
Abstract. We isolated two phytochemical lignans, schisandrin
and schisandrin C, from Schizandra chinensis Baill and
investigated their anti-cancer effects in human leukemia
U937 cells. Schisandrin C inhibited cell growth in a dose-
dependent manner, which was associated with the induction
of G1 arrest of the cell cycle and apoptosis; schisandrin did
not inhibit growth. Schisandrin C induced G1 arrest was
correlated with down-regulation of cyclin D1, cyclin E, cyclin-
dependent kinase (Cdk) 4 and E2Fs expression, inhibition of
phosphorylation of retinoblastoma protein (pRB), and up-
regulation of the Cdk inhibitor p21(WAF1/CIP1). In addition,
schisandrin C-induced apoptosis was associated with down-
regulation of expression of the anti-apoptotic proteins Bcl-2
and Bcl-xL, proteolytic activation of caspase-3 and -9, and a
concomitant degradation of poly(ADP-ribose) polymerase
(PARP). Furthermore, schisandrin C-induced apoptosis was
significantly inhibited by a caspase-3 specific inhibitor z-
DEVD-fmk, indicating an important role for caspase-3 in the
schisandrin C mechanism. In summary, growth inhibition by
schisandrin C is related to cell cycle arrest at G1 and
induction of caspase-3-dependent apoptosis in U937 cells;

these findings suggest that schisandrin C may be a useful
chemotherapeutic agent.

Introduction

The progression of the cell cycle in eukaryotic cells is
regulated by sequential activation and inactivation of cell
cycle regulators, including cyclins, cyclin-dependent kinases
(Cdks) and Cdk inhibitors (1,2). Early G1 phase is regulated
by complexes of D-type cyclins and Cdk4/6, and the G1/S
transition is controlled by a complex of cyclin E and Cdk2
(3). Cdk inhibitors, including p16, p21 and p27, play a key
role in negative regulation of cell cycle progression by binding
to Cyclin/Cdk complexes (3,4). Furthermore, retinoblastoma
protein (pRB) is also important for cell cycle progression
during the G1 to S phase transition. Dephosphorylation of
pRB inhibits cell cycle progression by interacting with trans-
cription factors of the E2F family, whereas phosphorylation
of pRB results in induction of cell cycle progression through
the breaking of pRb/E2F complexes (2-4).

Together with inhibition of cell cycle progression, cancer
cells can be removed by apoptosis (programmed cell death).
In general, depending on the cell type or trigger, apoptosis
can be initiated in two ways: by an extrinsic (death receptor-
mediated) pathway or by an intrinsic (mitochondrial-mediated)
pathway. In the former, plasma membrane death receptors
are involved and the apoptosis signal is provided by the
interaction between the ligand and the death receptor. The
intrinsic pathway can be triggered by changes in mitochondrial
integrity by a broad range of physical and chemical stimuli
(5-7). Apoptosis is controlled by several genes including
caspases and proteins of the Bcl-2 family. In particular,
caspases, a family of cystein-containing aspartate-specific
proteases, are known to play key roles in the apoptotic machi-
nery, including cleavage of poly(ADP-ribose) polymerase
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(PARP) (8-10). The Bcl-2 family of proteins also control
apoptosis but by interactions between pro- and anti-apoptotic
members. Anti-apoptotic proteins (such as Bcl-2 and Bcl-xL)
promote cell survival, whereas pro-apoptotic proteins (such
as Bax and Bad) induce apoptosis (6,11,12). Accumulating
data have shown that many chemopreventive and/or chemo-
therapeutic agents can cause cell cycle arrest and/or cell death
via the induction of apoptosis, which are the preferred methods
of managing cancer. Therefore, the induction of cell cycle
arrest and/or apoptotic cell death are important mechanisms
in the anti-cancer properties of many drugs (5,13).

Since ancient times, Schizandra chinensis Baill, a
member of the Magnoliaceae family, has been used as a
traditional medicinal herb in Asian countries, and has been
shown to exert a wide array of pharmacological and biological
effects including anti-cancer effects (14,15). The seeds and
fruits of S. chinensis are enriched in lignans, and more than
40 lignans have been isolated from this plant (15-21). Some
lignans have previously been reported to induce cell cycle
arrest and apoptosis in human cancer cell lines including
leukemia cells (22-26). However, the underlying molecular
mechanisms for their putative therapeutic effects are not clear.
As part of an ongoing study to isolate chemopreventive or
therapeutic compounds from medicinal plants, we isolated
several lignans from the fruit of S. chinensis and compared
their anti-cancer properties. In the present study, we compared
the anti-proliferative and pro-apoptotic activities of two lignans,
schisandrin and schisandrin C, as potential anticancer agents.
To this end, we examined whether these lignans affected
cell cycle progression and induced apoptosis in human
leukemia U937 cells.

Materials and methods

Chemicals and antibodies. Fruits of S. chinensis were
collected in September 2005 from Moonkyeng, Republic of
Korea. A voucher specimen (accession number SC-
PNUNPRL-1) has been deposited in the Herbarium of Pusan
National University. DAPI (4,6-Diamidino-2-phenyllindile),
paraformaldehyde, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) and ethidium
bromide (EtBr) were purchased from Sigma-Aldrich (St. Louis,
MO). Caspase activity assay kits were obtained from R&D
systems (Minneapolis, MN). The caspase-3 specific inhibitor,
z-DEVD-fmk, was purchased from Calbiochem (San Diego,
CA). Antibodies against cyclin D1, cyclin E, Cdk2, Cdk2,
Cdk6, p16, p21 and p27 were purchased from Cell Signaling
Technology (Danvers, MA). Antibodies against p130, pRB,
E2F-1, E2F-4, tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), death receptor 4 (DR4), DR5, Fas,
Fas ligand (FasL), Bcl-2, Bcl-xL, Bax, Bad, Bid, caspase-3, -8,
-9 and actin were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Horseradish peroxidase (HRP)-conjugated
anti-mouse and anti-rabbit secondary antibodies were
purchased from Amersham Corp (Arlington Heights, IL).

Isolation and structure elucidation of lignans. The dried
fruits of S. chinensis (2.5 kg) were ground to a fine powder
and were successively extracted at room temperature with n-
hexane, EtOAc and MeOH. The hexane extract (308 g) was
evaporated in vacuo and chromatographed on a silica gel

(40 μm, J.T. Baker, NJ) column (70x8.0 cm) with a step
gradient 0, 5, 10, 20 and 30% EtOAc in hexane (each 1 L).
Fraction 11 (3,476 mg) was separated on a silica gel column
(100x3.0 cm) with 25% hexane in CHCl3 to give 5 sub-
fractions. Fraction 11IA was further purified by column
chromatography on silica gel eluting with CHCl3-acetone
(19:1) to give gomisin N (774 mg). Fraction 8 (1.579 mg) was
separated on a silica gel column (100x3.0 cm) with CH2Cl2

to give schisandrin C (501 mg). Fractions 36, 37 and 38
(10,533 mg) were separated on a silica gel column
(100x3.0 cm) with 5% CH2Cl2 in acetone to give schisandrin
(4,606 mg). Pure GA was identified by HPLC on a Pheno-
menex Luna C18 column (Phenomenex, 150x4.6 mm I.D.;
5 μm particle size). The chemical structure of lignans was
verified by LC-MS (Bruker BioApex FT mass spectrometer)
and NMR analysis (Varian inova 500 spectrometer). Optical
rotations were recorded on a JASCO DIP-370 digital
polarimeter. IR spectra were recorded on an AATI Mattson
Genesis Series FTIR. NMR spectra (1H, 13C) were recorded
in CDCl3 on a Varian inova 500 spectrometer operating at
500 MHz for 1H and 125 MHz for 13C, running gradients and
using residual solvent peaks as internal references. High-
resolution mass spectra were recorded on a Bruker BioApex
FT mass spectrometer.

Cell culture and growth inhibition study. Human leukemia
U937 cells were obtained from the American Type Culture
Collection (Rockville, MD) and cultured in RPMI-1640
medium (Gibco BRL, Gaithersburg, MD) supplemented with
10% heat-inactivated fetal bovine serum (FBS, Gibco BRL),
2 mM glutamine, 100 U/ml penicillin and 100 μg/ml strepto-
mycin in a humidified environment with 5% CO2 at 37˚C.
The proliferation of cells was assessed using the MTT assay,
which is based on the conversion of MTT to MTT-formazan
by mitochondrial enzymes (27).

Nuclear staining with DAPI. For evidence of apoptosis,
morphological changes of nuclei were visualized following
DNA staining using the fluorescent dye DAPI. Cells were
seeded at 5x104 cells/ml in 6-well plates and incubated with
schisandrin or schisandrin C. After incubation for 48 h, cells
were fixed with 3.7% paraformaldehyde for 20 min at room
temperature, and washed with PBS. Cells were then stained
with 2.5 μg/ml DAPI solution for 10 min at room temperature.
The cells were then washed twice with PBS and stained nuclei
were observed using fluorescence microscopy (Carl Zeiss,
Germany) (28).

DNA flow cytometric analysis. After treatment with schisandrin
or schisandrin C, cells were harvested, washed twice with
ice-cold PBS, fixed with 75% ethanol at 4˚C for 30 min, and
stained using a DNA staining kit (CycleTest Plus kit, Becton-
Dickinson, San Jose, CA) with propidium iodide (PI). DNA
content at sub-G1, G1, S and G2/M phases were then
determined by flow cytometry (FACSCalibur) and analyzed
by Cell Quest software (Becton-Dickinson).

Protein extraction and Western blot analysis. Treated cells
were collected with ice-cold PBS, and immediately lysed
with lysis buffer (20 mM sucrose, 1 mM EDTA, 20 μM Tris-
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Cl, pH 7.2, 1 mM DTT, 10 mM KCl, 1.5 mM MgCl2,
containing protease inhibitors (5 μg/ml pepstatin A, 10 μg/ml
leupeptin and 2 μg/ml aprotinin). Protein concentrations were
determined using Bio-Rad protein assay kits (Bio-Rad,
Hercules, CA). After normalization, total proteins were
subjected to sodium dodecyl sulfate (SDS)-polyacrylamide
gels and then transferred to a nitrocellulose membrane
(Schleicher and Schuell, Keene, NH) by electroblotting. The
membrane was blocked with 5% skim milk, and incubated
with the primary antibodies and HRP-conjugated anti-mouse
and anti-rabbit secondary antibodies. The target proteins
were visualized by an enhanced chemiluminescence (ECL,
Thermo scientific, Rockford, IL) detection system.

DNA fragmentation assay. Cells were treated with lysis
buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM
EDTA and 0.5% Triton X-100) for 30 min at room temper-
ature. After centrifugation, the supernatant was treated with
proteinase K (final concentration = 0.5 mg/ml) for 3 h at
50˚C. DNA was extracted with a 25:24:1 (v/v/v) equal
volume of neutral phenol:chloroform:isoamyl alcohol (Sigma),
and centrifuged at 1,000 rpm for 10 min. The upper aqueous
layer was combined with 5 M NaCl and isopropanol, and
incubated at -20˚C for 6 h. Following centrifugation for 15 min
at 14,000 rpm, the DNA pellets were air-dried and dis-
solved in TE buffer (10 mM Tris-HCl and 1 mM EDTA) with
300 μg/ml RNase A. DNA samples were finally separated on
1.5% agarose gels and observed using an ultraviolet light
source after staining with EtBr.

Assay of caspase activity. The enzymatic activity of caspases
that had been induced by schisandrin and schisandrin C was
recorded using colorimetric assay kits based on the manu-
facturer's protocol (R&D Systems, Minneapolis, MN).
Briefly, cells were lysed in a lysis buffer for 30 min on an ice
bath. The lysed cells were centrifuged at 14,000 rpm for 10 min,
and 100 μg protein was incubated with 50 μl of reaction
buffer and 5 μl of colorimetric tetrapeptides, Asp-Glu-Val-Asp
(DEVD)-p-nitroanilide (pNA) for caspase-3, Ile-Glu-Thr-
Asp (IETD)-pNA for caspase-8 and Leu-Glu-His-Asp
(LEHD)-pNA for caspase-9, respectively, at 37˚C for 2 h. The
optical density of the reaction mixture was measured by
changes in absorbance at 405 nm using a VersaMax tunable
microplate reader (Molecular Devices, Palo Alto, CA) (29).

Statistical analysis. The data are expressed as means ± SD.
Statistical comparisons were performed using one-way
ANOVA followed by a Fisher's test. Significant differences
between the groups were determined using an unpaired
Student's t-test. A p<0.05 was considered significant.

Results

Isolation schisandrin from S. chinensis. Schisandrin was
obtained as colorless needles (from MeOH), C24H32O7, and
[·]27

D 16.0o (c=1.0, CHCl3). The IR spectra displayed a band
at 3,500, suggesting the presence of an alcohol and a band at
1,610 indicating an aromatic functionality. The 13C-NMR
spectra showed 24 signals, including 12 carbons for two
aromatic rings and four O-methyls at ‰ = 60.6 (x2), 61.0 (x2)

and 55.9 (x2). It further showed the presence of two benzylic
methylenes at ‰ = 40.8 and 34.2, a tertiary carbon at ‰ = 41.9
and an oxygenated carbon at ‰ = 77.4 and two methyl carbons
at ‰ = 29.8 and 15.8. The two aromatic protons of the biphenyl
moiety resonated at ‰ = 6.57 (s) and 6.50 (s) for C-4 and C-
11, respectively, and there were four methoxy groups at ‰ =
3.86 (3H x 2, s), 3.84 (3H x 2, s) and 3.54 (3H x 2, s). The
three-proton doublet at ‰ = 0.78 (3H, d, J=7.5) and at ‰ = 1.20
(3H, s) are indicative of the C-8 and oxygenated C-7 methyl
group, respectively. A methine proton resonated at ‰ = 1.83
(1H, m) (Fig. 1A). As shown in Fig. 1C, HPLC analysis
showed that the isolated compound had a purity of more
than 96%.

Isolation of schisandrin C from S. chinensis. Schisandrin C
was obtained as colorless needles (from MeOH), C22H24O6,
and [·]26

D -36.8o (c=0.93, CHCl3). The IR spectra displayed a
band at 1,610 indicating an aromatic moiety, and bands at
949 and 939 indicating a methylenedioxy functionality. The
13C-NMR and Dept spectra showed 22 signals, including
12 carbons for two aromatic rings, two methylenedioxy groups
(‰ = 100.6x2), and two O-methyls at ‰ = 59.5 (x2). It further
showed the presence of two benzylic methylenes at ‰ = 38.7
and 35.2, two methine carbons at ‰ = 33.5 and 40.6 and two
methyl carbons at ‰ = 21.7 and 12.5. The two aromatic
protons of the biphenyl moiety resonated at ‰ = 6.479 (s) and
6.475 (s), respectively and two methylenedioxy groups
resonated at 5.94 (2H, d) and 5.92 (2H, d). The proton
doublet at ‰ = 0.96 (3H, d, J=7.0) and at ‰ = 0.76 (3H, d,
J=7.5) are indicative of the C-8 and C-7 methyl group,
respectively. The two methine groups at ‰ = 1.86 (1H, m) and
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Figure 1. Chemical structures of schisandrin (A) and schisandrin C (B)
isolated from S. chinensis Bail, and their HPLC profiles (C). HPLC analysis
showed that the isolated lignans had a purity of more than 96%.
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at ‰ = 1.72 (1H, m) are indicative of the C-8 and C-7 methyl
groups, respectively (Fig. 1B). As shown in Fig. 1C, HPLC
analysis showed that the isolated compound had a purity of
more than 97%.

Schisandrin C induction of growth inhibition and G1 arrest.
In order to investigate whether schisandrin and schisandrin C
inhibit cell growth, U937 cells were treated with various
concentrations of schisandrin and schisandrin C for 48 h and
the MTT assay was used to assess cell viability. As shown in
Fig. 1A, treatment with schisandrin C decreased the viability
of U937 cells in a concentration-dependent manner, whereas
schisandrin did not inhibit the growth of U937 cells under the
same conditions. To determine whether schisandrin C treat-
ment of cells resulted in the alteration of cell cycle progression,
the cell cycle patterns of the U937 cells were examined. The
growth inhibiting action of schisandrin C was the consequence

of a G1 phase arrest (Fig. 2B). At a concentration of 100 μM,
70.88% of cells were in G1 phase and far fewer cells (16.15
and 13.97%) were in S and G2/M phases compared with the
control. At the same concentration of schisandrin, there was
no increase in the proportion of U937 cells in G1 phase. These
results suggest that the growth inhibitory effect of schisandrin
C in U937 cells is the result of G1 arrest.

Effects of schisandrin C on the expression of cell cycle-
regulated proteins. To more clearly characterize the G1 phase
arrest induced by schisandrin C, we examined changes in the
expression of proteins that have been known to control G1
cell cycle phase transitions in U937 cells. In comparison to
control cells, cells treated with schisandrin C exhibited a dose-
dependent decrease in the levels of cyclin D1, cyclin E and
Cdk4 (Fig. 3), which is consistent with the role of these
proteins in the regulation of the G1 to S phase transition. Since
the RB gene product, pRB, is also an important checkpoint
protein in the G1 phase of the cell cycle, we next determined
the kinetics between phosphorylation of pRB and the trans-
cription factors, E2F-1 and E2F-4. Total levels of E2F-1 and
E2F-4 were down-regulated and pRB expression, but not
p130, decreased remarkably and changed from the hyper-
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Figure 2. Growth inhibition and G1 arrest of U937 cells by schisandrin C
treatment. (A) U937 cells were plated at a density of 4x104 cells per 60-mm
plate, and then incubated for 24 h. Next, the cells were treated with the
indicated concentrations of schisandrin and schisandrin C for 48 h and cell
viability was determined by MTT assay. Results are expressed as percentage
of control ± SD and represent the average of three separate experiments.
Significance was determined by Student's t-test (*p<0.05 vs. untreated
control). (B) Cells grown under the same conditions as (A) were collected,
fixed, and stained with PI for flow cytometry analysis. The percentages of
cells in each cell cycle phase are presented. The data represent the average
of two independent experiments.

Figure 3. Effect of schisandrin and schisandrin C on the expression of cell
cycle regulatory proteins in U937 cells. Cells were treated with the indicated
concentrations of schisandrin and schisandrin C for 48 h. Cells were lysed
and proteins were separated by electrophoresis on SDS-polyacrylamide gels
and transferred to nitrocellulose membranes. Next, the membranes were
probed with the indicated antibodies and the proteins were visualized using
an ECL detection system. Actin was used as an internal control.
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phosphorylated form to the hypophosphorylated form after
schisandrin C treatment. This effect of schisandrin C was
dose-dependent. Furthermore, incubation of U937 cells with
schisandrin C resulted in a concentration-dependent increase
in expression of the Cdk inhibitor p21 (WAF1/CIP1) protein,
whereas schisandrin C did not significantly affect expression
levels of other Cdk inhibitors, including p16 and p27. Because
the p53 gene is deleted in U937 cells (30), it is most likely that
the induction of p21 is mediated in a p53-independent fashion.
However, the expression of these proteins remained unchanged
in schisandrin-treated U937 cells. These data suggest that
schisandrin C induces G1 arrest via the modulation of cell
cycle-regulating proteins.

Schisandrin C induces apoptosis in U937 cells. Further
experiments were carried out to determine whether the
growth inhibition and the G1 arrest induced by schisandrin C
in U937 cells was closely associated with apoptotic cell
death. Morphological analysis following DAPI staining was
performed to analyze cells with nuclear chromatin conden-
sation and apoptotic bodies. Under the inverted microscope,
schisandrin C-treated cells exhibited a rounded and granulated

morphology, and eventually degraded after treatment with
100 μM schisandrin C (Fig. 4A). Moreover, cells treated with
schisandrin C displayed chromosomal condensation and
formation of apoptotic bodies (Fig. 4B). Schisandrin did not
induce these morphological changes. We also analyzed
whether DNA fragmentation, another hallmark of apoptosis,
was induced by schisandrin C treatment of U937 cells.
Following agarose gel electrophoresis of U937 cells treated
with schisandrin C for 48 h, but not schisandrin, a typical
ladder pattern of internucleosomal fragmentation was observed
in a concentration-dependent manner (Fig. 4C). We next
analyzed the amount of sub-G1 DNA, which contains less
DNA than cells in the G1 phase, to quantify the proportion of
apoptotic cells. Flow cytometric analysis indicated that
schisandrin C treatment resulted (in a concentration-dependent
manner) in a markedly increased accumulation of cells in
sub-G1 phase (Fig. 4D). These data suggest that the induction
of G1 arrest by schisandrin C is closely associated with the
induction of apoptosis in U937 cells.

Effects of schisandrin C on the expression of apoptosis-
related proteins. Since the Fas/FasL system is a key signal
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Figure 4. Schisandrin C treatment induces apoptosis in U937 cells. Cells were treated with the indicated concentrations of schisandrin and schisandrin C for
48 h. (A) The cells were photographed by an inverted microscope (original magnification, x200). (B) Stained nuclei with DAPI solution were then
photographed with a fluorescent microscope using a blue filter (original magnification, x400). Apoptotic cells (arrows). (C) To analyze fragmentation of
genomic DNA, cells were treated for 48 h with the indicated concentrations of schisandrin and schisandrin C. DNA was extracted and analyzed by 1.5%
agarose gel electrophoresis in the presence of EtBr. A representative result from two independent experiments is shown. (D) The presence of cells with sub-
G1 DNA content following treatment with schisandrin and schisandrin C was evaluated using flow cytometry in order to quantify the onset of apoptosis. Each
point represents the mean ± SD of three independent experiments. Significance was determined by Student's t-test (*p<0.05 vs. untreated control).
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transduction pathway for death receptor-mediated apoptosis,
we examined the involvement of the Fas/FasL system in
U937 cells treated with schisandrin C. As shown in Fig. 5A,
neither the levels of Fas nor FasL expression were increased
by schisandrin C treatment. Additionally, the levels of DR4,
DR5 and TRAIL, other key molecules in the extrinsic pathway,
were not induced after schisandrin C treatment. These data
suggest that schisandrin C induced apoptosis does not occur
via the receptor-mediated extrinsic pathway. To investigate a
possible association with the mitochondria-mediated intrinsic
pathway, we examined the expression levels of the Bcl-2
family of proteins directly interacting with the mitochondria.
Western blot analyses revealed that the levels of Bax and
Bad, two proapoptotic proteins, remained virtually unchanged
in response to schisandrin C, whereas the levels of Bcl-2 and
Bcl-xL, two antiapoptotic proteins, were markedly inhibited
by schisandrin C treatment (Fig. 5A). Under these conditions,
the pro-apoptotic protein Bid, a BH3-only pro-apoptotic
member of the Bcl-2 family, was not truncated and remained
unchanged. These data indicate that the intrinsic pathway
might be involved in schisandrin C-induced apoptosis in
U937 cells.

Activation of caspases by schisandrin C. To further investigate
the apoptotic cascades involved in the effects of schisandrin
C, U937 cells were exposed to schisandrin C and we measured

expression levels of caspases (-3, -8 and -9) and the in vitro
activities of these proteins. As shown in Fig. 5B, schisandrin
C treatment decreased the expression of pro-caspase-3 and -9
proteins in a concentration-dependent manner. The expression
levels of pro-caspase-8 remained unchanged. To quantify the
activities of caspase-3, -8 and -9, lysates equalized for protein
were obtained from cells treated with schisandrin C using
DEVD-pNa, IETD-pNA and LEHD-pNA, respectively, as
fluorogenic substrates. Schisandrin C treatment markedly
activated caspase-3 and -9 in a concentration-dependent
manner; caspase-8 was not activated (Fig. 5C). Furthermore,
this compound induced a concomitant degradation of PARP,
which is an endogenous substrate protein of caspase-3 (8),
and cleavage fragments of these proteins were gradually
increased in schisandrin C treated cells (Fig. 5B). These
changes were not observed in schisandrin-treated U937 cells.
In order to show that the activation of caspases is a key step
in schisandrin C-induced apoptosis, cells were pretreated
with z-DEVD-fmk (50 μM), a caspase-3 specific inhibitor,
for 2 h, followed by treatment with 100 μM schisandrin C for
48 h. As shown in Fig. 6A and B, pre-treatment with z-
DEVD-fmk attenuated chromatin condensation and
formation of apoptotic bodies, and restored cell viability.
These results indicate that activation of caspases plays an
important role in schisandrin C-induced apoptosis in U937
cells.
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Figure 5. Schisandrin C treatment down-regulates expression levels of Bcl-2 and Bcl-xL and activates caspase-3 and -9 in U937 cells. (A and B) After a 48 h
incubation with schisandrin and schisandrin C, cells were lysed and cellular proteins were separated on SDS-polyacrylamide gels and transferred onto
nitrocellulose membranes. The membranes were probed with the indicated antibodies. Proteins were visualized using the ECL detection system. Actin was
used as a loading control. Representative results from two independent experiments are shown. (C) Cell lysates from cells grown under the same conditions
were assayed for in vitro caspase-3, -8, and -9 activity using DEVD-pNA, IETD-pNA and LEHD-pNA, respectively, as substrates at 37˚C for 1 h. The
released fluorescent products were measured. The data represent the mean ± SD values of three independent experiments. Significance was determined by
Student's t-test (*p<0.05 vs. untreated control).
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Discussion

The seeds and fruits of S. chinensis have a long history in
Oriental medicine. The aim of treatment is to reduce cough,
mouth dryness, spontaneous sweating, dysentery, insomnia
and amnesia. More than 40 pharmacologically active lignans
have been isolated from the fruit of S. chinensis (15-20). The
major lignans in S. chinensis are schisandrin, schisandrin B,
schisandrin C, isoschizandrin, deoxyschisandrin, gomisin A,
gomisin N and wuweizisu C, and there have been shown to
exert a wide array of pharmacological and biological activities
including anti-cancer effects (18,22-26,31). However, the
precise mechanism of schisandrin C-mediated cell growth
inhibition is unclear. In the present study, we found that
schisandrin C isolated from S. chinensis, but not schisandrin,
causes G1 phase arrest and apoptosis in human leukemia
U937 cells, which appeared to account for its anti-proliferative
activity. Furthermore, the modulation of cell cycle regulators
and apoptosis-related regulators was observed in the presence
of schisandrin C. These results provide the first evidence that
schisandrin C induces abnormal cell cycle transitions that are
associated with induction of apoptosis.

Progression from G1 to S phase of the cell cycle is
regulated by D-type cyclins and cyclin E, and their cognate
kinases, Cdk2, Cdk4 and Cdk4, which act by phosphory-
lating and inactivating pRB prior to the restriction point at
which cells commit to DNA synthesis, and by cyclin E-Cdk2,

which acts later in G1 phase (3,4). Therefore, any factor
affecting the activity of these kinases could abrogate the
normal inactivation of pRB and cause an accumulation of
cells in G1 phase. Under normal conditions, pRB binds to the
members of the E2F family of transcription factors. However,
growth factors induce phosphorylation and dissociation of
the pRB from E2F, which triggers G1 cell cycle progression
(1,3,4). Therefore, the complex between cyclin D or cyclin E
and Cdks is an obvious candidate for control of pRB
phosphorylation. If decreased levels of either protein or the
association between respective binding partners were observed,
a concomitant decrease in the degree of pRB phosphorylation
would be expected (3-5). The data generated in this study
demonstrate that in U937 cells, schisandrin C blocks pRB
phosphorylation and decreases levels of E2F-1 and E2F-4.
Furthermore, schisandrin C inhibits Cdk4 expression in
association with enhanced expression of the Cdk inhibitor
p21 (Fig. 3). Additionally, our data suggest that schisandrin C-
induced p21 upregulation involves a p53-independent pathway
because U937 cells lack functional p53 (30).

Apoptosis is a process of gene-mediated programmed cell
death essential for the elimination of unwanted cells in various
biological systems and is the key mechanism of chemo-
therapeutic agents. Among the apoptosis-regulatory genes,
the Bcl-2 family is a very important group of regulatory genes,
either as inhibitors or as activators. The anti-apoptotic
members, such as Bcl-2 and Bcl-xL, prevent loss of the mito-
chondrial membrane potential and, in particular, they have
been reported to directly inhibit members of the caspase
family, including caspase-3 and -9 (6,11,12). Thus, it has
been suggested that the ratio between the level of pro-
apoptotic proteins such as Bax or Bad and levels of anti-
apoptotic factors determines whether a cell responds to an
apoptotic signal (11,12). In this study, the induction of
apoptosis by schisandrin C was confirmed by characteristic
morphological changes, DNA fragmentation and increases in
the number of sub-G1 cells (Fig. 4). Furthermore, the data
indicate that schisandrin C did not alter expression levels of
Bax and Bad in U937 cells but did selectively down-regulate
the expression of Bcl-2 and Bcl-xL without alteration of
death-receptor related regulators, resulting in an increase in
the ratio of Bax and Bad/Bcl-2 and Bcl-xL (Fig. 5).

Execution of cellular demolition by apoptosis is also
carried out by caspases (6,10). The caspases are a family of
proteins that are one of the main executors of the apoptotic
process. They belong to a group of enzymes known as cysteine
proteases and exist within the cell as inactive pro-forms or
zymogens. These zymogens can be cleaved to form active
enzymes following the induction of apoptosis. Caspase
signaling is initiated and propagated by proteolytic auto-
catalysis, as well as the cleavage of downstream caspases and
substrates (9,10). In addition, caspase-3 is known to be one
of the key executioners of apoptosis. This is because it is
either partially or totally responsible for the proteolytic
cleavage of many key proteins such as PARP, which is
important for cell viability, but also serves as a marker of
apoptosis when cleaved (8). Further studies have shown
that exposure of U937 cells to schisandrin C causes a proteo-
lytic activation of caspase-9 as well as caspase-3 in a dose-
dependent manner and the concomitant degradation of
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Figure 6. Inhibition of schisandrin C-induced apoptosis by a caspase-3
inhibitor in U937 cells. (A) Cells were treated with z-DEVD-fmk (50 μM)
for 1 h before a challenge with 100 μM schisandrin C for 48 h. The cells
were stained with DAPI for 10 min and photographed with a fluorescent
microscope using a blue filter (original magnification, x400). (B) In a
parallel experiment, the degree of growth inhibition was determined by
MTT assay. Each point represents the mean ± SD of three independent
experiments. Significance was determined by Student's t-test (*p<0.05 vs.
untreated control).
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PARP, again correlating with an activation of caspases
during apoptosis by schisandrin C (Fig. 5). Specifically, we
found that treatment with schisandrin C in the presence of a
caspase-3 inhibitor prevented apoptosis and growth inhibition,
suggesting that schisandrin C-induced apoptosis is caused
by caspase-3-dependent cell death, and that caspase-3 plays
an important role in schisandrin C-induced apoptosis in U937
cells (Fig. 6). The present results indicate that schisandrin C
increases the activation of caspase-9, leading to the activation
of caspase-3, which, in turn, results in PARP degradation.

In this study, we have suggested a mechanism by which
schisandrin C induces inhibition of human leukemia U937
cell growth, G1 arrest and apoptosis induction. The G1 arrest
induced by schisandrin C is associated with the up-regulation
of p21 and the down-regulation of cyclin D1, Cdk4, pRB and
E2Fs. The apoptotic events induced by schisandrin C are
mediated by inhibition of the expression of anti-apoptotic
proteins Bcl-2 and Bcl-xL and activation of caspases.
Therefore, we believe that schisandrin C is a promising
candidate for cancer chemoprevention and/or chemotherapy.
Further efforts to explore this agent are now necessary.
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