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The expected life span for patients with ad-
vanced chronic kidney disease (CKD) is substan-
tially shorter than that expected for age-, gender-,
and race-matched members of the general pop-
ulation without kidney disease. For patients with
stage 5 CKD or end-stage renal disease (ESRD),
the single largest cause of morbidity and mortality
is cardiovascular disease, which accounts for 50%
of premature deaths [1,2]. Furthermore, although
the prevalence of traditional cardiovascular risk
factors exemplified by the Framingham Study are
high in this population, the extent and severity of
ensuing cardiovascular events remains dispropor-
tionate to the underlying risk factor profile [3].
Consequently, there have been considerable recent
efforts to focus on so-called “‘nontraditional” risk
factors for cardiovascular events in this patient
population. Among examined nontraditional risk
factors, there is increasing interest in oxidative
stress, which is postulated to contribute to the
excessive uremic cardiovascular risk. Other im-
portant and emerging considerations for evalu-
ating cardiovascular risk in uremia include
inflammation, malnutrition, and endothelial dys-
function, all of which phenomena are at least
partially related to the dysmetabolism that pro-
duces increased oxidative stress [4]. This article
outlines the scope of the evidence linking an
increased burden of uremic oxidative stress to
kidney disease and describes the emerging re-
lationship of oxidative stress with acute-phase
inflammation, endothelial dysfunction, and mal-
nutrition. It reviews data suggesting that oxidative
stress biomarkers are powerful predictors of

E-mail address: himmej@mmc.org

mortality risk in kidney disease. Finally, it reviews
the growing evidence concerning the potential
efficacy of antioxidants in patients with kidney
disease.

What is oxidative stress?

Oxidative stress is commonly viewed as a dis-
turbance in the balance between oxidant pro-
duction and antioxidant defense. A pro-oxidant
imbalance can lead to the oxidation of macro-
molecules resulting in tissue injury. Oxygen is
ubiquitous in the environment, and the pro-
oxidant status of an organism is at least partly
dependent on the state of oxygenation of the
organism or cell. In eukaryotes, oxidative pro-
cesses occur predominantly within the mitochon-
dria, and the mitochondrial cytochrome oxidase
enzyme complex accounts for most of the oxygen
humans metabolize. The cytochrome oxidase
enzyme complex transfers four electrons to oxy-
gen in a coordinated reaction that produces two
molecules of water as a byproduct. The enzyme
complex contains four redox centers, each of
which stores a single electron. The simultaneous
reduction of the four redox centers results in no
detectable reactive oxygen intermediates and
thereby limits the production of reactive oxygen
species. Nevertheless, mitochondrial oxygen can
sometimes leak through the electron transport
chain, resulting in the formation of reactive
oxygen intermediates and free radicals, which
can then diffuse out of the mitochondria and be
a source of oxidant stress [5,6]. Recently, attention
has been focused on uncoupling of the electron
transport chain to ATP production in the mito-
chondria in disease states; this uncoupling may
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alter redox balance, cell signaling, and induce
apoptosis.

An additional important in vivo source of
excess oxidants occurs through the action of
another enzyme complex, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase.
NADPH oxidase is especially active within the
endothelium and in leukocytes for the generation
of reactive oxygen intermediates [7,8]. In particu-
lar, leukocytes use high levels of oxygen and the
generation of reactive oxygen intermediates in
host defense against pathogens in a process
known as the respiratory burst. Leukocytes con-
tain other enzymes, including superoxide dismu-
tase, nitric oxide synthase, and myeloperoxidase
(MPO), that contribute to the production of
hydrogen peroxide, nitric oxide, peroxynitrite,
and hypochlorous acid, respectively [9,10]. Re-
cently a novel additional oxidative pathway with-
in leukocytes has been described, whereby nitrite
is converted to nitryl chloride and nitrogen di-
oxide through the MPO enzyme or through
hypochlorous acid [11]. Ozone derived from
singlet oxygen in leukocytes may also be a by-
product of oxidative stress that contributes to
atherosclerosis [12].

In vivo, critical oxygen intermediates are pro-
duced in minute quantities and have short bi-
ologic half-lives. The low concentrations and
extreme reactivity make the in vivo detection of
reactive oxygen species technically difficult. In
response to these technical difficulties, a powerful
strategy has emerged for understanding the un-
derlying in vivo mechanisms of oxidative injury by
detecting stable end products of oxidative chem-
istry produced by different reaction pathways as
biomarkers. These biomarkers measure the oxi-
dation of important macromolecules, including
lipids, carbohydrates, proteins, amino acids, and
DNA.

Although the concepts and pathophysiologic
processes leading to an increase in oxidative stress
may seem clear cut, unfortunately the use of the
terms oxidative stress and oxidant stress are
relatively nonspecific. Whereas oxidants are con-
tinuously being produced in living organisms,
a multitude of antioxidant defense mechanisms
are also constantly at work, and most biologic
systems are not in redox equilibrium. In most
biologic systems, reducing equivalents are con-
stantly being generated, converted, and intercon-
verted, indicating that a major component of
antioxidant balance has to do with how exten-
sively fed the cell or organism is at the time of

measurement. This limitation on the definition of
oxidative stress requires that mechanisms thought
to contribute to oxidative stress be investigated in
vivo with a series of detailed biochemical assays
rather than relying on a single biomarker.

Oxidative stress in the pathogenesis of
atherosclerosis

Conditions predisposing to atherosclerosis, in-
cluding hypercholesterolemia, diabetes mellitus,
tobacco use, and chronic kidney disease, are also
commonly associated with increased oxidative
stress, reduced vascular availability of nitric oxide,
and inflammation. Steinberg and colleagues [13]
first advanced the hypothesis that atherogenicity
of low-density lipoproteins (LDL) is greatly in-
creased upon oxidative modification. Oxidatively
modified LDL is taken up by a family of
scavenger receptors on monocytes leading to
conversion into foam cells, an early step in the
development of atherosclerosis (Fig. 1). Reactive
oxygen species can directly promote LDL oxida-
tion, stimulate vascular smooth muscle cell pro-
liferation and migration, and potentiate the
production of proinflammatory cytokines [14].
Reactive oxygen species can also activate several
matrix metalloproteinases, which contribute to
atherosclerotic plaque instability and rupture,
thereby precipitating acute coronary syndromes
[15].

Oxidative stress probably contributes to ath-
erosclerosis risk by increasing the production of
proinflammatory cytokines such as interleukin 6
(IL-6) and acute-phase proteins such as C-reactive
protein (CRP) through activation of the tran-
scription nuclear factor k-B (NF-kB). NF-«B is
a ubiquitous rapid-response transcription factor
involved in inflammatory reactions through its
action on expression of cytokines, chemokines,
and cell-adhesion molecules [16,17] and has been
identified in situ in human atherosclerotic plaques
[18]. NF-«B activation leads to synthesis of IL-1,
tumor necrosis factor alpha, IL-6, and CRP. In
addition to its role as a powerful risk marker,
recent evidence suggests that CRP itself may
directly contribute to the atherosclerotic process
by leukocyte activation, by induction of endothe-
lial dysfunction, and by attenuating endothelial
progenitor cell survival, differentiation, and func-
tion [19-21]. CRP itself can potently increase the
expression of NF-kB, thereby constituting a posi-
tive feedback loop that contributes to ongoing
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Fig. 1. Potential mechanisms for the role of oxidatively modified low-density lipoprotein (LDL) in atherosclerosis.
(From Steinberg D, Parthasarathy S, Carew TE, et al. Beyond cholesterol: modifications of low-density lipoprotein that
increase its atherogenicity. N Engl J Med 1989;320:919; with permission.)

proatherosclerotic risk [22]. NF-kB activation is
controlled by the redox status of the cell, and
intracellular reactive oxygen species may be com-
mon to all of the signaling pathways that lead to
activation of NF-«xB [23].

The vascular endothelium plays an important
role in the regulation of arterial tone, local platelet
aggregation, and vessel inflammation, in part
through the release of nitric oxide [24]. Nitric
oxide derived from endothelium has potent anti-
atherogenic properties manifested through inhibi-
tion of platelet aggregation, prevention of smooth
muscle cell proliferation, and reduced expression
of endothelial adhesion molecules. The reactive
oxygen intermediate superoxide anion produced
by NADPH oxidase reacts extremely rapidly with
nitric oxide, resulting in the loss of nitric oxide
bioactivity. The close relationship between in-
creased oxidative stress biomarkers, inactivation
of nitric oxide, and the subsequent cardiovascular
event rate has been prospectively validated [25,26].
These observations collectively suggest that oxi-
dative stress, inflammation, and endothelial dys-
function are all causally and synergistically linked
to the pathogenesis of atherosclerosis.

Recent data suggest increased oxidative stress
may also contribute to the pathogenesis of con-
gestive heart failure [27]. Studies have shown that
chronic volume overload directly increases oxida-
tive stress [28,29]. Numerous biomarkers of

oxidative stress, including urinary isoprostane
concentrations and plasma lipid peroxide levels,
are elevated in patients with dilated cardiomyop-
athy and congestive heart failure in the absence of
coronary atherosclerosis [30-32]. Excess myocar-
dial NADPH oxidase activity has been detected in
the myocardium of failing hearts when compared
with the myocardium of explanted nonfailing
hearts at the time of cardiac transplantation [33].
Many agents effective in the treatment of conges-
tive heart failure, including carvedilol, blockers of
the renin—angiotensin system, amiodarone, and
probucol, are known to have antioxidative prop-
erties [34-36].

Prevalence of oxidative stress in kidney disease

Biomarkers of oxidative stress in kidney dis-
ease have been best studied in ESRD patients. In
1994, Maggi et al [37] reported that LDL isolated
from uremic patients has greater susceptibility to
copper-induced lipid peroxidation in vitro than
LDL isolated from healthy subjects. This report
was the first to suggest that oxidative stress may
contribute to atherosclerosis in uremic patients.
Since then, numerous studies using more direct in
vivo biomarkers have shown that biomarkers of
oxidative stress are altered in uremic patients
(Box 1). The importance of uremic oxidative stress
is emphasized by the role that lipid peroxidation
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Box 1. Assays for in vivo detection of
oxidative stress in uremia

Lipids

Malondialdehyde and other aldehydes
Lipid peroxidation

Oxidized LDL

Exhaled ethane

Advanced lipoxidation end products

Arachidonic acid derivatives
F2-isoprostanes
Isolevuglandins

Carbohydrates
Reactive aldehydes
Advanced glycosylation end products

Amino acids
Cysteine/cysteine
Homocysteine/homocysteine
Isoaspartate

Proteins

Thiol oxidation

Carbonyl formation

Advanced oxidation protein products

DNA
8 hydroxy 2’ deoxyguanine

Other

Spin traps (electron paramagnetic
resonance)

Exhaled hydrogen peroxide

products, reactive aldehydes, and oxidized thiols
play in the atherosclerotic process.

Reactive aldehydes are formed as the end
products of numerous oxidative reactions, includ-
ing oxidation of alcohol and amino groups and
through the addition of oxygen to unsaturated
double bonds. In particular, the formation of o,-
unsaturated aldehydes as oxidation products is
important in that the formation of two sites of
reactivity frequently leads to the formation of cyclic
adducts or crosslinks with other macromolecules
[38]. a,B-Unsaturated aldehydes, or dicarbonyls,
are also capable of reacting with protein nucleo-
philes to form advanced glycation end products
[39]. Several groups have demonstrated that many
such reactive aldehyde compounds, including

glyoxal, methylglyoxal, malondialdehyde, acrole-
in, and hydroxynonenal, are detectable at concen-
trations up to 10-fold higher in uremic plasma than
in the plasma of healthy individuals [39,40]. In
uremia, reactive aldehydes accumulate because of
diminished renal catabolism and increased pro-
duction, largely through MPO-catalyzed leukocyte
activation. The importance of increased reactive
aldehyde products is evidenced by their prominent
role in the pathogenesis of atherosclerosis, includ-
ing the oxidative modification of LDL. A variety of
aldehyde adducts can be detected in macrophages
and foam cells by immunohistochemical analysis
from human atherosclerotic aortic lesions [38].

Thiol groups have an important antioxidant
function as redox buffers [41]. Intracellular thiols,
including glutathione and thioredoxin, which are
found in millimolar concentrations, are crucial for
maintaining the highly reduced environment with-
in the cell [42]. Extracellular thiols also constitute
an important component of antioxidant defense
[43]. The plasma protein—reduced thiols (located
primarily on the albumin molecule) are depleted
in hemodialysis patients and are thus not able to
participate in antioxidant defense [40]. In addi-
tion, there are diminished plasma glutathione
levels and a profound decrease in glutathione
peroxidase function in hemodialysis patients [44].
Furthermore, although protective reduced thiols
are depleted in uremia, oxidized thiols that include
homocysteine and cysteine accumulate in uremia
and may have proatherogenic effects [45]. Homo-
cysteine and cysteine can promote atherogenesis
by changing endothelial function and increasing
vascular smooth muscle cell activation and con-
tribute to thrombosis by increasing tissue factor
expression.

In uremic patients, lipid peroxidation can also
contribute to atherosclerosis through the oxida-
tion of LDL. The nonenzymatic free radical-
induced peroxidation of arachidonic acid results
in the formation of F2-isoprostanes [46]. The
detection of free and esterified plasma F2-isopros-
tanes has been used to demonstrate an increase
in lipid peroxidation in uremic individuals [47,48].
In addition, another family of highly reactive elec-
trophiles can be generated by the free radical-
induced lipid oxidation of arachidonic acid with
the production of isolevuglandins. Isolevuglandin
adducts to plasma proteins are elevated in ESRD
patients compared with healthy individuals [49].
Levels of breath ethane, which results from the
scission of lipid hydroperoxides, are also higher in
hemodialysis patients than in healthy individuals
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[50]. An important consequence of increased lipid
peroxidation in uremic patients is the increased
production of minimally oxidatively modified
LDL [51]. This form of LDL is extremely athero-
genic and is higher in the plasma of hemodialysis
patients than in that of healthy individuals. These
(and other) studies conclusively demonstrate that
there is increased lipid peroxidation and oxidative
stress in uremic patients.

Although the ESRD population is better
studied, data increasingly suggest that patients
with less severe varying degrees of kidney in-
sufficiency are also predisposed to accelerated
atherosclerosis and cardiovascular events, even
in the absence of traditional cardiovascular risk
factors [1,2]. Thus, more patients with stage 3 to
5 CKD will die of cardiovascular complications
than will progress to develop ESRD that requires
renal replacement therapy. Analysis from ran-
domized clinical trials as well as community-based
studies have identified the level of kidney dys-
function as an independent risk factor for adverse
cardiovascular outcomes and all-cause mortality
[52]. In the Chronic Renal Impairment in Bir-
mingham Study, chronic kidney disease was
clearly associated with low-grade inflammation,
endothelial dysfunction, and platelet activation,
even among patients with moderate renal impair-
ment [53]. In a similar cross-sectional cohort
analysis, multiple biomarkers of inflammation
and oxidative stress were elevated in patients
with stage 3 to 5 CKD compared with healthy
subjects (Table 1) [54]. Levels of CRP and IL-6
have been found to be significantly higher in
patients with renal insufficiency than in patients
with normal kidney function in the Cardiovascu-
lar Health Study [55]. Other investigators using
different biomarkers have demonstrated that
CKD patients have evidence of increased oxida-
tive stress including increases in lipid peroxida-
tion, advance oxidation protein products, and
changes in glutathione content [56-59]. Thus, it
is becoming increasingly clear that a surprisingly
high prevalence of inflammation and oxidative
stress, as well as a high rate of cardiovascular
complications, is associated with the development
of mild renal insufficiency.

Are the levels of oxidative stress and inflammation
linked in kidney disease?

In numerous studies, elevations in the plasma
levels of proinflammatory cytokines (especially

IL-6) and the acute-phase reactant CRP are
the most powerful independent predictors of sub-
sequent cardiovascular morbidity and mortality
in uremic patients [60-70]. Total white blood cell
count has also recently been reported as an
independent biomarker of inflammation and mor-
tality in dialysis patients [71]. Levels of plasmal-
ogen, a phospholipid surrogate marker of
oxidative stress, has also recently been associated
with increased cardiovascular mortality in the
dialysis population [72]. Levels of serum malon-
dialdehyde, a lipid peroxidation biomarker of
oxidative stress, have also been associated with
cardiovascular morbidity in the dialysis popula-
tion [73]. Recent studies have also used malon-
dialdehyde-modified protein content and oxidized
LDL content to predict mortality in uremic
patients.

Although these studies show independent as-
sociation between biomarkers of inflammation,
oxidative stress, and subsequent cardiovascular
morbidity and mortality, other investigations
have also demonstrated an association between
the levels of inflammatory and oxidative stress
biomarkers. For instance, a positive correlation
between elevated serum CRP levels and plasma
thiobarbituric acid reaction substance (a bioassay
measuring lipid peroxidation) have been observed
in a hemodialysis patient cohort [74]. Plasma CRP
levels are also correlated with plasma F2-isopros-
tane content in hemodialysis patients [47,48].
Similarly, a linkage between increased oxidative
stress, inflammation, and endothelial dysfunction
in hemodialysis patients has also recently been
described [56]. A recent study identified a higher
rate of oxidative stress in hemodialysis patients
with increased inflammation and hypoalbumine-
mia than in normoalbuminemic hemodialysis
patients [70]. These and other data suggest a bi-
directional and synergistic linkage of inflam-
mation and oxidative stress contributing to
cardiovascular risk in uremic patients (Fig. 2).

Oxidative stress and inflammation are linked in
uremic patients through myeloperoxidase

Stimulated leukocytes generate the reactive
oxygen intermediate superoxide and its dismuta-
tion product hydrogen peroxide and secrete the
heme enzyme MPO [75]. MPO is one of the most
abundant proteins in leukocytes, constituting
approximately 5% of neutrophil protein and 1%
of monocyte protein. MPO has the unique
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Table 1

Comparison of inflammatory and oxidative stress biomarkers in patients with chronic kidney disease and healthy
subjects

Biomarker Healthy subjects median (range) CKD patients median (range) P

CRP (mg/L) 1.8 (0-28.6) 3.9 (0.6-28.4) 0.02
IL-6 (pg/mL) 2.1 (1.5-12.5) 6.4 (1.595.4) 0.001
Thiols (uM) 415 (262-497) 303 (193-435) <0.001
Carbonyls (mmol/mg) protein 0.029 (0-0.154) 0.061 (0.020-0.134) <0.001
F,-isoprostanes (ng/mL) 0.036 (0.019-0.179) 0.046 (0.025-0.156) <0.001

Abbreviations: CKD, chronic kidney disease; CRP, C-reactive protein; 1L-6, interleukin-6.
Modified from Oberg BP, McMenamin E, Lucas FL, et al. Increased prevalence of oxidant stress and inflammation in
patients with moderate to severe chronic kidney disease. Kidney Int 2004;65(3):1009-16; with permission.

property of converting chloride in the presence of
hydrogen peroxide to hypochlorous acid:

— MPO

H202 + Cl — H202 + HOCI

MPO can also directly modulate vascular
inflammatory responses by functioning as a vascu-
lar nitric oxide oxidase, thereby regulating nitric
oxide availability [76]. Because MPO is released
during acute inflammation, MPO-catalyzed oxi-
dative injury and endothelial nitric oxide regula-
tion provide a direct mechanistic linkage between
inflammation, oxidative stress, and endothelial
dysfunction.

A substantial body of evidence has accumulated
to suggest that MPO is involved in inflammation
and oxidative stress in patients with kidney disease.
Catalytically active MPO can be released during
the hemodialysis procedure, and 3-chlorotyrosine,
an oxidative stress biomarker highly specific for
MPO-catalyzed oxidation through hypochlorous
acid, has been demonstrated in the plasma

Uremia \)

—

Accelerated

atherosclerosis; ¢ Endothelial <

Cardiovascular dysfunction

events

proteins of dialysis patients but not in that of
healthy subjects [77]. Uremic plasma containing
advance oxidation protein products can induce
MPO-dependent oxidation activity ex vivo in
leukocytes [78]. Patterns of plasma protein
oxidation observed in uremic patients (excess
plasma protein carbonyl formation and oxida-
tion of plasma protein thiol groups) can be
replicated in normal plasma by the addition of
hypochlorous acid, but not hydrogen peroxide
and other oxidants [79]. These data strongly
suggest that MPO may be a critical link between
acute-phase inflammation and oxidative stress in
the uremic patient population.

Use of antioxidants in uremia

Given the robust clinical and experimental
data supporting the concept that an increase in
oxidative stress contributes to cardiovascular
disease in uremic patients, it is logical to hypoth-
esize that antioxidant therapy may be beneficial in
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Fig. 2. Model of oxidative stress and cardiovascular complications in uremia. (From Himmelfarb J, Hakim RM.
Oxidative stress in uremia. Curr Opin Nephrol Hypertens 2003;12:596; with permission.)
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reducing these complications [80,81]. Enthusiasm
for this concept, however, must be tempered by
the knowledge that large, randomized clinical
trials providing antioxidant therapy for either
primary or secondary cardiovascular prevention
in the general population have usually supported
the null hypothesis. Notably, the Gruppo Italiano
per lo Studio della Sopravvivenza nell’Infarto
miocardico study, the Heart Outcomes Prevention
Evaluation study, the Study to Evaluate Carotid
Ultrasound Changes in Patients Treated with
Ramapril and Vitamin E, and the Heart Pro-
tection Study were all negative trials [82-85]. A
recent meta-analysis confirms a lack of demon-
strated efficacy with the use of antioxidant therapy
in the general population. Given the weight of
these large clinical trials, a high standard of
evidence for clinical efficacy should be demon-
strated before antioxidants are routinely recom-
mended as therapy for uremic patients [81].

Antioxidant studies in dialysis patients

To date, several well-conducted, well-con-
trolled published studies have suggested that the
provision of antioxidant therapy to hemodialysis
patients may have clinical efficacy in reducing the
cardiovascular event rate. The Secondary Pre-
vention with Antioxidants for Cardiovascular
Disease in End-stage Renal Disease (SPACE)
study examined the effects of administering 800
IU of alpha tocopherol daily in a randomized,
clinical trial in hemodialysis patients [86]. A

40 -

clinically and statistically significant reduction in
myocardial infarction and other cardiovascular
events was noted in the alpha tocopherol-treated
group compared with the placebo-treated group
(Fig. 3). Despite the observed reduction in car-
diovascular morbidity, however, overall survival
between the two groups was not different. In
another randomized, clinical trial, treatment of
hemodialysis patients with the thiol-containing
antioxidant N-acetylcysteine also significantly de-
creased cardiovascular events in the treated group
compared with the placebo group [87]. Similar to
the results of the SPACE study, this study also
demonstrated no significant effect of treatment on
overall mortality. These investigators have also
demonstrated in a separate study that the use of
N-acetylcysteine decreases plasma homocysteine
concentration and improves endothelial function
in dialysis patients, suggesting a direct mechanism
for benefits of antioxidant therapy in this patient
population [88]. Thus, there are now well-con-
ducted published studies that suggest that pro-
viding antioxidants to dialysis patients may have
some efficacy in decreasing the rate of cardiovas-
cular events.

In addition to the above-mentioned studies
with clinical end points, a number of published
clinical studies of tocopherols used laboratory end
points in dialysis patients. These studies have
generally demonstrated either a decrease in the
acute-phase inflammatory response or improved
erythropoiesis. Most of these studies, however,
involve small numbers of patients, are not pow-
ered to detect significant differences in clinical
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Fig. 3. Major end points of the SPACE study. (Adapted from Boaz M, Smetana S, Weinstein T, et al. Secondary
prevention with antioxidants of cardiovascular disease in end-stage renal disease (SPACE): randomised placebo-

controlled trial. Lancet 2000;356:1213-8; with permission.)
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event rate, and employ antioxidant therapy for
short periods. Thus, none of these studies reaches
a level of evidence that would support the routine
clinical use of antioxidants in dialysis patients.
These studies do suggest that future random-
ized clinical trials should measure biomarkers of
inflammation, erythropoiesis, and endothelial
function in hopes of establishing a potential mech-
anism of beneficial effect of antioxidants and
correlate with any demonstrated improved clinical
outcomes.

Vitamin E-bonded hemodialyzers

Although much of the excess oxidative stress
observable in hemodialysis patients seems to be
caused by uremia [40,89,90], it has also been
suggested that the hemodialysis procedure itself
may generate excess oxidant protection through
inflammatory pathways. It is well known that the
contact of blood with biomaterials used during
the hemodialysis can elicit an organized inflam-
matory response that involves the activation of
the body’s defense against non-self, and the term
hemodialysis membrane bioincompatibility has
been used to describe these interactions [91,92].
Hemodialysis membranes can elicit different de-
grees of leukocyte and complement activation
with consequent neutropenia and leukocyte de-
granulation, cytokine production, and reactive
oxygen species production.

Because the dialysis procedure itself may elicit
excess oxidative stress, an interesting approach to
alleviating excess oxidative stress during hemodi-
alysis involves incorporating antioxidant therapy
into the dialysis membrane. Alpha tocopherol has
been incorporated into the coating of commercial
cellulose-based hemodialysis membrane (Exce-
brane; Terumo Corp., Tokyo, Japan). This di-
alyzer has numerous modifications, all made in an
attempt to improve the biocompatibility of the
membrane. The cellulose material is covered with
a synthetic copolymer layer to cover free hydroxyl
groups. The membrane further incorporates fluo-
roresin, which theoretically could inhibit comple-
ment activation, and oleyl alcohol, in an effort to
prevent platelet aggregation. Finally, vitamin E is
bonded to the oleyl alcohol component of the
membrane [93]. It is unclear if a dialysis mem-
brane is an effective mode of vitamin E delivery,
or if the Excebrane modifications will truly
improve biocompatibility.

A number of surrogate rather than clinical end
points have been investigated in small studies with

the use of vitamin E-coated hemodialysis mem-
branes. These studies generally suggest that im-
provements are obtainable in serum vitamin E
levels, red blood cell viscosity, endothelial dys-
function, and biomarkers of oxidative stress as
compared with dialysis using untreated cellulose
membranes [81]. A recent randomized, prospec-
tive, controlled study with 17 patients suggested
there may be differences in the rate of progression
of carotid intimal media thickness as a measure of
atherosclerosis, with regression of carotid intimal
thickness in the vitamin E— bonded dialyzer group
[94]. Further studies using the rate of clinical
cardiovascular events as primary end points will
be required to determine if vitamin E-bonded
hemodialyzers can decrease cardiovascular mor-
bidity in the hemodialysis population.

Electrolyzed-reduced water treatment for
hemodialysis

An alternative and intriguing approach to
improving oxidative stress in hemodialysis pa-
tients is the use of electrolyte-reduced water
obtained by electrolysis for dialysate. Electro-
lyte-reduced water can scavenge reactive oxygen
species through the production of active atomic
hydrogen with high reducing ability. In a pre-
liminary study, water for dialysate production was
subjected to electrolysis through a solenoid valve
resulting in electrolyte-reduced water. After 1
month of therapy, the use of electrolyte-reduced
water partially restored total antioxidant status
and decreased plasma lipid hydroperoxide levels
[95]. Further studies evaluating this novel ap-
proach to reducing oxidative stress in dialysis
patients are warranted.

Summary

Patients with uremia (whether requiring renal
replacement therapy or not) have a greatly in-
creased cardiovascular risk that cannot be ex-
plained entirely by traditional cardiovascular risk
factors. An increase in oxidative stress has been
proposed as a nontraditional cardiovascular risk
factor in this patient population. Using a wide
variety of different biomarkers of increased oxi-
dative stress status, numerous laboratories around
the world have now unequivocally demonstrated
that uremia is a state of increased oxidative stress.
Recent data also suggest linkages between oxida-
tive stress inflammation, endothelial dysfunction,
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and malnutrition in the uremic population. These
factors are probably synergistic in their effects on
atherogenecity and risk of a cardiovascular event.
The pathophysiology of increased oxidative stress
in uremia is multifactorial, but the retention of
oxidized solute by the loss of kidney function is
probably a major contributor. Uremic oxidative
stress can be characterized biologically by an
increase in lipid peroxidation products and re-
active aldehyde groups as well as by increased
retention of oxidized thiols. Two recently pub-
lished studies have suggested that antioxidative
therapy may be particularly promising in reducing
cardiovascular events in this patient population.
Further definitive studies of antioxidant use are
greatly needed.
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