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Core Messages

e Homocystinuria is caused by a defi-
ciency in the enzyme, cystathionine-f3-
synthase (CBS) and results in the
accumulation of homocysteine and
methionine.

* Homocystinuria is a multisystem disor-
der with significant morbidity and mor-
tality if untreated.

e The goal of therapy is the reduction of
total homocysteine levels.

e Treatment is multifaceted with dietary
restriction of methionine and supple-
mentation with betaine, By, B;,, and
folate.

* Outcome is improved with early diagno-
sis via newborn screening and treatment.

e Disorders of cobalamin metabolism
should be considered in patients pre-
senting with hyperhomocysteinemia.

14.1 Homocystinuria Background
Homocystinuria (OMIM# 236200) was first
reported in 1962 by Carson, Neill, and colleagues
[1]. Two years later, the enzymatic defect was
identified [2]. Homocystinuria occurs worldwide,
but with variable penetrance depending on eth-
nicity and methods of ascertainment. The true
incidence of homocystinuria is unknown and var-
ies from1 in 1800 (Qatar) to 1 in a million with an
overall incidence estimated to be approximately
1 in 200,000 to 300,000 [3-5].

Homocystinuria is an autosomal recessive
condition caused by a deficiency of the enzyme,
cystathionine-f-synthase (CBS), which results in
the accumulation of homocysteine and methio-
nine and a deficiency of cystathionine and cyste-
ine. There are other disorders to consider when
an elevated homocysteine concentration is
identified.

These disorders include vitamin B, uptake or
activation defects, which may or may not have

associated elevated methylmalonic acid, severe
5,10-methylenetetrahydrofolate reductase defi-
ciency, and 5-methyl-THF-homocysteine-methyl
transferase deficiency. The latter two are typi-
cally associated with an elevated homocysteine,
but low methionine concentrations, so it is rela-
tively easy to discriminate these conditions from
homocystinuria. It is also important to consider
that non-genetic causes of hyperhomocystein-
emia exist, such as dietary deficiencies, espe-
cially folate and vitamin B, deficiency, end-stage
renal disease, and administration of several drugs
[3, 6]. Pyridoxine (vitamin Bg) is a cofactor for
the enzyme, cystathionine-fB-synthase. Hence,
two forms of homocystinuria are characteristi-
cally described: one form in which individuals
are responsive to treatment with vitamin By (Bg
responsive homocystinuria) and another form in
which individuals are not (Bs non-responsive
homocystinuria). Pyridoxine-responsive patients
always have some residual enzyme activity [4].

Homocystinuria may be diagnosed via new-
born screening with the detection of elevated
methionine on dried blood spots. Although tan-
dem mass spectrometry (MS/MS) is more sensi-
tive for identifying elevated methionine
concentrations than past methods, it is estimated
that 20-50% of B¢ non-responsive patients may
be missed by newborn screening; the majority of
Bg_responsive patients are likely missed as well
[4, 6, 7]. Consequently, patients diagnosed via
newborn screening are seldom Bgs-responsive.
Specificity of screening is increased by analyzing
total homocysteine as a secondary marker and
calculating the methionine:total homocysteine
ratio [6, 7].

14.2 Biochemistry

Homocysteine is an intermediate metabolite gen-
erated during the metabolism of methionine, an
essential sulfur-containing amino acid. The bio-
chemical pathways involved in homocystinuria
perform two important processes: trans-
sulfuration and remethylation (Fig. 14.1).
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Fig. 14.1 Trans-sulfuration and remethylation in the biochemical pathway of homocystinuria

Trans-sulfuration is facilitated by the action of
two vitamin Bgdependentenzymes, cystathionine-
B-synthase (CBS), the enzyme deficient in homo-
cystinuria, and cystathionine-y-lyase (CTH).
CBS catalyzes the condensation of homocysteine
and serine to cystathionine and CTH subse-
quently catalyzes the hydrolysis of cystathionine
to cysteine and a-ketobutyrate. Cysteine is
important in protein synthesis, taurine synthesis,
and is a precursor to glutathione, a strong antioxi-
dant and essential compound in detoxification of
many xenobiotics [5, 8, 9].

The remethylation cycle allows the conver-
sion of homocysteine back to methionine by

two pathways. The first and major pathway is
catalyzed by the enzyme, methionine synthase,
and links the folate cycle with homocysteine
metabolism. Methionine synthase requires the
cofactor, methylcobalamin. The second path-
way utilizes the enzyme, betaine-homocysteine
methyltransferase [5]. This pathway remethyl-
ates homocysteine using a methyl group
derived from betaine, formed via oxidation of
choline, and is estimated to be responsible for
up to 50% of homocysteine remethylation [8].
Both methionine and homocysteine play
important roles in protein synthesis, folding,
and function.
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14.3 Clinical Presentation

Box 14.1: Organ Systems Involved in
Homocystinuria
* Eye
Ectopia lentis (lens displacement),
myopia, glaucoma, retinal detachment,
optic atrophy, cataracts
* Skeleton
Osteoporosis, scoliosis, fractures,
tall stature and long extremities, genu
valgum, pes cavus, pectus, restricted
joint mobility
« CNS
Intellectual disability, seizures, psy-
chiatric disease
e Vascular
Thromboembolic disease, thrombo-
phlebitis, pulmonary embolism, isch-
emic heart disease

Homocystinuria involves four major organ or
body systems (Box 14.1).

14.3.1 Eyes

Ectopia lentis (lens displacement) is often the
first sign recognized in an undiagnosed patient
and is usually present between 5 and 10 years of
age [3, 4]. It may present with severe or rapidly
progressive myopia or iridodonesis (quivering of
the iris) [6]. Classically, the lens dislocates down-
wards, in contrast to Marfan syndrome, a condi-
tion often considered in the differential diagnosis
of homocystinuria, where the lens classically dis-
locates upwards. Exceptions occur. Lens disloca-
tion may lead to retinal detachment, strabismus,
and glaucoma [6]. Other eye findings may include
optic atrophy, cataracts, and keratoconus [10].

14.3.2 Skeletal

The skeletal system is also characteristically
involved and the features are quite prominent.
Individuals with homocystinuria are frequently,

but not always, of tall stature with long extremi-
ties and long appearing fingers and toes. They are
frequently described as having a Marfanoid habi-
tus and hence, homocystinuria should be consid-
ered in any individual being evaluated for tall
stature and/or Marfan syndrome (NBS Chapter
case). Low bone mineral density is a common
finding in patients with homocystinuria [11].
Osteoporosis is almost invariably detected after
childhood with a tendency to fracture and may
lead to vertebral collapse. Other skeletal features
include scoliosis, genu valgum (knocked-kneed),
pes cavus (high instep), pectus carinatum or
excavatum, and restricted joint mobility [4].
Notably, there is a significant connective tissue
component in the clinical features of individuals
with homocystinuria.

14.3.3 Central Nervous System

Developmental delay affects about 60% of
patients to a variable degree [3]. Seizures, EEG
abnormalities, and psychiatric disease are also
reported. Psychiatric symptoms, such as schizo-
phrenia, depression, and personality disorder,
were observed in more than half in one series of
63 patients [12]. In a more recent study, psycho-
logical symptoms, especially anxiety and depres-
sion, were noted in 64% of the patients (16 of 25
patients) and correlated with lower 1Q scores
(<85) [13]. There was no correlation with age of
diagnosis (NBS and < 2 years of age vs > 2 years
of age) or medical complications [13]. Focal neu-
rologic signs may be seen as a consequence of a
thromboembolic event [3]. In addition, reversible
cerebral white matter lesions, basal ganglia sig-
nal abnormalities, and evidence of increased
intracranial pressure, as seen on magnetic reso-
nance imaging (MRI), and associated with poor
biochemical control has been reported [14, 15].

14.3.4 Vascular System

The largest cause of morbidity and mortality
comes from the involvement of the vascular sys-
tem, particularly from thromboembolic events
which can occur in both arteries and veins —
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although venous thrombosis is more common
than arterial — and in all sizes of vessels [3].
Thrombophlebitis and pulmonary embolism are
the most frequent vascular accidents whereas
thrombosis of large and medium arteries, espe-
cially carotid and renal arteries, are frequent
causes of death [4]. Cerebral venous thrombosis
may be the presenting feature in both children
and adults [6, 16]. Ischemic heart disease is less
common. Neuroimaging may demonstrate evi-
dence of infarction or thrombosis. Association
with other genotypes linked to increased risk of
vascular diseases, such as factor V Leiden and
thermolabile methylenetetrahydrofolate reduc-
tase, may increase the risk of thrombosis in indi-
viduals with homocystinuria [17, 18].

14.3.5 Other

Spontaneous pneumothorax, pancreatitis, lower
gastrointestinal bleed, and spontaneous perfora-
tion of the small bowel are rare findings reported
in homocystinuria [19-21]. In addition, acute
liver failure with neurologic involvement has also
been reported [22, 23]. A subset of patients may
have isolated aortic root dilation similar to that
observed in Marfan syndrome [24].

14.4 Natural History

At birth, individuals with homocystinuria appear
normal, typically without symptoms in the new-
born period or early childhood. This feature
makes homocystinuria an excellent candidate
condition for newborn screening. Undiagnosed,
the condition is progressive with involvement of
eyes, skeleton, central nervous system, and vas-
cular system over time. The spectrum of clinical
abnormalities is broad as is the age of onset and
rate of symptom progression. Treated, however,
risks of the complications can be reduced signifi-
cantly, likely directly related to the reduction in
total homocysteine. Good compliance with ther-
apy recommendations may prevent eye disease,

osteoporosis, and thromboembolic events and
can lead to normal intellectual outcomes [6].
Individuals with B¢ responsive disease generally
have milder disease.

Time-to-event curves, based on detailed
information on 629 patients, were calculated by
Mudd et al. for the main clinical manifestations
of homocystinuria [25]. The data demonstrated
that the risk for a vascular event was 25% by age
16 years and 50% by age 30 years for both Bg
responsive and B4 unresponsive forms of homo-
cystinuria (Fig. 14.2). Of the patients in whom
events occurred, 51% had peripheral vein
thrombosis (with 25% having pulmonary embo-
lism), 32% had cerebral vascular accidents,
11% had peripheral arterial occlusion, 4% had
myocardial infarction, and 2% had other isch-
emic events [25].

The data by Mudd et al. also demonstrated
that ectopia lentis occurred by age 6 years in 50%
of patients with B¢ unresponsive homocystinuria
and by age 10 years in B4 responsive disease [25].
Eighty-six percent of patients with homocystin-
uria were ascertained on the basis of ectopia len-
tis. Finally, the time to event curves demonstrated
a> 50% occurrence of radiographic spinal osteo-
porosis by approximately age 16 years.

It is notable that the aforementioned natural
history study that resulted in the data from which
the time to event graphs were calculated was pub-
lished in 1985 and advances in therapy as well as
newborn screening have subsequently occurred.
Hence, it is likely that the natural history of
homocystinuria has changed. New reports sug-
gest that many individuals with homocystinuria
may be asymptomatic or may present only with
vascular disease later in life [26-28]. Population
studies using known common mutations increase
the estimate of disease frequency. There are,
however, fewer known patients with homocystin-
uria than would be suggested by known gene
mutation rates [26, 27]. This suggests that many
patients may be asymptomatic. This also sug-
gests that perhaps the older data represents an
ascertainment bias for the natural history of
homocystinuria.
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Time-to-event graph for initial clinically detected thromboembolic
event in untreated patients.

Fig. 14.2 Time-to-event for initial thromboembolic event in untreated patients

14.5 Diagnosis

In 2017, Morris et al. published guidelines for the
diagnosis and management of CBS deficiency
based on a systematic review of the literature and
expert opinion [6]. This article warrants a review.
The diagnosis of homocystinuria is based on the
recognition of the clinical phenotype in conjunc-
tion with the identification of an elevated total
plasma homocysteine and elevated (or high nor-
mal) plasma methionine concentrations (via
quantitative plasma amino acid analysis). Low
cystine and low normal to low cystathionine are
also seen (Box 14.2). In addition, increased uri-
nary excretion of homocystine as well as cysteine-

homocysteine disulfide can be identified on urine
amino acid analysis. Notably, the diagnosis can
be masked in patients with mild disease who are
taking pyridoxine or pyridoxine-fortified multivi-
tamins and foods prior to biochemical testing [6].
Confirmation of the diagnosis can be completed
via enzyme assay, typically performed on cul-
tured skin fibroblasts, lymphocytes, or liver tis-
sue, or via molecular studies. Each method may
miss the diagnosis and hence, a combination of
methods may be needed to confirm the diagnosis
in some cases [6]. Molecular analysis is the pre-
ferred technique for prenatal diagnosis, although
enzyme analysis can be performed on cultured
amniocytes, but not in chorionic villi [6].

Box 14.2: Biochemical Features of Untreated Homocystinuria

Methionine L-Cystine

Homocystinuria T l
(CBS deficiency)

Disorder

Total homocysteine Cystathionine

() l
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14.6 Pathophysiology

The pathophysiology of homocystinuria appears
to be highly complex and is incompletely under-
stood. Much of the pathophysiology is likely due
to accumulating homocysteine and it is known
that outcomes are improved by lowering homo-
cysteine concentrations. It is known that
homocysteine-induced abnormalities of platelets,
endothelial cells, and coagulation factors contrib-
ute to the hypercoagulable state and/or altered
stability of the arterial walls seen in this condi-
tion and thus, contribute to the risk for thrombo-
embolic events [3, 29]. Homocysteine is also a
known risk factor for early atherosclerosis [29,
30]. Oxidative stress has also been strongly
implicated in the vascular injury and remodeling
in hyperhomocysteinemia [31]. Elevated homo-
cysteine causes endoplasmic reticulum stress
with endothelial dysfunction, glutathione deple-
tion, hydrogen peroxide production, and reactive
oxygen species formation with consequent oxi-
dative damage and decreased oxidative antioxi-
dant defenses resulting in protein, lipid, and DNA
damage [6, 31-36]. Elevated homocysteine also
enhances smooth muscle proliferation and alters
intracellular signaling including effects on
calcium-activated potassium channel signaling
[6,31].

There is increasing evidence suggesting a role
of hydrogen sulfide (H,S) deficiency in homocys-
tinuria and other cardiovascular diseases [6, 31].
CBS and cystathionine-y-lyase are key enzymes
producing H,S from homocysteine and/or cyste-
ine [31]. Homocysteine and H,S have intertwined
regulation and patients with homocystinuria
demonstrate H,S deficiency [31]. H,S is a gaso-
transmitter molecule also known to regulate bone
formation [37]. Experiments in mice models of
homocystinuria have demonstrated that normal-
izing H,S levels via supplementation can prevent
bone loss and improve muscle fatigability seen in
the affected mice [37, 38]. Evidence suggests that
H,S inhibits homocysteine-induced oxidative and
endoplasmic reticulum stress, mediates endothe-
lial protection, ameliorates homocysteine-
induced neurovascular remodeling, and may also
function as an antioxidant [31, 38].

In addition, decreased cystathionine and cys-
teine may also play a role in the pathophysiology
of homocystinuria as they are also associated
with apoptosis, oxidative stress, and alterations in
structural proteins, such as fibrillin and collagen,
which may contribute to the connective tissue
features of the disorder [6]. A reduction in avail-
able cysteine results in weakened collagen and
weak collagen likely contributes to the clinical
features of lens subluxation, osteoporosis, and
skeletal features such as pectus excavatum and
marfanoid appearance [39]. Homocysteine is also
known to disrupt collagen cross-linking [6]. In
addition, disruption of disulfide bonds by the for-
mation of homocysteine-cystine mixed disulfides
in fibrillin, a protein important in the lens of the
eye, may contribute to the feature of ectopic len-
tis [40]. Formation of mixed disulfides also con-
tributes to reactive oxygen species formation
[36]. Other elements may also play a role in the
pathophysiology of homocystinuria. For exam-
ple, Keating et al. demonstrated evidence of
chronic inflammation suggesting that aberrant
cytokine expression may be contributing to the
pathogenesis of the disease [41] and there is con-
tinued controversy as to the role played by altered
lipid metabolism [42].

Finally, several hypotheses have been pro-
posed to explain the neurological manifestations
seen in individuals with homocystinuria. Orendac
et al. proposed a decrease in serine concentration,
secondary to an increased remethylation rate, as
the cause due to serine’s role in the synthesis of
myelin [23, 43]. Mudd et al. suggested that the
altered S-adenosylmethionine to
S-adenosylhomocysteine ratio inhibits trans-
methylation reactions, including myelin synthe-
sis, contributing to the neurologic manifestations
[23, 40].

14.7 Management

The goal of the management of homocystinuria is
to reduce or normalize plasma homocysteine
concentrations. Management is multifaceted and
necessarily individualized and is understandable
when one considers the biochemical pathway.
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Following diagnosis, all patients with homocys-
tinuria require a trial of vitamin By. It is estimated
that ~50% of patients with homocystinuria are
responsive or partially responsive to Bg [3].
Responsiveness is chiefly determined by the indi-
vidual’s genotype. Doses of B¢ vary greatly, typi-
cally beginning at 10 mg/kg/d or 100 mg/d and
progressively increasing to 500 mg/d pending
response. Morris and colleagues recommend
avoiding doses >500 mg/d [6]. Certainly, doses
higher than 1000 mg/d should be avoided due to
an association with sensory neuropathy [44, 45].
In responsive patients, the dose of Bs should be
kept at the lowest dose able to achieve adequate
metabolic control [8] and plasma total homocys-
teine levels should be as close to normal as pos-
sible or < 50 pmol/L. [6] Total homocysteine
concentrations and plasma methionine concen-
trations can be used to monitor response.
Response to By is also influenced by folate deple-
tion, thus, folic acid (5-10 mg/d) or folinic acid
(1-5 mg/d) should be given [3, 8]. Low doses of
Bs (50-200 mg/d) are often continued even in
those patients determined not to be B¢-responsive
due to its role as a cofactor for cystathionine-f3-
synthase [8, 46]. This latter recommendation is
not supported in the recent management guide-
lines [6].

For individuals who are not fully responsive to
B, a methionine-restricted diet is necessary as
described in Chap. 15.

The other mainstay of therapy is the use of
betaine (N,N,N-trimethylglycine) [47]. It is often
used in conjunction with a methionine-restricted
diet and can improve metabolic control even in
individuals with optimal diet control [48, 49].
Betaine is a substrate for the enzyme, betaine-
homocysteine methyltransferase, and works to
remethylate homocysteine to methionine which
consequently lowers homocysteine concentra-
tions but raises methionine concentrations and
increases cysteine levels. Betaine may also act as
a chemical chaperone and correct partial misfold-
ing of the protein [6]. Moderately elevated methi-
onine concentrations do not appear to have
physiological consequences; however, concen-
trations >1000 nmol/mL have been associated
with cerebral edema [50, 51]. Hence, high

concentrations of methionine >1000 nmol/mL
should be avoided [6]. Betaine is given orally,
typically at doses of 150-250 mg/kg/d divided
two to three times daily or 6-9 gm/d for children
>6 years old and adults; doses up to 20 g/d have
been used [3, 8, 52]. For children, the typical
starting dose is 50 mg/kg twice daily and for
adults 3 gm twice daily. Dose and frequency are
adjusted according to biochemical response [6].
There may be limited benefit to utilizing doses
higher than 150-200 mg/kg/d [6, 52]. Betaine is
well tolerated and has a manageable safety pro-
file [52].

The decision of what modality to begin first,
diet vs betaine, is often at the discretion of the
treating physician. Unfortunately, achievement
of normal total homocysteine concentrations,
even with a combination of therapies, is very dif-
ficult in most patients. The published guidelines
by Morris et al. suggest targeting total homocys-
teine levels to below 100 pmol/L for optimal con-
trol and outcome [6]. Prevention of long-term
consequences of homocystinuria requires life-
long therapy. A new therapeutic option, utilizing
PEGylated, modified cystathionine-p-synthase
enzyme replacement therapy, may prove benefi-
cial and is currently in clinical trials [53-55].

Additional management recommendations
vary and remain to be proven. Considerations
include a daily aspirin, other antiplatelet aggrega-
tion medications (dipyridamole), or anticoagula-
tion therapy, all used to reduce hypercoagulability
and thromboembolic risks, and vitamin C supple-
mentation (1 g/d) to ameliorate endothelial dys-
function [3, 9]. Estrogen-containing
contraceptives should be avoided due to increased
risk of thrombosis [6]. Liver transplantation has
been reported as treatment for homocystinuria in
two individuals [22, 56]. To further reduce throm-
boembolic risk, it is important to ensure adequate
hydration during times of illness or surgery and
to avoid immobilization and long periods of sit-
ting or inactivity. Dehydration and infection
increase the risk of venous thrombosis, especially
in children [6]. These considerations are most
important in individuals with elevated homocys-
teine concentrations. Management should also
include a frequent discussion of the signs and
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symptoms of potential complications, such as
stroke, deep vein thrombosis, and pulmonary
embolism, with the patient, family, or care
providers.

Further, if surgery is required for an individual
with homocystinuria, it is recommended that
dextrose-containing intravenous fluids be started
preoperatively and continue throughout the pro-
cedure to maintain circulating fluid volume and
avoid hypoglycemia. Nitrous oxide should be
avoided as postoperative cardiac ischemic epi-
sodes have been reported after its administration
and use may increase the risk of vascular throm-
bosis and raise homocysteine concentrations [39,
57-59]. Regional anesthetic techniques may be
contraindicated: nerve blocks may be compli-
cated by damage to adjacent blood vessels with
the potential for vascular thrombosis and spinal
or epidural analgesia may lead to vascular stasis
[39]. Surgical management may also include
elastic stockings, pneumatic leg compression
systems, and early mobilization to aid in the pre-
vention of thromboembolism [59, 60]. Low
molecular weight heparin is recommended in
cases of prolonged immobilization [6].

14.8 Monitoring and Outcome

Monitoring of an individual with homocystin-
uria includes the responsiveness to therapeutic
interventions as well as monitoring for potential
complications. Bone mineral density should be
monitored via DEXA scans (dual-energy X-ray
absorptiometry) every 3-5 years from adoles-
cence onwards and regular ophthalmology eval-
uvations are recommended [6]. Routine
neuroimaging or EEG surveillance is not rec-
ommended unless clinically indicated [6]. In
addition, patients on a methionine-restricted
diet should have consistent monitoring of labo-
ratory values (Chap. 15).

The outcome of homocystinuria has improved
with current therapeutic regimes and with early
diagnosis via newborn screening [61]. The prog-
nosis is directly associated with the occurrence of
vascular ischemia since, as noted, the majority of
morbidity and mortality is associated with

thromboembolic events. Outcome is also deter-
mined by Bg responsiveness with By responsive
patients having an improved prognosis [4, 25].
Historically, almost 25% of individuals with
homocystinuria died before the age of 30 years,
most commonly from thromboembolism.
Thrombosis is also a major risk for pregnant
women with homocystinuria, especially in the
first 6 weeks postpartum [6]. Lowering homocys-
teine concentrations significantly reduces the risk
of vascular events [48, 62]. Therapy with betaine
has contributed to the ability to lower homocyste-
ine concentrations and improve prognosis. Early
diagnosis and treatment with good biochemical
control can reduce the incidence of ocular com-
plications, osteoporosis, seizures, and thrombo-
embolic events and can lead to normal cognitive
development [7, 25, 61, 62]. Family and social
support is imperative for successful management
and optimal outcome.

14.9 Cobalamin Disorders:
Background

Cobalamin (Cbl or vitamin B;,) is a water-
soluble, organometallic vitamin that is synthe-
sized in lower organisms, but not by higher
plants and animals. The only source of Cbl in
the human diet is animal products [63, 64]. Cbl
is only needed for two reactions in man, but its
metabolism involves complex absorption and
transport systems and multiple intracellular con-
versions. As methylcobalamin (MeCbl), it is the
cofactor for the enzyme methionine synthase,
and as adenosylcobalamin (AdoCbl), it is the
cofactor for the enzyme methylmalonyl-CoA
mutase [63, 64].

Disorders of Cbl metabolism are generally
divided into those involved in the absorption and
transport of Cbl and disorders of intracellular uti-
lization. The latter group is further divided into
disorders with combined deficiencies of both
AdoCbl and MeCbl or deficiencies of each indi-
vidual cofactor alone. Serum Cbl concentrations
are usually low in patients with disorders of
absorption and transport (transcobalamin II defi-
ciency is the exception) and usually normal in
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disorders of intracellular utilization (although
may be reduced in cblF) [64]. Elevated total
homocysteine in blood and urine is found in
patients with disorders of absorption and trans-
port as well as in defects of intracellular metabo-
lism affecting the synthesis of MeCbl. Elevated
methylmalonic acid in blood and urine is seen in
disorders affecting the synthesis of AdoCbl.
Defects in the earlier, shared pathway of intracel-
lular metabolism result in both homocystinuria/
emia and methylmalonic aciduria/emia. Thus,
defects in intracellular metabolism of Cbl must
be considered in all patients presenting with ele-
vated homocysteine and/or methylmalonic acid
in blood and urine. The plasma methionine con-
centration helps differentiate between Cbl disor-
ders and homocystinuria caused by CBS
deficiency; methionine is low or normal in Cbl
disorders. Diagnosis of Cbl disorders is now most
often confirmed by molecular analysis.

14.10 Clinical Presentation

Disorders of Cbl absorption and transport are
rare. Impaired intestinal uptake of dietary Cbl is
characteristic of hereditary intrinsic factor (IF)
deficiency and Imerslund-Grisbeck syndrome, a
defect in the IF-Cbl receptor [64]. Both typically
present between 1 and 5 years of age with devel-
opmental delay, failure to thrive, feeding difficul-
ties, and megaloblastic anemia [63]. Individuals
with Imerslund-Grisbeck may develop protein-
uria  and  neurologic  symptoms  [64].
Transcobalamin (TC) deficiency presents within
the first months of life with failure to thrive, vom-
iting, diarrhea, weakness, and megaloblastic ane-
mia or pancytopenia [63, 64]. TC deficiency has
been misdiagnosed as leukemia due to the pres-
ence of immature white cell precursors in an oth-
erwise hypocellular bone marrow [63, 64].
Neurologic features may develop with delayed
treatment. Individuals with transcobalamin
receptor deficiency have been identified via new-
born screening. The individuals had moderate
elevations of serum methylmalonic acid and, in
most cases, also of homocysteine, but did not
have clinical symptoms of Cbl deficiency [64].

Similarly, haptocorrin deficiency is characterized
by low serum Cbl concentrations without consis-
tent clinical features [64]. Treatment of these
conditions involves provision of parenteral
hydroxocobalamin (OHCDbl), typically with good
biochemical response, with the addition of folic
acid or folinic acid in TC deficiency [64].

Disorders of intracellular Cbl metabolism
have been classified based on the biochemical
phenotype and previously on complementation
analysis, but now primarily on molecular analy-
sis. The disorders are labeled cblA-G, cblJ, and
cblX. Two disorders affecting AdoCbl alone have
been classified — cblA and cblB — and present
biochemically with methylmalonic aciduria/emia
without homocystinuria/emia. Most patients
present with a metabolic crisis in the first year of
life, similar to classic methylmalonic acidemia
secondary to methylmalonyl-CoA mutase defi-
ciency, but later presentations occur. These disor-
ders are often at least partially responsive to Cbl
supplementation (cblA more so than cblB).
Prognosis remains guarded with late renal and
neurologic complications occurring. Two disor-
ders affecting MeCbl alone have also been classi-
fied — cblE and cblG — and present biochemically
with homocystinuria/emia and low methionine
levels without methylmalonic aciduria/emia. The
two disorders are indistinguishable from each
other clinically and commonly present with meg-
aloblastic anemia and neurologic and ophthalmo-
logic symptoms [7, 65]. The age of presentation
is quite variable, from infancy to adulthood, with
the majority presenting before 3 years of age [7].
Treatment with OHCbl and betaine is recom-
mended; methionine supplementation may also
be needed [64].

Combined defects of both MeCbl and AdoCbl
include cblC, cblD, cblF, and cbl] with cblC
being the most frequent inborn error of Cbl
metabolism [64, 66, 67]. Biochemically, accumu-
lation of both methylmalonic acid and homocys-
teine are seen in both blood and urine. CblF and
cblC typically present in the first year of life and
many cblC patients are acutely ill in the first
months of life [64]. Symptoms may include feed-
ing difficulties, failure to thrive, developmental
delay, and bone marrow suppression with ane-
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mia, neutropenia, and thrombocytopenia. An
acutely ill infant may demonstrate progressive
neurologic deterioration with abnormalities of
tone, movement disorder, seizures, and coma.
The clinical presentation varies considerably, and
multisystem involvement occurs with liver, renal,
pulmonary, and cardiac involvement [64—67].
Focal segmental glomerulorsclerosis, atypical
glomerulopathy, and thrombotic microangiopa-
thy leading to hemolytic uremic syndrome and
pulmonary hypertension may also occur [7, 65—
67]. In addition, patients with cblC develop a pig-
mentary retinopathy that is progressive over time
despite appropriate therapy. CbIC is one of the
few disorders that can present with infantile mac-
ulopathy typically progressing to a “bull’s eye”
maculopathy by 6-12 months of age and leading
to blindness within the first decade of life [65,
67]. Intrauterine growth retardation, mild facial
dysmorphism, congenital malformations, most
commonly structural congenital heart disease,
and fetal cardiomyopathy may be seen suggest-
ing in utero involvement [63, 64, 67]. Further,
late-onset forms of cblC, including adult presen-
tations, are well known [64, 66, 67].

Rare individuals with cblJ have been described
with a similar infantile presentation as above or a
later onset form (4 and 6 years of age) with
hyperpigmentation and prematurely grey hair;
macrocytic anemia was present in all cases [64].
The presentation of cblD is variable with the first
patients described presenting in adolescence with
behavioral difficulties, mild cognitive impair-
ment and neurologic symptoms [68]. Rare addi-
tional patients have been described. Individuals
with cblD may present with combined deficiency
of MeCbl and AdoCbl or with isolated defects —
homocystinuria in cblD variant 1 and methylma-
lonic aciduria in cblD variant 2, the variation
determined by genotype [64, 65].

Most recently, cblX has been described [69].
This is the only X-linked disorder of Cbl metabo-
lism known, the others being autosomal reces-
sive. CbIX involves pathways outside of those of
central Cbl synthesis and intracellular transport.
Patients present in the first months of life with a
similar presentation to cblC patients, but typi-
cally develop more severe neurologic disease

[64]. The majority of patients (90%) have intrac-
table epilepsy, usually with severe developmental
delay and microcephaly (50%) [70]. Cortical
malformations and congenital anomalies may be
present [71]. All patients described have had a
moderate increase in methylmalonic acid con-
centrations with several patients also having ele-
vated homocysteine [64].

14.11 Management and Outcome

Guidelines for the diagnosis and management of
Cbl disorders have been published [65].
Treatment primarily involves provision of paren-
teral OHCDbI (IV, IM, SC), betaine (250 mg/kg/d)
with or without folinic acid (5-30 mg daily) and
carnitine (50-100 mg/kg/d); the latter two used
without clear beneficial effects [64, 65, 67].
Cyanocobalamin (CNCbl) is not as effective as
OHCDI in the treatment of these disorders [64,
67]. The beginning dose of OHCbI is typically
0.3 mg/kg/d and is titrated upwards pending bio-
chemical response. This often requires high doses
up to 20 mg daily [63, 66, 67]. Patients with cblA
and cbIB may respond to a protein-restricted diet;
however, such diets are not recommended in
cblC, particularly with the use of methionine-
restricted formulas [65, 67, 72]. Methionine sup-
plementation may be required to maintain normal
serum methionine concentrations [65]. Metabolite
levels can be improved with treatment, but clini-
cal improvement is variable, and mortality and
morbidity remain high [63, 65, 66, 73].

Early treatment is important and appears to
improve survival, corrects hematologic abnormal-
ities, and prevents some of the long-term conse-
quences, but has little effect on the eye disease or
the neurocognitive outcome [65, 66]. Newborn
screening detecting elevated C3 acylcarnitines
from methylmalonic acid has increasingly led to
the diagnosis of Cbl defects in the newborn
period. The positive predictive value can be sub-
stantially increased by performing methylmalonic
acid or total homocysteine levels as second-tier
analytes [65]. Newborn screening for cblD, cblE,
and cblG may be feasible by detecting low methi-
onine and methionine to phenylalanine ratio [65].



208

J.A. Thomas

Second-tier testing with total homocysteine dif-
ferentiates patients from controls [65]. Prenatal
treatment with administration of OHCbl to the
mother has been described [64, 67].
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