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Summary

Oxidative stress plays a prominent role in the development of endothelial
dysfunction. L-arginine and L-citrulline have been demonstrated to havé
beneficial effects in vascular disease and this thesis aimed to determine whether
this protective effect is mediated via an antioxidant mechanism. With evidence to
suggest L-citrulline may have antioxidant properties in plants, and the current
contradictions that exist concerning the antioxidant properties of L-arginine in
cells and in humans, a study aimed at fully characterising the antioxidant
properties of both molecules was needed.

The ability of L-arginine and L-citrulline to scavenge both supefoxide and
hydroxyl radicals were investigated with an antioxidant effect only demonstrated
against hydroxyl radicals. The mechanism of antioxidant action was shown to be
two fold: 1) through inhibition of hydroxyl radical production and 2) through
direct scavenging of the hydroxyl radical. Three model systems were developed
to test the effect of endogenous and exogenous ROS on biological function. This
allowed investigation into whether the antioxidant properties demonstrated in
vitro were transferable to physiological and pathophysiological systems. Both
amino acids were able to regulate endogenous ROS in platelets but this was
shown to have little effect on overall platelet function. In terms of exogenous
radicals, L-citrulline but not L-arginine, was able to protect against superoxide
mediated endothelial dysfunction in vessels however this was deemed to be
through a ROS independent effect. Both amino acids inhibited hydroxyl radical
mediated lipid peroxidation at concentrations of amino acid found in the plasma.
Taken together, these studies suggest that the improvement in vascular function
seen upon administration of L-arginine and L-citrulline is in part mediated
through an ability to scavenge hydroxyl radicals. However, their inability to
directly affect superoxide levels draws into question whether significant
antioxidant effects occurs in vivo and would suggest that a certain proportion of
their protective effect on the vascular system is mediated via an antioxidant

independent mechanism.
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U Units

VCAM Vascular cell adhesion molecule
VSMC Vascular smooth muscle cell
XO xanthine oxidase

Note on Unit definitions

The term unit (U) refers to enzyme activity which is defined independently for
each enzyme. The following lists these definitions for the enzymes used within
this thesis.

Xanthine Oxidase: One unit will convert 1pmole of xanthine to uric acid per
minute at pH 7.5 at 25°C.

Superoxide dismutase: Amount of enzyme that inhibits the rate of reduction of
ferricytochrome C by 50% at pH 7.8 at 25°C.

Catalase: One unit will decompose 1pmole of hydrogen peroxide per minute at
pH 7.0 at 25°C.
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' Introduction ‘
Chapter One




to these amino acids and the role of free radicals in endothelial dysfunction. It
will also provide a comprehensive review of all studies to date investigating this
topic and explain how this thesis is adding to the growing body of work
concerning alternative roles of L-arginine and L—citrulline.

1.1 Background to L-arginine

1.1.1 History of L-arginine

L-arginine (2-amino-5-(diaminomethylidene amino)pentanoic acid) is one of the
most metabolically versatile amino acids. It has been studied for over 100 years
and was first discovered by Schulze in 1886, when it was isolated from Lupin
seedlings. The majority of advances in elucidating L-arginine metabolism were
made in the 20" century as summarised chronologically in Table 1.
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Table 1 History of L-arginine metabolism

Time period Finding Reference Number
1886 Isolation of L-arginine (325)
from Lupin seedlings.
L-arginine found to be a
1895 constituent of mammalian f40)
protein

1932 .L-argininfa found to be [184)
involved in the urea cycle

L-arginine found to be

1939 necessary for the (102}

synthesis of creatine

1980°s L-arginine discovered as (161.274320]
the precursor of NO

The enzyme arginine

decarboxylase discovered
1990° in mammalian cells, [214]
which was shown to

convert L-arginine into

agmatine.

1.1.2 Physical and chemical properties

L-arginine is a colourless solid at room temperatures with a melting point of
244°C. It is an a-amino acid with an asymmetric carbon. For this reason two
enantiomers exist, of which Laevo is the natural form. The presence of three
ionisable groups (the carboxyl group, a-amino group and side-chain) gives rise
to three pKa values; 1.82, 8.99 and 12.18 for each respective group. At
physiological pH, L-arginine is positively charged and so lies on the outside of a

protein’s quaternary structure due to its hydrophilic nature.

. ¥
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1.1.3 L-arginine metabelism
1.1.3.1 L-arginine synthesis

The majority of endogenous L-arginine synthesis occurs via the intestinal-renal
axis. The epithelial cells of the small intestine produce citrulline primarily from
glutamate and glutamine. The proximal tubules of the kidney then extract
citrulline from the circulation and convert it into L-arginine, which is

subsequently returned to the circulation.

The overall concentration of L-arginine found in human aduit plasma is 70-
150uM !"*' Although de novo synthesis of L-arginine from citruiiine occurs
mainly in the kidney, it also cccurs in other cells types; specifically those that
contain NOS [1*34%] Qeveral factors that are known to stimulate iNOS, such as

a
vtokines, also stimulate conversion of citruiline into L-arginine, suggesting that

(g]

citrulline may provide an alternative source of L-arginine in situations where

Figure .

L-Citrulline - & - Arginosuccinate
I

NC

3=Nitric cxide synthase.

(3]

3
=z
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1.1.3.2 Uptake and transport of L-arginine

L-arginine is a semi-essential amino acid. This means that in healthy adults the
conversion of endogenous L-citrulline to L-arginine is sufficient to meet the
body’s needs. In certain cases however, such as infants, growing children, adults
with dysfunctional kidneys or small intestine and adults under catabolic stress,
endogenous synthesis of L-arginine can no longer meet the body’s demands and

so exogenous intake of L-arginine becomes essential.

In most mammalian cells, arginine requirements are met by the uptake of
extracellular arginine via specific transporters, including: y*, b°*, B°", or y'L
(183.368] The distribution of these transporters varies between cells as does the
activity which can be regulated in response to stimuli such as bacterial endotoxin
and inflammatory cytokines ??’). The y" transporter appears to be the dominant
transporter involved in the uptake of L-arginine in mammalian cells. The y"
transporter is a high affinity, Na* independent transporter of arginine, lysine and

ornithine %%,
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1.1.3.3 L-arginine catabolism and the biclogical s

ignificance of catabolism

y several enzymes, however even the catabolism of L-

arginine leads to the production of several biologically significant molecules

(Figure )

Creatine NG,NG-dimethylarginine

co,

Ag

~
-

Aspariate / K Omithing =e==-----==2-~ » L-Glutamate
NH, l NO /

Fumarate

L-Citin %!ll Poiyamines e.g

Putrescine, Spermidine, Sermine

Figure 2 Schematic representation of L-arginin

1)
E
=
o

=
@
I

m. 1=NOS, Z=Arginine

deaminase, 3=Arginase, 4=Arginine decarboxylase, 5=Arginine N-methyltransferase

L-arginine is the substratc of NOS, which catalyses the conversion of L-arginine

into NO and L-citrulline. Other direct catabolism products include urea, ornithine
and agmatine. L-arginine is also involved in the synthesis of creatine, polyamines

and glutamate. The biological role of these molecules is summarised in Table 2.

(39}
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Table 2 Function of L-ar%inine breakdown products

Molecule Function
Modulate ion channel function (NMDA +
Polyamines AMPA receptors)
Potentiates cell proliferation and differentiation
Creatine Aids in energy supply to muscle cells
Excitatory neurotransmitter in mammalian
Glutamate nervous system
GABA precursor
L. Part of immune response
Nitric oxide . - .. .
Involved in maintaining a healthy endothelium
Putative neurotransmitter — binds to a.
adrenoceptors and imidazoline receptors
) evoking clonidine like effects on blood
Agmantine

pressure
Blocks NMDA receptors and other action
ligand gated channels

1.1.3.4 Other roles of L-arginine

L-arginine is also involved in the regulation of gene expression, a field of science
known as argenomics. This is complex field which does not come under the
scope of this thesis. Of interest is however the fact that increased levels of
arginine suppress arginosuccinate synthase and lyase activity and increased

[317,318]

levels of citrulline increase the activity of these enzymes . Reductions in

L-arginine availability are also known to decrease iNOS expression [88.206] byt to

increase CAT-1 (Cationic Amino acid Transporter 1) expression [14.94-56]
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1.2 Background to L-citrulline

1.2.1 History of L-citrulline

L-citrulline (2-amino-5-(carbamoylamino)pentanoic acid) takes it name from the
Latin for watermelon, Citrullus vulgaris, due to the high quantities of L-citrulline
found in watermelons. There has been little interest in citrulline because it is a
non-protein amino acid. Recent studies however have highlighted the importance

of citrulline in metabolism, specifically its ability to synthesise L-arginine “**°.

1.2.1.1 Physical and chemical properties

Like L-arginine, Lcitrulline is a colourless solid at room temperature. It has a
melting point of 222°C and exists as two enantiomers, of which the L-form is the

most commonly found.

L-citrulline has 2 ionisable groups and the two corresponding pKa values are
243 and 9.69 for the a-carboxyl and a-amino groups respectively. At
physiological pH L-citrulline is therefore uncharged.

1.2.2 L-citrulline metabolism

1.2.2.1 Synthesis of L-citrulline

L-citrulline is a non-essential amino acid, meaning the body can obtain necessary

(4011 plasma

citrulline levels from glutamine conversion in enterocytes
concentrations of L-citrulline are thought be roughly 30-100pM “*. L-citrulline
can also be obtained exogenously from food (285 and also from glutamate,

proline and arginine (Figure ).
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1.2.2.2 Uptake and transport of L-citruiline.

Uptake of L-citrulline into the cell occurs via different transporters, dependent on
the cell type in question. Table 3 summarises citrulline transport in various cell

types.

i

Cell type Transport available Reference
Cells in the nervous Transport mechanism yet to be
system e.g. microgliai fully characterised but thought to (319]
cells, astrocytes and use the L-amino acids carrier
rieurons system

Transport proceeds through a

) . transport system that can aiso (145)
Endothelial aortic cells Mo .
carry arginine but is independent

to the y system.

e

Transport is partially Na

Rat aortic smooth muscle | dependent and pH insensitive. (393)
celis Transporier is distinci from those

Two transport systems co-exist.
One is a saturable system for
Macrophages neutral amino acid transport,
while the other competes with L-

arginine

Suggested to be a transporter (741

R s o

from the B® system.

No transporter identified but (272]

evidence for its existence.

[ ltul J Ornithine-citrulline exchanger,
ntracellular exchange: . g ;
ocalised to inner wall of [286)

mitochondria: cytosol

mitochondria
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1.2.2.3 L-citrulline catabolism and the biological significance of catabolism

piroducts

Within mamma catabolising L-ciiruiline,
arginosuccinate synthase. Although L-citrulline does not produce as many
biologically significant metabolic products as L-arginine, one very important
function of L-citrulline is to act as a precursor for NO. The majority of cells that
contain NOS are able to uptake L-citrulline and through a truncated urea cycle
synthesise L-arginine which can then go on to produce NG %981 This truncated
urea cycle is cyclical in nature as the production of NO from L-arginine leads to

the production of L-citrulline, which in turn is recycled back to L-arginine Figure &~

Aspariate
L-Citrulline \ - @ + Arginosuccinate
1
Carbamoyl —=
Phosphate Q)
Fumarate
\, NO
Omithine < Qf Arginine

Urea

Figure 4 Arginine-Citrulline cycle. 1=Arginosuccinate syntkase, 2=Arginosuccinase, 3=Arginase,

1
4=Carbamoyi ph

sphate synthase S=Nitric oxide synthase.
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In activated macrophages, citrulline recycling accounts for up tc 20% of NO
produced #*l, Synthesis of L-arginine from L-citruliine is cell specific however,

R Ty

and does not occur in cell types such as vascular smooth muscle cells
important for this cycle to be controlled as excess NO producticn can lead to

damage to the surrounding cells. Increased levels of arginine suppress

*1_ Increased levels of NO are also known to

- . - 1 [134] P . P
suppress this Argmosuccmate synthase ' . In this way whenever the product or
substrate of NOS becomes too high, NOS expression is reduced, thus preventing

the formation of toxic levels of NO.

[a——
(7P
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q
(4]
(4]
-
o
=8
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8
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1.3.1 Introduction

A free radical is defined as a species capable of independent existence that
contains one or more unpaired electrons. Any species with an unpaired.electron

is paramagnetic and highly reactive, although chemical reactivity does vary
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1.3.2 Mechanisms of radical initiation, propagation and

termination

The chemical reactions of a radical can be splii into 3 main stages: Initiation, in

the net number of free radicals remains constant, and termination in which there

is a net decrease in the number of free radicals.
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1.3.2.1 Initiation

Radicals are formed via

Table 4 Summary of radical generation

) [

; mechanisms as summarised in Table 4.

Radical Generation process

Associated reaction / radical

production process

U.V Light

A B+hw—> A +B°
A—B+hv—> AB' ¢

A—B—> AR  +¢
A—B +¢—> AB™
AB*'+e—— AB*
AB*—> A"+ B°

Physical

generation of

H, O —— HQOH +e

H,O + H, 0" —— "OH + H30"

radicals

Mechanical

productic

Bond breaking when linear or cross
chain polymers are subjected to: Shear
stress, bending, cutting, breaking or

grinding.

)
!
(9]
]
=
9]
oy
0
Q
=1
wn
o5}

Tribo-electric

ire

transferred from one molecule to

another during flow.

Chemical Thermolysis

A—B + heat—— A* +B°

Redox processes

A+B—> A +B~
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1.3.2.2 Propagation

Propagation occurs when a free radical interacts with a non-radical molecule
producing a new radical species. These reactions can repeat and initiate what is

known as a chain reaction. One of the most important examples of this is lipid

peroxidation.
A ®
pr Socd — &
A*+ R—-H—— A—H+ R
Figure 5 Examples of radical propagation reactions
1.3.2.3 Termination

After numerous propagation steps, a free radical will eventually encounter
another radical resulting in the formation of a stable, non-radical species. This

effectively terminates all further radical reactions.

Below is an example of free radical chemistry, illustrating the initiation,

propagation and termination steps Figure .
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Initiation
CI-CI  — 2Cle

Propagation
Cle + CH, — HCI +  *CH,

!

H.Ce + CI-Ci — H,C-CI + Cle

Termination
Cle + CH; — H,C-Cl
Hi\Ce + *CH; -_— H-C-CHx,

Figure 6 Example of the three stages of radical interactions. Taken from
http://www.meta-synthesis.com
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1.3.3 Reactive Oxygen Species

One of the major sources of radicals in the body is molecular oxygen. Although a
free radical itself, molecular oxygen itself is relatively unreactive and under
normal conditions undergoes a four electron reduction to form two molecules of
water. Intermediate reductions can also occur resulting in the formation of

superoxide, hydrogen peroxide and hydroxyl radicals (Figure ).

02 e 02._ +e + 24 H202 e ‘OH +e + H HZO

Figure 7 Reduction of molecular oxygen

The following section aims to give a brief introduction to the types of ROS.

1.3.3.1 Superoxide Radical

Superoxide is formed via a one-electron reduction of molecular oxygen

0+ e >0 Equation 1

Several enzymes exist capable of catalysing this reduction including xanthine
oxidase, NADPH oxidase and uncoupled NOS. superoxide is unstable in aqueous
solution and so is lost through a dismutation reaction. Dismutation is
spontaneous however in the presence of superoxide dismutase, the reaction rate

-1

significantly increases to 5x10° M s 0101 This reaction allows superoxide

levels to be kept low.

Oz.-‘l' Oz._+ 2H > H,0,; + 0, Equation 2
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Superoxide is poorly membrane permeable and is therefore restricted to the

compartment in which it is produced.

Superoxide can react with other molecules in 3 main ways:

Reducing agent

e.g. CytC(Fe*") + 0, > CytC(Fe*") + 0, Equation 3
Oxidising agent

e.g. Fe¥' + 2H' + 0, »>Fe** + H,0, Equation 4
Nucleophile

e.g. CCly + 0, —» CCLO," + CI Equation 5

1.3.3.2 Hydroperoxyl and peroxyl radicals

The hydroperoxyl radical is the protonated form of superoxide. Superoxide acts
as a Bronsted-Lowry base meaning it accepts a hydrogen ion. This results in the

formation of a hydroperoxyl radical (HO:").

0" +H & HO;’ Equation 6

The hydroperoxyl radical is a more powerful reducing agent than superoxide but
the pK. value of the above reaction, 4.8, results in there being very little
hydroperoxyl radical present at neutral pH.

The hydroperoxyl radical is the simplest form of what are known as peroxyl
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radicals — RO»". Peroxyl radicals are formed when molecular oxygen reacts with
an allyl radical. The allyl radical is in turn formed from the reaction of a peroxyl
radical with an alkene (Figure 8). This chain reaction continues until the supply

of substrate e.g. oxygen, runs out. This reaction is the main cause of lipid

peroxidation.
H H T
|
Alkene R— (l: — C—C—R + RO «—
H
1 Propagation
H H
.
Allyl radical R — ([: — C=C—R +0,
.
Qe
/
0) H
.
C=C—R

|
Peroxyl radical R — lC _
H

Figure 8 Peroxyl radical formation and propagation
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1.3.3.3 Hydrogen peroxide

Hydrogen peroxide is generated in any system containing superoxide via the .
dismutation reaction discussed above. It is also generated from enzymes
including glycolate oxidase, D-amino acid oxidase and urate oxidise, located in
microsomes, peroxysomes and the mitochondria. Hydrogen peroxide is a weak
oxidising agent and is known to exert deleterious effects in cells. There is also
some evidence to suggest that the toxic effects of hydrogen peroxide are partly

mediated via its conversion into the hydroxyl radical [299.355]

1.3.3.4 Hydroxyl Radical

The hydroxyl radical is synthesised from hydrogen peroxide through bond
homolysis or electron transfer (Figure ).

Homolysis (UV) Fenton Reaction
e-

+ hv +
OO
H “’. o
QOO
“OH “OH OH

Figure 9 Production of hydroxyl radicals via homolysis and electron transfer
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Electron transfer usually involves transfer of an electron from either a transition
metal (Fenton chemistry) or from superoxide (Haber-Weiss reaction). These two

reactions act synergistically to propagate continuous hydroxyl radical production.

Fe?* + H,0, - Fe*' + "OH + OH Equation 7
‘OH + H,0, > H, 0+ 0"+ H' Equation 8
0;" + H;0, -0, + "OH + OH Equation 9

The hydroxyl radical is known to react at diffusion rates making it one of the
most aggressive ROS in the vasculature. Hydroxyl radicals react with
neighbouring molecules via three main mechanisms;

1. Hydrogen abstraction

2. Addition

3. Electron transfer.

Although hydroxyl radicals are highly reactive they are not as dangerous as the
superoxide radical due to their rapid reaction rate. They therefore react with the
closest available molecule, whatever that may be, leading to widespread but

indiscriminate damage.

1.3.4 Formation of reactive oxygen species

The theory of radical formation has been briefly touched on, however some time
will be taken to discuss the production of ROS in biology, specifically the
cardiovascular system. Superoxide is thought to be the most commonly
generated ROS. Reactions such as dismutation, Haber-Weiss and Fenton
chemistry however mean that wherever superoxide is produced hydrogen

peroxide and the hydroxyl radical are most certainly generated.
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Table 5 Generation of ROS
Associated reaction / radical
Radical Generation process .
production process
superoxide Univalent reduction of molecular
oxygen
Chemical oA
. Hydrogen . . .
generation of ) Dismutation of superoxide
peroxide
ROS Haber Wei -
a ss reactio
Hydroxyl radical L o
Fenton chemistry
NAD(P)H oxidase
Xanthine oxidase """
Cytochrome P450 %)
Nitric oxide synthase **
Biological generation of ROS Mitochondrial electron transport chain
Arachadonic acid metabolism !'*"!
Intracellular organelles e.g.
Endoplasmic reticulum and
peroxisomes %%

This thesis is specifically interested in formation of ROS in the cardiovascular
system. To this end, several radical producing systems have been implicated in
radical production in both endothelial cells and vascular smooth muscle cells.
The following gives a broad overview of these systems in relation to the

cardiovascular system.

1.3.4.1 Xanthine oxidase

Xanthine oxidoreductase is an enzyme involved in purine metabolism and
converts hypoxanthine and xanthine into urate. It exists in two forms as either a
dehydrogenase or an oxidase. Both catalyse the conversion of hypoxanthine and
xanthine into urate ?**! however the dehydrogenase converts NAD(P)" into

NAD(P)H "*%), the oxidase converts oxygen into superoxide ***1.
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Xanthine dehydrogenase is present in higher amounts that the oxidase form,
however conversion of xanthine dehydrogenase into xanthine oxidase can occur
via a reversible oxidation of sulphydryl residues of xanthine dehydrogenase or
via irreversible proteolytic cleavage of xanthine dehydrogenase in the presence
of pro-inflammatory mediators ?****%). Xanthine oxidase is thought exist mainly
in three locations, cytosolic, bound to the outer surface of endothelial cells [390)
and released into circulating blood — where it is mostly in the oxidase form. It is
activated by pro-inflammatory mediators such as TNF-o, interleukins and

complement 5a and Lipopolysaccharide.

1.3.4.2 NADP(H) oxidase

NAD(P)H oxidase is most commonly described in phagocytes where it is
involved in the oxidative burst response to invading pathogens. NAD(P)H binds
to the enzyme and releases two electrons which are passed to two molecules of
oxygen to form superoxide.

Neutrophil oxidase components are present in endothelial cells 2>'!4172:216213]
and this enzyme is thought to be the major source of superoxide radicals in the

(2001 There are some differences between endothelial and the

vasculature

neutrophil NAD(P)H oxidase including:

1. It continuously generates superoxide at low levels even in unstimulated cells
although its activity can be induced by several agonists.

2. A substantial proportion of superoxide generated is intracellular whereas

neutrophil oxidase mainly occurs in the extracellular department.

Activity is regulated by cytokines, hormones and mechanical forces and is
known to be involved in the pathogenesis of vascular disease. Stimulation of
vascular smooth muscle cells with angiotensin II, thrombin, platelet derived
growth factor, tumour growth factor-a (levels of which are thought to increase

during endothelial dysfunction), all increase vascular ROS formation and
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NAD(P)H oxidase activity 277!1814232]

1.3.4.3 Cytochrome P450

Cytochrome P450 is a haem containing hepatic endoplasmic reticular
flavoenzyme. It has been shown to oxidise, peroxidise and/or reduce cholesterol,
vitamins, steroids and many other compounds in an oxygen and NADPH-
dependent manner (19U Cytochrome P450 has also been found to be expressed in
the cardiovasculature system. These enzymes metabolise arachidonic acid and
are therefore implicated in vascular regulation through the generation of
vasodilator and vasoconstrictor metabolites !'°'l. They also generate superoxide,
hydrogen peroxide and hydroxyl radicals during the enzyme reaction cycle when
electrons for the reduction of the central haem iron are transferred to the

activated bound oxygen molecule in an NADPH-dependent reaction "',

1.3.4.4 Uncoupled NOS

NOS is a cytochrome P450 like enzyme. NADP is an electron donor from which
an electron is transported via flavin mediated electron transport to a prosthetic
haem group. This is then passed onto the guanidinium group of L-arginine
resulting in NO formation nitric oxide synthase is said to be uncoupled when the
electron is passed on to molecular oxygen as opposed to L-arginine resulting in
superoxide formation ['4!:144.182249.287.3333701 "jpc0upled NOS is detrimental as
not only is superoxide produced but NO bioavailability is also decreased, as less

is being synthesised and also peroxynitrite is formed.

Mechanisms by which NOS are thought to become uncoupled include:

e Oxidation of tetrahydrobiopterin ['**2°']

e Oxidation of zinc thiolate clusters leading to enzyme monomerisation “?!!

e Decreased L-arginine bioavailability !'***"!
e NOS can be partly uncoupled so NO and superoxide are produced,

effectively turning NOS into a peroxynitrite generator.
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1.3.4.5 Mitochondrial respiratory chain

Mitochondria are essential energy producing organelles found in all eukaryotic
cells. Enzymes found in the inner mitochondrial space use electron transfer to
generate a proton gradient used by ATP synthetase to generate ATP. Under
normal conditions, 1-4% of the electrons react with molecular oxygen resulting
in the formation of superoxide and hydrogen peroxide. Under normal conditions

ROS levels are controlled by MnSOD and uncoupling proteins 4.

Under conditions where superoxide production is increased, for example when
the mitochondria undergoes oxidative damage from other sources, the
antioxidant mechanisms are insufficient to keep ROS levels low and so
superoxide and hydrogen peroxide are free to react with other molecules such as

transition metals resulting in the production of hydroxyl radicals 2°7).
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1.3.5 Physiological and pathophysiological roles of oxygen

derived free radicals.

For many years it was generally assumed that ROS were only involved in
pathophysiological processes. In the cardiovascular system alone ROS have been
linked to cardiac failure, hypertension, cardiac hypertrophy, ischaemic heart
disease, atherosclerosis, hypertension and diabetes to name but a few disease
states (Table 9). In recent years this way of thinking has been questioned, with
several studies presenting a role for ROS in vital cellular processes such as cell

signaling, induction of gene expression and control of enzyme activity.

It would appear that the concentration of ROS dictates whether a physiological or
pathophysiological action will be seen. Lower concentrations of ROS, as
maintained by antioxidants, would appear to contribute to healthy cellular
function whereas higher concentrations lead to oxidative stress resulting in cell
damage and potential cell death. Table 6 summarises the physiological and
pathophysiological roles of ROS.
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Table 6 Physiological and Pathophysiological roles of ROS

Physiological and
pathom:iksiologial

Action

Biological function

Physiological

Redox
modification of
thiol groups
[273]

Activation of serine/threonine
kinases %%

Regulation of tyrosine phosphatase
activity (')

Induction of gene expression via

activation of growth factors and

transcription factors!".

Regulation of ion channels leading to
electrophysiological instability in the
myocardium resulting in

development of arrhythmias
[169,181,313)

Other effects

Required for platelet derived §rowth
factor mediated cell growth B+

Mediate inflammatory responses '

Thyroid hormone synthesis *”!

Insulin signaling ['*°%7]

Hydrogen peroxide may account for
EDHF activity in murine and human
mesenteric arteries and human
coronary arterioles

ROS may be involved in the
physiological control of endothelial
cell growth, migration, proliferation
and survival '}

Involved in the microvasculature
inflammatory response to pathogens

Pathophysiological

Oxidation of iron
sulphur clusters

Inactivation of enzymes e.g
dehydratases !"*"!
Release of iron leading to conversion
of hydrogen peroxide into the
hydroxyl radical.
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Oxidation of short
chain sugars

Leads to creation of toxic dicarbonyls
which are toxic via their reactivity
with amino groups of proteins and
nucleic acids *%”

Oxidation of
aromatic amino
acids and sulphur
containing amino
acids

Damage to proteins.

Inactivation of enzymes if amino acid
contained in active centre of enzyme .

Damage to DNA
(via oxidation of
nucleic acids,
abstraction of

Cellular mutations leading to
mutagenesis, impaired cell function

electrons from | and/or cell death.
sugar or base
nucleotides)
Damage to cell membrane leading to
Lipid peroxidation | impaired cell function and/or cell

death.
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1.3.6 Antioxidant defence mechanisms

The body has evolved a number of mechanisms involved in tightly controlling
ROS levels. As mentioned previously, this allows ROS to carry out their
physiological function whilst preventing oxidative stress. The body utilises a
large variety of intra- and extracellular molecules collectively termed
antioxidants. Examples include transferrin, a-tocopherol, ascorbic acid,

superoxide dismutase, catalase, glutathione peroxidase and mannitol.

1.3.6.1 Transferrin

Apotransferrin is found in human plasma and binds Fe(IlI) and is involved in
transferring Fe(IIl) to cells. Through the binding of iron, its interaction with
hydrogen peroxide is inhibited thus preventing iron-catalysed reactions e.g.

Fenton chemistry.

1.3.6.2 Albumin

Albumin is a protein found in human plasma that is capable of binding copper(II)
and to a lesser extent iron. Binding of these metals does not prevent them
interacting with hydrogen peroxide and so albumin is termed a sacrificial
antioxidant. This means that the hydroxyl radicals formed are targeted to specific
sites on the albumin protein. The oxidation of albumin is preferred to the
oxidation of surrounding molecules such as lipids and DNA as the damaged
albumin protein can be quickly replaced. As such, albumin is actually a target or

replacement substrate.

1.3.6.3 Ascorbic acid

Ascorbic acid, more commonly known as vitamin C, is provided through the diet
in the majority of species. Its most striking chemical property is its ability to act

as a reducing agent. The levels of ascorbic acid found in vivo have been shown to

45




Introduction Chapter One

exert antioxidant effects with concentrations in plasma in the range of 30-
100puM. It is found in higher concentrations in cerebrospinal fluid, aqueous
humour of the eye, gastric juice and lung lining fluid where it is thought to be in
millimolar amounts. Direct evidence that ascorbic acid can actually act as an
antioxidant in vivo is limited, but it is known to scavenge O," and "OH with rate
constants of >10° M s™ and 10° M s respectively in vitro. Ascorbic acid is

also thought to act synergistically with a-tocopherol.

1.3.6.4 a-tocopherol

a-tocopherol, otherwise known as vitamin E, is the most important lipid soluble
antioxidant in biological fluids **?). It binds to lipoproteins in cell membranes
thus placing it in the perfect position to prevent lipid oxidation. Radicals
preferentially react with vitamin E rather than other lipid molecules thus the lipid
chain reaction is terminated. The resultant a-tocopherol radical formed is less
reactive than the initial free radical. Ascorbic acid acts synergistically with a-
tocopherol as the a-tocopherol radical formed migrates to the cell surface where

ascorbic acid reduces it back to a-tocopherol *2 .

1.3.6.5 Superoxide dismutase

Superoxide dismutase catalyses the dismutation of two molecules of superoxide

[235]

into hydrogen peroxide Three mammalian forms of SOD have been

identified to date and these are:

SOD 1 — copper/Zinc SOD (Cu/ZnSOD) — localised in cytosol and nucleus of all
cell types
SOD 2 — Manganese SOD (MnSOD) — localised in mitochondria

SOD 3 - extracellular SOD (ecSOD) — localised in the extracellular fluids such as
[231)

[400])

[339,387]

lymph, synovial fluid, connective tissue and plasma

46



Introduction Chapter One

1.3.6.6 Glutathione peroxidase

Glutathione peroxidase removes hydrogen peroxide from mammalian cells and is
expressed in all eukaryotic cells. Glutathione is a tri-peptide consisting of
glycine, cysteine and glutamic acid. The presence of cysteine makes GSH readily
oxidisable and so is utilised by the glutathione peroxidase to reduce hydrogen

peroxide to water.

GSH + H,0; - GS-SG + 2H,0 Equation 10

In order to maintain sufficient levels of GSH, the enzyme glutathione reductase
catalyses the conversion of GS-SG back to GSH.

GS-SG + NADPH — GSH + NADP' Equation 11

1.3.6.7 Catalase

Catalase is a haem-containing enzyme that catalyses the conversion of hydrogen

peroxide into water and oxygen via a two step reaction.

H,0; + Fe(IlI)-E — H,0 + O=Fe(IV)-E Equation 12

H,0;+ O=Fe(IV)-E —» H,0 + Fe(1II)-E + O, Equation 13
Where Fe-E represents the ion centre of the haem group of catalase

It is located in peroxisomes of all eukaryotic cells and in the cytoplasm of
erythrocytes **). Under normal conditions, glutathione peroxidase is able to
maintain low concentrations of hydrogen peroxide. If the concentration of
hydrogen peroxide exceeds glutathione peroxidases capacity, the action of

catalase becomes important !'?%,
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1,0

Figure 10 Co-operative activity between antioxidant systems. GR=Glutathione

reductase ; GP= Glutathione Peroxidase ; CAT = catalase
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1.3.7 Nitric oxide

Nitric oxide is a nitrogen-based ROS that is thought to be one of the most

important mediators in the control of vascular function. NO is synthesised from

L-arginine by a family of enzymes termed Nitric oxide Synthases (NOS). Table 7

illustrates the main isoforms of NOS.

Table 7 Characterisation of NOS isoforms

eNOS aNOS iNOS
Constitutive. Constitutive. Inducible.
Enzyme . . . . Constantly
Requires calcium to Requires calcium to roduces basal
type become activated become activated P .
level of NO
. Vascular endothelial Neuronal tissue. Qenerally found
Location . ... in cells such as
cells Peri-adventitial nerves
macrophages
Acetylcholine, CI{t (;kmes g
. Bradykinin, ATP, Activation of synaptic (L 1).
Stimulus Tumour
Substance P and shear | pathways. .
stress 1244] necrosis factor
(TNF) [245]
-Vasodilatation of
vascular smooth
muscle cells #7 Released from
- Inhibits growth activated
factors within the macrpphage.s as
vessel wall (1% - Neurotransmitter. :stm;(t: g;edlator
Role of | - Inhibits platelet - May play a role in extlr)acellular
NO- aggregation and blood vessel tone when defence against
produced | adhesion to present in peri- tho enasg
endothelium #2?%31 _ adventitial nerves gsf;ﬁchgthe
Inhibits synthesis and Samrot i yes .
expression of cytokines such as agrasi tic
and cell adhesion p
molecules '*" worms

NOS is known as a redox enzyme as it contains both a reductase and an

oxygenase domain. The reductase domain contains the binding sites for;

NADPH, FAD and FMN and the oxygenase sub unit contains binding sites for;

L-arginine, Oxygen and BH, as well as containing the Haem group, iron

protoporphyrin IX. The haem group is considered to be the catalytic site.
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Figure 11 Structure of eNOS. Taker from http://biology.kenyon.edu

NOS catalyses the 1:1 conversion of L-arginine into NO and L-citruliine. T

reaction proceeds as follows:

1.3.7.1 Reduciase domain:

. pu |

1. NADPH acts as the source of electrons. These electrons are shuttled fron

NADPH by the flavins, FAD and FMN to the neighbouring iron haem.
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3. The activated molecular oxygen is t
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1

released as water and the other incorporaied into one o
guanidino nitrogens of L-arginine yielding NC-hydroxy-L-arginine.

4. A further molecule of oxygen is activated facilitating the further

oxidation of N”-hydroxy-L-arginine to NO® and citrulline.
NO*

is highly lipophilic, so once produced, it diffuses along a concentration
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gradient to adjacent smooth muscle and also into the blood stream where it forms

numerous metabolites.

NO® in the vascular smooth muscle binds to the haem component of soluble
guanylate cyclase (sGC), resulting in activation of sGC and a corresponding
increase in cyclic guanosine monophosphate (cGMP) levels !'°!. The increase in
c¢GMP levels are concomitant with decreases in intracellular calcium brought
about via several mechanisms including activation of calcium pumps " and

31 This decrease in calcium results in

inhibition of calcium channels
dephosphorylation of myosin light chain and subsequent relaxation of the smooth

muscle.

1.3.8 The endothelium

The endothelium comprises a single layer of cells that line blood vessels in the
human body. Their small size belies their important role in vascular biology as
these cells maintain vascular homeostasis via regulation of;

1. Inflammatory response
Haemostasis
Myocardial function

Angiogenesis

Rl ol

Vascular tone and permeability

Endothelial cells have evolved mechanisms that allow detection of changes in
haemodynamic forces, oxygen levels and also local blood borne signals such as
agents released from the autonomic and sensory nerves, circulating hormones,
autocoids and cytokines. Thus the endothelium is able to dynamically interact
with its environment by detecting and responding to changes occurring in the
cardiovascular system. For example changes in blood pressure are met with a
change in vessel tone or if the integrity of the vessel is damaged then the
endothelium regulates the formation of a platelet plug to prevent leakage in and

out of the vessel. No less than 14 active mediators are known to be released that
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control vascular tone. These can be broadly categorised as contracting and

relaxing factors and are summarised in Table 8.

Table 8 Endothelial derived factors involved in control of vessel tone

Constricting Factors Relaxing Factors
Thromboxane A2 Adenosine
Isoprostanes Prostacyclin
20-hydroxy eicosatetraenoic acid Nitric oxide
superoxide Hydrogen peroxide
Hydrogen peroxide Epoxyeicosatrienoic acids (EETS)
Endothelin 1 C-natriuretic peptide (CNP)
Angiotensin II
Uridine adenosnie tetraphosphate

Endothelial cells are also able to control the expression of surface proteins such

as adhesion molecules that interact with other molecules *'*1.

1.3.9 Endothelial dysfunction

Maintenance of vascular homeostasis is a tightly controlled process in which the
balance between vasoconstriction and dilation, inhibition and promotion of
smooth muscle cell proliferation and migration, inhibition and stimulation of
platelet aggregation and thrombogenesis and fibrinolysis must be carefully

controlled "), The disruption of this balance leads to endothelial dysfunction.

Endothelial dysfunction has been associated with a large number of both

physiological and pathophysiological processes including:

1. Diabetes I and II

2. Ageing

3. Obesity

4. Hypercholesterolaemia
5. Hyperhomocystinaemia

. X
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6. Sepsis

7. Rheumatoid arthritis

8. Smoking

9. Nitrate tolerance

10. Hypertension

11. Coronary artery disease

12. Heart Failure

Diseases associated with endothelial dysfunction are thought to be risk factors
for cardiovascular disease. In fact endothelial dysfunction, as assessed by flow
mediated dilatation in brachial arteries, has been shown to predict long term
cardiovascular disease in patients with coronary artery disease, hypertension,

. . [56,97,112,142,278,314.35
heart failure or atherosclerosis [6-7-112:142.278.314.350]

Endothelial dysfunction can be generally summarised as:
1. Altered anticoagulant properties
. Altered anti-inflammatory properties

2
3. Impaired modulation of vascular growth
4. Altered vascular remodelling

5

. Impairment of endothelium dependent vasorelaxation

There exists a large body of work linking the generation of ROS to the
development of cardiovascular disease “”''!''") Nearly every risk factor for
cardiovascular disease leads to enhanced ROS production and it therefore seems
likely that oxidative stress is a common pathway as it is present in several
unrelated cardiovascular risk factors. Increased levels of reactive oxygen species
are linked to up-regulation or increased activity of enzymes such as NADP(H)
oxidase, xanthine oxidase, cytochrome P450 and uncoupled nitric oxide
synthase. It remains to be seen whether ROS are causative, or indeed just a
consequence of endothelial dysfunction.Table 9 briefly summarises evidence for

the role of ROS in several cardiovascular  risk factors.
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Table 9 Source of free radicals in various disease states

Disease State Source of free Experimental model Reference
radicals
Atherosclerosis | NAD(P)H oxidase e Hypercholesterolaemic rabbits (0T 138. 331 332.387]
and coronary e Atherosclerotic lesions in mice
artery disease ¢ Plaques in human coronary arteries
o Coronary artery bypass surgery
e Coronary artery disease
xanthine oxidase o Hypercholesterolemia T TL TG T 15371
e Heavy Smokers
e Coronary artery disease
Uncoupled NOS e Hypercholesterolemia i
e Heavy Smoker
Cytochrome P450 e Hypercholesterolaemia 20
Diabetes NAD(P)H oxidase ¢ Streptozotocin-treated rats (enalsl
e Porcine model of Streptozotocin
induced diabetes
Uncoupled NOS e Streptozotocin-treated rats it
o Insulin resistant rates
Mitochondria e Diabetic in vitro model TBS.260]
Hypertension | NAD(P)H oxidase ¢ Angiotensin II induced hypertension oS T2 S0 AT ATeT
e Renovascular hypertension
e Genetic hypertension
o DOCA-salt hypertension
xanthine oxidase e Spontaneously hypertensive rats IS8T
Uncoupled NOS e Spontaneously hypertensive rats iy
o DOCA-salt hypertension in mice
Cytochrome P450 e Hypertension Gy




Heart failure | NAD(P)H oxidase e Heart failure induced by myocardial | *1
infarction in rats 2261
e Experimental pressure  overload
cardiac hypertrophy and failure
xanthine oxidase e Chronic heart failure 2
Sepsis NAD(P)H oxidase e Sepsis TT7,TT5T 682,583

xanthine oxidase

Sepsis
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1.3.10 Effect of ROS on the endothelium

Superoxide is the main product of nearly all the enzymes discussed above.
However where superoxide is produced, the formation of hydrogen peroxide and
hydroxyl radicals is highly likely due to Fenton chemistry and the Haber-Weiss
reaction. Therefore although the above enzymes do not all synthesise hydrogen
peroxide and hydroxyl radicals directly, this does not mean these radical species

do not contribute to endothelial dysfunction.

ROS exert numerous deleterious effects on the endothelium and these can be

broadly split into nitric oxide dependent and independent effects.

1.3.10.1 Nitric oxide dependent effects

Nitric oxide is thought to inhibit smooth muscle proliferation, inhibit leukocyte
adhesion and platelet aggregation and to control arterial tone. Therefore anything
that reduces the bioavailability of nitric oxide will push the endothelium towards
a dysfunctional state. A large body of work has shown that decreased NO
bioavailability may be related to increased levels of oxidative stress. Several
reactive oxygen species have been shown to react with nitric oxide including
superoxide, hydroxyl radicals and lipid radicals. The detrimental effects caused

by these reactions can be divided into:

1. Decreased NO production
a. Oxidised LDL impairs receptor induced endothelial NO
production ['*®!
2. Increased NO degradation via interactions with
a. superoxide
b. Hydroxyl radicals **
c. Lipid radicals e.g. LO® or LOO® ?%%
3. Production of toxic bi-products peroxynitrite

a. 0" +NO® — ONOO' (rate constant = 7x10° mol I s™)
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Peroxynitrite, is a highly toxic molecule that has numerous detrimental effects on
the endothelium including:

1. Inhibition of soluble guanylate cyclase **°!
2. Oxidation of zinc thiolate clusters and tetrahydrobiopterin leading to

NOS monomerisation and therefore eNOS uncoupling !'#6-201:421]

3. Inactivation of prostacyclin synthase ***!

4. Inhibition of superoxide dismutase

1.3.10.2 Nitric oxide independent effects

ROS also react directly with endothelial components to cause endothelial

damage. Such interactions include:

1. Oxidation of low density lipoproteins (LDL)
a. Adhesion of leukocytes to the endothelium and migration into the
sub-endothelial space 1*°°!
b. Endothelial cell toxicity ("
2. Oxidative damage to macromolecules such as membranes and DNA
3. Interaction with connexins 37, 40 and 43 "*" leading to decreased
electrotonic signaling.
4. Activation of metalloproteinases
5. Adverse regulation of genes involved in controlling the formation of
a. Adhesion molecules
b. Chemotactic substances
c. Antioxidant enzymes
6. Promotion of contraction of smooth muscle by increasing calcium
mobilisation and increasing sensitivity of contractile proteins to calcium

(83,170,352]

7. superoxide mediated stretch and agonist induced endothelium dependent
contractions in canine cerebral arteries !!”®

8. Activation of endothelial enzymes e.g. Cyclooxygenase (COX) which
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releases endothelial derived contracting factors ['®'67],

9. Free radical-catalysed peroxidation of arachidonic acid leading to the
formation of prostaglandin F2 like compounds 246

10. Hydrogen peroxide can cause vasoconstriction and depolarisation

Cardiovascular disease risk factors
e.g. diabetes, hypertension

Up regulation / activation

A
Xanthine Oxidase, NAD(P)H oxidase
uncoupled NOS, Mitochondria, cytochrome P450

| l

NOS

NO
ONOO-

H.O l Normal Vascular

Y2, m i
- *Inhibits sGC haemostasis
£ «Inactivates prostacyciin synthase
<
%’ «Inhibits SOD
=
e *Uncouples NOS

v A . . o
. OH\ DecreasesNO bioavailability

\‘ _._‘ v ‘.",.-"'

Endothelial dysfunction

Figure 12 Role of ROS in endothelial dysfunction
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1.3.10.3 Interaction between different ROS sources

As well as directly reacting with endothelial components to cause endothelial
dysfunction, ROS can also interact with other reactive oxygen sources to cause
further ROS generation. This highlights how small changes in ROS levels can be
amplified and or modulated through interaction of different enzyme systems.

Table 10 summarises the phenomenon of ROS induced ROS release.

Table 10 Interaction between ROS from various sources

ROS system

aff i Mechanism Reference

Oxidative damage to mitochondria
results in increased superoxide
Mitochondria production via decreased activity of
respiratory enzymes and
mitochondrial membrane potential

[207]

Superoxide increases the conversion
of xanthine dehydrogenase into the [237]
oxidase form. Implicated in
oscillatory sheer stress

Xanthine oxidase

Oxidative degradation of
tetrahydrobiopterin leads to NOS [219]
uncoupling and thus increased
superoxide production

NOS

Mitochondrial ROS generation can
lead to NAD(P)H oxidase activation [219]

NADPH oxidase

Exposure of smooth

muscle cells or fibroblasts to
hydrogen peroxide causes NAD(P)H
oxidase activation

[219]

This importance of ROS both in the cause and development of endothelial
dysfunction is clear and this section highlights the need for further work into

ways to reduce ROS levels in the cardiovascular system.
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1.4 Platelets and Reactive Oxygen Species

1.4.1 Introduction

Platelets are involved in both physiological and pathophysiological control of the

[177] and

vessel wall via the release of growth factors . lipid mediators
cytokines °l. Platelets have been shown to be involved with thrombus
formation, angiogenesis, vascular tone "), inflammation and atherothrombotic
disease [** BP9 Modulation of platelets in vivo is therefore vital if a healthy
ordered vascular system is to be maintained. If platelet regulation breaks down
pathophysiological disease occurs. Platelet function is mediated via numerous
factors, both cell and blood borne. Platelet activation occurs in conditions of
endothelial damage where underlying collagen is exposed or upon exposure to
platelet derived agonists such as thromboxane A2 (TxA;), adenosine diphosphate
(ADP), thrombin or platelet activating factor (PAF). This thesis has focused on
the effects of collagen on platelet function and what follows describes signaling

events specific to collagen.

Collagen is a well known agonist for platelet activation mainly through
activation of a series of receptors mainly GPVI and o231 receptor. Activation of
the latter leads to activation of phospholipase A,. Activation of GPV1 leads to
stimulation of PLC and a cascade of signaling events ultimately leading to an
increase in intracellular calcium as illustrated in Figure (adapted from ©°'). The
increase in cytosolic calcium is thought to be from an extracellular source (70%)
and internal stores (30%). Resting calcium is thought to be roughly 100nM and is
maintained by the leak of calcium in and out of the platelets via the plasma
membrane and accumulation in intracellular stores. Calcium levels are also
maintained by the sodium-calcium exchanger (NCX) which under normal
conditions pumps calcium out of the cell and sodium in against their

3921 " Collagen leads to the formation of

concentration utilising ATP
thromboxane, which is known to lead to increases in intracellular sodium levels.

The Na'/H' exchanger (NHE) also increases intracellular sodium levels but to a

60




Introduction Chapter One

lesser extent. This increase in sodium is enough to reverse the NCX resulting in
an increase in calcium through this mechanism. This mechanism is thought to
account for the majority of calcium influx P°). Other sources of increased
calcium include release from intracellular stores via the actions of IP; on the
dense tubular system. The increase in calcium mediates shape change, granule

secretion and aggregation.

Collagen GPVIR - PLC

PIP, IP, + DAG

TXA, PKC

1 DTS
1INa*};

1 Influx of extracellular Ca2*

Reversal
of NCX

.

T[Ca?*],

Platelet Activation

Figure 13 Collagen signaling cascade. NCX=Na'/Ca’" transporter; DTS=dense

tubular system.
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1.4.2 Relationship between collagen activation and nitric oxide

synthase (NOS)

Radomski et al **! demonstrated that collagen induced activation of platelets
was accompanied by an increase in the cyclic nucleotide cyclic Guanosine
monophosphate (¢cGMP). This lead to the conclusion that upon activation of
platelets by collagen, the enzyme NOS was activated leading to subsequent
production of nitric oxide. NO was then suggested to go on to activate Soluble
guanylate cyclase (sGC) resulting in increased cGMP levels. More recently it has
been shown that platelets contain both iNOS and cNOS P! ¢r oI %1 350
demonstrated that NO formation was dependent on the concentration of free
calcium in the cytosol over the range of 0.1-3.0uM. This level of calcium is
through to be induced upon collagen activation and has been shown to activate
nNOS in the brain %), It was therefore suggested that collagen caused NOS
activation via increases in intracellular calcium levels. Further support for this
comes from Lantoine et al "*! who demonstrated that in low calcium media

nitric oxide production is reduced.

There can be no doubt therefore that nitric oxide regulates platelet function to
some degree but this may not represent the main source of NO. Under
physiological conditions NO is thought to be mainly released from the
endothelium, where it can go on to interact with circulating platelets and prevents

[66,344)

thrombosis #**), aggregation and adhesion of platelets to the vessel wall

[41.7] This is supported by the fact that increased platelet activation is seen in
diseases associated with endothelial dysfunction such as heart failure ©'°)
hypercholesterolaemia ***!and diabetes *°°\. In such cases where the endothelium
becomes damaged, the role of platelet NO may become more pronounced, in

terms of both platelet recruitment and vascular tone.

The amount of NO produced from platelets is thought to be 1000 times less than
from endothelial cells ['>2?>?%*#!7] However this may be enough to regulate

platelet function and inhibit further platelet recruitment (negative feedback
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mechanism). Platelet derived nitric oxide exerts several functions in the platelet

including:

1. Inhibition of dense granule secretion by recruited platelets.

2. Inhibition of alpha granule secretion leading to decreased p-selectin
expression on the platelet surface ', Inhibition of p-selectin expression
has been shown to reduce leukocyte accumulation and subsequent fibrin
deposition.

3. Interference with enzyme phosphorylation .

4. Modulation of haemprotein of enzymes which govern the formation of
eicosanoid mediators e.g. thromboxane A, and PGl o1

5. Activation of soluble guanylate cyclase leading to increases in cGMP
and subsequent activation of PKG ¥ .

6. PKG mediated phosphorylation of TXA; receptors *°),

7. PKG mediated phosphorylation of proteins involved in calcium signaling
pathways %

8. c¢cGMP independent role including acceleration of Sarco/Endoplasmic
reticulum Ca?*-ATPase (SERCA) dependent refilling of internal stores

and inhibition of agonist induced TXA, synthesis via s-nitrosocysteine

711

1.4.3 Modulation of platelet function by ROS

Of late, the role of ROS in platelet regulation has been highlighted. ROS can
regulate platelet function directly or indirectly. Indirect regulation means that
ROS interact with a mediator known to effect platelet function thus changing its
effect on platelets e.g. NO. ROS will reduce the bioavailabilty of NO, thus
increasing platelet reactivity. ROS can also directly regulate platelet function
when they are produced within the platelet itself. Platelets were first observed to
release superoxide during activation by Marcus et al 1977 **\. Later studies
went on to show that both resting and activated platelets could synthesise a wide
range of ROS including superoxide, hydroxyl radicals and hydrogen peroxide
(45993751 " Platelets therefore have the capacity to exert both a paracrine and
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autocrine role via production of ROS. To date the following sources of ROS
have been found in platelets:

1. xanthine oxidase

2. Uncoupled eNOS

3. NAD(P)H oxidase [155238283:330.419]

4. Cyclooxygenase 1

5. Mitochondiral respiratory chain complex I leakage

6. PI; Kinase (via membrane translocation of platelet p67°") 1161
7. PKC (via activation of NAD(P)H oxidase) **7"418

8. Membrane depolarisation

9. PLA2 dependent AA release /!

Reactive oxygen species known to modulate platelet function include superoxide
98,160.208311] ' the hydroxyl radical !"*27?)) and the non radical species hydrogen

pcroxide [80,151,266]

Superoxide has also been shown to reduce the threshold to collagen, thrombin,
ADP and arachidonic acid and to even cause spontaneous aggregation
[78.131312.328]  gyperoxide has long term effects on thrombus degradation due to
its ability to prevent ADP degradation via endonucleosidases. This results in
increased levels of ADP and decreased formation of adenosine, an inhibitor of
platelet activation/recruitment. Superoxide also decreases NO bioavailability
which results in increased aggregation. This is due to the extensive role of NO in
the control of platelet function. Superoxide has also been demonstrated to

increase serotonin release and thus increase platelet activation (1321

Hydrogen peroxide has also been implicated in the modulation of platelet activity
and is thought to exert its effects via activation of phospholipase C 2%,
activation of COX " and inhibition of arachidonyl-Co A synthetase, leading to
increased levels of arachidonic acid !"*"). Hydrogen peroxide has also been linked
to hydroxyl radical production through Fenton chemistry ["*%). Hydroxyl radicals
have been shown to lead to platelet aggregation, serotonin release, thromboxane

production "**! and PKC production 2881 It has also been demonstrated that

64




Introduction Chapter One

hydroxyl radical scavengers inhibit ADP, collagen, arachidonic acid, PAF-

induced platelet aggregation, and platelet cyclooxygenase pathway activation
[372]

ROS also modulate platelet activity via their ability to shift the intracellular
redox balance within the platelet. Although it is not known if the following
occurs in cells, superoxide oxidises reduced glutathione (GSH) to oxidised
glutathione (GSSG) P****’). This changes the extracellular ratio of GSH:GSSG
(normally 100:1). This change results in decreased levels of reduced thiol groups
which results in increased sensitivity to activation via platelet agonists ?°*), One
receptor thought to be affected by this change in redox balance is the GPIIb/Il1a.

Other receptors also thought to be effected by the redox balance in the platelet

[91,193,264] [194]

are the aypps receptor , Ozp1 integrin and the P,Y, receptor ([81]).

Independent to this is oxidative control of the short intracellular tail of B; ?°%.

Reactive oxygen species are also linked to the stimulation of phospholipase A,
[159.160.243] ' The following diagram sumarises the effects of ROS on platelet

enzyme activity.
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Figure 14 Effect of ROS on platelet enzyme activity. (+) represents an increase in enzyme
activity (-) represents a decrease in enzyme activity
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1.5 Arginine supplementation

Interest in L-arginine as a potential treatment of cardiovascular disease originated
from the hypothesis that any molecule capable of increasing NO bioavailability
would improve endothelial function. As the substrate for NOS, L-arginine was an
obvious choice. In 1992, two seminal experiments were carried out
demonstrating a beneficial role of L-arginine supplementation on endothelial
function. Creager et al "*) demonstrated that supplemental L-arginine improved
endothelial dependent NO mediated forearm vasodilator response in
hypercholesterolaemic subjects. In the same year, Dubois-Rande er al "¢
demonstrated that infusion of L-arginine improved endothelial vasodilator
function in atheromatous left anterior descending coronary arteries. Since these
initial findings there exists a wealth of information on the beneficial effects of
exogenous L-arginine. The following tables aim to summarize studies on the
effects of L-arginine. Although not exhaustive, the most significant research

studies have been included.

67



Table 11 Clinical studies of L-arginine supplementation

Disease State Ref Subjects Study design Measured outcomes | Result Copclusions
Inhibition of
Oral supplementation with L- . platelet aggregation
2 12 Healthy men | arginine Mg_.”ﬁoﬂm_ﬂn%w amwm__w Mo: +/- | but no effect on
7g TID x 3 days i endothelium-
dependent dilation.
Improvement in
. - coronary small
[209] 26 Healthy Mﬁ.ﬂww”wv_oamamno: with L Coronary blood flow, + vessel endothelial
subjects uomm\ day x 28 da endothelin levels. function and
w. Y YS reduced endothelin
= levels.
2 Endothelium function No effect on
2z 163] 26 healthy males mom\.am.w L-arginine or placebo mmmammn.a by venous ) endothelial
administered orally for 28 days. | occlusion functi
unction.
M plethysmography.
Healthy human Blood taken from healthy Inhibition of
(3431 " _:w patients and 5-100mM L- Haemostasis + | haemostasis
patients arginine added. activation.
Blood taken from healthy . Inhibition of
oy | Healthy Male patients and 50-1000puM L- Platelet aggregation, + | platelet
volunteers . cGMP levels .
arginine added. aggregation.
- Improved
8 e 5] 10 men with O_.m_ mcvv_oaaaa_os with L- Brachial artery dilation, endothelial N
e m ) CAD arginine monocyte adhesion + dependent dilation
nw a 1g TID x 3 days and reduced

monocyte adhesion




29 men with

Oral supplementation with L- Brachial artery dilation . .
ps | CAD, one 0 amsaw P ICAM-1, <0N§._. E- wm_%na,\.a_aww n
Mwnmms Wi 9g QD x 28 days selectin loavailability
8 patients with Atrial pacing performed during | Luminal diameter of Significant increase
sy | Coronary artery | intracoronary infusions of epicardial coronary in diameter of all

[411]

disease and stable | normal saline and L-arginine arteries as assessed by coronary segments

angina. (150pmol/min). quantitative angiography. and Stenoses.
Brachial artery Mﬂoamw_oa brachial
endothelial function ery tlow-

31 stable CAD

Oral L-arginine (10g) daily for

studies, serum
concentrations of lipid

mediated dilatation
and decreased

controls

. . susceptibility of
patients 4 weeks and inflammatory LDL to oxidation.
markers. No effect on
Susceptibility of LDL infl
icl idati inflammatory
particles to oxidation. .
mediators.
27 Oral supplementation with L- Improved
(3] Hypercholesterol | arginine Brachial artery dilation endothelium
-aemic subjects 7g TID x 30days dependent dilation
Plasma L-
. wa ercholesterola Oral supplementation with L- ADMA and L-arginine; MMMHMMWM,%»
(s3] Ypercho arginine. 14 or 21g/day x 3 mononuclear and T-Cell ey
-emic patients months adhesiveness correlated with
and 18 controls mononuclear cell
adhesiveness
20 . . Increased MNC
sss) | hypercholesterola qu_sw“wv_oaoamso: with L- Mononuclear cell adhesiveness
-emic patients, 12 g adhesiveness reversed by L-
8.4/day x 2 weeks .
normal controls arginine
23 patients with
hypercholesterola | Oral supplementation with L- Modest attenuation
%1 | _emia arginine Platelet aggregation of increased
14 normal 8.4/day x 2 weeks platelet activity.




Patients randomized to an L-

M 40 patients with | arginine group, L-arginine + Endothelial vasodilatation HB%HMM n_w
= P 029 | sever CHF forearm training group, L- in internal radial artery M: 0 ao ”_E-
v randomized arginine + training group, diameter. ovom._oﬂ ti
] F control group. vasodilatation
¢ . Oral supplementation with L- No influence on
(64] WWM“M_M&_QS, arginine Forearm blood flow endothelial
20g/day x 28 days function
Eight smokers, Monocyte/endothelial ell Inhibition of
Bl | eight non- One time dose of 7g adhesion, ICAM-1, Mm_wmwww._ "
smoking controls VCAM-1, E-selectin mn:mﬁ%:& ce
. W“:WMMM:N 2 Myocardial blood flow was
healthy non- measured at rest and, after Non-invasive No effect on resting

[48]

smokers, both
with no other

intravenous infusion of L-
arginine (30 g as 10% arginine
hydrochloride) for 45 minutes

measurements of
myocardial blood flow
(MBF)

MBF in smokers or
non-smokers.

MMMMMNQ risk at a rate of 6.67 ml/min.
‘ Plasma homocysteine Decreased plasma
: L.V. infusion of L-arginine (3g oo:oosqmmosmw homocysteine
1] 20 type II in 10ml saline) 5, 10, 30 and 60 NO.. Sulphydryl grouns levels, decreased
diabetic patients | minutes after the assessment of x SUIPAYCIY! group oxidative stress and
. (markers of oxidative .
baseline values. stress) increased NO
] bioavailabilty
Thirty patients Patients received placebo or 2g | Lipid peroxidation as
2241 | with diabetes L-arginine orally given as 2x1g | assessed by WMMM“& AMDA
mellitus dose per day for 3 months malondialdehyde (MDA). )
34 patients with P Endothelial function as Restoration of
atypical chest Eﬁmmoﬂozmaw E?m_oz. of L- assessed by coronary endothelium-
(57] . arginine (160 umol/min for 20
pain and no in). i diately prior blood flow was measured dependent coronary
coronary risk MHM. Hmﬂs_o m—pw Mw prior to ¢ with an intracoronary microvascular
factors othelial Iunction assessmen Doppler catheter function




[275]

12 normal control
subjects and 14

L-arginine infused at 40
umol/min into brachial artery

Endothelial function as
assessed by the effect of
acetylcholine on forearm

No change in basal
blood flow or

[353]

hypertensive immediately before start of vasculature as measured vascular resistance

patients experiment by strain gauge in either group
plethysmography.

essential Endothelial function as

hypertensive L-arginine infused into the assessed by the effect of

patients (n = 34)

brachial artery - 1pmol.100 mL”

acetylcholine on forearm

Improved vascular

. . vasculature as measured relaxation
and normotensive | 1.min’1 b .
subjects (n = 30) y strain gauge
plethysmography
10 post- No effect on NO
menopausal Nitric oxide levels in levels, flow
2] women without | 9g L-arginine or placebo daily | Serum, endothelial mediated dilation
additional risk for one month. function, markers for or soluble cell
factors for inflammation adhesion
atherosclerosis. molecules.
Elongation of pain
. . . . Pain free and maximum free and maximum
£ e g | Tlkin s, valing s,
(21 wcm %cma . © 3 moEm daily for seven € | ADP/Collagen induced aggregation
disease Aw>o_uv oosmoo_hmé wm om ) platelet aggregation, inhibited and
yS. c¢GMP levels cGMP levels
increased
32 patients i.:s Patients split into two groups Total antioxidant status Increased NO
nesy | atherosclerotic . R levels and
: receiving 3x2g/day and Nitric oxide .
peripheral artery . increased total
. 3x4g/day for 28 days. concentration. ..
disease antioxidant status.




Table 12 Experimental studies of L-arginine supplementation

Ref Subje: Study design _Measured outcomes | Result Conclusions
Rabbits- 18 Groups fed chow, high-chol, Vascular reactivity and Restoration of
total high-chol + L-arginine or high- superoxide release. endothelial

(371 chol + L-NAME x 12 weeks. Carotid artery plaque M function.
area.
Rabbits-32 Cholesterol fed rabbits treated Aortic atherosclerosis, Reduced lesion
total with L-arginine in water. urinary nitrate and formation,
oxidative stress. improved
[3] + endothelial
function, and
decreased oxidative
stress.
. Rabbits — 28 Cholesterol fed rabbits with L- Myointimal cell Decreased cell
pe) | total arginine or L-NAME x 12 weeks | proliferation. Aortic + proliferation and
intima/media ratio. vascular monocyte
accumulation.
Rabbits — 12 Cholesterol fed rabbits treated Platelet aggregation. Inhibition of
B2 total with L-arginine x 10 weeks Platelet cGMP levels + | platelet
aggregation.
Rabbits — 49 Cholesterol fed rabbits treated NO metabolites, cGMP Reduced oxidative
total with L-arginine (2.5% in drinking | levels, vascular reactivity, stress and reversed
water) x 12 weeks tissue blood flow, the progression of
(137) superoxide levels, + atherosclerosis.
histological evaluation of
atherosclerosis.
Rabbits Cholesterol fed rabbits received Plasma xanthine oxidase Improved
2.25% L-arginine in drinking activity, vessel reactivity, vasodilator

[391] water. LDL oxidation + function by

reducing

circulating levels of
X0,




Rabbits-32 Hypercholesterolaemic rabbits Vasorelaxation in aortic Diminished
total exposed to environmental tobacco | rings endothelial
smoke; some supplemented with dysfunction.
(1361 L-arginine x 10 weeks Diminished
endothelial
m dysfunction.
Rabbits-32 L-arginine supplementation Vasorelaxation in aortic Diminished
pssy | total (2.25% solution) and rings endothelial
environmental tobacco smoke dysfunction.
(smoking chambers for 10 weeks)
Normal and L-arginine added to PRP obtained | Platelet aggregation Inhibition of
diabetic rats from normal and diabetic rats stimulated by ADP, platelet aggregation
m thrombin and epinephrine
[241]
Healthy
Rabbits split
into groups:
1: L-arginine Decreased
treatment, hind | L-arginine (4mg/kg/min) was . superoxide
p “m 11331 | 1imb operation | infused for 1 hour before NO and superoxide mownawaos by NOS

with /R
2:NoL-
arginine
treatment, hind
limb with /R

ischaemia).

levels.

while increasing
NO accumulation.




6-hour model

Reduced necrotic

of myocardial | A bolus administration (30 Myocardial necrosis, injury and
ischaemiaand | mg/kg) of L-arginine followed by | cardiac myeloperoxidase attenuated
381 | reperfusionin | a continuous infusion of 10 activity, endothelial neutrophil
pentobarbital- | mg/kg/min for 1 hour starting 10 | function in coronary accumulation in
anaesthetised minutes before reperfusion. artery rings. ischaemic cardiac
cats tissue.
Pregnant rats Treatment with L-arginine (2%) Arterial pressure Reduced arterial
in the drinking water was initiated pressure
(58] at day 10 of gestation
Encephalomyo | Dietary L-arginine and L-arginine | Cardiac damage Reduced cardiac
nes) | carditis virus- | + L-NAME administered over 4 | Survival damage and
infected weeks increased survival.
BALB/c mice
32 Adult male | Rats fed a standard diet Or 2% L- | xanthine oxidase, Decreased XO and
rats subjected | arginine diet for 30 days myeloperoxidase (MPO), MPO activity and
to exhaustive SOD, catalase, favourably increase
2231 | exercise glutathione peroxidase antioxidant defence
activity systems in the lung
after exhaustive

exercise.
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1.5.1 Arginine Paradox

Evidence would suggest that L-arginine could be the key to future treatment of
cardiovascular disease as it improves endothelium-dependent vasodilatation and
abnormal interactions of vascular cells, platelets and monocytes. The question is
therefore, how is L-arginine exerting these effects? The original hypothesis was
that as the substrate of NOS, exogenous L-arginine increased NO production,
however in vitro studies have shown the K, of NOS to be in the micromolar
range (1-5 pmol/l), whereas the intracellular concentration of L-arginine is
thought to be in the milimolar range (0.8-2.0 mmol/l). L-arginine concentration
should not therefore be rate limiting in the production of NO°. This discordance
between in vitro studies estimating the K, of NOS and in vivo experiments
demonstrating an effect of L-arginine is known as the arginine Paradox. Several

mechanisms have been postulated to explain the arginine paradox including:

1.5.1.1 Intracellular compartmentalisation of L-arginine:

McDonald et al **%! demonstrated that a complex exists between eNOS and the
y' L-arginine transporter in endothelial cells and that both molecules are located
within the plasma membrane calveolae. This would suggest that eNOS is in fact
partitioned from the intracellular L-arginine supply and is therefore dependent
upon direct transfer of L-arginine into the subcellular compartment by the y*
transporter. This would explain why exogenous L-arginine may increase NO°
production even though total intracellular levels of L-arginine may not appear to

be rate limiting.
1.5.1.2 The presence of elevated levels of ADMA:

ADMA is an endogenous competitive inhibitor of NOS. It is derived from the
hydrolysis of proteins that contain methylated arginine residues and has been
shown to inhibit vascular NO® production at concentrations found in

pathophysiological conditions (3-15 pmol/L) 1364 ADMA competes for the L-
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arginine transporter found in endothelial cell membranes and so can uncouple
NOS by limiting L-arginine supply to the enzyme. Uncoupled NOS, as a product
of limited L-arginine, produces superoxide in place of NO causing activation of
redox-regulated transcription factors and concomitant up-regulation of

endothelial adhesion molecules and monocyte adhesion ).

Exogenous L-
arginine would increase the concentration of L-arginine to a level sufficient to
successfully compete with ADMA. This would result in the re-coupling of NOS

thus increasing NO- production and decreasing superoxide production.

1.5.1.3 Increased arginase activity:

Arginase catalyses the breakdown of L-arginine into ornithine and urea and has
been shown to be up regulated in plasma of individuals with cardiovascular
disease. Up-regulation results in decreased L-arginine bioavailability and
therefore exogenous administration of L-arginine may go some way to restore

this balance.

1.5.1.4 Modulation of vascular tone

L-arginine may stimulated the release of several vasodilator modulators

[108] olucagons and growth hormone !''%%762211,

[245]

including insulin "%, histamine

L-arginine is also capable of inhibiting sympathetic tone
1.5.1.5 pH dependent affect

L-arginine can be administered as a hydrochloric salt that induces extracellular
acidosis that in turn can alter intracellular pH. This affects pH dependent cell
signaling pathways such as calcium transit, that modulate eNOS activity and NO
synthesis. Acidic micorodomains also provide an appropriately acidic

environment for the non-enzymatic reduction of nitrite into NO 131,
1.5.1.6 Up regulation of eNOS

L-arginine has been shown to up regulate eNOS protein expression, thus

resulting in a long-term increase in NO production 1792551
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1.5.1.7 Antioxidant properties

The final postulated mechanism for the beneficial effects on endothelial function
seen with L-arginine is the ability of this molecule to act as an antioxidant. This
would explain the success of this molecule on endothelial dysfunction in such a
wide range of disease states (Table 9). As discussed at length in introduction,
oxidative stress is the common link between nearly all cardiovascular risk factors
and so the ability of a molecule to reduce levels of ROS offers a viable
mechanism for improvement of endothelial function. The following section aims
to give an overview of all the information to date concerning the antioxidant

properties of L-arginine.

1.5.2 Antioxidant properties of L-arginine

The ability of L-arginine to scavenge ROS has been studied in a number of
models with mixed results. Oxidation of lipoproteins is associated with the
initiation of athrosclerosis and so a number of studies have looked at the ability
of L-arginine to prevent this. The ability of L-arginine to inhibit copper mediated

[379,383,411]

lipoprotein oxidation varies between studies with complete , moderate

B8 and no inhibition ! being seen.

L-arginine has been shown to directly inhibit oxidative stress by reducing

%] and hypercholesterolaemic rabbit

superoxide release from endothelial cells
aortic rings P7). Reducing superoxide levels reduces ROS mediated degradation
of nitric oxide, as demonstrated in a model of ischaemia-reperfusion injury in
rabbits, where a reduction in superoxide levels was associated with increased

levels of NO %3],

On a slightly larger scale, L-arginine has been shown to protect rat hearts from
ROS damage. Incubation with L-arginine prevented myocardial injury and
protected coronary function '*2*"] from superqxide mediated damage.

L-arginine has also been shown to protect against oxidative stress via a less

direct action. This includes decreasing xanthine oxidase activity in rats after
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exhaustive exercise and improving antioxidant defence systems by increasing
glutathione levels ***! and SOD and catalase activity ). A clinical trial in 2005
looked at the effect of L-arginine on endothelial function and LDL oxidation in
patients with stable coronary artery disease "'\, In this study L-arginine was
shown to improve endothelial function and inhibit LDL oxidation. L-arginine has
also demonstrated an ability to reduce the release of ROS from circulating human

neutrophils #92,

On a more negative note, a number of studies claim that L-arginine has no
antioxidant effect. In 2005, Hayashi et al I'*"! looked at the ability of L-arginine
to inhibit the progression of atherosclerosis in hypercholesterolaemic rabbits.
Although L-arginine was able to reduce superoxide production and oxidative
sensitive gene expression in combination with L-citrulline and/or ascorbic acid
and a-tocopherol, no antioxidative effect was seen when L-arginine was
administered on its own. Possibly the most damning study on the role of L-
arginine as an antioxidant was a study by Adams et al who claim that at
concentrations found in the plasma (~200uM), L-arginine lacked any antioxidant
activity . They demonstrated that L-arginine had no effect on lipid
peroxidation, was unable to synergise with alpha-tocopherol. This shows that
unlike ascorbic acid, L-arginine is incapable of recycling the alpha tocopherol
radical to the antioxidant alpha tocopherol form. This study also looked at the
ability of L-arginine metabolites to exert an antioxidant effect, but again no
effect was seen. The study is limited however as only one concentration of L-
arginine was investigated, 200pM, the reason being this is the concentration of
L-arginine found in human plasma. The concentration of L-arginine in
endothelial cells is much higher, 0.1-2mM, and at these concentrations several
studies have shown L-arginine to be an effective antioxidant ["°77%1 This
study also only studied lipid oxidation, which although important in the

development of cardiovascular disease, is not the only factor involved.
The role of L-arginine as an antioxidant therefore remains unclear as studies

directly contradict each other. Even within studies that agree L-arginine has an

antioxidant effect, there exists discord concerning the mechanism of action
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through which L-arginine scavenges free radicals, with some groups claiming the

a-amino group mediates the antioxidant action "

and others claiming it is the
guanidinium group "%, It is therefore clear that a comprehensive evaluation of

the antioxidant properties of L-arginine is needed.

1.6 The role of L-citrulline in the vasculature

L~citrulline has received significantly less interest in comparison to L-arginine,
mainly because until relatively recently it was thought to be merely the inactive
bi-product of NO synthesis. One of the first groups to look at a potential
physiological role of Lcitrulline were Ruiz & Tejerina P!, They hypothesised
that L-citrulline was capable of controlling vascular tone and demonstrated that
L~citrulline was able to relax pre-constricted aorta from healthy rabbit through

B9 These results have

activation of K¢, channels leading to hyperpolarisation
since been brought into question in a subsequent study by Marx e al **! who
upon repeating Ruiz & Tejerina’s study showed no effect of L-citrulline on
vascular tone. The reasons for such conflicting results were unclear, and
explained as differences in protocol, such as difference in partial oxygen
pressure, buffer and pH. The role of L-citrulline in the control of vascular tone
remains unclear from experiments carried out, since two demonstrated that L-
citrulline stimulated vasorelaxation >’?%! and one again showing no effect on

aortic ring relaxation "*7),

Other studies investigating the effect of L-~citrulline include a study by Ikeda et a/
057 who looked at the effect of L-citrulline on rat hearts exposed to ischaemia-
reperfusion injury. Ischaemic hearts reperfused in the presence of L-citrulline
exhibited a marked preservation of left ventricular developed pressure, decreased
polymorphonuclear leukocyte accumulation in post-reperfused myocardium and
decreased p-selectin expression on coronary endothelium. In another study the
phenomena of post-operative hypertension development after congenital heart
surgery in children was studied. Oral administration of L-citrulline was shown to
be effective in reducing post-operative pulmonary hypertension. Probably the
most informative study to date concerning L-citrulline was carried out in 2005 by

Hayashi et al 7)) who investigated the ability of a variety of antioxidant
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compounds to inhibit the progression of high-cholesterol induced atherosclerosis.
Although the main aim of this study was to investigate the effects of L-arginine,
L-citrulline was also tested based on the hypothesis that L-citrulline is converted
into L-arginine and is thought to be one of the main ways of sustaining local L-
arginine concentration for NO production "' ] _citrulline was able to
reduce atheromatous lesion size, markedly improve endothelial function,

upregulate eNOS expression and to decrease superoxide levels.

1.6.1 Antioxidant properties of L-citrulline

The mechanism by which Lcitrulline is working remains unclear. Hypotheses
include NO independent effects, such as those demonstrated by & Tejerina P%!
and NO dependent effects mediated through the conversion of L-citrulline into
L-arginine. An alternative hypothesis, and one we are interested in, is the
possibility that L-citrulline is working by decreasing ROS, thus preventing ROS
mediated vascular damage and also increasing NO bioavailability. Indeed, some
of the effects of L-citrulline do mimic those exhibited by NO, such as the
inhibition of smooth muscle cell proliferation ?°), The potential for L-citrulline
to act as an antioxidant is supported by a phenomenon seen in wild watermelon.
Wild watermelon are found in the Kalahari desert where through the summer
periods they have to survive conditions of drought, which in terms of plant
physiology means they have to protect themselves against increased ROS.
Botanists have discovered that these plants have evolved a survival mechanism
that involves accumulation of L-citrulline via an enzyme called DRIP-1 (174121,
L-citrulline has been shown to be a potent hydroxyl radical scavenger capable of
reacting with hydroxyl radicals at a rate of 3.9x10° M' s and therefore by

increasing the levels of L-citrulline within the plant, ROS damage is limited.

Although these studies only look at the hydroxyl radical, it is plausible that L-
citrulline is capable of scavenging superoxide, as it is structurally similar to L-
arginine, another potential superoxide scavenger. The positive effects of L-
citrulline seen in the studies discussed above may therefore in part be mediated

via an antioxidative action. A second aim of this thesis was to therefore
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investigate whether L-citrulline does indeed exert an antioxidant effect.

1.7 Thesis aims

As oxidative stress plays such a prominent role in the development of endothelial
dysfunction it is vital to characterise potential antioxidant molecules capable of
preventing the development of cardiovascular disease. L-citrulline is being
shown to be more than simply an inactive bi-product of NO synthesis with
studies highlighting that L-citrulline is cardio-protective in a number of disease
states. L-arginine, the precursor of NO, has shown in countless studies that it is
capable of improving endothelial function. With evidence to suggest L-citrulline
may have antioxidant properties in plants and the current contradictions that exist
concerning the antioxidant properties of L-arginine, a study aimed at fully
characterising the antioxidant profile of both molecules was needed. I feel that
the contradictions that exist concerning the antioxidant nature of L-arginine may
rest with the methodologies used to investigate its function. This thesis
overcomes this by utilising the highly sensitive and specific technique of EPR
which allows direct characterisation of free radicals. In a series of ex vivo studies,
the significance of these antioxidant actions in both physiological and
pathophysiological conditions is elucidated. Together, this provides an in depth
profile of the antioxidant properties of L-arginine and L-citrulline and evaluates
there potential in the prevention and treatment of endothelial dysfunction.
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1.

1.8 Specific aims

To characterise the antioxidant properties of L-arginine and L-citrulline
focussing on radical specificity and the effect of the free

radical:antioxidant ratio on function.

To characterise the mechanism by which L-arginine and L-citrulline exert

their antioxidant actions.

. To investigate the effect of both molecules in physiological and

pathophysiological processes including their effect on platelet function,
lipid peroxidation and in a system of ROS mediated endothelial
dysfunction.
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2.0 Formation of superoxide and hydroxyl radicals

2.01 Hydroxyl radical formation

A Fenton type reaction was chosen as the mechanism of hydroxyl radical
synthesis as it is a relatively cheap and simple technique that could be adapted to
the assay systems chosen for this thesis. Also, the importance of Fenton

chemistry in biological systems has been long recognised '),

In 1894 P! Fenton reported that mixtures of ferrous salts and hydrogen peroxide
resulted in the formation of a species capable of oxidising dihydroxy maleic acid.
This species was later suggested to be the hydroxyl radical by Haber and Weiss
U25] which was confirmed by Baxendale et al ** (Equation 14).

Fe' + H,0, + H > Fe** + H,0 + "OH Equation 14

Numerous other transition metal complexes (in their lower valency state) have
also been demonstrated to have the oxidative features of the Fe(Il) including
Cu(D), Ti(III), Cr(II) & Co(II). From these transition metals copper was chosen as
it is a very physiologically relevant molecule that has been suggested to play a
role in the oxidation of DNA damage associated with ageing and cancer
[10.13,84.221.303] ' A5 mentioned previously, it is lower valency transition metals that
act as Fenton type reagents and so it is thought that hydroxyl radical production
from Cu(Il) most likely involves initial reduction to Cu(I). Note that Cu(I) was
not used in these studies due to the rapid oxidation of Cu(I) to Cu(Il) in aqueous

solutions.

The mechanism of Cu(Il) reduction and subsequent hydroxyl radical production
is illustrated in equations 15 & 16.

Cu(ll) + H,0; > CuOOH + H - Cu(l) + O," + 2H" Equation 15
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Cu(l) + H;O, - Cu(ll) + *OH + OH Equation 16

The superoxide formed in reaction 16 can also go on to reduce Cu(Il) as shown
in equation 17 and directly reduce hydrogen peroxide to hydroxyl radicals via the

Haber Weiss reaction as shown in Equation 18.

Cu(Il) + 0;" —> Cu(@) + O, Equation 17

0" +H;0,> 0+ ‘OH + OH Equation 18

As the aim was to produce a pure hydroxyl radical generating system, it was
important to rule out the problem of superoxide contamination (equation 15).
EPR studies, described in chapter three, demonstrated that no free superoxide

was present in this system.

2.02 Superoxide formation

Throughout this thesis, superoxide was synthesised using a xanthine oxidase
system. A general overview of xanthine oxidase is provided in the introduction

and so the aim here is to briefly discuss superoxide production.

Xanthine oxidase is an oxidoreductase that exists as a homodimer of
approximately 300kDa: each subunit contains four redox centres including a
molybdenum cofactor (MoCo), one FAD and two Fe,S, sites (1461 ~ At the
molybdenum site hypoxanthine is converted into xanthine, which then undergoes
oxidation (specifically hydroxylation) to form urate. The electron introduced is
rapidly transferred to the other linearly aligned redox centres and then passed on
at the FAD centre to molecular oxygen (Figure ). Univalent reduction of oxygen
yields superoxide, whereas two and three electron reduction yields hydrogen

[26,191]

peroxide and hydroxyl radicals respectively . In this thesis a pure
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superoxide generating system was required. EPR studies demonstrated that no
hydroxyl radicals were being produced as no signal was detected using
DEPMPO (a spin trap known to trap both superoxide and hydroxyl radicals) and

the signal was completely inhibited by superoxide dismutase but not by catalase.

Hypoxanthine Xanthine

Xanthine Urate

Mo

Figure 15 Schematic diagram illustrating xanthine oxidase oxidation of

xanthine and hypoxanthine and reduction of molecular oxygen
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2.1 Electron Paramagnetic Resonance spectroscopy

2.1.1 Introduction

Electron paramagnetic resonance spectroscopy is the gold standard in relation to
the detection of ROS and has been used extensively in this thesis. To this end,
the following provides a brief introduction to the complex field of EPR.

Spectroscopy generally utilises the fact that molecules interact with
electromagnetic radiation. This results in the absorption or emission of energy by

the molecule causing an energy transition from the ground state to an excited

state (Figure ).
le

M :
U T Excited State
| AE

|

l

4

-ﬂ——i——_ Ground State

Figure 16 Spectroscopic transition involved in absorption spectroscopy.

Spectrometry refers to the measurement of radiation that is absorbed or emitted
by the molecule involved. The difference, AE, between the two energy levels
must be equal to the energy of the quantum radiation, i.e.

AE = hy Equation 19

E is the energy of the quanta, v is the frequency of the radiation, and h is the Planck

constant.
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EPR is specific in that it only detects energy transitions within paramagnetic
molecules i.e. those with an unpaired electron or nucleus with an odd mass
number. This includes free radicals, transition metals and also spin traps, which
are molecules that can be attached to free radicals to produce stable, detectable
free radicals. EPR utilises the fact that free electrons and certain nuclei have a
magnetic moment. All unpaired electrons spin about their axis and according to
classical physics, any spinning charge will produce a magnetic field, and
therefore the spinning electron (S) produces a magnetic moment (ps). The

magnetic moment of an electron or a nucleus is related to its spin by:

p=-gBs for an electron Equation 20

1= gaBal for a nucleus Equation 21

Where u is the magnetic moment, g and g, are proportionality constants called the electron and
nuclear g-values, B and B, are the Bohr and nuclear magnetons respectively (natural Units of

electron and nuclear moments), s and I are the electron and nuclear spins respectively.

The electron and nuclear spin (S) are quantised, meaning there are only certain
orientations allowed in relation to an applied external magnetic field, each
corresponding to a distinct energy. The energy of the magnetic moment depends

upon its projection along the magnetic field given by:

E=-pH Equation 22

In the case of a free electron or single nuclei, there are only two orientations
allowed. The spins must either align with the magnetic field (parallel) in which
case it has a lower energy state (-'/2) or against the external magnetic field (anti-

parallel) in which case it has a higher energy state (+'/5) (Figure ).
=+
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Magnetic Field (H)
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Figure 17 a) random magnetic moments of electrons in absence of magnetic field (H)
(b) + (c) magnetic moment, |, in presence of external magnetic field. (b) parallel, low-
energy state, (c) anti-parallel, high energy state.

The energy states in a magnetic field are given by

E=+",gBH Equation 23

Where H is the magnetic field.

Application of electromagnetic radiation can induce a transition from the low-

energy (parallel) spin-state to the high-energy (anti-parallel) spin state. The

conditions for this transition are given by:

hv=gBH Equation 24
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4

M,=+112

8

e hv =gBH

w
M=-12

Magnetic Field Magnetic Field
Off On

Figure 18 Electron spin levels in a magnetic field

AMg=%1 Equation 25

AM;= 0 Equation 26

Where Ms and M; is the spin quantum numbers of an electron and nucleus respectively.

According to these rules, only one transition is permitted; from -'/; to +'/; or vice
versa. As a result only a single peak is observed in the spectrum. Magnetic
resonance absorption is normally displayed as its first derivative, i.e. the

amplitude representing the slope of the absorption peaks (F i%re )
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(a)

Absorption, A
\

Field, B

Field, B

First Derivative of Absorption (dA/dB)

Figure 19 First derivative of the absorption intensity (a) the absorption (b)
the first derivative signal, the slope of the absorption signal at each point.

The most important features of an EPR spectrum are the g-values — the points
about which the spectrum is centred, and the splittings of these lines (hyperfine
splittings). Hyperfine splittings arise from the interaction of the central magnetic
moment (usually from the electron) and the magnetic moment of surrounding
nuclei. Not all nuclei have a nuclear moment and Table 13 lists nuclei likely to

give rise to EPR hyperfine splittings.
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Table 13 Typical hyperfine splitting for magnetic nuclei.

Nucleus Spin (I) - No. of lines

H v 2

N 1 3

PF A 2
Cu >/ 4
>Mn A 6

In the presence of a nuclear magnetic moment, the electron spin experiences
both the external magnetic field (H) and the nuclear magnetic field (H;). The
number of hyperfine lines from a particular nucleus depends on the nuclear spin
(I) and can be calculated from:

I=2I+1) Equation 27

For I='/, e.g. "H, two hyperfine lines are seen. This is because EPR selection
rules (Equation 25 & 26) states that only two possible transitions are permitted
(Figure ). The fact that all energy transitions are identical results in two peaks of
equal intensity. One would expect both peaks to fall in the same position but this
does not occur as the peaks are the product of both the electron and nuclear spin
and are therefore displaced because they have slightly different energies i.e.

different positions in the magnetic field.
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M, M
K - 1lz
+1,
7'y + 112
-,
- ‘I[2
+1/

Figure 20 Hyperfine energy level splittings for nuclear spin I='/,.

Knowledge of a molecule’s g-value and hyperfine splitting pattern means that
EPR allows the quantification of the molecule in question, but to also

unequivocally identify it.
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2.1.2 Spin trapping

It is not always possible to observe paramagnetic species such as ROS for several
reasons. The most obvious is that the concentration of ROS falls below the limit
of detection of the EPR spectrometer. However some radicals, even at
concentrations greater than the detection limit, are not observable at
room/physiological temperature due to their short relaxation times. This results
in line broadening so that the radical is effectively undetectable. This can be
visualised using the Heisenberg Uncertainty principle. The uncertainty principle
implies that if a system exists in an energy state for only a short time duration,
then the energy of the state is not well defined causing a corresponding
broadening in the spectral transition, the line width being given by Plancks

constant:

Av=1/T Equation 28

where v=frequency of radiation, T= relaxation time

4 T N
_/ Fast Slow

/

R.T.
\ (O 1 sec) /7 (1 sec)
/
&@
Thus, Thus,
1/01=10 1/1=1
Line Width = 10 Gauss Line Width = 1 Gauss
A
ﬁ,f—rf/\// ya
\ //ww

Figure 21 Schematic diagram illustrating how relaxation times affect the line width of
a signal. Note that the area under the curve will be the same because the number of

spins in the sample are the same.
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Spin trapping provides a method to overcome the problem of unstable radicals or
detection problems due to line broadening via the complexity of free radicals to
nitroso or nitrone compounds (or spin-adduct). This results in the formation of a
detectable nitroxide product. Simply put, a free radical (R") reacts with a double
bond of a diamagnetic compound, the spin trap (S=T), to form a less reactive
radical, the spin adduct (S-T-R)".

R’ + S=T - (S-T-R)’ Equation 29

There are many types of spin trap and within this thesis the nitroso spin trap
TEMPONE-H, and the nitrone spin traps DEPMPO and PBN have been focused

on.

2.1.2.1 Nitroso and nitrone derivatives

Both nitroso and nitrone derivatives react with free radicals to from a stable
nitroxide product (Figure ). Nitroxides are relatively stable because the unpaired

electron is resonance stabilised and sterically protected.

(0] 0"
B
— =l~\(+—R' + R*° — —c:,- —-bll —R'
o R O

Figure 22 A) Nitroso molecule B) Nitrone molecule reacting
with a free radical to give a nitroxide
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The EPR spectrum of a nitroxide is a characteristic triplet resulting from the
effect of the nitrogen nuclear spin (I=1) on the free electron. As discussed
previously, in the presence of a nuclear magnetic moment, the electron spin
experiences both the external magnetic field (H) and the nuclear magnetic field
(Hj). The number of hyperfine lines from a particular nucleus depends on the
nuclear spin (I) which in the case of nitrogen is 1. Following the equation I= (21
+1), nitrogen will therefore give rise to three peaks. The spectrum shows a 1:1:1
intensity ratio (Figure ).

—

Figure 23 Representation of 1:1:1 spectrum resulting
from the nuclear spin of Nitrogen

The primary triplet may be split into secondary lines, and with all spin traps
used in this thesis this is due to the interaction of the B-proton (illustrated on all
spin tap diagrams), which results in the formation of a doublet for each resonance
of the primary nitrogen (See Table 13 & Figure ). The magnitude of the
hyperfine splitting for the B-proton provides information on the position of the
hydrogen in relation to the nitrogen, which varies upon binding of different ROS.
Thus the hyperfine splittings for the B-proton are used together with the primary
triplet coupling for identification of the reactive free radical.
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2.1.2.2 N-t-Butyl-a-phenylnitrone (PBN)

Almost all radicals form spin adducts with PBN, including carbon, oxygen and
nitrogen centred radicals. '

A

O
H=N—C(CH)

O..
PBN

Figure 24 A) Structure of PBN B) example of PBN-adduct
spectrum illustrating the splittings arising from the hydrogen

and nitrogen nuclear moments

Although ROS are the primary radical generated in vivo, PBN reacts more
rapidly with carbon-centred radicals. However as ROS react with cellular
biomolecules such as lipids leading to the formation of secondary carbon-centred
radicals, it is possible to use PBN ex vivo to demonstrate ROS formation as
evidenced by trapping of the secondary carbon radicals °”). Specifically, DMSO
can be added as a source of carbon groups *l. Any hydroxyl radicals formed
react with DMSO to form carbon based radicals which can then be detected
using PBN (Figure ).

97




General Methods Chapter Two

A

(CHy),SO + -OH — CH,SO;H + -CH,

B

R
+ ! |
C.Hs—cn-r't—acu,» A c.Hs—-cl—h; —C(CHy),

0- H O

Figure 25 A) Formation of carbon centred radicals through reaction of DMSO and
hydroxyl radicals. B) Formation of PBN adduct via addition of R group. In this

experiment, R represents a carbon centred radical

The differences in hyperfine splitting caused by the binding of different free
radicals are small and therefore PBN is ill suited in the identification of specific
ROS. PBN is more hydrophobic than traps such as DEPMPO however, meaning
it readily crosses membranes and so can be used to measure free radical

production within cells.

2.1.2.3 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO)

Due to the shortcomings of PBN in terms of characterisation of specific ROS, the
spin trap DMPO was developed as this allowed differentiation between ROS
within a given system. DMPO was replaced later on with a phosphorylated
derivative DEPMPO. DEPMPO-OOH is 15 times more stable than DMPO-OOH
and does not spontaneously decay to *OH or DEPMPO-OH P%). Therefore
unlike DMPO, DEPMPO can be used to detect between superoxide and hydroxyl
radicals, a quality that is utilised throughout this thesis.

DEPMPO forms characteristic superoxide and hydroxyl radical adduct spectra as
the position of the B-proton varies between adducts (Figure ).
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A

=V I 0 i

Figure 26 A) Structure of DEPMPO B) example of DEPMPO-OH spectrum C)
Example of DEPMPO-OOH spectrum. Both B&C illustrates the splittings arising

from the phosphate, hydrogen and nitrogen nuclear moments
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2.1.2.4 TEMPONE-H

Unlike the spin traps discussed so far, TEMPONE-H does not allow
characterisation of free radicals per se, rather quantification of oxidising
potential. This is because unlike PBN and DEPMPO, the ROS do not bind to the
nitrogen, rather they oxidise the diamagnetic TEMPONE-H into the
paramagnetic TEMPONE. Formation of TEMPONE is therefore proportional to
the concentration of ROS and so allows semi-quantification of the ROS (F :12%};1‘3)

0 0
Oxidation
HC o HC CH,
NH c 1 N
M | oy Reduction MG | o
OH o

TEMPONE-H TEMPONE

Figure 27 Inter-conversion between TEMPONE-H and TEMPONE

2.1.3 Detection of transition metals

In order to test whether L-arginine and L-citrulline were able to reduce hydroxyl
radical generation through chelation of copper sulphate, the ability of EPR to
quantify copper sulphate levels was utilised. EPR spectra for transition metals are
often more complicated than those derived from spin traps and therefore a brief

discussion of the spectrum observed with Cu(Il) shall be undertaken.

The transition metal Cu(I) has one unpaired electron in the outer shell (3d°)
(Figure ) making it paramagnetic and therefore detectable by EPR.
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cu 3de |TL{H{TLTLHY $=1,

Figure 28 Electron configuration of copper(Il)

However, as with ROS discussed above, copper has a short relaxation time
resulting in signal broadening. Therefore, in order to detect copper, it must be
bound to a metal chelator, in the case of these studies MGD, which has the effect

of increasing relaxation time.

In the case of Cu(Il), the EPR spectrum is complicated by the fact that the copper
nucleus has a nuclear spin (I) of */»_ In simple terms, while a proton (I = %) can
only spin on its axis in two opposite directions (+/2 or —'., often called
‘clockwise’ and ‘anticlockwise’ spin) the copper nucleus can actually spin in
four opposite directions (labelled +°/, +'/5, -'/5, -*/5). By applying the same set of
EPR selection rules, one observes that four permitted energy transitions now
become feasible, as illustrated in Figure . Notice, that no change occurs in the
nuclear spins during the transition (i.e., one goes from the M; = -*/, level in the
lower Mg = -/, spin state to M; = 2/, level in the upper Mg = +, spin state; the

electron spin changes, but the nuclear spin does not change during the transition).
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-3,
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Figure 29 Hyperfine energy level splittings for nuclear spin I=°/,. The EPR transitions for a
single electron, S='/, are shown. The energy level splittings mirror the hyperfine splittings are

characteristic of the nuclear spin I=°/,

The spectra observed for Cu-MGD complex is not as straightforward as that
illustrated in Figure due to the following factors:

1. Rotational correlation time

2. Spectral anisotropy

3. The presence of a nitrogen nucleus on the MGD molecule
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2.1.3.1 Rotational correlation time

A dissolved copper ion in a solvent of low viscosity presents very rapid

rotational motion whose correlation time (t.) is given by the Debye relation;

T = 41mR3/3kT Equation 30

Where R is the radius of the molecule and 1 is the viscosity of the solvent. One
can simply see from this equation that the radius (i.e. size of the molecule) and
the viscosity will affect the motion of the ion. For very fast motion
(i.e., 1c < 10" s), the EPR spectrum is insensitive to the rate of molecular motion
and will consists of four lines of equal intensity. For relatively fast motion,
10" < ¢, < 10° s, the effective rotational correlation time changes and this
affects the shape of the spectrum, with all four peaks having slightly different

intensities.

Figure 30 Schematic representation of the effect of rotational correlation time on
copper(Il) spectrum
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2.1.3.2 Spectral anisotropy

The position and splittings of the lines (specified by the g-values and the
hyperfine constants) seen in an EPR spectrum is dependent upon the direction of
the magnetic field in relation to the molecular axes. A simple example to

demonstrate this effect can be seen for a fully hydrated Cu(II) ion (F igx\re ).

V4

T
>y

Cu

Figure 31 Schematic illustration showing the distorted octahedral shape of a fully hydrated
Cu(I)

As can be seen, the Cu(Il) ion binds six water molecules along the x, y and z-
axis. According to the classic Jahn-Teller theory, all d9 ions will undergo a
distortion along the z axis. This means the symmetry of the ion is reduced from
pure octahedral (in which the Cu-H,O distance is identical in every direction) to
a distorted octahedral (in which the Cu-H,O distance in the z direction is longer
compared to the Cu-H,O distance in the x and y direction). As a result the energy
experienced by the electron is different along the z axis compared to the x and y
axes. Under these circumstances, two peaks will appear in the EPR spectrum
(disregarding for the moment the nuclear spin of copper); one corresponding to
resonance along the z axis and another peak (of twice the intensity)

corresponding to resonance along the x and y direction (Figure ).
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gz
Ox=y

Figure 32 Schematic of spectrum obtained from fully hydrated
copper ion experiencing a Jahn-Teller distortion

In frozen solution (e.g. 77K) two sharp, defined peaks will be seen as all
molecules will be stationary and therefore exist in a random distribution (known
as a polycrystalline glass) in which all orientations of the Cu ion are exposed to
the external magnetic field. As the mobility of the molecule increases i.e. as
temperature rises, rotation between the x-, y- and z-axis increases resulting in g-
averaging in which the two peaks overlap to form one broad peak. As discussed
before, this is slightly complicated due to the nuclear spin of copper (I="/,). This
results in a four-line hyperfine splitting in both the z and x=y directions as shown

in the room temperature spectrum shown below (Figure 33).
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Figure 33 g-averaging of Cu(Il). Avl=Z1 + X=Y1, Av=X=Y2.......etc
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It can be seen from the above illustration that the g, component will average with
the g« and gy component.

2.1.3.3 Presence of a nitrogen nucleus on the MGD molecule

Finally the effect of the interacting nitrogen nucleus on the Cu(Il) spectra was
taken into account. This produces a superimposed superhyperfine structure (due
to nitrogen) on the hyperfine structure of copper. Copper most likely binds to
MGD via interaction with the nitrogen, and this is responsible for the effect of

the nitrogen nucleus (I = 1) in the spectra.

Y OH QOH
S)\“ﬁ)\)ﬁ
CH, OH OH OH

Figure 34 Chemical structure of MGD

The nitrogen nucleus results in a 3-way splitting of each peak. Due to the effects
of decreased rotational correlation time and g-averaging, the three-way splitting
can not be seen in detail due to signal broadening. The presence of a shoulder on
peak 3 and peak 4 however can be observed and this is most likely due to the
nitrogen splitting (An=14G).

2.1.4 Conclusion

The combined effects of the rotational correlation time, spectral anisotropy and
binding to the chelator MGD, converts the simple four lined spectra derived from
the electron spin (S+'/2) and nuclear spin (I="/,) into the characteristic copper

spectra see below at room temperature (Figure ).
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Figure 35 Example spectrum of 200uM copper (II) and 6.25mM MGD
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2.1.5 EPR methodology

2.1.5.1 Generation of superoxide and hydroxyl radicals

The assay mixes used to generate EPR detectable superoxide and hydroxyl

radicals are summarised in Table 14.

Table 14 Radical generation mix
, DEPMPO TEMPONE-H
PBS PBS PBS
OmM MPO 10mM DEPMPO 2uM TEMPONE-H
! DEP 0.1mM DTPA 0.lmM DTPA
1uM CuSO, suM k e n ~
441mM H,0, #M hypoxanthine 25uM hypoxanthine
’ 0.0025 Units xanthine 0.0025 Units xanthine
oxidase oxidase

2.1.5.2 Superoxide and hydroxyl radical scavenging by L-arginine and L
citrulline

Samples were placed in a quartz glass cell and EPR spectra recorded at room
temperature, pH 7.4 using a Varian 104 EPR spectrometer. Instrument settings
varied depending on the spin trap being used, of which details can be found in
the appropriate chapters. Samples were run for 20 minutes (10 x 2 minute scans)
after a 90 second incubation period. Signal intensity for each two minute scan
was determined. Area under curve was calculated for the full 20 minute period

from these intensities.

The antioxidant capacity of L-arginine and L-citrulline was assessed according to
their ability to quench the signal detected from the above radical generating

systems.
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2.1.5.3 Detection of copper sulphate

The dithiocarbamate, MGD, was added to Cupric sulphate (Cu(Il)) forming a
paramagnetic Cu-MGD complex with characteristic spectra. The effect of L-
arginine and L-citrulline on Cu(lIl) levels was investigated via incubation of a
range of test compound concentrations (1x10'6M, 1x10™*M, 1x10°M, 1x10"'M
and 1M) with 50pM Cu(ll) for five minutes. After the five-minute period,
6.25mM MGD was added and samples immediately placed in a quartz glass cell
and EPR spectra recorded at room temperature using a Varian 104 EPR
spectrometer. The instrument settings were as follows; Gain 5x10*, modulation
1.6Gauss, time constant 0.128sec, 500 Gauss scan width, power SmW. Samples
were run for 5 minutes (5 x 1 minute scans). The average of the five scans was

taken and signal intensity determined.

2.1.5.4 Detection of ROS in Platelet Rich Plasma

Blood was taken by standard venepuncture from the antecubital vein. The
anticoagulant trisodium citrate (3.8%), 1:9 v/v (Sodium Citrate : Blood)was used.
Blood was then centrifuged at 150g and 4°C for 10 minutes and platelet rich

plasma (PRP) removed and stored at room temperature.

A round bottomed glass tube was then coated with 5x10 moles of PBN and a
total volume of 500uL. added to the tube to give a final concentration of 100mM
PBN. The composition of the 500ulL varied as described in Table 15. All
solutions were vortexed to ensure full mixing of PBN with solution. Samples
were placed in a quartz glass cell and EPR spectra recorded at room temperature
using a Varian 104 EPR spectrometer.

The instrument settings were as follows; Gain 8x10, modulation 1.6 Gauss, time

constant 0.128sec, Gauss scan width 200 Gauss, power SmW. Samples were run

for 10 minutes (10 x 1 minute scans), with no initial incubation period.
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Table 15 Composition of EPR platelet assay mix

| PBN | Collagemn | : DMSO
Sample Type : PBS volume PRP volume
Conc* Conc* volume
Control 100mM Opg/mi 500ul 0 0
ROS level in
unstimulated
100mM Opg/ml 250uL 250ul. OuL
platelets
ROS level in
stimulated lpg/ml or
100mM 250uL 250pL OuL
platelets 10pg/ml
Carbon centred
radical levels in
100mM Oug/ml 200uL 250pl 50uL
unstimulated
platelets
Carbon centred
radical levels in 1pg/ml or
100mM 200uL 250ul. 50uL
stimulated 10pg/ml
platelets
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2.2 Luminol based chemiluminescence

2.2.1 Introduction

Luminol based chemiluminescence is a widely used technique in the detection
and quantification of oxygen derived free radicals. The interaction of luminol and
ROS leads to emission of light which is consequently detected using a range of
luminometers. Luminol based chemiluminescence is an effective and reliable
technique for quantifying hydroxyl radicals as shown by Cheng et al 2003 59
who demonstrated the ability of luminol to not only detect and quantify hydroxyl
radicals but to also provide a suitable assay for investigations into the antioxidant
properties of different compounds. The data obtained from this assay provided
complimentary data to the EPR study. EPR is specific to the radical of interest
but is not as convenient as each sample takes twenty minutes to run and kinetic
studies are more difficult to obtain. Luminol based experiments are the opposite,

numerous samples can be run at once meaning kinetic studies over one hour are

feasible.

2.2.2 Methodology

2.2.2.1 Generation of varying concentrations of hydroxyl radical

Hydroxyl radicals were generated using Fenton chemistry described previously.
Briefly, varying concentrations of hydrogen peroxide and copper sulphate (ratio
kept constant (Table 16)), were mixed to produce a range of hydroxyl radical

concentrations.

Due to difficulties in quantifying exact concentrations of hydroxyl radical, all
radical systems were expressed in terms of the concentration of copper sulphate
and hydrogen peroxide, and for simplicity referred to as system 1-4 as explained
in Table 16.
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Table 16 Composition of hydroxyl radical formation assay mixes -

Concentration of copper Concentration of hydrogen
System sulphate peroxide
1 4.5\M 44.1mM
2 9uM 88.2mM
3 18uM 176.4mM
4 36uM 352.8mM

Hydroxyl radicals were measured via chemiluminescence utilising a luminol
probe. Measurements were carried out at pH 7.4, 37°C using a ML X microtitre ®
plate luminometer. Briefly, 100pl. Luminol (final concentration 1mM dissolved
in 10% DMSO and 90% PBS) was added to each well in a 96 well plate along
with the appropriate concentration of hydrogen peroxide (see Table 16) and
amino acid (1x10°M — 1M). As a control, PBS was added in place of the amino
acid. Background chemiluminescence activity was measured for one minute and
then the appropriate volume of copper sulphate (Table 16) was injected into each
well using an automated injector system to initiate the reaction. Copper sulphate
was auto injected with the plate already in the spectrometer as preliminary data
showed that if copper sulphate and hydrogen peroxide were pre-mixed, a
significant proportion of hydroxyl radicals were produced before recording
started. Given the short half life of the hydroxyl radical (<10™s), this lead to large
differences in signal between plates. This injection system therefore allowed
continuous radical detection and real time capture of radical production. Photon
emission was continuously recorded for sixty minutes. Total hydroxyl radical
production was expressed as area under curve. The formation of superoxide was
rules out in a preliminary study by the addition of 50-1000 Units of SOD which
had no effect on total yield (Figure ). The antioxidant capacity of L-arginine and

L-citrulline was assessed as ability to reduce hydroxyl radical levels.
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2.3 Platelet aggregation

2.3.1 Introduction

Platelet activation and aggregation plays a vital role in maintenance of the
cardiovascular system. To investigate the ability of L-arginine and L—citrulline to
act in an antioxidant capacity, a platelet model was chosen as platelets are known
to synthesise ROS under normal conditions and it has been shown that ROS
levels increase upon activation of the platelets by agonists such as collagen
[46.186.284.376] These endogenous ROS are thought to be involved in platelet
activation and aggregation and so a platelet model provides an ideal system to
investigate the antioxidant activity of both L-arginine and L-citrulline in a
physiologically relevant model.

2.3.2 Methodology

Blood was taken by standard venepuncture from an antecubital vein. The
anticoagulant trisodium citrate (3.8%), 1:9 v/v was used. Blood was then
centrifuged at 150g and 4 °C for 10 minutes and platelet rich plasma (PRP) kept
at 37 °C (i.e. body temperature — to return platelet metabolism to normal rates

after cooling).

Platelet aggregation was measured on a dual channel aggregometer (Chrono-log,
Model 560). The aggregometer measures change in electrical resistance which
occurs as a result of aggregating platelets building up between two electrodes.
Electrodes were calibrated before each measurement and aggregation

consequently measured for 10 minutes at 37°C with continuous stirring at
1000rpm (Fi ).
o

The effect of a range of compounds, L-arginine, L-citrulline, D-arginine,
ascorbic acid, superoxide dismutase, catalase and Mannitol on collagen-induced
platelet aggregation were analysed (see Table 17 for exact concentrations). All
samples were made up to a total volume of 1ml, consisting of 500ul platelet rich

plasma at all times and 500pl of the appropriate test compound or PBS (control).
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All samples were incubated for ten minutes at 37°C prior to initiation of
aggregation. 3 minutes of this 10 minute incubation period was spent in the

aggregometer with stirring at 1000rpm.

Tzble 17 Concentration of test compounds in platelet aggregation assay

Test Compound Final concentration
L-arginine ix10"M — IM
D-arginine 1Xx10°M — IM
L-citrulline 1x10°M - 1.6x10"'M
scorbic acid 1x10°M — 1M

Mannitol 1x10°M — 5x10"'M
Superoxide dismutase 10, 100 & 500 Units/ml|
catalase 100, 1000 & 2000 Units/ml

Channel 1 Channel 2
Control Test compound

= ]

Figure 36 Diagrammatic representation of the piatelet

aggregometer
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2.4 Nitric oxide Analyser (NOA)

2.4.1 Introduction

Ozone based chemiluminescence is one of the most sensitive nitric oxide
detection systems available. It utilises the fact that the reaction between nitric
oxide and ozone results in the emission of light that is proportional to nitric oxide
concentration. This assay is specific as ozone is un-reactive with other gases such
as NO,, NH3, CO, C;H,, SO,, CO,, or H,O under the conditions used to detect
nitric oxide.

Ozone reacts selectively with NO to yield nitrogen dioxide (NO,), a proportion
of which is in an excited form (NO,*).

4NO + 203 — 2NO;” +2NO; + O, Equation 31

The excited form of nitrogen dioxide is unstable and so energy is dissipitated in

the form of photons in order to regain the stable ground state (NO,).

NO," — NO, + hv Equation 32

The light emitted from this reaction is in the red and infrared section of the
spectrum (640-3000nm) with peak intensity occurring at ~1100nm.. Although
the photomultiplier used to amplify the signal only detects wavelengths below
900nm, the amount of light emitted in the 640nm-900nm region is sufficiently
high to be detected, making chemiluminescence one of the most sensitive NO

assays available (>,
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2.4.1.1 Chemiluminometer

The NO chemiluminescence (NOA) analyser in its simplest form consists of a
reaction chamber in which NO reacts with ozone, a light detector and a recorder.
A photomultiplier is used since this allows the relatively weak red and infrared
light given off to be amplified. The photomultiplier also is the detection method
of choice due to the stability of the dark current (background output) compared

to other devices.

Because of the partition coefficient of nitric oxide (~20) even though nitric oxide
is produced in an aqueous environment, it is 20 times more likely to exist in the
gaseous phase. By bubbling nitrogen through the sample, the removal of NO
from the sample in to the chemiluminometer is accelerated. Also, nitrogen
removes oxygen from the system and therefore prevents interaction of nitric

oxide and oxygen.

2.4.2 Methodology

Oxygen-free nitrogen gas was bubbled through the assay mix, which was
heated to 37°C (+ 1°C) in a water bath on a thermostatically controlled hotplate.
A chemical trap containing 25ml of 1M sodium hydroxide (16g NaOH/400m!
HPLC grade water) was placed between the reagent vessel and the NO analyser
(Sievers NOA 280i, Analytix, UK) to prevent damage to the NOA and to remove
N-oxides. The carrier gas (oxygen free nitrogen) was maintained at a constant
flow rate by two adjacent flow meters (Figure ). The assay mix was made up in
PBS to a volume of 5ml which was bubbled with nitrogen for 5 minutes prior to

the start of the experiment to remove all oxygen from the sample.
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Inert Carrier Gas Nitric Oxide Analyser
(NOA)
Eg.N, __’1 NO + 0, — NO,+ 0, + hr
At Controlied
Flow Rate — "‘T,,p —»|  Signal (mV) +— | pMT
C

| Rutiber Septum ijecion Port_ |
OO~ . 4M“Aj

[ ——

il [ oo
‘ 1 s

Figure 37 Experimental set-up for ozone based chemiluminescence
determination of NO release from GSNO. Picture courtesy of Andrew
Pinder.

The effects of a range of compounds on the release of NO from 10nmoles and
80nmoles GSNO were investigated (Table 22). Fresh vials of 10mM GSNO
stock (25mg in 7.44ml 100uM DTPA; DTPA 15.7mg/400ml HPLC water; used
to increase the stability of the compound) were stored in light protected vials in
the freezer (-20°C). Once thawed, vials were stored on ice (4°C) and diluted to
the appropriate concentrations in HPLC grade water.
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2.5 Aortic ring preparation

2.5.1 Introduction

The aortic ring preparation is a type of bioassay that is classically used for
determining the potencies of endothelium-dependent relaxants on vascular
smooth muscle. In this thesis the aortic ring preparation was chosen as it allowed
the quantitative measurement of the degree of relaxation to acetylcholine, an
agent known to release NO from endothelial sources resulting in smooth muscle

relaxation. Relaxation can therefore be used as a measure of NO bioavailability.

2.5.2 Methodology

2.5.2.1 Removal of aortae

Male, New Zealand White rabbits (approximately 2-2.5Kg) were terminally
anaesthetised with an intravenous injection of sodium pentobarbitone
(120mg/Kg). A transverse incision was made into the abdominal cavity using
blunt-ended scissors. The diaphragm was then transected and two longitudinal
cuts made into the rib cage to allow the thoracic aorta to be exposed. The aorta
was excised and placed directly into fresh Krebs buffer (see Table 18 for
composition). Care was taken not to stretch the tissue at any point.

The aorta was then cleaned of fat, blood and connective tissue before being cut
into 2-3mm wide rings on a purpose built apparatus using equidistant upturned

razor blades.

2.5.2.2 Isometric tension recording

Aortic rings were prepared and mounted in Sml tissue baths containing Krebs
buffer and gassed with 95% O, / 5% CO, at 37°C. A resting tension of 2.6g was
set. Tissues were allowed to equilibrate for one hour, during which time the

tension was reset to allow for stress-induced relaxation, and washed out at 30
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minutes and 60 minutes. After one hour all rings were exposed to phenyiephrine

(PE, 1x106™M) until a reproducible constriction was achieved. Upon achieving a
s 3 2 * 1 . ‘5 - 2 - 2 h | P .

steady plateau, rings were exposed to 1x10”M acetylcholine to assess endothelial

function followed by washing and re-equilibration. Various experiments were

subsequently performed with differing protocols (Chapter 6).

Table 18 Compositicn of KREBS buffer

REAGENT CONCENTRATION
NaCl 109 mM
KClI . i 2.68 mM
KH;PO;4 1.2 mM
MgSO4.7TH, O 1.2 mM
NaHCO; 25 mM
Glucose 11 mM
CaCi,.7H,0 1.5 mM

+——— Maclab

s . i B i B .
Transducers
Asrated Krebs buffer (5% 7
S o \ ¥ i ! Y
Rabbt ﬂ: l] {E II( l l] ]
20rtic Angs ] ) i i
Fixad in position — i I_I L—l I’ — S | M-
Water Jacket "
B0 I

Figure 38 Diagrammatic representation of aortic ring apparatus
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2.6 TBARS assay

2.6.1 Introduction

The thiobarbituric acid reactive substances test (TBARS) is one of the oldest and
most frequently used tests for the measurement of oxidation of fatty acids,
membranes and food products. It is a very simple technique in which the reagent,
thiobarbituric acid reacts with the products of lipid oxidation under acidic
conditions producing a detectable product. Phosphatidylcholine (Figure ) was

chosen as it is a phospholipid that is a major constituent of cell membranes.

Glycerol
W\M/V\/\C_so_CHz
|c|> Choline
] \A/\/\/\fW\CJ_O_?H o] P m—b
CHZ—*— O'— P—D-vCHz—cw—r\rf—crg
----------__-----------__-.':: """"""" CH,
Fatty acid ol
Phosphate
L I 1
Hydrophobic tail Polar head group

Figure 39 Structure of phosphatidylcholine

Lipid oxidation occurs in three stages, initiation, in which the lipid is attacked by
a free radical, in this case the hydroxyl radical; propagation in which the
resulting lipid radical abstracts hydrogen from an adjacent lipid resulting in the
formation of new lipid radicals, and termination in which reactions between lipid

radicals results in the formation of a stable non-radical product (F igqﬁ?e ).

Monodialdehyde (MDA), one of the products of lipid oxidation, allows lipid
oxidation to be quantified as MDA reacts with TBA to form TBA-MDA, also
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known as TBARS (ThioBarbituric Acid Reactive Substances). TBA-MDA is a
coloured product that absorbs light at 525nm and emits at 547nm and therefore

fluorescence can be used to effectively quantify lipid oxidation.

Lipid T
“OH ____.l Abstraction A
Lipid radical T
Molecular rearrangement
Conjugated diene
Oxygen B
Peroxy] radical
1 Abstraction
Lipid hydroperoxide Cyclic peroxide
' C
Cyclic endoperoxide
MDA + other products -

Figure 40 Summary of lipid oxidation A) Initiation B) Propagation

C) Termination

122




General Methods Chapter Two

2.6.2 Methodology

Thiobarbituric acid solution (TBA) was prepared by dissolving TBA in 50% v/v
Acetic acid to give a final concentration of 29mM. The standard solution of
malondialdehyde (MDA) was prepared by dissolving 328ul (2mmol)
Tetramethoxypropane (TMP) in 100ml absolute ethanol to give a final
concentration of (20mM). MDA is an unstable molecule and was therefore
generated by hydrolysis of TMP. Phosphatidylcholine (PC) was dissolved in
absolute ethanol, concentrated under liquid nitrogen and then re-suspended in
PBS (pH 7.4) giving a final suspension of 4mg/ml. To investigate the effects of
the amino acids, 50% of the PBS volume was replaced with the appropriate
concentration of amino acid dissolved in PBS. Hydrogen peroxide (final
concentration 44.1mM) and copper sulphate (final concentration 4.5uM) were
added to the phosphatidylcholine solution to initiate oxidation. All samples were
incubated at 37°C, pH 7.4 for 150 minutes. After the incubation period, samples
were placed on ice and 250uM EDTA was added to terminate the oxidation
reaction (adapted from Wasowicz et al 13851 100ul of sample or the appropriate
volume of MDA standard were added to glass tubes containing 1ml of HPLC
grade water. 1ml of the TBA solution was then added and all samples heated at
100°C for 1 hour. Samples were cooled on ice and the reaction mixture was
extracted using 3.5ml n-butanol and mixing for Sminutes. Centrifugation at
1500g for 10minutes allowed separation of the butanol layer and fluorescence
was measured at 525nm for excitation and 547nm for emission using a Perkin
Elmer Luminescence spectrometer (LS50B). The calibration curve was prepared
using 0-0.3nmol/ml MDA.

The effect of a range of L-arginine and L~citrulline concentrations on lipid

oxidation was measured (1x10"M — 2x10"'M & 5x10™'M for L~citrulline and L-

arginine respectively).
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2.7 Chemicals and other agents

Product Source

Spin Traps

DEPMPO Alexis Bio-chemicals UK
TEMPONE-H Alexis Bio-chemicals UK
N-t-Butyl-a-phenylnitrone (PBN) Alexis Bio-chemicals UK
Reagent Chemicals

HPLC Grade Water Fisher Scientific UK
Glacial Acetic Acid Fisher Scientific UK
Sodium Hydroxide (NaOH) Sigma Aldrich UK
Diethylenetriaminepentaacetate (DTPA) Sigma Aldrich UK
Phenylephrine (PE) Sigma Aldrich UK
Acetylcholine (Ach) Sigma Aldrich UK
Dimethyl Sulfoxide (DMSO) Sigma Aldrich UK
catalase Sigma Aldrich UK
Luminol Sigma Aldrich UK
Phosphobuffered Saline tablets Sigma Aldrich UK
Hydrogen peroxide Sigma Aldrich UK
Hypoxanthine Sigma Aldrich UK
Xanthine oxidase Sigma Aldrich UK
L-arginine Sigma Aldrich UK
L-citrulline Sigma Aldrich UK
D-arginine Sigma Aldrich UK
Mannitol Sigma Aldrich UK
Ascorbic acid Sigma Aldrich UK
Ethylenediaminetetra-acetic acid (EDTA) Sigma Aldrich UK
Thiobarbituric Acid (TBA) Sigma Aldrich UK
Aminoguanidine Sigma Aldrich UK
glycine Sigma Aldrich UK
N-a-acetyl-arginine Sigma Aldrich UK
Phosphatidylcholine Sigma Aldrich UK
S-nitrosoglutathione (GSNO) Sigma Aldrich UK
N-(Dithiocarbamoyl)-N-methyl-D-glucamine Alexis Bio-chemicals UK
(MGD) Alexis Bio-chemicals UK
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Superoxide dismutase (SOD) Alexis Bio-¢hemicals UK
Tetramethoxypropane (TMP) Alexis Bio-chemicals UK
n-Butanol Aldrich
Copper sulphate Aldrich

i Collagen Chronolog
Krebs
Sodium Chloride (NaCl) Fisher Scientific UK
Potassium Chloride (KCl) Fisher Scientific UK
Potassium Dihydrogen Orthophosphate (KH,PO,) | Fisher Scientific UK
Magnesium sulphate (MgS047H,0) Fisher Scientific UK
Sodium hydrogen Carbonate (NaHCO;) Fisher Scientific UK
Glucose Fisher Scientific UK
Calcium Chloride (CaCl,) Fisher Scientific UK
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3.0 Introduction

Both L-arginine and L-citrulline have been shown to have beneficial effects on
the vasculature, potentially via an antioxidative action. Although a significant
amount of work has been carried out investigating the antioxidant effects of L-
arginine, controversy exists as to its ability to act as a free radical scavenger

161993793831 To date nearly all studies have focused on superoxide with only a

handful investigating its effect on hydroxyl radicals **?%%],

Conversely, the
antioxidant properties of L-citrulline have focused mainly on the hydroxyl
radical (as demonstrated in plants) where L-citrulline has been shown to
scavenge hydroxyl radicals with second-order rate constant of 3.9x109 M! s
with its effect on superoxide remaining uncharacterised. This study was aimed at

fully characterising the antioxidant profile of both amino acids on both radicals.

This investigation into both the superoxide and hydroxyl radical is unique in
providing a direct comparison between radical types, something which is
currently lacking in the literature. Although superoxide is more commonly
associated with endothelial dysfunction, wherever superoxide is produced
hydroxyl radicals are also generated via Haber-Weiss and Fenton Chemistry. The
hydroxyl radical is one of the most aggressive reactive oxygen species in the
vasculature with targets including proteins, lipids, carbohydrates and DNA 27/,
Its action results in various levels of cell damage leading to impaired cell
function and cell death. The hydroxyl radical has also been shown to react
directly with nitric oxide forming nitrite at a rate of 1-2 x 10'° L mol™' s7'*%7],
This results in decreased NO bioavailability and may lead to increased
endothelial dysfunction. It is therefore vital that any molecule considered as
having a cardioprotective effect via an antioxidant action must be defined in
terms of both superoxide and hydroxyl radical scavenging properties.

In summary this body of work is the first study to fully characterise the
antioxidant properties of L-arginine and L-citrulline not only in terms of free
radical type, but also the effect of free radical concentration on antioxidant
capacity. Thus two radical generating systems were developed for detection of

free radical concentrations and comparisons were made with an in vitro model
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system to test antioxidant capacity.

3.1 Aims

e To characterise the superoxide generating capacity of a xanthine oxidase
based system utilising EPR.

e To assess the antioxidant properties of L-arginine and L-citrulline against
superoxide radicals.

e To characterise the hydroxyl radical generation capacity of an adapted
Fenton system utilising EPR.

e To assess the antioxidant properties of L-arginine and L-citrulline against
hydroxyl radicals.

e To assess the antioxidant capacity of L-arginine and L-citrulline against
varying concentrations of hydroxyl radical utilising Iluminol based

chemiluminescence.
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3.2 Materials and Methods

3.2.1 Detection of free radicals by EPR

3.2.1.1 Generation of superoxide

Superoxide is a product of the catalysis of hypoxanthine into uric acid by
xanthine oxidase as discussed in detail in Chapter 2. Superoxide formed can be
measured using EPR (Table 19).

3.2.1.2 Generation of hydroxyl radicals

Hydroxyl radicals were generated via an adapted Fenton chemistry system,
discussed in detail in Chapter two. Briefly, hydrogen peroxide and copper
sulphate react to form hydroxyl radicals which can be measured by EPR and
luminol based chemiluminescence. Table 19 lists the components of the reaction

mix required to generate a detectable hydroxyl radical yield.

Table 19 Radical generation mix

i Superoxide radicsl
ydroxyl DEPMPO TEMPONE-H
PBS lOmMPDBl?PMPO 2uM TEI,)I\]'BIIS’ONE H
loi‘i‘nMMDCIiPSI‘gO 0.1mM DTPA 0.ImM DTPA
4.41mM H.O 5uM hypoxanthine 25uM hypoxanthine
: 22 0.0025 Units xanthine 0.0025 Units xanthine
oxidase oxidase

3.2.1.3 Detection of superoxide and hydroxyl radicals

Samples were placed in a quartz glass cell and EPR spectra recorded at room
temperature, pH 7.4 using a Varian 104 EPR spectrometer. Typical instrument

129




In vitro studies Chapter Three

settings were as follows; Gain 8x10, modulation 1.6 Gauss, time constant 0.128
seconds, Gauss (3378Mt), scan width 200 Gauss for DEPMPO, 100 Gauss for
TEMPONE-H, power SmW. Samples were run for 20 minutes (10 x 2 minute
scans) after a 90 second incubation period. The intensity of the first peak of the
DEPMPO-OH and TEMPONE spectra and the fourth peak of the DEPMPO-OH
spectra for each two minute scan was determined (Figure ). Area under curve

was calculated for the full 20 minute period from these intensities.

3.2.1.4 Scavenging effects of L-arginine and L-citrulline

The antioxidant capacity of L-arginine and L-citrulline was assessed according to
their ability to quench the signal detected from the above radical generating
systems. Both amino acids were added to the assay mix and as with control
samples, samples were run for 20 minutes (10 x 2 minute scans) after an initial
90 seconds incubation period. Area under curve was recorded in the presence
(AUCa,) and absence (AUCcontrot) Of the selected amino acids, and inhibition of

control (I) was calculated as:

I=((AUC controi - AUCAA) / AUC conrat) * 100
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Figure 41 Examples of A) DEPMPO-OH B) DEPMPO-OOH and C)
TEMPONE spectra. Star illustrates the peak chosen for signal

intensity measurements
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3.2.2 Detection of free radicals by luminol based

chemiluminescence

3.2.2.1 Generation of varying concentrations of hydroxyl radical

Hydroxyl radicals were generated using Fenton chemistry *’). Briefly, varying
concentrations of hydrogen peroxide and copper sulphate (ratio kept constant
(Table 16), were mixed to produce a range of hydroxyl radical concentrations.

Due to difficulties in quantifying exact concentrations of hydroxyl radical, all
radical systems were expressed in terms of the concentration of copper sulphate
and hydrogen peroxide, and for simplicity referred to as system 1-4 as explained
in Table 20.

Table 20 Fenton Chemistry mix composition

Concentration of copper Concentration of hydrogen
System sulphate peroxide
1 4.5uM 44.1mM
2 9uM 88.2mM
3 18uM 176.4mM
4 36uM 352.8mM

Hydroxyl radicals were measured as described in section 2.2.2.1 via
chemiluminescence utilising a luminol probe. Photon emission was continuously
recorded for sixty minutes. Total hydroxyl radical production was expressed as
Area under curve. The formation of superoxide was ruled out in a preliminary
study by the addition of 50-1000 Units of SOD, which had no effect on total
yield.
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3.2.2.2 Assessment of antioxidant capacity of L-arginine and L-citrulline

The antioxidant capacity of L-arginine and L-citrulline was assessed according to
their ability to quench the signal detected from the above Fenton reaction. Area
under curve was recorded in the presence (AUCu4) and absence (AUCcontot) Of
the selected amino acids, and inhibition of control (I) was calculated as:

I=((AUC controt - AUCAR) / AUCcontrot) * 100.

3.2.3 Statistical Analysis

Data expressed as mean + SEM. Student t-tests and one or two way analysis of
variance with a Bonferroni post hoc test were used to calculate significance

which was set at p<0.05 unless otherwise stated.
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3.3 Results

3.3.1 Superoxide radical scavenging activity of L-arginine and L-

citrulline determined by EPR spectroscopy

3.3.1.1 Characterisation of superoxide generation from xanthine oxidase by
DEPMPO

As discussed in chapter two, DEPMPO is the spin trap of choice for superoxide
and hydroxyl radical detection. 10mM DEPMPO was chosen as this has
previously been shown to be the most efficient at trapping superoxide with
roughly 60% of the superoxide present being detected at concentrations of
DEPMPO greater than 10mM P%*!. Upon analysis of results obtained, a
DEPMPO-OOH spectra (F igﬂ‘fr% was identified using the following parameters

e Ay of 13.4g which is consistent with published results for DEPMPO-

OOH splittings '™
e Signal was inhibited by 10 Units of SOD .
e 100 Units of catalase had no effect on signal intensity.

Superoxide production from 0.0025 Units xanthine oxidase was proportional to
the concentration of substrate (hypoxanthine) (F i;gg). A concentration slightly
higher than the ECs value of 1.66uM was chosen in order to minimise the signal

to noise ratio.
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Figure 42 Example Spectrum of DEPMPO-OOH. Scan taken over two minutes, eighteen

minutes after the reaction was initiated.
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Figure 43 Hypoxanthine concentration effect curve. Varying hypoxanthine concentrations
incubated with 0.025U Xanthine oxidase for 20 minutes. n=5 except for 5x10°M where n=11.
Data expressed as meantSEM. EC;=1.66pM
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3.3.1.2 Effect of L-arginine and L-citrulline on superoxide levels

L-arginine and L-citrulline had negligible superoxide scavenging capacity with
antioxidant activity only seen at concentrations greater than 1x10™'M (Figur? ).
L-citrulline exerted stronger superoxide scavenging activity than L-arginine,
which at no point was capable of inhibiting 100% of superoxide detected. At all
concentrations which an antioxidant capacity was observed, L-citrulline more

efficiently scavenged superoxide in comparison to L-arginine.

150+

m  L-Arginine
v L-Citrulline

Log [Amino acid] (M)

% Inhibition of superoxide control

Figure 44 Effect of L-arginine and L-citrulline on DEPMPO-OOH levels.

Data expressed as mean + SEM. n=4.

136




In vitro studies Chapter Three

3.3.1.3 Characterisation of superoxide generation from xanthine oxidase by
TEMPONE-H

Superoxide can oxidise the EPR silent TEMPONE-H into the paramagnetic
TEMPONE (Fitgﬁr%). Although it is acknowledged that TEMPONE-H is not
specific for superoxide, in a pure chemical system, the formation of TEMPONE
is a measure of superoxide concentration. The concentration of xanthine oxidase
was maintained at 0.0025 Units as used in the DEPMPO assay, however the
concentration of hypoxanthine was increased to 25puM as little signal could be
seen with SuM (Fi?ﬁ% ). As with DEPMPO, superoxide generation was

proportional to hypoxanthine concentration.

3.3.1.4 Effect of L-arginine and L-citrulline on superoxide radical levels

L-arginine had no effect on TEMPONE formation indicating that L-arginine was
unable to reduce superoxide levels (Figure 47). L-citrulline was only able to
significantly reduce superoxide levels at a concentration of 1x10"'M (Figure 47)
(p<0.001) confirming experiments using DEPMPO.

137



In vitro studies Chapter Three

1000 -
800 -
600 4
400 -

200 ]

0 W

200

400 -

Signal Intensity (AU)

-600

-800

-1000 . , . r . : R —
3250 3300 3350 3400 3450 3500

Gauss
Figure 45 Example Spectrum of TEMPONE. Scan taken over two minutes, eighteen minutes

after the reaction was initiated.

17.5-
15.04 b
12.54 .
10.04
7.5
5.0
2.5 .

0.0 —$- T T T T 1
8 7 6 5 4 3 2

Log [Hypoxanthine] (M)

Tempone formation
(AUC)

Figure 46 Hypoxanthine concentration effect curve. n=4. Data expressed as mean+SEM.
ECs=11.14pM
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Figure 47 Effect of L-arginine and L-citrulline on TEMPONE formation. Data

expressed as mean * SEM. n=4 *** represents p<0.001 compared with control.
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3.3.2 Hydroxyl radical scavenging activity of L-arginine and L-
citrulline determined by EPR spectroscopy

3.3.2.1 Characterisation of hydroxyl radical generation

Hydroxyl radicals were generated through the reaction of copper sulphate with
hydrogen peroxide (adapted Fenton chemistry system). A range of hydrogen
peroxide concentrations were incubated with 1uM copper sulphate in order to
evaluate the most efficient concentrations for hydroxyl radical production. Based
on these results (Fi"éﬁ?e ), a final concentration of 1uM copper sulphate and
4.41mM hydrogen peroxide was chosen so as to allow both increases or
decreases in radical levels to be detected whilst maintaining acceptable signal to
noise ratio. Trapping of hydroxyl radicals by DEPMPO resulted in the formation
of a characteristic DEPMPO-OH spectrum (Ax=13.4) ('Fi?t;tj ). Production of
DEPMPO-OH increased steadily over the twenty minute experimental period

s
(Figure ).
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Figure 48 Effect of hydrogen peroxide concentration on hydroxyl radical production in the
presence of 1pM copper sulphate. Data expressed as meantSEM. n=4.
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Figure 49 DEPMPO-OH spectrum. Readings taken over two minutes, eighteen minutes after

the reaction was initiated.




In vitro studies Chapter Three

4_

[ e

o

® 4

E 3

)

L D 2-

O«

ov

a

= "

1T} B

o) A —
0 | T 1 1

I L
0 250 500 750 1000 1250 1500
Time (sec)

Figure 50 Production of DEPMPO-OH from 1uM copper sulphate and 4.41mM hydrogen
peroxide. (A) Hydroxyl radical was produced using Fenton chemistry and incubated with
10mM DEPMPO, pH 7.4 for ninety seconds at room temperature. (B) DEPMPO-OH
formation was then recorded for twenty minutes (10 x 2min scans). Data expressed as mean +

SEM. n=9.
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3.3.2.2 Effect of L-arginine and L-citrulline on hydroxyl radical levels

Both L-arginine and L-citrulline were able to significantly inhibit DEPMPO-OH
formation at concentrations >1x10°M (p<0.01) in the case of L-arginine and
1x10°M (p<0.05) and >1x10™*M (p<0.01) in the case of L-citrulline. ECso values
for L-arginine and L-citrulline were 16.19uM and 44.06uM respectively. There
was no significant difference between the antioxidant activity of L-arginine and

L-citrulline as assessed by a two-way ANOVA (p>0.05) (Figsull'e ).

1004 ® L-Citrulline
A L-Arginine

% inhibition of ‘OH
control
3

|
9 8 7 6 5 4 -3 2 -1 0
Log [Amino Acid] (M)

Figure 51 Effect of L-arginine and L-citrulline on DEPMPO-OH levels. Data expressed as mean + SEM.
n=3-5 except for 1x10“°M where n=6.
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3.3.3 Effect of hydroxyl radical concentration on antioxidant

capacity

The effect of hydroxyl radical concentration on the redox activity of L-arginine
and L-citrulline was tested using luminol-based chemiluminescence. Redox
activity was tested against four concentrations of hydroxyl radicals produced
from increasing concentrations of copper sulphate and hydrogen peroxide
(System 1 - 4). Increasing the concentration of copper sulphate and hydrogen
peroxide resulted in a significantly larger yield of hydroxyl radical as determined
by chemiluminescence yield (p<0.01) (Figurea). Radical production was rapid
and peaked immediately after copper sulphate was auto injected into the system,
with signal gradually returning to baseline over one hour (Fi?urcl ). Both amino
acids tested exhibited antioxidant activity at all concentrations of hydroxyl
radicals (Figsug- ) with antioxidant activity shown to be dependent upon both
amino acid and hydroxyl radical concentration (Table 21).

Table 21 ECs, values for L-arginine and L-citrulline against a range of hydroxyl radical
concentrations. Details for systems 1-4 can be found in Table 20.

Amino Acid | ECysystem 1 | ECgysystem2 | ECgsystem 3 | ECg system 4
L-arginine 375.6uM 578.7uM 856.1uM 1363uM
L~citrulline 226.3uM 441 9uM 746.1uM 1038uM

Also of interest is the fact that at amino acid concentrations of <1x10>M, and
with the three highest concentrations of free radical (system 2, 3 & 4), a pro-
oxidative effect was seen, defined as the ability to increase the signal to that
above the control value. The concentration of 1x10™*M was chosen to investigate
this pro-oxidant activity as this concentration produced consistent pro-oxidative
effects with both amino acids. When radical concentration increased from system
2 to system 3, redox activity changed from antioxidative to pro-oxidative (Figure

). In the case of L-arginine, pro-oxidant activity was proportional to the
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concentration of hydroxyl radical present (*=0.9431).
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Figure 52 Hydroxyl radical production and quantification from varying concentrations of copper
sulphate and hydrogen peroxide. For explanation of concentrations of copper sulphate and hydrogen
peroxide in systems 1-4 refer to Table 20. Data expressed as mean + SEM. n=16.
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Figure 53 Effect of SOD on total hydroxyl radical yield from 36uM copper sulphate and
352.8mM hydrogen peroxide (system 4). No significant difference between groups (p>0.05).
Data expressed as mean + SEM. n=9-11.
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Figure 54 Effect of a range of L-Arginine and L-Citrulline concentrations (1x10°M — 1x10°
'M) on hydroxyl radical levels. Moving from left to right indicates an increase in hydroxyl
radical concentration. Positive values indicate a decrease in hydroxyl radical production
(antioxidant activity); negative values indicate an increase in signal (pro-oxidative activity).
For explanation of concentrations of copper sulphate and hydrogen peroxide in systems 1-4
refer to Table 20. Data expressed mean + SEM. n=16.
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Figure 55 Effect of hydroxyl radical concentration on the antioxidant / pro-oxidant

activity of 1x10“M L-arginine and L-citrulline. Positive values indicate a decrease in

hydroxyl radial concentration (antioxidant activity); negative values indicate an

increase in hydroxyl radical concentration (Pro-oxidant activity). Data expressed

mean + SEM. n=4-6 except for L-Citrulline Systems 1 and 3 where n=9.
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3.4 Discussion

3.4.1 Antioxidant properties in relation to superoxide

Two spin traps were chosen to investigate the antioxidant properties of L-
arginine and L-citrulline against superoxide. This was based on the initial finding
that L-arginine and L-citrulline had little effect on superoxide levels when
measured by DEPMPO, with no activity seen below concentrations of 1x10"M
(Figure ). Based on this finding, a second spin trap (TEMPONE-H) was chosen
to rule out the possibility that this result was due to the efficiency of radical
binding by DEPMPO i.e. the DEPMPO-OOH adduct was being formed before
the amino acid could scavenge the superoxide. Unlike DEPMPO, TEMPONE-H
could not be used to characterise the scavenged radical, however results with
DEPMPO showed conclusively that the ROS generating system used was only
producing superoxide (spectra demonstrated Ax=13.4, inhibited by SOD but not
catalase) and therefore radical contamination was not a problem in this system.
Results with TEMPONE-H also demonstrated a lack of antioxidant activity
against superoxide, with L-arginine having no effect on superoxide levels and L-
citrulline only significantly reducing levels at 1x10-1M (p<0.001). As plasma
concentrations are 70-150puM and 30-100pM for L-arginine and L-citrulline

(2044921 and exogenous i.v. administration of L-arginine leading to

respectively
levels between 0.8mM to 8mM in plasma it can be concluded that neither amino
acids would be likely to have any relevant antioxidant activity in a biological

setting.

The fact that the spin traps may be more efficient at reacting with superoxide
than the amino acids demonstrates the limited antioxidant properties of L-
arginine and L-~citrulline in regard to superoxide. When applied to an in vivo
setting it is likely that superoxide would react more favourably with other
molecules, meaning that the amino acids would afford little protection to
- molecules such as NO, especially considering NO and superoxide react at almost
diffusion controlled rates. This work supports studies carried out by Adams et

{61 [137]

al ™ and Hayashi et al who demonstrated that L-arginine and L-citrulline has
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no antioxidant properties in vitro or in vivo respectively. However, this
conclusion is based on chemical interactions alone (a factor returned to below).

One must consider however the number of studies that point towards an effect of
L-arginine on superoxide levels. Such studies have demonstrated that L-arginine
can directly inhibit oxidative stress by reducing superoxide release from
hypercholesterolaemic rabbit aortic rings B7 decrease ROS mediated NO
degradation "**! and protect rat hearts from ROS damage. The following offers

some explanation for the differences seen in these contradictory observations.

3.4.1.1 Incorrect identification of ROS

Several studies including a study by Lass et al '), claim that L-arginine is able
to scavenge superoxide generated from xanthine oxidase and hypoxanthine. Any
results with xanthine oxidase must be carefully interpreted however. It is
commonly assumed that the main product of xanthine oxidase is superoxide,
however this radical generation system has also been shown to produce hydrogen
peroxide and the hydroxyl radical through two and three electron reductions of

(91 261 Hydroxyl radical generation also occurs when

molecular oxygen
hydrogen peroxide and superoxide are present through Haber Weiss chemistry.
As not all studies use catalase, and even fewer directly identify the ROS in
question, one cannot be sure that superoxide and not hydrogen peroxide or
hydroxyl radicals were being produced. It is therefore possible that the
antioxidant effect of L-arginine observed in earlier studies was actually mediated

via scavenging of hydroxyl radicals, a finding supported by this data (F igsurle )-

3.4.1.2 Reduction of superoxide production

L-arginine has also been shown to protect against oxidative stress through
indirect actions such as decreasing xanthine oxidase activity ***! and improving
antioxidant defence systems by increasing glutathione levels ***) and SOD and
catalase activity ®°). L-arginine could also reduce superoxide levels via re-

coupling of NOS, thus converting it from a superoxide generator back to NO
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synthesis !°*1,

Care must also be taken when interpreting results, as a change in superoxide
levels may not correlate to antioxidant activity. For example, a study carried out
by Boger ef al ®”! demonstrated that L-arginine was able to reduce superoxide
release from the vasculature of cholesterol fed rabbits. Superoxide release was
stimulated by PMA, a chemical that stimulates a respiratory burst in leukocytes,
which are known to infiltrate the vessel wall in hypercholesterolaemia
[133,261.310.378] 1 _arginine may therefore not be scavenging superoxide release per
se, but may be increasing the concentration of NO, thus inhibiting leukocyte
adhesion to vascular endothelium. If this was the case, superoxide levels would
decline, not because of the antioxidant effect of L-arginine, but because there are
fewer leukocytes present in the endothelium generating superoxide upon PMA

stimulation.

By directly investigating the interaction of amino acids and superoxide, this work
overcame many of the complicating factors discussed above. Although in vivo,
the chemistry between these two molecules would not be as straight forward as
that witnessed in an in vitro system, in order to answer the question of whether
L-arginine can directly scavenge superoxide, a simple in vitro system was
needed. By using EPR it is indisputable that the xanthine oxidase system was
only synthesising superoxide as only this radical could have provided the
hyperfine splittings seen in the spectrum (F‘i-gu%). This was most likely due to
the low concentration of hypoxanthine used (25uM), as low substrate

concentrations favour superoxide generation '°!]

, whilst previous studies have
used concentrations up to ImM "**1 which would push the enzyme towards
generating hydrogen peroxide or even hydroxyl radicals. Also, through the use
of a simple chemical system, complications arising in vivo and ex vivo such as
the ability of L-arginine to increase antioxidant defences e.g. SOD and catalase
were avoided. This allowed us to categorically state that there was direct
interaction between L-arginine / L-citrulline and superoxide and suggests that
antioxidant effects seen in other studies are most likely due to confounding
factors such as incorrect radical identification and/or alternative physiological

effects of the amino acid.
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Although the results seem to directly contradict several studies, it is not that
mistakes have been made; rather that different end points or indices of
superoxide scavenging have been used. Although there can be no doubt that L-
arginine is capable of reducing superoxide levels both in vivo and ex vivo, it is
unlikely that this is via a direct scavenging effect and is most likely due to the
reasons discussed above such as decreased production and increased degradation
by other antioxidant systems. In terms of L-citrulline, little work has been carried
out investigating the effects on superoxide. and so there is no work to compare
this study to. This work would suggest that in terms of direct superoxide
scavenging potential, L~citrulline is similar and would appear to have no role in

antioxidant defence.

3.4.2 Antioxidant properties in relation to the hydroxyl radical

To the best of our knowledge this is the first study demonstrating the ability of L-
arginine and L-citrulline to scavenge hydroxyl radicals at physiologically
relevant concentrations. It is also the first to highlight potential pro-oxidant
activity of both amino acids under certain oxidative conditions i.e. at specific
concentrations of hydroxyl radial. An EPR based assay was chosen to investigate
antioxidant activity as this allowed the antioxidant capacity against relatively low
levels of hydroxyl radical to be quantified. Both L-arginine and L-citrulline
scavenged hydroxyl radicals with an ECsp of 17.09uM and 44.06uM respectively
(Figure ). These are concentrations well within the range found in human plasma,
reported to be 70-150uM and 30-100pM for L-arginine and L-citrulline
respectively 24! It has been shown that L-citrulline is released with nitric
oxide P! from endothelial cells and could therefore play a protective role in
regards to preventing radical mediated breakdown of nitric oxide. The results
within this study demonstrated that L-citrulline and L-arginine were able to
scavenge hydroxyl radicals, however the difference in reaction rates between
hydroxyl radicals with nitric oxide (1-2 x 1010 L mol-1 s-1) ¥*"! and L-
citrulline and L-arginine (3.9 x 109 L mol-1 s—1 and 3.5 x 109 L mol-1 s-1
respectively) ®?*°) would suggest that neither would be very effective in
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protecting nitric oxide from hydroxyl radical mediated breakdown. This study
was concluded with an investigation into the effect of free radical concentration
on antioxidant capacity. This is important to consider because the term
‘oxidative stress’ covers a wide range of increased hydroxyl radical
concentrations. This study highlights how increased levels of hydroxyl radical
not only reduce antioxidant capacity, but that the ratio between hydroxyl radical
and amino acid governs whether an antioxidant or pro-oxidant effect could be
seen (Figsurse ). Between concentrations of 10pM-1mM both L-arginine and L-
citrulline were converted from antioxidants to pro-oxidants and increased the
concentration of hydroxyl radicals produced (Fi?u;c? ). This leads to the question
of whether this could occur under physiological conditions and also whether
exogenously administered amino acids have the potential to act in a pro-
oxidative manner. This is of great relevance as numerous clinical trials have
investigated the effects of administering supra-physiological concentrations of L-
arginine and L-citrulline on endothelial function *°>'6+*12271 L jttle is currently
known about administration of exogenous L-citrulline and the plasma levels
achieved, but exogenous i.v. administration of L-arginine has been shown to lead
to levels between 0.8mM to 8mM in plasma, depending on the dose administered
(between 6g and 30g) [50.163.211.281) ' A¢ these concentrations, a direct pro-oxidative
manner across concentrations of hydroxyl radicals was observed. The problems
associated with quantification of hydroxyl radicals in plasma however make it
difficult to predict the behaviour of L-arginine and L-citrulline in vivo. Results
from this study suggest that as long as hydroxyl radical levels are relatively low,
only an antioxidant effect would be observed. If hydroxyl radical levels increase
however, both amino acids would have the potential to act in a pro-oxidant

fashion, further increasing harmful oxidant levels.

In summary, this study demonstrates that at physiological levels, L-arginine and
L-citrulline have no effect on superoxide but are effective hydroxyl radical
scavengers. Under certain oxidative conditions however, both have the capacity
to act in a pro-oxidative fashion. The potential for pro-oxidative activity is of
great relevance as a growing number of studies are investigating the effect of

exogenous L-arginine and L-citrulline in treatment of disease states associated
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with oxidative stress. This study highlights the importance of achieving the
correct balance between amino acid and hydroxyl radical if a protective

antioxidant effect is to be attained.
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3.5 Summary

e L-arginine and L-citrulline are ineffective at scavenging superoxide with
neither exerting any antioxidant activity at physiological concentrations

or at concentrations achieved after exogenous administration

e The ability of L-arginine to reduce superoxide level in vivo and ex vivo,
as demonstrated in published studies, is unlikely to be via direct

scavenging.

e This is the first study highlighting the potential pro-oxidant activity of
both amino acids under certain oxidative conditions concerning the
hydroxyl radical. It also demonstrates the ability of L-arginine and L-
citrulline to scavenge hydroxyl radicals at physiologically relevant

concentrations.

o The potential for pro-oxidative activity is of great relevance as a growing
number of studies are investigating the effect of exogenous L-arginine
and L-citrulline in treatment of disease states associated with oxidative
stress. This study highlights the importance of achieving the correct

balance between amino acid and hydroxyl radical if a protective

antioxidant effect is to be attained.
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4.0 Introduction

Chapter three focused on characterising the antioxidant properties of L-arginine
and L-citrulline, demonstrating a propensity to scavenge hydroxyl but not
superoxide radicals at physiologically relevant concentrations. Based on these
findings, the aim of this chapter was to characterise the mechanism by which
hydroxyl radical scavenging was occurring.

There are two main mechanisms by which an antioxidant may reduce hydroxyl

radical formation and in relation to the adapted Fenton system these are:

1. Interaction with the substrate involved in hydroxyl radical production e.g.
copper sulphate / hydrogen peroxide
2. Direct scavenging of hydroxyl radicals

4.0.1 Indirect reduction of hydroxyl radical levels

The majority of published work has focused on the ability of L-arginine and L-
citrulline to interact directly with hydroxyl radicals. Within the literature
howeyver, there is evidence to suggest that amino acids have the ability to bind
copper ***). Amino acids are known to form salts with d-block transition metals
through dative bonding between the a-amino and carboxylate groups with the

metal ion (Figure ).
So
H
\/ :5_0'?"0
HzCl—-N:\ ~
c—o”
o/ N CH;

H H

Figure 56 Product of amino acid — copper interactions
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The vast majority of serum copper is transported bound to ceruloplasmin; the rest
is bound to albumin, transcuprein, and copper—amino acid complexes. L-
arginine, but not L-citrulline, is capable of binding copper within human plasma
28] and all evidence would suggest that although L-arginine is capable of
interacting with copper however the effect this has on copper catalysed reactions
remains uncharacterised. The effect of L-citrulline is also unknown and so this

chapter aims to provide more information on this topic.

4.0.2 Direct scavenging of hydroxyl radicals

To date, no work investigating the mechanism by which L-arginine scavenges
hydroxyl radicals has been undertaken. All work has focused on the superoxide
anion with contradictory results ensuing. Lass ef al 2002 "*! suggested that the
anti-oxidative activity of L-arginine was based on the guanidinium group which
is in direct contrast to a study by Wallner et al 2001 *”*! who reported that the «-
amino group is responsible for the antioxidant properties of this amino acid.

Significantly less work has been carried out investigating the mechanism of
action of L-citrulline ©*. In this study two techniques, HPLC and LCMS, were
used and two potential mechanisms of action proposed: 1) abstraction of a
hydrogen ion from the a-carbon forming a carbon centred radical as an
intermediate and 2) the hydroxyl radical attacks the side chain of L-citrulline,
resulting in decomposition to several radical derivatives and eventual formation
of unknown secondary products of various molecular weights through

polymerisation and/or condensation reaction.

The aim of this chapter was therefore to characterise the mechanism of action of
both L-arginine and L-citrulline against the hydroxyl radical. First, the ability of
both amino acids to reduce hydroxyl radicals via an indirect mechanism, i.e.
through the reduction of substrate, was investigated utilising EPR and an ozone
based chemiluminescence assay to measure the ability of L-arginine and L-
~ citrulline to reduce Cu(ll) levels. Next, commercially available compounds, that

structurally represent various chemical groups found within L-arginine and L-
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citrulline, were used to try and pin point the moiety that controls antioxidant and
pro-oxidant activity. Finally, the mechanism by which both amino acids directly
interact with hydroxyl radicals was investigated via the manipulation of pH to

control the protonation state.

4.1 Aims

e To clarify whether the reduction in hydroxyl radical levels seen upon
administration of L-arginine and L-citrulline is via a direct or indirect
mechanism

e To investigate the structural moiety that controls the redox activity
(antioxidant vs pro-oxidant) of L-arginine and L-citrulline

e To elucidate the mechanism by which this moiety confers redox activity.
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4.2 Materials and Methods

4.2.1 Investigation into indirect reduction of hydroxyl radical

levels

4.2.1.1 Detection of NO release from s-nitrosothiols

Ozone based chemiluminescence was used to detect NO release from S-
nitrosoglutathione as described in chapter two. The assay mix was made up in
PBS to a volume of 5ml which was bubbled with nitrogen for 5 minutes prior to
the stari of the experiment to remove all oxygen from the sample.

The effects of a range of compounds on the release of NO from 10nmoles and
80nmoles GSNO were investigated (Table 22). EDTA, a well known metal

chelator, was used to demonstrate the transition metal dependence of NO release.

Table 22 Concentration of compounds used in the nitric oxide analyser (NOA) assay

Compound ‘ Concentration Range
L-arginine 100pM, 5mM & 100mM
L-citrulline 100puM, 5SmM & 100mM
50uM, 100pM, 200pM, SmM &
Ascorbic acid
100mM
EDTA 5mM, 20mM, 100mM

4.2.1.2 Detection of copper (II) by EPR

The dithiocarbamate, MGD, was added to Cupric sulphate (Cu(ll)) forming a
paramagnetic Cu-MGD complex with characteristic spectra (Figure & Figure ).
The effect of L-arginine and L-citrulline on Cu(Il) levels was investigated
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through the incubation of a range of test compound concentrations (1x10°M,
1x10™*M, 1x10°M, 1x10"M and IM) with 50uM Cu(ll) for five minutes. After
the five-minute period, 6.25mM MGD was added and samples immediately
placed in a quartz glass cell and EPR spectra recorded at room temperature using
a Varian 104 EPR spectrometer. The instrument settings were as described in
chapter 2. Samples were run for 5 minutes (5 x 1 minute scans). The average of

the five scans was taken and the intensity of peak 4 (Fi ) was determined.

1400 E

Signal Intensity (AU)
8

-200 -
4004
600 -
-800 ety e ——,
3000 3100 3200 3300 3400 3500 3600

Figure 57 Example of Cu-MGD spectrum. The Spectrum was taken between 4-5 minutes
after initiation of the reaction.

4.2.2 Investigation into the direct reduction of hydroxyl radical

levels

4.2.2.1 Formation of hydroxyl radicals

Hydroxyl radicals were generated using Fenton chemistry as described in 2.01.

Briefly, 36uM copper sulphate and 352.8mM hydrogen peroxide were mixed to
produce hydroxyl radicals. Hydroxyl radical was measured using
chemiluminescence with a luminol probe. Measurements were all made at pH

7.0, 37°C using a MLX microtitre ® plate luminometer. Briefly, 100pL Luminol
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(final concentration 1mM dissolved in 10% DMSO and 90% PBS) was added to
each well in a 96 well plate along with 352.8mM hydrogen peroxide and 10ul of
either PBS (control) or the appropriate concentration of test compound (1x10"'M
— 1x10°M L-arginine, N-a-Acetyl-L-arginine, glycine, Aminoguanidine).
Background chemiluminescence activity was measured for one minute and then
36uM copper sulphate injected into each well using an automated injector system
to initiate the reaction. Photon emission was continuously recorded for sixty |
minutes. Redox activity was assessed according to the ability to quench or
increase the signal detected from the above Fenton reaction. Area under curve
was recorded in the presence (AUCaa) and absence (AUCcento) Of the test

compounds, and change from control (%change) was calculated as:

% change=((AUC controi - AUCAA) / AUC contrat) * 100

4.2.2.2 Effect of various structural moieties on redox activity

In order to investigate the moiety that controls the redox activity of L-arginine
and L-citrulline, a number of commercially available molecules with similar
structures to both amino acids were used. Aminoguanidine was chosen as it is
structurally similar to the guanidinium group contained within L-arginine.
glycine was chosen because as the most structurally simple amino acid, it allows
the effect of the a-amino group contained within both amino acids to be studied.
Finally the effects of N-u-acetyl-L-arginine were investigated as within this
molecule the a-amino group is replaced with an acetyl group, and so allows the

effect of removing the a-amino group to be investigated (Figure ).
S8
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Figure 58 Illustration of the structural similarities between L-arginine, Glycine,
L-citrulline, Aminoguanidine & N-a-acetyl-L-Arginine.

164



Mechanism of antioxidant action Chapter Four

4.2.2.3 Mechanism by which the alpha amino group confers redox activity

In order to investigate the effect of the protonation state of the a-amino group on
redox activity, pH systems were chosen based on the pKa values of L-arginine
and L-citrulline.

These are summarised in Table 23.

Table 23 pH values for each luminol based chemiluminescence system. Details on systems 1-4
can be found in table Table 20.

L-arginine (pH) L-~citrulline (pH)
- NH; NH; NH; NH,
System 1 724019 | 9.6£0.58 | 7.2+0.04 | 10.7+0.015
Fenton chemistry
System 2
Fenton chemistry + 7.0+0.16 9.9+0.08 7.1+0.025 | 10.8+0.05
amino acid
System 3
Hydrogen peroxide 7.240.19 9.0+0.33 7.240.045 | 10.7+0.01
alone
System 4
Hydrogen peroxide + | 7.240.17 9.8+0.05
amino acid

System one and System three - to test the effect of pH on Fenton chemistry and
hydrogen peroxide, pH was increased to the above values via addition of 1.2ul
and 4pl of 2.5M NaOH respectively.

System two and System four - to test the effect of pH on the redox activity of L-
arginine and L-citrulline, pH was increased to the above values via addition of
5ul 2.5M NaOH.
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4.2.3 Statistical analysis

Data expressed as mean + SEM. Unpaired Student t-test and one way ANOVA
followed by Bonferroni post hoc test was used to calculate significance which

was set at p<0.05 unless otherwise stated.
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4.3 Results

Indirect hydroxyl radical scavenging

4.3.1 Effect of L-arginine and L-citrulline on Cu(Il) levels - Ozone based

chemiluminescence study

4.3.1.1 Effect of EDTA on basal NO release

In order to investigate the effect of L-arginine and L-citrulline on copper levels,
the technique of ozone based chemiluminescence was used based on the fact that
NO release from S-nitrosothiols is copper dependent [''**%3°] In PBS alone, a
small amount of NO was seen to be released from GSNO with an area under
curve of 320.9AU and 929.7AU for 10nmoles and 80nmoles GSNO respectively
(F ig:r:le ). In order to prove that this NO release was copper dependent, varying
concentrations of the metal chelator EDTA were added to the PBS. Fi &
Table 24 illustrate the the decrease in NO release from 10nmoles and 80nmoles
GSNO upon the addition of EDTA (p<0.05).
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4.3.1.2 Effect of L-arginine and L-citrulline on basal NO release

Both L-arginine and L-citrulline significantly reduced basal NO release from
10nmoles and 80nmoles of GSNO (for individual p values see Figure & Figure )
suggesting that these amino acids were able to reduce unbound copper levels,
thus inhibiting NO release. In order to further prove that the release of NO within
this system was dependent on copper, the effects of ascorbic acid on NO release
was tested based on studies demonstrating that ascorbic acid catalyses the
release of NO from GSNO through reduction of Cu(II) to Cu(l) '7**?%4%1 Upon
addition of 10nmoles and 80nmoles GSNO to a range of ascorbic acid
concentrations, a significant increased in NO release (~3000% (p<0.05 &
p<0.001)) was seen providing further evidence that copper is involved in NO
release within this system (F i% , Flgie & Table 26).
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AUC (AU)

. Figure 59 Effect of EDTA on NO release from (A) 10nmoles GSNO and (B) 80nmoles GSNO.
Data expressed as mean+SEM. For control n=23. For all other treatment groups n=4.
* represents p<0.05, ** represents p<0.01, *** represents p<0.001 cf control.
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Figure 60 Effect of (A) L-arginine, (B) L-citrulline, (C) Ascorbic acid on NO
release from 10nmoles GSNO. Data expressed as mean+SEM. For control
n=23. For all other treatment groups n=4-5. * represents p<0.05, ** represents
p<0.01, *** represents p<0.001 cf control.
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Figure 61 Effect of (A) L-arginine, (B) L-citrulline,

(C) Ascorbic acid on NO release from 80nmoles GSNO. Data expressed as mean+SEM.
For control n=23. For all other treatment groups n=4-5. * represents p<0.05, ***
represents p<0.001 cf control.

171




Mechanism of antioxidant action Chapter Four

10000 A

AUC (AU)

=

sz i
10004 —T l
0 Y [ T l

Figure 62 Effect of all tested compounds on NO release from A) 10nmoles GSNO and B)
80nmoles GSNO. Data expressed as mean+SEM. For control n=23. For all other treatment

AUC (AU)

groups n=4,
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Table 24 Effect of EDTA on NO release from GSNO. Values correspond to Figure . Percentage
values represent % decrease from control

10nmoles GSNO 80nmoles GSNO
[Test
S5mM 20mM | 100mM | S5mM 20mM | 100mM
compound]
EDTA -80% -89% -93% -64% -17% -84%

Table 25 Effect of amino acids on NO release from GSNO. Values correspond to Figure and
Figure . Percentage values represent % decrease from control

10nmoles GSNO 80nmoles GSNO
[Test
100uM SmM 100mM | 100uM SmM | 100mM
compound]
L-arginine -64% -66% -76% -20% -56% -73%
L~citrulline | -77% -82% -84% -68% -67% -11%

Table 26 Effect of ascorbic acid on NO release from GSNO. Values correspond to Figure and
Figure . Percentage values represent % increase from control

10amoles GSNO 80nmoles GSNO
[Test
100uM SmM 100mM 50uM 100uM | 200uM
compound]
Ascorbic
Acid 2316% 2510% 2859% 1129% 1291% | 3126%
ci
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4.3.2 Effect of L-arginine and L-citrulline on Cu(IlI) levels — an
EPR based study

In order to investigate the ability of L-arginine and L-citrulline to interact with
Cu(Il), the ability of EPR to detect paramagnetic species was used. As discussed
previously (chapter three), Cu(Il) is paramagnetic due to the presence of a free
electron in its outer electron shell. Chelation of Cu(Il) to MGD therefore allows
quantification of this molecule (see chapter two for a more detailed discussion).
A range of copper sulphate concentrations were tested in order to determine the
optimum concentration of copper to bind to the spin trap MGD. A concentration
of 50uM was chosen. Although slightly higher than the concentrations used
previously (1pM, 4.5uM, 9uM, 18uM and 36pM; Chapter three), lower
concentrations were prone to a low signal:noise ratio. Also, as demonstrated in
Figure , MGD can detect both a linear increase and decrease from 50puM. This
concentration was therefore optimum for detection of regardless of an increase or

decreases in copper levels.
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Figure 63 Effect of copper sulphate concentration on signal intensity of Cu**-MGD.
r’=0.9639. Data expressed as mean+SEM. n=3-5
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L-arginine and L-citrulline had little effect on Cu(ll) levels. L-arginine reduced
Cu(Il) levels but only at supraphysiological concentrations of 1M (p<0.001). L-
citrulline had no significant effect on Cu(Il) levels (p>0.05) (Figure )
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Figure 64 Effect of test compounds on Cu(Il) levels as detected by 6.25mM
MGD. *** represents p<0.01 cf control. Data expressed as meantSEM. For
control n=9. For all other treatment groups n=4-5.
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4.3.3 The effect of various structural moieties on redox activity

4.3.3.1 Antioxidant effects

glycine, representative of the a-amino group exerted an almost identical redox
(antioxidant/pro-oxidant) profile to that of L-arginine and L-citrulline (ECso
values: 1.047mM, 1.363mM and 1.062mM respectively) (Figure ). Although
aminoguanidine demonstrated a degree of antioxidant activity it was to a lesser
extent than L-arginine (ECso values 1.363mM and 3.02mM respectively). Finally
N-a-acetyl-L-arginine structurally representing L-arginine minus the a-amino

group, demonstrated no antioxidant or pro-oxidant activity at any concentration.
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Figure 65 Effect of structural derivatives of L-Arginine and L-Citrulline on hydroxyl radical
levels. Positive values indicate a decrease in hydroxyl radical production (antioxidant
activity); negative valaes indicate an increase in signal (pro-oxidative activity). ECs, values for
L-Arginine, L-Citrulline, glycine and aminogunanidine 1.363mM, 1.062mM, 1.047mM and
3.023mM respectively. Data expressed mean + SEM. n=4-6.
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4.3.3.2 Pro-oxidative effects

As demonstrated in chapter three, both L-arginine and L-citrulline demonstrated
pro-oxidative activity at 1x10*M. As with antioxidant action, the moiety
responsible for this effect was investigated. Glycine demonstrates an identical
pro-oxidative response at 1x10*M to L-arginine and L-citrulline (Fig‘ﬁg ), all
three resulting in a significant increase in chemiluminescence compared with the
control (p<0.001 for both molecules). Neither aminoguanidine nor N-a-acetyl-L-
arginine showed any pro-oxidant effects (p>0.05 for both molecules) (Figure )

Total ‘OH formation

Figure 66 Pro-oxidative activity of L-arginine, L-citrulline and glycine at 1x10*M.
*** represents p<0.001, ** p<0.01 and * p<0.05 compared with control. Data
expressed as mean + SEM. n=4-5
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4.3.4 Direct hydroxyl radical scavenging - Effect of protonation

state of the a-amino group on antioxidant activity

Based on the above results, the mechanism by which the a-amino groups confers
redox activity was investigated. The a-amino group exists in two different
protonation states, NH, and NHs, of which the NH3 state is predominant at
physiological pH. A potential antioxidant mechanism is that the hydroxyl radical
abstracts hydrogen from the a-amino group to form water. To test this
hypothesis, pH was used to manipulate the protonation state of the a-amino
group, as a change in protonation state should not affect the chelation properties
of the amino acids. This assay allowed us to investigate the direct hydroxyl

radical scavenging properties of L-arginine and L-citrulline.
4.3.4.1 Determination of NH3:NH; ratio in each system

The pKa value of a molecule gives us information on the percentage of each

protonation state at any given pH using the Henderson-Hasselbach equation

(Figure ).

A_
H=pK_ +1 L—l

Figure 67 Henderson-Hasselbach equation

Based on this, pH values were chosen that resulted in the amino acids being
entirely in either the NH; or NH3 form. These systems were then used to analyses
the effect of NH,:NHj ratio on redox activity.

Table 27 & Table 28 summarise the pH values chosen for both L-arginine and

L-citrulline and the corresponding levels of NH; and NH3 at each pH.
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Table 27 pH values chosen for L-arginine and the corresponding levels of NH, and NH; at each

pH.
L-argmine -NH; -NH;

pH 7.0 1% 99%

pH 9.9 89% 11%

Table 28 pH values chosen for L-citrulline and the corresponding levels of NH, and NH; at each
pH.

L-citrulline -NH, - | -NHs
pH 7.1 1% 99%
pH 10.8 98% 2%

4.3.4.2 Effect of pH on hydroxyl radical production and detection

Before the effect of protonation state on redox activity could be investigated, the
effect of pH on hydroxyl radical production (i.e. the Fenton chemistry system)
and detection was investigated. pH has been shown to affect both luminol
luminescence and hydroxyl radical production through both an increase in radical
production P*! (Equations 3-5). and an increase in the degree of

chemiluminescence for a set concentration of free radical ['”%],

Indeed, a significant increase in hydroxyl radical production / detection was seen
when pH increased from 7.2 (control) to 9.6 and 10.7 respectively (p<0.05 and
0.001 respectively). For this reason, control experiments (i.e. hydroxyl radical
production in the absence of amino aids) were run at the same pH as the

corresponding system containing the amino acid.
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Figure 68 Effect of pH on hydroxyl radical production from Fenton chemistry.
Concentration of copper sulphate = 36pM, concentration of hydrogen peroxide =352.8mM.
Data expressed as mean+SEM. n=4-6.
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4.3.4.3 Effect of protonation state on the redox activity of L-arginine and L-
citrulline

Concentrations of 1x10'M L-arginine and 1x10>M L-citrulline were chosen to
investigate the effect of protonation state on redox activity as both molecules
demonstrated antioxidant activity at these concentrations (Chapter three).

1x10"'M L-arginine exerted both an antioxidant and pro-oxidant effect which
was dependent upon pH. At pH 7.0, when the a-amino group of L-arginine is in
the NH; from, a strong antioxidant effect was seen with 98% of the control being
inhibited (the control being Fenton chemistry at pH 7.2) (Figure ). When pH was
increased to 9.9, the a-amino group was in the NH, form and a strong pro-
oxidative effect was seen with signal increasing to 81% more than the control

(Fenton Chemistry at pH9.6) (F iélé{e ).

Upon incubation of 1x10°M L-citrulline with the Fenton system both an
antioxidant and pro-oxidant effect was seen which was again dependent upon
pH. At pH 7.1+0.025, when the L-citrulline a-amino group is in the NH3 from, a
strong antioxidant effect was seen with 97% of the control being inhibited (the
control being Fenton chemistry at pH 7.2) (Figure ). When pH was increased to
10.8+0.05, when the a-amino group is in its NH; form, strong pro-oxidative
effect was seen with signal increasing to 74.24% more than that control (the

control being Fenton Chemistry at pH10.7) (F igucr‘e )-
S}
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Figure 69 Effect of a-amino group protonation state on the redox activity of L-arginine and
L-citrulline. Data expressed as mean+SEM. ** represents p<0.01; *** represents p<0.001.

n=4-6.
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Figure 70 Effect of the protonation state of the a-amino group on the redox chemistry of
1x10"'M L-arginine and 1x10>M L-citrulline from anti-oxidants

to pro-oxidants respectively. Data expressed as mean+:SEM. n=4-6.
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4.3.5 Pro-oxidant effect of L-arginine and L-citrulline

In order to investigate how L-arginine was exerting its pro-oxidant effect, L-
arginine was incubated in its NH; and NH, form with 352.8mM hydrogen
peroxide alone. The effect of pH on H,O, alone was run as a control and no

significant difference was seen in signal (between pH 7.2 and pH 9.0 (P>0.05)

(Figure ).
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Figure 71 Effect of pH on the baseline signal from 353.8mM hydrogen peroxide Data

expressed as mean+SEM n=4-6.

No significant change in signal was seen in the presence of the NH3 group but
the NH, group on L-arginine mediated a significant increase in signal (Figure ).
It was not possible to look at the effect of L~citrulline on hydrogen peroxide as at
the pH required to convert the L-citrulline a-amino group into its NH, form (pH
10.7), a significant interaction between luminol and hydrogen peroxide was seen

(p<0.001 cf luminol and hydrogen peroxide at pH 7.2) (Figure ).
2

184




Mechanism of antioxidant action Chapter Four

*%kk
6000000- _
g 5000000 B
< 4000000
©
@ 3ooooooJ-
S 20000
T
o
= 10000
vg 1 -1 1
[
0 1 1 1 1
92 = o N
Al D o DV
RS S S
> A oV O
v < >
o &0 W R
b\“\y. M“\y
a2 o
b 4 b 4
v v
%’9 %‘9

Figure 72 Effect of the a-amino group protonation state of L-arginine (LA) on interaction with
hydrogen peroxide *** represents p<0.001 compared with all other groups. P>0.05 between all
other groups Data expressed as mean+SEM n=6.
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4.4 Discussion

In chapter three the ability of physiological concentrations of L-arginine and L-
citrulline to scavenge hydroxyl radicals was established. This chapter follows
directly on from that in that it aimed to characterise the exact mechanism by

which L-arginine and L-citrulline were exerting their antioxidant action.

There are two main mechanisms by which an antioxidant may reduce hydroxyl

radical formation, and in relation to the adapted Fenton system these are:

1. Indirect reduction of hydroxyl radicals via reduction of substrate — copper
2. Direct scavenging of hydroxyl radicals

4.4.1 Indirect reduction of hydroxyl radical levels

The first aim of this chapter was to test the hypothesis that L-arginine and L-
citrulline were able to decrease hydroxyl radical production through the
reduction of the substrate of Fenton chemistry, copper. The first technique used
to test this was ozone based chemiluminescence. This technique allowed
measurement of NO release from S-nitrosoglutathione a reaction known to be
dependent on the presence of transition metals. NO release from s-nitrosothiols
occurs via degradation by heat, u.v. light, pH and transition metal ions #*'3"38],
In the absence of light and transition metals, s-nitrosothiols are stable at
physiological pH and temperature. As the system was kept at physiological pH
(7.4) and temperature (37°C), it could therefore be said that NO release was
proportional to the concentration of transition metal ions present. Injection of
10nmoles and 80nmoles of GSNO into PBS resulted in NO liberation (F i%ure &
F 1?1%‘6 )- In order to test the dependency of transition metal ions on this process,
10nmoles and 80nmoles of GSNO was added to a range of EDTA concentrations
- resulting in a significant decrease in NO release (Figure ). The fact that L-

arginine and L-citrulline both significantly decreased NO release to a similar
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degree to EDTA (Table 24 and Table 25) strongly suggested that both L-arginine
and L-citrulline were able to chelate Cu(Il). It was possible to ascertain that
Cu(I) and not Cu(I) was being chelated based on the following reasons:

1. Cu(I) does not exist in aqueous solutions as it is rapidly oxidised to Cu(ll)

2. Although Cu(ll) is not commonly thought to catalyse NO release from
GSNO, it has been shown that Cu(Il) can catalyse a certain degree of GSNO
degradation, and it is simply the formation of GSSG, a metal chelator, that
inhibits further NO release. Within this system, it would appear that this NO

release is detectable.

2GSNO + Cu(Il) - GSSG + Cu(1l) + 2NO Equation 33

3. Ascorbic acid, a reducing agent that has been shown to convert Cu(Il) to
Cu(l) '7+324%) gionificantly increases NO release from GSNO (Fighe &
Figure ). As the increase of NO release is so large (~3000%) one can assume

that there is little Cu(I) present in PBS alone
GSNO + Cu(I) » GS- + NO + Cu(Il) Equation 34

The EPR based assay on the other hand, in which Cu(Il) was detected using
MGD, showed little Cu(Il) chelation, with L-citrulline exerting no effect on
Cu(I) levels (p>0.05). L-arginine was only effective at supraphysiological
concentrations of 1M (p<0.01 and p<0.05 respectively) (Figu ). This is in
complete contrast to the ozone based chemiluminescence study. One potential
explanation for this difference is that in the EPR based study it was assumed that
if L-arginine and L-citrulline were bound to copper then it would not be
detectable by EPR. However it is possible that even when bound to L-arginine
. and L-citrulline, copper(I) was still able to interact with MGD and so a signal

was still seen. As the chelation of copper by the amino acids would have no
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effect on total copper concentration, this may explain why no change in copper
levels was seen. Indeed, the literature would support a chelating effect of the
amino acids on copper ***! and these results suggested that both L-arginine and
L-citrulline have the capability to reduce total hydroxyl radical levels through
decreasing their production by Fenton chemistry.

4.4.2 The effect of various structural moieties on redox activity

The next stage of this study was to elucidate the moiety that controlled the
antioxidant properties of L-arginine and L-citrulline, be that through a direct or
indirect action. Three structurally related compounds were chosen in order to
answer this question. glycine was chosen because structurally it is the simplest
amino acid and allows the effect of the a-amino group to be studied in isolation.
This molecule was chosen as it contains both the a-amino group and carboxylic
acid group required for dative binding required for copper chelation.
Aminoguanidine was chosen due to its structural similarity to the guanidinium
group contained within L-arginine allowing us to investigate the role of this
group in the antioxidant properties of L-arginine. As it is lacking in both an a-
amino group and carboxylic acid any antioxidant actions seen are independent to
copper chelation. Finally the effects of N-a-acetyl-L-arginine were investigated
as within this molecule the a-amino group is replaced with an acetyl group, and
so allows the effect of the guanidinium group in the absence of the a-amino
group to be investigated.

Two main contradictory studies exist on this topic. The first is a study by

Wallner et al ™!

who attributed the antioxidant action of L-arginine to the a-
amino group based on the fact that N-o-acetyl-L-arginine and the guanidinium
group, involved in NO synthesis, had no antioxidant activity and glycine did. The
second was carried out by Lass et al 1199 who attributed the antioxidant capacity
of L-arginine to its guanidinium group due to its ability to scavenge superoxide
and did not support a radical scavenging activity of glycine. Both of these
- studies focused on the superoxide radical and so care must be taken when

drawing comparisons.
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4.4.2.1 Antioxidant properties of L-arginine

These results demonstrated that both glycine and aminoguanidine were capable
of reducing hydroxyl radical levels but that N-a-acetyl-L-arginine was not
(Fiééﬁ?e ). This suggested that in theory, both the alpha amino group and the
guanidinium group were capable of conferring antioxidant activity to L-arginine.
Another interesting finding was the fact that although only the alpha amino
group is replaced in N-a-acetyl-L-arginine and the guanidinium group remains
unchanged, all antioxidant activity was inhibited (F igure ). As aminoguanidine
was demonstrated to be an effective hydroxyl radical scavenger, this would
suggest that although aminoguanidine is an antioxidant, for some reason when

bound in to a molecule, in this case L-arginine, it loses all antioxidant ability.

4.4.2.2 Antioxidant properties of L—citrulline

It was more difficult to determine the mechanism of action of L-citrulline, as it
was not possible to isolate the functional groups contained within this amino
acid. Based on the results obtained for L-arginine that assigned the a-amino
group as the antioxidant moiety, and the fact that L-citrulline also had an almost
identical redox profile to glycine (FigurQ ), it is likely that L-citrulline redox
activity was also controlled by the a-amino group. Only one other study has
looked at the mechanism of antioxidant action of L-citrulline and that is a study
by Akashi ef al ™ that used the techniques of HPLC and LCMS to propose two
mechanism of action: 1) abstraction of a hydrogen ion from the o-carbon
forming a carbon centred radical as an intermediate 2) side chain attach by the
hydroxyl radical, resulting in decomposition to several radical derivatives and
eventual formation of unknown secondary products of various molecular weights
via polymerisation and/or condensation reactions. Although the results presented
* herein support a role for the o-amino group it does not rule out a possible

interaction of the a-carbon or side chains of either L-citrulline with the hydroxyl

189




Mechanism of antioxidant action Chapter Four

radical. Indeed, further studies investigating the actual products of these
interactions would no doubt shed further light onto this topic.

This study strongly suggests that the a-amino group is responsible for the
antioxidant activity of L-arginine and L-citrulline; however it offers no evidence
pertaining to how this structural group is exerting its antioxidant effect as it
supports both a direct and indirect interaction with the hydroxyl radical. In terms
of copper chelation, amino acids form a chelate with copper through dative
bonding between the a-amino and carboxylate groups (Figure ). Removal of the
a-amino group would therefore potentially remove all copper chelating ability
and potentially all antioxidant capacity. Alternatively, the structure of the o-
amino group suggests hydroxyl radical levels may be reduced through a direct
interaction of the a-amino group with the hydroxyl radicals via donation of a
hydrogen ion and therefore removal of this group would remove antioxidant
capacity. The following section discusses the potential of the a-amino group to

directly interact with hydroxyl radicals.

4.4.3 Direct hydroxyl radical scavenging - Effect of protonation

state of the a-amino group on antioxidant activity

As mentioned previously the most likely mechanism of action for direct
interaction between the a-amino group and hydroxyl radical is via the donation

of a hydrogen ion from the protonated form of the a-amino group (Figuie ).

HJN“Z‘IC.'/JNHI HIN"\:(;./'NHz
EHZ C'HZ
H
4 ’ + .OH > C|Hz + H20
Hz CIHZ
4,~coo : ETERE
H H

Figure 73 Hypothesis reaction between hydroxyl radical and L-arginine.
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To test this hypothesis, the effect of pH on the a-amino group was investigated.
By analysing the pKa values of the subgroups of L-arginine and L-citrulline, it
was rationalised that pH could be used to modify the protonation state i.e. the
number of hydrogen ions attached to the a-amino group, thus allowing us to
further analyse the role of this group in the control of antioxidant function. By
converting the a-amino group from -NHj3 to -NH», and analysing the effect this
has on redox activity, it was possible to assign a mechanistic action to this group.
Analysis of both L-arginine and L-citrulline pKa values showed that the a-amino
group had a pKa of 8.99 and 9.69 respectively. Therefore by altering the pH to
values either side of this value, the a-amino acid was predominantly in either in
its NH, or NH; state. The theory being tested was that antioxidant activity would
be lost when NH; was converted into NH, Also as conversion of the a-amino
group from the protonated to the un-protonated form was not expected to affect
the chelating abilities of the amino acids, any change in antioxidant capacity
could be attributed to a ‘chelation’ independent effect i.e. a direct interaction

between the a-amino group and the hydroxyl radical.

At neutral pH when the a-amino group of the amino acids were in the NH; from,
a strong antioxidant effect was seen with 98% and 97% of the control being
inhibited for L-arginine and L-citrulline respectively (F i—gxr? ). At alkaline pH,
when the a-amino group was in the NH, form, not only was antioxidant activity
abolished, but a strong pro-oxidative effect was seen with signal increasing to
81% and 74.% above the control for L-arginine and L-citrulline respectively
(Figu_qrceJ ). These results strongly support the hypothesis that both L-arginine and
L-citrulline are able to directly interact with hydroxyl radicals via the a-amino
group. As the protonation state should not affect the ability of the amino acids to
chelate copper, the reduction in antioxidant capacity can only be attributable to a
direct interaction between the a-amino group and hydroxyl radical as illustrated
in Figure . It does however raise the issue of why, if the chelating abilities of the
amino acids remained unchanged, all antioxidant activity was lost. Based on the
assumption that both direct and indirect hydroxyl radical interactions are

occurring, then the loss of one should not completely remove all antioxidant
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properties from the amino acids, merely reduce total antioxidant capacity. Why a
complete loss of all hydroxyl radical scavenging capacity was lost is unclear. It
may be that copper chelation only plays a small part in the observed reduction in
1ydroxyl radicals or that the change in pH effects copper chelation in unforeseen

ways. Determining the precise mechanism of action by which L-arginine reduce

hydroxyl radical levels would appear more difficult than first anticipated.

In chapter three it was demonstrated that L-arginine and L-citrulline have the
ability to act as pro-oxidants under certain experimental conditions and based on
this, an investigation to elucidate the moiety that controls this pro-oxidant action
was caried out. 1x10™*M glycine, but not aminoguanidine or N-a-acetyl-L-
arginine exhibited an identical pro-oxidant response as L-arginine and L-
citrulline (Fi S% ). This shows that the pro-oxidant effect is mediated via the

alpha amino group. As previously discussed, conversion of the ¢-amino group

into its unpro gad NH; form converts both amino acids from antioxidants into
pro-oxidants (Figu 1'e it is unlikely that this ‘switch’ from NH; to NH; would
occur under physiological conditions due to the high pKa value for these groups.

However, following the reacticn scheme depicted in Figure , it is possible that at
certain concentrations of hydroxyl radicals and amino acid, the formation of the
de-protonated, NH, form of the amino acids is sufficient that pro-oxidative

activity outweighs antioxidant activity. This may explain the pro-oxidative effect

witnessed with both amino acids in chapter three.

’ Cu(l) \ H,0, L-Arginine— NH,
NH, — L-Arginine J Cu(ll) d -o|-|+ OH

Figure 74 Proposed mechanism for the pro-oxidant activity demonstrated by L-arginine

o

and L-citrulline.
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are interaction of the amino acids with hydrogen peroxide or Cu(ll). To test this
L-arginine was incubated in its NH3; (pH 7.0+0.16) and NH, form (9.9+0.08)
with hydrogen peroxide alone. No significant change in signal was seen with the
deprotonated NH, group but the NH3 group mediated a significant increase in
signal (Fi ). It would appear that L-arginine is able to directly interact with
hydrogen peroxide to produce an oxidising species, possibly the hydroxyl
radical. The mechanism by which L-arginine is converting hydrogen peroxide
into a radical is still unclear, but the fact that only the a-amino group is changing

between pH 7.2 and pH 9.8 suggests that this moiety is involved.

The interaction with hydrogen peroxide does not fully account for the increase in
hydroxyl radical levels seen. The interaction with hydrogen peroxide accounts
for 59% of the signal increase (Figure vs Figure ) but the mechanism by which

the signal is further increased remains unresolved.

It was not possible to investigate at the effect of L-citrulline on hydrogen
peroxide as at the pH required to convert the a-amino group into its -NH, form
(pH 10.7), a significant interaction between luminol and hydrogen peroxide was
seen (Figure ) (p<0.001 cf luminol and hydrogen peroxide at pH 7.2). One would
assume however that as L-arginine and L-citrulline have displayed almost
identical redox profiles in all other aspects, this would remain true in relation to
the interaction with hydrogen peroxide. Indeed, the results from this chapter
would suggest that all amino acids would exert some degree of antioxidant/pro-

oxidant activity as the a-amino group is integral to all amino acid structures.

4.4.5 Conclusions

The results herein demonstrate that the antioxidant activity seen with both L-
arginine and L-citrulline is mediated through both a direct and indirect
interaction with the hydroxyl radical. It would appear that the a-amino group in
its protonated NH; form is responsible for controlling the redox activity of both
amino acids through two mechanisms:

1. Inhibition of production through the Fenton reaction via chelation of copper
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2. Direct scavenging of hydroxyl radicals through the donation of a hydrogen

ion to form water.

The relative importance of each interaction remains uncertain, however one can
assume that if the concentration of amino acid exceeds that of copper, few
hydroxyl radicals would be synthesised. However, if the concentration of copper
greatly exceeds the local concentration of amino acid then the direct antioxidant
actions of L-arginine and L-citrulline would come into play. In conclusion, this
study is the first to characterise the antioxidant mechanism for both L-arginine
and L-citrulline against hydroxyl radicals and the first to demonstrate that
chelation of copper can potentially lead to decreased levels of oxidative stress

under certain conditions.
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4.5 Summary

e L-arginine and L-citrulline reduce hydroxyl radical levels via a direct and
indirect action.
o Both amino acids are capable of chelating the substrate for
hydroxyl radical production, copper (II).
o L-arginine and L-citrulline can directly interact with the hydroxyl
radicals via the a-amino group in its protonated NHj state leading

to the formation of a non-toxic product, most likely water.

e Pro-oxidant activity is also controlled via the a-amino group in its non-

protonated NH, state.

e Pro-oxidative activity is, in part, mediated via an interaction with

hydrogen peroxide to form a luminol detectable radical, most likely the
hydroxyl radical.
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5.1 Introduction

This thesis has so far focused on defining and characterising the antioxidant
properties of L-arginine and L-citrulline in a series of in vitro systems. This
chapter aimed to clarify whether the antioxidant properties previously
demonstrated by L-Arginine and L-Citrulline were relevant in a cellular system.

To investigate this a platelet model was chosen as platelets are known to
synthesise ROS under normal conditions and it has been shown that ROS levels
increase upon activation by agonists such as collagen 61862843761 Thege
endogenous ROS are thought to be involved in platelet activation and
aggregation and so a platelet model provided an ideal system to investigate the
antioxidant activity of both L-arginine and L-citrulline in a physiologically
relevant system. Indeed several studies have been carried out investigating

potential antioxidants and their effect on oxidative stress in platelets 2°%27'414],

To date there have been several studies investigating the effects of L-arginine on
platelets. It has been hypothesised that in human platelets extracellular L-
arginine modulates intracellular NO synthesis by providing a substrate for NOS
found in platelets 1220268293398 This hypothesis is based on the fact that upon
collagen induced platelet activation, NO production is increased [34.104,197,230)
through stimulations of extracellular L-arginine uptake through y" B and y'L
1291 transporters located in the platelet membrane. This mechanism is thought to
represent a negative feedback loop preventing hyperaggregation. The fact that L-
arginine has been shown to increase platelet NO production [%!1230.268.293.398]
which is well known to effect platelet aggregation, meant that great care was
taken to limit the effect of NO on this study. Although there is significant
evidence to suggest that L-arginine is operating through NO, this does not rule
out an antioxidant role for L-arginine and indeed a large section of this chapter
sets about distinguishing between an NO dependent and independent effect. It is
important to reiterate that the aim of this chapter was not to fully elucidate the

mechanism by which L-arginine inhibits platelet aggregation, as that would be a
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project worthy of a thesis in itself. The aim of this body of work was to assess
whether the antioxidant properties demonstrated by L-arginine and L-citrulline in

the previous two chapters had any function in a biological system.

5.2 Aims

e To establish a bioassay that allows the anti-aggregatory effects of L-
arginine and L-citrulline to be measured.
e To identify whether L-arginine and L-citrulline are working via an
antioxidant action by:
o Ruling out NO synthesis through the use of D-arginine, the inactive
enantiomer of L-arginine
o Comparing the effects of both amino acids to the well known
antioxidant ascorbic acid
o Comparing the effects of both amino acids to specific radical

scavengers, superoxide dismutase, catalase and mannitol.
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5.3 Materials and Methods

5.3.1 Platelet aggregation

Blood was taken by standard venepuncture from the antecubital vein using the
anticoagulant trisodium citrate (3.8%), 1:9 v/v (Sodium Citrate : Blood). Blood
was then centrifuged at 150g and 4 °C for 10 minutes and platelet rich plasma
(PRP) kept at 37 °C (i.e. body temperature — to return platelet metabolism to

normal rates after cooling).

Platelet aggregation was measured using a dual channel aggregometer (Chrono-
log, Model 560). Electrodes were calibrated before each measurement and
aggregation consequently measured for 10 minutes at 37°C with continuous
stirring at 1000rpm. The effect of a range of compounds, L-arginine, L-citrulline,
D-arginine, Ascorbic acid, superoxide dismutase, catalase and mannitol on
collagen induced platelet aggregation were analysed (see Table 29 for exact

concentrations) following the methodology described in chapter two.

Table 29 Concentration of test compounds in platelet aggregation assay

Test Compound Final concentration
L-arginine 1x10°M — IM
D-arginine 1x10°M - IM
L~citrulline 1x10°M - 1.6x10"M

Ascorbic acid 1x10°M — IM
Mannitol 1x10°M — 5x10"M
Superoxide dismutase 10, 100 & 500 Units
Catalase 100, 1000 & 2000 Units

5.3.1.1 Optimum amino acid incubation time

In order to investigate the effects of L-arginine and L-citrulline on collagen
induced aggregation, an appropriate incubation period was required. A study by
Anfossi et al "1 demonstrated that collagen-induced aggregation was decreased
after only a 10 minute incubation with 0.lmM-6mM L-arginine. Preliminary
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studies demonstrated no significant difference in the inhibitory effect of the
amino acids (1x10'1M) after incubation with PRP for 1, 5, 10, 20, 30 and 60
minutes (data not shown). Taking into consideration that platelets are only viable
for a limited time (all studies were performed within two hours of obtaining
blood) a 10-minute incubation time was chosen. As a control samples were

incubated with PBS in place of amino acids.

5.3.1.2 Characterisation of the antioxidant properties of D-arginine

In order to characterise the antioxidant properties of D-arginine, the luminol
based chemiluminescence assay used in chapter three was utilised. D-arginine
was tested against the lowest and highest concentration of hydroxyl radical
(Table 30) described in chapter two and three.

Table 30 Concentration of copper sulphate and hydrogen peroxide found in fenton chemistry
systems 1 and 4.

S Concentration of copper | Concentration of hydrogen
1 4.5pM 44.1mM
4 36uM 352.8mM

The effect of D-arginine on hydroxyl radicals was measured via
chemiluminescence utilising a luminol probe as previously described in chapter
two. The antioxidant capacity of D-arginine was recorded in the presence
(AUCA4) and absence (AUCcontro1) of the amino acid, and inhibition of control (I)
was calculated as:

I=((AUC controt - AUCAA) / AUControt) * 100.
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5.3.2 Detection of ROS in Platelet Rich Plasma

Blood was taken as previously described, separated into PRP stored at room
temperature. A round-bottomed glass tube was then coated with 5x10°moles of
PBN and a total volume of 500puL added to the tube to give a final concentration
of 100mM PBN. The composition of the S00pL varied as described in Table 15.
All solutions were vortexed to ensure full mixing of PBN with solution. Samples
were placed in a quartz glass cell and EPR spectra recorded at room temperature
using a Varian 104 EPR spectrometer.

The instrument settings were as follows; Gain 8x10, modulation 1.6 Gauss, time

constant 0.128sec, gauss scan width 200Gauss, power SmW. Samples were run

for 10 minutes (10 x 1 minute scans), with no initial incubation period.

5.3.3 Statistical Analysis

Data expressed as mean + SEM. One way analysis of variance with a Bonferroni
post hoc test were used to calculate significance which was considered at p<0.05

unless otherwise stated.
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5.4 Results

5.4.1 Development of a collagen induced platelet aggregation

bioassay

5.4.1.1 Optimising collagen concentration

In order to initiate platelet aggregation, a study into finding the optimum
concentration of collagen was undertaken (Figur%. No response was seen at
concentrations less than 1pg/ml and only modest changes in aggregation were
seen between concentrations higher than 1pg/ml. For these reasons a final

concentration of 1pg/ml collagen was chosen for use in all other aggregation

experiments.
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Figure 75 Collagen concentration curve in PRP over 10 minutes. n=8
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5.4.2 Effect of L-arginine, L-citrulline and D-arginine on collagen

induced platelet aggregation

Upon incubation of PRP with L-arginine and L-citrulline a significant decrease
in the degree of collagen induced aggregation was observed. This inhibition was
only seen with supraphysiological concentrations of L-arginine and L-citrulline
(ECso values of 15.7mM &128mM respectively) (Figure ).

In order to rule out the involvement of NO in the anti-aggregatory effects of L-
arginine, the inactive enantiomer, D-arginine was also tested. Its inability to act
as a substrate for NOS and the fact that it possesses a similar antioxidant profile
to L-arginine (Table 31) enabled NO-dependence or independence to be
elucidated. Although not as effective as L-arginine at inhibiting aggregation, D-
arginine did exert an anti-aggregatory effect (ECs¢=72.77mM).
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Figure 76 Effect of L-arginine, L-citrulline and D-arginine on 1pg/ml collagen induced aggregation
n=4-7
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Figure 77 Antioxidant properties of D-arginine against hydroxyl radicals. System 1 represents
4.5pM copper Sulphate and 44.1mM hydrogen peroxide. System 4 represents 36uM copper
Sulphate and 352.8mM hydrogen peroxide n=9
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Table 31 EC,, values for L-arginine, L-citrulline and D-arginine against a range of hydroxyl
radical concentrations. (I.f-agglmne and L-citrulline values taken from chapter three).

“Amino Acid System 1 ~ System 4
L-arginine 375.6)M 1363pM
Lcitrulline 226 3uM 1038uM
D-arginine 242.1uM 962.2uM

Due to supraphysiological concentrations of amino acids required to inhibit
collagen induced aggregation, an investigation into the whether this effect was

mediated through an antioxidant action was carried out.

5.4.3 Detection of ROS from stimulated and unstimulated
platelets

In order to measure radical production from collagen induced aggregation EPR
was used. As described in chapter two, this allows specific detection of low
levels of ROS. The spin trap PBN was chosen due to its lipid soluble properties
that would allow entry into the platelets. Platelet rich plasma was used in order to
mimic the conditions in the previously described aggregation studies.

Initially platelets were stimulated with the same concentration of collagen used
in the aggregation studies (1pg/ml), however no ROS could be detected upon
stimulation. The concentration of collagen was therefore increased to 10pug/ml in
an attempt to increase the ROS synthesis to detectable levels. However even at
10pg/ml no ROS were detected.

PBN is well known to preferentially bind carbon centred radicals over oxygen
centred radicals and so DSMO was added to the solution to pre-emptively
convert oxygen radicals produced into carbon centred radicals. Once again no
radicals were detected (Figure ).

¥B
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Figure 78 Detection of radicals in PRP by EPR. No radicals were seen under any conditions. A:
Control (PBS + PBN only) B: ROS in unstimulated platelets C: ROS in 10pg/ml collagen stimulated
platelets D: Carbon radicals in unstimulated platelets D: Carbon radicals in 10pg/ml collagen
stimulated platelets.
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5.4.4 Effect of Ascorbic acid on platelet aggregation

In order to investigate the effects of a well-known antioxidant on platelet
aggregation, ascorbic acid was chosen. As with L-arginine and L-citrulline,
ascorbic acid exerted an anti-aggregatory effect but only at supraphysiological
concentrations (ECsp=63.2mM) (F}gure ). This does however suggest a role for
free radical scavenging in the modulation of platelet aggregation.
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Figure 79 Effect of L-arginine, L-citrulline and ascorbic acid on 1pg/ml collagen
induced platelet aggregation. n=4-7
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5.4.5 Effect of SOD, catalase and mannitol on platelet

aggregation.

In order to investigate the role of individual radical types on collagen induced
aggregation and to further investigate the effect of scavenging free radicals, SOD
(a superoxide scavenger), catalase (a hydrogen peroxide scavenger) and mannitol
(a widely used hydroxyl radical scavenger) were incubated with PRP. Neither
SOD nor catalase had any significant effect on collagen induced platelet

aggregation (p>0.05 compared with control) (Figure ).

Mannitol exerted a similar anti-aggregatory profile to that seen with the amino
acids and ascorbic acid (Figure ). The ECso value for mannitol was 98.27mM.
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Figure 80 Effect of SOD and catalase on collagen induced platelet aggregation. For control n=16.
For all other treatment groups n=4. p>0.05 for all groups cf control.
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Figure 81 Effect of L-arginine, L-citrulline and mannitol on collagen induced
platelet aggregation. Data expressed as mean + SEM. n=4-7
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5.5 Discussion

The aim of this chapter was to establish a bioassay capable of elucidating the
physiological relevance of the previously demonstrated antioxidant properties of
L-arginine and L-citrulline (chapters three and four) i.e. are the amino acids able
to bring about physiological change through the scavenging of ROS? To answer

this question a platelet model was chosen based on the following:

1. Activation of platelets by agonists such as collagen results in increased
production of ROS including superoxide, hydroxyl radicals and hydrogen
per oxide [46,186,284,376]'

2. Endogenous and exogenous ROS modulate platelet function including
aggregation [98,160,208,311] [159,372] {80,151,266]

3. Aggregation can be easily measured using the technique of platelet
aggregometry.

4. Numerous studies have demonstrated the ability of antioxidants such as
ascorbic acid and a-tocopherol to modulate platelet function via scavenging
of ROS [1:192.268373]

5. The inhibitory effects of L-arginine on platelet function are well described
[2,11,230,268,293,398]

suggesting that this amino acid is able to modulate platelet

function potentially via an antioxidative action.

5.5.1 Assay development

Collagen was the agonist of choice based on studies showing that stimulation of
platelets with collagen results in increased levels of superoxide, hydroxyl

radicals and hydrogen peroxide [46,186,284,376]

, a factor vital in an assay designed to
investigate antioxidant function. In order to find the optimum concentration of
collagen to initiate aggregation, a range of concentrations were tested
©(0.25,0.5,1,2,4,5 pg/ml). 1ug/ml was chosen as lower concentrations failed to

initiate aggregation and little increase in aggregation was seen at higher
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concentrations.

An incubation time of 10 minutes was chosen initially based on findings in a
study by Anfossi et al ("' who demonstrated that collagen induced aggregation
was decreased after only 10 minutes with L-arginine. Preliminary studies
supported this as no change in the inhibitory aggregation effect of L-arginine and
L-citrulline was seen with varying incubation times (1,5,10,20,30 & 60 minutes)

prior to stimulation with 1ug/ml collagen.

5.5.2 Effect of L-arginine and L-citrulline on platelet aggregation

5.5.2.1 Comparisons to other studies

L-arginine and L-citrulline only exerted an anti-aggregatory effect at millimolar
concentrations (ECsg values of 15.7mM and 128mM respectively) (Figure ). This
was unexpected because although no work has been carried out investigating the
effects of L-citrulline, several studies have demonstrated an anti-aggregatory
effect at physiological concentrations of L-arginine 2113%] Indeed the premise
of this study was that platelets synthesise ROS which modulate platelet function
and as L-arginine has been shown to inhibit platelet aggregation at physiological

concentrations this may be mediated via an antioxidant action.

A probable explanation for such a difference between published results and the
results within this chapter are that different test conditions were employed
including:
1. Choice of anticoagulant
Anticoagulants vary in their mechanism of action. For example hirudin
inhibits coagulation via inhibition of thrombin and citrate inhibits coagulation
through the chelation of calcium. Citrate was chosen as the agonist of choice
in this assay based on numerous other studies that also use citrate in

aggregation studies.
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2. Use of whole blood, PRP or washed platelets

Different published studies have employed the use of different types of
platelet suspensions including whole blood, platelet rich plasma and washed
platelets re-suspended in a variety of buffers including modified Tyrodes
buffer 2652701 pBS ! and Ca®* free HEPES buffer (11°°*°). PRP was
chosen for this study as it allows the effect of the amino acids to be
investigated in a more physiological setting. Whole blood was avoided
because results can be biased through interactions of test compounds with
other cell types such as neutrophils and red blood cells.

3. Route of L-arginine administration e.g. intravenous/oral vs. addition after
blood is taken.
Although the administration of oral or i.v. L-arginine may be more clinically
relevant it makes it more difficult to assign a mechanism of action to L-
arginine. As the substrate for NOS, L-arginine could be inhibiting platelet
aggregation through increasing endothelial NO production.
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5.5.3 Hypothesis for a two fold mechanism of action for L-

arginine

Two studies exist that closely mimic the experimental conditions employed
within this assay however these present opposite findings. Anfossi et al (]
demonstrated that L-arginine was able to inhibit platelet aggregation in citrated
PRP stimulated with 8ug/ml collagen. At 100pM a 10% decrease in aggregation
was seen, at 500uM a 23% decrease and at ImM a 31% decrease was observed.
This was concomitant with an increase in cGMP levels suggesting an NO
dependent role. This is in contrast to the results obtained herein in which no anti-
aggregatory effect was seen at these concentrations.

In a separate study by Bode-Boger et al **), L-arginine in citrated PRP had no
effect on 1pg/ml collagen-induced platelet aggregation. This correlates with the
results from this study where at a concentration of 2.5mM and less no anti-
aggregatory effect was seen. Of particular interest in the study by Bode-Boger et
al was that when hirudin, an anticoagulant that does not effect extracellular
calcium levels, was used, L-arginine exerted an anti-aggregatory effect. This
suggests that the anti-coagulant used has a strong effect on the effect of L-
arginine, and the differences seen between citrate and hirudin would suggest that

the inhibitory action of L-arginine is dependent on calcium.

This theory correlates with the results obtained in this study if it is assumed that
the mechanism by which L-arginine inhibits platelet aggregation is two fold.:

1. At physiological concentrations of L-arginine:
Stimulation by collagen leads to an increase in intracellular calcium resulting
in NOS stimulation and therefore an increase in NO production. In the
presence of exogenous L-arginine NO synthesis is increased leading to a
concentration dependent disaggregation. This has been demonstrated in
several studies that show administration of L-arginine results in an increase

in cGMP levels ['134126],
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2. At supraphysiologcal concentrations of L-arginine
As well as increasing NO production L-arginine is able to scavenge ROS

produced upon platelet activation leading to further disaggregation.

5.5.3.1 NO dependent inhibition of platelet aggregation

In this system physiological levels of amino acids were unable to inhibit platelet
aggregation suggesting the NO dependent inhibition of aggregation was absent,
or at least was not enhanced further. As previously mentioned, the production of
NO within platelets is thought to be calcium dependent (231 As the use of citrate
as an anticoagulant chelates extracellular calcium, NOS activation may be
decreased leading to reduced NO production. Increasing L-arginine
concentration therefore has no effect on aggregation because the inhibition of
NOS activity means that excess L-arginine is not utilised as a substrate. This may
explain why only millimolar concentrations of L-arginine exerted an anti-
aggregatory effect as in this system the NO component has been knocked out and

L-arginine can therefore only function in an antioxidant capacity.

This may also explain why in the two studies previously discussed (Bode-Boger
et al " vs Anfossi et al "'} such different results were seen upon administration
of L-arginine. Although both studies used citrate as the anticoagulant, the study
carried out by Anfossi et al used eight fold higher concentrations of collagen
than both this study and the study by Bode-Boger et al. Collagen stimulates
calcium release from both extracellular (70%) and intracellular (30%) stores. In a
citrated sample, the presence of higher concentrations of collagen could lead to
up to eight times more calcium being released from intracellular stores. This may
be sufficient to stimulate NOS and so exogenous L-arginine will be utilised to
synthesise sufficient levels of NO to inhibit platelet aggregation. This may
explain why Anfossi et al saw an inhibitory effect with micromolar amounts of

L-arginine.

As the aim of the chapter was to assess antioxidant capacity in a biological

system, the fact that the NO component is removed allows clearer analysis of the
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results and suggests that the antiaggregatory effects observed in this study are
NO-independent. As ROS are known to be involved in modulating platelet
function, the anti-aggregatory effect seen at millimolar concentrations by all
three amino acids may be in part due to an antioxidant mediated effect. This
could explain why L-citrulline, an amino acid that has no effect on platelet NO
production, was also able to inhibit platelet aggregation. The reason that L-
citrulline, demonstrated to have an almost identical antioxidant profile to L-
arginine, was less effective at inhibiting aggregation (ECso values of 128mM
&15.7mM respectively) may be due to the differences in platelet uptake of L-
citrulline compared to L-arginine. The maximum uptake of L-arginine is thought
to occur within 1 minute and remain unchanged for 60 minutes whereas L-

citrulline is significantly slower 2%,

5.5.3.2 NO independent inhibition of platelet aggregation — an antioxidant
effect

In order to investigate whether the effects of L-arginine and L-citrulline on

platelet aggregation were mediated via an antioxidant effect based on the

following criteria:

1. Comparison to D-arginine — an inactive enantiomer of L-arginine incapable
of synthesising NO but that has been demonstrated to be capable of
scavenging hydroxyl radicals.

2. Comparison to the well known antioxidant ascorbic acid which has been

shown to inhibit platelet aggregation

3. Measurement of ROS production in collagen stimulated platelets

4. Comparison to specific ROS scavengers, SOD, catalase and mannitol.
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5.5.4 Evidence of an antioxidant effect on platelet aggregation

5.5.4.1 Comparison to D-arginine

D-arginine exerted a similar antiaggregatory effect to L-arginine and L-citrulline
(ECso value of 72.77mM vs 15.7mM & 128mM respectively). This supports the
hypothesis that the antiaggregatory effects are NO-independent at millimolar

concentrations.
5.5.4.2 Comparison to ascorbic acid and detection of ROS using EPR

Ascorbic acid appeared no more potent in the attenuation of aggregation than L-
arginine or L-citrulline. This was unexpected as several studies have
demonstrated a role of antioxidants in regulating platelet function *°**7], The
reason for this discrepancy may once again be due to the differences in assay
conditions. In the majority of studies that look at ROS, washed platelets are used,
whereas in this study PRP was the media of choice. Although the use of washed
platelets provides a simpler system in which ROS can be detected using
techniques such as cytochrome C reduction it does not represent physiological
conditions. The assay used in this study was developed using PRP which allows
the effects of plasma on ROS to be taking into consideration. Plasma contains
numerous antioxidants including transferrin, a-tocopherol, bilirubin, ascorbic
acid and ceruloplasmin. The presence of these in the platelet system would
therefore regulate the levels of ROS present. This may explain why, in the EPR
study using the lipid soluble spin trap PBN, no ROS was detected upon
stimulation with up to 10upg/ml collagen. The presence of endogenous
antioxidants may explain why such high concentrations of amino acids and
ascorbic acid are required to inhibit platelet aggregation. Another factor to take
into account is the fact that in this system, the NO component, involved in the
inhibition of platelet aggregation, was effectively ‘knocked out’. It is possible
that synthesised, antioxidants such as L-arginine are able to inhibit platelet
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aggregation via prevention of ROS mediated NO degradation, an element
effectively blocked in this system. This would also explain the relatively small

antiaggregatory effect witnessed upon administration of ascorbic acid (Figure ).
3

5.5.4.3 Comparison to superoxide, hydroxyl radical and hydrogen peroxide

scavengers

Finally the effect of specific radical scavengers on platelet function was
elucidated. SOD and catalase had no effect, which may suggest that superoxide
and hydrogen peroxide are not involved in platelet aggregation, however it is
more likely that due to their size, they were unable to enter the platelets, an issue
not immediately realised at the start of this study. Mannitol on the other hand is a
significantly smaller molecule and so should be able to enter the platelets. Indeed
mannitol demonstrated similar anti-aggregating properties to L-arginine, L-
citrulline and ascorbic acid. This suggests that the inhibition of aggregation in
this model is due to hydroxyl radical scavenging. This supports data from the
previous two chapters, which demonstrated that both amino acids were
significantly better at scavenging hydroxyl radicals in comparison to superoxide.
The fact that ascorbic acid, which is known to scavenge both superoxide and
hydroxyl radicals is no more effective at inhibiting aggregation further supports
this.

5.5.5 Conclusions

This study highlights the difficulties in using a biological system to evaluate
antioxidant function. The inability of physiological concentrations of
antioxidants to modulate platelet function may not be due to a lack of antioxidant
activity rather it may be that modulation of platelet ROS has little effect on
platelet function due to the presence of other signaling pathways e.g.
arachidonate metabolism. Therefore even if 100% of ROS produced were
scavenged, little overall change in platelet function may be detected.
Alternatively, due to the presence of endogenous antioxidants which have
evolved to control ROS production, the exogenous antioxidants used may be

unable to effectively compete, resulting in no overall change in redox status.
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Indeed maybe the biggest drawback of this bioassay is the fact that the platelets
were not under conditions of oxidative stress i.e. there was no exogenous source
of ROS as would be expected in disease states associated with oxidative stress. It
is important to consider that ROS are involved in physiological processes as well
as pathophysiological ones. In this case the ROS are involved in modulating
healthy platelet function. To this end platelets have evolved endogenous
antioxidants to maintain ‘healthy, non-toxic’ levels of ROS. The exogenous
antioxidants used in this study have to compete with these which may explain

why such high concentrations were needed to elicit an effect.

Maybe the true test of the effectiveness of an antioxidant is to test it in a system
of true oxidative stress in which the body’s endogenous antioxidants have been
overwhelmed, a line of investigation pursued in the following chapter. In
conclusior, it would appear that both L-arginine and L-citrulline are able to
modulate platelet function through an NO-independent effect that would appear
to be mediated through scavenging of hydroxyl radicals. The presence of
endogenous antioxidants may explain why such high concentrations of amino

acids were required to initiate an effect.
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5.6 Summary

L-arginine and L-citrulline inhibit collagen induced platelet aggregation
at millimolar levels (ECso values of 15.7mM and 128mM respectively).

Within this system this inhibitory effect is mediated mainly through an
NO independent effect based on the following:
o NO production is likely to be inhibited due to the chelation of
extracellular calcium by citrate
o D-arginine, an inactive enantiomer of L-arginine, inhibits platelet

aggregation to a similar degree as L-arginine and L-citrulline

The inhibition of platelet aggregation is mediated through the scavenging
of hydroxyl radicals based on the fact that ascorbic acid and mannitol, a
specific hydroxyl radical scavenger, inhibit platelet aggregation to a

similar degree as L-arginine and L-citrulline.

The high concentrations of antioxidants required to inhibit platelet
aggregation are likely to be due to:

o The presence of endogenous antioxidants

o The fact that ROS may only play a minor role in platelet
aggregation
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6.0 Introduction

The overall aim of this final results chapter was to use the superoxide and
hydroxyl radical generating systems characterised in chapter three to investigate
the antioxidant capacity of L-arginine and L-citrulline in biological systems. In
the previous chapter (chapter five), only high concentrations of L-arginine and L-
citrulline were demonstrated effective at scavenging endogenously generated free
radicals, most likely due to the presence of endogenous plasma antioxidants.
Consequently the exogenous production of ROS, as described previously, was
used to overcome the actions of endogenous antioxidants and create an
environment representative of the oxidative stress conditions seen in disease

states such as hypertension, hypercholesterolaemia and diabetes.

Two separate systems were set up based on the superoxide and hydroxyl radical
assays developed in chapter three. Accordingly the results of this chapter are

divided into two sections:

Study One

The overall aim of this study was to examine the ability of L-arginine and L-
citrulline to scavenge ROS, specifically superoxide, and thus prevent ROS
mediated endothelial dysfunction in vessels. ROS are known to exert numerous
deleterious effects on the endothelium which can be broadly split into nitric
oxide dependent and independent effects, as discussed in detail in 1.3. More
specifically ROS have been demonstrated to effect basal vessel tone, agonist
induced contraction and endothelium dependent relaxation [82.111,122.203,305.,399.410]
In this chapter the effect of ROS on rabbit aorta endothelial function was
explored using a xanthine oxidase / hypoxanthine system. Furthermore the
specific ROS involved in mediating these effects was investigated. Following on
from this, the effects of L-arginine and L-citrulline on the ROS mediated

endothelial dysfunction was studied.

Study Two
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The second study involved the development of an assay capable of measuring
hydroxyl radical mediated lipid peroxidation, a phenomenon involved in disease
states such as atherosclerosis and associated with established risk factors. Upon
establishing this assay the ability of L-arginine and L-citrulline to inhibit lipid

peroxidation was measured in this system.

Ultimately, this chapter was designed to bring together systems first developed in
chapter three to investigate the ability of L-arginine and L-citrulline to prevent
ROS mediated damage in a biological systems. The effects against both hydroxyl
radicals and superoxide were studied with the overall aim of establishing whether
L-arginine and L-citrulline have sufficient antioxidant capacity to protect against

ROS mediated damage in a biological setting.

6.1 Aims

System One - The ability of L-arginine and L-citrulline to protect against ROS
mediated endothelial dysfunction in vessels.

e To establish an ex vivo assay capable of quantifying the effects of ROS
on the endothelium. To include:
o Effect of ROS on quiescent tone i.e. in the absence of
phenylephrine.
o Effect of ROS on contractile function i.e. in the presence of
phenylephrine.
o Effect of ROS on endothelium dependent relaxation
o Investigation into the specific ROS responsible for inhibiting

endothelium dependent relaxation.

e To characterise the ability of L-arginine and L-citrulline to attenuate ROS

mediated endothelial dysfunction.
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System Two - The ability of L-arginine and L-citrulline to prevent hydroxyl
radical mediated lipid peroxidation.

e To establish an in vitro assay capable of quantifying hydroxyl radical

mediated lipid peroxidation.

e To characterise the ability of L-arginine and L-citrulline to prevent

hydroxyl radical mediated lipid oxidation.

223




Ex Vivo study — Effect on exogenous ROS Chapter Six

6.2 Materials and Methods

System One

6.2.1 ROS mediated endothelial dysfunction model

6.2.1.1 Set-up of aortic tissue

As described in chapter two
6.2.1.2 Effect of Reactive oxygen species on endothelial function

After assessment of endothelial function the effect of three concentrations of
reactive oxygen species on endothelial function was tested, referred to as ROS 1,
2 & 3 (Table 32). Tissue was incubated for five minutes with hypoxanthine and
for a following five minutes with xanthine oxidase. Tissues were then exposed to
phenylephrine (PE, 1x10°M) for ten minutes, a time period sufficient to allow a
constriction plateau. At this point the rings were exposed to cumulative
additions of acetylcholine at 5-minute intervals (1x10°M — 1x10°M). As a
control, constriction and subsequent acetylcholine induced relaxation was run in
the absence of reactive oxygen species. Adiagrammatic represenation of this

protocol can be found in Figure .
B2~

Table 32 Concentrations of substrates used to produce reactive oxygen species

System [Hypoxanthine] [Xanthine oxidase]
1 SuM 0.5 mU /ml
2 200uM 4 mU / ml
3 ImM 40 mU / ml
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Figure 82 Aortic ring preparation: effect of ROS on endothelial function. ROS 1, 2& 3 refer to the
concentrations of hypoxanthine/xanthine oxidase used in each system. For details refer to Table 32.
At twenty minutes increasing concentrations of acetylcholine were added at five minute intervals
(1x10°°M — 1x10°M).

6.2.1.3 Investigation into radical specificity

In order to investigate the ROS involved in xanthine oxidase / hypoxanthine
mediated endothelial dysfunction, tissues were incubated with 100 Units/ml
SOD, 1200 Units /ml catalase or a combination of both SOD and catalase five
minutes prior to the addition of 1mM hypoxanthine.

6.2.1.4 Investigation into the ability of L-arginine and L-citrulline to prevent
' ROS mediated endothelial dysfunction

Tissue was incubated for 10 minutes with 1x10*M, 3x10>M or 3x10°M L-
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arginine or L-citrulline prior to the addition of 1mM hypoxanthine. The
concentrations of amino acids were chosen on the basis that 1x10*M represents
plasma concentrations of both amino acids, 3mM represents an average L-
arginine concentrations experienced in plasma after exogenous administration
(0.8mM to 8mM) PP>1622192%0) a4 30mM represents the highest concentration

achievable in this system.

Rings were then exposed to phenylephrine (PE, 1x106M) for 10 minutes and
then cumulative additions of acetylcholine at 5-minute intervals (1x10°M —
3x102M). As a control, constriction and subsequent acetylcholine induced

relaxation was run in the absence of ROS.

System Two

6.2.2 Hydroxyl radical mediated lipid peroxidation model

6.2.2.1 TBARS assay

4mg/ml phosphatidylcholine was incubated with hydrogen peroxide (final
concentration 44.1mM) and copper sulphate (final concentration 4.5uM) in order
to initiate oxidation (for full protocol see chapter 2). A range of L-arginine and
L-citrulline concentrations were added to investigate the extent with which they
inhibited lipid oxidation. (1x10"M — 2x10'M & 5x10™'M for L~citrulline and L-
arginine respectively). All samples were incubated at 37°C, pH 7.4 for 150
minutes. After the incubation period, samples were placed on ice and 250uM
EDTA was added to terminate the oxidation reaction (adapted from Wasowicz et
al ¥, 100p1 of sample or the appropriate volume of MDA standard was added
to glass tubes containing 1ml of HPLC grade water. 1ml of the TBA solution was
then added and all samples heated at 100°C for 1 hour. TBA-MDA fluorescence
was measured at 525nm for excitation and 547nm for emission. The calibration

curve was prepared using 0-0.3nmol/ml MDA.
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6.2.3 Statistical Analysis

All data expressed as meant SEM. “n” refers to the number of aortic ring
segments used in each experiment. Concentration response curves were fitted to
sigmoid curves using GraphPad Prism software. Maximum relaxation (Rmax)
and the effective concentration (ECso) that gives 50% of the maximal response

were then calculated and statistical analysis performed.

Comparisons of Rmax values between control and pre-treated groups were

performed using a one-way ANOVA followed by a Bonferroni post hoc test.

227




Ex Vivo study — Effect on exogenous ROS Chapter Six

6.3 Results
6.3.1 System One

6.3.1.1 Assay development

In order to investigate the ability of L-arginine and L-citrulline to protect against
ROS mediated endothelial dysfunction an assay capable of demonstrating the
effects of ROS had to be set-up. An aortic ring preparation was chosen as it is
classically used to determine the effects of various mediators on endothelium

dependent relaxation.

6.3.1.1.1 Choice of vasoconstrictor

Phenylephrine was chosen to constrict the vessels based on a study that
demonstrated that norepinephrine, but not phenylephrine, was subject to
oxidation by xanthine oxidase / hypoxanthine derived ROS P* In order to
investigate the stability of phenylephrine in the presence of ROS, 1x10°M PE
was added to the tissue in the presence of the highest concentration of ROS
(Table 32). No significant difference was seen in the ability of PE to maintain
contraction over one hour in the presence or absence of ROS (p>0.05) (Figure ).
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Figure 83 Effect of ROS on PE induced contraction over one hour. ROS refers to
the concentration of hypoxanthine and xanthine oxidase used (1mM and
40mU/ml) see Table 32.P>0.05 between groups. Data expressed as mean+SEM.

n=4.

6.3.1.1.2 Generation of ROS

In order to generate superoxide, a XO/HX system was utilised. This system was
chosen because xanthine oxidase is known to be up regulated in disease states
such as coronary artery disease, hypertension and hypercholesterolaemia .

Furthermore, as demonstrated in chapter 3 this system synthesised detectable

amounts of superoxide.
6.3.1.1.3 Time course of radical production
The experiment was tightly time controlled due to the nature of radical

production from the HX/XO system. In a previous study, superoxide production
from 0.005Units/ml xanthine oxidase and 5uM hypoxanthine was shown to
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increase in a linear fashion over twenty minutes (r2=0.8628) (Figure ). This
highlighted the need for a tightly controlled timed protocol and all compounds

were added at exactly the same time after initiation of radical production in order

to make results comparable.

1.75-
5 1.50-

(
8 ¥

DEPMPO-OOH

0 5 10 15 20 25
Time (min)

Figure 84 Timecourse of superoxide production as detected using EPR from 5pM
hypoxanthine and 0.005U/ml xanthine oxidase. R” = 0.8628. Data expressed as
mean+SEM. n=5.
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6.3.1.1.4 Choice of radical concentration

Three different concentrations of xanthine oxidase and hypoxanthine were used
(termed ROS 1,2 & 3). In order to find the optimum concentration of ROS to
inhibit endothelial function. The lowest concentration of ROS (ROS 1) had no
effect on acetylcholine induced relaxation (p>0.05) but the two highest
concentrations of XO/HX (ROS 2 and ROS 3) both significantly inhibited
relaxation (p<0.0001 for both groups as compared by Rmax) (Figure ). The
highest concentration of radical (ROS 3) was therefore chosen for use in all other

experiments.
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Figure 85 Effect of varying concentrations of XO/HX generated ROS on endothelial
function as assessed by ACh mediated relaxation. ROS 1, 2& 3 refer to the concentrations
of hypoxanthine/xanthine oxidase used in each system. For details refer to Table 32 ****
represents p<0.0001 cf control (No ROS). Data expressed as mean+SEM. For control
n=16. For all other treatment groups n=5.

Table 33 Effect of ROS in ACh mediated relaxation. **** represents p<0.0001 ns represents no
significant difference cf control. Details of ROS 1,2 and 3 can be found in Table 32. Data refers

to Figure .

Rmax
Group Significance cf | ECso

Value

control

Control 71.23+1.203 9.7x10°M
ROS 1 72.23+1.748 Ns 1.04x10'M
ROS 2 56.53+3.717 *kk 1.18x10'M
ROS 3 41.4742.77 *kkk 5.6x10°M
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6.3.1.2 Effect of ROS on quiescent vessel tone

Within the literature there exists evidence that ROS, specifically those derived
from a XO/HX system, are able to elicit smooth muscle contraction in the
presence of endothelium ?**'”!. Our results demonstrated that ROS had no effect

on quiescent vessel tone over a time period of one hour (Figure ).
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Figure 86 Effect of ROS on quiescent vessel tone. ROS refers to the concentration of
hypoxanthine and xanthine oxidase used (ImM and 40mU/ml) see Table 32. No
significant difference between groups (p>0.05). Data expressed as mean+SEM. n=4
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6.3.1.3 Effect of ROS on contractile function

ROS generated from a XO/HX system have been shown to have an effect on
normal contractile function as demonstrated by their ability to increase the
degree of tension achieved upon administration of norepinephrine %
[203]

epinephrine and attenuate the level of tension achieved with phenylephrine

(] Our results however demonstrated that that XO/HX generated ROS had no

effect on the tension achieved upon addition of PE (Figure ).
3

10.04 ns ns

Tension (g)

Figure 87 Effect of varying concentrations of ROS on PE induced
contraction. For details on ROS 1,2, and 3 see Table 32. ns represents
p>0.05 (1x10“M PE only). Data expressed as mean+SEM. For baseline
group n= 19. All other treatment groups n=5 except for 1x10°M + ROS 3

where n=13.
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6.3.1.4 Investigation into the ROS responsible for inhibiting endothelium

dependent relaxation

In order to determine the ROS responsible for inhibiting endothelium dependent
relaxation, SOD, catalase and a mixture of SOD and catalase was added to the
aortic ring 5 minutes prior to the addition of the radical generating system. As a
control, the effect of these antioxidants on acetylcholine meditated relaxation in

the absence of ROS was investigated with no significant difference seen between

groups (Figure 88 and Table 34).

80-
= Control (No ROS)

60 »  100U/ml SOD
g v 1200U/ml Catalase
§ . *+100U/ml SOD
& 40 +1200U/ml Catalase
]
+4
X 204

C I I 1 ¥ 1

40 9 8 7 6 5 4
Log [ACh] (M)

Figure 88 Effect of SOD and catzlase on endothelial function in the absence of ROS. No

significant difference between groups (p>0.05). Data expressed as meantSEM. For
control n=16. For all other treatment groups n=5-6.
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Table 34 Effect of SOD and catalase on ACh mediated relaxation. ns represents no significant
difference cf control. Data refers to Figure .

Rmax
Group Significance cf ECso
Value
control
Control 71.23+1.203 9.7x10°M
100U/ml SOD 70.95+1.708 ns 9.94 x10°M
1200U/ml CAT 67.93+2.501 ns 1.2x10'M
100U/ml SOD + ,
71.99+1.264 ns 1.0x10°M
1200U/ml CAT

In the presence of the highest concentration of ROS, inhibition of acetylcholine
induced relaxation was seen as previously demonstrated (Fi ). Comparisons
between the Rmax achieved in the presence and absence of ROS were made. This
allowed us to tell if the antioxidant response was significantly different to the
normal endothelial response and to the ROS exposed endothelial response.

Pre-treatment with SOD appeared to completely inhibit ROS mediated
endothelial dysfunction as there was no significant difference compared with
normal endothelial response (p>0.05) (Fi ). catalase was less effective at
preventing ROS mediated endothelial dysfunction, although catalase improved
relaxation in comparison to tissue exposed to ROS only (p<0.01), there was also
a significant difference compared with the normal endothelial response (p<0.05)
(Figure ). A combination of SOD and catalase did not improve upon the
protective effects of SOD alone (p>0.05) (Figure ).
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Figure 89 Effect of SOD and catalase on ROS mediated endothelial dysfunction. ROS
refers to the concentration of hypoxanthine and xanthine oxidase used (ImM and
40mU/ml) see Table 32. A) illustrates the effects of 100U/ml SOD, B) illustrates the
effects of 1200U/ml catalase, C) illustrates the effects of combining 100U/ml SOD and
1200U/ml catalase. *** represents p<0.001, * represents p<0.05, ns represents p>0.05
«f control (-ROS). Data expressed as mean+SEM. N=4-16.
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Table 35 Effect of SOD and catalase on ROS mediated inhibition of ACh mediated relaxation. ns
represents no significant difference, * p<0.05, ** p<0.01, *** p<0.001 cf control. Data refers to

figure Figure .

Rmax
Group of cof ECx
Value
control| ROS 3
Control 71.23+1.203 *x 9.7x10°M
ROS 41.47+2.77 | *** 5.6x10°M
ROS +100U/ml .
66.62+3.959 ns ** 7.3x10"M
SOD
ROS +
1200U/ml 58.82+2.306 * ** 1.1x10'M
catalase
ROS +100U/ml
SOD & 5
67.92+2.129 ns ¥ 9.9x10°M
1200U/ml
catalase

6.3.1.5 Investigation into the ability of L-arginine and L-citrulline to
attenuate ROS mediated endothelial dysfunction

In order to investigate the ability of L-arginine and L-citrulline to inhibit ROS
mediated endothelial dysfunction, three concentrations of both amino acids were
pre-incubated with the aortic tissue before exposure to ROS. As a control, the
effect of these amino acids on acetylcholine meditated relaxation in the absence
of ROS was first investigated. L-citrulline and L-arginine had no effect on
acetylcholine induced relaxation (p>0.05) at all concentrations (Figure ).
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Figure 90 Effect of varying concentrations of A) L-arginine and B) L-citrulline on
endothelial function in the absence of ROS. Concentrations of hypoxanthine and
xanthine oxidase are ImM and 40mU respectively. No significant difference between
groups (p>0.05) Data expressed as mean+SEM. N=4-6
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Table 36 Effect of L-arginine on ACh mediated relaxation. ns represents no significant

difference. Data refers to Figure .

RMAX
Group : » ECso N
Value cf control o
6.6 x10®
Control 74.08+2.377 5
M
6.9x10°
100pm L-Arg 68.13+2.919 ns M 4
59x10°
3mM L-Arg 66.09+3.712 ns M 4
82x10°
30mM L-Arg | 65.28+3.737 ns M 4

Table 37 Effect of L-citrulline on ACh mediated relaxation. ns represents no significant
difference cf control. Data refers to Figure .

RMAX ;
Group : ECs N
Value cf control
7.5x 10°
Control 76.08+1.687 6
M
94x10°
100pm L-Cit | 71.89+1.328 ns M 4
7.7x10°
3mM L-Cit | 69.33+2.493 ns iy 5
7.0x 10°
30mM L-Cit | 69.32+2.487 ns M 5
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The ability of L-arginine and L-citrulline to protect against ROS mediated
endothelial dysfunction varied and the effect of each amino acid shall be
discussed in turn. L-arginine was unable to inhibit the ROS mediated endothelial
dysfunction at any concentrations (p<0.001 cf control by not cf ROS) (F i?m(e )-
L-citrulline on the other hand completely inhibited ROS mediated endothelial
dysfunction at the two lowest concentrations (100uM and 3mM) but at the
highest concentration of 30mM all protective actions were lost (p<0.001 cf

control by ns cf ROS) (Figure ).
q2
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Figure 91 Effect of A) 100pM B) 3mM C) 30mM L-arginine on ROS mediated endothelial
dysfunction. ROS refers to the concentration of hypoxanthine and xanthine oxidase used
(1mM and 40mU/ml) see Table 32. *** represents p<0.001 cf control -ROS). Data

expressed as mean+SEM. N=4-5.
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Figure 92 Effect of A) 100pM B) 3mM C) 30mM L-citrulline on ROS mediated
endothelial dysfunction. ROS refers to the concentration of hypoxanthine and
xanthine oxidase used (1mM and 40mU/ml) see Table 32.*** represents p<0.001,
ns represents p>0.05 cf control (-ROS). Data expressed as meantSEM. N=4-5
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Table 38 Effect of L-arginine on ROS mediated inhibition of ACh mediated relaxation. ns
represents no significant difference, *** p<0.001 cf control. Data refers to figure Figure .

Group - cf cf ECs
o Value
control ROS
74.08+ R
Control *xk 6.6 x 10°M
2.377
5191+
ROS e 7.0x 10°M
3.355
47.47+ .
ROS + 100pM L-arg *ax ns 48x10°M
3.862
49 .45+ R
ROS + 3mM L-arg i ns 50x10°M
2.470
42.53+ .
ROS +30mM L-arg 580 *E* ns 62x10°M

Table 39 Effect of L-citrulline on ROS mediated inhibition of ACh mediated relaxation. ns
represents no significant difference, *** p<0.001 cf control. Data refers to Figure .

RMAX
Group of cf ECso )
Value
control ROS
76.08+ e
Control *k 7.5x10°M
1.687
5051+ e
ROS ok 69x 10" M
4.224
71.89+ g
ROS + 100pM L-cit ns 5% 94x 10" M
1.328
69.33+ R
ROS + 3mM L-cit ns b 7.7x10°M
2.493
54.97+ ;
ROS +30mM L-cit 5033 *k ns 1.5x10'M
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6.3.2 System Two — Lipid peroxidation system

6.3.2.1 Effect of copper sulphate / hydrogen peroxide concentration on lipid
oxidation

The Fenton chemistry system adopted in chapter three was used to generate
hydroxyl radicals and the effect of a range of hydroxyl radicals on
phosphatidylcholine peroxidation was tested. Malondialdehyde, a downstream
product of lipid peroxidation was used as an indicator of the degree of lipid
peroxidation. Basal PC i.e. PC in the absence of hydroxyl radicals, was shown to
exist in a partially oxidised state (0.043+0.002nmoles/ml MDA). Upon addition
of four increasing concentrations of copper sulphate / hydrogen peroxide mixes,
a significant increase in lipid peroxidation was seen (F ig?lr%). Concentrations of
4.5uM copper sulphate and 44.1mM hydrogen peroxide were chosen for use in
all other experiments as this Fenton chemistry mix allowed both increases or

decreases in lipid peroxidation to be detected.
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% change from basal MDA levels

Figure 93 Effect of varying concentrations of Cu®*/H,0, on hydroxyl radical mediated PC
peroxidation. All values significantly different (p<0.001) except 9uM vs. 18pM (p>0.05). Data
expressed as + SEM n=4.
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6.3.2.2 Effect of L-arginine and L-citrulline on lipid peroxidation

Exposure of phosphatidylcholine to hydroxyl radicals resulted in lipid
peroxidation and an increase in MDA level from 0.047+0.008nmol/ml to
0.072+0.008nmol/ml (p<0.001). Both L-arginine and L-citrulline were able to
significantly inhibit lipid peroxidation in a concentration dependent manner
(F igm% ). L-arginine significantly inhibited lipid peroxidation at concentrations
of 1x10°M (p<0.05) and >1x10™ M (p<0.001). L-citrulline was able to inhibit
lipid peroxidation at concentrations as low as 1x107M (p<0.05) and 1x10°M
(p<0.01). At concentrations >1x10™M, L-citrulline significantly inhibited
phosphatidylcholine  peroxidation (p<0.001). Antioxidant activity was
proportional to the concentration of L-arginine and L-citrulline present with ECs
values 53.16uM and 87.25uM respectively (F?guLit ).

300+
= L-Arginine i
2004 + L-Citruliine

oxidation
S

%inhibition of PC

0 T y y 1 T T T 1
/7 6 5 4 -3 -2 A1 0
1004 Log [Amino Acid] (M)

Figure 94 Effect of L-arginine and L-citrulline on hydroxyl radical mediated PC
peroxidation. ECs, values 53.16pM and 87.25pM respectively. Data expressed as mean +
SEM. N=7-9 except 1x10>M where n=4.
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6.3.2.3 Effect of L-arginine and L-citrulline on basal phosphatidylcholine
peroxidation levels

Basal phosphatidylcholine (i.e. phosphatidylcholine MDA levels before addition
of hydroxyl radicals) was demonstrated to exist in a partially oxidised state
(0.047+0.008nmol/ml MDA). At concentrations > 1x10°M, both L-arginine and
L-citrulline not only significantly inhibited oxidation of phosphatidylcholine
(p<0.001) but also significantly reduced basal phosphatidylcholine MDA levels.
At 1x10M, L-arginine significantly reduced MDA levels from 0.0427+0.0046
nmol/ml to 0.031+0.0026 (P<0.05). L-citrulline significantly reduced levels from
0.0441+0.0013 to 0.02537+0.0013 (p<0.001). This occurred_in the presence of
4.5yuM Cu’'/44.1mM H,0, but not in their absence (Figure) i.e. addition of

amino acid alone had no significant effect on MDA levels.
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Figure 95 Effect of L-arginine and L-citrulline on basal PC peroxidation levels in the
presence and absence of hydroxyl radicals. *** represents p<0.001, ** represents
p<0.01, ns represents p>0.05. Data expressed as mean + SEM. n=4-6.
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6.4 Discussion

The overall aim of this chapter was to investigate the ability of L-arginine and L-
citrulline to prevent ROS mediated damage in biological systems. In the previous
chapter the ability of these amino acids to modulate endogenously produced ROS
was investigated with mixed results. Inhibition was only seen at high
concentrations of amino acids and this was proposed to be due to the presence of
either high concentrations of endogenous antioxidants or the relatively small
impact of ROS on platelet function. To overcome these problems this chapter
employed the exposure of different biological systems to exogenously produced
ROS. This allowed full characterisation of the effects of ROS on the system
under investigation and the actions of endogenous antioxidants to be
overwhelmed. Two systems were employed to do this 1) exposure of rabbit
aortic rings to a XO/HX system and 2) exposure of phosphatidylcholine to
hydroxyl radicals and each system shall be discussed separatley.

6.4.1 System One

The aim of this system was to develop a xanthine oxidase / hypoxanthine system,
first described in chapter three, to investigate the effect of ROS on endothelial
function. Assuming ROS resulted in dysfunction, the second aim was to
investigate the ability of L-arginine and L-citrulline to scavenge the ROS and
inhibit endothelial function.

6.4.1.1 Development of ROS mediated endothelial dysfunction model

The assay developed in chapter three (capable of producing superoxide from
xanthine oxidase and hypoxanthine) was used to establish a model of ROS
mediated endothelial dysfunction. There exists a large body of work linking the
" generation of ROS to the development of cardiovascular disease W7.16.117]
Nearly every risk factor for cardiovascular disease is associated with enhanced

ROS production and it therefore seems likely that oxidative stress is a common
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pathway in the development of cardiovascular disease. Increased levels of
reactive oxygen species are associated with up-regulation or increased activity of
several enzymes including xanthine oxidase. Xanthine oxidase itself has been
linked to atherosclerosis, coronary artery disease, hypertension and heart failure
47.49.72.92,123,242,253,234265,342351 ' This made xanthine oxidase a very relevant
choice for the development of a ROS mediated endothelial dysfunction model
and indeed other xanthine oxidase assays have been used to similar effect
(128:82:83.111.122.203305] phenvylephrine was the agonist of choice based on evidence
that norepinephrine (but not phenylephrine) is subject to oxidative degradation
3% supported by my own preliminary studies (F ig%re . The next step in the set-
up of this assay was the choice of xanthine oxidase / hypoxanthine concentration.
Three concentrations were chosen as illustrated in Table 32. Only the two highest
concentrations of XO/HX significantly inhibited acetylcholine induced relaxation
(p<0.0001) (F Eﬁ ), so the highest concentration of XO/HX was chosen for use

in all other experiments.

As the aim of this experiment was to investigate the effect of ROS on
endothelium dependent relaxation, control experiments were run to investigate
the effects of ROS on quiescent vessel tone and on contractile function. It has
been suggested that ROS, particularly those derived from XO/HX, are able to
elicit smooth muscle contraction in the presence of endothelium ?®*'% The
results herein demonstrated no effect on vessel tone (F igu‘?e ). It has also been
suggested that XO/HX generated ROS effect contractile function with a number
studies demonstrating that ROS are able to increase the degree of tension

[410] [203]

, epinephrine and

(1]

achieved upon administration of norepinephrine
attenuate the level of tension achieved with phenylephrine . These results
however demonstrate no such effect on the actions of phenylephrine (Fi fe ). In
terms of the development of our assay, this meant that the inhibitory effects of

ROS on vessel tone were due to an effect on relaxation alone.
The specific radical responsible for attenuating acetylcholine induced relaxation

was then investigated. Tissues were pre-incubated with SOD, catalase and a

combination of both in order to rule out the effects of primary superoxide and
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hydrogen peroxide formation i.e. formation through xanthine oxidase and

secondary hydrogen peroxide formation i.e. through the dismutation of

superoxide (Figure ).
02
XO (2¢)
XO (o] Dismutation
0, © o, H,0, H,0 + 0,
XO (e’]
1. Primary superoxide formation o, ——ﬁ~ 0, SOD

XO (26
2. Primary hydrogen peroxide formation 0, #» H,0, Catalase

3. Secondary hydrogen peroxide formation 0, XO (&) 0, —Dismutation

H,0, SOD + Catalase

Figure 96 Source of ROS from XO/HX and the sites of action of SOD and catalase

Results with SOD and catalase suggested that the endothelial dysfunction caused
by the XO/HX system was due to a combined effect of superoxide and hydrogen
peroxide. The ability of SOD to completely attenuate the inhibition caused by
XO/HX, suggested that hydrogen peroxide was being synthesised through the
dismutation of SOD (F i8 e ).

Based on these findings the following hypothesis was reached concerning the
mechanism of action of XO/HX mediated endothelial dysfunction. Xanthine
oxidase has been shown to bind to endothelial cells via glycosoaminoglycans and
to be taken up into the cells through endocytosis "*?). The uptake of xanthine
oxidase at 37 °C is time- and concentration-dependent. The cell-associated XO
remained active and maximum cellular XO catalytic activity and binding thought
to occur within 1 h of XO addition. There is thought to be an initial rapid
increase, followed by a slower increase implying ongoing endocytosis of XO
while binding to cells *2. In our system however, addition of extracellular SOD

completely attenuated the loss of endothelial function seen with ROS, suggesting
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that in the time course of our study the majority of xanthine oxidise remained
outside the cell. NO produced within the endothelial cell diffuses equally in all
directions. In the absence of any external factors a set percentage diffuses to the
smooth muscle resulting in relaxation whilst the rest moves into the blood stream

(in this case buffer filled lumen). In the presence of extracellular superoxide, the
concentration of NO in the lumen will be reduced resulting in the formation of a
diffusion gradient towards the lumen. Thus less NO will reach the smooth
muscle resulting in a decrease in relaxation. In our system relaxation was
inhibited by ~30% in the presence of superoxide and hydrogen peroxide (Figure 87
).

ROS inhibit vessel relaxation through NO dependent and independent effects.
superoxide not only reduces NO bioavailability but also through its reaction with
NO leads to the production of peroxynitrite which itself may cause any of the
following:

1. Inhibition of soluble guanylate cyclase P*%!

2. Oxidation of zinc thiolate clusters and tetrahydrobiopterin leading to NOS
[196,201,421]

monomerisation and therefore eNOS uncoupling

3. Inactivation of prostacyclin synthase 1?2

As well as interacting with NO, the ROS could also mediate their effects through
an NO independent mechanism including any combination of the following

factors:

1. Activation of endothelial enzymes e.g. Cyclooxygenase (COX) which

releases endothelial derived contacting factors (18.167)

2. Free radical-catalysed peroxidation of arachidonic acid leading to the

formation of prostaglandin F2 like compounds %%}

‘3. Extensive endothelial disruption ['%22%341%

In summary, it is likely that hydrogen peroxide and superoxide are able to inhibit
acetylcholine induced relaxation through NO dependent and independent
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mechanisms.

6.4.1.2 Investigation into the ability of L-arginine and L-citrulline to
attenuate ROS mediated endothelial dysfunction

Upon development of a model of ROS mediated endothelial dysfunction, the
ability of L-arginine and L-citrulline to prevent this dysfunction was
investigated. This was based on the theory that if the amino acids were capable
of directly scavenging superoxide they should be able to prevent the loss in
endothelial function. Based on previous results (chapter three), where no
superoxide scavenging ability was evident, it seemed unlikely that either L-
arginine or L-citrulline would have any significant protective effect. However
numerous studies have shown that L-arginine is capable of inhibiting ROS

mediated endothelial dysfunction B7-12%137.228.408]

and so it was important to
investigate whether this was the case in our study as in vitro results do not

necessarily predict in vivo responses.
6.4.1.2.1 Effects of L-arginine

Upon pre-incubation of aortic tissue with L-arginine, no change in ROS mediated
dysfunction was seen (Figurcc? )- This was in accordance with our results from
chapter three that demonstrated that L-arginine lacked any superoxide
scavenging activity below concentrations of 1x10"'M (Figure’) Therefore
although exogenous L-arginine has been shown to improve endothelial function
in several studies through the reduction of oxidative stress ®’~*"7! this study
would suggest that this is unlikely to be mediated through a direct superoxide
scavenging effect. This is not to say that L-arginine is not capable of lowering
levels of superoxide in the body, just that reduction in superoxide is not mediated
through a direct superoxide scavenging action. In clinical trials involving the
administration of L-arginine, the decrease in superoxide levels seen is most likely
due to inhibition of superoxide producing enzymes such as xanthine oxidase ***!
and through improvement of endogenous antioxidant defence systems by

increasing glutathione levels *! and SOD and catalase activity ). In our
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system, L-arginine is added directly to the tissue only ten minutes before the
onset of oxidative stress. It is therefore not possible for L-arginine to regulate
enzyme activity, whether that is through up regulation of antioxidant enzymes or
down regulation of superoxide producing enzymes. This is to our advantage
however as it means any effects demonstrated by L-arginine are directly
attributable to direct superoxide scavenging or lack of as the case might be. This
is something that long-term exogenous administration of L-arginine does not

investigate.
Effects of L-citrulline

The results obtained with L-citrulline were more complicated that those achieved
with L-arginine. L-citrulline demonstrated protective properties at 100uM and
3mM, i.e. was able to prevent ROS mediated endothelial dysfunction (Figure ).
This is in direct contrast to the results obtained from L-arginine where no
protective effect was seen. This was unexpected as in all other chapters L-
citrulline has acted in an almost identical fashion to L-arginine. In chapter three
both were able to scavenge hydroxyl radicals but not superoxide at physiological
concentrations (F Eu‘ft & Figsure ). In chapter four, both demonstrated the same
mechanism of hydroxyl radical scavenging and in the previous chapter both
exerted similar inhibitory effects on platelet aggregation (Figure ). This led to the
question as to why L-citrulline was effective at protecting against ROS mediated

endothelial dysfunction whereas L-arginine was not.

First of all it is unlikely that L-citrulline is able to scavenge superoxide as it also
demonstrated a lack of superoxide scavenging ability at concentrations lower
than 1x10™"M in the in vitro system (F i‘gu‘-:t_:"). Although it is true that an in vitro
result is not entirely predictive of an in vivo result, the fact that L-arginine failed
to protect against ROS mediated endothelial dysfunction and both have
_demonstrated identical antioxidant properties so far, suggests that L-citrulline is

not working through a direct scavenging action.
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One possible explanation is that L-citrulline is working in a ROS independent
manner. L-citrulline has been shown to directly relax smooth muscle through
activation of particulate guanylate cyclase in smooth muscle B9 This is NO
independent, as it can not be blocked by L-NAME. Activation of pGC resulted in
increased levels of cGMP, which act in part through the opening of K., channels
leading to hyperpolarisation of vascular smooth muscle cells and reduction of
intracellular calcium. This would explain why even in the presence of ROS, L-

citrulline was able to relax the vessel.

The second unexpected finding was that at the highest concentration of L-
citrulline, all protective propertiecs were lost. As demonstrated with the same
concentration of L-arginine (30mM), L-citrulline offered no protection against
ROS mediated endothelial dysfunction. It is unlikely that this is due to an
inhibitory effect on NOS, or even a toxic effect on the cell itself, as 30mM L-
citrulline had no effect on acetylcholine mediated relaxation (F ig?ure ). It may
therefore be that such high concentrations of L-citrulline may inhibit pGC and so

the NO independent component of relaxation is lost.
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6.4.2 Study Two

6.4.2.1 Development of hydroxyl radical mediated lipid peroxidation model

In chapter three, the EPR based assay demonstrated that L-arginine and L-
citrulline were able to scavenge hydroxyl radicals with an ECs of 17.09uM and
44.06uM respectively (F lgl{re ). This provides strong evidence for the role of L-
citrulline and L-arginine as hydroxyl radical scavengers and to test this, the
ability of both amino acids to protect against hydroxyl radical mediated lipid
peroxidation was investigated. Polyunsaturated fatty acids (PUFA) are the main
constituent of mammalian cells and easily suffer are easily oxidised oxidation
leading to the formation of lipid peroxyl radicals (LOO"). Due to their high
reactivity, they abstract the closest available hydrogen from molecules including
adjacent PUFAs, proteins, sugars, nucleic acids and neighbouring cell membrane
PUFA’s %% They can also abstract a hydrogen from cholesterol and oleic acid
13%9] They are therefore capable of causing severe cell damage.

In order to investigate the effects of L-arginine and L-citrulline on hydroxyl
radical mediated lipid peroxidation we first had to set up a system capable of
measuring changes in hydroxyl radical levels. To do this a range of hydrogen
peroxide and copper sulphate concentrations were incubated with
phosphatidylcholine. The concentrations of copper sulphate and hydrogen
peroxide were chosen based results from chapter three that demonstrated that
each system produced significantly different levels of hydroxyl radical (§gu% ).
The next step was to incubate these systems with PC and to test whether varying
levels of hydroxyl radicals resulted in significantly different degrees of lipid
peroxidation. Our results showed that as the concentration of hydroxyl radical
increased so did the degree of lipid peroxidation (F 1(;;? ). Concentrations of
4.5uM copper sulphate and 44.1mM hydrogen peroxide were chosen for use in
" all other experiments as these allowed potential increases and decreases in lipid

peroxidation to be detected.
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6.4.2.2. Investigation into the ability of L-arginine and L-citrulline to
attenuate hydroxyl radical mediated lipid peroxidation

L-arginine and L-citrulline were both capable of preventing hydroxyl radical
mediated peroxidation of phosphatidylcholine at concentrations found within the
plasma (ECso values of 53.16uM and 87.25uM) (Flcgréilé ). As demonstrated in
chapter four, this may be through direct hydroxyl radial scavenging or through
decreased production of hydroxyl radicals through chelation of copper. Both
mechanisms are valid in a biological system where Fenton chemistry is one of
the main routes of hydroxyl radical generation. These results show that both
amino acids are capable of preventing peroxidation and thus may be able to
prevent oxidation of lipoproteins, a problem contributing to the development of
atherosclerosis and involved in risk factors for atherosclerosis such as diabetes

[24’168], hypertension [309], hyperlipidemia 13671 [166,171,343]

and ageing
Also of interest was the fact that at concentrations of >1x10M, L-arginine and
L-citrulline were able to reduce oxidised phosphatidylcholine to levels lower
than seen under basal conditions (Figure ). This reduction only occurred in the
presence of hydroxyl radicals. The mechanism behind this is unclear but the
requirement for hydroxyl radicals suggests that a switch exists which is needed
to convert both amino acids from redox inactive molecules to antioxidants. In
this case, the switch would appear to be an oxidative insult. It is also possible
that the product formed from the reaction between the amino acids and hydroxyl
radicals is able to exert further reductive activity, not possessed by the parent

amino acid.

6.4.3 Conclusions

This study would suggest that the ability of L-arginine and L-citrulline to protect
biological systems against exogenously derived ROS i.e. conditions of oxidative
stress, varies greatly and is dependent on the radical involved. The results
obtained from the superoxide-mediated model of endothelial dysfunction suggest

that L-arginine is unable to directly scavenge superoxide and therefore is unable
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to prevent ROS mediated endothelial dysfunction. L-citrulline however was
protective at low concentrations, not through scavenging of superoxide, but
through a ROS independent action, potentially through a direct relaxant action on

vascular smooth muscle.

In the system of hydroxyl radical mediated lipid peroxidation, physiological
concentrations of L-arginine and L-citrulline i.e. concentrations found in plasma,
were able to prevent lipid peroxidation. In terms of disease states, oxidative
stress is used as a blanket term to include an increase in several types of ROS,
including both superoxide and hydroxyl radicals. This study highlights that
administration of these amino acids in an antioxidant capacity would have
varying results depending on the disease state in question. Disease states
associated with hydroxyl radical mediated damage e.g. atherosclerosis, would
benefit from administration of exogenous L-arginine and L-citrulline whereas
superoxide mediated pathologies would be unlikely to see any improvement.
Also the ability of L-citrulline to restore endothelial function through a
superoxide independent mechanism is an important finding as it suggests that,
like L-arginine, it may be able to improve vascular function through a ROS

independent mechanism.
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6.5 Summary

System One

e Superoxide and hydrogen peroxide generated from a xanthine oxidase /
hypoxanthine system cause endothelial dysfunction as characterised by a

loss in acetylcholine induced relaxation

e L-arginine has no superoxide scavenging effects demonstrated through its

inability to prevent ROS mediated endothelial dysfunction

e L-citrulline is able to prevent ROS mediated endothelial dysfunction at
100pM and 3mM although this is unlikely to be mediated through a ROS
dependent effect

System Two

e Fenton chemistry derived hydroxyl radicals mediate phosphatidylcholine

peroxidation in a concentration dependent manner

e L-arginine and L-citrulline are able to significantly inhibit this
peroxidation at concentrations found in human plasma (53.16uM and
87.25uM respectively).

Conclusion

e The ability of L-arginine and L-citrulline to attenuate damage caused
during oxidative stress will depend entirely on the relative importance of
superoxide vs. hydroxyl radicals on the pathology of the disease in

question.
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7.1 General Background

The overall aim of this thesis was to investigate whether the improvement in
endothelial function seen upon administration of L-arginine and L-citrulline in
vivo could be attributed to a ROS scavenging action. Oxidative stress plays a
prominent role in the development of endothelial dysfunction through numerous
NO dependent and independent mechanisms and it is therefore vital to
characterise potential antioxidant molecules that could prevent the development

of cardiovascular disease.

L-arginine and L-citrulline act in a protective manner in several disease states
including hypertension, hypercholesterolaemia and diabetes mellitus
[37.51.58.65,137.338] \which are characterised by an increase in ROS. This has led to
investigations into whether this protective action could be mediated through
direct ROS scavenging. A significant amount of work has been carried out
investigating the antioxidant effects of L-arginine, but contradictory results
[6,199379.383] have meant that the question of whether L-arginine is actually capable
of scavenging ROS remains unanswered. Also, the vast majority of studies have
focused on superoxide radicals with only a handful investigating its efficiency
against hydroxyl radicals ?****!. Even within studies concluding that L-arginine
has an antioxidant effect, there exists discord concerning the mechanism of its
action 2", Investigations into the antioxidant properties of L-citrulline are far
fewer and focus mainly on the ability of L-citrulline to reduce hydroxyl radical

levels in plants *1,

With the current contradictions that exist concerning the antioxidant properties of
L-arginine, and the majority of working concerning L-citrulline having been
carried out in plants, a study aimed at fully characterising the antioxidant profile
of both molecules was needed and this thesis fulfilled this criteria in four well

‘defined chapters which answered:

e Are L-arginine and L-citrulline capable of scavenging ROS and if so, is
this action specific to ROS type e.g. superoxide vs. hydroxyl radical?
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(Chapter Three)

e What is the mechanism for the scavenging of the hydroxyl radical?

(Chapter Four)

e Are these amino acids capable of modulating endogenous ROS levels and
what effect does this have on physiological function? (Chapter Five)

e Are L-arginine and Lcitrulline capable of modulating exogenous ROS in
o amodel of superoxide mediated endothelial dysfunction?

o amodel of hydroxyl radical mediated lipid peroxidation?
(Chapter Six)

The following table summarises these results
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Table 40 Summary of thesis results.

Chapter Overall aim Results summary
Chapter Three | To establish whether L-arginine and L- e No antioxidant activity against O,” at concentrations less than 1x10"'M
o:E.Esn were .o%wv_o of m.oﬁonmmnm ROS o Inhibition of *OH at concentrations found in human plasma (ECso of 16.19uM and
and if so was this action specific to ROS type 44.06uM for L-Arg and L-Cit respectively).
e.g. superoxide vs. hydroxyl radical. e Pro-oxidative effect seen at 1x10*M expressed as an ability to increase the level of
*OH above that of the control.
Chapter Four | To characterise the mechanism responsible ¢ Reduction in *OH mediated via two mechanisms 1) direct scavenging action mediated
for the scavenging of hydroxyl radicals via the a-amino group 2) indirect mechanism mediated through the ability to chelate
Cu(Il).
e The a-amino group in its NH, form mediates an antioxidant effect and in its NH, form,
a pro-oxidant effect
Chapter Five | To .m=<ommmw8 the effects of L-arginine and ¢ Millimolar concentrations required to inhibit collagen induced platelet aggregation
L-citrulline on endogenous ROS levels in (ECso0r 157.7mM and 128mM for L-Arg and L-Cit respectively)
v_wa_oﬁm msa.a amg_u_._mr what affect this had » Inhibition of aggregation mediated via scavenging of *OH.
on physiological function. o The high concentrations of antioxidants required to inhibit platelet aggregation likely
to be due to the presence of endogenous antioxidants and the fact that ROS may only
play a minor role in platelet aggregation
Chapter Six To investigate the effects of L-arginine and e L-citrulline was able to prevent ROS mediated endothelial dysfunction in aortic
L-citrulline on exogenous ROS in a vascular vessels at 100uM and 3mM although this is unlikely to be mediated via a ROS
model of superoxide mediated endothelial dependent effect.
dysfunction. e L-arginine had no protective effects at any concentration.
To investigate the effects of L-arginine and e L-arginine and L-citrulline were able to significantly inhibit *OH mediated lipid
L-citrulline on exogenous ROS in a model of peroxidation at concentrations of amino acid found in human plasma (53.16pM and
hydroxyl radical mediated lipid peroxidation. 87.25uM respectively).
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In summary, the main findings from this body of work predict that administration
of L-arginine or L-citrulline in an antioxidant capacity in vivo would have
varying results depending upon the relative role of superoxide vs. hydroxyl
radicals in the progression of the disease state. The lack of superoxide
scavenging effects would suggest that in disease states characterised by increased
superoxide such as diabetes 221472264151 heart fajlure 2192221 or hypertension
[67.253,254.3311 1,_arginine and L-citrulline would afford little protective effect via

direct scavenging of superoxide.

Studies in which L-arginine and L-citrulline have been shown to improve
endothelial function with a concomitant decrease in superoxide levels are most
likely due to indirect reduction of superoxide levels through the following

potential mechanisms:

1. Inhibition of leukocyte adhesion to the vessel wall.

L-arginine is capable of inhibiting leukocyte adhesion to the vessel wall
34.3563611 1 this scenario the reduction in superoxide is not due to radical
scavenging by L-arginine, merely that the number of superoxide generating
‘cells’ is reduced.

2. Recoupling of NOS
ADMA is an endogenous inhibitor of NOS and competes for the L-
arginine transporter found in endothelial cell membranes and so can uncouple
NOS leading to the production of superoxide. Exogenous L-arginine would
increase the concentration of L-arginine to a level sufficient to successfully
compete with ADMA. This would result in the re-coupling of NOS thus

increasing NO- production and decreasing superoxide production.

3. Improving redox status
L-arginine has also been shown to protect against oxidative stress via less

[223]

direct actions such as decreasing xanthine oxidase activity and improving

antioxidant defence systems by increasing glutathione levels [223) and SOD
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and catalase activity ™). This would result in an overall decrease in
superoxide levels without L-arginine having to directly interact with the free

radical

The beneficial effects of L-citrulline in disease states such as
hypercholesterolaemia 37 may in part be mediated through the ability of cell
types such as macrophages and endothelial cells to convert L-citrulline into L-
arginine through the actions of ASS and ASL [?%265404407] ndeed, in a study by
Hayashi ef al "*"), Lcitrulline was demonstrated to produce pharmacological
effects that closely resembled those seen upon L-arginine administration and NO
action. This evidence combined suggests that although neither amino acid is able
to directly interact with superoxide, exogenous administration may be beneficial

in the long term rather than directly.

Both amino acids were able to inhibit hydroxyl radicals at amino acid
concentrations found in plasma (~100uM) (Chapter Three). This antioxidant
action transferred to an ex vivo system which demonstrated prevention of lipid
peroxidation at physiological concentrations (chapter Six). It has been suggested
that due to the highly reactive nature of the hydroxyl radical (its reaction rate is
only limited by diffusion), it will react indiscriminately and therefore no one
molecule is better that the other when it comes to their ability to scavenge
hydroxyl radicals, put another way, most organic molecules will have
demonstrate antioxidant capacity against the hydroxyl radical. It is important to
factor in however two things when considering L-arginine and L-citrulline. The
first is that through their ability to chelate copper (chapter Four); these amino
acids possess the capability to actually prevent hydroxyl radical synthesis
through Fenton chemistry. Secondly we have also demonstrated that upon direct
interaction with the hydroxyl radical the most likely product is ultimately non-
toxic water (chapter Four). This is in contrast with the majority of other
“molecules, which upon interaction with hydroxyl radicals often form toxic
products such as lipid peroxides and protein carbonyls, which are themselves
detrimental to the surrounding environment. This is one test of a physiologically

effective antioxidant, that the product formed upon scavenging the ROS in
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question is less toxic than the parent radical. In the case of L-arginine and L-

citrulline, this would appear to be true.

Through the scavenging of hydroxyl radicals, L-arginine and L-citrulline would

2131 induction of

potentially be able to inhibit effects such as aortic contraction
calcium mobilisation ™! and cell death mediated through damage to cell
membranes, nucleic acid and proteins. Another mechanism through which
hydroxyl radicals interact with their environment is through their ability to
oxidise lipids. Lipid peroxides are able to react with proteins, sugars, nucleic
acids and neighbouring cell membrane PUFA’s **°l, They can also abstract a
hydrogen from cholesterol and oleic acid ®*”! and are therefore capable of
causing severe cell damage. Lipid peroxidation is also associated with
endothelial dysfunction and reduced bioactivity of NO through the mechanisms

described below:

1. Ox-LDL is cytotoxic to endothelial cells *°7,

2. Ox-LDL promotes the recruitment of inflammatory cells to the vessel wall
which is thought to be the initiating step in the development of
atherosclerosis and also results in increased local production of ROS from the
accumulated cells *°!),

3. Ox-LDL and other products of lipid peroxidation react with NO and decrease

its production 1622631 |

4. Ox-LDL decreases eNOS protein levels in endothelial cells 221,
5. Products of lipid peroxidation e.g. lysophosphatidylcholine, may interfere
with signal transduction and receptor mediated stimulation of NOS activity

(180,188 4nd activation of sGC B2,

The ability of L-arginine and L-citrulline to prevent endothelial dysfunction in
vivo may therefore be in part through inhibition of lipid peroxidation.

The question therefore remains, are L-arginine and L-citrulline exerting their

protective effects through a purely antioxidant action? The answer to this

question is almost certainly not. Although both amino acids are able to reduce
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mediated through an ability to inhibit hydroxyl radical production and to
scavenge free hydroxyl radicals. The ability of both molecules to scavenge
hydroxyl radicals gives insight into the known capability of L-arginine to inhibit
LDL oxidation and prevent lipid peroxidation and L-citrulline to decrease
atheromatous lesion size. The ability of both amino acids to inhibit lipid
peroxidation may also explain why exogenous administration of these amino
acids results in improved endothelial function as oxidised lipids negatively
influence the NO signaling pathway in the long term. Their inability to scavenge
superoxide radicals however would suggest that their protective effects are only
in part mediated via scavenging of ROS and that a certain degree of protection is
mediated via an antioxidant independent effect.

7.3 Implications for future work

Based on the results of this thesis, I feel that the next logical step, in terms of L-
arginine / L-citrulline research, is to investigate the effects of hydroxyl radical
scavenging on cell / tissue function in conditions of oxidative stress. It is
commonly assumed that a number of the protective effects seen upon
administration of L-arginine e.g. inhibition of inflammatory cell adhesion to the
endothelium and potentiation of endothelium dependent vascular smooth
relaxation are mediated via its ability to increase NO levels. In a similar vein,
studies that have investigated the effects of L-citrulline on vascular function have
commonly used L-citrulline for its role as a potential precursor for L-arginine
137 This thesis would suggest that these effects may, in part be mediated
through the ability of the amino acids to both directly scavenge hydroxyl radicals
and to inhibit their production. Specifically, an investigation into the ability of L-
arginine and L-citrulline to inhibit hydroxyl radical mediated events e.g. aortic
contraction and induction of calcium mobilisation would be of great interest.
Also the ability of both amino acids to prevent LDL oxidation and the damaging
effects of this molecule e.g. its ability to recruit inflammatory cells to the vessel

[62,263]

wall ®°!) decrease NO production and decrease eNOS protein levels in

[222] -

endothelial cells is an area I feel warrants further scrutiny. It is vital that the
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beneficial effects of these amino acids demonstrated in numerous clinical trials
are fully characterised specifically in terms of their mechanism of action. The
ability of these amino acids to reduce hydroxyl radical levels and the downstream
effects these may have warrants further investigation. These amino acids have
the potential to be a safe and inexpensive treatment for disease states associated

with increased levels of hydroxyl radicals.
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Publications & Presentations arising from these studies

e Papers
Coles K.E. and James P. E. An investigation into the antioxidative
properties of L-arginine and L-citrulline - their role in the prevention of

ROS mediated endothelial dysfunction’ (in preparation).

o Presentation at Cardiovascular IRG meeting.
Roles of L-arginine and L-citrulline in platelet function.
July 2005, Cardiff University School of Medicine, Cardiff, UK.

¢ Presentation at Minisymposium — Oxidant and NO signaling.
Novel properties of L-arginine and L-citrulline.
March 2006, Cardiff University School of Medicine, Cardiff, UK.

e Poster presentation at 2™ Joint 62nd Harden Conference/EMBO
Workshop - NO; a radical in control.
NOS-independent roles of L-arginine and L-citrulline.
April 2006, Cirencester, UK.

271



Reference List

(1]

[2]

3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

(1999) Selenium compounds inhibit the biological activity of blood
platelets. Platelets., 10, 185-190.

M. R. Adams, C. J. Forsyth, W. Jessup, J. Robinson and D. S. Celermajer
(1995) Oral L-arginine inhibits platelet aggregation but does not enhance
endothelium-dependent dilation in healthy young men.
J.Am.Coll.Cardiol., 26, 1054-1061.

M. R. Adams, W. Jessup and D. S. Celermajer (1997) Cigarette smoking
is associated with increased human monocyte adhesion to endothelial
cells: reversibility with oral L-arginine but not vitamin C.
J.Am.Coll.Cardiol., 29, 491-497.

M. R. Adams, W. Jessup, D. Hailstones and D. S. Celermajer (1997) L-

arginine reduces human monocyte adhesion to vascular endothelium and
endothelial expression of cell adhesion molecules. Circulation, 95, 662-
668.

M. R. Adams, R. McCredie, W. Jessup, J. Robinson, D. Sullivan and D.
S. Celermajer (1997) Oral L-arginine improves endothelium-dependent
dilatation and reduces monocyte adhesion to endothelial cells in young
men with coronary artery disease. Atherosclerosis, 129, 261-269.

M. R. Adams, C. V. Phu, R. Stocker and D. S. Celermajer (1999) Lack of
antioxidant activity of the antiatherogenic compound L-arginine.
Atherosclerosis, 146, 329-335.

A. Agha, H. Schluter, S. Konig, K. Biel, M. Tepel and W. Zidek (1992) A
novel platelet-derived renal vasoconstrictor agent in normotensives and
essential hypertensives. J.Vasc.Res., 29, 281-289.

K. Akashi, C. Miyake and A. Yokota (2001) Citrulline, a novel
compatible solute in drought-tolerant wild watermelon leaves, is an
efficient hydroxyl radical scavenger. FEBS Lett., 508, 438-442.

K. Akashi, C. Miyake and A. Yokota (2001) Citruiline, a novel
compatible solute in drought-tolerant wild watermelon leaves, is an
efficient hydroxyl radical scavenger. FEBS Lett., 508, 438-442.

B. N. Ames, M. K. Shigenaga and T. M. Hagen (1993) Oxidants,
antioxidants, and the degenerative diseases of aging.
Proc.Natl. Acad.Sci.U.S.A4, 90, 7915-7922.

G. Anfossi, I. Russo, P. Massucco, L. Mattiello, P. Perna, F. Tassone and
M. Trovati (1999) L-arginine modulates aggregation and intracellular
cyclic 3,5-guanosine monophosphate levels in human platelets: direct

272



[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

effect and interplay with antioxidative thiol agent. Thromb.Res., 94, 307-
316.

J. F. Amal, T. Munzel, R. C. Venema, N. L. James, C. L. Bai, W. E.
Mitch and D. G. Harrison (1995) Interactions between L-arginine and L-
glutamine change endothelial NO production. An effect independent of
NO synthase substrate availability. J.Clin.Invest, 95, 2565-2572.

O. L. Aruoma, B. Halliwell, E. Gajewski and M. Dizdaroglu (1991)
Copper-ion-dependent damage to the bases in DNA in the presence of
hydrogen peroxide. Biochem.J., 273 ( Pt 3), 601-604.

K. S. Aulak, R. Mishra, L. Zhou, S. L. Hyatt, W. de Jonge, W. Lamers,
M. Snider and M. Hatzoglou (1999) Post-transcriptional regulation of the
arginine transporter Cat-1 by amino acid availability. J.Biol. Chem, 274,
30424-30432.

T. Az-ma, K. Fujii and O. Yuge (1995) Inhibitory effect of sevoflurane
on nitric oxide release from cultured endothelial cells. Eur.J. Pharmacol.,
289, 33-39.

B. M. Babior, J. T. Curnutte and B. J. McMurrich (1976) The particulate
superoxide-forming system from human neutrophils. Properties of the
system and further evidence supporting its participation in the respiratory
burst. J.Clin.Invest, 58, 989-996.

B. M. Babior, J. D. Lambeth and W. Nauseef (2002) The neutrophil
NADPH oxidase. Arch. Biochem.Biophys., 397, 342-344.

B. S. Baek, J. W. Kim, J. H. Lee, H. J. Kwon, N. D. Kim, H. S. Kang, M.
A. Yoo, B. P. Yuand H. Y. Chung (2001) Age-related increase of brain
cyclooxygenase activity and dietary modulation of oxidative status.
J.Gerontol A Biol Sci.Med.Sci., 56, B426-B431.

D. Barford (2004) The role of cysteine residues as redox-sensitive
regulatory switches. Curr.Opin.Struct.Biol., 14, 679-686.

P. A. Barry-Lane, C. Patterson, M. M. van der, Z. Hu, S. M. Holland, E.
T. Yeh and M. S. Runge (2001) p47phox is required for atherosclerotic
lesion progression in ApoE(-/-) mice. J.Clin.Invest, 108, 1513-1522.

J. Bauersachs, A. Bouloumie, D. Fraccarollo, K. Hu, R. Busse and G. Ertl
(1999) Endothelial dysfunction in chronic myocardial infarction despite
increased vascular endothelial nitric oxide synthase and soluble guanylate
cyclase expression: role of enhanced vascular superoxide production.
Circulation, 100, 292-298.

J. H. Baxendale, M. G. Evans and G. S. Park (1946) The mechanism and
kinetics of the intitiation of polymerisation by systems containing
hydrogen peroxide. Trans.Faraday Soc., 42, 155-169.

A. R. Baydoun, R. G. Bogle, J. D. Pearson and G. E. Mann (1994)

273



[24]

[25]

[26]

[27]

[28]

[29]

(30]

31]

[32]

[33]

[34]

Discrimination between citrulline and arginine transport in activated
murine macrophages: inefficient synthesis of NO from recycling of
citrulline to arginine. Br.J.Pharmacol., 112, 487-492.

J. W. Baynes (2003) Chemical modification of proteins by lipids in
diabetes. Clin.Chem Lab Med., 41, 1159-1165.

U. Bayraktutan, L. Blayney and A. M. Shah (2000) Molecular
characterization and localization of the NAD(P)H oxidase components
gp91-phox and p22-phox in endothelial cells.

Arterioscler.Thromb. Vasc. Biol., 20, 1903-1911.

C. Beauchamp and I. Fridovich (1970) A mechanism for the production
of ethylene from methional. The generation of the hydroxyl radical by
xanthine oxidase. J.Biol. Chem, 245, 4641-4646.

C. M. Bergamini, S. Gambetti, A. Dondi and C. Cervellati (2004)
Oxygen, reactive oxygen species and tissue damage. Curr. Pharm. Des,
10, 1611-1626.

R. S. Berman and W. Martin (1993) Arterial endothelial barrier
dysfunction: actions of homocysteine and the hypoxanthine-xanthine
oxidase free radical generating system. Br.J. Pharmacol, 108, 920-926.

A. K. Bhunia, H. Han, A. Snowden and S. Chatterjee (1997) Redox-
regulated signaling by lactosylceramide in the proliferation of human
aortic smooth muscle cells. J.Biol. Chem, 272, 15642-15649.

J. G. Bienvenu, J. F. Tanguay, P. Chauvet and Y. Merhi (2001)
Relationship between platelets and neutrophil adhesion and neointimal
growth after repeated arterial wall injury induced by angioplasty in pigs.
J.Vasc.Res., 38, 153-162.

L. A. Blatter and W. G. Wier (1994) Nitric oxide decreases [Ca2+]i in
vascular smooth muscle by inhibition of the calcium current. Cell
Calcium, 15, 122-131.

A. Blum, L. Hathaway, R. Mincemoyer, W. H. Schenke, M. Kirby, G.
Csako, M. A. Waclawiw, J. A. Panza and R. O. Cannon, III (2000)
Effects of oral L-arginine on endothelium-dependent vasodilation and
markers of inflammation in healthy postmenopausal women.
J.Am.Coll.Cardiol., 35, 271-276.

A. Blum, L. Hathaway, R. Mincemoyer, W. H. Schenke, M. Kirby, G.
Csako, M. A. Waclawiw, J. A. Panza and R. O. Cannon, I1I (2000) Oral
L-arginine in patients with coronary artery disease on medical
management. Circulation, 101, 2160-2164.

S. M. Bode-Boger, R. H. Boger, A. Galland and J. C. Frolich (1998)
Differential inhibition of human platelet aggregation and thromboxane
A2 formation by L-arginine in vivo and in vitro. Naunyn Schmiedebergs
Arch.Pharmacol., 357, 143-150.

274



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

F. Boehlen and K. J. Clemetson (2001) Platelet chemokines and their
receptors: what is their relevance to platelet storage and transfusion
practice? Transfus.Med., 11, 403-417.

R. H. Boger, S. M. Bode-Boger, S. Kienke, A. C. Stan, R. Nafe and J. C.
Frolich (1998) Dietary L-arginine decreases myointimal cell proliferation
and vascular monocyte accumulation in cholesterol-fed rabbits.
Atherosclerosis, 136, 67-77.

R. H. Boger, S. M. Bode-Boger, A. Mugge, S. Kienke, R. Brandes, A.
Dwenger and J. C. Frolich (1995) Supplementation of
hypercholesterolaemic rabbits with L-arginine reduces the vascular
release of superoxide anions and restores NO production. Atherosclerosis,
117, 273-284.

R. H. Boger, S. M. Bode-Boger, L. Phivthong-ngam, R. P. Brandes, E.
Schwedhelm, A. Mugge, M. Bohme, D. Tsikas and J. C. Frolich (1998)
Dietary L-arginine and alpha-tocopherol reduce vascular oxidative stress
and preserve endothelial function in hypercholesterolemic rabbits via
different mechanisms. Atherosclerosis, 141, 31-43.

R. H. Boger, S. M. Bode-Boger, P. S. Tsao, P. S. Lin, J. R. Chan and J. P.
Cooke (2000) An endogenous inhibitor of nitric oxide synthase regulates
endothelial adhesiveness for monocytes. J. Am.Coll.Cardiol., 36, 2287-
2295.

S. C. Bondy and S. Naderi (1994) Contribution of hepatic cytochrome
P450 systems to the generation of reactive oxygen species.
Biochem.Pharmacol., 48, 155-159.

M. J. Broekman, A. M. Eiroa and A. J. Marcus (1991) Inhibition of
human platelet reactivity by endothelium-derived relaxing factor from
human umbilical vein endothelial cells in suspension: blockade of
aggregation and secretion by an aspirin-insensitive mechanism. Blood,
78, 1033-1040.

G. R. Buettner (1993) The pecking order of free radicals and
antioxidants: lipid peroxidation, alpha-tocopherol, and ascorbate.
Arch. Biochem.Biophys., 300, 535-543.

M. J. Burkitt and R. P. Mason (1991) Direct evidence for in vivo
hydroxyl-radical generation in experimental iron overload: an ESR spin-
trapping investigation. Proc.Natl. Acad.Sci.U.S.A, 88, 8440-8444.

D. Caccese, D. Pratico, A. Ghiselli, S. Natoli, P. Pignatelli, V. Sanguigni,
L. Iuliano and F. Violi (2000) Superoxide anion and hydroxyl radical
release by collagen-induced platelet aggregation--role of arachidonic acid
metabolism. Thromb. Haemost., 83, 485-490.

D. Caccese, D. Pratico, A. Ghiselli, S. Natoli, P. Pignatelli, V. Sanguigni,
L. Iuliano and F. Violi (2000) Superoxide anion and hydroxyl radical

275



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

release by collagen-induced platelet aggregation--role of arachidonic acid
metabolism. Thromb. Haemost., 83, 485-490.

D. Caccese, D. Pratico, A. Ghiselli, S. Natoli, P. Pignatelli, V. Sanguigni,
L. Iuliano and F. Violi (2000) Superoxide anion and hydroxyl radical
release by collagen-induced platelet aggregation--role of arachidonic acid
metabolism. Thromb. Haemost., 83, 485-490.

H. Cai and D. G. Harrison (2000) Endothelial dysfunction in
cardiovascular diseases: the role of oxidant stress. Circ.Res., 87, 840-844.

R. Campisi, J. Czernin, H. Schoder, J. W. Sayre and H. R. Schelbert
(1999) L-Arginine normalizes coronary vasomotion in long-term
smokers. Circulation, 99, 491-497.

C. Cardillo, C. M. Kilcoyne, R. O. Cannon, III, A. A. Quyyumi and J. A.
Panza (1997) Xanthine oxidase inhibition with oxypurinol improves
endothelial vasodilator function in hypercholesterolemic but not in
hypertensive patients. Hypertension, 30, 57-63.

F. M. Cassone, O. Laurenti, G. Desideri, M. C. Bravi, O. De Luca, M. C.
Marinucci, G. De Mattia and C. Ferri (2002) L-arginine infusion
decreases plasma total homocysteine concentrations through increased
nitric oxide production and decreased oxidative status in Type II diabetic
patients. Diabetologia, 45, 1120-1127.

F. M. Cassone, O. Laurenti, G. Desideri, M. C. Bravi, O. De Luca, M. C.
Marinucci, G. De Mattia and C. Ferri (2002) L-arginine infusion
decreases plasma total homocysteine concentrations through increased
nitric oxide production and decreased oxidative status in Type II diabetic
patients. Diabetologia, 45, 1120-1127.

F. M. Cassone, O. Laurenti, G. Desideri, M. C. Bravi, O. De Luca, M. C.
Marinucci, G. De Mattia and C. Ferri (2002) L-arginine infusion
decreases plasma total homocysteine concentrations through increased
nitric oxide production and decreased oxidative status in Type II diabetic
patients. Diabetologia, 45, 1120-1127.

F. M. Cassone, O. Laurenti, G. Desideri, M. C. Bravi, O. De Luca, M. C.
Marinucci, G. De Mattia and C. Ferri (2002) L-arginine infusion
decreases plasma total homocysteine concentrations through increased
nitric oxide production and decreased oxidative status in Type II diabetic
patients. Diabetologia, 45, 1120-1127.

L. Casteilla, M. Rigoulet and L. Penicaud (2001) Mitochondrial ROS
metabolism: modulation by uncoupling proteins. [UBMB.Life, 52, 181-
188.

J. R. Chan, R. H. Boger, S. M. Bode-Boger, O. Tangphao, P. S. Tsao, T.
F. Blaschke and J. P. Cooke (2000) Asymmetric dimethylarginine
increases mononuclear cell adhesiveness in hypercholesterolemic

276



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

humans. Arterioscler. Thromb.Vasc.Biol., 20, 1040-1046.

S. Y. Chan, G. B. Mancini, L. Kuramoto, M. Schulzer, J. Frohlich and A.
Ignaszewski (2003) The prognostic importance of endothelial dysfunction
and carotid atheroma burden in patients with coronary artery disease.
J.Am.Coll.Cardiol., 42, 1037-1043.

A. Chauhan, R. S. More, P. A. Mullins, G. Taylor, C. Petch and P. M.
Schofield (1996) Aging-associated endothelial dysfunction in humans is
reversed by L-arginine. J.Am.Coll.Cardiol., 28, 1796-1804.

P. Y. Chen and P. W. Sanders (1991) L-arginine abrogates salt-sensitive
hypertension in Dahl/Rapp rats. J.Clin.Invest, 88, 1559-1567.

Z. Cheng, G. Yan, Y. Li and W. Chang (2003) Determination of
antioxidant activity of phenolic antioxidants in a Fenton-type reaction
system by chemiluminescence assay. Anal.Bioanal. Chem., 375, 376-380.

T. M. Chiang, F. Cole, V. Woo-Rasberry and E. S. Kang (2001) Role of
nitric oxide synthase in collagen-platelet interaction: involvement of
platelet nonintegrin collagen receptor nitrotyrosylation. Thromb.Res.,
102, 343-352.

T. M. Chiang, V. Woo-Rasberry and F. Cole (2002) Role of platelet
endothelial form of nitric oxide synthase in collagen-platelet interaction:
regulation by phosphorylation. Biochim. Biophys.Acta, 1592, 169-174.

J. H. Chin, S. Azhar and B. B. Hoffman (1992) Inactivation of endothelial
derived relaxing factor by oxidized lipoproteins. J.Clin.Invest, 89, 10-18.

J. P. Chin-Dusting, C. T. Alexander, P. J. Arnold, W. C. Hodgson, A. S.
Lux and G. L. Jennings (1996) Effects of in vivo and in vitro L-arginine
supplementation on healthy human vessels. J.Cardiovasc. Pharmacol., 28,
158-166.

J. P. Chin-Dusting, D. M. Kaye, J. Lefkovits, J. Wong, P. Bergin and G.
L. Jennings (1996) Dietary supplementation with L-arginine fails to
restore endothelial function in forearm resistance arteries of patients with
severe heart failure. J.Am.Coll.Cardiol., 27, 1207-1213.

P. Clarkson, M. R. Adams, A. J. Powe, A. E. Donald, R. McCredie, J.
Robinson, S. N. McCarthy, A. Keech, D. S. Celermajer and J. E.
Deanfield (1996) Oral L-arginine improves endothelium-dependent
dilation in hypercholesterolemic young adults. J.Clin.Invest, 97, 1989-
1994.

J. P. Cooke, J. Stamler, N. Andon, P. F. Davies, G. McKinley and J.
Loscalzo (1990) Flow stimulates endothelial cells to release a
nitrovasodilator that is potentiated by reduced thiol. Am.J. Physiol, 259,
H804-H812.

F. Cosentino, S. Patton, L. V. d'Uscio, E. R. Werner, G. Werner-

277



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Felmayer, P. Moreau, T. Malinski and T. F. Luscher (1998)
Tetrahydrobiopterin alters superoxide and nitric oxide release in
prehypertensive rats. J.Clin.Invest, 101, 1530-1537.

M. S. Crane, A. G. Rossi and 1. L. Megson (2005) A potential role for
extracellular nitric oxide generation in cGMP-independent inhibition of
human platelet aggregation: biochemical and pharmacological
considerations. Br.J. Pharmacol., 144, 849-859.

M. S. Crane, A. G. Rossi and 1. L. Megson (2005) A potential role for
extracellular nitric oxide generation in cGMP-independent inhibition of
human platelet aggregation: biochemical and pharmacological
considerations. Br.J. Pharmacol., 144, 849-859.

M. S. Crane, A. G. Rossi and 1. L. Megson (2005) A potential role for
extracellular nitric oxide generation in cGMP-independent inhibition of
human platelet aggregation: biochemical and pharmacological
considerations. Br.J. Pharmacol., 144, 849-859.

M. S. Crane, A. G. Rossi and 1. L. Megson (2005) A potential role for
extracellular nitric oxide generation in cGMP-independent inhibition of
human platelet aggregation: biochemical and pharmacological
considerations. Br.J.Pharmacol., 144, 849-859.

L. E. Crawford, E. E. Milliken, K. Irani, J. L. Zweier, L. C. Becker, T. M.
Johnson, N. T. Eissa, R. G. Crystal, T. Finkel and P. J. Goldschmidt-
Clermont (1996) Superoxide-mediated actin response in post-hypoxic
endothelial cells. J. Biol.Chem, 271, 26863-26867.

M. A. Creager, S. J. Gallagher, X. J. Girerd, S. M. Coleman, V. J. Dzau
and J. P. Cooke (1992) L-arginine improves endothelium-dependent
vasodilation in hypercholesterolemic humans. J.Clin.Invest, 90, 1248-
1253.

E. Curis, I. Nicolis, C. Moinard, S. Osowska, N. Zerrouk, S. Benazeth
and L. Cynober (2005) Almost all about citrulline in mammals.
Amino.Acids, 29, 177-205.

J. Davignon and P. Ganz (2004) Role of endothelial dysfunction in
atherosclerosis. Circulation, 109, 11127-11132.

J. C. de Graaf, J. D. Banga, S. Moncada, R. M. Palmer, P. G. de Groot
and J. J. Sixma (1992) Nitric oxide functions as an inhibitor of platelet
adhesion under flow conditions. Circulation, 85, 2284-2290.

G. W. De Keulenaer, R. W. Alexander, M. Ushio-Fukai, N. Ishizaka and
K. K. Griendling (1998) Tumour necrosis factor alpha activates a
p22phox-based NADH oxidase in vascular smooth muscle. Biochem.J.,
329 (Pt 3), 653-657.

J. P. De la Cruz, P. J. Garcia and d. 1. C. Sanchez (1992) Dipyridamole
inhibits platelet aggregation induced by oxygen-derived free radicals.

278



[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

Thromb.Res., 66, 277-285.

F. de Nigris, L. O. Lerman, S. W. Ignarro, G. Sica, A. Lerman, W.
Palinski, L. J. Ignarro and C. Napoli (2003) Beneficial effects of
antioxidants and L-arginine on oxidation-sensitive gene expression and
endothelial NO synthase activity at sites of disturbed shear stress.
Proc.Natl. Acad.Sci.U.S. A, 100, 1420-1425.

D. Del Principe, A. Menichelli, W. De Matteis, Di Corp, S. Di Giulio and
A. Finazzi-Agro (1985) Hydrogen peroxide has a role in the aggregation
of human platelets. FEBS Lett., 185, 142-146.

Z. Ding, S. Kim, R. T. Dorsam, J. Jin and S. P. Kunapuli (2003)
Inactivation of the human P2Y 12 receptor by thiol reagents requires
interaction with both extracellular cysteine residues, Cys17 and Cys270.
Blood, 101, 3908-3914.

F. J. Dowell, C. A. Hamilton, J. McMurray and J. L. Reid (1993) Effects
of a xanthine oxidase/hypoxanthine free radical and reactive oxygen
species generating system on endothelial function in New Zealand white
rabbit aortic rings. J.Cardiovasc.Pharmacol, 22, 792-797.

D. Dreher and A. F. Junod (1995) Differential effects of superoxide,
hydrogen peroxide, and hydroxyl radical on intracellular calcium in
human endothelial cells. J.Cell Physiol, 162, 147-153.

R. Drouin, H. Rodriguez, S. W. Gao, Z. Gebreyes, T. R. O'Connor, G. P.
Holmquist and S. A. Akman (1996) Cupric ion/ascorbate/hydrogen
peroxide-induced DNA damage: DNA-bound copper ion primarily
induces base modifications. Free Radic. Biol. Med., 21, 261-273.

X. L. Du, D. Edelstein, L. Rossetti, I. G. Fantus, H. Goldberg, F. Ziyadeh,
J. Wu and M. Brownlee (2000) Hyperglycemia-induced mitochondrial
superoxide overproduction activates the hexosamine pathway and induces
plasminogen activator inhibitor-1 expression by increasing Sp1
glycosylation. Proc.Natl.Acad.Sci.U.S A, 97, 12222-12226.

J. L. Dubois-Rande, R. Zelinsky, F. Roudot, P. E. Chabrier, A. Castaigne,
H. Geschwind and S. Adnot (1992) Effects of infusion of L-arginine into
the left anterior descending coronary artery on acetylcholine-induced
vasoconstriction of human atheromatous coronary arteries. Am.J. Cardiol.,
70, 1269-1275.

R. Ekholm (1990) Biosynthesis of thyroid hormones. Int.Rev.Cytol., 120,
243-288.

S. El Gayar, H. Thuring-Nahler, J. Pfeilschifter, M. Rollinghoff and C.
Bogdan (2003) Translational control of inducible nitric oxide synthase by
IL-13 and arginine availability in inflammatory macrophages.

J. Immunol., 171, 4561-4568.

M. A. El Missiry, A. I. Othman and M. A. Amer (2004) L-Arginine

279



[90]

[91]

[92]

[93]

[94]

[95]

[96]

(971

[98]

[99]

[100]

[101]

ameliorates oxidative stress in alloxan-induced experimental diabetes
mellitus. J Appl.Toxicol., 24, 93-97.

D. English, J. G. Garcia and D. N. Brindley (2001) Platelet-released
phospholipids link haemostasis and angiogenesis. Cardiovasc.Res., 49,
588-599.

D. W. Essex, M. Li, R. D. Feinman and A. Miller (2004) Platelet surface
glutathione reductase-like activity. Blood, 104, 1383-1385.

C. A. Farquharson, R. Butler, A. Hill, J. J. Belch and A. D. Struthers
(2002) Allopurinol improves endothelial dysfunction in chronic heart
failure. Circulation, 106, 221-226.

H. J. H. Fenton (1894) Oxidation of tartaric acid in the presence of iron.
J.Chem.Soc., 65, 899.

J. Fernandez, A. B. Lopez, C. Wang, R. Mishra, L. Zhou, I. Yaman, M.
D. Snider and M. Hatzoglou (2003) Transcriptional control of the
arginine/lysine transporter, cat-1, by physiological stress. .J. Biol. Chem,
278, 50000-50009.

J. Fernandez, 1. Yaman, W. C. Merrick, A. Koromilas, R. C. Wek, R.
Sood, J. Hensold and M. Hatzoglou (2002) Regulation of internal
ribosome entry site-mediated translation by eukaryotic initiation factor-
2alpha phosphorylation and translation of a small upstream open reading
frame. J. Biol. Chem, 277, 2050-2058.

J. Fernandez, 1. Yaman, R. Mishra, W. C. Merrick, M. D. Snider, W. H.
Lamers and M. Hatzoglou (2001) Internal ribosome entry site-mediated
translation of a mammalian mRNA is regulated by amino acid
availability. J. Biol.Chem, 276, 12285-12291.

S. Fichtlscherer, S. Breuer and A. M. Zeiher (2004) Prognostic value of
systemic endothelial dysfunction in patients with acute coronary
syndromes: further evidence for the existence of the "vulnerable" patient.
Circulation, 110, 1926-1932.

A. Finazzi-Agro, A. Menichelli, M. Persiani, G. Biancini and D. Del
Principe (1982) Hydrogen peroxide release from human blood platelets.
Biochim.Biophys.Acta, 718, 21-25.

A. Finazzi-Agro, A. Menichelli, M. Persiani, G. Biancini and D. Del
Principe (1982) Hydrogen peroxide release from human blood platelets.
Biochim.Biophys.Acta, 718, 21-25.

B. R. Flam, P. J. Hartmann, M. Harrell-Booth, L. P. Solomonson and D.
C. Eichler (2001) Caveolar localization of arginine regeneration enzymes,
argininosuccinate synthase, and lyase, with endothelial nitric oxide
synthase. Nitric.Oxide., S, 187-197.

1. Fleming (2001) Cytochrome p450 and vascular homeostasis. Circ.Res.,

280



89, 753-762.

[102] Foster, G. L., Schoenheimer, R., and Rittenberg, D. Studies in protein
metabolism: The utilization of ammonia for amino acid and creatine
formation in animals. J.Biol.Chem. 127, 319-327. 1939.

Ref Type: Generic

[103] J. E. Freedman, J. Loscalzo, M. R. Barnard, C. Alpert, J. F. Keaney and

A. D. Michelson (1997) Nitric oxide released from activated platelets
inhibits platelet recruitment. J.Clin. Invest, 100, 350-356.

[104] J. E. Freedman, J. Loscalzo, M. R. Barnard, C. Alpert, J. F. Keaney and

A. D. Michelson (1997) Nitric oxide released from activated platelets
inhibits platelet recruitment. J.Clin. Invest, 100, 350-356.

[105] I. Fridovich (1970) Quantitative aspects of the production of superoxide
anion radical by milk xanthine oxidase. J. Biol. Chem., 245, 4053-4057.

[106] U. C. Garg and A. Hassid (1989) Nitric oxide-generating vasodilators and

8-bromo-cyclic guanosine monophosphate inhibit mitogenesis and

proliferation of cultured rat vascular smooth muscle cells. J.Clin. Invest,

83, 1774-17717.

[107] M. Giovine, M. G. Signorello, M. Pozzolini and G. Leoncini (1999)
Regulation of L-arginine uptake by Ca(2+) in human platelets. FEBS
Lett., 461, 43-46.

[108] C. M. Giraldelo, A. Zappellini, M. N. Muscara, I. M. De Luca, S. Hyslop,
G. Cirino, R. Zatz, G. De Nucci and E. Antunes (1994) Effect of arginine

analogues on rat hind paw oedema and mast cell activation in vitro.
Eur.J Pharmacol., 257, 87-93.

[109] D. Giugliano, R. Marfella, G. Verrazzo, R. Acampora, L. Coppola, D.

Cozzolino and F. D'Onofrio (1997) The vascular effects of L-Arginine in

humans. The role of endogenous insulin. J.Clin.Invest, 99, 433-438.

[110] D. Giugliano, R. Marfella, G. Verrazzo, R. Acampora, L. Coppola, D.
Cozzolino and F. D'Onofrio (1997) The vascular effects of L-Arginine in

humans. The role of endogenous insulin. J. Clin.Invest, 99, 433-438.

[111] Gokee, G. and Kerry, Z. Oxidative stress attenuates phenylephrine-

induced contractile responses in rat aorta. Journal of faculty of pharmacy

, 61-70. 2006.
Ref Type: Generic

[112] N. Gokee, J. F. Keaney, Jr., L. M. Hunter, M. T. Watkins, Z. S.

Nedeljkovic, J. O. Menzoian and J. A. Vita (2003) Predictive value of

noninvasively determined endothelial dysfunction for long-term
cardiovascular events in patients with peripheral vascular disease.
J.Am.Coll.Cardiol., 41, 1769-1775.

[113] B. L. Goodwin, L. P. Solomonson and D. C. Eichler (2004)

281



[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Argininosuccinate synthase expression is required to maintain nitric oxide
production and cell viability in aortic endothelial cells. J. Biol. Chem, 279,
18353-18360.

A. Gorlach, R. P. Brandes, K. Nguyen, M. Amidi, F. Dehghani and R.
Busse (2000) A gp91phox containing NADPH oxidase selectively
expressed in endothelial cells is a major source of oxygen radical
generation in the arterial wall. Circ.Res., 87, 26-32.

A. C. Gorren, A. Schrammel, K. Schmidt and B. Mayer (1996)
Decomposition of S-nitrosoglutathione in the presence of copper ions and
glutathione. Arch. Biochem.Biophys., 330, 219-228.

K. K. Griendling and G. A. FitzGerald (2003) Oxidative stress and
cardiovascular injury: Part I: basic mechanisms and in vivo monitoring of
ROS. Circulation, 108, 1912-1916.

K. K. Griendling and G. A. FitzGerald (2003) Oxidative stress and
cardiovascular injury: Part II: animal and human studies. Circulation,
108, 2034-2040.

K. K. Griendling, C. A. Minieri, J. D. Ollerenshaw and R. W. Alexander
(1994) Angiotensin II stimulates NADH and NADPH oxidase activity in
cultured vascular smooth muscle cells. Circ.Res., 74, 1141-1148.

K. K. Griendling, D. Sorescu and M. Ushio-Fukai (2000) NAD(P)H
oxidase: role in cardiovascular biology and disease. Circ.Res., 86, 494-
501.

T. M. Griffith, A. T. Chaytor, L. M. Bakker and D. H. Edwards (2005) 5-
Methyltetrahydrofolate and tetrahydrobiopterin can modulate
electrotonically mediated endothelium-dependent vascular relaxation.
Proc.Natl.Acad.Sci.U.S.4, 102, 7008-7013.

R. J. Gryglewski, L. Grodzinska, E. Kostka-Trabka, R. Korbut, K.
Bieroon, A. Goszcz and M. Slawinski (1996) Treatment with L-arginine
is likely to stimulate generation of nitric oxide in patients with peripheral
arterial obstructive disease. Wien.Klin. Wochenschr., 108, 111-116.

B. Gumusel, B. C. Tel, R. Demirdamar and 1. Sahin-Erdemli (1996)
Reactive oxygen species-induced impairment of endothelium-dependent
relaxation in rat aortic rings: protection by L-arginine. Eur.J.Pharmacol,
306, 107-112.

S. Guthikonda, C. Sinkey, T. Barenz and W. G. Haynes (2003) Xanthine
oxidase inhibition reverses endothelial dysfunction in heavy smokers.
Circulation, 107, 416-421.

T. J. Guzik, N. E. West, E. Black, D. McDonald, C. Ratnatunga, R. Pillai
and K. M. Channon (2000) Vascular superoxide production by NAD(P)H
oxidase: association with endothelial dysfunction and clinical risk factors.
Circ.Res., 86, E85-E90.

282



[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

F. Haber and J. J. Weiss (1934) The catalytic decomposition of H202 by
iron salts. Proc.R.Soc.London [Biol], A147, 332-351.

M. M. Hallemeesch, W. H. Lamers and N. E. Deutz (2002) Reduced
arginine availability and nitric oxide production. Clin. Nutr., 21, 273-279.

B. Halliwell and J. M. Gutteridge (1986) Oxygen free radicals and iron in
relation to biology and medicine: some problems and concepts.
Arch.Biochem.Biophys., 246, 501-514.

B. Halliwell and J. M. Gutteridge (1989) Free radicals in biology and
medicine. Calrendon Press, London.

R. Hambrecht, L. Hilbrich, S. Erbs, S. Gielen, E. Fiehn, N. Schoene and
G. Schuler (2000) Correction of endothelial dysfunction in chronic heart
failure: additional effects of exercise training and oral L-arginine
supplementation. J.Am.Coll.Cardiol., 35, 706-713.

V. Hampl, C. L. Walters and S. L. Archer (996) Determination of NO by
the chemiluminescence reaction with ozone. In Methods in Nltric Oxide
Research (eds. Feelisch, M and Stamler, J. S.), Wiley, pp. 309-318.

R. 1. Handin, R. Karabin and G. J. Boxer (1977) Enhancement of platelet
function by superoxide anion. J.Clin.Invest, 59, 959-965.

R. I. Handin, R. Karabin and G. J. Boxer (1977) Enhancement of platelet
function by superoxide anion. J.Clin.Invest, 59, 959-965.

G. K. Hansson, P. S. Seifert, G. Olsson and G. Bondjers (1991)
Immunohistochemical detection of macrophages and T lymphocytes in
atherosclerotic lesions of cholesterol-fed rabbits. Arterioscler. Thromb.,
11, 745-750.

G. Hao, L. Xie and S. S. Gross (2004) Argininosuccinate synthetase is
reversibly inactivated by S-nitrosylation in vitro and in vivo.
J.Biol.Chem, 279, 36192-36200.

R. Harrison (2002) Structure and function of xanthine oxidoreductase:
where are we now? Free Radic.Biol. Med., 33, 774-797.

C. A. Hathaway, D. D. Heistad, D. J. Piegors and F. J. Miller, Jr. (2002)
Regression of atherosclerosis in monkeys reduces vascular superoxide
levels. Circ.Res., 90, 277-283.

T. Hayashi, P. A. Juliet, H. Matsui-Hirai, A. Miyazaki, A. Fukatsu, J.
Funami, A. Iguchi and L. J. Ignarro (2005) I-Citrulline and l-arginine
supplementation retards the progression of high-cholesterol-diet-induced
atherosclerosis in rabbits. Proc.Natl. Acad.Sci.U.S.A4, 102, 13681-13686.

M. Hecker, W. C. Sessa, H. J. Harris, E. E. Anggard and J. R. Vane

(1990) The metabolism of L-arginine and its significance for the
biosynthesis of endothelium-derived relaxing factor: cultured endothelial

283



[139]

[140]

cells recycle L-citrulline to L-arginine. Proc.Natl.Acad.Sci.U.S.A, 87,
8612-8616.

M. Hecker, W. C. Sessa, H. J. Harris, E. E. Anggard and J. R. Vane
(1990) The metabolism of L-arginine and its significance for the
biosynthesis of endothelium-derived relaxing factor: cultured endothelial
cells recycle L-citrulline to L-arginine. Proc.Natl. Acad.Sci.U.S.A, 87,
8612-8616.

Hedin, S. G. Eine methode das lysin zu isolieren, nebst einigen
Bermerkubgen uber das lysatinin. Z.Physiol.Chem 21, 297-305. 1895.

Ref Type: Generic

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

B. Heinzel, M. John, P. Klatt, E. Bohme and B. Mayer (1992)
Ca2+/calmodulin-dependent formation of hydrogen peroxide by brain
nitric oxide synthase. Biochem.J., 281 ( Pt 3), 627-630.

T. Heitzer, S. Baldus, Y. von Kodolitsch, V. Rudolph and T. Meinertz
(2005) Systemic endothelial dysfunction as an early predictor of adverse
outcome in heart failure. Arterioscler. Thromb.Vasc.Biol., 25, 1174-1179.

T. Heitzer, C. Brockhoff, B. Mayer, A. Warnholtz, H. Mollnau, S. Henne,
T. Meinertz and T. Munzel (2000) Tetrahydrobiopterin improves
endothelium-dependent vasodilation in chronic smokers : evidence for a
dysfunctional nitric oxide synthase. Circ.Res., 86, E36-E41.

T. Heitzer, C. Brockhoff, B. Mayer, A. Warnholtz, H. Molinau, S. Henne,
T. Meinertz and T. Munzel (2000) Tetrahydrobiopterin improves
endothelium-dependent vasodilation in chronic smokers : evidence for a
dysfunctional nitric oxide synthase. Circ.Res., 86, E36-E41.

R. H. Hilderman, T. E. Casey and L. H. Pojoga (2000) P(1),P(4)-
Diadenosine 5'-tetraphosphate modulates l-arginine and l-citrulline uptake
by bovine aortic endothelial cells. Arch. Biochem. Biophys., 375, 124-130.

R. Hille (1996) The Mononuclear Molybdenum Enzymes. Chem Rev., 96,
2757-2816.

U. Hink, H. Li, H. Mollnau, M. Oelze, E. Matheis, M. Hartmann, M.
Skatchkov, F. Thaiss, R. A. Stahl, A. Warnholtz, T. Meinertz, K.
Griendling, D. G. Harrison, U. Forstermann and T. Munzel (2001)
Mechanisms underlying endothelial dysfunction in diabetes mellitus.
Circ.Res., 88, E14-E22.

Y. Hiraoka, C. Kishimoto, H. Takada and H. Ochiai (2002) Oral
administration of L-arginine prevents congestive heart failure in murine
viral myocarditis. J.Cardiovasc.Pharmacol., 40, 1-8.

J. A. Holland, J. W. Meyer, M. M. Chang, R. W. O'Donnell, D. K.
Johnson and L. M. Ziegler (1998) Thrombin stimulated reactive oxygen
species production in cultured human endothelial cells. Endothelium, 6,
113-121.

284



[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

L. C. Hool (2006) Reactive oxygen species in cardiac signalling: from
mitochondria to plasma membrane ion channels.
Clin. Exp.Pharmacol. Physiol, 33, 146-151.

W. Hornberger and H. Patscheke (1990) Primary stimuli of icosanoid
release inhibit arachidonoyl-CoA synthetase and lysophospholipid
acyltransferase. Mechanism of action of hydrogen peroxide and methyl
mercury in platelets. Eur.J Biochem., 187, 175-181.

M. Houston, A. Estevez, P. Chumley, M. Aslan, S. Marklund, D. A.
Parks and B. A. Freeman (1999) Binding of xanthine oxidase to vascular
endothelium. Kinetic characterization and oxidative impairment of nitric
oxide-dependent signaling. J. Biol. Chem., 274, 4985-4994.

I. Huk, J. Nanobashvili, C. Neumayer, A. Punz, M. Mueller, K.
Afkhampour, M. Mittlboeck, U. Losert, P. Polterauer, E. Roth, S. Patton
and T. Malinski (1997) L-arginine treatment alters the kinetics of nitric
oxide and superoxide release and reduces ischemia/reperfusion injury in
skeletal muscle. Circulation, 96, 667-675.

Y. Huo, A. Schober, S. B. Forlow, D. F. Smith, M. C. Hyman, S. Jung, D.
R. Littman, C. Weber and K. Ley (2003) Circulating activated platelets
exacerbate atherosclerosis in mice deficient in apolipoprotein E.
Nat.Med., 9, 61-67.

S. J. Hutchison, M. S. Reitz, K. Sudhir, R. E. Sievers, B. Q. Zhu, Y. P.
Sun, T. M. Chou, P. C. Deedwania, K. Chatterjee, S. A. Glantz and W.
W. Parmley (1997) Chronic dietary L-arginine prevents endothelial
dysfunction secondary to environmental tobacco smoke in
normocholesterolemic rabbits. Hypertension, 29, 1186-1191.

S. J. Hutchison, K. Sudhir, R. E. Sievers, B. Q. Zhu, Y. P. Sun, T. M.
Chou, K. Chatterjee, P. C. Deedwania, J. P. Cooke, S. A. Glantz and W.
W. Parmley (1999) Effects of L-arginine on atherogenesis and endothelial
dysfunction due to secondhand smoke. Hypertension, 34, 44-50.

Y. Ikeda, L. H. Young, R. Scalia and A. M. Lefer (2000)
Cardioprotective effects of citrulline in ischemia/reperfusion injury via a
non-nitric oxide-mediated mechanism. Methods

Find. Exp.Clin.Pharmacol., 22, 563-571.

L. Iuliano, A. R. Colavita, R. Leo, D. Pratico and F. Violi (1997) Oxygen
free radicals and platelet activation. Free Radic.Biol. Med., 22, 999-1006.

L. Iuliano, J. Z. Pedersen, D. Pratico, G. Rotilio and F. Violi (1994) Role
of hydroxyl radicals in the activation of human platelets. Eur.J. Biochem.,
221, 695-704.

L. Iuliano, D. Pratico, A. Ghiselli, M. S. Bonavita and F. Violi (1991)
Superoxide dismutase triggers activation of "primed" platelets.
Arch.Biochem.Biophys., 289, 180-183.

285



[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

R. Iyengar, D. J. Stuehr and M. A. Marletta (1987) Macrophage synthesis
of nitrite, nitrate, and N-nitrosamines: precursors and role of the
respiratory burst. Proc.Natl. Acad.Sci.U.S.A, 84, 6369-6373.

A. Jablecka, P. Checinski, H. Krauss, M. Micker and J. Ast (2004) The
influence of two different doses of L-arginine oral supplementation on
nitric oxide (NO) concentration and total antioxidant status (TAS) in
atherosclerotic patients. Med.Sci.Monit., 10, CR29-CR32.

A. Jablecka, P. Checinski, H. Krauss, M. Micker and J. Ast (2004) The
influence of two different doses of L-arginine oral supplementation on
nitric oxide (NO) concentration and total antioxidant status (TAS) in
atherosclerotic patients. Med.Sci. Monit., 10, CR29-CR32.

A. Jablecka, P. Checinski, H. Krauss, M. Micker and J. Ast (2004) The
influence of two different doses of L-arginine oral supplementation on
nitric oxide (NO) concentration and total antioxidant status (TAS) in
atherosclerotic patients. Med.Sci. Monit., 10, CR29-CR32.

A. Jablecka, P. Checinski, H. Krauss, M. Micker and J. Ast (2004) The
influence of two different doses of L-arginine oral supplementation on
nitric oxide (NO) concentration and total antioxidant status (TAS) in
atherosclerotic patients. Med. Sci.Monit., 10, CR29-CR32.

T. Jabs (1999) Reactive oxygen intermediates as mediators of
programmed cell death in plants and animals. Biochem. Pharmacol, 57,
231-245.

E. A. Jaimes, R. X. Tian, D. Pearse and L. Raij (2005) Up-regulation of
glomerular COX-2 by angiotensin II: role of reactive oxygen species.
Kidney Int., 68, 2143-2153.

A. S. Januszewski, N. L. Alderson, A. J. Jenkins, S. R. Thorpe and J. W.
Baynes (2005) Chemical modification of proteins during peroxidation of
phospholipids. J. Lipid Res., 46, 1440-1449.

M. O. Jeroudi, C. J. Hartley and R. Bolli (1994) Myocardial reperfusion
injury: role of oxygen radicals and potential therapy with antioxidants.
Am.J.Cardiol., 73, 2B-7B.

N. Jin, C. S. Packer and R. A. Rhoades (1991) Reactive oxygen-mediated
contraction in pulmonary arterial smooth muscle: cellular mechanisms.
Can.J.Physiol Pharmacol., 69, 383-388.

W. Jira, G. Spiteller and A. Schramm (1996) Increase in hydroxy fatty
acids in human low density lipoproteins with age. Chem Phys. Lipids, 84,
165-173.

S. A. Jones, V. B. O'Donnell, J. D. Wood, J. P. Broughton, E. J. Hughes
and O. T. Jones (1996) Expression of phagocyte NADPH oxidase
components in human endothelial cells. Am.J. Physiol, 271, H1626-
H1634.

286



[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

Y. Kambayashi, S. Tero-Kubota, Y. Yamamoto, M. Kato, M. Nakano, K.
Yagi and K. Ogino (2003) Formation of superoxide anion during ferrous
ion-induced decomposition of linoleic acid hydroperoxide under aerobic
conditions. J. Biochem.(Tokyo), 134, 903-909.

M. Kashiba-Iwatsuki, M. Yamaguchi and M. Inoue (1996) Role of
ascorbic acid in the metabolism of S-nitroso-glutathione. FEBS Lett., 389,
149-152.

S. Katsuki, W. Arnold, C. Mittal and F. Murad (1977) Stimulation of
guanylate cyclase by sodium nitroprusside, nitroglycerin and nitric oxide
in various tissue preparations and comparison to the effects of sodium
azide and hydroxylamine. J. Cyclic. Nucleotide.Res., 3, 23-35.

Z. S. Katusic and P. M. Vanhoutte (1989) Superoxide anion is an
endothelium-derived contracting factor. Am.J. Physiol, 257, H33-H37.

S. Kaul, R. C. Padgett and D. D. Heistad (1994) Role of platelets and
leukocytes in modulation of vascular tone. Ann.N.Y.Acad.Sci., 714, 122-
135.

T. Kawano and S. Muto (2000) Mechanism of peroxidase actions for
salicylic acid-induced generation of active oxygen species and an
increase in cytosolic calcium in tobacco cell suspension culture.
J.Exp.Bot., 51, 685-693.

S. Kawasaki, C. Miyake, T. Kohchi, S. Fujii, M. Uchida and A. Yokota
(2000) Responses of wild watermelon to drought stress: accumulation of
an ArgE homologue and citrulline in leaves during water deficits. Plant
Cell Physiol, 41, 864-873.

J. F. Keaney, Jr., Y. Guo, D. Cunningham, G. T. Shwaery, A. Xu and J.
A. Vita (1996) Vascular incorporation of alpha-tocopherol prevents
endothelial dysfunction due to oxidized LDL by inhibiting protein kinase
C stimulation. J.Clin.Invest, 98, 386-394.

M. T. Keating and M. C. Sanguinetti (2001) Molecular and cellular
mechanisms of cardiac arrhythmias. Cell, 104, 569-580.

S. Kerr, M. J. Brosnan, M. Mclntyre, J. L. Reid, A. F. Dominiczak and C.
A. Hamilton (1999) Superoxide anion production is increased in a model
of genetic hypertension: role of the endothelium. Hypertension, 33, 1353-
1358.

M. S. Kilberg, B. R. Stevens and D. A. Novak (1993) Recent advances in
mammalian amino acid transport. Annu.Rev.Nutr., 13, 137-165.

Krebs, H. A. and Hanseleit, H. Untersuchungen ueber die
harnstoffbildung im tierkoerper. Z.Physiol.Chem 210, 33-66. 1932.

Ref Type: Abstract

[185]

H. L. Krieger-Brauer and H. Kather (1992) Human fat cells possess a

287



[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

plasma membrane-bound H202-generating system that is activated by
insulin via a mechanism bypassing the receptor kinase. J.Clin.Invest, 89,
1006-1013.

F. Krotz, H. Y. Sohn and U. Pohl (2004) Reactive oxygen species:
players in the platelet game. Arterioscler. Thromb.Vasc.Biol., 24, 1988-
1996.

P. Kubes, M. Suzuki and D. N. Granger (1991) Nitric oxide: an
endogenous modulator of leukocyte adhesion. Proc.Natl. Acad.Sci.U.S. A,
88, 4651-4655.

K. Kugiyama, S. A. Kerns, J. D. Morrisett, R. Roberts and P. D. Henry
(1990) Impairment of endothelium-dependent arterial relaxation by
lysolecithin in modified low-density lipoproteins. Nature, 344, 160-162.

R. C. Kukreja and M. L. Hess (1992) The oxygen free radical system:
from equations through membrane-protein interactions to cardiovascular
injury and protection. Cardiovasc.Res., 26, 641-655.

C. F. Kuo, T. Mashino and I. Fridovich (1987) alpha, beta-
Dihydroxyisovalerate dehydratase. A superoxide-sensitive enzyme.
J.Biol.Chem, 262, 4724-4727.

P. Kuppusamy and J. L. Zweier (1989) Characterization of free radical
generation by xanthine oxidase. Evidence for hydroxyl radical generation.
J.Biol.Chem., 264, 9880-9884.

C. Labinjoh, D. E. Newby, 1. B. Wilkinson, I. L. Megson, H. MacCallum,
V. Melville, N. A. Boon and D. J. Webb (2001) Effects of acute
methionine loading and vitamin C on endogenous fibrinolysis,
endothelium-dependent vasomotion and platelet aggregation.
Clin.Sci.(Lond), 100, 127-135.

J. Lahav, K. Jurk, O. Hess, M. J. Barnes, R. W. Farndale, J. Luboshitz
and B. E. Kehrel (2002) Sustained integrin ligation involves extracellular
free sulfhydryls and enzymatically catalyzed disulfide exchange. Blood,
100, 2472-2478.

J. Lahav, E. M. Wijnen, O. Hess, S. W. Hamaia, D. Griffiths, M. Makris,
C. G. Knight, D. W. Essex and R. W. Farndale (2003) Enzymatically
catalyzed disulfide exchange is required for platelet adhesion to collagen
via integrin alpha2betal. Blood, 102, 2085-2092.

U. Landmesser, S. Dikalov, S. R. Price, L. McCann, T. Fukai, S. M.
Holland, W. E. Mitch and D. G. Harrison (2003) Oxidation of
tetrahydrobiopterin leads to uncoupling of endothelial cell nitric oxide
synthase in hypertension. J.Clin.Invest, 111, 1201-1209.

U. Landmesser, S. Dikalov, S. R. Price, L. McCann, T. Fukai, S. M.
Holland, W. E. Mitch and D. G. Harrison (2003) Oxidation of
tetrahydrobiopterin leads to uncoupling of endothelial cell nitric oxide

288



[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

synthase in hypertension. J.Clin.Invest, 111, 1201-1209.

F. Lantoine, A. Brunet, F. Bedioui, J. Devynck and M. A. Devynck
(1995) Direct measurement of nitric oxide production in platelets:
relationship with cytosolic Ca2+ concentration.
Biochem.Biophys.Res.Commun., 215, 842-848.

F. Lantoine, A. Brunet, F. Bedioui, J. Devynck and M. A. Devynck
(1995) Direct measurement of nitric oxide production in platelets:
relationship with cytosolic Ca2+ concentration.
Biochem.Biophys.Res.Commun., 215, 842-848.

A. Lass, A. Suessenbacher, G. Wolkart, B. Mayer and F. Brunner (2002)
Functional and analytical evidence for scavenging of oxygen radicals by
L-arginine. Mol. Pharmacol., 61, 1081-1088.

B. Lassegue and R. E. Clempus (2003) Vascular NAD(P)H oxidases:
specific features, expression, and regulation. Am.J.Physiol
Regul.Integr.Comp Physiol, 285, R277-R297.

J. B. Laursen, M. Somers, S. Kurz, L. McCann, A. Warnholtz, B. A.
Freeman, M. Tarpey, T. Fukai and D. G. Harrison (2001) Endothelial
regulation of vasomotion in apoE-deficient mice: implications for
interactions between peroxynitrite and tetrahydrobiopterin. Circulation,
103, 1282-1288.

D. A. Law, L. Nannizzi-Alaimo and D. R. Phillips (1996) Outside-in
integrin signal transduction. Alpha IIb beta 3-(GP IIb Illa) tyrosine
phosphorylation induced by platelet aggregation. J. Biol. Chem., 271,
10811-10815.

D. L. Lawson, J. L. Mehta, W. W. Nichols, P. Mehta and W. H. Donnelly
(1990) Superoxide radical-mediated endothelial injury and
vasoconstriction of rat thoracic aortic rings. J.Lab Clin.Med., 115, 541-
548.

J. Le Boucher, C. Charret, C. Coudray-Lucas, J. Giboudeau and L.
Cynober (1997) Amino acid determination in biological fluids by
automated ion-exchange chromatography: performance of Hitachi L-
8500A. Clin.Chem., 43, 1421-1428.

J. Le Boucher, C. Charret, C. Coudray-Lucas, J. Giboudeau and L.
Cynober (1997) Amino acid determination in biological fluids by
automated ion-exchange chromatography: performance of Hitachi L-
8500A. Clin.Chem., 43, 1421-1428.

J. Lee, H. Ryy, R. J. Ferrante, S. M. Morris, Jr. and R. R. Ratan (2003)
Translational control of inducible nitric oxide synthase expression by
arginine can explain the arginine paradox. Proc.Natl.Acad.Sci.U.S.4, 100,
4843-4848.

G. Lenaz (1998) Role of mitochondria in oxidative stress and ageing.

289



[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

Biochim.Biophys.Acta, 1366, 53-67.

G. Leoncini, M. Maresca and C. Colao (1991) Oxidative metabolism of
human platelets. Biochem.Int., 25, 647-655.

A. Lerman, J. C. Burnett, Jr., S. T. Higano, L. J. McKinley and D. R.
Holmes, Jr. (1998) Long-term L-arginine supplementation improves
small-vessel coronary endothelial function in humans. Circulation, 97,
2123-2128.

A. Lerman, J. C. Bumnett, Jr., S. T. Higano, L. J. McKinley and D. R.
Holmes, Jr. (1998) Long-term L-arginine supplementation improves

small-vessel coronary endothelial function in humans. Circulation, 97,
2123-2128.

A. Lerman, J. C. Burnett, Jr., S. T. Higano, L. J. McKinley and D. R.
Holmes, Jr. (1998) Long-term L-arginine supplementation improves
small-vessel coronary endothelial function in humans. Circulation, 97,
2123-2128.

A. Lerman, J. C. Burnett, Jr., S. T. Higano, L. J. McKinley and D. R.
Holmes, Jr. (1998) Long-term L-arginine supplementation improves
small-vessel coronary endothelial function in humans. Circulation, 97,
2123-2128.

P. H. Levine, R. S. Weinger, J. Simon, K. L. Scoon and N. L. Krinsky
(1976) Leukocyte-platelet interaction. Release of hydrogen peroxide by
granulocytes as a modulator of platelet reactions. J.Clin.Invest, 57, 955-
963.

G. Li, S. Regunathan, C. J. Barrow, J. Eshraghi, R. Cooper and D. J. Reis
(1994) Agmatine: an endogenous clonidine-displacing substance in the
brain. Science, 263, 966-969.

J.Li, W. Li, W. Liu, B. T. Altura and B. M. Altura (2004) Mechanisms of
hydroxyl radical-induced contraction of rat aorta. Eur.J. Pharmacol., 499,
171-178.

J. M. Li and A. M. Shah (2001) Differential N. Cardiovasc.Res., 52, 477-
486.

J. M. Li and A. M. Shah (2002) Intracellular localization and preassembly
of the NADPH oxidase complex in cultured endothelial cells.
J.Biol.Chem, 277, 19952-19960.

J. M. Li and A. M. Shah (2003) ROS generation by nonphagocytic
NADPH oxidase: potential relevance in diabetic nephropathy.
J.Am.Soc.Nephrol., 14, S221-S226.

J. M. Li and A. M. Shah (2004) Endothelial cell superoxide generation:
regulation and relevance for cardiovascular pathophysiology.
Am.J. Physiol Regul.Integr.Comp Physiol, 287, R1014-R1030.

290



[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

L. Li, G. D. Fink, S. W. Watts, C. A. Northcott, J. J. Galligan, P. J.
Pagano and A. F. Chen (2003) Endothelin-1 increases vascular
superoxide via endothelin(A)-NADPH oxidase pathway in low-renin
hypertension. Circulation, 107, 1053-1058.

Q. Liang and P. C. Dedon (2001) Cu(II)/H202-induced DNA damage is
enhanced by packaging of DNA as a nucleosome. Chem.Res.Toxicol., 14,
416-422.

J. K. Liao, W. S. Shin, W. Y. Lee and S. L. Clark (1995) Oxidized low-
density lipoprotein decreases the expression of endothelial nitric oxide
synthase. J.Biol Chem, 270, 319-324.

W. T. Lin, S. C. Yang, K. T. Chen, C. C. Huang and N. Y. Lee (2005)
Protective effects of L-arginine on pulmonary oxidative stress and
antioxidant defenses during exhaustive exercise in rats. Acta
Pharmacol.Sin., 26, 992-999.

B. Lubec, M. Hayn, E. Kitzmuller, H. Vierhapper and G. Lubec (1997) L-
Arginine reduces lipid peroxidation in patients with diabetes mellitus.
Free Radic.Biol Med., 22, 355-357.

G. Lubec (1996) The hydroxyl radical: from chemistry to human disease.
J.Investig.Med., 44, 324-346.

P. A. MacCarthy, D. J. Grieve, J. M. Li, C. Dunster, F. J. Kelly and A. M.
Shah (2001) Impaired endothelial regulation of ventricular relaxation in
cardiac hypertrophy: role of reactive oxygen species and NADPH
oxidase. Circulation, 104, 2967-2974.

C. L. MacLeod (1996) Regulation of cationic amino acid transporter
(CAT) gene expression. Biochem.Soc.Trans., 24, 846-852.

H. Mandel, N. Levy, S. Izkovitch and S. H. Korman (2005) Elevated
plasma citrulline and arginine due to consumption of Citrullus vulgaris
(watermelon). J. Inherit. Metab Dis., 28, 467-472.

A. J. Marcus, S. T. Silk, L. B. Safier and H. L. Ullman (1977) Superoxide
production and reducing activity in human platelets. J.Clin.Invest, 59,
149-158.

M. Marietta, F. Facchinetti, I. Neri, F. Piccinini, A. Volpe and G. Torelli
(1997) L-arginine infusion decreases platelet aggregation through an
intraplatelet nitric oxide release. Thromb.Res., 88, 229-235.

S. L. Marklund, E. Holme and L. Hellner (1982) Superoxide dismutase in
extracellular fluids. Clin.Chim.Acta, 126, 41-51.

T. Marumo, V. B. Schini-Kerth, B. Fisslthaler and R. Busse (1997)
Platelet-derived growth factor-stimulated superoxide anion production
modulates activation of transcription factor NF-kappaB and expression of
monocyte chemoattractant protein 1 in human aortic smooth muscle cells.

291



[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

Circulation, 96, 2361-2367.

S. Marx, Y. Vedemikov, G. R. Saade and R. E. Garfield (2000) Citrulline
does not relax isolated rat and rabbit vessels. Br.J. Pharmacol., 130, 713-
716.

C. Masters, M. Pegg and D. Crane (1986) On the multiplicity of the
enzyme catalase in mammalian liver. Mol.Cell Biochem., 70, 113-120.

J. M. McCord and I. Fridovich (1988) Superoxide dismutase: the first
twenty years (1968-1988). Free Radic.Biol.Med., 5, 363-369.

K. K. McDonald, S. Zharikov, E. R. Block and M. S. Kilberg (1997) A
caveolar complex between the cationic amino acid transporter 1 and
endothelial nitric-oxide synthase may explain the "arginine paradox".
J.Biol.Chem, 272, 31213-31216.

J. S. McNally, M. E. Davis, D. P. Giddens, A. Saha, J. Hwang, S.
Dikalov, H. Jo and D. G. Harrison (2003) Role of xanthine
oxidoreductase and NAD(P)H oxidase in endothelial superoxide
production in response to oscillatory shear stress. Am.J. Physiol Heart
Circ.Physiol, 285, H2290-H2297.

G. E. McVeigh, P. Hamilton, M. Wilson, C. G. Hanratty, W. J. Leahey,
A. B. Devine, D. G. Morgan, L. J. Dixon and L. T. McGrath (2002)
Platelet nitric oxide and superoxide release during the development of
nitrate tolerance: effect of supplementakascorbate. Circulation, 106, 208-
213.

J. L. Mehta, L. Y. Chen, B. C. Kone, P. Mehta and P. Turner (1995)
Identification of constitutive and inducible forms of nitric oxide synthase
in human platelets. J.Lab Clin.Med., 125, 370-377.

A. C. Mendes Ribeiro, T. M. Brunini, M. Yaqoob, J. K. Aronson, G. E.
Mann and J. C. Ellory (1999) Identification of system y+L as the high-
affinity transporter for L-arginine in human platelets: up-regulation of L-
arginine influx in uraemia. Pflugers Arch., 438, 573-575.

J. D. Mendez and E. Zarzoza (1997) Inhibition of platelet aggregation by
L-arginine and polyamines in alloxan treated rats. Biochem.Mol.Biol.Int.,
43, 311-318.

A. Meneshian and G. B. Bulkley (2002) The physiology of endothelial
xanthine oxidase: from urate catabolism to reperfusion injury to
inflammatory signal transduction. Microcirculation., 9, 161-175.

C. C. Miller, P. Hale and A. P. Pentland (1994) Ultraviolet B injury
increases prostaglandin synthesis through a tyrosine kinase-dependent
pathway. Evidence for UVB-induced epidermal growth factor receptor
activation. J.Biol Chem, 269, 3529-3533.

S. Moncada, R. M. Palmer and E. A. Higgs (1989) Biosynthesis of nitric

292



[245]

[246]

[247]

[248]

oxide from L-arginine. A pathway for the regulation of cell function and
communication. Biochem.Pharmacol., 38, 1709-1715.

S. Moncada, R. M. Palmer and E. A. Higgs (1991) Nitric oxide:
physiology, pathophysiology, and pharmacology. Pharmacol.Rev., 43,
109-142.

J. D. Morrow, K. E. Hill, R. F. Burk, T. M. Nammour, K. F. Badr and L.
J. Roberts (1990) A series of prostaglandin F2-like compounds are
produced in vivo in humans by a non-cyclooxygenase, free radical-
catalyzed mechanism. Proc.Natl.Acad.Sci.U.S.A, 87, 9383-9387.

S. P. Mukherjee and W. S. Lynn (1977) Reduced nicotinamide adenine
dinucleotide phosphate oxidase in adipocyte plasma membrane and its
activation by insulin. Possible role in the hormone's effects on adenylate
cyclase and the hexose monophosphate shunt. Arch. Biochem. Biophys.
184, 69-76.

Munzel, T., Hink, U., Heitzer, T., and Meinertz, T. Role of
NADPH/NADH oxidase in the modulation of vascular tone.
Ann.N.Y.Acad.Sci. 874, 384-400. 1999.

Ref Type: Generic

[249]

[250]

[251]

[252]

[253]

[254]

[255]

T. Munzel, H. Li, H. Mollnau, U. Hink, E. Matheis, M. Hartmann, M.
Oelze, M. Skatchkov, A. Warnholtz, L. Duncker, T. Meinertz and U.
Forstermann (2000) Effects of long-term nitroglycerin treatment on
endothelial nitric oxide synthase (NOS III) gene expression, NOS III-
mediated superoxide production, and vascular NO bioavailability.
Circ.Res., 86, E7-E12.

C. Murphy and P. Newsholme (1998) Importance of glutamine
metabolism in murine macrophages and human monocytes to L-arginine
biosynthesis and rates of nitrite or urea production. Clin.Sci.(Lond), 95,
397-407.

A. Muruganandam and B. Mutus (1994) Isolation of nitric oxide synthase
from human platelets. Biochim. Biophys.Acta, 1200, 1-6.

E. Nagel, z. Meyer, V, M. Bartels and R. Pichlmayr (1997) Antioxidative
vitamins in prevention of ischemia/reperfusion injury.
Int.J.Vitam. Nutr.Res., 67, 298-306.

K. Nakazono, N. Watanabe, K. Matsuno, J. Sasaki, T. Sato and M. Inoue
(1991) Does superoxide underlie the pathogenesis of hypertension?
Proc.Natl. Acad.Sci.U.S.A, 88, 10045-10048.

K. Nakazono, N. Watanabe, K. Matsuno, J. Sasaki, T. Sato and M. Inoue
(1991) Does superoxide underlie the pathogenesis of hypertension?
Proc.Natl. Acad.Sci.U.S.A, 88, 10045-10048.

C. Napoli, S. Williams-Ignarro, F. de Nigris, L. O. Lerman, L. Rossi, C.
Guarino, G. Mansueto, F. Di Tuoro, O. Pignalosa, G. De Rosa, V. Sica

293



[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

and L. J. Ignarro (2004) Long-term combined beneficial effects of
physical training and metabolic treatment on atherosclerosis in
hypercholesterolemic mice. Proc.Natl. Acad.Sci.U.S.A, 101, 8797-8802.

M. Navab, S. S. Imes, S. Y. Hama, G. P. Hough, L. A. Ross, R. W. Bork,
A. J. Valente, J. A. Berliner, D. C. Drinkwater, H. Laks and . (1991)
Monocyte transmigration induced by modification of low density
lipoprotein in cocultures of human aortic wall cells is due to induction of
monocyte chemotactic protein 1 synthesis and is abolished by high
density lipoprotein. J.Clin.Invest, 88, 2039-2046.

A. Negre-Salvayre, M. T. Pieraggi, L. Mabile and R. Salvayre (1993)
Protective effect of 17 beta-estradiol against the cytotoxicity of minimally
oxidized LDL to cultured bovine aortic endothelial cells. Atherosclerosis,
99, 207-217.

P. Z. Neumann and A. Sass-Kortsak (1967) The state of copper in human
serum: evidence for an amino acid-bound fraction. J.Clin. Invest, 46, 646-
658.

J. Nimpf, H. Wurm, G. M. Kostner and T. Kenner (1986) Platelet
activation in normo- and hyperlipoproteinemias. Basic Res.Cardiol., 81,
437-453.

T. Nishikawa, D. Edelstein, X. L. Du, S. Yamagishi, T. Matsumura, Y.
Kaneda, M. A. Yorek, D. Beebe, P. J. Oates, H. P. Hammes, 1. Giardino
and M. Brownlee (2000) Normalizing mitochondrial superoxide
production blocks three pathways of hyperglycaemic damage. Nature,
404, 787-790.

K. D. O'Brien, T. O. McDonald, A. Chait, M. D. Allen and C. E. Alpers
(1996) Neovascular expression of E-selectin, intercellular adhesion
molecule-1, and vascular cell adhesion molecule-1 in human
atherosclerosis and their relation to intimal leukocyte content.
Circulation, 93, 672-682.

V. B. O'Donnell, P. H. Chumley, N. Hogg, A. Bloodsworth, V. M.
Darley-Usmar and B. A. Freeman (1997) Nitric oxide inhibition of lipid
peroxidation: kinetics of reaction with lipid peroxyl radicals and
comparison with alpha-tocopherol. Biochemistry, 36, 15216-15223.

V. B. O'Donnell, K. B. Taylor, S. Parthasarathy, H. Kuhn, D. Koesling,
A. Friebe, A. Bloodsworth, V. M. Darley-Usmar and B. A. Freeman
(1999) 15-Lipoxygenase catalytically consumes nitric oxide and impairs
activation of guanylate cyclase. J.Biol Chem, 274, 20083-20091.

S. O'Neill, A. Robinson, A. Deering, M. Ryan, D. J. Fitzgerald and N.
Moran (2000) The platelet integrin alpha IIbbeta 3 has an endogenous
thiol isomerase activity. J.Biol. Chem., 275, 36984-36990.

Y. Ohara, T. E. Peterson and D. G. Harrison (1993)

294



[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

Hypercholesterolemia increases endothelial superoxide anion production.
J.Clin.Invest, 91, 2546-2551.

T. Ohyashiki, M. Kobayashi and K. Matsui (1991) Oxygen-radical-
mediated lipid peroxidation and inhibition of ADP-induced platelet
aggregation. Arch. Biochem. Biophys., 288, 282-286.

A. Okado-Matsumoto and 1. Fridovich (2000) The role of alpha,beta -
dicarbonyl compounds in the toxicity of short chain sugars. J. Biol. Chem,
275, 34853-34857.

B. Olas and B. Wachowicz (2002) Resveratrol and vitamin C as
antioxidants in blood platelets. Thromb. Res., 106, 143-148.

B. Olas, B. Wachowicz and A. Buczynski (2000) Vitamin C suppresses
the cisplatin toxicity on blood platelets. Anticancer Drugs, 11, 487-493.

B. Olas, B. Wachowicz, A. Stochmal and W. Oleszek (2003) Inhibition
of oxidative stress in blood platelets by different phenolics from Yucca
schidigera Roezl. bark. Nutrition, 19, 633-640.

B. Olas, B. Wachowicz, J. Szewczuk, J. Saluk-Juszczak and W. Kaca
(2001) The effect of resveratrol on the platelet secretory process induced
by endotoxin and thrombin. Microbios, 105, 7-13.

K. Oyanagi, H. Sogawa, R. Minami, T. Nakao, K. Karube and S.
Tsugawa (1981) A new transport interaction of dibasic amino acids and
citrulline in human kidney. Tohoku J.Exp.Med., 134, 55-58.

A. Paky, J. R. Michael, T. M. Burke-Wolin, M. S. Wolin and G. H.
Gurtner (1993) Endogenous production of superoxide by rabbit lungs:
effects of hypoxia or metabolic inhibitors. J. Appl. Physiol, 74, 2868-2874.

R. M. Palmer, D. S. Ashton and S. Moncada (1988) Vascular endothelial
cells synthesize nitric oxide from L-arginine. Nature, 333, 664-666.

J. A. Panza, P. R. Casino, D. M. Badar and A. A. Quyyumi (1993) Effect
of increased availability of endothelium-derived nitric oxide precursor on
endothelium-dependent vascular relaxation in normal subjects and in
patients with essential hypertension. Circulation, 87, 1475-1481.

R. Pedrinelli, M. Ebel, G. Catapano, G. Dell'Omo, M. Ducci, M. Del
Chicca and A. Clerico (1995) Pressor, renal and endocrine effects of L-
arginine in essential hypertensives. Eur.J.Clin. Pharmacol., 48, 195-201.

J. F. Perez-Benito (2004) Reaction pathways in the decomposition of
hydrogen peroxide catalyzed by copper(ll). J.Inorg. Biochem., 98, 430-
438.

F. Perticone, R. Ceravolo, A. Pujia, G. Ventura, S. Iacopino, A.

Scozzafava, A. Ferraro, M. Chello, P. Mastroroberto, P. Verdecchia and
G. Schillaci (2001) Prognostic significance of endothelial dysfunction in

295



[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

hypertensive patients. Circulation, 104, 191-196.

P. Piatti, G. Fragasso, L. D. Monti, E. Setola, P. Lucotti, I. Fermo, R.
Paroni, E. Galluccio, G. Pozza, S. Chierchia and A. Margonato (2003)
Acute intravenous L-arginine infusion decreases endothelin-1 levels and
improves endothelial function in patients with angina pectoris and normal
coronary arteriograms: correlation with asymmetric dimethylarginine
levels. Circulation, 107, 429-436.

P. Piatti, G. Fragasso, L. D. Monti, E. Setola, P. Lucotti, I. Fermo, R.
Paroni, E. Galluccio, G. Pozza, S. Chierchia and A. Margonato (2003)
Acute intravenous L-arginine infusion decreases endothelin-1 levels and
improves endothelial function in patients with angina pectoris and normal
coronary arteriograms: correlation with asymmetric dimethylarginine
levels. Circulation, 107, 429-436.

P. Piatti, G. Fragasso, L. D. Monti, E. Setola, P. Lucotti, I. Fermo, R.
Paroni, E. Galluccio, G. Pozza, S. Chierchia and A. Margonato (2003)
Acute intravenous L-arginine infusion decreases endothelin-1 levels and
improves endothelial function in patients with angina pectoris and normal
coronary arteriograms: correlation with asymmetric dimethylarginine
levels. Circulation, 107, 429-436.

G. M. Pieper, P. Langenstroer and W. Siebeneich (1997) Diabetic-
induced endothelial dysfunction in rat aorta: role of hydroxyl radicals.
Cardiovasc.Res., 34, 145-156.

P. Pignatelli, L. Lenti, V. Sanguigni, G. Frati, 1. Simeoni, P. P.
Gazzaniga, F. M. Pulcinelli and F. Violi (2003) Carnitine inhibits
arachidonic acid turnover, platelet function, and oxidative stress.
Am.J Physiol Heart Circ.Physiol, 284, H41-H48.

P. Pignatelli, F. M. Pulcinelli, L. Lenti, P. P. Gazzaniga and F. Violi
(1998) Hydrogen peroxide is involved in collagen-induced platelet
activation. Blood, 91, 484-490.

M. Plauth, B. H. Schneider, A. Raible and F. Hartmann (1999) Effects of
vascular or luminal administration and of simultaneous glucose
availability on glutamine utilization by isolated rat small intestine.

Int.J Colorectal Dis., 14, 95-100.

R. K. Porter (2000) Mammalian mitochondrial inner membrane cationic
and neutral amino acid carriers. Biochim.Biophys.Acta, 1459, 356-362.

S. Pou, W. S. Pou, D. S. Bredt, S. H. Snyder and G. M. Rosen (1992)
Generation of superoxide by purified brain nitric oxide synthase.
J.Biol.Chem, 267, 24173-24176.

D. Pratico, M. Pasin, O. P. Barry, A. Ghiselli, G. Sabatino, L. Iuliano, G.

A. FitzGerald and F. Violi (1999) Iron-dependent human platelet
activation and hydroxyl radical formation: involvement of protein kinase

296



[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

C. Circulation, 99, 3118-3124.

W. A. Pryor, K. N. Houk, C. S. Foote, J. M. Fukuto, L. J. Ignarro, G. L.
Squadrito and K. J. Davies (2006) Free Radical Biology and Medicine:
It's a Gas, Man! Am J Physiol Regul Integr Comp Physiol, 00614.

A. Puppo and B. Halliwell (1988) Formation of hydroxyl radicals from
hydrogen peroxide in the presence of iron. Is haemoglobin a biological
Fenton reagent? Biochem.J., 249, 185-190.

M. T. Quinn, S. Parthasarathy, L. G. Fong and D. Steinberg (1987)
Oxidatively modified low density lipoproteins: a potential role in
recruitment and retention of monocyte/macrophages during
atherogenesis. Proc.Natl.Acad.Sci.U.S.A, 84, 2995-2998.

M. W. Radomski, R. M. Palmer and S. Moncada (1987) Endogenous
nitric oxide inhibits human platelet adhesion to vascular endothelium.
Lancet, 2, 1057-1058.

M. W. Radomski, R. M. Palmer and S. Moncada (1990) An L-
arginine/nitric oxide pathway present in human platelets regulates
aggregation. Proc.Natl. Acad.Sci.U.S.A, 87, 5193-5197.

M. W. Radomski, R. M. Palmer and S. Moncada (1990) An L-
arginine/nitric oxide pathway present in human platelets regulates
aggregation. Proc.Natl. Acad.Sci.U.S.A, 87, 5193-5197.

M. W. Radomski, R. M. Palmer and S. Moncada (1990) An L-
arginine/nitric oxide pathway present in human platelets regulates
aggregation. Proc.Natl. Acad.Sci.U.S.A, 87, 5193-5197.

S. A. Raghavan and M. Dikshit (2001) L-citrulline mediated relaxation in
the control and lipopolysaccharide-treated rat aortic rings.
Eur.J. Pharmacol., 431, 61-69.

D. D. Rees, R. M. Palmer and S. Moncada (1989) Role of endothelium-
derived nitric oxide in the regulation of blood pressure.
Proc.Natl. Acad.Sci.U.S.A, 86, 3375-3378.

A. Rehman, M. Whiteman and B. Halliwell (1997) Scavenging of
hydroxyl radicals but not of peroxynitrite by inhibitors and substrates of
nitric oxide synthases. Br.J.Pharmacol., 122, 1702-1706.

J. E. Repine, R. B. Fox and E. M. Berger (1981) Hydrogen peroxide kills
Staphylococcus aureus by reacting with staphylococcal iron to form
hydroxyl radical. J. Biol. Chem, 256, 7094-7096.

D. E. Roberts, A. McNicol and R. Bose (2004) Mechanism of collagen
activation in human platelets. J. Biol. Chem., 279, 19421-19430.

D. E. Roberts, A. McNicol and R. Bose (2004) Mechanism of collagen
activation in human platelets. J. Biol. Chem., 279, 19421-19430.

297



[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

D. E. Roberts, A. McNicol and R. Bose (2004) Mechanism of collagen
activation in human platelets. J.Biol. Chem., 279, 19421-19430.

H. Rodriguez, R. Drouin, G. P. Holmquist, T. R. O'Connor, S. Boiteux, J.
Laval, J. H. Doroshow and S. A. Akman (1995) Mapping of
copper/hydrogen peroxide-induced DNA damage at nucleotide resolution
in human genomic DNA by ligation-mediated polymerase chain reaction.
J.Biol.Chem, 270, 17633-17640.

V. Roubaud, S. Sankarapandi, P. Kuppusamy, P. Tordo and J. L. Zweier
(1997) Quantitative measurement of superoxide generation using the spin
trap 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide.
Anal.Biochem., 247, 404-411.

G. M. Rubanyi and P. M. Vanhoutte (1986) Oxygen-derived free radicals,
endothelium, and responsiveness of vascular smooth muscle.
Am.J.Physiol, 250, H815-H821.

E. Ruiz, M. Del Rio, B. Somoza, P. Ganado, M. Sanz and T. Tejerina
(1999) L-Citrulline, the by-product of nitric oxide synthesis, decreases
vascular smooth muscle cell proliferation. J. Pharmacol. Exp.Ther., 290,
310-313.

E. Ruiz and T. Tejerina (1998) Relaxant effects of L-citrulline in rabbit
vascular smooth muscle. Br.J.Pharmacol., 125, 186-192.

E. Ruiz and T. Tejerina (1998) Relaxant effects of L-citrulline in rabbit
vascular smooth muscle. Br.J. Pharmacol., 125, 186-192.

C. Russo, O. Olivieri, D. Girelli, G. Faccini, M. L. Zenari, S. Lombardi
and R. Corrocher (1998) Anti-oxidant status and lipid peroxidation in
patients with essential hypertension. J. Hypertens., 16, 1267-1271.

A. Sakai, N. Kume, E. Nishi, K. Tanoue, M. Miyasaka and T. Kita (1997)
P-selectin and vascular cell adhesion molecule-1 are focally expressed in
aortas of hypercholesterolemic rabbits before intimal accumulation of
macrophages and T lymphocytes. Arterioscler.Thromb.Vasc.Biol., 17,
310-316.

D. Salvemini, G. De Nucci, J. M. Sneddon and J. R. Vane (1989)
Superoxide anions enhance platelet adhesion and aggregation.
Br.J.Pharmacol., 97, 1145-1150.

D. Salvemini, G. de Nucci, J. M. Sneddon and J. R. Vane (1989)
Superoxide anions enhance platelet adhesion and aggregation.
Br.J.Pharmacol., 97, 1145-1150.

M. C. Sanguinetti (2002) When the KChIPs are down. Nat.Med., 8, 18-
19.

V. Schachinger, M. B. Britten and A. M. Zeiher (2000) Prognostic impact
of coronary vasodilator dysfunction on adverse long-term outcome of

298



[315]

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

coronary heart disease. Circulation, 101, 1899-1906.

A. Schafer, D. Fraccarollo, S. Hildemann, M. Christ, M. Eigenthaler, A.
Kobsar, U. Walter and J. Bauersachs (2003) Inhibition of platelet

activation in congestive heart failure by aldosterone receptor antagonism
and ACE inhibition. Thromb. Haemost., 89, 1024-1030.

A. Schafer, F. Wiesmann, S. Neubauer, M. Eigenthaler, J. Bauersachs
and K. M. Channon (2004) Rapid regulation of platelet activation in vivo
by nitric oxide. Circulation, 109, 1819-1822.

R. T. SCHIMKE (1962) Repression of enzymes of arginine biosynthesis
in mammalian tissue culture. Biochim. Biophys.Acta, 62, 599-601.

R. T. SCHIMKE (1964) Enzymes of Arginine metabolism of arginine
metabolism in mammalian cell culture. 1. Repression of argininosuccinate
synthestase and argininosuccinase. J. Biol. Chem, 239, 136-145.

A. Schmidlin, S. Fischer and H. Wiesinger (2000) Transport of L-
citrulline in neural cell cultures. Dev. Neurosci., 22, 393-398.

H. H. Schmidt, H. Nau, W. Wittfoht, J. Gerlach, K. E. Prescher, M. M.
Klein, F. Niroomand and E. Bohme (1988) Arginine is a physiological

precursor of endothelium-derived nitric oxide. Eur.J.Pharmacol., 154,

213-216.

H. H. Schmidt, T. D. Warner, K. Ishii, H. Sheng and F. Murad (1992)
Insulin secretion from pancreatic B cells caused by L-arginine-derived
nitrogen oxides. Science, 255, 721-723.

H. H. Schmidt, B. Zernikow, S. Baeblich and E. Bohme (1990) Basal and
stimulated formation and release of L-arginine-derived nitrogen oxides
from cultured endothelial cells. J. Pharmacol.Exp.Ther., 254, 591-597.

K. Schmidt, P. Klatt, W. F. Graier, G. M. Kostner and W. R. Kukovetz
(1992) High-density lipoprotein antagonizes the inhibitory effects of
oxidized low-density lipoprotein and lysolecithin on soluble guanylyl
cyclase. Biochem. Biophys.Res.Commun., 182, 302-308.

M. Schrader and H. D. Fahimi (2004) Mammalian peroxisomes and
reactive oxygen species. Histochem.Cell Biol., 122, 383-393.

Schulze, E. and Steiger, E. Uber das Arginin. Z.Physiol.Chem 210, 43-
65. 1886.

Ref Type: Generic

[326]

[327]

G. Scorza, D. Pietraforte and M. Minetti (1997) Role of ascorbate and
protein thiols in the release of nitric oxide from S-nitroso-albumin and S-
nitroso-glutathione in human plasma. Free Radic.Biol Med., 22, 633-642.

W. A. Seddon, J. W. Fletcher and F. C. Sopchysh (1973) Pulse-
Radiolysis of Nitric-Oxide in Aqueous-Solution. Canadian Journal of

299



[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

[336]

[337]

[338]

Chemistry-Revue Canadienne de Chimie, 51, 1123-1130.

T. Seno, N. Inoue, D. Gao, M. Okuda, Y. Sumi, K. Matsui, S. Yamada,
K. I. Hirata, S. Kawashima, R. Tawa, S. Imajoh-Ohmi, H. Sakurai and M.
Yokoyama (2001) Involvement of NADH/NADPH oxidase in human
platelet ROS production. 7hromb.Res., 103, 399-409.

T. Seno, N. Inoue, D. Gao, M. Okuda, Y. Sumi, K. Matsui, S. Yamada,
K. I. Hirata, S. Kawashima, R. Tawa, S. Imajoh-Ohmi, H. Sakurai and M.
Yokoyama (2001) Involvement of NADH/NADPH oxidase in human
platelet ROS production. Thromb.Res., 103, 399-409.

T. Seno, N. Inoue, D. Gao, M. Okuda, Y. Sumi, K. Matsui, S. Yamada,
K. L. Hirata, S. Kawashima, R. Tawa, S. Imajoh-Ohmi, H. Sakurai and M.
Yokoyama (2001) Involvement of NADH/NADPH oxidase in human
platelet ROS production. Thromb.Res., 103, 399-409.

D. J. Sexton, A. Muruganandam, D. J. McKenney and B. Mutus (1994)
Visible light photochemical release of nitric oxide from S-
nitrosoglutathione: potential photochemotherapeutic applications.
Photochem.Photobiol., 59, 463-467.

K. Shinozaki, K. Ayajiki, Y. Nishio, T. Sugaya, A. Kashiwagi and T.
Okamura (2004) Evidence for a causal role of the renin-angiotensin
system in vascular dysfunction associated with insulin resistance.
Hypertension, 43, 255-262.

K. Shinozaki, A. Kashiwagi, Y. Nishio, T. Okamura, Y. Yoshida, M.
Masada, N. Toda and R. Kikkawa (1999) Abnormal biopterin metabolism
is a major cause of impaired endothelium-dependent relaxation through
nitric oxide/O2- imbalance in insulin-resistant rat aorta. Diabetes, 48,
2437-2445.

P. J. Shultz and L. Raij (1992) Endogenously synthesized nitric oxide
prevents endotoxin-induced glomerular thrombosis. J.Clin. Invest, 90,
1718-1725.

M. G. Signorello, M. Giovine, R. Pascale, L. Cataldi, C. Bordone, U.
Benatti and G. Leoncini (2001) Impaired L-arginine uptake in platelets
from type-2 diabetic patients. Biotechnol. Appl. Biochem., 34, 19-23.

T. Simandan, J. Sun and T. A. Dix (1998) Oxidation of DNA bases,
deoxyribonucleosides and homopolymers by peroxyl radicals.
Biochem.J., 335 ( Pt 2), 233-240.

R. J. Singh, N. Hogg, J. Joseph and B. Kalyanaraman (1995)
Photosensitized decomposition of S-nitrosothiols and 2-methyl-2-
nitrosopropane. Possible use for site-directed nitric oxide production.
FEBS Lett., 360, 47-51.

R. J. Singh, N. Hogg, J. Joseph and B. Kalyanaraman (1996) Mechanism
of nitric oxide release from S-nitrosothiols. .J. Biol Chem, 271, 18596-

300



18603.

[339] J. W. Slot, H. J. Geuze, B. A. Freeman and J. D. Crapo (1986)
Intracellular localization of the copper-zinc and manganese superoxide
dismutases in rat liver parenchymal cells. Lab Invest, 55, 363-371.

[340] L. P. Solomonson, B. R. Flam, L. C. Pendleton, B. L. Goodwin and D. C.
Eichler (2003) The caveolar nitric oxide synthase/arginine regeneration
system for NO production in endothelial cells. J. Exp.Biol., 206, 2083-
2087.

[341] D. Sorescu, D. Weiss, B. Lassegue, R. E. Clempus, K. Szocs, G. P.
Sorescu, L. Valppu, M. T. Quinn, J. D. Lambeth, J. D. Vega, W. R.
Taylor and K. K. Griendling (2002) Superoxide production and
expression of nox family proteins in human atherosclerosis. Circulation,
105, 1429-1435.

[342] S. Spiekermann, U. Landmesser, S. Dikalov, M. Bredt, G. Gamez, H.
Tatge, N. Reepschlager, B. Hornig, H. Drexler and D. G. Harrison (2003)
Electron spin resonance characterization of vascular xanthine and
NAD(P)H oxidase activity in patients with coronary artery disease:
relation to endothelium-dependent vasodilation. Circulation, 107, 1383-
1389.

[343] G. Spiteller (2001) Lipid peroxidation in aging and age-dependent
diseases. Exp.Gerontol., 36, 1425-1457.

[344] J. Stamler, M. E. Mendelsohn, P. Amarante, D. Smick, N. Andon, P. F.
Davies, J. P. Cooke and J. Loscalzo (1989) N-acetylcysteine potentiates
platelet inhibition by endothelium-derived relaxing factor. Circ.Res., 65,
789-795.

[345] T. W. Stief, M. Weippert, V. Kretschmer and H. Renz (2001) Arginine
inhibits hemostasis activation. 7Thromb.Res., 104, 265-274.

[346] Strlic, M, Kolar, J., and Pihlar, B. The effect of metal ion, pH and
temperature on the yield of oxidising species in a fenton-like system
determined by aromatic hydroxylation. 46[4], 555-556. 2006.

Ref Type: Generic

[347] A. Suessenbacher, A. Lass, B. Mayer and F. Brunner (2002)
Antioxidative and myocardial protective effects of L-arginine in oxygen
radical-induced injury of isolated perfused rat hearts. Naunyn
Schmiedebergs Arch.Pharmacol., 365, 269-276.

[348] M. Sundaresan, Z. X. Yu, V. J. Ferrans, K. Irani and T. Finkel (1995)
Requirement for generation of H202 for platelet-derived growth factor
signal transduction. Science, 270, 296-299.

[349] S. A. Susin, N. Zamzami and G. Kroemer (1998) Mitochondria as
regulators of apoptosis: doubt no more. Biochim.Biophys.Acta, 1366,
151-165.

301



[350]

[351]

[352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

J. A. Suwaidi, S. Hamasaki, S. T. Higano, R. A. Nishimura, D. R.
Holmes, Jr. and A. Lerman (2000) Long-term follow-up of patients with
mild coronary artery disease and endothelial dysfunction. Circulation,
101, 948-954.

H. Suzuki, F. A. DeLano, D. A. Parks, N. Jamshidi, D. N. Granger, H.
Ishii, M. Suematsu, B. W. Zweifach and G. W. Schmid-Schonbein (1998)
Xanthine oxidase activity associated with arterial blood pressure in
spontaneously hypertensive rats. Proc.Natl. Acad.Sci.U.S.A, 95, 4754-
4759.

Y. J. Suzuki and G. D. Ford (1992) Superoxide stimulates IP3-induced
Ca2+ release from vascular smooth muscle sarcoplasmic reticulum.
Am.J. Physiol, 262, H114-H116.

S. Taddei, A. Virdis, P. Mattei, L. Ghiadoni, I. Sudano and A. Salvetti
(1996) Defective L-arginine-nitric oxide pathway in offspring of essential
hypertensive patients. Circulation, 94, 1298-1303.

Y. Takeishi, T. Jalili, N. A. Ball and R. A. Walsh (1999) Responses of
cardiac protein kinase C isoforms to distinct pathological stimuli are
differentially regulated. Circ.Res., 85, 264-271.

G. Takemura, T. Onodera, R. W. Millard and M. Ashraf (1993)
Demonstration of hydroxyl radical and its role in hydrogen peroxide-
induced myocardial injury: hydroxyl radical dependent and independent
mechanisms. Free Radic.Biol Med., 15, 13-25.

G. Theilmeier, J. R. Chan, C. Zalpour, B. Anderson, B. Y. Wang, A.
Wolf, P. S. Tsao and J. P. Cooke (1997) Adhesiveness of mononuclear
cells in hypercholesterolemic humans is normalized by dietary L-
arginine. Arterioscler.Thromb.Vasc.Biol., 17, 3557-3564.

C. E. Thomas, D. F. Ohlweiler, A. A. Carr, T. R. Nieduzak, D. A. Hay,
G. Adams, R. Vaz and R. C. Bernotas (1996) Characterization of the
radical trapping activity of a novel series of cyclic nitrone spin traps.
J.Biol.Chem., 271, 3097-3104.

H. Thor, M. T. Smith, P. Hartzell, G. Bellomo, S. A. Jewell and S.
Orrenius (1982) The metabolism of menadione (2-methyl-1,4-
naphthoquinone) by isolated hepatocytes. A study of the implications of
oxidative stress in intact cells. J.Biol. Chem., 257, 12419-12425.

D. Tousoulis, G. J. Davies, C. Tentolouris, T. Crake, G. Goumas, C.
Stefanadis and P. Toutouzas (2003) Effects of L-arginine on flow
mediated dilatation induced by atrial pacing in diseased epicardial
coronary arteries. Heart, 89, 531-534.

R. M. Touyz, F. Tabet and E. L. Schiffrin (2003) Redox-dependent
signalling by angiotensin II and vascular remodelling in hypertension.
Clin. Exp.Pharmacol. Physiol, 30, 860-866.

302



[361]

[3621

[363]

[364]

[365]

[366]

[367]

[368]

[369]

[370]

[371]

[372]

P. S. Tsao, L. M. McEvoy, H. Drexler, E. C. Butcher and J. P. Cooke
(1994) Enhanced endothelial adhesiveness in hypercholesterolemia is
attenuated by L-arginine. Circulation, 89, 2176-2182.

P. S. Tsao, G. Theilmeier, A. H. Singer, L. L. Leung and J. P. Cooke
(1994) L-arginine attenuates platelet reactivity in hypercholesterolemic
rabbits. Arterioscler. Thromb., 14, 1529-1533.

H. Tsukahara, D. V. Gordienko and M. S. Goligorsky (1993) Continuous
monitoring of nitric oxide release from human umbilical vein endothelial
cells. Biochem. Biophys.Res.Commun., 193, 722-729.

P. Vallance, A. Leone, A. Calver, J. Collier and S. Moncada (1992)
Endogenous dimethylarginine as an inhibitor of nitric oxide synthesis.
J.Cardiovasc.Pharmacol., 20 Suppl 12, S60-S62.

L. A. Van Geldre, J. P. Timmermans and R. A. Lefebvre (2002) L-
citrulline recycling by argininosuccinate synthetase and lyase in rat
gastric fundus. Eur.J. Pharmacol., 455, 149-160.

R. M. van Gorp, M. C. Dam-Mieras, G. Hornstra and J. W. Heemskerk
(1997) Effect of membrane-permeable sulthydryl reagents and depletion
of glutathione on calcium mobilisation in human platelets.
Biochem.Pharmacol., 53, 1533-1542.

A. J. van Oostrom, J. van Wijk and M. C. Cabezas (2004) Lipaemia,
inflammation and atherosclerosis: novel opportunities in the
understanding and treatment of atherosclerosis. Drugs, 64 Suppl 2, 19-
41.

L. J. Van Winkle (1993) Endogenous amino acid transport systems and
expression of mammalian amino acid transport proteins in Xenopus
oocytes. Biochim.Biophys.Acta, 1154, 157-172.

J. Vasquez-Vivar, N. Hogg, P. Martasek, H. Karoui, K. A. Pritchard, Jr.
and B. Kalyanaraman (1999) Tetrahydrobiopterin-dependent inhibition of
superoxide generation from neuronal nitric oxide synthase. J.Biol. Chem,
274, 26736-26742.

J. Vasquez-Vivar, B. Kalyanaraman, P. Martasek, N. Hogg, B. S.
Masters, H. Karoui, P. Tordo and K. A. Pritchard, Jr. (1998) Superoxide
generation by endothelial nitric oxide synthase: the influence of cofactors.
Proc.Natl.Acad.Sci.U.S.A, 95, 9220-9225.

V. Vasta, E. Meacci, M. Farnararo and P. Bruni (1995) Identification of a
specific transport system for L-arginine in human platelets.
Biochem.Biophys.Res.Commun., 206, 878-884.

F. Violi, A. Ghiselli, L. Iuliano, C. Alessandri, C. Cordova and F.
Balsano (1988) Influence of hydroxyl radical scavengers on platelet
function. Haemostasis, 18, 91-98.

303



[373]

[374]

[375]

[376]

[377]

[378]

[379]

[380]

F. Violi, D. Pratico, A. Ghiselli, C. Alessandri, L. Iuliano, C. Cordova
and F. Balsano (1990) Inhibition of cyclooxygenase-independent platelet
aggregation by low vitamin E concentration. Atherosclerosis, 82, 247-
252,

M. Vrolix, L. Raeymackers, F. Wuytack, F. Hofmann and R. Casteels
(1988) Cyclic GMP-dependent protein kinase stimulates the
plasmalemmal Ca2+ pump of smooth muscle via phosphorylation of
phosphatidylinositol. Biochem.J., 255, 855-863.

B. Wachowicz, B. Olas, H. M. Zbikowska and A. Buczynski (2002)
Generation of reactive oxygen species in blood platelets. Platelets., 13,
175-182.

B. Wachowicz, B. Olas, H. M. Zbikowska and A. Buczynski (2002)
Generation of reactive oxygen species in blood platelets. Platelets., 13,
175-182.

B. Wachowicz, B. Olas, H. M. Zbikowska and A. Buczynski (2002)
Generation of reactive oxygen species in blood platelets. Platelets., 13,
175-182.

L. N. Walker, M. A. Reidy and D. E. Bowyer (1986) Morphology and
cell kinetics of fatty streak lesion formation in the hypercholesterolemic
rabbit. Am.J.Pathol., 125, 450-459.

S. Wallner, A. Hermetter, B. Mayer and T. C. Wascher (2001) The alpha-
amino group of L-arginine mediates its antioxidant effect.
Eur.J.Clin.Invest, 31, 98-102.

Walther, U. and Spiteller, G. Formation of oleic acid epoxide at the
storage of oleic acid of technical quality. 95, 472-474. 1993.

Ref Type: Generic

[381]

[382]

[383]

[384]

J. A. Ware, P. C. Johnson, M. Smith and E. W. Salzman (1986) Effect of
common agonists on cytoplasmic ionized calcium concentration in
platelets. Measurement with 2-methyl-6-methoxy 8-nitroquinoline
(quin2) and aequorin. J.Clin.Invest, 77, 878-886.

A. Warnholtz, G. Nickenig, E. Schulz, R. Macharzina, J. H. Brasen, M.
Skatchkov, T. Heitzer, J. P. Stasch, K. K. Griendling, D. G. Harrison, M.
Bohm, T. Meinertz and T. Munzel (1999) Increased NADH-oxidase-
mediated superoxide production in the early stages of atherosclerosis:

evidence for involvement of the renin-angiotensin system. Circulation,
99, 2027-2033.

T. C. Wascher, K. Posch, S. Wallner, A. Hermetter, G. M. Kostner and
W. F. Graier (1997) Vascular effects of L-arginine: anything beyond a
substrate for the NO-synthase? Biochem. Biophys.Res.Commun., 234, 35-
38.

W. Wasowicz, J. Neve and A. Peretz (1993) Optimized steps in

304



fluorometric determination of thiobarbituric acid-reactive substances in
serum: importance of extraction pH and influence of sample preservation
and storage. Clin.Chem., 39, 2522-2526.

[385] W. Wasowicz, J. Neve and A. Peretz (1993) Optimized steps in
fluorometric determination of thiobarbituric acid-reactive substances in
serum: importance of extraction pH and influence of sample preservation
and storage. Clin.Chem., 39, 2522-2526.

[386] M. Weber, N. Lauer, A. Mulsch and G. Kojda (2001) The effect of
peroxynitrite on the catalytic activity of soluble guanylyl cyclase. Free
Radic.Biol Med., 31, 1360-1367.

[387] R. A. Weisiger and 1. Fridovich (1973) Mitochondrial superoxide
simutase. Site of synthesis and intramitochondrial localization.
J.Biol.Chem, 248, 4793-4796.

[388] R. M. Wever, T. F. Luscher, F. Cosentino and T. J. Rabelink (1998)
Atherosclerosis and the two faces of endothelial nitric oxide synthase.
Circulation, 97, 108-112.

[389] A.S. Weyrich, X. L. Ma and A. M. Lefer (1992) The role of L-arginine
in ameliorating reperfusion injury after myocardial ischemia in the cat.
Circulation, 86, 279-288.

[390] C.R. White, V. Darley-Usmar, W. R. Berrington, M. McAdams, J. Z.
Gore, J. A. Thompson, D. A. Parks, M. M. Tarpey and B. A. Freeman
(1996) Circulating plasma xanthine oxidase contributes to vascular
dysfunction in hypercholesterolemic rabbits. Proc.Natl.Acad.Sci.U.S.A,
93, 8745-8749.

[391] C.R. White, D. A. Parks, R. P. Patel, J. Shelton, M. M. Tarpey, B. A.
Freeman and V. M. Darley-Usmar (2004) L-Arginine inhibits xanthine
oxidase-dependent endothelial dysfunction in hypercholesterolemia.
FEBS Lett., 561, 94-98.

[392] C.J. Wiedermann, B. Sitte, U. Zilian, N. Reinisch, H. Beimpold, G.
Finkenstedt and H. Braunsteiner (1993) Inhibition of superoxide anion
release from circulating neutrophils by L-arginine in man. Clin. Investig.,
71, 985-989.

[393] S.M. Wileman, G. E. Mann, J. D. Pearson and A. R. Baydoun (2003)
Role of Lcitrulline transport in nitric oxide synthesis in rat aortic smooth
muscle cells activated with LPS and interferon-gamma. Br.J. Pharmacol.,
140, 179-185.

[394] D. L. Williams (1996) S-nitrosothiols and role of metal ions in
decomposition to nitric oxide. Methods Enzymol., 268, 299-308.

[395] P. D. Winocour (1992) Platelet abnormalities in diabetes mellitus.
Diabetes, 41 Suppl 2, 26-31.

305



[396]

[397]

[398]

[399]

[400]

[401]

[402]

[403]

[404]

[405]

[406]

[407]

[408]

[409]

[410]

C. C. Winterbourn and D. Metodiewa (1994) The reaction of superoxide
with reduced glutathione. Arch. Biochem.Biophys., 314, 284-290.

C. C. Winterbourn and D. Metodiewa (1999) Reactivity of biologically
important thiol compounds with superoxide and hydrogen peroxide. Free
Radic.Biol. Med., 27, 322-328.

A. Wolf, C. Zalpour, G. Theilmeier, B. Y. Wang, A. Ma, B. Anderson, P.
S. Tsao and J. P. Cooke (1997) Dietary L-arginine supplementation
normalizes platelet aggregation in hypercholesterolemic humans.
J.Am.Coll.Cardiol., 29, 479-485.

M. S. Wolin and F. L. Belloni (1985) Superoxide anion selectively
attenuates catecholamine-induced contractile tension in isolated rabbit
aorta. Am.J. Physiol, 249, H1127-H1133.

M. S. Wolin, S. A. Gupte and R. A. Oeckler (2002) Superoxide in the
vascular system. J. Vasc.Res., 39, 191-207.

G. Wu (1998) Intestinal mucosal amino acid catabolism. J Nutr., 128,
1249-1252.

G. Wu and C. J. Meininger (1993) Regulation of L-arginine synthesis
from L~citrulline by L-glutamine in endothelial cells. Am.J.Physiol, 265,
H1965-H1971.

G. Wu and C. J. Meininger (1993) Regulation of L-arginine synthesis
from L-citrulline by L-glutamine in endothelial cells. Am.J. Physiol, 265,
H1965-H1971.

G. Wu and C. J. Meininger (1993) Regulation of L-arginine synthesis
from L~citrulline by L-glutamine in endothelial cells. Am.J. Physiol, 265,
H1965-H1971.

G. Wu and S. M. Morris, Jr. (1998) Arginine metabolism: nitric oxide
and beyond. Biochem.J., 336 (Pt 1), 1-17.

G. Y. Wu and J. T. Brosnan (1992) Macrophages can convert citrulline
into arginine. Biochem.J., 281 ( Pt 1), 45-48.

G. Y. Wu and J. T. Brosnan (1992) Macrophages can convert citrulline
into arginine. Biochem.J., 281 ( Pt 1), 45-48.

Y. Xiong, Y. J. Li and H. W. Deng (1994) Protection of l-arginine against
oxygen free radicals-injured rabbit aortic endothelium. Zhongguo Yao Li
Xue.Bao., 15, 119-123.

A.Xu, J. A. Vita and J. F. Keaney, Jr. (2000) Ascorbic acid and
glutathione modulate the biological activity of S-nitrosoglutathione.
Hypertension, 36, 291-295.

B. C. Yang, S. Khan and J. L. Mehta (1994) Blockade of platelet-

306



[411]

[412]

[413]

[414]

mediated relaxation in rat aortic rings exposed to xanthine-xanthine
oxidase. Am.J. Physiol, 266, H2212-H2219.

W. H. Yin, J. W. Chen, C. Tsai, M. C. Chiang, M. S. Young and S. J. Lin
(2005) L-arginine improves endothelial function and reduces LDL
oxidation in patients with stable coronary artery disease. Clin.Nutr., 24,
988-997.

A. Yokota, S. Kawasaki, M. Iwano, C. Nakamura, C. Miyake and K.
Akashi (2002) Citrulline and DRIP-1 protein (ArgE homologue) in
drought tolerance of wild watermelon. Ann. Bot.(Lond), 89 Spec No, 825-
832.

G. Zalba, G. San Jose, M. U. Moreno, M. A. Fortuno, A. Fortuno, F. J.
Beaumont and J. Diez (2001) Oxidative stress in arterial hypertension:
role of NAD(P)H oxidase. Hypertension, 38, 1395-1399.

Zbikowska, H. M. and Olas, B. Antioxidants with carcinostatic activity
(resveratrol, Vitamin E and selenium) in modulation of blood platelet
adhesion. J.Physiol.Pharmacol 3, 513-520. 2000.

Ref Type: Generic

[415]

[416]

[417]

[418]

[419]

[420]

[421]

L. Zhang, A. Zalewski, Y. Liu, T. Mazurek, S. Cowan, J. L. Martin, S. M.
Hofmann, H. Vlassara and Y. Shi (2003) Diabetes-induced oxidative
stress and low-grade inflammation in porcine coronary arteries.
Circulation, 108, 472-478.

J. S. Zheng, X. Q. Yang, K. J. Lookingland, G. D. Fink, C. Hesslinger, G.
Kapatos, 1. Kovesdi and A. F. Chen (2003) Gene transfer of human
guanosine 5'-triphosphate cyclohydrolase I restores vascular
tetrahydrobiopterin level and endothelial function in low renin
hypertension. Circulation, 108, 1238-1245.

Q. Zhou, G. R. Hellermann and L. P. Solomonson (1995) Nitric oxide
release from resting human platelets. 7hromb.Res., 77, 87-96.

T. Zielinski, B. Wachowicz, J. Saluk-Juszczak and W. Kaca (2001) The
generation of superoxide anion in blood platelets in response to different
forms of Proteus mirabilis lipopolysaccharide: effects of staurosporin,
wortmannin, and indomethacin. 7hromb.Res., 103, 149-155.

T. Zielinski, B. Wachowicz, J. Saluk-Juszczak and W. Kaca (2001) The
generation of superoxide anion in blood platelets in response to different
forms of Proteus mirabilis lipopolysaccharide: effects of staurosporin,
wortmannin, and indomethacin. Thromb.Res., 103, 149-155.

P. D. Zieve and H. M. Solomon (1969) Uptake of amino acids by the
human platelet. II. Effect of structure and charge. Am.J. Physiol, 217, 845-
847.

M. H. Zou, C. Shi and R. A. Cohen (2002) Oxidation of the zinc-thiolate
complex and uncoupling of endothelial nitric oxide synthase by

307



peroxynitrite. J.Clin.Invest, 109, 817-826.

[422] M. H. Zou and V. Ullrich (1996) Peroxynitrite formed by simultaneous
generation of nitric oxide and superoxide selectively inhibits bovine
aortic prostacyclin synthase. FEBS Lett., 382, 101-104.

[423] J. L. Zweier, A. Samouilov and P. Kuppusamy (1999) Non-enzymatic
nitric oxide synthesis in biological systems. Biochim.Biophys.Acta, 1411,
250-262.

308



