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Abstract Purpose: The objective of this study was to
determine how a novel hydrophilic phytostanol (FM-VP4)
affects the cellular accumulation of [3H]cholesterol in
human colon carcinoma (Caco-2) cell monolayers grown
in Transwell® chambers. Methods: To determine cellular
accumulation of cholesterol and FM-VP4, [3H]cholesterol-
containing micelles (50 µM cholesterol containing
1.27x10-4 % [3H]cholesterol) or [3H]FM-VP4 (50 µM)
was incubated on the apical side of differentiated Caco-2
cell monolayers for 1 to 4 h at 37° C in the absence or
presence of increasing concentrations (10-200 µM) of
unlabeled FM-VP4  or cholesterol, respectively. Results:
The accumulation of [3H]cholesterol (presented in
micelles) into Caco-2 cell monolayers in the presence of 50
µM FM-VP4 was significantly lower (33.7 ± 7.0%) com-
pared to control (59.8 ± 5.2%, p<0.05) following 4 h of
incubation. Conversely, cholesterol inhibited the accumula-
tion of [3H]FM-VP4, although to a lesser extent, suggest-
ing competition for binding sites. The inhibitory effects of
FM-VP4 and cholesterol on each other were detectable
after 1 h of incubation and increased with time. The extent
of FM-VP4 inhibition of [3H]cholesterol accumulation was
consistent whether FM-VP4 was co-incorporated into
micelles or added separately in solution, suggesting that
FM-VP4 does not elicit its effects through inhibition of
cholesterol incorporation into micelles. In addition, pan-
creatic lipase activity ([3H]triolein hydrolysis) and p-glyco-
protein (rhodamine 123 fluorescence) activity, were not
affected by FM-VP4. Conclusions: In conclusion, FM-
VP4 rapidly inhibits cholesterol accumulation within
Caco-2 cell monolayers in a mode independent of pancre-
atic lipase activity, p-glycoprotein activity or cholesterol
incorporation in micelles. 

INTRODUCTION

Plant sterols (known as phytosterols) and their analogues
have been shown to reduce plasma cholesterol by decreas-
ing the absorption of cholesterol from the gut (1-3) and
thus may potentially reduce the risk of developing athero-
sclerosis and coronary heart disease. Recently our labora-
tory has synthesized a novel hydrophilic phytosterol
analogue, FM-VP4, which is a water-soluble chemical
entity that is derived from sterols through specific chemi-
cal modifications (Figure 1).

Figure 1: Chemical Structure of FM-VP4, composed of
sitostanol- and campestanol-ascorbyl-phosphate. For FM-
VP4 accumulation studies, FM-VP4 was tritiated at two
sites, as shown.

FM-VP4 has been shown to reduce cholesterol absorption
and turnover in the bloodstream of rats (3). Further stud-
ies have demonstrated that FM-VP4 has15 times 15-fold
greater cholesterol inhibition activity than free sterols (2,3). 

Numerous studies have been published (4-30) in which
various other phytosterol mixtures were used to reduce
plasma cholesterol levels without modifying plasma HDL-
cholesterol nor triglyceride levels. Our laboratory has
reported similar findings following a 30-day and 60-day
treatment with FM-VP4 in gerbils (2,31). In addition, in
these studies Additionally, low-density lipoprotein (LDL)-
cholesterol levels were decreased to a relatively greater
extent than total plasma cholesterol levels without evi-
dence of renal and liver toxicity (31). In another study our
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laboratory observed that when rats were co-administered
FM-VP4 with radiolabeled and cold unlabeled cholesterol
incorporated into a lipid emulsion (Intralipid), the area
under [3H]cholesterol concentration versus time curve and
maximum plasma concentration of [3H]cholesterol were
decreased in a dose-dependent manner (3). Taken together
these studies suggest that FM-VP4 is a potent inhibitor of
cholesterol absorption and transport into the blood. How-
ever, the mechanism(s) by which this compound decreases
cholesterol gastrointestinal absorption, resulting in lower
total plasma and LDL cholesterol levels, remains
unknown. 

One possible explanation for these findings may be a
result of inhibition and/or displacement by FM-VP4 of
cholesterol from cholesterol-containing micelles formed
with bile acids in the gut, by FM-VP4 resulting in less cho-
lesterol being available for absorption. To test this hypoth-
esis, the effect of FM-VP4 on pancreatic lipase activity, an
enzyme that breaks down triglycerides into fatty acids
required to form cholesterol micelles, was determined. In
addition, using transmission electron microscopy (TEM),
cholesterol micelle formation and integrity were deter-
mined in the presence and/or absence of absence and
presence FM-VP4. 

Alternatively, FM-VP4 may competitively inhibit the accu-
mulation of cholesterol from micelles into intestinal epi-
thelial cells once contained within micelles it is possible
that cholesterol’s subsequent uptake into intestinal epithe-
lial cells might well be competitively inhibited by FM-VP4.
To test this hypothesis, cholesterol micelles containing
unlabeled cholesterol as well as trace amounts of [3H]cho-
lesterol were incubated with human colon carcinoma cell
line (Caco-2 cells) cells 3cholesterol in the absence or pres-
ence or absence of increasing concentrations of FM-VP4.
and c[3H]Cholesterol accumulation into the cell monolay-
ers was determined. In addition, [3H]FM-VP4 accumula-
tion within Caco-2 cell monolayers was determined in the
presence of unlabeled cholesterol. Caco-2 cells were cho-
sen for these studies because they represent a well-estab-
lished model system for the investigation of transport
across the small intestinal epithelium as reported by other
investigators (32,33). 

MATERIALS AND METHODS

Materials

The human Caco-2 cell line was obtained from the Ameri-
can Type Culture Collection (Manassas, VA). Tissue culture
media and reagents were obtained from Sigma-Aldrich
Ltd. (Oakville, Ontario, Canada) and Life Technologies
Inc. (Burlington, Ontario, Canada). Tissue culture flasks
and transwell inserts were obtained from Corning (Cam-
bridge, MA). [3H]Cholesterol (1 mCi/mL; 45 Ci/mmol)
was purchased from NEN-Dupont (Wilmington, DE).
Forbes Medi-Tech Inc. (Vancouver, BC, Canada) provided
unlabeled FM-VP4 (composed of sitostanol:campestanol
67:33 wt/wt), which was tritium labeled by Chem Syn Lab-
oratories (St. Louis MO, 0.946 mCi/mL; 689 mCi/mmol)
(Figure 1). FM-VP4 has an aqueous solubility of 5 mg/ml
and the critical micelle concentration is approximately 10
mg/ml (data not shown). 

Cell Culture

Caco-2 cells were cultured in Dulbecco’s minimal essential
medium (DMEM) containing 10% heat-inactivated fetal
bovine serum, 292 µg/mL glutamine, 0.1mM non-essen-
tial amino acids, 100 U/mL penicillin and 100 µg/mL
streptomycin at 37° C in humidified air containing 5%
CO2. The cells were seeded at a density of 6.0 x 104/well
on 12 mm non-collagen-coated polycarbonate Transwell
inserts with 3.0 mm pores. The inserts were placed into
twelve-well culture plates, permitting separate access to the
upper and lower compartments of the monolayers. Cells
were used for experiments 28 to 30 days post-seeding, by
which time cells had formed confluent monolayers and
expressed the characteristics of mature, differentiated
enterocytes including tight junctions (34,35).

Determination of Cell Monolayer Integrity by Electri-
cal Resistance and Lucifer Yellow Transport

Caco-2 cell monolayer integrity was measured using the
MillicellR Electrical Resistance System equipped with STX-
2 electrodes (Millipore Corp., Bedford, MA). Prior to use,
electrodes were equilibrated in Hank’s balanced salt solu-
tion (HBSS) containing 10mM N-[2-hydroxyethyl]pipera-
zine-N’-[2-ethanesulfonic acid (HEPES) for 15 min to
minimize voltage drift. Monolayers were washed three
times and equilibrated with the same solution for 30 min
prior to measuring electrical resistance, expressed as
ohms/cm2.
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To confirm monolayer integrity, the paracellular transfer of
a known water-soluble marker, lucifer yellow, was deter-
mined. Lucifer yellow (50 µg/mL) in HBSS containing
10mM HEPES was incubated on the apical side of the
monolayers. The percentage of paracellular transfer
through the monolayer was determined by measuring the
fluorescence (excitation 450 nm, emission 530 nm) recov-
ered on the basolateral side of the monolayers using a
Cytofluor Series 4000 (PerSeptive Biosystems, Inc.,
Framingham, MA).

Micelle Preparation and Evaluation

To prepare and evaluate the effects of FM-VP4 on
[3H]cholesterol accumulation from micelles, 382.9 µg
unlabeled cholesterol and 1 µCi (48.5 ng) [3H]cholesterol
were dissolved in 1 mL of ethanol and mixed with 1 mL of
bile salt stock solution, containing 37.2 mM taurocholic
and 2.7 mM oleic acids. This solution was evaporated to
dryness under a nitrogen stream and reconstituted with 7.5
mL of micelle buffer solution containing 136.9 mM
sodium chloride, 2.68 mM potassium chloride, 1.47 mM
potassium dihydrogen phosphate and 3.21 mM disodium
hydrogen phosphate. This solution was sonicated for 30
min and incubated for 5 h at 37° C. Cholesterol and FM-
VP4 micelle formation was confirmed using transmission
electron microscopy (TEM) (data not shown).

Measurement of Pancreatic Lipase Activity

Pancreatic lipase activity was measured using a radioactive
substrate, [3H]triolein (Amersham Pharmacia Biotech, Baie
d’Urfe, PQ, Canada) as previously described (36). The
enzymatic reaction was carried out in a final volume of 50
µL assay buffer (30 mM tris-HCl, pH 8.0, 1.0 mM CaCl2,
4 mM taurodeoxycholate) containing 62.5 ng porcine pan-
creatic lipase, 250 ng porcine colipase, 0.312 mM unla-
beled triolein and 500 nM [3H]triolein (25 Ci per mmole)
at 25° C for 10 min in the absence or presence of increas-
ing concentrations of FM-VP4. The reaction was stopped
by addition of 750 µL chloroform/methanol/heptane
(12.5:14:10) followed by 250 µL of 50 mM sodium car-
bonate (pH 10.5). After centrifugation at 3,000 g for 10
min, 100 µL of the top phase was carefully removed and
the radioactivity determined as described above. FM-VP4
was pre-incubated with porcine pancreatic lipase in the
assay buffer for 1 h before assaying the enzyme activity. 1
µM Xenical (Roche Pharmaceuticals Inc. Palo Alto, CA),
a known pancreatic lipase inhibitor, was also pre-incubated
with the lipase as a positive control. The results are

expressed as mmoles fatty acid released per min. 

Measurement of cholesterol and FM-VP4 accumula-
tion

To determine cellular accumulation of cholesterol and FM-
VP4, [3H]cholesterol- containing micelles (50 µM choles-
terol containing 1.27x10-4% [3H]cholesterol) or [3H]FM-
VP4 (50 µM) was incubated on the apical side of differ-
entiated Caco-2 cell monolayers for 1 to 4 h at 37° C in
the absence or presence of increasing concentrations (10-
200 µM) of unlabeled FM-VP4 or cholesterol, respec-
tively. Following incubation, the basolateral solution was
measured for Lucifer Yellow fluorescence as described
above, then the apical and basolateral solutions were trans-
ferred to appropriately labeled scintillation vials. Monolay-
ers were washed three times with cold phosphate-buffered
saline (PBS), pH 7.4, with the second wash containing
0.1% bovine serum albumin (BSA). Washings were trans-
ferred to the “apical” scintillation vial then vials were
counted for tritium activity as described above. Cells were
lysed by incubating with 500 µL of HBSS containing 1%
Triton-X for 20 min at room temperature. The insert filter
was washed with 500 µL HBSS giving a total volume of 1
mL. Lysate and washings were transferred to appropriately
labeled scintillation vials and counted for tritium activity. 

To determine if FM-VP4 may intracellularly inhibit choles-
terol cellular accumulation, FM-VP4 was pre-incubated on
the apical side of Caco-2 cells for 0.25, 0.5, 1, 2 and 18 h
prior to incubating cells with cholesterol-containing
micelles as described above. One to four h following incu-
bation with [3H]cholesterol-containing micelles, the per-
centage of cholesterol associated with the cell monolayers
was determined by radioactivity as described above. Using
TERR and lucifer yellow measurements we observed that
taurocholic and oleic acid found in the bile acid stock solu-
tion did not induce any cellular monolayer alterations (data
not shown). 

Measurement of P-gp activity 

The effect of FM-VP4 on p-glycoprotein (P-gp)-mediated
cellular efflux was measured by incubating FM-VP4 (50
µM) with a known substrate of p-glycoprotein
(rhodamine 123, 5 µM) on the basolateral side of Caco-2
cells. The percentage of rhodamine 123 that was retained
within the cells monolayer and that was transferred to the
apical side was determined using fluorescent detection as
previous described (37). As a positive control, verapamil
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(50 µM), a known modulator of P-gp (37), was co-incu-
bated with rhodamine and the percent transfer of
rhodamine 123 from basolateral to apical side was deter-
mined by fluorescence. Similar studies were carried out
using the specific inhibitor of P-gp, nicardipine. 

Statistical Analysis 

All data were statistically compared by a one-way analysis
of variance (ANOVA) using Instat2 (Graph Pad, CA)
except for time-course studies for cholesterol and FM-
VP4 accumulation (Figure 4) where a paired t-test was per-
formed. The Tukey-Kramer post-hoc test was used to
determine significant differences among all appropriate
pairs of treatments except for pancreatic lipase activity,
where the Newman-Keuls test was used. Differences were
considered significant if the p-value was less than 0.05.

RESULTS 

Effect of FM-VP4 on Cholesterol Accumulation from 
Micelles and Pancreatic Lipase Activity

The extent of inhibition of [3H]cholesterol accumulation
from micelles was not affected by the mode of FM-VP4
exposure to cells (Figure 2).

Figure 2: The effects of the delivery mode of FM-VP4
(solubilized in water or incorporated into cholesterol-
containing micelles) on the accumulation of
[3H]cholesterol from micelles in differentiated Caco-2
cells. *Percent accumulation of [3H]cholesterol is
significantly lower than control (no FM-VP4, p<0.05), n=3
in each group.

In addition, increasing concentrations of FM-VP4 (5-500
µM) did not alter pancreatic lipase activity compared to
the non-treated group (Figure 3). Xenical, a known pan-
creatic lipase inhibitor, was used as a positive control.

Figure 3: The effect of FM-VP4 and Xenical on pancreatic
lipase activity. The porcine pancreatic lipase activity was
measured as described under “Materials and Methods”.
Different concentrations of FM-VP4 (5-500 µM) as well as
1 µM Xenical were pre-incubated with pancreatic lipase
for 1 h before assaying the enzymatic activities. The
results are expressed as µmoles fatty acid released per
minute. n=6 ± S.D., **p<0.0001 compared with all other
columns by Newman-Keuls Multiple Comparison test
after ANOVA

Cholesterol and FM-VP4 Accumulation Studies

FM-VP4 at concentrations greater than 10 µM signifi-
cantly inhibited cholesterol accumulation in monolayers
for all incubation times tested (Figures 4A & 5A). Consis-
tent with previous studies (38), minimal [3H]cholesterol
was transported from the apical to basolateral compart-
ment regardless of the presence of FM-VP4 (data not
shown). Total [3H]cholesterol recovery was greater than
92%. Cholesterol at concentrations greater than 30 µM
significantly inhibited FM-VP4 accumulation in monolay-
ers for all incubation times tested (Figures 4B & 5B). Pre-
incubation of FM-VP4 did not significantly decrease cho-
lesterol accumulation in Caco-2 cells compared to controls
(Figure 6). In contrast, a significant decrease in cholesterol
accumulation (p<0.05) was observed when FM-VP4 was
not pre-incubated (Figure 6). Minimal accumulation of
radiolabeled cholesterol was observed on the basolateral
side for all treatment groups (data not shown) as previ-
ously reported by others (30). 

Effect of FM-VP4 on P-Glycoprotein Activity

Incubating FM-VP4 (50 µM) with a known substrate of
p-glycoprotein, rhodamine 123, on the basolateral side of
Caco-2 cells did not alter the transport of rhodamine to
the apical side. However, co-incubation of verapamil (50
µM), a known modulator of P-gp-mediated efflux of
rhodamine 123, significantly decreased the transport of
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rhodamine from the basolateral to the apical side (Figure
7).   Similar findings were observed when nicardipine was
used (data not shown). 

Figure 4: The effects of incubation time on A) [3H]cholesterol
and B) [3H]FM-VP4 accumulation in the presence of unlabeled
FM-VP4 or cholesterol, respectively. [3H]Cholesterol-containing
micelles (50 µM total cholesterol with 1.27x10-4%
[3H]cholesterol) or [3H]FM-VP4 (50 µM) was incubated on the
apical side of differentiated Caco-2 cell monolayers for 1 to 4 h at
370 C in the absence or presence of 50 µM unlabeled FM-VP4 or
cholesterol, respectively. Percent accumulation is the amount of
radiolabel associated with Caco-2 cells compared to the
untreated control, n=3 in each group. *p<0.05 compared to
control A) no FM-VP4 or B) no cholesterol for the same
incubation time.

DISCUSSION

The purpose of this investigation was to determine if a
novel hydrophilic phytostanol analogue, FM-VP4,
decreased the accumulation of cholesterol-containing
micelles within Caco-2 cells and if so by which mecha-
nism(s). Increasing concentrations of FM-VP4 decreased
the accumulation of cholesterol-containing micelles within
Caco-2 cell monolayers. In addition, decreased cholesterol
accumulation occurred only when cells had not been pre-
viously exposed to FM-VP4. Furthermore, the decrease in
cellular accumulation does not appear to be a result of
FM-VP4 modifying the formation of cholesterol-contain-

ing micelles, pancreatic lipase activity or P-gp-mediated
influx of cholesterol. However, these findings do suggest
that FM-VP4 may modify some intracellular mechanisms
of cholesterol influx or efflux. 

Figure 5: The effects of concentration of unlabeled A) FM-VP4
and B) cholesterol on the accumulation of [3H]cholesterol and
[3H]FM-VP4, respectively, in confluent Caco-2 cell monolayers.
[3H]Cholesterol-containing micelles (50 µM total cholesterol
with 1.27x10-4% [3H]cholesterol) or [3H]FM-VP4 (50 µM) was
incubated on the apical side of differentiated Caco-2 cell
monolayers for 4 h at 370 C in the absence or presence of 10-200
µM unlabeled FM-VP4 or cholesterol, respectively. Percent
accumulation is the amount of radiolabel associated with Caco-2
cells compared to the respective untreated control, n=3 in each
group. * p<0.05 in treated groups compared to control without A)
FM-VP4 or B) cholesterol

Identifying the possible mechanism(s) by which phy-
tosterol and phytosterol analogues prevent the absorption
of cholesterol from the gastrointestinal tract remains
unknown. Young and Hui have recently reported that par-
tial hydrolysis of the triacylglycerol into monoacyglycerol
and non-esterified fatty acids by pancreatic lipase/colipase
is required for dietary cholesterol to be absorbed as emul-
sified substrates by intestinal cells (39). Thus the inhibition
of triacylglycerol digestion may impact on the absorption
efficiency of dietary cholesterol in the gut. Therefore, we
first investigated if FM-VP4 would inhibit pancreatic
lipase/-mediated triacylglycerol metabolism and thus pre-
vent dietary cholesterol absorption. We observed no inhi-
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bition of pancreatic lipase activity in the presence of FM-
VP4 (Figure 3).

Figure 6: The effects of 50uM FM-VP4 pre-incubation (0, 0.25,
0.5, 1, 2 and 18 h) on [3H]cholesterol accumulation in confluent
Caco-2 cell monolayers. [3H]Cholesterol-containing micelles (50
µM total cholesterol with 1.27x10-4 % [3H]cholesterol) were
incubated on the apical side of differentiated Caco-2 cell
monolayers after pre-incubation with FM-VP4 for up to 18 h in
complete media at 370 C in the absence of 50 µM cholesterol.
Percent accumulation is the amount of radiolabel associated with
Caco-2 cells compared to the untreated control, n=3 ineach
group. *Percent accumulation of radiolabel in treated groups is
significantly lower than control (no FM-VP4, p<0.05).

Some of the lipolytic products of the major pancreatic
enzymes, including cholesterol, are only minimally soluble
in aqueous systems and are dependent on the solubilizing
properties of bile salts (40-45). When phospholipids or
monoacylglycerides are present in addition to bile salts,
cholesterol is solubilized into a mixed micelle solution and
can readily be absorbed (40-45). Since FM-VP4 has similar
structural characteristics to cholesterol (Figure 1) it was
hypothesized that the presence of FM-VP4 may prevent
micelle formation or cholesterol incorporation into
micelles. This would reduce the extent of solubilized cho-
lesterol thereby inhibiting cholesterol absorption in the
intestinal lumen. Therefore, we investigated whether the
presence of FM-VP4 during micelle formation affected
the accumulation of [3H]cholesterol in differentiated Caco-
2 cells. No differences were observed in the extent of cho-
lesterol accumulation inhibition when FM-VP4 was co-
incorporated within cholesterol-containing micelles or co-
administered separately in water (Figure 2). This suggests
that FM-VP4 does not prevent cholesterol GI absorption
by inhibiting cholesterol micelle formation. 

Figure 7: P-glycoprotein activity in the presence of cholesterol,
FM-VP4 or verapamil, a known p-glycoprotein inhibitor, (each
50 µM) in Caco-2 cell monolayers. P-gp activity was measured
by adding rhodamine 123 (5 µM) to the basolateral side and
determining apical accumulation by fluorescence. Significant
differences were determined by a Tukey-Kramer post-hoc test
after a one-way ANOVA, n=3 in each group. *p<0.05 vs.
Rhodamine 123 (R123) for all treatment groups (cholesterol, FM-
VP4, verapamil) compared to control at 1 h. **p<0.05 vs.
Rhodamine 123 (R123) for verapamil only compared to control
at 2 and 3 h.

Concentration- and time-dependence of the inhibition of
[3H]cholesterol accumulation by FM-VP4 was also deter-
mined. Increasing concentrations of FM-VP4 were found
to decrease cholesterol cellular accumulation while increas-
ing concentrations of cholesterol micelles decreased FM-
VP4 cellular accumulation (Figures 4 & 5), although to a
lesser extent. This suggests that FM-VP4 and cholesterol
may be competing for the same site(s) on Caco-2 cells.
Recently, Tessner and Stenson suggested that the overex-
pression of multiple drug resistance protein (MDR1) in an
intestinal cell line resulted in increased cholesterol uptake
(38). These findings suggested for the first time that
MDR1 could function in the net influx, rather than efflux,
of a substrate such as cholesterol. Due to the similarities in
chemical structure it is reasonable to hypothesize that FM-
VP4 and cholesterol competitively bind to MDR1 result-
ing in a synergistic decrease in accumulation. Alternatively,
Hernandez and coworkers have recently reported that a
saturable, inhibitable transporter mediates the intestinal
absorption of cholesterol (46). FM-VP4 may act through
this transporter to inhibit cholesterol accumulation. Addi-
tional studies to confirm these hypotheses are currently
being investigated in our laboratory. 
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Another possible mechanism by which FM-VP4 decreases
cholesterol accumulation may occur within the cell. To
explore this hypothesis two strategies were used. In the
first strategy, FM-VP4 was pre-incubated for different
periods of time to allow for a sufficient intracellular con-
centration of FM-VP4 prior to incubation of cholesterol.
We observed that FM-VP4 pre-incubation resulted in cho-
lesterol accumulation levels indistinguishable from those in
the absence of FM-VP4. Significant decreases in choles-
terol absorption (p<0.05) occurred only when cells had
not been previously exposed to FM-VP4. It is possible
that FM-VP4 has an effective but short-lived intracellular
effect on cholesterol efflux. Recently, a critical role for the
members of the ATP-binding cassette transporter family
(i.e. ABC1A, ABCG8, ABCG5) in the regulation of cho-
lesterol absorption has been suggested (47-49). ABC1A is
a member of a large family of transmembrane proteins
(49-51), and it has been established to play an important
role in the formation of nascent high-density lipoproteins
(HDL), the initial step in reverse cholesterol transport, and
in transporting cellular cholesterol and phospholipid to
acceptor particles (52-55). RXR and LXR agonists have
been shown to effectively increase expression of ABC1A
in small intestinal mucous and to significantly inhibit cho-
lesterol absorption (47). In addition, ABC1A knockout
mice has also been shown to have an increase in choles-
terol absorption (48), supporting the hypothesis that the
up-regulation of ABC1A results in the inhibition of cho-
lesterol absorption by exporting free cholesterol from
inside the enterocyte into the intestinal lumen. Most
recently, Berge and coworkers have determined that an
increased accumulation of dietary cholesterol in an autoso-
mal recessive disorder sitosterolemia was caused by muta-
tions in adjacent ABC transporters, ABCG8 and ABCG5
proteins (56). FM-VP4 may inhibit cholesterol absorption
through increasing expression of these ABC transporters.
We hypothesize that the up-regulation of ABC transporter
expression in enterocytes may contribute one of the mech-
anisms of action by which FM-VP4 prevent cholesterol
absorption from the gut. Future studies will test this
hypothesis.

Several research groups have reported that multidrug resis-
tance P-glycoproteins may be involved in the biosynthesis
and esterification of cholesterol through the transport of
cholesterol from the plasma membrane to the endoplas-
mic reticulum (57,58). Therefore the second strategy was
to determine if FM-VP4 modified cholesterol intracellular
transport through p-glycoprotein. Figure 7 present find-

ings that suggest FM-VP4 is not an inhibitor of P-gp and
thus probably does not regulate intracellular cholesterol
transport via this mechanism. However additional studies
to investigate FM-VP4’s intracellular regulation of choles-
terol are warranted. 

In conclusion increasing concentrations of FM-VP4
decreased the accumulation of cholesterol-containing
micelles within Caco-2 cell monolayers. This decrease in
was not a result of FM-VP4 modifying cholesterol micelle
formation, pancreatic lipase activity or P-gp-mediated flux
of cholesterol. In addition, the effectiveness of FM-VP4
was reduced when Caco-2 cells were exposed to FM-VP4
prior to incubation with cholesterol. Our findings suggest
that FM-VP4 may modify some intracellular mechanisms
of cholesterol influx or efflux. Additional studies to eluci-
date these mechanisms are currently under investigation. 
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