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OBJECTIVE

To determine whether ACE inhibitors reduce the risk of type 2 diabetes using a
Mendelian randomization (MR) approach.

RESEARCH DESIGN AND METHODS

Atwo-sampleMRanalysis included17 independentgeneticvariantsassociatedwith
ACE serum concentration in 4,147 participants from the Outcome Reduction with
Initial Glargine INtervention (ORIGIN) (clinical trial reg. no. NCT00069784) trial, and their
effects on type 2 diabetes risk were estimated from 18 studies of the DIAbetes
GeneticsReplicationAndMeta-analysis (DIAGRAM)consortium.Agenetic risk score
(GRS) underpinning lower ACE concentration was then tested for association with
type 2 diabetes prevalence in 341,872 participants, including 16,320 with type 2
diabetes, from theUKBiobank.MRestimateswere compared after standardization
for blood pressure change, with the estimate obtained from a randomized
controlled trial (RCT) meta-analysis of ACE inhibitors versus placebo (n5 31,200).

RESULTS

Genetically lower ACE concentrations were associated with a lower risk of type 2
diabetes (odds ratio [OR] per SD 0.92 [95% CI 0.89–0.95]; P 5 1.79 3 1027). This
result was replicated in the UK Biobank (OR per SD 0.97 [0.96–0.99]; P 5 8.73 3

1024). After standardization, the ACE GRS was associated with a larger decrease in
type 2 diabetes risk per 2.4-mmHg lower mean arterial pressure (MAP) compared
with that obtained from an RCT meta-analysis (OR per 2.4-mmHg lower MAP 0.19
[0.07–0.51] vs. 0.76 [0.60–0.97], respectively; P 5 0.007 for difference).

CONCLUSIONS

These results support the causal protective effect of ACE inhibitors on type 2
diabetes risk and may guide therapeutic decision making in clinical practice.

Diabetes is a leading cause of death worldwide (1) and an important risk factor for
cardiovascular and kidney diseases (2). The global prevalence of diabetes has doubled
over the past 25 years (3), and, thus, policies to slow its incidence are urgently
required. Exercise, dieting, and some glucose-lowering drugs can prevent or delay the
onset of type 2 diabetes (4). Moreover, three (5–7) of five (5–9) large randomized
controlled trials (RCTs) have suggested that ACE inhibitors may reduce the risk of
type 2 diabetes compared with placebo in people at high risk for cardiovascular
outcomes. However, one large RCT in people at low risk for cardiovascular diseases,
who also had impaired glucose tolerance (IGT) or impaired fasting glucose (IFG),
reported a nonsignificantly lower effect of ACE inhibitors on incident type 2 diabetes
(10). Thus, the causal relationship between ACE inhibition and protection from type 2
diabetes remains questionable.
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Mendelian randomization (MR) is a sta-
tistical method that uses genetic associ-
ationswithboth theputative causal factor
(i.e., exposure) and the outcome to infer
causality while reducing bias resulting
from confounding (because genetic var-
iants are randomly allocated at concep-
tion) or reverse causation (because allele
assignment precedes disease onset) (11).
Conceptually similar to an RCT, the MR
approach also enables inferences of the
pharmacological effect of a drug using
randomly allocated variants in the drug
target gene (12).
In this study,weappliedMRanalyses to

test the hypothesis that ACE inhibitors
protect against the risk of type 2 diabetes.
We identified genetic variants within or
near the ACE locus influencing circulating
ACE concentrations. Using those variants
as instruments for ACE inhibition, we esti-
mated the effect of genetically determined
lower ACE concentration on the risk of
type 2 diabetes. Providing evidence for the
protective effect of ACE inhibitors on type 2
diabetes is of interest because it could
guide therapeutic decision making in pa-
tients requiring antihypertensive drugs.

RESEARCH DESIGN AND METHODS

The study consisted of three sequential
steps (Fig. 1). First, we identified genetic
variants within or near the ACE locus
associated with ACE concentration in

the Outcome Reduction with Initial
Glargine INtervention (ORIGIN) (reg. no.
NCT00069784, ClinicalTrials.gov) trial to be
used as instrumental variables in sub-
sequent MR analyses. Second, we
conducted a two-sample MR analysis
to assess the relationship between ge-
netically lowered ACE concentration and
risk of type 2 diabetes, using summary
association statistics from the DIAbetes
Genetics Replication And Meta-analysis
(DIAGRAM) consortium. Genetic asso-
ciations were replicated by testing an
ACE concentration–lowering genetic risk
score (ACE GRS) for association with type 2
diabetes prevalence in the UK Biobank
cohort (i.e., one-sample MR). Third, es-
timates of type 2 diabetes obtained from
MR were compared with the estimates
obtained from an RCT meta-analysis of
ACE inhibitors versus placebo, after stan-
dardization for blood pressure change.

Study Participants
MR analyses included individual partic-
ipant data from the ORIGIN trial and the
UKBiobankandsummary-leveldata from
up to 26,676 participants with type 2
diabetes and 132,532 control participants
from 18 studies as part of the DIAGRAM
consortium (13) (Supplementary Table 1).
In the ORIGIN trial, a total of 12,537 par-
ticipants with type 2 diabetes, IGT, or IFG
and additional cardiovascular risk factors

were randomly allocated to two therapies
using a factorial design (insulin glargine vs.
standard care, and omega-3 fatty acid sup-
plement vs. placebo) and followed for a
median of 6.2 years to monitor cardiovas-
cular events and other health outcomes
(14). At baseline, 8,494 participants pro-
videdbloodsamplesforproteomicanalyses,
among whom 5,078 consented to genomic
analyses. Following genotyping quality con-
trol procedures (SupplementaryMaterial
1), a total of 1,931 participants of Eu-
ropean Caucasian ethnicity and 2,216
participants of native Latin ethnicity
were included in the genetic analyses.

TheUKBiobank is a prospective cohort
of.500,000individuals(aged40–69years)
recruited across the U.K. and for whom
extensive phenotypic and genotypic data
were collected (15). From the full data set
release issued in July 2017, a total of
343,735 unrelated individuals of British
origin had genotyping data suitable for
analysis (SupplementaryMaterial 1). Among
those individuals, 1,863 had missing pheno-
typic data, leaving 341,872 participants for
our analyses, including 16,320 prevalent
cases of type 2 diabetes. Data analyses
were conducted under UK Biobank ap-
plication number 1525.

Study Outcomes
The primary outcome for the individual
participant data analyses was type 2
diabetes prevalence at baseline, as de-
fined by the UK Biobank (15). The primary
outcome for analyses using summary-level
datawas type 2diabetes, as definedby the
DIAGRAM consortium (13).

Exposure Assessment
ACEserumconcentrationwasassayedwithin
amultiplexbiomarkerpanel (Supplementary
Table2).AftercompletionoftheORIGINtrial,
1 mL of serum from each participant was
transported toMyriad RBM, Inc. (Austin, TX)
toquantify284biomarkers(Luminex)related
to metabolic and cardiovascular diseases. A
total of 238 biomarkers, including ACE, from
8,401 participants were deemed suitable for
analysis (16). ACE concentrations were nor-
mally distributed. Values were standardized
to a mean of 0 and an SD of 1.

Genetic Instruments
Weselected genetic variantswithin300 kilo-
bases of the ACE locus (namely, cis-single
nucleotide polymorphisms [SNPs]) and next
removed SNPs not found in the DIAGRAM
database or with minor allele frequencies

Figure 1—Study overview. MR analysis included independent genetic variants associated with ACE
serum concentration in the ORIGIN trial. A two-sample MR analysis applied to the DIAGRAM
consortiumwasused to test for causal associationbetweenACE concentration and type2diabetes
risk. External validation was performed using a GRS underpinning lower ACE concentration in the
UK Biobank. MR estimate was then compared after standardization for blood pressure change,
with the estimate obtained from an RCT meta-analysis of ACE inhibitors vs. placebo. EUROPA,
EUROpean trial on reduction of cardiac events with Perindopril in stable coronary Artery; HOPE,
Heart Outcomes Prevention Evaluation; IMAGINE, Ischemia Management with Accupril post-
bypass Graft via INhibition of the converting Enzyme; PEACE, Prevention of Events with
Angiotensin-Converting Enzyme inhibition; SOLVD, Study Of Left Ventricular Dysfunction.
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, 0.05, resulting in 870 cis-SNPs that were
then tested for their association with ACE
concentration in theORIGIN trial (17). Linear
regression analyses for each SNP with ACE
concentrationwere performed separately in
each ethnic group, adjusting for ACE inhib-
itor usage at baseline and for age, sex, and
the first five principal components, and
then meta-analyzed across the two eth-
nicities using fixed effects models. A total
of 448 cis-SNPs were associated with ACE
concentration (P, 0.01), whichwere then
pruned for linkage disequilibrium at a strin-
gent threshold of r2 , 0.1.

RCT Meta-analysis of ACE Inhibitors
Versus Placebo
Using the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses
guidelines (18), we performed a meta-
analysis of the risk of new-onset type
2 diabetes reported in RCTs examining
the effects of ACE inhibitors versus placebo.
A structured search was conducted in
the PubMed database on 9 May 2019,
using the following Medical Subject
Heading terms: antihypertensive agents,
angiotensin-converting enzyme inhib-
itors, diabetes mellitus, randomized
controlled trial, and meta-analysis.
Only studies with a double-blinded,
placebo-controlled trial design in adults,
assessing the effect of ACE inhibitors in
comparisonwith a placebo and reporting
the incidence of new-onset diabetes,
were included (Supplementary Material
1). The intervention effect on the inci-
dence of type 2 diabetes was expressed
as an odds ratio (OR) with the 95% CI
andP value.Weusedan inverse variance–
weighted random effects model because
of the wide clinical and methodologi-
cal variability across trials (R metafor
package).

Statistical Analyses

Two-Sample MR Analysis

Two-sample MR analysis of effect of ACE
concentration change on type 2 diabe-
tes risk used 1) the effect of the ACE
concentration–lowering SNPs (calculated
in the ORIGIN trial) and 2) the effect of
those SNPs on type 2 diabetes risk from
the DIAGRAM consortium (13). MR asso-
ciations were performed using the inverse
variance–weighted method by regressing
the genetic effect estimates for type 2
diabetes on the genetic effect estimates
for ACE concentration adjusted for ACE
inhibitor usage at baseline. To determine

statistical significance,abootstrapmethod
was used under the null hypothesis that
the ratio of the genetic effect estimate for
type 2 diabetes on the genetic effect es-
timate for the biomarker was equal to zero
for all SNPs. The predicted effects on type 2
diabetes were sampled from a normal
distribution, with the mean and SD deter-
mined from DIAGRAM. A two-tailed P value
was calculated using a Z test from 100,000
random simulations.

One-Sample MR Analysis

A weighted GRS underpinning lower ACE
serum concentration (ACE GRS) was cal-
culated for each participant of the UK
Biobank by summing the number of ACE
concentration–lowering alleles inherited
at each independent variant, weighted
by each SNP–ACE concentration associ-
ation coefficient measured in SD per
effect allele. The score was then normal-
ized such that a 1-unit increase in the
GRS corresponded to a 1-SD reduction in
genetically determined ACE concentra-
tion. Logistic regression was performed
to estimate the association between
type 2diabetes prevalence andACEGRS
in theUKBiobank. Thismodelwas adjusted
for age, sex, ACE inhibitor usage, and the
first 10 principal components. To verify
whether the effect of ACE inhibition on
type2diabetes couldbemediated through
an effect on BMI, three additional logistic
regression models of type 2 diabetes risk
on ACE GRS were performed. These con-
sisted of two models also adjusted for 1)
measured BMI or 2) BMI polygenic risk
score (PRS) (calculated on the basis of a
method we previously described [19] and
using the summary statistics from the Ge-
netic Investigation of ANthropometric Traits
[GIANT] consortium [20]); a third model
using an ACE GRS excluded the SNP
rs72845888, which has previously been
reported to be significantly associated
with BMI (at P 5 4.8 3 10211) (20).

MR-Egger Regression

We performed MR-Egger regression to
test whether genetic variants included in
MR analyses did not exert directional
pleiotropy (i.e., where the genetic as-
sociation with the outcome is through a
different causal pathway and not through
the exposure of interest) (21). This anal-
ysis tested the null hypothesis (i.e., ab-
sence of pleiotropy) that the y-intercept of
the regression line was equal to zero after
fitting the relationships between ge-
netic associations with ACE concentration

(independent variable) and type2diabetes
(dependent variable).

Comparison Between Estimates of Type 2

Diabetes Obtained From MR and That

Obtained From RCT Meta-Analysis

Finally, comparison between estimates
of type 2 diabetes risk obtained fromMR
analysis and that obtained from RCT
meta-analysis was performed using a Z
test after standardization on blood pres-
sure change (Supplementary Material 3).

Pathway Analyses Between ACE Inhibition

and Type 2 Diabetes Risk

Assuming that biological mechanisms un-
derlying the protective effect of ACE in-
hibition on type 2 diabetes may involve
body adiposity, insulin sensitivity, and in-
sulin secretion, we investigated ACE con-
centration for causal associationswithBMI
and 15 glucose- and insulin-related traits,
including fasting glucose, 2-h postprandial
glucose, HbA1c, and several indices of in-
sulin resistance or b-cell function (22). We
performed two-sample MR analyses of
ACE concentration change (using the ge-
netic associations estimated in the ORIGIN
trial) on BMI (using the GIANT consortium
summary-level data) (20) and each of the
15 glucose- and insulin-related traits (us-
ing the Meta-Analyses of Glucose and
Insulin-related traits Consortium [MAGIC]
summary-level data) (23–26).Weapplieda
Bonferroni correction, such that only two-
tailed P , 0.05/16 was considered statis-
tically significant.

All statistical analyses were conducted
using R version 3.3.2 software. Two-tailed
P , 0.05 was considered statistically sig-
nificant, with adjustment for multiple hy-
pothesis testing applied as appropriate.

RESULTS

Lower ACE Serum Concentrations
Causally Associated With Lower Risk
of Type 2 Diabetes
We identified 17 independent cis-SNPs
significantly associatedwith ACE concen-
tration in4,197participants fromthegenetic
substudyofORIGIN (SupplementaryTable 3
for baseline characteristics). Altogether,
these SNPs were able to explain 39% of
the variance in ACE serum concentra-
tions (F-statistic value 156), thus sup-
porting its appropriateness to beused as
an instrument in subsequent MR anal-
yses (when F. 10) (Supplementary Table
4 and Supplementary Fig. 1).

Through the two-sample MR analysis
applied toDIAGRAM,we found that lower
ACE concentration was associated with a
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lower risk of type 2 diabetes (OR per SD
0.92 [95% CI 0.89–0.95]) (Fig. 2A). No
pleiotropy was detected to explain the
causal relationships between genetically
determined ACE concentration change
and the risk of type 2 diabetes using
MR-Egger regression model (intercept
P 5 0.221) (Fig. 3).
These genetic findings were replicated

in the UK Biobank using one-sample MR.
Hereby, we estimated that a 1-SD lower
ACE GRS resulted in a 3% lower risk of
type 2 diabetes (OR per SD 0.97 [95% CI
0.96–0.99]), with a direction and mag-
nitude of effect consistent with those
estimated in the two-sample MR anal-
ysis (Fig. 2A and Supplementary Fig. 2).
No effect of interaction between ACE
inhibitor usage and ACE GRS was found
on type 2 diabetes risk (P for interac-
tion5 0.99). Moreover, a 1-SD lower ACE
GRS predicted a 0.01 mmol/L lower mean
fasting plasma glucose (P 5 5.11 3 1023)
and a 0.02 mmol/mol lower mean HbA1c
(P 5 2.20 3 1022) (Fig. 2B).
As sensitivity analyses, we verified

whether adjustment for measured BMI
or BMI PRS would affect the associa-
tion of ACE GRS with type 2 diabetes
prevalence. We found that this asso-
ciation was modestly attenuated with

adjustment for measured BMI (OR per
1-SD lower ACE GRS 0.97 [95% CI 0.95–
0.99]; P5 1.893 1024) or BMI PRS (0.98
[0.96–0.99]; P5 2.303 1023). Similarly,
when performing a leave-one-out anal-
ysis by excluding the SNP rs72845888
from the ACE GRS calculation, the asso-
ciation of ACE GRS with type 2 diabetes
prevalence was attenuated but still sig-
nificant (0.98 [0.97–0.99]; P 5 3.60 3
1022).

MR Estimates for Type 2 Diabetes
Larger Than That Obtained From RCT
Meta-analysis
To investigate whether the effect of ACE
inhibition on type 2 diabetes risk might
be cumulative over time, we compared
theMR estimates of type 2 diabetes with
thatobtained fromanRCTmeta-analysis.
Six RCTs of ACE inhibitors versus placebo
were included in the meta-analysis, to-
taling 31,200 participants (Table 1). A
total of 1,312 new-onset diabetes cases
were reported in the intervention group
(n 5 15,593) and 1,506 cases in the
control group (n5 15,607) with a MAP-
lowering effect of ACE inhibitors versus
placebo of 2.4 mmHg over a period of
2.9–4.8 years of treatment. This meta-
analysis estimated that ACE inhibitor

allocation decreased type 2 diabetes in-
cidence by 24% (OR 0.76 [95% CI 0.60–
0.97]) (Supplementary Fig. 3). Com-
pared with this, the ACE GRS was asso-
ciated with a larger decrease in type 2
diabetes risk of 81% per 2.4-mmHg
lower MAP (0.19 [0.07–0.51]; P 5
0.007 for difference) (Fig. 2C). This result
was expected because MR analysis
(which appraises the effects of a lifelong
exposure on an outcome)may generate a
larger effect estimate comparedwith that
obtained fromRCTs examining the effects
of ACE inhibitors over a limited duration
of time.

Effect of ACE Inhibition on Type 2
Diabetes Risk Through BMI Modulation
To further clarify the association of ACE
inhibition and type 2 diabetes, we ex-
plored potential biological mechanisms
linking ACE and type 2 diabetes using a
two-sample MR approach. We identified
a causal association between lower ACE
concentration and lower BMI, whereby a
genetically lower ACE concentration pre-
dicted a lower BMI (b 5 20.02 kg/m2

[95% CI 20.03 to 20.007]; P 5 7.42 3
1024). No significant causal associations
between genetically determinedACE concen-
tration and 15 glycemic- and insulin-related

Figure 2—Results ofMRanalyses of ACE inhibition on type 2 diabetes risk and comparisonwith anRCTmeta-analysis.A andB: For the two-sampleMR, the
ORwas determined by regressing the effect estimates from the type 2 diabetes association (from the DIAGRAMconsortium) on the ACE association (from
ORIGIN)using the inverse variance–weightingmethod. The effects of eachACE-lowering SNPon type 2diabetes risk are presented in Supplementary Fig. 1.
For theone-sampleMR(ACEGRS),analyseswereperformedinall individualsofBritishCaucasianorigin intheUKBiobank,andmodelswereadjustedforage,
sex, whether participants reported receiving an ACE inhibitor medication at baseline, and the first 10 principal components. Squares represent the OR of
prevalent type 2 diabetes (A) and the change in SD units of each clinical variable (B) per 1-SD lower genetically determined ACE serum concentration. Error
bars represent 95% CIs. C: The OR of type 2 diabetes risk on genetically determined ACE concentrationwas standardized such that 1 unit corresponded to
a genetically determined ACE concentration change equivalent to a 2.4-mmHg lowerMAP. The OR of type 2 diabetes risk on ACE inhibitors was calculated
usingan inversevariance–weighted randomeffectsmeta-analysisof sixACE inhibitor vs. placeboRCTs.The twoORswere thencomparedusingaZ test (P for
comparison). Squares represent the OR of prevalent type 2 diabetes per 2.4-mmHg lower MAP. Error bars represent 95% CIs.

838 ACE Inhibition and Type 2 Diabetes Risk Diabetes Care Volume 43, April 2020

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/43/4/835/533029/dc191973.pdf by guest on 19 M
ay 2023

https://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc19-1973/-/DC1
https://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc19-1973/-/DC1
https://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc19-1973/-/DC1


traits were detected (Pall $ 0.05/16)
(Supplementary Table 6).

CONCLUSIONS

We demonstrated that genetically lower
ACE concentration was associated with
lower type 2 diabetes prevalence using
two independent analyses, even after
adjusting for BMI, and that genetic esti-
matewas larger comparedwith the effect
estimatemeasured in RCTs of ACE inhibitors
versus placebo, when standardizing for

blood pressure change. These genetic
findings thus reinforce the causal pro-
tective effect of ACE inhibitors on type 2
diabetes and suggest a cumulative ef-
fect over time.

Here, we have provided the first MR
study demonstrating that a genetically
lowerACE concentrationpredicts a lower
risk of type 2 diabetes. These findings are
consistent with previous results from
genetic association studies of ACE var-
iants with type 2 diabetes risk (27,28).

The most studied ACE variant (namely,
ACE I/D) corresponds to either the pres-
ence (insertion [I]) or absence (deletion
[D]) of a 287–base pair Alu repeat in
intron 16 of the ACE gene. This variant
has been reported to account for up to
one-half of the variability in serum
enzyme levels, with individuals homo-
zygous for allele I having significantly
lower levels than carriers of allele D
(29). There are multiple SNPs tagging
this single I/D SNP, including rs4343.

Figure3—MR-Egger regressionofACE concentration–lowering variantswith type2diabetes risk.Genetic associationswithACE levelsweredetermined
in the ORIGIN trial and are given in 1-SD lower ACE level per effect allele. Genetic associations with type 2 diabetes were extracted from the DIAGRAM
consortium and are given in log-OR per effect allele (graph generated with the R MendelianRandomization package).
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Meta-analyses of the ACE I/D variant
showed an association with type 2 di-
abetes, such that allele I was associated
with a 14% lower risk of type 2 diabetes
compared with allele D (30). Consistent
with this analysis, rs4343-A, which cor-
responds to allele I, explained 20% of
the variance in ACE concentration es-
timated in the ORIGIN trial, with the
strongest negative association with
ACE concentration. The allele I was
also reported to be nominally associ-
ated (P5 8.603 1027) with a reduced
risk of type 2 diabetes, with an OR of
0.97 in the Diabetes Meta-Analysis of
Trans-Ethnic consortium (31).
Evidence of causality between ACE in-

hibitors and protection against type 2
diabetes raises the clinical question of
whether ACE inhibitors should be rec-
ommended as a first-choice therapy in
patients with hypertension at high risk
of developing type 2 diabetes. In the
Diabetes REduction Assessment with
ramipril and rosiglitazone Medication
(DREAM) trial, the only dedicated trial
studying the effect of ACE inhibitor allo-
cation versus placebo on incident type 2
diabetes to date, ramipril did not signif-
icantly reduce the incidence of diabetes in
participants having prior IFG or IGT (haz-
ard ratio 0.91 [95% CI 0.79–1.05]) (10).
However,plasmaglucose levelsmeasured
2 h after an oral glucose load were signif-
icantly lower in the ramipril group (10). This

suggests that the benefits of ACE inhibitors
on type 2 diabetes prevention might be
reduced inpatientswithprior dysglycemia,
and the DREAM trial might have been
underpowered (with a sample size of
5,269) or of insufficient duration (with a
median of 3 years) to detect a reduction
in diabetes incidence ,20%.

While MR is increasingly used to infer
drug effects and reposition drug indica-
tions (12), our studysuggests aprotective
effectofACE inhibitorsontype2diabetes
through a reduction of BMI, which is
consistent with experimental models.
For example, treatment of mice on a
high-fat diet with ACE inhibitors reduced
bodyweightand, consequently, improved
insulin sensitivity. This study demon-
strated that angiotensin IIdtheproduct
of ACEdinhibits adipogenic differentiation
of human adipocytes, suggesting that
ACE inhibitors may prevent type 2 di-
abetes by promoting the recruitment
and differentiation of adipocytes (32).
Other mechanisms have also been re-
ported to explain the link between ACE
inhibition and glucose homeostasis. Ex-
perimental models showed that vaso-
dilation induced by ACE inhibitors could
improve blood circulation not only in
skeletal muscles, favoring glucose dis-
posal in peripheral tissues (e.g., skeletal
muscles, adipose tissue) and promoting
insulin action (33,34), but also in the
pancreas, promoting insulin secretion

(35). Preserving cellular potassium and
magnesium pools by blocking ACE could
also improve cellular insulin action and
secretion (36).

The strengths of our study include the
use of MR to estimate a causal relation-
ship between ACE inhibition and type 2
diabetes risk through two independent
analyses. Our analyses also revealed a
narrower interval estimate through MR
comparedwith RCTmeta-analysis.While
RCTs provide the highest level of evi-
dence for or against a health interven-
tion, heterogeneity in thediagnosis criteria
for type 2 diabetes or in the intervention
duration across the studies represents an
important limitation to meta-analyses. In
contrast, the use of MR has the ability to
reflect constant lifelong exposures to a
causal factor and can also overcome some
RCTpitfalls, such as insufficient duration of
follow-up to demonstrate an effect. How-
ever, the generalizability and interpreta-
tion of our findings are limited by several
factors. First, our MR analysis was re-
stricted to individuals of European and
Latin American ancestries, and the as-
sociation of ACE concentration with type 2
diabetes risk may differ in other ethnic-
ities. Second, no significant causal relation-
ships were found between ACE inhibition
and either insulin secretion or insulin
resistance indexes, although the power
of MR was moderate for these traits
and not all biological pathways could be

Table 1—Characteristics of studies contributing to the ACE inhibitors versus placebo meta-analysis and OR of new-onset
type 2 diabetes

RCT
Sample
size

Primary
disease Intervention

Follow-up
duration (years)

Mean MAP-lowering
effect (mmHg)† Definition of type 2 diabetes

OR of type 2
diabetes (95%CI)

DREAM 5,269 IFG or IGT Ramipril 15
mg/day

Median 3.0 23.0 FPG $7 mmol/L or OGTT
2 h $11.1 mmol/L twice

0.91 (0.79–1.05)

EUROPA 10,716 CAD Perindopril 8
mg/day

Mean 4.3 23.0 Not specified 0.97 (0.84–1.12)

HOPE 5,720 CVD Ramipril 10
mg/day

Mean 4.5 21.7 HbA1c .110% ULN 0.66 (0.51–0. 85)

PEACE 6,904 CAD Trandolapril 2–4
mg/day

Median 4.8 21.8 Not specified 0.83 (0.71–0.97)

SOLVD* 291 CHF Enalapril 5–20
mg/day

Median 2.9 Not specified FPG $126 mg/dL twice 0.22 (0.10–0.47)

IMAGINE 2,300 CVD Quinapril 10–40
mg/day

Median 3.0 22.7 Not specified 0.78 (0.47–1.29)

REmodel 31,200 22.4 0.76 (0.60–0.97)

CAD, coronary artery disease; CHF, chronic heart failure; CVD, cardiovascular disease; EUROPA, EUROpean trial on reduction of cardiac events with
Perindopril in stable coronaryArtery; FPG, fastingplasmaglucose;HOPE,HeartOutcomesPreventionEvaluation; IMAGINE, IschemiaManagementwith
Accupril post-bypass Graft via INhibition of the converting Enzyme; OGTT, oral glucose tolerance test; PEACE, Prevention of Events With Angiotensin-
Converting Enzyme inhibition; REmodel, inverse variance–weighted random effects model; SOLVD, Study Of Left Ventricular Dysfunction; ULN, upper
limit of normal. †MAP was calculated from systolic blood pressure–lowering effect and diastolic blood pressure–lowering effect of ACE inhibitor vs.
placebo reported in each RCT: MAP5 (systolic blood pressure1 2 3 diastolic blood pressure) / 3. *Reported results from 1 of the 83 clinical sites
participating in SOLVD.
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explored usingMRbecause of the lack of
genetic data orweak genetic instruments.
Finally, we could not investigate through
our RCT meta-analysis whether receiving
ACE inhibitors versus placebo decreases
BMI over the follow-up period because
BMI change has not been reported as a
secondary end point in RCT-related pub-
lications (5–9).
Our study represents the first MR anal-

ysis of ACE concentration on type 2 di-
abetes risk and identified ACE as a novel
causal factor for type 2 diabetes. Those
genetic findings were consistent with
meta-analyses of ACE inhibitor RCTs. Al-
though future studies are warranted to
better delineate the metabolic actions of
ACE inhibitors, current evidence supports
the use of ACE inhibitors to protect from
type 2 diabetes. These findings also sug-
gest that a patient’s risk of developing
type2diabetesshouldbeconsideredwhen
prescribing blood pressure–lowering drugs.
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