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Abstract

Objectives: Progression of liver fibrosis to cirrhosis is a dire consequence of chronic liver diseases (CLD). Nε-(carboxymethyl)lysine (CML)-
modified advanced glycation end products (AGEs) in patients with CLD could reflect the degree of severity of the disease.

Design and methods: In 110 patients with CLD and 124 healthy controls, CML serum levels and their diagnostic sensitivity and specificity
were determined and compared to hyaluronan (HA).

Results: Serum levels of CML were significantly affected by the stage of liver cirrhosis and were closely associated with liver function
capacity. CML correlated positively with HA (r = 0.639, P b 0.0001). In ROC analysis, the diagnostic sensitivity and specificity in distinguishing
healthy controls from liver disease patients for CML (AUC 0.908; 95%-CI 0.863–0.942, cut-off 640 ng/mL, sensitivity 74.5% and specificity
97.6%) resembled HA (AUC 0.948; 95%-CI 0.907–0.974; cut-off 50 ng/mL, sensitivity 80.7% and specificity 97.9%). The combination of CML
and HA shows an AUC of 0.932; 95%-CI 0.888–0.962; sensitivity 82.6%; and specificity 95.8%.

Conclusions: Our data suggest that serum levels of CML could provide a supplementary diagnostic marker for advanced stages of liver
cirrhosis. However, the quality of interaction needs further investigation.
© 2005 The Canadian Society of Clinical Chemists. All rights reserved.
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Introduction

Liver cirrhosis is characterized by progressive fibrosis and
simultaneous tissue breakdown. This fibrosis is the result of
increased synthesis and deposition of extracellular matrix,
which leads to organ dysfunction [1,2]. Fine needle biopsy is
still the reference method for distinguishing between cirrhotic
and non-cirrhotic stages with certainty [3]. Nevertheless, this
invasive diagnostic procedure is associated with patient risk,
especially as bleeding disorders are common in advanced liver
diseases [4,5]. Therefore, serum markers that reflect the stage of
the disease by non-invasive measures are highly desirable.
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Nε-(carboxymethyl)lysine (CML) is one of the best
characterized compounds of advanced glycation end products
(AGEs) and can be detected in tissue and serum proteins by
specific antisera [6,7]. Non-enzymatic glycation and glycoxida-
tion of amino acids, proteins and components of DNA are
accelerated by hyperglycemia, but also lipids; that is, during
hyperlipidemia in atherosclerosis, this process can lead to
chemical formation of AGEs and advanced lipoxidation end
products (ALEs), respectively [8–10]. An increase in AGEs is
seen in the blood of patients with diabetes mellitus or
atherosclerosis. This accumulation is believed to play a causal
role in vascular endothelial damage and in diabetic neuropathy,
retinopathy and nephropathy [11–15].

We have previously shown that RAGE (receptor for
advanced glycation end products), a multi-ligand receptor and
the main receptor for CML-modified serum proteins, is
expressed by hepatic stellate cells (HSC) and myofibroblasts,
. All rights reserved.
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which are the relevant cells for fibrogenesis of CLD [16]. CML
adducts have the capacity to activate cells via RAGE-mediated
signaling cascades, resulting in triggering a multitude of
intracellular responses. RAGE–ligand interaction is a propaga-
tion factor in a range of chronic disorders, based on the
accumulation of the ligands in diseased organs [17–19]. In
addition, elevated serum CMLmay, itself, represent a risk factor
for further perpetuation of the fibrotic process in the liver.

The objective of this study was to investigate CML serum
concentrations in patients with CLD compared to HA, as a
marker to assess liver function capacity and liver fibrosis.

Patients and methods

Patients and control collective

The study population consisted of 110 patients (65 males/45
females, median age 46 years, range 18–70 years) with CLD
who were evaluated as inpatients for potential liver transplan-
tation [20]. They underwent a highly standardized routine
procedure with an extensive laboratory medical analysis and
diagnostics. The Child–Pugh score was used as a prognostic
score for the stage of the liver cirrhosis [21]. The control group
consisted of 124 healthy blood donors with normal amino-
transferases, normal blood counts and negative markers for
virus hepatitis and HIV (82 males/42 females, median age 32.5
years, range 19–65 years).

Measurement of CML serum concentrations

CML-modified proteins in the patient and control groups
were determined using a competitive enzyme-linked immuno-
sorbent assay (ELISA) (Roche, Penzberg, Germany). Strepta-
vidin-coated microtiter plates were coated with biotinylated
BSA-AGE at room temperature for 1 h. Proteolytic pretreatment
of the serum sample with proteinase K (final concentration 1
mg/mL) (Roche, Mannheim, Germany) for 3 h at 37°C followed
by addition of phenylmethylsufonyl fluoride (PMSF) (final
concentration 1 mmol/L) and incubation for 30 min (Roche,
Mannheim, Germany) at 37°C resulted in an optimal exposure
of the CML epitopes. A 50 μL aliquot of standard, positive
control (CML-modified human serum albumin prepared as
previously described [22]) and serum samples in assay buffer
and 50 μL of horseradish-peroxidase-labeled monoclonal CML
antibody (Roche, Penzberg, Germany; research only, not
commercially available) with a dilution of 1:1500 were added.
The plate was incubated for 1 h at room temperature and
washed. Then, 100 μL of 2,2′-amino-di(3-ethylbenzthiazoline
sulfonate) substrate (ABTS) (Roche, Mannheim, Germany) was
added and incubated for 30 min. Absorption was measured at
405 nm. Samples were analyzed in duplicate.

In human serum, the assay was linear over a dilution range
from 1:10 to 1:40. The recovery of CML from serum was 101%
and 94%, respectively. The coefficient of variation for intra-
assay variability was 2.7% and 13.4% for inter-assay variability
[22]. The standard calibration material for the standard cali-
bration curve is 6-(N-carboxymethylamino)caproate (CMC),
which represents the singular epitope for the monoclonal anti-
CML antibody. The CMC content of the samples was quantified
using a standard calibration curve (range 0–140 ng/mL).

Measuring HA in serum

The serum concentration of HA was determined with a
commercial quantitative kit (ELISA), which is based on the
specific reaction of HA-binding protein (HABP) with HA
(Corgenix HA Test Kit, Cat. no. 029-001, Corgenix Inc.,
Westminster, CO, USA). The assay uses microwells coated with
a highly specific HABP from bovine cartilage to capture HA and
an enzyme-conjugated version of HABP to detect and measure
HA in serum samples. Reference solutions (prepared from
rooster comb HA) were used to calculate the test results in ng/
mL. Diluted samples (100 μL) and HA reference solutions (100
μL) as the standard were incubated in HABP-coated microwells
for 60 min at room temperature and washed 4 times with
washing buffer. Then, 100 μL HABP, conjugated with
horseradish peroxidase, was added. The plate was incubated
for 30 min at room temperature and washed 4 times. A chro-
mogenic substrate 3,3′5,5′-tetra methyl benzidine and hydrogen
peroxide (TMB/H2O2) (100 μL) was added and incubated for 30
min. HA concentrations were calculated by comparing the
absorbance of the samples against a reference curve prepared
from the reagent blank and five reference solutions (50–800 ng/
mL). The standard calibration material for the standard
calibration curve was the HA reference solution [23].

The assay was linear over a dilution range from 1:2 to 1:25.
The recovery of HA from serum was 100.6% and 95.9%,
respectively. The coefficient of variation for intra-assay
variability was 4.2% and 6.3% for inter-assay variability.

Statistical analysis

Due to the skewed distributions of most parameters, values
are given as median and range. Spearman rank correlations are
given in order to quantify the degree of association between two
variables. Comparisons between subgroups are illustrated using
Box-and-Whiskers plots, which display a statistical summary of
the median, quartiles, range and extreme values. Specifically,
the whiskers extend from the minimum to the maximum value
excluding outside and far out values, which are displayed as
separate points. An outside value is defined as a value that is
smaller than the lower quartile minus 1.5 times the interquartile
range, or larger than the upper quartile plus 1.5 times the
interquartile range. A far out value is defined as a value that is
smaller than the lower quartile minus 3 times the interquartile
range, or larger than the upper quartile plus 3 times the
interquartile range. Comparison of the parameters between two
different groups was conducted with the Mann–Whitney U Test
and with the Kruskal–Wallis analysis of variances (ANOVA)
for multiple comparisons. ROC analysis was carried out for the
diagnostic sensitivity and specificity of CML and HA in order
to divide patients from healthy controls as well as between the
different grades of cirrhosis (Child–Pugh score). Multivariate
analysis was performed using the logistic regression model in
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order to quantify the interaction between the two diagnostic
parameters, CML and HA. Adjustment of the level of
significance was not done as the results are to be understood
as explorative. Statistical analysis was performed using
MedCalc Version 6.01.001 (MedCalc software, Mariakere,
Belgium) and SAS (The SAS System for Windows Release 8.02
TSL 02M0; SAS Institute, Inc., Cary, NC, USA).

Results

CML serum concentrations in patients with CLD and healthy
controls

We analyzed 110 patients (65 males/45 females, median age
46 years, range 18–70 years) with CLD. The distribution of the
stages of liver cirrhosis as defined according to the Child–Pugh
score, the underlying etiologies and measurements of CML, HA
and albumin serum concentrations are presented in Table 1. The
concentration of CMLwas measured in all serum samples with a
median of 869 ng/mL (range 277–10762 ng/mL). CML serum
concentrations were significantly higher in CLD patients than in
healthy controls (controls median 424.5 ng/mL, range 45–924
ng/mL, P b 0.0001).

CML and liver cirrhosis

CML serum concentration was significantly higher
(P b 0.0001) in patients with CLD and Child A to C (n = 93,
median 907 ng/mL, range 418–10762 ng/mL) compared to
patients with CLDwithout cirrhosis (n = 17, median 445 ng/mL,
range 277–2786 ng/mL) (P b 0.0001, Fig. 1A). Although we
could not find an association between the serum concentration of
Table 1
Patient characteristics

Healthy
controls

All patients N
c

(n) 124 110 1
Gender (male/female) (n) 82/42 65/45 1
Age (years)

Median 32.5 46 4
Range (19–65) (18–70) (1

Etiology of liver disease (n)
Virus hepatitis 32 1
Biliary or autoimmune 27 2
Alcohol or cryptogenic 30 1
Other etiology 21 1

Nε-(carboxymethyl)lysine (CML) (ng/mL)
Median 425 869 4
Range (45–924) (277–10,762) (2

Hyaluronan (ng/mL) [normal 0–100]
Median 7 201 2
Range (0–103) (4–1195) (4

Creatinine (μmol/l) [normal 44–106]
Median 88 61 7
Range (62–124) (38–661) (4

Albumin (g/l) [normal 37–51]
Median 45 34 4
Range (36–57) (16–49) (2
CML and the etiology of the liver disease (Fig. 1B), CML serum
levels were considerably higher in the group with biliary and
autoimmune diseases than in the other groups (n = 27, median
1093 ng/mL, range 418–10,762 ng/mL). However, the finding
was not related to a specific diagnosis within this group.
Seventeen patients (15%) displayed a CML serum concentration
of N2000 ng/mL. Seven of these patients had a biliary or
autoimmune disease, while the others did not have major
common striking features with respect to their degree of
cirrhosis. The increase of CML concentration correlated
positively with the degree of severity of liver cirrhosis illustrated
by the Child–Pugh score (r = 0.543, P b 0.0001).

CML and hepatic function

The serum albumin concentration was determined in all
patients (n = 110, median 34 g/L, range 16–49 g/L) and healthy
control subjects (n = 124, median 45 g/L, range 36–57 g/L). In
patients with CLD, CML correlated inversely with the serum
albumin (r = 0.413,P b 0.0001). As expected, patients with CLD
exhibited significantly reduced albumin concentrations
(P b 0.0001).

HA serum concentration in patients with CLD and healthy
controls

In patients with CLD, HA had a median value of 201 ng/mL
(range 4–1195 ng/mL). HA was measured in 96 of the 124
healthy controls. These control persons had a median value of 7
ng/mL (range 0–103 ng/mL). CML and HA correlated
positively (r = 0.639; P b 0.0001, Fig. 2B). Similar to CML,
serum HA concentrations were significantly higher in Child A
o
irrhosis

Stages of cirrhosis

Child A Child B Child C

7 35 44 14
0/7 18/17 30/14 7/7

6 41 48 40
8–65) (18–64) (20–70) (26–69)

9 17 5
13 10 2
12 10 7

3 1 7 0

45 689 1014 1244
77–2786) (418–5457) (429–10,762) (769–2938)

1 136 287 588
–414) (6–1195) (48–1184) (83–1136)

0 61 60 82
3–661) (40–130) (38–373) (42–167)

0 39 30 26
9–49) (28–45) (20–40) (16–32)



Fig. 1. (A) Association with Child's stage of liver cirrhosis. CML increases with
degree of liver cirrhosis according to the Child–Pugh score (CLD: chronic liver
disease). (B) Association with etiology of liver disease. Biliary or autoimmune
etiology shows higher CML levels compared with other etiologies of liver
disease.

Fig. 2. (A) Association of hyaluronan (HA) with Child's stage of liver cirrhosis.
(CLD: chronic liver disease). (B) CML and HA correlate with each other
(r = 0.639; P b 0.0001, Spearman rank correlation analysis).
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to C cirrhosis patients than in patients without cirrhosis
(P b 0.0001, Fig. 2A). However, the differences in HA between
Child B and C cirrhotic patients were more pronounced than
that observed for CML.

Suitability of CML as a diagnostic parameter

In order to examine the suitability of CML as a diagnostic
parameter for liver disease, we performed ROC analyses, which
we have depicted graphically in Fig. 3. This led to a favorable
cut-off value of 640 ng/mL for CML, distinguishing liver disease
patients from healthy controls with a sensitivity of 74.5% and a
specificity of 97.6% (Fig. 3A). The area under the ROC curve
(AUC) for CML was 0.908 (95%-CI 0.863–0.942). The optimal
cut-off for HA was 50 ng/mL, with a sensitivity of 80.7% and
specificity of 97.9% (Fig. 3A). The AUC for HA was 0.948
(95%-CI 0.907–0.974). Comparison of these two diagnostic
tests led to a significant difference between the AUC of 0.043
favoring HA (P = 0.048, Fig. 3A). AUCs calculated for the
diagnostic tests, CML and HA, dividing between the severity of
liver cirrhosis (Child–Pugh score≥A) and no cirrhosis (healthy
controls and CLD-no cirrhosis group) all showed significant
differences from the diagonal (lower confidence limits did not
show values below 0.833) with AUC values between 0.899 and
0.989. This analysis showed comparable AUC results for CML
(0.938; 95%-CI 0.899–0.965) and HA (0.971; 95%-CI 0.937–
0.989) (Fig. 3B). The combination of CML and HA showed an
AUC 0.932; 95%-CI 0.888–0.962; sensitivity 82.6%; and
specificity 95.8% and for Child–Pugh score ≥ A an AUC
0.953; 95%-CI 0.915–0.978; sensitivity 82.6%; and specificity
95.8%, respectively (Figs. 3A and B).

To investigate whether the two diagnostic parameters are
independent from each other, logistic regression was performed.
This leads to the result that both factors, revealing significant
effects in the univariate analyses (P b 0.00005 for both),
showed significant interaction (P = 0.0270) in the combined
model (HA: P = 0.1472, CML: P = 0.6495); therefore, a non-
additive interaction can be assumed.

Discussion

In this study, we show that CML serum concentrations are
significantly elevated in patients with chronic liver diseases
compared to healthy controls. In liver disease patients, CML is



Fig. 3. (A) In receiver operating characteristics (ROC) analysis, the diagnostic sensitivity and specificity for CML and HAwere calculated distinguishing between liver
disease patients and healthy controls. CML and HA showed almost equal power. (B) Receiver operating characteristic curve (ROC) of CML and HA distinguishing
Child A to C cirrhosis from non-cirrhotic patients or healthy controls. No difference was detected in the power for the two tests.
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closely related with the disease severity as assessed by the
Child–Pugh score or laboratory markers of liver function
capacity (i.e. HA as an established biochemical marker for
progressive liver damage). CML and HA both displayed good
diagnostic sensitivity and specificity in distinguishing healthy
controls from patients and in distinguishing non-cirrhotic from
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cirrhotic patients (Child ≥ A). However, the comparison of
these two diagnostic tests led to a significant difference between
the AUCs, favoring HA. The correlation of CML with HA and
its almost equal diagnostic sensitivity and specificity might be
an indication that a reduced (sinusoidal) clearance of the AGE
proteins in the human liver is an additional cause for the
observed elevations in CML concentration.

These findings extended and confirmed the results of
Sebekova et al. [24], which suggested that hepatic removal of
AGEs is impaired in liver cirrhosis, thereby resulting in
markedly elevated concentrations of AGEs [24]. Smedsrød et
al. [25] were able to show that a great extent – approximately
90% – of the in vitro AGE-modified rat serum albumins are
eliminated by sinusoidal endothelial cells of the liver in rats. In
human liver, it is assumed that AGE-modified molecules are
recognized, internalized by cell surface receptor-mediated
endocytosis, degraded intracellularly and subsequently secreted
as low molecular weight-AGEs (AGE-peptides, second gener-
ation AGEs) [26,27]. Similarly, the clearance of HA takes place
mainly by receptor-mediated mechanisms by hepatic sinusoidal
endothelial cells [28–30]. Serum HA corresponds to the
function of the sinusoidal endothelial cells and/or the
hemoperfusion of the liver and reflects the degree of liver
damage as an objective marker [31–34]. Furthermore, HA was
shown to be a valid prognostic indicator in liver cirrhosis [35].

In patients with CLD, clearance of the AGE proteins by
sinusoidal endothelial cells may be affected. The capillarization
of sinusoids during fibrosis and the diffusion barrier are
associated with the severity of liver cirrhosis. Therefore,
based on the formation of an incomplete subendothelial basal
membrane, there is hindrance of substance exchange between
hepatocytes and the sinusoidal blood stream, resulting in a
decrease in clearance of circulating molecules. Additionally,
constriction of the sinusoidal blood stream leads to the
development of portal hypertension, a portocaval shunt and a
reduced hemoperfusion [36]. Because intracellular degradation
leads to even more reactive intermediates, the liver, especially in
CLD patients, cannot prevent the accumulation of these
substances effectively [37]. In contrast to HA, high CML levels
may also reflect an increase of reactive intermediates and may
be an early marker of liver damage. CML concentration in the
circulation can increase because of severe diseases such as
diabetes mellitus or uremia, which have high non-enzymatic
activity rates. However, it is reasonable to assume that,
analogous to HA, sinus endothelial cells in the liver play an
important role in the elimination of CML-modified serum
proteins. The CML clearance could be regulated just like the
HA clearance [29] by a receptor mechanism in the hepatic
sinusoidal endothelial cells as AGEs preferably bind to Kupffer
and sinus endothelial cells in the liver [38]. Intra- as well
extracellular disposal problems may occur due to the accumu-
lation of AGEs. In the end, this may lead to an immune
response, oxidative stress and the peroxidation of lipids.
Disorders inflicted by AGEs are conceivable on very different
functional levels in the organism or the organ.

In addition, we previously showed [16] that in rat liver
RAGE mRNA is expressed in HSC and myofibroblasts and
the expression of RAGE protein is restricted to HSC and
myofibroblasts — the key players in the pathogenesis of liver
fibrosis/cirrhosis [2]. Being the most important ligand for
RAGE on HSC and myofibroblasts, CML could trigger a
multitude of intracellular signaling pathways, including the
transcription factor NFκB, the transcription factor AP-1 and
the MAP-kinase pathway, which could lead to pathophysio-
logically relevant gene activation (i.e. extracellular matrix
proteins) [18]. Therefore, CML may play a pathogenetically
important role in the activation and matrix gene expression of
liver fibrogenesis [39–41].

We conclude that the concentration of CML-modified
proteins, shown to be elevated in cirrhotic patients, may serve
as a helpful supplementary marker in the assessment of the
severity of the disease. Since CML was highest in biliary and
autoimmune liver disease, the clearance of CML through the
bile requires further studies. However, the clinical potential and
prognostic impact of CML serum concentrations in patients
with liver cirrhosis should be evaluated in future studies. In
addition, the pathogenetic role of CML-modified AGEs and
their receptor (RAGE) in liver cirrhosis needs to be clarified.
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