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ABSTRACT

VASCULAR REACTIVE OXYGEN SPECIES METABOLISM AND ITS
INFLUENCE ON VENOMOTOR TONE AND HYPERTENSION

By

Irina Theodora Szasz

Reactive oxygen species (ROS) are signaling mediators with multiple effects on
vascular function. ROS and oxidative stress have been implicated in the
pathogenesis of cardiovascular diseases such as hypertension. Veins and
arteries both contribute to the regulation of blood pressure (BP). As compared to
arteries, far less is currently known about venous ROS metabolism and its
functional impact. We tested the hypothesis that the metabolism and handling of
ROS would be different in veins compared to arteries and that venomotor

function, as influenced by ROS, would play a role in experimental hypertension.

We observed higher superoxide and hydrogen peroxide (H;0O;) levels, as well as
higher antioxidant capacity for H,O, in rat venous compared to corresponding
arterial tissues. There were multiple differences in ROS metabolizing enzymes
between arteries and veins, such as a higher expression of DUOX1, CuZn SOD
and catalase in venous compared to arterial tissue. Xanthine oxidase (XO) had a
higher protein and mRNA expression, as well as higher activity in veins
compares to arteries. During deoxycorticosterone acetate (DOCA)-salt
hypertension, the higher expression of XO was maintained by veins, and there

were indications of an increase in venous, but not arterial XO activity. The



contractile impact of ROS was also higher in veins compared to arteries. XO
appeared to play little role in normal arterial contractile function, however it
seemed to contribute to normal venous ET-1-mediated contraction. In
normotensive rats, the endothelial function of arteries and veins was similar.
During DOCA-salt hypertension, arteries, but not veins, were affected by
endothelial dysfunction. XO did not appear to contribute to the arterial
hypertensive dysfunction by either ROS or urate production. We inhibited XO
activity in vivo using the XO inhibitor allopurinol, expecting as consequences a
lowering of venomotor tone and therefore an effect on BP depending on the
administration timing: either a lowering of BP if allopurinol was administered
when DOCA-salt hypertension was established or an attenuation of hypertension
development if it was administered before the DOCA-salt treatment. We
monitored XO metabolites in the urine, serum and tissues of allopurinol-treated
animals, overall observing increases in XO substrates and decreases in XO
products. Despite what we considered effective XO inhibition, we did not observe
any effect on BP in DOCA-salt hypertensive rats, regardless of the timing of this

intervention.

These results suggest there are differences in ROS metabolism and functional
impact inherent to the blood vessel type. Although we believe we excluded the
involvement of XO in DOCA-salt hypertension pathogenesis, further studies are
needed to uncover the role of ROS in venous contractile function and

hypertension pathogenesis.
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INTRODUCTION

|. General characteristics of arteries and veins
A. Structure

Arteries and veins, two separate components of the vascular system, are
different structurally and functionally. While arteries carry oxygenated blood from
the heart to the peripheral tissues at a high pressure, therefore requiring a more
elastic and muscular structure, veins carry blood from the tissues back to the
heart at a low pressure, providing capacitance, therefore requiring more

distensible, less muscular walls (fig 1).

Both artery and vein are composed of similar layers: the innermost layer or the
tunica intima, containing endothelial cells; the tunica media, which is largely
composed of smooth muscle, elastin and collagen; and the outermost tunica
adventitia, containing mainly fibroblasts, collagen and elastin. Small blood
vessels called vasa vasorum integrate into the adventitia of larger vessels,

providing nutrients to the vascular wall itself.

Several characteristics, in addition to a different distribution and relative
abundance of these layers, distinguish arteries from veins. The delineation of the
three layers is more obvious in an artery compared to a vein. This is particularly
illustrated when viewing the thoracic vena cava vs the thoracic aorta from the
same rat (fig 2). The media of an artery, flanked by two elastic laminas, is

typically thicker than that of a vein, while the elastic component of a vein is

1



smaller compared to that of an artery, in favor of a much larger adventitial
component in the vein. The greater relative contribution of the smooth muscle
layer to the thickness of the vascular wall in arteries compared to veins can be
appreciated in figure 2A. These differences are confirmed by
immunohistochemical staining for a-actin, a smooth muscle marker (fig 2B).
Larger veins possess venous valves on the luminal side of the wall, which help
prevent backflow of blood. The cardiovascular system is not abruptly split into the
two components (arteries and veins). Rather, a gradual transition of tissue
characteristics ensues: from the heart to the large elastic arteries, then smaller
muscular arteries/arterioles to, finally, the capillary section, having just one
endothelial layer, and then back from the peripheral tissues, through less
muscular venules, to large capacitance veins possessing all the components of

the vessel wall and back to the heart (43).

B. Function

Due to these structural differences, there are also inherent differences in the
contractility and synthetic properties of arteries and veins that can impact overall
cardiovascular function. These differences in contractility, however, may vary
according to vascular beds, similarly to the structural differences. The magnitude
of the contractile force developed by a vein in response to receptor-dependent
and independent agonists is smaller compared to that developed by an artery.

The time needed to reach half maximal contraction, a measure of response



speed, is shorter for a vein than for an artery (61) The capacity to relax in
response to certain agonists that induce the production of endothelium-derived
relaxant factors is decreased in veins compared to arteries, in some vascular
beds (70, 125, 131). Similarly, specific differences exist in the contractile
response of arteries and veins to a series of receptor-dependent agonists, the
best studied of them being endothelin-1 (ET-1), a potent, though not selective,
venoconstrictor. There seem to be fundamental arterial-venous differences in the
endothelin system, such as receptor expression and interaction (153), processing
of endothelin-related peptides (169) or functional responses to endothelin

peptides and ET receptor agonists (152, 167).

Different properties of arterial and venous grafts used in bypass surgery, leading
to different outcomes, have stimulated research on comparing these vessel types
and the factors that influence their long term patency. Venous smooth muscle
cells appear to have a higher growth rate compared to their arterial counterparts,
both in basal conditions (177) as well as in response to various mitogenic stimuli.
Endothelium function is also different in veins compared to arteries. Venous
endothelium produces less prostacyclin (101) and NO (130) than arterial
endothelium, and its overall response to atherogenic stimuli is different.
Endothelial intercellular junctions are generally tighter in arteries than in veins. In
venules, at the post-capillary level, the organization of these junctions is
especially loose, thus making this sector of vasculature the primary site of

inflammatory permeability (23).



These intrinsic properties ultimately reflect the difference in the gene expression
pattern of arteries and veins. The most prominent differences in basal gene
expression between arteries and veins can be seen in the signaling molecules
that regulate selective expression of Eph-B,4 (receptor) in veins and ephrin-B;
(ligand) in arteries, creating a cell-cell interaction system that establishes arterial
and venous endothelial identity during vasculogenesis (179). Other differences
with significant potential for influencing specific vascular function have been
identified through the use of gene arrays (1, 24, 25, 112). Although most of these
studies focus on the endothelium and the vascular smooth muscle layers of
these blood vessels, fibroblasts and other components of the adventitia could
also play important roles in vascular function and pathogenesis. Our studies on
whole genome expression profiling of rat aorta and vena cava whole tissues
have indicated a potential anti-inflammatory/anti-apoptotic profile of venous

compared arterial tissue (145).

Several arterio-venous differences in properties may also be explained by the
differences in the characteristic environment each of these blood vessel types is
exposed to. The most obvious of these factors is the higher pressure regime
experienced by arteries compared to veins. The blood flow and the resulting
shear stress are also considerably higher in arteries compared to veins. Venous
blood, carrying metabolites and lymph products, is also less oxygenated than the

arterial blood, and characterized by a lower pH (43).



Tunica adventitia

Carry blood away from
the heart to organs
and tissues

Carry blood away from
organs and tissues
back to the heart

Figure 1. Diagram of generic artery and vein.



adventitia

smooth muscle

endothelium

Figure 2. A. Modified trichrome Masson staining of rat aorta (left) and vena cava
(right). B. Immunohistochemical staining for alpha-actin in rat aorta (left) and
vena cava (right). Blood vessel layers are indicated by arrows. The luminal side
is indicated by L.



C. Pathology

There are overall differences in the venous response to pathophysiological
conditions that commonly affect arteries, such as atherosclerosis or
hypertension, when veins do not undergo the same atheromatous, remodeling or

endothelial dysfunction changes observed in arteries (43, 168).

Almost all vascular research currently performed is focused on arteries, while
veins are generally overlooked when considering the contribution of the vascular
system to systemic pathophysiology. Yet, besides being a passive clearance
conduit of every organ and tissue, veins hold most of the circulating blood
(~70%). This volume can be actively moved by venous contraction or external
compression (121), making veins a potential contributor to the pathophysiology of
hypertension (detailed below). Venous grafts are used in coronary artery bypass
graft (CABG) surgery with different properties and outcomes compared to
arteries (101, 132). Additionally, veins also develop specific pathologies, such as
deep vein thrombosis and chronic venous insufficiency. Although they do not
constitute the particular focus of this work, all these facts point out the need for a

better understanding of the basic physiology of the venous system.

Il. The role of veins in blood pressure regulation and hypertension

A. Hypertension epidemiology



Cardiovascular disease (CVD) is the leading cause of death in USA and globally
for both women and men, with an estimated 17 million deaths/year worldwide
(93). In USA, each year, CVD causes more deaths than the next four leading
causes of death combined (cancer, accidents, chronic lower respiratory diseases
and diabetes melittus). Examples of CVD include coronary heart disease,

cerebrovascular disease, hypertension and congestive heart failure (89).

Hypertension (high blood pressure) is defined as a systolic blood pressure (SBP)
higher than 140 mmHg and/or a diastolic blood pressure (DBP) higher than 90
mmHg. Currently, hypertension afflicts approximately a quarter of the adult
population (93). Due to the health risks associated with high blood pressure, a
condition called “pre-hypertension” was recently defined as a SBP between 120-
139 mmHg and/or a DBP of 80-89 mmHg. In the US, approximately 37% adult

population is prehypertensive (89).

Hypertension contributes to CVD not only by itself but also as a major risk factor
for other CVDs, such as coronary artery disease, heart failure, peripheral artery
disease and stroke. Thus, half of the patients with a first heart attack and two
thirds of those with a first stroke are hypertensive. Although largely
asympthomatic, hypertension — “the silent killer” — can lead to serious
complications of target organs (heart, brain, kidney, eye, peripheral arteries). In
USA alone, the total estimated costs for high blood pressure in 2009 are $ 73.4
billion (89). These statistics have remained almost unchanged in spite of
research efforts that have resulted in significant progress in hypertension therapy

in the last decades. The cause of hypertension is unknown in around 90% of
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cases (essential hypertension), most likely a multitude of hereditary as well as

environmental factors contributing to its occurrence.

B. Mechanisms of blood pressure regulation

Blood pressure (BP) is a highly regulated physiological parameter, its control
being ensured by many complex systems and organs, such as the autonomic
nervous system, the kidney or the vascular system (fig 3). BP is a direct product
of two major cardiovascular parameters: cardiac output (CO) and total peripheral
resistance (TPR), an increase in either one or both leading to an increase in BP.
The vascular system plays a major role in this equation by changing its tone
(contraction) or structure (remodeling). Thus, the arterial side is responsible for
increases in TPR, while the venous side influences the CO. CO is also critically
influenced by the contractility of the heart and by the volume of blood, in its turn

controlled by the kidney.

C. Role of veins in hypertension

In most cases of established human hypertension there is an increase in TPR
without changes in the CO. Therefore the prevailing opinion in the field is that
hypertension is caused by changes in the tone and/or structure of small arteries
and arterioles, and the majority of hypertension research is being conducted on

renal, autonomic nervous system and arterial mechanisms of increases in TPR



(144). However, more recent reports point to the potentially critical role of veins
during the developmental stages of hypertension (39, 96, 111, 120, 174). The
vascular system can be viewed as a fluid holding system, the pressure of which
will be determined by both the total volume of fluid contained and by the
distensibility, or the fluid holding capacity of the system. With no changes in
blood volume or myocardium contractility, a key factor that determines CO and
BP is the vascular capacitance, or the blood holding capacity of the vascular
system. Due to the structural differences discussed above, veins have a much
higher compliance compared to arteries (30 times higher), resulting also in a
much higher capacitance compared to arteries. Thus, ~70% of the total
circulating blood volume resides in veins, particularly veins in the splanchnic
regio'n. The smallest changes in venomotor tone may therefore have a large
impact on this volume of blood (106), which thus shifted, is redistributed to the
central, less distensible, compartment of circulation (composed of larger veins
such as the vena cava), which then directly affects the “effective blood volume”
or the volume of blood contained in the arterial circulation, with immediate effects

on blood pressure (38, 91, 126).

There are several lines of evidence supporting the role of veins in hypertension.
Borderline, as well as early human hypertension (initial stages), are correlated
with increases in central blood volume and/or CO, as well as decreased venous
compliance (90, 91, 126). Venous capacitance is also decreased in the
established stage of human hypertension (90). Additionally, increases in mean

circulatory filling pressure (MCFP), which is a gross measure of venomotor tone
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and a direct determinant of CO at a constant blood volume, were observed
during established mineralocorticoid hypertension in rats (39), in the
developmental stages of hypertension in the spontaneous hypertensive rat (96),
as well as in Goldblatt renal hypertensive rats (174). These changes appear

causative, rather than adaptive, since the increase in MCFP preceded that in BP.

These data further support that the hemodynamic impact of venoconstriction on
blood pressure may be important. Thus, changes in venomotor tone in the initial
phases of hypertension may lead to a dynamic redistribution of blood that
triggers an increase in BP. Subsequently, arteries adapt to the new pressure
regime by remodeling towards a less elastic, more muscular and fibrous
structure, with increased TPR, that then drives the sustained increase in blood

pressure.

lll. Vascular reactive oxygen species (ROS) metabolism
A. ROS chemistry

ROS are important vascular signaling molecules or mediators of oxidative stress.
They are, by definition, highly reactive intermediates of oxygen metabolism,
constantly being generated and destroyed by both environmental and
endogenous systems. Produced by a gradual reduction of molecular oxygen,
ROS include both unstable free radicals (chemical species having unpaired
electrons in their outermost shell) like the superoxide or the hydroxyl radical, and
longer-lived non-free radical oxidants like hydrogen peroxide (H205) (fig 4). A

12
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related family of reactive intermediates bearing importance in vascular biology is
the reactive nitrogen species (RNS), including nitric oxide (NO) and the series of

radicals produced after the interaction of the latter with the superoxide anion.

The delicate balance in the continuous cycle of ROS generation and inactivation
is maintained by enzymatic and non-enzymatic endogenous systems. We have
previously reviewed the subject of ROS metabolism in arteries and veins (146).
The various producers and destroyers of ROS are listed (table 1), but only the
most comprehensively studied ones will be detailed in the following section. Their
order does not bear any reflection of their relative importance, overall or

specifically in vascular tissues.

B. Cellular mechanisms of ROS production
1. Mitochondria

The mitochondrial respiratory chain is the main energy source for the cell.
Situated in the inner mitochondrial membrane, it catalyzes electron transfer using
over 80 peptides organized in four complexes. The transfer of electrons, shuttled
by coenzyme Q and cytochrome C, usually leads to the formation of ATP by a
fifth complex. However, a certain amount (1-2% in vitro) of electrons leak (40),
principally from complex 1l but also from complex |, generating superoxide (134,
138). The rate of mitochondrial ROS production, the levels of mitochondrial DNA
oxidative damage and the degree of membrane fatty acid unsaturation
(potentially a target of lipid peroxidation by ROS) are all inversely linked to

14



ROS producers

ROS destroyers

Mitochondrial respiratory chain
Nox and Duox families
Xanthine oxidase

Superoxide dismutase family
Uncoupled nitric oxide synthase
Monoamine oxidase
Lipoxygenase

Cyclooxygenase

Cytochrome P450

Haber-Weiss and Fenton reactions

Environment (ionizing radiation, etc)

NO (reactive nitrogen species)

Superoxide dismutase family

Catalase

Glutathione system

Selenoproteins (glutathione peroxidase,
thioredoxin reductase, etc)

Peroxiredoxins

Antioxidant ROS scavengers (A,C, E

vitamins, ceruloplasmin, ubiquinone, uric acid,

bilirubin, etc)

NO

Uncoupling proteins (?)

Table 1. Reactive oxygen species sources and degradation systems.
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maximum longevity in animals (5). These facts are among the evidence that
supports the free radical theory of aging. Since superoxide production is directly
dependent on the proton motive force, a feedback mechanism has been
proposed for the uncoupling proteins (UCP 1, 2 and 3). Activated by superoxide
and lipid peroxidation, these proteins seem to act by slightly reducing the proton
motive force and hence energy production as a trade-off for a decreased ROS

production from the mitochondrial complexes | and Ill (12, 30).

Several lines of evidence indicate mitochondria may be critically involved in
cardiovascular disease pathogenesis, by altered mechanisms related to
mitochondrial mediated ATP generation, apoptosis and, more recently, calcium
signaling (34). However the link between mitochondrial-mediated ROS
production and cardiovascular disease is still a subject of investigation.
Angiotensin Il, famously stimulating superoxide generation through NADPH
oxidase with many related important cardiovascular implications, may also
activate superoxide release from mitochondria (73, 181). Potentially important
vascular roles of mitochondrial ROS are highlighted by reports such as those
suggesting that the protective effect of estradiol on cerebral vasculature
endothelial function is mediated by a decrease in mitochondrial ROS production

(26).
2. NADPH oxidases

The Nox family of NADPH oxidases is another major source of ROS. The classic

example is the phagocytic NADPH oxidase, a multisubunit enzyme involved in
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host defense. The phagocytic NADPH oxidase is composed of two membrane-
bound catalytic subunits, Nox2 (formerly known as gp91°"*) and p22°"**, forming
the central flavocytochrome bsss, and four cytosolic regulatory subunits, p47°"%,
p40P"* pB67°"* and Rac (29). NADPH oxidase requires for its activation a series
of phosphorylation and translocation events, triggered by pathogen recognition
(22). Deliberate generation of ROS by the professional phagocyte during the
“oxidative burst’ is a rapid and powerful weapon of defense against pathogens. A
genetic lack of NADPH oxidase activity in patients suffering from chronic
granulomatous disease (CGD), a condition characterized by recurrent, life-
threatening infections, illustrates the importance of the beneficial side of ROS
chemistry (29). Based on the homology with Nox2, several other members of the
human Nox family have been identified, each of them seemingly having different
activation requirements and expression patterns. Nox1, Nox3 and Nox4 are
more similar in structure to Nox2 and they all require at least p22°" for
activation. Duox1 and Duox2 are Ca**-activated dual oxidases with a C terminal
NADPH oxidase domain and an N terminal peroxidase domain. Nox5 is closer to
the Duox1/2 in structure and is also Ca®*-activated, but lacks the peroxidase

domain (140).

Several features of Nox enzymes expressed in blood vessels, that distinguish
them from the generic phagocyte NADPH oxidase (129), have made researchers
in the field collectively term them “the vascular oxidase”. Compared to
superoxide production from the phagocyte NADPH oxidase, vascular oxidase

basal superoxide production is significantly lower (less than 1% (59)). While
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phagocyte NADPH oxidase activity is primarily inducible, vascular oxidase has a
constitutive activity that can be further increased by agonists like angiotensin Il
(124). Although not fully clarified, it appears that Nox4 is the subunit responsible
for the constitutive vascular oxidase activity. The cellular site of superoxide
production by vascular oxidase appears to also be different: vascular oxidase
produced-superoxide has been repeatedly detected intracellularly (84). Finally,
the physiological role of superoxide production by the blood vessel cells is
distinct: instead of cytotoxic superoxide production as a defense mechanism
against pathogens, ROS released by the vascular oxidase participate in cell

signaling, consistent with their comparative low tissue levels (84).

Various endogenous and external stimuli modulate the NADPH oxidase subunits
expression and/or activity. Expression of one or more of these subunits is
upregulated in human umbilical vein endothelial cell (HUVEC) culture in
response to angiotensin Il, ET-1, oxidized LDL, pulsatile shear stress and
phorbol myristate acetate (PMA) (27, 84, 95). They are conversely
downregulated by treatment with statins, PPAR agonists or estradiol (84, 123).
Angiotensin Il, TGFB, TNFa, serum, PDGF, PGF2,, PMA and LDL upregulated
various NADPH oxidase subunits expression in the case of cultured arterial
smooth muscle cell (84, 85). Long term treatment with AT, receptor blockers

downregulated Nox2 mRNA expression in human artery biopsies (124).

In hypertension, the already increased vascular superoxide generation is further
increased with NADH or NADPH and lowered through treatment with the NADPH
oxidase inhibitor apocynin (6, 87). Aortic mRNA expression of p22P"* is
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increased in the DOCA-salt (10) and SHR (180) models of hypertension. The
angiotensin |l infusion hypertension model has increased expression of all
NADPH oxidase subunits (100). In the same model, inhibition of NADPH oxidase
activity by treatment with gp91 ds-fat, a chimeric peptide that blocks the
association of p47°"* with Nox2, lead to a decrease in superoxide production

and attenuated the Angll-induced BP elevation (119).
3. Xanthine oxidase

Xanthine oxidoreductase (XOR) is an evolutionarily conserved housekeeping
gene, encoding for an enzyme that catalyzes the last steps of purine metabolism
(fig 5): the transformation of hypoxanthine and xanthine to uric acid, with
superoxide generated as by-product. XOR is a flavoprotein that possesses one
molybdopterin, two iron-sulfur groups and one FAD, functions as a 145 KDa
homodimer, and has ~90% homology from mouse to rat to human (11). There
are two isoforms of XOR, each of them utilizing different electron acceptors:
xanthine dehydrogenase (XDH), which requires NAD*; and xanthine oxidase
(XO), which requires molecular oxygen. XDH is convertible to XO by reversible
sulfhydryl oxidation or by irreversible proteolytic modifications (105). Although
both isoforms have ROS generating potential, in vivo XO is by far the more
important superoxide/H,0, source, making XDH to XO conversion in situations
such as ischemia/reperfusion or inflammation of pathophysiological significance
(53). XO and its potential pathophysiological role in cardiovascular disease are

discussed in greater detail below.
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4. Nitric oxide synthase (NOS)

NOS, the enzyme responsible for NO generation, has three isoforms: NOS1 (the
neuronal NOS), NOS2 (the inducible NOS) and NOS3 (the endothelial NOS). In
physiological conditions, NOS catalyzes the transformation of L-arginine into L-
citrulline and NO, using several cofactors: NADPH, FAD, FMN and 5,6,7,8
tetrahydrobiopterin (BH4). However, if the enzyme is depleted of BH4 or of L-
arginine, it becomes uncoupled, and transfers electrons to molecular oxygen
rather than the substrate L-arginine, producing superoxide (41). Furthermore,
interaction of superoxide with nitric oxide generates peroxynitrite, the second in
the family of reactive nitrogen species, capable of producing a cascade of

deleterious effects through oxidation, nitration and nitrosation of molecules (8).

The classical view on nitric oxide synthase isoforms is summarized in their
alternative names: the neuronal NOS (NOS1), and the endothelial NOS (NOS3)
have constitutive éxpression in neurons and endothelial cells, respectively, while
the inducible NOS (NOS2) is the only calcium independent, transcriptionally-
regulated isoform, typically found in macrophages (128). This paradigm has
changed considerably in recent years: all three isoforms have been identified in
arteries and veins, as well as in HUVEC culture. Furthermore, red blood cells
appear to express a membrane associated NOS3, capable of modulating
vascular tone (75). Recent studies have even suggested a mitochondrial-specific
NOS (80), although its existence has not been proven yet. To our knowledge, no

study has yet compared arteries and veins in terms of NOS isoforms expression.
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Normal endothelial function, crucial in maintaining cardiovascular homeostasis,
depends, among others, on normal NOS functioning. A reduction in the arterial
endothelium-dependent vascular relaxation, defined as endothelial dysfunction,
has been documented in atherosclerosis and hypertension. Besides decreased
NO bioavailability, a malfunctioning NOS can also influence vascular function by
becoming uncoupled, in the absence of L-arginine or BH4, with consecutive
production of superoxide and potentially peroxynitrite. Further uncoupling can
occur by oxidation of the existent BH4 (127). The role of BH4 depletion in NOS
uncoupling and hypertension development is illustrated by the fact that treatment
of DOCA-salt hypertensive mice with BH, leads, by recoupling of NOS, to
lowering of BP (82). Uncoupling of NOS does not occur in p47°"™" mice,
supporting the idea that NADPH oxidases are required for BH4 oxidation. There
is no clear evidence indicating that NOS uncoupling follows the same rules in

veins as it does in arteries.

C. Cellular mechanisms of ROS destruction
1. Superoxide dismutases (SODs)

A central role in the regulation of ROS levels is attributed to superoxide
dismutases, a family of enzymes responsible for superoxide breakdown, with the
resultant production of H,O,. This otherwise spontaneous dismutation reaction
(at rates dependent on superoxide concentrations) is significantly accelerated by

SOD, the enzyme with the highest turnover number from all characterized
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enzymes. There are three known SODs: the cytosolic CuZn SOD (SOD1), an
unusually stable homodimer, the mitochondrial Mn SOD (SOD2), functioning as a
tetramer, and the extracellular EC-SOD (SOD3), a tetramer with a C terminal
heparin binding region. There is a great body of evidence supporting the
beneficial role of SOD (31, 65, 94). Knock-out experiments showed neonatal
lethality of mice lacking Mn SOD and reduced lifespan and multiple abnormalities
in mice lacking CuZn SOD. Furthermore, overexpression studies of SODs
strongly suggest a protective role of these enzymes in many diseases as well as
in aging. Additionally, mutations in the SOD1 gene leading to the production of a
toxic variant of CuZn SOD are linked to 20-25% cases of familial amyotrophic
lateral sclerosis (FALS or Lou Gehrig's disease), a fatal neurologic condition

(114).

The blood vessel wall of both arteries and veins expresses all three SODs. The
cytosolic CuZn SOD has ubiquitous and high expression throughout the vascular
layers. Mitochondrial Mn SOD is relatively less expressed compared to CuZn
SOD and EC-SOD, but is also ubiquitous (31). Extracellular SOD, produced
largely by VSMC, is localized between arterial intima and media (139) and is
thought to contribute substantially to the total SOD activity in the vasculature. In
addition to its primary and important role in scavenging extracellular superoxide,
EC-SOD may also be expressed intracellularly and translocated to the nucleus
via its heparin-binding domain, which could function as a nuclear localization
signal (NLS) (109). Rats have lower vascular EC-SOD levels compared to other

species, due to a change in the amino acid sequence of the protein that leads to
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lower heparin binding, potentially influencing the results of SOD expression

studies performed in this species (31).

Arterial expression and/or activity of CuZn SOD and Mn SOD increased in animal
models of hypertension (160, 161). EC-SOD deficient mice had higher blood
pressures in two hypertension models compared to the wild type animals (67).
Conversely, overexpression of EC-SOD improved vascular function in

hypertensive animals (17).
2. Catalase

Catalase is a homotetrameric heme-containing enzyme that catalyzes the
conversion of H,02 into water and oxygen with one of the highest turnover rates
known in enzymology (~10” /mol/sec). Catalase is usually found in peroxisomes,
cellular organelles involved in multiple metabolism pathways, where it functions
in detoxification of H,O, resulted from SOD action on superoxide (155). If not
otherwise inactivated, H,O, may continue the ROS cascade with the formation of
the hydroxyl radical. The latter, generated through a reaction with transition
metals such as Fe?* via the Fenton/Haber-Weiss chemistry (fig 3), is a highly
reactive radical that to our knowledge cannot be destroyed enzymatically. The
only protection from its dangerous oxidative potential is therefore left to

antioxidant scavengers and metal chelators.

Catalase, as well as other ROS enzymes, has been correlated with aging. There
is not a clear association between catalase function and cardiovascular disease.

Catalase mutations have been linked with hypertension (182). Mice
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overexpressing catalase have shown evidence of cardioprotection from
adriamycin-induced ischemia-reperfusion (58), as well attenuation of BP
increases in response to norepinephrine and angiotensin Il (176). However,

catalase null mice do not have an obvious cardiovascular phenotype (58).
3. Other ROS degrading systems

Another ROS consuming system is the glutathione redox cycle. Glutathione
peroxidase transfers electrons from the reduced form of glutathione to H,O, with
the formation of water and oxygen; subsequently, the oxidized glutathione
disulfide is reduced by glutathione reductase. There are other selenoproteins
with similar activity to glutathione peroxidase, such as thioredoxin reductase or

selenoprotein P, all of which work as antioxidant enzymes.

Because of their widespread therapeutic use as antioxidants, endogenous ROS
scavengers such as vitamin C and E should also be noted. However, when
considering the antioxidant properties of such compounds, it should be
appreciated that they are not enzymes, therefore a new molecule is needed for
each superoxide anion that is scavenged. These vitamins are therefore poor
ROS scavengers. Clinical trials testing antioxidants on cardiovascular disease
patients have found no evidence of beneficial effects on BP or other common
cardiovascular end-points — the so-called “oxidative paradox” (76). However,
these trials were conducted with orally-administered, weak ROS scavengers only
active on superoxide, but not on H;O,. Numerous other factors (such as the

insufficient doses or their unknown intracellular concentration and activity) have
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been overlooked. Most importantly, these trials included patients with chronic
cardiovascular disease, where increased ROS could already be a disease effect

rather than a pathogenetic factor.

IV. ROS involvement in vascular function

ROS mediate effects in all three blood vessel layers. At the endothelial level,
superoxide directly interacts with NO and decreases its bioavailability, while the
resultant peroxynitrite may oxidize BH, leading to eNOS uncoupling, further
decrease in NO levels and increase in superoxide production (8, 127). At the
smooth muscle level, both superoxide and H,O, may interfere with K* and Ca®*
channel function, as well as with signaling pathways that modulate vascular
contraction: MAPK, PI3 kinase, and Rho kinase (2, 13). Additionally, ROS may
stimulate signaling pathways that mediate the expression of pro-inflammatory
molecules (such as NF-xB), as well increase the proliferation and migration of
vascular smooth muscle cells (VSMCs), properties that become relevant in the
case of cardiovascular disease such as atherosclerosis and hypertension (18,
1567). In the adventita, ROS induce collagen production, as well as
metalloprotease activation, both these effects contributing to the arterial
remodeling observed in hypertension (54, 157). A summary diagram of vascular

effects of ROS is presented in figure 6.
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Figure 6. Diagram summarizing the effects of ROS on vascular function. +, -

represent stimulation and inhibition

respectively. The mechanisms responsible

for the vascular contraction in response to agonists relevant to this work (such as

norepinephine, angiotensin Il or endothelin-1) are represented below.
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V. Comparisons of arterial and venous ROS metabolism

Few studies have compared basal ROS production in arteries and veins, and
their conclusions were contradictory. Basal superoxide production, measured
through nitroblue tetrazolium reduction to formazan, was increased in porcine
venous grafts compared to arterial grafts (132). In contrast, using lucigenin-
enhanced chemiluminescence, no difference in basal superoxide production was
found in rings from human internal mammary artery (IMA) compared to
saphenous vein (HSV) (51). These were however blood vessels from patients
with cardiovascular disease, and from two different vascular beds. The increase
in superoxide release, following the addition of the NOS inhibitor, L-NMMA, was
greater in human arteries (IMA) compared to veins (HSV) (62). This suggests a
greater basal NO production in arteries that contributes to the quenching of
superoxide in comparison to veins. Accordingly, basal peroxynitrite formation

was higher in IMA compared to HSV (52).

Besides this quantitative difference in ROS production between arteries and
veins, there is probably also different utilization of ROS by arteries and veins,
both in physiological cell signaling and in oxidative stress during vascular
pathogenesis. For instance, H,O, modulates vascular tone, acting as a
contraction-inducing agent in some vascular beds and as a relaxant in others
(44, 150). There is a greater contraction to H.O; in veins compared to arteries,

possibly reflecting a difference in K* channel activity and Ca?" influx (150).
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Only one research group has systematically compared ROS sources in human
arteries and veins (Guzik et al (50-52)). These studies have shown that subunits
of NADPH oxidase (p22P"*, p47°"* and p67°"* proteins as well as p22°"* and
Nox2) mRNA are present and increased in abundance in the human saphenous
vein (HSV) compared to the internal mammary artery (IMA). Nox4 mRNA
expression was higher in the IMA and Nox1 mRNA had similarly low expression
in both types of vessels. In a study employing the use of specific chemical
inhibitors, NADPH oxidase contribution to the total basal vascular superoxide
production was found to be more important in the case of HSV compared to the
IMA, while xanthine oxi