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Related Factors in the Risk of
Offspring Psychiatric Disorders

Fiona Conway and Alan S. Brown*

New York State Psychiatric Institute, Columbia University Medical Center, New York, NY, United States

Maternal immune activation (MIA) at the time of gestation has been linked to increased risk
of neurodevelopmental psychiatric disorders. Animal and human models have been used
to evaluate the relationship between MIA and these outcomes. Given that each of these
two disciplines of study have their benefits and limitations, a translational perspective is
expected to illuminate more than by the use of any single approach. In this article, we
discuss this translational framework and explore how it may be enhanced by the utilization
of epigenetic studies and by investigating the microbiome. In this perspectives piece, we
focus on the impact of epidemiologic studies, animal models, and preclinical studies in
the literature on MIA as well as the potential for greater integration between fields.

Keywords: autism, schizophrenia, maternal immune activation, stress, microbiome

INTRODUCTION

Fetal developmental events occurring in utero are implicated in the postnatal health of offspring
through adulthood. Environmental exposures during gestation, including maternal infection,
nutritional deficiencies, toxic exposures, and other factors that cause stress during pregnancy
are particularly insidious during gestation. Central nervous system (CNS) disorders, particularly
schizophrenia, autism spectrum disorder (ASD), and bipolar disorder likely result from both genetic
and environmental contributions. Epidemiologic studies have revealed strong connections between
conditions associated with heighted maternal immune activation (MIA), resulting from infection
and stress, and schizophrenia (1, 2), ASD (3, 4), and bipolar disorder (5) in offspring. At the same
time, substantial advances have been made through animal models to understand the mechanisms
underlying these diagnoses. More recent studies have begun to address potential mediating pathways
including epigenetics, and the role of the microbiome in these disorders.

IMPACT AND LIMITATIONS OF EPIDEMIOLOGIC STUDIES
OF MIA

Epidemiologic studies offer important potential inferences into etiologic processes through the direct
study of human populations. Results from early ecologic studies, which focused on the comparison
of groups instead of on individuals, were consistent with associations historically found between
schizophrenia and prenatal exposure to influenza outbreaks (6). Later, ecologic studies, with larger
cohorts and those investigating other infectious agents, showed inconsistent results and generally
weak effects. However, these types of studies are imprecise in their measurement of this exposure,
as individual-level data are missing. About 70% of those who were in utero during the influenza
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epidemic of 1957, but were unexposed, were incorrectly classified
as exposed because ecologic studies are based on dates of birth to
establish fetal exposure (7).

To address this limitation, individual-level information has
been garnered through the use of birth cohort studies, by which
exposures occurring during pregnancy can be documented
with questionnaires, medical histories or biological samples.
Individuals studied can then be longitudinally monitored for
diagnoses such as ASD or schizophrenia. Birth cohort studies
have shown that offspring of mothers with antibodies to certain
infections, including influenza, and/or elevated C-reactive
protein levels during pregnancy, were at increased risk for
schizophrenia (1, 2, 8), ASD (3, 9, 10), and bipolar disorder (5,
11). This is discussed in a recent review [see Ref. (12)].

One key limitation of birth cohort studies is that they cannot be
used to identify biological mechanisms underlying the pathology.
The potential to draw causal inferences is further limited by
potential bias and confounding, though our group and others
have utilized epidemiologic and statistical approaches to reduce
the impact of these factors. Since a myriad of infectious agents
produce cytokines and other inflammatory markers, they can be
used as a common indicator of these exposures and may operate as
a shared mechanism by which neurodevelopment of offspring may
be prenatally modified, thus increasing the risk for schizophrenia,
bipolar disorder, and other psychiatric conditions (2, 13, 14).

IMPACT AND LIMITATIONS OF ANIMAL
AND HUMAN MODELS OF MIA

The abovementioned epidemiological studies have inspired
research on prenatal infection and MIA using rodent and primate
models. Animal models have provided unique experimental
tools to overcome the limitations of epidemiological studies,
such as longitudinal evaluation of neurobiological processes as
well as establishing causality. They also facilitate the unraveling
of cellular and molecular mechanisms, which is not possible
in epidemiologic studies. Through studies of animal models,
cytokines were found to act on the developing fetal brain as
inflammatory signaling proteins of detrimental environmental
exposures. Cytokines play critical roles in normal fetal
development, including neuron proliferation, and synaptogenesis
(15). However, elevated maternal proinflammatory cytokine
levels cause changes in these processes and have been associated
with abnormal neurodevelopment (16). The MIA models in
animals allow for in-depth tracking of biologically-relevant
phenotypes over time from gestation to adulthood (17). These
models involve triggering the maternal immune system during
fetal development using a variety of immunogens, such as
lipopolysaccharide (LPS) and polyinosinic:polycytidylic acid
(poly I:C), and then observing changes in the brain and behavioral
development of offspring for features corresponding to human
neurological disorders (18, 19). Itis possible that prenatal immune
challenge acts as a “disease primer” which, when combined with
other environmental, genetic, and epigenetic factors, alters the
trajectory of fetal neurodevelopment and may ultimately result in
the emergence of a number of CNS disorders (17).

Rodents have historically been the principal species utilized
in animal model studies. For example, deficits in sensorimotor
gating (17, 18), depression-like behaviors (20), and high levels
of repetitive behaviors (18, 21, 22) have been noted in offspring
of rodent MIA models. One particular mouse study (8) reported
neural and behavioral abnormalities resembling those found in
schizophrenia as a result of prenatal exposure to MIA interacting
synergistically with traumatizing experiences in puberty (23).
Studies have also included nonhuman primates, such as rhesus
monkeys (24). These models have provided greater comparability
with regard to biological phenotypes and neurodevelopmental
processes to humans. In one rhesus monkey model, MIA
produced progeny that displayed irregular social interactions,
abnormal communication, and repetitive behaviors. These results
extended rodent MIA findings to behaviors that more closely
mirror human behaviors, such as those in both ASD and, to some
degree, in schizophrenia (25). More recently, novel evidence
implicating MIA exposure with alterations of nonhuman primate
dendritic morphology was found (26). This may offer insight into
revealing the neuropathology of CNS disorders related to MIA
and pave the way for clinical investigations.

Recent clinical studies have served to help bridge the gap
between non-human and human primate basic science by
evaluating relationships between maternal immune function and
neuroanatomic abnormalities. Maternal pro-inflammatory cytokine
interleukin-6 concentrations were associated with offspring
frontolimbic white matter microstructural properties, including
maturational changes in the first 12 months postnatally (27). Another
clinical study linked high maternal inflammatory concentration of
interleukin-6, a pro-inflammatory cytokine, during pregnancy with
abnormal development in offspring at 2 years of age in brain regions
associated with sensory processing and impulse control (28).

STRESS AND MIA

Many studies have suggested a correlation between maternal stress
during pregnancy and a myriad of negative neurodevelopmental
effects in offspring (29, 30). Stressful experiences during
pregnancy, including death in the family, war, natural disasters,
and more recently socioeconomic disadvantage have been
linked with schizophrenia in offspring (31-34). These results
provide evidence for an association between maternal stress
and schizophrenia in offspring. The impact of prenatal exposure
to maternal stress has been investigated by several birth
cohort studies. Distressing experiences while the mother was
pregnant were recorded and used to anticipate potential risk of
psychiatric disorders among offspring in a Danish cohort (35).
There is a growing body of evidence implicating stress during
prenatal development to ASD (36, 37).These results corroborate
epidemiological research on birth cohorts from the Dutch Hunger
Winter of 1944-45 which reported relationships between prenatal
famine and offspring long-term cognitive and mental health
development (38-40), including schizophrenia and affective
disorders. Although nutritional deficiency is regarded as the likely
cause of the findings, it is possible that maternal stress due to the
exposure played a role. However, conflicting results were found

Frontiers in Psychiatry | www.frontiersin.org

June 2019 | Volume 10 | Article 430


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

Conway and Brown

Maternal Inflammation and Psychiatric Disorders

in a population-based cohort study, regarding maternal exposure
to death of a relative and risk for ASD in offspring, in which no
correlation was reported (41).

Although the precise mechanisms for the associations
between maternal stress, immune activation, and subsequent
offspring pathology are still not well known, it is thought that
psychological stress, through the inflammatory response,
may exert an influence on human health (42). One study
has examined the cytokine profiles of umbilical cord blood, in
association with prenatal stress, as a marker of their effects on
the immune system. The findings suggest that both adaptive and
innate immune responses were altered by prenatal stress (43).
A more recent birth cohort investigation implicated maternal
psychological stress in alterations of perinatal cytokine profile in
offspring. In particular, prenatal maternal stress was associated
with higher levels of interleukin-4, interleukin-5, interleukin-6,
interleukin-8, and interleukin-113 (44).

THE MICROBIOME AND MIA

The microbiome is a relatively new topic that has been explored
as a potential etiologic factor in central nervous system disorders
and the remediation of their symptoms. An imbalance in the
microbiome is correlated with a variety of adverse consequences,
including lasting behavioral abnormalities, neuropathology,
immune dysfunction, and deficient gastrointestinal integrity.
Abnormalities in immune function are reported in ASD and
other psychiatric disorders, and recent studies suggest that
microbiota is an important factor in this dysregulation (45, 46).
The gut microbiome composition has been determined to not
only be affected by neuroinflammation (46) but to reciprocally
affect specific regional immune responses in the brain (47).

Animal Models

Experimental studies have shown that MIA brings about
enduring changes in immune system activity as well as ubiquitous
alterations in the balance of offspring microbiota in adulthood
(48-50). One study reported changing the microbiome of
mice using human commensal B. fragilis enhanced not only
gastrointestinal health, but also execution of certain tasks used
to measure behaviors principally associated with ASD (49). In
another study, investigators found that mice that had more Th17
cells in their intestine, and in which there was more colonization
with segmented filamentous bacteria (SFB), were more prone to
behavioral pathology caused by MIA (50). This susceptibility was
passed to other mice by induction of Th17 cells and colonization
of SFB. In addition, during MIA, elevated interleukin-17a
responses were caused by the activation of dendritic cells, a
key cell type involved in CNS pathology, interacting with SFB
colonized Th17 cells (50).

MIA and the Human Microbiome

When the maternal immune system is activated during
pregnancy, the inflammatory cytokines released affect the
offspring’s vagal system and consequently their CNS regulation

(51). MIA activation also affects maternal gut bacteria, which in
turn can affect the microbiome of offspring. The microbiome
of offspring has been shown to be populated and affected by
the prenatal environment (52), mode of delivery (53), diet, and
other aspects of postnatal care (54). The microbiome of children
with ASD, when compared with controls, is less diverse, with
overgrowth of certain microbes, such as Desulfovibrio (55),
Alistipes, and Akkermansia (56), being more common.

Probiotics are hypothesized to aid autism symptoms by
colonizing the gastrointestinal system with beneficial bacteria.
However, clinical trials of probiotic supplementation have shown
mixed results for the effectiveness of probiotics on the behavioral
symptoms of ASD (57). A more recent open-label study using
microbiota transfer therapy (MTT), which consists of round of an
antibiotic, a colon cleanse, and fecal transplant therapy, resulted
in an 80% decrease in problematic GI symptoms using the
Gastrointestinal Symptom Rating Scale and increased diversity of
the microbiome of participants (58). This therapy also resulted in
improved ASD behavioral symptoms which continued for 8 weeks
post-treatment completion. This therapy will need to be studied
more extensively with larger sample sizes, but these results are
promising for a potential treatment option.

It has recently been reported that oral probiotic supplementation
during pregnancy reduced MIA cytokine levels and subsequent
offspring ASD symptoms, such as depression, anxiety, and social
deficits, in mouse models (59). Some of these results may be due to
the prevention of Poly(I:C)-induced weight loss of dams, another
result of the oral probiotic supplementation. Although this has
yet to be studied in humans, this offers insight into potential
preventative measures for expecting mothers.

EPIGENETICS AND MIA

It has been found that epigenetic modifications occur beyond
early embryonic development and are dynamic throughout fetal
development and over one’s lifetime (60, 61). Epigenetic alterations
offer possible mechanisms by which immune insults during prenatal
development affect offspring outcomes. Maternal distress has been
reported to be a leading cause in epigenetic alterations (61). Birth
cohort studies investigating the effects of the Dutch Hunger Winter
have examined whether standard DNA methylation is modified as
a result of maternal famine and stress. Hypo-methylation during
gestation alters the accessibility of offspring DNA to translation and
therefore changes gene expression in these regions. Several genes,
including ABCAL, insulin-like growth factor II, interleukin-10,
GNASAS, and MEG3 have been found to have modified levels
of DNA methylation in offspring, thus implicating extensive
epigenetic effects of maternal famine (62, 63).

In mouse models of MIA, adult offspring have displayed
hypo-methylation, and transcriptional changes, in genes related
to GABAergic signaling and neural development (64). In a
more recent review, maternal depression, and its associated
immunological alterations in cytokines and reactive oxygen
species levels, was linked to offspring DNA methylation (65).
Experimental evidence from animal models has indicated that
MIA can result in widespread DNA hypo-methylation in the
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hypothalamus (66). This can be a potential factor for dysregulation
of the hypothalamus-pituitary-adrenal gland (HPA) axis, which
has been linked to the pathophysiology of schizophrenia (67).
Alterations in the gray-matter composition of the hypothalamus
have also been linked to ASD (68). Another study reported that, in
MIA exposed mice, 80% of hypo-methylated sites were stabilized
with a diet high in anti-inflammatory fats (69). Although this
is yet to be studied in humans, this has profound implications
for possible dietary interventions to mitigate the effects of MIA
induced hypo-methylation in addition to standard treatment.

MIA also alters histone acetylation. Adult female offspring of
MIA mice expressed anhedonic behavior, which was correlated
with global histone acetylation changes in the hippocampus (70).
Histone modification caused by MIA may alter hippocampal
serotonin transporter (SERT) expression, a critical component to
the etiology of depression and which may play a significant role
in schizophrenia (70, 71).

FUTURE RESEARCH AND PERSPECTIVES

Great strides have been made through both epidemiologic
work and basic science to explore the potential role of MIA in
neuropsychiatric disorders. The addition of epigenetics to the
MIA model as a mediating mechanism may shed more light
on pathogenic processes that underlie these disorders. A key
challenge regarding a suitable translational approach (12) is
the Research Domain Criteria (RDOC) (72), which is aimed at
deconstructing psychiatric disorders into their most basic psycho-
and neuropathological components. Further insights for future
translational research may be gleaned from standardization of
immune activating agents and methods, integrating postmortem
pathology, and longitudinal neuroimaging (73-75).

Although stress has been conceptualized as a teratogen, and
may activate the maternal immune system in a way similar to
infection, the biological framework for how it may affect offspring
is still not well understood. Beyond cytokines, maternal cortisol
levels have also been implicated in offspring neuropathology (76).
Further elucidation of the biological mechanism by which maternal
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Introduction: Building upon the comorbidity between atopy and schizophrenia, we
conducted a large cross-sectional, observational population-based study to examine
if such associations also exist between atopic disorders (eczema, allergic rhinitis, and
asthma) and nonclinical psychotic experiences.

Methods: We examined psychotic experiences in a Dutch population sample through
an online survey (>14 years of age). Participants filled out the Questionnaire for Psychotic
Experiences, together with questions screening for atopic disorders (eczema, allergic
rhinitis, and asthma). Prevalence rates were calculated; binary logistic regression was
used to determine odds ratios (ORs) (age, gender, and years of education as covariates).

Results: We included 6,479 participants. Individuals diagnosed with one or more atopic
disorders had an increased risk of psychotic experiences as compared with controls
(OR = 1.26). Analysis of individual symptoms revealed an OR of 1.27 for hallucinations,
whereas delusions only showed a trend. With each additional atopic disorder, the risk of
psychotic experiences increased. This was also observed for hallucinations alone but not
for delusions alone. Atopy was associated with hallucinations across all modalities (OR
ranging from 1.19 to 1.40). These results did not appear to be driven specifically by any
one of the atopic disorders.

Conclusion: In the largest population sample of adolescents and adults to date, we
found that atopic disorders (asthma, eczema, and allergic rhinitis) increase the risk of
psychotic experiences, in a dose—-response fashion. These results provide further support
for the role of immunological components in the predisposition for psychosis and can
serve as a base for further research.

Keywords: psychotic experiences, hallucinations, delusions, atopic disorders, asthma, eczema, allergic rhinitis,
immune
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INTRODUCTION

During the past years, the role of immunological factors [e.g.,
microglia, major histocompatibility complex (MHC), and
complement molecules] in the pathogenesis of psychosis is
supported by an increasing amount of data (1, 2). Speculation as to
how immunological processes may be linked to the development
of psychotic experiences has been fueled by epidemiological
studies on schizophrenia patients and their relatives, finding
altered prevalence rates of various autoimmune diseases such
as celiac disease, autoimmune thyrotoxicosis, psoriasis, and
pernicious anemia (3). For instance, a large Danish register-
based study including 7,704 schizophrenia patients (and 192,590
controls) found that the incidence of autoimmune disorders was
higher both in patients and their parents (4). Notably, a history
of autoimmune disorder was related to a 45% increase in risk of
schizophrenia (4).

A similar association has been shown for atopic disorders (i.e.
a familial group of allergic disorders including asthma, allergic
rhinitis, urticaria, and atopic dermatitis). A cross-sectional
study in Taiwan by Chen and colleagues (44,187 schizophrenia
patients; 132,748 controls) (5) observed a 1.3-fold increased risk
of concurrent asthma in patients as compared with individuals
without any psychiatric disease. Similarly, Weber et al. reported a
relative high prevalence of asthma and eczema in schizophrenia
patients (6). A longitudinal Danish register-based study (n =
808,559) found that individuals diagnosed with an atopic
disorder earlier in life had an increased relative risk of 1.45 of
developing schizophrenia in adulthood (7); their results were
mainly driven by asthma (relative risk = 1.59). Interestingly,
this association has even been observed across the psychosis
continuum, as a population-based longitudinal study (n = 6,784)
showed that children diagnosed with eczema and/or asthma had
an increased risk of developing psychotic experiences in their
adolescence (odds ratio [OR] = 1.44) (8).

To extend these findings, we conducted the first large-scale
population-based study of atopic disorders and psychotic
experiences in both adolescents and adults. We investigated
whether atopy (defined here as diagnosed asthma, eczema, and
allergic rhinitis) increased the risk of psychotic experiences
(defined as hallucinations in four sensory modalities and nine
delusion subtypes) in a sample of individuals aged 14+ years (n =
6,479).

MATERIALS AND METHODS

Participants

The current study is part of a larger cross-sectional, observational
project conducted in the Netherlands, entitled “Zie ik spoken”
[“Do I see ghosts?”; for methodology, see Linszen et al. (9)].
Inclusion took place through the projects website (www.
zieikspoken.nl). The project was promoted between September
2016 and May 2017 through national media channels and several
events. The current study included participants aged 14 years and
over.

Measures

Questionnaire for Psychotic Experiences

The Questionnaire for Psychotic Experiences (QPE) evaluates
the presence and phenomenology of psychotic experiences,
covering the full spectrum of hallucinations and delusions
of any origin, severity, and duration (9, 10). As described by
Linszen et al. (9), a self-survey version was used, addressing
hallucinations in four sensory modalities and nine delusion
subtypes. Screening questions evaluated the lifetime experience
of a psychotic phenomenon. When answered affirmatively,
follow-up questions regarding phenomenology were asked
when this experience also occurred during the past week.
Hallucinations were defined as a perception without a clear
source from the environment. Delusions were considered as
such if the participant reported being near to fully convinced
of their truth. Prevalence rates were calculated by merging
subtypes of hallucinations into one binary variable; a similar
approach was used for the different delusion subtypes. The
variable psychotic experiences were calculated by merging
hallucinations and delusions.

Atopic Disorders

Screening questions addressed whether the participant ever
suffered from asthma, eczema, or allergic rhinitis (described as
hay fever) and, if so, whether the illness had been diagnosed by a
doctor. Participants were divided into two different groups:

— Atopy: participants who reported one or more atopic
disorder as diagnosed by a doctor [in line with previous
register-based studies (5, 7)]. To evaluate a possible
additive effect, the following subgroups were evaluated:
1) one atopic disorder; 2) two atopic disorders; 3) three
atopic disorders. We also examined effects of the three
atopic disorders individually.

Controls: participants without any atopic disorder,
including those individuals who reported having one
or more atopic disorders without being diagnosed by a
doctor.

Procedure

Participants submitted their data via the website https://
zieikspoken.nl [11,601 entries, see flowchartin Figure 1;a detailed
overview is provided by Linszen et al. (9)]. The Medical Research
Ethics Committee of the University Medical Center Utrecht
exempted this study from full review (local protocol number
16-408/C). All participants (including underaged subjects)
confirmed their participation via the study website. Participants
filled out demographic data (e.g., age, sex, handedness, highest
level of education), followed by the QPE hallucination items.
After two recognition tasks [results described by De Boer (11)],
participants could progress to the QPE items on delusions and
the questions evaluating atopic disorders (6,857 valid entries).
The current sample was restricted by age (=14 years), resulting in
6,479 participants with complete data.
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Entries
11,601

Demographics
QPE hall items

Valid: 10,867
Age=14: 10,448

Signal recognition
tasks
(not included)

(incl QPE del items & atopy)

Optional questions

Valid: 6,857
Age=14: 6,523

FIGURE 1 | Flow chart of the study.

Final sample
6,479
(after excluding
missing data: 44)

Statistics

Data were analyzed using IBM SPSS statistics (25.0). Demographics
and prevalence rates of psychotic experiences were calculated
for each group. Binary logistic regression was used to calculate
ORs for psychotic experiences for the atopy (sub)group(s) as
compared with the control group (age, gender, and years of
education as covariates). We also evaluated the different subtypes
of hallucinations and delusions as well as the individual atopic
disorders (asthma, eczema, and allergic rhinitis).

RESULTS

Baseline Group Comparisons

About one third (37.8%) of the sample (n = 6,479) reported
having atopic disorders as diagnosed by a doctor (see Figure 1
and Table 1). Compared with the control group, the atopy group

included fewer males (p < .001). Percentage of individuals with
psychotic experiences within the different groups are presented
in Table 1.

Atopy and Psychotic Experiences
Individuals with one or more atopic disorders had a significantly
increased risk of psychotic experiences as compared with those
without such a diagnosis, with an OR of 1.26 (95% CI: 1.14-1.41;
P <.001). A similar OR was observed for hallucinations (OR 1.27;
95% CI: 1.14-1.42; p < .001), while the association with delusions
bordered on significance (OR 1.21; 95% CI: 0.99-1.48; p = .054).
We also evaluated the possible additive effect of multiple
atopic disorders (Figure 2). With each additional diagnosis of
atopic disorder, the odds for psychotic experiences increased
(Table 2). This pattern was also observed for hallucinations but
not for delusions.
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TABLE 1 | Demographic characteristics of the study sample.

No atopy Atopy Asthma Eczema Allergic rhinitis p value
(n = 4,040) (n =2,439) (n = 954) (n=1,181) (n =1,252) (atopy vs. controls)?

Male (%) 34.0% 27.3% 26.7% 22.9% 29.2% p <.001
Age, 36.8 (15.7) 36.5 (14.5) 35.1 (14.5) 37.0 (14.9) 36.5(13.9) p =.896
mean (SD)
Years of education, 14.1 (2.1) 14.1(2.1) 13.9(2.1) 14.2 (2.0) 14.1 (2.0 p =.593
mean (SD)
Psychotic 33.6% 39.6% 41.6% 38.4% 42.5%
experiences
Hallucinations 31.2% 37.1% 39.2% 36.6% 39.9%

Auditory 13.9% 18.2% 20.4% 17.5% 20.1%

Visual 11.8% 14.0% 15.7% 13.2% 156.1%

Tactile 10.1% 13.2% 13.4% 13.0% 14.1%

Olfactory 9.0% 12.5% 13.4% 11.9% 13.3%
Delusions 6.5% 7.7% 8.5% 6.8% 7.2%

Paranoia 1.7% 2.3% 2.8% 2.1% 21%

Reference 1.6% 1.8% 2.3% 1.5% 1.7%

Guilt 1.0% 1.5% 1.9% 1.6% 1.3%

Control 0.9% 0.7% 0.9% 0.8% 0.7%

Religious 0.5% 0.7% 1.0% 0.5% 0.5%

Grandeur 1.5% 2.1% 2.3% 1.7% 2.0%

Somatic 0.8% 1.4% 1.8% 1.4% 1.1%

Capgras 0.4% 0.5% 0.3% 0.4% 0.6%

Cotard 0.1% 0.5% 0.2% 0.2% 0.2%

aGender: y?; age and years of education: Mann-Whitney U test. n, sample size; SD, standard deviation.

60%

50%

40%

30% -

20% -

10% -

0% -

m Psychotic experiences
® Hallucinations

Delusions

No atopy

1 atopic disorder 2 atopic disorders3 atopic disorders

FIGURE 2 | Percentage of individuals reporting psychotic experiences, grouped by the number of diagnosed atopic disorders.

Hallucination and Delusion Subtypes
Compared to controls, atopy [> 1 diagnosed atopic disorder(s)]
was associated with increased odds across all hallucination
modalities with ORs ranging between 1.19 and 1.40 (OR for
visual hallucinations was trend-level significant after Bonferroni
correction), see Table 3. Atopy was not associated with any of the
delusion subtypes.

Asthma, Eczema, and Allergic Rhinitis

Significant odd ratios for psychotic experiences were found for
allergic rhinitis, asthma, and eczema as compared with those
without atopic disorders (Table 3). The ORs were highest for
allergic rhinitis (1.46), followed by asthma (1.32), and eczema
(1.20). Results were similar for hallucinations, while the
associations with delusions were not significant for any of the
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TABLE 2 | Odds ratios (ORs) for psychotic experiences per number of
diagnosed atopic disorders.

1 atopic 2 atopic 3 atopic
disorder disorders disorders
(n =1,688) (n = 554) (n=197)
Psychotic 1.20 p = .004 1.33 p =.003 1.80 p < .001
experiences (1.06-1.35) (1.10-1.60) (1.34-1.42)
Hallucinations 1.18 p =.008 1.38 p =.001 1.85 p <.001
(1.05-1.34) (1.15-1.67) (1.38-2.48)
Delusions 1.26 p =.037 117 p=.376 0.93p =.810
(1.02-1.57) (0.83-1.66) (0.51-1.70)

The group without (diagnosed) atopic disorders was used as reference (OR = 1.00).
ORs adjusted for age, gender, and years of education (OR, 95% confidence interval).
Raw percentages (noted for the 1 atopic disorder, 2 atopic disorders, and 3 atopic
disorders groups): psychotic experiences 38.3, 40.3, and 49.2%, hallucinations 35.4,
38.6, and 47.2%, delusions 8.0, 7.2, and 6.1% (also see Figure 2).

individual atopic disorders (asthma bordered on significance,
1.30). Regarding hallucination subtypes, all associations were
significant except between asthma and tactile hallucinations and
between eczema and visual hallucinations, which did not survive
Bonferroni correction (Table 3). None of the delusion subtypes
were significantly associated with asthma, eczema, or allergic
rhinitis.

DISCUSSION

To our knowledge, this is the largest population-based study
investigating the association between atopic disorders and
psychotic experiences in an adolescent and adult sample. We
observed an increased risk of psychotic experiences in individuals
with atopic disorders as compared with those without, specifically
for hallucinations. We found a dose-response relationship, with
each additional atopic disorder diagnosis increasing the odds for
psychotic experiences. This was also observed for hallucinations
alone but not for delusions alone. Atopy was associated with

hallucinations across all modalities, while the odds for delusions
were not significant. These results did not appear to be driven
specifically by allergic rhinitis, asthma, or eczema.

In comparison with findings of Khandaker and colleagues
on childhood atopy and psychotic experiences in adolescence
(8), we also found an increased risk of psychotic experiences
in individuals with atopic disorders, both dichotomous and in
a dose-response relationship. We replicated their finding that
asthma and eczema are specifically associated with psychotic
experiences, and extended these findings by also reporting higher
odds for allergic rhinitis. In contrast to Khandaker (8), we found
that atopy was associated with hallucinations across four sensory
modalities, instead of auditory hallucinations alone (although
the result for visual hallucinations was trend-level significant
after correcting for multiple comparisons). While Khandaker
found associations between atopy and two delusion subtypes
(8), our results did not reach significance, which could be due to
the limited number of reported delusion subtypes (percentages
ranging between 0.1 and 2.8%).

Our findings are in accordance with previous studies
reporting the high incidence of atopic disorders in schizophrenia
patients by Chen and colleagues (5) and the increased risk of
schizophrenia in individuals with atopic disorders by Pedersen
et al. (7). Notably, both studies evaluated four different atopic
disorders (asthma, allergic rhinitis, urticaria, and eczema)
and found that their results were mainly driven by asthma.
The high comorbidity between asthma and schizophrenia has
also been reported by Weber et al. (6). This disorder-specific
association was not evident in our sample, as the increased risk
of psychotic experiences was observed for asthma, eczema, and
allergic rhinitis. Moreover, our finding for allergic rhinitis does
not corroborate the observation by Chen and colleagues (5),
who observed that the risk for diagnosed allergic rhinitis was
decreased in schizophrenia patients. However, Pederson et al.
did report increased odds for allergic rhinitis but only when
combined with urticaria and eczema (7).

TABLE 3 | Associations between specific psychotic experiences and atopy, including the individual atopic disorders.

Atopy (n = 2,439)

Asthma (n = 954)

Eczema (n = 1,181) Allergic rhinitis (n = 1,252)

Psychotic experiences
Hallucinations

1.26 p <.001 (1.14-1.41)
1.27 p <.001 (1.14-1.42)

(
(
1.36 p <.001 (1.19-1.57
(
(

1.32p <.001 (1.14-1.53)

1.34 p <.001 (1.15-1.55)

1.20 p = .009 (1.05-1.38)
(

146p <. 1.28-1.67)
1.24 p = .002 (1.08-1.43) )

001 (
1.47 p < .001 (1.28-1.68

Audiitory? ) 1.51 p <.001 (1.26-1.82) 1.31p =.003 (1.10-1.57) 1.58 p < .001 (1.34-1.87)
Visualk 1.19p = .026 (1.02-1.38) 1.32 p = .006 (1.08-1.62) 1.10 p = .339 (0.91-1.34) 1.31p =.003 (1.10-1.58)
Tactile® 1.33 p <.001 (1.14-1.56) 1.29 p = .022 (1.04-1.60) 1.31p =.010 (1.07-1.60) 1.47 p < .001 (1.21-1.78)
Olfactory® 1.40 p <.001 (1.19-1.65) 1.51p <.001 (1.21-1.87) 1.32p = .009 (1.08-1.63) 1.53 p <.001 (1.26-1.87)
Delusions 1.21 p = .054 (0.99-1.48) 1.30 p = .051 (0.99-1.69) 1.07 p = .594 (0.83-1.40) 1.14 p = .304 (0.89-1.47)
Paranoia® 1.31p = .142 (0.91-1.87) 1.55 p = .059 (0.98-2.43) 1.22 p = .402 (0.77-1.94) 1.22 p = .395 (0.77-1.93)
Reference® 1.17 p = .422 (0.80-1.73) 1.45p = 137 (0.89-2.38) 0.96 p = .876 (0.56-1.63) 1.07 p = .794 (0.65-1.76)
Guilte 1.60 p = .041 (1.09-2.53) 1.87 p = .031 (1.06-3.29) 1.71 p = .059 (0.98-2.99) 1.40 p = .264 (0.78-2.52)
Control 0.87 p = .644 (0.49-1.55) 1.09 p = .828 (0.52-2.27) 0.93 p = .852 (0.44-1.95) 0.84 p = .646 (0.40-1.76)
Religious® 1.43 p = .262 (0.76-2.68) 2.02 p = .069 (0.95-4.29) 1.05p = .913 (0.42-2.62) 0.91 p = .843 (0.37-2.26)
Grandeur® 1.44 p = .060 (0.99-2.11) 1.60 p = .062 (0.98-2.63) 1.23 p = .437 (0.73-2.05) 1.39 p = .168 (0.87-2.24)
Somatic® 1.67 p = .039 (1.03-2.70) 2.1 p = .013 (1.17-3.80) 1.74 p = .072 (0.95-3.19) 1.40 p = 289 (0.75-2.64)
Capgras® 1.24 p = 573 (0.59-2.61) 0.70 p = .567 (0.20-2.40) 1.07 p = .896 (0.39-2.93) 1.64 p = 252 (0.70-3.84)
Cotard® 1.72 p = .395 (0.49-5.96) 172 p = 521 (0.33-8.92) 1.50 p = .634 (0.39-7.83) 2.05 p = .327 (0.49-8.64)

The group without (diagnosed) atopic disorders was used as reference (OR = 1.00). ORs adjusted for age, gender, and years of education (OR, 95% confidence interval).

aAlpha level was Bonferroni-corrected for hallucination subtypes (.05/4 = .0125)
bAlpha level was Bonferroni-corrected for delusion subtypes (.05/9 = .0056).
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In line with the continuum hypothesis of psychosis (12)
describing psychotic symptoms along a continuous range (from
isolated, nonclinical symptoms to those occurring in the context
of psychotic disorders), our results contribute to the previously
found associations between autoimmune disorders, atopy and
schizophrenia (3-8). Current findings also corroborate previous
geneticand biomedical studies thathaveindicated the involvement
of immune-mediated pathways in the development of psychosis
(1, 2). Genome-wide association studies have identified robust
schizophrenia-associated risk loci involved in adaptive immunity
(CD19 and CD20 B-lymphocytes) and the MHC region on
chromosome six (1, 2, 13). The MHC region is best known for its
involvementin antigen presentation and inflammatory mediators.
It has also been suggested that asthma and schizophrenia may
share genetic susceptibility (8, 14). Diverse immune alterations
have been found in patients with a psychotic disorder, indicating
inflammation of the central nervous system (1, 3). Cross-
sectional studies have linked inflammatory parameters in the
blood, including C-reactive protein as well as interleukin-6 and
interleukin-8, to severity of negative symptoms and cognitive
performance in schizophrenia patients (15). Furthermore, as
visualized with positron electron tomography, an increased
number of activated microglia cells has been found in the brains
of patients with recent-onset psychosis and those at ultra-high
risk of psychosis (16, 17). Excessive microglial activity potentially
provides a route by which an increased pro-inflammatory state
in the brain may contribute to the gray matter thinning and
synapse loss observed in schizophrenia patients (18, 19). Future
research should further evaluate the complex interplay between
mediating factors that are relevant for both psychosis and atopy,
including genetics and environmental factors such as urbanicity
and childhood trauma (20-23). Importantly, more insight in the
immunological components of psychosis provides new leads to
improve treatment options, with anti-inflammatory drugs being
viewed as potential candidates for new augmentation therapies
for at least a subset of patients (24).

Strengths and Limitations

A major strength of this study is the large number of participants.
Online questionnaires are suitable to evaluate common phenomena
and their risk factors in large samples, which can reveal subtle
associations. Given the anonymity of participation, they are also
suitable for stigmatized topics such as psychotic experiences.

One important limitation is that online surveys are more
prone to participation bias and skewed population samples,
which prompted us to include demographic variables as
covariates in our analyses (25, 26). In addition, the choice to
participate is influenced by individual interests and preferences
that could have contributed to the relatively high percentages of
hallucinations we observed. These percentages should hence be
interpreted with caution [for an elaboration on this point, see
Refs. (9, 11)]. Furthermore, similar to the Khandaker et al’s (8)
study, we based the presence of atopic disorders on these self-
reported data. Although we specifically asked whether these
atopic disorders had been diagnosed by a doctor, these data
could not be verified by making use of health records. A large

systematic review by Pols et al. (27) compared self-reported
prevalences from population-based studies with clinician-
diagnosed prevalences in general practice (children aged 0-18
years, in the UK and the Netherlands) and concluded that the
lifetime prevalence of asthma, eczema, and allergic rhinitis
was lower in general practice. They also noted that individual
estimates varied widely in both population-based and general
practice studies. Our population-based lifetime prevalence rates
of 14.7% for asthma, 18.2% for eczema, and 19.3% for allergic
rhinitis were relatively low compared to those found by Pols et al.
(asthma: population 19.1-35.6% vs. general practice 4.2-22.9%;
eczema: population 16.5-27.1% vs. general practice 7.2-36.5%;
allergic rhinitis: population 18.3-47.7% vs. general practice
1.0-11.4%). Importantly, the ORs we found for atopic disorders
increasing the risk for psychotic experiences were comparable
with those reported by previous studies using national-register
data (5, 7). We also performed additional sensitivity analyses,
as 16.8% of our control sample reported an atopic disorder that
was not diagnosed by a doctor, which may have introduced some
false negatives. Excluding these individuals altogether (resulting
in a sample of n = 5,800) gave similar findings with overall higher
ORs (atopy versus controls: psychotic experiences OR 1.34;
hallucinations OR 1.34; delusions OR 1.24). Our trend association
between atopy and delusions now reached significance (p = .043).
As mentioned above, various factors could mediate the found
associations between atopy and risk for psychotic experiences. For
example, our dataset did not include measurements on urbanicity.
However, two previous studies that further adjusted their estimates
for degree of urbanization did not find a significant change in their
results without this correction (5, 7). Furthermore, it is important
to note that, although our findings were statistically significant,
the percentage of reported psychotic experiences was only a few
percent higher in participants with atopic disorders as compared
with that in the control group. However, the effects were evident in
a sample taken from the general population. Our findings indicate
that atopic disorders are a risk factor even for the development of
nonclinical psychotic experiences. This supports the proposition
that the immunological pathway may constitute an important
common underlying pathway in the development of psychotic
experiences across the psychosis continuum, both in healthy
individuals and in patients with a psychotic disorders (8, 12).

Conclusion

In the largest population-based study in adolescents and adults to
date, we found that atopic disorders (asthma, eczema, and allergic
rhinitis) increased the risk of psychotic experiences in a dose-
response fashion. These results provide further support for the
involvement of immunological processes in the pathophysiology
of psychosis.
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Severe mental illnesses (SMI), including major depressive disorder, bipolar disorder, and
schizophrenia, are associated with increased inflammation. Given diet’s role in modulating
inflammatory processes, excessive calorie-dense, nutrient-deficient processed food
intake may contribute toward the heightened inflammation observed in SMI. This review
assesses the evidence from observational and experimental studies to investigate how
diet may affect physical and mental health outcomes in SMI through inflammation-
related pathways. Cross-sectional studies indicate that individuals with SMI, particularly
schizophrenia, consume more pro-inflammatory foods and fewer anti-inflammatory
nutrients than the general population. Cohort studies indicate that high levels of dietary
inflammation are associated with increased risk of developing depression, but there is
currently a lack of evidence for schizophrenia or bipolar disorder. Randomized controlled
trials show that dietary interventions improve symptoms of depression, but none have
tested the extent to which these benefits are due to changes in inflammation. This review
summarizes evidence on dietary inflammation in SMI, explores the directionality of these
links, and discusses the potential use of targeted nutritional interventions for improving
psychological well-being and physical health outcomes in SMI. Establishing the extent to
which diet explains elevated levels of inflammatory markers observed in SMI is a priority
for future research.
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Dietary Inflammation in Severe Mental lliness

INTRODUCTION AND AIMS

Recent meta-analyses have confirmed that severe mental
illnesses (SMI), including major depressive disorder (MDD),
bipolar disorder, and schizophrenia, are associated with increased
levels of both peripheral inflammatory markers (1) and systemic
inflammation (2). Additionally, heightened inflammation could
present a novel treatment target for MDD, given that the anti-
depressant efficacy of various pharmacological and lifestyle
interventions appears to be associated with reductions in
inflammation (3, 4). In schizophrenia, the evidence for
antipsychotics altering inflammatory markers is mixed (1, 5),
although there is some preliminary evidence to indicate that
various adjunctive interventions may confer beneficial effects
through reducing inflammatory status (6, 7).

Calorie-dense diets that are high in saturated fats and simple
carbohydrates appear to increase peripheral inflammatory markers,
whereas diets high in fiber and vegetables reduce inflammation
(8-12). Systematic reviews of dietary patterns in people with
SMI have shown elevated intakes of sugar-sweetened soft drinks,
refined grains, and processed meat are common in this population
(13, 14). However, the degree to which these dietary patterns
heighten inflammation in SMI, and the potential impact on
physical and mental health outcomes, is relatively unexplored. This
comprehensive review brings together the evidence from cross-
sectional, longitudinal, and experimental studies on this topic to:

(i) Examine the extent to which inflammatory potential of
the diet (hereafter referred to as “dietary inflammation”) is
elevated in SMI populations;

(ii) Explore the directionality of the links between dietary
inflammation and symptoms of SMI;

(iii) Discuss the existing evidence for the use of nutritional
interventions for improving health outcomes in SMI and
how these effects may act through inflammatory pathways.

FOOD INTAKE AND DIETARY
INFLAMMATION IN PEOPLE WITH
SEVERE MENTAL ILLNESSES

A recent large-scale study of the UK Biobank (15) compared the
macro- and micro-nutrient intake of individuals with diagnosed
MDD (n = 14,619), bipolar disorder (n = 952), and schizophrenia
(n = 262) to healthy controls (n = 54,010), showing that people
with SMI consumed significantly more carbohydrate, sugar, fat,
and saturated fat than healthy controls (all p < 0.001), even when
controlling for age, gender, education, BMI, social deprivation,
and ethnicity. The study also examined the inflammatory
potential of food intakes of individuals with SMI compared with
the general population using the “Dietary Inflammatory Index”
(DII®). The DIl is a literature-derived, population-based measure,
which provides an estimate of the inflammatory potential of an
individual’s diet from up to 45 individual food parameters (16).
DII scores have been validated against various blood markers of
inflammatory status across a number of different populations
(17-21). The DII scores in SMI samples in the UK Biobank are
displayed in Figure 1 [derived from Firth et al. (15)], adjusted
for age, gender, and total energy intake. These data show highly
elevated dietary inflammation in individuals with schizophrenia,
along with smaller, but significantly increased, levels of dietary
inflammation in individuals with MDD (all p < 0.01). Although
dietary inflammation in the bipolar disorder group was similarly

FIGURE 1 | Dietary Inflammatory Index (Dll) scores from 53,270 healthy controls, compared to major depressive disorder (MDD) (n = 14,422), bipolar disorders
(BPD, n =933), and schizophrenia (SZ, n = 254). Midpoint shows adjusted means. Error bars show 95% confidence intervals. *Statistically significant difference
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larger than healthy controls (p = 0.03), this difference was
reduced to a marginally non-significant trend after adjusting for
BMI and socioeconomic status (p = 0.07).

It is interesting to note that despite the vast number of studies
examining elevated levels of peripheral inflammation observed
across all classes of SMI (1), none have accurately controlled for the
potential confounding factor of diet. Furthermore, a priority for
future research is to validate the accuracy of dietary reporting in SMI.
Interestingly, previous research comparing other lifestyle factors
(i.e., physical activity) using objective against self-report measures
in SMI have shown that people with schizophrenia significantly
overestimate health behaviors compared with the general population
(22). Therefore, replication of these findings, using validated
measures in SMI alongside blood markers of inflammation, is
required to establish how diet may relate to inflammation in SMIL

Along with poor mental health, people with SMI experience
drastic inequalities in physical health, including elevated rates
of obesity, diabetes, and cardiometabolic disorders, ultimately
contributing to a reduced life expectancy of around 20 years
(23). Given the clear causal links between dietary inflammation
and these health outcomes established in the general population
(10-12), and the established benefits of dietary interventions for
physical health in SMI (24), it is reasonable to explore dietary
inflammation as one risk factor driving some of the physical health
inequalities observed in this population. Indeed, the highest levels
of dietary inflammation are observed in schizophrenia: a group that
also experiences significantly worse physical health outcomes than
other classes of SMI (25, 26). Poor dietary quality associated with
schizophrenia may even be driven by side effects of antipsychotic
medications, which may increase appetite through interfering with
the “hunger hormone,” ghrelin (27). Clearly, there is an urgent need
for future research to determine the mechanisms through which
poor diet may be driving adverse health outcomes in people with
SMI. This line of investigation will provide novel insights into
the etiology of the physical health inequalities observed in this
population and has the potential to inform clinical care.

A key limitation of the current literature is a lack of large-scale
data on dietary patterns among young people with SMI, thus
making it difficult to determine whether poor diet precedes the
onset of mental illness, or vice versa. In the general population, data
suggest that younger people tend to have worse diets than older
adults (28). This also may apply to SMI populations, as nutritional
deficits in psychosis are evident even prior to antipsychotic
treatment (29). Thus, in the following section, we review the
prospective studies examining links between high levels of dietary
inflammation and the subsequent onset of mental illness.

PROSPECTIVE ASSOCIATIONS
BETWEEN DIETARY INFLAMMATION
AND PSYCHIATRIC SYMPTOMS

Poor nutrition has been implicated in the onset and persistence of
psychiatric disorders (30). In general, cohort studies have shown
that dietary patterns, such as a Mediterranean diet, which is rich
in fruits, vegetables, olive oil, and legumes, may be protective
against mental health disorders (31-38). By contrast, increased

risk of mental disorders has been observed with dietary patterns,
such as the Western diet, characterized by high intake of saturated
fat and refined carbohydrates (33, 39-41).

Inflammation presents one feasible mechanism through
which diet may affect the risk of mental disorders. This is
supported by multiple cohort studies showing that higher DII
scores are associated with increased risk of depression (42-49).
Combining all longitudinal data on this topic (including 77,420
participants from seven different studies), a recent meta-analysis
confirmed that higher levels of dietary inflammation were
associated with 31% increased risk of depression over the 5- to
13-year follow-up period (50). This meta-analysis also found
that pro-inflammatory diets were more strongly associated with
depression among females than males (50), although significant
relationships were observed for both sexes.

Despite these positive findings on links between depression
and dietary inflammation calculated from self-report measures,
future research must establish if these relationships are mediated
by biological markers of inflammatory status. Although a
number of studies have found joint relationships between
dietary inflammation, inflammatory markers, and depressive
symptoms (51-53), those findings are inconsistent with other
results showing that dietary patterns associated with heightened
inflammatory markers do not consistently predict depression
scores (54).

Currently, there is an urgent need for longitudinal studies to
assess how dietary inflammation is related to the onset of other
classes of SMI, because there is currently no strong evidence
linking dietary inflammation with risk of bipolar disorder or
schizophrenia. As the effects of dietary inflammation on mental
health are also observed in adolescence (51), when the majority
of SMIs first arise (55), the potential impact that this may have
on risk of bipolar and psychotic disorders is worthy of further
examination.

Along with clinical symptoms, people with SMI (and
particularly schizophrenia) also display a range of cognitive
deficits (56-58), which impede daily functioning (59, 60), and
are not treated by psychotropic medications (61, 62). There
is an emerging literature suggesting that elevated peripheral
inflammatory markers are associated with deficits in cognitive
function among patients with psychiatric disorders (1, 63).
Though the specific mechanisms underlying this association
remain unclear, chronic and acute inflammation is thought to
have a number of detrimental effects on brain structure and
function, which, in turn, appear to adversely affect cognitive
performance (64-66).

Poor diet and obesity also have a well-established link with
cognitive dysfunction (67, 68). There is mounting evidence
that these associations may be mediated by inflammatory
processes (69), suggesting that diet has the potential to act as a
modifiable risk factor for cognitive dysfunction both in clinical
and non-clinical populations. Much of the work investigating
the association between diet, inflammation, and cognition has
come from a series of cross-sectional and longitudinal studies in
older adults, which indicate that diets with high inflammatory
potential may be associated with accelerated cognitive decline
and reduced brain volume (70-72). Considering the high levels
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of dietary inflammation and cognitive deficits observed in SMI,
along with indicated relationships between cognitive functioning
and diet in other populations, this area presents a promising
avenue for future research (73).

EXPERIMENTAL MANIPULATION OF
DIETARY INFLAMMATION: CAN WE MAKE
A DIFFERENCE TO MENTAL HEALTH?

A recent meta-analysis examined the effects of dietary
interventions on mental health in 16 randomized controlled
trials (RCTs) of 45,826 participants (74). Dietary improvement
significantly reduced symptoms of depression [g = 0.275; 95%
confidence interval (CI), 0.10-0.45; p = 0.002], with no changes
in anxiety observed. Interestingly, similar degrees of benefit for
depressive symptoms were observed from all the different dietary
approaches trialed; dietary interventions primarily designed
to improve nutrition [e.g., the Mediterranean diet, which is
typically linked with anti-inflammatory effects (11)] were no
more beneficial for mental health than those aimed at reducing
bodyweight or decreasing dietary fat intake (74). This may be
because, even without increasing anti-inflammatory nutrient
intake, weight-loss and changes in energy balance can reduce
inflammation through reducing excess adipose tissue, which is
associated with heightened inflammation (75, 76).

However, 15 of the 16 RCTs in this meta-analysis only
examined effects on depressive symptoms in samples with “sub-
clinical” depression (i.e., samples without a confirmed diagnosis of
MDD). However, the single trial conducted in clinically depressed
participants (75) observed large reductions in depressive
symptoms from a 12-week modified Mediterranean diet, with
32.3% of participants achieving remission from the dietary
intervention versus 8.0% in the social support control condition
(p = 0.028). Subsequent RCTs have replicated these findings of the
Mediterranean diet reducing symptoms in people with moderate
to severe depression (76). As a meta-analysis of 50 studies (10) has
shown, the Mediterranean diet significantly reduces inflammatory
markers in other (ie., non-psychiatric) populations, and it is
possible that the benefits in people with depression are linked
to the anti-inflammatory effects. However, this has yet to be
assessed, as no studies have measured changes in inflammation
following dietary interventions in depression. Furthermore, there
is currently no experimental evidence showing beneficial effects
of dietary interventions on inflammation and mental health in
schizophrenia or bipolar disorder.

Nonetheless, RCTs of individual nutrient-based supplements
(nutraceuticals) have provided valuable insightsinto how nutrition
can influence mental health in SMI through inflammatory
pathways. For instance, in an RCT of 155 individuals with MDD,
Rapaport et al. (77) found that patients with baseline elevated
markers of inflammation were significantly more responsive to
omega-3 treatment (mediated, in principle, via eicosapentenoic
acid) (78). The antidepressant effects of omega-3 fatty acids
working through the reduction of inflammation also were
implicated in a seminal study by Su (79). This study examined
depression in people with hepatitis C, undergoing interferon

(IFN) alpha therapy, which commonly induces depressive
symptoms due to its inflammatory effects (80). However, Su
et al. (79) found that omega-3 supplementation reduced the
risk of developing depression following INF-a treatment.
Other nutrients, such as folate, have also been found to reduce
depression in people with high levels of inflammation (81), again
indicating these adjunctive treatments may confer symptomatic
benefits through inflammatory pathways.

Beyond MDD, there are preliminary data from RCTs
suggesting that anti-inflammatory nutrients, such as omega-3
and folate-based compounds, may also be effective for other
SMIs, including bipolar disorder and schizophrenia (82). Because
inflammation is particularly elevated during onset of psychotic
disorders, these adjunctive treatments may have neuroprotective
effects in the early stages of illness among young people (83, 84),
potentially improving cognitive outcomes for some patients.
However, the extent to which their effects are due specifically to
their anti-inflammatory properties is not fully ascertained.

CONCLUSIONS AND FUTURE RESEARCH

The current evidence from human studies examining the role
of dietary inflammation in SMI are shown in Figure 2. The
cross-sectional literature provides consistent evidence that
individuals with SMI consume more pro-inflammatory foods
than the general population, and fewer anti-inflammatory
nutrients—which may contribute toward the heightened levels
of inflammatory markers observed in SMI. In the few studies
that have compared different classes of SMI, the highest dietary
risks are observed among people with schizophrenia (who also
have the most severe disparities in physical health, compared
with other mental disorders). However, the bulk of both the
observational and experimental studies examining the links
between dietary inflammation and mental health have been
conducted in depression (see Figure 2A)—with a relative
dearth of evidence in other disorders. Therefore, there is now
a need for researchers and clinicians to build upon the existing
evidence in MDD and give further attention to the impact of
dietary inflammation in schizophrenia and bipolar disorder
and explore the potential benefits of dietary modification for
these populations.

The longitudinal studies now provide population-scale data
showing that high levels of dietary inflammation are associated
with increased the likelihood of developing depression over
time. However, there is little evidence to suggest that this also
applies to schizophrenia or bipolar disorder. Alongside this, a key
remaining question in this field (which can only be addressed
by experimental studies), is: “Can reducing dietary inflammation
make a difference?” or, more specifically, “Is it possible that
dietary modification can reduce inflammation and thus improve
symptoms in people with SMI?”

Currently, there is no experimental evidence to show that
a specific “anti-inflammatory” diet influences psychiatric
symptoms of schizophrenia or bipolar disorder. Furthermore,
whereas RCTs and meta-analyses have recently shown that
dietary improvement reduces symptoms of depression (in both
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FIGURE 2 | Key Findings and Future Questions: A map of the evidence for the role of dietary inflammation in severe mental illnesses (SMI), with regard to (A)
different conditions, and (B) different aspects of the interaction between dietary inflammation, inflammatory markers, and psychiatric disorders.
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clinical and non-clinical populations), the extent to which this
is due to anti-inflammatory effects of dietary interventions
has not been assessed. Nonetheless, some evidence from
nutraceutical trials suggests that certain anti-inflammatory
nutrients may provide adjunctive treatments for subgroups of
individuals with mental health conditions with particularly
elevated levels of inflammation.

With regard to whole-diet interventions, it is interesting to
consider the prevalent finding that the weightloss, fat reduction,
or Mediterranean diets trialed so far all appear to confer similar
beneficial effects on depressive symptoms. Whereas this may
indicate a lack of specificity, it should be acknowledged that
each of these interventions, although differing in stated aims,
generally have some key factors in common. Specifically, all of
these interventions generally involve decreasing the amount of
refined, processed calorie-dense foods, while increasing intake
of nutrient-dense natural-occurring fiber and vegetables.
Therefore, the general equivalence across difference types
of diets could ultimately produce an encouraging message,
suggesting that highly specific or specialized diets are perhaps
unnecessary for the average individuals, as adhering to very
simple and universally accepted dietary advice appears to be
equally beneficial for psychological well-being—and sufficient
for avoiding the potentially deleterious effects on mental health
of a “junk food” diet. To provide greater insight on this, future
research should attempt to elucidate the specific mechanisms
through which the dietary impacts upon inflammation to
influence mental health. For instance, hyperglycemia and
hyperinsulinemia after a meal of refined starches and sugars
may promote inflammation by increasing production of free
radicals and pro inflammatory cytokines (85, 86), whereas
high levels of saturated fat intake decrease production of
short chain fatty acids such as butyrate, which have anti-
inflammatory properties (87). Alongside these nutritional
factors, obesity and excess adipose tissue themselves directly
heighten inflammation—suggesting that attenuating these
adverse states of health through calorie restriction and low-
fat diets could reduce inflammatory status and thus improve
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Bipolar disorder (BD) is a leading cause of worldwide disability among mood disorders.
Pathological mechanisms are still vastly unclear, and current treatments with conventional
medications are often unsatisfactory in maintaining symptoms control and an adequate
quality of life. Consequently, current research is focusing on shedding new light on disease
pathogenesis, to improve therapeutic effectiveness. Recent evidence has suggested a
prominent role of inflammation in mood disorders. Elevated levels of peripheral
proinfammatory mediators have been reported in BD, as well as in other mood
disorders, and people with systemic autoimmune diseases have an increased risk of
developing BD. These immunological alterations are stable, and current medications are
unable to alter peripheral concentrations even when clinical improvement is evident. These
findings have also been replicated in the central nervous system (CNS) milieu, whereas
genetic studies have shown that these immune alterations are not due to the disorder
itself, being detectable before the illness onset. Moreover, these inflammatory
modifications seem to be affected by and linked to other biomarkers of the disorder,
such as alterations of white matter (WM) microstructure, metabolism, kynurenine
pathway, and circadian rhythmicity. Finally, these immune variations seem to be useful
as predictors of therapeutic responsiveness to medications, and in discriminating
between clinically different outcomes. The objective of this review is to summarize
available evidence on the connection between inflammation and BD, focusing on
peripheral inflammatory markers and recent findings on their connection with other
typical features of BD, to outline a general overview of the disorder. Moreover, it is
meant to analyze the issues with data gathering and interpretation, given the partially
contradictory and inconsistent nature of results.

Keywords: bipolar disorder, neuroinflammation, cytokines, neuroimaging, neurotransmitters

INTRODUCTION

At least 20% of the general population will experience a mood episode at some time in their lives or, even
worse, develop a mood disorder. Within mood disorders, bipolar (BD) and major depressive disorder
(MDD) are the most frequent and disabling ones. BD is a chronic recurrent mental disorder characterized
by mood shifts, ranging from acute depression to mania and hypomania, and followed by a return to
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euthymia. BD affects around 2% of the general population, with a
typical early onset before 30 years of age (1).On the other hand,
MDD is characterized by a chronic recurrence of depressive episodes
with a lifetime prevalence of about 12%. Patients generally reach
clinical attention only years after the illness onset, with a delay of 6-
10 years for a correct diagnosis. Because of the absence of specific
biomarkers, the diagnosis is made simply with a clinical interview,
thus leading to possible misdiagnosis, particularly for those BD
patients that experience a clear hypomanic or manic episode only
after a few depressive ones. Clinical and physiological manifestations
of BD are complex, heterogeneous, and severe mood changes are
only the most evident sign, as it also involves neurovegetative,
inflammatory, molecular, metabolic, and psychomotor alterations.
Moreover, the efficacy of current medications, mainly
antidepressants and mood stabilizers, is modest for both disorders
and has a delayed effect. Although several risk factors have been
identified, mainly genetic and environmental, the pathophysiology
of these disorders is largely unknown. One of the most reported
biomarkers of the disorder is a widespread alteration of white and
grey matter microstructure (2-4), together with an atrophy of the
hippocampus (5), but their biological underpinning still remains
unclear. Following this line of reasoning, it is clear why the psychiatry
research field is looking for new biomarkers that can be helpful to
improve the etiology, diagnosis, and treatment understanding of BD.

THE IMMUNE SYSTEM IN BD

Evidence for possible involvement of the immune system, and in a
broader sense, inflammation, in mood disorders, has been steadily
accumulating in recent years. The rationale behind this relation
originally arises from the observation of the so-called “sickness
behavior,” the complex mixture of behavioral changes observed in
inflammatory states, which includes mood changes such as anxiety,
depression, failure to concentrate, lethargy, and more.
Proinflammatory cytokines such as tumor necrosis factor-ou
(TNF-q), interleukin-6 (IL-6), and interleukin-1f3 (IL-13) are held
responsible for these changes (6). It has also been established that
these cytokines can induce MDD in physically ill patients without a
previous mental illness (7). Moreover, a great percentage of patients
with mood disorders show comorbidities with autoimmune
pathologies, such as hypothyroidism, rheumatoid arthritis,
diabetes mellitus, hepatitis, and Crohn's disease (8, 9). Patients
who experience systemic autoimmune diseases also present an
increased risk of developing BD (10). Consequently, these
findings prompted further research into the potential role of
cytokines and immunity markers on affective disorders.

Even if the data are not always convergent, the majority of the
studies reported increased peripheral cytokines levels in both MDD
and BD. The greater limit of these studies is the use of peripheral
blood for the analysis of immune markers, thus leading to many
questions about whether the same alterations could be observed in
the central nervous system (CNS). This is a core point, considering
the fundamental importance of CSN-specific T-cells' role in shaping
brain function (11, 12). Some elegant studies have analyzed the
CNS inflammatory status through microglia activation. Microglia

are probably the most important innate immune cells in the brain,
where they regulate cellular inflammatory response and represent
the primary source of proinflammatory cytokines. Haarman and
colleagues (13) firstly reported a neuroinflammatory condition in
vivo in BD using positron emission tomography (PET). In vivo
microglia characterization showed significantly increased activation
in the hippocampus of BD patients compared to healthy controls
(HC). Furthermore, in a subsequent study, the same group reported
a direct association between microglia activation and neuronal
damage in BD, thus suggesting a possible harmful effect of this
neuroinflammatory condition (14). Previously reported findings of
inflammatory markers in the periphery now seem to be supported
by microglia studies, thus contributing to create more evidence
supporting the neuroinflammatory theories on mood disorders.

One of the most recent theories about immune alterations in
mood disorder is the one formulated from the reported findings of
Grosse, Drexhage, and colleagues. This theory postulates that MDD
and BD share a partial deficit at different age periods; MDD patients
have an early mild T cell defect, characterized by a reduced
maturation of Th2 and Th17 cells, that becomes more prominent
with increasing age, also including a reduced maturation of T
regulatory cells and an increased immune activation (15). On the
other hand, BD could be characterized by an early T cell defect
similar to those of MDD aged patients, which will become partially
restored with increasing age (16). More evidence supporting this
hypothesis comes from genetic studies: aberrant expression of
mRNA inflammatory genes in BD and related offspring has been
reported. This “genetic signature” is present before illness onset, thus
underling that an inflammatory condition—due to a different genetic
expression—is not the consequence of the disorder itself, but more
likely one of the contributing factors (17). In a subsequent study on
BD twins, the same group found that the occurrence of the
previously reported gene-expression signature was principally due
to shared environmental factors, demonstrating that BD itself cannot
be considered as a causative factor for monocyte activation (18). The
involvement of immune dysfunctions as a consequence of different
genetic expressions would therefore seem a plausible etiological
factor implicated in BD onset and development. In the next
subheadings we will present and discuss the findings on peripheral
markers in BD, and we will then proceed to link these findings to
other core features of BD, such as brain structural alterations,
neurotransmitter production and release, circadian alterations, and
sleep disturbances.

PERIPHERAL IMMUNE SYSTEM
ALTERATIONS IN BD

Innate and Adaptive Immunity
Inflammatory Cytokines

During the last few years, increasing evidence for the involvement
of the immune system in mood disorders has been accumulating,
with many studies showing significant changes to cytokines
levels. Cytokines are small molecules secreted by the immune
system in response to a variety of stimuli, which are capable of
affecting the behavior of other cells. More in detail, cytokines are
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capable of control and promote cell and tissue growth,
development, migration, differentiation, and death. In BD,
significantly elevated levels of IL-18 were detected in the serum
of BD patients during manic episodes compared with HC,
whereas those experiencing depressive episodes did not show
variations (19). Data on IL-6 are among the most consistent in the
whole literature on BD. IL6 is a pleiotropic cytokine which is
known to enhance clonal expansion and activation of T cells, B
cells differentiation, and to manage acute- phase response (20). A
vast majority of immune system cells can produce IL-6 when
driven by Toll-like receptors (TLR), prostaglandins, adipokines,
stress responses, and other cytokines. IL-6 levels were found to be
higher in BD patients compared with HC. Moreover, they seemed
to considerably decrease after 6 weeks of treatment (21). The
same study demonstrated an increase in TNF-o as well, although
no significant reduction was noticed after treatment. These data
were also confirmed by a recent meta-analysis (22). Evidence
supporting the role of an inflammatory milieu in the pathogenesis
of BD is growing. This could perhaps play a part in the increase in
mortality and clinical comorbidities observed in BD patients.

Among all factors involved, TNF-o holds a key position.
TNF-a has a prominent role in the regulation and preservation
of immune system mechanisms, inflammation, and host defense.
It has also been associated with chronic inflammation,
autoimmunity, the development of cancer and the metastatic
process (23). Numerous studies reported elevated TNF-a. levels
in BD patients, as opposed to HC, during both manic and
depressive episodes(19, 22, 24).Nonetheless, some results
suggest that this marker may not be significant at all (25, 26).
Such inconsistencies may be related to heterogeneity in the
samples, due to discrepancies in symptoms, disease duration,
and treatment. Some studies explored the significance of TNF
receptors (TNFR1 and TNFR2), which appear to be more stable
and could, therefore, represent more dependable markers than
the cytokine itself. Moreover, these receptors are likely to be
involved in BD, since various studies described their alteration in
other conditions, such as MDD, schizophrenia, and Parkinson's
disease. In particular, the soluble isoform of TNFR1 (sTNFR1)
showed a strong association with BD patients in any phase of the
disease, as compared to HC, although the same did not apply to
sTNFR2 (27).

A marker which gained quite some attention in this field was
CRP. A recent meta-analysis (28) found that CRP concentrations
are higher in BD patients, substantially during a manic episode,
moderately throughout depressive episodes or euthymia. These
data were partially corroborated by another meta-analysis (29),
which confirmed elevated levels of CRP in manic and euthymic,
but not depressed BD patients. Further findings regarded different
increases in CRP concentrations in distinct mood shifts. Results
showed that notwithstanding evidence of higher levels in all three
phases when compared with healthy subjects, CRP rises more in
the manic stage compared to depression and euthymia in BD.
Furthermore, CRP concentrations seemed to be higher in patients
who did not undergo any treatment. Despite great evidence for the
involvement of CRP in BD, the extension of its elevation was not
associated with symptoms severity or disease duration. Besides,

CRP levels decreased when achieving euthymia after a manic
episode, without reaching control groups concentrations. The
same study also demonstrated that high concentrations of CRP
raise the risk of developing BD, but do not cause neuroprogression
in BD patients (30). However, other studies reported no significant
differences between HC and BD patients, although trends could be
observed for a reduction in CRP levels for manic and depressive
periods compared with euthymia (31).

Among the adaptive immune cytokines, the most relevant
ones analyzed include IL-2 and INF-y. Results from literature
were somewhat inconsistent, as a few studies reported no
differences between BD patients and HC (21, 32), whereas
others noted a significant reduction of IL-2 levels in BD
patients (19). Some studies found INF-y to be reduced (33)
andothers reported it as increased in BD patients anda reduction
in its levels was evident after a few weeks of pharmacological
treatments (34).

The accumulation of a vast amount of evidence in favor of a
proinflammatory activation in BD pathogenesis has led to the belief
that antiinflammatory cytokines in affected subjects would be
reduced or unchanged. Many studies reported no difference
between IL-10 levels in BD patients and HC (24, 35). Nonetheless,
there were a few contradictory reports. Other works found elevated
antiinflammatory cytokines levels, similarly to findings for major
depressive disease, as a compensatory response to proinflammatory
mobilization (22). A meta-analysis, which included over 1,600
among healthy subjects and BD patients in various phases of the
disease, demonstrated significantly higher levels of IL-4 in BD
patients compared to controls (22).

It should also be considered that the immune system is deeply
connected to the circadian system. The link between these two
entities takes place on multiple levels. On one hand, the immune
system features daily cycles, which seem to be vital for the
retention of a functional apparatus. On the other hand, immune
responses cause changes in circadian rhythms, disrupting their
stability. Many immune cell types show daily fluctuations in
human and rodents' blood. Among those are T and B cells,
monocytes, macrophages, and NK cells. The same is true for
various cytokines, such as IL-1£3, IL-6, INF-y, and TNF-o.. Many of
the studies on this topic were performed on regular day-night and
sleep-wake conditions, therefore rendering it impossible to
understand if differences in concentration were due to the
endogenous circadian system or cyclical environmental signals.

Chemokines

Studies exploring the association between BD and chemotactic
cytokines are sparse. One of the most relevant had enrolled 70
BD patients and 50 healthy subjects (36). BD patients presented
higher levels of CCL11, CCL24, and CXCL10, and reduced levels
of CXCL8 compared to controls. No significant differences were
noted between manic and euthymic patients. Higher CXCL10
have also been reported in a separate study (37). CXCL10
promotes activated Thl cells mototaxis, and Thl cells
hyperactivity has already been demonstrated in BD patients.
On the other hand, CCL11 and CCL24 activity is suggestive of
Th2 cells hyperactivity, which is known to be associated with BD.
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Lastly, CXCL8 is a chemokine produced by monocytes,
macrophages, and endothelial cells. Previous research has
highlighted contradictory data concerning BD, with some of
the works finding an increase in its plasmatic levels for depressive
and manic states, while others did not report alterations in
euthymic patients.

INFLAMMATORY STATUS ACROSS
MOOD STATES: A ROUNDUP

Even if quite the majority of the studies seems to point out a
peripheral inflammatory markers alteration in BD (38), data
available is heavily subject to interpretation, and we will now
produce a brief roundup of cytokines movement throughout
different mood states, extrapolated from what we already discussed.

Among the most prominent cytokines in human biology are
tumor necrosis factor-o. (TNF-o), interleukin-6 (IL-6), and
interleukin-1f (IL-1B). These are heavily implicated in many
physiological processes, and it is of huge interest to seek their
potential role in BD mood swings.

As far as IL-1f3 goes, a study showed that BD patients during
manic episodes produce higher levels of the cytokine, whereas those
experiencing depressive episodes did not show variations (19).

On the other hand, IL-6 levels were found to be elevated in
BD patients, across all mood states and without significant
correlation to the polarity of mood states. A crucial finding is
that they were notably reduced after 6 weeks of treatment (21),
something which could hold a very significant value in assessing
the efficacy of pharmacological treatment in these patients, and
therefore adjusting therapeutic approaches. TNF-ot was also
shown to be increased in BD patients in the same study, even
though its levels did not significantly decrease after treatment.

Still, TNF-o. was assessed in many different studies, with
contrasting results. A few studies asserted that BD patients
generally show higher levels of TNF-o than HC, with no
significant difference between manic and depressive episodes (19,
22, 24). At the same time, some studies concluded that no such
difference existed (25, 26). Such inconsistencies highlight the need
for more dependable biomarkers, which could prove to be more
stable and consistent across patients and mood states. TNF receptors
(TNFR1 and TNFR2), are potential candidates for the role, and
indeed the soluble isoform of TNFR1 (sTNFR1) demonstrated
strong correlations with BD patients in any phase of the disease, as
compared to HC, although the same did not apply to sSTNFR2 (27).
Further studies are surely needed to better assess the potential of this
interesting marker in such patients.

Another very promising marker, implicated to a great extent
in a number of different milieus, is CRP. Data in the field are
again inconsistent and generally come from large meta-analysis,
which all show higher CRP concentrations in BD patients
compared with HC, but are not on the same page as it regards
levels through various mood states in BD.

A few studies also looked at adaptive immunity cytokines,
notably IL-2 and INF-y, which would implicate a more complex
pathological mechanism. Indeed, results showed an even higher

degree of variability, although some showed promise in
highlighting possible markers of response to treatment,
particularly one which reported a reduction in INF-y levels
after a few weeks of pharmacological treatment. For summing
up purposes, we hereby provide a table with all major findings on
cytokine levels in studies included in this review (Figure SI).

The overall direction from the mentioned studies is in favor of
a proinflammatory activation in BD pathogenesis, but these
results taken together push the need to find a better way to
standardize methods such as patients' selection, samples
collection timing, storage and analysis, among others. Efforts
shall be put towards standardizing all studies which aim to
explore such correlations among peripheral cytokines, so as to
compare results more objectively, and hopefully find more
consistency when putting data together.

MORE THAN AUTOIMMUNITY: OTHER
PROPOSED FACTORS CONTRIBUTING
TO BD ETIOLOGY

Before the interest in immune alterations as a possible contributing
factor to BD pathology, several decades of research have enlightened
different systemic and local alterations as biomarkers of the disorder.
The most-reported ones relate to brain structure, neurotransmitter
release and neurocircuit functioning, circadian rhythmicity,
tryptophan degradation, metabolism, and cognitive modification.
These markers are both interconnected and linked to the immune
system modification found in BD.

BRAIN STRUCTURAL ALTERATIONS

White matter (WM) microstructural alterations have been
extensively associated with BD and have been proposed as a
possible biomarker of the disorder. Neuroimaging studies on
diffusion tensor imaging (DTI) consistently reported a widespread
pattern of increased diffusivity perpendicular to the WM tracts' main
diffusion trajectory (radial diffusivity, RD), and in the molecular
diffusion rate measured by mean diftusivity (MD) (2, 39-41). These
patterns of alterations are usually accompanied by a reduced
diffusivity along the main WM fiber axis, or axial diffusivity (AD),
and a lower coherent directionality, measured by fractional
anisotropy (FA). WM alterations also concern a volumetric
reduction, as described in voxel-based morphometry studies (42),
and increased WM hyperintensities (43, 44). These WM
modifications have been linked to possible alterations in
oligodendrocytes, the axons' myelinating cells in the CNS (45). In
the brain of individuals with BD, postmortem studies show a
significant reduction in oligodendroglial cells density (46-48), and
oligodendrocyte-specific mRNA markers were found to be
downregulated (49), thus possibly impairing the homeostatic
maintenance of myelinated axons and re-myelination processes (50).

Moreover, stressed oligodendrocytes can also lead to microglia
activation through the release of different signaling chemokines and
cytokines (51). Microglia activation, as previously reported, has been
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found in postmortem and in vivo studies of BD patients. In
physiological condition, microglia is one the major glial cell
populations and is present in high density in all adult brain regions.
In a “resting” condition, microglial cells are morphologically
characterized by a small cell soma with several elongated processes,
which scan the surrounding environment. If these cells meet harmful
stimuli or pathogens, they retract the processes and become more
mobile, gaining effector abilities. This microglia condition, called M1
state, has prominent proinflammatory features, with the release of
cytokines, chemokines, and reactive oxygen species (ROS). On the
other hand, microglial cells can move into a M2 condition to
downregulate, repair, or protect the brain from inflammation (52,
53). If this physiological activation into a proinflammatory state
becomes chronic, it can drive neuronal damage and synaptic
alterations, thus leading to neurodegenerative diseases (54).

We investigated the hypothesis that WM microstructure
alterations, that have repeatedly been found in BD, could be
linked also to a neuroinflammatory condition. In their first
research, higher peripheral levels of inflammatory cytokines,
such as TNF-q, IFN-y, IL-8, IL-10, IGFBP2, and PDGF-BB
were positively associated with RD and MD, and negatively
with FA. These initial findings seem to suggest that a higher
concentration of cytokines can be negatively linked to the
integrity of myelin sheaths (55). To investigate inflammation
not only via a multiplex immunoassay but also through immune
characterization, the subsequent study investigated the levels of
circulating T cells characterized via flow cytometry analyses.
Peripheral T-helper 17 cells were positively associated with FA,
whereas T regulatory cells (FoxP3 positive) were positively
associated with RD. These findings were found also in a
control sample of healthy volunteers. This balance between
regulatory and helper-17 T cells seems to be fundamental not
only for the immune homeostasis but might also regulate WM
microstructure (56).

Another recent study reported that reduced frequencies of
circulating CD8+ effector T cells related to decreased FA and
increased RD, independently from BD illness phase (57).
Altogether, these studies seem to support the idea that WM
alterations found in BD can be related to neuroimmunological
alterations. Even if all of these studies have been conducted on
peripheral quantification and/or characterization of inflammatory
markers, we can hypothesize that a similar condition can also be
presentin the CNS. Peripheral cytokines can enter thebrain by volume
diffusion, or via active cytokine transporters at the blood-brain barrier
(BBB) (7). Further research will be instrumental in clarifying
this theory.

Moreover, Patel and colleagues have suggested that the BBB
of BD patients can be impaired transiently or persistently, thus
leading to a facilitate passage of proinflammatory molecules from
the periphery and decreased CNS protection. This BBB
disruption can be linked to the neuroinflammatory alterations,
microglial activation, and oligodendrocytes dysfunction
previously described in BD (58). The demonstrated presence of
a relation between one the most recognized biomarker of the
disorder, WM pathology, and an inflammatory alteration, seems
to underlie that the immunological investigation of BD can lead

to a novel and, maybe, completely different understanding and
conceptualization of its etiology, suggesting a new field of
therapeutic investigation.

Moreover, cortical grey matter (GM) volume reduction in
schizophrenia has been associated with higher expression of IL-6,
IL-1B, IL-8, and SERPINA3 mRNAs in the prefrontal cortex of
postmortem brains (59). Unipolar and bipolar depressed patients
with a family history of mood disorders showed a 48% and 39%
reduction in subgenual PFC volume, respectively (60), because of a
reduction of glial cell number and density and of a reduction of
synapses with a preserved number, and increased density, of neurons
(61-63). GM volumes in the orbitofrontal cortex of patients with BD
and their healthy siblings are smaller than in unrelated HC (64), and
are even smaller when BD is associated with severe symptoms such
as suicide (65). It could be hypothesized that cytokines play a role in
GM reductions in BD, too. In the few available studies,
proinflammatory cytokines were associated with GM volumes in
the orbitofrontal cortex, lingual gyrus, inferior frontal cortex, middle
frontal cortex (66), but with reduced effects in BD compared with
schizophrenia (67). We studied stem cell factor (SCF), which is a
hematopoietic growth factor and a neurotrophic factor, involved in
neuron-neuron and neuron-(micro)glia interactions, fostering
neuronal growth and an antiinflammatory milieu; and correlated
SCF levels with antidepressant response and with functional and
structural MRI measures in cortical areas that are involved in the
cognitive generation and control of affect, thus suggesting that
factors affecting the inflammatory state in the brain do influence
cortical structure and function in BD illness episodes (68).

NEUROTRANSMITTERS: THE
KYNURENINE PATHWAY OF
TRYPTOPHAN DEGRADATION

One of the first hypotheses concerning mood disorders etiology was
related to neurotransmitters alterations: psychopharmaceutical
development has highlighted an important role of different
neurotransmitter systems into the functional and clinical aspects
of mood disorders. However, although existing literature tends to
emphasize specificity in drugs' mechanisms of actions, many
effective treatments target multiple mechanisms and a multitarget
approach to treatment could be better suited for a multifactorial
illness such as MDD (69).

MDD has been initially linked to monoaminergic alterations,
such as serotonin, dopamine, and norepinephrine, and the gold
standard drugs specifically target monoamine neurotransmitters to
augment their activity via reuptake inhibition mechanisms (e.g.,
selective serotonin reuptake inhibitors or SSRIs) (70). This
monoaminergic theory has been partially rejected only decades
after, due to increasing evidence, such as the absence of depressive
symptoms in healthy subjects with experimentally induced
monoamine depletion (71), moving towards the idea that
monoaminergic alterations only partially contribute to explain
MDD clinical features. On the other hand, switches between
depression and manic episodes in BD patients have originally been
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linked to changes in dopaminergic systems functioning. Depressive
features were believed to be underlined by a hypodopaminergic
condition, whereas the manic phase would have been due to a
hyperdopaminergic condition (72). Dopamine antagonists and
partial agonists are widely used in the pharmacological treatment
of BD, the use of which range from depressive episodes to acute
manic phases. These neurotransmitters systems, which are altered in
BD, are also regulated by immunological modification. Under
physiological conditions, cytokines are fundamental players in
synaptic plasticity, neurogenesis, learning, and memory-linked
mechanisms (73). Some immunological alterations, like those
reported in BD, can also influence the neurotransmitters systems
involved in BD.

Two of the previously described cytokines, TNF-o and IFN-y,
play a major role in influencing one fundamental biological
pathway in the brain: the kynurenine pathway of tryptophan
degradation. Alterations in the kynurenine pathway, that begins
with tryptophan degradation, have been hypothesized in
depression models; this pathway is the starting point for
serotonin and melatonin biosynthesis, both quantitatively
altered in BD (74-77).

Serotonin synthesis rate is determined by the bioavailability of
tryptophan. Tryptophan degradation is operated by indoleamine
2,3 dioxygenase (IDO) or tryptophan 2,3 dioxygenase (TDO).
The pathway regulated by IDO is particularly important for
immune homeostasis and regulation, especially during infection
and autoimmunity (78). In an inflammatory condition, such as
those triggered by the presence of TNF-o and IFN-y, peripheral
tryptophan is converted by IDO into kynurenine. Once
transported in the brain, kynurenine degradation leads to the
formation of either 3- hydroxykynurenine (3-HK) and
quinolinic acid (QUIN) or kynurenic acid (KA) (7). KA show
a neuroprotective effect, competitively antagonizing NMDA
glutamate receptors, where 3-HK and the derived QUIN seems
to exert neurotoxic effects (79). Following IFN-y activation in the
IDO pathway, the kynurenine system exerts an antiinflammatory
effect via KA releasing, to modulate immune response (78). An
imbalance of the kynurenine pathway of tryptophan degradation
can lead to an ineffective inflammatory counterbalance activity,
and neurotoxicity.

Several studies have shown an involvement of this kynurenine
pathway of tryptophan degradation in BD and MDD, which
seems to be shifted towards its neurotoxic branch (80, 81). In a
cutting-edge study, Myint and colleagues report that plasmatic
levels of kynurenine out of tryptophan, defined as tryptophan
breakdown index, was increased in BD, together with a reduction
of KA concentration, thus lowering its neuroprotective effect (81).
More recently, Birner and colleagues report similar data of
decreased KA levels in a BD sample compared to healthy
volunteers (82). Finally, kynurenine breakdown has been
related also to WM microstructure, where BD show reduced
concentrations of KA and 5-HIAA, a measure of serotonin levels,
that are positively associated with DTI measures of WM
integrity (83).

Moreover, ventral, striatal-ventrolateral, and orbitofrontal cortical
reward processing circuitry have been proposed to define an

endophenotype specific of BD (84), and consistent evidence
associates inflammation with decreased dopamine synthesis,
packaging, and release, leading to decreased dopamine and
dopamine metabolites in cerebrospinal fluid, and decreased
availability of striatal dopamine, which results—at the behavioral
level—in depressive symptoms related to motivation and motor
activity (85).

CIRCADIAN RHYTHMS AND SLEEP
ALTERATIONS

Circadian rhythm alterations and sleep disruption have been closely
associated with BD pathophysiology (86-88). The fundamental
circadian pacemaker is located in the suprachiasmatic nucleus of
the hypothalamus, based on multiple transcriptional/translational
feedback loops, and it hierarchically controls the peripheral clocks
(89). Immune responses cause changes in circadian rhythms,
disrupting their stability. Many immune cells types show daily
fluctuations in human and rodents' blood. On the other hand,
both circadian rhythms and sleep plays a regulatory role on
immune system: sleep is involved into the maintenance of Thl
and Th2 homeostasis, the activity of effector and regulatory t cells,
and natural killer (NK) cells (90). Sleep seems also to be involved in
the transcription regulation of pro and antiinflammatory
factors (91).

The influence of sleep alteration of immune functions has been
demonstrated also in animal models: sleep deprivation promotes an
inflammatory condition via microglia and astrocytes activation in
rats (92), thus leading to increased proinflammatory cytokines
release. Another study reports that in mice with a predominant
proinflammatory response, there is an increased BBB permeability
and neuroinflammatory markers expression (93). It is possible to
surmise that the chronic inflammatory condition that seems to
characterize a subpopulation of BD patients can, therefore, also be
related to sleep and circadian disturbances. Studies are lacking on the
topic, but in a very small sample, major depression was associated
with significant diurnal elevations in plasma interleukin-6 levels, a
shift of its circadian rhythm, and loss of physiological complexity in
its secretion, resulting in the presence or absence of significant
differences in respect to healthy subjects at different circadian time
points (94).

ADIPOSE TISSUE INVOLVEMENT

BD patients usually present with chronic clinic comorbidities,
which cause increased mortality from cardiovascular, respiratory,
and endocrine disease. Although currently available treatments
(mood stabilizers and antipsychotics) are associated with weight
gain, some studies suggest that somatic types with significant
abdominal fat carry a higher risk of developing BD (95). Recent
findings suggest an association between BD and weight gain,
independent from pharmacological treatment. Possible
mechanisms supporting the relation between BD and obesity
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include endocrine dysregulation, behavioral patterns (physical
inactivity and excessive food intake), and a proinflammatory state
connected to obesity (96).

Adipokines, such as adiponectin, resistin, and leptin, are
cytokines released from adipose tissue, and play a key role in
energetic homeostasis, insulin sensitivity, and immune response
(97). Recent work has shown that BD patients present with an
increase in plasmatic levels of adiponectin and leptin as opposed
to HC. Moreover, antipsychotic drugs did not seem to affect
concentrations of these molecules (95, 98), but contrasting
findings have been reported (25). About leptin, many
heterogeneous results have been described. Some have reported
a diminution in leptin levels for BD patients compared with
controls (99, 100), whereas others have noted similar levels
between the two groups (101). On a side note, a few works
suggested that physical exercise in mood disorders patients could
lower proinflammatory cytokines levels (102, 103). This effect
might also be explained by physical exercise enhancing cortisol
release, which in turn inhibits T cells cytokines production.

Finally, an association between body mass index (BMI) and
WM microstructure has been found in BD: higher BMI was
negatively associated with FA and positively with MD. Moreover,
serum levels of triglycerides, glucose, and cholesterol inversely
correlates with FA and directly with AD, RD, and MD (104).
Altogether, these last findings seem to suggest that an increased
BMI could be associated with reduced structural integrity, bundle
coherence, and axonal branching, and demyelination in general.

Moreover, in the obese adipose tissue, M1-polarized
macrophages can secrete inflammatory cytokines (105), which are
thought to play a role in metabolic dysregulation and insulin
resistance (105, 106), all contributing to hamper antidepressant
response (107). In agreement with this hypothesis, we showed that
BMI can indirectly hamper antidepressant response by increasing
the levels of proinflammatory cytokines (108). Given that an altered
WM microstructure is negatively associated with antidepressant
response (109), these clinical effects could also result from complex
interactions between metabolism, WM integrity, and
inflammatory markers.

IMMUNE MARKERS AS CLINICAL
OUTCOME AND DIAGNOSTIC
PREDICTORS

The immune system is involved in BD, and the data described above
seem to suggest a possible role in the etiology of the disorder, but
there is more. Different studies reported how inflammatory markers
can also help us to differentiate between mood disorders, illness
phases, and predict treatment response. The first interesting data
emerged from a meta-analysis that shows how peripheral
concentrations of different cytokines remain elevated after
antidepressant medication (e.g., escitalopram, venlafaxine,
duloxetine) (110). Even if more than 50% of patients in the studies
show clinical improvement after medication, cytokines
modifications are very low. This evidence seems to underlie how
cytokines can be strongly related to the disorder itself, and current

medications only marginally affect their concentrations. Thus,
altered levels of peripheral cytokines can probably be considered a
stable biomarker of the disorder. BD patients show lower levels of
plasma TNF-ocand IL-13 (111), and serum IL-13 (112) compared to
MDD patients. On the other hand, BD patients presented higher C-
reactive protein, sSTNFR1, soluble IL-6 receptor (sIL-6R), and MCP-
1 levels compared to MDD patients (33, 113). Another group has
tried to investigate the difference in the peripheral inflammatory
markers' levels between BD illness phase. BD spectrum patients have
higher TNF-a, TGF-B1, and IL-8 levels than controls, even if only
IL-8 levels result significantly different in the BD spectrum, with
higher levels in BD type I patients compared to BD type Il and other
unspecified BD (114). BD type I patients also show higher levels of
the sTNF-R1 compared to BD type II patients (115). Although
studies on the inflammatory differences between mood disorders
and BD illness phase are currently too few to reach any conclusion,
we cannot fail to notice that a difference in the inflammatory profile
seems to exist.

More clinically relevant are some data on significantly
different inflammatory profiles based on treatment response. In
MDD patients, poorer medication response seems to be related
to higher levels of circulating TNF-c (116), IL-6 (117, 118), IL-1
receptor (119), and acute-phase proteins (120). As previously
suggested, these effects could both be due to the ability of
cytokines to sabotage and circumvent mechanisms of action of
conventional antidepressant agents on neurotransmitter
function (121), and to their detrimental effects on synaptic
plasticity and WM structure.

Concerning BD, one of the first predictive studies was
performed by our group (122), showing a poorer antidepressant
response to total sleep deprivation (TSD) treatment in those
patients with higher baseline IL-6 serum levels. More recently,
we investigated the predictive effect of a larger panel of cytokines,
thus showing higher levels of proinflammatory IL-6, IL-8, IFN-y,
TNEF-0, and MCP- 1 in TSD nonresponder patients compared to
responders. Moreover, using individual component scores
extracted from a principal component analysis performed on the
five significant cytokines, we still find a negative effect of the factor
scores on response to treatment (108).These data seem to support
the key role of inflammatory factors, specifically proinflammatory
cytokines, as biomarkers capable to differentiate between
responder and not responder patients.

As further advances are made in this direction, we can hope to
become able to identify a specific pattern of inflammatory alterations
that allow early identification of treatment-resistant patients, to
provide an effective tailored treatment as soon as possible.

CONCLUSIONS

Recent works have thoroughly supported the association between
BD and a proinflammatory state which involves both the innate
and the adaptive immune system. In particular, T helper-1 cells
(Th1), known to mediate cellular immune reactions, which induce
production of cytokines such as IL-1, IL- 2, IL-6, TNF-o. and IFN-
v, and Th2 cells, and enhance antibody-mediated reactions and the
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production of IL-4, IL-5, and IL-10, are heavily implicated. These
results strongly suggest the existence of an inflammatory profile in
BD patients during all phases of the disease. Indeed, compared to
control subjects, BD patients show an increase in serum
concentration of interleukins and CRP.

In a more specific way, Drexhage and colleagues demonstrated
that BD patients and offspring share an inflammatory-genes mRNA
overexpression signature that is detectable before illness onset (17,
18). Moreover, they state that inflammatory alterations occur not
only in the periphery but also in the CNS, as demonstrated by
microglial activation found both in vivo and postmortem in brains of
BD patients (13, 14). This inflammatory condition can trigger a
cascade of negative effects on brain structure and biology. In BD
patients, cytokines levels and T cells percentage has been linked to
WM structure alterations (55-57). These widespread alterations can
also be linked to inflammatory-related oligodendrocyte dysfunction
(46-49). WM modification has been related also to the tryptophan
degradation cascade, that seems to be involved into the negative
effect of an inflammatory condition (83). The increased levels of
cytokines reduce the tryptophan-derived serotonin, increasing the
production of tryptophan catabolites, which negatively impact on
the neuroprotective ratio. These imbalances have been linked to an
ineffective counter-regulating effect on the proinflammatory
condition, and neurotoxicity (7, 78, 79). All these data seem to
suggest that the immunological alteration concerning microglial,
cytokines, and T cells, can represent a common etiological marker
that partially explains the majority of the different modification
founded as characteristics of BD.

Recently, another possible explanation has been explored in the
relationship between the inflammatory profile and the
hypothalamic-pituitary-adrenal axis (HPA) axis. Cytokines are
capable of crossing the BBB and to act on various CNS areas,
including this axis (7). HPA axis dysfunctions, together with elevated
levels of proinflammatory cytokines can influence neuronal
plasticity with a negative impact on mood symptoms and
cognition. Moreover, higher levels of inflammatory cytokines may
act by stimulating the HPA axis as a physiological response to stress
(9). Taken together, this evidence goes on to highlight once again the
notion that stress and synaptic plasticity might somehow be involved
in the pathogenesis of mood disturbances, and especially BD.

Perhaps more interestingly, the role of inflammation in BD
pathophysiology offers a new therapeutic approach, as targeting a
reduction in the proinflammatory state of these patients might prove
fruitful. Indeed, some research conducted with antiinflammatory
drugs on other mood disorders, particularly MDD, has already
shown a moderate degree of success (123-125), and their application
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The notion of immunological pathways playing a role in the etiology of a subset of
psychotic disorders has received increased interest in the last decades. One of the
findings that has spiked interest herein, is an apparent link between autoimmune
diseases and psychotic disorders. This is supported by genetic findings associating
immune-related genetic markers with schizophrenia and clinical studies finding
increased levels of inflammatory markers in patients with psychosis. Several large-scale
epidemiologic studies have found positive associations between autoimmune diseases
and psychosis. Particularly, autoimmune diseases as multiple sclerosis and lupus are
known to have higher frequencies of neuropsychiatric symptoms, including psychosis,
compared to healthy controls. Cross sectional studies have found higher prevalence of
psychiatric diagnoses among those with autoimmune diseases, and longitudinal studies
have shown bidirectional associations between several autoimmune diseases and
increased risks associated with schizophrenia. Moreover, a family history of autoimmune
diseases has been shown to be associated with an increased risk of psychotic
disorders and vice versa. In this review we will summarize the epidemiologic evidence
on associations between autoimmune diseases and psychosis. Possible mechanisms
accountable for the association will be discussed, amongst others the probable role
of shared genetic risk factors, the impact of infections on both autoimmunity and the
development of psychotic disorders, and the potential role of the microbiome. We discuss
the findings on and influence of autoantibodies and dysregulation of T- and B-cells in
both disease categories, and why further research hereon is needed. In addition to the
potential importance of autoimmunity in etiological mechanisms of psychotic disorders,
the association also brings important attention to somatic comorbidity in patients with
psychotic disorders.

Keywords: autoimmune, immune system, psychosis, schizophrenia, mental iliness

INTRODUCTION

The association between immunological processes and mental disorders was observed by doctors
centuries before the immune system was discovered. Psychosis arising either with the occurrence or
disappearance of acute fever has been described by many scientists from Hippocrates around 400
BC to Kraepelin around 1900. In the 1930s it was first hypothesized by Hermann Lehmann-Facius
that schizophrenia was the product of an autoimmune reaction with antibodies attacking
brain tissue (1). In the 1950s and 1960s it was noticed that celiac disease seemed to occur
more often within those suffering from schizophrenia than in the general population (2), and
conversely, that schizophrenia occurred less frequently within patients with rheumatoid arthritis
(3, 4). Additionally, autoantibodies cross-reacting with brain antigens were found in patients
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with schizophrenia back in the 1960s (5, 6), and interest in
anti-neuronal antibodies in psychotic disorders has increased
during the last couple of decades, with an increasing number of
reports on previously unknown antibodies with brain reactivity
in patients suffering from psychosis (7-9).

The amount of evidence supporting the notion of a link
between immunological processes and psychotic disorders has
increased. Elevated levels of inflammatory markers have been
found both in the blood (10, 11) and CSF (12-14) of patients
with psychosis, with even higher levels in patients in first episode
psychosis or acute relapse. Furthermore, some have found
association between higher levels of inflammation in childhood
and adolescence and increased risk of psychotic disorders (15,
16), elevated inflammatory biomarkers has been associated
with lack of treatment response (17), and anti-inflammatory
treatment has been found to have especially beneficial effect in
an inflamed subgroup of patients (18-21). Moreover, it has been
suggested that schizophrenia could be an autoimmune disease,
based on similarities such as the remitting-relapsing phenotype
of the illness, as well as the above-mentioned immunological
processes (22).

Research in the field of psychoneuroimmunology is still
evolving, with many different aspects being investigated.
The notion of a role of the immune system in psychotic
disorders seems evident, and understanding the link between
autoimmune diseases and mental disorders may shed light on
possible etiological mechanisms herein. Understanding how the
immune system and psychotic illness interact can improve our
understanding of psychosis and give rise to a wide range of new
treatment options in psychiatry; amongst other the possibility
to identify subgroups of patients with psychotic disorders
and ongoing inflammatory processes that could benefit from
more targeted treatment. Additionally, it is very important for
clinicians to be aware of somatic comorbidities, particularly in
patients with psychotic disorders, in order to improve detection
and treatment, and thus the course of illness.

EPIDEMIOLOGICAL ASSOCIATIONS

The world-wide prevalence of schizophrenia is known to be
around 1% (23) and the prevalence of autoimmune diseases have
been found in a Danish nationwide study to be 4% (24). The
vast majority of epidemiological studies have found a general
association between autoimmunity and psychotic disorders (24—
29). In large-scale register-based studies from Denmark, 6% of
those diagnosed with schizophrenia also had a hospital contact
related to an autoimmune disease during follow-up (25, 26), and
a Taiwanese study found that 3.4% of persons with a hospital
contact for autoimmune diseases also had a hospital contact
related to schizophrenia (29). A Danish study based on 7704
patients with schizophrenia, found an increased prevalence by
about 45% of the occurrence of an autoimmune disease (28),
which was later confirmed in a Taiwanese population-based
study (27). Regarding the risk of psychosis after an autoimmune
disease diagnosis, a Danish nationwide study found this to be
increased by 45%, which diminished to a 29% increased risk when

excluding the effect of infections (26), and a very recent meta-
analysis by Cullen et al. (30) found that a diagnosis of a non-
neurological autoimmune disease increased the risk of later being
diagnosed with a psychotic disorder by 43%.

Additionally, being diagnosed with schizophrenia increases
the lifetime prevalence of autoimmune diseases. Two Danish
register-based studies found that individuals with psychotic
disorders had a subsequently elevated risk for autoimmune
diseases by around 50% (25, 28). Supporting this, the recent
meta-analysis found that the risk of having an autoimmune
disease was 55% higher among those with a prior diagnosis of
a psychotic disorder (30).

Autoimmune diseases and psychosis are not only associated
on an individual level. Having a first degree relative with
schizophrenia has also been found to increase the risk of
autoimmune diseases with 6% (25), and a family history
of autoimmunity has been found to increase risk of both
schizophrenia and non-affective psychoses with 10% (24).

The associations with psychotic disorders have been found
for a broad range of autoimmune diseases. For an overview
of the associations between specific autoimmune diseases with
psychotic disorders, please see Table 1 and the below sections.

Celiac Disease

The original findings from the 1950s of an association between
celiac disease and schizophrenia has since been explored further.
During the next decades it was noticed that populations with
lower consumption of wheat had lower incidence rates of
schizophrenia (34-36), and small studies have since found
beneficial effect on psychotic symptoms of a gluten-free diet in
patients suffering from both celiac disease and schizophrenia
(37, 38). One epidemiological study found no significant
correlation between celiac disease and psychosis (24). However,
another large-scale study found a 2.11-times increased risk of
schizophrenia (26) and the recent meta-analysis also found an
association with an elevated risk of schizophrenia with 53%
(30). Additionally, it has been found in a Taiwanese population,
that the risk of celiac disease is increased when suffering from
schizophrenia (29). When discussing epidemiological studies
using health records, it is important to note that celiac disease
might be majorly underdiagnosed particularly within those who
have already debuted with psychotic symptoms. In summary,
most studies found a positive association between celiac disease
and psychotic disorders.

Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease associated
with many neuropsychiatric symptoms, such as depression and
anxiety (39). It has been found that 4% of patients with MS
experiences psychosis (40), a prevalence much higher than that
of the general population. Danish register-based studies have
found that having MS increases the risk of schizophrenia with
up to 44% (24, 26), with an even further increase in risk when
having both MS and a prior hospital contact due to infection
(26). Two studies found increased risk of schizophrenia with
up to 30% in individuals with a family history of MS; however,
they found no associations on an individual level (24, 28), and a
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TABLE 1 | Associations found between autoimmune diseases and psychotic disorders.

Autoimmune disorders Studies with positive association

Positive ass. only with
concurrent infection

Studies with no significant
association

Studies with negative
association

Celiac disease Chen et al (29), Cullen et al. (30),

Benros et al. (26)

Multiple sclerosis Benros et al. (25), Benros et al. (26)

Lupus Wang et al. (27)

Graves/thyrotoxicosis Chen et al. (29), Cullen et al. (30),
Eaton et al. (28), Eaton et al. (24),
Benros et al. (26)

Autoimmune thyroiditis

Diabetes type 1 Benros et al. (25), Eaton et al. (24),

Benros et al. (26)

Rheumatoid arthritis Wang et al. (27)

Psoriasis Benros et al. (25), Chen et al. (29),
Cullen et al. (30), Eaton et al. (24),
Benros et al. (26)

Guillain-Barre

(
Benros et al. (25)
(

Crohns disease Benros et al. (25)
Autoimmune hepatitis Benros et al. (25), Eaton et al. (28),
Eaton et al. (24), Benros et al. (26)
Benros et al. (25), Cullen et al. (30),
Chen et al. (29)

Benros et al. (25),

Pernicious anemia

Primary adrenocortical

insufficiency
Primary biliary cirrhosis Benros et al. (25),
Ankylosing spondylitis Eaton et al. (24)

Sjogren syndrome Eaton et al. (28)
Chen et al. (29)
Eaton et al. (28)
Cullen et al. (30)

Eaton et al. (28)

Hypersensitivity vasculitis
Haemolytic anemia
Pemphigoid

Alopecia areata

Polymylagia rheumatic Eaton et al. (28)

Benros et al. (26)

Benros et al. (26)

Benros et al. (26)

Benros et al. (26)
Benros et al. (26)

Benros et al. (26)

Benros et al. (26)

Benros et al. (25)

Wang et al. (27), Eaton et al. (28),
Eaton et al. (24)

Cullen et al. (30), Benros et al. (25),
Chen et al. (29), Eaton et al. (28),
Eaton et al. (24)

Benros et al. (25)

Johansson et al. (31)

Eaton et al. (28), Benros et al. (25)

Chen et al. (29), Cullen et al. (30),
Cremaschi et al. (32)

Eaton et al. (28), Eaton et al. (24)

Juvonen et al. (33)

Benros et al. (25), Chen et al.
(29), Cullen et al. (30)

Eaton et al. (28),

Eaton et al. (28),

Wang et al. (27), Cullen et al. (30),
Eaton et al. (24)

Benros et al. (25), Chen et al. (29),
Eaton et al. (28)

Benros et al. (25), Chen et al. (29)

Cullen et al. (30)

Chen et al. (29)
Eaton et al. (28)

Benros et al. (25), Cullen et al. (30),
Chen et al. (29)

Benros et al. (25), Chen et al. (29)

study from Taiwan only found a trend toward an increased risk
of schizophrenia in those with a diagnosis of MS (27). On the
risk of a subsequent MS diagnosis in patients with schizophrenia,
contradictory results have been found between a Danish and
a Swedish nationwide study, finding the risk to be respectively
increased by 57% (25) and decreased by 40% (31). Current
evidence of an association between MS and psychotic disorders is
limited with studies showing conflicting results. Many, especially
sensory, symptoms of multiple sclerosis might be misinterpreted
as part of the patients’ psychotic disorders, complicating the
diagnostic process, and psychotic symptoms in people with MS
might not be diagnosed since they are considered to be delirium
in relation to acute MS exacerbations.

Lupus
Systemic Lupus Erythematosus (SLE) is another autoimmune
disease known to have a high degree of neuropsychiatric

problems, such as depression and anxiety, occurring in between
21 and 95% of patients (41). However, it has been estimated
that only 13-38%, are directly attributable to SLE, whereas the
remaining is suggested to be due to for example treatment
complications (41). Regarding psychosis in SLE, the prevalence
ranges from 2.3 to 11% in studies (42-44). A study from
England comprising 458 patients with SLE, found that only
2.3% experienced psychosis (42), while a higher prevalence of
psychosis have been found in a black Caribbean study population
(366 patients, 7% with psychosis) (43) and in a Brazilian
population (520 patients, 11% with psychosis) (44). In those
experiencing psychosis, this was one of the initial symptoms of
SLE in up to 60% of these patients (42). In population-based
studies, a nationwide Taiwanese study found an increased risk
of schizophrenia among those with SLE (27), and in one Danish
study the presence of both SLE and a prior hospital contact
with infection resulted in an increased risk of schizophrenia (26).
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None of the other epidemiological studies have found significant
association between psychotic disorders and SLE (24, 25, 28, 30),
but noteworthy, the number of cases available was very small
in all studies, limiting the significance of possible findings. In
summary, large scale studies with a greater number of cases have
been able to find positive associations between SLE and psychotic
disorders, while smaller studies have failed to do so.

Autoimmune Thyroid Disorders

Graves' disease, the most common cause of hyperthyroidism, is
also known to be linked to neuropsychiatric issues, and some
even present with psychotic disorders (45). A German study
found that in a cohort of 100 patients with a schizophreniform
illness, 19 had increases antithyroid autoantibodies in sera,
and 13 showed signs of intrathecal synthesis hereof (46). In
epidemiological studies, both Graves’ disease and thyrotoxicosis
have been linked with an increased risk of schizophrenia (24, 26,
30). Additionally, the prevalence hereof has been found to be
increased among individuals with schizophrenia (28, 29), though
this finding has not been replicated in all studies (25, 32). Hence,
most studies indicate a positive association between Graves’
disease/thyrotoxicosis and psychotic disorders.

No studies has been able to show a significant association
between autoimmune thyroiditis and schizophrenia on an
individual level (24, 28), but one Danish study found an
increased incidence among parents and siblings of patients with
schizophrenia (28).

Diabetes Type 1

Diabetes mellitus type 1 is a disease characterized by the
presence of glutamic acid decarboxylase (GAD) antibodies. These
autoantibodies have been linked with neurological problems
(47), and thus have shown ability to cross the blood brain
barrier, making them an interesting topic in the discussion
of pathophysiological mechanisms. However, conflicting results
have been found regarding the association of type 1 diabetes and
psychotic disorders. Two Danish studies found an increased risk
of schizophrenia when suffering from type 1 diabetes (24, 26),
and one found an increased risk of type 1 diabetes after having
been diagnosed with schizophrenia (25). This, however, was not
replicated neither in a Swedish cohort (32), a Taiwanese cohort
(29) nor in the recent meta-analysis (30), and a Finnish study
even found a negative association (33). In summary, there does
not seem to be a clear association between type 1 Diabetes
and psychosis.

Rheumatoid Arthritis

A disease which has consistently been found to be negatively
associated with schizophrenia is rheumatoid arthritis (RA). This
apparent “protective” effect of schizophrenia on the development
of rheumatoid arthritis was investigated as early as the 1950s
(48, 49). The negative association between the two has since
been backed by epidemiological studies, finding decreased risk
of schizophrenia in those with RA (30) and vice versa (25, 29,
50, 51). However, some studies did not find associations (24, 52),
and regarding the association on the risk of psychosis after a RA
diagnosis, more controversy exist, with a Danish study finding

that a combined history of a hospital contact due to infection and
RA increased the risk of schizophrenia (26) and a new Taiwanese
study finding an increased risk of developing schizophrenia
in individuals with a history of RA (27). Moreover, a Danish
study found an increased prevalence of RA in the family of
those with schizophrenia (28). One explanation of the consistent
finding of negative association with subsequent RA diagnosis
after a schizophrenia diagnosis could be that RA tends to be
underdiagnosed in those suffering from psychotic disorder, and
in concordance with this, both a Swedish and Danish nationwide
study has shown that the same negative association can be found
with other musculoskeletal diseases (50, 51).

Autoimmune Encephalitis

Something that really spiked the interest in autoimmunity as
a player in mental illness, was the discovery of autoimmune
encephalitis. As a group, these diseases are characterized by
the presence of neuronal surface antibodies (NSAbs) and
symptoms include psychiatric and cognitive alterations, seizures
and movement disorders, with the most commonly affected part
of the brain being the limbic system. The most discussed antibody
in psychotic disorders at the moment is the N-methyl-D-
aspartate receptor (NMDA-R) antibody. It has been reported that
as many as 74% of patients suffering from NMDA-R encephalitis
experience psychotic symptoms (53, 54), and a recent smaller
study found that 13% were initially admitted to the hospital with
a psychiatric diagnosis (55). Multiple studies have investigated
the frequency of NMDA-R antibodies in schizophrenia, but so
far most have only had access to serum not CSE, most have had
no healthy control group, and results have varied markedly (56).

Other Autoimmune Diseases

Associations have been found between psychotic disorders and
other autoimmune diseases as well. The incidence of psoriasis
have been found to be significantly increased in individuals with
schizophrenia (25, 29), but not in all studies (28). Increased
incidence of psoriasis have also been found in individuals
with a family history of schizophrenia (28). In addition, the
risk of developing schizophrenia has been found in multiple
studies to be increased in those with a history of psoriasis
(24, 26, 30), with an additional increase when combined with
a prior hospital contact due to an infection (26). The risk of
developing Guillain-Barré syndrome, an autoimmune disease
attacking peripheral nerves, has been found to be increased
markedly in individuals with schizophrenia (25), and when
having both a history of a hospital contact with an infection as
wells as Guillain-Barré, the risk of developing schizophrenia has
also been found to be increased (26). However, one other study
found no association (28). Autoimmune hepatitis has been found
to be greatly associated with psychotic disorders as well, with both
individual history and family history hereof increasing the risk
of schizophrenia (24, 26), and schizophrenia increasing the risk
of autoimmune hepatitis (25). Some evidence of an association
between schizophrenia and Crohn’s disease has also been found
(25, 26), though no significantly increased risk was shown in two
other studies (24, 27) or the recent meta-analysis (30).
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POSSIBLE MECHANISMS

The potential etiological background and the many factors that
can influence the association between autoimmune diseases and
psychosis are numerous and not mutually exclusive as outlined
in the following sections. For an overview hereof, see Figure 1.

Antibodies

One potential contributing factor to the link between some
autoimmune diseases with mental illness, can be the presence
of neuronal surface antibodies (NSAbs). GAD-antibodies have
been linked with multiple neurological problems (47), and
in neuropsychiatric lupus, an increased amount of antibodies
was found both in serum and CSF compared to lupus with
no neuropsychiatric manifestation (57). Furthermore, gliadin
antibodies, associated with celiac disease, have been found
to be increased in the serum of patients with recent onset
schizophrenia (58). With the discovery of NMDA-receptor
encephalitis, and its ability to mimic mental disorders, the
interest spiked further, and with GAD-antibodies being able to
induce limbic encephalitis (59, 60) and antibodies reacting with
the NR2 subunit of NMDA being present in some cases of lupus
(61), a possible link emerged.

Many studies have sought to evaluate the presence of multiple
different NSAbs in mental illness, but so far, consistency in
methods and assays have limited the generalization of the
findings (56, 62). Many studies have lacked a healthy control
group to compare their results with, and most studies have
included serum but not CSF samples. The relevance of circulating
NSADbs in serum is still unknown, and therefore comprehensive
studies including healthy controls evaluating antibodies in both
CSF and serum is needed to increase knowledge further.

Dysregulated Immune System

A dysregulated balance between regulatory T cells and Th17
cells have been described to be essential for immunological
homeostasis and have been implicated in the development of
several autoimmune disorders (63). Signs of a dysregulated
immune system has also been found in mental illnesses and might
play a role in the association found between the two.

A meta-analysis found that levels of several lymphocytes
differed when examining patients with schizophrenia compared
to healthy controls (64), and studies have linked decreased
regulatory T cells with negative symptoms and cognitive
deficits (65), as well as increased levels of Thl7 with
psychopathology (66).

In recent years, B cells have received increasing attention in
the pathology of autoimmunity, and have been implicated to
play a big role in for example MS, where it has also been found
that anti B-cell antigen (anti-CD20) have great efficacy in the
treatment hereof (67). It has been shown that oligoclonal bands
(OCBs) in the CSE something which is found in approximately
90% of patients with MS, is a sign of ongoing stimulation and
maturation of antibody-expressing B-cells (68). Interestingly, a
recent meta-analysis found that OCBs were found in the CSF of
up to 12.5% of patients with schizophrenia (14).

Another frequent finding in patients with schizophrenia is
increased levels of pro-inflammatory and decreased levels of anti-
inflammatory cytokines in serum (10). Dysregulation of the anti-
inflammatory cytokine IL-10 has been found to be linked with
abnormal responses to common infections, and to increase the
risk of developing autoimmune diseases (69).

Infections as a Common Risk Factor

It is thought that one of the most important triggers for
developing autoimmune diseases is infection (70), and it is
known that infectious encephalitis, specifically with herpes-
simplex virus, markedly increases the risk of developing NMDA-
receptor encephalitis (71). As it was shown in a large Danish
nationwide study, prior infection increased the risk of developing
schizophrenia in a dose-response fashion (26), and this finding
has been repeated in other large studies (72, 73). The effect
of infection on risk of schizophrenia was present regardless
of autoimmune diseases, but additionally, a significant synergy
was found in those with both a history of autoimmunity
and infections (26). For many of the individual autoimmune
diseases, it was seen that the effect on the risk of schizophrenia
increased when a prior hospital contact due to infection was also
present (26).

Being exposed to viral or bacterial infection is known to
increase the permeability of the blood-brain-barrier (BBB) (74),
which allows the entering into the central nervous system of
immune cells and pro-inflammatory cytokines. This in itself
might allow an inflammatory state in the brain, which has been
theorized to play a role in the development of psychotic disorders.
It may also explain the synergistic effect on risk of schizophrenia
of having both an autoimmune disease and prior infections,
as BBB disruption might also allow the entering of circulating
antibodies. Supporting the role hereof, signs of a disrupted BBB
has been found in patient with schizophrenia with evidence of
increased albumin CSF:plasma ratio (75, 76) and increased levels
of circulating s100-b (77).

It has also been found that infections during pregnancy
increases the risk of schizophrenia in the offspring (78). On the
basis hereof, it has been considered whether infections during
the prenatal phase might prime the immune system, making it
more vulnerable and perhaps more likely to produce abnormal
responses to later infections, resulting in increased inflammation.
However, a new study have shown that even maternal infections
before and after pregnancy increases the risk of mental illness
(79), which could also indicate a genetic susceptibility for
infections associated with mental illness.

Genetics

Both schizophrenia and autoimmune diseases are known to be
highly hereditable. The most consistent finding in genetic studies
of patients with schizophrenia, are differences in genes known
to be linked to the immune system (80), and several genetic loci
that increases the risk of autoimmune diseases has been located
(81). As with schizophrenia, some of the discovered genetic loci
in autoimmune diseases are located in the MHC region (82).
However, while one study found significant overlap in genes
between MS and schizophrenia (but not MS and bipolar disorder)
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(83), another study found no genetic association between 25
different autoimmune diseases and schizophrenia (84). Genetic
pleiotropy has also been hypothesized to account for the negative
association found between RA and schizophrenia, with genes
found to be associated with schizophrenia possibly decreasing the
risk of RA (85).

Another possible role of genetics in the association of
autoimmune diseases and psychotic disorders could be a
hereditary susceptibility for shared risk factors. It has been
hypothesized that some of the genetic findings associated with
schizophrenia might increase the risk of having infections (86,
87), that then subsequently increase the risk of both autoimmune
diseases and psychotic disorders. Additionally, it has been
theorized whether some individuals with schizophrenia, might
have a genetic predisposition for an abnormal immune response
to common infections and foreign pathogens, for example via
differences in the HLA region and complement system (88, 89),
which in turn could increase the risk of developing autoimmune
reactions. The complement system has also been implicated
to play a role in neurodevelopment and -maturation (90),
and evidence of altered complement activity in patients with
schizophrenia have been found (reviewed in (88)).

The Microbiome

The gastro-intestinal tract of humans contains vast amounts of
bacteria, phyla and other microorganisms, their genes collectively
known as the microbiome, containing at least 100 times more
genetic material than the human genome (91). This area has
received great attention in the research of many different
illnesses in the last years and have been implicated as a
possible etiological factor in both neuropsychiatric illnesses

and autoimmune diseases. As early as 1953, interest in gastro-
intestinal inflammation in psychosis was raised, when a group
of researchers found in an autopsy study that out of 82 patients
with schizophrenia, 50% had gastritis, 88% enteritis and 92%
colitis (92). This study has not since been replicated, but other
signs of microbiome dysbiosis in this group of patients has been
found with significant difference between cases and controls in
the presence of both bacteria and fungi (93), and bacteriophages
(94). Studies so far have mainly focused on the oropharyngeal
microbiome due to practical limitations. One study however, has
looked into fecal microbiome, finding no significant difference
between healthy controls and patients, but showing associations
between microbiome composition and symptom severity and
outcome (95).

The composition of the microbiome has been hypothesized
to be very important in the development of both the central
nervous system (96) and the immune system (97, 98). Dysbiosis
of the microbiome has been shown to affect both the Th1/Th2
balance and the ratio of T regulatory and Th17 cells, impacting
the immune response to foreign pathogens (99). Dysbiosis have
been found to influence the T-cell mediated inflammation in
MS patients (100, 101), and has also been suspected to play
a part in the development of celiac disease (102), as well as
non-gastro-intestinal autoimmune diseases (103). In rodents,
disruption of the microbiome has been found to impair social
functioning (104), behavior and cognition (105), and induce
neurodevelopmental disorders (106).

An important function of the microbiome, seems to be its
effect on the epithelial cells in the GI wall, with evidence
implicating that the composition of the microbiome is important
for the tightness of the gut-blood barrier (107). Severance et al.
(108) found markers in the serum of patients with schizophrenia
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indicating increased permeability, also known as “leaky gut.”
A leaky gut allows the entrance of foreign pathogens and
antigens into the blood. It has been suspected to induce systemic
inflammation, and in mice it has been found to even result in
neuroinflammation (109), both of which might increase the risk
of mental illness and autoimmune diseases.

Interestingly, both infections and the treatment hereof with
antibiotics can modulate the microbiome, linking the previously
mentioned epidemiological findings of the influence of infections
(26) with the microbiome theory. Additionally, it has been
theorized that maternal infection might alter both the maternal
and fetal microbiome (110), possibly impacting the immune
system and neuropsychiatric development of the offspring.

A few studies have tried probiotic treatment in patients
with schizophrenia, but no evidence of effect hereof on
psychopathology has yet been found (111, 112). However, further
research on the actual composition of the microbiome in patients
with mental illness as well as the possibility of using probiotics as
treatment hereof is warranted.

Psychological Stress

Psychological stress such as sexual abuse, physical abuse,
emotional/psychological abuse, neglect, parental death, and
bullying, both in childhood and later on, has been associated
with increased risk of psychotic disorders in multiple studies
(113, 114). A Swedish register-based study found that stress-
related disorders increased the risk of subsequent development
of autoimmune disorders (115) and, accordingly, in many
other studies, stress have been found to be associated with
disease onset and disease exacerbations in several autoimmune
conditions (116).

Stress can theoretically influence many of the above-
mentioned possible etiological factors. Acute psychological stress,
even in brief episodes, have been found in a meta-analysis
to increase circulating proinflammatory cytokines such as IL-
6, IL-1B, and TNF-a (117), possibly via the sympathetic nerve
system and the HPA axis, and multiple adverse life events or
stressful living conditions might therefore possibly contribute to
amore chronic inflammatory state with dysregulation of immune
response (118).

Psychological stress have been thought to influence
composition of the microbiome and vice versa, as well as
the microbiome’s effect on peripheral inflammation (119).
Additionally, it has been hypothesized to increase susceptibility
to infections, with one study finding that healthy subjects
with higher scores on questionnaires on psychological stress
were more prone to developing clinical cold and respiratory
infections after exposure to respiratory viruses (120). Acute
stress, for example as a result of a psychiatric disorder or
hospitalization, may also lead to exacerbation in symptoms
of autoimmune diseases, leading to the discovery of a disease
formerly undiagnosed.

CLINICAL IMPLICATIONS

The increasing knowledge on the potential involvement of
inflammatory processes in mental disorders and the associations

found between autoimmunity and psychotic disorders can
help the expanding field of immuno-psychiatry and have
impact on the outcome of patients. In the last couple of
years, researchers have focused on the role of infections,
autoantibodies and other immune components that plays a
major role in autoimmune diseases. Potentially this might
also be the case for mental disorders. Risk factors for both
autoimmune diseases and schizophrenia includes an interaction
between environmental factors, such as infections and stress,
with genetic factors involving the HLA region. Autoimmune
reactions with activation of immune components and the
production of NSAbs can induce a broad spectrum of psychiatric
symptoms, hereunder psychosis. The potential autoimmune-
mediated psychosis group might only be a small part of a broader
immune-related psychosis group, and an even smaller fraction
of the overall psychosis group. However, identification of this
subgroup might allow for precision medicine strategies where
immune-based treatment could possibly improve the psychotic
symptoms. A quick discovery and treatment of autoimmune
encephalitis markedly reduces the neuropsychiatric sequelae,
and intensive immunotherapy in lupus patients with psychosis
massively benefits psychiatric symptoms (42, 121).

Focus on the association between autoimmunity and
psychosis, regardless of etiology, is important, not only for
researchers but also for the individual patient. It is known
that patients suffering from schizophrenia have an excess early
mortality, with a life expectancy up to 13.5 years shorter than
the general population, primarily due to physical diseases
(122). Bearing this in mind and considering that patients with
psychotic disorders might struggle with reporting on somatic
symptoms, it is important for clinicians to be aware of an
increased prevalence of autoimmune disease in this group.
Symptoms from a disease such as celiac disease or rheumatoid
arthritis might very well be overlooked and cast aside as a part
of the patient’s psychosis, or possibly adverse events caused
by their treatment. With increasingly sufficient treatment
strategies in autoimmune diseases, overlooking and therefore
not treating these diseases, increases the health gap between
those with schizophrenia and the general population even
further. Therefore, patients with a psychotic disorder need
to be thoroughly and frequently examined when presenting
with symptoms possibly related to autoimmunity or other
health problems.
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Circulating autoantibodies directed against extracellular domains of the glutamatergic
N-methyl-D-aspartate receptors (NMDAR-Ab) elicit psychotic symptoms in humans
and behavioral deficits in animal models. Recent advances suggest that NMDAR-Ab
exert their pathogenic action by altering the trafficking of NMDAR, which results in a
synaptic NMDAR hypofunction consistent with the consensual glutamatergic hypothesis
of psychotic disorders. Yet, dysfunction in the dopaminergic signaling is also proposed to
be at the core of psychotic disorders. Since NMDAR and dopamine D1 receptors (D1R)
form membrane signaling complexes, we investigated whether NMDAR-Ab purified from
patients with NMDAR-encephalitis or schizophrenia impaired D1R surface dynamics.
As previous data demonstrated that NMDAR-ADb, at least from NMDAR-encephalitis
patients, mainly bind to hippocampal NMDAR, we used single nanoparticle imaging to
track D1R specifically at the surface of hippocampal neurons that were exposed to either
purified G type immunoglobulins (IgGs) from NMDAR-Ab seropositive patients suffering
from NMDAR-encephalitis or schizophrenia, or control IgGs from healthy NMDAR-Ab
seropositive or seronegative subjects. We report that overnight incubation with NMDAR-Ab
from patients, but not from healthy carriers, decreased the surface dynamics of D1R
compared with NMDAR-Ab seronegative IgGs. This decrease was abolished, and even
reversed, in D1R mutant that cannot physically interact with NMDAR. Overall, our data
indicate that NMDAR-Ab from patients with psychotic symptoms alter the trafficking of
D1R, likely through the surface crosstalk between NMDAR and D1R.

Keywords: autoimmunity, encephalitis, schizophrenia, autoimmune psychosis, dopamine, single molecule imaging,
hippocampal neurons
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NMDAR-Autoantibodies Alter Dopamine Receptor Trafficking

INTRODUCTION

Psychotic disorders, such as schizophrenia, are major mental
illnesses with multiple etiologies. During the past decades,
accumulating evidence suggests that dysregulations of the immune
system, such as the presence of autoantibodies directed against
neurotransmitter receptors, play a major role in psychosis (1-5),
paving the way for the recognition of an autoimmune psychosis
subclass (6). The discovery of the well-characterized N-methyl-
D-aspartate receptor (NMDAR)-encephalitis demonstrated
that circulating autoantibodies targeting the NMDAR (i.e.,
NMDAR-Ab) play an instrumental and pathogenic role (7).
Indeed, the presence of NMDAR-Ab in the sera of NMDAR-
encephalitis patients correlates, in a titer-dependent manner,
with psychotic-like symptoms that appear at early stage of the
illness. At the molecular level, autoantibodies from NMDAR-
encephalitis patients laterally displace synaptic NMDAR toward
the extrasynaptic membrane, in which they are physically
cross-linked and internalized, leading to the downregulation
of NMDAR-mediated signaling (8, 9). Recently, NMDAR-Ab
have also been found in the sera of a significant proportion of
patients diagnosed with schizophrenia (10) but also in a very few
healthy carriers (11). Similarly to NMDAR-AD from encephalitis
patients, NMDAR-Ab from psychotic patients, but not from
healthy subjects, laterally displace synaptic NMDAR toward the
extrasynaptic membrane (12). Thus, different molecular cascades
are triggered by NMDAR-Ab from different origins, calling
for caution in generalizing the impact of these autoantibodies.
Although the identification of NMDAR-ADb has further fueled the
hypothesis of a NMDAR hypofunction in psychosis (13), gold-
standard treatments of psychotic disorders remain composed
of antagonists of the dopamine receptors and other monoamine
systems (e.g., serotonin) (14-16). Understanding how the
glutamatergic and dopaminergic systems influence each other
and likely participate to the etiology of psychotic disorders is still
obviously a major challenge in the field of psychiatry. The fact
that NMDAR physically interacts with dopamine receptors [e.g.,
dopamine D1 receptor (D1R)] in an agonist-dependent manner
indicates that, already at the plasma membrane level, a functional
interplay between dopaminergic and NMDAR signaling exists
(17). We here hypothesize that the altered surface trafficking of
NMDAR triggered by NMDAR-AD from patients with NMDAR-
encephalitis or schizophrenia, but not from healthy carriers, could
then modify the surface dynamics of DIR. As NMDAR-Ab from
patients with NMDAR-encephalitis mainly bind to NMDAR in
the hippocampus (18), we investigated the molecular impact of
NMDAR-Ab on DIR surface dynamics in a model of cultured
hippocampal neurons. A former investigation revealed that a short
incubation (2 h) of hippocampal cell networks with NMDAR-Ab
from encephalitis patients did not alter DIR surface trafficking (8).

Abbreviations: NMDAR-Ab, N-methyl-D-aspartate receptor autoantibodies; CFP,
cyan fluorescent protein; DIR, dopamine D1 receptor; DIR-At2, intracellular t2
segment truncated dopamine D1 receptor; IgGs, type G immunoglobulins; QD,
quantum dot; Healthy-, healthy subjects seronegative for NMDAR-Ab; Healthy +,
healthy subjects seropositive for NMDAR-Ab; Enceph, NMDAR-encephalitis
patients (inherently seropositive for NMDAR-ADb); SCZ+, patients with schizophrenia
seropositive for NMDAR-Ab; MSD, mean square displacement.

Herein, we used a single molecule-based imaging approach to
assess the D1R surface dynamics in hippocampal neurons exposed
foralonger incubation period (overnight) to NMDAR-Ab [purified
G type immunoglobulins (IgGs)] from either healthy seropositive
carriers (Healthy+), patients with NMDAR-encephalitis (Enceph),
or schizophrenia (SCZ+), or seronegative matched-healthy
subjects (Healthy-). In order to assess if the expected alteration
of DIR surface dynamics is a direct consequence of the physical
interaction between D1R and NMDAR-Ab-targeted NMDAR, we
investigated the surface diffusion of a truncated exogenous DIR,
which prevents its physical interaction with NMDAR, expressed in
hippocampal neurons exposed to purified IgGs from a patient with
schizophrenia compared with an healthy seronegative subject.

METHODS

Participants

Five patients with NMDAR-encephalitis (Enceph) and three
patients with schizophrenia (SCZ+) (Diagnostic and Statistical
Manual of Mental Disorders, 5th Edition criteria), all seropositive for
NMDAR-AD, were included in this study after approval by a French
ethical committee (Table 1). Patients with NMDAR-encephalitis
had no psychiatric history and were recruited from a cohort of 400
NMDAR-encephalitis patients (French National Reference Centre
for Paraneoplastic Neurological Syndromes and Autoimmune
Encephalitis, Bron, France). Patients with schizophrenia were
recruited after admission to two university-affiliated psychiatric
departments (Mondor Hospital, Créteil, University of Paris-Est,
and Fernand Widal Hospital, Paris, University of Diderot, Paris),
and any history of stroke, multiple sclerosis, epilepsy, or encephalitis
constituted exclusion criteria. The clinical state of both type of patients
could assure their total capacity to understand the aims and the
procedures of the study and finally to express their will to participate
in a written informed consent. Two seropositive (Healthy+) and five
seronegative (Healthy-) for NMDAR-Ab healthy matched for age,
gender, and years of education subjects with no personal or familial
history of psychosis were included in the study as controls.

Purified Type G Immunoglobulins From
Participants

All experiments were conducted using purified IgGs containing
(Healthy+, SCZ+, Enceph) or not containing (Healthy-)
NMDAR-AD from subjects’ sera. In all experiments, purified IgGs
were used from separate individuals, except for three out of the five
NMDAR-encephalitis patients and three out of the five healthy
seronegative subjects for whom pooled IgGs were available.

Detection of NMDAR Autoantibodies in
Participants’ Sera

For patients with NMDAR-encephalitis or schizophrenia, sera
were collected at symptom presentation, before any treatment
and stored at -80°C. The presence of NMDAR-AD in sera of either
patients or control subjects was assessed using a classic cell-based
assay. Briefly, exogenous NMDAR were ectopically expressed in
human embryonic kidney cells (HEK) 293 transfected with GluN1-
NMDAR subunit fused to the green fluorescent protein (GFP)
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TABLE 1 | Clinical features of seropositive for NMDAR-ADb patients with either NMDAR-encephalitis (Enceph) or schizophrenia (SCZ+).

Age at onset/sex Clinical symptoms* Treatments
Patients with NMDAR-encephalitis (Enceph) ICU Cancer Outcome
1 18/F Hallucinations, PE, C, IVig, No No Cured after 24 months
abnormal behavior, Cyclophosphamide
abnormal movements
2 29/F Hallucinations, G, Ivlg, Yes Ovarian teratoma  Cured after 24 months
abnormal behavior, Cyclophosphamide 10 days
abnormal movements, Rituximab
epilepsy Micophenolate mophetyl
3 21/F* Hallucinations, Cyclophosphamide No No Cured after 24 months
abnormal behavior, Rituximab
abnormal movements Micophenolate mophetyl
4 18/F** Hallucinations, C, Ivlg, Azathioprine No No Cured after 18 months
epilepsy, abnormal
behavior, abnormal
movements
5 22/F** Hallucinations, G, Vg, Yes No Cured after 9 months
abnormal behavior, Cyclophosphamide 1 month
abnormal Micophenolate mophetyl
movements, epilepsy,
dysautonomia
Patients with schizophrenia (SCZ+) PANSS Total (>60) MRI Other medical history
Positive scale score
Negative scale
score
1 22/M Blunted affects Risperidone (4 mg/day) 66 normal Dyslipidemia
Disorganization Cyamemazine (75 mg/ Positive scale : 7 Type 2 diabetes mellitus
Suicidal thoughts day) Negative scale : 26
Oxazepam (30 mg/day)
Duloxetine (60 mg/day)
2 34/F Cognitive impairment Aripiprazole (30 mg/day) 132 none none
Delusions Escitaloprame (10 mg/ Positive scale : 26
Attention deficits day) Negative scale : 42
Blunted affects Hydroxyzine (300 mg/
day)
3 25/M Blunted affects Clozapine (100 mg/day) 76 normal Epilepsia
Cognitive impairment Loxapine (150 mg/day) Positive scale : 14 Head trauma
Delusions Negative scale : 19 Hepatic colic
Disorganization

ICU, intensive care unit; C, corticosteroids; PE, plasma exchange; Ivlg, intravenous immunoglobulines. PANSS total, Positive and Negative Syndrome Scale total score. *Symptoms
at presentation for patients with NMDAR-encephalitis and residual/active symptoms for patients with schizophrenia. **Purified G type immunoglobulins (IgGs) from patients with

NMDAR-encephalitis #3, #4, and #5 were available pooled together.

along with GIuN2B-NMDAR subunit to promote the insertion
of functional NMDAR at the cell surface. After a 48-h expression
period, live HEK cells were incubated with subjects’ sera (3h, 1/20 in
saturation buffer). Then, fixed HEK cells were incubated with anti-
human IgG coupled to Alexa 555. Using a fluorescence microscope,
the observation of an overlap of both green and red staining led to
the assessment of the subject seropositivity for NMDAR-AD.

Primary Cell Culture and Single Quantum
Dot Tracking

As NMDAR-Ab from NMDAR-encephalitis patients mainly
bind to NMDAR in the hippocampus both in humans and
rodents despite their brain widespread distribution (18), we
assessed the impact of autoantibodies on D1R surface dynamics
on hippocampal cultured neurons prepared from E18 Sprague-
Dawley rats. At 7-11 days of development in vitro, neurons were

co-transfected with D1R fused to the cyan fluorescent protein (D1R-
CFP) and Homer1C fused to DsRed protein DNAs to specifically
track and concentrate our analysis on the extrasynaptic DIR pool,
as we previously demonstrated that the vast majority of DIR are
located outside hippocampal synapses (19, 20). In addition, since
NMDAR-Ab could alter the surface dynamics of DIR through a
domino effect due to the physical interaction between NMDAR
and DIR, we assessed the impact of autoantibodies from one
patient with schizophrenia on DIR surface dynamics in neurons
in which this physical interaction was genetically prevented by
expressing the intracellular C-terminus t2 segment-truncated
DIR-CFP (D1RAt2-CFP; see Figure 1D). Quantum dot (QD)
tracking of D1R-CFP (or D1RAt2-CFP) was performed on live
hippocampal neurons at 12-15 days of development in vitro.
Neurons were first incubated overnight (14 + 2 h) with NMDAR-Ab
containing purified IgGs (5 ug/ml) from either patients with
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NMDAR-encephalitis (Enceph), schizophrenia (SCZ+), or healthy
carriers (Healthy+), or with purified IgG (5 ug/ml) from healthy
seronegative subjects (Healthy-) (Figure 1A, top). Incubation time
was increased compared with that in previous report that failed
to reveal any effect of NMDAR-Ab on DIR surface dynamics
when using a shorter exposure (2 h) (8). For QD labeling and
microscopy, hippocampal neurons were then incubated (10 min)
with anti-GFP antibodies (Molecular Probes A6455, 1/10,000
to 1/20,000 dilution). Neurons were then washed and incubated
(10 min) with QDs coupled to an anti-Rabbit F(ab) fragment
(Life Technologies Q11421MP, 1/100,000 dilution). Images
were obtained with an acquisition time of 50 ms with up to 500
consecutive frames. The instantaneous diffusion coefficient, D, was
calculated for each trajectory, from linear fits of the first four points
of the mean square displacement (MSD) versus time (t) function
using MSD(t) = < 12>(t) = 4Dt.

Statistical Analysis

Comparisons between conditions were made running
nonparametric Kruskall-Wallis tests followed by Dunn’s multiple
comparisons. Analyses were performed using GraphPad Prism
8 for Windows software (version 8.0.2, GraphPad Software, Inc)
with a statistical significance of 0.05.

RESULTS

As DIR physically interacts with NMDAR, we explored the
possibility that circulating NMDAR-Ab from patients with
NMDAR-encephalitis or schizophrenia alter as a mechanical
consequence the lateral dynamics of D1R. Hippocampal neurons
expressing exogenous D1R were exposed to either NMDAR-Ab-
containing IgGs (overnight, 5 pg/ml) from patients (Enceph or
SCZ+), healthy carriers (Healthy+), or IgGs from seronegative
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an — —— SCZ+ +
3 0207 s -
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FIGURE 1 | NMDAR-ADb from patients with NMDAR-encephalitis (Enceph) or schizophrenia (SCZ+), but not from healthy carriers (Healthy+), alter the surface dynamics
of D1R compared with healthy seronegative subjects (Healthy-). (A) Schematic representation of the experimental design. Before tracking, D1R-CFP-antiGFPAb-QD
complexes, hippocampal cultures (12 to 15 days in vitro) were incubated overnight with different purified type G immunoglobulins (IgGs, 5 pm/ml) samples from either
patients with NMDAR-encephalitis (Enceph), schizophrenia (SCZ+), healthy carriers (Healthy+), or healthy seronegative subjects (Healthy-) (top panel). Representative
trajectory of a single D1R-CFP-antiGFPAb-QD complex (500 frames, 50 ms acquisition) on the dendritic shaft (dashed lines). Scale bar: 500 nm (bottom panel).

(B) Comparison of D1R-CFP-antiGFPAb-QD complexes mean square displacements (MSD, mean + SEM) in the absence (Healthy-) or presence of NMDAR-Ab from
healthy carriers (Healthy+), or from patients with NMDAR-encephalitis (Enceph) or schizophrenia (SCZ+). ***SCZ+ vs Healthy- p < 0.0001, #*##*Enceph vs Healthy- p <
0.0001, #Enceph vs Healthy- p = 0.0048. (C) Comparison of D1R-CFP-antiGFPAb-QD complexes instantaneous diffusion coefficients (median + interquartile range
25-75%) in the absence (Healthy-) or the presence of NMDAR-Ab from healthy carriers (Healthy+) or patients with NMDAR-encephalitis (Enceph) or schizophrenia
(SCZ+). ***p < 0.0001, **p = 0.0006, *p = 0.0119. (D) Representation of full D1R containing t2 segment enabling the physical interaction with NMDAR (top) and the
mutated D1R (D1RAt2-CFP) preventing its binding to NMDAR (bottom) (left). Comparison of D1R-CFP-antiGFPAb-QD/D1RAt2-CFP-antiGFPAb-QD complexes surface
dynamics (MSD, mean + SEM) in the absence (Healthy-) or presence (SCZ+) of NMDAR-AD from patient #2 with schizophrenia (right).
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controls (Healthy-). Single nanoparticle tracking of DIR was
then performed to investigate the impact of NMDAR-Ab on
DIR membrane dynamics (Figure 1A). As DIR being mostly
located outside glutamatergic synapses (19, 20), we specifically
analyzed the extrasynaptic diffusion. Surface dynamics of DIR
was assessed by measuring their MSD curves and instantaneous
diffusion coefficients (21). NMDAR-Ab from patients with
NMDAR-encephalitis or schizophrenia, but not from healthy
carriers, decrease the explored areas and instantaneous diffusion
coefficients of DIR when compared with the Healthy- condition
(Figures 1B, C, Table 2). Noteworthy, NMDAR-Ab from healthy
carriers did not differ from healthy seronegative controls. These
data suggest that only NMDAR- Ab from patients have the potency
to alter the dynamics of D1R, likely through a “domino effect” in
which the physical interplay between NMDAR and D1R controls
the single molecule behavior of each partner. To directly address
this possibility, we investigated the impact of NMDAR-Ab from
one patient with schizophrenia on DIR that were genetically

prevented to interact with GluN1-NMDAR (D1RAt2-CFP): the
intracellular t2 segment is a major binding sequence to the GluN1
subunit (17) (Figure 1D, left). Remarkably, the surface dynamics
(MSD) of the DIR mutant was not decreased by NMDAR-Ab
from the patient but instead significantly increased (Figure 1D,
right), indicating that the alteration of DIR trafficking by
NMDAR-AD patients is regulated, at least in part, by the physical
interaction with NMDAR.

DISCUSSION

Dopamine is a powerful modulator of the glutamatergic
neurotransmission, acting mostly through the metabotropic
actions, e.g., intracellular cascades, of its receptor family (22, 23).
However, the physical interaction of membrane dopamine receptors
with several other receptors, such as the NMDAR (17), provides
an additional way to modulate the synaptic activity through the

TABLE 2 | Statistical analysis and values. MSD, mean square displacement; N, number of trajectories.

Fig Parameter Conditions  Values N Statistical test P value
Median * 25-75% IQR o =0.05
1B MSD (at time Healthy- 0.1060 + 0.05160-0.1900 pm? 4,505 Healthy+ vs Healthy- > 0.9999 ns
lag=0.4s) Healthy+ 0.1100 + 0.05100-0.1950 pm? 891 Enceph vs Healthy- < 0.0001
Enceph 0.1010 + 0.04678-0.1710 pm? 3,750 SCZ+ vs Healthy- < 0.0001
SCZ+ 0.09405 + 0.04120-0.1770 ym? 3,498 Enceph vs SCZ+ > 0.9999 ns
Kruskal-Wallis (p < 0.0001)
MSD (at time Healthy- 0.1240 + 0.06030-0.2270 pm? 3,761 followed by Dunn’s multiple  Healthy+ vs Healthy- > 0.9999 ns
lag=0.5s) Healthy+ 0.1305 + 0.05940-0.2350 pm? 728 comparison test Enceph vs Healthy- < 0.0001
Enceph 0.1200 + 0.05488-0.2070 pm? 2,998 SCZ+ vs Healthy- < 0.0001
SCZ+ 0.1110 £ 0.04725-0.2080 pm? 3,113 Enceph vs SCZ+ > 0.9999 ns
MSD (at time Healthy- 0.1420 + 0.06805-0.2630 pm? 3,380 Healthy+ vs Healthy- > 0.9999 ns
lag=0.6s) Healthy+ 0.1545 + 0.06995-0.2733 pm? 646 Enceph vs Healthy- = 0.0048
Enceph 0.1371 + 0.06000-0.2380 pm? 2,723 SCZ+ vs Healthy- < 0.0001
SCZ+ 0.1240 + 0.05000-0.2430 pm? 2,747 Enceph vs SCZ+ = 0.3976 ns
1C Instantaneous Healthy- 0.06546 + 0.02720-0.1276 ym?/s 5,127 Healthy+ vs Healthy- > 0.9999 ns
diffusion Healthy+ 0.06801 + 0.02735-0.1306 pm?/s 1,000 Kruskal-Wallis (p < 0.0001)  Enceph vs Healthy- =0.0006
coefficient Enceph 0.06080 + 0.02430-0.1153 um?/s 4,321 followed by Dunn’s multiple  SCZ+ vs Healthy- < 0.0001
SCZ+ 0.05715 + 0.02015-0.1160 pm?/s 4,003 comparison test Enceph vs SCZ+ = 0.4711 ns
Enceph vs Healthy+ = 0.0119
SCZ+ vs Healthy+ = 0.0002
1D MSD (at time D1R Healthy-  0.09415 + 0.04065-0.1740 pm? 1,664 D1R Healthy- vs D1RAt2 Healthy- =
lag=0.4s) D1RAt2 Healthy- 0.1070 + 0.05130-0.1820 pm? 1,287 0.0537 ns
D1R SCZ+  0.08990 + 0.04260-0.1590 pm? 1,869 D1R Healthy- vs D1R SCZ+ > 0.9999 ns
D1RAt2 SCZ+ 0.1280 + 0.05940-0.2170 pm? 1,615 D1RAt2 SCZ+ vs others <0.0001
MSD (at time D1R Healthy-  0.1150 + 0.04888-0.2110 pm? 1,410  Kruskal-Wallis (p < 0.0001) D1R Healthy- vs D1RAt2 Healthy- =
lag=0.5s) D1RAt2 Healthy- 0.1320 + 0.06150-0.2250 pm? 1,108  followed by Dunn’s multiple  0.0586 ns
D1R SCZ+  0.1070 + 0.04840-0.1860 um? 1,555 comparison test D1R Healthy- vs D1R SCZ+ = 0.2643 ns
D1RAt2 SCZ+ 0.1560 + 0.07135-0.2670 pm? 1,381 D1RAt2 SCZ+ vs D1RAt2 Healthy- =
0.0008
D1RAt2 SCZ+ vs D1R Healthy- <
MSD (at time D1R Healthy-  0.1325 + 0.05323-0.2450 pm? 1,256 0.0001
lag=0.6s) D1RAt2 Healthy- 0.1520 + 0.06730-0.2550 pm? 975 D1RAt2 SCZ+ vs D1R SCZ+ < 0.0001
D1RSCZ+  0.1190 = 0.05275-0.2145 pm? 1,377
D1RAt2 SCZ+ 0.1840 + 0.08320-0.3150 pm? 1,223 D1R Healthy- vs D1RAt2 Healthy- =

0.1109 ns
D1R Healthy- vs D1R SCZ+ = 0.0703 ns
D1RAt2 SCZ+ vs others <0.0001
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presence of receptor hetero-complexes (24). For instance, the
activation of D1R disrupts the DIR-NMDAR interaction, increases
NMDAR synaptic content through a fast lateral redistribution, and
favors NMDAR-dependent long-term potentiation of glutamatergic
synapses in a model of cultured hippocampal neurons (19). Here, we
investigated, in the same model, whether the well-defined alteration
of the NMDAR surface dynamics by NMDAR-Ab from patients
sharing psychotic-like symptoms also perturbs, as a consequence,
DIR dynamics. We demonstrate that an overnight incubation
of hippocampal neurons with NMDAR-Ab from patients with
NMDAR-encephalitis or schizophrenia, but not from healthy
carriers, alters the surface dynamics of DIR. The fact that a shorter
incubation (2 h) did not alter DIR surface dynamics supports the
notion that the NMDAR-Ab effect is time dependent and likely
indirect. Furthermore, the magnitude of NMDAR-AD effects on
DIR (~10%) is, by far, weaker than the one on NMDAR (~3-fold) (8,
12), likely due to the fact that only a fraction of D1R interacts with
NMDAR and is thus prone to destabilization by NMDAR-Ab (19).

Both NMDAR-Ab from patients with encephalitis and
schizophrenia were found to slowdown D1R surface dynamics. This
is likely a mechanical consequence of the NMDAR immobilization
triggered by autoantibodies in the extrasynaptic compartment
where DIR is mainly located. Indeed, when the physical DIR-
NMDAR interaction was genetically prevented, the DIR dynamics
downregulation by NMDAR-AD from patient with schizophrenia
was abolished. To note, D1R surface dynamics was even upregulated
in this condition, as expected from the NMDAR-Ab-induced
NMDAR crosslinking and internalization (8, 9).

Collectively, we here demonstrated that NMDAR-Ab, which
primarily target and alter NMDAR surface organization, also
disorganize its membrane partner D1R. However, we highlighted
that the effect of the NMDAR-AD is relatively weaker on D1R when
compared with that on NMDAR. Importantly, NMDAR-Ab from
different origins (patients versus healthy carriers) do not necessarily
share the same molecular impact on the glutamatergic and
dopaminergic receptor trafficking. This is consistent with previous
finding demonstrating that NMDAR-Ab from healthy carriers or
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The complement system consists of more than 30 proteins that have long been known
to participate to the immune defence against pathogens and to the removal of damaged
cells. Their role, however, extends beyond immunity and clearance of altered “self”
components in the periphery. In particular, complement proteins can be induced by all
cell types in the brain. Recent discoveries highlight the role of complement in normal and
pathological brain development. Specifically, the complement system mediates synaptic
pruning, a developmental process whereby supernumerary synapses are eliminated
in the immature brain. The complement system has been implicated in pathological
synapse elimination in schizophrenia, West Nile virus infection, and lupus, all of which
are associated with psychiatric manifestations. Complement also contributes to synapse
loss in neurodegenerative conditions. This review provides a brief overview of the well-
studied role of complement molecules in immunity. The contribution of complement to
embryonic and adult neurogenesis, neuronal migration, and developmental synaptic
elimination in the normal brain is reviewed. We discuss the role of complement in synapse
loss in psychiatric and neurological diseases and evaluate the therapeutic potential of
complement-targeting drugs for brain disorders.

Keywords: brain development, schizophrenia, synapse elimination, synaptic pruning, microglia

INTRODUCTION

The link between immunogenetics, inflammation, and several major psychiatric disorders such
as Schizophrenia (SZ), Bipolar Disorder (BD), and Autism Spectrum Disorder (ASD) is now
well substantiated (1-5). The molecular and cellular mechanisms that mediate immunity-related
neurodevelopmental alterations in psychiatric diseases are gradually coming to light, and the
complement system appears to be a key player in these complex processes. The complement
system is an ensemble of proteins that collectively participate to host defense against infections
by opsonizing antigens, promoting inflammation, and lysing pathogens, and has been well
characterized in the periphery. Unexpectedly, complement was shown to control synaptic pruning, a
development process whereby supernumerary synapses are eliminated during the course of normal
brain maturation (6). Recently, the complement system has received much attention in the field of
psychiatry after Sekar et al. demonstrated that distinct genetic variants of C4, a gene encoding a
protein of the classical complement pathway, predispose to SZ (7). This landmark study provided
a solid basis for establishing a causal relationship between complement-mediated synaptic pruning
and cortical thinning frequently associated with SZ. Furthermore, complement-mediated synapse
loss was also implicated in Lupus and West Nile virus infection, two immune disorders that can
induce psychosis and cognitive impairment, respectively. In this review, we briefly summarize the
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known functions of the complement system in the periphery and
highlight its newly discovered roles in brain maturation and in
psychiatric disorders.

The Three Complement Cascades in
Innate and Acquired Immunity

The complement system consists of more than 30 proteins present
in the blood plasma or on the cell surface. These proteins are mainly
produced by the liver, although multiple cell types in different
organs, including the brain, express and secrete complement
molecules (8). The complement system has been extensively
studied, and numerous reviews cover complement pathways in
depth (9-12). Complement molecules have three major functions
in the immune system: i) opsonization of “foreign” molecules,
bacteria, or damaged cells, i.e., promotion of their phagocytosis
by neutrophils or monocytes, ii) increase of the inflammatory
response via short peptides called anaphylatoxins (C3a, C4a, and
C5a) resulting from enzymatic cleavage of complement proteins,
and iii) lysis of pathogenic micro-organisms via the formation of
a pore in the lipid membrane.

Complement proteins are soluble and circulate in the blood
in an inactive form. In response to an activating mechanism,
some complement proteins are transformed into proteases and
cleave other specific complement members, initiating amplification
cascades (Figure 1). Complement activation results from the
activation of one or several of three distinct pathways: the classical
pathway, the lectin pathway, and the alternative pathway. The
three pathways converge to cause cleavage of C3, which is the
most abundant complement protein, resulting in the formation
of the anaphylatoxin C3a and the C3b fragment. Factor I, in the
presence of its co-factor and C3b receptor CR1, cleaves C3b into
iC3b and a small peptide of 17 amino-acids (C3f). The resulting
conformational rearrangement of iC3b generates binding surfaces
for the interaction with complement receptors CR2 (CD21), CR3
(CD11b/CD18), and CR4 (CD11¢/CD18) located on leukocytes,
which down-regulates inflammation and increases B cell sensitivity,
thus forming a link between the innate and adaptive immune
systems (13, 14). The C3b fragment can also directly label antigens
for opsonization or bind to other complement peptides to form
the C5 convertase. The resulting cleavage of C5 is the beginning
of the terminal pathway of the complement: C5 is cleaved into
C5a, the most potent anaphylatoxin, and C5b. The latter forms a
complex with C6 and C7, which then binds with C8. The resulting
change in C8 conformation allows the insertion of an alpha chain
and anchoring in the target membrane. The combination of the
C5b678 complex with one to 18 C9 molecules, termed membrane
attack complex, forms a pore that lyses the target pathogen.

The Classical Pathway

The classical pathway is activated by the C1 complex, composed
of the Clq protein recognizing antibodies bound to their antigen,
associated with the Clr and Cls proenzymes. Through Clq, the
complex can also recognize non-immunoglobulin activators,
particularly surface proteins of bacteria and viruses. The binding
of Clq to its target results in a conformational change of Clq
which activates Clr, which in turn cleaves and activates the

two Cls molecules of the C1 complex to form the activated Cls
serine protease. Activated Cls cleaves C4 and C2, whose cleavage
products combine to form the C3 convertase C4b2b which
activates C3.

The Lectin Pathway

The lectin pathway is activated by the binding of pattern
recognition receptors such as mannose-binding lectins, ficolins,
or collectin 11 to specifically arranged carbohydrates present
on damaged cell surfaces or on invading pathogens. This results
in the activation of associated serine proteinases (MASP1/2)
and cleavage of C4 and C2. The formation of the C3 convertase
C4b2b then cleaves C3 as in the classical pathway.

The Alternative Pathway

Unlike the other two pathways, the alternative pathway is not
initiated by binding of complement molecules to antigens or
antibodies. Spontaneous hydrolysis of C3 results in the cleavage
of an intramolecular thioester bond and leads to the formation
of reactive molecules C3(H,0) and C3b. When C3(H,O) or C3b
binds to positively charged surfaces present in microorganisms,
it reacts with Factor B in the presence of Factor D to form a C3
convertase (C3(H,0)Bb or C3bBb) that is strongly stabilized by
properdin (Factor P). The convertase then generates additional
C3b molecules, initiating a positive feedback loop amplification.

Complement Proteins in Normal Brain
Development

Expression of Complement Components in the Brain
Studies conducted since the 1990s have shown extrahepatic
production of complement proteins by several organs and cell
types (8) and, in particular, by neurons and glial cells (15).
This local production in the CNS is all the more important as
the brain-blood barrier prevents circulating macromolecules,
including complements proteins, to penetrate into the brain
tissue (16).

In the past two decades, expression of complement components
has been documented in primary cultures of astrocytes, microglia,
oligodendrocytes, and neurons (17-20). More recent studies have
shown that neural cells express complement molecules throughout
embryonic and postnatal development in rodent and human brain
tissue (Table 1) (25, 33-35). Importantly, complement components
are released into the extracellular space, suggesting that a given
brain cell type can participate to complement activation without
expressing the full range of complement molecules (7).

Complement expression by neural cells was first demonstrated
using immunoprecipitation in cultured astrocytes (17). This
observation was compatible with the macrophagic function
of astrocytes and their role in the brain’s immune system (36).
Astrocytes express components of the classical pathway (Clq,
Clr, Cls, C2, C3, C4), the alternative pathway (factors B, D, I, H, P),
and the terminal pathway (C5-C9) (19, 21, 26, 28). They also
express complement receptors CR1, CR2, C3aR, and C5aR (29,
30). These initial studies relied on cultured cell lines. In the mouse
brain, astrocytes are the main source of C3 (37). Like astrocytes,
microglia are considered part of the immune system of the brain
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FIGURE 1 | The complement pathways. There are three distinct activation pathways in the complement system: the classical and lectin pathway that are activated
by pathogens or damaged cells, and the alternative pathway that is activated by the spontaneous hydrolysis of C3. All lead to the sequential recruitment of
complement components to form a C3 convertase (C4bC2b or C3bBb). The C3 convertase cleaves C3 into C3a and C3b. The C3b fragment binds to the surface
of antigens, targeting them for opsonization (phagocytosis). C3b also induces a positive-feedback loop (“amplification loop”) leading to the generation of additional
C3 convertase. C3b can also be recruited to become part of the C5 convertase, which cleaves C5 into C5a and C5b. The short C3a and Cba fragments, also
known as anaphylatoxins, foster immune responses and inflammation. C5b initiates the assembly of C6, 7, 8, and 9 into the membrane attack complex, which

because of their ability to secrete pro-inflammatory factors such
as chemokines and cytokines and for their macrophagic function
(38, 39). Microglial cells express classical pathway components
(Clgq, Clr, Cls, C2, C3, C4) and complement receptors C1qR,
CR2, C3aR, and C5aR (19, 22, 40-43). Microglial cells have been
shown to be the dominant source of Cl1q in the mouse brain (44).
Oligodendrocytes also express members of the classical pathway
(Clq, C2, C3, C4), factor H, as well components of the terminal
pathway (C5-C9) (23, 24).

Finally, neurons also express complement molecules. In culture,
they can produce a complete complement system (20). mRNA coding
for C1q, C2, C3, C4, and terminal complement components (C5-C9)
was also detected in human neurons using in situ hybridization in
post mortem brain tissue (25). Immunohistochemical experiments
using human cortical neurons in culture showed the presence of the
C4 protein in neurons and in the extracellular medium, confirming
that neurons express and release C4 (7). Altogether, these results

suggest that both neurons and glial cells express complement
components and their receptors. Given the pro-inflammatory role of
anaphylatoxins C3a and C5a, the expression of their receptors by glial
cells was not surprising. In contrast, expression of these receptors in
neurons was more unexpected. Yet, neuronal expression of C3aR and
C5aR at a low level has been shown in the cortex, cerebellum, and
hippocampus in the adult mouse brain (31, 32, 45).

Complement expression varies according to the brains
inflammatory status. In response to infection or inflammation
such as in bacterial meningitis, elevated levels of complement
proteins are detected in the cerebro-spinal fluid (46). Regulation
of complement receptor expression was shown in an ischemic
brain model where C3aR and C5aR are more expressed in both
neurons and glial cells following blood vessel occlusion (47).
Interestingly, a cell type-specific upregulation of complement
expression has been observed in a model of transient ischemia
where C1q expression increases specifically in microglia but not
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TABLE 1 | Complement molecules expressed by brain cells.

Astrocytes References Microglia References Oligodendrocytes References Neurons References
Classical C1q, C1r, Cis, Barnum et al. Ciq, Ctr, Walker et al. C1q, C1r, Cts, C2, Hosokawa C1q, C1r, Cits, Shen et al. (25)
pathway C2,C3, C4 21) Cis, C2, (18) C3,C4 etal. (23) C2,Cg, C4 Thomas et al.
Veerhuis Cg, C4 Haga et al. Gasque and (20)
etal. (19) (22) Morgan (24)
Veerhuis et al.
(19)
Alternative C3, Factors B, Barnum et al. C3 Veerhuis et al. C3, Factor H Hosokawa C3, Factors B Thomas et al.
pathway D, I,H (21) (19 etal. (23) and D (20)
Gordon et al. Gasque and
(26) Morgan (24)
Lectin (embryonic Gorelik et al.
pathway neurons) (27)
MASP1,
MASP2
Terminal C5,C6,C7,C8,C9 Gasque et al. C5, Cp, C7, C8, C9 Hosokawa C5, Cg, C7, Shen et al. (25)
pathway (28) et al. (23) C9 Thomas et al.
Gasque and (20)
Morgan (24)
Receptors CR1, CR2, Gasque and CR2, C3aR, Gasque et al. C3aR, CbaR Davoust et al.
CB3aR, C5aR Morgan (24) CbhaR (80) (31)
Gasque et al. Davoust et al. Stahel et al.
(29 31 32)
Gasque et al. Benard et al.
(30) (33)

in neurons (48). Expression of complement components and
receptors also varies during the course of brain development
(33). For example in the mouse hippocampus, C3 expression is
much lower at postnatal day 30 (P30) than at P2 (35). In the
rat cerebellum, C3aR and C5aR expression in granule cells
peaks around postnatal day 12 (33). This fine developmental
regulation of complement expression has led to the study of its
role in brain maturation.

Embryogenesis and Neuronal Proliferation
A study conducted in Xenopus larves highlighted the expression
of complement components already during gastrula/early neurula
stage. In particular, properdin, C1qA, C3, and C9 are expressed in
the neural plate and in neural precursors, while C1gR and C6 are
expressed at the periphery of the neural plate, in the presumptive
neural crest (49). Based on the observation that there is a
chronological and tissue specification of complement expression,
the hypothesis of the complement’s involvement in developmental
processes independently of inflammation has been put forward. In
mammals, C5 and C5aR are also expressed early in development.
C5 and C5aR are located in neuroepithelium in mice in the early
stages of neurulation and also in human neuroepithelium. C5aR-
deficient mice do not display overt congenital anomalies but
have more neural tube malformations than wild-type controls
after maternal folate deficiency (50). These observations suggest
a degree of functional redundancy of developmentally expressed
complement proteins, with the role of C5aR in neurulation only
becoming apparent under conditions of environmental stress.
The C5a-C5aR axis is involved in neurogenesis, but
only at embryonic stages of development. A recent study
showed that C5aR activation increases neural recursor cell
(NPC) proliferation in vivo in the embryonic ventricular
zone through PKCU/ERK signaling and that conversely,

pharmacological blockade of C5aR decreases proliferation
(51). In contrast, mice lacking C5aR do not show altered
adult neurogenesis (52). Similarly, C5aR antagonists do not
alter neural NPC proliferation within the external granular
layer of the early postnatal rat cerebellum. However, C5aR
agonists promote the proliferation of NPCs in the granular
layer at the same developmental stage, suggesting that C5aR is
expressed but not activated (53). The effect of C5aR activation
at embryonic, but not postnatal stages, can be explained by
the developmental time course of C5a expression. Indeed, the
concentration of C5a is higher in embryonic than in adult
cerebro-spinal fluid, suggesting that neuroepithelium secretes
high quantities of C5a to promote NPC proliferation (51). The
transient disruption of C5a-C5aR signaling during embryonic
development alters adult cerebral organization and causes
behavioral deficits (51), highlighting the crucial role of this
pathway for the establishment of functional neuronal circuits.
Interestingly, Serpingl, a gene encoding a C1 inhibitor known
to block the initiation of the classical and lectin pathways,
negatively regulates neural proliferation in the embryonic
ventricular zone by decreasing C5aR activation (54). Thus,
C5aR activation must be precisely balanced for adequate NPC
proliferation in the embryonic ventricular zone.

Complement molecules other than C5a are also involved in
the control of adult neurogenesis. Thus, complement receptor
CR2 is expressed by neural progenitors in the adult dentate gyrus
(DG) and its activation by C3d or interferon-alpha reduces NPC
proliferation and decreases the formation of new neurons in the
adult hippocampus. Conversely, Cr27~ mice exhibit increased
neurogenesis in the adult DG (55). C3a is also implicated in
normal and ischemia-induced adult neurogenesis. C3aR is
expressed by neural progenitor cells (NPC) in adult mice. Basal
adult neurogenesis is decreased both in C3-deficient mice and
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in mice lacking C3aR. Furthermore, C3-deficient mice have
impaired ischemia-induced neurogenesis in the subventricular
zone, the main source of neural progenitor cells in the adult
mouse brain (56).

Neuronal Migration
The complement system also plays a role in neuronal migration.
During brain development, cells can migrate in a coordinated way
in the same direction, a process termed collective migration that
requires chemoattraction between cells. In neural ridge cells from
Xenopus laevis and zebrafish, collective migration is dependent
on the C3a fragment and its receptor C3aR. Disruption of the
interaction between the ligand and its receptor prevents proper
cellular migration and causes neuronal dispersion (57). A possibly
related mechanism has been reported in adult brain-derived NPCs
in which C3a and SDF-1 induce ERK phosphorylation, which in
turn causes differentiation and neuronal migration in vitro (58).
Furthermore, knockdown of C1q inhibitor-encoding Serping I
impairs radial migration. Interestingly, Serping I affects both cell
autonomous and non-cell autonomous radial migration in mouse
embryos, indicating that Cl1q inhibitor is secreted and influences
neighboring neurons. This effect can be rescued C3aR agonists,
demonstrating that C3aR signaling is required for the proper
migration of cortical plate neurons (54). Further experiments have
shown that the lectin pathway controls neuronal migration in the
developing neocortex. Indeed, in mouse embryos knocking down
C3, butalso MASP1 or MASP2, which are critically involved in the
lectin pathway, impairs migration of neuroblasts derived from the
ventricular zone. This effect can be reversed by co-electroporating
molecular mimics of C3 cleavage products, suggesting that the
activity of the complement pathway, and not only the presence of
the C3 protein, is required for proper migration of neuroblasts in
the developing cortex (27).

Synaptic Pruning

In the past decade, a key role of the complement in the postnatal
maturation of brain circuits has been uncovered. At birth, the
mammalian brain is characterized by an excess of synaptic
connections. Over the course of postnatal development, extra
synapses are eliminated to establish functional mature neuronal
networks (59, 60). This process called synaptic pruning is activity-
dependent and has been documented in different regions such
as the cortex (61, 62), cerebellum (63), retinogeniculate system
(59), and neuromuscular junction (64).

The role of complement in synaptic pruning has been first
demonstrated in the retinogeniculate system (Figure 2A, B). Early
in development, retinal ganglion cells (RGC) project exuberant
axons onto neurons in the dorsal lateral geniculate nucleus (dLGN)
of the thalamus. During postnatal development, retinogeniculate
synapses are eliminated to ensure a good segregation between ipsi
and contralateral inputs to dLGN neurons. Activity-dependent
pruning that occurs in the first postnatal week in mice is necessary
to provide a functional binocular vision in adults (65, 66). Using
array tomography on thin brain sections, Stevens and colleagues
showed that C1q and C3 are abundantly expressed and colocalize
with excitatory synapses in the dLGN at P5 but not at P30.
Consistent with a role of complement in synaptic pruning, C1q-,

C3-, and C4-deficient mice display higher densities of excitatory
synapses in the dLGN and abnormalities in eye-specific segregation
(6, 7). The colocalization between C3 and excitatory synapses
suggests that C3 or its cleavage products act like tags of synapses to
be eliminated by microglia. Indeed, if the interaction between iC3b
and its receptor CR3 is blocked, synaptic pruning is impaired (67).
CR3 is selectively expressed by microglial cells during postnatal
development and anterograde tracer injection in the retina showed
that presynaptic elements are engulfed by microglial cells in the
developing dLGN, indicating that microglial cells are key players
in complement-mediated synaptic pruning (67). Clq and C4 also
colocalize at synapses in the developing dLGN (6, 7). However, it is
unclear whether they directly participate in microglia-dependent
synaptic elimination by tagging synapses, or whether they indirectly
promote synapse elimination by allowing the cleavage of C3 and the
generation of iC3b.

Consistent with numerous studies highlighting that synaptic
pruning is activity-dependent, microglia-mediated engulfment
of RGC inputs is regulated by the activity of presynaptic neurons
(67). This further suggests that inactive synapses are those that
are tagged by complement molecules and targeted for microglia-
mediated pruning, although the mechanisms underlying activity-
dependent complement binding remain unknown.

The role of complement in synaptic pruning has also been
demonstrated in other brain regions. Thus, the complement
system contributes to pruning of axonal boutons in layer V
pyramidal neurons of the somatosensory cortex (68). A role of
microglia in synaptic pruning has also been demonstrated in the
hippocampus (69, 70), suggesting that complement-dependent
synaptic pruning may be widespread in the developing brain. A
recent study shed light on microglia-neuron interactions in the
developing hippocampus at the ultrastructural level, showing that
presynaptic structures in developing hippocampal neurons are
not entirely phagocytosed by microglia but rather “trogocytosed,”
a term originally used to describe membrane transfer in immune
cells and later extended to refer to partial phagocytosis (71). Of
note, microglia-independent processes also participate to synaptic
pruning. Thus, astrocytes contribute to synapse elimination in the
developing and adult dLGN through the MEGF10 and MERTK
phagocytic pathways (72). The contribution of complement to
astrocyte-mediated pruning is unclear, but the identification
of MEGFI0 as an astrocytic receptor for Clq in the developing
mouse cerebellum (73) raises the possibility that astrocytes
recognize C1q-tagged synapses for elimination.

C1qg Family

Interestingly, proteins that have homology with Clq but are not
involved in the leptin, classical, or alternative pathways are expressed
in the brain and participate in synapse formation, maintenance, and
function. These proteins of the Clq family include precerebellin
(Cbln1), which is released by cerebellar granule cells. Cbln1 promotes
synapse formation between granule cell axons (parallel fibers)
and Purkinje cells through binding to glutamate receptor delta 2
(GluRD2) on postsynaptic site and to Neurexin on presynaptic sites.
Clgq-like (Clql) proteins, another subtype of Clq family proteins,
also regulate synapse formation and function in the cerebellum and
in the forebrain. For example, in the cerebellum, Clqll controls
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the formation and maintenance of synapses between axons of the
inferior olivary nucleus (climbing fibers) and Purkinje cells through
binding to the postsynaptic receptor Bai3 (74-76). Two other
Cldql proteins, C1qgl2 and Cl1ql3, are strongly expressed by dentate
granule cells in the hippocampus and recruit postsynaptic kainate
receptors at mossy fiber-CA3 synapses (77). However, proteins of
the C1q family other than C1q do not participate in the molecular
cascades resulting in the cleavage of C3, and hence are not part of the
complement system per se.

The Complement System in Psychiatric
Diseases

Schizophrenia

Compelling evidence links the complement system and SZ (Figure
2C). Following the demonstration that synaptic density in neocortex
peaks in early childhood, then decreases before reaching a plateau in
adolescence (61), Feinberg proposed that SZ may result from faulty
synapse elimination in the postnatal period based in particular
on age at onset (78). Several observations corroborated Feinberg’s
hypothesis. First, spine density is decreased in upper cortical layers
in SZ patients (79, 80). Second, MRI studies revealed that cortical
thinning that takes place during normal postnatal development in
humans is exacerbated in SZ patients, possibly reflecting an excess of
pruning (81, 82). Given the now well-established role of complement
in developmental synaptic pruning, it is not surprising, in retrospect,
that alterations in complement genetics or complement expression
havebeen associated with SZ. Early studies of the complement system
in SZ showed altered expression or activity of complement molecules

in SZ, although the results were inconsistent. In particular, increased
hemolytic activity of the complement Cl, C2, C4 components in SZ
had been reported by several studies (83, 84) [for a thorough review,
see (85)]. However, the small scale of these studies prevented firm
conclusions. A more robust association between the complement
system and SZ has been made possible by large-scale genome-wide
association studies of SZ. A significant association was found on
chromosome 8 near CSMD1 (86, 87), which encodes a complement-
regulating protein (88). CSMD1-deficient mice display behaviors
that are reminiscent of SZ-associated blunted emotional responses,
anxiety, and depression (89). Furthermore, several GWAS have
indicated that the Major Histocompatibility Complex (MHC)
genomic region on chromosome 6 is implicated in SZ. Given that the
strongest association within the MHC lies near the genomic region
encoding complement component 4 (C4), Sekar et al. explored
in detail the C4 complement cluster of the MHC in SZ patients
and control individuals. They demonstrated a strong relationship
between the C4 region and SZ (7). The tandemly arranged C4A and
C4B genes in the MHC class I1I region are polymorphic in terms of
copy number variation (CNV) and structure. They have over 95%
sequence homology but encode functionally distinct proteins with
different molecular targets. Further complexity stems from the fact
that both C4A and C4B can be found in either “long” or “short”
forms depending on the presence of human endogenous retroviral
(HERV) indels (6.5 kb in size) in the intron 9 of the C4 genes. High
copy number and the presence of HERV elements increase the
mRNA levels of C4A and C4B. Importantly, the presence of multiple
copies of C4A and of long forms of C4A was shown to increase the
risk for SZ, suggesting that higher C4A expression predisposes to SZ.
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Indeed, in a separate set of experiments Sekar et al. used postmortem
expression analysis to demonstrate that C4A is significantly more
expressed in the brain of SZ patients than in the brain of control
individuals (7). A subsequent brain imaging study using phosphorus
magnetic resonance spectroscopy directly confirmed the association
between C4A gene repeats and neuropil contraction in two cohorts
of SZ patients. Increased neuropil contraction was observed in the
prefrontal and parietal regions among adult-onset schizophrenia
patients with high C4A gene copy numbers, whereas adolescent-
onset SZ patients showed increased neuropil contraction in the
prefrontal cortex and thalamus (90).

Immune Disorders With Psychiatric Manifestations
Systemic lupus erythematosus (SLE) is a relatively rare chronic
autoimmune disease. In most patients with SLE, anti-nuclear
autoantibodies cause chronic inflammation which damages
tissues, leading to a variety of symptoms. Lupus can affect many
organs such as the kidneys, heart, lungs, blood vessels, and
brain. Neuropsychiatric manifestations are present in two-thirds
of the patients with SLE and include anxiety, depression, and
psychosis, the latter being present in about 5% of patients (91).
Gray matter atrophy was reported in SLE patients (92), which
may be an indicator of synapse loss. In the 564Igi mouse model of
SLE, a B-cell-receptor insertion model with known autoantibody
specificity, behavioral phenotypes including anxiety, cognitive
alterations, and social deficits correlate with synapse loss and
the presence of reactive microglia. Treating 564Igi mice with an
antibody against type I interferon receptor prevented reactive
microglia, synapse loss, and behavioral phenotypes, suggesting
that microglia-dependent synaptic elimination is involved in the
behavioral alterations in SLE (93). Since the classical complement
pathway is involved in microglia-dependent synaptic pruning
in the healthy brain, it has been proposed that the complement
system may directly or indirectly stimulate the type I interferon
pathway to promote synapse engulfment and elimination by
microglia in SLE (94).

The complement system has also been implicated in
neuroinvasive infection with West Nile Virus. Cognitive decline
including memory dysfunction is present in at least 50% of
patients that survive following West Nile virus infection (95, 96).
Using a mouse model of West Nile virus neuroinvasive infection,
Vasek et al. showed that several complement proteins are
significantly upregulated in the hippocampus, including C1q, C2,
C3, and C4b (97). West Nile virus infection was accompanied by
synaptic terminal elimination, which was blocked in C3-deficient
mice and C3aR-deficient mice. Surprisingly, virus-induced
synaptic elimination was still present in CR3-deficient mice, in
which developmental synaptic pruning is strongly decreased
(67). These results suggest that several distinct complement-
dependent mechanisms may promote pathological pruning.

Neurodegenerative Disorders

While this review’s emphasis is on psychiatric disorders, it is
noteworthy that the complement has also been implicated in
neuron and synapse loss in neurodegenerative disorders. Increased
expression of the complement has been noted in the brain
following injury and neurodegeneration (98, 99). In Alzheimer’s

disease (AD), the accumulation of extracellular Amyloid-beta
(AP) peptides contributes to pathogenesis (100). Aggregated AP
binds to Cl1q and C3b/iC3b and activates both the classical and
alternative complement pathways in vitro (101, 102). Transcriptome
studies showed that complement gene expression is increased in
the disease, indicating activation of the complement system (103).
Furthermore, several studies have demonstrated that the membrane
attack complex colocalizes with amyloid plaques and tangle-bearing
neurons, suggesting that complement activation in AD contributes to
neurotoxicity (104-107). Indeed, C1q-deficient mouse models of AD
display decreased levels of activated glia surrounding amyloid plaques,
and slower decline of synaptic markers (108). Aged C3-deficient
mice also show reduced age-dependent synapse and neuronal loss in
hippocampal CA3, together with enhanced long-term potentiation
and cognition (35). A recent study investigated in detail the role of
the complement in synapse loss in the familial AD-mutant human
amyloid precursor protein transgenic mouse model. In this model,
Clq expression increases and Clq localizes to synapses before
amyloid plaque deposition. Moreover, Clq-deficient mice are
protected from AP-dependent synapse loss. These data suggested that
the developmental pruning pathway is re-activated at the preplaque
in AD, prompting the authors to test whether AB-dependent synapse
loss is present in mice lacking CR3, a complement receptor only
expressed by microglia in the brain. Synapse loss and microglial
engulfment are prevented in CR3 KO mice (109). Another study
has uncovered the contribution of C3aR, another complement
receptor mainly expressed by microglia. Expression of C3 and C3aR
is positively correlated with cognitive decline in human AD brains.
In the PS19 mouse model, which is used to study neurofibrillary
tangles in neurodegenerative taupathies like AD, a significant
increase in C3 and C3aR expression correlates with synapse loss
and microglial activation. Crossing PS19 mice with C3aR KO mice
attenuates both synaptic impairment and microglial activation
(110). Altogether, these results demonstrate the role of microglia
and complement axis C3/CR3 and C3/C3aR in pathological synapse
elimination. While research on complement activation in the AD
brain has focused primarily on the classical complement pathway,
it should be noted that mRNA for a critical alternative pathway
component, Factor B, is present in the cortex of AD patients and
that split products of Factor B, Bb and Ba, are significantly increased,
indicating alternative pathway activation (111).

Pathological complement-mediated synapse loss is involved
not only in AD but also in other neurogenerative disorders. In a
progranulin-deficient mouse model of frontotemporal dementia,
increased complement production and synaptic pruning activity
by microglia preferentially eliminate inhibitory synapses in the
ventral thalamus, which is prevented in progranulin-deficient
Clq KO mice (112). Clq upregulation and Clq-dependent
synapse loss were also observed in a mouse model of glaucoma,
a neurodegenerative disease characterized by the progressive
dysfunction and loss of retinal ganglion cells (113).

Complement molecules also participate indirectly in synapse loss
and neurodegeneration in disorders such Alzheimer’s, Huntingtons,
Parkinson’s, Amyotrophic lateral sclerosis, and Multiple Sclerosis
by inducing reactive astrocytes. Upon microglial activation, Clq
is released by microglial cells together with Il-1a and TNFa. The
combined action of these three factors is sufficient to convert resting
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astrocytes into reactive “Al1” astrocytes with impaired ability to
promote synapse formation, decreased phagocytic capacity, and
neurotoxicity (114).

It is remarkable that complement molecules participate to
synapse loss in animal models of several distinct neurodegenerative
disorders. While the neurotoxic effect of the complement may be
less relevant for psychiatric disorders than for neurodegenerative
disorders, similar complement-dependent mechanisms appear to
induce synapseloss in both types of diseases (Table 2). Deciphering
the underlying mechanisms in animal models of neurological
disorders will help understand complement-dependent synaptic
alterations in neurodevelopmental psychiatric disorders.

Perspectives
Is the Complement System Involved in Bipolar
Disorder and Autism Spectrum Disorder?
Collectively, the studies discussed above have identified the
classical complement pathway as a key contributor to pathological
synapse elimination in the context of SZ and other disorders with
psychosis or cognitive dysfunction. While the main emphasis
has been on SZ, other psychiatric disorders such as BD and ASD
are also associated with immune activation/inflammation (2-5)
and altered synaptic pruning. Increased cortical thinning during
adolescence has been observed in BD patients (115) and may
reflect excessive synaptic pruning. Conversely, ASD has been
associated with decreased synaptic pruning. Thus, in postmortem
brain tissue, dendritic spine density was found to be increased in
the cortex of ASD patients (116), which appears to result from
decreased synaptic pruning as another study confirmed these
results and showed that spine density decreased by ~45% in
control subjects from childhood through adolescence, but only
by ~16% in ASD patients (117).

Given the well-established role of complement molecules in
both immune processes and synaptic pruning, these observations
raise the question of whether the complement system may be

causally involved in BD or ASD but with a different phenotypic
expression than in SZ. The answer to this intriguing question
may be multifold. First, clinically distinct psychiatric disorders
sometimes display partly overlapping symptoms, which may reflect
shared cellular endophenotypes including complement-mediated
alterations at the synaptic level. Second, synaptic dysfunctions in
SZ, BD, and ASD may rely on distinct mechanisms. The MHC
region, which includes the C2, C4, and Factor B complement
genes, has been associated with BD in genome-wide association
studies (118), although the link between complement expression
and BP is not straightforward (119). In contrast, preliminary
results from a genome-wide association study on about 6500 ASD
patients, a number that was sufficient to associate the MHC region
in SZ (118), failed to reveal an association between the MHC and
ASD (120). These results suggest that the MHC, which includes
complement genes, might contribute to synapse elimination
in BD, but seems less likely to be involved in ASD. Other
mechanisms controlling spine density, such as autophagy, may
underlie connectivity defects in some forms of ASD (117). Third,
immune activation during brain development interacts with a
genetic program that varies from one individual to another. Thus,
genetic predisposition leading to strong expression of C4A could
interact with brain inflammation to induce excessive synaptic
pruning in SZ and possibly BD, while other variants, or other
predisposition genes, would promote a different consequence of
inflammation in ASD.

Types of Synapses Subject to Complement-
Mediated Elimination

It is unclear whether complement-mediated synapse elimination
targets both glutamatergic synapses and other synapses, such
as GABAergic synapses, or even sites of neuromodulator (e.g.,
dopamine, acetylcholine, serotonin, noradrenaline) release.
Microglia- and complement-mediated pruning hasbeen extensively
studied in hippocampal and thalamic excitatory neurons that
bear dendritic spines (6, 7, 67, 69, 71). Moreover, developmental

TABLE 2 | Complement pathways involved in selected brain disorders.

Neurodevelopmental disorder

Neuro-immune
disorder

Neurodegenerative disorder

Schizophrenia

West Nile Virus Alzheimer’s disease

Complement pathway Classical Lectin

Putative complement Increased expression Unknown
activation of C4A

Changes in complement Increased C4 mRNA Increased MBL/
components expression MASP-2 complex

activation
(human serum)

(human brain)

Cellular mechanisms Excess of microglia- Unknown

involved dependent synaptic
pruning
References Sekar et al. (7) Mayilyan et al. (84)

Classical

C1qg binds to WNV
antigen-positive neurons
Increased C1q, C2,

C3 and C4b mRNA
expression in the brain
(mouse model)

Excess of C3/C3aR-
dependent synaptic
pruning

Vasek et al. (97)

Classical
C1q binds to Ap

Increased C1q, C3, C4,
C9 mRNA expression
(human brain) and
increased C1q, C3, C3aR
protein expression in the
brain (mouse models)
Excess of microglia-
dependent synaptic
pruning through the C3/
CR3 and C3/C3aR axis
Jiang et al. (101)
Blalock et al. (103)
Hong et al. (109)
Litvinchuk et al. (110)

Alternative
C3b/iC3b binds to A

Increased expression
of split products of
Factor B (Ba and Bb)
(human brain)

Unknown

Bradt et al. (102)
Strohmeyer et al.
(111)
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synaptic pruning in the primate cortex as well as excessive
synaptic pruning in the schizophrenic cortex have been mostly
studied, at the cellular level, using spine density as a readout (61,
79). Does this mean that dendritic spines are the physical substrate
for complement-mediated pruning? Accumulating evidence
shows that complement-mediated synapse pruning involves
the elimination of presynaptic elements, but not postsynaptic
material, by microglia (67, 71), although microglial engulfment
of postsynaptic structures has also been reported (121). Thus,
the disappearance of dendritic spines may follow the elimination
of presynaptic elements, but is unlikely to be directly caused by
complement-mediated microglial trogocytosis. Is complement-
mediated synaptic pruning limited to glutamatergic synapses
on dendritic spines? In this case, glutamatergic afferences onto
GABAergic interneurons, which are almost deprived of dendritic
spines, should be spared by complement-mediated pruning.
Conversely, medium spiny neurons in the striatum, which bear
numerous spines, may be particularly prone to undergo elevated
synaptic pruning. This is important in the context of SZ, since
typical antipsychotics primarily exert their function by blocking
dopamine D2 receptors which are strongly expressed in medium
spiny neurons. Interestingly, there is evidence that hippocampal
GABAergic synapses are not affected by genetic manipulations
altering microglia-neuron communication, suggesting that the
mechanisms of pruning are different at excitatory and inhibitory
synapses (70). In line with these findings, early electron
microscopy studies in the macaque cortex showed a decrease
in asymmetric (glutamatergic) synapse density, but not in
symmetric (mostly GABAergic) synapse density during postnatal
development (122). Furthermore Clq-deficient mice, which
display alterations of synaptic pruning at excitatory synapses,
show no significant change in inhibitory connectivity to layer
V cortical pyramidal neurons (68). These studies supported the
concept that complement- and microglia-dependent pruning
preferentially affects excitatory synapses during postnatal
development. However, Clq-dependent pruning of inhibitory,
but not excitatory, synapses was recently demonstrated in the
thalamus of progranulin-deficient mice (112). Moreover, the
density of excitatory synapses on parvalbumin interneurons
is lower in postpubertal relative to prepubertal monkeys,
suggesting some degree of pruning at excitatory synapses onto
aspiny neurons, although the role of complement was not
investigated (123). Thus, different types of synapses may undergo
complement-dependent pruning. Further studies are now
needed to evaluate normal and pathological synaptic pruning
in different neuronal types, brain areas, and neurotransmitter
systems. If specific types of synapses are predominantly targeted
by complement-mediated elimination, it will be important to
decipher the molecular mechanisms that underlie this selectivity.

Effect on the Brain of Complement Molecules
Generated Outside the Brain

Do complement molecules from outside the brain influence the
central nervous system? Since most complement proteins do
not cross the blood-brain barrier (BBB), it is likely that only
complement molecules generated locally by neurons and glial

cells shape normal brain development and function. Moreover,
in SZ and AD, changes in complement levels in the brain are
associated with upregulated complement expression by brain cells
(7, 34). Nevertheless, pathological activation of complement in
the periphery, for example, following immune challenges, may
indirectly contribute to inflammation and physio-pathological
processes in the brain by i) increasing the production of cytokines
that cross the BBB and ii) compromising the BBB, which allows
complement molecules of the periphery to enter the brain. Thus,
BBB disruption is present in patients with SLE and the elevated
level of C3 in the patients’ cerebro-spinal fluid was suggested to be,
at least in part, attributable to the transfer of C3 from the systemic
circulation (124). On the contrary, complement activation in
the periphery can protect against brain-damaging infections.
For example, the complement system controls West Nile virus
infection by inducing a protective antibody response (125).

The Complement System as a Target for Therapeutic
Intervention in Psychiatric Disorders

The first anti-complement drug used in the clinic, eculizumab,
is the humanized form of a C5-specific monoclonal antibody. As
early as 2004, clinical trials demonstrated its efficacy in treating
paroxysmal nocturnal haemoglobinuria (PNH), a heamatological
disorder that involves complement-dependent intravascular
hemolysis (126). Chronic eculizumab treatment substantially
reduces mortality and improves quality of life for patients with
PNH (127). After the US Food and Drug Administration (FDA)
approval of eculizumab for PNH treatment in 2007, eculizumab also
received FDA approval for the kidney disease atypical haemolytic
uraemic syndrome in 2011. In addition, four C1 inhibitors
(Berinert, Ruconest, Cetor, and Cinryze) are currently approved
for the treatment of hereditary angioedema (128). These successes
renewed interest in complement-targeted drug discovery. Given the
role of complement in innate immunity, the use of complement-
targeting drugs has raised concerns about potential adverse side-
effects. Indeed, patients with complement deficiencies are more
likely to suffer from serious infections (129, 130). The infectious
risk decreases when patients with complement deficiencies reach
adulthood, suggesting that complement therapeutics may be safer
past adolescence (131). Moreover, the long-term clinical use of
eculizumab has allowed to gather favourable safety data, which has
contributed to enhance the interest for complement therapeutics.
Thus, several anti-complement drugs are in advanced-stage clinical
trials, and many more are in development (128, 132). These
compounds target several distinct complement proteins, including
Clg, Cls, C2, Factor B, Factor D, C3, C5, C5a, and C5aR. Few
target the central nervous system, for the role of complement in
brain disorders has been established relatively recently and because
of specific requirements for brain-targeting drugs. In particular,
crossing the blood-brain barrier requires small lipophilic molecules,
or molecules that can access carrier-mediated transport systems
within the blood-brain barrier. A few recently developed anti-
complement molecules have been shown to be effective in crossing
the blood-brain barrier (133). Preclinical studies support the use of
anti-complement drugs to prevent synapse loss in brain trauma and
neurological disorders, but these findings have yet to translate into
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the clinic (134). Nevertheless, these investigations may pave the way
for complement-based therapies in psychiatric disorders.

CONCLUSIONS

In conclusion, our review outlines recent discoveries that link
the complement system and psychiatric disorders. In the brain,
the role of complement appears fundamentally different from its
role in innate immunity, although key elements of the signaling
cascades well described in the immune system are preserved.
Indeed, most complement molecules of the three complement
pathways, including those that form the membrane attack
complex, are expressed in the brain. The specificity of complement
actions in the brain seems to result from the specificity of the
neural mechanisms involved, such as synaptic pruning, and from
the expression of molecular targets that may not exist outside
the brain, such as those located at synapses. These complement-
binding molecules remain to be fully identified.
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Inflammation has been identified as one of the main pathophysiological mechanisms
underlying neuropsychiatric and neurodegenerative disorders. Despite the role of
inflammation in those conditions, there is still a lack of effective anti-inflammatory
therapeutic strategies. Omega-3 polyunsaturated fatty acids (n-3 PUFAs) can reduce
depressive symptoms and exert anti-inflammatory action putatively by the production
of distinct n-3 PUFA-derived metabolites, such as resolvins D (RvD) and E (RvE)
series, maresins (MaR) and protectins (PD), which are collectively named specialized
pro-resolving mediators (SPMs) and act as strong anti-inflammatory agents. In this
review we summarize evidence showing the effects of treatment with those metabolites
in pre-clinical models of psychiatric, neurodegenerative and neurological disorders. A
total of 25 pre-clinical studies were identified using the PubMed database. Overall,
RvD and RVE treatment improved depressive-like behaviors, whereas protectins and
maresins ameliorated neurological function. On a cellular level, RvDs increased serotonin
levels in a model of depression, and decreased gliosis in neurodegenerative disorders.
Protectins prevented neurite and dendrite retraction and apoptosis in models of
neurodegeneration, while maresins reduced cell death across all studies. In terms of
mechanisms, all SPMs down-regulated pro-inflammatory cytokines. Resolvins activated
mTOR and MAP/ERK signaling in models of depression, while resolvins and maresins
activated the NF-«kB pathway in models of neurodegeneration and neurological disorders.
Our review indicates a potential promising approach for tailored therapy with n-3
PUFAs-derived metabolites in the treatment of psychiatric, neurodegenerative, and
neurological conditions.
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INTRODUCTION

Over the last few decades, inflammation has been identified
as one of the main pathophysiological mechanisms underlying
psychiatric conditions (1, 2). Indeed, over-expression of distinct
pro-inflammatory cytokines, including interleukin 1 beta (IL-
1B), IL-6, and tumor necrosis factor alpha (TNF-a), has been
associated with several neuropsychiatric disorders, such as
depression (3, 4), as well as neurodegenerative diseases, like
Alzheimer’s (AD) and Parkinson’s (PD) (5, 6). In particular,
patients with major depressive disorder (MDD) exhibit both
increased immune activation and aberrant regulation of brain
plasticity (7), which has been linked with abnormal cellular
immunity (8). Similar abnormalities have also been reported
in PD and AD, which are characterized by a dysregulated
immune response, due to hyper-stimulation of microglia to
activate distinct inflammatory signaling pathways (9) related
to aggregates of alpha-synuclein and beta-amyloid protein,
respectively (10, 11). In all these conditions, the presence
of pro-inflammatory cytokines leads to the impairment of
microglial function, including phagocytosis of debris, and
propagation of inflammation (12). This is accompanied by
an insufficient compensatory and regulatory function of anti-
inflammatory cytokines, including IL-4, IL-10, and IL-13, which
are produced by alternatively activated M2 microglia (13).
Conversely, classically activated M1 microglia have been shown
to be increased in the brain of patients (13, 14). Despite the
role of inflammation in the context of both psychiatric and
neurodegenerative disorders (15, 16), there is still a lack of
effective anti-inflammatory strategies that are safe for everyday
use and display a clear mechanism of action.

Recently, increasing attention has been given to potentially
anti-inflammatory nutritional interventions, particularly omega-
3 polyunsaturated fatty acids (n-3 PUFAs), like eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), which have

been known to reduce depressive symptoms in patients (17,
18) and animal models (19), as well as cognitive symptoms
(20). EPA has been found to be present at lower levels in
patients with interferon-alpha-induced depression (21), the
development of which has been shown to be prevented by
EPA treatment (22), supporting n-3 PUFAs anti-inflammatory
properties (23). Although the exact mechanisms underlying their
mode of action remain unknown, n-3 PUFAs are important
in regulating immune responses by inhibiting activation of
pro-inflammatory pathways and reducing cytokine expression
(24). This function has been suggested to be mediated by the
production of distinct n-3 PUFAs-derived metabolites, defined as
specialized pro-resolving mediators (SPMs), including resolvins
D (RvD) and E (RvE) series, maresins (MaR) and protectins
(PD), which become elevated upon exposure to an inflammatory
challenge in order to re-establish internal immune homeostasis
(25). In particular, SPMs are produced upon metabolism of
n-3 PUFAs by specific enzymes including lipoxygenases, 5-
lipoxygenase-1 (5-LOX), 12-LOX, and 15-LOX, cyclooxygenases,
primarily COX-2, and cytochrome P450 enzymes (Figure 1).
These enzymatic transformations occur rapidly within the
organism and genetic variants of the involved enzymes have
been associated with increased risk of developing interferon-
alpha-induced depression (26), which suggests that the anti-
inflammatory effects of n-3 PUFAs may indeed stem from
SPMs actions.

Research into the effectiveness of SPMs treatment has
been carried out in various models of peripheral and central
inflammation. For example, RvDs and protectins have been
shown to improve inflammatory outcomes in animal models
of colitis and obesity-induced diabetes, where a reduction in
cytokine levels, including IL-6, were reported in macrophages
derived from bone marrow tissue (27, 28), as well as in adipose
tissue (29). With respect to the CNS, evidence has shown that
protectins and resolvins are produced in the brain, as shown

DHA
A4 A
Aspirin
15-LOX cox2 12/15 LOX COX2/CYP450
: ¢ ‘, l
5-LOX
5-LOX Hydrolysis 5-LOX
A \ 4 A4 A4 A
D resolvins Protectins Aspi:::lljigr?sered Maresins E resolvins
RvD1-6 PD1 AT-RVD1-4 MaR1/2 RVE1-3
FIGURE 1 | Metabolism of DHA and EPA to SPMs through enzymatic transformation. SPMs are produced upon metabolism of n-3 PUFAs by specific lipoxygenase
and cyclooxygenase enzymes. Respectively, the enzymes 15-lipoxygenase-1 (15-LOX) and 12-lipoxygenase (12-LOX) are responsible for initiating the conversion of
DHA to protectin-1 (PD1), and maresin 1 and 2 (MaR1, MaR2), whereas 15-LOX, cyclooxygenase 2 (COX-2) and cytochrome P450 are responsible for the conversion
of DHA to resolvins D series (RvD), and of EPA to resolvins E series (RVE). Downstream, metabolism of RvD and RVE are dependent on 5-lipoxygenase (5-LOX).
Aspirin-acetylated COX-2 followed by 5-lipoxygenase (5-LOX) transformation generates aspirin-triggered isomers of RvDs (AT-RvD).
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by studies using brain tissue homogenates (30, 31), neuron-glia
cultures or hippocampal tissue (32). In a model of inflammatory
pain, RvDs and RvEs were found to reduce pain behaviors
through central actions (33). Additionally, maresins have been
demonstrated to attenuate mechanical allodynia (34, 35), a
process involving central sensitization, and decreased levels
of IL-1B, IL-6, and TNF-a in spinal cord tissue in models
of neuropathic pain. Taken together, these findings therefore
suggest the potential involvement of SPMs in other disorders
within the CNS.

Given the need to elucidate the mechanisms whereby n-3
PUFAs-derived metabolites exert their anti-inflammatory actions
and the potential role of SPMs in reducing CNS inflammation, it
appears relevant to summarize the evidence provided thus far on
their effects in the context of psychiatric, neurodegenerative, and
neurological disorders, in addition to uncovering mechanisms
specific to these conditions. Overall, 25 articles were obtained
from the PubMed database, including ex vivo, in vivo, and in vitro
studies investigating resolvins (RvD1, RvD2, RvE1, RvE2, RVE3),
protectins (PD1, NPD1), and maresins (MaR1, MaR2) in relation
to psychiatric, neurodegenerative, and neurological disorders
affecting cognition, and in which neuroinflammation is part of
the pathophysiology. Studies excluded from the search were or
contained one or more of the following: not published in English
language, did not look at the specific effects of treatment with
resolvin, proctectin, or maresin, were not measuring psychiatric,
neurological, neuroinflammatory, or cognitive outcomes.

BEHAVIORAL, CELLULAR AND
MOLECULAR OUTCOMES IDENTIFIED
UPON TREATMENT WITH SPMs

In this section of the review we summarize behavioral, cellular,
and molecular outcomes identified in ex vivo, in vivo, and in
vitro studies which used treatment with resolvins, protectins and
maresins in the context of psychiatric, neurodegenerative, and
neurological disorders (Table 1).

Resolvin D

RvD1

Behavioral findings

Models of depression. While depression has a wide range of
symptoms, from persistent sad mood to appetite or sleep
changes (60), it was assessed by behavioral despair, measured
using the immobility time in the forced swim test (FST) or
tail suspension test (TST) in most of the studies. In a mouse
chronic unpredictable stress (CUS) model (39) intracranial RvD1
administration decreased behavioral despair in the FST. This was
also found in a rat post-myocardial infarct model of depression,
where depression-like behaviors are increased after occlusion
of the left anterior descending coronary artery (37). However,
neither peripheral nor central RvD1 administration improved
FST immobility in a mouse fibromyalgia-induced depression
model (38), where mice develop depression-like behavior after
reserpine injection. In the TST, intracranial RvD1 also reduced
behavioral despair in both CUS (39) and lipopolysaccharide

(LPS)-induced mouse models of depression (36). Social behavior,
commonly affected in depression, was enhanced by intracranial
injection of RvD1 in a rat model of depression (37).

Models of neurodegenerative and mneurological disorders. The
behavioral outcomes of aspirin-triggered isomer of RvD1
(AT-RvD1) administration were investigated in two in vivo
studies. Peripheral AT-RvD1 injection ameliorated sensorimotor
function and memory after traumatic brain injury (TBI) in
mice, confirming the hypothesis that reducing the prolonged
inflammation caused by TBI would in consequence limit the
impact seen in neurological functions (43). Peripheral AT-RvD1
administration was also beneficial on cognitive impairment and
fear-associated freezing in mice with surgery-induced cognitive
decline, mimicking the cognitive dysfunctions observed in some
patients after orthopedic surgery (44).

Cellular findings

Models of depression. Only one of the studies previously
mentioned investigated the cellular effects of AT-RvDI in
the context of depression. In vivo, intravenous AT-RvDl1
administration increased levels of cortical dopamine and
glutamate, and limited serotonin depletion in a mouse model of
fibromyalgia-associated depression, suggesting a positive effect of
treatment on neurotransmitter imbalance in depression (38).

Models of neurodegenerative and neurological disorders. Three
studies investigated the effects of RvD1 in macrophages isolated
from peripheral blood mononuclear cells (PBMC) of AD patients
treated with n-3 PUFAs supplementation. In one study, RvD1
incubation of PBMC from AD patients improved phagocytosis
of AP peptides on a trend level (41). In another, RvDI1
significantly increased phagocytosis and decreased apoptosis in
PBMC (42). In the third paper treatment with RvD1 decreased
the M1/M2 macrophage ratio in PBMC from AD patients
with the apolipoprotein E (APoE) £3/e3 genotype, while RvD1
increased it in cells with the APoE €3/e4 genotype (40).

In vivo, peripheral AT-RvD1 administration prevented
astrogliosis and improved short and long-term potentiation
in the hippocampus of mice with cognitive decline (44).
In vitro, embryonic human microglia incubated with Af4,
peptides and exposed to RvD1 had decreased expression of
microglia pro-inflammatory markers CD11b and CD40 (46).
In an in vitro model of PD using the toxin 1-methyl-4-
phenyl pyridinium (MPP+) to target dopaminergic cells, RvD1
treatment of rat adrenal phaeochromocytoma cells rescued them
from apoptosis (45).

Mechanisms of action

Models of depression. In the selected papers, only one in
vivo study using a mouse model of depression examined the
mechanisms underlying the actions of RvD1. The anti-depressant
effects of intracranial administration of RvD1 were shown
to be mediated by the activation of the N-formyl peptide
receptor 2 (ALX/FPR2). Downstream, RvD1 was shown to act
through activation of mammalian target of rapamycin complex
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TABLE 1 | Behavioral, cellular and molecular outcomes identified upon treatment with SPMs.

Treatment Type of Pathology Model Main findings References
study
Behavioral Cellular Mechanism
Resolvin D
RvD1
Models of depression
RvD1 In vivo Depression LPS-induced, mice. \\ TST immobility Effects dependent on Deyama et al. (36)*
l.c.v. RvD1 treatment and pathway antagonists ALX/FPR2 rec., mTORC,
MAP/ERK, AMPAR,
PIBK/Akt
RvD1 In vivo Myocardial Rats /' social interaction Gilbert et al. (37)
infarct-associated l.c.v. RvD1 before or after ischemia \FST
depression
RvD1 and In vivo Fibromyalgia- Resperine induced, mice. AT-RvD1: AT-RvD1: Klein et al. (38)*
AT-RvD1 associated l.v. ori.c. RvD1 or AT-RvD1 treatment \\ mechanical allodynia /' dopamine (cortex), serotonin (thalamus),
depression (acute), nociception glutamate
(chronic) RvD1: NS effect
\\ FST immobility (chronic)
RvD1: NS effect
RvD1 In vivo Depression Chronic unpredictable stress, mice. I.c.v. RvD1 \FST, TST immobility Ishikawa et al. (39)*

Models of neurocognitive and neurological disorders

RvD1 Ex vivo AD/MCI PBMC of patients taking DHA+EPA supplements RvD1 \, M1/M2 ratio in ApoE &3/¢3 cells but Famenini et al. (40)
RvD1 treatment M1/M2 ratio in ApoE €3/e4 cells
RvD1 Ex vivo AD Macrophages from PBMC of patients taking RvD1 treatment: RvD1 treatment: Olivera-Perez et al.
DHA-+EPA supplements NS 7 of phagocytosis compared with placebo NS 7 of p-PERK 41)
Cells: DHA+EPA or RvD1 treatment expression
AB incubation NS \ caspase 3
expression in MCI patients
RvD1 Ex vivo AD PBMC of AD patients. /' phagocytosis /" phagocytosis dependent  Mizwicki et al. (42)
RvD1 treatment \\ caspase-3 dependent apoptosis on GPR32, EGTA, MEK1/2,
AB incubation PI3, and PKI
Pre-treated with GPR32, EGTA, MEK1/2, PI3, or \\ cytokines and
PKI antagonists chemokine transcription
N IL-1B, IL-6, IL-10,
GMCSF, and
TNF-a secretion
AT-RvD1 In vivo Traumatic brain Midline perfusion injury, mice. /' sensorimotor functions Harrison et al. (43)*
injury l.p. AT-RvD1 /" NOR task
AT-RvD1 In vivo Surgery-induced Open stabilized tibia fracture model, mice. /' memory Prevention of astrogliosis and prevention of \{ IL-6, LXA4 in plasma Terrando et al. (44)
cognitive decline Fear conditioning pre-surgery /" impaired ramification and “\, cell area
|.p. pre-treatment or delayed AT-RvD1 freezing behavior
Hippocampal slices from mice, post-surgery, and Pre-treatment ' short-term plasticity and LTP
post-AT-RvD1 treatment Delayed treatment /LTP
RvD1 In vitro Parkinson Rat adrenal phaeochromocytoma cells, MPP+ \\ apoptosis, cellular damage \\ P-p38 MAPK, p-ERK Xu et al. (45)
-induced /viability \« NF-«B p50
RvD1 treatment \{ TNF-q, not IL-6
(Continued)
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TABLE 1 | Continued

Treatment Type of Pathology Model Main findings References
study
Behavioral Cellular Mechanism
RvD1 In vitro AD Human bone-marrow derived neuroblastoma \\ apoptosis GPR32 expressed Zhu et al. (46)*
cells /viability
RvD1 treatment
Embryonic human microglial cells /' CD11b GPR32 and ALX/FPR2
RvD1 treatment expressed
AB42 incubation
RvD2
Models of depression
RvD2 In vivo Fibromyalgia- Resperine induced, mice. \\ mechanical allodynia /' serotonin, glutamate Klein et al. (38)*
associated l.v. ori.c., acute or chronic. (acute), nociception
depression (chronic)
\\ FST immobility (chronic)
RvD2 In vivo Depression Chronic unpredictable stress, mice. N\ FST, TST immobility Ishikawa et al. (39)*
l.c.v. RvD2
RvD2 In vivo Depression LPS-induced, mice. \{ FST, TST immobility Effects dependent on Deyama et al. (36)*

l.c.v. RvD2 + pathway antagonists

Models of neurocognitive and neurological disorders

GPR18 rec., mTORC,
MEK/ERK

RvD2 In vivo Parkinson LPS-induced, rats. /' motor behavior /' ramified microglia N\« NF-«xB Tian et al. (47)
l.c.v. RvD2 N\ IL-18, IL-6, NO, TNF-q,
and IL-1B
Ex vivo Parkinson Primary cortical microglia culture, rats \ activated microglia \ NF-kB p65, iNOS, IkBa,
LPS-induced IKKb
RvD2 (5 # concentrations) \( IL-18, IL-6, NO, TNF-a,
and IL-1p
Treatment Type of Pathology Model Main findings References
study
Behavioral Cellular Mechanism
Resolvin E
Models of depression
RVE1 In vivo Depression LPS-induced, mice. N\ FST, TST Effects similar to ChemR23 Deyama et al. (48)
l.c.v. RVE1, pathway antagonists agonist, dependent on
mTORC1
RvE2 In vivo Depression LPS-induced, mice. N\ FST, TST Effects similar to ChemR23
l.c.v. RVE2, pathway antagonists agonist
RVE3 In vivo Depression LPS-induced, mice. N\ TST Deyama et al. (49)
l.c.v. RVE3
Models of neurocognitive and neurological disorders
RVE1 In vivo Traumatic brain Midline perfusion injury, mice. /" sleep /' ramified microglia, N\, M1 Harrison et al. (43)*

injury

l.p. RVE1
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TABLE 1 | Continued

Treatment Type of Pathology Model Main findings References
study
Behavioral Cellular Mechanism
RVE1 In vivo AD B5xFAD mice. RVE1+LXA4 \, microgliosis and astrogliosis All N\, GMCSF, IL-1B, Kantarci et al. (50)
I.p. RVE1, LXA4, or RVE1+LXA4 RVE1+LXA4 N\, AB40 IL-6, IL-10
RVE1 N\ Ap42
¢ RvE1 and RvD2 in AD vs. WT,
/" after RVE1 treatment
Treatment Type of Pathology Model Main findings References
study
Behavioral Cellular Molecular/mechanism
PROTECTIN

Models of neurocognitive and neurological disorders

AT-PD1-SS In vivo
AT-PD1-ME

PD1 In vivo
PD1 In vivo
PD1 n—-3 In vivo
DPA-ME

PD1 In vitro
PD1 In vitro
PD1 In vitro
PDX In vitro
PDX In vitro

Ischemic stroke

TBI

Ischemic stroke

Epilepsy

PD

AD

AD

Ischemia

AD

Right middle cerebral artery occlusion, rats. /' neurological recovery

|.v. AT-PD1-SS or AT-PD1-ME

Skull thinning in fat-1 mice

Normal or high n-6 diet

L.v. DHA or i.c.v. PD1

Right middle cerebral artery occlusion, rats.
l.v. DHA, saline, PD1, or CSF treatment

/' neurological score

Kainic acid epilepsy model, mice. Rescued ORT exploration
l.c.v. PD1 after status epilepticus time
. number of seizures

Primary rat dopaminergic mesencephalic neurons

MPP+, MPTP, or rotenone induced
PD1 treatment

Cortical human neuron-glia co-culture

Human neuronal-glial cells

Challenged with AB42 oligomeric peptide or
transfected with beta amyloid precursor protein
(BAPP)sw

PD1 treatment

Mouse subventricular zone NSC

Healthy or glucose-deprived

PDX or DHA treatment

Human bone-marrow derived neuroblastoma
cells
PDX treatment

\\ activated microglia/macrophages
/" blood vessel + GFAP-rich scar density

/' parenchymal cell survival in WT PD1
/' PD1 in fat-1 mice vs. WT

/' neuro- and angiogenesis
\ l9G immunoreactivity
/" axonal sprouting

\ astro- and microgliosis

\\ ectopic DCX cells

No neuroprotection

\\ apoptosis in MPP+ and rotenone cells
/" arborization (MPP+ cells only)

\, dendrite retraction (MPP+, MPTP)

\( Ao -induced apoptosis \ neurite retraction

\ AB 4o -induced apoptosis

PD1 \ viability and 7 apoptosis and cytotoxicity
\{ BACE1 /”m-ADAM10

\ SAPPBSW 7sAPPa

PDX \ proliferation in healthy NSC,
proliferation in OGD NSC

/" differentiation in healthy NSC (trend level) and
OGD cells

\\ apoptosis

/'viability

Bazan et al. (51)

Ren et al. (52)

Belayev et al. (53)

N\ IL-1B, TNF-a mRNA Frigerio et al. (54)

Calandria et al. (55)

/' Bel-xl, Bcl-2, BIf(A1) Lukiw et al. (32)
\\ Bax, Bk

NPD1 mimics PPARy
receptor effects

\, COX-2, TNF-a, B94
\\ caspase-3

Zhao et al. (56)

Lo Van et al. (57)

Zhu et al. (46)*

74
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TABLE 1 | Continued

Treatment Type of Pathology Model Main findings References
study

Behavioral Cellular Mechanism

MARESIN

Models of neurocognitive and neurological disorders

MaR1 In vivo Stroke MCAO, mice. /' neurological score \\ heurodegeneration, cell death (PSD95, \ NF-«B p65 Xian et al. (58)

l.c.v. MaR1 administration synapsint) N\ TNF-q, IL-18, MCP-1
\\ gliosis

MaR1 In vitro ALS SOD1 or TDP-43 expression in human \, cell death (MaR1 stronger than DHA) in Caspase 3/7 inhibition by Ohuchi et al. (59)
neuroblastoma spinal cord cells SOD1/TDP-43 model MaR1
Ho Oy stress-induced cell death model \ oxidative stress-induced cell death \ ROS, \{ p-NF-«xB
DHA or MaR1 treatment

MaR1 In vitro AD Human bone-marrow derived neuroblastoma \\ apoptosis \\ CD11b, MHC-II, CD86, Zhu et al. (46)*
cells /'phagocytosis CD40, and CD33

MaR1 treatment
Embryonic human microglial cells
AB42 incubation
MaR1 treatment

15-LOX, 15-lipoxygenase; 5-LOX, 5-lipoxygenase; AD, Alzheimer’s disease; ALX/FPR2, N-formyl peptide receptor 2; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; ApoE, Apolipoprotein E; AT-PD1-ME, aspirin-
triggered protectin D1 methyl-ester; AT-PD1-SS, aspirin- triggered protectin D1 sodium-salt; AT-RvD1, aspirin-triggered resolvin D; AB, beta amyloid; BACET, beta-secretase 1; CCL, CC chemokine ligand; ChemR23, chemokine-like
receptor 1; CNS, central nervous system; COX-2, cyclooxygenase 2; CSF, cerebrospinal fluid; CXCL, chemokine C-X-C motif ligand; DCX, doublecortin; DHA, docosahexaenoic acid; EAE, experimental autoimmune encephalitis; EGTA,
ethylene glycol tetraacetic acid; FST, forced swim test; GFAR, glial fibrillary acidic protein; GPR18, G protein-coupled receptor 18; GPR32, G protein-coupled receptor 32; GSH, glutathione; GSMCSF, granulocyte-macrophage colony-
stimulating factor; Hcb, hemicerebellectomy; i.c., intrathecal; i.c.v., intracerebroventricular; IFN-vy, interferon gamma; I9G, immunoglobulin; IKK, IkB kinase; IL-18, interleukin 1 beta; IL-6, interleukin 6; i.p., intraperitoneal, i.v., intravenous;
LPS, lipopolysaccharide; LTR, long term potentiation; LXA4, lipoxin 4; MAPK, mitogen-activated protein kinase; MaR1, maresin 1; MCI, mild cognitive impairment; MCP-1, monocyte chemoattractant protein 1; MEK, mitogen-activated
protein kinase; MHC-II, majoe histocompatibility complex class Il; MPP+, 1-methyl-4-phenylpyridinium; MPTR 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; mTORC, mammalian target of rapamycin complex; n-3 PUFA, omega-3
polyunsaturated fatty acid; NF-kB, Nuclear factor-kappa B; NO, nitric oxide; NOR, novel object recognition task; NOS, nitric oxide synthases;, NSC, neural stem cells; PBMC, peripheral blood mononuclear cells; PD1, protectin 1;
PDX, protectin DX; p-ERK, phosphorylated extracellular signal-requlated kinase; PI3, phosphatidylinositide 3-kinase; PKI, protein kinase inhibitor; p-p38, phosphorylated p38; PPARY, peroxisome proliferator-activated receptor gamma;
p-PERK, phosphorylated protein kinase-like endoplasmic reticulum kinase; PSD95, postsynaptic density protein 95, RvD1, resolvin D 1; RvD2, resolvin D 2; RvET, resolvin E 1, SCI, spinal cord injury; SOD-1, superoxide dismutase 1;
SMNA7, survival motor neuron gene lacking exon 7; SPM, specialized pro-resolving mediators; TDP-43, TAR DNA-binding protein 43; TH+, tyrosine hydroxylase positive; TNF-a, tumor necrosis factor alpha; TST, tail suspension test;
WT, wild type; BAPPs,,, beta amyloid precursor protein swedish double mutation.

' increase; \, decrease; "article appearing several times.
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1(mTORC1), MAP/ERK, PI3K/Akt signaling, as well as by a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor (36).

Models of neurodegenerative and neurological disorders. Out
of the five studies investigating the mechanisms of RvD1 in
neurodegenerative and neurological disorders, two were ex vivo,
one was in vivo and two were in vitro. In PBMC from AD patients,
RvD1 treatment decreased the transcription of immune genes
and the secretion of cytokines, such as IL-1f, IL-10, or IL-6 (42).
In the same study, inhibition of the G protein-coupled receptor
32 (GRP32) prevented RvD1-induced phagocytosis of AR (42).
In another study using PBMC from AD patients receiving oral
nutritional intervention with n-3 PUFAs, cell treatment with
RvD1 lowered p-PERK and caspase-3 expression on a trend
level (41).

In vivo, IL-6 was decreased by peripheral RvD1 injection,
along with the n-6 PUFAs-derived SPM lipoxin (LXAy) in the
plasma of mice with surgery-induced cognitive decline (44).
In vitro, RvD1 reduced TNF-a protein expression, but not IL-
6, and prevented high levels of NF-kB p50 in a PD model
of rat adrenal phaeochromocytoma cells (45). The expression
of GRP32 was also confirmed in human bone-marrow derived
neuroblastoma cells (46).

RvD2

Behavioral and cellular findings

Models of depression. In three mouse models of depression, RvD2
was shown to have positive effects on depressive-like behavior,
however, only one study also investigated cellular outcomes.
Central RvD2 administration was reported to improve FST
and TST scores in LPS-induced (36) and in a CUS model of
depression (39). Similarly, in a model of fibromyalgia-associated
depression, intravenous RvD2 prevented immobility in the FST
(38). With respect to cellular findings, RvD2 administration
partially prevented total brain serotonin loss and increased
glutamate levels (38).

Models of neurodegenerative and neurological disorders. To our
knowledge, only one study described findings on the behavioral
and cellular effects of RvD2 administration in neurodegenerative
disorders. In a LPS-induced PD model, intracranial addition
of RvD2 to apomorphine, a non-selective dopamine receptor
agonist, improved motor function of rats more efficiently, when
compared with apomorphine alone (47). Regarding cellular
findings, RvD2 effectively reduced the number of activated
microglia and increased the ramified phenotype in the substantia
nigra of rats with PD. This was also shown in a primary culture
of cortical microglia from neonatal rats (47).

Mechanisms of action

Models of depression. Among the studies previously mentioned,
only one investigated the mechanisms underlying the effects of
treatment with RvD2 in a model of depression. In particular,
they showed that improvement in depressive-like behavior was
observed in mice after intracranial RvD2 administration, which
was independently mediated by GPR18, a G-protein-coupled

receptor activated by cannabinoids (61) and RvD2, mTORCI,
and MAP/ERK signaling (36).

Models of neurodegenerative and neurological disorders. In one
study, RvD2 was reported to exert its beneficial actions
through microglia in LPS-induced PD models. Specifically, RvD2
decreased transcription of several cytokines such as IL-18, IL-
6, TNF-a, and IL-1f in the cytoplasm in an in vitro model
of PD using rat primary cortical microglia. The expression of
these cytokines was also reduced in the plasma of PD rats after
central injection of RvD2. Moreover, RvD2 effectively prevented
an up-regulation of NF-kB p65 subunit and IkBa in ventral
mesencephalon microglia of PD rats (47).

The evidence summarized in this section highlights the role
of RvDs in reducing depression-like behavior in models of
depression, and in decreasing glial inflammatory processes in
neurogenerative models.

Resolvin E

Behavioral and Cellular Findings

Models of depression

RVE series were shown to have beneficial effects in mice when
injected centrally. Administration of RvEIl, RvE2, and RvE3
improved behavioral despair in the TST in a LPS-induced model
of depression (48, 49). This was also demonstrated in the FST, but
only in respects of intracranial RvE1 and RvE2 injection (49).

Models of neurodegenerative and neurological disorders

One in vivo study investigated the behavioral effects of RvEIL,
and two in vivo studies investigated the cellular effects. In a
mouse model of TBI, peripheral RvE1 administration affected
sleep during the first 12h post-injury. Specifically, an overall
increase in number, but not length, of sleep bouts in both
light and dark periods was seen upon RvEl administration
(43). On a cellular level, RvE1l administration increased the
number of ramified microglia and decreased the number of rod
microglia in the primary somatosensory cortex of mice (43). In
addition, intraperitoneal injection of RvE1 with LXA4 decreased
microgliosis and astrogliosis in the cortex and hippocampus of
AD mice (50).

Mechanisms of Action

Models of depression

One in vivo study proposed two different mechanisms of
actions for RvEs using a model of LPS-induced depression in
mice. Firstly, intracranial injection of RvE1 and RvE2 produced
anti-depressant effects similar to those observed by activating
ChemR23, a G-coupled receptor activated by chemerin (62)
and RvEl (63), suggesting the involvement of this receptor in
depression. Secondly, inhibition of the mTORCI pathway was
able to prevent the anti-depressant effects of RvE1 (49).

Models of neurodegenerative and neurological disorders

In an in vivo transgenic mouse model of AD, RvE1 was shown
to exert its effects through down-regulation of various pro-
inflammatory factors. Specifically, peripheral RvEl injection
reduced levels of IL-6, IL-1f, IL-10, granulocyte-macrophage
colony-stimulating factor (GM-CSF), IFN-y, TNF-a, monocyte
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chemoattractant protein 1 (MCP-1), macrophage inflammatory
protein (MIP)-1a, and MIP1b in the prefrontal cortex (50).

The evidence summarized in this section supports the
potential of RvEs, similar to RvDs, to alleviate depression-like
behavior, which would occur via mTORCI activation. In terms
of neurodegenerative disorders, studies clearly present RvEs as
beneficial agents against the increased levels of cytokines and
pro-inflammatory factors present in those conditions.

Protectins

Behavioral Findings

Models of neurodegenerative and neurological disorders
Behavioral effects of PD1 administration were measured in
three in vivo studies, one in the context of epilepsy and two
in the context of stroke, both conditions which are associated
with increased central inflammation affecting neurogenesis-
related cognitive processes. Intracranial PD1 administration
improved cognitive function, specifically non-spatial recognition
memory, in the novel object recognition task in kainic acid-
induced epilepsy in mice (54). PD1 also reduced frequency and
seizure duration and prevented weight loss (54). Additionally,
intravenous injection of PD1 and its aspirin-triggered isomer
(AT-PD1) improved neurological recovery in rat models of
ischemic stroke using middle cerebral artery occlusion (51, 53).

Cellular Findings

Models of neurodegenerative and neurological disorders
Cellular outcomes were investigated in nine studies both in
vivo and in vitro, predominantly using models of AD and
ischemia. Intravenous administration of PD1 in vivo reduced
immunoglobulin G (IgG) immunoreactivity in the cortex,
subcortex, and whole right hemisphere of rats subject to ischemic
stroke (53). It also inhibited astrocyte and microglia activation
in the penumbra of ischemic rats (51). Likewise, intracranial
infusion of PD1 in epileptic mice decreased astrogliosis and
microgliosis in the hippocampus, and increased neuroblasts
migration in the hilus (54). In a mouse model of TBI,
intracranial administration of PD1 also improved parenchymal
cell survival (52).

In vitro, PD1 treatment decreased AB4, production (56) and
prevented AP4;-induced apoptosis and increased cell viability
in two human models of AD, both using cortical neuron-glia
co-culture (32, 56). This was also observed upon treatment
with protectin isomer, PDX, in a human bone-marrow derived
neuroblastoma cell model of AD (46). In a rat dopaminergic
mesencephalon neurons model of PD, PD1 treatment decreased
dendritic retraction and increased neuronal survival (55). Finally,
in an in vitro model of ischemia, PDX also increased proliferation
of mice subventricular zone neural progenitors (57).

Mechanisms of Action

Models of neurodegenerative and neurological disorders

One in vivo and two in vitro studies investigated the mechanisms
of PD1. In vivo, transcription and expression of IL-1p and TNF-
a were reduced in the hippocampus upon PD1 intracranial
administration in a murine model of epilepsy (54). In an in vitro
model of AD, PD1 administration reduced A4, production

through repression of pro-inflammatory molecules, including
COX-2 and TNF-a (56). Furthermore, PD1 enhanced expression
of anti-apoptotic proteins of the B-cell lymphoma 2 (Bcl-2) gene
family (32) and reduced caspase-3 activity in cortical human
neuronal cells in vitro (56).

Based on the evidence summarized in this section, protectins
are especially useful in reducing behavioral deficits observed in
neurological disorders, most likely via reducing microgliosis and
pro-inflammatory cytokines levels.

Maresins

Behavioral and Cellular Findings

Models of neurodegenerative and neurological disorders

One in vivo study investigated the behavioral effects of treatment
with MaR1, whereas three in vitro studies assessed cellular
outcomes. In an in vivo mouse model of stroke, intracranial
administration of MaR1l reduced neurological impairments
over time (58). On a cellular level, administration of MaR1
protected against brain cell death and inhibited the degradation
of postsynaptic density protein 95 (PSD95) and synapsin.
Furthermore, MaR1 administration also inhibited neutrophil
infiltration and glial activation in the cortex (58). In vitro, MaR1
treatment prevented cell death in human bone-marrow derived
neuroblastoma cell models of ALS and AD (46, 59). MaR1 also
stimulated an increase of AB4, phagocytosis in embryonic human
microglial cells (46).

Mechanisms of Action

Models of neurodegenerative and neurological disorders

All three studies previously mentioned investigated the
mechanisms of action of PD1. In an in vivo mouse model of
stroke, expression of TNF-a, IL-1B, and MCP-1 in the cortex was
reduced by intracranial administration of MaR1. Furthermore,
MaR1 decreased NF-kB activation through down-regulation
of p65 phosphorylation (58). Similar effects were seen in vitro,
with MaR1 treatment decreasing levels of phosphorylated NF-kB
in human bone-marrow derived neuroblastoma cells (59).
MaR1 treatment of embryonic human microglia also induced a
reduction in pro-inflammatory markers including CD11b, major
histocompatibility complex class II (MHC-II), CD86, CD40, and
CD33 (46).

The limited evidence available on maresins suggests that they
might benefit neurological conditions, specifically by reducing
cell death and inflammatory factors, which may be related to
decreased NF-kB pathway activation.

OVERALL DISCUSSION OF THE EVIDENCE

This review summarizes evidence on the beneficial effects
of resolvins, protectins and maresins, in the treatment of
psychiatric, neurodegenerative, and neurological disorders
(Figure 2). Overall, treatment with both RvD and RvE improved
depressive-like behaviors in various animal models of depression,
whereas PD1 and MaR1 ameliorated neurological function.
On a cellular level, RvDl and RvD2 increased serotonin
levels in a model of depression, and decreased gliosis in
neurodegenerative disorders. In contrast, PD1 and PDX
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FIGURE 2 | Comparison of behavioral, cellular, and molecular findings upon treatment with SPMs in the context of psychiatric, neurodegenerative, and neurological
disorders. AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; MAP/ERK, mitogen-activated protein kinases/extracellular signal-regulated kinases; MaR,
maresin; mTORC, mammalian target of rapamycin complex; NF-kB, Nuclear factor-kappa B; PD, protectin; PI3K/Akt, Phosphoinositide 3-kinases/Protein kinase B;

Decreased neurite
and dendrite
retraction
Decreased apoptosis

Reduced cell
death

| |
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sensorimotor
functions

Decreased gliosis

Improved neurological function

prevented neurite and dendrite retraction and apoptosis in
models of neurodegeneration, while MaR1 reduced cell death
across all studies. In terms of mechanisms, all SPMs down-
regulated pro-inflammatory cytokines, such as IL-1p, IL-6, and
TNF-a. RvD1, RvD2, and RvE1 exerted their effects through
mTOR and MAP/ERK signaling in models of depression,
while RvD1, RvD2, and MaR1 through the NF-kB pathway in
models of neurodegeneration and neurological disorders. These
findings suggest that not only do SPMs have anti-inflammatory
properties across different models, but also possess characteristic
therapeutic effects depending on the condition.

Despite the scarce number of studies conducted in psychiatric
disorders, differences among specific SPMs could be drawn
on several levels. In particular, RvD1 and RvEs were the
most effective in improving depressive symptoms across several
mouse models (36, 39, 48, 49). This could be explained by
their mechanistic actions, which were notably distinct between
psychiatric and neurological conditions. The mTORCI pathway,
which is a key signaling pathway in the effectiveness of
antidepressants (64), was found to underlie the behavioral effects
of resolvins (36, 49). Similar findings were presented for the
MAPK/ERK pathway and PI3K/Akt and AMPA signaling (36),
which are involved in cell growth and proliferation and can
influence the expression of proteins associated with gene x
environment interactions in depression (65). Moreover, all of
these are key elements involved in neurogenesis (66), which
is impaired by pro-inflammatory cytokines (67) and has been
shown to be rescued by n-3 PUFAs treatment after IL-1§
challenge in vitro (68).

With respect to neurodegenerative disorders, none of the
SPMs could be distinguished in terms of better therapeutic
effects. While apoptosis or gliosis were equally reduced by RvD1,

RvEl, PD1, and MaRl in in vivo and in vitro models, the
benefits observed in ex vivo studies using patient-derived cells
remained on a trend level (41) or were restricted to specific sub-
groups (40). Although it is difficult to disentangle the underlying
cause of these seemingly puzzling findings, the situation can be
closely related to the reality of research into AD therapy. Many
anti-inflammatory drugs appear promising at pre-clinical stages
but are not effective in clinical trials, presumably due to the
complexity of the disorder and the number of interacting factors
(11). Further investigation is thus necessary to achieve a clearer
understanding of SPMs in neurodegenerative disorders.

Although, maresins and protectins have not been examined
in the context of depression, the evidence was conclusive in
neurological disorders, where they appear to have a greater
potential. PD1, PDX, and MaR1 improved neurological function
in animal models of ischaemia, and TBI (51, 53, 58). In line
with this, PD1 limited cell death, highlighting its neuroprotective
abilities. MaR1 likely had a greater effect in these conditions
due to its presence in macrophages and its more potent role
in dampening the activation of microglia (69), which are more
acutely and severely triggered in those conditions. Additionally,
MaR1 promotes tissue regeneration, which could be of increased
therapeutic value in ischemic stroke (35).

Thus, the ability of specific metabolites to improve
behavioral, cellular and mechanistic components differentially
in psychiatric and neurodegenerative disorders could be a
basis for new personalized therapeutic strategies. Although
current pharmacotherapies for AD and PD appear to slow the
progression of cognitive impairment, the benefits have often
found to be marginal and non-sustained (70). Additionally,
up to one third of MDD patients fail to respond to first-line
pharmacological treatment (71), which has been associated
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with elevated plasma pro-inflammatory factors expression (72).
With AD projected to hit 131 million people by 2050 (73)
and depression affecting about 5% of the world’s population
(74), new treatment avenues are needed more than ever. N-3
PUFAs have been approved as safe when administered in doses
up to 3 g per day and minor side-effects are rare (75). Recent
reviews and meta-analysis have reported a clinical efficacy of
n-3 PUFAs treatment, which might be partly attributable to
SPMs, in MDD and AD patients (76, 77). More interestingly,
the majority of the animal studies so far only used males,
which have recently been shown to have higher baseline
levels of n-3 PUFAs metabolites than females in brain tissue
(78). The single study using female mice reported positive
effects of RvEl on inflammatory factors, however, this does
not allow for direct comparison between sexes (50). With
women being at increased risk of developing MDD and AD
(79, 80), further insight into this question is necessary as
they might even more particularly benefit from this type
of intervention.

Based on the findings from our review, personalized
SPMs treatment could be a therapeutic possibility. RvDI,
RvD2, or RvEl could prove to be beneficial in psychiatric
conditions, like depression, while MaR1 or PD1 would be
optimally targeted toward neurological conditions. Although
more studies are required to determine their exact influence
and production in the brain, our review indicates a potential
promising approach for tailored therapy with SPMs. With further
research, this could lead to subsequent dietary recommendations
and nutritional interventions in the treatment of psychiatric,
neurodegenerative or neurological conditions, as n-3 PUFAs have
been demonstrated to raise specific SPMs levels (81).
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Low-grade inflammation plays a role not only in the pathogenesis of major depressive
disorder (MDD) but probably also in the poor responsiveness to regular antidepressants.
There are also indications that anti-inflammatory agents improve the outcomes of
antidepressants.

Aim: To study whether the presence of low-grade inflammation predicts the outcome of
antidepressants, anti-inflammatory agents, or combinations thereof.

Methods: We carried out a systematic review of the literature on the prediction capability
of the serum levels of inflammatory compounds and/or the inflammatory state of
circulating leukocytes for the outcome of antidepressant/anti-inflammatory treatment in
MDD. We compared outcomes of the review with original data (collected in two limited
trials carried out in the EU project MOODINFLAME) on the prediction capability of the
inflammatory state of monocytes (as measured by inflammatory gene expression) for the
outcome of venlafaxine, imipramine, or sertraline treatment, the latter with and without
celecoxib added.

Results: Collectively, the literature and original data showed that: 1) raised serum
levels of pro-inflammatory compounds (in particular of CRP/IL-6) characterize an
inflammatory form of MDD with poor responsiveness to predominately serotonergic
agents, but a better responsiveness to antidepressant regimens with a) (add-on)
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noradrenergic, dopaminergic, or glutamatergic action or b) (add-on) anti-inflammatory
agents such as infliximab, minocycline, or eicosapentaenoic acid, showing—next
to anti-inflammatory —dopaminergic or lipid corrective action; 2) these successful
anti-inflammatory (add-on) agents, when used in patients with low serum levels of
CRP/IL-6, decreased response rates in comparison to placebo. Add-on aspirin, in
contrast, improved responsiveness in such “non-inflammatory” patients; 3) patients
with increased inflammatory gene expression in circulating leukocytes had a poor
responsiveness to serotonergic/noradrenergic agents.

Conclusions: The presence of inflammation in patients with MDD heralds a poor
outcome of first-line antidepressant therapies. Immediate step-ups to dopaminergic
or glutamatergic regimens or to (add-on) anti-inflammatory agents are most likely
indicated. However, at present, insufficient data exist to design protocols with reliable
inflammation parameter cutoff points to guide such therapies, the more since detrimental
outcomes are possible of anti-inflammatory agents in “non-inflamed” patients.

Keywords: major depression, inflammation, antidepressant therapy, anti-inflammatory therapy, therapy prediction

INTRODUCTION

It is well accepted that immune dysregulation plays an
important role in the pathogenesis of at least a proportion
of patients with major depressive disorder (MDD) (1-16).
Genetic defects and/or polymorphisms, childhood trauma,
and chronic stress are all capable of eliciting such immune
dysregulations (17-19). In the last decades, special interest
has been raised for the role of low-grade inflammation in
the immune system dysregulation of MDD. Low-grade
inflammation is characterized by an increase in the level of
circulating pro-inflammatory compounds, such as acute phase
proteins [e.g., C-reactive protein (CRP)] and cytokines [e.g.,
interleukin (IL)-6], and/or by a pro-inflammatory activity of
circulating or tissue resident immune cells (20-23).

A wide range of medications is currently available
for the treatment of MDD. First-line agents are the well-
known serotonin reuptake inhibitors (SSRIs; e.g., sertraline,
escitalopram, or citalopram), which show a predominantly
serotonergic action (24). First-line agents are also the
serotonin-noradrenaline reuptake inhibitors (SNRIs), which
show a predominantly serotonergic action at low doses and
a combined serotonergic-noradrenergic action at moderate
to high doses (25). Tricyclic antidepressants (TCAs) show
a similar mechanism of action as SNRIs regarding the dual
serotonergic-noradrenergic action, but because of more side
effects, they are actually used as second-line agents. Third-
line agents are drugs with a predominantly noradrenergic/
dopaminergic action, such as mirtazapine or bupropion, or
agents with other mechanisms of action, such as ketamine
[i.e., an N-methyl-p-aspartate (NMDA) receptor antagonist,
elevating glutamate levels]. Despite this wide range of
medications, response rates to treatment are still insufficient,
with about half of the patients not responding adequately to an
installed treatment (26, 27).

Since most of the antidepressant drugs have—next to
their neurotransmission modulatory effects—also immune
modulating capacities (28, 29), it is thought that the
inflammatory state of patients might play a role in non-
responsiveness. To enforce the mood-regulating effects of
antidepressants, and being aware of the notion that low-
grade inflammation plays a role, various studies have been
undertaken to use anti-inflammatory agents as add-ons to
regular antidepressant therapies. In this way, acetylsalicylic
acid (i.e., aspirin, a COX1 and COX2 inhibitor), selective
COX-2 inhibitors (e.g., celecoxib), minocycline (a tetracyclin
with anti-inflammatory effects), and anti-TNF monoclonal
antibodies (e.g., infliximab) have been used experimentally
(30-33). Besides these anti-inflammatory agents, agents such
as cholesterol-lowering fish oil (eicosapentaenoic acid) and
anti-oxidative n-acetylcysteine have also been used (33, 34).
These agents also have anti-inflammatory actions, since both
the cholesterol metabolism and the anti-oxidative machinery
are linked to inflammation (35, 36). Though it seems that anti-
inflammatory agents did show limited beneficial effects in
most of the reported studies (30-34), there is still doubt on
the real validity of such interventions, particularly due to the
paucity and preliminary character of the studies, while there is
also the feeling that such anti-inflammatory agents might only
work in a proportion of patients.

Collectively, the abovementioned notions lead to the view
that there is a need for a personalized medicine approach to
select patients who, in particular, will respond to first-line
agents and those needing immediate step-up therapies to
drugs other than the first-line drugs and/or an add-on of a
first-line agent with an anti-inflammatory agent. In such
an approach, it is the question whether a pre-existent state
of enhanced low-grade inflammation (present in around
one-third of patients) (37) indeed plays a role in non-
responsiveness to antidepressants and whether such a state
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is capable of predicting the outcome of the abovementioned
antidepressant therapy regimens.

For this report, we have carried out a systematic review
searching for the relevant literature on the prediction capability
of soluble inflammatory compounds/cytokines in serum/plasma/
CSF and/or the inflammatory state of circulating leukocytes for
the outcome of antidepressant/anti-inflammatory treatments
in MDD. We combined the outcomes of the systematic review
with experimental data collected in the EU-MOODINFLAME
consortium on the prediction capability of the inflammatory
state of circulating monocytes (as measured by inflammatory
gene expression). Two EU-MOODINFLAME trials could be
evaluated, a trial carried out on patients with MDD collected at
the Rotterdam site and treated in first line with venlafaxine or
imipramine (38), and a small trial carried out on patients with
MDD collected at the Munich site and treated with sertraline plus
add-on celecoxib or placebo.

MATERIALS AND METHODS

Search Strategy for Systematic Review

We conducted a systematic literature search in the PubMed/
MEDLINE and Web of Science databases to identify immune-
inflammatory predictors for treatment response to antidepressants,
anti-inflammatory agents, and/or their combination with anti-
inflammatory agents (or anti-inflammatory agents alone) in
MDD from inception (for anti-inflammatory) and from 2008
(for antidepressant) until August 16, 2018. To find additional
relevant studies, citation lists of included articles were tracked in
Google Scholar (39) or citation lists of topic-related reviews and
meta-analyses were checked. The last author of a significant paper
concerning celecoxib and an expert in the field (NM) was also
contacted and asked of awareness of any additional studies.

The following search terms were used: (mdd OR major
depressive disorder OR depression) AND (inflammation) AND
(therapy OR treatment OR antidepressant drugs OR sertraline OR
venlafaxine OR escitalopram OR citalopram OR tricyclic OR ssri
ORsnri) AND (biomarker OR cytokines OR il-6 OR t cells OR nk
cells OR th17 OR leukocytes OR macrophages OR crp OR genes)
AND (response OR prediction), (mood disorder OR depression
OR bipolar) AND (anti-inflammatory OR inflammation) AND
(therapy OR treatment OR medication OR drugs OR add-on
OR adjunct OR anti TNF OR infliximab OR CRP OR aspirin
OR ASA OR acetyl salicylic acid OR minocycline OR omega 3
fatty acids OR NAC OR acetylcysteine OR cox 2 inhibitor OR
celecoxib) AND (biomarker OR cytokines OR macrophages OR
t cells OR NK cells OR leukocytes OR CRP OR genes).

The initial search of 7,047 studies resulted in 174
relevant studies selected by title. Inclusion criteria for further
selection were:

(1) publications written in the English language;

(2) human clinical trials;

(3) the diagnosis of MDD. Because of the paucity of studies in
unipolar depression, both unipolar and bipolar depression
wereincluded for the studies on (add-on) anti-inflammatory

agents. To make comparisons possible, we indicate in the
result section (Table 1C, marked with B and C) which
studies included bipolar depressed patients, and we discuss
in the Discussion section putative differences stemming
from this inclusion.

(4) the absence of
inflammation-related);

(5) the assessment of immune biomarkers;

(6) the use of first-line or other antidepressant agents or the
use of an anti-inflammatory agent added to antidepressant
treatment or alone;

(7) the assessment of symptom reduction with standardized
measure [e.g., Hamilton Rating Scale for Depression
(HAMD), Montgomery-Asberg Depression Rating Scale
(MADRS), BecK’s depression inventory (BDI)] and

(8) the analysis of responder and non-responder subgroups.

severe somatic diseases (especially

By reading the abstracts, methods, and results sections
and applying the inclusion criteria and by removing
duplicate records, 36 studies were selected. Further exclusion
criteria were:

(1) no predictive information provided;

(2) use of parameters that are not inflammatory biomarkers in a
narrower sense [e.g., serotonin and kynurenine metabolites,
brain-derived neurotrophic factor (BDNF), calcium-binding
protein B (S100B), macrophage-derived chemokine (MDC),
platelet-derived growth factor (PDGF), and Eotaxin-1/
CCL11];

(3) genetic studies were excluded except for leukocyte gene
expression level studies;

(4) the use of agents whose anti-inflammatory mechanisms
are not direct and even questionable (e.g., 1-methylfolate,
pioglitazone, modafinil).

By applying these exclusion criteria, we finally included 24
reports in the systematic review.

With the purpose of providing a comprehensive presentation,
we decided to split the remaining studies into studies concerning
circulating inflammatory compounds/cytokines (n = 19, see
Tables 1A-C) and gene expression in circulating leukocytes
(n = 5; see Table 2). For detailed information about the study
selection, see Figure 1.

Experimental Clinical Studies

Details on the inclusion and exclusion criteria, as well as on the
clinical instruments and characteristics of patients, have been
published before (38, 64). In short, in- and outpatients were
recruited from the Departments of Psychiatry at the Erasmus
Medical Centre (ErasmusMC) in Rotterdam (The Netherlands)
and at the University Hospital of the Ludwig Maximilian
University (LMU) in Munich (Germany). All patients were
diagnosed according to the Diagnostic and Statistical Manual
of Mental Disorders, Text Revision (DSM-IV-TR) (65) and
confirmed by using the Structured Clinical Interview for
DSM-IV Axis I Disorders (SCID-I) (66). Included were patients
with a minimum score of 17 (Rotterdam) or 22 (Munich) on
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Total records through database
searching(n = 7047)

Additional records identified through

other sources(n = 10)

A 4

A 4

Records screened by inclusion/exclusion criteria
given in titles (esp. article type)

A 4

(n=174)
> Records not fulfilling inclusion criteria
(n =93) and duplicates removed (n = 45)
Y
Records included(n = 36)
| 5| Records fulfilling exclusion criteria(n = 12)

Records included in the systematic review(n = 24)
Split in records on circulating soluble inflammation-related compounds (n = 19) and
records on inflammation genes expressed in circulating leukocytes (n = 5)

FIGURE 1 | Flow diagram of the systematic research. See materials and methods section for further explanation.

the Hamilton Rating Scale for Depression (HAMD, 17-item-
version) (67).

Studies had been approved by the ethics committee of
the medical faculty at the LMU, Munich (Germany), and the
medical ethics committee of the ErasmusMC, Rotterdam (the
Netherlands). The study was conducted in compliance with
standards of Good Clinical Practice (CGP), assuring that the
rights, safety, and well-being of patients were protected in
accordance with the principles that have their origin in the
Declaration of Helsinki (June 1964, last amendment Fortaleza
2013). Additionally, the relevant national and European
regulations were adhered, too. After study procedures
had been fully explained, all subjects provided written
informed consent.

Healthy Controls

Healthy controls (HCs) were recruited from the same
communities (Rotterdam and Munich). Details on the HC can
be found in Refs. (64) and (68). In short, the inclusion criteria
for HC were the absence of major DSM-IV-TR Axis I disorders

including schizophrenia, psychotic disorders, mood disorders,
anxiety disorders, or substance-related disorders according to
DSM-1V criteria; the absence of usage of psychiatric drugs; and
the absence of severe medical illness. HC had to be in self-
proclaimed good health and free of any obvious medical illness
for at least 2 weeks prior to the blood withdrawal, including
acute infections and allergic reactions.

Treatment Protocols

Being both double-blind studies, subjects, investigators, and
study staff had been blinded to the treatment assignment for the
duration of the study.

Venlafaxine/Imipramine Study (Rotterdam)

Prior to the start of antidepressants, patients with MDD underwent
awash-out period for at least 1 week. The use of benzodiazepines
was allowed up to a maximum daily dose of 3 mg lorazepam
or the corresponding equivalent. Subsequently, patients were
randomly assigned to a 7-week monotherapy with either the
serotonin-norepinephrine reuptake inhibitor (SNRI) venlafaxine
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(mean daily dose 371 mg, range dose of 300-375 mg/day) or
with the TCA imipramine (mean dose 206 mg, range dose of
50-450 mg/day). The duration of the treatment trial was 7 weeks
to ensure that patients treated with imipramine had adequate
plasma levels for at least 4 weeks. Response to treatment was
defined as >50% reduction of the initial HAM-D score.

Sertraline Plus Placebo/Celecoxib Study (Munich)

Prior to the start of treatment, patients with MDD underwent
a washout period for 3 days. The use of lorazepam or zopiclon
was allowed in this period and also during the study, up to a
maximum daily dose of 3 or 15 mg, respectively. Subsequently,
patients were randomly assigned in a 1:1 ratio to a 6-week
therapy with either the selective serotonin reuptake inhibitor
(SSRI) sertraline plus placebo, or with sertraline plus the
selective COX-2 inhibitor celecoxib. The dose of sertraline
was flexible and ranged between 50 and 100 mg/day. A daily
dose higher than 100 mg was not recommended, but in the
expectation of more clinical benefit, a daily dose of 150 mg
sertraline was allowed. The daily dose of celecoxib was 400 mg
(200 mg in the morning and 200 mg in the evening). Patients
from the placebo group received two identical capsules
(morning and evening). As in the Rotterdam cohort, response
to treatment was defined as >50% reduction of the initial
HAM-D score.

Numbers of Patients With MDD and HC

Only patients and HC with full data regarding the expression
levels of all key genes for monocyte inflammatory activation could
be used for the present study. The Rotterdam sample therefore
consisted of 34 MDD patients and 45 HC. Of the patient group,
14 patients were treated with venlafaxine and 20 patients were
treated with imipramine. The Munich sample consisted therefore
of 35 MDD patients and 42 HC. Of the patient group, 19 patients
were treated with sertraline plus placebo, and 16 patients were
treated with sertraline plus celecoxib.

Blood Collection

Blood was collected in sodium-heparin tubes (36 ml) for immune
cell preparation just prior to treatment. From the heparinized
blood, peripheral blood mononuclear cell (PBMC) suspensions
were prepared by low-density gradient centrifugation via Ficoll-
Paque PLUS (GE Healthcare, Uppsala, Sweden) within 8 h to
avoid erythrophagy-related activation of the monocytes. PBMCs
were frozen in 10% dimethylsulfoxide and stored in liquid
nitrogen. This enabled us to test immune cells of patients and
controls together at a later stage. Tests were done at ErasmusMC.

Monocyte Inflammatory Gene Expression

CD14" monocytes were isolated from aliquots of the frozen and
thawed PBMCs by a magnetic cell sorting system (auto MACS
Pro, Miltenyi Biotec, B.V., Bergisch Gladbach, Germany). The
average viability was 86.3 + 10.4 (Trypan blue staining) and
the purity of monocytes was 95.1 + 3.0% (flow cytometry).
RNA was isolated from the purified monocytes using RNA
easy mini kit according to the manufacturer’s instructions
(Qiagen, Hilden, Germany). On average, monocytes cell yield

after isolation was 2.0 + 1.6 x 10%/subject and the quantity of
RNA in monocytes was 3.2 + 1.8 ug. One microgram of RNA
was reverse-transcribed using the cDNA high capacity reverse
transcription kit (Applied Biosystems, Foster City, CA, USA).
qPCR was performed using Tagman Arrays, format 48 (Applied
Biosystems), according to the manufacturer’s protocol and
validated against the single RT-qPCR method. Per fill port,
400 ng of cDNA (converted from total RNA) was loaded. PCR
amplification was performed using an Applied Biosystems
Prism 7900HT sequence detection system with TaqMan Array
block. Thermal cycler conditions were 2 min at 50°C, 10 min at
94.5°C, 30 s at 97°C, and 1 min at 59.7°C for 40 cycles.

Based on several previous studies on mood disorders (21, 64,
69), we decided to include in our panel the most consistently
abnormally expressed inflammatory genes in the studies. Therefore,
relative to the housekeeping gene ABL1, the expression of a total of
up to 49 genes was determined (also because of the maximum of fill
ports in the Tagman assay) and expression values were calculated
using the comparative threshold cycle (CT) method [see, for
technical details, Refs. (21, 64, 69)]. The mentioned earlier studies
also carried out a hierarchical clustering of these genes and found
two main distinct clusters of gene expression. The first cluster is
found consistently in virtually all of our monocyte inflammatory
gene expression studies (also besides disease conditions such as
mood disorders), and this cluster is composed of well-known
pro-inflammatory cytokines and chemokines and important
enzymes or transcription factors to produce these compounds. For
the calculation of the “positivity of this inflammatory compound
cluster”, we took the expression level of the top 10 genes [the most
consistently overexpressed genes in all our studies thus far; see Ref.
(64)] of this cluster into consideration, i.e., ILIf, CCL20, EREG,
IL6, TNFAIP3, CXCL2, PDE4B, ATF3, PTX3, and ILIA. These
genes accounted for 70-99% of the inflammatory cluster response.
For each of the 10 genes, we determined a range of the HC gene
expression (using the 272 values). The range was defined by the
mean of the values for that gene in HC monocytes + 1 standard
deviation (SD). Then, we used this range as a standard of comparison
for the MDD patients’ gene expression. We decided to refer to a
patient’s top gene as upregulated, if the patient’s gene expression
was higher than HC’s mean plus 1xSD, or downregulated when
it was lower than HC’s mean minus 1xSD. This was done for all
10 above given genes. Then, we declared the monocyte population
of a given patient as “pro-inflammatory positive” if 6 of these 10
top inflammatory genes (or more) were upregulated. These data
are given in Table 3 in the Results section. Similar calculations/
algorithms for monocyte inflammatory positivity have been used
by us before (21, 69-71). Further methodological details of the
calculation can be found in these publications. Original Q-PCR
data have been uploaded and can be retrieved via the GEO
repository ref number GSE132315: http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE132315

Statistics

Statistical analyses were performed using IBM SPSS v.21 for
Mac. Continuous sample characteristics are reported as mean
(+ standard deviation). Group comparisons (e.g., MDD vs. HC,
responders vs. non-responders) were analyzed using analysis of
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variance (ANOVA) tests for continuous data (e.g., age) and using
Pearson’s chi-square (x°) tests for categorical data (e.g., gender). For
group comparisons of positivity of monocyte gene expression (e.g.,
MDD vs. HC, responders/non-responders vs. HC, responders vs.
non-responders), Pearson’s chi-square (x*) tests were applied, too.
All hypotheses were tested with a < 0.05 (two-sided).

RESULTS

Systematic Review Data on the
Usefulness of Circulating Serum
Inflammatory Compounds

Tables 1A, 1B, and 1C show the data of the systematic review
of the 19 selected articles (see the section Search Strategy
for Systematic Review) regarding the predictive capability
of inflammatory state [assessed by serum/plasma immune
compounds (mainly CRP and cytokines) (only one study used
CSF)] in patients with MDD for the response rates to various
classes of antidepressant drugs and to anti-inflammatory agents
added to an antidepressant regimen (except for one study, in
which the anti-inflammatory agent was used as monotherapy)
(52). For comprehensibility, we have grouped the outcomes in
Table 1 according to the regimen used.

Table 1A shows that, in three out of three studies (40-
42), antidepressants with a predominant serotonergic action
[i.e., escitalopram (SSRI)] induced a better response in patients
with low inflammatory markers as compared to patients with
high inflammatory markers in the same study. On the contrary;,
when inflammatory markers were high, five out of seven of the

studies (40, 45-48) showed that drugs with a predominant
serotonergic action (i.e., SSRIs, SNRIs, and TCAs) induced
reduced response rates as compared to patients with low
inflammatory markers in the same study. Cutoft points for low
and high levels were defined for CRP in the reviewed studies
at 1 mg/L; for IL-6 and TNFa, values depended on the actual
sensitivity of the assay used in the report. Two studies formed
an exception. Manoharan et al. (44) did not find any effect of
pre-selection of the inflammatory state. However, this study
was special in that treatment duration was of only 6 weeks, and
patients had a relatively low to moderate depression severity
(HAMD score = 13). The other study (43) showed the opposite
message (i.e., an improved response to SSRIs in patients with
a high inflammatory state as compared to a low inflammatory
state). This study was special, in that many patients were treated
with paroxetine (SSRIs), which—apart from its serotonergic
action—also exerts a considerable dopaminergic action (72).

Taken together, predominantly serotonergic agents showed,
in general, insufficient response rates in those patients with signs
of moderate to high inflammation as measured by circulating
inflammatory compounds.

The review also delivered that, in such conditions of moderate
to high signs of inflammation, drugs with another mechanism
of action than primarily serotonergic do show an effect. Using
nortriptyline, mirtazapine, or ketamine alone, or combinations
of an SSRI with nortriptyline or bupropion resulted, in 5 out of 5
studies, in improved responses rates (40, 41, 49-51) as compared
to the patients with low inflammatory markers (Table 1B).

Similar beneficial effects existed for combinations of
antidepressant drugs with anti-inflammatory agents. Table 1C

TABLE 1A | Predominantly serotonergic action: higher response rates in low inflammatory state vs. moderate-high inflammatory state (prior to treatment).

INFLAMMATORY STATE  STUDY DRUG INFLAMMATORY TEST RESPONSE
LOW Jha et al., 2017 (40) Escitalopram (SSRI) + Placebo CRP <1 mg/L Higher response rates compared
tom-hIS*

Uher et al., 20142 (41) Escitalopram (SSRI) CRP < 1 mg/L Higher response rates compared
to m-h IS ***

Eller et al., 2008 (42) Escitalopram (SSRI) TNFa Higher response rates compared
tom-hIS*

MODERATE-HIGH Yoshimura et al., 2013 (43) Paroxetine, Sertraline (SSRI) IL-6 Higher response rates compared
tolow IS *

Manoharan et al., 2016 (44)  Fluoxetine (SSRI) IL-6 No associations between
biomarker values and response
rates

Jha et al., 2017 (40) Escitalopram (SSRI) + Placebo CRP > 1 mg/L Lower response rate compared
tolow IS *

Chang et al., 2012 (45) Fluoxetine (SSRI), Venlafaxine (SNRI)  CRP > 1 mg/L Lower response rate compared
tolow IS *

Haroon et al., 2018 (46) SSRIs, SNRIs, TCA CRP, IL-6, TNFa, sTNF-R2 Lower response rate compared
tolow IS *

Yoshimura et al., 2009 (47) Paroxetine, Sertraline, Fluvoxamine, IL-6 Lower response rate compared

Milnacipran (SSRI, SSNRI) to low IS *

Martinez et al., 2012 (48) Venlafaxine (SNRI) TNF« (CSF) Lower response rate compared

to low IS *

SSRI, selective serotonin reuptake inhibitors; SNRI, serotonin-norepinephrine reuptake inhibitor; TCA, tricyclic antidepressant; TNFa, tumor necrosis factor alpha; IL, interleukin;
CSF, cerebrospinal fluid; CRP, C-reactive protein;, m-h, moderate-high; IS, inflammatory state.

0 <0.05, *p < 0.01, **'p <0.001.

almprovement on Montgomery-Asberg Depression Rating Scale (MADRS) score 3 points higher with nortriptyline when CRP > 1 mg/L and 3 points higher with escitalopram when

CRP < 1 mg/L.
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TABLE 1B | Predominantly noradrenergic, predominantly dopaminergic, and glutamatergic action: higher response rates in moderate—high inflammatory state vs. low
inflammatory state (prior to treatment).

INFLAMMATORY STATE STUDY DRUG INFLAMMATORY TEST RESPONSE
LOW Jha et al., 2017 (40) Escitalopram (SSRI) + Bupropion (NDRI)  CRP < 1 mg/L Lower response rate compared to
m-h IS *
MODERATE-HIGH Jha et al.,2 017 (40) Escitalopram (SSRI) + Bupropion (NDRI) ~ CRP > 1 mg/L Higher response rates compared
to low IS *
Uher et al., 20142 (41) Nortriptyline (TCA) CRP > 1 mg/L Higher response rates compared to
low IS ***
Harley et al., 2010 (49)  Fluoxetine (SSRI) + Nortriptyline (TCA) CRP > 1 mg/L Higher response rates compared to
low IS ***
Yang et al., 2015 (50) Ketamine (NMDA Receptor Antagonist) IL-6 Higher response rates compared to
low IS ***
Guptaetal.,, 2016 (51)  Mirtazapine (NaSSA) TNFa Higher response rates compared
to low IS *

SSRI, selective serotonin reuptake inhibitors; NDRI, norepinephrine dopamine reuptake inhibitor; TCA, tricyclic antidepressant; NaSSA, noradrenergic and specific serotonergic
antidepressant; TNFa, tumor necrosis factor alpha; IL, interleukin; CRR, C-reactive protein; m—-h, moderate-high; IS, inflammatory state.

*p <0.05, *p <0.01, **p <0.001.

almprovement on Montgomery-Asberg Depression Rating Scale (MADRS) score 3 points higher with nortriptyline when CRP > 1 mg/L and 3 points higher with escitalopram when
CRP < 1 mg/L.

TABLE 1C | Anti-inflammatory agents (added to an antidepressant regimen, except for one study): lower response rates in low inflammatory state (prior to treatment)
versus placebo and higher response rates in moderate-high inflammatory state versus low inflammatory state (prior to treatment).

INFLAMMATORY STATE

STUDY

DRUG

INFLAMMATORY TEST

RESPONSE

Low

MODERATE-HIGH

Rapaport et al., 2016
(52)

Raison et al., 2013° (53)

Savitz et al., 2018¢ (54)

Savitz et al., 2018° (54)

Rapaport et al., 2016
(52)

Raison et al., 2013 (53)
Savitz et al., 2018¢ (54)
Husain et al., 2017 (55)
Porcu et al., 2018 (56)

Hasebe et al., 2017 (57)

Panizzutti et al., 2018° (58)

Savitz et al., 2018¢ (54)

Savitz et al., 2018¢ (54)

Monotherapy
eicosapentaenoic acid (EPA)

Infliximalb (anti-TNFao)

Minocycline

Aspirin (NSAID)

Monotherapy
eicosapentaenoic acid (EPA)
Infliximab (anti-TNF)
Minocycline

Minocycline
N-acetylcysteine

N-acetylcysteine

N-acetylcysteine

Aspirin (NSAID)

Aspirin (NSAID)

e.g., IL-1ra, hs-CRP

CRP < 5mg/L

IL-6

IL-6

e.g., IL-1ra, hs-CRP

CRP > 5mg/L, TNFa, sTNFR | and Il
IL-6

CRP > 5 mg/L

CRP > 5 mg/L

IL-6

CRP, IL-6, TNFa, BDNF, IL-8, IL-10

CRP

IL-6

Lower response rate compared
to placebo of low inflammatory
state *

Lower response rate compared
to placebo of low inflammatory
state **

Lower response rate compared
to placebo of low inflammatory
state @

Higher response rates compared
tom-h IS¢

Higher response rates compared
tolow IS ™

Higher response rates compared
to low IS **

Higher response rates compared
to low IS **d

Higher response rates compared
to low IS

Higher response rates compared
to low IS *

No associations between
biomarker values and response rates
No associations between
biomarker values and response
rates

No associations between
biomarker values and response
rates

Lower response rate compared
tolow IS¢

TNFa, tumor necrosis factor alpha; IL, interleukin; CRF, C-reactive protein;, m-h, moderate-high; IS, inflammatory state.
*0 <0.05, *p < 0.01, **p < 0.001, reported effects without significance were not tested for significance but showed a clear descriptive trend and were therefore considered

noteworthy.

bMixed sample with MDD and bipolar depressed patients, Bipolar depressed sample (type I/ll and unspecified), Personal communication.
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shows that five out of seven studies (52-56) found a significant
improvement of an (add-on) anti-inflammatory therapy, when
patients with high signs were compared to patients with low signs
of inflammation. The anti-inflammatory agents used in these
studies were infliximab, minocycline, n-acetylcysteine, and fish
oil (the latter as monotherapy, and compared to placebo).

It must be mentioned that the study of Savitz et al. (54) only
noted such improving effect with minocycline; aspirin had no
such effect in their study. Aspirin did work in their “non-inflamed”
patients, yet had no effect or even a reduced effect in patients with
high signs of inflammation, depending on the inflammatory serum
marker used to determine the state of low-grade inflammation
(CRP or IL-6, see Table 1C). The study of Savitz was also special
in that both unipolar and bipolar depressed patients were included.

Table 1C additionally shows that there are also two out of
three studies (57, 58) that showed that in the case of add-on
n-acetyl cysteine, it was of no use to stratify the patients in low-
or high-grade inflammation prior to therapy. Two of the studies
of add-on n-acetyl cysteine (one showing and one not showing an
effect of prior determination of the inflammatory state) involved
both unipolar and bipolar depressed patients.

It was remarkable that when an add-on anti-inflammatory
agent was given to patients with low signs of inflammation,
reduced responses were obtained as compared to patients with
high signs of inflammation and even to placebo (two out of three
of such studies) (53, 54). Also, when fish oil (an agent with both
lipid-correcting and anti-inflammatory properties) was given as a
monotherapy to patients with a low inflammatory state, reduced
responses were seen as compared to placebo (52) (Table 1C).
As mentioned above, add-on aspirin did induce an increased
response in patients with low signs of inflammation in the study
of Savitz et al. (54).

Taking these literature data together, it is difficult to draw a
simple conclusion on the usefulness of a prior measurement of
serum inflammatory markers for the determination of the effect
of (add-on) anti-inflammatory agents. There is a clear trend
that (add-on) anti-inflammatory agents, such as infliximab,
minocycline, and fish oil are effective if inflammatory markers
are clearly present, but this does not apply to aspirin and
n-acetylcysteine. However, it is also safe to say that special
caution must be given when there is an absence of circulating
inflammatory markers in patients with MDD: the chances are

high that the use of the effective anti-inflammatory agents (such
as infliximab, minocycline, and fish oil) in states of moderate-
high inflammation actually has an opposite effect than expected
in such patients, namely, a reduced responsiveness.

Systematic Review Data on Gene
Expression in Circulating Leukocytes

Table 2 shows the studies we selected that dealt with the gene
message for pro-inflammatory cytokine production in the
circulating leukocyte pool prior to treatment and predictive for
treatment outcome. We found five relevant articles.

In 2013, Powell et al. (59) described a significantly increased
baseline expression of TNF in escitalopram non-responders (n =
21) compared to responders (n = 25) taken from the GENDEP
study. In the same year, Cattaneo et al. (61) reported on data
of the GENDEP study and found higher baseline mRNA levels
for ILI1f, macrophage inhibiting factor (MIF), and TNF in
antidepressant (escitalopram or nortriptyline) non-responders
compared to responders, the three cytokine expressions together
explaining 46% of the variance of treatment response.

Belzeaux et al. (63) identified an algorithm of four mRNAs,
including two cytokine genes (TNF and IL1p, together with PPT1
and HIST1HIE) to be predictive of the treatment response in MDD.
However, the weakness of their study was that a whole scale of
antidepressants was used, while numbers of patients and HC were
limited (16 vs. 13). Guilloux et al. (60) predicted non-remission
following escitalopram treatment in MDD with an accuracy of
79.4% using a 13-gene model including four genes associated with
immune and inflammatory activation (however, TNF was not
part of the 13 genes). Mediation of cell proliferation was another
important function of the remaining genes, but not exclusively.
In 2016, Cattaneo et al. (62) took the data of the GENDEP study
further and reported that absolute values of the message for ILIf
and MIF together could predict non-responsiveness to escitalopram
or nortriptyline in over 99%. These outcomes were confirmed in an
independent, naturalistic replication sample.

Taken together, it is clear that non-responsiveness to an
SSRI or to a TCA (nortriptyline) can likely be predicted by
determining the expression level of combinations of important
immune genes (IL13, MIF, TNF, and CD3) in preparations of
circulating leukocytes of patients with MDD.

TABLE 2 | The predictive capability of inflammatory state prior to therapy measured by circulating leukocyte gene expression for the response to various antidepressant

regimens in MDD.

ANTIDEPRESSANT AGENT GENE TRANSCRIPT

EFFECT STUDY

Escitalopram (SSRI) TNF
Escitalopram (SSRI)

Escitalopram(SSRI) or Nortriptyline (TCA)
Escitalopram (SSRI) or Nortriptyline (TCA) IL1B and MIF (absolute mRNA values)

Antidepressant treatment, not specified IL1B, TNF, PPT1, and HIST1H1E

13-gene model, including immune/inflammatory
genes (CD3D, CD97, IFITM3, and GZMA)
IL1B, TNF, and MIF (relative mRNA values)

Higher levels in non-responders
Predicting non-remission with 79.4% accuracy

Powell et al., 2013 (59)
Guilloux et al., 2015 (60)

Higher levels in non-responders

Algorithm predictive of non-response with
probability of over 99%

Algorithm predictive of treatment response

Cattaneo et al., 2013 (61)
Cattaneo et al., 2016 (62)

Belzeaux et al., 2012 (63)

SSRI, selective serotonin reuptake inhibitors; TCA, tricyclic antidepressant; TNF, tumor necrosis factor; IL, interfeukin; CD, cluster of differentiation; mRNA, messenger ribonucleic
acid; PPT1, palmitoyl-protein thioesterase 1; HIST1H1E, histone cluster 1 H1 family member E; MIF, macrophage inhibition factor; IFITM3, interferon-inducible transmembrane

protein 3; GZMA, granzyme A.
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Experimental Data on Inflammation-Related
Gene Expression in Circulating Monocytes
as a Predictor of Treatment Response

Prior to treatment, we could test 34 patients with MDD [mean
age: 52.2 (£9.9) years, 59% females, collected at the ErasmusMC,
Rotterdam] for inflammatory gene expression in their circulating
monocytes. As a control group, we tested 45 HC of comparable
age [mean age: 49.1 (+9.4) years] and gender (44% females). Of
the 34 patients, 14 were treated with venlafaxine and 20 were
treated with imipramine. An overall response rate of 11% was
found in this trial, with 11/34 patients responding to treatment.
The difference between the response rates for both treatment
arms were not statistically significant, i.e., a response rate of 36%
(5/14) for patients treated with venlafaxine and of 30% (6/20)
for patients treated with imipramine. Vermeiden et al. (38) have
reported extensively on this study and described that in the
entire group of patients (n = 85), 45% of the patients responded
to this first line of drug treatment (measured as 50% HAM-D
reduction).

The other series of patients involved 35 patients with MDD
[mean age: 41.4 (£10.8) years, 46.7% females, collected at the
LMU, Munich] and 42 HC of comparable age [mean age: 37.9
(+11.9) years] and gender (61.9% females). Of the 35 patients,
19 were treated with sertraline plus placebo and 16 were treated
with sertraline plus celecoxib. A high overall response rate was
found in this trial, i.e., 26/35 (74.3%) of patients responded to
treatment. The difference between the response rates for both
treatment arms was not statistically significant, i.e., a response
rate of 68.4% (13/19) for patients treated with sertraline plus
placebo and 81.3% (13/16) for patients treated with sertraline
plus celecoxib.

We determined with an already published algorithm [see the
Section Monocyte Inflammatory Gene Expression and Ref. (45)]
the inflammatory state of the monocytes using the top 10 cluster
1 inflammatory genes (IL1f, CCL20, EREG, IL6, TNFAIP3,
CXCL2, PDE4B, ATF3, PTX3, and IL1A). We controlled the patient
monocyte tests with the outcomes of the same tests carried out in
HC. Table 3 shows that, in each study group, a significant larger
proportion of patients had—prior to therapy—circulating
monocytes with a positive inflammatory gene signature as

compared to the respective HC. Taking all patients from the four
study groups together, 25 of the 69 (36%) patients with MDD had
circulating monocytes with a pro-inflammatory gene signature,
while only 9 of 87 (10%) HC had such monocyte signature (p <
0.05). This observation is in accord with earlier observations that
monocytes of part of the patients with MDD show signs of a high
inflammatory state (21).

For the purpose of this study, we divided the total patient group
in those with a negative monocyte inflammatory gene score and
those with a positive score. The data in Table 3 show that in the
response rates in three out of four patient groups, patients with a
positive inflammatory gene score had a lower response rate than
those without a positive score. This, however, did not apply to
the sertraline plus placebo group, and also significant differences
were not reached in any of the groups. The phenomenon of better
responsiveness in “non-inflamed” MDD patients could also be
seen in the total MDD patient group; patients with a positive
inflammatory gene score had a lower response rate than patients
without a positive inflammatory gene score (i.e., 44% vs. 59%);
however, a statistical significance was not reached in the total
group of patients.

DISCUSSION

The Predictive Capability of the
Inflammatory State for Anti-Depressive
and Anti-Inflammatory Treatment and
Potential Mechanisms

The data of the systematic review and experimental monocyte
data, as presented in this study, collectively point in the
direction that the state of so-called low-grade inflammation
does play a role in the outcome of antidepressant therapy of
patients with MDD.

Low-grade inflammation is characterized by an increase in
the serum level of pro-inflammatory compounds (e.g., CRP,
IL-1 B, IL-6, and TNF-a) and/or an activation state of circulating
or tissue resident immune cells, including the brain microglia.
Both an increase in pro-inflammatory compounds in the blood
of patients with MDD and a pro-inflammatory activation

TABLE 3 | Proportions of patients with a positive inflammatory gene signature of circulating monocytes prior to therapy measured in total and by response.

Predominantly serotonergic agents HC MDD Inflammatory negatives Inflammatory positives
Positive Positive Responders Non-responders Responders Non-responders
Sertraline plus Placebo (SSRI) 5/42 (12%) 7/19 (37%) 8/12 (67%) 4/12 (33%) 5/7 (71%) 2/7 (29%)
Sertraline plus Celecoxib (COX-2 inhibitor) idem 3/16 (19%) 11/13 (85%) 2/13 (15%) 2/3 (67%) 1/3 (33%)
Venlafaxine (SNRI) 2/22 (9%) 6/14 (43%) 3/8 (38%) 5/8 (62%) 2/6 (33%) 4/6 (66%)
Imipramine (TCA) 2/23 (9%) 9/20 (45%) 4/11 (36%) 7/11 (64%) 2/9 (22%) 7/9 (78%)
SUM 9/87 (10%) 25/69 (36%)* 26/44 (59%)* 18/44 (41%)* 11/25 (44%)* 14/25 (56%)*

SSRI, selective serotonin reuptake inhibitors;, SNRI, sertraline-noradrenaline reuptake inhibitors; TCA, tricyclic antidepressant; COX-2, cyclooxygenase 2; HC, healthy controls; MDD,

major depressive disorder.
*p < 0.05 compared to HC.
Positivity was defined by an upregulation of 6 (or more) of the 10 cluster 1 genes.

Original Q-PCR data have been uploaded and can be retrieved via the GEO repository ref number GSE132315: http.//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132315
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of microglia and/or of myeloid cells in the periphery (i.e.,
monocytes) have been documented in a considerable (=30-40%)
proportion of patients with MDD (20, 73, 74). Moreover, imaging
and histological techniques have shown microglial activation in
the hippocampus of depressed patients (75).

By producing an array of neurotrophic factors, pro- and
anti-inflammatory cytokines (e.g., IL-6), as well as axon
guidance molecules, non-inflammatory activated microglia
has been implicated both in white matter integrity and in
the adequate development and function of important stress-
regulating systems in the healthy brain (76, 77). On the contrary,
inflammatory activated microglia (and/or a transfer of peripheral
pro-inflammatory cytokines to the brain) is thought to hamper
the normal development, growth, and synaptic function of
stress-regulating systems and brain connections important
for mood regulation, such as the white matter tracts between
the forebrain and the limbic system. To illustrate this, raised
serum pro-inflammatory cytokine levels have been associated in
mood disorder patients with increased activation of threat- and
anxiety-related neuro-circuits (78), reduced neural responses to
negative stimuli in frontal brain regions involved in cognitive
and emotional functions (79), and compromised integrity of
myelin sheaths in cortico-limbic networks involved in mood
regulation (80).

Importantly, low-grade inflammation has been shown to
influence not only brain development and function but also
neurotransmission, with excellent reviews on the inhibitory
effects of pro-inflammatory cytokines, such as IL-1p and TNEF-
a, on the synaptic availability of monoamines and BDNE, while
the same cytokines have been shown to increase extracellular
glutamate, all important molecular determinants in MDD
pathogenesis and response to treatment (15).

The data from the here presented systematic review on
circulating inflammatory compounds indicate that patients
with MDD with an activated inflammatory state (as measured
by, e.g., moderate to high levels of circulating CRP, IL-6, and/or
TNF-a) show reduced response rates to antidepressant regimens
with a primarily serotonergic action (e.g., escitalopram),
while showing improved response rates to antidepressant
regimens with a primarily noradrenergic (e.g., nortriptyline),
dopaminergic (e.g., bupropion, mirtazapine), or glutamatergic
action (i.e., ketamine).

The systematic review data on the inflammatory
gene expression in circulating leukocytes confirmed this
phenomenon, showing that patients with a high gene
expression level of IL1B, TNF, and/or MIF did not respond
well to interventions with an SSRI in comparison to MDD
patients with a low expression of these genes. However, gene
data in circulating leukocytes disagreed with the data reported
for circulating inflammatory compounds regarding TCA.
While the primarily noradrenergic TCA nortriptyline did not
give a satisfactory response in patients with MDD with a high
gene expression level in circulating leukocytes (see Table 2),
nortriptyline did in patients with high levels of circulating
inflammatory compounds (see Table 1B).

Apparently, inflammatory gene expression in leukocytes
does not measure the same level of inflammation than the

measurement of circulating inflammatory compounds in
serum/plasma; a high inflammatory gene expression might
typify a state of “stronger/other” inflammation in MDD
needing a treatment with drugs beyond the serotonergic and
noradrenergic drugs. In other studies, we have also noted that
inflammatory gene expression in circulating cells does not
correlate one to one with the circulating protein gene product
in serum/plasma (81). We explained this phenomenon by
assuming that resident cells, such as the endothelial cells and
resident macrophages in the tissues, also contribute to the level
of circulating inflammatory compounds.

Although the data of our experiments on inflammatory
gene expression levels in circulating monocytes (a subset of the
circulating leukocytes) did not deliver statistically significant
results, they were, by and large, in agreement with the above-
described findings for the gene expression in all circulating
leukocytes and showed that patients with “inflammatory”
monocytes showed reduced response rates to predominantly
serotonergic drug interventions and patients with “non-
inflammatory” monocytes showed higher response rates to these
type of agents.

Collectively, we deduce from these data that MDD patients
with an activated inflammatory state (as measured by moderate
to high circulating levels of, e.g., CRP, TNF-a, and IL-6, or a
high gene expression of, e.g., IL1f, TNF, and MIF in circulating
leukocytes) need more than a monotherapy with a predominantly
serotonergic agent to improve clinically in a satisfactory way. An
option then seems to be an immediate step up to agents with also
a strong dopaminergic or glutamatergic action.

The reason for a better response to dopaminergic or
glutamatergic drugs in the case of signs of enhanced inflammation
can only be speculated on. It is possible that these drugs are
needed because they also have clear anti-inflammatory actions,
counteracting the detrimental effects of the high inflammatory
state on the signs and symptoms of depression. There is ample
evidence that dopamine and ketamine can reduce the production
of pro-inflammatory cytokines and enhance that of anti-
inflammatory cytokines (82, 83). On the other hand, the pro-
inflammatory state itself may lead to an altered neurotransmitter
metabolism, necessitating more than a primarily serotonin
reuptake inhibition, but also an intervention in the dopamine
or glutamate metabolism. Pro-inflammatory cytokines have
been reported to activate neuronal mitogen-activated protein
kinase (MAPK) pathways, increasing monoamine transporter
expression and activity in general, which leads to an increased pre-
synaptic reuptake of not only serotonin but also other neuroactive
amines (84, 85). Furthermore, the state of enhanced inflammation
is thought to lead to an enhanced tryptophan breakdown via the
kynurenine pathway, resulting in various neuroactive compounds,
among which NMDA agonists and antagonists, aggravating
glutamatergic neurotransmitter imbalances (86, 87). This might
also necessitate more than only a serotonin reuptake inhibition to
be effective.

A step up to dopaminergic and glutamatergic antidepressants
was more effective in “inflammatory” MDD patients than in “non-
inflammatory” patients, and a combination of an antidepressant
with an anti-inflammatory agent increased the response rates in
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these “inflammatory” patients with MDD as compared to “non-
inflammatory” MDD patients. Though the reviewed literature
data are scarce, the best prediction results seem to be obtained
for infliximab (anti-TNF-a agent), minocycline (tetracycline),
and eicosapentaenoic acid (fish oil). For n-acetylcysteine, the
inflammatory state did show conjectural prediction effects,
while for aspirin (acetylsalicylic acid), a reduced response was
actually seen in “inflammatory” patients as compared to “non-
inflammatory” patients.

The strength or character of the anti-inflammatory agents
may have played a role in this variation of predictability of
the state of inflammation for the (add-on) anti-inflammatory
agents. Both anti-TNF agents and minocycline are in clinical
practice and are considered stronger anti-inflammatory drugs
than n-acetylcysteine and aspirin. However, for fish oil, a high
inflammatory state was also predictive for a better effect in
MDD patients, while fish oil is considered a relatively weak
anti-inflammatory agent. Interestingly, fish oil exerts its anti-
inflammatory effects via changing the “bad” pro-inflammatory
lipid state of individuals (88), and perhaps the high state of
inflammation in MDD patients is primarily driven by a bad lipid
profile, which is then best corrected by fish oil.

Also, direct or indirect neurotransmitter effects of the
anti-inflammatory agents may have played a role in the
success or failure to predict their improved responsiveness
in “inflammatory” MDD patients. Interestingly, two of the
three add-on anti-inflammatory agents (minocycline and
fish oil) that worked better in “inflammatory” than in “non-
inflammatory” patients possess dopaminergic activities (89,
90). N-acetylcysteine, of which it is conjectural whether it
works better as add-on in “inflammatory” than in “non-
inflammatory” MDD patients, influences both dopamine
and glutamate levels in the brain (91). Add-on aspirin, in
contrast, had fewer effects in “inflammatory” MDD patients
as compared to “non-inflammatory” patients; interestingly,
aspirin has anti-glutamatergic actions (92, 93). These varying
neuro-modulating actions of anti-inflammatory drugs make
complex interactions in the neuro-immune network possible,
inducing varying outcomes of combinations of antidepressants
and anti-inflammatory agents. Of note also is that three of
the reviewed studies of add-on anti-inflammatory agents
had included bipolar depressed patients (54, 56, 58). This
applies in particular to the study on aspirin (54), in which
a reducing effect was found in “inflammatory” versus “non-
inflammatory” patients. Intrinsic differences between bipolar
and unipolar depression, such as differences in the immune
and the glutamate state (94-98), may have played a role here.

Despite the above-listed uncertainties, it is nevertheless tempting
to postulate—based on the outcomes of the literature review—
that when MDD patients are “inflammatory”, (add-on) anti-
inflammatory drugs are also an option to improve responsiveness
and then the best results are probably obtained when anti-
inflammatory agents are potent, influence lipid metabolism, and/or
influence primarily dopaminergic synaptic transmission.

Regarding the use of (add-on) anti-inflammatory agents,
another important message emerges from our systematic
review of the literature. Interestingly, three out of four reports

(52-54) indicated that “non-inflammatory” MDD patients
showed a reduced response rate as compared to even placebo to
the effective (add-on) intervention with an anti-inflammatory
agent. In other words, the addition of the anti-inflammatory
drugs effective in “inflammatory” patients was detrimental,
and the anti-inflammatory drugs inhibited the effect of the
antidepressants or delayed natural recovery. Such an outcome of
an anti-inflammatory regimen is counterintuitive, if one assumes
that inflammation contributes to depressive symptomatology
(see before). The authors of one of the papers describing this
phenomenon (53) explain their finding, that perhaps a small
activation of the inflammatory system is needed for mental
well-being and that both an extreme low and an extreme high
activity of the inflammatory response system is disadvantageous
for mental health. In other words, there would be an optimal
set point for the inflammatory state of an individual for mental
health. Downregulating this optimal state with an effective anti-
inflammatory agent would, in such a view, be counterproductive
and would open the way for the development of depressive
symptoms.

Another explanation is that there exists a form of MDD that
is non-immune and characterized by absent serological markers
of immune activation. As indicated, (add-on) aspirin has a
beneficial effect in patients and it can be hypothesized that it is
in particular the neuro-modulating effect (anti-glutamatergic) of
aspirin that induces this effect.

Based on this literature review, what appears to be the
best and easiest assay system to measure the inflammatory
state of MDD patients? The systematic review data on the
gene expression level of cytokines in circulating leukocytes
showed that two of the leukocyte gene expression studies
resulted in very good accuracy rates of prediction of non-
responsiveness, and algorithms could be developed, which
showed high accuracies from 75% to even a 100% to predict
non-responsiveness to an SSRI/TCA drug intervention (60,
62). Apparently, high levels of inflammatory cytokine gene
message in circulating leukocytes are a precise sign of poor
(treatment) outcome, and perhaps even better than high levels
of inflammatory compounds/cytokines in serum/plasma.
Nevertheless, it is technically less demanding to measure
inflammatory compounds/cytokines in serum/plasma than
to perform a gene expression assay in circulating leukocytes.
Regarding the inflammatory markers best to be measured in
serum/plasma to determine a raised inflammatory state in
patients with MDD, it is worthy to note that the most consistent
effects were found in our literature analysis with circulating
CRP and/or IL-6 levels. These inflammatory compounds were
tested in a large proportion of the here reviewed studies on
serum inflammatory compounds (15/19), and outcomes and
conclusions were congruent between these studies regarding
these two inflammation markers.

Circulating TNF-a was measured in only six studies; hence,
sufficient information on the validity of this parameter is lacking.
Importantly, one of the studies showed that circulating TNF-a
levels were not in agreement with the general rule, finding that a
high TNF-alevel was not predictive of a decreased responsiveness
to an SSRI/SNRI (while a high IL-6 level in the same study was)

Frontiers in Psychiatry | www.frontiersin.org

92

July 2019 | Volume 10 | Article 458


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

Arteaga-Henriquez et al.

Prediction of Anti-Depressive/Anti-Inflammatory Therapy Response in MDD

(43). Other circulating inflammatory compounds (e.g., IL-8,
IL-10, and IL-1) have also been tested in the here reported
studies, but in only very few studies, and therefore data cannot
be reliably evaluated. They nevertheless showed the general trend
for serum/plasma factors that, in a state of inflammation, more
than a monotherapy with a predominantly serotonergic agent
might be needed.

Collectively, it seems that for predicting responsiveness to
regular antidepressants, the avenue exploring the usefulness of
serum/plasma CRP and IL-6 determination is the easiest and
clinically the most feasible and promising approach. High levels
of CRP/IL-6 would indicate that treatment with a serotonergic
drug is not effective enough. However, the data reviewed here
also indicate that the gene expression in circulating leukocytes
cannot be neglected as a predicting parameter due to the reported
high levels of accuracy to predict non-responsiveness to SSRI/
SNRI and TCA therapy.

Limitations

In this article, we only focused on inflammation parameters
as determinants for the outcome of treatment. The various
other determinants important for treatment outcome have
recently been reviewed by Perlman et al. (99). The authors
described not only that inflammation-related determinants are
important but also that a whole array of genetic, endocrine,
neuroimaging, sociodemographic, and symptom-based
predictors turn out to influence outcome. However, due to
heterogeneous sample sizes, effect sizes, publication biases,
and methodological disparities across reviews, Perlman
et al. (99) concluded that they could not accurately assess the
strength and directionality of the predictors, and the authors
therefore highlighted the importance of large-scale research
initiatives and the use of clinically easily accessible biomarkers,
as well as the need for replication studies of current findings.
Clearly, we support such view and underscore the notion that
our review data are also affected by the heterogeneous sample
sizes, effect sizes, publication biases, and methodological
disparities and that the data do not yet give a clear-cut picture.
Also, our own experimental data on monocyte gene expression
were underpowered and too limited to obtain clear-cut results
and significances. Thus, clearly more studies are needed
using standardized add-on anti-inflammatory treatments to
standardized single antidepressant medications to develop
a clearer picture of the actual response rates in immune and
otherwise stratified patients with MDD.

Conclusions

There are excellent recent reviews on the discovered signs of low-
grade inflammation in psychiatric patients that have transformed
our understanding of neuropsychiatric diseases and urge for
new diagnostic and therapeutic criteria in the emerging field
of immuno-psychiatry (100). There are, however, at present,
insufficient data and reliable concepts on the inflammation
pathogenesis of MDD to design clinically applicable treatment

drug protocols with reliable cutoff points for inflammatory
parameters to guide therapy regimens.

Despite this limitation, a few generalizations can nevertheless
be made from our study regarding inflammation as a predictor.
Of the inflammation parameters, the serum CRP and IL-6
seem to be the most promising parameters for further clinical
development. They are relatively easy to determine and, thus,
useful in clinical studies. Using these parameters, a state of
raised inflammation (as evidenced by raised serum CRP and
IL-6 levels) characterizes a form of MDD with a relatively poor
outcome and a non-responsiveness to agents with a predominant
serotonergic action. Such cases might need a faster step-up to
drug regimens with agents with dopaminergic (e.g., mirtazapine
and bupropion) or glutamatergic (e.g., ketamine) effects,
or a combination of a first-line antidepressant with an anti-
inflammatory agent such as infliximab, minocycline, or fish oil
(but not aspirin), most of them showing dopaminergic action.
Varying anti-inflammatory properties of antidepressants as well
as varying neuro-modulatory effects of anti-inflammatory agents
(and/or complex interactions thereof) may play a role in the
therapeutic success or failure of the step-ups.

A word of caution is needed regarding the regimens using
as add-on the successful anti-inflammatory agents infliximab,
minocycline, and fish oil: There must indeed be laboratory signs
of inflammation (i.e., raised serum levels of CRP or IL-6) for this
addition to be effective. If not, even response rates lower than the
non-add-on situation might be obtained.
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Inflammatory processes associated with persistent (chronic) infection have long been
discussed as etiological factors in psychiatric disorders. Studies have found that people
with major depression have higher levels of pro-inflammatory cytokines, for example, IL-1,
IL-6, and tumor necrosis factor-alpha, and C-reactive protein. In schizophrenia, many
reports have described raised levels of cytokines, for example, IL-6; and meta-analyses
have confirmed these findings. Microglia cells are important in inflammatory processes, and
positron emission tomography studies have shown microglia activation in both depression
and schizophrenia.As a consequence of the above findings, immunomodulation is widely
discussed as a potential treatment approach in both major depression and schizophrenia.
The COX-2 inhibitor celecoxib was found to have a significant positive effect on major
depression, not only in single studies but also in meta-analyses. Celecoxib has also been
studied in schizophrenia and has shown efficacy, in particular, in early disease stages.
The mixed COX inhibitor aspirin (acetylsalicylic acid) seems to have both protective and
therapeutic effects on schizophrenia.This paper discusses the hypothesized role of
inflammation in major depression and schizophrenia, including markers of inflammation;
pertinent studies on celecoxib and aspirin; and additional immunomodulatory therapeutic
strategies.

Keywords: Inflammation, major depression, psychoneuroimmunology, COX-2 inhibition, aspirin, psychiatry,
schizophrenia

INTRODUCTION

Studies in animal models have provided evidence that both early infection and immune activation
can affect several neurodevelopmental processes, including serotonergic (1) and dopaminergic
and glutamatergic neurotransmission (2, 3). Human studies on infections (4) and a cohort study
on bacterial infections (5) also indicated that infection and activation of the immune system are
associated with neurodevelopment. Furthermore, studies found that higher cytokine and C-reactive
protein (CRP) levels in childhood increased the risk to develop depression (6) and schizophrenia (7).
In meta-analyses, cytokine levels were altered in adults with major depression (MD), schizophrenia,
and bipolar disorder (8, 9).
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Inflammation and Depression Risk

A population-based, prospective cohort study in Denmark followed
a total of 3.56 million people for 24 years and found that those who
were hospitalized for an infection or visited a hospital for treatment
of an autoimmune disease had a significantly higher risk for
developing a depressive disorder (10). If people were hospitalized
for infection, the risk increased by 62% [incidence rate ratio (IRR)
1.62]; and if they visited the hospital because of an autoimmune
disease, it increased by 45% (IRR 1.45). People with a history of both
risk factors had an even higher risk of developing mood disorders
(IRR 2.35), indicating that the two factors interact. In this study, the
risk for later mood disorders was lower after infections of the central
nervous system (CNS; IRR 1.65) than after peripheral infections,
for example, hepatitis (IRR 2.82) and sepsis (IRR 2.06). Interesting
findings were that the shorter the time since the infection, the
greater the risk of developing a mood disorder and that the highest
risk was found in the 12 months after the infection (IRR 2.70). If the
study had assessed all kinds of infections—not only those for which
people visited a hospital—the risk of developing a mood disorder
might have been even higher (10).

Another Danish population-based register study evaluated
whether the use of anti-inflammatory agents, including aspirin
(acetylsalicylic acid [ASA], an inhibitor of both COX-1 and
COX-2), is associated with a lower rate of depression (11). The
study found a dose-dependent risk; that is, continued use of low-
dose aspirin reduced the risk for incident depression, whereas
the use of non-steroidal anti-inflammatory drugs (NSAIDs) and
high-dose aspirin increased the rate.

Anti-Inflammatory Treatment Approaches
in Major Depression

Non-Steroidal Anti-Inflammatory Drugs

NSAIDs act by inhibiting COX-1 and COX-2. These cyclooxygenase
enzymes are necessary for the synthesis of some of the prostaglandins
involved in inflammation. COX-2 inhibitors have direct effects
on the CNS serotonergic system and can also affect it indirectly
via immune processes in the CNS. A study in rats showed higher
serotonin levels in both the frontal and temporoparietal cortices
after administration of rofecoxib, a COX-2 selective NSAID (12).
Consequently, the authors hypothesized that COX-2 inhibitors
may have antidepressant effects. In a study in bulbectomized rats
(a model for depression), chronic administration of the COX-2
inhibitor celecoxib decreased cytokine levels and changed the
animals’ behavior (13). Brunello et al. (14) studied ASA in rats with
the chronic escape deficit model and found that ASA accelerated the
antidepressant effect of fluoxetine. In people with MD, a randomized,
double-blind pilot study compared reboxetine plus celecoxib with
reboxetine plus placebo and found a significant therapeutic effect
of celecoxib (15). One interesting finding of this study was that
the kynurenine/tryptophan ratio, which reflects the activity of
indoleamine 2,3-dioxygenase (IDO), a pro-inflammatory, cytokine-
driven enzyme, predicted the antidepressant response to celecoxib;
that is, celecoxib had better effects on patients with a high level of

IDO activity (16). A double-blind, randomized controlled trial
(RCT) in MD (n = 50 patients) compared fluoxetine plus celecoxib
with fluoxetine plus placebo and found a significantly better outcome
in the group receiving adjunctive celecoxib (17). Similar results were
found in two studies of sertraline plus celecoxib or placebo in MD
(n = 40 and n = 30) (18, 19), where Hamilton Depression Rating
Scale scores decreased significantly more in the celecoxib group; in
one of the studies (18), serum IL-6, a pleiotropic immune-activating
cytokine that primarily promotes innate and B- and T-cellular
immunity and plays an important role in inflammation, correlated
with the decrease in the depression rating score.

The efficacy of adjunctive treatment with an NSAID in MD was
evaluated in a meta-analysis of four celecoxib studies in a total of
150 patients (20). The analysis concluded that celecoxib may be a
potential treatment in this disorder, although the authors stated
the benefit and safety of celecoxib and other NSAIDs need to be
confirmed in larger studies of longer duration (20).

The findings of another meta-analysis on inflammation-
related therapeutic approaches in MD are also of great interest
(21). This analysis evaluated data from 14 studies (10 on NSAIDs,
n = 4,258; 4 on cytokine inhibitors, n = 2,004) and found that
the anti-inflammatory treatments had positive effects compared
with placebo [standardized mean difference (SMD), —0.34;
95% confidence interval (CI), —0.57 to —0.11; I> = 90%], both in
depression (SMD, —-0.54; 95% CI, —1.08 to —0.01; I> = 68%) and in
depressive symptoms (SMD, —0.27; 95% CI, -0.53 to —0.01; I =
68%). The type of depression (clinical depression vs. depressive
symptoms) or the agent (NSAID vs. cytokine inhibitor) did not
explain the heterogeneity of the studies with respect to differences
in treatment regimens and patient populations. Sub-analyses
provided support for the positive effects of celecoxib (SMD, —0.29;
95% CI, —0.49 to —0.08; I> = 73%) on both remission [odds ratio
(OR), 7.89;95% CI, 2.94 to 21.17; I* = 0%] and response (OR, 6.59;
95% CI, 2.24 to 19.42; I> = 0%). Six of the studies reported adverse
effects but found no difference in the rate of gastrointestinal or
cardiovascular side effects at 6 weeks or infections at 12 weeks
between the active treatments and placebo. The meta-analysis
suggested that treatment with an anti-inflammatory agent,
particularly celecoxib, can ameliorate symptoms of depression
but does not carry a higher risk of side effects (21). Other studies,
however, reported higher rates of adverse cardiovascular events
with COX-2 inhibitors (22).

ASA has also been studied in depression. In an 8-week RCT
in MD, patients were assigned to 160 mg of aspirin add-on to
sertraline (n = 50) or placebo add-on (n = 50); the groups were
matched for age, gender, and severity of depression (23). After
4 and 8 weeks of treatment, depression scores were significantly
lower than at baseline only in the sertraline plus aspirin group.
These results indicate that aspirin has positive effects on
depression, although the unusually low responder rate in the
sertraline (plus placebo) group may indicate that treatment
resistance affected the results. A complex, placebo-controlled
study of patients with bipolar depression found a significantly
higher response rate in the aspirin group; however, the
comparison of the mean values found no significant difference
between aspirin and placebo (24).
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Another recent meta-analysis included additional studies
on NSAIDs and differentiated between studies on patients with
a diagnosis of MD and patients with “classical” inflammatory
diseases, such as arthritis or psoriasis, who also had depressive
symptoms (25). The analysis found highly significant effects
on both MD and depressive symptoms and a highly significant
overall effect on the combined analysis of both indications. In
the analysis of different substance classes and mechanisms of
action of the anti-inflammatory agents, classical NSAIDs were
significantly superior to placebo. Other anti-inflammatory

compounds, such as cytokine inhibitors, glucocorticoids (two
RCTs), and minocycline, also showed a significant advantage
than did placebo. The overall effect of all anti-inflammatory
substances was p = 0.00001.

Table 1 gives an overview of studies on selective COX-2
inhibitors and ASA in MD. Despite the limitations of the
studies described above, they provide important information
on the effects of anti-inflammatory treatment and, in particular,
COX-2 inhibition in MD. Additional studies are needed in
larger samples. Furthermore, studies need to consider the high

TABLE 1 | Clinical studies of selective COX-2 inhibitors and the mixed COX-1/COX-2 inhibitor acetyl salicylic acid (ASA) in major depression.

Authors Diagnosis Duration of N Study design Concomitant COX-2 Outcome
trial drug inhibitor
Abbasi et al. (18) Major depression 6 weeks 40 Randomized, Sertraline Celecoxib Significantly better
double-blind, 200 mg 400 mg/day response and
placebo- remission rates in
controlled celecoxib group
Akhondzadeh et al. Major depression 6 weeks 40 Randomized, Fluoxetine (flexible Celecoxib Significant
(17) double-blind, dose) 400 mg/day superiority of
placebo- celecoxib
controlled add-on
Begemann et al. Bipolar >5 months 1 Open Not specified Celecoxib Significant
(26) depression, rapid 400 mg/day improvement of
cycling depressed and
manic symptoms
Castillo et al. (27) Bipolar depression 8 weeks 41 Randomized, Escitalopram Celecoxib Celecoxib showed
double-blind, 20 mg/day 400 mg/day significantly better
placebo- response and
controlled higher remission
rate
Collantes-Estevez Depressive Mean 33 days 343 (with Open Not specified Rofecoxib Significant
and Fernandez- syndrome, depressive 12.50r 25 reduction of
Perez (28) comorbid to syndrome) mg/day self-reported
osteoarthritis depression
Majd et al. (19) Major depression 8 weeks 30 Randomized, Sertraline Celecoxib Significant
(women only) double-blind, (256-50 mg) 200 mg/day superiority of
placebo celecoxib after
controlled 4 weeks; no
difference after
8 weeks
Muller et al. (15) Major depression 6 weeks 40 Randomized Reboxetine Celecoxib Significant
double-blind, (flexible dose) 400 mg/day superiority of the
placebo- COX-2 inhibitor
controlled,
add-on
Nery et al. (29) Bipolar disorder, 6 weeks 28 Randomized, Mood stabilizer Celecoxib Significant
depressive or double-blind, or atypical 400 mg/day superiority after
mixed episode placebo- antipsychotics 1 week, no
controlled difference at
end-point
Savitz et al. (24) Bipolar depression 6 weeks 99 Randomized, Minocycline ASA Main effect of
double-blind, (200 mg/day) 162 mg/day ASA on treatment
placebo- response
controlled
Sepehrmanesh Major depression 8 weeks 100 Randomized, Sertraline ASA Significantly
etal. (23) double-blind, (50-200 mg) 160 mg/day greater reduction
placebo- in Beck
controlled Depression
Inventory scores
after 4 and 8
weeks
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placebo response, particularly in add-on studies with an effective
antidepressant, and the severity of depression.

Drugs Targeting Cytokines

Tumor necrosis factor-alpha (TNF-a) promotes the activation of
the innate and adaptive immune response and is a key molecule
in inflammation. The anti-TNF-a antibody infliximab prevents
the cytokine TNF-a from interacting with receptors on the cell
surface and has an anti-inflammatory effect. TNF-a was initially
designed as a treatment for inflammatory joint disorders and
psoriasis but was then found to significantly improve symptoms
of depression in patients with psoriasis (30).

In a random-effect meta-analysis of seven placebo-controlled
RCTs, anti-cytokine treatment had significantly greater effects
on depressive symptoms than had placebo (anti-cytokine drug:
n = 1,309; placebo: n = 1,061; SMD = 0.40, 95% CI, 0.22 to 0.59)
(31). Five of the seven studies were on anti-TNF-a agents, that
is, adalimumab, etanercept, and infliximab (SMD = 0.33; 95%
CI, 0.06 to 0.60). Similar, small-to-medium effect sizes for anti-
cytokine therapy were obtained in the analyses of the two RCTs
on adjunctive anti-cytokine treatment (SMD = 0.19; 95% ClI,
0.00 to 0.37) and the eight non-randomized and/or non-placebo
studies (SMD = 0.51; 95% CI, 0.34 to 0.67). The three anti-TNF-a
drugs and the anti-IL-6 antibody (tocilizumab) significantly
improved symptoms of depression. A meta-regression showed
that baseline symptom severity was a predictor of antidepressant
effect (p = 0.018), but sex, age, study duration, and improvement
in the primary physical illness were not. An important limitation
of these studies was that besides having an inflammatory
disease, such as atopic dermatitis, psoriasis, Crohn’s disease, or
rheumatoid arthritis, the patients had concomitant symptoms of
anxiety or depression or both. In addition, their overall symptoms
of depression were mild to moderate, and they did not have a
formal diagnosis of depression.

To my knowledge, only one 12-week, placebo-controlled
study has evaluated an anti-TNF-a antibody in treatment-
resistant MD (n = 60). The participants, who were either taking
an antidepressant (n = 37) or partly medication free (n = 23),
received three infusions of infliximab (n = 30) or placebo (n =
30). Infliximab was not superior to placebo, but the study found
a significant interaction between time, treatment, and baseline
levels of CRP (<5 mg/L); that is, the response rate to infliximab
(62%) was higher than that to placebo (33%) in patients who
had higher CRP levels at baseline. In addition, participants
who responded to infliximab had significantly higher baseline
concentrations of TNF-a, sSTNFR1, and sTNFR2 (p < 0.01) and
significantly larger decreases in CRP (p < 0.01) than had those
who did not respond (32). This study is encouraging, in particular
because treatment-resistant patients with MD represent a
negative selection for treatment outcome, and it indicates that
CRP—the most widespread clinical marker for inflammation—
may be a biomarker of anti-TNF-a antibody treatment outcome.

Drugs Targeting the IL-6 Complex

As mentioned above, studies have found that in patients with
depression, IL-6 levels in the peripheral blood and cerebrospinal
fluid (CSF) are higher. Consequently, the IL-6 complex has been

proposed as a target for anti-cytokine treatment. The above-
mentioned random-effect meta-analysis of seven RCTs (31)
included two open studies of the anti-IL-6 antibody tocilizumab
(33, 34), both of which showed improvements in patients with
concomitant anxiety and depression. Despite these findings,
we still need valid, reliable data on the effects of anti-IL-6
treatment in MD and the correct target for such treatment.
Because higher levels of IL-6 are found in the CSF than in the
blood and in patients with depression than in controls, IL-6 in
the CSF was hypothesized to be the most promising therapeutic
target. Further support for this hypothesis was given by the
finding that IL-6 is overexpressed in the pre-clinical model
of chronically stressed rats (35). However, IL-6 levels in the
periphery are not completely independent of those in the CSF
or brain but are closely connected to them. For this reason,
researchers have proposed that targeting peripheral IL-6 may be
a potential treatment approach in depression (35). This proposal
is supported by the findings in an animal model of depression
that significantly higher serum IL-6 levels were found in learned
helplessness rats, which were susceptible to chronic inescapable
electric stress, than in control and non-learned helplessness
rats, which were resilient to the same stress (36). Supporting
evidence was also provided by the finding that in depression,
serum levels of IL-6 predict patients’ response to ketamine (37).
As an alternative, more promising strategy to inhibit IL-6, Maes
etal. (38) proposed that administering soluble glycoprotein 130
(sgp 130), a component of the IL-6 complex, would increase
inhibition of IL-6 trans-signaling and consequently maintain
IL-6 receptor (IL-6R) signaling. In addition to tocilizumab,
sirukumab, another monoclonal antibody to IL-6, has also
been proposed as a potential treatment for depression (39). It
acts on the signaling pathway of IL-6 and can inhibit its pro-
inflammatory and anti-inflammatory effects; studies have
shown beneficial effects of sirukumab in the inflammatory
diseases lupus erythematosus and rheumatoid arthritis, among
others (39).

Other Immune-Related Substances

Microglia cells act as macrophages in the brain and are important in
inflammatory processes in the CNS. Positron emission tomography
(PET) studies showed activation of microglia in MD (40, 41).
Minocycline, an antibiotic, can cross the blood-brain barrier into
the CNS, where it inhibits the activation of microglia. Consequently,
it was proposed as a potential treatment in MD. A recent meta-
analysis identified 18 clinical studies (a case report, RCTs, and
open and ongoing trials) on minocycline in depression; however,
only three RCTs (in a total of 158 participants) were suitable for
analysis (42). The analysis observed a large, statistically significant
antidepressant effect of minocycline compared with placebo,
although limitations of the study included the small number and
sample size of the trials included, their heterogeneity, and potential
publication bias.

Although statins are primarily used to lower cholesterol, they
also have direct anti-inflammatory effects (43, 44). For example,
a population-based study in users of selective serotonin reuptake
inhibitors (SSRIs; N = 872,216), n = 113,108 of whom were also
taking a statin, found that the risk for (a relapse to) depression
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was clearly lower in participants using both SSRIs and statins
than in those using an SSRI alone (43).

Methodological Issues

Although a “gold standard” study in MD would be an RCT
that directly compares the anti-inflammatory agent, for
example, a COX-2 inhibitor or an anti-cytokine antibody,
with placebo, it would not be ethical. Therefore, in almost
all RCTs, the anti-inflammatory agent is administered as an
adjunct to an antidepressant. As a result of this approach, the
anti-inflammatory agent must have a large effect to show an
advantage over the antidepressant alone or in combination
with placebo. This problem is further exacerbated by the high
placebo rate of up to 40% that is commonly seen in studies
of antidepressants. Nevertheless, although diverse anti-
inflammatory therapeutic approaches show a statistically
significant beneficial effect, much further research is needed,
and possible subgroups of responders and non-responders
have to be identified.

It is well known that in more severe cases of depression,
antidepressants show more efficacy than does placebo. This
might also be true for anti-inflammatory agents. If possible,
clinical studies should therefore include more severely
depressed patients.

The pathology of depression is unlikely to be identical in
every patient, and, consequently, an inflammatory process is
probably not always present, although this hypothesis requires
further research. Patients with treatment-resistant MD had
higher levels of pro-inflammatory cytokines, which was
taken as an indication that these patients’ depression might
have an inflammatory origin (45). If a clinical study of anti-
inflammatory compounds has a large proportion of patients with
an inflammatory pathology, it is more likely to find a positive
treatment effect. A goal for future research is to identify a valid,
reliable marker for an inflammatory process in depression so

that we can apply targeted anti-inflammatory treatment in those
patients who would benefit from it.

SCHIZOPHRENIA

Inflammation and the Rrisk

for Schizophrenia

Numerous studies, including recent genetic data (46), show
that an immune process and inflammation play a role in at
least a subgroup of patients with schizophrenia. The results of
these studies gave rise to the vulnerability-stress-inflammation
hypothesis of schizophrenia (see Figure 1). One study in
Denmark linked population-based registers nationwide and
identified autoimmune disorders and severe infections that
required admission to hospital as risk factors for schizophrenia
and schizophrenia spectrum disorders; the risk was greatest in
patients who had an autoimmune disorder and a severe infection
(47). No evidence was found, however, that parental infections
increased risk in the offspring (47, 48). Although the study was
large, it did not have high sensitivity, and the authors consequently
described the identified risk factors for schizophrenia as only the
“tip of the iceberg” (48).

Another population-based study in Denmark identified all
incident patients receiving antipsychotics for schizophrenia
(n = 16,235) (49). Of these patients, n = 1480 (9.1%) were
using concomitant NSAIDs, and n = 767 (4.7%) were using
concomitant paracetamol. The risk of relapse was higher in the
patients using NSAIDs [hazard rate ratio (HRR) = 1.21; 95%
CI, 1.11 to 1.31], particularly ASA and diclofenac, but not in
those using paracetamol (HRR = 0.97; 95% ClI, 0.87 to 1.08). The
authors analyzed subgroups of patients and found that among
patients taking NSAIDs, the relapse risk was higher in those with
a comorbid physical illness and lower in those who had been
diagnosed with musculoskeletal disease (HRR = 0.82; 95% CI,
0.71 to 0.94) (49).
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Anti-Inflammatory Treatment

in Schizophrenia

Non-Steroidal Anti-Inflammatory Drugs

Perhaps the most convincing evidence for an involvement of
inflammation in schizophrenia is provided by the finding that
anti-inflammatory medication is useful in schizophrenia (see
Table 2). Noteworthy in this context is the paper by Sommer
etal. (50), which reviews the effects of various anti-inflammatory
treatments, including celecoxib, in schizophrenia.

My group performed a 6-week double-blind RCT in acute
schizophrenia to compare risperidone plus celecoxib with
risperidone alone and risperidone plus placebo (54). Outcome was
significantly better in the celecoxib add-on group (1 = 25) than in
the group receiving risperidone alone (n = 25) (54), particularly
regarding cognition (58). Data from this study and another 6-week
risperidone/celecoxib study were pooled (total N = 90), and the
analysis found a benefit of celecoxib add-on if the illness duration

was 24 months or less but no such benefit in more chronic cases.
A large study that included a broad spectrum of schizophrenia
patients found no advantage of celecoxib over placebo (57),
whereby the disease duration of up to 10 years in many patients,
some of whom had chronic schizophrenia, may have contributed
to the negative result. Another study in chronic schizophrenia
showed no advantage of add-on celecoxib in patients with chronic
schizophrenia (56), providing further support for differential
effects of COX-2 inhibitors in acute and chronic phases of the
disease. To further test this hypothesis, my group performed
a double-blind study of amisulpride with adjunct celecoxib or
placebo in first-episode schizophrenia (55); the celecoxib group
showed more improvement than did the placebo group on the
positive, negative, total, and general psychopathology scores of the
Positive and Negative Syndrome Scale (PANSS) (55, 59).

Similar benefits have been found for ASA in schizophrenia
spectrum disorders. A double-blind RCT studied 70 inpatients

TABLE 2 | Clinical studies of the selective COX-2 inhibitor celecoxib and the mixed COX-1/COX-2 inhibitor acetyl salicylic acid (ASA) in schizophrenia.

Authors Diagnosis Course and Duration of N Study design Concomitant Substance Outcome
duration trial drug
Akhondzadeh Schizophrenia Chronic type 8 weeks 60 Double-blind, Risperidone (fixed Celecoxib Significant
etal. (51) (active phase) randomized dose) 400 mg/day advantage of
placebo- the COX-2
controlled inhibitor
add-on
Attari et al. Schizophrenia >2 years 6 weeks 60 Double-blind, Mixed ASA 325 or Significant
(52) treatment randomized antipsychotics 500 mg benefit of ASA
follow-up placebo- after 10 weeks,
after 10 controlled better effect of
weeks add-on higher ASA after
6 weeks
Laan et al. Schizophrenia <5 years 3 months 70 Double-blind Mixed ASA Significant,
(53) spectrum randomized antipsychotics 1,000 mg larger decrease
placebo- in PANSS total
controlled in ASA group
add-on
Muller et al. Schizophrenia Not specified 5 weeks 50 Double-blind, Risperidone Celecoxib Significant
(54) Mean 5.9 years randomized (flexible dose) 400 mg/day advantage of
placebo- the COX-2
controlled inhibitor
add-on
Muller et al. Schizophrenia First 6 weeks 50 Double-blind, Amisulpride Celecoxib Significant
(55) manifestation randomized (flexible dose) 400 mg/day advantage of
placebo- the COX-2
controlled inhibitor on
add-on PANS total,
positive,
negative, and
global scores
Rapaport Schizophrenia Continuously il 8 weeks 38 Double-blind, Risperidone Celecoxib No advantage
et al. (56) Mean 20 years randomized or olanzapine 400 mg/day on the COX-2
placebo- (constant dose) inhibitor
controlled
add-on
Rappard and Schizophrenia <10 years 11 weeks 270 Double-blind, Risperidone Celecoxib No advantage
Muller (57) randomized (flexible dose) 400 mg/day of the COX-2
placebo- inhibitor
controlled
add-on
PANSS, Positive and Negative Syndrome Scale.
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and outpatients with schizophrenia spectrum disorders treated
with antipsychotics and add-on aspirin 1 g/day or placebo (53).
The total and positive PANSS scores decreased significantly more
in patients taking aspirin add-on than in those taking placebo,
and the more altered the immune function, the greater the
effect on the total PANSS score. Another double-blind, placebo-
controlled study evaluated 6-week adjunctive treatment with
ASA in 60 inpatients with schizophrenia (52): In addition to their
antipsychotic, one group (n = 20) received aspirin 325 mg/day;
one (n = 20), aspirin 500 mg/day; and one (n = 20), placebo. At
the end of the study, the PANSS positive and negative symptom
scores and general psychopathology score were significantly
lower in the aspirin groups than in the placebo group.

A meta-analysis of data from n = 264 patients from five double-
blind, randomized, placebo-controlled studies on NSAIDs
(celecoxib, four studies; ASA, one study) in schizophrenia found
that the drugs had significant positive effects on total symptom
severity and positive and negative symptom severity (60). A
meta-analysis of data from n = 774 patients from eight studies
(celecoxib, six; ASA, two) found that the drugs had significant
effects only in patients with a first manifestation of schizophrenia
and not in those with chronic schizophrenia and in inpatients but
not outpatients (61).

Other Immune-Related Treatment

PET studies have shown that microglia cells are also activated in
schizophrenia (62). As mentioned in the section Other Immune-
Related Substances, the antibiotic minocycline can inhibit microglia
activation, and studies in animal models of schizophrenia found
that minocycline improves cognition (63). Double-blind, placebo-
controlled, add-on studies of minocycline in schizophrenia patients
found positive effects on negative and cognitive symptoms (64),
and case reports described benefits for symptoms overall (65).

Other potential anti-inflammatory agents have shown some
benefit in schizophrenia. For example, a meta-analysis of 26
double-blind RCTs found significant effects for N-acetylcysteine
and estrogen (50). Positive effects were also found for interferon-
gamma (IFN-v), a cytokine responsible for the monocytic type 1
immune response (66). IFN-y can have severe side effects, such
as hallucinations, seizures, and immunosuppression, so patients
must be monitored carefully.

The initial studies on monoclonal antibodies against pro-
inflammatory cytokines indicate that they may also be a potential
treatment approach in schizophrenia, but more studies are
needed (67).

Two interesting case reports shed light on a theoretical concept
that is interesting but will probably never become an alternative for
schizophrenia treatment: In one case, schizophrenia seems to have
transferred by bone marrow transplantation to a leukemia patient
(68); and in another contrasting case, schizophrenia was remitted by
bone marrow transplantation to a patient with schizophrenia (69).

Special Issues Regarding Anti-
Inflammatory Treatment in Schizophrenia
On the basis of the above, we can conclude that anti-
inflammatory agents may be beneficial in schizophrenia, but

their usefulness depends on the stage of the disease; that is, their
efficacy is lower in chronic than in acute schizophrenia; this
difference may be associated with the neuroprogression of the
disease. In schizophrenia, chronification is known to negatively
impact outcome. Long-term treatment with anti-inflammatory
agents has not yet been studied, although it may have more
beneficial effects (51). This is the case in chronic inflammatory
diseases, where short-term treatment with anti-inflammatory
agents has only weak effects.

Further research is required on predictors of better response
to anti-inflammatory treatment in schizophrenia. In all studies
to date, response to antipsychotics was worse if levels of
inflammation were higher (70, 71). The question whether the
outcome of anti-inflammatory treatment is better in patients
with high levels of inflammation, as was shown for anti-TNF-a
treatment and celecoxib in MD (18, 32), remains open. As in MD,
in schizophrenia, no markers have been identified that could help
predict the outcome of treatment with anti-inflammatory agents.

Studies have shown probable non-immune-mediated effects
for several NSAIDs, including COX-2 inhibitors (72), although
their effects on schizophrenia are most likely due to their anti-
inflammatory effects. Clearer evidence that inflammation is
involved in the pathophysiology of schizophrenia is provided
by studies on monoclonal antibodies, which do not affect
neurotransmitters in any other way. However, further research is
needed on this topic.

CONCLUSION

Studies and meta-analyses showing increased levels of pro-
inflammatory cytokines and CRP, for example, indicate that the
development of some psychiatric disorders, including MD and
schizophrenia, may involve inflammation. Further support is
provided by the positive effects of immunomodulatory agents in
treating these disorders. Statistically significant therapeutic effects
have been shown for the COX-2 inhibitor celecoxib in MD and
early-stage schizophrenia, and protective and therapeutic effects
have been shown for the mixed COX-1 and COX-2 inhibitor ASA
(aspirin) in schizophrenia. Statistical significance, however, does
not necessarily equate to clinical significance and high effect sizes.
Therefore, further studies are warranted, including stand-alone
studies with immunomodulators. A further limitation is that
studies of these compounds in psychiatric indications lasted only
several weeks, and these agents have not been evaluated in long-
term studies. Celecoxib is known to be associated with an increase
in cardiovascular side effects after treatment lasting about 18
months. ASA and, to a lesser extent, COX-2 inhibitors can have
gastrointestinal side effects, including gastrointestinal bleeding.
Nevertheless, celecoxib and, in particular, ASA are well described
and, in general, are well tolerated, in a dose-dependent manner,
in many different clinical indications. Another limitation is that
no specific dose-response relationship studies have so far been
performed in psychiatric indications, and doses have been chosen
on the basis of those used in non-psychiatric indications. Different
dose regimens may optimize the benefits of these substances in
psychiatric indications. Many other interesting substances, such
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as anti-cytokines, anti-Il-6 complex substances, minocycline, and
statins, that target various components of the immune system
may be beneficial in MD or schizophrenia or both.
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Statins, which are widely used to treat hypercholesterolemia, have anti-inflammatory and
anti-oxidant effects. These are thought to be responsible for the potential effects of statins
on various psychiatric disorders. In this study, we comprehensively review the literature
to investigate the effects of statins on various psychiatric disorders including depression,
schizophrenia, and dementia. In addition, we review adverse effects and drug interactions
of statins to give clinically useful information guiding statin use in the psychiatric field.
Statins seem useful in reducing depression, particularly in patients with physical disorders
such as cardiovascular disease. In patients with schizophrenia, negative symptoms may
be reduced by adjuvant statin therapy. Studies on cohorts at risk for dementia have
generally shown protective effects of statins, while those on treatment for dementia
show inconsistent results. In conclusion, statins used in combination with conventional
psychotropic medications may be effective for various psychiatric disorders including
depression, schizophrenia, and dementia. Further study is required to determine optimal
doses and duration of statin use for the treatment of psychiatric disorders.

Keywords: statin, depression, schizophrenia, dementia, inflammation

INTRODUCTION

Statins (3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors) are widely
used to prevent cardiac and cerebrovascular events by treating hypercholesterolemia. Statins
also have anti-inflammatory effects, including reducing C-reactive protein (CRP) concentrations
(1). The effects of lowering low-density lipoprotein (LDL) cholesterol with statins may lead to
anti-inflammatory actions because LDL cholesterol itself strongly promotes inflammation (2).
Furthermore, statins reduce tumor necrosis factor alpha (TNF-a) and interferon gamma (IFNy)
production in stimulated T-lymphocytes, and inhibit the T helper cell (Th-1) immune response
(3). Addition of statins to human hepatocytes reduces the levels of C-reactive protein induced by
circulating interleukin 6 (IL-6), suggesting that the anti-inflammatory effects of statins are hepatic
in nature (4). These anti-inflammatory and anti-oxidant effects of statins are potential mechanisms
for the effects of statins on various psychiatric disorders.

Many kinds of statins have been approved for treatment of hypercholesterolemia. Statins can
be broadly classified as lipophilic or hydrophilic, which affect their ability to permeate the brain
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(5). Hydrophilic statins, such as pravastatin, rosuvastatin, and
fluvastatin are not able to easily cross the blood brain barrier
(BBB), and are also less efficient at permeating cell membranes.
Conversely, lipophilic statins, such as simvastatin, lovastatin,
pitavastatin, and atorvastatin (6) are more likely to cross the
BBB. Moreover, lipophilic statins enter cells via passive diffusion
and are thus widely distributed in various tissues, whereas
hydrophilic statins are more liver-specific. Cellular uptake
features a variety of carrier-mediated mechanisms (5, 7). These
distinct characteristics of hydrophilic and lipophilic statins may
lead to differential effects of statins in terms of efficacy, or could
lead to neuropsychiatric adverse events. What remains unclear
is if the beneficial effects of statins require brain penetrance, or
are mediated by peripheral or hepatic suppression of circulating
cytokines, as is best evidenced for rosuvastatin (8), or especially in
the elderly are predicated by vascular improvements in domains
such as plaque stability and vessel inflammation (9).

Most psychotropic medications currently used in depression
and schizophrenia act on monoamine neurotransmitters.
However, certain proportions of patients with depression
and schizophrenia do not respond to the conventional
medications currently available. Curiously, patients with
higher levels of peripheral cytokines may be less likely to
respond to antidepressants (10). Therefore, clinicians require
other medications with different mechanisms. Growing
evidence indicates that inflammation is a key mechanisms
of pathogenesis in many psychiatric disorders including
depression, schizophrenia, and neurocognitive disorders. In
addition, medications that act on inflammation have shown
potential as alternative treatment methods. Therefore, many
researchers have measured the effects of statins on these
psychiatric disorders. In this study, we comprehensively
reviewed clinical trials and epidemiological studies to investigate
the effects of statins on various psychiatric disorders including
depression, psychosis, and dementia. In addition, this study
aimed to give clinical information on the implications for statin
for use in clinical psychiatry.

MECHANISMS AND
MEDICAL COMORBIDITY

The “classic” mechanism of action of statins involves the
reduction of endogenous cholesterol biosynthesis via the
inhibition of HMG-CoA reductase, a rate limiting enzyme
integral to the mevalonate pathway. The corresponding
reduction in hepatic cholesterol synthesis instigates translocation
of membrane-bound sterol regulatory element-binding proteins
to the nucleus, subsequent upregulation of LDL receptors on
the surface of hepatocytes, leading to elevated clearance of LDL
cholesterol from the blood (11, 12). These effects make statins
effective for treating hypercholesterolemia. However, brain
cholesterol metabolism is largely independent of dietary lipid
intake because of the BBB. Brain cholesterol is synthesized in the
central nervous system (CNS), unlike peripheral cholesterol (13).
Not all statins are equally effective in terms of lowering brain
cholesterol levels (14).

Interestingly, statins also have a range of so-called
“pleiotropic” effects (e.g., suppressing inflammation, reducing
oxidative stress, reducing T-cell activation) that have implications
for extrahepatic systems including the cardiovascular system,
the CNS, and the immune system (15-17). Statins are thought
to exert many of these pleiotropic effects by suppressing the
downstream synthesis of molecules in the mevalonate pathway,
mediated through the inhibition of small GTPase prenylation and
thus, isoprenoid production. Importantly, such small GTPases
play essential roles in regulating a number of signaling pathways
and cellular processes which are dependent on isoprenylation
(18, 19). For example Ras plays a key role in cellular growth and
proliferation; Rac in reactive oxygen species generation; and Rho
in the proinflammatory cytokines. This inhibition of isoprenoids
leads to a host of anti-inflammatory, immunomodulatory,
anti-oxidative, and anti-atherosclerotic effects, including but
not limited to: downregulation of transcription factors (e.g.,
Nuclear Factor-kB, Activator Protein-1), reduced expression
of SOCS3 and CD40, suppression of cytokine (IL-1f, TNFa,
IL-6), chemokine (IL-8, Monocyte Chemotactic Protein-1) and
CRP production, attenuated induction of adhesion molecules
(P-selectin, Very Late Antigen-4, Intercellular Adhesion
Molecule-1), suppression of IFN-y dependent co-stimulation of
MHC Class II expression, as well as downregulation of T cell and
monocyte activation.

Statins also reduce negative regulation of nitric oxide, lower
NADPH oxidase and superoxide formation, and increasing
oxygen free radical scavenging, decrease inflammatory cell
infiltration, macrophage accumulation, reduce metalloproteinase
activity, and expression, and attenuate activation of the NLRP3
Inflammasome (18-23). Notably, evidence also suggests statins
facilitate PI3K-Akt signaling (24, 25), and crosstalk with
peroxisome proliferator-activated receptor (PPAR) signaling (26)
Collectively, these resultant cardioprotective, immunoprotective,
and neuroprotective benefits of the aforementioned pleiotripic
effects make statins worthy of investigation for treating
neuropsychiatric disorders with diffuse etiologies.

Several neuroimaging studies have explored the effects of
brain statins. Serial volumetric magnetic resonance imaging
of patients with multiple sclerosis, a chronic inflammatory/
neurodegenerative disorder, revealed significantly less whole-
brain atrophy in a high-dose (80mg daily) simvastatin
group than in a placebo group (27). Studies using positron
emission tomography or diffusion tensor imaging to
evaluate dementia patients have yielded conflicting results
in terms of the effects of statins on neurodegeneration and
white matter integrity (28). Further research is required
to explore whether statins control brain atrophy and
functional connectivity.

Psychiatric disorders are often associated with several somatic
consequences, including hypertension, heart disease, stroke,
cancer, obesity, diabetes mellitus, and osteoporosis (29). It is
known that individuals with psychiatric disorders tend to have
unhealthier lifestyle habits, such as drinking excessive amounts
of alcohol, are more likely to smoke, eat an unhealthy diet and
be more physically inactive than their peers, be less compliant
with medication regimens and have poorer self-care (30). All
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these factors significantly contribute to the development and
maintenance of the above-mentioned comorbidities.

Also, shared immunometabolic pathways have been
implicated in the link between psychiatric and physical
disease. Psychiatric conditions are consistently linked to
disruptions in the body’s stress response system (mainly the
Autonomic Nervous System (ANS) and the Hypothalamic-
Pituitary-Adrenal (HPA) axis (31) and are often associated
with a pro-inflammatory profile (32). The chronicity of these
processes might lead to several somatic consequences, including
elevated blood pressure, abdominal obesity, dyslipidaemia and
increased blood glucose. These conditions constitute important
risk factors for cardiovascular disease (CVD), diabetes (33),
cognitive impairment and even cancer (34), among others.

A recent review suggests that abdominal obesity and lipid
disturbances are one of the driving forces behind the relationship
between psychiatric disorders, in this case depression, and
inflammation (35). Abdominal obesity gives rise to multiple
immunometabolic  dysregulations. White adipose tissue,
especially in the abdominal area, plays as an active endocrine
organ producing inflammatory cytokines and hormones
(especially leptin) that disrupt important immunometabolic
pathways (36). Increased leptin is a risk pathway for depression
(37). Increased inflammatory activity interferes with HPA axis
regulation, altering cortisol secretion and feedback, leading
to a progressive feedforward loop of inflammation-related
conditions (38).

Statins, with their lipid lowering, immunomodulatory, anti-
inflammatory, and antioxidant properties, may act to slow or
indeed prevent some of these alterations, potentially leading to
interruption of the neuroprogressive cascade in these disorders
(39) and decreased morbidity and mortality for individuals with
psychiatric conditions. Notably, the main cause of death in
psychiatric disorders remains CVD (40), where statins have its
most definitive proved role (41). The possible therapeutic benefits
of statins in each psychiatric disorder are described individually
in this paper.

STATINS FOR DEPRESSIVE DISORDER

The pathogenesis of depression is both complex and
heterogeneous. Inflammation and immune dysfunction are
major contributors to the development of depression (42, 43).
Inflammatory markers have been associated both with the
prognosis of depression (44) and the risks of associated cardiac
events and cancer (45). Peripheral pro-inflammatory cytokine
signals are transmitted to the CNS via both humoral and neural
pathways and may trigger depression by increasing oxidative
stress (46); interacting with the hypothalamic-pituitary—
adrenal axis; causing impairments in neurotransmitter systems
involving glutamate, serotonin, dopamine, and noradrenaline
(47-49); disrupting mitochondrial biogenesis (50); decreasing
neurogenesis (51); and causing persistent and detrimental
changes in the brain.

The monoaminergic theory of depression has failed to
deliver novel therapeutic agents. Drugs with anti-inflammatory

properties are important potential alternatives for the treatment
of depression (52). Antidepressant effects of anti-inflammatory
agents were noted in earlier epidemiology studies and clinical
trials, including celecoxib, pioglitazone, N-acetylcysteine and
statins. Besides their lipid-lowering properties, statins possess
direct anti-inflammatory effects as noted above (53), which
led researchers to investigate the potential impact of statins
on depression. The present study summarizes previous studies
focusing on the prospective association between statins and
depression in Table 1.

To date, there has been one meta-analysis including seven
observational studies (four cohort, two nested case-control,
and one cross-sectional study), which found that statin users
were less likely to develop depression than non-users (69).
In addition to this meta-analysis, four prospective studies
including large populations (n = 26,852-4,607,990) using
national register data reported that statin use was associated
with a reduced risk of depression (59-61, 64). Meanwhile, two
prospective studies found that statin use was not associated
with worsening of depression in acute myocardial infarction
(AMI) patients (58) or with depression risk in a community
population (n = 1,631) (63). Another study reported that
statin use in stroke patients was associated with heightened
depression risk (62). However, this study on stroke patients
(62) did not adjust for significant covariates, limiting our
ability to interpret the results (70). The study of AMI
patients assessed changes in depression scale scores, which
were at non-significant levels at baseline (58). Moreover, the
community studies that reported potential beneficial effects of
statins on depression (59, 60, 64) included larger numbers of
participants and younger populations compared to the study
that reported a detrimental effect of statins on depression
(63). We hypothesize that the direction of associations may
depend on the characteristics of the participants. In healthy
populations without inflammatory loading, statins may not have
beneficial anti-inflammatory effects. This finding is concordant
with the findings of Miller and Raison, who found that levels of
inflammation predicted response to infliximab; those with high
levels benefitted, and those that had low levels worsened. The
cholesterol-lowering effects of statins may make fragile people
(e.g., the elderly) who are likely to already have low cholesterol
levels vulnerable to depression via lowered serotonin levels.
Therefore, the risks and benefits of statin use may depend on
patient characteristics.

Statin use could be helpful in reducing the risk of depression
in populations who are experiencing excess inflammation due
to physical diseases such as CVD-highly comorbid across major
psychiatric disorders. Additionally, statin use could be beneficial
for depression prevention in populations with balanced nutrition
who, therefore, have a plentiful reserve cholesterol, in whom
lowering cholesterol does not impact the onset of depression.
Although further research is needed to confirm the type of
statins that would be most beneficial for depression prevention,
lipophilic statins (including simvastatin) that have better brain
penetrance may have greater protective effects against depression
than hydrophilic statins (including rosuvastatin and pravastatin)
(59). Equally statins that most robustly suppress peripheral
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20 mg/d
Any use

Improved depressive symptoms and response rate:

MINI:

24 weeks & 1 HDRS, BDI

year

446 patients with CAD

(59 £ 11 yrs)

Naturalistic

Kim et al. (7)

Escitalopram + statin > statin > escitalopram > none

Response rate:

lipophilic vs.

MDD or minor

prospective

hydrophilic statins

depressive Dis

observation study

lipophilic statins > hydrophilic statins,

OR (95% Cl) 3.91 (1.21-12.59)

yrs, years; aOR, Adjusted odd ratio; CAD, coronary artery disease; MINI, Mini International Neuropsychiatric Interview; HADS, Hospital Anxiety and Depression Scale; PHQ, Patients Health Questionnaire; NA, not assessed; MDD, major
depressive disorder; Dis, disorder; SCID, Structured Clinical Interview for DSM; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders 4th edition; ICD-9-CM, International Classification of Diseases, Ninth Revision, Clinical

Modification; ICD-10, International Classification of Diseases 10th revision; HDRS, Hamilton Depression Rating Scale; DIGS, Diagnostic Interview for Genetic Studies; DSM-5, Diagnostic and Statistical Manual of Mental Disorders 5th

edition; BDI, Beck Depression Inventory.

inflammation, such as rosuvastatin, evidenced in the JUPITER
study, may have advantages (8).

Because epidemiological studies showed that statins have
beneficial effects on mood, randomized controlled trials (RCTs)
have been conducted to examine the efficacy of statins in treating
depression (65-67). A meta-analysis including three double-
blind RCTs in subjects with depression found that adjunctive
therapy with statins in addition to antidepressants could be useful
for the treatment of depression without any serious adverse
effects, although this finding is limited by the small number
of studies and short-term follow-up periods (6-12 weeks) (71).
In addition to this meta-analysis, a 6-weeks double-blind RCT
of simvastatin and atorvastatin without antidepressants was
conducted in depressive patients after a coronary artery bypass
graft (68). Although response rates by treatment were not
significantly different, simvastatin tended to improve depressive
symptoms earlier and more effectively than did atorvastatin,
probably because the former drug can penetrate the BBB.

A non-randomized, 1-year prospective study of depressive
patients after acute coronary syndrome (ACS) demonstrated
that statins were effective for the treatment of depression
independently of medical status and escitalopram use. In this
study, the combination of statins and escitalopram had larger
effects than either drug alone. In addition, lipophilic statins
showed greater potential to improve depression than hydrophilic
statins (7). Further analysis of this study population (72) found
that levels of pro-inflammatory cytokines, including IL-6 and
IL-18, predicted subsequent depression in patients with ACS.
However, the trigger effects of IL-6 and IL-18 on depression
were attenuated in patients receiving statins, suggesting that the
antidepressant effects of such drugs are attributable to reductions
in the actions of pro-inflammatory cytokines. These recent
publications suggest that statins have independent effects with
regard to improving depression (7, 68), but further research is
needed with larger sample sizes and well-designed randomized
trials in to clarify the potential benefits of statins alone in
depression treatment.

In summary, both epidemiological and interventional studies
show that statins are useful in reducing depression risk in
patients with physical disorders such as CVD. However, caution
is warranted before prescribing statins in the general population
without higher inflammation loads or in populations with
poor nutritional states and low cholesterol stores, because the
cholesterol-lowering effects of statins could theoretically at least
increase the risk of depression in these populations. Furthermore,
in depressive patients, statins have been shown to be beneficial
for improving depressive symptoms when used as an adjunctive
therapy to antidepressants, but the independent effects of statins
are yet to be confirmed.

STATINS FOR SCHIZOPHRENIA

Schizophrenia is a severe chronic mental disorder characterized
by delusions, hallucinations, cognitive impairment, avolition,
reduced emotional expression, social withdrawal, and marked
functional decline (73). Immune dysfunction and inflammation
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antipsychotic medication used. There may be interactions of
statins and antipsychotics, because some antipsychotics also have
anti-inflammatory actions (92). Appropriate statin use may also
affect the results since lipophilic statins, which can cross the BBB
more readily, are more likely to interact with central brain regions
(7). Simvastatin, which is the most lipophilic statin, was the most
commonly used statin type in RCTs. Whether lipophilic statins
improve inflammatory markers in patients with schizophrenia
should be studied further.

Although there has been no study of the optimal dose
and duration of statin therapy in schizophrenia, a few studies
suggested the advantages of high dosage and long duration
of statin therapy for CVD (93, 94). An animal study showed
that hyper-locomotive activity and reduced anxiety-like behavior
via NMDA receptor upregulation were initiated after high-
dose simvastatin, which was higher than clinical dosages (95).
Previous studies on N-acetylcysteine, which inhibits oxidative
and inflammatory pathways, reported clear evidence of efficacy
only after 6 months (96, 97), and a replication study noted
benefits only after 9 and 12 months (98). Therefore, long-term
treatment with high-dose statins may better alleviate psychotic
and negative symptoms in patients with schizophrenia.

The lipid-lowering effects of statins may alleviate
symptoms of schizophrenia, because studies have suggested
associations between hyperlipidemia and the pathophysiology
of schizophrenia (99, 100). One study found that pravastatin
significantly decreased the PANSS positive subscale scores,
commencing at week 6, in schizophrenia patients, but
the decrease failed to remain significant to 12 weeks (87).
Interestingly, the similar pattern of decrease at 6 weeks and
increase at 12 weeks was found with levels of triglycerides,
LDL-cholesterol, and total cholesterol. This suggests a link
between lipid levels and the psychopathology of schizophrenia.
However, we should consider that reduced efficacy for both
psychotic symptoms and cholesterol levels could be due to
poor adherence to statin medications. Additionally, a study
on patients taking clozapine revealed that increases in the
serum total cholesterol and triglyceride levels significantly
predicted reductions in the PANSS total and/or negative
subscale scores (101, 102). Furthermore, a positive longitudinal
association was evident between changes in cholesterol levels
and improved global cognition, particularly in verbal memory
(103). Thus, further study is required to understand how
changes in the serum levels of lipids and inflammatory reactions
relate to changes in the symptoms of schizophrenia during
statin use, and how these relationships vary with different
antipsychotic drugs.

In summary, the anti-inflammatory actions of statins
are expected to alleviate symptoms of schizophrenia as an
augmentation to other drugs, and they have the added benefits
of treating metabolic abnormalities such as hyperlipidemia to
prevent CVD. We recommend the use of a sufficient dose of
statins for at least 12 weeks in stable patients with schizophrenia
for functional recovery as well as liberal use of statins in those
with high levels of cardiovascular risk. Further studies are
required in various populations and stages of illness.

STATINS FOR
NEUROCOGNITIVE DISORDERS

Dementia has complex and heterogenous etiologies, including
cerebrovascular disease, amyloid plaques, and tauopathy (104).
Alzheimer disease (AD) is the most common cause of dementia
and represents one of the largest burdens of disease in elderly
persons (105). Evidence suggests that the deposition of 3-amyloid
plaques and inflammatory processes in the CNS play important
roles in the development and progression of AD (106, 107).
Excessive amyloid beta (AP) accumulation is a hallmark feature
of the AD neurodegenerative cascade (108). The dysregulation
of the AB clearance process is characterized by elevated levels of
pro-inflammatory cytokines, and this induces Ap accumulation
and continuous immune activation (109).

Defects in brain cholesterol homeostasis have been implicated
in neurodegenerative diseases including AD and cognitive
deficits typical of old age (13). Most brain cholesterol is
synthesized in astrocytes; ApoE shuttles cholesterol (in a
lipoprotein complex) from these cells to neurons. Therefore,
ApoE may play an important role in cholesterol homeostasis
in aging and diseased brains (110). Furthermore, cholesterol
homeostasis may significantly affect the synthesis, deposition,
and clearance of B-amyloid plaques (111, 112). The major brain
cholesterol metabolite 24S-hydroxycholesterol (24S-OHC) may
affect the NMDA receptor, in turn triggering cell death associated
with AD (113). Statins exert anti-inflammatory and cholesterol-
lowering effects in the brain, and also reduce the levels of
oxysterols such as 24S-OHC (114). Statins may thus be useful in
preventing/managing AD. Previous research on the association
between statin use and AD, derived from cardiovascular studies,
suggested that elective statin use has a beneficial effect on
AD (115).

Table 3 summarizes previous studies investigating the
associations between statin use and AD. Epidemiological cross-
sectional and case-control studies have generally found that
statins usefully prevent AD (119, 120, 125). Several prospective
studies on the incidence of statin use and AD have also shown
a protective association, although these studies have limitations.
The Adult Changes in Thought (ACT) study was a prospective
study that found that statin use may be associated with reduced
risk of AD, particularly in those younger than 80 (118). The
2-year follow-up of the Alzheimer’s Disease Anti-inflammatory
Prevention Trial (ADAPT) found reduced risk of AD in people
taking statins, but it is important to note that participants
regularly using NSAIDs were excluded, but non-statin lipid
lowering agent use was permitted (117). Conversely, the Cache
County Study found no association between statin use and the
risk of AD over 72 weeks (116). There was no randomized
clinical trial assessing statin use and risk of developing AD. A
large primary prevention study of statins in the elderly, STAREE
will explore this outcome (126).

There have been four published RCTs of statins as an
intervention in patients with mild to moderate AD. The Lipitor’s
Effect in Alzheimer’s Dementia (LEADe) study was the largest
with 640 patients, and found that a regimen of atorvastatin
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(80 mg/day) plus donepezil was not associated with significant
benefits for treatment over 72 weeks (123). Similarly, a medium-
sized, placebo-controlled, double-blind, randomized study found
that simvastatin (20~40 mg) had no benefit for the progression
of symptoms in individuals with mild to moderate AD (124).
In contrast, a RCT showed that AD progressed more slowly (as
measured by the Mini-Mental State Examination) in patients
treated with simvastatin (80 mg/day) than placebo, over 26
weeks (121). Furthermore, this study showed that statins also
decreased levels of beta-amyloid in the cerebrospinal fluid of
patients with mild AD. In the 1-year follow-up of the Alzheimer’s
Disease Cholesterol-Lowering Treatment (ADCLT) trial study,
there were also positive effects for treatment outcomes between
32 patients receiving 1 year of atorvastatin (80 mg/day) and
31 receiving placebo (122). Atorvastatin significantly improved
memory performance as measured by the ADAS-Cog instrument
after 6 months of treatment in patients with mild to moderate
AD. These inconsistent results may be attributed by differences
in sample size, statin dosage, characteristics of the statin used
(lipophilic vs. hydrophilic), baseline lipid level, and assessment
tools used for cognitive function.

In summary, statins may reduce the incidence of AD (126).
However, RCTs assessing cognition in AD patients have yielded
inconsistent results (127). A key point emerging from this
research is the importance of the timing of statin treatment
for achieving benefits in AD. Because AD progresses over long
periods of time, future studies should include long-term follow-
up periods to enable detection of any effects of statin treatment
and might usefully focus early in the illness course, such as mild
cognitive impairment.

STATINS FOR OTHER
PSYCHIATRIC DISORDERS

There have been several clinical trials of statins for delirium
prevention or treatment in critically ill patients. Based on
the neuroinflammatory hypothesis of delirium, which is
characterized by acute release of inflammatory mediators during
critical illness, the pleiotropic effects of statins may prevent or
attenuate delirium due to their effects on neutrophil migration,
BBB injury, and inflammation (94, 128). However, a review of
the literature regarding the use of statins for delirium prevention
or treatment reveals no clear overall conclusions. Differential
effects of statins on neuroinflammation during delirium may
be due to treatment with lipophilic vs. hydrophilic statins. The
current study demonstrated that the use of a hydrophilic statin
(pravastatin) was associated with reduced delirium incidence
compared with a lipophilic statin (atorvastatin), but the reverse
has also been found (129). A recent comprehensive meta-analysis
found that statins did not reduce the incidence of delirium in
physically ill patients (130). There are many confounding factors
that might account for these inconsistent results, including
heterogeneity of study designs, variability of patient populations,
the multifactorial nature of delirium, inconsistent delirium
assessments, limited study power and lack of information
on co-administration of other neuropsychiatric medications.
Therefore, well-designed studies on delirium are still needed.

When considering bipolar disorder as a multisystemic
inflammatory disease (131), it is important to examine the effect
of statins on the manic phase as well as the depressive phase. An
RCT evaluating lovastatin as an adjuvant to lithium in patients in
the manic phase of bipolar disorder found that lovastatin neither
exacerbated nor improved manic symptoms (132). That study
suggested that the combination of statins with lithium is well-
tolerated in patients with bipolar disorder, without evidence of
exacerbation of mania by the antidepressant effects of statins.

ADVERSE EVENTS ASSOCIATED
WITH STATINS

The usual doses of statins are generally safe, being rarely
associated with clinically significant adverse events (133).
However, clinicians should know the general adverse events
when prescribing statins. Statin-associated muscle symptoms
(SAMs) are clinically important side effects of statins. SAMs are
the most common side effects, reported by 10-25% of patients
undergoing statin therapy, and are also the most common cause
of statin discontinuation (134-136). SAMs range in severity from
muscle cramps and weakness to creatine kinase (CK) elevation
and rhabdomyolysis. Severe muscle damage is relatively rare
among SAMs, but rhabdomyolysis should be distinguished from
neuroleptic malignant syndrome (NMS), which is a rare but life-
threatening disease that can occur with antipsychotic medication
(137). Recent studies have found that patients who experienced
non-severe SAMs can tolerate statins upon blinded re-challenge
(138-140). Many reported adverse events can be predicated
on expectancy and nocebo phenomena (141, 142). Therefore,
it is necessary to consider a comprehensive approach and
management such as patient assessment, treatment according to
severity, re-assessment and considering other treatment options
for SAMs (143). Neuropathy is most likely to develop after long-
term treatment, and it generally resolves after the discontinuation
of statins (144).

Statin use increased diabetes risk by 9-13% in a meta-
analysis of randomized trials (145). Additionally, high-dose
statins increased the risk of diabetes compared to that associated
with standard-dose statins (146). Predictors of new-onset
diabetes in patients treated with atorvastatin were baseline
fasting blood glucose level, body mass index, hypertension,
and fasting triglyceride level (147). However, a study on
diabetes risks associated with statin therapy showed that patients
lacking baseline risk factors (metabolic syndrome, impaired
fasting glucose level, body mass index >30 kg/m?, or HbAlc
>6%) did not develop diabetes (148). In addition, several
studies have suggested that statin-mediated prevention of
cardiovascular disease should receive more emphasis than the
risk of diabetes (149-151). Risk factors for diabetes should
be routinely evaluated before prescribing statins. L-carnitine
(500-1,000 mg twice daily) may prevent any increase in blood
sugar levels (152).

Although the serum levels of hepatic transaminases may
increase in patients taking statins, routine measurement of liver
enzyme levels is not required (153). Other possible physical
side effects of statins are hemorrhagic stroke, decreased renal
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function, tendon rupture, interstitial lung disease, and low
testosterone levels (154).

Risk for potential neuropsychiatric adverse events may also
be increased in the use of long-term high doses of statins.
Mood disturbance, sleep changes, cognitive impairment, and
suicide have been reported in patients taking statins, although
casual links are uncertain (69, 155-157). Clinicians should assess
neuropsychiatric adverse events associated with statin use.

The US Food and Drug Administration recently issued
a warning stating that statins could cause mild cognitive
impairment (158). Some case reports and several studies
have reported small cognitive decreases in patients on statin
therapy (159-161); other studies have found that statins
reduced cognitive decline in older adults (117, 162, 163). A
recent systematic review and meta-analysis found no significant
association between statin use and cognitive impairment (164,
165). Neurocognitive impairment following the initiation of
statins appears to depend on statin type; lipophilic statins are
associated with more cognitive impairments (159, 166), while
clinical trials using hydrophilic statins, which are less likely
to cross the blood brain barrier, did not show any significant
cognitive impairment.

It seems biologically plausible that lowering cholesterol levels
with statins could cause several changes in the serotonergic
system, which might lead to increased irritability and violent
ideation (167-169). Despite some case reports of mood
disturbance with statin use (170, 171), evidence of any
relationship between statins and mood is conflicting. It has
been suggested that statins might be associated with a higher
rate of sleep disturbance, especially for lipophilic statins (172,
173). Multi-methodological approaches using different databases
suggest that statin use was associated with an increased risk of
sleep disturbances (including sleep initiation and maintenance)
and parasomnias (173). However, there is no conclusive evidence
that any particular statin is more likely to cause sleep disturbances
than other statins, and a recent meta-analysis found that statins
exerted no significant adverse effects on sleep duration or
efficiency (155).

The literature regarding statin-associated suicide risk remains
limited, and there is no proven association between statin use
and increase in suicide (56). A Danish population-based study
(n = 642,058) showed that the SSRI-statin (citalopram 57.2%,
simvastatin 92%) group was associated with fewer psychiatric
hospital contacts and no increase in suicidal behavior compared
to populations who used SSRI alone (174). Overall, even if the
cholesterol-lowering effects of statins could be associated with
potential adverse events, there has been little conclusive evidence
of statins causing serious side effects that would outweigh the
advantages of this medication. Furthermore, the advantageous
anti-inflammatory actions of statins may alleviate any potential
negative effects of lower cholesterol.

DRUG INTERACTIONS OF STATINS

Metabolism of statins is complex, and begins with absorption,
followed by hepatic uptake, metabolism, and elimination (175).

Individual characteristics and multiple transporters acting on
each phase interact with concomitant medications, leading
to changes in serum concentrations of statins, may change.
Among multiple pathways, the role of the cytochrome P-450
(CYP) system has been most commonly described (133).
Most statins are metabolized by CYP 3A4. Exceptions include
fluvastatin and rosuvastatin, which are largely metabolized by
CYP 2C9 (176), and pravastatin, which is mainly metabolized
by renal clearance (177). Antidepressants, antipsychotics,
anxiolytics, and cognitive enhancers that are metabolized by
CYP isoenzymes can increase serum statin concentrations
by competing for catabolism and vice versa (176). Also,
inhibition and enhancement of the CYP isoenzymes by
psychotropic medications can increase or decrease serum
concentrations of statins. One case report described a 79-year-
old female prescribed nefazodone 300mg daily for 8 years,
who then took simvastatin 40 mg daily, and subsequently
developed rhabdomyolysis, perhaps attributable to potent
inhibition of CYP 3A4 by nefazodone (178). CYP status
must be evaluated when combining antidepressants and
statins (178).

Drug interactions between statins and antipsychotics
may influence the efficacy of antipsychotics through P-
glycoprotein 1 (P-gp), which is a transporter in the BBB and
regulates brain tissue for access of centrally acting drugs.
Both statins and some antipsychotic drugs are substrates of
P-gp (179). Thus, statins and antipsychotic agents may act
synergistically in terms of CNS access (180). The increased
CNS levels may improve psychotic symptoms in schizophrenia
patients (180).

DISCUSSION AND CONCLUSIONS

The degree of lipophilicity required to cross the BBB may
be associated with direct effects of statins on the brain,
as might their capacity to suppress peripheral cytokines.
Neuropsychiatric side effects of statins including neuropathy
and cognitive impairment may be more closely associated
with the lipophilic statins, probably because they are more
likely to cross the BBB. However, lipophilic statins such
as simvastatin have demonstrated effectiveness for improving
depression as well as the negative symptoms of schizophrenia.
Clinicians should be aware of these contradictory findings that
lipophilic statins are associated with a higher potential for
neuropsychiatric adverse events as well as increased efficacy
for psychiatric symptoms when selecting the type of statin
to prescribe.

The half-life of cholesterol in the adult brain ranges
from 6 months to 5 years; in contrast, the half-life of
plasma cholesterol is only a few days. Thus, any brain lipid-
lowering effect of statins may be very slow (13, 181). Statins
exert anti-inflammatory and anti-oxidant effects, which may
explain their benefits in patients with various psychiatric
disorders. Therefore, for psychiatric patients, high-dose long-
term statin therapy may be required. Future long-term
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studies should explore the effects of statins in various
psychiatric disorders.

In conclusion, statin therapy appears to be safe in the majority
of patients, and the benefits of statin use far outweigh the
potential risks. Statins used with conventional psychotropic
medications may be effective in various psychiatric disorders
including depression, schizophrenia, and the risk for dementia.
Statins seem useful in reducing depression, particularly in
patients with physical disorders. In patients with schizophrenia,
negative symptoms may be reduced by adjuvant statin therapy.
Studies on cohorts at risk for dementia have generally shown
protective effects of statins, while those on treatment for
dementia show inconsistent results. Further study is required
to investigate optimal statin dose and duration of use. In
addition, population studies using statins are ideal candidates
for further investigations of the efficacy of statins in mitigating
the risk and prevention of psychiatric conditions and their
cardiovascular comorbidities.
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