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Abstract

Objective To determine if ocular and skin autofluorescence, reflecting advanced glycation end-products, and vascular
stiffness correlate in non-diabetic and Type 1 diabetic subjects and if levels differ by diabetes status.

Research design and methods Patients with Type 1 diabetes (n = 69, 19 with and 50 without vascular complications)
and 60 subjects without diabetes (control) had ocular and skin autofluorescence and pulse-wave analysis performed in
the fasted state. Correlations between measures within groups used the Pearson or Spearman correlation-coefficient and
measures between groups were compared by ANOVA.

Results Lens and skin autofluorescence correlated in control (r = 0.58, P =0.0001) and in Type 1 diabetes (r = 0.53,
P =0.001). Corneal autofluorescence correlated with lens (r=0.53, r=0.52, P =0.0001) and skin autofluorescence
(r=0.34, P=0.01 and r = 0.49, P = 0.00001) in control and Type 1 diabetes respectively. In Type 1 diabetes, small and
large artery elasticity correlated inversely and systemic vascular resistance correlated positively with skin
autofluorescence (all P =0.001), and with lens and corneal autofluorescence (all P < 0.03). In Type 1 diabetes tissue
advanced glycation end-products correlated with C-reactive protein and inversely with the estimated glucose disposal
rate and with circulating advanced glycation end-product levels. Relative to non-diabetic subjects, lens, corneal and skin
fluorescence were increased (all P < 0.001) and small artery elasticity was decreased in diabetes (P =0.04). Lens,
corneal and skin autofluorescence were greater (all P =0.0001) in patients with Type 1 diabetes with complications
compared to those without complications, but small artery elasticity did not differ significantly.

Conclusions Ocular and skin autofluorescence and vascular stiffness correlate in non-diabetic and Type 1 diabetes
subjects and are increased in Type 1 diabetes.. Tissue advanced glycation end-products correlate with vascular risk
factors, including circulating advanced glycation end-products.
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Introduction

Even with tight glycaemic, blood pressure and lipid control vascular complications still occur at unacceptably high rates
in diabetes. Additional therapies are needed and, given the slow development of vascular damage, surrogate end points
are required to facilitate clinical trials and clinical practice. Tests to predict high complication-risk patients are required
to target therapies and to test and monitor interventions. As advanced glycation end-products (AGEs) promote vascular
damage and anti-AGE drugs are available or in development [1], clinically applicable tools to assess tissue AGE burden
are merited.

Advanced glycation end-products are a family of compounds formed by reactions between glucose, lipids and protein
or derived from food and smoking [2]. Adverse AGE effects include defective vasodilatation, vascular leakage,
inflammation, foam cell formation, pro-thrombotic and sclerotic effects. The levels of AGEs are usually higher in
diabetes per se, in the presence of vascular complications and can predict diabetes complications [3]. Increased skin
collagen AGEs, measured biochemically from skin biopsies, have been demonstrated with aging [4] and in Type 1
diabetes and its complications [5]. In the Diabetes Complications and Control/Epidemiology of Diabetes Interventions
and Complications (DCCT/EDIC) cohort skin collagen AGEs predicted renal, retinal and arterial damage [6,7].
Improved aortic compliance in elderly non-diabetic subjects [8] by ‘AGE breaker’ drugs support that AGE-targeted
interventions ameliorate vascular damage. We previously demonstrated increased AGEs in serum and haemoglobin of
Type 1 diabetes subjects and predictive power for abnormalities of pulse-wave analysis and renal function [9]. As
AGEs are difficult to remove from long-lived tissues and complications develop over years, longer-term AGE measures
and non-invasive assessments are preferable. Ocular and skin autofluorescence and pulse-wave analysis may be
suitable.

Tissue AGE measures by non-invasive ocular and skin fluorescence readers have been validated against biochemical
AGE levels [2,10], and pulse-wave analysis has been validated against brachial artery flow-mediated dilatation [11,12].
Previous studies have demonstrated abnormalities of each of these parameters in human diabetes [3,4,13,14] but, to
date, there are no studies reporting relationships between tissue autofluorescence or AGE measures in various tissues
and non-invasively measured vascular health. Therefore, to guide instrument choice and facilitate comparisons we
conducted a cross-sectional study of non-diabetic subjects (control) and people with Type 1 diabetes (Type 1 diabetes),
with and without vascular complications. The primary outcome of interest is the inter-relationships between the
measures by the various devices. We also compared ocular and skin AGE measures, circulating AGE levels and
vascular health measures within and between groups.

Methods

Subjects

The study was approved by the Ethics Committee and each subject gave written informed consent. Patients were
recruited from St. Vincent’s Hospital and controls were recruited from a data-base of volunteers from the general
community. Type 1 diabetes and non-diabetes groups were matched for age, sex, blood pressure, BMI and renal
function. Exclusion criteria were end-stage renal disease, inflammatory conditions, pregnancy or breast feeding and
current or recent (< 3 months) surgery, infective illness, myocardial infarction, stroke, cardiac arrhythmia, diabetic
ketoacidosis or anti-oxidant vitamin supplementation. Only three Type 1 diabetes patients were excluded because of
recent illnesses and over 90% of subjects asked agreed. Control subjects had no current or past history of diabetes, no
known cardiovascular or renal disease and had normal fasting glucose and renal function. A history and examination
was performed and complication status verified by treating clinicians. Subjects were evaluated with all three devices
after an overnight fast before medication or smoking. Blood and a mid-stream urine were collected after the non-
invasive measures.

Tissue AGEs

The ocular fluorescence of anterior (F,) and posterior (F},) pole lens capsule and corneal fluorescence were measured
using an ocular fluorimeter (Fluorotron, Ocumetrics, San Jose, CA, USA) with an anterior segment adaptor. Data were
processed using EUROEYE software (version 4.6; van Best and Larsen, Leiden, The Netherlands; Copenhagen,
Denmark) to correct for loss of light and expressed as nanograms of fluorescein equivalents. The lens transmission
index (7) was calculated using:

The mean of triplicate measures in both eyes was used in data analysis.

The skin fluorescence of unscarred inner forearm was measured by a Skin AGE Reader (DiagnOptics, Groningen,
The Netherlands), and the mean of three measures, expressed in arbitrary units, from each arm used. Correlation
between left and right arms was r = 0.92, P = 0.00001.
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Non-invasive measures of vascular health

Pulse wave analysis, including large and small artery elasticity and systemic vascular resistance was performed on
rested supine subjects (Pulse Wave™ CR-2000; Hypertension Diagnostics Inc., Eagan MN, USA), as described
elsewhere [11] and the mean of three measures over 5—-10 min used. Inter-measurement CVs for large and small artery
elasticity were 7.1% and 4.9%, respectively.

Estimated glucose disposal rate

The estimated glucose disposal rate was calculated using the method of Williams et al. [15].

Clinical chemistry and vascular risk factors

The Clinical Chemistry Department of St Vincent’s Hospital determined renal and liver function, lipids, glucose,
HbA,., full blood count and erythrocyte sedimentation rate, and analysed urine for cell count, microalbumin/creatinine
ratio and culture. Blood for the research laboratory was centrifuged (2000 g, 10 min, 4°C) and serum and red blood cell
pellet aliquots were stored at —86°C until analysis.

Inflammation

C-Reactive protein was measured by high-sensitivity immunonephelometry (Dade Behring, Marburg, Germany). Intra-
and inter-assay coefficients of variation (CVs) were 4.6% and 4.3%, respectively.

Circulating fluorophores

Low molecular weight fluorophores were quantified by fluorescence spectroscopy as described elsewhere [9] with
intra- and inter-assay CVs of 4.7% and 6.4%, respectively. Haemoglobin-AGEs were quantified by fluorescence
spectroscopy as described elsewhere [16] with modifications. Briefly haemoglobin from lysed red blood cells was
diluted (1 mg/ml protein). Globin was precipitated with cold 1% HCI in acetone, washed with ethyl acetate and diluted
(1 mg/ml protein). Separate red blood cell lysate and globin were injected into a flow Waters high-pressure liquid
chromatography system with 474 fluorescence and 486 absorbance (ultraviolet) detectors. Fluorescence was monitored
at 308/345 nm and absorbance at 280 nm and fluorescence/ultraviolet ratio results expressed as arbitrary units (AU),
with inter- and intra-assay CVs of 9% and 5%, respectively.

Statistics

Data were analysed by STATISTICA, version 8.0. StatSoft, Inc. (2008). Differences between groups were tested using
Student’s #-test, ANOVA or X2 tests. Non-normally distributed variables (corneal fluorescence, triglycerides, urinary
albumin/creatinine, serum creatinine, hs-C-reactive protein (CRP), low molecular weight fluorophores, erythrocyte
sedimentation rate and glomerular filtration rate) were log-transformed. Associations between variables were tested by
Pearson correlation coefficients. Dimensionless Z-scores for tissue fluorescence measurements were used for
comparison of concordance. Relationships between tissue autofluorescence and pulse-wave analysis were also
calculated after controlling for age, duration of diabetes and concurrent HbA ..

Results

Subject characteristics

The subject characteristics are shown in Table 1, including all Type 1 diabetes, and subdivided according to vascular
complications. Microvascular complications are defined as previous pan-retinal laser for proliferative diabetic
retinopathy (n = 17), and/or increased albuminuria confirmed on at least two of three timed urine collections (n = 14).
Twelve Type 1 diabetes had both retinopathy and nephropathy. Four subjects had clinically evident macrovascular
disease, all of whom also had a microvascular complication. More Type 1 diabetes smoked. Total and LDL-cholesterol
were lower and fasting glucose and HbA . levels were higher in Type 1 diabetes. When divided by complication status
those with complications had longer duration of diabetes, were heavier, had worse renal function, poorer glycaemic
control, were more insulin resistant (based on estimated glucose disposal rate) and were less likely to be smokers.
Results (not shown) did not change substantially if statistically adjusted for smoking or if smokers were excluded.
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Correlation between ocular and skin autofluorescence

Patients without diabetes

Anterior and posterior pole lens capsule autofluorescence were correlated (» = 0.93, P < 0.000001), and correlated with
corneal autofluorescence (r=0.53, r=0.48, both P =0.0001), and skin autofluorescence (r=0.58, r=0.60, both
P =0.00001). Corneal and skin autofluorescence were correlated (r = 0.34, P = 0.01).

Patients with Type 1 diabetes

Anterior and posterior pole lens capsule autofluorescence were correlated (» = 0.80, P < 0.000001), and correlated with
corneal autofluorescence (r=0.52, r=0.58, respectively, both P =0.00001) and skin autofluorescence (r=0.53,
r=0.56, respectively, both P =0.0001). Corneal and skin autofluorescence were correlated, (r=0.49, P =0.00001).
Similar levels and significance between the calculated Z-scores of the measurements were observed in control and
diabetic subjects (results not shown). In a Bland-Altman plot analysis the mean difference between anterior lens
capsule fluorescence and skin fluorescence Z-scores was 0.06 (95% CI —0.17-0.29) in controls and —0.001 (-0.22-0.22)
in Type 1 diabetes (both P > 0.05). The difference (95% CI) between corneal and skin fluorescence Z-scores in controls
and in patients with Type 1 diabetes was 0.09 (—0.20-0.38) and —0.02 (-0.24-0.20) respectively (both P > 0.05).

Patients without diabetes and Type 1 diabetes combined

Anterior and posterior pole lens capsule autofluorescence were correlated (r = 0.88, P < 0.000001), and correlated with
corneal autofluorescence (r = 0.56 and r = 0.60, respectively, both P < 0.000001), and skin autofluorescence (r = 0.66,
r=0.67, both P < 0.000001). Corneal and skin autofluorescence were correlated (r = 0.54, P < 0.000001).

Relationship between tissue autofluorescence and vascular health

As shown in Fig. 1a, skin autofluorescence correlated (inversely) with small artery elasticity in both control patients and
patients with Type 1 diabetes (both r =-0.52; P =0.001), with large artery elasticity in Type 1 diabetes patients only
(r=-0.42; P=0.001), and was positively correlated with systemic vascular resistance in both control patients and
patients with Type 1 diabetes (r=0.33, P =0.01 and r = 0.45, P =0.001, respectively). After adjusting for subjects’
age, duration of diabetes and glycaemic control (HbA,.) skin autofluorescence correlated (inversely) with small artery
elasticity in both control and Type 1 diabetes groups (both »=-0.32, P = 0.01), with large artery elasticity in patients
with Type 1 diabetes only (r = -0.26; P = 0.04), and was positively correlated with systemic vascular resistance in the
Type 1 diabetes group (r=0.29, P=0.02). As shown in Fig. 1b, anterior and posterior pole lens capsule
autofluorescence were also correlated with small artery elasticity, large artery elasticity and systemic vascular resistance
in both groups on univariate analysis, but not when adjusted for age, duration of diabetes and HbA,. Corneal
autofluorescence was correlated with small artery elasticity, large artery elasticity and systemic vascular resistance only
in the Type 1 diabetes patients. After adjustment for age, duration of diabetes and HbA . corneal autofluorescence was
(inversely) correlated with large artery elasticity in both the control group and in the Type 1 diabetes group (both r=—
0.27, P =0.04).

In combined control and Type 1 diabetes groups skin autofluorescence correlated with small artery elasticity (r = —
0.53, P <0.000001), large artery elasticity (r=-0.22, P=0.01) and systemic vascular resistance (r=0.37,
P =0.000007). Anterior and posterior pole lens capsule autofluorescence were also inversely correlated with small
artery elasticity (r = —0.47 and r = —0.46, respectively, both P < 0.000001), large artery elasticity (r =-0.17, P = 0.05;
and r=-0.19, P=0.03) and were positively correlated with systemic vascular resistance (r=0.36 and r=0.40,
respectively, both P <0.00002). Corneal autofluorescence correlated with small artery elasticity (r=-0.33,
P =0.00007), large artery elasticity (r =—-0.24, P = 0.04) and systemic vascular resistance (r = 0.23, P = 0.007). After
adjustment for age, duration of diabetes and HbA . skin autofluorescence correlated with small artery elasticity (r = —
0.29, P = 0.0009) and large artery elasticity (r = —0.25, P = 0.005). Corneal autofluorescence was (inversely) correlated
with small artery elasticity and large artery elasticity (both » = -0.20, P = 0.02).

Correlation between tissue autofluorescence, age, diabetes duration and concurrent HbA,

Patients without diabetes

Anterior and posterior pole lens capsule autofluorescence correlated with age (r=0.76 and r = 0.84 respectively, both
P =0.001) and with HbAlc (r = 0.54 and r = 0.55, both P = 0.001). Corneal fluorescence correlated with age (r = 0.30,
P =0.02) only and skin autofluorescence correlated with age (r = 0.73, P = 0.001) and HbA,. (r = 0.38, P = 0.004).
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Patients with Type 1 diabetes

Anterior and posterior pole lens capsule autofluorescence, respectively, correlated with age (r = 0.68 and r = 0.58, both
P =0.001) and duration of diabetes (r=0.77 and r = 0.69, both P = 0.001) but not with HbA,.. Corneal fluorescence
correlated with age (r=0.25, P=0.02) and duration of diabetes (r=0.43, P =0.001) and skin autofluorescence
correlated with age (r = 0.46, P = 0.001), duration of diabetes (r = 0.63, P = 0.001) and HbA,. (r =0.29, P = 0.02).

Relationships between tissue autofluorescence, vascular health and circulating AGEs in
diabetes

Plasma low molecular weight fluorophore levels were not increased in Type 1 diabetes (Table 1). In Type 1 diabetes
low molecular weight fluorophore levels correlated with skin and corneal fluorescence (r = 0.40, P = 0.02 and » = 0.38,
P =0.04, respectively) and with systemic vascular resistance (r = 0.56, P = 0.001).

Haemoglobin-AGE levels were similar in Type 1 diabetes and control groups. The Globin fraction haemoglobin-
AGE levels were significantly higher in the Type 1 diabetes group than in the control group (Table 1). In the Type 1
diabetes group haemoglobin-AGE levels correlated with anterior pole lens capsule autofluorescence (r=0.38,
P =0.02), lens transmission index (r = -0.56, P = 0.0002) and skin fluorescence (r = 0.48, P = 0.002). Globin fraction
haemoglobin-AGE levels in the Type 1 diabetes group correlated with the lens transmission index only (r =-0.38;
P=0.01).

Correlates of tissue AGEs with inflammation and with insulin sensitivity in diabetes.

In the Type 1 diabetes group there were significant univariate correlations between tissue autofluorescence and
inflammation, as reflected by serum C-reactive protein levels, corneal (but not lens) autofluorescence (r=0.43,
P =0.02) and skin autofluorescence (r =0.55, P = 0.002). These correlations remained significant after adjustment for
age, diabetes duration and HbA ..

In the Type 1 diabetes group estimated glucose disposal rate, a measure of insulin sensitivity, inversely correlated
with skin autofluorescence (r = -0.49, P = 0.001), corneal fluorescence (r=-0.37, P = 0.005), and anterior (r = —0.53,
P =0.001) and posterior pole lens autofluorescence (r = —-0.46, P = 0.0003) on univariate analyses.

Increased tissue autofluorescence in diabetes

Age-adjusted results are shown in Fig. 2. Lens (Fig. 2a), corneal (Fig. 2b) and skin autofluorescence (Fig. 2¢). Relative
to patients without diabetes the lens and corneal autofluorescence were significantly higher in both Type 1 diabetes
subgroups, and were significantly higher in Type 1 diabetes with vascular complications vs. patients with Type 1
diabetes without vascular complications. Skin fluorescence followed the same pattern.

Pulse-wave analysis

Small artery elasticity was significantly lower in all Type 1 diabetes patients (with or without vascular complications)
compared with control (7.43 £0.36 vs. 8.68 + 0.45 ml/mmHg x 100, P = 0.04) and was significantly lower in Type 1
diabetes with vascular complications (6.27 + 0.83 ml/mmHg x 100, P = 0.02) than in control. Small artery elasticity did
not differ significantly between the control group and the Type 1 diabetes without vascular complications group, or
between Type 1 diabetes with vascular complications group and the Type 1 diabetes without vascular complications
group. Large artery elasticity was similar in Type 1 diabetes and control patients (17.90+0.70 vs.
16.86 = 0.73 ml/mmHg x 10; P = NS) and in Type 1 diabetes with vascular complications vs. Type 1 diabetes without
vascular complications (16.97 + 1.35 vs. 18.11 + 0.84 ml/mmHg x 10, P = NS).

Discussion

We report for the first time the relationships between non-invasive measures of ocular and skin autofluorescence and
vascular health. While each of these devices has been previously used to study people with diabetes [10,17,18] none
have applied more than one technique, and most studies have been in patients with Type 2 diabetes. In general, without
adjustment for age, diabetes duration and glycaemia, autofluorescence in one site correlated well with that in other
tissues and with lower vascular elasticity, reflecting vascular stiffness. In diabetes, tissue autofluorescence also
correlated with levels of C-reactive protein and some circulating AGE levels, and inversely with estimated glucose
disposal rate, a measure of insulin sensitivity. After adjustment for age, diabetes duration and HbA,. skin
autofluorescence was more strongly associated with vascular health, assessed by pulse-wave analysis, than ocular
autofluorescence. Relative to control patients without diabetes all three tissue autofluorescence measures were increased
and small artery elasticity decreased in Type 1 diabetes. Lens, corneal and skin fluorescence were all significantly
higher in Type 1 diabetes with vascular complications vs. Type 1 diabetes without vascular complications, but small
artery elasticity did not differ significantly. We report major results for the control and Type 1 diabetes groups
separately as relationships between the measures may be changed by diabetes status or drugs. For example, angiotensin-
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converting enzyme inhibitors and ‘statins’, used more commonly in diabetes complications, can improve small artery
elasticity in weeks [19,20]. In general the relationships between the non-invasive measures in different groups were
similar.

Non-invasive measures of tissue autofluorescence and vascular stiffness may be suitable for clinical research and
clinical practice. Skin autofluorescence, measured using the same device as in this study, correlates with skin biopsy
collagen fluorescence and specific (fluorescent and non-fluorescent) AGE levels [10,17]. Meerwaldt et al. [10]
demonstrated that skin autofluorescence was higher in patients with Type 1 diabetes than in patients without diabetes
and correlated this with age, glycaemia and serum creatinine. Skin autofluorescence was an independent predictor of
Type 2 diabetes microvascular complications [14], mortality in dialysis patients (with and without diabetes) [17], and of
cardiovascular death in the general population [21]. Such non-invasive studies in Type 1 diabetes are lacking. Recently
Chabroux et al. [22] reported skin fluorescence measurements in Type 1 diabetes and found correlations with age,
diabetes, duration, glycaemia and diabetes complications. Our findings, while predominantly aimed at describing
relationships between the output of the various non-invasive devices, inform and extend previous and future studies as
they include other tissue sites, a non-invasive measure of vascular function and circulating AGE measures.

Relationships between tissue AGEs and vascular health, particularly using non-invasive measures in people with
diabetes are not fully elucidated. In a rat model of diabetes and islet cell transplantation lens autofluorescence, aorta and
tail AGEs correlated and were increased in diabetes [23]. In a cross-sectional study of non-diabetic end-stage renal
disease patients and healthy subjects skin autofluorescence, using the same device as in the present study, correlated
with brachial artery pulse wave velocity [24]. In another study Conway et al. [25] demonstrated correlation between
skin fluorescence and coronary artery calcification in patients with 40 years of Type 1 diabetes. The results of the
present study, in a group of younger Type 1 diabetes patients with normal or only mildly impaired renal function, are in
accord with that study. We have used a functional measure of vascular status rather than vascular calcification, which
occurs late in vascular damage. In addition, we demonstrate correlations between vascular status (by pulse-wave
analysis) and ocular autofluorescence, correlations between lens and corneal autofluorescence, and between ocular and
skin autofluorescence.

In the present study we identified significant correlations between circulating low molecular weight fluorophores and
haemoglobin-AGE levels and tissue fluorescence and vascular health in diabetes; in agreement with this, Tan et al. [26]
reported a correlation between flow-mediated dilatation and serum AGEs in Type 2 diabetes. In contrast, in another
high vascular risk group of systemic lupus erythematosus patients, skin autofluorescence was elevated relative to
healthy subjects, but was not correlated with plasma levels of AGEs or its soluble receptor (SRAGE) [27]. The
difference in half-lives of tissue AGEs (likely years) and circulating AGEs (likely days to months), different
methodologies and study subjects likely contribute to these contrasting observations.

Our results for Type 1 diabetes patients, which include both lens and corneal autofluorescence, demonstrate
correlations with age, diabetes duration, HbA;. (for corneal autofluorescence) and with vascular dysfunction, and
demonstrate increased ocular autofluorescence in Type 1 diabetes per se, with higher levels in diabetic patients with
complications versus those without complications. Others have also demonstrated increased ocular autofluorescence in
Type 1 diabetes [28], and correlations with diabetes duration and glycaemia. In a human twin study lens
autofluorescence related to age, smoking, glycaemia and genetic factors [29] and over 13-months lens autofluorescence
increased in over 60% of people [30]. Lens autofluorescence correlates well with biochemically quantified lens AGEs
in patients [13,30]. The ability to utilize corneal autofluorescence as a measure of tissue AGEs is particularly relevant in
the assessment of patients who have had cataract removal and lens implants. Once adjusted for age, diabetes duration
and HbA,. the correlations between ocular autofluorescence and pulse-wave analysis were less strong than for skin
autofluorescence, which may reflect different influences of these parameters on the tissues measured.

While in clinical practice ocular and renal status should be assessed by ophthalmoscopy, blood and urine renal
markers it is interesting to note the increased ocular and skin autofluorescence measures in association with concurrent
complication status. We suggest that prospective studies of tissue autofluorescence and pulse-wave analysis for the
vascular complications of diabetes are merited. These non-invasive devices may prove useful in clinical research and
practice to identify high (or low) complication risk-patients, as a surrogate end point in clinical trials and for monitoring
AGE-related therapies. Our study results and relative instrument costs may facilitate instrument choice and study
comparisons.

Competing interests

Nothing to declare

© 2011 The Authors. Diabetic Medicine © 2011 Diabetes UK



References

1 Kass DA, Shapiro EP, Kawaguchi M, Capriotti AR, Scuteri A, deGroof RC et al. Improved arterial compliance by a novel AGE
breaker. Circulation 2001; 104: 1464—-1470.

2 Nicholl ID, Stitt AW, Moore JE, Ritchie AJ, Archer DB, Bucala R. Increased levels of advanced glycation endproducts in the
lenses and blood vessels of cigarette smokers. Mol Med 1998; 4: 594—-601.

3 Lutgers HL, Graaff R, Links TP, Ubink-Veltmaat LJ, Bilo HJ, Gans RO et al. Skin autofluorescence as a noninvasive marker of
vascular damage in patients with type 2 diabetes. Diabetes Care 2006; 29: 2654-2659.

4 Dyer DG, Dunn JA, Thorpe SR, Bailie KE, Lyons TJ, McCance DR et al. Accumulation of Maillard reaction products in skin
collagen in diabetes and aging. J Clin Invest 1993; 91: 2463-2469.

5 Monnier VM, Bautista O, Kenny D, Sell DR, Fogarty J, Dahms W et al. Skin collagen glycation, glycoxidation, and crosslinking
are lower in subjects with long-term intensive versus conventional therapy of type 1 diabetes: relevance of glycated collagen
products versus HbA,. as markers of diabetic complications. DCCT Skin Collagen Ancillary Study Group. Diabetes Control and
Complications Trial. Diabetes 1999; 48: 870-880.

6 Yu Y, Thorpe SR, Jenkins AJ, Shaw JN, Sochaski MA, McGee D et al. Advanced glycation end-products and methionine
sulphoxide in skin collagen of patients with type 1 diabetes. Diabetologia 2006; 49: 2488-2498.

7 Genuth S, Sun W, Cleary P, Sell DR, Dahms W, Malone J et al. Glycation and carboxymethyllysine levels in skin collagen
predict the risk of future 10-year progression of diabetic retinopathy and nephropathy in the diabetes control and complications
trial and epidemiology of diabetes interventions and complications participants with type 1 diabetes. Diabetes 2005; 54: 3103—
3111.

8 Asif M, Egan J, Vasan S, Jyothirmayi GN, Masurekar MR, Lopez S er al. An advanced glycation endproduct cross-link breaker
can reverse age-related increases in myocardial stiffness. Proc Natl Acad Sci USA 2000; 97: 2809-2813.

9 Januszewski AS, Thomas MC, Chung SJ, Karschimkus CS, Rowley KG, Nelson C et al. Plasma low-molecular weight
fluorescence in type 1 diabetes mellitus. Ann N Y Acad Sci 2005; 1043: 655-661.

10 Meerwaldt R, Graaff R, Oomen PH, Links TP, Jager JJ, Alderson NL et al. Simple non-invasive assessment of advanced
glycation endproduct accumulation. Diabetologia 2004; 47: 1324-1330,

11 Wilson AM, O’Neal D, Nelson CL, Prior DL, Best JD, Jenkins AJ, Comparison of arterial assessments in low and high vascular
disease risk groups. Am J Hypertens 2004; 17: 285-291.

12 Van Doornum S, McColl G, Jenkins A, Green DJ, Wicks IP. Screening for atherosclerosis in patients with rheumatoid arthritis:
comparison of two in vivo tests of vascular function. Arthritis Rheum 2003; 48: 72-80.

13 Dogra G, Rich L, Stanton K, Watts GF. Endothelium-dependent and independent vasodilation studies at normoglycaemia in type
I diabetes mellitus with and without microalbuminuria. Diabetologia 2001, 44: 593-601.

14 Gerrits EG, Lutgers HL, Kleefstra N, Graaff R, Groenier KH, Smit AJ et al. Skin autofluorescence: a tool to identify type 2
diabetic patients at risk for developing microvascular complications. Diabetes Care 2008; 31: 517-521.

15 Williams KV, Erbey JR, Becker D, Arslanian S, Orchard TJ. Can Clinical Factors Estimate Insulin Resistance in Type 1
Diabetes? Diabetes 2000; 49: 626—-632.

16 Gopalkrishnapillai B, Nadanathangam V, Karmakar N, Anand S, Misra A. Evaluation of autofluorescent property of hemoglobin-
advanced glycation end product as a long-term glycemic index of diabetes. Diabetes 2003; 52: 1041-1046.

17 Meerwaldt R, Hartog JW, Graaff R, Huisman RJ, Links TP, den Hollander NC et al. Skin autofluorescence, a measure of
cumulative metabolic stress and advanced glycation end products, predicts mortality in hemodialysis patients. J Am Soc Nephrol
2005; 16: 3687-3693.

18 Abiko T, Abiko A, Ishiko S, Takeda M, Horiuchi S, Yoshida A. Relationship between autofluorescence and advanced glycation
end products in diabetic lenses. Exp Eye Res 1999; 68: 361-366.

19 Takeuchi K, Ideishi M, Tashiro T, Morishige N, Yamada T, Saku K er al. Higher small arterial elasticity in hypertensive patients
treated with angiotensin II receptor blockers. Hypertens Res 2005; 28: 639-644.

20 Ott C, Schlaich MP, Schmidt BM, Titze SI, Schiufele T, Schmieder RE. Rosuvastatin improves basal nitric oxide activity of the
renal vasculature in patients with hypercholesterolemia. Atherosclerosis 2008; 196: 704-711.

21 Mulder DJ, van Haelst PL, Gross S, de Leeuw K, Bijzet J, Graaff R et al. Skin autofluorescence is elevated in patients with stable
coronary artery disease and is associated with serum levels of neopterin and the soluble receptor for advanced glycation end
products. Atherosclerosis 2008; 197: 217-223.

22 Chabroux S, Canoui-Poitrine F, Reffet S, Mills-Joncour G, Morelon E, Colin C et al. Advanced glycation end products assessed
by skin autofluorescence in type 1 diabetics are associated with nephropathy, but not retinopathy. Diabetes Metab 2010; 36: 152—
157.

23 Sensi M, Morano S, Sagratella E, Castaldo P, Morelli S, Vetri M et al. Advanced glycation end product levels in eye lenses, aorta,
and tail tendon in transplanted diabetic inbred Lewis rats. Transplantation 2001; 72: 1370-1375.

24 Ueno H, Koyama H, Tanaka S, Fukumoto S, Shinohara K, Shoji T et al. Skin autofluorescence, a marker for advanced glycation
end product accumulation, is associated with arterial stiffness in patients with end-stage renal disease. Metabolism 2008; 57:
1452-1457.

25 Conway B, Edmundowicz D, Matter N, Maynard J, Orchard T. Skin fluorescence correlates strongly with coronary artery
calcification severity in type 1 diabetes. Diabetes Technol Ther 2010; 12: 339-345.

26 Tan KC, Chow WS, Ai VH, Metz C, Bucala R, Lam KS. Advanced glycation end products and endothelial dysfunction in type 2
diabetes, Diabetes Care 2002; 25: 1055-1059.

27 Nienhuis HL, de Leeuw K, Bijzet J, Smit A, Schalkwijk CG, Graaff R et al. Skin autofluorescence is increased in systemic lupus
erythematosus but is not reflected by elevated plasma levels of advanced glycation endproducts. Rheumatology (Oxford) 2008;
47: 1554-1558.

28 Ishiko S, Yoshida A, Mori F, Abiko T, Kitaya N, Konno S et al. Corneal and lens autofluorescence in young insulin-dependent
diabetic patients. Ophthalmologica 1998; 212: 301-305.

29 Kessel L, Hougaard JL, Sander B, Kyvik KO, Sgrensen TI, Larsen M. Lens ageing as an indicator of tissue damage associated
with smoking and non-enzymatic glycation — a twin study. Diabetologia 2002; 45: 1457-1462.

© 2011 The Authors. Diabetic Medicine © 2011 Diabetes UK



30 Hashimoto H, Arai K, Yoshida S, Chikuda M, Obara Y. Pentosidine and autofluorescence in lenses of diabetic patients. Jpn J
Ophthalmol.1997; 41: 274-277.

FIGURE 1 Tissue autofluorescence correlates with vascular health. (a) Correlations between skin fluorescence and measures of
vascular health (SAE, small artery elasticity; LAE, large artery elasticity ; SVR, systemic vascular resistance) determined by pulse
wave analysis in patients without diabetes subjects (control), Type 1 diabetes without vascular complications (T1IDM CX[-]) and
Type 1 diabetes with vascular complications (T1DM CX[+]). Solid line, all Type 1 diabetes; dashed line, control. There was no
statistically significant difference in the regression line slopes of the Type 1 diabetes and control groups. (b) Similar correlations
were noted for other tissue autofluorescence measures (lens capsule anterior and posterior poles and cornea) in control and Type 1
diabetes.

FIGURE 2 Comparison of tissue autofluorescence (FL). (a) Lens capsule anterior pole autofluorescence. (b) corneal
autofluorescence; (c) Skin autofluorescence in patients without diabetes (control), Type 1 diabetes with vascular complications
(T1DM CX][+]) and Type 1 diabetes without vascular complications (T1DM CX[-]). Measurements, done in triplicate, are shown as
mean and standard error of value of age adjusted bilateral measures. Lens and corneal autofluorescence are expressed in nanograms

of fluorescein equivalents and skin autofluorescence in arbitrary units.

Table 1 ?
Controls Diabetes without vascular Diabetes with vascular P for
complications complications trend
N (F/M) 60 (34/26) 50 (25/25) 19 (6/13) -
Age (years) 36+13 34+13 43+15 -
Duration of diabetes (years) 16 + 13# 31x11 —
BMI (kg/m?) 26.1 £4.8 25.7 +3.5# 30.3 £ 6.0t 0.0005
MAP (mmHg) 88 + 14 88 + 9# 99 + 15% 0.001
Glucose (mM) 4.8+0.5 10.2 +4.6F 11.5+4.9% 0.0001
HbA,. (%) 5103 75 %117 8.0+ 1.17 0.0001
HbA . (mmol/mol) 32+3 58+12% 64+127 0.0001
Total cholesterol (mM) 5.1+0.9 4.6 £ 1.37 4.4 +0.8% 0.004
Triglycerides (mM) 1.1 (0.8, 1.3) 0.9 (0.7, 1.1) 0.9 (0.7, 1.1) —
HDL-cholesterol (mMm) 14+04 14+03 1.3+04 —
LDL-cholesterol (mMm) 3.1+0.8 2.7 +1.1 2.6 +0.6 0.04
c-glomerular filtration rate (GFR) (ml/min) 112 (93, 130) 111 (94, 129) 116 (89, 127) —
Estimated glucose disposal rate (mg/kg.min) 10.6 £ 1.7 8.8 + 1.9#7 6.0 +1.97 0.0001
Serum creatinine (mM) 0.08 (0.07, 0.08 (0.08, 0.09) 0.09 (0.09, 0.16) -
0.11)
Urine albumin/creatinine (mg/mmol) 0.4 (0.3,0.7) 0.4 (0.3, 0.7)# 2.3 (0.6, 8.5)F 0.01
WCC (10°71) 6.1+14 59+1.8 59+22 -
Erythrocyte sedimentation rate (mm/h) 5 (5, 10) 5 (5, # 13 (7, 15)} 0.002
Hs-C-reactive protein (mg/l) 0.97 (0.32, 1.16 (0.54, 2.02) 2.00 (0.86, 6.04)F 0.04
1.87)
Low molecular weight fluorophores (AU)* 3.3(2.9,3.8) 3.7(3.2,4.7) 4.1 (3.3,4.4)1 0.02
Red blood cell lysate Hb-advanced glycation 0.14 £ 0.05 0.13 +£0.03# 0.19 £ 0.097 0.008
end-products (AU)*
Globin haemoglobin-advanced glycation end- 221+0.12 227 +0.19# 239 +0.20F 0.003
products (AU)*
Smokers (%) 14 18 0 —
Lipid lowering drugs (%) 3 15#7 52¢
Blood pressure drugs (%) 6 17# 811

Data shown are mean + SD or median (Q1, Q4). #P < 0.05 vs. DM CX[+], TP < 0.05 vs. controls.
*Low molecular weight fluorophores and haemoglobin-advanced glycation end-products (AGEs) were analysed in a representative
subset of subjects (n =41 controls and n = 40 Type 1 diabetes subjects; n = 26 diabetes without vascular complications and n = 14

diabetes with vascular complications).
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