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Sinomenine, a COX-2 inhibitor, induces cell cycle arrest and
inhibits growth of human colon carcinoma cells in vitro and in vivo
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Abstract. Certain non-steroidal anti-inflammatory drugs may
possess anti-tumorigenic effects in certain cancer cell types.
Sinomenine (SIN) is an alkaloid from Sinomenium acutum, a
Chinese medicinal plant that inhibits inflammatory reactions
and that has been used in the treatment of neuralgia and rheu-
matic diseases. In this study, we investigated the anticancer
effects of SIN against colorectal cancer in vitro and in vivo,
as well as the underlying mechanisms. The effects of SIN
on proliferation, cell cycle progression and cyclooxygenase
(COX)-2 expression were examined in human colorectal
cancer-derived SW1116 cells. The in vivo effects of SIN were
examined in a model of SW1116 tumor xenograft growth in
athymic nude mice. Changes in COX-2 expression induced
by the biological effects of SIN were analyzed by western
blot analysis. The effects of SIN treatment on G1 phase cell
cycle regulators in xenografts were analyzed by immunohisto-
chemistry. Our findings demonstrate that SIN inhibits the
proliferation of SW1116 cells by promoting their accumula-
tion in the G1 phase, with concomitant suppression of COX-2
expression. Time- and dose-dependent inhibition of tumor
growth and reduced toxicity were observed in nude mice
administered daily intraperitoneal injections of SIN at doses
of 25, 50 and 100 mg/kg. SIN-treated tumors also exhibited
reduced COX-2 expression, a marked increase in Cipl/p21
protein levels and a decrease in the levels of cyclin D1 and
cyclin E. SIN may be an effective chemopreventive agent
against colorectal cancer. The growth inhibitory properties of
SIN against colorectal cancer may be mediated via a COX-2
inhibitory effect and cell cycle arrest in the G1 phase.
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Introduction

Colorectal cancer is a leading cause of malignant tumor-related
mortality in developed countries (1), and is the third most
common cancer type in China (2). Every year, ~300,000
mortalities from colorectal cancer occur globally (3,4).
Chemotherapy with 5-fluorouracil (5-FU) and associated
adjuvant agents remains the standard drug treatment regimen
against early-stage and advanced colorectal cancers. Despite
progress in the elucidation of the carcinogenic processes of
colon cancer, more effective treatment regimens based on novel
and innovative approaches are required, since the remission
rate induced by treatment with 5-FU and associated adju-
vant agents is low (5,6). In addition, standard chemotherapy
produces numerous systemic adverse reactions, including a
decrease in leukocyte and platelet counts (7,8). Hence, more
effective and safer therapeutic strategies are urgently required.

Certain non-steroidal anti-inflammatory drugs (NSAIDs)
exhibit inhibitory effects on COX-2, and are used extensively
for analgesic and antipyretic treatments (9). Previous studies
have demonstrated that NSAIDs reduce the risk and mortality
of several cancer types (10,11). While their anti-tumorigenic
mechanisms are not completely understood, cyclooxygenase
(COX)-dependent and COX-independent pathways may play
significant roles (12,13). In 2004, a study reported increased
cardiovascular toxicity occurring in patients who received the
drug Vioxx for longer than 18 months (14). Thus, drugs from
herbal/natural sources with COX-2 inhibitory properties that
produce fewer side effects are of interest. Sinomenium acutum
has a long history of medicinal use in traditional Chinese
medicine, and is now commonly used as a COX-2 inhibitor and
as an anti-inflammatory agent in mixed herbal decoctions for
the treatment of neuralgia and rheumatic diseases (15,16). It is
capable of potently releasing histamine in association with the
degranulation of mast cells in mammalian tissues. The release
of histamine is responsible for the dominant pharmacological
actions of sinomenine (SIN) (17), including vasodilatation,
increased vascular permeability, acceleration of thoracic
and peripheral lymph flow, contraction of the plain muscles,
increased peristalsis of the intestines, and stimulation of gastric
acid secretion (18). The active pharmacological constituents of
Sinomenium acutum include alkaloids, sterols, phospholipids
and several other components. Extensive pharmacological and
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clinical research on SIN has primarily focused on the immune,
cardiovascular and nervous system (17).

SIN possesses antitumor activity in certain cancer types
and is already prescribed to patients with cardiac diseases (19).
SIN exhibits a significant apoptotic effect on NCI-H460
cells through the mitochondria-mediated apoptosis pathway.
SIN-induced apoptosis is accompanied by the collapse of
the mitochondrial membrane potential, the release of cyto-
chrome c¢ and the activation of caspase-9 and caspase-3. SIN
also increases the levels of Bax protein and decreases the levels
of Bcl-2 protein in NCI-H460 cells (20). It also induces apop-
tosis in NCI-H226 and NCI-H522 cells through the activation
of pAkt and Perk (21). However, the anti-tumorigenic action of
SIN in colon carcinogenesis has not been clearly determined.

The present study examined the anti-tumorigenic effect of
SIN from Sinomenium acutum by focusing on the anti-tumor-
igenic effects and molecular mechanisms of SIN in SW1116
human colon cancer cells. The growth-inhibitory effects of
SIN were examined in vitro and in vivo using a nude mouse
xenograft model. We hypothesized that the anti-carcinogenic
action of SIN might be due to the inhibition of COX-2 expres-
sion in the cancer cells and/or effects on cell cycle regulation.

Materials and methods

Materials. Sinomenine hydrochloride was obtained from
Hunan Zhengqing Pharmaceutical Co. Ltd. (Huaihua, Hunan,
China). Primary antibodies against COX-2, cyclin DI,
cyclin E, Cipl/p21 and Kipl/p27 were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The anti-
body against GAPDH was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The bicinchoninic acid (BCA) protein
assay kit was purchased from the Beyotime Institute of
Biotechnology (Haimen, China). An enhanced chemilumi-
nescence (ECL) western blotting kit was purchased from
Millipore (Billerica, MA, USA). A PrimeScript™ RT reagent
kit was obtained from Takara Biotechnology Co., Ltd.
(Dalian, China). Universal SYBR-Green I was purchased
from Bioteke Corporation (Beijing, China). TRIzol reagent
was purchased from Invitrogen Life Technologies (Carlsbad,
CA, USA). The RNeasy kit was purchased from Qiagen
(Hilden, Germany). Diethylpyrocarbonate was purchased
from Sigma (Poole, Dorset, UK). All other reagents were
widely available commercially. All quantitative polymerase
chain reaction (QPCR) experiments were performed on an
Applied Biosystems 7900HT Fast Real-Time PCR system
(Life Technologies, Grand Island, NY, USA).

Cell culture and synchronization. The human colon
adenocarcinoma cell line SW1116 was purchased from
the Type Culture Collection of the Chinese Academy
of Sciences, Shanghai, China. Cells were maintained in
L-15 medium supplemented with 10% fetal bovine serum
(FBS) in a humidified atmosphere of 100% air at 37°C. A
subculture of cells was processed by enzymatic digestion
(trypsin/ethylenediaminetetraacetic acid solution: 0.25/0.02%).
Sinomenine hydrochloride was dissolved in phosphate-buff-
ered saline (PBS) as a 100 mM stock solution and then diluted
with the L-15 medium. All experiments were performed using
media containing 1% serum following 24 h of serum starvation.
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This procedure has been effective for the synchronization of
cells in the GO phase in cell cycle studies (22,23).

Cell viability assay. Cell viability was detected using CCK-8.
When 70-80% confluence was reached, SW1116 cells (2x10%)
were cultured in 96-well plates and exposed to various concen-
trations of SIN (1, 2, 4, 8 and 16 mM) for 24, 48 or 72 h. L-15
medium (0 mM) was added to the control wells at the various
treatment times. The CCK-8 solution (10 pl) diluted 1:10 in
FBS-free L-15 (100 pl) was added to each well and incubated
for 3 h at 37°C. The absorbance was measured at 450 nm
using a Bio-Rad 680 microplate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The mean optical density (OD) of
five wells in the indicated groups was used to calculate the
percentage of cell viability as follows: Cell viability (%) =
(OD seamenteroup = ODbrank group) / (OD controt group = ODbtank group) X 100%.
The experiment was performed in triplicate.

Ultrastructure observation. SW1116 cells (4x10°) were
planted in 100-mm? culture dishes and treated with 8 mM
SIN for 48 h. The scratched cells were harvested and washed
twice with ice-cold PBS, centrifuged (200 x g, 4°C, 10 min)
and fixed with ice-cold 2.5% glutaraldehyde for 24 h at 4°C,
washed twice in PBS, postfixed in 1% osmium tetroxide in
0.1 M phosphate buffer for 2-3 h at 4°C, then double-washed
in distilled water. The samples were blocked in warm agar
(50°C), dehydrated in ethanol series (50, 75, 95 and double
100%) and embedded in 618 epoxy resin. Finally, glass knives
were used to obtain ultrathin sections of 90 nm that were
stained with uranyl acetate and lead citrate for observation
under transmission electron microscopy (CM120, Philips,
Amsterdam, The Netherlands).

Flow cytometry analysis for cell cycle distribution. To
synchronize the cell cycle at the GO boundary, SW1116 cells
(4x10%) were planted in 100-mm? culture dishes and treated
with various concentrations of SIN (0, 4, 8, 10 and 16 mM)
for 24,48 or 72 h. Cells were harvested by brief trypsinization
and centrifugation. The cells were washed twice with ice-cold
PBS, centrifuged (200 x g,4°C, 10 min) and fixed with ice-cold
70% ethanol for 4 h. After staining with 50 xg/ml propidium
iodide and 500 pg/ml RNase at room temperature for 30 min,
the cells were subjected to fluorescence-activated cell sorting
with FACScan (Becton Dickinson, Franklin Lakes, NJ, USA)
to analyze the cell cycle.

Analysis of COX-2 protein expression by western blot analysis.
SW1116 cells (4x10°) plated in 100-mm? culture dishes were
treated with various concentrations of SIN (0, 4, 8 and 10 mM)
for 24,48 or 72 h. Proteins were obtained by cell lysis in ice-cold
cell radioimmunoprecipitation assay buffer. Total proteins
in the supernatant were measured using the BCA protein
assay kit (Beyotime). Thirty micrograms of total proteins
from each sample were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The proteins in the
gel were transferred to nitrocellulose membranes and probed
with the COX-2 (D5H5) XP® rabbit monoclonal antibody. The
immunoblots were developed and visualized using an ECL
detection system (Bioshine, Shanghai, China). Each blot was
stripped and reprobed with GAPDH antibody as an internal
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control. The signal was visualized using an ECL detection
system. Western blot analysis of COX-2 protein levels in tumor
tissues from nude mice was performed as described for the
western blot analysis of SW1116 cells.

Analysis of COX-2 mRNA expression by gPCR. SW1116 cells
(4x10%) plated in 100-mm? culture dishes were treated with
various concentrations of SIN (0, 4, 8, 10 mM) for 24, 48 or
72 h. RNA isolation was followed by qPCR to detect COX-2
mRNA. Total RNA was extracted from all cell lines using the
RNeasy kit (Qiagen). Complementary DNA was synthesized
from total RNA using the PrimeScript RT reagent kit (Takara
Biotechnology Co., Ltd.). gPCR measurement of individual
cDNA was performed using SYBR-Green dye to measure the
formation of duplex DNA, and the result was normalized to
the expression of GAPDH. Amplification was performed by
denaturation at 95°C for 30 sec, followed by 40 cycles of 5 sec
at 95°C (melting) and 30-34 sec at 60°C (annealing and elonga-
tion) on an Applied Biosystems 7900HT sequence detection
system (Applied Biosystems, Foster City, CA, USA). The
primers used were as follows: COX-2 upstream primer,
5'-GGAAACTGTGGCGTGATGGCCG-3'; COX-2 down-
stream primer, 5'-GTTGGCAGTGGGGACACGGAAG-3'
(COX-2 product size, 199 bp); GAPDH upstream primer,
5-GCTGGTGGTAGGAATGTTCC-3"; GAPDH downstream
primer, 5-CAGCATCGATGTCACCATAG-3' (GAPDH
product size, 140 bp). The qPCR analysis of COX-2 mRNA in
tumor tissues from nude mice was performed as described for
SW1116 cells.

Tumor xenografts in nude mice. The experimental procedures
were approved by the Animal Care and Use Committee of
Shanghai University of Traditional Chinese Medicine and
conformed to the international standards on the ethical treat-
ment of animals. Balb/c nu/nu mice (male, body mass 16-20 g)
were purchased from Shanghai Super-B&K Laboratory
Animal Co. Ltd. (Shanghai, China). The mice were main-
tained under sterile and pathogen-free conditions in isolated
pathogen-free ventilation chambers at an ambient temperature
of 20-22°C with 45-50% relative humidity. The animal rearing
facility was maintained on a 12-h light-dark cycle. All animals
were given free access to sterilized food and water and were
habituated for 7 days before experimentation.

Mice were randomly assigned to the control and treat-
ment groups. The treatment regimens were as follows (n=8):
control group, intraperitoneal (IP) injection with normal
saline (0.2 ml) once daily (days 0-30); SIN treatment group,
IP injection with various doses of SIN (25, 50 and 100 mg/kg)
once daily (days 0-30); 5-FU group, IP injection with 5-FU
(20 mg/kg) once daily (days 0-14). The cell suspension was
injected subcutaneously into the right thigh of each animal
(at a cell density of 5x10° in 200 ul PBS). The day of tumor
implantation was designated day 0. Tumors became palpable
10 days after the xenograft procedure. Tumor volume was
measured using a digital caliper every 3 days and calculated
as (length x width?) / 2 (24). Mice were monitored for 40 days
following tumor inoculation. The body weight of all animals
was recorded throughout the entire experimental to assess
drug toxicity. Any mortality during the course of the study
was also recorded.
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Immunohistochemical analysis of the expression of cyclin DI,
cyclin E, Cipl/p21 and Kipl/p27 in nude mice xenografts.
All mice were sacrificed by IP injection with an overdose
(35 mg/kg) of pentobarbital followed by cervical dislocation.
Tumor samples were fixed in 10% neutral buffered formalin
for 12 h and processed according to standard procedures.
Tumor sections were incubated overnight with monoclonal
antibodies against cyclin DI, cyclin E, Cipl/p21 or Kipl/p27
at a 1:400 dilution, followed by incubation with a biotinyl-
ated anti-mouse secondary antibody. Then sections were
exposed to streptavidin-conjugated horseradish peroxidase
and 3,3'-diaminobenzidine. Positive controls for each anti-
body were included to confirm the adequacy of staining for
each experiment. The immunohistochemical method and a
computer-assisted image analysis system were used to detect
the expression of cyclin D1, cyclin E, Cipl/p21 and Kipl/p27
in the tumor tissues of nude mice.

Statistical analysis. Statistical analysis of the data was
performed using SPSS version 19.0 (IBM SPSS, Armonk, NY,
USA). Student's t-test was used to compare between the mean
values of two groups. Data from each group were compared by
one-way analysis of variance, followed by the least significant
difference test. Final values are expressed as the means + stan-
dard error of the mean (SEM). P<0.05 was considered to
indicate a statistically significant difference.

Results

Cell viability assays and transmission electron microscopy
analysis of SWII116 cells following SIN treatment. SIN
inhibited SW1116 cell viability in a dose-dependent manner
(Fig. 1). The estimated median effective concentrations (IC50)
of SIN after 24, 48 and 72 h of incubation were 11.75,9.85 and
791 mM, respectively. SIN significantly reduced the viability
of SWI1116 cells at concentrations of 8 and 16 mM (Fig. 1A).
We investigated the morphology of SIN-treated cells using
transmission electron microscopy. Cells treated with 8 mM
SIN for 48 h exhibited a morphology typical of nuclear chro-
matin condensation (Fig. 1C) compared with the control cells
without drug treatment (Fig. 1B).

SIN causes cell cycle arrest in SWI1116 cells. Based on its cell
growth inhibitory effect, the effect of SIN on cell cycle progres-
sion in SW1116 cells was examined by cell cycle distribution
analysis (Fig. 2). Following SIN treatment for 48 h, a signifi-
cant and dose-dependent accumulation of cells was noted in
the G1 phase, with a concomitant decrease in the percentage
of cells in the S phase compared with the control (0 mM SIN;
Fig. 2C). Representative flow cytometry scans of the control
and SW1116 cells treated with 8 mM SIN for 48 h are shown
in Fig. 2A and B. These clearly indicate an increase in the
number of cells in the G1 phase. The effect of SIN treatment
for various incubation times (24, 48 and 72 h) on the cell cycle
response in SW1116 cells was investigated at concentrations of
4 and 10 mM. At a longer treatment time (72 h), G1 arrest was
observed compared with shorter treatment times (24 h; Fig. 2D
and E). These results suggest that cell cycle arrest (predomi-
nantly in G1 phase) induced by SIN underlies its cell growth
inhibitory effect in colorectal cancer cells.
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Table I. Tumor volume (in mm?) of nude mice xenografts (mean + SEM).
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Treatment Day 15 Day 18 Day 21 Day 24 Day 27 Day 30

Control 156.0+29 4 222.1+£66.8 280.1+107.2 311.8+119.8 383.3+145.1 456.9+141.7
SIN (25 mg/kg) 97.8+46.5" 136.2+64.6 204.6+99.9* 2394+111.4* 303.0+172.6 396.6+£227.0
SIN (50 mg/kg) 104.8+48.1* 140.3+57.7° 191.6+65.9* 228.8+80.2* 307.7£149.2 393.4+158.0
SIN (100 mg/kg) 80.6+22.2° 109.2+44 5° 159.8+47.2° 178.3£55.5° 259.7498.5 294.4+129.3
5-FU 56.5+21.4° 63.4+23.6° 72.7£28.1° 104.3+45.8" 132.7£51.4° 149.0+69.1°

SIN, sinomenine; 5-FU, 5-Fluorouracil. *P<0.05, °P<0.01, compared with control.
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Figure 1. (A) Sinomenine (SIN) reduces viability of SW1116 cells. Cells were treated with increasing concentrations of SIN for 24, 48 or 72 h. Cell viability
was determined by CCK-8 assay. The results of three independent experiments are expressed as the percentage of viable cells in the treatment groups with
respect to the percentage in the corresponding vehicle-treated control cells (0 mM SIN). Error bars represent means = SEM. "P<0.05, compared with control.
(B) Morphology of control cells without drug treatment. (C) Cells treated with 8 mM SIN for 48 h exhibit typical morphology of nuclear chromatin condensation.

SIN modulates the expression of COX-2 in SWI1116 cells. To
determine whether the cell growth inhibitory effect of SIN
was correlated with the expression of COX-2, the expression
of COX-2 mRNA and protein in SW1116 cells was analyzed.
SWI116 cells were exposed to the indicated concentrations
of SIN (0, 4, 8 and 10 mM) for 24, 48 and 72 h. As shown
in Fig. 3A and B, COX-2 protein expression significantly
decreased in a time- and dose-dependent manner in cells
treated with SIN. Consistent with the western blot analysis
results, the treatment of SW1116 cells with SIN led to a signifi-
cant decrease in cytoplasmic COX-2 mRNA expression in a
time- and dose-dependent manner (Fig. 3C and D).

Anti-tumorigenic effects of SIN in nude mice xenograft. The
anti-tumorigenic effect of SIN on colon cancer was further
examined in vivo in nude mice xenografts. The tumor growth
inhibition efficacy of SIN was compared with that of the
standard chemotherapeutic drug 5-FU. As shown in Tables I
and II, treatment with SIN (25, 50 and 100 mg/kg) or 5-FU

(10 mg/kg) significantly increased tumor growth inhibition
from day 15 onwards. On the day of sacrifice (day 18), the
group that received a high dose of SIN (100 mg/kg) demon-
strated a tumor suppression rate of 50.8%, approaching that
induced by 5-FU alone (Table II). Along with the extension
of the intervention time, a trend towards an increase in tumor
suppression was observed from days 21-24 onwards.

The body weights of the animals in the control and drug
treatment groups were monitored throughout the experimental
period to asses drug-induced toxicity. SIN was not observed
to cause any significant decrease in the body weight of the
mice from days 0-18; however, a significant reduction in body
weight was observed on day 24 in the animals treated with a
high dose of SIN (Table III).

SIN modulates the expression of COX-2 in nude mice
xenografts. To determine whether the tumor growth inhibi-
tory effect of SIN was correlated with COX-2 expression,
the effect of SIN treatment on COX-2 protein and mRNA
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Figure 2. Sinomenine (SIN) induces cell cycle arrest in human colorectal cancer-derived SW1116 cells. (A-C) Cells were treated with either L-15 alone
(control) or with varying concentrations of SIN (4, 8, 10 and 16 mM) for 48 h. Results are expressed as the percentage + SEM of cells in each phase in three
independent experiments. "P<0.05, “P<0.01, compared with control. (D and E) The distribution of SW1116 cells at various phases of the cell cycle following
SIN treatment (4 and 10 mM) for 24, 48 and 72 h was analyzed by flow cytometry. Results are expressed as the percentage + SEM of cells in each phase in
three independent experiments. "P<0.05, “P<0.01, compared with corresponding 24 h group.
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Figure 3. Effects of sinomenine (SIN) on cyclooxygenase (COX)-2 protein and mRNA expression in SW1116 cells. SW1116 cells were treated with varying
concentrations of SIN (0,4, 8 and 10 mM) for 48 h (A and C). SW1116 cells were also treated with SIN (8 mM) for 24,48 and 72 h. COX-2 protein and mRNA
expression was examined by western blot analysis (A and B) and quantitative polymerase chain reaction analysis (C and D). The quantification of COX-2
protein and mRNA expression was normalized to GAPDH levels. Error bars represent means = SEM. "P<0.05, “P<0.01, compared with corresponding
control or 24 h group.
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Table II. Changes in tumor inhibitory rate in the four treatment groups.

Tumor inhibitory rate (%)

Treatment Day 15 Day 18 Day 21 Day 24 Day 27 Day 30
SIN (25 mg/kg) 373 38.7 27.0 232 209 132
SIN (50 mg/kg) 32.8 36.8 31.6 26.6 19.7 139
SIN (100 mg/kg) 48.3 50.8 429 428 322 35.6
5-fluorouracil 63.8 71.5 74.0 66.5 66.4 674
SIN, sinomenine.
Table III. Changes in body weight and mortality rate of nude mice with SW1116 xenografts (n=8 per group).

Change in body weight
Treatment Day 0 Day 6 Day 12 Day 18 Day 24 Day 30 Mortality
Control 18.6£0.8 19.0+£0.7 20.3+1.0 20.9+1.5 21.5+14 21.9+14 1
SIN (25 mg/kg) 19.2+0.8 19.1+1.1 19.9+0.9 20.3£1.0 21.5+1.2 22.1+1.3 0
SIN (50 mg/kg) 19.6£1.0 19.8+1.2 19429 21.5+1.3 21.8+14 20.9+2.6 1
SIN (100 mg/kg) 17.9+1.1 18.0+1.2 18.7+1.2 18.8+1.7 19.5+2.2* 18.2+4.0° 2
5-fluorouracil 17.7£1.0 18.1+1.1 18.4£1.7° 19.1£3.0 21.4+1.5 22.2+13 0

SIN, sinomenine. *P<0.05, "P<0.01.

levels was evaluated by western blot analysis and qPCR. As
shown in Fig. 4A and B, daily IP injections of SIN at doses
of 50 and 100 mg/kg/d administered to nude mice resulted
in dose-dependent decreases in COX-2 protein expres-
sion compared with the control group. Similar results were
observed for COX-2 mRNA expression in the treatment group
compared with the control group (Fig. 4C).

SIN modulates the expressionof cyclin DI, cyclin E, Cipl/p21 and
Kipl/p27 in nude mice xenografts. As SIN induced notable cell
cycle arrest in the G1 phase in SW1116 cells, we next evaluated
the in vivo effect of SIN treatment on cell cycle regulators of the
Gl phase. Cyclin D1, Cyclin E, Cipl/p21 and Kipl/p27 expres-
sion was immunohistochemically analyzed in tumor samples.
Qualitative microscopic examination of Cipl/p21-stained
tumor sections revealed an increase in Cipl/p21-positive cells
in tumors from SIN-treated (100 mg/kg) mice compared with
tumors from the control group (Fig. 5A). Immunohistochemical
analysis of cyclin DI and cyclin E protein expression in tumor
sections revealed a significant decrease (P<0.001) in cyclin D1
and cyclin E immunoreactivity in tumors from SIN-treated
mice (Fig. 5C and D). There was no significant difference in the
intensity of Kipl/p27-positive staining between tumors from the
SIN treatment (100 mg/kg) and control group (Fig. 5B).

Discussion
The primary aim of the present study was to evaluate the

anticancer effects and associated mechanisms of SIN in
human colorectal cancer-derived SW1116 cells in vitro and

to translate the in vitro findings in an in vivo preclinical
model. SW1116 cell culture studies revealed that SIN strongly
inhibited SW1116 cell growth in a time- and dose-dependent
manner. The growth inhibitory effect was particularly notable
in cells treated with a mid-dose and high dose of SIN (8 and
16 mM). However, the accumulation of cells in the G1 phase
decreased as the treatment dose of SIN increased to 16 mM. It
was inferred that cell cycle arrest might not be the only mecha-
nism, and that other factor may also be involved.

Based on the promising in vitro anticancer effects of SIN
against SW1116 cells, its efficacy was examined in a preclinical
animal model by ectopic implantation of SW1116 xenografts
in athymic nude mice, which revealed an anti-tumorigenic
effect of SIN. The tumor growth inhibition efficacy of SIN
was compared with that of the standard chemotherapeutic drug
5-FU. Treatment with SIN (25, 50 and 100 mg/kg) significantly
increased the tumor inhibition rate from day 15 onwards. On
day 18, treatment with high doses of SIN (100 mg/kg) resulted
in tumor suppression of 50.8%, approaching that induced by
5-FU alone. However, with increasing treatment time, the tumor
inhibition rate tended to decrease. We also monitored the body
weight of animals throughout the experimental period to assess
drug-induced toxicity, which revealed a significant reduction on
day 24 in the body weight of animals treated with a high dose of
SIN. Based on these results, we inferred that daily IP injection
of SIN inhibits the growth of SW1116 tumor xenografts, but that
long-term treatment with high-dose SIN (100 mg/kg) should be
carefully investigated and considered.

Previous studies have implicated COX-2 in oncogenesis
in a number of cancers (25-27), and have demonstrated
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Figure 4. Effects of sinomenine (SIN) on cyclooxygenase (COX)-2 protein and mRNA expression in nude mice xenografts. (A-B) Western blot analysis of the
effect of intraperitoneal injection of SIN on COX-2 protein expression; (C) Quantitative polmerase chain reaction analysis of the effect of intraperitoneal injec-
tion of SIN on COX-2 mRNA. Quantification of COX-2 protein and mRNA expression was normalized to GAPDH levels. Error bars represent means + SEM.
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Figure 5. Immunohistochemical analysis of cyclin D1, cyclin E, Cipl/p21 and Kipl/p27 expression in tumor xenografts collected at the end of the study.
(A) Increased Cipl/p21-positive immunostaining was observed in tumors from sinomenine (SIN)-treated mice compared with the controls (P<0.001). (B) No
significant difference in the intensity of Kipl/p27-positive staining was observed between tumors from the SIN treatment (100 mg/kg) and control group
(P=0.055). (C) The immunostaining intensity of cyclin D1-positive cells was lower in tumors from the SIN-treated mice compared with tumors from control
mice (P<0.001). (D) The immunostaining intensity of cyclin E-positive cells was lower in tumors from SIN-treated mice compared with tumors from the
control mice (P=0.001). All immunohistochemical data are presented as the means + SEM of three samples for each group. Significant differences between

the control and SIN-treated (100 mg/kg) groups were calculated by t-test.

that COX-2 inhibitors are effective in the prevention of the
development of tumors, including colon cancer. Increased
expression of COX-2 is most likely associated with a poor
prognosis (28). We demonstrated that SIN inhibits COX-2
expression in SW1116 cells and nude mice xenografts. We
thus inferred that COX-2 inhibition may be a significant
antitumor mechanism and that COX-2 may be a key target of
the drug activity of SIN.

Studies in SW1116 cell culture revealed that SIN may inhibit
cell growth via cell cycle arrest, specifically in G1 phase. We
next evaluated the effect of SIN treatment on G1 phase cell
cycle regulators, including cyclin DI, cyclin E, Cipl/p21 and
Kipl/p27. Cell cycle regulation requires the periodic formation,
activation and inactivation of unique protein kinase complexes
composed of cyclin (regulatory) and cyclin-dependent kinase
(CDK; catalytic) subunits (29). The association of cyclin D1 and
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CDK4, cyclin E and cdk?2 result in rubidium phosphorylation in
the GO/G1 and G1/S phase transitions of the cell cycle (30-32).
The cdk inhibitors Cipl/p21 and Kipl/p27 have been proposed
to exert redundant functions in cell cycle progression (33-36).
Cyclin levels are strictly controlled by precise synthesis and
degradation at the appropriate time points during cell cycle
progression (37). Immunohistochemical analysis revealed an
increase in Cipl/p21 expression and a decrease in cyclin D1 and
cyclin E expression, suggesting an effect of SIN on cell cycle
arrest in vivo. Abnormal accumulation of cyclin E, cyclin D1
and Cipl/p21 could in turn prevent SW1116 cells from entering
the mitotic phase, which might cause a delay in subsequent cell
cycle progression. Taken together, the present data demonstrate
that SIN has a significant antitumor effect in vivo, and that these
molecular alterations by SIN may lead to cell cycle arrest.

In summary, we have demonstrated that SIN inhibits
human colon cancer cell growth in vitro and in vivo via COX-2
inhibition and cell cycle arrest in G1 phase. In contrast to
standard chemotherapy with cytotoxic drugs, mid/low doses
(25 and 50 mg/kg) of this herbal molecule induce antitumor
effects with reduced toxicity. These results suggest the poten-
tial of SIN for development as an alternative treatment option
or adjuvant chemotherapeutic agent in colon cancer therapy.
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