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Abstract

Background: Skin autofluorescence (AF) measured with an AF reader device is a noninvasive tool to measure the
tissue accumulation of advanced glycation end products (AGEs). The aim of the study was to assess the
association between AF and microvascular complications in type 1 diabetes mellitus (DM1).

Methods: The study population consisted of 140 DM1 patients, 28 years old (interquartile range [IQR], 23-35), 76
of whom were women, with disease duration of 13 years (IQR, 8-19). We used the AGE Reader (DiagnOptics,
Groningen, The Netherlands) to measure the AF phenomenon, which occurs because of fluorescent properties of
AGEs. The patients were divided according to the presence or absence of diabetes-associated microvascular
complications: retinopathy, nephropathy, and neuropathy and any microangiopathy.

Results: The median AF was 2.0 (IQR, 1.7-2.4). In the univariate logistic regression AF was significantly asso-
ciated with retinopathy (odds ratio [OR] 2.47, 95% confidence interval [CI] 1.26—4.84, P =0.008), nephropathy
(OR 3.15, 95% C1 1.34-7.39, P = 0.008), neuropathy (OR 3.17, 95% CI 1.46-6.90, P =0.003), and any microvascular
complication (OR 2.94, 95% CI 1.46-5.92, P =0.002). Multivariate logistic regression showed that skin AF was
independently associated only with diabetic neuropathy (OR 2.98, 95% CI 0.99-8.90, P =0.05).

Conclusions: The tissue accumulation of AGE is significantly associated with microvascular complications in

DML.

Introduction

DESPITE ADVANCES IN THE TREATMENT of diabetes, chronic
complications remain a significant clinical problem. It
has been shown that good glycemic control is essential in
prevention of vascular complications. The Diabetes Control
and Complications Trial' and its follow-up Epidemiology of
Diabetes Interventions and Complications” studies demon-
strated that the improvement of glycemic control reduced the
risk of development and progression of microangiopathy as
well as macroangiopathy. Glycated hemoglobin (HbA1C)
still remains the standard procedure of evaluating long-term
metabolic control of diabetes. However, it illustrates only the
average glucose levels over the past 3 months, without
showing the fluctuations of glycemia. Sustained hyperglyce-
mia leads to the glycation of many proteins and formation of
advanced glycation end products (AGEs). Increasing evi-
dence points to a major role of AGEs in the functional and
morphologic changes that characterize complications of dia-

betes.>* AGE measurements are significantly higher in type 1
diabetes mellitus (DM1), as well as in type 2 diabetes mellitus,
patients than in the healthy population.”® AGEs can be as-
sessed with the use of several methods. Plasma levels of
AGEs can be measured from blood samples. However, the
analysis of AGEs in blood proteins or plasma does not nec-
essarily reflect their tissue concentration.” Tissue accumula-
tion can be calculated with biochemical and immunochemical
assays, but the use of these methods is limited.® Some AGEs
have fluorescent properties, which enables measurement of
their level in tissue biopsy specimens. Recently, a new,
noninvasive method based on the autofluorescence (AF)
phenomenon has been developed.” However, further inves-
tigations are needed to evaluate the correlation of AF with
metabolic control of diabetes and the development of chronic
complications.

The aim of this study was to assess the association between
AF measured noninvasively with an AF reader device and
microvascular complications in DM1.
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Patients and Methods
Study population

Our study involved 140 DM1 patients hospitalized in the
Department of Internal Medicine and Diabetology in Poznan,
Poland, with a minimum disease duration of 5 years and a
median age of 28 years (interquartile range [IQR], 23-35), of
whom 76 were women. The patients were admitted to the
hospital for education, adjustment of appropriate insulin
dose, and late diabetes complications assessment. A complete
medical history with detailed information on diabetes was
taken. Patients underwent physical examination, including
evaluation of body weight, height, and blood pressure. The
entire study population consisted of Caucasians. All the
subjects were informed about the aim of the study and gave
their consent. The study was approved by the Ethical Com-
mittee of Poznan University of Medical Sciences. The clinical
characteristics of the study population is presented in Table 1.

Skin AF

Skin AF was measured by an AF reader device (AGE
Reader, type 214D00102, DiagnOptics, Groningen, The
Netherlands). The AF reader device is a noninvasive device to
assess the accumulation of AGEs with fluorescent properties
in tissues. The tool has an excitation light source and optic
spectrometer. First, it lights up the skin with ultraviolet light
of 300-420nm spectrum. Subsequently the light emitted by
the skin is assessed with a spectrometer in a specific range
(between 300 and 600 nm). This measurement is divided by
the range of light emitted by the light source, thus giving the
AF score.”

For each patient AF was measured three times in series, and
the score was the arithmetical mean from those assessments.
All the evaluations were performed in room temperature. AF
was measured on the ventral side of the forearm, about 5cm
distally to antecubital space. The skin in all subjects examined
was free of tattoos or skin lesions.

Laboratory analyses

Blood samples were collected in a fasting state, defined as
no caloric intake for at least 8h. Serum concentrations of
high-density lipoprotein cholesterol, low-density lipoprotein
cholesterol, triglycerides, and creatinine were measured using
standard methods. The estimated glomerular filtration rate was
calculated using the Modification of Diet in Renal Disease study
equation. HbA1C was measured using high-performance liquid
chromatography. The serum concentration of C-reactive protein
was measured by a high-sensitivity method with a lower limit
of detection of 0.03mg/L.

Assessment of microvascular complications

We divided the patients according to the presence or ab-
sence of diabetes-associated microvascular complications:
retinopathy, nephropathy and neuropathy and any micro-
angiopathy, defined as the presence or absence of at least one
of the above complications.

Diabetic retinopathy was diagnosed using direct ophthal-
moscopy through dilated pupils followed in all the patients
by fundus photography. Fundus examinations were per-
formed using an indirect Volk lens. Subsequently, using a 45°
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TABLE 1. CLINICAL CHARACTERISTICS OF THE STUDY GROUP

Characteristic Value

n 140
Age (years) 28 (IQR, 23-35)

Sex (women/men) 76/64
Duration of diabetes (years) 13 (IQR, 8-19)
Smoking (%) 229
Insulin dose (units/kg/day) 0.65+0.19
History of hypertension (% positive) 22.1
ACE-I treatment (%) 30.0

BMI (kg/m?) 23.7 (IQR, 21.38-26.19)

SBP (mm Hg) 120 (IQR, 110-120)
DBP (mm Hg) 70 (IQR, 70-80)

HbA1C (%) 8.6 (IQR, 7.3-9.5)
CRP (mg/L) 0.9 (IQR, 0.3-2.3)

TG (mmol/L)

LDL (mmol/L)

HDL (mmol/L)
Creatinine (umol/L)
GFR (MDRD) (mL/min)
Skin autofluorescence

1.08 (IQR, 0.77-1.40)
2.71+£0.76
1.63+0.41

742 (IQR, 63.6-83.1)

100.8 (IQR, 89.7-115.6)
2.0 (IQR, 1.7-2.4)

Retinopathy incidence (%) 38.6
Neuropathy incidence (%) 21.4
Nephropathy incidence (%) 12.9
Any microangiopathy (%) 45.7

Data are median (interquartile range [IQR]), mean=+SD, or
percentage of patients.

ACE-] angiotensin converting enzyme inhibitors; BMI, body mass
index; CRP, C-reactive protein; DBP, diastolic blood pressure; GFR,
glomerular filtration rate estimated using the Modification of Diet in
Renal Disease (MDRD) study equation; HbA1C, glycated hemoglo-
bin; HDL, high-density lipoproteins; LDL, low-density lipoprotein;
SBP, systolic blood pressure; TG, triglycerides.

digital camera (VISUCAM, Zeiss, Oberkochen, Germany),
two fundus photographs were taken of each eye: one centered
on the fovea and one centered on the optic disc. Evaluation of
the results of both ophthalmoscopy and fundus photographs
was performed for the entire group by the same ophthal-
mologist with experience in diabetic retinopathy. Diabetic
retinopathy was graded according to the classification of the
American Academy of Ophthalmology as no retinopathy or
mild nonproliferative, moderate nonproliferative, severe
nonproliferative, and proliferative retinopathy.10

Diabetic nephropathy was detected at the stage of albu-
minuria. Assessment of albuminuria was performed by
measurement of urinary albumin excretion over a 12-h pe-
riod. Albuminuria was defined as a urinary albumin excre-
tion rate between 30 and 300mg/24h in two of three
samples collected over a 3-month period after exclusion of
secondary causes of microproteinuria (urinary tract infec-
tion, heart failure, acute febrile illness, hematuria, or exces-
sive physical activity). Diabetic nephropathy was defined as
the presence of albuminuria in connection with diabetes of
over 10 years in duration or with diagnosed diabetic reti-
nopathy.'!

Neuropathy assessment was performed using pressure
sensation (10-g monofilament perception), vibration percep-
tion (128-Hz tuning fork), and ankle reflex tests. Diabetic
neuropathy was diagnosed in patients with two or more of the
following four components: the presence of symptoms of
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TABLE 3. VARIABLES RELATED TO THE PRESENCE OF MICROVASCULAR COMPLICATIONS IN MULTIVARIATE
LocisTic REGRESSION ADJUSTED FOR AGE WITH DIFFERENT INDEPENDENT VARIABLES

Retinopathy Nephropathy Neuropathy Any microangiopathy
Variable P OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI)
Male sex 0.97 1.01 (0.35-2.88) 0.80 1.23 (0.23-6.49) 0.02 4.32 (1.15-16.18) 0.78 0.86 (0.30-2.42)
Duration of <0.00001 1.26 (1.15-1.39) 0.001 1.16 (1.05-1.27) 0.02 1.08 (1.01-1.16)  <0.00001 1.27 (1.15-1.40)
diabetes
Smoking 0.59 1.36 (0.42—4.33) 0.005 9.65 (2.00-46.36) 0.30 0.50 (0.13-1.87) 0.94 1.04 (0.32-3.32)
History of 0.61 1.34 (0.41-4.37) 0.02 6.87 (1.24-37.88) 0.75 1.21 (0.35-4.16) 0.30 1.88 (0.55-6.37)
hypertension
BMI 0.70 1.02 (0.89-1.17) 0.017 0.76 (0.61-0.95) 0.23  1.09 (0.93-1.28) 0.43 1.05 (0.92-1.21)
HbA1C 0.20 1.23 (0.89-1.71) 0.35 1.26 (0.77-2.06) 0.74 1.06 (0.72-1.57) 0.23 1.21 (0.87-1.67)
LDL 0.58 1.00 (0.98-1.02) 0.62 0.99 (0.97-1.01) 0.38 0.99 (0.97-1.01) 0.33 1.00 (0.99-1.02)
HDL 0.60 0.99 (0.96-1.02) 0.82 1.00 (0.95-1.05) 0.08 1.03 (0.99-1.07) 0.38 1.01 (0.98-1.04)
AF 0.90 1.05 (0.39-2.08) 0.69 0.76 (0.19-2.97) 0.045 2.98 (0.99-8.90) 0.78 1.14 (0.43-3.01)

AF, skin autofluorescence; BMI, body mass index; CI, confidence interval; HbA1C, glycated hemglobin; HDL, high-density lipoprotein;

LDL, low-density lipoprotein; OR, odds ratio.
Significant values (P < 0.05) are shown in bold type.

neuropathy, the absence of ankle tendon reflexes, and/or
abnormal scores for pressure and/or vibration perception.

Statistical analysis

Statistical analysis was performed using Statistica PL ver-
sion 8.0 (StatSoft Inc., Tulsa, OK). The results of continuous
variables are shown as mean & SD values for normally dis-
tributed data, as median values and IQR when the data were
skewed, or as number and percentage of patients for cate-
gorical data. The Kolmogorov-Smirnov test with a Lilliefors
correction was used to test for normality. In analyses a value
of P < 0.05 was considered statistically significant. In the sta-
tistical analysis univariate logistic regression was used for
determination of factors connected with diabetic micro-
angiopathy, and multivariate logistic regression was used to
determine independent relationship of variables with the
presence of diabetic microangiopathy. Multivariate linear-
regression analyses included sex, body mass index, diabetes
duration, HbA1C, smoking, hypertension, skin AF, low-
density lipoprotein cholesterol level, and high-density lipo-
protein cholesterol level.

Results

In the study group with a median duration of diabetes of 13
years, we found 45.7% with any microvascular complication,
38.6% with retinopathy, 12.9% with nephropathy, and 21.4%
with neuropathy. The median skin AF measured by the AGE
Reader was 2.0 (IQR, 1.7-2.4). Patients with microangiopathy
had higher median skin AF compared with subjects without
microangiopathy (2.3 [IQR, 1.9-2.7] vs. 1.9 [IQR, 1.6-2.2];
P=0.0003). In the subgroup with neuropathy we found
higher skin AF than in subjects without any microangiopathy
(24 [IQR, 1.9-2.8] vs. 1.9 [IQR, 1.6-2.2]; P=0.0002). In the
univariate logistic regression we have shown that in DM1 AF
was significantly associated with retinopathy (odds ratio [OR]
2.47, 95% confidence interval [CI] 1.26-4.84, P =0.008), ne-
phropathy (OR 3.15, 95% CI 1.34-7.39, P=0.008), or neu-
ropathy (OR 3.17, 95% CI 1.46-6.90, P =0.003) and with any
microvascular complication (OR 2.94, 95% CI 1.46-5.92,

P=0.002) (Table 2). It is interesting that the presence of any
late complications was not associated with metabolic control
of diabetes. Multivariate logistic regression showed that skin
AF was independently associated only with diabetic neu-
ropathy (OR 2.98, 95% CI 0.99-8.90, P =0.045). Neuropathy
was also associated with male sex (OR 4.32, 95% CI 1.15-
16.18, P=0.02) and duration of diabetes (OR 1.08, 95% CI
1.01-1.16, P=0.02). Duration of diabetes was the only sig-
nificant independent variable related to the presence of reti-
nopathy and any microangiopathy. In multivariate logistic
regression the presence of nephropathy was associated with
disease duration, smoking, history of hypertension, and body
mass index (Table 3).

Discussion

We have shown that skin AF measured by the AGE Reader
was significantly associated with retinopathy, nephropathy,
and neuropathy and with any microangiopathy in type 1 di-
abetes. In multivariate logistic regression analysis AF was
independently associated only with diabetic neuropathy. The
role of nonenzymatic glycation of proteins and formation of
AGEs in the pathogenesis of late complications of diabetes has
been well described.* The AGE Reader used in our study to
assess AGE accumulation in the skin is a simple, noninvasive
device, constructed within the last few years. Meerwaldt et al’
proved that skin AF measured with an AF reader device
strongly correlated with tissue accumulation of AGEs in
healthy people and in diabetes. The major benefit of assessing
AF could be the possibility of identifying the risk of the de-
velopment of late complications of diabetes. According to
Lutgers et al.,° AF correlates positively with the severity of
type 2 diabetes complications. Meerwaldt et al.'® reported
association of AF with clinical manifestation of diabetic neu-
ropathy. Recently, the relationship between coronary heart
disease and AGE accumulation was described.'®> However,
these studies were conducted mostly on type 2 diabetes pa-
tients, and the information about the relationship between
skin AF assessed noninvasively and microangiopathy in DM1
patients is very limited.'* We have shown the strong rela-
tionship between AF result and all microvascular complica-
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tions in young DM1 subjects. Our results might confirm the
usefulness of assessing AGE accumulation in DM1 to evaluate
the patients’ risk of vascular complications. However, future
prospective studies are needed to examine the usefulness of
AF determination as a risk factor of diabetic microangiopathy.

The correlation of AGE accumulation with long-term
metabolic control of diabetes has been described previously."
However, Genuth et al.'> showed on Diabetes Control and
Complications Trial patients the predictive association of skin
collagen glycation with progression of neuropathy and reti-
nopathy independently from frequently measured HbA1C.
The authors suggested that this association is not just a re-
flection of chronically elevated plasma glucose levels. There is
a growing body of evidence that receptor for AGE interaction-
mediated oxidative stress generation plays an important role
in the pathogenesis of diabetic retinopathy.'® Through the
interaction with the receptor for AGE, AGE activates sec-
ondary messenger pathways such as protein kinase C and
nuclear factor kB, increasing transcription of pro-inflamma-
tory cytokines.'” As skin AF reflects the cumulative effect of
chronic hyperglycemia and oxidative stress, it might be more
informative for the risk of complications than HbA1C. We
have shown that the presence of microangiopathy was not
associated with the parameters of metabolic control, whereas
it was strongly correlated with skin AF. Similarly, Meerwaldt
et al.'> showed that AF was associated with neuropathy in-
dependently of age, hyperglycemia, and albuminuria. How-
ever, we had just one-point HbA1C values, and this fact may
cause the lack of association between microangiopathy and
metabolic control of diabetes revealed in our study.

We have to be aware of some limitations of this method in
the assessment of AGE accumulation.”'*!3 First, not all AGEs
have fluorescent properties, and other tissue components that
fluorescence in the same range of wavelength might be con-
founders. However, the method has been validated against
specific AGE levels in skin biopsy specimens in healthy sub-
jects, as well as in patients with diabetes and in subjects with
end-stage renal disease.”'® Second, skin AF is strongly asso-
ciated with age.>®'” In our research, the patients’ age range
was relatively narrow. Moreover, we have chosen regression
analyses that eliminate the effect of age on the results. Finally,
the study was designed to be cross-sectional; therefore the
interpretation of the results should be done with caution. The
probable prognostic usefulness of this simple noninvasive
method of the assessing the risk of microangiopathy should
be proved in prospective observations.

Conclusion

The tissue accumulation of AGE is significantly associated
with microvascular complications in DM1.
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