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Abstract

Phytosterolemia (sitosterolemia) is a rare autosomal recessive sterol storage disease caused by 

mutations in either of the adenosine triphosphate (ATP) binding cassette transporter genes; 

(ABC)G5 or ABCG8, leading to impaired elimination of plant sterols and stanols, with their 

increased accumulation in the blood and tissues. Thus the disease is characterized by substantially 

elevated serum plant sterols and stanols, with moderate to high plasma cholesterol levels, and 

increased risk of premature atherosclerosis. Hematologic abnormalities including 

macrothrombocytopenia, stomatocytosis and hemolysis are frequently observed in sitosterolemia 

patients. Currently, ezetimibe, a sterol absorption inhibitor, is used as the routine treatment for 

sitosterolemia, with reported improvement in plant sterol levels and hemolytic parameters. This 

review summarizes the research related to the health impact of plant sterols and stanols on 

sitosterolemia.

Sitosterolemia, also known as phytosterolemia (OMIM 210250), is a rare autosomal 

recessive sterol storage disorder caused by homozygous or compound heterozygous 

mutations in one of the two adenosine triphosphate binding cassette (ABC) genes, ABCG5 

and ABCG8, located on human chromosome 2p21 (1–3). These genes encode the 

heterodimer transporter ABCG5/G8, which is expressed in enterocytes, in the proximal 

small intestine, and hepatocytes (4, 5), and function to rapidly excrete cholesterol, plant 

sterols (PS) and their saturated derivatives (stanols) from the body. The ABCG5/G8 

transporters work to limit intestinal uptake of these sterols, promoting their biliary secretion, 

and subsequently preventing their accumulation in the body (5–8). Sitosterolemia is 

characterized by significant elevation of serum PS and stanols (2, 9–11) with potential PS 

build-up in the arteries, skin (xanthomas), and tissues (12). Total cholesterol level can be 

normal to moderately in some sitosterolemia patients (7) although in some cases it can be 

extremely high (13). Individuals with sitosterolemia may present with tendon xanthomas 

and in some cases the tendency to develop coronary disease at an early age (10, 14, 15).

Several cases of hematological abnormalities have been observed in sitosterolemia patients 

(16–18). High plasma PS levels have been shown to have pernicious effects on platelet 

formation (e.g., reduced platelet count and increased platelet size and subsequently 

increased bleeding) in ABCG5 deficient mice (19–21). Severe bleeding episodes, resulting 
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from macrothrombocytopenia, have been reported in sitosterolemia patients, along with 

other hematologic abnormalities including hemolytic anemia with stomatocytes or deformed 

red blood cells (22–25). In agreement with the findings of others (22), we have recently 

shown that treatment of sitosterolemia patients with ezetimibe, a sterol absorption inhibitor, 

lowered PS levels and improved platelet count and size (26). The main objective of this 

work is to review the effects of PS and stanols on the health of individuals with 

sitosterolemia, including the impact on cardiovascular disease risk, hematologic variables, 

and other potential emerging issues associated with the disease.

Pathophysiology of Sitosterolemia

Xanthomas (tendon and tuberous), premature atherosclerosis, hematological abnormalities 

(e.g., chronic hemolytic anemia, and thrombocytopenia), and arthritis are common clinical 

features of sitosterolemia (2, 10, 14, 15). Endocrine disruption has only been reported once 

in a case from Bangladesh (27). Individuals with homozygous sitosterolemia have increased 

amounts of PS, including sitosterol and campesterol in blood, and various tissues, especially 

in xanthomas and arteries (28). Premature atherosclerosis has been reported in some patients 

(29, 30), although it has been argued that premature atherosclerosis is not systematic in 

sitosterolemia (31).

Hematologic abnormalities including macrothrombocytopenia, stomatocytosis, and 

hemolysis are frequently observed in sitosterolemia patients, and in some recent reports this 

may be the first indication that the person may have the disorder (32–34). Rees et al. 

reported Mediterranean macrothrombocytopenia in 10 sitosterolemia patients, originally 

from the Mediterranean, residing in Australia (22). Su et al. reported on three Chinese 

sitosterolemia patients, who at age 3 or 4 years had evidence of hemolysis with 

reticulocytosis; increased immature red blood cell, with low hemoglobin levels (2.7–5.0 g/

dl), and splenomegaly. Splenectomies at 13 or 14 years of age markedly improved anemia in 

these patients (32).

Metabolism of Plant Sterols and Stanols in Sitosterolemia

In 1998, the sitosterolemia gene was mapped to chromosome 2p21 (1), and candidate gene 

analysis excluded lipid metabolic-related genes such as 3-hydroxyl-methyl-glutaryl-CoA 

(HMG-CoA) reductase, HMG-CoA synthase, LDL-receptor, sterol regulatory element 

binding proteins (SREBP)-1, and -2, acyl coenzyme A:cholesterol acyltransferase and 

microsomal triglyceride transfer protein as the cause of the disease (35). Rather, 

sitosterolemia was due to a mutation in one of the two adjacent and highly homologous 

ABC genes, ABCG5 or ABCG8 (36, 37), which are involved in the intestinal absorption of 

sterols and their excretion in bile (1, 5). The ABCG5 and ABCG8 proteins (Sterolin-1 and 

Sterolin-2) form a heterodimer transporter in the endoplasmic reticulum in enterocytes and 

hepatocytes (38, 39). These transporters are located in the brush border membrane of 

enterocytes and the canalicular membrane of hepatocytes, where it mediates the transport of 

absorbed sterol from the intracellular to the extracellular space.

Plant sterols and cholesterol are absorbed by the same mechanism, however, in a normal 

healthy individual the former are assimilated at lower rates than cholesterol (40). Hence, the 
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average dietary intake of PS has been estimated between 400 mg/day in normal individuals 

(41), of which less than 5% is absorbed. Conversely, about 15–60% of the consumed PS is 

absorbed in homozygous sitosterolemia patients (2, 8, 30, 31). The significantly increased 

PS absorption in sitosterolemia occurs via a complex process involving the uptake of dietary 

cholesterol and PS into the micellar compartment and transfer into enterocytes. Thus, 

mutation in the ABCG5/G8 heterodimer transporter affects the intestinal cholesterol and PS 

excretion from enterocytes into the intestinal lumen, and from hepatocytes into the bile. As a 

result, PS accumulate in the blood (11, 34) and tissues instead of being secreted back into 

the intestinal lumen and bile (42–45; Figure 1).

Normally dietary PS are incorporated into micelles in the small intestine and secreted into 

circulation through chylomicrons while competing for space in mixed micelles, thereby 

reducing cholesterol uptake by the enterocytes as micelles move from the intestinal lumen to 

the brush border (46, 47). The micelles are partially absorbed into the intestinal lumen via 

the sterol absorption transporter; Niemann-Pick C1 Like 1 (NPC1L1), located in intestinal 

brush border membrane (48), and transported into enterocytes as free cholesterol. In the 

enterocyte, the majority of the absorbed cholesterol is esterified by acylcholesterol acyl 

transferase (ACAT2); a key enzyme in cellular cholesterol metabolism, packaged into 

chylomicrons within the enterocytes and transported into the circulation (49). Unesterified 

cholesterol and other sterols are secreted back to the intestinal by ABCG5/8 transporters at 

the hepatobiliary interface (Figure 2). ACAT2 is exclusively expressed in hepatocytes and 

enterocytes, and may help with sorting of dietary sterols in the enterocytes by differentiating 

among them as substrate candidates. PS are poor substrates of ACAT2 compared with 

cholesterol (50), which allows ABCG5/8 transporters to move these sterols out of the 

enterocytes into the intestinal lumen. The ABCG5/G8 transporter is also expressed in 

hepatocytes where it aids the excretion of PS via the biliary system (Figure 2). It is believed 

that free PS may be mobilized via ATP-binding cassette transporter A1 located at the 

basolateral membrane of enterocytes and become a part of apolipoprotein A-I, containing 

high-density lipoprotein (HDL) particles. In HDL, PS are esterified by lecithin:cholesterol 

acyltransferase almost as efficiently as cholesterol and can also be taken up from HDL in a 

comparable manner to that of cholesterol ester (44).

In addition to PS, 5α-stanols; PS corresponding 5α-saturated derivatives, are also present in 

high levels in sitosterolemia patients (51–53). Markedly elevated plasma levels of 

cholestanol, 5α-campestanol and 5α-sitostanol comprised the major constituents of the 5α-

stanol profile found in individuals with sitosterolemia (51, 52). However, unlike PS, the 

majority of plasma stanols in sitosterolemia patients are derived from endogenous synthesis 

within the body from their unsaturated precursors (51, 52). Studies have shown that 

cholestanol is synthesized from cholesterol animals and humans (54, 55). Furthermore, 

studies have shown that exogenous PS may not be the primary precursor for the production 

of 5α-stanols in vivo in sitosterolemia. Skrede et al (56), found that 5α-stanols formed 

slowly from sitosterol, as measured via 7α-hydroxysitosterol as a precursor, but more 

readily from 24-ethylo-cholesen-3-one (56).
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Plasma Plant Sterols, Stanols, and Risk of Cardiovascular Diseases in 

Sitosterolemia

Accumulation of plasma PS and/or stanols in individuals with sitosterolemia has been linked 

with premature atherosclerotic plaque formation and early death (29, 52, 57–59). Elevated 

PS and stanols have been associated with increased risk of cardiovascular diseases (CVD) in 

sitosterolemia patients, as shown in the case of a 19 years old Japanese man who was 

diagnosed to suffer from an acute myocardial infarction, presented with xanthomas on both 

elbows and thickening of Achilles tendons; his total cholesterol was 310 mg/dl, low-density 

lipoprotein (LDL)-cholesterol was 243 mg/dl, and his sitosterol level was 98.6 mg/dl (60). 

Furthermore, Webb et al (30) recently reported a case of 16 year old Amish boy with a long 

familial history of coronary events and hypertension, whose lipid profile revealed an 

elevated total cholesterol level of 353 mg/dl, and LDL-cholesterol 291 mg/dl with a 5.6% 

sitosterol above healthy human sitosterol levels (<1 mg/dl). Similarly, a post-mortem report 

of a 5-year old girl who was homozygous mutation for ABCG8 (S107X) revealed that the 

patient had aortic xanthomas, marked atheromatous narrowing of the coronary and 

pulmonary arteries as well as a confirmed high concentration of plasma cholesterol and 

sitosterolemia.

Some research findings have contested the contribution of PS to increased risk of CVD 

sitosterolemia, while some researchers have found that high plasma PS levels do not have a 

positive relationship with CVD risk, but rather it may be protective (31, 57, 61). Although it 

has been speculated that PS may be atherogenic and may advance atherosclerosis in 

nonsitosterolemic individuals (31, 61, 62). Wilund et al (61) opined that although high 

plasma sitosterol levels were observed in human and mouse model of sitosterolemia there 

was no confirmation that high levels of plasma PS caused increased risk of coronary heart 

disease (CHD) in these subjects. Kurano et al. also shared a similar view based on their 

work with mouse macrophage cell lines, where incubation with sitosterol and campesterol at 

8, 16 or 160 μM resulted in significantly reduced increases in the secretions of inflammatory 

markers (tumor necrosis factor alpha, Interleukin 6) compared to incubation with similar 

amounts of cholesterol (62). Thus far, the data argue in favor of amelioration effects of PS 

on inflammatory process and hypercholesterolemia with no evidence of a relationship 

between circulating levels of PS and risk of CVD found in healthy people (63). PS intake 

has been shown to be safe and effective in reducing circulating LDL-cholesterol levels in the 

general population. We previously reported that PS supplements efficiently reduced LDL-

cholesterol levels in heterozygous carriers of sitosterolemia, and were not associated with 

major elevations in serum PS that were different from the general population (64).

Trends in Sitosterolemia and Other Risk Factors

In 1974, the first report of sitosterolemia was documented in the United States in two Amish 

sisters who presented with elevated plasma PS level and tendon xanthomas (2). Since this 

first report the disease has been documented in several countries or regions, including Japan, 

China, Canada, and Europe (18, 24, 29, 65, 66). In 2013, Merkens et al. identified about 85 

cases of sitosterolemia in the literature (67), and in 2014 at least another 23 cases have been 

reported (13, 24, 31, 68–70). Thus, the total known cases worldwide remain low, but this 
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may in part be due to misdiagnosis as hypercholesterolemia (13, 71). We continue to learn 

more about the disorder with each new reported presentation in the development of the 

disease mutations, clinical features and treatment approaches. Several cases of 

sitosterolemia have emerged with new mutations, clinical features and other related health 

issues. Researchers have also employed various therapeutic measures to help lower PS 

levels among these individuals of different pedigrees. Trends in the progression and 

prevalence of the disease among individuals from diverse pedigrees over the years have 

been highlighted in this review. Increased PS intakes have been speculated in the 

development of many risk factors associated with sitosterolemia. Aside from the basic 

presentation of xanthomas and premature atherosclerosis in sitosterolemic patients (18, 65, 

72), new clinical features such as macrothrombocytopenia (giant platelets with reduced 

count), hemolytic anemia, splenomegaly and arthritis have been associated with this rare 

disease (24, 33, 68; Table 1).

A recent rodent model suggests that defective ABCG5/G8 transporter may also be 

associated with reproductive function (73). Sanders and colleagues found that the expression 

of ABCG5/G8 transporter in the small intestine tends to be higher in female compared to 

male rats (73), and investigation using ABCG5/G8 sterolin-deficient mice supported that an 

accumulation of dietary PS have been implicated to cause reduced fertility in male rats while 

leading to infertility in female rats (73). The study found that PS accumulated in ovaries and 

adrenal glands where they control production of steroid hormones including female sex 

hormones (73). In addition, PS has been reported to decrease serum estrogen levels in 

animals and disturb estrogen metabolism, which suggests an indication for reduced fertility 

(74, 75). PS are proposed to be responsible for modifying fat storage and fertility in 

ABCG5/G8 knockout mice via disruption of endocrine systems and mammalian physiology; 

although this claim has not been demonstrated in human subjects (76, 77). Research has 

shown that exclusion of PS from the diet and blocking dietary sterol absorption with 

ezetimibe treatment reversed infertility in ABCG5/G8 knockout mice (77). In humans 

endocrine disruption has only been reported once (27), and infertility has never been 

reported. In fact, Mannucci et al. (78) reported a proband that was homozygous for a single-

nucleotide mutation in the ABCG5 gene and later found that her mother and brother were 

homozygous for the same mutation. This may suggest that sitosterolemia patients are able to 

have children who can also be affected.

Therapeutic Approaches in Treatment of Sitosterolemia

The primary aim of therapy in sitosterolemic patients is to substantially lower plasma PS 

levels. Treatment strategies for sitosterolemia include dietary restriction of intake of both 

animal and plant based sterols, use of bile-acid sequestrants, ileal bypass surgery and sterol 

absorption inhibitors. Dietary restriction of cholesterol and PS (vegetable oils, margarine, 

nuts, seeds, avocado, and chocolate and shellfish) is one of the main recommendations given 

to individuals with sitosterolemia (79). However, there have been mixed results associated 

with low sterol diet therapy as the sole strategy for treatment of sitosterolemia. Parson and 

colleagues (80) reported effective lowering of plasma PS levels with low sterol diet. 

However, other reports (81, 82) have shown that diet therapy remains difficult to comply 

with due to poor palatability, so it is often unsuccessful in lowering plasma PS levels.
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Bile acid binding sequestrants act by binding to bile acids in the intestinal lumen and 

promoting its excretion in the feces; thus interrupting the enterohepatic circulation of bile 

acids, resulting in an increased conversion of cholesterol and other sterols into bile in the 

liver. Overall, this will decrease sterol levels in hepatocytes, eventually increasing their 

clearance from circulation. Cholestyramine, a bile acid sequestrant, treatment in 

combination with low PS diet has been shown to be effective in reducing plasma cholesterol 

and PS levels in sitosterolemia patients. Studies have shown that dosage of 8 to 15 g 

cholestyramine/day can result in 40 to 60% reduction in plasma PS levels in sitosterolemia 

patients (16, 52, 80, 82–85). However, not all sitosterolemic patients respond in a similar 

manner to cholestyramine treatment (79, 86, 87). For instance, while administration of 

cholestyramine at 1 g 4x daily over a 1 month period to children initially led to decreased in 

plasma cholesterol, however, there were issues of poor compliance as well as a gradual 

increase in total cholesterol (86). A 9 year old who was treated with probucol, 

cholestryramine and colestimide decreased her serum total cholesterol level to a normal 

range (172 mg/dl), however, serum sitosterol levels remained very high (79). Overall, there 

are issues of compliance with cholestyramine, especially in studies with children, where 

there have been reports of inconvenient administration (unpleasant texture of 

cholestyramine) and gastrointestinal adverse effects, including abdominal bloating and loss 

of appetite, as well as suggestion of interference with uptake of fat-soluble vitamins (89). In 

general, there are challenges related to tolerability of optimal dosages (79, 86) because 

cholestyramine is usually prescribed as a powder with a gritty taste and therefore treatment 

has low compliance (86, 88).

Partial ileal bypass surgery (i.e., shortening of the ileum) was originally introduced as a 

management strategy for hypercholesterolemia as it increases intestinal bile acid loss (89). It 

is believed that the majority of cholesterol absorption and bile acid reabsorption occur in the 

distal part of the ileum. Thus, the surgery involves bypassing the last 2 meters of the small 

intestine; from the ileocecal junction. Partial ileal bypass surgery in sitosterolemia patients 

have resulted in at least 50% reduction of plasma and cellular sterol and stanol levels (90, 

91).

Currently, ezetimibe, an inhibitor of sterol absorption in intestine, has become the mainstay 

therapy for sitosterolemia patients (92, 93). Ezetimibe acts by inhibiting the absorption of 

dietary and biliary cholesterol and PS by blocking Niemann-Pick-C1-like 1 (NPC1L1) 

protein transporter, subsequently reducing the delivery of intestinal sterols to the liver, 

resulting in lower plasma sterol concentrations in sitosterolemia patients (26, 79, 86, 92). 

The efficacy of ezetimibe has been examined in various clinical studies using 10 mg 

ezetimibe, alone or in combination with bile-acid sequestrants and/or statin (4 g/day) 

therapy, with results showing at least 25% to 27% decrease in plasma sitosterol and 

campesterol levels, respectively (86, 94). A multi-center study examined the effect of 

ezetimibe on reducing PS levels in 37 sitosterolemia patients (95). Patients were randomized 

to ezetimibe (n = 30) or placebo (n = 7) at 10 mg/day for 8 weeks and showed significant 

reduction in plasma sitosterol and campesterol levels with ezetimibe (21% and 24% vs. 4% 

and 3.2% increase with placebo). There were also reductions in total sterol and 

apolipoprotein B levels. Results from a 2-year, open-label extension study revealed 
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progressive improvements in plasma sitosterol and campesterol levels with continued 

treatment with 10 mg/day ezetimibe (44% and 51%); however, plasma PS concentrations 

did not further decrease after approximately 6 months of treatment and remained 

substantially above the normal range (94). A follow-up study assessing the effect of 40 

mg/day of ezetimibe for 26 weeks in 27 sitosterolemia patients showed that this dosage did 

not produce further reductions in sitosterol beyond those observed with 10 mg/day of 

ezetimibe (96). Studies in children (younger than 10 year old) show that administration of 

ezetimibe (10 mg/day), as the sole therapy, takes 3 to 4 months to significantly lower 

cholesterol levels in sitosterolemia patients (86), in contrast to the quicker response of 2–8 

weeks in adults with sitosterolemia (95). One suggested explanation is that an immature 

glucuronidation system of infants limits the effectiveness of ezetimibe (86). Furthermore, 

although ezetimibe treatment (10 mg/day) in children (younger than 10 year old) did lower 

total cholesterol levels to near normal range and xanthomas disappeared gradually, PS levels 

remained elevated after extended treatment periods (6 months to 3 years; 86). A 

combination of ezetimibe (10 mg) and cholestyramine (2 mg) administered for 1 year to an 

11 year old patient with sitosterolemia has been shown to decrease plasma PS levels by 50% 

(92). Overall, the use of ezetimibe is not well described in children. In terms of adverse 

effects, to date, ezetimibe has shown advantageous over other available treatment options 

(e.g., bile acid sequestrants). In the 2-year study by Lütjohann and colleagues, involving 30 

sitosterolemia patients, the investigators found that 10 mg/day ezetimibe was generally well-

tolerated throughout the 2 year study period (94). Some patients from the study reported 

adverse events including upper respiratory infection (25% of patients), dizziness (14%), 

headache (14%) and abdominal pain (11%) (94). A 40 mg/day ezetimibe dose for 26 weeks 

was found to have a similar safety and tolerability profile to 10 mg/day ezetimibe (96).

Conclusion

Based on available data, a relationship has been established between increased plasma PS 

concentration and risk of CVD in sitosterolemia patients. Available human and animal 

studies have shown diverse effects of high PS on hemolytic abnormalities, xanthomas, and 

promotion of premature atherosclerosis. PS have been proven to help lower LDL-cholesterol 

levels in the general population. However, extremely elevated plasma PS levels in 

sitosterolemia have been associated with increased risk of premature atherosclerosis. 

Treatment of sitosterolemia includes the use of bile acid sequestrants, ileal bypass surgery 

and ezetimibe. Moreover, studies have examined emerging issues in individuals with 

ABCG5/G8 mutations and the association between PS and other health risks such as tumor 

formation, arthritis and infertility in sitosterolemia, though this data needs further 

confirmation. Few reports have opposed whether PS are a risk factor for CVD in 

sitosterolemia. Further studies should be done on the significance of PS in other related 

health issues; and also in developing effective therapeutic approaches that can help to further 

reduce PS concentration and the risk of CVD in sitosterolemia.
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Figure 1. 
The mutation in ABCG5/8 in the diseased condition causes plant sterols to be transported 

from the intestinal lumen back into the blood vessels. Abbreviations: ABCG5/8, adenosine 

triphosphate (ATP)-binding cassette G5/G8.

Ajagbe et al. Page 13

J AOAC Int. Author manuscript; available in PMC 2015 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Cholesterol and plant sterols biliary and intestinal absorption. The adenosine triphosphate 

(ATP)- binding cassette ABCG5/8 transporter function is to excrete free cholesterol from 

the intestinal lumen. Presence of NPC1L1 in the apical membrane of enterocytes and 

hepatocytes does facilitate intestinal and biliary cholesterol absorption, and uptake of PS 

from the gut lumen. ABCG5 and ABCG8 that are expressed in hepatocytes also promote the 

biliary excretion of cholesterol and PS. Abbreviations: ACAT 2, Acylcholesterol acyl 

transferase; NPC1L1, Niemann-Pick C1-Like 1; ABCG5/8, Adenosine triphosphate (ATP)- 

binding cassette G5/G8; Chylomicrons(CM); CS, cholesterol; CE, cholesterol ester.
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