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Clinical observations, molecular genetic analysis,
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Abstract The clinical observation and treatment of young
children with sitosterolemia has rarely been reported. We
report clinical, biochemical, and molecular genetic obser-
vations and treatment outcomes for five Chinese children
from four separate families presenting with sitosterolemia
in whom we identified two new (Y329X, G269R) and three
known (R446X, N437K, R389H) mutations in the ABCGS5
gene. The R389H mutation was found in 50% of alleles.
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Three of these five patients received cholestyramine
therapy with a very good response. However, all patients
discontinued this therapy because of poor compliance.
Finally, all patients were on ezetimibe therapy and had
satisfactory total serum cholesterol levels, though their
plant sterol levels were still higher than normal. Another
noteworthy finding is that a female infant had a serum
cholesterol level of 654 mg/dl at 7 months of age, despite
being breast fed (with very tiny amounts of plant sterols)
since birth and undergoing 4 months of ezetimibe admin-
istration. Although she failed to respond to ezetimibe
during this period, she did show improvement when the
therapy was started again at 2 years of age. It is possible
that another 23-month-old female patient also responded
more slowly to ezetimibe treatment than older patients.

Introduction

Sitosterolemia (MIM# 210250), also known as phytoster-
olemia, is a rare, inherited, autosomal recessive disorder of
lipid metabolism characterized by increased absorption and
decreased biliary excretion of plant sterols and cholesterol,
resulting in prominently elevated plasma concentrations of
plant sterols (such as sitosterol, sitostanol, campesterol and
stigmasterol) (Bhattacharyya and Connor 1974; Salen et al.
1985) and low-density-lipoprotein (LDL) cholesterol in
most pediatric patients (McArthur et al. 1986; Lee et al. 2001a,
b). Patients suffering from sitosterolemia present primarily
with tendinous and tuberous xanthomas, premature coro-
nary and aortic atherosclerosis, arthralgia and arthritis, and,
occasionally, abnormal liver function tests, hemolysis, or
thrombocytopenia (Bjorkhem et al. 2001; Rees et al. 2005).
The genetic defect in sitosterolemia was recently mapped to
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chromosome 2p21 (Patel et al. 1998a, b) and the disease
attributed to mutations in one of two newly described,
adjacent, half-size sterol adenosine triphosphate (ATP)-
binding cassette transporters, ABCG5 (sterolin-1, MIM#
605459) and ABCGS (sterolin-2, MIM# 605460) (Berge et
al. 2000; Lee et al. 2001a, b). Thus far, 25 mutations of
ABCGS8 and 16 mutations of ABCGS5 have been described
(Berge et al. 2000; Lee et al. 2001a, b; Lu et al. 2001;
Hubacek et al. 2001; Heimerl et al. 2002; Lam et al. 2002;
Mymin et al. 2003; Wang et al. 2004; Su et al. 2006;
Mannucci et al. 2007; Togo et al. 2008). It is noteworthy
that most Asian probands presenting with sitosterolemia
have mutations in ABCGS5, whereas most probands of
Caucasian origin have mutations in ABCGS8 (Lu et al.
2001). We studied and report here the clinical, biochemical,
and molecular genetic characteristics and treatment out-
comes of five young Chinese children with sitosterolemia
identified from four separate families.

Patients: characteristics and clinical observations

Patient 1, an 8-year-old girl, was brought to our genetics
clinic by her mother who had recently noted the presence of
multiple xanthomas over her heels and elbows. The serum
lipid analysis, using Hitachi 7600 instrumentation (Hitachi
High-Technologies, Tokyo, Japan), revealed the presence of
427 mg/dl total, 346 mg/dl LDL, and normal high-density-
lipoprotein (HDL) cholesterol concentrations and normal
total triglycerides (Table 1). Alanine transaminase (ALT)
and aspartate aminotransferase (AST) were normal, and the
peripheral blood count revealed a mild normochromic
anemia and platelets within normal limits (Table 1). Since
both parents had normal serum lipid profiles, sitosterolemia
or autosomal recessive hypercholesterolemia was sus-
pected. Large peaks of serum plant sterols were identified
by nuclear magnetic resonance (NMR) spectroscopy, but
the exact concentrations of these sterols were unable to be

Table 1 Baseline lipid profiles, liver enzymes, and blood cell counts of each study patient

Patient no
Normal values 1 2 3 4 5
Age at diagnosis 8 years 18 months 3 months 23 months 12 years
Mutation (4BCG5) Y329X R389H R389H R389H R389H
N437K R446X R446X R389H G269R
Initial diagnostic data
Cholesterol, mg/dl
Total 125-240 427 705 402 640 343
Low-density-lipoprotein 60-150 346 565 304 519 263
High-density-lipoprotein 35-84 59 64 42 64 50
Total triglycerides, mg/dl 20-200 111 149 395% 98 98
Liver enzymes
Alanine transaminase, U/l 5-45 10 13 45 15 44
Aspartate aminotransferase, U/l 15-55 19 31 100 31 37
Blood count
Erythrocytes, count/pl 3.7x10°-5.3x10° 3.35x10° 4.25x109 3.98x10° 4.49x10° 4.46x10°
Hemoglobin, g/dl 11.5-15.5 9.8 11.8 11 12.7 12.9
Mean corpuscular volume, fl 80-95 88.5 89.0 80.6 80.2 86
White blood cells, count/pl 4,500-17,500 7,200 6,900 6,700 11,200 5,200
Platelets, count/mm’ 150x10°-350x10° 211x10° 289x106 506x10° 566x10° 293x10°
After ezetimibe therapy
Age at plant sterols analysis NA 5 years 3 years 3 year 13 year
Duration of ezetimibe treatment NA 3 years 1 year 1 year 6 months
Cholesterol, total (mg/dl) 125-240 NA 181 208 223 193
Sitosterol mg/dI® 0.216+0.220 (SD)° NA 7.10 9.17 7.07 6.14
Campesterol mg/dI® 0.309+0.165 (SD)° NA 3.79 4.78 4.04 4.22

NA not available

In the nonfasting state

® Plant sterols were measured by gas chromatography/mass spectrometry, as previously described (Kwiterovich et al. 2003).

N=17
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determined at a local lipid research laboratory. After 10 days
of treatment with cholestyramine (1 g four times daily),
coincidentally, the patient developed a right lower-lobe
pneumonia and was admitted to our hospital. On the day of
admission, total cholesterol had decreased to 116 mg/dl
and hemoglobin to 7.8 g/dl. Further hematologic tests
revealed the presence of slight erythrocyte anisocytosis and
polychromasia, normal platelet morphology and count,
normal direct and indirect Coomb’s test, a positive
autohemolysis test, and an elevated haptoglobin concentra-
tion of 407 mg/dl (normal range 30—200). When discharged
from the hospital 7 days later, hemoglobin had returned to
9.8 g/dl. However, treatment with cholestyramine was
discontinued by the parents, who kept the patient on a
sterol-restricted diet and did not return for follow-up
appointments until 5 years later. At this time, a physical
examination indicated that the multiple xanthomas had
completely disappeared and the lipid profile had normalized
(total: 191 mg/dl, LDL: 135 mg/dl). The peripheral blood
count revealed hemoglobin of 10.2 g/dl and a platelet count
of 494,000 cells/mm’. The morphologies of platelets and
erythrocytes were normal in the peripheral blood smear.
Liver function tests also were normal.

Patient 2, an 18-month-old girl, was seen in our clinic
for evaluation of multiple xanthomas on her heels, knees,
and elbows. Her mother first noted the presence of flat
yellow streaks on both heels when she was 3 months of age.
Laboratory analyses showed 705 mg/dl total, 565 mg/dl
LDL, and normal HDL cholesterol concentrations, normal
total triglycerides, and normal ALT, AST, and peripheral
blood counts (Table 1). The morphologies of platelets and
erythrocytes were normal in the peripheral blood smear. The
lipid profiles of both parents were normal. Cholestyramine
was administered at 1 g four times daily, and within 1 month,
total cholesterol had decreased to 152 mg/dl and LDL
cholesterol to 71 mg/dl. HDL cholesterol was 67 mg/dl. The
xanthomas disappeared gradually over 8 months of treat-
ment. However, because of poor compliance and an increase
in total cholesterol to 360 mg/dl, cholestyramine was
replaced 1 year later by ezetimibe, 10 mg daily, which was
well-tolerated. After 1 month of ezetimibe treatment, total
cholesterol decreased to 176 mg/dl and serum lipid profile
remained within normal limits for >2 years. However, after
3 years of ezetimibe therapy, her plasma plant sterol
concentrations remained high (Table 1), although serum total
cholesterol level was normal (181 mg/dl).

Patient 3, a younger sister of patient 2, was born after her
sister’s diagnosis of sitosterolemia was made. No prenatal
investigations were undertaken, and she was first seen in
our clinic at the age of 3 months. Although she was breast
feeding, serum lipid analysis revealed the presence of
402 mg/dl total and 304 mg/dl LDL cholesterol concen-
trations. The peripheral blood count was normal except for

a high platelet count. The morphologies of erythrocytes and
platelets were normal, ALT was at the upper limit of
normal, and AST was elevated (Table 1). Upon the parents’
request, ezetimibe treatment was begun at 5 mg daily with a
gradual increase to 10 mg daily. However, despite 4 months
of ezetimibe administration, serum cholesterol rose to
654 mg/dl, whereas ALT decreased to 31 U/l, AST to
67 U/l, and platelet count to 410,000/mm3. Treatment with
ezetimibe was replaced by cholestyramine 0.5 gm four
times daily, which, within 1 month, lowered the total serum
cholesterol concentration to 220 mg/dl and LDL cholesterol
concentration to 140 mg/dl, ALT to 17 and AST to 45 U/,
and the platelet count to 375,000/mm°. At 2 years of age,
the patient began refusing treatment with cholestyramine,
and total cholesterol gradually increased to 364 mg/dl
Because of the compliance and effectiveness observed in
her sister, treatment with ezetimibe was resumed at a daily
dose of 10 mg, and total cholesterol decreased to 269 mg/dl
within 2 months and 206 mg/dl within 3 months. After 1
year of ezetimibe treatment, her total cholesterol level had
dropped to 208 mg/dl, but plant sterol concentrations
remained elevated (Table 1).

Patient 4, a 23-month-old girl, was referred to our clinic
for evaluation of multiple xanthomas on her heels, knees,
and elbows. Her parents first noted the presence of flat,
yellow streaks on both heels when she was approximately
10 months of age. Serum lipid analysis revealed 640 mg/dl
total, 519 mg/dl LDL, and normal HDL cholesterol
concentrations and normal total triglycerides (Table 1).
ALT and AST were within the normal range (Table 1), as
were the peripheral blood counts, except for a prominent
thrombocytosis (Table 1). The morphologies of erythrocytes
and platelets were normal. Parental serum lipid profiles were
normal. Ezetimibe was prescribed at 10 mg/day, and serum
cholesterol gradually decreased to 569 mg/dl within 1 month,
357 mg/dl within 3 months, and 245 mg/dl within 4 months
of treatment. After 1 year of ezetimibe therapy, her total
cholesterol level was 223 mg/dl, but plant sterol concen-
trations remained elevated.

Patient 5, a 12 year-old girl, was referred to our clinic for
evaluation of persistent hypercholesterolemia. Her mother
first noted the presence of multiple xanthomas on both knees
when she was approximately 4 years of age. Hypercholester-
olemia (372 mg/dl) was noted at 10 years of age. Because both
parents had mild elevations of serum cholesterol (around
240 mg/dl), a mild form of homozygous familial hypercho-
lesterolemia was suspected. A statin drug (atorvastatin,
10 mg/day) was prescribed but without significant response,
and analysis of the LDL receptor gene was negative for both the
patient and her parents. Initial data for lipid profile, peripheral
blood count, and liver function are shown in Table 1. When
the statin was discontinued and ezetimibe therapy initiated
at 10 mg/daily, total cholesterol decreased to 213 mg/dl
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within 2 months. After about 6 months of ezetimibe treatment,
her total cholesterol level was 193 mg/dl, but her plant
sterol concentrations remained elevated (Table 1).

Method of the ABCG5/G8 gene analysis

Genomic DNA was extracted from peripheral leucocytes
using a standard procedure. The patients or their parents
were informed of the mutation analysis and granted their
written consent to participate. Primers used for genomic
amplification and sequencing of ABCGS5 and ABCGS were
according to a previous report (Hubacek et al. 2001).
Polymerase chain reaction (PCR) conditions for each
primer were optimized in our laboratory. Cycle sequencing
was performed using the original primers and a commercial
kit (PerkinElmer) to amplify the PCR products. The
sequence was analyzed using an ABI PRISM® 3730
automatic DNA sequencer (PerkinElmer). All procedures
followed the instructions supplied by the manufacturer.

Results of mutation analyses

Patient 1 had compound heterozygous mutations, p.Y329X
and p.N437K. The new mutation, p.Y329X (c.987C>A),
located in exon 8, substituted an amino acid codon
(tyrosine) to a stop codon at codon 329. The other
mutation, N437K (c.1311C>QG), located in exon 9, substi-
tuted an asparagine to a lysine at codon 437. This mutation
has been previously described in a Chinese patient
(Hubacek et al. 2001). Patients 2 and 3 also had compound
heterozygous mutations (R389H and R446X). R389H
(c.1166G>A), located in exon 9, caused an arginine to be
replaced by a histidine at codon 389. This mutation is
common in Japanese patients suffering from sitosterolemia
(Lee et al. 2001a, b). R446X (c.1336C>T), located at exon
10, substituted an arginine codon for a stop codon at codon
446. This mutation was recently observed in a family of
Iranian origin (Mannucci et al. 2007). Patient 4 had a
homozygous mutation, R389H. Patient 5 had compound
heterozygous mutations, p.R389H and p.G269R. The
p-G269R (c.850G>A) mutation, located in exon 7, substitut-
ed a glycine for an arginine at codon 269. This codon is highly
conserved among human ABCG transporters (ABCGI1-5)
(Graf et al. 2003). This new mutation, p.G269R, was not
detected in 50 healthy controls.

Discussion

Xanthomatosis is rarely observed in pediatric patients. When
present, homozygous familial hypercholesterolemia due to an
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LDL receptor defect is most often suspected (Sethuraman et
al. 2007). However, sitosterolemia (Yoshida et al. 2000),
cerebrotendinous xanthomatosis (Moghadasian 2004), and
autosomal recessive hypercholesterolemia (Thomas et al.
2004) should also be considered. Other familial hypercho-
lesterolemia, such as familial defective apoB 100 or gain of
function mutations in PCSK9 gene might also cause
hypercholesterolemia in children. However, they rarely cause
xanthomatosis in this age group (Naoumova et al. 2005,
Schaefer et al. 1997). An accurate diagnosis is critical, as
each disease mandates different treatments and has a
different prognosis. Patients with homozygous familial
hypercholesterolemia can be clinically distinguished from
other children with xanthomatosis by the presence of
hypercholesterolemia in both parents, whereas patients with
cerebrotendinous xanthomatosis can be identified by an
elevation of serum cholestanol (but a normal cholesterol
concentration), the presence of an early childhood onset
protracted diarrhea and failure to thrive, late-childhood-onset
cataracts, and adult-onset neurological involvements
(Berginer et al. 2009). Measuring serum plant sterol levels
is the most reliable diagnostic test for sitosterolemia.
Unfortunately, routine clinical analytical colorimetric and
enzymatic methods cannot distinguish plant sterols from
cholesterol and require more sophisticated methods, such as
high-performance liquid or capillary gas chromatography.
However, these methods may not be available in most
clinical laboratories, particularly outside the Western world.
Therefore, our patients were confirmed to have sitosterolemia
by mutational analysis of ABCGS5 and ABCGS genes.

Most of the pediatric patients with sitosterolemia not
only have elevated serum plant sterols, but also have
significantly elevated serum cholesterol levels (Lee et al.
2001a, b, Low et al. 1991, Yoshida et al. 2000). Sometimes,
the cholesterol levels could be as high as 1,000 mg/dl,
though these levels do not seem to be present in adult cases
(Lee et al. 2001a, b). Some of these children were initially
diagnosed with pseudohomozygous hypercholesterolemia
based on the high cholesterol levels, but no defects in the
LDL-receptor activities were identified (Morganroth et al.
1974, Masana et al. 1990). With time, these seemed to fall,
though Patel and coworkers rediagnosed some of these
individuals as suffering from sitosterolemia (Lee et al.
2001a, Lee et al. 2001b, Lu et al. 2001). Why are the
cholesterol levels so elevated in children? One possibility is
that the LDL-receptor activity in the liver could be initially
potentially suppressed by the accumulation of plant sterols,
resulting in suppression of synthesis and LDL-R activity
mediated by sterol regulatory element binding protein
(SREBP) pathway (Brown and Goldstein 1997). Interest-
ingly, in adult sitosterolemia, there is dissociation between
regulation of LDL receptor expression and 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG CoA) reductase, where
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the liver shows increased LDL-R expression in the face of
suppressed HMG CoA reductase, as well as other choles-
terol synthesis enzymes (Nguyen et al. 1990, Patel et al.
1998b). This may highlight a difference between liver sterol
regulation between adults and children.

In this study, patient 3 was noted to have very high
plasma cholesterol levels, even though she had only been
breast fed. This finding suggests that hyperabsorption of
cholesterol can occur without concurrent intake of plant
sterols. It also reminds us that besides plant sterols, the
hyperabsorption of cholesterol in young patients is also an
important pathogenic factor. Premature atherosclerosis and
early onset myocardial infarction, as early as 5 years of age,
has been reported in a patient with sitosterolemia (Wang et
al. 2004). Therefore, early therapeutic intervention is
warranted. However, treatment of young children with
sitosterolemia has rarely been described. Although patient 1
responded favorably to a low-sterol diet, a sterol-restricted
diet is very difficult for most patients to adhere to and
sometimes causes a paradoxical increase in plasma plant
sterol concentrations (Nguyen et al. 1991). Bile acid
sequestrants (cholestyramine) have been reported to be able
to reduce about 50% of serum total sterols in patients with
sitosterolemia (Wang et al. 2004, Parsons et al. 1995,
Belamarich et al. 1990). However, some Japanese families
were reported to show poor response to cholestyramine
(Hidaka et al. 1990). In our study, the youngest group ever
reported, all patients who received cholestyramine had a
rapid therapeutic response.

However, compliance with cholestyramine is problematic,
owing to its inconvenient administration (the unpleasant
texture of cholestyramine) and gastrointestinal adverse
effects, including abdominal bloating and loss of appetite
in our patients. Ezetimibe, a new cholesterol-lowering agent
that blocks Niemann-Pick Cl-like 1 (NPCI1L1), a putative
cholesterol receptor, limits the entry of cholesterol and
noncholesterol sterols across the intestinal wall but does
not interfere with the absorption of triglycerides, bile or fatty
acids, and fat-soluble vitamins. Recently, several studies
showed that ezetimibe lowered plasma plant sterol concen-
trations significantly in patients with sitosterolemia (Salen et
al. 2004; Liitjohann et al. 2008, Musliner et al. 2008). In
these studies, all participants were older than 10 years of
age. In our study, patient 2, who received ezetimibe at the
age of 3 years, responded readily to therapy, whereas the
response of patient 4, who received ezetimibe at 2 years of
age, was slower. In contrast with adult sitosterolemia
patients who typically reached full treatment response
within 2—8 weeks of treatment (Salen et al. 2004), 4 months
of treatment was required to significantly lower the
cholesterol level in patient 4. It is noteworthy that patient
3, a younger sister of patient 2, did not respond to ezetimibe
at all at 3 months of age. (The parents assured us that they

gave ezetimibe properly to the child, but whether this was
the case was not confirmed by scientific methods, such as
measuring serum level of ezetimibe, etc.). However, she
responded fully after 3 months of treatment when the drug
was administered 2 years later. The precise mechanism
behind the poor response in infants is unknown, but several
hypotheses include: (1) poor ezetimibe absorption, (2)
failure of ezetimibe to undergo glucuronidation in the
intestine, (3) failure of glucuronidated ezetimibe secretion
into bile, or (4) failure of ezetimibe to interact with
NPCIL1 in the gut. Since a glucuronide of ezetimibe is
more effective than the parent compound in inhibiting the
absorption of cholesterol (Van Heek et al. 2000), and since
hepatic glucuronidation is considerably weaker in human
infants than in adults (Strassburg et al. 2002), we strongly
suspect that the immature glucuronidation system of infants
limits the effectiveness of ezetimibe. The use of ezetimibe
has not previously been described in infants, and more
studies are needed to further characterize the therapeutic
properties of this drug in this age group.

Sitosterolemia can be associated with hemolysis and
macrothrombocytopenia (Bjorkhem et al. 2001; Rees et al.
2005; Su et al. 2006). These findings are also seen in Abcg5
mice, and the development of abnormal platelets is reversible
with ezetimibe treatment (Kruit et al. 2008). In this study,
another noteworthy observation is the high prevalence of
thrombocytosis observed among our patients, in contrast
with other studies of sitosterolemia, in which a high
prevalence of thrombocytopenia was observed (Bjorkhem
et al. 2001; Rees et al. 2005). The different platelet profile
observed in our patients versus those in other reports is
unclear and might be an early manifestation of platelet
dysfunction in young children with sitosterolemia, an
observation that warrants further investigations.

In our patients, we found that total cholesterol levels were
kept in or near the normal range and that xanthomas
disappeared gradually after ezetimibe treatment. However,
the levels of plant sterols remained elevated. Several studies
indicate that mild elevations of plant sterols may increase the
risk for cardiovascular disease (Rajaratnam et al. 2000; Sudhop
et al. 2002). Do these patients still have high risk for
cardiovascular disease later in life? What are the appropriate
therapeutic goals for reducing serum plant sterol levels in
these patients? Recently, Salen et al. (2006) reported using
combination treatments of ezetimibe (10 mg) and chole-
styramine (2 mg, a relatively low dosage) on an 11-year-old
girl with sitosterolemia for 1 year and found that plant
plasma sterol concentrations decreased by about 50%.
Because of the unsatisfactory levels of plant sterols in our
patients after ezetimibe therapy, we think it is reasonable to
initiate a study using combination treatments of ezetimibe
and cholestyramine. However, further investigations are
still warranted.
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In our findings, cholestyramine has the potential to
control serum total cholesterol levels of sitosterolemia
patients, even for very young children. However, children
presenting with sitosterolemia who are <2 year of age might
not respond well to treatment with ezetimibe. Further
controlled clinical studies and more clinical data are
necessary to verify these findings.
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