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INTRODUCTION
Despite surgical resection of non–small

cell lung carcinomas (NSCLCs), many
patients die of recurrent tumors; and re-
cent staging of the NSCLC patients by
TNM classification is not sufficient for
assessing prognosis and selecting ther-
apy after surgery (1,2). Thus, additional
analyses of the NSCLC patients are
needed to specify tumor diagnosis and
patient prognosis. At present, immuno-
histochemical analyses of the primary
tumor support the TNM classification.
Since these analyses require tissue mate-

rial taken from the primary tumor, the
analysis of easily accessible and always
available specimens may be more favor-
able in staging NSCLCs. Therefore, our
study focused on the prognostic rele-
vance of a simple fluorescence spectrom-
etry of plasma samples derived from
NSCLC patients. The fluorescence of ei-
ther plasma or serum samples is regu-
larly studied in conjunction with the
quantification of circulating advanced
glycation end products (AGEs) (3–7).
AGEs are generated in the final stages of
the Maillard reaction in foods and in bi-

ological systems with amino groups of
peptides, proteins, amino acids and
some phospholipids, reacting with car-
bonyl groups of reducing sugars, degra-
dation products of carbohydrates, lipids
or ascorbic acid (8). Since Maillard-type
reactions are highly complex, AGEs exist
in a large variety of fluorescent and non-
fluorescent chemical compounds, and
only for some of them is the chemical
structure currently known (8). Therefore,
fluorescing AGEs are broadly analyzed
at a standard AGE-related fluorescence
(370 nm excitation/440 nm emission) to
obtain a representative AGE level in bio-
logical samples (9).

The pathophysiological increase in the
AGE-related fluorescence of plasma or
serum samples has been found particu-
larly in patients with chronic renal fail-
ure (3,6) and untreated diabetes mellitus
(4,5). The generation of AGEs also is as-
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sociated with oxidative stress (10,11), to-
bacco smoking (12) and an impaired
detoxification of AGE precursors (13).
Furthermore, the physiological amount
of circulating AGEs depends on nutri-
tional habits including an increased in-
take of AGE-rich (thermally processed)
food (7,14,15) and sugar molecules with
higher responsiveness to AGE formation
(fructose instead of glucose) (16). Thus,
several intrinsic and extrinsic factors de-
termine the biological level of AGEs for
each person. Elevated AGE levels are
discussed mostly to play an adverse role
in the process of degenerative diseases
(15,17), but the threshold between physi-
ological and pathophysiological range of
the circulating AGEs has not yet been de-
fined. Moreover, a number of nutritional
studies indicate a favorable effect of
food-derived AGEs, such as an enhanced
antioxidant capacity and increase in
chemopreventive enzymes (18–20).

The importance of AGEs in lung carci-
nomas is studied for extracellular matrix
proteins showing an impact of the AGE-
modified tissue matrix on the invasive
migration of cancer cells (21). This obser-
vation is also supported by clinicopatho-
logical studies indicating a reduced
tumor progression in response to age
(22) and diabetes mellitus (23–25), both
of which are characterized by an increase
in AGE-modified tissue matrix (26). In
contrast, the clinical importance of the
circulating AGEs in patients with lung
carcinomas or other types of cancer is
largely unknown. Therefore, we were in-
terested in the importance of the AGE-
 related fluorescence for the prognosis of
NSCLC patients after curative surgery
and, if so, in the impact of circulating
AGEs on the NSCLC growth.

MATERIAL AND METHODS

Patients and Animals
Plasma samples were obtained from 78

consecutive NSCLC patients who under-
went a pulmonary resection surgery dur-
ing the hospitalization prior to the surgi-
cal procedure. Eight patients were
excluded from the analysis because they

either died due to a non–tumor-related
disease or within 30 d after surgery.
Tumor stages were classified according
to the TNM system (1) and patients’ data
were recorded up to 5 years after sur-
gery. This study was approved by the
Ethics Committee of the Medical Faculty
(Halle [Saale], Germany).

Blood and tissue samples were also
obtained from female athymic mice
(Navy Medical Research Institute
[NMRI] nu/nu; Harlan Winkelmann,
Borchen, Germany) who had received a
specific diet for modifying the blood
AGE level. All mice were kept under
clean room conditions in sterile isolator
cages. At an age of about 4 wks, 13 mice
of the control group received standard
diet (70% (w/w) protein-free standard
chow [C1004; Altromin, Lage, Germany],
15% casein, 15% starch), whereas 13 mice
of the AGE group received an AGE-rich
diet (70% protein-free standard chow,
15% casein, 15% bread crust as AGE-rich
compound). All mice were fed each day
with an average of about 6 g of the diet
per capita. The preparation and partial
characterization of the AGE-rich bread
crust from rye/wheat-mixed bread was
described earlier (27). After a feeding pe-
riod of 21 d, mice were killed by cervical
dislocation. Blood was removed after
thoracotomy and a drop of the blood
was used for preparing blood films on
glass slides. The remaining blood was
transferred to microvettes. Lung and
liver were removed, frozen in liquid ni-
trogen and stored at –80°C until use. The
local Animal Care and Use Committee,
Halle (Saale) approved this study.

In Vivo Tumorigenicity Assay
Female athymic mice (NMRI nu/nu;

Harlan Winkelmann) were used for the
in vivo tumorigenicity assay. According
to the feeding experiments described
above, mice received a specific diet for
modifying the blood AGE level. At an
age of 4 wks, 16 mice of the control
group received a standard diet and 16
mice of the AGE group received an AGE-
rich diet. After a prefeeding period of 14
d, NSCLC cells were injected subcuta-

neously into each upper flank of athymic
mice. Thus, 32 tumors in each diet group
were studied. The National Cancer Insti-
tute (NCI) cell line H358 (ATCC, Manas-
sas, VA, USA) was used as NSCLC cell
line. H358 cells were cultured in Dul-
becco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal
calf serum (Invitrogen, Karlsruhe, Ger-
many) at 37°C in a humidified 10% CO2

atmosphere. For tumor cell injection,
H358 cells were harvested from 80% con-
fluent monolayers by brief trypsiniza-
tion, washed and resuspended in ice cold
PBS. Then, 2 × 106 H358 cells per site
were implanted subcutaneously, and the
respective diet was continued during the
period of tumor growth. Length and
width of the tumors were measured
twice a week for the duration of the ex-
periment using a sliding caliper. Individ-
ual tumor volume was calculated as the
product of 4/3π × (length/2) ×
(width/2)2 that corresponds to the equa-
tion of an ellipsoid. Mice were killed at
day 25 of the tumor growth, and the tu-
mors were dissected carefully and
weighed. One aliquot of the tumor tissue
was frozen in liquid nitrogen and stored
at –80°C until used. Another aliquot was
fixed in 4% phosphate-buffered formal-
dehyde and embedded in paraffin.
Throughout the experiment, all mice
were kept under clean room conditions
in sterile isolator cages. Xenograft experi-
ments were performed in accordance
with the Guide for the Care and Use of
Laboratory Animals after approval of the
local Animal Care Committee, Halle
(Saale).

Blood Analyses
Blood films on glass slides were ana-

lyzed for the cytological composition of
the blood samples following Giemsa
staining and light microscopy. The AGE-
specific fluorescence was determined for
serum samples of the mice and plasma
samples of the NSCLC patients. Mice
serum was diluted 1:5 and human
plasma was diluted 1:20 in PBS (optimal
dilution was tested before); 100 μL of
each sample was transferred per well of
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a black 96-well microplate (Greiner,
Frickenhausen, Germany). AGE-related
fluorescence was monitored in triplicate
on a FLUOstar OPTIMA reader (BMG
Labtechnologies, Offenburg, Germany)
at 370–10 nm excitation and 440–10 nm
emission. Glucose-modified bovine
serum albumin (AGE-BSA) was used for
creating an internal standard curve (28),
and data are given as concentrations
equivalent to AGE-BSA. AGE modifica-
tions of mice serum proteins were deter-
mined additionally by antibody detec-
tion of the nonfluorescing AGE variant
N-ε-carboxymethyllysine (CML). Briefly,
1 μL of the serum sample was spotted in
triplicate onto nitrocellulose membranes
using the Minifold Spot Blot Unit
(Schleicher & Schüll, Dassel, Germany).
After blocking the membrane with 6%
nonfat dry milk in TBS buffer contain-
ing 0.15% polyethylenesorbitan mono-
laurate, CML levels were detected by
using a rabbit polyclonal anti-CML 
antibody (ED Schleicher, University of
Tuebingen, Germany) followed by a
horseradish peroxidase-conjugated
anti–rabbit IgG antibody (Dianova,
Hamburg, Germany) and enhanced
chemiluminescence detection (Amer-
sham Bioscience, Buckinghamshire,
UK). The signals were evaluated by use
of the LAS 3000 computer-based imag-
ing system (FUJI Film; Tokyo, Japan)
and AIDA 3.5 software (Raytest,
Straubenhardt, Germany).

Cell Culture
For three-dimensional cell culture,

spheroids were formed from H358 lung
carcinoma cells in DMEM containing
5 mg/mL methylcellulose (Sigma,
Deisenhofen, Germany) and 2.5% fetal
calf serum (Invitrogen). Then, H358 cells
were seeded to a final number of 300 cells
per spheroid into a single well of a 96-
well suspension culture plate (Greiner).
The formation of H358 spheroid was
completed after 24 h. Thereafter, plasma
of 28 randomly selected NSCLC patients
was added to a final concentration of
7.5%. We studied 10 spheroids per indi-
vidual plasma for 2 d. The diameter of

each spheroid was estimated by using the
Axiovert M200 microscope (Carl Zeiss,
Jena, Germany) equipped with Spot
Camera and Metamorph 4.6.5. software
(Visitron Systems, Puchheim, Germany)
and subsequently averaged. The spheroid
volume was calculated as a product of
4/3π × diameter3 and the mean increase
in the spheroid volume was determined
for the individual plasma samples in
three time-independent experiments. Ac-
cordingly, we studied the effect of serum
taken from mice with or without AGE-
rich diet as well as AGE-modified FCS
(AGE-FCS). AGE-FCS was generated by
incubating FCS (Invitrogen) with
20 mmol/L glyoxal (Sigma, Deisenhofen,
Germany) and control FCS without gly-
oxal at 37°C for 2 d. Thereafter, control
FCS and AGE-FCS were extensively dia-
lyzed against water using ZelluTrans
dialysis tubing (Roth, Karlsruhe, Ger-
many). The AGE-related fluorescence was
determined as described above.

We also studied the effect of AGE-FCS
on the cell proliferation and migration in
two-dimensional assays. As the FCS
supply of cells in two-dimensional cul-
tures is better than in spheroids, we
used less FCS in these assays (5% control
FCS or AGE-FCS; tested before). H358
cell proliferation (5,000 cells per well of
a 96-well culture plate) was spectropho-
tometrically determined after 3 d using
the alamarBlue reagent (Biosource Eu-
rope, Nivelles, Belgium). Moreover, the
migration/proliferation of H358 cells
was studied in an in vitro wound scratch
model. Six scratches per experiment
were placed into a monolayer of conflu-
ent cells by a pipette tip to generate de-
fined cell-free areas. The distances be-
tween the two edges of the migrating/
proliferating cells were estimated micro-
scopically. Ten distances per scratch
were always measured and finally
 averaged.

Expression Analyses
For RNA expression analysis, total

RNA was isolated with Trizol reagent
(Invitrogen), cleaned up (RNeasy Mini
Kit; Qiagen, Hilden, Germany) and sub-

jected to high-density oligonucleotide
microarray (Affymetrix, Santa Clara,
CA, USA) as described previously for
human lung tissues (29) and H358 cells
(30). The intensity of the hybridization
signals was scanned with the GeneArray
Scanner 7G and analyzed by using the
GeneChip Operating System. For protein
expression analysis, standard im-
munoblot was performed as described
(30). Monoclonal mouse anti–Ost-48 an-
tibody was purchased from Santa Cruz
Biotechnology (sc-74408; Santa Cruz,
CA, USA).

Mouse Tissue Analyses
The vascularization of tumor tissues

from the xenografts was determined for
tissue sections by staining of endothelial
cells for the von Willebrand Factor (vWF)
using a rabbit polyclonal anti-vWF
(F3520; Sigma, St. Louis, MO, USA) and
labeled-streptavidin-biotin detection
(DAKO, Hamburg, Germany). Slides
were embedded and the vessel density
per area was evaluated for two sections
each tumor by using the Axiovert micro-
scope (Carl Zeiss) equipped with Spot
Camera and Metamorph 4.6.5. software
(Visitron Systems). In addition, we iso-
lated and quantified the total protein of
mouse lung and liver by SDS lysis. This
protein was subjected to the slot blot
procedure and subsequent antibody
staining for carboxymethyl lysine (CML)
as entirely described for the mouse
serum. Data were calculated as arbitrary
units (aU) per μg of the protein.

STATISTICS
Patient data are given either as the

median (M) with interquartile range or
as the total or percentage number (n).
Experimental data are reported as
mean ± SD or SEM. All statistical calcu-
lations and data presentations were
performed by use of the SigmaStat 3.5
and SigmaPlot 10 software (Systat Soft-
ware Inc., San Jose, CA, USA). The ap-
propriated statistical test is given in the
legend of tables and figures respec-
tively. P values ≤0.05 indicate a signifi-
cant difference.
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RESULTS

Plasma Fluorescence and Patients’
Outcome

The retrospective clinical study in-
cluded plasma samples from NSCLC pa-
tients treated by pulmonary resection sur-
gery. None of the patients had distant
metastasis, resection stage R2 or died
owing to a non–tumor-related disease.
The plasma fluorescence was measured at
the standard AGE-related fluorescence
(370 nm excitation/440 nm emission), and
the median plasma fluorescence had been
determined with 1.08 μg/mL AGE-BSA
(range: 0.73 to 1.61 μg/mL AGE-BSA). Ac-
cording to this median value, the NSCLC
patients were divided into patients with
either low or high plasma fluorescence.
Subsequent analyses of the clinical-
 pathological data did not find significant
differences for age, gender, smoking sta-
tus, secondary diseases (diabetes mellitus,
renal failure) and NSCLC- related parame-
ters such as T and N stages (Table 1). In
contrast, we revealed that NSCLC pa-
tients with high plasma fluorescence had
a significantly better outcome (relapse-
free interval and survival) after curative
surgery than patients with low plasma
fluorescence (Figure 1A). Even within the
group of NSCLC patients without nodal
involvement (N0), the 5-year survival had
been determined as only 30% for patients
having low plasma fluorescence com-
pared with a 5-year-survival rate of about
70% for patients with high plasma fluo-
rescence (P = 0.015).

On the basis of our observation (see Fig-
ure 1A and Table 1), NSCLC patients were
also subdivided into quartiles (QI to QIV)
according to the level of their plasma fluo-
rescence. Subsequent Kaplan-Meier analy-
ses showed that particularly patients with
very low AGE fluorescence (QI) had the
lowest survival rate (Figure 1B). Because
QI patients did not show a lower body
mass index (median BMI of 25.6 compared
with median BMI of 26.0 for all patients), a
low dietary intake of AGEs due to malnu-
trition is unlikely for this patient group.
Although the survival of NSCLC patients
was improving along with an increasing

plasma fluorescence (QI to QIII), the sur-
vival of patients with a very high plasma
fluorescence (QIV) was diminished again
(see Figure 1B).

Plasma Fluorescence, Advanced
Glycation End Products and Tumor
Growth In Vitro

Our clinical data suggest that plasma
compounds mediating the AGE-related

fluorescence may have an influence on
the NSCLC progression. Therefore, we
used the multicellular spheroid model to
analyze the effect of patients’ plasma on
the tumor growth in vitro depending on
the individual’s plasma fluorescence.
Tumor spheroids were formed from the
NSCLC cell line H358, which is suitable
for this in vitro growth assay because
H358 cells form stable spheroids without

Table 1. Patients’ characteristics depending on the plasma AGE-related fluorescence (FL).a

NSCLC patients Plasma FL

parameter Data Lowb (n = 36) Highb (n = 34) P valuec

Plasma FL, μg/mL AGE-BSA M 0.81 (0.73–0.95) 1.29 (1.21–1.61) <0.001
Age, y M 69 (60 –72) 68 (60 –73) 0.797
Gender

Male n 31 22 0.071
Female n 5 12

Body mass index M 26 (24–28) 27 (24–29) 0.813
NSCLC histology

ADCd n 11 19 0.059
SCCe n 21 12
Others n 4 4

Tumor (T) stage
T1 n 5 12 0.113
T2 n 20 14
T3-4 n 11 8

Nodal (N) stage
N0 n 15 21 0.290
N1 n 9 6
N2 n 11 7

Resection (R) stage
R0 n 31 33 0.199
R1 n 5 1

Smoker
Current n 18 12 0.199
Former n 12 16
None n 6 6

Diabetes mellitus
Yes n 10 9 1.000
No n 26 29

Blood glucose, mmol/L M 5.5 (4.9–7.0) 5.3 (4.9–6.9) 0.812
Renal failure

Yes n 3 4 1.000
No n 33 30

Blood creatinine, μmol/L M 79 (69–85) 77 (70–85) 0.897
Blood urea, mmol/L M 5.3 (4.6–6.5) 5.7 (4.6–6.3) 0.668

aData are either given as median (M ) with interquartile range or as number of NSCLC
patients (n).
bCutoff point at the median plasma FL of all NSCLC patients (1.08 μg/mL AGE-BSA).
cP values were calculated by use of the Student t test (median differences) or the χ2 test
(homogeneity of variances) as appropriated.
dADC, adenocarcinoma.
eSCC, squamous cell carcinoma.
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simultaneous migration of single cells
from the united cell structure (21). H358
spheroids were treated individually with
plasma of randomly selected NSCLC pa-
tients from our clinical study group
(Table 1). Subsequent analyses of the
spheroid growth revealed an inverse cor-
relation between tumor spheroid growth
in vitro and the level of the AGE-related
fluorescence of the individual plasma
sample (Figure 2A).

This inverse correlation could be
caused by AGE modifications of plasma
compounds, such as growth factors,
thereby impairing their functionality.
Therefore, we studied the effect of AGE-
FCS (AGE-related fluorescence corre-
sponds to 4.35 μg/mL AGE-BSA versus
1.01 μg/mL AGE-BSA in control FCS) on
the proliferation and migration of H358
cells in a proliferation and wound
scratch assay, respectively. These assays
showed a reduced cell proliferation and

migration in response to AGE-FCS (Fig-
ure 2B). The antiproliferative effect of
AGE-FCS is still more obvious by de-
creasing the FCS concentration (2% in-
stead of 5%; data not shown). An impact
of AGE-FCS on the viability of H358 cells
has not been observed. The growth of
H358 spheroids also was influenced
strongly by AGE-FCS (Figure 2C).

As plasma AGEs also could mediate
direct biological functions by interacting
with defined receptors, we additionally
studied the expression of AGE receptors
in human lung carcinoma. This study
showed a high mRNA expression of the
AGE-Rs 1, 2 and 3 in H358 cells and
NSCLC tissues. While both AGE-R1 and
AGE-R2 are increased in NSCLC tissues
compared with control (healthy) lung,
AGE-R3 is not differentially expressed in
NSCLC (Table 2). The high expression of
AGE-R1 in NSCLC also has been ob-
served by immunoblot analysis (data not

shown). In contrast, RAGE was down-
regulated significantly in H358 cells and
NSCLC tissues compared with control
lung at mRNA (Table 2) and protein
level (31).

Advanced Glycation End Products
and Tumor Growth In Vivo

Our in vitro data suggest an associa-
tion between the plasma level of fluo-
rescing AGEs and the tumor growth (see
Figures 2A–C). Therefore, we established
a xenograft model (athymic NMRI
nu/nu mice) with a physiologically in-
creased level of circulating AGEs. In the
first experiment, athymic mice were fed
with AGE-rich food (32,33) without injec-
tion of the NSCLC cell line H358 (group 1,
Figure 3A). After 21 d of the specific diet,
we removed blood and tissue from lung
and liver for further analyses. In the case
of mice, serum instead of plasma was
prepared because of the immediate blood
coagulation after thoracotomy. This ini-
tial feeding experiment showed that
AGE-rich diet mediates an increased
level of fluorescent AGEs in the mouse
serum compared with serum from mice
receiving control diet (Table 3). We also
determined a slightly increased serum
level of the nonfluorescing AGE variant
N-ε-carboxymethyllysine (CML) in re-
sponse to the AGE-rich diet, whereas the
tissue level of CML was not influenced
by the diet (Table 3). The AGE-rich diet
had no impact on the weight and the
number of white blood cells (granulo-
cytes, lymphocytes, monocytes) (Table 3).

Our previous studies already demon-
strated an antiproliferative effect of
AGE-rich food in H358 cells (34). As the
gastrointestinal digestion alters the
food-AGEs regarding quality and quan-
tity, we now treated NSCLC spheroids
from H358 cells with the individual
serum of mice receiving either AGE-rich
or control diets. In accordance with the
in vitro experiments using patients’
plasma (see Figure 2A), we determined
an inverse correlation between the
growth of H358 spheroids in vivo and
the level of AGE-related fluorescence of
the individual serum sample (Figure 3B,

Figure 1. Clinical outcome of NSCLC patients with differential levels of AGE-related
plasma fluorescence (FL). (A) Kaplan-Meier plot of the 4-year tumor-free interval and the
5-year postoperative survival of NSCLC patients with either low or high plasma fluores-
cence. (B) NSCLC patients had been further subdivided into quartiles (QI to QIV) ac-
cording to the level of their plasma fluorescence and the survival curves were calcu-
lated for each subgroup. The median plasma FL (μg/mL AGE-BSA) is in QI: 0.73, QII: 0.94,
QIII: 1.21 and QIV: 1.61. Significance between the Kaplan-Meier curves was tested by
log-rank statistic. All pair-wise multiple comparison procedures calculated a critical 
P value with <0.008 (Bonferroni method).
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above). This inverse correlation was re-
lated mainly to the serum from mice re-
ceiving AGE-rich diet (see Figure 3B,
above). In contrast, correlating the

growth of H358 spheroids in vivo and
the CML level of the individual serum
did not reach statistical significance
(Figure 3B, below).

In the second experiment, athymic
mice were fed with an AGE-rich diet to
study the impact of circulating AGEs on
the tumor growth of H358 cells in vivo
(group 2, Figure 3A). The in vivo tumori-
genicity assay demonstrated that the
H358 tumor growth is less pronounced
in the group of mice receiving the AGE-
rich diet compared with the control
group (Figure 4A, above). In other
words, mice with an AGE-poor diet (con-
trol) developed more frequently large tu-
mors than mice with an AGE-rich diet
(Figure 4A, below). In accordance with
the different tumor volume, the mean
weight of H358 tumors was reduced sig-
nificantly in response to the AGE-rich
diet, whereas the tumor vascularization
was not influenced (Figure 4B).

DISCUSSION
Plasma or sera prepared from blood

samples change in its fluorescence at
370 nm excitation/440 nm emission,
which relates to the standard fluores-
cence of AGEs (4–7,35). Our clinical
study demonstrated a prognostic rele-
vance of the AGE-related plasma fluores-
cence in NSCLC patients after curative
surgery. One reason for its prognostic rel-
evance might be an impact of circulating
AGEs on the tumor growth as suggested
by the results from our experimental
studies. To date, such blood measure-
ments of fluorescent chromophores have
not been considered in the clinical analy-
sis of tumor patients. The main advan-
tage of using the AGE-related fluores-
cence as a prognostic marker is its simple
and fast application via a single-wave-
length measurement of blood samples.

We determined highly different levels
in the AGE-related fluorescence of
plasma samples from NSCLC patients
and patients having high AGE-related
plasma fluorescence showed a signifi-
cantly higher survival rate after curative
surgery than patients having low AGE-
related plasma fluorescence. While only
25% of the patients who had low plasma
fluorescence survived 5 years after sur-
gery, 47% of the patients with high
plasma fluorescence survived at this

Figure 2. Effect of plasma from NSCLC patients or AGE-modified FCS on the growth of
NSCLC cells in vitro. (A) H358 spheroids were treated with the individual plasma of ran-
domly selected NSCLC patients. The spheroid growth after 2 d was plotted per AGE-
 related fluorescence (FL) of the individual plasma sample and subjected to linear regres-
sion analysis. (B) The proliferation and migration of H358 cells (cell proliferation and wound
scratch assay) as well as (C) the spheroid growth of H358 cells was analyzed after 2 d in
response to AGE-modified versus control (unmodified) FCS. Mean data ± SD are given. 
P values were calculated by the Student t test.

Table 2. mRNA expression of AGE receptors in human lung cancer.

NSCLC cell
line H358a Lung tissuesb

AGE receptors (n = 3) NSCLC (n = 89) Control (n = 15) P value

Oligosaccharyl 1,473 ± 105 775 (720–867) 658 (609–693) <0.00001
transferase-48
(OST-48, AGE-R1)

80K-H phosphoprotein 3,295 ± 188 351 (316–391) 277 (257–314) <0.00001
(AGE-R2)

Galectin-3 (AGE-R3) 10,600 ± 1,366 1,209 (1,017–1,392) 1,103 (1,093–1,030) 0.138
Receptor for AGEs 84 ± 27 308 (226–445) 1,399 (1,201–1,639) <0.00001
(RAGE)

aData of four independent experiments are given as mean ± SD.
bMedian data are given with interquartile range and P values (NSCLC versus control lung)
were calculated by use of the Student t test.



9 8 6 |  B A R T L I N G E T  A L .  |  M O L  M E D  1 7 ( 9 - 1 0 ) 9 8 0 - 9 8 9 ,  S E P T E M B E R - O C T O B E R  2 0 1 1

A G E - R E L A T E D  P L A S M A  F L U O R E S C E N C E  I N  N S C L C

time. A similar tendency was observed
for the relapse-free period after surgery.
The highest survival rate after 5 years
(60%) has been determined for NSCLC
patients having a moderately increased
AGE-related fluorescence of plasma sam-
ples, whereas this positive correlation
was partially abolished in patients with a
very high AGE-related fluorescence
(35%). Although their 5-year survival
was still significantly higher than the
survival of patients with very low AGE-
related plasma fluorescence (10%), the
concentration-dependent observation
supports the pathophysiological role of
highly increased AGE levels (17,36,37). It
is well conceivable that an excess of
AGEs induces oxidative stress by ex-
haustion of antioxidative defense sys-
tems (10,11), thereby supporting the
tumor progression again. This relation
has been suggested recently for patients
with advanced, compared with early,
breast cancer (38). In this context, patho-
physiologically high levels in fluorescent
AGEs also have been described for blood
samples derived from smokers (12) and
patients with chronic renal failure
(3,6,35) or untreated diabetes mellitus
(4,5). However, none of these factors af-
fected the AGE-related plasma fluores-
cence in our patients’ group. Some con-
trasting data regarding the plasma level
of AGEs may be explained by the chang-
ing smoking behaviors of patients during
the time of hospitalization, the few num-
ber of patients with renal failure, the
well-controlled medical regime in the
hospital (diabetes patients) and the con-
comitant NSCLC disease.

Our clinical observation suggested a
protective effect of plasma AGEs on the
tumor progression. This can be sup-
ported indirectly by previous studies de-
scribing an inhibiting effect of reactive
carbonyls, which are potential substances
for AGE formation, on tumor growth in
vivo (39–41). However, in breast cancer,
elevated plasma levels of protein car-
bonyls were associated with an increased
cancer progression (38). Although car-
bonyls also might affect tumor growth
via cellular actions different from AGE

Figure 3. Effect of mice serum on the growth of lung carcinoma cells in vitro depending
on the serum AGE level. (A) Summary of the athymic mice used for studying the influence
of AGEs on tumor growth in vitro and in vivo. Group 1 mice received either control or AGE
diet without injection of H358 lung carcinoma cells. Group 2 mice received either control
or AGE diet with subcutaneous injection of H358 cells. (B) Spheroids of H358 cells were
treated with the individual serum of mice receiving either control or AGE-rich diet. The
spheroid growth after 2 d was plotted per level of the AGE-related fluorescence (FL; left)
or CML (right) of the individual serum and subjected to linear regression analysis.

Table 3. Characteristics of group 1 athymic NMRI nu/nu mice with AGE-rich diet.a

Diet

Characteristics Control (n = 13) AGE (n = 13) P value

Weight
Start, g 12 ± 1.5 13 ± 2.5 0.175
End, g 20 ± 1.6 21 ± 1.9 0.140

Serum
FL, μg/mL AGE-BSA 348 ± 65 402 ± 87 0.042
CML, μg/mL AGE-BSA 46 ± 1.9 49 ± 2.3 0.051

Blood
Granulocytes, % 26 ± 13 27 ± 13 0.899
Lymphocytes, % 72 ± 13 72 ± 15 0.905
Monocytes, % 1.8 ± 1.9 1.8 ± 2.0 1.000

Tissue
Lung CML, aU/μg 12 ± 2.7 12 ± 2.5 0.903
Liver CML, aU/μg 11 ± 4.1 9.7 ± 2.0 0.387

aAll data are given as mean ± SD. P values were calculated by use of the Student t test.
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actions (42,43), further findings again
support the antitumorigenic effect of
AGEs. In this regard, experimental and
pathological studies especially indicate
an effect of extracellular tissue matrix
modified with AGEs on tumor progres-
sion (21,23).

Quantity and quality of the large num-
ber of AGE variants are suggested as cru-
cial factors that finally determine the bio-
logical role of AGEs (8,17,19), but what
does cause the different levels of AGEs,
including fluorescent AGEs, in human
plasma? Besides dietary habits (14,17,44),
a large number of endogenous factors in-
fluence the level of fluorescent AGEs in
human blood circulation. This includes
the degree of glucose and lipid metabo-
lism with the subsequent formation of re-

active carbonyls (26), the activity of enzy-
matic detoxification systems (45), oxida-
tive stress (11), receptor-mediated AGE
uptake by cells (46), targeted degradation
of AGE-modified proteins by the protea-
somal system (47) and renal excretion
(48). In normal conditions, generation
and clearance of AGEs are in balance sus-
taining an AGE homeostasis (17). Low
plasma levels of fluorescent AGEs, as ob-
served for our NSCLC patients’ group
with worse outcome after curative sur-
gery, may result from a low metabolic
formation of AGEs, hypoalbuminemia,
high detoxification of reactive carbonyls,
low dietary intake of AGEs and/or high
degradation and excretion of AGEs.

In contrast, moderately higher levels in
plasma AGEs may result from a higher

metabolic formation of AGEs and/or di-
etary intake of AGEs. The moderate in-
crease in the AGE-related plasma fluores-
cence indicated a better disease-free
survival of NSCLC patients, suggesting a
protective effect of circulating AGEs
and/or secondary factors accompanied
by an increased level of circulating AGEs
on the reoccurrence and progression of
NSCLC. Therefore, plasma samples of
NSCLC patients were subjected to in
vitro studies. In correspondence with the
prognostic relevance of fluorescent
AGEs, treating NSCLC spheroids with
patients’ plasma showed an inverse cor-
relation between the growth of spheroids
and the individual AGE-related fluores-
cence of each sample. This inverse corre-
lation of fluorescent AGEs with the
growth of NSCLC spheroids also has
been observed for blood samples from
mice, whose circulating AGE level was
moderately elevated by an established
dietary model using AGE-rich bread
crust (32,33). AGE-rich bread crust did
not induce oxidative stress in NSCLC
cells (34), and the diet with bread crust
caused an increase in circulating AGE
chromophores of 15% that corresponds
approximately with the increase in
plasma AGE chromophores determined
for NSCLC patients with moderately
higher levels (1.21 μg/mL AGE-BSA ver-
sus the cutoff value at 1.08 μg/mL AGE-
BSA). Although the AGE-rich diet also
caused a small increase in the nonfluo-
rescent AGE variant CML, the level of
plasma CML did not correlate with the
spheroid growth. This might be based on
the insignificant impact of the single
compound CML on the cell proliferation
compared with fluorescent AGEs as a set
of AGE variants.

Nonetheless, our in vitro data indicate
the impact of plasma rich in fluorescent
AGEs on the NSCLC growth. This has
been supported by our in vivo studies
showing that the chronic intake of AGE-
rich food was associated with a reduced
subcutaneous growth of NSCLC cells in
about 30% of athymic mice (final tumor
weight; number of large tumors). The re-
duced tumor growth of NSCLC cells in

Figure 4. Effect of AGE-rich diet on the growth of lung carcinoma cells in vivo. (A) Tumor
growth of H358 cells subcutaneously implanted into athymic mice receiving either control
or AGE-rich diet. The individual regression coefficient a was calculated as determinant of
the tumor growth per time. In addition, H358 tumors were subdivided in small and large
tumors (cut off at the median volume), and the total number and percentage of tumors
with either small or large size was calculated. (B) Weight and vascularization of H358 tu-
mors in mice with or without AGE-rich diet. Data are given as mean ± SEM. P values were
calculated by the Student t test.
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mice without affecting tumor vasculariza-
tion as well as the inverse correlation be-
tween spheroid growth of NSCLC cells
and the AGE-related fluorescence of
plasma samples, suggest the antiprolifer-
ative effect of AGEs. Moreover, circulat-
ing AGEs also may have an antimigrative
effect as suggested by the data of our
wound scratch assay. Although the de-
tailed chemical structures, digestion and
absorption of food-derived AGEs are still
incompletely understood, it seems to be
clear that particularly low-molecular
weight AGEs pass the colon (49,50).
Moreover, other compounds than the
food-derived AGE chromophores may
contribute to the biological effect, because
an increased intake of AGEs could also
modify the AGE generation in vivo and
other factors. In this context, cell surface
receptors are identified, which are be-
lieved to mediate the biological function
of extracellular AGEs (51), among these
are the receptors AGE-R1, better known
as OST-48, and RAGE, which are the best
studied AGE-binding molecules. While
the expression of RAGE is strongly
downregulated in NSCLC cells and tis-
sues (31), we identified a high expression
of AGE-R1, whose activation by AGE-
modified serum albumin suppresses the
cell signaling cascade induced by the epi-
dermal growth factor (EGF) (52). As EGF-
mediated cell signaling contributes to the
progression of lung carcinomas (53), the
impairment of the EGF receptor signaling
by AGE-R1 activation might, at least in
part, explain the tumor growth–inhibiting
effect of circulating AGEs. However,
AGEs also may act independently of
AGE receptors. In this regard, we re-
cently showed a reduced activity of the
soluble matrix metalloproteinase 2 as
well as the growth factor PDGF following
AGE modification (54,55). The reduced
growth activity of AGE-modified circulat-
ing factors also has been demonstrated in
this study by a reduced proliferation/
 migration of NSCLC cells in response to
AGE-FCS. Therefore, several types of bio-
logical mechanisms might contribute to
the antitumorigenic effect of circulating
AGE chromophores.

Moreover, it is conceivable that no sin-
gular AGE compound acts alone but in
concert with other, probably still un-
known, AGE chromophores. The quan-
tification of a set of fluorescent AGEs as a
prognostic factor is therefore an advan-
tage compared with the quantification of
single compounds in human plasma sam-
ples. Nonetheless, the question arises,
“which of the AGE structures contribute
to the tumor growth-inhibiting effect of
AGEs?” Pronyl-lysine is one of the few
AGEs presently identified as a chemopre-
ventive factor in bread crust (27), which
also affects the formation and progression
of chemically induced preneoplastic le-
sions in rat colon (56). This colon cancer
model is not completely consistent with
the tumorigenicity model used in our
study, but it indicates the potential role of
this AGE compound in cancer develop-
ment. In addition, 3-hydroxy-4-[(E)-(2-
furyl)methylidene]methyl-3-cyclopentene-
1,2-dione and others have been identified
as AGE chromophores formed from car-
bohydrates upon thermal food processing
which impair the proliferation of human
mammary carcinoma cells in vitro (57).
Although these and our studies indicate
the beneficial effect of AGEs in tumori-
genicity, it does not exclude the impor-
tance of other factors that are directly or
indirectly accompanied by an altered
AGE level in human.

In summary, we demonstrated that the
AGE-related plasma fluorescence is a sim-
ple predictor for the outcome of NSCLC
patients after curative surgery. The worst
prognosis was associated with patients
having a low level in the AGE-related flu-
orescence, which might be based on the
tumor growth-inhibiting effect of fluores-
cent AGEs as suggested by the results of
our experimental studies. Since extent
and prognosis of NSCLC patients are in-
sufficiently assessed by the current TNM
classification, additional analyses of the
individual plasma fluorescence may sup-
port the patients’ assessment significantly.
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