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AIMS

1)

2)

3)

4)

to develop a tandem mass spectrometric method the simultaneous
measurement of homocysteine, cysteine and metigionn human plasma
and urine, suitable both for research into theterrelationships and also for

application in the routine clinical laboratory

to develop a tandem mass spectrometric method tfe simultaneous
measurement of ADMA, SDMA, MMA and arginine in rhan plasma and
urine, suitable both for research into their irgktionships and also for

application in the routine clinical laboratory

to examine pre-analytical variables (eg samplpe,t patient demographics)
which may determine the reliability of the abowenalyses and/or the

interpretation of the results obtained

to test the hypothesis that an increase in @dsomocysteine leads to an increase
in plasma ADMA



ABSTRACT

Homocysteine is an amino acid formed by the metsimobf methionine. Increased plasma
homocysteine concentrations are associated wittiaarscular disease, and it has been
suggested that homocysteine lowering therapy mawycee cardiovascular risk. Plasma
homocysteine measurements are frequently requésteddinicians investigating patients
with vascular disease. A mechanism for homocystemesing vascular disease has not yet
been proven, but one possibility is that an eleatasma homocysteine concentration may
lead to the accumulation of asymmetric dimethylairgg (ADMA), a naturally occurring
amino acid that inhibits nitric oxide synthase,utésg in impaired nitric oxide production,

and therefore vascular dysfuntion.

The aim of this project was to develop analyticatimods suitable for the measurement of
homocysteine and related metabolites in a routlirecal laboratory, and two methods
have been established; i) for homocysteine, cystaid methionine and ii) for asymmetric
dimethylarginine, symmetric dimethylarginine (SDMA sterioisomer of ADMA),
monomethylarginine (MMA) and arginine. A novel fe of the method for ADMA is
that the use of unique daughter ions allows therdenhation of both ADMA and SDMA
without the need to separate the isomers chromgbgrally. In addition, the synthesis and
application of isotopically labelled SDMA, for uss an internal standard, is described for

the first time.

When the methods were applied to the analysis wtirre clinical samples no association
was detected between plasma total homocysteine ptagima ADMA concentrations.
Measurements were also performed on samples fraranga enrolled in a clinical trial
investigating the progression of vascular dysfumti@s measured by carotid-femoral pulse
wave velocity (CF-PWV), in chronic kidney diseasg@ain no association could be found
between plasma total homocysteine and plasma ADblcentrations. In addition plasma

total homocysteine was not a determinant of CF-PWV.

These findings do not support the hypothesis tipethomocysteinaemia causes vascular

disease by increasing ADMA concentrations.



1. I ntroduction

1.1. Cardiovascular disease

1.1.1. Cardiovascular disease and mortality

Diseases of the heart and circulatory system (ceadicular disease, CVD) are a major
health care issue, accounting for approximately 2B%eaths in the United Kingdom in
2006 (figurel.1). CVD is one of the major forms of pr&mre death (death before age 75);
in 2006 22% of premature deaths in women and 30ften were due to CVD. The cost to
the United Kingdom health care system in 2006, @u€VD, was approximately £14.4

billion.

Othercancer: 185% Respiratory disease: 13.5%

Injuries and poisonings: 4%
Colo-rectal cancer: 3%

Lung cancer: 69
All other causes: 20.5%

Other CVD: 8.5%

- 0
Stroke: 9.5% Coronary heart disease: 16.5%

Figure 1.1. Causes of mortality in the United Kingd 2006.
The figures are for men and women combined, usatg thken
from CHD UK Mortality. British Heart Foundation Sistics
Databask



1.1.2. The Pathogenesis of Atherosclerosis

Atherosclerosis is now regarded as an inflammal@gase, the mechanisms of which have
been reviewed In the response-to-injury hypothesis of athemrsdis endothelial
dysfunction is caused by damage to the vasculattmeses of which may include
hypertension, damage by free radicals or oxidided,ldiabetes mellitus, or infections (eg
herpes virus). The resulting endothelial dysfuntiieads to compensatory responses that
alter the normal haemostatic properties of the grediom, with changes in its permeability
and increased adhesiveness for leukocytes andgifaterhe endothelium also develops
procoagulant instead of anticoagulant propertiesh vihe formation and release of
cytokines and growth factdtsf the initial injury is not repaired the inflanatory response
can continue with a subsequent migration of smoatiscle cells into the site of
inflammation and an intermediate lesion forms, mpbages and lymphocytes then begin
to emigrate from the blood into the lesion withtlier release of cytokines and growth
factor€. As the lesion grows restructuring occurs so theecomes covered by a fibrous
cap covering a core of lipid and necrotic tissa&uding into the vessel lumen and altering
the flow of blood; thinning of the fibrous cap céad to rupture of the lesion and

thrombosisé.

Traditional risk factors for the development of eatbsclerosis include age, gender,
hypertension, dyslipidaemia, hyperglycaemia and kengp however there is a large
proportion of CVD that can not be explained by thesk factors alorfein particular they
do not adequately account for the substantialem®e in cardiovascular events and
mortality associated with chronic kidney diséas@onsiderable research has therefore

focused on identifying and evaluating novel cardinular risk factoPgtable 1.1).



Emerging risk factors for cardiovascular disease.

C-reactive protein
Serum amyloid A
Soluble CD40 ligand
Fibrinogen

D-Dimer

Factors V, VII, VIII
LDL and HDL subtypes
Homocysteine
Microalbuminuria
Cystatin C

ApoE genotype

Remnant lipoproteins

Interleukins

Vascular and cellular adhesion makes

Leukocyte count

Plasminogen activator inhibitor 1
Tissue plasminogen activator
Small dense LDL

Apolipoproteins A1 and B
Lipoprotein associated phospholipgse A
Creatinine (glomerular filtratioate)
Infectious agents

Fibrinopeptide A

von Willebrand factor antigen

Table 1.1. Emerging risk factors for cardiovascuerease.
Adapted from Myers et 2l



1.2. Homocysteine
1.2.1.  The Biochemistry of Homocysteine

Homocysteine is a thiol containing amino acid wheslists as two enantiomers (D- & L-).
Amino acid metabolism in humans is restricted toidemers and D- isomers are not
metabolised: throughout this thesis the L-isomeringplied for all amino acids.

Homocysteine is not obtained from the diet but erivkd from the metabolism of
methionine. Homocysteine lies at a metabolic brgmaint: it may be further metabolised
to cystathionine and then cysteine (transsulphumativhich requires vitamin B6 as a
cofactor, or be remethylated to methionine, eittnerthe vitamin B12 dependent enzyme
methionine synthase, or by betaine-homocysteinehytieinsferase. The structures of
homocysteine, cysteine and methionine are showiigure 1.2. and the formation and

metabolism of homocysteine in figure 1.3.

NH,
|

homocysteine H— |C— CH, —CH, — SH
COOH

NH,

cysteine H—C—CH, — SH

COOH

NH,
|
methionine H— |C — CH, — CH, —S — CH,

COOH

Figure 1.2. Structures of homocysteine, cysteirteraathionine.



METHIONINE

}

S-adenosylmethionine

\A transfer of

methyl group
S-adenosylhomocysteine

}

HOMOCYSTEINE

tetrahydrofolate

}

5,10 methylene- me‘m‘)“i“e
tetrahydrofolate syninase

B12
5,10-methylenetetra-
hydrofolate reductase

dimethylglycine

betaine:homocysteine
methyltransferase

5-methyltetra-

hydrofolate betaine

B6 l cystathionine-b-synthase

cystathionine

BGl

CYSTEINE

— N

protein  glutathione taurine  S®  urinary excretion

Figure 1.3. The metabolism of homocysteine. Homiziye is formed by the transfer of a methyl group
from methionine. It may further metabolised to eys¢ in vitamin B6 dependent reactions
(transsulphuration) or reconverted to methioninem@thylation) by a)etaine:homocysteine methyl
transferaseor b) the vitamin B12 dependant enzymethionine synthase

In plasma cysteine and homocysteine exist in aetsaof forms, as reduced thiols, as
disulphides, and as mixed disulphides. They areo disund bound to protein.
Approximately 4% of cysteine is in the reduced fomhile 32% exists as a variety of
disulphides and the remaining 64% is protein boulmd.the case of homocysteine
approximately 2% is reduced, 16% is in the forndistilphides and 82% is protein bolind
The predominant disulphides are cystine (formedmfrtwo cysteines), homocystine

(formed from two homocysteines) and cysteine-horetwge mixed disulphide.
1.2.2.  Classic Homocystinuria
Homocystinuria was first described in 1963 in twstess, aged 4 and 6, who presented

with severe mental retardation and a history ofwses. Both children had fine, sparse

blonde hair and blue eyes, did not resemble otleniners of their family, and examination



of both children's eyes showed that the lenses Vidistocated backwards and slightly
upwards” Homocystine and methionine were shown to be inee#s plasma, with a low-
normal cystine concentration, and these findingyetoer with the appearance of the
children, led the authors to initially propose ttae pathogenesis of the disease was due to
a cystine deficiency resulting from a metabolicdslan the breakdown of methionine and
cystine”. At presentation the younger sibling was on thee8ercentile for height and 25th
percentile for weight, and treatment with oral oystsupplementation was initiated to see if
it would induce a growth spurt and encourage impnosnt in hair growth, but with no
effect. The lack of response following cystine tne@nt combined with further studies
involving the measurement of urine homocystine arehionine following a methionine
load led to the supposition that the disease wast tik@ly be a result of defective cellular

transport of methionine.

In 1964 Mudd et al demonstrated reduced activitgystathionine synthase activity in liver
tissue obtained at biopsy of an 8 year old homamyst femalé and suggested this
enzymic block could explain increased plasma camagons of both homocystine and

methionine.

Post-mortem examinations of a male child who died’a weeks revealed increased
plasma and urine homocystine with low concentratioh methionine and normal tissue
activity of cystathionine synthase and betaine-hoysteine methyltransferase, but reduced
activity of methionine synthaSeAt autopsy extensive microscopic lesions wereepked
throughout the arterial tr&® bearing a close similarity to those that had beeted in
homocystinuria due to cystathionine synthase daificy. This similarity, together with the
only common biochemical finding of increased honstirye concentrations, led McCully
to propose that increased plasma homocystineesttirresponsible for the development of

vascular diseas®

In 1985 a questionnaire-based survey of physidiavgved in the identification and care
of 629 patients with homocystinuria, 472 of whonrevialentified on the basis of clinical

features, the remaining being identified througtesoing programmes or investigated due



to having an affected sibling, showed that the @igenset of disease and the severity of
clinical manifestations varied widely amongst aféet individuals’. Of the individuals
who had been identified clinically, common featuresre ectopia lentis (86%), mental
retardation (56%) Marfanoid characteristics (37%} aarly thromboembolic disorders
(16%). The age at which therapy commenced variéith @ge at presentation) and in those
individuals where treatment was not initiated edhlg chance of a thromboembolic event
was 25% by age 16 and 50% by age 29. Patients el@ssified as to their response to
vitamin B6 therapy (ie by a lowering of plasma haysieine): 36.7% being responsive,
36.7% being non-responsive, 10.7% showing an iregdrate response and the remaining
15.9% not being classified due to insufficient mfation. Treatment by vitamin B6, in
responsive individuals, resulted in a statisticalgnificant reduction in the number of
thromboembolic events but the authors stated thengthe relatively small number of
events that had been observed this finding shoaladtdnsidered suggestive rather than

definitive'™.

A similar multicentre study carried out in 2001 ewaed data concerning 158
homocystinuric patients who had been treated afidwied for a mean of 17.9 years
(resulting in 2822 patient yeal&)Where patients had shown a lack of responsetaonin

B6 therapy (a positive response being defined agrog plasma homocysteine to less
than 20umol/L) dietary restriction of methionine and/or tluse of betaine had been
employed. Based on the findings of the 1985 suf\i®/vascular events were expected had
the patients not been treated; a total of 17 oecuim 12 patients. The difference between
predicted and observed events was statisticallglfigignificant (p<0.001) and the study
concluded that "long-term treatment to lower therkedly elevated plasma levels of
homocysteine seen in homocystinuria due to cystaihef-synthase deficiency is
effective in reducing the potentially life-threaieg vascular risk".

The frequent occurrence of severe thromboemboliseadie at an early age in
homocystinuria, and the findings that this seemisetdessened by the reduction of plasma
homocysteine by vitamin treatment has led to tleenthcysteine theory of atherogenesis'
homocysteine is in itself atherogenic and incregdadma concentrations may represent a
risk factor for vascular disease in the generalpaipn.



1.2.3.  Hyperhomocysteinaemia in the General Pojpulat

Homocystinuria has an estimated worldwide incideatd in 335,008°. The incidence
varies with the population studied, ranging frorm 55,000 in Ireland, where a national
screening programme has been in place since thel880s, to 1 in 900,000 in Japan
Although homocystinuria is a rare disorder thera large number of other causes of mild
to severe hyperhomocysteinaemia, including polymisrmps in genes encoding for
methylenetetrahydrofolate reductase (MTHERwhich forms part of the homocysteine
remethylation cycle, various diseases and lifesfgetors>'® and also a number of
common therapeutic drufqtable 1.2).

Determinant Effect
Inherited
homozygosity for CBS defects ++++
heterozygosity for CBS defects ++
homozygosity for MTHFR defects ++++
heterozygosity for MTHFR defects ++
Clinical conditions
folate deficiency +++
vitamin B12 deficiency ++++
vitamin B6 deficiency ++
renal failure +++
hyperproliferative disorders ++
hypothyroidism ++
Lifestyle factors
smoking +
coffee consumption +
alcohol consumption, moderate/excessive -+
Drugs
antiepileptics ++
cholestyramine ++
fibrates ++
L-dopa ++
metformin ++
methotrexate ++
nicotinic acid ++
nitrous oxide +++

Table 1.2. Determinants of hyperhomocysteinaemiais+an increase in plasma
homocysteine within the reference range (5{1fol/L), ++ is mild to moderate
hyperhomocysteinaemia (15-30mol/L), +++ is intermediate hyperhomocysteinaemia
(30-100pmol/L) and ++++ is severe hyperhomocysteinaemi®)(umol/L)*>*’



1.2.4. Epidemiological Evidence for Homocystein@a&scular Risk Factor
1.2.4.1. Case Controlled and Prospective Studies

The results of 27 studies examining the relatignshetween vascular disease and
homocysteine were subject to meta-analysis in 199Boushey et &f. The studies had
been carried out at various times during the pefi®d4-1994. Three were prospective
studies, five cross-sectional, and nineteen castralted studies and had examined
cardiovascular disease, cerebrovascular diseas@herl vascular or a combination of
these. The studies varied considerably in the numbeases and controls, age of subjects,
preparation of subjects (fasting, non-fasting, posthionine load) and analyte measured
(homocystine, cysteine-homocysteine mixed disukphtdtal homocysteine), but all were
considered to have provided good quality Hat&ourteen out of seventeen studies
supported homocysteine as being a risk factor &diovascular disease with an overall
odds ratio of 1.7 (95% confidence interval 1.53)1Nine out of eleven studies showed an
association between homocysteine and cerebrovastis&ase, overall odds ratio 2.5 (95%
confidence interval 2.0 - 3.0) and all nine studresestigating peripheral vascular disease
showed a positive association with elevated plaBoraocysteine concentrations, overall
odds ratio 6.8 (95% confidence interval 2.9 - 15.8)

The largest case controlled study performed s@sftrat of the European Concerted Action
Project (reported in 1997), a multicentre studyriedrout in a total of 19 centres in 9

European countriéd This included a total of 750 cases of vasculaeake (cardiac,

cerebral and vascular) and 800 controls. All samplere taken from subjects in the fasting
state and also 6 hrs post methionine load (100 griggkly weight) and were all analysed at
only one centre. Positive associations were foustvéen plasma homocysteine and all
three forms of vascular disease investigated, thighrelative risk for vascular disease being
given as 2.2 (95% confidence interval 1.6 - 2.9)e Tisk conferred by homocysteine was
independent of other risk factors, but interactibesveen smoking and also hypertension

were noted, with a multiplicative effect upon thos&s.
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Two further meta-analyses, both published in 2008e both less supportive of there
being an association between plasma homocysteirte \ascular diseaé®”’ one
concluding that "elevated homocysteine is at moshaest independent predictor of
ischaemic heart disease and stroke risk in healipulations®.. Pertinent details of these
two studies are summarised in table 1.3. The stdidyord et al noted that case controlled
studies provided a stronger degree of associatietwden plasma homocysteine and
vascular disease as compared with cohort and nesteut studies. The authors could give
no explanation for this observation but did noteuanber of difficulties in combining the
data from individual reports. Results had been mjivevarious ways, different reference
ranges and cut-off values had been used, the boundiues used for data analysis (eg
guartiles) were not always stated, odds ratiosritaclways been calculated in the original
papers and had to be calculated by the reviewitigoag! In addition, details about sample
collection procedures were often lacking as wasrimétion regarding the methods used for
homocysteine measurement and control procedureagore accuracy of the analysis. An
examination of the analytical performance of labanas participating in a quality
assurance programme in 189¢omparable to the date at which the meta-analysze
published) concluded that only 9 of the 34 paratipy laboratories achieved the minimum
imprecision goal, the between laboratory imprecidar HPLC analysis was 8.7% and that
there was a need for improvement in the imprecisib@analysis. The lack of precision
demonstrated by this scheme could represent a rmajdounder in meta-analyses.

In the meta-analysis performed by the Homocyst&hadies Collaboration (HSC) the
difficulties in amalgamating data had been circunted by asking the original
investigators to provide information and data ooheparticipant but no consideration was
given as to the possible effects that might arseugh the use of different methods of
homocysteine measurement. Although this study caled that an increased plasma
homocysteine was at best a modest risk factor &scwlar disease it also stated that "the
implications for public health of decreasing thepplation mean levels of homocysteine
could still be substantigf"
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In both meta-analyses certain groups of patiendsbieen excluded, in particular those with

diabetes, renal impairment, and systemic lupushemgatosus (SLE), in an effort to reduce

confounding factors, but as these populations shdwgh incidence of vascular disease a

particular focus on these groups may be warranted.

Ford et &° The Homocysteine Studies Collaboraffon
Search period 1966 - 1999 1966 - 1999
Publications 57 30
reviewed (n)
Study divisions cohort (3) retrospective (18)
nested case controlled (12) prospective (12)

Conditions examined

Information given
regarding number of
subjects

Homocysteine
measurements

Clinical criteria for
excluding studies

Quality of analysis

Results

Conclusions

case controlled (42)

coronary heart disease anticmrascular ischaemic heart disease and cerebrovascular

disease disease

CHD 5518 cases Total population 16786

11068 controls Ischaemic heart disease events 5073
CVD 1817 cases Stroke events 1113

4787 controls

Studies either reported fasting, or post Studies reporting free homocysteine
methionine load, homocysteine concentratiomeasurements, and those performed post
methionine load, were excluded

Special populations excluded including Special populations excluded including patients
patients with cardiovascular disease, diabetesith pre-existing cardiovascular disease,
systemic lupus erythematosus and those  diabetes, renal impairment, systemic lupus

receiving dialysis erythematosus
Individual studies scored faatity and No report on quality of individual studies or
results inspected accordingly. investigation of possible selection bias

Investigation of publication bias suggested
that negative studies had not been selectively

omitted
Odds ratios reported_as increased risk Reported as reduced rifdr homocysteine
associated with a pmol/L increment in concentrations in lowest quartile

plasma homocysteine
For IHD: 0.89 (0.83 - 0.96)

For CHD:

cohort 1.06 (0.99 - 1.13) For CVD: 0.81 (0.69 - 0.95)

nested cohort 1.23 (1.07 - 1.41)

case controlled 1.70 (1.50 - 1.93) Stronger associations were observed in
retrospective studies of homocysteine measured

For CVD: after onset of disease compared with

cohort 1.10 (0.94 - 1.28) prospective studies where individuals has no

nested cohort 1.58 (1.35 - 1.85) history of vascular disease when blood was

case controlled 2.16 (1.65 - 2.82) collected

"prospective studies offer weaker stppo  "elevated homocysteine is at most a modest
than case-control studies for an association independent predictor of IHD and stroke risk in
between homocysteine and cardiovascular healthy populations"
disease"

Table 1.3. Summary details of two meta-analyses

investigating homocysteine as a vascular risk fatfd
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1.2.4.2. Evidence From Studies on MTHFR Polymorphisms

MTHFR catalyses the conversion of 5,10-methylengtgdrofolate to 5-
methyltetrahydrofolate, which then acts as a sabestfor methionine synthase in the
remethylation of homocysteine. A number of singlelaotide polymorphisms of the genes
encoding for MTHFR have been identified includingCato T change at position 677
(C667T) and an A to C change at position 1298 (82¢. The C667T polymorphism is
relatively common: 47% homozygous CC, 43% hetero®gCT, 10% homozygous 1T
C667T polymorphisms have been shown to result bluced enzyme activity and
increased plasma homocystéiheThe variant MTHFR resulting from the C667T
polymorphism is often referred to as thermolabil€HWFR as a result of the way in which
it was originally identified: variant MTHFR retamy 7 - 17% activity following heating at
46°C for five minutes as compared with 'normal’ MTH®Rich retains 20 - 50% activity

after heatin.

A large number of studies have been carried ouhvestigate if there is an association
between the presence of the C677T polymorphism (dmedefore elevated plasma
homocysteine) and vascular disease. In these geoated studies it is assumed that the
distribution of genes is effectively random andepdndent of other cardiovascular risk
factors (smoking, increased blood pressure, ineckdpids) that may be confounding
factors in other types of study Individual studies have been subject to a nurobeneta-
analyse&" 2% 26 27. 28, 29. 30atajls of which are given in table 1.4. The migjoof studies
show a positive (though sometimes small ) assaridietween genotype and the form of
vascular disease examined. One notable featuteeiglifferences that occur when data is
stratified according to geographical region, intigatar North America consistently shows
no association between genotype and vascular disdasias been suggested that the
differences may due to a publication Bfasvith some geographical regions tending to
report only strongly positive studies. An altermatiexplanation may lie in the fact that
individuals with the TT genotype only demonstraigdrhomocysteinaemia when folate
deficient. In a study performed by Jacques Etalbjects with the TT genotype and folate

lower than the study median value had significantigher plasma homocysteine
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concentrations than subjects with similarly lowatel but with the 'normal’ CC genotype
(p<0.05). There was no difference in plasma homeays between subjects with TT
genotype and those with CC genotype when folateaumnations lay above the median
value. In addition mandatory fortification of grginoducts with folic acid was instigated in
North America, in order to reduce the incidencenefiral tube defects, in 19%6and was
essentially complete by 1997. Jacques®¥tasdsessed the effects of this fortification by
comparing results from samples taken before fodifon, with those taken after, for 350
subjects enrolled in the Framingham Offspring Stodlyort. Of the 350 subjects, 248 were
not taking vitamin supplements, and for these ticedence of folate deficiency (defined as
folate <7 nmol/L) was decreased from 22.0 to 1.iowing fortification and the
prevalence of high homocysteine ( defined as xuf®l/L) was reduced from 18.7 to
9.8%. It may be that the lack of association betwd#ee C677T mutation and vascular
disease in studies of North American populationsildisupport the fact that the mutation
only causes hyperhomocysteinaemia in the preseihfrtdate deficiency and that this has

largely been eliminated in this geographical region

Reference Number Disease Geographical Number of Odds ratio 95% confidence
of investigated  Region cases/controls interval
studies

Studies showing a positive association with gerefgpat least one group

Wald et al 72 IHD, DVT, not stratified 12193 11945 IHD 1.21 1.06391.

(2002¥4 stroke 3439 5063 DVT 1.29 1.08 - 1.54

1217 notgiven stroke 181 0.80-2.15

Klerk et al 40 CHD Europe (22) 6207 8343 1.14 1.01-1.28

(2002¥° N. America (10) 3146 2532 087 0.73-1.05

Overall 11162 12758 1.16 1.05-1.28
Den Heijer et 53 Venous Europe (30) 5300 7382 1.15 1.02-1.30
al (20055’ thrombosis N. America (11) 1738 2108 03 0.82-1.29

Other (12) 1326 2978 1.60 1.27-2.02

Overall 8364 12468 1.20 1.08-1.32

Croninetal 32 ischaemic not stratified 6110 8760 1.37 1.15-1.64

(2005¥8 stroke

Lewis et al 80 CHD Europe (41) 17275 21313 108 0.99-1.18

(2005)° N. America (15) 3714 3969 093 0.80-1.10

Middle East (5) 971 1316 2.61 1.81-3.75
Asia (16 2755 4735 1.23 0.94-1.62
Australia (3) 1285 480 1.84 0.73-1.49

Overall 26000 31813 1.14 1.05-1.24

Studies showing no association with genotype

Brattstrom et 23 CVvD not stratified 5869 6644 1.12 0.92-1.37

al (1998%°

Kelly et al 19 ischaemic not stratified 2788 3962 1.23 0.96 - 1.58

(2002¥° stroke

Table 1.4. Summary details of meta-analyses inyatitig MTHFR genotype as a vascular risk factor.
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1.2.4.3. Intervention Studies

A number of intervention trials to assess whett@ndcysteine lowering therapy decreases
the risk of vascular disease have now been repB8rtéd® ¢ 3" 3&nd the salient features of
these are given in table 2.4. All these studiesclemied that treatment had no effect on
vascular outcomes; these findings have generaltywitb disappointment and suggestions
that increased plasma homocysteine is a markeasfular disease and not catiSalhere
are, however, a number of criticisms in these s&itoth in terms of the conclusions drawn

and study design.

For the VISP trial, after the initial findings haéen published the results were subject to
further, sub-group analysis. After removal of sebgewith impaired B12 absorption and/or
significant renal impairment a 21% reduction in atdar events was noted in subjects

receiving high-dose therapy as compared with tirogiee low-dose therapy grotfp

In the HOPE-2 trial a subgroup analysis showed fehaer patients receiving treatment had
a stroke compared to those in the placebo grouptifre risk, 0.75; 95% confidence
interval, 0.59-0.97). It should be noted that tims trial not all participants had
measurements of homocysteine and folate perforimedonly a random selection: 60% at
baseline, 21% at two years and 19% at five yearshidth treated and placebo groups), ie

at follow-up, data was incomplete for approximai@Dd@6 of participants.

Inclusion criteria for five of the six studies iable 1.5 was the existence of established
vascular disease, and it is possible that homaoogstewering therapy at this stage may not
reverse any damage already caused to the vasgst®ns In view of this, whilst these
trials may have shown there was no benefit in s@agnprevention of vascular disease,
care must be taken inferring that homocysteine towgetherapy would have no benefit in

primary prevention.
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Trial and No. of  Inclusion criteria Treatment Effect on Follow- Results
period of subjects groups plasma up
study homocysteine  period
concentration
(umol/L)
VISP 3680 Nondisabling High dose 2.3 decline from 2 years No effect on recurrent
ischaemic stroke, B6,B12  baseline of 13.4 cerebral infarction, CHD or
1996 -2003 age=35years + &folate  in high-dose death.
plasma vs low group
homocysteinein  dose
top quartile of
North American
population
(threshold
changed during
the study)
HOPE-2° 5522  Age>55years+ Folate, 12.2. 9.7 5years  No effect on the combined
vascular disease or B6, B12. endpoint of cardiovascular
2000 - 2005 diabetes along death, myocardial infarction
with other risk Placebo 122 12.9 and stroke
factors
NORVIT® 3749 Acute myocardial Folate, 13.1- 95 3.5 No effect on the combined
infarction< 7 days B12, B6 years endpoint of myocardial
1998 - 2004 infarction, stroke and
Folate, 129 9.8 sudden death. Increased risk
B12 in the folate + B12 + B6
group
B6 13.3- 13.3
Placebo  13.2- 136
HOST® 2056 End stage renal  Folate, 215~ 15.3 5years  No effect on all cause
disease or B12, B6 mortality, MI or stroke.
2001 - 2006 creatinine
clearance< 30 Placebo 21.4_ 206
mL/min
+ homocysteine
> 15umol/L
WAFACS® 5442 Women > 40 Folate, 121- 9.8 7.3 No effect on the combined
years or post- B12, B6 years endpoint of myocardial
1998 - 2005 menopausal, infarction, stroke, coronary
cardiovascular Placebo 125 11.8 revascularisation,
disease or three cardiovascular death.
risk factors
WENBIT¥ 3096 Coronary Folate, 108 7.6in 38 No effect on composite
1999 - 2006 angiography for ~ B12,B6 first two groups months  endpoint of total mortality,
) suspected with folate and nonfatal myocardial
coronary disease Folate, B12 infarction, hospitalisation
or aortic stenosis B12 . for unstable angina, or
B6 No change in nonfatal thromboembolic
B6 or placebo stroke
Placebo  groups

Table 1.5. Major clinical trials investigating tlefect of homocysteine lowering therapy on vascular
outcomes. Data adapted from Joseph*iralddition to individual references.
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Four of the six studies were conducted (almostjuskeely in North America and Canada,
where food fortification by folate is mandatory,dai could therefore be argued that the
participants in the placebo groups were alreadyeivergy a degree of vitamin
supplementation, and that the trials should be @tim terms othe potential benefits due

to additional supplementatiaather than to supplementation per se.

The majority of participants in the trials were itak a variety of medications, with
polypharmacy being common table 1.6. In some tl@<29% of participants were also
taking multivitamins in addition to those being adistered as part of the trial. There were
no differences with regard to medication or vitamasage between the active groups and
control groups in any of the trials. Given that maf the participants were being treated
for vascular disease with these therapeutic agéetsrials would largely only be able to
detect theadditional benefit of homocysteine lowering therapy. A moeei@us concern is
that some of these agents could mask the (posgin&) effects of homocysteine, or at
least reduce the power of the studies to deteach.ti® far there is no proven mechanism
for the (possible) atherogenic effects of homoagstéwhich will be discussed in detail
below) but it has been demonstrated that homoaysta) has a procoagulant efféct
which could possibly be reduced by aspirin therapg b) reduces the production of nitric
oxide, which could possibly be countered by stahierapy; many statins having been
shown to increase nitric oxide producfidriThese issues were not addressed in the studies
and caution should therefore be exercised in drgwonclusions beyond the lack of effect
noted in the targeted population.

VISP HOPE-2 NORVIT HOST WAFACS  WENBIT
ACE inhibitors 66.0 31.0 40.5 25.1 32.2
aspirin or antiplatelet agents 79.2 88.8 425 50.0 90.2
beta blockers 46.4 91.0 58.0 26.8 78.2
calcium channel blockers 37.0 58.0 224
diuretics 26.3 17.8 10.0
lipid lowering drugs 60.1 81.0 49.0 34.1 88.4
multivitamins 225 11.6 28.8 22.9

Table 1.6. Medication usage of participants in hoysteine lowering trials. The table shows medicwtio
being taken by participants, in addition to any leagsteine lowering treatment. Medications othemtha
those listed, including calcium channel blocker§EAinhibitors and oral hypoglycaemic agents, wédse a
used to different extents in different trials. #hewas no significant difference in medication usade
participants in the active groups compared to thegio groups.
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1.2.4.4. Summary of Evidence for Homocysteine as a Vas&usk Factor

Overall there is a large body of evidence showimgt homocysteine is associated with
vascular disease but there is still substantiatrogarsy as to whether it is merely a marker
of disease or causative. Although interventionldriaave demonstrated little benefit in
lowering homocysteine with vitamin therapy the tesof such trials must be interpreted
with caution and further work is required to seesuich treatment might have a role in
primary care or for selected targeted populati@gsdchronic kidney disease, SLE). Even if
homocysteine proves to be only a marker of disdaster research to uncover why it is

increased in various forms of vascular pathology traof value.

1.2.5. Possible Mechanisms for the AtherogenicdEf® Homocysteine

A number of mechanisms for an atherogenic effechd&ayocysteine have been proposed
though has yet been proven. These mechanisms heare reviewetf*>*® and include
effects on coagulation, generation and damagedgyradicals, promotion of inflammation,
decreasing nitric oxide production and binding totpins with a subsequent alteration of

their function.

A number of studies have suggested that homocysteay have a pro-coagulant effect by
increasing platelet adhesion, inhibiting proteinaGivation and activating factor */*>
Many of these studies have been criticised as tiseg extremely high, non-physiological
concentrations of homocysteine and not all haven besproduciblé®®> A study by
Mohan et &P investigated the effects of homocysteine on patieinction at physiological
concentrations and concluded that homocysteine esauglatelet activation and
hypercoagulabilty, with the effects becoming apparat approximately 5amol/L (a
concentration corresponding to moderate hyperhostemaemia). In a further study on
platelet function Signorello et’&lalso concluded that homocysteine stimulates gatel
aggregation, and that this was due to dysregulatbnnitric oxide production by

homocysteine. The decrease in nitric oxide productbccurred in a dose dependent
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manner with homocysteine concentrations in the eah@ - 100pumol/L. An important
feature of this study was that the effect was umigm homocysteine and that similar
experiments with methionine and cysteine produaedffect upon platelets. Homocysteine
at physiological concentrations has also been shéwninduce the expression of
thrombokinase by monocytes in a dose dependent efdpotentially leading to a pro-

coagulant state.

Homocysteine can readily auto-oxidise to form bbtmocystine and mixed disulphides
and in doing so generates reactive oxygen speuaids & superoxide anion radical,(P
and hydrogen peroxide ¢B,) which may then attack cell membranes, lipoprateand
platelet§®° however a particular weakness in this being ahaeism for homocysteine
causing vascular disease is that cysteine mayualdergo similar oxidation reactions, is in
much higher concentration than homocysteine innpdagpproximately 20-30 fold but

has not been associated with vascular distase

Homocysteine forms stable disulphide bonds withiginocysteine residues and shows a
greater tendency to do so than other thiols suatysteine and glutathioffe It has been
shown, both in vitro and in vivo, that this ‘homst®inylation’ of proteins may lead to an
impairment of protein functidfi with the suggestion that this may account forghssible

atherogenic effects of homocysteine.

In cultured human aortic endothelial cells homoeys has been shown to upregulate the
production of interleukin-8 and monocyte chemoattat protein-1 and may therefore
contribute towards the initiation and progressioh vascular disease by promoting

leukocyte recruitment.

It has been shown that homocysteine may decreasprtdduction of nitric oxide in the
endothelium by increasing the concentration of asgtnic dimethylarginine (ADMA), a
nitric oxide synthase inhibitor. This potentiallyalds to an increase in vascular stiffness,
rendering the vasculature more susceptible to damapis will be discussed in detail

below.
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1.2.6. Methods for the Analysis of Plasma Homodagste

1.2.6.1 General Considerations

The first cases of homocystinuria were identifisthg simple screening methods: analysis
of urine using the reaction of homocysteine witdism nitroprusside to form a coloured
complex (a test more commonly used for identifygygtinuria) and also by using thin-
layer chromatography. Quantitative analysis wavigeml by amino acid analysers (using
ion-exchange chromatography and post-column desataan with ninhydrin) which had

only been recently developed

Since that time the increasing interest in homasgst as a possible cardiovascular risk
factor has necessitated the development of highdgiic and precise quantitative methods
with  high-throughput capacity, this, together witthe identification of thiol
selective/specific reagents, capillary electropbisreautomated immunoassay techniques
and bench-top mass spectrometers, has led to tiseermoe and publication of a vast
number of methods for homocysteine analysis. Hosteoye methods have been reviewed

extensively® >* % 36.37.58.59. Qn interest in method development continues.

The majority of methods measure total homocystbinatilising a reduction step to release
homocysteine bound to proteins and from disulphales$ a number of different reducing
agents have been employ&dDithiothreitol (DTT) and mercaptoethanol have esed
most commonly but are not suitable for use withhmds making use of thiol specific
derivatising reagents since they react with andseore reagerit Sodium borohydride has
been used but the evolution of gas during the tamlugrocess has been problematic in
automating method® Tributyl-n-phosphine is an effective reducing migeused in a
number of HPLC assays, but due to being poorlytdelin aqueous solution it is necessary
to dissolve it in a carrier solution such as dirgittmamide before usd Tris(2-

carboxyethyl)phosphine (TCEP) is more soluble intewaand does not consume
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derivatising agent, but having been introduced comparatively receittlyas only been

used in a limited number of applicatidhs
1.2.6.2. Radioenzymic assays

Methods for the measurement of homocysteine in npasand urine have been
describe@®2 These make use of S-adenosyl-L-homocysteine hgloto form
radiolabelled S-adenosyl homocysteine (SAH) frommboysteine and*‘C labelled
adenosine. The adenosylhomocysteine is isolatedsing HPLC and collecting fractions
eluted from the column and then quantitated usangtiation counting. The sensitivity of
the method was such that it allowed the deternonatf free homocysteine (by first
removing plasma proteins by acid precipitationjvadl as total homocysteine and was used
to investigate the extent of protein binding by loaysteine. It was though extremely
labour intensive and this, in addition to the spkcequirements necessary for handling
radioisotopes, meant that it was unsuitable focg@seing large sample numbers or for use

in a routine clinical setting.
1.2.6.3. Amino Acid Analysers

lon-exchange chromatography with post-column dégation by ninhydrin is a technique
commonly employed by dedicated amino acid analysessed for identifying and
monitoring patients with inborn errors of aminodaaietabolism. Bridddti demonstrated
that the use of a reduction step by DTT prior tmgi@ analysis by Biochrom 20 amino
acid analyser (Pharmacia Biotech) enabled the mi@tation of total cysteine and
homocysteine without substantially increasing asialyime or compromising the quality of
analysis of other amino acids. Although this isfulstor laboratories equipped with amino
acid analysers such equipment is not common, giyndraing found only in centres

offering a specialised amino acid referral service



21

1.2.6.4. HPLC

Since homocysteine shows little native absorbaheartajority of HPLC methods employ
pre-column derivatisation for analysis. Traditiomi@rivatising agents such as OPA react
with all primary amino acids and so necessitate ptern chromatography capable of
separating the derivatised homocysteine from theroderivatised amino acft{sand this
has led to the development of thiol selective/dpectagent& °> A number of methods

have been described making use of derivatisaticth wionobromobimarfé ©7: 8 6%

a
compound with little native fluorescence that reamptickly with, and shows a high degree
of selectivity, although not specificity, for th&oIMonobromobimane and thiols derivatised
with it form fluorescent breakdown products upororaje which can complicate
chromatographic separation of the compounds ofésfé. The derivatising agent that has
proved most popular is 7-fluorobenzo-2-oxa-1,3-diezl-sulfonate (SBD-F), a reagent
which shows no native fluorescence, exhibits a liggree of specificity towards thidfs
and has led to the development of a number of higkhsitive method® " "2 3 The
breakdown products of SBD-F and its derivativessmied upon storage, are non-
fluorescent which results in chromatograms with lswedolved analyte peaks free from
interfering reagent peaks The main disadvantage of SBD-F is considered dothe
relatively long reaction time for full derivatisati of thiols (1 hour at 6@C)>". HPLC with
electrochemical detection has been used for théneanalysis of biological thiofs > "®
and has the major advantage that derivatisatiothiofs is not necessary. The methods
described show high specificity and sensitivity ptecision is poorer than those methods

employing fluorometric detectidh
1.2.6.5. Gas Chromatography Mass Spectrometry.

Methods utilising GS-MS have been develdpe® “°but have not found widespread use,
in part because the methods are considered cunmbefsaVith GC-MS it is possible to
use an isotopically labelled form of homocystindrdsrnal standard, resulting in methods
with high precision and accuracy.
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1.2.6.6. Capillary Electrophoresis

A number of methods for homocysteine utilising dapy electrophoresis have been
published®®:%2 and these methods generally have very short rovesti Although
photometric detection of thiols, after derivatieatiwith reagents such as 5,5'-dithio-bis-2-
nitrobenzoic acid (Ellman's reagent), is possiblegrder to gain sufficient sensitivity and
precision for the determination of homocysteindimlogical fluids, either electrochemical
detection is required or laser induced fluoresatection following thiol derivatisation
with reagents such as fluorescein isothiocyanatéTQF or SBD-F°. Capillary
electrophoresis equipment is not commonly fountbirtine clinical laboratories and these

methods have not found widespread adoption.

1.2.6.7. Immunoassay

A number of commercially available immunoassay#sirig enzyme-linked immunoassay
(EIA)®*  chemiluminescence immunoassay (I¥L)or fluorescence polarisation
immunoassay (FPIA} for plasma homocysteine measurements are availdtlethe
immunoassays developed so far share a commondadatthat, following a reduction step,
homocysteine is converted by S-adenosyl-L-homooyste hydrolase to S-
adenosylhomocysteine, which then reacts with anS&itl antibody. An EIA is available
from Axis Biochemicals, ICL is used on the Immul@00 analyser (DPC) and FPIA was
used on the IMx® analyser (Abbot laboratories)haligh support for the latter instrument
has now been withdrawn (2009) the FPIA is stillide for use on the Architect® and
AXSYM® analysers (Abbott Laboratories). ICL andl/&Rprovide automated means for
determining plasma homocysteine with little mano&rvention but they are considerably
more expensive in terms of reagent cost per saagpmmpared to other methods (HPLC,
MS/MS).
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1.2.6.8. Enzymatic Analysis

Plasma homocysteine can be analysed by making fusezgmatic analysis. In a method
described by Tan et®) following reduction step using DTT, a recombiramiroduced
homocysteine, y-lyasé€’ is used to covert homocysteinedeketobutyrate, ammonia and
H,S. The HS then reacts with N,N-dibutylphenylene diaminéaton a highly fluorescent
product. The procedure was performed in microptates, required only five microlitres of
sample and compared well with an HPLC method utgisSBD-F derivatisation and
fluorescent detection. The authors reported thateaye showed a small degree of cross
reactivity in the analysis but claimed that witle thssay conditions used there was almost
no interference by plasma cysteine when measuromgolysteine. An enzymatic cycling
assay has been described and evalffaf€dIn this method homocysteine reacts with S-
adenosylmethionine (SAM) in the presence of a hgsieine S-methyltransferase to form
methionine and S-adenosylhomocysteine (SAH); iukhbe noted that the SAH is formed
by the loss of a methyl group from SAM and does cmttain any part of the original
homocysteine molecule. SAH is then hydrolysed adenosine and homocysteine by SAH
hydrolase. The adenosine is hydrolysed into inosimgé ammonia, the latter then reacts
with glutamate dehydrogenase, with an associataegiersion of NADH to NAD and the
reaction monitored by the decrease in absorban@i@tnm. The homocysteine newly
formed by the hydrolysis of SAH cycles back int@ treaction providing a substantial
amplification of the detection signal. This methsdvailable commercially from Diazyme
Laboratories (California, USA) and may be implenagnbn a number clinical chemistry
analysers including the Roche Hitachi, Dade Dimam® and Beckman Synchron CX.
Another commercially available cycling enzymaticthwel for plasma homocysteine, the
performance characteristics of which have beenuewadi® °* is that offered by Carolina
Liquid Chemistries (Winston-Salem, North CarolindSA). This uses cystathionirfe-
synthase to convert homocysteine and serine tattyshine, the latter is then converted by
cystathionine3-lyase to homocysteine, pyruvate and ammonia. Tmavate then reacts
with lactate dehydrogenase with an associated csiove of NADH to NAD and the

reaction monitored by the decrease in absorban8dGnm. Applications of this method
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are available for automated instruments includingsé produced by Dade, Beckman,
Roche, Bayer and Olympus.

1.2.6.9. Tandem MS

In 1999 the first paper to describe the use ofidigohromatography tandem mass
spectrometry (LC-MS/MS) for the measurement of plasand urine homocysteine was
published by Magera et®al It employed very simple sample preparation (c&ida using
DTT for 15min followed by protein precipitation iog acetonitrile/formic
acid/trifluoroacetic acid) and also used isotopycdhbelled homocystine for internal
standardisation. The analysis time by the masstrgpeeter was fast at 3 min per sample.
The precision and recovery studies performed wese very thorough, both being
performed using bovine calf serum (diluted 1:1 wdistilled water) which had been spiked
with homocysteine standard; only six replicatesadh preparation were analysed to assess
precision. Human plasma and urine were not usethese experiments. Nevertheless,
results from MS/MS analysis compared favourabhjhwiitose obtained by an HPLC assay
(using derivatisation with monobromobimine and flesxent detection) and with those
obtained using FPIA on an Abbott IMx analyser. 8itigat initial paper a number of other
similar methods have been published with adaptatit; allow for the simultaneous
determination of other compounds such as cystemghionine, folate and methylmalonic
acid and with application to other matrices suchdasd blood spots and intracellular
fluid 93, 94, 95, 96, 97, 98, 99, 100, 101, -102

Tandem mass spectrometry is often referred to mg) [z expensive technique, at least in
terms of capital outlay, but as the cost of magstspmetry analysers has fallen in the last
few years such equipment is being found more conilynam large routine clinical
laboratories and where this equipment is alreagyane its use provides a very economical
means of homocysteine analysis as regards consesadhien though isotopically labelled
internal standards may seem expensive, a smaltiuansufficient for many analyses (eg
0.1g homocysteinds costs approximately £600 [2010 prices], but isfisigint for in
excess of one million analyses). The use of isctilyi labelled internal standards makes

MS/MS a candidate reference method for homocysteiadysis®, this with the potential
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for multi-analyte determination, simple sample @mgpion and reasonably high sample
throughput makes it a good choice for plasma hosteaye measurements in laboratories

already employing tandem mass spectrometry.

1.3. Methylated Arginines

1.3.1. The Biochemistry and Metabolism of Methythfgginines

Asymmetric dimethylarginine (ADMA), symmetric dinmgtiarginine (SDMA) and
monomethylarginine (MMA) are naturally occurring iam acids that circulate in plasma
and are excreted in the urine. They are formedhbycbntinual enzymatic methylation of
arginine residues within proteins by protein metiydnsferases (PRM¥Y and their

structures are shown, together with that of arginin figure 1.4.

CH, CH, CH, CH,  CH,
NH l‘\IH N ‘ ‘
HN 3 HN N N NH
N S N S NN NS
c c c Cc
\ \ | \
NH NH NH NH
| | | |
CH, CH, CH, CH,
\ \ \ \
CH, CH, CH, CH,
\ \ \ \
c‘:H2 CH, CH, CH,
\ \ \
CH CH CH CH
N N VN
H,N  COOH H,N COOH H,N  COOH H,N COOH
arginine monomethylarginine asymmetric symmetric
dimethylarginine dimethylarginine

Figure 1.4. The structures of arginine and metedarginines.
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A number of PRMTs have been identified and falbitwo classes. PRMT 1 form MMA
and ADMA, whilst PRMT 2 form MMA and SDMA*. Upon proteolysis these methylated
arginines are released into cells and subsequemntythe circulatioh®® from which they
may then be actively transported into other cejlsaby’ cationic amino acid transporter
proteint®. Approximately 30Qumol ADMA is generated per day by hum&hsaround
90% of which is metabolised by the enzyme dimetigytene dimethylaminohydrolase
(DDAH)'°® of which there are two isoforms (DDAH 1 and DDA} and the remainder is
excreted unchanged via the kidney. MMA is also ingliaed by DDAH whereas SDMA is

not®’, and it is thought that the only route of eliminatof the latter is via the kidney.

1.3.2.  Methylated Arginines, DDAH, and Nitric Oxide

ADMA and MMA are natural inhibitors of nitric oxidgynthases (NOS) with ADMA being
a more potent inhibitor of endothelial NOS (eNO®&J aneuronal NOS (nNOS) than of
inducible NOS (iNOSY®. SDMA has been shown to have no effect upon taeggmes™®.
NOS act upon arginine to produce nitric oxide (N&)d citrulline. The resultant NO
induces vascular relaxation and also inhibits pateadhesion and smooth muscle

proliferation*°.

DDAH and NOS isoforms show distinct, and relateditgrns of expression in different
tissued’. DDAH 1 predominates in tissues that express nNBX@in, kidney) whilst
DDAH 2 predominates in endothelial cells and higliBscularised tissues that express
eNOS (heart, placenta, kidney) and in immune tisgbat express iINOS (spleen, thymus,
bone marrow)'**2 Distribution of NOS and DDAH isoforms in the kil is
complicated, eNOS having been demonstrated in nasular endothelial cells and the
ascending loop of Henle, nNOS in the Bowman's depsud collecting ducts and iNOS in
the proximal tubule, ascending loop of Henle argdadliconvoluted tubules whilst DDAH 1
has been identified in the proximal convoluted tatand DDAH 2 in the ascending loop of
Henle and distal convoluted tubfié
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In a study designed to investigate DDAH isoform resggion on plasma ADMA

concentrations, rats were administered an RNA itorilspecific for either DDAH 1 or

DDAH 23, In a control group, DDAH 1 in the kidney anddiwvere shown to be two and
seven fold higher, respectively, than DDAH 2 wherB®AH 2 was five fold higher than

DDAH 1 in mesenteric resistance vessels. Followmgbition of DDAH 1, a 35-50%

decrease in its expression was observed in kidndyliger (with no significant change in
DDAH 2) after 72 hours, with an associated 25% aaee in plasma ADMA. Selective
inhibition of DDAH 2 resulted in a 40-85% decreaséts expression (with no change in
DDAH 1) but in this case no increase in plasma ADMAs observed. The authors
concluded that plasma ADMA concentrations are r&gdl by the DDAH 1 isoforms

whereas intracellular ADMA concentrations (and #fiere production of NO) is primarily

regulated by the DDAH 2 isoform. This conclusioncensistent with another study in
which the liver has been shown to be a major origainthe elimination of circulating

ADMA "

In vitro studies have shown that DDAH 2 (but not A1) expression is up regulated by
NO, which possibly provides a positive feedbackpldbat serves to maintain endothelial
NO concentratioft®. Other studies have shown that nitrosylation ofABDL by NO leads
to a reduction in its activity (DDAH 2 was not irstjated}*®.

The growing body of evidence regarding the relaiops between NO, ADMA and
DDAH have now led to the suggestion that ADMA igegulator of NO production,
controlled by DDAH activity, and that pathologiadcreases in DDAH activity may lead
to an increased ADMA concentration, a decreasedymtmn of NO, and thereby a pro-
atherogenic staté®. Although SDMA has no direct inhibitory effect arp nitric oxide
synthase it has been suggested that it may compttearginine for entry into cells, and
therefore increased plasma SDMA concentrations knay production of nitric oxide by

limiting the availability of arginin€"’ (figure 1.5).
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Figure 1.5. The effects of ADMA and SDMA on nitiixide production. ADMA directly
inhibits nitric oxide synthase and NO productionhé&s been suggested that SDMA may
compete with arginine for entry into céfiSand thereby also decrease NO synthesis.

1.3.3. Inhibition of DDAH

The active site of DDAH consists of a catalyti@tri(cys 249, his 162, glu 1% and it
has been shown by Stuhlinger et al that homocystemray bind to this site with a
subsequent loss of enzyme actiVify In the experiments they described: i) culturedite
aortic endothelial cells were incubated with metime or homocysteine (at physiological
concentrations) and resulted in a dose dependergase in ADMA production which was
attenuated by the addition of the antioxidant midine dithiocarbamate (PDTC). ii) the
activity of recombinantly produced DDAH was deceghsfollowing incubation with
homocysteine, but not by methionine or cysteing @@ reduction in activity associated
with homocysteine was attenuated in the presenbetbf PDTC and DTT. iii) DDAH was
incubated with biotinylated homocysteine, appliedat streptavidin coated polystyrene
plate and after washing DDAH was detected usingimagry anti-DDAH antibody and
peroxidase labelled secondary antibody; homocysteias to have bound significantly to
DDAH but similar experiments with biotinylated migthine and cysteine showed that their
was no binding by these two amino acids. The esdgudints of these experiments were
that they demonstrated that physiological concéntra of homocysteine resulted in an
increased production of ADMA but that no effect vedoserved with cysteine.
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A reduction in DDAH activity with increased prodiat of ADMA has also been shown in
cells cultured with oxidised LDL (but no effect Winative LDL)}*® cells cultured with
cigarette smoke extrdé®, in cells cultured with 25.5 mmol/l glucose (théeets of which
could be reversed by the antioxidant polyethylenlgcalconjugated superoxide

dismutas€f’, and in rats with streptozotocin induced diabeteditus™*".
1.3.4. ADMA and Clinical Studies

A small number of studies have been performed exiagithe effects of ADMA infusion

§5122.123.124.12% these have been revieW8dThe reported effects include

in human
decreases in forearm blood flow, renal plasma floardiac output and heart rate and
increases in systemic vascular resistance and @meeanal blood pressure; the results of

these studies are summarised in table 1.6.

Reference Subjects Application  Dose ADMA Effect
(n) plasma
concentration
Vallance etal 5 i.a. bolus 8 umol not reported  Decrease in forearm blood
(1992) flow by 28%
Achan et al 6 V. 3.0 mg/kg 2.6 umol/L Decrease in heart rate by 9%
(2003) 30 mi and cardiac output by 15%.
.( o min POSt |hcrease in mean arterial
injection) blood pressure by 6% and
systemic vascular resistance
by 24%
Kielsteinetal 6 i.vinfusion 0.5-10.0 4.2-42.1 Dose-dependent decrease in
(2004) over 40 min  mg/kg pumol/L effective renal plasma flow
of upto 11%
Kielsteinetal 7 i.vinfusion 4.0 mg/kg 23.0umol/L  Decrease in cardiac output by
(2004) over 40 min 14%, increase in systemic
vascular resistance by 11%
Kielsteinetal 12 i.vinfusion 0.8 mg/kg not reported  Decrease in effective renal
(2004) over 40 min plasma flow by 10%.
Increase in filtration fraction
by 17%
Kielsteinetal 7 i.vinfusion 0.1 mg/kg not reported  Increase in pulmonary
(2005) over 40 min vascular resistance by 38%

Table 1.7. Summary of studies investigating thgglhgical effects of ADMA infusion.
Adapted from Kielstein et &f.
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A major criticism of these studies is that follogimfusion, plasma ADMA concentrations,
where they have been measured, are often muchegréen those found in health or
disease states (typical 'healthy values 0.4 - .r®dl/L, pathological values 2.6 - 5.3

mmol/L)*?’

and that they are not therefore representativthefeffects of plasma ADMA
found at physiological concentration. It has begggested that the infusion studies are still
valid, since they possibly represent the intra¢ailaoncentration of ADMA, which may be
considerably higher than plastha This argument though would not seem to be vaid:
studies using cultured bovine aortic endothelidlscéncubation with 1Qumol/L ADMA

(in the presence of 1Q@mol/L arginine) resulted in intracellular ADMA coactrations
increasing from 2.7imol/L to 23.5pmol/L over a twenty minute peridd. It might be
expected, therefore, that in the infusion studmesst of which administered ADMA over a
40 minute period, there might also be a substami@ease in intracellular ADMA
concentrations as well as plasma concentrationstlaaidthese are not representative of
those occurring naturally. Unfortunately it is rmmissible to address this point further as

intracellular concentrations of ADMA were not detémed in any of the studies.

Increased plasma ADMA concentrations have been shovbe associated with impaired
glycaemic control. Abbasi et et al demonstrated &l2MA is significantly increased in
patients with type 2 diabetes mellitus (mean ADMAnNtrols (n=18), 0.6% 0.04umol/L,
type 2 diabetics (n = 16), 1.390.22umol/L)** whilst Anderson et al investigated 355
patients with normal glycaemic control (but undengoinvestigation for coronary artery
disease), 239 patients with impaired fasting glacasd 256 patients with overt diabetes
and found that ADMA increased with loss of glycaentiontrot®®. Stiihlinger et al
determined the insulin sensitivity status of 64 -dabetic, healthy volunteers and found
that ADMA concentrations were significantly higherthose individuals classed as insulin
resistant compared to those with normal insulirsgigity. Furthermore, for patients with
insulin resistance, treatment with rosiglitazonentcrease insulin sensitivity decreased the
plasma ADMA concentratidfi"

A prospective study of 1874 patients with coronargry disease and a median follow up
of 2.6 years showed that ADMA and B natriuretic tmpwere the strongest predictors of
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death from cardiovascular cause or non-fatal mybahrinfarction, independent of
traditional cardiovascular risk factdfé A one year follow up of patients with advanced
peripheral artery disease showed that plasma ADNAcentrations predicted major
adverse cardiovascular everifs In a multicenter study ADMA and traditional
cardiovascular risk factors were determined in pafients with coronary heart disease
(CHD) and 131 controls (matched for age, sex and)B&hd the researchers concluded
that ADMA was an independent risk factor for CHBDIn a further prospective study 2543
individuals with and 695 without coronary artergetise were investigated with a median
follow up of 5.5 years. Plasma ADMA concentratiamsre found to be a predictor of all-
cause and cardiovascular mortality in individuaithweoronary artery disease and, other
than showing a strong association with plasma hgsteme and glomerular filtration rate,

was independent of established risk facttrs

A study of 225 patients with end-stage renal dis€BSRD), receiving haemodialysis three
times per week, has shown that plasma ADMA is gframdependent predictor of overall
mortality and cardiovascular evelifs In additon ADMA has been shown to
independently predict progression to ESRD and rityrtm patients with chronic kidney
diseas&’ and the higher the baseline ADMA concentrationféséer the progressioti.

Clinical studies in which both plasma ADMA and ptes homocysteine have been
measured are conflicting regarding the associdigmween the two. Positive associations
have been reported in patients with Alzheimer'sag®®, patients being investigated for
chest paiff® and patients having suffered a strdkevhereas other studies involving
patients with ESRE®and patients undergoing percutaneous coronaryviréon*? have

shown no association between the two.
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1.3.5. Methods for the Measurement of ADMA

The measurement of dimethylated arginines in plapmesents a particularly difficult
analytical challenge and a number of reviews ofho@s for their determination have been
published*®144145146 A" symmary of methods including sample preparatiod internal

standard used is given in table 1.7.

Being structural isomers, ADMA and SDMA are diffitcto separate chromatographically
and also produce very similar fragmentation pastevith tandem mass spectrometry. The
majority of published methods employ HPLC and, &V and SDMA are both present
in plasma at low concentration (approximatelymol/L) and show little native absorbance,
these methods have required the use of pre-coluranivatisation. No specific
derivatisation reagent for ADMA or SDMA has beempoeged and so derivatisation is
usually performed with general amino acid derivagsreagents, OPA having been the
most popular choic8’ 48149150151 athough naphthalene-2,3-dicarboxaldehyde (N£7A)
6-aminoquinolylN-hydroxysuccinimidyl carbamate (AccQ-FIdY)*>® and ninhydrin®?
have also been used. These methods generallyltiageaun times and require gradient
elution to separate ADMA from SDMA and from otheridatised amino acids; complete

resolution of ADMA, SDMA and/or internal standardshnot always been achieved.

The similarity in the fragmentation patterns of ABMand SDMA produced by tandem
mass spectrometry has meant that the majority dfiads developed using this technique
have also relied upon chromatographic separatiorthef two isomers, prior to mass
spectrometric analysis, usually by HPPE 1718 3ithough GE>***°has been described.
In GC methods, derivatisation of the amino acidsused primarily to increase their
volatility, whereas with HPLC methods derivatisatiomost commonly with OPA, is
frequently used to facilitate the chromatograpl@pasation of the two isomers, which is
again not always completely achieved. A few tandeass spectrometric methods have
been described which have identified and made tispexific fragments for ADMA (and
sometimes SDMA) without derivatisatitii**#**% and also following butylatidfi**® of

the amino acids.



Analytes Measured

Sample Rtigar

Internal Standard

Comments

Reference Technique
Petterson et al HPLC
}47
(1997
Chen et al HPLC
(1997}48
Teerlink etal HPLC
(2002)}4°
Marra et al HPLC
(20032
Zhang et al HPLC
(2004)}*°
Heresztyn HPLC
et al (2004%°°
Sotgia et al HPLC
(2008y°*
Blackwell HPLC
et al (2009%*
Tsikas et al GC-MS/MS
}59
(2003
Albsmeier GC-MS
et al (2004)%°
Huang et al LC-MS, APCI
(2003)°°

ADMA, SDMA

ADMA

ADMA, SDMA, arg,
Harg

ADMA, SDMA, arg

ADMA, SDMA, arg,
MMA, citrulline,
ornithine, agmatine,
hydroxy-L-arginine

ADMA, SDMA, arg

ADMA

ADMA, SDMA, arg,
Harg

ADMA

ADMA

ADMA, SDMA. arg

cation exchange SPE, OPA
derivatisation

protein precipitation (SSA),
centrifugation, OPA
derivatisation

cation exchange SPE, OPA
derivatisation

cation exchange SPE, NDA
derivatisation

protein precipitation (ethanol),
centrifugation, lyophilisation,
OPA derivatisation

protein precipitation (SSA),
cation exchange SPE,

derivatisation with AccQ-FludM

protein precipitation
(acetonitrile), centrifugation,
ninhydrin derivatisation,

incubation with HSO, at 100°C

cation exchange SPE, OPA
derivatisation

ultrafiltration, methylation
(MeOH), derivatisation with
PFPA/ethyl acetate

protein precipitation (acetone),

derivatisation with
PFPA/methanol

protein precipitatior8GA),
centrifugation

none

none

MMA
N“-propyl-L-
arginine

Harg

MMA

Harg

monoethylarginine

ADMA methylated
with CD;OD

ADMA-ds *

Harg

Gradient elution, 70 min run time, ADMA and\8R
barely separated, requires 1.5 ml plasma

Gradient elution, 35 min run time, SDMA not
investigated, no evidence that SDMA is separated
from, and does not interfere with ADMA

Isocratic, 20 min run time, ADMA and SDMA just
separated

Isocratic, 30 min run time, excellent separation of
ADMA and SDMA

Gradient elution, 40 min run time, ADMA and 9B
just separated

Two extractions required 1) for ADMA & SDMA, 2)
for arg. Gradient elution, run time approximately 4
min. Excellent separation of ADMA and SDMA but
poor separation of internal standard from Harg.

Isocratic with 12 min run time. SDMA did not
derivatise using the procedure described and wias no
detected. Good separation of ADMA form other peaks
but poor separation of internal standard (Harg).

Isocratic, 35 min run time, geegaration of ADMA
and SDMA.

Approximately 15 min run time. sample and internal
standard are not treated identically (separate
methylation procedures).

Approximately 9 min run time. Method applieddell
cultures as well as plasma.

isocratic, run time 5 minutes. Poor sepanatio
ADMA and SDMA. Method applied to urine
measurements but not plasma.

Table 1.8. Methods for the analysis of plasma ADMA,
continued on following page

€€



Reference Technique Analytes Measured Sample Riapar Internal Standard ~ Comments
Martens- LC-MS, ESI ADMA, SDMA, arg protein precipitation ADMA-d; *, Harg, Gradient elution, 20 min run time. ADMA and SDMA
Lobenhoffer (acetonitrile), OPA derivatisation **Cg-arg fairly well separated.
et al (2004)°
Martens- LC-MS, ESI ADMA, SDMA, arg protein precipitation ADMA-dg *, Gradient elution, 20 min run time. . ADMA and
Lobenhoffer (acetonitrile), OPA derivatisation homoarginine’*Ce-  SDMA separated to baseline.
et al (2006)°® arginine
Vishwanathan LC-MS/MS, ESI ADMA, SDMA, MMA, protein precipitation 1Ce-arg Isocratic, 15 minute run time. Specific fragiseused
et al (20005 arg (acetonitrile/TCA) for monitoring ADMA (203- 158) and SDMA (203
- 172).
Kirchherr et al LC-MS/MS, ESI ADMA, SDMA protein precipitation leucineds; Gradient elution, 6 min run time. ADMA and SDMA
(20057 (acetonitrile/methanol), separated to baseline.
centrifugation
Schwedhelm LC-MS/MS, ESI ADMA, SDMA, arg protein precipitatidiacetone), arginined,, ADMA-  Gradient elution, run time 4 min. Specific fragrteen
et al (2005%%* derivatisation with butanol/HCl  dg* used: ADMA (259-. 214), SDMA (259- 228).
Martens- LC-MS/MS, ESI ADMA, SDMA, arg protein precipitation ADMA- dg * Isocratic, run time 6 min. Specific fragments ufmd
Lobenhoffer (acetonitrile/TFA/propionic 13C__arginine monitoring ADMA (203 - 46) and SDMA (203~
et al (20062 acid), centrifugation Ce-argini 172).
Schwedhelm LC-MS/MS, ESI ADMA, SDMA. arg Protein precipitatiqmethanol), arginined;, ADMA- Isocratic, run time 1.6 min. Specific fragmentsdise
et al (2007%%° derivatisation with butanol/HCI, ds* for monitoring ADMA (259 214) and SDMA (259
performed in microtitre plates. - 228).
Bishop et al LC-MS/MS, ESI ADMA, arg ultrafiltration lysingh, °N,- Gradient elution, run time 2 min. ADMA determined
(200752 arginine by specific fragment (203. 46).
Causséetal CE ADMA, arg dilution of sample in water Harg Run time approximately 11 min. ADMA and intairn
(2000}°° (1/1000), FITC derivatisation standard not completely resolved.

Table 1.8. Methods for the analysis of plasma ADMA
continued from previous page

ve
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A method using capillary electrophoresis with laseluced fluorescence has been
published®® samples being derivatised with fluoresceine isayanate after precipitation
of proteins with sulphosalicylic acid. The papeitially describes experiments with
ADMA, SDMA and arginine, claiming good separatioh tbe two dimethylarginines.
Subsequent experiments and method evaluation vwefermed with modifications to the
procedure in order to reduce analysis time; SDMA lmeing analysed. Inspection of the
electropherograms published would suggest that widse modifications resolution of
ADMA from the internal standard (Harg) was not coate.

An ELISA for plasma ADMA is commercially availabléDLD Diagnostika GmbH,
Hamburg, Germany). In this method plasma ADMA istfiacylated and then competes
with ADMA bound to a microtitre plate for a limitedumber of rabbit anti-ADMA
antiserum binding sites. After equilibrium has beshieved the plate is washed and the
antibody-ADMA complex bound to the plate reactednwa second, peroxidase labelled,
antibody (goat anti-rabbit). Quantitation is penied using 3,3',5,5'-tetramethylbenzidine
as peroxidase substrate. Evaluations of this metad conflicting. Valtonen etaf
compared it with an HPLC method and reported tinvate was no correlation between the
two, whilst Sirok et df® in a similar comparison of ELISA with HPLC foundsérong
correlation between the two methods and claimed tha “HPLC method for ADMA
determination can be replaced by ELISA which gigesiparable results”. It is likely that
the latter group did not correctly interpret thdata as one of the figures they presented
shows that the values they obtained using ELISAevegproximately double that found by
HPLC (the regression equation given: ELISA ADMA 3@3 x HPLC ADMA - 0.1622).

In another comparison study results obtained bylSELwere approximately twice that
obtained using LC-M%° the authors also noted that the results of thé&SELmethod
seemed to be strongly influenced by differencesaimple matrix.

In addition to the discrepancy in results obtaimgdten using ELISA, it has also been
reported that there is considerable variation iaspla ADMA concentrations obtained

using different methods in general. In reviewing gdblished studies Horowitz and
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Heresztyn™ noted that the mean plasma ADMA concentration afab subjects ranged
from 0.30 - 4.0umol/L, but also stated that "the majority of MS-bdsassays suggest the

mean value for ADMA in 'normal’ plasma lies withire range 0.36 - 0.60 mmol/L".

The variation in results obtained using differemthods has been attributed in part to poor
chromatographic separation by some methods of ADIA SDMA, and also due to the
use of different sample preparation techniques leduwith a lack of appropriate internal
standardisatiof®>. Sample preparation techniques have included filtitation, cation
exchange solid phase extraction and protein ptatipn using a variety of different agents
including sulphosalicylic acid, acetonitrile, etlbhrand acetone. The identification of
suitable internal standards has been particulaidplpmatic and some methods have not
made use of internal standardisation. A number ethods have made use of either
monomethylarginine or homoarginine, both of whicle aot ideal since they occur
endogenously in plasma at variable concentratimotopically labelled ADMA has only
become available relatively recently (2007), bunsogroups have synthesised their own
based on a method described by Pundak and Wilthakd subsequently modified by
Albsmeier et df° Isotopically labelled lysine and leucine haveoadigen used as internal
standards for the measurement of ADMA. Isotopicdtypelled SDMA is still not
commercially available and its synthesis has noenbelescribed in methods for
dimethylarginine determination. Chemical differemdé®tween an internal standard and an
analyte may result in different behaviour betwebe two with regard to extraction,
precipitation and derivatisation procedures anglithof particular importance when sample
and standard matrix do not match. In addition aeaiynd internal standard may not ionise

to the same extent in the mass spectrometer.

There is currently no agreed reference method her measurement of dimethylated
arginines, reference materials for their standatatia or quality assurance programmes and
until these are established it is unlikely thatesgnent of plasma ADMA results produced

by the various methods will be reached.
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1.4. Arterial Stiffness

1.4.1. Overview

Although the heart delivers blood to the circulsiteystem in a pulsatile fashion the elastic
nature of the arteries dampens the pulse anddbisbined with the high resistance of the
smaller diameter peripheral blood vessels, resnltn almost smooth continuous flow of
blood through the tissue bgd

The pulse wave velocity (PWV) is mainly dependgmiruthe elasticity of the arterial wall

and is described by the Moens-Korteweg equaffon
® =  V(Eh?2Ro)

where g is the wave speed, E is Young's modulus in theuniferential direction, h is the
wall thickness, R is the vessel radius gnd the density of fluid. From this it may be seen
that PWV is proportional to the square root of ¥®ung's modulus of elasticity of the
blood vessel and, put simplistically, the stiffaetblood vessel the faster the pulse wave
travels. The cellular and histological structufeueries varies throughout the arterial tree,

and also changes with age, the proximal arteriggybaore elastic than the distat’"

In systole a pressure wave travels away from tlaetlerough the arterial tree, this wave is
reflected by bifurcation points creating a retrafgravave which travels back to the heart
and, in young healthy individuals, reaches it iastible. At any point in the arterial tree the
blood pressure is due to the summation of presgqraskiced by the forward and reflected
waves’>. The fact that the retrograde wave reaches the: imediastole is beneficial in that

it enhances perfusion of the heart by the cororatgries. In individuals with stiffer
arteries the associated increase in pulse waveitelesults in the retrograde pulse wave
reaching the heart in systole, rather than diastold increases the systolic pressure. The

diastolic pressure is reduced resulting in impaaenary perfusior®.
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Arterial stiffness has been shown to increase aif#’® and has also been shown to be a
strong predictor, independent of other risk factéws coronary events and strdke!’®*"®

and for mortality in both diabet¥8 and end-stage renal faildfé
1.4.2. Measurements of Arterial Stiffness

Arterial stiffness can be measured regionally, esystally and locall}? In addition,
analysis of the pulse waveform can be used to geounformation about the nature of
reflected waves. Carotid-femoral pulse wave vejof@F-PWV), a non-invasive measure
of regional arterial stiffness, has been descrimga recent expert consensus document as
being the 'gold standard' for determination of ratestiffnes$®® and has been used for the
majority of clinical studies. With this method theulse waveform is determined
transcutaneously at both the right common carotetyaand at the right femoral artery; the
waveform being recorded using pressure, distermiddoppler measurements. The foot of
each waveform, defined as being the end of digstidentified and the difference in time
between the twa/) is calculated. The distance, D, between thedites is measured over
the body surface, usually with a tape measure tfeed@ F-PWV calculated as PWV =&/
(m/s). Some limitations to these measurements bhaem noted, the femoral waveform
being sometimes difficult to record accurately mdividuals with metabolic syndrome,
diabetes and peripheral disease, and the disbataegen carotid and femoral sites may be
inaccurately measured in those with abdominal ayp&Si

Systemic measures of arterial stiffness rely owridétecal modelling of the arterial system,
based on comparisons to electrical circuits coiginelements of capacitance and
resistance. The number of theoretical approximatitimey make have limited their

usefulness in being applied to clinical settifigs

Local arterial stiffness is determined by measutimg difference in blood vessel diameter
between diastole and systole. Ultrasound devices@mmonly used for measurements on
superficial arteries, particularly the carotid sytemeasurements on deep arteries such as

the aorta have also been performed using magnetonance imagiftf*®® These
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techniques generally require video image analysisich limits the precision of the
measurements made. High precision measuremebtsaxf vessel diameter change can be
made using echotracking devices. Local arteriffhsiss measurements have the advantage
in that they allow the determination of the Youngastic modulus of the arterial wall but
all the techniques suffer from the disadvantagthat they are more time consuming than
measurements of pulse wave velocity and requineatey degree of technical expertise to
perfornt® In addition, although CF-PWV and locally deteredn carotid stiffness
measurements general provide consistent informdtiohealthy subjects, discrepancies
have been noted for subjects with high blood pmesand/or diabeté¥’. Measurements of
local arterial stiffness are therefore performedstiyo for mechanistic rather than

epidemiological studies.

Analysis of theshape of the arterial pressure waveform allows detertomaof the
augmentation index (Alx) a parameter giving infotima regarding the reflected pulse
wave'®®. As mentioned previously, with increased artestiffness the reflected pulse wave
reaches the heart in systole and adds to (augm#ms¥ystolic, rather than diastolic,
pressure. The resulting arterial pressure wave famows a point of inflection
corresponding to the initial (forward) pressure eand a peak corresponding to the sum of
forward and retrograde pressure waves. The augtrmntandex, as a percentage, is

calculated as the ratio of pressure augmentatiguitise pressure (SP-DP).

Ideally the arterial pressure waveform should besue=d at the ascending aorta to truly
represent the load imposed upon the left ventrmig as this is difficult practically,

measurements are usually made at the radial aatedtya mathematical transform used to
convert them to those that which would be seehatbrtd®®. Measurements can be made
at the common carotid artery, being close to thas@ mathematical transform does not
need to be applied to the waveform obtained, bhigher degree of technical expertise is
required for its measurement as compared to maasuteat the radial artery. The Alx has

been shown to be of all-cause and cardiovasculataiity in end stage renal dised%eand
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a predictor of cardiovascular events in patientslengoing percutaneous coronary
intervention$®®.

1.4.3. Homocysteine, and Arterial Stiffness

Conflicting results have been demonstrated by studnvestigating whether vascular
dysfunction, as determined by arterial stiffnessasseements, is associated with plasma
homocysteine concentratigfig®:eoecrioz (tgple 1.8) however, these studies differed
widely in the age of participants and the measofesterial stiffness used. Also it should
be noted that in all but one stddy plasma homocysteine concentrations were onlylynild

elevated.
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Reference Patient category and sample  Measures  Age (years) Homocysteine{mol/L) Conclusions
numbers of arterial
stiffness
Bortolotto Hypertensive patients with and CF-PWV 58 + 13 no vascular disease: 13.6 £+ 4.%5uas CF-PWV positively correlated with
etal 1998  without clinical vascular disease, disease present: 15.9 +5.3 plasma homocysteine
n=236
Woodside Young healthy adults, males=  CF-PWV, males: 22.4 + 1.6, males: geometric mean =9.47+1.43, no correlation between plasma
etal 2004%8 251, females = 238 CR-PWV, females22.8+1.7 females: i =910 +143 homocysteine and any measure of
CT-PWV emales: geometric mean = 9.10 +1.43 ),
Tso et al Chinese females with systemic  ba-PWV 40+ 15 13.19+ 6.10 ba-PWV positively etated with
2006%° lupus erythematosus, n = 58 plasma homocysteine for total patient
group. When the group was subdivided
according to the presence of
anticardiolipin antibodies a positive
correlation was observed for
antibody positive group but not the
antibody negative group.
Levy got al Members of the Framingham CF-PWV, males: 60.5 + 9.8, Males: median = 8.5, IQR =7.2-10.0, Males: CF-PWV, but not CR-PWV
2007 Study offspring Cohort. CR-PWV females 61.1 £ 9.5 . L _ positively correlated with plasma
Individuals were excluded on the Females: median =7.1, IQR =5.9-8.8 homocysteine (p = 0.036). For females
basis of prior myocardial there was no correlation between
infarction or heart failure. Males: plasma homocysteine and either CF-
n = 856, females n = 1106. PWV or CR-PWV).
Ertek et al Peritoneal dialysis patients, n =60 CF-PWV 46132 27.2+15.7 No association found between plasm
2009 homocysteine and CF-PWV.
Vyssoulis Normotensive controls, n =31. CF-PWV Normotensives: 45.8 + Normotensives: 9.3 + 0.2, CF-PWV correlated positively with
et al 2016°2  Patients with isolated office Alx 1.0, plasma homocysteine when all three

hypertension, n = 480 and patients

with essential arterial
hypertension, n = 1188.

isolated office
hypertension:
52.4+0.6,

arterial hypertension:
52.4+0.3

isolated office hypertension: 10.5 + 0.2,

arterial hypertension: 11.7 +0.1

groups were combined and for each of
the three groups separately.

Alx correlated positively with plasma
homocysteine when all three groups
were combined, for the patients with
isolated office hypertension and for
patients with arterial hypertension but
for normotensive controls.

Table 1.9. Studies investigating homocysteinerapdsures of arterial stiffness.

4%
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2. Experimental

2.1. Materials

Homocysteine method

Dithiothrietol, D,L-homocystine, D,L-cystine, D,Lathionine and HPLC grade acetonitrile
were obtained from Sigma-Aldrich (Gillingham, Dars&K). D,L-homocystineds and
D,L-methionineds were purchased from Promochem (Welwyn Garden Eigytfordshire,
UK). D,L-cystined, was obtained from CK Gas Products (Wokingham, 8ark, UK).
Autonorm Human Liquid Control, level one, was pwaséd from Bio-Stat Ltd (Stockport,
Cheshire, UK). Chromatography column: 3.3cm, 4.6minSupelcosil LC-CN column
(Sigma-Aldrich, Gillingham, Dorset, UK).

ADMA method

Arginine, N°, N®-dimethylarginine hydrochloride, § N®-dimethyl-L-arginine di(p-
hydroxyazobenzene-p’-sulfonate) salf-iKethyl-L-arginine acetate salt, copper carbonate,
cyanogen bromide activated Sepharose, dimethylardineethylsulphate, 1,2-dimethyl-2-
thiopseudourea hydroiodide, 1,3-dimethyl-2-thiourBiaN”"-dimethylurea and Supelclean
LC-SCX solid phase extraction tubes were purchdsad Sigma-Aldrich (Dorset, UK).
Formic acid and 0.1 M HCI were obtained from VWRei€estershire, UK). Ammonia
solution (35%) and HPLC grade methanol were pumthafom Fisher Scientific
(Leicestershire, UK). L-arginind;:HCI and L-ornithined,:2HCI were supplied by CK Gas
Products LTD (Hampshire, UK).

2.2. Reagents and M ethods for Homocysteine Experiments

Standards
Plasma and urine standards were prepared by spikimgnercially available controls with
stock standard (500L stock standard to a final volume of 10 mL of gof)t Autonorm™

Human Liquid Control, level one was used for pregaplasma standards and Lyphocheck
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Quantitative Urine Control for preparing urine stards. The added concentrations were 0,
100, 200, 400 and 80@mol/L for cysteine and 0, 10, 20, 40 and [8fol/L for
homocysteine and methionine. The actual concémtisaiof the working standards were
determined by analysing each standard five timed eaalculating the endogenous
concentration of the analytes by the standard maditprinciple. Standards were frozen at

-20°C until use.

Internal standard

The internal standard was prepared by dissolvingtimyd,, homocystineds and
methionined; in 20 mmol/L HCI, resulting in final concentrat®of 1 mmol/L, 5Qumol/L
and 10Qumol/L respectively, this was stored frozen at°@@ntil use. The reducing agent,
dithiothreitol (200 mmol/L) in 0.1 mol/L NaOH, wasepared just before use. The protein
precipitating agent was prepared by the addition100uL formic acid and 5QL

trifluoroacetic acid to 100 mL of acetonitrile.

Sample preparation

Samples were prepared by addingfOof sample to 5QL of internal standard, followed
by 50uL of reducing agent and, after mixing, these wefetb stand at room temperature
for 15 minutes. Protein precipitating agent (%00 was then added and, after mixing, the
samples were centrifuged at 9@0for two minutes at which point the supernatant was

removed and transferred to autosampler vials.

Mass spectrometric analysis

Ten microlitres of prepared sample was injectedafalysis. The mobile phase consisted of
acetonitrile:water (50:50 vol/vol) containing 0.1fmic acid and was pumped at a flow
rate of 50QuL/min. The total analysis time was two minutes. Has settings used with the
mass spectrometer were, curtain gas (air) 40 psisourcegas 1 (nitrogen) 40 psi, ion
source gas 2 (nitrogen) 60 psi and collision gatsogen) 3 psi. The electrospray voltage
was set to +5000 V and the nebuliser temperatur&0@C. The parent/daughter
transitions used to monitor each analyte and tBecisted potential settings are given in

table 2.1; a dwell time of 100 ms was used for ¢smfsition.
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Parent  Daughter Declustering Focusing Entrance  Collision Collision cell  Collision cell

ion ion potential potential potential energy entrance exit potential

(m/z) (m/z) V) V) V) % potential (V) (V)
homocysteine 136.0 90.1 26 50 7.5 17 6 4
homocysteina, 140.1 94.1 26 50 75 17 6 4
cysteine 122.0 76.0 11 360 7.5 19 6 4
cysteined, 126.0 80.0 11 360 7.5 19 6 4
methionine 150.0 103.8 11 360 6 15 6 16
methionined; 153.0 107.1 11 360 6 15 6 16

Table 2.1. Mass spectrometer settings for the aizabf homocysteine, cysteine and methionine.

Plasma methionine

This was determined using an in-house HPLC méttioBllasma proteins were precipitated
with ethanol (twice) and amino acids were then\@ised with PITC. The derivatives

were separated on a C18 column using gradientoal#nd the derivatised amino acids

detected by absorbance at 254 nm. Norleucine webasinternal standard.

Urine cystine

The method used for the determination of urineiogstvas that used routinely in the
Clinical Chemistry and Immunology Department at Reyal Sussex County Hospital,
Brighton. Four mL of water (blank), standard (4#80l/L cystine) or urine was added to
1 g Amberlite IR-120(H) resin and mixed by inversifor five minutes, after which the
liquid was removed from the resin and discardec Esin was washed by adding four mL
deionised water and mixing by inversion for fivenoties. The water was removed and
discarded. Three mL 3 mol/L ammonium hydroxide vealsled to the resin, and after
mixing by inversion for a further five minutes, 1 raf the ammonia solution was removed,
transferred to a 1 mL plastic microcuvette and pD0of sodium cyanide (5% wt/vol)
added. After fifteen minutes the absorbance of esalbtion was measured at 520 nm
(absl1), 5QuL of sodium nitroprusside was added (5% wt/vol) ahd absorbance at
520 nm measured exactly 10 seconds later (abs2)cii@nge in absorbansabs (= abs2-
absl1) was calculated for each solution and the exdration calculated according to the
following formula:

concentration in sample =(Aabs sample Aabs blank) x concentration of standard
(Aabs standardAabs blank)
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2.3. Reagentsand Methods for Methylated Arginine Experiments

Stock standards.

ADMA (10 mmol/L): 27.5 mg ADMA.2HCI dissolved in 1@L 0.1 mol/L HCI.
SDMA (10 mmol/L): 22.8 mg SDMA.di(p-hydroxyazobemeep'-sulphonate) salt
dissolved in 3 mL 0.1 mol/L HCI.

MMA (10 mmol/L): 24.8 mg MMA acetate dissolved if inL 0.1 mol/L HCI.
arginine (100 mmol/L): 870 mg arginine dissolvedbhmL 0.1 mol/L HCI.

Working Standards.
For routine sample analysis four working standandse prepared by diluting stock
solutions of ADMA, SDMA, MMA and arginine in 0.1 rfib HCI and freezing portions of

the standards at -20 until used.

The concentration of the working standards were:

standard A 0.fumol/L ADMA, SDMA and MMA, 20umol/L arginine
standard B 1.@mo/L ADMA, SDMA and MMA, 40pumol/L arginine
standard C  2.@mol/L ADMA, SDMA and MMA, 80umol/L arginine
standard D  5.@umol/L ADMA, SDMA and MMA, 200umol/L arginine

These values were considered suitable for anabfsglasma samples but the literature
suggested that the concentration of ADMA and SDMAurine would be considerably
higher and so in all subsequent analyses urine lsanaygre pre-diluted 1 in 10 in deionised

water.

Derivatising Agents.

a) Borate buffer, 200 mmol/L: 2.473 g boric acidswdissolved in approximately
180 mL deionised water and 5 mol/L sodium hydroxtien added to adjust the pH
to 9.5. The solution was made up to a final voluohe200 mL with deionised

water.
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b) OPA (35 mmol/L) / mercaptoethanol (75 mmol/L% idg OPA was dissolved in
500pL methanol. Borate buffer, 4.5 ml, was then addetlofved by 26uL

mercaptoethanol.

C) OPA (35 mmol/L) / mercaptopropionylglycine (#dmol/L): 25 mg OPA and
61.2 mg mercaptopropionyl glycine were dissolved@pul methanol and 4.5 mi
borate buffer then added.

d) OPA (35 mmol/L) / 3-mercaptopropanol (75 mmal/R5 mg OPA was dissolved
in 500l methanol. Borate buffer, 4.5 ml, was then addeitbived by 32.5uL

mercaptopropanol.

e) OPA (35 mmol/L) / monothioglycerol (75 mmol/l95 mg OPA was dissolved in
500pL methanol. Borate buffer, 4.5 ml, was then addetlofved by 31uL

monothioglycerol.

f) OPA (37 mmol/L) / 11-mercapto-1-undecanol (75 ahin): 27.5 mg OPA and
80 mg 1l-mercapto-1l-undecanol were dissolved inL4propan-2-ol and 1 mL

acetonitrile and 200L triethylamine then added.

0) NDA (37 mmol/L) / mercaptoethanol (75 mmol/L)1ig NDA was dissolved in
1 mL acetonitrile. Triethylamine, 4@, and mercaptoethanol, &, were then
added.

NDA is very insoluble in aqueous solution and se thagent preparation procedure that

had been used for OPA reagents had to be modified.

h) NDA (37 mmol/L) / monothioglycerol (75 mmol/L}.1 mg NDA was dissolved in
1 mL acetonitrile. Triethylamine, 40L, and monothioglycerol, EL, were then
added.
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i) PITC (40 mmol/L) : 5pL PITC was added to 1 mL methanol and gD

triethylamine then added.

PITC is very insoluble in agueous solution and s eagent preparation procedure that

had been used for OPA reagents had to be modified.

Derivatisation Procedures.
i) For reagents a) - f) and i) derivatisation ofimmacids was carried out by adding
100pL of derivatising reagent to 2QfL of standard. Derivatisation was allowed to

proceed for at least five minutes before usingptteparation.

i) For reagents g) & h) derivatisation of aminadscwas carried out by adding 100
acetonitrile to 10QL standard followed by 10QL derivatising reagent.
Derivatisation was allowed to proceed for at Idast minutes before using the

preparation.

For the determination of MRM parameters 1 mL ofidsised standard was diluted in
9 mL 50:50 MeOH : 0.1 % formic acid

Synthesis of Isotopically Labelled ADMA, SDMA andA

Isotopically labelled ADMA, SDMA and MMA was not oomercially available when this
work began, although isotopically labelled argini(es argd;) could be purchased
commercially. Subsequently ADMA; has become commercially available from
Cambridge isotope laboratories. A method for th&ttsgsis of isotopically labelled ADMA
from labelled ornithine has been described by Akisrtf®, and this method was utilised
here. Methods for the synthesis of SDMA and MMA'®® had also been published and
these were adapted to the synthesis of isotopitadgiled internal standards.
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An ornithined, copper complex was used as the starting poinsyothesis of all internal

standards. The preparation of the complex was baged that described by Albsmeier et
a|160.

a) For each synthesis an ornithidgeeopper complex was used as the starting pointtaad
was prepared as follows: 20.6 mg ornithte2HCI was dissolved in 1 mL water. Small
amounts of copper carbonate were added, with mixiegulting in the development of a
blue colour. Copper carbonate continued to be addétisaturation was achieved and the
intensity of the colour no longer increased. Theitbme-d, copper complex preparation
was centrifuged and the supernatant removed amddstd 4C for later conversion into
ADMA- d;, SDMA-d; or MMA-d,.

b) Synthesis of ADMAd,: this was based upon the procedure described bynidier et
al®. In brief 0.5 g bromcyan-agarose was suspend&@ mL of 1 mol/L HCI in methanol
and mixed for 30 min. The bromcyan-agarose was wWeshed with 10 mL of 1 mmol/L
HCI and three times with 10 mL water. The orniththecomplex prepared above (a) was
added to the bromcyan-agarose and mixed overnigh°@ The mixture was then
centrifuged, the supernatant removed and discadddhe bromcyan-agarose washed with
10 mL 1 mol/L HCI and then three times with 10 mhater. The ornithine, bromcyan-
agarose complex was suspended in 20 mL 20% dinzatiiyk and the mixture incubated
at 50C for 24 hr. The supernatant was then removed &rd dnder vacuum, reconstituted
in methanol: water 50:50, centrifuged and the sugtant again dried under vacuum. The
residue was dissolved in 10 mL 0.1 mol/L HCI tolgia stock solution. Analysis of the
product by mass spectrometry confirmed the formaté ADMA-d,; no formation of
ADMA, SDMA, MMA or arginine was detected.

c) Synthesis of SDMAL: this was based upon a procedure described bynia&i and
Akazawa® for the synthesis of SDMA from ornithine. Dimelsylphate (50uL) was
added to dimethylthiopseudourea (54 mg). The coetaivas sealed and heated to°C10
for 30 min. The ornithinel, copper complex prepared above (a) was added alathg
100ul 5M NaOH and 9 ml water. The mixture was therulmated at 3T for three days.
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The mixture was centrifuged and the supernatantovech and dried under vacuum,
reconstituted in methanol: water 50:50, centrifuged the supernatant again dried under
vacuum. The residue was dissolved in 10 ml 0.1 M teGield a stock solution. Analysis
of the product by mass spectrometry confirmed dnmétion of SDMAGE,; no formation of
ADMA, SDMA, MMA or arginine was detected.

d) synthesis of methylarginind: this was based upon a procedure described byirCorb
and Reportér® for the synthesis of methylarginine from ornithifieo the ornithined,
copper complex prepared above (a), 2 mL of 35% ammneolution and 23.2 mg 1,2-
dimethyl-2-thiopseudourea was added. The mixturs tan incubated at 25 for 24 hr.
The mixture was then centrifuged and the superhatmoved and dried under vacuum,
reconstituted in methanol: water (50:50), centdigind the supernatant again dried under
vacuum. The residue was dissolved in 10 mL 0.1 ImBICI to yield a stock solution.
Analysis of the product by mass spectrometry coréa the formation of MMAd,; no
formation of ADMA, SDMA, MMA or arginine was detesd.

Internal standard for routine use.

For routine analysis of plasma and urine samplesr&ing internal standard solution was
prepared by diluting the stock internal standard Ok mol/L HCI. to give final
concentrations of 2@imol/L for ADMA-d,, SDMA-d, and MMA-d, and 200umol/L for

arginined;.

Solid Phase Extraction

The extraction procedure was carried out by usirtgracolumn solid phase extraction
(SPE) manifold connected to a water pump. Sampée witially acidified by the addition
of 1 mL of 0.1 mol/L HCI to 5QuL of working internal standard solution and 20D of
plasma or urine sample; urines having been preedilwith deionised water (1 part urine: 9
parts water). Strong cation exchange solid phasegaaion (SPE) columns were
conditioned by washing with two reservoirs of metbla(approximately 1.2 mL each)
followed by washing with two reservoirs of 0.1 niolHCl. The acidified samples were

applied to the SPE columns and drawn through urethrced pressure with the flow rate
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being maintained at approximately 1 mL/min. The SPRimns were then washed with

two reservoirs of deionised water followed by tvesearvoirs of methanol. Analytes were

then eluted from the SPE columns using 1 mL of amaimethanol (1 part 35% ammonia

solution : 4 parts methanol), with this being draiwrough the SPE columns under reduced
pressure with the flow rate being maintained araxmately 1 mL/min. The eluates were

dried under vacuum and then reconstituted in 1 . % formic acid.

Mass spectrometric analysis

Twenty microlitres of prepared sample was injected analysis. The mobile phase
consisted of 0.1% formic acid and was pumped dow fate of 50QuL/min. The total
analysis time was three minutes. The gas settisgd with the mass spectrometer were,
curtain gas (air) 40 psi, ion sourgas 1 (nitrogen) 10 psi, ion source gas 2 (nitrp@epsi
and collision gas (nitrogen) 4 psi. The electrogpraltage was set to +5000 V and the
nebuliser temperature to 580D. The parent/daughter transitions used to moretch

analyte and the associated potential settings igem gn table 2.2; a dwell time of 500 ms
was used for each transition.

Parent  Daughter Declustering Focusing Entrance  Collision Collision cell  Collision cell

ion ion potential potential potential energy entrance exit potential

(m/z) (m/z) V) V) V) % potential (V) (V)
ADMA 203.0 46.3 26 360 8 37 13.6 0
ADMA-d, 205.0 46.3 26 360 8 37 13.6 0
SDMA 203.0 172.0 31 220 6.5 17 12.0 30
SDMA-d, 205.0 174.0 31 220 6.5 17 12.0 30
MMA 189.0 70.1 41 210 6.5 33 13.6 0
MMA- d, 191.0 72.1 41 210 6.5 33 13.6 0
arginine 175.1 70.1 31 60 8.5 31 12.0 2
arginined, 182.1 77.1 31 60 8.5 31 12.0 2

Table 2.2. Mass spectrometer settings for the aisabf arginine and methylated arginines.
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24, The API Sciex 2000 M ass Spectrometer

The mass spectrometer used throughout the courtleesé studies was a Perkin-Elmer
Sciex API 2000 triple quadrupole mass spectrométtrgd with an electrospray ion source
and coupled to a Perkin-Elmer HPLC autosampler micopump (series 2000), this is

shown schematically in figure 2.1.

Sample is injected by the autosampler into the taophase, pumped to the mass-
spectrometer and sprayed into the electrospraygaamnce where, with the application of a
high voltage, small charged droplets are formedth&sdroplets evaporate (assisted by the
application of heat) ions are ejected and arecédaby an applied voltage into the first
guadrupole of the mass spectrometer (Q1), (figu2ea In Q1 the trajectories of the ions
are manipulated by the further application of electields, and only ions of a selected
charge to mass ratio (m/z) pass straight througthéosecond quadrupole (collision cell,
Q2) (figure 2.2.b). In Q2 the ions collide with gaslecules (nitrogen) which, in addition
to the application of electrical energy by the quadle, results in fragmentation of the ion
(figure 2.2.c). The ion fragments pass to the thwddrupole where a particular fragment is
selected according to its mass to charge ratiasatiowed to pass through to the detector.
Software provided with the mass-spectrometer (AstaNT software) allows processing of
the signal generated, and quantitation of resiilis. software provides facilities (Autotune
facility) for the automatic determination of theeegies, and mass spectrometer settings,

required to produce the individual fragments.

A

HPLC system and Electrospray  Quadrupole Quadrupole Quadrupole Detector
autosample ion source/ one (Q1). two (Q2). three (Q3).
nebuliser lon selection Collision cell. lon selection

Figure 2.1. Schematic diagram of the API 2000 nspestrometer. Sample is injected by the autosarte
the mobile phase and pumped to the mass-spectnoneteall charged droplets are formed by the
electrospray-ion-source/nebuliser. lons of inteegstselected according to their mass/charge batibie first
quadrupole and pass to the second quadrupole wheyeare fragmented. Specific ion fragments arecset!

by the third quadrupole, again based on their maharge ratio, and are allowed to pass to thectigte
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a)
:
& Vo ®
_— @ — ®—>® —0 — &
N
§§§ hot gas ®

High voltage Droplet Evaporation lon To mass
formation ejection analyser

(Q1)

lon with selected m/z
b) / __e—"" pass straight through

lons with incorrect m/z
thrown off original path

lon fragments pass to
¥ third quadrupole (Q3)

Energy from quadrupole and
collisions with nitrogen molecules
cause the fragmentation of ions

Figure 2.2. lonisation, mass selection and fragatent within the mass spectrometer. a) Injectedmam
is pumped to the electrospray ion source whereolim§ a spray of small charged droplets, which
evaporate and eject ions which are then drawn bglectric field into the first quadrupole of the ssa
spectrometer. b) The trajectories of the ions aamipulated with electric fields and only those loé t
selected mass to charge ratio pass straight thrar)génergy from the collision cell (quadrupoleaid
collisions with nitrogen molecules energise thesiaendering them unstable and causing fragmentatio
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3. Development of a Tandem-M ass Spectrometric Method for the Deter mination

of Homocysteine, Cysteine and M ethionine in Plasma and Urine.

3.1. Background

Plasma total homocysteine had been measured ryuimehe Clinical Chemistry and

Immunology Department at the Royal Sussex Countgpifal since 1992, using an in-
house HPLC method based upon that of UbBinkhe method was laborious and time
consuming, 20 samples taking more than two hourprépare and approximately five
hours for HPLC analysis, and as routine requesthdonocysteine analysis continued to
increase so an alternative method of analysis waghd. The department had recently
taken possession of a bench-top tandem mass spetto(Applied Biosciences API Sciex
2000) and this, together with a publication desoghthe measurement of plasma total
homocysteine by tandem mass spectrometry (Mageet’2gt offered the possibility of

developing a fast and simplified method for plasramocysteine and related analytes.

3.2. Method Development and Optimisation

3.2.1. Determination of Fragmentation Patterns

The parent/daughter transitions for cysteine, hgrstetne and methionine, along with the
optimal potential settings for each, were deterghibg infusing a 1Qumol/L solution of
each analyte at a flow rate ofub per minute and using the AutoTune algorithm pded
with the system software. The fragmentation pasteriptained for homocysteine, cysteine

and methionine are shown in figures 3.1, 3.2, aBd 3
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Figure 3.1. The mass spectrometric fragmentatidgtepafor homocysteine. This
was determined by infusing a 30nol/L solution of homocysteine (containing
0.1% formic acid) into the mass spectrometer alow frate of 10uL/min and
scanning on the third quadropole. Homocysteine prasluced by reduction of
homocystine with DTT. The fragments were identifestomatically by the mass
spectrometer softwa
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Figure 3.2. The mass spectrometric fragmentatidtepafor cysteine. This was
determined by infusing a J@mol/L solution of cysteine (containing 0.1% formic
acid) into the mass spectrometer at a flow rate0gilL/min and scanning on the
third quadropole. Cysteine was produced by rednabfocystine with DTT. The
fragments were identified automatically by the mgmsctrometer software.
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Figure 3.3. The mass spectrometric fragmentatidtepafor methionine. This
was determined by infusing a 1Mnol/L solution of methionine (containing
0.1% formic acid) into the mass spectrometer dow fate of 10uL/min and
scanning on the third quadropole. The fragmentewdentified automatically
by the mass spectrometer software.
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3.2.2.  Nebuliser Optimisation.

Optimal nebulizer conditions were determined byesgpnjection of 1QuL of a 10pumol/L
solution of homocysteine and stepwise variationirafividual gas flows. The results
obtained for the optimisation of the heater gas @aurce 2) are shown in figure 3.4 as an
example of this process. The optimum conditionsxfbwere: curtain gas (air) 40 psi, ion
sourcegas 1 (nitrogen) to 40 psi, ion source gas 2 (ggn) 60 psi and collision gas

(nitrogen) 3 psi. The electrospray voltage wass&000 V.

15000+ optimum pressure for

. - «— GS2=60psi
—¢— mean response ! il I
10000 I <> i
2
(@)
50001
LA

0 10 20 30

40 50 60 70 80
Heater gas (GS 2) (psi)

Figure 3.4. Optimisation of the heater gas. Tenrofitces of a 1Qumol/L solution of
homocysteine was injected by the autosampler ate®@nd intervals. The mass spectrometer
was set to monitor the parent/daughter transitmmnesponding to homocysteine (m/z 1380),
and the pressure of the heater gas (GS2) was gsetda 10 psi increments. The optimum gas
pressure was determined as that which gave théegtemunts per second (height).
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3.2.3. Temperature Optimisation and Effect on Seggion

The extent to which the analyte signal might bepsegsed by other plasma constituents,
and how this was affected by nebulizer temperatwaess determined by monitoring the
signal generated by an internal standard in bothagueous preparation and a plasma
preparation. Initially three solutions were preplré&olution A consisted of 4QQ plasma
and 20QuL reducing agent, solution B 4QQ internal standard and 2QQ reducing agent
and solution C 400l deionised water and 2QQ- reducing agent. After 15 minutes 2 mL
of the protein precipitating agent was added tdveand after centrifugation equal parts of
A and B were mixed for the plasma preparation aqubkparts of B and C mixed for the
aqueous preparation. The nebulizer temperature seago 250°C and the aqueous
preparation injected five times, followed by fivgdctions of the plasma preparation. The
injection sequence was repeated witf?GOncrements in nebulizer temperature over the
range 250-508C, allowing twenty minutes between each series temperature
equilibration (figure 3.5).

For cysteined,, the mean signal obtained in the plasma preparatias 90% of that
obtained for the aqueous preparation. For homemestl; and methioninek it was 80%.
There was no association between suppression angetature (one-way ANOVA;
cysteine p = 0.167, homocysteine p = 0.455, methép = 0.657). Increasing temperature

produced an increase in absolute signal reachjigteau at approximately 420.
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Figure 3.5. The effect of temperature on nebubisatind suppression. A solution of
internal standard was prepared in water and plasmd,then each preparation was
analysed by the mass spectrometer five times &t é=operature, the latter being
increased from 25T, in 50°C increments, with twenty minutes being allowedatsen
temperature changes for thermal equilibrium todmched. For clarity only the results
for the aqueous preparation are shown.

3.3. Method Validation

3.3.1. Linearity Studies

Preliminary experiments to assess the linearitythef method were carried out using
agueous standards, the concentration of the higitastiard (following reduction) being
2000umol/L cysteine, 20umol/L homocysteine and 20Q0mol/L for methionine.

Although the standard curves for homocysteine arethionine were linear for the

concentration range examined a distinctly curvesppoase was obtained for cysteine. The
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cause of this alinearity was determined as beirggtdusobaric interference of the internal
standard, cysteindy, by cysteine. Of the cystine isotopes availabyestined,, which on
reduction yields cysteind,, had been chosen for use as one of the interaadiatds, partly
on considerations of cost. A close examinationh& molecular weight distribution for
cysteine, taking into account the relative abundanaf the naturally occurring isotopes,
showed that whilst the predominant form of cystelves a molecular weight of 121
approximately 5% of naturally occurring cysteine laamolecular weight of 123, the same
as the predominant form of the labelled internahdard. The relatively high proportion of
cysteine with a molecular weight of 123 is duehe fact that sulphur naturally exists as
two isotopes 63> and 165>, with relative abundances of 95.0% and 4.2% rdifsby.
Cysteine, and other substances containing one wufgtbm, therefore also exists mainly in
two molecular weight forms in approximately the sapnoportions. This does not in itself
cause problems with quantitation since standardssamples will both contain the same
isotopic forms in the same relative proportionsolff¥ms do arise though with internal
standardisation as approximately five percent steipe has a molecular weight of 123, the
same as the major form of cysteidieand both of these ionise and fragment in the mass
spectrometer to produce a daughter ion of the saass, the minor cysteine component
therefore produces an isobaric interference with iiajor cysteingl, component. This
difficulty was overcome by using the higher moleculveight form of cysteind, for
internal standardisation.

Further linearity studies were performed using agse plasma and urine based standards.
The plasma and urine standards were prepared by gimoducing a stock standard
containing 20 mmol/L cystine (equivalent to 40 mfholcysteine after reduction),

2 mmol/L homocystine (equivalent to 4 mmol/L homsieyne after reduction) and
40 mmol/L methionine in 0.1 mol/L HCI. Standarderes prepared in HCI as cystine is
poorly soluble in water. Intermediate standardsewmepared by further dilution of stock
standard in 0.1 mol/L HCI. Finally working standsarevere prepared by addition of
intermediate standard (%) to either pooled plasma (9%Q) or pooled urine (95@L).

All standards were analysed in triplicate, in ramdorder, within one batch. The linearity

of the method was determined as being to at 16230 2mol/L for cysteine, 20@mol/L
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for homocysteine and 20Q@0nol/L for methionine for both plasma and urine. A
chromatogram for a typical plasma sample is shows6 and the standard curves obtained

for the aqueous, plasma and urine based stand&dsawn in figures 3.7, 3.8, and 3.9.
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Figure 3.6. An example of a typical chromatogramagblasma sample,
analysed as described on p43.
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Figure 3.7. Standard curves for homocysteine. Fasnpa and urine standards, pooled
plasma or urine was spiked with an aqueous stand#&rgbarts plasma or urine:1 part
standard). All standards were analysed in triplicéth random order. The results for
each standard are plotted individually, but maniyscare coincidental.
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Figure 3.8. Standard curves for cysteine. For pdasmd urine standards, pooled
plasma or urine was spiked with an aqueous star{dfrgarts plasma or urine:1 part
standard). All standards were analysed in tripticat random order. The results for
each standard are plotted individually, but manyscare coincidental.
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Figure 3.9. Standard curves for methionine. Fosmpk and urine standards, pooled
plasma or urine was spiked with an aqueous star(d&rgarts plasma or urine:1 part
standard). All standards were analysed in tripticat random order. The results for
each standard are plotted individually, but manyscare coincidental.

3.3.2. Precision

Within-batch and between-batch precision was detexthat three concentrations using
pooled human plasma or pooled human urine (witbksstandard added to the plasma or
urine pool for the intermediate and high concerdral). Twenty replicates were analysed
in each case. Results for within batch-precisiod laetween batch-precision are shown in
table 3.1.
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Sample type  Analyte Within-batch Between-batch
Mean %CV Mean %CV
(umol/L) (umol/L)
Plasma homocysteine 10.1 35 10.7 9.1
335 3.3 32.1 5.8
63.4 3.1 62.6 5.6
cysteine 310 4.9 323 10.5
538 3.9 653 14.1
835 4.0 1117 14.4
methionine 30.6 2.9 30.4 111
50.0 3.7 49.5 11.8
80.2 3.2 83.0 12.7
Urine homocysteine 115 4.5 10.8 7.5
63.0 25 59.7 5.3
108.9 25 104.5 5.2
cysteine 319 4.2 313 7.7
832 3.8 802 3.0
1296 4.1 1260 7.0
methionine 6.5 5.2 6.7 14.8
60.0 3.4 54.5 4.6
107.7 3.1 99.6 5.8

Table 3.1. Within- and between-batch precision folasma and urine total
homocysteine, total cysteine and methionine. Popladma or urine was used for the
low value samples. For intermediate and high valpesled plasma or urine was spiked
with an aqueous standard (1 part standard to 1% gdasma or urine). Twenty
replicates were analysed at each concentration.

3.3.3.  Recovery

Samples for recovery studies were prepared by gdsliock standard (at two different
concentrations) or 0.1 mol/L HCI to twenty diffetgolasma and twenty different urine
samples (2QL standard to 18QL plasma, 5QuL standard to 95QL urine). Each
preparation was analysed in duplicate. The effefctsing HCI as diluent rather than water
was examined by using ten different plasma sampl@gting each into two portions, and
adding 0.1 mol/L HCI to one portion and deioniseatev to the other (5QL 0.1 mol/L
HCl or water, 95QuL plasma). No statistically significant differenaeas observed in

adding 0.1 mol/L HCI to samples as compared witlordsed water (Student’'s paired
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t-test: p = 0.73 for cysteine, p = 0.48 for homoeyst and p = 0.15 for methionine). The
results of the recovery experiment are shown itetdf2. The use of aqueous standards led
to a lower mean recovery compared to using matakchred standards (by approximately
5% for all analytes) and so for comparison studied the routine analysis of samples
matrix-matched standards were used.

Sample Analyte Added concentration Aqueous standards Matrix matched standards
type (umol/L)
Mean recovery (%) %CV  Mean recovery (%) %CV
Plasma  homocysteine 20 93.1 4.4 100.9 4.3
50 93.9 3.2 101.8 3.2
cysteine 200 94.6 10.1 97.0 10.1
500 97.6 6.1 100.1 6.0
methionine 20 94.7 8.6 102.7 8.6
50 93.4 4.4 101.1 4.4
Urine homocysteine 20 94.2 4.1 97.5 4.1
50 90.6 4.9 93.7 5.0
cysteine 200 925 95 103.7 95
500 89.7 7.6 100.5 7.5
methionine 20 92.5 3.8 97.3 3.7
50 89.5 5.4 94.2 5.4

Table 3.2. Recovery of homocysteine, cysteine amthimnine from plasma and urine. Baseline

samples were prepared by the addition of 0.1 mHIgl, spikes by the addition of standard in 0.1

mol/L HCI (1 part HCI or standard to 19 parts saghpHomocystine and cystine were used for
preparation of standards, with homocysteine anteyes being subsequently generated by reduction
of samples with DTT. Twenty samples were prepatedaah concentration and were analysed in
duplicate. The results were calculated using bgtreaus and matrix matched standards.

In a review of tandem mass spectrometric methodshi® analysis of homocysteiighe
above results for recovery and precision compareltl with other similar methods (table
3.3).
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Reference, year of
publication

Mean recovery
(%)

Mean between batch Mean within batch
precision, %cv (number) precision, %cv (number)

Hempen et af% 2008
Li et al, 2008
Huang et af, 2007
Rafi et at®, 2007
Weaving et &f’, 2006
Kuhn et af®, 2005
Tuschl et &', 2005
Nelson et &f, 2005
Nelson et &f, 2003
McCann et &aF, 2003
Magera et &f, 1999

97.5(4)
98.6

102

101.1 (12)
101.4 (20)
94.7

79.8

not given
not given
not given
96.0

2.3 (20) 5.0 (12)
3.2 4.0

4.9 (45) not given
4.5 (9) 5.8 (27)
3.3 (60) 6.8 (60)
not given not given
10.2 (10) 11.5 (5)
2.1(2) 6.0 (6)
3.6 (60) not given
6.0 (10) 10.3(10)
4.3 (18) 4.1 (18)

Table 3.3. Precision and recovery data for pubtisihethods for the analysis of plasma homocystejne b
tandem mass spectrometry. Adapted from Rafiiét al

3.3.4. Limits of Detection and Quantitation

The limit of detection and limit of quantitation meedetermined by analysing ten sample

blanks (water in place of sample). The signal (lr@seobtained from each analysis was

integrated using Analyst-NT software to obtain saswe of noise. The limit of detection

was then calculated as 3 x blank sd and the lhfuantitation as 10 x blank sd. The

limits of detection for homocysteine, cysteine amethionine were 0.Amol/L, 0.5umol/L

and 0.2umol/L respectively, while the limits of quantitatiavere 0.4umol/L, 0.9umol/L

and 0.4umol/L respectively.
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3.3.5.  Homocysteine method comparison.

Comparison studies for plasma total homocysteine \performed on two different types
of analyser. The Drew Scientific Ltd DS 30 is axtlesed automated HPLC system (Drew
Scientific Ltd, Barrow-in-Furness, UK) using prekomn derivatisation with ammonium

7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate (SBD&)d fluorescence detection. This
analyser was chosen because it gave comparablésréswur previously used in-house
HPLC system. The IMx analyser (Abbott Diagnostidgidenhead, UK) uses an enzymic
reaction to first convert homocysteine to adendsyhocysteine which is then measured
using fluorescence polarisation immunoassay. Bdib tommercial systems were
calibrated and used to assay plasma samples acgdalthe manufacturer’s instructions.

The results of the comparisons are shown in fig@r&8. and 3.11.
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Figure 3.10. Comparison of plasma total homocysternesults
obtained by mass spectrometry and by HPLC (Drew 30)
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Figure 3.11. Comparison of plasma total homocysteiasults
obtained by mass spectrometry and by FPIA (Abbot)IM

Plasma total homocysteine measured by tandem rpasg@metry produced results higher
than those produced by either the Drew analyséteAbbot IMx analyser. The respective
Deming regression equations were: MS = 1.06 HPDM®1, and MS =1.10 IMx - 0.43.

Others have also reported discrepant results leetweethods and inspection of external
quality assessment scheme reports for homocystsimevs that between-laboratory

comparability is problematic.

The inter-method differences may be due in patiéouse of different calibration materials
and procedures. The LC-MS/MS method employs matatehed homocystine standards

whilst the Drew DS 30 uses an aqueous homocystailitgrant.

For the IMx method calibration is not performed ngsi homocysteine but

adenosylhomocysteine is used instead. Plasma saaanitially treated enzymically to
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convert homocysteine to adenosylhomocysteine, bigt step is not required for the
calibrants. Not only are there issues regardingrheerial used for calibration but samples

and standards are not subject to identical steps.

Although the comparison studies were only performsithg matrix matched standards for
the MS assay the possible effects of having usedags standards may be modelled using
the results of the recovery experiments detailedvabIn these experiments the mean
recovery of homocysteine added to plasma was 938/6&»n aqueous standards were used
for calibration and 101.4% when matrix matched déads were used. If these values are
representative of the general behaviour of plasaraptes with regard to the use of
different calibration procedures in the MS asshgntthey may be used to ‘recalculate’ the
results obtained to give values that would be etguebad aqueous standardisation been
used. When this is performed there is much clogezeament between the MS method and
both the Drew 30 and IMx methods, the Deming regoes equations becoming:
MS =0.98 HPLC + 0.01, and MS = 1.02 IMx - 0.39fies 3.12 and 3.13).
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Figure 3.12. Comparison of plasma total homocysteasults obtained by mass spectrometry to
those obtained using HPLC (Drew 30), after adjgsfor calibration effects. The results obtained
by mass spectrometric analysis were recalculats@hguresults obtained from the recovery
experiments, to simulate the effect of using ageestandards instead of plasma based standards.



69

o

o 40 ] ’ " . . .
= A Identity line, y = X
@] B4
g ":»" 0 ;
T 301 o 95% confidenct
(2 K
) o/
o ) 4
§ N Deming regression line
2 201 /% ° y =1.02x - 0.39
- n=75
g
% 10 A
°©
8 °
g

0 T T T T

0 10 20 30 40

HPLC homocysteingimnol/L)

Figure 3.13. Comparison of plasma total homocysteasults obtained by mass spectrometry to
those obtained using FPIA (Abbot IMx), after adjugtfor calibration effects. The results obtained
by mass spectrometric analysis were recalculatethguresults obtained from the recovery
experiments, to simulate the effect of using ageestandards instead of plasma based standards.

At the moment, a universally agreed reference nahtéor the calibration of plasma

homocysteine assays is not available

3.3.6.  Methionine method comparison.

For comparison of plasma methionine, samples weaéysed by an in-house HPLC based
amino acid screening system. As all the sampledad@ for analysis had methionine
concentrations falling within a narrow range, thetinionine concentration of some samples
was increased by 50, 100, 150 or 20@o0l/L (five of each) by the addition of 50L
standard to 95@IL sample. Methionine measurements by tandem masgrsmetry was
approximately 30% higher than measurements by HRIE Deming regression equation

for the comparison being MS = 1.34 HPLC - 5.85. Tdwmlts of the comparison are shown
in figure 3.14.
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Figure 3.14. Comparison of plasma methionine resofitained
by mass spectrometry and by an in-house HPLC mé&thod

The HPLC method serves as a first-line screenisg te detect abnormal amino acid
patterns in sick neonates and not as a quantitatiieo acid analyser. With this method,
plasma proteins are first precipitated with ethaamad then the amino acids are derivatised
with phenylisothiocyanate; nor-leucine is usedrasrnal standard, which may behave very
differently from methionine with regard to precadibn and derivatisation. The method is
calibrated with an aqueous standard which may lasave differently to plasma samples.
No recovery data was available for this methodeAes of aqueous and plasma standards
analysed by HPLC gave -calibration curves with grati in the ratio 1:1.43
(plasma:aqueous). Therefore, it is likely that HRLC method shows poor recovery for
plasma methionine, and this could account for tfferénce in the measurements obtained

by mass spectrometry.
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3.3.7. Cysteine method comparison.

Urine cysteine comparisons were carried out usmmdouse colorimetric assay based on
the cyanide-nitroprusside reaction. Results arewshan figure 3.15. Urine cysteine
measurements obtained by mass spectrometry weststamtly lower than those obtained
by the colorimetric assay, the Deming regression uaggn being:
MS = 0.86 colorimetric - 69.3.

Although useful for detecting and monitoring cystia, the cyanide-nitroprusside reaction
is known to suffer from a number of interferencesl as probably best regarded as a
semiquantitative assay, and this may account ferldok of agreement between the two
methods. Plasma cysteine was also measured by LMASISbut the results were not

subjected to a comparative procedure since non@utiethod was available.
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Figure 3.15. Comparison of urine cysteine resulitained by
mass spectrometry and by an in-house colorimetsay
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3.4, Conclusion

A method for the simultaneous measurement of totahocysteine, total cysteine and
methionine in plasma and urine has been descri®eslilts obtained by mass spectrometry
for plasma homocysteine compare with accreditedneeruially available kits (Drew DS
30 HPLC and Abbott IMx immunoassay). The techniceaires only 5QL of plasma, is
relatively fast and uses less expensive reagerds the commercial systems. The
simultaneous assay of methionine helps distingoystathionine beta synthase deficiency
from other causes of hyperhomocysteinaemia andephlacement of a routine assay for the
determination of urinary cystine that utilizes sodicyanide with a more specific and less

hazardous method is an additional benefit.
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4. Development of a Tandem-M ass Spectrometric Method for the

Determination of Arginineand Methylated Argininesin Plasma and Urine.

4.1. M ethod Development

41.1. Initial Considerations

The aim was to develop a method that would ideaéasure ADMA, SDMA, MMA and
arginine simultaneously and which was sufficierdjcurate and precise to allow for the
reliable interpretation of the results in clinigahctice. Consideration was also given to the
routine working practises of the department in Wwiitze method was to be used. A method
using an isocratic mobile phase would be more colew¢ over a method requiring
gradient separation, as one of the two solvensliolethe HPLC system attached to the
mass spectrometer was in regular use for otheyseml short run times would enable a
greater sample throughput and the preparation mpks should be as quick, simple and
robust as possible so that the method could bemmeeid by a variety of staff with differing
levels of skill. Methods for the analysis of dimgHrginines have been reviewed in section
1.3.5 and many of these have made use of OPA dsatian to facilitate the
chromatographic separation of ADMA and SDMA but éiadisadvantages that include
long run times and the need for gradient elutieventheless derivatisation by OPA was
thought to be a useful starting point for the depeilent of a tandem mass spectrometric
method.

4.1.2. The Use of O-phthaldialdehyde

The fragmentation patterns of OPA-ADMA and OPA-SDMwere obtained by
derivatising 1 mmol/L solutions of ADMA and SDMAg(sarately), as described in section
2.3 (figure 4.1). The derivatised amino acids weitated 1/10 in 0.1% formic acid and
then infused into the mass spectrometer ptfnin. The infused solutions were initially
scanned using only the first quadrupole of the nsaestrometer (Q1 scan) over the mass

range 300 — 400 amu to ensure that the predictedupt, m/z = 379, had indeed been
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formed. This peak was observed in the Q1 scan wWwat dthers, with m/z =319 and
m/z = 334, were also seen. In comparing the Qlsschtained for OPA-ADMA and OPA-
SDMA to that obtained from infusing a blank soluaticonsisting of OPA reagent diluted in
0.1% formic acid, it was apparent that these aoludii peaks were not associated with
contaminants in the reagents but were additionaldysts being formed by the
derivatisation of dimethylated arginines. The Autet software facility (section 2.4.) was
used for determining the fragmentation of each l# products. On examining the
fragmentation patterns obtained it was noted thatet appeared to be the production of
three parent/daughter combination which were uniuDMA (m/z: 378.9— 230.1,
378.9— 257.2, and 378.9> 290.2) and also two parent/daughter combinatishgh
were unique to SDMA (m/z 378:9 205.2 and 378.9» 244.2) . There were no unique

daughter ions observed for the parent ions with3ti& and 334.

SR2
CHO I
/
@i + R-NH, + R2-SH —» ©3NR1
~
CHO

Figure 4.1. The reaction of amino acids with o-pldraldehyde and a
conjugating thiol.

4.1.3.  Stability problems with OPA.

Whilst carrying out the determination of the fragnagion patterns for the different OPA-
DMA derivatives it was observed that the relativegortions of the parent ions, for both
ADMA and SDMA derivatives, changed with time. Inrpeular the product with m/z 379
decreased whilst the product with m/z 319 increaséé decrease in intensity of the first
product was not surprising as OPA-amino acid déviga are well known for being
unstablé®

To examine the rate at which the concentrationshef various products changed, and
whether this might be affected by the presencé@efférmic acid which had been added to
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promote ionisation, a 10 mmol/L ADMA standard waseridatised using
OPA/mercaptoethanol as reagent (d0standard + 9QUL reagent). To this was then added
either 900pL 0.1% formic acid or 90Qul deionised water. The preparation was then
quickly transferred to the mass spectrometer faalysms. Twenty microlitres of the
preparation was injected into the mass spectromesarg 0.1% formic acid as the carrier
solution, pumped at 5QL per minute. Scanning over the mass range 40 —a400 was
performed using the first quadrupole of the mastspmeter. Each scan cycle took 20 s
and was repeated continuously for 5 minutes, atlvhime the sample was re-injected and
the scanning process repeated. A total of 12 corise injections for each preparation
was performed. A nebuliser temperature of 8D@vas used, the other parameters being set
to the equipment’s default conditions The data aaalysed by extracting the total ion
count for each mass from the sum of all the scan®pned within one 5 minute injection
cycle. In previous experiments the products whiald Formed from the reaction of OPA
with either ADMA or with SDMA all had m/z greatenan 300 amu. The reactants had not
been examined below 300 amu to determine whethesrethwere further
products/breakdown products being formed with lometecular weights, and therefore to
determine whether this might be so, an extendedhsog range, 40 — 400 amu, was chosen
for this experiment. No peaks corresponding to peodormation were seen other than
those previously noted with m/z = 319, 334 and J#%® change of concentration of each

product with time is figure 4.2.
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Figure 4.2. Changes in ADMA-OPA products with tirde10 mmol/L ADMA standard was
derivatised with OPA/mercaptoethanol reagent|{LOstandard + 9QuL reagent) and 900
puL of 0.1% formic acid was then added (a). Twentgnolitres of the preparation was
injected into, and analysed by, the mass specteymeith repeat injections every five
minutes for one hour. The experiment was then tegedut the derivatised standard was
diluted with deionised water instead of formic agl



77

The ADMA standard used for this experiment was lyigioncentrated (10 mmol/L). The
way in which it was derivatised and diluted resillie a preparation with an OPA-ADMA
concentration of 10Qmol/L, assuming that all the ADMA had indeed detiseed. The
latter was a reasonable assumption in that the @&#\in large excess by comparison to
ADMA. Although this concentration was much highban that expected to be found in
plasma samples (approximatelyuol/L) its use was required due to the fact thatin
preliminary experiment, using a standard with anM¥D concentration of 1 mmol/L
(resulting in a final concentration of @nol/L for OPA-ADMA) the peaks observed had

very low intensity.

For both OPA-ADMA diluted in formic acid and alsdufed in water the products with
m/z = 379 and m/z = 334 decreased with time wihistproduct with m/z = 319 increased.
These changes were most rapid in the acid preparatith the peak at 379 being virtually
undetectable by 25 minutes. Although the changes w®wer when the product was
diluted with water instead of acid, at 60 minutes peak at 379 had decreased by 30% of
its initial intensity and this was considered to dogremely undesirable for developing a
method for routine use in which even a moderategdsbatch of samples (along with
standards and controls) could take several hourarfalysis. The instability of the products
would not have been a problem had the mass spestieorautosampler been able to mix
sample with reagent just prior to injection, bustfacility was not available on the system
used.

4.1.4. Other derivatising reagents and procedures

Given that derivatisation with OPA led to the fotmoa of products which could be
identified by unique daughter ions, the possibibtyisted that the use of other means of
derivatisation might also form products with uniqdaughter ions, but hopefully with
increased stability. Derivatisation with OPA uliig a variety of different conjugating
agents was examined and also derivatisation witaphthalene-2,3-dicarboxaldehyde
(NDA) (figure 4.3) and phenylisothiocyanate (PIT@yure (4.4).
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Figure 4.3. The reaction of amino acids with nhphgne-2,3-dicarboxaldehyde (NDA).
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Figure 4.4. The reaction of amino acids with phemyhiocyanate (PITC).

Until this point it had been assumed that ADMA &1dMA, without derivatisation, would
not form unique daughter ions, since this had regnbreported in the literature and
published methods focussed upon chromatographeratpn of the two isomers. As part
of the work with differing methods of derivatisatiothe fragmentation of ADMA and

SDMA without derivatisation was also examined &t the validity of this assumption

The majority of this work was carried out looking the production of daughter ions with
a mass greater than 55 (the default setting forARe 2000), the data in the literature
suggested that useful fragments with a lower maightnalso be formed® and so an
extended mass range was used when examining Pii@&iilees, and the fragmentation of
ADMA and SDMA without derivatisation.

The findings of these experiments are shown inetabll. Unique daughter ions were
observed for both ADMA and SDMA without derivatigat (figure 4.5), and also
following derivatisation with PITC; no other dertisation procedure resulted in the

generation of unique daughter ions for both ADMAI &GDMA.
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Derivatising Reagent Parent ion Daughter Observations Quantity of
(m/z) ion (m/z) fragment (% of
most abundant
fragment)
OPA-mercaptoethanél 378.9 230.1 unique for ADMA 12
378.9 257.2 unique for ADMA 8
378.9 290.2 unique for ADMA 9
378.9 205.2 unique for SDMA 15
378.9 244.2 unique for SDMA 15
OPA-mercaptoethand 335.0 290.2 unique for ADMA 9
335.0 105.0 unique for SDMA 6
335.0 205.1 unique for SDMA 15
335.0 244.0 unique for SDMA 14
OPA-mercaptoethand! 319.0 119.1 unique for ADMA 9
319.0 no unique daughter for SDMA
OPA-mercaptopropand 393.0 142.2 unique for ADMA 7
393.0 no unique daughter for SDMA
OPA-mercaptopropand! 349.0 257.2 unique for ADMA 28
349.0 111.0 unique for SDMA 13
OPA-mercaptoundecandl 505.1 no unique daughter ions
OPA-mercaptoundecandl 461.9 97.2 unique for ADMA 8
461.9 203.1  unique for ADMA 22
461.9 no unique daughter for SDMA
OPA-monothioglycerd? 408.9 258.3 unique for ADMA 12
408.9 205.1 unique for SDMA 17
408.9 244.1 unique for SDMA 18
OPA-monothioglycerd? 365.0 205.2 unique for SDMA 18
365.0 244.2 unique for SDMA 18
365.0 290.1 unique for SDMA 13
365.0 no unique daughter for ADMA
OPA-mercaptopropionylglycirfé  464.0 no unique daughter ions
OPA-mercaptopropionylglycirféd  420.1 no unique daughter ions
NDA-mercaptoethanol 369.0 no unique daughter ions
NDA-monothioglycerol 421.9 no unique daughter ions
PITC 338.0 46.1  unique for ADMA 47
338.0 158.1  unique for ADMA 18
338.0 171.9  unique for SDMA 20
338.0 175.0  unique for SDMA 38
no derivatisation 203.0 46.3 unique for ADMA 25
203.0 133.0 unique for SDMA 22
203.0 172.0  unique for SDMA 48

Table 4.1. Characteristics of selected daughtes ifonimed by tandem mass spectrometric
fragmentation of ADMA and SDMA derivatives. Daughiens that were produced with an
abundancy less than 5% of the most intense fragarentot shown.

¥ reagents which formed more than one product wiBVA and SDMA.
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Figure 4.5. The fragmentation patterns of undeiseat ADMA and SDMA. a)
The transition m/z: 203, 46 is unique to ADMA. b) The transitions m/z:
203 - 133 and 203- 172 are unique to SDMA.

4.2. Method Optimisation
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4.2.1. Nebuliser Optimisation.

Optimal nebulizer conditions were determined byeegpinjection of 10ul of a 10 uM
solution of ADMA and stepwise variation of individugas flows and temperature. The
optimum conditions found were: curtain gas (air)p4@ ion source gas 1 (nitrogen) 10 psi,

ion source gas 2 (nitrogen) 0 psi, collision gasdgen) 4 psi and temperature 560

4.2.2.  Mobile phase optimisation.

Organic solvents such as acetonitrile are oftereddd mobile phases in order to achieve
chromatographic separation of analytes and to imgmmeak shape, the addition of such
solvents can also improve the sensitivity of mgsscsometric methods by enhancing
ionisation through increased droplet evaporatiorthi@ nebuliser. The effect of mobile
phase composition upon ionisation was investightedsing the mass spectrometer HPLC
system to mix varying proportions of a) 0.1% formécid and b) 0.1% formic
acid:acetonitrile (50:50) to produce mobile phaseigh varying concentrations of
acetonitrile but constant concentration of formicida Repeat 2QiL injections of a
standard, consisting of imol/L of ADMA, SDMA, MMA and arginine, were perfored
and the concentration of acetonitrile varied in li@&sements from 50% to 0% acetonitrile.
Two injections were performed at each acetonittdacentration before moving on to the
next. Finally the sequence of injections was regmkdah reverse order of acetonitrile
concentration, so as to eliminate possible confoyndffects such as a change of detector
response with time or a change in the thermal sthtke ionisation source. The results of
this experiment are shown in figure 4.6. For allrfanalytes the most intense ionisation
was obtained with a mobile phase consisting of Of@frnic acid, ie with no acetonitrile
present. Given the results obtained, concentrabbasetonitrile greater than 50% were not

examined and a mobile phase consisting of 0.1%iéoacid was chosen for routine use.
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Figure 4.6. The effect of acetonitrile on the iatisn of arginine and methylated
arginines. The HPLC system attached to the masstrepeeter was used to mix
various proportions of a) 0.1% formic acid and Igetanitrile/0.1% formic acid.
Acetonitrile proportions > 50% were not examined.

4.2.3. Sample preparation

For the analysis of clinical samples tandem masstepmetry exhibits a very high degree
of selectivity in identifying analytes, but specify cannot be guaranteed due to the
possible presence of isobaric interferences. Intiaddas discussed previously (see hcy X),
the presence of substances other than the analfyteterest in the sample matrix can lead
to undesirable signal suppression effects. Intenfees and suppression effects may be
reduced or eliminated by sample preparation teclmsigand/or the use of on-line

chromatography. Suppression effects may also beceellby sample dilution. There is a
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very large number of possible combinations of sampleparation techniques and
chromatographic options which, combined with théederity conferred by the mass
spectrometer, may produce a working method suittdsléhe routine analysis of clinical
samples. Given these possible combinations, cargide must also be given to the
importance of cost, sample preparation time andsmspectrometer analysis time. In the
case of methylated arginines sample preparatiosiraple protein precipitation techniques
were not considered an option as experience froraldping the method for homocysteine
analysis, together with considerations of reportamhcentrations of plasma ADMA
(approximately ten-fold lower than plasma homodyste suggested that the resultant
sample dilution would not produce a method withuligent signal to noise ratio with the
equipment available for the accurate and precidernination of plasma methylated
arginines. Due to their amphoteric nature aminalsaeire particularly difficult to extract
from aqueous solutions (including plasma and urusehg simple liquid-liquid extraction
techniques. Solid phase extraction is a possilégrative and in this case the amphoteric
property of amino acids lends itself to solid phag#action using ion exchange columns.
The possibility therefore existed that if solid pbhaextraction resulted in a sample
preparation method with sufficient selectivity thienmay be possible to avoid the use of

on-line chromatography altogether.

Strong cation SPE columns were obtained from Sigidaich and included guidelines for

their use. These suggested that samples shouldubeddn a suitable buffer to ensure that
the analytes functional groups are ionised, and tha SPE columns should first be
conditioned with either methanol or acetonitriledathen equilibrated with a solution
similar to that in which the sample had been ddutBolvents suitable for washing the
columns post sample application included buffersl amethanol, and a solution of
ammonium hydroxide in methanol was a suitable sulvier the elution of basic

compounds from the columns. In following the mawtdger's general guidelines for
method development, the extraction procedure @etdih section 2.3. p49, above, was

employed.
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4.2.4. Possible Interferences and Selectivity df&tion Procedure.

The following substances were ones which might ipbsproduce interferences in the
method under development: homoarginine, acetylaghiie, Mi-acetyl lysine and Bt
acetyl lysine (molecular weight 188, isobaric wtMA), tryptophan (molecular weight
202, isobaric with ADMA-d2 and SDMA-d2), and tyrnsi(molecular weight 181, isobaric
with arginine-d7). To investigate this possibiliBQ0 pmol/L solutions of each substance
(obtained from Sigma-Aldrich) were prepared andlys®al, but without the use of solid
phase extraction. No interference was observedtrgstophan, homoarginine, acetyl
glutamine, Ni-acetyl lysine or s-acetyl lysine but tyrosine did produce a fragmemtz:

182 > 77, isobaric with that used to determinerangid; (data not shown).

To determine the extent that this might interferethe quantitation of arginine, tyrosine
standards were added to pooled plasma (9 partmalés 1 part standard) to increase the
endogenous tyrosine concentration by 200, 400, 800,and 100umol/L; this range of
tyrosine concentrations greatly exceeds that fdorfiealthy subjects (32 — §8nol/L)?®°
and pathological conditions excluding tyrosinaeniiaese preparations were prepared by
solid phase extraction and analysed by mass speetrg. In addition an aqueous arginine
standard, 10QM, was also spiked with tyrosine and these preparatanalysed both
including and omitting the solid phase extractioogedure. The results are shown in figure
4.6. If extraction is not used then tyrosine, tlglousobaric interference, increases the
signal produced by argining; leading to a decrease in measured arginine ctiatiens.

The solid phase extraction procedure completelyoke® this interference.

To further investigate the specificity of the extian step, two standards, (each consisting
of a mixture of seven different amino acids), we@repared and analysed separately.
Standard A consisted of proline, leucine, lysinastitine, arginine, tyrosine and
monomethylarginine. Standard B consisted of valanaithine, methionine, phenylalanine,
citrulline, homoarginine and ADMA. These amino acwmere chosen as they offered a
range of structures and physical characteristick @@ commonly found in plasma. The

structures and properties of these amino acidgiaen in table 4.2. The concentration of
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each amino acid was 5Q@mol/L. Standards were diluted with 0.1 mol/L HCI part
standard: 5 parts HCI), and 1 mL of this was appte the SPE columns, which were
conditioned, washed and eluted as described inoge2t3. Each standard was collected
upon passing through the SPE column, rather thiawialy it to pass to waste, and the
ammonia/methanol eluate was collected as normad. dgproximate percentage of each
amino acid retained by the column, and then reeal/&om it after washing and eluting are
shown in table 4.3.

120 - a)aqueous standard, extrac

100 — o
g
E, 80 b) aqueous standard, no extrac
g
£
=) i
= 60
e
£ . -
2 40 ¢ * *
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c) plasma, extracte
20 1
0 T T T T 1
0 200 400 600 800 1000
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Figure 4.7. The effect of tyrosine on measurednémgi, and its elimination by solid phase extraction
A series of aqueous standards were prepared, esthiring 10Qumol/L arginine, but increasing
concentrations of tyrosine. These were analysesgusie methylated arginine method a) as normal,
b) omitting the solid phase extraction stage. Ildithwh a plasma sample was spiked with an aqueous
tyrosine standard c) and also analysed (with SP&aetion). Tyrosine produces an isobaric
interference with the internal standard arginihgincreasingits signal in the mass spectrometer and
resulting in adecreasen measured arginine concentrations. The SPE aidwmsed in this method do
not retain tyrosine and eliminate its interference.
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Although solid phase extraction with cation exchamglumns might be expected to be
extremely non-selective, the results of these exparts demonstrate that this is not so and
that the converse is in fact true. Of the test sulzes examined only those that are very
basic in nature are completely extracted and eldtech the SPE columns using the
protocol described. Amino acids showing some degfdmsicity, such as ornithine, lysine
and histidine, are partially retained and elutecerghs all other amino acids examined

show little extraction by the columns and do ngiesr in the final eluate.

This experiment was repeated using weak cationasgd columns (also obtained from
Sigma). With these columns no extraction of anytled amino acids examined was

observed.

4.2.5. Evaluation of Suppression effects.

Experiments to investigate the extent of ion supgiosr were carried using the solid phase
extraction procedure to prepare a) internal statedand b) plasma (without the addition of
internal standard). The internal standard extraat veconstituted in carrier solution (0.1%
formic acid) and this was then used to reconstifugeplasma extract. The internal standard
extract and plasma extract were analysed ten teael and the signals for the internal
standards obtained from the two different extracisipared. In the presence of extracted
plasma, the signal from each of the internal stedsdavas suppressed by approximately
40%. The degree of suppression was higher thanctegheespecially given the degree of
selectivity conferred by the solid phase extractistep demonstrated above but
nevertheless, at this stage, it was considered eoatceptable for further method

development.
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ADMA fw = 202 methionine fw = 149
pl =5.7
H,N NH
N CH—CH,—CH;— CH;— NH—C</ CH, HN
HOOC N/ CH—CH,—CH,—S—CH,
HOOC
CH,4
arginine fw=174 MMA fw =188
pl = 10.8 pK =12.6
H,N NH H,N NH
/ 2
N CH—CH,—CH;— CH;— NH—C< N\ CH—CH,—CH;— CH;— NH—C//
HOOC NH, HoOC NH — CH,
citrulline fw =175 ornithine fw =132
pK = 10.8
HN (o] H,N
D CH—CH,—CH;— CH— NH—C</ CH—CH,—CH;— CH7 NH,
HooOC NH, HooC
histidine fw = 155 phenylalanine fw = 165
pl=7.6 pK=6.0 pl =5.9
H,N H
N ch—cH,— ¢ — & HN
HoOC | | CH—CH2—©
AN J NH HoOC
H C
H
homoarginine  fw =188 proline fw =115
pl =6.3 H
H,N NH HOOC 02\
’ ™ CH—CH—CHy—CH,—CH,— NH— NS P
J CHCHCHCH O C 7o
HooC NH,, H N
H
leucine fw =131 tyrosine fw =181
pl = 6.0 pl =5.6 pK = 10.P
H,N CH, H,N
AN
N CH—CH,;— CH\ /CH—CHZ—Q OH
HooC CH, HoOC
lysine fw = 146 valine fw =117
pl =95 pK =10.3 pl = 6.0
H,N H,N CH,
N CH—CH,—CH,—CH,—CH,—NH, N CH_CH\
HooC HoOC CH,

Table 4.2. The structures and properties of amamdsaused to test the retention

characteristics of SPE colunffs
¥pK of side chain
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% retained by SPE column % obtained after washimeluting column

ADMA 100 100
arginine 75 75
citrulline 20 0
histidine 50 50
homoarginine 100 90
leucine 10 0
lysine 40 30
methionine 60 0
MMA 90 90
ornithine 60 50
phenylalanine 30 0
proline 5 0
tyrosine 10 0
valine 20 0

Table 4.3. The retention and elution behavioulSapelclean LC-SCX
strong cation exchange columns with selected asm@nds.

4.2.6. Linearity

To assess linearity five aqueous standards weigapd (ADMA, SDMA: 5, 10, 15, 20
and 25umol/L, methylarginine: 10, 20, 30, 40 and @Mol/L and arginine: 50, 100, 150,
200, and 25@mol/L). Each standard was analysed in triplicateailddom order. Inspection
of the standard curves obtained showed linearityife range of standards (figure 4.7). The

regression data for the standard curves is givéahle 4.3.
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Figure 4.8. Standard curves for ADMA, SDMA, MMAdarginine. The results
for each standard are plotted individually, but snpaints are coincidental.
standards (n) slope sd slope intercept sd intercep standard error
ADMA 15 0.1722 0.0019 0.0406 0.0312 0.0516
SDMA 15 0.1955 0.0014 0.0670 0.0237 0.0391
MMA 15 0.1823 0.0017 0.0639 0.0568 0.0938
arg 15 0.0183 0.0001 0.0235 0.0230 0.0379

Table 4.4. Regression data for ADMA, SDMA, MMA aadyinine standard curves.
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4.2.7. Precision

Within and between batch precision was assessahélysing plasma and urine samples,
at three different concentrations, ten times e&ohn.low concentrations pooled plasma or
pooled urine was used. For intermediate and higiceatrations the low concentration
pools were spiked with aqueous standard (pool:staind 9:1).

Results are shown in table 4.4 In addition theltesabtained for a normal plasma sample
are shown in figure 4.8.

Sample type analyte Within-batch Between-batch
Mean %CV Mean %CV
(umol/L) (umol/L)
Plasma ADMA 0.497 1.7 0.499 4.1
1411 2.1 1.486 2.6
5.637 0.9 5.693 1.8
SDMA 0.547 2.2 0.515 7.6
1.338 2.4 1.335 3.0
4931 1.7 4.825 1.8
MMA 0.158 3.0 0.153 135
2.280 0.9 2.403 25
11.560 0.6 11.950 3.0
arginine 109 1.1 114 1.4
125 11 133 2.2
237 1.2 239 1.9
Urine ADMA 86.2 2.0 85.6 2.1
102.4 2.0 102.2 2.6
185.7 2.0 182.9 2.2
SDMA 68.8 2.7 69.8 3.2
84.9 2.0 87.0 3.0
163.7 2.2 166.9 3.3
MMA 2.1 2.9 1.7 10.8
225 1.9 22.9 2.0
104.8 2.0 106.5 2.4
arginine 48.2 5.6 39.0 12.7
72.5 25 62.7 6.0
169.0 3.1 165.5 7.1

Table 4.5. Within-batch and between-batch preciforplasma and urine ADMA,
SDMA, MMA and arginine. Ten replicates were anatiagé each concentration.
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Figure 4.9. The mass-spectrogram of a typical pdasm
sample. For purposes of clarity the internal staiglare
not shown.

4.2.8. Recovery

Recovery experiments were performed by spikingntidividual plasma and ten individual
urine samples with  either 0.1 mol/L HCI or aqueostsindard at two different
concentrations (sample: standard::19:1). The resaft this experiment are given in
table 4.5.

4.2.9. Limits of Detection and Quantitation

The limit of detection and limit of quantitation meedetermined by analysing ten sample
blanks (water in place of sample). The signal (lr@seobtained from each analysis was
integrated using Analyst-NT software to obtain saswe of noise. The limit of detection
was then calculated as 3 x blank sd and the éfguantitation as 10 x blank sd.

The limits of detection for ADMA, SDMA, MMA and angne were 0.023imol/L,
0.011pmol/L, 0.009umol/L, and 0.25&mol/L respectively, while the limits of
guantitation were 0.07@mol/L, 0.037umol/L, 0.030umol/L and 0.86Qumol/L

respectively.
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Sample type Analyte Added (uimol/L) Mean recovery (%) %CV
Plasma ADMA 1 91.7 10.3
5 91.4 2.2
SDMA 1 91.7 11.8
5 91.4 4.0
MMA 2 90.3 5.8
10 91.6 1.5
arginine 20 98.2 23.2
100 90.5 4.3
Urine ADMA 20 91.7 19.5
100 92.0 5.6
SDMA 20 98.0 23.2
100 93.5 59
MMA 20 98.3 6.1
100 98.3 4.6
arginine 20 89.4 14.3
100 92.6 4.3

Table 4.6. Recovery of ADMA, SDMA, MMA and arginirffeom plasma and urine. Baseline
samples were prepared by the addition of 0.1 mbl@l, spiked samples by the addition of
standard in 0.1 mol/L HCI (1 part HCI or standacd 19 parts sample), Ten samples were
prepared at each concentration.

4.2.10. Plasma and urine results.

To verify that the method would produce resultsilginto those described in the literature,
lithium heparin plasma from nine healthy volunteeras analysed (table 4.6) and the
results obtained were comparable to values repdrtedther studies (table 4.7). Five
twenty-four hour urine collections, surplus sampfesm patients undergoing routine
investigations, but with no indications of vascullisease, were also analysed (table 4.8).
There is little data available for urine concentmag and outputs of arginine and methylated
arginines, but in a study by Huang et al similaluga were reported for ADMA and
SDMA, however in that publication urinary arginioetputs were considerably higher than

those found here (mean urinary arginine £13D vs 12. % 8.5umol/24hr).
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Age ADMA SDMA MMA arg
(years) (umol/L) (umol/L) (umol/L) (umol/L)
24 0.512 0.47: 0.18: 13z
18 0.177 0.448 0.201 249
24 0.265 0.504 0.157 167
20 0.290 0.414 0.332 316
24 0.387 0.371 0.158 125
20 0.484 0.523 0.167 125
18 0.443 0.547 0.195 150
19 0.627 0.456 0.190 133
21 0.372 0.499 0.176 64

mean*1sd 20925 0.395%£0.139 0.470 £0.055.199+0.054 162 =76

Table 4.7. Concentrations of arginine and methglageginines in
plasma of nine healthy male volunteers.

Analyte Range of mean concentrationgviedian of mean concentrations
reported gmol/L) reported |imol/L)

ADMA 0.3C -2.60 1.04

SDMA 0.34 -3.0 0.73

MMA 0.100 -0.177 0.104

arginine 50 -236 110

Table 4.8. Concentrations of plasma ADMA, SDMA, MMd arginine
reported in published studies. Adapted from Zharaf'&

Age Urine volume  ADMA SDMA MMA arg

(years) (ml) (umol//24hr)  (umol/24hr)  (umol/24hr)  (umol/24hr)
59 1233 48.8 42.5 1.55 20.8
25 2594 57.6 62.3 1.85 6.0
41 2466 52.3 59.7 1.18 22.9
52 2714 34.2 58.1 1.35 5.6
35 2150 46.2 40.0 1.34 7.9
mean * 1sd 47.8 +8.7 525+104 1.5+0.3 ¥8H

Table 4.9. Concentrations of arginine and methglate
arginines in five 24 hour urine collections.
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4.3. Investigation of sample stability

To investigate the effects of delayed separation ptdsma from red-cells upon
homocysteine, cysteine, methionine, arginine anthyteted arginine concentrations 7 mL
of lithium heparin anticoagulated blood samples eveollected from each of five
volunteers, on five separate occasions. ApproxilypdtenL of whole blood was removed
from each tube immediately upon blood collectioentdafuged at 1000g for five minutes,
the plasma was then removed from the red-cellrazen at -28C. The tubes were left to
stand at room temperature £, and at timed intervals (1, 2, 4, 8, and 24 Bptire tubes
were mixed by inversion, a further 1 ml of bloodnmved, centrifuged and the plasma
again removed and stored at @0 until analysis. Samples were analysed for total
homocysteine, total cysteine and methionine witme batch and also for arginine and the
methylated arginines within one batch. All analysese performed on the same day to
avoid repeat freeze thawing of samples. For togatetne and methionine no statistically
significant difference was detected for samplessdpd 24 hours post blood collection as
compared with immediate separation (Student's gaitgest: p = 0.250, and 0.157
respectively). For total homocysteine plasma cotmagons increased gradually over the
24 hour period, consistent with previous observetithat red-cells continue to produce
homocysteine post blood collecttdnhowever no statistically significant differencesv
detected for samples separated 2 hours post bloleettton as compared with immediate
separation (Student's paired t-test: p = 0.08).ARMA, SDMA and MMA no statistically
significant difference was detected for samplesassgpd 8 hours post blood collection as
compared with immediate separation (Student's gattest: p = 0.277, 0.667 and 0.096
respectively) however significant differences weeen for samples separated 24 hours post
collection with ADMA being on average 28% higheathsamples separated immediately,
SDMA 10% higher and MMA 47% higher. The concentnatof arginine was significantly
lower at each time interval compared to samplearsépd immediately (figure 4.9), with
concentrations at 1 hour post separation being \®rage 17% lower than samples
separated immediately and this is most probablytdueansport of arginine into red-cells

with subsequent metabolism to ornithine by red-aejinasé™.
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Figure 4.10. The effect of delayed separation @smph arginine. Five lithium
heparin anti-coagulated blood samples were staredamn temperature, and at
timed intervals 1 mL of blood was removed, the plaseparated, and stored at -
20°C until analysis. The results shown are mednsd.

In conclusion for arginine analysis plasma mustrdéraoved from red-cells immediately
upon blood collection, for homocysteine analysigasation should take place within two
hours whereas for ADMA, SDMA, MMA, cysteine and menhine lithium heparin
anticoagulated whole blood samples are stabletfi@aat 8 hours.
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44. Conclusion

A method for the simultaneous analysis of asymmetlimethylarginine, symmetric
dimethylarginine, monomethylarginine and arginindhuman plasma and urine, with short
analysis time and isotopic internal standardisatiwreach analyte has been described. The
method requires neither sample derivatisation hermeed for chromatographic separation
of analytes. The method described shows good jpwacand accuracy and is suited for
both research purposes and implementation in ttsy, bwwutine clinical laboratory. In
addition the synthesis and utilisation of isotofjc#éabelled symmetric dimethylarginine
and monomethylarginine is described for the firsiet avoiding the use of surrogates such

as homoarginine for internal standardisation.
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5. Homocysteine and M ethylated Argininesin Clinical Samples

5.1. I nvestigations With Routine Clinical Samples

5.1.1. Sample Selection

The methods for homocysteine and methylated arggnifeveloped in Chapters 3 & 4 were
applied to the analysis of routine plasma samptesidtermine whether plasma total
homocysteine concentration is a determinant of npdasADMA concentration, and in
addition to explore what relationships might eXxistween total homocysteine, methylated
arginines, patient demographics such as age andegeand other routinely assessed
biochemical parameters. Plasma arginine was nbaided part of these studies, as it could
not be guaranteed that plasma had been separatectéils sufficiently promptly to allow
for its reliable measurement. The samples analgsedisted of a random and essentially
heterogeneous selection of 111 specimens that bad keceived by the laboratory for
routine homocysteine analysis. The clinical detdilst had been given with these requests
included cardiovascular disease, raised lipidsnpukry embolism, secondary prevention,
various miscellaneous comments unrelated to any fafrvascular disease and were often
missing. In addition 9 samples from patients wigpdthyroidism (TSH > 5 mu/L) were
included as well as 14 patients with a hyperthypattern of results (TSH < 0.3 mu/L). All

work was performed in accordance with local ethgrtatielines.

Patient samples had been collected by venepunictior&reiner Vacuette tubesntaining
lithium heparin as anticoagulant. After centrifugatat 1000 gor 10 minutes plasma was
removed from the samples and stored at “QQuntil being prepared for homocysteine
analysis at which point they were refrozen, andragmred at -20C until being tested for
methylated arginines and the remaining biochempalameters:- sodium, potassium,
creatinine, urea, total protein, albumin, choledtarric acid, TSH and fT4. Serum B12 and
folate were recorded where this had formed patheforiginal sample request but was not
tested for otherwise, as serum samples, paired théhplasma samples, were generally

unavailable and plasma samples were not consideri¢able for folate measurements by
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the manufacturer of the folate kit. All analytehat than homocysteine and methylated

arginines were measured on a Roche Modular sydtenmethods used and associated

reference ranges are given in table 5.1. Sampdes anonymised other than the recording

of gender, age and clinical information.

Analyte Method Reference range (at Royal Sussex
County Hospital, Brighton)
Na indirect ion-selective electrode 135 - 146 minol/
K indirect ion-selective electrode 3.2 -5.1 mmol/L
creatinine colorimetric using alkaline picric a¢ithffe Females: 44 - 8Amol/L
reaction) Males: 62 - 106umol/L
urea enzymatic colorimetric 1.7 - 8.3 mmol/L

total protein
albumin

uric acid

B12

folate

cholesterol

TSH

fT4

colorimetric using biuret
colorimetric using bromocresol green

enzymatic colorimetric using uricase

immunoassay with electrochemiluminescent
detection

competitive binding assay with
electrochemiluminescent detection

enzymatic colorimetric using choledteradase

immunoassay with electrochemiluminescent
detection

immunoassay with electrochemiluminescent
detection

66 - 87 g/L

38 gL

Fersa0.14 - 0.34 mmol/L
Males: 0.20 - 0.42 mmol/L
197 - 866 pg/mL

4.6 - 18.7 ng/mL

< 5.0 mmol/l

0.3-4.2 mU/L

12 - 22 pmol/L

Table 5.1. Methods used, and reference rangebifmhemical parameters measured in clinical studies

5.1.2.

5.1.2.1. Gender
The combined data from groups all three groups wiislly investigated to see if any

Preliminary Investigations, Calculations &sata Transformations

variables showed differences between the gendersagdumptions were made about the

underlying data structure and the non-parametrioi/hitney U test was used for the
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analysis. The data set was well balanced in thegotions of males and females (males
47.8%). All data analyses were performed using SE5&G

Significant gender differences were found for age 0.007), creatinine (p < 0.001), uric
acid (p <0.001) and urea (p < 0.001). Significdifterences (p <= 0.05) were not found
for any other variable.

5.1.2.2. Age

The median age for females in the combined group 485 years while for males it was

58.0 years. Inspection of the subgroups showedthimdifference in age was most likely

to be due to a selection bias (figure 5.1). Althotge samples in the homocysteine group
had mostly be selected at random, only a few sasrid been available with hyperthyroid

and hypothyroid results and these had been dondinagesamples from comparatively

young females (hyperthroid: median age = 45 yr,I1=hypothyroid: median age = 47 yr,

n = 6) with only a few samples from comparativelger males (hyperthroid: median age

64 yr, n = 3, hypothyroid: median age = 79 yr, 8)=There was no statistically significant

difference between genders for age when considemnhgthe homocysteine sample group
(p = 0.094).
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Figure 5.1. The age distribution of patients bygsohp.
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5.1.2.3. Plasma creatinine and uric acid.

Both plasma creatinine and uric acid show a strasgpciation with gender and most
laboratories quote a gender related reference rlorgeach of these analytes. In order to
remove the gender association and simplify datdysisaa transform was applied to both
plasma creatinine and uric acid results to expitem® in terms of their difference from the

mid-point of the reference range, in terms of séaddleviations (figures 5.2. and 5.3).

transformed result = plasma result - mid-point iefiee range
sd
where sd = upper reference range limit - loveéenence range limit
4

For plasma creatiningunol/L):
Females: referencerange = 44-180, mid-point,=62 sd=9
Males: referencerange = 62 - 106, mid-point = 84, sd =11

For plasma uric acid (mmol/L):
Females: referencerange = 0.14-0.34, mid-poh@4, sd = 0.050
Males: referencerange = 0.20-0.42, mid-point3d0  sd = 0.055
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Figure 5.2. The elimination of gender associatéigminces in plasma creatinine by data transform.
a) Plasma creatinine shows a significant differdmetveen genders (Mann-Whitney U, p <0.001)
b) there is no significant difference between gesdéter applying the data transform described in
section 5.1.2.3 (Mann-Whitney U, p = 0.596).)
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Figure 5.3. The elimination of gender associatéf@idinces in plasma uric acid by data transform.
a) Plasma uric acid shows a significant differelpeeveen genders (Mann-Whitney U, p <0.001) b)
there is no significant difference between genddtsr applying the data transform described in
section 5.1.2.3 (Mann-Whitney U, p = 0.897).)
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5.1.2.4. Urea
The reference range for plasma urea (1.7 - 8.3 Mimnluse at RSCH is not stratified
according to either age or gender however, exammatf the data showed a significant

correlation between urea and age (Spearman's rl@@X0and linear regression analysis
produced the following equations:

females, urea = 3.47 + 0.029 age

males, urea =4.27 + 0.032 age

The rate of increase of urea with age was appraeimahe same for both females and
males at approximately 0.03 mmol/L/yr (figure 5.4).

¢ Females, urea = 3.47 + 0.029 age

129 +Males, urea=4.27+0.032 age

urea mmol/L

0 20 40 60 80
age (years)

Figure 5.4. Change of plasma urea with age. Ures significantly
associated with age for both females (Pearson latie: r = 0.407,
p <0.001) and males (Pearson correlation: r =5).26= 0.035) For
both males and females plasma urea changes by xamately
0.03 mmol/L/year.
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To test whether the difference in plasma urea betvtke sexes that had been identified in
the data was accounted for by the change of uréa age, in conjunction with the age
selection bias noted above, an 'age adjusted wesatalculated according to the following
formula:

age adjusted urea = measured urea - 0.03 age.

and this new variable, grouped by gender, was shbjected to the Mann-Whitney U test.
A statistically significant difference between thexes was detected for age adjusted urea
and it was concluded that further analysis invalviplasma urea may require separate

analysis by gender.

5.1.2.5. Tests for Normality

All variables (except gender) were examined fommadity using the Kolmogorov-Smirnov
test and all passed this test with the exceptiotoa homocysteine (p < 0.001), SDMA
(p =0.007), albumin (p <0.001) and TSH (p < @)00A logarithmic transform was found
to normalise both total homocysteine (p = 0.196) also SDMA (p = 0.174) (figures 5.5.
and 5.6). Albumin could not be normalised using@eartransforms (logarithmic, power)
and so relationships between albumin and other abls were examined
nonparametrically. The lack of normality for TSH svattributed to the way in which
samples had been selected, as TSH was found torootd a normal distribution when the

three subgroups were tested individually.
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Figure 5.5. The effect of log transform on plasotalthomocysteine results. a) Plasma homocysteine
did not pass the Kolmogorov-Smirnov test for noitgal(p <0.001) but following a log
transformation b) the results were effectively nalised (p = 0.196)
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Figure 5.6. The effect of log transform on plasniaVi results. a) Plasma SDMA did not pass the
Kolmogorov-Smirnov test for normality (p <0.001)tHallowing a log transformation b) the results

were effectively normalised (p = 0.174)

5.1.2.6. Biochemical results for sample groups assbciations between variables

The results of biochemical analyses for individsitbgroups, and all groups combined, are

shown in table 5.1, and the correlations betweeiabizs are shown in table 5.2.
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Routine Hypothyroid Hyperthyroid Combined

homocysteine group group group

group
n 111 14 9 134
% male 52.3 21.4 33.3 47.8
Age mean 52.8 48.4 60.0 52.8
(years) sd 15.55 17.67 20.98 16.20
Na mean 143.0 141.9 140.3 142.7
(mmol/L) sd 2.79 3.51 4.95 3.10
K mean 4.27 4.34 4.22 4.28
(mmol/L) sd 0.408 0.348 0.511 0.408
creatinine mean 83.24 66.29 78.33 81.14
(umol/L) sd 19.54 16.264 25.426 20.195
T, creatinine” mean 0.974 -0.11 1.22 0.866

sd 1.5044 -1.17 - 1.36 -1.12 -2.78 1.5845
urea (female) mean 4.99 4.90 4.38 492
(mmol/L) sd 1.221 1.385 1.170 1.237
urea (male) mean 6.09 4.13 7.30 6.06
(mmol/L) sd 1.660 0.603 2.265 1.708
total protein mean 76.5 76.2 72.4 76.2
(g/L) sd 4.65 5.48 7.38 5.02
albumin median 45.0 44.0 40.0 45.0
(g/L) IQR 43.0 - 46.0 42.5-46.0 34.0-44.0 4348.0
uric acid mean 0.330 0.303 0.268 0.323
(mmol/L) sd 0.0734 0.0911 0.0940 0.0780
T, uric acid” mean 1.025 0.914 0.054 0.948
sd 1.2775 1.3667 1.3558 1.3046

Table 5.2. The results of biochemical analysesliaical samples.
Continued on next page.

AT, creatinine = transformed creatinine

b T uric acid

= transformed uric acid
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Routine Hypothyroid Hyperthyroid  Combined
homocysteine group group group
group
n 111 14 9 134
cholesterol mean 4.83 4.75 491 4.83
(mmol/L) sd 1.224 1.015 1.484 1.214
TSH median 1.81 0.01 12.60 1.76
(mU/L) IQR 1.17-2.29 0.01-0.04 8.39-39.21 2-2.50
log TSH median  0.258 -2.000 1.100 0.244
IQR 0.068 - 0.360 -2.000 - -1.398 0.914 - 1.590 008.- 0.398
fT4 mean 15.88 23.36 10.44 16.29
(pmol/L) sd 2.318 5.053 3.318 3.9129
total homocysteine median  14.8 13.9 19.0 14.9
(umol/L) IQR 12.9-18.5 11.9-16.0 13.9-235 12.9-18.5
log total homocysteine  mean 1.197 1.153 1.251 1.196
sd 0.1626 0.1010 0.1281 0.1557
ADMA mean 0.4987 0.5923 0.4707 0.5066
(umol/L) sd 0.08278 0.12119 0.07529 0.09141
SDMA median  0.526 0.528 0.501 0.527
(umol/L) IQR 0.470 - 0.608 0.403 - 0.570 0.460 - 0.777 0-48%07
log SDMA mean -0.2686 -0.297 -0.243 -0.2699
sd 0.10167 0.1032 0.1252 0.10324
MMA mean 0.1252 0.1691 0.1134 0.1290
(umol/L) sd 0.03498 0.03856 0.03010 0.03755

Table 5.2. The results of biochemical analyseliaical samples.

Continued from previous page.
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log they ADMA log SDMA MMA
log they Correlation Coefficient 0.197 0.252 0.069
Significance 0.023* 0.003** 0.430
ADMA Correlation Coefficient 0.197 0.315 0.518
Significance 0.023* <0.001**  <0.001**
log SDMA  Correlation Coefficient 0.252 0.315 0.225
Significance 0.003** <0.001** 0.009**
MMA Correlation Coefficient 0.069 0.518 0.225
Significance 0.430 <0.001** 0.009**
age Correlation Coefficient 0.206 0.190 0.494 0.112
Significance 0.017* 0.028* <0.001** 0.199
Na Correlation Coefficient 0.151 0.277 0.065 0.022
Significance 0.082 0.001** 0.453 0.801
K Correlation Coefficient -0.074 -0.089 0.042 0.045
Significance 0.393 0.306 0.630 0.604
T, creat Correlation Coefficient 0.144 -0.010 0.559 0.043
Significance 0.096 0.906 <0.001** 0.624
urea Correlation Coefficient 0.276 0.205 0.550 0.199
female Significance 0.021* 0.089 <0.001** 0.098
urea Correlation Coefficient 0.017 0.050 0.369 0.015
male Significance 0.895 0.695 0.003** 0.904
total protein ~ Correlation Coefficient -0.027 -0.186 -0.153 -0.151
Significance 0.757 0.031* 0.078 0.081
albumin Correlation Coefficient -0.113 -0.164 -0.046 -0.195
Significance 0.195 0.059 0.601 0.024*
T, uric acid  Correlation Coefficient 0.178 0.278 0.360 0.111
Significance 0.040* 0.001**  <0.001**  0.200
cholesterol  Correlation Coefficient 0.040 -0.131 0.051 -0.054
Significance 0.650 0.132 0.556 0.538
fT4 Correlation Coefficient -0.047 0.247 -0.247 0.195
Significance 0.590 0.004** 0.004** 0.024*
log TSH Correlation Coefficient 0.157 -0.180 0.248 -0.055
Significance 0.070 0.037* 0.004** 0.529
B12 Correlation Coefficient -0.181 -0.150 -0.114 -0.284
Significance 0.472 0.553 0.654 0.253
folate Correlation Coefficient -0.290 0.002 0.084 0.378
Significance 0.244 0.993 0.741 0.122

Table 5.3. Correlations between the results obtefaeclinical samples.

** Correlation is significant at the 0.01 level (2led).
*  Correlation is significant at the 0.05 levelté@ed).

a

Spearman correlation coefficient
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5.1.3.  ADMA and Homocysteine

A plot of ADMA versus log total homocysteine is shoin figure 5.6. The data is highly
scattered and the correlation coefficient smalb(Ben = 0.197) but statistically significant
(p = 0.023). The association between the two coeldi) a random statistical finding, (ii)

might be due to a common association with anottaerakle or (iii) might be real and

possibly diminished by the effect of other variable

1.0

0.8~

0.6 1

0.4 1

ADMA (pmol/L)

0.2 4

y=0.1154x + 0.3686 .
n=134

0.0

0.50 0.75 1.00 1.25 1.50 1.75 2.00

log (plasma total homocysteine)

Figure 5.7. The association between plasma ADMA dogl
(plasma total homocysteine). ADMA and log total lomysteine
showed a statistically significant association ¢(Bea correlation:
r=0.197, p =0.023).

Calculating partial correlation coefficients, allioyg for control by other variables, revealed
that the association between ADMA and total homteige was likely to be due, at least in

part, to common associations with age and witluric acid. When age and Tiric acid

were used together as control variables no stalbtisignificant association was detected
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between ADMA and log total homocysteine table % 3hould be noted that age and T

uric acid were not correlated (Pearson: p = 0.228).

Control variable(s) partial correlation coefficient significance (p)

none 0.197 0.023
age 0.164 0.059
T, uric acid 0.156 0.073
age and Turic acid 0.128 0.145

Table 5.4. Correlation between ADMA and log totabnfocysteine
controlling for other variables. Although a statiatly significant association
existed between ADMA and log homocysteine (p <5§.0his no longer
remained significant when other variables werenakéo account (p > 0.05)

5.1.4. Investigation of Data Using Linear Modelling

Linear modelling techniques were used to furthgestigate the extent to which variables
were predictors of plasma ADMA, SDMA and MMA conte&tions. The variables
included in the models were those which had showsigrificant correlation with ADMA;
creatinine was also included, although having showmssociation with ADMA so far, as
a measure of renal function. Two models were uaestandard multivariate least-squares
model (in which all variables are included) andepswise least squares model (in which
variables are entered one at a time, in order @hgth of association, until either all
variables are entered or there is no associatiah Wie remaining variables). The
differences between the two techniques were mima made no difference to the
interpretation of the findings, only the results the step-wise model will therefore be
considered. The models were applied to the comseedf results and also to sub-groups
by gender and/or thyroid status. Whilst analysingleamand female sub-groups urea was
included as a variable; no association was sedn AltMA. An association between urea
and log SDMA was observed but as this was duplichiea similar association between

creatinine and log SDMA, the inclusion of urea whasught to be redundant and it was
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therefore not considered further. The effects ef tiansforms on creatinine and uric acid
were explored by analysing the results for maled f@males separately, first using the
original variables and then using the correspondiramsformed variables. Virtually
identical results, for all variables in the modelere obtained. The largest difference
observed was for the association between ADMA aedtmine for the male subgroup: the
significance of the association was 0.425 when gusireatinine, and 0.423 when using
transformed creatinine and these findings valid#teduse of the transforms as a means of
amalgamating the results for males and females ame group. The results of the
regression modelling for all results combined, aakbcted sub-groups, are shown in table
5.4. With the exception of fT4 the results are gaihe consistent regardless of the sub-
group; some (small) differences are seen but thi:iat surprising when performing
multiple statistical tests (type | and type Il &atal errors). fT4 shows a significant
association with ADMA, and with MMA, in some groupst not others, and this is entirely
explained by selection bias, the majority of sampiéth abnormal thyroid function results
having been taken from females. Most importantlyM¥® showed no association with
homocysteine in any of the groups. Table 5.5 shihesway in which each variable was
finally classified as being a predictor of ADMA, $1A and MMA.
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All samples Routine All samples Routine homocysteine
homocystein requests
requests

Female and Femaleand Female Male Female Male
male male
ADMA
age 0.067* 0.077* 0.140 0.025 0.897 0.055*
Na 0.006** <0.00%** 0.0206+ 0.052* 0.006** 0.005**
total protein 0.002* 0.003** 0.003** 0.166 0.033 0.019*
T4 0.00%** 0.453 0.001+* 0.273 0.637 0.044
log they 0.115 0.299 0.084* 0.255 0.494 0.230
T, creatinine 0.563 0.461 0.638 0.111 0.202 0.423
T, uric <0.00%** <0.00%** 0.003** 0.016* 0.002** 0.155
SDMA
age <0.001** <0.00%** <0.00%** 0.048* <0.00F** 0.172
Na 0.882 0.096* 0.570 0.938 0.072* 0.696
total protein 0.007* 0.020** 0.152 0.016+ 0.456 0.002*
T4 0.132 0.143 0.536 0.147 0.341 0.062*
log they 0.177 0.291 0.627 0.060* 0.849 0.062*
T, creatinine <0.00¢* <0.00%** <0.00%** <0.00%** <0.00F**  <0.00%**
T, uric 0.002** 0.003** 0.688** 0.00** 0.194 0.01%*
MMA
age 0.171 0.389 0.118 0.118 0.291 0.729
Na 0.948 0.856 0.722 0.722 0.516 0.229
total protein 0.04% 0.007** 0.019 0.019 0.00%* 0.202
T4 0.014* 0.114 0.008* 0.008** 0.332 0.455
log they 0.382 0.446 0.382 0.382 0.598 0.768
T, creatinine 0.199 0.007 0.153 0.153 0.04% 0.106
T, uric 0.092* 0.615 0.075* 0.075* 0.306 0.594

Table 5.5. Predictors of ADMA, SDMA and MMA as deténed by linear modelling. The table
gives the significance (probability) of variablesiny predictors of ADMA, SDMA or MMA. The
results for all samples combined and selected suipgrare given for comparison.

* significantat p < 0.1
*x significant at p < 0.5
ok significant at p < 0.01
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ADMA log SDMA MMA
age + +4++ -
Na +++ - _
total protein +++ +++ ++
T4 +++ - ++
log they - - -
Tcreat - +++ -
Turic +++ +++ +

Table 5.6. Classification of variables as
predictors of ADMA, SDMA and MMA.
+ minor predictor (p<0.1)

++
+++

moderate predictor  (p<0.5)
significant predictor §0.01)

5.1.5. Discussion of Individual Predictors

5.1.5.1. Age and Gender

ADMA, SDMA and MMA show a significant associatiavith age and this, sub-divided
by gender, is shown in figure 5.7. ADMA concenwas initially decrease with age, then
begin to rise from age 20-30 years before finallgching a plateau at approximately 70
years of age. In figure 5.7 the data presentearithe results from all samples but the same
changes in methylated arginines and age were séen vesults from patients with low
TSH and high TSH were excluded (not shown). Thdiainidecrease in ADMA
concentrations is consistent with the findings ¢itke et &% who examined 34 healthy
volunteers aged 2 days to 24 years of age and d#rated that ADMA decreased from

approximately 0.&mol/L to 0.5pumol/L over this age range.
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In a study of 500 volunteers aged 19 - 75 yearaul3ehet al also noted an association
between plasma ADMA and &J& however, they concluded that whilst plasma ADMA
increases consistently across the age range foritnosity shows an increase with age for
women post-menopause (greater than 50 years of dde) data from that study is
reproduced in figure 5.8 and close inspection waulggest that for women plasma ADMA
actually begins to increase before the 50 yearcageff that had been used, and is in
keeping with the data shown in figure 5.7. Schelzal also concluded that pre-menopausal
women had lower plasma ADMA concentrations than méra similar age, but that
following menopause plasma ADMA concentrations ionven were higher than nféh
Figure 5.7 (above) does not substantiate theimclplasma ADMA concentrations being
higher for women compared with men for all age gsout would seem likely that the

single age division used by Schulze et al is inappate has led to mis-interpretation of

their data.
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Figure 5.9. Variation of ADMA with age as presenbgdSchulze et al (2005).
Redrawn from reference 204
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MMA possibly shows the same association with agedaes ADMA, but it is difficult to
draw robust conclusions as there is a higher degfreariability for MMA within each age

division compared with ADMA.

SDMA increases with age across the whole age rargmined, and it would seem likely
that this is a reflection of a decrease in renacfion with age, as the renal excretion of

SDMA is its only known route of elimination fromelbody.

5.1.5.2. Sodium

Figure 5.9 shows the relationship between plasmavMADand sodium and although
considerable scatter is present (in part due tocessns with other variables) the
relationship is highly significant (from step-wiseegression model p = 0.006). An
association between ADMA and sodium has been nptedously’>2°°2°"2% |n studies
on healthy volunteers Kielstéffi?®et al noted that infusion of ADMA increased uripar
retention of sodium, whereas there were no effectsplasma renin or noradrenaline.
Plasma sodium was not measured in these studieg ahduld be noted that, following
infusion, plasma ADMA concentrations were greatlycreased over normal and
pathophysiological values (to approximately #ol/L). In a study of hypertensive
subjects, patients followed a low sodium diet feven days, then a high sodium diet for
seven days and finally another low sodium dietafdurther seven days. During the periods
of low sodium intake plasma concentrations deckasel plasma nitrate increased whilst
the reverse was observed during the high sodiutA’@i&he changes in ADMA and nitrate
were more pronounced for those subjects deemece tsali-sensitive (blood pressure
increased by >5% by salt loading). In a similardgtwf normotensive subjects plasma
ADMA was again found to increase following sodiuoadling and was associated with a
decrease in plasma nitrdte When the same subjects followed a high sodiumtiiewith
additional potassium supplementation (60 mmol K&l giay) no changes in either ADMA

or nitrate were detected. Although the studies mile=sd above confirm the observation of
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an association between plasma ADMA and sodium ¢ifiley contradictory information as
regards to cause and effect. In the present wakstiength of association seen between
sodium and ADMA is somewhat surprising given tlnat $amples came from an essentially
random selection of patients who were not deliledyadtressed with either salt or ADMA
loading. The effect of sodium on blood pressurethe general population remains
debatabl&®, but patients with end-stage renal failure aretipalar susceptible to the
adverse effects of salt loading which can leadeteese hypertension and left ventricular
hypertrophy®®. It has been suggested that these adverse effieet® the increased plasma
sodium itself and not due to the associated hypeewi£®® and, given this, further

research into the link between plasma ADMA and wadis warranted.

1.0
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y =0.0082x - 0.6579
R?=0.0768 *
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Figure 5.10. The variation of plasma ADMA with piea sodium. The Pearson
correlation coefficient (r = 0.277) is highly sifjoant at p = 0.01.
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5.1.5.3. Thyroid Function

The associations between ADMA, MMA, log SDMA andH 8nd fT4 are shown in figure
5.11. ADMA was significantly increased for patiemtth decreased TSH as compared with
patients with TSH values within the reference rarfjlann-Whitney, p = 0.001), no
difference was detected for patients with an irmedaTSH compared with those with
normal TSH (Mann-Whitney, p = 0.904). ADMA conceiions showed a significant
association with fT4 (p = 0.004). Similar resultsrer observed for MMA, being increased
for decreased TSH as compared to normals (MannAéitp = 0.001), no difference
between patients with high TSH as compared witlmads (Mann-Whitney, p = 0.816) and
a significant association with fT4 (p =0.024). Natsstically significant differences were
detected for log SDMA for low vs normal TSH (Manrkiiey, p = 0.142) or high vs
normal TSH (Mann-Whitney, p = 0.730), however distigally significant association was
present for log SDMA and fT4 (p = 0.004); thistéatfinding was inconsistent with the
results obtained with linear modelling in which association was detected between log
SDMA and fT4. Further analysis of the data showesignificant association between
creatinine and fT4 (Creatinine vs fT4, Pearson correlation = 0.027Y armen linear
modelling for log SDMA was repeated, with the exsotun of creatinine as a variable, fT4
became a significant predictor of log SDMA (p =X2D A possible explanation of these
findings is that there are changes in GFR, assstiatth thyroid status, with an associated
change in the renal excretion of SDMA, and that SDRbncentrations are therefore
indirectly linked with thyroid status. To furthenvestigate this possibility results from
routine requests for creatinine and thyroid functior a one month period were extracted
from the laboratory computer system. The creatiniesults were divided into seven
groups according to TSH, with five groups beingdus® cover the TSH reference range
(0.3 - 4.2 mu/L); results were only used for pasanith a normal eGFR (>60 ml/min) and
males and females were analysed separately. Thitsre$ the analysis are shown in table
5.6 and the confidence intervals for the mean k@&t of each group in figure 5.11.
Absolute differences between the groups are snudlstatistically highly significant (one-
way ANOVA, females: p < 0.001, males: p = 0.001haN log SDMA was grouped in a
similar fashion according to TSH (figure 5.12) omay ANOVA showed a statistically

significant association between the two (p = 0.031)
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Figure 5.11. The variation of plasma ADMA, MMA aSiDMA with TSH and with fT4For patients with
low vs normal TSH a statistically significant inase for both ADMA and MMA was observed (Mann-Whjmp =
0.001 for both). No significant difference waseatged for patients with a high vs normal TSH fahei ADMA or
MMA (Mann-Whitney: p = 0.904 and p = 0.816 respeglly). For log SDMA no significant difference walserved
for either patients with low vs normal TSH or high normal TSH (Mann:Whitney: p = 0.142 and p = 0.73
respectively). ADMA, MMA and log SDMA were all highcorrelated with fT4 (Pearson’s rho, p =0.24% 0.024
and p = 0.004 respectively).
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Females Males
TSH (mUI/L) n mean plasma creatinine n mean plasma creatinine
(umol/L) (umol/L)
<0.30 121 64.5 45 78.7
0.3C - 1.08 413 64.1 280 83.0
1.0¢ - 1.86 728 66.0 656 84.3
1.87 - 2.64 587 67.1 545 85.3
2.65 - 3.42 344 67.4 274 84.9
3.4% - 4.20 192 68.6 160 85.7
> 4.2( 353 68.2 193 86.6
total 2738 2153

Table 5.7. The variation of plasma creatinine Wi8H. The results of routine requests
for plasma creatinine and TSH for a one month peneere extracted from the
laboratory computer system and grouped accordifigStd such that the TSH reference
range (0.3 - 4.2 mU/L) has been divided into figei@ly spaced groups.
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Figure 5.12. The confidence interval of the meanplasma creatinine. The results were
grouped by TSH, such that the TSH reference ra@de-(4.2 mU/L) has been divided
into five equally spaced groups. One way ANOVA shdva highly significant variation

of mean plasma creatinine with TSH, for both femaje < 0.001) and males (p = 0.01)
using data for routine requests extracted fromlaberatory computer system for a one
month period.
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Figure 5.13. Confidence of the mean for log SDMAeTresults have been grouped
according to TSH such that the TSH reference rdfige- 4.2 mU/L) has been divided
into five equally spaced groups. One way ANOVA shdwa significant variation of mean
log SDMA with TSH (p = 0.031).

Two studies on the association between ADMA, SDM#Ad ahyroid function been
published'®**and the findings, with comparison with the preseoik, are summarised in
table 5.7. ADMA is consistently shown to be incexhsn hyperthyroidism, however a
difference in ADMA between hypothyroid and euthgrgatients (increased ADMA in
hypothyroidism) was only observed by Arikan et dhere is a complete lack of
consistency regarding observations between SDMAthyibid status, however, as noted
above, associations between SDMA and TSH appedepend greatly upon the way in
which results have been subdivided; Hermenegildd éaving used TSH concentrations
> 15 mU/L to classify patients as hypothyroid andkén et al using a threshold of
10 mU/L. It should also be noted that in the préseork, patients in the hyperthyroid
group did not have primary hyperthyroidism, unlikbe patients included by
Hermenegildo et al and Ariken et al, but instead &#yperthyroid pattern of results due to

being over-treated hypothyroid patients.

The reason for the association between ADMA andoiblystatus has not been determined

but a possible explanation comes from cell cultstadies in which it has been
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demonstrated that the activity of PRMT | (and theme production of ADMA) is regulated

by T3 concentratiaft?

Status ADMA

SDMA

currentwork  Hermenegildo Arikan
et af*® et af™

hyperthyroid ~ 0.60 +0.12t ¥ 1.30 +0.12t ¥ 0.89 +0.28 &

(n=16) (n=19) (n=25)
euthyroid 0.49+0.08 0.58+0.06 0.40 +£0.08
(n=104) (n=31) (n=25)

hypothyroid 0.49+0.07 0.57 +£0.07 0.69 +0.45t &
(n=14) (n=12) (n=23)

current work Hermenegildo Arikan et af'*
et af®

050+0.12 054+0.07t? 0.35+0.11
(n=16) (n=19) (n=25)

0.56+0.14 0.27 £0.04 0.41+0.11

(n=104) (n=31) (n =25)
0.58 +0.15 not given 0.28+0.11 ¥
(n=14) (n=23)

Table 5.8. Comparison of findings regarding thgrsiatus and methylated arginines with published
studies. ADMA is consistently shown to be increasellyperthyroidism, however there are
inconsistencies as to findings in patients withdtiagroidism. There is no consistency with regartht®
findings for SDMA, however it should be noted thrathe current work, when SDMA is further
subdivided according to TSH, it shows a signifidactease with TSH.

41 significant increase (g 0.01)

5.1.5.4. Uric Acid

The associations between methylated arginines mrgformed uric acid are shown in

figure 5.13. ADMA and log SDMA both showed highlygsificant associations with

transformed uric acid when both correlation coeffitcs were examined (p = 0.001 and

p <0.001 respectively) and linear modelling wasedus(p <0.001 and p = 0.002

respectively. An association between MMA and trarmekd uric acid was only noted when

linear modelling was used and was only of slighnhgicance (p = 0.092). The association
between ADMA, SDMA and uric acid is most probablyedto the fact that they share a

similar origin; ADMA and SDMA resulting from the éakdown of nuclear proteins and

the bulk of uric acid being formed from the metadol of endogenous nucleic acitfs
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Figure 5.14. The association between uric acid rmethylated arginines.
The methylated arginines are plotted against toansfd uric acid. ADMA
and log SDMA both showed statistically significanbrrelations with
transformed uric acid (Pearson: p =0.001 and @10.6espectively. No
significant association was detected between MMA #&ansformed uric
acid (p = 0.200).
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5.2. The ACADEMIC Study

The ACADEMIC (arterial compliance and oxidant str@s predictors of rate of decline of
renal function, morbidity and mortality in chronkidney disease) study is an ongoing
prospective investigation of cardiovascular riskCiKD stages 3 and 4 designed to evaluate
the relationship between changes in arterial g#$nand renal function over time. The
clinical aspects of this study were conducted bylRurie Tomlinson (LT; Research
Fellow, Brighton & Sussex University Hospitals NHI&ist).

5.2.1.  Subjects and Investigations

Subjects

All participants enrolled in the study were clagsifas having CKD stages 3 or 4 (staged
according to the 2005 UK CKD guidelines). Exclusmiteria were previous diagnosis of
left ventricular failure, aortic stenosis with gt >30 mmHg and uncontrolled atrial
fibrillation. All participants were treated witheéhaim of achieving United Kingdom Renal
Association targets for management of BP in CKEgrget BP of 130/80 mmHg or less for
patients with a urine protein:creatinine ratio <*@/mmol and 125/75 mmHg for those
with a protein:creatinine ratio >100 mg/mmol. THeice of antihypertensive medication
was at the discretion of the patient’s cliniciart flnllowed Renal Association and British
Hypertension Society guidelines. The study was @apmu by the West Sussex Research
Ethics Committee, and the patients gave writterorméd consent. The study was

conducted in accordance with the Declaration oflié&l.

Patients who gave written informed consent for ipigdtion were included and had
baseline clinical assessment, laboratory and PWs&somements and follow-up at 6 and 12
months. A full history of renal disease, cardiovdsc disease and associated risk factors
was obtained. All measurements were conductedjinet, temperature controlled room by
the same two researchers throughout the study.i@vastular disease was defined as a
history of myocardial infarction, angina, coronangery bypass grafting, stroke, transient

ischaemic attack or peripheral vascular diseasengoy the patient and confirmed from the
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medical notes. The cause of renal disease wasndetst by review of the medical notes,
including biopsy results, imaging and blood tebisthe renal medical team. Hypertension
was defined as a blood pressal0 mmHg systolic and/ar90 mmHg diastolic and/or

the current use of antihypertensive medication.

PWV recordings

Aortic stiffness was assessed by automatic cafetitbral PWV measurement using the
Complior device (Artech-Medical, Paris, France)g ttechnical characteristics of this
device have been described previotlyand indicate intra-observer within-session
coefficients of variation for aortic PWV of 3.8 8% (=25) In-house assessment of

analytical reproducibility suggested an intra-olieeimprecision of less than 4%.

“Briefly, common carotid artery and femoral artgoyessure waveforms were recorded
noninvasively with a pressure-sensitive transdutke pressure waveforms were digitised
at a sample acquisition frequency of 800 Hz. The pmessure waveforms were then stored
in a memory bank. A preprocessing system autoniigtieamalysed the gain in each
waveform and adjusted it to equalise the two sgynaktails of this procedure have been
published previously (Asmaet al, 1995). When the operator observed a pulse
waveform of sufficient quality on the computer sare digitisation was suspended and
calculation of the time delay between the two pressupstrokes was initiated.
Measurement was repeated over 10 different camjieles, and the mean was used for the
final analysis. The distance travelled by the pulse/e was measured over the body
surface as the distance between the two recordieg @), whereas pulse transit time (t)
was determined by the Complior. PWV was automdticalculated as PWV = D/t.”

(Provided by Dr Laurie Tomlinson)
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Blood pressure measurements

Oscillometric BP was measured twice on the right asing an appropriate cuff size with
the patient supine after 5 and 10 min of rest (m#@5 CP, Tokyo, Japan), and the mean
of the two recordings of SBP and DBP was recordé&eé. mean blood pressure (MBP) was
calculated by MBP = (SBP - DBP)/3 + DBP.

Biochemical analysis

At baseline, fasting lithium heparinised plasma gias were taken to measure creatinine,
albumin, total cholesterol and uric acid. Plaind@am urine samples were also obtained and
used to estimate proteinuria (total protein:creaéinratio where > 30 mg/mmol was

considered significant).

Plasma cystatin-C concentrations were measured) asBNProSpec nephelometer (Dade
Behring, Inc., UK) with a particle-enhanced immuephelometric assay (N Latex

Cystatin-C, Dade Behring, Inc.)

Estimated glomerular filtration rate (eGFR), ml/firF3nf body surface area, was

calculated using the four-variable modified MDRDrfmila:

eGFR = 186 x ([Creatininejunol/l)) / 88.4)***x (Age (years)§-**3
x (0.742 if female) x (1.210 if black)

Study Population
Baseline characteristics are summarised in tab8 BHone of the participants were
receiving dialysis at baseline. The etiology ofriag disease was due to polycystic kidney

disease in 23%, glomerular disease in 38%, and otheses in 39%.
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Parameter Mean+ sd or
median (IQR)

Reference range (at
Royal Sussex County
Hospital, Brighton)

Demographics

age (years) 69.1+11.5
Male (%) 77

Medical History
History of vascular disease (%) 42.9
History of hypertension (%) 78
History of diabetes (%) 23
History of smoking (%) 65
Body mass index (kg/t 29.4+58

Clinical Parameters
Systolic Blood Pressure (mmHg) 154.7 £+ 20.9

Diastolic BP (mmHg) 82.7+11.4
Pulse Pressure (mmHg) 71.8+£19.6
MAP (mmHg) 106.6 +12.3
CF-PWV (m/s) 12.6+2.8

Plasma biochemistry
eGFR (mL/min/1.73/) 32.1+10.9
creatinine (F)fmol/L) 169.4 + 56.3
creatinine (M) gmol/L) 210.8 £69.5
Transformed creatinine 11.62 +5.96
cystatin C (mg/L) 1.86 +0.58
albumin (g/L) 425+3.1
cholesterol (mmol/L) 437 £0.98
uric acid (F) (mmol/L) 0.423+0.118
uric acid (M) (mmol/L) 0.468 + 0.096
Transformed uric acid 298+1.92
ADMA (pmol/L) 0.554 £ 0.102
SDMA (umol/L) 0.997 (0.821 - 1.310)
MMA (umol/L) 0.171 (0.147 - 0.204)
arginine fimol/L) 88 (72 -121)
total homocysteingumol/L) 22.2 (18.8-27.3)

Urine biochemistry
protein:creatinine ratio (mg/mmol) 28 (14 - 70)

Medication use

anti-hypertensives (%) 90
diuretics (%) 60
statins (%) 60

> 60
44 - 80
62 - 106

0.49-0.98
34 -48
<5.0
0.14-0.34
0.20-0.42

Table 5.9. Baseline characteristics of 133 patientee ACADEMIC study.
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5.2.2. Results

SDMA, MMA, arginine and total homocysteine were nabrmally distributed
(Kolmogorov-Smirnov: p =0.044, 0.009, 0.021 andi70.respectively) but following
logarithmic transform each variable passed the fteshormality (Kolmogorov-Smirnov:
p =0.754, 0.791, 0.564 and 0.831 respectively).

No association was found between any biochemiaanpeter and age, history of smoking,

BMI, CF-PWV or any of the various measures of blpogssure.

Biochemical parameters which showed an associatitnADMA, log SDMA, log MMA
and/or log total homocysteine are shown in tabB B0 other significant associations

(p < 0.05) were noted.

Log total homocysteine and log SDMA both showedrgirassociations with all measures
of renal function (Jcreat, eGFR and cystatin C), consistent with previindings>**"
ADMA, however, showed a very significant associatiith cystatin C, but not with
T.creat or eGFR (significance of Pearson correlatoefficient: p <0.001, p = 0.247,
p = 0.403, respectively). The association betweBMA and cystatin C is most probably
due to the fact that both are derived from the aléafion of nucleic proteif$?*> No

statistically significant association was founaviieen ADMA and log homocysteine.

To investigate which biochemical parameters migkt determinants of CF-PWV a
multivariate stepwise model was constructed usgey ADMA, log SDMA, log arginine,
log MMA, log (arginine/ADMA), log total homocyste# T.uric acid, Tcreat, and cystatin
C as variables. Log (arginine/ADMA) was includeditasas been suggested that the ratio
of arginine to ADMA is a determinant of vascufanctiorf*®, the ratio of arginine to
ADMA did not passed the Kolmogorov-Smirnov test fimrmality (p = 0.006) whereas the
logarithm of the ratio did (p = 0.719).
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The only significant determinants of CF-PWV were agd cystatin C (p <0.001, p = 0.04

respectively).

Pearson correlation log hey ADMA log SDMA log MMA log arginine
analysis
log they Correlation Coefficient 0.153 0.253 0.061 0.118
Significance 0.078 0.003* 0.484 0.177
ADMA Correlation Coefficieni  0.153 0.355 0.482 0.146
Significance 0.078 <0.00F* <0.00F* 0.094
log SDMA Correlation Coefficient  0.253 0.355 0.210 0.169
Significance 0.003*  <0.001* 0.015 0.052
log MMA Correlation Coefficient  0.061 0.482 0.210 0.320
Significance 0.484 <0.00%* 0.015 <0.00F*
log arginine Correlation Coefficient  0.118 0.146 0.169 0.320
Significance 0.177 0.094 0.052 <0.00F*
albumin Correlation Coefficient  0.155 -0.182 -0.162 -0.067 -0.037
Significance 0.075 0.036 0.062 0.441 0.674
eGFR Correlation Coefficieni -0.344 -0.073 -0.716 -0.093 -0.060
Significance <0.002* 0.403 <0.00%* 0.284 0.495
Transfqrmed Correlation Coefficient 0.288 0.101 0.746 0.082 0.136
creatinine
Significance <0.00* 0.247 <0.001* 0.348 0.119
cystatin C Correlation Coefficient  0.319 0.309 0.727 0.071 0.104
Significance <0.00¥*  <0.00F*  <0.00%* 0.415 0.233
Transformed  Correlation Coefficient g 236 -0.019 0.152 0.047 0.010
uric acid
Significance 0.006* 0.829 0.081 0.594 0.913
Table 5.10. Correlations between plasma resultpddicipants in the ACADEMIC study.
*x significant at p < 0.5

rkk significant at p < 0.01
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5.2.3. Discussion

Plasma ADMA showed no association with log totainogoysteine for either samples that
had been received for routine clinical investigatar for samples that had been taken as
part of the ACADEMIC study. For the samples recdiveutinely, effort had been made to
ensure that plasma had been promptly separatedr&droells, however possible delays in
the receipt of these samples meant that this cootidbe guaranteed. Erythrocytes continue
to produce homocysteine after blood samples haes beken®, and delays in sample
processing could be a confounding factor in thdyarsg however this would not apply to
the results from the ACADEMIC study, in which saegphad been processed immediately.
If plasma total homocysteine concentrations are eterchinant of plasma ADMA
concentrations then, the fact that no associatas been found between the two in this
work, it would appear that it is a much weaker dateant than other factors such as

plasma sodium concentrations and thyroid status.

For patients in the ACADEMIC study no associatioaswound between CF-PWV and
total homocysteine concentrations; results froneo#tudies (section 1.4.3) have reported
both negative and positive associations. A largegrgage of patients in the ACADEMIC
study were taking statins (60%), diuretics (60%)/ananti-hypertensive agents (90%) and
the use of these medications may have been a amfifay factor in the investigation.
There was not sufficient data for patients takirg medication to perform a sub-group

analysis.

In conclusion, the results of this work do not soppithe hypothesis that elevated plasma

homocysteine concentrations cause vascular dystumioy increasing plasma ADMA.
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