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Abstract
Background—The relationship between advanced glycation end products and arterial stiffness
has previously been examined in highly selected groups of patients with diabetes or hypertension.
Our aim was to determine whether elevated serum advanced glycation end products are associated
with increased arterial stiffness in relatively healthy, community-dwelling adults.

Methods—Aortic pulse wave velocity (PWV), an index of aortic stiffness, and serum AGEs, as
represented by the specific AGE, serum carboxymethyl-lysine (CML), were measured in 493
adults, aged 26-93 years, who participated in the Baltimore Longitudinal Study of Aging.

Results—Mean (SD) PWV (m/sec) was 6.6 (1.8) m/sec. Mean CML was 0.47 (0.13) μg/mL.
Serum CML (per 1 Standard Deviation [S.D.]) was associated with PWV (beta = 0.16, standard
error [S.E.] = 0.07, P = 0.02), adjusting for age, sex, body mass index, mean arterial pressure,
fasting plasma glucose, high density lipoprotein cholesterol, smoking, and other covariates. After
excluding all diabetic patients, serum CML (per 1 S.D.) was associated with PWV (beta = 0.18,
S.E. = 0.07, P = 0.009), adjusting for the same covariates.

Conclusions—Elevated AGEs are associated with increased arterial stiffness, a known predictor
of adverse cardiovascular outcomes, among relatively healthy community-dwelling adults.
Interventions to lower levels of AGEs, such as altering the pattern of dietary intake, warrant
examination as putative novel strategies to lower arterial stiffness in adults.
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Cardiovascular diseases are the leading cause of morbidity and mortality in industrialized
countries. Aging of the arterial system is characterized by decreased elasticity, diffuse
intimal thickening, endothelial dysfunction, and accumulation of vascular interstitial
collagen.1 The conduit arteries provide a low resistance path for the blood supply to the
visceral organs and limbs, and the compliant nature of the aorta and carotid arteries provide
a buffering function by expanding to accommodate the blood ejected by the left ventricle
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during systole.2 With normal elasticity of the conduit arteries, the pressure wave reflected
from the periphery returns to the heart during diastole. In middle-aged adults with increased
arterial stiffness, the velocity of the pressure wave increases, and the reflected pressure wave
reaches the heart during late-systole.3 In older adults, the reflected pressure wave arrives
earlier in systole, leading to increased systolic pressure, elevated cardiac afterload, and
decreased diastolic blood pressure that potentially compromises coronary blood flow.4
Increased arterial stiffness is associated with hypertension and is predictive of coronary
heart disease, stroke,5 and cardiovascular mortality.1,4 The factors that contribute to the
pathophysiology of arterial stiffness have been incompletely characterized.

Advanced glycation end products (AGEs), bioactive molecules formed by the non-
enzymatic glycation of proteins, lipids, and nucleic acids, accumulate in arteries with age6
and increase vascular stiffness by inducing collagen cross-linking in the vessel wall, at least
in diabetic rats.7 In animal models, treatment with alagebrium (formerly ALT7-111), a
thiazolium derivative that can break established AGE cross-links, reversed the arterial
stiffness associated with diabetes,8 reversed age-related increases in myocardial stiffness,
improved cardiac function, and reduced the upregulation of collagen in the myocardium.9 In
old, healthy, nondiabetic rhesus monkeys, treatment with alagebrium reduced arterial
stiffness, as measured by aortic pulse wave velocity and augmentation index of the carotid
arterial pressure waveform, and improved cardiac function.10 In phase 2 trials, alagebrium
improved arterial compliance in elderly patients with vascular stiffening11 and improved
cardiac function in older adults with diastolic heart failure.12

A recent prospective study showed that moderately to severely disabled older community-
dwelling women with elevated serum AGEs were at increased risk of dying from
cardiovascular disease.13 Although AGEs may be related to cardiovascular mortality in the
general population, the biological mechanisms that might explain this association are
unclear. Previous studies of AGEs and arterial stiffness have been conducted in highly
selected patients with hypertension14 or diabetes.15 We postulated that elevated serum
AGEs are associated with increased aortic pulse wave velocity, a measure of arterial
stiffness, in older adults. To address this hypothesis, we examined the relation between
serum advanced glycation end products and aortic pulse wave velocity in community-
dwelling adults.

Methods
Study Sample

The study subjects consisted of participants in the Baltimore Longitudinal Study of Aging
(BLSA) who were seen between May 2003 and June 2007. The BLSA is a prospective open
cohort study of community-dwelling volunteers, largely from the Baltimore/Washington
area. The inclusion criteria at the time of enrollment in the study are aged 20 years or older,
in good health with no established genetic diseases, no diabetes requiring glucose lowering
medication, no neurological, renal, hepatic, gastrointestinal, musculoskeletal,
cardiovascular, or psychiatric diseases, no active cancer, able to perform self-care and
instrumental activities of daily living without difficulties or need for help, able to walk
independently for 400 meters without using assistive devices, no substantial cognitive
impairment, and no important sensory deficits. Subjects are excluded if they have positive
laboratory tests for HIV infection, hepatitis B or C infection, syphilis, or any abnormal
laboratory tests. The study was established in 1958 and is described in detail elsewhere.16
The participants are primarily Caucasian, middle- and upper-middle-socioeconomic class
volunteers who return approximately every two years to the National Institute on Aging
Clinical Research Center in Baltimore, Maryland, for 2.5 days of medical, physiological,
and psychological examinations.16 The study is an open cohort design, with dropouts
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replaced to maintain roughly equal numbers of subjects in each ten-year age stratum. A total
of about 1,000 subjects are examined at each study cycle.

Height, weight, and waist circumference were determined for all participants. Body mass
index was determined as kg/m2. Smoking status was ascertained by a questionnaire that
classified each subject as a non-smoker, former smoker, or current smoker. Use of
medications was determined at each study visit. Vasoactive medications were defined as
thiazide and non-thiazide diuretics, combination thiazide drugs, nitrates, beta-blockers,
calcium channel blockers, peripheral vasodilators, angiotensin converting enzyme inhibitors,
central and peripheral antihypertensive agents, and drugs combining any of the previous
agents. Diabetes was defined as medication-treated diabetes. Hypertension was defined as
self-reported medication-treated hypertension. Written, informed consent was obtained from
all study participants. The BLSA has continuing approval from the Institutional Review
Board (IRB) of the MedStar Research Institute, and the protocol for the present study was
also approved by the IRB of the Johns Hopkins School of Medicine.

Pulse Wave Velocity Measurements
Carotid-femoral pulse wave velocity (PWV) and oscillometric blood pressure were
measured after the subjects had rested in the supine position in a quiet room for at least 10
minutes. Subjects abstained from food or from drinking coffee or other caffeine-containing
beverages for at least 45 minutes before performance of the PWV measurements. After
simultaneous acquisition of pressure waveforms in the right common carotid artery and right
femoral artery, pulse transit time between these two sites was automatically determined by
the Complior® SP device (Artech Medical, Paris, France), using the foot to foot method, as
previously described and validated.17 The distance travelled by the pulse wave was
measured to the nearest centimeter with an external tape measure over the body surface.
This distance was measured by subtracting the distance between the manubrium and the
carotid sampling site from the sum of the distances between the manubrium and the
umbilicus and the umbilicus and the femoral sampling site. PWV was calculated by dividing
the distance traveled by the pulse wave by the pulse transit time. Measurements of PWV
were made in triplicate and averaged for the analyses. The coefficient of variation for the
measurement of PWV was 8.2%, and the intraclass correlation coefficient was 0.68.

Laboratory Studies
Blood samples were drawn from the antecubital vein between 7 and 8 AM after an overnight
fast. Subjects were not allowed to smoke, engage in physical activity, or take medications
before the sample was collected. Concentrations of plasma triglycerides and total cholesterol
were determined by an enzymatic method (Abbott Laboratories ABA-200 ATC
Biochromatic Analyzer, Irving, TX). The concentration of high-density lipoprotein (HDL)
cholesterol was determined by a dextran sulfate-magnesium precipitation procedure.18
Low-density lipoprotein (LDL) cholesterol concentrations were estimated by using the
Friedewald formula.19 The fasting plasma glucose concentration was measured by the
glucose oxidase method (Beckman Instruments, Inc., Fullerton, CA). Blood samples were
stored continuously at -70° C until the time of analysis of serum AGEs. 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.20 CML was measured in duplicate using a competitive ELISA (AGE-CML
ELISA, Microcoat, Penzberg, Germany).21 This assay has been validated,22 is specific, and
shows no cross-reactivity with other compounds.21 The with-in assay and between assay
coefficients of variation in the CML assay were both <5%, respectively.
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Statistical Methods
Continuous variables were reported as mean ± standard deviation. Body mass index was
categorized as underweight (<18.5 kg/m2), normal range (18.5-24.9 kg/m2), overweight
(≥25-29.9 kg/m2) and obese (≥30 kg/m2) according to World Health Organization criteria.
23 Serum CML values was normally distributed. Univariate and multivariate linear
regression models were used to examine the relationship between demographic,
anthropometric, laboratory, and clinical characteristics and PWV. Age and body mass index
were used as categorical variables in the analyses because the relationships between age and
body mass index, respectively, with PWV were not linear. Variables were included in the
multivariate model if they were significant in the univariate analyses, except for
cardiovascular diseases. All analyses were conducted using SAS version 9.13 (Cary, NC).

Results
Demographic, disease, and other characteristics of the 493 study subjects are shown in Table
1. Overall, mean (SD) PWV was 6.6 ± 1.8 m/sec. Among adults aged <50, 50-59, 60-69,
70-79, and ≥80 years, mean (SD) PWV was 5.3 ± 1.1, 5.8 ± 1.2, 6.7 ± 1.5, 7.6 ± 1.7, and 8.4
± 1.8, respectively (P <0.0001). The relationships between demographic, disease, serum
CML, and other factors with aortic pulse wave velocity are shown in Table 2. Age, gender,
body mass index, former smoking, mean arterial pressure, fasting plasma glucose, HDL
cholesterol, serum CML, serum creatinine, use of glucose-lowering, vasoactive, and lipid-
lowering drug(s), hypertension, diabetes, coronary heart disease, and heart failure were
associated with aortic pulse wave velocity in univariate linear regression models. Diastolic
blood pressure, triglycerides, total cholesterol, LDL cholesterol, and stroke were not
significantly associated with aortic pulse wave velocity. Heart rate measurements were only
available in 300 of the participants, and heart rate was marginally associated with aortic
pulse wave velocity (P = 0.06).

Serum CML was divided into tertiles, with tertile cut-offs at 0.41 and 0.52 μg/mL.
Geometric mean aortic pulse wave velocity increased across tertiles of serum CML (P =
0.01, by ANOVA), as shown in Figure 1.

Serum CML, per 1 Standard Deviation (S.D.) was associated with aortic pulse wave
velocity, after adjusting for age, gender, body mass index, and smoking, mean arterial
pressure, fasting plasma glucose, HDL cholesterol, and serum creatinine as shown in Table
3. There was a weak association of PWV with heart rate (r = 0.11, P = 0.06). When heart
rate was added to the same model as in Table 3, the number of subjects in the model was
only 300 due to the more limited number of measurements of heart rate. In the multivariate
model that included heart rate, serum CML, per 1 SD, was associated with aortic pulse wave
velocity (beta = 0.16, SE = 0.08, P = 0.049).

There was no significant interaction term between serum CML and fasting plasma glucose.
In an alternative model that included diabetes in addition to all the variables as in the
multivariate model in Table 3, serum CML (per 1 S.D.) was associated with aortic pulse
wave velocity (beta = 0.16, SE = 0.07, P = 0.03). After excluding all patients with diabetes,
mean (SD) CML was 0.47 (0.13) μg/mL. After excluding all patients with diabetes, serum
CML (per 1 S.D.) was associated with aortic pulse wave velocity (beta = 0.18, SE = 0.07, P
= 0.009) in a model that included all the variables as in Table 3.

Discussion
The present study shows that in community-dwelling adults, elevated serum AGEs are
independently associated with increased arterial stiffness, as indexed by increased aortic
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pulse wave velocity. To our knowledge, this is the first study to show that serum AGEs are
associated with arterial stiffness in a cohort of relatively healthy, community-dwelling
adults. Serum AGEs were also associated with arterial stiffness even after excluding all
patients with diabetes. These findings are consistent with studies showing that elevated
plasma carboxymethyl-lysine concentrations are associated with increased pulse wave
velocity in hypertensive middle-aged adults14 and increased pulse pressure in patients with
type 1 diabetes.15 These findings from human studies and those from animal models8,9
suggest that advanced glycation end products play a role in the development of arterial
stiffness.

Although normative data have not yet been described for serum CML concentrations, it is
possible to compare CML concentrations with other studies that utilized the same assay. The
serum concentrations of CML among adults in this study were less than CML concentrations
described in diabetic adults with both hypertension and nephropathy24 and in diabetic adults
with retinopathy.21

AGEs alter the functional properties of important matrix molecules such as type-IV collagen
and laminin.25 Cross-linking of AGEs with type-IV collagen from the basement membrane
inhibits the association of these molecules into a normal complex network-like structure,
26,27 and AGE cross-linking of laminin reduces polymer self-assembly.28 In addition to
inducing the cross-linking of collagen in arterial walls, AGEs contribute to endothelial
dysfunction by reducing nitric oxide,29 increasing the oxidation of low-density lipoprotein,
30 enhancing macrophage migration across the endothelium,31 increasing production of
reactive oxygen species,32 and upregulating inflammation via RAGE.33

Diet is a major source of exogenous AGEs, and 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.34 In addition, cola drinks, which contain large amounts of
caramel additives, are rich sources of AGEs.35 The AGE content of the same food item can
be increased 10-200 fold by increasing the temperature and conditions used in cooking.35
About 10% of dietary AGEs are absorbed, of which about one-third is excreted and two-
thirds deposited in tissues.36 It is possible to reduce dietary intake of AGEs by avoiding
foods that are processed at high temperatures and other rich sources of dietary AGEs.
Intervention trials have shown that reduced dietary intake of AGEs leads to large reductions
in serum AGEs, decreases in C-reactive protein and other inflammatory markers, and
improvements in vascular function.37-39 Although dietary intake of AGEs was not assessed
in the present study, serum CML concentrations have been shown previously to correlate
well with dietary intake of AGEs.38

Our recent studies showed that older disabled community-dwelling women with elevated
serum AGEs had a greatly increased risk of dying from cardiovascular diseases.13 The
present study suggests that one potential biological mechanism by which AGEs could
increase the risk of cardiovascular mortality is through increasing arterial stiffness. Other
potential mechanisms not addressed in this study include upregulation of inflammation and
worsening of atherosclerosis.

The present study suggests that AGEs may be a major risk factor for arterial stiffness. It
should be noted that the values of PWV in our study may be lower than those reported in
other studies because in our measurement of the distance travelled by the pulse wave, we
subtracted the difference between the manubrium and the carotid sampling site from the sum
of the distances between the manubrium and the umbilicus and the umbilicus and the
femoral sampling sites. This correction was done to account for the fact that the centrifugal
travel of the pulse wave occurs simultaneously in the aortic arch/carotid segment and the
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aortic arch/ascending aorta segment. However, other investigators have used different
strategies for measuring the distance travelled by the pulse wave. An expert consensus panel
commented that the various methods are approximations,40 and to date, none has emerged
as preferred over the others.

Another limitation of the study is the cross-sectional design and the potential that arterial
stiffness increases the risk of elevated serum AGEs. Serum AGE concentrations are thought
to be largely determined by dietary intake of AGEs, current smoking (cured tobacco leaves
contain AGEs), and glucose metabolism, and it is unclear how arterial stiffness could
increase serum AGEs. Further studies are needed to corroborate these observations in other
study populations and to determine whether elevated serum AGEs are predictive of incident
adverse cardiovascular events, such as stroke, myocardial infarction, heart failure, and
cardiovascular mortality in the general population.

In conclusion, elevated AGEs are associated with increased arterial stiffness, a known
predictor of adverse cardiovascular outcomes. This suggests that interventions to lower
levels of AGEs, such as altering the pattern of dietary intake, could warrant examination as
putative novel strategies to lower arterial stiffness.
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Figure 1.
Geometric mean aortic pulse wave velocity (PWV) by tertile of serum CML in adults in the
Baltimore Longitudinal Study of Aging. Bars indicate 95% confidence intervals. P = 0.01 by
ANOVA.
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Table 1

Characteristics of Study Subjects in the Baltimore Longitudinal Study of Aging with Aortic Pulse Wave
Velocity and Serum Carboxymethyl-lysine (CML) Measurements

Characteristic N Mean (SD) or Percent

Age (years) (%) <50 86 17.4

50-59 101 20.5

60-69 113 22.9

70-79 103 20.9

≥80 90 18.3

Sex (%) Female 231 46.9

Male 262 53.1

Body mass index (kg/m2) (%) <18.5 3 0.6

18.5-24.9 180 36.5

25.0-29.9 201 40.8

≥30 109 22.1

Smoking history (%) Never 270 53.3

Former 215 42.4

Current 22 4.3

On glucose-lowering medication(s) 23 4.7

On vasoactive medication(s) 186 37.7

On lipid-lowering medication(s) 121 24.5

Systolic blood pressure (mm Hg) 493 124 (15)

Diastolic blood pressure (mm Hg) 493 69 (9)

Mean arterial pressure (mm Hg) 489 88 (10)

Heart rate (beats/min) 300 65 (10)

Pulse wave velocity (m/sec) 493 6.6 (1.8)

Fasting plasma glucose (mg/dL) 493 93 (14)

Triglycerides (mg/dL) 491 103 (64)

Total cholesterol (mg/dL) 491 194 (37)

LDL cholesterol (mg/dL) 485 116 (34)

HDL cholesterol (mg/dL) 491 59 (18)

Serum CML (μg/mL) 493 0.47 (0.13)

Serum creatinine (mg/dL) 492 1.00 (0.23)

Hypertension (%) 143 29.0

Diabetes (%) 24 4.9

Coronary heart disease (%) 54 11.0

Stroke (%) 2 0.4

Heart failure (%) 2 0.4
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