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Summary Phosphatidylcholine (PC) and its hydrolysates are considered to stimulate intestinal
lipid absorption, however, their exact effects on lipoproteins and apolipoprotein (apo) metabo-
lism remain ambiguous. This study aimed to further differentiate the effects of them using
fully differentiated enterocyte-like Caco-2 cells. Lipid micelles (oleic acid 0.6, cholesterol 0.05,
monooleylglycerol 0.2, taurocholate 2 in mmol/l) with or without choline, PC, and lysoPC
(0.2 mmol/l each) were applied apically to Caco-2 cells. *H-oleic acid and “C-cholesterol were
added to the micelles when necessary. Secreted lipoproteins were analyzed by a HPLC method.
LysoPC had the most potent promoting effect on lipid uptake, and lipoprotein and apolipo-
protein B-48 secretion among the molecules tested. LysoPC doubled the output of cholesterol
and triglyceride as the lipoprotein component, but PC did not. On the other hand, PC only
increased the secretion of apoA-IV in the presence of lipid micelles. These findings confirm
that the alteration of PC by PLA: hydrolysis is intrinsically involved in the intestinal lipid
absorption process and suggest that PC and its hydrolysis are coordinately associated with not

only lipid absorption efficiency but also lipoprotein output and metabolism.
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Introduction

Postprandial hyperlipidemia is prevalent during conditions
of obesity and insulin-resistance, and has been associated
with mediating the accelerated progression of cardiovascular
diseases. Interest has been given to reduce or retard lipid
absorption by medication and thus further understanding on
this process will be of importance for such development.
Diet and biliary phospholipids supply phosphatidylcholine
(PC) to the intestinal lumen (1-2 g and 11-12 g per day,
respectively) and the PC is known to play an important role
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in intestinal lipid transport [/, 2]. Studies in bile-diverted
rats by Tso ef al. and others have shown that the addition of
PC to a dietary oil-based infusate increases triglyceride (TG)
output into the lymph ducts [3]. However, little comparative
data is available which PC itself, the hydrolyzed forms, or
both facilitate intestinal lipid absorption [4, 5].

Once PC enters into the intestinal lumen, it is readily
hydrolyzed to lysoPC by pancreatic phospholipase A:
(PLA>2). Fat meal perfusion in humans showed that the
concentration of lysoPC in the luminal content increases
more than 2.5 mmol/l, while that of PC remained at
approximately 0.5 mmol/I [6]. Such increase in the concen-
tration of lysoPC in the lumen is more likely to play an
important role in the process than PC, because lysoPC
solubilizes lipids more effectively than PC and is well
absorbed by the absorptive cells [7, 8]. Furthermore, lysoPC
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is also involved in the cholesterol absorption. PC inhibits
cholesterol absorption [9], while lysoPC greatly stimulates
its absorption in Caco-2 cells [/0], indicating that the
hydrolysis can regulate the intestinal cholesterol absorption.

Choline, a component of PC, has been reported to have
a similar stimulatory effect to PC in the intestinal lipid
trafficking [4, 1/, 12]. Choline-deficient diets cause a
decreased fat absorption and a choline supplement restores
the decrease [//, 12]. Interestingly, intraperitoneal admin-
istration of choline also restores the high rate of fat absorp-
tion, indicating that increased emulsification with choline is
not involved in the effect, thus suggesting another mecha-
nism [//]. An explanation for the effect with choline is
increased phospholipids turnover in the presence of choline
[12]. Although evidence suggests that the effect of choline
and PC differs from each other, the physiological mecha-
nisms have not been fully studied in comparison with PC
and lysoPC.

Differentiated Caco-2 cells on filter membranes have
been widely used as a model to examine the intestinal lipid
assimilation and transport process, because the cells produce
triglyceride (TG)-rich lipoproteins and apolipoproteins
(apos), such as B-100, B-48, A-I, and A-IV when lipids are
supplied from the apical side (brush border) to the cells.
With this in vitro intestinal absorptive cell model, researchers
have examined the promoting ability of PC and lysoPC in
the lipid absorption [9, 10, 13—16] and revealed effects
similar to the observations in animals with a few exceptions.
However, the influence of PC and lysoPC on the output of
lipids as lipoproteins and apolipoprotein metabolism is
unexamined in a comparative manner.

In the present study we attempted to further delineate the
effect of choline, PC, and lysoPC on lipid absorption and
lipoprotein secretion in Caco-2 cells using a tracer technique
and measuring lipoproteins and apolipoproteins. Our results
showed that choline, PC, and lysoPC have different effects
on the process, suggesting that rapid increases in the concen-
trations of PC and lysoPC in the intestinal lumen at meal-
times differentially facilitate the dynamic functional changes
in the enterocytes to absorb and process dietary lipids.

Materials and Methods

Reagents

Pluronic L81 (BASF Co., Washington, NJ), a hydro-
phobic surfactant that inhibits lipoprotein secretion, was a
kind gift of Patrick Tso (Dept. of Pathology and Laboratory
Medicine, University of Cincinnati, OH), 9, 10(n)-*H-oleic
acid (specific activity 7.0 Ci/mmol) and [4-'*C]-cholesterol
(58.0 mCi/mmol) were purchased from GE Healthcare
(Piscataway, NJ). Other reagents were obtained from Wako
Pure Chemicals (Osaka, Japan) or Sigma-Aldrich (Tokyo,
Japan).
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Preparation of lipid micelles

Lipid micelles were prepared according to Chateau et al.
[Z7]. In brief, oleic acid (6 pul), 2-monooleylglycerol, and
cholesterol (2 pl, respectively) were mixed in a sterile glass
tube and dried under a stream of nitrogen and stored at
—80°C prior to use. Stock solution of LysoPC or PC was
added to the mixture when necessary [2 pl (final concentra-
tion, 0.2 mmol/l), respectively]. The resulting dried lipids
were dissolved in 83 pl of a sterile solution of 24 mmol/l
taurocholate (Nacalai Tesque, Kyoto Japan) in serum-free
medium (DMEM, 5 mmol/l glucose and GlutaMAX,
Invitrogen, CA) and the tube was soaked in a ultrasound
bath for 10 min at room temperature (UT-104, Sharp, Japan).
Then one milliliter of serum-free medium was added to the
lipid micelles, and the solution was soaked in ultrasound
bath again briefly and then mixed well. The final lipid
concentrations were oleic acid (0.6 mmol/l), cholesterol
(0.05 mmol/l), 2-monooleylglycerol (0.2 mmol/l), and
taurocholate (2 mmol/l), a composition that mimics post-
digestive duodenal micelles [/8]. Lipid micelles were used
within 2 h after preparation.

Differentiation of Caco-2 cells on filter membranes

Differentiation of Caco-2 cells on filter membranes was
performed according to Chateau et al. [17]. Briefly, Caco-2
cells (between passages 49-55) were plated at a density
of 5x 10* cells per cm?> membrane and grown under a
humidified atmosphere containing 10% COz, at 37°C in
Dulbecco’s modified essential medium containing 25 mmol/l
glucose and GlutaMAX™ (Product No. 10564-011,
Invitrogen) and 20% heat-inactivated fetal calf serum. Cells
were grown to confluence for a week and then cultured in
asymmetric conditions, with medium containing 5 mmol/l
glucose and GlutaMAX™ in the upper compartment and
the medium containing 20% FCS in the lower compartment
up to the indicated periods. Penicillin/streptomycin (100
IU/ml and 100 pg/ml, respectively) and 1% nonessential
amino acids were added to all the media.

Triglyceride-rich lipoprotein secretion by Caco-2 cells
Freshly prepared lipid micelles (1.5 ml) were added to
the upper compartment for 24 h. For the tracer experiments,
SH-oleic acid and *C cholesterol were added to a glass
tube to have radioactivities of 2 pCi/ml and 1 pCi/ml,
respectively, and dried as well as described above. After
incubation for 24 h with the tracer-containing lipid micelles,
media were harvested, the cell layers were briefly rinsed
twice with ice-cold phosphate-buffered saline (PBS), and
the back side of the filters was gently adsorbed onto filter
paper to eliminate any basolateral medium. The cell layers
were then scraped into 0.5 ml of lysis buffer (1% Triton X-
100, 5 mmol/l EDTA in PBS) supplemented with 2%
protease inhibitor cocktail, disrupted with a 23G needle and
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syringe, and immediately frozen at —80° C until analyzed.
Cytotoxic effects were assessed by measuring lactate de-
hydrogenase activity in the apical and basolateral media.

TG-rich lipoproteins secreted into basolateral media were
separated from free tracers with a PD-10 desalting column
(GE healthcare) with PBS containing 1 mmol/l ETDA and
0.05% NaNs as eluent. PD-10 is a Sephadex-G25 based
desalting column that separates molecules with Mr >5,000
from those with Mr <1,000. Thus, tracers incorporated
into lipoproteins appear in the passing-through fractions.
Aliquots (50 ul) were suspended in 10ml of liquid
scintillator (Ultima Gold, PerkinElmer Life and Analytical
Sciences, Inc., Wellesley, MA), and the radioactivity in each
vial was measured with a scintillation counter. The distri-
bution of radioactivity (%) was calculated by comparing to
the total counts, that is, the sum of whole counts in the media
and cell lysates.

Apolipoprotein B-100, B-48, and A-I assays

ApoB-100 and apoA-I concentrations in the supernatants
were determined by an in-house enzyme-linked immuno-
sorbent assay as described previously [/9]. In this study we
used a LDL fraction obtained from normolipidemic human
plasma by ultracentrifugation as assay standard. The protein
concentration of the LDL fraction was assayed for protein
assay (Bio-Rad) using bovine serum albumin as standard.
The purity of the LDL fraction was confirmed by SDS-
PAGE with 6% gel. The concentration of apoB-48 was
determined with an apoB-48 CLEIA Fujirebio kit and the
LUMIPULSE system (Fujirebio, Tokyo, Japan) [20].

Lipoprotein analysis by HPLC

Lipoproteins secreted into the basolateral medium were
analyzed by an HPLC column and the following enzymatic
detection for TG and cholesterol [2/] (Liposearch system,
Skylight Biotech., Japan).

Real-time RT-PCR

Total RNA was isolated from the cells with ISOGEN
(Nippon Gene, Toyama, Japan) according to the manufac-
turer’s instruction. The samples were finally treated with
RNase-free DNase I (Invitrogen) for 30 min at 37°C. First-
strand cDNA synthesis was performed with a superscriptll
reverse transcription kit (Qiagen) after denaturation of total
RNA (10 pg, 15 min, 65°C). Reactions were performed in a
total volume of 25 pl, containing 2.5 pl of cDNA solution,
12.5 ul of qPCR MasterMix (Applied Biosystems), and
1.25 pl of the TagMan probe. Reactions were run on an ABI
PRISM 7900 Sequence Detector (Applied Biosystems). The
cycle threshold (Ct), corresponding to the number of cycles
after which the target-DNA concentration increase becomes
exponential, was monitored. Results were analyzed using
the SDS 2.1 Software (Applied Biosystems). All reactions
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were done in duplicate.

Western blotting

Lysates of Caco-2 cells were separated on 10% poly-
acrylamide gel and transferred to PVDF membranes
(Amersham Biosciences). Proteins in culture supernatants
were precipitated with 20% trichloroacetic acid and then
applied for SDS-PAGE. Membranes were blocked with
Blocking One (Nacalai). Anti-apoA-IV antibody (1:200,
Santa Cruz Biotechnology Inc., CA) and anti-goat-HRP
(1:1000, The Binding Site) were successively applied in
the same buffer and labeling was visualized by chemilumi-
nescence (ECL™, Western Blotting Detection Reagents; BD
Biosciences) with a high-performance chemiluminescence
film (Hyperfilm™ ECL™, BD Biosciences). Visualized
proteins were scanned, and each density of the bands was
translated into arbitrary unit with Image J (version 1.31;
http://rsb.info.nih.gov/ij/).

Statistical analysis

Data are shown as means £ SEM. Each assay was
performed in triplicate unless indicated otherwise. For
parametric data, means were compared with the Student’s
t test. For nonparametric data, the Mann-Whitney U test was
used. The statistical analyses were performed with Statview
version 5.0 for Win software (SAS Institute).

Results

Lipid absorption and triglyceride-rich lipoprotein secretion

Tracer experiments with radiolabeled oleic acid showed
that the addition of lysoPC approximately doubled TG-rich
lipoprotein secretion by Caco-2 cells, whereas PC and
choline had only a slight and insignificant increase (approxi-
mately 15% increases by each) (Fig. 1). We also estimated
the effects of the same three reagents on lipid absorption by
calculating the percentage of tracer count in the cell lysate
and basolateral medium. Choline and lysoPC increased oleic
acid absorption by 11% and 27%, respectively (Fig. 2A),
while PC and lysoPC increased cholesterol absorption
two- and five-fold, respectively (Fig. 2B). LysoPC had the
greatest effect in all the above three evaluations. There was
little radioactivity for '“C-cholesterol in the basolateral
media, probably because the cells preferentially do not
utilize exogenous cholesterol, but a cellular source for the
lipoprotein assembly. Lactate dehydrogenase release into the
medium after adding lipid micelles and test reagents was
less than 1%, indicating no apparent cytotoxicity (data not
shown), consistent with an earlier report [/7].

Apolipoprotein secretion
The addition of lipid micelles into the apical medium
increased apoB-100 secretion threefold. The secretion level
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Fig. 1. TG-rich lipoprotein secretion by differentiated Caco-2
cell monolayers. Lipid micelles containing radiolabeled
tracer of oleic acid and cholesterol were added to Caco-2
cells that had been cultured for 3 weeks on a filter mem-
brane under asymmetric conditions. Oleic acid output as
lipoprotein into the basolateral medium was estimated as
% of total radioactivity in the passing-through fraction of
PD-10 desalting column. Pluronic L81 (L81, 10 pg/ml)
was added to lipid micelles as a known inhibitor of
chylomicron secretion. ** p<0.01 versus lipid micelles
alone. Data are shown as means and SEM of triplicate
assays. The concentrations of reagents added to lipid
micelles were 0.2 mmol/l, respectively.

did not differ significantly when choline, PC, or lysoPC
was added (Fig.3A). The addition of lipid micelles also
increased apoB-48 secretion twofold, and lysoPC further
promoted apoB-48 secretion (1.5-fold versus lipid micelles
alone, p =0.04; Fig. 3B). The addition of PC and lysoPC
reversed the suppression fully and partially, respectively.
No significant change in apoA-I secretion was observed by
adding micelles with or without the test reagents (Fig. 3C).

Lysophosphatidylcholine alters secretion and lipid composi-
tion of lipoprotein

LysoPC was shown to facilitate the apical lipid transport
the most. Analysis of the lipoproteins secreted with or
without lysoPC with an HPLC method showed that the
presence of lysoPC approximately doubled the total TG and
cholesterol secretion as lipoprotein components (Fig. 4A
and 4B, respectively). The cholesterol content of the
lipoproteins was greater in every size of the secreted
lipoproteins (Fig. 4C). Moreover, lipoproteins observed in
the fractions from 6 to 9 seemed to increase by adding
lysoPC (Fig. 4C and D), but since the pattern of the two
chromatographs was similar, the presence of lysoPC did
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Fig.2. Oleic acid and cholesterol absorption by Caco-2 cell
monolayers. H-oleic acid and '“C-cholesterol were
added to lipid micelles and incubated for 24 h. Absorbed
tracers were calculated as described in the “Materials
and Methods” section. A and B, % of absorbed *H-oleic
acid and 'C-cholesterol, respectively. * p<0.05 and
** p<0.01 vs lipid micelles alone. Data are shown as
means and SEM of triplicate assays. The concentrations
of reagents added to lipid micelles were 0.2 mmol/l,

respectively.

not appear to alter the particle sizes of lipoproteins secreted
by Caco-2 cells.

Phosphatidylcholine and taurocholate increase apo-AIV
secretion

Apolipoprotein A-IV is now considered to play an impor-
tant role in the chylomicron assembly and the control of
satiety. ApoA-IV production and secretion into the circula-
tion was shown to depend on the fatty acid supply into the
lumen. Thus, we examined that the effect of PC and its
hydrolyzates on the basolateral secretion of apoA-IV and
found that apoA-IV secretion was promoted in the presence
of PC, increasing more than threefold compared to those of
lipid micelles alone (Fig. 5A). On the other hand, lysoPC
showed insignificant difference compared with the non-
additive control. There were no significant differences in the
cellular apoA-IV levels (Fig. 5B) among the groups tested.

J. Clin. Biochem. Nutr.
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Apolipoprotein secretion into basolateral medium by
Caco-2 cell monolayers. After 24 h incubation in the
presence or absence of lipid micelles, the basolateral
media were assayed for apoB-100 (A), apoB-48 (B), and
apoA-I (C). * p<0.05 and ** p<0.01 compared to the
data with lipid micelles alone. Data are shown as means
and SEM. of triplicate assays. The concentrations of
reagents added to lipid micelles were 0.2 mmol/l,
respectively.

Real-Time RT-PCR analysis showed that oleic acid increased
apoA-IV mRNA in all the conditions that oleic acid was
added (Fig. 5C). The mRNA level in the presence of lysoPC
was slightly greater than that of lipid micelles only.

Discussion

The results of the present study showed that lyso-
phosphatidylcholine (lysoPC) was the most effective in
increasing the absorption of oleic acid, cholesterol, the
secretions of TG-rich lipoprotein and apoB-48, when lipid
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HPLC analysis of secreted lipoproteins. Lipid micelles
were added to Caco-2 cell cultures (n =5 of each group)
with (LysoPC) or without (Cont.) lysoPC (final concen-
tration; 0.2 mmol/l). The lipoproteins secreted were con-
centrated 10-fold and applied for the HPLC. The total
cholesterol and TG concentrations in the lipoproteins are
shown in (A) and (B), respectively. The eluate from the
column was fractionated into 20 tubes and assayed for
cholesterol and TG as shown in C and D. The lines show
lipoprotein particle size. Lipoprotein fractionation at the
bottom indicates representative lipoprotein subclasses in
the particle sizes. Plots and bars show means and SEM,
respectively. Open and closed circles, in the absence
and presence of lysoPC, respectively. The concentrations
of reagents added to lipid micelles were 0.2 mmol/l,
respectively.
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Western blotting analysis of basolaterally secreted (A) and cellular (B) apolipoprotein A-IV. * p<0.01 compared to the data

from lipid micelles only. Western blot data show representatives of n = 3 experiments. (C) Changes in APOAIV mRNA levels
after adding lipid micelles. Messenger RNA levels at 24 h after the cells were treated were determined by RT-PCR with real-
time detection as mitochondrial ribosomal protein L19 as a housekeeping gene 24 h after the lipids were added. * p<0.01 vs
control. T p<0.05 vs lipid micelles only. Data are shown as means and SEM of triplicate assays. The concentrations of reagents

added to lipid micelles were 0.2 mmol/l, respectively.

micelles were applied simultaneously. LysoPC doubled the
output of both cholesterol and triglyceride as lipoprotein
components, respectively, while PC increased apoA-IV
secretion.

A series of evidence showed that the addition of PC to
lipid infusates increases the phospholipid turnover by the
enterocytes and TG output into the lymph. Together with our
present findings, and the fact that PC is rapidly hydrolyzed
by PLA: in pancreatic juice and in the intestinal absorptive
cells [6], PC added to infusates elicits an increased rate of
fat absorption after being hydrolyzed to lysoPC. In fact,
inhibition of PLA> attenuates fatty acid absorption in rats
[22]. Thus, biliary PC and pancreatic PLA> are crucial
for supplying lysoPC to the intestinal lumen. What was

responsible for the considerable difference in the lipid
transport efficiency between lysoPC and PC. As the lipids
added apically were well solubilized with taurocholate, the
efficient lipid emulsification by lysoPC is unlikely. LysoPC
is rapidly absorbed by the enterocytes (approximately 70%
for 6 h by Caco-2 cell monolayer; [9]), PC is poorly
absorbed (less than 2%) unless hydrolyzed [9, 15, 23]. The
fact that absorbed fat droplets are surrounded by membranes
during their passage through the apical cytoplasm suggests
that an extensive membrane system is needed to process the
large amount of fat quickly entering the cell [24]. Since
lysoPC is incorporated well into lymph phospholipids [7, &],
apically supplied lysoPC seems to provide the sufficient
surface coat of lipoproteins, which assists the delivery of
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dietary lipids by chylomicrons.

The addition of lysoPC doubled or more the cholesterol
and TG contents in the lipoproteins secreted. The increase
in cholesterol content was independent of the particle size
of lipoproteins, suggesting a possibility of the activation
of acyl-CoA:cholesterol acyltransferase by accelerated
cholesterol uptake by 5-fold in the presence of lysoPC as
previously reported [/0, 25] (Fig. 1C). Indeed, the absorbed
cholesterol is rapidly esterified in Caco-2 cells [9]. PC
reduced cholesterol absorption in humans and rats [26, 27].
In the present study, the addition of PC into the apical
medium did not reduce the cholesterol absorption, but
promoted slightly. Hamada et al. [28] speculated that lysoPC
reduced the affinity of cholesterol to the bile salt micelles,
promoting the release of cholesterol from them to the cells.
Taken together, those data can be explained with the
possibility that PC counteracts the effect of lysoPC in the
cholesterol absorption process.

Chylomicrons are the physiological carriers of absorbed
dietary lipids and apoB-48 plays a crucial role in their
assimilation and rapid transport as an exclusive protein of
the chylomicron particles [29]. Western blotting method
has been utilized to semi-quantify for the basolateral
apoB48/B100 secretions [/7]. We differentially determined
total apoB-100 and apoB-48 concentrations by highly sensi-
tive and specific immunoassays, which have advantages in
assay simplicity and reproducibility. LysoPC augmented
both TG-rich lipoprotein and apoB-48 secretion. In hepato-
cytes, lysoPC was also shown to inhibit the degradation of
apoB and thus increase the secretion [30]. Furthermore, the
secretion of apoB-48 depends on the presence of lipids in the
apical side, but does not depend on the surplus intracellular
lipids [/ 7]. In the view of the fact that more than 50% of the
fatty acid was absorbed and only less than 15% of the apical
fatty acid was transported to the basolateral medium in the
present study, the fatty acid supply itself does not appear to
be a limiting factor for apoB-48-containing TG-rich lipo-
protein secretion as suggested [/7]. Thus, the increased
absorption of oleic acid is not completely attributable to the
increased apoB-48 and lipoprotein secretion. We speculate
that the supply of lipoprotein surface coat by the absorbed
lysoPC is one of the major stimulating factors.

ApoA-1V, a component of chylomicrons, is known to
facilitate fat absorption and chylomicron secretion, probably
plays an important role in the chylomicron assembly [3/].
Moreover, it is a satiety mediator. Increased lipid absorption
and TG-rich lipoprotein secretion in the presence of lysoPC
was thought to stimulate apoA-IV secretion, but there was
no significant change in the secretion of apoA-IV when
lysoPC was added. On the other hand, the addition of PC
increased the secretion of apoA-IV more than threefold,
while the expression level of apoA-IV was dependent on the
fatty acid supply as reported [32, 33]. Field ef al. [I5]
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showed that taurocholate decreased basolateral secretion of
apoB by promoting the intracellular degradation of apoB
molecule. This degradation is rescued by adding PC. The
less association of PC to Caco-2 cells [/5] indicates that PC
neither supply fatty acid nor lysoPC in Caco-2 assay system,
suggesting a possible regulatory mechanism by PC on
lipoprotein output or degradation system.

Choline slightly increased fatty acid absorption, but there
was no apparent increase in the lipoprotein output in contrast
to the earlier reports in rats. This difference is probably
because the investigators examined choline-deficient condi-
tions in rats, whereas the medium we used contains
methionine, a precursor of choline; thus, the supply of
choline to the cells affected marginally. Other possibilities
are that Caco-2 cells may not have proper metabolic activity
for phospholipid turnover by the use of choline, or the lack
of monoglyceride pathway in Caco-2 cells may reduce the
supply of diglyceride to synthesize PC.

In conclusion, the results of the present study confirmed
the importance of lysoPC in the lipid absorption process
and showed that lysoPC facilitates the efficient intestinal
lipid transport by accelerating lipid absorption, lipoprotein
assembly, and lipid clearance. On the other hand, PC did
not increase lipoprotein output, but increased apoA-IV
secretion, suggesting a role of PC in satiety signaling. PC
and its hydrolysis appear to be coordinately associated
with not only lipid absorption efficiency but also lipoprotein
output and metabolism.
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