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The Effect of Altered Redox Homeostasis on Vascular Wall Elasticity in
Patients with Chronic Kidney Disease
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Reactive oxygen species (ROS) and reactive nitrogen species (RNS) play a physiological role as secondary
messengers in a variety of cellular metabolic pathways. However, in certain pathological states the
disequilibrium between oxidants and antioxidant systems can alter normal cell function and even induce
deleterious phenotypical changes which further aggravate the underlying pathology. This has been especially
evident in the case of vascular smooth muscle cells (VSMC) which are exposed to increased amounts of
ROS, in various disease processes (i.e. atherosclerosis, diabetes). The purpose of this review is to examine
the current knowledge regarding the effect of oxidative stress on vascular structure in general, and in
chronic kidney disease, in particular.
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Since the publication of Gerschman’s free radical theory
of oxygen toxicity in 1954, considerable efforts have been
made to study the effects of oxidative stress in a variety of
pathologies. Free radicals are molecules or molecular
fragments that contain at least one unpaired electron [1].
This unpaired electron gives the free radical considerable
reactivity and enables it to react with various types of
molecules (i.e. proteins, lipids, DNA molecules) [2].

Thus, redox disequilibrium has been implicated in a wide
spectrum of diseases ranging from cardiovascular disease
(i.e. atherosclerosis, ischemic heart disease, hypertension
etc) to rheumatoid arthritis, ischemic stroke and
Alzheimer’s disease [2-6].

The effects of ROS can be both beneficial (occurring at
low or moderate concentrations, as part of cellular
signaling or defense mechanisms against infectious
agents) or harmful (as they occur, for example, in states of
chronic inflammation, diabetes, chronic kidney disease
etc) [7]. Redox homeostasis is defined as a state of
equilibrium between oxidant and antioxidant elements and
due to excess of oxidants or deficit of antioxidants, any
disruption of this equilibrium is termed oxidative stress [4,8].

Types of free radicals
Reactive oxygen species (ROS) are the most common

types of free radicals found in many living systems with
aerobic metabolism. ROS of interest include singlet oxygen
(1O2), hydroxyl radical (HO-), superoxide (O2

-), peroxyl
radical and hydrogen peroxide [9].

Molecular oxygen (O2) is itself a free radical, having
two unpaired electrons, however it does not have a great
oxidizing capacity since it can only react with non-radicals
that have electrons with the same spin number [1].
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Singlet oxygen (1O2), the electronically excited form
of oxygen is known to be a major cytotoxic species being
implicated in carcinogenesis by photosensitization and
metabolic activation of various carcinogens [9]. It is more
reactive than oxygen in its steady state because the energy
input required to generate singlet oxygen re-arranges the
electrons and removes the spin restriction [1,9]. In
biological systems singlet oxygen can be obtained through
photosensitization or chemical reactions. Porphyrins,
cytochromes as well as various drugs (i.e. tetracycline,
thiazides) absorb energy and produce singlet oxygen
species. Chemical reactions that produce singlet oxygen
are catalyzed by a variety of enzymes such as
myeloperoxidases, cytochromes and lipoxygenases. It has
been shown that singlet oxygen is implicated in numerous
physiological functions such as the metabolism of
arachidonic acid, lipid peroxidation and the so-called
respiratory burst generated by neutrophils, as part of the
normal immune response to the presence of bacteria or
other noxiae [9,10].

Superoxide anion radical (O2
-) is generated, under

physiological conditions, by the mitochondrial respiratory
chain and significantly contributes to overall redox
mitochondrial homeostasis [11]. Superoxide usually reacts
close to the site of its formation, making available Fe and
Cu for Fenton reactions (1) which produce highly oxidizing
hydroxyl radical. It can also affect cellular compartments
other than the mitochondria, but in most cases the inner
mitochondrial membrane is the most exposed to the full
oxidizing activity of this ROS [2,11].

The Fenton reaction:
(1)
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Hydroxyl radical (HO-) has a high reactivity with a
very short half-life of approximately 10-9 s [12]. The oxidizing
effects of hydroxyl radical are usually limited to the site of
its generation which is currently not very well defined [11].
Looking at the mentioned Fenton reactions it is
understandable how hydroxyl radical generation largely
depends on H2O2 production. The oxidation of amines
which is carried out by monoamine oxidase on the outer
aspect of the mitochondrial membrane yields H2O2 as a
by-product. H2O2 reacts with superoxide to generate
hydroxyl radical – the Haber-Weiss reaction ( 2) [2,13].
Other sources of H2O2 are peroxisomes, which, when
damaged release their contents into the cytosol
significantly contributing to oxidative stress [2].

The Haber-Weiss reaction:

(2)

Peroxyl radicals (ROO-), the simplest of which is
hydroperoxyl radical (HOO-), the protonated form of
superoxide is responsible for lipid peroxidation. It reacts
selectively with organic molecules and determines fatty
acid peroxidation [2,14].

Oxidative stress defense mechanisms
Antioxidants are molecules that scavenge and reduce

the overall ROS burden at a cellular level and can be largely
classified as enzymatic or non-enzymatic oxidative stress
defense mechanisms. Non-enzymatic antioxidants are
ascorbic acid, alpha-tocopherol, glutathione, carotenoids,
flavonoids etc. Enzymatic antioxidants are represented by
superoxide dismutase (SOD), glutathione peroxidase (GPx)
and catalase (CAT) [2].

Enzymatic antioxidants
Superoxide dismutase (SOD) dismutates superoxide

anion to H2O2. Its three isoforms, SOD1 (Cu/Zn SOD), SOD2
(MnSOD) and SOD 3 (ecSOD) have various locations but
they all catalyze the same reaction (3) [15].

Dismutation of superoxide anion:

(3)

Catalase (CAT) facilitates the conversion of hydrogen
peroxide to oxygen and water (4).

Hydrogen peroxide reduction by catalase:

(4)

Glutathione peroxidase (GPx) is a Se-dependent enzyme
which helps reduce lipid and hydrogen peroxide. There are
four isoenzymes (GPx1 found the cytosol of virtually all
cells, GPx2 found primarily in the cells of the gastrointestinal
tract, GPx3 is located in the plasma and GPx4 occurs in
the mitochondria and interacts with lipoproteins damaged
by free radicals (5) [16].

GPx catalyzed lipid peroxid reduction:

 (5)

Non-enzymatic antioxidants
Vitamin C is a potent antioxidant believed to exert its

effects by scavenging ROS which result from normal
cellular metabolism. Tamari Y et al have shown that
ascorbic acid reduces superoxide levels in SOD1 and SOD2
depleted cells [17].

Glutathione is an endogenously synthesized antioxidant
essential in the removal of oxidants and countering lipid

peroxidation. It is found in the endoplasmic reticulum,
nucleus and mitochondria. It serves as a cofactor for GPx
and also scavenges, directly, hydroxyl radical and singlet
oxygen [2].

α-Tocopherol  is a lipophilic scavanger of free radicals.
It prevents the oxidation of cellular membranes by reacting
with lipid radicals which result from the lipid peroxidation
chain reaction [18].

The effect of ROS on vascular smooth muscle cells
Reactive oxygen species as part of cell signaling systems

Signal transduction (or cell signaling) systems are
means by which cells interact with the surrounding
environment and enable them to communicate and
coordinate with other cells. Reactive oxygen species have
only recently come to be recognized also as secondary
messengers, not just as unfortunate by-products of aerobic
metabolism.

Several studies have revealed that ROS are used as
secondary messengers in Angiotensin-II modulated
vascular hypertrophy and that exposure to increased
amounts of hydrogen peroxide stimulate vascular smooth
muscle cell (VSMC) proliferation in different pathologies
including chronic kidney disease (CKD) [19]. Rao and Berk
demonstrated by using catalase and superoxide dismutase
(SOD) scavenging systems that H2O2 generated by
xanthine/xanthine oxidase was capable of eliciting a
mitogenic response in VSMCs by increasing accumulation
of early growth response genes c-myc and c-fos mRNA. In
addition, they have shown that H2O2 had mitogenic effects
only on VSMCs and not on endothelial cells or fibroblasts
[20].

Furthermore, Griendling et al have shown that ROS are
used as secondary messengers in the Angiotensin II signal
transduction cascade with potential mitogenic effects.
Stimulation with Angiotensin II causes activation of
phospholipase D which, among other things, produces
phosphatidic acid (PA). PA, in turn, stimulates NADPH
oxidase which produces large amounts of superoxide. By
using oxidase inhibitors they have discovered that reduction
of superoxide amounts attenuates VSMC hypertrophy [21].

Byon et al have shown that exposure to 0.1-0.4 mM
hydrogen peroxide induces phenotypical changes that
promote calcification of VSMCs. VSMCs exhibited lower
concentrations of specific smooth muscle markers (α-
SMA and SM22-α) and increased expression of bone
markers such as alkaline phosphatase (ALP), type I
collagen (Col1) and osteocalcin (OC). It is apparent that
the transcription factor Runx 2 (Runt-related transcription
factor 2), associated with osteoblast differentiation is
implicated in the phenotypical switch of the VSMCs,
however it cannot be specified whether expression of Runx
2 is a consequence of vascular calcification or the cause
for it [22,23]. Furthermore, VSMCs under oxidative stress
by exogenous hydrogen peroxide produce themselves ROS
through a NAD(P)H-oxidase feed-forward mechanisms,
which could promote the further degradation of overall
vascular health [24].

Hydrogen peroxide also induces VSMC inflammation.
As it has been established, atherosclerosis is associated
with a proinflammator y status. Macrophages and
monocytes infiltrate the vascular wall and induce ROS
production. The presence of ROS in the vascular wall further
amplify the inflammatory response as evidenced by
increased expression of VCAM-1 (vascular cell adhesion
molecule 1), monocyte chemoattractant protein-1 (MCP
1), fractalkine and osteopontin [22,25].
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The contribution of VSMCs to vascular wall stiffness
Vascular wall elasticity can be regarded as the result of

complex interactions between the three layers and their
respective components, interactions which take place at
a molecular level (between the cellular and non-cellular
elements) and dictate the physical properties of the entire
system. Thus, it is easily understandable why any changes
that arise in pathological states (atherosclerosis, diabetes,
dialysis etc) in the intima or media, predominantly, affect
the mechanics and the performance of the vascular wall
[26,27].

Impressive efforts have been made to analyze the
impact of atherosclerosis on vascular wall stiffness and
the number of studies on this subject underlines the overall
burden atherosclerosis has on cardiovascular disease
epidemiology and outcomes. However, not enough
attention has been given to the consequences of the altered
metabolism and general function of VSMCs that has been
so well documented in various disease processes.
Furthermore, it is increasingly apparent that a better
understanding of vascular wall stiffness is needed to more
efficiently counteract the deleterious effects that rigid
arteries pose to overall health.

There are many studies that have focused on describing
the role of the extracellular matrix (ECM) in the
pathogenesis of arterial wall stiffness, with further insight
into the mechanical properties of collagen and elastin fibers.
Several authors have reported that increased amounts of
collagen and decreased amounts of elastin are responsible,
among other factors, for the stiffening of the vascular wall
[28]. However, other authors have demonstrated that
increase in collagen/elastin ratio is not invariably associated
with vascular stiffness seen in hypertension or normal aging
[29]. This has lead researchers to believe there are more
complex phenomena involved and that further studies are
needed to properly identify the factors involved in vascular
wall mechanics.

Recently, focus has shifted to studying the contribution
of VSMCs to arterial elasticity. VSMCs have a critical role in
regulating vascular tone under normal conditions. In
pathological states it has been shown that VSMCs undergo
hypertrophy and can even modify their behavior by
dedifferentiating to an osteogenic phenotype, thereby
contributing to vascular calcification [30-33]. Furthermore,

Sehgel et al reported that VSMCs themselves become stiff
due to alterations in cytoskeleton structure associated,
mostly with aging and independent of arterial pressure [30].

Additionally, VSMCs’ interaction with ECM proteins
through integrins and fibronectin and with each other
through cadherines contribute to the overall elasticity of
the system. These interactions also respond to various
vasoactive agents that induce cytoskeletal changes
associated with cell stiffness. Exposure to Angiotensin II
increased contractile fiber thickness and orientation while
adenosine decreased fiber thickness, consistent with a
process of depolymerization [34]. Moreover, AngII
increased adhesion probability to type I collagen fibers,
observation which suggested that vasoconstrictors
influence how VSMCs attach themselves to ECM [34].

Another factor which apparently contributes to the
increase in vascular stiffness is chronic inflammation, as
illustrated by a number of studies that have linked
inflammator y disorders (i.e. rheumatoid arthritis,
inflammator y bowel disease etc) to increased
cardiovascular mortality. The mechanisms by which
chronic inflammation affects vascular wall structure are
currently not well understood, however a possible link could
reside in the oxidative stress generated by the sustained
activation of the non-specific immune response [30,35].

Relevant biomarkers of oxidative stress in chronic
kidney disease

The study of ROS has proven relatively difficult because
they are highly reactive and have short half-lives and
because assessment methods vary greatly. It is therefore
more efficient to determine the by-products that result from
the interaction of ROS with various molecules, however
these measurements have also proven quite unreliabile in
establishing cause-effect relationships since they are not
tissue-specific and are influenced by coexisting pathologies
which are recognised as major influence factors of the
oxidant/antioxidant equilibrium and are frequently
associated with CKD (cardiovascular diseases, anemia,
mineral and bone disorder, diabetes mellitus etc) [36-38];
furthermore, there are studies showing that hemodialysis
has an negative impact on miocardium contractility (even
in the absence of changes in angiography or troponin
levels), probably due to enhaced oxidative stress (table 1)
[39-42].

Table 1
RELEVANT BIOMARKERS OF OXIDATIVE STRESS IN CKD
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The use of AOPP in evaluating patients with CKD
In terms of studying oxidative stress in patients with

chronic kidney disease, advanced oxidation protein produts
(AOPP) have proven useful in quantifying the amount of
oxidative damage in this particular class of patients.
Plasma levels of AOPP correlate with other markers of
oxidative stress (dityrosine and pentosidine), are highest
in patients undergoing hemodialysis, and substantially
increased in patients with advanced CKD compared to
healthy controls [73]; this proinflammatory state has been
also documented in peritoneal dialysis patients, regardless
the presence of peritonitis, with negative impact on long-
term prognosis [74-76].

Unlike other markers of oxidative stress, AOPP seem to
be implicated directly in the pathogenesis of several
glomerular disorders. In IgA nephropathy elevated AOPP
levels are a strong predictor of poor outcome [77]. In
addition, AOPP are associated with proteinuria. Increased
exposure to AOPP causes podocyte apoptosis and
activation of the renin-angiotensin system [77].

In patiens suffering from CKD, AOPP may induce
endothelial dysfunction and are independently correlated
with flow mediated dilation and aggravate the atherogenic
pehnotype by inhibiting plasma clearance of HDL-
cholesterol and by decreasing cholesterol efflux from
macrophages, thus promoting foam cell formation.

Implications of oxidative stress on vascular wall
elasticity in chronic kidney disease

The association between chronic uraemia and oxidative
stress has been well demonstrated by several researchers
[73,78]; however, the mechanisms by which ROS affect
the outcome of patients with chronic kidney disease have
proven ellusive. Uremic toxins themselves are a source of
oxidative stress, uric acid synthesized by the xanthine
oxidoreductase complex enhances progression of CKD
[78]. Furthermore, uremic toxins exert a proinflammatory
effect by stimulating the innate immune response, thus
increasing the generation of ROS [78-80].

More importantly, because of the negative impact of
oxidative stress on the vascular wall, the influence of
chronically increased ROS on the arterio-venous fistula
(AVF) outcome should be considered in end-stage renal

disease patients requiring vascular access creation for
hemodialysis initiation. AVF surgery success and adequate
maturation, still an important chalange for the physicians,
require sufficiently dilated and elastic blood vessels; in this
manner, an adequate blood flow will be provided for an
efficient dialysis therapy [81]. However, chronic oxidative
stress conditions induce stiffness of VSMCs and
consequently improper vessel dilation. A very important
requirement of AVF maturation is nitric oxide (NO)
dependent vasodilation induced by increased flow through
the newly created vascular segment. The increased shear
stress stimulates endohelial cells to synthesize NO, a
capacity that is diminished in states of chronic
inflammation and oxidative stress, such as CKD [82,83].

While endothelial dysfunction may be a common
denominator in patients experiencing AVF failure which
can be attributed to systemic factors (diabetes, advanced
atherosclerosis) it does not provide the sole explanation to
why some forms of vascular access succeed and why
others do not. Eventually all AVFs suffer from neointimal
hyperplasia (NH) but this process has variable
consequences depending on the preexisting conditions of
the patient. For example, diabetic patients have larger vein
diameters to begin with than non-diabetic patients, a
characteristic which would help prevent access failure
[84]. Unfortunately this has not been the case since this
particular subpopulation of ESRD patient experience higher
failure rates than others. It has now come to light that
outward vascular remodelling is just as important as
inward remodelling [85].

Further studies are required for the proper understanding
of AVF failure mechanisms but it seems the understanding
of oxidative stress may open new therapeutic avenues
which could help prolong vascular access patency and
thus improve the efficiency of hemodialysis treatment.

Conclusions
It is becoming increasingly apparent that the

mechanisms which contribute to vascular wall stiffening
are extremely complex and do not solely rely on endothelial
dysfunction and atheromatous plaque formation, and that
a closer look is required on identifying the contribution of
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altered vascular smooth muscle cell metabolism and
function. In addition, the key to properly explain how VSMCs
are involved in the pathogenesis of arterial wall stiffness
might reside in correctly understanding the effect that
exposure to reactive oxygen species has on overall vascular
structure and mechanical properties.

While AOPP may not be directly linked to the stiffening
of the vascular wall, they may prove to be a useful prognosis
marker for AVF maturation in the CKD subpopulation.
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