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Abstract

Background Mental disorders are among the top causes of disease burden worldwide. Existing evidence regard-
ing the repurposing of antihypertensives for mental disorders treatment is conflicting and cannot establish causation.

Methods We used Mendelian randomization to assess the effects of angiotensin-converting-enzyme inhibitors
(ACElIs), beta blockers (BBs), and calcium channel blockers (CCBs) on risk of bipolar disorder (BD), major depression dis-
order (MDD), and schizophrenia (SCZ). We used published genetic variants which are in antihypertensive drugs target
genes and correspond to systolic blood pressure (SBP) in Europeans and East Asians, and applied them to summary
statistics of BD (cases=41,917; controls=371,549 in Europeans), MDD (cases=170,756; controls =329,443 in Euro-
peans and cases=15,771; controls=178,777 in East Asians), and SCZ (cases=53,386; controls=77,258 in Europeans
and cases=22,778; controls=35,362 in East Asians) from the Psychiatric Genomics Consortium. We used inverse
variance weighting with MR-Egger, weighted median, weighted mode, and Mendelian Randomization Pleiotropy
RESidual Sum and Outlier. We performed gene-specific analysis and utilized various methods to address potential
pleiotropy.

Results After multiple testing correction, genetically proxied ACEls were associated with an increased risk of SCZ
in Europeans (odds ratio (OR) per 5 mmHg lower in SBP 2.10, 95% Cl 1.54 to 2.87) and East Asians (OR per 5 mmHg
lower in SBP 2.51,95% Cl 1.38 to 4.58). Genetically proxied BBs were not associated with any mental disorders

in both populations. Genetically proxied CCBs showed no benefits on mental disorders.

Conclusions Antihypertensive drugs have no protection for mental disorders but potential harm. Their long-term
use among hypertensive patients with, or with high susceptibility to, psychiatric iliness needs careful evaluation.
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Background

Mental disorders including bipolar disorder (BD), major
depression disorder (MDD), and schizophrenia (SCZ)
remained among the leading causes of disease burden
worldwide over the past two decades [1]. Existing antip-
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with bipolar disorder and anxiety [4] and hypertensive
patients are more likely to experience negative emotions
such as anxiety, stress, and depression [5]. Antihyper-
tensive drugs such as angiotensin-converting enzyme
inhibitors (ACEIs), beta-blockers (BBs), and calcium
channel blockers (CCBs) have been investigated for their
repurposing opportunities in mental disorders [6]. For
example, ACEIs that act on the renin-angiotensin system
(RAS) may exert protective effects on cognition, depres-
sion, and anxiety [7]. BBs may have antidepressant and
anti-anxiety effects [7]. CCBs which target L-type volt-
age-gated calcium channels are known to play an impor-
tant role in fundamental neuronal processes related to
psychiatric disorders [8]. Genomic studies also showed
the single-nucleotide polymorphisms (SNPs) in the
cross-disorder risk gene, CACNAIC, was related to the
risk of psychiatric prognosis [9, 10].

Currently, epidemiological evidence remains incon-
clusive with conflicting findings reported. High-quality
randomized controlled trials (RCTs) are limited. Obser-
vational studies have found that antihypertensive drug
classes were differentially related to the incidence of psy-
chiatric disorders [11]. Recent Mendelian randomization
(MR) assessing the association between gene expression
of 22 antihypertensive drug target genes has shown an
adverse association of ACE gene with SCZ risk in the
European population, but did not focus on the effect of
antihypertensive drugs, especially the effect of antihy-
pertensive drugs with multiple target genes [12]. In addi-
tion, the associations of different antihypertensive drugs
in other populations, such as East Asians, have not been
examined. A previous systematic review of double-blind
RCTs suggested BBs do not affect the risk of depression
[13]. Two European observational studies reported CCBs
could reduce psychiatric hospitalization and self-harm in
individuals with BD [14, 15], whereas systematic reviews
and meta-analyses based on a few small and low-quality
RCTs suggested CCBs were not effective in treating BD
[16, 17]. A Scottish observational study using linkage
healthcare data did not find any antihypertensive drugs
to prevent the new onset of MDD [18]. So far, there is
limited evidence on the use of antihypertensives for BD,
MDD, and SCZ, and whether the observed associations
were causal is unclear.

Under this circumstance, MR offers unique opportuni-
ties to strengthen causal inference. MR utilizes genetic
variants inherited at birth as an instrument, thus it is
not prone to confounding [19]. It has been applied to
examine the effects of antihypertensive drugs on vari-
ous outcomes [20], such as diabetes [21], stroke [22], and
kidney functions [23]. Using MR for investigating drug
effects not only facilitates pharmaceutical companies
with a more cost-effective drug development process but
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also helps clinicians make better prescription decisions
for comorbid individuals. Here, we explored the effects
of antihypertensive drugs on BD, MDD, and SCZ in
both European and East Asian populations.

Methods

Study design

We assessed the effects of major antihypertensive drugs
ACEIs, BBs, and CCBs on BD, MDD, and SCZ using two-
sample MR. We obtained genetic variants of antihyper-
tensive drug target genes as instruments from previously
published studies [20—24]. We obtained genetic associa-
tions with systolic blood pressure (SBP) from meta-anal-
ysis of large genome-wide association studies (GWAS) in
the European population, and from the Biobank Japan in
the East Asian population, and applied them to mental
disorders GWAS from Psychiatric Genomics Consortium
(PGC). MR requires the fulfilment of three assumptions.
First, the genetic instruments must be associated with
exposure (the relevance assumption). Second, the genetic
instruments must not be associated with confounders
(the independent assumption). Third, the genetic instru-
ments must be independent of the outcome given the
exposure (the exclusion-restriction assumption) [19]. A
flow chart of the overall study design is presented in the
Additional file 1: Supplementary Methods.

Genetic instruments of exposure

We used genetic variants that mimic the effect of low-
ering SBP through antihypertensive drug targets cho-
sen in corresponding genes for ACEIs, BBs, and CCBs
from published studies [20, 21, 23]. Specifically, ACE
gene for ACE inhibitors, ADRBI gene for BBs, and 11
genes for CCBs (CACNA1D, CACNAIE CACNA2DI,
CACNA2D2, CACNA1S, CACNBI, CACNB2, CACNBS3,
CACNB4, CACNGI, and CACNAIC) that encode the
targets of these drugs related to effects on blood pres-
sure that were identified using the DrugBank database
[20]. SNPs that are located near (+200 kb) or within
these drug target genes, and associated with SBP at
genome-wide significance (p<5x107%) in a large GWAS
of SBP were selected, and clumped using a linkage dis-
equilibrium (LD) threshold of r*<0.1 with reference
to the 1000G European reference panel for Europeans
and the East Asian 1000 Genomes panel for East Asians
(Additional file 1: Table S1). For the European popula-
tion, genetic associations with SBP were obtained from
a meta-analysis of the UK Biobank and the International
Consortium of Blood Pressure GWAS (N=757,601),
adjusted for age, age?, sex, body mass index (BMI), prin-
cipal components and study-specific covariates [25].
We also obtained the association of the genetic proxies
for antihypertensive drugs with SBP using the GWAS of
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SBP from the UK Biobank, with no adjustment for BMI
(GWAS id: ukb-b-20175). For the East Asian population,
we used genetic variants from a previous study [21], that
are located near (£200 kb) or within these drug target
genes, and also associated with SBP in a GWAS in the
Biobank Japan (n=136,597) [26]. The GWAS adjusted for
age, sex, top ten principal components of genetic ances-
try, disease status, and any necessary trait-specific covari-
ates. In sensitivity analysis, as previously [23], we used
genetic variants regulating the expression of the relevant
drug target genes identified from expression quantitative
trait loci (eQTL), and selected genetic variants related to
SBP in the UK Biobank [23, 27]. Only SNPs with F-sta-
tistics above 10 were used [23]. All effect estimates were
scaled to effect corresponding to a 5-mmHg lower in SBP.
We looked up all SNPs in Phenoscanner (http://www.
phenoscanner.medschl.cam.ac.uk/), a curated database
platform with genotype—phenotype associations to check
for associations with potential confounders including
BMI, education, Townsend deprivation index, tobacco
smoking, and alcohol intake. We also checked for their
association with survival, which may lead to survival bias.

Outcomes

We obtained genetic associations with mental disorders
from PGC. BD was conducted with 41,917 cases (BD type
I and II) and 371,549 controls in the European population
only [28]. Genetic associations with MDD were obtained
from summary statistics in a meta-analysis of the 33
cohorts [29] from the European countries (excluding UK
Biobank and 23andMe data)[30], with a total number of
500,199 individuals (170,756 cases and 329,443 controls).
SCZ was conducted within 90 cohorts, of which 80%
were of European ancestry (53,386 cases and 77,258 con-
trols) [31]. In East Asians, we did not identify GWAS of
BD. Genetic associations with MDD were obtained from
a meta-analysis of the nine largest published GWAS for
MDD among individuals of East Asian descent (mean
age~51.3 years; 62.8% women), which included 15,771
individuals with depression and 178,777 controls [32].
SCZ in East Asians was conducted among 22,778 cases
and 35,362 controls [33].

Statistical analysis

We obtained the Wald-ratio estimate for each SNP (i.e.,
the genetic association with the risk of mental disor-
der divided by the genetic association with the genetic
proxies for exposure) and meta-analyzed SNP-specific
estimates using multiplicative random-effects inverse
variance weighting (IVW) in main analysis. In harmo-
nization, we ensured the association of each SNP with
the exposure and with the outcome corresponds to the
same allele. We also checked effect allele frequency for
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palindromic SNPs, i.e., the alleles are C/G (or A/T) with
0.42 <effect allele frequency<0.58, and dropped SNPs
with ambiguous strand reported [34]. To address poten-
tial pleiotropy, we used different methods including the
MR-Egger regression, weighted median, weighted mode,
and the Mendelian randomization pleiotropy residual
sum and outlier (MR-PRESSO). MR-Egger provides
unbiased estimates to allow for directional pleiotropy but
still requires the pleiotropic effects to be independent of
the instrument strength (the ‘InSIDE’ assumption) [35].
When a non-zero MR-Egger intercept indicates potential
horizontal pleiotropy exists, we used MR-Egger estimates
instead of IVW estimates and assessed the ‘NO Measure-
ment Error’ (NOME) assumption with I°gy indicator to
test NOME violation [36]. The weighted median requires
at least 50% of the weight comes from valid instruments
to give a consistent estimation [37]. The weighted mode
estimation assumes a plurality of genetic variants to be
valid [38]. Also, the presence of pleiotropic outliers was
tested with MR-PRESSO, which provides corrected esti-
mates after removing outlier SNPs [39]. To account for
multiple testing, the association with a Bonferroni cor-
rected p-value<0.05/15=0.0033 (15=3 drugsx3 out-
comes in Europeans+3 drugsx2 outcomes in East
Asians) was considered as statistically significant. Asso-
ciations with p-value < 0.05 but did not reach Bonferroni-
corrected significance (i.e., nominal significance) were
considered as suggestive evidence.

In sensitivity analyses, we used genetic instruments (8
SNPs for CCBs and 2 SNPs for BBs in the European pop-
ulation as shown in Additional file 1: Table S1) selected
from a more stringent LD threshold of 7*<0.01, as pre-
viously [20, 23]. We conducted a gene-specific analysis
for CCBs with mental disorders to entangle the effects
of individual genes using random-effects IVW to aggre-
gate genetic variants related to each gene as instru-
ments. The number of genetic instruments used for each
gene is presented in the Additional file 1: Table S1. Fur-
ther to address potential horizontal pleiotropy in CCBs,
we did the following sensitivity analysis: 1) we removed
SNPs correspond to CACNAIC gene for Europeans [9,
10] and CACNB?2 gene for East Asians [40] that may
link to mental disorders; 2) we removed SNPs related
to BMI, a potential confounder or a mediator [41]; 3)
we removed SNPs related to cause of death considering
the potential survival bias; 4) we removed all pleiotropic
SNPs for CCBs; 5) we removed pleiotropic SNPs from
SNPs selected with LD of *<0.01. Given that MR could
be biased due to confounding by LD when two distinct
genetic variants are correlated with each other, which vio-
lates the exclusion-restriction assumption, we performed
Bayesian colocalization for ACEIs with mental disor-
ders when the associations passed Bonferroni-corrected
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significance. Colocalization compares the genetic asso-
ciations for two traits at the same gene region [42]. In
colocalization, we assessed the following hypotheses:
Hy: no association with either trait; H;: association
with only trait 1; H,: association with only trait 2; Hj:
two independent SNPs associated with both traits; H,:
the same SNP associated with both traits [42]. We con-
sider the posterior probability for shared causal variants
(PPy,)>0.8 to have strong evidence of colocalization
while a high PPy, suggests confounding by LD [42]. To
further enhance the robustness of the findings in consid-
eration of diastolic blood pressure (DBP), we repeated
the analyses with DBP-associated SNPs using a similar
strategy to select instrument for SBP-associated SNPs in
main analysis. The information of genetic instruments of
antihypertensive drugs and their associations with DBP
are provided in the Additional file 1: Table S1. Power cal-
culation was based on the approximation that the sam-
ple size of an MR study is the sample size for exposure
on outcome divided by the R? for genetic instruments on
exposure (Additional file 1: Table S2) [43]. All statistical
analyses were performed using R (v4.0.1, the R Founda-
tion for Statistical Computing, Austria) and the pack-
ages ‘Mendelian randomization (v0.7.0); “TwoSampleMR
(v0.5.6); ‘coloc (v5.2.2) and ‘MR-PRESSO (v1.0).

Results

Genetically proxied ACEIs were associated with an
increased risk of SCZ in Europeans (OR per 5 mmHg
lower in SBP 2.10, 95% CI 1.54 to 2.87) and East Asians
(OR per 5 mmHg lower in SBP 2.51, 95% CI 1.38 to 4.58)
(Fig. 1la). Genetically proxied ACEIs were nominally
associated with BD (OR per 5 mmHg lower in SBP 1.43,
95% CI 1.02 to 2.00) and MDD in Europeans (OR per 5
mmHg lower in SBP 0.81, 95% CI 0.69 to 0.94). Using
IVVW, weighted median, and weighted mode, we consist-
ently observed null associations between BBs and mental
disorders in both populations (Fig. 1b) and results were
consistent using a more stringent instrument selection
LD threshold (Additional file 1: Fig. S1) or using the set
of eQTL SNPs as genetic instruments (Additional file 1:
Table S3). For CCBs, three SNPs (rs3821843, rs10828399,
and rs61842677) were related to BMI and two SNPs
(rs113210396 and rs72786098) were related to cause
of death. We did not find a beneficial role of geneti-
cally proxied CCBs on mental disorders and we can-
not exclude an association of CCBs with the risk of BD
and SCZ (Fig. 1c, Additional file 1: Fig. S1-S6). The MR-
Egger intercept does not equal to zero suggested possi-
ble horizontal pleiotropy in the effect of CCBs on BD and
SCZ (Additional file 1: Fig. S8), and corrected estimates
from MR-Egger showed null association (Fig. 1c). The
I’;y values were above 0.9, indicating that the "NOME"
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assumption has been fulfilled for all MR-Egger analy-
ses (Additional file 1: Table S4). We found consistent,
positive associations of CCBs with BD and SCZ while
null association with MDD using weighted median and
weighted mode methods, after removing SNPs related to
CACNAIC gene in the Europeans and CACNAB2 gene in
the East Asian population (Additional file 1: Fig. S2), after
removing SNPs related to BMI (Additional file 1: Fig. S3),
and after removing SNPs related to cause of death for the
European population (Additional file 1: Fig. S4). The pos-
itive associations with BD (OR per 5 mmHg reduction in
SBP 1.32,95% CI 1.15 to 1.52) and SCZ (OR per 5 mmHg
reduction in SBP 1.21, 95% CI 1.09 to 1.34) in the Euro-
peans remained and there was no indication of horizon-
tal pleiotropy after excluding all these pleiotropic SNPs
(Additional file 1: Fig. S5). Similar results were found
using genetic instruments selected from a more stringent
LD threshold when excluding all pleiotropic SNPs (Addi-
tional file 1: Fig. S6).

In the gene-specific analysis for CCBs, CACNAIC
(based on two SNPs) was associated with a higher risk of
BD (OR per 5 mmHg reduction in SBP 2.54, 95% CI 1.75
to 3.68) and SCZ (OR per 5 mmHg reduction in SBP 2.88,
95% CI 2.01 to 4.13) in the European population, while
CACNAB?2 (based on seven SNPs) was associated with
a higher risk of SCZ (OR per 5 mmHg reduction in SBP
1.49, 95% CI 1.03 to 2.13) and a lower risk of MDD (OR
per 5 mmHg reduction in SBP 0.76, 95% CI 0.6 to 0.97) in
East Asians (Additional file 1: Fig. S7). Nevertheless, MR
analysis using genetic instruments excluding the SNPs
on CACNAIC in Europeans and related to CACNAB2
in East Asians still showed similar associations, suggest-
ing that the observed drug effect may not be fully driven
by these genes (Additional file 1: Fig. S2). In addition, the
analysis using the GWAS of SBP from the UK Biobank
with no adjustment for BMI provides similar estimates
as the main results (the Additional file 1: Table S5). The
additional analysis using DBP-associated SNPs also sup-
ports the robustness of our main findings (Additional
file 1: Table S7). In colocalization, there is evidence of
colocalization with SCZ in Europeans (PP, =0.98), the
low posterior probability for the distinct causal variants
(PPy3=0.01) suggests a low probability of confound-
ing by LD. Similarly, we found a low probability of con-
founding by LD for SCZ in Asians with PP;;3=0.05 and
PPy, =0.35 (Additional file 1: Fig. S9).

Discussion

Our study showed that genetically proxied ACEIs were
associated with an elevated risk of SCZ. Genetically
proxied BBs were not associated with any mental disor-
ders in both populations. Using various sensitivity anal-
yses to address potential pleiotropy, we examined the
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effect of genetically mimicked CCBs, reflected by SBP
reduction, on mental disorders. Our study does not sup-
port a beneficial role of CCBs on mental disorders but
raises the possibility that CCBs might increase the risk of
BD and SCZ. Gene-specific analysis for CCBs suggested
that CACNAIC in the European population could raise
BD and SCZ risk, while CACNAB2 in East Asians may
increase SCZ risk but lower MDD risk. Mental health is
under-recognized in hypertension clinical practice. This
study adds to the limited evidence regarding the possi-
ble impact that antihypertensive drugs have on mental
disorders in both European and East Asian populations,
by showing that genetically proxied ACEIs were associ-
ated with an increased risk of SCZ in Europeans and East
Asians, and genetically proxied CCBs showed no benefits
but potential harm on BD and SCZ in Europeans.

The observed adverse effect of ACEIs on SCZ in the
European population is consistent with the previous
MR study showing ACE gene expression was associ-
ated with SCZ risk [12]. Our findings using the set of
eQTL SNPs as genetic instruments and their genetic
associations with SBP provides evidence from another
perspective. As the effect of antihypertensive drugs
is reflected by the extent of lowering blood pressure,
using the genetic associations with SBP can also pro-
vide a more straightforward interpretation. Regarding
the association of ACEIs with MDD, there is suggestive
evidence that genetically proxied ACEIs were associ-
ated with lower MDD risk in the Europeans while the
association in the East Asians was null. However, the
difference between populations was not statistically
significant (p value for the difference =0.16). The dis-
crepancy between populations could be due to lack of
power in the East Asians. Hence, the results need rep-
lication if larger GWAS in East Asians is available in
the future. ACEIs may not be suitable for repositioning
for mental disorders. Null effect was found between
BBs and mental disorders in both populations, con-
sistent with previous systematic reviews of RCTs [13].
Our result on CCBs is consistent with an observational
study that showed null associations with SCZ, BD and
MDD [6], but contradicts with others [11, 14, 18]. The
discrepancy could be due to potential confounding by
environmental and socioeconomic factors in observa-
tional studies. Interestingly, the gene-specific effects of
CCBs differed by population. For example, CACNAIC
is harmful in Europeans but not in East Asians, while
CACNB?2 is associated with a higher risk of mental dis-
orders in East Asians [40]. While we found CACNB2
is associated with increased risk of BD and SCZ, the
previous study found null association of CACNB2
gene expression with these diseases [12]. The discrep-
ancy is possibly because the previous study used the
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association with gene expression as exposure, while we
used the association with SBP reduction as exposure.
BBs and CCBs may not be considered as new drug can-
didates for psychiatric use as well.

Potential mechanisms could explain the observed asso-
ciations of antihypertensive drugs with mental disor-
ders. An animal study demonstrated that the brain RAS
of which ACEISs target on, could modulate multiple brain
functions such as sensory information processing, learn-
ing, memory, and emotional responses [7]. The possible
explanation for the association of ACEIs with SCZ is that
ACE and the central RAS could play a role in inflamma-
tion and immunity [44], and immune dysfunction might
contribute to the pathogenesis of schizophrenia [45]. The
link between inflammation and psychiatric disorders has
also been found in CCBs, which might increase TNF-a, an
inflammatory factor [46] and inflammation may be asso-
ciated with schizophrenia [47]. A possible mechanism
linking CCBs and SCZ could relate to calcium influx,
which is crucial for multiple neuronal processes [8].

Although MR can minimize residual confound-
ing and utilize sufficient power, our study has sev-
eral limitations. First, as weak instruments may bias
towards the null, we selected strong genetic vari-
ants as instrumental variables with an F-statistic > 10.
Horizontal pleiotropy may bias MR estimates, how-
ever, we addressed this by conducting various analytic
methods and sensitivity analyses. To mitigate the bias
due to confounding by LD, we showed similar results
using different LD clumping threshold strategies in
main analysis and sensitivity analysis. Colocalization
also suggested that the association is less likely due to
confounding by LD and supported the validity of the
results. Second, we used MR to explore overall lifelong
effects of antihypertensive medication use on men-
tal disorders instead of their short-term use, hence,
results from short-term observational studies were
not comparable. The MR estimates may have overesti-
mated the drug effects because MR examines the life-
long effects while the use of drugs is within a limited
period. However, the directions of associations can
provide suggestions on the possible off-target effects of
antihypertensive drugs. Third, genetic variations only
explain a small proportion of the exposure, however,
we leveraged large GWAS summary data to maximize
power. Fourth, additional MR assumptions require lin-
earity of exposure, but the assumption is not testable
using summary data. Fifth, developmental compensa-
tory processes such as canalization can occur, so the
expected effect of genetic change might be reduced.
Sixth, GWAS of BD have partially overlapping sam-
ples with the exposure GWAS (e.g., UK Biobank) that
might inflate type I error rate in two-sample MR [48],
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sensitivity analysis using genetic associations with BD
derived from non-overlapping data of the same study
provided similar estimates (Additional file 1: Table S6).
Seventh, we found different antihypertensive drugs may
play different roles on mental disorders, which sug-
gests that the effect may not be fully via lowering SBP,
other pathways may exist. As we used SBP reduction to
reflect the effect of antihypertensive drugs, we cannot
perform multivariable MR to test the effect independ-
ent of SBP. Lastly, genetic instruments are proxies for
antihypertensive drug classes, they cannot distinguish
between the antihypertensives subclasses (i.e., dihydro-
pyridine v.s. non-dihydropyridine CCBs). In addition,
the genetic interrogation of drug target effects cannot
be simply extended to clinical practice without con-
sideration of the pharmacokinetics of drugs, such as
blood-brain barrier penetrability.

Conclusions

In summary, antihypertensive drugs showed differential
effects on the risk of mental disorders. Our study does
not support a protective effect of genetically proxied
ACEIs, BBs, or CCBs on mental disorder risks in both
European and East Asian populations, so they may not
be suitable for repurposing. Future studies need to clarify
whether antihypertensive drugs like ACEIs and CCBs
would exert adverse psychiatric effects. From a clinical
perspective, it is important to understand whether anti-
hypertensive drugs may cause, exacerbate, or relieve psy-
chiatric symptoms so that clinicians can provide better
treatment in comorbid individuals, especially hyperten-
sive patients with, or with high susceptibility to, psychi-
atric illness.
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the number of SNPs aggregated for each gene targeted region of CCBs.
Figure S8. Visual representation of the MR-Egger estimates of the genetic
associations of CCBs with BD and SCZ. Figure S9. Bayesian colocalization
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culation. power calculation for detectable odds ratio (per 5 mmHg lower
in SBP) at 80% power. The R? was calculated as beta? 2 * MAF * (1-MAF),
where beta is the SNP-outcome association standardized to the pheno-
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