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Abstract

Advanced glycation end products (AGEs) are elevated in diabetes. We have demonstrated that AGEs trigger thrombogenic responses in
cultured cells. We investigated here whether serum AGE levels were positively correlated with thrombogenic markers in humans. Data for
fasting serum AGE levels of 186 nondiabetic subjects were obtained from a general population in Japan. We measured body mass index,
blood pressure, total cholesterol, low-density lipoprotein and high-density lipoprotein cholesterol, triglycerides, fasting plasma glucose,
glycosylated hemoglobin A, insulin, creatinine, uric acid, high-sensitive C-reactive protein, plasminogen activator inhibitor 1 (PAI-1), and
fibrinogen. Uni- and multivariate analyses were applied for the determinants of serum AGE levels. The average AGE levels were 4.11 +
0.74 U/mL in males and 4.10 £ 0.93 U/mL in females. In the univariate analysis, PAI-1 (P < .05) and fibrinogen (P < .05) were
significantly associated with AGE levels. After performing multivariate analyses, PAI-1 (P < .05) and fibrinogen (P < .05) still remained
significant independently. In conclusion, the present study is the first demonstration that PAI-1 and fibrinogen levels were positively
associated with serum AGE levels. Advanced glycation end products may be associated with thrombogenesis in humans.
© 2006 Elsevier Inc. All rights reserved.

Schiff bases and, then, Amadori products. These early
glycation products undergo further complex reactions and
rearrangements to become irreversibly cross-linked fluores-
cent protein derivatives termed AGEs. Advanced glycation
end products were originally characterized by a yellow-
brown fluorescent color and an ability to form cross-links
with and between amino groups, but the terminology of
AGE:s is now used for a broad range of advanced products
of the glycation process (the so-called Maillard reaction),
including N-carboxymethyllysine and pyrraline, which
show neither color nor fluorescence and do not cross-link
with proteins [3-7]. The formation and accumulation of
AGEs in various tissues as well as in serum have been
known to progress at an extremely accelerated rate in
diabetes [3-7]. AGEs are notorious to cause tissue damages
via oxidative stress; there is a growing body of evidence that
AGEs are implicated in the pathogenesis of diabetic

1. Introduction

Several types of thrombogenic abnormalities such as
attenuated fibrinolytic activity due to the elevation of
plasminogen activator inhibitor 1 (PAI-1), hypercoagulabil-
ity, and platelet hyperaggregation are demonstrated in
patients with diabetes [1], thus contributing to the develop-
ment and progression of diabetic vascular complications [2].
Although various hyperglycemia-induced metabolic and
hemodynamic derangements are considered to participate
in the thrombogenic tendency, it is plausible that advanced
glycation end products (AGEs), senescent macroproteins,
could play a central role in the thrombogenic abnormalities
in patients with diabetes. Glucose can react nonenzymati-
cally with the amino groups of proteins to form reversible
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retinopathy, nephropathy, and accelerated atherosclerosis
[8,9]. We have previously demonstrated in cultured endo-
thelial cells that AGEs not only inhibit prostacyclin
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production, but also induce functional PAI-synthesis through
a decrease in intracellular cyclic AMP levels [10,11]. How-
ever, it remains to be elucidated whether AGEs play a role
in thrombogenicity in humans.

Evolving evidence of the central role for fibrinogen and
PAI-1 in mediating thrombosis supports the theory that these
markers are one of the important risk factors for coronary
artery disease, not only in patients with diabetes [12-15], but
also in those without diabetes [16,17]. Therefore, in this
study, we investigated whether serum AGE levels were
associated with PAI-1 and fibrinogen in humans.

2. Methods
2.1. Subjects

In 2004, in a fishing community in southwestern Japan
(Uku town), a total of 204 people received a health
examination. This town is an isolated island near Fukue
city, located in Nagasaki prefecture, and the total population
is about 3700. This community is a typical island of
fishermen. We evaluated their diet composition by use of a
self-administered food frequency questionnaire [18]. They
are consuming the diet that approximately consists of
292.9 g/d of carbohydrate, 58.1 g/d of fat, and 77.6 g/d of
protein with salt intake of 13.0 g/d, and total energy intake
of 8631.6 kl/d (2063 kcal/d). The fish and shellfish they
consume are the main sources of protein. We have been
performing an epidemiologic study every year for 4 years.

Table 1
Clinical characteristics of subjects

The subjects’ demographic backgrounds this year were
almost the same as those from the previous years. Of these,
8 subjects rejected a blood test. We excluded 10 subjects
receiving medications for diabetes mellitus and/or with
glycosylated hemoglobin A;. (HbA;.) levels of more
than 6.5%. Finally, complete data set for 186 nondiabetic
subjects (64 males and 122 females) was available in
this study.

2.2. Data collection

The medical history, smoking, and alcohol intake were
ascertained by a questionnaire. We carefully interviewed
them. They did not have apparent autoimmune or inflam-
matory disorders. Smoking and alcohol intake were
classified as either current habitual use or not. Height and
weight were measured, and body mass index (weight in
kilograms divided by the square of height in meters) was
calculated as an index of obesity. Blood pressure (BP) was
measured twice with the subjects in the sitting and supine
position. Vigorous physical activity and smoking were
avoided for at least 30 minutes before BP measurement.
The supine BP with the fifth-phase diastolic pressure was
used for analysis.

Blood was drawn from the antecubital vein in the
morning after 12-hour fast for determinations of lipids (total
cholesterol, high-density lipoprotein cholesterol [HDL-C],
low-density lipoprotein cholesterol [LDL-C], and triglycer-
ides), fasting plasma glucose (FPG), HbA ., insulin, serum
urea nitrogen, creatinine, uric acid, high-sensitive C-reactive

Characteristics Male (n = 64) Female (n = 122) Total (N = 186)
Age (y) 66.7 + 9.1 65.0 £ 9.5 65.6 + 94
AGEs (U/mL) 413 £ 0.75 4.11 £ 091 412 + 0.85
Body mass index (kg/m?) 235+ 3.7 235+ 33 234 + 34
Systolic BP (mm Hg) 131.9 + 154 139.4 + 20.0 136.8 + 18.8
Diastolic BP (mm Hg) 82.6 £ 11.5 81.4 £ 12.6 81.8 £ 12.2
Total cholesterol (mg/dL) 191.4 + 343 207.6 + 34.1 202.0 + 349
HDL-C (mg/dL) 58.6 £ 15.9 60.4 £ 139 59.8 £ 14.6
LDL-C (mg/dL) 106.7 + 27.7 1237 + 314 1179 + 31.2
Triglycerides (mg/dL)* 92.6 + 5.6 86.3 + 5.2 88.4 + 53
FPG (mg/dL) 97.5 + 15.6 91.5 + 8.4 93.6 + 11.7
HbA,. (%) 52+ 04 52+03 52403
Insulin (©U/mL)* 43+ 03 4.1+02 4.1+ 1.1
Serum urea nitrogen (mg/dL) 189 £ 5.0 172 + 4.2 17.8 + 4.5
Creatinine (mg/dL) 0.8 £ 0.1 0.6 £ 0.1 0.7 £ 0.1
Uric acid (mg/dL) 57+ 1.4 46 + 1.1 50+ 1.3
hs-CRP (mg/dL)* 0.047 + 0.003 0.033 £ 0.002 0.037 £ 0.002
Fibrinogen (mg/dL) 291.6 + 61.8 300.8 + 58.1 2972 £ 59.4
PAI-1 (ng/mL)* 236+ 14 18.1 £ 1.1 198 £ 1.2
Smoking (% yes) 23.4 0.8 8.6
Alcohol intake (% yes) 73.0 14.8 34.6
Medication

Hypertension (% yes) 28.1 30.3 29.6

Hyperlipidemia (% yes) 7.8 9.0 8.6

Data are expressed as mean = SD or %, unless otherwise indicated.

? Mean values, and upper and lower 95% confidence limits were exponentiated and presented as geometric means (SD), where the SD was approximated

as the difference of the exponentiated confidence interval divided by 3.92.
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Fig. 1. Distributions of serum AGE levels in men and women.

protein (hs-CRP), and fibrinogen. PAI-1 was measured in
citrated plasma, using enzyme-linked immunosorbent assay
(ELISA) [17] that is sensitive to free PAI-1, but not to
PAI-1 complexed with tissue plasminogen activator (t-PA).
The citrated sample was centrifuged for a minimum of
10 minutes to make sure that there was no contamination
from platelet PAI-1. AGE levels were measured with
an ELISA as described previously [19]. In this study, 1 U
corresponds to 2 pg of glyceraldehyde-derived AGE-
bovine serum albumin standard as described previously
[19]. Other chemistries, such as serum total cholesterol,
HDL-C (enzymatic assay method), and creatinine (enzy-
matic assay method) were measured at a commercially

Table 2
Univariate analyses for determinants of serum AGE levels
Characteristics b SE P
Age .095 0.007 221
Sex —.007 0.135 878
Body mass index .029 0.019 700
Systolic BP .086 0.003 219
Diastolic BP .120 0.005 116
Total cholesterol .097 0.002 191
HDL-C —.086 0.004 236
LDL-C 138 0.002 .076
Triglycerides® .037 0.143 .618
FPG 129 0.005 .097
HbA |, .086 0.197 247
Insulin® 127 0.082 .092
Serum urea nitrogen .140 0.014 .068
Creatinine .056 0.432 516
Uric acid .093 0.050 .230
hs-CRP .063 0.057 488
Fibrinogen 142 0.001 .042
PAI-1* 154 0.104 .039
Smoking —.037 0.234 .835
Alcohol intake .074 0.135 283
Medication

Hypertension .058 0.140 373

Hyperlipidemia 200 0.223 .065

available laboratory (The Kyodo Igaku Laboratory,
Fukuoka, Japan).

The mayor and the welfare section of Uku town approved
this study. The ethical committee of Kurume University also
approved this study. All participants gave informed consent.

2.3. Statistical methods

Because of skewed distributions, the natural logarithmic
transformations were performed for triglycerides, insulin, hs-
CRP, and PAI-1. Mean values, and upper and lower 95%
confidence limits were exponentiated and presented as
geometric mean + SD, where the SD was approximated as
the difference of the exponentiated confidence interval (CI)
divided by 3.92, which is the number of SD in a 95% CI
where data are normally distributed. Results are presented as
mean + SD. The medications for hypertension and hyper-
lipidemia were coded as dummy variables. Univariate
analysis was performed for determinants of serum AGE
levels. Multiple linear regression analysis was performed to
determine independent determinants of AGE levels. Mean
plasma PAI-1 and fibrinogen levels by tertiles of the
increasing AGE levels were compared using analysis of
covariance, adjusted for age and sex as covariates. Statistical
significance was defined as P < .05. All statistical analyses
were performed with the use of the SAS system (SAS
Institute, Cary, NC).

3. Results

Backgrounds of the subjects are presented in Table 1.
AGE levels did not differ between men and women. Fig. 1
shows distributions of AGE levels in men and women,
which show normal distributions in both sexes. Table 2
shows results of a univariate analysis for determinants of
serum AGE levels. Parameters statistically and significantly
related to AGE levels were fibrinogen (P < .05) and PAI-1
(P < .05). Because these significant parameters were
closely correlated with each other, multiple linear regression
analysis was performed. Finally, fibrinogen (P < .05) and
PAI-1 levels (P < .05) remained significant (Table 3) and
were independently related to serum AGE levels (R® =
0.052). The use of alcohol and smoking status did not affect
the relationships between AGEs and PAI-1 or fibrinogen in
either sex by multivariate analysis. Even after including 10
subjects with diabetes, fibrinogen (P < .05) and PAI-1
levels (P < .05) still remained significant. A statistical
significance and a dose-response relationship were demon-

Table 3

Multiple regression analysis for determinants of serum AGE levels
Characteristics p SE P
PAI-1* .180 0.104 .014
Fibrinogen .169 0.001 015
R* = 0.052

? The natural logarithmic transformation was performed for triglycer-
ides, insulin, hs-CRP, and PAI-1 concentrations.

% The natural logarithmic transformation was performed for PAI-1
concentration.
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Fig. 2. Age- and sex-adjusted mean serum AGE levels stratified by plasma PAI-1 and fibrinogen tertiles.

strated for PAI-1 (P = .011) and fibrinogen (P = .018)
levels in Fig. 2, respectively.

4. Discussion

In the present study, we demonstrated for the first time
the link between thrombogenic abnormalities and serum
AGE levels in humans; serum AGE levels in nondiabetic
subjects were positively associated with PAI-1 and fibrin-
ogen, important risk factors for acute coronary events [20-
25]. These observations suggest that subclinical thrombo-
genic abnormalities might be mediated, at least in part, by
serum AGEs, even in a nondiabetic general population
without apparent cardiovascular disease.

4.1. Subject selection

We limited our analysis to nondiabetic subjects for the
following reasons. First, several hyperglycemia-related
metabolic derangements were reported to elicit various
thrombogenic abnormalities in diabetes, which could
confound the relationship between the thrombogenic
markers and serum AGE levels. Second, among 204
subjects enrolled in this study, only 10 patients had diabetes.
Third, it is well known that diabetic subjects have elevations
of both AGEs and thrombogenic markers compared with
healthy subjects. Thus, there will be a possibility of a
positive association between AGEs and thrombogenic
markers if they are analyzed all together. Finally, serum
AGE levels are reported to be somewhat elevated and
associated with coronary artery disease in nondiabetic
subjects [26]. These rationales let us to study the association
between serum levels of AGEs and thrombogenic markers
in nondiabetic subjects.

4.2. Serum levels of AGEs

There have been several studies reporting serum AGE
levels in the nondiabetic general population [15,26-28].
Kilhovd et al [15] reported in whites that serum levels of
AGESs were significantly increased in patient with diabetes
compared with nondiabetic subjects (7.4 [4.4-10.9] vs 4.2
[1.6-6.4] U/mL, P < .0001). They also reported in their
recent article that serum levels of AGEs predicted coronary
heart disease mortality in nondiabetic women [27]. Tan et al
[28] reported that serum AGE levels were increased in
diabetic patients compared with healthy control subjects
(4.6 £ 0.7vs 3.1 £ 0.8 U/mL, P <.01) and its high levels
were associated with endothelial dysfunction. In Japanese
population, Kanauchi et al [26] reported that serum levels of
AGEs were higher in nondiabetic subjects with coronary
artery disease than in control subjects (2.42 + 0.65 vs
1.96 £ 0.40 mU/mL, P < .001). In our study, the mean
levels of AGEs were 4.13 U/mL in men and 4.11U/mL in
women. Therefore, the levels of AGEs in our subjects were
almost same as the levels in control subjects reported by
Kilhovd [15] or Tan et al [28]. It is surprising that the AGEs
were so low in the order of microunits per milliliter in the
study reported by Kanauchi et al [26]. We have one possible
explanation for these low levels. In their article, 4 pg of
AGE-bovine serum albumin standard was arbitrarily
defined as 1 mU of AGEs, whereas in our article, 1 U
corresponded to 2 ug of AGE-bovine serum albumin
standard. Thus, the AGE levels of control subjects in their
report corresponded to 3.92 U/mL in our study and were not
necessarily low compared with our study and those of
others. Several researchers prepare AGE-modified proteins
under different conditions and use them as a standard in
their ELISA assay. This is one of the reasons why the value
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of serum AGE levels varies among the reports. It is
proposed to establish the gold standard method for
measuring serum AGE levels in humans.

As reported by the above-mentioned investigators
[15,26], we did not find any association between AGE
levels and blood glucose control (FPG, HbA |, and insulin
levels) or age as shown in Table 1. It is well known that
renal function affects serum AGEs [29]. Our study subjects
all had normal renal function. Taken together, our study was
the first one reporting the association of serum AGE levels
with subclinical thrombogenic abnormalities in a large
number of the population without apparent cardiovascular
disease and without diabetes.

We found a positive relationship between AGEs and PAI-
1 or fibrinogen. However, from the multiple correlation
coefficients, these 2 factors explained only 5.2% of the
variation of AGEs. In addition to PAI-1 and fibrinogen, a
number of factors may potentially confound our results,
although from our study, we cannot determine factors
contributing to the variability in serum AGE levels. The
following 2 possibilities are considered. One may be an
environmental factor and the other a genetic one. Diet is a
major environmental source of AGEs. It has been reported
that two thirds of orally absorbed dietary AGEs (about 10%
of the amount ingested) are retained in tissues in bioreactive
forms [30,31]. Genetic and diabetes-independent factors are
recently recognized to influence HbA,. and AGE levels
[32-34]. Therefore, it is plausible that genetic factors could
influence serum AGE levels as well. Further studies are
needed to elucidate the factors other than PAI-1 and
fibrinogen determining variability in serum AGE levels in
nondiabetic or even in diabetic subjects.

4.3. Relationship between AGEs and
thrombogenetic markers

Our present study has extended the in vitro findings,
showing that AGEs may be one of the causal factors for
PAI-1 expression [10]. Although we cannot clarify the
molecular mechanism underlying the link between AGEs
and PAI-1, endothelial release of PAI-1 upon stimulation of
RAGE with AGEs [10] could account for the elevation of
this antifibrinolytic factor in humans.

In this study, we measured PAI-1 levels in an ELISA
that is sensitive to free PAI-1, but not to PAI-1 complexed
with t-PA. Therefore, although PAI-1 activity was not
measured here, our present observations may suggest that
serum AGE levels could increase free PAI-1 levels, thus
suggesting the association between impaired fibrinolytic
activity and subclinical thrombogenic abnormalities in non-
diabetic subjects.

In the present study, we also demonstrated for the first
time that fibrinogen levels were positively correlated with
serum AGEs in nondiabetic subjects. Fibrinogen is an acute-
phase reactant to inflammation, produced by the liver.
Therefore, elevated AGEs may imply subclinical inflam-
mation. Supporting this notion, Tan et al [35] recently

reported that serum concentration of AGEs was an
independent determinant of plasma CRP, another acute-
phase protein, in type 2 diabetic patients [35]. However, in
this study, we did not find any association between serum
AGE levels and hs-CRP in nondiabetic patients.

5. Limitation

First, although the number was small, we found the same
relationship between AGEs and thrombogenic markers when
diabetic subjects (n = 10) with elevated AGEs and PAI-1
were included. However, our study was a cross-sectional one
and, therefore, still does not elucidate the causal relationship
between AGEs and elevations of thrombogenic markers.
Second, our study was limited to nondiabetic subjects without
apparent cardiovascular disease. It is interesting to study a
large number of subjects including nondiabetic as well as
diabetic subjects with or without cardiovascular disease.
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