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1. Novel Oxidative Stress Markers in Cardiovascular Disease

Cardiovascular disease (CVD) is the leading cause of death in Western Society1. Although 

the last decades have been accompanied by great advancements in the insight of the 

treatment of atherosclerosis, the incidence of CVD is still rising2. Therefore, to provide early 

detection and better targeted therapies for CVD, a more complete understanding of the 

pathophysiologic mechanisms is essential and biomarkers are needed that allow clinical 

application and study of the role of oxidative and infl ammatory stress in the development 

of atherosclerotic disease. In this chapter we will introduce the concept of oxidative stress 

in CVD and review currently available biomarkers for infl ammation and for oxidative 

stress. In the fi nal section we provide evidence that an alternative group of compounds, 

Advanced Glycation Endproduct (AGEs), may also serve as a novel marker and risk factor 

for atherosclerosis. 

Oxidative Stress

Atherosclerosis is a chronic infl ammatory disease, which is thought to be a response to an 

initial injury in the vascular wall3. Although several other theories have been postulated, 

Goldstein and Brown were the fi rst to demonstrate that oxidative modifi cation of structures 

contained in Low Density Lipoprotein (LDL)-particles renders them susceptible to phagocytosis 

by resident macrophages4, laying the basis for the oxidative stress in atherosclerosis 

hypothesis5. 

At moderate concentrations, Reactive Oxygen Species (ROS) have many physiological 

functions, such as regulation of vascular tone, monitoring of oxygen tension in the control of 

ventilation and erythropoietin production, and signal transduction from membrane receptors 

in various physiological processes. However, an excess in ROS results in oxidative stress 

which is hallmarked by an imbalance between free (oxygen) radical production on the 

one hand and depleted (enzymatic) antioxidant defence mechanisms on the other hand, 

leading to pathological conditions6. Antioxidants are divided into three major categories 

of molecules: antioxidants that bind metal ions, reducing the production of hydroxyl 

radical, intracellular antioxidant enzymes such as superoxide dismutase (SOD), catalase 

(CAT) and glutathione peroxidase (GPx) and extracellular antioxidant substances, such as 

vitamins7;8. On the other side of the balance, several sources of ROS generation have been 

identifi ed. Firstly, endogenous production of ROS is mainly driven by intracellular processes. 

For atherosclerosis, the two main production sites are the mitochondrial respiration chain9 

and cellular membrane oxidases such as NAD(P)H oxidase, nitric oxide synthetase and 

myeloperoxidase, originating mainly from endothelial cells, smooth muscle cells (SMCs), 

and macrophages10. Additionally, two major exogenous sources of ROS implicated in 

atherosclerosis are tobacco smoke and diets containing high saturated fatty acid6.  When 

the “recycling” mechanisms fail to counterbalance ROS generation, intracellular as well 

as extracellular oxidative modifi cation of macromolecules may occur, resulting in the 

formation of more advanced by-products of oxidative stress. Major substrates for oxidative 

modifi cation are (intracellular) proteins, lipids and DNA, which impairs their physiological 

function6 and accumulate as biological garbage during ageing11;12. In addition to this rather 

random biochemical damage of organic substrates, several stress signalling pathways and/
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or intracellular mediators have been identifi ed being activated in response to oxidant injury6, 

resulting in downstream induction of infl ammation and apoptosis. Cumulative effects of 

these mechanisms have been implicated in many age-related diseases; the focus of this 

chapter will be on atherosclerosis and ensuing events.

Oxidative stress and Atherosclerosis

As mentioned above, the initial injury to the vascular wall is thought to result from oxidation 

of LDL, producing oxidized LDL (oxLDL)13. Oxidation of LDL promotes increased phagocytosis 

by resident macrophages in the vascular wall, which have been shown to express specifi c 

scavenger receptors for oxLDL. These receptors do not recognize native LDL14. Uptake 

of oxLDL ultimately transforms them into foam cells15. This is considered the initial step 

of atherosclerotic plaque formation13. Furthermore, ROS may react with endothelium-

derived nitric oxygen (NO), which is an important vasodilator, to inactivate its vasodilatory 

effect, promoting endothelial dysfunction16. By secretion of cytokines, growth factors and 

adhesion molecules, more monocytes and other leukocytes are recruited to the vascular 

lesion site and promote fatty streak formation.  Additionally, production of growth factors 

by foam cells triggers the proliferation and migration of smooth muscle cells (SMC) to the 

intima, initiating the formation of a fi brous cap. The latter, combined with the continuous 

infl ux of infl ammatory cells converts the fatty streak to a more advanced lesion. Since 

infl ammatory cells, endothelial cells and SMC all generate ROS, the oxidative stress driven 

plaque formation may be regarded as a vicious circle17. Moreover, oxidative stress not only 

facilitates stable plaque formation, but also creates an environment that makes the plaque 

more vulnerable to rupture. This may ultimately result in an Acute Coronary Syndrome 

(ACS), including myocardial infarction as well as unstable angina. For example, ROS activate 

matrix metalloproteins (MMPs) in cultured vascular cells (18), negatively infl uencing plaque 

stability by the breakdown of interstitial collagen of the fi brous cap. Additionally, ROS may 

promote acute coronary artery luminal occlusion by modulating haemostatic factors10. Thus, 

based on preclinical studies it can be concluded that oxidative stress plays a crucial role in 

the development of atherosclerosis and ensuing atherothrombotic events.

Clinical application of the oxidative stress

Although a causative role of traditional risk factors in the development of atherosclerosis is 

evident, their predictive value is poor. Even when applying current NCEP/ATPIII guidelines 

and integrating risk factors into global risk scores (Framingham or SCORE risk score), a 

substantial proportion of subjects at risk are not detected. Age, by far the most potent 

risk factor, is closely associated with several conventional risk factors, which are only 

moderately more prevalent in persons with documented cardiac or peripheral vascular 

disease19. Several major risk factors like dyslipidaemia and hypertension are only present in 

approximately 50% of all patients with manifest atherosclerosis20. Moreover, even the degree 

of atherosclerosis, such as the number of signifi cantly stenotic vessels is not a very strong 

predictor of long-term events21. It has, therefore, been postulated that it is not the extent 

of atherosclerosis, but infl ammatory activity and associated morphologic instability that 

defi nes its propensity to cause an acute coronary syndrome, threatened limb, or stroke22. 

Since the role of infl ammation and oxidative stress is beyond reasonable doubt crucial in 
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the development of “vulnerable” atherosclerotic plaques, the search for clinically applicable 

biomarkers to identify subjects with high sub clinical “infl ammatory activity” and oxidative 

stress is continuing23. In the following sections, emerging and established biomarkers will be 

reviewed, focusing on their incremental power to predict future cardiovascular events.  

Clinical usefulness of a marker

Before going into more detail, the following section will outline what the reader/ clinician 

should look for when appraising new markers of oxidative stress. A biomarker of oxidative 

stress is classically defi ned as a biological molecule whose chemical structure has been 

modifi ed by ROS24. An ideal biomarker should fulfi l several conditions. First of all, this 

compound should be stable and not susceptible to artifi cial generation ex vivo and to loss 

during processing and storage. From an analytical point of view the method for biomarker 

measurement should be sensitive, specifi c, and reproducible. The biomarker should be 

valid from a biological and clinical point of view. In this specifi c case, this means that 

different levels of the biomarker should refl ect not only different degrees of atherosclerosis 

progression but also refl ect different severity stages of the clinical condition of the patient. 

Thus, changes in its levels should closely correspond to changes in the patient’s clinical status 

and prognosis. A valid marker should also be of prognostic value in the general population, 

identifying subjects that are at increased risk of developing the disease by its higher levels. 

Additionally, it should preserve its prognostic power in patients having the disease, and it 

should predict an adverse outcome25. Furthermore, from a statistical point of view, it should 

add independent and incremental information to standard risk algorithms26. In vascular 

disease this means NCEP/ATPIII-based risk stratifi cation, including currently available risk 

scores, such as the Framingham Risk Score (FRS; based on a North American population) 

and the SCORE risk score (SCORE; based on a European population). The predictive power 

of a marker can be assessed by calculating the relative risk or odds ratio. These approaches 

compare the incidence of disease among persons who have a given risk factor with the risk 

among those who do not have that risk factor. Signifi cant risk estimates, fully adjusted for 

other known confounders, indicate that the marker adds independent information and thus 

has potential clinical importance (26). Potentially useful markers should produce an odds 

ratio of at least 2 to 3 to be of suffi cient signifi cance. Also, most markers are measured using 

a continuous scale. Therefore, cut-off values should be calculated with high sensitivity and 

specifi city in predicting the disease. A well accepted method of calculating cut-off values is by 

using receiver operating characteristics (ROC) curves. It can be calculated whether adding 

new markers to standard risk algorithms produces signifi cantly better ROC curves, hence 

resulting in better risk estimation. It has been shown that very large odd ratios are needed 

in order to add incremental and statistically signifi cant information to other risk markers27. 

Using this strategy a potentially useful marker should at least have an odds ratio of 4 and an 

area under the ROC curve of 0.8 (expert opinion, ACC scientifi c sessions 2006). Finally, when 

applying a risk marker to clinical practice, it should preferably be therapeutically modifi able. 

Changes achieved by any therapeutic intervention should translate into a signifi cant clinical 

improvement and the minimally clinically important difference should be determined28. 

A biomarker might be employed in the drug development process for early evaluation of 

effi cacy of new drugs. 
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INFLAMMATORY BIOMARKERS

Literature on the role of infl ammatory biomarkers in CVD is extensive. This section will give a 

short overview of the prognostic value of the most promising or widely available biomarkers. 

Focus will mainly be on C-reactive protein (CRP), as currently the most robust biomarker 

available. For more detail, the reader is referred to some excellent recent reviews13;29-34. 

CRP and cardiovascular disease

The most extensively studied, clinically applicable marker for infl ammation in cardiovascular 

disease is CRP. This is a pentraxin acute-phase protein which is predominantly produced by 

hepatocytes upon stimulation by several infl ammatory stimuli35. In addition to its wide use 

in assessing acute systemic infl ammation in infectious disease, it has emerged to detect low 

grade infl ammation in coronary and possibly other arterial walls36. Several pro-infl ammatory 

cytokines stimulate CRP production, including interleukin (IL) 1 and 6, and tumor necrosis 

factor alpha (TNF-α), which are produced by cells involved in the infl ammatory foci in the 

subendothelial space of atherosclerotic arteries37. 

Because of the ease of the assay and its wide availability, it has been possible to measure 

CRP on a large scale in various clinical studies38. In primary prevention studies, CRP has 

been shown to predict future cardiovascular events beyond traditional risk stratifi cation 

and to provide incremental information on top of ATP/NCEP, Framingham Risk Score based 

risk stratifi cation39;40;40-48. Based on these data, current clinical guidelines advice using CRP 

as a supplemental stratifi er in subjects at intermediate risk according to Framingham Risk 

Score, i.e. with a 10-20% ten year risk for coronary artery disease (CAD)49. Furthermore, 

CRP is markedly elevated in (most) patients presenting with ACS, even if cardiac enzymes 

(troponine, creatinine kinase) are negative32;50. Therefore, strengthened by evidence 

from the studies in primary prevention, the current hypothesis is that CRP is involved in 

infl ammatory/oxidative process preceding acute plaque rupture/erosion. In full blown ST-

elevation as well as in non-ST-elevation myocardial infarction and unstable angina, CRP 

appears to be an independent risk marker for short term (<1 months)51;52, and longer 

term survival50;53. Additionally, it has been recently demonstrated that lowering CRP levels 

below 2 mg/dL with statin therapy initiated after ACS, reduces the risk for recurrent events 

independent of achieved cholesterol levels54. 

Although data on the clinical usefulness of CRP are very convincing, there is growing 

evidence that its applicability is limited, for several reasons. In the fi rst place, the causative 

role of CRP in atherosclerosis has been disputed. There is growing evidence that CRP may be 

etiologically involved in the development of atherosclerotic plaques55. Proposed mechanisms 

include induction of endothelial dysfunction, promotion of foam cell formation, inhibition 

of endothelial progenitor cell survival and differentiation, and activation of complement in 

the intima of atherosclerotic plaques and ischemic myocardium56. However, most in-vitro 

studies that used CRP to study its effect on cells involved in atherosclerotic plaque formation 

(macrophages, endothelial cells, SMCs) may have been confounded by contaminating 

compounds such as endotoxins57. Additionally, in recent studies the additive value of CRP 

seems limited, after appropriate correction for other risk factors58;59. Therefore, a continuing 

need remains for novel biomarkers that are as easily applicable as CRP, are reproducible and 
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stable, and provide incremental information to standard risk stratifi cation strategies. In the 

following text we will refl ect on several emerging markers. 

Other Markers of Infl ammation

Infl ammatory markers in atherosclerotic disease are generally divided into several 

subcategories, including acute phase reactants (CRP, serum amyloid A (SAA), and fi brinogen), 

cytokines (Interleukin-6, 18, and 10, monocyte chemoattractant protein-1(MCP-1), tumor 

necrosis factor alpha (TNF-α)), endothelial cell activation biomarkers (sICAM, sVCAM, sE-

selectin, and von Willebrand Factor (vWF)), and matrix metalloproteinases (MMP 1,2,3, 

and 9). In contrast to CRP a pathophysiological role in the atherosclerotic process has been 

suggested for all of these markers3. Most of these markers are elevated in ACS and to 

a lesser extent in stable atherosclerotic disease, and are associated with the severity of 

the disease13;29;30;34. Most evidence comes from studies in ACS31-33. In addition to CRP, also 

another acute phase protein, SAA, seems to predict short (14-days) and long term (1 and 

2 year) outcome of ACS60-62. From the endothelial cell activation biomarkers, vWF provides 

the most convincing evidence. Elevated levels and its rise after admission are predictive of 

a short term (<30 days) adverse outcome in ACS63-65. Also leukocyte adhesion molecules 

seem to be promising, but prognostic data in ACS are scarce and somewhat confl icting66;67. 

Furthermore, some cytokines appear to be of clinical value in ACS. Of these, data on IL-6 is the 

most convincing, demonstrating in two cohorts that IL-6 predicts the incidence of events68;69. 

This molecule is of special interest since it directly stimulates the production of CRP in the 

liver70. Prognostic data are also available for MCP-171, TNF-α72, and IL1873, as well as for 

IL10 (protective)74. Our group has shown that a relatively unknown biomarker, neopterin, 

which is a marker for monocyte activation, also predicts future cardiovascular events in 

ACS75. These data have recently been confi rmed by others76.  Prognostic data on matrix 

metalloproteinases are lacking. In patients with unidentifi ed or documented stable coronary 

artery disease, several infl ammatory markers also may also be useful in identifying high risk 

subjects. The acute phase protein fi brinogen appears to be the most promising one77-80, but 

several other markers have prognostic potential, including Il-681, Il-1882;83, soluble adhesion 

molecules84-86, neopterin87-89, and soluble CD40 ligand90;91. In conclusion, with the exception 

of fi brinogen92, evidence that these alternative infl ammatory biomarkers are effective in 

population-based screening is currently modest. Nonetheless, there is considerable evidence 

that many have usefulness in the setting of ACS93. However, since infl ammation is secondary 

to the initial injury of presumably oxidized LDL, novel markers for oxidative stress may be 

more pathophysiologically relevant in assessing disease risk. 

OXIDATIVE STRESS BIOMARKERS

Monitoring Oxidative Stress

Since ROS are highly unstable, their measurement in human serum or plasma samples does 

not necessarily refl ect their in vivo concentration. Therefore, only secondary (end) products 

of oxidative stress have emerged for application in clinical studies. Numerous tests have 

been examined in clinical studies. In general terms, these can be divided into markers of 

oxidative damage (to lipids, protein, and DNA) and of antioxidant status (either individual 
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antioxidants or total antioxidant capacity). The large number of proposed biomarkers of 

oxidative stress and a lack of comparative studies presents a substantial diagnostic challenge. 

No universally set of standards for monitoring oxidative stress had been determined. A 

technological concern is that biomarkers of oxidation are often at risk for auto-oxidation 

themselves and their measurement cannot easily be made on stored samples. In other cases 

(eg, lipid hydroperoxides, glutathione), the analysand being measured is short-lived and 

unstable and therefore requires immediate assay or dilution in a preservation buffer. This 

represents a challenge when assays cannot be performed on site within hours or days94. The 

following text will present an overview of the most studied biomarkers for oxidative stress, 

their application in clinical studies, and potential prognostic value (see also fi gure 1). 

Early and late Lipid peroxidation products

Peroxidation of polyunsaturated fatty acids, mostly in membrane phospholipids, is a chain 

reaction that can continue until substrate is completely consumed or termination occurs due 

to antioxidants. Lipid peroxidation leads to structural and functional damage to membranes 

as well as to several secondary products95. Secondary products of lipid peroxidation are 

fragments of the original molecules or, when arachidonic acid is involved, isoprostanes96. 

Initially lipid peroxidation leads to the production of conjugated dienic hydroperoxides. These 

unstable substances decompose either into various aldehydes, such as malondialdehyde 

(MDA), 4-hydroxynonenal (HNE), and dienals or into alkanes as pentane and ethane. Lipid 

peroxidation products are relatively well accepted group of oxidative stress indices.

Malondialdehyde (MDA)

In clinical studies MDA levels have been measured both by means of a spectrocolorimetric 

assay and by sensitive high-performance liquid chromatography (HPLC) with fl uorescence 

detection. These methods measure MDA directly or as a chromogen produced by the reaction 

of thiobarbituric acid reactive substances (TBARS) with MDA97. This assay is extremely easy 

to use, but is not very specifi c for MDA and may also measure substances arising from 

pathways other than lipid peroxidation an free radical damage. MDA itself can also come 

from the degradation of endoperoxides and from in vitro oxidation if preservatives are not 

added. Therefore, this assay usually gives an overestimation of free radical damage. Even 

if the specifi city of the measurement is improved by HPLC to separate the MDA-TBA adduct 

from interfering chromogens, there is still the possibility that part of the MDA present in the 

sample does not derive from oxidative damage of fatty acids98. More recently, several gas 

chromatography/mass spectroscopy (GC/MS) methods have been developed that overcome 

the limitations of previous assays99. TBARS levels have been shown to correlate with severity 

of disease as determined by angiography, independently of other known risk factors in 

different studies100;101. Others found MDA levels to be signifi cantly higher in smokers than non-

smokers and to inversely relate to paraoxanase-1 (PON1) and GSH-PX activities102. TBARS 

levels are found to be signifi cantly higher amongst patients with unstable as compared with 

stable angina103;104. It was also shown that although TBARS were not elevated in patients 

with an acute MI, MDA generation was stimulated after successful thrombolysis105

Interestingly a recent study, conducted in a large cohort of patients with stable CAD, 
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Figure 1. Different pathways leading to the formation of labile reactive oxygen species (ROS) and en-
suing modifi cations of organic molecules. Oxidative stress is defi ned as the balance between ROS genera-
tion and antioxidant defence mechanisms. Some of the antioxidant enzymes may be measured as indices 
for oxidative stress. ROS may be derived from exogenous sources or form spontaneously in vivo. Impor-
tant endogenous pathways are nicotinamide adenine dinucleotide (NADPH) oxidase and myeloperoxidase 
(MPO), and A2-phospholipases (Type II secretory PLA2 (Lp-PLA2) in phagocytic cells and lipoprotein-as-
sociated phospholipase A2 (sPLA2)) in low density lipoprotein (LDL) particles. MPO and Lp-PLA2/ sPLA2 
(activity) are useful as markers for oxidative stress. ROS generation may rapidly modify several organic 
structures. Modifi cation of (phospho)lipids in cells membranes or LDL particles leads to formation of lipid 
peroxidation products and oxidized LDL. Reaction of ROS with DNA or amino acids results in modifi ed 
tyrosines and oxidized DNA. All of these oxidatively modifi ed organic molecules can be measured in vivo, 
using different approaches described in the text. G6PD indicates glucose 6 phosphate dehydrogenase; 
NO2-Tyr, nitrotyrosines; Cl-Tyr, chlorotyrosines; 8OHdG, 8-Hydroxy-2-deoxyguanosine.
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indicated that TBARS level may represent a strong and independent prognostic predictor of 

cardiovascular events106. 

4-Hydroxynonenal (HNE)

HNE is an aldehydic end-product of oxidative breakdown of membrane n-6 polyunsaturated 

fatty acids and has been shown to be a strongly involved in atherosclerosis107. These 

aldehydes may be measured by highly specifi c and sensitive gas chromatography/mass 

spectrometry (GC/MS) methods108 but only in specialized laboratories. Studies in patients 

with CVD have not been published109. 

F2-isoprostanes

Isoprostanes are stable end-products of lipid peroxidation derived from arachidonic acid. 

A large number of end-products can theoretically be generated, but interest has focused 

on the F2-isoprostanes and, in particular, on 8-iso-prostaglandin F2 alpha (8-iso-PGF2 ). In 

the human circulation, isoprostanes are present mainly in their ester forms, whereas only 

hydrolyzed isoprostanes are excreted in the urine.

Various approaches are available for the measurement of F2-isoprostanes, including gas 

chromatography/mass spectrometry (GC-MS), GC–tandem MS, liquid chromatography/

tandem MS, and immunoassays110. Immunoassay results for 8-iso-PGF2  correlate with 

GC-MS measurement in urine, little information is available to ascertain their precision 

and accuracy, and they are limited by reduced specifi city in the presence of biological 

fl uids, such as plasma30. At present, there is no widespread consensus as to the best 

methodology for measurement, but chromatographic methods should be viewed as superior 

to immunoassays.

Increased F2-isoprostanes are associated with the presence of cardiovascular risk factors. 

Urinary and plasma isoprostanes are increased in patients with hypercholesterolemia111. A 

relatively weak positive association also exists between urinary excretion of isoprostanes 

and hypertension112. Plasma and urinary isoprostanes are increased in both type 1 and 

type 2 diabetes111;113 and are reduced by an improvement in glycemic control. Given the 

documented increase of isoprostanes in type 2 diabetes, it is not surprising that there is a 

graded relationship with body mass index113. Cigarette smoking represents a strong oxidant 

stressor, and studies have shown that both urinary and plasma isoprostanes are increased 

in smokers and that they return to baseline within several weeks of stopping smoking114-117. 

In addition to their association with cardiovascular risk factors, isoprostanes are elevated 

in unstable angina and in the coronary sinus and urine of patients undergoing reperfusion 

therapy during acute myocardial infarction118;119. Although these data are promising, no 

prognostic data have yet been published. The assays used to measure isoprostanes allow 

very precise measurement of specifi c compounds, but require highly sophisticated techniques 

that are expensive and do not allow routine measuring30. Furthermore, isoprostanes may 

be artifi cially generated ex vivo and samples should be measured immediately after blood 

collection or stored at -70 degrees Celcius. These demands limit their widespread use in 

clinical studies and practice120. 
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D-Roms test

Recently, a commercially available assay of organic peroxides (i.e. hydroxyperoxide) known 

as the Free Oxygen Radical Test (FORT) or d-ROMs test has become available121. This assay 

is relatively inexpensive and can be performed in minutes and is based on the ability of 

transition metals to catalyse in the presence of peroxides with formation of free radicals 

which are trapped by an alchilamine. In a recent publication, d-ROMs test was for the fi rst 

time found to be an independent predictor for cardiac death in patients with cardiovascular 

disease monitored over 20 months122. 

Conjugated dienes (CD)

The peroxidation of unsaturated fatty acids is accompanied by the formation of conjugated 

dienes that absorb ultraviolet light at 230–235 nm123. Their measurement is useful for ex vivo 

studies, but application of this methodology to lipid extracts from human samples in body 

fl uids may be readily confounded by contamination. A further limitation of this methodology 

is that generation of dienes continues to occur ex vivo following sampling109. Clinical studies 

are, therefore, limited. CD were found to be elevated in both stable and unstable angina105, 

and higher in unstable compared with stable angina103. Cigarette smoking does not appear 

to affect CD plasma levels124. However, no prognostic data are available. 

Oxidized LDL

Oxidized LDL is not one homogeneous entity, but represents multiple chemical and 

immunogenic modifi cations of the lipids, phospholipids, and apoB-100 on the surface of LDL 

particles. The term “oxLDL” has been used in a generic sense to describe many different 

types of oxLDL. 

Direct antigenic measurement of oxLDL

Currently, three major oxLDL plasma ELISAs have been developed based on murine 

monoclonal antibodies DLH3 (Kohno, Japan,125), 4E6 (Holvoet, Belgium,126), and E06 

(Tsimikas, USA,127) that recognize various epitopes of oxLDL in vitro. Circulating oxLDL is 

associated with subclinical atherosclerosis in adults128;129 angiographically determined CAD130, 

symptomatic CVD, ACS and vulnerable plaques127;128;131-134. Furthermore, oxLDL appears 

to be of prognostic value. In a large cohort study (Health, Aging, and Body Composition 

study) oxLDL was measured in plasma from 3,033 well-functioning elderly people. Although 

oxLDL was not an independent predictor of total CHD risk, those with high oxLDL (upper 

5th quintile only) showed a greater disposition to myocardial infarction128. However, major 

overlap existed in oxLDL levels between those without and with prevalent CVD. In a nested-

case control study, the oxidized LDL/plasma cholesterol ratio was higher amongst cases that 

had developed myocardial infarction than in controls and hypercholesterolaemic controls135. 

In presumably healthy males oxLDL levels predicted the progression of carotid intima-media 

thickness, independent of other cardiovascular risk factors136. Recently, it was demonstrated 

that higher levels of oxLDL measured with the DLH3 antibody were independent predictors 

of future cardiac events in patients with documented CAD in 52 months137. Interesting, 

some studies have studied oxLDL (using E06 antibody) as levels relative to apoB levels, 
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since the E06 antibody binds to apoB. These levels appear to increase after statin therapy 

in patients with ACS138 and in children with familial hypercholesterolaemia139, in parallel with 

increasing Lp(a) levels. It was hypothesized that this indicates an enhanced clearance of 

oxLDL facilitated by statins30. In summary, oxLDL may serve as a biomarker, because there 

are several ELISA kits available to measure oxLDL in large scale studies. However, before 

incorporation into routine clinical practice, additional work is needed to compare the different 

assays in their clinical utility, and more insights are needed into their ability to provide 

independent prognostic information, particularly in relation to other risk factors such as LDL-

C and CRP. Additionally, more prospective studies are needed with serial measurements to 

assess changes in these markers with various interventions30.

Antibodies against oxidized LDL

The oxidation of LDL predominantly takes place in the arterial wall, generating several 

epitopes (for example oxidized phospholipids, MDA-LDL, or glycated LDL) to which polyclonal 

autoantibodies are generated by the adaptive immune system, but probably also innate 

natural antibodies140. The concentration of oxLDL in plasma is low and antibodies to oxLDL 

are, therefore, thought be directed to oxLDL present in subendothelial space141. T-cell 

clones responsive to oxLDL have indeed been isolated from human vascular plaques142. 

Antibodies against oxidized LDL are detectable in human atherosclerotic lesions as well as in 

plasma143;144. However, it is currently unclear whether antibodies to oxLDL are pro-atherogenic 

or protective against atherosclerosis140;145. For the measurement of the immune response, 

two systems of generating oxLDL in vitro are widely used, one generating oxLDL with MDA 

and one by oxidation with copper146. Additionally, some methods measure only IgG, others 

IgM or both. Results from clinical studies are confl icting and puzzling. The majority of studies 

shows a differential relation of IgG and IgM antibodies with atherosclerosis. Most cross-

sectional studies reveal a positive association of IgG antibodies with stable atherosclerosis, 

acute coronary syndromes, and sub-clinical atherosclerosis, as measured by IMT147-155, 

but some studies fi nd no association or even an inverse relation156-163. Interestingly, IgM 

antibodies seem inversely related to atherosclerosis in most studies154;156;162;164;165. However 

contradictory data have also been published152;166. Prospective studies are limited. Salonen 

and colleagues were the fi rst to demonstrate that high IgG titres were predictive of carotid 

atherosclerosis progression152. These data were later confi rmed by others167. However, as 

was the case in the cross-sectional studies, contradictory data have also been published168. 

Furthermore, it has also been shown that circulating LDL immune complexes are inversely 

related to antibodies to oxLDL and interfere with the measurement of oxLDL antibodies. 

These immune complexes on the other hand have been shown to positively predict the 

development of CAD169;170. These discrepancies may be explained by the fact that several 

methods and defi nitions of oxLDL have been used in these studies. An alternative explanation 

may be that antibodies to oxLDL may have different functions during the various stages of 

atherosclerotic plaque progression, and that they may also have a different impact in different 

populations146;171. An additional complicating factor is that immunization with Streptococcus 

Pneumoniae may induce IgM antibody formation171. 

In conclusion, although measuring antibodies to oxLDL is very interesting for clarifi cation 

of the pathophysiology of atherosclerosis, the inconsistent results from clinical studies, 
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combined with varying defi nitions and preparation methods of oxLDL, do not make them 

useful markers for oxidative stress at this point in time. 

Susceptibility of LDL to in vitro oxidation

Susceptibility of LDL to in vitro induced oxidative stress has been suggested as an indirect 

measure for oxidative stress induced damage. The in vivo peroxidation process is mimicked 

by incubating LDL with the strong redox oxidant copper, measuring LDL oxidation using 

its absorbance at 234 nm172. In one study a higher susceptibility of LDL to oxidation was 

observed in CAD patients who had shown progression in stenosis173. In another study an 

inverse association was described between resistance of LDL to oxidation and severity 

of coronary stenosis in patients174. However, these fi ndings were not confi rmed in other 

studies175;176. It was also reported that susceptibility of LDL is not associated with IMT in a 

case-control study163. Recently, it was reported that this marker was positively related to 

the extent of CAD100. Unfortunately, no prospective study has so far evaluated the clinical 

usefulness of this marker. 

Enzymes promoting Oxidative Stress

Myeloperoxidase

Myeloperoxidase (MPO) is an abundantly available heme peroxidase enzyme that is produced 

upon degranulation of activated neutrophils and monocytes at sites of infl ammation, including 

the coronary circulation177;178.  MPO uses hydrogen peroxide as substrate to generate highly 

reactive species, such as hypochlorous acid, tyrosyl radical, and nitrogen dioxide, which 

can oxidatively modify protein and lipid targets in the vascular wall179. Furthermore, MPO, 

by generating these substrate radicals, catalytically consumes nitric oxide, promoting 

endothelial dysfunction180. Moreover, MPO has been shown to activate metalloproteinases, 

inducing plaque instability181. There is substantial evidence that MPO plays a role in 

atherosclerosis. Biochemical analyses localize the enzyme and its oxidation products within 

human atherosclerotic lesions182. 

Measurement of MPO in clinical studies is performed using ELISA assays, which are 

commercially available30. Elevated plasma levels of MPO have been demonstrated to predict 

the presence of angiographic CAD. Patients with MPO levels in the fourth quartile are 15- to 

20-fold more likely to demonstrate abnormal coronary angiograms compared with subjects 

in the lowest quartile, even after adjustments for Framingham risk score and C-reactive 

protein183. Additionally, serum levels of MPO were recently noted to independently predict 

brachial artery fl ow-mediated dilation in 298 subjects with CAD or multiple risk factors 

for CAD184. Two recent studies have revealed that MPO is a powerful predictor of adverse 

outcome in patients with ACS185;186. In individuals with low troponin levels, MPO identifi ed 

patients at increased risk for early cardiovascular events that occur within days after the 

onset of symptoms186, making it a promising new marker for oxidative stress in ACS187.  In 

contrast, individuals with total or subtotal MPO defi ciency, appear markedly protected from 

developing CVD188.  Almost all clinical data for MPO have been collected in the setting of 

ACS or established CAD, so the ability of MPO to provide information beyond traditional risk 

factors used in the Framingham Risk Score is unknown. Therefore studies are needed to 
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confi rm its diagnostic and prognostic ability in asymptomatic individuals30.

A2 phospholipases2 (PLA2)

PLA2 are enzymes that cleave sn-2 side chains of oxidized phospholipids in LDL to form 

free fatty acids and lysophospholipids, which are metabolised to form several infl ammatory 

mediators189. Two major subtypes have been extensively studied: Type II secretory PLA2 

(sPLA2) and lipoprotein-associated phospholipase A2
 (Lp-PLA2), which can be quite easily 

measured using immunoassays measuring absolute levels or activity190. Both of these 

markers have been shown to be elevated and have prognostic power independently of classic 

risk factors in stable CAD, but also in ACS191-194. In these studies, the association of PLA2 was 

independent of established risk factors and CRP. Interestingly, a recent study demonstrated 

that intensive lipid lowering after ACS reduces Lp-PLA2 activity by approximately 20%, 

whereas conventional therapy lowers it by only 4%. Moreover, although Lp-PLA2 activity was 

not associated with a higher risk of recurrent CV events shortly after the event, it appeared 

to be of weak, but independent prognostic signifi cance when measured 30 days after the 

event195. Furthermore, in a prospective, case control study Lp-PLA2 was independently 

associated with CAD in apparently healthy middle-aged men and women196. Confl icting data 

comes from Japanese populations, in which an inherited defi ciency of Lp-PLA2, appears to 

confer increased risk of myocardial infarction, stroke, and peripheral arterial disease197. 

The current data support continued research evaluating Lp-PLA2 as a potential predictor 

of cardiovascular disease. In particular, further evidence is needed to quantify the extent 

to which Lp-PLA2 measures are independent of traditional risk factors, particularly LDL-C. 

Additional data are also needed in more diverse populations, as most of the data are derived 

from middle-aged males30.

Other oxidative stress markers

Modifi ed Tyrosines

A potentially useful oxidative stress marker is the plasma level of oxidatively modifi ed tyrosines, 

including nitrotyrosines (NO2-Tyr), and stable halogenated Tyr residues: chlorotyrosines (Cl-

Tyr), and 3-bromotyrosine. These are formed as a result of hydrogen peroxide interactions 

with amino acids. One pathway for generating nitric oxide–derived oxidants involves 

interaction with superoxide anion, leading to formation of peroxynitrite. Peroxynitrite is a 

potent oxidant that promotes nitration of protein tyrosine residues producing a distinctive 

“molecular fi ngerprint” for nitric oxide–derived oxidants, nitrotyrosine198. An alternative 

mechanism for generating nitric oxide–derived oxidants involves myeloperoxidase (see 

previous paragraph)199. Measuring modifi ed tyrosines in a clinical setting is troublesome. At 

present, only MS/MS-based methods, both GC-MS/MS and LC-MS/MS are reliable methods, 

however these techniques are expensive and require specialized laboratories. As is the case 

with several other oxidative stress markers tyrosines can also be formed as an artefact 

during sample preparation and analysis94. Therefore clinical studies are limited. One JAMA 

paper reported that plasma levels of nitrotyrosine correlate with the severity of coronary 

artery disease and that their levels are modulated by statin therapy200. 
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Oxidative damage to DNA 

Data indicate that oxidative DNA damage and repair are markedly increased in human 

atherosclerotic plaques201. Oxidative damage to DNA occurs mainly at the C8 of the purine 

ring, which leads to G to T substitution and production of 8-Hydroxy-2-deoxyguanosine 

(8OHdG)202-204. This oxidation product has been suggested as a marker for oxidative stress 

and although it can be measured in plasma of serum is of most value when measured in 

urine204. Is was shown that levels of oxidative DNA damage in patients with angiographically 

documented coronary artery disease (CAD) were elevated205. 8OHdG can be measured with 

HPLC or ELISA. However, there are concerns that these do not have a high specifi city for 

8OHdG. 

Antioxidant defense markers

Antioxidant vitamins

Nonenzymatic detoxifi cation of ROS is provided by lipid- and water-soluble antioxidants. 

Lipid-soluble antioxidants present in LDL include vitamin E and carotenoids, and water-

soluble antioxidants present in the extracelluler fl uid of the arterial wall include vitamin C. 

Many vitamins have been ascribed to have anti-oxidant properties in vivo206. Most extensively 

studied have been vitamin C (ascorbic acid) and E (α-tocopherol), and β-carotene. Circulating 

levels of these anti-oxidants have been shown to be inversely related to and protective of 

cardiovascular disease207-219. However, nowadays, there is much debate about the potential 

anti-oxidant capacity of these vitamins in vivo220. Concerns have arisen because contrary to 

the small early trials, large anti-oxidant supplementation trials did not demonstrate benefi cial 

effects of vitamins on long term clinical end-points221. Moreover, overadministration may 

even have adverse effects221. Because oxidative stress is defi ned as the imbalance between 

oxidants and antioxidants in favour of the oxidants222, antioxidants may serve as indirect 

markers of oxidative stress. However, vitamins are highly non-specifi c for oxidative stress 

since they have other functions as well, which may result in their depletion220. Furthermore, 

some vitamins may even induce cell death223. Therefore, before using them as oxidative 

stress markers, the aforementioned issues need to be resolved. 

Glutathione-peroxidase-1

Glutathione-peroxidase-1 (GPX1) is a selenocysteine containing an anti-oxidant enzyme 

that catalyses hydrogen peroxide to water and lipid peroxide to alcohol224. Studies of GPX1 

knockout mice demonstrate that GPX1 functions as the primary protection against acute 

oxidative stress, particularly in neuropathological situations such as stroke and cold-induced 

head trauma, when high levels of ROS occur during reperfusion or in response to injury225. 

In humans GPX1 can be assessed in circulating erythrocytes by measuring total activity of 

GPX1 by the coupled enzyme procedure226. In an interesting study of 636 patients referred 

for coronary angiography, the baseline levels of GPX1 activity were inversely associated 

with increased risk of cardiovascular events during a 5-year follow-up. Although related 

to gender and smoking status, levels of GPX1 remained signifi cantly associated with risk 

after adjustment for major vascular risk factors226. In a genetic study it was suggested that 

functional variants in the GPX1 gene are associated with increased IMT of carotid arteries 
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and risk of cardiovascular and peripheral vascular diseases in type 2 diabetic patients227. 

Furthermore it has been shown that GPX1 activity is positively associated with the intake of 

dietary supplements and negatively correlates with tobacco consumption228. 

Anti-oxidant enzyme systems

Antioxidants may inhibit atherogenesis and improve vascular function by different 

mechanisms229. Enzymatic protection against ROS and the breakdown products of 

peroxidized lipids and oxidized protein and DNA are provided by many enzyme systems such 

as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione 

reductase (GR) and glucose 6 phosphate dehydrogenase (G6PD). SOD catalyzes dismutation 

of the superoxide anion into H2O2, which is then deactivated to H2O by CAT or GPx. GPx also 

reduces organic peroxides into their corresponding alcohols. GPx uses GSH as a hydrogen 

donor whereby GSH is oxidized. The regeneration of GSH is catalyzed by GR230. Apart from 

these important enzymatic antioxidants, paraoxonase (PON1) appears to have antioxidative 

properties as well. PON1 is a high-density lipoprotein (HDL)-associated antioxidant enzyme 

capable of hydrolyzing lipid peroxides in oxidized lipoproteins230. Genetic studies have 

demonstrated that genetic variation resulting in diminished activity of these enzymes is 

associated with increased risk for atherosclerosis due to enhanced susceptibility to oxidative 

damage231. Also expression, and plasma concentration or activity of these enzymes, mainly 

SOD, have been shown to be associated with stable CAD and AMI232-235. Interestingly, recent 

reports suggest that a common gene variant of extracellular SOD (ecSOD) is actually 

associated with increased risk of ischemic heart disease236. In conclusion, the balance 

between the individual antioxidants and their concentration relative to oxidants makes it 

diffi cult to interpret the individual levels. Therefore, these are not very suitable as markers 

for oxidative stress when measured alone. 

Thiols

Plasma measurement of thiols, such as gluthatione may provide an interesting measure of 

in vivo oxidative stress93. Intracellularly, glutathione (GSH) is a major antioxidant that helps 

eliminate peroxides and other oxidants237. The oxidized disulfi de form of GSH, GSSG, is 

formed during the reaction of glutathione peroxidase with hydrogen peroxide, or by a direct 

reaction of GSH with peroxynitrite and other oxidants. The steady-state balance of GSH 

and GSSG can be expressed as the redox state of the GSH/GSSG couple.  A recent study 

demonstrated that GSH/GSSG independently predicts the presence of early atherosclerosis 

in an otherwise healthy population, even after adjusting for the presence of traditional risk 

factors and infl ammation measured as hs-CRP level.238. 
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2. Advanced Glycation Endproducts 

A novel group of compounds that may potentially serve as markers for infl ammatory and 

oxidative stress are a heterogenous group of moieties referred to as Advanced Glycation 

Endproducts (AGEs). These are the end products of advanced modifi cations of proteins and 

accumulate with diabetes, renal disease and aging, including atherosclerosis1. AGEs were 

originally characterized by their yellow-brown fl uorescent colour and their ability to form 

cross-links to and between amino groups of proteins2;3. Their classical formation pathway 

is the so called Maillard reaction, discovered by a French food scientist, which is a slowly 

occurring non-enzymatic glycation of proteins4;5. This reaction starts with non-enzymatic 

glycation, occurring through covalent binding of aldehyde or ketone groups of reducing 

sugars to free amino groups of proteins, forming a labile Schiff’s base. This may undergo 

rearrangements to a much more stable ketoamine, called Amadori’s product. Dehydration 

and condensation reactions fi nally result in the production of protein adducts and cross-links, 

traditionally called AGEs6. This pathway has been classically associated with the development 

of long-term complications in diabetes and renal disease7. However, later insights have 

pointed out that AGEs may actually form from various other important pathways. These 

much faster occurring alternative routes are highly oxidative stress driven, and have been 

implicated in the pathogenesis of atherosclerotic disease1 (Figure 1). 

AGEs and the role of oxidative stress

It is now established that an important proportion of the accumulation of AGE- like structures 

occurs under infl uence of oxidative stress8. Crucial intermediates of these pathways are 

the so-called reactive carbonyl compounds (RCC), which may form rapidly under oxidative 

stress by auto-oxidation of sugars (and derivatives), glycolytic intermediates9, but also 

from peroxidation of fatty acids and oxidative modifi cation of nucleic and amino acids10-

12. Carbohydrates react with amino groups in proteins via their carbonyl groups, and 

then undergo rearrangement to more reactive dicarbonyl compounds such as 1- and 3-

deoxyglucosone (DGs), which may react further to yield glyoxal (GO) or methylglyoxal 

(MG)11.  These RCC react with lysine and arginine residues in protein to form a wide variety 

of AGEs and cross-link structures. For these carbohydrate derived RCC, oxidative stress is 

not strictly required, however oxidation reactions accelerate the chemical modifi cation of 

proteins. Most AGEs require oxygen for their formation, and therefore they may also be 

referred to as glycoxidation products .

More importantly, chemical modifi cation of protein may also be brought about by lipid 

peroxides. As mentioned in the previous section, oxidative modifi cation of lipids begins 

with the formation of conjugated dienes, initiating chain reactions that produce various 

RCC, including malondialdehyde (MDA) and 4-hydroxynonenal (HNE). These may react 

with amino residues of protein generating characteristic Advanced Lipoxidation Endproducts 

(ALEs)13. These ALEs may in turn also carry on to form protein cross-links and fl uorescent 

products, analogous to AGEs. A third relevant class of compounds comprises protein adducts 

that are formed from either carbohydrates or lipids. These include N-(carboxymethyl)lysine 

(CML)14, N-(carboxyethyl)lysine (CEL)15, glyoxal-lysine dimer (GOLD), and methylglyoxal-
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lysine dimer (MOLD)1 and are quantitatively the most prominent biomarkers of nonenzymatic 

modifi cation and cross-linking of protein in aging and disease11;16-18. In this thesis, all 

aforementioned compounds, including carbohydrate derived (AGEs), lipid derived (ALEs), 

and both carbohydrate and lipid derived (such as CML) structures, will be referred to as 

AGEs, because of their uniform characteristic of forming AGE-like adducts to proteins, and 

from a historically most point of view. 

AGEs, cross-linking, cellular processes, and oxidative stress

AGEs have classically been characterized by their ability to form cross-links in and between 

Figure 1. Schematic view of the classical and alternative pathway for the formation of Advanced Glyca-
tion Endproducts (AGEs) and Advanced Lipoxidation Endproducts (ALEs) in vivo. The classical pathway 
is also known as the Maillard reaction, which is a slowly occurring process of glycation of proteins by 
reducing sugars. The alternative route is largely oxidative stress driven and starts with modifi cation of 
carbohydrates and lipids by reactive oxygen species (ROS), leading the highly reactive intermediates, 
referred to as reactive carbonyl compounds, including methylglyoxal and malondialdehyde. These may 
rapidly react with proteins to form AGEs and ALEs. This pathway has been implicated in age related di-
seases, such as atherosclerosis.
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long-lived matrix molecules such as collagen, resulting in insolubilization, yellowing, and 

stiffening, interrupting their function and integrity19. These are all typical features of the 

aging process and decrease the elasticity of various organ systems, such as heart, cornea, 

and lens19. Since the half life of collagen is estimated to be 15 years, these cross-links persist 

for a long time20. Moreover, cross-linking is thought to impair the enzymatic digestibility of 

the extracellular matrix, thickening basement membranes in capillaries, glomeruli, lens, 

and lungs21. The observation that these cross-links may also be formed by lipid peroxides, 

such as MDA and HNE, argues that this is not merely a feature of glycation in diabetes, but 

appears to be a common product of oxidative stress-related aging22. 

A natural defence against glycation in vivo is provided by the enzyme glyoxalase I . 

Glyoxalase I detoxifi es RCC, thereby removing deleterious species. Depletion of glutathione, 

as observed in settings of oxidative stress, suppresses activity of glyoxalase I23. This is a 

potential mechanism by which oxidative stress could lead to enhanced accumulation of RCC-

derived AGEs. Conversely, AGEs may themselves promote oxidative and infl ammatory stress 

by activating their major receptor (RAGE) via activation of NADPH oxidase and mitochondrial 

pathways in infl ammatory cells24. RAGE is a multiligand member of the immonuglobulin 

superfamily of cell surface molecules25. Ligand binding takes place at the extracellular 

domain of the receptor, consisting of one V-type immunoglobulin domain followed by two 

C-type immunoglobulin domains25. In addition to AGEs, RAGE interacts with a diverse class 

of ligands, including S100/calgranulins, amphoterin, amyloid-ß peptide, and the class of ß-

sheet fi brils26. RAGE can be found on many cells, including macrophages, endothelial cells, 

and SMCs27. When RAGE is engaged by one of its ligands, multiple signalling pathways are 

activated as well as downstream consequences such as the expression of NF-kB regulated 

genes26. This initiates an infl ammatory stress response, accompanied by abundant formation 

of infl ammatory mediators, such as TNF-α or IL-6, and ROS28. Since these substances create 

a milieu of abundant oxidative and infl ammatory stress, AGEs favour their own production 

and create a vicious circle. Activation of RAGE by AGEs and the ensuing events are commonly 

referred to as the “AGE-RAGE axis”8. 

In addition to RAGE, other receptors found on several cells recognize AGE-proteins, including 

AGE-R1, -R229, -R330, ScR-II31, and CD3632. Interestingly, AGE-R1 has recently been shown to 

have anti-infl ammatory effects, since it exerts a protective function against RAGE promoted 

cell activation33. Additionally, macrophage scavenger receptors (MSR-A) also recognize 

AGEs, promoting macrophage mediated damage34. All of these AGE-related events form an 

integrative mechanism by which oxidative stress may lead to age-related disease11. In the 

following section, we will review evidence of the role of AGEs in the development of one of 

these diseases, namely atherosclerosis. 

The role of AGEs in the development of atherosclerosis

Classically, AGEs have been implicated as playing an important role in the pathogenesis of 

micro- but also macrovascular complications, diabetes and renal disease7. However, taking 

the aforementioned oxidative stress-related mechanisms into account, it is unnecessary 

to argue that AGE formation may also be of interest in atherosclerosis. A fundamental 

observation linking AGEs to atherosclerosis is the identifi cation of AGE structures in 

atherosclerotic plaques of patients with diabetes or renal disease35-39, but also in non-
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diabetic patients with CAD40. Moreover, these structures co-localize with macrophages that 

overexpress RAGE34, indicating the pathophysiolocal importance of AGEs in atherosclerosis. 

In the following sections we will provide several lines of in vitro, animal, and human evidence 

for the role of AGE in atherosclerosis. 

In vitro evidence

In experimental models, AGEs have been demonstrated to interact with their receptors 

on endothelial cells, smooth muscle cells and macrophages41 and induce (by means of 

transcription factor NF-kB activation) focal adhesion molecule, cytokine expression and 

atheromateous plaque formation42. Additionally, cross-linking also occurs in proteins in the 

vascular wall43, and there are many sites in which AGE-modifi ed structures can be found, 

such as type IV collagen, laminin and fi bronectin44. The most common structure is collagen, 

which is the main constituent of the extra-cellular matrix45. The cross-links formed between 

collagen molecules result in stiffening of the vascular wall as well as reduction of myocardial 

compliance43. Hence, hypertension and vessel leaking may ensue46. Furthermore, excessive 

deposition of AGEs might attract monocytes to bind to the luminal surface, to transmigrate 

the vessel wall and to release mediators that potentially contribute to the development of 

vascular lesions41. Evidence suggests that AGEs quench nitric oxide (NO) in vitro47 resulting 

in NO depletion and increased smooth muscle cell proliferation48. NO synthetase gene 

expression is reduced in the presence of AGEs49. These actions may result in endothelial 

dysfunction, demonstrated by the association between urinary excretion of pentosidine, an 

AGE product, and markers of endothelial dysfunction, such as plasma concentrations of von 

Willebrand factor and s-VCAM-1 in patients with type 1 diabetes50, and the impairment of 

endothelium-dependent vasodilation, another marker of endothelial dysfunction, in type 2 

diabetics51.

Another important mechanism by which AGEs may promote atherosclerosis is by modifi cation 

of lipoproteins52;53. Glycoxidation of LDL makes it less recognizable by the native LDL receptor, 

resulting in delayed clearance from the circulation, with increasing LDL-C levels. Moreover, 

it also promotes LDL uptake by scavenger receptors on macrophage and smooth muscle 

cells, which may eventually lead to foam cell formation54. It has been shown that glycated 

LDL stimulates the production of pro-infl ammatory and pro-thrombotic mediators55;56. 

Furthermore, AGEs may also modify HDL, altering its atheroprotective effects57. For example, 

glycated HDL loses its ability to prevent monocyte adhesion to the endothelium58 and has a 

decreased activity of enzymes associated with its surface such as paraoxonase57, CETP and 

LCAT59.A lower ability of glycated HDL to mediate cholesterol effl ux and a decreased ability 

to protect LDL from oxidative damage have been observed58-60. Interestingly, in one study by 

the group of Vlassara, diabetic subjects were either randomised to a diet high in AGEs or one 

low in AGEs for 6 weeks. Isolated pooled LDL from patients with a high AGE diet tended to 

be more glycated and oxidized than the low AGE diet group. When incubated with umbilical 

cord endothelial cells the glycated LDL resulted in redox-sensitive mitogen-activated protein 

kinase activation, including enhanced production of soluble vascular cell adhesion molecule-

156. In conclusion, extensive experimental evidence exists that AGEs may function at many 

different levels as initiators and promoters of atherosclerosis61.  
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Animal studies

The role of AGEs in atherosclerosis is strengthened by the results from experimental animal 

studies. It has been shown that direct intravenous infusion of glycated albumin in euglycemic 

rabbits results in enhanced expression of adhesion molecules and thickening of the intima62. 

In another study, local application of AGE-BSA to the vessel wall resulted in enhancement 

of intimal hyperplasia of the carotid artery63. These observations are supported by animal 

intervention studies demonstrating that the atherosclerotic process can be attenuated by 

diminishing the AGE burden using the soluble receptor for AGEs (sRAGE) or an AGE inhibitor or 

cross-link breaker (i.e. aminoguanidine and ALT-711)64-66. Forbes and colleagues randomized 

streptozotocin-induced diabetic apolipoprotein E-defi cient mice that were allocated to 

receive no treatment, the AGE cross-link breaker ALT-711, or the inhibitor of AGE formation 

aminoguanidine (AG) for 20 weeks65. Accumulation of AGEs in aortas and plasma, collagen 

associated CML and CEL, and decreases in skin collagen solubility were ameliorated by both 

treatments. Moreover, this was accompanied by a 30-40% decrease in plaque area in both 

treatment arms. This study should be regarded as proof of the principle that AGEs play a 

crucial pathophysiological role in atherosclerotic plaque formation. Recently, the key role 

of RAGE in the generation of oxidative stress and subsequent cellular damage was pointed 

out in an animal model of ischemia/reperfusion injury after myocardial infarction. It was 

demonstrated that CML is generated by ischemia/reperfusion and subsequently activates 

RAGE, augmenting vascular and infl ammatory cell activation. Animals lacking cellular 

expression of RAGE were more likely to be protected from RAGE-mediated damage67.

Additional evidence of the role of AGEs in atherosclerosis comes from research on the 

infl uence of exogenous AGEs. Lin et al randomised apolipoprotein E defi cient mice (apo 

E -/-) to a diet low in AGE content (L-AGE) or a diet with a 10-fold higher AGE (H-AGE) 

content. After one week a femoral artery injury was infl icted and their diet was maintained 

for another 4 weeks. At the end of the study the mice on L-AGE had a less pronounced 

neointima formation as compared to the mice on H-AGE. Additionally macrophage infi ltration 

as well as smooth muscle cell formation was obviously reduced in the vascular wall of the 

mice on a low AGE diet. Moreover, the reduction in neointimal formation correlated with an 

approximately 40% decrease in circulating AGE levels and there was a signifi cant reduction 

in AGE deposition in the vascular wall68. A later study on this subject has demonstrated the 

benefi cial effect of a low AGE diet in streptozotocin-induced Apo E defi cient diabetic mice 

on the development of aortic atherosclerotic lesions. After 2 months mice on a low AGE diet 

developed 50% smaller lesions at the aortic root as compared with mice on a high AGE diet. 

Immunohistochemical comparison showed markedly suppressed tissue AGE, AGE-receptor-

1, 2 and RAGE expression, a reduced number of infl ammatory cells, tissue factor, vascular 

cell adhesion molecule-1 and monocyte chemoattractant protein-1 in the low AGE diabetic 

group69.

Human studies

In humans there are only limited data on the association of AGEs with (non-diabetic) 

atherosclerosis. One study revealed that patients with type 2 diabetes and coronary heart 

disease presented with higher AGE levels than patients with diabetes alone70. Additionally, in 

another study elevated levels of AGEs correlated with the number of stenotic vessels in non-
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diabetic patients with coronary artery disease71. Furthermore, strong association between 

tissue accumulation of AGE collagen fl uorescence in skin, myocardium, and aortic plaques, 

and carotid to femoral pulse wave velocity, and the severity of atherosclerotic lesions was 

described in diabetic patients admitted for coronary artery bypass surgery72. These fi ndings 

also appear to be true for non-diabetic subjects, as reviewed by others53. Interestingly, 

in a study with type 2 diabetes subjects, serum AGEs were independent determinants of 

endothelium-dependent vasodilation of the brachial artery, a well accepted measure for 

endothelial dysfunction73. 

In humans, the vascular effects of food AGEs have been studied by the group of Vlassara. 

They found that in 4 weeks, a low AGE diet had marked effects on plasma levels of AGEs, 

carbonyl products in non-diabetic patients with nephropathy. Additionally, restriction of 

dietary AGEs in patients with nephropathy reduced serum CML bound LDL and apoB, an 

initial suggestion of a possibly benefi cial infl uence on the development of atherosclerosis.74 

In type 2 diabetic patients a study has been conducted by the same group to asses the 

infl uence of dietary AGEs on markers of the early atherosclerotic process. After two and 

also 6 weeks serum AGE’s increased in the high AGE diet group and decreased in the low 

AGE group. The differences in serum AGE’s were accompanied by marked differences in 

several vascular infl ammation markers, incuding CRP, vascular adhesion molecule-1, but 

also by a difference in AGE-LDL75. Thus, pre-clinical as well clinical evidence points out 

that AGE may play a crucial role in the development of cardiovascular disease in disease 

classically associated with enhanced accumulation of these compounds, but probably also in 

atherosclerosis in general.  

Although several biochemical analytical methods76-78 have been applied to measure AGE 

levels in clinical studies, there is no reliable golden standard (for more information the reader 

is referred to Chapter 2). We have recently introduced an instrument to non-invasively 

assess tissue AGE accumulation in vivo, which utilises the characteristic fl uorescence pattern 

of AGEs79. This instrument has been validated to collagen linked fl uorescence (CLF)80 and 

specifi c AGEs, including the exclusively glucose derived pentosidin and partially lipid derived 

CML and CEL, in human skin samples of healthy subjects and in patients with diabetes or renal 

failure81;82. Skin AF is elevated in diabetes and renal disease and to a larger extent if these 

diseases are accompanied by cardiovascular disease. Furthermore skin AF appears to be a 

strong prognostic marker for future cardiovascular disease in renal failure and diabetes82;83. 

A detailed description of this method and its clinical evaluation is given in Chapter 2. 

Conclusion

Experimental studies have demonstrated that oxidativestress plays a crucial, pathophysiological 

role in the development of atherosclerotic plaques. Most convincingly it has been shown 

that oxidative modifi cation of LDL in the vascular wall initiates atherosclerosis, because it 

enhances the uptake of LDL by phagocytic cells. Furthermore, oxidative stress may also 

promote several later steps of vascular lesion formation, mainly by the quenching of NO and 

the triggering and propagating of infl ammatory reactions. 

Since currently available risk assessment, using traditional risk factor based algorithms or 

clinical parameters identifi es only some patients at risk, measuring markers of oxidative 

stress and infl ammation in clinical practice may provide additional information to identify 



In
tr

o
d

u
ct

io
n

43

the vulnerable patient. Among infl ammatory biomarkers, CRP is by far the most robust, with 

much prognostic data available. However, several other markers, such as fi brinogen, soluble 

CD40 ligand, neopterin, and several cytokines and soluble adhesion molecule, may also be 

of value. Only indirect measurement for oxidative stress is possible because free radicals are 

too short lived and aggressive to be measured in vivo. Among currently available markers 

for oxidative stress, direct antigen detection oxLDL and serum levels of the enzymes A2 

phospholipases2, (PLA2 and Lp-PLA2) and myeloperoxidase seem the most promising. More 

specifi c and accurate measurement of, for example, isoprostanes is currently impractical for 

clinical studies and routine practice. 

A new group of compounds that may potentially serve as markers of infl ammation and 

oxidative stress are AGEs. These have been shown to be pathophysiologically involved in 

atherosclerosis, beyond diabetes and renal disease, and can be easily and non-invasively 

measured by using skin AF as marker for AGE deposition in the skin. In contrast to all other 

currently available biomarkers for oxidative stress, this tool might ultimately be suitable as a 

bedside instrument for quick assessment of AGES as an indirect measure for oxidative stress 

in a clinical setting. However, there are currently no data available on its use in non-diabetic 

patients or in non-diabetic patients with normal renal function. In the following chapters, 

data obtained from patients with CAD and sub clinical atherosclerosis and one rare related 

disease model will be presented and the association of skin AF with cardiovascular disease 

in general will be presented. 
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3. Aims of the thesis

In Chapter 1 we have given an overview of currently available markers for infl ammation and 

oxidative stress, and put their usefulness in clinical practice into perspective. We presented 

clinical data on several well studied and defi ned biomarkers, including CRP and other more 

specifi c infl ammatory markers. Additionally, we have discussed the relatively novel fi eld of 

biomarkers for oxidative stress, their important pathophysiological role in atherosclerotic 

disease and their limitations, concerning reproducibility, low prognostic power, and more 

importantly availability for clinical practice. In the fi nal section of the chapter we introduced 

a relatively new group of compounds, the Advanced Glycation End products (AGEs) and their 

potential role as markers for infl ammation and oxidative stress, especially in atherosclerotic 

disease. In the current thesis, we aim to investigate the clinical usefulness of several well 

accepted biomarkers and present a completely new approach to measure disease risk, skin 

Autofl uorescence (skin AF). 

Chapter 2 is a randomised controlled trial in patients with a history of cardiovascular disease 

that do not reach their low density lipoprotein (LDL-C) goal on standard care statin therapy 

(simvastatin 40 mg). The potency of current available statins compared with placebo has 

been well documented. Additionally, aggressive statin therapy compared with standard 

therapy has been shown to be benefi cial in lowering the risk in future cardiovascular 

morbidity and mortality in patients with stable atherosclerotic manifestations, but also in 

patients with acute coronary syndromes. However, it is yet unclear whether the additional 

benefi cial effect results from lowering LDL-C to a greater extent only, or whether there is a 

contribution of the so called “pleiotropic effect” designated to statins. This may include their 

ability to reduce infl ammation and oxidative stress beyond lipid lowering. In this chapter we 

aim to investigate whether intensifi ed therapy with statins reduces levels of circulating, well 

accepted biomarkers for infl ammation and oxidative stress. 

We have outlined that several biomarkers for oxidative stress exist, but the inherent limitations 

discussed in Chapter 1 limit their clinical usefulness and availability. Therefore, there is a 

continuing need to investigate new markers, and a potential new group of compounds may 

be AGEs. In Chapter 3 we review current methods to measure AGEs in plasma and tissue 

(i.e. skin samples) with immuno(histo)chemistry and other sophisticated biochemical assays 

and introduce the concept of measuring tissue AGE accumulation, using a simple and non-

invasive method, skin AF. Since an important concern with non-invasive photology of the 

human skin is the interference of skin colour, and more specifi cally skin pigmentation, with 

the measurement, we investigate the effect of different skin photo types on skin refl ectance 

and autofl uorescence. 

In Chapters 4 – 7 we present clinical studies with a prototype of the current AGE-Reader, 

which is the instrument to measure skin AF. It has been previously demonstrated that skin 

AF is a strong predictor of future cardiovascular events in patients with diabetes or renal 

failure. However, it is not known whether skin AF may also be of value in atherosclerosis in 

general.

Skin AF may be most valuable in a primary prevention setting, to easily identify high 

risk patients, without performing costly invasive procedures. In Chapter 4 we therefore 

investigate whether skin AF is related to intima media thickness in asymptomatic subjects 



50

C
h

a
p

te
r 

1

with multiple risk factors for atherosclerosis, and whether skin AF adds incremental 

information to commonly used risk scores (Framingham risk score and SCORE risk score) 

in identifying those subjects with the highest (>95th percentile) IMT values, who are at 

high risk for developing cardiovascular disease. In Chapter 5 we investigate whether skin 

AF is elevated in patients with stable CAD, who visited our hospital for elective coronary 

angiography. Additionally, we aim to validate skin AF with levels of three circulating markers 

for infl ammation (C-reactive protein), monocyte/ macrophage activation (neopterin), and 

the soluble receptor for AGEs (sRAGE). In Chapter 6 we address the question of whether 

skin AF is acutely and temporally elevated in patients with an acute ST-elevation myocardial 

infarction (STEMI) compared with patients with stable coronary artery disease and whether 

this is related to clinically available markers for infl ammation (C-reactive protein) and 

glycation (glycated haemoglobin A1c) in these patients. Most importantly, we investigate 

whether elevated levels of skin AF in STEMI patients are of prognostic relevance in predicting 

the one year incidence of major cardiac events, including all cause death, hospitalisation for 

non-fatal myocardial infarction and heart failure.

Finally, in Chapter 7 we present a study of patients with the very rare Glycogen Storage 

Disease 1a (GSD1a). These patients lack the liver enzyme glucose-6-phosphatase, which 

catalyses the gluconeogenesis, resulting in extremely low blood glucose levels, but also very 

adverse lipid profi les and microalbuminuria. In the past, these patients died prematurely 

from hypoglycemia, however since the introduction of better dietary therapies these patients 

live much longer. Because of their adverse cardiovascular risk profi le, it is plausible that 

these patients would develop atherosclerosis at an early age. However, it has been shown 

that the contrary is true and evidence exists that they may be protected against oxidative 

stress. In this chapter we try to fi nd an explanation for this discrepancy by comparing the 

levels of AGEs in GSD1a patients - measured using skin AF and measured from skin biopsy 

homogenates -  with the levels found in age matched healthy controls subjects. Additionally, 

since this is a low age group (18 – 35), there will be a unique opportunity to validate skin 

AF with the golden standard (i.e. skin biopsies) in this age group, without the interference 

of intercurrent diseases. 

Finally, we summarize all the results presented in this thesis and discuss them to further 

defi ne future studies in solving missing links and new fi elds of interest. 
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Abstract

Advanced Glycation Endproducts (AGEs) predict long-term complications in age related 

diseases. However, there are no clinically applicable markers for measuring AGEs in vivo. 

We have recently introduced the AGE-Reader, to non-invasively measure AGE accumulation 

in the human skin of the forearm, making use of their characteristic autofl uorescence 

(AF) pattern. Skin AF is calculated as a ratio of mean intensities detected from the skin 

between 420-600 nm and 300-420 nm. It correlates with collagen-linked fl uorescence and 

specifi c skin AGE levels from skin biopsies in diabetes, renal failure and control subjects. 

Skin AF levels are increased in patients with diabetes and renal failure and are associated 

with the presence of vascular complications. Additionally, skin AF is strongly related to the 

progression of coronary heart disease (CHD) and mortality, independent of traditional risk 

factors. Since skin pigmentation might infl uence skin AF, we have investigated the relation 

of relative skin refl ectance (R%) to skin AF in subjects with varying skin photo types (SPT). 

The data presented in this article suggest that only in subjects with a SPT V and VI or R% 

<12%, no reliable measurement can be performed. Therefore, the current prototype of the 

AGE-Reader is suitable for subjects with SPT I-IV or R% >12% and more research is needed 

for a broader application.

The AGE-Reader is useful as a non-invasive clinical tool for assessment of risk for long-

term vascular complications in diabetes and in other conditions associated with AGE 

accumulation.
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Introduction

The role of Advanced Glycation Endproducts (AGE) in the pathophysiology of various 

chronic and age related diseases has been scientifi cally accepted1. Evidence collected in 

experimental as well as clinical research has provided insight into the several pathways of 

AGE formation2. Recent developments point out that in addition to the carbohydrate driven 

Maillard reaction, from which AGEs have classically been thought to evolve, other pathways 

may also be relevant to AGE accumulation. Important intermediates in these other pathways 

are so-called reactive carbonyl compounds (RCC), which may form rapidly under oxidative 

stress by auto-oxidation of sugars (and derivatives), but also from peroxidation of fatty 

acids3. Due to these two interrelated formation possibilities, glycation and oxidation, the 

products arising are sometimes referred to as glycoxidation products4. These may therefore 

include exclusively carbohydrate derived AGEs, such as pentosidine, both carbohydrate 

and lipid derived structures, such as carboxymethyllysine (CML) and carboxyethyllysine 

(CEL), or even exclusively lipid derived compounds, including malondialdehyde-lysine or 

4-hydroxynonenal-lysine2. However, apart from glycated hemoglobin (HbA1c), which is an 

example of an AGE precursor, no biomarker has, until recently, been available to easily 

measure AGEs in clinical studies and routine practice. 

In this article we will describe the importance of measuring AGEs as it has been suggested to 

be of additional value to current available risk indicators for vascular diseases by representing 

cumulative glycemic and oxidative stress. Secondly, we discuss the development of the AGE-

Reader which was designed to non-invasively measure AGE accumulation by measuring skin 

autofl uorescence. Finally, we demonstrate the interference of skin color on the measurement 

with the AGE-Reader, presenting original data.  

Clinical Evidence for the role of AGEs

Most published clinical studies on AGEs and related compounds have been performed on 

patients with diabetes and renal failure. In the early 80’s, Monnier and colleagues postulated 

that “nonenzymatic browning” (Maillard reaction) which had long been known to occur in 

foods, could also affect long-lived proteins, such as collagen in vivo5. The fi rst method 

used in humans for detecting AGEs in vivo was measuring their characteristic fl uorescence 

in purifi ed collagen from skin biopsy punches (collagen linked fl uorescence (CLF)). It was 

demonstrated that type 1 diabetic subjects appeared to have mean age-adjusted CLF 

values twice as high control subjects. It also increased with the severity of retinopathy, 

nephropathy, and arterial and joint stiffness6. In the ensuing years these fi ndings have 

been confi rmed to be also true for other specifi c AGE compounds measured in skin biopsies, 

including pentosidine7 and CML8;9. Additionally, in non-diabetic subjects with renal failure, 

enhanced deposition of AGEs in skin has also been found10. Some therapeutic interventions 

have been shown to decrease levels of skin AGEs. For example, in a diabetes control and 

complications trial (DCCT) ancillary study, intensifi ed glycemic control resulted in a decrease 

in skin glycation products after 6.5 years11. Also dialysis in renal failure may result in an 

attenuation of skin AGE accumulation10. In a recent publication, Monnier et al demonstrated, 

in a 10 year follow-up of former participants from the DCCT, that glycated collagen and CML 

predict future microvascular events better than HbA1c12. 
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In addition to AGEs linked to long-lived proteins, there is also evidence that circulating AGE-

like proteins are involved in diabetes and renal disease. Several serum glycation markers 

have been associated with diabetic microvascular complications as well as atherosclerotic 

complications13. In patients with decreased renal function, serum AGEs are even more 

elevated than in diabetic subjects with normal renal function. Serum levels of AGEs may rise 

up to 10-fold in comparison with healthy controls14. Although some evidence suggests that 

serum AGEs correlate with the accumulation of AGEs in tissue15, these values may not be 

a reliable refl ection of chronic deposition of AGEs in tissue16;17. This is supported by results 

from studies that demonstrated that serum AGEs are poor prognostic markers for long-term 

mortality18 and cardiovascular events19.

In addition to diabetes and renal disease, AGEs may also play a role in other age-related 

diseases. For example AGEs have been histochemically detected in the typical lesions 

associated with age-related macular degeneration20, Alzheimer’s disease and other 

neurodegenerative diseases21, osteoarthritis22 and non-diabetic atherosclerosis23. Plasma 

AGEs have been shown to be associated with the number of stenotic coronary arteries in 

non-diabetic subjects24 and to positively predict the long term incidence of cardiovascular 

mortality in non-diabetic women25. Most convincing evidence for the role of AGEs in 

cardiovascular disease has been presented by Monnier et al, who demonstrated that CLF 

measured from skin biopsies predicts atherosclerosis progression measured by coronary 

calcium scores using computed tomography26.   

Measuring AGEs from biopsies and blood samples

The term AGEs refl ects a heterogenic group of compounds, which makes the quantifi cation of 

AGEs complicated. Although several methods to determine AGE-levels have been described, 

no commercial assay or tool is available yet. Classically, AGEs were determined using their 

characteristic fl uorescence properties (Excitation (Ex):370 nm ;Emission (Em):440 nm)6. 

Later on several biochemical detection methods have been developed. For pentosidine, high 

performance liquid chromatography (HPCL) is considered the most accurate, since Enzyme-

linked Immunosorbent Assays (ELISAs) suffer from low sensitivity. For CML and CEL, Gas 

Chromatography/Mass Spectrometry (GC/MS) or Liquid Chromatography/Mass Spectrometry 

(LC/MS) are considered accurate techniques to determine AGE-levels27. HPLC is accurate as 

well, but is relatively time-consuming28. Several diffi culties with reproducibility and specifi city 

exist when using ELISA, especially at low concentrations29. Currently a commercial kit from 

Roche Diagnostics is available presumably circumventing these problems30. Recently, use of 

an Advanced Glycation Index (AGI) was suggested, which represents the slope values of AGE 

fl uorescence at several plasma dilutions31. In addition to biochemical assays and fl uorescent 

techniques, several immunohistochemical techniques have been described to determine 

AGE-levels, but are little used in clinical settings32. Finally, recent reports have introduced 

two new concepts for assessing AGEs. First, spectrophotometric and spectrofl uorometric 

techniques — again making use of the fl uorescence pattern of AGEs — have been applied 

for measuring low molecular weight AGEs (LMW-AGEs)33. Additionally, a commercial ELISA 

kit from Quantikine has been used in very recent communications, to measure the soluble 

fraction of the receptor for AGEs (sRAGE)34;35. Although these studies present interesting 
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data, the association of serum sRAGE levels with circulating or tissue AGEs has not been 

assessed yet. Furthermore, there are other ligands associated with this receptor36 and this 

method does not take into account the effects of AGEs that are not receptor mediated. 

This lack of uniformity in assays should be considered when interpreting data on AGE-levels. 

A second point of concern is that AGEs measured in plasma or serum probably do not refl ect 

the extent of AGE accumulation in tissue, such as the retina, kidney and vascular wall. 

Most evidence for the involvement of AGEs in the development of long-term complications 

has been collected from the measurement of AGEs in skin11;12. An additional limitation of 

assessing AGEs in plasma or serum is that these are highly subject to kidney function37, 

making it diffi cult to interpret elevated AGE levels in subjects with impaired renal function38. 

Therefore, measuring AGEs in tissue (e.g. skin) may better refl ect the chronic AGE burden 

than measuring AGE from serum or plasma.

Development of the AGE-Reader

Clinical application of AGE measurements in skin biopsy homogenates has obvious 

limitations. Additionally, as outlined above, detection of AGEs in serum also has several 

drawbacks. Therefore, there is a need for a simple and readily available quantifi cation of 

AGE accumulation in tissue that is suitable for clinical application. The AGE-Reader, which 

non-invasively measures AGE accumulation in skin, meets this need and has proven its 

value in long-term clinical follow-up studies39. 

The development of the AGE-Reader was initiated by a serendipitous fi nding in earlier studies 

designed to investigate capillary sodium fl uorescein leakage in patients with diabetes mellitus 

as a measure for endothelial dysfunction40. Prior to injection of the sodium fl uorescein tracer 

increased levels of fl uorescent light emitted from the skin were observed in diabetic patients 

compared with controls. This endogenously generated fl uorescence is generally referred to 

as autofl uorescence (AF). Part of this light can, in specifi c wavelength ranges, be attributed 

to fl uorescent AGEs in the different layers of the skin. The principle of skin AF has been 

used in the fi eld of cancer research, to non-invasively detect local variations in skin AF for 

tumor growth in tissue41. In ophthalmologic research, AF of lenses of patients with diabetes 

has been measured. Lens AF is signifi cantly higher in diabetic patients than age-matched 

control subjects and increases signifi cantly with the progression of diabetic retinopathy42-

44. However, as a result of the large variation in density and opacity of lens tissue, this 

method lacks reproducibility. In order to apply the principle of skin AF as a marker for tissue 

accumulation of AGE, we designed the AGE-Reader (see Figure 1a for a photograph). This 

technique will be outlined in more detail below. 

Technical details of the AGE-Reader and its prototypes

Instrumentation and development of the technique

In contrast to the methods that use AF to detect local variations in tissue, for example to 

detect tumors, the purpose of our application is to detect changes that occur in the normal 

skin with aging and systemic diseases. Therefore, very local measurements are not required. 

Consequently, the area of the tissue that is detected by the optical fi ber should be large 

enough to prevent gross variations that otherwise might occur on small displacements of the 

probe, due to follicles, sebaceous glands and small blood vessels. Therefore, we have chosen 
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a fi ber that is not in contact with the skin, but which is located at some distance from the 

skin, leading to an integration area of approximately 0.4 cm². A schematic representation of 

the instrument is given in Figure 1b. Illuminating light enters the skin almost perpendicularly 

over an area of ~4 cm² that exceeds the detected area in such a way that the results do 

not depend on the size of the illuminated area. The location of the detection area is thereby 

chosen in the middle of the illumination area. 

For illumination, a black light source is used. In the fi rst prototype, the excitation was in 

the range 300-420 nm (maximum intensity at 350 nm). In other prototypes the excitation 

range of 350-420 nm was used (maximum intensity at 370 nm). Figure 2a demonstrates 

a sample spectrum of the AGE-Reader and Figure 2b demonstrates fl uorescence spectra of 

controls and patients with diabetes with or without hemodialysis. In most prototype systems 

spectrometers with an array of CCD photodetectors were used, which were connected to 

the AGE-Reader by an optical fi ber. In current AGE-Readers the spectrometers have been 

integrated into the instrument.

Measuring procedure for the AGE Reader

Measurements are performed at the volar site of the forearm, in a semi-dark environment, 

preventing surrounding light from interfering with the measurement. Areas with large skin 

irregularities, such as visible vessels, scars, lichenifi cation, or other skin abnormalities are 

not used for measurement. 

A measurement with the AGE-Reader consists of two steps. Prior to measurement of the 

subject, two calibration measurements are performed. First, a dark-current measurement 

is obtained in order to correct for noise from the CCD photodetectors. This is subtracted 

from the spectrum obtained from the subject. Second, refl ectance against a white refl ection 

standard, assuming 100% refl ectance, is measured. Subsequently, measurement of the 

Figure 1a. AGE-Reader in a clinical setting.
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Figure 1b. Schematic view of the AGE-Reader. A black light source is used as excitation light. When the 
shutter is closed, two calibration measurements are performed: a measurement against a white refl ection 
standard and a dark current measurement. Subsequently, after opening of the shutter, the forearm skin 
of the subject is illuminated. Emitted light from the skin in the range of 300–600 nm is transmitted by 
a fi ber probe to the integrated spectrometer. Data from the spectrometer is relayed to a computer by 
USB connection and the measured spectrum and the skin AF (autofl uorescence) value is displayed on the 
screen. The total measurement is fully automated and takes approximately 30 seconds to complete.

subject is performed, collecting all light intensity emitted from the skin in the spectrum of 

300 nm–600 nm. Light in the range of 420–600 nm is considered as being fl uorescence light, 

whereas light in the 300–420 nm range is caused by skin refl ectance. One measurement 

consists of the average of 50 measurements, to obtain the best reproducible results.

Since skin AF is infl uenced by variation in skin absorption between subjects, but also by the 

light intensity of the light source, we present skin AF as a relative values, as similarly used 

by others45. Hence, skin AF is calculated by dividing the average emitted light per nm in the 

range between 420-600 nm by the average excitation light intensity per nm in the range 

between 300-420 nm, expressed as arbitrary units (AU). Finally, relative skin refl ectance 

(R%) is calculated by dividing the refl ectance in the 300–420 nm range by refl ection against 

the white refl ection standard. This gives an indication of the amount of light absorbed by 

the skin46. 

Current AGE-Reader

Whereas in many of the prototype instruments the procedures described above had to be 

carried out manually, the current AGE-Reader allows for a complete automatic measuring 

procedure within 30 seconds with immediate presentation of the results. The refl ection 

measurements are performed by using an internal refl ection standard, instead of the earlier 

white Tefl on blocks. The operation of the device requires no special training or skills, and 

needs no special preparation of the subject.
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Reproducibility study

Reproducibility was tested by performing repeated AF measurements taken over a single 

day in 25 healthy subjects and diabetic patients, which showed a mean relative error in AF 

of 5%. Reproducibility including seasonal variance among 15 healthy subjects and diabetic 

patients was determined from intra-individual measurements over a longer period of time, 

also showing a mean relative error of 5%47. The infl uence of bleaching on skin AF measured 

with the AGE-Reader seems to be limited, since we did not observe signifi cant decreases 

in skin AF during continuous measurement over a period of 10 minutes (unpublished 

observations). 

AGE-Reader: Clinical Studies

Validation

The AGE-Reader was validated in two separate studies, to compare the non-invasively 

measured skin AF values with levels of specifi c AGEs measured from skin biopsy homogenates. 

The fi rst study, performed with the fi rst prototype of the current AGE-Reader, included patients 

with diabetes mellitus type 1 and 2 (N=46) and healthy control subjects (N=46)48. Skin AF 

measured at the forearm, lower leg and abdominal area correlated strongly. Therefore, we 

decided to perform future measurements only on the forearm, since this is a more practical 

body site for routine measurement. Mean skin AF was 25% higher in diabetics compared 

with control subjects. Patients and controls did not differ with respect to skin refl ectance. 

Figure 2a. Light intensities from the skin as analysed by the spectrometer in the 300-600 nm range. The 
higher line is derived from a diabetic patient and the lower line from a control subject. Autofl uorescence 
(AF) is calculated by dividing the average light intensity per nm in the range between 420-600 nm by the 
average light intensity per nm in the range between 300-420 nm. Reprinted with permission49.

Figure 2b. Detail of sample autofl uorescence spectra in control, diabetic, and aemodialysis subjects. 
DM = diabetic patient, HD = hemodialysis patient. Reprinted with permission48.
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Figure 3a. Scatter plot of the association of skin 
autofl uorescence (AF) with age for diabetic pa-
tients (▪, continuous line) and control subjects (□, 
dotted line). Reprinted with permission49.

Figure 3b and c. Scatter plot of the association of skin autofl uorescence (AF) with mean HbA1c (%), and 
creatinine levels (umol/l) in type 1 diabetic patients (▪, continuous line) and type 2 diabetic patients (+, 
dotted line). Reprinted with permission48.

The overall variance in skin AF among diabetic patients could largely (r=0.78, p<0.001) 

be explained by the independent effects of age (p<0.001; Fig. 3a), mean HbA1c of the 

previous year (p<0.001; Fig. 3b) and serum creatinine levels (p=0.01; Fig. 3c). In control 

subjects, the overall variance in skin AF could be explained by the independent effects of 

age (p=0.01; Fig. 3a) and smoking (p=0.04) (r=0.435, p=0.01). Skin biopsy punches were 

taken from the same site where the AF measurement was performed. In these skin samples 

specifi c AGEs were measured using previously described methods9;49;50. Skin AF correlated 

strongly with all AGEs measured from the skin samples, including CLF (r=0.62, p<0.001; 

Fig. 4a) pentosidine (r=0.55, p<0.001; Fig. 4b), CML (r=0.55, p<0.001) and CEL (r=0.47, 

p=0.002). The second validation study was performed on patients with end stage renal 

disease (ESRD), treated with hemodialysis. This study confi rmed the results from the prior 

study, showing even stronger correlation with CLF (r=0.71, P=0.001), pentosidine (r=0.75, 

P=0.001), CML  and CEL (both r=0.45, P=0.01)39. Additionally, it was shown that skin AF was 

2.4 fold greater in these patients compared with healthy controls, and was independently 

related to age, dialysis and renal failure duration, presence of diabetes, triglycerides levels, 

C-reactive protein and the presence of coronary heart disease. Since skin AF was associated 
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with both carbohydrate derived AGEs (glycoxidation; CLF and pentosidine), and also lipid 

derived AGEs (lipoxidation; CML and CEL), we concluded that skin AF can be considered as 

a non-invasive biomarker for chronic cumulative metabolic stress. 

Relation with long-term complications

To study the association of skin AF with peripheral and autonomic nerve abnormalities, skin 

AF was measured in diabetic patients with and without neuropathic foot ulcerations51. In 

neuropathic patients skin AF was 1.5 fold greater compared with diabetic patients without 

neuropathy. Moreover, skin AF was independently associated with severity of ulceration 

(Wagner score) and several objective markers for nerve damage, including nerve conduction 

velocity and amplitude, heart rate variability and barorefl ex sensitivity in patients with and 

without clinically manifested neuropathy. These data suggest that skin AF might detect 

patients at risk for neuropathy, before its clinical manifestation. In a large population of 

primary care, well controlled type 2 diabetic patients, we found that skin AF was substantially 

higher in patients with micro- as well as macrovascular complications compared with 

unaffected patients52.  

Predictive power of skin AF

Further evidence of the clinical value of skin AF was collected from follow-up studies. In 

the ESRD study, skin AF was an independent and strong predictor of 3-year overall (odds 

ratio (OR) 3.9) and cardiovascular (OR 6.8) mortality39. In a separate study  of diabetic 

patients with normal renal function, multivariate analysis showed that skin AF replaced 

HbA1c, triglycerides, and LDL, as predictors of 5-year mortality (OR 2.0) (Meerwaldt 2005, 

Diabetes Care in press). 

Skin AF as a marker of oxidative stress

In several clinical studies, skin AF was positively associated with levels of C-reactive protein, 

which in atherosclerotic disease may be regarded as an index for oxidative stress-derived 

Figure 4a and b. Scatter plot of the association of skin autofl uorescence (AF) with (a) skin collagen-lin-
ked fl uorescence (CLF, a.u./ ug hyp.), and (b) pentosidine (pmol/ ug hyp.) levels of skin biopsies. Type 1 
diabetic patients (▪), type 2 diabetic patients (+), and control subjects (□). Hyp.=hydroxyproline content 
of collagen. Reprinted with permission49.
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infl ammation39;53;54. Furthermore, in patients with ESRD, skin AF was inversely related to 

plasma levels of vitamin C, which is considered to be a potent antioxidant53. In patients 

with acute ST-elevation myocardial infarction, skin AF is signifi cantly higher compared with 

patients with stable coronary artery disease, independent of diabetes and smoking. These 

data suggest that skin AF may be a marker for glycation-derived as well as oxidative stress-

derived AGE formation, and may therefore be modulated by acute changes in oxidative 

stress54.

Possible limitations of the AGE-Reader 

As indicated briefl y above, skin AF may be infl uenced by fl uorescent compounds (fl uorophores) 

other than AGEs. One potentially confounding fl uorophore contained in resident skin cells is 

the reduced form of NAD(P) (e.g. NAD(P)H; Ex:~350; Em:460)55. It was previously reported 

in this journal that in vitro incubation of fi broblasts and adipocytes with a high glucose 

medium, resulted in increased AF56. However, this was temporary and dropped quickly over 

time57 and the implications for non-invasive in vivo measurements have not been addressed 

yet. Furthermore, in a rat model the 360 nm excitation band measured non-invasively at 

the skin, which is produced by NADH as well as CLF did not change when hypoxia was 

induced by pressure occlusion or when the animal was sacrifi ced. This AF is therefore likely 

to be mainly from CLF, thus from AGEs, and not from NADH58. Two other fl uorophores in the 

human skin are porphyrins (Ex:~405; Em:600) and tryptophan (Ex:~295; Em:340-350)58. 

However their fl uorescence spectrum falls outside the spectrum of the AGE-Reader. 

In addition to the static fl uorescence linked to long-lived proteins, it is likely that skin AF 

may also be infl uenced by temporary changes in interstitial and possibly also intra-capillary 

constitution of compounds with fl uorescent properties. This phenomenon is supported by 

the fi nding that transcapillary and interstitial sodium fl uorescein (Em:~515) diffusion in skin 

after intraveneous injection can be easily detected using videomicroscopy40, but also using 

the AGE-Reader (unpublished observations).  

In addition to fl uorophores in the skin, several chromophores may also induce unwanted 

variance in skin AF measurement by absorption of excitation but also by the  emission of 

fl uorescence. Hemoglobin and melanin are by far the most important confounders, capable 

of absorbing light in the 330–400 nm range55. Additionally, epidermal thickness has been 

proposed as a confounding factor. Sandby-Moller and colleagues demonstrated that only 

skin pigmentation (e.g. melanin) and, to a much lesser extent, redness (e.g. hemoglobin) 

signifi cantly infl uence the amount of emitted light from the skin and that the effect of 

epidermal thickness is negligible59. The infl uence of skin absorption is largely corrected 

when representing AF as values relative to skin refl ectance46. However, there is still some 

concern that especially skin pigmentation may introduce unwanted intra- and inter-individual 

variance in measurements. 

Effects of skin pigmentation on skin AF as assessed by the AGE-Reader

To investigate the behavior of skin AF across different white and dark skin types and to 

determine the threshold of skin refl ectance below which skin AF measurement becomes 

unreliable, we performed a sub-study as part of clinical studies conducted at our hospital. 

For this study we included 272 subjects of which 78 had stable coronary artery disease, 
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158 sub-clinical atherosclerosis and 36 healthy subjects, in which skin AF and refl ectance 

(R%) were measured using a prototype of the AGE-Reader. All studies were approved by the 

local ethics committee and all subjects gave informed consent. No specifi c in- and exclusion 

criteria were applied for this sub-study. To objectively document skin photo type (SPT), 

ranging from I (pale skin) to VI (black skin), a questionnaire adapted from Fitzpatrick60 was 

used. 

Mean age was 59.3 years (SD 14.1). Subjects with SPT V and VI were signifi cantly older 

than subjects with SPT I–IV (34.3±15.7 vs. 63.4±8.2 years; p<0.001). SPT was strongly 

correlated with skin R% (r=-0.6; p<0.001; Fig. 5a). From the correlation plots between SPT 

and skin AF (Fig. 5b), it was evident that SPT V and VI affected skin AF (r=-0.4; p<0.001). 

However, after exclusion of subjects with these skin types, the correlation with skin AF 

disappeared (r=-0.07; p=0.30). The relation between skin AF and skin R% was not strong 

for R%>13, but showed a very steep slope at skin R% <12-13% (Fig. 6). In the whole 

group skin AF correlated strongly with age (r=0.7; p<0.001). After multivariate regression 

Figure 5a & b. Scatter plot of the association of skin refl ectance (fi g 2a) and skin autofl uorescence (AF; 
Fig. 2b) with skin photo types. P-values indicate differences between groups and are tested using the stu-
dent’s t-test for unpaired variables. Horizontal lines represent mean values. AU indicates arbitrary units.

Figure 6. Scatter plot of the relationship of skin refl ectance with skin autofl uorescence (AF).  AU indica-
tes arbitrary units
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analysis skin AF was independently associated with skin R% (standardized β=0.3; 95% CI: 

2.4 – 4.2; p<0.001) as well as age (standardized β=0.5; 95% CI: 0.8 – 1.1; p<0.001), 

explaining 55% of its total variance. 

From these data we conclude that skin AF is indeed affected by skin color, as refl ected by 

a signifi cant association with SPT and R%. However, this association was only valid due to 

inclusion of subjects with a SPT V and VI or R% <12%. Even in subjects with SPT V, there 

was a signifi cant correlation with age, providing the option to calculate a correction factor to 

be able to compare these values with those measured in subjects with a lighter skin color. 

Unfortunately, the sample size of this study did not allow such an analysis, thus a larger 

study including more subjects with SPT V and VI is warranted. Presently, the AGE-Reader 

software automatically warns the user not to rely on skin AF values when R% is found to 

be <12% during the measurement. Since some subjects with SPT 2-4 may also have R% 

<12%, this approach may be more accurate than to rely on SPT. Other approaches to allow 

for skin AF measurements in subjects with R% <12% are under study, including using 

an actual broad band spectrum of white light as a source for refl ectance calculation. This 

approach may help elicit the transfer function of skin for both the excitation wavelength 

and the fl uorescence, and may provide a better correction for variation based on skin color. 

Others, using a geometry with multi-fi ber probes, have used an empirical correction using 

both the refl ection coeffi cients at emission and excitation wavelength61. Additionally, the 

effect of direct sun exposure on the skin should be addressed, especially in subjects with a 

lighter skin type. However, this effect may be limited since the seasonal variety of skin AF 

is <6%62. 

Conclusions and Future Research

With the current published data we have demonstrated that skin AF is a valuable marker 

for chronic accumulation of glycation and oxidative stress-derived AGEs. It is associated 

with chronic complications in diabetes mellitus, including peripheral and autonomic nerve 

abnormalities, and has independent and incremental power to predict long-term mortality 

in patients with diabetes and in patients with ESRD. These studies have been performed in 

small referral care patients groups. However, in the near future, follow-up data from a large 

cohort of approximately 1000 primary care diabetes patients, observed since 2001, will 

become available. These data will give insight into the capability of skin AF to predict future 

micro- and macrovascular events and mortality. 

Since AGEs may also form from oxidative stress and skin AF is strongly related to skin 

accumulation of advanced lipoxidation products (e.g. CML and CEL), we are currently 

investigating the validity of skin AF in diseases that are not classically associated with AGEs, 

such as stable coronary artery disease and acute coronary syndromes. Preliminary results 

indeed showed increased skin AF values in these patients54. To enable reliable measurements 

of subjects with dark skin color, more research is needed. 

Based on the cumulative evidence presented in this article, we conclude that measuring 

skin AF provides an easily applicable and reproducible non-invasive tool to investigate 

the pathogenetic effects of AGEs in larger populations. Furthermore, skin AF might be a 

practical tool for estimating risk of complication in diabetes, renal failure and possibly other 

diseases. 
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Abstract

Purpose Recent trial results are in favor of aggressive lipid lowering using high dose statins 

in patients needing secondary prevention. It is unclear whether these effects are solely due 

to more extensive lipid lowering or the result of the potentially anti-infl ammatory properties 

of statins. We aimed to determine whether aggressive compared with conventional statin 

therapy is more effective in reducing systemic markers of infl ammation and oxidative 

stress.

Methods This was a multi-centre, double-blind, placebo-controlled trial. Patients with 

previous cardiovascular disease, who did not achieve low density lipoprotein (LDL) cholesterol 

levels <2.6 mmol/l on conventional statin therapy (simvastatin 40 mg) were randomized to 

continue with simvastatin 40 mg or to receive atorvastatin 40 mg for 8 weeks and thereafter 

atorvastatin 80 mg for the fi nal 8 weeks (aggressive treatment). Lipids, C-reactive protein, 

soluble cellular adhesion molecules, neopterin, von Willebrand Factor, and antibodies against 

oxidized LDL were measured at baseline and after 16 weeks.  

Results Lipid levels decreased signifi cantly in the aggressive treatment group (LDL-C 

reduction 20.8%; P <0.001), whereas a slight increase was observed in the conventional 

group (LDL-C increase 3.7%; P=0.037). A signifi cant reduction in antibodies against oxidized 

LDL was seen in the aggressive (13.4%; P<0.001) and the conventional (26.8%; P<0.001) 

group, but there was no difference between groups (P=0.25). Furthermore, no signifi cant 

differences in other biomarkers was observed between both groups. 

Conclusions This study does not support the hypothesis that a more profound reduction in 

infl ammatory and oxidative stress contributes to the benefi ts of aggressive statin therapy
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Introduction

Recent trials have emphasized the need for intensive lipid lowering with hydroxymethylglutaryl-

CoA reductase inhibitors (statins) in subjects with cardiovascular disease (CVD)1;2. One of 

the potential mechanisms contributing to the benefi cial effects of lipid lowering in these 

patients is a reduction of infl ammatory and/ or oxidative stress. This effect may be due 

to extensive immunomodulatory properties that operate independently of lipid lowering 

(pleiotropic effect)3 or solely be the result of the reduction in lipid levels4.

It has been well established that atherosclerosis is a chronic infl ammatory disorder5, with 

oxidized low-density lipoprotein (LDL) cholesterol being one of the most potent inducers of 

infl ammation6. Several biomarkers of infl ammatory or oxidative stress have been recognized 

as powerful outcome predictors in cardiovascular disease making them useful for refl ecting the 

disease severity in clinical studies7. Among these biomarkers are antibodies against oxidized 

LDL (anti-oxLDL), C-reactive protein (CRP), neopterin (a marker of monocyte activation), 

von Willebrand Factor (vWF), and the soluble forms of cellular adhesion molecules such as 

endothelial-selectin (s-E-selectin) and intercellular adhesion molecule–1 (s-ICAM-1).

There is substantial clinical evidence that statins exhibit anti-infl ammatory effects. 

Although this effect is thought to be unrelated to their lipid lowering properties, this is still a 

matter for debate8;9. A currently unsolved issue in secondary prevention of vascular disease 

is whether the benefi cial effects of additional, aggressive lipid lowering as observed in recent 

trials is the result of a reduction in infl ammatory and oxidative stress, or that of a greater 

lipid lowering effect per se. This study was undertaken to evaluate the effects of aggressive 

versus conventional lipid-lowering therapy on infl ammatory biomarkers and anti-oxLDL.

Methods

Study design.

The Simvastatin To Atorvastatin switch Trial (STAT) was a double-blind, parallel-group, 

randomized, multi-centre trial in 235 male and female patients with any clinical manifestation 

of atherosclerosis, and LDL-cholesterol (LDL-C) levels >2.6 mmol/l despite simvastatin 40 mg 

mono therapy. In addition to the principal center, the University Medical Center Groningen, 

10 general hospitals in The Netherlands participated in this study. The study was performed 

between September 1998 and July 2001, and it has therefore not been registered at a Trial 

Registration website. 

Eligible patients were identifi ed through screening the out-patient population of the 

participating centers. If eligible, patients entered a 4-week run-in period in which they 

received simvastatin 40 mg once daily. Baseline measurements regarding lipids, anti-oxLDL 

and infl ammation were performed following these 4 weeks. Subsequently, patients entered 

a 16-week treatment phase starting on atorvastatin 40 mg or continuing with simvastatin 40 

mg. After 8 weeks of treatment the dosage of atorvastatin was increased to 80 mg, whereas 

the dosage of simvastatin remained stable at 40 mg. Patients were kept on this dose for the 

remaining 8 weeks of the treatment period.  
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Eligibility

Eligible patients were 30 – 75 years of age and had been using a combination of a lipid-

lowering diet and simvastatin 40 mg monotherapy once daily at bedtime for at least 8 

weeks prior to the screening visit, after which LDL-C levels remained above 2.6 mmol/l. In 

addition, all patients had been diagnosed with a clinical manifestation of atherosclerosis, 

which was defi ned as the patient having a history of at least one of the following items: 

(1) angina pectoris with an abnormal bicycle test and/or nuclear stress test, suspect for 

inducible myocardial ischaemia, or with a signifi cant stenosis in the coronary arterial system 

on coronary angiography; (2) myocardial infarction; (3) percutaneous transluminal coronary 

angioplasty (PTCA); (4) coronary artery bypass graft; (5) transient ischaemic attack; (6) 

carotid endarteriectomy; (7) abdominal aortic aneurysm; (8) symptomatic peripheral 

arterial obstructive disease, as evidenced by a lowered ankle-brachial index (ABI < 0.9), or 

by previous percutaneous or surgical interventions. After completion of the run-in period, 

only patients with persisting LDL-C levels >2.6 mmol/l were randomized.

The exclusion criteria were: (1) all forms of secondary dyslipidemia; (2) diabetes mellitus; 

(3) dysfunction of the thyroid gland, unless adequately treated; (4) acute cardiovascular 

disease, surgical procedures or infl ammatory disease; (5) all those conditions affecting 

plasma levels of cellular adhesion molecules; (6) active liver disease or hepatic dysfunction, 

as defi ned by aminotransferase-values over 150% of upper limit of normal; (7) known 

allergic reaction to statins; (8) clinically manifest heart failure or severe cardiac arrhythmias; 

(9) uncontrolled hypertension, as defi ned by a systolic blood pressure >160 mmHg and/or a 

diastolic blood pressure >95 mmHg; (10) severe or unstable angina pectoris; (11) excessive 

alcohol consumption (over 4 units per day) or a history of drug abuse; (12) use of systemic 

steroids or androgens; (13) impaired renal function with plasma creatinine >150 micromol/

l; (14) a history of partial ileal bypass surgery; (15) inadequate contraceptive measures, 

pregnancy or lactation in premenopausal women; (16) baseline creatinine phosfokinase 

values >150% upper limit of normal.  The use of all other lipid-lowering drugs and agents 

known to be associated with rhabdomyolysis in combination with statins were prohibited 

during the course of the study. Adverse events were assessed at every visit in a nonspecifi c 

fashion documenting any new or continuing symptoms since the previous visit. 

Measurements

To assess the lipid profi le changes, total cholesterol (TC) and triglycerides (TG) were 

measured at weeks -4 (i.e. start of run-in), 0 (randomization visit), 8, and 16; high density 

lipoprotein cholesterol (HDL-C) and LDL-C were measured only at week 0 and 16. In fasting 

samples TC, TG, and HDL-C were determined by enzymatic methods on a Vitros 950 (Ortho-

Clinical Diagnostics, Rochester NY, USA). HDL-C was isolated by precipitation of LDL and 

VLDL with phosphotungstate and magnesiumchloride. Serum LDL-C was calculated using 

the Friedewald formula, excluding patients with serum TG levels >5.0 mmol/l. 

Infl ammation markers and anti-oxLDL were assessed during the randomization visit and 

after 16 weeks of study treatment. CRP was measured using a routine high sensitivity 

nephelometric method (Dade-Behring, Germany). IgG anti-oxLDL antibodies were measured 

using an in house sandwich-ELISA, of which details have been described earlier10. In vitro 

oxLDL was generated by modifi cation of low density cholesterol with malondialdehyde as well 
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as copper. Anti-oxLDL values are presented as levels of auto-antibodies against oxLDL relative 

to auto-antibodies against native LDL. Levels of s-E-selectin and s-ICAM-1 were analyzed by 

sandwich-ELISA (British Bio-technology Products) as described earlier11.  Plasma level of von 

Willebrand factor (vWF) was determined as the amount of antigen using a sandwich-ELISA 

with OPD/horse-radish peroxidase and subsequent UV detection (Boehringer, Germany). 

Neopterin levels were quantifi ed by a commercially available radioimmunoassay (IMMU test 

Neopterin, Germany). All assays had an inter- and intra-assay coeffi cient of variation of 

<10%.

Ethics

The study design was approved by the local medical ethical committees and written informed 

consent was obtained from each participant.

Statistics

The study was driven by the difference in changes in LDL-C levels after 16 weeks of 

treatment from baseline between both treatment groups, which was assessed using analysis 

of covariance (ANCOVA), correcting for baseline levels of LDL-C. To show at least a 5% 

difference in plasma LDL-C levels between the atorvastatin treated and simvastatin treated 

group, and based on an inter-subject coeffi cient of variation of 11%, a type 1 error of 0.05 

and a power of 90%, a minimum of 106 patients was needed for each group. To correct 

for premature discontinuation a total of 240 patients had to be included. In case of skewed 

distribution, logarithmic transformation was performed. In addition, potential differences at 

baseline were corrected for by adding the variable as covariate to the ANCOVA analysis. The 

same analysis methods were used for the other variables, i.e. the difference in changes in 

other lipids and the biomarkers between both treatment groups.

Normal distribution of variables was tested with the Kolmogorov-Smirnov test. Group mean 

differences between the intervention and non-intervention groups were performed with 

unpaired t-tests. Paired t-tests were used to test the treatment and non-treatment effects 

within the intervention and non-intervention groups, respectively. In case of categorical 

variables the chi-square test or Fisher’s exact test was used. Descriptive statistics are 

presented as mean values ± SD, as median (inter quartile range) for skewed variables, 

or as percentages.  A two-sided P-value <0.05 was considered statistically signifi cant. All 

statistical analyses were carried out with the Statistical Package for Social Science (SPSS, 

version 12.0.2, 24 March 2005). 

Results

For this study, 331 potential patients were screened, of which 235 patients were randomized: 

119 were allocated to receive simvastatin and 116 to receive atorvastatin. Of these patients, 

16 dropped out prematurely, of which 2 died (both in simvastatin group), and 219 completed 

the study. Furthermore, 44 patients were excluded after completion because of protocol 

violation or missing/ irretrievable/unusable blood samples. Drop-out rates and excluded 

patients were evenly distributed over both treatment groups (Chi-Square, 0.58; P=0.75).  

Patients who did not complete the study did not differ signifi cantly from patients who 
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Table 1. Baseline Characteristics      
         
   simvastatin atorvastatin P-value

age (years) 58 (10) 58 (9) 0,65
weight (kg) 82 (14) 86 (14) 0,11
height (cm) 174 (9) 174 (9) 0,94
body mass index (kg/m2) 27.2 (3.6) 28.4 (4.1) 0,04
systolic blood pressure (mmHg) 140 (130 - 150) 140 (130 - 150) 0,76
diastolic blood pressure (mmHg) 80 (80 -85) 80 (80 - 90) 0,29
heart rate (BPM) 68 (10) 69 (10) 0,50
total cholesterol (mmol/l) 5.62 (0.94) 5.72 (0.95) 0,48
triglycerides (mmol/l) 1.61 (1.22 - 2.28) 1.64 (1.2 - 2.4) 0,64
HDL cholesterol (mmol/l) 1.16 (0.33) 1.16 (0.30) 1,00
LDL cholesterol (mmol/l) 3.59 (0.79) 3.70 (0.83) 0,40
male gender 71 (77%) 75 (82%) 0,38
smoking      
          current 22 (24%) 30 (33%) 0.20*
          past 50 (54%) 49 (54%)  
          never 20 (22%) 12 (13%)  
history of hypertension 65 (71%) 63 (69%) 0,83
history of myocardial infarction 55 (60%) 53 (58%) 0,83
history of angina pectoris 63 (69%) 66 (73%) 0,55
history of claudication 11 (12%) 9 (10%) 0,65
history of cardiovascular intervention 55 (60%) 49 (54%) 0,36
history of other cardiovascular disease 21 (23%) 16 (18%) 0,36

Values are mean (SD), median (P25 - P75), or numbers (percentages) P-value indicates students t-
test for difference between groups; *, P-value for trend

Figure 1. Change in total cholesterol (a) 
and triglyceride (b) levels in both treatment 
groups during the course of the study. Diffe-
rences between measurements were tested 
with the students t-test for paired variables. 
* indicates P-value <0.05 comparing mean 
values between baseline and 8 weeks, † for 
comparing mean values between 8 and 16 
weeks, and ‡ for comparing mean values 
between baseline and 16 weeks.
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completed the study in terms of demographic and lipid parameters, except for HDL-C, which 

was signifi cantly lower in these patients.

During the entire study period, 155 adverse events occurred (simvastatin: 52 mild; 17 

moderate; 6 severe; atorvastatin: 52 mild; 24 moderate; 4 severe). There was no difference 

between treatment groups (Chi-Square, 1.44; P=0.49).

Baseline characteristics are outlined in Table 1. The two groups of patients were well 

matched with regard to base-line characteristics, with the exception of body mass index, 

which was signifi cantly higher in patients allocated to atorvastatin.

Effect on lipids

The course of TC and TG levels during the study is presented in Figure 1, demonstrating 

that in the simvastatin treated group TC increased slightly but signifi cantly, whereas TC 

decreased signifi cantly in the atorvastatin treated group. Additionally, TG levels decreased 

signifi cantly in the atorvastatin group only. Table 2 demonstrates that LDL-C was also 

signifi cantly reduced in the atorvastatin group and increased in the simvastatin group. 

After correction for baseline, the change in LDL-C from baseline was signifi cantly greater 

in atorvastatin treated patients compared with simvastatin treated patients. Similar effects 

were seen on TC and TG, whereas there was not a signifi cantly different effect on HDL-C.

Table 2. Treatment effect of both statins on lipids and biomarkers      
             
  Statin Baseline 16 Weeks Change (%) p-value* p-value†

total cholesterol S 5.62 (0.94) 5.77 (0.94) 2,8 0,036 <0.001
  A 5.72 (0.95) 4.82 (1.00) -15,9 <0.001  
triglycerides S 1.88 (0.96) 1.89 (0.93) 0,8 0,820 0,002
  A 1.89 (0.84) 1.61 (0.93) -15,0 <0.001  
HDL cholesterol S 1.09 (0.96 - 1.39) 1.08 (0.94 - 1.34) -1,8 0,920 0,67
  A 1.13 (0.93 - 1.35) 1.08 (0.88 - 1.38) -4,4 0,360  
LDL cholesterol S 3.58 (0.79) 3.71 (0.88) 3,7 0,037 <0.001
  A 3.72 (0.84) 2.95 (0.92) -20,8 <0.001  
s-E-selectin S 50.0 (31.0 - 67.5) 46.0 (33.9 - 63.7) -1,0 0,64 0,55
  A 46.4 (35.1 - 57.7) 45.9 (35.5 - 58.4) 1,2 0,59  
s-ICAM-1 S 332.8 (288.8 - 387.5) 324.7 (274.1 - 382.4) -4,4 0,07 0,016
  A 359.4 (301.5 - 412.5) 360.3 (308.3 - 439.6) 4,2 0,26  
neopterin S 1.9 (1.4 - 2.3) 1.8 (1.4 - 2.2) -1,0 0,53 0,16
  A 1.8 (1.6 - 2.3) 1.9 (1.5 - 2.4) 5,4 0,15  
vWF S 120 (100 - 150) 128 (99 - 158) 11,8 0,07 0,92
  A 139 (108 - 190) 132 (105 - 209) 10,9 0,26  
CRP S 1.5 (0.7 - 4.4) 1.1 (0.6 - 3.5) -61,3 0,15 0,071
  A 1.8 (0.9 - 3.7) 2.1 (0.8 - 4.0) 15,3 0,86  
anti-oxLDL S 12.55 (8.23 - 18.53) 10.98 (7.21 - 14.46) -26,8 <0.001 0,25
  A 13.83 (8.82 - 20.20) 12.46 (8.23 - 18.01) -13,4 <0.001  

Values are mean (SD) or median (P25 - P75); * indicates paired t-test or Wilcoxon baseline versus 16 
weeks; †, difference in treatment effect between simvastatin (S) and atorvastatin (A), corrected for 
baseline values; HDL, high density lipoprotein; LDL, low density lipoprotein; s-E-selectin, soluble-endo-
thelial-selectin; s-ICAM-1, soluble intercellular adhesion molecule–1; vWF, von Willebrand Factor; CRP, 
C-reactive protein; anti-oxLDL, antibodies against oxidized low density lipoprotein.
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Effect on biomarkers

Table 2 demonstrates the treatment effect on biomarkers measured in this study. Aggressive 

lipid-lowering did not have a signifi cant effect on CRP, s-ICAM-1, s-E-selectin, neopterin, 

and vWF when comparing 16 week levels with baseline levels. In both treatment groups 

anti-oxLDL decreased signifi cantly. However after correction for baseline, atorvastatin was 

not superior to simvastatin. Because the groups differed on baseline body mass index, an 

additional correction for body mass index was performed when analyzing the treatment 

effect on all biomarkers. This did not infl uence the results.

Patients with peripheral artery disease had higher levels of CRP at baseline, but did not differ 

signifi cantly on other biomarkers. This group, however, was too small to assess difference in 

treatment effect (i.e. N=19). Smokers (N=50) also presented with higher median baseline 

levels of CRP (4.1 (3.0–7.8) vs. 2.6 (1.6 –7.1); P=0.001), but with no differences in the 

other biomarkers. No signifi cant differences in treatment effect between both statins were 

observed (ANCOVA; P=0.098). 

Discussion

The results of this study confi rm that intensifying lipid-lowering therapy from simvastatin 40 

mg to atorvastatin 80 mg is benefi cial with regard to lowering TC, TG, and LDL-C after 16 

weeks of therapy. However, the change in therapeutic regimen did not result in lower levels 

of oxidative stress (anti-oxLDL) and infl ammatory and endothelial dysfunction biomarkers 

(CRP, s-ICAM-1, s-E-selectin, neopterin, and vWF). 

An intensive lipid lowering regimen with high dose statins for secondary prevention has 

been proven to reduce mortality and morbidity (1;2;12) and may signifi cantly attenuate 

atherosclerotic plaque progression13-15. Although the additional LDL-C lowering effect of 

high dose statins is beyond doubt an important mechanism in reducing the atherosclerotic 

burden, some attribute a benefi cial effect to the so-called “pleiotropic activity” of high dose 

statins4. It has also been demonstrated that high dose statins are more potent in lowering 

CRP compared with moderate dose statins, but these results were obtained against a statin 

naïve background16. Furthermore, CRP reduction was associated with a lower progression 

rate of the atherosclerotic process as measured by intima media thickness16. These data were 

confi rmed in later studies15;17;18. In one of these trials, reduction of CRP was independently 

associated with less progression of atherosclerotic plaques, measured with intravascular 

ultrasound15.

Trials investigating the additional effect of aggressive statin therapy on other biomarkers 

show inconsistent results. Some studies support a benefi cial effect on fi brinogen, a well 

validated acute phase protein17, but this was not confi rmed by other studies19;20. Also a 

benefi cial effect on markers of haemostasis, including vWF and endothelial activation has 

not been consistently shown17;20. A small study of 17 patients reported that the enhanced 

LDL-C lowering effect of atorvastatin 10 mg compared with pravastatin 20 mg also resulted 

in a signifi cantly greater reduction in malondialhyde modifi ed LDL21. However, in a sub-

study from the ASAP trial, no effect was seen of both regimens on anti-oxLDL or in vitro 

susceptibility of  LDL to oxidation22. 
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Explanation of fi ndings and study limitations

In current clinical practice most patients with established CVD are already on standard 

dose statins for secondary prevention. To our knowledge, no study has investigated the 

additional effect of switching from standard to high dose statin on infl ammatory and 

oxidative stress biomarkers in a randomized controlled trial. For example, the three largest 

trials demonstrating benefi cial effects of aggressive statin therapy on CRP were preceded by 

a placebo run-in phase15;16 or included predominantly statin naïve patients23. Interestingly, 

in the PROVE-IT TIMI-22 trial, the aggressive regimen was only benefi cial in the statin naïve 

patients, whereas in those with prior statin therapy (e.g. 25%), there was a neutral effect 

of both regimens and only those patients with LDL-C levels >125 mg per deciliter had an 

apparent benefi t from aggressive statin therapy1. 

Another important issue is that, although experimental studies suggest that infl ammatory 

mediators other than CRP may also be infl uenced by statin therapy4, clinical studies are not 

consistent. A large meta-analysis recently reported that apart from the apparent benefi cial 

effect on CRP, current evidence does not support such an effect of any statin compared with 

placebo on other biomarkers, including oxidized LDL24. 

In subjects allocated to atorvastatin, there was a dose escalation from 40 mg to 80 mg 

at week 8. Therefore, they only received 80 mg for the fi nal 8 weeks. It has been shown that 

this time span is long enough to show a signifi cant effect on CRP23, but the effect on other 

biomarkers after such a short treatment period is questionable25, although studies have 

reported benefi cial effects on oxLDL26. However, the half life of IgG antibodies directed against 

oxLDL has been shown to be around 15 days27, and therefore 8 weeks should have been long 

enough to observe a difference between two interventions, if present. Furthermore, whereas 

the mean LDL-C level achieved in the aggressive statin group was 2.95 mmol/l, current 

guidelines recommend that LDL-C reduction below 1.8 mmol/l is reasonable28. Therefore, a 

future study is warranted to investigate whether a greater reduction in LDL-C than achieved 

in the current study will have a greater effect on pleiotropic factors. Finally, it should be 

noted that, although we did not observe a signifi cant effect of aggressive statin therapy 

on biomarkers studied in this study, this does not preclude that this regimen could have 

a benefi cial effect on the production of other infl ammatory mediators such as cytokines, 

chemokines, matrix metalloproteinases, nitric oxide or the activation of nuclear factor kappa 

B. 

Conclusions

The results of the current study do not support the hypothesis that switching from conventional 

statin therapy to aggressive statin therapy improves circulating levels of specifi c oxidative 

stress and infl ammatory biomarkers measured. As suggested in previous publications, our 

data does not support that the benefi cial effect of statin treatment on hard end points as 

reported in patients with ACS or in other patients at high risk for major vascular events can 

be attributed to a modulatory effect on the infl ammatory response8;29;30. Although a study of 

longer duration or one studying other biomarkers is warranted, our study does not provide 

evidence to intensify statin treatment, merely for its anti-infl ammatory effect in secondary 

prevention patients that have already achieved their LDL-C treatment goal.
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Abstract

Background Skin autofl uorescence (AF) is a non-invasive marker for Advanced Glycation 

Endproducts, which are protein bound compounds derived from glycaemic and oxidative 

stress. We aimed to assess whether skin AF is associated with carotid intima media thickness 

(IMT) and vascular risk factors (VRFs), and complements commonly used cardiovascular risk 

scores in identifying subjects with increased IMT.

Materials and methods This was a cross-sectional, observational local sub- study to the 

“Carotid Intima Media Thickness and IMT-Progression as Predictors of Vascular Events in a 

High Risk European Population (IMPROVE)” study. A total of 186 subjects with ≥3 traditional 

vascular risk factors (VRFs) without a history of cardiovascular disease (CVD) were included. 

Main outcome measures were skin AF, SCORE risk score (SCORE), Framingham risk score 

(FRS), and carotid IMT.

Results Skin AF correlated with IMT (r=0.15; P=0.039), C-reactive protein (r=0.19; 

P=0.015), leukocyte count (r=0.27; P<0.001), waist circumference (r=0.24; P=0.002), 

BMI (r=0.25; P=0.001), and fasting glucose (r=0.21; P=0.007), and was higher in smokers 

(P=0.038), even after correction for age. Age adjusted IMT also correlated with FRS 

(r=0.25; P=0.001), SCORE (r=0.22; P=0.002), HDL-cholesterol (r=-0.24; P=0.002) and 

was higher in males (P=0.021) and smokers (P=0.022). Combining FRS or SCORE with skin 

AF improved detection of subjects with the highest IMT values. 

Conclusions Skin AF is age independently associated with carotid IMT, infl ammation, and 

VRFs, and may add incremental information to global risk assessment scores in identifying 

asymptomatic subjects at high risk for CVD.
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Introduction

Atherosclerosis is the leading cause of death worldwide1. It is a multi-factorial condition, 

associated with well known conventional vascular risk factors (VRFs) and is characterized 

by infl ammation and oxidative stress2. Although, in primary prevention, commonly used 

risk scores help to identify individuals at high cardiovascular risk, a substantial proportion 

of events occurs in those considered at low or intermediate risk3. Therefore, there is a need 

for novel techniques to identify those subjects that remain unidentifi ed by traditional VRFs, 

such as hypertension, smoking, and dyslipidaemia. 

Oxidative modifi cation of carbohydrates and lipids enhances the formation of Advanced 

Glycation Endproducts (AGEs). Although classically associated with diabetes and renal 

failure4, these compounds also play a role in atherosclerosis5. We developed a device to non-

invasively estimate skin accumulation of AGEs by measuring skin autofl uorescence (AF). 

It has been validated with glycaemic and oxidative stress derived AGEs measured in skin 

biopsies, and independently predicts future cardiovascular disease in patients with diabetes 

and renal failure6;7.  Furthermore, we recently demonstrated that skin AF is elevated in 

patients with coronary artery disease and is associated with serum levels of neopterin, a 

monocyte activation marker, and the soluble isoform of the receptor for AGEs8.  

In this study we investigate whether skin AF is related to carotid intima media thickness 

(IMT), as a surrogate marker for atherosclerosis, and whether it assists in detecting subjects 

with elevated IMT in a group of subjects with ≥3 VRFs without a history of cardiovascular 

disease (CVD).

Methods

This was a cross-sectional, local sub-study to the “Carotid Intima Media Thickness and IMT-

Progression as Predictors of Vascular Events in a High Risk European Population (IMPROVE)” 

study, and included 186 subjects with at least 3 of the following VRFs: male or at least 5 year 

postmenopausal female; hypercholesterolemia (LDL-cholesterol >160 mg/dL or treatment 

with lipid lowering drugs); hypertriglyceridemia (triglycerides >200 mg/dL after diet or 

treatment with triglycerides lowering drugs); hypoalphalipoproteinemia (HDL-C <40 mg/

dL); hypertension (diastolic blood pressure >90 mmHg and/or systolic blood pressure >140 

mmHg or treatment with anti-hypertensive drugs); diabetes (fasting glucose >110 mg/dL or 

treatment with insulin or oral hypoglycemic drugs); smoking (at least 10 cigarettes/day for 

at least thirty months); family history of CVD. Exclusion criteria were: abnormal anatomical 

confi guration of carotid arteries limiting reliable IMT measurement; personal history of 

myocardial infarction, angina pectoris, stroke, transient ischaemic attack, aortic aneurysm 

or claudication; re-vascularization in carotid, coronary or peripheral arteries, congestive 

heart failure (NYHA Class III-IV); history of serious medical conditions that might limit 

longevity and skin photo type V-VI (i.e. skin of colour). Ten year CVD risk was calculated 

using the Framingham Risk Score (FRS), estimating the 10 year risk for myocardial infarction 

and coronary death and the SCORE risk score (SCORE) estimating the 10 year risk for total 

fatal CVD, based on a North-American and a European population, respectively9;10. Blood 

pressure was assessed twice on the right arm in sitting position after 5 minutes of rest using 
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a validated oscillometric device (Omron 705 CP). This study was approved by the local ethics 

committee; all subjects gave written informed consent.

Skin Autofl uorescence

Skin AF was assessed on the ventral site of the lower arm with a prototype of the current 

AGE-Reader (DiagnOptics BV, Groningen, The Netherlands) as described elsewhere (11-

13). In short, the AGE-Reader consists of a tabletop box, containing a black light excitation 

light source (peak wavelength ~360 nm). Light emitted from the skin is measured with 

an integrated spectrometer. Measurement is fully automated and takes approximately 30 

seconds to be performed, giving an average value over 50 individual scans. Skin AF is 

calculated by dividing the mean value of the emitted light intensity per nm between 420-

600 nm by the mean value of the excitation light intensity per nm between 300-420 nm, 

expressed as arbitrary units (AU). The intra-individual Altman error percentage is 5.0% on 

a single day and 5.9% for seasonal changes11.

Carotid IMT and blood collection

Ultrasound scanning of the carotid arteries was performed by expert sonographers, blinded 

for subject characteristics, using a high-resolution ESAOTE ultrasound system; model 

TECHNOS (Genoa, Italy). The near and far walls of the right and left common and internal 

carotid arteries and bifurcations in three different projections (anterior, lateral and posterior) 

were scanned using a standard protocol14, and were averaged to calculate IMT for each 

subject. Blood was collected by venepuncture and routine laboratory methods were used. 

C-reactive protein (CRP) was measured using a high sensitivity method.

Statistical analysis

We determined that a sample size of 177 subjects would have 80% power to explain at least 

5% of the variance in IMT by skin AF at α=0.05. Skewed variables were log transformed 

when appropriate. Pearson correlation coeffi cient was used for unadjusted correlations. 

Adjustment for age was performed using partial correlations for continuous variables and 

one-way analysis of covariance for categorical variables. Stepwise selection was used to 

construct two multivariate models with IMT as the dependent variable, including FRS or 

SCORE; variables with P-values <0.10 were retained in the model. A two-sided P-value 

<0.05 was considered statistically signifi cant. All statistical analyses were carried out with 

SPSS software (version 12.0.2, 24 March 2005).

Results

Subject characteristics are outlined in Table 1. A substantial proportion of subjects was 

treated with statins (36%), antihypertensive (66%) or antidiabetic agents (12%). 

IMT (r=0.33; P<0.001), skin AF (r=0.27; P<0.001), FRS (0.37; P<0.001) and SCORE 

(r=0.64; P<0.001) correlated with age. Age adjusted IMT correlated with skin AF (r=0.15; 

P=0.039), FRS (r=0.25; P=0.001), SCORE (r=0.22; P=0.002) and HDL-cholesterol (r=-

0.24; P=0.002), and was higher in male subjects (P=0.021) and in smokers (P=0.022). The 

regression models identifi ed an independent association of IMT with skin AF (β=0.17; 95% 
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confi dence interval (CI), 0.03-0.30; P=0.016) and SCORE (β=0.35; 95% CI, 0.21-0.48; 

P<0.001) (r2=0.17; P<0.001) or with skin AF (β=0.15; 95% CI, 0.01-0.28; P=0.038), FRS 

(β=0.25; 95% CI, 0.11-0.39; P=0.001) and age (β=0.21; 95% CI, 0.06-0.35; P=0.006) 

(r2=0.19; P<0.001), without signifi cant contribution of other VRFs. Skin AF itself was age 

independently associated with CRP (r=0.19; P=0.015), leukocyte count (r=0.27; P<0.001), 

waist circumference (r=0.24; P=0.002), BMI (r=0.25; P=0.001), and fasting glucose 

(r=0.21; P=0.007), but not with risk scores, and was higher in smokers (P=0.038). Figure 

1 demonstrates that IMT increases with the rise in both skin AF and FRS; combining skin AF 

with SCORE produced a similar graph (not shown). 

Table 1. Subject characteristics  
   

Age (yrs) 61 (58 - 68)

Male 89 (48%)

Body mass index (kg/m2) 28.0 (25.7-31.4)

Waist circumference (cm) 101 ± 14

Current smoking 35 (19%)

Previous smoking 89 (72%)

Hypercholesterolemia 101 (54%)

Hypertriglyceridemia 70 (38%)

Hypoalphalipoproteinemia 64 (34%)

Hypertension 158 (85%)

Family history of CVD 152 (82%)

Diabetes 32 (17%)

Framingham Risk Score (10 yr risk %) 11 (5 - 18)

SCORE (10 yr risk %) 6 (3 - 10)

C-reactive Protein (mg/L) 3.2 (1.3 - 5.8)

Leukocyte count (* 109/L) 6.1 (5.2 - 7.2)

Creatinine (mg/dL) 0.92 ± 0.20

Creatinine >1.2mg/dL  17 (9%)

Fasting glucose 88 (81 - 99)

Systolic blood pressure (mmHg) 148 ± 19

Diastolic blood pressure (mmHg) 83 ± 9

Total/HDL-C ratio 4.5 ± 1.2

Triglycerides (mg/dL) 125 (89 - 188)

LDL-C (mg/dL) 128 ± 38

Skin AF (*10-2 AU) 2.25 ± 0.44

Intima media thickness 0.90 (0.76 - 1.11)

Values are means ± SD, median (inter quartile range), or number subjects (percentage); BMI = body 

mass index; CVD = Cardiovascular Disease; HDL-C = High Density Lipoprotein-Cholesterol; LDL-C = 

Low Density Lipoprotein-Cholesterol; AF = Autofl uorescence
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Discussion

To the best of our knowledge, this is the fi rst study to demonstrate an association between 

a non-invasive marker for AGEs and carotid IMT, independently of traditional VRF and 

diabetes. Skin AF provided additional information for identifying subjects with the highest 

IMT, beyond risk stratifi cation based on commonly used risk scores alone. Furthermore, 

skin AF was associated with infl ammatory markers, including CRP and leukocyte count. This 

supports our previous reports that skin AF is strongly related to skin accumulation of primary 

oxidative stress derived AGEs (carboxy-methyl-lysine, carboxy-ethyl-lysine, also referred to 

as Advanced Lipidoxidation Products)11 and inversely correlated with plasma vitamin C levels 

(a strong antioxidant) in subjects with renal failure15.

A causative role of AGEs in atherosclerosis is supported by several experimental studies, 

indicating that lowering AGE levels or antagonizing their receptors indeed attenuates 

atherosclerotic plaque formation16-18. Furthermore, lowering dietary AGE intake results 

in marked decreases in serum levels of infl ammatory mediators such as CRP in clinical 

studies19. 

Figure 1.  Median carotid Intima Media Thickness (IMT) among subject with ≥3 vascular risk factors wit-
hout a history of cardiovascular disease, according to tertiles of Framingham Risk Score (<6%, 6-16%, 
>16%) and tertiles of skin Autofl uorescence (AF, tertiles: <2.1, 2.1-2.4, >2.4). P-value was <.001 for 
trend.
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Clinical usefulness of skin AF has been tested in patients with diabetes and renal failure, 

which are both conditions associated with premature atherosclerosis6;7;12;20. In these 

patients, skin AF predicted long-term CVD morbidity and mortality, independently of other 

risk factors6;7. The present cross-sectional data, with IMT being a well validated but still 

surrogate marker for atherosclerosis, provide preliminary evidence that these observations 

may also be generalized to other populations at cardiovascular risk. However, prospective 

studies with clinical end points are warranted, especially in moderately high-risk persons21, 

in whom skin AF may provide additional and therapeutically relevant information. From 

previous investigations we have learnt that in subjects with skin photo type V-VI (i.e. skin of 

colour), skin AF cannot be reliably measured yet12. For this study, however, these skin types 

were excluded and research for improving measurement is ongoing. The objection that the 

broad use of drugs affecting components of the risk scores may have fl awed the relation with 

IMT may be justifi ed, but is characteristic for current clinical practice and actually supports 

the use of additional risk indicators. In conclusion, the data presented in this study suggest 

that skin AF could provide a non-invasive method to assist in identifying asymptomatic 

subjects at high risk of developing CVD. 
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Abstract

Aims To investigate whether skin autofl uorescence (AF), a non-invasive marker for Advanced 

Glycation Endproducts (AGEs), is elevated in stable coronary artery disease (sCAD) and to 

investigate its relationship with serum levels of the soluble receptor for AGEs (sRAGE), 

neopterin, and C-reactive protein (CRP).

Methods and results Skin AF and serum levels of sRAGE, neopterin, and CRP were 

assessed in 63 sCAD patients (mean age: 64.7±10.5 years), comprising 78% males, 19% 

subjects with diabetes, and 22% current smokers and in 33 (mean age: 63.4±10.0 years) 

healthy non-diabetic and non-smoking age and gender matched controls. Skin AF was 

signifi cantly increased in sCAD compared with controls, irrespective of diabetes, current 

smoking and renal function. Levels of sRAGE (standardized β: 0.43 (explaining 17% of 

variance in skin AF); P<0.001), neopterin (β: 0.36 (11%); P=0.003), and glucose (β: 0.29 

(8%); P=0.0011) as well as current smoking (β: 0.26 (6%); P=0.024) were independently 

associated with skin AF (R2 0.42), whereas the association of gender, former smoking, body 

mass index, C-reactive protein, lipids, creatinine clearance, and pulse pressure with skin AF 

was insignifi cant in this model. 

Conclusion These data demonstrate that skin AF is elevated in sCAD, and is related to 

sRAGE and neopterin, making it an easily applicable tool to improve our understanding of 

infl ammatory and oxidative stress in cardiovascular disease.
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Introduction

It has recently been established that in addition to classical mechanisms, oxidative modifi cation 

of carbohydrates and lipids enhances the formation of reactive carbonyl species, which are 

capable of transforming proteins to irreversible highly stable compounds, generally referred 

to as Advanced Glycation Endproducts (AGEs). Although classically associated with diabetes 

and renal failure1, these compounds also appear to play a pivotal role in acute and chronic 

atherosclerotic disease, by means of structural protein changes in the vascular wall, but 

also by activation of cellular receptors, such as the receptor for AGEs (RAGE) leading to 

activation of several oxidative and infl ammatory pathways2-4.

We have recently introduced the AGE-Reader, a device that rapidly and non-invasively 

assesses accumulation of AGEs, making use of their fl uorescence characteristics (5). It 

measures autofl uorescence emitted from the human skin (skin AF) and has been validated 

to specifi c AGEs measured in human skin biopsy samples in several patient groups and 

healthy controls6;7. Skin AF is elevated in patients with diabetes or renal failure, especially 

in those with atherosclerotic disease8. We hypothesized that skin AF is elevated in patients 

with stable coronary artery disease (sCAD) and aimed to investigate the association of skin 

AF with serum levels of the soluble isoform of RAGE (sRAGE), and with two well validated 

infl ammatory markers, neopterin (as an index of monocyte activation) and C-Reactive 

Protein (CRP; as a general marker of systemic infl ammation).

Methods

Subjects

This cross-sectional study was performed between January 2005 and November 2005, and 

included 63 patients with sCAD admitted for elective coronary angiography (CAG) and 33 

age and gender matched healthy controls. sCAD was defi ned as typical chest pain, or a 

history of an acute coronary syndrome (ACS), or vascular intervention, combined with the 

presence of at least one coronary artery with mild stenosis (>30% luminal narrowing) on 

CAG. Healthy controls had normal femoral and carotid arteries on echo duplex. The following 

exclusion criteria applied for all subjects: recent ACS (<3 months), known renal disease or 

serum creatinine >150 μmol/l, current infl ammatory or malignant disease, and skin photo 

type V or VI (i.e. coloured skin) or skin refl ectance <12%. Clinical data were obtained by 

chart review and questionnaires, and all measurements were performed at admission before 

CAG for sCAD subjects. Diabetes mellitus was defi ned by criteria from the American Diabetes 

Association. Hypertension and dyslipidemia were not categorized because of a frequent use 

of antihypertensives and lipid lowering drugs in sCAD patients for treatment of angina. 

Smoking was defi ned as smoking at least 5 cigarettes daily. Creatinine clearance (CrCl) was 

estimated using the Cockcroft-Gault formula. This study complied with the Declaration of 

Helsinki and was approved by the local ethics committee; all subjects gave written informed 

consent.

Assessment of skin AF

Skin AF was assessed on the ventral site of the lower arm with a prototype of the current AGE-
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Reader (DiagnOptics BV, Groningen, The Netherlands). This method has been extensively 

described elsewhere5. In short, the AGE-Reader consists of a 29 x 13 x 9 cm (length x width 

x height) box, containing an excitation light source (4-Watt blacklight, Philips) emitting light 

with wavelengths of 300-420 nm (peak ~360 nm). Light is transmitted through a 4 cm2 large 

window on the upper side of the box, directly illuminating the skin. Only light refl ected and 

emitted from the skin is measured with an integrated spectrometer (Avantes Inc, Eerbeek, 

The Netherlands) in a 300-600 nm range, using a 50 µm glass fi ber (Avantes Inc, Eerbeek, 

The Netherlands). Additionally, dark and white reference measurements are performed 

before every measurement to correct for dark current background light and to calculate 

refl ectance, respectively. All actions are performed automatically. Each AF measurement is 

composed of the average of 50 (individual) scans, each of approximately 200 milliseconds, 

depending on skin refl ectance. The entire AF measurement takes approximately 30 seconds 

to be performed. To correct for differences in light absorption, skin AF is calculated by 

dividing the mean value of the emitted light intensity per nm between 420-600 nm by the 

mean value of the excitation light intensity per nm between 300-420 nm, expressed as 

arbitrary units (AU)5. The intra-individual percent Altman error is 5.0% on a single day and 

5.9% for seasonal changes6. 

Laboratory assessments

Venous blood was collected in the morning after an overnight fast. Lipid concentrations 

(total, high density lipoprotein (HDL) and low density lipoprotein (LDL) cholesterol and 

triglycerides), glucose and creatinine were measured by routine techniques from fresh 

plasma. 

Serum biomarkers

For measurement of biomarkers, blood was centrifuged at 2700 rpm for 10 minutes 

and serum was stored in 2 ml cryotubes at -20 degrees Celsius until batch laboratory 

assessment. Serum levels of neopterin (Brahms, Henningsdorf, Germany) and sRAGE 

(R&D Systems, Minneapolis, USA) were measured using commercially available enzyme 

linked immunosorbent (ELISA) techniques, according to manufacturer’s instructions. CRP 

was determined in a high sensitive sandwich ELISA using unconjugated and horseradish 

peroxidase conjugated polyclonal antibodies (DakoCytomation, Glostrup, Denmark). Details 

have been described elsewhere9. All methods had an inter- and intra-assay variation of less 

then 5%.

Statistical analysis

We determined that a sample size of 50 patients and 30 matched controls would have 85% 

power to detect a difference of at least 15% at α=0.05. Normal distribution of variables 

was tested with the Kolmogorov-Smirnov test. Descriptive statistics are presented as mean 

values ± SD, as median (inter quartile range) for skewed variables or as percentages. For 

comparison between groups, continuous variables were analyzed by student’s t-test. In 

case of categorical variables the chi-square test or Fisher’s exact test was used. To test 

whether differences in skin AF could be explained by differences in potential confounders, 

one-way analysis of covariance (ANCOVA) was performed and F statistic and estimation of 
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effect size (eta-squared, η2) were calculated. For univariate correlations skewed variables 

were log transformed for a better linear fi t, and Pearson correlation coeffi cient (r) was given 

for continuous variables. Where appropriate partial correlations are given, corrected for 

confounders. Stepwise, forward selection was used to construct a multivariate model with 

skin AF as the dependent variable and age, gender, current and former smoking, sRAGE, 

neopterin, glucose, BMI, CRP, lipids, CrCl, and pulse pressure as independent variables. 

Variables with p-values >0.10 were removed from the model. A two-sided P-value <0.05 

was considered statistically signifi cant. All statistical analyses were carried out with the 

Statistical Package for Social Science (SPSS, version 12.0.2, 24 March 2005).

Results

Subject characteristics

Patients and matched controls did not differ in age and gender distribution, with the majority 

being male. Skin refl ectance was signifi cantly higher in patients compared with controls. 

More details on subject characteristics are outlined in Table 1. Patients had an extensive 

medical history of vascular disease: 27% had a previous acute coronary syndrome (ACS), 

35% had a previous percutaneous coronary intervention, and 27% had a coronary artery 

bypass graft. Additionally, 5% had a previous stroke and 13% peripheral artery disease. The 

Table 1. Clinical characteristics of study groups
 
   sCAD (n = 63) Controls (n = 33) P-value

Age (yrs) 64.7 ± 10.5 63.4 ± 10.0 0.57
Men  49 (78%) 23 (72%) 0.53
Skin refl ectance (%) 20 ± 5 16 ± 4 <0.001
Smoking behaviour        
          current 14 (22%) 0 0.002
          former 43 (68%) 23 (72%) 0.72
Diabetes mellitus 12 (19%) 0 0.007
BMI (kg/m2) 27.7 ± 4.3 25.5 ± 3.4 0.012
CrCl (ml/min/1.73 m2) 82.9 ± 28.3 83.5 ± 23.1 0.92
Blood pressure      
         Systolic (mmHg) 144 136 0.057
         Diastolic (mmHg) 77 83 0.015
         Pulse pressure (mmHg) 68 53 <0.001
Statin use 52 (84%) 1 (3%) <0.001
Antihypertensive use 62 (98%) 3 (9%) <0.001
         β-blocking agents  48 (77%) 0 <0.001
         Diuretics 7 (11%) 1 (3%) 0.19
         ACE-inhibitors 19 (30%) 2 (6%) 0.008
         ARBs 8 (13%) 0 0.048
         Calcium antagonists 33 (52%) 0 <0.001
Aspirin use 46 (73%) 0 <0.001

Values are means ± SD or numbers of subjects (percentage); sCAD = stable coronary artery disease; 
BMI = body mass index; CrCl = creatinine clearance (Cockcroft-Gault formula); ACE = angiotensine-
converting enzyme; ARB = angiotensine receptor blocker. Differences between groups were tested 
with student’s t-test, chi-square test or Fisher’s exact test where appropriate.
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percentage of patients and controls that fell in the three categories of CRP levels (i.e. <1, 1-

3, and >3 mg/l) as suggested by the American Heart Association, did not differ signifi cantly 

between groups (controls: 16%; 44%; 41%; patients: 19%; 22%; 59%; P=0.091). 

Differences in skin AF and serum biomarkers between groups

Skin AF was signifi cantly higher in patients compared with controls (Table 2; see also Figure 

1). Correcting for differences in skin refl ectance did not signifi cantly infl uence the difference 

in skin AF between groups (skin refl ectance: F=0.18, η2=0.002, P=0.67; sCAD: F=8.4, 

η2=0.084; P=0.005; corrected skin AF 2.21)  Correction for other potential confounders, 

including diabetes (F=5.3, η2=0.054, P=0.024), current smoking (F=0.79, η2=0.009, 

P=0.38), body mass index (F=1.9, η2=0.02, P=0.18) or renal function (F=1.1, η2=0.012, 

P=0.3), decreased mean skin AF in the patient group to 2.15 ± 0.52, 2.21 ± 0.60, 2.09 ± 

Table 2. Biomarkers

  sCAD (n = 63) Controls (n = 33) P-value

CRP (mg/l) 4.1 (1.6 - 7.8) 2.9 (1.5 - 5.5) 0.20 
Neopterin (nmol/l) 7.5 ± 2.0 7.1 ± 1.7 0.33
sRAGE (pg/ml) 1373 ± 653 1299 ± 419 0.51 
Glucose (mmol/l) 5.3 (4.7 - 6.1) * 4.8 (4.6 - 5.3)  0.024
Cholesterol (mmol/l) 4.4 ± 0.8 * 5.7 ± 0.8 <0.001 
Triglycerides (mmol/l) 1.8 (1.4 - 2.2) * 1.1 (0.8 - 1.7)  <0.001
HDL-cholesterol (mmol/l) 1.2 ± 0.2 * 1.6 ± 0.4  <0.001
LDL-cholesterol (mmol/l) 2.3 ± 0.6 * 3.6 ± 0.6  <0.001
Cholesterol/HDL-cholesterol 3.8 ± 0.8 3.8 ± 1.0  0.74
Creatinine (μmol/l) 95 ± 15 * 89 ± 10  0.045

Values are means ± SD, medians (interquartile range); sCAD = stable coronary artery disease; AF = 
autofl uorescence; CRP = C-reactive protein; sRAGE = soluble receptor for Advanced Glycation End 
products; HDL = high density lipoprotein; LDL = low density lipoprotein.

Figure 1. Comparison of skin autofl uorescence 
(AF) levels between patients with 
stable coronary artery disease (sCAD) and healthy 
age and gender matched controls. Horizontal line 
represents the mean. AU = Arbitrary Units.
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0.41 *10-2, and 2.22 ± 0.59 AU respectively, but AF remained signifi cantly higher compared 

with controls (all P<0.05). Patients did not have signifi cantly higher levels of CRP, sRAGE 

and neopterin compared with  controls. Since neopterin correlated with CrCl (r=-0.37; 

P=0.001), neopterin values were divided by CrCl for comparison between groups. These 

corrected values were  higher in sCAD compared with matched controls (0.12 ± 0.06 vs. 

0.10 ± 0.03; P=0.008).

Factors potentially related to skin AF

In patients and controls analysed as a whole, skin AF correlated with age (r=0.24; 

P=0.0017), body mass index (r=0.21; P=0.0038), and pulse pressure (r=0.25; P=0.0016), 

but also with serum sRAGE (r=0.39; P<0.0001), neopterin (r=0.29; P=0.005) and glucose 

(r=0.26; P=0.0017). Skin AF tended to be higher in current smokers (2.31 ± 0.54 vs. 2.06 

± 0.48; P=0.079), and correlated inversely with total cholesterol (r=-0.24; P=0.018) and 

Figure 2. Scatter plots of the association of skin 
autofl uorescence (AF) with the soluble receptor 
for Advanced Glycation End products (sRAGE; A) 
and neopterin (B) in patients with stable coro-
nary artery disease (sCAD). Black circle refl ects 
non-smoking patients without diabetes; open 
circle refl ects smoking patient with diabetes; 
black square refl ects smoking patients without 
diabetes; open square refl ects non-smoking pa-
tients with diabetes.

Table 3. Stepwise multiple regression analysis of variables independently associated with skin AF

   All subjects   Patients only
  
 β 95% CI P-value β 95% CI P-value
sRAGE 0.40 0.22 - 0.59 <0.001 0.43 0.21 - 0.66 <0.001
Neopterin 0.32 0.14 - 0.51 0.001 0.36 0.12 - 0.59 0.003
(log)Glucose 0.25 0.06 - 0.43 0.009 0.29 0.07 - 0.50 0.011
Current smoking 0.28 0.09 - 0.46 0.005 0.26 0.04 - 0.49 0.024

sCAD = stable coronary artery disease; sRAGE = soluble receptor for Advanced Glycation End pro-
ducts; CI = confi dence interval.
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LDL-cholesterol (r=0.28; P=0.007). However, this relation diminished after correction for 

statin use. There was no signifi cant correlation of skin AF with CRP, creatinine and CrCl. 

When analysing the patient group, only sRAGE (Figure 2a) and neopterin (Figure 2b), were 

signifi cantly associated with skin AF. 

Table 3 demonstrates that when analysing patients and controls as a whole or patients 

only, stepwise linear regression identifi ed an independent association of skin AF only with 

sRAGE, neopterin, glucose, and current smoking (R2 was 0.38 in patients and controls as 

a whole and 0.42 in patients only).  Age, gender, former smoking, BMI, CRP, lipids, CrCl, 

and pulse pressure were not signifi cantly associated with skin AF in these multivariable 

regression models. 

Discussion

In this study we demonstrate that skin AF is elevated in patients with sCAD compared with 

age and gender matched controls. Even after correction for diabetes, smoking, or impaired 

renal function this difference persisted. Furthermore, in patients with sCAD, skin AF was 

independently and positively associated with serum levels of the soluble receptor for AGEs 

(sRAGE) and neopterin. Since sRAGE and neopterin are both considered to be involved 

in enhanced cellular oxidative and/or glycaemic stress these data provide insight into the 

role of oxidative, infl ammatory, and glycaemic stress in the development of cardiovascular 

disease.  

In previous reports we have already demonstrated that skin AF is strongly related to skin 

accumulation of AGEs, as evidenced by a high correlation with specifi c AGEs measured 

from skin biopsy homogenates6. Since these measured AGEs included both exclusively 

carbohydrate or ascorbic acid derived AGEs (pentosidine), but also mainly lipid derived 

AGEs (carboxymethyllysine and carboxyethyllysine), we concluded that skin AF may be 

a non-invasive marker for both glycaemic and oxidative stress10. This was also supported 

by the observation that skin AF was inversely related to plasma vitamin C levels, a strong 

antioxidant, in subjects with renal failure11. Furthermore, subjects with diabetes, particularly 

those with neuropathy or micro- and macrovascular complications and with renal failure 

had signifi cantly higher levels of skin AF6;8;12;13. Most importantly, skin AF predicted CAD 

related mortality in patients with renal failure independently of established risk factors14. 

The data from the present study are in agreement with our previous observations; however, 

prospective data are needed to investigate the clinical usefulness of skin AF in predicting 

future events in patients with stable CAD.

Through interaction with their major cellular receptor, RAGE, AGEs may prime proinfl ammatory 

mechanisms in monocytes and endothelial cells, thereby amplifying proinfl ammatory 

mechanisms in atherosclerotic plaque formation15. Engagement of RAGE results in intracellular 

signaling, which leads to sustained activation of the proinfl ammatory transcription factor 

NF-κB resulting in enhanced expression of infl ammatory mediators. Sustained activation 

of this cascade also leads to upregulation of the transmembrane receptor16. It has been 

suggested that proteolysis of full-length RAGE may be a mechanism for the increase in the 

level of the soluble isoform in the serum. However, more research is warranted to elucidate 
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the mechanisms of sRAGE formation17. Recently, the key role of RAGE in the generation 

of oxidative stress and subsequent cellular damage was pointed out in an animal model 

of ischemia/reperfusion injury after myocardial infarction. It was demonstrated that 

lipidperoxidation derived AGEs are generated by ischemia/reperfusion and subsequently 

activate RAGE, augmenting vascular and infl ammatory cell activation. Animals lacking 

cellular expression of RAGE were more likely to be protected from RAGE mediated damage4. 

In clinical studies, Falcone et al. reported lower sRAGE levels in subjects with sCAD18, and 

Koyama et al. found sRAGE to be inversely correlated with intima media thickness19. It was 

hypothesized that sRAGE functions as a circulating decoy receptor and binding to its ligands 

decreases its free form, resulting in lower serum levels measured with the ELISA kit. In 

our study, sCAD patients had sRAGE levels similar to those of healthy controls. The marked 

difference between our sRAGE results and those of the considerably larger study group of 

Falcone et al. may well be due to the differences in study groups: while they studied only 

nondiabetic males without lipid lowering drugs, in our group females (22%) and diabetes 

patients (19%) were also represented while the large majority (84%) used statins. Recently, 

sRAGE levels have been found to be elevated in other diseases associated with oxidative 

stress, such as renal failure17 and acute lung injury20. Moreover, our results are in line with 

the a study by Yamagishi et al. who found serum levels of sRAGE to be positively associated 

with circulating AGEs in a nondiabetic general population21. Because our study was not 

primarily designed to investigate the issue of sRAGE differences between sCAD patients and 

controls, it is diffi cult to draw defi nite conclusions from our data. Furthermore, it is important 

to note that several ligands other than AGEs also bind to RAGE16.

In chronic kidney disease, enhanced expression of RAGE on circulating monocytes is 

strongly correlated with plasma levels of tumor necrosis factor alpha, neopterin and CRP22. 

Additionally, it has been reported that plasma levels of neopterin are associated with 

pentosidine levels in patients with chronic kidney disease23. These data are in agreement 

with our fi ndings that skin AF, as a validated marker for AGEs, is strongly associated with the 

soluble isoform of RAGE, refl ecting RAGE expression, as well as with neopterin, refl ecting 

macrophage activation.

Surprisingly, CRP levels were not signifi cantly higher in sCAD patients compared with 

matched controls and CRP was not related to skin AF. A logical explanation might be that 

most of our patients were receiving intensive drug treatment with statins, antihypertensive 

agents and aspirin. We have previously shown that statin treatment modulates CRP levels 

as well as neopterin24. Additionally, some antihypertensive agents and aspirin may also 

decrease oxidative stress and infl ammation25.

As reported by others, neopterin appeared to be higher in patients, after correction for 

CrCl26. In vitro, neopterin exhibits distinct biochemical effects, most likely via interactions 

with reactive oxygen or nitrogen intermediates, thereby affecting the cellular redox state27. 

In clinical studies, neopterin levels were elevated in patients with ACS28. Therefore neopterin 

can be regarded as a marker for disease activity, and may also serve as a risk marker for 

future cardiovascular events in patients with sCAD29 as well as with ACS30.
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Study limitations

Since this study had a cross-sectional design, a causative relation between skin AF and 

serum markers cannot be confi rmed. From previous investigations we have learned that skin 

AF cannot be reliably measured with current equipment in subjects with skin photo type V-VI 

or refl ectance <12%5. Therefore, for this study we excluded these skin types and research 

for improving the measurement is ongoing.

Since not all AGEs encompass fl uorescent properties, skin AF is only representative of part of 

the total AGE burden. However, in our validation study we found that skin AF also correlated 

strongly with non-fl uorescent AGEs6. Additionally, two major lipid peroxidation products, 

4-hydroxynonenal and malondialdhyde — after binding to free aminogroups of protein 

— also encompass characteristic fl uorescent properties31. Since the AGE-reader covers a 

wide excitation/emission spectrum, skin AF measured with the AGE reader may have a 

miscellaneous origin. 

Conclusion

To the best of our knowledge, this is the fi rst study to demonstrate that a non-invasive marker 

for infl ammatory and oxidative stress is elevated in predominantly euglycemic subjects with 

sCAD. Skin AF was independently and strongly associated with serum levels of sRAGE, a 

marker for enhanced cellular expression of this receptor as well as with neopterin, as a 

marker for monocyte activation. We hypothesize that skin AF may be a non-invasive index 

of infl ammatory and oxidative stress in patients with sCAD. Although prospective studies 

are warranted to confi rm this hypothesis, skin AF may provide an easily applicable tool to 

improve our understanding of these important modulators of atherosclerotic cardiovascular 

diseases.
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Abstract

Background: ST-elevation myocardial infarction (STEMI) is associated with increased 

infl ammation and oxidative stress, enhancing the formation of Advanced Glycation 

Endproducts (AGEs). Some AGEs encompass a characteristic fl uorescence pattern, which 

can be non-invasively measured as skin autofl ourescence (AF). In this study we investigate 

whether skin AF is elevated in STEMI, its association with infl ammatory and glycemic stress 

and its predictive value for clinical outcomes.

Methods: Skin AF was measured in 88 STEMI patients (age: 64±13 years; male: 76%; 

diabetes: 28%) within 72 hours following symptom onset and >150 days after discharge, in 

81 stable coronary artery disease (sCAD) patients (age: 64±10 years; male: 74%; diabetes: 

15%), and in 32 healthy controls (age: 63±11 years; male: 72%). The cumulative one year 

incidence of all cause mortality and hospitalization for myocardial infarction or heart failure 

was documented. 

Results: Skin AF was signifi cantly higher in STEMI compared with sCAD and controls, 

irrespective of confounders, and was independently associated with HbA1c and C-reactive 

protein. Skin AF decreased signifi cantly in STEMI patients, when measured >200 days after 

discharge. In STEMI patients, skin AF above the median was predictive of future events 

(hazard ratio, 11.6; 95% CI, 1.5-90.8; P=0.019), even after partial correction for known 

confounders.

Conclusion: Skin AF is elevated in STEMI, is associated with infl ammation and glycemic 

stress, and predicts future major adverse cardiac events in STEMI.
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Introduction

Oxidative stress plays a pivotal role in the infl ammatory process leading to atherosclerotic 

plaque formation1. In clinical studies, several novel markers of oxidative stress have been 

found to be associated with acute coronary syndromes (ACS) and also to predict future 

cardiovascular events, independent of traditional cardiovascular risk factors2-6. However, 

since the measurement of most of the biomarkers requires sophisticated techniques, clinical 

applicability is limited. 

Oxidative modifi cation of carbohydrates and lipids enhances the formation of Advanced 

Glycation Endproducts and Advanced Lipoxidation Endproducts, generally referred to as 

AGEs. Although classically associated with diabetes and renal failure7, these compounds 

are also implicated in the pathophysiology of atherosclerosis8. We developed a device to 

non-invasively assess skin accumulation of AGEs by measuring skin autofl uorescence (AF). 

It has been validated with glycaemic and oxidative stress derived AGEs measured in skin 

biopsies and independently predicts cardiovascular mortality in patients with renal failure 

and in patients with type 2 diabetes9;10.  Furthermore, we have recently demonstrated that 

skin AF is elevated in patients with stable coronary artery disease (sCAD) and is associated 

with neopterin, a serum monocyte activation marker and with serum levels of the soluble 

isoform of the receptor for AGEs (sRAGE), making it a potentially non-invasive marker for 

the infl ammatory process that characterizes atherosclerosis11. 

In this study we investigate whether skin AF is elevated in acute ST-elevation myocardial 

infarction (STEMI) compared with sCAD and healthy controls. Furthermore, we investigate 

whether skin AF is associated with clinically available markers of infl ammation and glycaemic 

stress in these patients, and whether it predicts the one year incidence of major adverse 

cardiac events (MACE) in STEMI.

Materials and Methods

Subjects

This observational study was performed between May 2004 and August 2005, including 

88 patients with acute STEMI admitted to our Coronary Care Unit and 81 patients with 

sCAD admitted for elective coronary angiography (CAG). Diagnostic criteria for STEMI were: 

typical chest pain of >30 minutes duration and signifi cant ST segment elevation of >1 mm 

(0.1 mV) in more than 2 adjacent leads on electrocardiography. sCAD was defi ned as typical 

chest pain, or a history of an ACS, or vascular intervention, combined with the presence of at 

least one coronary artery with mild stenosis (>30% luminal narrowing) on CAG. Additionally, 

31 healthy age and sex matched controls without a history of cardiovascular disease (CVD), 

with <2 vascular risk factors, and with normal carotid and femoral arteries on ultrasound 

examination, were recruited by advertisement in a local newspaper. Exclusion criteria were: 

recent ACS <3 months before admission, known renal disease or serum creatinine >1.7 

mg/dL at admission, severe infl ammatory or current malignant disease, and skin photo type 

V/VI (i.e. a skin of colour). The study was approved by the local ethics committee and all 

patients gave written informed consent.
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Follow-up measurement and event scoring

After discharge, STEMI patients were routinely prescribed statins, β-blocking agents, aspirin, 

and clopidogrel. In a subgroup of 29 STEMI patients a second skin AF measurement was 

performed >150 days after STEMI. Since most patients were transferred back to a regional 

hospital <3 days after percutaneous coronary intervention (PCI), it was not possible to 

perform this measurement in all initial STEMI patients. Additionally, for all STEMI patients 

the one year incidence of all cause mortality and hospitalization for myocardial infarction or 

heart failure was documented (major adverse cardiac events (MACE)). Event scoring was 

performed blinded for patient characteristics and skin AF levels, obtained from questionnaires 

and verifi ed with patient’s hospital records. Non responders were contacted by telephone 

or their status was verifi ed with the family doctor. Three patients were lost to follow-up. 

Myocardial infarction was defi ned as typical clinical presentation, combined with troponine 

levels above normal or typical ECG changes, and heart failure was defi ned as hospitalization 

for New York Heart Association (NYHA) Class III or IV heart failure. 

Skin Autofl uorescence

Skin AF was assessed on the ventral site of the lower arm with a prototype of the current 

AGE-Reader (DiagnOptics BV, Groningen, The Netherlands) as described elsewhere12;13. 

In short, the AGE-Reader consists of a tabletop box, containing a black light excitation 

light source (peak wavelength ~360 nm). Light emitted from the skin is measured with 

an integrated spectrometer. Measurement is fully automated and takes approximately 30 

seconds to complete, giving an average value over 50 individual scans. Skin AF is calculated 

by dividing the mean value of the emitted light intensity per nm between 420-600 nm by 

the mean value of the excitation light intensity per nm between 300-420 nm, expressed as 

arbitrary units (AU). The intra-individual Altman error percentage is 5.0% on a single day 

and 5.9% for seasonal changes12.

Laboratory assessments

Laboratory parameters were routinely measured at the local clinical laboratory and collected 

at admission, prior to CAG/PCI in sCAD and prior to or shortly after PCI in STEMI. However, 

since no admission blood was collected from approximately 20% of sCAD patients, the 

most recent (<3 months before study entry) values were used. C-reactive protein (CRP) 

was measured on a normal sensitivity machine with detection limit of 4 mg/dl (Vitros 250; 

Ortho Clinical Diagnostics, Rochester, USA). Creatinine clearance was estimated with the 

Cockcroft-Gault formula.

Statistical analysis

Based on a pilot study of 37 STEMI patients, we determined that a sample size of 85 

STEMI and sCAD patients would have 80% power to detect a difference of at least 10% at 

α=0.05 between STEMI and sCAD patients14. Normal distribution of variables was tested 

with the Kolmogorov-Smirnov test. For comparison between groups, continuous variables 

were analyzed by analysis of variance with correction for multiple comparisons (Bonferroni). 

In case of categorical variables the Fisher’s exact test was used. Descriptive statistics are 

presented as mean values ± SD, as median (inter quartile range) for skewed variables, or 



S
k
in

 A
u

to
fl 

u
o

re
sc

e
n

ce
 i

s 
e
le

v
a
te

d
 i

n
 a

cu
te

 m
y
o

ca
rd

ia
l 

in
fa

rc
ti

o
n

105

as percentages. To test whether between-group differences in skin AF could be explained 

by differences in potential confounders, one-way analysis of covariance (ANCOVA) was 

performed and F statistic and estimation of effect size (eta-squared, η2) were calculated. 

Skewed variables (i.e. glucose, HbA1c, triglycerides, and peak cardiac enzymes) were 

log transformed for a better linear fi t. CRP was analysed as a dichotomous variable with 

separation by values above and below 4 mg/d. The Pearson correlation or Mann-Whitney 

test were used as appropriate for unadjusted associations. Stepwise, forward selection 

was used to construct multivariate models and variables with P-values <0.05 which were 

retained in the model. The one-year survival period after STEMI until the occurrence of the 

composite endpoint was assessed by the Kaplan–Meier method and comparison was made 

between STEMI patients with skin AF values above and below the median, using the log-rank 

test. For assessment of the infl uence of confounding factors on skin AF as a predictor of the 

composite endpoint, Cox proportional hazard method was used. Due to the small sample 

size and thus a low number of events, we could only correct for one potential confounder 

at a time. The following covariates were corrected for separately:  age, sex, smoking, peak 

troponin levels, anterior infarct location, previous myocardial infarction, and admission 

blood pressure, glucose, and serum creatinine. Since CRP and HbA1c were measured in 

only 64 and 74 STEMI patients respectively, these values were not included in this analysis.

A two-sided P-value <0.05 was considered statistically signifi cant. All statistical analyses 

were carried out with the Statistical Package for Social Science (SPSS, version 12.0.2, 24 

march 2005)

Results

Subject characteristics

Subject characteristics are shown in Table 1. In 5% of STEMI patients no primary PCI was 

performed because the coronary occlusion had resolved spontaneously. Median myocardial 

ischemia time was 3.2 (2.5-4.3) hours for STEMI.

Differences in skin AF between groups 

Skin AF was measured at a median of 21.2 (12.3-28.2) hours after symptom onset (63% 

<24h; 27% 24h-48h; 11% >48h) and 16.6 (8.8-16.6) hours after PCI in STEMI patients. 

Figure 1 demonstrates that skin AF was signifi cantly higher in STEMI compared with sCAD 

and controls. Also in sCAD, skin AF was signifi cantly greater than in controls. These between-

group differences in skin AF remained signifi cant after correction for diabetes, smoking, 

cholesterol, and serum creatinine (F=5.2, η2=0.035, P=0.024 for STEMI compared with 

sCAD and F=8.9, η2=0.079, P=0.004 for STEMI compared with controls). 

Skin AF and markers for glycemic and infl ammatory stress within STEMI group

Skin AF correlated positively with age (r=0.44; P<0.001), HbA1c (r=0.43; P<0.001), and 

glucose (r=0.24; P=0.027), negatively with systolic blood pressure (r=-0.23; P=0.034), 

and was higher in subjects with CRP >4 mg/l (P=0.007) or with previous CVD (P<0.001). 

Skin AF was not signifi cantly associated with lipid parameters, peak cardiac enzymes, or 

gender. After multivariate adjustment for glucose, blood pressure, lipid parameters, peak 
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cardiac enzymes, and gender, age (β, 0.24; 95% CI, 0.02-0.46; P=0.033), CRP (β, 0.26; 

95% CI, 0.05-0.48; P=0.018), HbA1c (β, 0.36; 95% CI, 0.14-0.58; P=0.002), and previous 

CVD (β, 0.24; 95% CI, 0.01-0.44; P=0.042) were independently associated with skin AF 

(r2=0.45; P<0.001). 

Follow-up measurement and one year incidence of composite endpoint in STEMI

Patients measured within 200 days following STEMI (N=15) did not show a signifi cantly 

decrease in skin AF, however in patients measured >200 days after STEMI (N=14) skin AF 

did decrease signifi cantly (P=0.018). Figure 2 demonstrates that during one year follow-

up, the composite endpoint occurred in 11 patients; 4 patients died, 4 were hospitalized 

for a new myocardial infarction and 3 for heart failure and that patients with skin AF values 

above the median (2.5 *10-2 AU) had a hazard ratio of 11.6 (95% CI, 1.5-90.8; P=0.019) 

for developing MACE. Partial corrections for potential confounders revealed that skin AF 

predicted MACE independent of age (hazard ratio 8.7, 95% CI 1.0-74.4; P=0.048), sex 

(10.3, 1.3-83.7; 0.030), current smoking (10.5, 1.3-84.1; 0.027), peak troponin levels 

Table 1. Clinical characteristics of study groups
 
 STEMI (n = 88) sCAD (n = 81) Controls (n = 32)

Age (yrs) 64 ± 13 64 ± 10 63 ± 11
Men 67 (76%) 60 (74%) 23 (72%)
Current smokers 36 (44%)*†  15 (20%)‡ 0 (0%)
Diabetes mellitus 25 (28%)*† 12 (15%)‡ 0 (0%)
         known 11 (13%)† 12 (15%)‡ 0 (0%)
         new onset 14 (16%)*† 0 (0%) 0 (0%)
CrCl (ml/min./1.73 m2) 80 ± 28 74 ± 25 81 ± 21
Glucose (mg/dL) 130 (111 - 160)*† 92 (83 - 106)‡ 86 (83 - 95)
Cholesterol (mg/dL) 215 ± 39* 183 ± 39‡ 222 ± 31
BMI (kg/m2) 27 ± 3 27 ± 4 25 ± 3
Vascular history      
         previous ACS 6 (7%)* 27 (34%) 0 (0%)
         previous PTCA 3 (3%)* 35 (44%)‡ 0 (0%)
         previous CABG 2 (2%)* 19 (24%)‡ 0 (0%)
         previous stroke 3 (3%) 4 (5%) 0 (0%)
         previous PAD 4 (5%) 10 (13%) 0 (0%)
Statin use 11 (13%)* 67 (85%)‡ 1 (3%)
Antihypertensive agent use      
         β-blocking agents  20 (23%)*† 63 (80%) 0 (0%)
         diuretics 8 (9%) 9 (11%) 1 (3%)
         ACE-inhibitors 7 (8%)* 28 (35%)‡ 2 (6%)
         ARBs  5 (6%) 10 (13%) 0 (0%)
         Calcium antagonists 5 (6%)* 38 (48%)‡ 0 (0%)
Aspirin use  7 (8%)* 62 (78%)‡ 0 (0%)

Data are mean ± SD, medium (quartiles), or number of subjects (%). Between group differences were 
tested with student’s t-test, or Fisher’s exact test when appropriate. * indicates P<0.05 for STEMI vs. 
sCAD; †, STEMI vs. controls; ‡, sCAD vs. controls. Medication use indicates situation before admission. 
STEMI = ST-elevation myocardial infarction; sCAD = stable coronary artery disease; CrCl = estimated 
Creatinine Clearance; BMI = body mass index; ACS = acute coronary syndrome; PTCA = percutaneus 
transluminal coronary angioplasty; CABG=coronary artery bypass graft; PAD = peripheral artery di-
sease; ACE = angiotensin converting enzyme; ARB = angiotensin receptor blocker



S
k
in

 A
u

to
fl 

u
o

re
sc

e
n

ce
 i

s 
e
le

v
a
te

d
 i

n
 a

cu
te

 m
y
o

ca
rd

ia
l 

in
fa

rc
ti

o
n

107

(12.3, 1.6-97.3; 0.017), anterior infarct location (11.1, 1.4-87.7; 0.022), previous 

myocardial infarction (12.4, 1.6-97.8; 0.017), admission systolic (11.7, 1.5-92.0; 0.019) or 

diastolic (11.5, 1.5-90.5; 0.020) blood pressure, glucose (10.3, 1.3-82.7; 0.028), or serum 

creatinine (11.2, 1.4-88.0; 0.022).

Discussion

In this study we demonstrate that skin AF is elevated in acute ST-elevation myocardial 

infarction compared with stable coronary artery disease and healthy controls. Even after 

multivariable adjustment for known confounders, skin AF remained signifi cantly higher in 

Figure 1. Bar charts represent mean skin autofl uorescen-
ce (AF) + standard error in healthy age and sex matched 
controls (HC) and patients with stable coronary artery di-
sease (sCAD) and <72 hours following ST-elevation myo-
cardial infarction (STEMI).  Comparisons between groups 
were corrected for multiple comparisons. Two last bars 
represent follow-up measurements of STEMI patients, 
<200 days (N=15) and >200 days (d) (N=14) after di-
scharge. AU indicates arbitrary units.

Figure 2.  Kaplan-Meier estimates of survival during one year follow-up with regard to the composite 
endpoint of all cause mortality and hospitalization for myocardial infarction or heart failure in patients 
with ST-elevation myocardial infarction in relation to skin autofl uorescence (AF) below and above the 
median. Skin AF was <2.5 *10-2 AU in 46 and ≥2.5 AU *10-2 in 42 patients. CI indicates confi dence 
interval; AU, arbitrary units; HR, hazard ratio.
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STEMI, and was age independently related to CRP and HbA1c. The elevation of skin AF within 

72 hours following STEMI appeared to be partly of a transient nature, showing a tendency 

to decrease after 200 days. Furthermore, STEMI patients with an elevated skin AF were 

substantially more likely to die or to be hospitalized for a new myocardial infarction or heart 

failure in the following one year, which seemed to be independent of other risk factors such 

as age or infarction size. Our data suggest that skin AF may serve as a simple non-invasive 

measure of hyperglycaemia and infl ammation derived oxidative stress involved in the 

development of ACS and may identify those patients with a potentially adverse outcome. 

Comparison with previous clinical studies using skin AF

In previous reports we have already demonstrated that skin AF is strongly related to skin 

accumulation of AGEs, as evidenced by a high correlation with specifi c AGEs measured from skin 

biopsy homogenates12. Since these measured AGEs included both exclusively carbohydrate 

derived AGEs (pentosidine), but also mainly lipid derived AGEs (carboxymethyllysine and 

carboxyethyllysine), we concluded that skin AF may be a non-invasive marker for both 

glycation and oxidative stress15. This was also supported by the observation that skin AF 

was inversely related to plasma vitamin C levels, a strong antioxidant, in patients with 

renal failure16. Furthermore, subjects with diabetes, especially those with evidence of 

micro- or macrovascular disease, and subjects with renal failure had signifi cantly higher 

levels of skin AF12;16;17 and skin AF was an independent predictor of CVD related mortality 

in these patients10;18. The data from the present study are in agreement with our previous 

observations, and suggest that skin AF may also be of potential use in euglycaemic patients 

without impaired kidney function.

Oxidative stress and AGEs in CVD

Data on the potential value of oxidative stress markers in endothelial dysfunction and 

clinically overt CAD is extensive1-6;19-22. Since most markers for oxidative stress require 

specialized laboratories, they are not readily available for clinical practice (23). AGEs are 

stable and non-invasively quantifi able using skin AF and may, therefore, serve as a potential 

new marker in CVD. Data from other clinical studies support this hypothesis. Plasma AGEs 

have been shown to be associated with the number of stenotic coronary arteries in non-

diabetic subjects24, and to predict the long term incidence of cardiovascular mortality in 

non-diabetic women25. 

Basic research has shown that in atherosclerotic plaques AGEs interact with their receptor 

(RAGE), which results in increased production of infl ammatory mediators and proteolytic 

enzymes, rendering plaques more vulnerable to rupture26. Recently, the key role of RAGE 

in the generation of oxidative stress and subsequent cellular damage was pointed out in an 

animal model of ischemia/reperfusion injury after myocardial infarction. It was demonstrated 

that lipoxidation derived AGEs are generated by ischemia/reperfusion and activate RAGE, 

thereby augmenting vascular and infl ammatory cell activation. Animals lacking cellular 

expression of RAGE were less susceptible to ischemia/reperfusion damage27. This supports 

previous animal intervention studies showing that lowering AGE levels or antagonizing their 

receptors may attenuate the atherosclerotic process28-30. We recently reported that skin AF is 

strongly associated with serum levels of sRAGE in patients with sCAD, thus making the link 
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between infl ammation and oxidative stress and skin AF by means of the AGE-RAGE axis26. In 

clinical studies it has been shown that lowering AGE in the circulation by dietary intake low in 

glycotoxins, results in marked decreases in serum levels of infl ammatory mediators such as 

CRP and vascular adhesion molecule-131. Because in the present study skin AF was related 

to CRP, a marker of infl ammation known to be strongly associated with CAD32, and predicted 

future events, our data are in agreement with the abovementioned reports. 

Study limitations

Due to the limited number of events in the one year follow-up period, it was impossible to 

differentiate between the individual contributions of all cause mortality, myocardial infarction, 

and heart failure. CRP was measured with a normal sensitivity kit with a detection limit of 

4 mg/dl. Because a signifi cant number of patients had CRP levels <4 mg/dl it could only be 

analysed as a dichotomous variable. CRP and HbA1c could also not be included in the Cox 

regression analysis, because these were only measured in a subset of STEMI patients. More 

importantly, the small sample size did not allow for multivariable correction for more than one 

potentially confounding covariate in the Cox regression analysis. Additionally, because we 

measured skin AF after PCI, whether the elevation in skin AF was related to atherosclerotic 

plaque formation, ischaemia, or reperfusion, or a combination of those, cannot be determined 

from these data. Also, the observation that skin AF decreased after 200 days was based on a 

small number of patients, and should be considered as preliminary. The objection that skin AF 

was performed within a wide time range (i.e. some >72 hours after symptom onset) is valid, 

however we have seen that skin AF does not actually change in the fi rst few days following 

STEMI (data not shown). In the current study, we did not measure circulating AGEs or other 

markers for oxidative stress. In order to determine the independent prognostic value of skin 

AF over these markers, a larger study in STEMI patients is warranted.  This would also make 

multivariable correction possible in the Cox proportional hazard model. For it to be of clinical 

use in STEMI patients, it should add incremental information to currently available risk 

scores such as the Thrombolysis In Myocardial Infarction (TIMI), Platelet glycoprotein IIb/

IIIa in unstable Agina: Receptor Suppression Using Integrilin (PURSUIT), and Global Registry 

of Acute Coronary Events (GRACE) risk score. Finally, we are currently studying its value 

in patients with unstable angina or non ST-elevation myocardial infarction. These patients 

are more of a challenge, since it is currently very diffi cult to select those patients that are 

at the highest risk of an adverse outcome. From previous investigations we have learned 

that skin AF cannot be reliably measured in subjects with skin photo type V-VI33. Therefore, 

for this study we excluded these skin types and further development for improving the 

measurement in dark skin types is ongoing and a newer version of the instrument is capable 

of reliably measuring skin AF in darker skin types. Since not all AGEs encompass fl uorescent 

properties, skin AF is only representative of part of the total AGE burden. However, in our 

validation study we found that skin AF also correlated strongly with non-fl uorescent AGEs12. 

Additionally, two major lipid peroxidation products, 4-hydroxynonenal and malondialdhyde 

— after binding to free aminogroups of protein — also encompass characteristic fl uorescent 

properties34. Since the AGE-Reader covers a wide excitation/emission spectrum, skin AF 

measured with the AGE-Reader may therefore have a miscellaneous origin. 
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Conclusion

To the best of our knowledge, this is the fi rst study to demonstrate an association of a non-

invasive marker for cumulative hyperglycaemia and infl ammation related oxidative stress 

with acute myocardial infarction. Despite the small sample size of this study, our prospective 

data do indicate that skin AF may provide an easily applicable tool to identify those patients 

at risk of developing major adverse cardiac events after myocardial infarction. However, 

since this was a relatively small study, these observations should be confi rmed in a larger 

follow-up study in patients with ACS to establish the usefulness of skin AF in a clinical 

setting.
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Abstract

Introduction Despite their unfavorable cardiovascular risk profi le, patients with Glycogen 

Storage Disease type 1a (GSD 1a) do not develop premature atherosclerosis. We hypothesized 

that this paradox may be related to a decreased formation of Advanced Glycation Endproducts 

(AGEs) resulting from lifetime low plasma glucose levels and decreased oxidative stress.

Methods In 8 GSD 1a patients (age 20-34 yrs) and 30 matched controls we measured carotid 

intima media thickness (IMT), skin autofl uorescence (AF), a non-invasive index for AGEs, 

and specifi c AGEs (pentosidine, N-(carboxymethyl)lysine (CML), N-(carboxyethyl)lysine 

(CEL)) and Collagen Linked Fluorescence (CLF, measured at excitation/emission wavelength 

combinations of 328/378 and 370/440 nm) in skin samples.  

Results Carotid IMT was signifi cantly lower in GSD 1a patients. Skin AF did not differ 

between patients and controls. The skin samples showed higher CEL levels in the patient 

group (p=0.008), but similar levels of pentosidine, CML, and CLF. In the total group, skin AF 

correlated with CML (r=0.39, p=0.031), and CLF 328/378 nm (r=0.53; p=0.002) and CLF 

370/440 nm (r=0.60; p=0.001). In the control group, AF also correlated with the maximum 

carotid IMT (r=0.6; p=0.004). 

Conclusion Although our data confi rm that GSD 1a patients present with a reduced burden 

of atherosclerosis this phenomenon cannot be explained by differences in AGE accumulation 

as measured in the skin.
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Introduction

Glycogen Storage Disease type 1a (GSD 1a, von Gierke disease; OMIM +232200) is an inborn 

error of metabolism, caused by a defi ciency of microsomal glucose-6-phosphatase (G6Pase; 

EC 3.1.3.9) in the liver and kidneys. G6Pase is a key enzyme in the homeostatic regulation 

of blood glucose concentration by catalyzing the terminal step in both glycogenolysis and 

gluconeogenesis. 

Although the main feature of this disease is severe fasting hypoglycemia, several other 

metabolic changes complicate the disease. GSD 1a patients have marked hyperlipidemia, 

characterized by a high total cholesterol with a low High Density Lipoprotein (HDL) and, 

most strikingly, high triglyceride levels, a result of both increased synthesis and, possibly, 

decreased plasma lipid clearance. Another long-term complication is renal failure. After a 

silent period of hyperfi ltration, patients develop micro-albuminuria and eventually frank 

proteinuria during the fi rst three decades of life. Dyslipidaemia and microalbuminuria 

are known to be strong risk factors for atherosclerosis and cardiac disease1;2. As patients 

are surviving longer, concern has arisen that GSD 1a patients may be at high risk for 

atherosclerosis as well3. However, in contrast to other diseases associated with exposure 

to cardiovascular risk factors at an early age, such as Familial Hypercholesterolaemia4, it 

has been shown that GSD 1a patients do not show any signs of endothelial dysfunction or 

premature atherosclerosis5-7. 

Recently, the accumulation of Advanced Glycation Endproducts (AGEs) on tissue proteins 

has been implicated as a contributing factor in atherosclerosis8-11. AGEs are a heterogeneous 

group of compounds formed by the Maillard reaction, or the non-enzymatic browning 

reaction that modifi es proteins with carbohydrate- and lipid-derived intermediates12. AGE 

formation is increased in hyperglycemia and under the infl uence of oxidative stress13-17. AGE 

formation alters the characteristics of both short- and long-lived (eg. collagen) proteins. 

AGEs accumulate in extra cellular matrix proteins, but also in atherosclerotic plaques18;19 and 

the expression of receptors for AGEs (RAGE) is increased in atherosclerosis20. Interaction 

of AGE-modifi ed proteins with AGE receptors may stimulate cytokine and growth factor 

production that sustains the development of the atherosclerotic plaques. 

Therefore, we postulated that as increased AGE formation leads to atherosclerosis, decreased 

AGE formation might protect against this disease. We hypothesized that GSD 1a patients have 

lower AGE levels based on two observations. First, GSD 1a patients may more frequently be 

hypoglycemic21;22. Second and most importantly, GSD 1a patients have signifi cantly lower 

levels of oxidative stress23. Low AGE levels in women with polycystic ovary syndrome, a 

common complication in GSD 1a24 that also increases the risk for atherosclerosis, also 

contributes to this hypothesis25.

In the current study, we assessed AGEs in tissue both by quantifi cation of specifi c AGEs and 

measurement of collagen linked fl uorescence (CLF) in skin biopsies, and by measuring skin 

autofl uorescence (AF), using a recently developed and validated method(26). We aimed to 

investigate whether patients with GSD 1a present with lower levels of AGE accumulation 
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compared with age and sex matched healthy controls. 

Methods 

Subjects

A total of 38 adults were enrolled in this study, 8 GSD patients (2 male and 6 female) 

age 18–36 (27 ± 7) yr and 30  healthy control subjects matched for age and sex (8 male 

and 22 female).  All GSD patients aged ≥ 18 years, who attended our outpatient clinic or 

were admitted during the study period, were approached for participation and age-matched 

controls were approached after the selection of individual patients. All participants were 

assessed with the procedures described below during the same study period. Relevant 

information on medical history and smoking habits was obtained from both patients and 

control subjects. The study was approved by the local Medical Ethics Committee and written 

informed consent was obtained from all participants

Skin autofl uorescence (AF)

Skin AF was assessed on the ventral site of the lower arm with a prototype of the current 

AGE-Reader (DiagnOptics BV, Groningen, The Netherlands) as described elsewhere27-29. 

In short, the AGE-Reader consists of a tabletop box, containing a black light excitation 

light source (peak wavelength ~360 nm). Light emitted from the skin is measured with 

an integrated spectrometer. Measurement is fully automated and takes approximately 30 

seconds to be performed, giving an average value over 50 individual scans. Skin AF is 

calculated by dividing the mean value of the emitted light intensity per nm between 420-

600 nm by the mean value of the excitation light intensity per nm between 300-420 nm, 

expressed as arbitrary units (AU). The intra-individual Altman error percentage is 5.0% on 

a single day and 5.9% for seasonal changes27.

Carotid Intima-Media Thickness (IMT)  measurement

IMT of the carotid arteries was measured by ultrasonography in the supine position. High-

resolution B-mode ultrasound images (ACUSON 128 XP; Acuson Corp, Mountain View, CA) 

with a 7.0-MHz linear array transducer were used to measure intima-media wall thickness, as 

described previously in more detail30. In short, the right and left common carotid arterial wall 

segments were imaged from a fi xed lateral transducer angle at the far wall of the distal 1-cm 

segments of both common carotid arteries (CCA), proximal to the carotid bulb. The far wall of 

the carotid bulb (CB), and of the most proximal part of the internal carotid artery (ICA) were 

also scanned bilaterally.  The scans were recorded on S-VHS tape and analyzed offl ine by an 

independent image analyst unaware of subject characteristics. B-mode image analyses were 

digitized with a frame grabber (DT286 l; Data Translation, Marlboro, MA). The image analysis 

software was developed using an algorithm developed by Selzer et al.31 The average and 

maximum carotid IMT over the six segments (CCA, CB and ICA, bilaterally far wall) of both 

carotid arteries were calculated. At a mean IMT of 0.80 mm, intersonographer variability 

amounted to 0.05 mm, with an image analyst variability of <0.03 mm, corresponding to a 

total variation coeffi cient of  between 6.3 and 7.3%. 
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Blood and urine collection  

Venous blood and a portion of urine were taken non-fasting to measure glycated hemoglobin 

A1c (HbA1c), lipid spectrum, creatinine and urine albumin, using routine laboratory 

methods. 

Skin samples and measurement of AGEs

A 4 mm diameter full-thickness skin biopsy was taken under 2% lidocaine-adrenaline 

anesthesia from the volar (frontal) side of the lower arm. The sample was snap frozen in 

liquid nitrogen and stored at -80 ºC. After thawing, insoluble collagen was extracted as 

previously described27;32, the samples were reduced with sodiumborohydride and solubilized 

using pepsin. Then Collagen Linked Fluorescence (CLF) was measured using wavelengths 

of 328/378 nm and 370/440 nm (excitation/ emission). Both CLF and pentosidine were 

normalized to the hydroxyproline content of the sample measured according to Stegemann 

and Stalder33. Pentosidine was measured by high performance liquid chomatography as 

described by Dyer et al.34. N-(carboxymethyl)lysine (CML) and N-(carboxyethyl)lysine (CEL) 

analysis was performed by gas chromatography-mass spectrometry as described by Dunn 

et al.35. CML and CEL were normalized to the lysine content of the sample. 

Statistical analysis

Due to the low prevalence of the disease, we could not include more than 8 adult patients 

with GSD 1a for this study. We determined that at this given number of patients and an 

expected standard deviation of 0.25,  a sample size of 30 controls would be needed to give 

the study an 80% power at α= 0.05 to detect at least a difference of 20% between both 

groups.

Because of the small group measured, data are given as medians (interquartile range). The 

Mann-Whitney test was performed to compare groups and Spearman’s rho test to calculate 

correlations. All analyses were performed with SPSS version 13.0 for Windows (SPSS, 

Chicago, IL, U.S.A.). p<0.05 was considered statistically signifi cant. 

Results

One control subject was excluded because micro-albuminuria appeared to be present. The 

results of the skin biopsy measurements from two male subjects were excluded because the 

amount of material was not suffi cient to get reliable data, based on hydroxyproline. No sex-

based differences were present.  

All patients used a xanthine-oxidase inhibitor and 7 out of 8 patients also used an 

Angiotensin-converting Enzyme inhibitor. The observed hyperlipidemia was not treated in 

any of the patients. Other characteristics of both patient and control group are listed in Table 

1. It shows that the GSD patients enrolled in this study had similar levels of HbA1c. The 

patients were markedly dyslipidemic with higher triglycerides, total cholesterol and lower 

HDL cholesterol compared to controls. The maximum carotid IMT and the average carotid 

IMT in patients were signifi cantly lower than in the control group. 
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Table 1. Characteristics of patients and controls    
     

 Controls (n = 29) Patients (n = 8) p-value  
    

Age (years) 25 (21-32) 27 (20-34) NS 

Length (m) 1.78 (1.69-1.85) 1.66 (1.61-1.68) 0.019 

Sex (male/ female) 8/21 2/6 NS 

Body Mass Index (kg/m2) 23 (21-26) 24 (22-28) NS 

Smoking (n) 1 2 NS 

HbA1c (%) 4.9 (4.6-5.0) 4.8 (4.6-5.3) NS 

Triglycerids (mmol/l) 1.19 (0.88-1.63) 4.05 (3.07-7.10) <0.001 

Cholesterol (mmol/l) 4.90 (4.15-5.35) 5.88 (5.22-7.72) 0.012 

HDL-cholesterol (mmol/l) 1.44 (1.32-1.76) 1.14 (1.00-1.25) 0.008 

LDL-cholesterol (mmol/l) 2.53 (2.10-3.04) 3.07 (1.61-1.68) NS 

Creatinine (umol/l) 81 (75-92) 66 (65-73) 0.002 

Creatinine clearance (ml/min)† 125 (112-142) 143 (123-153) 0.086 

Albumin/creatinine ratio 0.8 (0.5-1.2) 1.2 (0.6-6.9) NS 

Average carotid IMT (mm) 0.60 (0.58-0.62)* 0.53 (0.48-0.59) 0.008 

Maximum carotid IMT (mm) 0.77 (0.74-0.81)* 0.68 (0.60-0.74) 0.004 

Data are given as median and interquartile range or as absolute numbers. Differences between groups 

are calculated with the Mann-Whitney U test or Chi-square test where appropriate. 

* n=27; ‡ Creatinine clearance as calculated by the Cockcroft-Gault formula; IMT indicates Intima 

Media Thickness; HDL, High Density Lipoprotein; LDL, Low Density Lipoprotein ; HbA1c, glycated 

hemoglobin A1c, NS, not signifi cant.  

Skin AGEs, measured in skin samples

Table 2 demonstrates that skin samples of patient versus control subjects showed comparable 

amounts of the AGEs pentosidine and CML. CEL levels were signifi cantly higher in the 

patient group (see Figure 1). No differences were found between patients and controls in 

CLF 328/378 or CLF 370/440. Skin AF did not show any differences between patients and 

controls (see Figure 2). 

Correlations between indices for AGE accumulation and IMT 

In both patients and controls, skin AF correlated with CLF 370/440 (r=0.62; p<0.001) 

and also with CML (r=0.39; p=0.031) and CLF 328/278 (r=0.53; p=0.002). Skin AF did 

not correlate with pentosidine or CEL. All AGEs measured from skin biopsies correlated 

signifi cantly with each other, apart from CEL which did not correlate with pentosidine.

In the control group, skin AF correlated with maximum carotid IMT (r=0.60; p=0.004, see 

Figure 3), but not with mean carotid IMT (r=0.33; p=0.139). Also, in both patients and 

controls there was no correlation between carotid IMT and skin AF. 
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Table 2. Characteristics of patients and controls   
   
 Controls (n = 29) Patients (n = 8) p-value
   

Autofl uorescence (* 10-2 AU) 1.55 (1.30 - 1.76) 1.67 (1.57 - 1.76) NS 

Pentosidine (ug/g hydroxyproline) 23.8 (18.0-30.6)† 19.1 (16.7-28.4)*  NS 

CML (mmol/mol lysine) 1.01 (0.81-1.47)† 1.14 (0.78-1.59)*  NS 

CEL (mmol/mol lysine) 0.05 (0.05-0.07)† 0.09 (0.05-0.13)*  0.008 

CLF 328/378 (AU/ug hydroxyproline) 324 (239-388) 318 (286-374)*  NS 

CLF 370/440 (AU/ug hydroxyproline) 203 (163-259) 197 (179-324)*  NS

Data are given as median and interquartile range and differences between groups are calculated with 
the Mann-Whitney U test.    
* n=7 † n=27; CML indicates N-(carboxymethyl)lysine; CEL, N-(carboxyethyl)lysine; CLF, Collagen 
Linked Fluorescence; AU, Arbitrary Units, NS, not signifi cant.

Figure 1.  The amount of N-(carboxyethyl)lysine 
(CEL) in skin samples of the patients and con-
trols. P-value was calculated with the Mann-
Whitney U test.

Figure 2. Skin autofl uorescence (AF) in pa-
tients and controls. P-value was calculated with 
the Mann-Whitney U test. AU indicates arbitrary 
units.

Figure 3. The correlation between skin autofl u-
orescence (AF) and maximum carotid intima 
media thickness (IMT) in control subjects only.
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Discussion

In the current study we confi rm the previous observation (36) that patients with GSD 1a have 

a thinner IMT than healthy controls. This supports the fi nding that these patients, despite 

severe hyperlipidemia and microalbuminuria, do not develop premature atherosclerosis. 

Since GSD 1a patients have lower levels of whole body oxidative stress37 and a strong 

tendency to develop hypoglycemia38, we hypothesized that decreased formation of AGEs 

might protect them from developing premature atherosclerosis. The data from this study 

do not support this hypothesis. GSD 1a patients did not have lower skin levels of AGEs, as 

measured either non-invasively using skin AF or ex vivo in skin samples. 

Our data confi rm the clinical usefulness of skin AF as a tool for measuring AGE accumulation 

in the skin, since skin AF correlated strongly with the important representative of the AGEs, 

CML, and with CLF in skin biopsies. Additionally, skin AF correlated with maximum carotid 

IMT in healthy controls, suggesting it may be a non-invasive index to assess cardiovascular 

risk in apparently healthy subjects. The measurement of skin AF with the AGE-reader is a 

novel procedure and it may prove to be a useful tool, since the measurement of AGEs in 

skin samples has several obvious limitations, including its invasive nature. The AGE-reader 

has been validated in diabetic patients, in hemodialysis patients and healthy controls27;39. In 

these validation studies AF correlated with the AGEs pentosidine, CML and CEL. Additionally, 

skin AF was related to clinical progression of atherosclerotic disease, since it predicted the 

incidence of future cardiovascular morbidity and mortality in both patient groups40. In the 

current study, we confi rm that skin AF correlates with CML and CLF. However it did not 

correlate with CEL and pentosidine. A potential explanation might be a combination of the 

small sample size and the narrow and lower range of CEL and pentosidine in the current 

young group with a small age range compared to previous studies. 

Skin biopsies are a generally well accepted standard for quantifying AGE accumulation in 

humans. Through this method, we found that only CEL is different in GSD 1a patients. 

Pentosidine, the AGE that is exclusively derived from carbohydrates,  does not differ between 

patient and control groups. CML and CEL are both carbohydrate and lipid derived. The 

hyperlipidemia in GSD 1a patients might therefore explain the elevated CEL levels in skin 

biopsies. Our data also show a correlation between triglyceride levels and CEL (data not 

shown). However, the normal CML levels can not be explained by this theory. 

AGE-formation is increased in hyperglycemia and during oxidative stress. As expected from 

current treatment strategies, HbA1c levels in the GSD patients are normal and comparable 

to those of the controls, which make important differences in glycemic stress less likely. 

In diabetes elevated AGE levels in skin collagen are strongly associated with long-term 

macro- and microvascular complications41. Normal (or even partially elevated) AGEs in GSD 

1a patients are not of any help to explain the absence of atherosclerosis. Wittenstein et 

al. compared plasma antioxidants in pediatric patients with GSD 1a, Diabetes Mellitus and 

hypercholesterolemia to clarify the absence of atherosclerosis42. GSD 1a patients in their 
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study had increased antioxidative defense in plasma, as measured by total radical-trapping 

antioxidant parameters. However, these might have been strongly infl uenced by elevated 

uric acid levels in GSD 1a, which may be protective against atherosclerosis43. In our patient 

group, all patients used the xanthine-oxidase inhibitor Allopurinol to reduce uric acid levels 

in order to prevent the development of gout, which by itself may also reduce oxidative stress 

and has been shown to improve endothelial dysfunction44;45. These factors may have blurred 

the results from our study. 

We found little difference in AGE levels between GSD 1a patients and controls. The extent 

of renal disease in GSD 1a also has to be taken into account to understand this result, 

since AGE accumulation is dependent on renal function46. The contribution of the risk factor 

microalbuminuria is attenuated, because almost all patients used an ACE-inhibitor. In our 

study, the albumin/creatinine ratio in patients did not differ from the ratio in the controls. The 

GSD 1a patients in this study did have a signifi cantly lower creatinine, although the creatinine 

clearance calculated by the Cockcroft-Gault formula did not show any differences from 

controls. Kidney disease in GSD 1a is known to start with a period of silent hyperfi ltration47-

49. During this period of hyperfi ltration serum AGE levels may be lower, but whether this 

may have infl uenced skin AGEs is uncertain. AGEs linked to skin collagen are generally 

assumed to be an adequate refl ection of overall AGE status because of the long lifespan of 

this protein. Measurement of AGEs in kidney and liver might reveal aberrant levels of AGEs, 

because glucose-6-phosphate and glycogen accumulate are known to accumulate in the 

liver. Glucose-6-phosphate has a higher potential of forming AGEs than glucose, so AGEs 

in kidney- and liver-tissue might be increased in GSD 1a patients. Measurement of AGEs 

in liver, kidney, and urine might help to understand the role of AGEs in GSD 1a patients. In 

support of this, high levels of detoxifi cation products of the Maillard reaction have been found 

in a patient with glycogen accumulation in renal tubular cells comparable to GSD 1a50. 

In conclusion, our study confi rms that patients with GSD 1a have a slower progression of 

atherosclerosis compared with healthy, age matched controls. Since GSD 1a is characterized 

by hypoglycemia and previous studies have shown decreased levels of whole body excess 

of reactive oxygen species as measured by specifi c oxidative stress markers in the patients, 

we hypothesized that this phenomena could be explained by decreased formation of AGEs. 

However, in the present study, AGE levels, as measured non-invasively by skin AF and ex 

vivo in skin biopsies, did not differ between patients and controls. Hence, the present results 

do not clarify why patients with GSD 1a avoid early atherosclerosis, as would be expected 

by their adverse cardiovascular risk profi le, and suggest that other mechanisms may be 

involved in the preserved vascular health of these patients. 
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Summary and General Discussion

Oxidative stress is a major player in the infl ammatory process leading to atherosclerotic 

plaque formation. Several lines of evidence have pointed out that oxidative stress not only 

initiates the fi rst step of oxidative modifi cation of low density lipoprotein (LDL) particles in 

the vascular wall, but is also strongly involved in the development of endothelial dysfunction 

and ultimately plaque disruption, leading to acute ischemic events1. 

In Chapter 1 we have illustrated the potential usefulness of measuring oxidative stress in 

patients with, or at risk for, cardiovascular disease (CVD), by reviewing currently available 

biomarkers for oxidative stress. Most clinical research has been performed with markers for 

infl ammation2. The clinically extensively used acute phase protein, C-reactive protein (CRP), 

currently provides the most robust marker, when measured using a high sensitivity method. 

It has been shown in large epidemiological studies that apparently healthy subjects with 

slightly elevated levels of CRP are at increased risk for developing CVD. These subjects are 

thought to suffer from low grade infl ammation of the vascular wall, with moderately elevated 

levels of CRP that would not have been detected using normal sensitivity methods. Also, CRP 

has been shown to be of prognostic signifi cance in acute coronary syndromes,  elevated levels 

predicting major cardiovascular events both in the short as well as the long term3. However, 

little evidence is available that CRP itself is of pathophysiological signifi cance. Elevated CRP 

levels produced by the liver may merely be a bystander effect of infl ammation elsewhere 

in the body (such as the respiratory system and adipose tissue), stimulated by cytokines 

such as interleukin 6. Furthermore, recent reports suggest that CRP is only a moderate risk 

marker (odds ratio 1–2) and provides no additional prognostic information beyond traditional 

risk factor assessment in healthy populations4;5. It is plausible that additional biomarkers are 

needed to complement the predictive power of CRP6. Several novel markers for infl ammation 

may be of potential use. These include fi brinogen, several cytokines (interleukin (IL)-6, IL-

10, IL-18), CD40 ligand and neopterin2. However, since infl ammation is actually a response to 

injury caused by an excess in reactive oxygen species (ROS), it may be pathophysiologically 

more suitable to measure oxidative stress parameters for vascular risk assessment7. Several 

markers have been suggested and extensively studied. These include direct measurement of 

lipid peroxidation products (e.g. isoprostanes, conjugated dienes, aldehydes), oxidized LDL, 

oxidized LDL antibodies, in vitro susceptibility of LDL to oxidation, enzymes that produce 

oxidative stress (myeloperoxide, A2 phospholipases2), and antioxidant enzymes7. However, 

most of these markers are volatile, require stringent sampling and storage conditions, 

and also require highly sophisticated assay methods that are only available in specialized 

laboratories. Thus, they are expensive, time consuming and not always well reproducible8. 

Therefore, there remains a need for ongoing research for other markers, especially those 

that will be predictive of early stages of atherosclerosis and easily applicable on a large scale 

basis as well as in clinical practice.

Biomarkers and interventions with lipid lowering agents

It is still unclear whether currently available interventions with statins and other agents 

signifi cantly affect levels of oxidative stress biomarkers and whether lowering levels of 
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oxidative stress is benefi cial with respect to clinical outcome. With currently available potent 

statins it is possible to lower LDL cholesterol extensively; yet, it is not known whether 

an intensifi ed lipid lowering regimen may also result in more reduction in infl ammatory 

and oxidative stress. In Chapter 2 we addressed this question by randomizing patients 

with known CVD that were already being treated with simvastatin 40 mg, to continue this 

regimen or to receive atorvastatin 80 mg, a more potent statin. We show that switching to 

atorvastatin signifi cantly improves total cholesterol, LDL cholesterol, and triglycerides, but 

does not infl uence any of the biomarkers for infl ammatory and oxidative stress. This lack of 

effect is in agreement with other studies investigating the effect of statins compared with 

placebo that report varying effects on biomarkers9. These results stress the importance 

of a continuing search for new and possibly more reliable markers of oxidative stress or 

infl ammation in atherosclerosis. 

Advanced Glycation Endproducts (AGEs) and skin autofl uorescence

AGEs are a heterogeneous group of compounds, classically associated with diabetes and 

renal disease, which are the end products of the slowly occurring, carbohydrate-driven 

glycation of proteins, known as the Maillard reaction10. In Chapter 1, however, evidence 

is provided that much of the AGE burden is produced under infl uence of oxidative stress, 

making them potential new markers for oxidative stress. The principal reason that AGEs 

may be uniquely suitable markers for measuring oxidative stress is that these are highly 

stable compounds. Since AGEs link to long-lived proteins (e.g. collagen), they are thought 

to refl ect “metabolic memory”.

In Chapter 2 we outline that available laboratory techniques to measure AGEs in serum 

or plasma present several challenges. Available assays are, as is the case with measuring 

most oxidative stress markers, costly, time consuming and not very reproducible. Another 

important drawback of measuring circulating AGEs, particularly low molecular weight AGEs, 

is that their levels are highly infl uenced by kidney function. Also, circulating AGEs may 

not refl ect the levels in the diseased tissue (e.g. vasculature). It has been shown that 

measuring AGEs in skin can be a more appropriate approach. However, this requires taking 

skin biopsies, which is not suitable for large scale studies and clinical practice, especially 

when sequential measurements are desired to monitor disease or therapy. 

In Chapter 2 we introduce an alternative approach for measuring AGEs which is more 

feasible for clinical practice, i.e. skin autofl uorescence (skin AF). Skin AF is measured by 

the AGE-Reader, which uses the characteristic fl uorescence properties that some AGEs 

encompass. By measuring skin AF, AGEs in the skin can be non-invasively quantifi ed. We 

provide evidence from previous clinical studies that skin AF is strongly related to AGEs 

measured in skin biopsies. Furthermore, skin AF is elevated in the diseases classically 

associated with accelerated AGE accumulation (e.g. diabetes and renal disease) and is also 

of prognostic relevance, since it is an independent predictor of long term cardiovascular 

morbidity and mortality in these patients. 

In Chapter 7, we provide data of healthy young subjects. From these subjects, we 

obtained skin samples taken from the forearm and also performed a skin AF measurement 

at this same site. Specifi c AGEs were measured from homogenates using collagen linked 

fl uorescence (CLF), carboxy-methyl-lysine (CML) and carboxy-ethyl-lysine (CEL) assays. 
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As expected, skin AF correlated strongly with CLF, but also with CML. The latter compound 

may be considered a marker for oxidative stress, since its production is mainly derived from 

lipid peroxidation and reactive carbonyl species (RCC), both highly infl uenced by oxidative 

stress11. These associations, therefore, provide evidence that skin AF is a non-invasive index 

for glycation as well as for oxidative stress. Furthermore, from a physical point of view, it is 

not surprising that skin AF is related to oxidative stress products. In vitro studies as well as 

rat skin studies have shown that besides several AGEs, several lipid peroxidation products 

encompass characteristic fl uorescence properties. For example, both 4-hydroxynonenal 

(HNE) and malondialdehyde (MDA), two lipid peroxidation products formed at high rates 

in oxidized LDL (oxLDL) are known to exhibit fl uorescent properties at specifi c wavelength 

combinations (e.g. 360/430 nm and 387/455 nm) as adducts to amino groups of protein 

(Advanced Lipoxidation Endproducts), which probably contribute to the spectrum that is 

measured with the AGE-Reader12;13. Accordingly, oxLDL also produces fl uorescence light and 

changes the fl uorescence pattern of atherosclerotic plaques14. Furthermore, in rat studies 

it has been shown that these lipid peroxidation products cross-link collagen in the skin and 

accumulate linearly with age15. In conclusion, the small validation data set presented in 

this thesis confi rms previous validation studies in diabetes, renal failure, and older healthy 

controls, that skin AF is a reliable, non-invasive marker for glycation as well as oxidative 

stress derived AGEs16;17.

In Chapter 1 we provide evidence that AGEs are involved in the pathophysiology of 

atherosclerotic disease. AGEs may contribute to atherosclerosis in several ways by cross-

linking cellular matrix and basement membrane proteins, modifi cation of lipoproteins, 

quenching of nitric oxide, and by promoting receptor mediated infl ammation and oxidative 

stress in the vascular wall. In the latter mechanism, the cellular receptor for AGE (RAGE) is 

thought to play an important role; by engaging this receptor, AGEs promote upregulation of 

several pro-infl ammatory pathways that ultimately lead to enhancement of infl ammatory and 

oxidative stress. These data suggest that AGEs may be applied as markers of atherosclerosis 

in diabetes and renal disease, but also in other diseases associated with oxidative stress as 

well as in predicting disease in healthy subjects. In Chapters 4–6 we test the hypothesis 

Figure 1. Bar chart with mean and standard error 
of the mean of skin autofl uorescence (AF) in healthy 
young controls (YC), matched controls (MC), high 
risk subjects with >3 vascular risk factors (HR), pa-
tients with stable coronary artery disease (sCAD), 
and patients with an acute ST-elevation myocardial 
infarction (STEM). MC are matched on age with HR, 
sCAD, and STEMI. Arrow indicates that increasing 
skin AF refl ects the progression of atherosclerosis.
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that skin AF, as a validated non-invasive marker for AGEs, may be a novel risk marker in 

atherosclerosis.

Skin AF in CVD

As mentioned before, a suitable marker for CVD should be elevated in several stages of 

the disease. In Chapters 4–6 the results of three studies in subjects with sub-clinical 

atherosclerosis, stable coronary artery disease, and acute myocardial infarction respectively, 

are presented. These three disease entities represent the different stages of atherosclerosis 

development. This comprises initiation of the atherosclerotic plaque in subjects with multiple 

risk factors for atherosclerosis, potentially manifesting as increased Intima Media Thickness 

(Chapter 4), propagation of the plaque, potentially leading to luminal narrowing, which is 

typical in patients with stable coronary artery disease (Chapter 5), and fi nally, complication 

as a result of plaque erosion and rupture, leading to acute coronary syndromes, including 

acute myocardial infarction (Chapter 6). In these chapters we demonstrate that skin AF 

is indeed elevated in each of these conditions and that there is a strong relation between 

disease stage and the level of skin AF (see Figure 1). 

Skin AF and its relation to other markers

As our hypothesis was that skin AF is a marker for infl ammation and oxidative stress in 

atherosclerosis, it should be associated with other markers of this process. In Chapter 4 

we demonstrate that in subjects with sub-clinical atherosclerosis, skin AF already correlates 

with two well validated markers for infl ammation, white blood cell count (WBC) and CRP, 

independent of age. In these subjects, skin AF was also associated with other vascular risk 

factors, such as obesity, glucose, and smoking.

In Chapter 5 we demonstrate that skin AF correlates with two experimental markers for 

infl ammatory stress, neopterin and the soluble receptor for AGEs (sRAGE). As outlined in 

Chapter 1, neopterin refl ects monocyte and macrophage activation and is a robust prognostic 

biomarker in stable CAD and ACS. We have also observed that neopterin correlates with 

skin AF in the population studied in Chapter 4 (e.g. patients with multiple risk factors), 

these results have not been included in this thesis (abstract: Mulder, Cambridge, 2006). 

Additionally, sRAGE is of considerable interest since it is thought to refl ect the expression of 

cellular RAGE, which is the major receptor for AGEs. Engagement of this receptor results in 

activation of pro-infl ammatory cellular systems (such as nuclear factor kappa B), leading to 

infl ammatory and oxidative stress18. Of note, some previous studies have shown that sRAGE 

is decreased in patients with hypertension and stable CAD19;20; however, we found elevated 

levels in patients with stable CAD compared with controls and signifi cant positive correlations 

with skin AF, but also with CRP. Others have reported elevated levels in patients with renal 

disease21. This refl ects the complicated nature of atherosclerosis, and a prognostic study is 

warranted to determine whether elevated levels of sRAGE are protective or harmful.

Finally, in Chapter 6 we demonstrate that skin AF is also independently associated with CRP, 

when measured in the fi rst 72 hours following acute myocardial infarction.  

From these data we conclude that skin AF is strongly associated with infl ammatory stress in 

different stages of atherosclerotic disease, independent of age and traditional risk factors. 

These data confi rm previous studies that have shown that skin AF is related to CRP in 
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patients on hemodialysis and in renal transplant recipients22;23. Importantly, in the latter 

population, skin AF correlated inversely with plasma levels of vitamin C, which is a strong 

antioxidant and hence an indirect marker of oxidative stress23.

Skin AF and sub-clinical atherosclerosis

In Chapters 4 and 7 we present data on the relation of skin AF to a widely accepted, surrogate 

marker for atherosclerosis, the Intima Media Thickness (IMT) of the carotid arteries. This 

measurement is a strong predictor of future CVD, also in apparently healthy subjects and 

can be measured using ultrasound techniques24. In Chapter 4, we demonstrate that skin AF 

correlates with IMT, independently of other vascular risk factors or risk scores. In Chapter 

7 we confi rm this association in healthy young controls. Currently, there is only limited data 

available on the association of AGEs with surrogate markers for the extent of atherosclerosis. 

It was shown that in non-diabetic patients with CAD, levels of AGEs measured in serum 

correlate signifi cantly with the number of stenotic coronary arteries25. Moreover, it has been 

shown that AGEs measured in skin samples are associated with coronary calcium score, an 

emerging surrogate marker for coronary atherosclerosis26. Therefore, our data are in line 

with these studies. 

The use of skin AF in the detection of high risk patients

Previous studies from our center demonstrate that skin AF is an independent predictor of 

future cardiovascular morbidity and mortality in patients with diabetes and renal disease17;27. 

In this thesis (Chapter 4) we present data that indicates that skin AF also has the potential 

to detect asymptomatic subjects with thickened IMT, refl ecting sub-clinical atherosclerosis. 

These subjects are at increased risk of developing CVD. When added to two widely used risk 

scores, FRS and SCORE, skin AF remained independently associated with IMT. Although of a 

cross-sectional nature, these data provide evidence that the independent prognostic power 

of skin AF found in previous studies with diabetic and renal failure patients may also be true 

for a more general population at high risk for CVD. In Chapter 6, we confi rm this cross-

sectional study by presenting data indicating that skin AF is associated with the one year 

occurrence of major adverse cardiac events in patients admitted for an acute myocardial 

infarction. 

Does decreased AGE formation protect against atherosclerosis?

In Chapter 7 we present unique data concerning patients with the very rare congenital 

disease glycogen storage disease 1a (GSD 1a). Although these patients have been exposed 

to adverse vascular risk factors (dyslipidemia and microalbuminuria) all their lives and 

often lose renal function later in life, they do not develop premature atherosclerosis. It has 

previously been shown that GSD 1a patients may even be protected from atherosclerosis, 

since they have signifi cantly lower IMT values compared with healthy age matched controls 

(28). This is in contrast, for example, to patients with familial hypercholesterolemia and type 

I diabetes patients, who already present with increased IMT at a young age29-33. Thus, GSD 

1a patients may be protected from premature atherosclerosis. Others have already shown 

that these patients have lower levels of oxidative stress markers in plasma34. We addressed 

the question whether these patients accumulate AGE to a lesser extent, protecting them 
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from premature atherosclerosis. However, although our present study confi rmed the lower 

IMT in GSD 1a, these patients did not have lower levels of AGE accumulation in the skin 

measured from skin samples and measured non-invasively with the AGE-Reader. Apparently 

other mechanisms protect these patients from atherosclerosis. A plausible explanation 

may be that these patients start with antiatherogenic medication (angiotensin converting 

enzyme inhibitors and allopurinol) at a very early age. Moreover, these patients usually 

have elevated levels of uric acid, which may have anti-oxidant properties, and therefore, be 

atheroprotective35. Apparently, more research is warranted to fi nd an explanation for this 

puzzling phenomenon.  

Methodological considerations for the AGE-Reader

In Chapter 2, several potential limitations of measuring skin AF are discussed. Skin AF 

may result from other sources than AGEs alone, including the reduced form of Nicotinamide 

Adenine Dinucleotide(P) (fl uorescence excitation/emission characteristics ~350/460 nm). 

However this infl uence seems only limited. Additionally, several lipid peroxides may affect 

skin AF values of the AGE reader, because their excitation/emission characteristics fall within 

the fi elds of interest of the AGE-Reader. However, this may only make the AGE-Reader more 

robust in measuring composite sources of oxidative stress. Furthermore we provide data 

on the infl uence of several skin types on the measurement. It appears that the current set-

up cannot be used on subjects with a skin of colour, skin photo type (SPT) V or VI, and in 

subjects with skin refl ectance of <12%. The high melanin content of these skin types results 

in the too high absorption of incoming (excitation) light and outgoing fl uorescence light 

hampering reliable skin AF measurement. The studies presented in this thesis have not been 

confounded by this phenomenon, because subjects with these skin types were excluded 

from each study. However, this brings about serious limitations to the application of the 

AGE-Reader in clinical practice. Firstly, Figure 2b of Chapter 2 demonstrates that subjects 

with SPT V/VI have signifi cantly lower skin AF levels compared with subjects with lighter 

skin types. Secondly, persons with a pale skin (e.g. SPT I) appear to have higher levels of 

skin AF (Figure 2b of Chapter 2). However, the study included only 9 such subjects and, 

therefore, no defi nite conclusion may be drawn concerning this issue. It is however of crucial 

importance to obtain reliable measurements of skin AF in dark skinned people, because this 

is the most prevalent skin type of the world. Furthermore, since the incidence of diabetes is 

Figure 2. Scatter plot of the relation between 
the non-invasively measured skin autofl uores-
cence (AF) and collagen linked fl uorescence (CLF) 
measured at 370 nm excitation wavelength and 
440 nm emission wavelength in young healthy 
controls. Hyp indicates hydroxyproline content of 
collagen; AU, arbitrary units.
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higher among people of Hindustanian and Negroid origin, these subjects are an important 

potential target group for the AGE-Reader. 

Among subjects with SPT I-IV, intra individual variation is very low. In 20 healthy volunteers, 

skin AF was measured three times with the instrumentation used in the studies presented 

in this thesis, and the median coeffi cient of variation was 4.0% (interquartile range, 2.5–

7.1%). In a previous study, seasonal variance was also low (e.g. <6%)16. 

Another limitation may be local skin abnormalities that infl uence skin AF measurement. For 

example birthmarks are highly pigmented and produce unacceptable interference with the 

measurement. Also lichenifi cation, scarring, and other skin lesions may produce unwanted 

errors. However, since these aberrations are easily recognized they seldom cause problems 

in daily practice. Additionally, we have noticed that use of skin creams or sun blockers and 

skin tanners may also cause unwanted fl uorescence and absorb the UV light from the AGE-

Reader. Therefore, skin AF should be measured at a healthy skin site and without skin care 

products.  

 From the data presented in this thesis, it can also be learned that temporal changes 

in interstitial fl uid or capillaries in the upper layer of the dermis may infl uence skin AF. 

In Chapter 2 we mentioned that an intravenous infusion of sodium fl uorescein, produces 

temporary elevation in skin AF. Hence it may be plausible that changes in blood composition 

by oxidative stress may contribute to the measured fl uorescence light. Chapter 6 provides 

preliminary evidence that the latter may be the case, because the elevated skin AF measured 

in the 72 hours following acute myocardial infarction declined 200 days after admission. It 

may be that this temporarily enhanced skin AF has been caused by acute elevations in 

oxidative stress-derived fl uorophores, such as reactive carbonyl species or AGEs linked to 

proteins (for example hemoglobin or albumin). An alternative explanation is that during 

acute diseases increased capillary leakage of plasma constituents, including fl uorescent 

compounds, may take place. These issues warrant further study. 

 Skin AF may also be affected by exogenously derived AGEs. These include food-

derived AGEs and smoking36. AGEs form in heat treated foods rich in fats, and are also 

abundantly found in industrially prepared foods. Around 10% of these so called glycotoxins 

are absorbed from the intestine and may circulate in plasma and be deposited in tissue, 

especially in subjects with restricted kidney function37. We have tested if ingestion of food-

derived AGEs could infl uence skin AF signifi cantly (data not provided in this thesis). In 9 

subjects a single meal high in AGEs, consisting of 220 ml caramel custard combined with 45 

Figure 3. Scatter plot of the relation between the 
non-invasively measured skin autofl uorescence (AF) 
and carboxy-methyl-lysine (CML) in young healthy 
controls. AU indicates arbitrary units.
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grams of toasted cheese sandwich was administered.  9 other subjects drank two cups (300 

ml) of black coffee only. Fasting and three hour post load skin AF was measured. Three hours 

following ingestion of the high AGE meal, there was a median increase in skin AF of 10.3% 

(IQR: 1.0–17.6; p=0.021), whereas subjects that only drank coffee showed no increase 

(median –3.4%; IQR: -5.8 - 3.2; p=0.37) [abstract Cambridge 2006]. These preliminary 

data demonstrate that food-derived AGEs may also contribute to skin AF. This needs  to be 

confi rmed in a larger and better controlled trial.

Future Perspectives

In this thesis, we have introduced the measurement of skin AF as an index for the cumulative 

oxidative stress that eventually leads to clinically relevant diseases, in particular CVD. Chronic 

oxidative stress may be regarded as a residue of lifetime exposure to harmful stressors in the 

human body. It has been suggested that, in order to prevent and restore the acute harmful 

effects of stress and thereby maintain homeostasis, the body uses adaptive mechanisms. 

These stressors include risk factors such as obesity, hypertension and hypercholesterolemia, 

Figure 4. Model of the role of oxidative stress in age-related diseases. During life, people are subjected 
to several stressors which result in enhanced oxidative stress. In order to keep homeostasis, adaptation 
to these factors occurs, referred to as allostasis. However, this constant adaptation to these stressors may 
lead to chronic diseases, accompanied by enhanced formation of oxidative stress products in tissue, but 
also in the skin. The latter can be measured as skin autofl uorescence (AF) and is a refl ection of a lifetime 
of exposure to oxidative stress. COPD indicates chronic obstructive pulmonary disease; SIRS, systemic 
infl ammatory response syndrome; CVD, cardiovascular disease; SES, socio-economic status; AMD, age-
related macular degeneration.
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but also exogenous sources such as diets high in unsaturated fatty acids and smoking. 

Additionally, diseases suffered during life, may also contribute to this accumulation of 

oxidative stress, such as systemic infl ammatory response syndrome (SIRS) following 

infections and traumatic events, but also the response during low-grade infl ammation in e.g. 

parodontitis and during exacerbations of rheumatic disease. In neurobiological science, the 

constant adaptation to these environmental demands is generally referred to as allostasis, 

i.e. to achieve stability through change (38). However, this concept may also hold for chronic, 

oxidative stress-related diseases discussed in this thesis39. When these stressors persist or 

occur frequently over lifetime and exceed the body’s ability to adapt, there is an increased 

so-called allostatic load, which may eventually lead to chronic diseases (Figure 4). 

As put forward in this thesis, measuring skin AF may provide an integrative marker of the 

cumulative oxidative damage that mounts up over a lifetime following the aforementioned 

mechanism. It has been shown that AGEs can form very rapidly (within a day) in milieus 

high in oxidative stress40 and are only slowly degraded over time, especially in subjects with 

impaired renal function37. Measuring skin AF may allow us to assess the risk of developing 

chronic diseases or their complications at a time in life when these conditions have not yet 

reached a clinically detectable state and may allow early interventions (see Figure 5). 

Although we have mainly focused on CAD, this concept also holds for atherosclerosis in 

general, including peripheral artery disease and cerebrovascular disease, but also for other 

chronic diseases that overrule normal aging, such as age-related macular degeneration, 

Alzheimer’s disease and microvascular complications of diabetes. To put it simply, skin AF 

may refl ect the biological age of a person. In order to incorporate skin AF in this concept, 

several important issues need to be clarifi ed.

Figure 5. Schematic view of the accumulation of Advanced Glycation Endproducts (AGEs) during life. 

During acute diseases such as sepsis as well as after exposure to vascular risk factors such as cigarette 

smoke, high fatty acid containing meals or hypercholesterolemia, rapid rises in oxidative stress and hence 

AGEs occur that degrade slowly over time and accumulate over time. This growing burden of AGEs is 

associated with the development of chronic diseases such as atherosclerosis. X-axis represents a per-

sons life in time and the Y-axis represents AGE levels. This accumulation of AGEs can be non-invasively 

measured as skin autofl uorescence.
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Chapters 1 and 3 outline the need for wider clinical availability of oxidative stress biomarkers. 

It is especially important to investigate whether, and if so which, markers are infl uenced by 

interventions. The results presented in Chapter 3 stress the need for new therapeutic 

options: the clinical effectiveness of intensifi cation of conventional therapy with statins 

is unequivocal, but still only partial, since it does not consistently improve infl ammation 

and oxidative stress markers. Furthermore, although patients with a history of CVD are 

intensively treated with multiple agents, such as aspirin, angiotensin converting enzyme 

inhibitors, statins, and other cardioprotective agents, these patients may still experience 

recurrent events at an increased rate. Therefore, there is still a need to fi nd alternative 

pathophysiological pathways and their markers, and to develop therapeutic interventions 

directed at these new targets. These may include circulating markers of oxidative stress. 

However, this thesis emphasizes that AGEs may also be a target of therapeutic interest 

and that skin AF may provide an easily applicable index/marker of AGE accumulation in 

vivo. Furthermore, it has to be confi rmed in future studies that skin AF can be modifi ed by 

currently available drugs, such as antidiabetic and antihypertensive agents, aspirin, and 

statins. Interestingly, there is accumulating evidence that these drugs may indeed reduce 

AGE formation41. The most illustrative data come from an ancillary study of the Diabetes 

Control and Complications Trial that demonstrated that 5 years of intensive glucose control 

attenuates the formation of AGEs in the skin, measured in skin samples42. One of the 

measured markers was autofl uorescence at 370/440 nm, which resembles the spectrum 

measured with the AGE-Reader. It provides a challenge to confi rm this study in diabetes 

using skin AF as a marker for AGEs. Moreover, it needs to be established in the future 

whether AGEs may also be a therapeutic target in CVD in general. 

In this thesis we have provided evidence that skin AF can be used as a risk marker in 

cardiovascular disease. However, there is still a large amount of research to be conducted to 

consolidate the evidence and to improve the clinical applicability of the AGE-Reader. 

First of all, skin AF needs to be further validated with well accepted circulating biomarkers of 

oxidative stress. This is a challenge since currently there is no golden standard for assessing 

the degree of oxidative stress. Therefore, it is appropriate to validate skin AF to a panel of 

markers for oxidative stress. Moreover, skin AF needs to be evaluated in other diseases in 

which oxidative stress is a fundamental feature, such as multiple organ failure and acute 

infectious disease. Studies in these patients have already started and are ongoing, but a 

pilot study in patients with sepsis admitted to the intensive care unit suggested that skin AF 

is indeed markedly and transiently elevated in this category43. Preliminary evidence suggests 

that admission skin AF is also a predictor of one month survival and duration of ICU stay in 

patients with sepsis (personal communication). Also, it is of interest to measure skin AF in 

other diseases accompanied by chronic exposure to oxidative stress and AGE accumulation, 

such as chronic obstructive pulmonary disease (COPD), heart failure, and auto-immune 

diseases (SLE, Wegener Granulomatosis). Of course, the systemic versus local extent of 

such conditions and the question whether local disease is associated with systemic markers 

of infl ammation and oxidative stress will take a central place. Interestingly, preliminary 

evidence exists that age related macular degeneration, a chronic eye disease, is also 

associated with, and perhaps causally related to local AGE accumulation, but also with 
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elevated skin AF [abstract: Mulder, IMARS, 2006]. Others from our hospital are working 

on measuring skin AF in heart failure and in auto-immune diseases. Moreover, attention is 

warranted to evaluate the effect of exogenously derived AGEs on skin AF. Additional studies 

might address the direct effects of high AGE containing meals, but also the effect of chronic 

exposure to high AGE food intake. This should preferably be studied in an intervention study, 

to limit confounding factors. Additionally, it is of interest to investigate the direct effects of 

cigarette smoking, since chronic smokers have higher levels of skin AF. 

Concerning CVD, it is of importance to evaluate whether skin AF is also elevated and 

eventually of prognostic value in patients presenting with unstable angina or a non-ST-

elevation myocardial infarction, because these patients are at very high risk and there are 

currently no accepted markers available that detect subjects at the highest risk, which need 

early intervention or aggressive treatment. Also, the prognostic value of skin AF should be 

tested in apparently healthy subjects, although this will require a large study population 

and a long follow-up time. Since the coronary calcium score measured with electrobeam 

tomography is an important emerging surrogate marker for atherosclerosis, skin AF should 

be compared to this technique. Another interesting item with respect to CVD is whether 

progression in skin AF does refl ect a progression of the disease. In line with this, we have 

recently concluded an 18 months follow-up measurement of skin AF and IMT of the high risk 

population described in Chapter 4. The question is whether IMT progression is associated 

with skin AF progression. Preliminary data from this study indicate that skin AF progression 

is predicted by the presence of diabetes, smoking, and infl ammation at baseline [abstract: 

Mulder, IMARS, 2006]. Ultimately, it should be ascertained whether increased progression of 

skin AF is associated with an increased risk for developing cardiovascular complications.

In addition to clinical research, much work needs to be done to improve the technical 

specifi cations of the AGE-Reader. A special point of interest is allowing reliable measurements 

in subjects with darker skin types. A potentially useful adjustment in the measurement is to 

measure a broader refl ectance spectrum. This can be achieved by measuring the absorbance 

spectrum of white light, in contrast with the UV spectrum that is now used by the device. 

This will allow for a better adjustment for differences in skin pigmentation, redness, and 

conditions such as jaundice. Moreover, the recently developed EEMS (Excitation Emission 

Maps) device is capable of measuring specifi c excitation and emission combinations, because 

a monochromator has been incorporated in this device. Using this technique, it may be 

possible to fi nd out which specifi c wave length bands contribute the most to the spectrum 

measured with the AGE-Reader. This may allow for more accurate measurement of specifi c 

fl uorophores in the skin. 

Conclusion

The fi eld of infl ammation and oxidative stress research is interesting, challenging, and 

may provide future markers that may identify people at high risk for developing diseases 

that may have deleterious effects on their health or even cause them to die prematurely. 

Research directed at fi nding novel markers or expanding the knowledge is crucial. In this 

thesis we have presented a new concept of measuring advanced glycation-related oxidative 

stress, by non-invasively measuring skin autofl uorescence of the human skin. We hope that 
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this thesis may provide a useful foundation to expand the research using this technique in 

cardiovascular disease and other potentially harmful conditions.
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Inleiding

Hart- en vaatziekten behoren tot de belangrijkste doodsoorzaken in Nederland en leiden 

vaak tot chronische ziekten met levenslange problemen. Het vroegtijdig onderkennen en 

behandelen van (risicofactoren voor) hart- en vaatziekten is van groot belang. In de praktijk 

gebeurt dit door een zogenaamde cardiovasculair risicoprofi el op te maken uit bekende 

risicofactoren zoals roken, hoog cholesterolgehalte, bloeddruk en bloedsuiker. Het blijkt 

echter dat slechts een deel van de patiënten die aan hart- en vaatziekten lijden, gekenmerkt 

worden door een hoog risicoprofi el van deze risicofactoren. Daarom is het belangrijk dat er 

nieuwe methoden worden ontwikkeld om vroegtijdig mensen te kunnen herkennen die een 

hoog risico lopen op het ontwikkelen van hart- en vaatziekten en de complicaties daarvan. 

Oxidatieve stress

In dit proefschrift wordt een methode gepresenteerd waarmee op eenvoudige wijze het 

cardiovasculaire risico kan worden ingeschat. Het gaat om een in Groningen ontwikkeld 

apparaat dat met behulp van ultraviolet licht de huid kan laten fl uoresceren. Deze zogenaamde 

autofl uorescentie (afgekort als AF) wordt grotendeels veroorzaakt door Advanced Glycation 

Endproducts (AGE’s). Dit zijn versuikerde eiwitten die versneld worden gevormd en zich 

ophopen bij patiënten met suikerziekte of nierziekten. Ook met het vorderen van de leeftijd 

neemt

de hoeveelheid AGE’s toe, als uiting van een overmaat aan zogenaamde vrije zuurstofradicalen. 

Deze zeer agressieve stoffen zijn in kleine hoeveelheden essentieel voor een levend 

organisme, echter een overmaat hiervan is schadelijk. Dit laatste wordt ook wel oxidatieve 

stress genoemd. Oxidatieve stress zorgt buiten het lichaam bijvoorbeeld voor het roesten 

van ijzer, het bruin worden van gebraden vlees en het karameliseren van suiker. Dit laatste is 

bij uitstek een uiting van de vorming van AGE’s. Vrije zuurstofradicalen ontstaan bij allerlei 

processen in het lichaam, maar vooral wanneer er sprake is van ongezonde leefgewoonten, 

hoog cholesterolgehalte en hoog vetzuurgehalte van het bloed en via vele andere nog 

onbekende wegen. Dat onze huid minder elastisch wordt, is een gevolg van schade door 

vrije zuurstofradicalen aan huid en bindweefsels. Mensen die roken krijgen eerder rimpels 

door een grotere hoeveelheid aan schadelijke vrije zuurstofradicalen. Ook chronische, 

leeftijdsgebonden ziekten, zoals reuma, tumoren, staar en ook hart- en vaatziekten, lijken 

mede toe te schrijven te zijn aan schade door vrije zuurstofradicalen. Het is daarom van 

groot belang om de mate van oxidatieve stress in het lichaam al in een vroeg stadium te 

kunnen meten om zo deze ziekten te kunnen voorkomen. In dit proefschrift laten wij zien 

dat het meten van AF hiertoe een belangrijke bijdrage kan leveren.

Biomarkers zijn lichamelijke waarden die iets zeggen over het risico op het krijgen van 

een bepaalde ziekte. Een bekend voorbeeld is cholesterol dat een biomarker is voor het 

optreden van hart- en vaatziekten. In hoofdstuk 1 wordt beschreven dat het meten 

van nieuwe biomarkers bij patiënten met of zonder hart- en vaatziekten nuttig is bij 

het opmaken van het risicoprofi el. Hierbij wordt uitgebreid ingegaan op verschillende 

bestaande biomarkers voor zowel ontsteking als voor oxidatieve stress. Een belangrijke 

marker die tegenwoordig in de praktijk wordt toegepast is het C-Reactive Protein (CRP), 

dat door de lever wordt aangemaakt als reactie op ontstekingsprocessen. CRP lijkt een 
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sterke prognostische waarde te hebben bij patiënten met of zonder reeds manifeste hart- 

en vaatziekten. Wanneer CRP met een hoge sensitiviteitsmethode wordt gemeten kan een 

indruk worden verkregen van de laaggradige ontsteking die in de vaatwand plaatsvindt. 

CRP is echter een aspecifi eke en zoals recent is gebleken een minder robuuste biomarker 

dan gedacht. Alternatieve ontstekingsmarkers zoals fi brinogeen, cytokines en neopterine 

lijken veelbelovend voor het aantonen van ontsteking van de vaatwand. Echter, aangezien 

ontsteking slechts een reactie is op de schade die wordt aangericht door oxidatieve stress, 

lijkt het pathofysiologisch logischer om juist biomarkers specifi ek voor oxidatieve stress te 

meten. Hieronder vallen lipideperoxidatie producten, geoxideerd Low Density Lipoprotein en 

oxidatieve stress producerende of juist antioxidante enzymen. Echter, een groot deel van 

deze stoffen is meestal zeer vluchtig en de meetmethoden zijn omslachtig, duur en slechts 

in gespecialiseerde laboratoria voorhanden. 

In hoofdstuk 2 introduceren wij de eerder genoemde AF, als een non-invasieve maat voor 

AGE’s. Het is bekend dat AGE’s een rol spelen bij het ontstaan van hart- en vaatziekten. In 

voorgaande studies werd reeds aangetoond dat AF een sterke voorspeller is van hart- en 

vaatziekten en mortaliteit bij patiënten met diabetes mellitus of nierfalen. Het is echter niet 

bekend of AF ook van nut is bij patiënten zonder bovengenoemde ziekten. Deze vraag zal 

in dit proefschrift worden beantwoord door AF te meten in een aantal populaties met een 

toenemende mate van voortschrijding van atherosclerose. 

Hoofdstuk 3 beschrijft een gerandomiseerde studie bij patiënten met reeds manifeste hart- 

en vaatziekten. Van statines is bekend dat zij naast een cholesterol verlagend effect ook 

zogenaamde pleiotrope effecten hebben, namelijk het verminderen van oxidatieve stress en 

ontsteking van de vaatwand. Er werd nagegaan of het intensiveren van statine therapie van 

simvastatine 40 mg naar atorvastatine 80 mg bij patiënten die nog niet de LDL-cholesterol 

streefwaarde van <2,6 mmol/l hebben bereikt op conventionele therapie, positieve effecten 

heeft op markers voor ontsteking en oxidatieve stress. Ofschoon in voorgaande studies 

reeds uitgebreid is aangetoond dat deze strategie de kans op sterfte verkleint, blijkt er uit 

deze studie niet dat dit positieve effect een gevolg is van de vermindering van ontsteking 

en oxidatieve stress en vooralsnog volledig moet worden toegeschreven aan het cholesterol 

verlagende effect.

Hoofdstuk 4 laat zien dat bij personen met multipele cardiovasculaire risicofactoren AF 

van toegevoegde waarde is voor reeds bestaande risicoscores om de kans op hart- en 

vaatziekten in te schatten. AF blijkt onafhankelijk van klassieke risicofactoren en bestaande 

risicoscores zoals de Framingham risk score, geassocieerd te zijn met de zogenaamde intima 

media dikte (IMT). Dit is een indirecte maat voor atherosclerose, waarbij met behulp van 

echografi e de wanddikte van de arteria carotis wordt gemeten. Ook blijkt dat personen 

met sterk verhoogde AF waarden en tevens hoge risicoscores, gemiddeld de dikste IMT 

hebben. AF van de huid neemt dus deels parallel toe met het voortschrijden van subklinische 

atherosclerose. 

In hoofdstuk 5 laten we zien dat AF ook verhoogd is bij patiënten met stabiel coronairlijden 
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(kransslagaderlijden) in vergelijking met gezonde proefpersonen. Daarnaast werd gekeken 

naar de relatie van AF met ontstekingsmarkers in het bloed. Het is bekend dat het 

ontstekingsbevorderende effect van AGE’s wordt gemedieerd door een belangrijke cellulaire 

receptor: de receptor voor AGE’s. De circulerende isoform van deze receptor (sRAGE) kan 

in serum worden gemeten. In deze studie blijkt AF sterk samen te hangen met sRAGE en 

daardoor lijkt AF een marker te zijn van toegenomen activiteit van deze receptor en het 

ontstekingsproces dat hierop volgt. Dit wordt benadrukt doordat er tevens een sterke relatie 

blijkt te zijn met een andere circulerende ontstekingsmarker, neopterine, dat wordt gevormd 

door geactiveerde monocyten. Tenslotte correleert AF met de glucosespiegel in het bloed 

en rookgedrag, twee andere risicofactoren. Concluderend lijkt AF dus de toegenomen AGE 

gemedieerde ontsteking bij patiënten met stabiel coronairlijden te weerspiegelen. 

De relatie van AF met al bekende ontstekingsmarkers wordt nog eens benadrukt in 

hoofdstuk 6. De studie die beschreven wordt in dit hoofdstuk laat zien dat AF sterk verhoogd 

is bij patiënten met een acuut ST-elevatie myocard infarct (STEMI) in vergelijking met 

patiënten met stabiel coronairlijden en gezonde proefpersonen. Dit lijkt van voorbijgaande 

aard aangezien AF binnen een half jaar daalt tot het niveau van patiënten met stabiel 

coronairlijden. Tevens is AF sterk gerelateerd aan geglycosyleerd hemoglobine A1c (HbA1c), 

een belangrijke maat voor langdurige hyperglycemie (glycemische stress), en rookgedrag, 

maar ook met CRP als maat voor ontstekingsactiviteit. Het meest klinisch relevante resultaat 

van deze studie is echter dat AF ook een prognostische waarde lijkt te hebben. Patiënten 

met AF waarden boven de mediaan hebben namelijk een veel grotere kans op hartfalen, op 

een nieuw hartinfarct of om te overlijden binnen 1 jaar na het hartinfarct. Deze studie laat 

zien dat AF mogelijk van toegevoegde waarde is voor de cardiovasculaire risico-inschatting 

na een hartinfarct en dat AF ook bij deze patiënten sterk samenhangt met ontsteking en 

glycemische stress. Aangezien het hier echter een kleine onderzoekspopulatie betreft zal dit 

bevestigd moeten worden in een grotere follow-up studie.

In Hoofdstuk 7 wordt een studie beschreven bij patiënten met de uiterst zeldzame 

aandoening Glycogeen Stapelingsziekte 1a (GSD 1a). Ten gevolge van het defi ciënte enzym 

glucose-6-fosfatase kunnen deze patiënten geen glycogeen afbreken. In vroegere tijden 

overleden deze patiënten al op de kinderleeftijd aan ernstige hypoglycemieën, echter 

tegenwoordig leven zij tot in de volwassenheid door strenge diëtaire maatregelen. Het 

blijkt echter dat zij al op jonge leeftijd een sterk pro-atherogeen risicoprofi el hebben, met 

een ernstige hypertriglyceridemie en microalbuminemie, zonder dat dit gepaard gaat met 

premature atherosclerose. Uit voorgaand onderzoek blijkt zelfs dat er sprake is van een 

lagere IMT vergeleken met gezonde mensen. Bij ons rees de vraag of er bij deze patiënten 

sprake is van een relatief lage mate van oxidatieve stress, waardoor zij beschermd zouden 

kunnen zijn tegen atherosclerose. Dit bleek echter niet het geval, aangezien de mate van 

AGE-stapeling in de huid, gemeten in huidbiopten en met AF, vergelijkbaar was met dat van 

gezonde leeftijdsgenoten. Wel bleek de IMT, zoals reeds eerder aangetoond, signifi cant lager 

bij GSD 1a patiënten. Dit onderstreept dat er een factor lijkt te zijn die hen beschermt tegen 

premature atherosclerose. Er is echter meer onderzoek nodig om er achter te komen welke 

factor of factoren dit zijn. 



S
a
m

e
n

v
a
tt

in
g

145

Hoofstuk 8 geeft een samenvatting van de voorgaande hoofdstukken, waarbij de resultaten 

in perspectief worden gezet. Uit de beschreven onderzoeken in dit proefschrift blijkt dat AF 

van de huid toeneemt naarmate atherosclerose voortschrijdt (zie fi guur 1 van hoofdstuk 

8). Tevens wordt er in verschillende populaties aangetoond dat AF sterk gerelateerd is 

aan ontsteking en glycemische stress. Aangezien AF in belangrijke mate is geassocieerd 

met AGE’s in de huid, zoals nog eens aangetoond in hoofdstuk 7, zou men kunnen 

concluderen dat deze methode een weerspiegeling is van cumulatieve oxidatieve stress. 

Wij hypothetiseren dat gedurende het leven AGE’s accumuleren in verschillende weefsels, 

waaronder huid en bloedvaten, ten gevolge van zich herhalende stressoren, zoals oxidatieve 

stress onderhoudende cardiovasculaire risicofactoren of acute ziekten die gepaard gaan met 

oxidatieve stress. Het non-invasief meten van AF kan op een simpele manier een inschatting 

geven van de mate van AGE-stapeling in de huid en voordat een chronische ziekte zich heeft 

gemanifesteerd al een risico-inschatting geven van het ontstaan van ziekte in de toekomst. 

Zo is het wellicht mogelijk te interveniëren voordat een ziekte zich heeft geopenbaard. 
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Bij het afronden van een proefschrift hoort een woord van dank. Het ultieme teken dat deze 

taak is volbracht. 

Als eerste wil ik Dr. A.J. Smit bedanken, mijn co-promotor en tevens drijfveer achter dit 

proefschrift. Beste Andries, jouw enthousiasme, verbazingwekkende vindingrijkheid, 

indrukwekkende kennis en intelligentie staan buiten kijf. Zonder jouw bijdrage was dit 

proefschrift nooit tot stand gekomen. Ik heb grote bewondering voor de manier waarop 

jij altijd tot een passende oplossing wist te komen in tegenvallende en soms frustrerende 

situaties. 

Mijn promotoren, Prof. dr. R.O.B. Gans en Prof dr. F. Zijlstra verdienen bijzonder veel lof. Beste 

Rijk, ik ben altijd onder de indruk geweest van jouw talent als clinicus en wetenschapper. De 

uitspraak dat een internist alles kan weten klinkt uit jouw mond als een vanzelfsprekendheid. 

Door jouw suggesties heb ik mijn proefschrift naar een hoger niveau kunnen brengen. 

Beste Felix, ik ben vereerd dat jij bereid was de rol van tweede promotor te vervullen. 

Jouw wetenschappelijke ervaring is zeer waardevol geweest voor de grote lijnen van dit 

proefschrift. Jouw benaderbaarheid en snelle reacties heb ik zeer gewaardeerd.

Mijn referenten, Dr. P.L. van Haelst en Dr. R. Graaff hebben een wezenlijke bijdrage geleverd. 

Heel veel dank hiervoor. Beste Paul, jij hebt mij effi ciënt leren schrijven. Vanaf het prille 

begin tot in de laatste fase van mijn promotietraject stond jij mij bij met raad en daad. 

Beste Reindert, jouw technische vernuft en wetenschappelijk enthousiasme zorgden ervoor 

dat ik het maximale uit alle data heb kunnen halen. Zonder jouw inzet was het uitvoeren en 

analyseren van de studies niet mogelijk geweest.

Ook dank ik de leescommissie voor het doornemen en beoordelen van dit manuscript: Prof. 

dr. W.H. van Gilst, Prof. dr. J.W. Jukema en Prof. Dr. med. Dr. h.c. A. Heidland. Herzlichen 

Dank für Ihren Beurteilung meines Manuskriptes.

Grote dank gaat ook uit naar alle proefpersonen die geheel belangeloos deelnamen aan de 

studies in dit proefschrift. 

Daarnaast alle collega’s die zonder tegenspraak even hun arm te leen gaven voor opnieuw 

een proefje met “het lampje”. Degenen die een huidbiopt hebben afgestaan zijn helden! 

Zonder hen is wetenschappelijk onderzoek niet mogelijk!

Ik heb mooie tijden beleefd in de “Triade kamer”, daar ver weg van de bewoonde wereld. 

Beste Rindert, Adrienne, Suzan, Martine, Helen, Inge, Mariska en Boukje, dankzij jullie heb 

ik een onvergetelijke onderzoekstijd gehad. 

Petra Haarsma en Janita Kuiper, research assistentes, ben ik veel dank verschuldigd. Zonder 

jullie was ik waarschijnlijk gek geworden van de ENHANCE studie. Jullie hulp bij de metingen 

met het lampje stelde ik ook erg op prijs. Graag wil ik Eppie, Stanley en Bert bedanken voor 

de vele hand- en spandiensten. Het begon allemaal met een weegschaal en eindigde met 3 

laptops… 



D
a
n

k
w

o
o

rd

149

Daarnaast bedank ik graag de medewerkers van het vaatlab: Margreet, Annet, Anne, Wietze, 

Marianne en Arie, die de IMT metingen hebben uitgevoerd en geanalyseerd. 

Tevens dank ik Johan, Carina en Sascha voor het verrichten van de ELISA’s en het meedenken 

over de data. 

Veel hulp heb ik gehad van Rene van Diagnoptics, wanneer de AGE-Reader kuren had. Dank 

ook voor de momenten van ontspanning.

De studenten Marthe, Bram en Matthanja, waarmee ik samen een aantal studies heb 

uitgevoerd wil ik hartelijk bedanken. Ook Nynke, die als eerste auteur van hoofdstuk 7 een 

belangrijke rol heeft vervuld in de totstandkoming van dit proefschrift verdient veel dank. 

Ik wil Rianne en Karel Martijn bedanken voor hun medewerking aan de IMPROVE en de 

ENHANCE studie. 

Veel dank ben ik verschuldigd aan de vakgroep oogheelkunde, in het bijzonder aan Prof. Dr. 

Hooijmans voor de prettige samenwerking. Dit geldt ook voor de intensivisten van de ICB: 

de heren Zijlstra, Ligtenberg, Tulleken en Meertens voor het onderzoek op de intensive care. 

En tenslotte veel dank aan Dr. Dullaart en Prof. dr. Wolffenbuttel en de rest van de vakgroep 

endocrinologie voor de samenwerking en de goede sfeer.

Ik hoop dat deze samenwerking in toekomst zal leiden tot gedegen publicaties.

Verder wil ik mijn huidige collega’s en de internisten, cardiologen en longartsen van het 

Martini ziekenhuis hartelijk bedanken voor de prettige werksfeer. 

Veel lof en dank gaat ook uit naar Peter van der Sijde die in een korte tijd de prachtige lay-

out van dit proefschrift heeft weten te verzorgen. 

Natuurlijk is een wetenschappelijke carrière niet mogelijk zonder – gedoseerde – ontspanning. 

Daarom dank ik al mijn vrienden voor hun steun en de fantastische tijden.

Dear Patricia, I am tremendously grateful for your help. The way you have found your way 

through my whole manuscript is impressive. Your comments have been of priceless value! I 

hope my English hasn’t disappointed you.

Dank gaat ook uit naar mijn (toekomstige?) schoonouders, Hendricus en Betty. Bedankt 

voor het monnikenwerk dat jullie verricht hebben bij het ontcijferen van corrupte Word-

bestanden. 

In het bijzonder dank ik mijn ouders, Gerrit en Grietje. Pappa en mamma, zonder jullie 

steun was ik nooit zover gekomen! Ik dank jullie voor jullie grondige beoordeling van de 

Nederlandse samenvatting. Die lange en korte ei’s zal ik nooit uit elkaar kunnen houden, 

daar heb ik jullie gelukkig voor. 

Mijn twee vrouwelijke paranimfen Elisabeth en Gemma, met jullie aan mijn fl anken kan de 

verdediging van mijn boekje niet meer misgaan! 
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Elisabeth, jouw kritische beoordeling van mijn eerste artikel heeft mij bij het schrijven van 

de rest van het boekje in positieve zin beïnvloed. Bedankt voor je scherpe blik. Ik ben blij 

dat ik jou als paranimf heb mogen ondersteunen en dat ik het promotiewiel niet opnieuw 

heb hoeven uitvinden.

Gemma, natuurlijk ben jij mijn paranimf! We helpen elkaar ons hele leven al. Toen jij ook 

een promotietraject begon, vreesde ik dat je eerder zou promoveren dan ik! Misschien speel 

ik nog wel een vraag aan jou door, zodat je alvast kunt wennen. 

Hanneke, je bent me lief. 
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