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Introduction

Homocysteine (Hcy) was discovered in 1932 by
Du Vigneaud [27] as a product of demethylation
of methionine, and in 1962, Carson and Neill [19]
reported on to two siblings with the inborn error
homocystinuria detected by a screening program
of mentally retarded children. Since then about
600 patients with homocystinuria have been re-
ported [64]. Deficiency of the enzyme cystathio-
nine B-synthase is the most common cause, but
other enzymic defects have been described in a
minority of these patients. Notably, all forms of
flomocystinuria, irrespective of enzymic defect,
are associated with a high incidence of cardiovas-
cular disease that may occur in early adolescence
and even in childhood [64]. The high incidence of
vascular disease in these patients led to the Hey
theory of atherosclerosis, formulated by McCully
in 1975 [62, 61] and later substantiated by epide-
miological data 52, 88].

This chapter reviews the literature on clinical as-.
pects of Hecy metabolism with emphasis on the

methodology used for the determination of
plasma Hcy levels.

Biochemistry

Hey is a sulfur amino acid that is formed from me-
thionine as a product of S-adenosylmethionine-
dependent transmethylation (Fig. 1). Intracellular
Hey is salvaged to methionine by remethylation.
The reaction is catalyzed in most issues by the en-
zyme methionine synthase (EC 2.1.1.13) which re-
guires methylcobalamin as cofactor and S-
methyltetrahydrofolate as methyl donor. Hey is
also remethylated by the enzyme betaine-
homocysteine transmethylase, which is confined
to the liver and possibly kidney. An alternative
route of Hey disposal is conversion to cysteine,
and the first step of this pathway is catalyzed by

the vitamin Bg-dependent enzyme cystathionine
-synthase, which completes the transsulfuration
pathway [31].

Methionine synthase has low K for Hey, and the
activity increases at Jow dietary methionine in-
take. These features suggest that the enzyme con-
serves methionine. Cystathionine B-synthase has
high K, for Hey; the activity increases in response
to high intake of methionine, and the enzyme
probably controls the catabolism of excess Hey
[31]. Cellular export of Hey represents an addi-
tional mechanism regulating the intracellular Hey
content. This process becomes important under
conditions of imbalance between Hey production
and metabolism [87]. Increased Hcy production
(induced by methionine loading) or inhibition of
Hcy metabolism (dunng folate or cobalamin defi-
ciencies, or defect of cystathionine B-synthase)
cause export of Hey into the extracellular fluid.
This is the biochemical basis for plasma Hey as a
marker of folate or cobalamin deficiency or in-
born errors of Hey metabolism [89].

Homocysteine Species and Concentrations
in Plasma or Serum

Hey 1s probably released into the extracellular flu-
id and plasma in its reduced form, and only trace
amounts can be detected in plasma under physio-
logical conditions {59, 60]. [n plasma, Hecy under-
goes oxidation and disulfide exchange reactions.
In freshly prepared plasma, about 70 % of Hcy
exists as albumin-Hey mixed disulfide, and this
fraction is refered to as protein-bound Hcy [48,
70]. When whole plasma or serum s deprotein-
ized with acid, the soluble free Hcy is obtained,
and most Hcey in this fraction has been identified
as Hcy-cysteine mixed disulfide. The sum of all
Hcy species in plasma/serum is termed total Hey
[87]. Total Hey shows a skewed distribution to-
ward higher values in healthy subjects. The me-
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Fig.1. Intracellular homocysteine metabolism and dis-
tribution of various homocysteine species in plasma.
AdoHcy, S-Adenosylhomocysieine: AdoMet, S-adeno-
sylmethionine: CL, cystathionine lyase (y-cyst-
athionase); CS. cystathionine fi-synthase: MS, S-methyl-
THF-homocysteine  methyltransterase  (methionine
synthase): 7M. transmethylase; SA, S-adenosylhomo-
cysteine hydrolase: THF, tetrahydrofolate

dian value has been reported as 10.7 umol/l in
3000 bealthy men aged 4042 years, and the 95th
percentle as 17.6 umol/) [89]. Total plasma Hcy
seems to be dependent on age, gender, and in wo-
men possibly the menopausal status. The normal
mean values are about 1 umol/! lower in premeno-
pausal women than in men or postmenopausal
women, and there seems 10 be a significant in-
crease (about 1-2 umol/l) in the mean vatues as a
function of age (from 20 10 70 years) in both sexes
[3]. Good correlation between tota) Hey meas-
ured in different laboratories and with different
methods has been obtained, and values between 5
and 1Sumol/l are usually considered as normal

[89].

Analytical Methods

There ts a continuous redistribution of Hcey spe-
cies 1 plasma/serum, so that after storage for
days {at room temperature) or months (frozen),
most Hey becomes associated with plasma prote-
ins. Rehable measurement of free Hey therefore
requires immediate deproteinization of plasma/
serum, which is impractical in the clinical routine
and has been largely abandoned [89]. Measure-
ment of tota] Hey is now widely recommended
since the values remain stable during storage of
plasma/serum. Total Hey is measured by proce-
dures including treatment of whole plasma/serum
with a redvctant. The Hey disulfides are then
quantitatively converted into reduced Hey [89].
The methods used for separation and quantitation
of reduced Hcy vary. The Hcy assays can be cate-
gorized into four types, according to the construc-
tion of the method: (a) radioenzymic assays, (b)
gas chromatography-mass spectrometry, (c) as-
says based on precolumn derwatization, HPLC,
and fluorescence detection. (d) HPLC and elec-
trochemical detection, and (e) assays based on
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liquid chromatography and postcolumn derivat-
ization, including the amino acid analyzer.

ﬁa_dioenzymic Assays

These methods are based on the conversion of
Hcy to S-adenosylhomocysteine catalyzed by the
enzyme S-adenosylhomocysteine hydrolase. S-
adenosylhomocysteine 1s quantitated by HPLC
[70], paper [20] or thin-layer chromatography
[21]. Low instrumental cost of the modification
based on thin-layer chromatography separation is
the mawn advantage of this assay. However, these
assays are laborious, and the linearity may be lim-
ited by consumption of the cosubstrate (aden-
osine) used for the enzymic derivatization of Hcy.

Gas Chromatography-Mass Spectrometry

[n this assay, the sample, supplemented with deu-
terated Hcy used as internal standard, is subject-
ed to solid-phase extraction, and Hcy is derivat-
ized with  N-methyl-N(t-butyldimethylsilyl)tri-
fluoroacetamide. The t-butyldimethylsilyl deriv-
atives are separated and quantitated by capillary
gas chromatography and selected jon monitoring
[80. 79]. Attractive features of this method are
codetermination of other metabolites such as
methylmalonic acid [55]. The initial version of this
technique has been simplified [79], but it still a
cumbersome procedure. Furthermore, expensive
cquipment and technical skill are required.

Precolumn Derivatization, HPLC, and Fluorescence
Detection

Hey can be derivatized with the thiol-specific flu-
orogenic reagents monobromobimane (mBrB)
[46. 72. 60, 32] or ammonium-7-fluoro-2,1,3-
benzoxadiazole-4-sulfonate (SBD-F) [7, 8S, 91],
lollowed by separation of the adducts with HPLC.
Both tags also label cysteine and cysteinylglycine,
which are codetermined in these assays.

mBrB is a reactive agent. and the derivatization is
completed within minutes. Assays based on this
ftagent can be fully automated [72]. The
Automatizaton results in high precision. The com-
position and pH of the mobile phase are critical
lnr' the separation of the Hey adduct from hydro-
Ivsis products and other interfering material [32].

Experience in HPLC is necessary to operate this
method.

SBD-F has low reactivity and derivatization is car-
ried out at 60°C for 30-60 min. This prevents
automatization. The separation of thiol adducts is
simple and fast since the reagent itself is not fluo-
rogenic, and there is no interfering material [7,
85, 91].

Methods have recently been published which are
based on derivatization with o-phthaldialdehyde
[30, 44]. This agent is not a thiol-specific reagent
but reacts with primary amino acids. These assays
include several manual steps, and the presence of
fluorescent material may cause chromatographic
interference. They have not gained widespread
use.

HPLC and Electrochemical Detection

In this assay, plasma/serum samples are subjected
to HPLC immediately after treatment with re-
ductant, and Hcy 1s detected with an electrochem-
ical detector equipped with a gold-mercury elec-
trode, which affords great specificity towards thi-
ols. Simple sample processing, short run time,
and high sample output are attractive features of
this technique [78, 56]. However, particular atten-
tion must be paid to maintenance of flow cell and
the gold-mercury electrode since deterioration of
these parts of the detector system may cause base-
line fluctuations and variable electrochemical re-
sponse.

Amino Acid Analyzer and Postcolumn Derivatization

Hcy can be determined using an amino acid ana-
lyzer, either following reduction [2] or after the
sulfhydryl group has been carboxymethylated us-
ing iodoacetic acid [S1]. The free sulfhydryl is
quantitated on a ion-exchange column eluted with
the standard program [45] or with a mobile phase
optimized for Hcy determination [2]. Even the
optimized program results in long retention time
(about 25 min) which is followed by column re-
generation [2]. This seriously restricts sample out-
put which is low compared to the HPLC methods.
Other disadvantages include relatively high im-
precision and formation of interfering ninhydrin-
positive material upon storage of samples at
-20°C [89]. A method for total Hcy based on
HPLC and postcolumn derivatization with thiol



8

P .M. Ueland et al.

specific chromophor 4,4<dithiodipyridine has re-
cently been published [S]. Critical measures to
reduce baseline noise have been worked out, and
the method may turn out to be useful.

Procedures for Sample Collection
and Processing

Total plasma Hey increases slowly to a maximum
increase of 15%-20% 6-8h after a protein-rich
meal. The increased Hey level persists for scveral
hours [89]. This effect from food intake is small
relative to the high Hcey levels caused by some ac-
quired or genetic diseases (see below, Table 1) and
does not interfere with interpretation of data. How-
ever, a recent prospective study reported a 41 % in-
crease in risk of myocardial infarction for each
4pmol/l increase in Hcey level [9]. Thus, using
plasma/serum Hcy as 2 parameter to evaluate car-
diovascular risk, measurement of fasting levels Is
preferable.

Total Hcy is increased in plasma/serum when
whole blood is left at room temperature. This is
caused by a temperature and time-dependent re-
lease of Hey from the blood cells. After 1 b at
22°C there is a significant (10%) increase in
plasma Hey [91, 6, 86, 32]. This artificial elevation
is markedly reduced when the samples of whole
blood are placed on ice. Under these conditions
(0°-2°C), plasma Hcy is stable for at least 4 h
(32]. Therefore to stabilize plasma Hcy, it is
recommended that whole blood is kept on ice and
the blood cells removed from the plasma {raction
within 1 h. Serum must be aspirated immediately
after clot retraction. A release of Hey from the
blood cell before aspiration explains the observa-
tion that total Hecy in serum is slightly higher than
in plasma [9].

Total Hcy in serumv/plasma is stable for at least
4 days at room temperatore, and for several
weeks when stored at 0°-2°C. In frozen samples
kept at —20°C, it is stable for years {89].

Table 1. Conditions or agents causing hyperhomocysteinemia

Condition/agent

Genetic
Homozygous for CS deficiency
Homozygous for MTFR deficiency
Cabalamin mutations (C, D, E, F, G)

Heterozygous for CS deficiency

Heterozygous MTFR deficiency

Thermolabile MTFR

Compound heterozygosity (MTFR deficiency and
thermolabile MTFR)

Acquired
Cobalamin deficiency
Folate deficiency
Vitamin By deficiency

Renal failure
Malignancy
Psoriasis
Hypothyroidism

Drugs
Methotrexate
Nitrous oxide
Antiepileptic agents
Colestipol plus niacin
Vitamin B, antagonists (azaribine. isoniazide)

X Z2ZZxZ

Cause of
hyperhomocysteinemia

Hyperhomocysieinemia

Rare
Rare
Rare

Common
Rare
Probably common

—(
(2 %]

—EXEX T

w

Fairly common
Common
Probably common

2EX

—

Common

Not common
Fairly common
Fairly common

Fairly common

M, Moderate hyperhomocysieinemia, 15-30 umol/l; 1, intermediate hyperhomocysteinemia. 30~100 umol/!; §,
severe hyperhomocysteinemia, >100 umol1; CS, cystathionine B-synthase; MTFR, methylenetetrahydrofolate

reductase,
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Methionine Loading Test

The methionine loading test involves oral intake
of a standard dose of methionine (0.1g/kg or
3.8 g/m?), and total Hey is measured after a fixed
time interval, usually 4 or 6 h [13, 69, 4, 16, 88]. A
typical Hey response after a standard methionine
load is shown in Fig.2. The methionine loading
test has been used to find possible defects in me-
thiomne metabolism in patients with cardiovascu-
lar disease [88]. Abnormal response has been de-
fined as postload Hcy concentration or postload
increase in Hey exceeding the 95 th percentile, the
mean plus 2 standard deviations for controls, or
the highest contro} value [88]. Superfluous methi-
onine is directed into the transsulfuration path-
way via cystathionine §-synthase [31], and this ag-
rees with the observation of abnormal response in
homozygotes and most heterozygotes for cystathi-
onine 3-synthase deficiency [63]. Folate and coba-
lamin deficiency cause impaired Hey remethyla-
tion, but data on the response to methionine load-
ing in such patients are sparse and not conclusive

[69; 16].

40
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Fig. 2. Total homocysteine in plasma after methionine
loading. Seven healthy postmenopausal women were
siven peroral methionine (0.1 g/kg). Data are given as
mcan * standard deviation

Causes of Hyperhomocysteinemia

Hyperhomocysteinemia means elevated total Hey
in blood [56]; it is classified as moderate, inter-
mediate, and severe. Mild hyperhomocysteine-
mia is defined as fasting total Hcy in plasma/se-
rum of less than 30umol/i, moderate as con-
centrations between 30 and 100 umol/l, and severe
as conceatrations higher than 100 umol/t [52].
Hyperhomocysteinemia is caused by either ge-
netic or acquired conditions (Table 1). Genetic
diseases wiclude the homozygous form of cystatht-
onine [B-synthase deficiency which is the most
common cause of homocystinuria [64]. Rare forms
are severe genetic defects of methylenetetrahydro-
folate reductase, and inborn errors of cobalamin
metabolism, classified as cblC, cblD, cblF, cblG,
and cblE mutations [75]. Heterozygosity for cys-
tathionine B-synthase deficiency is present in
0.3%-1%, or 2% at the most, of the general po-
pulation [64, 23], and 50 %-70 % of these subjects
have moderate hyperhomocysteinemia [65, 77]. A
mutation of the enzyme methylenetetrahydrofol-
ate reductase, characterized by 50 % reduction in
enzyme activity and thermolabile enzyme, occurs
in 5% of the general population, and these sub-
jects have a tendency towards moderate hyperho-
mocysteinemia [49, 53). Four subjects with com-
pound heterozygosity of methylenetetrahydrofol-
ate reductase deficiency and the thermolabile en-
zyme have been described; these had intermedi-
ate hyperhomocysteinemia [49]. Thus, beterozy-
gosity for various forms of homocystinuria may
explain the observation that total plasma Hey is a
genetic trait [68].

Among the acquired conditions causing elevated
plasma Hey, folate [47] or cobalamin deficiency
[15, 1] are most often encountered. Folate defi-
ciency is associated with moderate and intermedi-
ate  hyperhomocysteinemia. In  cobalamin-
deficient patients, severe hyperhomocysteinemia
is occasionally observed [89]. Elevation of plasma
Hcy 1s also observed in disease states such as renal
failure [93], acute leukemia, psoriasis, and hypo-
thyroidism [88] and is induced by some drugs [71],
i.e. methotrexate, nitrous oxide, antiepileptic ag-
ents. colestipol plus niacin [10], and some agent
acting as vitamin B, antagonists [26, 71].
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Hyperhomocysteinemia and Arterial Occlusive
Diseases

Results from about 20 studies involving about
2000 patients and a comparable number of con-
trols have established that moderaie hyperhomo-
cysteinemia 1s an independent risk factor for vas-
cular disease in the coronary, cerebral, and pe-
ripheral vessels [S2, 88]. The overall increase in
plasma Hcy in patients with premature cardiovas-
cular disease is about 30 % compared to the level
in healthy controls. The elevation shows some
variability related to the site of the vascular le-
sions, and the incidence of hyperhomocysteine-
mia i1s highest in patients with cerebrovascular dis-
ease (about 40 %), intermediate in peripheral ar-
terial disease (about 25 %) and lowest in coronary
heart disease (about 15%) [24, 58, 17, 66].

Ccm\ary Artery Disease

Wilcken and Wilcken [94] reported elevation of
cysteine-homocysteine mixed disulfide in coron-
ary patients following methionine load, and this
observation was confirmed by Murphy-Chutorian
et al. [65] and by Clarke et al. [23] in a larger
number of cases. Following the demonstration by
Kang et al. [48] that a large proportion of total
plasma homocysteine is bound to proteins, most
investigators have measured basal total homocys-
teine. Thus, such levels were elevated in patients
with myocardial infarction [45] and coronary
artery disease established by coronary angiogra-
phy [50]. These findings were confirmed by others
[58, 34, 95. 84]. Most recently, prospective studies
have confirmed that hyperhomocysteinemia is a
risk factor for the coronary heart disease [82; 9].
Moreover, statistical analyses of the data de-
monstrated that hyperhomocysteinemia is inde-
pendent of other common risk factors for athe-
rosclerosis {23, 33, 82]. The influence of genetic
factors in hyperhomocysteinemia in coronary
patienis was established by Williams et al. {95]
and Genest et al. [33].

Cerebrovascular Disease

Brattstrom et al. [18], Boers et al. [12], and
Clarke et al. [23] reported that patients with ce-
rebrovascular disease attain higher levels of

plasma homocysteine species after the methijo-
nine loading test. These studies were confirmed
with measurements on basal plasma levels of total
homocysteine [14, 8, 24, 17].

Peripheral Arterial Disease

Boers et al. [12] and Clark et al. [23] reported in-
creased plasma levels of homocysteine species fol-
lowing methionine load in patieats with
peripheral arterial diseases. Studies on basal lev-
els of total homocysteine confirmed these findings
in patients with carotid, aortic, and ileofemoral
arterial diseases [56] as well as in subjects with jn-
termittent claudication [66]. Studies on thickness
of carotid arteries by ultrasonography have
yielded conflicting results. Clarke [22] found no
increased frequency of carotid arteries plaques in
25 heterozygotes for cystathionine -synthase de-
ficiency whereas Rubba et al. [76] reported more
frequent vascular lesions in the iliac and internal
carotid arteries of 14 heterozygotes for cystathio-
nine (3-synthase than in 47 controls. Moreover,
Malinow et al. [57] demonstrated that asympto-
matic subjects with thickened carotid arteries
have higher plasma total homocysteine levels
than matched controls.

Mechanisms

Experimental studies have focused on a variety of
mechanisms for the Hcy-induced atherogenesis.
In vitro [35] and in vivo [39, 38] experiments sug-
gest that Hcy promotes aggregation of platelets,
but this conclusion has been contested [90; 43;
81]. Endothelial damage mediated by H,O, pro-
duction has been suggested by several authors,
but most studies have been performed with high
concentrations of o, L-Hecy or Hcey-thiolactone
[92, 25, 37, 83]; cysteine induces similar effects,
and the validity of these observations for the in
vivo atherogenesis has been questioned [28]. Two
reports have described oxidative modification of
low-density lipoproteins by Hey in vitro [42, 67],
but increased lipid peroxidation has not been de-
monstrated in patients with hyperhomocysteine-
mia [11, 29].

Several recent reports describe stimulation of
procoagulant activities and impairment of endo-
thelial cell thromboresistance by Hcy. High con-
centrations of Hey in vitro activate factor V [74],
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reduce protein C activation [73, 54], inhibit sur-
face expression [54] and inactivate cofactor activ-
itv of thrombomodulin [41], and block tissue plas-
minogen activator binding to human endothelial
cells [36]. The latter effect seems to be specific for
Hcy, since the inhibition was reversed by cysteine.
Harpel et al [40] recently demonstrated that phys-
iological levels of Hey enhance the binding of li-
poprotein (a) to fibrin. Cysteine and other thiols
have a similar effect. This indicates a link between
sulfhydryl compounds and thrombosis and ather-
hogenesis. Stamler et al. [81] showed that low
concentrations of Hcy also rapidly react with
endothelium-derived relaxing factor/nitric oxide
(NO) to form S-nitroso-Hcy, which acts as a po-
tent antiplatelet agent and vasodilator. The
formation of this adduct may attenuate H,O, pro-
duction from Hcy and thereby protect against the
atherogenic properties of Hey. According to this
model, vascular injuries result under conditions of
imbalance between NO production from dysfunc-
tional endothelial cells and the levels of Hey [81}.
[n conculusion, most experimental work on the
adverse vascular properties of Hcy describes
short-term effects provoked in the presence of
very high concentrations of Hcy, and the effects
are also produced by other thiols. Thus, no con-
vincing or unifying hypothesis explaining the vas-
cular injuries caused by hyperhomocysteinemia
has yet been presented.
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