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Abstract

Nowadays, the marine complex lipids, including starfish phospholipids (SFP)
and cerebrosides (SFC) separated from Asterias amurensis as well as sea cucumber
phospholipids (SCP) and cerebrosides (SCC) isolated from Cucumaria frondosa have
received much attention because of their potent biological activities. However, little
information has been known on the transport and uptake of these lipids in liposome
forms in small intestinal cells. Therefore, this study was undertaken to investigate the
effects of these complex lipids liposomes on transport and uptake in Caco-2 and M
cell monolayer models. The results revealed that SFP and SCP contained 42 % and
47.9 % eicosapentaenoic acid (EPA), respectively. The average particle sizes of
liposomes prepared in this study were from 169 to 189 nm. We found that the
transport of the liposomes across M cell monolayer model were much higher than
Caco-2 cell monolayer model. The liposomes consisted of SFP or SCP showed
significantly higher transport and uptake than soy phospholipids (soy-PL) liposomes
in both Caco-2 and M cell monolayer models. Our results also exhibited that
treatment with 1 mM liposomes composed of SFP or SCP for 3 h tended to increase
the EPA content in phospholipid fractions of both differentiated Caco-2 and M cells.
Moreover, it was also found that the hybrid liposomes consisted of
SFP/SFC/cholesterol (Chol) revealed higher transport and uptake across M cell
monolayer in comparison with other liposomes. Furthermore, treatment with

SFP/SFC/Chol liposomes could notably decrease the transepithelial electrical
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resistance (TEER) values of Caco-2 and M cell monolayers. The present data also
showed that the cell viability of differentiated Caco-2 and M cells were not affected
after the treatment with marine complex lipid or soy-PL liposomes. Based on the data
in this study, it was suggested that marine complex lipid liposomes exhibit prominent

transport and uptake in small intestinal epithelial cell models.

Keywords: EPA-enriched phospholipids, cerebrosides, transport, uptake,

transepithelial electrical resistance, Caco-2 cells, M cells.
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1 Introduction

Recently, the health-beneficial effects of complex lipids derived from marine
sources such as n-3 polyunsaturated fatty acids (PUFAs)-enriched phospholipids (PLs)
and glycosphingolipids, i.e. cerebrosides have witnessed an upsurge. Besides the
beneficial nutritional effects of the n-3 PUFAs and PLs themselves, it has been
suggested that PLs are widely used as functional ingredients in pharmaceutical

industries *

. Due to the size and amphiphilic properties, PLs are able to form
liposomes which are considered as potential drug carrier systems for drug delivery.
Our previous studies have observed that the internal organs and gonads of starfish
Asterias amurensis and the body wall of sea cucumber Cucumaria frondosa are good
sources of EPA-enriched phospholipids (EPA-PL) and the contents of EPA in those
two PLs are both more than 40 % **. Although it has been considered that the n-3
PUFAs could alter the intestinal morphology *, little information has been known on
their transport and uptake effects in small intestinal epithelial cells. On the other hand,
cerebrosides, another complex and essential class of lipids, which consist of sugars
(such as glucose and galactose), an amide-linked fatty acid and a sphingoid base, are
also found in marine echinoderms °. Cerebrosides have been shown to exhibit variety
of biological activities such as antitumor, immunomodulatory, and anti-microbial
activities ®°. The cerebrosides derived from marine echinoderms such as starfish and

sea cucumber have unique sphingoid bases with a conjugated diene such as

2-amino-1,3-dihydroxy-4-heptadecene (d17:1),
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2-amino-1,3-dihydroxy-4,8,10-octadecatriene (d18:3) or
2-amino-1,3-dihydroxy-9-methyl-4,8,10-octadecatriene (d19:3) . However, to the
best of our knowledge, the studies pertaining to the intestinal absorption of
cerebrosides derived from marine echinoderms are still lacking.

Human epithelial colorectal adenocarcinoma Caco-2 cells are most commonly
used as a model of human intestinal absorption of drugs and other compounds. When
cultured as a monolayer, Caco-2 cells differentiate to form tight junctions, microvilli
and a number of enzymes and transporters *2. A study reported the suitability of
Caco-2 cell monolayer as a tool to simulate drugs and other compounds transport
close to the in vivo status **. However, it only simulates the epithelial cells in the
intestinal epithelium. There are many other cell types including M cells and mucosal
cells in the intestine. The lymphoid structures such as the Peyer’s patches are
separated from the lumen by the follicle-associated epithelium (FAE), which differs
from the normal intestinal epithelium in that it contains specialized epithelial M cells

118 It has been suggested

with the capacity to transport a broad range of materials
that M cells are well established by coculture of Caco-2 cells and B-cell lymphoma
Raji cells . And it is desirable that the Caco-2 cell monolayer lose its microvilli thus
demonstrating the differentiated Caco-2 cells conversion into M cells.

In the present study, starfish phospholipids (SFP) and cerebrosides (SFC) were

separated from A. amurensis. Sea cucumber phospholipids (SCP) and cerebrosides

(SCC) were isolated from C. frondosa. And then the liposomes consisted of these
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marine complex lipids were prepared. Next, the Caco-2 cell monolayer model derived
from differentiated Caco-2 cells and M cell monolayer model derived from Caco-2
cell monolayer by co-culturing Raji cells were established and validated. Finally, the
transport and uptake of marine complex lipid liposomes in those two small intestinal

epithelial cell models were investigated.

2 Materials and Methods

2.1 Materials

The starfish A. amurensis were collected at the coast of Nemuro, Hokkaido,
Japan. The sea cucumber C. frondosa were purchased from aquatic products market,
Qingdao, China. Soy phospholipids (soy-PL) was supplied from NOF Corporation
(Tokyo, Japan). Dulbecco’s modified Eagle medium (DMEM), Roswell Park
Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), trypsin-EDTA,
non-essential amino acids (NEAA) and penicillin streptomycin were obtained from
GIBCO (Grand Island, NY, USA). Sodium 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,
4-disulfophenyl)-2H-tetrazolium (WST-1), 1-methoxy-5-methyphenazinium
methylsulfate ~ (1-methoxy @ PMS) and  2-[4-(Hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid (HEPES) were supplied from Dojindo Laboratories (Kumamoto,
Japan). Calcein, cholesterol, Triton X-100, and L-glutamine were purchased from
Wako Pure Chemical Industries, Ltd (Osaka, Japan). Lucifer yellow CH dilithium salt

(LY) and fluorescent latex beads (FluoSpheres carboxylate-modified microspheres,

-7-
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0.2 um, blue fluorescent 365/415 nm, 2 % solid) were obtained from Molecular

Probes (Eugene, Oregon, USA).
2.2 Preparation of phospholipids from starfish and sea cucumber

Phospholipids were extracted from the gonad and viscera of starfish A.
amurensis as well as the body wall of sea cucumber C. frondosa following the
modified method of Liu et al. *. Just in brief, total lipids were extracted following the
method of Folch et al. *° and then the extracted lipids were applied to a silica gel
column chromatography and eluted with chloroform, acetone and methanol
sequentially. Finally, the methanol eluate was collected and evaporated to obtain the
PLs. The purity of SFP and SCP were confirmed to be 94.5 % and 93.7 % conducted
by normal phase high performance liquid chromatography coupled with an

evaporative light scattering detector (HPLC-ELSD) analysis.

2.3 Preparation of cerebrosides from starfish and sea cucumber

The cerebrosides of starfish and sea cucumber were isolated and purified
following the method of Xu et al. % in this study. The cerebrosides was isolated from
the less polar lipid fraction of the chloroform-methanol extract using high speed
counter-current chromatography (HSCCC) with a two-phase solvent system
composed of petroleum ether-methanol-water (5:4:1, v/viv). The results of purity

analysis by HPLC-ELSD showed that the purity of SFC and SCC were 95.2 % and
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96.8 %, respectively. The component analysis of cerebrosides and sphingoid base was

determined by gas chromatography-mass spectrometry (GC-MS).

2.4 Fatty acid composition analysis of marine and soy phospholipids

The marine and soy PLs were converted to methyl ester derivatives following the
method of Prevot and Mordret 2 with slight modifications. The dried sample was
dissolved in n-hexane and 0.2 mL 2 N-methanolic-NaOH was added. Then, the
mixture was shaken, kept at 50 'C for 30 seconds and 0.2 mL 2 N HCI in methanol
was added and shaken to neutralize. The mixture was separated by centrifugation at
3000 rpm for 5 minutes. The upper n-hexane layer was collected, concentrated, and
subjected to gas chromatographic analysis with 0.5 pum thickness PEG-20M liquid
phase-coated 40 m x 1.2 mm diameter G-300 column (Chemicals Evaluation and
Research Institute, Saitama, Japan) connected to Hitachi 263 gas chromatograph
(Hitachi Co. Ltd., Ibaraki, Japan) that was equipped with flame ionization detector.
The temperatures of the column, detector, and injection port were 190, 240 and 250 C,

respectively.

2.5 Preparation of liposomes

Liposomes (1 mM) consisted of marine complex lipids or soy-PL were prepared

following the method of Bangham “%. The mixing molar ratios of the composite lipid



160  classes were SFP/cholesterol (Chol) = 1:1, SCP/Chol = 1:1, SFP/SFC/Chol = 1:1:2,
161  SCP/SCC/Chol = 1:1:2 and soy-PL/Chol = 1:1. The mixtures were dissolved in
162  chloroform and dried to thin film under reduced pressure in a rotary evaporator. The
163  lipid films were hydrated with Hanks balanced salt solution (HBSS) to exfoliate lipid
164  bilayers by vigorous vortex mixing for 5 min. The obtained liposomes suspension was
165  extruded 21 times through polycarbonate membrane filter (Whatman Inc. Newton,
166  MA, USA) with pore size of 200 nm. The size distribution of liposomes was
167  determined using a dynamic light scattering particle size analyzer LB-500 (HORIBA,
168  Kyoto, Japan).

169

170 2.6 Characterization of liposomes

171 The liposomes suspension (40 pL) were added in 10 mM Tris-HCI buffer (2.0
172 mL, 145 mM NaCl, pH 7.4) containing 0.1 mM calcein to form the calcein-liposomes
173 suspension. The fluorescent intensity of calcein (F;) was determined by Hitachi
174  F-2500 fluorescence spectrophotometer (Hitachi Co. Ltd., lbaraki, Japan). The
175  excitation and emission wavelengths were set to 490 and 520 nm, respectively. After
176  addition of 20 pL cobalt chloride solution (10 mM) to quench the fluorescent intensity
177 of non-capsulated calcein, the fluorescent intensity of encapsulated calcein (Fi,) was
178  also measured. Finally, in order to disrupt the liposomes completely, the 20 pL of 10 %

179  Triton X-100 was added and the fluorescent intensity after quenching by cobalt
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chloride (Fq) was measured. The trapping efficiency of the liposomes was calculated
as follows %,
Trapping efficiency (%) = [(Fin- Fq* 1)/ (F¢- Fqx 1] x 100

Where r is a volume compensation coefficient (r = 1.05).

2.7 Cell culture

Human colon carcinoma Caco-2 cells were obtained from American Type
Culture Collection (ATCC, Rockville, CT, USA). Raji cells (B-cell lymphoma line)
were a generous gift from Institute of Development, Aging and Cancer, Tohoku
University, Sendai, Japan.

Caco-2 cells were grown in DMEM with 100 U/mL penicillin, 100 pg/mL
streptomycin, 1 % NEAA, and 10 % heat-incubated FBS at 37 C in a 5 %
COz-humidified incubation. Raji cells were cultured in RPMI 1640 medium with 100

U/mL penicillin, 100 pg/mL streptomycin, 1 % NEAA and 10 % heat-incubated FBS.

2.8 Establishment and validation of the small intestinal epithelial cell models

For Caco-2 cell monolayer model, Caco-2 cells (3 x 10 cells/mL) were seeded
onto a 12 mm polycarbonate transwell filter insert with 3.0-um pores and a surface
area of 0.6 cm? (Millipore Co. Ltd., Billerica, MA, USA). The transwell filter inserts

were placed in 24-well cell culture plates. The cells were grown in DMEM (400 pL)

-11 -
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in the apical (AP) chamber and DMEM (600 uL) in the basolateral (BL) chamber.
The AP and BL chambers were given fresh DMEM at two-day intervals until use.
Caco-2 cells were grown for 20 days (postconfluence) before the experiments.

For M cell monolayer model, the preparation of M cells from Caco-2 cells was
performed accoding to the methods of Gullberg et al. *”. Briefly, Raji cells (5x10°
cells/mL) were suspended in RPMI/DMEM (1:2, v/v) mixture medium and added to
the BL chamber of 14-day-old Caco-2 cell monolayer. Coculture of both cells was

then maintained for another 6 days.

2.8.1 TEER measurement

To verify the monolayer integrity, the transepithelial electrical resistance (TEER)
values were measured using a Millicell® ERS (Millipore Co. Ltd., Billerica, MA,
USA). The electrodes were pre-equilibrated in phosphate buffered saline (PBS) at pH
7.4 for 2 h and in DMEM medium for another 30 min before use. The TEER values
were measured and recorded every 3 days until day 21. The TEER value was
calculated by the following equation.

TEER value (Q-cm?) = (TEER (Q) - TEERpiank (Q2)) x Area (cm?)

Where TEER (Q) is the value of electrical resistance across Caco-2 or M cell
monolayer. TEERpjank () is the value of electrical resistance across the transwell

filter insert only (without cells). Area is the area of the transwell filter insert, 0.6 cm?.

-12 -
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2.8.2 Permeability of Lucifer yellow (LY)

LY was dissolved in HBSS containing 10 mM MES and 1 % FBS at pH 6.0. LY
solution (0.5 mM, 400 pL) was added to the AP chamber and 600 pL HBSS
containing 10 mM HEPES and 1 % FBS at pH 7.4 was applied to the BL chamber of
the Caco-2 cell and M-cell monolayers. After incubation at 30, 60, 120 and 180 min
in a5 % CO,-humidified atomosphere at 37 "C, 50 uL HBSS in BL chamber was
collected and the same volume of HBSS was replenished. The collected HBSS was
diluted to 1 mL and then the concentration of LY transported into BL chamber was
determined by measuring the fluorescent intensity with Hitachi F-2500 fluorescence
spectrophotometer. The excitation and emission wavelengths used were 430 and 540
nm, respectively. The apparent permeability coefficient (Papp) was calculated using
the following equation **.

Papp (cm/s) = (3Q / 8t) x (1 / (AxCy).

Where 6Q/0t is the rate of the LY permeation. A is the insert area, 0.6 cmz, Cyis

the initial concentration of LY, 0.5 mM.

2.8.3 Transport of fluorescent latex beads

The full differentiation of M cell monolayer was confirmed by checking the
amount of transported fluorescent latex beads 2. Before experiment, the fluorescent
latex beads were suspended in HBSS (1 % FBS, pH 6.0) and pre-incubated at 4 C or

37 "C. The AP and BL chambers were washed twice and pre-equilibrated for 30 min

-13-
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in HBSS (1 % FBS, pH 6.0) in the AP chamber and HBSS (1 % FBS, pH 7.4) in the
BL chamber. The fluorescent latex beads in 400 uL HBSS (pH 6.0) was added to the
AP chamber while 600 uL HBSS at pH 7.4 was applied in the BL chamber. After
incubation at 4 'C or 37 "C for 2 h, the HBSS in the BL chamber was collected and the
fluorescent intensity of the transported fluorescent latex beads were determined. The

excitation and emission wavelengths were 365 and 415 nm, respectively.

2.8.4 Scanning Electron Microscopy (SEM)

After fully differentiated, the Caco-2 and M cell monolayers were rinsed with
PBS for three times, tore with the transwell filter and initially fixed with 2 %
paraformaldehyde / 2.5 % glutaraldehyde / 0.05 M cacodylate buffer (pH 7.6) for
three hours. Then, rinsed twice in 0.05 % cacodylate buffer (pH 7.6) for 15 minutes,
and secondary fixed with 1% osmium-0.05 M cacodylate buffer (pH 7.6) for an hour.
Again, rinsed twice in 0.05 % cacodylate buffer (pH 7.6) for 15 minutes, and replaced
with 50 % ethanol, 60 % ethanol, 70 % ethanol, 80 % ethanol, 90 % ethanol, 95 %
ethanol, 99.5 % ethanol and absolute ethanol in turn for twice every 10 minutes to
dryness. Next, the transwell filter was dipped into t-butyl alcohol, frozen and the
solvent was vacuum dried. The fixed sample thus obtained was set to disk for SEM.
Platinum vanadium was coated with ION SUPATTER JFC-1100 and observed by the

SEM (JEOL JSM-5510, Tokyo, Japan).

-14-



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

2.9 Transport and uptake studies of liposomes

The AP and BL chamber in 24-well plate were washed and pre-equilibrated for
30 min at 37 C in a 5 % CO,-humidified incubation. One mM calcein encapsulated
liposomes in HBSS (400 pL, 1 % FBS, pH 6.0) was added to the AP chamber while
the HBSS (600 pL, 1 % FBS, pH 7.4) was applied in the BL chamber. After
incubation for 3 h, the HBSS in the BL chamber was collected and by adding 10 %
Triton X-100 to disrupt the transported liposomes. Then, cells were washed with PBS,
then harvested and lysed. The fluorescent intensity was determined using Hitachi
F-2500 fluorescence spectrophotometer. The excitation and emission wavelengths

were 490 and 520 nm, respectively.

2.10 Fatty acid composition analysis of phospholipids in differentiated Caco-2

and M cells

The fatty acid composition of PLs in differentiated Caco-2 and M cells were
analyzed by GC method. Briefly, at the end of transport and uptake experiments, cells
were rinsed twice with ice-cold PBS and then scraped off in PBS followed by
centrifugation to collect the cell pellet. Total lipids were extracted following the
method of Bligh & Dyer ?°. Individual lipid classes were separated on thin layer
chromatography using preparative glass plate coated with silica gel 60 (Darmstadt,
Merck, Germany) and developed in petroleum ether-diethyl ether-acetic acid (80:20:1,

v/viv). PLs fraction was visualized by iodine vapor and then the PLs-containing band

-15-
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was scraped off from the plate. The scraped band was applied to silica gel column and
eluted with methanol to remove the silica gel. Methanol eluates were evaporated to
obtain PLs. The methyl esters of the fatty acids bound to the PLs were prepared and

analyzed by GC following the same method as described in section 2.4 of this study.

2.11 Regulation of tight junctions integrity by liposomes

To investigate the tight junctions integrity in small intestinal epithelial cell
monolayers after addition of liposomes consisted of marine complex lipids and
soy-PL, TEER measurement was carried out during the treatment with 1 mM
liposomes. The TEER values were measured and recorded at 0, 10, 20, 30, 60, 90, 120

and 180 min, respectively.

2.12 Cytotoxicity test of liposomes

After fully differentiated, Caco-2 and M cells were collected from the transwell
filter insert and seeded into 96-well plate at 1 x 10° cells/mL in 200 pL growth
medium per well. After 24 h, the cells were treated with 1 mM liposomes prepared in
this study for 3 h. WST-1 reagent (3.26 mg/ml in 20 mM HEPES including 0.2 mM
1-methoxy PMS) at 20 pL was added in each well. The plates were incubated for
another 3 h. The absorbance was subsequently measured at 450 nm versus a 650

nm reference in each well by using SpectraMax Mb5e microplate reader (Molecular
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Devices, Sunnyvale, CA, USA). The cell viability was determined according to the
following equation.

Cell viability (%) = (Atreated / Acontrol) X 100 %

Where Avyeated and Acontrol are the average absorbance of the treated and control

groups, respectively.

2.13 Statistical analysis

All values in this study were expressed as mean * standard error (SE). All
statistical analyses were performed using SPSS software. Data were analyzed using
Student’s t-test or Tukey’s post hoc test. P value less than 0.05 was considered

statistically significant.

3 Results

3.1 Fatty acid composition of marine and soy phospholipids

Fatty acid composition of PLs extracted from starfish, sea cucumber and soy are
shown in Table 1. SFP contained 42 % EPA, 8.8 % arachidonic acid (AA) and 6.8 %
DHA while SCP included 47.9 % EPA, 11.5 % stearic acid (C18:0) and 6.1 % oleic
acid (C18:1). Soy-PL was rich in 62.7 % linoleic acid (C18:2), 18.9 % palmitic acid

(C16:0) and 9.7 % oleic acid (C18:1).
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3.2 Chemical structure of cerebrosides from starfish and sea cucumber

As shown in Fig. 1, the glycosyl group of SFC and SCC was glucose. The main
amide-linked fatty acids in SFC were C24:1h (52.2 %), C22:0h (12.4 %) and C24:0h
(12.0 %) while the major sphingoid base components were d18:3 (48.6 %) and 4,
8-sphingadienine (d18:2, 39.9 %). SCC contained 68.1 % C24:1h, 20.4 % C23:0h and

11.5 % C22:0h as well as 68.1 % d17:1 and 31.9 % d18:2 (Table 2).

3.3 The characterization of liposomes

Five kinds of liposomes were prepared in this study. The average particle sizes of
liposomes consisted of SFP/Chol, SCP/Chol, SFP/SFC/Chol, SCP/SCC/Chol and
soy-PL/Chol were 168.9 + 34.4, 174.2 + 38.6, 189.2 £ 45.5, 184.2 + 42.8 and 169.1
34.8 nm, respectively (Table 3). In addition, as shown in the same table, there were
no significant differences in trapping efficiency among the liposomes consisted of
SFP/Chol, SCP/Chol or soy-PL/Chol. In addition, the results showed that the
liposomes consisted of SFP/SFC/Chol or SCP/SCC/Chol showed higher trapping
efficiency than liposomes consisted of SFP/Chol, SCP/Chol and soy-PL/Chol (P <
0.05). However, the trapping efficiency of hybrid liposomes remained 7.6 % at the

most.
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3.4 Integrity of the small intestinal epithelial cell models

Prior to the transport studies with marine complex lipid or soy-PL liposomes, the
monolayer integrity of small intestinal epithelial cell models (Caco-2 cell monolayer
model and M cell monolayer model) were ensured by four ways, i.e. TEER values,
permeability of LY, the amount of transported fluorescent latex beads and the SEM
images.

The cell monolayer is considered tight when the TEER value is more than 400

Q‘sz 27

. As shown in Fig. 2, with the increasing of incubation time, the TEER values
of Caco-2 cell monolayer were elevated significantly. And the average TEER value at
day 21 was 594 + 17.5 Q-cm® However, the TEER values decreased notably after
co-cultured with Raji cells for 6 days. This is consistent with the result of previous
literature data %.

LY is commonly employed as a paracellular marker for determining the
monolayer integrity of small intestinal epithelial cell models 2°. As shown in Table 4,
the permeability experiment with LY showed that the Papp value of LY across
Caco-2 cell monolayer was 0.9979 x 107 cm/s, indicating that the Caco-2 cell
monolayer is intact. In addition, this table also illustrated that the Papp value of LY
across M cell monolayer was 6.6645 x 10 cm/s, which was significantly higher than

the Papp value of LY on Caco-2 cell monolayer. But the integrity of the M cell

monolayer is not compromised.
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Intestinal M cells have been shown to preferentially bind and engulf the
hydrophobic polystyrene latex beads *. To investigate whether the transport of
fluorescent latex beads across Caco-2 and M cell monolayers is
temperature-dependent, the amount of transported fluorescent latex beads across
Caco-2 and M cell monolayers were measured at 4 'C and 37 "C. As shown in Fig. 3,
the transport of fluorescent latex beads across M cell monolayer was much higher
than Caco-2 cell monolayer at 37 'C. In addition, no significant change was observed
in the transport of fluorescent latex beads across Caco-2 cell monolayer at 4 C in
comparison with the result at 37 "C. However, the transport of fluorescent latex beads
across M cell monolayer was blocked at 4 'C, which indicates that the fluorescent
latex beads were transported by an energy-dependent process.

To further confirm the differentiation of the small intestinal epithelial cell models,
the morphological characteristics of Caco-2 and M cell monolayers were observed
through SEM. As shown in Fig. 4A & Fig. 4B, the Caco-2 cells were differentiated
into normal small intestinal epithelial cells which were characterized by typical brush
border and microvilli. After co-cultured with Raji cells for 6 days, the absence of
microvilli was observed in Fig. 4C & Fig. 4D. Taken together, throughout these
evidence, it is suggested that the small intestinal epithelial cell models were

established successfully.
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3.5 Transport and uptake effects of liposomes in small intestinal epithelial cell

models

The transport and uptake of marine complex lipid liposomes across the Caco-2 or
M cell monolayer model were measured by the transported calcein amount trapped in
the liposomes from AP chamber to BL chamber. As shown in Fig. 5A, all the
liposomes prepared in this study showed higher transport across the M cell monolayer
model than the Caco-2 cell monolayer model (P < 0.05). In addition, the transport of
liposomes consisted of marine complex lipids across both Caco-2 and M cell
monolayer models were superior to soy-PL/Chol liposomes. For Caco-2 cell
monolayer model, the transport effects of marine complex lipid liposomes were
comparable. However, for M cell monolayer model, hybrid liposomes consisted of
SFP/SFC/Chol showed much more potent transport effect than other marine complex
lipid liposomes.

On the other hand, our findings in the uptake effects of the marine complex lipid
liposomes in small intestinal epithelial cell models revealed that besides the hybrid
liposomes consisted of SFP/SFC/Chol, the effects of other marine complex lipid
liposomes in both Caco-2 and M cell monolayer models were comparable (Fig. 5B).
Similarly, the uptake effects of marine complex lipid liposomes were better than
soy-PL/Chol liposomes (P < 0.05). Moreover, as shown in the same figure, the hybrid
liposomes consisted of SFP/SFC/Chol showed much higher uptake than other marine

complex lipid liposomes in both Caco-2 and M cell monolayer models.
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3.6 Effects of liposomes treatment on the fatty acid profile of phospholipids in

small intestinal epithelial cells

Since fatty acids treatment can modulate the fatty acid composition of cell
membrane, and PLs are an integral part of cell membrane, the fatty acid composition
of PLs in differentiated Caco-2 and M cells after treated with liposomes was analyzed
by using GC method. As shown in Table 5 & Table 6, incubation with HBSS did not
affect the fatty acid profile of PLs in the differentiated Caco-2 and M cells as
compared to the cells which were cultured in DMEM. Marine complex lipid
liposomes treatment at the concentration of 1 mM for 3 h tended to increase the EPA
content (by 3-fold, P < 0.05) in PLs fraction of both differentiated Caco-2 and M cells.
The result also revealed that treatment with liposomes led to a slight decrease in the
content of palmitic acid in PLs of small intestinal epithelial cells but no obvious
differences were observed. In addition, treatment of small intestinal epithelial cells
with 1 mM soy-PL liposomes increased the accumulation of linoleic acid significantly
while decreasing the content of palmitic acid in PLs of the differentiated Caco-2 and

M cells but without statistically significant difference (Table 5 & Table 6).
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3.7 Effects of liposomes on tight junctions integrity

Tight junctions are known to regulate the intestinal epithelial permeability by
blocking the free diffusion of luminal noxious macromolecules between the apical and
basolateral domains of the plasma membrane in intestinal epithelial cells **. To
investigate whether the liposomes prepared in this study affect the tight junctions
integrity of small intestinal epithelial cell monolayer, we measured and calculated the
TEER values of Caco-2 and M cell monolayers after co-incubated with liposomes for
0, 10, 20, 30, 60, 90, 120 and 180 min, respectively. The present findings showed that
soy-PL liposomes did not decrease the TEER values of Caco-2 and M cell monolayers
during the experimental period (Fig. 6). Treatment with marine complex lipid
liposomes decreased the TEER values of Caco-2 and M cell monolayers in a
time-dependent manner. But there were no significant changes on the TEER values of
the Caco-2 and M cell monolayers after co-incubated with 1 mM SFP or SCP
liposomes for up to 3 h as compared to control. However, the liposomes consisted of
SFP/SFC/Chol could decrease the TEER values of Caco-2 and M cell monolayers
notably at 120 and 180 min. These data suggest that the hybrid liposomes consisted of

SFP/SFC/Chol may open the tight junctions of Caco-2 and M cell monolayers.

3.8 Effects of liposomes on cell viability of small intestinal epithelial cells

To confirm whether the prepared liposomes affect the cell viability of small

intestinal epithelial cells, the effects of liposomes on cell viability of differentiated
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Caco-2 and M cells were measured by using WST-1 assay. As shown in Fig. 7, the
cell viability of differentiated Caco-2 and M cells were not affected significantly by
the liposomes in transport and uptake studies after treated with up to ImM liposomes

for 3 h.

4 Discussion

The aim of this study was to evaluate the transport and uptake effects of marine
complex lipid liposomes in small intestinal epithelial cell models. It is well known
that the major portion of PLs have been considered to be hydrolyzed in the small
intestine by pancreatic phospholipase A, with the help of other lipases *. Therefore,
the transport and uptake effects of liposomes consisted of marine complex lipids or
soy-PL in small intestinal epithelial cell models were investigated in the present study.
Caco-2 cells and Raji cells were employed to establish the Caco-2 and M cell
monolayer models in the present study. To confirm whether the small intestinal
epithelial cells are formed, the TEER values, permeability of LY, the amount of
transported fluorescent latex beads and the morphological characteristics in Caco-2
and M cell monolayer models were investigated. And the results of these experiments
suggest that the small intestinal epithelial cell models are well established.

It has been proposed that the size of particles plays a key role in the extent of
transport across and uptake in the Caco-2 monolayer and the smaller size particles

seem to have efficient interfacial interaction with the cell membrane compared to
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larger size particles *2. Desai et al. also suggest that the mechanism of uptake of
nanoparticles in Caco-2 cells is particle diameter dependent **. The average particle
sizes of liposomes prepared in this study were from 169 to 189 nm. Evidence
demonstrates that nanoparticles of 100-200 nm size acquire the best properties for
cellular uptake 3. In the present study, the transport of liposomes across M cell
monolayer model were much higher than Caco-2 cell monolayer model. The results
also demonstrated that the liposomes consisted of EPA-PL derived from starfish and
sea cucumber showed significantly higher transport and uptake than soy-PL
liposomes in both Caco-2 and M cell monolayer models, suggesting the higher
absorption of marine complex lipid liposomes in small intestine epithelial cells. It also
indicates that the acyl chain composition of PLs should affect the monolayer
permeability greatly. In addition, existing evidence suggest that the fatty acids may
integrate into cell membrane to change physical properties of cell membrane, and
subsequently alter cell membrane fluidity and cell functions in an unsaturation
number-dependent manner ***°. The present results exhibited that co-incubation with
1 mM marine complex lipid liposomes for 3 h tended to increase the EPA content
while treatment with soy-PL liposomes increased the accumulation of linoleic acid in
PLs of both differentiated Caco-2 and M cells. Therefore, an increase in unsaturation
of PLs fraction in small intestine epithelial cells may be responsible for the higher
transport and uptake effects of marine complex lipid liposomes across Caco-2 and M

cell monolayer models in comparison with soy-PL liposomes.
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Tight junctions between adjacent epithelial cells are considered to create a
physiological intercellular barrier which maintains distinct tissue spaces and separate
the apical from the lateral plasma membranes ***". Tight junctions are the typical
structures in epithelial and endothelial cells and play a key role in controlling the
diffusion of some molecules, such as proteins, lipids and toxic compounds, across the
intestine. Tight junctions consist of transmembrane and intracellular scaffold proteins.
The transmembrane proteins such as occludin creates a permselective barrier in the
paracellular pathways by hemophilic and heterophilic interactions with adjacent
cells #** The intracellular domains of the transmembrane proteins interact with the
intracellular scaffold proteins such as zonula occludens (ZO)-1, which in turn anchor
the transmembrane proteins to the actin cytoskeleton 3*°. These proteins are
important to maintain the structure and function of tight junctions. Numerous studies
suggest that impairment of the paracellular barrier function has often been related to
alterations in the junctional expression and localization of occludin and ZO-1 3,
Usami et al. have reported that treatment with 200 uM EPA for 24 h decreases the
TEER values and enhances the permeability of Caco-2 cell monolayers *. However,
another study has shown that 100 pM EPA has no effect on TEER values *.
Moreover, Jiang et al. have suggested that EPA enhances the tight junctions function
in endothelial cell monolayer through upregulating the expression of occludin *. As

for linoleic acid, TEER values as well as occludin staining were unaffected by a

chronic treatment with linoleic acid at 50 pM *°. Our present data revealed that
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liposomes consisted of EPA-PL decreased the TEER values of Caco-2 and M cell
monolayers for up to 3 h as compared to control but no obvious differences were
observed. The results in this study also showed that soy-PL liposomes did not
decrease the TEER values of Caco-2 and M cell monolayers during the experimental
period. These findings are not consistent with a part of the results from the previous
studies performed in Caco-2 cell monolayer model. The differences between the
present study and the aforementioned studies may result from differences in the
experimental procedure such as different fatty acid concentrations, treatment
durations or Caco-2 cell maturation state. Future studies are required to elucidate this
discrepancy.

On the other hand, the biological activities of cerebrosides have been reported,
but the bioavailability of cerebrosides derived from marine echinoderms in digestive
tract are still unknown. Recently, the hybrid liposomes composed of compounds and
PLs have received more and more attention. Several studies have reported that the
hybrid liposomes could combine the advantages of both compounds and liposomes *®-
*In addition, it has been reported that drugs encapsulated in liposomes could
penetrate across cell membrane effectively “°. For this reason, the hybrid liposomes
consisted of EPA-PL and cerebrosides derived from starfish and sea cucumber were
prepared and then their transport and uptake effects in Caco-2 and M cell monolayer

models were also evaluated in this study. Our results revealed that the hybrid

liposomes consisted of SFP/SFC/Chol showed higher transport across M cell
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monolayer as compared to other liposomes. Similarly, the uptake effect of the
SFP/SFC/Chol liposomes was much higher than other marine complex lipid
liposomes in both Caco-2 and M cell monolayer models. Moreover, treatment with
SFP/SFC/Chol liposomes could decrease the TEER values of Caco-2 and M cell
monolayers notably. These data suggest that the higher transport and uptake effects of
hybrid liposomes consisted of SFP/SFC/Chol may be due to opening the tight
junctions of Caco-2 and M cell monolayers. However, further studies are necessary to
determine the molecular basis of these findings.

The present data also showed that the cell viability of differentiated Caco-2 and
M cells were not affected after treated with up to 1ImM marine complex lipid or
soy-PL liposomes for 3 h. It indicates that the transport and uptake effects of marine
complex lipid or soy-PL liposomes in small intestinal epithelial cells are independent

of effects on cell viability.

Conclusion

In summary, Our findings in this study demonstrate that the transport and uptake
effects of liposomes consisted of marine complex lipids derived from starfish A.
amurensis and sea cucumber C. frondosa are superior to the soy-PL liposomes in
Caco-2 and M cell monolayer models. In addition, the results in this study also reveal
that the hybrid liposomes consisted of EPA-PL and cerebrosides isolated from starfish

A. amurensis exhibit higher transport and uptake effects than other complex lipids in
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small intestinal epithelial cells. The prominent transport and uptake effects of marine
complex lipid liposomes in Caco-2 and M cell monolayer models may be due to size
of particles, an increase in unsaturation of intestinal epithelial cell membrane and

affecting the tight junctions of Caco-2 and M cell monolayers.
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Figure captions and Table

Fig. 1 The chemical structures of starfish cerebrosides (SFC) and sea cucumber
cerebrosides (SCC).

Fig. 2 Changes in TEER values in Caco-2 and M cell monolayers. TEER values in
Caco-2 and M cell monolayers were measured using a Millicell® ERS. Value are
expressed as mean + SE (n=4).

Fig. 3 Phagocytosis of fluorescent latex beads on Caco-2 and M cell monolayers at
4 °C or 37 'C. Values are expressed as mean + SE (n=4), different letters indicate
significant difference at P < 0.05 among each value determined by Tukey’s post hoc
test.

Fig. 4 Scanning electronic micrographs of Caco-2 (A&B) and M cell monolayers
(C&D).

Fig. 5 Effects of individual liposomes on transport (A) and uptake (B) in Caco-2 and
M cell monolayer models. One mM calcein encapsulated liposomes were added to the
AP chamber of Caco-2 and M cell monolayers. The transported liposomes in the BL
chamber and the absorbed liposomes into differentiated Caco-2 or M cells were
determined using fluorescence spectrophotometer after 3 h incubation at 37 "C. The
fluorescent intensity was measured at excitation and emission wavelengths of 490 and
520 nm, respectively. Values are expressed as mean + SE (n=4), different letters
indicate significant difference at P < 0.05 among each value determined by Tukey’s
post hoc test.

Fig. 6 Changes in TEER values in Caco-2 cell (A) and M cell monolayer (B) after



treated with individual liposomes. One mM liposomes were added to the AP chamber
of Caco-2 cell or M cell monolayer for up to 180 min. TEER value were measured at
0, 10, 20, 30, 60, 90, 120 and 180 min, respectively. The relative TEER values were
calculated as a ratio of the TEER values of HBSS treatment at each time point. Values
are expressed as mean + SE (n=4), ‘P < 0.05 versus HBSS treatment.

Fig. 7 Effects of individual liposomes on the cell viability of differentiated Caco-2
(A) and M cells (B). The differentiated Caco-2 and M cells were collected from the
transwell filter insert and seeded into 96-well plate at 1 x 10> cells/mL in 200 pL
growth medium per well. After incubation for 24 h, the cells were treated with 1 mM
liposomes for 3 h. Control cells were treated with HBSS. Values are expressed as
mean x SE (n=4).

Table 1 Fatty acid composition of the marine and soy phospholipids. Values are
expressed as mean + SE (n=3).

Table 2 Fatty acid and sphingoid base composition of cerebrosides obtained from
starfish and sea cucumber which were analyzed by GC-MS. Values are expressed as
mean = SE (n=3), different letters indicate significant difference at P < 0.05 among
each value determined by Tukey’s post hoc test.

Table 3 Characterization of the individual liposomes prepared in this study.

Table 4 Transport of 0.5 mM LY across small intestinal epithelial cell models.

Table 5 Fatty acid composition of the phospholipid fractions in differentiated Caco-2
cells after treated with the individual liposomes. Values are expressed as mean + SE

(n=4), different letters in the same row indicate significant difference at P < 0.05



among each value determined by Tukey’s post hoc test.

Table 6 Fatty acid composition of the phospholipid fractions in M cells after treated
with the individual liposomes. Values are expressed as mean + SE (n=4), different
letters in the same row indicate significant difference at P < 0.05 among each value

determined by Tukey’s post hoc test.
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Fig. 1 The chemical structures of starfish cerebrosides (SFC) and sea cucumber

cerebrosides (SCC).
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Fig. 2 Changes in TEER values in Caco-2 and M cell monolayers.
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Fig. 5 Effects of individual liposomes on transport (A) and uptake (B) in Caco-2 and

M cell monolayer models.
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Fig. 6 Changes in TEER values in Caco-2 cell (A) and M cell monolayer (B) after

treated with individual liposomes.
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Fig. 7 Effects of individual liposomes on the cell viability of differentiated Caco-2

(A) and M cells (B).

Table 1 Fatty acid composition of the marine and soy phospholipids.

Fatty acid (%) SFP SCP Soy-PL
C14:0 0.7+0.0 0.3+0.0 0.1+0.0
C16:0 34+0.2 55+0.2 18.9+0.3
C16:1 32+0.2 42+0.0 0.2+0.0
C18:0 85+0.3 11.5+05 24+0.2
Cc18:1 6.5+0.3 6.1+£0.3 9.7+0.6
C18:2 - 0.4+0.0 62.7+1.1
C18:3n-3 - 0.6+0.0 36+04
C20:1 56+0.2 78+0.2 0.1+0.0
C20:2 0.5+0.0 - -
C20:3 0.1+0.0 - -
C20:4 n-6 (AA) 8.8+0.1 47+0.1 -
C20:5 n-3 (EPA) 42.0+0.8 47.9+0.8 -
C22:6 n-3 (DHA) 6.8+0.4 21104 -
Others 13.9+05 89+0.3 23104




Table 2 Fatty acid and sphingoid base composition of cerebrosides obtained from

starfish and sea cucumber which were analyzed by GC-MS.

) Ratio of peak o Ratio of peak
Fatty acid Sphingoid base
areas (%) areas (%)
C16:0h 9.5
C18:0h 6.7 di8:2 39.9
C22:0h 12.4 d18:3 48.6
SFC
C24:0h 12.0 d22:1 5.9
C24:1h 52.2 d22:2 5.6
C25:1h 7.2
C22:0h 115
di7:1 68.1
SCC C23:0h 20.4
dis:2 31.9
C24:1h 68.1

Table 3 Characterization of the individual liposomes prepared in this study

Lipid composition (mol/mol/mol) Average particle size (nm) Trapping efficiency (%)
SFP/Chol = 1:1 168.9 + 34.4 53+0.3°
SCP/Chol = 1:1 174.2 + 38.6 57+0.2°
SFP/SFC/Chol = 1:1:2 189.2+£455 72403
SCP/SCC/Chol = 1:1:2 184.2+42.8 76+02°
Soy-PL/Chol = 1:1 169.1+34.8 54+0.3°

Table 4 Transport of 0.5 mM LY across small intestinal epithelial cell models

Papp (x107(cm/s))

Caco-2 cell monolayer 0.9979
M cell monolayer 6.6645




Table 5 Fatty acid composition of the phospholipid fractions in differentiated Caco-2

cells after treated with the individual liposomes.

_ SFP/SFC/ SCP/SCC/  Soy-PL/
Fatty acid (%) DMEM HBSS  SFP/Chol  SCP/Chol
Chol Chol Chol

C14:0 1.8+02 1801 1.6+01 17+01 1.6+01 1701 1.8%0.2
C16:0 264+08 268+0.7 26307 256+0.7 26207 255+08 256+0.8
C16:1 125+04 125+03 128+03 127+03 128+03 129+04 122%0.3
C18:0 106+03 102+0.3 104+03 105+04 102+03 105+03 104%0.3
C18:1 288+06 29.0+08 28607 284+08 28706 285+10 29.2+0.8
C18:2 09+0.1° 06+01* 08+0.1° 1.0+0.1° 08%01* 09+01° 24+02°
C18:3n-3 1202 1201 1.2%01 14+02 1.3+01 14202 12%01
C20:0 1.6£02 1803 1.9%03 1402 14+02 13202 16+02
C20:1 23+£02 21+02 24%02 21+02 23%02 2202 2002
C20:4n-6 (AA) 26+02 25+02 30£02 32+02 29%01 3101 22#01
C20:5n-3(EPA)  0.8+0.1° 0.9+0.1* 22+01° 24+01° 25+02° 24+01° 08=%0.1°
C22:6n-3(DHA) 1.2+#01 1101 15#02 1201 1.6+02 13201 1.1%01
Others 83+0.6 95+05 73+05 8405 7.7+04 73204 9504

Table 6 Fatty acid composition of the phospholipid fractions in M

with the individual liposomes.

cells after treated

_ SFP/SFC/  SCP/SCC/  Soy-PL/
Fatty acid (%) DMEM HBSS SFP/Chol  SCP/Chol
Chol Chol Chol

C14:0 20+01 20+01 18+01 2002 19+01 1801 1901
C16:0 272+04 271+04 26404 261+04 262204 261+04 255%0.3
C16:1 11.6+£02 11602 11.8+02 116+02 11.7+02 116+02 11.5+02
C18:0 109+03 11.1+03 102%03 104+03 102%02 104+03 10.1£0.2
C18:1 299+04 299+04 30105 301+04 30.1+04 302+05 302%04
C18:2 1.0£01* 11+01* 09#01° 10+01* 1.0+01° 12%01* 22%02°
C18:3n-3 11£01 1101 1.2#01 11401 1.3+02 13201 1.1%01
C20:0 1.8£01 1902 1.6+01 18+02 14+01 15201 1.9%02
C20:1 20£01 20+01 20£01 19401 20£02 1901 1.9#01
C20:4n-6 (AA) 28+01 29401 33%£02 32+02 33£02 3102 2902
C20:5n-3(EPA)  0.8+0.1° 0.8+0.1* 21+01° 23+01° 24+02° 23+01° 09+0.1°
C22:6n-3(DHA) 1.1+#01 1101 14#01 1201 14#01 12201 1.0%01
Others 78+05 7405 72+04 7305 7.1+05 7405 88%05
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