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ABSTRACT

Introduction: Type 1 diabetes is associated with
an increased risk of vascular complications. We
aimed to investigate the association between
serum and tissue advanced glycation end-prod-
ucts (AGEs) and micro- and macrovascular
complications in type 1 diabetes (T1D).

Methods: We conducted a cross-sectional study
on 196 adults with T1D (mean age 44.53 £ 16,
mean duration of diabetes 22 + 12 years, mean
HbAlc 8 £ 1.2%). AGEs were measured in
blood serum (i.e., carboxymethyllysine (CML),
methylglyoxal-hydroimidazolone-1 ~ (MGH1),
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and pentosidine) and by measurement of skin
autofluorescence (SAF). Associations between
AGEs levels and vascular complications were
analyzed using binary logistic regression. Cor-
relations between AGEs and pulse wave velocity
(PWV) were also assessed by linear regressions.
Significant differences were set for p values less
than 0.0S.

Results: We found positive associations
between different AGEs and vascular complica-
tions. SAF was associated with both microan-
giopathy (retinopathy: OR =1.92, p=0.011;
neuropathy: OR = 2.02, p = 0.04; any microan-
giopathy: OR =283, p<0.0001) and
macroangiopathy (coronaropathy: OR = 3.11,
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p =0.009; any macroangiopathy: OR = 2.78,
p =0.003). For circulating AGEs, pentosidine
was significantly associated with coronaropathy
(OR =1.61, p = 0.01) and any macroangiopathy
(OR =1.52, p = 0.005) while MGH1 was associ-
ated with nephropathy (OR 1.72, p=0.03).
Furthermore, a significant linear correlation was
found between PWV and SAF (r=0.43,
p <0.001), pentosidine (r=0.28, p < 0.001),
and MGH1 (r=0.16, p =0.031), but not for
CML (r=0.03, p = 0.598).

Conclusions: Skin autofluorescence appears to
be a useful marker for investigating both micro-
and macrovascular complications in T1D. In
this study, pentosidine was associated with
macroangiopathy and MGH1 with nephropa-
thy among the circulating AGEs. Furthermore,
the correlations between PWV and AGEs may
suggest their value in early prediction of vas-
cular complications in T1D.

Keywords: Type 1 diabetes; Skin
autofluorescence; Advanced glycation end-
products; Pentosidine; Carboxymethyllysine;
Methylglyoxal; Vascular complications;
Microangiopathy; Macroangiopathy

Key Summary Points

Type 1 diabetes (T1D) is marked by
debilitating degenerative complications
on the long run due to chronic
hyperglycemia.

Advanced glycation end-products seem to
play a key role as potential biomarkers of
vascular complications in diabetes.

We explored in a cross-sectional study the
association between the circulating (i.e.,
carboxymethyllysine (CML), pentosidine,
methylglyoxal-hydroimidazolone-1
(MGH1)) and tissue (i.e., skin
autofluorescence (SAF)) advanced
glycation end-products (AGEs) and the
micro and macro vascular complications
in 196 patients with T1D.

SAF and circulating AGEs display
significant associations with micro and
macrovascular complications in T1D.

SAF and circulating AGEs have potential
therapeutic implications in T1D by
identifying sub-populations of T1D
requiring more aggressive treatment and
monitoring to prevent vascular events.

INTRODUCTION

The incidence of type 1 diabetes (T1D) is rising
with an earlier age of diagnosis, leading to an
increased risk of vascular complications and
mortality among young adults [1-5]. Since the
earliness and severity of diabetes complications
are directly related to the quality of diabetes
control as demonstrated by the DCCT-EDIC
studies, T1D appears as a model of chronic
hyperglycemia consequences on the vascular
system [6, 7]. Indeed, both the DCCT and EDIC
studies showed that an improvement in hemo-
globin A1, (HbA1,) control is associated with a
decrease in the incidence of micro and
macrovascular complications [6, 7].

The pathophysiology of diabetes complica-
tions involves several biological changes occur-
ring within the vascular wall. Among those
mechanisms, the accumulation of advanced
glycation end-products (AGEs) due to non-en-
zymatic glycation seems to play a key role by
promoting inflammation and endothelial dys-
function [8-10]. Indeed, AGEs are involved in
the aging of proteins and can be measured in
excess in several diseases including cardiovas-
cular disease, chronic kidney disease, and dia-
betes [9]. While skin autofluorescence (SAF),
which reflects AGE tissular content, has been
studied as a surrogate marker of vascular AGE
impregnation in both micro and macrovascular
complications in several studies, circulating
AGEs seem less studied, with disparate results
among authors [11-14]. In addition, to our best
knowledge, circulating and tissue AGEs have
not been explored in the same population to
assess their potential concordance regarding
their association with diabetes complications.

We aimed to investigate, in a cross-sectional
study, whether AGEs measured in blood serum
(i.e., carboxymethyllysine (CML),
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methylglyoxal-hydroimidazolone-1 ~ (MGH1),
and pentosidine) and tissues by the assessment
of SAF, are associated with micro and/or
macrovascular complications of T1D.

METHODS

Study Design

Type of Study and Population

We conducted a cross-sectional study on 196
adult patients (over 18 years of age) with type 1
diabetes with more than 10 years of diabetes
evolution, recruited in the Adult Endocrine,
Diabetes, and Nutrition Department of the
Reims University Hospital, in France.

Description of the DIABAGE Study Population
and Ethical Considerations

The DIABAGE (DIABetes Advanced Glycation
End products) study is one of the tasks of the
university research project VIVA (Vleillissement
VAsculaire et protéique-« Vascular and protein
aging») which aims to study the links between
protein molecular aging and vascular compli-
cations in different populations of elderly or
accelerated-aging patients. A total of 196
patients were identified from the CAREDIAB
(Champagne Ardenne Réseau DIABete) database
described in a previous study [15]. All patients
were included in the study by their endocri-
nologist and then admitted to the hospital for a
day to undergo a complete clinical and biolog-
ical diabetes examination.

Formal consent was obtained from all
patients included in the study and statistical
analyses were performed anonymously. The
study was conducted in accordance with the
Declaration of Helsinki on medical research
involving human subjects. CAREDIAB database
is approved by the National Committee on data
processing and liberties (“CNIL- Comité National
Informatique et Libertés”)-Approval number
1434306.

Inclusion and Exclusion Criteria
Patients were consecutively included in the
study since they had T1D with a minimum of

10 years of evolution; 518 patients with more
than 10 years of diabetes evolution were iden-
tified from the CARéDIAB database, which
included 1987 T1D patients. Among those
patients, 196 were consecutively included in the
study on a regular basis during their diabetes
check-ups. Patients with acute illness and
inflammatory syndrome at the time of investi-
gation were excluded.

Exposure and Outcome Variables

Definitions of T1D and Diabetes Vascular
Complications

T1D was defined according to the World Health
Organization criteria (WHO) based on the
1997’s American Diabetes Association (ADA)
recommendations [16]. In this study, T1D was
assessed by the presence of hyperglycemia
requiring insulin therapy with one or more
positive specific antibodies among the follow-
ing: anti-Islet cells antibodies (ICA), anti-glu-
tamic acid decarboxylase (GAD), tyrosine
kinase, anti-ZnT8, anti-insulin). All patients
selected in our study received diabetes typing by
determination of specific antibodies. FEach
complication was assessed by the medical
records (history of complications reported in
the medical files) and completed by the fol-
lowing exams:

— Electrocardiography for coronaropathy com-
plemented, if abnormal, by cardiological
exploration performed by a cardiologist.

— Ankle Brachial Pressure index for arteriopa-
thy of the lower limbs (less than 0.9) or
documented history of arteriopathy with
revascularization or not.

— Stroke was assessed on the medical history of
patients who experienced either transient
ischemic attack or constituted stroke.

— Pulse wave velocity (PWV) was performed to
assess the arterial stiffness using the Sphyg-
moCor device. Carotid-femoral pulse wave
velocity (cfPWV), the gold-standard non-
invasive tool for evaluating arterial stiffness
as recommended by the American Heart
Association, was applied in this study [17].
The PWV was determined over the carotid-
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femoral region by measuring the propaga-
tion time of the pressure pulse from the
carotid to femoral arteries using an arterial
tonometer for recording pressure waveforms.
To determine the cfPWV, the traveled path
length was measured as the arterial length
from the ascending aorta to the measure-
ment point at the femoral artery minus the
length from the ascending aorta to the
measurement point at the carotid artery.
The PWYV was expressed in meters per second
(m/s).

— Direct examination of the retinal fundus by
an ophthalmologist.

— Urine albumin excretion: normal: < 30 mg/
24 h; microalbuminuria: 30-300 mg/24 h;
macroalbuminuria > 300 mg/24 h.
Nephropathy is defined by a 24-h microal-
buminuria > 30 mg/24 h or urine albumin/
urine creatinine ratio > 3 mg/mmol.

— Polyneuropathy by monofilament test using
the standardized technique recommended
by the International Working Group on the
Diabetic Foot (IWGDF) [18] or presence of
painful neuropathy evaluated by DN4 ques-
tionnaire [19].

Description of the Variables Studied
Exposure Variables Measurement of Circu-

lating AGEs
Three protein-bound AGEs (car-
boxymethyllysine (CML), pentosidine, and

methylglyoxal-hydroimidazolone (MGH1))
were measured by liquid chromatography cou-
pled to tandem mass spectrometry (LC-MS/MS)
as previously described [20, 21]. Serum CML
and pentosidine were quantified by LC-MS/MS
(API4000 system ABSciex, Les Ulis, France) in
dialyzed (24h at 4 °C against 150 mM NacCl)
serum samples. For MG-H1 measurement, 35 pl
of dialyzed serum spiked with 20 uM d3-MG-H1,
used as internal standard, were hydrolyzed (6 M
HCI, 110°C, 18 h, final volume: 1 ml). Hydro-
lysates were then evaporated to dryness under
nitrogen stream and dried hydrolyzates were
resuspended in 100 pl of 125 mM ammonium
formate, before being filtered using Uptidisc
PTFE filters (4 mm, 0.45 um, Interchim, France)
prior to LC-MS/MS analysis. The

chromatographic separation was performed
using a Kinetex PFP column (100 x 4.6 mm,
2.6 ym - Phenomenex) with a gradient program
composed of 5 mM ammonium formate (pH
2.9) as mobile phase A and 100% acetonitrile as
mobile phase B. The flow rate was constant at
0.7 ml/min during all separation steps. The
injection volume was 4 pul and oven temperature
was set at 30 °C. Detection was performed using
an API4000 system in positive-ion mode with
an electrospray ionization (ESI) source. Multiple
reaction monitoring (MRM) transitions were as
follows: 229.2 > 166.1 and 229.2 > 212.2 for
the quantification and confirmation transi-
tions, whereas 232.2 > 169.1 was used for the
internal standard.

Measurement of AGEs by Skin Auto Fluo-
rescence (SAF)

Tissue AGEs were evaluated non-invasively
by measuring SAF using the AGE-Reader® device
(Diagnostics Technologies B.V., Groningen, The
Netherlands) [22]. The autofluorescence reader
illuminates a skin area of about 1 cm?, protected
from surrounding light, with an excitation light
source between 300 and 420 nm. The emission
light and the reflected excitation light of the
skin are measured with a spectrometer in the
range of 300-600 nm, using 200 pm of fiber-
glass. The measurements were performed at
ambient temperature at the flying side of the
arm about 10 cm under the bend, while the
patients were seated. Since skin pigmentation
can influence autofluorescence by light absorp-
tion, autofluorescence was calculated by divid-
ing the average light intensity emitted by
nanomole in the range of 420 to 600 nm by the
average excited light intensity per nanometer in
the 300-420 nm range. The autofluorescence
was expressed in arbitrary units (AU) and mul-
tiplied by 100. The reflection of the skin was
calculated in the range of 300-420 nm by
dividing the average intensity reflected by the
skin by the average intensity reflected by a
white Teflon block (assuming a 100% reflec-
tion). Intra-series and between-series coeffi-
cients of variation for SAF were 4.4 and 6.4%,
respectively, as previously reported in our cen-
ter [20, 21]. The value used for statistical anal-
ysis was the average of three successive
measurements.
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Other Variables Collected

Several variables were selected as covariates:
age at examination, gender, duration of dia-
betes, body mass index, smoking, systolic blood
pressure, diastolic blood pressure, HbA1,, total
cholesterol, LDL cholesterol, HDL cholesterol,
triglycerides, and glomerular filtration rate
(GFR) by CKD-EPI method. Smokers were clas-
sified into two groups: current smokers (active
smokers or smoking cessation less than 3 years)
and former smokers (smoking cessation for
3years or more). We included the current
smokers as a covariate in the analyses.

Dependent Variables We selected six vascular
complications as  dependent  variables:
retinopathy, nephropathy, neuropathy, coro-
naropathy, arteriopathy of lower limbs, and
stroke. These six outcomes were subdivided into
two groups: microangiopathy defined by the
presence of at least one microvascular compli-
cation (i.e., retinopathy, nephropathy, and
neuropathy) and macroangiopathy defined by
the presence of at least one macrovascular
complication (i.e., coronaropathy, arteriopathy
of lower limbs, and stroke).

Statistical Analysis

For the descriptive analysis, continuous variables
were expressed as mean and standard deviation if
the distribution was normal, otherwise as med-
ian and interquartile range (Q1-Q3). Patients
with any of the complications were compared to
patients without complications for each variable
using Student’s ftest or Mann-Whitney test,
accordingly. Categorical variables were pre-
sented as numbers and percentages and com-
parisons were performed by Chi-square or
Fisher’s exact test, accordingly. Associations
between different types of AGEs (i.e., SAF and
circulating pentosidine, CML, and MGH1) and
complications defined as dependent variables
were analyzed in a binary logistic regression
model and corresponding odd ratios (OR) iden-
tified in univariate and multivariate analysis
adjusting for potential confounders (age, gender,
duration of diabetes, glycated hemoglobin, body mass
index, hypertension, dyslipidemia, GFR: glomerular

filtration rate by CKD-EPI; smoking status). A linear
regression was performed to analyze the correla-
tion between the PWV and different AGEs listed
above. Analyses were performed with the soft-
ware SPSS 17.0. All tests were considered signifi-
cant at p values less than 0.05.

RESULTS

Description of the Study Population

The characteristics of the study population are sum-
marized in Table 1. The mean age at inclusion was
44.53 £ 16 years and 53.6% of patients were
women. The duration of diabetes was
26.06 £ 12.19 years. In terms of microvascular
complications, 66 patients (33.7%) had retinopathy,
36 (18.4%) had nephropathy, and 39 (19.9%) had
neuropathy. With regards to macrovascular compli-
cations, 13 patients (6.5%) had coronaropathy, 10
(5.10%) had a history of stroke, and 32 (16.32%)
patients had arteriopathy of lower limbs defined by
either documented arteriopathy or Ankle Brachial
Pressure index less than 0.9. The mean SAF level was
2.29 £ 0.6 arbitrary units (AU), the pentosidine
concentration was 2.04 &+ 1.41 mmol/mol lysine,
the CML concentration was 348.24 + 82.25
pml/mol lysine, and the concentration of MGH1 was
3.21 £+ 0.73 mmol/mol lysine.

AGEs and Macroangiopathy

SAF, pentosidine, and CML were significantly
higher in patients with composite criterion of
macroangiopathy, whereas nodifference was found
for MGH1 (Fig. 1). Univariate and multivariate
analyses for the association between macroan-
giopathy and the AGEs are presented in Table 2.

Coronaropathy

In multivariate analysis, there was a significant
positive association between the presence of
coronaropathy and SAF (OR 3.11; CI 1.32-7.33)
as well as for the pentosidine concentration (OR
1.61; CI 1.12-1.63). There were no statistically
significant associations between coronaropathy
and other circulating AGEs (i.e., CML and
MGH1).
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Table 1 Baseline characteristics of patients included in the study (» = 196)

Characteristics Total No Microangiopathy ~Macroangiopathy Microangiopathy  P**
n =196 complications only (2 = 51) only ( = 9) and
(n = 94) macroangiopathy
(n = 42)

Age (years), 445 (16) 39.1 (144) 44.68 (15.3) 41.6 (14.3) 55.7 (12.5) < 0.0001
mean (SD)

Duration of  26.1 214 (9.3) 27.74 (12.8) 224 (9.8) 347 (12.4) < 0.0001
diabetes (12.2)
(years), mean
(SD)

Female, 7 (%) 105 53 (56.4) 28 (54.9) 4 (44.4) 19 (45.2) 0.31

(53.6)

Treatment 113 52 (55.3) 31 (60.8) 5 (55.5) 25 (59.5) 0.78
(pump*), (57.65)
n (%)

HbAL. (%/ 81 (14) 8.1(1.2)/ 84 (19) /684 80 (11) /639 8 (1.2) /63.6 (9.5) 0.61
mmol/ml), /65.5 64.8(9.3) (15.3) (8.6)
mean (SD) (11.1)

BMI (kg/m®), 2578 253 (37) 242 (2.2) 262 (5.3) 265 (5.1) 0.17
mean £ SD (4.5)

Hypertension, 71 (36.6) 16 (17) 20 (39.2) 7 (77.8) 34 (81) < 0.0001
7 (%)

SBP, 125(13.9) 122(12) 126 (15) 123(12.7) 130 (14.7) 0.001
mean + SD

DBP, 74(9.6)  71(8.0) 74(11.6) 73(8.5) 76(9.8) 0.27
mean + SD

Dyslipidemia, 78 (39.6) 20 (21.3) 26 (51) 6 (66.7) 29 (69) < 0.0001
n (%)

Total 49 (09) 493 (1) 4.89 (0.9) 5 (1.1) 4.7 (0.9) 0.14
cholesterol
(mmol/l),
mean (SD)

LDL 263 (0.8) 270 (0.9) 2.65 (0.7) 2.8 (0.8) 2.4 (0.6) 0.05
cholesterol
(mmol/1),
mean (SD)

Triglycerides 1.75 (0.5) 1.74 (0.5) 1.83 (0.6) 1.7 (0.5) 1.7 (0.5) 0.74

(mmol/l),
mean (SD)
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Table 1 continued

Characteristics Total No
n =196

complications

(n = 94)

Microangiopathy
only (z = 51)

Macroangiopathy Microangiopathy — P**
only (2 =9) and
macroangiopathy

(n = 42)

HDL 1.00 (0.5) 0.97 (0.5)
cholesterol
(mmol/l),
mean (SD)

GER (< 60
ml/min/
1.73 m®),
n (%)

0.99 (0.5)

12 (61) 1(L1) 3 (5.9)

Current 45 (22.9) 20 (21.3) 13 (25.5)

smokers,

n (%)

Current and 51 (26.3) 21 (22.3) 15 (29.4)

former
smokers,

n (%)

0.9 (0.3) 1.1 (0.5) 0.09

0 (0.0) 8 (19) 0.001

3 (33.3) 11 (26.2) 0.68

4 (44.4) 13 (31) 0.39

HbAI, glycated hemoglobin, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, LDL low-
density lipoprotein, HDL high-density lipoprotein, GFR glomerular filtration rate by CKD-EPI

“Treatment by insulin pump versus multiple injection

bComparison between patients without complication (column 3) and those with both micro and macroangiopathy (column
p p p glopathy

6)

Stroke

A trend towards positive associations with bor-
derline significance were found between stroke
and both SAF (OR 2.24, p = 0.06) and circulat-
ing MGH1 (OR 2.03, p = 0.06).

Arteriopathy of Lower Limbs

SAF was statistically associated with arteriopa-
thy in wunivariate analysis (OR 2.13, CI
1.11-4.08) with a trend towards association in
multivariate analysis (OR 1.84, CI 0.93-3.64).
Circulating CML and pentosidine had a positive
but not statistically significant association with
arteriopathy.

Composite Criteria of Macroangiopathy
In univariate analysis, there was a significant
positive association between the presence of

macroangiopathy and SAF (OR 3.07, CI
1.61-5.83) as well as with pentosidine (OR 1.53,
CI 1.16-2.02). A trend towards positive associ-
ation was found for CML (OR 1.52, CI
1.00-2.52) and MGH1 (OR 1.56, CI 0.91-2.68).
In multivariate analysis, significant association
remained for SAF (OR 2.78, CI 1.42-5.41) and
pentosidine (OR 1.52, CI 1.13-2.04).

Correlation Between Pulse Wave Velocity

and AGEs

In linear regression (Fig. 2), there was a positive
and significant correlation between the PWV
and SAF (r=0.42; p<0.001), pentosidine
(r=0.28; p<0.001), and MGH1 (r=0.15;
p = 0.03) but not with CML (r = 0.03, p = 0.59).
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Table 2 Univariate and multivariate logistic regression of the association between AGEs and macroangiopathy

Variables Univariate analysis Multivariate analysis
OR (95% CI) p value OR (95% CI) p value
Coronaropathy (» = 13)
SAF (AU) 3.40 (1.56, 7.43) 0.002 3.11 (1.32, 7.33) 0.009
CML (100 pmol/mol lysine)* 1.36 (0.74, 2.50) 031 1.22 (0.63, 2.34) 0.55
Pentosidine (pimol/mol lysine) 1.61 (1.15, 2.26) 0.005 1.61 (1.12, 2.33) 0.01
MGHI (umol/mol lysine) 1.06 (0.49, 2.27) 0.88 1.05 (0.46, 2.45) 0.89
Arteriopathy of lower limbs (7 = 32)
SAF (AU) 2.13 (1.11, 4.08) 0.02 1.84 (0.93, 3.64) 0.08
CML (100 pmol/mol lysine)* 146 (0.89, 2.38) 0.12 1.37 (0.83, 2.27) 022
Pentosidine (jtmol/mol lysine) 1.20 (0.89, 1.62) 022 1.15 (0.84, 1.57) 0.37
MGH1 (mmol/mol lysine) 0.70 (0.298, 1.655) 0.419 0.77 (0.18, 3.27) 0.77
History of stroke (z = 10)
SAF (AU) 2.07 (0.87, 4,95) 0.09 2.24 (0.95, 5,30) 0.06
CML (100 pmol/mol lysine)* 1.56 (0.81, 2.97) 0.17 1.62 (0.83, 3.14) 0.15
Pentosidine (pmol/mol lysine) 1.31 (0.89, 1.94) 0.16 1.32 (0.89, 1.95) 0.17
MGH1 (mmol/mol lysine) 1.18 (0.46, 3.03) 0.732 2.03 (0.97, 4.28) 0.06
Composite criteria of macroangiopathy (z = 51)
SAF (AU) 3.07 (1.61, 5.83) 0.001 2.78 (1.42, 5.41) 0.003
CML (100 pmol/mol lysine)* 1.59 (1.00, 2.52) 0.05 149 (0.92, 2.43) 0.10
Pentosidine (jtmol/mol lysine) 1.53 (1.16, 2.02) 0.002 1.52 (1.13, 2.04) 0.005
MGH1 (mmol/mol lysine) 1.56 (0.91, 2.68) 0.11 1.59 (0.90, 2.81) 0.10

In multivariate analysis, AGEs were adjusted to potential confounders (i.c., age, sex, duration of diabetes, hypertension,
dyslipidemia, BMI, smoking status, and glomerular filtration rate by CKD-EPI)

SAF skin autofluorescence, CML carboxymethyllysine, MGHI methylglyoxal-hydroimidazolone-1, AU arbitrary units

“In the regression models, CML was divided by 100 to obtain a clinically meaningful OR. Therefore, the reported odds ratio
corresponds to the increase or decrease of 100 pmol/mol lysine), as appropriate

AGEs and Microangiopathy

SAF was significantly higher in patients with
composite criterion of microangiopathy, but no
difference was found for CML, pentosidine, and
MGH1 (Fig. 3). Univariate and multivariate
analyses for the association between the
microangiopathy and the AGEs are presented in
Table 3.

Diabetic Retinopathy

SAF was significantly associated with retinopa-
thy in univariate (OR 2.12, CI 1.30-3.47) and
multivariate analysis (OR 1.92, CI 1.16-3.18)
while none of the circulating AGEs was associ-
ated with the presence of retinopathy.

Nephropathy
MGH1 was associated with nephropathy in
multivariate analysis (OR 1.72, CI 1.02-2.87).
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Table 3 Univariate and multivariate logistic regression of the association between AGEs and microangiopathy
Variables Univariate analysis Multivariate analysis
OR (95% CI) p value OR (95% CI) p value

Retinopathy (» = 66)

SAF (AU) 2.12 (1.30, 3.47) 0.002 1.92 (1.16, 3.18) 0.011

CML (100 pmol/mol lysine)* 0.99 (0.95, 1.03) 0.66 0.98 (0.94, 1.02) 0.39

Pentosidine (tmol/mol lysine) 0.97 (0.77, 1.21) 0.80 0.97 (0.77, 1.23) 033

MGHI (mmol/mol lysine) 0.81 (0.52, 1.24) 0.34 0.75 (048, 1.17) 0.22
Nephropathy (z = 36)

SAF (AU) 1.96 (1.13, 3.39) 0.016 1.63 (0.89, 2.97) 0.10

CML (100 pmol/mol lysine)* 1.03 (0.99, 1.07) 0.158 1.003 (0.999, 1.008) 0.18

Pentosidine (mmol/mol lysine) 1.09 (0.84, 1.41) 0.50 1.14 (0.86, 1.51) 0.34

MGHI1 (umol/mol Iysine) 1.51 (0.94, 2.43) 0.08 1.72 (1.02, 2.87) 0.03
Neuropathy (z = 39)

SAF 3.63 (1.99, 6.62) < 0.0001 2.02 (1.00, 4.07) 0.04

CML (100 pmol/mol lysine)* 0.99 (0.95, 1,04) 0.86 0.99 (0.94, 1.04) 0.82

Pentosidine (jtmol/mol lysine) 1.16 (0.90, 1.48) 0.24 1.17 (0.90, 1.51) 0.24

MGHI (mmol/mol lysine) 1.00 (0.61, 1.64) 0.98 0.92 (0.54, 1.56) 0.77
Composite criteria of microangiopathy (n = 93)

SAF 26 (1.90, 5.60) < 0.0001 2.83 (1.63, 4.93) < 0.0001

CML (100 pmol/mol lysine)* 0.98 (0.94, 1.01) 0.25 0.97 (0.93, 1.01) 0.11

Pentosidine (ptmol/mol lysine) 0.88 (0.71, 1.09) 0.25 0.90 (0.72, 1.23) 0.36

MGHI (mmol/mol lysine) 0.73 (0.49, 1.10) 0.13 0.71 (0.47, 1.09) 0.11

In multivariate analysis, AGEs were adjusted to potential confounders (i.c., age, sex, duration of diabetes, hypertension,
dyslipidemia, BMI, smoking status, and glomerular filtration rate by CKD-EPI)

SAF skin autofluorescence, CML carboxymethyllysine, MGHI methylglyoxal-hydroimidazolone-1, AU arbitrary units

“In the regression models, CML was divided by 100 to obtain a clinically meaningful OR. Therefore, the reported odds ratio
corresponds to the increase or decrease of 100 pmol/mol lysine), as appropriate

There was no significant association between
nephropathy and SAF, CML, and pentosidine.

Neuropathy

Neuropathy was significantly associated with
SAF in univariate regression (OR 3.63, CI
1.99-6.62). This association persisted in the
multivariate model (OR 2.02, CI 1.00-4.07).
There was no association between neuropathy

and circulating AGEs (i.e., pentosidine, CML,
MGH1).

Composite Criteria of Microangiopathy

SAF was significantly associated with any
microangiopathy in univariate analysis (OR
3.26, CI 1.90-5.60), this association persisted in
multivariate analysis (OR 2.83, CI 1.63-4.93).
Circulating AGEs were not associated with the
composite criteria of microangiopathy.
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Fig. 1 Comparison of tissue (evaluated by SAF) and
circulating (i.e, CML, pentosidine, MGHI1) AGEs
between patients with macroangiopathy and those without
macroangiopathy. Data are presented in box plots com-
paring patients with macroangiopathy and those without

DISCUSSION

Advanced glycation end-products have been
associated with the pathophysiology of aging
process, cardiovascular and chronic kidney dis-
eases, and vascular complications of diabetes
[9, 23-25]. We conducted an original study in
which we measured both SAF and circulating
AGE in a population of T1D with 26 years of
disease evolution, representing a model of cor-
relation between the metabolic memory and the
vascular complications of diabetes [26, 27].
Indeed, except for the EDIC (post-DCCT) cohort
[6, 7], the population included in this study had

Macroangiopathy

macroangiopathy. Skin autofluorescence (SAF), which
reflects the tissue content of advanced glycation end-
products, is represented in box plot A and circulating AGE
are represented in box plots B for pentosidine, C for
carboxymethylation, and D for methylglyoxal, respectively

a longer history of glycemic load when com-
pared to the existing literature on T1D and
AGEs, making them more prone to chronic
complications. In this study, we found signifi-
cant associations for both tissue and some cir-
culating AGEs with micro- and macrovascular
complications.

SAF, Circulating AGEs,
and Macroangiopathy

Positive associations were found between dif-
ferent types of AGEs and macrovascular out-
comes, especially between coronary artery
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Fig. 2 Linecar correlation between the pulse wave velocity and tissue (evaluated by SAF) and circulating AGEs (i.c.,

pentosidine, CML, and MGH1)

disease and both SAF and plasma pentosidine
concentrations. The association between SAF
and macroangiopathy, focusing on coronary
artery disease, was reported in several previous
studies, displaying a significant association
between increased levels of SAF and macrovas-
cular complications in type 1 diabetes [28-32].
A previous study reported a correlation between
SAF and coronary artery disease defined by the
calcium score or abnormal coronarography [30].
Van Eupen et al. also showed a significant
association between coronary artery disease and
pentosidine plasma concentration but not with
the other AGEs such as CML [30]. To the best of
our knowledge, this is the first study to inves-
tigate the potential link between AGEs and
stroke as well as peripheral artery disease in T1D
patients. It displays a significant association
between the peripheral artery disease and the
SAF but not with the circulating AGEs. Regard-
ing stroke, a borderline association was found
with SAF and MGH1.

The linear correlation found between the
PWYV, a marker of arterial stiffness, and different
types of AGEs, especially the SAF, pentosidine,
and MGH1 suggests that AGEs could play a role
in the modifications of the arterial wall. Hence,
AGEs could be interesting surrogate markers for
“early” prediction of macrovascular complica-
tions in T1D.

The association observed between the AGEs
and the macrovascular complications in this
population of T1D patients could be explained
by two mechanisms. On one hand, some AGEs
such as pentosidine can create cross-links at the
level of collagen and elastin fibers, resulting in
loss of elasticity and occurrence of arterial
stiffness [9, 10, 33, 34]. The association we
found between pentosidine and CAD suggests
that cross-links may be an important mecha-
nism in the development of this complication.
On the other hand, AGEs can interact with
specific receptors such as receptor of advanced
glycated end-products (RAGE), which triggers

I\ Adis



1542 Diabetes Ther (2022) 13:1531-1546
A B
5,04 10,0
:
. o 807 w
40 —_ j
2 3
£ _ g
> P<0.0001 e ° P=0.253 .
8 £ [} H
&= 301 \:; L]
e @
G2 £ o
< 9
%} ]
2,01 5
o oo
u o L T
1,0 0,0
T T T T
No Yes No Yes
Microangiopathy Microangiopathy
C D
700,01 o 6,01 .
. 3
L3
600,0- . . o - ©
® o ° & T
Zsoor] P=0.257 b= P=0.133
g T g 4,0
> 3
© 400,0- £
£ E
: - 3,04
o T
g 300,0 l g L
200,0 1 2 I
100,0 1,0

No Yes
Microangiopathy

Fig. 3 Comparison of tissue (evaluated by SAF) and
circulating (i.e, CML, pentosidine, MGHI1) AGEs
between patients with microangiopathy and those without
microangiopathy. Data are presented in box plots com-
paring patients with microangiopathy and those without

several signaling pathways leading to the acti-
vation of nuclear transcription factors and the
synthesis of pro-inflammatory cytokines and
vascular adhesion molecules. This sustained
oxidative stress could lead to macrovascular
complications of diabetes [9, 10].

One limitation of this study was the rela-
tively low rate of macrovascular complications,
which may have led to a lack of power, as a
result of the strict criteria used to define
macrovascular complications in this popula-
tion, especially for coronaropathy and cerebral
arteriopathy where events were defined by
documented myocardial infarction and stroke,
respectively. Hence, there was a probable

Microangiopathy

microangiopathy. Skin autofluorescence (SAF), which
reflects the tissue content of advanced glycation end-
products, is represented in box plot A and circulating AGE
are represented in box plots B for pentosidine, C for
carboxymethyllisine, and D for methylglyoxal, respectively

underestimation of the frequency of macrovas-
cular complications.

SAF, Circulating AGEs,
and Microangiopathy

With regards to the microvascular complica-
tions, increased SAF was significantly associated
with retinopathy, neuropathy, and composite
criteria of microangiopathy in this study.
Results reported in the literature are controver-
sial. Two studies by Araszkiewicz et al. found
significant associations for all microvascular
complications (retinopathy, nephropathy, and

A\ Adis



Diabetes Ther (2022) 13:1531-1546

1543

neuropathy) among 71 subjects with T1D in
2015 while this association was found only for
nephropathy among 144 T1D patients in a
previous study conducted in the same center in
2011 [14, 35]. Rajaobelina et al. found a signif-
icant predictive value of increased SAF in
peripheral neuropathy over 4 years prospective
follow-up of a cohort of T1D patients [36]. In
addition to these results, the same team repor-
ted SAF as a marker of cardiorenal outcomes in
T1D [12]. Likewise, a previous study reported a
positive correlation between albumin-crea-
tinine ratio and SAF levels in patients with T1D
[37].

Previous studies have also shown significant
associations between SAF and microvascular
complications using invasive methods such as
skin biopsy [38]. However, other studies have
reported a non-significant association between
SAF and retinopathy [13, 14]. For circulating
AGEs, only MGH1 was statistically associated
with nephropathy, but not with other
microvascular complications (i.e., retinopathy
and neuropathy), nor with the composite cri-
teria of microangiopathy.

Overall, SAF seems more consistently asso-
ciated with the occurrence of both macro and
microangiopathy. One of the possible explana-
tions is that the renewal of tissue AGEs expres-
sed by the SAF is much lower than that of
circulating AGEs and could be a better marker of
glycemic load and “metabolic memory”.

CONCLUSIONS

In conclusion, we found significant associations
between increased circulating and tissue (i.e.,
SAF) AGEs and vascular complications in T1D
patients. SAF is associated with both micro- and
macrovascular complications. For circulating
AGEs, pentosidine is significantly associated
with macrovascular complications, especially
coronaropathy, while circulating MGH1 is
associated with nephropathy only among the
microvascular complications. Also, PWV is cor-
related with different AGEs, suggesting their
role in the early modifications of the arterial
wall. Overall, increased SAF appears to be most
consistently associated with micro- and

macrovascular complications in T1D. Further
studies are needed to confirm our findings in
general, and a longitudinal study could be
interesting to assess the predictive role of cir-
culating AGE and SAF in micro- and macrovas-
cular complications. These results could have
therapeutic implications by identifying sub-
populations of T1D requiring more aggressive
treatment and monitoring in order to prevent
vascular events.
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