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Abstract

Background

The relationship between toxoplasma gondii (T. gondii) infection and bipolar disorder (BD) is
poorly understood. This review explores this relationship by estimating the strength of the
association between the two conditions using data from published studies.

Methods

Following PRISMA guidelines, we performed a review and meta-analysis of published articles
obtained from a systematic search of PubMed, PsycINFO, EMBASE and the Cochrane library up to
January 10th, 2021. We included observational studies that compared seroprevalence of IgG class
antibodies against T. gondii in patients with a diagnosis of BD with healthy controls. We excluded
studies that included <10 participants in each study arm and patients with a serious concomitant
medical illness. Discrepancies between the two independent researchers were resolved by
consulting a third experienced researcher. Summary data were extracted from published reports.
Analysis was conducted using both fixed-effects and random-effects models. The study is registered
with PROSPERO number CRD42021237809.

Findings

The search yielded 23 independent studies with a total of 12690 participants (4021 with BD and
8669 controls). Persons with BD had a greater odd of seropositivity with toxoplasmosis than
controls, both in the fixed-effects model (OR=1.34 [95%CI: 1.19 to 1.51] and the random-effects
model (OR=1.69 [95%CI: 1.21 to 2.36]. No publication bias was detected but reported results
showed a high heterogeneity (12=84% [95%CI1:77% to 89%]).

Interpretation

The findings support the relationship between toxoplasmosis infection and BD and suggests a need
for studies designed to explore possible causal relationship. Such studies may also improve our
understanding of the pathophysiology of BD and open other avenues for its treatment.
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Research in context

Evidence before this study

Recent systematic reviews and meta-analysis have examined the relationship

between T. gondii infection and various psychiatric disorders. The results of these studies
suggest that toxoplasmosis is an associated factor for schizophrenia, addiction, but not for major
depression.

T. gondii relationship with bipolar disorder (BD) is still relatively understudied. Three previous
meta-analyses were performed and only 2 highlighted a statistically significant association while
the third shows a positive association that does not reach statistical significance. Since data was
small and the observed association is weak, the question remains still open. If this association
will be confirmed it could represent an important target for public health purpose in geographical
area where the infection is endemic.

A double search was performed 1) Bipolar Disorder AND toxoplasmosis, 2) Bipolar Disorder
AND Toxoplasma on the following databases: PubMed/Medline; EMBASE; PsycINFO and the
Cochrane library. No time restriction was applied; the cut-off date was January 10, 2021.

Added value of this study

This meta-analysis, including 23 studies and 12690 participants, represents a major update and
extension of previous studies and provides the best currently available evidence about the
relationship between toxoplasmosis infection and BD. Patients with BD have an increased
chance of being found seropositive with toxoplasmosis than controls, irrespectively of major
characteristics of the studies such as age, gender ratio, overall sample size, or methodological
quality.

Implications of all the available evidence

Our findings of a higher frequency of Toxoplasma gondii infection in patients diagnosed with
BD than in healthy controls highlight a risk that cannot be overlooked, especially in countries
where toxoplasmosis is endemic and widespread. A more accurate assessment of patients with
BD for potential parasitosis at their first contact is needed. This is particularly important since
toxoplasmosis can have a chronic course and lead to severe consequences, such as encephalitis in
immunocompromised individuals, vision loss because of posterior uveitis, and pregnancy loss. A
deeper investigation of the potential neurobiological effects of the Toxoplasma gondii infection
on the brain may provide some new understanding of the etiology of BD and may open new
avenues of treatment.



Introduction

T. gondii is an intestinal coccidium that parasitizes cats and has a wide range of intermediate
hosts. It has been found worldwide, and nearly one-third of humans have been exposed to the
parasite, with prevalence rates that vary from 8% to 90% between countries (Aguirre et al.,
2019]. Central and Southern Europe, Latin America and tropical African countries are the areas
most affected (Robert-Gangneux and Dardé, 2012). Most common forms of the infection in
humans are asymptomatic but, in some conditions, including immunocompromised patients and
congenitally infected fetuses and newborns, the infection may cause severe diseases (Weiss et
Dubey, 2009). In immunocompetent individuals, due to specific brain tissue tropism where the
parasite, forming cysts, can survives in latent intracellular stages. According to some
hypotheses T. Gondii could play various roles in the etiopathogenesis of different mental
disorders and neuropsychiatric symptoms (Dalimi and Abdoli, 2012). The manipulation
hypothesis states that a parasite may be able to alter the behavior of a host for its own selective
benefit by enhancing its transmission rate (Webster, 2001). Studies on rats and mice have
demonstrated that T. gondii causes a decrease in neophobic (the innate fear of novelty) and
predator vigilance behavioral traits, turning rodents’ innate aversion into a ‘suicidal’ fatal feline
attraction (Webster, 2007). Humans may become infected with the parasite accidentally, and any
behavioral alterations induced may be termed as parasitic ‘constraint’ (Moore et al., 1990).
Several mechanisms have been hypothesized through which infection might influence host
behavior, which range from inflammation in the brain to changes in hormones or
neurotransmitters (Johnson S. K. and Johnson P., 2021). These biological alterations may lead to
behavioral changes and to uncover psychiatric symptoms. Recent systematic review and meta-
analysis have examined the relationship between 7. gondii infection and various psychiatric
disorders. The results of these studies suggest that toxoplasmosis is an associated factor for
schizophrenia (OR 1.81; P <0.00001) (Sutterland et al., 2015), epilepsy (OR 2.25; P =0.005)
(Ngoungou et al. 2015), addiction (OR 1.91; P<0.00001) (Johnson S. K. and Johnson P., 2021).,
OCD (OR 1.96; 95% CI: 1.32-2.90) (Nayeri et al., 2019) but not for major depression (OR 1.21;
P=0.28) (Johnson S. K. and Johnson P., 2021).; (OR 1.36; 95% IC: 0.58-3.22) (Wang et al.
2014).

Bipolar Disorder (BD) is a complex and heterogeneous mental illness marked by shifts in a
person mood, energy and behavior. It is characterized by severe features including an early age
of onset, a chronic outcome and an important suicidal risk (Oswald et al., 2007). Lifetime

prevalence for BD is estimated at 1.02% (95% CI, 0.81%- 1.29%) with rates that vary



significantly across studies and geographical regions (Moreira et al., 2017). Considering a
dimensional composition of the bipolar spectrum that comprises less marked manifestations,
estimated lifetime prevalence rates range from 2.8 to 6.5% (Bauer and Pfennig, 2015). A current
paradigm for the etiopathogenesis of BD postulates the emergence of the illness as a result of an
interaction between genetic and epigenetic factors (Kalcev et al. 2021) with environmental
influences (Rybakowski, 2021). In contrast to its well-documented relationship with
schizophrenia and other psychiatric disorders, T. gondii relationship with BD is still relatively
understudied. Three previous meta-analyses were performed on the topic and only 2
demonstrated a statistically significant association (De Barros et al., 2017; Sutterland et al.,
2015), while the third shows a positive association that does not reach statistical significance
(Snijders et al., 2019). Since data was small and the observed association is weak, the question
remains still open. If this association will be confirmed it could represent an important target for
public health purpose in areas where infection is endemic. The objective of this study is to
evaluate whether Toxoplasma gondii infection is more prevalent in BDcompared with healthy
controls by performing a systematic review and meta-analysis of published studies. We will
explore the heterogeneity of the studies by looking at potential moderators, biases and limits of
the reported findings and, using the reported findings to highlight possible future research on the

topic.

Methods

Search strategy and selection criteria

The systematic review is guided by the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Moher et al., 2009) and is registered on Prospero with the
number CRD42021237809-31/03/2021. A double search was performed 1) Bipolar Disorder
AND toxoplasmosis, 2) Bipolar Disorder AND Toxoplasma on the following databases:
PubMed/Medline (https://pubmed.ncbi.nlm.nih.gov/), EMBASE (https://www.embase.com/),
PsycINFO (https://www.apa.org/pubs/databases/psycinfo), and the Cochrane library
(https://www.cochranelibrary.com/).

Search cut-off date was 10 January 2021. Pre-specified inclusion criteria were: (1) original
research, published in a peer-reviewed journal; (2) published in English, (3) human
observational comparative studies, comparing (4) patients with a current diagnosis of BD
(defined using DSM-V, ICD-10 or other specified criteria) with (5) healthy controls, (6) >10
participants in each study arm; (7) measuring the seroprevalence of IgG class antibodies against
HSV-1, HSV-2, EBV, CMV or T. gondii according to validated serologic procedures; and (8)

no time restrictions.



We included studies published in a peer-reviewed journal. Grey literature were excluded.
Indeed, there is evidence that selection bias is higher in unpublished literature than in published
literature (Egger et al., 2003; Ferguson and Brannick, 2012).

Duplicates across databases were excluded, as were articles repeating previously reported
results of a trial or based on overlapping samples. Titles and abstracts were inspected (TIAB)
to exclude unrelated articles (i.e., studies on animals) (Figure 1: PRISMA Flow chart). Included
articles were then carefully read to decide whether they matched the inclusion criteria.
Discrepancies between the two blind researchers (GC and AP) were resolved consulting a third
experienced researcher (MGC). The references of the retrieved articles and of the extracted
reviews on the topic were also scanned to identify potentially missed studies. At the end of this
procedure, 23 independent studies were included in the systematic analysis and the subsequent
meta-analysis (Figure 1: PRISMA Flow chart). From the included studies, the two researchers
who conducted the search extracted the following variables: authors and year of publication of
the study; location of the study; criteria and instrument for BD diagnosis; criteria for diagnosis
of toxoplasmosis; sample size; sample mean age; sample gender ratio; number of cases positive
for toxoplasmosis in the sample. Quality assessment was performed according to the Quality
Assessment Tool for Observational Cohort and Cross-Sectional Studies (nhlbi.nih.gov/health-
topics/study-quality-assessment-tools). Discrepancies in extraction of data were resolved by

discussion within the research team.



Fig. 1

Identification of studies via databases and registers

Identification of studies via other methods

Identification

Screening

€

Included

Records identified from:
Databases (n =402)
Registers (n =0)

Records removed before
screening:
Duplicate records removed (n
=235)
Records marked as ineligible
by automation tools (n =0)
Records removed for other
reasons (n =0)

Records screened
(n=167)

Records excluded*
(n=109)

Reports sought for retrieval
(n =58)

\ 4

Reports not retrieved
(n =2)

Records identified from:
Websites (n =0)
Organizations (n =0)
Citation searching (n =2)
etc.

A 4

Reports sought for retrieval
(n =2)

Reports assessed for eligibility
(n =56)

v

Studies included in review
(n =23)

Reports of included studies
(n=0)

Reports excluded:

Escluded due to overlapping casesin
studies (n =4)

Excluded for not meeting
diagnostic specificity (n =7)
Excluded for not providing
Toxoprevalence data (n =16)
Unpublished studies retrieved (n
:1)

Excluded for not having HC (n =4)
Review (n=3)

Reports assessed for eligibility
(n=2)

J

A\

Reports not retrieved
(n=0)

Reports excluded:
(n=0)

* Articles unrelated to the research topic excluded blind by GC and AP. From: Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71. For more information, visit: http://www.prisma-statement.org/




Data analysis

The analysis was carried out in R version 4.0.2 (R Core Development Team, 2015) with the
‘meta’ package (Balduzzi et al. 2019) and the ‘metafor’package (Viechtbauer, 2010). The
outcome of the meta-analysis was the proportion of cases that were found positive for
toxoplasmosis according to the method that was used in the study. All proportions were
estimated with the variance-stabilizing Freeman and Tukey double arcsine transformation
(Murray et al., 1950), since there is evidence that it outperforms other proposed methods (e.g.,
logit transformation) of estimating prevalence, especially when the proportion of cases is
expected to be small (Barendregt et al., 2013).

Comparison by diagnosis was carried out by odds ratio (OR), which was calculated with the
Mantel-Haenszel method with continuity correction of 0.5 in studies with zero cell frequencies.
The inverse variance method was used for pooling (Fleiss, 1993). The tau-squared (t2)
statistics was used to calculate between studies variance and variance of the effect size
parameters across the population. The 12 reflects the variance of the true effect sizes: the lower,
the better. Calculation was done with the Empirical Bayes estimator (Veroniki et al., 2016); its
95% CI was calculated by using the Q-Profile method (Viechtbauer, 2010) with Knapp and
Hartung correction (Knapp and Hartung, 2003). Both fixed-and random-effects summary
estimates were reported, along with a corresponding 95% confidence interval (CI) for each
outcome in forest plots.Forest plots are based on package 'meta’ with an adaptation courtesy of
Guido Schwarzer.

Heterogeneity was assessed with Cochran’s Q and I? statistics (Huedo-Medina et al., 2006).
The higher the 12, the greater the impact of the variance in true effects. Values of 1> between
30% and 60% were considered indicative of moderate heterogeneity; values above 75% were
considered indicative of substantial heterogeneity (Higgins et al., 2019). The funnel plot, the
Egger’s test (Egger et al. 1997), and the Begg’s test (Begg and Mazumdar, 1994) were used

as a proxy index of bias in publication. The radial plot was used to assess model adequacy
(Galbraith, 1994), and effect size sampling variance. For each study, the observation of a

large standardized residual (above 2, as a rule of thumb) suggests that the study does not fit
the assumed model (i.e., it may be an outlier). We used meta-regression techniques to

evaluate the impact of the following clinical variables: gender ratio, mean age of the sample,

overall sample size, and thequality of the study.

Role of the funding source

The funder of the study had no role in study design, data collection, data analysis,



data interpretation, or writing of the report.

Results

Overall, 23 studies were found (Tab.1) with details about the proportion of cases with
toxoplasmosis in samples of patients diagnosed with bipolar disorder and a comparison with
healthy controls. These studies were: 4 from US (Frye et al., 2019; Parks et al., 2018;; Tanaka et
al., 2017; Yolken et al., 2017), 7 from Europe (France: 3 (Hamdani et al., 2015; Hamdani et al.,
2018); Germany: 3 (Gerber et al., 2012; Hinze-Selch, et al., 2010; Oliveira et al., 2017; Stich et
al. 2015); The Netherlands: 1 (Snijders et al., 2019)), 4 from Asia (China: 3 (Chen et al., 2019;
Xiao et al., 2010; Xu et al., 2020)); India: 1 (Sundaresh et al., 2018)), 5 from Middles East or
Arabic countries (Iran: 4 (Abdollahian et al., 2017; Dalimiasl et al., 2016 Khademvatan et al.,
2014; Kheirandish et al., 2016); Saudi Arabia: 1 (Afifi et al., 2018)), 2 from Africa (Egypt: 1
(Hussein et al., 2020); Ethiopia: 1 (Tedla et al., 2011)), 1 from Mexico (Alvarado-Esquivel et al.,
2019). Clinical diagnosis was carried out according to the DSM criteria in 15 studies (DSM-IV
in 14 studies (Afifi et al., 2018; Chen et al., 2019; Frye et al., 2019; Gerber et al., 2012;
Hamdani et al., 2015; Hamdani et al., 2018; Khademvatan et al., 2013; Oliveira et al., 2017,
Snijders et al., 2019; Stich et al., 2015; Sundaresch et al., 2018; Tanaka et al., 2017; Xu et al.,
2020; Yolken et al., 2017), DSM-5 in 1 study (Hussein et al., 2020). In the remaining studies,
the ICD-10 criteria were used in 3 studies (Alvarado-Esquivel et al., 2019; Hinze-Selch et al.,
2010; Tedla et al., 2011), and 5 studies applied clinical criteria without detailing the procedure
for the diagnosis (Abdollahian et al., 2017; Dalimiasl et al., 2016; Kheirandish et al., 2016;
Parks et al., 2018; Xiao et al., 2010). Overall, patients with bipolar disorder included in the
meta-analysis were 4021 (range per study: 30 to 1207; mean per sample: 175+254); healthy
controls were 8669 (range: 20 to 2634; mean per sample: 377+602). The mean age of the
combined sample was 40.5 (£5.1; range: 32.6 to 49.4), the average proportion of males in the
samples was 49% (+10%; range: 28% to 77%). There were 984 patients with bipolar disorder
who were found positive for toxoplasmosis (range: 3% to 95%; mean per sample: 37%+29%;
median: 30%); in healthy controls, 1178 were found positive for toxoplasmosis (range: 2% to
87%; mean per sample: 28%+23%; median: 21%). Studies that were done in Europe
(48%+34%) or the Middle East or Arabic countries (43%+23%) had higher positivity for
toxoplasmosis in patients than studies done in Asia (21%+13%) or US (14%+6%), although
without reaching the threshold for statistical significance: F[3;16] =2.19, p=0.13.

The effect was more evident in controls: Europe (38%+20%), the Middle East/Arabic countries
(37%=£18%), Asia (7%+4%), US (11%+6%): F[3;16] = 5.29, p=0.011. No other characteristic of

the studies was associated with the positivity of toxoplasmosis in the samples.



The probability of being found positive for toxoplasmosis was higher in patients diagnosed with
bipolar disorder than in healthy controls (Figure 2) in both the fixed-effects model (OR=1.34
[95%CI: 1.19 to 1.52]; z=4.85; p<0.0001) and the random-effects model (OR=1.69 [1.21 to
2.37]; z=3.22; p=0.0039). Heterogeneity was substantial: 12=0.449; Q=133.7; df=22; p<0.0001;
12=84% (77% to 89%). No publication bias was detected by the Egger’s test (t=1.95; df=21;
p=0.065) or the Begg’s test (z=0.32; p=0.75). The funnel plot was reasonably symmetric (Figure
A2a/A2b in supplementary material).

However, the radial plot indicated that three studies scored outside two standard deviations from
the estimated mean in the sample, with the studies of Chen et al., 2019, Afifi et al.,2018, and
Frye et al., 2019 being four standard deviations outside the mean estimation in the sample
(Figure A3 in supplementary material). When repeated by excluding these three outliers, patients
with bipolar disorder still had a higher chance of being found positive for toxoplasmosis than
controls (Figure A4). There was a modest decrease of the heterogeneity after the exclusion of the
three influential points (1>=59% [32% to 75%]), and a more important decrease of 12 (0.041),
indicating a better estimate of the true effect (Figure A4).

There was no impact of age (beta=-0.05; s.e.=0.04; t=-1.42; df=17; p=0.17; amount of
heterogeneity accounted for: 7%), gender ratio (F[1;17] = 1.29, p =0.27; amount of
heterogeneity accounted for: 2%), or overall sample size (beta=-0.001; s.e.=0.001; t=-1.87;
df=21; p=0.08; amount of heterogeneity accounted for: 13%), neither the quality of the studies
(fair vs. poor) (Tab. A1) had any impact on the OR estimates (F[1;21] = 0.04, p =0.85; amount
of heterogeneity accounted for: 0%).

We also explored in a series of sensitivity analyses the role of the geographical location of the
studies, of the design (cross-sectional vs. case-control), and of the type of assay used to ascertain
the positivity for toxoplasmosis. We compared studies that were done in Europe (n=7), the US
(n=4), Asia (n=4), and the Middle East or Arabic countries (n=5). No effect of the geographical
location of the studies was found on the OR, but a modest effect on the heterogeneity (F[3;16] =
2.33, p=0.11; amount of heterogeneity accounted for: 22%). No effect was found on the OR
between the 10 studies with a cross-sectional design and the 13 studies that adopted a case-
control design (F[1;21] =2.77, p=0.11; amount of heterogeneity accounted for: 10%).

We also found no effect on the OR between the 9 studies that used Elisa to test for
toxoplasmosis and the 12 studies that used an enzyme immunoassay (F[1;19] = 2.62, p=0.12;

amount of heterogeneity accounted for: 10%).



Table 1 Characteristics of the included studies

Author, year Country Design Sample Age Male % Diagnosis Toxo test RR; 95%-CI
Hinze-Selch, 2010 Germany Cross-sectional BD 87, HC 214 46.3 Na ICD-10 Spot Immunofluorescence 0.55;[0.26; 1.13]
Xiao, 2010 China Cross-sectional BD 49, HC 2634 Na Na Na ELISA 1.92;[0.82; 4.47]
Tedla, 2011 Ethiopia Case-control BD 199, HC 80 Na 52.8% ICD-10 1gG serology (unspecified) 1.09; [0.99; 1.20]
Gerber, 2012 Germany Cross-sectional BD 30, HC 20 42.6 40% DSM-IV Enzyme immunoassay 0.67; [0.04; 10.05]
Khademvatan, 2013 Iran Cross-sectional BD 117, HC 200 33.9 59% DSM-IV ELISA 1.19; [0.84; 1.70]
Hamddani, 2014 France Cross-sectional BD 42; HC 36 44.8 53% DSM-1V Enzyme immunoassay 1.67;[1.20; 2.32]
Stich, 2015 Germany Case-control BD 40; HC 26 483 37,5% DSM-IV Enzyme immunoassay 1.36; [0.77; 2.41]
Dalimiasl, 2016 Iran Case-control BD 37; HC 75 Na 42% Na ELISA 1.50; [0.98; 2.29]
Kheirandish, 2016 Iran Case-control BD 85, HC 170 37.2 57.1% Na ELISA 1.03; [0.86; 1.22]
Oliveira, 2016 France Case-control BD 138; HC 167 43.6 48.6% DSM-IV Enzyme immunoassay 1.28; [1.09; 1.51]
Abdollahian, 2017 Iran Case-control BD 70; HC 350 38 Na DSM-IV ELISA 1.38; [1.03; 1.83]
Tanaka, 2017 USA Cross-sectional BD 32; HC 32 38.72 14% DSM-IV Enzyme immunoassay 1.17;[0.44; 3.09]
Yolken, 2017 USA Case-control BD 444; HC 571 37.5 28.4% DSM-1V Enzyme immunoassay 1.84;[1.21; 2.78]
Sundaresh, 2018 India Case-control BD 150; HC 153 32.95 48% DSM-1V Enzyme immunoassay 3.33; [1.08; 10.29]
Chen, 2018 China Case-control BD 115; HC 681 38.83 Na DSM-IV Enzyme immunoassay 10.02; [5.20; 19.32]
Hamdani, 2018 France Cross-sectional BD 124; HC 135 44.2 47.2% DSM-IV Enzyme immunoassay 1.31; [1.10; 1.56]
Afifi, 2018 Saudi Arabia Cross-sectional BD 40; HC 25 32.6 47.5% DSM-5 ELISA 0.47;[0.32; 0.68]
Parks, 2018 USA Cross-sectional BD 420; HC 234 43.2 48,1% Na Enzyme immunoassay 1.79; [0.91; 3.50]
Alvarado-Esquivel, 2019 Mexico Case-control BD 66; HC 396 40.05 50% ICD-10 Enzyme immunoassay 1.64; [0.69; 3.88]
Frye, 2019 USA Case-control BD 1207; HC 745 432 38,5% DSM-1V Enzyme immunoassay 0.70; [0.54; 0.90]
Snijders, 2019 Holland Cross-sectional BD 760; HC 132 49.41 44.1% DSM-IV ELISA 0.84; [0.60; 1.17]
Hussein, 2020 Egypt Case-control BD 57; HC 50 34.65 77.2% DSM-1V ELISA 1.75;[1.07; 2.86]
Xu, 2020 China Case-control BD 356; HC 1552 Na Na DSM-IV ELISA 1.95; [1.43; 2.66]

BD: Bipolar disorder; HC: healthy control; Na: not available; ICD-10: International Classification of Diseases; DSM-IV/5: Diagnostic and Statistical Manual of Mental Disorders; ELISA: Enzyme-linked immunosorbent assay
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Discussion

We found in a meta-analysis including 4021 patients diagnosed with BD and 8669 healthy controls,
extracted from 23 independent samples (Tab.1), that the probability of being found positive for
toxoplasmosis was higher in patients diagnosed with BD than in healthy controls. No study

characteristics impacts on the difference between patients with BD and controls.

This is the first meta-analysis that includes a large number of studies specifically addressing the
relationship between bipolar disorder and toxoplasmosis. Our results corroborate previous studies
of De Barros et al., 2017 (k=8; OR 1.26; 95% CI 1.08-1.47; p=0.004), Sutterland et al., 2015 (k=11;
OR 1.52; 95% CI 1.06-2.18; p=0.002) and Snijders et al., 2019 (k=11; OR 1.40; 95% CI1 0.95-1.90;
p=0.009) that started to investigate this association.

Several mechanisms have been investigated as potential causal link between chronic
toxoplasmosis infection and occurrence of neuropsychiatric illnesses (Chaudhury and Ramana,
2019), typically focused on one of three domains: generalized inflammation, alteration in
endocrine signaling, and changes in neurotransmitter pathways (Johnson S. K. and Johnson P.,
2021). Even though the cysts are distributed throughout the brain and selective tropism of the
parasite toward a particular functional system has not been observed, however some brain
regions are consistently more infected than others, including the hippocampus and the amygdala
(McConkey et al., 2013; Berenreiterova et al., 2011). Alteration of the structure and function of
corticolimbic circuits, which are involved in the modulation of impulsivity and aggression, could
be responsible for behavioral changes observed in infected animals and humans (Coccaro et al.,
2011; Coccaro et al., 2016). Genomic sequencing of T.gondii DNA has shown two genes
encoding tyrosine hydroxylase which metabolizes phenylalanine and tyrosine with an
overproduction of dopamine in tissue cysts of Toxoplasma (Zhang et al., 2020). This might
explain the association between chronic toxoplasmosis and positive symptoms in schizophrenia
and bipolar disorder. Another study noted increased extracellular glutamate and downregulation
of glutamate transporter GLT-1 in astrocytes during toxoplasma chronic infection. Dysregulation
of glutamate homeostasis can cause neuro excitotoxicity responsible for network connectivity
alterations shown in EEG recording (David et al., 2016). Chronic T. gondii infection is
characterized by increased levels of pro-inflammatory cytokines such as tumor necrosis factor-a
(TNF-a), interleukin-12 (IL- 12), and IL-1p (Dogruman-Al et al., 2011; Meira et al., 2014). It
seems that there exist specific patterns of increased levels of cytokines in different phases of
bipolar disorders: the pro-inflammatory cytokines including IL-2, IL-6, and IL-8 and interferon
(IFN)-y are increased during mania, whereas only IL-6 is increased during depressive episodes

(Brietzke et al., 2009). These data suggest that mostly manic phase of bipolar disorder is



associated with a persistent and chronic pro-inflammatory state (Kim Y. K. et al., 2007). Another
possible mediator could be the kynurenic acid (KYNA), an astrocytic harmful metabolite of
tryptophan activated in T. gondii infection that alter dopaminergic and glutamatergic
neurotransmission, which were found elevated in patients with schizophrenia (Schwarcz and
Hunter, 2007). A recent meta-analysis suggests that a dysregulation of the kynurenine pathway
occurs in bipolar disorder. Individuals with a manic episode showed a greater reduction in
tryptophan levels, whereas kynurenic acid levels were more reduced among subjects in a
depressive phase (Bartoli et al., 2021). The vesicles produced by toxoplasma in neurological
locations have also been found to contain large amounts of thymosin beta4 (Pope and Lésser,
2013), a small peptide involved in neural maturation, angiogenesis, cell migration as well as in
estrogen and progesterone derived hormones regulation and sleep disturbance (Carta et al.,
2021). Blood levels of this peptide have been found to be altered in both depressive and bipolar
disorders (Kim H. et al., 2021). The main strength of this meta-analysis is the inclusion of a
larger set of studies than in previous investigations on the topic and the use of state-of-the-art
statistical procedures in the conduction of the analyses. Moreover, no publication bias was
detected in the global sample of studies included inthe meta-analysis, suggesting some
confidence in the retrieved results. However, some caveats have to be taken into account. Some
of the included studies (Gerber et al., 2012; Tanaka et al.,2017) have small sample size with very
few subjects found positive for toxoplasmosis which implies little statistical power. Results were
associated to a high heterogeneity (1°’=83%), which was not explained by the characteristics of
the sample (the composition of the sample by age and gender) neither by the quality of the
studies. None of the included studies quantified the extent of the infection or any possible
neurological damage of toxoplasmosis with neuroimaging and their correlation with psychiatric
disorders and symptoms. None of the included studies analyzed the psychotropic drugs as a
possible confounding, even though the in-vitro antiprotozoal activity is well established for some
drugs such as valproic acid, zuclopenthixol and haloperidol (Jones-Brando et al., 2003; Fond et
al., 2014). Furthermore, these studies considered the prevalence of toxoplasmosis using
categorial diagnosis such as those based on ICD or DSM criteria, with none exploring symptom
and behavioral dimensions that could possibly lead to a better characterization of the
psychopathological problems related to toxoplasmosis. The retrospective and cross-sectional
nature of the included studies prevents any assessment of the direction of causality, so it also
cannot be totally excluded the possibility that the co-occurrence of toxoplasmosis infection and
bipolar disorder (or other mental health disorders) reflects from sharingsimilar sociodemographic

risk factors (e.g. to live in deprived areas (Kroon et al., 2013; Bigna et al., 2020) or that suffering



from a mental illness could lead to lifestyles (eating habits; hygiene) that increase the risk of
becoming infected (reverse causation) (Thebault et al., 2021).

Despite the limitations, this meta-analysis indicates a higher chance of Toxoplasma gondii
infectionin patients diagnosed with BD than in healthy controls. This indicates the need for
accurate assessment of patients with BD for potential parasitosis at their first contact. This is
particularly important since toxoplasmosis can have a chronic course and lead to severe
consequences, such as encephalitis in immunocompromised individuals, vision loss because of

posterior uveitis, and pregnancy loss.

Longitudinal studies have the potential to help unravel the possibility that lifestyles andhealth
behaviors of patients with BD are the basis of their higher risk to have toxoplasmosis infection
or that the BD results from a disruption in neural circuits caused by the Toxoplasma gondii
infection. Also, a deeper investigation of the potential neurobiological effects of the
Toxoplasma gondii infection on the brain may provide some new understanding of the etiology
ofBD and, as well, may open new avenues of treatment. A better investigation of this link in
longitudinal studies will be worth exploring since it may clarify the pathophysiology of BD

and open avenues for its treatment.
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Supplementary material

Table Al
Quality Assessment Tool for observational cohort and cross-sectional studies (National Heart,
Lung, and Blood Institute, 2013)
1 2 3 4 | 5 6 7 8 | 9 10 11 12 13 | 14 15 16 17 18 19 20 21 22 23
Hinze- Xiao Tedla Gerber [Khademv|Hamda Stich |Dalimiasl [Kheiran |Oliveira [Abdolla |Tanaka | Yolken [Sundare Chen | Hamdani|  Afifi Parks |Alvarado{ Frye Snjiders |Hussein Xu
Selch 2010 2011 2012 atan ni 2014 2015 2016 dish 2016 hian 2017 2017 sh 2018 2018 2018 2018 Esquivel 2019 2019 2020 2020
2010 2013 2016 2017 2018 2019
1.
\% \% \ \% \ \% \% \% \% \ \ \% \ \ \% \% \ \ \ \% \% \% \
2.
\% \% \% \% \% \% \% A% \% \% \'% \% \% \'% \% \% X \% \'% \% \% \% \%
3.
NR NR NR NR NR NR \% NR NR NR NR NR NR NR | NR NR | NR NR NR NR NR NR NR
4.
\% \% \% \% \% \% \Y A% \% \% \'% \% \% \% \% \% \% \'% \'% \% \% \% \%
5.
X X X \% X X \% X X \'% X \Y X X X \% X \'% X X \% X \%
6.
X X X X X X X X X X X X X X X X X X X \% X X X
7.
X X X X X X X X X X X X X X X X X X X X X X X
8.
\% X X X X X \% X X X X \% X X X \% X X X \% \% X X
9.
\% \% \% \% \% \% A% A% \% \% \% \% \% \% \% \% \% \'% \'% \% \% \% \%
10.
X \% X X X X \% X X X X X X X X X X X X X X X X
e \% \% \% \% \ \% \% \% X \ \ \% \ \% \% \% \ X \ \% \% \% \%
12.
NR NR NR NR NR NR NR NR NR NR NR X NR NR | NR NR [ NR \% NR NR NR NR NR
13. NA NA NA NA NA NA NA NA NA NA NA NA NA NA | NA NA | NA NA NA NA NA NA NA
lox X x| v ]| x| x| x X x| v | x| x| v x| x| v]| x| x| x| v]| v X | x
Mean fair fair fair fair fair fair fair fair poor fair fair fair fair fair | fair fair | poor fair fair fair fair fair fair

QUALITY RATING: 0-4 poor/5-10 fair/11-14 good. V=Yes; X=NO; NR=Not reported; NA= Not Applicable

1. Was the research question or objective in this paper clearly stated?

2. Was the study population clearly specified and defined?

3. Was the participation rate of eligible persons at least 50%?

4. Were all the subjects selected or recruited from the same or similar populations?

5. Was a sample size justification, power description, or variance and effect estimates provided?

6. For the analyses in this paper, were the exposure(s) of interest measured prior to the outcome(s) being measured?

7. Was the timeframe sufficient so that one could reasonably expect to see an association between exposure and outcome if existed?

5. For exposures that can vary in amount or level, did the study examine different levels of the exposure?

b. Were the exposure measures (independent variables) clearly defined, valid, reliable, and implemented consistently across all study participants?
10. Was the exposure(s) assessed more than once over time?

11. Were the outcome measures (dependent variables) clearly defined, valid, reliable, and implemented? consistently across all study participants?
12. Were the outcome assessors blinded to the exposure status of participants?

13. Was loss to follow-up after baseline 20% or less?

14. Were key potential confounding variables measured and adjusted statistically for their impact on the relationship? between exposure(s) and outcome(s)?
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Fig. A2b

Standardised treatment effect (z-score)

Egger's regression test: t = 1.945 df = 21 p-value = 0.065
Begg's regression test: z = 0.317 p-value = 0.751
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Fig A4

Bipolar disorder Controls Weight Weight
Study Positive Sample Positive Sample Risk Ratio RR 95%-Cl (common) (random)
Hinze-Selch, 2010 8 87 36 214 —'—-E 0.55 [0.26; 1.13] 3.2% 2.5%
Xiao, 2010 5 49 140 2634 T 1.92 [0.82; 4.47] 0.8% 1.9%
Tedla, 2011 163 171 62 71 ' 1.09 [0.99; 1.20] 13.4% 10.2%
Gerber, 2012 1 30 1 20 E 0.67 [0.04; 10.05] 0.2% 0.2%
Khademvatan, 2013 37 117 53 200 ——':— 1.19 [0.84; 1.70] 6.0% 6.0%
Hamdani, 2014 37 42 19 36 - 1.67 [1.20; 2.32] 3.1% 6.4%
Stich, 2015 21 40 10 26 ——:'— 1.36 [0.77; 2.41] 1.9% 3.5%
Dalimi, 2016 20 37 27 75 ra— 1.50 [0.98; 2.29] 2.7% 5.0%
Kheirandish, 2016 60 85 117 170 E 1.03 [0.86; 1.22] 12.0% 9.1%
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Snijders, 2019 44 144 48 132 = 0.84 [0.60; 1.17] 7.7% 6.3%
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