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It is almost 18 years since the first reports on sitosterole- (24-ethyl cholesterol) in the plasma (1, 16). Actually all 
mia appeared (1). Two sisters with tendon xanthomas and dietary sterols are found in plasma (17), but since 
normal plasma cholesterol levels were found to have sitosterol is usually the most abundant in the diet, propor- 
elevated plant sterol concentrations in the plasma. A high tionately greater quantities are present in plasma and tis- 
percentage of dietary sitosterol was absorbed from the in- sues (Fig. 2). For this reason, the condition has been 
testine, as measured by the sterol balance technique, and named sitosterolemia (17). In addition, the respective 5a-  
was believed to account for the plant sterol accumulation. dihydro derivative of cholesterol (cholestanol) and the 5a- 
Since the original report, 27 patients from 16 families dihydro plant sterol derivatives, 5a-campestanol and 5a- 
have been detected (1-14). The clinical presentation in- sitostanol, are present in increased amounts in plasma 
cludes tendon xanthomas, accelerated atherosclerosis and tissues (Fig. 3) (18, 19). As diets contain only small 
particularly affecting males at a young age, hemolytic epi- amounts of cholestanol, 5a-campestanol, and 5a- 
sodes, and arthritis and arthralgias. The risk of pre- sitostanol, the Sa-dihydro derivatives probably are 
mature atherosclerosis was observed in several young 
male subjects who died because of acute myocardial in- The diagnosis of sitosterolemia is established by dem- 
farctions associated with extensive coronary and aortic ar- onstrating increased amounts of plant sterols (cam- 
teriosclerosis. The youngest was a 13-year-old Amish male pesterol, sitosterol, stigmasterol, and avenosterol) and 5a- 
who had four other homozygous siblings (3). In addition, stanols in plasma and tissues (1, 15, 19). The usual colori- 
a 17-year-old male, personally followed by the authors, de- metric assay that depends on a double bond between car- 
veloped angina pectoris, showed an abnormal cardiac bons 5 and 6, or enzymatic method that detects the 30- 
stress test with decreased coronary artery perfusion, and hydroxy group do not distinguish sitosterol from choles- 
died suddenly of an acute myocardial infarction while ex- terol. Therefore, to find plant sterols and 5a-stanols and 
ercising (15). Examination of his coronary arteries at post establish the diagnosis, gas-liquid chromatography using 
mortem revealed 60% occlusion of the left anterior de- a capillary column is necessary (Fig. 4), although high 
scending coronary artery (Fig. 1). However, multiple performance liquid chromatography can also be applied 
microinfarctions were noted in the myocardium which (12). In one family with four homozygous siblings, the un- 
suggested that the atherosclerotic process had begun saturated sterols represented about 16% of the total 
earlier and was chronic and progressive. plasma sterols with cholestanol and 5a-dihydro plant 

Sitosterolemia is inherited as a recessive trait (14). Het- stanols making up about 4% (2, 8). In  other families, 
erozygotes are clinically and biochemically normal, plant sterols and Sa-stanols may account for as little as 
although plasma sitosterol levels of some heterozygous 11% to as much as 25% of the plasma sterols (2, 3, 19). 
subjects may be slightly but significantly increased over Thus, cholesterol represents only about 80% of the total 
controls. These values still differ quantitatively from plasma sterols in sitosterolemic homozygotes. The con- 
homozygotes by 10- to 20-fold (9, 12). Of interest is the centration and distribution of sterols and stanols from a 
high degree of inheritance of the homozygous state. In number of sitosterolemic homozygotes from five families 
two unrelated families, homozygous sitosterolemia was and their heterozygous relations are presented in Table 1. 
present in 4/4 and 2/4 siblings respectively, from each 
family. 

Biochemical features 

produced endogenously in larger amounts (19). 

Abbreviations: VLDL, very low density lipoprotein; LDL, low den- 
sity lipoprotein; IDL, intermediate density lipoprotein; HDL, high den- 
sity lipoprotein; CTX, cerebrotendinous xanthomatosis; HMG-CA, 
3-hydroxy-3-methylglutaryl coenzyme A. 

The hal1mark biochemical feature Of the disease 's the 
demonstration of elevated concentrations of sitosterol 

Journal of Lipid Research Volume 33, 1992 945 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


I 

I. 1 

C .  

Fig. 1. 
tion. Sixty percent occulsion of the vessel lumen by atherosclerotic thickening of the vessel wall. 

Section of coronary artery from a 17-year-old sitosterolemic male who died of an acute myocardial infarc- 

For controls, values from 20 healthy subjects are given; 
they show that cholesterol normally represents 99.6% of 
the total sterols with about 0.2% cholestanol and 0.2% 
plant sterols. In some heterozygotes, cholestanol and 
sitosterol levels are similar to controls (20-22). However, 
in several obligate heterozygotes, cholestanol and sito- 
sterol levels were slightly but significantly higher than the 
control means, but still substantially less than those found 
in their homozygous offsprings (9, 12). Plasma cholesterol 
concentrations may also vary considerably in homo- 

zygotes. As illustrated in Table 1, cholesterol levels may be 
low but are usually increased over age-matched controls. 
However, some subjects (LBU) show extremely high cho- 
lesterol concentrations that resemble the levels found in 
LDL receptor-deficient hypercholesterolemic subjects. 

Plasma lipoproteins have been measured in homozy- 
gous sitosterolemic subjects and the increased amounts of 
unsaturated plant sterols and saturated 5a-stanols are 
distributed in about the same proportion among the vari- 
ous lipoprotein fractions (HDL, LDL, IDL and VLDL) 
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Fig. 2. Structure of plant sterols found in plasma of sitosterolemic sub- 
jects. These sterols have the same ring nucleus as cholesterol, but differ 
by the addition of substituents on the side chain at carbon 24, the 
presence of a double bond at carbon 22 in stigmasterol, and a double 
bond between carbons 24 and 28 in avenosterol. 

(1, 6, 23). However, low density lipoprotein (LDL) con- 
centrations tend to be elevated, reflecting higher total 
sterol concentrations as compared to age- and sex- 
matched controls. Despite the incorporation of increased 
amounts of plant sterols and Sa-saturated stanols, 
preparative density gradients for each lipoprotein class 
were similar to that of controls (23). The major propor- 
tion of the total low density lipoproteins was isolated in 
the subfraction of d 1.034 g/ml. The mean particle di- 
ameter, 25.7 * 2.8 nm, for sitosterolemic LDL was not 
unusual as determined by electron microscopy, and the 
sitosterolemic LDL was not distinguishable morphologi- 
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Fig. 3. Structures of 5a-saturated stanols found in plasma of sitostero- 
lemic subjects. Cholestanol is the 5a-dihydro derivative of cholesterol; 
Sa-campestanol and 5a-sitostanol are the 5a-dihydro derivatives of cam- 
pester01 and sitosterol, respectively. 

cally from normal LDL. High density lipoprotein (HDL) 
concentrations tended to be normal or low in the homozy- 
gous sitosterolemic subjects (23). Electron microscopy of 
HDL from a male sitosterolemic subject with severe 
symptomatic atherosclerosis showed that the particles 
were round with a mean diameter of 8.5 1.7 nm, consis- 
tent with the predominance of small, dense HDL (23). 

Plasma concentrations of apolipoprotein B are usually 
increased and apolipoprotein A-1 decreased for sitostero- 
lemic homozygotes (23). However, normal plasma apoB 
and A-1 levels were present in heterozygotes (20, 24). 
Thus, apolipoprotein values reflect the increased LDL 
and usually low HDL concentrations detected in these pa- 
tients as determined by analytical and preparative ultra- 
centrifugation (23). 

Tissue sterol concentrations were measured in a 
17-year-old sitosterolemic homozygote male who died un- 
expectedly of an acute myocardial infarction, and showed 
about 16% plant sterols and Sa-stanols in plasma (15). 
The total sterol concentrations in red blood cells, liver, 
lung, and heart were not different from control, but the 
cholesterol concentrations in these tissues were reduced 
and offset by the increased amounts of plant sterols and 
5a-saturated stanols. Of importance, the individual plant 
sterols and 5a-saturated stanols were deposited in the tis- 
sues in about the same proportion that they were present 
in LDL. This suggested that the tissue sterols originated 
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Fig. 4. Capillary gas-liquid chromatogram of plasma sterols and 5a- 
stanols from a homozygous sitosterolemic subject. In normal plasma 
only cholesterol and trace amounts (< 1%) of cholestanol and sitosterol 
are detected. 5a-Cholestane is added as an internal standard. Separation 
was performed on Chrompack CPWax-57CB capillary column. 
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TABLE 1. Plasma sterols and stanols 
~ 

Sa-Camoestaniil Patients Ace Cholesterol Sitosterol CamDesterol 5a-Cholestanol 5wSitostanol 

Y' mg/dl 

Homozygotes 
KCN" 29 184 * 25 15 * 2 7.5 * 1.1 2 .1  f 1.0 2.9 * 1.0 1.3 * 0.9 

TC" (10) 27 233 ~t 12 21 * 8.3 10 * 0.5 3.8 * 1.4 5.4 * 1.2 1.9 f 1.0 
KC" (10) 23 202 * 25 14 f 4.1 8 3.1 4.7 * 1.0 2 .2  * 1 1.4 k 0.2 

RC" (10) 18 249 * 39 20 * 5.5 13 * 1.5 7.5 k 2.4 3.9 * 1.0 2.6 0.9 
0.8 k 0.4 GB' (10) 28 292 + 8 13 * 0.9 8 + 0.2 1.8 f 0.1 

C L  42 134 27 13 1.6 3.0 2.6 
J B R ~  14 256 30 14.5 4.0 2 .7  2.5 
LBU 24 482 56 24.0 11.0 6.0 4.0 

AC" (5) 50 210 f 26 0.95 * 0.17 N D  0.65 i 0.21 N D  N D  
VC" (5) 56 194 f 14 0.36 * 0.09 N D  0.34 f 0.19 N D  N D  

D B  (3) 25 204 * 27 0.66 * 0.05 N D  0.34 * 0.13 N D  N D  
R B R ~  48 254 0.8 N D  1.2 N D  N D  

Controls, n = 20 17-62 180 * 5 0.22 f 0.20 N D  0.20 * 0.20 N D  ND 

1.9 f 1.0 

Heterozygotes 

"C family, includes heterozygous parents. 
'"umber of samples analyzed in parentheses 
'B family, includes heterozygous sister. 
dR family, includes heterozygous mother. 
'ND. not detected. 

from plasma. In contrast, brain sterols in the sitosterolemic 
subject were composed almost entirely of cholesterol (15). 
Thus, despite the presence of large amounts of plant 
sterols and 5cy-stanols, the blood-brain barrier in sito- 
sterolemia remains intact and is not permeable to circu- 
lating LDL. This is in contradistinction to cerebroten- 
dinous xanthomatosis (CTX), a lipid storage disease, 
where increased amounts of cholestanol deposit in the 
brain and suggests that the blood brain-barrier is 
damaged and more permeable to circulating LDL (2, 15). 
Interestingly, atheromas in the aorta of this sitosterolemic 
subject contained increased amounts of esterified sterols, 
about 50% of the cholesterol and sitosterol were esterified 
as compared with only 10% esterified sterols in visceral 
organs (15). 

Sterol composition in bile is different from controls in 
sitosterolemia. Not only is less cholesterol secreted into 
the bile, but sitosterol appears in the same or lower pro- 
portion relative to cholesterol in bile as compared in 
plasma (1, 2, 5, 6, 25). Normally the liver preferentially 
secretes sitosterol into bile so there is a %fold enrichment 
of sitosterol relative to cholesterol as compared to blood 
in control subjects (26). Biliary bile acids include cholic 
acid, deoxycholic acid, and lesser amounts of chenodeoxy- 
cholic acid and are secreted into bile in amounts adequate 
to prevent steatorrhea (1, 2, 4, 5, 27). No unusual biliary 
bile acids were detected, although it has not been estab- 
lished whether sitosterol and other plant sterols can be 
converted to primary bile acids in homozygotes. Recently, 
Bhattacharyya et al. (25) reported radioactive bile acids 
derived from [1+C]sitosterol in the feces of three sitostero- 
lemic subjects, but the precise indentification of these 

compounds was not carried out (28, 29). However, it was 
noted that the large quantities of sitosterol and cho- 
lestanol in sitosterolemic liver competitively inhibited 
cholesterol 7a-hydroxylase, the rate-determining enzyme 
for bile acid synthesis, which may eventually lead to de- 
creased bile acid production and deficient pool size (27). 
Thus, sitosterolemic liver has lost both the capacity to 
recognize sitosterol and the ability to preferentially se- 
crete the 24-ethyl sterol into the bile. In addition, choles- 
terol secretion into bile is markedly diminished. Also, 
since biliary cholesterol secretion (lithogenicity) relative 
to bile acids and phospholipids is decreased (4), gallstones 
have not been detected in sitosterolemic subjects. (G. Salen, 
unpublished observation). 

Monocyte (mononuclear leukocytes) sterol composition 
has been measured in four sitosterolemic homozygotes 
(30). The sterols and stanols are similar in composition 
(sitosterol, campesterol, cholestanol, 5a-campestanol, 
and 5a-sitostanol) as found in LDL indicating that the 
plant sterols and stanols originate from plasma. However, 
total sterol concentrations in monocytes from the sito- 
sterolemic homozygotes were 2 to 3-times larger than in 
control monocytes. Thus, monocytes, which are precur- 
sors to foam cells, contain increased quantities of choles- 
terol, plant sterols, and 5a-stanols that may contribute to 
the accelerated atherosclerotic process in this disease. 

Sitosterol metabolism 

It has long been known that sitosterol is poorly ab- 
sorbed from the intestine (26, 31). The low plasma con- 
centrations found in animals and humans fed large 
amounts of dietary plant sterols attest to restricted intesti- 

948 Journal of Lipid Research Volume 33, 1992 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


nal absorption (26). However, early sitosterol balance 
studies, where fecal outputs were measured and sub- 
tracted from dietary inputs, gave confusing high values 
(between 30 to 50% of intake) for absorption (26). To 
overcome potential errors in the balance technique, 
sitosterol absorption has been measured by two indepen- 
dent isotopic methods. The isotope kinetic method esti- 
mates absorption by mathematical analysis of specific ac- 
tivity decay curves after intravenous pulse-labeling with a 
tracer dose of radioactive sitosterol (26,32-34). In normal 
and hyperlipidemic subjects, the plasma specific activity 
decay of sitosterol is much more rapid than the specific ac- 
tivity decay of cholesterol when both isotopic sterols were 
injected intravenously (Fig. 5) (5, 23-26). These decay 
curves can be divided into two exponentials and analyzed 
mathematically according to the two-pool model. Table 2 
lists values for controls and three homozygous sitostero- 
lemic subjects from two unrelated families. Since 
sitosterol is not synthesized endogenously in normal hu- 
mans and sitosterolemic subjects (5, 26), the production 
rate is equivalent to absorption and in the control subjects 
amounted less than 10 mg per day or about 5% of daily 
intake. Mean total sitosterol body pool size was also calcu- 
lated and amounted to about 130 mg in controls. In con- 
trast, sitosterol turnover in the three homozygous 
sitosterolemic subjects w a s  much slower as compared to 
controls. Sitosterol production rates were 5 to 10 times 
larger than the control mean, confirming the enhanced 
absorption found in homozygotes with this disease. Total 
body pools were also tremendously enlarged and ranged 
from 3500 to 9500 mg. Although absorption was in- 
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Fig. 5. The normalized specific activity versus time curves for 
cholesterol and sitosterol are illustrated for a control and homozygous 
sitosterolemic subjects. In the control subject, sitosterol decays more 
rapidly than cholesterol as contrasted with slower decay of sitosterol than 
cholesterol in the homozygote. 

TABLE 2. Sitosterol turnover 

Sitosterolemic Homozygotes" 
Controls 

(n-5) CL KCN KEC 

% A  (days) 3.8 f 0.2 7.0 2.7 , 1 1  
t % B  (days) 13.8 f 2.4 91 24 112 
KA (day-') 0.17 f 0.04 0.015 0.067 0.014 
MA 80 36 5100 2400 1700 

4400 2400 1800 MB (md 
MA + MB (mg) 126 f 32 9500 4800 3500 
PRA (mg/daY) 7.9 f 2.3 80 162 52 

46 i 22 

Results from references 5, 23, 26. 
"Patients KCN and KEC are sisters and unrelated to CL 

creased in these subjects, the extraordinary body pool size 
did not relate linearly to absorption (23, 24). The dis- 
crepancy could be explained by the fact that the elimina- 
tion contant from pool A (KA) was 2 to 10 times more 
rapid in control subjects than in sitosterolemic homo- 
zygotes. Thus, sitosterolemic homozygotes hyperabsorb 
sitosterol from the intestine but also retain the plant sterol 
in body tissues (5, 23, 24). This finding of very slow 
sitosterol turnover associated with increased absorption 
and very delayed removal has recently been noted in three 
additional sitosterolemic subjects from two unrelated 
families (25) who received radioactive sitosterol intra- 
venously. Body pool sizes were extraordinarily expanded 
as noted previously. Sitosterol turnover has also been 
studied in two sitosterolemic heterozygotes (parents of 
homozygotes). The results show that sitosterol absorption 
was increased 2 to 3 times over controls but body pool 
sizes were not increased because sitosterol removal was 
rapid (24). Thus, heterozygotes still retain the ability to 
excrete sitosterol normally. 

Enhanced sitosterol absorption in homozygotes and 
heterozygotes has been confirmed independently by ab- 
sorption measurements obtained by adapting the plasma 
dual-isotope ratio method used to study cholesterol ab- 
sorption (Table 3) (23, 24). In this technique, 
[ 14C]sitosterol is fed and [3H]sitosterol is administered in- 
travenously at the same time. The 3H/14C ratio is then de- 
termined in plasma sitosterol and compared to the ideal 

TABLE 3. Sitosterol and cholesterol absorption" 

Sitosterolemic 
Controls Homozygotes 

1 2 KCN KEC 

% % 

Sitosterol absorption 4 5 63 28 
Cholesterol absorption 44 48 49 69 

"Plasma dual-isotope ratio method, data from reference 23. 
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ratio which is calculated by dividing the total oral dose by 
total injected dose and is equivalent to 100% absorption 
(23). In two homozygotes, 28% and 63% of dietary sito- 
sterol were absorbed which is in good agreement with the 
absorption values calculated by the independent isotope 
kinetic method (Table 2). Two healthy control subjects 
who consumed the same diet absorbed 4% and 5% of 
dietary sitosterol, respectively, while two obligate hetero- 
zygotes absorbed 15% and 17% of dietary sitosterol, 
respectively. Thus, sitosterol absorption is enhanced in 
homozygotes. 

Cholesterol absorption and turnover 

Cholesterol absorption as measured by the plasma 
dual-isotope ratio method tended to be at the high end of 
the normal range (49% and 69% of intake) in sitostero- 
lemic homozygotes as reported in Table 3 (23). Thus, in- 
creased sitosterol absorption does not interfere with cho- 
lesterol absorption in sitosterolemic homozygotes although 
it is believed that sitosterol and cholesterol share the same 
intestinal absorption pathway. Also, it is important to re- 
alize that cholesterol is absorbed about 10 times more 
efficiently than sitosterol in healthy control subjects, but 
that percent sitosterol absorption approaches cholesterol 
absorption in some sitosterolemic homozygotes (Table 3) 
(23). There was no difference in cholesterol absorption be- 
tween controls and heterozygotes (24). Although it has 
been suggested that the limited absorption of sitosterol 
compared to cholesterol in normal subjects may relate to 
greater affinity of sitosterol for intestinal bile acid micelles 
(35), diminished intestinal sitosterol esterification (36), 
and reduced sitosterol enterocyte transport (37), the up- 
regulation of these mechanisms seems unlikely to explain 
the increased absorption of sitosterol in sitosterolemic 
homozygotes. 

An important, new biochemical finding observed in the 
sitosterolemic subjects is reduced cholesterol turnover 
(Table 4) (4, 5, 23). Not only is the plasma specific ac- 

TABLE 4. Cholesterol turnover' 

Sitosterolemic Homozygotes 
Controls 
(n = 4) K L  KCN KEC 

tsA, days 6.7 + 0.6 8.6 2.4- 5.0 

KA, day-' 0.045 * 0.006 0.023 0.077 0.024 
29 f 8 31 11 21 
48 * 16 34 13 41 MB. g 

MA + MB. g 77 * 9 65 24 65 
PRA, mglday 1450 f 560 670 860 710 
Svnthesis. melkeldav 14.6 k 6.0' ' 9.5' 5 . 9  

tKB, days 53 k 6 81 24 74 

MA, &! 

"Data from references 4, 5, 23 
*Not available. 
'Svnthesis estimated by subtracting absorbed cholesterol (Table 3) 

from turnover (PIX,). 

tivity decay of cholesterol much slower in homozygotes 
than control subjects, but turnover (PRA = synthesis 
plus absorbed cholesterol) is markedly reduced. Calcula- 
tions of cholesterol turnover by the isotope kinetic method 
revealed values 50-70% smaller in homozygotes than 
similarly fed controls (5, 23-25). Moreover, since 
cholesterol absorption tended to be large in sitosterolemic 
subjects, the diminished daily production must result 
from decreased cholesterol synthesis. When turnover 
values were corrected by subtracting absorbed cholesterol, 
average cholesterol synthesis was about 50% lower in 
sitosterolemic homozygotes than in healthy controls 
(23-25). In support, Miettinen (4) found cholesterol syn- 
thesis as measured by the sterol balance technique 50% 
and 80% lower in a homozygous sitosterolemic subject 
than in similarly fed control subjects when studied on two 
occasions 4 years apart. In contrast, cholesterol turnover 
and synthesis in sitosterolemic heterozygotes resembled 
control subjects and was not decreased (24). 

Mechanism of reduced cholesterol synthesis 

A major discovery from balance and isotopic turnover 
studies was that cholesterol synthesis in sitosterolemic 
homozygotes was extremely low (Table 4) (4, 5, 23, 25). 
In order to better understand this observation, HMG-CoA 
reductase, the rate-controlling enzyme for cholesterol bio- 
synthesis, was measured in liver microsomes from two 
sitosterolemic homozygotes (38). For comparison, liver 
specimens were obtained from 11 liver transplant donors 
whose livers became available when appropriate recipi- 
ents could not be located. In the control livers (Table 5),  
mean HMG-CoA reductase activity was 5.3 and 8.2 times 
greater, respectively, than the values from the two sito- 
sterolemic liver specimens. About 72% of the HMG-CoA 
reductase was expressed (active) in the sitosterolemic 
livers compared to 49% in the controls. 

HMG-CoA reductase protein concentrations were de- 
termined in these same microsomal specimens by im- 
munoblotting and densitometric scanning (Table 5). In 
the control liver microsomes, the mean relative mass of 
HMG-CoA reductase per mg of microsomal protein was 
6.8 and 8.9 times larger, respectively, than the values for 
the two sitosterolemic livers. Thus, markedly reduced 
HMG-CoA reductase activity and enzyme protein char- 
acterize sitosterolemic liver. However, when the catalytic 
efficiency of HMG-CoA reductase (activity per unit pro- 
tein) was calculated by dividing the enzyme specific ac- 
tivity by the enzyme mass, no difference was detected be- 
tween control and sitosterolemic livers. This suggests that 
although reduced quantities of HMG-CoA reductase are 
produced by the sitosterolemic livers, catalytic function of 
the enzyme is normal. To further explore the severe 
deficiency of HMG-CoA reductase, poly A' RNA was iso- 
lated from liver specimens obtained from two control and 
one homozygous sitosterolemic subjects and hybridized 
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TABLE 5. Hepatic microsomal HMG-CoA reductase activity and mass" 

Subjects 
HMG-CoA Reductase 

Activity Mass Catalytic Eficiency 

pmol/mc/min 

Controls (n = 1 1 )  98.1 f 28.8 
Sitosterolemic homozygotes 

KCN 11.9 
T C  18.4 

peak arcalmg 

1.4 f 0.14 

0.16 
0.21 

pmol/min/peak area 

68.6 

74.3 
76.2 

"From reference 38. 

with pRED 227 and pHRED 102, which are full-length 
sequence cDNA probes for hamster and human HMG- 
CoA reductase, respectively, and pCAT 10, a probe for 
human catalase mRNA. The Northern blots (Fig. 6, A 
and B) showed virtually no signals for sitosterolemic 
HMG-CoA reductase mRNA, as contrasted with signals 
from the HMG-CoA reductase mRNA from the control 
specimens. Both control and sitosterolemic specimens 
gave signals for catalase mRNA that indicated that the 
RNA isolated from control and sitosterolemic livers was 
intact. Thus, the deficiency of microsomal HMG-CoA 
reductase in sitosterolemic livers can be attributed to the 
very low levels of HMG-CoA reductase mRNA that are 
available for enzyme translation (38). 

LDL receptor binding was also measured in twelve 
control and two sitosterolemic liver membrane prepara- 
tions. Total binding (assayed in the absence of unlabeled 
LDL) was 54% and 80% higher, respectively, in the two 
sitosterolemic liver membrane preparations than the 
mean for the control measurements (Table 6). Similarly, 
high affinity, receptor-mediated LDL binding recorded as 
the difference between total binding and nonspecific bind- 
ing (assayed in the presence of abundant unlabeled LDL) 
was 2.2 and 3.3 times greater, respectively, in the sito- 
sterolemic than in the control livers. Therefore, sitostero- 
lemic livers express increased numbers of LDL receptors, 
so that a much higher proportion of LDL was receptor- 
bound and more circulating LDL was taken up than by 
control liver membranes (38). 

In a separate experiment, Biel et al. (39) measured in 
vivo LDL turnover and found greater production associ- 
ated with rapid catabolism consistent with the expression 
of more LDL receptors in a sitosterolemia subject as com- 
pared with three matched controls. 

In two sitosterolemic liver specimens, lipofuscin-like 
pigment was distributed in the liver cytosol (38). The 
nature of this pigment has not been determined at this 
time (Fig. 7). 

Treatment 

Bile acid malabsorption produced by either binding 
resins (cholestyramine or colestipol) or ileal bypass sur- 
gery is an effective treatment of sitosterolemia (2, 4, 7,  11, 
19). Plasma cholesterol concentrations decline dramati- 

cally (decrease 25% to 50%) and the percent reduction in 
plasma sterol concentrations obtained with these drugs or 
surgery is greater than similarly treated hypercholester- 
olemic subjects. In most sitosterolemic patients, plant 
sterols usually decrease proportionally to cholesterol, and 

TC C1 C2 

pRED 227 

Reductase 
HMG-COA 4 

pHRED102 c1 c2 TC 

Reductase 

pCAT 10 
Catalase 

HMG-COA 

B) 

Fig. 6. Northern blot analysis of sitosterolemic hepatic mRNA. North- 
ern blots of liver poly A' RNA from a sitosterolemic homozygote ('E) 
and two control subjects that were probed with pRED 227 (A) and 
pHRED 102 for HMG-CoA reductase mRNA and pCAT 10 for catalase 
mRNA (B). Virtually no signal from sitosterolemic HMG-CoA reduc- 
tase mRNA was detected (38). 
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TABLE 6. Hepatic LDL receptor binding' 

Subjects Total Receptor-Mediated 

ng/mg profein 

Control, n = 12 204.0 f 10.0 95 * 8.2 
Sitosterolemic homozygotes 

TC 315.3 193.2 
KCN 336.8 312.8 

"From reference 38. 

cholestanol and 5a-saturated stanols were virtually elimi- 
nated from the blood (19). However, it is important to 
realize that not all patients respond similarly, and cho- 
lestyramine treatment produced less reduction of plasma 
plant sterols than cholesterol in a Japanese sitosterolemic 
family (12). Of note, clinical improvement including dis- 
appearance of xanthomas, elimination of aortic stenosis 
murmur, and decreased frequency in angina pectoris and 
arthritic attacks have been noted in several subjects 
treated with either cholestyramine or ileal bypass surgery 

Lovastatin, a competitive inhibitor of cholesterol bio- 
synthesis that is widely used in the treatment of hyper- 

(7,  11, 20). 

cholesterolemia has been tried but has not been an effec- 
tive treatment in sitosterolemia. Plasma cholesterol, plant 
sterols, or 5a-saturated stanols were not reduced in two 
homozygous sitosterolemic subjects (20, 22). 

The effect of the various treatments can be explained by 
examining cholesterol biosynthesis and LDL receptor 
function in freshly isolated peripheral mononuclear leu- 
kocytes (monocytes). These cells synthesize cholesterol 
and express HMG-CoA reductase activity and LDL re- 
ceptors in parallel to the liver. In five homozygous 
sitosterolemic subjects from three unrelated families, 
mononuclear leukocyte cholesterol synthesis as measured 
by the conversion of acetate to cholesterol was 30-7076 be- 
low the mean value from 16 healthy control subjects (20, 
22). Subnormal monocyte cholesterol synthesis in the 
sitosterolemic subjects was supported by measurements of 
HMG-CoA reductase activity which were 50-70% lower 
in the homozygotes than the control mean. In contrast, 
LDL receptor function in monocytes from four of the five 
homozygous patients was increased 60% over the control 
mean. Thus, sitosterolemic mononuclear leukocytes 
manifest the same defect in cholesterol biosynthesis as the 
liver and compensate by the increased expression of LDL 
receptors. 

Fig. 7. 
Hemotoxylin and eosin x 250 (38). 

Light microscopy of liver from sitosterolemic homozygote that shows lipofuscin-like granules deposited randomly in cytosol of hepatocyte. 
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When the enterohepatic circulation of bile acids is in- 
terrupted, reducing the hepatic bile acid flux, HMG-CoA 
reductase activity increased 13% and LDL receptor func- 
tion rose 40% in freshly isolated monocytes from healthy 
control subjects (20). In contrast, monocytes from four 
homozygous sitosterolemic subjects (from three unrelated 
families) failed to up-regulate either cholesterol synthesis 
(conversion of acetate to cholesterol) or HMG-CoA re- 
ductase activity when treated similarly (20, 22). In fact, 
HMG-CoA reductase activity paradoxically declined. 
Monocyte LDL receptor function responded normally to 
bile acid malabsorption by increasing between 20% and 
30% in the sitosterolemic mononuclear cells (20, 22, 40, 41). 

Lovastatin treatment produced no change in plasma 
sterol concentrations in two unrelated sitosterolemic 
homozygous subjects and caused only a small rise in 
monocyte HMG-CoA reductase activity compared with a 
28% reduction in plasma sterol concentrations and a 38% 
increase in monocyte HMG-CoA reductase activity in 
control and hypercholesterolemic heterozygous subjects 
(20, 22). Although lovastatin competitively inhibits meva- 
lonic acid synthesis, HMG-CoA reductase activity nor- 
mally increases. Apparently, the block in cholesterol pro- 
duction produces gene expression for the synthesis of 
HMG-CoA reductase. LDL receptor function also did 
not change in the homozygous sitosterolemic monocytes 
as compared to a 41% increase in receptor-mediated LDL 
binding in control cells from subjects treated with lova- 
statin (20, 22). 

These results indicate a major abnormality in choles- 
terol homeostasis in sitosterolemic subjects. Depressed 
cholesterol biosynthesis is due to a pronounced deficiency 
of the rate-controlling enzyme, HMG-CoA reductase, 
caused by virtual absence of HMG-CoA reductase mRNA. 
Interruption of the enterohepatic circulation of bile acids 
reduces the hepatic bile acid flux and, normally stimulates 
bile acid synthesis (42), but fails to increase cholesterol 
production in sitosterolemic homozygotes. Cholesterol 
7a-hydroxylase activity (rate-controlling for bile acid syn- 
thesis) rises in response to bile acid malabsorption (27) so 
that more bile acids are formed (4). Cholesterol bio- 
synthesis (HMG-CoA reductase activity) should increase 
and more LDL receptors expressed to provide additional 
cholesterol as substrate for bile acid synthesis. In normal 
subjects, the decrease in plasma cholesterol reflects the 
balance between input of new cholesterol (synthesis) and 
the removal and catabolism of LDL. Because sitostero- 
lemic subjects cannot up-regulate HMG-CoA reductase, 
the demand for more substrate for bile acid synthesis can 
only be met by the catabolism of LDL. Thus, there is a 
greater than expected fall in plasma sterol concentrations 
(cholesterol and plant sterols) in sitosterolemic subjects. 

Lovastatin, which normally lowers plasma cholesterol 
by competitively inhibiting HMG-CoA reductase activity 
and in turn stimulates expression of LDL receptors, was 

ineffective treatment for sitosterolemia (20, 22). Appar- 
ently, sitosterolemic cholesterol synthesis is so low that 
further inhibition of HMG-CoA reductase does not in- 
crease LDL receptor function. With this in mind, hyper- 
cholesterolemic patients who do not respond to therapeu- 
tic doses of lovastatin should have their plasma sterols 
tested by gas-liquid chromatography as the failure to 
respond to lovastatin may indicate sitosterolemia (20, 22). 

Inherited abnormality 
At the present time, the principal inherited defect has 

not been established with certainty. However, three ab- 
normal mechanisms, hyperabsorption of sitosterol, de- 
creased sitosterol elimination, and reduced cholesterol 
synthesis, have been linked to the pathogenesis of sito- 
sterolemia and predisposition to atherosclerosis. The 
hyperabsorption of sitosterol and other dietary sterols 
from the intestine is well documented, but by itself will 
not cause the enormous sitosterol pools in this disease. 
Sitosterolemic heterozygotes also hyperabsorb sitosterol 
but do not accumulate the plant sterol (24). Not until the 
intestinal pathway for cholesterol absorption is elucidated 
will the mechanism for sitosterol hyperabsorption be 
understood. 

To date, all sitosterolemic homozygotes show dimin- 
ished hepatic secretion of sitosterol and cholesterol. Bile 
contains reduced amounts of both sitosterol and choles- 
terol, and biliary sterol excretion is further decreased 
when dietary intake is restricted (25). Clearly, the com- 
bination of decreased removal with increased absorption 
accounts for the gigantic sitosterol and other plant sterol 

A third key feature of the disease is abnormal regula- 
tion of cholesterol biosynthesis. We have demonstrated 
that reduced cholesterol synthesis results from a defi- 
ciency of HMG-CoA reductase in the liver and mono- 
nuclear cells of sitosterolemic subjects (38, 43), and that 
HMG-CoA reductase mRNA is barely detected in the 
liver. LDL receptor function is enhanced in most sito- 
sterolemic homoyzgotes to provide cellular sterols. At- 
tempts to stimulate cholesterol synthesis (HMG-CoA 
reductase) by inducing bile acid malabsorption (cho- 
lestyramine or ileal bypass surgery) or a low sterol diet did 
not increase HMG-CoA reductase activity in freshly iso- 
lated mononuclear cells (20, 22). Thus, the up-regulation 
of cholesterol synthesis is prevented in sitosterolemia. 

Moreover, it is important to emphasize that HMG- 
CoA reductase activity and the expression of LDL recep- 
tors are normally regulated in the same direction. In 
other words, factors stimulating HMG-CoA reductase in- 
crease the number of LDL receptors (41, 43). In contrast, 
sitosterolemic mononuclear cells and liver show dimin- 
ished HMG-CoA reductase activity and enzyme mass in 
combination with increased LDL receptor expression (20, 
22, 38, 43). These observations lead us to believe that the 

pools. 
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inherited defect in sitosterolemia involves an abnormality 
of the HMG-CoA reductase gene. 

However, at this time it is still not possible to establish 
which mechanism is primary. It still is possible that en- 
hanced sitosterol absorption and accumulation are pri- 
mary events. Therefore, low cholesterol synthesis and en- 
hanced receptor function may conceivably relate to the 
accumulated sterols and stanois and/or an oxygenated 
derivative. However, Boberg, Akerlund, and Bjorkhem 
(44) have reported that sitosterol is not an effective feed- 
back inhibitor of HMG-CoA reductase, and Shefer et al. 
(45) noted that cholestanol feeding actually increases 
HMG-CoA reductase activity in rat liver. Thus, neither 
cholestanol nor sitosterol are down-regulators of choles- 
terol biosynthesis. 

Summary 

Sitosterolemia is a rare inherited lipid storage disease 
characterized chemically by the accumulation of plant 
sterols and 5a-saturated stanols in plasma and tissues. 
Very low cholesterol synthesis due to a deficiency of 
HMG-CoA reductase associated with increased intestinal 
plant sterol absorption and slow hepatic sterol removal 
are major biochemical features. Because cholesterol syn- 
thesis cannot up-regulate, bile acid malabsorption mobil- 
izes body sterols for bile acid synthesis and dramatically 
lowers plasma and monocyte sterol concentrations and 
may halt the progression of the atherosclerotic process. I 
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