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Introduction

Dietary fats, which mainly consist of triglycerides (TGs)
and phospholipids (PLs), are digested in the lumen of the
small intestine into monoglycerides (MGs), lysophospho-
lipids (lysoPLs), and free fatty acids. In the presence of

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

Abstract

The small intestine generally transports dietary fats to circulation in triglyceride
(TG)-rich lipoproteins. The two main intestinal lipoproteins are chylomicron
(CM) and very low-density lipoprotein (VLDL). Unfortunately, studies on the
CM biogenesis and intestinal transport of dietary fats have been hampered by
the lack of an adequate in vitro model. In this study, we investigated the possi-
ble factors that might increase the efficiency of CM production by Caco-2 cells.
We utilized sequential NaCl gradient ultracentrifugation to isolate the CMs
that were secreted by the Caco-2 cells. To confirm the successful isolation of
the CMs, we performed Fat Red 7B staining, TG reading, apolipoprotein B
(ApoB) measurement, and transmission electron microcopy (TEM) analysis.
We then tested the effects of cell differentiation, oleic acid, mono-olein, egg
lecithin, incubation time, and collagen matrix on CM secretion. We found that
cell differentiation, oleic acid, and lecithin were critical for CM secretion. Using
the Transwell system, we further confirmed that the CMs produced by our
Caco-2 cells contained significant amount of TGs and ApoB-48 such that they
could be detected without the use of isotope labeling. In conclusion, when fully
differentiated Caco-2 were challenged with oleic acid, lecithin, and sodium tau-
rocholate, 21% of their total number of lipoproteins were CMs with the diame-
ter of 80—200 nm.

bile salts, these lipid digestion products form mixed
micelles. Once taken up by the enterocytes, the MGs and
lysoPLs will be re-esterified to TGs and PLs, respectively;
both will then be packaged into lipoproteins (Nauli and
Nauli 2013). The two main intestinal lipoproteins are
chylomicron (CM), commonly considered as lipoprotein
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Lipoprotein Secretion by Caco-2 Cells

with 80 nm or more in diameter, and very low-density
lipoprotein (VLDL), lipoprotein with less than 80 nm in
diameter. Under normal physiological condition, CM par-
ticles can only be produced by the enterocytes (Nauli
et al. 2006; Lo et al. 2008). This unique ability of entero-
cytes may be attributed to the high degree of ApoB lipi-
dation and the high availability of lipids in the lumen of
the digestive tract. Since the primary cells of the entero-
cytes have a short half-life (Drover et al. 2005), it remains
a challenge to come out with an adequate in vitro model.

Several studies have suggested that Caco-2 cells can
serve as an in vitro model to study CM biogenesis (Trab-
er et al. 1987; Van Greevenbroek et al. 1996; Levy et al.
1999; Luchoomun and Hussain 1999). However, most of
those studies rely on biochemical analysis with little to no
microscopic evidence. Since lipoproteins tend to aggre-
gate, the use of ultracentrifugation, gel filtration, or
dynamic light scattering should ideally be complemented
with microscopic analysis. The transmission electron
microscopy (TEM) analysis with negative staining method
is arguably a better method to obtain size distribution of
the lipoproteins.

Our studies combined both biochemical and TEM
analysis to investigate several factors that could improve
the efficiency of CM secretion by Caco-2 cells, namely cell
differentiation, oleic acid (OA), mono-olein (MO), egg lec-
ithin, incubation time, and collagen matrix. We found that
cell differentiation, OA, and egg lecithin could promote
efficient CM production. We then compared our optimal
condition with the previously reported condition that used
less lipid and longer incubation time (Luchoomun and
Hussain 1999). We found that our optimal condition led
to a more efficient production of CMs. These CMs, which
were around 80-200 nm in diameter, represented 21% of
the total number of the isolated lipoproteins.

Materials and Methods

Caco-2 cells

Caco-2, human epithelial colorectal adenocarcinoma, cells
(passage 17) were obtained from American Type Culture
Collection (Manassas, VA) and were grown at 37°C with
5% CO, in growth media (DMEM with 15% FBS). For
propagation purposes, cells were split (1:6) when they
have reached 50-70% confluence. Media was changed
every other day. For the initial experiments, cells (passage
40-60) were grown in 10-cm tissue culture dishes. For
the later experiments, cells were grown on Tranwells (Cat.
# 3420, 100-mm dish, 3-um pore size, polycarbonate
membrane; Corning, Inc., Tewksbury, MA). The prefil-
tered lipid mixture (unless specified, OA:lecithin:sodium
taurocholate (NaTC) = 2:1.36:1.0 mmol/L) in 10-mL
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growth media was added to the cells to induce the secre-
tion of CMs. Cells that were grown in the tissue culture
dishes were incubated with lipid mixture for 4 h, washed
twice with PBS, and incubated with fresh growth media
for 2 h to collect for the secreted lipoproteins. Cells
grown on Transwells (Corning, Inc.) were incubated for
4 h with lipid mixture in the apical chamber and growth
media without lipid mixture in the basolateral chamber.
To isolate the CM and VLDL layers, the lipoprotein-con-
taining media were subjected to sequential NaCl density
gradient ultracentrifugation (see Appendix). The success-
ful isolation of these lipoproteins was confirmed by Fat
Red 7B staining (Fig. Al), ApoB, TG, and TEM analysis
(Fig. A2).

TG measurement

The concentration of TGs was measured by using the col-
orimetric assay, as previously described (Nauli et al.
2003).

Enzyme-linked immunosorbent assay

High binding 96-well plates (Cat. # 62409-002; Thermo
Scientific, Waltham, MA) were coated with monoclonal
anti-ApoB antibody (Cat. # HYB069-02-02; 100 pL in
each well; 1:5000 dilution in the coating buffer
[26 mmol/L Na,COs;, 23 mmol/L NaHCOs;, pH = 9.2];
Pierce Antibody Products, Rockford, IL), washed with
PBS-0.5% Tween-20 (PBS-T), and then blocked with 5%
BSA in PBS-T. After washing, 100 pL of ApoB standard
(Cat. # APOB25-N-100; Alpha Diagnostic International,
San Antonio, TX) or sample was incubated in each well,
washed, and added with the goat anti-ApoB antibody
(Cat. # 600-101-111; 1:1000; Rockland Immunochemicals
Inc., Gilbertsville, PA). After washing, anti-goat HRP-con-
jugated secondary antibody (Cat. # 31402; 1:1000; Pierce
Antibody Products) was incubated. The signals were
detected by using the HRP substrate kit (Cat. # 172-1064;
Bio-Rad, Hercules, CA) according to the manufacturer’s
suggested protocol.

Transmission electron microscopy analysis

Samples were negatively stained by using freshly prepared
2% phosphotungstic acid, pH 6.0, as previously described
(Nauli et al. 2006). They were examined by using Philips
Technai 10 and representative pictures were taken.

Experimental design

The experimental design is illustrated in Table 1. We
tested the effects of cell differentiation, OA, MO, egg

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.
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Table 1. Experimental design.

Lipoprotein Secretion by Caco-2 Cells

Condition/variable Postconfluence  OA MO Lecithin Incubation + Collagen n (total number  Figure (s)
tested (days) (mmol/L)  (mmol/L) (mmol/L) Collection (h) (ng/dish) of dishes) on paper
Staining and fraction 13 2 None 1.36 4+ 2 None 3 A1 and A2
analysis
Cellular 4,13, 17, 4 1 0.68 4+ 2 None 4,3,4,4, 1A
differentiation or 23 respectively
OA 13 0,2, 4, 1 0.68 4+ 2 None 4,5,4,3, 1B
or 6 respectively
MO 13 2 0, 1,2, 0.68 4+ 2 None 5,3,7,5, 1C
or4 respectively
Lecithin 13 2 None 0, 0.68, 442 None 3, 3, 4,4, 1D
1.36, 2.72 respectively
Incubation + 13 2 None 1.36 2+2,2+4, None 3,4, 3,4, 1E
Collection time 4+2,0rd+4 respectively
Collagen matrix 13 2 None 1.36 4+ 2 0, 50, 4,3, 3, 3, 1F
100, 500  respectively
O group 13 2 None 1.36 4 None 3 (Figure 2); 2 and 3
2 (Figure 3)
LL group 13 1.6 None None 14 None 3 (Figure 2); 2 and 3
2 (Figure 3)
NL group 13 None None None 4 None 3 (Figure 2); 2 and 3
2 (Figure 3)

The effects of cell differentiation, OA, MO, egg lecithin, incubation time, and collagen matrix on CM secretion were tested in the order
written. For incubation + collection, 4 + 2 refers to 4 h of lipid incubation followed by 2 h of lipoprotein collection, etc. The best cell differen-
tiation condition was used to test the effect of OA, and the best OA concentration was used to test the dose-dependent effect of MO, etc.
Using this unique stepwise approach, we obtained the optimal condition. O represents the optimal condition obtained; LL represents the previ-
ously reported condition (Luchoomun and Hussain 1999) with less lipid and longer incubation time; NL represents the control group with no
lipid. The comparison of O, LL, and NL groups was done in the Transwell system (bold). The highlighted numbers represent the different

conditions tested.

lecithin, incubation time, and collagen matrix on CM
secretion. For collagen coating, each of the 10-cm dish
was incubated with 10 mL of collagen (Cat. # 160084;
MP Biomedicals, Santa Ana, CA) dissolved in 20 mmol/L
acetic acid; each dish was then washed gently with sterile
water before being populated by Caco-2 cells. The
optimal condition (optimal [O]) obtained from the
non-Transwell experiments above was compared with
the control group containing the same growth media but
without lipid mixture (no lipid [NL]); and with the pre-
viously published condition (Luchoomun and Hussain
1999) containing less amount of lipid incubated over a
longer period of time (less lipid [LL]). The comparison
was performed in the Transwell system. Briefly, the
growth media with (O and LL groups) or without lipid
mixture (NL group) was added in the apical compart-
ment; and the growth media without the lipid mixture
was concurrently added in the basolateral compartment.
At the end of the incubation period, the basolateral media
was collected and subjected to NaCl density gradient
ultracentrifugation.

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Lipoprotein size analysis

For lipoprotein size and Western blot analysis, the baso-
lateral media from O, LL, and NL groups were subjected
to one-step NaCl density gradient ultracentrifugation by
skipping the first 30-min spin at 10,000 rpm (see the
Appendix). The combined CM and VLDL fraction was
negatively stained (Nauli et al. 2006). The size of the lipo-
protein particles was measured from the representative
TEM images. At least 800 particles were counted.

SDS polyacrylamide gel electrophoresis and
immunoblotting

The lipoprotein fractions (10 pL) from O, LL, NL, and
growth media control were isolated by one-step NaCl
density gradient ultracentrifugation. They were heated in
reducing sample buffer and run on the 4-20% polyacryl-
amide gel (Cat# 456-1096; Bio-Rad). They were then
transferred to nitrocellulose membrane and blocked with
5% skim milk in TBS-T. The membrane was incubated

2014 | Vol. 2 | Iss. 6 | 12018
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with monoclonal anti-ApoB antibodies (Cat. # HYB069-
02-02; 1:5000 dilution in blocking buffer; Pierce Antibody
Products), washed, and incubated again with anti-mouse
antibodies (Cat. # 31430; 1:5000; Pierce Antibody
Products). The signals were detected by using the HRP
substrate kit (Cat. # 34094; Pierce Antibody Products)
according to the manufacturer’s suggested protocol.

Statistical analysis

The data shown are mean values + standard errors (SE).
To determine the statistical significance of three groups
or more, one-way ANOVA with multiple comparison
tests was used; t-test was used for comparison between
two groups. Statistical analysis was performed in Excel
(Microsoft, Redmond, WA) and was considered signifi-
cant if P < 0.05. Unless specified, n > 3 (n represents the
total number of dishes; at least three separate experiments
were performed).

Results

The effect of cell differentiation on CM
secretion

Figure 1A shows that Caco-2 cells that have reached 13
(10.90 mg/dL) and 17 days postconfluence (11.81 mg/dL)
secreted CM more efficiently relative to those that have
reached 4 (5.70 mg/dL) and 23 days postconfluence
(7.09 mg/dL) (P = 0.0094). However, there was no statis-
tical difference between 13 and 17 days postconfluence in
the efficiency of CM secretion. The efficiency in VLDL
secretion did not seem to be affected (9.84, 13.87, 11.95,
and 11.32 for 4, 13, 17 and 23 days postconfluence,
respectively). We have challenged Caco-2 cells with lipid
mixture prior to their confluence and discovered that the
majority of them detached and died. When maintained
under our specified condition, Caco-2 cells generally did
not live more than 24 days postconfluence.

The effect of OA on CM secretion

Figure 1B shows that there was an effect of OA on CM
secretion (P = 0.00017) with 2 mmol/L being the most
effective concentration; no effect of OA on VLDL secre-
tion was detected. When challenged with 0, 2, 4, and
6 mmol/L OA in lipid mixture, Caco-2 secreted CMs with
7.81, 12.74, 10.08, and 8.08 mg/dL TG, respectively. The
TG concentration in the VLDL layer for 0, 2, 4, and
6 mmol/L OA was 11.21, 12.04, 12.81, and 12.63 mg/dL,
respectively. In our preliminary experiment, we have
determined that 0.5 and 1 mmol/L OA resulted in lower
efficiency of CM secretion compared to 2 mmol/L OA.

2014 | Vol. 2 | Iss. 6 | €12018
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The lack of dose-dependent effect of MO on
lipoprotein secretion

Figure 1C shows that there was no dose-dependent effect
of MO on CM and VLDL secretion. The TG concentration
in the CM layer for 0, 1, 2, and 4 mmol/L MO was 8.91,
10.09, 7.79, and 8.06 mg/dL, respectively. The TG concen-
tration in the VLDL layer for 0, 1, 2, and 4 mmol/L MO
was 9.70, 13.01, 8.96, and 10.82 mg/dL, respectively.

The dose-dependent effect of lecithin on CM
secretion

Figure 1D shows that there was a dose-dependent effect
of lecithin on CM secretion (P = 0.022) with 1.36
and 2.72 mmol/L being more effective than 0 and
0.68 mmol/L; there was no statistical difference between
1.36 and 2.72 mmol/L lecithin on CM secretion.
Although there was no dose-dependent effect of lecithin
on VLDL secretion, the trend was clearly present
(P = 0.053). The TG concentration in the CM layer for 0,
0.68, 1.36, 2.72 mmol/L lecithin was 5.42, 5.77, 10.65,
and 12.48 mg/dL, respectively. The TG concentration in
the VLDL layer for 0, 0.68, 1.36, and 2.72 mmol/L leci-
thin was 7.20, 9.59, 13.52, and 15.68 mg/dL, respectively.

The effect of incubation time on VLDL
secretion

Based on our previous studies in both mice and rats, it
took the enterocytes 2—4 h to reach the maximum secre-
tion of lipoproteins (Nauli et al. 2003, 2006). Therefore, in
order to determine the most optimal incubation time, we
subjected the cells with lipid mixture for either 2 or 4 h fol-
lowed by an additional 2 or 4 h for lipoprotein collection.
As shown in Figure 1E, the incubation and collection time
was critical for VLDL secretion (P = 0.031) with 4 h of
lipid incubation and 2 h of lipoprotein collection being the
most effective; however, CM secretion did not seem to be
significantly affected. The TG concentration in the CM
layer for 2 h lipid incubation followed by 2 h lipoprotein
collection (2 + 2), 2 + 4, 4 + 2, and 4 + 4 was 5.37, 9.50,
12.80, and 8.68 mg/dL, respectively. The TG concentration
in the VLDL layer for 2 + 2,2 + 4, 4 + 2, and 4 + 4 was
6.31, 11.48, 14.53, and 12.89 mg/dL, respectively.

The lack of dose-dependent effect of
collagen coating on lipoprotein secretion

We tested the effect of collagen coating on lipoprotein
secretion using the amount comparable with those from
the previous reports (Schreider et al. 2002; Ratcliffe et al.
2009). We noticed that the rate of cell proliferation was

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.
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Figure 1. The effect of cell differentiation, OA, MO, lecithin, incubation time, and collagen matrix on lipoprotein secretion. (A) Cell
differentiation: cells that were 4, 13, 17, or 23 days postconfluent were incubated for 4 h with 4 mmol/L OA, 1 mmol/L MO, 0.68 mmol/L
lecithin, and 1 mmol/L NaTC in growth media (n = 4 for each; except for 13 days, n = 3). (B) OA: Thirteen-day postconfluent cells were
incubated for 4 h with 0, 2, 4, or 6 mmol/L OA in growth media containing 1 mmol/L MO, 0.68 mmol/L lecithin, and 1 mmol/L NaTC (n = 4
for 0 and 4 mmol/L; n =5 for 2 mmol/L; n = 3 for 6 mmol/L). (C) MO: incubated with 0, 1, 2, or 4 mmol/L MO in growth media containing
2 mmol/L OA, 0.68 mmol/L lecithin, and 1 mmol/L NaTC (n = 5 for 0 and 4 mmol/L; n = 3 for 1 mmol/L; n = 7 for 2 mmol/L). (D) lecithin:
incubated with 0, 0.68, 1.36, or 2.72 mmol/L lecithin in growth media containing 2 mmol/L OA and 1 mmol/L NaTC (n = 3 for 0 and

0.68 mmol/L; n = 4 for 1.36 and 2.72 mmol/L). (E) Time: incubated with 2 mmol/L OA, 1.36 mmol/L lecithin, and 1 mmol/L NaTC in growth
media for either 2 or 4 h; and collected for either 2 or 4 h in growth media (n =3 for2 + 2 and 4 + 2; n = 4 for 2 + 4 and 4 + 4). (F)
Collagen: Each 10 cm tissue culture dish was coated with 0, 50, 100 or 500 pug collagen before it was populated with cells (n = 3 for each;
except 0 pg, n = 4). After the cells have reached 13-day postconfluence, they were incubated for 4 h with 2 mmol/L OA, 1.36 mmol/L lecithin,
and 1 mmol/L NaTC in growth media. The secreted lipoproteins were then collected for 2 h in growth media, and separated into CM and
VLDL layers by sequential NaCl density gradient ultracentrifugation. The concentration of TG in the CM and VLDL layers was measured. Refer
to Table 1 for the schematic representation of the experimental conditions. There were at least three separate experiments performed for each
study. n represents the total number of dishes. All of the TG measurements were done in duplicates. Mean + SE. One-way ANOVA with
multiple comparison tests was used (*P < 0.05 when compared with the groups without *. Comparisons were made only among the CM
samples; among the VLDL samples; not between the CM and the VLDL samples).

consistently higher with as low as 50 pg collagen per dish. fluence (see Table 1). As shown in Fig. 1F, collagen
Therefore, we used the control group (0 pg collagen/dish) coating did not affect lipoprotein secretion in a dose-
as the reference to determine the cell confluence. All of  dependent manner. The TG concentration in the CM
the four groups were simultaneously challenged with lipid layer for 0, 50, 100, and 500 pg collagen/dish was 9.89,
mixture when the control group reached 13 days postcon- 9.47, 10.56, and 8.58 mg/dL, respectively. The TG concen-

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of 2014 | Vol. 2 | Iss. 6 | e12018
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Lipoprotein Secretion by Caco-2 Cells

tration in the VLDL layer for 0, 50, 100, and 500 pg
collagen/dish was 17.31, 18.17, 16.27, and 15.70 mg/dL,
respectively.

Higher efficiency of CM secretion relative to
the previously reported condition

As shown by the experiments above, we have systemati-
cally obtained the optimal condition for efficient CM
secretion. We applied the optimal condition to the
Transwell system (Table 1; O group) so that it could be
compared with the previously reported condition
(Luchoomun and Hussain 1999), which used the Tran-
swell system with less lipid and longer incubation time
(Table 1; LL group). However, we had to alter their
basolateral media from 0% or 0.1% FBS to 15% FBS
because low serum resulted in very low TG and ApoB
secretion and undetectable lipoproteins by TEM analysis
(data not shown). In order to show that the lipoproteins
that we detected (through TG, ApoB, and TEM analysis)
were not from the serum (FBS) that was added to the
media, we had a control group that was not challenged
with lipid mixture but maintained the same amount of
FBS in their media (Table 1; NL group). As shown by
Fig. 2A, there were significant differences in the amount
of ApoB in the CM layer (P = 0.004); each group was sig-
nificantly different from the other two groups. The con-
centration of ApoB in the CM layer for NL, LL, and O
groups was 0, 6510, and 2833 ng/mlL, respectively. There
were also significant differences in the amount of ApoB in
the VLDL layers (P = 0.0007); however, only LL group
was significantly different from the other two groups. The

A
12000 -
* BCM

10000 OVLDL

8000 %

6000

ApoB (ng/ml)

4000 *

2000

0 L L

NL LL o]

TG (mg/dl)
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concentration of ApoB in the VLDL layer for NL, LL, and
O groups was 3666, 9590, and 4282 ng/mL, respectively.
Analysis of their TG revealed that both LL and O groups
were significantly different from the NL group in both the
CM (P =0.0019) and the VLDL layer (P = 0.0014)
(Fig. 2B). Assuming there was only one ApoB molecule
per lipoprotein particle (Albers et al. 1996), our data sug-
gest that the O group contained fewer lipoprotein parti-
cles but these lipoproteins were larger in diameter
compared to those in the LL group; the NL group should
only have small VLDL with little to no CM particles.

Our biochemical data were, in fact, supported by our
TEM analysis. NL group displayed small VLDL with
insignificant number of CM particles (Fig. 3A); LL group
displayed many VLDL and CM particles (Fig. 3B), but
they were generally smaller than those from O group
(Fig. 3C). Interestingly, the particles in the LL group were
hazy probably due to a longer incubation time (14 instead
of 4 h). To better discern the differences in their particle
size, a histogram was generated (Fig. 3D). Based on the
histogram, the relative percentages of the number of CM
particles (80 nm or more in diameter) to the number of
VLDL particles (smaller than 80 nm) were determined, as
shown in Fig. 3E. The relative percentage of the number
of CM particles to the number of the VLDL particles was
significantly higher (P = 0.0006) in the O group (21.44%)
than those in the NL (4.33%) and LL groups (8.80%); no
significant difference was detected between NL and LL
groups. To further compare the amount of ApoB-48 rela-
tive to ApoB-100, we performed Western blot analysis. As
shown in Fig. 3F, there were slightly more ApoB-48 than
ApoB-100 in all of the three groups. Importantly, ApoB
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Figure 2. Comparing lipoprotein TG and ApoB generated under the optimal and the previously reported conditions. Cells were grown on
Transwell until they reached 13-day postconfluence. The apical compartment was added with growth media (NL group); 1.6 mmol/L OA and
0.5 mmol/L NaTC in growth media (LL group); or 2 mmol/L OA, 1.36 mmol/L lecithin, and 1 mmol/L NaTC in growth media (O group); and the
basolateral compartment was concurrently added with the growth media. After incubating the cells for either 4 (O and NL groups) or 14 h

(LL group), the basolateral media was subjected to sequential NaCl density gradient ultracentrifugation. The concentration of ApoB (A) and TG
(B) was measured in both the CM and VLDL layers. There were three separate experiments conducted with one dish for each condition per
experiment. All of the TG and ApoB measurements were done in duplicates. Mean + SE. One-way ANOVA with multiple comparison tests was
used (*P < 0.05 when compared with the group without *; **P < 0.05 when compared with the group with and without *. Comparisons were
made only among the CM samples; among the VLDL samples; not between the CM and the VLDL samples).

2014 | Vol. 2 | Iss. 6 | €12018
Page 6

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



A. M. Nauli et al.

Lipoprotein Secretion by Caco-2 Cells

ONL
oLL
mo

[=)] (2] ()] (2] ()] (2] {2 o
wn ()] — m wn ~ (<)) o
o & b b I b by N
< 0 o o o o o
E 100+ ] g 3 3 =
90 ONL Diameter (nm)
¥ 801 ouw
3 70
% o =0 F Western Apo B-100
©
o
5 50+
S 404
K<}
5 * Apo B-48
20 PO B-
104 O LL Ctrl NL
0 T

cM VLDL

Figure 3. Comparing lipoprotein size and ApoB-48 generated under the optimal and the previously reported conditions. Cells were grown on
Transwell until they reached 13-day postconfluence. The apical compartment was added with growth media (NL group); 1.6 mmol/L OA and
0.5 mmol/L NaTC in growth media (LL group); or 2 mmol/L OA, 1.36 mmol/L lecithin, and 1 mmol/L NaTC in growth media (O group); and the
basolateral compartment was concurrently added with the growth media. After incubating the cells for either 4 (O and NL groups) or 14 h

(LL group), the basolateral media was subjected to one-step NaCl density gradient ultracentrifugation. The isolated lipoproteins from NL (A),

LL (B), and O groups (C) were negatively stained, and their representative TEM images were depicted (scale bar = 80 nm). The size distribution
of their lipoproteins was displayed in a histogram (D). The relative percentage of the number of CM particles (80 nm or larger) to the number
of VLDL particles (smaller than 80 nm) was also depicted (E). Ten microliters of the lipoprotein fraction from each of the groups (from left: O,

LL, growth media control, NL groups) was run on 4-20% polyacrylamide gradient gel under the reducing condition, transferred to
nitrocellulose membrane, and blotted for ApoB. The top bands were ApoB-100 and the bottom bands were ApoB-48 (F). Two separate
experiments were performed. Mean + SE. One-way ANOVA with multiple comparison tests was used (*P < 0.05).

could not be detected in the growth media control, ruling
out the possibility that the ApoB measured was from the
FBS/serum.

Discussion

Caco-2 cells undergo spontaneous differentiation and
consequently display many biochemical and morphologi-
cal characteristics of enterocytes (Chantret et al. 1988).

© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Based on their ability to produce CMs, our studies
suggest that Caco-2 cells are fully differentiated once they
have reached 13 days postconfluence. Importantly, the
ability to produce CMs is relatively unique to Caco-2
cells. To our knowledge, the other in vitro model capable
of producing CMs is IPEC-1 cell line overexpressing
Apo A-IV (Lu et al. 2006). Without the overexpression,
IPEC-1 cells produce insignificant amount of CMs when
challenged with lipid. However, recent in vivo studies
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showed that Apo A-IV KO mice secreted relatively more
CMs than VLDLs (Kohan et al. 2012), indicating that
Apo A-IV might facilitate, but certainly not required for,
CM formation.

Caco-2 cells have been shown to produce CMs based on
biochemical analysis (Traber et al. 1987; Van Greevenb-
roek et al. 1996; Levy et al. 1999; Luchoomun and Hussain
1999). As shown by our data (Fig. A2), even with the sedi-
mentation coefficient of 4360 Svedberg units, a significant
amount of large VLDLs (diameter <80 nm) was recovered.
This could partly be due to the tendency of large VLDLs
to aggregate (Nauli et al. 2006). Our data, therefore,
suggest that the production of CMs by Caco-2 cells might
be overestimated if it was not analyzed by TEM.

CM formation is triggered by the presence of high
amount of fatty acids in the luminal (apical) compart-
ment of the enterocytes. Studies by Van Greevenbroek
et al. (1996) showed that among fatty acids, OA was
incorporated more efficiently into lipoproteins. Consistent
with their studies, we showed that OA was essential for
stimulating CM formation. However, exceedingly high
concentration of OA (>6 mmol/L) was found to be detri-
mental to the cells. In contrast to OA, MO could not
increase CM or VLDL secretion. Our data were in agree-
ment with the previous studies that showed Caco-2 cells
did not primarily utilize MG in synthesizing TG for CM
formation (Trotter and Storch 1993).

Similar to FA, lecithin was also a strong inducer of CM
formation and had a tendency to induce VLDL secretion
as well. Egg lecithin contains large quantity of PC (~80%)
and phosphatidylethanolamine (~12%) with a small
quantity of lysoPC and neutral lipids (Palacios and Wang
2005). Our TLC analysis confirmed the presence of PC
and lysoPC in our egg lecithin (Fig. A3). Nakano et al.
(2009) have shown that lysoPC, but not PC, stimulated
VLDL secretion. Their studies showed negligible CM
secretion probably because of the low OA concentration
(0.6 mmol/L) used. However, our studies could not rule
out the importance of other lipid components of egg leci-
thin in stimulating CM secretion.

Although the proliferation rate of Caco-2 cells seemed
to increase when they were grown on collagen-coated
matrix, their lipoprotein secretion was not affected. This
could be explained by the fact that our Caco-2 cells were
already fully differentiated. Previous studies, however,
showed that collagen matrix could increase ApoB secre-
tion by Caco-2 cells (Ratcliffe et al. 2009). Perhaps the
increase in ApoB level observed in those studies was due
to the difference in cell differentiation that was indirectly
triggered by collagen coating.

The optimal condition obtained systematically from our
studies resulted in the most efficient CM secretion by
Caco-2 cells, as supported by our ApoB, TG, and TEM
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analysis. Using our optimal condition, we showed that
Caco-2 could secrete CMs that were larger than 200 nm in
diameter. The size of our CMs were comparable to those
from the in vivo studies (Lo et al. 2008). However, Caco-2
cells were only able to secrete up to 21% CM relative to
the number of VLDL particles. Under the in vivo condi-
tion resembling normal postprandial state, the relative per-
centage of CM to VLDL could be up to 75% (Nauli et al.
2006). In contrast, under preprandial state the relative per-
centage of CM to VLDL could be as low as 5% (Lo et al.
2008). Therefore, Caco-2 cells were capable of resembling
postprandial CM secretion, albeit not reaching the maxi-
mum capacity observed in the in vivo studies.

There are several possible explanations as to why the
relative percentage of the number of CM particles to the
number of VLDL particles was lower in Caco-2 cells than
in the in vivo studies. First, Caco-2 cells secrete both
ApoB-48 and ApoB-100, as indicated by our Western blot
analysis. Apobec-1 KO mice, which produced only ApoB-
100, have been shown to secrete only about 30% CM rel-
ative to VLDL under the condition resembling normal
postprandial state (Lo et al. 2008). The reduction in the
relative percentage of the number of CM particles to the
number of VLDL particles in Apobec-1 KO mice strongly
suggests that ApoB-48 is more ideal than ApoB-100 in
facilitating lipid transport in the enterocytes. Second,
Caco-2 cells do not utilize MGs in synthesizing TGs
(Trotter and Storch 1993), which could consequently lead
to a lower availability of TGs to expand the core of CMs.
Third, there could be some factors in the serum that are
essential for CM formation. When Caco-2 cells were sup-
plemented with 0-0.1% FBS in the basolateral compart-
ment over an extended period of time (14 h),
lipoproteins could not be detected by TEM analysis; their
ApoB and TG secretions were also very low. These fac-
tors, which are currently unknown, could be higher in
the physiological serum than in the FBS. Fourth, the lipo-
proteins isolated in the in vivo studies were from the
lymph and not from the lamina propria. Once released
by the enterocytes into lamina propria, lipoproteins could
enter either the blood or lymphatic vessels. It has been
reported that the blood capillaries in the small intestine
were permeable to particles as large as 30 nm in diameter
(Simionescu et al. 1972). In essence, in vivo studies may
not recover many of the small VLDLs that are recovered
in the in vitro studies, as shown by their histograms of
the particle size distribution (Nauli et al. 2006; Lo et al.
2008). In addition, as high as 39% of the infused TGs
was estimated to enter the portal vein (Mansbach et al.
1991).

Caco-2 cells may serve as a valuable in vitro model to
study drug transport, particularly for the oral lipophilic
drugs (Nauli and Nauli 2013). Due to their hydrophobic-
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ity, oral lipophilic drugs can be partitioned into CMs and
VLDLs. As mentioned, small VLDLs may enter the blood
capillaries in the lamina propria, subjecting them to liver
metabolism before entering the systemic circulation. A
better separation between CMs and VLDLs can be
achieved by altering the ultracentrifugation conditions,
which will allow the partitioning of drugs between CMs
and VLDLs to be determined. This drug partitioning may
be important to predict the bioavailability of oral lipo-
philic drugs.

In conclusion, we have shown that the fully differenti-
ated Caco-2 cells were capable of producing CMs of phys-
iological size when they were challenged with lipid
mixture consisting of FAs, lecithin, and bile salt. Although
the relative percentage of the number of CM particles to
the number of VLDL particles was lower compared to
those in the in vivo studies, we believe that this was partly
due to the partial recovery of small VLDLs in the in vivo
studies. Our studies also indicated that biochemical analy-
sis alone without the proper microscopic analysis might
result in the overestimation of CM secretion.
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Appendix
Methods

Sequential NaCl density gradient
ultracentrifugation

Media (basolateral media for Transwell) collected from
cells were spun to remove cell debris, and then mixed
with NaCl and water to obtain the density of 1.20 g/mL.
The 1.20 g/mL density mixture was then carefully overlaid
with 500 uL of water and subjected to sequential ultra-
centrifugation. The top 500 uL (CM fraction) was iso-
lated by gentle pipetting immediately after the end of the
first spin (30 min at 10,000 rpm; Thermo T865 rotor;
equivalent to 4360 Svedberg units). The remaining mix-
ture was similarly overlaid with 500 uL of water and spun
at 65,000 rpm for 24 hours (equivalent to 2.15 Svedberg
units). The top 500 uL of VLDL fraction was immediately
isolated. It is important to note that the Svedberg units
for CMs are >400. Larger CMs will have higher Svedberg
units.

Fat Red 7B staining

For visualizing the lipoprotein layers on the ultracentrifu-
gation samples, colorless media (without the pH indicator
phenol red) was used to collect the secreted lipoproteins.
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Figure A1. Fat Red 7B staining of the lipoprotein layers separated
by sequential NaCl density gradient ultracentrifugation. (A)
Thirteen-day postconfluent cells were incubated for 4 h with

2 mmol/L OA, 1.36 mmol/L lecithin, and 1 mmol/L NaTC in growth
media. The secreted lipoproteins were then collected for 2 h in
colorless growth media and were stained with Fat Red 7B. The
density of the prestained media was adjusted to 1.2 g/mL with
NaCl and was carefully overlaid with 500 ul of water. After a 30-
min spin at 10,000 rpm, the top ~500 uL CM layer became heavily
stained and the middle layer was lightly stained. The top 500-uL
CM layer was immediately replaced with water and subjected to a
24-h spin at 65,000 rpm. Notice that after the second spin, the top
~500 pL VLDL layer and the bottom layer were heavily stained and
the middle layer became clear. (B) Similar staining and spinning
were performed, except with media without lipoproteins. The top
low-density layer was not stained at the end of each spin.

The media was mixed with 200 uL of Fat Red 7B solution
(2 mg/mL Fat Red 7B in 0.1 mol/L NaOH with 5 uL of
Triton X-100) and were subjected to sequential NaCl gra-
dient ultracentrifugation as described above. Digital pic-
tures were captured.

Thin layer chromatography analysis

The egg lecithin was analyzed by two different thin layer
chromatography (TLC) methods to confirm the presence
of lysophosphatidylcholine (lysoPC). In the first TLC, half
milligram of lysoPC (Cat. # 100125-446; left lane; Avanti
Polar Lipids, Alabaster, AL) and 2 mg of egg lecithin (Cat.
#1C10214625; right lane; MP Biomedicals, Santa Ana, CA)
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Figure A2. Analysis of the CM and VLDL layers by ELISA, TG assay, and TEM. Thirteen-day postconfluent cells were incubated for 4 h with
2 mmol/L OA, 1.36 mmol/L lecithin, and 1 mmol/L NaTC in growth media. The secreted lipoproteins were then collected for 2 h in growth
media and separated into CM and VLDL layers by sequential NaCl density gradient ultracentrifugation. The concentration of ApoB (A) and TG
(B) in the CM and VLDL layers was measured. There were three separate experiments conducted (three dishes; n = 3). All of the TG and ApoB
measurements were done in duplicates. Mean =+ SE; t-test was used (*P < 0.05). Representative TEM images of the lipoproteins in the CM (C)

and VLDL (D) layers were also depicted. Scale bar = 80 nm.
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Figure A3. Determining the presence of lysoPC in egg lecithin by
TLC. (A) 0.5 mg of lysoPC (left) and 2 mg egg lecithin (right) in
chloroform were separated on silica gel 60 plates using chloroform:
methanol:acetic acid:water (50:37.5:3.5:2) (v:v:viv) as the solvent
system. The plate was stained by choline staining followed by 20%
sulfuric acid staining with 100°C heating until the color developed.
(B) 0.5 mg PC (left), 5 mg lysoPC (middle), 0.5 mg lecithin (right) in
chloroform:methanol:water (12:7:1) (v:viv) were separated on silica
gel 60 plates using chloroform:ethanol:water:triethylamine
(30:35:7:3.5) (v:v:viv) as the solvent system. The plate was stained

by PL staining with 100°C heating until the color developed.

in chloroform were separated on silica gel 60 plates
(Cat. # M57217; Fisher Scientific, Pittsburgh, PA) using
chloroform:methanol:acetic acid:water (50:37.5:3.5:2) (v:v:
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viv) as the solvent system. The plate was stained with
choline staining (2 g potassium iodide, 4 mL glacial acetic
acid, 0.34 g bismuth subnitrate in 100 mL total volume)
followed by 20% sulfuric acid staining with 100°C heating
until the color developed (from yellow to brown). In the
second TLC, 0.5 mg PC (Cat. # P3556; left lane; Sigma-
Aldrich, St. Louis, MO), 5 mg lysoPC (middle lane),
0.5 mg egg lecithin (right lane) in chloroform:methanol:
water (12:7:1) (v:v:v) were separated on silica gel 60 plates
using chloroform:ethanol:water:triethylamine (30:35:7:3.5)
(v:viviv) as the solvent system. The plate was stained by PL
staining (1 g ammonium molybdate, 2 mL of 1 mol/L
copper sulfate, 5 mL of concentrated sulfuric acid in
98 mL water) with 100°C heating until the color developed
(blue). Digital pictures were captured for each TLC.

Results

Detecting lipoproteins with Fat Red 7B

To visualize the lipoproteins before and after the NaCl
gradient ultracentrifugation, we stained the colorless
media collected from the Caco-2 cells (see Table 1 for
experimental condition) with Fat Red 7B. In our preli-
minary experiment, we have determined that Fat Red 7B
stained TG, MG, and fatty acid, but not glycerol or bile
salt (data not shown). As shown in Fig. Al A, prior to
the ultracentrifugation the lipoproteins were present
throughout the media. The low-density CM layer became
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visible at the end of the first spin. When the CM layer
was replaced with water and subjected to the second spin,
the VLDL layer became similarly visible. Interestingly,
after the second spin the middle layer became clear sug-
gesting that most of the lipoproteins have migrated away
from the middle layer. The bottom layer was a gel-like
layer and upon examining under the TEM, there was no
visible CM or VLDL. We have also performed Fat Red 7B
staining on media without lipoproteins, and found out
that the top 1.0 g/mL density layer was not stained at the
end of the ultracentrifugation (Fig. Al B).

Confirming the CM and VLDL layers by
biochemical and TEM analysis

To further confirm the successful isolation of CMs and
VLDLs, we analyzed their TG and ApoB content. As
shown in Fig. A2 A, the amount of ApoB in the CM layer
(425.30 ng/mL) was significantly lower (P = 0.005) than
in the VLDL layer (1,612.18 ng/mL). The amount of TG,
however, was comparable (11.27 mg/dL for CM;
12.27 mg/dL for VLDL) (Fig. A2 B). Since there was only
one ApoB molecule per lipoprotein particle (Albers et al.
1996), our data suggested that the CM layer contained
fewer lipoprotein particles, but these lipoproteins were
larger in diameter compared to those in the VLDL layer.

2014 | Vol. 2 | Iss. 6 | €12018
Page 12

A. M. Nauli et al.

TEM analysis further confirmed that the CM layer
(Fig. A2 C), in fact, contained larger lipoproteins relative
to the VLDL layer (Fig. A2 D). Although CMs are com-
monly considered as lipoproteins of 80 nm or larger in
diameter, ultracentrifugation with the sedimentation coef-
ficient equivalent to 4360 Svedberg units (>400 are
defined as CMs) resulted in the isolation of lipoproteins
of <80 nm in diameter.

The presence of lysoPC in egg lecithin

Egg lecithin contains significant amount of PC, but its
digestion product, lysoPC, is actually more important in
stimulating lipoprotein secretion (Nakano et al. 2009).
Therefore, we sought to determine whether lysoPC was
present in our egg lecithin. In the first TLC analysis
(Fig. A3 A), we separated the egg lecithin components
and then stained for choline. Most of the choline was
present in the PC fraction of the egg lecithin, but some
was also present in the lysoPC fraction, as judged by the
lysoPC standard. To further confirm its presence, we ran
the second TLC and stained for PL. Figure A3 B showed
that the majority of the PLs in the egg lecithin were in
the form of PC, but some were also present in the form
of lysoPC. Both of these TLC analyses indicate that ly-
soPC was present in the egg lecithin.
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