








HMG CoA REDUCTASE mRNA 
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-1 8s 
RELATIVE 
AMOUNT 

1. TC + OA 1 .o 
2. TC + OA + CHOLESTEROL 0.2 
3. TC + OA + P-SITOSTEROL 0.5 
4. TC + OA + CHOLESTEROL + PSITOSTEROL 0.4 

Fig. 8. Effect of micellar cholesterol and/or pitosterol on  H M G  
CoA reductase mRNA. Cells were incubated at 37OC for 18 h with (1) 
5 mM taurocholate + 250 ~ L M  oleic acid, (2) 5 mM taurocholate + 
250 ~ L M  oleic acid + 200 p~ cholesterol, (3) 5 mM taurocholate + 
2.50 p~ oleic acid + 200 p~ pitosterol, or (4) 5 mM taurocholate 
+ 250 p~ oleic acid + 2 0  p~ cholesterol + 200 p~ pitosterol. The 
reductase mRNA in the cell homogenates wa.. estimated by Northern 
blot as described in Methods. A representative blot from 4 replicates 
is shown. 

terol within micelles would lead to a decrease in the 
uptake of cholesterol by the absorptive cell (24,25). Re- 
sults in animal and human studies have suggested that 
this is the likely mechanism to explain why excess inges- 
tion of psitosterol leads to a decrease in cholesterol ab- 
sorption (7, 26). If, however, cholesterol uptake from 
the intestinal lumen is mediated by a specific transport 
protein as suggested by Thumhofer and Hauser (27), 
it is possible that bitosterol competes with cholesterol 
for this protein. The present data cannot prove or re- 
fute either hypothesis. What is clear, however, is that in 
CaCo-2 cells, psitosterol does interfere with the amount 
of cholesterol taken up by the cell. The experiment that 
was performed to support this conclusion requires fur- 
ther explanation (Fig. 3). In this experiment, at early 
time points, more labeled cholesterol was associated 
with cells incubated with micelles containing both c h e  
lesterol and bitosterol than cells incubated with cho- 
lesterol alone, suggesting that psitosterol caused an 
increase in the uptake of labeled cholesterol. In a micel- 
lar solution containing labeled cholesterol and equal 
amounts of unlabeled psitosterol, more cholesterol 
would be in the aqueous phase and accessible for ex- 
change with cholesterol of the plasma membrane. Be- 
cause exchange occurs rapidly depending upon the 
concentration of the donor particle (28), this would ex- 
plain why the amount of labeled cholesterol associated 
with cells appeared to plateau early in the incubation 
and increased only slowly thereafter. In contrast, in cells 
incubated with micelles containing only cholesterol, the 
amount of labeled cholesterol associated with cells due 
to exchange would be less, thus resulting in the ob- 

served timedependent uptake of labeled cholesterol. 
Nonetheless, because plasma membrane cholesterol is 
used for normal lipoprotein assembly during lipid flux 
(14), the inclusion of psitosterol in micelles containing 
cholesterol will result in a decrease in the uptake of mi- 
cellar cholesterol; less plasma membrane cholesterol 
will move to the endoplasmic reticulum and less unes- 
terified and esterified cholesterol will be secreted in a 
lipoprotein particle. 

It is well established that plant sterols are poorly ab- 
sorbed by the gut (1). Although we show here that 
CaCo-2 cells take up psitosterol at their apical mem- 
brane, it must be recognized that uptake of a sterol by 
an intestinal cell cannot be equated with absorption. 
Uptake is obviously necessary for absorption of bitos- 
terol to occur, but absorption also requires that the 
plant sterol be incorporated normally into a lipoprotein 
particle and then be secreted within this particle into 
mesenteric lymphatics. It has been estimated that the 
absorption of bitosterol by the small intestine is a p  
proximately one-tenth that of cholesterol (1). In the 
present study, the uptake of psitosterol by CaCo-2 cells 
was one-half that of cholesterol. Moreover, in line with 
what we and others have observed regarding the lack 
of intracellular esterification of pitosterol (4, 5, 29), 
essentially no esterified psitosterol was observed within 
cells and no psitosterol esters were recovered in the ba- 
solateral media. In addition, the transport of unesteri- 
fied psitosterol was negligible to that of unesterified 
cholesterol suggesting that although CaCo-2 cells do 
take up psitosterol, they lack a mechanism to effectively 
transport the plant sterol into the basolateral medium. 

The effect of micellar psitosterol on cholesterol me- 
tabolism was somewhat unexpected. We initially postu- 
lated that the influx of plasma membrane cholesterol 
to the endoplasmic reticulum and the ensuing expan- 
sion of “regulatory cholesterol pools” would be re- 
quired for regulating both ACAT and HMGCoA reduc- 
tase activities. For the regulation of ACAT activity, this 
tumed out to be true. In CaCo-2 cells, similar to what 
has been observed in other cell types, cholesterol of the 
plasma membrane is the major substrate for ACAT (30- 
34). Normal cholesterol trafficking from the plasma 
membrane to the endoplasmic reticulum appears to be 
the important pathway for supplying substrate for 
ACAT. Although more data will be required to establish 
other possible mechanisms for ACAT regulation, most 
data to date would suggest that ACAT is regulated by 
substrate supply (35, 36). Thus, a molecule that in- 
creases the delivery of plasma membrane cholesterol to 
the endoplasmic reticulum will result in an increase in 
ACAT activity. The present results support that postu- 
late. As we have shown previously and further con- 
firmed in the present study, ACAT activity, as estimated 

F+M, B m ,  and Mnlhtir fbsitosterol and cholesterol metabolism 357 

 by guest, on M
ay 7, 2013

w
w

w
.jlr.org

D
ow

nloaded from
 



by direct measurement of activity and oleic acid incor- 
poration into cellular cholesteryl esters, was increased 
in CaCo-2 cells incubated with micelles containing cho- 
lesterol (37). This was associated with a marked increase 
in the movement of plasma membrane cholesterol to 
the endoplasmic reticulum. In contrast, in cells incu- 
bated with micelles containing psitosterol or stigmas- 
terol, which do not cause cholesterol influx, ACAT ac- 
tivity was not altered. Campesterol, however, a plant 
sterol that does cause an increase in the influx of plasma 
membrane cholesterol, increased the activity of ACAT. 
As one might expect from these results, the inclusion 
of psitosterol within a micelle containing cholesterol 
will cause less cholesterol to be taken up, cause less cho- 
lesterol to influx from the plasma membrane to the 
endoplasmic reticulum, and cause an attenuation of 
ACAT activity compared to cells incubated with choles- 
terol alone. The results, therefore, are very consistent 
with what is already known about the regulation of cel- 
lular ACAT activity. 

In cells incubated with micelles containing oleic acid 
and cholesterol, cholesterol synthesis and HMGCoA re- 
ductase activity were significantly decreased. This makes 
good sense and agrees with results from others demon- 
strating a decrease in intestinal cholesterol synthesis 
after the ingestion of cholesterol (38). Unexpectedly, 
however, cholesterol synthesis was also decreased in 
cells incubated with micelles containing psitosterol. As 
micellar 0-sitosterol did not promote the influx of 
plasma membrane cholesterol and, therefore, would 
not be expected to expand intracellular pools of choles- 
terol, one cannot invoke a change in cholesterol traf- 
ficking to explain this effect. In addition, reductase ac- 
tivity was also decreased in cells incubated with micelles 
containing stigmasterol, another related plant sterol 
that did not alter cholesterol influx. A decrease in re- 
ductase activity in cells incubated with micellar psitos- 
terol was associated with a decrease in reductase mass 
and mRNA levels. In studies done in livers and isolated 
mononuclear cells from individuals with p-sitosterol- 
emia, HMGCoA reductase activities were decreased 
and LDL binding was increased, compared to controls 
(12, 13). Additionally, hepatic mRNA levels of reduc- 
tase and enzyme mass were decreased as well. Although 
it is unclear why there is a decrease in the expression 
of HMGCoA reductase in individuals with p-sitosterol- 
emia, it has been postulated that there is an inherent 
defect in the gene for the enzyme (12). This presump- 
tion is based on previous data showing that @sitosterol, 
added in ethanol, does not regulate HMGCoA reduc- 
tase activity in cultured fibroblasts (39) or in livers of 
rats infused intravenously with Intralipid containing 0- 
sitosterol (40). If these observations can be applied to 
intestine and to our present results in CaCo-2 cells (that 

psitosterol does not have a direct effect on reductase 
activity), then other mechanisms must be entertained 
for our observations. It would be unlikely that psitos- 
terol is metabolized to a more polar sterol within the 
cell. In data not shown, analysis by gas-liquid chroma- 
tography of cells and medium prior to and after incuba- 
tion with psitosterol revealed no qualitative or quantita- 
tive changes to the sterol. Moreover, if this were a 
potential mechanism, ACAT activity would be increased 
and more cholesterol would move from the plasma 
membrane to the endoplasmic reticulum for esterifica- 
tion (unpublished observations in CaCo-2 cells). This 
did not occur. Although the present results suggest that 
p-sitosterol does not cause the influx of plasma mem- 
brane cholesterol, it remains possible that the plant ste- 
rol alters the flux of cholesterol in another intracellular 
pool that regulates reductase but not ACAT activity. 

When sterols accumulate within cells, membrane pro- 
teins that bind to the sterol-regulatory element of the 
HMGCoA reductase gene escape proteolysis and hence 
do not bind to the promoter. This leads to suppression 
of gene transcription for reductase (41). It is possible 
that high concentrations of psitosterol within the cell 
could also interfere with proteolysis of a regulatory 
binding protein or proteins thus causing a decrease in 
HMGCoA reductase expression. In the previous studies 
cited, it would be unlikely that sufficient plant sterol was 
taken up to cause regulation of reductase activity (39, 
40). 

In previous studies from our laboratory, we have dem- 
onstrated that unlike fatty acids, phosphatidylcholine, 
or lysophosphatidylcholine, which cause an increase in 
apoB secretion, cholesterol does not induce lipopro- 
tein secretion (19, 42). Likewise, in the present study, 
psitosterol had no effect on the secretion of apoB by 
CaCo-2 cells. In individuals with psitosterolemia, there 
are no recognized nutritional deficiencies and lipid ab- 
sorption by the small intestine appears to be normal (8, 
9). Moreover, treating hypercholesterolemic patients 
with gram quantities of psitosterol does not alter 
plasma triacylglycerol levels and has no observed nutri- 
tional side effects (26). We would conclude, therefore, 
that like cholesterol, plant sterols do not alter the num- 
ber of lipoprotein particles secreted by the intestine. 
The data would suggest, however, that in individuals in- 
gesting large amounts of p-sitosterol as a lipid lowering 
agent, lipoprotein particles secreted by the intestine will 
be deficient in cholesteryl esters. l  
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