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Abstract

Objective—To characterize the relationship between advanced glycation end products (AGEs) and
circulating receptors for AGEs (RAGE) with cardiovascular disease mortality.

Methods—The relationships between serum AGEs, total RAGE (SRAGE), and endogenous
secretory RAGE (esRAGE), and mortality were characterized in 559 community-dwelling women,
>65 years, in Baltimore, Maryland.

Results—During 4.5 years of follow-up, 123 (22%) women died, of whom 54 died with
cardiovascular disease. The measure of serum AGEs was carboxymethyl-lysine (CML), a dominant
AGE. Serum CML predicted cardiovascular disease mortality (Hazards Ratio [H.R.] for highest
versus lower three quartiles 1.94, 95% Confidence Interval [C.1.] 1.08-3.48, P = 0.026), after
adjusting for age, race, body mass index, and renal insufficiency. Serum sRAGE (ng/mL) and
esRAGE (ng/mL) predicted cardiovascular disease mortality (H.R. per 1 Standard Deviation [S.D.]
1.27,95% C.I. 0.98-1.65, P = 0.07; H.R. 1.28, 95% C.I. 1.02-1.63, P = 0.03), after adjusting for the
same covariates. Among non-diabetic women, serum CML, SRAGE, and esRAGE, respectively,
predicted cardiovascular disease mortality (H.R. for highest versus lower three quartiles, 2.29, 95%
C.1.1.21-4.34,P=0.01; H.R. per 1 S.D., 1.24, 95% C.I. 0.92-1.65, P = 0.16; H.R. per 1 S.D. 1.45,
95% C.I. 1.08-1.93, P = 0.01), after adjusting for the same covariates.

Conclusions—High circulating AGEs and RAGE predict cardiovascular disease mortality among
older community-dwelling women. AGEs are a potential target for interventions, as serum AGEs
can be lowered by change in dietary pattern and pharmacological treatment.
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INTRODUCTION

Advanced glycation end products (AGESs) are a heterogeneous group of bioactive molecules
formed by the non-enzymatic glycation of proteins, lipids, and nucleic acids (1,2). AGEs have
been implicated in the pathogenesis of diabetes (2), atherosclerosis (1,3), and renal disease
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(4). AGEs form covalent cross-links with proteins such as collagen (5), enhance the synthesis
of extracellular matrix components (6), increase oxidation of low-density lipoprotein (7), and
upregulate the expression of adhesion molecules (8,9). AGEs accumulate within the intimal
extracellular matrix of arteries and atherosclerotic lesions (10,11) and increase
glomerulosclerosis (12).

AGEs upregulate inflammation through receptor for AGEs (RAGE)(13-15). Circulating
isoforms of RAGE include endogenous secretory RAGE (esRAGE), a splice variant of RAGE
that is secreted into blood and lacks the transmembrane and cytoplasmic portion of the receptor
(16) and truncated forms of RAGE that have been cleaved from the cell surface by matrix
metalloproteinases (17). Circulating RAGE can bind AGE and prevent AGE activation of cell
membrane-bound RAGE (14,18). Circulating RAGE may serve as a decoy receptor to
counteract the inflammatory processes triggered by RAGE ligands such as AGEs (13,19). Total
circulating RAGE (sRAGE) and esRAGE have been studied in specific groups of patients with
diabetes (20-22) and end-stage renal disease (23,24).

The AGE-RAGE pathway has been the focus of growing interest because of substantial
improvement in measurement technology and because experiments conducted in animal
models have shown that blockage of AGE-RAGE binding reduces complications of
atherosclerosis and diabetes.18 In humans, treatment with AGE-breakers and dietary restriction
of AGE-containing foods improved cardiovascular function (25-27). We hypothesized that
elevated levels of serum AGE, SRAGE, and esSRAGE were predictive of mortality, especially
cardiovascular disease mortality, in older persons. To address this hypothesis, we characterized
AGE, sRAGE, and esRAGE in a prospective study of older women living in the community.

METHODS
Study Population

Subjects in this study were women, aged 65 and older, who participated in the Women’s Health
and Aging Study | (WHAS 1), a population-based study designed to evaluate the causes and
course of physical disability in older disabled women living in the community. WHAS |
participants were recruited from an age-stratified random sample of women aged 65 years and
older selected from Medicare enrollees residing in 12 contiguous zip code areas in Baltimore
(28). Women were screened to identify self-reported physical disability that was categorized
into four domains. The domains of disability were ascertained in a 20-30 minute home
interview that included questions related to (1) mobility and exercise tolerance, i.e., walking
for a quarter of a mile, walking up 10 steps without resting, getting in and out of bed or chairs,
(2) upper extremity function, i.e., raising your arms up over your head, using your fingers to
grasp or handle, lifting or carrying something as heavy as ten pounds, (3) higher functioning
tasks (a subset of instrumental activities of daily living, not including heavy housework, i.e.,
using the telephone, doing light housework, preparing your own meals, shopping for personal
items), and (4) basic self-care tasks (a subset of non-mobility dependent activities of daily
living, i.e., bathing or showering, dressing, eating, using the toilet). WHAS I enrolled the one-
third most disabled women ages 65 and older, those with disability in two or more domains.
Of the 1409 women who met study eligibility criteria, 1002 agreed to participate in the study
in 1992. There were no major differences in sociodemographic or reported health
characteristics between eligible participants and those who declined to participate (28).

Data Collection

Standardized questionnaires were administered in the participant’s home by trained
interviewers. Race was assessed in a questionnaire as black, white, or other, current smoking
as yes or no, and education as 0-8, 9-11, 12 years or more than 12 years as the highest level of
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formal education achieved. Two weeks later, a trained registered full-time study nurse
conducted an examination of each study participant in her home, using a standardized protocol
that included physical performance measures and a standardized physical examination.
Approximately 75% of women also consented to phlebotomy performed during a separate visit
by a trained phlebotomist who followed a standardized protocol. Chronic diseases were
adjudicated by WHAS co-investigators based on the questionnaire, physical examination, and
physician contact using standardized algorithms (28). Mini-Mental Status Examination
(MMSE) was administered at enrollment (29). Further details on the methods and sampling
design of the WHAS studies are published elsewhere (28).

Vital status was determined through matching with the National Death Index from the 12 month
follow-up visit, 1993-1996 through the end of 2000. Causes of death as coded by the
International Classification of Diseases-9 were recorded (30). The Johns Hopkins University
Institutional Review Board approved the study protocol, and written informed consent was
obtained from all participants.

Laboratory Studies

There were 1002 women enrolled in the Women’s Health and Aging Study I, of whom 746
women participated in the baseline blood drawing. Eight hundred seventy-nine women
participated in the 12-month follow-up visit, of whom 580 received a blood draw. Analyses of
serum AGEs, sRAGE, and esRAGE were done at the 12-month follow-up visit rather than at
enrollment because of a greater availability of serum aliquots in the sample repository from
this visit. The 559 women involved in the present study were significantly younger, and a
higher proportion had MMSE score <24, level of education <12 years, stroke, and stroke
compared with the 320 women who are not included in the present analysis. Non-fasting blood
samples were obtained by venipuncture between 9 AM and 2 PM. Processing, aliquoting, and
freezing were carried out at the Core Genetics Laboratory of The Johns Hopkins University
School of Medicine following a standardized protocol. Blood samples were stored
continuously at —70° C until the time of analyses of serum AGEs, SRAGE, and esRAGE.

The measure of serum AGEs in this study was serum carboxymethyl-lysine (CML). CML is
a dominant circulating AGE, the best characterized of all the AGEs, and a dominant AGE in
tissue proteins (31). CML was measured using a competitive ELISA (AGE-CML ELISA,
Microcoat, Penzberg, Germany) (32). This assay has been validated (33), is specific, and shows
no cross-reactivity with other compounds (32).

Total SRAGE was measured using a sandwich ELISA (Quantikine Human RAGE
Immunoassay, R & D Systems, Minneapolis, MN). This assay measures C-truncated RAGE
that has been enzymatically cleaved from the cell surface as well as esSRAGE. Serum esRAGE
was measured using ELISA (B-Bridge International, Mountain View, CA) (22). Measurements
were all performed in duplicate according the protocol of the manufacturers, and the results
were averaged. The within assay and between assay coefficients of variation (CVs) for serum
AGE, sRAGE, and esRAGE were 3% and 4%, 3% and 7%, and 6% and 8%, respectively.

Data Analysis

Continuous variables were compared using Wilcoxon rank-sum test. Categorical variables
were compared using chi-square tests. Body mass index was categorized as underweight (<18.5
kg/m?), normal range (18.5-24.9 kg/m?), overweight (>25-29.9 kg/m?) and obese (>30 kg/
m?2) (34). A Mini-Mental Status Examination (MMSE) score of <24 was defined as cognitive
impairment (29). Renal insufficiency was defined as estimated glomerular filtration rate of <60
mL/min/1.73 m2 using the Modification of Diet in Renal Disease equation of Levey and
colleagues (35). We defined cardiovascular disease mortality by the death codes 390-459 from
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the 9th version of the International Classification of Diseases (ICD) (30). Cox proportional
hazards models were used to examine the relationship between serum CML, SRAGE, and
esRAGE, and 4.5 year all-cause and cardiovascular disease mortality. Variables that were
significant in the univariate analyses were entered into the multivariate Cox proportional
hazards models, except in the situation where the variables were known to be in the causal
pathway, i.e., congestive heart failure and peripheral artery disease. Survival curves were
compared using log-rank test. The statistical program used was SAS (SAS Institute, Cary, NC),
with data analysis conducted by Kai Sun. The level of significance used in this study was P
<0.05.

Characteristics of Study Subjects

During 4.5 years of follow-up, 123 of 559, or 22%, of women died. The main causes of death
were cardiovascular disease (43.9%), cancer (17.9%), chronic obstructive pulmonary disease
(5.7%), pneumonia (4.9%), urinary tract infection (3.3%), diabetes mellitus (1.6%), renal
disease (1.6 %), sepsis (1.6%), and other (20.3%).

Demographic and other characteristics of women who died from all causes or survived are
shown in Table 1. Median serum CML and serum esRAGE concentrations were significantly
higher in women who died from all causes compared to women who survived. Serum SRAGE
concentrations were higher in women who died from all causes compared to women who
survived (P =0.09). Women who died from all causes were older, had lower body mass index,
and were more likely to have cognitive impairment, congestive heart failure, peripheral artery
disease, depression, and renal insufficiency. There were no significant differences between
women who survived or died from all causes by race, education <12 years, current smoking,
triglycerides, total cholesterol, HDL cholesterol, LDL cholesterol, and prevalence of
hypertension, coronary heart disease, stroke, diabetes, chronic obstructive pulmonary disease,
or cancer.

The demographic and other characteristics of women who died from cardiovascular diseases
or survived are shown in Table 2. Median serum CML concentrations were significantly higher
in women who died from cardiovascular disease compared to women who survived. Serum
SRAGE and esRAGE concentrations were higher in women who died from cardiovascular
disease compared to women who survived, a finding which did not reach statistical significance
(P =0.12, P = 0.059, respectively). Women who died from cardiovascular disease were older,
less likely to be overweight and obese, and were more likely to be white and to have congestive
heart failure, peripheral artery disease, and renal insufficiency. There were no significant
differences between women who survived or died from all causes by education <12 years,
current smoking, triglycerides, total cholesterol, HDL cholesterol, LDL cholesterol, MMSE
<24, and prevalence of hypertension, coronary heart disease, stroke, diabetes, chronic
obstructive pulmonary disease, depression, or cancer.

Serum CML and Mortality

The relationship between serum CML and all-cause and cardiovascular disease mortality was
examined using CML as quartiles since there was a threshold at the highest quartile. The
survival curves for women in each quartile of serum CML and all-cause mortality are shown
in Figure 1. Quartile cut-offs for serum CML were 0.45, 0.55, and 0.68 pg/mL. The proportion
of women who died from all causes in each quartile, from lowest to highest, were 19.3%,
19.3%, 20.0%, and 29.3%, respectively. Women in the highest quartile of serum CML had
lower survival than women in the lower three tertiles (P = 0.013, log-rank test). Women in the
highest quartile of serum CML had an increased risk of dying from all causes compared to
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women in the lower three quartiles (H.R. 1.47,95% C.I. 0.97-2.22, P = 0.066) in a multivariate
Cox proportional hazards model, adjusting for age, BMI, MMSE <24, depression, and renal
insufficiency (Table 3).

The survival curves for cardiovascular disease mortality are shown for women in each quartile
of serum CML in Figure 2. The proportion of women who died from cardiovascular disease
in each quartile, from lowest to highest, were 8.9%, 8.2%, 8.2%, and 18.9%, respectively.
Women in the highest quartile of serum CML had lower survival than women in the lower
three tertiles (P = 0.0009, log-rank test). Women in the highest quartile of serum CML had an
increased risk of dying from cardiovascular disease compared to women in the lower three
quartiles (Hazards Ratio [H.R.] 1.94, 95% Confidence Interval [C.1.] 1.08-3.48, P = 0.026) in
amultivariate Cox proportional hazards model, adjusting for age, BMI, and renal insufficiency
(Table 4). There were no significant interactions between serum CML and diabetes in relation
to either all-cause or cardiovascular disease mortality.

Total Secretory RAGE and Mortality

The relationship between circulating RAGE (esRAGE, SRAGE) was examined as a continuous
variable only, as exploratory analyses of quartiles did not show that the highest quartile or
quartiles had strong relationships with mortality as found with the analysis of serum CML.
Serum sRAGE (ng/mL) was predictive of all-cause mortality (H.R. per 1 SD increase, 1.19,
95% C.I. 0.98-1.44, P = 0.07) in a multivariate Cox proportion hazards model after adjusting
for age, body mass index, MMSE <24, depression, and renal insufficiency (Table 3). Total
SRAGE (ng/mL) predicted cardiovascular disease mortality (H.R. per 1 S.D. increase, 1.27,
95% C.I. 0.98-1.65, P = 0.07), adjusting for age, BMI, and renal insufficiency (Table 4). There
were no significant interactions between serum SRAGE and diabetes in relation to either all-
cause or cardiovascular disease mortality.

Serum Endogenous Secretory RAGE and Mortality

Serum esRAGE (ng/mL) was predictive of all-cause mortality (H.R. per 1 S.D. increase, 1.20,
95% C.I. 1.01-1.44, P = 0.047), adjusting for age, body mass index, MMSE <24, depression,
and renal insufficiency (Table 3). Serum esRAGE (ng/mL) was predictive of cardiovascular
disease mortality (H.R. per 1 S.D. increase, 1.28, 95% C.1. 1.02-1.63, P = 0.03), after adjusting
for age, race, BMI, and renal insufficiency (Table 4). There were no significant interactions
between serum esRAGE and diabetes in relation to either all-cause or cardiovascular disease
mortality.

Serum CML and RAGE in Women with and without Diabetes

There were 84 women with diabetes and 475 women without diabetes. Median (25t, 75t
percentile) serum CML among women with and women without diabetes was 0.52 (0.42, 0.67)
and 0.55 (0.45, 0.68) pg/mL, respectively (P = 0.06). Median (251", 75™ percentile) serum
SRAGE among women with and women without diabetes was 1.20 (0.80, 1.67) and 1.20 (0.80,
1.67) ng/mL, respectively (P = 0.58). Median (25™, 75! percentile) serum esRAGE among
women with and without diabetes was 0.32 (0.23, 0.46) and 0.35 (0.25, 0.46) ng/mL,
respectively (P = 0.32).

Serum CML and RAGE and Mortality in Non-Diabetic Women

In order to examine the relationship between serum CML and RAGE with mortality in non-
diabetic women, we conducted analyses in which the 84 women with diabetes were excluded.
Among non-diabetic women, serum CML, sSRAGE, and esRAGE, respectively, predicted all-
cause mortality (H.R. for highest versus lower three quartiles, 1.81, 95% C.I. 1.17-2.82, P =
0.008; H.R. per 1 S.D., 1.14,95% C.1. 0.91-1.42, P = 0.26; H.R. per 1 S.D. 1.22, 95% C.I.
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0.097-1.53, P = 0.09, after adjusting for age, body mass index, MMSE <24, depression, and
renal insufficiency. Among non-diabetic women, serum CML, SRAGE, and esRAGE,
respectively, predicted cardiovascular disease mortality (H.R. for highest versus lower three
quartiles, 2.29, 95% C.1. 1.21-4.34, P = 0.01; H.R. per 1 S.D., 1.24, 95% C.I. 0.92-1.65, P =
0.16; H.R. per 1 S.D. 1.45, 95% C.I. 1.08-1.93, P = 0.01, after adjusting for age, race, body
mass index, and renal insufficiency.

DISCUSSION

This study suggests that moderately to severely disabled older, community-dwelling women
with elevated serum AGEs are at a greater risk of dying, especially from cardiovascular
diseases. In addition, women with elevated circulating RAGE were at an increased risk of
cardiovascular disease mortality. The two major sources of systemic AGEs are thought to be
endogenous AGEs, generated by abnormal glucose metabolism, and exogenous AGEs found
in foods. AGEs are especially high in Western diets where foods are processed under elevated
temperatures such as by broiling, roasting, deep frying, oven frying, or grilling (36). The AGE
content of the same food item can be increased 10-200 fold by increasing the temperature and
conditions used in cooking (37). About 10% of dietary AGEs are absorbed, of which about
one-third is excreted and two-thirds deposited in tissues (37,38). Restriction of dietary AGE
intake reduces the expression of C-reactive protein and adhesion molecules and improve
endothelial function (27,39). In animals, dietary restriction of AGEs increases longevity in a
magnitude comparable to caloric restriction (40).

Most studies of AGEs and their circulating receptors have been limited to patients with specific
diseases, mainly diabetes, atherosclerosis, and end-stage renal disease. The strengths of this
study were a relatively large population-based sample of community-dwelling older women
and measurements of both serum AGE and circulating RAGE. These results are consistent with
previous studies showing that elevated serum AGEs predicted mortality in hemodialysis
patients (41) and cardiovascular mortality in women with type 2 diabetes (3). In the present
study, elevated serum AGEs predicted both all-cause and cardiovascular disease mortality in
women without diabetes. The biological mechanisms by which elevated AGEs could increase
the risk of dying cannot be specifically determined from this epidemiological study. However,
there is potential for elevated AGEs to cause widespread damage to multiple systems, as AGES
are known to alter the structural quality of blood vessels, bone, skeletal muscle, and other
tissues through cross-linking with collagen (2,5,6) and to accelerate inflammation,
atherosclerosis, and renal damage through the AGE-RAGE pathway (1).

In the present study, women with elevated circulatory RAGE, both total SRAGE and esRAGE,
were at an increased risk of cardiovascular death. In contrast, previous studies showed that low
plasma esRAGE was a predictor of cardiovascular mortality in patients with end-stage renal
disease (41). The differences in these findings may be due to the contrasting clinical
characteristics of the two study populations. Whether elevated circulating RAGE
concentrations are a biological response that allows circulating RAGE to bind circulating AGE
and thus prevent AGE from binding with membrane-bound RAGE is not known. Circulating
RAGE may be insufficient to antagonize AGE-RAGE interactions because RAGE
concentrations in plasma are ~1000 times lower than circulating AGEs (43). However, the ratio
of circulating RAGE to AGE may be much different at the localized sites where RAGE is
upregulated than in the general circulation. Although SRAGE was a significant predictor of
mortality, SRAGE consists of both es-RAGE and cleaved isoforms of RAGE. The cleaved
isoforms of RAGE alone were not significantly predictive of mortality, suggesting that
circulating esSRAGE may be a more important biological marker for mortality than cleaved
isoforms of RAGE.

Aging Clin Exp Res. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Semba et al.

Page 7

In this study, elevated serum AGEs, SRAGE, and esSRAGE were predictive of cardiovascular
disease mortality, and appeared to be predictive of all-cause mortality at a level of marginal
significance. The magnitude of the hazards ratios for mortality was greater for cardiovascular
disease mortality than all-cause mortality for serum AGE, SRAGE, and esSRAGE. These
findings suggest that elevated AGE and its receptors may be more specifically involved in
cardiovascular disease mortality. The association between serum CML and both all-cause and
cardiovascular disease mortality appeared to be non-linear, with a threshold for the highest
quartile. These findings suggest that there may be a critical threshold for AGEs, above which
the risk of mortality increases greatly. The search for this threshold is a priority for future
research, as it is essential for clinical translation of these findings.

The study involved moderately to severely disabled women living in the community, and it is
not known whether elevated serum AGEs and esRAGE are predictive of mortality in less
disabled women or in men. Further studies are needed to characterize the relationship between
AGEs and their circulating receptors with cardiovascular disease mortality in large populations
of older men and women. It will be important to determine whether serum AGEs and circulating
RAGE increase the risk of atherosclerosis and are predictive of cardiovascular events such as
congestive heart failure, stroke, and myocardial infarction, and cardiovascular mortality in the
general population.
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Figure 1.

Survival curves for all-cause mortality among women, >65 years, in the Women’s Health and
Aging Study | in Baltimore, Maryland, by quartile of serum CML. Women in the highest
quartile (quartile 4) of serum CML had lower survival compared to women in the lower three
tertiles together (P = 0.013, log-rank test).
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Figure 2.

Survival curves for cardiovascular disease mortality among women, >65 years, in the Women’s
Health and Aging Study I in Baltimore, Maryland, by quartile of serum CML. Women in the
highest quartile (quartile 4) of serum CML had lower survival compared to women in the lower
three tertiles together (P = 0.0009, log-rank test).
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