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Abstract

Uraemic subjects undergoing chronic haemodialysis show increased oxidative stress. The use of non-biocompatible filters and
reduced antioxidative defences are important sources of reactive oxygen species (ROS) release. The highly oxidative
environment accelerates the onset and progression of tissue damage and atherosclerotic cardiovascular disease. The aldehyde
4-hydroxyl-2-nonenal (HNE) is probably the best marker of oxidative stress. In this study, the concentration of plasma HNE
was evaluated in eight uremic subjects during two sessions of haemodialysis: the first using a standard biocompatible filter and
the second using a filter coated with vitamin E. Baseline plasma levels of HNE were elevated, and dropped during
haemodialysis. At the end of the session, however, low levels were maintained only when the vitamin E-modified filter was
used. By contrast, a marked increase in HNE was recorded at the end of the session in all subjects who underwent
haemodialysis with the conventional filter. This study provides evidence that the vitamin E-coated filter plays a role in
counteracting oxidative stress. The chronic use of vitamin E-modified filters in haemodialysed subjects might help to
counterbalance oxidative attack and, consequently, contribute to preventing cardiovascular disease.
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Introduction pro-oxidants, they are prone to reactive oxygen species
(ROS)-related complications.

Together with Maillard’s reaction, oxidative stress is
responsible for non-enzymatic modification of pro-
teins, loss of cellular viability and tissue damage [3,4].

Utemic patients display high levels of advanced Oxidativ§ stress is known to play a pivotal role in th.e
glycoxidation and lipoxidation end-products, which pathogenesis of atherosclerosis and other compli-
are now regarded as true uraemic toxins that cause cations in uremic patients undergoing haemodialysis
serious complications, including cardiovascular dis- ~ (HD) by activating NFkB; this rapid-response nuclear
eases. Moreover, as haemodialysed patients lack transcriptional factor is involved in the modulation of
protective antioxidant mechanisms and exhibit greater ~ cytokines, adhesion molecules and chemokines, and
generation/accumulation of free radicals and other  contributes to the release of inflammatory agents, to

A common feature of chronic diseases is the presence
of oxidative stress, which is involved in the onset and
progression of disease-related complications. Renal
failure is no exception [1,2].
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the triggering of leukocytes and to the promotion of
endothelial dysfunction [1,5-7].

ROS-related clinical problems involve a series of
pathophysiological steps which lead to the onset of
various diseases, such as anaemia, oedema, dialysis-
associated amyloidosis, atherosclerosis and
cancerogenesis.

In particular, oxidative stress, increased lipid
peroxidation and impaired function of antioxidant
systems are known to contribute to the pathogenesis of
atherosclerotic cardiovascular disease through the
accelerated formation of atheroma (enhanced suscep-
tibility to oxidation of LDL, with subsequent
formation of foam cells and instability of the plaque,
increased formation of fatty streaks by smooth muscle
cells) and impaired endothelial function (with
formation of peroxynitrites and vasomotor impair-
ment) [8—10].

Atherosclerosis is the most frequent cause of death
in patients with end-stage renal disease undergoing
dialysis treatment, strongly correlating with a high
comorbidity rate, increased mortality and a poor
outcome.

Haemodialysis filter membrane materials that are
not fully biocompatible activate the oxidative metab-
olism of polymorphonuclear leukocytes (PMN) and
monocytes, which appears to be one of the most
important sources of ROS generation through the
promotion of a pathogenetic environment for cellular
and tissue damage [11,12].

The problem of the bio-incompatibility of haemo-
dialysis filters is still unsolved. However, in order to
reduce reactivity, innovative filters have recently been
introduced [11,12]. Among these, the vitamin
E-bonded cellulose filter should endow the filter
membrane with an antioxidant potential.

The present study evaluates the acute effect on
plasma 4-hydroxyl-2-nonenal HNE concentration of
a multilayer HD filter bonded with a-tocopherol in
the hydrophobic part of the blood surface, in
patients undergoing chronic HD, and compares
this filter with the conventional biocompatible
membrane.

As the markers of oxidative stress are extremely
unstable, they are very difficult to detect in biological
fluids. They have therefore been estimated indirectly
by means of by-products such as isoprostanes,
malondialdehyde, oxidised LDL or isolevuglandins.

However, HNE is probably one of the most active
and best characterized lipoperoxidation end-products
as it is considered to be one of the most reliable
bioactive markers of oxidative stress and a potential
causative agent in the atherosclerotic process [13,14].
Moreover, HNE was selected in the present study
because it had not been previously determined by
specific HPLC in the plasma of uraemic subjects and
therefore provided an opportunity to extend our
knowledge of clinical oxidative stress and its pathoge-
netic implications.

Patients and methods

Eight non-diabetic uraemic patients (six males and
two females) aged 63 = 4 years and a group of
(n=15; age = 62 * 4 years) age-matched healthy
volunteers were studied. This latter group was used to
compare the basal level of HNE with a non-uraemic
group. The causes of renal failure were: cancer,
polycystic kidney and unknown pathologies. All
participants were non-smokers and in alcohol abstain-
ing (Table I).

The study consisted of two separate phases: in the
first phase, a blood sample was collected from each
patient before, during (after 100—120 min of dialysis)
and at the end of the HD session. All the patients
underwent dialysis with a conventional membrane
(Gambrane, Gambro, Italy; dialyser surface 1.3 m?).
After 5-7 days, the same group of subjects (patients)
was switched to dialysis with the filter covered with
vitamin E (a-tocopherol hydrophobically bonded to a
cellulose membrane modified by covalent linkage of
block copolymer to the hydroxyl group of cellulose.
This bond is strong enough to prevent any risk of
leakage into the bloodstream; Excebrane, Terumo
Corp. Europe Branch, Rome, Italy; dialyser surface
1.2m?). Blood samples were drawn as for the
conventional membrane.

A specific marker of lipoperoxidation, HNE, was
determined in plasma before, during and after a single
HD session (sampling times: before HD session;
about 2 h later, in mid-session; after HD session). The
results obtained by means of the conventional
membrane and the vitamin E-bonded membrane in
the same group of patients were compared.

HNE was selected because of its major biological
activity and its high cytotoxicity, which make it a very

Table I. Characteristics of healthy and uraemic subjects.

Group Controls Chronic haemodialysis P

n (male/female) 15 (8/7) 8 (6/2) -
Age (years) 62 +4 63 £4 n.s.
Duration of dialysis (months) - 52 + 24 -
Smokers 0/15 0/8 -
Serum creatinine (mmol/l) 0.075 *0.01 0.899 + 0.024 <0.001
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sensitive marker of oxidative stress in the human
body [13-15].

Quantitative determination of HNE was performed
according to Esterbauer [16]. Briefly, 500 micromoles
of plasma (mixed with 140mM KCI in 20mM
HEPES, pH 7.4) were extracted twice with equal
volumes of dichloromethane; the extract was collected
in a flask containing acetate buffer (0.1 M, pH 3.0).
Dichloromethane was evaporated under nitrogen
stream, and the material was then applied onto a
C18 solid-phase column (Bond-Elut, Varian-Super-
chrom, Milan, Italy): the non-polar material was first
removed by elution with hexane, and HNE was then
eluted with 80% methanol.

A volume of the sample was analysed by HPL.C on
an S-5 4.6 X 250mm Spherisorb ODS column
(Waters S.P.A, Milan, Italy), with 40% acetonitrile
as mobile phase, and with UV detection at 220 nm.
The intra- and inter-assay coefficients of variation
were 12 and 15%, respectively.

The standard of HNE was produced by I.V. and
B.T according to the method proposed by Esterbauer
[17]: the separation of HNE from impurities was
obtained by means of a reverse-phase C18
10 X 250 mm semi-preparative column (Vydac, Sep-
aration Co., Hesperia, CA, USA) using 30%
acetonitrile in water as a mobile phase, with isocratic
elution; purity was confirmed by mass spectrometry
(HP5973 MSD system, Hewlett—Packard Co., Milan,
Italy) on the final product after derivatization with bis
(trimethylsilyl)trifluoracetamide (BSTFA).

The levels of HNE are expressed as micromoles per
milligram of protein in order to exclude bias
dependent on blood concentration/dilution.

Student’s z-test was used to compare healthy and
uraemic subjects; two-way analysis of variance
(repeated measures) and post-test (Bonferroni’s test)
were used to evaluate statistical difference between the
two treatments during the haemodialysis session.

The tests were performed using GraphPad Prism
version 4.02 for Windows, GraphPad Software, San
Diego California USA, www.graphpad.com. A prob-
ability level lower than 5% (p < 0.05) was considered
significant. Data are expressed as mean * standard
error of mean.

Results

As expected, the level of free plasma HNE was higher
in uraemic patients undergoing chronic HD than in
normal age-matched subjects (7.6 = 1.2 vs 3.0 =
0.28 pmol/mg protein (7= 15, mean age 62 * 4
years; p < 0.01).

When the conventional filter was used, a significant
drop was observed during HD (basal 8.01 =
1.24 pmol/mg  protein, mid-session 4.09 =
0.54 pmol/mg protein; —49%), followed by an
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evident rebound at the end of the session (13.81 =
4.02 pmol/mg protein; +72%).

A different pattern was observed when the filter
bonded with a-tocopherol was used; while this filter
also caused a significant mid-session decrease (basal
level 7.13 £ 1.23 wmol/mg protein; mid-session
3.59 * 0.58 pmol/mg protein; —49%), at the end of
the session, no rebound occurred and a further
decrease was recorded in all subjects (2.97 =
0.41 pmol/mg protein; —58%).

Two-way analysis of variance revealed that the
source of variation was significant for both the time
(F=4.8, p<0.02) and the type of filter (F = 10.0,
p < 0.01). Therefore, the variation in HNE levels
observed during haemodialysis was remarkable and
there was a significant difference between the two
filters. The Bonferroni post-test revealed a significant
difference between the basal and the final level of
HNE (z = 2.6, p < 0.05) and between the mid-session
and final HNE levels (z = 4.4, p < 0.001) only when
the conventional filter was used (Figure 1).

Both filters (conventional and «a-tocopherol-
bonded) were effective in extracting uraemic toxins:
the removal rate of wurea was 70.4* 1.6
vs 68.9 £1.6%, phosphorus 51.5*2.9 vs
46.1 = 4.6%, uric acid 71.5 = 1.2 vs 70.8 = 1.2 and
potassium 32.4 = 2.5 95 30.3 £ 2.6%. No side-effects
were recorded during the time-sequence of the study.

The Qb (blood flow) and Qd 8 (dialysate flow) were
similar during both sessions; the mean duration of an
HD session was 226 * 6 min.

The microbiological count of the dialysate was
lower than 100 UFC for both treatments and good
haemodynamic tolerance was observed for both filters.

Discussion

Haemodialysis is associated with an increase in ROS
production mainly due to an activation of PMN cells.
These cells exhibit a burst of oxygen consumption,
producing a series of reactive substances (such as
superoxide radicals, hydrogen peroxide, hypochlorous
acid) and leading to oxidant-derived tissue injury
[1,2,6,9]. The lack of antioxidant defences and of
scavenger molecules against oxygen free radicals
contributes to the unfavourable cellular environment,
inducing molecular, cellular and tissue damage. The
imbalance of redox status affects transmembranal
signalling, leading to cellular death via apoptosis
[2,18,19].

The consequences of this redox rearrangement
might render uraemic subjects more prone to
hypertension (e.g. inactivation of nitric oxide, gener-
ation of vasoconstrictive molecules, cardiovascular
remodelling), anaemia (e.g. shortened erythrocyte
lifespan, reduced erythropoietin release, impaired iron
use) and accelerated atherosclerosis, even in the
absence of traditional risk factors (e.g. endothelial
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Plasma concentration of HNE in uraemic patients (z = 8) during a haemodialysis session with a conventional biocompatible

membrane and with a vitamin E-coated membrane (Excebrane, Terumo). Dotted line represents mean level (*+ standard error). Probability
level was calculated according to Bonferroni’s post-test after two-way analysis of variance (see text).

dysfunction, oxidised LDL, accumulation of glycox-
idation end-products, generation of cytokines).
Indeed, it should be pointed out that the main cause
of death in uraemia is cardiovascular disease (>50%)
[2,4,9,10,20,21].

HNE is an aldehydic molecule generated by
lipoperoxidation processes. It is believed to cause
cellular and nucleic acid toxicity through a well-known
pro-oxidant pro-inflammatory activity affecting signal
transduction; HNE activates several signalling systems
that affect cell survival mechanisms. Several HNE-
adducts have been found in atherosclerotic plaques, in
neurodegenerative diseases (Alzheimer’s disease, Par-
kinson’s disease, amyotrophic lateral sclerosis) and in
metabolic or hepatic diseases [13—15]. There is a
general consensus that HNE levels increase in all the
pathophysiological states characterised by oxidative
stress, and that HNE is a reliable i vivo biomarker, as
suggested by several reports [13—-15].

In the present study, we observed that the level of
HNE, as reported for other oxidative stress markers, is
higher (twofold) than that seen in age-matched
subjects, a finding that supports the notion of marked
activation of oxidative stress.

The stability of this lipoperoxidation end-product in
the two sessions in every single subject is noteworthy,
the mean variability being 16 = 3%; as the data
indicate that HNE production was continuous during
the study period, the two sessions were comparable.

The mid-session decline in HNE cannot be ascribed
to a volume modification, as the levels of the aldehyde
were calculated on the basis of plasma protein content.

In our opinion, the reduction is easily explained by a
favourable removal of toxins and small reactive
molecules, as we have already described for advanced
glycation end products [22,23]. We suppose that this
efficient removal is based on the physical properties of
the membrane. However, at the end of the session with
the conventional filter, an unequivocal rebound of
HNE was observed, indicating a recurrence of
oxidative stress. The low biocompatibility of the
haemodialysis filter plays a pivotal role in the activation
of leukocytes, thereby promoting the generation of
ROS [11,12].

The treatment of upregulated oxidative stress in
uraemia involves two approaches: controlling ROS
production and/or restoring antioxidant defences.

Since it is hard to slow down the release of ROS,
many authors have utilised oral antioxidants in an
attempt to lower oxidative stress, and have achieved
apparently beneficial effects.

Tocopherols are the most widely used antioxidants
because they work as powerful scavengers against
lipoperoxidation attack on plasma lipids and cell
membranes; moreover, they are physiological mol-
ecules that have low toxicity and a wide therapeutic
range, and are reported to be endowed with several
positive properties [24—26].

The use of a cellulose membrane bonded with
a-tocopherol is an innovative therapeutic strategy that
exploits both approaches: the presence of a-tocopherol
should improve the biocompatibility of the filter,
thereby inhibiting the priming action on blood cells,
and should restore the redox balance, functioning as
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a site-specific scavenging device. When this membrane
was used in the present study, HNE showed a mid-
session drop similar to that observed with the
conventional filter. At the end of the session, however,
the low HNE level was maintained in all subjects
(p < 0.01). The most likely interpretation is that the a-
tocopherol in the blood-exposed surface of the filter
both prevents the blood cell activation associated with
the release of free radicals [11,12,19] and restores the
antioxidant defence by regenerating circulating toco-
pherols, glutathione and other antioxidant molecules
[27-29].

Our results are in agreement with those of previous
studies reporting that this membrane is effective in
reducing the markers of oxidative stress (ascorbyl free
radical, malondialdehyde, 8-hydroxy-2-deoxyguano-
sine, hydroperoxide and others) [30-33] or glycox-
idation end-products (pentosidine) [23,34].

After long-term use of the vitamin E-bonded filter, the
reduction in oxidative markers has usually been
significant [29,32,33], though in some cases it has been
reported to be negligible [34]. It is reasonable to suppose
that, after the haemodialysis session, oxidative stress rises
again, and that the effect of the filter fades.

It would be interesting to associate the vitamin
E-bonded filter with oral antioxidant integration
during the inter-dialysis period in order to extend
the action of the filter.

A timely scavenging function against oxygen free
radicals, as accomplished by the vitamin E-bonded
filter, should engender a more favourable cellular
environment, thereby reducing molecular, cellular and
tissue damage and the most common complications of
uraemia. The use of this filter is therefore an interesting
first step in fighting an important pathogenic factor for
overall cardiovascular risk in uraemic patients.

References

[1] Descamps-Latscha B, Witko-Sarsat V. Oxidative stress in
chronic renal failure and hemodialysis. Nephrol 2003;24:
377-379.

[2] Vaziri ND. Oxidative stress in uraemia: Nature, mechanisms,
and potential consequences. Semin Nephrol 2004;24:
469-473.

[3] Miyata T, Maeda K, Kurokawa C, van Ypersele de Strihou C.
Oxidation conspires with glycation to generate noxious
advanced glycation end products in renal failure. Nephrol
Dial Transplant 1997;12:255-258.

[4] Zoccali C, Mallamaci F, Tripepi G. AGEs and carbonyl stress:
Potential pathogenetic factors of long-term uraemic compli-
cations. Nephrol Dial Transplant 2000;15(Suppl 2):7-11.

[5] Ghiadoni L, Cupisti A, Huang Y, Mattei P, Cardinal H,
Favilla S, Rindi P, Barsotti G, Taddei S, Salvetti A. Endothelial
dysfunction and oxidative stress in chronic renal failure.
Nephrol 2004;17(4):512-519.

[6] Tetta C, Biasoli S, Schiavon R, Inguaggiato P, David S,
Panichi V, Wratten ML. An overview of haemodialysis and
oxidant stress. Blood Purif 1999;17:118-126.

[7] Himmelfarb J. Linking oxidative stress and inflammation in
kidney disease: Which is the chicken and which is the egg?
Semin Dial 2004;17:449-454.

HNE level during haemodialysis sessions 211

[8] Himmelfarb J, Stenvinkel P, Ikizler A, Hakim RM. The elephant
in uremia: Oxidant stress as a unifying concept of cardiovascular
disease in uremia. Kidney Int 2002;62:1524—1538.

[9] Galli F, Canestrari F, Bellomo G. Pathophysiology of oxidative
stress and its implication in uremia and dialysis. Contrib
Nephrol 1999;127:1-31.

[10] Cheung AK, Sarnak MJ, Yan G, Dwyner JT, Heyka R]J, Rocco
MYV, Teehan BP, Levey AS. Atherosclerotic cardiovascular
disease risks in chronic hemodialysis patients. Kidney Int
2000;58(1):353-362.

[11] Kosch M, Levers A, Fobker M, Barenbrock M, Schaefer RM,
Rahn KH, Hausberg M. Dialysis filter type determines the acute
effect of haemodialysis on endothelial function and oxidative
stress. Nephrol Dial Transplant 2003;18:1370—1375.

[12] de Sa HM, Freitas LA, Alves VC, Garcao MF, Rosa MA,
Marques AA. Leukocyte, platelet and endothelial activation in
patients with acute renal failure treated by intermittent
hemodialysis. Am J Nephrol 2001;21:264—-273.

[13] Zarkovic N. 4-Hydroxynonenal as a bioactive marker of
pathophysiological processes. Mol Aspects Med 2003;
24(4-5):281-291.

[14] Herbst U, Toborek M, Kaiser S, Mattson MP, Hennig B.
4-Hydroxynonenal induces dysfunction and apoptosis of
cultured endothelial cells. J Cell Physiol 1999;181:295-303.

[15] Uchida K. 4-Hydroxy-2-nonenal: A product and mediator of
oxidative stress. Prog Lipid Res 2003;42:318—-343.

[16] Esterbauer H, Cheeseman KH. Determination of aldehydic
lipid peroxidation products: Malonaldehyde and 4-hydroxy-
nonenal. Methods Enzymol 1990;186:407—421.

[17] Lang J, Celotto C, Esterbauer H. Quantitative determination
of the lipid peroxidation product 4-hydroxynonenal by high-
performance liquid chromatography. Anal Biochem
1985;150:369-378.

[18] Canaud B, Cristol J, Morena M, Leray-Moagues H, Bosc ],
Vaussenat F. Imbalance of oxidants in haemodialysis patients.
Blood Purif 1999;17(2-3):99-106.

[19] Majewska E, Baj Z, Sulowska Z, Rysz J, Luciak M. Effects of
uraemia and haemodialysis on neutrophil apoptosis and
expression of apoptosis-related proteins. Nephrol Dial
Transplant 2003;18:2582—-2588.

[20] Tepel M. Oxidative stress: Does it play a role in the genesis of
essential hypertension and hypertension of uraemia? Nephrol
Dial Transplant 2003;18:1439—-1442.

[21] Himmelfarb J. Hemodialysis complications. Am J Kidney Dis
2005;45:1122-1131.

[22] Odetti P, Cosso L, Pronzato MA, Dapino D, Gurreri G.
Plasma advanced glycosylation end-products in maintenance
haemodialysis patients. Nephrol Dial Transplant 1995;
10:2110-2113.

[23] Odetti P, Robaudo C, Valentini S, Gurreri G, Garibaldi S,
Angeletti S, Deferrari G. Effect of a new vitamin E-coated
membrane on glycoxidation during hemodialysis. Contrib
Nephrol 1999;127:192-199.

[24] Giray B, Kan E, Bali M, Hincal F, Basaran N. The effect of
vitamin E supplementation on antioxidant enzyme activities
and lipid peroxidation levels in hemodialysis patients. Clin
Chim Acta 2003;338:91-98.

[25] Bayes B, Pastor MC, Bonal J, Junca J, Romero R.
Homocysteine and lipid peroxidation in haemodialysis: Role
of folinic acid and vitamin E. Nephrol Dial Transplant
2001;16:2172-2175.

[26] Gordon CA, Himmelfarb J. Antioxidant therapy in uremia:
Evidence-based medicine? Semin Dial 2004;17:327-332.

[27] Galli F, Rovidati S, Chiarantini L, Campus G, Canestrari F,
Buoncristiani U. Bioreactivity and biocompatibility of a
vitamin E-modified multi-layer hemodialysis filter. Kidney
Int 1998;54:580-589.

[28] Bufano G, Usberti M, Mandolfo S, Malberti F, Piroddi M,
Galli F. Von Willebrand factor and autoantibodies against

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/30/11
For personal use only.

212 P Odetti et al.

[29]

(30]

(31]

oxidized LDL in hemodialysis patients treated with vitamin
E-modified dialyzers. Int J Artif Organs 2004;27:214—-221.
Mydlik M, Derzsiova K, Racz O, Sipulova A, Lovasova E,
Molcanyova A, Petrovicova J. Vitamin E-coated dialyzer and
antioxidant defense parameters: Three-month study. Semin
Nephrol 2004;24(5):525-531.

Tarng DC, Huang TP, Wei YH, Liu TY, Chen HW, Wen Chen T,
Yang WC. 8-Hydroxy-2'-deoxyguanosine of leukocyte DNA as a
marker of oxidative stress in chronic hemodialysis patients. Am J
Kidney Dis 2000;36:934—944.

Clermont G, Lecour S, Cabanne JF, Mott G, Guilland JC,
Chevet D, Rochette L. Vitamin E-coated dialyzer reduces
oxidative stress in hemodialysis patients. Free Radic Biol Med
2001;31:233-241.

(32]

(33]

(34]

Calo LA, Naso A, Pagnin E, Davis PA, Castoro M, Corradin
R, Riegler P, Cascone C, Huber W, Piccoli A. Vitamin
E-coated dialyzers reduce oxidative stress related proteins and
markers in hemodialysis—a molecular biological approach.
Clin Nephrol 2000;62:355-361.

Triolo L, Malaguti M, Ansali F, Comunian MC, Arcangeloni
O, Coppolino F, Marrocco F, Sicoli R, Biagini M. Vitamin
E-bonded cellulose membrane, lipoperoxidation, and anemia
in hemodialysis patients. Artif Cells Blood Substit Immobil
Biotechnol 2003;31(2):185-191.

Satoh M, Yamasaki Y, Nagake Y, Kasahara J, Hashimoto M,
Nakanishi N, Makino H. Oxidative stress is reduced by the
long term use of vitamin E-coated dialysis filters. Kidney Int
2001;59:1943-1950.

RIGHTS LI MN Kiy



