age 18 years for subjects who had higher IL-6 serum levels at
age 9 years, in a dose-response manner (42).

Previous studies have presented conflicting results regarding
the levels of IL-6 in schizophrenia. Some authors did not report
any alterations in central nervous system (49, 50) and serum
(51-55). Elevated levels of IL-6 have been measured in the
cerebrospinal fluid of schizophrenia patients by others (56-58).
The first meta-analysis of cytokine levels in schizophrenia
patients has concluded that IL-6 levels are increased (59), but
recent meta-analysis has pointed out that IL-6 is increased in
first-episode psychosis and acute relapse, and can be used as a
state marker of schizophrenia (60). This has been confirmed by
elevated IL-6 level in subjects with at-risk mental state (ARMS)
and suggested that it can be used as a marker in prodromal
period (61). On the contrary, our findings (62) did not confirm
elevation of IL-6 in first-episode psychosis and schizophrenia in
relapse. Additionally, Ganguli et al. (63) establish the positive
correlation between IL-6 level and illness duration. Therefore,
Potvin et al. (59) assumed that the fluctuation of IL-6 level in
schizophrenia may be relevant for its pathogenesis. Taking all this
into account, it is of great importance to mark the exact period
in the evolution of this chronic and deteriorating disorder, in
order to understand the possible different roles of IL-6 in acute
inflammation, chronic inflammation, and/or autoimmunity in
natural history of schizophrenia (Figure 1).

Positive correlation between IL-6 plasma levels and the posi-
tive symptoms severity were suggested in subjects with ARMS
(61) and war veterans with schizophrenia (64). Levels of IL-6
mRNA from peripheral blood mononuclear cells were found
to be elevated in patients with worse positive symptomatology
(65). Others presented results of positive correlation between
IL-6 serum levels and negative symptoms severity in drug-naive
male patients with schizophrenia (66). Recently, it has been
shown that individuals with schizophrenia have higher plasma
levels of IL-6 that are correlated with depressive symptoms and
worse mental and physical well-being (67). Higher IL-6 levels
showed to be related with cognitive decline in schizophrenia
(44). These neurobiological findings could direct the remodeling
of categorical approach (68) and dimensional approach (69) into
some new concepts of schizophrenia syndrome.

ROLE OF IL-6 IN THE METABOLIC
FUNCTIONS

Obesity itself leads to systemic inflammatory response, called
metaflammation, originated from metabolic tissues such as
adipose tissue, pancreatic islets, liver, muscle, and brain (70).
In response to metabolic stress triggered by the excess of nutri-
ents, expanding adipose tissue infiltrates Th1l lymphocytes,
NKT cells, and classically activated macrophages that mediate the
development of metabolic abnormalities (71-73). Macrophages
may be activated in different ways, which favor microbicidal
and pro-inflammatory functions (called classically activated

macrophage, M1), or in contrast, reparative, and anti-inflam-
matory functions (called alternative activated macrophage, M2).
On the other hand, Treg cells, Th2 lymphocytes, and alternatively
activated macrophages exert protective role in nutrient excess-
induced inflammation (74, 75). Pro-inflammatory macrophages
are the major source of TNF-a, IL-1p, and IL-6 in metabolic
tissues that mediate impaired glucose utilization and attenuate
insulin sensitivity in both paracrine and endocrine manner
(76). Systemic level of IL-6 strongly correlates with obesity and
insulin resistance and serum concentrations of IL-6, sIL-6R,
and gp130 are elevated in patients with metabolic syndrome
(MetS) and related cardiovascular disorders (77). On the con-
trary, the production of IL-6 by skeletal muscles during exer-
cise is found to be protective (78). Additionally, the deletion of
gene encoding IL-6 impairs systemic insulin sensitivity and
enhances hepatic inflammation (79). In accordance with these
pleiotropic properties of IL-6, it seems that it can exhibit differ-
ent effects in tissue-specific manner.

Apart from the impact on adipose tissue expansion during
obesity, IL-6, as the most important regulator of numerous
functions in central nervous system (35), is widely expressed
in hypothalamic region that regulates appetite and energy
intake (80). The expression of IL-6 in central nervous system
negatively correlates with the expansion of adipose tissue dur-
ing obesity (81). It was previously shown that mice lacking
gene encoding IL-6 develop mature onset obesity, suggesting
an important role of IL-6 in the regulation of body weight
(82, 83). Intracerebroventricular administration of IL-6 increases
energy expenditure thus demonstrating central anti-obesity
effects of IL-6 (82, 83). The recent data show that IL-6 exhibits
anti-inflammatory properties during obesity by promoting
IL-4-dependant alternative macrophage polarization thus con-
tributing to attenuation of obesity-induced inflammation and
regulation of glucose homeostasis (15).

IL-6 AS A LINKAGE BETWEEN
SCHIZOPHRENIA AND METABOLIC
SYNDROME

Metabolic abnormalities including obesity and obesity-related
disorders such as impaired glucose tolerance, type 2 diabetes,
and cardiovascular disease are strongly associated with psychotic
diseases, in particular schizophrenia (84). Patients with schizo-
phrenia are at higher risk to develop MetS, although it is not clear
weather this is a disease-inherited state or the side effect of widely
used antipsychotic medications (85, 86). Schizophrenia and type
2 diabetes could be associated independently of antipsychotic
treatment, possibly based on the common genetic background
(87). There are evidences that drug-naive patients in the first
episode of schizophrenia have impaired glucose tolerance (88).
Moreover, in the first episode of schizophrenia the elevated cir-
culating insulin-related peptides were found, with no difference
in glucose levels (89).

However, numerous studies have confirmed that both
schizophrenia and MetS underlie chronic low-grade inflam-
mation indicating that disturbances in immune response might
be involved in concurrent onset of both conditions (90-92).
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Increase in adipose tissue activity could contribute to the inflam-
mation seen in schizophrenia. Also, low-grade inflammation
independent of adipose tissue activity have been associated with
low-physical inactivity, inadequate dietary choices, smoking, and
stress, which are often seen in schizophrenia patients (93-95).

Cytokines that are important in glucose utilization and insu-
lin sensitivity appear to be elevated and might be involved in
pathogenesis of schizophrenia (59, 60, 96). It has been shown
that patients with schizophrenia have higher plasma levels of
IL-6 and significant correlation of cytokine plasma levels with
body mass index was established (67).

These metabolic abnormalities can correlate with both
schizophrenia and antipsychotic treatment, possibly based on
the alterations of systemic levels of different cytokines and adi-
pokines (96). Antipsychotics can increase rates of obesity, with
consequent upregulation of IL-6, and leptin (97). In rodent and
human studies, there are evidence for an association between
leptin, cognition, and behavior. Leptin modulates activity of
mesolimbic dopaminergic neurons in the hypothalamus, which
is especially important in schizophrenia (98). Trujillo et al. (99)
showed that leptin production was increased by IL-6 in human
adipocyte cultures, but others observed IL-6 inhibitory function
or no effect on leptin production (100, 101). It appears that leptin
has neuroprotective role, but in antipsychotic-induced leptin
resistance and in obesity these neuroprotective properties are
not so obvious (102, 103). Therefore, cytokine changes that are
associated with antipsychotic treatment could be a consequence
of weight gain (104). We did not find significant difference in the
serum level of IL-6 in psychotic patients compared with healthy
control (62). However, we observed that serum level of IL-6 had
significantly decreased after antipsychotic treatment in patients
with first-episode psychosis and schizophrenia in relapse (105).
These data suggest that decreased levels of IL-6 following antipsy-
chotic therapy could be predisposing factor for the development
of obesity and obesity-related metabolic disorders in schizophre-
nia (Figure 1).

Novel insight into pathogenesis of psychotic disorders
indicates that gut microbiota could have a role in cognitive
and behavioral patterns and affects the development of MetS
through not entirely known mechanisms (106, 107). Commensal
microorganisms trigger activation of innate immune cells such
as dendritic cells and macrophages in lamina propria, following
increased production of pro-inflammatory IL-1p, IL-6, IL-23, and
possibly IL-12, thus contributing to the polarization of adaptive
immune response toward Th17 or Thl type, respectively (108).
Increased intestinal inflammation was observed in patients with
schizophrenia, more significantly before the initial administra-
tion of antipsychotics (109). Gut microbial composition affects
systemic cytokine concentrations and possibly, by this gut-brain
communication, alters the behavior in schizophrenia [reviewed
by Khandaker et al. (110)].

IL-6 AS A POTENTIAL THERAPEUTIC
TARGET IN SCHIZOPHRENIA

Clinicians noticed altered immune response in patients with
schizophrenia long before antipsychotics” era [reviewed in Ref.

(111)]. This finding indicated that antipsychotics would affect
not only the schizophrenia outcome, but additionally would
modify the immunity of treated patients. All available antip-
sychotics treat the symptoms of schizophrenia by blocking D2
receptors, but also regulate the serotonin and glutamate neuro-
transmission. Efficacy and side effects of antipsychotics cannot
be completely explained by neurotransmission theory and it is
well known that they exhibit neurotrophic, neurogenetic, and
neuroprotective properties (112-114). Several studies reported
that antipsychotics decrease systemic values of pro-inflamma-
tory cytokines (114-116). Some researchers found an increase
of anti-inflammatory cytokine IL-10 in sera of patients treated
with antipsychotics (117) and we showed that increased levels of
TGEF-p stay elevated after antipsychotic therapy in first-episode
psychosis and schizophrenia in relapse (62, 105). Taken together,
it appears that antipsychotics have additional anti-inflammatory
properties.

It was previously suggested that treatment resistance in
schizophrenia is associated with IL-6 elevated levels (118). Seve-
ral cytokines, including IL-6, can predict a treatment response
in first-episode psychosis (119). Decrease of systemic value of
IL-6, together with favorable clinical outcome following anti-
psychotic therapy, is the dominant phenomenon in most stud-
ies (59, 116, 120-123). Researchers found a significant positive
correlation between the concentration of IL-6 in sera and psy-
chopathology at the onset, as well as after the administration
of antipsychotics (60). In the post-mortem orbitofrontal brain
studies in people with schizophrenia, IL-6 mRNA significantly
positively correlated with antipsychotic lifetime and daily mean
intake (124). Few studies revealed that clozapine affects the
increase of IL-6 in the plasma during the 2 weeks, but not the
longer treatment (125-128), while other, comprehensive studies
showed that atypical antipsychotic risperidone or the typical
antipsychotic haloperidol do not significantly affect serum
levels of IL-6 in patients with schizophrenia (117, 129). Further,
decrease of IL-6 in the plasma of patients with exacerbation of
schizophrenia was shown after discontinuation of the halop-
eridol therapy (130). The peripheral low-grade inflammation
was observed in animal model after olanzapine treatment, cor-
related with upregulation of IL-6 in hypothalamus and adipose
tissue (white and brown), and enhanced average size of adipo-
cyte and macrophage infiltration level (131).

Clinical studies pointed out the beneficial effects of immu-
nomodulatory therapy in schizophrenia, especially in early
stage of the disorder (132) with respect to symptoms severity
(133, 134), and in improving cognitive impairment in patients
with schizophrenia (135). Anti-IL-6 drugs have been developed
and already used for treatment of various diseases and cancers,
such as CNTO328 chimeric anti-IL-6 monoclonal antibody
(mADb) (siltuximab) and anti-IL-6R mAb, atlizumab (also called
tocilizumab) (136). Ingested tocilizumab can inhibit experimen-
tal autoimmune encephalitis by decreasing pro-inflammatory
Th1 cytokines and increasing Th2 anti-inflammatory cytokines
(137). In accordance with important role of IL-6 in regulation
of metabolic homeostasis, this kind of therapy might have side
effects, such as significant weight gain followed by hypertryglic-
eridemia and hypercholesterolemia in patients treated with IL-6R

Frontiers in Psychiatry | www.frontiersin.org

67

November 2017 | Volume 8 | Article 221


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive

Borovcanin et al.

IL-6 Relevance in Schizophrenia Treatment

neutralizing antibody tocilizumab (138). Blocking of IL-6 trans-
signaling, while classical IL-6R signaling stays intact is important
for the maintenance of gut mucosal integrity and epithelial
regeneration [reviewed by Hunter and Jones (11)].

One of the possibilities in drug development for the treatment
of schizophrenia might be the tissue-specific IL-6 blockade, thus
avoiding systemic side effects of this kind of treatment. IL-6 plays
significant role in disease genesis and progression, and the use
of specific inhibitors may not only be beneficial for exacerba-
tion and alleviation of positive symptoms, but in particular to
possible attenuation of cognitive impairment in patients with
schizophrenia.

CONCLUSION

Interleukin-6 orchestrates the innate and acquired immunity,
but all these effects are context dependent and tissue-specific
role of IL-6 in central nervous system and other metabolite
tissues must be considered. The functional dichotomy of IL-6
may play a critical role in maintaining the balance between
pro- and anti-inflammatory responses. It seems that IL-6 can
have a phase specific role in schizophrenia evolution, in the
context of acute inflammation, chronic inflammation, and/
or autoimmunity. Limitation is that there is between-study
heterogeneity and most valuable studies are those comparing
different phases of illness and considering influence of age, sex,
illness duration, BMI, fasting status, and applied therapy. Now
it seems to be clear that metabolic dysregulation in terms of
glucose metabolism alteration (139) or lipide profile distur-
bance (140) occurs already in antipsychotic-naive patients with
first-episode psychosis. IL-6 and leptin activity in hypothalamus

REFERENCES

1. Pariante C. Psychoneuroimmunology or immunopsychiatry? Lancet
Psychiatry (2015) 2(3):197-9. doi:10.1016/52215-0366(15)00042-5

2. Khandaker GM, Dantzer R. Is there a role for immune-to-brain com-
munication in schizophrenia? Psychopharmacology (Berl) (2016) 233(9):
1559-73. d0i:10.1007/s00213-015-3975-1

3. Kim MS, Yan J, Wu W, Zhang G, Zhang Y, Cai D. Rapid linkage of innate
immunological signals to adaptive immunity by the brain-fat axis. Nat
Immunol (2015) 16(5):525-33. d0i:10.1038/ni.3133

4. Klimpel GR. Soluble factor(s) from LPS-activated macrophages induce
cytotoxic T cell differentiation from alloantigen-primed spleen cells.
J Immunol (1980) 125:1243-9.

5. Yasukawa K, Hirano T, Watanabe Y, Muratani K, Matsuda T, Nakai S,
et al. Structure and expression of human B cell stimulatory factor-2 (BSF-2/
IL-6) gene. EMBO J (1987) 6:2939-45.

6. Yamasaki K, Taga T, Hirata Y, Yawata H, Kawanishi Y, Seed B, et al.
Cloning and expression of the human interleukin-6 (BSF-2/IFN beta 2)
receptor. Science (1988) 241:825-8. doi:10.1126/science.3136546

7. Hibi M, Murakami M, Saito M, Hirano T, Taga T, Kishimoto T. Molecu-
lar cloning and expression of an IL-6 signal transducer, gp130. Cell (1990)
63:1149-57. doi:10.1016/0092-8674(90)90411-7

8. Karin M, Lawrence T, Nizet V. Innate immunity gone awry: linking microbial
infections to chronic inflammation and cancer. Cell (2006) 124:823-35.
doi:10.1016/j.cell.2006.02.016

9. Liu F, Poursine-Laurent J, Wu HY, Link DC. Interleukin-6 and the granu-
locyte colony-stimulating factor receptor are major independent regulators
of granulopoiesis in vivo but are not required for lineage commitment or
terminal differentiation. Blood (1997) 90:2583-90.

could explain co-occurrence of schizophrenia and metabolic
syndrome. Current research data about the role of microbiome
in schizophrenia is still modest, but antipsychotic-induced
alterations of the gut microbiota and metabolic changes should
also be thoroughly explored (141). Treatment-resistant schizo-
phrenia is associated with increased IL-6 sera level, and the
relationship between higher IL-6 level and cognitive decline in
schizophrenia has been observed, thus implicating the impact
of IL-6 on behavioral aspects of schizophrenia. Beneficial effects
of immunomodulatory therapy in schizophrenia have been
already shown and the use of tissue-specific inhibitors of IL-6
or other IL-6-targeted therapy could possibly be useful in the
treatment of schizophrenia and comorbid somatic states.

AUTHOR CONTRIBUTIONS

All authors were included in the designing of the manuscript,
drafting the work, critical revision, and final approval for all
aspects of the work and the final version to be published.

ACKNOWLEDGMENTS

We thank Milan Milojevic for excellent technical assistance.

FUNDING

This work was supported by grants from the Ministry of Science
and Technological Development of Republic of Serbia (projects
175103 and 175069) and from the Faculty of Medical Sciences,
University of Kragujevac (projects JP 12-09 and JP 15-05).

10. Chou DB, Sworder B, Bouladoux N, Roy CN, Uchida AM, Grigg M,
et al. Stromal-derived IL-6 alters the balance of myeloerythroid progeni-
tors during Toxoplasma gondii infection. ] Leukoc Biol (2012) 92:123-31.
doi:10.1189/j1b.1011527

Hunter CA, Jones SA. IL-6 as a keystone cytokine in health and disease.
Nat Immunol (2015) 16(5):448-57. doi:10.1038/ni.3153

Hegde S, Pahne J, Smola-Hess S. Novel immunosuppressive properties of
interleukin-6 in dendritic cells: inhibition of NF-kB binding activity and
CCRY7 expression. FASEB ] (2004) 18(12):1439-41. doi:10.1096/1).03-0969fje
Nagabhushanam V, Solache A, Ting LM, Escaron CJ], Zhang ]JY,
Ernst JD. Innate inhibition of adaptive immunity: Mycobacterium tuberculo-
sis-induced IL-6 inhibits macrophage responses to IFN-g. J Immunol (2003)
171:4750-7. doi:10.4049/jimmunol.171.9.4750

Silver JS, Stumhofer JS, Passos S, Ernst M, Hunter CA. IL-6 mediates the
susceptibility of glycoprotein 130 hypermorphs to Toxoplasma gondii.
J Immunol (2011) 187:350-60. doi:10.4049/jimmunol.1004144

Mauer J, Chaurasia B, Goldau J, Vogt MC, Ruud ], Nguyen KD, et al.
Signaling by IL-6 promotes alternative activation of macrophages to limit
endotoxemia and obesity-associated resistance to insulin. Nat Immunol
(2014) 15:423-30. doi:10.1038/ni.2865

Tilg H, Trehu E, Atkins MB, Dinarello CA, Mier JW. Interleukin-6 (IL-6)
as an anti-inflammatory cytokine: induction of circulating IL-1 receptor
antagonist and soluble tumor necrosis factor receptor p55. Blood (1994)
83:113-8.

Rincén M, Anguita J, Nakamura T, Fikrig E, Flavell RA. Interleukin
(IL)-6 directs the differentiation of IL-4-producing CD4+ T cells. ] Exp Med
(1997) 185:461-9. doi:10.1084/jem.185.3.461

Diehl S, Rincon M. The two faces of IL-6 on Th1/Th2 differentiation.
Mol Immunol (2002) 39:531-6. doi:10.1016/S0161-5890(02)00210-9

11.

12.

13.

14.

15.

16.

17.

18.

Frontiers in Psychiatry | www.frontiersin.org

68

November 2017 | Volume 8 | Article 221


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1016/S2215-0366(15)00042-5
https://doi.org/10.1007/s00213-015-3975-1
https://doi.org/10.1038/ni.3133
https://doi.org/10.1126/science.3136546
https://doi.org/10.1016/0092-8674(90)90411-7
https://doi.org/10.1016/j.cell.2006.02.016
https://doi.org/10.1189/jlb.1011527
https://doi.org/10.1038/ni.3153
https://doi.org/10.1096/fj.03-0969fje
https://doi.org/10.4049/jimmunol.171.9.4750
https://doi.org/10.4049/jimmunol.1004144
https://doi.org/10.1038/ni.2865
https://doi.org/10.1084/jem.185.3.461
https://doi.org/10.1016/S0161-5890(02)00210-9

Borovcanin et al.

IL-6 Relevance in Schizophrenia Treatment

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fielding CA, Jones GW, McLoughlin RM, McLeod L, Hammond V],
Uceda J, et al. Interleukin-6 signaling drives fibrosis in unresolved inflam-
mation. Immunity (2014) 40:40-50. doi:10.1016/j.immuni.2013.10.022
Kimura A, Kishimoto T. IL-6: regulator of Treg/Th17 balance. Eur J Immunol
(2010) 40:1830-5. doi:10.1002/€ji.201040391

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and
regulatory T cells. Nature (2006) 441:235-8. doi:10.1038/nature04753
Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC,
Elson CO, et al. Transforming growth factor-beta induces development of
the T(H)17 lineage. Nature (2006) 441:231-4. doi:10.1038/nature04754
Iwakura Y, Ishigame H, Saijo S, Nakae S. Functional specialization of
interleukin-17 family members. Immunity (2011) 34:149-62. doi:10.1016/j.
immuni.2011.02.012

Dominitzki S, Fantini MC, Neufert C, Nikolaev A, Galle PR, Scheller J,
et al. Cutting edge: trans-signaling via the soluble IL-6R abrogates the induc-
tion of FoxP3 in naive CD4+CD25 T cells. J Immunol (2007) 179:2041-5.
doi:10.4049/jimmunol.179.4.2041

Stumhofer JS, Silver JS, Laurence A, Porrett PM, Harris TH, Turka LA,
et al. Interleukins 27 and 6 induce STAT3-mediated T cell production of
interleukin 10. Nat Immunol (2007) 8:1363-71. d0i:10.1038/ni1537
McGeachy MJ, Bak-Jensen KS, Chen Y, Tato CM, Blumenschein W,
McClanahan T, et al. TGF-b and IL-6 drive the production of IL-17 and IL-10
by T cells and restrain TH-17 cell-mediated pathology. Nat Immunol (2007)
8:1390-7. doi:10.1038/ni1539

Miiller N, Riedel M, Gruber R, Manfred A, Schwarz M. The immune
system and schizophrenia—an integrative view. Ann N Y Acad Sci (2000)
917:456-67. doi:10.1111/j.1749-6632.2000.tb05410.x

Lajtha A, Galoyan A, Besedovsky H. Handbook of Neurochemistry and
Molecular Neurobiology: Neuroimmunology. 3rd ed. New York: Springer
(2010). 165 p.

Breder CD, Dinarello DA, Saper CB. Interleukin-1 immunoreactive inner-
vation of the human hypothalamus. Science (1988) 240:321-4. doi:10.1126/
science.3258444

Freidin M, Bennett MV, Kessler JA. Cultured sympathetic neurons synthe-
size and release the cytokine interleukin 1 beta. Proc Natl Acad Sci U S A
(1992) 89(21):10440-3. doi:10.1073/pnas.89.21.10440

Gladkevich A, Kauffman HE, Korf J. Lymphocytes as a neural probe: poten-
tial for studying psychiatric disorders. Prog Neuropsychopharmacol Biol
Psychiatry (2004) 28(3):559-76. doi:10.1016/j.pnpbp.2004.01.009

Gadient RA, Cron KC, Otten U. Interleukin-1 beta and tumor necrosis
factor-alpha synergistically stimulate nerve growth factor (NGF) release
from cultured rat astrocytes. Neurosci Lett (1990) 117:335-40. doi:10.1016/
0304-3940(90)90687-5

Schulte-Herbruggen O, Nassenstein C, Lommatzsch M, Quarcoo D,
Renz H, Braun A. Tumor necrosis factor-alpha and interleukin-6 regulate
secretion of brain-derived neurotrophic factor in human monocytes.
J Neuroimmunol (2005) 160:204-9. doi:10.1016/j.jneuroim.2004.10.026
Brown JA, Sherrod SD, Goodwin CR, Brewer B, Yang L, Garbett KA,
et al. Metabolic consequences of interleukin-6 challenge in developing
neurons and astroglia. J Neuroinflammation (2014) 11:183. doi:10.1186/
512974-014-0183-6

Erta M, Quintana A, Hidalgo J. Interleukin-6, a major cytokine in the central
nervous system. Int ] Biol Sci (2012) 8(9):1254-66. doi:10.7150/ijbs.4679
LeMay LG, Vander AJ, Kluger MJ. Role of interleukin 6 in fever in rats.
Am ] Physiol (1990) 258(3 Pt 2):R798-803.

Nguyen K, D’Mello C, Le T, Urbanski S, Swain MG. Regulatory T cells suppress
sickness behaviour development without altering liver injury in cholestatic
mice. ] Hepatol (2012) 56(3):626-31. doi:10.1016/j.jhep.2011.09.014

Hama T, Kushima Y, Miyamoto M, Kubota M, Takei N, Hatanaka H.
Interleukin-6 improves the survival of mesencephalic catecholaminergic
and septal cholinergic neurons from postnatal, two-week-old rats in cultures.
Neuroscience (1991) 40(2):445-52. d0i:10.1016/0306-4522(91)90132-8
Zalcman S, Green-Johnson JM, Murray L, Nance DM, Dyck D, Anisman H,
et al. Cytokine-specific central monoamine alterations induced by interleu-
kin-1, -2 and -6. Brain Res (1994) 643(1-2):40-9. doi:10.1016/0006-8993
(94)90006-X

Day JS, O'Neill E, Cawley C, Aretz NK, Kilroy D, Gibney SM, et al.
Noradrenaline acting on astrocyticp2-adrenoceptors induces neurite

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

outgrowth in primary cortical neurons. Neuropharmacology (2014) 77:234—
48. doi:10.1016/j.neuropharm.2013.09.027

Miiller N, Myint AM, Krause D, Weidinger E, Schwarz M]J. Anti-inflammatory
treatment in schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry
(2013) 42:146-53. d0i:10.1016/j.pnpbp.2012.11.008

Khandaker GM, Pearson RM, Zammit S, Lewis G, Jones PB. Association
of serum interleukin 6 and C-reactive protein in childhood with depression
and psychosis in young adult life: a population-based longitudinal study.
JAMA  Psychiatry (2014) 71(10):1121-8. doi:10.1001/jamapsychiatry.
2014.1332

Goldsmith DR, Rapaport MH, Miller BJ. A meta-analysis of blood
cytokine network alterations in psychiatric patients: comparisons between
schizophrenia, bipolar disorder and depression. Mol Psychiatry (2016)
21(12):1696-709. doi:10.1038/mp.2016.3

Frydecka D, Misiak B, Pawlak-Adamska E, Karabon L, Tomkiewicz A,
Sedlaczek P, et al. Interleukin-6: the missing element of the neurocognitive
deterioration in schizophrenia? The focus on genetic underpinnings, cog-
nitive impairment and clinical manifestation. Eur Arch Psychiatry Clin
Neurosci (2015) 265(6):449-59. doi:10.1007/s00406-014-0533-5

Mondelli V, Cattaneo A, Murri MB, Di Forti M, Handley R, Hepgul N,
et al. Stress and inflammation reduce brain-derived neurotrophic factor
expression in first-episode psychosis: a pathway to smaller hippocampal
volume. J Clin Psychiatry (2011) 72(12):1677-84. doi:10.4088/JCP.10m06745
Baumeister D, Akhtar R, Ciufolini S, Pariante CM, Mondelli V. Child-
hood trauma and adulthood inflammation: a meta-analysis of peripheral
C-reactive protein, interleukin-6 and tumour necrosis factor-o. Mol
Psychiatry (2016) 21(5):642-9. doi:10.1038/mp.2015.67

Meyer U, Feldon J. Epidemiology-driven neurodevelopmental animal mod-
els of schizophrenia. Prog Neurobiol (2010) 90(3):285-326. doi:10.1016/j.
pneurobio.2009.10.018

Dennison U, McKernan D, Cryan J, Dinan T. Schizophrenia patients with
a history of childhood trauma have a pro-inflammatory phenotype. Psychol
Med (2012) 42(9):1865-71. doi:10.1017/S0033291712000074

Van Kammen DP, McAllister-Sistilli CG, Kelley ME, Gurklis JA, Yao JK.
Elevated interleukin-6 in schizophrenia. Psychiatry Res (1999) 87(2-3):
129-36. doi:10.1016/S0165-1781(99)00053-0

Katila H, Appelberg B, Hurme M, Rimé6n R. Plasma levels of interleukin-1
beta and interleukin-6 in schizophrenia, other psychoses, and affective
disorders. Schizophr Res (1994) 12(1):29-34. doi:10.1016/0920-9964(94)
90081-7

Katila H, Hurme M, Wahlbeck K, Appelberg B, Rimén R. Plasma and
cerebrospinal fluid interleukin-1 beta and interleukin-6 in hospitalized
schizophrenic patients. Neuropsychobiology (1994) 30(1):20-3. doi:10.1159/
000119130

Baker I, Masserano J, Wyatt R]. Serum cytokine concentrations in patients
with schizophrenia. Schizophr Res (1996) 20(1-2):199-203. doi:10.1016/
0920-9964(95)00089-5

Haack M, Hinze-Selch D, Fenzel T, Kraus T, Kithn M, Schuld A, et al.
Plasma levels of cytokines and soluble cytokine receptors in psychiatric
patients upon hospital admission: effects of confounding factors and
diagnosis. ] Psychiatr Res (1999) 33(5):407-18. doi:10.1016/S0022-3956(99)
00021-7

Erbagci AB, Herken H, Koyliloglu O, Yilmaz N, Tarak¢ioglu M. Serum
IL-1beta, sIL-2R, IL-6, IL-8 and TNF-alpha in schizophrenic patients,
relation with symptomatology and responsiveness to risperidone treatment.
Mediators Inflamm (2001) 10(3):109-15. doi:10.1080/09629350123895
Cazzullo CL, Sacchetti E, Galluzzo A, Panariello A, Colombo F, Zagliani A,
et al. Cytokine profiles in drug-naive schizophrenic patients. Schizophr
Res (2001) 47(2-3):293-8. doi:10.1016/S0920-9964(00)00046-3

Garver DL, Tamas RL, Holcomb JA. Elevated interleukin-6 in the cere-
brospinal fluid of a previously delineated schizophrenia subtype. Neuro-
psychopharmacology (2003) 28(8):1515-20. doi:10.1038/sj.npp.1300217
Hayes LN, Severance EG, Leek JT, Gressitt KL, Rohleder C, Coughlin JM,
et al. Inflammatory molecular signature associated with infectious agents in
psychosis. Schizophr Bull (2014) 40(5):963-72. d0i:10.1093/schbul/sbu052
Schwieler L, Larsson MK, Skogh E, Kegel ME, Orhan F, Abdelmoaty §,
et al. Increased levels of IL-6 in the cerebrospinal fluid of patients with
chronic schizophrenia-significance for activation of the kynurenine pathway.
J Psychiatry Neurosci (2015) 40(2):126-33. doi:10.1503/jpn.140126

Frontiers in Psychiatry | www.frontiersin.org

69

November 2017 | Volume 8 | Article 221


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1016/j.immuni.2013.10.022
https://doi.org/10.1002/eji.201040391
https://doi.org/10.1038/nature04753
https://doi.org/10.1038/nature04754
https://doi.org/10.1016/j.immuni.2011.02.012
https://doi.org/10.1016/j.immuni.2011.02.012
https://doi.org/10.4049/jimmunol.179.4.2041
https://doi.org/10.1038/ni1537
https://doi.org/10.1038/ni1539
https://doi.org/10.1111/j.1749-6632.2000.tb05410.x
https://doi.org/10.1126/science.3258444
https://doi.org/10.1126/science.3258444
https://doi.org/10.1073/pnas.89.21.10440
https://doi.org/10.1016/j.pnpbp.2004.01.009
https://doi.org/10.1016/
0304-3940(90)90687-5
https://doi.org/10.1016/
0304-3940(90)90687-5
https://doi.org/10.1016/j.jneuroim.2004.10.026
https://doi.org/10.1186/s12974-014-0183-6
https://doi.org/10.1186/s12974-014-0183-6
https://doi.org/10.7150/ijbs.4679
https://doi.org/10.1016/j.jhep.2011.09.014
https://doi.org/10.1016/0306-4522(91)90132-8
https://doi.org/10.1016/0006-8993
(94)90006-X
https://doi.org/10.1016/0006-8993
(94)90006-X
https://doi.org/10.1016/j.neuropharm.2013.09.027
https://doi.org/10.1016/j.pnpbp.2012.11.008
https://doi.org/10.1001/jamapsychiatry.
2014.1332
https://doi.org/10.1001/jamapsychiatry.
2014.1332
https://doi.org/10.1038/mp.2016.3
https://doi.org/10.1007/s00406-014-0533-5
https://doi.org/10.4088/JCP.10m06745
https://doi.org/10.1038/mp.2015.67
https://doi.org/10.1016/j.pneurobio.2009.10.018
https://doi.org/10.1016/j.pneurobio.2009.10.018
https://doi.org/10.1017/S0033291712000074
https://doi.org/10.1016/S0165-1781(99)00053-0
https://doi.org/10.1016/0920-9964(94)
90081-7
https://doi.org/10.1016/0920-9964(94)
90081-7
https://doi.org/10.1159/
000119130
https://doi.org/10.1159/
000119130
https://doi.org/10.1016/
0920-9964(95)00089-5
https://doi.org/10.1016/
0920-9964(95)00089-5
https://doi.org/10.1016/S0022-3956(99)
00021-7
https://doi.org/10.1016/S0022-3956(99)
00021-7
https://doi.org/10.1080/09629350123895
https://doi.org/10.1016/S0920-9964(00)00046-3
https://doi.org/10.1038/sj.npp.1300217
https://doi.org/10.1093/schbul/sbu052
https://doi.org/10.1503/jpn.140126

Borovcanin et al.

IL-6 Relevance in Schizophrenia Treatment

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Potvin S, Stip E, Sepehry AA, Gendron A, Bah R, Kouassi E. Inflammatory
cytokine alterations in schizophrenia: a systematic quantitative review.
Biol Psychiatry (2008) 63(8):801-8. doi:10.1016/j.biopsych.2007.09.024
Miller BJ, Buckley P, Seabolt W, Mellor A, Kirkpatrick B. Meta-analysis
of cytokine alterations in schizophrenia: clinical status and antipsychotic
effects. Biol Psychiatry (2011) 70(7):663-71. doi:10.1016/j.biopsych.2011.
04.013

Stojanovic A, Martorell L, Montalvo I, Ortega L, Monseny R, Vilella E,
et al. Increased serum interleukin-6 levels in early stages of psychosis:
associations with at-risk mental states and the severity of psychotic symp-
toms. Psychoneuroendocrinology (2014) 41:23-32. doi:10.1016/j.psyneuen.
2013.12.005

Borovcanin M, Jovanovic I, Radosavljevic G, Djukic Dejanovic S,
Bankovic D, Arsenijevic N, et al. Elevated serum level of type-2 cytokine and
low IL-17 in first episode psychosis and schizophrenia in relapse. ] Psychiatr
Res (2012) 46(11):1421-6. doi:10.1016/j.jpsychires.2012.08.016

Ganguli R, Yang Z, Shurin G, Chengappa KN, Brar JS, Gubbi AV, et al.
Serum interleukin-6 concentration in schizophrenia: elevation associated
with duration of illness. Psychiatry Res (1994) 51(1):1-10. doi:10.1016/
0165-1781(94)90042-6

Dimitrov DH, Lee S, Yantis J, Valdez C, Paredes RM, Braida N, et al.
Differential correlations between inflammatory cytokines and psy-
chopathology in veterans with schizophrenia: potential role for IL-17
pathway. Schizophr Res (2013) 151(1-3):29-35. doi:10.1016/j.schres.2013.
10.019

Chase KA, Cone JJ, Rosen C, Sharma RP. The value of interleukin 6 as a
peripheral diagnostic marker in schizophrenia. BMC Psychiatry (2016)
16:152. doi:10.1186/s12888-016-0866-x

Kim YK, Kim L, Lee MS. Relationships between interleukins, neurotrans-
mitters and psychopathology in drug-free male schizophrenics. Schizophr
Res (2000) 44(3):165-75. doi:10.1016/50920-9964(99)00171-1

Lee EE, Hong S, Martin AS, Eyler LT, Jeste DV. Inflammation in schizo-
phrenia: cytokine levels and their relationships to demographic and clinical
variables. Am ] Geriatr Psychiatry (2017) 25(1):50-61. doi:10.1016/j.jagp.
2016.09.009

Moller HJ. Development of DSM-V and ICD-11: tendencies and potential
of new classifications in psychiatry at the current state of knowledge. Psy-
chiatry Clin Neurosci (2009) 63(5):595-612. doi:10.1111/j.1440-1819.2009.
02020.x

Carpenter WT. The facts of schizophrenia: a personal commentary.
Schizophr Res (2011) 128(1-3):3-4. doi:10.1016/j.schres.2011.03.002
Osborn O, Olefsky JM. The cellular and signaling networks linking the
immune system and metabolism in disease. Nat Med (2012) 18:363-74.
do0i:10.1038/nm.2627

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW Jr.
Obesity is associated with macrophage accumulation in adipose tissue. ] Clin
Invest (2003) 112:1796-808. doi:10.1172/JCI200319246

Strissel KJ, DeFuria J, Shaul ME, Bennett G, Greenberg AS, Obin MS.
T-cell recruitment and Thl polarization in adipose tissue during diet-
induced obesity in C57BL/6 mice. Obesity (Silver Spring) (2010) 2018:
1918-25. doi:10.1038/0by.2010.1

Ohmura K, Ishimori N, Ohmura Y, Tokuhara S, Nozawa A, Horii S,
et al. Natural killer T cells are involved in adipose tissues inflammation and
glucose intolerance in diet-induced obese mice. Arterioscler Thromb Vasc
Biol (2010) 30:193-9. doi:10.1161/ATVBAHA.109.198614

Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch
in adipose tissue macrophage polarization. J Clin Invest (2007) 117:175-84.
doi:10.1172/]CI129881

Ilan Y, Maron R, Tukpah AM, Maioli TU, Murugaiyan G, Yang K,
et al. Induction of regulatory T cells decreases adipose inflammation and
alleviates insulin resistance in ob/ob mice. Proc Natl Acad Sci U S A (2010)
107:9765-70. doi:10.1073/pnas.0908771107

Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Protection from
obesity-induced insulin resistance in mice lacking TNF-a function. Nature
(1997) 389:610-4. doi:10.1038/39335

Weiss TW, Arnesen H, Seljeflot 1. Components of the interleukin-6
transsignalling system are associated with the metabolic syndrome, endo-
thelial dysfunction and arterial stiffness. Metabolism (2013) 62(7):1008-13.
doi:10.1016/j.metabol.2013.01.019

79.

80.

81.

82.

83.

84.

85.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

. Pedersen BK, Febbraio MA. Point: interleukin-6 does have a beneficial role in

insulin sensitivity and glucose homeostasis. ] Appl Physiol (2007) 102:814-6.
doi:10.1152/japplphysiol.01208.2006

Matthews VB, Allen TL, Risis S, Chan MH, Henstridge DC, Watson N,
et al. Interleukin-6-deficient mice develop hepatic inflammation and
systemic insulin resistance. Diabetologia (2016) 53:2431-41. doi:10.1007/
s00125-010-1865-y

Shizuya K, Komori T, Fujiwara R, Miyahara S, Ohmori M, Nomura J.
The expressions of mRNAs for interleukin-6 (IL-6) and the IL-6 receptor
(IL-6R) in the rat hypothalamus and midbrain during restraint stress. Life
Sci (1998) 62(25):2315-20. doi:10.1016/S0024-3205(98)00212-4

Stenlof K, Wernstedt I, Fjillman T, Wallenius V, Wallenius K, Jansson JO.
Interleukin-6 levels in the central nervous system are negatively correlated
with fat mass in overweight/obese subjects. ] Clin Endocrinol Metab (2003)
88(9):4379-83. doi:10.1210/jc.2002-021733

Wallenius K, Wallenius V, Sunter D, Dickson SL, Jansson JO. Intra-
cerebroventricular interleukin-6 treatment decreases body fat in rats. Bio-
chem Biophys Res Commun (2002) 293:560-5. doi:10.1016/S0006-291X(02)
00230-9

Wallenius V, Wallenius K, Ahrén B, Rudling M, Carlsten H, Dickson SL,
et al. Interleukin-6-deficient mice develop mature-onset obesity. Nat Med
(2002) 8(1):75-9. doi:10.1038/nm0102-75

American Diabetic Association. Consensus development conference on
antipsychotic drugs and obesity and diabetes. Diabetes Care (2004) 27:
596-601. doi:10.2337/diacare.27.2.596

Ryan MC, Flanagan S, Kinsella U, Keeling F, Thakore JH. Atypical antipsy-
chotics and visceral fat distribution in first episode, drug-naive patients
with schizophrenia. Life Sci (2004) 74(16):1999-2008. doi:10.1016/j.Ifs.
2003.08.044

. Steiner J, Bernstein HG, Schiltz K, Miiller UJ, Westphal S, Drexhage HA,

et al. Immune system and glucose metabolism interaction in schizophre-
nia: a chicken-egg dilemma. Prog Neuropsychopharmacol Biol Psychiatry
(2014) 48:287-94. doi:10.1016/j.pnpbp.2012.09.016

Mukherjee S, Schnur DB, Reddy R. Family history of type 2 diabetes in
schizophrenic patients. Lancet (1989) 1(8636):495. doi:10.1016/S0140-
6736(89)91392-5

Spelman LM, Walsh PI, Sharifi N, Collins P, Thakore JH. Impaired glucose
tolerance in first-episode drug-naive patients with schizophrenia. Diabet
Med (2007) 24(5):481-5. doi:10.1111/j.1464-5491.2007.02092.x

Guest PC, Wang L, Harris LW, Burling K, Levin Y, Ernst A, et al.
Increased levels of circulating insulin-related peptides in first-onset, anti-
psychotic naive schizophrenia patients. Mol Psychiatry (2010) 15(2):118-9.
doi:10.1038/mp.2009.81

Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat
Rev Immunol (2011) 11(2):98-107. doi:10.1038/nri2925

Neelamekam S, Nurjono M, Lee J. Regulation of interleukin-6 and leptin
in schizophrenia patients: a preliminary analysis. Clin Psychopharmacol
Neurosci (2014) 12(3):209-14. doi:10.9758/cpn.2014.12.3.209

Chase KA, Rosen C, Gin H, Bjorkquist O, Feiner B, Marvin R, et al.
Metabolic and inflammatory genes in schizophrenia. Psychiatry Res (2015)
225(1-2):208-11. doi:10.1016/j.psychres.2014.11.007

Gispen-de Wied CC. Stress in schizophrenia: an integrative view. Eur
J Pharmacol (2000) 405:375-84. doi:10.1016/S0014-2999(00)00567-7
Aronson D, Avizohar O, Levy Y, Bartha P, Jacob G, Markiewicz W. Factor
analysis of risk variables associated with low-grade inflammation. Athero-
sclerosis (2008) 200:206-12. doi:10.1016/j.atherosclerosis.2007.12.008
Kiecolt-Glaser JK. Stress, food, and inflammation: psychoneuroimmunol-
ogy and nutrition at the cutting edge. Psychosom Med (2010) 72:365-9.
doi:10.1097/PSY.0b013e3181dbf489

Klemettili JP, Kampman O, Seppdla N, Viikki M, Hamildinen M,
Moilanen E, et al. Cytokine and adipokine alterations in patients with
schizophrenia treated with clozapine. Psychiatry Res (2014) 218(3):277-83.
doi:10.1016/j.psychres.2014.04.049

Jin H, Meyer JM, Mudaliar S, Jeste DV. Impact of atypical antipsychotic
therapy on leptin, ghrelin, and adiponectin. Schizophr Res (2008) 100:70-85.
doi:10.1016/j.schres.2007.11.026

DiLeone RJ. The influence of leptin on the dopamine system and implica-
tions for ingestive behavior. Int ] Obes (Lond) (2009) 33(Suppl 2):525-9.
doi:10.1038/ij0.2009.68

Frontiers in Psychiatry | www.frontiersin.org

70

November 2017 | Volume 8 | Article 221


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1016/j.biopsych.2007.09.024
https://doi.org/10.1016/j.biopsych.2011.
04.013
https://doi.org/10.1016/j.biopsych.2011.
04.013
https://doi.org/10.1016/j.psyneuen.
2013.12.005
https://doi.org/10.1016/j.psyneuen.
2013.12.005
https://doi.org/10.1016/j.jpsychires.2012.08.016
https://doi.org/10.1016/
0165-1781(94)90042-6
https://doi.org/10.1016/
0165-1781(94)90042-6
https://doi.org/10.1016/j.schres.2013.
10.019
https://doi.org/10.1016/j.schres.2013.
10.019
https://doi.org/10.1186/s12888-016-0866-x
https://doi.org/10.1016/S0920-9964(99)00171-1
https://doi.org/10.1016/j.jagp.
2016.09.009
https://doi.org/10.1016/j.jagp.
2016.09.009
https://doi.org/10.1111/j.1440-1819.2009.
02020.x
https://doi.org/10.1111/j.1440-1819.2009.
02020.x
https://doi.org/10.1016/j.schres.2011.03.002
https://doi.org/10.1038/nm.2627
https://doi.org/10.1172/JCI200319246
https://doi.org/10.1038/oby.2010.1
https://doi.org/10.1161/ATVBAHA.109.198614
https://doi.org/10.1172/JCI29881
https://doi.org/10.1073/pnas.0908771107
https://doi.org/10.1038/39335
https://doi.org/10.1016/j.metabol.2013.01.019
https://doi.org/10.1152/japplphysiol.01208.2006
https://doi.org/10.1007/s00125-010-1865-y
https://doi.org/10.1007/s00125-010-1865-y
https://doi.org/10.1016/S0024-3205(98)00212-4
https://doi.org/10.1210/jc.2002-021733
https://doi.org/10.1016/S0006-291X(02)
00230-9
https://doi.org/10.1016/S0006-291X(02)
00230-9
https://doi.org/10.1038/nm0102-75
https://doi.org/10.2337/diacare.27.2.596
https://doi.org/10.1016/j.lfs.
2003.08.044
https://doi.org/10.1016/j.lfs.
2003.08.044
https://doi.org/10.1016/j.pnpbp.2012.09.016
https://doi.org/10.1016/S0140-
6736(89)91392-5
https://doi.org/10.1016/S0140-
6736(89)91392-5
https://doi.org/10.1111/j.1464-5491.2007.02092.x
https://doi.org/10.1038/mp.2009.81
https://doi.org/10.1038/nri2925
https://doi.org/10.9758/cpn.2014.12.3.209
https://doi.org/10.1016/j.psychres.2014.11.007
https://doi.org/10.1016/S0014-2999(00)00567-7
https://doi.org/10.1016/j.atherosclerosis.2007.12.008
https://doi.org/10.1097/PSY.0b013e3181dbf489
https://doi.org/10.1016/j.psychres.2014.04.049
https://doi.org/10.1016/j.schres.2007.11.026
https://doi.org/10.1038/ijo.2009.68

Borovcanin et al.

IL-6 Relevance in Schizophrenia Treatment

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Trujillo ME, Sullivan S, Harten I, Schneider SH, Greenberg AS, Fried SK.
Interleukin-6 regulates human adipose tissue lipid metabolism and leptin
production in vitro. ] Clin Endocrinol Metab (2004) 89:5577-82. doi:10.1210/
jc.2004-0603

Granowitz EV. Transforming growth factor-beta enhances and pro-
inflammatory cytokines inhibit ob gene expression in 3T3-L1 adipocytes.
Biochem Biophys Res Commun (1997) 240:382-5. d0i:10.1006/bbrc.1997.7663
Bruun JM, Pedersen SB, Kristensen K, Richelsen B. Effects of pro-
inflammatory cytokines and chemokines on leptin production in human
adipose tissue in vitro. Mol Cell Endocrinol (2002) 190:91-9. doi:10.1016/
$0303-7207(02)00007-2

Dodd S, Maes M, Anderson G, Dean OM, Moylan S, Berk M. Putative
neuroprotective agents in neuropsychiatric disorders. Prog Neuropsychophar-
macol Biol Psychiatry (2013) 42:135-45. d0i:10.1016/j.pnpbp.2012.11.007
Davis C, Mudd J, Hawkins M. Neuroprotective effects of leptin in the context
of obesity and metabolic disorders. Neurobiol Dis (2014) 72(Pt A):61-71.
doi:10.1016/j.nbd.2014.04.012

Tourjman V, Koué ME, Kouassi E, Potvin S. Inmunomodulatory effects of
antipsychotics on inflammatory mediators: a review. Adv Biosci Biotechnol
(2012) 3:551-65. doi:10.4236/abb.2012.324072

Borovcanin M, Jovanovic I, Radosavljevic G, Djukic Dejanovic S, Stefanovic V,
Arsenijevic N, et al. Antipsychotics can modulate the cytokine profile in
schizophrenia: attenuation of the type-2 inflammatory response. Schizophr
Res (2013) 147(1):103-9. doi:10.1016/j.schres.2013.03.027

Tilg H, Kaser A. Gut microbiome, obesity, and metabolic dysfunction. J Clin
Invest (2011) 121(6):2126-32. doi:10.1172/JCI58109

Dinan TG, Borre YE, Cryan JE. Genomics of schizophrenia: time to consider
the gut microbiome? Mol Psychiatry (2014) 19(12):1252-7. doi:10.1038/
mp.2014.93

Kamada N, Seo SU, Chen GY, Nuiiez G. Role of the gut microbiota in
immunity and inflammatory disease. Nat Rev Immunol (2013) 13(5):321-35.
doi:10.1038/nri3430

Severance EG, Alaedini A, Yang S, Halling M, Gressitt KL, Stallings CR,
et al. Gastrointestinal inflammation and associated immune activation in
schizophrenia. Schizophr Res (2012) 138(1):48-53. doi:10.1016/j.schres.
2012.02.025

Khandaker GM, Cousins L, Deakin J, Lennox BR, Yolken R, Jones PB.
Inflammation and immunity in schizophrenia: implications for pathophys-
iology and treatment. Lancet Psychiatry (2015) 2(3):258-70. doi:10.1016/
§2215-0366(14)00122-9

Yolken RH, Torrey EE. Viruses, schizophrenia, and bipolar disorder. Clin
Microbiol Rev (1995) 8(1):131-45.

Zheng LT, Hwang J, Ock ], Lee MG, Lee WH, Suk K. The antipsychotic
spiperone attenuates inflammatory response in cultured microglia via the
reduction of proinflammatory cytokine expression and nitric oxide produc-
tion. J Neurochem (2008) 107(5):1225-35. doi:10.1111/j.1471-4159.2008.
05675.x

Kato T, Mizoguchi Y, Monji A, Horikawa H, Suzuki SO, Seki Y, et al.
Inhibitory effects of aripiprazole on interferon-gamma-induced microglial
activation via intracellular Ca2+ regulation in vitro. J Neurochem (2008)
106(2):815-25. doi:10.1111/j.1471-4159.2008.05435.x

Monji A, Kato T, Kanba S. Cytokines and schizophrenia: microglia
hypothesis of schizophrenia. Psychiatry Clin Neurosci (2009) 63:257-65.
doi:10.1111/j.1440-1819.2009.01945.x

Pae CU, Yoon CH, Kim TS, Kim JJ, Park SH, Lee CU, et al. Antipsychotic
treatment may alter T-helper (TH) 2 arm cytokines. Int Immunopharmacol
(2006) 6(4):666-71. doi:10.1016/j.intimp.2005.10.004

Singh B, Bera NK, Nayak CR, Chaudhuri TK. Decreased serum levels of
interleukin-2 and interleukin-6 in Indian Bengalee schizophrenic patients.
Cytokine (2009) 47(1):1-5. doi:10.1016/j.cyt0.2009.05.005

O’Brien SM, Scully P, Dinan TG. Increased tumor necrosis factor-alpha
concentrations with interleukin-4 concentrations in exacerbations of schizo-
phrenia. Psychiatry Res (2008) 160(3):256-62. doi:10.1016/j.psychres.2007.
11.014

Lin A, Kenis G, Bignotti S, Tura GJ, De Jong R, Bosmans E, et al.
The inflammatory response system in treatment-resistant schizophrenia:
increased serum interleukin-6. Schizophr Res (1998) 32(1):9-15. doi:10.1016/
$0920-9964(98)00034-6

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Mondelli V, Ciufolini S, Belvederi Murri M, Bonaccorso S, Di Forti M,
Giordano A, et al. Cortisol and inflammatory biomarkers predict poor
treatment response in first episode psychosis. Schizophr Bull (2015)
41(5):1162-70. doi:10.1093/schbul/sbv028

Kronfol Z, Remick DG. Cytokines and the brain: implications for clinical
psychiatry. Am ] Psychiatry (2000) 157(5):683-94. doi:10.1176/appi.
ajp.157.5.683

Kim YK, Myint AM, Lee BH, Han CS, Lee HJ, Kim DJ, et al. Thl, Th2
and Th3 cytokine alteration in schizophrenia. Prog Neuropsychopharmacol
Biol Psychiatry (2004) 28(7):1129-34. doi:10.1016/j.pnpbp.2004.05.047
Schmitt A, Bertsch T, Tost H, Bergmann A, Henning U, Klimke A, et al.
Increased serum interleukin-lbeta and interleukin-6 in elderly, chronic
schizophrenic patients on stable antipsychotic medication. Neuropsychiatr
Dis Treat (2005) 1(2):171-7. doi:10.2147/nedt.1.2.171.61048

Meyer U. Anti-inflammatory signaling in schizophrenia. Brain Behav
Immun (2011) 25(8):1507-18. doi:10.1016/j.bbi.2011.05.014

Zhang Y, Catts VS, Sheedy D, McCrossin T, Kril JJ, Shannon Weickert C.
Cortical grey matter volume reduction in people with schizophrenia is
associated with neuro-inflammation. Transl Psychiatry (2016) 6(12):¢982.
doi:10.1038/tp.2016.238

Maes M, Meltzer HY, Bosmans E. Immune-inflammatory markers in
schizophrenia: comparison to normal controls and effects of clozapine.
Acta Psychiatr Scand (1994) 89(5):346-51. doi:10.1111/j.1600-0447.1994.
tb01527.x

Maes M, Bosmans E, Kenis G, De Jong R, Smith RS, Meltzer HY. In vivo
immunomodulatory effects of clozapine in schizophrenia. Schizophr Res
(1997) 26(2-3):221-5. d0i:10.1016/S0920-9964(97)00057- 1

Pollmacher T, Haack M, Schuld A, Kraus T, Hinze-Selch D. Effects of
antipsychotic drugs on cytokine networks. J Psychiatr Res (2000) 34(6):
369-82. doi:10.1016/S0022-3956(00)00032-7

Hinze-Selch D, Becker EW, Stein GM, Berg PA, Mullington J, Holsboer F,
et al. Effects of clozapine on in vitro immune parameters: a longitudinal
study in clozapine-treated schizophrenic patients. Neuropsychopharmacology
(1998) 19(2):114-22. doi:10.1016/S0893-133X(98)00006-2

Reale M, Patruno A, De Lutiis MA, Pesce M, Felaco M, Di Giannantonio M,
et al. Dysregulation of chemo-cytokine production in schizophrenic
patients versus healthy controls. BMC Neurosci (2011) 12:13. doi:10.1186/
1471-2202-12-13

Watanabe Y, Someya T, Nawa H. Cytokine hypothesis of schizophrenia
pathogenesis: evidence from human studies and animal models. Psy-
chiatry Clin Neurosci (2010) 64(3):217-30. doi:10.1111/j.1440-1819.2010.
02094.x

Zhang Q, He M, Deng C, Wang H, Huang XF. Effects of olanzapine on the
elevation of macrophage infiltration and pro-inflammatory cytokine expres-
sion in female rats. ] Psychopharmacol (2014) 28(12):1161-9. doi:10.1177/
0269881114555250

Miller N, Myint AM, Schwarz MJ. Immunological treatment options for
schizophrenia. Curr Pharm Biotechnol (2012) 13(8):1606-13. doi:10.2174/
138920112800784826

Sommer IE, de Witte L, Begemann M, Kahn RS. Nonsteroidal anti-
inflammatory drugs in schizophrenia: ready for practice or a good start?
A meta-analysis. ] Clin Psychiatry (2012) 73(4):414-9. doi:10.4088/JCP.
10r06823

Nitta M, Kishimoto T, Muller N, Weiser M, Davidson M, Kane JM, et al.
Adjunctive use of nonsteroidal antiinflammatory drugs for schizophrenia:
a meta-analytic investigation of randomized controlled trials. Schizophr
Bull (2013) 39(6):1230-41. doi:10.1093/schbul/sbt070

Miiller N, Riedel M, Schwarz M]J, Engel RR. Clinical effects of COX-2
inhibitors on cognition in schizophrenia. Eur Arch Psychiatry Clin Neurosci
(2005) 255(2):149-51. doi:10.1007/s00406-004-0548-4

Rossi JE Lu ZY, Jourdan M, Klein B. Interleukin-6 as a therapeutic target.
Clin Cancer Res (2015) 21(6):1248-57. d0i:10.1158/1078-0432.CCR-14-2291
Brod SA, Bauer VL. Ingested (oral) tocilizumab inhibits EAE. Cytokine
(2014) 68(2):86-93. d0i:10.1016/j.cyt0.2014.04.003

Nishimoto N, Kanakura Y, Aozasa K, Johkoh T, Nakamura M, Nakano S,
et al. Humanized anti-interleukin-6 receptor antibody treatment of multi-
centric Castleman disease. Blood (2005) 106:2627-32. doi:10.1182/blood-
2004-12-4602

Frontiers in Psychiatry | www.frontiersin.org

November 2017 | Volume 8 | Article 221


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1210/jc.2004-0603
https://doi.org/10.1210/jc.2004-0603
https://doi.org/10.1006/bbrc.1997.7663
https://doi.org/10.1016/S0303-7207(02)00007-2
https://doi.org/10.1016/S0303-7207(02)00007-2
https://doi.org/10.1016/j.pnpbp.2012.11.007
https://doi.org/10.1016/j.nbd.2014.04.012
https://doi.org/10.4236/abb.2012.324072
https://doi.org/10.1016/j.schres.2013.03.027
https://doi.org/10.1172/JCI58109
https://doi.org/10.1038/mp.2014.93
https://doi.org/10.1038/mp.2014.93
https://doi.org/10.1038/nri3430
https://doi.org/10.1016/j.schres.
2012.02.025
https://doi.org/10.1016/j.schres.
2012.02.025
https://doi.org/10.1016/S2215-0366(14)00122-9
https://doi.org/10.1016/S2215-0366(14)00122-9
https://doi.org/10.1111/j.1471-4159.2008.
05675.x
https://doi.org/10.1111/j.1471-4159.2008.
05675.x
https://doi.org/10.1111/j.1471-4159.2008.05435.x
https://doi.org/10.1111/j.1440-1819.2009.01945.x
https://doi.org/10.1016/j.intimp.2005.10.004
https://doi.org/10.1016/j.cyto.2009.05.005
https://doi.org/10.1016/j.psychres.2007.
11.014
https://doi.org/10.1016/j.psychres.2007.
11.014
https://doi.org/10.1016/S0920-9964(98)00034-6
https://doi.org/10.1016/S0920-9964(98)00034-6
https://doi.org/10.1093/schbul/sbv028
https://doi.org/10.1176/appi.ajp.157.5.683
https://doi.org/10.1176/appi.ajp.157.5.683
https://doi.org/10.1016/j.pnpbp.2004.05.047
https://doi.org/10.2147/nedt.1.2.171.61048
https://doi.org/10.1016/j.bbi.2011.05.014
https://doi.org/10.1038/tp.2016.238
https://doi.org/10.1111/j.1600-0447.1994.tb01527.x
https://doi.org/10.1111/j.1600-0447.1994.tb01527.x
https://doi.org/10.1016/S0920-9964(97)00057-1
https://doi.org/10.1016/S0022-3956(00)00032-7
https://doi.org/10.1016/S0893-133X(98)00006-2
https://doi.org/10.1186/
1471-2202-12-13
https://doi.org/10.1186/
1471-2202-12-13
https://doi.org/10.1111/j.1440-1819.2010.
02094.x
https://doi.org/10.1111/j.1440-1819.2010.
02094.x
https://doi.org/10.1177/
0269881114555250
https://doi.org/10.1177/
0269881114555250
https://doi.org/10.2174/
138920112800784826
https://doi.org/10.2174/
138920112800784826
https://doi.org/10.4088/JCP.
10r06823
https://doi.org/10.4088/JCP.
10r06823
https://doi.org/10.1093/schbul/sbt070
https://doi.org/10.1007/s00406-004-0548-4
https://doi.org/10.1158/1078-0432.CCR-14-2291
https://doi.org/10.1016/j.cyto.2014.04.003
https://doi.org/10.1182/blood-
2004-12-4602
https://doi.org/10.1182/blood-
2004-12-4602

Borovcanin et al.

IL-6 Relevance in Schizophrenia Treatment

139. Greenhalgh AM, Gonzalez-Blanco L, Garcia-Rizo C, Fernandez-Egea E,
Miller B, Arroyo MB, et al. Meta-analysis of glucose tolerance, insulin,
and insulin resistance in antipsychotic-naive patients with nonaffective
psychosis.  Schizophr Res (2017) 179:57-63. doi:10.1016/j.schres.2016.
09.026

140. Misiak B, Stanczykiewicz B, Laczmanski I, Frydecka D. Lipid profile
disturbances in antipsychotic-naive patients with first-episode non-affective
psychosis: authors™ reply. Schizophr Res (2017). doi:10.1016/j.schres.2017.
04.032

141. Kanji S, Fonseka TM, Marshe VS, Sriretnakumar V, Hahn MK, Miiller DJ.
The microbiome-gut-brain axis: implications for schizophrenia and anti-
psychotic induced weight gain. Eur Arch Psychiatry Clin Neurosci (2017).
doi:10.1007/500406-017-0820-z

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer KK and handling editor declared their shared affiliation.

Copyright © 2017 Borovcanin, Jovanovic, Radosavljevic, Pantic, Minic Janicijevic,
Arsenijevic and Lukic. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

2

November 2017 | Volume 8 | Article 221


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive
https://doi.org/10.1016/j.schres.2016.
09.026
https://doi.org/10.1016/j.schres.2016.
09.026
https://doi.org/10.1016/j.schres.2017.
04.032
https://doi.org/10.1016/j.schres.2017.
04.032
https://doi.org/10.1007/s00406-017-0820-z
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Psychiatry

MINI REVIEW
published: 06 November 2017
doi: 10.3389/fpsyt.2017.00222

OPEN ACCESS

Edited by:
Dorota Frydecka,
Wroclaw Medical University, Poland

Reviewed by:

Kelly M. Standifer,

University of Oklahoma Health
Sciences Center, United States
Tamas Kozicz,

Radboud University Nijmegen,
Netherlands

Andelko Vidovic,

Klinika za psihijatriju Vrapce, Croatia

*Correspondence:
M. Rita . Young
youngmr@musc.edu

Specialty section:

This article was submitted to
Psychopharmacology,

a section of the journal
Frontiers in Psychiatry

Received: 28 August 2017
Accepted: 23 October 2017
Published: 06 November 2017

Citation:

Wang Z, Caughron B and Young MR
(2017) Posttraumatic Stress Disorder:
An Immunological Disorder?

Front. Psychiatry 8:222.

doi: 10.3389/fpsyt.2017.00222

®

Check for
updates

Posttraumatic Stress Disorder: An
Immunological Disorder?

Zhewu Wang'?, Blaine Caughron?® and M. Rita I. Young?®**

" Mental Health Service, Ralph H. Johnson VA Medical Center, Charleston, SC, United States, ? Department of Psychiatry,
Medical University of South Carolina, Charleston, SC, United States, *Research Service, Ralph H. Johnson VA Medical
Center, Charleston, SC, United States, “Department of Otolaryngology — Head and Neck Surgery, Medical University of
South Carolina, Charleston, SC, United States

Patients with posttraumatic stress disorder (PTSD) exhibit an increased state of inflam-
mation. Various animal models for PTSD have shown some of the same immune imbal-
ances as have been shown in human subjects with PTSD, and some of these studies are
discussed in this review. However, animal studies can only indirectly implicate immune
involvement in PTSD in humans. This review of mainly studies with human subjects
focuses on dissecting the immunological role in the pathogenesis of PTSD following
initial trauma exposure. It addresses both the inflammatory state associated with PTSD
and the immune imbalance between stimulatory and inhibitory immune mediators, as
well as variables that can lead to discrepancies between analyses. The concept of immu-
nological treatment approaches is proposed for PTSD, as new treatments are needed
for this devastating disorder that is affecting unprecedented numbers of Veterans from
the long-standing wars in the Middle East and which affects civilians following severe
trauma.

Keywords: Immune, Inflammation, PTSD, Stress, Disorder

IMMUNE IMBALANCES IN POSTTRAUMATIC STRESS
DISORDER (PTSD)

Posttraumatic stress disorder is a debilitating psychiatric disorder that follows trauma exposure.
There are four symptom clusters that characterize PTSD: reliving the traumatic event, avoidance of
situations reminiscent of the traumatic event, negative thoughts and mood, and hyperarousal. These
symptoms are debilitating to function. Trauma exposure is a required risk factor for developing
PTSD, but is not sufficient as not all who are exposed to trauma develop PTSD (1, 2). The complex
phenotype of PTSD emerges from interactions among genetic, environmental, and other biological
risk factors. Dissecting the causes of PTSD could identify individuals who would be at increased risk
of developing PTSD following trauma exposure.

A number of studies assessing cytokine levels and, in a few instances, blood immune cell func-
tions have provided support for immunological involvement in PTSD following an initial trauma
event. Although somewhat inconsistent, the compilation of these studies points to immune altera-
tions in PTSD that indicate the immunological balance is skewed toward a pro-inflammatory state
(Table 1). This is supported by increased levels of pro-inflammatory cytokines such as IFN-y, IL-6,
TNF-a, and IL-17 in the plasma, and increased levels of immune stimulatory Th1 and inflammatory
Th17 cells in the blood (3-8). The increase in levels of the pro-inflammatory mediators IL-12 and
IFN-y in plasma of PTSD subjects is associated with multiple genetic and epigenetic modifications
in peripheral blood mononuclear cells (9).
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TABLE 1 | Correlative association between posttraumatic stress disorder and immune imbalance in humans.

Source Mediator

Reference Interpretation caution

IL-2
IFN-y
IL-6
TNF-a
IL-12
IL-17

Increase in inflammatory cytokine or cell Plasma

levels

(5-9) Depression associated with increase in pro-inflammatory cytokines
Diurnal variations

May be influenced by type of trauma, time since trauma

IL-2
IFN-y
IL-6
IL-17
ccL2

Saliva

(6, 25, 26) Oral health conditions increase pro-inflammatory cytokines

IL-1
IL-6
TNF-a

Blood cell secretion

(22) Leukocyte cytokine secretion may not reflect plasma levels

Thi
Th17

Blood cells

©)

Decrease in inhibitory cytokine or cell levels  Plasma TGF-p
IL-4

IL-10

,6,8,20,21) Decrease may be difficult to see if normal levels are low

IL-4
IL-10

Saliva

Blood cells Treg

@, 23)

Multiple molecular genetics studies that have sought to pin-
point genetic variations associated with the risk for PTSD after
trauma exposure (10). Some of these include genes encoding
mediators involved in immune regulation. The best studied is
the FK506-binding protein 5 gene, FKBP5, which encodes an
immune regulatory immunophilin (11). FKBP5 gene variants
moderate the effect of trauma exposure on the risk of PTSD.
The minor allele of FKBP5 SNPs rs1360780 was associated with
increased hurricane-associated PTSD (12). In subjects with
chronic pain, heterozygous T-allele carriers of the FKBP5 SNP
rs9470080 were associated with an increased risk for PTSD (13).
A study of mainly African-American subjects who had experi-
enced severe childhood trauma showed that those who carried
minor alleles of FKBP5 SNPs rs9296158, rs3800373, rs1360780,
or rs9470080 were more likely to exhibit PTSD (14).

In addition to FKBP5 polymorphisms, there are associations
between variants in the pro-inflammatory C-reactive protein
(CRP) and PTSD. A study of mainly African-American inner-
city individuals who had been exposed to trauma showed a link
between a CRP SNP, rs1130864, and the risk of PTSD, with the
most prominent symptom of being overly alert (15). This risk
SNP was also associated with increased serum CRP levels, which
indicates an inflammatory state.

Multiple studies have indicated that immune hyperactivation
could be a predictor of PTSD risk. For example, high levels of
CRP in Marines before their deployment were predictive of PTSD
following deployment; this study suggested inflammation to be a
contributor to PTSD (16). Blood levels of inflammatory cytokines
were increased in hospitalized patients with traumatic orthopedic
injuries who subsequently developed PTSD (8). In a pre- and
post-deployment analysis that used whole-transcriptome RNA-
Seq gene expression of blood from U.S. Marines, both pairs of

samples from subjects who developed PTSD over-expressed
genes enriched for immune responses (17). This supports the
concept that immune hyperactivation before trauma exposure
could predict PTSD.

Some studies have shown that increases in inflammatory
mediators correlate with PTSD severity (3), although others have
not (18). A polymorphism in the gene of the inflammatory marker,
TNF-a (rs1800629) was associated with PTSD in Vietnam war
combat Veterans, and correlated with PTSD severity (19). While
rs1800629 was a risk genotype for PTSD severity, serum levels of
TNF-a were associated with symptom severity, but only trended
to significance when controlling for covariates.

Although studies have shown increases in pro-inflammatory
mediators in subjects with PTSD, fewer have measured inhibi-
tory cytokines (5, 8, 20). In such studies, PTSD subjects have
generally lower inhibitory cell levels such as Treg and reduced
levels of the inhibitory mediators TGF-f and IL-4 (3, 6) in the
blood. A comparison of individuals who were exposed to urban
violence-associated trauma showed that those with PTSD had
lower blood levels of the inhibitory mediator IL-10 than those
who were resilient to the trauma (21). The importance of these
deficiencies in immune inhibitory regulators is that a healthy
immune status is composed of a balance of stimulatory and
inhibitory cells and mediators. In studies where balances in
stimulatory and inhibitory mediators were assessed, immune
skewing was toward the pro-inflammatory direction in Veterans
and civilians with PTSD (6, 8).

Most studies examining the changes in cytokine levels in PTSD
have measured cytokine levels in the blood. However, several
studies have also examined the sources of the pro-inflammatory
cytokines. Blood leukocytes of war-exposed refugees with PTSD
spontaneously produced increased levels of IL-1, IL-6, and TNF-«
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than did leukocytes of controls, although plasma cytokine levels
were similar among the two groups of subjects (22). Also shown
in this study was a direct correlation between PTSD severity and
spontaneous secretion of IL-6 and TNF-a by the leukocytes.
Stimulation of the PTSD subjects’ blood leukocytes with LPS
further increased IL-6 production to higher levels than those pro-
duced by leukocytes of controls. A separate analysis of peripheral
blood of combat Veterans with PTSD showed increases in blood
pro-inflammatory Th1 and Th17 subsets and a reduction in the
number of inhibitory Treg (3). Reduced levels of Treg cells were
similarly seen in war-exposed civilians with PTSD as compared
to exposed civilians without PTSD or controls (23). In contrast,
a separate study comparing war Veterans to age-matched healthy
controls showed reduced T-cell production of pro-inflammatory
cytokines IL-2 and IFN-y (24). Possible reasons for the discrepan-
cies among some of these studies are discussed below.

There have been a few studies that also examined levels of
immune mediators in saliva. Similar to the blood observations,
inflammatory mediator levels in saliva were increased following
stress exposure (25, 26). Veterans with PTSD had higher levels
of pro-inflammatory mediators IL-2, IFN-y, IL-6, and IL-17 and
reduced levels of the inhibitory mediators IL-4 and IL-10 in saliva
compared to Veterans without combat-related PTSD (6). In this
latter study, it was shown that the immune cytokine imbalances
in PTSD patients are more prominently expressed in saliva than
in blood (6). A study of hurricane survivors with PTSD showed
that the increased saliva levels of the inflammatory mediator
CCL2 (MCP-1) correlated with PTSD severity (25). The origin
of cytokines in saliva and whether salivary cytokine levels are a
reflection of blood levels has been questioned, but increases in
inflammatory cytokines have appeared rapidly in saliva following
acute stress and could reflect mental health status (26-28).

Comorbidities need to be considered when studying immune
imbalances in saliva, plasma, or blood cells of PTSD subjects. For
example, oral health increases salivary cytokine levels in indi-
viduals with periodontitis, gingivitis, premalignant oral lesions,
and oral cancer (29, 30). Depression, which is common in sub-
jects with PTSD, also increases levels of inflammatory cytokines
(31). However, several studies that examined the contribution of
depression to the increases in inflammatory cytokines in subjects
with PTSD showed that such increases were independent of a
depression diagnosis (6, 32). Other variables that can impact
on cytokine or immune cell analyses could include treatments
and recovery from PTSD. Traumatized women with PTSD had
increased plasma levels of IL-6, but those who had recovered
from PTSD had the same lower levels as did healthy controls
(33). The reduced levels of Treg in war-exposed PTSD subjects
were restored to levels of healthy controls following narrative
exposure therapy (23). Cytokine levels can also be influenced by
technical complications. For example, cytokines such as IL-1 and
IL-6 exhibit diurnal variations, which can contribute to differing
results among studies (34, 35). The type of trauma can also impact
on cytokine measurements. This was highlighted by an analysis
showing that interpersonal-related traumas had distinct gene
expression signatures from combat-related traumas, but there
was convergence on immune cascades between the different
trauma categories (36).

More difficult to control in studies with human subjects is the
impact of the duration between the PTSD-associated trauma
and the time of immunological analysis, in particular if the
immunological skewing is a predisposing factor for PTSD (37).
However, this can be controlled in animal models of PTSD.
Using the stress-enhanced fear learning model, IL-1 expres-
sion was shown to rapidly increase (within 6 h) in the dorsal
hippocampus and remain increased for the 72-h duration of
assessments (38). Brain levels of IL-a, IL-6, and TNF-a were
also increased within 1 day of stress re-exposure in a rat preda-
tor stress model for PTSD (39). Also using the predator model, a
separate study showed increased brain levels of the inflammatory
mediator IL-1 and reduced levels of the inhibitory mediators
IL-4 and IL-10 after 7 days following re-exposure (40). While
these studies in animal models of PTSD demonstrate dysregu-
lation of cytokines within the brain within a short period of
time following stress exposure, there is a deficiency in studies
to demonstrate the duration of this immune imbalance. This
leaves a gap in understanding the kinetics of the immune imbal-
ances associated with PTSD as diagnosis, immune analysis, and
treatment for humans with PTSD typically occur considerably
later after exposure to the traumatic event. However, these
animal models are in a unique position to determine whether
immunological dysregulation is a consequence or a cause of
PTSD; this is further discussed below.

CLINICAL IMPACTS OF IMMUNE
IMBALANCES IN PTSD

Associated with PTSD is not only inflammation but its cons-
equence on poorer health outcomes. For example, health-related
quality of life was lower in military persons with PTSD who
had higher plasma levels of IL-6 (41). The pro-inflammatory
milieu of subjects with PTSD may predispose them to auto-
immune diseases since combat Veterans with PTSD have
an increased incidence of thyroiditis, inflammatory bowel
disease, multiple sclerosis, rheumatoid arthritis, and systemic
lupus erythematosus (42). Patients exhibiting trauma-related
symptoms had a slower neutrophil recovery time following
stem cell transplantation than those without PTSD (43). Other
comorbidities of subjects with PTSD include an increased risk
of coronary heart disease (25, 44). A study of a Vietnam Era
Twin Registry showed that the rate of coronary heart disease
in twins with PTSD was twice that of twins without PTSD (44).
The increased risk of coronary heart disease in PTSD subjects
could be due to the increased levels of immune chemokines
such as CCL-2, which recruits monocytes toward the inflamed
endothelium (25). Monocytes, whose role has not been exten-
sively examined in PTSD, have upregulation of target genes
of the pro-inflammatory NF-xB/Rel family of transcription
factors, which further contributes to the inflammatory state of
PTD subjects (45).

It could also be argued that the increase in autoimmune diseases
and other immune-associated comorbidities of PTSD are not the
result of PTSD but are predisposing factors for developing PTSD
following a traumatic event. Although the immune skewing in
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PTSD subjects toward an inflammatory state is becoming esta-
blished, it is difficult to design studies with human subjects to test
causality between immune dysregulation and PTSD. However,
triggering of CNS neuroinflammation by peripheral inflamma-
tion has been shown in animal models (38, 46-55). Activation of
the peripheral immune system by endotoxin injection triggered
neuroinflammation in the brain (49, 50). Studies with animal
models have also shown the requirement for functional immune
competence for anxiety behavior to be evident following stress
sensitization. For example, neutralization of the inflammatory
cytokine IL-1 lessened the maladaptation to acute psychological
stress (38). Also shown was monocyte recruitment from the
periphery to the brain in stress-sensitized mice, but splenectomy
before stress sensitization prevented monocyte migration to the
brain and, in turn, prevented anxiety is stress-sensitized mice
(38, 46-55).

Studies with human subjects have been less frequent
and less definitive, but nevertheless suggest the contribu-
tion of peripheral inflammation to neuroinflammation and
behavior (Table 2). Traumatic brain injury resulting from
military deployment is associated with inflammation and,
more recently, this has been associated with a higher extent
of PTSD comorbidity (56). This study speculated that the
chronic inflammatory state associated with the traumatic brain
injury results in elevated cytokine levels in the central nervous
system and, in turn, microglial over-activation. In a clinical
trial, patients with acute respiratory distress who were treated
with GM-CSF had more severe PTSD symptoms than those
treated with placebo (57). Since GM-CSF stimulates prolifera-
tion and differentiation of hematopoietic cells and can cross
the blood-brain barrier, this study suggested the possibility
of GM-CSF stimulating either brain microglia or production
of inflammatory cytokines within the brain to result in more
severe PTSD.

TABLE 2 | Suggestions of causal associations between immune imbalances and
posttraumatic stress disorder (PTSD).

Assessment Result Reference
Human studies
Endotoxin Plasma 1 TNF-at (58)
administration to 116
healthy volunteers
1 1L-8
CNS Brain microglial activation (58)
Immune stimulatory Plasma 1 Neurotransmitter (66)
cytokine administration precursors including
to cancer patients tryptophan
PTSD 1 Hypervigilance, (66)
symptoms irritability, anxiety
Animal models
Peripheral immune Brain 1 Brain neuroinflammation (49, 50)
activation
Blocking IL-1 signaling  PTSD | Symptoms after (38)
symptoms predator stress
Blocking monocyte PTSD 1 Anxiety in repeated (46, 51)
migration to brain symptoms social defeat model

While not directly studied, it could be expected that
increased persistent infection could stimulate a chronic
inflammatory state to, in turn, increase vulnerability to PTSD
following trauma. This concept could be in part supported by
studies with human subjects in which healthy volunteers who
systemically received endotoxin exhibited stimulated peripheral
levels of inflammatory mediators TNF-a, IL-6, and IL-8, and
microglial activation in the brain (58). Once activated, brain
microglia release mediators such as nitric oxide, IL-1, IL-6,
TNF-a, and glutamate, which impact neurotransmission,
neuronal apoptosis, neuroendocrine function, neural plasticity,
and behavior (59-64). Induction of peripheral inflammation in
healthy human volunteers via typhoid vaccination resulted in
functional impairments in the form of reduced spatial memory
performance (65). The impact of peripheral immune activation
on behavior was inadvertently made evident by immune-acti-
vating treatment of cancer patients who resulted in symptoms
characteristic of PTSD such as hypervigilance, irritability, anxi-
ety, and decreased concentrations of tryptophan, a precursor
to the neurotransmitter serotonin (66). The serotonergic axis
influences mood, aggression, arousal, anxiety, sleep, learning,
nociception, fear, and appetite (67).

PTSD TREATMENTS IN THE CONTEXT
OF IMMUNE IMBALANCES

A few studies have examined the impact of therapies for PTSD on
the inflammatory status of patients with PTSD, although more
of these studies have been conducted in mouse PTSD models.
A study with PTSD patients showed that narrative exposure
psychotherapy improved PTSD symptoms and restored the lev-
els of immune inhibitory Treg cells, which were reduced before
treatment (23). However, the immune imbalances were not fully
corrected as the proportion of naive T-cell remained low relative
to memory T-cells, suggesting premature immune senescence.
PTSD subjects who received pharmacotherapy with selective
serotonin reuptake inhibitors (SSRIs) improved clinically and
showed reductions in levels of the pro-inflammatory mediator
IL-1 (68). In a mouse model of PTSD, treatment with the SSRI
inhibitor fluoxetine prevented stress-induced inflammatory
gene expression and improved PTSD-like symptoms (69). The
results of this study indicated the role of inflammation in PTSD
pathology and suggested using anti-inflammatory agents to
treat PTSD. A rat study of PTSD showed that treatment with
ibuprofen to directly target inflammation reduced both levels
of inflammatory cytokines and PTSD-like symptoms (70).
Similarly, treating mice with intraperitoneal injections of COX-2
inhibitors to diminish inflammation attenuated their PTSD-like
symptoms and reduced neuronal excitability in the basolateral
amygdala (71).

While studies showing immune restoration with PTSD treat-
ment suggest a psycho-neuro-immune relationship, it is not pos-
sible to determine if treatment impacted the PTSD disorder to,
in turn, lessen the extent of inflammation, or if the restoration of
immune balance led to PTSD psychological improvement. SSRIs,
by modulating serotonin levels, may be influencing immune
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function since serotonin has been shown to be an immune modu-
lator (72-74). There remains a need for studies to determine the
associations between improvements in PTSD clinical status and
the immune rebalancing.

Despite the availability of psychological and pharmacological
treatments for PTSD, approximately half of combat Veterans do
not respond favorably to treatments (75). Therefore, studies need
to be expanded to assess if PTSD treatment responsiveness or
resistance is associated with a respective immune rebalancing or
resistance to rebalancing. If the pro-inflammatory state contrib-
utes to PTSD, and if inflammation-skewed leukocytes of PTSD
subjects still retain plasticity, then there is the opportunity for
immune redirection as an additional PTSD treatment approach.
Such immune rebalancing approaches have become more
common in treating inflammation-associated diseases, such as
rheumatoid arthritis or type 1 diabetes, and as treatments for
cancer (76-79).

The plasticity of immune T-cells and monocytes provides opti-
mism that the inflammation-skewed immune state in patients
with PTSD can be rebalanced. This rebalancing could be driven
by the composition of the cytokine milieu (80, 81). Inflammatory
Th17 cells share a common lineage with inhibitory Treg cells, and
their plasticity is evident by examples of one phenotype differen-
tiating from the other (82). Although cytokines have been widely
used to define immune plasticity, a pharmaco-immunological
approach may be a more practical means by which to attain
immune rebalancing. For example, the STAT3 inhibitor STA-21
was effective in restoring immune balance in a mouse model
of inflammatory arthritis (80). Studies in both mouse models
and in humans have shown vitamin D metabolites can restore
immune balance in several different clinical conditions (83-86).
These alternative agents could be used in future clinical studies to
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Introduction: The immune system is undoubtedly involved in the pathogenesis of
various psychiatric disorders, such as schizophrenia, bipolar disorder, or depression.
Although its role is not fully understood, it appears that this area of research can help
to understand the etiology of mental illness. One of the components of the human
immune system is the complement system, which forms a part of the innate immune
response. Physiologically, except for its essential protective role, it is a vital element in
the regeneration processes, including neurogenesis. To date, few studies have tried to
clarify the role of the complement cascade in mental disorders.

Materials and Methods: We evaluated concentrations of C3a, Cba, and C5b-9
complement cascade components in the peripheral blood of 30 patients suffering from
bipolar disorder (BD) for at least 10 years, in euthymia, who were not treated with lithium
salts. In addition, we divided our study sample into BD type | (BD-I, 22 persons), and BD
type Il (BD-II, 8 patients). The control group consisted of 30 healthy volunteers matched
for age, sex, BMI, and smoking habits.

Results: Compared to healthy controls, BD patients had elevated concentrations of all
the investigated components. Furthermore, in patients with BD-Il, we observed higher
concentrations of C5b-9 as compared to patients with BD-I. However, there was a
significant effect of BD diagnosis only on the levels of C3a and C5a but not on the level
of C5b-9 after adjustment for potential confounding factors.

Conclusions: Increased concentrations of components C3a and Cbha of the
complement system in the investigated group as compared to healthy controls suggest
involvement of the complement cascade in the pathogenesis of BD, and provides further
evidence of immune system dysregulation in BD patients.

Keywords: bipolar disorder, complement system, C3a, C5a, C5b-9
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Complement in Bipolar Disorder

INTRODUCTION

Despite enormous efforts of researchers, undeniable progress
of knowledge and research opportunities provided by modern
medicine, the etiology of BD is still not fully understood.
The prevalence of BD has been estimated at over 1% of the
general population, regardless of their origin, ethnicity, or socio-
economic status (1). Proper diagnosis, especially in the early
stages of the disease causes considerable difficulties (2). The
disease itself, as well as its improper diagnosis or treatment lead
to enormous social consequences and economic costs (3, 4).

Several lines of evidence indicate that BD has a multifactorial
etiology, comprising both genetic (5, 6) and environmental
factors (7, 8). The concept of viewing mental disorders as the
consequences of aberrant immune-inflammatory processes has
recently become the subject of numerous studies (9-11). It
appears that what is observed in the course of BD are both
the activation of inflammatory processes within the central
nervous system and systemic inflammatory reactions (12, 13).
Such arguments are supported by an increased activity of the
hypothalamic-pituitary-adrenal axis (especially in the manic
phase) and increased peripheral metabolism of cortisol (14).
Moreover, it is hypothesized that exposure to certain infectious
agents in the prenatal period may lead to the occurrence of BD
(15), although results in this field remain somewhat inconclusive.
Both exposure to infectious agents in the prenatal period and the
aforementioned activation of the HPA axis may potentially affect
the function of the immune system (16, 17).

Post-mortem studies indicate an increased expression of
inflammatory markers and excitotoxicity in the frontal cortex
of patients with BD compared to healthy controls (18-20).
Examination of cerebrospinal fluid provides some further
evidence of higher concentrations of interleukin-8 (IL-8) linked
to the treatment of BD with lithium salts (21). Other studies
demonstrate higher levels of monocyte chemoattractant protein
1 and chitinase-3-like protein 1 (22-24), and changes in
concentrations of lymphocytes Th1, Th2, or cytokines. Some of
these changes depend on the stage of the disease (25-27).

A growing body of evidence points to the fact that the
activation of systemic inflammatory reactions occurs in the
course of mood disorders, including BD (28, 29). Furthermore,
there are increased levels of proinflammatory cytokines in the
peripheral blood of patients with BD. While the findings are not
conclusive, cytokine concentrations appear to vary depending
on the stage of the disease and its subtype (30, 31). During
euthymia there are increased concentrations of IL-10, TNF-
o, and increased levels of neutrophils and monocytes (32).
Epidemiological studies show higher comorbidity of BD and
autoimmune diseases or metabolic disorders, whose pathogenesis
is mediated by inflammatory processes (33-35).

The central nervous system was traditionally perceived as an
immunologically privileged organ, but nevertheless there is some
communication between the CNS neural tissue with the immune
system (36, 37). In addition, leakages within the blood-brain
barrier can occur during the periods of BD exacerbation, and thus
a cross-talk between the central nervous system and the immune
system may be facilitated (38, 39).

The complement system is involved in both immunological
as well as regenerative processes. It consists of dozens of
proteins produced mainly in the liver and in small amounts
also by neurons, microglia, astrocytes and oligodendrocytes,
and several cell receptors. In addition to participating in the
immunological mechanisms, it plays an important role in
processes such as: reducing inflammatory reaction, removal of
apoptotic cells, angiogenesis, wound healing, repair processes
and the mobilization of some types of stem cells. It is considered
to play a role in the pathogenesis of neurodegenerative diseases
(40-42). Complement component C3a affects neurogenesis,
stimulates the differentiation of neural progenitor cells under
hypoxic conditions. It also modulates astrocytes’ response to
ischaemia, increasing their ability to survive stress conditions
associated with ischemia. During the development of nerve cells
in fetal life, it acts as a chemoattractant for these cells (43—
46). Soluble anaphylatoxins (C3a, C4a, and C5a) control local
inflammatory response by activating and attracting leukocytes
(47). The presence of the receptors C5aR C3aR on neurons
can prevent their apoptosis, while sublithic levels of C5b-9 can
protect oligodendrocytes from apoptosis. At the same time,
it is known that the activated complement is involved in a
process called synaptic elimination, it enhances the secretion of
proinflammatory cytokines by glial cells and induces neuronal
damage and death by C5b-9 (48). The C5a component has a
neuroprotective effect on mature neurons (49).

Despite all past attempts at defining the role of the
complement system in the etiology of BD remains uncliear.
Certainly, it is involved in the neuroinflammation process (50).
It is one of the many factors, whose interactions lead to
the development of BD (51). The complement system is also
believed to be one of the elements linking the theory of prenatal
infection or hypersensitivity to gluten with the development of
neuropsychiatric disorders (52).

The aim of this study was to evaluate alterations in the
levels of complement components in patients with BD as
well as to determine whether these alterations are related to
psychopathological manifestation of BD.

MATERIALS AND METHODS

Participants

The study involved 30 unrelated patients suffering from BD for
at least 10 years, not treated with lithium salts for at least 5 years
prior to the study, due to the potential impact of lithium salts
on inflammation and regeneration processes (53). A diagnosis of
BD was established according to the ICD-10 criteria (54). At the
time of the study all patients were in a stabilized mental state
and met the criteria for BD remission. Exclusion criteria were
presence of active substance dependence in the last 6 months
(except for nicotine addiction); current or lifetime history of
significant organic brain damage; cognitive impairment typical of
dementia; serious somatic diseases, glucose intolerance, currently
active inflammatory disease (exclusion based on the results of
laboratory tests and physical examination); mental disorder other
than BD, or personality disorders. The control group consisted
of 30 individuals matched for age, sex, BMI, smoking habits,
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and sociodemographic factors. The controls did not manifest any
symptoms of a mental disorder at the time of the study. They were
also somatically healthy.

Clinical Assessment

All patients underwent a standard psychiatric, physical and
neurological examination. Demographics and family history
were collected in the form of a standardized medical history.
Presence of psychiatric disorders other than BD was excluded
using the Mini International Neuropsychiatric Interview (MINI)
questionnaire (55). The patient group was divided into two
subgroups according to the type of the disease: BD type I (BD-
I) and BD type II (BD-II) (56). To assess the severity of mood
disorders, we used the Montgomery-Asberg Depression Rating
Scale (MADRS) (57) and the Young Mania Rating Scale (YMRS)
(58). Data on previous treatment was based on medical records
and the interview. All patients were treated in line with the Polish
standards of pharmacological treatment of affective disorders
(59, 60). At the time of the study, patients were primarily treated
with: lamotrigine in doses ranging from 50 to 300 mg/day (12
patients); valproic acid/sodium valproate in doses ranging from
600 to 1,500 mg/day (10 patients); quetiapine in doses from 100
to 700 mg/day (14 patients); olanzapine in doses of 5-20 mg/day
(5 patients); clozapine in doses of 225 mg/day (1 patient) and
aripiprazole (1 patient). In addition, the patients were receiving:
sertraline (2 patients); venlafaxine (2 patients); escitalopram
(1 patient); citalopram (1 patient); mirtazapine (1 patient);
paroxetine (1 patient); clomipramine (1 patient); perazine (1
patient); levomepromazine (1 patient) and chlorprothixene (1
patient). For statistical analysis, all doses of antypsychitics were
converted to chlorpromazine equivalents (61-63). The drug
and its dosage were determined by the patients physician. The
research team did not modify the prescribed treatment in any
way. Healthy controls underwent similar examinations to exclude
mental disorders and somatic diseases.

Measurement of Complement Cascade
Components

Venous blood samples were collected between 8 am and 9 am
after overnight fasting. For determination of the C5b-9 (MAC)
levels, we used the Human C5b-9 ELISA Set (BD OptEIA). The
levels of C3a and C5a were determined using the Human C3a
ELISA Kit and the Human C5a ELISA Kit (BD OptEIA).

Statistics

The results were analyzed using the STATISTICA 13.1 software
(StatSoft, Inc.). In order to verify normality of data distribution,
we used the Shapiro-Wilk test. Due to the fact that the
parameters were not normally distributed, bivariate analyses
were performed using the Mann-Whitney U-test. In the
next step, the analysis of co-variance (ANCOVA) testing for
differences in the levels of complement cascade components
was performed. The following variables were used as co-
variates: chlorpromazine equivalent dosage, valproate/valproic
acid dosage, lamotrigine dosage, BMI and cigarette smoking
status. The distribution of C3a and C5a levels fell within
acceptable ranges of skewness (C3a: —0.492, C5a: 1.554) and

kurtosis (C3a: —0.651, C5a: 1.834 Cb5a) and thus this data was
not transformed before ANCOVA. The distribution of C5b-
9 fell originally beyond acceptable range and it was square
root transformed. After data transformation, skewness and
kurtosis appeared to be acceptable (skewness: —0.455, kurtosis

TABLE 1 | Clinical and demographic characteristics of the study sample.

Patient group Control group P
(BDG) (CG)
n=30 n=30
Age in years (mean + 48.08 +£ 11.54 43.90 £ 10.74 0.0699
SD)
Sex Male 15 (50.0%) Male 13 (43.3%) 0.6650
Female 15 (50.0%)  Female 17 (56.7%)
Marital status Single 4 (13.3%) Single 5 (22.7%) 0.2359
Married 17 Married 13
(56.7%) (69.1%)
Partnership 2 Partnership 3
(6.7%) (13.6%)
Widow(er) 1 (3.3%)  Widow(er) 0 (0.0%)
Divorced 6 Divorced 1 (4.6%)
(20.0%)
Education Elementary O Elementary O 0.3083
(0.0%) (0.0%)
Vocational 5 Vocational 1
(16.7%) (4.5%)
Secondary 11 Secondary 8
(36.7%) (36.4%)
Higher 14 (46.6%) Higher 13 (59.1%)
Occupation Student 1 (3.3%) Student 4 (18.2%) 0.0012
Employed 15 Employed 18
(50.0%) (81.8%)
Unemployed 2 Unemployed 0
(6.67%) (0.0%)
Retired 2 (6.67%) Retired 0 (0.0%)
Disability Disability
pensioner 10 pensioner 0 (0.0%)
(33.3%)
Residence Rural 3 (10.0%) Rural 3 (13.6%) 0.9042
Small town 1 Small town 1
(3.3%) (4.6%)
Medium-size town Medium-size town
4 (13.3%) 1(4.6%)
City 22 (73.4%) City 17 (77.2%)
Smoking Yes 13 (43.3%) Yes 9 (40.9%) 0.8905
No 17 (65.7%) No 13 (59.1%)
BMI (mean + SD) 26.53 + 4.86 2515+ 4.48 0.2173
BD type BD-I 22 (73.3%)
BD-II 8 (26.7%)
Disease duration 17.63 + 8.22
(years) (mean + SD)
Treatment duration 11.84 £8.73
(years) (mean + SD)
MADRS mean score 0.07 £1.71
(mean + SD)
YMRS mean score 0.93 +£1.26
(mean + SD)
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—0.638) (64). To evaluate correlations between continuous
variables, we used the Spearman’s rank correlation coefficient.
Results were considered significant if the p-value was below
0.05.

RESULTS

General characteristics of patients and controls are shown
in Table1. Both groups did not differ significantly in terms
of socio-demographic characteristics, except for vocational
status. Indeed, there were significantly more employed
individuals in the group of controls. Concentrations of all
investigated complement components were higher in the
group of patients compared to the control group (Table 2).
These differences were also significant in separate analyses of
BD-I and BD-II patients. However, BD-II patients presented
higher C5b-9 concentrations than BD-I patients (trend level
significance).

The ANCOVA revealed that there were significant effects of
BD diagnosis on the levels of C3a and C5a after co-varying
for BMI, smoking, chlorpromazine equivalent dosage and mood
stablizer dosage (Table 3). However, differences in the levels of

C5b-9 appeared to be insignificant after controlling for the same
co-variates.

There were no significant correlations between the
concentrations of complement cascade components and
the scores of MADRS and YMRS (Table 4).

DISCUSSION

We demonstrated significantly higher concentrations of each of
the three identified complement cascade components in patients
with BD compared to healthy subjects. Such patterns were also
observed when comparing the distinguished BD-I and BD-II
patient groups to the control group. When the concentrations
were compared between BD-1 and BD-II patients, there was
a higher C5b-9 concentration in patients with BD-II subtype.
However, due to the small number of BD-II patients, the latter
difference should be interpreted with caution. Despite elevation
of levels of all examinated components, only C3a and C5a
were elevated in BD patients after adjustment for potential
confounding factor related to differences in BMI and cigarette
smoking as well as medication effects. Differences in the levels of

TABLE 2 | Concentrations of complement components in the study sample.

A. COMPARISONS of C3a, C5a and C5b-9 SERUM CONCENTRATIONS IN BD PATIENTS AND HEALTHY CONTROLS

Complement component BD patient group (n = 30)

C3a [ng/mi] 968.62 + 82.65
C5a [ng/mli] 203.56 + 128.56
C5b-9 [ng/mi] 408.94 + 4020.96

B. COMPARISONS OF C3a, C5a AND C5b-9 SERUM CONCENTRATIONS IN BD TYPE | PATIENTS AND HEALTHY CONTROLS

Complement component BD type | patient group (n = 22)

C3a [ng/mli] 959.36 + 67.20
C5a [ng/mi] 191.49 + 117.65
C5b-9 [ng/mi] 369.21 + 147.31

C. COMPARISONS OF C3a, C5a AND C5b-9 SERUM CONCENTRATIONS IN BD TYPE Il PATIENTS and HEALTHY CONTROLS

Complement component BD type Il patient group (n = 8)

C3a [ng/mi] 994.08 + 117.26
C5a [ng/mli] 236.75 + 158.86
C5b-9 [ng/mi] 518.18 + 149.58

D. COMPARISONS of C3a, C5a and C5b-9 SERUM CONCENTRATIONS IN BD TYPE | PATIENTS AND BD TYPE Il PATIENTS

plasma factor BD type | patient group (n = 22)
CBa [ng/ml] 959.36 + 67.20
Cba [ng/ml] 191.49 + 117.65
C5b-9 [ng/ml] 369.21 + 147.31

Control group (n = 30) p
638.78 + 146.96 0.000001
74.00 £ 63.01 0.000001
267.78 + 303.48 0.0002
Control group (n = 30) p
638.78 + 146.96 0.000001
74.00 £ 63.01 0.000001
267.78 + 303.48 0.0016
Control group (n = 30) p
638.78 + 146.96 0.000001
74.00 £ 63.01 0.0001
267.78 + 303.48 0.0007
BD type Il patient group (n = 8) p
994.08 + 117.26 0.0575
236.75 + 158.86 0.6559
518.18 + 149.58 0.0292

TABLE 3 | The ANCOVA results testing for differences in the levels of complement cascade components after co-varying for potential confounding factors.

BD Chlorpromazine equivalent Valproate/valproic acid Lamotrigine BMI Smoking
F P F P F P F P F P F P
C3a 30.032 0.000 0.000 0.993 0.000 0.990 0.014 0.907 0.054 0.817 0.043 0.837
Cba 11.112 0.002 1.704 0.199 0.031 0.861 3.306 0.076 0.838 0.365 1.440 0.237
sqrtCs5pb9 4.022 0.051 0.117 0.734 0.021 0.885 0.036 0.850 0.001 0.975 0.030 0.864
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TABLE 4 | Correlation between YMRS score, MADRS score and C3a, C5a, C5b-9 concentrations in the study sample.

Complement component MADRS YMRS

Rs R2 p Rs R2 p
C3a —0.0918 0.0084 0.6296 0.0936 0.0088 0.226
Cbha —0.1926 0.0371 0.3079 —0.0326 0.0011 0.8642
C5b-9 0.2708 0.0731 0.1486 0.1520 0.0231 0.4226

C5b-9 appeared to be insignificant after controlling for potential
confounders.

It is difficult to refer our results to current evidence in the
field as there is a scarcity of srudies addressing these alterations.
For instance, Spivak et al. found no significant differences in
the concentrations of C3 and C4 between BD patients and
patients with other psychiatric disorders or healthy controls
in study on forty individuals, of whom eight were diagnosed
with BD. However, the authors did not test the concentrations
of the active forms of complement cascade components (65).
Another study revealed that serum concentrations of C3 and C4
in patients with BD were comparable to the levels in healthy
individuals, but significantly lower than in schizophrenia patients
(66). Active forms of complement cascade components were also
not measured in this study. In turn, there are reports on higher
peripheral concentrations of C3, C4, and C6 in the course of a
manic episode in BD patients as compared to healthy subjects
(67). Similarly, higher concentrations of C4 were earlier observed
in patients during the course of bipolar psychosis (68).

Reports on the plasma concentrations of complement
components in other psychiatric disorders are also scarce. Studies
on mobilization of stem cells into the peripheral blood in patients
with psychotic disorders also involved evaluation of components
of the complement cascade, as potential factors influencing the
process of mobilization of these cells. They showed reduced
C3a concentrations in untreated patients with first-episode
psychosis. After the initiation of antipsychotic treatment, there
was no significant difference in C3a levels as compared to the
control group. A second similar study on patients with panic
disorder showed decreased levels of all investigated components,
namely C3a, C5a, and C5b-9 (69-71). On the other hand, in
a study examining concentrations of C4 and sC5b-9 (soluble
C5b-9), Akcan et al. (72) found lower concentrations of these
components in patients with chronic BD, both in the acute and
chronic phase, compared to healthy controls and individuals with
the first episode of mood disorders in the course of BD. These
concentrations were inversely correlated with the YMRS score
and duration of the disease. We did not observe any correlation
between the levels of complement cascade components with
YMRS and MADRS scores. It should be noted, however, that
in contrast to our study, Akcan et al. examined patients in the
period of unstable mood and treated with, among others, salts
of lithium, which was a clear difference between theirs and our
study (72).

Due to their ability to activate and attract leukocytes,
anaphylatoxins C3a and C5a seem to be an important link in the

inflammatory processes associated with the complement system
within the CNS. Importantly, C3a is also a key element in
the endothelial and leukocyte activation within the CNS (73).
Although in certain situations it may have anti-inflammatory
effects, its pro-inflammatory effects take over in the course
of chronic reactions, affecting progression of the disease (74,
75). Thus, it seems that the increased concentrations of the
complement cascade components observed in the present
study may be indicative of a chronic inflammatory process,
which could give rise to neurodegenerative changes in the
CNS (76).

As previously mentioned, in healthy individuals the blood-
brain barrier (BBB) prevents the entry of proteins, including the
complement, into plasma. However, pathological conditions may
lead to the blood-brain barrier leakage, affected by, among others,
C5a. It has been shown that after several hours from such a
leakage, complement components may penetrate the brain tissue.
Itis believed that the permeability of the BBB can further progress
in with subsequent BD exacerbations (39, 73, 77, 78). For these
reasons, increased concentrations of C3a and C5a in patients with
BD may significantly affect the central nervous system, including
the regenerative processes.

In our study, we demonstrated that there is an activation of the
immune system manifested by an increase in the concentrations
of C3a and C5a complement cascade components in the course
of BD. However, it should be clearly stated here that the
limitation of the study was a small sample size. In their
aforementioned study, Kucharska et al. demonstrated a lower
C3a concentration in patients with first-episode psychosis as
compared to healthy controls (69). In agreement with these
findings, complement cascade components have been found to
be helpful in differentiating first-episode psychosis (79). In the
study on panic disorder, on the other hand, there was no evidence
of increased complement activation (70). Therefore, it seems
that complement system alterations might be different in distinct
groups of mental disorders. Still, there are no reports on C3a, C5a,
and C5b-9 levels in depressive disorders or in early stages of BD,
i.e., situations involving greatest diagnostic difficulties (71).

In summary, BD patients experience a systemic dysfunction
of the immune system manifested by the activation of
the complement cascade. In the future, components of the
complement system may become useful in research of a
biomarker helpful in diagnosing BD. However, further studies
addressing complement cascade alterations in various stages of
BD and other mental disorders are needed to establish their
relevance as potential biomarkers.
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Background: A mild pro-infammatory status accompanies bipolar disorder (BD).
Inflammation can cause a shift in monoamine metabolism, thereby activating more
cytotoxic pathways. The extent to which low-grade inflammation in BD interacts with
monoamine metabolism and how this accords to aging and clinical course is unknown.

Objectives: We evaluated the presence of alterations in inflammation and monoamine
metabolism in BD throughout different mood states and the role of aging therein.

Methods: Sixty-seven patients with BD were included during an acute mood episode,
either depressive (n = 29), (hypo)manic (n = 29), or mixed (n = 9). Plasma levels
of inflammatory markers [tumor necrosis factor alpha (TNF-a), interferon gamma
(IFN-y), interleukin-6 (IL-6), and C-reactive protein (CRP)] and markers of monoamine
metabolism (neopterin, tryptophan, kynurenine, phenylalanine, and tyrosine) were
measured repeatedly during a follow-up of 8 months. Levels in patients were compared to
controls (n = 35) and correlated to HDRS-17 and YMRS scores. Spearman correlations
and linear mixed model analysis were used for statistical analysis.

Results: Forty-nine patients and 30 controls (age range: 22-62 years) completed
the study. No significant differences in inflammatory markers were found between
patients and controls overall. Tryptophan, tyrosine, and phenylalanine levels were lower
in patients. In both patients and controls, markers of inflammation correlated only weakly
with markers of monoamine metabolism, but correlations representative for activity of
cytotoxic pathways in monoamine metabolism were more pronounced in patients. In
patients, but not in controls, older age was associated with increases in inflammatory
markers (IL-6, CRP, neopterin) and the kynurenine/tryptophan ratio. None of the biological
markers correlated significantly with mood symptom severity.

Conclusion: Our data suggest an increased susceptibility of patients with BD to
develop a pro-inflammatory state and to shift monoamine metabolism toward more
cytotoxic pathways. These findings are in support of the theory of neuroprogression
and accelerated aging in BD. Since associations between biological markers and clinical
characteristics are limited, it remains to be determined if alterations in biological markers
are due to a disease effect or rather are a consequence of confounding factors.
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van den Ameele et al.

Inflammation and Monoamine Metabolism in Bipolar Disorder

INTRODUCTION

Low-grade inflammation has been documented extensively in
bipolar disorder (BD). Increased levels of pro-inflammatory
cytokines and acute phase proteins have been shown during
acute mood episodes (1-5) and in later stages of the disease
(4, 6). Even during euthymia, isolated monocytes were found
to express more pro-inflammatory genes, and the activity of
hippocampal microglia was increased (7-9). According to the
theory of accelerated aging, the early onset of a chronic low-grade
inflammation underlies neuroprogression in BD by affecting
monoamine synthesis and increasing the production of cytotoxic
metabolites (10, 11).

Rising evidence suggests that immune system pathways
act on monoamine biosynthesis (See Figurel) (12-14). In
chronic inflammation, activation of guanosine triphosphate
cyclohydroxylase 1 (GTP-CH1) by the pro-inflammatory
cytokines interferon gamma (IFN-y) and tumor necrosis factor-
alfa (TNF-a) results in increased neopterin production at the
expense of tetrahydrobiopterin (BH4). Neopterin is a marker of
activated cell-mediated immunity and increased oxidative stress
(15, 16), while BHy is an essential cofactor in the synthesis of
dopamine, noradrenaline, adrenaline and serotonin (17-19).
IEN-y and TNF-a also stimulate indoleamine 2,3 dioxygenase
1 (IDO-1) activity. Upon immune activation, IDO-1 converts
tryptophan to kynurenine and thus depletes tryptophan for
serotonin synthesis. Kynurenine metabolites have several
downstream cytotoxic or neuroactive effects (14, 20).

In viral infections, cancer and autoimmune diseases,
inflammatory markers have already been correlated with
monoamine synthesis and neopterin production (16). As seen in
healthy aging, low-grade inflammation correlates to increased
neopterin levels and IDO-1-mediated induction of tryptophan
metabolism. In otherwise healthy elderly IDO-1 and GTP-CH1
activity have been associated with depressive symptomatology
(17). Decreased levels of BH4 have been found in patients
with major depression and schizophrenia (21, 22). Although
changes in neopterin levels and IDO-1 activity were found in
patients with BD (23, 24), it remains unclear whether these
changes in monoamine synthesis correlate with inflammatory
alterations.

The aim of this study was to evaluate a possible association
between inflammation and monoamine metabolism in bipolar
disorder and its relation to aging and clinical course. We
hypothesized pro-inflammatory cytokines to be increased in
patients with BD compared to healthy controls, and more so
during mood episodes and in older patients with a longer
duration of illness, resulting in an activation of GTP-CHI1 and
IDO-1.

METHODS

Participants

Inpatients were recruited in 3 psychiatric centers in the
region of Antwerp, Belgium. Outpatients were recruited via
the Flemish patient association. The inclusion criteria were
age 18-65 years, DSM-IV diagnosis of BD type I, type II

Inflammatory cytokines

(IFN-y, TNF-a...)
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.// ’/,—" . \\'
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l &
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v l N QUIN
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Tyr ) ‘
y y Trp
L-DOPA
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FIGURE 1 | Influence of inflammatory cytokines on neurotransmitter
metabolism. The pro-inflammatory cytokines IFN-y and TNF-a can activate
enzymatic pathways that change neurotransmitter metabolism. IFN-y
stimulates GTP-CH1, resulting in the synthesis of BH4 and neopterin. TNF-a
further enhances IFN-y-stimulated GTP-CH1 activity. Neopterin is aimost
exclusively synthesized in and released by activated cells of the
monocyte/macrophage system and used as a marker for activated
cell-mediated immunity. Increased neopterin levels also indicate increased
oxidative stress induced by immune-mediated processes. In chronic
inflammation, mainly neopterin is released at the expense of BH, production.
BH, is an essential cofactor in the synthesis of dopamine, noradrenaline,
adrenaline and serotonin. IFN-y and TNF-a also stimulate IDO-1 activity. Upon
immune activation, IDO-1 converts Trp to Kyn and thus depletes Trp for
serotonin synthesis. Downstream kynurenine metabolites have several
cytotoxic or neuroactive effects. Arg, L-Arginine; BHy4, tetrahydrobiopterin;
GTP-CH1, guanosine triphosphate cyclohydroxylase 1; IDO-1, indoleamine
2,3 dioxygenase 1; IFN-y, interferon gamma; IL, interleukin; iINOS, inducible
nitric oxide synthase; Kyn, kynurenine; KYNA, kynurenic acid; L-DOPA,
L-8,4-dihydroxyphenylalanine; NH>PPP, dihydroneopterin triphosphate; NO,
nitric oxide; PAH, phenylalanine hydroxylase; Phe, phenylalanine; TH, tyrosine
hydroxylase; TNF-a, tumor necrosis factor alpha; TPH, tryptophan
hydroxylase; Trp, tryptophan; Tyr, tyrosine; QUIN, quinolinic acid; 3-HK,
3-hydroxykynurenine.

or schizoaffective disorder and suffering from a depressive or
(hypo)manic episode at time of inclusion. Clinical assessments
are described below (see section Clinical Assessments). Age and
gender matched controls were recruited mainly among staff
members of the participating centers. We ensured an equal
distribution of inclusions of patients and controls throughout
the year to account for seasonality in immune system activity
(25). Exclusion criteria for both patient and control group
were: substance abuse, use of anti-inflammatory drugs within
2 weeks preceding screening or test days, acute infection,
autoimmune diseases, chronic inflammatory or neurological
diseases, pregnancy or breastfeeding, electroconvulsive therapy
(ECT) within 6 months before screening or during follow-
up, mental retardation, significant disturbances on a screening
blood test evaluating complete blood count, electrolytes, fasting
glucose, lipid profile, liver, kidney and thyroid function,
and serology (human immunodeficiency virus, hepatitis B
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and C). Urine drug testing was routinely done at screening
and repeated on subsequent test days when drug abuse
was suspected (e.g., history of substance abuse, unreliable
anamnesis). In the control group, additional exclusion criteria
were applied: current or past diagnosis of major depressive
disorder, BD or psychotic syndrome as defined by DSM-
IV criteria and BD or psychotic syndrome in a first-degree
family member and current use of psychopharmacological
drugs. There were no other restrictions regarding medication
use.

Participants were recruited between March 2015 and May
2016. The study was approved by the Committee for Medical
Ethics of the University Hospital Antwerp and the Antwerp
University with protocol number B300201421645. The local
ethical committees of the participating centers approved the
protocol. All participants agreed to participate in the study
and signed informed consent. The study complied with the
Declaration of Helsinki.

Study Design

Patients were recruited during an acute mood episode, either
depressed, (hypo)manic or mixed. In both patients and controls,
screening was followed by a first test day after 1-5 days.
Subsequent test days were planned after, respectively 1, 2, 4, 6,
and 8 months of follow-up, resulting in 6 test days per participant
over the course of 8 months. Every test day included the same
clinical and laboratory assessments as described below. During
the study period, patients received treatment as usual without
intervention of the investigators.

Clinical Assessments

The M.IN.L-plus, International Neuropsychiatric Interview,
version 5.0.0 was chosen as diagnostic instrument in patients
and controls because of its accurate structured DSM-IV diagnosis
and convenience to administer (26). In patients, the severity
of mood symptoms was assessed by the 17-item Hamilton
Depression Rating Scaling (HDRS-17) (27) and the Young
Mania Rating Scale (YMRS) (28) at screening and on all test
days. At screening, threshold score for inclusion was set at
>17 for the HDRS-17 or >13 for the YMRS, corresponding
to moderate depression or hypomania, respectively (29, 30).
On all subsequent test days, the mood state of patients was
classified as “depressive;” “(hypo)manic,” “mixed,” or “euthymic”
according to the HDRS and YMRS scores. Psychotic symptoms
were evaluated on test days using the positive subscale of the
Positive and Negative Syndrome Scale (PANSS) (31). In the
control group, the occurrence of mood episodes during follow-
up was evaluated on all test days based on a short screening
questionnaire. For all participants, we assessed medication
use and the occurrence of any of the exclusion criteria
on every test day. All clinical assessments were done by a
psychiatrist in training (SvdA) and supervised by a psychiatrist
(MM).

Laboratory Assessments
Blood was drawn by venipuncture between 08.00 and 10.30 a.m.
into a citrate vacuum tube (2.7 ml). Tubes were immediately

stored at 4°C, centrifuged at 2 g and 4°C for 10 min within 2h
after blood draw, and plasma was aliquoted and stored at —70°C
until assayed.

TNF-a, IFN-y, IL-1f, IL-4, IL-6, and CRP were measured
in duplicate by an electrochemiluminescence immunoassay
technique developed by Mesoscale Discovery (Rockville, USA)
according to the manufacturer’s instructions. Kits used for
detection were V-plex Pro-inflammatory Panel I for TNF-a, IFN-
y, IL-1B, IL-4, and IL-6 and Human Vascular Injury Panel for
CRP. The lower limits of detection (LLOD) were, respectively
0.04, 0.2, 0.04, 0.02, 0.06, and 1.3 pg/ml. Sample signals were
fitted on a 4-parametric logistic calibration curve to calculate
concentrations.

Patient and control samples were analyzed in randomized
sequence with both samples of a single subject on the same
plate and an equal distribution of patients and controls per plate.
Samples with a coefficient of variation (CV) >20% were excluded
from statistical analyses. Because >80% of the samples were
below the LLOD for IL-18 and IL-4, these cytokines were not
included in statistical analyses. Excluded samples were equally
distributed among patients and controls. For TNF-a, IFN-y, IL-
6, and CRP, >80% of the samples were included for analysis. The
mean CV and standard deviation were 6.3 (4.7), 8.4 (5.5), 7.6
(5.5), 5.4 (4.5), respectively.

Neopterin concentrations were determined by enzyme-
linked immunosorbent assay according to the manufacturer’s
instructions (BRAHMS Diagnostics, Hennigsdorf, Germany).
Tryptophan, kynurenine, phenylalanine, and tyrosine were
determined by high-performance liquid chromatography, as
described previously (32, 33). The ratios of Kyn/Trp and
Phe/Tyr were calculated as indexes of IDO-1 and PHA activity,
respectively. The Phe/Tyr ratio is also used as a reliable measure
of BHy availability (34).

Statistical Analysis

Normality of outcome variables and homoscedasticity of
residuals were evaluated by visual inspection. For the regression
modeling, IFN-y, IL-6, TNF-a, and CRP concentrations were log-
transformed to obtain a normal distribution. Homogeneity of
variances was assessed by Levene’s test and further analyses were
adapted accordingly.

Baseline differences in clinical and demographic parameters
between the patient and control group were examined by two-
tailed independent t-tests for continuous variables and Pearson
chi-square test for categorical variables.

Longitudinal data were examined using linear mixed model
analysis with the biological parameters as outcome variable.
Based on the LogLikelihood value, we fitted a model that
included the subject ID as random intercept. We included
subsequently group (patient vs. HC) and mood state [depression
vs. (hypo)mania vs. mixed episode vs. euthymia vs. controls] as
fixed effects. Smoking status and BMI were added as covariates
to the adjusted models. As nutritional status affects amino acid
levels, albumin concentrations were also added as covariates in
the adjusted model of amino acid level prediction. Impact of
age was assessed by adding age and the interaction between age
and group as covariates in the linear mixed model. The output
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from the mixed model analysis, is reported as “F-ratio (DF);
p-value; b.”

The relation among biological parameters and the relation
between symptom severity scores and biological parameter levels
were studied by pairwise correlations. Correlations are reported
by the Spearman’s rho for non-parametric distributions. P-values
below 0.05 were considered statistically significant. All statistical
analyses were performed in JMP Pro 12 (JMP, Marlow, UK).

RESULTS

Participants

Sixty-seven patients with BD and 35 controls were included.
At screening, 29 patients had a depressive episode, 29 patients
a hypomanic or manic episode, and 9 patients a mixed
episode. Demographic and metabolic characteristics are
shown in Table 1. Patients and controls were matched by
sex and age. Body mass index (BMI) and the percentage
of smokers were higher in patients compared to controls.
No other significant differences in demographic or
metabolic parameters were found between patients and
controls. Clinical characteristics of patients are shown in
Table 2.

Forty-nine patients and 30 controls completed the 8-month’s
study design. Drop-out in the patient group was due to:
chronic use of low-dose acetylsalicylic acid (n = 5), substance
abuse (n = 3), ECT (n = 2), and loss of contact or lack
of motivation for further participation (n = 8). Drop-out in
the control group was due to difficult blood draws (n = 1)
and repeated orthopedic surgery (n = 1). Three controls were
only included for baseline testing. The mean number of test
days per participant was 5.0 in patients and 5.4 in controls.
Over 8 months, the total number of blood samples included
for analyses was 336 in patients and 188 in controls. In

TABLE 1 | Baseline demographic and metabolic characteristics.

Patients Controls p-value?

N 67 35
Gender, female 39 (68.2) 19 (564.9) 0.704
Age, years 43.3 +£11.1 (23-62) 42,7 £ 11.6 (23-62) 0.883
Caucasian 63 (94.0) 34 (97.1) 0.489
Smokers 32 (47.8) 6(17.1) 0.002
BMI, kg/cm? 25.3 + 4.2 (18-39) 23.7 £+ 2.6 (20-29) 0.025
Waist, cm 89.1 +£12.1 (66-122) 84.4 £ 9.6 (67-104) 0.059
Fasting glucose, 90.0 + 9.3 (69-116) 87.5 £ 6.8 (73-102) 0.176
mg/dl
Cholesterol, mg/dl

Total 186.5 £ 44.7 (101-341) 190.9 + 42.4 (132-283)  0.636

HDL 58.6 &+ 17.8 (24-102) 62.0 + 18.4 (28-118) 0.372

LDL 105.6 + 40.9 (44-264)  109.0 + 33.4 (57-184) 0.674

Data presented as mean + SD (range) or n (%). BMI, body mass index; HDL, high density
lipoprotein; LDL, low density lipoprotein. @p-values of t-test or Chi-squared test. Bold
values: significant p-values (p < 0.05).

total, 178 test moments were during a depressive episode, 71
during a (hypo)manic episode, 23 during a mixed episode, and
64 test moments were during a euthymic episode. Symptom
severity scores by mood state are shown in Table3 and
Table S1.

Biological Markers in Patients and Healthy

Controls

Biological Markers in Patients vs. Controls

The overall levels of inflammatory markers and amino acids
in patients and controls are shown in Table S2. No significant
differences in levels of inflammatory markers (IFN-y, IL-6,
TNF-a, and CRP) were found between patients and controls.
Patients had significantly lower levels of tryptophan [F(g; 4y = 5.2;
p = 0.026; b = 3.37], tyrosine [F(93 ) = 7.8; p = 0.006; b = 9.56],
and phenylalanine [Fgs0) = 9.6; p = 0.003; b = 5.14] as
compared to controls. After adjustment for BMI and albumin
levels, also kynurenine was found to be lower in patients

TABLE 2 | Clinical characteristics and baseline data of patients.

N 67
Diagnosis
BD type | 42 (62.7)
BD type Il 23 (34.3)

Schizoaffective disorder
Age of onset, years
Duration of illness, years
First episode: depression
Age first depression, years
Age first mania/hypomania, years
Lifetime psychotic features
Total number of hospitalizations

29

24.9 & 11.5 (8-55)
17.6 + 11.3 (0-49)
40 (60.6)

25.9 + 12.1 (8-55)
28.9 + 11.9 (8-59)
37 (55.2)

0 9 (13.4)
1-5 45 (67.2)
6-10 13(19.4)
Lifetime substance abuse 30 (44.8)
Alcohol 18 (26.9)
THC 13(19.4)
Hard drugs 5(7.5)
Baseline medication use
Medication-free 6 (9.0)
Lithium 24 (35.8)
Valproate 9(13.4)
Carbamazepine 3(4.5)
Lamotrigine 8(11.9)
Antipsychotic 42 (62.7)
Antidepressant 31 (46.3)
Benzodiazepine 24 (35.8)
Baseline mood episode
Depression 29 (43.3)
(Hypo)mania 29 (43.3)
Mixed 9(13.4)

Data presented as mean + SD (range) or n (%). BD, bipolar disorder; THC,

tetrahydrocannabinol.
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[Fos6) = 3.95 p = 0.0499; b = 0.13]. After adjustment for
smoking status, kynurenine remained significantly lower in
patients [Fg9) = 4.0; p = 0.048; b = 0.16]. Neopterin and the
Phe/Tyr and Kyn/Trp ratios did not differ significantly between
patients and controls.

Differences between controls and different mood states in
patients [i.e., depression vs. (hypo)mania vs. mixed episode vs.
euthymia vs. controls] are shown in Table 3. No differences
in levels of inflammatory markers were found. The decrease
in tryptophan, tyrosine, and phenylalanine found in the total
patient group is significantly more pronounced in depressive
patients. These findings did not retain statistical significance after
adjustment for smoking status.

Correlation Between Markers of Inflammation and
Amino Acids in Patients vs. Controls

In both patients and controls, inflammatory parameters
correlated positively to neopterin levels. IFN-y and TNF-a
positively correlated to Kyn/Trp in both groups. In patients, but
not in controls, IL-6 correlated positively to the Kyn/Trp ratio
and negatively to tryptophan. Neopterin correlated positively to
kynurenine and the Kyn/Trp and Phe/Tyr ratios, with a stronger
correlation in patients. Further details on correlations are shown
in Table 4 and Table S3.

Impact of Age and Course of lliness on Biological
Markers

Correlations between inflammatory markers and symptom
severity scores were weak and not significant (see Table S4).
Small inverse correlations were found between HDRS scores
and tryptophan (p = —0.13), kynurenine (p = —0.14), and
tyrosine (p —0.11) levels, while positive correlations (p
between 0.15 and 0.22) were found between YMRS and PANSS
positive subscale scores and tryptophan, kynurenine, tyrosine,

and phenylalanine levels. Neopterin levels and the Phe/Tyr and
Kyn/Trp ratios were not significantly correlated to symptom
severity scores, except for a weak positive correlation between
Phe/Tyr and HDRS scores (p = 0.13). See Table S4 for further
details. In line with the correlations, the presence of psychotic
features was associated with an increase in phenylalanine levels
[Fs18.4) = 9.1 p = 0.003; b = 4.99].

Longer duration of illness was associated with higher TNF-a
[Fie52) = 5.3; p = 0.024; b = 0.01], kynurenine [F(e47) = 4.3;
p = 0042 b = 0.01], Kyn/Trp [Feeq) = 8.0; p = 0.006;
b = 0.17], and neopterin [F(79,) = 6.2; p = 0.015; b = 0.03],
effect sizes are rather small. Comparing the impact of aging on
biological parameters between patients and controls, we observed
a significant interaction effect between age and patient/control
status for IL-6, CRP, neopterin, and the Kyn/Trp ratio. Patients
have rising IL-6, CRP, neopterin, and Kyn/Trp ratio with older
age, while these parameters are stable in controls (see Figure 2).
A similar age effect is found when comparing biomarker levels in
participants below and above 45 years of age (see Table 5). Only
in the patient group we observed a significant difference between
both age groups: the older patient group had higher levels of
Kyn/Trp, neopterin, IL-6, and TNF-a and lower tryptophan
levels. Comparing patients and controls, the <45 years group
had lower levels of kynurenine, Kyn/Trp, and tyrosine in patients
(p = 0.012, 0.018, and 0.040, respectively), while inflammatory
markers were not different between patients and controls.
Patients in the >45 years group had lower levels of tryptophan
and phenylalanine (p-value of 0.009 and 0.006, respectively)
compared to controls and higher IL-6, TNF-a, and CRP levels
(p-values of 0.003, 0.047, and 0.007).

Other illness characteristics such as duration of current mood
state, lifetime psychotic features, BD type I or II, number of mood
episodes and number of hospitalizations revealed no significant
relations with any of the biological markers (p > 0.05).

TABLE 3 | Mood symptom severity and differences in biological markers between mood states and controls.

Depression (Hypo)mania Mixed Euthymia Controls Effect Tukey HSD
# Test moments (N) 178 71 23 64 188
HDRS 16.6 (5.8) 6.6 (4.1) 20.5 (4.4) 9(2.2)
YMRS 5(2.7) 18.3(7.0) 15.2 (4.4) 7(2.4)
IFN-y (pg/ml)* 4.24 (0.08) 4.67 (0.10) 4.71(0.15) 4.78 (0.10) 4.87 (0.10) F(403.4) = 0.6; p = 0.655
IL-6 (pg/mi)* 0.49 (0.07) 0.52 (0.08) 0.42(0.12) 0.52 (0.08) 0.41 (0.09) Flz4 =1.6;p=0.168
TNF-a (pg/mi)* 1.95 (0.04) 1.89 (0.04) 1.83 (0.06) 1.87 (0.04) 1.77 (0.05) Fla98.4) = 1.5, p = 0.198
CRP (mg/L)* 1.81(0.15) 2.08 (0.15) 2.16 (0.21) 1.97 (0.15) 1.27 (0.17) Fgr.7)=1.5;p =0.205
Trp (wmol/l) 50.04 (0.99) 51.67 (1.24) 54.61 (2.02) 51.29 (1.28) 54.37 (1.18) Fa3z.2) = 2.8, p = 0.025 D<C
Kyn (wmol/l) 1.43 (0.04) 1.46 (0.05) 1.53 (0.08) 1.561(0.05) 1.58 (0.05) F(350.7) = 1.9;p = 0.116
Kyn/Trp (wmol/mmol) 28.89 (0.75) 28.89 (0.91) 28.54 (1.42) 29.98 (0.99) 29.41 (0.92) F(3s51.5)=0.5;p =0.702
Neo (nmol/l) 4.96 (0.17) 5.00 (0.23) 5.12 (0.40) 5.44 (0.25) 5.04 (0.18) F306.1) = 0.8; p = 0.499
Tyr (wmol/l) 62.64 (2.25) 70.62 (2.78) 71.67 (4.45) 64.10 (2.87) 75.06 (2.71) Fas5.3 = 4.9, p < 0.001 D<C&M;E<C
Phe (uwmol/l) 49.47 (1.12) 52.08 (1.43) 56.13 (2.35) 50.54 (1.48) 55.93 (1.31) F(334.7) = 4.9; p < 0.001 D < C & Mx
Phe/Tyr 0.83 (0.02) 0.77 (0.22) 0.81 (0.03) 0.82 (0.02) 0.78 (0.02) F(346.3 = 2.4; p = 0.053

Data presented as mean (SE). SE, standard error; HDRS, Hamilton depression rating scale; YMRS, Young mania rating scale; IFN-y, interferon gamma; IL, interleukin; TNF-a, tumor
necrosis factor alpha; CRF, C-reactive protein; Trp, tryptophan; Kyn, kynurenine; Neo, neopterin; Tyr, tyrosine; Phe, phenylalanine; D, depression; C, controls; E, euthymia; M, (hypo)mania;

Mx, mixed. *SE on log-transformed data. Bold values: significant p-values (p < 0.05).
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DISCUSSION

In this study we measured markers of monoamine synthesis
and immune activity in patients with BD and controls. We
found decreased levels of tryptophan, phenylalanine and tyrosine
in patients, which were more pronounced during depressive
episodes. We found no differences in inflammatory markers
between the overall groups of patients vs. controls. Nonetheless,
our results suggest a proneness of patients with BD for
an increased pro-inflammatory state and its related cytotoxic
effects as (i) correlations between inflammatory markers and
monoamine metabolites diverge distinctly between patients and
controls and (ii) a premature pro-inflammatory status arises in
middle-aged patients and increases over the course of illness.
The positive correlation between Phe/Tyr and neopterin
levels found in patients with BD is similar to the changes seen

TABLE 4 | Spearman correlations between markers of inflammation and
monoamine metabolism in patients vs. controls.

Neopterin Kyn/Trp Phe/Tyr
Patients Controls Patients Controls Patients Controls
IFN-y 0.31*** 0.35"* 0.17** 0.34* 0.05 —0.11
IL-6 0.20* 0.28* 0.19* 0.15 —0.14* —0.06
TNF-a 0.33** 0.26™* 0.32" 0.27* 0.04 —0.04
CRP 0.23** 0.25™  —0.01 0.1 —0.04 —0.05
Neopterin = 1 1 0.43"* 0.27* 017+ —0.07

*p < 0.05; **p < 0.01;, **p < 0.001. Trp, tryptophan; Kyn, kynurenine; Tyr, tyrosine; Phe,
phenylalanine; IFN-y, interferon gamma; IL, interleukin; TNF-o, tumor necrosis factor alpha;
CRR, C-reactive protein.

during chronic inflammation in cancer, HIV, and autoimmune
diseases which are related to activation of the GTP-CH1 enzyme
(18). Activation of GTP-CHI1 results in increased neopterin
synthesis in macrophages at the expense of BHy, an essential
cofactor for monoamine synthesis (17). We found that IL-6 levels
correlated positively to Kyn/Trp and negatively to tryptophan
only in patients, which suggests activation of the IDO-1 enzyme.
Increased IDO-1 activity results in higher tryptophan breakdown
in the kynurenine pathway. The consequence is a lower
tryptophan availability for serotonin synthesis and increased
levels of kynurenine metabolites that have multiple cytotoxic
and neuroactive effects. These different interactions between
markers of inflammation and monoamine metabolism in patients
vs. controls are suggestive for a stronger interaction between
inflammation, activation of IDO-1 and GTP-CHI, impaired
monoamine synthesis and increased production of cytotoxic
metabolites in patients.

Interestingly, exclusively in the patient group, aging and
increased duration of illness were associated with a rise in
levels of pro-inflammatory markers, neopterin and the Kyn/Trp
ratio. A pro-inflammatory status accompanies normal aging and
is thought to underlie the increased frailty and vulnerability
for psychiatric disorders in elderly (35-37). Similar to the
correlations found in our patient group, chronic low-grade
inflammation in healthy elderly was related to increased Phe/Tyr,
and to decreased tryptophan levels (17). As in our patient group,
older age was also related to increasing IL-6, neopterin, and
IDO-1 activation. The mean age of 79.9 years in the above
study of Capuron et al. (17) contrasts with the mean age of
43 years in our study population. Previous research shows that
in healthy subjects over 60 years of age the effects of aging
on inflammation and IDO-1 activation become more apparent
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FIGURE 2 | Effect of aging on Neopterin, Kyn/Trp, IL-6, and CRP in patients vs. controls: interaction plots. CRP, C-reactive protein; IL, interleukin; Kyn, kynurenine;
Neo, neopterin; Trp, tryptophan.
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TABLE 5 | Differences in biological markers in patients and controls below and above 45 years of age.

Patients

Controls

<45y (n=36) >45y(n =31) Effect

<45y (n=19) >45y (n = 16) Effect

Trp (wmol/) 52.91(1.35)  48.70(1.8) Fgiq =5.3;p=0.025b = 4.21 53.81(1.30)  55.15(1.34) F150 = 0.8;p = 0.369; b = —1.34
Kyn (mol/) 1.43 (0.05) 1.51(0.06) Fgas =1.0;p=0311;b=-008  1.57(0.05) 159 (0.05)  Fygy) = 0.1;p = 0.700; b = —0.02
Ky/Trp (umol/mmol)  27.20 (0.91)  31.30 (0.99) Fgs) =9.4;p = 0.003;b =409 29.71(0.87)  29.08(0.90) Figps) = 0.5 p = 0.468; b = 0.64
Neo (nmol/) 4.78 (0.18) 541(020) Fr5=55p=0022b=-063  515(0.22) 4.94(023) Fggg =0.6:p=0457;b=0.22
Tyr (mol/l) 64.05(2.50)  66.34(2.69) Fgpg =0.5:p=0498b=-228 76.70(4.00)  73.12(4.14) Fu7g7 =08 p=0378b=2352
Phe (wmol/) 50.97 (1.26)  50.27 (1.37) Fsgg) =0.2; p = 0.695; b = 0.69 55.89(1.85)  55.88(1.92) Fig97) = 0.0;p = 0.998;b = 0.01
Phe/Tyr 0.83 (0.02) 0.79(0.02)  Fipsg =1.3;p = 0.250; b = 0.04 0.77 (0.02) 0.78(0.03)  Fgo7) =0.1:p = 0.757: b = —0.01
IFN-y (og/mi)* 4.66 (0.10) 494 (009 Fsp7)=02;p=0683b=-006  555(0.13) 429(0.14) Fgs5 =20;p=0.161;b=0.26
IL-6 (pg/mi)* 0.41 (0.08) 061(0.08) Fpg =12.4p <0.001;b=—0.41  0.42(0.12) 0.41(0.12)  Fyggg =0.1;p = 0.774;b = 0.04
TNF-a (pg/mi)* 1.77 (0.05) 2.08(0.06) Fgsp) = 4.4;p=0039;b=-0.16  1.74(0.06) 1.81(0.06)  F(y74.7 = 0.8 p=0.378;b = —0.04
CRP (mg/L)* 1.65 (0.19) 229(020) Frp=14p=0236;b=-033  1.41(0.16) 114(0.16)  F(ys42 = 1.3;p = 0.260; b = 0.21

Data presented as mean (SE).

SE, standard error; IFN-y, interferon gamma; IL, interleukin; TNF-«, tumor necrosis factor alpha; CRR, C-reactive protein; Trp, tryptophan; Kyn, kynurenine; Neo, neopterin; Tyr, tyrosine;
Phe, phenylalanine. *SE on log-transformed d. Bold values: significant p-values (p < 0.05).

(38,39). Our study revealed increased pro-inflammatory markers
in patients with BD above 45 years of age. Similarly, Drexhage
etal. (40) demonstrated a higher proportion of regulatory T-cells
in patients below 40 years, compared to controls. Regulatory T-
cells temper the inflammatory response and maintain immune
homeostasis and tolerance.

Both the stronger correlation between inflammation and
GTP-CHI and IDO-1 activation and the premature shift toward
a pro-inflammatory status in our patient group strengthens the
hypothesis of BD as a disease of accelerated aging (11). Due to
both acute and chronic stress throughout the course of illness,
the compensatory mechanisms in patients show a decreasing
capacity to restore homeostasis, resulting in impaired resilience
and neuroprogression (10, 11, 41).

However, the associations between biological parameters and
characteristics of clinical course are rather small. It remains to
be determined whether the differences in biological markers
between patients and controls are inherent characteristics
of the disease pathophysiology or rather a consequence of
confounding factors such as psychopharmacological treatment,
smoking status, or other lifestyle factors. Nearly all patients
received psychopharmacological treatment that evidently affects
monoamine metabolism. Differences in amino acid levels did
not remain significant after adjustment for smoking status.
Conflicting data on the effect of smoking on monoamine
metabolism (42-44) and the high proportion of smokers in
our patient group vs. the low proportion in controls make the
interpretation of these results difficult.

STRENGTHS AND LIMITATIONS

We included patients in manic, depressive, and mixed episodes
and completed approximately 6 test moments during a follow-up
of 8 months. The longitudinal design enables a within-person
assessment of diverse mood states and the high number
of assessments by mood state increases the power of the

study. The impact of methodological bias was minimized
by standardized blood sampling and uniform, meticulous
laboratory procedures. All clinical assessments were done by
the same clinician-researcher, excluding interrater bias. Data
on illness course and medication use were collected carefully.
We used robust, transparent statistical methods. Mixed model
analysis enables correction for missed moments, drop-out
and a random variation in time and subject. The statistical
models were adjusted for possible influences of BMI, smoking
status, age, and albumin levels. The naturalistic design has
several inherent limitations. Despite strict in- and exclusion
criteria, the patient sample remained heterogeneous regarding
characteristics as illness severity, duration of illness, treatment
history, diagnosis, and history of substance abuse. Sample
heterogeneity may hide relevant information that could have
been discerned in a more homogenous patient group. We
carefully collected data regarding course of illness and patient
characteristics and integrated these data in the statistical
analysis. Apart from the use of anti-inflammatory medication
and ECT, there were no treatment restrictions during follow-
up. Since patients were included during an acute mood
episode, nearly all had changes in psychopharmacological
treatment.

CONCLUSION

We found stronger correlations between pro-inflammatory
markers and cytotoxic pathways of monoamine metabolism
in patients vs. controls. Middle-aged patients and patients
with longer duration of illness had increased inflammatory
and cytotoxic markers compared to young patients and
controls. A pro-inflammatory proneness of patients and a
subsequent shift of monoamine metabolism toward more
cytotoxic pathways could underlie neuroprogression in BD.
Since only few associations are found between biological
markers and characteristics of clinical course, it remains to
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be determined if alterations in biological markers are due
to a disease effect or rather a consequence of confounding
factors.
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Schizophrenia and treatment of this disorder are often accompanied with metabolic
syndrome and cardiovascular issues. Alterations in the serum level of innate immune
mediators, such as interleukin-33 (IL-33) and its receptor IL-33R (ST2) and Galectin-3
(Gal-3) were observed in these conditions. Moreover, these parameters are potential
prognostic and therapeutic markers. There is also accumulating evidence that these
molecules play a role in neuroinflammation. Therefore, in this study we have investigated
the serum level of Gal-3, IL-33 and soluble ST2 (sST2) in different stages of schizophrenia.
Gal-3 levels were elevated in remission and lower in schizophrenia exacerbation in
comparison with controls. Levels of IL-33 and sST2 are higher in schizophrenia
exacerbation in comparison with controls and patients in remission. This initial analysis
of new markers of neuroinflammation suggested their involvement in schizophrenia
pathophysiology and/or cardiometabolic comorbidity.

HIGHLIGHTS

- Gal-3 serum levels are elevated in remission and lower in schizophrenia exacerbation.

- IL-33 and sST2 serum levels are higher in schizophrenia exacerbation.

- sST2 serum levels negatively correlate with N subscore in acute psychosis.

- sST2 serum levels negatively correlate with cholesterol in relapse and positively with
CK-MB in schizophrenia remission.

Keywords: schizophrenia, galectin-3, interleukin-33, metabolic syndrome, cardiovascular issues

INTRODUCTION

The novel therapeutical strategies have encountered new problems in treatment of patients with
schizophrenia (1). Although efficient in resolving the positive symptoms and mitigating the
extrapyramidal sympthomatology, the use of atypical antipsychotics in schizophrenia was linked
to higher prevalence of patients with metabolic syndrome (2) and cardiovascular issues (3, 4).
Diagnostic and treatment algorithms incorporated predictive values of Galectin-3 (Gal-3) and
interleukin-33 (IL-33) in treatment of coronary diseases and heart failure (5, 6) and evaluating
prediabetic state (7). The dogma about immune privilege of the brain is now revisited again (8) and
this bidirectional communication implicated the usefulness of peripheral markers and indicated
that underlying mechanisms of somatic states frequently observed in schizophrenia should be
explored further.
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Galectins present animal lectins family, that have the affinity
for PB-galactosides and could interact with cell-surface and
extracellular matrix glycoproteins through lectin-carbohydrate
interactions (9). The most studied and unique family member
is Gal-3 (10). Gal-3 is found in different cell and tissue types,
and its various functions have been described, like promotion of
cell migration, stimulating role in proliferation, differentiation,
survival, adhesion, apoptosis, and immune responses (11). Gal-3
can be expressed in cytoplasm, nucleus, mitochondria, and
cell surface, and it can also be secreted by macrophages and
monocytes and other various cell types into the extracellular
matrix and circulation (12, 13). Intracellular Gal-3 can be
transported to the cell surface or even secreted outside of cells
and depending on localization Gal-3 could act as positive or
negative regulator of apoptosis [reviewed in (14)]. We postulated
that extracellular Gal-3 is most important in interaction that
leads to inflammation, as shown in lipopolysaccharide induced
neuroinflammation (15). This can be only formally proven
by using different inhibitors of Gal-3 in experimental models.
Deletion of the Gal-3 gene has influence on deterioration of
diabetes mellitus (16) and could predict vascular complications
in patients with type 2 diabetes mellitus (17). In obesity in animal
models and in humans, elevated serum levels of Gal-3 seem to
have protective function (18). Gal-3 showed to be included into
myocardial fibrosis and remodeling (19) and circulating Gal-3
was associated with cardiometabolic disease in the community
(20).

Experimental studies have shown that Gal-3 gene expression is
upregulated after neuronal damage (21), in traumatic spinal cord
injury (22) and in experimental autoimmune encephalomyelitis
(23). Also, it is expressed in activated adult microglial cells in
the ischemic lesion and it is required for resident microglia
activation and proliferation (24). Gal-3- deficient mice showed
to be protected against ischemic injury, particularly in the
hippocampus and striatum (21). Considering Gal-3 regulating
properties especially in the hippocampus, Trompet et al. (25)
hypothesized that Gal-3 may also play a role in cognitive
functioning. Elevated Gal-3 sera levels were measured in patients
with Alzheimer’s disease and Mini-Mental Status Examination
score, as a measure for cognitive status, was found to correlate
with the Gal-3 serum levels in both, in the patients and healthy
controls (26).

IL-33, as an IL-1 family member, has a role in initiation
of inflammation, its regulation and maintenance (27). IL-33 is
a ligand for receptor complex of two proteins, binds to ST2
and forms suitable conformation to contact with IL-1 receptor
accessory protein. ST2 has two forms: trans-membranes full-
length (ST2L) and soluble form (sST2), which binds directly to
IL-33 and has a role as a decoy receptor to competing with
membrane bound ST2 (28). It seems that after secreted into the
circulation, sST2 inhibits the effects of IL-33/ST2L signaling and
attenuates the systemic effects of IL-33 (29). IL-33/ST2 signals
have anti- or pro- inflammatory effects in diseases by activating
cells of innate and adaptive immune systems, but it is still unclear
what kind of immune cells are first induced to produce IL-
33 (28). IL-33 can have protective properties in atherosclerosis
development (30) and blood concentrations of sST2 are markedly
increased in cardiac diseases (31) and metabolic syndrome (32).

During the brain development both precursors of astrocytes
and oligodendrocytes express IL-33 and its detection
during first postnatal week coincides with very important
neurodevelopmental phases, suggesting a role of IL-33 in the
absence of an inflammatory response (33). Genetic study showed
decreased IL-33 expression in the brain of Alzheimer's disease
patients (34). IL-33 polymorphism was associated with risk for
schizophrenia (35) and recently de Campos-Carli et al. (36)
have measured similar sera concentrations of IL-33 and sST2 in
patients with chronic schizophrenia and established significant
correlation between levels of these cytokines and cognition in
chronic schizophrenia.

Consequently, we wanted to investigate the alterations of
innate inflammatory markers Gal-3, IL-33, and sST2 in different
stages of schizophrenia and to explore the possible correlation
of their serum concentrations with clinical symptomatology and
laboratory parameter.

EXPERIMENTAL PROCEDURES

Participants

Subjects included in this study were: drug naive patients
with First Episode Psychosis-FEP (n 77); patients with
Schizophrenia in relapse—SC in relapse (n = 45) previously
treated with antipsychotics; patients with Schizophrenia in
remission—SC in remission (n = 27); and healthy control—HC
subjects (n = 18). The patients with FEP and SC in relapse were
recruited during the previous project [data published in (37-39)]
and patients with SC in remission were enrolled during 2016 at
Psychiatric Clinic, Clinical Centre Kragujevac, after a 3 month
stable depot antipsychotic therapy of risperidone or paliperidone.
Healthy control subjects were recruited at Service Supply of
Blood and Blood Products, Clinical Centre Kragujevac. Studies
were approved by the Ethic Committee and were conducted
in compliance with the ethical principles of the Declaration
of Helsinki. Patients were informed and written consent was
obtained from all of the patients before starting any study
procedure.

Diagnoses were established using International Statistical
Classification of Diseases and Related Health Problems, Tenth
Revision (ICD-10) (40) criteria for acute psychotic episode
(F23) and schizophrenia (F20). Complete medical history
was obtained; physical examination and laboratory testing
were done. The exclusion criteria considered any severe
somatic comorbidity, especially current infections, autoimmune
disorders, metabolic disorders, or current anti-inflammatory
or antiviral medications. Neither the psychotic patients nor
controls have previously suffered from substance or alcohol
abuse, nor were other mental illnesses diagnosed as dual
diagnoses.

Psychological Assessment

Psychopathology was evaluated using the Positive and Negative
Syndrome Scale of Schizophrenia (PANSS) consistent of positive,
negative and general psychopathology subscale (41). Criteria for
the diagnosis of schizophrenia in remission were lower scores
(three or less) on eight diagnostically relevant symptoms in the
PANSS: P1, G9, P3, P2, G5, N1, N4, and N6 (42).
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Blood Collection and Cytokine

Measurements

The blood samples were collected in the morning (~8a.m.)
and participants were fasting before sampling. Blood clot was
cut, than centrifuged and after separation the serum samples
were stored at —20°. Serum levels of Gal-3, IL-33, and sST2
were measured using sensitive Enzyme-Linked ImmunoSorbent
Assay (ELISA) Kkits specific for the human cytokines, following
the instructions of the manufacturer (R&D System, Minneapolis,
MB). The procedure has been described in detail previously (37—
39) and performed at the Center for Molecular Medicine and
Stem Cell Research, Faculty of Medical Sciences, University of
Kragujevac.

Statistical Analysis

The data were presented as means, standard deviation (SD),
standard errors (SE), and median. The distribution of data was
tested with Shapiro-Wilk test and further statistical analysis was
performed using parametric and non-parametric tests. Mann-
Whitney test was used to evaluate the significance of differences
of parameters between two examined groups. Kruskal-Wallis test
was used to examine the difference of parameters among groups.
The possible relationships between patients’ serum cytokine
levels and clinical scores were evaluated using the Pearson’s
correlation and between laboratory parameters and clinical
scores using the Spearman’s correlation. A p-value of 0.05 was
considered to be statistically significant. The statistical analyses
were performed using SPSS 20.0 software.

RESULTS

Demographical and Clinical Data

The control group consisted of 18 healthy subjects (6 men
vs. 12 women), with mean age of 37.67 + 9.96 and without
significant age difference in comparison with patients’ groups.
Table 1 presents demographic and clinical characteristics of the
patients. Significant difference was observed in duration of illness
among groups of patients, showed in Table1 (FEP vs. SC in
relapse vs. SC in remission: 0.28 & 1.93 vs. 7.31 £ 6.30 vs. 9.95 £
7.71 years; p = 0.000), with no difference in gender distribution
comparing with control group. Comparison of PANSS scores and
subscores reveals differences in positive, negative and general
psychopathology scores between patients. Mean value of negative
subscores was higher in SC in relapse, than those in FEP patients
(FEP vs. SC in relapse: 21.75 = 5.90 vs. 26.20 = 9.98; p = 0.006).
Patients with SC in remission have significantly lower positive
and general subscores (p = 0.007 and p = 0.004, respectively),
with higher negative subscores (p = 0.000) than patients with
FEP. Differences in PANSS subscores were established in lower
positive (p = 0.007) and lower general subscores (p = 0.001)
in patients with SC in remission compared with SC patients in
relapse.

Patients with SC in remission were treated with depot
formulation of atypical antipsychotics risperidone in a dose range
of 25-50 mg (D _n = 22) and paliperidone in a dose range of 75-
150 mg (3> _n = 5). Laboratory analysis parameters are presented
in Table 2.

Higher Serum Concentrations of IL-33 and
sST2 in Exacerbation of Early

Schizophrenia

Comparison of IL-33 serum levels between FEP and SC in
relapse group did not reveal statistically significant difference
(p = 0.869). Also, there was no difference in serum levels of IL-
33 between SC in remission and HC subjects (p = 0.871). IL-33
sera levels were significantly higher in FEP patients compared to
SC in remission and those in HC (FEP vs. SC in remission vs.
HC: 470.97 £ 72.54 vs. 89.61 + 40.48 vs. 188.35 £ 85.64 pg/ml;
p = 0.000). Comparing serum concentrations of IL-33 in SC in
relapse with those in remission and HC also show statistically
significant difference (p = 0.000 and p = 0.001, respectively)
(Figure 1).

While conducting the group cross-comparison of serum
sST2 levels, the grading in descending manner was observed
(Figure 1). The statistically significant higher values of sST2
were measured in patients with FEP compared to SC in relapse
(3648.26 + 130.34 vs. 3030.19 + 183.08 pg/ml; p = 0.010),
higher values were observed in patients with SC in relapse
compared with SC in remission (3030.19 % 183.08 vs. 936.03
+ 66.82 pg/ml; p 0.000), with no difference between
serum levels of sST2 in patients with SC in remission and
healthy control group (936.03 + 66.82 vs. 845.27 + 55.96;
p=0.391).

Correlations of IL-33 Serum Levels With
Positive and General PANSS Scores

Sera levels of IL-33 in remission are in significant correlation
with the PANSS items of positive symptoms [excitement -
P4 (r = 0.570; p = 0.002), suspiciousness/persecution - P6
(r = 0486; p 0.010), and hostility - P7 (r = 0.664;
p = 0.000)] and general symptoms [anxiety - G2 (r = 0.424;
p 0.028), tension - G4 (r = 0435 p = 0.023), and
uncooperativeness - G8 (r = 0.396; p = 0.041)] (presented in
Figure 2).

Serum Concentrations of Gal- 3 in Patients
With Schizophrenia Are Lower in
Exacerbation and Higher in Remission
Compared With Healthy Subjects

Levels of Gal-3 in patients with FEP and SC in relapse were not
significantly different between these groups of patients (297.52 &
37.86 vs. 252.75 £ 41.35 pg/ml; p = 0.230), but lower levels were
measured in both groups compared with those in HC (p = 0.000)
(Figure 3). In patients with SC in remission significantly higher
levels of Gal-3 were observed in comparison with concentrations
measured in patients with FEP (1457.89 & 104.60 vs. 297.52 +
37.86 pg/ml; p = 0.000), SC in relapse (1457.89 £ 104.60 vs.
252.75 £ 41.35 pg/ml; p = 0.000), and HC (1457.89 + 104.60
vs. 1044.28 + 83.37 pg/ml; p = 0.011). Binary logistic regression
analysis revealed that increased levels of Gal-3 influence on the
illness onset [Odds Ratio 0.998 (0.996-1.000)]. There was no
correlation between Gal-3 sera levels with positive, negative,
general and total PANSS scores (data not presented).
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TABLE 1 | Demographic data and clinical disability measures.

Parameter Gender Age Duration of iliness PANSS PANSS PANSS PANSS
Men/women (Years; mean (Years; mean =+ SD) positive negative general total
+ SD) score score score score
FEP 36 52 33.64 + 8.84 0.28 £ 1.93 25.73 £ 5.99 21.75 £ 5.90 53.56 + 7.27 101.08 £+ 14.62
SC in relapse 17 28 35.95 + 11.40 7.31 £6.30 26.53 + 6.29 26.20 + 9.98* 56.44 + 12.67 105.86 £ 19.79
SC in remission 11 16 36.19 £ 9.28 995+ 7.71 22.26 + 597 27.52 + 6.10* 9.44 £ 7.83* 99.22 + 18.24

*Mann-Whitney test, statistically significant difference between FEP and SC in relapse groups (p = 0.006). **Mann-Whitney test, statistically significant difference between FEP and SC
in remission groups (p < 0.05). ***Mann-Whitney test, statistically significant difference between SC in relapse and SC in remission groups (p < 0.05).

TABLE 2 | Laboratory values of cardiometabolic parameters.

Parameter Fasting Total Triglycerides HDL LDL CK CK-mMB
glucose cholesterol (mMol/L) (mMol/L) (mMol/L) (IU/L) (IU/L)
(mMol/L) (mMol/L)
FEP 5.04 +1.38 517 £2.97 3.60 £+ 2.15 1.35 £ 0.42 2.89 +1.21 437.46 + 1275.16 ND2
SC in relapse 5.01 £2.10 4.86 +1.37 1.32+1.03 1.33+0.38 3.33+2.35 533.10 + 1346.93 ND2
SC in remission 5.27 £2.14 5.90 + 1.38 1.80 + 1.31 1.34 £ 0.31 3.66 + 1.14 119.33 £ 92.82 19.19 £ 4.26

aND, not done.

Correlation of Serum sST2 With Negative
Scores, Cholesterol and Cardiac Troponin

Levels

In patients with acute psychosis, sera levels of sST2 were in
negative correlation with N subscore (r = —0,184; p = 0.044)
and in patients with SC in remission sera levels were in
positive correlation with item P7 (r = 0.413; p = 0.032),
stereotyped thinking - N7 (r = 0.384; p = 0.048). In patients with
schizophrenia in remission negative correlation was observed
between serum concentrations of sST2 and levels of cholesterol
(r = —0.434; p = 0.024), Low-Density Lipoprotein (LDL)
(r = —0.479; p = 0.011) and positive correlation with Creatine
Kinase - MB (CK-MB) levels (r = 0.460; p = 0.016).

DISCUSSION

In this study we evaluated the serum level of two novel
participants in innate immunity in patients with psychosis. We
have shown that Gal-3 levels were lower in FEP and SC in
relapse and higher in SC in remission than those measured in
control subjects. We observed higher serum levels of IL-33 and
sST2 in patients with FEP and SC in relapse, compared with
those in remission and healthy control subjects. In remission, the
positive correlation of sera levels of IL-33 was established with
positive symptoms of excitement, suspiciousness/persecution,
and hostility, but also with general symptoms of anxiety and
tension. Serum level of sST2 in acute psychosis negatively
correlated with N subscore, but in remission correlated positively
with hostility and stereotyped thinking. Measurements in
remission reveal the negative correlation of sST2 levels with
cholesterol and LDL levels, but positive correlation with cardiac
troponin CK-MB was observed.

There is clear importance of Gal-3 in development of nervous
system and in neuroinflammation. Gal-3 plays a role in the
modulation of immune/inflammatory function, with both pro-
and anti-inflammatory actions, depending on multiple factors,
such as inflammatory setting and target cell/tissue (11, 43, 44).
It is well known that Gal-3 regulation of type-1/type-2 immune
response in asthma was presented with lower airway type-2
response in Gal-37/~, but a higher type-1 response compared to
Gal-3*/* mice, indicating that Gal-3 facilitates type 2 immune
response (45). Also, asthma and schizophrenia cooccurrence was
established (46, 47). Kajitani et al. (48) recently reported that
the serum Gal-3 levels are elevated in chronic schizophrenia.
Thus, it is not surprising to find lower level of Gal-3 in
patients with FEP and SC in relapse and higher level in SC
in remission (Figure3) and it is in line with our previous
finding of type-2 immune response predominance in these
patients (37). We believe that Gal-3 acts as a proinflammatory
lectin in patients with schizophrenia. Further, elevation of Gal-
3 in chronic schizophrenia could initiate myocardial fibrosis,
metabolic changes, and may have protective properties in type-
2 diabetes. Gal-3 could be a mediator of underlying mechanisms
in schizophrenia onset and cardiovascular and metabolic changes
in these patients.

We have shown here that the level of IL-33 is not significantly
altered in schizophrenia patients in remission (Figure 1).
However, there is clear statistically significant increase in IL-33
levels in patients with exacerbation (Figure 1) and correlation
of its levels with positive symptoms scores (Figure 2). Earlier
studies have shown different role of IL-33 in inflammatory
diseases; immunosupressive role in obesity, atherosclerosis and
experimental fulminant hepatitis and proinflammatory role in
asthma and antigen-induced arthritis (49-51). Although, IL-33
was initially considered to be a proinflammatory cytokine, its
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FIGURE 1 | Serum levels of IL-33 and sST2 in FEP patients (n = 77), SC in relapse (n = 45), SC in remission (n = 27) and healthy subjects (n = 18) were determined
by ELISA. Data presented as mean =+ SE in Table (A). Statistical significance was tested by Kruskal-Wallis and Mann-Whitney test ("o < 0.05). Serum
concentrations of IL-33 were higher in FEP and SC in relapse, than SC in remission and healthy control subjects (p < 0.001) (B). Serum concentrations of sST2 were
higher in patients with FEP compared to SC in relapse, than higher values were observed in patients with SC in relapse compared with SC in remission (p < 0.01) and
SC in remission than control subjects (C).

linkage with regulatory T (Treg) immune response was later
suggested (51). Recent data have shown that IL-33 downregulates
immune response in autoimmune processes (52). It is well
known that IL-33 is abundantly present in the central nervous
system (CNS) (53). It is particularly highly expressed during
early development (33), as well as in inflammatory disease
in CNS such as experimental autoimmune encephalitis, an
animal model of multiple sclerosis (54). Also, it is reported
that IL-33 can modulate microglia in an animal model of
Alzheimer's disease (55), but its function in these condition
is still unclear. It is established that IL-33 acts as alarmin,

meaning that this cytokine is released from cells during tissue
damage, and not apoptotic cells (56). We assume that during
CNS damage, neuroinflammation is followed by IL-33 release
from necrotic cells and increment of its serum levels in patients
with schizophrenia. It should be added that in atherosclerosis,
IL-33 was protective (30). Thus, it is possible that IL-33
production is an attempt to limit inflammation accompanying
relapse in schizophrenia. However, direct pathogenic effect
cannot be excluded as ST2 dependent Th2 pathology reported
to be common denominator in asthma and schizophrenia (57).
Considering that sST2 binds directly to IL-33 or acts as a decoy

Frontiers in Psychiatry | www.frontiersin.org

101

June 2018 | Volume 9 | Article 271


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Borovcanin et al.

IL-33/ST2 Pathway and Galectin-3 in Psychosis

7

5 o o
4+ o
N
o
3 o oo o
P o 2 o
1 1]
o o
T T T T T T T T T T T T
200 0 200 400 600 800 1000 1200 00 0 200 400 600 800 1000 1200
IL_33 IL_33

21 b2 °
1 1
Ly o
T T T T T T T T T T T T T T T
200 0 200 400 600 800 1000 1200 200 0 200 400 600 800 1000 1200
IL_33 IL_33
7 o 7 o
&
&
4+ o o
~
o
3 @o o
s @00
1 o 1 o o
o o
T T T T T T T T T T T T T T
200 0 200 400 600 800 1000 1200 -200 0 200 400 600 800 1000 1200
IL_33 IL_33

FIGURE 2 | Significant correlation of IL-33 with positive PANSS items [P4 (r = 0.570; p = 0.002), P6 (r = 0.486; p = 0.010), P7 (r = 0.664; p = 0.000)] and general
PANSS symptoms [G2 (r = 0.424; p = 0.028), G4 (r = 0.435; p = 0.023) and G8 (r = 0.396; p = 0.041)].

receptor when competing with membrane bound ST2 [reviewed
in (28)], higher systemic level of sST2 in FEP and SC patients
in relapse as well as negative correlation of this molecule with
N subscore in acute psychosis may represent compensatory
mechanism in suppressing IL-33-dependent inflammation.

The positive correlation of IL-33 with positive PANSS
symptoms in remission suggests its potential role in underling
mechanisms of psychosis onset. sST2 could have neutralizing
properties in the context of excessive IL-33 secretion and also in
amelioration of negative symptoms. Although direct correlation
of Gal-3 levels with clinical symptoms was not established,

some other molecular mechanisms involved in Gal-3-dependent
regulation could preserve cognitive potentials in patients with
schizophrenia. Considering involvement of Gal-3 and the IL-
33/ST2 pathway interactions in the somatic states (58), this
interplay could be also involved in onset, clinical presentation
and somatic comorbidity of psychosis.

As discussed by Mueller and Dieplinger (59), plasma
concentrations of these two analytes have been incorporated
in 2013 ACCF/AHA guidelines for additive risk stratification
in acute and chronic heart failure (60) and Gal-3, sST2 and
BNP were all useful as predictors of 1-year all-cause mortality
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(6). It was previously presented that life expectancy of patients
with schizophrenia is 10-25 years shorter than in general
population (61) and 40-50% of premature deaths have been
due to cardiovascular diseases (62). Patients with schizophrenia
are reported to be three times as likely to experience sudden
cardiac death (63). Hou et al. (4) have shown that a history of
aggressive behaviors is strongly associated with sudden cardiac
death in patients with schizophrenia. Although CK-MB levels
were measured additionally only in stable state in our study,
in spite of that, the positive correlation with serum sST2 was
established. Simultaneously presented elevation of sST2 and
higher scores on items equivalent of aggressive behavior suggest
that these new inflammatory markers should be considered in
additional monitoring of cardiac symptoms that occur without
warning in schizophrenia.

Innate immune system primarily initiates defense against
pathogens, but also contributes to adaptive induction of sickness
behavior and infection recovery (64). In the previous few
years central nervous system was no longer viewed as an
immunologicaly isolated space, but it seems that its dynamic
interaction with the peripheral immune system regulates the
activity of immune cells within the central nervous system (65).
Childhood traumatic events could have a significant impact
by changing the immune response and precipitating further
vulnerability for psychiatric disorders and somatic states later
in life (64). It is now obvious that metabolic dysregulation in
patients with schizophrenia already exists before antipsychotic
treatment (66, 67). The fact that schizophrenia risk is driven
by genes that not have direct relevance to disease, suggests
that schizophrenia could rather be considered as developmental
physiological defect (68).

THE LIMITATIONS OF THE STUDY

The sample size of the healthy control subjects is rather small
compared to other groups (FEP, SC in relapse). The data

considering potential confounding factors, such as body mass
index, cigarette smoking, and the use of alcohol or other illicit
drugs were not collected in patients with FEP and SC in relapse,
so it was not possible to include these data into assessment. The
possible impact of antipsychotics on cytokine profiles could not
be excluded (69), so the further analysis of diverse antipsychotics’
influences on these specific biomarkers should be done.

CONCLUSIONS

The study of two pathways of innate immunity in schizophrenia
revealed that the serum levels of IL-33 and its soluble receptor
was unaltered in stable disease, but was significantly enhanced
in exacerbation and accompanied with hostility and elevation of
cardiac troponin levels. Further, Gal-3 is increased in the serum
of schizophrenia patients in remission and seems to be involved
in schizophrenia onset. Taken together, this initial analysis of
new markers of inflammation suggested their involvement in
schizophrenia pathogenesis and cardiometabolic comorbidity.
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Background: Cognitive impairment in schizophrenia can result in considerable difficulty
in performing functions of daily life or social rehabilitation. Cognitive impairment in
schizophrenia is related to various factors, such as the psychotic severity, aging,
medication, and brain-derived neurotrophic factor (BDNF). To date, however, no studies
investigating the impact of these factors on cognitive functioning in chronic schizophrenia
patients have been performed.

Objective: The aim of this study is to identify those factors that influence the cognitive
functioning in patients with chronic schizophrenia.

Methods: Sixty-five of 116 long-term hospitalized chronic schizophrenia patients (63.8
+ 12.1 years old, M/F = 29/36) were enrolled this cross-sectional study. We investigated
the relationship among the patients’ age, psychotic severity, treatment medication, serum
BDNF levels, and cognitive functioning (measured by the Japanese-language version of
the Brief Assessment of Cognition in Schizophrenia; BACS-J). Additionally, we performed
a multivariable linear regression analysis.

Results: According to the partial correlation analysis, certain parameters [i.e.,
age, chlorpromazine (CP) equivalent, biperiden (BP) equivalent, and serum BDNF]
were significantly correlated with cognitive functioning, including working memory
(WM), motor function (MF), attention and processing speed (AP), and executive
function (EF). For the multivariate analysis, the MF component, which had the
highest correlation, was selected as the dependent variable, and the independent
variables included age, Manchester Scale for chronic psychosis (ManS) total score,
CP equivalent, BP equivalent, serum BDNF, estimated full scale 1Q, and years of
education. According to the multiple regression analysis of this model, R (multiple
regression coefficient) was 0.542, the adjusted R? (coefficient of determination) was
0.201, and only BP equivalent (3 = —0.305, p = 0.030), but not age, ManS score, CP
equivalent, or serum BDNF, could significantly explain MF at the 5% significant level.
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Conclusion:

In conclusion, aging, medication (administering more antipsychotics

or anticholinergics), and serum BDNF concentration are significantly correlated with
cognitive dysfunction in chronic schizophrenia patients but not with the severity of
psychotic symptoms. Furthermore, only the anticholinergic dosage had a significant
causal relationship with MF. Thus, the use of anticholinergics in chronic schizophrenia
patients with deteriorating cognitive functioning must be reconsidered.

Keywords: schizophrenia, cognitive impairment, aging, brain-derived neurotrophic factor, Japanese-language
version of the Brief Assessment of Cognition in Schizophrenia

INTRODUCTION

Cognitive impairments in schizophrenia can result in
considerable difficulty in performing functions of daily life
or social rehabilitation, and cognitive difficulty persists even
after the alleviation of psychotic symptoms. Reintegrating into
society is particularly challenging for these patients due to their
severe cognitive impairment. Therefore, ascertaining the level
of cognitive dysfunction remaining after improvement in acute
psychiatric symptoms is important.

Cognitive impairment in schizophrenia is related to various
factors, such as psychotic symptoms, aging, medication, and
genetic variants. In the current study, we investigate the
cognitive functioning in schizophrenia patients using the
Japanese language version of the Brief Assessment of Cognition
in Schizophrenia (BACS-J). Kaneda et al. (1) investigated the
influence of disease and aging on performance on the BACS-J in
schizophrenic patients. A multiple regression analysis including
all subjects indicated that performance on almost all BACS-J
components were attributable to the disease, aging, the level of
education, and the duration of illness.

In schizophrenia patients, deterioration in cognitive
functioning is a symptom of the disease; additionally, medication
also affects functioning. Anticholinergic agents affect cognitive
functioning, and antipsychotics, which are used to treat
schizophrenia, also cause cognitive function to deteriorate.
We previously reported that excessive doses of antipsychotics
can cause deterioration in cognitive functioning in chronic
schizophrenia patients (2), and switching from polypharmacy to
antipsychotic monotherapy improves cognitive functions, such
as attention and executive function (EF) (3).

Additionally, serum brain-derived neurotrophic factor
(BDNF) levels are positively associated with cognitive functions,
such as immediate memory, in chronic schizophrenia patients
(4). In addition, Zhang et al. (5) found that low BDNF levels
are associated with poor performance on the cognitive factor of
the Positive and Negative Syndrome Scale (PANSS) in chronic
schizophrenia. In particular, Tumor Necrosis Factor-o (TNF-a)
may interact with BDNF and cause cognitive impairment.
In contrast, Buchman et al. (6) reported that higher levels of
brain BDNF expression are associated with a slower cognitive
decline. We previously reported that the serum BDNF levels
are positively correlated with verbal memory (VM), attention,
and processing speed in chronic schizophrenia (7). Altogether,
BDNF is closely associated with symptomatology and cognitive

dysfunction in schizophrenia. Indeed, a recent meta-analysis
demonstrated that higher levels of BDNF correspond to better
performance on several cognitive tests, including reasoning and
problem-solving tasks, on the Measurement and Treatment
Research to Improve Cognition in Schizophrenia (MATRICS)
consensus cognitive battery (MCCB) (8).

Considering these findings, we aim to identify the factor
(i.e., psychotic severity, aging, medication, or BDNF) that has
the greatest influence on cognitive functioning in patients with
chronic schizophrenia. Specifically, the purpose of this study was
to determine the factors that are significantly related to cognitive
performance in chronic schizophrenia inpatients and those that
have the greatest impact on their cognitive impairment. To the
best of our knowledge, this study is the first to examine the
association between the factors described above and cognitive
functioning in long-term hospitalized chronic schizophrenia
inpatients.

MATERIALS AND METHODS
Subjects

One hundred and sixteen chronic schizophrenia inpatients
were recruited from Hiagari Hospital, Tsutsumi Hospital,
Shin-Moji Hospital, and the University of Occupational and
Environmental Health. The participants in the present study
met the following inclusion criteria: (1) age over 20 years;
(2) chronic illness without acute exacerbation; (3) continuous
hospitalization for at least 3 years for schizophrenia; and (4)
continuous treatment with a stable dose of atypical antipsychotic
medication for at least 3 months. The diagnosis of schizophrenia
was based on the Structured Clinical Interview for DSM-IV-
TR Disorders (SCID) and a comprehensive review of patient
medical records. The exclusion criteria were as follows: (1) any
comorbid CNS disorder; (2) meeting the DSM-IV-TR criteria
for affective, schizoaffective, or schizophreniform psychosis;
alcohol or other substance dependence; or mental retardation; (3)
receiving antidepressants or mood stabilizers; (4) having received
electroconvulsive therapy within the 6 months preceding the
study period; and (5) having received clozapine. We used the
SCID to screen all participants and excluded those patients with
psychiatric disorders. No subjects had a history of neurological,
somatic, or psychiatric illnesses. Sixty-five patients (63.8 =+
12.1 years old, M/F = 29/36) who met the above-mentioned
criteria, completed all assessments, including blood extraction,
and provided informed consent were enrolled in the present
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study. The participants who declined to participate or did not
participate for another reason were not disadvantaged in any
treatment modalities due to their lack of participation in this
study.

Clinical Assessment

The Global Assessment of Functioning (GAF) was used to assess
the general functioning of the participants. The participants’
psychotic symptoms were assessed by their primary doctors
using the Manchester Scale for chronic psychosis (ManS).
Their cognitive functioning was assessed using the BACS-
J. Adverse effects, such as extrapyramidal symptoms, were
measured using the Drug-Induced Extrapyramidal Symptoms
Scale (DIEPSS). The use of antipsychotic and anticholinergic
drugs was considered in terms of chlorpromazine (CP) and
biperiden (BP) equivalents.

Neurocognitive Functioning Test

Cognitive functioning was assessed by trained psychiatrists using
the BACS-J. The BACS is an instrument to evaluate the cognitive
functioning in schizophrenic patients. This assessment consists of
six tests, including VM, working memory (WM), motor function
(MF), attention and processing speed (AP), EF, and composite
scores (CS) (9). Patients with chronic schizophrenia have severe
impairments that range from one and a half to two standard
deviations below healthy control subjects in VM, WM, motor
speed, attention, EFs, and verbal fluency (9). The BACS-] has
established reliability and validity and is designed to measure
cognitive functioning in schizophrenia patients. The primary
measures of each subtest of the BACS-] were standardized by
creating z-scores (i.e., the mean of the healthy controls was set
to zero, and the standard deviation was set to one). All data for
the healthy controls were obtained from a study conducted by
Kaneda et al., and a composite score was calculated by averaging
all z-scores for the six primary measures (10). The influence
of age was adjusted using age-matched cohorts of controls to
calculate the BACS-] z-scores for each schizophrenia patient in
the present study.

Intelligence Test

The IQs of the participants were estimated using the Japanese
Adult Reading Test: JART (11, 12), which is a Japanese version of
the National Adult Reading Test, to exclude mental retardation
and estimate the relevance of IQ for cognitive functioning.
This test reflects the premorbid IQs in Japanese patients with
schizophrenia (13).

BDNF Measurement

All blood samples were obtained between 7:00 and 10:00 a.m.
after fasting on the day the clinical assessment was performed.
Fifteen milliliters of venous blood were drawn from subjects
in the supine position after the subjects rested in the supine
position overnight. The serum samples were quickly separated
in a centrifuge and stored at —80°C until assay. The serum
levels of BDNF were assayed by ELISA using a Milliplex
MAP Kit (HNDG3MAG-36K) on a Milliplex Analyzer 4.2

MAGPIX machine (Millipore) according to the manufacturer’s
instructions.

Statistical Analysis

For the statistical analysis, we supposed that the present
studies’ sample is based on the normal distribution same as
the Kaneda’s previous study. Pearson’s correlation coefficients
were examined to identify the correlations between the patients’
clinical variables and serum BDNF levels and scores on each
BACS-] neuropsychological test component. Subsequently, we
performed a partial correlation analysis to examine the correcter
relationship among the parameters without influencers. In the
analysis of the partial correlations between the BACS-]J z-scores
and the clinical parameters, the six task scores and the composite
score on the BACS-J were set as the dependent variables, while
the clinical parameters, including medication information and
clinical conditions, and the serum BDNF concentration, were set
as the independent variables. Parameters thought to influence
the results of the test battery, such as estimated full-scale IQ and
years of education, were set as control variables. Furthermore, we
performed a regression analysis to investigate the causality. In the
multivariable linear regression analysis, we analyzed the linearity
of the BACS-J components that were statistically significant in
the partial correlation analysis and set the parameters of interest
in the current study (i.e., age, CP equivalent, BP equivalent,
and serum BDNF) as independent variables. The results were
considered significant at p < 0.05. All statistical analyses were
performed using SPSS software (SPSS version 23.0]; SPSS, Tokyo,
Japan).

Consent

This study protocol was approved by the review board of our
institute; the Ethics Committee of the University of Occupational
and Environmental Health. Written informed consent was
obtained from all subjects who participated in this study in
accordance with the Declaration of Helsinki.

RESULTS

Background Data of Participants

Sixty-five of 116 subjects (63.8 £ 12.1 years old, M/F = 29/36)
who consented to participate in the study and provided full
data for all assessment items were enrolled in the study. On the
occasion of statistical analysis, we supposed that these samples
are based on the normal distribution in the track of the Kaneda’s
previous study. Across all subjects (n = 65), the mean number
of administered antipsychotic agents was 2.0 = 1.1. The CP
equivalent dose of the antipsychotic agents was 908.3 £ 627.1
mg/day, and the BP equivalent dose of the anticholinergic drugs
was 2.01 £ 2.58 mg/day. The mean GAF score was 38.2 & 15.0,
and the mean ManS total score was 12.6 & 5.8; thus, the disease
severity of the enrolled patients ranged from mildly to moderately
ill. The mean education level was 11.4 & 2.1 years, and the
premorbid IQ, which was calculated according to the JART, was
90.8 £ 11.1. The demographic data of the enrolled participants
are shown in Table 1. Additionally, the mean BACS-]J z-score of
six components in the present study were as follows, respectively,
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TABLE 1 | Demographic data of the participants.

Sex (male/female) 29/36

Age (years) 63.8 £ 12.1
Number of antipsychotics 2.00 £ 1.05
CP equivalent (mg/day) 908.3 + 627.1
BP equivalent (mg/day) 2.01 £2.58
MansS total score 126 £ 5.8
DIEPSS total score 4.35+ 3.78
GAF score 38.2 £ 15.0
Estimated full scale 1Q 90.8 + 11.1
Years of education 14 £21

Values represent the means + standard deviations. CR, chlorpromazine; BF, biperiden;
ManS, Manchester Scale for chronic psychosis; DIEPSS, Drug-Induced Extrapyramidal
Symptoms Scale; GAF, Global Assessment of Functioning.

ie, VM, —2.79 £ 1.33; WM, —2.12 £ 1.39; ME, —2.63 + 1.86;
VE —1.60 £ 1.08; AP, —2.54 + 1.37; EE —2.64 + 2.12; CS,
—2.10 £ 0.99.

Simple Correlation Analyses

Significant correlations were observed between (1) working
memory (WM) and age (r = —0.310, p = 0.012); (2) attention
and processing speed (AP) (r = —0.331, p = 0.007) and executive
function (EF) (r = —0.316, p = 0.010) and CP equivalent dosage;
(3) verbal memory (VM) (r = —0.270, p = 0.029), motor function
(MF) (r = —0.403, p = 0.001), AP (r = —0.262, p = 0.035),
composite scores (CS) (r = —0.255, p = 0.041), and BP equivalent
dosage; (4) AP (r = 0.340, p = 0.006), EF (r = 0.314, p =
0.011), and the estimated full-scale IQ; (5) VM (r = 0.258, p =
0.045), AP (r = 0.261, p = 0.042), CS (r = 0.261, p = 0.042),
and education; and (6) MF (r = —0.252, r = 0.043) and serum
BDNF concentration (Table 2). No correlations were observed
between the BACS-J components and the GAF score or DIEPSS
total score.

Partial Correlation Analyses

In the analyses of the partial correlations between the BACS-
J z-scores and multiple clinical parameters, the six task scores
and the composite score of the BACS-] were set as dependent
variables, while the clinical parameters (i.e., CP equivalent,
BP equivalent, GAF score, ManS total score, DIEPSS total
score, and serum BDNF) were set as independent variables.
Additionally, those parameters known to influence the results of
the test battery, such as the estimated full-scale IQ and years of
education, were set as control variables. By this correction, several
significant relationship found in the simple correlation analysis
couldn’t be confirmed in the partial correlation analysis. The
partial correlations were calculated based on the aforementioned
conditions. Significant correlations were observed between (1)
WM (r = —0.297, p = 0.022) and age; (2) MF (r = —0.290, p =
0.026), AP (r = —0.336, p = 0.009), EF (r = —0.310, p = 0.017),
and CP equivalent dosage; (3) MF (r = —0.434, p = 0.001) and
BP equivalent; and (4) MF (r = —0.287, p = 0.027) and serum
BDNF concentration (Table 3). The BACS-] components were
not correlated with the GAF score or DIEPSS total score.

Multiple Regression Analysis

In the multivariable linear regression analysis, we analyzed
the MF component because this component exhibited more
significant associations than the other components. We included
the parameters of interest in the current study (i.e., age, CP
equivalent, BP equivalent, and serum BDNF concentration)
as independent variables. Specifically, the MF component was
included as the dependent variable, and the independent
variables such as age, ManS total score, CP equivalent, BP
equivalent, serum BDNF concentration, estimated full-scale
IQ, and years of education were loaded all by the forced
entry method. Any collinearity was not found among the
following independent variables based on the value of variance
inflation factor (VIF) (i.e., age, 1.183; ManS total score, 1.209;
CP equivalent, 1.483; BP equivalent, 1.411; serum BDNE
1.074; estimated full-scale IQ, 1.293; educated years, 1.242),
respectively. The multiple regression coefficient of this model,
R, was 0.542; the adjusted R? (coefficient of determination) was
0.201. Additionally, the significance of the F-test in the analysis
of variance was p < 0.007, which was significant at the 1% level.
The B-values, which indicate the strength of the effect of each
variable, and the significance probability were as follows: age
(B = —0.115, p = 0.363), ManS total score (3 = —0.082, p =
0.648), CP equivalent (B = —0.133, p = 0.347), BP equivalent
(B = —0.305, p = 0.030), serum BDNF (B = —0.205, p =
0.092), estimated full-scale IQ (B = —0.180, p = 0.175), and
years of education ( = 0.166, p = 0.204) (Table 4). Thus, BP
equivalent significantly explained MF at the 5% significance level;
in contrast, age, Man$ score, CP equivalent, and serum BDNF
were not significantly associated with MF. Overall, only the BP
equivalent dosage had a causal relationship with MF according to
the final analysis.

DISCUSSION

Kaneda et al. (1) mentioned that BACS is affected negatively
not only by schizophrenia but also by the level of education
and aging. However, there were some differences between the
Kaneda’s paper and the present study. For example, the mean
age of participants in the present study was higher (more than
20 years older), and, in addition, the mean z-score of respective
components in the present study was lower than in Kaneda
etal. (1).

The main finding in the present study was a negative
causal relationship between the anticholinergic agent dosage
and MF. The partial correlation analyses revealed the following
correlations: age and WM (r = —0.297, p = 0.022); antipsychotic
agent dose and MF (r = —0.336, p = 0.009) or EF (r = —0.310,
p = 0.017); anticholinergic agent dose and MF (r = —0.434, p =
0.001); and serum BDNF and MF (r = —0.287, p = 0.027).

Many studies have compared BACS scores before and
after the administration of antipsychotic medication (14, 15).
Additionally, we previously reported an association between
cognitive functioning and schizophrenia medication use in which
polypharmacy adversely affected cognitive functioning (2), and
switching to antipsychotic monotherapy from polypharmacy
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TABLE 2 | Analysis of simple correlations between BACS-J z-scores and multiple parameters.

VM WM MF VF AP EF CS
r P r P r P r P r P r P r P

Age (years) —-0.233* 0.061 -0.310* 0.012* -0.236* 0.058 —0.007 0.956 0.134 0.288 -0.123 0.330 -0.163 0.196
CP equivalent —0.120 0.341  —-0.079 0.531  —-0.233* 0.062 0.078 0.538 -0.331*  0.007** -0.316* 0.010* -0.207*  0.098
(mg/day)

BP equivalent —0.270*  0.029* —0.151 0.229 —0.403** 0.001** 0.046 0.715 —-0.262*  0.035* —0.231* 0.064 —0.255*  0.041*
(mg/day)

GAF score 0.203*  0.105 0.159 0.206 0.132 0.295 0.029 0.821  0.080 0.525 0.090 0.474 0.152 0.228
ManS total —0.139 0.271  -0.4177 0.159 —0.196 0.117 —0.031 0.809 -0.193 0.123 -0.226*  0.070 -0.213* 0.088
score

DIEPSS total 0.021 0.870 —0.024 0.851 —-0.137 0.276 0.064 0.615 —0.106 0.403 —0.096 0.449 —0.058 0.648
score

Estimated full  —0.042 0.741 0.154 0.220 —0.083 0.512 0.213*  0.088 0.340*  0.006** 0.314*  0.011*  0.213*  0.088
scale IQ

Years of 0.258*  0.045*  0.158 0.225 0.178 0.169 0.114 0.383 0.261*  0.042* 0.246*  0.056 0.261*  0.042*
education

Serum BDNF  —0.161 0.201  —0.079 0.532 —0.252* 0.043* -0.115 0.362 —0.196 0.118 -0.110 0.383 —0.203* 0.104
(ng/ml)

“r" indicates Pearson’s product-moment correlation coefficient; *|r| > 0.2, **|r| > 0.4; “p” indicates the p-value; *p < 0.05, **p < 0.01. CR, chlorpromazine; BF, biperiden; GAF, Global
Assessment of Functioning;, ManS, Manchester Scale for chronic psychosis; DIEPSS, Drug-Induced Extrapyramidal Symptoms Scale; VM, verbal memory; WM, working memory; MF,
motor function; VF, verbal fluency; AF, attention and processing speed; EF, executive function; CS, composite score.

TABLE 3 | Analysis of partial correlations between the BACS-J z-scores and multiple parameters.

VM WM MF VF AP EF CS

r p r p r p r p r p r P r P
Age (years) —0.053 0.692 —0.297*  0.022* -0.144 0.277 —0.087 0.513  0.033 0.803 —0.136 0.305 -0.151 0.255
CP equivalent —0.183 0.165 —0.042 0.750 —0.290* 0.026* 0.133 0.317 -0.336*  0.009* —0.310* 0.017* -0.199 0.132
(mg/day)
BP equivalent —0.231*  0.078 —0.025 0.849 —0.434* 0.001** 0.080 0.545 —0.249*  0.057 -0.133 0.315 -0.189 0.152
(mg/day)
GAF score 0.121 0.363 0.082 0.537 0.099 0.455 0.015 0.910 0.116 0.383 0.015 0.908 0.094 0.478
ManS total —0.072 0.586 —0.055 0.678 —0.203* 0.124 0.058 0.663 —0.168 0.203 —0.088 0.507 —0.105 0.427
score
DIEPSS total 0.011 0.937 -0.018 0.890 -0.163 0.218 0.073 0.585 —0.144 0.275 -0.111 0.401  —0.071 0.594
score
Serum BDNF  —0.197 0.136  —0.039 0.767  —0.287* 0.027*  —-0.054 0.686 —0.136 0.304 —0.041 0.761 —0.159 0.229
(ng/ml)

Values were adjusted by including the estimated full-scale IQ and years of education as control variables. “r” indicates the Pearson’s product-moment correlation coefficient; *|r| > 0.2,
*Irl > 0.4; “p” indicates the p-value; *p < 0.05, **p < 0.01. CR, chlorpromazine; BF, biperiden; GAF, Global Assessment of Functioning; ManS, Manchester Scale for chronic psychosis;
DIEPSS, Drug-Induced Extrapyramidal Symptoms Scale; VM, verbal memory; WM, working memory; MF, motor function; VIF, verbal fluency; AR, attention and processing speed; EF,

executive function; CS, composite score.

improved cognitive functions, including AP (3). The results of
the current study are similar to those of these reports.

To date, multiple studies have reported that anticholinergic
drugs may be associated with cognitive impairment, particularly
in older adults (16-18). However, few studies have focused
on MF in investigations of the anticholinergic influences on
cognitive impairment. The MF component of the BACS-J
assesses the agility and accuracy of hand movements as patients
place a token in a container. The results may be affected
by the degree of extrapyramidal symptoms independently of
the anticholinergic dosage even though MF and the DIEPSS

total score were not correlated in this study. Therefore, the
effect of anticholinergics on MF is considered independent of
extrapyramidal symptoms.

Blood BDNF concentrations reflect brain BDNF levels in rats,
mice, or pigs (19), so peripheral BDNF levels might partially
reflect a synthesis, secretion and metabolism of brain BDNF
in schizophrenia patients. In short, measuring blood BDNF
levels may be valuable for assuming brain BDNF dynamics. A
meta-analysis showed that the blood BDNF concentration in
schizophrenia patients is lower than that in healthy controls
(20, 21). BDNF levels are related to the negative symptoms
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TABLE 4 | Multivariable linear regression analysis of BACS-J motor function and
multiple parameters.

Motor function

B SE ] t P
Constant 1.326 2.376 0.558 0.579
Age —0.019 0.020 —-0.115 —-0.918 0.363
MansS total Score —0.027 0.042 —0.082 —0.648 0.520
CP equivalent (mg/day) 0.000 0.000 —-0.133 —0.950 0.347
BP equivalent (mg/day) —0.233 0.104 —0.305 —2.226 0.030*
serum BDNF (ng/ml) —0.057 0.033 —0.205 —1.717 0.092
Estimated full scale IQ —0.031 0.023 —0.180 —-1.374 0.175
Years of education 0.149 0.115 0.166 1.287 0.204

Values were adjusted by including the estimated full-scale IQ and years of education as
control variables. “B” indicates the unstandardized coefficient; “SE” indicates the standard
error of B; “B” indicates the standardized regression coefficient; and “p” indicates the p-
value; *p < 0.05. ManS, Manchester Scale for chronic psychosis; CR, chlorpromazine;
BR biperiden.

(22). Chiou et al. (23) also reported that pretreatment negative
symptoms played a pivotal role in the trajectories of the serum
BDNF levels. Thus, BDNF likely affects cognitive functioning
via the negative symptoms. We also reported that decision
making, which was tested using the Iowa Gambling Task, was
influenced by the PANSS-G scores and serum BDNF levels in
chronic schizophrenia patients (24); however, in the present
study, we found a significant relationship between MF and
serum BDNF in chronic schizophrenia patients. Moreover,
these effects were detected not only in the simple correlation
analysis but also in the partial correlation analysis, which was
adjusted for the estimated full-scale IQ and years of education.
Thus, BDNF likely influences certain cognitive functions,
such as decision making or MF in chronic schizophrenia
patients.

From an anatomical perspective, Rao et al. (25) reported that
BDNF protein levels in the prefrontal cortex gray matter were
significantly lower in elderly patients in both non-psychiatric
and psychiatric patients, while BDNF levels in the white matter
did not significantly decrease with age in either group. In
animal aging studies, older age is associated with reduced
BDNF expression in the prefrontal cortex and hippocampus
(26). Therefore, BDNF may be considered a useful biomarker
for re-examining the assumed neurodegenerative course in
schizophrenia. The prefrontal cortex BDNF levels linearly
decrease from 20 to 80 years of age in non-psychiatric samples.
In schizophrenia, the age effect is similarly linear in younger
patients, but a decline does not occur in older patients. Thus,
the prefrontal cortex BDNF levels do not follow a normative
linear age effect in schizophrenia patients with increasing age,
which may represent a “floor effect” due to an earlier decline
(25). In summary, aging in schizophrenia patients could lessen
the influence of the disease, and BDNF changes may decelerate as
schizophrenia patients’ age. These hypotheses could explain the
correlation between cognitive functioning (MF) and age observed
in the present study.

Many previous reports using small sample sizes (at least a
few dozen) have demonstrated a positive correlation between
peripheral BDNF levels and cognition as follows: higher levels
of BDNF are associated with better cognitive functioning in
schizophrenia. However, this finding is not robust. In the
present study, we demonstrated a negative correlation between
serum BDNF and MF in chronic schizophrenia patients. Thus,
whether peripheral BDNF reflects cognitive functioning in
schizophrenia patients remains unknown. According to a recent
report, peripheral BDNF concentrations are significantly lower
in schizophrenia patients than those in healthy subjects. In
addition, BDNF is not correlated with the severity of the
positive and negative symptom (20) and cognitive impairment
(27). Considering these evidences, we may be able to think
as follows. Low BDNF may contribute to the pathogenesis of
schizophrenia indeed, however, it may not contribute to its
cognitive impairments directly. We cannot explain the cause of
the negative correlation between MF and serum BDNF.

Regarding the relationship between BDNF and motor
functioning, many articles focus on Parkinson’s disease, where
limited MF appears to indicate lower levels of peripheral BDNF.
The findings in the present study, i.e., that the anticholinergic
dosage is strongly negatively correlated with ME, depend on
various confounding factors, such as the effects of schizophrenia,
other medications, and other factors affecting the participants’
cognitive states. The cause of this discrepancy is currently
unknown.

As described above, the multiple regression analysis
considered seven parameters (i.e., age, ManS total score, CP
equivalent, BP equivalent, serum BDNF, estimated full-scale IQ,
and years education) as independent variables. The standardized
regression coeflicient “B” suggests that BP equivalent dosage
had the greatest influence on cognitive impairment, followed in
order by serum BDNF concentration, estimated full-scale IQ,
years of education, CP equivalent dosage, age, and Man$ total
score. However, only the BP equivalent dosage (8 = —0.305, p
= 0.030) significantly explained MF at the 5% significance level.
Thus, treating patients with lower doses of anticholinergic drugs
is optimal for improving MF. We may wish to reconsider the
prescriptions given to patients who have been hospitalized for
a long time to determine whether we can reduce their intake of
anticholinergic agents.

Our study has several limitations. First, this study was a
cross-sectional survey without control subjects. Although we
considered the factor of age, the data do not directly indicate
the effect of aging. Second, the sample size was too small
to characterize the relationships described above. Third, the
study considered the effect of antipsychotic and anticholinergic
drugs but did not consider other drugs, such as benzodiazepine
compounds. Fourth, the data were not adjusted for other control
variables, such as smoking, obesity, platelet count, lifestyle
factors, sleep, and diet. Fifth, the MF might be influenced by
age and medication and the impairment of MF might affect
other components of cognitive function, however the present
study did not consider the points. Finally, we did not analyze
of possible differences in any of these outcomes between male
and female patients. Further studies considering these variables
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should be performed to confirm the results of this preliminary
study.

CONCLUSIONS

In summary, we confirmed that aging, medication (administering
more antipsychotic or anticholinergic drugs) and higher
serum BDNF concentrations were significantly correlated
with cognitive dysfunction in chronic schizophrenia but not
the severity of psychotic symptoms. Additionally, the BP
equivalent dosage had the highest impact on MF. Diminishing
the use of anticholinergic drugs may improve cognitive
dysfunction, particularly in terms of motor functioning, in
chronic schizophrenia patients.
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