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Abstract
Aims/hypothesis Diabetes and hyperlipidaemia are common comorbidities in people with hypertension. Despite similar protec-
tive effects on CVD, different classes of antihypertensive drugs have different effects on CVD risk factors, including diabetes,
glucose metabolism and lipids. However, these pleiotropic effects have not been assessed in long-term, large randomised
controlled trials, especially for East Asians.
Methods We used Mendelian randomisation to obtain unconfounded associations of ACE inhibitors, β-blockers (BBs) and
calcium channel blockers (CCBs). Specifically, we used genetic variants in drug target genes and related to systolic BP in
Europeans and East Asians, and applied them to the largest available genome-wide association studies of diabetes (74,124 cases
and 824,006 controls in Europeans, 77,418 cases and 356,122 controls in East Asians), blood glucose levels, HbA1c, and lipids
(LDL-cholesterol, HDL-cholesterol and triacylglycerols) (approximately 0.5 million Europeans and 0.1 million East Asians).We
used coronary artery disease (CAD) as a control outcome and used different genetic instruments and analysis methods as
sensitivity analyses.
Results As expected, genetically proxied ACE inhibition, BBs and CCBs were related to lower risk of CAD in both ancestries.
Genetically proxied ACE inhibition was associated with a lower risk of diabetes (OR 0.85, 95%CI 0.78–0.93), and genetic proxies for
BBs were associated with a higher risk of diabetes (OR 1.05, 95% CI 1.02–1.09). The estimates were similar in East Asians, and were
corroborated by systematic review and meta-analyses of randomised controlled trials. In both ancestries, genetic proxies for BBs were
associated with lower HDL-cholesterol and higher triacylglycerols, and genetic proxies for CCBs were associated with higher LDL-
cholesterol. The estimates were robust to the use of different genetic instruments and analytical methods.
Conclusions/interpretation Our findings suggest protective association of genetically proxied ACE inhibition with diabetes,
while genetic proxies for BBs and CCBs possibly relate to an unfavourablemetabolic profile. Developing a deeper understanding
of the pathways underlying these diverse associations would be worthwhile, with implications for drug repositioning as well as
optimal CVD prevention and treatment strategies in people with hypertension, diabetes and/or hyperlipidaemia.
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Abbreviations
BB β-Blocker
CAD Coronary artery disease
CCB Calcium channel blocker
GWAS Genome-wide association studies
LD Linkage disequilibrium
MR Mendelian randomisation
MR-PRESSO Mendelian Randomisation

Pleiotropy RESidual Sum and Outlier
SBP Systolic blood pressure

Introduction

Hypertension and diabetes are well-established risk factors
for CVD, a leading cause of mortality. The cardiovascular
benefits of BP control, including antihypertensive drugs,
are well documented [1, 2]. Despite their similar cardiovas-
cular benefits, different classes of antihypertensive drugs
have shown different off-target effects on type 2 diabetes
(‘diabetes’ for short), glucose metabolism and lipid profile,
which are well-established CVD risk factors. ACE inhibi-
tors have been recommended as the first-line treatment in
the treatment of hypertension in patients with diabetes due
to their beneficial effects on renal function, followed by
calcium channel blockers (CCBs) [3]. ACE inhibitors have
also shown benefits in lowering blood glucose levels,

possibly lowering the risk of diabetes in an RCT [4]. In
contrast, β-blockers (BBs), a commonly used antihyperten-
sive drug in uncomplicated hypertension, are not recom-
mended in people with the metabolic syndrome, in whom
there are concerns about unexpected off-target effects on
glucose metabolism and lipid profile based on observation-
al studies [5, 6] and small clinical trial evidence [7].
However, the observed associations are inconsistent [8,
9], and may be open to residual confounding by socioeco-
nomic position and health status. Evidence from RCTs is
not clearly established due to the relatively short follow-up
in trials with diabetes as the primary outcome (such as for
ACE inhibitors) [4] and ethical considerations precluding
examination of expected harms as a primary outcome in
large RCTs (such as for BBs). In particular, the evidence
regarding the metabolic effect of CCBs is quite limited. In
an interventional study, there was an increase in LDL-
cholesterol after taking CCBs [10], which has not been
assessed in large RCTs comparing CCBs with placebo.

Current RCTs have mainly been conducted in people of
European ancestry, but the metabolism of antihypertensive
drugs may be different in East Asian participants, and off-
target effects may also differ by population. For example,
Chinese participants were more likely to have cough, a
common side effect of ACE inhibitors, than Europeans [11].
Although diabetes is more prevalent in East Asians than in
Western populations [12], evidence from East Asians is
lacking.
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Mendelian randomisation (MR) studies, which can fore-
shadow the results of RCTs, provide an approach to assess
long-term off-target effects [13]. As genetic variants are
randomly allocated at conception and not affected by socio-
economic position or other confounders, the study design
minimises residual confounding. In contrast to conventional
MR for an exposure, the instrument proxying drug effects in
MR can be constructed based on the drug target genes, rather
than genetic variants from across the genome [14]. Using
genetic variants in the drug target genes as proxies [15–18],
we examined the role of ACE inhibitors, BBs and CCBs in
diabetes and metabolic traits in people of both European and
East Asian ancestries based on the large genome-wide associ-
ation studies (GWAS).

Methods

Study designBymeans of anMR study in Europeans and East
Asians, we assessed the role of ACE inhibitors, BBs and
CCBs in diabetes, glycaemic traits, and the levels of LDL-
cholesterol, HDL-cholesterol and triacylglycerols. For
glycaemic traits, we evaluated blood glucose levels and
HbA1c, as they are commonly used in diabetes diagnosis.
We additionally assessed their roles in insulin levels without
adjustment for BMI in Europeans, and the role in BMI in both
ancestries given it is a potential mediator between antihyper-
tensive drugs and diabetes [19]. In European participants, we
applied the genetic proxies for ACE inhibitors, BBs and CCBs
to large cohorts with extensive genotyping. In East Asian
participants, we used genetic proxies identified from
Biobank Japan, and applied them to the large GWAS of diabe-
tes, glucose, HbA1c and lipids. For comprehensiveness, we
further assessed their roles in lipid-related variables including
lipid fractions, 14 lipoprotein subclasses and apolipoproteins
in European participants. Coronary artery disease (CAD) was
used as a control outcome to assess the validity of the genetic
instruments. For comparison with evidence from RCTs, we
also conducted a systematic review and meta-analysis of
RCTs on the use of ACE inhibitors, BBs and CCBs in new-
onset diabetes.

Exposure For the genetic instruments in European partici-
pants, we used genetic proxies for ACE inhibitors, BBs and
CCBs provided by previous studies [15–18]. Specifically,
previous studies identified the genes encoding pharmacologi-
cal targets for these antihypertensive drugs in DrugBank (ACE
for ACE inhibitors, ADRB1 for BBs, and CACNA1D,
CACNA1F , CACNA2D1 , CACNA2D2 , CACNA1S ,
CACNB1, CACNB2, CACNB3, CACNB4, CACNG1 and
CACNA1C for CCBs) [16, 17]. Genetic variants that are pres-
ent in these genes or regulatory gene regions, and also associ-
ated with systolic BP (SBP) in GWAS meta-analysis of UK

Biobank and data from the International Consortium of Blood
Pressure, were selected as proxies for the antihypertensive
drug. The GWAS meta-analysis was performed in up to
757,601 participants, with adjustment for age, age squared,
sex, BMI, principal components and study-specific covariates
[16, 17]. Given that the associations were adjusted for herita-
ble covariates, such as BMI [20], we also used another set of
genetic instruments that are located near (± 200 kb) or within
these genes and related to SBP based on the GWAS in the UK
Biobank (Pan UKB) [15], with no adjustment for BMI. As
previously [18], we used genetic variants with r2 <0.01 for
both sets of genetic proxies, with reference to the European
1000 Genomes panel (http://fileserve.mrcieu.ac.uk/ld/1kg.v3.
tgz). Details of data sources are shown in ESM Table 1. The
genetic proxies are shown in ESM Table 2. We also checked
the relevance of these genetic proxies to the use of correspond-
ing antihypertensive drug, using summary statistics in the UK
Biobank. For ease of comparison, for both sets of genetic
proxies for antihypertensive drugs, we used the genetic asso-
ciations with SBP obtained from the UK Biobank summary
statistics. The strength of each genetic variant was assessed
using the F-statistic, obtained using an established approxima-
tion based on the genetic association with SBP and the SE;
only genetic variants with F-statistic >10 were used (ESM
Table 2).

To assess the associations in East Asians, we used genetic
variants that are located near (± 200 kb) or within these drug
target genes, and also associated with SBP in a GWAS in
Biobank Japan, as instruments. Biobank Japan is a hospital-
based registry that collected DNA, serum and clinical infor-
mation from approximately 200,000 patients, of East Asian
descent from 2003–2007 [21]. The GWAS of SBP in 136,597
participants controlled for sex, age, age squared, the top ten
principal components, status of 47 diseases and smoking
status [21]. We selected genetic variants with F-statistic >10
and with a linkage disequilibrium (LD) threshold of r2 < 0.1
based on the East Asian 1000 Genomes panel. As the genetic
instruments were selected based on a smaller GWAS of SBP
(~0.1 million) than in Europeans (>0.7 million), we used a less
stringent LD threshold than for Europeans to increase the
comparability to Europeans. The details of the genetic proxies
are shown in ESM Table 3. We also obtained their associa-
tions with SBP in Chinese participants (n ≤ 11,816), control-
ling for age, age squared, gender and BMI [22].

Antihypertensive drugs have a common effect of lowering
BP. To assess the metabolic effect of SBP for comparisonwith
that of antihypertensive drugs, we also assessed the role of
genetically predicted SBP in Europeans and East Asians. In
contrast to the investigation of genetically proxied antihyper-
tensive drugs that used genetic variants in specific drug target
genes, the investigation of genetically predicted SBP used
genetic variants that were related to BP at genome-wide
significance across the whole genome [14, 16]. A more
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stringent LD threshold was usually used in instrument selec-
tion for SBP than for antihypertensive drugs [14, 16].
Specifically, genetic proxies for SBP were obtained from the
published GWAS of SBP in UK Biobank for Europeans, as
described above [15], and from a large published GWAS in
East Asians [23], with an LD threshold of r2 of 0.001 with
reference to the European and East Asian 1000 Genomes
panels, respectively.

Outcomes In Europeans, genetic associations with diabetes
were obtained from the large GWAS of type 2 diabetes in
DIAGRAM, which includes 898,130 participants of
European ancestry (74,124 cases and 824,006 controls) [24].
In East Asians, genetic associations with diabetes were obtain-
ed from a GWAS meta-analysis in 433,540 East Asian indi-
viduals (77,418 cases and 356,122 controls) [25].

We also obtained genetic associations with glycaemic traits
and lipids from the UK Biobank and large consortia. UK
Biobank is a large, ongoing, prospective cohort study, current-
ly with a median follow-up of 11.1 years [26]. It recruited
502,713 people (aged 40–69 years, mean age 56.5 years,
45.6% men) from 2006–2010 in England, Scotland and
Wales, 94% of whom had self-reported European ancestry.
Additionally, genetic associations with glucose and HbA1c

were obtained from MAGIC (140,595 for fasting glucose
and ≤145,579 for HbA1c). Genetic associations with insulin
and BMI were obtained from MAGIC and GIANT, respec-
tively (ESM Table 1). Genetic associations with lipids were
obtained from both UK Biobank and the Global Lipids
Genetics Consortium (188,577 participants of European
descent and 7898 of non-European descent [27]). Genetic
associations with lipid fractions, 14 lipoprotein subclasses
and apolipoproteins were further assessed by metabolomics
analyses performed in a randomly selected subset of UK
Biobank [28].

In East Asians, genetic association with glucose, LDL-
cholesterol, HDL-cholesterol and triacylglycerols was obtain-
ed from Biobank Japan in 93,146 people, with adjustment for
sex, age, the top ten principal components and status of 47
diseases [21]. Genetic association with HbA1c was obtained
from both Biobank and MAGIC (ESM Table 1). Genetic
association with BMI was obtained from Biobank Japan in
158,284 participants. We also obtained genetic associations
with glucose (n = 6063) and lipids (n ≤ 10,341) from
Chinese participants, with adjustment for age, age squared
and study-specific covariates [29].

We used CAD as a control outcome, because antihyperten-
sive drugs are known to have cardiovascular protective effect.
In Europeans, the genetic association with CAD was obtained
from a large genome-wide association study in 34,541 CAD
cases and 261,984 controls from UK Biobank, followed by
replication in 88,192 cases and 162,544 controls from
CARDIoGRAMplusC4D [30]. In East Asians, genetic

association with CAD was obtained from Biobank Japan
and Chinese cohorts. Specifically, we used genetic associa-
tions with CAD (myocardial infarction, stable angina and
unstable angina) in 204,745 Japanese participants (cases =
21,611, controls = 183,134) [31] and 11,389 Chinese partic-
ipants (3570 cases and 7819 controls) [32].

Statistical analysisMR estimates were based on SNP-specific
Wald estimates, i.e. the genetic association with the outcome
divided by the genetic association with the genetic proxies for
antihypertensive drugs (proxied by the genetic association
with SBP, in units of 1 mmHg). We meta-analysed the Wald
estimates for each genetic variant using inverse variance
weighting with multiplicative random effects when multiple
genetic variants were used. We assessed the role of SBP using
the same method. To maximise power, the MR estimates for
glucose from MAGIC and UK Biobank in European partici-
pants were meta-analysed together as the main analysis. The
MR estimates for lipids from the Global Lipids Genetics
Consortium and UK Biobank were meta-analysed. In East
Asians, the MR estimates for glucose and lipids from
Japanese and Chinese participants were meta-analysed. We
used Bonferroni correction to account for the multiple testing,
with the p value cut-off at 0.05/9 (six primary outcomes, one
control outcome and two secondary outcomes)/3 (three anti-
hypertensive drugs) = 0.002. Power calculation was perform-
ed in Europeans and East Asians. Power calculations were
based on the approximation that the sample size of an MR
study is the sample size for exposure on outcome divided by
the r2 for genetic proxies on exposure [33, 34].

To assess the validity of these genetic instruments, we eval-
uated their association with CAD; an inverse association with
CAD was expected. We also used MR Steiger, which enables
inference of the causal direction, by calculating and compar-
ing the variance explained by the genetic instrument in each
outcome and in SBP [35]. In sensitivity analysis, we also used
another set of genetic proxies in Europeans derived from the
UK Biobank (ESM Table 2). In addition, we used various
methods to control for pleiotropy, including a weighted medi-
an [36] and Mendelian Randomisation Pleiotropy RESidual
Sum and Outlier (MR-PRESSO) [37], where applicable. The
weighted median estimate is robust to invalid instruments and
able to provide consistent estimation even when up to 50% of
the weight is from invalid SNPs [36]. MR-PRESSO identifies
outliers with potential horizontal pleiotropy and provides a
corrected estimate after removing these outliers [37]. All
statistical analyses were performed using R version 4.0.1 (R
Foundation for Statistical Computing, Austria), and the R
package ‘MendelianRandomization’.

Systematic review and meta-analysis This systematic review
and meta-analysis was registered in Research Registry
(number: reviewregistry1239), providing details of the
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literature search, selection criteria, data extraction and data
analysis. Briefly, we searched in PubMed for RCTs
reporting the effect of ACE inhibitors, BBs or CCBs on
new-onset diabetes, using (‘angiotensin-converting

enzyme inhibitors’ or ‘ACE inhibitors’ or ‘beta-adrenergic
blockers’ or ‘beta-blockers’ or ‘calcium channel blockers’)
and ‘hypertension’ and ‘diabetes’ and ‘trial’ in any field.
We also checked the references of relevant systematic
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Fig. 1 Genetic proxies for ACE inhibitors (ACEi), BBs and CCBs with diabetes and blood glucose levels in (a) Europeans and (b) East Asians
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Fig. 2 Genetic proxies for ACE inhibitors (ACEi), BBs and CCBs with lipids in (a) Europeans and (b) East Asians. HDL, HDL-cholesterol; LDL, LDL-
cholesterol; TG, triacylglycerol

699Diabetologia (2022) 65:695–704



reviews and meta-analyses. We included RCTs comparing
ACE inhibitors vs CCBs or placebo, comparing BBs vs
CCBs or placebo, and comparing CCBs vs placebo, with
follow-up of no less than one year. The random-effects
model in ‘metafor’ package in R was used for the meta-
analysis. We used funnel plots and ‘trim and fill’ to assess
publication bias, i.e. missing studies, utilising the ‘funnel’
and ‘trimfill’ functions from the ‘metafor’ package. We
assessed the quality using an established tool [38], and
excluded low-quality studies where applicable.

Results

Genetic proxies for antihypertensive drugs on diabetes and
blood glucose levels The genetic proxies for Europeans and
East Asians are shown in ESM Tables 2 and 3. As expected,
the genetic proxies for ACE inhibitors, BBs and CCBs had an
inverse association with CAD in both Europeans and East
Asians (ESM Fig. 1), which supported the validity of the
genetic instruments. Most genetic proxies were also related
to the use of the corresponding antihypertensive drug (ESM
Table 2). Using these genetic instruments, genetically predict-
ed ACE inhibition was associated with a lower risk of diabetes
in Europeans (OR 0.85 per mmHg lower SBP, 95% CI 0.78–
0.93) and East Asians (OR 0.94, 95% CI 0.90–0.99) (Fig. 1).
Similar to the association for diabetes, there was an inverse

association of genetically predicted ACE inhibition with
blood glucose levels in meta-analysis of the UK Biobank
and MAGIC (Fig. 1), with consistent associations in the UK
Biobank and MAGIC (ESM Fig. 2). The association in East
Asians was in the same direction, but included the null (Fig.
1), possibly due to the relatively small sample size in East
Asians (~0.1 million) compared with Europeans (~0.5
million). Genetically predicted ACE inhibition was also relat-
ed to lower HbA1c (Fig. 1) and BMI (ESM Table 4) in
Europeans but had null associations in East Asians (Fig. 1
and ESM Table 4). In contrast, genetic proxies for BBs were
associated with a higher risk of diabetes (OR 1.05, 95% CI
1.02–1.09) in both Europeans and East Asians (OR 1.03, 95%
CI 1.00–1.05). Genetic proxies for BBs were also related to
higher HbA1c in Europeans (Fig. 1). For CCBs, no association
with diabetes or blood glucose levels in Europeans was
observed, although the association in East Asians showed a
nominal significance. All three drugs had null association with
insulin in Europeans (ESM Table 4).

Genetic proxies for antihypertensive drugs on lipids As
shown in Fig. 2, genetically predicted ACE inhibition was
associated with higher HDL-cholesterol using meta-analysis
of UK Biobank and the Global Lipids Genetics Consortium in
Europeans. There was a null association in East Asians,
although the direction of association was consistent. In both
Europeans and East Asians, genetic proxies for BBs were

Outcomes
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Fig. 3 Associations of genetic proxies for ACE inhibitors (ACEi), BBs and CCBs with lipid fractions, particle concentrations and apolipoproteins in
Europeans. IDL, intermediate-density lipoprotein
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associated with lower HDL-cholesterol and higher triacyl-
glycerols. For CCBs, the genetic proxies were related to
higher LDL-cholesterol in both ancestries.

In a further assessment of their roles in lipid fractions and
lipoprotein fractions, genetic proxies for BBs were also related
to lower HDL-cholesterol, and consistently associated with lower
concentrations of HDL particles (Fig. 3). In line with the associ-
ation of BBs with higher triacylglycerols (Fig. 3), genetic proxies
for BBs were also related to higher triacylglycerol fractions
(VLDL-triacylglycerols and LDL-triacylglycerols). In addition,
there were positive associations with VLDL-cholesterol and
VLDL particle concentrations. For genetically predicted ACE
inhibitor and CCBs, the associations with lipid fractions, lipopro-
tein fractions or apolipoproteins were not statistically significant
after Bonferroni correction (Fig. 3). The result of the power calcu-
lation is shown in ESM Table 5. At 80% power and α = 0.05, a
smaller effect size was detected in Europeans than in East Asians.

In sensitivity analysis using another set of genetic predic-
tors derived from the UK Biobank, we observed similar esti-
mates (ESM Figs 3 and 4), although the CI for BBs and diabe-
tes included the null (ESM Fig. 3), and there was a positive
association of BBs with LDL-cholesterol (ESM Fig. 4). The
estimates were also robust to the use of different analysis
methods (a weighted median and MR-PRESSO) (ESM
Tables 6 and 7). Steiger filtering indicated directionality from
genetic predictors of antihypertensive drugs to diabetes,
glucose and lipids. In the assessment of the metabolic effect
of SBP, we found that genetically predicted SBP was related
to higher risk of diabetes and higher triacylglycerols in
Europeans (ESM Table 8) and had null associations in East
Asians (ESM Table 9).

Systematic review andmeta-analysis There were 1327 studies
in the initial search. After screening, we identified six trials
comparing ACE inhibitors vs placebo or CCBs, and three
trials comparing BBs vs placebo or CCBs (ESM Table 10).
There is large heterogeneity between studies (I2 of 71.6% for
the former and 71.3% for the latter). Using a random-effects
model, individuals taking ACE inhibitors had a lower risk of
diabetes (ESM Fig. 5a), and those taking BBs had a higher
risk of diabetes (ESM Fig. 5b). The funnel plot indicated no
publication bias for ACE inhibitors (ESM Fig. 6a), but possi-
bly two missing studies for BBs (ESM Fig. 6b). Sensitivity
analysis using trim and fill showed consistent findings (risk
ratio 1.42, 95%CI 1.18–1.70). All studies were of high quality
(ESM Table 11), which suggests that any heterogeneity is not
due to differences in study quality.

Discussion

Using MR to minimise residual confounding, this study
suggests that genetically predicted ACE inhibition is

associated with a lower risk of diabetes in Europeans and
East Asians. Echoing the previous concerns about BBs [39,
40], this MR study shows that genetically predicted BBs may
relate to a higher risk of diabetes and an unfavourable lipid
profile. Moreover, genetic proxies for CCBs are related to
higher LDL-cholesterol in both Europeans and East Asians,
but the clinical significance of the small effect size is unclear.

This trans-ancestry MR study shows different associations
of different classes of antihypertensive drugs with diabetes,
blood glucose levels and lipid profile. The pleiotropic associ-
ations of genetically proxied ACE inhibition and BBs with
diabetes in Europeans were supported by a phenome-wide
scan of pleiotropic effects based on the UK Biobank [16]. In
comparison with the previous scan of disease outcomes in
Europeans [16], the current study focused on the metabolic
off-target effects, with in-depth evaluation of the effect of
antihypertensive drugs on both diabetes and metabolic traits.
This study also integrated GWAS in Europeans and East
Asians, and extended the evidence in Europeans to East
Asians. The pleiotropic associations of ACE inhibitors and
BBs with diabetes in this MR were corroborated by our
meta-analysis of RCTs, although the RCTs for BBs and diabe-
tes mainly report side-effects or secondary outcomes. In
comparison with RCTs, which are often performed in people
with hyperglycaemia [4], MR estimates in generally healthy
participants extend the evidence by showing that the benefits
of ACE inhibitors on diabetes and blood glucose levels may
also apply to the general population.

Despite the protective role of these antihypertensive drugs,
BBs and CCBs have shown an unfavourable association with
glucose metabolism and/or lipid profile in the current study.
Consistent with small trials using BBs [41], the associations
with HDL-cholesterol and triacylglycerols for BBs in our MR
study provides more evidence supporting long-term concerns
regarding BBs [42]. Notably, the patterns of associations in
East Asians suggest that the concerns raised in Europeans also
apply to East Asians. In the further assessment of lipid frac-
tions and lipoprotein subclasses, we found similar changes in
HDL- and triacylglycerol-related fractions and particle
concentrations. These associations confirm the unfavourable
effect of BBs on HDL-cholesterol and triacylglycerols.
Moreover, genetic proxies for CCBs may link to higher
LDL-cholesterol in Europeans and East Asians. However,
the associations of CCBs with lipid fractions and lipoprotein
subclasses were generally null, which requires replication.

Given their common effect on lowering BP, the different
associations for the various classes of antihypertensive drugs
suggest that mechanisms beyond lowering BP exist. In our
study, genetically predicted SBP was related to higher risk
of diabetes and higher triacylglycerols in Europeans, indicat-
ing that the antihypertensive effect of the drugs is expected to
lower diabetes and triacylglycerols. As such, the association
of genetically predicted SBP cannot explain the observed
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unfavourable effects of BBs and CCBs on diabetes or lipids.
Currently, the mechanisms underlying the varying metabolic
associations have not been clarified. The positive association
of genetically proxied CCBswith LDL-cholesterol is in accor-
dance with a previous interventional study [10], but the mech-
anism is obscure. BBs may affect energy expenditure [43] and
lower insulin sensitivity [7], which may explain or partly
explain the unfavourable metabolic effect. BBs also lower
testosterone in animal experiments [44]. An MR study has
suggested that genetically predicted higher level of testoster-
one is related to a lower risk of diabetes in men [45], which
may partly explain the association with diabetes for BBs, but
this pathway remains to be examined in humans. ACE inhib-
itors may also play a role by modulating sex hormones.
Specifically, ACE inhibitors increase sex hormone-binding
globulin levels in women [46], and accumulating evidence
shows sex hormone-binding globulin may lower the risk of
diabetes [45].

Despite its novelty, this study has several limitations. First,
MR relies on three assumptions: that the genetic instruments are
associated with the exposure, are not related to potential
confounders, and the association of the genetic instruments
with the outcome is exclusively through affecting the exposure
[47]. To satisfy these assumptions, we used genetic instruments
in drug target genes related to SBP in Europeans and East
Asians. The consistent patterns of association using the two sets
of genetic proxies in Europeans and East Asians provide more
confidence to the findings. Second, weak instruments may bias
towards the null; however, we only used genetic variants with
F-statistic >10. Third,MR estimates, although less confounded,
are less precise than conventional observational studies,
because the genetic variants only explain a small proportion
of the variance in exposure [33]. As such, we cannot exclude
the possibility that the null associations are due to a lack of
precision, especially in East Asians. Replication in larger stud-
ies of East Asians would be worthwhile. Fourth, for the analysis
with glucose in UK Biobank and Biobank Japan, the genetic
associations with proxies for antihypertensive drugs and with
glucose were obtained from the same study, whichmay bias the
estimates [48]. However, we used by far the largest GWAS in
this study, and the validity of overlapping samples in large
cohorts was supported in a recent simulation study [49]. Fifth,
genetic effects may be diluted by compensatory processes or
feedback mechanisms, which may mitigate genetic effects and
bias the estimates towards the null [50]. However, the directions
of associations should be unchanged. The directions of associ-
ations were also corroborated by systematic review and meta-
analyses, although most trials included did not use diabetes as
the primary outcome. Sixth, MR studies assess lifelong associ-
ations, and the magnitude of effect may not be comparable to
the short-term effects of taking antihypertensive drugs, hence
this study is more relevant in assessing the direction of associ-
ations than determining the magnitude of associations.

From the perspective of clinical practice, our findings
suggest that, compared with BBs and CCBs, ACE inhibitors,
which have beneficial association with diabetes and neutral
association with lipids, are more suitable for the management
of hypertension with complications of the metabolic
syndrome. In the era of evidence-based medicine, our findings
from a large trans-ancestry MR provide another piece of
evidence complementary to clinical trials, as references for
hypertension management. Given the wide prevalence of
hypertension and the lack of large RCTs in East Asians, these
findings provided timely evidence regarding healthcare of
hypertension. Moreover, a deeper understanding of the mech-
anisms underlying the off-target metabolic associations would
be worthwhile, providing insights for new drug development
and repositioning.

Conclusions Our findings suggest protective association of
genetically predicted ACE inhibition with diabetes and
glycaemic traits, while genetic proxies for BBs may be related
to higher risk of diabetes. Genetic proxies for BBs and CCBs
may also be related to an unfavourable lipid profile in
Europeans and East Asians. Understanding the mechanisms
underlying these diverse associations of different classes of
antihypertensive drugs would be valuable, with implications
for drug development and repositioning, as well as developing
optimal strategies for the prevention and treatment of hyper-
tension in people with diabetes and/or hyperlipidaemia.
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