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Identifying the mediating role of socioeconomic status on the
relationship between schizophrenia and major depressive
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Depressive disorder prevalence in patients with schizophrenia has been reported to be 40%. People with low socioeconomic status
(SES) are more likely to suffer from schizophrenia and major depressive disorder (MDD). However, the causal relationship between
schizophrenia and depression and the potential mediating role of SES remains unclear. Two-sample Mendelian randomization (MR)
analyses were conducted to explore the bidirectional causal relationship between schizophrenia and MDD with the largest sample
size of European ancestry from public genome-wide association studies (sample size ranged from 130,644 to 480,359). Inverse
variance weighted (IVW) method was used as the primary analysis, and several canonical MR methods were used as validation
analyses. The mediating role of SES (educational years, household income, employment status, and Townsend deprivation index)
was estimated by the two-step MR method. MR analyses showed that genetically predicted schizophrenia was associated with an
increased risk of MDD (IVW odds ratio [OR] = 1.137 [95% Cl 1.095, 1.181]). Reversely, MDD was also associated with an increased risk
of schizophrenia (IVW OR = 1.323 [95% Cl 1.118, 1.565]). The mediation analysis via the two-step MR method revealed that the
causal effect of schizophrenia on MDD was partly mediated by the Townsend deprivation index with a proportion of 10.27%, but no
significant mediation effect was found of SES on the causal effect of MDD on schizophrenia. These results suggest a robust
bidirectional causal effect between schizophrenia and MDD. Patients with schizophrenia could benefit from the early and effective

intervention of the Townsend deprivation index.
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INTRODUCTION

Schizophrenia and major depressive disorder (MDD) have long
been viewed as two distinct psychiatric disorders. However, it is
worth noting that MDD is a common co-occurring condition in
people with schizophrenia. Additionally, the negative symptoms
of schizophrenia overlap with those of MDD in multiple aspects,
such as diminished emotional expression, flat affect, and lack of
interest in social interactions'2. People with schizophrenia are at
an increased risk of developing MDD (the lifetime prevalence is
estimated to be 28.6% (95% Cl: 25.3-32.2%) compared with the
general population®. Schizophrenia comorbid with MDD usually
predicts adverse outcomes, and the worst of which is suicide;
these patients also have a lower quality of life than those who do
not suffer from depression*°. In addition, people with MDD often
experience symptoms of psychosis, including delusions and
hallucinations®. Schizophrenia and MDD lead to significant
impacts on the global healthcare burden, and therefore, effective
prevention and treatment strategies are urgently needed.
Socioeconomic status (SES) is a term used to describe a person’s
economic and social position relative to others, and it is
commonly measured by educational years, income, employment
status, and Townsend deprivation index (TDI)”8. Of which, TDI is a
composite measure of socioeconomic deprivation based on four
variables: unemployment, non-home ownership, non-car owner-
ship, and overcrowded households, with a higher score indicating

a higher degree of deprivation. There has been sufficient evidence
that low SES is associated with poor health outcomes®'°. Recently,
researchers have paid increasing attention to the relationships
between SES and mental health, including not only less prevalent
disorders like schizophrenia but more common ones like MDD.
Some observational epidemiological studies have found that
people with low SES are likely to suffer from schizophrenia or
MDD''""> and revealed that both disorders are genetically
correlated with SES'. As mentioned above, individuals with
schizophrenia appear to be more susceptible to MDD than the
general population, and we, therefore, speculate that this
association is likely mediated by SES*'7. Identifying the mediating
effect of SES might help to develop targeted and feasible
strategies for early intervention of schizophrenia and reduce poor
outcomes. However, it is unclear whether there is a causal
association between schizophrenia and MDD, the direction of this
relationship, and the effect of SES on this association.
Randomized controlled trials (RCTs) are considered the gold
standard to support causal inference in epidemiological studies'®.
Nevertheless, some RCTs are difficult to implement owing to time,
cost, medical ethics, and other problems. Observational studies
are widely used for their relatively simple design and ease of
implementation, but reverse causality or potential confounding
factors can bias the results. As a consequence, the findings may be
controversial and unable to be confirmed by experimental
studies'®?°. In recent years, Mendelian randomization (MR)
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provides an effective way to solve these problems. It utilizes
genetic variants (i.e., single nucleotide polymorphisms, SNPs) as
instrumental variables (IVs) to evaluate the causal effect of a
modifiable exposure on a disease outcome?'?2, According to
Mendel's laws of inheritance, those exposure-related genetic
variants are randomly allocated at conception and are relatively
independent, and MR is thereby able to minimize bias from
confounders and reverse causality’>?*. Benefiting from the
explosion of genome-wide association studies (GWAS), large-
scale public GWASs summary statistics can be used in MR studies
for causal inference?>. Despite the presence of MR studies
between risk factors and psychiatric diseases?®?’, no one has
studied the causal relationship between SCZ and MDD. In the
present study, the aim was mainly twofold: we conducted MR
analyses to investigate the causal relationship between schizo-
phrenia and MDD, and if so, whether SES could mediate the causal
relationship.

METHODS AND MATERIALS

MR analysis can yield valid causal estimates if the following
assumptions are met®®?%; (i) the variants are significantly
associated with the exposure, (ii) the variants are not associated
with the outcome via confounding pathways, and (iii) the variants
cannot affect the outcome directly, only possibly indirectly via the
exposure. To reduce the impact of population stratification®*, we
conducted MR analysis based on summary data from public
GWASs of European ancestry with the largest sample size
(Table S1). In brief, bidirectional two-sample MR analyses were
first performed to assess the associations between schizophrenia
and MDD, and two-step MR analysis was then performed to
investigate the mediating effects of SES on these associations.

Data sources

Schizophrenia. The GWAS summary data regarding schizophre-
nia were obtained from a recent study'®, and the summary
statistics of European ancestry samples were selected to construct
genetic Vs, including 53,386 cases and 77,258 controls. All
included schizophrenia patients were diagnosed according to
general international criteria (e.g., ICD-10 or DSM-IV).

MDD. The summary-level data were obtained from a prior GWAS
of European ancestry for MDD, including 135,458 cases and
344,901 controls. The MDD cases were diagnosed according to
general international criteria (e.g., ICD-10 or DSM-IV).

SES. In the present study, four indicators of SES including
educational years, household income, employment status, and TDI
were used as potential mediators for the causal association
between schizophrenia and MDD. Genetic IVs for educational
years were obtained from summary-level data of a published
GWAS restricted to European ancestry with 766,345 individuals®'.
IVs for household income, employment status, and TDI were
derived from IEU OpenGWAS project datasets (https://
gwas.mrcieu.ac.uk/), with sample sizes of 397,751, 461,242, and
462,464, respectively.

All datasets for the exposure, mediators, and outcome should
be non-overlapping as sample overlap can increase weak
instrument bias*2. Considering that both SES and MDD GWAS
datasets included samples from UK Biobank, as well as the data
availability of 23andMe cohort in the MDD GWAS dataset as an
outcome in MR analysis, we thus used the data that excluded
these two cohorts (UK Biobank: 29,740 subjects; 23andMe:
307,354 subjects) in the outcome dataset to avoid sample overlap
in schizophrenia-mediators-MDD relationship, and 143,265 sub-
jects (45,591 cases and 97,674 controls) were finally included. For
the MR analysis with MDD as exposure, as only two independent
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SNPs (rs76025409 and rs1950829) survived with p<5x 1072 in
the MDD GWAS dataset excluding UK Biobank and 23andMe, we
used the original GWAS dataset (135,458 cases and 344,901
controls) to increase the statistical power®°. The sample informa-
tion about the three datasets (i.e., schizophrenia, MDD, and SES) is
presented in Supplementary Methods and Table S1.

Genetic instrument selection

For all MR analyses, we constructed Vs using independent GWAS
loci of European-ancestry summary data with a threshold of
p <5x 1078 as suggested by previous studies®>34. Then, the SNPs
in these loci were clumped for independence using PLINK
clumping method®’. The independence among SNPs was defined
as pairwise linkage disequilibrium (LD) r? < 0.001 with a clumping
window of 10,000 kb. For SNPs in LD, we retained the ones with
the lowest p-value. If there were no SNPs for exposure in the
outcome datasets, we replaced them with their proxy SNPs
(> > 0.8); LD proxies were defined using 1000 Genomes European
sample data*®. Subsequently, we harmonized the effect alleles of
these variants both in exposure and outcome datasets. After that,
palindromic SNPs with intermediate allele frequencies (> 0.3) were
removed. Steiger filtering was also performed to remove any SNPs
which explained more variance in the outcome than the exposure
to eliminate the MR bias of reverse causation®”. The remaining
SNPs were finally used for MR analysis.

Testing instrument strength and statistical power

The F statistics of each IV were calculated according to previous
studies3®3°, representing the strength of associations between
genetic IVs and exposure. To minimize weak instrument bias, IVs
with F statistics > 10 were retained for subsequent analyses***'.
We also used an online tool (https://sb452.shinyapps.io/power/)*?
for power calculation, and power > 80% was considered sufficient.
Please see Supplementary Methods for details.

Bidirectional univariable MR analyses

The random-effects inverse variance weighted (IVW) method was
used for primary MR analysis to estimate bidirectional causal
associations between schizophrenia and MDD. Specifically, the
Wald ratio method uses a single IV to estimate the causal effect of
exposure on outcome, and the IVW method utilized a meta-
analytic approach to combine the Wald ratio estimates into a
pooled causal estimate of the exposure-outcome association*3.
The IVW method could provide an unbiased estimation in the
absence of horizontal pleiotropy or under the assumption of
balanced pleiotropy*. The significance level for the associations
between schizophrenia and MDD was set at p < 0.05.

In addition, other robust MR methods including MR-Egger, and
weighted median were also used for causal inference. MR-Egger
tests the exposure-outcome association adjusted for directional
pleiotropy, which estimates the average pleiotropic effect across
the genetic variants, and provides consistent causal estimates
under the Instrument Strength Independent of Direct Effect
(InSIDE) assumption; when all Vs violate the exclusion restriction
assumption (assumption (iii)), it could still provide an unbiased
estimate®. When no measurement error (NOME) assessed with /?
statistic was violated (i.e, /* statistic<0.9), MR-Egger with
simulation extrapolation (SIMEX) correction would be used, which
is based on the simulation of SNP-exposure association estimates
to create new datasets®®“®. The weighted median method gives
valid causal estimates with up to 50% of the weight coming from
invalid IVs, while all IVs are required to be valid in IVW method®’.

Mediation analysis

A two-step MR approach was used to assess the mediating effect
of SES indicators between exposure (schizophrenia/MDD) and
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outcome (MDD/schizophrenia). In the first step, we used IVs for
schizophrenia/MDD and performed a two-sample univariable MR
analysis to estimate its causal influence on SES. In the second step,
we conducted the two-sample multivariable MR analysis to
estimate the independent effect of each exposure on the outcome
while controlling for other exposures®®. Specifically, the Vs from
the related GWASs (four SES indicators and schizophrenia/MDD)
were first combined and pruned by LD (r*<0.001) with a
clumping window of 10,000 kb to ensure that the SNPs were
independent, then the SNP effects and corresponding standard
errors were extracted from the SES and schizophrenia/MDD GWAS
summary statistics and harmonized with the outcome MDD/
schizophrenia GWAS datasets, and finally, all these five exposures
were simultaneously incorporated into two-sample multivariable
MR model to estimate the independent causal effect of each
exposure on outcome (MDD/schizophrenia). The multivariable MR
extensions of the IVW method*® and MR-Egger method®® were
used in the current analysis. For each mediator, a product of the
coefficients method was utilized to estimate the indirect effect®’
(i.e, the effect of schizophrenia/MDD on MDD/schizophrenia
through the mediator). Standard errors for the indirect effect were
derived by the delta method using the estimates obtained from
two-sample MR analyses>>>3,

Sensitivity analyses.  Sensitivity analyses were performed to assess
the robustness of our findings. Specifically, the heterogeneity test,
horizontal pleiotropy test, Mendelian randomization pleiotropy
residual sum and outlier (MR-PRESSO) test, and leave-one-out
analysis were used. First, the heterogeneity among IVs was
measured by Cochran’s Q statistic for IVW analyses and Riicker’s Q
statistic for MR-Egger, respectively. Second, we performed MR-
Egger regression to evaluate potential directional horizontal
pleiotropy, whose intercept term deviating from zero was
considered evidence of directional pleiotropic bias. Third, the
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MR-PRESSO test was also performed to identify possible horizontal
pleiotropy by its MR-PRESSO global test>*. If pleiotropy is present,
the MR-PRESSO outlier test would be performed to identify
outliers among IVs and calculate MR estimates after removing
outliers, thereby eliminating detected pleiotropy. MR-PRESSO
distortion test was conducted to assess the difference in MR
estimates before and after outlier correction. We presented
outlier-adjusted causal estimates when both global and distortion
tests were significant. Finally, leave-one-out analyses were
conducted to find whether the estimate was driven or biased by
a single SNP. The significance levels of the heterogeneity test, MR-
Egger intercept test, and MR-PRESSO test were set at p < 0.05.

All statistical analyses were conducted using the TwoSam-
pleMR> (version 0.5.6, https://mrcieu.github.io/TwoSampleMR),
MendelianRandomization (version 0.6.0), and MRPRESSO>* (ver-
sion 1.0) packages in R (version 4.1.3).

RESULTS

The genetic instruments used in our study are shown in Tables
$2-523. The I values for the evaluation of NOME assumption in
MR analyses are shown in Table S24, and for those < 0.9, we
performed SIMEX corrections to replace the MR-Egger results.

Bidirectional univariable MR analyses between schizophrenia
and MDD

We performed a two-sample MR analysis with 146 independent
SNPs associated with schizophrenia (Tables S2, S3) to estimate the
causal effect of schizophrenia on MDD. The SNPs that were used
as IVs for MDD and SCZ (derived from each GWAS, respectively)
were independent. The results showed that schizophrenia
increased the risk of MDD (IVW OR = 1.137, 95% Cl: 1.095-1.181,
p=237x10"""), and the causal effect across other MR methods

Table 1. Univariable MR results with schizophrenia as the exposure.
Outcome Method SNPs  Beta SE Lower CI  Upper Cl OR Lower CI  Upper CI  p-value
MDD MR Egger (SIMEX) 146 0.180 0.080 0.023 0.336 1197  1.023 1.400 0.026
Weighted median 146 0.115 0.022 0.072 0.157 1122 1.075 1.170 1.13E—-07
Inverse variance weighted 146 0.129 0.019 0.091 0.166 1.137  1.095 1.181 2.37E-11
MR-PRESSO outlier-corrected 144 0.126  0.018 0.090 0.163 1.135  1.094 1177 8.24E—-12
Educational years MR Egger (SIMEX) 147 0.013 0.029 —0.045 0.070 1.013 0.956 1.072 0.668
Weighted median 147 0.004 0.005 —0.006 0.013 1.004 0.994 1.013 0.434
Inverse variance weighted 147 0.003 0.007 —0.012 0.017 1.003 0.989 1.017 0.699
MR-PRESSO outlier-corrected - - - - - - - - -
Household income MR Egger (SIMEX) 146 —0.047 0.025 —0.097 0.002 0.954 0.908 1.002 0.064
Weighted median 146 —0.028 0.007 —0.041 —0.015 0.972 0.960 0.985 1.80E—05
Inverse variance weighted 146 —0.037 0.007 —0.050 —0.023 0964 0.951 0.977 6.20E—08
MR-PRESSO outlier-corrected 138 —0.025 0.006 —0.036 —0.014 0.975 0.965 0.986 9.18E—-06
Employment status MR Egger (SIMEX) 146 —0.015 0.007 —0.029 —1.70E-04 0985 0.971 0.99983 0.049
Weighted median 146 —0.007 0.002 —-0.012 —0.002 0.993 0.988 0.998 0.003
Inverse variance weighted 146 —0.008 0.002 —0.012 —0.005 0.992 0.988 0.995 4.05E—-06
MR-PRESSO outlier-corrected 145 —0.008 0.002 —0.011 —0.004 0.992 0.989 0.996 9.51E—-06
TDI MR Egger (SIMEX) 146  —0.026 0.019 —0.063 0.011 0974 0.939 1.011 0.172
Weighted median 146 0.016 0.005 0.007 0.026 1.016 1.007 1.026 0.001
Inverse variance weighted 146 0.021  0.005 0.012 0.030 1.021 1.012 1.031 4.13E—-06
MR-PRESSO outlier-corrected 138 0.022 0.004 0.014 0.030 1.022 1.014 1.030 3.26E—08

When investigating the causal effect of schizophrenia on education years, MR-PRESSO outlier correction was not performed due to the non-significant MR
results found by other MR methods.
Cl confidence interval, MDD major depressive disorder, MR-PRESSO Mendelian randomization pleiotropy residual sum and outlier, OR odds ratio, SE standard
error, SES socioeconomic status, SIMEX simulation extrapolation, SNP single nucleotide polymorphism, TD/ Townsend deprivation index.
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Fig. 1

Scatter plot for the causal effect of schizophrenia on MDD. In the scatter plot, each dot (orange) represents an SNP, and the error bars

(gray) at each dot represent the 95% confidence intervals. The horizontal axis is the SNP effect on exposure (schizophrenia), while the vertical
axis is the SNP effect on outcome (MDD). The three fitted lines (colors) represent the results of MR under three methods (shown in the top
panel), with the slope of each line corresponding to the estimated causal effect for each method. MDD major depressive disorder, MR
Mendelian randomization, SIMEX simulation extrapolation, SNP single nucleotide polymorphism.

were consistent (Table 1). There was some evidence of hetero-
geneity (VW Qp=1.26x10""%, Egger Qp=2883x10""¢,
Table S25). The symmetric funnel plot and MR-Egger intercept
indicated no directional pleiotropy (p=0.772, Fig. S1 and
Table S25). The scatter plot and leave-one-out analysis did not
reveal any influential outliers (Fig. 1 and Table S26). MR-PRESSO
identified two outliers (rs12129573, rs3795310), and the causal
estimate was not significantly changed after removing the outliers
(OR=1.135, 95% Cl: 1.094-1.177, p =8.24x 10~ '?, Table 1; MR-
PRESSO distortion test p = 0.910). In the MR-Steiger test, there was
no evidence of reverse causality (Table S25).

With MDD as the exposure, we also performed a two-sample
MR analysis to estimate its causal effect on schizophrenia. The
results showed that MDD was associated with a higher risk of
schizophrenia (IVW OR=1.323, 95% ClI: 1.118-1.565, p =0.001;
Table S27). The funnel plot and MR-Egger intercept test suggested
that there was no significant directional pleiotropy (p = 0.242, Fig.
S2 and Table S25), but significant heterogeneity among IVs was
found (IVW Qp = 0.020; Egger Qp = 0.028, Table S25). MR-PRESSO
identified one outlier (rs9427672), and the causal estimate was not
significantly changed (IVW OR=1.387, 95% Cl: 1.207-1.593,
p=3.74x 1075, Table 527; MR-PRESSO distortion test p = 0.585)
after outlier removal. There were no influential outliers in both
scatter plots and leave-one-out analyses (Fig. S3 and Table S28),
and the MR-Steiger test suggested that there was no reverse
causality (Table S25). All IVs used in the analysis are shown in
Tables S14, S15.

Mediation analysis

To assess the mediating role of SES indicators between exposure
(schizophrenia/MDD) and outcome (MDD/schizophrenia), a two-
step MR analysis was performed (Fig. 2a).
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In the first step, we performed a univariable two-sample MR
analysis to investigate the causal relationships of schizophrenia/
MDD to each potential SES mediator (Fig. 2b and Table 1). For the
analysis of schizophrenia as exposure, we found that schizo-
phrenia was causally associated with low income (IVW 8 = —0.037,
95% Cl: —0.050 to —0.023, p =6.20 x 1078), poor employment
status (IVW OR = 0.992, 95% Cl: 0.988-0.995, p = 4.05 x 1079), high
TDI (IVW B =0.021, 95% CI: 0.012-0.030, p = 4.13 x 10~°), but not
causally associated with educational years (IVW § = 0.003, 95% Cl:
—0.012 to 0.017, p = 0.699). The results of heterogeneity tests and
pleiotropy tests are presented in Table S25. Symmetric funnel plot
indicated no directional pleiotropy (Figs. S4-S6). In the
schizophrenia-income relationship, MR-PRESSO identified eight
outliers (rs10117, rs11210892, rs12883788, rs13107325, rs4632195,
rs60135207, rs6546857, and rs708228), and the causal estimate
was still significant after removing these outliers (8 = —0.025, 95%
Cl: —0.036 to —0.014, p =9.18 x 1075, MR-PRESSO distortion test
p=0.016). In the schizophrenia-employment status relationship,
after removing outlier rs3814883, the result was not significantly
changed (8 = —0.008, 95% Cl: —0.011 to —0.004, p=9.51x 10°;
MR-PRESSO distortion test p=0.737). In the schizophrenia-TDI
relationship, the causal estimate was not significantly changed
(8=0.022, 95% Cl: 0.014-0.030, p=3.26x 108 MR-PRESSO
distortion test p=0.847) after removing eight outliers
(rs1000237, rs11191580, rs11534045, rs11664298, rs12883788,
rs1604060, rs61937595, and rs9636107). Neither the scatter plots
nor the leave-one-out analysis revealed any influential outliers
(Figs. S7-S9 and Tables S29-S31), and no reverse causality was
found across these analyses in MR-Steiger tests (Table S25). In
addition, we also separately examined the relationships between
MDD and four SES indicators and found no significant causal
associations (all p-values > 0.05, Tables 525 and S27). The Vs used
in the schizophrenia-SES and MDD-SES MR analyses are shown in
Tables S4-S11 and Tables S16-523, respectively.
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Fig.2 Mediation analysis of the causal effect of schizophrenia on MDD via potential mediators. a The framework for two-step MR analysis.
In step 1, we used IVs for schizophrenia to estimate its causal effect on potential mediators (SES, including educational years, household
income, employment status, and TDI); in step 2, we used IVs for SES to estimate the causal effect of potential mediators on MDD conditioning
on schizophrenia. “Direct effect” refers to the effect of schizophrenia on MDD after adjusting for the mediators. “Indirect effect” refers to the
effect of schizophrenia on MDD via the mediator, namely the mediating effect. b Univariable MR results for the association between
schizophrenia and SES. ¢ Multivariable MR results for the association between SES and MDD conditioning on schizophrenia in one model. In
b and ¢, the squares (blue) represent causal estimates (IVW OR for binary outcomes, IVW f for continuous outcomes), and the error bars (gray)
represent 95% Cl. Cl confidence interval, IVs instrumental variables, IVW inverse variance weighted, MDD major depressive disorder, MR
Mendelian randomization, OR odds ratio, SES socioeconomic status, SNP single nucleotide polymorphism, TDI Townsend deprivation index.

In the second step, we performed multivariable MR analysis to SES indicators and schizophrenia exposures. Therefore, with 269
investigate the causal relationships of SES to MDD/schizophrenia. SNPs (Tables S12-S13), we estimated the independent effect of
For the analysis of MDD as an outcome, there was no remaining each of the remaining three SES indicators (educational years,
SNP of employment status after LD clumping among IVs of four household income, and TDI) on MDD while controlling for the
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Table 2. Multivariable MR results for the causal effect of SES on MDD.
Exposures Total SNPs? VW MR Egger

OR Lower Cl Upper CI p-value OR Lower Cl Upper CI p-value
Schizophrenia 269 1.136 1.090 1.183 1.12E—09 1.135 1.089 1.182 1.45E—09
Educational years 0.685 0.521 0.899 0.006 0.758 0.509 1.129 0.173
Household income 1.290 0.881 1.887 0.190 1.273 0.868 1.867 0.216
TDI 1.864 1.173 2.961 0.008 1.857 1.168 2.952 0.009

Less than the total number of IVs because there is overlap between the IVs sets. There was no remaining SNP of employment status after clumping LD among
IVs of four SES indicators and schizophrenia exposures.

Cl confidence interval, VW inverse variance weighted, MDD major depressive disorder, MR Mendelian randomization, OR odds ratio, SES socioeconomic status,
SNP single nucleotide polymorphism.

Table 3. The mediation effect of TDI on the causal effect of schizophrenia on MDD.
Mediator Total effect (8) Direct effect a Direct effect b Indirect effect (8) 95% ClI Mediation proportion
TDI 0.129 0.021 0.623 0.013 (0.002, 0.025) 10.27%

The “Total effect” refers to the effect of schizophrenia on depression; “Direct effect a” refers to the effect of schizophrenia on TDI; “Direct effect b"” refers to the
effect of TDI on depression conditioning on schizophrenia; “Indirect effect” refers to the effect of schizophrenia on depression via TDI, namely the mediating

effect of TDI.

Cl confidence interval, MDD major depressive disorder, TDI Townsend deprivation index.

other two SES indicators and schizophrenia (Table 2 and Fig. 2c).
We found causal relationships between educational years and
MDD (IVW OR = 0.685, 95% Cl: 0.521-0.899, p = 0.006) as well as
between TDI and MDD (IVW OR=1.864, 95% Cl: 1.173-2.961,
p=0.008). In the sensitivity analyses (Table S32), we found
significant  heterogeneity (VW Qp=131x10""2, Egger
Qp =1.18x 107'?) but no pleiotropy (p =0.491). Notably, in the
first step of exploring the mediating effect of SES in the
MDD-schizophrenia association, we found that MDD was not
causally associated with SES indicators, and thus the multivariable
MR analysis of causal effects of SES on schizophrenia was
unnecessary. Finally, the indirect effect of schizophrenia-SES-
MDD was estimated using the product of coefficients method, and
a significant mediating effect of TDI (8=0.013, 95% Cl:
0.002-0.025, Table 3) was found with a mediation proportion of
10.27%.

Instrument strength and statistical power analysis

The explained variance (R?) and F statistics for each IV are shown
in Tables S2—S23. All F statistics > 10 indicated that there was no
weak instrumental bias. As the power analysis indicated, we had
sufficient power to detect the relationships between schizophre-
nia and MDD (99.9%), between schizophrenia and income
(99.9%)/TDI (89.1%), while low power (< 80%) to detect the
relationships between MDD and schizophrenia/SES. Additionally,
we also had enough power to detect the relationships between
SES (except for employment status) and schizophrenia. Detailed
results of power analyses are shown in Table S33.

DISCUSSION

To the best of our knowledge, this study is the first to investigate
the bidirectional causal relationships between schizophrenia and
MDD, as well as the mediating role of TDI on the causal effect of
schizophrenia on MDD. These results were largely consistent
across MR sensitivity analyses, including different MR methods,
leave-one-out analysis, and MR-PRESSO analysis, suggesting that
horizontal pleiotropy is unlikely to be an adequate explanation for
our results.
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Patients with schizophrenia have an increased risk of suffering
from MDD?®®. Conversely, patients with MDD have also been
shown to be at a higher risk of developing psychosis®’. Genetic
correlation analysis showed a shared genetic risk between
schizophrenia and MDD®®. However, these correlations may arise
from pleiotropy (i.e., genes independently affecting both schizo-
phrenia and MDD). MR analysis could provide evidence for the
causal effect of disease exposure if key assumptions relating to
instrument validity are met. Our MR results exhibited the robust
causal effect of schizophrenia on MDD, and an increased risk of
schizophrenia was associated with a higher risk of MDD.
Bidirectional MR analysis, with genetic liability for schizophrenia
as an outcome, indicated that the genetic liability for MDD is also
a possible causal risk factor of schizophrenia. Previous research
reported several lines of evidence that there is a mutual
relationship of risk between schizophrenia and MDD, suggesting
potential overlap in the pathophysiology of the two disorders>®=62,
Negative symptoms like anhedonia, anergia, and avolition, which
are typically seen in individuals with schizophrenia, are also
commonly observed in those with MDD®3. Additionally, ~15-19%
of individuals diagnosed with MDD may experience hallucinations
and/or delusions®’.

Birchwood and colleagues have put forward a potential
pathway linking schizophrenia to MDD, in which patients may
feel stigmatized and socially marginalized due to their psychotic
status®®. This perception may contribute to the development of
MDD, and the impact of SES factors is considered to mediate the
relationship between schizophrenia and MDD. In the present
study, we conducted a two-step MR for mediation analysis and
found that the causal effect of schizophrenia on MDD was partially
mediated by socioeconomic deprivation (10.27%), but not income
or educational years. In the first MR step, MR analysis identified a
causal relationship that genetically predicted schizophrenia was
associated with an increased TDI (8=0.021) and fewer job
opportunities (OR=0.99). Studies have reported that patients
with schizophrenia are more likely to reside in areas characterized
by higher social deprivation and occupy lower socioeconomic
positions®. Interestingly, we did not find a causal effect of
schizophrenia on education years through large-scale MR design.
This seems to be at odds with a general view that the level of
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education in schizophrenia is lower than in normal population®s,
however, it should be pointed out that the observed relationships
in traditional epidemiological research can be constrained by
sample size, reverse causality, and confounding effects. Social drift
hypothesis claimed that patients with schizophrenia suffered from
downward social mobility, including residing in deprived areas
and with unemployment status after experiencing psychotic-like
symptoms’. The previous studies showed evidence that polygenic
risk for schizophrenia was statistically significant with area
deprivation®”, which is consistent with our first-step estimate.
The second MR step provided evidence that genetically predicted
higher TDI (OR=1.865) and shorter educational years (OR=
0.685) were independently associated with a higher risk of MDD.
There was substantial evidence that lower SES (education,
occupation, income, and TDI) is associated with a higher risk of
MDD®®7", while an MR analysis provided the support that MDD
did not affect educational attainment, household income, or TDI”2,
These results are consistent with the second step estimate of our
mediation analysis and MR analysis with MDD as exposure and
SES as outcomes.

This two-sample bidirectional MR study that investigated the
relationship between genetic liability for schizophrenia and MDD
risk had several strengths. First, by utilizing the largest available
GWAS summary statistics, we were able to include the maximum
number of instruments for the exposures, thus increasing our
statistical power. Second, because all datasets were limited to
individuals of European ancestry, population stratification was not
an issue in our study. Third, MR analysis offers the advantage of
being able to identify causal relationships without being skewed
by reverse causation and confounding. Strong evidence sup-
ported the bidirectional causal relationships of schizophrenia and
MDD, which in turn enabled us to comprehend the shared
symptoms of both conditions. Finally, we found that the
comorbidity of schizophrenia with MDD is perhaps partly
mediated by TDI. Therefore, by decreasing socioeconomic
deprivation, it is possible to reduce the risk of comorbid MDD in
schizophrenia, offering a possible avenue for interventions to
improve mental health outcomes in this population.

There are several limitations of our study that merit considera-
tion. First, when exploring the causal effect of MDD on SES, the UK
Biobank cohort was included in both MDD and SES GWAS
datasets, which, although with less overlap (<10%), may still bias
the MR estimates. Second, significant heterogeneity was observed
in MR results. Despite the fact that we used the random-effects
IVW method to alleviate this influence, the effect may not be fully
ruled out. Third, the non-significant MR results (e.g., the causal
relationship of MDD on SES) may be partially due to insufficient
statistical power (Table S33). A larger sample size is needed to
confirm our findings in the future. Fourth, to minimize bias from
population stratification, our study was restricted to individuals of
European ancestry, which may limit the generalizability of our
findings to other populations. Finally, the MR approach provides a
genetically predicted causal relationship estimate between
exposure and outcome in non-experimental data; however,
genetic variation reflects lifelong exposure to risk factors, which
may differ from the effects of clinical intervention. RCTs are
needed to further confirm this causal effect.

In conclusion, this study employed the largest exposure and
outcome GWASs datasets to conduct MR analysis to infer a causal
relationship between schizophrenia and MDD. We found robust
genetic evidence for a risk association between schizophrenia and
MDD, and TDI mediated the causal relationship of schizophrenia
on MDD. The potential implications of our results deepened the
understanding of the mechanisms underlying comorbid MDD in
schizophrenia and increased effective therapeutic attention to
mood symptoms in well-powered randomized clinical trials.
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