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Summary, The effects of two different plant sterols on in- 
testinal cholesterol absorption were compared in normal 
volunteers by an intestinal perfusion study during a con- 
trol period followed by high dose infusion of sitosterol or 
sitostanol (3.6 gmol/min), to which subjects were allo- 
cated in a randomized manner. Cholesterol absorption 
during the control period was similar in the two groups, 
averaging 0.88 + 0.48 gmol/min (32 + 11%) for group I 
(sitosterol) and 0.68 + 0.33 gmol/min (29 _+ 9%) for 
group II (sitostanol). The infusion of a high dose of sito- 
sterol resulted in a significant reduction of cholesterol ab- 
sorption to 0.47 gmol/min (16%). Following the same 
dose of sitostanol, cholesterol absorption diminished sig- 
nificantly to 0.15 + 0.11 gmol/min (5.1 +2.9%). Overall 
cholesterol absorption declined during sitosterol infusion 
by almost 50%, whereas sitostanol infusion caused a re- 
duction of cholesterol absorption by almost 85%. These 
findings of a more effective inhibition of cholesterol ab- 
sorption by sitostanol might confirm the observation re- 
corded by others that an increase in hydrophobicity of a 
plant sterol results in a higher affinity but lower capacity 
to mixed micells. This may cause an effective displace- 
ment of cholesterol from micellar binding and therefore 
diminished cholesterol absorption. 
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Cholesterol enters the intestinal tract from two major 
sources, the diet and bile. In man the total amount of die- 
tary plus biliary cholesterol ranges from 750 to 
3000 mg/day [1-3]. Between 20% and 70% of this choles- 
terol will be absorbed [2-4] after solubilization in mixed 
micelles containing bile salts, mono-, and diglycerides, 
fatty acids and lysolecithin. Thus bile salt or pancreas li- 
pase deficiency, disruption of micelles, or competition 
with cholesterol uptake in the micelles will reduce choles- 
terol absorption and probably serum cholesterol. 
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In 1951, Peterson [5] reported for the first time that the 
increase of plasma cholesterol levels in chickens caused by 
cholesterol feeding can be prevented by including 1% soy- 
bean sterols in the diet. Since then, numerous studies have 
confirmed a hypocholesterolemic action of plant sterols, 
especially sitosterol [6-11]. Plant sterols are structurally 
related to cholesterol, but differ in their nuclear and/or 
side chain configuration or polar groups (Fig. 1). Addition 
of a methyl or ethyl group at the 24 carbon atom of choles- 
terol leads to campesterol or sitosterol, respectively. 
These two sterols, together with stigmasterol, are the most 
frequent plant sterols in nature. Chemical saturation of 
the delta 5 double bond leads to the 5 alpha position of the 
hydrogen atom (i. e., campestanol or sitostanol), whereas 
enzymatic transformation by bacteria in the intestine 
leads to the 5 beta position (i.e., methylcoprostanol, 
ethylcoprostanol). In contrast to cholesterol, plant sterols 
are absorbed to a lesser extent. Animal experiments and 
studies in human beings have suggested that less than 5% 
of ingested sitosterol is absorbed [12]. The absorption rate 
of campesterol is much higher, and substantial plasma le- 
vels have been measured [9]. In contrast, several studies 
have indicated that sitostanol is not absorbed at all [13- 
15], and feeding of this saturated plant sterol seems to 
have a more pronounced effect on reduction of serum 
cholesterol than does sitosterol [14-17]. In order to con- 
firm the mode of action of sitostanol as inhibitor of intesti- 
nal cholesterol absorption, a comparison of sitostanol 
with sitosterol on intestinal cholesterol absorption was 
performed in man, using an intestinal perfusion technique 
described by Grundy and Mok [2]. 

Materials and methods 

Patients 

Nine male volunteers participated in the present investigation. Six 
subjects were studied during infusion of one plant sterol, whereas 
three participated during infusion of both plant sterols on two occa- 
sions. All volunteers had normal liver function tests, and none 



$60 

Side chain variations 

Cholesterol 
(~. 5-cholesten-31]-ol) 

CH 3 

Campesterol 
(24a-methyl-Z~ 5-cholesten-3B-ol) 

Nuclear variations 

l 1 
CH3 

Cholestanol Campestanol 
(5a-cholestan-3B-ol) (24a-methyl-5a-cholestan-38-ol) 

T. Heinemann et al.: Plant sterols and cholesterol absorption 

CH3 

Sitosterol 
(24a-ethyl- A 5-cholesten-3~-ol) 

I CH a 

Sitostanol 
(24a-ethyl-5a-cholestan-3 B-ol) 

Ng. 1. Conventional chemical 
configurations of cholesterol, 
campesterol, sitosterol and the 
delta 5 saturated compounds. 
Side chain variations reflect the 
presence of a methyl or ethyl 
group at the 24aposition. 
Nuclear variations reflect the 
absence of the single double 
bond and the hydrogen at the 5 a 
position 

showed any evidence of diabetes, thyroid dysfunction, or gastroin- 
testinal diseases. Clinical data of all subjects and concentrations of 
serum lipids are given in Table 1. The study was conducted in accord- 
ance with the principles of the Helsinki Declaration, and written in- 
formed consent was obtained from each subject. 

Experimental design 

Measurements of biliary secretion and absorption of cholesterol 
were performed by a combination of the procedure developed by 
Grundy and Metzger [1] for biliary lipid secretion and the choleste- 
rol absorption method of Grundy and Mok [2], as described pre- 
viously [18]. The subjects were intubated with a triple-lumen polyvi- 
nyl tube on the evening before the study. After an overnight fast, the 
tube was placed by X-ray guidance with the most proximal outlet op- 
posite to the ampulla of Vater and the second 10 cm distal to it. The 
third outlet was 50 cm beyond the second one. 

A liquid formula diet containing 36% of calories as fat, 16% as 
protein and 48% as carbohydrates (Nutrodrip, Wander GmbH, Ost- 
hofen, FRG) was infused continuously at a constant rate of i ml/kg 
per h (1 ml = 1.07 kcal) through the most proximal lumen by a motor 
pump. Sitosterol dissolved in triglyceride monoleate was infused 
through the proximal lumen as a nonabsorbable marker at a dose of 
0.8 gmol/min (Delalande, Cologne, FRG). The experimental design 
provided an initial equilibration period of 4 h for gallbladder con- 
traction and stabilization of the enterohepatic circulation. There- 
after, 5-ml aliquots were collected by continuous aspiration from the 
second proximal and distal outlet every 30 min throughout the con- 
trol period of 4 h. After the control period, sitosterol infusion was 
discontinued and either sitosterol (group 1) or sitostanol (group 2) 
was infused at a dose of 3.6 gmol/min through the proximal lumen. 
After another equilibration period of 1 h, samples were again col- 
lected from the two distal outlets every 30 min for the next 4 h. Using 
this procedure, six subjects were studied during high-dose sitosterol 
and six subjects during high-dose sitostanol infusion. Allocation was 
performed in a random manner. 

After sampling, 5 ml of each sample was immediately added to 
5 ml ethanol. After alkaline hydrolysis and extraction of cholesterol 
and the plant sterols with hexane, cholesterol, sitosterol and sitosta- 
nol were quantified by gas liquid chromatography from their tri- 
methylsilylethers using 5-c~-cholestane as an internal standard [19]. 

Complete separation of all sterols was achieved. After each study, 
the motor pumps were equilibrated for calculation of exact infusion 
rates. 

Calculation of cholesterol secretion 
and cholesterol absorption 

The ratios of cholesterol to sitosterol or sitostanol measured at 
the second proximal outlet and the known amount of sito- 
sterol(0.Sgmol/min or 3.6gmol/min) or sitostanol infusion 
(3.6 gmol/min), were used to calculate the total input of cholesterol. 
It was then possible to calculate cholesterol absorption from the dif- 
ference between cholesterol input and the disappearance of choles- 
terol relative to sitosterol or sitostanol, measured at the third outlet. 

Statistical analysis 

The results are expressed as means + SD. Differences between the 
control period and high-dose sitosterol or sitostanol infusion were 
compared with the Wilcoxon signed rank test. Differences between 
the different groups were compared with the Mann-Whitney U-test. 

Table L Clinical data of the volunteers and serum lipoprotein con- 
centrations 

Subject Age Weight Ideal Cholesterol (mg/dl) b 

(years) (kg) weight" Total LDL HDL TG 
(%) 

1 50 74 93 183 71 90 61 
2 43 83 121 272 137 48 243 
3 48 77 117 141 95 38 89 
4 48 100 118 308 169 61 389 
5 47 95 117 219 146 53 102 
6 58 65 134 242 162 61 96 
7 50 78 105 237 145 44 239 
8 50 74 108 285 197 64 120 
9 63 76 122 343 271 43 147 

" Ideal body weight = weight (kg)/[height (cm) - 100 - 10%] x 100 
b Each value shown is the mean of two determinations 
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Fig. 2 a, b. Cholesterol absorption during infusion of a sitosterol and 
h sitostanol, each at a dose of 3.6 gmol/min 

Results  

Biliary secretion of cholesterol during the control period 
was statistically no different in group I and group II aver- 
aging 2.63 + 0.76 gmol/min and 2.22 + 0.45 gmol/min, re- 
spectively (Table 2). During infusion of a high dose of si- 
tosterol (3.6 gmol/min), cholesterol input calculated from 
the second proximal outlet located 10 cm distal to the pa- 
pilla of Vater increased in five of six subjects, on an aver- 
age to 2.96 gmol/min (+  12.5%). This increase in choles- 
terol input reached statistical significance ( P <  0.05). 
Infusion of sitostanol (3.6 gmol/min) was followed by an 
even greater increase in cholesterol flow. This increase 
was also significant (P < 0.01) and averaged 23.9%. How- 
ever, the difference between the increase of cholesterol 
input in group I and group II was not significant. 

A representative study of the effect of high-dose infu- 
sion of sitosterol and sitostanol is shown in Fig. 2. Infusion 
of a high dose of sitosterol was followed by a consistent re- 
duction in cholesterol absorption. In contrast, during infu- 
sion of sitostanol in a similar dose cholesterol absorption 
was almost completely blocked. 

Absolute values and percentages of cholesterol ab- 
sorption in all subjects during the control periods and 
high-dose sitosterol or sitostanol infusion are summarized 
in Table 3. Cholesterol absorption during the control peri- 
od was not different in groups I and II, averaging 
0.88 + 0.48 gmol/min and 0.68 + 0.33 gmol/min (32 + 11% 
and 29 + 9% ), respectively. Sitosterol infusion was associ- 

$61 

ated with a reduction in absorption of cholesterol, on an 
average to 0.47 ~tmol/min. The percentage of cholesterol 
absorption was also reduced significantly to 16% 
(P < 0.05). Thus, infusion of sitosterol at 3.6 gmol/min re- 
sulted in an overall reduction of 50% in intestinal choles- 
terol absorption. When sitostanol was infused at 
3.6 gmol/min, cholesterol absorption declined significant- 
ly, from 0.68 + 0.33 gmol/min during the control period to 
0.15 + 0.11 gmol/min during sitostanolinfusion (P < 0.01). 
The percentage of cholesterol absorption was also mar- 
kedly decreased with sitostanol infusion, from 29 + 9% to 
5.1 + 2.9% (P < 0.01). Overall cholesterol absorption dur- 
ing sitostanol infusion diminished by almost 85%. This ef- 
fective inhibition of cholesterol absorption occurred even 
though the input of cholesterol was increased significantly 
(Table 2). Compared with the results obtained with high- 
dose sitosterol infusion, the mass and percentage of cho- 
lesterol absorption was inhibited more effectively by si- 
tostanol infusion (P < 0.05). 

Discuss ion  

The purpose of the present study was to compare two dif- 
ferent plant sterols - sitosterol and sitostanol - for their 
potency of inhibition of intestinal cholesterol absorption 
in man. The technique of intestinal intubation for meas- 
urement  of cholesterol absorption has been described 
elsewhere [2, 18] and has been validated by another  
method [3]. The perfusion technique has an advantage in 
that it allows for direct measurement of the mass and the 
percentage of biliary cholesterol absorption. In addition, 
absorption of both endogenous (biliary) and exogenous 
(dietary) cholesterol entering the intestinal tract can be 
determined. The possibility of differentiating between the 
mass and the percentage of biliary cholesterol absorption 
might be important, because the hepatic secretion of cho- 
lesterol can vary and a change in biliary cholesterol secre- 
tion must be followed by a change in either percentage or 
mass of cholesterol absorption or both. Infusion of choles- 
terol with a liquid formula can also be changed to vary 
cholesterol input. In the present study cholesterol infusion 

Table 2. Mean input of cholesterol during control period and infu- 
sion of sitosterol (group I) and sitostanol (group II) in a dose of 
3.6 gmol/min 

Cholesterol input gmol/min (mean -+ SD) a 

Group I Group II 

Subject Control Sitosterol Subject Control Sitostanol 

1 1.92_+0.80 2.21_+0.53 1 1.83 +0.45 2.28+0.52 
2 3.63 +0.50 3.72+0.39 2 2.01+ 0.25 2.41+ 0.28 
3 2.44+0.39 2.68 + 0.44 3 2.57 + 0.51 2.72+ 0.53 
4 3.21+1.03 3.67+0.14 7 1.73+0.18 1.80+0.67 
5 2.96-+0.59 2.97_+0.54 8 2.32_+0.29 4.17_+1.19 
6 1.68_+0.26 2.53-+0.63 9 2.87-+0.41 3.14+0.53 
Mean 2.64 2.96 b 2.22 2.75 b 

+ SD 0.76 0.62 0.45 0.83 

Values for each subject represent the average for eight determina- 
tions during the steady state period of formula infusion 
b Significantly different from corresponding control values 
(P < 0.05) 
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Table 3. Mean cholesterol absorption during control period and in- 
fusion of sitosterol (group I) and sitostanol (group II) in a dose of 
3.6 gmol/min 

Cholesterol absorption [gmol/min (%)] 

Group I Group II 

Subject Control Sitosterol Subject Control Sitostanol 
1 0.58 30 0.42 19 1 0.49 28 0.08 3.5 
2 1.73 48 0.84 23 2 0.39 19 0.02 1.7 
3 1.06 43 0.42 16 3 1.02 40 0.26 9.5 
4 0.90 28 0.62 17 7 0.49 26 0.12 4.9 
5 0.64 22 0.27 9.1 8 0.50 22 0.31 7.6 
6 0.39 23 0.24 10 9 1.17 41 0.12 3.5 

Mean 0.88 32 0.47 a 16 a 0.68 29 0.15"'b5.1 a'b 
+SD 0.48 11 0.23 5 0.33 9 0.11 2.9 

a Significantly different from corresponding control values 
(P < 0.05). 
b Significantly different from absorption during sitosterol infusion 
(P < 0.01). 

with the liquid formula remained constant and was less 
than 0.3 gmol/min. Thus, the change in cholesterol ab- 
sorption observed in the present study was due to changes 
in biliary cholesterol absorption. 

Previously, some investigators have reported the ef- 
fect of sitosterol on cholesterol absorption in man [6, 19]. 
In general, a reduction of between 25% and 65% in cho- 
lesterol absorption could be observed. This magnitude of 
inhibition of cholesterol absorption by sitosterol was con- 
firmed in the present investigation. Studies with sitostanol 
in man are lacking, but sitostanol has been compared pre- 
viously with sitosterot for inhibition in cholesterol absorp- 
tion and serum cholesterol in experimental animals [13, 
16, 17]. Sugano and coworkers [14] added 0.5% of choles- 
terol to rat diet and observed an increase in serum choles- 
terol. Addition of 0.5% of sitosterol diminished the in- 
crease in serum cholesterol, but the addition of 0.5% of 
sitostanol produced a significantly greater effect. These 
authors and others [13] were able to prove by fecal excre- 
tion or lymphatic drainage that sitostanol is almost unab- 
sorbable, in contrast to small amounts of sitosterol, which 
can always be detected in human blood. 

In the present study a direct comparison of sitosterol 
with sitostanol on intestinal cholesterol absorption con- 
firmed a marked effect of sitostanol on inhibition of choles- 
terol absorption in man, although these two plant sterols 
differ only in the double bond in the B ring. It has been 
noted before that modification of the sterol nucleus has a 
profound influence on its absorbability. For example, cho- 
lestanol, generated by hydrogenation of the double bond in 
the B ring of cholesterol, is absorbed to a lesser extent than 
cholesterol [20], although whether it inhibits cholesterol 
absorption is not known. In addition, in animal experi- 
ments it has been demonstrated that an inverse relation- 
ship exists between the intestinal absorbability of plant 
sterols and their effects on inhibition of cholesterol 
absorption [13]. This relationship could be one explanation 
for the present results obtained with sitostanol. Another 
explanation could be derived from re cent in vitro studies by 
Armstrong and Carey [21]. These investigators observed a 
close relationship between hydrophobicity of neutral ste- 
rols and number of side chain carbon atoms on the one hand 
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and decrease of micellar solubility on the other. Moreover, 
the sitosterol binding on trihydroxy bile salt micelles 
seemed to be energetically favored compared with choles- 
terol. These findings of a high affinity but low capacity of 
hydrophobic plant sterols for micelles may cause an effec- 
tive displacement of cholesterol from micellar binding. If 
these authors are correct in supposing that hydrogenation 
of the delta-5-nucleus double bond leads to a moderate en- 
hancement of the hydrophobicity of sterols, their findings 
could explain why sitostanol is more effective in inhibition 
of cholesterol absorption than sitosterol. 

Another interesting finding was observed in the pres- 
ent study, which is worthy of discussion. Cholesterol input 
measured at the second proximal opening increased signi- 
ficantly during high-dose infusion of both plant sterols. 
How can we account for this increased flow of cholesterol 
with high-dose infusion of sitosterol and sitostanol? Three 
possibilities might be considered. 

First, biliary cholesterol output increased during the 
second part of the infusion because of the long duration of 
the study (13 h). However, previous studies have clearly 
indicated that biliary cholesterol secretion is quite con- 
stant during continuous liquid formula infusion, even over 
a longer period [1, 3]. 

A second possibility must also be considered. Both 
plant sterols decrease the absorption of cholesterol. 
Therefore less cholesterol is incorporated into chylo- 
microns and returns to the liver. As a consequence, choles- 
terol synthesis in the liver might increase, resulting in a 
higher biliary cholesterol secretion. Although long-term 
inhibition of cholesterol absorption stimulates cholesterol 
synthesis, it seems unlikely that the short period of re- 
duced cholesterol absorption (5 h) will be enough to 
stimulate cholesterol synthesis and thereby cholesterol 
output. 

The third possible explanation for why both plant ste- 
rols increase cholesterol input at the second proximal 
outlet seems more plausible. From the results of the pres- 
ent study there is no doubt that infusion of sitosterol or 
sitostanol in a dose of 3.6 gmol/min results in inhibition 
of cholesterol absorption between the second proximal 
and the distal outlets. Why should the plant sterols not in- 
hibit cholesterol absorption even between the site of the 
infusion, the first proximal opening adjacent to the am- 
pulla of Vater, and the aspiration site 10 cm distal to it? 
This explanation for an increase in cholesterol flow is a 
logical consequence from the results of the current study. 
Under these circumstances, cholesterol absorption dur- 
ing the control period is underestimated. Taking into ac- 
count that on an average 23% of cholesterol is absorbed 
in the 10-cm mixing segment (difference in cholesterol 
input in group II between sitostanol infusion and the con- 
trol period), cholesterol flow has to be corrected for this 
factor, resulting in higher rates of cholesterol absorption. 
Thus cholesterol absorption in subjects of group I (sito- 
sterol) would decline from 45% to 16% (an overall 
reduction of 64%) and in subjects of group II (sitosta- 
nol) from 42% to 5.1% (a reduction of 88%). Moreover, 
all previous studies for measurement of biliary secre- 
tion of cholesterol might have underestimated the 
amount of hepatic cholesterol output because of choles- 
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te ro l  ab so rp t i on  in the  mix ing  segment .  F u r t h e r  s tudies  
using h igh-dose  s i tos tano l  as a m a r k e r  will c lar i fy this 
possibil i ty.  
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