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Highlights of the Study

• Advanced glycation end products (AGEs) cause endothelial dysfunction by reducing the
availability of vasodilator NO and the production of endothelin-1, a potent vasoconstrictor.

• We observed that the levels of AGEs measured by skin autofluorescence were significantly higher
in patients with a previous history of coronary artery bypass grafting and saphenous vein graft
failure.
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Abstract
Objective: We aimed to investigate the relationship be-
tween advanced glycation end product (AGE) levels in
patients with saphenous vein graft (SVG) failure and in
patients without SVG failure. Subjects and Methods: In our
study, 55 patients with a history of previous coronary
artery bypass grafting (CABG) surgery, who subsequently
underwent coronary angiography for any reason and were
found to have either SVG occlusion or significant lesions,
were included as study patients. Additionally, 55 patients
who have had CABG surgery without SVG failure for at least
1 year served as the control group. AGE values of the

patients were measured using the skin autofluorescence
method. Results: In our study results, we observed a
significant difference in AGE levels between the two
groups of patients with similar demographic characteris-
tics (SVG failure groups AGE 3.2 [2.8–3.6] vs. control groups
AGE 2.4 [2.1–2.7] p < 0.001). In the receiver operating
characteristic curve analysis, we determined the ability of
AGE levels to detect SVG failure with an area under the
curve of 0.869. We found that in patients with AGE >3, it
could detect SVG failure with a sensitivity of 70.9% and a
specificity of 87.3%. Conclusions: Our results demonstrate
that AGE levels can predict SVG failure risk inexpensively,
easily, and quickly. © 2024 The Author(s).
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Introduction

Coronary artery disease (CAD) caused by atheroscle-
rosis is a leading cause of illness and death in developed
nations. Each year, over a million individuals worldwide
succumb to cardiovascular illness. For those with appro-
priate CAD, coronary artery bypass graft (CABG) surgery
offers significant symptom relief and a good long-term
prognosis. CABG surgery is typically recommended if a
patient has left main coronary artery disease, 3-vessel
disease, and proximal left anterior descending coronary
artery involvement with 2-vessel disease and left ventricular
systolic dysfunction. However, the long-term success of
CABG is limited by insufficiency in saphenous vein grafts
(SVGs). Despite the increased use of artificial arterial grafts,
SVG is still commonly used in most CABG patients due to
the need for multiple grafts and its ease of accessibility [1].
The cause of SVG failure is not fully understood, but
possible mechanisms include thrombosis (within the first
month), intimal hyperplasia (within 1month to 1 year after
surgery), and accelerated atherosclerosis (late period) [2].
Favaloro [3] discovered the first SVG for CABG. Since
then, SVGs have been routinely used, but occlusion of the
SVG has become a serious problem. Studies have been
conducted to understand the pathologies that develop in
the SVG, and efforts have been made to increase patency
rates. The rate of SVG occlusion is approximately 15% in
the first year after CABG surgery, 1–2% per year between
the first and sixth years, and 4% per year up to the tenth
year [4]. After 10 years, the SVG patency rate is around
60%, and only 50% of the patent SVGs do not have sig-
nificant stenosis. Within the first year after the CABG,
angina relapses in 20% of patients, and 4% annually within
the next 5 years due to diseases developed in the SVGs and
pathologies in the native veins [4]. The atherosclerotic
plaques causing SVG occlusions are more diffuse and
fragile, contain more inflammatory and foam cells, have a
small fibrous capsule, and are relatively less calcified
compared to the native vessels [5].

Advanced glycation end products (AGEs), are produced
in the human body through the Maillard reaction. Intro-
duced by Maillard in 1912, AGE for the first time as the
“browning reaction” has been defined. AGEs are complex,
sequential, and nonenzymatic reaction products [6].
Chronic accumulations of AGEs produced by enzymatic
glycation have been shown in previous studies to be pre-
dictive of cardiovascular and all-cause mortality in patients
with diabetes and cardiovascular or renal disease. AGE
levels may be an indicator of the patient’s metabolic, in-
flammatory, and pro-atherogenic status andmay also play a
role in pathophysiology [7].

Cardiovascular disease is contributed to by AGE
through two mechanisms: receptor-mediated and non-
receptor-mediated interactions [8]. In the receptor-
mediated mechanism, AGE binds to receptors on cell
surfaces, activating the signaling mechanism for various
cells. The receptor of AGE (RAGE) is one of the most
studied receptors and is expressed on many cell surfaces
that contribute to atherosclerosis development, including
vascular endothelium, vascular smooth muscle cells,
lymphocytes, monocytes, and macrophages [9].

Despite advances in the field of health, especially in the
diagnosis and treatment of CAD, cardiovascular disease-
related deaths continue to be the main cause all over the
world. Increasing technology in parallel with the devel-
opments in the field of health has resulted in less mobility
in humans of today and has thus contributed to an in-
crease in the risk of CAD. In addition, there have been
developments in the food sector such as different types of
food, different cooking methods, and the use of different
chemicals to prevent food from spoilage. In our study, we
aimed to measure the AGE levels that have the potential
to cause SVG failure in patients who have had the CABG
surgery and to investigate whether AGE levels have an
effect in patients with SVG failure.

Materials and Methods

This is a case-control study and has been carried out
after obtaining approval from the Ethics Committee. The
study does not contain descriptive personal information
of patients. The study included 55 patients with a history
of previous CABG surgery, who subsequently underwent
coronary angiography for any reason and were found to
have either SVG occlusion or significant lesions, and
these were included as the study patients. Additionally, 55
patients who had undergone CABG surgery without SVG
lesions for at least 1 year served as the control
group. 100% occlusions and stenoses requiring revas-
cularization of 70% or more were considered SVG failure.
Patients with SVG lesions less than 70%, glomerular
filtration rate value <60, liver failure, active infection, and
malignancy were excluded from the study. The criteria
used for patient selection are presented in Figure 1.

The demographic information of patients in both
groups, including comorbidities, smoking habits, cardiac
medical treatments, body mass index, gender, and age,
was recorded from their files and obtained directly from
the patients themselves. The time elapsed since the pa-
tients’ CABG surgeries and the time until SVG failure
were calculated and recorded. The measurement of
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patients’ AGE levels was performed using the AGE
reader™ (Diagnoptics Technologies B.V., Groningen,
The Netherlands) at the volar surface of the right forearm,
10–15 cm above the wrist, as described by the manu-
facturer, using the skin autofluorescence (SAF) method,
and the measurements were recorded. With this device,
the area measured was illuminated with a wavelength of
300–420 nm. The data reflected from the skin were
measured with a spectrometer. Autofluorescence was
calculated in arbitrary units by dividing the average light
intensity emitted per nm in the range 420–600 nm by the
average light intensity emitted per nm in the range
300–420 [10]. The healthcare personnel conducting the
measurements did not know which group the patient
belonged to, ensuring the impartiality of the data.

Statistical analysis was performed using SPSS 23 (IBM
Corp. Released 2015. IBM SPSS Statistics for Windows,
Version 23.0. Armonk, NY: IBM Corp.) and STATA 17
(Stata Corp. 2021. Stata Statistical Software: Release 17.
College Station, TX: Stata Corp LLC) software. Cate-
gorical variables were compared using the chi-square and
Fisher’s exact tests, and the data were summarized as
numbers (percentages). Numeric variables were first

subjected to normality and variance analysis using the
Kolmogorov-Smirnov test. Variables that did not show
normality were compared using the non-parametric
Mann-Whitney U test, and the results were summa-
rized as median (25–75% interquartile range). Variables
showing normal distribution were evaluated using the
Student’s t test, and the data were summarized as mean ±
standard deviation. Receiver operating characteristic
curve analysis was conducted to examine the relationship
between SVG failure time and AGE values and sensitivity
and specificity values were determined. A significance
level of p < 0.05 was used, and the necessary data were
summarized with 95% confidence interval (CI) values.
Diabetes mellitus (DM) can increase AGE levels, so the
differences in AGE levels in the groups with and without
DM were also evaluated statistically.

Results

This study included 55 patients with SVG failure and
55 patients who did not have the SVG failure. There were
no significant differences between the two groups in

Fig. 1. Patient selection.
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terms of demographic characteristics such as age, gender,
and smoking habits. AGE values of the study population
are given in Figure 2. Ejection fraction was found to be
50% (45–55) in the group with SVG failure and 55%
(45–60) in the control group. It was noted that ejection
fractions were significantly lower in the group experi-
encing SVG failure. There was no statistical difference in
the time after CABG surgery between the two groups. The
median SVG failure time was found to be 6 years (range
4–10 years). There were no significant differences ob-
served between the patient groups in terms of co-
morbidities such as DM, hypertension, peripheral artery
disease, stroke, HF, and hyperlipidemia. While the body
mass index of the patients in both groups was similar,
AGE levels were significantly higher in the group with
SVG failure (Table 1).

The receiver operating characteristic curve analysis
resulted in an area under curve value of 0.869 with a 95%
CI of 0.803–0.935 for the ability to detect SVG failure. In

patients with AGE values >3, it had a sensitivity of 70.9%
and a specificity of 87.3% in detecting SVG failure (shown
in Fig. 3).

Logistic regression analysis for SVG failure was per-
formed forward stepwise. In terms of SVG occlusion, only
heart failure and AGE values were found to be significant
in the logistic regression analysis (Nagelkerke R2: 0.55,
heart failure β: 3.96, 95% CI: 0.98–16.06, p: 0.053; AGE
value β: 31.83, 95% CI: 8.83–114.08, p < 0.001). In the
correlation analysis between SVG failure time and AGE
values, the Pearson coefficient was found to be 0.186,
meaning a weak relationship, but no statistically signif-
icant difference was detected (p: 0.17).

After excluding patients with DM from the statistical
analysis, there were 29 patients in the group with SVG
failure and 30 patients in the control group. In the
analysis conducted between these groups, AGE levels
were found to be significantly higher in the group with
SVG failure, with a median of 3.1 (2.80–3.40), compared

Fig. 2. AGE value bar graph of the study population.
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to the control group with a median of 2.4 (2.20–2.80),
with a p value of <0.001. A significant difference was
observed in terms of AGE levels in patients with DM
(SVG failure groups AGE: 3.3 [3.0–3.8] vs. control groups
AGE: 2.3 [2.1–2.7], p < 0.001].

Discussion

The long-term benefit of the LIMA graft in patients
undergoing CABG is well known. However, for complete
revascularization, SVG usually needs to be used. SVGs do
not have as long a lifespan as arterial grafts, and their
failure is associated with significant adverse cardiac
outcomes and mortality [11]. The findings we have ob-
tained support our study’s objective, as the levels of AGE
were found to be higher in patients with SVG lesions
compared to those without, as reported earlier [12]. The
levels of AGE here may serve as an indicator of the
patient’s metabolic, inflammatory, and pro-atherogenic
status, and they may also play a role in the pathophys-
iology. The histological structure of SVGs primarily
consists of an intima, media, and adventitia layer, with the
intima layer containing endothelium and the media layer

containing smooth muscle cells. When examining SVG
physiology, the endothelial layer releases prostacyclin-2
and endothelial nitric oxide. These two substances have
inhibitory effects on vasospasm, platelet activation, and
smooth muscle cell proliferation. In addition to these
effects, they also increase the release of intracellular
adhesion molecule-1 and vascular cell adhesion
molecule-1 [13]. When conditions leading to SVG loss
are investigated, one of them is increased platelet acti-
vation, and the endothelial NO which also plays an
important role. Various conditions result due to decreases
in both the production and bioavailability of NO. One of
these is the elimination of inhibition of platelet aggre-
gation [14]. AGEs reduce the bioavailability of endo-
thelial NO, resulting in an increase in AGE production
due to increased oxygen radicals in the existing envi-
ronment, as well as a decrease in NO production and
bioavailability. This condition reduces platelet inhibition
and result in increasing the susceptibility to thrombosis.
Furthermore, AGE levels also affect platelet functions
both directly and through transmembrane receptors
known as RAGE. In its direct effect, it upregulates the
levels of platelet adhesion molecules and increases the
levels of platelet glycoproteins (glycoprotein 2b) and

Table 1. Patient demographics and
AGE values Variables SVG failure Control group p value

Patients, n 55 55

Age 67.6±10.8 65.8±9.7 0.344

Gender (male) 46 (83.6%) 42 (76.4%) 0.340

Smoking 21 (38.2%) 17 (30.9%) 0.423

Ejection fraction 50 (45–55) 55 (45–60) 0.035

Time elapsed since CABG, years 8 (6–12) 7 (5–12) 0.064

SVG failure time, years 6 (4–10) – –

Diabetes mellitus 26 (47.3%) 25 (45.5) 0.848

Hypertension 48 (87.3%) 51 (92.7%) 0.340

Peripheral artery disease 3 (5.5%) 1 (1.8%) 0.308

Stroke 6 (10.9%) 3 (5.5%) 0.297

Heart failure 11 (20.0%) 11 (20.0%) 1.000

Hyperlipidemia 49 (89.1%) 49 (89.1%) 1.000

BMI, kg/m2 28.6±4.1 28.0±3.2 0.349

AGEs 3.2 (2.8–3.6) 2.4 (2.1–2.7) <0.001

The data are summarized as mean ± standard deviations, median (25%–75%
interquartile range), and numbers (percentages). AGEs, advanced glycation products;
BMI, body mass index; CABG, coronary artery bypass grafting; SVG, saphenous vein
graft.

Age and Saphenous Vein Graft Failure Med Princ Pract 2025;34:87–95
DOI: 10.1159/000541879

91

D
ow

nloaded from
 http://karger.com

/m
pp/article-pdf/34/1/87/4294398/000541879.pdf by guest on 14 M

arch 2025

https://doi.org/10.1159/000541879


phospholipids, which play a role in platelet aggregation.
After the AGE-RAGE interaction, studies have shown an
increase in thromboxane A2 production through stim-
ulation of the cyclooxygenase pathway, leading to in-
creased microthrombus formation and activation of the
coagulation cascade [15–17]. After AGE-RAGE inter-
action, there is an increase in nuclear factor kappa B
transcription. Activation of nuclear factor kappa B causes
inflammatory cytokines, such as endothelin-1, intercel-
lular adhesion molecule-1, vascular cell adhesion
molecule-1, and E-selectin. It results in enhanced ex-
pression of the adhesion molecules and various media-
tors. Additionally, AGE-RAGE interaction reduces eNOS
activity and may reduce the amount of NO [18]. In-
creased AGE production and increased accumulation of
AGE in the vascular endotheliummay be the contributing
factors to the early stage increased endothelial dysfunc-
tion and SVG loss. Additionally, considering the antic-
ipated heightened AGE-RAGE interaction in these pa-
tients, disruption in the release of mediators could lead to
impaired platelet functions due to increased thrombo-

genicity. Of course, it is hard to believe that a single factor
is solely responsible for this condition, but it would be safe
to state that it may have contributed to this pathological
effect.

Furthermore, another condition is the delayed graft
stenosis, where the fundamental event is migration of the
smooth muscle cells into intimal layer, their proliferation,
extracellular matrix expansion, and the resulting intimal
hyperplasia. Another effect of NO is on smooth muscle
cells, in addition to inducing vasodilation in smooth
muscle cells, it also suppresses their migration and pro-
liferation. The decrease in NO due to AGE increase and
reduced bioavailability has the consequence of reducing
inhibitory effects on the migration and proliferation of the
smooth muscle cells [19, 20]. The influence of AGE on
vascular smoothmuscle cells is not limited to this alone. In
addition to this, AGE-RAGE interaction leads to increased
proliferation of smooth muscle cells. Another effect is the
suppression of autophagy in structurally impaired smooth
muscle cells and an increase in osteogenic transformation
[21, 22]. The proliferation of smooth muscle cells leads to

Fig. 3.ROC curve analysis of AGE levels for
predicting SVG failure. ROC, receiver
operating characteristic.
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tissue thickening, and in addition, these cells experience a
disruption in their structural functions, leading to fibrosis
and increased stiffness in vascular muscle tissue. The
proliferating smooth muscle cells migrate to the endo-
thelial region. This situation results in impairments in the
endothelial structure, affecting both the secretory func-
tions of endothelial tissue and its physiological functions.
Endothelial intimal hyperplasia occurs as a result of en-
dothelial smooth muscle cell migration. Endothelial inti-
mal hyperplasia is one of the major causes of both stent
restenosis and SVG stenosis. One of the fundamental
events here is themigration, proliferation, and calcification
of vascular smooth muscle cells. Increased tissue levels of
AGE stimulate the migration, proliferation, and calcifi-
cation of vascular smooth muscle cells through nuclear
transcription factor activation, both via NO and through
the AGE-RAGE interaction [17].

AGEs affect the fundamental components of the
connective tissue, such as collagen and elastin, leading to
cross-linking and structural disruption in collagen fibrils.
They also have similar effects on elastin. These effects on
collagen and elastin result in a loss of tissue elasticity. In
tissues like SVGs, there can be an increased production of
AGE in the early stages due to elevated oxidative stress
and oxygen radicals in the environment. The increased
production of AGE leads to increased cross-linking of
elastin and collagen fibrils present in vein conduits, re-
sulting in dysfunctional collagen and elastin. Conse-
quently, vascular dysfunctions can occur [23, 24]. One of
the reasons for SVG failure is the loss of vasodilation
capability and vascular stiffness. Due to the dysfunction
occurring in elastin and collagen fibrils, there is a dete-
rioration in vasodilation capability, leading to an increase
in vascular stiffness. The lysyl oxidase is an important
enzyme in the stabilization of the extracellular matrix
structure. This enzyme increases the cross-linking of
collagen and elastin. Some studies suggest that an increase
in its production and activity is associated with the
prevalence of atherosclerosis, neointimal hyperplasia, the
development of restenosis, and an increase in the mi-
gration and proliferation of vascular smooth muscle cells.
Studies suggest that increased AGE levels at the endo-
thelial level in various tissues have an up-regulatory effect
on the lysyl oxidase enzyme. The origin of this effect is
believed to be through the nuclear transcription factor
pathway, which is related to the AGE-RAGE interaction
[25, 26]. It is possible that the high production and ac-
cumulation of AGE in SVGs could lead to the deterio-
ration of collagen and elastin, the fundamental structural
components, due to the high levels of AGE. This may
result in arterial stiffness and a loss of vasodilation ability

in the vessels. Additionally, by acting through the lysyl
oxidase enzyme, it could disrupt the extracellular matrix
and significantly contribute to SVG failure by enhancing
the migration and proliferation of smooth muscle cells,
which are the underlying pathophysiological causes of
intimal hyperplasia. The results of the study conducted by
Gelžinský et al. [27] also support our findings.

Another point to consider is the early inflammatory
response that occurs. Due to the inflammatory response,
there is infiltration of macrophages and lymphocytes.
Additionally, this inflammatory environment increases the
formation of oxygen radicals. As we know, oxidative stress
contributes to AGE formation. Furthermore, in this in-
flammatory condition, chemoreactive substances such as
IL-1, IL-6, IL-8, and TNF-alpha play a role. There are
studies which show that AGE increases IL-6 levels and
other studies have reported that AGE increases IL-8 levels
and triggers apoptosis through IL-8 [28, 29]. AGEs not
only contribute to increased inflammation but also induce
apoptosis through chemoreactive substances in the tissues.

DM, both microvascular and macrovascular, is a
disease that causes widespread vascular damage. Previous
studies have shown that AGEs are effective in the
pathogenesis of diabetes and various complications of
diabetes [30]. DM can increase AGE levels, but in our
study, there was no significant difference between the
groups in terms of DM diagnosis.

One of the main limitations of our study is that it is not
an in vivo tissue study. Therefore, we cannot establish a
clear cause-and-effect relationship. In the future, tissue
studies, if conducted, could provide important clues for a
clear relationship in terms of a cause-and-effect perspective.

Conclusion

In our study, we observed that AGE levels measured by
the SAF method were significantly higher in patients with
a previous CABG history and SVG failure than in those
without SVG failure. In vivo tissue studies are needed to
establish a cause-effect relationship with this observation.
However, the SAF method provides a possibility to detect
the risk of developing SVG failure by measuring AGE
levels in an inexpensive, easy, and noninvasive manner
within a short period. As a result, a sedentary lifestyle and
an increase in the amount of exogenous AGEs may in-
crease the number of CAD candidates or cause existing
CAD patients to worsen despite innovations in treatment.
Considering that they increase health expenditures as well
as mortality andmorbidity, we think that AGEs should be
given due consideration.
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