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O

Genetically Driven Hyperglycemia
Increases Risk of Coronary Artery
Disease Separately From Type 2
Diabetes

Diabetes Care 2017;40:687-693 | DOI: 10.2337/dc16-2625

OBJECTIVE

This study tested the hypothesis that genetically raised hyperglycemia increases
coronary artery disease (CAD) risk separately from the risk conferred by type 2
diabetes as a whole.

RESEARCH DESIGN AND METHODS

We conducted a Mendelian randomization (MR) analysis using summary-level
statistics from the largest published meta-analyses of genome-wide association
studies (GWAS) for fasting glucose (FG) (n = 133,010 participants free of diabetes)
and CAD (n = 63,746 case subjects and 130,681 control subjects) of predominantly
European ancestry. FG-increasing variants associated with type 2 diabetes from
the largest GWAS for type 2 diabetes were excluded. Variants with pleiotropic
effects on other CAD risk factors (blood lipids, blood pressure, and obesity) were
excluded using summary-level data from the largest published GWAS. Data from
the Framingham Heart Study were used to validate the MR instrument and to
build an FG genetic risk score (GRS).

RESULTS

In an instrumental variable analysis comprising 12 FG-raising variants, a 1 mmol/L
increase in FG revealed an effect-size estimate of 1.43 CAD odds (95% CI 1.14-
1.79). The association was preserved after excluding variants for heterogeneity
and pleiotropic effects on other CAD risk factors (odds ratio [OR] 1.33 [95% ClI
1.02-1.73]). The 12 FG-increasing variants did not significantly increase type 2
diabetes risk (OR 1.05 [95% Cl 0.91-1.23]), and its prevalence was constant across
FG GRS quintiles (P = 0.72).

CONCLUSIONS

Our data support that genetic predisposition to hyperglycemia raises the odds of
CAD separately from type 2 diabetes and other CAD risk factors. These findings
suggest that modulating glycemia may provide cardiovascular benefit.

Diabetes, a disease characterized by persistent hyperglycemia, is a global public
health crisis affecting 415 million people worldwide (1). Prospective epidemiological
data have suggested that individuals with type 2 diabetes have a higher incidence of
coronary artery disease (CAD) than those without type 2 diabetes, leading to the
consideration of type 2 diabetes as a heart disease risk equivalent for the predic-
tion of future CAD (2). However, type 2 diabetes is a complex disease, typically
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accompanied by increased adiposity,
inflammation, oxidative stress, dyslipidemia,
and high blood pressure that accelerates
atherosclerosis and affects CAD (3). Thus,
it is possible that the effect of type 2 di-
abetes on CAD is not mediated by glyce-
mia per se but by other occult pathogenic
risk factors.

Epidemiologic studies have demon-
strated that the relation between gly-
cemia and CAD risk starts within the
normal blood glucose range (4,5). Yet,
randomized clinical trials (RCTs) that
successfully lowered glucose levels and
delayed the onset of type 2 diabetes in
participants with prediabetes have had
mixed effects on cardiovascular protec-
tion (6—10). Similarly, five separate RCTs
including individuals with type 2 diabetes
have failed to demonstrate the effective-
ness of an intensive glucose-lowering
therapeutic approach in reducing CAD
events (9-14). Opposite conclusions
were drawn from some recent and long-
term follow-up studies suggesting that
glucose lowering may provide additional
cardiovascular benefit (15-19). Inconsis-
tent findings may be partly a result of
short intervention and follow-up periods
for these studies, the lack of power for
trials that were designed for diabetes pre-
vention and not specifically for CAD pre-
vention, or the inclusion of individuals
with different duration of type 2 diabetes
and diverse clinical characteristics.

A genetic approach can be useful in
this scenario. Mendelian randomization
(MR) studies may help establish a causal
relationship between an exposure (i.e.,
glycemia) and an outcome (i.e., CAD)
because they eliminate reverse con-
founding and short time exposures by
the incorporation of a lifelong exposure
(genetic variation randomly assigned at
meiosis) that precedes the phenotype
and is not affected by the clinical out-
come (20). Two recent MR studies have
estimated the effect of glycemic traits
and type 2 diabetes on CAD risk (21,22).
Both studies, however, included a dispa-
rate number of fasting glucose (FG)—raising
variants associated with type 2 diabetes,
thereby allowing for the possibility that
such variants have effects on type 2 diabe-
tes globally and not conclusively proving
that modulating glycemia per se affects
CAD risk.

The observation gleaned from genome-
wide association studies (GWAS) that an
incomplete overlap exists between genetic

variants that raise glycemia and those that
increase type 2 diabetes risk provides a
unique opportunity to unravel the rela-
tionship between hyperglycemia and
CAD separately from type 2 diabetes
(23,24). Here, we conducted a discovery
and validation genetic instrumental anal-
ysis to test the hypothesis that genetically
driven hyperglycemia, alone among all
other potential metabolic contributors to
type 2 diabetes and its metabolic conse-
quences, has an effect on CAD risk.

RESEARCH DESIGN AND METHODS

Data Sources and Candidate
Instrument Selection

We conducted a MR analysis using
summary-level statistics from the largest
published meta-analyses of GWAS. De-
tailed explanations of consortium-specific
genotyping, quality control criteria, and
the requirements for each phase of the
heuristic are included in the Supplemen-
tary Data (Supplementary Material 1).
Briefly, we identified FG-raising genetic
variants at genome-wide significance
(P < 5 X 1078) in the largest published
meta-analysis of GWAS of participants
without diabetes by the Meta-Analyses
of Glucose and Insulin-related traits Con-
sortium (MAGIC) (n = 133,010) (24). We
excluded FG-associated genetic variants
nominally associated with type 2 diabe-
tes (P < 0.05) in the largest DIAbetes
Genetics Replication And Meta-analyses
(DIAGRAMvV3) Consortium study (n =
34,840 case subjects and 114,981 control
subjects) (25). We then pruned the list of
FG-increasing variants by linkage disequi-
librium (r* > 0.2). For each FG-raising
variant, we sought summary-level results
for CAD from the Coronary ARtery Dls-
ease Genome wide Replication and
Meta-analysis (CARDIOGRAMplusC4D)
(n = 63,746 case subjects and 130,681
control subjects) (26) or CARDIoOGRAMv3
(n = 22,233 case subjects and 64,762 con-
trol subjects) (27). We limited our analysis
to the genetic variants with a significant
false discovery rate effect (P < 0.05) for
each trait. All data sets included partici-
pants who were predominantly of Euro-
pean descent.

Next, we interrogated each FG-raising
variant for potential heterogeneity and
pleiotropic genetic effects on other CAD
risk factors. To detect potential pleiotropic
associations between included FG-
increasing risk variants with factors that
may increase or protect against type 2
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diabetes, we used the cross-phenotype
meta-analysis method (28). This method
relies on the hypothesis that each indepen-
dent genetic variant has multiple pheno-
typic associations. We prioritized this
method over other methods because it is
conservative, in that it excludes any variant
for which there is statistical evidence of
potential pleiotropic effects, irrespective
of the strength or the direction of such
effects. This is especially relevant for stud-
ies conditioning on a common effect (i.e.,
type 2 diabetes) that will lead to the exclu-
sion of variants associated with factors that
may protect against type 2 diabetes (29).
Consequently, an MR analysis that uses this
procedure and yields statistically significant
results is likely to reflect a true causal asso-
ciation between exposure and outcome.

A detailed explanation of the pleiotropy
analysis source criteria and cohort-specific
GWAS appears in the Supplementary Data
(Supplementary Material 2). Briefly, we
included cohort-specific summary level re-
sults from the largest GWAS meta-analy-
ses for each trait, where such data were
publicly available: 1) blood lipids (including
LDL cholesterol, HDL cholesterol, and tri-
glycerides) (30), 2) systolic and diastolic
blood pressure (31), and 3) BMI (32). For
our polygenic MR instrument, we consid-
ered the most restrictive pleiotropic
threshold of no pleiotropic associations
(P < 0.05) on other CAD risk factors. De-
tails of pleiotropy for each of the interro-
gated FG-increasing genetic variants
across CAD risk factors are described in
Supplementary Table 1. Finally, as an addi-
tional check for potential pleiotropy, we
examined the association of our aggregate
nonpleiotropic MR instrument with each
of these metabolic traits.

To estimate effect sizes for FG-increasing
risk variants on type 2 diabetes risk, we
conducted a genetically derived approxi-
mation including 1) a subset of FG-raising
variants not associated with type 2 di-
abetes (n = 12), 2) a set of previously
reported FG-associated variants (ignor-
ing possible association with type 2
diabetes, n = 32), and 3) a subset of pre-
viously reported variants excluding
our subset of nonoverlapping variants
(n = 20). Details of the included vari-
ants in each MR analysis are reported
in Supplementary Table 2.

Power Calculations
Power calculations were performed us-
ing two-stage least squares regression
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estimates for MR studies (33). For the
causal estimate of increased FG on
CAD, with the available sample size of
63,746 CAD case subjects, we had 80%
statistical power to detect differences
in CAD odds higher than 1.03 on the
causal effect between raised FG and
CAD (type | error rate set at 0.05). The
sample size of DIAGRAMvV3 (n = 34,840
case subjects) gave us 80% statistical
power to detect an effect of equivalent
magnitude of type 2 diabetes odds
higher than 1.04 on the causal effect
between raised FG and type 2 diabetes
(type | error rate set at 0.05).

Instrument Validation

MR validation was conducted using
individual-level data from Offspring
and Third Generation cohorts from the
Framingham Heart Study (FHS) in 5,113
participants free of diabetes (34,35). We
estimated the contribution of risk score
variants to FG variance and FG heritability.
We used genotyped variants with a geno-
typing success rate of =0.95 and variants
in Hardy-Weinberg equilibrium (P > 1 X
10~%). When not directly genotyped,
variants were imputed using HapMap2
or 1000 Genomes Project reference
panels by MACH software (http://csg.sph
.umich.edu/abecasis/MaCH/download/)
using previously described filters (23).
Uncertainty in imputation was accounted
for by using the dosage genotype (i.e.,
expected number of coded allele) in a lin-
ear mixed-effect model implemented in the
Imekin function of the R kinship2 pack-
age (available at http://cran.r-project.
org/web/packages/kinship2). To ensure
high-quality imputed genotypes, we
used an r? value threshold of 0.95, repre-
senting an approximate correlation with
the true genotype of 0.97. Details on ge-
notypes imputation and quality metrics
are described in the Supplementary
Data (Supplementary Material 3 and Sup-
plementary Table 3).

FG Genetic Risk Score

The FG genetic risk score (GRS) was calcu-
lated on the basis of the 12 identified
FG-increasing genetic variants not associ-
ated with type 2 diabetes. On the assump-
tion of an additive genetic effect, the
risk score summed risk alleles weighted
by their respective effect sizes on FG
(B-estimate coefficients) in the MAGIC
data set (24). The score was then rescaled
to range from 0 to 24 units so that a

participant with two risk alleles of each
variant would have a GRS of 24 units.
Higher scores indicated a higher genetic
predisposition to increased FG.

Statistical Analyses

To obtain an estimated effect of FG on
CAD, the causal effect (a) instrumented
by each FG-raising genetic variant was
calculated as the ratio of B-coefficients
for CAD and FG (a = Bcan/Brs), and the
SE was calculated as (SE = SEcap/Brc)-
Regression analyses from the Genetics
ToolboX package (available at http://
cran.r-project.org/web/packages/gtx)
were used to obtain the overall instru-
mental effect-sizes of the exposure on
the outcome. This approach, equiva-
lent to performing an inverse-variance
weighted meta-analysis of ratio esti-
mates across variants, allowed us to
minimize the potential for heterosce-
dasticity influencing our overall causal
estimate because the method routinely
lowers the weight of lower frequency
variants as they have larger SEs (36).

Heterogeneity of the overall MR in-
strument was assessed using the Q sta-
tistic and reported as a heterogeneity
P value. Cook’s distance was used to es-
timate heterogeneity of the individual
FG-increasing risk variants. We also in-
terrogated each FG-raising genetic vari-
ant for potential pleiotropic nominal
associations with other CAD risk factors
(P < 0.05). The overall effect-sizes on
CAD risk using the polygenic MR instru-
ments were reported as odds ratios
(ORs) and 95% Cls of OR per 1 mmol/L
increase in FG levels. We took two-sided
P < 0.05 to denote evidence against the
null hypothesis in MR analyses.

To validate our MR instrument, we
estimated the contribution of risk score
variants to FG variance and FG herita-
bility in a linear mixed-effect model
with an additive genetic model, age
and sex covariates, and random effects
to account for familial correlation in par-
ticipants without diabetes from the Off-
spring and Third Generation cohorts
from FHS. To measure the combined ef-
fect of the 12 FG-increasing variants on
FG, we computed quintiles of the
12-variant GRS. Differences in FG be-
tween GRS quintiles were analyzed in
linear mixed-effects models accounting
for familial correlation among partici-
pants. To assess whether type 2 dia-
betes prevalence differed across GRS
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quintiles, we used specified generalized
estimating equations models, after in-
cluding available data from 724 individ-
uals with type 2 diabetes from the FHS.
Differences in other clinical characteris-
tics were assessed across quintiles using
the combined cohort of participants
with and without diabetes from the
FHS. Participants with missing pheno-
type or covariates were excluded from
the analysis. In all models, we accepted
the GRS was associated with the depen-
dent variable if the omnibus test for
GRS quintiles was significant (P < 0.05).
R 3.2.0 software (https://www.r-project
.org/) and Stata 12.0 software (StataCorp
LP, College Station, TX) were used for the
statistical analyses.

RESULTS

We identified 12 independent FG-raising
genetic variants at genome-wide signifi-
cance that were not associated with
type 2 diabetes. Selection criteria require-
ments for each phase of the heuristic
to arrive at those 12 independent FG-
increasing genetic variants are shown
in Supplementary Fig. 1. Details on the
risk alleles, frequency, P values, sample
sizes, and magnitude of the effect on
FG, type 2 diabetes, and CAD are pre-
sented in Table 1.

In an instrumental variable analysis
using a polygenic instrument of 12 FG-
raising variants, a 1 mmol/L increase in
FG raised CAD odds by 43% (OR 1.43
[95% Cl 1.14-1.79]; heterogeneity P =
0.02) (Fig. 1). One variant introduced
heterogeneity in the MR instrumental
analysis (AMT, rs11715915; Cook’s dis-
tance = 0.66). After excluding this vari-
ant, we showed that the association of
increased FG and CAD was preserved
(OR 1.34 [95% Cl 1.07-1.68]; heteroge-
neity P = 0.88) (Supplementary Fig. 2).
Next, we interrogated each of the FG-
raising variants for potential pleiotropic
effects on other CAD risk factors, including
blood lipids, blood pressure, and obesity.
The use of a conservative pleiotropy
threshold (P < 0.05) resulted in five FG
risk-increasing variants being treated as in-
strumental variables. A 1 mmol/L increase
in FG derived from the MR instrument set
of five FG-raising variants revealed an OR
of 1.33 (95% Cl 1.02—-1.73) for CAD (Fig. 2).
The MR instrument constructed with
these five nonpleiotropic variants was
not associated with higher LDL choles-
terol, triglycerides, systolic or diastolic
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Table 1—Characteristics of genetic variants considered for use in Mendelian randomization analysis of the effect of FG on CAD

P value FG Pvalue CAD P value T2D
Chr Position SNP Genes EA MAF ORFG ORCAD ORT2D (n=133,010) (n=194,427) (n=149,821)
2 169471394  rs560887 G6PC2 C 033 1.07 1.02 097 140X10 % 151x10°' 110x10°?
3 172 195 984 rs1280 SLC2A2 T 014 1.03 1.00 1.04 856x10 ¥ 636Xx10°' 6.60 X 10?2
3 49 430334 rs11715915 AMT G 027 101 1.05 1.00 490 X 10°® 629X 10°%® 530x10°*
5 95565204  rs4869272 PCSK1, MIR583 T 032 1.02 0.99 1.00  1.02X10*® 581x10°' 1.81x10"
9 110719930 rs16913693 IKBKAP T 002 104 1.03 096 351x10 ' 350x10 ' 530x10"
10 113032083 rs10885122 ADRA2A G 011 1.03 1.02 1.02  632xX10Y 214x10°' 530X 102
11 47303299 rs11039182 MADD T 031 1.02 1.00 1.01  482X10 % 894X10 ' 442Xx10*
11 61360086  rs174576 FADS1 T 037 1.02 1.02 1.03 1.2X107*® 893x107% 124x10°
12 131551691 rs10747083 P2RX2 A 025 101 1.02 101  757x10°% 316Xx10°' 7.57 X10°*
13 27385599 rs11619319 PDX1 A 021 102 1.01 099 133X10° " 337x10 ' 58 x10 "
14 99909 014  rs3783347 WARS G 022 102 1.02 1.00 132x10°* 166x107' 847X 10°*
20 22505099  rs6113722 FOXA2 G 004 104 1.00 1.00 249x10°* 875Xx10°' 9.42Xx10°*

Chr, chromosome; EA, effect allele; MAF, minor allele frequency; SNP, single nucleotide polymorphism; T2D, type 2 diabetes.

blood pressure, and BMI or with lower
HDL cholesterol (P > 0.05).

We also showed that the polygenic
instrument of 12 FG-raising variants did

not significantly increase type 2 diabetes
odds (OR 1.05 [95% Cl 0.91-1.23]; hetero-
geneity P = 0.09) (Supplementary Fig. 3).
As expected, in an independent MR

Change in CAD odds per allele, In(odds)

0.08
0.06

!
0.04 il

_ -~ TKBKAP
0.02 & LT /o
] -~

P2R><2V\LA§$§S;L— ForAeA — ez

0.00
PCSK1/MIR583
-0.02
0.04
I I I I I
0.00 0.02 0.04 0.06 0.08

Change in FG per allele, mmol/L

Figure 1—Estimate effect size of raised FG on CAD odds. Effect of FG-raising genetic variants
(mmol/L) on CAD odds obtained from publicly available data from MAGIC and CARDIoGRAM
Consortia. Each white dot represents a genome-wide FG-raising variant not associated with
type 2 diabetes. The association of each variant with CAD (logarithmic OR transformation,
In[OR]) is denoted in the y-axis, and the association with FG is denoted by the x-axis. The red
lines illustrate regression and 95% Cl of FG on CAD. The effect of the polygenic instrument
comprising all 12 FG-increasing variants increased the odds of CAD risk per 1 mmol/L increase
in FG (OR 1.43 [95% CI 1.14-1.79]).

analysis including all 32 FG-raising variants
reported to date, a 1 mmol/L increase in
FG increased type 2 diabetes odds by ap-
proximately twofold (OR 1.94 [95% CI
1.77-2.12]) (Supplementary Fig. 4). The es-
timated effect size of increasing FG on
type 2 diabetes was even stronger after
our subset of 12 FG-raising variants was
removed (OR 2.74 [95% CI 2.44-3.07])
(Supplementary Fig. 5). The contrasts be-
tween these two last estimated effect sizes
on type 2 diabetes odds were statistically
significant (P = 0.03).

In a validation study of individuals
without diabetes from the FHS Offspring
and Third Generation cohorts, the
12 FG-raising variants MR instrument
explained a substantial proportion
(5.03%) of the inherited variation in FG.
The mean FG concentration was higher
for those individuals in the top quintile
of the GRS compared with individuals in
the lower score (B = 0.11, SE=0.02; P =
6.25 X 10~ %) (Fig. 3). After available data
from 724 individuals with type 2 diabetes
from the FHS were included, the preva-
lence of type 2 diabetes did not differ
across FG GRS quintiles (Q1 = 13.1% vs.
Q5 = 11.9%; P = 0.72 (Fig. 3), and the
difference in FG across GRS quintiles
was attenuated (Supplementary Table
4). A complete description of clinical char-
acteristics according to FG GRS quintiles is
detailed in (Supplementary Table 4). We
did not observe statistical differences
across FG GRS quintiles for other CAD
risk factors, including age, sex, metabolic
syndrome, BMI, blood lipids, or blood
pressure. Similarly, continuous FG GRS
did not affect type 2 diabetes risk (OR
0.98 [95% ClI 0.94-1.02]) after adjusting
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Locus SNP OR(95%Cl)  %Weight
FOXA2  rs6113722 1.12(0.27, 463) 3.53
G6PC2  rs560887 N 1.25(0.92, 169) 77.39
PDX1 rs11619319 — T 1.65(0.59, 4.58) 6.82
ADRA2A rs10885122 R 1.81(0.71, 462) 8.11
IKBKAP 1516913693 - 1.87 (0.50, 6.92) 4.15
Overall O 1.33(1.02, 1.73) 100.00
T T

forage, age squared, and sex (Supplemen-
tary Table 5).

CONCLUSIONS

Whether hyperglycemia raises CAD risk
separately from concomitant patho-

Fasting Glucose, mmol/L

A 1
QOdds ratio (OR)

10

Figure 2—MR estimate of raised FG on odds of CAD is shown in subgroup analyses after
pleiotropic exclusion computed using five FG-raising variants. Shown for each FG-raising genetic
variant are the estimates of raised FG on CAD odds obtained from publicly available data from
MAGIC and CARDIOGRAM Consortia (blue diamond). Also, shown for each FG-increasing genetic
variant is the estimate of the effect and the inverse variance weight (percentage proportional to
the size of the gray square) and the 95% Cl of the estimate. Each FG-raising genetic variant was
tested for evidence of pleiotropic associations with other CAD risk factors using the cross-
phenotype meta-analysis method at the most conservative threshold that excluded variants
with nominal pleiotropic associations (P << 0.05). The MR instrument comprising five FG-raising
variants increased odds of CAD risk by 33% per 1 mmol/L increase in FG (OR 1.33 [95% CI 1.02—
1.73]). SNP, single nucleotide polymorphism.

physiological processes of type 2 diabe-
tes is uncertain. Our MR investigation
confirmed that increased FG, deter-
mined by FG-increasing genetic variants
that were not associated with type 2 di-
abetes risk, raised CAD risk. We report

— - 0/
545 7, Fasting Glucose 105 -
_| ® T2D Prevalence - 90%
340 L 80%
535 — 1 - 70% (1;
- 60% E
530 - 50% D
[
- 40% [i
5.25 - ano, O
JO /0 '(;J
- 20%
520 4 B o e ] N B
L = L 10%
515 L 0%
T T T T T
Q1 Q2 Q3 Q4 Q5

Quintile of GRS for Fasting Glucose

Figure 3—FG concentrations and type 2 diabetes (T2D) prevalence according to individual FG
genetic risk score quintiles. Variation in FG concentrations and type 2 diabetes prevalence
depending on the number of risk alleles identified at the FG loci, weighted by effect size in an
aggregate genotype score for the FHS Offspring examination 8 and Third Generation examina-
tion 2 participants. FG GRS quintiles are represented on the x-axis. The left y-axis displays FG
concentrations (mean * 1.96 X SE) in individuals without diabetes according to the GRS
quintiles (black dots). The right y-axis shows type 2 diabetes prevalence across GRS quintiles
(n = 724 participants with type 2 diabetes). The FG difference (B-coefficient) between the top
and bottom quintiles was 0.11 mmol/L (SE 0.02; P = 6.25 X 10~ %). Type 2 diabetes prevalence
was constant across FG GRS quintiles (Q1=13.1%vs. Q5 =11.9%, P=0.72). In all models, P values
were obtained by the omnibus test for GRS quintiles.

an increase in CAD odds of 43% per
1 mmol/L of raised FG. The association
was similar when using a genetic instru-
ment composed of FG-associated genetic
variants that did not exhibit heteroge-
neous effects and did not have pleiotropic
effects on other CAD risk factors (33%
higher CAD odds per 1 mmol/L increase
in FG).

FG is one of the diagnostic criteria for
type 2 diabetes. However, clinical data
suggest that not all modest physiologi-
cal elevations in FG will be associated
with type 2 diabetes (37), and even after
15 years of exposure to increased FG
concentrations, not all individuals progress
to type 2 diabetes (10). Although type 2
diabetes has been long recognized as a
CAD risk factor, the complex interaction
of several metabolic alterations supports
the difficulty in determining whether the
glycemic component has an effect on CAD
risk (38). Epidemiologic studies in this area
are subject to confounding, and RCTs for
glycemic control have been inconclusive.
Genetic analyses that incorporate a GRS
as a polygenic instrument in an MR frame-
work can capture an adequate proportion
of variance in an endophenotype and
establish causality for that trait. The key
novel point of the current study is the in-
clusion of nonoverlapping FG and type 2
diabetes variants. In this study, we ana-
lyzed one component of type 2 diabe-
tes, hyperglycemia, while attempting
to exclude other components associated
with a complex disease process that in-
volves mechanisms beyond hyperglyce-
mia. Our study supports the hypothesis
that glucose elevation per se is a key con-
tributor to increased CAD.

A clinical implication of our findings is
that they lend credence to the notion
that lowering glucose may confer car-
diovascular benefit even among indi-
viduals without diabetes. Prospective
epidemiological data have consistently
shown that even small changes in blood
glucose can have an effect on cardio-
vascular morbidity and mortality in
healthy participants (39). In an extended
meta-regression analysis, a linear rela-
tionship with no threshold effect was ob-
served between FG and CAD risk (the
relative cardiovascular event risk reduc-
tion was 1.33 compared with FG concen-
trations of 4.2 vs. 6.1 mmol/L) (40). In
addition, intensive glucose-lowering ther-
apy reduced the risk of myocardial infarc-
tion in people with newly diagnosed
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type 2 diabetes (16) and in patients with
established type 2 diabetes by 15 to 20%
(15). A meta-analysis of large RCTs found
intensive glucose-lowering was associ-
ated with a significant 9% reduction in
CAD events (41).

Although the current study was not
designed to elucidate a potential mech-
anism of action, our findings concur
with previous observations that plasma
glucose elevations can directly aggra-
vate structural changes in the arterial
wall by a variety of mechanisms, includ-
ing endothelial dysfunction, vascular
smooth muscle cell proliferation, and
an inflammatory phenotype change in
macrophages (42). Consequently, a life-
time exposure to increased FG is likely
to have detrimental effects on cardiovas-
cular disease. A recent pharmacogenomic
study suggested that the low-frequency
missense variant Ala316Thr (rs10305492)
in the glucagon-like-peptide 1 receptor
gene (GLP1R) was associated with lower
FG and conferred protection against
CAD risk, highlighting the role of hyper-
glycemia on CAD risk and suggesting a
glucose-driven mechanism (43). We
note that in our MR instrument, the
variant rs560887 at the G6PC2 locus,
the strongest common genetic determi-
nant of FG (44), was the main contribu-
tor of the MR effect estimate of FG on
CAD. G6PC2 encodes the glucose-6-
phosphatase catalytic 2 subunit, which
regulates glycemia by opposing the ac-
tion of glucokinase (GCK) in pancreatic
B-cells, thereby modulating glycolytic
flux and glucose-stimulated insulin se-
cretion (44). Individuals with GCK mu-
tations (responsible for maturity-onset
diabetes of the young, type 2), who
have mild hyperglycemia from birth,
do not seem to be at increased risk of
CAD compared with unaffected family
members (45). However, early diagno-
sis of diabetes in this population may
have intensified treatment of other po-
tent CAD risk factors, such as hyper-
cholesterolemia, thereby conferring
additional cardiovascular protection
in mutation carriers (45).

Our results should be interpreted
with caution because other unmeasured
factors (e.g., those related to inflamma-
tion or oxidative stress) could bias our
estimate of elevated FG on CAD. In ad-
dition, given different sample sizes of
GWAS datasets for the various traits
and a uniform P value threshold of 0.05

to establish pleiotropy, the effect size
detected to make this determination will
differ per trait; nevertheless, we elected
to choose a metric establishing a uni-
form likelihood of deviation from chance
over a metric intending to capture similar
effect sizes across phenotypes. We also
recognize that nongenetic factors may
have a more dominant role in FG and
CAD risk. MR studies make several as-
sumptions, including confounding by
pleiotropy and linkage disequilibrium,
population structure, or weak genetic
instruments (46). Confounding by plei-
otropy and linkage disequilibrium was
properly addressed, but we cannot affirm
that our results apply to other ethnic
groups because we conducted our analy-
ses mainly in populations of European
descent.

Our validation analysis showed that
our genetic instrument explains a small
proportion of FG variance, although
the magnitude of variance explained
is aligned with previous observations
(23,24) and is sufficient to capture the
effects of genetically explained FG, es-
pecially for individuals without diabetes.
Nevertheless, we cannot rule out that a
genetic instrument constructed with a
different set of undiscovered variants,
derived from deeper genotyping plat-
forms or other populations, might yield
disparate results. Our MR variable anal-
ysis also assumed a linear relationship
between FG and CAD. We note that FG
may have a nonlinear relationship with
CAD, but this is typically seen for indi-
viduals with low glucose levels, which
represent a minority of the general pop-
ulation (2). Finally, we cannot rule out
the possibility that FG-raising variants
may have an independent effect on FG
and CAD or an effect on CAD that varies
with the extent of glycemic exposure.

In conclusion, our findings quantify
the causal relationship between in-
creased FG and CAD risk beyond the ge-
netic effect of type 2 diabetes and other
major CAD risk factors. We demonstrated
that a 1 mmol/L increase in FG increased
the odds of CAD by 33%. Our results pro-
vide additional evidence for the design and
interpretation of clinical trials of interven-
tions specifically designed to lower glyce-
mia on CAD outcomes.
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