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Effect of a hot water extract of Chlorella vulgaris
on proliferation of IEC-6 cells
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Abstract. Chlorella vulgaris, a unicellular microalgae,
exerts various biological effects; however their effect on
proliferation signaling pathways in normal cells has not been
studied. We investigated the effect of hot water extracts of
Chlorella vulgaris (CVE) on cell proliferation and related
signaling pathways in rat intestinal epithelial cells (IEC-6).
CVE increased the expression of insulin-like growth factor-I
receptor (IGF-IR) and the phosphorylation of focal adhesion
kinase (FAK) and Src. In addition, CVE induced activation
of the mitogen-activated protein kinase (MAPK) and phos-
phatidylinositol 3-kinase (PI3K)/Akt pathways. We verified
the increased phosphorylation of extracellular-signal-related
kinase (ERK) and Akt and the increased expression of
the PI3K regulatory subunit p85. CVE also influenced the
canonical Wnt pathway through increased expression of the
nuclear (3-catenin, cyclin DI. Tyr-397 of FAK mediates inter-
actions with Src homology 2 (SH2) domains in a number of
other signaling proteins, including PI3K, PLC-y, Shc, Grb7,
Src and Nck2. Because CVE induced FAK activation, FAK
may affect the Wnt pathway. Addition of a FAK inhibitor
decreased the expression of nuclear 3-catenin, cyclin DI and
c-myc, and increased the expression of cytosolic B-catenin. We
conclude that CVE stimulated proliferation of IEC-6 cells via
the MAPK, PI3K/Akt and canonical Wnt pathways, and that
this affected the canonical Wnt pathway.

Introduction

Chlorella is a unicellular microalgae that is ubiquitous in fresh-
water environments. It contains highly nutritious substances
such as protein, carbohydrates, vitamins, minerals, fatty acids,
dietary fibers, and nucleic acids. The Chlorella polysaccharide,
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B-1,3-glucan, exerts important biological effects, including
immunomodulatory activities (1), free radical scavenging,
and reduction of blood lipid levels (2). Thus, various health-
promoting effects have been suggested, including dioxin
excretion (3), cadmium detoxification (4), hepatoprotection
(5), and antitumor (6) and immunomodulatory activities (1).
A hot water extract of Chlorella vulgaris (CVE) had an anti-
tumor effect (7) and immunomodulatory activity (8,9). To date,
however, there has been little research regarding the effect of
Chlorella on proliferation of normal cells. Most studies of the
biological effects of Chlorella have been conducted in vivo.

Cell proliferation is modulated by intracellular signal
transduction such as protein tyrosine kinases (PTKs). PTKs
are involved in diverse cellular events, including differentia-
tion, growth, metabolism, and apoptosis, and are classified as
transmembrane receptor tyrosine kinases (RTK) or soluble
cytoplasmic enzymes known as non-receptor tyrosine kinases
(NRTK) (10). Insulin-like growth factor-I receptor (IGF-IR),
an RTK, is essential for cell proliferation, growth, and differen-
tiation. After binding of the ligand to the IGF-IR extracellular
subunit, the receptors become activated resulting in phos-
phorylation of various substrates, including the p85 subunit of
phosphatidylinositol 3-kinase (PI3K), and the adaptor proteins
Shc and Grb2. Receptor activation leads to activation of the
Ras/mitogen-activated protein kinase (MAPK) signaling
pathway (11). In the PI3K-Akt pathway, activated PI3K phos-
phorylates phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2],
converting PI(4,5)P2 to PI(3,4,5)P3, a lipid second messenger
(12). Akt binds to PI(3,4,5)P3 and changes conformation
following phosphorylation by 3-phosphoinositide-dependent
protein kinase-1 (PDKI1). Activated Akt phosphorylates
numerous substrates that are involved in various cellular func-
tions (13). In mammals, three major MAPK pathways have
been identified: extracellular-signal-related kinase (ERK),
JNK, and p38 MAPK. The ERK (p42/44 MAPK) is known
to be an intracellular checkpoint for cellular mitogenesis (14).
Activated ERK can regulate targets in the cytosol and also
translocate to the nucleus where it phosphorylates a variety of
transcription factors that regulate gene expression. The INK
and p38 MAPK are activated by cellular stress, including UV
irradiation, heat shock, high osmotic stress, lipopolysaccha-
ride, and proinflammatory cytokines (15).

Focal adhesion kinase (FAK), a NRTK, associates with
both integrins and growth factor receptors to control cell
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proliferation, survival, and motility (16). Tyrosine-397 is an
autophosphorylation site of FAK and is critical for downstream
signaling. It is also a binding site of PI3K, Grb-7, Shc, and other
proteins and is one of the main phosphorylation sites for activa-
tion of FAK signaling (17).

The Wnt signaling pathways play a role in mitogenic stimu-
lation, cell fate specification, and differentiation. The canonical
Whnt pathway is regulated mainly by [3-catenin (18). The binding
of Wnt proteins to frizzled receptors leads to activation and
subsequent inhibition of GSK-3f activity. The level of cytosolic
[-catenin is then increased, and it is translocated to the nucleus,
where it interacts with the T cell-specific factor/lymphoid
enhancer-binding factor (TCF/LEF) family of transcription
factors and activates target genes such as c-myc and cyclins (19).

In this study, we showed that an extract of C. vulgaris
(named CVE) has proliferative effects on intestinal epithelial
cells (IEC-6) cells. We determined the intracellular mecha-
nism induced by CVE and focused on the IGF-IR, FAK, and
the canonical Wnt signaling pathways, which are involved in
the regulation of cellular proliferation and differentiation.

Materials and methods

Preparation of CVE. Dried, powdered chlorella (C. vulgaris)
was purchased from Daesang Corp. Well Life (Seoul, Republic
of Korea). The powder was extracted with distilled water for
15 min at 121°C in an autoclave. Centrifugation at 8,000 rpm
for 30 min at 4°C was used to remove insoluble materials
from extracts. After filtering, the solvent was evaporated in a
vacuum condenser and the residue was lyophilized. The yield
of dried CVE was 17.4%, and it was stored at -20°C.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). CVE was analyzed by SDS-PAGE on 15% gels
according to the method of Laemmli (20). After electropho-
resis, gels were subjected to Coomassie brilliant blue (CBB)
staining for proteins, and periodic acid-Schiff (PAS) staining
for glycoproteins (GelCode glycoprotein staining kit, Pierce
Co., Ltd., Rockford, IL, USA).

Cell culture. Rat small intestine epithelial cells (IEC-6, ATCC
CRL-1592) were obtained from the American Type Culture
Collection (Rockville, MD, USA). The cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (HyClone, Inc., South Logan,
UT, USA) and antibiotics. The cultures were maintained in a
humidified incubator at 37°C under an atmosphere containing
5% CO,, and the medium was replaced every other day.

Cell proliferation assay. The effects of various CVE concen-
trations on cell proliferation were determined colorimetrically
after 24 h using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxy-phenyl)-2-(4-sulfonyl)-2H-tetrazolium (MTS)
assay with the Cell Titer 96 Aqueous One Solution reagent
(Promega, Madison, WI, USA). Cells were seeded onto
48-well plates at 2x10* cells/well. After 24 h of incubation,
cells were maintained in serum-free medium (SFM) for 12 h.
The medium was replaced with fresh SFM medium containing
CVE, and the cells were incubated for an additional 24 h. The
cells were exposed to MTS assay solution at 37°C for 30 min,
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Figure 1. SDS-PAGE bands of CVE. (A) Coomassie blue staining. 1, positive
control (albumin, 10 yg/ml); 2, CVE (50 pg/ml). (B) PAS staining. 1, positive
control (horseradish peroxidase, 10 yg/ml); 2, CVE (50 ug/ml). M, protein
standard.

and the optical density at 490 nm was measured using a micro-
plate reader. The OD,, values of control cells were designated
as 100%.

Treatment with a FAK inhibitor. The FAK inhibitor 14,
1,2 4,5-benzenetetramine tetrahydrochloride was obtained from
Tocris Bioscience (Ellisville, MO, USA). It was stored as a stock
solution at 20 mM at -20°C. Cells were pretreated with 2 yuM
FAK inhibitor for 1 h and then incubated for 24 h as above.

Preparation of whole cell protein lysates. Cells were plated
onto 100-mm dishes and cultured to 80% confluence at 37°C,
followed by incubation for 24 h in SFM or SFM containing
12.5, 25, or 50 pg/ml CVE. Cells were then washed in cold
phosphate buffer solution (PBS) and lysed with extraction
buffer (1% NP-40, 0.25% sodium deoxycholate, | mM EGTA,
150 mM NaCl, 50 mM Tris-HCI, pH 7.5) containing protease
inhibitors (1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml
pepstatin A, 200 mM Na,;VO,, 500 mM NaF, 100 mM PMSF)
on ice. The extracts were centrifuged at 12,000 rpm for 10 min
and the supernatant was used in western blotting.

Extraction of cytosol lysate. Cells were treated and harvested
as described above, and lysed with extraction buffer (20 mM
HEPES-KOH, pH 7.5, 10 mM KClI, 1.5 mM MgCl,, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 250 mM
sucrose) containing protease inhibitors (1 mg/ml aprotinin,
1 mg/ml leupeptin, 1 mg/ml pepstatin A, 200 mM Na;VO,,
500 mM NaF, 100 mM PMSF) on ice. The extracts were
centrifuged at 3,500 x g for 10 min, and the supernatants were
collected and further centrifuged at 1,400 x g for 15 min.

Extraction of nuclear lysates. Cells were treated and harvested
as described above, lysed with hypotonic lysis buffer (10 mM
HEPES, pH 7.9, 10 mM KCI, 1.5 mM MgCl,), and incubated
for 15 min on ice. Cells were then further lysed by the addi-
tion of 2.5% NP-40. After 10 min, nuclei were collected by
centrifugation at 500 x g for 5 min at 4°C. Nuclear proteins
were resuspended in extraction buffer (10 mM HEPES, pH 7.9,
100 mM NacCl, 1.5 mM MgCl,,0.1 mM EDTA, 0.1 mM DTT).

Western blot analysis. Proteins (50 ug) were separated using
10% SDS-PAGE and transferred to a PVDF membrane
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Table I. Proximate composition of Chlorella vulgaris and hot water extract of Chlorella vulgaris (CVE).
Moisture (%) Crude protein (%) Crude lipid (%) Crude ash (%) Carbohydrate (%)*
Chlorella vulgaris 3.48+0.03 54.53+0.11 trace 3.88+0.02 38.11
- (56.43) (trace) (4.02) (39.44)
CVE 5.17+0.08 61.41+0.18 trace 14.24+0.10 19.18
- (64.58) (trace) (14.98) (20.17)

*Carbohydrate composition = 100 - (Moisture + Crude protein + Crude lipid + Crude ash). Values in parentheses are percentages in the dry base.
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Figure 2. Proliferative effect of CVE on IEC-6 cells. (A) Cells were seeded in 48-well plates at a density of 2x10* cells/well with medium supplemented with
10% FBS. After incubation for 24 h, cells were serum-starved for 12 h and then treated with CVE at the indicated concentrations for 24 h. The results are
the mean + SD or three independent experiments. (B) Cells were treated with various concentrations of CVE for 24 h. After 24 h, the morphologies were

photographed using phase-contrast optics. Photographs were captured at a x40 magnification.

(Millipore, Billerica, MA, USA). Membranes were blocked
with 1% bovine serum albumin (BSA) in TBS-T (10 mM
Tris-HCI, 150 mM NacCl, pH 7.5, 0.1% Tween-20) and then
incubated overnight with the indicated primary antibodies
(diluted 1:1,000 or 1:500) in TBS-T containing 1% BSA
with gentle shaking at 4°C. The secondary antibody was a
horseradish peroxidase (HRP)-conjugated goat anti-mouse or
rabbit anti-goat or goat anti-rabbit antibody (diluted 1:10,000).
Signals were detected using an enhanced chemiluminescent
(ECL) western blotting kit (Thermo Fisher Scientific, Inc.,
Rockford, IL, USA).

Statistical analysis. Multiple mean values were compared
for significance using an analysis of variance (ANOVA) with
the SPSS statistical software package. Values of P<0.05 were
considered significant.

Results
Effect of CVE on IEC-6 cell proliferation. The CVE was

subjected to 15% SDS-PAGE, and gels were subjected to
CBB protein staining (Fig. 1A) and PAS glycoprotein staining

(Fig. 1B). We confirmed the presence of a wide range of glyco-
protein and protein bands and named this extract ‘CVE’. As
shown in Table I, CVE was composed mainly of crude protein;
when dried, it was 64.58% crude protein, 20.17% carbohy-
drate, and 14.98% crude ash. An MTS assay was performed
to assess the proliferative effect of CVE on IEC-6 cells.
Treatment with 12.5,25 and 50 pg/ml CVE for 24 h increased
the cell viability by 124.0, 135.4 and 155.0%, compared to
controls (Fig. 2A). This increase in population was confirmed
via photomicrography (Fig. 2B).

CVE induces increased expression of IGF-IR and phos-
phorylation of FAK/Src. To determine the signal transduction
pathways induced by CVE, the level of IGF-IR expression was
assayed by western blotting. CVE treatment for 24 h resulted in
increased levels of pro-IGF-IR and IGF-IR (Fig. 3A). IGF-IR
stimulates growth of many cell types and blocks apoptosis
(21). Activation of IGF-IR is a particularly important survival-
promoting signal during development.

We also examined the expression of FAK and Src, intracel-
lular PTKSs that act to promote cell motility, cell cycle progression,
and cell survival. The level of FAK and Src phosphorylation was
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Figure 3. Effect of CVE treatment on the level of IGF-IR, FAK and Src
protein expression in IEC-6 cells. Cells were treated with CVE after preincu-
bation with serum-free medium for 12 h. Whole cell extracts were prepared
and analyzed by western blotting using anti-IGF-IRp, anti-phospho-FAK,
anti-FAK, anti-phospho-Src, anti-Src and anti-GAPDH antibodies.

increased compared with controls (Fig. 3B). For quantification,
densitometry of protein bands was performed with the Science
Lab 2005 software (Fujifilm, Japan).

CVE stimulates MAPK activation and the PI3K/Akt pathway.
To investigate the downstream signals that are regulated by
IGF-IR and FAK activation, the expression of ERK1/2, JNK,
and p38 was determined by western blotting. With CVE treat-
ment for 24 h, the level of ERK1/2 (Fig. 4A), but not of JNK or
P38 (data not shown), phosphorylation was increased compared
with controls. The PI3K regulatory subunit levels and the Akt
phosphorylation were increased by CVE treatment (Fig. 4B).

CVE induces activation of the canonical Wnt pathway. The
expression of the major components involved in the canonical
‘Wnt pathway, including cytosolic 3-catenin, nuclear -catenin,
cyclin D1, and c-myc, was determined by western blotting.
CVE treatment for 24 h resulted in increased levels of nuclear
B-catenin and cyclin D1 protein compared with controls
(Fig. 5). However, the levels of cytosolic B-catenin and c-myc
were unchanged.

Pretreatment of the FAK inhibitor suppresses CVE-induced
proliferation. To confirm that the FAK inhibitor suppresses
CVE-induced proliferation, an MTS assay and western blot
analysis were performed. Pretreatment with a FAK inhibitor
for 1 h, followed by addition of CVE (25 ug/ml) for 24 h,
caused a decrease in cell viability identical to that of controls
(Fig. 6A). FAK phosphorylation decreased slightly compared
with the CVE-treated, but not the control, groups (Fig. 6B).

Inhibition of FAK effects on the canonical Wnt pathway.
Because CVE increased the level of FAK phosphorylation in

GAPDH

Figure 4. Effects of CVE treatment on the MAPK pathway and the PI3K/Akt
pathway. Cells were treated with CVE after preincubation with serum-free
medium for 12 h. (A) Whole cell extracts were prepared and analyzed by
western blotting using anti-phospho-ERK1/2, anti-ERK, anti-phospho-JNK,
anti-JNK, anti-phospho-p38, anti-p38 and anti-GAPDH antibodies. (B)
Whole cell extracts were analyzed by western blotting using anti-p85a, anti-
phospho-Aktl1/2/3, anti-Akt] and anti-GAPDH antibodies.

IEC-6 cells, we attempted to confirm whether FAK activation
influences the expression of the major components of the canon-
ical Wnt pathway. The data suggest that the levels of cytosolic
[-catenin were increased and those of nuclear -catenin were
decreased after pretreatment with a FAK inhibitor (Fig. 7).
Cyclin D1 and c-myc levels were also decreased.

Discussion

Chlorella is an attractive food source because it is high in
protein and other essential nutrients (~45% protein, 20% fat,
20% carbohydrate, 5% fiber, and 10% minerals and vitamins).
We purchased Chlorella (C. vulgaris) from Daesang Corp.
Well Life (Seoul, Republic of Korea) and extracted it with hot
water (121°C, 15 min). This hot water extract (CVE) consisted
of protein and glycoprotein, as determined by Coomassie blue
and PAS staining (Fig. 1). It contained approximately 64.58%
crude protein, 20.17% carbohydrate, and 14.98% crude ash
(Table I). In general, Chlorella contains about 20% crude lipids,
but crude lipid was not detected in this study. The aim of this
study was to determine whether CVE could induce prolifera-
tion of IEC-6 cells and to identify the signals related to this
proliferation process. In an MTS assay, CVE exhibited a dose-
dependent effect on the proliferation of IEC-6 cells (Fig. 2).
Therefore, we examined the mechanism underlying this effect.
Cell proliferation is regulated by multiple signaling pathways.
We focused on the IGF-IR, FAK, and canonical Wnt pathways.

Activated IGF-IR plays a pivotal role in tissue homeostasis
and regulation of cell proliferation, differentiation, and migra-
tion during development in adults. It is a particularly important
survival-promoting signal (22). Our results showed that CVE
increased the expression of pro-IGF-IR and IGF-IR (Fig. 3A).
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Figure 5. Effects of CVE treatment on the expression of canonical Wnt
pathway regulators in IEC-6 cells. Cells were treated with CVE after prein-
cubation with SFM for 12 h. The Cytosolic fraction and the nuclear fraction
were prepared and analyzed by western blotting using anti-$-catenin, anti-c-
myc, anti-cyclin D1 and anti-actin antibodies.
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Figure 6. Effect of FAK inhibitor on cell proliferation induced by CVE treat-
ment in IEC-6 cells. (A) Cells were seeded onto 96-well plates at 1.5x10*
cells/well in 100 xl medium. After 24 h, cells were maintained in serum-
free medium for 12 h. After pre-treatment with FAK inhibitor (2 uM), cells
were incubated with CVE for 24 h. Cell viability was measured with the
MTS assay kit according to the manufacturer's instructions. Values are the
mean + SD. Different letters represent significantly different percentages by
the Duncan's multiple range test. (B) Whole cell extracts were prepared and
analyzed by western blotting using anti-phospho-FAK, anti-FAK antibodies.

FAK is known to participate in various intracellular signal
transduction pathways and it plays a role in endothelial cell
motility and survival (23). In normal cells, FAK/Src signals
can control cell survival, proliferation, and cell motility.
Both FAK/Src signaling and IGF-IR can stimulate the PI3K/
Akt and MAPK pathways (16,24). We confirmed that CVE
increased the phosphorylation FAK and Src (Fig. 3B). Thus,
CVE activated ERK1/2, an important mediator that regulates
cell growth and differentiation (Fig. 4A). In contrast, CVE
treatment did not trigger activation of JNK or p38 (data not
shown), both of which are involved in the cell death pathway
and the response to oxidative stress. Therefore, CVE induced
cell proliferation via the activation of MAPK (ERK1/2, p38,
JNK), especially ERK1/2. We also confirmed that CVE
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Figure 7. Effect of the FAK inhibitor on expression of canonical Wnt pathway
regulators in IEC-6 cells. Cells were pre-treated with FAK inhibitor (2 #M)
and then incubated with CVE for 24 h. The cytosolic and nuclear fractions
were prepared and analyzed by western blotting using anti-f-catenin, anti-c-
myc, anti-cyclin D1 and anti-GAPDH antibodies.

increased both the levels of the PI3K regulatory subunit of p85
and Akt phosphorylation (Fig. 4B).

Promotion of cell proliferation and division depends
on intracellular signaling pathways, such as the Wnt signal
transduction pathway. We assumed that CVE-induced cell
proliferation was involved in the canonical Wnt signaling
pathway (18). CVE increased the expression of cyclin D1 but
did not alter that of c-myc, which is an important targeting
protein. Translocation of -catenin from the cytosol to the
nucleus is necessary to induce expression of target genes. We
found that expression of cytosolic 3-catenin was unchanged
but expression of nuclear f-catenin was increased by CVE
treatment (Fig. 5). These results suggest that CVE-induced
proliferation of IEC-6 cells causes translocation of [3-catenin
from the cytosol to the nucleus subsequent to an increase in
cyclin D1 level.

Gastrointestinal damage is a side-effect of non-steroidal
anti-inflammatory drugs (NSAID) and anticancer chemothera-
peutic agents (25,26). Therefore, discovery of novel mitigative
compounds is necessary. PHY906, a four-herb Chinese medi-
cine formula, was found to decrease the gastrointestinal
toxicity induced by the chemotherapeutic drug CPT-11 (27).
Furthermore, compounds have been isolated from Anchusa
strigosa root (28), Camellia sinensis (29), and Picrorhiza
kurroa (30). In this study, we showed that CVE stimulated the
proliferation of normal intestinal epithelial cells. In addition,
we determined that this effect was related to the IGF-IR, FAK,
and canonical Wnt signaling pathways. Thus, CVE-induced
cell proliferation was decreased by a FAK inhibitor (Fig. 6).
FAK has been proposed as a novel target for anticancer drugs
(31). These data suggest that CVE may be an ideal adjuvant for
prevention of gastrointestinal damage.
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