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Abstract
Hepatocellular carcinoma (HCC) is one of the most important malignancies in the
world. The treatment for HCC, however, is unsatisfactory and novel therapeutic
interventions are highly demanded. Recently, agonists of peroxisome proliferator
activated receptors (PPARs) have been found to exhibit inhibition of HCC growth in
vitro and in vivo. Chlorella sorokiniana (C. sorokiniana, Crypto-algae®), a species of
algae widely used as a health food supplement, was reported to contains peroxisome
proliferator activated receptors-α/γ (PPARα/γ) agonists. Therefore, we tested the
effects of C. sorokiniana extract on the growth inhibition of HCC in vitro and in vivo.
By high pressure liquid chromatography and reporter assay, we confirmed the
composition of polyunsaturated and saturated fatty acids in this algal extract and the
extract exhibited PPARα/γ activities. The extract of C. sorokiniana could induce
apoptosis probably through the inhibition of Akt/mTOR signaling and the activation
of apoptotic pathway. In SCID mice xenograft model, the extract could also
effectively suppress the tumor growth. If used in combination with the
chemotherapeutic agent-Sorafenib, a tyrosine kinase inhibitor, a synergistic effect of
tumor growth inhibition was observed. Therefore, the algae extract containing PPAR
agonists may represent a potential chemopreventive or therapeutic adjuvant agent for
HCC patients.

Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies in
Taiwan and in the world. The treatment of HCC, however, is unsatisfactory, especially
in advanced-staged diseases. [Gish et al., 2007; Zhu, 2006] In chronic hepatitis B
virus ( HBV ) infection, a high proportion ( 15% to 50% ) of chronic HBV carriers
will progress to HCC after decades of infection and constitute a big challenge of the
control policy in HBV endemic areas. [Chen, 2007; Kew, 2010] Therefore, novel
chemopreventive or therapeutic agents are highly demanded in the high risk group of
chronic HBV carriers and/or HCC patients.
Recently, peroxisome proliferator activated receptor (PPAR) ligands, regulators
of metabolic syndrome, have been reported to be potential agents for either cancer
prevention and treatment in in vitro and in vivo studies. [Fenner and Elstner, 2005; Yu
et al., 2006]

PPARs belong to the nuclear receptor superfamily and affect

downstream gene expression involved in lipid metabolism, insulin sensitivity,
inflammation, cell differentiation, proliferation and apoptosis.[Cheng and Mukherjee,
2005; Chou et al., 2007; Daynes and Jones, 2002; Moraes et al., 2006; Pershadsingh,
2004] The usage of PPAR agonists in the therapy of HCC is of particular interest
since PPAR agonists are prevalent in natural products such as vegetables and fruits,
[Mezei et al., 2003; Morihara et al., 2010; Takahashi et al., 2008] and will represent
ideal candidate agents for cancer chemoprevention. Furthermore, PPAR agonists have
been reported to be effective in the treatment of fatty liver in humans [Belfort et al.,
2010] and thiazolidinediones, a PPARγ agonist, was effective to inhibit
hepatocarcinogenesis in HBV-transgenic mice. [Galli et al., 2010] Therefore, PPAR
agonists may represent ideal chemopreventive and therapeutic agents in the high risk
chronic HBV carriers and/or HCC patients.

Chlorella sorokiniana (C. sorokiniana, Crypto-algae®), a product of natural
algae, has been widely used and been certified as a health food supplement for
metabolic syndrome in Taiwan. (Taiwan DOH Health Food No. A00066) Biochemical
analysis of C. sorokiniana revealed that this algae contains peroxisome
proliferators-activated receptor-α/γ (PPARα/γ) agonists [Chou et al., 2008]. The
effective fraction is composed mainly of polyunsaturated and saturated fatty acids
such as linolenic acid (8.8%), oleic acid (10%), and palmitoleic acid et al [Chou et al.,
2008]. Therefore, it will be interesting to test the potential effect of algae extract on
the growth inhibition of HCC in vitro and in vivo in the hope of providing a
therapeutic or chemopreventive agent for high risk chronic HBV carriers and/or HCC
patients. Furthermore, the algal extract was combined with sorafenib, an oral
multi-kinase inhibitor,[Wilhelm et al., 2008] was established to assess the potential of
adjunct therapeutic effect of C. sorokiniana and sorafenib on HCC.

Materials and Methods
Chemicals and Algae extract preparation
Troglitazone (Calbiochem, San. Diego, CA, USA) and Sorafenib (Nexavar,
Bayer, West Haven, CT) were dissolved in DMSO and then diluted to appropriate
concentrations with culture medium. Fenofibrate and ciprofibrate (Sigma, St. Louis,
MO, USA) was dissolved in absolute ethanol and then diluted to appropriate
concentrations with culture medium. Crypto-algae® tablets were provided by
International Chlorella Co. Ltd, Chang-Hua County, Taiwan, R.O.C. For in vitro
study, Crypto-algae® tablets were pulverized to powder, and the powder was
dissolved in DMSO. After centrifugation and filtered through 0.22µm membrane, we
collected the filtrate as stock solution. For in vivo study, we added appropriate amount
of ddH2O to the powder at room tempenrature for overnight. After centrifugation and
filtered through 0.22µm membrane, the filtrate was collected as stock solution. The
final concentration of DMSO or absolute ethanol in the culture medium did not
exceed 1%.

GC-MS (gas chromatography-mass spectrometry) analysis
The component of fatty acid in Crypto-algae® was analyzed by GC-MS as
described previously. [Chou et al., 2008] Briefly, the above samples were dissolved in
dichloromethane and mixed with boron trifluoride etherate in methanol under nitrogen
gas. The solution was then extracted with n-hexane, and the organic layer was dried
and evaporated under reduced pressure, which gave rise to a methyl ester product of
the Crypto-algae®. The composition of fatty acids methyl esters in Crypto-algae®
was analyzed using gas chromatography system. The individual components were
identified by comparison of their retention times with commercial standard
compounds.

Hepatoma cell lines and culture
Huh7 (p53 mutant) and HepG2 (p53 wild type) cells were cultured in Dulbecco’s
modified Eagle’s medium (HyClone Laboratories, Inc, Logan, UT, USA)
supplemented with 10% fetal bovine serum (HyClone Laboratories, Inc, Logan, UT,
USA), 100 U/mL penicillin, and 100 g/mL streptomycin (Gibco BRL, Life
Technologies, Rockville, Md., USA). Cells were grown at 37℃ in an atmosphere of
95% air and 5% CO2.

Transient transfection and luciferase reporter assay of PPARα/γ activities
Huh7 were seeded in 24-well plate (1×105 cell/well) in culture medium
containing 10% FBS. When the cells in each well were about 80% confluence, cells
were transfected with 0.5 µg of pG5-Tk-Luciferase plasmid and 0.5 µg of PPARαLBD or PPARγ-LBD plasmid using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) in OPTI for 16 hours. After transfection, we replaced transfection medium to
culture medium containing 10% FBS and antibiotics, and keep the cells in incubator.
After 8 hours, cells recovered from transfection, Huh7 were stimulated with
Crypto-algae® or standard PPARα agonist-ciprofibrate or PPARγ agonist-troglitazone.
At the indicated time, cells were collected and luciferase activity was assayed using a
dual-luciferase reporter assay system (Promega, San Luis Obispo, CA, USA).

Determination of cell growth
Cell proliferation was detected by 3-(4-,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) (Sigma, St Louis, MO, USA) assay. When cells were
cultured to the log phase, they were seeded on a 96-well plate (1 × 104 cells/100
µL/well) for 24 h until confluence. Cells were treated with Crypto-algae® or
troglitazone, and DMSO as vehicle control. The concentration of troglitazone was 30,
50, and 100 µM, and that of Crypto-algae® was 0.5, 1, 2, and 4 mg/mL. After 48 h,

cell were washed with PBS for three times, then medium contained 10 µL MTT (5
mg/mL) was added and incubated at 37℃ for 4 h. Isopropanol was added to each well,
which was oscillated for 5 min until the crystals were dissolved completely.
Absorbance at 570 nm was measured. Cell viability is determined by the ratio of
absorbance of study group and control group. The experiment was repeated three
times. There were three wells for each concentration.

Apoptosis Assay
To evaluate the level of apoptotic cell, an Annexin V-FITC apoptosis detection
kit (Strong Biotech Corporation, Taipei, Taiwan, R.O.C.) was used according to the
manufacturer’s protocol, and analyzed the cell state with the Becton Dickinson
FACScan or a fluorescence microscope. Briefly, cells were grown in 6-cm culture
dish (5 × 105 cells/dish). After treated with Crypto-algae® or troglitazone for 24 h,
cell were harvested and suspended in the binding buffer with the following
centrifugation at 1500 rpm for 5 min. Cells were resuspended in the binding buffer
and 2 µL Annexin V-FITC (Annexin V-FITC) and 1 µL

propidium iodide (PI) were

added into the cell suspension. Then the mixture was incubated at room temperature
in the dark for 15 min and gently added 300 µL binding buffer. Immediately, cells
were analyzed with the flow cytometry and fluorescence microscope.

In situ TUNNEL Assay
For evaluating the apoptotic state in tumor tissue, we used Terminal
deoxynucleotidyl transferase–mediated nick end labeling (TUNEL) assay (In Situ
Cell Death Detection Kit, POD Roche Molecular Biochemicals, Indianapolis, IN) to
detect the apoptosis cells. All the procedure was followed the manufacturer's protocol.
In brief, parafilm tissue sections reacted with the TUNEL reaction mixture and
incubated in the dark for 1.5 h at 37°C, followed by PBS washes. Then the signal was

conversed by Converter-POD buffer, and AEC substrate was added to reveal the
signals. Sections were examined using light microscope.

Western Blotting
Crypto-algae®-treated Huh7 or HepG2 cells were prepared in a cell lysis
solution-RIPA. Protein concentration was determined by Bio-Rad Protein assay kit
(Bio-Rad Laboratory, CA, USA). Twenty micrograms of protein were separated by
SDS-PAGE and transferred onto PVDF membranes (PerkinElmer Life Sciences, Inc,
Boston, MA, USA) via electroblotting. Membranes were blocked using 5% non-fat
milk, then incubated with primary antibodies against Akt-1, Raf-1, ERK, p-ERK,
Cyclin D1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), p-Akt-1/2/3, mTOR,
p-Raf-1 (Cell Signaling Technology, Inc. Danvers, MA, USA), p-mTOR (Abcam,
Cambridge, MA, USA), Pro and Active/Cleaved Caspase-3 (Imgenex, San Diego, CA,
USA) and human β-actin (Chemicon, Temecula, USA) overnight at 4°C, then
horseradishperoxidase-labeled secondary antibody were used. The signals were
detected by enhanced chemiluminescence (PerkinElmer Life Sciences, Inc, Boston,
MA, USA).

Tumor Xenografts in SCID Mice
Care of animals and all experimental procedures were approved by the
Laboratory Animal Center of National Health Research Institutes in compliance with
the highest international standards of humane care in animal experimentation.
Four-week-old male SCID mice (CB17) were obtained from Laboratory Animal
Center of National Taiwan University, College of Medicine (Taipei, Taiwan). All
mice had free access to sterilized food and autoclaved water. Experiments were
started after 1 week of acclimatization. On day 0, a suspension of Huh7 cells (5 × 106
cells in 0.1 mL DMEM without serum and antibiotics) or HepG2 cells (1 × 106 cells

in 0.1 mL DMEM without serum and antibiotics) was injected subcutaneously into
the dorsal flank of each mouse. Animals were randomized to receive either
Crypto-algae® (72 mg/0.2 mL/Day) (n=7) or vehicle (n=7) on day 14, when the
tumor diameter reached 2-4 mm, and treatment continued for 18 days. We also tested
the combined effect of sorafenib and Crypto-algae® on HCC growth in vivo. On day
0, a suspension of HepG2 cells (1 × 106 cells in 0.1 mL DMEM without serum and
antibiotics) was injected subcutaneously into the dorsal flank of each mouse. Animals
were randomized to receive either sorafenib (1.8 mg/0.2 mL/Day) (n=11)
Crypto-algae® (72 mg/0.2 mL/Day) (n=11) or both (sorafenib-1.8 mg plus
Crypto-algae®-72 mg /0.2 mL/Day) (n=11) or vehicle (n=10) on day 14, when the
tumor diameter reached 2-4 mm, and treatment continued for 18 days. Tumor
diameter was measured with a caliber ruler twice weekly. Tumor volume (mm3) was
estimated by measuring the length (a) and width (b) diameter of the tumor and
calculating volume as follow: volume=0.5 × (a) × (b)2. Tumor weight was measured
on the day of harvest, after excision of the tumor from the euthanized mouse. A
portion of the tumor tissue was fixed in formalin for subsequent histological
examination, and the remaining tissue was flash-frozen in liquid nitrogen and stored
at –70°C for molecular studies.

Statistical analysis
All data are presented as the mean ± SD. The Student’s t test or ANOVA test
was used to compare means. Results were considered to be statistically significant at
P < 0.05.

Results
Crypto-algae® contained polyunsaturated and saturated fatty acids
Since gas chromatography-mass spectrometry (GC-MS) is considered ideal for
the analysis of small volatile lipophilic molecules, we choose this system to verify the
composition in Crypto-algae®. Seven major components were observed from the GC
chromatogram of Crypto-algae® (Fig. 1A). Commercial reference compounds were
compared with these components. These major components were identified as
polyunsaturated and saturated fatty acids such as myristic acid (C14:0), palmitic acid
(C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), linolenic acid
(C18:3) and arachidonic acid (C20:0).

Extract of Crypto-algae® contained PPARα and PPARγ agonists
Huh7 transfected with pG5-Tk-Luciferase plasmid and PPARα-LBD or
PPARγ-LBD plasmid were treated under different amount of Crypto-algae®
extraction, and the ability of PPARα/γ activation was verified by luciferase reporter
assay. Ciprofibrate and troglitazone, the PPARα and PPARγ agonist respectively,
were used as positive controls. The extract of Crypto-algae® was able to activate
PPARα (Fig. 1B1) and PPARγ (Fig. 1B2), and these responses were dose-dependent.
Our result demonstrated the active components PPARα/γ agonists in the extract of
Crypto-algae®.

Crypto-algae® inhibited hepatocellular carcinoma cell lines growth and
induces apoptosis
The cell viability decreased after the treatment of Crypto-algae® and
troglitazone, and the effect was dose-dependent (Fig. 2A). The IC50 of Crypto-algae®
is 3 mg/mL for Huh7 and 3.5 mg/mL for HepG2 respectively (Fig. 2B). To
investigate whether growth inhibition of Crypto-algae® is caused by apoptosis, we

next performed Annexin V–FITC apoptosis assay. As shown in Figure 3A,
Crypto-algae® caused an increase in the Annexin V binding apoptosis cell population
after 6 h as compared to control cells. Similar result was also observed in HepG2 cell
line. Furthermore, for quantifying the apoptotic rate, we calculated the Annexin V or
PI positive ratio under fluorescence microscope. In Figure 3B, Annexin V or PI
positive ratio increased in a dose-dependent manner after troglitazone or
Crypto-algae® treatment. These findings suggest that Crypto-algae® inhibit HCC cell
line growth via inducing cell apoptosis.

Crypto-algae® blocked Akt/mTOR signaling pathway in hepatocellular
carcinoma cell lines
The regulation of HCC tumor growth is complicated and Akt/mTOR and
Raf/ERK signalings play important roles of cell proliferation. In order to clarify the
potential mechanism involving Crypto-algae®-induced HCC growth inhibition, the
effect of algae extract on Akt/mTOR and Raf/ERK signalings were evaluated. We
found that the expression levels of Akt, mTOR, Raf-1, ERK were decreased on
Crypto-algae®-treated cell and the same phenomena were also observed on
phosphorylation protein (Fig. 4). Crypto-algae® could deplete cyclin D1 protein,
which is a key cell cycle regulator. The inhibition effect, however, may not be
mediated through caspase 3 activation, because the active form of caspase 3 did not
increase along with Crypto-algae® treatment.

Crypto-algae® inhibited HCC xenograft growth in SCID mice
Since we observed the anti-proliferative and pro-apoptotic effects of crypto-algae
on HCC cell lines in vitro, we wonder whether Crypto-algae® could alter growth of
HCC cells in vivo. For this purpose, we established the experimental model of Huh7
tumor–bearing CB17–SCID mice and then treated these animals with Crypto-algae®

(72 mg/0.2 mL/Day) or vehicle by oral administration. We focused on the capacity of
this PPARα/γ agonist to slow or reverse tumor growth when introduced at an early
stage of tumor development. To assess whether Crypto-algae® could dampen liver
cancer growth after creation of subcutaneous tumors, 24 SCID mice were injected
with 5 × 106 Huh7 cells respectively. Treatment started when the tumor diameter
reached about 2-4 mm and then randomly divided into the control and treatment
groups. The experiment was then terminated 18 days later and the tumor size and
weight were evaluated and compared between the two groups. We found that mice
treated with Crypto-algae® had a 49% reduction in tumor size compared with the
controls (Fig. 5A and 5B1). In Crypto-algae®-treated group, the volume and weight
of tumors were smaller than that of control mice (Fig. 5B2–3) (P < 0.05). We also
established another cell line model of HepG2 tumor–bearing CB17–SCID mice and
then treated as the similar condition and the same findings were observed (Fig. 5C2–3)
(P < 0.05). No detectable toxicity or side effect was observed under the dose of
Crypto-algae®. Compared with the tumors of control mice, the apoptosis rates were
significantly higher in tumors from mice receiving Crypto-algae®, as revealed by
TUNEL staining. Beside apoptotic phenomenon, a decreased expression of Ki-67 was
noted in tumors from mice receiving Crypto-algae® (Fig. 6A). Western blot analysis
revealed that Crypto-algae® inhibited the expression of p-Akt-1/2/3, p-mTOR, and
p-ERK-1/2 in tumors receiving Crypto-algae® treatment. However, p-Raf-1 and
cyclin D1 expression level didn’t change in the treated and control mice tumors.

Synergism of Crypto-algae® and sorafenib on the growth inhibition of
hepatocellular carcinoma cell line growth
Sorafenib has been demonstrated to elongate the survival of patients with
advanced HCC. [Llovet et al., 2008] Since Crypto-algae® can dampen liver cancer
cell growth in vitro and in vivo, we want to elucidate the combination effect of

Crypto-algae® and sorafenib on HCC growth. In in vitro study, we observed the
synergistic inhibition effect on Huh7 growth but not on HepG2. (Fig. 7A) We
demonstrated that sorafenib can not decrease p-ERK activities on HepG2, but
Crypto-algae® can overcome this phenomenon. (Fig. 7B) In xenograft SCID mice
model, however, Crypto-algae® or the combination of sorafenib and Crypto-algae®
could inhibit HepG2 tumor growth with only modest synergism on combination. The
inhibition (%) of tumor weight was 84.6, 52.6 and 90.7% for sorafenib,
Crypto-algae® and sorafenib plus Crypto-algae®, respectively. (Fig. 8)

Figure Legends
Figure 1 (A) The composition of fatty acids in Crypto-algae®. PPARα (B1) and
PPARγ (B2) transcriptional activity of Crypto-algae®. Ciprofibrate (0.9375µg, 3.75µg)
and troglitazone (0.3125µg, 1.25µg) are positive control of PPARα and PPARγ
agonist respectively. EtOH-C and DMSO-C are solvent vehicle control of various
drugs. Samples in each concentration were measured in duplicate. Data are shown as
mean ± SD.
Figure 2 (A) Effect of troglitazone or Crypto-algae® on hepatocellular carcinoma cell
lines proliferation. Cells were incubated with troglitazone (30, 50 and 100 µM) or
Crypto-algae® (1, 2 and 4 mg/mL) for 48 hours, then estimation of cell proliferation
rate by MTT assay in Huh7 (a) and HepG2 (b). Vertical axis represents the ratio of
drug-treated groups to vehicle control groups. Samples in each condition were
measured in triplicate for three independent experiments. Data are shown as mean ±
SD. (B) The half maximal inhibitory concentration (IC50) of PPAR agonists on human
Huh7 and HepG2 cells. Cells were incubated with different concentrations of
troglitazone (µM) (a1, b1) or Crypto-algae® (mg/mL) (a2, b2) for 48 hours, then
estimation of cell viability by MTT assay.
Figure 3 Crypto-algae®-induced apoptosis in hepatocellular carcinoma cell line-Huh7.
(A) Hepatocellular carcinoma cell lines-Huh7 and HepG2 were treated with various
concentrations of Crypto-algae® for 6 h. Cells were harvested for Annexin V-FITC /
propidium iodide (PI) staining and analysis by FASC. (B) Huh7 and HepG2 were
treated with various concentrations of troglitazone or Crypto-algae® for 6 h, then cell
were stained with Annexin V-FITC or PI. Positive cell number was calculated under
fluorescence microscopy. Vertical axis represents the ratio of positive cell to total cell.
Figure 4 Effect of Crypto-algae® on Akt/mTOR, Raf-1/ERK signaling pathway on
Huh7. Cells were treated with Crypto-algae® (4 mg/mL) for 24 h and 48 h, 1%
DMSO in medium as vehicle control. Cells were harvested and lysed, and then twenty
microgram of soluble protein was separated by electrophoresis on a SDS-PAGE gel.
Protein expression was detected by western blot analysis.
Figure 5 Influence of Crypto-algae® on growth of human hepatocellular carcinoma
xenograft. Tumor appearance is shown on SCID mice fed with (A1) MQ or (A2)
Crypto-algae® (72 mg/ 0.1 mL). Treatment was initiated in mice when the tumor
diameter was 2-4 mm (on day 14 after Huh7 inoculation, and on day 10 after HepG2
inoculation). The experiment was terminated 18 days (Huh7) or 32 days (HepG2)

later. Tumor volume was recorded twice a week, and Crypto-algae® inhibits tumor
growth to 49% (B1) or 47% (C1). Tumor growth was expressed as (B2, C2) volume
and (B3, C3) weight.
Figure 6 Mechanism involve in Crypto-algae® on hepatocellular carcinoma growth in
vivo. Tumor was collected 24 hr after last oral administration. Tumors were either
formalin fixed and analyzed by immunohistochemistry (IHC) or homogenized for
western blot analysis. (A) Crypto-algae® induced apoptosis, as shown by the
extensively TUNEL-positive staining. Crypto-algae® inhibit cell proliferation, the
degree of Ki-67 positive decreased obviously. (B) Crypto-algae® depleted
p-Akt-1/2/3, p-mTOR, and p-ERK-1/2 expression level in Huh7 HCC tumors in SCID
mice.
Figure 7 (A) Effect of sorafenib or Crypto-algae® on hepatocellular carcinoma cell
lines proliferation. Cells were incubated with sorafenib (6µM-Huh7, 4 µM-HepG2) or
Crypto-algae® (4 mg/mL) or both for 48 hours, then estimation of cell proliferation
rate by MTT assay in Huh7 (a) and HepG2 (b). Vertical axis represents the ratio of
drug-treated groups to vehicle control groups. Samples in each condition were
measured in triplicate for three independent experiments. Data are shown as mean ±
SD. (B) Effect of sorafenib and Crypto-algae® on Akt/mTOR, Raf-1/ERK signaling
pathway on HepG2. Cells were treated with sorafenib (4 µM) or Crypto-algae® (4
mg/mL) or both for 24 h and 48 h, 1% DMSO in medium as vehicle control. Cells
were harvested and lysed, and then twenty microgram of soluble protein was
separated by electrophoresis on a SDS-PAGE gel. Protein expression was detected by
western blot analysis.
Figure 8 Influence of sorafenib and Crypto-algae® on growth of human
hepatocellular carcinoma xenograft. Tumor appearance is shown on SCID mice fed
with (A1) MQ or (A2) sorafenib (1.8 mg/day) or (A3) Crypto-algae® (72 mg/day) or
(A4) both (sorafenib, 1.8 mg/day; Crypto-algae®, 72 mg/day). Treatment was
initiated in mice when the tumor diameter was 2-4 mm (on day 10 after HepG2
inoculation). The experiment was terminated 32 days later. Tumor volume was
recorded twice a week, and sorafenib or Crypto-algae® inhibits tumor growth to 49%
or 47% respectively (C1). Tumor growth was expressed as (B2) volume and (B3)
weight.
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