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Purpose: For treatment of cystathionine �-synthase (C�S) deficiency, we determined the effect of betaine

(N,N,N-trimethylglycine) therapy and examined the genotype-phenotype relationships to betaine. Methods: In five

patients with B6-nonresponsive homocystinuria, we defined the C�S genotypes and determined metabolic re-

sponses to betaine as an additive to traditional dietary methionine restriction. Results: After betaine therapy, tHcy

declined (mean 47.4 �mol/L; range: �21.2 to �104.0 �mol/L; P � 0.02), whereas total plasma cysteine and

methionine did not change. Plasma methionine/tHcy ratios increased by 5.45 (range: �1.5 to 15.3; P � 0.05)

inpatients with B6-nonresponsive alleles. Conclusion: Betaine improves metabolic control in B6-nonresponsive

patients with homocystinuria after optimum dietary control. Genet Med 2004:6(2):90–95.
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Homocystinuria caused by cystathionine �-synthase (C�S,
EC no. 4.2.1.22) deficiency is an inborn error of sulfur amino
acid metabolism. Worldwide, estimates of the incidence of
C�S deficiency range from 1/20,500 in Denmark1 to 1/800,000
in Japan.2 C�S, the first enzyme in the transsulfuration path-
way, catalyzes the condensation of homocysteine and serine to
produce cystathionine, and ultimately, cysteine (Fig. 1). C�S
uses pyridoxal phosphate (B6) and heme as its cofactors.3,4

Total plasma homocysteine (tHcy) is markedly elevated in
C�S deficiency and is a sensitive in vivomarker for therapeutic
intervention.2 Even mild to moderate elevation of tHcy is a
risk-factor for premature vascular disease (PVD), much like
cholesterol.5,6 Normalization of tHcy is sought in persons with
C�S deficiency in order to lower their lifetime risk for PVD.7

However, a portion of patients with C�S deficiency, even dur-
ing optimal dietary compliance, can not lower tHcy to the nor-
mal range (personal observations and Table 2).
Therapeutically, patients with C�S deficiency can be divided

into two groups, based upon the effects of pharmacological pyri-
doxine therapy on their metabolic status and clinical outcome.
Patients experiencing significant decreases in both plasmamethi-

onine and free plasmahomocystine (fHcys)while receiving phar-
macological amounts of pyridoxine without diet manipulation
are considered “B6-responsive.” Patients showing no significant
decreases inmethionine or fHyswhile receiving up to 1.0 g/day of
pyroxidine following pyroxidine are classified as “B6-nonrespon-
sive.”2,8–11 Such individualsdemonstrateminimalorabsent resid-
ual C�S activity in cultured fibroblasts.2,8–11

Betaine (N,N,N-trimethylglycine) is a natural product of cho-
line catabolismand serves as amethyl-donor for homocysteine to
synthesize methionine by betaine-homocysteine S-methyltrans-
ferase (BHMT, EC2.1.1.5) (Fig. 1). This enzyme, present primar-
ily in the liver and kidney, is induced by betaine and can remethy-
late up to 25% of total homocysteine flux.12

Betaine improved biochemical control in previous studies of
patients with B6-nonresponsive C�S deficiency.13 Subsequent
studies confirmed their observations that betaine treatment de-
creased total plasma homocysteine, in both plasma and cerebro-
spinal fluid.9,14,15However,because standardizeddietarymanage-
ment did not precede the use of betaine in these studies, the
additive effect of betaine to “dietary control” remainedunknown.
In this study, our patients achieved their optimal dietary control,
based upon their nutritional history and metabolic measures of
plasmamethionine and tHcy.We then assessed the additive effect
of betaine on tHcy and plasmamethionine.We determined their
molecular genotypes forC�Sdeficiency and correlated themwith
ethnicity and clinical B6 nonresponsivity.

MATERIALS AND METHODS
Patient recruitment

Five patients with biochemically confirmed cystathionine
�-synthase deficiency cared for by the Division ofMedical Ge-
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netics at Emory University were recruited for this study. The
study and its informed consent were approved by Emory Uni-
versity’s Human Investigations Committee. Diagnoses were
established by elevated methionine, free homocystine, and de-
creased free cystine for patients diagnosed before 1996. Total
plasma homocysteine quantitation began in 1996. Molecular
genotyping of C�S confirmed these biochemical diagnoses in
all patients. Three of the five patients were identified by posi-
tive newborn screening for hypermethioninemia, and two
were identified later in life after the discovery of ectopia lentis.
All patients required methionine restriction to � 30 mg/kg per
day, to decrease their free homocystine and total plasma ho-
mocysteine concentrations. Methionine-restricted diets were
implemented concurrently with pyridoxine supplementation
at doses up to 20 mg/kg per day. We selected for this study five
patients classified as B6-nonresponsive. All were treated with
methionine restriction and pharmacological supplementation
of pyridoxine, but could not maintain plasma methionine be-

low 50 �mol/L or free homocystine below 5 �mol/L. The treat-
ment of B6-nonresponsive C�S deficiency patients with “me-
thionine restriction” was accomplished in part by the
simultaneous dietary restriction of natural protein, and sup-
plementation with medical foods free of methionine. These
methionine-free medical foods were supplemented with con-
ditionally-essential L-cysteine, in the form of L-cystine.

Study design

Patients were first treated with natural protein restriction,
supplementation with methionine-depleted, L-cystine–forti-
fied medical foods, and 5 to 20 mg/kg per day of pyridoxine.16

Upon attaining the lowest plasma methionine and total plasma
homocysteine, we began betaine at prescribed doses of 20–50
mg/kg per day. Dosages were increased to 120–150 mg/kg per
day and provided as three divided doses until stabilization of
tHcy to lowest concentrations for the individual. Biochemical
measurements were obtained every one to three months, until

Fig. 1. Metabolism of homocysteine. Transsulfuration proceeds by first condensing homocysteine with serine, producing cystathionine. Hydrolysis of cystathionine by cystathionase
yields cysteine and �-ketobutyrate. Remethylation of homocysteine by betaine-homocysteine methyl transferase-catalyzed transfer of an N-methyl group from betaine to homocysteine,
yielding methionine and N,N-dimethylglycine.
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the tHcy reached a nadir. Three-day diet histories were ana-
lyzed and compared for methionine content, and other essen-
tial nutrients throughout the studies.

Statistical analyses

The Student’s t test was used for comparisons of each met-
abolic parameter in each patient before and during betaine
therapy. Significance was reported for P � 0.05.

Biochemical measurements

Total plasma homocysteine and total plasma cysteine concen-
trations were determined after chemical reduction, derivitization
with a fluorophore, and subsequent HPLC separation as previ-
ously described.17 Plasma amino acid concentrations (including
methionine and free homocystine) were determined by tradi-
tional methods of ion-exchange chromatography.18

Molecular analyses of the C�S gene

Nucleic Acids were isolated from 75 mL of cells using the
Purescript RNA Isolation kit (Gentra Systems, Minneapolis,
MN). The fifteen coding exons of C�S were amplified using the
primer pairs described in Table 1.19 After PCR the products
were isolated by gel purification using the QIAEXII Gel Extrac-
tion Kit (Qiagen, Valencia, CA) and sequenced at the Fox
Chase Cancer Center. Mutant alleles were tested individually
in a yeast functional assay as previously described.20,21 All 6
mutant alleles identified in these 5 patients failed to augment
cysteine auxotrophy consistent with these mutations affecting
enzyme function, as shown in Table 2.

RESULTS
Genotypes of patients studied

The molecular bases for the five patients studied with clini-
cal B6-nonresponsive C�S deficiency are shown in Table 2.
Two Caucasian patients (patients 4 and 3) were compound
heterozygotes for the common European I278T mutation, an
L101P alteration observed in several Irish patients, and a novel
D376N mutation, respectively.22,23 One Caucasian patient (Pa-
tient 2) was homozygous for a V320A mutation previously
observed in a single Norwegian patient.24 Two American Black
patients (patients 5 and 1) possessed a T353M allele.25,26 One
(Patient 5) was homozygous for this mutation, and the other
(Patient 1) was compound heterozygous for this mutation and
a novel Q526K mutation. All patients were classified as B6-
nonresponsive by clinical criteria.

Effect of betaine on plasma methionine

Table 3 shows the plasma methionine concentrations ob-
tained immediately before the initiation of betaine but after
optimum B6 and dietary therapy. The listed plasma methio-
nine concentrations (�mol/L) reflect the effect of betaine ther-
apy. Plasma methionine concentrations increased about 2-fold
in patients 2, 3, and 5, and 4-fold in patient 1. None of these
patients reported a change in methionine dietary intake (data
not shown). Plasma methionine concentration decreased

about 16% in patient 4, who reported a decrease in methionine
intake, increased compliance with the metabolic formula, and
inconsistent compliance with the prescribed betaine dosing
regimen (discussed later).

Table 1
Oligonucleotide primer sequences used to sequence the sixteen exons of the

cystathionine �-synthase gene

Exon Primers
PCR fragment size

(bp)

1 5�-ttcgctggaaccccacagca-3� 344

5�-tgtccaggtaacaaactcctg-3�

2 5�-tctgccagggctggtactat-3� 283

5�-ctgatcccagggccttgcct-3�

3 5�-gggtgagcaggaatcaatgg-3� 270

5�-tcccggcaggctcggcatgg-3�

4�5�6 5�-cagggcttggggggtcactg-3� 592

5�-ctcccaggcagccagggata-3�

7 5�-gaactttttggttacccacc-3� 533

5�-caagccccagttgaggggca-3�

8 5�-gaatatcgaggcatgtccag-3� 332

5�-cagcttctcaccatgcgtgc-3�

9 5�-ggctgttcaccctcttggtc-3� 208

5�-gtgccccctagccatctctg-3�

10 5�-gtgcacaattcatgcatacg-3� 170

5�-ggtgaggcgtgagaggcatc-3�

11�12 5�-gcgtgccactcagcaggggc-3� 597

5�-cctgtccagtgacactgacg-3�

13 5�-gcagaggacttccatgtgtg-3� 296

5�-ccgggcacctgtttgagctg-3�

14 5�-gcaggacccaccatcgcatc-3� 241

5�-catggcagaggccaggcttg-3�

16 5�-ccacccagcctcccacggca-3� 231

5�-gtttagggctcaggaaagcg-3�

Table 2
Human C�S activity determined in total yeast extracts

Amino acid substitution
C�S activitya

(nmol per hr)
C�S activity

(% of wild type)

T353M �10 �1.7%

Q526K 26 4.4%

V320A 213 36%

I278T 14 2.4%

D376N 10 �1.7%

L101P �10 �1.0%

aAssays were performed twice using methods previously described (20). The
average is given, and the standard deviation for all samples was �30.
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Effect of betaine on total plasma homocysteine

Total plasma homocysteine concentrations obtained before
initiation of betaine therapy, and after maximal therapy, are
shown in Table 2. All patients experienced significant reduc-
tions in tHcy, regardless of genotype or plasma methionine
concentrations. Patients 1, 2, and 3 normalized their total
plasma homocysteine concentrations on betaine therapy, de-
spite elevated concentrations before the initiation of betaine.
Even patients 4 and 5, who are adolescents with variable com-
pliance to diet, demonstrated decreased tHcy concentrations.

Effect of betaine on total plasma cysteine

Total plasma cysteine concentrations did not significantly
change before and during betaine therapy in the group as a
whole (Table 3). Although Patient 4 experienced a doubling of
total plasma cysteine concentrations during betaine therapy,
he also reported increased intake of cystine-fortified medical
food.

Effect of betaine on the ratio of methionine/total plasma
homocysteine

Because betaine decreases homocysteine and increases me-
thionine by providing an additional pathway for homocysteine
transmethylation to methionine, a ratio of this substrate and
product were good biochemical parameters of response to be-
taine (Table 3). During betaine addition, all patients experi-
enced an increase in the ratio of plasma methionine/tHcy, re-
gardless of estimated methionine intakes, compliance with
methionine restriction or betaine. As seen by comparing the
methionine/tHcy ratios in Table 2, even Patient 4 had an ap-
proximately 4-fold increase in this ratio when betaine was
added to his therapeutic regimen.

DISCUSSION

Several previous publications reported the effective use of
betaine in C�S deficiency. Most groups noted improvement in
metabolic control.9,13,27,28 However, genotype-phenotype rela-
tionships, the effects on total plasma homocysteine concentra-
tions (tHcy), the additive effect after dietary control, and the
ratio of methionine to tHcy were not reported. In their pioneer
work, Smolin et al.29 first demonstrated the clinical efficacy of
betaine, and a later study by Wilcken et al.13 found that betaine
decreased estimated tHcy and increased estimated tCys, which
were determined from free homocystine and free homocys-
teine-cysteine mixed disulfide concentrations. This study also
found variable effects of betaine on plasma methionine con-
centrations. In subsequent studies, when tHcy was measured
in patients with C�S deficiency, betaine decreased total plasma
homocysteine concentrations in both plasma and cerebrospi-
nal fluid.9,14 These more recent studies showed the efficacy of
betaine and supported its approval by the FDA as an “orphan
drug” for the treatment of homocystinuria.

We observed significant and clinically relevant “net” meta-
bolic effects of betaine in patients with B6-nonresponsive C�S
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deficiency. The response to betaine was greatest among pa-
tients 1 and 2 who had mutations previously described as B6-
nonresponsive (NR)25,24,30 compared to patients who were
heterozygous for mutant alleles previously defined as B6-re-
sponsive.31–33 The dramatic falls in total plasma homocysteine
in all 5 patients were reflected in the mean decrease of over 47.4
�mol/L. Although we observed 4/5 patients with a near dou-
bling of their plasma methionine during maximal betaine ther-
apy, the mean plasma methionine in our betaine treatment
group did not change. This was because of the decrease in the
plasma methionine of patient 4, for which we found two con-
tributing explanations. First, this patient reported improved
compliance with both methionine restriction and consump-
tion of the methionine-depleted, cystine-enriched medical
food. Objective evidence supporting improved compliance by
Patient 4 was the doubling of his total plasma cysteine and the
decrease in plasma methionine during betaine treatment,
which was only observed in this subject. This patient also re-
ported being partially compliant with his betaine dosing regi-
men, only taking one fourth of the prescribed dose, resulting in
an intake of approximately 20 to 30 mg/kg per day. Therefore,
with both decreased methionine intake and suboptimal be-
taine dosing, it is not surprising that his plasma methionine
decreased compared to baseline when all other patients’
plasma methionines increased after betaine therapy. Of inter-
est was that his ratio of met/tHcy increased as in other patients
indicating, that remethylation of methionine from homocys-
teine was enhanced by betaine.

At least two different biochemical mechanisms may account
for the rise in met/tHcy. First, the direct effect of dietary me-
thionine restriction in C�S deficiency is a decrease in the
“available pool of methionine” and a secondary decrease in
production of homocysteine.16 Second, increasing the alter-
nate pathway for remethylation of homocysteine is expected to
increase methionine by remethylating homocysteine. The
mean ratio of methionine to total plasma homocysteine in-
creased almost an order of magnitude (0.65 to 6.1) and pro-
vided metabolic evidence supporting the “rerouting” as a ma-
jor metabolic fate of homocysteine. Without flux studies, we
cannot determine whether this rise in met/tHcy was partially
due to the reduction in the overall “available methionine pool”
and the secondary drop in homocysteine. However, because in
Patient 4 methionine was lower on betaine, than off betaine,
yet his met/tHcy increased, it is unlikely that reduced methio-
nine pools played a major role in his response.

Molecular analysis of the C�S gene confirmed the clinical
assessment of B6 response in C�S deficiency by identifying
specific gene mutations (genotypes) and enabled genotype/
phenotype correlation. The interpretation of the C�S geno-
type-phenotype relationship includes prediction of an individ-
ual’s response to treatment with B6 (pyridoxine), betaine,
and/or a methionine-restricted, cystine supplemented diet.
For example, responsiveness to B6 (pyridoxine) supplementa-
tion was reported for I278T homozyotes.11 However, there is
residual enzyme activity with minimal growth in yeast func-
tional assays31 for homozygotes, but not for compound het-

erozygotes with other mutant alleles. In our study when the
I278T mutation was present with either D376N or L101P, the
patient was B6-nonresponsive. Interpretation of genotype-
phenotype correlation is complex and must include both the
environment (i.e., methionine intake) and undefined epige-
netic metabolism. For example, T262M and L101P are classi-
fied as mixed response because the same genotype was found in
both B6-responsive and B6-nonresponsive phenotypes.11,21

Although we classified all our patients as B6-nonresponsive
based on metabolic response, different mutations may alter the
effect of betaine on plasma met/tHcy levels. Two patients as-
sociated with V320A and Q526K mutations, reported as non-
responsive to B6 supplementation,11 and responded more ef-
ficiently to betaine treatment when compared to the three
patients associated with the B6 responsive or mixed response
genotype categories. In functional yeast assays, the V320A mu-
tation enabled growth in these cysteine auxotrophs in response
to B6 supplementation.31 This data suggests that defining ge-
notypes will assist in predicting response to betaine therapy.
Studies of more patients with B6 nonresponsive mutations will
assist in further understanding the genotype-phenotype rela-
tionship. Because phenotypes associated with C�S genotypes
are still unclear, the complexity of genotype/phenotype corre-
lations will require further knowledge of alternate homocys-
teine metabolism (epigenes) as well as nutritional exposure
(environment) using multivariate analysis.

Despite varying compliance and unknown variables in this
prospective study, the use of betaine by patients with homo-
cystinuria, classified clinically as B6-nonresponsive, improved
metabolic control. This improvement was achieved in 3 to 6
months, without either side-effect or adverse reactions, consis-
tent with previous reports.9,13,27,28 Most importantly, betaine
therapy was associated with the normalization of tHcy in 3/5
patients whose genotypes had some residual C�S activity. The
importance of a low methionine diet to betaine’s therapeutic
effect has been suggested34; however, this is the first report of
the efficacy of betaine treatment when administered in con-
junction with dietary methionine restriction to reduce tHcy in
persons with B6-nonresponsive C�S deficiency.
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