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Uremic patients undergoing hemodialysis (HD) are
considered to face an elevated risk for atherosclerosis and
cancer. This has been attributed in part to an increased
oxidative stress. In this pilot study, oxidative cell
damage in blood of HD-patients was compared to
those of controls: total DNA damage (basic and
specific oxidative DNA damage), modulation of gluta-
thione levels (total and oxidized glutathione) and of lipid
peroxidation were monitored via the Comet assay (with
and without FPG), a kinetic photometric assay and HPLC
quantification of plasma malondialdehyde (MDA),
respectively. In some samples, leukocytes were analysed
for malondialdehyde–deoxyguanosine-adducts (M1dG)
with an immunoslot blot technique.

HD-patients (n ¼ 21) showed a significant increase of
total DNA damage ( p , 10212), compared to controls
(n ¼ 12). In a subset of patients and controls, GSSG levels
and M1dG, however, only increased slightly, while tGSH
and MDA levels did not differ. The influence of different
low flux HD-membranes was tested in a pilot study with
nine patients consecutively dialysed on three membrane
types for four weeks each. In addition to the individual
disposition of the patient, the dialyser membrane had a
significant impact on oxidative stress. Total DNA damage
was found to be almost identical for polysulfone and
vitamin E coated cellulosic membranes, whereas a slight,
but significant increase was observed with cellulose-
diacetate ( p , 0.001). In patients receiving iron infusion
during HD, MDA-formation (n ¼ 11) and total DNA
damage (n ¼ 10) were additionally increased ( p , 0.005).

Our results show an increased oxidative damage in HD-
patients, compared to healthy volunteers. Significant
influences were found for the dialyser membrane type
and iron infusion.
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dithiobis(2-nitrobenzoic acid); ESRD, end-stage renal disease;
FPG, formamidopyrimidine-DNA N-glycosylase; GSH, reduced
glutathione; GSSG, oxidised glutathione; HD, hemodialysis;
M1dG, malondialdehyde–deoxyguanosine-adduct; MDA, malon-
dialdehyde; ROS, reactive oxygen species; SSA, 5-sulfosalicylic
acid; tGSH, total glutathione; TI%, tail intensity in percent; TNB,
5-thio-2-nitrobenzoate

INTRODUCTION

Chronically increased formation of reactive oxygen
species (ROS) is associated with severe adverse
health effects, such as degenerative diseases includ-
ing atherosclerosis, Alzheimer’s disease, Parkinson’s
disease, cancer, diabetes and end-stage renal disease
(ESRD).[1,2]

Chronically increased oxidative stress seems to
play a key role in hemodialysis (HD) patients
concerning their increased risk for cardiovascular
diseases and accelerated atherosclerosis; the latter
occurs 10–20 years earlier, compared to other
population groups.[3,4] It is the decisive factor
leading to death in 60% of cases. Moreover, the risk
for infections and cancer, especially of kidney,
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urinary bladder, thyroid and other endocrine organs,
is distinctly increased in ESRD patients.[5,6]

It is well known that the balance between pro- and
anti-oxidative processes is impaired by HD treat-
ment. Pro-oxidative events in these patients may be
further associated with their uremic status.
In addition, the administration of iron/erythro-
poietin to treat anaemia may additionally contribute
to oxidative stress, in parallel with both, an enhanced
elimination of antioxidants during HD and mal-
nutrition because of dietary restrictions.[3,7] Corres-
pondingly, it was found that the antioxidative
capacity of blood decreases in HD-patients during
the time course of therapy. This is reflected
by reduced activities of antioxidative enzymes.[8]

Plasma levels of oxidized glutathione (GSSG) are
significantly increased and as a result the ratio of
reduced glutathione (GSH) to total glutathione
(tGSH) is decreased. This has been observed for
chronic ambulatory peritoneal dialysis patients.[9]

Furthermore, antioxidants such as vitamin E in blood
cells, plasma levels of uric acid and other anti-
oxidants have been found to be decreased.[10,11]

Different markers of oxidative stress, such
as products of lipid peroxidation like isoprostane
8-epi-PGF2a,[12] advanced glycation end products
(AGEs)[13,14] and oxidative protein modifications[15,16]

are increased in HD-patients. Increased induction
of micronuclei has a marker for oxidative stress has
been described in lymphocytes of HD-patients.[17]

In HD-patients, DNA has been hardly used as
a target to quantify oxidative cell damage,
although oxidative DNA damage is known as a
sensitive marker in other human studies.[18,19] Only
the determination of 8-hydroxy-deoxyguanosine by
HPLC/ECD has been described in leukocytes of HD-
patients.[20] The efficacy of oxidative DNA damage as
a marker was also confirmed using the Comet assay
with formamidopyrimidine-DNA N-glycosylase
(FPG) for HD-patients.[21]

In the present study, oxidative DNA damage in
leukocytes was compared for HD-patients and
volunteers. The relevance of HD related factors was
investigated by testing different dialysers and after
the iron infusion. In addition to oxidative DNA
damage (Comet assay with FPG), malondialdehyde
(MDA in plasma), the MDA–deoxyguanosine-
adduct (M1dG in leukocytes), and the antioxidants
uric acid (in plasma) and glutathione (total gluta-
thione: tGSH and oxidized glutathione: GSSG, in
whole blood) were included to correlate the extent of
oxidative stress in different blood compartments.

MATERIALS AND METHODS

This study was approved by the local ethic
committee (Rheinland-Pfalz 837.188.00 (2554)).

All investigated subjects gave their informed
consent.

Subjects

Twelve volunteers (healthy non-smokers aged 48–62
years), recruited from our university and the
Westpfalz-Klinikum Kaiserslautern, and 21 clinically
stable HD-patients (aged 41–87 years, of which 20
were non-smokers) of the Westpfalz-Klinikum with-
out kidney function, which were dialysed three times
a week for four to five hours, were studied. Types of
kidney disease were glomerulonephritis (6 subjects),
polycystic kidney disease (1 subject), haemolytic
uremic syndrome (1 subject), amyloidosis (1 subject),
interstitial nephritis (1 subject), diabetic nephropathy
(3 subjects), shrunken kidney (1 subject), nephrect-
omy (1 subject) and unknown genesis (6 subjects).
Patients were treated with established therapeutic
regimens, including antihypertensive, anticoagula-
tive, antiarrythmic and cholesterol-lowering drugs.
Furthermore, patients received anti-anaemia treat-
ment encompassing erythropoietin and iron prepara-
tions. In addition, some individuals also received
vitamin D/calcium and other vitamin preparations.

Blood Sampling, Processing, Storage

Venous blood samples (2.7 ml) were collected in
EDTA-tubes and stored at room temperature during
further sampling (comparison of dialysers, effect of
iron infusion) prior to being utilised in the Comet
assay. Glutathione was determined in whole blood.
Immediately after collection, blood (0.3 ml) was
mixed with 5-sulfosalicylic acid (SSA 10% w/v,
1.2 ml) for protein precipitation, followed by shock-
freezing and storage in liquid nitrogen until analysis.
For MDA and uric acid determination, blood was
centrifuged (5 min, 300g). Butylated hydroxytoluene
(BHT, 0.05% w/v) was immediately added to the
plasma (0.2 ml) and the mixture was stored at 2708C
until analysis. All determinations of biomarkers
were performed blinded.

Comparison of HD-patients and Volunteers

Venous blood drawn from 21 HD-patients (immedi-
ately before the start of the HD session, with different
dialysers) and from 12 volunteers was analysed for
basic and total DNA damage. In sub-studies, plasma
MDA (13 patients, 12 volunteers), tGSH and GSSG
(10 patients, 6 volunteers) and M1dG (6 patients,
4 volunteers) were investigated.

Comparison of Dialysers

In a sub-study, 9 patients aged 54–87 years, selected
from the above described group, were consecutively
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dialysed with three low flux HD membranes:
polysulfone (PSu-F8, 1.8 m2 surface area; Fresenius
Medical Care, Bad Homburg, Germany; cellulose-di-
acetate (DICEA 170, 1.7 m2; Baxter Healthcare,
Mc Gaw Park, Illinois, USA); vitamin E-coated
cellulose, E15, 1.5 m2, Terumo Ltd, Tokyo, Japan) in
four week periods each. After a two week adaptation
period blood samplings were performed in two HD
sessions immediately before the start (pre-HD),
during (150, 300, 600, 1200), at the end, 100 after HD
session (only MDA, post 100) and 200 after HD session
(post 200). The change of membrane types was
conducted randomly.

Effect of Iron Infusion

A subset of 11 patients (MDA-formation), aged
55–87 years with renal anaemia, was comparatively
investigated in two subsequent HD sessions, with
and without i.v. iron infusion (5 ml sodium ferric
gluconate complex in sucrose containing 62.5 mg Fe,
Ferrlecitw, Aventis Pharma). Ten of these patients
were additionally investigated for basic and total
DNA damage by Comet assay. The iron was infused
5 min before the end of HD within 1 min. Blood was
collected immediately prior to iron infusion, and
5 and 25 min after iron infusion. For control, HD’s
were performed under identical conditions but
without iron infusion.

Comet Assay

Alkaline single cell gel electrophoresis was per-
formed according to Singh et al.[22] and Collins et al.[23]

with slight modifications.[24] Aliquots of blood (6ml)
were mixed with low melting agarose (LMA, 65ml),
distributed onto a frosted glass microscope slide, pre-
coated with a layer of normal melting agarose (2 gels
per slide), coverslipped and kept at 48C for solidifica-
tion. After removing the cover glass, slides were
immersed in a lysis solution for 1 h at 48C. After cell-
lysis, slides were washed three times in enzyme
buffer, drained and covered with 50ml of either
enzyme buffer (1 slide) or FPG enzyme (2 slides),
sealed with a cover glass and incubated for 30 min at
378C. The FPG protein recognises oxidised purine
bases, cuts them out and nicks the DNA at the
respective sites, resulting in additional DNA
damage.[23] Consequently, the DNA damage
observed after FPG treatment reveals total DNA
damage, consisting of basic strand breaks and
oxidised bases.

DNA was allowed to unwind (pH 13.5,
20 min, 48C) and horizontal gel electrophoresis
(Bio-Rad Sub Cell GT) was conducted at 48C for
20 min (25 V, 300 mA, 0.89 V/cm) using a Bio-Rad 300
power supply. Then slides were washed three times
with TRIS-buffer (0.4 M, pH 7.5), stained with

ethidium bromide (40ml, 10mg/ml) and viewed
microscopically with a Zeiss Axioskop 20, equipped
with a filter set 15 (excitation: BP 546/12; emission:
LP 590). Slides were analysed by computerised image
analysis (Perceptive Instruments, Suffolk, Great
Britain), scoring 2 £ 50 images per slide (2 gels per
slide). DNA migration is directly expressed as mean
tail intensity (TI%) from 1 or 2 slides. Data are
presented as basic DNA damage (without FPG treat-
ment), total DNA damage (with FPG treatment) and
specific oxidative DNA damage (subtraction of basic
from total DNA damage). The coefficient of variation
of the method (processing with FPG) was 7.3%.

Determination of MDA

Using the reagents of a MDA detection kit (Sobioda,
France), sample or standard (10ml each) were mixed
with thiobarbituric acid/perchloric acid (80ml, 2:1,
v/v) and heated for 60 min at 958C. After cooling and
centrifugation, butanol (200ml) was added and
mixed (1 min). After further centrifugation (5 min,
2600g), The butanol phase (150ml) was used to
measure the thiobarbituric acid derivative by
HPLC/fluorescence (Jasco HPLC system: PU 1580,
DG 1580-53, LG 1580-02, FP 1520, AS 1550; excitation:
532 nm, emission: 553 nm, Merck LichroSpher
100; 5mm, RP-18 250 £ 4 mm, isocratic flow of
12.5 mM Na2HPO4, pH 7.4/methanol (57:43, v/v),
1.2 ml/min, retention time of MDA: 3.2 min). The
coefficient of variation of the method was 3.4%.

Determination of Uric Acid

Uric acid was measured photometrically in plasma
after derivatisation to a quinone imine dye, follow-
ing the manufacturer’s instructions [Sigma Diagno-
stics]. The coefficient of variation of the method was
7.8%.

Determination of Total and Oxidized Glutathione

Total glutathione (tGSH: GSH þ GSSG) and GSSG
were measured in blood by photometric determi-
nation of 5-thio-2-nitrobenzoate (TNB), in a kinetic
assay, according to Gallagher et al.[25] with slight
modifications. Samples were thawed and centri-
fuged (12000g), supernatants (final dilution: 1:50 in
5% w/v SSA, 20ml) or glutathione standards (range
1–32mM) were reacted with NADPH/DTNB sol-
ution (700ml phosphate buffer, 100ml 6 mM 5,50-
dithiobis(2-nitrobenzoic acid), 20ml 20 mM NADPH
and 150ml distilled water) and glutathione reductase
(10ml, 0.5 U) in the cuvette. TNB formation rate
(DE/10 min) was monitored at 412 nm and compared
with standards. For measuring GSSG, supernatants
(final dilution: 1:25 in 5% SSA, 250ml) or standards
(range 1–32mM) were reacted with triethanolamine
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(60 ml) and vinylpyridine (10 ml) for 1 h in a
thermomixer at 268C. Aliquots of 100ml were
assayed according to standardised tGSH-determi-
nation. The coefficient of variations of t-GSH
determination and GSSG determination were 2.5
and 2.4%, respectively.

Determination of Malondialdehyde–DNA-
adduct M1dG

The malondialdehyde–DNA-adduct M1dG was
quantified according to Leuratti et al.[26] and Singh
et al.[27] Briefly, after isolation from leukocytes DNA
was blotted onto a nitrocellulose membrane and
fixed in a drying oven. Then, unspecific binding sites
of the membrane were blocked with milk powder.
After incubation with primary antibody (kindly
provided from L. Marnett, Vanderbilt University,
Nashville, Tennessee, USA), M1dG was determined
by chemiluminescence reaction of the secondary
antibody labelled with horse-radish peroxidase. The
amount of DNA, quantified after staining with
propidium iodide, was used to calculate the level of
M1dG/mg DNA. The coefficient of variation of the
method was 14.8%.

Statistics

Natural logarithms of data were taken and used for
analyses, yielding median and mean values in close
proximity, indicating that the transformed data had a
near normal distribution. Differences between
volunteers and pre-HD-patients were analysed
with the Welch two-sample t-test. Statistical differ-
ences of markers within a group of patients or
controls were determined with the paired t-test.
For analysis of independent predictors (dialyser
membrane, dialysis time point, individual patient
and the interaction between these variables) for total
DNA damage and lipid peroxidation, an analysis of
variance (ANOVA) was performed. The effects of
different dialyser membrane materials and of iron
infusion on total DNA damage and on lipid
peroxidation (MDA-formation) were investigated
using F-test, paired t-test and Welch two-sample
t-test. The influence of membrane material was
analysed including all blood sampling time points.

RESULTS

Comparison of HD-patients and Volunteers

Total DNA damage in leukocytes in terms of tail
intensity (TI%) of 12 volunteers and 21 pre-HD
patients is shown in Fig. 1A. Basic DNA damage
in volunteers (without FPG treatment) ranged
between 0.2 to 0.5TI% (mean ^ SD: 0.3 ^ 0.1TI%).

In the presence of FPG, mean TI% was increased
about two-fold, reflecting the background oxidative
DNA damage, equalling 0.5TI% (SD: 0.3TI%).

In pre-HD patients, basic DNA damage (mean ^

SD: 0.6 ^ 0.3TI%) only marginally differed from
those of controls. Total DNA damage of patients
(mean ^ SD: 5.4 ^ 2.6TI%), however, was drastically
increased compared to the respective basic damage
and to the total DNA damage of controls (with FPG)
( p , 10212 for each comparison). This was clearly
attributable to significantly increased specific oxi-
dative DNA damage. Age of patients was unrelated
to both, basic DNA damage (correlation coefficient
R ¼ 20.04) and total DNA damage (R ¼ 20.03).
This applied as well to controls (correlation of age to
basic DNA damage, R ¼ 20.09 and of age to total
DNA damage, R ¼ 20.22).

In contrast to specific oxidative DNA damage,
plasma MDA-formation in patients and controls
(Fig. 1B) did not significantly differ under these
conditions. First results on M1dG levels indicated
higher levels in patients (n ¼ 6) compared to the
controls (n ¼ 4, Fig. 1C).

Mean plasma concentration of uric acid in pre-HD-
patients (mean ^ SD: 310 ^ 96mM, 10 patients) was
slightly increased compared to controls (mean ^ SD:
241 ^ 83mM, 6 controls). In the course of HD, uric
acid concentrations continuously diminished down
to approximately 30% of the starting concentration
(data not shown).

The results of glutathione determination showed
similar levels of tGSH in blood of pre-HD-patients
(mean ^ SD: 1038 ^ 234mM, n ¼ 10) and of controls
(mean ^ SD: 1098 ^ 213mM, n ¼ 6); GSSG levels,
however, were slightly higher ( p , 0.05) in pre-HD-
patients (mean ^ SD: 53 ^ 14 mM, n ¼ 10) vs.
controls (mean ^ SD: 34 ^ 12mM, n ¼ 6). During
HD, tGSH levels significantly decreased within the
first 60 min down to 907mM (SD: 208mM, n ¼ 10),
whereas in the following time period a slight
increase back to 1052mM (SD: 170mM, n ¼ 10,
10 min after end of HD) was observed (significance:
pre-HD vs. 60 min HD and 60 min HD vs. 10 min
post HD: p , 0.02 each). GSSG concentrations
decreased down to 42 mM (SD: 15 mM, n ¼ 6)
between the time points “pre-HD” and “60 min HD”.

Comparison of Dialyser Membranes/Crossover
Study

Basic DNA damage in leukocytes was found
unchanged during the time course of HD (data not
shown). Time dependent formation of total DNA
damage (with FPG) resulting from HD with the low
flux membranes is shown in Fig. 2A. During HD,
distinct changes in total DNA damage were not
observed. Almost identical TI% were obtained for
polysulfone membrane PSu-F8 and for vitamin-E
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FIGURE 1 (A) Basic and total DNA damage in leukocytes (12 volunteers, 21 patients pre-HD data); (B) Plasma MDA-formation
(12 volunteers, 13 patients pre-HD data); (C) Leukocyte M1dG levels (4 volunteers, 6 patients pre-HD data). The lines represent means.
(A): þp , 0.005; #: p , 10212 (paired t-test); *: p , 10212; &: p , 0.05 (Welch two-sample t-test).

FIGURE 2 Comparison of dialysers/crossover study: (A) Total DNA damage in leukocytes during HD with different membrane types.
Significance (Welch two-sample t-test) of total DNA damage: PSu-F8/E15: not significant ( p ¼ 0.21), DICEA 170/PSu-F8: p , 0.001,
DICEA 170/E15: p , 0.001. (B) Plasma MDA-formation during HD with different membrane types.

OXIDATIVE STRESS IN HEMODIALYSIS 1097

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



bonded membrane E15 ( p ¼ 0.21). With the diacety-
lated cellulose membrane DICEA 170 a low, but
significant increase of TI% occurred, compared
to PSu-F8 ( p , 0.001) and E15 ( p , 0.001) (means
^SD of all time points and all patients
DICEA170: 5.6 ^ 0.4TI%; PSu-F8: 4.5 ^ 0.3TI%, E15:
4.5 ^ 0.4TI% each). MDA-formation was slightly
higher with E15 compared to PSu-F8 ( p , 0.001).

ANOVA for the influence of dialyser membrane,
individual patient and dialysis time point on total
DNA damage is shown in Table I. The dialyser
membrane type and the individual patient signifi-
cantly affected total DNA damage. The time point of
dialysis, however, did not seem to play a role. The
interaction between the variables dialyser membrane
type and individual patient were considered to have
a distinct impact on the marker total DNA damage.
For MDA levels, statistical analysis of predictors
showed that all variables tested significantly affected
the extent of lipid peroxidation (Table I).

Effect of Iron Infusion

Basic DNA damage was almost identical with and
without iron infusion (Fig. 3A, columns 1, 3, 5). Total
DNA damage of both blood samplings did not differ
at the time point “prior to iron infusion” (columns 2).
For iron infusion treatment a tendency for increased
total DNA damage (columns 4) was apparent
already after 5 min becoming significant at 25 min
after application, as compared to the respective HD
without iron (columns 6, p , 0.005). MDA-formation
was similar in both HD conditions at the time point
“prior to iron infusion” (Fig. 3B). Iron infusion,
however, resulted in a significant increase of MDA-
formation ( p , 0.005), which became observable
already at earlier time points, compared to total
DNA damage.

DISCUSSION

HD-patients, compared to volunteers, showed a
strongly increased oxidative DNA damage. More-
over, as specific oxidative DNA damage largely
exceeded basic DNA damage in the blood samples of
the patients in all sub-studies, it had the predomi-
nant impact on the extent of total DNA damage.

Increased oxidative DNA damage was observed
before the start of individual HD sessions. Similar
findings have been described by Tarng et al.[20] who
used 8-hydroxy-20-deoxyguanosine as a marker
for oxidative DNA damage. Oxidative stress in
leukocytes can result from the underlying disease
as well as from repeated exposure to HD membranes.
As a result of the bioincompatibility of the membrane,
complement activation is known to occur and white
blood cell-activation is observed. This in turn leads to
degranulation and activation of adhesion molecules.
During these processes, ROS are formed, including

TABLE I Independent predictors in the comparison of the
dialyser membranes/crossover study (3 dialyser membranes,
9 patients, 7 time points, ANOVA)

Variable p-value

(a) Total DNA damage
Dialyser membrane ,0.001
Patient ,0.001
Dialysis time point 0.97
Interaction: dialyser membrane–patient ,0.001
Interaction: dialyser membrane–dialysis time point 0.21
Interaction: patient–dialysis time point 0.16

(b) MDA-formation
Dialyser membrane ,0.001
Patient ,0.001
Dialysis time point ,0.001
Interaction: dialyser membrane–patient ,0.001
Interaction: dialyser membrane–dialysis time point ,0.01
Interaction: patient–dialysis time point ,0.001

FIGURE 3 Effect of iron infusion: (A) Basic and total DNA damage in leukocytes during HD without and with iron infusion. (1) prior to
iron infusion; (2) prior to iron infusion, þFPG; (3) 50 after iron infusion; (4) 50 after iron infusion, þFPG; (5) 250 after iron infusion; (6) 250

after iron infusion, þFPG. Significance: $: p , 0.005; the lines represent medians. (B) Plasma MDA-formation during HD prior to iron
infusion and after iron infusion. Significance: $: p , 0.05; &: p , 0.005; The lines represent medians.

C. MÜLLER et al.1098

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



hydroxyl radical, hydrogen peroxide, hypochlorous
acid and nitrogen oxides, followed by an enhance-
ment of inflammatory/immune reactions.[15,28]

An increase in basic DNA damage in HD-patients
was also observed by Stopper et al.[17,29] who reported
an elevated micronuclei rate under similar condi-
tions. The DNA-adduct M1dG represents a long-term
accumulating endpoint of oxidative cell damage
(resulting from MDA-formation by ROS attack on
lipids or on the sugar/phosphate backbone of DNA).
This may explain the observed, diverging findings
concerning the DNA-adduct M1dG and the short-
lived MDA in plasma.

In the course of individual HD’s, a distinct increase
in basic and total DNA damage has not been found,
even though the antioxidant uric acid was diminished
in plasma by about 70%. A similar HD related
excretion of uric acid has been described by Jackson
et al.[10] Thus, the extracellular uric acid seems to
play only a minor role in intracellular ROS detoxifica-
tion. The observed depletion of tGSH and GSSG
during HD may be explained at least in part
by reactions of GSH with cellular electrophiles,
preferentially generated from lipid peroxidation.
Elimination of tGSH via dialysis as a consequence
of cellular membrane leakage seems not to be
relevant because tGSH and GSSG diminished to a
different extent.

In the pilot crossover study with nine patients and
three different dialysers, significant differences in
oxidative DNA damage have been observed in the
time course of HD. The synthetic polysulfone and the
vitamin E-coated cellulose membrane induce less
oxidative stress, compared to the semi-synthetic
diacetylated cellulose membrane. Apparently, the
remaining two hydroxyl-groups in the cellobiose
unit of cellulose-di-acetate still suffice to induce
complement activation and may thus stimulate
oxidative stress effects. MDA-formation was lower
with the polysulfone than with the vitamin E-coated
cellulosic membrane, even though the polysulfone
membrane had a greater surface (1.8 m2), compared
to the vitamin E coated cellulosic membrane (1.5 m2).
With respect to induction of oxidative DNA breakage
and MDA-formation, the membranes maximally
differed by about 50 and 70%, respectively. This
strongly suggests a higher biocompatibility of
synthetic lipophilic polysulfone membranes. Tarng
et al.[30] using 8-hydroxy-deoxyguanosine as a
marker for oxidative DNA damage, described
similar minimal pro-oxidative effects for polysulfone
and vitamin E coated dialyser membranes whereas
an unmodified cellulose membrane was found to be
less biocompatible. The ANOVA showed that the
dialyser membrane, the individual disposition of the
patient and the interaction between these factors had
a significant impact on oxidative DNA damage. For
MDA-formation all variables investigated were

considered to play a role, indicating a high
variability of this marker.

The results of the iron infusion study show no
differences in DNA damage (basic and total) and in
MDA-formation prior to iron infusion in individual
patients at different HD sessions (Fig. 3A, columns
1 þ 2, “prior to iron infusion”; Fig. 3B, column 1).
This reveals a rather constant low oxidative status,
indicating good clinical stability of the patients. In the
case of iron application basic DNA breakage was
not increased. However, total DNA damage and
MDA-formation in plasma showed strong and time
dependent increase (maximal difference of means:
approximately 50 and 70%) following iron infusion.
The results on MDA-formation are in line with data
published by Roob et al.[31] who observed a rapid
increase with a maximum at 30 min after start of iron
application and a rather low linear elimination from
the plasma pool. Apparently, plasmatic iron binding
proteins (transferrin) are not capable to scavenge free
iron ions fast enough to suppress Fenton type
reactions.[32] The comparison of oxidative DNA
breakage and formation rates of MDA shows
that lipid peroxidation is induced faster than
oxidative DNA modifications. This may simply
reflect the fact that preferentially plasmatic or cell
membrane lipoproteins are targeted by iron mediated
oxidative reactions resulting in MDA formations,
whereas DNA is somewhat more protected in
the nucleus by the nuclear membrane and tight
packaging into chromatin.[33]

In conclusion, HD-patients are permanently
exposed to an elevated oxidative stress, when
compared to controls. In the time course of HD
sessions, some influence of the membrane polymer
type on oxidative DNA damage has been observed.
Iron infusion caused increased oxidative cell damage
of similar extent than observed for the diacetylated
cellulose membrane. Since the increased ROS
formation resulting from bioincompatibility of dia-
lyser membrane types and from iron infusion
represents a long-term adverse factor, these results
may be considered to be relevant for accelerated
atherosclerosis and the higher risk of cancer in
HD-patients. In addition to the development and
use of membranes with better biocompatibility,
other preventive factors such as the intake of dietary
antioxidants may therefore offer some promise
for prevention.
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