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Abstract

Dysfunction of the endothelium is an early event in the pathophysiology of
atherosclerosis. Elevated plasma homocysteine (Hcy) is a risk factor for vascular disease
which may be mediated by endothelial injury. The thesis describes a series of clinical
and laboratory experiments to investigate the relationship between Hcy and endothelial
function.

Non-invasive measurement of endothelial dysfunction in humans was assessed in
the forearm as an impaired increase in brachial artery diameter during reactive
hyperaemia (shear stress-induced, nitric oxide-mediated vasodilatation). Responses were
compared with endothelium-independent vasodilatation following sublingual glyceryl
trinitrate. Flow-mediated brachial artery dilatation (FMD) using this method, was shown
to be an endothelium-dependent mechanism and normal values for the population
established with the addition of regression modelling to define an appropriate index to
represent endothelium-dependent and -independent responses.

An association between hyperhomocysteinaemia and FMD was demonstrated in
(i) homozygous homocystinuria, (ii) following an acute elevation of plasma Hcy after
oral methionine loading (an effect that was partially reversed by the prior oral
administration of vitamin C), and (iii) in subjects with low B,,/folate status (where
elevated Hcy resulted from impaired remethylation). However, in a cross-sectional
population study across the range of Hcy concentrations no correlation between Hey and
FMD was observed. In healthy subjects with mild hyperhomocysteinaemia, oral folic
acid supplementation (5mg daily for 6 weeks) enhanced FMD and lowered Hcy,
providing preliminary evidence that folate may have beneficial cardiovascular effects in
adults with elevated Hcy levels.

In vitro, endothelium-dependent relaxation in isolated rabbit aortic rings to both
receptor-dependent and -independent agonists was impaired by Hcy. Prior incubation
with antioxidants and the intracellular superoxide scavenger, Tiron, attenuated the
inhibitory effect of Hcy supporting the hypothesis that Hcy-related endothelial injury

may be mediated in part by oxidative stress and alterations in intracellular redox status.
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CHAPTER 1
Introduction

1.1  Background

The pattern of cardiovascular disease in the United Kingdom is only partly
explained by the known major risk factors for atherosclerosis, which do not account
for all vascular events. The search for ‘novel’ risk factors is important in order to
identify individuals who may benefit from primary or secondary prevention
strategies, and may also provide insights into the aetiology of vascular disease and
possible pathophysiologic mechanisms. In recent years, homocysteine has become
increasingly implicated in the development of vascular disease with plausible
mechanisms proposed for its role in promoting atherosclerosis. A large number of
epidemiological studies have now demonstrated it to be an independent and
potentially reversible risk factor and clinical trials are underway to determine the
effect of homocysteine lowering on cardiovascular endpoints.

Homocysteine is a sulphur containing amino acid derived from the
metabolism of dietary methionine. It was originally discovered by du Vigneaud! in
1932 and recognised some 30 years later as a cause of an inborn error of metabolism.
Carson and Neill2 described children and infants with mental retardation who
displayed high levels of homocysteine in the urine (homocystinuria) in association
with other congenital abnormalities and precocious thromboembolism.

Vascular disease is a major pathological feature of homocystinuria3. A direct
pathogenic role of homocysteine is implicated by the observation that similar
histological appearances occur in several different inbomn errors of homocysteine
metabolism, in which intermediate metabolites occur in different patterns, all leading
to severe hyperhomocysteinaemia*. In the commonest cause of homocystinuria, due
to defective cystathionine B-synthase (1 in 200,000), thromboembolism is a common
cause of death and the incidence of vascular complications is reduced when
homocysteine is lowered by pyridoxine therapy, in those individuals with a
pyridoxine sensitive enzyme defect>. The observation of vascular damage in
homocystinuria in combination with some animal experiments led McCully to

propose a new theory of atherosclerosis in which homocysteine was implicated®.
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The concentration of plasma homocysteine in homocystinuria, is markedly
elevated usually in excess of ten times that of normal individuals (normal ca. 10
umol/L). In the general population homocystinuria is rare but mild
hyperhomocysteinaemia (15 to 30 umol/L) is common. Great interest lies in the
proposal that mild elevations in plasma homocysteine may promote vascular disease

and be potentially reversed by lowering plasma levels with vitamin supplements.

1.2 Metabolism of homocysteine and its regulation
1.2.1 Nomenclature (see Fig. 1.1)

Homocysteine (Hcy) is often used in contexts that encompass several
(oxidised and reduced) species. Thus, free homocysteine in plasma is the acid-
soluble, non-protein bound fraction. Only trace amounts (<0.3umol/l) of reduced
Hcy can be detected in plasma, whereas most Hey exists as various disulphide forms.
About 70% is bound to albumin (protein-bound homocysteine or Hcy-albumin mixed
disulphide), whereas the remaining 30% exists as mixed disulphides with other thiols
and the cysteine-Hcy disulphide is the most abundant species.

Total homocysteine (tHcy) includes all (free and protein-bound) forms of
Hcy in plasma.

Homocystine is formed when two molecules of Hcy are linked by a
disulphide bridge.

Homocystinuria tefers to genetic diseases characterised by massive urinary
excretion of Hcy and its derivatives. A homocystinuric is a patient with
homocystinuria.

Hyperhomocysteinaemia refers to elevations of plasma total Hcy above

normal values.

1.2.2 The methionine cycle and transsulphuration pathway

The metabolism of Hcy is shown in Fig. 1.2. Methionine is an essential
sulphur-containing amino acid that is supplied through catabolism of dietary
proteins. The average daily intake of the Western male is approx. 15-35 mg/kg’.
Methionine that is not incorporated into proteins may be catabolised through
transamination®, but most is converted to S-adenosylmethionine (SAM), catalysed by

methionine adenosyltransferase. Only a small fraction of formed SAM is used
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Fig 1.1 Chemical structures of homocysteine and related compounds

Homocysteine is a sulphur containing amino acid. It may be converted to
homocystine or alternatively to homocysteine-cysteine mixed disulphide.
Homocysteine also binds to the sulphydryl-moiety of plasma proteins via
a disulphide bond and this forms the majority of circulating homocysteine

found in plasma.
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Fig 1.2  The transsulphuration and remethylation pathways
of homocysteine metabolism
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for the synthesis of polyamines and most functions as a methyl donor in various
transmethylation reactions. S-adenosylhomocysteine (SAH), the demethylated
product of SAM, is further hydrolysed to adenosine and Hcy, catalysed by the
enzyme S-adenosylhomocysteine hydrolase. This reaction is the only known source
of Hey in vertebrates®,

Homocysteine is catabolised to cysteine through two vitamin B¢-dependent
reactions that complete the transsulphuration pathway. In the first of these reactions,
homocysteine is condensed with serine to form cystathionine by the enzyme
cystathionine B8-synthase. The reaction is irreversible under physiological conditions,
and at this point, Hcy is committed to the transsulphuration pathway. Cystathionine
is further metabolised to cysteine, catalysed by the Bs-dependent enzyme -
cystathionase.’

Remethylation of Hcy to methionine is catalysed either by 5-
methyltetrahydrofolate-homocysteine methyltransferase (methionine synthase) or
betaine-homocysteine methyltransferase. The former enzyme, which is widely
distributed, requires 5-methyltetrahydrofolate (the reduced circulating form of folate)
as a methyl donor and vitamin B;, as a cofactor. Betaine-homocysteine
methyltransferase is confined to the liver and only minor activity has occasionally

been found in kidney and adrenal glands®. Both these reactions conserve methionine.

1.2.3 Regulation of the cycle

Homocysteine is an important branch-point metabolite that connects the
metabolism of diverse compounds like methionine, cysteine, cobalamin, reduced
folates, and vitamin B. This system represents an important regulatory locus”; Hey
may be directed into different anabolic or catabolic pathways.

During methionine excess, methionine is catabolised through the
transmethylation-transsulphuration pathway to cysteine and finally sulphate. Excess
methionine increases SAM and decreases S-methyltetrahydrofolate in liver.
Adaptation involves increased flux of Hcy into cystathionine synthesis and the rate of
remethylation is low, the latter through inhibition of 5-methyltetrahydrofolate
synthesis by SAM.

Metabolite levels and enzyme activities are changed in essentially opposite
directions during methionine deficiency, and this regulatory response ensures

efficient methionine conservation through enhanced Hcy remethylation!?,
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1.3  Assessment of homocysteine status

In an adult population, the normal plasma total homocysteine (tHcy) as
defined by 95% of healthy subjects is approximately 5-15 pmol/L. Median
concentrations are slightly higher in males than females (ie. 8.5umol/L and
7.2pmol/L, respectively)!!. Hyperhomocysteinaemia is usually defined as a plasma
tHcy >15pumol/L, and is defined here as mild (15-30pmol/L), moderate (30-
100umol/L) or severe (>100pmol/L), although at present there is no consensus for

defining these terms in absolute concentrations.

1.3.1 Methionine loading

The methionine loading test was originally introduced to detect
heterozygosity for cystathionine B-synthase deficiency!Z!13. It is presently used to
stress the Hcy metabolising pathways and is often included in clinical studies on
vascular disease. The procedure involves oral intake of a standard dose of
methionine (0.1g/kg) with tHcy measurement after a fixed interval of 4 or 6 hours
post-load!!.

The post-load tHcy concentration is probably more sensitive than the fasting
concentration to disturbances in the transsulphuration pathway. Thus subjects with
impaired ability to remethylate Hcy (cobalamin and folate deficiency) have
hyperhomocysteinaemia during fasting, but may have a normal increase in tHcy after
methionine loading. In contrast, subjects with a mild disturbance of the
transsulphuration pathway often a have a normal fasting tHcy but are methionine
intolerant!4. Fasting and post-load tHcy are significantly correlated: they
discriminate between vascular patients and controls equally well, but the results do
not completely overlap!®. Fasting tHcy alone may fail to identify a proportion of all

subjects with methionine intolerance!®.

1.3.2 Determinants of plasma homocysteine

Women have lower tHcy concentrations than men and tHcy increases with
age. This may be due to differences in vitamin status between the sexes and in
different age groups!” and to the higher muscle mass in men. Renal function has a

central role in the elimination of Hey from plasma!®. Urinary excretion of Hcy,
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however, is very low and extensive metabolism of Hcy probably takes place in the
kidneys!?. Diet and lifestyle influence tHey concentration. Intake of vitamins B, By,
and folate in food or supplements is inversely correlated to plasma tHcy!”. Smoking
and coffee consumption cause a shift of the distribution towards higher tHcy values

whereas physical activity is associated with lower levels20-21,
1.4  Pathogenesis of hyperhomocysteinaemia (Table 1.1)

1.4.1 Inherited and congenital defects

Homocystinuria encompasses a heterogeneous group of diseases caused by
inherited defects of Hcy, cobalamin or folate metabolism. The most common form is
caused by cystathionine B-synthase deficiency and is described below.
Homocystinuria due to inherited defects of cobalamin transport and metabolism,
although less frequent, may be the result of a wide variety of defects that involve

cobalamin coenzyme synthesis, methionine synthase mutations and abnormalities of

cobalamin transportzz. All lead to similar clinical syndromes, regardless of the
underlying mechanism.

In cystathionine B-synthase (CBS) deficiency, the enzyme defect responsible
was identified by Mudd et al in 1994. The inactivation of CBS results in blockage of

the transsulphuration pathway and intracellular accumulation of Hcy, which is then
4
exported to the circulation (see reference for comprehensive review). CBS

23
deficiency is inherited as an autosomal recessive trait, three classes of CBS mutants
have been identified according to the level of enzyme activity: (1) no detectable
enzyme activity; (ii) reduced activity and normal affinity for coenzyme; and (iii)

reduced activity and reduced afﬁnity.24

Clinical manifestations and complications are thought to be the direct
consequence of hyperhomocysteinaemia, rather than to any other associated
biochemical abnormalities that are known to occur as a result of the metabolic block
in Hcy metabolism. The most compelling evidence that incriminates Hcy as the
agent directly responsible for the vascular and other complications of
hyperhomocysteinaemia comes from a comparison of the metabolic derangements
seen in the various disorders leading to elevated Hcy levels. For example, methionine

levels are diametrically different in individuals with defects of the transsulphuration
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Table 1.1:

Causes Of Hyperhomocysteinaemia

A: Inherited and Congenital Defects

1. Enzyme deficiencies
a. Cystathionine p synthase
b. Methylenetetrahydrofolate reductase (MTHFR)
¢. Methionine synthase
d. Cobalamin coenzyme synthesis

2. Transport Defects

a. Transcobalamin II deficiency
b. Cobalamin lysosomal transporter

B. Acquired Disorders

1. Nutritional
a. Folic acid deficiency
b. Cobalamin deficiency
c. Pyridoxine deficiency

2. Metabolic
a. Chronic renal disease
b. Hypothyroidism
c. Psoriasis

3. Drug induced
a. Methotrexate
b. Nitrous oxide
c. Azaribine
d. Oestrogen antagonists



pathway (CBS deficiency) and those of the remethylation pathway (methionine
synthase or methylenetetrahydrofolate reductase). The clinical manifestations of
homocystinuria include skeletal abnormalities, lens dislocation, mental retardation
and occlusive vascular disease including thrombosis and precocious atherosclerosis?.
The underlying mechanisms that give rise to these complications are not known. The
vascular complications are a major cause of morbidity and mortality. Several
mechanisms have been proposed to explain the vascular damage and predisposition
to thrombosis and are outlined below (Section 1.7).

Methylenetetrahydofolate reductase (MTHFR) is a key enzyme in the
metabolism of Hcy (see Fig. 1.2), and catalyses the reduction of 5,10-methylene
tetrahydrofolate to 5-methyl tetrahydrofolate which is the carbon donor for the
remethylation of Hcy to methionine. Severe deficiency is rare, but partial MTHFR
deficiency is much more common affecting approximately 5-15% of the general
population?®, This enzyme variant is characterised by its distinctive thermolability
under specific conditions of heat inactivation?®. The thermolabile MTHFR mutation
is caused by a single base change in DNA (C to T substitution at nucleotide 677)27
and can now be easily detected by readily available genotyping techniques??.
Inheritance of the mutation leads to moderate elevation in plasma tHcy and there is
some preliminary evidence that this thermolabile MTHFR mutation may be over-
represented in patients with coronary artery disease but this remains

controversial?5-29,

1.4.2 Acquired disorders
1.4.2.1 Nutrient deficiency

Folate, cobalamin and pyridoxine are required as cofactors or substrates in
the metabolism of Hcy. Deficiency of one (or more) of the three vitamins, arising
either from nutritional deficiency, malabsorption, increased utilization or
inactivation caused by various chemicals or drugs, interferes with Hcy metabolism
causing an increase in the serum level of Hcy. Several studies have shown that
plasma concentrations of folate, vitamin By, and pyridoxal 5’-phosphate are
inversely associated with plasma tHcy concentrations!”-3%. The degree of rise in tHcy
caused by these nutrient deficiencies is somewhat variable but is sometimes extreme

and may attain the levels encountered in patients with homozygous CBS deficiency.



Individuals with suboptimal intake of folate and cobalamin leading to low-normal
levels may also have elevated tHcy levels.

(a) Folate deficiency

Dietary folate deficiency accounts for a major proportion of all causes of
folate deficiency, the prevalence of folate deficiency being highest among poor,
malnourished populations and frequently affects the elderly and alcoholics. Folate, in
the form of S-methyltetrahydrofolate, is an obligatory co-substrate in the conversion
of Hcy to methionine catalysed by methionine synthase. Consequently folate
deficiency, whatever the cause, decreases Hcy conversion through this pathway
increasing plasma Hcy levels in most cases. It has been estimated that, under normal
circumstances, approximately half of all available Hcy is metabolised through
remethylation®!. Studies have reported elevated concentrations of tHcy in patients
with folate deficiency32, however, not all patients with folate deficiency have
elevated tHcy levels, which may in part be explained on the basis that the alternative
pathway for transmethylation of Hcy through betaine-homocysteine
methyltransferase is not folate dependent. Moreover, Hcy may be metabolised
through the transsulphuration pathway, which is vitamin B dependent.

Other causes of folate deficiency include a variety of diseases of the small
intestine that result in malabsorption, for example tropical and non-tropical sprue as
well as extensive inflammatory bowel disease33. Folate deficiency may also occur in
conditions associated with increased rates of cellular proliferation as a result of
greater utilisation of folate (e.g. chronic haemolysis, myeloproliferative disorders
and psoriasis)>*. Antifolate drugs result in a state of functional folate deficiency, the
most widely used being methotrexate. Other drugs associated with folate deficiency
include trimethoprim, phenytoin, phenothiazines and tricyclic antidepressants. Long-
term use of oral contraceptives has also been reported to be associated with folate
deficiency33; the mechanism may be complex and may possibly also act by an effect
on pyridoxine metabolism33.

Vitamin supplementation may lower tHcy concentrations and folate is the
most potent tHcy-lowering agent. Folate has been used in daily doses ranging from
0.65 to 10mg daily and it seems that in apparently healthy volunteers, a low daily
dose of 0.65mg or less may be sufficient to maintain plasma tHcy concentrations

within the normal reference range3®. This low folate dose may, however, be
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insufficient in various pathological conditions predisposing towards coronary heart

disease, such as patients with chronic renal failure.

(b) Cobalamin deficiency (vitamin B;,)

Cobalamin is also required for the major metabolic pathway of Hcy
remethylation. However, folate is required as a co-substrate for the methionine
synthase reaction, whereas cobalamin in the form of methylcobalamin, functions as
an essential cofactor for methionine synthase (see Fig. 1.2). Cobalamin deficiency,
whatever the cause, is associated with an increase in plasma tHcy concentration’”.
Serum cobalamin and folate levels show a statistically significant inverse correlation
with tHcy in groups of normal volunteers3®,

Although folate is the most potent Hcy-lowering agent, vitamin B,
supplementation has a small but significant effect on circulating tHcy
concentrations36. Moreover, it has been shown that folic acid supplementation is

ineffective in reducing tHcy in patients with vitamin B, deficiency.

(c) Pyridoxine deficiency (vitamin Bg)

Both enzymes involved in the two reactions of the transsulphuration pathway
require vitamin Bg. Nutritional deficiency is rare in humans but several studies have
established a link between pyridoxine deficiency and atherosclerosis®®40. Drugs that
may interfere with pyridoxine metabolism include isoniazid, hydralazine and
penicillamine.

Owing to its important role in treating CBS deficiency, pyridoxine may be
regarded as the obvious choice of treatment of hyperhomocysteinaecmia. However,
high-dose vitamin Bg supplementation, without folate and vitamin B,,, does not
lower fasting homocysteine levels significantly in subjects with other causes of
raised tHcy 36. It has been postulated that low folate and/or vitamin B, status results
in low S-adenosylmethionine concentrations. SAM is required to activate CBS and
the supplementation of only vitamin Bs does not appear to activate the
transsulphuration pathway, as the essential activator SAM will remain low owing to
the inadequate folate and vitamin By, status. Only when the latter two vitamins are in
abundance will remethylation proceed unimpeded with a subsequent rise in SAM
concentrations and activation of the transsulphuration pathway*!. Vitamin Bs will

however lower the post-methionine load tHcy peak concentration.
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1.4.2.2 Metabolic abnormalities

Moderate hyperhomocysteinacmia may also occur in chronic renal disease?2,
Since renal excretion of Hcy accounts for 1% of the total Hcy produced in the
body3l, it can be concluded that raised levels of tHcy in renal failure may not be
attributed solely to reduced renal excretion. Metabolism of Hcy is increased in
chronic renal failure through the transsulphuration pathway and it is likely that
remethylation is impaired through lack of folate, in accordance with evidence that

there may be an intracellular lack of folate, particularly in patients on dialysis®3.

1.5  Vascular pathology in homocystinuria (Fig 1.3)

Pathological features of vascular damage in homocystinuria affect both
arterial and venous systems. Venous thrombosis is frequently identified as the cause
of death although, histologically, the veins are generally normal except for the
presence of thrombus?. In contrast, histological abnormalities of arteries are
widespread affecting most arterial systems. The lesions are characterised by intimal
and medial hyperplasia, with intimal fibrosis, disruption of the internal elastic lamina
and thickening of the media being prominent features. There is a notable lack of
lipid, in contrast to the classical appearances of atheromatous vascular disease,
which is characterized by plaques containing cholesterol crystals and lipid deposits.
This histological distinction indicates that homocystinuria is not simply causing
accelerated atherosclerosis.

An international survey of 629 patients with CBS deficiency® was reported in
1985. Peripheral venous thrombosis with subsequent pulmonary embolism was
relatively common accounting for 42 of 59 deaths; the next most frequent occurrence
was cerebral vascular accidents (32%). Peripheral arterial thrombosis and

myocardial infarction were reported in 4%.
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1.6  Cardiovascular disease and mild hyperhomocysteinaemia. Cause or
indicator?

The high incidence of wvascular complications in  severe
hyperhomocysteinaemia in homozygotes for CBS deficiency has focused attention
upon Hcy as an atherogenic and thrombophilic agent. For two decades since
McCully and Wilson® proposed the “homocysteine theory of atherosclerosis™ there
has been accumulating evidence of mild hyperhomocysteinaemia as a risk factor for
vascular disease although interest has waxed and waned.

Evidence that hyperhomocysteinaemia is an independent risk factor for
vascular disease (coronary, cerebral and peripheral) has now come from a large
number of published epidemiological studies as recently summarised in a meta-
analysis? of 27 studies up to 1994. The summary odds ratio (OR) as an estimation of
the relative risk in people with elevated tHcy levels was 1.7 (95% CI 1.5-1.9) for
coronary artery disease; 2.5 (95% CI 2.0-3.0) for cerebrovascular disease; and 6.8
(95% CI 2.9-15.8) for peripheral vascular disease. These ORs were calculated from
all included homocysteine determinations, i.e. fasting, basal or post-load, but did not
substantially differ from the values found if the calculations were restricted to those
studies that measured exclusively fasting levels. This indicates that elevated fasting
tHcy levels constitute as strong an excess risk of cardiovascular disease as do the
post-load determinations.

The majority of epidemiological evidence is derived from case-control
studies but these do not distinguish between cause and effect, i.e. the presence of the
disease may have produced, and not caused, the elevated tHcy. Prospective cohort
studies, which in general provide the most rigorous evidence, have provided the
strongest data to date showing a clear association between tHcy level and risk of
ischaemic heart disease*346 and importantly, that the dose-response relationship is
continuous*’. However, a few prospective studies have not yielded a positive
association*8:4%.

In order to address the need for a large case-control study with sufficient
numbers of patients and controls included to establish the association between mild
hyperhomocysteinaemia and arterial occlusive disease with more validity, nineteen
centres from 11 European countries started their European Concerted Action Project
supported by the European Community (Comac)’°. Low cut-off levels for defining

hyperhomocysteinaemia were used, either in the fasting state or after a methionine
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load (> upper quintile [20%]), thereby having more relevance to those levels found
in the general population. Despite this selection criteria, with elevated fasting and
post-load levels defined to be abnormally high when above 12 and 38 pmol/L
respectively, the relative risk for all vascular disease (coronary, cerebral and
peripheral) for mild fasting and post-load hyperhomocysteinaemia was 2.1 (95% CI
1.6-2.7). After adjustment for other risk factors no change in the OR was observed
indicating homocysteine was an independent factor for all vascular disease,
equivalent as a risk factor to hypercholesterolaemia and smoking; however,
hypertension proved to be a greater risk. Significantly, the interaction between mild
hyperhomocysteinaemia and smoking and hypertension indicated a strong synergistic
effect of these factors if jointly present in an individual.

In summary, from numerous studies it 1is clear that mild
hyperhomocysteinaemia is strongly and independently related to arterial vascular
disease. This relationship has not, however, been conclusively shown to be one of
cause and effect, although circumstantial evidence is persuasive. Hcy interacts with
other conventional risk factors, notably with hypertension and smoking. Thus
vascular patients with combined risk factors leading to synergism in their joint
effects may benefit most from interventions aimed at lowering Hcy using
inexpensive vitamin supplements, a policy that may have widespread public health

implications.

1.7  Putative mechanisms for vascular injury

The mechanism by which Hcy may contribute to vascular damage is an active
field of investigation. Damage to endothelium appears to be a key early event in
many vascular diseases’® and may play a central role in the promotion of
atherosclerosis by Hcy. The endothelium is a monolayer of cells sited at the interface
between blood and vessel wall forming a continuous lining throughout the vascular
tree. Endothelium-derived relaxing factor (EDRF), shown to be nitric oxide (NO), is
synthesized from L-arginine within the endothelial cell by the constitutive enzyme
nitric oxide synthase’2. NO is released from the endothelium in response to various
stimuli of which an important physiological stimulus is pulsatile flow. NO plays a
vital role in controlling vascular reactivity, vascular remodelling and coagulation.
Endothelial dysfunction, leading to reduced NO activity, may occur without

histological evidence of endothelial damage or significant atheroma33.
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