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Enduring loneliness is associated with mental disorders and physical diseases. Although genome-wide association studies (GWAS)
have identified risk loci associated with loneliness, how these loci confer the risk remains largely unknown. In the current study, we
aimed to investigate key proteins underlying loneliness in the brain by integrating human brain proteomes and transcriptomes
with loneliness GWAS to perform a discovery proteome-wide association study (PWAS), followed by a confirmatory PWAS,
transcriptome-wide association analysis (TWAS), Mendelian randomization (MR), Steigering filtering analysis and Bayesian
colocalization analysis. Moreover, given the fact that loneliness is associated with mental disorders, we explored the shared genetic
architecture between loneliness and mental disorders. Totally, we identified 18 genes to be associated with loneliness via their cis-
regulated brain protein abundance. Eleven of the 18 genes (61.1%) were replicated in the confirmatory PWAS, and mRNA levels of 4
genes were further validated to be associated with loneliness.MR and genetic colocalization analysis further confirmed that the
increased protein abundance of ALDH2 and ICA1L was protective against loneliness, while the increased protein abundance of
GPX1 was a risk for developing loneliness. Furthermore, we found genetic correlations, bidirectional causal associations and
overlapping phenotype-associated protein profiles between loneliness and mental disorders including major depression and
schizophrenia. In summary, our findings provided clues about the brain-related molecular basis underlying loneliness, which

warrants further investigation.

Neuropsychopharmacology (2023) 48:1087-1097; https://doi.org/10.1038/s41386-023-01536-0

INTRODUCTION

Human beings are inherently social, and social relationships are
important in maintaining both our physical and mental health
[1, 2]. However, enduring loneliness, whose core experience
consists of social isolation and the absence of both rational and
collective connectedness [3, 4], is associated with an increased risk
of mental disorders (including depression, schizophrenia, anxiety,
suicide, and dementia), physical diseases (such as cardiovascular
disease and diabetes), and all-cause mortality [5-11]. Therefore, it
is important to decipher the etiology and mechanism underlying
loneliness, which can provide insights into reducing its related
morbidity and mortality. Although a wide range of environmental,
social, economic, and behavioral factors have been identified to
contribute to the occurrence of loneliness [12], the genetic factor
has also been found to play an important role. On the one hand,
twin studies have found that the heritability of loneliness is about
40-50% [13]. On the other hand, genome-wide association studies
(GWASs) have also identified several genetic variants associated
with loneliness [9, 14]. However, it remains unclear how these
genetic loci involve in the loneliness-related biological processes,
which hampers further understanding of the mechanisms under-
lying loneliness.

Proteins are the main function molecules in the body which
perform a vast array of functions [15], while little is known about
which proteins in the central nervous system are responsible
for loneliness. In the current study, we aimed to investigate the
crucial proteins underlying loneliness in the brain with an
integrative analytic approach. Firstly, we integrated 2 protein
quantitative trait loci (pQTL) datasets obtained from the human
brain and the GWAS summary statistics for loneliness to perform
proteome-wide association study (PWAS) to identify proteins
associated with loneliness. Next, we further validated the
association of the significant proteins at the transcriptional level
by transcriptome-wide association analysis (TWAS). Thirdly, we
applied 2-sample Mendelian randomization (MR) analysis and
Steigering filtering analysis to confirm the causal associations of
significant proteins. Then, we applied genetic colocalization
analysis to assess the probability that two traits share the same
causal variant. Moreover, we further validated the causal associa-
tions at the transcriptional level. Lastly, given the facts that
loneliness is associated with an increased risk of mental disorders,
and there is a high prevalence of loneliness in mental disorders
[16], we investigated the genetic correlation, bidirectional causal
associations and shared phenotype-associated protein profiles
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between loneliness and mental disorders, including major
depression, bipolar disorder and schizophrenia.

METHODS
The flowchart of the study was presented in Fig. 1.

Datasets
The summary of the datasets used in the current study were listed in
Supplementary Table 1.

Human brain proteome reference used in the PWAS. In the discovery phase,
the human brain proteome was profiled from the dorsal lateral prefrontal
cortex(dIPFC) of 376 participants of the European Ancestry of the Religious
Orders Study/Memory and Aging Project (ROS/MAP) cohorts [17]. To obtain
the genetic profile of protein abundance: firstly, protein abundance was
measured and genotyping was performed; then quality control was
performed and confounding factors such as demographic characteristics of
the participants and technical bias were corrected; finally, genotypes and
protein abundance were integrated to estimate the genetic effects on
protein abundance, which is referred to protein weights. 8356 proteins were
included in the proteomic profiles, of which 1475 were heritable and their
protein weights were used in the PWAS [18]. The detailed methods can be
found in the original study [18]. In the confirmatory phase, the human brain
proteome was derived from the dIPFC of another cohort of European
individuals recruited by the Banner Sun Health Research Institute. The
process of proteome genetic profiling was similar to that in the discovery
PWAS. After quality control, there were 152 individuals with both proteomic
and genetic data to include in the confirmation TWAS [18].

Human brain transcriptome reference used in the TWAS. The Human brain
transcriptome reference used in the TWAS was derived from the dIPFC of
452 European individuals recruited by the CommonMind Consortium
(CMQ). The detailed methods for genetic profiling were described by the
original study [19]. 5420 mRNA levels were found to be heritable and their
mRNA weights can be downloaded at http://gusevlab.org/projects/fusion/.

Human brain pQTL datasets used in the 2-sample MR. The Human brain-
tissue-derived pQTL dataset used in the 2-sample MR was the same as the
one used in the discovery PWAS, which was derived from 376 participants
of the ROS/MAP cohort. However, in MR, we selected eligible instrument
variables (IVs) at a stringent genome-wide significant threshold at p < 5E-
08 [18]. Totally, 607 proteins were found to have significantly associated
IVs with p < 5E-08.

Human brain eQTL datasets used in the 2-sample MR. The brain eQTL
dataset was obtained from the PsychENCODE Consortium which obtained
data from the human brain over a sample size of 1866 individuals of
European Ancestry [20]. After filtering, there were 10,489 genes in dIPFC
that have significantly associated IVs with p < 5E-08.

GWAS summary statistics for loneliness. The dataset for loneliness was
derived from the GWAS performed in UK Biobank study participants [14].
Briefly, three related questions assessing loneliness and social isolation
were used—(1) “Do you often feel lonely”?, to which individuals answered
“yes” (recorded as cases) or “no” (controls), (2) A composite variable based
on the questions “Including yourself, how many people are living together
in your household?” and “How often do you visit friends or family or have
them visit you?” (cases were defined as those who lived alone and who
indicated that they either never visited or had no friends or family outside
their household; controls were defined as those who either did not live
alone, or had friends who visited at least once a week) and (3) A variable
representing the quality of social interactions “How often are you able to
confide in someone close to you?” (cases were defined as those who
answered “Never or almost never”, controls were defined as those who
answered “Almost daily”). And GWAS was performed independently based
on each trait. Then, results from these three GWAS were combined using
multi-trait GWAS (MTAG) into a single discovery sample, yielding an
effective sample size of 487,647 individuals [14]. Totally, 15 genomic loci
(p < 5E-08) were identified to be associated with loneliness [14].

GWAS summary statistics for major depression, bipolar disorder and
schizophrenia. The GWAS summary datasets of mental disorders including
major depression, schizophrenia and bipolar disorder were obtained from
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the latest and largest GWASs performed by Psychiatric Genomic Consortium
(PGQ) in the European population. Briefly, the summary statistics of major
depression originated from a meta-analysis of PGC and UK Biobank datasets,
which included 170,756 cases and 329,443 control [21], The dataset of bipolar
disorder was from the third GWAS meta-analysis of the PGC Bipolar Disorder
Working Group, comprising 41,917 individuals with BD and 371,549 controls
[22]. The dataset of schizophrenia was from the most recent and largest
GWAS, which included 53,386 cases and 77,258 control [23].

Statistical analyses

PWAS and TWAS. FUSION is a powerful strategy integrating gene
expression/protein abundance measurements with the summary statistics
from GWAS to identify genes whose cis-regulated expression/protein
abundance is associated with complex traits [24]. We applied the FUSION
pipeline according to the author's guideline with default settings to
perform TWAS and PWAS [24]. The major histocompatibility complex
(MHC) region on chromosome 6 was excluded from the analysis because
of its structural complexity. False discovery rate (FDR) was applied in the
multiple testing.

MR analysis. MR is a genetic method using the genome-wide significant
single nucleotide polymorphisms (SNPs) that were strongly associated with
the exposure as IVs, to investigate the causal link between exposure and
outcome [25]. It has been widely used in exploring etiologies of complex
traits. The most important and fundamental step of MR is to include
eligible IVs [25]. To identify eligible Vs, three key assumptions must be met
[25]. Assumption 1 is the relevance assumption, which requires the genetic
variant to be directly associated with the exposure. To meet assumption 1,
we restricted the SNPs to be directly associated with the exposure at
p <5E-08 (genome-wide significant threshold). Assumption 2 is the
independence assumption, which requires that the genetic variant should
not be directly related to confounding factors. And assumption 3 is the
exclusion assumption, which requires that the genetic variant should not
be directly associated with the outcome. Both assumption 2 and
assumption 3 can be calculated as horizontal pleiotropy in the post-MR
analysis [25].

Once eligible IVs were selected, they were linkage disequilibrium (LD)
clumped with r*<0.001 in a 10-megabase distance. Next, the IVs were
extracted from the outcome trait and were harmonized in both exposure
and outcome GWAS datasets. Then, MR effects were estimated by the
Wald ratio if only a single independent IV was available, and by the inverse
variance weighted (IVW) method if two or more IVs were available [26]. As
aresult, p < 0.05 was considered as suggestively significant. Next, to ensure
the causation was not distorted by the presence of reverse causation, the
Steiger filtering method was applied [27], and p < 0.05 indicated that the
effect direction is from the exposure to the outcome. Moreover, when 3 or
more IVs were available, sensitivity analyses including MR-Egger, weighted
mode, weighted median mode and simple mode analysis were performed
to ensure the robustness of the results [26], and post-MR analyses
including MR Egger intercept test for horizontal pleiotropy, Cochran’s Q
test for heterogeneity, and MR-PRESSO for outlier test were also performed
[25]. However, after clumping, there were 1 or 2 IVs for most of the pQTLs,
therefore, sensitivity analyses and post-MR analyses were unable to be
performed. The above-mentioned algorithms were implemented with the
“TwoSampleMR” R package (github.com/MRCIEU/TwoSampleMR) [7].

Bayesian colocalization analysis. Bayesian colocalization analysis was
performed to assess whether two association signals are consistent with
a shared causal variant [28]. The analysis was conducted with COLOC in the
R package with default parameters, which tested the posterior probability
of 5 hypotheses: Ho: No association with either trait; Hy: Association with
trait 1, not with trait 2; H,: Association with trait 2, not with trait 1; Hs:
Association with trait 1 and trait 2, two independent SNPs; H,: Association
with trait 1 and trait 2, one shared SNP [28]. And a posterior probability of
Hypothesis 4 (PPH,) > 0.8 was considered as that the two association
signals are consistent with a shared causal variant [28].

Cell-type specific expression of the loneliness-related genes. The cell-type-
specific expression profile of the potential causal genes in the brain was
downloaded from the human single-cell RNA-seq data from the Cell
Types Database (https://portal.brain-map.org/atlases-and-data/rnaseq).
Cell-type expression specificity (CELLEX), a tool for computing cell-type
Expression Specificity (ES) profiles, was applied to capture multiple aspects
of ES [29].
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Fig. 1 The flowchart of the study. Aberrations: pQTL protein quantitative trait loci, eQTL expression quantitative trait loci, PWAS proteome-
wide association study, TWAS transcriptome-wide association analysis, ROS/MAP Religious Orders Study/Memory and Aging Project,

CMC CommonMind Consortium, MR Mendelian randomization.
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Cross-trait LDSC between loneliness and mental disorders. GWAS summary
statistics of loneliness, major depression, schizophrenia and bipolar
disorder were obtained as previously described. We assessed the genetic
correlation between loneliness and mental disorders with the LD Score
Regression software (v1.0.0) (https://github.com/bulik/Idsc) [30].

Shared phenotype-associated proteins between loneliness and mental
disorders. To further explore the shared genetic basis between loneliness
and mental disorders, we compared the shared significant phenotype-
associated proteins (FDR < 0.05) between loneliness and mental disorders
by performing PWAS on loneliness and mental disorders using the
ROSMAP brain proteome reference panel.

RESULTS

Discovery and confirmatory PWAS for loneliness

In the discovery PWAS, we identified 18 genes whose cis-
regulated protein levels in the brain were associated with the
risk of developing loneliness with an FDR < 0.05 (Table 1; Fig. 2A;
Supplementary Table 2). Among these 18 genes, 2 are located
within 500 kb of each other on chromosome 20 (CSE1L and
STAU1). The conditional analysis identified CSEIL in the pair as
jointly significant, while STAU1 was no longer significant and was
dropped out. Then, we performed an independent confirmatory
PWAS using a different reference brain proteome to confirm our
findings. 11 (61.1%) genes were replicated. The remaining 7 genes
not replicated were not mapped in confirmatory PWAS, which
might be caused by the relatively small sample size (Table 1;
Fig. 2A; Supplementary Table 3).

Confirmation of the loneliness-associated genes at the
transcriptional level

Given the fact that proteins were translated by mRNA, we aimed
to explore the loneliness-associated genes at the mRNA level. To
this end, we performed a TWAS using CMC reference brain
transcriptomes. We found that cis-regulated brain mRNA levels of
48 genes were found to be associated with loneliness. Four of the
11 loneliness-associated genes identified by the PWAS were
validated at the transcriptional level, including CSE1L, ALDH2,
GPX1, and ICA1L. Notably, the transcriptional level and protein
level of ALDH2 and GPX1 had the same direction of effect on
loneliness, while ICATL had opposite directions of effect on
loneliness between transcription level and protein level (Table 1;
Supplementary Table 4).

MR and colocalization verified 3 genes having causal
associations with loneliness

To further confirm the causal associations between brain
proteome and loneliness, we further applied a 2-sample MR
analysis. Among the 11 proteins discovered to be associated with
loneliness, 4 of which were found to have causal associations with
loneliness by the Wald ratio method (Table 1; Supplementary
Table 5). Specifically, the increased abundance of TMEM106B and
GPX1 led to an increased loneliness risk, while the increased
abundance of ALDH2 and ICA1L led to a decreased loneliness risk.
Steiger filtering analysis confirmed the correct direction of causal
associations. Furthermore, colocalization analysis revealed that 3
out of the 4 genes (ALDH2, ICA1L, and GPX1) offered evidence of
genetic colocalization. Moreover, we further confirmed the causal
associations of ALDH2, ICA1L, and GPX1 at the transcriptional
level. Notably, the mRNA level of ALDH2 and GPX1 have the same
direction of effect on loneliness as the protein level, while the
mRNA level of ICA1TL has the opposite direction of effect on
loneliness as compared to the protein level (Table 1; Fig. 2B).

Summary findings

According to the results of PWAS, TWAS, MR, and colocalization,
we assigned levels of confidence for the loneliness-related genes.
We had very high confidence in ALDH2, ICA1L, and GPX1, because

SPRINGER NATURE

PWAS, TWAS, MR, and colocalization results all support their causal
associations with loneliness. We also had high confidence in
CSE1L, because both PWAS, TWAS and transcriptional MR analysis
all supported its role in loneliness, while it was not profiled in the
protein MR because it did not have IV with p < 5E-08. However, we
had moderate confidence in TMEM106B, STXBP6, ORC4, PACSIN3,
TAOK3, CTNND1, and CNTN2. Although they were both confirmed
by an independent PWAS, they were not supported at the
transcriptional level as well as genetic colocalization, which
indicated that the signals discovered by PWAS might arise from
linkage disequilibrium (LD, i.e., SNP affecting protein abundance is
in LD with SNP affecting loneliness) or pleiotropy (SNP affecting
both protein abundance and loneliness). Furthermore, we had low
confidence in PDIA3, PACSIN1, EPHB2, TMEM25, DCUN1D1, and
PLCD3, because they were not confirmed by the confirmatory
PWAS (Table 2).

Cell-type specific expression of the loneliness-related genes
We found that ICA1L and ALDH2 had enrichment in different
neurons. Specifically, ICATL was enriched in Glutaminergic neurons,
GABAergic neurons, and astrocytes, and ALDH2 was enriched in
astrocytes and GABAergic neurons (Supplementary Table 6).

Loneliness and mental disorders have a shared genetic profile
With LDSC, we observed a positive genetic correlation between
loneliness and mental disorders, including depression (ry = 0.582,
p = 6.55E-163), schizophrenia (ry = 0.18, p = 5.87E-18) and bipolar
disorder (ry=0.118, p=2.11E-06), suggesting that there were
58.2% shared genetic basis between loneliness and major
depression, 18% shared genetic basis between loneliness and
schizophrenia, and 11.8% shared genetic basis between loneliness
and bipolar disorder.

Naturally, we wondered about the direction of causal associa-
tions between loneliness and these mental disorders, therefore,
we performed a bidirectional MR analysis. On the one hand, in the
forward MR analysis (loneliness as exposure and mental disorders
as outcomes), we found that loneliness was contributing to an
increased risk of developing major depression (ORyw [95%
Cll =2.14 [1.45-3.16], pyw = 1.38E-04) and schizophrenia (ORyw
[95% CI] =3.53[1.48-8.41], pyw=0.004) by the IVW method,
which is further confirmed by other sensitivity analyses. However,
loneliness was not associated with the risk of developing bipolar
disorder (ORyw [95% CI] =2.00 [0.90-4.43], pyyw = 0.089) by the
IVW method, as well as by other sensitivity analyses (Table 3). On
the other hand, in the reverse MR analysis (mental disorders as
exposures and loneliness as outcome), we found that major
depression was strongly associated with the risk of developing
loneliness (ORyw [95% Cll=1.17 [1.13-1.22], pyww = 3.50E-16),
which was also supported by other sensitivity analyses. While
schizophrenia was marginally associated with the risk of devel-
oping loneliness (ORyw [95% CI] = 1.02 [1.01-1.03], pyyw = 1.27E-
05), which was supported by weighted median mode. However,
bipolar disorder was not associated with the risk of loneliness
(ORww [95% CIl=1.00 [0.99-1.02], pyw=0.623) (Table 3).
Although some heterogeneity was detected among the Vs, no
horizontal pleiotropy and outlier was detected in all the analyses
(Supplementary Table 7).

Moreover, to further explore the shared genetic basis between
loneliness and mental disorders, we compared the shared
phenotype-associated proteins (FDR < 0.05) between loneliness
and mental disorders. Among the 18 loneliness-associated
proteins in the brain, 5 (5/18, 27.8%) proteins (namely TMEM106B,
TAOK3, CTNND1, EPHB2 and TMEM25) were found to be
associated with major depression, all of which have the same
direction of effect on loneliness and major depression. Moreover,
6 proteins (6/18, 33.3%) were found to be also associated with
schizophrenia, with 5 proteins (namely CSE1L, CTNND1, CNTN2,
STAU1 and TMEM25) having the same direction of effect on
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loneliness and schizophrenia, while PACSIN3 had the opposite
direction of effect on loneliness and schizophrenia. Furthermore, 8
proteins (8/18, 44.4%) were found to also be associated with
bipolar disorder. However, only 2 proteins (hamely TMEM106B and
PLCD1) had the same direction of effect on loneliness and bipolar
disorder (Fig. 2C; Supplementary Table 8).

SPRINGER NATURE

DISCUSSION

In the current study, we applied a discovery and confirmatory
study design, and integrated the PWAS, TWAS, MR, and
colocalization, aiming to discover the genetically-determined
protein levels associated with loneliness in the brain. We identified
18 proteins to be associated with loneliness in the discovery

Neuropsychopharmacology (2023) 48:1087 - 1097
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Fig. 2 Results of PWAS and MR. A Manhattan plot for the loneliness PWAS integrating the loneliness GWAS with the discovery ROS/MAP
proteomes (N =376) and the confirmatory Banner proteome (N = 152). Each point represents a single association test between a gene and
loneliness ordered by genomic position on the x-axis and the association strength on the y-axis as the —log10(P) of a z-score test. The
discovery of PWAS identified 18 genes whose cis-regulated brain protein abundance was associated with loneliness at an FDR of P < 0.05, 11
of which were replicated in the confirmatory PWAS (blue labeled). The red horizontal line reflects the significant threshold of the FDR P < 0.05
and is set at the highest unadjusted p-value that is below that threshold (p =7 x 10 — 4). B Forest plot of the MR-identified genes underlying
loneliness; blue triangle: protein level; black rhombus: transcriptional level; WR wald ratio. C The overlapping phenotype-associated proteins
between loneliness and mental disorders; white block: not overlapping between loneliness and the disease; green block: overlapping
between loneliness and the disease, and with the same direction of effect; orange block: overlapping between loneliness and the disease, and
:vith the opposite direction of effect; BPD bipolar disorder, SCZ schizophrenia.

PWAS, 11 (64.7%) of them were replicated in the confirmatory
PWAS, and 4 out of the 11 genes were further confirmed by TWAS,
providing an additional layer of confirmation. Notably, the causal
associations of 3 genes (ALDH2, GPX1, and ICA1L) were further
validated by MR and genetic colocalization. Last but not least, we
observed a significant genetic correlation and shared genetic
profile between loneliness and mental disorder, especially major
depression and schizophrenia.

Specifically, we have high confidence that the increased protein
level of ALDH2 and ICA1L in the brain was contributing to a lower
risk of developing loneliness. The protective role of ALDH2
towards loneliness could be explained by the acetate-GABA
pathway. ALDH2 (aldehyde dehydrogenase) is a key enzyme in
ethanol metabolism, catalyzing acetaldehyde’s conversion into
acetate [31]. Acetate has been found to promote the synthesis of
Gamma-Aminobutyric Acid(GABA) [32]. GABA is an important
inhibitor neurotransmitter, which blocks certain nervous signals to
reduce fear, anxiety, and stress [33]. A decreased GABA function in
the brain is associated with panic disorder [34], anxiety [35], and
decreased sociability [36]. Therefore, the increased abundance of
ALDH2 might lead to an increased level of acetate and GABA,
which might decrease the risk of developing loneliness. However,
further functional studies are warranted to understand the role of
acetate and GABA in loneliness.

ICA1L was also found to be protective against loneliness. ICATL
is abundantly expressed in the testes and the brain, it is crucial for
acrosome, nucleus, and mitochondrial sheath formation [37],
while its role in CNS remains unclear. Moreover, it has been found
to decrease the risk for Alzheimer’s disease(AD) [18, 38] and small
vessel disease(SVD) [39, 40]. Notably, in our analysis, we found that
ICA1L had opposite effect directions on loneliness between mRNA
level and protein level. Specifically, both in the TWAS and
transcriptional level MR, we found that an increased mRNA level
of ICA1L was associated with a higher risk of loneliness. While in
the PWAS and protein level MR, we found that an increased
protein level of ICATL was associated with a lower risk of
loneliness. These inconsistent roles between mRNA and protein
levels of ICATL might be caused by post-transcriptional modifica-
tions such as mRNA splicing and protein degradation [41].
Together with our results, these findings suggested that ICATL is
important in CNS-related disorders, while further studies were
needed to ascertain its role in loneliness.

On the contrary, the increased abundance of GPX1 was
associated with a higher risk of developing loneliness. GPX1
(Glutathione peroxidase) is a selenium-containing enzyme func-
tioning in the reduction of hydrogen peroxide and alkyl
hyperoxides and was identified to be a risk locus for loneliness
by the original GWAS [14]. It was found to be protective against
trauma-induced brain injury [42] and brain ischemia-reperfusion
injury [43]. However, its contribution to loneliness needs further
exploration.

In the cell-specific expression analysis, we found that both
ICATL and ALDH2 were enriched in GABAergic neurons and
astrocytes. As we discussed before, GABA is important in dealing
with fear, anxiety, and stress [33]. Moreover, astrocytes have been
found to actively interact with local neural circuits and play a
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crucial role in information processing and generating physiologi-
cal and behavioral responses. These results indicated that
GABAergic neurons and astrocytes should get more attention in
social interaction [44].

Our study also explored the shared genetic basis between
loneliness and mental disorders. Firstly, we observed a high
genetic correlation (ry = 0.58), bidirectional causal associations and
5 shared phenotype-associated proteins between loneliness and
major depression. These results were consistent with previous
findings, which also identified a strong genetic correlation and
shared loci between loneliness and depression [45, 46]. Together
with our findings, these results indicated a strong role of genetic
influences in the co-occurrence of loneliness and depression. And
we also observed a significant genetic correlation between
loneliness and schizophrenia at ry=0.18, comparable to the
previous studies that used the PGC2.0 schizophrenia dataset and
observed a genetic correlation between loneliness and schizo-
phrenia at ry = 0.17 [14]. Moreover, we also observed bidirectional
causal associations between loneliness and schizophrenia, with a
greater effect size of loneliness on schizophrenia than in the
opposite direction, which is consistent with the results from a
previous study which identified that the loneliness polygenic score
was contributing to schizophrenia risk, as well as a bidirectional
causal relationship between loneliness and schizophrenia [47]. The
causal association between loneliness and schizophrenia could
explain that loneliness and objective social isolation could trigger
both positive and negative psychotic symptoms [48], and could
also explain the high levels of loneliness and isolation before the
onset of psychosis in individuals at clinical high risk for psychosis
[16]. On the other hand, the causal association between
schizophrenia and social isolation could also explain the high
prevalence of loneliness in the chronic stages of psychotic ilinesses
[48, 49]. Accordingly, in the current study, we also observed 6
overlapped protein signals between loneliness and schizophrenia
in the PWAS study, most of which had the same direction of
effects. In brief, our study provided additional evidence for
supporting the role of loneliness in the development of schizo-
phrenia. However, we found a weaker genetic correlation between
loneliness and bipolar disorder and failed to identify the causal
association between loneliness and bipolar disorder. Moreover, we
found that although there were 8 phenotype-associated proteins
between bipolar disorder and loneliness, most of which had
opposite directions of effect. These results suggested that
loneliness and bipolar disorder might have different mechanisms,
because patients with bipolar disorder not only have depressive
symptoms but also have elevated or irritable moods [50]. In
general, our study provided supplementary evidence about the
shared genetic profile between loneliness and mental disorders,
which is consistent with a previous study that identified 149 loci
jointly associated with loneliness and mental disorders (major
depression nj, = 67, schizophrenia n,; = 54, and bipolar disorder
Nioci = 28) [11]. Given that loneliness is modifiable, it could be an
effective target for preventing its effects on mental health,
especially major depression and schizophrenia.

The current study has some strengths. First, we used discovery
and validation design to enhance the level of confidence in our
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Table 3.

Method

Forward MR (loneliness as exposure and mental disorders as outcome)
MR Egger
Weighted median
VW

Simple mode
Weighted mode
MR Egger
Weighted median
VW

Simple mode
Weighted mode
MR Egger
Weighted median
VW

Simple mode
Weighted mode
Reverse MR (mental disorders as exposure and loneliness as outcome)
MR Egger
Weighted median
VW

Simple mode
Weighted mode
MR Egger
Weighted median
VW

Simple mode
Weighted mode
MR Egger
Weighted median
VW

Simple mode
Weighted mode
MR mendelian randomization, IVWV inverse variance weighted.

Exposure Outcome

Loneliness depression

Loneliness schizophrenia

Loneliness bipolar disorder

Depression loneliness

Schizophrenia loneliness

Bipolar disorder loneliness

findings. Second, to the best of our knowledge, this is the first
study that performed both PWAS, TWAS, protein-level MR and
mRNA-level MR to gain more insights into the action of genes at
both the protein level and transcriptional level. Thirdly, we
performed MR and Bayesian colocalization analysis to further
confirm the causal associations of the brain proteins. Last but not
least, we provided additional evidence supporting the shared
genetic architecture of loneliness and mental disorders, especially
major depression and schizophrenia.

There were also some limitations that should be acknowledged
in the current study. Firstly, the SNP-based heritability of the brain
proteome is limited which might be due to the relatively small
sample size and the limited number of reference brain proteomes
in the original studies [18]. Future studies with a larger number of
human proteomes can have more power to identify heritable
proteins. Besides, all evidence presented in the current study was
obtained from statistical analyses, while the mechanisms of how
those candidate genes contribute to loneliness remain unclear,
and further functional studies are needed to validate our findings.
Moreover, the measurement of loneliness in the UK Biobank is
not comprehensive, and a more comprehensive assessment of
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Results of bi-directional MR analysis for assessing the causal associations between loneliness and mental disorders.

nsnp pval beta(se) OR (95% ClI)

15 0.988 —0.016 (1.012) 0.98 (0.14-7.15)
7.28E-06 0.662 (0.148) 1.94 (1.45-2.59)
1.38E-04 0.759 (0.199) 2.14 (1.45-3.16)
0.026 0.697 (0.280) 2.01 (1.16-3.48)
0.007 0.750 (0.236) 2.12 (1.33-3.36)

15 0.261 —2.453 (2.086) 0.09 (0.01-5.13)
1.09E-04 1.248 (0.322) 3.48 (1.85-6.55)
0.004 1.263 (0.443) 3.53 (1.48-8.41)
0.006 1.692 (0.527) 1.93 (5.43-15.26)
0.009 1.673 (0.54) 5.33 (1.82-15.62)

15 0.465 —1.546 (2.053) 0.21 (0.01-11.92)
0.279 0.338 (0.312) 1.40 (1.76-2.58)
0.089 0.691 (0.407) 2.00 (0.90-4.43)
0.553 0.320 (0.526) 1.38 (0.49-3.86)
0.665 0.227 (0.515) 1.26 (0.46-3.44)

37 0.057 0.203 (0.103) 1.22 (1.00-1.50)
1.22E-16 0.170 (0.021) 1.19 (1.14-1.23)
3.50E-16 0.160 (0.020) 1.17 (1.13-1.22)
2.46E-04 0.188 (0.046) 1.21 (1.10-1.32)
7.11E-04 0.181 (0.049) 1.20 (1.09-1.32)

129 0.336 0.019 (0.019) 1.02 (0.98-1.06)
0.023 0.012 (0.005) 1.01 (1.00-1.02)
1.27E-05 0.022 (0.005) 1.02 (1.01-1.03)
0.751 0.006 (0.018) 1.01 (0.97-1.04)
0.703 0.007 (0.017) 1.01 (0.97-1.04)

45 0.176 0.061 (0.044) 1.06 (0.97-1.16)
0.766 0.003 (0.009) 1.00 (0.99-1.02)
0.623 0.004 (0.009) 1.00 (0.99-1.02)
0.615 0.011 (0.021) 1.01 (0.97-1.05)
0.758 0.006 (0.019) 1.01 (0.97-1.04)

loneliness would be beneficial. Last but not least, the datasets
used in the present analysis were derived from the European
population, confirmatory studies are needed in other ethnicities.

CONCLUSION

In summary, we provided multiple levels of evidence to support
the causal associations between 3 brain proteins (ALDH2, ICA1L,
and GPX1) and loneliness. Moreover, we provided additional
evidence supporting the shared genetic architecture between
loneliness and mental disorders including major depression and
schizophrenia. In general, our findings provided clues about the
brain-related molecular basis underlying loneliness, which war-
rants further investigation.
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