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ABSTRACT 

Background: Certain group of diabetic patients have been shown to remain free of diabetic compli-

cations despite having had diabetes for longer periods. Advanced glycation end products (AGEs), their recep-

tor (RAGE) and Glyoxalase-I (GLO-I) have been implicated in the development of diabetic neuropathy. Objec-

tive: To assess the effect of long-term type 1 diabetes mellitus on skin distribution and expression of AG-

Es, RAGE and GLO-I and to correlate these expressions with measures of small and large nerve fibre damage. 

Methods: Sixty-seven patients with type 1 diabetes mellitus of shorter (<15 years, n=20), intermediate (15

-40 years, n=25) and longer (>40 years, n=22) duration and 34 non-diabetic controls underwent diabetic 

neuropathy assessment: Neuropathy disability score (NDS), quantitative sensory testing (QST) including vi-

bration pressure and thermal thresholds, nerve conduction studies (NCS), deep breathing heart rate variabil-

ity (DB-HRV), corneal confocal microscopy (CCM) and intra-epidermal nerve fibre density (IENFD) and AGEs, 

RAGE and GLO-I expression in foot skin biopsies. Results: Compared to controls, type 1 diabetes mellitus 

patients showed progressively increased skin expression of AGEs, RAGE but progressively lower GLO-I ex-

pression with increasing duration of diabetes. Thus patients with longer-duration diabetes demonstrated sig-

nificantly higher skin AGEs and RAGE but lower GLO-I expression than both shorter and intermediate-

duration diabetic groups. In patients with longer-duration diabetes who developed diabetic neuropathy, the 

skin expression of AGEs and RAGE were significantly higher but GLO-I were significantly lower than those 

who did not develop diabetic neuropathy. These expressions also correlated with IENFD, CCM and NCS 

measures. Conclusion: Patients with type 1 diabetes mellitus showed progressively increased skin expression 

of AGEs, RAGE but progressively lower GLO-I expression with increasing duration of diabetes. Patients with 

longer-duration diabetes who developed diabetic neuropathy have significantly higher skin AGEs and RAGE 

and decreased GLO-I expression suggesting a potential role for these macromolecules as aetiological, marker 

of the disease as well as therapeutic target for diabetic neuropathy. 

 

Keywords: Advanced glycation end products, diabetes mellitus, type 1, diabetic neuropathy, re-

ceptor for advanced glycation end products, GLO-I protein, human. 

INTRODUCTION 

Higher morbidity and mortality in patients 

with diabetes mellitus (DM) have been linked 

to several factors such longer duration of DM, 
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inadequate glycaemic control, impaired renal 

function, hypertension, and dyslipidaemia.1,2  
Combination of longer duration of DM with 

inadequate glycaemic control predisposes pa-

tients to development of long-term diabetic 

complications. Nevertheless, a proportion of 

diabetic patients have been shown to survive 

long period of DM and remained free of com-

plications such as diabetic neuropathy (DN).3–

5 These patients constitute a unique group 

who possesses the endogenous protective 

factors that mediate longevity, resistance to 

developing diabetic complications and mainte-

nance of endogenous β-cells function.6 Stud-

ies on patients with long duration of DM are 

limited and interest in these long survivors of 

DM founded medal programmes in the US 

and UK for these survivors.5    
 

DN is a common complication of DM, 

affecting around 50% of diabetic patients and 

a leading contributing factor for foot ulcera-

tion and subsequent amputation. Different 

questionnaires and tools are available to as-

sess symptoms, signs and neurological deficit 

of DN. Techniques to evaluate large nerve 

fibre damage in DN encompass vibration per-

ception threshold (VPT) and nerve conduction 

studies (NCS).7 Small nerve fibre damage can 

be assessed using quantitative sensory test-

ing, nerve biopsy, the less invasive skin biop-

sy and recently corneal confocal microscopy 

(CCM) measurements which has been shown 

to correlate with intra-epidermal nerve fibre 

(IENFD) loss.8  

 

The pathogenesis of DN is complex. 

Mechanisms that linked hyperglycaemia with 

neurovascular damage include hexosamine 

pathway flux, enhancement of polyol path-

way, excessive reactive oxygen species for-

mation, protein kinase C, abnormal endotheli-

al nitric oxide (NO) activity, enhanced for-

mation of vascular endothelial factor (VEGF), 

and advanced glycation end products (AGEs) 

and their receptor (RAGE).9,10  AGEs are 

formed under the influence of sustained hy-

perglycemia via non-enzymetic condensation 

reaction called Millard reaction which is initiat-

ed by the reaction of reducing sugars with 

free amino group of proteins. The most widely 

studied receptor for AGEs is RAGE and AGE-

RAGE interaction leads to a series of inflam-

matory reactions mediated by Phosphatidylin-

ositol-3 Kinase (PI-3K), Ki-Ras, and Mitogen-

Activated Protein Kinase.11 AGEs can be de-

toxified in vivo by the glyoxalase system, the 

physiological line of defence against reactive 

dicarbonyls. The rate-limiting enzyme of the 

system is Glyoxalase-I (GLO-I) which con-

verts methylglyoxal into D-lactate and re-

duced glutathione and thus prevents AGEs 

formation.12 

 

There is increasing evidence linking 

AGEs, RAGE and recently GLO-I to the devel-

opment and progression of diabetic complica-

tions including DN and recently to β-cells 

apoptosis.11,13-16 In a study of 216 patients of 

the Diabetes Control and Complications Trial 

(DCCT) trial, skin collagen AGEs were lower in 

the intensive treatment group but not for Car-

boxymethyllysine  (CML) and acid soluble col-

lagen and independently associated with DN, 

retinopathy and nephropathy.17 A recent 

study demonstrated that specific methylglyox-

al concentration can differentiate between 

diabetic patients with painful and painless 

DN.18  RAGE has been shown to be upregulat-

ed in DN.15  Very recently, studies have re-

ported that Glyoxalase-I activity was reduced 

in patients with DN and GLO-I upregulation 

reduced AGEs and RAGE expression  and 

counteracted accompanying mitochondrial 

dysfunction.16,19,20 The influence of DM dura-

tion on RAGE and GLO-I in DN is less clear. 

AGEs and RAGE have been assessed in tis-

sues, plasma and via skin auto-fluorescence. 

However, plasma levels do not necessarily 

reflect tissue levels  and skin auto-

fluorescence has limitations.21,22 This paper 

assessed the distribution and expression of 

skin AGEs, RAGE and GLO-I in the unique 

group of patients with more than 40 years of 
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DM with and without DN and correlated these 

expressions with small and larger nerve fibre 

damage measures. 

 

 

METHODS 

Patients 

This prospective cross-sectional study recruit-

ed type 1 DM patients with duration of DM 

from <15 year to >40 years, from the Man-

chester Diabetes Centre, UK. Patients were 

excluded if they have non-diabetic causes of 

peripheral neuropathy, systemic disease like 

cancer, Addison’s disease, heart failure, histo-

ry of previous corneal trauma or surgery. A 

total of 67 type 1 DM patients were recruited 

and divided into 3 study groups based on du-

ration of DM: shorter-duration of <15 years 

(n=20), intermediate-duration of 15-40 years 

(n=25) and longer-duration of >40 years 

(n=22). Thirty-four healthy non-diabetic vol-

unteers were recruited as controls. These 

controls were either relative of patients or 

recruited from the same centre. The study 

was approved by Central Manchester Ethics 

Committee (2011/06/22, 354CMEC), and all 

participants gave informed consent upon re-

cruitment.  

 

Assessment of Neuropathy 

DN diagnosis was based on the Toronto con-

sensus as the presence  of  abnormal person-

al motor  nerve  conduction  velocity  (<42m/

sec)  and  the  presence  of  abnormal symp-

toms and signs of DN (Neuropathy Disability 

Score (NDS score) >2).7 Symptoms of DN 

were evaluated in study participants using 

neuropathy symptom profile (NSP) and McGill 

visual analogue pain scale (McGill VAS).23,24 

Neurological functional impairments were as-

sessed using NDS, quantitative sensory test-

ing (QST) in form of warm (WT) and cold (CT) 

thresholds assessed by Medoc Neuro Sensory 

Analyser TSA-II (Medoc Ltd., Ramat, UK).25 

Vibration perception threshold (VPT) was 

evaluated by using a Neuroaesthesiometer 

(Horwell, Scientific Laboratory, Wilford, UK).25 

Autonomic nervous system function was 

quantified by obtaining deep breathing heart 

rate variability (DB-HRV) using a CASE IV ma-

chine (WR Medical Electronics, Inc, MN, USA). 

Nerve conduction studies (NCS) were under-

taken by a consultant neurophysiologist using 

a Medtronic Keypoint™ EMG system and limb 

temperature was maintained constantly in a 

range of 32-35°C. Left Peroneal motor and 

Sural sensory nerves amplitudes (LSA and 

LPA) and conduction velocities (LPV and 

PMNCV) were quantified using silver-silver 

chloride electrodes according to the approved 

protocol. All participants were scanned with a 

laser CCM (HRT III-RCM Heidelberg Engineer-

ing GmBH, Heidelberg, Germany) using previ-

ously published method.25 Three parameters 

were quantified using CCM: Corneal Nerve 

Fibre Density (CNFD) - total number of major 

nerves/mm2; Corneal Nerve Fibre Length 

(CNFL) - total length of all nerve fibres and 

branches (mm/mm2) and Corneal Nerve 

Branch Density (CNBD) - number of branches 

emanating from major nerve trunks/mm2. 

 

Immunohistochemistry 

Skin biopsies were taken using 3-mm punch 

from the dorsum of the foot, 2cm proximal to 

the second metatarsal head with the use of 

1% lidocaine anaesthesia. The samples were 

fixed in PBS-buffered (4%) paraformaldehyde 

for 18-24 hours immediately after collection. 

One sample was used for IENFD assessment 

on frozen sections while the second one was 

routinely processed to paraffin block for im-

munohistochemistry evaluation. Following 

washing in TBS buffer and graded solutions of 

sucrose for 2-4 h for cryoprotection, the spec-

imen was frozen in liquid nitrogen, stored at -

80°C and cut into 50 μm sections on a cryo-

stat microtome (Microm HM450, Microm Int 

GmbH, Germany). Four floating sections from 

each patient were subjected to further pro-

cessing. The non-specific staining and endog-

enous peroxidase activity were blocked by 

incubation in 5% goat serum and 0.3% hy-
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drogen peroxide respectively. The sections 

were incubated with polyclonal rabbit anti-

human PGP 9.5 neuronal marker IgG (Serotec 

Ltd, Oxford, England) followed by goat anti-

rabbit secondary antibody and then by Horse-

radish Peroxidase (HRP)-Streptavidin (both 

from Vector Laboratories, Peterborough, UK).  

Immunoreactivity was revealed by using SG 

chromogen (Vector Laboratories, Peterbor-

ough, UK). IENFD was calculated as the num-

ber of nerve fibres crossing the basement 

membrane of the epidermis per millimetre 

length of the epidermis. 

 

Formalin-fixed paraffin-embedded 

tissue blocks were cut at 5µm thickness on a 

microtome (Leica Biosystems, Peterborough, 

UK) for AGEs, RAGE and GLO-I assessment. 

Following deparaffinisation of sections with 

xylene and rehydration in graded alcohols, 

antigens were unmasked with 0.1M citrate 

buffer pH 6.0 for antigen retrieval. To quench 

endogenous peroxidase activity, sections 

were immersed in Dako Peroxidase-Blocking 

Solution (Dako Ltd, Denmark)  and nonspecif-

ic binding was blocked by the incubation of 

sections in 5% Normal Horse Serum (NHS) 

for AGEs and GLO-I or normal goat serum 

(NGS) for RAGE. Sections were incubated 

with primary antibodies goat IgG anti-RAGE 

(Millipore, CA, USA), rabbit polyclonal anti-

AGEs IgG (Abcam, Cambridge, USA) or rabbit 

polyclonal anti-GLO-I IgG (GeneTex, CA, 

USA), all diluted in 5% respective sera at 4°C 

overnight in a humidified chamber. Sections 

were then incubated with secondary antibod-

ies: biotinylated horse anti-goat IgG antibody 

(BA-9500, Vector Laboratories, Inc., CA, 

USA) for RAGE and biotinylated horse anti-

rabbit IgG (Vector Laboratories, Inc., CA, 

USA) for AGEs and GLO-I (all diluted in 5% 

respective sera). Samples were incubated 

with HRP-Avidin (Vector Laboratories, Inc., 

CA, USA) in a humidified chamber. Immuno-

reactivity was revealed by incubation of sec-

tions with SG Chromogen (Vector Laborato-

ries, Inc., CA, USA).  

Negative controls comprised substitut-

ing the primary antibody with non-immune 

immunoglobulin at a concentration parallel to 

that of the primary antibody 

(DakoCytomation) which showed lack of im-

munostaining. In each experiment, five new 

slides from five cases immunostained in the 

previous experiment were re-stained and 

compared with the current experiment’s stain-

ing. Only when the five pairs of sections 

showed identical staining then the latest ex-

periment was accepted, otherwise the entire 

series was repeated. A semi-quantitative 

method was applied to quantify AGEs, RAGE 

and GLO-I expression using a light microscope 

under 400x magnification and identical light 

intensity. A score form 0-5 for staining inten-

sity was used in which 0 represents lack of 

immunostaining and 5 represents 80-100% 

immunostaining. The best representation of 

scores in different anatomical locations was 

used as a visual aid.  Immunostaining of AG-

Es, RAGE and GLO-I was assessed in skin epi-

thelium, microvessels and extracellular matrix 

(ECM). Before commencing the semi-

quantitative assessment, all sections were 

reviewed and the best representation of 

scores for each antigen in different skin struc-

tures was selected and used as a visual aid for 

the final assessment. All sections underwent 

blind assessment three times in random se-

quence by the investigator (ATA) to estimate 

intra-observer repeatability. The sections 

were also subsequently assessed blindly by an 

expert pathologist (MJ) to obtain inter-

observer repeatability. The final results used 

for statistical assessment were reconciled 

scores between the two observers (ATA and 

MJ). 

 

Statistical analysis. StatsDirect Version 

2.7.8 (StatsDirect Ltd., Cheshire, UK) and 

SPSS 22.0 for Windows (SPSS, Chicago, IL) 

software were used to perform statistical 

analysis. Normality of data was assessed with 

Shapiro-Wilk test and relevant histograms. 

Normally distributed data were expressed as 
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The prevalence of DN was higher in patients 

with longer-duration DM (54.5%) than those 

with shorter-duration (25%) and intermediate

-duration (34.3%) DM groups (Table 1). The 

levels of HbA1c were comparable between 

groups of different duration of diabetes but 

higher than controls. DM patients with longer-

duration diabetes demonstrated significantly 

higher NDS, VPT (P<0.001, P<0.01, 

P<0.001), WT (P<0.001, P<0.01, P<0.01) 

and lower CT (P<0.001, P<0.01, P<0.001) as 

compared to controls, shorter-duration and 

intermediate-duration DM groups respectively. 

NCS findings were consistent with small fibres 

measures and patients with longer-duration 

DM have significantly lower sural and peroneal 

mean ± SD. Analysis of variance (ANOVA) 

was used to compare the means among the 

groups with Tukey test as a post hoc test. 

Non-normally distributed data were presented 

as median and interquartile range with Krus-

kal-Wallis test to compare groups and 

Conover-Inman test as a post hoc test. Corre-

lations between variables were performed us-

ing Pearson correlation coefficient. Intra-

observer and inter-observer repeatability was 

estimated using repeatability coefficient. 

P<0.05 was considered as statistically signifi-

cant.     

 

 

RESULTS 
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Table 1: Demographics and clinical neuropathy assessment.  

Variables 

Type 1 DM 
Control 
(n=34) Shorter-

duration (n=20) 
Intermediate-

duration (n=25) 
Longer-duration 

(n=22) 

Age (years) ‡  39.17±14.25  22.41±3.85¶§  35.51±8.16§  50.07±4.16¶  

Duration of DM (years)   9.59±3.12§  27.78±6.07§  45.11±2.12  
With DN No. (%)   5 (25%)  9 (34.4%)  12 (54.5%)  
HbA1c (Mean ± SD) †  5.32±1.29  8.68±2.37¶  8.19±1.16¶  8.12±1.11¶  

NSP(0-37) †  0.10±0.41 2.88±6.2  4.32±6.12¶  5.25±5.28¶  

McGill VAS (0-10) *  0.15±0.49  2.25±3.41  2.7±3.62¶  2.29±2.91  
NDS(0-10) )‡  0(0-1)  0(0-0) §  4(2-5) ¶§  6.5(5.5-8.5) ¶  

VPT R(V) )‡    3.5(3-5)  4.35(3-8.25) §  8.83(6-13.5) ¶§  25.16(22.83-29.5)¶  

CT(°C) ‡  28.75(27.9-29.7)  28.1(23.9-29.7) §  26.2(24.4-28.3)¶§  18.91(7.4-22.1) ¶  

WT(°C) ‡  36.55(35.1-37.8)  39.2(37-42.4) §  38.9(37.3-42) ¶§  44.31(41.3-45.8) ¶  

DB-HRV (beats per min) ‡ 25.73±8.17  28.16±13.44§  20.24±12.01¶§  11.3±6.79¶  

LSA (uV) ‡  18.52±7.26  13.24±5.34§  9.37±6.58¶§  7.82±3.74¶  

LSV (m/s) ‡  50.5±4.07  44.86±2.03§  43±4.94¶§  35.19±6.92¶  

LPA (m/s) ‡  5.82±2.07  5.29±2.43§  3.15±1.84¶§  1.24±1.32¶  

PMNCV (m/s) ‡  49.0±3.92 41.11±3.43¶§  39.54±7.59¶§  34.26±9.56¶  

CNFD (no/mm2) ‡  37.27±6.06 28.45±5.71§  23.85±8.7¶§  16.24±9.58¶  

CNBD (no/mm2) ‡  94.44±3.98  58.93±32.5¶§  57.31±32.35¶§  42.63±33.23¶  

CNFL(mm/mm2) ‡  37.27±6.06  19.95±4.08§  18.77±6.36¶§  13.64±7.79¶  

IENFD(no/mm2)  (mm) ‡  10.33±2.31  6.04±2.01¶§   4.05±1.81¶§  2.75±1.42¶  

Cholesterol (mmol/l)  5.04±0.78  4.41±1.1  4.45±0.94  4.34±1.12  
HDL(mmol/l) †  1.56±0.37  1.46±0.34§ 1.41±0.44  1.7±0.95¶  

TRIG(mmol/l)  1.43±0.68  1.64±0.79  1.01±0.44  1.7±0.43  
LDL(mmol/l)  2.4±0.92 2.22±1.09  2.2±0.82  2.17±1.1  

Results are expressed as mean ± SD or median (interquartile range). Statistically significant differences using ANOVA or 
Kruskal Wallis test: * P<0.05, † P<0.01, ‡ P<0.001, ¶ Post hoc (Tukey or Conover Inman test) results significantly different 
from control subjects, § Post hoc results significantly different from long duration group. DPN, diabetic peripheral neuropa-
thy; NSP, Neuropathy Symptom Profile; McGill VAS, McGill Visual Analogue Scale; NDS, Neuropathy Disability Score; VPT, 
Vibration Perception Threshold; WT, Warm Threshold; CT, Cold Threshold; CIP, Cold Induced Pain; HRV, Hear Rate Variabil-
ity; HRV-DB, Heart Rate Variability to Deep Breathing; LSA, Left Sural Amplitude; LSV, Left Sural Velocity; LPA; Left Peroneal 
Amplitude; PMNCV; Peroneal Motor Nerve Conduction Velocity; HDL, High-Density Lipoproteins; TRIG, Triglycerides; LDL, 
Low-Density Lipoproteins; CNFD (Corneal Nerve Fibre Density); CNBD (Corneal Nerve Branch Density); CNFL (Corneal Nerve 
Fibre Length); IENFD (Intra-Epidermal Nerve Fibre Density). 



cients for immunohistochemical scores of 

AGE, RAGE and GLO-I in epidermis were 0.90, 

0.87 and 0.85 respectively. Inter-observer 

repeatability coefficients for immunohisto-

chemical scores of AGE, RAGE and GLO-I in 

epidermis were 0.88, 0.86 and 0.82 respec-

tively.  

 

Skin AGEs expression was significantly 

higher (P<0.001) in all patients compared to 

control in all skin structures assessed 

(epidermis, microvessels, endothelium, base-

ment membrane and reticular ECM) apart 

from papillary ECM (Table 2). There was pro-

gressive increase of skin AGEs with increasing 

duration of DM in the epidermis (P<0.01, 

P<0.05), microvessels (P<0.05,P<0.05), en-

dothelium (P<0.01,P<0.01), basement mem-

brane (P<0.001, P<0.01), papillary ECM 

(P<0.001,P<0.01) and reticular ECM 

(P<0.001,P<0.01) in longer-duration DM 

group compared to shorter-duration and inter-

nerves amplitudes (P<0.001, P<0.001, 

P<0.01) and nerve conduction velocities 

(P<0.001, P<0.001, P<0.01) as compared to 

controls, short and intermediate duration 

groups respectively. 

 

Lipid profile values were comparable 

between study groups apart from HDL, which 

was significantly higher in the longer-duration 

group than controls (P<0.01). As for IENFD, 

there was progressive reduction in IENFD as 

compared to controls (P<0.001), shorter-

duration (P<0.01) and intermediate-duration 

(P<0.01)  DM groups with increasing duration 

of DM and these differences were statistically 

significant. CM metrics namely CNFD, CNBD 

and CNFL also decreased significantly with 

increasing duration of DM (P<0.001, P<0.01, 

P<0.01 as compared to controls, short and 

intermediate duration groups respectively). 

 

Intra-observer repeatability coeffi-

cients for immunohistochemical scores of 
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Table 2: Skin AGEs, RAGE and GLO-I in controls and patients with short to long duration of diabetes.  

Variables 
Control 
(n=34) 

Type 1 DM 

Shorter-
duration (n=20) 

Intermediate-
duration (n=25) 

Longer-duration 
(n=22) 

AGEs 

Epidermis  ‡  2.17±0.38  2.40±0.75§  2.82±0.98¶§   3.58±1.40¶  

Microvessels  ‡  2.20±0.55  2.72±0.70¶§  2.86±0.57¶§   3.51±1.18¶  

Endothelium  ‡  1.26±0.44  2.00±0.78¶§  2.20±0.84¶§  3.09±0.14¶  

Basement Membrane  ‡  2.05±0.54  2.13±0.64§  3.03±0.71¶§  3.71±1.22¶  

Papillary ECM ‡  1.87±0.84  1.70±0.53§  2.03±0.61§  3.00±1.21¶  

Reticular ECM ‡  1.93±0.59  2.57±0.9¶§  2.60±0.76¶§  3.63±1.18¶  

RAGE  

Epidermis  ‡  2.07±0.72  2.93±0.74¶§  3.32±1.1¶§  4.09±0.94¶  

Microvessels  ‡  2.15±0.57  2.73±0.78¶§  2.87±0.67¶§  3.85±1.28¶  

Endothelium  ‡  2.09±0.59  2.40±0.84§  2.97±0.93¶  3.71±1.27¶  

Basement Membrane  ‡  1.92±0.73  2.50±0.67¶§  2.62±0.65¶§  3.54±0.96¶  

Papillary ECM ‡  2.02±0.28  2.24±0.78§  2.61±1.24¶§  3.28±1.08¶  

Reticular ECM ‡  1.99±0.64  2.68±1.06¶§  3.10±0.72¶§  4.00±0.81¶  

GLO-I  

Epidermis  ‡  3.64±1.22  2.90±1.08§  2.45±0.68¶  1.62±0.69¶  

Microvessels  ‡  3.50±1.37 2.79±0.68¶§  2.57±0.75¶§  1.69±0.54¶  

Endothelium  ‡  3.41±1.33  2.89±0.93§  2.31±0.75¶  2.08±0.56¶  

Basement Membrane  ‡  3.25±1.06  2.29±0.62¶§  2.40±0.63¶§  1.58±0.7¶  

Papillary ECM ‡  2.33±1.40  1.91±1.12  1.29±0.61¶  1.50±0.90  

Reticular ECM ‡  2.94±1.57  2.53±0.84§  2.00±0.96  1.42±0.64¶  

Results are expressed as mean ± SD or median (interquartile range). Statistically significant differences using ANOVA or 
Results are expressed as mean ± SD or median (interquartile range). Statistically significant differences using ANOVA or 
Kruskal Wallis test:  † P<0.01, ‡ P<0.001, ¶ Post hoc (Tukey or Conover Inman test) results significantly different from con-
trol subjects, § Post hoc results significantly different from long duration group. ECM; Extracellular Matrix. 



longer-duration DM without DN had signifi-

cantly lower skin AGEs expression in the epi-

dermis (P<0.01), microvessels (P<0.05), en-

dothelium (P<0.01), basement membrane 

(P<0.01), papillary ECM (P<0.05) and reticu-

lar ECM (P<0.01) as compare to those with 

DN. Skin RAGE expression in patients without 

DN was significantly lower in epidermis 

(P<0.05), microvessels (P<0.01), endotheli-

um (P<0.01), and basement membrane 

(P<0.01). Skin GLO-I expression was higher 

in patients without DN in epidermis (P<0.01), 

microvessels (P<0.01) and basement mem-

brane (P<0.05) as compared to those with 

DN.  

 

Skin AGEs and RAGE expression in 

multiple skin structures correlated directly 

(Supplementary page: Appendix I and II) and 

skin GLO-I expression correlated inversely 

(Supplementary page: Appendix III) with 

IENFD, CCM metrics and NCS findings. 

 

 

DISCUSSION 

In the current study, Patients with longer-

duration (>40 years) DM exhibited more ad-

vanced large fibre damage as evidenced by 

their NDS, VPT and NCS findings as well as 

more advanced small fibre damage as indicat-

ed by their CT, WT, CCM and DB-HRV results. 

Interestingly, HDL-cholesterol was higher in 

patients with longer-duration DM which is in 

agreement with another study and this could 

provide one explanation for the long survival 

of these patients.5 

 

This study is the first to report skin 

distribution and expression of the combined 

set of AGEs, RAGE and GLO-I in patients with 

longer-duration type 1 DM who has under-

gone detailed assessment of neuropathy. Skin 

AGEs expression was higher in patients with 

longer-duration DM as compared to control 

subjects and shorter-duration or intermediate

-duration DM. There was progressive increase 

of AGEs expression with increasing DM dura-

mediate-duration DM groups.  

 

 Similarly, skin RAGE expression was 

higher in patients than controls in all skin 

structures (P<0.001) (Table 2). There was 

progressive increase of skin RAGE with in-

creasing duration of DM in epidermis 

(P<0.001, P<0.01), microvessels (P<0.001, 

P<0.001), basement membrane (P<0.001, 

P<0.01), papillary ECM (P<0.001, P<0.01) 

and reticular ECM (P<0.001, P<0.01) in long-

er-duration DM group compared to shorter-

duration and intermediate-duration DM 

groups.  

 

Skin expression of GLO-I was the in-

verse of those seen with AGEs and RAGE ex-

pression. Skin expression of GLO-I was signif-

icantly lower in patients than controls 

(P<0.001) (Table 2). Skin GLO-I progressively 

decreased with increasing duration of DM in 

epidermis (P<0.001) in longer-duration DM 

group compared to shorter-duration DM 

group, microvessels (P<0.01, P<0.01) and BM 

(P<0.01, P<0.01) in longer-duration group 

compared to both shorter-duration and inter-

mediate-duration DM groups.  
 

Patients with longer-duration DM were 

further stratified into those with and without 

DN and analysed (Table 3). Patients with 

longer-duration DM without DN exhibited sig-

nificantly lower NSP, NDS, VPT, WT, DB-HRV 

and higher CT as compared to those with DN. 

Sural and peroneal nerves amplitudes and 

conduction velocities were also higher in pa-

tients without DN as compared to those with 

DN. CCM metrics were also consistent with 

other small nerve fibres measure. Scores of 

IENFD, CNFD, CNBD and CNFL were higher in 

patients without DN as compared to those 

with DN. 

 

Skin expression of AGEs, RAGE and 

GLO-I in controls and Patients with longer-

duration DM with and without DN are summa-

rized in table 4 and figure 1. Patients with 
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tion in epidermis, micro-vessels, endothelium, 

basement membrane and ECM. Evidence 

shows that AGEs have been previously local-

ized in skin, skin collagen, epidermal and pe-

ripheral nerves, dorsal root ganglia, blood 

vessels, heart, renal and retinal tissues and 

serum in both animal models of diabetes and 

patients.13,15, 18,26,27 Our findings are also in 

keeping with those of previous studies which 

reported an association between AGEs expres-

sion and DM duration in patients with DN.13,28  

However, recent studies have reported inde-

pendent association between AGEs and DN 

even after adjustments for age, DM duration 

and HbA1c. 13,17,26,29 30  

 

We have detected higher RAGE ex-

pression in longer-duration DM group as com-

pared with control subjects and patients with 

shorter-duration or intermediate-duration DM 

groups in the same skin structures, which ex-

hibited higher AGEs expression. Furthermore, 

there was a progressive increase in RAGE ex-

pression in these structures with increasing 

duration of DM. These results are consistent 

with reports of previous studies that observed 

higher RAGE expression in epidermal nerves, 

peripheral nerves, renal and retinal tissues, 
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Table 3: Demographics and clinical neuropathy assessment in longer-duration (>40 years) DM patients with or 
without DN.  

Variables 
Control 
(n=34) 

Longer-duration (>40 years) Type 1 DM 

NO NP  
(n=10) 

NP  
(n=12) 

Age (years) ‡  39.17±14.25  48.15±3.82¶  51.87±4.24¶  

Duration of DM (years)   44.11±2.32  46.01±2.98  

HbA1c (Mean ± SD) †  5.32±1.29  8.22±0.98¶  46.01±2.98  

NSP(0-37) †  0.10±0.41 2.23±1.11¶  5.86±5.65¶§  

McGill VAS (0-10) *  0.15±0.49  1.50±1.75¶  2.63±2.86¶  

NDS(0-10) )‡  0(0-1)  2(0-3)  7(4.5-8.5) ¶§  

VPT R(V) )‡    3.5(3-5)  7.33(5-11)¶  30.16(13.85-38.1)¶§  

CT(°C) ‡  28.75(27.9-29.7)  26(22.6-28.5)  14.11(8.4-26.7) ¶§  

WT(°C) ‡  36.55(35.1-37.8)  38.2(36.41-39.73)  46.5(40.5-49.4)¶§  

DB-HRV (beats per min) ‡ 25.73±8.17  18.3±3.79¶  8.25±3.46¶§  

LSA (uV) ‡  18.52±7.26  10.66±3.82¶  4.47±2.22¶§  

LSV (m/s) ‡  50.5±4.07  43.7±4.72¶  32.6±6.27 ¶§  

LPA (m/s) ‡  5.82±2.07  2.72±1.55¶  0.68±0.78¶§  

PMNCV (m/s) ‡  49.0±3.92 44.5±3.98¶  31.6±7.70¶§  

CNFD (no/mm2) ‡  37.27±6.06  27.74±8.02¶  15.67±8.94¶§  

CNBD (no/mm2) ‡  94.44±3.98   63.47 31.22¶  31.59±22.04¶§  

CNFL(mm/mm2) ‡  37.27±6.06   20.81±5.31¶  12.36±6.70¶§  

IENFD(no/mm2)  (mm) ‡  10.33±2.31  6.73±3.38¶  3.38±4.79¶§  

Cholesterol (mmol/l)  5.04±0.78  4.67±1.08  4.26±0.97  

HDL(mmol/l) †  1.56±0.37  1.98±0.46¶  1.69±0.55§  

TRIG(mmol/l)  1.43±0.68  1.63±0.43  1.71±0.55  

LDL(mmol/l)  2.4±0.92 2.01± 1.06  2.20±0.92  

Results are expressed as mean ± SD or median (interquartile range). Statistically significant differences using ANOVA or 
Kruskal Wallis test: * P<0.05, † P<0.01, ‡ P<0.001, ¶ Post hoc (Tukey or Conover Inman test) results significantly different 
from control subjects, § Post hoc results significantly different from no neuropathy group. DN, diabetic neuropathy; NSP, 
Neuropathy Symptom Profile; McGill VAS, McGill Visual Analogue Scale; NDS, Neuropathy Disability Score; VPT, Vibration 
Perception Threshold; WT, Warm Threshold; CT, Cold Threshold; CIP, Cold Induced Pain; HRV, Hear Rate Variability; HRV-
DB, Heart Rate Variability to Deep Breathing; LSA, Left Sural Amplitude; LSV, Left Sural Velocity; LPA; Left Peroneal Ampli-
tude; PMNCV; Peroneal Motor Nerve Conduction Velocity; HDL, High-Density Lipoproteins; TRIG, Triglycerides; LDL, Low-
Density Lipoproteins; CNFD (Corneal Nerve Fibre Density); CNBD (Corneal Nerve Branch Density); CNFL (Corneal Nerve 
Fibre Length); IENFD (Intra-Epidermal Nerve Fibre Density). 



blood vessels and serum in DM patients. 
9,15,29,31,32,33 Higher RAGE expression could be 

explained by upregulation of RAGE in re-

sponse to increased AGEs expression and this 

process is more enhanced in longer-duration 

DM patients. However, the relationship be-

tween the duration of DM and RAGE expres-

sion have not been fully investigated and 

whether this upregulation is a response to 

increased AGEs expression in these sites, oth-

er ligands, reactive oxygen species or a re-

sponse to combined factors remains to be in-

vestigated.  

 

 In combination with increased AGEs 

and RAGE expression, we have detected de-

creased GLO-I expression in longer-duration 

DM group as compared with control subjects 

and with shorter-duration DM patients in the 

epidermis, micro-vessels, endothelium and 

basement membrane. Moreover, GLO-I ex-

pression gradually decrease with increasing 

Figure 1: Immuno-localization of AGEs, RAGE and GLO-I in 
controls and diabetic patients with 40 years of diabetes 
mellitus. Upper row: Immuno-localization of AGEs in the 
epidermis (A-C)  in control, diabetic patient without neu-
ropathy and diabetic patient with neuropathy. Middle row: 
Immuno-localization of RAGE in the epidermis (D-F)  in 
control, diabetic patient without neuropathy and diabetic 
patient with neuropathy. Lower row: Immuno-localization 
of GLO-I in the epidermis (G-I) in control, diabetic patient 
without neuropathy and diabetic patient with neuropa-
thy.400x Magnification. (Click to enlarge) 

Table 4: Skin AGEs, RAGE and GLO-I expression in patients with 40 years of diabetes with and without diabetic 
neuropathy. 

Variables 
Control 
(n=34) 

Longer-duration (>40 years) Type 1 DM 

NO NP  
(n=10) 

NP  
(n=12) 

AGEs 

Epidermis  ‡  2.17±0.38  3.11±1.21¶   3.95±1.55¶§  

Microvessels  ‡  2.20±0.55  3.14±1.23¶  3.86±1.38¶§  

Endothelium  ‡  1.26±0.44  1.81±0.20  3.90±0.44¶§  

Basement Membrane  ‡  2.05±0.54  3.24±1.11¶  4.11±1.34¶§  

Papillary ECM ‡  1.87±0.84  2.46±1.35  2.46±1.35  

Reticular ECM ‡  1.93±0.59  3.10±1.18¶  4.22±1.15¶§  

RAGE  

Epidermis  ‡  2.07±0.72  3.61±0.76¶  4.28±1.04¶§  

Microvessels  ‡  2.15±0.57  2.45±1.43  4.06±1.62¶§  

Endothelium  ‡  2.09±0.59  3.02±1.37¶  4.36±1.18¶§  

Basement Membrane  ‡  1.92±0.73  2.51±0.74  3.87±0.96¶§  

Papillary ECM ‡  2.02±0.28  3.04±1.21¶  3.42±1.18¶  

Reticular ECM ‡  1.99±0.64  2.48±0.65  3.85±0.44¶  

GLO-I  

Epidermis  ‡  3.64±1.22  2.26±0.86¶  1.11±0.52¶§  

Microvessels  ‡  3.50±1.37 2.38±0.78¶  1.28±0.43¶§  

Endothelium  ‡  3.41±1.33  2.31±0.46¶  1.56±0.68¶  

Basement Membrane  ‡  3.25±1.06  1.93±0.82¶  1.25±0.74¶§  

Papillary ECM ‡  2.33±1.40  1.80±1.11  1.38±0.61¶  

Reticular ECM ‡  2.94±1.57  1.36±0.66¶  1.42±0.42¶  

Results are expressed as mean ± SD or median (interquartile range). Statistically significant differences using ANOVA or 
Kruskal Wallis test: † P<0.01, ‡ P<0.001, ¶ Post hoc (Tukey or Conover Inman test) results significantly different from con-
trol subjects, § Post hoc results significantly different from no neuropathy group. ECM; Extracellular Matrix. 
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duration of DM. GLO-I is a key enzyme that 

detoxifies the precursor of AGEs and limits 

AGEs production. Thus, lower GLO-I expres-

sion in our longer-duration DM group could 

partially explains the increased AGEs expres-

sion detected in these patients. These find-

ings are in keeping with the findings of more 

recent studies which demonstrated reduced 

GLO-I activity in blood  and peripheral nerves 

and dorsal root ganglia  in experimental DM 

and in patients.16,34,35 The reason for reduced 

GLO-I activity in DM patients, however, is 

unknown although genetic variability of the 

enzyme activity have been reported in murine 

models and a recent study reported an asso-

ciation between single nucleotide polymor-

phism (SNP)  of minor alleles rs1130534 and 

rs1049346 and decreased GLO-I activity in 

type 1 and type 2 DM patients.34,36.  Our re-

sults indicate that AGEs, RAGE and GLO-I lev-

els cannot explain how these longer-duration 

DM group have survived long duration of the 

disease therefore genetic or other factor like 

higher HDL may play a role in their longevity.    

 

Longer-duration (>40 years) DM pa-

tients without DN demonstrated lower skin 

AGEs expression in the epidermis, micro-

vessels, endothelium, basement membrane 

and reticular ECM in comparison with those 

with DN. A mechanistic role for AGEs in the 

development and progression of diabetic mi-

crovascular complications including DN  has 

been proposed with a link to neuronal struc-

tural changes of DN.14,18,37,38,39  Moreover, 

AGEs have been reported recently as a mark-

er of DN and linked to β-cell apoptosis, de-

creased insulin synthesis.11,13  Evidence 

shows that the association between AGEs and 

DN remained significant even after controlling 

for HbA1c.17,30  AGEs were shown to correlate 

with age and diabetes duration  but recent 

studies showed significant association be-

tween certain AGEs and DN after adjustment 

for these factors.13,28,29,40    Data about AGEs 

expression in this unique group with longer- 

duration DM are rare but one recent study 

which have assessed serum AGEs in 351 type-

1 DM patients with longer-duration of DM and 

interestingly have reported a dual predispos-

ing and protective effect for AGEs combina-

tions in relation to DN and other complica-

tions.1  Yet, in that study, AGEs were assessed 

in the serum and  serum AGEs levels does not 

necessarily reflect tissues levels 21. 

 

Skin expression of RAGE in the unique 

protected group was also lower in the same 

skin structures that showed low AGEs expres-

sion apart from ECM as compared to patients 

withlonger-duration of DM and DN. The in-

creased AGEs and RAGE expression in longer-

duration DM group in the same skin structures 

adjacent to the small epidermal fibres together 

with higher prevalence of DN in this group 

points to a potential mechanistic role of AGEs 

and RAGE interaction in DN. Our observations 

are in agreement with previous observations 

of similar co-localization of these macromole-

cules in the target tissues for DM microvascu-

lar complications and link with these complica-

tions including DN.15,31  The exact mechanism 

of RAGE-mediated neural damage, however, 

remains to be identified  

 

As for skin expression of GLO-I, DM 

patients who did not develop DN demonstrated 

higher levels in epidermis, micro-vessels and 

basement membrane. These data and in com-

bination with higher AGEs and RAGE expres-

sion and high prevalence of DN also suggest 

that GLO-I under expression induces detri-

mental effects that may lead to DN in these 

patients. Emerging reports are also linking 

reduced GLO-I to the development DN  and 

painful DN.12,16,36  A study investigated differ-

ent GLO-I expressions in STZ-induced diabetic 

mice on DN revealed that lower GLO-I expres-

sion is associated with the behavioural chang-

es of neuropathy, reduced IENFD and reduced 

mitochondrial oxidative phosphorylation while 

GLO-I overexpressing mice were protected 

against neuropathy and showed opposite 

changes.35  A more recent  study in 108 type-
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1 and 109 type-2 DM patients demonstrated 

lower blood GLO-I in patients with painful DN 

as compared to non-painful DN.16   

 

Skin AGEs and RAGE expression in 

multiple skin structures correlated directly 

and skin GLO-I expression correlated inverse-

ly with measures of small (IENFD and CCM 

measures) and large nerve fibre (NCS 

measures) damage in our study and these 

correlations were significant. These findings 

suggest that AGE, RAGE and GLO-I axis con-

tribute to both structural and functional neu-

ronal damage in DM patients which ultimately 

lead to DN. In a small study in DM patients 

with DN, AGEs were detected in 90% of sural 

and femoral nerve biopsies and correlated 

with morphological alterations of nerve dam-

age including reduced numbers of nerve fi-

bres.39  Similarly, lower GLO-I expression was 

shown to reduce IENFD and higher expression 

to increase IENFD in animal models of DN.35 

We demonstrated very significant correlations 

between these three macromolecules and 

IENFD and CCM measures, adding to the data 

supporting the notion that CCM is a robust 

surrogate marker of DN. 

 

There are some limitations in our 

study. We cannot provide measures for the 

variability of AGE, RAGE and GLO-I over time 

due to the cross-sectional nature of the 

study. Another limitation is the semi-

quantitative nature of the scoring system al-

beit we undertook rigorous blinded assess-

ment with excellent reproducibility. Of course 

other techniques such as liquid chromatog-

raphy/ mass spectrometry (LC/MS) and poly-

merase chain reaction could be utilized to 

measure the levels of these molecules but 

these techniques cannot localize AGE, RAGE 

and GLO-I in their natural anatomical loca-

tions. Furthermore, the sample size of pa-

tients with >40 years of DM is small because 

it was challenging to recruit these longer-

duration DM patients and to obtain skin biop-

sy from them. 

CONCLUSION 

Findings from our study provide further sup-

porting evidence regarding the progressive 

increased skin expression of AGEs and RAGE, 

and a progressive decrease in GLO-I expres-

sion with increasing duration of DM. Our study 

also showed here for the first time in patients 

with >40 years of DM but without DN, the ex-

pression of skin AGEs and RAGE, although in 

general significantly higher than patients with 

<40 years of DM, the levels are still signifi-

cantly lower than those with DN. This is also 

true of GLO-I expression which was signifi-

cantly higher in patients with >40 years DM 

without DN compared with those with DN. Skin 

AGEs, RAGE and GLO-I expression also corre-

lated significantly with small and large fibre 

damage measures which augments the notion 

that these macromolecules induce detrimental 

structural and functional effects that culminate 

in the development of DN which suggests po-

tential role as a marker of the disease and 

therapeutic target. Further studies are re-

quired to consolidate the findings of this study.   
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