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Abstract

increased AER 4 years later.
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Estimated glomerular filtration rate

Background: We aimed to analyze the relationships between skin autofluorescence (SAF) and incident macrovascu-
lar events and renal impairment after 4 years of follow-up in patients with type 1 diabetes (T1D).

Methods: Two hundred and forty-three patients (51.2 4= 16.7 years old) with T1D participated. SAF was measured

by AGE-Reader-TM at inclusion. Macrovascular events (MVE), estimated glomerular filtration rate (eGFR) and urinary
albumin excretion rate (AER) were recorded then and 4 years later. Multivariate logistic regression was used to analyze
the relationships between SAF and incident MVE and renal profile 4 years later.

Results: Patients with incident MVE had a higher SAF (p = 0.003). SAF predicted incident MVE after adjustment for
age, sex, body mass index, tobacco, diabetes duration, hypertension, HbA, ., AER, eGFR (OR 4.84 [95 % CI 1.31-17.89],
p = 0.018). However, this relation was no longer significant after adjustment for history of MVE. An inverse relation
was found between SAF and incident eGFR (p = 0.0001). Patients with incident eGFR <60 ml/min/1.73 m? had a SAF
higher than patients with normal eGFR. After adjustment for the previous criteria, SAF remained associated with the
risk of impaired incident eGFR (OR 7.42 [95 % Cl 1.59-34.65], p = 0.018). No relation was found between SAF and

Conclusions: SAF predicts MVE in patients with T1D, adjusted for cardiovascular risk factors but the most powerful
predictive factor remains history of MVE. SAF also predicts eGFR impairment, adjusted for initial AER and renal func-
tion. SAF could be a useful non-invasive tool for estimating risk of cardiovascular or renal impairment in patients with
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Background

Mainly due to cardiovascular disease, patients with type
1 diabetes (T1D) have an increased mortality rate as
compared to the general population [1], especially when
their diabetes is complicated by diabetic chronic kidney

*Correspondence: flcephise@gmail.com

3 Department of Diabetology-Endocrinology, University Hospital
of Pointe-a-Pitre, Guadeloupe, France

Full list of author information is available at the end of the article

( ) BiolVled Central

disease (CKD), with abnormal albumin excretion rates
(AER) or reduced glomerular filtration rates (GFR) [2].
Advanced glycation end-products (AGEs) are pro-
duced by the non-enzymatic Maillard reaction between
reducing sugars and proteins, lipids or nucleic acids,
forming Schiff bases and Amadori products. Further
oxidation and dehydration give rise to numerous AGEs.
They can be exogenously ingested from food, or endog-
enously produced in situations of hyperglycaemia and
oxidative stress [3]. In this context, AGEs are suspected
to play an important role in this cardio-renal risk, as they
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promote inflammation and endothelial dysfunction [4].
Their accumulation is increased in CKD, due to reduced
clearance of their precursors [5]. High levels of circu-
lating AGEs predict later mortality and cardiovascular
events in T1D [6], and high levels of AGEs in skin biop-
sies predict microangiopathy [7] and sub-clinical cardio-
vascular disease in the EDIC study [8]. But the complex
time consuming analysis of AGEs, and the invasiveness of
skin biopsies preclude the use of AGEs for prognosis in a
normal clinical routine.

This may change with the development of non-invasive
methods for measuring AGEs, based on their fluores-
cent properties: the skin autofluorescence (SAF) is well
correlated with the dermal concentrations of AGEs [9],
its measurement is safe, quick and simple. SAF has been
shown to predict later microangiopathy [10] and car-
diovascular events [11] in patients with type 2 diabetes
mellitus (T2D). To date no longitudinal study has been
performed in T1D.

We measured SAF in 300 patients with T1D during
year 2009. Our baseline results, which show that SAF
was related to retinopathy, nephropathy and long term
past glucose control, have been published elsewhere [12].
In the present study, we investigated whether SAF was
related to their cardio-renal outcome within 4 years of
follow-up: cardiovascular events, estimated GFR (eGFR),
and AER. Data were available in 243 patients after 4 years
of follow-up.

Patients and methods

Design and patients

We analyzed the data from two hundred and forty-
three patients with T1D included during the year 2009
after written informed consent. The following data were
recorded at inclusion, on the day of SAF measurement:
age, sex, body mass index (BMI), duration of diabetes,
hypertension (defined by a blood pressure >140/90 mm
Hg and/or treatment with antihypertensive drug)
and smoking history. Smokers included patients with
past and current smoking history. The biological data
recorded included HbA, levels, serum creatinine levels,
eGFR calculated with the CKD-EPI formula and AER.

Skin autofluorescence (SAF)

The accumulation of advanced glycation end-products
was evaluated from SAF measured by illumination
of 1 cm? of the forearm skin by the AGE reader SU 2.3
(DiagnOptics BV, Groningen, the Netherlands) at inclu-
sion. This technique uses fluorescent properties of some
AGEs to estimate AGE accumulation in the skin [9]. The
patients with Fitzpatrick phototypes V and VI were not
included due to their skin pigmentation, which had ultra-
violet reflectance of <10 %. SAF values were calculated
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by dividing the mean emitted light intensity (excitation
light source ranging from 300 to 420 nm) by the mean
reflected excitation light intensity from the skin (over
300 to 420 nm). Results were the mean of 3 consecutive
measurements of SAF and were expressed in arbitrary
units (AU).

Outcomes
The patients were prospectively followed-up and incident
macrovascular events (MVE) and renal outcome were
recorded after 4 years. MVE were defined as myocardial
infarction, stroke, gangrene, or a revascularization proce-
dure for coronary, carotid or lower limb arteries.

The renal outcome analysis included AER (mg/24 h)
and renal function (eGFR, ml/min per 1.73 m?), meas-
ured 4 years after inclusion.

Statistical methods

The data are presented as mean £ SD for continuous
variables and as numbers (percentages) for categorical
variables. Student’s ¢ test was used to compare continu-
ous variables.

A logistic regression was used to investigate the asso-
ciations between SAF and MVE, after adjustment for the
following co-variables: age, sex, BMI, hypertension, dura-
tion of diabetes and tobacco. A multivariate regression
analysis was used to investigate the associations between
SAF and later AER and eGFR, after adjustment for the
following co-variables: age, sex, hypertension, duration of
diabetes and tobacco. We also performed complementary
stepwise backwards multivariate logistic regression anal-
yses. All analyses were performed with SAS Statistical
Package release 9.3 (SAS Institute, Cary, NC) and results
were considered significant when p < 0.05.

Results

Characteristics of the population

Mean age of the 243 patients at inclusion was 51.2 £
16.7 years and 58.9 % of patients were men. Duration
of diabetes was 21.4 + 13.8 years. Means of eGFR and
AER at inclusion were 86.25 + 26.58 ml/mn/1.73 m? and
54 + 220 mg/24 h respectively.

Twenty-four (9.9 %) of patients had a history of MVE
and 53 (22.8 %) had CKD at baseline including 15.6 %
(N = 37) of patients with AER >30 mg/24 h and 14.4 %
(N = 34) with eGFR <60 ml/mn/1.73 m*.

Mean SAF value was 2.13 4 0.58 AU at baseline related
to age, gender, duration of diabetes and eGFR (not to
BMI).

Skin autofluorescence and cardiovascular outcome
SAF levels were higher in patients with history of MVE
at baseline (2.58 £ 0.71 AU) compared to patients free of
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MVE (2.09 £ 0.54 AU, p = 0.003). This difference per-
sisted after adjustment for sex, age, BMI, tobacco, diabe-
tes duration, arterial hypertension and HbA, (B = 0.26
[0.03-0.50], p = 0.027), but not after adjustment for AER
and eGFR (B = 0.17 [—0.06 to 0.40], p = 0.149).

The 14 patients who experienced incident MVE dur-
ing the 4 year follow-up had a higher SAF at baseline
(2.59 £+ 0.72) compared to the others (2.11 + 0.56,
p = 0.002). The multivariate regression analysis revealed
that SAF was significantly associated with incident MVE
(OR 4.84 [95 % CI 1.31-17.89], p = 0.02), after adjust-
ment for age, sex, BMI, tobacco, arterial hypertension,
duration of diabetes, HbA1C, eGFR <60 ml/min/1.73 m?
and microalbuminuria (AER >30 mg/24 h). This relation-
ship was not significant after taking into account his-
tory of MVE, the strongest predictor of incident MVE
(Table 1). By complementary stepwise backward multi-
variate logistic regression analysis, the variables related
to incident MVE were the baseline history of MVE and
the BMIL. Tobacco and eGFR <60 ml/min/1.73 m? tended
to be related (p = 0.055 and 0.068 respectively).

Skin autofluorescence and renal outcome
Mean SAF was higher in patients with impaired renal
function (eGFR <60 ml/min/1.73 m?) at baseline com-
pared to patients with normal eGFR (2.69 £+ 0.67 vs
2.05 + 0.51 AU, p < 0.0001). There was no difference
between SAF of patients according to AER at baseline.
An inverse relation was found between SAF and eGFR
4 years later (r = —0.39, p = 0.0001).
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SAF was higher in the 7 patients with incident impair-
ment of eGFR (<60 ml/min/1.73 m?) compared to the
others (2.53 £ 0.56 vs. 2.07 = 0.50 AU, p < 0.0001). The
result remained significant after adjustment for age, sex,
BMI, tobacco, diabetes duration, hypertension, history
of macrovascular disease, HbA, ., AER >30 mg/24 h and
eGFR <60 ml/min/1.73 m? at inclusion (OR = 7.42 [95 %
CI 1.59-34.65], p = 0.01). Table 2 shows the results of
logistic regression for the association between SAF and
impaired eGFR, 4 years later. By complementary step-
wise backwards multivariate logistic regression analy-
sis, we found that three variables were related to a final
eGFR <60 ml/min/1.73 m?% arterial hypertension, initial
eGFR <60 ml/min/1.73 m? and SAE. BMI also tended to
be associated (p = 0.053).

We did not find any relation between SAF and
increased AER 4 years later after complete adjustment
including the history of increased AER (Table 3). By
complementary stepwise backwards-multivariate logis-
tic regression analysis, we found that three variables
were related to a final AER >30 mg/24 h: age, initial
eGFR <60 ml/min/1.73 m? and initial AER > 30 mg/24H.

Discussion

In our study of 243 patients with T1D, SAF measured
during year 2009 relates to the risk of MVE and impaired
eGFR 4 years later. Our study is the first to show a rela-
tion between SAF and incident MVE in T1D: as shown
in Table 1, SAF predicts incident MVE during the four
following years. This relation is not significant after

Table 1 Relationships between skin autofluorescence and macrovascular events after 4 years of follow-up in subjects
with type 1 diabetes

Univariate analysis p Multivariate analysis OR p Multivariate analysis OR (CI p
OR (CI 95 %) (C195 %) with adjustment 95 %) without adjustment
for history of MVE: N = 214 for history of MVE: N = 214
SAF 3.22(1.45-7.13) 0.004 2.98(0.77-11.47) 0.11 4.84(1.31-17.89) 0.02
Age 1.06 (1.02-1.10) 0.006 1.03 (0.97-1.09) 040 1.04 (0.98-1.10) 0.19
Sex 0.37(0.10-137) 0.14 0.69 (0.11-4.26) 069  034(0.07-1.78) 0.20
BMI° 1.13(1.01-1.27) 0.036 1.18 (0.98-1.40) 0.08 1.13(0.98-1.31) 0.10
Arterial hypertension 8.17(1.79-37.32) 0.007 2.27(0.35-14.74) 0.39 3.50(0.65-18.94) 0.15
Duration of diabetes 1.05 (1.01-1.10) 0.007 1.00 (0.95-1.07) 0.88 1.02 (0.97-1.07) 049
HbAS. 0.82 (0.46-1.47) 0.51 0.65 (0.23-1.81) 041 0.84 (0.40-1.77) 0.65
Tobacco? 047 (0.10-2.14) 033 0.12(0.01-1.32) 008  0.43(0.07-2.60) 036
Albumin excretion rate 3.32(1.04-10.53) 0.04 2452 (0.40-15.07) 033 2.31(047-1132) 0.30
>30 mg/24 h?
eGFR <60 mL/min/1.73 m? 1.68 (0.44-6.37) 045 0.14 (0.02-1.26) 0.08 0.27 (0.05-1.64) 0.16
at baseline?
MVE at baseline 25.68 (7.64-86.30) <0.0001 21.93(3.85-124.81) 0.0005 - -

SAF skin autofluorescence; CKD chronic kidney disease; MVE macrovascular events
? Missing data: BMI (n = 10); HbA, (n = 1); Tobacco (n = 13); Albumin Excretion Rate (n = 6); eGFR (n = 7)
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Table 2 Relationships between skin autofluorescence and impaired eGFR (<60 mL/min/1.73 m?) after 4 years of follow-

up in subjects with type 1 diabetes

Univariate analysis
OR (C1 95 %)

P Multivariate analysis OR (Cl 95 %) p
with adjustment for history
of impaired eGFR <60 ml: N = 186

SAF 460 (2.1 OOO)
Age 05 (1.02-1.09)
Sex 0.94 (0.40-2. 20)
BMI® 3(1.02-1.25)
Arterial hypertension 456 (1.74-11.95)
Duration of diabetes 04 (1.01-1 07)
HbA1c® 0.86 (0.53-1.39)
Tobacco? 061 (0.20-1.88)
Albumin excretion rate >30 mg/24 h® 7.30 (2 87-18.57)
eGFR <60 ml/min/1.73 m? at baseline? 5593 (18.17-172.18)
History of MVE at baseline 337 (1 09— 042)

<0.0001 742 (1.59-34.65) 0.01
0.002 1.03 (0.96-1.09) 043
0.89 1.06 (0.21-5.33) 0.95
0.016 1.18 (0.99-1.41) 0.06
0.002 6.29 (0.86-46.11) 0.07
0.013 1.01 (0.95-1.07) 0.78
0.55 0.80 (0.41-1.58) 0.52
0.39 0.91(0.15-5.40) 092

<0.0001 3.14(0.56-17.61) 0.19
0.035 48.04 (8.84-261.07) <0.0001

<0.0001 0.40 (0.06-2.90) 0.37

? Missing data: BMI (n = 10); HbA, . (n = 1); tobacco (n = 13); albumin excretion rate (n = 6); eGFR (n = 7); EpiCKD (n = 30)

Table 3 Relationships between skin autofluorescence and increased AER after 4 years of follow-up in subjects with type 1

diabetes

Univariate analysis p Multivariate analysis OR p

OR (C1 95 %) (C1 95 %) with adjustment

for history of AER: N = 168

SAF (O 70-2. 97) 032 0.35(0.10-1.21) 0.10
Age 04 (1.0 07) 0.005 1.043 (1.00-1.09) 0.07
Sex 0.99 (O 45-2.19) 098 1.73(0.51-5.89) 038
BMI® 08 (0.98-1.19) 0.11 0.98 (0.85-1.13) 0.78
Arterial hypertension 463 (1.88-11 42) 0.0009 1.61(045-5.72) 046
Duration of diabetes 03 (1.00-1.06) 0.057 1.02 (0.97-1.06) 048
HbA1c? 05 (0.70-1.58) 0.80 1.08 (0.63-1.85) 0.79
Tobacco® 07 (0.42-2. 71) 0.90 3.60(0.93-13.94) 0.06
Albumin excretion rate >30 mg/24 h® 19.09 (7.27-50.13) <0.0001 16.68 (4.38-63.66) <0.0001
eGFR <60 ml/min/1.73 m? at baseline? 9.67 (3.66-25.54) <0.0001 7.02 (1.55-31.77) 0.01
MVE at baseline 4.72 (1.50-14.80) 0.0078 3.12(0.56-17.37) 0.19

SAF skin autofluorescence; CKD chronic kidney disease; MVE macrovascular events

? Missing data: BMI (n = 10); HbA, . (n = 1); tobacco (n = 13); albumin excretion rate (n = 6); eGFR (n = 7)

adjustment for history of previous MVE, which is the
most powerful predictor of incident MVE, but the fact
that only SAF significantly relates to incident MVE when
accounted for age, duration and control of diabetes, arte-
rial hypertension, tobacco use and renal parameters is
noteworthy. Moreover, this relationship remains signifi-
cant after adjustment for AER and eGFR. Consequently,
this result seems important, because diabetic nephropa-
thy is a major predictor of cardiovascular risk in T1D [1,
2].

Furthermore, we found that SAF predicts later impair-
ment of eGFR in our patients. This relation persists after
adjustment to the history of impaired eGFR. By contrast
to the relationship between SAF and MVE, incident

impaired eGFR is predicted by SAF irrespective of renal
function at baseline. We also showed that SAF predicts
later eGFR <60 mL/min/1.73 m? adjusted for initial AER.
Otherwise, we did not find any relationships between
SAF and AER after 4 years in contrast to eGFR. This
result is not surprising as the studied population was fol-
lowed in a university hospital with systematic preventive
treatment of diabetic nephropathy including renin-angi-
otensin-system blockers. Moreover, the renal outcome of
patients with T1D has been reported as being independ-
ent from AER changes that was more related to glycemic,
blood pressure and lipid profile control [13]. The early
loss of renal function in patients with T1D may begin
before onset of proteinuria, although the mechanism
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involved in the changes of eGFR remains poorly under-
stood. To our knowledge, no studies have noted whether
renal impairment begins during microalbuminuria or
during the normoalbuminuria state.

A prospective study about the role of SAF to predict
cardiovascular events in patients with T2D has been
reported [11], but such results have yet to be described
in patients with T1D. Only cross sectional studies were
performed in T1D and showed that SAF was associated
with subclinical markers of macroangiopathy as intima-
media thickness [14] and arterial stiffness [15, 16]. Fur-
thermore, skin fluorescence could be measured with
the SCOUT DM® (VeraLight, Inc., Albuquerque, NM)
another method for assessing intra-patient skin variation
irrespective of the Fitzpatrick phototype. Skin intrinsic
fluorescence could be related to the severity of coronary
calcifications [17] and the intima-media thickness [18].
In 172 patients with long duration T1D, it was associated
with a clinical history of coronary heart disease, but the
relation lost significance after adjustment for nephropa-
thy [19], similar to our finding at baseline. The EURO-
DIAB study has already reported that increased levels
of soluble receptor for advanced glycation end products
(RAGE) were related to CV disease in T1D [20]. In addi-
tion, high circulating levels of AGEs were reported to
predict incident CVD in T1D [6], and their concentra-
tions in skin biopsies were related to coronary calcifi-
cations, left ventricular masses and progression of the
intima-media thickness in the DCCT-EDIC study [8].
Consequently, SAF, a non-invasive tool for estimating
accumulation of AGE could be linked to vascular modifi-
cation and thus assess risk of MVE. However, the value of
SAF as a surrogate marker to estimate tissues AGEs accu-
mulation and to predict MVE is a matter of debate [21].
Indeed, SAF has been found to be correlated with skin
levels of AGEs such as pentosidine, N-(carboxymethyl)
lysine and N-carboxyethyl-lysine, and positively asso-
ciated with age, diabetes duration, and mean glycated
hemoglobin of the previous year in both type 1 and type
2 diabetic patients [22]. Moreover, a relation between
SAF and cardiac tissue glycation has been reported [23].
SAF levels could depend on their tissue turnover, so it
must be distinguished from the plasma concentrations
of AGEs [21]. However, SAF remains a reliable clinical
tool for evaluating tissue accumulation levels of AGEs.
Indeed, tissue levels of AGEs estimated by skin fluo-
rescence are a potential biomarker to evaluate vascular
risks in patients with diabetes [17-19]. Finally, further
longitudinal studies are needed to clarify whether SAF
could be a predictor of the development and progression
of long-term MVE. In the same way, the significance of
the association between SAF and MVE after adjustment
for AER and eGFR also seems important, since diabetic
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nephropathy is a major predictor of the cardiovascular
risk in T1D [1, 2].

In this context, SAF has been shown to predict later
microalbuminuria in patients with T2D [10], and the
doubling of serum creatinine or the need for dialysis in
CKD [24]. In the same way, cross-sectional studies per-
formed in T1D have shown associations of SAF with
AER and eGFR [12, 25]. Moreover, a longitudinal study
was especially needed for renal markers, because high
SAF may favor, but also may result from impaired GFR
[26]. Our current results show that SAF predicts later
eGFR <60 mL/min/1.73 m? adjusted for initial AER and
eGFR. This is consistent with the recent report that AGEs
in skin biopsies related to later increase of serum creati-
nine in patients with both types of diabetes [27]. Because
the relation between SAF and later low eGFR persists
after adjustment to AER, we suggest that AGEs may
play a role in the yet unexplained rapid decline in GFR
observed in some patients with T1D, with [28] or with-
out microalbuminuria [13]. Indeed, high serum levels of
AGEs have been related to the progression of glomeru-
lar basal membrane in normoalbuminuric T1D patients
[29]. Moreover, mean values of skin collagen linked AGEs
such as furosine, carboxymethyl-lysine, pentosidine, and
fluorescence were significantly higher in the patients with
progression of nephropathy [7]. AGEs have been shown
to be significant predictors of nephropathy, indepen-
dently of the mean HbA1c [7].

The prediction of cardiorenal events from SAF may
reflect its value as an integrator of long-term glucose
control, as a marker of “metabolic memory”. In this con-
text, we have recently shown that SAF better relates to
plasma glucose levels, HbA, . and renal function 10 years
earlier than to their assessment at the time of SAF meas-
urement in elderly patients from the general population
[30]. The risk of microvascular complications like retin-
opathy has indeed been related more to ancient than
recent HbA,_in T1D [31]. In a previous study, we noted
that SAF was better correlated with the previous years
than present HbA,_ [12], in line with other authors’ find-
ings in T1D [14, 25, 32]. Measures of skin fluorescence in
the DCCT were no longer related to complications after
adjustment to the mean HbA, [33], which suggested that
the relation with complications is supported by meta-
bolic memory, although a major part of the variance of
skin fluorescence is not explained by conventional factors
such as HbA,, age and GFR [34]. However, a more recent
work has shown that skin fluorescence could be related to
subclinical cardiovascular disease independent of dura-
tion of diabetes and HbA, . [18], possibly due to oxidative
stress. Taken together these data indicate new thera-
peutic strategies for reducing diabetic complications.
The clinical review of Goh and Cooper summarized the
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pharmalogical options that could modulate either AGE
ligands accumulation or AGE-RAGE interaction [35].

Our study has some limitations. The inclusion of
patients with longstanding T1D (mean duration: 21 years),
often treated by medication acting on the Renin-Angio-
tensin System, was logical to study “hard” complications
as MVE, but it may have precluded the finding of earlier
events such as microalbuminuria as reported in recent
and well-controlled patients with T2D [10]: the incidence
of microalbuminuria is known to naturally decline after
20 years of diabetes [36]. The limited number of patients
and the percentage of lost subjects represent another
limitation. Moreover, the patients experienced few events
over the follow-up, with thus large confidence intervals
for the association between SAF and events.

Conclusions

SAF that is strongly related to tissues biopsy levels of
AGEs, has value for predicting cardiorenal outcome in
our patients with T1D. This relation is independent of
the usual risk factors, which supports that long-term
accumulation of AGEs in tissues contributes to dia-
betic complications, especially nephropathy. The simple,
cheap, and quick measurement of SAF makes it a good
candidate for the screening of patients at risk of diabetic
nephropathy.
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