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Abstract There are substantial differences in the onset and severity of diabetes complications
that are not fully explained by HbA1c levels and other risk factors. HbA1c is the gold standard
for assessing metabolic control, but has limited value to identify patients at risk of developing
diabetic complications. The main disadvantage of HbA1c is that it does not provide information
about glycemic variability and does not reflect long-term exposure to hyperglycemia. One of the
main pathogenetic mechanisms of diabetic complications is the generation and accumulation
of advanced glycation end-products (AGEs). Based on its fluorescence properties, AGEs may
be measured in tissues such as the skin or lens. These non-invasive measurements of AGE
accumulation may be considered as promising biomarkers of late diabetic complications, and our
objective is to summarize the available evidence supporting this statement. However, further
translational research and prospective clinical trials are needed before these new biomarkers
may be incorporated into clinical practice.

© 2018 SEEN y SED. Published by Elsevier Espana, S.L.U. All rights reserved.

Evaluacion de forma no invasiva de los productos avanzados de la glicacién como
biomarcador de las complicaciones de la diabetes

Resumen La determinacion de HbA;. es el «estandar de oro» para evaluar el control
metabodlico de los pacientes con diabetes, pero tiene limitaciones en identificar los pacientes
riesgo de desarrollar complicaciones. Los inconvenientes de la HbA. son que no proporciona
informacion acerca de la variabilidad glucémica y no refleja la exposicion a largo plazo a la
hiperglucemia. Uno de los mecanismos patogénicos de las complicaciones de la diabetes es
la acumulacion de productos avanzados de la glicacion (AGE). Basandose en sus propiedades
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fluorescentes, los AGE pueden determinarse en tejidos como la piel o el cristalino. Estas deter-
minaciones no invasivas podrian contemplarse como biomarcadores de las complicaciones de
la diabetes, y nuestro objetivo es resumir la evidencia disponible en referencia a ello. Sin
embargo, es necesaria una mayor investigacion traslacional en este campo, asi como estudios
prospectivos antes de que estos métodos puedan ser incorporados a la practica clinica.

© 2018 SEEN y SED. Publicado por Elsevier Espana, S.L.U. Todos los derechos reservados.

Introduction

The prevalence of diabetes is increasing worldwide and if
this trend continues by 2045, 693 million people will have
diabetes especially in developing countries. The burden
of diabetes mellitus for both patients and society comes
from the vascular complications of the disease, cardiovas-
cular disease being a major cause of death and disability in
patients with type 2 diabetes. Moreover, diabetic retinopa-
thy is still the leading cause of vision loss in working age
adults, the prevalence of ESRD (end-stage renal disease)
is also up to 10 times higher in people with diabetes as
those without, and diabetes is the main cause non-traumatic
amputation.’

Limitations of HbA1c as biomarker of diabetes
outcomes

The measurement of HbA1c has been the gold standard for
metabolic control. However, the DCCT/EDIC Research Group
showed that HbA1c values explained up to 11% of the risk
of diabetic retinopathy, and that the unexplained 89% of
variation in risk was due to elements of the diabetic milieu
not captured by mean HbA1c value.??

The reasons why HbA1c cannot be considered a good
biomarker of diabetic complications are as follows:

HbA1c does not reflect long-term hyperglycemic
exposure

There is growing evidence to suggest that ‘‘metabolic
memory’’ plays an important role in the development of
long-term metabolic complications in both type 1 and type
2 diabetic patients.* HbA1c only represents the mean level
of glycemia over the previous 3 months, but not the long-
term exposition to hyperglycemia. Therefore, the use of
new biomarkers that reflect the accumulated exposition
to hyperglycemia could be useful to predict diabetes out-
comes.

HbA1c does not provide information on glycemic
variability

HbA1c does not provide information about the intensity of
fluctuations of blood glucose levels. Glycemic variability,
and in particular hyperglycemic spikes could be high enough
to activate complication-causing mechanisms but too brief

to affect the HbA1c value.’ In fact, based on the avail-
able evidence it appears that glucose variability, which is
not captured by HbA1c, could be a predictor of micro- and
macrovascular complications as well as mortality among
type 2 diabetic patients.®

Among the main metabolic pathways involved in the
pathogenesis of late diabetic complications (i.e. oxida-
tive stress, inflammation, AGEs), the measurement of AGEs
seems the most appropriate for assessing the genuine effects
of chronic hyperglycemia. The measurement of parame-
ters related to oxidative stress and/or inflammation would
also be interesting but their assessment could be signifi-
cantly influenced by non-diabetic conditions (i.e. obesity,
insulin resistance state) or intercurrent diseases. In addi-
tion, the different methods for determining the degree
of oxidative stress or the inflammatory status inform us
regarding the situation in real time rather than reflect-
ing a sustained metabolic fingerprint. By contrast, AGEs
have been implicated in the long-term nature of metabolic
memory* and their assessment takes into account cumu-
lative glycemia exposure and glycemic variability,” thus
overcoming the limitations of HbA1c as a biomarker for
diabetic outcomes. The objective of this review is to sum-
marize the evidence available regarding AGEs assessment
as a biomarker for diabetic complications, focusing on
non-invasive techniques for its measurement. For this pur-
pose, a comprehensive literature search of the electronic
MEDLINE database was performed between August 2017
and November 2017 using Pubmed search service and the
relevant articles (both originals and reviews) have been
included.

AGEs as potential biomarkers of diabetes
outcomes

The non-enzymatic glycation reaction is known to be one
of the most significant mechanisms contributing to tis-
sue damage that occurs in diabetes. It involves a series
of chemical reactions that lead to the formation of early
glycation products (like HbA1c), alpha-dicarbonyls, which
are directly toxic and precursors of AGEs. Advanced gly-
cation occurs over a prolonged period, affecting long-lived
proteins, like structural components of the connective tis-
sue matrix and basement membrane components. AGE
accumulation contributes to diabetic complications through
direct tissue damage, as well as through the activa-
tion of specific AGE receptors (RAGE). As a result of
AGE-RAGE interaction, ROS production is incremented
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and nuclear transcription factor NF-kB is activated,
thus promoting the transcription of several inflamma-
tory mediators that have been implicated in diabetic
complications.?”?

The plasmatic determination of AGEs, in particular N-
e-carboxymethyl lysine (N-e-CML) and pentosidine, have
been proposed as biomarkers for diabetic complications.®
In fact, a positive association between serum levels of
AGEs and the progression of atherosclerosis in common
carotid artery,’® renal failure'" and diabetic retinopathy?®
has been reported. For example, Boehm et al.,’”” in a
case-control study observed that elevated N-s-CML was asso-
ciated with proliferative diabetic retinopathy with an odds
ratio of 24.5. In addition, increased plasma levels of AGEs
were found to predict incident cardiovascular disease and
all-cause mortality in a population with type 1 diabetes
with a Hazard Ratio of 1.3 and 1.27, respectively.” Fur-
thermore, in a recent prospective study, circulating AGEs
were associated with the extension and severity of sub-
clinical atherosclerosis in type 2 diabetic patients.' In this
study, they found an association between three AGEs (gly-
oxal hydroimidazolone, 3-deoxyglucosone hydroimidazolone
and N-e-CML) and coronary artery calcification. These
results remained significant after adjusting for age, duration
of diabetes, race/ethnicity, study treatment assignment,
smoking, history of cardiovascular disease and hyperten-
sion. It should be mentioned, that they also found a positive
association between 2-aminoipic acid, an oxidative stress
product, and coronary artery calcification. As previously
mentioned AGE-RAGE interaction increases oxidative stress.
At the same time, oxidative stress products accelerate
AGE formation increasing the risk of presenting diabetic
complications.’ """ In this regard, the non-invasive measure-
ment of oxidative stress parameters in the saliva of diabetic
patients has been associated with a worse metabolic
control and with a higher prevalence of periodontal
disease.'®"’

In a small but very illustrative study, plasma levels of
two AGEs (nitrotyrosine and glyceraldehydes-derived AGE)
were correlated with the mean amplitude of glycemic excur-
sions, which was associated with more severe coronary
artery disease. It is worth mentioning that the mean value
of HbA1c was below 6% in all patients included in this
study.”

However, biochemical and immunochemical assays
for circulating AGE determination are complex, time-
consuming, expensive and have a low reproducibility.’® In
addition, there is a significant variation with renal function
in terms of an increase of AGEs associated with a reduction
of glomerular filtration).? All these reasons limit their use in
current clinical practice.

In recent years, tandem mass spectrometry has consid-
erably facilitated the use and improved reproducibility of
the assay for several AGEs. Nevertheless, serum AGEs do
not necessarily reflect tissue AGE levels, as they depend on
the half-life of these proteins, and in those tissues where
diabetic complications develop there are also those where
long lived proteins are present.'® Therefore, it seems more
reliable to measure AGEs accumulation in accessible tissues
where long lived proteins are present.

Assessment of AGE accumulation in accessible
tissues

Based on the fluorescent property of some AGEs, new non-
invasive methods for their detection have been developed:
skin and lens autofluorescence. The detection of AGEs in
these tissues adds an advantage to its plasma determination.
This is because lens crystallins and skin collagen are long
lived proteins as a result of a low turnover. Therefore, AGEs
accumulation in these proteins represents cumulative long-
term glycaemia exposure. '

Skin autofluorescence as a biomarker for diabetic
outcomes

The accumulation of AGEs in the skin (measured in
skin biopsies) predicted the progression of microvascu-
lar complications in type 1 diabetic patients in a 10-year
prospective study. It is worth mentioning that the predic-
tive effect of HbA1c disappeared after adjustment for AGE
levels.?°

Skin autofluorescence (SAF) measurement using an exci-
tation light source is a simple non-invasive examination,
takes only a few minutes and has a strong correlation with
the content of AGEs (including the aforementioned pentosi-
dine and N-g-CML) in skin biopsies.?' There are many studies,
both in type 1 and type 2 diabetic subjects exploring SAF
and its association with diabetic outcomes. In type 1 dia-
betic subjects SAF has been associated in cross-sectional
studies with the presence of subclinical atherosclerosis,
coronary artery disease (OR 3.5), diabetic retinopathy, dia-
betic neuropathy and diabetic nephropathy (with an OR
of 3.13 for the presence of any of these microvascular
complications).?>%3 Moreover, in a longitudinal study (4 years
of follow-up) performed in T1D, SAF predicted incident
macrovascular events (OR 4.84) after an adjustment for car-
diovascular risk factors.? Likewise, in type 2 diabetes, SAF
has been associated with microvascular complications and
subclinical atherosclerosis.?>?¢ However, a single measure-
ment of HbA1c and self-assessed diabetes duration was not
associated with the presence of diabetic retinopathy® or
macrovascular disease.?® Moreover, in a prospective study
within a cohort of T1D subjects that were recruited just
after the onset of diabetes, SAF was associated with the
mean of HbA1c values obtained after 15 years of follow-up.?
These observations indicate that SAF measurement takes
into account the cumulative exposition to hyperglycemia
rather than the last few months

Although SAF correlates with the accumulated AGEs in
skin biopsies and is associated with atherosclerosis, a cor-
relation between SAF and the presence of AGEs in the
arterial walls has not been proven. Schleicher et al.,?” found
that the presence of AGEs in the atherosclerotic arter-
ies presented a similar immunostaining both in diabetic
and non-diabetic patients. Moreover, in a cross-sectional
study, 56 non-diabetic subjects with carotid artery steno-
sis age and sex matched with healthy control presented
significantly elevated values of SAF measurement (2.81 ver-
sus 2.46). The difference was higher in patients with both
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carotid stenosis and peripheral artery occlusive disease.?®
Likewise, Sanchez et al.?’ observed that a SAF value higher
than 2 AU (arbitrary units) in a assymptomatic non-diabetic
population determined a 3-fold increased risk of presenting
an atheromathous plaque (assessed by carotid and femoral
ultrasound). This evidence suggests that SAF could be an
indicator of macrovascular risk in both diabetic and non-
diabetic patients. One possible explanation is that in some
patients, AGEs formation starts before the diagnosis of dia-
betes at least when it is made by the classical methods
(HbA1c and glycemic values).

When interpreting the results of SAF, it should be taken
into account that they are influenced by the presence
of renal impairment. This has been demonstrated in both
diabetic*® and non-diabetic patients.?® In diabetic subjects,
Benata et al.,° observed that elevated SAF measure-
ments were associated with diabetic retinopathy in patients
without renal impairment, but subjects with eGFR below
60ml/min/1.73 m? presented an increase in SAF measure-
ment but without any capacity to discriminate between
those with or without diabetic retinopathy. On the other
hand, in non-diabetic patients, subjects with mild to mod-
erate decrease in GFR showed significantly higher levels of
SAF compared to subjects without chronic kidney disease
(2.5+/—-0.6 AU vs 2.2 +/—0.4 AU). However, when the pres-
ence of subclinical atherosclerosis was taken into account,
the difference only remained in the group of patients with
subclinical atherosclerosis.?

Lens autofluorescence as a biomarker of diabetic
outcomes

Lens autofluorescence (LAF) measurement is also a non-
invasive technique for determining AGE accumulation in
the lens which is simple, rapid and does not need pupil
dilation.?' This measurement has been validated by mea-
suring AGE content within the lens in an animal model.
LAF was increased in subjects with impaired glucose toler-
ance or/and impaired fasting glucose and in subjects with
screen-detected diabetes.?* However, clinical studies aimed
at demonstrating that LAF measurement could be a tool for
diabetes screening had limited sensitivity (between 67 and
79%)‘31,34,35

As occurs with SAF, there is clinical evidence that LAF
also reflects cumulative exposure to hyperglycemia. In this
regard, in a longitudinal study performed in T1D subjects,
LAF correlated with mean HbA1c values obtained during the
study period (14 years), and 60% of the rate of increase in
lens fluorescence during the study period was statistically
attributable to glycaemia levels. Moreover, a higher LAF
value at baseline was associated with the development of
diabetic complications during follow-up.*® Thus, both LAF
and SAF measurements are particularly useful when the
onset of diabetes and data regarding life-exposure to hyper-
glycemia is unknown, a situation that occurs more often in
type 2 diabetes. It is worth mentioning that Koefoed Theil
et al.>* found a significant increase of LAF in non-diabetic
patients with a first-degree relative with type 2 diabetes,
suggesting once again that the mechanisms that contribute
to the development of diabetic complications are activated

before the diagnosis of diabetes is made by the current
available methods.

Regarding diabetic complications, in a cross-sectional
study among type 2 diabetic patients, LAF was associated
with the presence of diabetic retinopathy: in a logistic
regression model adjusting for age, sex and diabetes sta-
tus, the OR for the presence of retinopathy was 4.82 in
participants in the top quartile of the lens fluorescence dis-
tribution compared with participants in the lowest quartile
of the LAF.*® This effect of LAF on retinopathy persisted in
a multivariate analysis adjusted also for smoking, systolic
blood pressure, BMI and HbA1c (OR = 3).% To the best of our
knowledge, there are no studies exploring the association
of LAF measurement and other complications or with the
presence of renal failure.

The most important limiting factor of LAF is that it is
not reliable when cataracts are present and cannot be per-
formed in those subjects who have had cataract surgery.

Future perspectives and concluding remarks

The assessment of HbA1c is currently used for deter-
mining the risk of the development of diabetic related
long-term complications. However, its inability to reflect
the cumulative long-term exposure to hyperglycemia and
glycemic variability explains why its measurement fails to
predict diabetic outcomes. Because of their capacity to give
us integrative information on cumulative life-exposure to
hyperglycemia, LAF and SAF measurements are two promis-
ing biomarkers of diabetic outcomes. However, the following
scientific gaps need to be covered:

1) Although LAF and SAF assessments have been correlated
with skin and lens AGE content, these measurements
have not been validated by measuring the AGE content
in the tissues affected by diabetic complications. A study
recently supported by the European Foundation for the
Study of Diabetes (EFSD) aimed at elucidating this issue
is ongoing. In addition, comparative studies between LAF
and SAF are also needed.

2) The inter-individual variability in the capacity of tis-
sue glycation is a limiting factor that should be taken
into account when analyzing the results of LAF and SAF
measurements. As previously mentioned, SAF measure-
ment was found elevated in non-diabetic subjects with
atherosclerosis.?®?° Moreover, LAF determination was
increased in non-diabetic subjects with a first degree rel-
ative with T2D.% These observations indicate that there
is a different predisposition in the capacity of AGE forma-
tion that affects both diabetic and non-diabetic patients.
This is in close relationship with the inter-individual
variability of the AGE’s receptor (RAGE) activity. Fur-
thermore, RAGEs are not expressed homogenously in all
tissues and there is evidence that the AGE’s accumulation
pattern change with age,* thus adding more complexity
to the analysis of the results.

3) Apart from AGEs formed as a consequence of the gly-
cation of endogenous proteins, it is worth mentioning
that AGEs also exist in significant amount in several foods
and their quantity also depends on the type of cooking.
Consumption of AGE-rich diets has been associated with
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elevated circulating and tissue AGEs and conditions such
as atherosclerosis and kidney disease in mice. In the same
direction, in healthy subjects dietary AGEs directly cor-
relate with circulating AGEs as well as with markers of
oxidative stress. Furthermore, in patients with diabetes,
restriction of dietary AGEs reduces markers of oxida-
tive stress and inflammation.?° For all these reasons, the
effect of dietary AGEs on and SAF and LAF measure-
ments and diabetic complications is a significant topic
that should be investigated in the coming years.

In summary, the assessment of AGEs by means of non-
invasive methods such as LAF and SAF is a promising strategy
for a better identification of diabetic patients at risk of
developing late diabetic complications. This would provide
a rational basis to implement a patient-centered approach
in the setting of personalized medicine, which would reduce
the huge economic burden associated with diabetes.

Conflict of interest

The authors declare that they have no conflicts of interest.

Acknowledgements

European Foundation for the Study of Diabetes (European
Pilot Research Grants for Innovative Measurement of Dia-
betes Outcomes). O. Simd-Servat is a recipient of a Rio
Hortega Grant (Instituto de Salud Carlos Ill).

References

1. International Diabetes Federation. IDF diabetes atlas.
http://www.diabetesatlas.org/ (accessed November 2017).

2. Effect of intensive diabetes management on macrovascu-
lar events and risk factors in the Diabetes Control and
Complications Trial. Am J Cardiol. 1995;75:894-903.

3. The Diabetes Control and Complications Trial Research Group.
The relationship of glycemic exposure (HbA1c) to the risk of
development and progression of retinopathy in the diabetes
control and complications trial. Diabetes. 1995;44:968-83.

4. Ceriello A, lhnat MA, Thorpe JE. The ‘‘Metabolic Memory’’: Is
more than just tight glucose control necessary to prevent dia-
betic complications? J Clin Endocrinol Metab. 2009;94:410-5.

5. Giacco F, Du X, Carratu A, Gerfen GJ, D’Apolito M, Gia-
rdino |, et al. GLP-1 cleavage product reverses persistent ROS
generation after transient hyperglycemia by disruptin an ROS-
generating feedback loop. Diabetes. 2015;64:3273-84.

6. Nalysnyk L, Hernandez-Medina M, Krishnarajah G. Glycaemic
variability and complications in patients with diabetes mellitus:
evidence from a systematic review of the literature. Diab Obes
Metab. 2010;12:288-98.

7. Watanabe M, Kawai Y, Kitayama M, Akao H, Motoyama A, Wakasa
M, et al. Diurnal glycemic fluctuation is associated with severity
of coronary artery disease in prediabetic patients: possible role
of nitrotyrosine and glyceraldehydes-derived advanced glyca-
tion end products. J Cardiol. 2017;69:625-31.

8. Simd-Servat O, Simo R, Hernandez C. Circulating biomarkers of
diabetic retinopathy: an overview based on physiopathology. J
Diabetes Res. 2016;2016, 5263798.

9. Su-Yen G, Cooper ME. The role of advanced glcation end
products in progression and complications of diabetes. J Clin
Endocrinol Metab. 2008;93:1143-52.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Suliman ME, Stenvinkel P, Jogestrand T, Maruyama Y, Qureshi
AR, Barany P, et al. Plasma pentosidine and total homocysteine
levels in relation to change in common carotid intima-media
area in the first year of dialysis therapy. Clin Nephrol. 2006;66:
418-25.

Saulnier PJ, Wheelock KM, Howell S, Weil EJ, Tanamas SK,
Knowler WC, et al. Advanced glycation end products predict
loss of renal function and correlate with lesions of diabetic kid-
ney disease in American Indians with type 2 diabetes. Diabetes.
2016;65:3744-53.

Boehm BO, Schilling S, Rosinger S, Lang GE, Lang GK,
Kientsch-Engel R, et al. Elevated serum levels of N(epsilon)-
carboxymethyl-lisine, an advanced glycation end product, are
associated with proliferative diabetic retinopathy and macular
oedema. Diabetologia. 2004;47:1376-9.

Nin JW, Jorsal A, Ferreira I, Schalkijk CG, Prins MH, Parving
HH, et al. Higher plasma levels of advanced glycation end prod-
ucts are associated with incident cardiovascular disease and
all-cause mortality in type 1 diabetes: a 12-yer follow-up study.
Diabetes Care. 2011;34:442-7.

Saremi A, Howell S, Schwenke DC, Bahn G, Beisswenger PJ,
Reaven PD. VADT Investigators. Advanced glycation end prod-
ucts, oxidation products, and the extent of atherosclerosis
during the VA Diabetes Trial and follow-up study. Diabetes Care.
2017;40:591-8.

Babizhayev MA, Strokov IA, Nosikov VV, Savel’yeva EL, Sitnikov
VF, Yegorov YE, et al. The role of oxidative stress in diabetic neu-
ropathy: generation of free radical species in the glycation and
gene polymorphisms encoding antioxidant enzymes to genetic
susceptibility to diabetic neuropathy in population of type 1
diabetic patients. Cell Biochem Biophys. 2015;71:1425-43.
Arana C, Moreno-Fernandez AM, Gomez-Moreno G, Morales-
Portillo C, Serrano-Olmedo |, de la Cuesta Mayor MC, et al.
Increased salivary oxidative stress parameters in patients with
type 2 diabetes: relation with periodontal disease. Endocrinol
Diabetes Nutr. 2017;64:258-64.

Pendyala G, Thomas B, Joshi SR. Evaluation of total antioxidant
capacity of saliva in type 2 diabetic patients with and with-
out periodontal disease: a case-control study. N Am J Med Sci.
2013;5:51-7.

Meerwaldt R, Links T, Zeebregts C, Tio R, Hillebrands JL, Smit A.
The clinical relevance of assessing advanced glycation endprod-
ucts accumulation in diabetes. Cardiovasc Diabetol. 2008;7:
29.

Monnier VM, Cerami A. Nonenzymatic browning in vivo:
possible process for aging of long-lived proteins. Science.
1981;211:491-3.

Genuth S, Sun W, Cleary P, Gao X, Sell DR, Lachin J, The
DCCT/EDIC Research Group, et al. Skin advanced glycation
end products glucosepane and methylglyoxal hydroimidazolone
are independently associated with long-term microvascu-
lar complication progression of type 1 diabetes. Diabetes.
2015;64:266-328.

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;47:1324-30.
Araszkiewicz A, Naskret D, Zozulinska-Ziolkiewicz D, Pilacinski
S, Uruska A, Grzelka A, et al. Skin autofluorescence is associated
with carotid intima-media thickness, diabetic microangiopa-
thy, and long-lasting metabolic control in type 1 diabetic
patients. Results from Poznan Prospective Study. Microvasc Res.
2015;98:62-7.

Conway BH, Aroda VR, Maynard JD, Matter N, Fernandez S,
Ratner RE, et al. Skin intrinsic fluorescence is associated with
coronary artery disease in individuals with long duration of type
1 diabetes. Diabetes Care. 2012;35:2331-6.
Vélayoudom-Céphise FL, Rajaobelina K, Helmer C, Nov S, Pupier
E, Blanco L, et al. Skin autofluorescence predicts cardio-renal



Assessment of advanced glycation end-products

545

25.

26.

27.

28.

29.

30.

31.

outcome in type 1 diabetes: a longitudinal study. Cardiovasc
Diabetol. 2016;15:127.

Hirano T, lesato Y, Toriyama Y, Imai A, Chiba D, Toshinori M.
Correlation between diabetic retinopathy severity and elevated
skin autofluorescence as a marker of advanced glycation end-
product accumulation in type 2 diabetic patients. J Diab Compl.
2014;28:729-34.

Noordzij MJ, Mulder DJ, Oomen PHN, Brouwer T, Jager J, Castro
Cabezas M, et al. Skin autofluorescence and risk of micro- and
macrovascular complications in patients with type 2 diabetes
mellitus - a multi-centre study. Diabet Med. 2012;29:1556-61.
Schleicher ED, Wagner E, Nerlich AG. Increased accumulation of
the glycoxidation product Ne-(carboxymethyl)lysine in human
tissues in diabetes and aging. J Clin Invest. 1997;3:457-68.
Noordzij MJ, Lefrandt JD, Loeffen EAH, Saleem BR, Meerwaldt
R, Lutgers HL, et al. Skin autofluorescence is increased in
patients with carotid artery stenosis and peripheral artery dis-
ease. Int J Cardiovas Imaging. 2012;28:431-8.

Sanchez E, Betriu A, Arroyo D, Lépez C, Hernandez M, Rius F,
et al. Skin autofluorescence and subclinial atherosclerosis in
mild to moderate chronic kidney disease: a case-control study.
PLoS One. 2017;31, e0170778.

Benata R, Cougnard-Grégoire A, Delyfer MN, Delcourt C, Blanco
L, Pupier E, et al. Skin autofluorescence, renal insufficiency and
retinopathy in patients with type 2 diabetes. J Diabetes Compl.
2017;31:619-23.

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;68:361-6.

32.

33.

34.

35.

36.

37.

38.

39.

Munch IC, Larsen M, Kessel L, Borch-Johnsen K, Lund-Andersen
H, Glumer C. Cumulative glycemia and microangiopathy in sub-
jects with impaired glucose regulation in the Inter99 study.
Diabetes Res Clin Pract. 2011;91:226-32.

Koefoed Theil P, Hansen T, Larsen M, Pedersen O, Lund-Andersen
H. Lens autofluorescence is increased in newly diagnosed
patients with NIDDM. Diabetologia. 1996;39:1524-7.

Koefoed Theil P, Kessel L, Hanssen T, Lund-Andersen H, Pedersen
0, Larsen M. Lens fluorescence in relation to glucose toler-
ance and genetic predisposition to type 2 diabetes mellitus:
a population-based study. Curr Eye Res. 2006;3:733-8.

Kessel L, Sander B, Dalgaard P, Larsen M. Lens fluorescence and
metabolic control in type 1 diabetic patients: a 14 year follow
up study. Br J Ophthalmol. 2004;88:1169-72.

Munch IC, Larsen M, Borch-Johnsen K, Gliimer C, Lund-Andersen
H, Kessel L. Cumulative glycaemia as measured by lens flu-
orometry: association with retinopathy in type 2 diabetes.
Diabetologia. 2011;54:757-61.

Son M, Ching WJ, Oh S, Ahn H, Choi CH, Hong S, et al. Age depen-
dent accumulation patterns of advanced glycation end product
receptor (RAGE) ligands and binding intensities between RAGE
and its ligands differ in the liver, kidney and skeletal muscle.
Immun Ageing. 2017;14:12.

Goldberg T, Cai W, Peppa M, Dardaine V, Baliga BS, Uribarri J,
et al. Advanced glycoxidation end products in commonly con-
sumed foods. J Am Diet Assoc. 2004;104:1287-91.

Uribarri J, Woodruff S, Goodman S, Cai W, Chen X, Pyzik R, et al.
Advanced glycation end products in foods and a practical guide
to their reduction in the diet. J Am Diet Assoc. 2010;110:911-6.



	SHORT REVIEWAssessment of advanced glycation end-productsas a biomarker of diabetic outcomesOlga Simó-Servata,b,∗, Alejandra Planasa, Andreea Ciudina,b, Rafael Simóa,b,Cristina Hernándeza,b,∗a

