
A linear relation exists between time-averaged
blood glucose concentrations and the development
and progression of microvascular complications in
diabetic patients [1]. Some individual patients, how-
ever, with low average blood glucose concentrations
develop severe complications, while some with high
mean blood glucose concentrations do not. Overall,
only one-third of Type I diabetic patients develop
clinical nephropathy, usually after 12 to 15 years of

Diabetologia (1999) 42: 603±607

Short communication

Diabetic retinopathy risk correlates with intracellular
concentrations of the glycoxidation product Ne-(carboxymethyl)
lysine independently of glycohaemoglobin concentrations
H.-P. Hammes1, M. Brownlee2, J.Lin1, E. Schleicher3, R. G. Bretzel1

1 3 rd Medical Department, Centre of Internal Medicine, Justus-Liebig-University, Giessen, Germany
2 Diabetes Research Center, Albert Einstein College of Medicine, Bronx, New York, USA
3 4 rd Medical Department, Eberhard-Karl-University, Tübingen, Germany

Ó Springer-Verlag 1999

Abstract

Aims/hypothesis. We investigated whether either the
amount of diabetes-induced intracellular oxidative
stress or the concentration of hyperglycaemia-in-
duced advanced glycation endproducts is associated
with the risk of diabetic retinopathy.
Methods. We measured concentrations of the glycox-
idation product Ne-(carboxymethyl)lysine and two
non-oxidation-dependent advanced glycation end-
products (methylglyoxal-derived and 3-deoxygluco-
sone-derived) in CD45RA+ T-cells from 21 Type I
(insulin-dependent) diabetic patients with and with-
out diabetic retinopathy and from age-matched non-
diabetic control subjects.
Results. Intracellular concentrations of both oxida-
tion-dependent Ne-(carboxymethyl)lysine and oxida-
tion-independent advanced glycation endproducts
were increased in memory T-cells from diabetic pa-
tients. Ne-(carboxymethyl)lysine: diabetic median-
24176 arbitrary units/mg protein (95 % confidence
interval 18690±34099 arbitrary units/mg protein);
nondiabetic-9088 arbitrary units/mg protein (confi-
dence interval 6994±10696 arbitrary units/mg pro-
tein; p < 0.0001). Methylglyoxal-derived advanced
glycation end products: diabetic-5430 arbitrary units/

mg protein (confidence interval 3458±13610); non-
diabetic-271 arbitrary units/mg protein (confidence
interval 61±760 arbitrary units/mg protein; p <
0.0001). 3-Deoxyglucosone-derived advanced glyca-
tion end products: diabetic-8070 arbitrary units/mg
protein (confidence interval 7049±16551 arbitrary
units/mg protein); nondiabetic-1479 arbitrary units/
mg protein (confidence interval 1169±3170; p <
0.0001). Only Ne-(carboxymethyl)lysine concentra-
tions, however, inversely correlated with the duration
of retinopathy-free diabetes (r = ±0.51; p < 0.02).
Diabetes-dependent Ne-(carboxymethyl)lysine accu-
mulation did not correlate with age, diabetes dura-
tion, or averaged glycohaemoglobin concentrations.
In vitro experiments wih menadione and lympho-
cytes confirmed that Ne-(carboxymethyl)lysine con-
centrations reflect intracellular oxidative stress.
Conclusion/interpretation. Monitoring intracellular
concentrations of increased oxidative stress in long-
lived CD45RA+ lymphocytes by markers such as Ne-
(carboxymethyl)lysine possibly identifies a subgroup
of patients at high risk for microvascular complica-
tions. [Diabetologia (1999) 42: 603±607]
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diabetes [2], and approximately 65% develop prolif-
erative diabetic retinopathy [3]. Familial clustering
suggests that a genetic component is involved in the
susceptibility to both diabetic nephropathy and reti-
nopathy [4]. To date, no parameter has been found
that can predict the clinical course of an individual
patient. Such a test would allow special intensive
treatment of the high risk subgroup of diabetic pa-
tients. The mean concentration of blood glucose is
currently assessed by the glycohaemoglobin test
which is a measure of glucose-derived Amadori pro-
ducts on free amino groups of haemoglobin [5].
Amadori products give rise to a diverse series of ly-
sine or arginine-linked adducts, called advanced gly-
cation endproducts (AGE), or both, which integrate
glycaemia over longer periods of time than glycohae-
moglobin [6]. Non-oxidative rearrangement yields 3-
deoxyglucosone (3-DG), a dicarbonyl compound
that reacts with arginine to form a hydroimidazolone
[7]. The dicarbonyl methylglyoxal (MG), formed by
non-oxidative fragmentation of glycolysis-derived
triose phosphates, reacts with lysine residues to
form carboxyethyllysine and 4-methylimidazolium,
and with arginine residues to form argpyrimidine
and methylimidazolone [8]. MG is a major source of
intracellular AGEs in endothelial cells [9]. Oxida-
tion of Amadori products gives rise to protein-bound
Ne-(carboxymethyl-)lysine (CML) and erythronic
acid [10]. CML can also form as a result of lipid per-
oxidation [11]. CML concentrations reflect integra-
ted oxidative stress over long periods of time. To in-
vestigate whether either the amount of diabetes-in-
duced intracellular oxidative stress or the concentra-
tion of hyperglycaemia-induced AGEs is associated
with the risk of diabetic retinopathy, we measured
concentrations of the glycoxidation product CML
and both 3-DG- and MG-derived AGEs in
CD45RA+ lymphocytes from diabetic patients with
and without diabetic retinopathy, and from age-
matched non diabetic control subjects. AGE concen-
trations in CD45RA+ T-cells reflect integrated va-
lues of long-term hyperglycaemia or oxidative stress
or both, since these cells have a half-life of more
than 700 days [12].

Subjects and methods

Patients. We included 21 Type I diabetic patients and 21 non-
diabetic subjects in the study (Table 1). Patients with a dia-
betes duration of more than 9 years and two or more measure-
ments of glycated haemoglobin per year over a period of
9 years were enrolled. Glycohaemoglobin was measured by
high pressure liquid chromatography (HPLC) (Biorad, Mu-
nich, Germany) and values were given as total HbA1. Retino-
pathy was assessed by direct funduscopy (until 1985; written
report) and fundus photography (after 1985). Retinopathy
was graded according to the Early Treatment Diabetic Retino-
pathy Study (ETDRS) protocol [13] in which the presence of

diabetic retinopathy is defined as an ETDRS level equal or
greater than 20/10. Retinopathy-free diabetes duration was de-
fined as the interval between the onset of diabetes and the first
identification of retinopathy ETDRS level equal or greater
than 20/10. All subjects involved in the study gave informed
consent. The study was approved by the institutional ethics
committee.

Lymphocyte isolation from peripheral blood. Venous blood
(18 ml) was drawn into a syringe prefilled with heparin (2 ml
Vetren 200, Promonta, Hamburg, Germany). Samples were di-
luted (20 ml PBS, pH 7.4), gently mixed and 20 ml of the di-
luted samples were overlayed with 10 ml of Lymphoprep (Ny-
comed, Oslo, Norway). After centrifugation (800 g, 20 min)
lymphocytes were isolated by aspiration, washed in PBS and
cells were pelleted by centrifugation (10 min at 250 g ). After
repeated washing (PBS), cells were resuspended in 1 ml PBS
containing 30 % FCS (Gibco BRL, Eggenstein, Germany).

Preparation of magnetic beads. We added 50 ml beads (Immu-
notech, Fisher Scientific, Nidderau, Germany) to 1 ml PBS
containing 0.2 % BSA in a 4 ml plastic tube. Beads were sepa-
rated by incubation with a Cobalt-Samarium magnet for
5 min. The supernatant was discarded, 20 ml of CD45RA+ anti-
body (Immunotech) were added and incubated for 30 min at
room temperature. Beads were washed twice with 2 ml PBS/
BSA.

Separation of CD45RA+ T-cells. Isolated lymphocytes were in-
cubated with the immunobeads for 10 min at room tempera-
ture. Complexes were washed twice with PBS. Cells were sepa-
rated by CD45RA+-coated beads. Isolated cells were resus-
pended in 0.5 ml PBS. Lymphocytes were lysed by freezing/
thawing in liquid nitrogen and subsequent sonication (3 times
30 s on ice). Samples were centrifuged (5 min 1300 g ) and
stored at � 20 �C until use.

Quantitative immunoblotting. One ml of lymphocyte lysate so-
lution was loaded onto nitrocellulose membranes (Schleicher
& Schüll, Dassel, Germany). Membranes were dried for
10 min at room temperature and subsequently blocked with
5 % nonfat dry milk in PBS-T (0.5 % tween 20 in PBS,
pH 7.4) for 1 h. After repeated washings (PBS-Tween
1 � 15 min, 2 � 5 min), they were incubated using the following
antibodies: a polyclonal anti-CML antibody (diluted 1 : 10 000)
[14], a monoclonal anti-methylglyoxal-derived AGE antibody
(1 mg/ml) [10] and a monoclonal antibody directed against a
3-DG-derived AGE epitope (1 mg/ml) [15].

After extensive washing in PBS-T, membranes were ex-
posed to peroxidase(POD)-anti-mouse IgG or POD-anti-rab-
bit IgG antibodies (DAKO, Hamburg, Germany), respective-
ly, for 1 h. Membranes were washed again and exposed to the
enhanced chemoluminescence (ECL) detection system
(Amersham Buchler, Braunschweig, Germany). Membranes
were exposed to X-ray film (Sterling, Newark, Del., USA)
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Table 1. Clinical and metabolic characteristics of Type I dia-
betic patients and control subjects

Nondiabetic Diabetic

Sex (female/male) 10/11 11/10
Mean age (SD) in years 40 (17) 40 (12)
Mean diabetes duration (SD) ± 20 (8)
Mean % HbA1 (SD) 6.4 (0.4) 9.5 (1.6)
With retinopathy (n) ± 15



and films were scanned into a image analysis system (CUE-2,
Olympus Opt. Europe, Hamburg, Germany). Optical density
and areas of the dots were quantitated. Results were obtained
from three independent experiments and three independent
determinations of each individual AGE value. Results were
expressed as arbitrary units (arbitrary units/mg protein), which
means optical density � area per mg of protein; protein con-
centrations of lysates measured by a standard photometric as-
say (Biorad, Munich, Germany). Immunoblots with the poly-
clonal antibody CML showed a linear dependence on both
CML-modified key hole limpet haemocyanin (KLH)- and
BSA-concentrations (data not shown). Preincubation of the
primary antibody with CML-modified BSA yielded negative
results.

Menadione in-vitro experiments. CD45RA+ lymphocytes were
isolated as described above, washed with PBS, and incubated
with increasing concentrations of menadione (0±1.5 mmol/l)
for 2 min at 37 �C or with 2 mmol/l menadione for 0±2 min [16].
The reaction was terminated by freezing the cells in liquid nitro-
gen, followed by three cycles of thawing and freezing and subse-
quent sonication. The formation of CML was followed by dot
blot analysis, using the polyclonal CML-antibody as described.

Statistical analysis. Data are expressed as median and confi-
dence intervals unless otherwise stated. Differences between
groups were tested using the alternative Welsh t -test (Instat,
GraphPad Software Inc., San Diego, Calif., USA). Differences
in group proportions were tested using Fisher's exact test and
correlations were tested using linear regression analysis. A p
value of less than 0.05 was regarded as significant.

Results

Diabetes was associated with a threefold increase of
CML concentration in circulating CD45RA+ memory
T-cells [diabetic group median 24 176 arbitrary units
(AU), CI 18690±34099 AU; nondiabetic 9088 AU,
CI 6994±10696 AU; p < 0.0001]. The relative mean
increase of MG-derived AGEs in the same diabetic
population was 20-fold, and the median increased to
5430 AU, CI 3458±13610 AU; nondiabetic 271 AU,
CI 61±760 AU; p < 0.0001 and the relative increase
of 3-DG-derived AGEs was 5.4-fold, diabetic 8070
AU, CI 7049±16551 AU nondiabetic 1479 AU, CI
1169±3170 AU; p < 0.0001). The relation of accumu-
lated AGE-concentrations in memory T-cells to reti-
nopathy susceptibility was evaluated by comparing
intracellular concentrations of CML, MG-derived
AGEs and 3-DG-derived AGEs to the known retino-
pathy-free diabetes duration. A notable correlation
was found only for CML and the retinopathy-free
diabetes duration (Fig.1). CML accumulation in
CD45RA+ T-cells did not correlate with age, diabe-
tes duration or glycohaemoglobin concentration
(p > 0.05 for each test). There was no correlation be-
tween the non-oxidatively generated AGE (MG-de-
rived and 3-DG-derived) and age, diabetes duration
or glycohaemoglobin (p > 0.05 for each test).

To study the generation of CML reactive material
in lymphocytes in vitro and to establish that CML

does reflect increased intracellular oxidative stress in-
dependent of glycaemia, we tested the effect of me-
nadione on lymphocyte-CML formation as a function
of concentration and time. CML reactivity increased
linearly with time after exposure to 2 mmol/l mena-
dione. The total increase over baseline was 300%
after 90 s. (Fig.2A). A similar relation was shown
when the cells were exposed to 0±2 mmol/l menadione
for 2 min (Fig.2B).

Discussion

Intracellular concentrations of both oxidation-depen-
dent (CML) and oxidation-independent (MG-de-
rived and 3-DG-derived) AGEs are increased in
long-lived CD45RA+ lymphocytes from diabetic pa-
tients. Our data suggest that diabetes-induced intra-
cellular oxidative stress has a critical role in the pa-
thogenesis of diabetic retinopathy. There was no cor-
relation of intracellular CML concentrations with
mean glycohaemoglobin concentrations, suggesting
that the level of intracellular oxidative stress is rate-
limiting for CML formation. This was confirmed by
in vitro experiments with cultured lymphocytes.
These results indicate that intracellular concentra-
tions of oxidation-dependent AGEs in long-lived
CD45RA+ lymphocytes reflect relative risk for dia-
betic retinopathy independently of glycohaemoglo-
bin concentrations.

The diabetes-induced increase in intracellular
AGEs described in this report are consistent with ob-
servations described previously [9]. Our finding of a
20-fold increase of MG-derived AGEs in long-lived
lymphocytes is consistent with both the 10-fold in-
crease in flux through the MG-pathway in endothe-
lial cells incubated in 30 mmol/l glucose for 7 days,
and the long integrated exposure time of CD45RA+
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Fig. 1. Correlation of the retinopathy-free diabetes duration,
defined as the disease duration minus years of known diabetic
retinopathy, with the concentration of CML in memory T-cells.
AU, arbitrary units



cells to hyperglycaemia. 3-DG-derived AGEs are
also found in a variety of diabetic tissues [15] and in-
crease in diabetic erythrocytes 1.8-fold over normal.

Quantitatively, CML accumulates threefold in der-
mal skin collagen of diabetic patients, compared with
age-matched control subjects [14].

Diabetes-induced CML formation on extracellular
proteins correlates weakly with glycohaemoglobin
[14] suggesting in diabetes no increase in oxidative
stress in the extracellular space, while our data sug-
gest that diabetes does increase oxidative stress in
the intracellular space. In support of this hypothesis
are recent reports of no change in oxidized amino
acids in skin collagen from diabetic patients and of
hyperglycaemia-induced increases in reactive oxygen
species inside cultured endothelial cells [17, 18].

Diabetic retinopathy shows familial clustering [4],
suggesting genetic control of individual patients' sus-

ceptibility to hyperglycaemia-induced tissue damage.
Our study is consistent with the hypothesis that genes
governing susceptibility to microvascular complica-
tions are possibly involved in the generation or pre-
vention or both of intracellular reactive oxygen spe-
cies [19]. A role for intracellular oxidative stress in
the pathogenesis of diabetic retinopathy is supported
by the recent observation of a positive effect of vita-
min E treatment on early diabetic retinopathy [20].
Despite the obvious limitations of a cross-sectional
study, we believe that monitoring intracellular con-
centrations of increased oxidant stress in long-lived
CD45RA+ lymphocytes by markers such as CML
might identify a subgroup of patients at high risk for
microvascular complications.
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