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Genetic studies have identified a glutamate-ammonia
ligase gene (GLUL) polymorphism associated with car-
diovascular disease morbidity and mortality among people
with type 2 diabetes (T2D). We sought to determine
whether GLUL rs10911021 is associated prospectively
with adjudicated cardiovascular composite end points
among overweight/obese individuals with T2D and
whether a lifestyle intervention resulting in weight loss
could diminish this association. Look AHEAD is a random-
ized, controlled trial to determine the effects of intensive
lifestyle intervention (ILI), including weight loss and phys-
ical activity, relative to diabetes support and education, on
cardiovascular outcomes. Look AHEAD participants in-
cluded in this report were 3,845 overweight/obese individ-
uals with T2D who provided consent for genetic analyses.
Over a median of 9.6 years of follow-up, the risk (C) allele
for GLUL rs10911021 was significantly associated with the
primary composite end point of death from cardiovascular
causes, nonfatal myocardial infarction, nonfatal stroke, or
hospitalization for angina among individuals with no his-
tory of cardiovascular disease (CVD) at baseline using ad-
ditive genetic models (hazard ratio 1.17 [95% CI 1.01-1.36];
P = 0.032). Results appeared more consistent in recessive
models and among individuals with no known history of
CVD at baseline; ILI did not alter these associations. These
results extend the association of GLUL rs10911021 to in-
cident CVD morbidity and mortality in the setting of T2D.

Both environmental and genetic factors are well estab-
lished to contribute to the pathogenesis of cardiovascular

disease (CVD), a leading cause of death in persons with
diabetes (1). A genome-wide association study identified
rs10911021, a single nucelotide polymorphism (SNP) up-
stream of the glutamate-ammonia ligase gene (GLUL), as
being specifically associated with CVD in the setting of
type 2 diabetes (T2D) (2) and all-cause mortality (3). This
finding was novel because rs10911021 was not associated
with the risk of developing T2D, insulin resistance, or
glucose intolerance (2).

The Look AHEAD (Action for Health in Diabetes)
Study is a multicenter trial that tested whether a randomly
assigned intensive lifestyle intervention (ILI) designed to
bring about weight loss and increased fitness would reduce
the incidence of CVD compared with diabetes support and
education (DSE) that did not have weight-loss or physical
activity goals. Participants in the ILI arm lost significantly
greater amounts of weight, and showed greater improve-
ment in fitness and indices of diabetes control compared
with participants in the DSE arm after 1 year (4). Despite
this, after a median of 9.6 years of follow-up, Look
AHEAD participants in the two study arms showed similar
rates of cardiovascular morbidity and mortality (5). In the
study here, we sought to independently replicate the as-
sociation of the C allele at GLUL rs10911021 with incident
CVD in the setting of T2D by determining whether GLUL
rs10911021 predicted the primary and secondary study
CVD end points in Look AHEAD and, if so, whether the
effect of ¥rs10911021 on CVD outcomes was diminished by a
randomized lifestyle intervention.
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RESEARCH DESIGN AND METHODS

Study Cohort

The design and methods of Look AHEAD have previously
been reported (6), as have the baseline characteristics of the
randomized cohort (7). Briefly, 5,145 ethnically diverse
overweight and obese subjects with T2D, aged 45-76 years,
were randomized to either the ILI or DSE arm. Of the 5,125
Look AHEAD participants, we previously derived an unre-
lated subset of 4,016 participants based on genotyping
using the Cardio-MetaboChip (8). The final analysis
was based on 3,845 participants (genotyping of the
GLUL rs10911021 SNP using a TagMan assay on a
7900HT [Life Sciences] was not successful in 171 par-
ticipants). Randomization occurred from August 2001
through April 2004. Data contributing to the current ana-
lyses were collected through 14 September 2012 when the
ILI was stopped because of lack of effect on the incidence
of major CVD events (5). The median follow-up was 9.6
years (interquartile range 8.9-10.3), and <4% of all pa-
tients randomly assigned to a study group were lost to
follow-up. Look AHEAD was approved by local institu-
tional review boards, including genetic analyses. All par-
ticipants provided informed consent.

Measures

CVD history at baseline was defined by self-report of a prior
history of heart attack, stroke, bypass surgery, stent
placement, angioplasty, carotid endarterectomy, angioplasty
of lower-extremity artery, aortic aneurysm repair, or heart
failure or congestive heart failure. During annual visits and
telephone calls every 6 months, staff members who were
unaware of study group assignments queried participants
about all medical events and hospitalizations. Hospital and
other records were reviewed for potential cardiovascular
events, with adjudication according to standard criteria by a
central review committee who were unaware of study group
assignments. The Look AHEAD primary composite CVD
outcome was cardiovascular death or the first occurrence of
nonfatal myocardial infarction, nonfatal stroke, or hospi-
talization for angina (5). The three prespecified composite
secondary outcomes included 1) cardiovascular death or
first occurrence of nonfatal myocardial infarction or non-
fatal stroke; 2) all-cause mortality or first occurrence of
myocardial infarction, stroke, or hospitalization for an-
gina; and 3) all-cause mortality or first occurrence of
myocardial infarction, stroke, hospitalization for angina,
coronary artery bypass grafting, percutaneous coronary
intervention, hospitalization for heart failure, or periph-
eral vascular disease.

Statistical Modeling

The relationship between the GLUL rs10911021 and
CVD outcomes was estimated using conditional Cox
proportional hazards regression models assuming a
gamma frailty model to account for dependence between
participants at the same clinical site (9). Note that with
conditional models, as opposed to marginal population-
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averaged models, effects are interpreted as a comparison
between two subjects at the same clinical site. We pre-
sent results for rs10911021 assuming an additive effect
of the risk (C) allele to provide the most direct replica-
tion of the prior literature (2), as well as a recessive
effect (CC vs. CT/TT), as the latter provided a better
model fit lower Akaike information criterion). All mod-
els were evaluated with and without an interaction term
between the GLUL rs10911021 and intervention arm (as
well as main effects for each) and began with adjust-
ments for age, sex, history of CVD, and genetic ancestry
(top three multidimensional scaling vectors estimated
from existing Cardio-MetaboChip data [10]). Unless oth-
erwise indicated, all analyses were performed using the R
Statistical Computing Environment.

RESULTS

Demographic characteristics of the genetic subsample at
baseline are included in Table 1. Consistent with the parent
cohort, no differences in demographic characteristics, his-
tory of CVD, duration of diabetes, HbA;, cardiovascular
risk factors, or medication use were observed at baseline
across ILI and DSE. There was no evidence of deviation
from Hardy-Weinberg equilibrium for rs10911021 (P >
0.35 in participants of self-reported non-Hispanic white,
African American, and a combined group of Hispanic
and American Indian ancestries). No differences in GLUL
rs10911021 genotype frequencies were observed between
ILI and DSE. The GLUL rs10911021 C allele was not asso-
ciated with risk factors for CVD including LDL, systolic and
diastolic blood pressure, triglycerides, HDL, and HbA;
(Supplementary Table 1).

Event rates of the primary and secondary composite
outcomes in this genetic substudy of Look AHEAD are
presented in Supplementary Table 2. Prospective associ-
ations of the GLUL rs10911021 variant with the primary
composite outcomes of Look AHEAD are presented in
Table 2. When analyzed using an additive model, the
risk (C) allele for rs10911021 as described by Qi et al.
(2) was significantly associated with CVD outcomes in
participants who did not have CVD at baseline (hazard
ratio [HR] 1.17 [95% CI 1.01-1.36]; P = 0.032), with a
somewhat weaker but similar effect in all participants
regardless of CVD history (P = 0.069) and in the sub-
sample of non-Hispanic white participants only.

Stronger results were observed in recessive models.
Across all participants, the GLUL rs10911021 CC geno-
type was significantly associated with the primary com-
posite end point of death from cardiovascular causes,
nonfatal myocardial infarction, nonfatal stroke, or hos-
pitalization for angina (HR per risk allele 1.21 [95% CI
1.03-1.42]) (Fig. 1). Consistent effects were observed
among the largest racial/ethnic group, non-Hispanic
white participants (HR 1.04 [95% CI 1.02-1.07]). Similar
to the additive models presented in Supplementary Table
3, results were most robust among individuals without a
history of CVD at baseline (full sample with CVD history:
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Table 1—Baseline characteristics of Look AHEAD participants
included in genetic substudy

ILI DSE
(N =1,967) (N =1,967) P
rs10911021 genotype 0.107
T 315 (16.0) 291 (15.5)
CT 968 (49.2) 873 (46.5)
CC 684 (34.8) 714 (38.0)
Age, years 58.9 + 6.8 591 £+ 6.9 0.281
Female sex 1,144 (58.2) 1,064 (56.7) 0.363
Self-reported
race/ethnicity 0.508
Non-Hispanic
white 1,372 (69.8) 1,343 (71.5)
African American 298 (15.1) 279 (14.9)
Hispanic 221 (11.2) 180 (9.6)
American Indian 40 (2.0) 37 (2.0
Other 36 (1.8) 39 (2.1)
Ancestral group? 0.241
Non-Hispanic
white 1,351 (68.7) 1,330 (70.8)
African American 318 (16.2) 297 (15.8)
Hispanic/American
Indian 298 (15.1) 251 (13.4)
History of CVD 290 (14.7) 260 (13.8) 0.454
Use of diabetes
medications 1,724 (87.6) 1,636 (87.1) 0.654
Use of insulin 368 (18.7) 356 (19.0) 0.877
Use of hypertension
medications 1,498 (76.2) 1,383 (73.8) 0.088
Use of lipid-lowering
medications 1,016 (51.7) 1,005 (53.5) 0.275
Aspirin use 0.639
Never 865 (44.0) 827 (44.0)
Sometimes 184 (9.4) 191 (10.2)
Every day 913 (46.4) 852 (45.4)
Unknown 5 (0.3) 8 (0.4)
Current smoking 92 (4.7) 74 (4.0) 0.303
Duration of diabetes,
years 5 (2-10) 5 (2-10) 0.669
Weight, kg 101.6 = 19.5 102.1 = 18.7 0.400
BMI, kg/m? 36.1 = 6.0 36.1 = 5.8 0.644
Waist circumference,
cm 114.4 =142 114.8 = 13.7 0.449
HbAc, % 72 1.1 73*x12 0.654
Blood pressure,
mmHg
Systolic 1289 =174 129.8 £ 17.2 0.103
Diastolic 70.0 = 9.4 70.4 = 9.6 0.285
LDL, mg/dL 111.8 = 32.2 112.0 = 32.7 0.862
HDL, mg/dL 43.0 = 11.6 43.2 = 11.7 0.651
Triglycerides, mg/dL 157 (109.5-224) 154 (108-221) 0.279

Data are n (%), mean = SD, or median (interquartile range).
P values for continuous measures are based on ANOVA

or Kruskal-Wallis tests as appropriate. For categorical

measures, P values are based on x? or Fisher exact tests
as appropriate. *Genetically defined based on estimated
admixture proportions (see RESEARCH DESIGN AND METHODS).
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HR 1.32 [95% CI 1.08-1.61]) in which the level of signif-
icance surpassed correction for multiple hypothesis test-
ing. In no case did the magnitude of genetic association
differ across the ILI and DSE intervention arms for the
primary outcome in the additive models (interaction P >
0.61).

Table 3 presents prespecified secondary CVD out-
comes analyzed using recessive genetic models only. A
significant association was found between the GLUL
rs10911021 polymorphism and secondary outcome 2,
which was comprised of death from any cause or first
occurrence of nonfatal myocardial infarction or nonfatal
stroke in the full sample (HR 1.20 [95% CI 1.04-1.38]),
non-Hispanic white participants (HR 1.18 [95% CI
1.00-1.39]), and individuals with no known history of
CVD at baseline (full sample: HR 1.26 [95% CI 1.06-
1.50]; non-Hispanic white subsample: HR 1.24 [95% CI
1.02-1.52]).

DISCUSSION

There are two key findings of this report. First, our
replication of the association of the C allele at GLUL
rs10911021 with incident CVD in Look AHEAD individ-
uals without a prior history of CVD model should reduce
any concern about false discovery or “winners curse” in
the two reports to date (2,3). The demonstration that
GLUL rs10911021 was associated with incident and not
prevalent coronary artery disease present at baseline fur-
ther emphasizes that the risk associated with GLUL
rs10911021 occurs in the context of established T2D.
It is important to note that the adjudicated composite
CVD outcomes in Look AHEAD include stroke, which
was not part of the end point used by Qi et al. (2). The
consistency of our findings across the primary and one of
the secondary end points that include fatal and nonfatal
myocardial infarction suggests that the results are com-
parable. Our findings should motivate further study of
rs10911021 in stroke risk in the setting of diabetes. The
lack of association of GLUL rs10911021 with traditional
risk factors of CVD, including LDL, HDL, triglycerides,
and blood pressure, suggests that the CVD risk may be
through a novel mechanism. Previously, the association
of rs10911021 with CVD was shown to be weakened by
adjustment for serum pyroglutamic-to-glutamic acid ra-
tio (2) consistent with genetic effects on GLUL triggering
abnormal glutamate/glutamic acid metabolism leading to
CVD in the setting of T2D. Chronic glutamate treatment
has a cytotoxic effect on pancreatic B-cells (11) that may
promote B-cell failure. Biochemical and basic science
studies are required to further define the mechanism
by which rs10911021 and its associated abnormalities
of glutamic acid metabolism may uniquely contribute
to CVD in the setting of T2D.

Second, the behavioral intervention did not conclu-
sively alter the association of GLUL rs10911021 with the
primary and secondary end points of Look AHEAD
despite demonstrated efficacy of the intervention at
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Table 2—Association of rs10911021 with the primary composite CVD outcome in the Look AHEAD Study

Interaction with intervention arm

No interaction with intervention arm

DSE: ILI:
N HR (95% CI)® HR (95% CI)®  Pinteraction HR (95% CI)* P
Additive model®
All participants® 3,845 1.10 (0.94-1.29) 1.13 (0.96-1.33) 0.834 1.11 (0.99-1.25) 0.069
All participants without
history of CVD® 3,295 1.14 (0.93-1.38) 1.22 (0.99-1.51) 0.624 1.17 (1.01-1.36) 0.032
Non-Hispanic white participants® 2,681 1.13 (0.94-1.36) 1.09 (0.90-1.33) 0.804 1.11 (0.97-1.27) 0.121
Non-Hispanic white participants
without history of CVD® 2,264 1.09 (0.90-1.31) 1.07 (0.88-1.30) 0.882 1.08 (0.94-1.23) 0.279
Recessive modelf
All participants® 3,845 1.17 (0.94-1.46) 1.25 (0.99-1.56) 0.704 1.21 (1.03-1.42) 0.020
All participants without
history of CVD® 3,295 1.26 (0.96-1.65) 1.39 (1.04-1.86) 0.616 1.32 (1.08-1.61) 0.006
Non-Hispanic white participants® 2,681 1.18 (0.92-1.51) 1.25 (0.96-1.63) 0.755 1.21 (1.01-1.45) 0.037
Non-Hispanic white participants
without history of CVD® 2,264 1.32 (0.97-1.79) 1.33 (0.94-1.89) 0.973 1.33 (1.05-1.67) 0.016

Primary composite CVD outcome includes death from cardiovascular causes, nonfatal myocardial infarction, nonfatal stroke, or
hospitalization for angina. ®HR per each additional copy of the risk C allele for rs10911021. bAdjusted for age, sex, top three multi-
dimensional scaling axes, intervention arm (no interaction model), history of CVD, and clinic (gamma frailty). “Same as adjust-
ments in b without adjustment for history of CVD. %Adjusted for age, sex, intervention arm (no interaction model), history of CVD, and clinic
(gamma frailty). ®Same as adjustments in d without adjustment for history of CVD. 'HR for CC homozygotes vs. TT or CT genotypes.

1, 4, and 10 years in producing weight loss (4,5). None of
the SNP X treatment arm interactions were statistically
significant. In some respects, a lack of treatment interaction
of GLUL rs10911021 with CVD may be understandable
because the ILI had no overall effect on the primary or
secondary CVD outcomes (7). The association of the SNP
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Figure 1—Primary composite outcome by rs10911021 genotype
and lifestyle intervention. The incidence of the primary outcome
(death from cardiovascular causes, nonfatal myocardial infarction,
nonfatal stroke, or hospitalization for angina) over a 9.6-year median
follow-up by rs10911021 genotype and randomized study interven-
tion arm. Solid lines denote participants randomized to ILI, and
dashed lines indicate randomization to DSE.

with coronary artery disease was identified in multiple
cohorts of people with T2D and who likely had a wide
range of behavioral and fitness practices (12). In addi-
tion, the lifestyle intervention was not designed to influ-
ence dietary glutamine content, which may be important
because a separate randomized trial of a glutamine sup-
plement observed beneficial effects on obesity, systolic
blood pressure, and glucose control (13).

This study has strengths and limitations. This ancillary
study is derived from the largest randomized, controlled
trial of behavioral weight loss, including ~3,850 individ-
uals who gave genetic consent, randomly assigned to a
control group or an intensive lifestyle intervention focus-
ing on weight-loss and physical activity promotion that
reduced weight and improved fitness relative to the con-
trol group. The subject group of Look AHEAD is further
comprised exclusively of overweight or obese individuals
with T2D and is similar in size to the composite of all
three independent cohorts studied by Qi et al. (2). CVD
morbidity and mortality were prospectively adjudicated by
treatment-blind reviewers over a median of 9.6 years of
follow-up with excellent retention rates. Limitations in-
clude a relatively small number of CVD events that,
although sufficient to detect genetic effects across treat-
ment arms, may have precluded detection of SNP X
treatment arm interaction. Moreover, although our find-
ings from Look AHEAD may apply to a growing popula-
tion of individuals with T2D, our findings are not
generalizable to population without diabetes.

Overall, our findings build upon prior research by
demonstrating prospective association of GLUL rs10911021
with incident cardiovascular morbidity and mortality over
a median of 9.6 years of follow-up among individuals at
high risk for CVD owing to being overweight or obese
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Table 3—Association of rs10911021 using recessive model with secondary composite CVD outcomes in the Look AHEAD Study

DSE:
HR (95% CI)?

Secondary outcome 1
All participants®
All participants without Hx of CVD®
Non-Hispanic white participants®
Non-Hispanic white participants
without Hx of CVD®

Secondary outcome 2
All participants®
All participants without Hx of CVD®
Non-Hispanic white participants®
Non-Hispanic white participants
without Hx of CVD®

Secondary outcome 3
All participants®
All participants without Hx of CVD®
Non-Hispanic white participants®
Non-Hispanic white participants
without Hx of CVD®

1.02 (0.78-1.33)
1.08 (0.78-1.50)
1.00 (0.73-1.35)

1.13 (0.77-1.65)

1.13 (0.92-1.38)
1.21 (0.95-1.54)
1.10 (0.87-1.37)

1.20 (0.91-1.57)

1.01 (0.83-1.21)
1.11 (0.89-1.40)
0.98 (0.79-1.22)

1.14 (0.88-1.48)

ILI:
HR (95% CI)? Pinteraction HR (95% CI)? P
1.31 (1.00-1.74) 0.194 1.15 (0.95-1.40) 0.158
1.47 (1.03-2.10) 0.215 1.24 (0.97-1.59) 0.084
1.38 (1.00-1.92) 0.152 1.16 (0.93-1.45) 0.200
1.44 (0.92-2.24) 0.412 1.25 (0.93-1.67) 0.134
1.27 (1.04-1.56) 0.400 1.20 (1.04-1.38) 0.014
1.32 (1.02-1.70) 0.626 1.26 (1.06-1.50) 0.009
1.28 (1.01-1.62) 0.357 1.18 (1.00-1.39) 0.050
1.30 (0.96-1.75) 0.696 1.24 (1.02-1.52) 0.035
1.24 (1.03-1.50) 0.121 1.12 (0.98-1.28) 0.109
1.24 (0.98-1.56) 0.528 1.17 (1.00-1.38) 0.057
1.21 (0.98-1.51) 0.174 1.09 (0.93-1.27) 0.281
1.20 (0.91-1.57) 0.800 1.17 (0.96-1.41) 0.113

Secondary outcome 1 includes death from cardiovascular causes or first occurrence of nonfatal myocardial infarction or
nonfatal stroke. Secondary outcome 2 includes death from any cause or first occurrence of nonfatal myocardial infarction or
nonfatal stroke. Secondary outcome 3 includes death from any cause or first occurrence of nonfatal myocardial infarction, nonfatal
stroke, hospitalization for angina, coronary artery bypass surgery, percutaneous coronary intervention, hospitalization for heart
failure, carotid endarterectomy, or peripheral vascular disease. ®HR for rs10911021 CC homozygotes vs. TT or CT genotypes.
bAdjusted for age, sex, top three multidimensional scaling axes, intervention arm (no interaction model), history of CVD (Hx of CVD), and

clinic (gamma frailty). °Same as adjustment in b without adjustment for history of CVD. “Adjusted for age, sex, intervention arm (no
interaction model), history of CVD, and clinic (gamma frailty). °Same as adjustment in d without adjustment for history of CVD.

and having T2D. This prospective association was not
conclusively altered by lifestyle intervention promoting
weight loss and physical activity.
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