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Abstract Sitosterolemia is a rare autosomal recessively
inherited disease caused by mutations affecting ABCG5 or
ABCG8, which are located on human chromosome band
2p21. Around 100 cases have been reported in the literature.
Sitosterolemic patients typically exhibit a 30-fold to 100-fold
increase in plasma concentrations of plant sterols. The clinical
manifestations include xanthomas, premature atherosclerosis,
hemolytic anemia, and macrothrombocytopenia. It is note-
worthy that abnormal hematological parameters may be the
only clinical feature of sitosterolemic patients, suggesting that
sitosterolemia may be more frequent than previously thought.
Severe accumulation of plant sterols in mouse models of
sitosterolemia induced complex cardiac lesions, anemia, and
macrothrombocytopenia, disrupted adrenal and liver choles-
terol homeostasis, and caused infertility and hypertriglyc-
eridemia. It remains unclear whether all disease traits are

present in sitosterolemic patients. The drug ezetimibe appears
to be effective in reducing plasma plant sterol levels, promotes
xanthoma regression, and improves the cardiovascular and
hematological signs in sitosterolemic patients.
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Introduction

Sitosterolemia (Online Mendelian Inheritance in Man
210250), also termed phytosterolemia, is a rare autosomal
recessively inherited disease caused by homozygous or com-
pound heterozygous mutations affecting one of two adjacent,
half-sized sterol adenosine triphosphate binding cassette
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transporters, ABCG5 (sterolin 1) and ABCG8 (sterolin 2)
[1–3]. ABCG5 and ABCG8 form heterodimers, which act as
efflux pumps to preferentially export free sterols from hepa-
tocytes or enterocytes into the lumen [4]. Plant sterols are
poorly absorbed in healthy subjects (less than 5 %), but
sitosterolemic patients have greatly increased concentrations
of plasma and tissue plant sterols, especially sitosterol,
campesterol, and stigmasterol, which are the commonest plant
sterols, owing to intestinal hyperabsorption and low bile ex-
cretion [5, 6]. Patients with sitosterolemia have plasma plant
sterol levels ranging from 10 to 65 mg/dL. The usual clinical
enzymatic colorimetric methods cannot discriminate between
cholesterol and plant sterols because their reactivity depends
on the C-5 double bond or the presence of the 3β hydroxyl
group, both of which are present in the two types of sterols [4].
Thus, the diagnosis requires gas chromatography or high-
performance liquid chromatography to detect plasma plant
sterol levels [5, 6]. The main clinical features of sitosterolemia
are tendon or tuberous xanthomas and accelerated atheroscle-
rosis [4]. Hematological abnormalities are invariably present
and are frequently characterized by the presence of abnormal-
ly shaped erythrocytes (stomatocytes) and thrombocytopenia,
which is frequently associated with giant platelets
(macrothrombocytopenia). Therefore, sitosterolemia shares
clinical features with familial hypercholesterolemia and
cerebrotendinous xanthomatosis, namely, the presence of ten-
don xanthomas and premature cardiovascular disease.
However, sitosterolemia may be differentiated from these
diseases because adult sitosterolemic patients typically present
with normal or moderately elevated cholesterol levels, without
cataracts or neurological symptoms [4]. The generation of
mouse models of sitosterolemia, such as ABCG5-deficient,
ABCG8-deficient, or double ABCG5- and ABCG8-deficient
mice has produced data concordant with human findings [7••].
This review aims to update recent findings on the diagnosis,
investigation, and management of sitosterolemia.

Molecular Genetic Analyses

ABCG5 and ABCG8 are located head-to-head on chromosome
band 2p21, each comprising 13 exons. It is likely that they have
evolved by duplication and inversion from a common ancestral
gene. Despite the proximity of both genes, ABCG8 contains
more polymorphisms than ABCG5 [8]. This is not the case in
rodents, where the numbers of ABCG5 and ABCG8 polymor-
phisms are almost similar [9, 10]. A similar number of rare
variants associated with sitosterolemia has been reported in
humans: Twenty-three different mutations in ABCG5 were
identified in Asian patients (Chinese, Japanese, and Indian),
and 31 were identified in ABCG8 in Caucasians (mostly of
northern European origin). The genetic diagnosis of

sitosterolemia is performed by direct sequencing of exons and
intron–exon boundaries of the ABCG5 and ABCG8 genes.

To date, fewer than 100 individuals with sitosterolemia
have been reported worldwide [4, 5], with 36 % homozygous
or compound heterozygous mutations found in the ABCG5
gene and 64 % homozygous or compound heterozygous
mutations found in the ABCG8 gene. It is noteworthy that
27 of 55 individuals (49 %) with sitosterolemia and mutations
in ABCG8 presented with the rare variant p.Trp361X in ho-
mozygosis (33 %) or heterozygosis (67 %). The presence of
this variant in many of the reported cases is consistent with the
existence of a founder effect, thereby suggesting that
sitosterolemia is perhaps a more than 4,000-year-old disease
[11].

A novel mutation in compound heterozygosis was recently
reported in a 15-month-old Korean girl who presented with
severe hypercholesterolemia and intertriginous xanthomas
[12]. The lesionswere first noticedwhen the childwas 3months
old when she was being breastfed. Direct sequencing of
ABCG5 in the proband revealed a new compound heterozy-
gous null mutation, c.904+1G>A (p.Met302Asnfs*82), and
the previously described c.1336C>T (p.Arg446*) mutation. A
genetic analysis of other family members revealed that the
child’s 5-year-old sister had the same compound heterozygous
mutations but was asymptomatic, thereby indicating that other
factors influence disease onset. This report is in line with
significant phenotypic heterogeneity previously described in
sitosterolemic patients [13].

A recent report described 13 sitosterolemic patients with a
large variety of clinical manifestations [14]. All the patients
had thrombocytopenia and anemia, 11 had xanthomas, and
two had coronary heart disease. In addition, three of eight
families of Asian origin had rare variants in ABCG8 and five
of 11 different mutations within this gene, thereby indicating
that mutations in ABCG8 are not exclusive to Caucasians.

Plant Sterols and Cholesterol Metabolism

Plant sterols are plant-specific phytochemicals that are essen-
tial components of cell membranes. The term “plant sterols”
includes phytosterols and their saturated forms, phytostanols.
They are structurally related to cholesterol, although they
differ in the complexity of their side chain, which is attached
to the steroid ring [15]. Multiple evidence indicates that the
Niemann–Pick C1 like 1 (NPC1L1) transporter has a signif-
icant role in the absorption of plant sterols [7••]. Mice lacking
NPC1L1 have reduced intestinal absorption of both cholester-
ol and plant sterols [16, 17]. Ezetimibe, the first drug that
specifically inhibits intestinal cholesterol absorption, targets
NPC1L1 [18], and it is considered the most effective drug for
treating sitosterolemia (see “Current Therapies for
Sitosterolemia”).
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NPC1L1 discriminates against plant sterols and allows
predominantly cholesterol uptake into enterocytes [19].
Thus, NPC1L1 acts as a gatekeeper, which facilitates the
uptake of cholesterol into enterocytes while limiting the
uptake of plant sterols. A recent report demonstrated that
the N-terminal domain of NPC1L1 has a cholesterol-
binding pocket with broader sterol specificity; however,
the addition of an ethyl group at C-24 in β-sitosterol
results in an unfavorable steric clash, leading to less
protein binding [20].

Plant sterols are poorly esterified by acyl coenzyme
A:cholesterol acyltransferase 2 (ACAT2), thereby hinder-
ing incorporation of plant sterols into chylomicrons [21,
22]. Double ABCG5- and ABCG8-deficient mice showed
only moderate amounts of β-sitosterol in the small intes-
tine mucosa, and ACAT2 deficiency significantly attenu-
ated this elevation [22]. Taken together, these findings
support the concept that NPC1L1 and ACAT2 act together
to limit dietary plant sterol absorption and that the
ABCG5/ABCG8 function is critical for plant sterol excre-
tion. Figure 1 shows a schematic diagram of cholesterol
and plant sterol pathways in sitosterolemic patients. This
combined system is very efficient because heterozygous
sitosterolemic patients supplemented with plant sterols
show only a slight increase in plasma levels of plant
sterols [23].

Plant sterols may also be loaded by ABCA1 onto high-
density lipoproteins (HDLs) at the intestinal basolateral mem-
brane [24•], esterified in HDLs by lecithin:cholesterol acyl-
transferase, and taken up by the liver [7••]. Plant sterols
interfere with the synthesis of 27-hydroxycholesterol, which
is a liver X receptor agonist, thus inhibiting cholesterol mobi-
lization via ABCA1 in intestinal cells [24•].

Both cholesterol and plant sterols can also be excreted to
bile via the ABCG5/ABCG8 heterodimer located in the can-
alicular membrane of hepatocytes, and liver NPC1L1 can
facilitate biliary cholesterol reuptake [7••, 25]. Notably, liver
transplantation in a sitosterolemic patient normalized plasma
plant sterol levels, thereby indicating that restoring liver
ABCG5/ABCG8 function is enough to reverse the accumula-
tion of plasma plant sterols [26].

An important body of evidence has demonstrated that
sitosterolemic patients have impaired liver cholesterol
biosynthesis (reviewed in [15]). However, the effects of
β-sitosterol on cholesterol synthesis in vitro and in
experimental models have produced divergent results.
Although β-sitosterol was not effective in reducing the
activity of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase in human fibroblasts and intestinal
cells and in livers of rats with high levels of circulating β-
sitosterol [7••, 15], it inhibited HMG-CoA reductase in
human liver and mouse macrophage cells [27, 28].
Furthermore, megakaryocytes of ABCG5-deficient mice

had normal HMG-CoA reductase messenger RNA levels,
despite having higher β-sitosterol and campesterol levels
[29]. Nevertheless, other plant sterols, such as
campesterol and stigmasterol, containing a double bond
at C-22 in the side chain reduced HMG-CoA reductase
activity in intestinal and adrenal cells [7••, 15]. High plant
sterol levels disrupted adrenal cholesterol homeostasis in
ABCG5-deficient, ABCG8-deficient, or double ABCG5-
and ABCG8-deficient mice [30, 31••], but this did not
impair adrenal function in double ABCG5- and ABCG8-
deficient mice [30]. One report, however, found adrenal
insufficiency and short stature in three sitosterolemic sib-
lings, and the index case also had ovarian failure [32].
Further studies are required to establish which plant ste-
rols contribute to reducing cholesterol biogenesis in pa-
tients with sitosterolemia and which tissues are mainly
affected.

Xanthomas and Atherosclerosis

Cardiovascular risk is usually severe in sitosterolemia, with
myocardial infarctions and multiple tuberous xanthomas re-
ported in individuals as young as 4 years [33, 34]. As with
cholesterol, plant sterols may penetrate the artery wall [35],
induce foam cell formation [35, 36], and induce secretion of
proinflammatory cytokines that attract additional monocytes
and promote atherosclerosis progression. Similar mechanisms
may be at work in xanthomas [37]. Lower plasma levels of
plant sterols seem to induce the formation of xanthomas with
respect to those needed in the case of plasma cholesterol [7••].
These findings are consistent with the higher cytotoxic activ-
ity ofβ-sitosterol in human endothelial cells as compared with
cholesterol [38]. Furthermore, compared with cholesterol,
plant sterols are highly susceptible to oxidative processes,
and plant sterol oxidation products are proinflammatory and
proatherogenic [39]. The potentially deleterious effects of
individual plant sterols remain unclear. Indeed, the presence
of stigmasterol in modified low-density lipoproteins promoted
cholesterol efflux and suppressed inflammatory cytokine se-
cretion, whereas the presence of sitosterol increased proin-
flammatory cytokine secretion [37]. In addition, β-sitosterol
accumulation caused macrophage death, which may acceler-
ate plaque necrosis [36].

A recent report demonstrated the deleterious effect of very
high plant sterol levels in double ABCG5- and ABCG8-
deficient mice given a high-plant-sterol-rich diet [40••]. This
diet was extremely toxic, and the sitosterolemic mice showed
highly complex cardiac lesions, liver damage, and
hepatosplenomegaly, all of which were closely associated
with the accumulation of plant sterols in these tissues and with
premature death [40••].
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Fat Morphology, Fertility, and Insulin Resistance

ABCG5- and ABCG8-deficient mice are infertile, despite
having no structural defects in gonads [31••]. Sitosterolemic

mice show a severe loss of abdominal and perigonadal fat
[31••], a feature also found in double ABCG5- and ABCG8-
deficient mice [41]. These changes are closely associated with
significant alterations in lipolytic activities of adipose tissue
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Fig. 1 Free cholesterol (C) and plant sterols (PS) are mainly absorbed
from the intestinal epithelium via the Niemann–Pick C1 like 1 (NPC1L1)
transporter. Cholesteryl esters (CE) are formed by acyl coenzyme A:cho-
lesterol acyltransferase 2 (ACAT2) and are assembled with apolipoprotein
B-48 to form chylomicrons, which are secreted into the lymph, where they
enter the systemic circulation. PS are poorly esterified by ACAT2. Both PS
and cholesterol are secreted into the intestinal lumen via the heterodimer
ABCG5/ABCG8. Cholesterol may also be loaded by ABCA1 onto high-
density lipoproteins (HDL) at the intestinal basolateral membrane and then
enter the lymphatic system. The liver can take up chylomicrons and HDL-
associated cholesterol via low-density lipoprotein receptor (LDLR), LDLR-

related protein (LRP), and scavenger receptor class B member 1 (SR-BI).
The liver can synthesize cholesterol de novo, excrete it into bile for biliary
secretion via ABCG5/ABCG8, or return it to the circulation via very low
density lipoprotein (VLDL) and HDL. Liver NPC1L1 can facilitate biliary
cholesterol reuptake. Deficiency of ABCG5 or ABCG8 in sitosterolemic
patients impairs excretion of PS into the intestinal lumen from enterocytes
and the liver, thereby resulting in a severe accumulation of PS in plasma
and tissues. Sitosterolemic patients have impaired liver cholesterol biosyn-
thesis. Current sitosterolemia therapy is based on a diet low in PS and
ezetimibe treatment. The use of cholestyramine may be recommended in
ezetimibe-resistant patients
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[31••, 41]. Double ABCG5- and ABCG8-deficient mice ex-
hibit hypertriglyceridemia by increasing liver and intestinal
triglyceride secretion [41]. Liver triglyceride accumulation
and insulin resistance were promoted in double ABCG5-
and ABCG8-deficient mice given a high-fat diet, and these
changes were independent of liver plant sterol accumulation
[42]. However, the effect of ABCG5 or ABCG8 deficiency on
fertility and triglyceride metabolism in humans remains un-
clear. There is evidence of fertility in some sitosterolemic
women [43], and hypertriglyceridemia has been found in
some [13, 32, 44] but not all [43, 45, 46] sitosterolemic
patients.

Red Cell Alterations, Bleeding Abnormalities,
and Macrothrombocytopenia

Hemolytic anemia and abnormal bleeding are features of
sitosterolemia [29, 40••, 46–48, 49••]. Given that the proteins
ABCG5 and ABCG8 are not present on blood cells or plate-
lets [50], acquired accumulation of circulating plant sterols
and their insertion into the membranes of blood cells is the
most likely explanation for their abnormal morphology and
function in sitosterolemic patients. Excess levels of plant
sterols are thought to promote membrane stiffness, and there-
fore plant-sterol-enriched red cells are more prone to rupture
[46]. They are thought to exert similar effects on platelets.
Therefore, plant sterol enrichment in platelet membranes
might affect their size, number, and function, and this could
be related to bleeding episodes. ABCG5-deficient mice have
been reported to exhibit anemia, macrothrombocytopenia, and
prolonged bleeding times [48]. More recently, there have been
significant advances in the understanding of the mechanisms
related to changes in the platelet phenotype and bleeding
outcomes [49••]. In ABCG5- and ABCG8-deficient mice
fed a high-plant-sterol diet, the accumulation of free sterols
within membranes of platelets was reported to elicit
hyperactivatable platelets [49••]. Sterol-induced platelet
hyper-reactivity led to impaired platelet function due to dys-
regulation of multiple platelet activation pathways (i.e., inter-
nalization of theαIIbβ3 complex and filamin A degradation) in
these mice, and the alterations were found to be consistent
with macrothrombocytopenia and impairment of hemostatic
functions [49••].

As mentioned already (see “Molecular Genetic Analyses”),
hematological problems have been occasionally reported as
the only clinical symptom observed in asymptomatic
sitosterolemic patients [14, 51•, 52]. This is a critical point
because these patients may be at high risk of being
misdiagnosed and inappropriately treated [14, 51•, 52]. It also
suggests that sitosterolemia may be more frequent than
previously thought.

Although the management of hematological abnormalities
in patients with sitosterolemia is not yet completely
established, some of the abnormalities can be controlled with
current therapies, as outlined next.

Current Therapies for Sitosterolemia

The available therapies for sitosterolemia include dietary ther-
apy using a low-plant-sterol diet and restriction of shellfish
intake, which contains high amounts of the algae-derived
plant sterol brassicasterol, as well as pharmacological therapy
with bile acid binding resins, statins, sitostanol, and ezetimibe,
and surgical methods, such as ileal bypass surgery [7••] (as
summarized in Table 1).

Low-plant-sterol diets reduce plasma plant sterol levels in
sitosterolemic patients, but this treatment is only partially
effective because plant sterols are found in all plant-based
foods [7••]. This therapeutic option has produced divergent
effects on the progression of xanthomas [7••, 53•].

Bile acid sequestrants disrupt the enterohepatic circulation
of bile acids, thereby preventing reabsorption in the ileum [6].
Several studies showed that the bile acid sequestrant chole-
styramine reduced plasma levels of plant sterols by 50 % in
most sitosterolemic patients, although it was ineffective in
some cases [6, 7••, 45]. The administration of a low-fat/low-
cholesterol diet and cholestyramine to a 15-month-old Korean
girl with severe hypercholesterolemia and intertriginous
xanthomas (described in “Molecular Genetic Analyses”) dra-
matically reduced her plasma cholesterol levels and normal-
ized them in 2 months [12]. Furthermore, the xanthomas
regressed and disappeared at the age of 3 years [12]. In the
same patient, cholestyramine treatment was discontinued, and
plasma β-sitosterol levels remained very high [12]. These
results indicate that sitosterolemia should be considered when
bile acid binding resins normalize cholesterol levels rapidly or
when there is xanthoma regression. However, as shown in
another study, the bile salt binding resin colesevelam hydro-
chloride seems to be ineffective in preventing xanthomas and
red blood cell abnormalities [53•], although this study
reported only one case.

Statins have not been shown to be effective for lowering
plasma plant sterol concentrations in sitosterolemia because
the synthesis of liver cholesterol is very low, and further
inhibition of HMG-CoA reductase does not upregulate low-
density lipoprotein receptor expression [6, 54].

Sitostanol has also been used as a therapeutic strategy to
reduce plasma of sitosterol and campesterol levels in
sitosterolemic patients [54]. However, the use of sitostanol
has raised some concerns because it increased plasma
sitostanol and campestanol levels in some sitosterolemic
patients [55].
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As occurred with bile acid sequestrants, ileal bypass sur-
gery affects bile acid reabsorption. Plasma plant sterol levels
were reduced in sitosterolemic subjects who underwent partial
or complete ileal bypass surgery [5, 6].

Ezetimibe has emerged as a successful agent for
sitosterolemia treatment because it induces a marked im-
provement in plasma plant sterol levels [7••, 54].
Furthermore, in sitosterolemic patients treated with
ezetimibe, xanthomas regressed [56, 57], carotid bruits
disappeared, and cardiac murmurs improved [57]. In line
with these findings, a recent report showed that after
10 months of treatment in a 13-year-old sitosterolemic
patient, ezetimibe was effective in lowering plasma plant
sterol levels and reversing stomatocytic anemia and
thrombocytopenia while also inducing a decrease in liver
and spleen size [58]. In addition, ezetimibe normalized
most hematological abnormalities, including hemoglobin
levels, red cell morphology, reticulocyte counts, and bili-
rubin levels after 2 years of treatment in a 23-year-old
sitosterolemic patient [53•]. However, ezetimibe did not
affect platelet counts, which remained low, and plasma
plant sterol levels remained high, with only a mild reduc-
tion in campestanol concentration, thereby suggesting that
this drug may not improve all features of sitosterolemia
[53•]. In contrast, the addition of ezetimibe to a chole-
styramine regimen further reduced plasma plant sterol
levels and normalized platelet counts [57].

Several studies indicated that the immature intestine is able
to absorb higher amounts of cholesterol compared with that of
adults (reviewed in [59]). This could be related to the abnor-
mal very high cholesterol levels in pediatric sitosterolemic
patients [5]. One study found that two sitosterolemic patients
younger than 2 years old did not respond to treatment with
ezetimibe [60]. The study authors hypothesized that the im-
mature glucuronidation system of infants may affect the gen-
eration of ezetimibe-related glucuronide metabolites, which
have a higher affinity for binding to NPC1L1 [61], thereby
limiting the effectiveness of ezetimibe in these infants. In this
context, cholesterol levels started to improve in these

sitosterolemic children when the therapy was restarted at
2 years of age [60].

Conclusions

Recent reports have shown that the characteristic hematological
abnormalities of sitosterolemia may often be misdiagnosed,
with the disease being confused with other types of chronic
thrombocytopenias, thus supporting the concept that this
disease may not be as rare as previously thought. A diagnosis
based on the plasma concentration of plant sterols and/or
ABCG5 and ABCG8 gene sequencing may be appropriate in
certain clinical circumstances when hematological abnormali-
ties remain unexplained. Investigations in mouse models of
sitosterolemia have shown that accumulation of plant sterols
disrupts cholesterol metabolism in the liver and adrenal glands
and causes severe cardiac lesions. Accumulation of plant sterols
also had negative effects on adipose tissue function, fertility,
and triglyceride metabolism in these mouse models, but these
features were not found consistently in sitosterolemic patients.
Long-term follow-up treatment with ezetimibe appears to be a
promising therapy, with patients showing a good response with
regard to plant sterol levels. However, further studies are
needed to prove its effectiveness in reducing the severity of
other features of sitosterolemia.

Acknowledgments This work was partly funded by the Ministerio de
Sanidad y Consumo, Instituto de Salud Carlos III, CP13-00070 (to Josep
Julve), CD12-00533 (to Helena Quesada), FIS 11-0176 (to Francisco
Blanco-Vaca), and FIS 12-00291 (to Joan Carles Escolà-Gil).

Compliance with Ethics Guidelines

Conflict of Interest Joan Carles Escolà-Gil, Helena Quesada, Josep
Julve, Jesús M. Martín-Campos, Lídia Cedó, and Francisco Blanco-Vaca
declare that they have no conflict of interest.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

Table 1 Summary of the major effects of therapeutic options for sitosterolemia

Therapy Major outcomes References

Low-sterol diet Usually reduces plasma plant sterol levels [7••, 53•]

Cholestyramine Usually reduces plasma plant sterols and induces regression of xanthomas [6, 7••, 45]

Colesevelam Ineffective in preventing xanthomas and red blood cell abnormalities [53•]

Statins Has little effect on plasma plant sterol levels [6, 54]

Sitostanol Divergent effects on plasma plant sterol levels [54, 55]

Ileal bypass surgery Reduces the levels of plasma plant sterols [5, 6]

Ezetimibe Improves plasma plant sterol levels, induces the regression of xanthomas, and
improves carotid bruits and cardiac murmur. Normalizes stomatocytic
anemia and thrombocytopenia

[7••, 53•, 54, 56–58]
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