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Pluronic L81 enhances triacylglycerol accumulation in the
cytosol and inhibits chylomicron secretion

Sumbul Fatma, Reuven Yakubov, Kamran Anwar, and M. Mahmood Hussain'

Departments of Anatomy & Cell Biology and Pediatrics, State University of New York Downstate Medical

Center, Brooklyn, NY 11203

Abstract Pluronic L81 (PL81) inhibits fat absorption, and
other Pluronic copolymers help overcome drug resistance
in cancer cells. To understand how PL81 acts, we synthe-
sized a radiolabeled analog, [14C]PL81, and showed that it
was structurally similar to PL81 based on "H NMR as well as
mass spectrometric analysis. [14C]PL81 inhibited the secre-
tion of chylomicrons (CMs), lipoproteins essential for fat
absorption, by differentiated Caco-2 cells similar to PLS81.
Moreover, PL81 competed with the cellular uptake of ['*C]
PL81. Thus, [“C]PL81 and PL81 behave similarly in these
physiologic assays. Uptake of [14C]PL81 by Caco-2 cells was
concentration-, time-, and temperature-dependent and oc-
curred mainly from the apical side. Intracellularly, it was
assimilated in the cytosol. Cells excreted PL81 toward the
apical side via a pathway partially sensitive to verapamil.
Small amounts were secreted toward the basolateral side
unassociated with CM, and this secretion was unaffected by
the inhibition of CM assembly. Nonetheless, PL81 signifi-
cantly inhibited the secretion of triacylglycerols (TGs) and
phospholipids as part of CM. PL81-treated cells showed
decreased activity of microsomal triglyceride transfer
protein and accumulated more TGs, but not phospholipids,
in their cytosol.li We propose that Pluronic copolymers
act by interfering with the export of molecules from the
cytosol. They inhibit fat absorption by decreasing TG trans-
port to the endoplasmic reticulum and increase drug effi-
cacy against cancer cells by competing for their excretion.
—Fatma, S., R. Yakubov, K. Anwar, and M. M. Hussain.
Pluronic L81 enhances triacylglycerol accumulation in the
cytosol and inhibits chylomicron secretion. J. Lipid Res.
2006. 47: 2422-2432.
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Pluronic® (also known as poloxamers) surfactants are
synthetic copolymers of ethylene oxide and propylene
oxide. They are synthesized by the controlled addition of
propylene oxide to the two hydroxyl groups of propylene
glycol (1). These and other nonionic surfactants are widely
used as defoaming and antifoaming agents in dishwash-
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ing, antifreeze, cutting, and grinding fluids, water treat-
ment, fermentation, paper processing, etc. They are now
being evaluated as vehicles for drug delivery (2), for over-
coming drug resistance in cancer cells (3), and to increase
the transport of drugs across the blood-brain barrier (4).

Pluronic L81 (PL81) contains 10% hydrophilic and 90%
hydrophobic residues. The observations that PL81 de-
creased plasma cholesterol and triacylglycerols (TGs), liver
cholesterol, and body weight in rats fed a high-fat and
high-cholesterol diet generated significant interest in this
compound (5). Subsequently, chronic PL81 feeding was
shown to decrease the secretion of TG and cholesterol into
the lymph without affecting the digestion, absorption, and
reesterification of TG and cholesterol during fat infusion
(6). PL81 infusion has been shown to increase cellular
lipid droplets (7, 8). Negative staining of the secreted
particles showed that the lymph obtained from normal
and PL81l-infused rats contained chylomicron (CM)- and
very low density lipoprotein-sized particles, respectively.
Based on these studies, it was proposed that intestinal cells
have two separate pathways for the assembly of these
lipoproteins and that PL81 is a specific inhibitor for the
assembly and secretion of CM (9). We showed that PL81
inhibited CM secretion but did not affect the secretion of
smaller lipoproteins by Caco-2 cells (10). Moreover, it in-
hibited the secretion of retinyl esters that are transported
mainly on CM (11). We proposed that PL81 might in-
terfere with the formation of lipid droplets, which are be-
lieved to coalesce with primordial lipoproteins, and thereby
inhibit the biosynthesis of larger lipoproteins without
affecting the assembly and secretion of smaller particles
(12-14).

Recent studies to understand the mode of inhibition of
CM assembly and secretion by PL81 have focused on the
air/water interfacial properties of the surfactant. Wein-
berg et al. (15) observed that PL81 binds to hydrophobic
surfaces very rapidly and reduces interfacial tension, and

Abbreviations: apoB, apolipoprotein B; CM, chylomicron; ER, endo-
plasmic reticulum; MTP, microsomal triglyceride transfer protein; OA,
oleic acid; PL81, Pluronic L81; TC, taurocholate; TG, triacylglycerol.
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they proposed that PL81 may disrupt CM assembly by
destabilizing the surface and promoting the formation
of larger intracellular droplets. In fact, Morita et al. (16)
showed that PL81 binds to triglyceride/phospholipid
emulsions and to low density lipoproteins and induces
particle aggregation/fusion as well as a conformational
change in apolipoprotein B (apoB). They proposed that
PL81 might inhibit CM secretion by causing excess core
expansion, leading to poor secretion of these larger par-
ticles. Using [14C]PL81, we studied its uptake, intracellular
assimilation, secretion, and mode of action. Our studies
indicate that PL81 might specifically inhibit the transport
of triglycerides from the cytosol to the endoplasmic
reticulum (ER) and interfere with CM assembly.

EXPERIMENTAL PROCEDURES

Materials

Oleic acid (OA), taurocholate (TC), and other chemicals were
from Sigma. The microsomal triglyceride transfer protein (MTP)
inhibitor BMS197636 was a gift from Dr. David Gordon of Bristol-
Myers Squibb Co. To prepare OA/TC (20 X 1.6:0.5 mM) stocks,
97.4 mg of OA was added to 10 ml of 10 mM TC solution, mixed
by gentle swirling, and incubated at 37°C until a clear solution
was achieved.

Synthesis of radiolabeled PL81

PL81 was from BASF Corp. ["*C]PL81 (31.48 mCi/g,
0.283 mCi/ml) was synthesized by NEN Life Science Products
by the controlled addition of [14C]ethylene oxide to unlabeled
PL81. PL81 was ionized using sodium hydride and reacted with
[14C]ethylene oxide (two equivalents by weight), and the reac-
tion was stopped by the addition of diluted acetic acid. Volatile
compounds were removed by vacuum. Because PL81 is insoluble
in water, it was diluted in ethanol to obtain a concentration of
100 pg/ml. The amount of ethanol added to cells did not ex-
ceed 0.01%.

Cell culture

Caco-2 cells were obtained from the American Type Culture
Collection (Rockville, MD) and grown in DMEM containing high
glucose, 10% FBS, and a 1% antibiotic-antimycotic mixture.
From a 70-80% confluent 75 mm? flask, cells were plated on
24 mm Transwells (3 wM pore size; Corning Costar Corp.) and
allowed to differentiate into enterocyte-like cells (10, 11, 17, 18).

Uptake and secretion of PL81 by Caco-2 cells

For uptake studies, differentiated Caco-2 cells were washed
twice with serum-free DMEM and incubated in the same me-
dium with 1.6 mM OA, 0.5 mM TC, and ['*C]PL81 for the indi-
cated time periods. Serum-free DMEM containing 0.1% BSA
was added to the basal side. After incubation, the apical and
basal conditioned media were collected and used to measure
apoB and [”‘C]PLSI. To extract lipids, cells were washed twice
with chilled PBS and incubated overnight with 2 ml of iso-
propanol at 4°C. Isopropanol was collected from each well and
evaporated, and radioactivity was measured in a liquid scintilla-
tion counter. For excretion studies, Caco-2 cells were incubated
with ['*C]PLS8I for 18 h, washed three times with PBS at room
temperature, and supplemented with medium containing 10%
serum or 10% serum and OA+TC. At different times, [*C]PL81

was quantified in both the apical and the basolateral media. For
secretion studies, cells were labeled with ['*C]PL81 for 8 h,
washed, and incubated with medium containing TC or OA+TC
for 18 h.

Subcellular fractionation

Differentiated Caco-2 cells were washed twice with PBS at room
temperature, and 0.5 ml of homogenizing medium (0.25 M
sucrose, 1 mM EDTA, and 20 mM HEPES-KOH, pH 7.4) was
added to each well and incubated for 1 h at 4°C. The cells were
scraped off and ruptured by passing at least 10 times through a
25 gauge needle attached to a 5 ml syringe. Cellular homogenates
were subjected to differential centrifugation to obtain various
subcellular fractions as described previously (19). Briefly, the
cell lysate was centrifuged (500 g, 10 min, 4°C) to collect the
nuclear pellet. The supernatant was centrifuged (3,000 g, 10 min,
4°C), and the mitochondrial pellet was obtained. The resulting
supernatant was centrifuged (100,000 g, 1 h, 4°C) again to harvest
microsomes. This supernatant consisted of the cytosolic frac-
tion. Various pellets were resuspended in 2.5 ml of the homoge-
nizing medium by passing through a 25 gauge needle 15 times.

Density gradient ultracentrifugation

The conditioned media obtained from the basolateral side
were subjected to density gradient ultracentrifugation to separate
various lipoprotein fractions, as described previously (10, 11, 18,
19). Briefly, to the conditioned media (4 ml) was added KBr
(0.57 g) to obtain a density of 1.10 g/ml. The media were then
overlaid with 3 ml each of 1.063 and 1.019 g/ml, and 2 ml of
1.006 g/ml, density solutions using the Auto Density flow
(Buchler Instrument) and subjected to sequential ultracentrifu-
gation. To obtain large CMs (CMg; S¢ > 400), samples were ultra-
centrifuged (SW 41 rotor, 33 min, 40,000 rpm, 15°C) and the top
1 ml was collected. The samples in the ultracentrifuge were then
overlaid with 1 ml of d = 1.006 g/ml solution. CMg (S = 60-400;
1 ml) was obtained from the top after a second ultracentrifuga-
tion (3 h and 28 min, 40,000 rpm, 15°C). The top 1 ml was again
replenished with d = 1.006 g/ml solution and ultracentrifuged
for 17 h. The first 1 ml fraction collected from the top rep-
resented VLDL (CMypr, d < 1.006 g/ml, S¢ = 20-60). The rest
of the gradient was fractionated into seven additional 1.5 ml
fractions. Fractions 2—4 and 5-7 were considered intermediate/
low density lipoprotein (CMjpy, CM| pr; d = 1.02-1.063 g/ml) and
high density lipoprotein (I-HDL; 1.063-1.1 g/ml), respectively.

Determination of MTP activity in cells

Differentiated Caco-2 cells were washed with PBS and then
incubated at room temperature for 2 min in a hypotonic buffer
(1 mM Tris-Cl, pH 7.4, 1 mM MgCly, and 1 mM EGTA) (20, 21).
The buffer was aspirated, cells were scraped in 750 wl of ice-cold
hypotonic buffer containing protease inhibitors and homoge-
nized (20 passages through a 21 gauge needle), lysates were
centrifuged (50,000 rpm, 4°C, 1 h; SW55Ti rotor), and super-
natants were used for lipid transfer assays (20, 21) as well as pro-
tein determination (22).

RESULTS

Structural similarities between unlabeled and
radiolabeled PL81

The radiolabeled polymer had one ['*C]ethylene oxide
moiety at both termini (compare Fig. 1A, B). The "H NMR

Mode of action of Pluronic L81 2423
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Fig. 1. Physicochemical characterization of unlabeled and radiolabeled Pluronic L81 (PL81). A, B: Chemical structure of unlabeled and

radiolabeled PL81, respectively. *C denotes the position of a "*C-labeled carbon atom. C, D: "H NMR spectra of unlabeled and labeled
PL81, respectively. E, F: Mass spectrometric analyses of unlabeled and labeled compounds, respectively, after positive atmospheric pressure
chemical ionization.
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spectra of both PL81 and [14C]PL81 showed two peaks
representing two types of equivalent hydrogen (Fig. 1C, D).
The peaks at 1.0-1.3 and 3.4-3.6 most likely represent
hydrogen atoms in methyl groups and methylene groups
attached to oxygen, respectively. Mass spectroscopic analy-
sis of [14C]PL81 and PL81 showed a similar distribution
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Fig. 2. [**C]PL81 behaves similar to PL81 in physiological assays.
A: Competition between unlabeled and labeled PL81. Differenti-
ated Caco-2 cells were incubated with 2 pg/ml ['*C]PL81 along
with increasing concentrations of unlabeled PL81 (0.1-1,000 pg/ml).
After 8 h, cells were washed and radioactivity in cells was deter-
mined. B, C: Inhibition of chylomicron (CM) secretion by radio-
labeled and unlabeled PL81. Differentiated Caco-2 cells received
media, toward the apical side, containing oleic acid plus tauro-
cholate (OA+TC) and [*Hlglycerol. In addition, these cells got
either no PL81 or 6 pg/ml of either PL81 or ['*C]PL81. The baso-
lateral side received serum-free medium containing 0.1% BSA.
After 18 h, basolateral media were subjected to density gradient
ultracentrifugation as described in Experimental Procedures. The
top two fractions (CM;, and CMg) were combined and used to
quantify apolipoprotein B (apoB; B) by ELISA and to measure
triacylglycerol (TG; C). The data are presented as means * SD
(n = 3).

of ions (Fig. 1E, F). These studies indicate that ['*C]PL81
is structurally similar to unlabeled PL81.

Similar physiologic behavior of ['*C]PL81 and PL81

We determined whether ['*C]PL81 behaves similar to
PL8I using two physiologic assays: competition for cellular
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Fig. 3. Uptake of [**C]PL81 by Caco-2 cells. A: Uptake from the
apical and basolateral sides. Caco-2 cells were supplemented with
[**C]PL81 (6 wg/ml) toward the apical or basolateral side. After 4 h,
amounts of radioactivity in cells were measured and the percentage of
the radioactivity taken up by cells was calculated. B: Effect of time and
temperature on the uptake of PL81 by differentiated Caco-2 cells.
Cells were incubated in triplicate with 9 wg/ml [**C]PL81 at 37°C or
4°C for the indicated times as described in Experimental Procedures,
and the amount of radioactivity taken up by cells was measured. C:
Concentration-dependent PL81 uptake. Cells were incubated in
triplicate with increasing concentrations of [**C]PL81 in the
presence of OA and TC at 37°C for 4 h. Radioactivity present in the
cells was quantified. The data are presented as means * SD (n = 3).
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uptake and inhibition of CM secretion. For competition
studies, Caco-2 cells received a fixed concentration of
['*C]PL81 along with increasing concentrations of PL81
(Fig. 2A). Increasing concentrations of PL81 inhibited the
cellular uptake of [**CIPL81ina dose-dependent manner.
A 50% inhibition was achieved at 19 pg/ml PL81, indi-
cating effective competition between these compounds.

The signature activity of PL81 is its ability to inhibit CM
secretion. To determine whether ['*C]PL81 would inhibit
CM secretion, differentiated Caco-2 cells were incubated
with either PL81 or ['*C]PL81 in the presence of OA/TC
to induce CM assembly and secretion (10, 11, 18, 19). The
effect of PL81 was studied by measuring the amounts of
apoB and TG secreted as CM. ApoB secretion by Caco-2
cells was reduced by 57% and 53% when incubated with
PL81 and ["*C]PL81, respectively (Fig. 2B). Both PL81
and ["*C]PL81 inhibited TG secretion by ~85% (Fig. 2C).
These studies indicate that ['*C]PL81 and PL81 behave
similarly in these physiologic assays.

Uptake of ['*C]PL81 by Caco-2 cells

Differentiated Caco-2 cells received equal amounts of
['*C]PL81 from either the apical or the basolateral side
(Fig. 3A). The amount of ["*C]PL81 taken up by cells was
~3-fold higher when supplemented from the apical side
compared with cells that received it from the basolateral
side. Next, the effect of time and temperature on PL81
uptake was studied. There was an initial time-dependent
increase in the uptake of PL81 that tended to saturate at
later time points (Fig. 3B, 37°C). On the other hand,
incubation of cells at 4°C resulted in no cellular uptake.
Subsequently, concentration-dependent uptake was stud-
ied (Fig. 3C). At low concentrations, PL81 uptake was
linear and started to saturate at higher concentrations.
These studies show that PL81 uptake is a time-, tempera-
ture-, and concentration-dependent process.

Intracellular distribution of PL81

Cells were incubated with [14C]PL81 under two condi-
tions that support (Fig. 4A, OA+TC) or do not support
(Fig. 4A, TC) CM assembly for 18 h, and various sub-
cellular organelles were isolated by differential ultracen-
trifugation. Under both conditions, the majority of ['*C]
PL8I was in the cytosol (Fig. 4A) instead of the expected
microsomes. Because this was unexpected, we considered
the possibility that cytosol was contaminated with micro-
somes and examined the presence of calnexin, a micro-
somal marker, in various subcellular fractions (Fig. 4B). As
expected, calnexin was present mainly in homogenates
and microsomes. However, small amounts of calnexin
were present in the nucleus (11%), mitochondria (14%),
and cytosol (15%), indicating a small contamination of
microsomes in other subcellular fractions. This small
contamination is unlikely to explain the amounts of PL81
found in the cytosol (Fig. 4A). We also studied the sepa-
ration of cytosol from other organelles by studying the
distribution of GAPDH (Fig. 4B). GAPDH was present
mainly in the cytosol. It should be noted that similar
studies with vitamin E showed that a-tocopherol accumu-
lates mainly in microsomes (19). Thus, we conclude that
PL81 accumulates primarily in the cytosol.

Excretion of PL81 by Caco-2 cells

Differentiated Caco-2 cells were incubated overnight
with [14C]PL81, washed, and supplemented with fresh me-
dia on both the apical and basolateral sides (Fig. 5A, B).
The amounts of PL81 excreted toward the apical side were
significantly higher (~3- to 4-fold) than those secreted
toward the basolateral cells (Fig. 5A). Consideration was
given to the possibility that higher excretion toward the
apical side was because cells received ["*C]PLS81 from the
apical side. To test this possibility, cells were supplemented

A 500000 o 1
CJ0A+TC

400000+
300000+

200000+

['“CIPL81 dpm / plate)

100000+

(] ] es

Fig. 4. Intracellular distribution of PL81. A: Differenti-
ated Caco-2 cells were incubated with OA+TC or TC as
well as ["*C]PL81 (6 pg/ml) for 18 h and homogenized,
and various subcellular organelles were isolated by
differential ultracentrifugation as described in Experi-
mental Procedures and counted. B: Western blot analysis
of calnexin and GAPDH in various purified subcellular
fractions. Proteins (10 pl) from each fraction were used
for SDS-PAGE. Western blotting was performed using

Nucleus Mitochondria Microsomes

B

Homogenate MNucleus Mitochondria Microsomes Cytosol
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rabbit anti-calnexin antibody (1:3,000 dilution; Stressgen)
or rabbit anti-GAPDH (1:2,000 dilution; Novus Biologicals)
followed by secondary goat anti-rabbit antibody (1:2,000

Calnexin —»

— — —a——

dilution; Zymed). Bands were then quantified using NIH
Image software.

GAPDH —
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Fig. 5. Excretion of PL81 by Caco-2 cells. A, B: Differentiated Caco-2 cells were incubated with [**C]PLS81
on the apical side. After 18 h, cells were washed and supplemented with fresh medium containing 10%
serum (A) or 10% serum and OA+TC (B). Media from both the apical and basolateral sides were collected
at the indicated times and counted. C, D: To study the effect of the microsomal triglyceride transfer protein
(MTP) inhibitor BMS197636 (MTPi; 1 wM) on the secretion of PL81, cells were incubated with [*C]PL81
(6 ng/ml) for 18 h. Cells then received medium containing serum and OA+TC or OA+TC+MTPi on the
apical side. The basolateral side received medium supplemented with 0.1% BSA. Conditioned media from
the apical and basolateral sides were collected to measure radioactivity. E: Effect of verapamil on [*CIPL81
excretion. Caco-2 cells were allowed to take up [**C]PLS8I for 18 h, washed, and incubated with different
concentrations of verapamil for 6 h. Conditioned media obtained from both the apical and basolateral sides
were counted. The data are presented as means = SD (n = 3).

with [14C]PL81 from the basolateral side. PL81 taken up
from the basolateral side was also excreted mainly toward
the apical side (data not shown). Next, we studied the
effect of the induction of lipoprotein assembly on PL81
excretion (Fig. 5B). Cells were allowed to take up [C]
PL81, washed, and supplemented with media containing
OA+TC. Again, PL81 was excreted mostly toward the
apical side. These data indicate that Caco-2 cells actively
excrete PL81 from the apical side. We also studied the
effect of the inhibition of lipoprotein assembly by pro-

viding cells with the MTP inhibitor BMS197636. This MTP
antagonist affected neither the excretion of PL81 toward
the apical side (Fig. 5C) nor the secretion toward the
basolateral side (Fig. 5D). These studies indicate that PL81
excretion and secretion are not perturbed by CM produc-
tion or its inhibition.

Intestinal cells actively excrete organic compounds
by ATP-dependent transporters such as P-glycoprotein
(8, 23-25). To check for their involvement, we used verapa-
mil, a known inhibitor of P-glycoprotein-mediated efflux.

Mode of action of Pluronic L81 2427
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Verapamil (50 wM) inhibited the apical excretion of PL81
by ~45% and increased (30%; P < 0.01) basolateral se-
cretion (Fig. bE). These data indicate that verapamil-
sensitive (P-glycoprotein or its family members) and
-insensitive pathways are involved in the excretion of PL81.

PL81 is secreted independent of lipoproteins

Even though majority of the PL81 was excreted back to
the apical side, some was secreted toward the basolateral
side (Fig. 5). To study the secretion of PL8I, we first
studied the floatation properties of PL81 and its ability to
associate with lipoproteins extracellularly (Fig. 6A). When
PL81 was mixed with nonconditioned media and sub-
jected to density gradient ultracentrifugation, PL81
was present mainly in the bottom fractions (Fig. 6A, non-
conditioned media). PL81 was then incubated with con-
ditioned media obtained from Caco-2 cells induced to
assemble and secrete CM and centrifuged. Again, all of
the PL81 was in the bottom fractions, indicating that there
is no significant association of PL81 with secreted CM
(Fig. 6A, conditioned media). Thus, PL81 has a density
that is very different from CM and does not associate with
these lipoproteins extracellularly.

A

50

To determine whether PL81 is secreted associated with
lipoproteins, cells were incubated with [14C]PL81 and
subjected to three different experimental manipulations
(Fig. 6B). When cells were incubated with TC only, con-
ditions that do not support CM assembly and secretion,
the secreted PL81 was in the bottom fractions. Treatment
of cells with OA+TC to induce CM assembly and secretion
had no significant effect on PL81 secretion (Fig. 6B).
Similarly, treatment of cells with MTP inhibitor had no
effect on the secretion of PL81. These data indicate that
PL81 is not secreted with CM and that the assembly of
these lipoproteins does not affect PL81 secretion.

Inhibition of CM secretion by PL81

To study the effect of PL81 on CM secretion, cells were
labeled with glycerol and the secretion of TG and phos-
pholipids was studied. No detectable TG was present in
lipoprotein fractions when cells were incubated with TC
(Fig. 7A, TC). However, incubation of differentiated Caco-
2 cells with OA+TC resulted in significant secretion of TG
as part of CM;, CMs, and CMyypr, (Fig. 7A, OA+TC),
consistent with previous studies (10, 11, 18, 19). The pres-
ence of PL81 significantly inhibited the secretion of TG
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Fig. 6. PL8I does notassociate with secreted lipoproteins.
A: Floatation properties of PL81. Differentiated Caco-2
cells were incubated with OA+TC for 18 h to obtain
conditioned media. Conditioned media and noncondi-
L1 tioned media were incubated with ['*C]PL81 for 3 h at
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['*C]PL81 for 8 h, washed, and incubated with medium
containing TC, OA+TC, or OA+TC+MTP inhibitor
(MTPi; BMS197636; 1 wM) for 18 h. Basolateral condi-
tioned media were subjected to ultracentrifugation, and
radioactivity in each fraction was quantified.

F7
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with these lipoproteins (Fig. 7A, OA+TC+PL81). In TC-
treated cells, phospholipids were present mainly in the
bottom fractions (Fig. 7B, fractions 5-7) known to contain
I-HDL (18, 26). Incubation of Caco-2 cells with OA+TC
resulted in a significant increase of phospholipids in CM
fractions (Fig. 7B, OA+TC), and this increase was effec-
tively inhibited in the presence of PL81 (Fig. 7B,
OA+TC+PL81). Treatment of cells with OA+TC or
OA+TC+PL81 had no effect on the secretion of
phospholipids with I-HDL. These studies showed that
PL81, even though it is secreted independent of CM,
inhibits the secretion of these lipoproteins.

Effect of PL81 on MTP activity

Because MTP is critical for CM assembly, we studied the
effect of PL81 on cellular MTP activity. MTP activity was
decreased by ~25% in cells treated with PL81 compared
with untreated cells (Fig. 8A). To understand how PL81
decreases MTP activity, we studied the effect of PL81 on
cellular (Fig. 8B) and purified (Fig. 8C) MTP. Increasing
amounts of PL81 (0-10 pg/ml) had no inhibitory effect
on cellular TG transfer activity (Fig. 8B). Incubation of
purified MTP with PL81 slightly increased, rather than
decreased, the transfer of TG by MTP. These data suggest
that PL81 does not affect MTP activity directly.

PL81 increases the accumulation of TG in the cytosol

TGs are the major constituents of CM (Fig. 7A), con-
stituting 90-95% of the mass (12, 14, 27). We had observed
that PL81 significantly inhibits TG secretion (Figs. 2C, 7A).
Therefore, the effect of PL81 on the intracellular distribu-
tion of TGs and phospholipids was studied (Fig. 9). When
cells were labeled with [*H]glycerol, very small amounts
of TGs were present in the nucleus, mitochondria, and
microsomes, and their distribution was not affected by the
presence or absence of PL81 (Fig. 9A). In contrast, there
were significant amounts of TG in the cytosol of control
cells, and these amounts were further increased (207%) in
cells treated with PL81 (Fig. 9A). This increase was specific
to TG, as phospholipid distribution in different organelles
was not affected by PL81 (Fig. 9B). When cells were labeled
with OA, TGs again were present mainly in the cytosol
(Fig. 9C), and these levels were increased (177%) in cells
treated with PL81. Analysis of phospholipids revealed that
the majority of OA was in microsomal phospholipids
(Fig. 9D), most likely reflecting the preferential use of OA
for the biosynthesis of microsomal phospholipids. Again,
PL81 treatment had no significant effect on the amount of
phospholipid in any of the organelles. These studies indi-
cate that PL8I-treated cells specifically accumulate more
TG in their cytosol.
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Fig. 8. Effect of PL81 on MTP activity. A: Cells were incubated
with or without PL81 (6 wg/ml) for 18 h in the presence of
OA+TC, washed, treated with hypotonic buffer (20, 21), and
centrifuged, and supernatants were used (50 wg protein/assay) to
measure MTP activity using a fluorescence assay (20, 21). B:
Differentiated Caco-2 cells were incubated with OA+TC and
treated with hypotonic buffer, and lumenal contents were pre-
pared as described for A. Lumenal proteins (50 ng) were incubated
with increasing concentrations (0-10 wg/ml) of PL81 in the
presence of donor and acceptor vesicles. Transfer of fluorescent
TG was recorded at the indicated times. C: Purified rat liver MTP
was incubated with or without PL81 (6 wg/ml) and acceptor and
donor vesicles at 37°C. Increases in fluorescence attributable to the
transfer of fluorescent TG were recorded at the indicated times.
The data are presented as means = SD (n = 3).
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DISCUSSION

Mode of action of PL81

The major observations made here are that PL81 accu-
mulates in the cytosol and that PL81-treated Caco-2 cells
assimilate more TG in the cytosol as well as exhibit di-
minished MTP activity. Based on these observations, we
propose that the major site of action of PL81 is the cytosol
and that PL81 most likely inhibits CM assembly and se-
cretion by interfering with the transport of TG from the
cytosol to the ER. By limiting this transport, PL81 could
differentially inhibit the assembly of larger CM parti-
cles without affecting the secretion of smaller lipo-
protein particles.

It has been appreciated for some time that the transport
of TG from the cytosol to the ER lumen is crucial for
the assembly and secretion of apoB-lipoprotein assembly.
First, it was proposed that the hydrolysis and reesterifica-
tion of TG might be involved in the transfer of TG from
the cytosol to the ER lumen (28). Microsomal enzymes
involved in the hydrolysis of TGs (29) and their synthesis
(30) have been characterized. Second, evidence has been
presented in Huh-7 cells for the presence of a mechanism
that transports TG across the ER membrane and is par-
tially sensitive to verapamil (31). Potentially, PL81 could
interfere with both of these mechanisms. A third pos-
sibility is that PL81 might interact with cytosolic lipid
droplets and cause their aggregation/fusion (15, 16) and
inhibit their accretion into the ER lumen. Further stud-
ies are required to understand how PL81 affects any of
these mechanisms and causes increased TG assimilation in
the cytosol.

Recently, Pluronic block copolymers have been used to
sensitize drugresistant tumor cells (3). Tumor cells ac-
quire drug resistance by increasing the expression of ef-
flux proteins, such as P-glycoprotein, and by sequestering
drugs in cytosolic vesicles (3). We observed that PL81 is
excreted out of the cells, most likely via P-glycoprotein or a
related family member. Its excretion could competitively
inhibit the excretion of cancer drugs and increase their
cellular residence time. Furthermore, our observation
that PL81 accumulates in the cytosol suggests that PL81
might destabilize cytosolic vesicles that sequester and ex-
crete drugs. Thus, Pluronic copolymers may increase the
efficacy of cancer drugs and help overcome drug resis-
tance by competitively inhibiting drug excretion and the
destabilization of cytosolic vesicles.

PL81 inhibits MTP activity

PL8]1-treated cells showed a small (~20-25%) but sig-
nificant decrease in MTP activity (Fig. 8A), although it is
unclear how PL81 affects MTP activity. PL81 had no direct
effect on the TG transfer activity of the purified (Fig. 8C)
or cellular (Fig. 8B) MTP. Furthermore, very small amounts
of ['*C]PL81 were found in microsomes, and PL81 does
not show any structural similarity with known MTP antag-
onists. It is possible that a metabolite of PL81 might in-
hibit MTP.
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Fig. 9. PL81 increases the accumulation of TGs in the cytosol. Caco-2 cells were incubated with [3H]glycerol (8 nCi/ml; A, B) or [**cl10A
(0.45 nCi/ml; C, D) with OA+TC in the presence (+ PL81) or absence (— PL81) of PL81 (6 pg/ml) for 18 h. Cells were washed with PBS,
scraped, homogenized by passing through a 15 gauge needle, and processed for subcellular fractionation as described in Experimental
Procedures. Total lipids were extracted using chloroform-methanol (3:1, v/v) from the subcellular fractions and separated by thin-layer
chromatography. Lipid standards were chromatographed simultaneously, and the bands corresponding to TG and phospholipids were cut

and processed to determine radioactivity.

Inhibition of MTP could contribute to the accumulation
of TG in the cytosol. MTP has been shown to play a role in
the accretion of TG from the cytosol to the ER lumen. For
example, MTP inhibition (32, 33) and its gene deletion
(34) lead to the accumulation of TG in the cytosol. It
remains to be determined whether there is a precursor-
product relationship between MTP inhibition by PL81 and
the accumulation of TG in the cytosol.

Cellular metabolism of PL81

Very little is known about the cellular metabolism of
surfactants such as PL81. Rodgers, Friday, and Bochenek
(35) showed that rats absorb ~50% of the ingested [c]
poloxalene and excrete it in the bile and urine. Here, we
show that PL81 uptake by differentiated Caco-2 cells is a
time-, temperature-, and concentration-dependent (Fig. 3)
indicating a protein-facilitated active process. After up-
take, cells excrete PL81 toward the apical side. The
excretion is at least partially dependent on P-glycoprotein
or a related protein, as shown by its partial inhibition
by verapamil.

Even though the majority of the PL81 was excreted from
the apical side, a small fraction was secreted at the baso-
lateral side. Surprisingly, PL81 was secreted unassociated
with lipoproteins. We also observed that PL81 does not
associate to any significant extent with CM after secre-
tion in the extracellular milieu. Moreover, PL81 secretion
and excretion were not affected by the induction or
inhibition of lipoprotein assembly and secretion. Thus,
PL81 is neither secreted with nor associated with CM.
Yet, it profoundly affects the assembly and secretion of
these lipoproteins.

In short, our studies show that PLL81 accumulates in the
cytosol, causes TG assimilation in this compartment, and
inhibits MTP activity. All of these mechanisms could
interfere with the transfer of TG from the cytosol to the
ER and inhibit the assembly and secretion of CM by the
intestinal cells. The observations that PL81 is predomi-
nantly excreted apically and stored in the cytosol suggest
that Pluronic copolymers could increase the efficacy
of cancer drugs by inhibiting their excretion and desta-
bilizing cytosolic vesicles in drug-resistant tumor cells.fil
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