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Abstract

In patients with chronic renal failure, cancer incidenceis enhanced. Sincelevels of advanced glycation end products (AGES)
aremarkedly elevated in rend insufficiency, weinvestigated potential effects of various AGES on structural DNA integrity in
tubule cells. The comet-assay was employed, a method based on the computer-aided microscopic anaysis of sngle cdls after
electrophoretic separation of their nuclear DNA. Incubation of pig kidney LLC-PK1-cells for 24 h with AGE-BSA (AGE-
bovine serum albumin), carboxymethyllysine-BSA as well as methylglyoxal-BSA resulted in a significant increase in DNA
damage. Pretreatment Of the cells with the proteases trypsin and bromelain abolished the AGE-induced comet-formation. This
isin agreement with the idea that the observed genotoxicity of AGES could be receptor-mediated and that proteeses inactivate
the extracellular domain of the receptor for AGEs. Binding of AGEs to the RAGE receptor Jeads to an incressed intracellular
formation Of active oxygen species, which areknown toinduce DNA damage. It isconcluded that AGEsinduce genotoxicity in
tubule cells, which may be involved in the enhanced cancer development in advanced kidney diseases.
© 2002 Elsevier Science Irdland Ltd. All rights reserved.
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enhanced oxidative stress and increased levels of
various uremic toxins are discussed. One possible

1. Introduction

One consequence of chronic rena disease is an
elevated cancer risk {1,2]. However, the underlying
mechanism is unclear. The observed increased
genomic damage in peripheral lymphocytes of kidney
disease patients may be indicative for their increased
cancer susceptibility [3,4). The involvement of
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candidate are advanced glycation end products
(AGEs), which are strongly elevated in patients with
rena insufficiency. AGE formation aises from a
nonenzymatic reaction of a sugar ketone or aldehyde
group with a free amino group of proteins, lipids, or
amino acids. After acomplex cascade of dehydration,
condensation, fragmentation, oxidation and cycliza-
tion reactions, a diverse and largely undefined groub
of compounds termed AGEs are formed [5j. Only few
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AGEs have been characterized chemically and
identified in tissues, the most investigated of which
has been carboxymethyllysine (CML). In rena
dissase AGE accumulation is ascribed both to the
impaired eimination of AGEs and to enhanced
formation due to oxidative ress [6]. Accumulation
of AGEs in tissues is a common phenomenon of
norma aging and occurs a acceeraed rates in
patients with diabetes mellitus {7,8]. While there is
increasing evidence that AGEs were implicated in the
pathogenesis of complications in diabetes (nephro-
pathy, retinopathy, neuropathy, atheroscleross) [9],
genotoxic effects of AGEs are not conclusvely
shown. In in vitro studies mutagenic effects of
DNA-AGE such as deletions, insartions and transpo-
son activation were shown in bacterid modd sysems
[10]. Furthermore it is shown that DNA can be
glycated in vitro yidding carboxyethylguanosine as
major products [11]. In this study a mammalian cel
culture mode was used to investigate whether AGEs
could contribute to the development of cancer in renal
diseese by causing genotoxic effects. The porcine cdll
line LLC-PK1 was chosen because it exhibits proper-
ties of proxima tubules. The adkaine comet assay
(sngle cdl gd electrophoresis), a well-established
method for quantifying DNA damage {12] wasused to
andyze AGE-induced genotoxicity.

2. Materialsand methods

2.1. Generation and characterization of glycated
proteins

Bovine serum albumin (1 mM BSA Fraction V,
Sigma, Deisenhofen, Germany) solution was maxi-
mally glycated by incubation with 0.5 M glucosein 50
mM potassium phosphate, pH 7.4, 1 mM EDTA under
sterile conditions a 50 °C for 40 days following a
modified protocol of Schmidt et a. [13]). The AGE-
BSA solution wasthen lyophilized and redissolved in
50ml bidi stilled water. Glucose and other compounds
were removed by extensive dialysis against 5x 5 1
bidistilled water for 72 h. Residual glucose was less
than 0.1 mM afterthis procedure. The dialyzed AGE-
BSA was again lyophilized resulting in a brownish
powder. Methylglyoxal-modified albumin (MGO-
BSA) was produced by reacting BSA with methyl-

glyoxa in 0.1 M phosphate buffer (pH 7.4). The
concentrations of BSA and methylglyoxal were 20
mg/mi (0.3 mM) and 30 mM, respectively. After
modification, samples were purified as described
before. Shortly before use, modified albumins were
redissolved in 50 mM PBS. Control BSA was
incubated under the same conditions but in the
absence of glucose. CML content was measured by
HPLC and ELISA and showed to be gpproximately 10
mol CML/mol albumin. Fructosyl-lysine content was
found to be low (approximatedy 03 mol FL/mol
albumin) under these conditions as determined by the
reduction of nitroblue tetrazolium a akainepH using
dihydroacetone as a sandard. CML-modified albumin
was prepared by a modified protocol of Reddy et d.
[14] (Faist, pasond communication). Albumin (1
mM BSA Fraction V, Sigma) was dissolved in 02 M
phosphate buffer (pH 7.4) containing 005 M
glyoxylic acid (Sigma). After adjustment of the pH
value the solution was pre-incubated at room
temperature for 2 h, then solid NaBH;CN was added
to reach a concentration of 015 M. After incubation
for 16 h & room temperature, CML-modified abumin
was purified as described above. The yidd was
approximately 22 mol CMI/mol abumin.

2.2. Cell culture

LLC-PK1 cdls, aporcine cdl line, which exhibits
properties of proxima tubules, were grown a 37 °Cin
a humidified amosphere of 5% CO, in Dulbecco’s
modified Eagle's medium (DMEM) with 1000 mg/l
glucose supplemented with 10% fetal cdf serum
(FCS; Gibco-BRL), 25 mM HEPES, 1% glutamine
and antibictics. Cdls were routingdly split twice a
week to keep the under-exponential-growth con-
ditions. They were cultured for no more than 20
passages after thawing them from stock. Stock was
obtained from the American Type Culture Collection
(ATCC; No. CL-101). For experiments, 1 X 10° cells
in5 ml medium were treated with test compounds in
culture medium for 24 h, and then harvested for the
comet assay. For experiments applying protease
pretreatment, cellsweretrested in serum-free medium
with protease (concentrations as indicated in figure
legends) for 2 h. After that, the medium containing
proteases was removed, and the test compounds were
added in rich culture medium (10% serum). The
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positive control substance ethylmethanesulfonate
(200 wg/ml) was added at this time and remained in
the treated culture until harvest After 24 h, cdls were
harvested for the comet assay.

2.3. Comet assay

The comet assay was performed according to
Singh et d. [15] with dight modifications. In this test,
cdls are embedded in agar and exposed to an
dectrica fidd. The presence of single or double
strand bresks, alkali-labile sites and relaxed chroma-
tin causes the resulting DNA fragments or loops to
move ahead of the intact nuclesar DNA. A comet-like
structure is formed because smdler fragments and
relaxed loops move faster than larger fragments and
intact DNA. Comets are quantified microscopicaly
after DNA staining. Fully frosted microscope dides
were coated with agarose (1.5% in Ca and Mg-free
PBS buffer). Forty-five microliters of cell sugpension
(110 in 0.5% low melting point agarose, diluted in
Ca and Mg-free PBS) were layered on top. Sides
were then immersed in ajar containing cold lysing
solution (1% Triton X-100, 10% DMSO and 8% of
10raM Tris/1% Na-lauryl-sarcosine/2.5 M NaCl/100
mM Na,EDTA, pH 10) for lysisa 4 °C (1 h). Then,
dides were pre-treated for 20 min in electrophoresis
buffer (300 mM NaOH/1 mM Na,EDTA, pH 10) and
after that exposed to 1.14 V/ecm and 300 mA for 20
min. Preincubation and dectrophoresis were per-
formed in an ice bath. S'des were neutrdized for 5

Fig. 1. Assessment of DNA damage (% DNA in tail) in the comet-
assay in LLC-PK1-cells after treatment with the indicated
concentrations of carboxymethyllysine-BSA (CML-BSA). EMS
cthylmethanesulfonate, 200 pg/ml, positive control for genotoxi-
city. Untreated cells are shown as control.
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minin 04 M Tris, pH 7.5, and washed with distilled
water (I min). DNA was stained by adding 20 gl of
ethidium bromide (50 pg/mi) onto each dide. Cdls
were analyzed using a fluorescence microscope at a -~
500-fold magnification and a computer-aided image
anaysis. Images of at least 50 cdls (25 from each of
two dides) were evaluated by the use of the software
progran NIH Image 154 (NIH, USA). Two aress
were sdected by the investigator in each picture: the
whole cellular DNA including the tail region of the
comet and a region containing only the tail region of
the comet The integrated dendties (sum of the gray
values of dl pixes in the sdection) were measured in
each Hection and the percentage in the tail region of
the comet was caculated This number represents the
amount of DNA in the tail. In the figures, the average
of the 50 measurements of one experiment is given
and is referred to as ‘DNA in tal (%). All
experiments were repested at least twice and repesat
experiments yielded consstent results.

3. Results

The incubation of LLC-PK1-cells with 50-400
pg/ml CML-BSA led to the formation of comets (Fig.
1). A dose-dependency was observed between 50 and
200 pg/ml, and a saturation type response was seen at
higher (200400 p.g/ml) concentrations. Ethylmetha
nesulfonate (EMS) was used as a positive control for
genotoxicity. Comet formation after EM S treatment is
due to the compound’s direct action on DNA (and the
following cellular repair atempts). While the cdl
proliferation as assessad by Coulter Counter cell
counting was reduced to 91% of the control with
EMS, no reduction was observed with any applied
concentration of CML-BSA. A similar dose response
with a saturation-type shape at more than 200 pg/mi
was observed with AGE-BSA (data not shown). A
dose of 200 pg/ml was chosen for further exper-
iments. When wepretreated the cellswith the protease
trypsin (25 pg/ml), the AGE-BSA-induced comet
formation was abolished (Fig. 2). BSA aone or
trypsin by itself had no influence on comet damage
(BSA/trypsin-treatment), and comets induced by the
genotoxic positive control EMS were not reduced
after protease-pretreatment. EM Sinduced adecreased
cedll proliferation (66% of contral), while AGE-BSA
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Fig. 2. DNA damage (% DNA in tail) in the comet assay in LLC-
PX1-cells after treatment with 200 pg/ml AGE-BSA with (T/AGE-
BS A) and without pretreatment of the cdls with the protease trypsin
(2.5 pg/ml). Co/BSA: treatment with 200 pg/ml non-glycated BSA
was performed as additional control. EMS: ethylmetbanesulfonate,
200 pg/ml, postive control for gemotoxicity. T/BSA: trypsin-
pretreated BSA-control. T/EMS: trypsin-pretreated EMS positive
control.

did not (94%) and AGE-BSA/trypsin only dightly
(80%) reduce cdl proliferation. MGO-BSA dso
induced the formation of comets, which were
smilarly abolished by a pre-treatment with trypsin
(Fig. 3). Cdl proliferation was reduced to 77% of
control after treetment with MGO-BSA and to 67%
with EMS. Another protease, bromelain (25 pg/ml),
ds abolished AGE-BSA-induced comets, while
EMS-induced comets were again not influenced
(data not shown). The protease-pretreatment Was
performed in serum-free medium. Whilethe addition
of 05 and 1% PCS to the treatment medium did not
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Fig. 3. DNA damage (% DNA intail) in the comet-assay in LLC-
PKl-cells after treatment with 200 pg/ml methylgiyoxal-BSA
(MGO-BSA) with (T/MGO-BSA) and without pretreatment of the
cdls with the protease trypsin (25 pg/ml). Co/BSA: treatment with
200 pg/mi non-glycated BSA was performed as additional control.
EMS: cthylmethanesulfonate, 200 pg/ml. positive control for
genotoxicity. T/BSA: trypsin-pretreated BSA-control. T/EMS:
trypsin-pretreated EMSS positive control.
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influence the results to a detectable degree, the
addition of 5% FCS reduced the effect of trypsin
and only a minor decreese of AGE-BSA-induced
genotoxicity was observed (data not shown).

4. Discusson

In vitro studies have shown modification of DNA
by reducing sugars as well as increased mobility of a
transposable element after modification of DNA by
advanced glycation in mammalian cdls [16]. How-
ever, the genotoxicity of AGE proteins has not been
shown before. Using the comet-assay as an endpoint
for DNA damage it could clearly be shown here that
CML-BSA aswd| as AGE-BSA and MGO-BSA were
genotoxic in cultured LLC-PK1 epitheid pig kidney
cdls This genotoxicity was abolished after pre-
treatment of the cdlls with protesses. The genotoxicity
of the DNA~damaging agent EMS was not reduced by
protease-pretreatment. These findings as well as the
saturation of the effect in dose-response experiments
is in agreement with the idea that AGE-induced
genotoxicity could be mediated by receptor binding.
In support of this, it has been shown that protease
treatment of cdls markedly reduces the amount of
AGE-BSA uptakeinto LLC-PK1 cdls [17]. A given
number of receptors per cdl may limit the maximum
amount of achievable damage explaining saturation in
the dose response. AGE receptors have been found on
the surface of multiple cels (endothelial, mesangial
cells, monocytes, roacrophages, neurons, renal cdls).
The best characterized receptor for AGE is RAGE, a
member of the immunoglobulin superfamily [18].
CML adducts are one of the mogt relevant ligands for
RAGE and mediate NF-xB pathways [19]. Binding of
AGEs to RAGE generates intracellular reactive
oxygen species [20]). This enhanced oxidative dress
activates and trand ocates the transcription factor NF-
kB {21}. Reactive oxygen species are known to attack
DNA [22,23] and may thus be involved in the
observed genotoxicity. Another possibility of a path-
way leading to the induction of DNA damage upon
uptake of AGE-BSA into the cel lies in the
prooxidative activity of AGE-BSA due to metal-
binding (24}.

Previously, it was shown that an in vitro AGE-
modified plasmid transformed into Escherichia coli
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resulted in an increased mutation frequency [10]. This
yields the ideathat glycating agents may directly exert
modification of DNA and thusinduce DNA-damaging
or mutagenic effects. In fact, Saidd et al. [25] have
shown that glycation of DNA can lead to DNA-bound
advanced glycation end products, resulting in depur-
ination and abasic Stes However, in our experiments
only BSA-bound AGEs were applied, ruling out this
pathway for the induction of DNA damage. It will be
interesting to investigate the relative contributions of
glycation of DNA and of receptor-mediated effects to
the overall achievable mutagenic damage by AGEs.
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