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Plasma y-Glutamyltransferase, Cysteinyl-Glycine, and
Oxidized Low-Density Lipoprotein
A Pathway Associated With Myocardial Infarction Risk?

Dagmar Drogan, Cornelia Weikert, Jutta Dierkes, Kerstin Klipstein-Grobusch, Brian Buijsse,
Matthias Mohlig, Andreas F. H. Pfeiffer, Tobias Pischon, Joachim Spranger, Heiner Boeing

Objective—To investigate the interrelation between plasma +vy-glutamyltransferase (GGT) activity, cysteinyl-glycine
(Cys-Gly) (ie, a thiol originating from GGT-mediated cleavage of glutathione), and oxidized low-density lipoprotein
(oxLDL) with regard to myocardial infarction (MI) risk in a prospective study.

Methods and Results—Incident cases of MI were identified among European Prospective Investigation into Cancer and
Nutrition (EPIC)-Potsdam participants without prior MI during 6.0 years of follow-up. Baseline levels of Cys-Gly and
oxLDL and GGT activity in plasma were measured in a case-cohort study comprising 837 subjects without incident MI
and 116 subjects with incident MI. The relation of GGT, Cys-Gly and oxLDL to MI risk was assessed using Cox
proportional hazards regression analysis. After adjustment for established risk factors, hazard ratios associated with a
1-SD unit increase in the log-transformed biomarker were 1.63 (95% CI, 1.30 to 2.05) for GGT, 1.36 (95% CI, 1.07 to
1.72) for Cys-Gly, and 1.37 (95% CI, 1.00 to 1.86) for oxLDL. Cys-Gly and oxLDL accounted for 2.3% of the relation

between GGT and MI risk.

Conclusion—The positive association between GGT activity and MI risk appears to be independent of circulating Cys-Gly
and oxLDL levels. With Cys-Gly, we found a potential new predictor of MI risk whose impact needs to be further
elucidated. (Arterioscler Thromb Vasc Biol. 2010;30:2053-2058.)
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levated blood vy-glutamyltransferase (GGT) activity, an
indicator of hepatobiliary dysfunction and alcohol misuse,
has been recognized as a predictor of cardiovascular diseases
(CVDs).'=+ GGT is present in blood and on the surface of most
cell types, where it catalyzes the cleavage of extracellular
glutathione to a y-glutamyl moiety and cysteinyl-glycine
(Cys-Gly). The latter triggers iron-dependent oxidation of
low-density lipoprotein (LDL).> In human atherosclerotic
plaques, catalytically active GGT colocalizes with oxidized
LDLs (oxLDLs) and CD68* foam cells, suggesting that the
pro-oxidative action of Cys-Gly may causally link GGT
activity with CVD risk.®
To our knowledge, the hypothesis of the previously discussed
metabolic relation has not been studied so far in observational
studies. Specifically, prospective data relating Cys-Gly status to
risk of myocardial infarction (MI) are lacking. Accordingly, the
aims of this study were 2-fold: (1) to assess the distinct relations
between plasma GGT activity, Cys-Gly, and oxLLDL to risk of

MI in a prospective cohort study and (2) to investigate to what
extent circulating Cys-Gly and oxLDL account for the associa-
tion between GGT activity and MI risk.

Methods
Study Design and Population

The European Prospective Investigation into Cancer and Nutrition
(EPIC)-Potsdam study is part of the large-scale EPIC cohort and
includes 10,904 male and 16,644 female participants recruited from
the general population of Potsdam and surrounding areas. The
preferred age range for recruitment was from 35 to 65 years. Study
procedures were approved by the ethics committee of the medical
association of Brandenburg, Germany; and all participants gave their
written informed consent. A baseline examination was conducted
from 1994 through 1998 and included blood sampling, measure-
ments of blood pressure (BP) and anthropometric parameters, self-
administered questionnaires on diet and lifestyle, and personal
computer-assisted interviews.”

Incident MI cases were identified by death certificate or self-report
on the biennial follow-up questionnaires.® The diagnosis was verified
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by review of medical records from the hospital, by contacting the
patients’ attending physicians, or by review of death certificates
according to World Health Organization criteria.® After excluding
subjects with a history of MI, we identified 159 cases of incident MI
(International Statistical Classification of Diseases, 10th Revision
[ICD-10] code 121) between the baseline examination and April 30,
2004 (mean=*SD follow-up, 6.0%1.5 years). By using a case-cohort
design, a subcohort (n=851) was randomly drawn among those
participants of the EPIC-Potsdam cohort who were free of MI at
baseline and who had provided baseline plasma samples. Consistent
with the case-cohort design, the subcohort included 5 subjects who
sustained an incident MI during the study period. We excluded 5
noncases with missing follow-up information, 1 noncase and 19
cases with incomplete biomarker data, and 3 cases with missing
information on relevant covariates. Because diabetes mellitus may be
both a consequence and a cause of high GGT levels, we excluded 8
noncases and 21 cases with prevalent diabetes at baseline. Thus, the
final data set comprised 953 individuals, with 842 belonging to the
subcohort (5 internal cases and 837 noncases) and 111 external cases.

Assessment of Covariates

The baseline measurement of anthropometric parameters was ob-
tained by trained personnel with the participants dressed in light
clothes and without shoes.!® The body mass index of participants
was calculated as weight in kilograms divided by height in meters
squared. Smoking habits, physical activity, educational attainment,
and medical history were assessed during a standardized interview.
Dietary habits, including alcohol consumption during the previous
year, were assessed at baseline by using a validated self-administered
food frequency questionnaire.!' Measurements of systolic and dia-
stolic BP were obtained after a resting period of 15 to 30 minutes.'©

Biomarker Assessment

During the baseline examination, peripheral venous citrate blood
samples were taken and subsequently centrifuged at 1000g for 10
minutes at 4°C. Plasma was fractionated and stored in liquid nitrogen
at —196°C. Total cholesterol (TC, ABX Diagnostics Cholesterol),
high-density lipoprotein cholesterol (HDL-C, ABX Diagnostics
HDL Cholesterol Direct), GGT (ABX Diagnostics GGT CP) activ-
ity, and C-reactive protein (CRP, ABX Diagnostics CRP CP) levels
were determined on an ABX Pentra 400 using standard reagents
from Horiba ABX, Montpellier, France. The Cys-Gly level was
determined by high-performance liquid chromatography with fluo-
rescence detection, as described for homocysteine.!'> The concentra-
tion of oxXLDL was measured with a competitive ELISA (Mercodia
AB, Uppsala, Sweden). The intra-assay and interassay coefficients of
variation were 0.9% and 4.7% for TC, 1.2% and 5.2% for HDL-C,
0.8% and 5.7% for GGT, 7.3% and 9.1% for Cys-Gly, 9.0% and
17.0% for oxLDL, and 0.9% and 4.7% for CRP, respectively.

Statistical Analysis

Statistical analysis was performed using the SAS software package,
release 9.1 (SAS Institute Inc, Cary, NC). All tests performed were
2-sided, with P<<0.05 considered statistically significant.

The major baseline characteristics of cases and subjects of the
subcohort are presented as mean=SD or frequency. GGT, Cys-Gly,
and oxLDL were log transformed and are displayed as geometric
means with corresponding 95% Cls. Within subjects of the subco-
hort, we calculated geometric mean values and 95% Cls of GGT,
Cys-Gly, and oxLDL across baseline characteristics using the gen-
eral linear model. To examine the correlation among GGT, Cys-Gly,
and oxLDL, we calculated Spearman correlation coefficients (ry)
within subcohort members.

To investigate the association of GGT, Cys-Gly, and oxLDL with
risk of MI, we conducted Cox proportional hazards regression
analysis adapted for the case-cohort design using the weighting
method described by Prentice.!* We categorized the biomarkers into
sex-specific quartiles based on their distribution within the subcohort
and calculated hazard ratios (HRs) using participants within the
lowest category as the reference group. Because of the dependence
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among observations introduced by the case-cohort design, we used
robust SEs obtained from the robust sandwich covariance estimates
for calculating 95% Cls. For the counting process style of input, the
subjects’ age at recruitment was used as the entry time and age at MI
diagnosis or censoring as the exit time. All models were stratified
according to age at recruitment to reduce sensitivity against viola-
tions of the proportional hazards assumption.

For each biomarker, we present 3 regression models. The first
model includes age and sex. In addition to the variables in the first
model, the second model also includes the following variables: body
mass index, smoking status (never smokers, former smokers >5
years, former smokers =5 years, smokers <20 U/d, and smokers
=20 U/d), educational attainment (vocational school or less, techni-
cal school, or university), physical activity (mean duration of leisure
time physical activities during the summer and winter seasons [in
hours per day]), and sex-specific categories of alcohol consumption
(men: <2,2-14.99, or =15 g/d; and women: 1, 1-7.49, or =7.5 g/d).
In addition to the variables in the first 2 models, the third model also
includes the TC to HDL-C ratio (sex-specific quartiles) and history
of hypertension. The latter was defined as a systolic BP of
140 mm Hg or higher, a diastolic BP of 90 mm Hg or higher, a
self-reported hypertension diagnosis, or use of antihypertensive
medication. We calculated the probability value for linear trend
across quartiles by using the participants’ assigned quartile as a
continuous variable in the respective Cox model.

We also analyzed MI risk per 1-SD increase in log-transformed
GGT, Cys-Gly, and oxLDL. Effect modification by sex was tested
by including cross-product terms of the respective log-transformed
predictor variables with sex in the third regression model. In
additional analyses, we controlled for log-transformed Cys-Gly
and/or oxLDL levels to study the extent by which adjustment for
these potential mediators attenuated the association between GGT
(log transformed) and risk of MI. The contribution of each of the 2
biomarkers to this risk relation was quantified using effect decom-
position.'* The corresponding 95% CI was calculated based on the
Fieller theorem.'s

Results
Subjects with incident MI had higher plasma levels of GGT,
Cys-Gly, and oxLDL than individuals of the subcohort (Table
1). In addition, MI cases tended to be older and were more
likely to be male, to be current smokers, and to have
hypertension at baseline.

In participants of the subcohort, plasma GGT activity was
significantly, although modestly, correlated with circulating
Cys-Gly (r,=0.20, P<<0.001) and oxLDL (r,=0.24, P<<0.001).
A similar correlation was observed between oxLDL and
Cys-Gly (r,=0.24, P<<0.001). There was a strong correlation
between oxLDL levels and TC/HDL-C ratio (r,=0.59,
P<0.001). Levels of GGT, Cys-Gly, and oxLDL were higher in
men compared with women and in participants with prevalent
hypertension (Table 2). Mean levels of all 3 biomarkers were
highest among subjects who smoke =20 U/d.

In Cox models stratified by age and adjusted for sex, body
mass index, smoking status, educational attainment, physical
activity, alcohol consumption, prevalent hypertension, and
TC/HDL-C ratio (model 3), GGT activity in plasma was
positively associated with risk of MI (Table 3). Relative to the
lowest quartile, subjects within the top quartile of GGT had a
3.71-fold increased risk of future MI (95% CI, 1.68 to 8.23;
P=0.002 for trend). The relative risk for MI for the compar-
ison of extreme Cys-Gly quartiles was 1.80 (95% CI, 1.00 to
3.23; P=0.03 for trend). Regarding oxLDL, we found a
positive association to MI risk in models adjusted for age, sex,
and several lifestyle factors (model 2). However, the HRs were
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Table 1. Baseline Characteristics of the Study Population*

Characteristics Cases (n=116)t Subcohort (n=842)
Male sex 75.9 39.8
Age, v 56.2+6.5 49.8+8.5
Educational attainment
Vocational school or less 379 36.1
Technical school 25.0 25.2
University 371 38.7
Smoking status
Never smokers 224 46.4
Past smokers >5y 19.8 25.4
Past smokers <5y 6.9 7.7
Current smokers <20 U/d 25.0 15.0
Current smokers =20 U/d 259 5.5
BMIt 27.4+3.7 25.7+3.6
Physical activity, h/dt 1.5+11 1.5+1.0
Alcohol consumption
<2.00 g/d (males) and 19.0 9.6
<1.00 g/d (females)
2.00-14.99 g/d (males) and 40.5 454
1.00-7.49 g/d (females)
=15.00 g/d (males) and 40.5 45.0
=7.50 g/d (females)
Hypertension 69.8 448
TC/HDL-C ratiof 5.0x1.2 3.9+1.0
GGT, U/L§ 26.1(23.2-29.4) 16.5 (15.8-17.2)
Cys-Gly, wmol/L§ 28.1 (27.1-29.1) 25.2 (24.8-25.6)
oxLDL, U/L§ 50.6 (47.0-54.5) 37.4 (36.4-38.5)

BMI indicates body mass index (calculated as weight in kilograms divided by
height in meters squared).

*Data are given as percentages unless otherwise indicated.

tCases are subjects with incident MI; 5 of them are subcohort members.

fData are given as mean=+SD.

§Data are given as geometric mean (95% Cl).

substantially attenuated and no longer significant after adjust-
ment for hypertension and TC/HDL-C ratio, with subjects in the
top compared with the bottom quartile exhibiting an HR of 1.31
(95% CI, 0.56 to 3.05; P=0.31 for trend across quartiles).

To test the hypothesis that Cys-Gly and oxLDL explain a
significant proportion of the association between GGT activity
and MI risk, we first analyzed the 3 biomarkers as continuous
predictor variables for the end point. Based on model 3, HRs
corresponding to a 1-SD increase in the log-transformed biomar-
ker levels were 1.63 (95% CI, 1.30 to 2.05) for GGT, 1.36 (95%
CIL 1.07 to 1.72) for Cys-Gly, and 1.37 (95% CI, 1.00 to 1.86)
for oxLLDL (Figure). The strengths of these associations were not
significantly different between men and women (P values for
interaction between biomarker levels and sex: GGT, P=0.54;
Cys-Gly, P=0.68; and oxLDL, P=0.36). Further control for
Cys-Gly and oxLLDL had a minor influence on the positive
relation between GGT and MI risk (HR, 1.60; 95% CI, 1.27 to
2.02) (Figure). Overall, both biomarkers explained 2.3% of the
association between GGT and MI risk, with Cys-Gly accounting
for 1.8% (95% CI, —0.3% to 4.8%) and oxLLDL for an additional
0.5% (95% CI, —0.2% to 1.8%). In comparison, Cys-Gly levels
were significantly associated with MI risk after adjustment for
GGT activity but not after adjustment for oxLDL. In contrast,
there was no statistically significant association between oxLDL

Plasma GGT, Cys-Gly, oxLDL, and MI Risk 2055

and MI risk after control for GGT and/or Cys-Gly. Additional
adjustment for CRP levels did not notably alter any of the
associations described (data not shown).

Discussion

In this case-cohort study nested within the EPIC-Potsdam
cohort, plasma GGT activity and circulating Cys-Gly were
positively associated with MI risk. Although the formation of
Cys-Gly is believed to link GGT activity with LDL oxidation
in atherosclerotic plaques, plasma levels of Cys-Gly and
oxLDL statistically accounted for only 2.3% of the relation
between plasma GGT activity and MI risk.

In line with our findings, there is growing epidemiological
evidence of a positive association of GGT with coronary
heart disease (CHD)!¢'7 and CVD mortality.>+18-20 A meta-
analysis! of prospective studies suggested that an elevation of
GGT by 1 U/L was associated with an HR of 1.20 (95% CI,
1.02 to 1.40) for CHD. Low-grade inflammation has been
proposed as 1 mechanism by which GGT activity may
contribute to atherosclerosis and CVD risk.2! However, in
participants of the Framingham Study, serum GGT was
positively associated with incident CVD even after account-
ing for CRP.2 Consistently, adjustment for CRP had a minor
impact on MI risk associated with GGT activity in our study
(data not shown). Alternatively, GGT-mediated oxidative
stress has been hypothesized as a pathway linking GGT
activity with CVD risk.® Specifically, the action of GGT on
glutathione leads to an increase in Cys-Gly, which can trigger
LDL oxidation in the presence of transition metals.> Because
there is evidence for such a pathway in human atherosclerotic
plaques,?> we aimed to study the interrelation between circu-
lating Cys-Gly and oxLDL and GGT activity with regard to
MI risk in an observational study.

To our knowledge, we present the first prospective data on the
association between circulating Cys-Gly and MI risk. Conflict-
ing results were reported for the comparison of Cys-Gly levels
between patients with CHD and healthy controls.?32* However,
these studies were cross-sectional and did not adjust for poten-
tially confounding factors that may have biased the observed
associations. In our data, Cys-Gly was positively associated with
MI risk after controlling for a variety of risk factors (Figure).
Adjustment for plasma GGT activity had a minor influence on
this risk relation, suggesting that, despite its metabolic link,
circulating Cys-Gly is not merely a reflection of GGT activity.
By including oxLDL as a covariate, we also attempted to
eliminate all pathways by which circulating oxLDL may medi-
ate the relation between Cys-Gly and MI risk. Although the
impact of oxLDL was not strong, the resulting risk estimate lost
statistical significance, suggesting a weak interrelation between
levels of Cys-Gly and LDL oxidation in plasma (Figure). This
interrelation is presumably stronger in the pro-oxidative envi-
ronment of the subendothelial space, and recent data support the
hypothesis that circulating Cys-Gly reflects or even determines
its content in the atherosclerotic plaque.?> In addition, Cys-Gly is
a component of plasma oxidation-reduction thiol status®°; thus,
oxidation-reduction and disulphide exchange reactions with
other thiols may further contribute to the positive relation
between Cys-Gly and MI risk beyond GGT activity. If other
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Table 2. Plasma GGT Activity and Levels of Cys-Gly and oxLDL Across Baseline Study Characteristics in 842 Subjects of the Subcohort

GGT Data Cys-Gly Data oxLDL Data
Geometric Mean Geometric Mean Geometric Mean
Characteristics (95% Cl), UL P Value (95% Cl), wmol/L P Value (95% Cl), UL P Value
Sex <0.001 <0.001 <0.001
Male 24.7 (23.3-26.1) 27.1 (26.5-27.8) 43.3 (41.6-45.0)
Female 13.2 (12.5-13.9) 24.3 (23.9-24.8) 35.6 (34.3-36.9)
Educational attainment 0.07 0.07 0.02
Vocational school or less 17.4 (16.2-18.7) 25.8 (25.2-26.5) 40.7 (38.9-42.5)
Technical school 16.1 (14.8-17.5) 24.7 (24.0-25.5) 37.3(35.4-39.3)
University 18.3(17.1-19.6) 25.8 (25.1-26.4) 38.0(36.4-39.7)
Smoking status <0.001 0.07 <0.001
Never smokers 14.8 (13.9-15.8) 25.0 (24.4-25.6) 36.6 (35.2-38.1)
Past smokers >5y 20.3 (18.7-22.1) 26.1 (25.3-26.9) 39.8 (37.7-42.0)
Past smokers <5y 17.6 (15.1-20.5) 26.0 (24.6-27.5) 40.9 (37.2-45.0)
Current smokers <20 U/d 18.5 (16.7-20.5) 25.2 (24.3-26.2) 38.8(36.3—41.4)
Current smokers =20 U/d 22.6 (19.5-26.2) 26.8 (25.4-28.3) 46.3 (42.2-50.9)
Alcohol consumption <0.001 0.45 0.09
<2.00 g/d (males) and <1.00 g/d (females) 15.9 (14.0-18.1) 25.2 (24.0-26.4) 40.9 (37.7-44.3)
2.00-14.99 g/d (males) and 1.00-7.49 g/d (females)  15.4 (14.5-16.4) 25.3 (24.8-25.9) 37.6 (36.1-39.1)
=15.00 g/d (males) and =7.50 g/d (females) 20.1 (18.8-21.4) 25.8 (25.2-26.4) 39.5(38.0-41.1)
Hypertension <0.001 <0.001 <0.001
No 15.4 (14.6-16.4) 24.5(24.0-25.1) 35.7 (34.3-37.0)
Yes 19.9 (18.7-21.1) 26.7 (26.1-27.3) 42.5(40.9-44.1)

prospective studies confirm Cys-Gly as a predictor of M1, its role
as either a marker or a causal risk factor needs to be elucidated.

Because high concentrations of oxLDL in plasma and
plaque are correlated with the vulnerability of atherosclerotic
lesions,?” we also analyzed the impact of circulating oxLDL
on MI risk. Each 1-SD increase in log-transformed oxLDL
was associated with a 37% increased MI risk after adjustment
for several cardiovascular risk factors (Figure). This estimate
is comparable to Cys-Gly, although the CIs were wider.
Subsequently, adjustment for GGT and/or Cys-Gly attenuated
the association between oxLDL and MI risk to statistical
nonsignificance, although the shift in the risk estimate was
not strong. In view of the strong correlation between oxLDL
and TC/HDL-C ratio, it appeared that this lipid ratio, rather
than GGT or Cys-Gly, determines the impact of circulating
oxLDL on MI risk. Comparable to our own study, at least 3
prospective studies>®—° have used a monoclonal antibody
4E6-based competitive ELISA for analyzing oxLDL levels in
relation to coronary events. However, only 2 of them have
included standard lipids as potential confounders in their
regression models. In data from the Health Professionals
Follow-up Study and the Nurses’ Health Study, the positive
relation between oxLDL and CHD risk was strongly attenu-
ated on adjustment for the TC/HDL-C ratio.?° In contrast,
oxLDL predicted CHD risk in male participants of the
Multinational MONItoring of trends and determinants in
CArdiovascular disease (MONICA)/Cooperative Health Re-
search in the Region of Augsburg (KORA) Augsburg studies,
independent of other lipids, including TC/HDL-C ratio.?®
These contradictory data suggest that the degree of correla-
tion between oxLDL and standard lipids hampers the possi-
bility to disentangle their independent contributions to the
end point.

In line with the modest correlation among the biomarkers,
our study did not confirm that much of the association
between plasma GGT activity and the end point was ac-
counted for by circulating Cys-Gly and oxLDL. Unexpect-
edly, the 2 biomarkers explained only a small fraction of the
increased MI risk associated with higher GGT activity.
Considering the antioxidant properties of plasma, this finding
suggests that the hypothesized pathway has minor relevance
in plasma, whereas GGT-mediated cleavage of glutathione
may still promote LDL oxidation in the intima. Alternatively,
GGT has been hypothesized to predict CVD as a marker of
oxidative stress3! or exposure to xenobiotics that need to be
conjugated to glutathione.?> In both cases, the increased
demand for glutathione would result in a compensatory
increase in GGT, thereby contributing to excretion of conju-
gates and supply with precursors for intracellular glutathione
synthesis. In plasma, glutathione and GGT are negatively
correlated,?? reflecting either an overconsumption of glutathi-
one because of GGT-induced oxidative stress or an increase
in GGT activity in response to higher glutathione turnover.
GGT and glutathione are also involved in the formation of
Cys-leukotrienes that may contribute to atherosclerosis and
ischemia.** In addition, GGT may reflect fat accumulation
and insulin resistance in liver tissue and is, thus, considered
as a biomarker for the presence of metabolic syndrome.3>

Our study benefits from a well-characterized study popu-
lation embedded into the EPIC-Potsdam cohort. Data were
collected prospectively, thereby eliminating the potential for
recall bias and reducing the possibility that biomarker levels
change as a result of the outcome. Furthermore, follow-up
proportions exceeded 90%?#; and all self-reports on incident
MI were verified through medical records, treating physi-
cians, or death certificates. Finally, we were able to adjust for
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Table 3. Data for Myocardial Infarction Across Quartiles of Plasma GGT Activity, Cys-Gly, and oxLDL

Quartile P Value
Characteristics 1 2 3 4 for Trend
GGT data
Median for males/females, U/L 12.7/7.3 18.7/11.0 27.514.7 47.9/23.3 NA
No. of cases, males/females 12/2 24/4 19/9 33/13 NA
Model 1t 1.00 2.09 (1.02-4.27) 2.25(1.13-4.51) 3.97 (2.01-7.85) <0.001
Model 2t 1.00 2.49 (1.13-5.45) 2.26 (1.01-5.06) 4.13 (1.90-8.97) <0.001
Model 3t 1.00 2.37 (1.05-5.34) 2.07 (0.92-4.70) 3.71 (1.68-8.23) 0.002
Cys-Gly data
Median for males/females, umol/L ~ 20.3/18.0 25.0/22.2 28.5/26.5 35.2/32.2 NA
No. of cases, males/females 171 18/7 21710 3210 NA
Model 1t 1.00 1.25 (0.67-2.35) 1.53 (0.82-2.85) 1.94 (1.07-3.51) 0.02
Model 2t 1.00 0.96 (0.48-1.91) 1.16 (0.59-2.25) 1.93 (1.08-3.46) 0.02
Model 3t 1.00 0.88 (0.44-1.77) 1.14 (0.60-2.19) 1.80 (1.00-3.23) 0.03
oxLDL
Median for males/females, U/L 24.6/21.2 37.1/30.4 47.9/39.3 63.9/56.2 NA
No. of cases, males/females 11/3 8/6 28/8 4111 NA
Model 1t 1.00 0.97 (0.44-2.17) 2.30 (1.14-4.61) 3.18 (1.58-6.39) <0.001
Model 2t 1.00 0.85 (0.36-1.99) 1.75 (0.83-3.66) 2.08 (0.96-4.49) 0.01
Model 3t 1.00 0.78 (0.33-1.84) 1.30 (0.58-2.89) 1.31 (0.56-3.05) 0.31

NA indicates not applicable.

*Quartiles are sex specific and based on the distribution of the respective plasma biomarker level within the subcohort.

tData are given as HR (95% Cl), derived from 9 Cox proportional hazards regression models with age as the underlying time
variable. Model 1 is stratified by age and adjusted for sex; model 2, stratified by age and adjusted for sex, body mass index, smoking
status, educational attainment, physical activity, and alcohol consumption; and model 3, adjusted for the variables in model 2 and
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also for hypertension and TG/HDL-C ratio.

important risk factors that may have confounded the associ-
ation between GGT, Cys-Gly, and oxLLDL regarding MI risk.
Because we used a case-cohort design, our findings are
expected to be generalizable to the source population without
the need to assess biomarker levels in the entire cohort!3; the
external generalizability may be limited to populations with
similar characteristics. Compared with a recently described
case-cohort study nested within EPIC-Potsdam,3¢ the presen-
ted analyses are based on a study population with a shorter
follow-up but with available data on the 3 biomarkers (GGT,
Cys-Gly, and oxLLDL). Although the relatively few MI cases
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Figure. The HRs (95% Cls) of myocardial infarction per 1-SD
increase in log-transformed plasma GGT activity, Cys-Gly, and
oxLDL, as derived from Cox proportional hazards regression
analysis, with age as the underlying time variable. Model 3 is
stratified by age at recruitment and adjusted for sex, body mass
index, smoking status, educational attainment, physical activity,
alcohol consumption, hypertension, and TC/HDL-C ratio.

affect the statistical power to detect weak associations,
established risk factors (eg, smoking or hypertension) re-
mained predictive for MI in our data. In addition, a positive
association between GGT and CVD has been confirmed by
several prospective studies, suggesting that the conclusions
drawn are valid, although the number of cases is relatively low.
Because the observed associations between the biomarkers and
MI risk were not significantly different between men and
women (P>0.05), we did not stratify for sex in any of the
analyses. However, we relied on a single baseline blood sample
from each participant. Thus, our findings do not reflect within-
subject variations in biomarker levels over time, and random
measurement errors may have attenuated the true relation be-
tween the biomarkers and the end point. Given the epidemio-
logical nature of our observations, our study can neither prove
nor disprove a causal link between GGT, Cys-Gly, oxLDL, and
MI risk. Rather, we have shown that our data are not consistent
with a hypothetical model to explain the association between
plasma GGT activity and incidence of MIL.

In summary, we demonstrated that GGT activity in plasma is
positively associated with incident MI. With Cys-Gly, we found
a potential new predictor of MI risk whose impact needs to be
further elucidated. However, contrary to our hypothesis, plasma
levels of Cys-Gly and oxLDL appear to have a negligible
influence on the relationship between GGT and the end point.
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