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Amino groups of proteins can re a c t
nonenzymatically with reducing sug-
ars to form unstable Schiff bases that

can then undergo the Amadori re a rr a n g e-
ment to irreversible advanced glycation end
p roducts (AGEs). AGEs can also be form e d
without going through Amadori re a rr a n g e-
ment (1). These AGEs are thought to be

involved in the etiology of micro- and
m a c rovascular complications seen in type 1
diabetes (2–6).

By chemical characterization, the AGE
p roducts have been shown to include Nε-
(carboxymethyl)lysine (CML) (1), pentosi-
dine (7), pyrraline (8), crosslines (9), and
re c e n t l y, imidazolone (10). Increased levels

of the glycoxidation product CML have
been found in skin collagen of patients
with type 1 diabetes (11). CML is associated
with the severity of retinopathy and
n e p h ropathy (12). It is found in the
expanded mesangial cell matrix and the
thickened glomerular capillary walls of
patients with diabetic nephropathy (7), in
a t h e ro s c l e rotic plaques (6), in the human
diabetic peripheral nerve (13), and in human
diabetic retinal vessels (14). Accord i n g l y,
CML may be associated with the develop-
ment of vascular complications of diabetes.

Based on polyclonal antibodies raised
against AGE-RNase (3), we have developed
an AGE immunoassay that measures the
s e rum levels of AGEs. Using this immunoas-
s a y, we have recently shown that serum lev-
els of AGEs are increased in children with
type 1 diabetes even before they show
m i c rovascular complications (15). We also
re p o rted that serum levels of AGEs are pro g-
nostic indicators of the mesangial cell matrix
expansion and increased basement mem-
brane thickness in the kidneys of young
patients with type 1 diabetes and micro a l-
buminuria (16). These results underline
conclusions obtained from several studies
using the same polyclonal antibodies against
AGE proteins (3,17–21), supporting the
i m p o rtance of AGEs in the development of
m i c rovascular complications in diabetes.

Although recent re p o rts have demon-
strated that the glycoxidation product CML
is a major epitope recognized by polyclonal
anti-AGE antibodies in vitro (22–24), the
epitopical stru c t u res recognized by the
polyclonal antibody to AGE proteins are
still unknown.

The measurement of AGEs and CML
have proven to be complex and diff i c u l t
f rom a methodological point of view.
Because the quantification of CML has so
far been based on reversed phase high-per-
f o rmance liquid chromatography (HPLC)
or selected ion-monitoring gas chro m a t o g-
raphy/mass spectro m e t ry, which are not
suitable for the measurement of CML in a
l a rge number of patient samples, handier
methods have been sought to assess CML
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The Advanced Glycation End Product 
N -(carboxymethyl)lysine Is Increased 
In Serum From Children and Adolescents
With Type 1 Diabetes

O R I G I N A L  A R T I C L E

O B J E C T I V E — To investigate whether children and adolescents with type 1 diabetes have
i n c reased serum levels of the glycoxidation product Nε-(carboxymethyl)lysine (CML) at an
early stage of the disease.

RESEARCH DESIGN AND METHODS — The serum levels of CML in 38 patients
with type 1 diabetes aged 14 ± 3.2 (mean ± SD) years were compared with those in 26 contro l
subjects aged 16 ± 1.7 years. The mean duration of diabetes was 5 ± 4.7 years, ranging fro m
0.5 to 15 years. The mean levels of HbA1 c w e re 10.3 ± 2.5% in the patient group. The seru m
levels of CML were measured using a monoclonal anti-CML antibody in a flu o re m e t r i c
i m m u n o a s s a y. Serum protein levels of advanced glycation end products (AGEs) were assayed
using a polyclonal antibody from rabbit immunized with AGE-RNase (pAGE).

R E S U LT S — The serum levels of CML and pAGE were significantly increased in the patient
g roup versus the control group: 1.08 (0.45–2.97) U/ml CML (median 10–90 percentiles) vs.
0.70 (0.36–1.79) U/ml CML, P 0.03, and 6.6 (5.1–9.9) U/ml pAGE vs. 5.5 (3.7–8.2) U/ml
AGEs, P 0.01. A significant relationship between CML and pAGE was found in the IDDM
g roup, r = 0.76, P 0.001. The CML levels were not associated with the HbA1 c levels (n = 23,
r = –0.02, NS), cholesterol levels (n = 21, r = 0.07, NS), age, sex, or diabetes duration.

C O N C L U S I O N S— S e rum levels of CML are increased in patients with type 1 diabetes. This
i n c rease precedes the development of micro- and macrovascular complications.
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S e rum levels of CML in children with type 1 diabetes

in clinical studies. Accord i n g l y, the primary
aim of the present work was to develop an
immunoassay for the measurement of CML
in serum and to subsequently examine the
p resence and levels of CML in childre n
with type 1 diabetes before the develop-
ment of late complications. A second goal
was to access the efficacy of widely used
polyclonal antibodies against AGE-RNase
to investigate whether they recognize the
s p e c i fic CML protein epitope in vitro .

RESEARCH DESIGN AND
M E T H O D S

Su b j e c t s
T h e re were 38 patients with type 1 diabetes
re c ruited from the pediatric outpatient clinic
of Aker University Hospital. The patients
had been screened for retinopathy by oph-
thalmoscopy after the age of 10 years. All
had diabetes for at least 5 years’ duration. Of
the 24 patients who had been screened for
re t i n o p a t h y, one showed backgro u n d
re t i n o p a t h y. An increased urinary albumin
e x c retion rate ( 20 µg/min) was seen in 1 of
the 38 patients. Of 38 patients, 4 were
smokers. The 26 nondiabetic control sub-
jects were healthy school children taking
p a rt in a study of bone mineralization in
c h i l d ren. All had normal standard laboratory
tests. Mean age of the patients with type 1
diabetes was 14 ± 3.2 years, as compare d
with 16 ± 1.7 years in the group of contro l
subjects. The mean duration of diabetes was
5 ± 4.7 years, ranging from 0.5 to 15 years,
and HbA1 c was 10.3 ± 2.5% (n = 23).

P reparation of CML–bovine seru m
a l b u m i n
CML–bovine serum albumin (BSA)
(080895) was pre p a red according to Reddy
et al. (25). Briefly, the CML-BSA was pre-
p a red using 0.2 mol/l phosphate, pH 8.0,
as solvent for 1 ml of 175 mg/ml BSA (Frac-
tion V Sigma A-2153; Sigma, St. L o u i s ,
MO), which was simultaneously mixed
with 0.5 ml 0.3 mol/l glyoxylic acid (Sigma
G-4627) and 0.5 ml freshly pre p a red 0.9
mol/l NaBH3CN, and allowed to mix for 10
min at 37°C followed by dialysis against
p h o s p h a t e - b u ff e red saline containing 0.1%
(wt/vol) NaN3 o v e rnight at 5°C.

The purity of the CML-BSA pre p a r a t i o n
was assessed by amino acid composition
analysis on a modified Beckman 121 MB
apparatus (Beckman Coulter, Fullert o n ,
CA) after hydrolysis in a closed vial with 6
mol/l HCl (111°C for 24 h). Lysine was the
only amino acid residue modified by CML

f o rmation. The CML-BSA preparation con-
tained 20 CML-modified lysine re s i d u e s
per molecule of albumin, corresponding to
34% of all the available lysine residues (24).

P roduction of BSA-Ribose-AGE
50 mg/ml BSA was mixed with 500 mmol/l
ribose in a phosphate buffer at 37°C in the
dark for 90 days. In this AGE pre p a r a t i o n ,
10% of lysine residues were modified by
C M L .

P reparation of monoclonal CML-
2F8AxB antibodies
RBF mice were immunized by injecting sub-
cutaneously 50 µg of CML-BSA emulsifie d
in Fre u n d ’s complete adjuvant, followed by
two injections with 20 µg of CML-BSA
e m u l s i fied in Fre u n d ’s incomplete adjuvant.
High responder mice were boosted intra-
venously with 25 µg of CML-BSA, and the
spleen was harvested after 3 days. Spleen
cells were fused with the myeloma Fox cell
line by the polyethyleneglycol method.
S u p e rnatants were screened for CML-spe-
c i fic antibody production by enzyme-linked
immunosorbent assay (ELISA). Monoclonal
antibodies were purified by protein A aff i n-
ity chro m a t o g r a p h y.

P roduction of AGE-BSA and
polyclonal anti–AGE-RNase
a n t i b o d i e s
The AGE-BSA and polyclonal anti–AGE-
RNase antibodies were produced accord i n g
to Makita et al. (3). Briefly, AGE-modifie d
BSA (AGE-BSA) and AGE-modified bovine
p a n c reatic ribonuclease (AGE-RNase) were
obtained by incubating the proteins (25–50
mg/ml) in 500 mmol/l phosphate buffer at
pH 7.40, with 500 mmol/l glucose for 12
weeks at 37°C. Two female New Zealand
white rabbits received four primary and
one booster immunization of AGE-RNase
e m u l s i fied in Fre u n d ’s complete adjuvant.
The specificity of the antisera was exam-
ined by a competitive ELISA system (3).
The anti-AGE antibodies used in the pre s-
ent studies were identical to those
described previously (3).

Delayed europium lanthanide
flu o rescence immunoassays 
For this pro c e d u re, 12-well micro t i t e r
strips (Cat. no. 1244-550; Wallac, Tu r k u ,
Finland) were coated with 0.1 ml of CML-
BSA or AGE-BSA (25 µg/ml) diluted in
0.05 mol/l carbonate buff e r, pH 9.8, and
incubated overnight with shaking at ro o m
t e m p e r a t u re .

After washing, the wells were blocked
o v e rnight with 50 mmol/l Tris buffer con-
taining 100 mmol/l NaCl, 0.1% Germal II
(Sutton, Chatham, NJ), and 1% Tween 20
(Boehringer Mannheim, Mannheim, Ger-
many). The strips were covered and store d
in this buffer at 4°C. Immediately before the
a s s a y, wells were washed six times in the
delayed europium lanthanide flu o re s c e n c e
immunoassay (DELFIA) washing buff e r
(Cat. no. B117-100; Wallac). A quantity of
100 µl CML-BSA or AGE-BSA standard (in
triplicate) or twofold diluted (CML-assay)
or threefold diluted (pAGE assay) seru m
sample (in duplicate), diluted in assay buff e r
(50 mmol/l Tris buffer containing 100
mmol/l NaCl, 0.1% Germal II, and 0.1%
Tween 20), was added to each well together
with 50 µl of anti–CML-BSA antiseru m
diluted 1:5,000 or anti–AGE-RNase anti-
s e rum diluted 1:1,000 in assay buff e r. Six
s t a n d a rd solutions consisting of 0, 0.75,
1.5, 3, 6, 12, and 24 µg/ml CML-BSA or
AGE-BSA standards were used in each
a s s a y. The strips were incubated with shak-
ing at room temperature for 2 h and then
washed six times in washing buff e r. After
washing, 100 µl/well of Euro p i u m - l a b e l e d
anti-mouse IgG antibodies (Cat. no. 1244-
330; Wallac) (for the CML assay) or anti-
rabbit IgG antibodies (Cat. no. 1244-100;
Wallac) for the polyclonal anti–AGE-RNase
antibody in a final concentration of 0.1
µg/ml in assay buffer were added. The strips
w e re incubated with shaking for 1 h and
washed six times. Finally, the strips were
incubated with DELFIA enhancement solu-
tion (Cat. no. 1244-105; Wallac) with shak-
ing for 5 min at room temperature, and the
E u ropium ion chelate specific flu o re s c e n c e
was measured in a 1232 DELFIA Fluoro m-
eter (Wa l l a c ) .

One AGE or CML unit was, accord-
ing to Makita et al. (17), defined as the
competitive activity of 1 µg of AGE-BSA,
BSA-ribose, or CML-BSA standard. The
final serum concentrations of AGE or
CML were corrected for total pro t e i n
concentration in each serum in the fol-
lowing way: (AGE units per milliliter) 
(sample protein concentration/mean pro-
tein concentration of all the sera meas-
u re d ) .

E u ropium flu o rescence was measure d
by a plate flu o rometer (1232 DELFIA Flu-
o rometer; Wa l l a c ) .

S e rum samples were immediately fro z e n
at 40°C (for up to 12 months) until analy-
sis. All serum samples were run in one batch.
Data presented are means of triplicates.
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Other analyses
The total protein concentration in each
s e rum sample was determined by the
B i u ret method (Boehringer Mannheim),
which has a coefficient of variation (CV)

2%. HbA1 c was analyzed with an HPLC
method (Diamat analyzer; Biorad, Rich-
mond, CA). Normal range was 4.3–6.1%,
with an interassay CV of 3%.

Statistical analysis
Comparisons between groups were ana-
lyzed by two-sided Mann-Whitney U t e s t ,
since data did not show a normal distribu-
tion. Linear correlations were tested by
l e a s t - s q u a res re g ression to the mean, and
re g ression analyses were tested by linear
re g ression. Data are means ± SD, unless
o t h e rwise stated. The level of signific a n c e
was set at P 0.05. Calculations were per-
f o rmed using the Number Cruncher Statis-
tical System, (Kaysville, UT) or Sigma Stat
(Jandel, Erkrath, Germany). Intra-assay CV
was calculated by the MedCalc software
(MedCalc Software, Mariakerke, Belgium).

R E S U LT S

Specificity studies
The percentage binding of the anti-CML
antibodies to wells coated with AGE-BSA
was inversely related to the amount of AGE-
BSA, BSA-ribose, or CML-BSA added (Fig.
1A). Displacement of 50% was reached with
1.0 U/ml CML-BSA, 3.0 U/ml AGE-BSA,
and 3.5 U/ml BSA-ribose. Thus, the anti-
CML antibodies cro s s - reacted 100, 33, and
29% against CML-BSA, AGE-BSA, and BSA-

ribose, re s p e c t i v e l y. This is in accord a n c e
with the amino acid analysis (24) showing
that 34% of the lysine residues (20
residues/mol) are modified to CML in CML-
BSA and 10% (6 residues/mol) in BSA-
ribose. As the parallelism between the
displacement curves suggests that the anti-
CML antibodies recognize identical epitopes
on these antigens, the percent cro s s - re a c t i o n
indicates that the AGE-BSA contains CML in
the same amount as is found in BSA-ribose.
F i g u re 1B indicates that in an AGE assay the
anti-AGE antibodies recognize epitopes in
CML-BSA and AGE-BSA not found in BSA-
ribose. In a homologous CML-assay (Fig.
1C), a higher concentration of CML-BSA
was needed (2.5 U/ml) to get a 50% dis-
placement in this assay as compared with
the two other assays (Fig. 1A and B) .

Accuracy of the CML-assay
R e c o v e ry studies perf o rmed by adding
CML-BSA in diff e rent concentrations to sera
f rom IDDM patients and control subjects
showed a mean re c o v e ry of 109 ± 23%
( Table 1). A close association between the
dilution factor and measured levels of CML
was observed when serum was diluted one-
half, one-fourth, and one-eighth (Table 2).
Intra- and interassay CV of the standard
c u rve and serum measurements were 8 and
10%, re s p e c t i v e l y, for the assay using the
polyclonal anti-AGE antibody and 6 and
20%, re s p e c t i v e l y, for the CML assay.

The serum levels of CML and pAGE
The serum levels of CML and pAGE were
d e t e rmined by the CML-BSA antibody/CML-

Figure 1—Effect of varying well coating and
antibody in the AGE and CML assays. The fig u re s
depict immunoassay displacement curves for the
anti-CML antiserum with the modified albumins
CML-BSA, AGE-BSA, and BSA-ribose after coat -
ing with AGE-BSA (A); the anti-AGE-RNase
a n t i s e rum with the modified albumins CML-BSA,
AGE-BSA, and BSA-ribose after coating with
AGE-BSA (B); and the anti-CML antiserum with
the modified albumins CML-BSA and AGE-BSA
after coating with CML-BSA (C). All data points
represent the mean of triplicate determinations.

Table 1—Serum CML recovery studies (U/ml) in the CML antibody assay

CML initially CML-BSA Total CML CML recovered Recovery
present (A) added (B) measured (C) (D) (%)

0.39* 0.40 0.70 0.31 79
1.00 1.30 0.91 91
2.00 2.45 2.07 103

0.34* 0.40 0.72 0.32 81
1.00 1.47 1.13 113
2.00 2.64 2.30 115

0.34 0.40 0.71 0.37 93
1.00 1.55 1.21 121
2.00 3.18 2.84 142

0.25 0.40 0.64 0.39 98
0.10 1.41 1.15 115
2.00 3.34 3.09 155

Recovery (mean ± SD): 109 ± 23%

Recovered concentration: D = C A. Recovery: (D/B) 100. *Sera from patients with type 1 diabetes. (A)
represents the CML concentration in threefold diluted sera.



BSA and AGE-RNase antibody/AGE-BSA
assays. Serum CML and pAGE were signifi-
cantly increased in the group of diabetic
patients in comparison with the contro l
g roup: 1.08 (0.45–2.97) U/ml CML (median
10th to 90th percentiles) vs. 0.70
(0.36–1.79) U/ml CML, P 0.03 (Fig. 2),
and 6.6 (5.1–9.9) U/ml pAGE vs. 5.5
(3.7–8.2) U/ml AGEs, P 0.01. The thre e
patients with either background re t i n o p a t h y
or microalbuminuria had CML and pAGE
levels within the 10th to 90th percentiles of
the group with diabetes.

A close relationship between the seru m
levels of CML and pAGE were observed in
the IDDM group, r = 0.76, F = 49, R2 = 0.57,
P 0.001 (n = 38) (Fig. 3), showing that
57% of the variation in pAGE could be
explained by variations in serum levels of
CML. The linear re g ression analysis, based
on analysis of residuals, passed normality (P

0.35) and homoscedasticity (P 0 . 1 6 )
tests. The CML levels were not corre l a t e d
with HbA1 c levels, r = –0.02, NS (n= 23), or
c h o l e s t e rol levels, r = 0.07, NS (n= 21). The
c o rrelation between pAGE levels and HbA1 c

failed to reach significance: r = 0.35, NS (n
= 23). There was no significant corre l a t i o n
between pAGE and cholesterol: r = 0.13, NS
(n = 21). No association between the CML
or pAGE levels and age, sex, or diabetes
duration was found.

Two newly diagnosed patients with dia-
betes who showed more than twofold
i n c reased levels of both CML (Fig. 2) and
pAGE, as compared with the median of the
diabetic group, were followed pro s p e c t i v e l y
for 24 months to see whether they had sus-
tained increased serum levels. Their mean
levels of CML and pAGE, in five serum sam-
ples during 24 months, were 4.2 and 3.5
U/ml and 19.6 and 13.8 U/ml, re s p e c t i v e l y,
despite HbA1 c %. These two patients had
n o rmal kidney function and lipid values
and had no other disease except for diabetes.
Excluding these two patients from the sta-
tistical analysis, significant diff e rences were
retained between the diabetic group and the
c o n t rol subjects for both CML (P 0 . 0 5 )
and pAGE (P 0 . 0 3 ) .

C O N C L U S I O N S — The present inves-
tigation demonstrates that the serum levels of
CML, a product of hyperglycemia combined
with free radical oxidation, are increased in
the serum of children and adolescents with
type 1 diabetes shortly after the diagnosis of
diabetes and before they develop micro- or
m a c rovascular complications. We find a high
and significant association between the
s e rum CML levels and the serum AGE levels
as determined by a widely used polyclonal
a n t i b o d y. We also demonstrate in vitro that
the polyclonal anti-AGE antibody re c o g n i z e s
the specific glycoxidation product CML and
uncharacteristic epitope(s) found in BSA-
ribose (Fig. 1B) and that AGE-BSA contains
CML (Fig. 1A and C) .

The monoclonal anti-CML antibody
used in the present study has been shown
to have a high specificity toward CML-

m o d i fied proteins (24), and it forms the
basis for the CML assay of the pre s e n t
work. Unlike other methods for the deter-
minations of CML, the present CML
immunoassay is easy to perf o rm and is,
t h e re f o re, a suitable tool for the detection of
CML levels in clinical studies. The interas-
say CV of the CML assay renders necessary
within-assay determination of patient and
c o n t rol samples.

A polyclonal anti-AGE antibody, pro-
duced as in the present study, has re c e n t l y
been shown to recognize CML in human
s e rum (26). A high correlation between
AGE proteins in serum as measured by a
pAGE immunoassay and CML as quanti-
fied by gas chromatography–mass spec-
t ro m e t ry was found in a small combined
g roup of patients with kidney failure and
c o n t rol subjects (26). The present study
shows a positive correlation between the
s e rum levels of pAGE and CML in childre n
with diabetes who have normal kidney
function, indicating that our immunoassay
s p e c i fically measures CML in vivo.

In the present study, 57% of the varia-
tion of pAGE could be explained by varia-
tions in serum levels of CML, which
demonstrates in vivo what has re c e n t l y
been shown in vitro, namely that CML is a
major epitope of AGEs (22–24). Because
CML is an in vivo epitope recognized by
the polyclonal anti-AGE antibody used in
the AGE assay of several important animal
and clinical studies where the connection
between AGEs and microvascular compli-
cations in diabetes were re p o rt e d
(3,17–21), the pathological effects of AGEs
might partly be mediated by the glycoxi-
dation product CML. On the other hand, it
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Table 2—Results from the CML antibody assay

CML concentration
One-half One-fourth One-eighth

Control
1 1.58 1.70 1.87
2 1.90 2.20 2.20

Type 1 diabetes
1 0.78 1.10 1.28
2 0.71 1.04 1.01

The CML concentrations (U/ml) in sera from two control subjects and two patients with type 1 diabetes
diluted twofold, fourfold, and eightfold were determined in the CML antibody assay. Results are multiplied
up to undiluted concentrations.

Figure 2—The serum levels of CML in children
and adolescents with type 1 diabetes (n = 38)
c o m p a red with age- and sex-matched control sub -
jects (n = 26). Data represent 10th, 25th, 75th,
and 90th percentiles and median values.

Figure 3—The linear regression between serum
levels of AGEs as measured by a polyclonal anti-
AGE antibody and serum levels of CML in 38
children and adolescents with type 1 diabetes.
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must be emphasized that the polyclonal
anti-AGE antibody may recognize other as
yet unidentified AGE epitopes in addition
to CML (23). This is supported by the
methodological and clinical studies of the
p resent work.

CML might be a predictor for the
development of microvascular complica-
tions in type 1 diabetes because incre a s e d
levels of CML precede the development of
these complications (as seen in this study),
and an association between CML and
m i c rovascular complications has been
demonstrated (12). Although we have
shown that the serum levels of pAGE may
p redict susceptibility to the micro v a s c u l a r
complications (16), it remains to be pro v e n
whether CML is involved in the etiology of
m i c rovascular complications in diabetes or
whether increased serum levels of CML
p redict susceptibility to the development of
these complications.

We recently demonstrated a low, but
s i g n i ficant, correlation between the seru m
levels of pAGE and HbA1 c in children and
adolescents with type 1 diabetes (15) and a
somewhat higher correlation in patients
with type 1 diabetes who had micro a l b u-
minuria (16). The same relationship did
not reach a significant correlation in the
p resent investigation, probably because the
study group was of a smaller size. The pre s-
ent study confirms the increased seru m
levels of pAGE in children with type 1 dia-
betes found in our previous study (15).

Few investigators have re p o rted evi-
dence of the presence of CML in childre n .
One study did not identify CML immuno-
histochemically in fetal or juvenile norm a l
human tissue (6), whereas another study
showed small amounts of CML in tissue
f rom newborn stillbirth (11). Using a sen-
sitive assay to avoid the losses in extracting
CML from skin collagen, we were able to
identify CML in the serum of both childre n
with type 1 diabetes and age-matched con-
t rol subjects.

At present, the source of CML found in
c i rculation is unknown. CML and pentosi-
dine have only been found in the glomeru l i
of patients with type 1 diabetes and dia-
betic nephropathy (7,27). Because CML is
i n c reased in the circulation of children with
type 1 diabetes who do not have micro v a s-
cular complications, our observations sug-
gest CML to be associated with the disease
as such rather than related to micro v a s c u-
lar complications, and furt h e rm o re, our
findings are not in line with a singular local
p roduction of CML in the glomeruli of

patients with diabetic nephro p a t h y, as was
recently suggested (28).

In conclusion, we have demonstrated
that serum levels of CML are increased in
patients with type 1 diabetes. This incre a s e
p recedes the development of micro- and
m a c rovascular complications.
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