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ABSTRACT (245/250)

Bipolar disorder (BD) and schizophrenia (SZ) are associated with higher odds of suicide attempt (SA). In
this study, we aimed to explore the effect of BD and SZ genetic liabilities on SA, also considering the
contribution of behavioral traits, socioeconomic factors, and substance use disorders. Leveraging large-
scale genome-wide association data from the Psychiatric Genomics Consortium (PGC) and the UK Biobank
(UKB), we conducted a two-sample Mendelian randomization (MR) analysis to evaluate the putative
causal effect of BD (41,917 cases, 371,549 controls) and SZ (53,386 cases, 77,258 controls) on SA (26,590
cases, 492,022 controls). Then, we assessed the putative causal effect of BD and SZ on behavioral traits,
socioeconomic factors, and substance use disorders. Considering the associations identified, we evaluated
the direct causal effect of behavioral traits, socioeconomic factors, and substance use disorders on SA
using a multivariable MR approach. The genetic liabilities to BD and SZ were associated with higher odds
of SA (BD odds ratio (OR)=1.24, p=3.88x10"% SZ OR=1.09, p=2.44x10%°). However, while the effect of
mental distress (OR=1.17, p=1.02x10"*) and risk-taking (OR=1.52, p=0.028) on SA was independent of SZ
genetic liability, the BD-SA relationship appeared to account for the effect of these risk factors. Similarly,
the association with loneliness on SA was null after accounting for the effect of SZ genetic liability. These
findings highlight the complex interplay between genetic risk of psychiatric disorders and behavioral traits
in the context of SA, suggesting the need for a comprehensive mental health assessment for high-risk
individuals.
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INTRODUCTION

Suicidal behaviors are a major health problem that results in approximately 700,000 deaths worldwide
every year [1]. Suicide attempt (SA; self-initiated actions with the expectation of causing one's own death)
is a key predictor of death by suicide [2]. Notably, individuals affected by bipolar disorder (BD) and
schizophrenia (SZ) have 17.1 and 12.9 higher odds of SA, respectively [3-5].

Identifying factors contributing to SA risk in individuals with BD and SZ is crucial for developing effective
prevention and treatment strategies. Behavioral traits such as neuroticism, loneliness, and substance use
have been associated with BD, SZ, and SA [6-8]. We hypothesize that these traits may affect SZ and BD
association with SA. Mendelian randomization (MR) is an analytical approach that leverages genetic
variants to estimate the causal effect of an exposure on an outcome of interest in observational data.
While previous studies used a MR approach to estimate the causal effect of certain behavioral traits and
socioeconomic factors (e.g., insomnia, smoking behavior, and educational attainment) on SA [9-12], many
associations remain unexplored. These include behavioral traits related to SZ, BD, and many other
important factors such as subjective well-being, trauma exposure, and risk-taking behavior.

To understand more comprehensively the network of associations linking BD and SZ to SA, we investigated
their causal relationships with behavioral traits, socioeconomic factors, and substance use disorders
utilizing large-scale genome-wide association data available from the Psychiatric Genomics Consortium
(PGC) [13] and the UK Biobank (UKB) using a MR approach [14].

MATERIALS AND METHODS
Study overview

To evaluate the putative causal relationships among BD, SZ, behavioral traits, socioeconomic factors,
substance use disorders, and SA, we used a genetically informed three-step design (Figure 1). First, we
evaluated the effect of SZ and BD on SA. Then, we assessed the effect of BD and SZ on behavioral traits,
socioeconomic factors, and substance use disorders. Finally, we evaluated the effect of these traits on SA.
The associations were estimated using univariable and multivariable MR approaches.
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Figure 1. Study overview. Using univariable and multivariable MR approaches, we evaluated the total and direct
effects of (1) bipolar disorder (BD) and schizophrenia (SZ) on suicide attempt (SA). Then, we evaluated (2) the
putative causal effect of BD and SZ on behavioral traits, socioeconomic factors, and substance use disorders, and
(3) the effect of these traits on SA.

Data sources

Data from BD, SZ, and SA were derived from large-scale genome-wide association studies (GWAS)
performed by the PGC [13]. The cohorts and GWAS procedures for BD (41,917 BD cases and 371,549
controls), SZ (53,386 cases and 77,258 controls), and SA (26,590 cases, 492,022 controls) have been
previously described [15-17].

We evaluated the following behavioral traits: risk-taking behavior (n=466,571), insomnia (n=453,379),
loneliness (n=445,024), cigarettes per day (n=618,489), drinks per week (n=2,428,851), neuroticism
(n=170,911), subjective well-being (n=298,420), trauma exposure (n=24,094), mental distress
(n=148,805), stress sensitivity (n=30,247), and alcohol use disorder identification test (AUDIT) total score
(n=121,604) [18-26]. Additionally, because of the potential effect of socioeconomic factors and substance
use disorders on BD-SZ-SA association, we also investigated household income (n=112,151), educational
attainment (n=766,345), cannabis use disorder (n=357,806) and alcohol dependence (n=46,568) [27-30].
Details on data sources and a description of each trait are available in Supplementary Table 1. Briefly,
genome-wide association statistics related to behavioral traits and socioeconomic factors were derived
from the UKB cohort [14]. GWAS data related to cannabis use disorder and alcohol dependence were
derived from PGC [13]. Because there is no large-scale GWAS for these phenotypes in other ancestry
groups, the analyses were limited to datasets generated from individuals of European descent.

Mendelian randomization

We estimated the putative causal effect (i.e., the sum of possible paths from the exposure on the
outcome) among the phenotypes of interest using a two-sample MR approach [31]. This genetically
informed causal inference framework is based on three assumptions: (i) the genetic instruments are
associated with the outcome of interest; (ii) the genetic instruments are not associated with potential
confounders of the risk factor-outcome association; and (iii) the genetic instruments affect the outcome
only through their effect on the risk factor [32].

Because of the sample overlap among some of the datasets analyzed (i.e., GWAS including PGC and UKB
samples), we calculated causal effects with the inverse variance weighted (IVW) method within the MRlap
method, which is designed to correct the sample overlap among datasets used in two-sample MR analyses
[33]. For each exposure, we defined a genetic instrument based on genome-wide significant variants
(P<5x107®) that were linkage disequilibrium (LD)-independent (r’<0.001 within a 10000-kilobase
window) based on the 1000 Genomes Project Phase 3 reference panel for European populations [34].
When the number of LD-independent variants in the selected genetic instrument under these criteria was
<10 single-nucleotide polymorphisms (SNPs), we also evaluated an alternative approach based on the
inclusion of LD-independent variants available using more relaxed p-value thresholds. Specifically, we
considered P<5x 107, P<5x107% or5 x 107 to include at least 10 LD-independent variants in each MR
test (Supplementary Tables 3-11). As described below, we conducted multiple sensitivity analyses to
identify possible violations of the MR assumptions and also applied multiple MR approaches that can
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account for possible assumption violations. These analyses were conducted using the R package
TwoSampleMR [35].

We tested the presence of horizontal pleiotropy (variant affects the outcome indirectly, i.e., outside its
direct effect on the exposure) and heterogeneity among the variants included in the genetic instruments
using MR—Egger regression intercept [36] and heterogeneity tests [37], respectively. Furthermore, outliers
contributing to the heterogeneity and horizontal pleiotropy within the genetic instruments were
identified by leave-one-out analyses and the visual assessment of forest and funnel plots.

Unless otherwise noted, here we reported IVW effect estimates, as this method provides the highest
statistical power [38]. As secondary analyses, we also used MR—Egger, weighted median, simple mode,
and weighted mode approaches to verify the consistency in the direction and strength of the effect for
each MR association with the IVW results [35]. To facilitate results interpretation and comparability across
the evaluated traits, for all exposures, exposure effects on their respective outcomes were calculated as
odds ratio (OR) for the outcome per one standard deviation (SD) increase in each exposure. For each MR
test performed, we estimated R? which corresponds to the proportion of variance of the exposure
explained by the SNPs and mean F-statistic to evaluate the strength of the genetic instruments.

Removing Sample Overlap among the Datasets

To further ensure the reliability of our results, we estimated the potential causal effect using data from
non-overlapping samples. Because the sample size among non-overlapping datasets is much lower than
the ones used in the full-scale analysis above, we evaluated the direction and strength of effect for each
MR test rather than using p value thresholds.

When evaluating BD effect on SA, GWAS data from the PGC meta-analysis excluding the UKB for BD
(20,352 BD cases and 31,358 controls) [39] were used as exposures, while the outcome dataset was the
SA GWAS performed only in the UKB cohort (3,288 cases and 2,895 controls) [24]. Although the PGC SZ
GWAS data did not include the UKB, we performed additional analyses on independent samples to
replicate the direction and strength of the effects observed.

When testing the effect of behavioral traits and socioeconomic factors that were assessed in UKB, we
used GWAS data from the PGC for BD (20,352 BD cases and 31,358 controls) [39], SA in individuals with
BD (3,264 cases and 5,500 controls) [40], and SA in individuals with SZ (1,683 cases and 2,946 controls)
[40]. Conversely, for cannabis use disorder and alcohol dependence that were evaluated in the PGC, we
analyzed GWAS data for BD (1,257 BD cases and 369,930 controls) [41], SZ (701 SZ cases and 369,930
controls) [41], and SA (3,288 cases and 2,895 controls) [24] generated only from the UKB cohort. Details
on data sources of non-overlapping samples are available in Supplementary Table 2.

Multivariable Mendelian randomization

We estimated the direct causal effect of SZ, BD, behavioral traits, socioeconomic factors, and substance
use disorders on SA and the independence of their effects using a multivariable MR (MVMR) approach
[42]. Only traits that showed a significant putative effect on SA in the MR analysis with full samples (p-
value < 0.05) were tested in a MVMR analysis. Since the MRIlap approach does not permit to conduct
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multivariable investigations, we performed the MVMR analyses using the full-scale samples. Indeed, the
estimates in the univariable MR analyses based on the full-scale samples were generally more
conservative estimates than the ones generated using MRlap approach. This is due to the fact that sample
overlap can bias MR estimates toward a null result. Accordingly, we considered significant effects as those
reaching a nominal significance (p<0.05), because the MVMR analysis using the full-scale datasets is likely
to generate conservative estimates. MVMR approach permitted us to estimate the independent effect of
each exposure on the outcome of interest. The MVMR analysis was conducted using the
MendelianRandomization R package [42].

RESULTS
Bipolar Disorder and Schizophrenia Effect on Suicide Attempt

In the two-sample MR analyses conducted using the MRlap approach, the genetic liabilities to BD and SZ
were associated with SA (BD ORwriap=1.24, p=3.88x10"%; SZ ORwmriap=1.09, p=2.44x10%°). These estimates
were consistent with those obtained with the other MR methods considering full-scale and non-
overlapping samples (Figure 2). Additionally, we did not observe heterogeneity or horizontal pleiotropy
within genetic instruments (Supplementary Tables 3 and 4).

Effect of genetically determined bipolar disorder
and schizophrenia on suicide attempt
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Figure 2. Effect of the genetic liability to schizophrenia and bipolar disorder on suicide attempt. Odds ratios were
derived from MR estimates obtained from both full-scale and non-overlapping samples. 95% confidence intervals
are reported for the MRlap estimates, considering potential sample overlap. Estimates from secondary MR methods
are reported for each MR test. Abbreviations: inverse variance weighted (IVW).
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Schizophrenia and Bipolar Disorder Effect on Behavioral Traits, Socioeconomic Factors, and Substance
Use Disorders

After Bonferroni multiple testing correction (p<0.003), we found that the genetic liability to BD was
associated with educational attainment (ORwriap=1.31, p=6.55x10°), risk-taking behavior (p=0.02;
ORwmRiap=1.24, p=1.88x10), and mental distress (ORmrip=1.42, p=7.15x107°).

Considering a Bonferroni correction for the number of traits tested (p<0.003), the genetic liability to SZ
was associated with risk-taking behavior (ORww=1.02, p=1.99x10%), trauma exposure (ORww=1.10,
p=0.002), mental distress (ORyw=1.06, p=3.57x107), household income (ORww=0.99, p=0.001), subjective
well-being (ORmri2p=0.94, p=2.7x107), loneliness (ORyw=1.004, p=0.003), neuroticism (ORwmri2p=1.09,
p=3.65x107), drinks per week (ORyw=1.01, p=4.12x10"*), alcohol dependence (ORwmriap=1.14, p=1.07x107),
and cannabis use disorder (ORwmri2p=1.08, p=1.36x10"2). For the MR tests that did not have any sample
overlap between exposure and outcome datasets, we considered IVW estimates to describe SZ effects.

In most of the cases, Bonferroni-significant MRlap estimates were consistent with the estimates obtained
from the other MR methods considering full-scale and non-overlapping samples (Figure 3). Additionally,
we did not observe evidence of heterogeneity or horizontal pleiotropy among genetic instruments related
to BD (Supplemental Tables 5 and 6) and SZ (Supplemental Tables 7 and 8).

Effect of genetically determined bipolar disorder and schizophrenia
on behavioral traits, socioeconomic factors and substance use disorders
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Figure 3. Consistency of odds ratios across Mendelian randomization methods and data sources (i.e., full-scale and
non-overlapping samples) considering associations of bipolar disorder and schizophrenia genetic liabilities with
behavioral traits, socioeconomic factors and substance use disorders. Only traits with Bonferroni significant
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estimates in the full-scale samples in either bipolar disorder (MRlap corrected IVW) or schizophrenia (IVW) are
shown in the Figure. Bonferroni significant estimates (p<0.003) are highlighted in blue for positive effects and red
for negative effects. Light blue and red indicate positive and negative effects that did not survive multiple testing
correction, respectively. Cells reporting non-significant association with odds ratio <1.01 were indicated in white.
Abbreviations: inverse variance weighted (IVW).

Effect of Behavioral and Psychiatric Traits, Socioeconomic Factors, and Substance Use Disorders on
Suicide Attempt

With respect to behavioral traits, MRlap approach showed Bonferroni-significant effects of risk-taking
behavior (ORwmriap=1.32, p=6.19x10"), mental distress (ORmriap=1.30, p=0.001), and loneliness
(ORmriap=1.33, p=0.002) on SA. Conversely, educational attainment showed a protective association with
SA (ORwmri2p=0.89, p=6.34x10"1). Risk-taking behavior, loneliness, and educational attainment associations
with SA were consistent across MR methods in the full-scale data and in at least one of the non-
overlapping SA samples (Figure 4). Additionally, we did not observe evidence of horizontal pleiotropy and
heterogeneity among the genetic instruments related to the phenotypes (Supplementary Tables 9, 10,
and 11).

Effect of genetically determined behavioral traits, socioeconomic factors
and substance use disorders on suicide attempt

Risk-taking behavior

Mental distress

Loneliness

Educational attainment

MRIap corrected VW vw Non-overlapping samples - SA-BD Non-overlapping samples - SA-SZ

Figure 4. Effect consistency across Mendelian randomization methods and data sources (i.e., full-scale and non-
overlapping samples) considering associations of genetic liability for behavioral traits, socioeconomic factors and
substance use disorders with suicide-attempt identified as Bonferroni significant in the MRlap analysis. Bonferroni
significant estimates (p<0.003) are indicated in blue for positive effects and red for negative effects. Light blue and
red indicate positive and negative effects that did not survive multiple testing correction, respectively.
Abbreviations: inverse variance weighted (IVW); Suicide attempt in individuals with bipolar disorder (SA-BD); suicide
attempt in individuals with schizophrenia (SA-SZ).
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Multivariable Mendelian randomization

The MVMR analysis showed that BD and SZ genetic liabilities have independent effects on SA (BD:
ORmvmr=1.24, p=6.5x10"1%; SZ: ORwvmr=1.07, p=0.002; Figure 5). Additionally, the positive effect of mental
distress (ORmvmr=1.17, p=1.02x10*) and risk-taking behavior (ORmymr=1.52, p=0.028) on SA remained
significant after accounting for SZ. Conversely, the effect of both these psychiatric traits on SA was null
when accounting for the effect of BD (Supplementary Table 12). Also, the protective effect of educational
attainment on SA (ORmvmr=0.63, p=2.97x10"°) was independent of BD genetic liability, while the effect of
loneliness on SA was null after accounting for SZ genetic liability (Supplementary Table 12). We observed
significant heterogeneity (p=1.43x107) among the genetic instruments related to BD and mental distress
that remained significant after removal of potential outliers. We did not observe evidence of horizontal
pleiotropy and heterogeneity among the genetic instruments related to the rest of phenotypes
(Supplementary Table 12).

Schizophrenia Bipolar disorder

Mental

: OR=1.07, p=0.002 OR=1.24, p=6.5x10"10
distress

OR=0.94, p=0.118 OR=1.35, p=0.13
OR=1.17, p=1.02x10-4 /R=1.52, p=0.028

OR=7.07,p=0.051 ——> Suicide attempt <«—or=0.3, p=2.97x10"1

Educational
attainment

Figure 5. Multivariable Mendelian Randomization results. Arrows indicate the direction of the effect between the
traits. ORs and p-values from each association are shown in the middle of the arrows for the multivariable MR
analysis accounting for bipolar disorder (in brown) and schizophrenia (in blue). Only traits that showed a significant
putative effect on suicide attempt in the two-sample Mendelian Randomization analysis with full samples (p-value
< 0.05) were tested in the multivariable Mendelian Randomization analysis. Abbreviations: Odds ratio (OR); p-value

(p).

DISCUSSION

While previous analyses showed that genetic liabilities to BD and SZ increase the odds of suicidal behaviors
[43, 44], the present study expanded the understanding of the dynamics underlying these associations,
demonstrating that their effects on SA are independent of each other and of several behavioral traits,
socioeconomic factors, and substance use disorders.
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A noteworthy finding was the effect of BD and SZ genetic liabilities on risk-taking behavior and mental
distress, which then are associated with SA. There is substantial genetic overlap among BD, SZ, and risk-
taking behavior [45]. Observational studies have confirmed the role of risk-taking behavior and mental
distress in increasing the risk of suicide-related outcomes [46,47]. A theoretical suicide model has
highlighted that risk-taking behavior serves as a potential mediator between mental distress and SAs,
implying that engaging in risky activities may contribute to the transition from mental distress to suicidal
behavior [48]. With respect to mental disorders, our MVMR analyses suggest that the effect of mental
distress and risk-taking behavior on SA is independent of SZ genetic liability, but not of BD. This finding
highlights the disorder-specific relevance of both behavioral traits for BD, particularly risk-taking behavior,
for which higher levels of risk-taking behavior in patients with BD with respect to patients with SZ have
been reported [49]. Also, this finding raises the possibility that shared risk factors for SA might have
disorder-specific mechanisms that contribute to increased suicide risk. Furthermore, our results highlight
the role of risk-taking behavior and mental distress as potential mediators in the association between
BD/SZ and SA. Such findings encourage future research to account for these traits, as they might act as
potential confounders when investigating the genetic association between BD/SZ diagnoses and SA. The
identification of mental distress and risk-taking behavior as contributors to the risk of SA underscores their
potential as promising targets for assessment and interventional programs in patients with mental
disorders. Accordingly, during the treatment of individuals with BD, a focused approach toward assessing
and addressing these behavioral traits may be emphasized. Furthermore, for individuals with SZ, these
assessments and interventions should be continued even during periods of resolution and remission of SZ
symptoms, to effectively reduce SA risk.

The effect of SZ on loneliness is consistent with previous reports [50,51], but loneliness association with
SA has not been previously reported by previous genetically informed causal inference analyses. The
interpersonal theory of suicide indicates that mental disorders can increase the risk of experiencing social
isolation and loneliness, contributing to hopelessness [52]. These factors can further impede individuals
from seeking and receiving support, thereby increasing their vulnerability to suicide [53,54]. Our MVMR
analysis highlighted that the effect of loneliness on SA is not independent of SZ. The effect of loneliness
on SA in the context of SZ might be influenced by the association of loneliness with multiple comorbidities
such as substance use, major depression, and anxiety in individuals with high SZ genetic risk [55, 56]. This
finding also highlights the need for interventions targeting loneliness in individuals with SZ and people
with SZ family history. By addressing loneliness, we may potentially reduce SA in this high-risk group.
These findings increase the understanding of the link among SZ, loneliness, and SA, providing novel
information that can contribute to the development of targeted interventions aimed at fostering social
connectedness to reduce SA risk in vulnerable individuals. BD’s effect on educational attainment and the
association of both with SA are consistent with previous MR studies [10, 15, 57]. Additionally, the direct
effect of BD and educational attainment on SA identified by the present MVMR analysis is in line with a
previous study [10]. Also, the lack of association of SZ with educational attainment is in line with a previous
report [57]. This may be due to the complex relationship between SZ and educational attainment where
many individual loci across the genome appear to have discordant pleiotropic effects with these
phenotypes [58].

In addition to these associations, we identified possible cause-effect relationships linking SZ genetic
liabilities to behavioral traits, socioeconomic factors, and substance use disorders that appeared to
directly affect SA. Although they may not be directly implicated in suicidality, they can help to understand
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the dynamics affecting SZ patients and individuals experiencing psychotic symptoms. For example, the
association of SZ genetic liability with reduced odds of subjective well-being and household income
highlights the importance of mental health support as a preventive strategy for enhancing the well-being
and the economic security of individuals with SZ and also of individuals with high SZ genetic risk such as
family members of SZ patients [59, 60]. Similarly, we observed that SZ genetic liability increased the odds
of neuroticism. This is a personality trait associated with many negative outcomes related to both mental
and physical health [61]. While to our knowledge, no previous MR analysis explored this relationship,
there are multiple studies reporting high neuroticism scores among SZ patients [62, 63]. Our result
indicates a specific direction in this relationship that could support the development of personality
screening programs among SZ patients to reduce the negative consequences of this mental illness.

In our study, we confirmed the effect of SZ on alcohol dependence and cannabis use disorder. These
associations are supported by multiple epidemiological and genetically informed studies [15, 64-67].
However, with respect to alcohol-related phenotypes, we did not observe any SZ association with AUDIT
total score. There is growing literature highlighting the distinct genetic profiles between alcohol
consumption and alcohol use disorder [68, 69]. Additionally, previous MR studies showed that the genetic
liability of other psychiatric disorders (e.g., major depression) could lead to increased odds of alcohol
dependence but not of alcohol consumption [70]. In line with these previous findings, the current results
support that SZ genetic liability may have a causal effect on alcohol-related pathologic behaviors, but not
on traits more closely related to general alcohol consumption.

Several limitations should be acknowledged in the present study. First, the analyses were conducted on
datasets generated from individuals of European descent. This may limit the generalizability of our results
to populations with different ancestral origins. Future research should include diverse ancestral
backgrounds to evaluate the effect of BD, SZ, and related phenotypes on SA more comprehensively.
Second, despite conducting multiple sensitivity analyses, the influence of potential confounding variables
on our results cannot be entirely ruled out. Complementary studies with robust control measures are
needed to confirm and further explore the reported findings. Third, although we used multiple
approaches to account for the sample overlap, we cannot completely exclude possible biases.
Additionally, some of the null results observed may be due to the limited statistical power of the genome-
wide information analyzed. Future studies investigating causal associations between other mental
disorders, such as major depression disorder and generalized anxiety disorder with SA are essential to
improve our understanding of the mechanisms involved in the association between mental disorders and
SA. Lastly, it is important to note that the evaluated traits are multifactorial in nature and influenced by
factors other than genetics, which was the primary focus of this study.

In conclusion, our study highlights the complex network of associations linking BD, SZ, and several related
phenotypes to SA. Specifically, novel putative associations were identified for subjective well-being, risk-
taking behavior, loneliness, and mental distress, which are relevant by being influenced by BD/SZ and also
having a putative effect on SA. Furthermore, it is crucial to pay special attention to disorder-specific causal
associations, such as the putative effect of SZ on loneliness, as they are particularly relevant for the
development of targeted preventive strategies. Thus, therapeutical and assessment measures targeting
the complex interplay among mental illnesses, behavioral traits, and socioeconomic factors could help
reduce suicide risk among vulnerable individuals such as those with high BD and SZ genetic risk.
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