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Abstract

Plasmalogens play multiple roles in the structures of biological membranes, cell membrane lipid homeostasis and
human diseases. We report the isolation and identification of choline plasmalogens (ChoPlas) from swine liver by
high performance thin layer chromatography (HPTLC) and high performance liquid chromatography (HPLC)/MS. The
growth and viability of hepatoma cells (CBRH7919, HepG2 and SMMC7721) was determined following ChoPlas
treatment comparing with that of human normal immortal cell lines (HL7702). Result indicated that ChoPlas inhibited
hepatoma cell proliferation with an optimal concentration and time of 25 μmol/L and 24 h. To better understand the
mechanism of the ChoPlas-induced inhibition of hepatoma cell proliferation, Caveolin-1 and PI3K/Akt pathway
signals, including total Akt, phospho-Akt(pAkt) and Bcl-2 expression in CBRH7919 cells, were determined by western
blot. ChoPlas treatment increased Caveolin-1 expression and reduced the expression of phospho-Akt (pAkt) and
Bcl-2, downstream targets of the PI3K/Akt pathway. Further cell cycle analysis showed that ChoPlas treatment
induced G1 and G1/S phase transition cell cycle arrest. The expression of essential cell cycle regulatory proteins
involved in the G1 and G1/S phase transitions, cyclin D, CDK4, cyclin E and CDK2, were also analyzed by western
blot. ChoPlas reduced CDK4, cyclin E and CDK2 expression. Taken together, the results indicate that swine liver-
derived natural ChoPlas inhibits hepatoma cell proliferation associated with Caveolin-1 and PI3K/Akt signals.
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Introduction

Plasmalgens are a unique subset of phospholipids in which
the sn-1carbon of the glycerol backbone contains a vinyl ether–
linked (a cis double bond adjacent to an ether bond) long chain
hydrocarbon instead of the typical ester-linked fatty acid. In
plasmalogens, the aliphatic moieties at the sn-1 position
consist of C16:0 (palmitic acid), C18:0 (stearic acid) or 18:1
(oleic acid) carbon chains, whereas the sn-2 position is
occupied by polyunsaturated fatty acids (PUFA) and the head
group is usually either ethanolamine (ethanolamine
plasmalogens, EtnPlas) or choline (choline plasmalogens,
ChoPlas) [1].

These structural and compositional features provide novel
properties to plasmalogens and although they represent up to
20 % of the total phospholipid mass in humans, their

physiological roles have been challenging to identify and are
likely particular to different tissues, metabolic processes and
developmental stages[2]. Plasmalogens are enriched in brain
(90% of EtnPlas), kidney and lung tissue, as well as skeletal
and cardiac muscle. Mature spermatozoa contain a high
proportion of both PlsEtn and PlsCho. The lowest amounts of
plasmalogen are found within the liver, possibly owing to their
synthesis in the liver and subsequent transport by lipoproteins
to other tissues [3].

Plasmalogens have been found to serve as endogenous
antioxidants, mediators of membrane structure and dynamics,
and storage for polyunsaturated fatty acids and lipid
mediators[1].They also play important roles in disease states
including Zellweger syndrome[3], rhizomelic chondrodysplasia
punctate (RCDP)[4], Alzheimer’s disease (AD) [5,6], Niemann-
pick type C (NPC) [7], Down syndrome (DS) [8], neuronal
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ceroid lipofuscinosis (NCL) [9] and retinitis pigmentosa (RP)
[10]. Additionally, Zoeller et al. showed that increasing
plasmalogen levels protected human endothelia cells during
hypoxia[11].

It had been demonstrated that plasmalogens are involved in
HDL-mediated cholesterol efflux in plasmalogen-deficient
cells[12]. Recent studies showed that selective membrane
plasmalogen enhancement was related to altered cellular
cholesterol processing in vitro[13]. Since increased cholesterol
levels are commonly found in cancers [14] and cell membrane
plasmalogen levels have been associated with cancer [15],
plasmalogens could potentially be involved in cancer cell
proliferation.

Caveolae are small, plasma membrane invaginations that
contain high levels of glycosphingolipids and cholesterol.
Caveolin-1(Cav-1), a 21 kDa scaffold protein, serves as a
specific marker for caveolae and is also associated with
enhanced cholesterol efflux [16]. Our previous studies showed
that Cav-1, as a tumor regulator, is involved in cell proliferation,
transformation and apoptosis of breast cancer and hepatoma
[17,18]. Lisapti and other groups have demonstrated that a
variety of signaling components are highly enriched in
caveolae, including low molecular weight heterotrimeric G
proteins, Src family kinases, EGF receptors, PDGF receptors,
endothelin receptors, the phosphotyrosine phosphatase syp,
Grb2, MAP kinase, protein kinase C and the p85 subunit of
PI3K [19-23]. Therefore, we hypothesized that exogenous
plasmalogens could interact with Cav-1 directly or indirectly to
effect proliferation and growth in many kinds of cells.

In the present study, the role of exogenous natural
plasmalogen in cancer cell proliferation and whether there is a
direct or indirect interaction between exogenous natural
plasmalogen and caveolin-1 were investigated. We also
examined the signaling pathways through which exogenous
natural plasmalogen influences cancer cell proliferation.
ChoPlas, isolated and purified from swine liver, was used to
treat hepatoma cells. Cell growth, viability, caveolin-1
expression, PI3K/Akt pathway related signals and cell cycle
markers were determined and analyzed. The data provide
novel insights into the role of exogenous natural plasmelogens
and the basic mechanisms by which they alter cancer cell
proliferation.

Materials and Methods

Cell lines and reagents
Rat hepatoma cell line CBRH-7919, human hepatoma cell

line HepG2 and SMMC 7721, human normal hepatocytic cell
line HL7702 and Chang liver were obtained from the Cell Bank
of the Institute of Biochemistry and Cell Biology, Chinese
Academy of Science (Shanghai,China). CyclinD1/CDK4,
CyclinE /CDK2, Caveolin1, Akt/ phospho-Akt (Thr308,
monoclonal) and Bcl-2 antibodies were from Santa Cruz
Biotech, U.S.A. Sheep IgG-HRP directed against rat/rabbit was
from New England Biolabs, U.S.A. Chemiluminesence (ECL)
reagents were from Amersham Biosciences Corp., U.S.A. MTT
and Trypsin were from Bo-De Biotechnology Co., Wuhan,
China. DMEM and RPMI-1640 were purchased from Gibco,

U.S.A. Newborn calf serum was from Tian-E Biotechnology
Co., Lushun District, Dalian, China. Authentic
phosphatidylcholine (PC) obtained from bovine heart was
purchased from Sigma, U.S.A. 1-O-1'-(Z)-Octadecenyl-2-
Arachidonoyl- sn-Glycero-3-Phosphocholine (18:0/20:4-
ChoPlas) and 1-O-1'-(Z)-Octadecenyl-2- Docosahexaenoyl-sn-
Glycero-3-Phosphocholine (18:0/22:6) were purchased from
Avanti Polar Lipids, U.S.A.

A Waters 2695 HPLC system equipped with a Waters 2487
UV detector and Masslynx 4.0 assay software was used
(Waters, Marseilles, USA). HPLC-grade solvents were
purchased from Fischer Scientific Co., U.S.A. Reagent-grade
chemicals and solvents were all purchased from China
National Medicines Corporation Ltd., Beijing, China.

PC and ChoPlas isolation
Total lipids were extracted from swine liver according to the

method outlined by Floch [20]. PC was purified on an alumina
column using 90 % ethanol as the elution solvent at room
temperature with a flow rate of 2.5 ml/min [21]. Purified PC was
applied to the HPLC system and ChoPlas was collected and
stored at -20°C for later molecular structure analysis and
cellular function experiments. ChoPlas was dissolved in the
medium with 50% ethanol as stocked solution before use.

HPLC system and TLC detection
A C18 ODS HPLC column was used (4.6mm×200mm，5μm,

Waters). Mobile phase A was an 85 % (v/v) methanol solution
containing 6 % hexane (v/v), 8 % (v/v) ammonium acetate and
0.6 % glycerol (v/v). Separation using 22:6 ChoPlas as the
internal parameter was achieved within 75 min with a flow rate
of 1.00 mL/min and a column temperature of 35°C. Samples
were detected at 206 nm. In order to corroborate HPLC results,
purified ChoPlas was applied to a thin-layer chromatography
(TLC) plate and exposed to HgCl and I2 vapor for 8 min and
then developed in a chloroform/methanol/water mixture
(60:25:4, v/v)[21].

ChoPlas molecular structure identification
An HPLC-MS/MS system was used for the determination of

ChoPlas. A Quattro Micro tandem mass spectrometer (Waters,
U.S.A.) was used in positive electrospray ionization mode. The
sheath gas was nitrogen, the collision gas was argon, the cell
pressure was 25 V, the capillary temperature was 350°C, the
ion source temperature was 120°C and the spray voltage was
maintained at 3.0 kV.

Cell culture
The cells lines were cultured in DMEM or RPMI-1640

medium, supplemented with 10 % FBS, 100 U/ml penicillin and
0.1 mg/ml streptomycin in a humidified incubator at 37°C under
a 5 % CO2 atmosphere and were prepared for cell viability and
western bolt analysis upon reaching sub-confluence (80–90
%).

ChoPlas Identification and Biological Effects
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Figure 1.  Purification and Identification of ChoPlas.  A, Chromatogram of PC compositions. Kromasil C18 column; mobile
phase, methanol-hexane-0.05 mol/L ammonium acetate-glycerol (V/V); column temperature, 35°C; injection, 20 μL; detection
wavelength, 206 nm; flow rate, 1.0 ml/min; B, High Performance Thin Layer Chromatogram of ChoPlas. ChoPlas separated by
HPLC was applied to the TLC plate and developed with chloroform/methanol/water (60:25:4, v/v, plate 1 bands were visualized by I2

vapor and plate 2 bands were visualized by 5 nmol/L HgCl.
doi: 10.1371/journal.pone.0077387.g001
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Cell viability assay with MTT
Cells proliferation was analyzed using 3-(4,5-dimethyl-2-

thiazolyl)-2,5- diphenyl- 2H-tetrazolium bromide (MTT) . Briefly,
cells were seeded in 96-well plates at a density of 1×104 cells/
well for 72 h in 100 μL of ordinary medium and then incubated
in various concentrations of ChoPlas, which made by the stock

solution for 24 or 48 h. MTT was then added to the medium
and the cells were left to incubate for 4 h. The resultant
insoluble formazan product was dissolved in dimethylsulfoxide.
The optical density of each well was measured with a
microplate reader at 490 nm. Control cells cultured without
ChoPlas were defined as 100 % viable.

Figure 2.  Structure Identification of ChoPlas.  A, Molecular characterization of ChoPlas on the MS/MS spectrum. The mass
spectrum of swine liver ChoPlas in positive mode. Elution was performed as in Figure 1. Observed ions correspond to [M+H]+ (m/z
793.95) and ions resulting from fragmentation at the sites indicated in the structure formula of the [M+H]+ anion; B, Structure of the
identified ChoPlas.
doi: 10.1371/journal.pone.0077387.g002

ChoPlas Identification and Biological Effects
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Cell-cycle analysis
CBRH-7919 hepatoma cells were seeded in six-well plates

and incubated with 25 μmol/L of ChoPlas for 24 h. Adherent
cells were washed with PBS and 300 μL of trypsin was applied
for 5 min at room temperature to collect the cells. After
centrifugation at 350×g for 5 min at 4°C, the cell pellet was
obtained and resuspended in 1 ml of cold 70 % ethanol at 4°C
for 12 h. The cell pellet was collected again by centrifugation at
350×g for 5 min at 4°C. 1 ml of propidium iodide (PI) stain
solution (20 μg/ml of PI and 8 μg/ml of DNase-free RNase) was
added to the samples, which were then analyzed by flow
cytometry (BD FACS Canto Trade Mark, Franklin Lakes, NJ).
Mod Fit LT 3.0 software was used for data analysis.

Western blot analysis
Total cell protein was prepared by the method described by

Cui et al [22]. Cells were harvested and rinsed once with ice-
cold PBS. 0.5 ml ice-cold cell lysis buffer at pH 7.5 (20 mM
Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM glycerophosphate, 1 mM sodium
orthovanadate, 1 μg/ml leupeptin, and 1 mM PMSF added
directly before use) was added to each well. Cells were then
scraped, transferred to Eppendorf tubes kept on ice and
sonicated four times (5 s each time). The mixture was
centrifuged for 10 min at 4°C and the supernatant was saved
as lysate for later use. 50 μg of total protein from the lysate was
separated by SDS-PAGE (10% polyacrylamide gel containing
0.1% sodium dodecyl sulfate) [23] and then transferred to
PVDF membranes by electrophoretic blotting [24]. Membranes
were probed with specific antibodies directed against Cavelin-1
and CyclinD1/CDK4 and CyclinE/CDK2, two signaling
complexes involved in the PI3K/Akt pathway [23]. Protein
bands were treated with goat anti-rabbit IgG-HRP (1:2000) and
visualized by ECL using the procedure recommended by the
manufacturer (Amersham Corp.). Film was exposed to the

membrane for times ranging from 10 to 120 s to avoid
overexposure and then was developed. Films were scanned
and relative band intensities were quantified using Image J
software with the control arbitrarily set as 100 %.

Statistical analysis
Data are expressed as mean values. Differences between

groups were analyzed using the Student’s t-test.

Results

Isolation and identification of ChoPlas
PC was purified from total lipids using alumina column

chromatography. Purified PC was applied to an HPLC system
to separate ChoPlas. Nineteen peaks were obtained after 10
min (Figure 1A). Peak No. 4 was identified as ChoPlas by
comparison with a pure ChoPlas standard. A two-point UV-
monitoring method was employed to ensure that peak No. 4
primarily contained one kind of molecule (data not shown). To
further confirm the HPLC result, an optimized high performance
thin layer chromatography (HPTLC) method was used for
ChoPlas separation (Figure 1B)[21]. All observed results
showed that ChoPlas composition was sufficient in different
aspects as indicated by HPLC and HPTLC.

Identification of ChoPlas structure
HPLC-MS/MS is sufficiently sensitive to identify the structure

of small unstable organic molecules. Peak No. 4 was collected
and analyzed using a Quattro Micro tandem mass
spectrometer. Under the conditions outlined above, ChoPlas
molecular information was obtained (Figure 2). A full-scan
mass spectra in positive ion mode of swine liver ChoPlas is
shown in Figure 2A. Ions present in the figure represent the [M
+ H] + of ChoPlas. The fragment ions observed in the CID

Figure 3.  Average inhibition rate following treatment with ChoPlas as determined by MTT assay (24h and
48h).  CBRH-7919 cells (1×104 cells/well) were seeded into a 96 well plate with medium supplemented with 20 % FBS and
incubated for 24 h. Cells were then treated with 25 μmol/L of ChoPlas for 24 and 48 h. Viable cells were stained with MTT and the
resulting formazan crystals were dissolved in DMSO. Absorbances at 490 nm were measured with a multiscan plate reader. Data
are presented as the mean±S.D (n=3).
doi: 10.1371/journal.pone.0077387.g003
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spectrum of m/z 794 include m/z 304 and 492 which
correspond to 18:0/20:4-ChoPlas.

Effect of ChoPlas on cell growth
To investigate the effect of exogenous natural ChoPlas on

hepatoma cell proliferation, the impact of various ChoPlas
treatments on CBRH-7919 hepatoma cells was determined by
measuring MTT absorbance at 490 nm. Figure 3 shows the
effect of different ChoPlas treatments on the proliferation of
CBRH-7919 cells. ChoPlas inhibited hepatoma cell proliferation
with a range of inhibition from 13.51 % to 17.53 % compared
with control. The optimal concentration and time was 25 μmol/L
of ChoPlas for 24 h. To observe whether ChoPlas inhibit cell
proliferation of cancer cells not normal cells, we took not only
two of human hepatoma cell lines, HepG2 and SMMC7721, but
two of non-hepatoma cell lines, HL7702 and Chang’s liver cells
as control. We found that it could affect on hepatoma cell lines,
however, the inhibition rate on normal cell was very low (See
Figure S1).

Caveolin-1 expression after ChoPlas treatment
Caveolin-1 has been shown to be involved in lipogenesis and

the regulation of cellular proliferation [25]. Several studies
indicate that specific environmental stimuli can increase
caveoloin-1 expression [26,27]. To test the hypothesis that
exogenous natural ChoPlas treatment can act as an
environmental stimulus to alter the expression of caveolin-1,
caveolin-1 expression in CBRH 7919 cells after ChoPlas
treatment was examined. As shown in Figure 4, caveolin-1
levels increased significantly following ChoPlas treatment (25
μmol/L) for 24 h.

Total Akt, pAkt and Bcl-2 expression following ChoPlas
treatment

It is known that the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway is a major survival pathway in human cancers [28-32]
and is regulated by caveolin-1[33,34]. Moreover, Akt, an
important downstream target of the PI3K/Akt pathway plays a
central role in anti-apoptosis through the phosphorylation and
regulation of a variety of cell survival-related downstream
targets[35].

The expression of total Akt and pAkt in CBRH7919 cells after
ChoPlas treatment was detected. Figure 5 indicates that the
expression of pAkt decreased significantly in ChoPlas-induced
CRBH-7919 proliferation inhibition. Since Akt is a major
mediator of cell survival through the direct inhibition of Bcl-2
family members, further apoptosis in ChoPlas-treated
hepatoma cells was detected by measuring Bcl-2 protein
expression. Figure 5 shows that Bcl-2 expression decreased
significantly in ChoPlas-induced CRBH-7919 proliferation
inhibition.

Cell cycle analysis by flow cytometry
Cell fate is determined not only by apoptosis but also by

mitosis. Because the PI3K/Akt pathway regulates cell cycle
progression indirectly, the impact of ChoPlas on the cell-cycle
progression of CBRH-7919 cells was further assessed. Cells

were treated with ChoPlas (25μm/L) for 24 h. Figure 6 shows
that ChoPlas treatment resulted in a time dependent significant
accumulation of cells in the G1 phase with a concomitant 14.1
% loss from the S phase. These results suggest that ChoPlas
has an anti-proliferative effect on cells and possibly induces
cell-cycle arrest at the G1/S phase transition (Figure 6A and C).

Cyclin-dependent kinase (CDK) expression after
ChoPlas treatment

Based upon the results of the cell cycle assay, it appeared
that essential cell cycle regulation factors could be involved in
the inhibition caused by ChoPlas treatment. Therefore,
essential factors in the G1 and G1/S progression, Cyclin D1/
CDK4 and Cyclin E/CDK2, were chosen and their expression
examined following ChoPlas treatment. As shown in Figure 7,
ChoPlas treatment decreased CDK4 ， Cyclin E and CDK2
levels. The results indicate that CDK4 and CyclinE /CDK2
expression levels were attenuated by Caveolin-1 up-regulation
and pAkt down-regulation.

Discussion

Plasmalogens are major cellular structural and functional
lipids that were originally found in myelin by Feulgen and Voit
in 1924; their structure was deduced several years later [36].
They constituted 15-20% of total phospholipids in cell
membranes and mainly distributed in heart, brain, kidney, lung
and skeletal muscles whiles there are the lowest amounts in
liver, which could be explained by their synthesis in liver
[3,37] .The biological function of plasmalogens and their
implication in diseases has remained elusive, particularly the
function of exogenous natural liver –derived plasmalogens in
human health. In the present work, an optimized HPTLC
method for natural ChoPlas isolation and a HPLC/MS method
of natural ChoPlas identification were successfully established.

Because plasmalogens are known to be involved in cancer
and our primary research showed that exogenous natural
phospholipids can inhibit rat hepatoma CBRH7919 cell
proliferation (data not shown), we hypothesized that exogenous
natural ChoPlas might have an effect on cancer cell
proliferation. We found that ChoPlas can inhibit hepatoma cell
proliferation with an optimal concentration and time of 25
μmol/L and 24 h. To further demonstrate that ChoPlas
specifically inhibited cancer cell proliferation，human hepatoma
HepG2 and SMMC 7721, human normal hepatic cells HL7702
as well as Chang’s live cells were used. These experiments
further characterized the effects of ChoPlas treatment and
provided a broader comparison of its effects on the growth of
normal human hepatic cell lines and human hepatoma cell
lines compared to rat hepatoma CBRH7919 cells. It suggested
that liver-derived ChoPlas could inhibite the proliferation of
hepatoma cells but not other normal hepatic cells.

Plasmalogens and Caceolin-1 are known to play important
roles in cell membrane lipid homeostasis [12,13,38,39] and are
both involved in cancer [15,19]. In the present study, it was
shown that exogenous natural ChoPlas treatment activated
Caveolin-1 expression in hepatoma CBRH7919 cells, indicating
that exogenous ChoPlas-induced cell proliferation inhibition is

ChoPlas Identification and Biological Effects
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Figure 4.  Effect of ChoPlas on Caveolin-1.  CBRH7919 cells were treated with 25 μmol/L ChoPlas for 24 h and then harvested.
(A)Total protein was extracted and then blotted with caveolin-1antibody; (B) Graph depicting the semi-quantization of
caveolin-1expression computed using Image J software. Data are presented as the mean±S.D(n=3).
doi: 10.1371/journal.pone.0077387.g004
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Figure 5.  Effect of ChoPlas on Akt/PI3K pathway proteins.  CBRH7919 cells were treated with 25 μmol/L of ChoPlas for 24 h
and then harvested. (A)Total protein was extracted and then blotted with phosphor-Akt(Thr308), total Akt and Bcl-2 antibodies; (B)
Graph depicting the semi-quantization of phosphor-Akt(Thr308), total Akt and Bcl-2 expression computed using Image J software.
Data are presented as the mean±S.D (n=3).
doi: 10.1371/journal.pone.0077387.g005

ChoPlas Identification and Biological Effects
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dependent on caveolin-1 over-expression. This result is
consistent with several studies, suggesting that exogenous
stimuli-induced caveolin-1 over-expression can reduce cell
proliferation [40,41]. However, the exact interaction between
exogenous natural ChoPlas and Caveolin-1 is still not known
and further work will be required to understand how exogenous
natural ChoPlas interacts with Caveolin-1 within the cell
membrane.

Recent studies indicate that the phosphatidylinositol 3-kinase
(PI3K)/Akt(PI3K/Akt) signaling pathway is overactive in cancer
and therefore presents a promising target for cancer therapy
[42-44]. Moreover, it was reported that PI3K/Akt exists in
caveolae[45] and is regulated by caveolin-1. Our data suggests
that ChoPlas-induced caveolin-1 over-expression down-
regulates PI3K/Akt phosphorylation downstream of Akt in
hepatoma CBRH7919 cells. Akt is reported to play a critical
role in anti-apoptotic pathways through the phosphorylation
and regulation of a variety of cell survival-related downstream
targets in prostate cancer [35]. Our results show that
exogenous ChoPlas-induced caveolin-1 overexpression can
reduce pAkt levels in hepatoma cells, consistent with two
previous studies which found that down-regulation of the
PI3K/Akt pathway in caveolin-1 overexpressing cells sensitizes
them to apoptotic stimuli [46,47].

The present work also supports the previous proposal that
signaling complexes exist within caveolae that could potentially
respond to extracellular stimuli[48]. However, it is important to
note that the influence of caveolin-1 overexpression on the
PI3K/Akt signaling pathway and on Akt activity may also be
dependent on stress conditions, cell type, or both. Shack et al.

Figure 6.  Effect of ChoPlas on the cell cycle of cultured
CBRH-7919 cells.  Cells were incubated with 25 μmol/L
ChoPlas for 24 h. The cell cycle was analyzed by flow
cytometry. A: Control. B: Vehicle . C: In the presence of
ChoPlas.
doi: 10.1371/journal.pone.0077387.g006

reported that elevated Akt activity appears to be important in
sensitizing caveolin-1 overexpressing cells to arsenite-induced
toxicity, indicating that caveolin-induced up-regulation of the
PI3K/Akt signaling pathway appears to be a death signal in the
presence of arsenite and that H2O2 sensitizes cells to
environmental stress [33]. Park et al. reported that EGF-
induced caveolin-1 overexpression can increase Akt
phosphorylation levels in mouse embryonic stem cells [41]. The
differences between our findings and those reported by Shack
et al. and Park et al. can be accounted for by considering their
use of normal cells (ES-E14TG2a, human cell lines 293 and
HeLa) compared with the use of cancer cells (hepatoma
CBRH7919) in our study.

Additionally, Akt promotes cell survival through the direct
regulation of Bcl-2 family members (Bcl-2, Bcl-X(L) and Mcl-2)
[49,50]. Previous studies have indicated that Bcl-2 is highly
overexpressed in some cancers and enhances cancer cell
survival [51,52]. Our results show that exogenous ChoPlas
treatment can reduce the expression of Bcl-2, an indication that
exogenous natural ChoPlas affects cancer cell proliferation by
promoting cancer cell apoptosis.

Uncontrolled cell proliferation and abnormal cell cycle
regulation are main characteristics of human cancers. In many
studies, both caveolin-1 and Akt have been shown to regulate
cell proliferation and the cell cycle through their direct or
indirect action on different signaling pathway targets and cell
cycle regulatory factors [53]. Eymin et al. reported that the
disruption of the G1/S phase transition is a crucial event during
lung carcinogenesis [54]. The results of our study indicate that
exogenous natural ChoPlas can affect both G1 and G1/S phase
transitions in the hepatoma cell cycle. CyclinD1/CDK4 and
CyclinE/CDK2 are essential regulatory factors involved in the
G1 and G1/S phase transitions of cell cycle progression [54,55].
CyclinD1/CDK4 is expressed in G1 and in late G1. CyclinE
accumulates and associates with CDK2 to irreversibly initiate
gene expression required in S phase (G1/S phase transition).
This restriction point is crucial because it is here that cells
proliferate independently of mitogenic stimuli in cancer[54].

Though further work is needed to identify the targets involved
in ChoPlas-induced alterations of cell cycle regulation, our data
show that CDK4, CyclinE and CDK2 levels were attenuated by
exogenous ChoPlas treatment, suggesting that exogenous
ChoPlas inhibits hepatoma cell proliferation through its action
on cell cycle regulatory factors. Furthermore, natural ChoPlas
inhibited hepatoma cell proliferation via the PI3K/Akt pathway
and was dependent on caveolin-1 activation (Figure 8), thus
presenting natural ChoPlas as a potential cancer drug
candidate.

ChoPlas Identification and Biological Effects
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Figure 7.  Cell cycle regulator protein expression following ChoPlas treatment.  CBRH7919 cells were treated with 25 μmol/L
ChoPlas for 24 h and then harvested. (A) Total protein was extracted and then blotted with Cyclin D1, CDK4, Cyclin E and CDK2
antibodies; (B) Graph depicting the semi-quantization of Cyclin D1, CDK4, Cyclin E and CDK2 expression computed using Image J
software. Data are presented as the mean±S.D (n=3).
doi: 10.1371/journal.pone.0077387.g007
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Figure 8.  Hypothesized model for the proliferation
inhibition mechanism of ChoPlas on hepatoma
cells.  Exogenous natural ChoPlas activates caveolin-1,
affecting PI3K/Akt pathway signals and decreasing cell cycle
regulatory proteins and Bcl-2 expression.
doi: 10.1371/journal.pone.0077387.g008
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Supporting Information

Figure S1.  Inhibition rate with treatment of ChoPlas by
MTT test (24h and 48h). CBRH-7919, HepG2, SMMC7721,
HL7702 and Chang’s liver cells (1×104 cells/well) were seeded
in a 96-well plate with a medium supplemented with 10% FBS
and incubated for 24 h, respectively. Cells were then treated
with 25μmol/L of ChoPlas in 20mmol/L ethanol for 24h and
48h. And then viable cells were stained with MTT and resulting
formazan crystals were dissolved with DMSO. The absorbance

at 490nm was measured with a multiscan plate reader. Data
are presented as the mean±S.D. n=3).
(TIF)
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