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We have investigated 31 subjects from five
unrelated families with one or more mem-
bers with cystathionine B-synthase (CBS)
deficiency. On the basis of their CBS geno-
type, the subjects were grouped as normal
(n=11) or heterozygotes (n=20). Based on
pyridoxine effect in the probands, the het-
erozygotes were further classified as pyri-
doxine-responsive (n =9) or non-responsive
(n=11). Heterozygous subjects had normal
fasting total plasma homocysteine (tHcy),
but median urinary tHcy excretion rate was
significantly elevated compared to healthy
controls (0.39 uymol/h vs 0.24 pmol/h, P < 0.05).
An abnormal tHcy response after methio-
nine loading identified 73% of the pyridox-
ine non-responsive heterozygotes, but only
33% of the pyridoxine responsive partici-
pants. The increase in cystathionine or the
change in tHcey relative to cystathionine did
not improve diagnostic accuracy of the
methionine loading test. After Hcy loading,
the maximal increase in tHcy was signifi-
cantly elevated, whereas t,» was normal in
heterozygotes. In conclusion, a single bio-
chemical test cannot discriminate CBS het-
erozygotes from controls. Abnormal tHcy
response after methionine loading was the
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most sensitive test. Our data suggest that
the urinary tHcy excretion rate is a simple,
non-invasive approach for studying mild
disturbances in Hcy metabolism.

© 2001 Wiley-Liss, Inc.

KEY WORDS: homocysteine; cystathionine
B-synthase; cystathionine;
genotype; phenotype

INTRODUCTION

Homocystinuria refers to rare inborn errors in
homocysteine (Hcy) metabolism leading to severely
elevated levels of Hey in plasma and urine [Mudd et al.,
1995; Mudd et al., 2000]. The most common cause is a
deficiency of cystathionine B-synthase (CBS), the
enzyme catalysing the formation of cystathionine by
condensing Hcy with serine. Untreated, the afflicted
subjects frequently develop skeletal abnormalities, lens
dislocation, and mental retardation, and occasionally
they suffer from severe thromboembolic disorders
[McCully, 1969]. Hey reducing therapy delays the
development of the clinical symptoms, and markedly
reduces the risk of vascular events [Wilcken and
Wilcken, 1997], suggesting involvement of Hcy in the
pathogenesis.

About 50% of subjects with CBS deficiency respond to
pyridoxine therapy with a marked reduction in plasma
total homocysteine (tHcy), whereas the remaining
subjects respond poorly to such treatment. Recent
studies suggest that certain mutations are associated
with pyridoxine responsiveness, whereas others cause
a non-responsive phenotype [Kraus et al., 1999].
However, phenotypic expression may differ markedly
even in subjects with the same genotype [Dawson et al.,
1996], which may suggest that other genetic and/or
environmental factors are involved.
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CBS deficiency is an autosomal recessive trait. A
study of obligate heterozygotes indicates that they do
not have increased vascular risk [Mudd et al., 1981],
but others [Rubba et al., 1990; Swift and Morrell, 1982]
have contested this. There are indications that CBS
heterozygosity may interact with other risk factors
[Yap et al., 1999], in line with observations in homo-
zygous patients [Kluijtmans et al., 1998; Mandel et al.,
1996]. Hence, heterozygosity may be a weak risk factor
for disease in a subgroup of susceptible patients.

Although the enzyme activity is reduced, most
heterozygous subjects have normal fasting tHcy levels,
but they frequently respond to a methionine loading
with an abnormal increase in mixed disulphide [Sard-
harwalla et al., 1974] or tHcy [Tsai et al., 1996]. The
clinical significance of this finding is uncertain.
Although increased post methionine load (PML) tHcy
level is a risk factor for vascular disease [Graham et al.,
1997] and neural tube defects [Steegers-Theunissen
et al.,, 1994], heterozygosity for CBS deficiency is
uncommon in these conditions [Kluijtmans et al.,
1996; Morrison et al., 1998; Ramsbottom et al., 1997].
This may be related to the fact that the prevalence of
CBS heterozygosity is low in the general population, or
that heterozygosity is not a predisposing condition. A
third possibility is that only the subset of heterozygous
subjects with an abnormal Hcy metabolism is at
increased risk of disease [Tsai et al., 1999].

There are sparse data on the relation between
genotype and phenotype in heterozygous CBS-deficient
subjects [Dawson et al., 1996; Sperandeo et al., 1996;
Tsai et al., 1996]. Moreover, previous studies have only
investigated fasting and PML tHcy levels. In the
present study, we have analysed plasma tHcy and
cystathionine before and after methionine loading in 31
relatives from five unrelated families with at least one
subject with genetically verified CBS deficiency. In a
subset, we investigated the disposition of Hcy by
measuring tHcy in plasma and urine before and
following a Hcy loading test.

SUBJECTS AND METHODS
Subjects

Subjects with homocystinuria due to CBS deficiency
were recruited from medical practices and hospitals in
Southern Norway. The diagnosis of homocystinuria
was originally based on clinical symptoms and high
levels of tHcy in plasma or urine, and recently the
diagnosis was confirmed by genetic analysis [Kim et al.,
19971.

Invitation to participate in the study was sent to
eight families. In the present study, we have restricted
the analysis to those families where one or more of the
relatives agreed to undergo a methionine loading test.
Hence, the study population included 31 subjects, 15
women and 16 men, aged 15—67 yr (median 48 yr) from
five unrelated families (coded A, B, E, F, and G). Details
on demographics, genetics, and treatment are given in
Table I. The Regional Ethics Committee in Health
Region III approved the study.
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Protocol

From all subjects we collected a fasting blood sample
for the determination of the serum/plasma levels of
tHcy, methionine, cystathionine, vitamins, creatinine,
and for CBS and methylenetetrahydrofolate (MTHFR)
genotyping. A morning urine sample was obtained from
15 subjects. All subjects underwent a methionine
loading test.

The Hcy loading test was performed in 10 of the
heterozygous CBS participants [Guttormsen et al.,
1993].

The methionine and Hcy loading tests were per-
formed on separate days, at least two weeks apart, to
avoid carry-over effects.

The methionine loading test. The administra-
tion of methionine was routinely performed in the
morning after an overnight fast. Briefly, methionine
powder, 100 mg/kg (671 pmol/kg) in orange juice was
ingested within 30 sec [Fowler et al., 1971; Sardhar-
walla et al., 1974]. Blood samples were collected
immediately before and 6 hr after administration of
methionine.

The Hcy loading test. Immediately before
administration, a solution containing L-homocysteine
was prepared by treating L-homocysteine thiolactone,
10 mg/kg (65 pmol/kg) with NaOH, followed by
neutralisation with HCI, and dilution with water and
apple juice [Guttormsen et al., 1993]. The solution was
ingested over a period of 1-2 min. From each
participant, blood samples were collected immediately
before Hey ingestion, and after 0.25,0.5,1, 1.5, 2, 3, 4, 6,
8, 12, 24, and 48 hr. Urine was collected in fractions for
24 hr in addition to the morning urine sample.

Laboratory Procedures

Blood for mutation analysis was collected into
evacuated tubes containing EDTA and then stored at
—80°C. Plasma used for determination of tHcy,
methionine, methylmalonic acid, and cystathionine
was prepared from blood collected into an evacuated
EDTA tube. The blood was centrifuged immediately, or
stored on ice for up to 1 hr before centrifugation. The
plasma fraction was transferred to new vials that were
stored at — 20°C until analysis. Serum was prepared by
collecting blood into an evacuated tube without antic-
oagulant, the whole blood was allowed to coagulate for
0.5—1 hr, and then serum was prepared by centrifuga-
tion. Aliquots for determination of serum levels of
creatinine, folate, and cobalamin were analysed within
1-2d.

The analyses of mutations and polymorphisms of the
CBS and MTHFR genes were performed in all the
participating subjects as described [Kim et al., 1997;
Ulvik et al., 1997]. The results from some of the subjects
have been published previously [Kim et al., 1997], and
the complete data set is presented in Table 1.

The concentration of tHey in plasma and urine was
determined by a modification [Fiskerstrand et al., 1993]
of an automated procedure developed for the determi-
nation of tHcy in plasma [Refsum et al., 1989]. Plasma
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TABLE I. Demographics, Genetics and Therapy

Relation to Pyr. 68-bp 677C—T-

Family Subject Age Sex proband?® CBS mutation resp. ins.¢ MTHFR? Therapy®
Group I, homozygotes
A 1 24 M 797G—A/797G—A + +/+ CcT B6, FA
B 2 26 M 797G—A/7T97G—A + +/+ CcC B6, FA
B 3 21 M 797G—A/797G—A + +/+ CT B6
E 6 19 F 785C—T/785C—T - - /- CC B6, FA, Betaine
F 7 15 M 919G—A/959T—C - —/+ CT B6, FA, Betaine
G 8 20 F 919G—A/959T—C - —/+ CcT B6, FA, Betaine
Group II, heterozygotes
A 10 46 F Mo 797G—A/wt + —/+ CcT
A 11 48 M Fa 797G—A/wt + —/+ CT
A 20 21 M Br 797G—A/wt + —/+ TT
A 21 67 F Grm 797G—A/wt + —/+ CcT
A 22 62 F Pr 797G—A/wt + —/+ CC
B 12 46 F Mo 797G—A/wt + —/+ CT
B 13 49 M Fa 797G—A/wt + —/+ CT
B 23 23 M Br 797G—A/wt + —/+ CC
B 24 15 F Si 797G—A/wt +
E 14 45 F Mo 785C—T/wt - —/- CcT
E 15 49 M Fa 785C—T/wt - —/- CC
E 25 16 M Br 785C—T/wt - —/- CcT
F 16 52 F Mo 919G—A/wt - —/- CC FA
F 26 24 F Si 919G—A/wt - —/- CcT
F 29 49 M Un 919G—A/wt - —/- CcT
G 18 52 M Fa 919G—A/wt - —/- CcT Multivitamin
F 17 51 M Fa 959T—C/wt - —/+ TT FA
F 27 28 F Si 959T—C/wt - —/+ TT
F 30 53 F Au 959T—C/wt - —/+ CcC
G 19 53 F Mo 959T—C/wt - —/+ CcC Multivitamin
Group III, no mutation
A 31 35 F Au wt/wt —/- CT
A 32 51 F Pr wt/wt —/- CcC
A 33 57 M Pr wt/wt —/- (6]0)
A 34 61 F Pr wt/wt /- CC
F 36 48 M Un wt/wt —/- (6]0)
F 37 46 M Un wt/wt —/- CT
F 38 27 M Un wt/wt /- CcC
F 39 44 M Un wt/wt —/- CcT
F 40 54 M Un wt/wt —/- CT
F 41 37 M Un wt/wt —/- CcC
F 42 48 F Au wt/wt —/- CcT

Mo, mother; Fa, father; Br, Brother; Grm, grandmother; Pr, peripheral relative; Si, sister; Un, uncle; Au, Aunt.

bPyridoxine reponsive.
“The 68-base pair insertion on exon 8 of the CBS gene.

9The 677C—T polymorphism in the methylenetetrahydrofolate gene; CC, homozygous not mutated; CT, heterozygous mutated; TT, homozygous mutated.

°FA, folic acid.

methionine was determined in plasma samples with an
assay based on derivatisation with o-phthaldialdehyde
and fluorescence detection [Krishnamurti et al., 1984].
Plasma levels of methylmalonic acid and cystathionine
were measured using a slight modification of a GC-MS
method based on ethylchloroformate derivatisation
[Husek, 1998]. Serum cobalamin was determined with
a microparticle enzyme intrinsic factor assay run on an
IMx system from Abbott (Abbott Park, I1), and serum
folate was assayed using the Quantaphase folate
radioassay produced by Bio Rad (Hercules, CA).

Reference Ranges

For creatinine, methylmalonic acid, and the vita-
mins, the normal ranges as defined in the university
hospital clinical chemistry laboratory were used. The

upper normal limits for serum methylmalonic acid and
creatinine are 0.26 pmol/LL and 120 pmol/L, respec-
tively. The lower normal limit for serum cobalamin is
150 pmol/L,, and for serum folate 4.5 nmol/L. The
normal range for methionine is defined as 10—40 pmol/
L [Blom et al., 1992], and the normal range for tHcy is
defined as 5-15 pmol/LL [Refsum et al.,, 1998]. A
methionine level of 40 pmol/L or tHcy level of 15
pmol/L corresponds to the 90—95 percentile in blood
samples collected from adult study populations [Nygard
et al., 1998; Graham et al., 1997]. The normal urinary
excretion rate in healthy adults was calculated from
morning urine samples collected from 93 subjects (41%
females), aged 20-64 yr (Table II). The reference
ranges (defined as the 5™ and 95" percentiles) for
cystathionine before and after methionine loading, and
tHcy after methionine loading were established in a
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subset of the control population of the European
Concerted Action (COMAC) study [Graham et al.,
1997], and included 97 subjects (48% female) with a
median age of 45 yr (range 20—59 yr).

The reference ranges for the response after the Hcy
load (Table IV) are derived from 19 healthy subjects,
aged 19-58 yr (42% female), recruited from the
laboratory staff.

Calculation of Kinetic Parameters

The elimination of tHcy after oral intake obeys first
order kinetics and is consistent with a one-compart-
ment model. For simplicity, and for comparison with
our previous studies [Guttormsen et al., 1993; Gut-
tormsen et al., 1996; Guttormsen et al., 1997], the
elimination rate constant (k.) and t;,» were calculated
by linear regression of the terminal linear part (from 2—
6 hr) of the log-transformed concentration versus the
time curve. The kinetic parameters were calculated
using KaleidaGraph TM, version 2.1.3 for Macintosh
(Synergy Software, Reading, PA). The formulas used
for the calculations are given elsewhere [Guttormsen
et al., 1993].

Statistical Methods

The results are given as median or mean and SD or
range. Unpaired values were evaluated by the Mann-
Whitney U test. Simple correlation was estimated by
the Spearman rank correlation test. The significance
level was set to 5%.

To describe the diagnostic accuracy of the tests, we
used Receiver Operating Characteristic (ROC) plots
[Hanley and McNeil, 1982; Metz, 1978; Zweig and
Campbell, 1993]. The ROC plots were constructed by
using the software ASTUTE for PC (DDU Software,
Leeds LS2 9JT, UK).

RESULTS
Genotyping

Twenty participants were heterozygous, and 11 had
no CBS mutation. Based on the response to pyridoxine
therapy in the probands, we further classified a subject
as a responsive or non-responsive phenotype (Table I).
The three responsive probands, belonging to families A
and B, were homozygous for the 797G—A (R266K)
mutation. The three non-responsive probands had two
different genotypes; subject E6 was homozygous for the
785C—T (T262M) mutation, whereas F7 and G8 were
compound heterozygotes, with 919G—A (G307S) muta-
tion in one allele and the 959T—C (V320A) mutation in
the other allele. Among subjects identified as being
heterozygous, nine carried the pyridoxine-responsive
797G—A mutation. Among the remaining 11 hetero-
zygous subjects with a non-responsive mutation, three
had the 785C—T mutation, four had the 919G—A, and
four carried the 959T—C mutation.

Among the heterozygous CBS deficient participants,
one was homozygous and 11 were heterozygous for the
68 bp insertion (Table I). Based on the results in the
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probands, it seems that the 68 bp insertion occurs in cis
with the 797G—A and 959T—C mutations in these
families. Three of the subjects had the MTHFR TT
genotype. Neither the CBS 68 bp insertion nor the
MTHFR genotype was associated with abnormal tHecy
or cystathionine levels before or after methionine or
Hcy loading.

Fasting Vitamin and Metabolite Levels

One subject (A33) had cobalamin deficiency (plasma
tHey 22.5 pmol/L; serum cobalamin 104 pmol/L;
methylmalonic acid 0.45 pmol/L). The remaining sub-
jects had normal serum concentrations of cobalamin,
and creatinine was within the reference limits. Serum
folate was < 4.5 nmol/L in three subjects without a CBS
mutation (F36, F38, F39) (data not shown).

Levels and the distributions of fasting tHcy, were
similar to those observed in healthy adults, and did not
differ between those with and those without a mutated
allele in CBS. Fasting hyperhomocysteinemia (> 15
pmol/L) was only observed in two subjects, one with
heterozygosity for the 785C—T mutation (E15), and
one with wild type CBS but with additional cobalamin
deficiency (A33). Hence, heterozygosity for CBS does
not seem to influence the fasting tHcy in these families
(Table II).

Cystathionine tended to be lower in the CBS
heterozygotes (P=0.10), but a low cystathionine level
was infrequent.

Methionine was normal in the pyridoxine non-
responsive heterozygotes, and low in the pyridoxine
responsive CBS heterozygotes. This was caused by low
plasma levels in the members of family B. Moreover, a
high methionine level was observed in two subjects,
E14 (heterozygote) and A33 (wild type).

Urinary tHcy Excretion Rate

The urinary excretion rate of tHcy was determined in
a urine sample collected in the morning. In a normal
adult population with a median plasma tHcy level of 8.4
pmol/L, the median, 5" and 95% percentile of the
urinary excretion rate were 0.24, 0.09, and 0.48 pmol/h,
respectively. The excretion rate correlated with plasma
tHey (Rs=0.30, P=0.01).

In the heterozygotes, median urinary tHcy excretion
rate was 0.39 pmol/h, significantly higher (P < 0.001)
than in controls. Five of the 15 heterozygotes had an
excretion rate above the defined upper limit of 0.48
pmol/h (Table II). The trend towards an elevated Hcy
excretion rate was observed both in the pyridoxine
responsive (median 0.41 pmol/h) and in the pyridoxine
non-responsive subjects (median 0.37 pmol/h).

Hcy Response to Methionine Loading

The median increase in tHcy and the ratio between
post and pre tHcy levels were 31.6 umol/LL and 4.1,
respectively, i.e., markedly higher than the median
values observed in controls (18.4 pmol/L. and 3.0,
respectively). Notably, this was mainly related to the
abnormal tHcy response in the CBS heterozygotes.
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TABLE II. Fasting Plasma Metabolite Levels and tHey Urinary Excretion Rate*
Plasma (pumol/L)
Urinary tHcy
Family Subject tHcy Methionine Cystathionine excretion pmol/h
Heterozygotes, pyridoxine responsive
A 10 6.9 26.1 0.093 0.92
A 11 8.9 32.2 0.202 0.47
A 20 12.4 29.9 0.069 0.23
A 21 7.9 19.5 0.073
A 22 124 28.6 0.353
B 12 6.9 16.5 0.064 0.41
B 13 12.7 14.8 0.080 0.59
B 23 11.9 18.5 0.071 0.26
B 24 7.5 16.5 0.082 0.31
Median 8.9 19.5 0.080 041
Heterozygotes, pyridoxine non-responsive
E 14 12.3 42.3 0.093 0.78
E 15 16.7 28.3 0.159 0.63
E 25 10.5 33.5 0.104
F 16 5.7 19.9 0.042 0.13
F 26 7.5 39.3 0.143
F 29 9.5 24.5 0.098 0.39
G 18 9.7 34.8 0.172 0.34
F 17 9.0 25.2 0.069 0.30
F 27 8.7 23.6 0.098
F 30 7.5 20.7 0.074 0.16
G 19 9.8 39.8 0.160 1.16
Median 9.5 28.3 0.098 0.37
Subjects without mutation
A 31 5.7 23.8 0.063
A 32 11.6 26.4 0.096
A 33 22.5 48.4 0.277
A 34 9.9 35.5 0.157
F 36 8.2 33.8 0.184
F 37 5.9 29.8 0.179
F 38 10.8 26.7 0.207
F 39 11.2 32.1 0.136
F 40 9.7 25.9 0.216
F 41 7.1 29.3 0.095
F 42 6.2 30.9 0.097
Median 9.7 29.8 0.157
Reference limits 5-15 10-40 0.065-0.190 0.09-0.48

*Abnormal values related to CBS function are marked in bold.

However, four of the subjects with wild type CBS
showed an abnormal increase in tHcy. Among these one
(A33) had cobalamin deficiency and three (F36, F38,
F39) had low serum folate levels. Only one (F38) had
abnormally high post/pre tHcy ratio.

Among the 20 heterozygous participants, 13 (65%)
had an abnormal increase in tHcy and/or elevated post/
pre tHcy ratio. By also taking the test results from the
OtHcy/Ocystat ratio, the tHcy urinary excretion rate
and the C,, .« after Hey loading into account 17 (85%) of
the heterozygotes are identified (Tables II, IIT and IV).

A larger portion of the pyridoxine non-responsive
subjects tended to have an abnormal PML tHcy
response as compared with the pyridoxine responsive
subjects (Table III). This trend was most pronounced
for the ratio between post and pre tHcy levels. This
ratio identified 73% (8/11) of the pyridoxine non-

responsive subjects, and three out of nine subjects (33
%) with the pyridoxine responsive phenotype.

Cystathionine Response to Methionine Loading

The fasting median cystathionine was 0.093 umol/L
in heterozygotes compared to 0.113 umol/L in controls
(P=0.08). Six hours after methionine loading, the
median increase in cystathionine in heterzygotes was
0.693 pmol/L, which is identical to the increase
observed in the control population (P=0.67). We also
investigated the ratio between the increase in tHcy and
increase in cystathionine. This ratio differed consider-
ably among the participants. In subjects with normal
CBS, the ratio was significantly lower than in the
control population (P =0.01), while it was significantly
higher in the heterozygotes (P <0.001) (Table III).



Genotype and Phenotype in Homocysteine Subjects 209
TABLE III. Response to Methionine Loading*
Post tch/pre Post cysta/pre
Family Subject OtHey? tHey' dCysta’ cysta? OtHey/0Cysta®
Heterozgotes, pyridoxine responsive
A 10 48.4 8.0 0.655 8.0 73.9
A 11 28.6 5.3 0.461 3.3 83.6
A 20 30.9 3.5 0.402 6.8 76.9
A 21 22.1 3.8 0.262 4.6 84.3
A 22 38.0 4.1 3.731 11.6 10.2
B 12 61.4 9.9 0.241 4.8 254.6
B 13 15.9 2.3 0.731 10.1 21.7
B 23 21.4 2.8 0.541 8.6 39.7
B 24 17.0 3.3 0.914 12.1 18.6
Median 30.9 3.8 0.541 8.0 73.9
Heterozygotes, pyridoxine non-responsive
E 14 64.6 6.3 1.011 11.9 63.9
E 15 60.2 4.6 0.837 6.3 71.9
E 25 32.3 4.1 0.616 6.9 52.4
F 16 29.3 6.1 0.532 13.7 55.1
F 26 55.7 8.4 1.199 9.4 46.5
F 29 24.6 3.6 0.563 6.7 43.6
G 18 27.7 3.9 0.883 6.1 314
F 17 43.5 5.8 1.318 20.1 33.0
F 27 36.3 5.2 0.931 10.5 39.0
F 30 31.6 5.2 0.902 13.2 35.0
G 19 35.3 4.6 0.373 3.3 94.6
Median 35.3 52 0.883 94 46.5
Subjects without mutation
A 31 16.9 4.0 0.833 14.2 20.4
A 32 26.0 3.2 0.876 10.1 29.7
A 33 36.1 2.6 0.780 3.8 46.2
A 34 17.8 2.8 0.788 6.0 22.6
F 36 16.9 3.1 5.509 30.9 3.1
F 37 18.1 4.1 1.490 9.3 12.1
F 38 38.4 4.6 5.188 26.1 74
F 39 35.4 4.2 1.335 10.8 26.5
F 40 31.9 4.3 9.273 43.9 34
F 41 20.4 3.9 1.408 15.8 14.5
F 42 16.4 3.6 2.550 27.3 6.5
Median 204 3.9 1.408 14.2 14.5
Reference levels 12-31 2.3-4.4 0.300-2.200 3.56-18 8-70

*Abnormal values related to CBS function are marked in bold.
2The increase in tHcy, pmol/L.

PThe ratio between post and pre tHcy.

°The increase in cystathionine, pmol/L.

9The ratio between post and pre cystathionine.

°The ratio between the increase in tHey and the increase in cystathionine.

Thus, the cystathionine levels in these subjects seemed
to be more related to family than CBS genotype (see
below).

The Hey Loading

Within one hr after Hey intake, tHey increased to a
peak value, C,.x (Fig. 1). In the heterozygous subjects,
the average (+SD) C,.x was 77.3+18.8 umol/L. and
significantly higher than the C,,,x of 61.5 4+ 12.1 pmol/L
observed in healthy subjects (P = 0.02). Seven out of the
10 heterozygous subjects had a Cpae> the 908
percentile of the controls. The ti5 was slightly lower
than in the control population, and none of the
heterozygous subjects had t1/» above the 90" percentile
of the controls. The area under the curve was non-
significantly higher than in the controls.

From nine heterozygous subjects, we collected urine
during the Hcy loading. About 3% of the administered

dose were excreted unchanged in the urine. This
fraction showed a strong association to the C,, .. of the
tHey increase (Rs=0.75, P=0.03).

The methionine response to Hey loading was only
marginally higher than observed in healthy subjects
(Table IV).

ROC Analyses

A large area under the ROC curve indicates that a
variable has a good ability to discriminate between
heterozygous subjects and subjects without a mutation.
A test with an area that is not significantly greater than
0.5 lacks discriminatory power. Except fasting tHcy
and fasting cystathionine, all the other measures (Fig.
2) discriminated significantly between the two groups
of subjects. Among the tests based on a single
measurement, urinary tHcy excretion rate gave the
largest area under the ROC curve.
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TABLE IV. Response to Hey Loading™
Family Subject CraxtHey? Cnaxmethionine® AUC* t 1 Urinary tHey®
Heterozygotes, pyridoxine responsive
A 10 84.6 10.0 314 2.7 3.1
A 11 114.2 124 553 2.9 4.2
B 12 49.1 8.9 468 3.5 2.0
B 13 52.9 20.5 418 3.6 2.5
B 23 68.3 14.0 276 3.3 2.1
B 24 78.0 12.8 403 3.0 34
Median 73.2 12.6 411 3.2 2.8
Heterozygotes,pyridoxine non-responsive
E 14 73.8 12.3 448 34 3.5
E 15 89.4 16.9 580 2.8 2.7
F 16 73.8 19.8 433 3.2
F 17 88.6 12.5 655 3.6 3.7
Median 81.2 14.7 514 3.3 3.5
Reference limits 47.3-73.8 8.7-22.4 360-460 2.9-4.7

*Abnormal values related to CBS function are marked in bold.
2The maximal increase in tHcy, pmol/L.

PThe maximal increase in methionine, pmol/L.

‘The area under the curve, pmol/L.

9Elimination half-life, hr.

°The percentage of the given dose of Hey excreted in the urine within 24 hr after Hey loading, %.

Differences Between Families

Family A (pyridoxine responsive) and family F
(pyridoxine non-responsive), comprised nine and 13
family members, respectively. Neither fasting tHcy,
fasting cystathionine, nor the post/pre tHcy ratio after
methionine loading was significantly different com-
pared to the controls, and these parameters were nearly
identical between the two families, independent of CBS

Increase in tHey
{umol/L)

| Controls

c 1 Ll
0 12 24 48

Time after loading (h)

Fig. 1. Plasma tHcy elimination curves after oral Hey loading (65 pmol/
kg bw) in 10 participants heterozygous for CBS deficiency (cases), and in 19
healthy subjects (controls). The mean tHcy plasma concentrations with
standard deviations (vertical bars) are plotted versus time.

carrier status. A stronger PML increase in cystathio-
nine was observed in family F, and in particular in the
members without a mutated allele (median 2.55 pmol/
L). Notably, five out of seven participants in family F
without a mutation had serum folate <5 nmol/L.
Therefore, folate status rather than the CBS genotype
may explain the cystathionine response in these
subjects [Stabler et al., 1993].

DISCUSSION

In order to identify markers that are characteristic
for CBS carrier status, we investigated fasting levels of
tHcy and cystathionine, the tHcy urinary excretion rate
and the disposition of Hcy and related metabolites after
methionine and Hcy loadings. Among these, the ratio
between post and pre tHcy in response to methionine
loading was the test with highest diagnostic sensitivity
and specificity, and identified 73% of the pyridoxine
non-responsive heterozygotes. By combining the dtHcy/
Ocysta ratio, the tHey urinary excretion rate, and the
Cmax after Hey loading, 17 out of 20 heterozygotes were
identified. Notably, Hcy loading identified only one
extra individual compared to methionine loading,
suggesting that this labour intensive test should not
be a part of the battery of tests performed to identify
CBS carrier status. The urinary tHey excretion rate
was also significantly elevated in CBS mutation
carriers, and may be a simple and practical test in the
clinical setting.

There was no consistent relation between the 68 bp
insertion in the CBS gene or the 677C—T polymorph-
ism in the MTHFR gene and the tHcy response to
methionine loading (Table I).

According to the literature, the two most common
mutations in the CBS gene are the pyridoxine respon-
sive 833T—C (I278T) and the pyridoxine non-respon-
sive 919G—A (G307S) [Kraus et al., 1999]. Both these
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Fig. 2. Discrimination by ROC plots. The upper panel shows that among the tests based on a single measurement, the urinary tHcy excretion rate had
a better diagnostic performance than both fasting tHcy and fasting cystathionine. The lower panel demonstrates that the post/pre tHey ratio after a

methionine loading has a better diagnostic performance than the ratio between the increase in tHcy and the increase in cystathionine and the C,. after

Hcy loading.

mutations have been identified in Norwegian patients
(Table I) [Kim et al., 1997]. However, the recently
discovered 797G—A (R266K) mutation [Kim et al.,,
1997] seems to be the most common cause of homo-
cystinuria in Norway. In a yeast model [Kruger and
Cox, 1994], this allele has a normal phenotype when
exposed to high concentrations of pyridoxine, but when
pyridoxine concentration is low, the mutation exhibit
a severely abnormal phenotype. This mirrors the
genotype—phenotype relation seen in humans that
shows that the tHcy level is highly dependent on the
pyridoxal 5-phosphate status of the patient [Kim et al.,
1997].

The urinary excretion rate of tHcy is proportional to
the plasma tHcy concentration [Guttormsen et al.,
1996], and CBS deficiency was initially called homo-
cystinuria due to the finding of an extremely elevated
Hcy level in the urine [Mudd et al., 1964; Mudd et al.,
2000]. When investigating 12 obligate heterozygotes
and 12 normal subjects, Sardharwalla et al. [1974]
found that preload urine samples did not reveal any
differences in sulphur amino acid concentration
between cases and controls. In the present study, the
plasma tHcy level was similar for heterozygotes and
controls, but despite this, the preload urinary tHcy
excretion rate was significantly higher in the hetero-
zygotes. Hence, our data suggest that measurement of

the urinary tHcy excretion rate should be further
evaluated as a sensitive test to detect mild disturbances
in Hecy metabolism not revealed by measurement of
fasting tHcy levels.

The biochemical conversion of Hcy to cysteine,
denoted transsulfuration, depends on two consecutive,
pyridoxal 5-phosphate-dependent reactions. Oral
methionine is believed to stress the transsulfuration
pathway, and has been used to identify CBS carrier
status [Brenton et al., 1965; Fowler et al., 1971;
Sardharwalla et al., 1974]. However, recent studies
have revealed that PML tHcy response is dependent
both on pyridoxine [Ubbink et al., 1996] and on MTHFR
and folate status [Cattaneo et al., 1999; Nelen et al.,
1998]. Hence, an abnormal response to methionine
loading may be a common but not a very specific
feature. In the present study, the PML tHcy response
was significantly higher in the heterozygous subjects
than in the controls, but it did not completely
discriminate between these two groups (Fig. 2).
Previous studies have frequently used age and sex
specific limits for the response to methionine loading
[Andersson et al., 1992; Silberberg et al., 1997].
However, using age and sex specific limits based on
the total COMAC control population (n =800) [Graham
et al., 1997; Refsum et al., 1998], did not markedly alter
our results.
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We found that three out of four relatives with wild
type CBS and abnormal PML tHcy had low serum
folate, < 4.5 nmol/L, in line with the observations done
by Nelen and co-authors [Nelen et al., 1998].

In a small study performed by Stabler et al. [1993], it
was observed that serum cystathionine did not distin-
guish between CBS heterozygosity and wild type. They
suggested that the ratio between the increase in
cystathionine and increase in tHcy after a methionine
loading might discriminate better than the increase in
plasma tHcy. However, our results do not support this
possibility.

After Hcy loading, the plasma tHcy elimination
kinetics was the same in the heterozygous subjects
and in controls [Guttormsen et al., 1993] (Table IV).
However, C,., was significantly higher [Guttormsen
et al., 1993] (Fig. 1). One possible explanation could be a
difference in distribution volume. A more likely cause,
is that the defect transsulfuration pathway impairs the
first pass metabolism of Hey following its absorption.

Our results show that unequivocal identification of
CBS carrier status requires DNA analysis. Still, CBS
heterozygosity is associated with abnormal Hcy meta-
bolism in a substantial proportion of the subjects, but it
remains uncertain whether this conveys an increased
risk of cardiovascular disease or other clinical condi-
tions associated with hyperhomocysteinemia. We
recommend that future studies on the relation between
CBS heterozygosity and various clinical endpoints
should include genotyping as well as assessment of in
vivo CBS function. Our data suggest that such testing
should include measurement of tHcy in plasma before
and after methionine loading as well as urinary tHcy
excretion.
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