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Abstract. Pancreatic cancer is one of the most frequently
occurring malignancies worldwide and it is the fourth most
common cause of cancer-associated mortality in Western
countries. Thalidomide (THD) plays an important role in
tumor therapy, as it is able to promote early stage apop-
tosis and inhibit the process of angiogenesis. The present
study evaluated the ability of the combination of THD and
gemcitabine (GEM) to inhibit the growth of the pancreatic
cancer SW-1990 cell line in vitro and in vivo. Early apoptosis
in the SW-1990 cells was detected by the Annexin V/prop-
idium iodide double staining method, the level of B-cell
Ilymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax)
were detected by reverse transcription-polymerase chain
reaction (RT-PCR) and western blot analysis. In addi-
tion, the expression of vascular endothelial growth factor
in transplanted tumor tissue was measured by RT-PCR,
immunohistochemistry and western blot analysis. Cluster
of differentiation 34 positivity was considered to indicate
the microvessel density. Subsequent to treatment with THD
and GEM alone or in combination, it was found that the
expression of Bax was upregulated, while the expression of
Bcl-2 was downregulated, and the growth of SW-1990 cells
and transplanted tumors in nude mice was evidently inhib-
ited. The administration of THD in combination with GEM
may demonstrate a potent antitumor effect that increases with
increasing dose. The mechanism behind the antitumor effect
may be associated with the inhibition of tumor angiogenesis
and induction of the apoptosis pathway.
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Introduction

Pancreatic cancer is one of the most common malignancies
and the fourth leading cause of cancer-associated mortality
in the USA (1). During previous decades, the diagnosis and
treatment of pancreatic adenocarcinoma has been notably
improved. However, pancreatic cancer continues to possess
the poorest prognosis of any human cancer. Overall, >85%
of patients have lost the opportunity for surgical interven-
tion at the time of diagnosis, and therefore, chemotherapy is
important in the treatment of advanced pancreatic cancer (2).
Gemcitabine (GEM) is the conventional chemotherapeutic
drug used in the treatment of pancreatic cancer. Unfortunately,
the therapeutic effect of GEM is poor (3.4). Therefore, a novel
treatment strategy that is able to enhance the anti-tumor effect
of GEM is urgently required.

a-N-phthalimidoglutarimide, also known as thalidomide
(THD), was introduced in the 1950s as an antiemetic and
sedative in Europe. However, the drug was rapidly banned
due to teratogenic effects (5). In 1994, THD was found to
be an antiangiogenic agent (6). Subsequently, it was revealed
in 1999 that THD can be used in the treatment of multiple
myeloma (7). In the following years, a large number of
studies revealed that THD exerted an antitumor effect
in several types of cancer, including prostate, colorectal,
non-small-cell lung and breast cancer, and renal cell carci-
noma (8-12). The invasion and metastasis of tumors depends
on the process of angiogenesis, and THD may be able to
inhibit the growth of tumor tissue by preventing the develop-
ment of the necessary blood vessels. In addition, THD may
promote early-stage apoptosis and inhibit the proliferation of
carcinoma cells (13,14). However, the antitumor mechanism
of THD has yet to be elucidated.

B-cell lymphoma 2 (Bcl-2), is an anti-apoptotic protein,
which protects against cell death; by contrast, Bcl-2-associ-
ated X protein (Bax) exhibits the opposite effect, promoting cell
death. Vascular endothelial growth factor (VEGF) has also been
demonstrated to be a significant indicator of tumor angiogenesis.

The aim of the present study was to investigate the effect
and mechanism of THD in combination with GEM on the
human pancreatic carcinoma SW-1990 cell line in vitro and
in vivo by monitoring levels of Bcl-2, Bax and VEGF.
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Materials and methods

Cell lines and cell culture. The human pancreatic carci-
noma SW-1990 cell line was provided by the Department of
Gastroenterology at the Changhai Hospital of The Second
Military Medical University (Shanghai, China). The cells
were grown in 75 cm? cell culture flasks and maintained in
RPMI-1640 medium (Gibco Life Technologies, Carlsbad, CA,
USA) supplemented with 10% heat-inactivated fetal bovine
serum (Gibco Life Technologies), 100 units/ml penicillin and
100 pg/ml streptomycin at 37°C in a humidified atmosphere of
95% air and 5% CO,.

Cell counting kit (CCK)-8 assay. The SW-1990 cells were
trypsinized with 0.05% trypsin when 80% confluency was
achieved. The cells were then plated into 96-well plates,
with 100 Il medium per well, and cultured overnight in
RPMI-1640 medium. THD (0-200 ug/ml; Calbiochem,
San Diego, CA, USA) was added to the cells, with six repli-
cates being performed for each concentration. After 24, 48 or
72 h incubation, the cell viability was determined using a
CCK-8 assay (Peptide Institute, Inc., Osaka, Osaka, Japan),
and the survival and inhibition rates of the cells were calcu-
lated. In the combined treatment condition, 50 yg/ml THD
and 20 ymol/l GEM were tested alone or in combination for
their ability to inhibit the proliferation of the SW-1990 cell line
using the aforementioned method.

Annexin Vipropidium iodide (PI) assay. The SW-1990 cells
were seeded into six-well plates, and treated with normal
saline and THD at various concentrations (0, 25, 50, 100, 150,
and 200 pg/ml). The cells were collected 48 h later and washed
twice using cold phosphate-buffered saline (PBS). The cells
were then trypsinized and stained using an Annexin V/PI
double staining solution (Sigma-Aldrich, St. Louis, MO, USA)
at room temperature. After 15 min, the Annexin V/PI stained
cells were analyzed by flow cytometry using the ModFitLT
software (Verity Software House, Topsham, ME, USA), and
the percentage of apoptotic and necrotic cells was calculated.
In the combined treatment investigation, the cells were treated
with 50 pg/ml THD, 20 gmol/l GEM or 50 ug/ml THD and
20 pmol/l GEM in combination. The analysis of cell death was
performed by flow cytometry, as previously described (15).

Animals. Female athymic Balb/c nu/nu mice aged 4-6 weeks
and weighing 15-16 g were obtained from Shanghai Labora-
tory Animal Center (Chinese Academy of Sciences, Shanghai,
China). The mice were housed in a laminar airflow cabinet
under specific pathogen-free conditions and were allowed free
access to sterilized water and standard pellet food. The protocol
for the in vivo study was in accordance with the guidelines
of animal care and was approved by the Soochow University
Animal Experiments Committee (Suzhou, Jiangsu, China) (16).

Nude mouse xenograft assay. For the nude mice xenograft
assay, the SW-1990 cells were trypsinized and resuspended in
serum-free RPMI-1640 at a concentration of 1x107 cells/ml.
The cell suspension was then subcutaneously injected into
the right anterior armpit of nude mice to generate a primary
transplanted tumor. The mice were divided into four groups:
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Normal saline (NS)-treated control group; melatonin-treated
group; GEM-treated group; and the combined treatment
group. There were five mice per group. When the size of the
tumor xenograft reached ~5 mm in diameter, the mice were
administered with 200 mg/kg THD, 50 mg/kg gemcitabine
or the combined treatment, comprising 200 mg/kg THD and
50 mg/kg GEM, through injections provided every other day.
Four weeks later, the nude mice were sacrificed and the tumors
were measured and weighed. The tumor volume (cm?®) was
calculated as follows: 47/3 x (width/2)* x (length/2)

Semi-quantitative RT-PCR assay. Total RNA were extracted
from the SW-1990 cells and tumor tissues using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and quantitated
by absorbance analysis performed at 260 nm, according to
the manufacturer's instructions. The first-strand cDNA was
synthesized in 20 pl reaction reagent with 2,000 ng total RNA,
using the Omniscript RT kit (Qiagen, Hilden, Germany).
The PCR reactions were performed over 45 cycles. Each
cycle was performed using the following cycling conditions:
Denaturation for 40 sec at 95°C; annealing for 40 sec at 59°C;
and polymerization for 38 sec at 72°C. The primers used
for the detection of Bcl-2, Bax and VEGF mRNA were as
follows: Bcl-2 forward, 5'-CAGCTGCACCTGACGCCCTT-3'
and reverse, 5'-GCCTCCGTTATCCTG GATCC-3'"; Bax
forward, 5'-GCGTCCACCAAGAAGCTGA-3' and reverse,
5'-ACCACCCTGGTCTTGGATCC-3"; VEGF forward,
5'-GGACAGACAGACAGACACCG-3' and reverse,
5'-GCACCCAAGACAGCAGAAAG-3'; and p-actin forward,
5-AGCGGGAAATCGTGCGTG-3' and reverse, 5'-CAGGGT
ACATGGTGGTGCC-3".

Western blot assay. The sample proteins were separated on
8-12% SDS-PAGE and then electroblotted onto nitrocellulose
membranes (GenScript USA Inc., Piscataway, NJ, USA). The
membranes were blocked with 0.1% Tween-20 (Wuhan Boster
Biological Technology, Ltd., Wuhan, China) in PBS (PBST)
containing 5% fresh milk at room temperature for 60 min.
Firstly, the membranes were incubated at 4°C overnight with
the primary mouse monoclonal antibodies against VEGF,
Bcl-2 and Bax (catalog nos. sc-152, sc-56018 and sc-7480,
respectively; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). The membranes were then washed with PBST three
times and incubated with the appropriate horseradish perox-
idase-conjugated secondary antibody at room temperature for
45 min. Finally, the membranes were washed with PBST three
times and visualized using an enhanced chemiluminescence
detection system (Beyotime, Jiangsu, China).

Immunohistochemistry assay. The tumor tissues were fixed
in formalin and embedded in paraffin prior to being sectioned
into 4-um thick slices for immunohistochemical staining.
Subsequent to deparaffinization, the sections were incubated
with the antibodies against VEGF, Bcl-2 and Bax (Santa Cruz
Biotechnology, Inc.) at 4°C overnight. The primary antibody
was then removed and the slices were washed with PBST
three times. Subsequently, the appropriate biotinylated goat
polyclonal secondary antibody was added and incubated at
room temperature for 60 min. The slides were then washed
with PBST three times, incubated in diaminobenzidine
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Figure 1. The inhibitory effect of THD on the growth of the pancreatic cancer SW-1990 cell line in vitro. (A) The SW-1990 cells were incubated with
increasing concentrations of THD, ranging between 0 and 200 pyg/ml, for 0, 24, 48 and 72 h. The cell counting kit 8 assay was then used to analyze the cell
viability. (B) The growth inhibition exerted on SW-1990 cells by the treatments was calculated and the data are presented as the mean + standard error.
(C) The percentage of apoptotic and necrotic SW-1990 cells was analyzed using an Annexin V/propidium iodide assay. (D) Subsequent to treatment with the
indicated concentrations of THD, the SW-1990 cells were harvested and the mRNA levels of Bcl-2 and Bax were analyzed by reverse transcription-polymerase
chain reaction. (E) The expression of the Bcl-2 and Bax proteins in the SW-1990 cells was determined by western blotting. THD. thalidomide; Bcl-2, B-cell

lymphoma 2; Bax, Bcl-2-associated X protein; Con, control.

solution for 10 min and counterstained with hematoxylin
for 1 min. Finally, the images were captured using a light
microscope (magnification, x200; Olympus CKX41-A32RC;
Olympus, Tokyo, Japan). Immunohistochemical analysis of
CD34 was used to calculate the microvessel density (MVD)
of the tumor xenograft.

Statistical analysis. The data were expressed as the
mean + standard error and analyzed using SPSS software,
version 18.0 (SPSS Inc., Chicago, IL, USA). Statistical analysis
was performed using one-way analysis of variance (ANOVA),
and the Student-Newman-Keuls test was performed as a
post-hoc test subsequent to ANOVA. The Kruskal-Wallis
test was used to evaluate the differences of categorical values
followed by the Mann-Whitney U test, which was performed
as a post-hoc test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Effect of THD on the growth of SW-1990 cells. The
SW-1990 cells were treated with various concentrations

(0-200 pg/ml) of THD for 24 h, 48 h and 72 h. The survival
and growth inhibition rates of SW-1990 cells were determined
using the CCK-8 kit assay. It was found that the prolif-
eration and survival of the cells was inhibited in a dose- and
time-dependent manner (Fig. 1A and B). SW-1990 cell death
was measured using an Annexin V/PI assay. The levels of
apoptosis and necrosis in the cells cultured with THD for
48 h were found to be increased in a dose-dependent manner
compared with the control group (Fig. 1C; Table I). In addition,
48 h after THD incubation, RT-PCR and western blot analysis
revealed that the expression of Bcl-2 was downregulated,
while the expression of Bax was upregulated (Fig. 1D and E).

Effect of THD and GEM combined treatment on the growth
of SW-1990 cells. The SW-1990 cells were treated with THD,
GEM or a combination of the two. Firstly, the CCK-8 assay
revealed that THD and GEM were each able to inhibit the
proliferation and survival of SW-1990 cells. Furthermore,
combined inhibition of THD and GEM demonstrated a
marked increase in the suppression of cell proliferation
compared with the inhibition demonstrated by THD or GEM
alone (Fig. 2A and B). In addition, the Annexin V/PI assay
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Figure 2. Inhibitory effect of THD combined with GEM on the growth of the pancreatic cancer SW-1990 cell line in vitro. (A) The SW-1990 cells were incu-
bated with 50 yg/ml THD, 20 mol/l GEM or a combination of the two for 0,24,48 and 72 h. A counting cell kit 8 assay was then used to analyze the viability
of the cells. (B) The growth inhibition exerted on SW-1990 cells was calculated and the data are presented as the mean + standard error. (C) The percentage of
apoptotic and necrotic SW-1990 cells was analyzed using an Annexin V/propidium iodide assay. (D) Subsequent to treatment with the indicated concentrations
of 50 ug/ml THD, 20 mol/l GEM or a combination of the two, the SW-1990 cells were harvested and the levels of Bcl-2 and Bax mRNA were analyzed by
reverse transcription-polymerase chain reaction. (E) The expression of the Bcl-2 and Bax proteins in the SW-1990 cells was determined by western blotting.
THD, thalidomide; GEM, gemcitabine; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; Con, control.

detected an increased number of apoptotic and necrotic cells in
the THD- or GEM-treated groups compared with the control
group, and treatment with a combination of THD and GEM
demonstrated an increased ability to promote apoptosis and
necrosis compared with the administration of either of the two
drugs alone (Fig. 2C; Table IT). In addition, although the mRNA
and protein expression of Bcl-2 were each downregulated
in the cells treated with THD or GEM alone, a significantly
greater decrease of Bcl-2 expression was observed in the cells
treated with combined treatment. Additionally, it was found
that the level of Bax expression was significantly upregulated
in the combined treatment group compared with the groups
treated with THD or GEM alone (Fig. 2D and E).

Effect of THD on the growth of tumor xenograft in nude mice.
All nude mice survived for the duration of the treatment, and
the doses of THD and GEM administered resulted in no detect-
able toxic side-effects on the nude mice, including changes in
body weight. The volumes and weights of tumor tissue were
measured subsequent to the mice being sacrificed. Compared
with the NS-treated control, the tumor xenograft treated with
THD, GEM or combined treatment was significantly decreased
in size. In addition, there was a significant decrease in the

tumor volume and weight in the combined treatment group
throughout the whole observation period, compared with
the other groups (Fig. 3A-C). The change in Bcl-2 and Bax
expression was similar to the results of the in vitro study. The
combined treatment group, in particular,demonstrated a signif-
icant difference in the expression of Bcl-2 and Bax compared
with the other groups (Fig. 3D and E). Additionally, the level of
VEGF mRNA and protein was downregulated, in addition to
the reduction in the MVD in the tumor tissues (Fig. 4).

Discussion

Previous studies have reported that THD is able to inhibit
the growth of several cancer cell lines and xenograft
tumors (17,18). However, the precise anti-tumor mechanism of
THD is not fully understood. At present, a number of studies
have demonstrated that the main source of the therapeutic
effect of THD on tumors is associated with the following
two properties of THD. THD is able to not only suppress the
proliferation and migration of tumor cells, but also induces an
increase in the number of apoptotic and necrotic cells. In addi-
tion, THD may possess anti-angiogenic function that allows
for the inhibition of vascular formation and growth of tumor
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Table I. Effect of thalidomide on viability of SW-1990 cells in vitro (Annexin V/PI assay).

Thalidomide concentration, pg/ml
Form of cell death 0 50 100 200
Apoptosis 2.57+0.73 8.77+1.30° 18.53+1.95* 29.43+3.75*
Necrosis 0.36+0.29 1.05+0.46 1.70£0.73* 13.04+1.52*

Data were shown as mean + SE. “P<0.05, NS-treated control cells.
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Figure 3. Inhibitory effect of combined treatment with THD and GEM on the growth of the pancreatic cancer SW-1990 cell line in vivo. (A) Gross morphology
of xenografts in nude mice on the 28th day of treatment. (B) Changes in the volume of the xenograft in nude mice subsequent to treatment with THD and
GEM. Compared with the NS-treated control, treatment with THD, GEM and a combination of the two demonstrated a significantly increased inhibition
of tumor growth. (C) Four weeks after treatment with THD, GEM and the combination of the two, the tumor weights were evidently decreased compared
with the NS-treated control treatment. The data are expressed as the mean + standard error. (D) Subsequent to treatment with the indicated concentrations
of 200 mg/kg THD, 50 mg/kg gemcitabine and combined treatment, the mRNA levels of Bcl-2, Bax and VEGF in nude mice xenografts were analyzed by
reverse transcription-polymerase chain reaction. (E) The expression of the Bcl-2, Bax and VEGF proteins in nude mice xenografts was determined by western
blotting. "P<0.05 vs. NS-treated mice. THD. thalidomide; GEM, gemcitabine; Bcl-2, B-cell lymphoma 2; Bax, Bel-2-associated X protein; VEGF, vascular

endothelial growth factor.

tissues (19,20). The present study aimed to examine the effect
of THD on the apoptosis and necrosis of the pancreatic carci-
noma SW-1990 cell line, in addition to the anti-angiogenic
effect exerted on a tumor xenograft in a nude mouse model.
According to the results of the experiment, the mechanism
behind the THD-mediated induction of apoptosis and necrosis
in tumor cells may be associated with changes in the expres-
sion of Bcl-2 and Bax. Additionally, THD may block the
neovascularization process in tumor xenograft tumors through
a decrease in the expression of VEGF mRNA and protein, in
addition to reducing the MVD.

Several studies have suggested that pro-apoptosis proteins
play amajorrole in tumor formation and treatment response (21).

The members of the Bcl-2 family, including Bcl-2 and Bax, are
important regulators of apoptosis and anti-apoptotic processes.
Bcl-2 protects against cell death and possesses anti-apoptotic
characteristics. By contrast, Bax demonstrates the opposite
effect and promotes cell death. Therefore, the Bax/Bcl-2 ratio
is crucial to the apoptosis signaling pathway (22). In the
present study, THD has been revealed to induce apoptosis and
necrosis in SW-1990 cells through a decrease in the level of
Bcl-2. However, the associated signaling pathways of necrosis
require additional elucidation. Notably, Sung et al found that the
upregulation of Bcl-2 was inversely correlated with necrosis in
pancreatic acinar cells in experimental pancreatitis (23). Also,
Bcl-2 has been reported to demonstrate anti-necrotic functions
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Table II. Effect of thalidomide combined with gemcitabine on the viability of SW1990 cells in vitro.

Treatment group

50 pg/ml thalidomide
Form of cell death Control 50 ug/ml thalidomide 20 pmol/l gemcitabine + 20 pmol/l gemcitabine
Apoptosis 2.75+1.32 10.88+2.97* 29.79+4.10* 40.02+4 .65*
Necrosis 1.44+0.74 2.51+1.32° 1598+3.21* 17.69+3.37*

Data are expressed as the mean + standard error. ‘P<0.05 vs. normal saline-treated control cells.

A--

Control

GEM

THD

THD+GEM

Figure 4. Antiangiogenic effect of the administration of 200 mg/kg THD combined with 50 mg/kg GEM on a nude mouse xenograft model, evaluated by
immunohistochemical analysis. (A) Immunohistochemical expression of vascular endothelial growth factor in paraffin sections that were probed and stained
with the appropriate antibody and analyzed under light microscopy. Magnification, x200. (B) Immunohistochemical detection of the expression of cluster of
differentiation 34. Magnification, x200. THD, thalidomide; GEM, gemcitabine.

in other cell types. Barbu et al revealed that the increased
expression of Bcl-2 is able to prevent cytokine-induced apop-
tosis and necrosis of (3-cells in the pancreas by counteracting
mitochondrial permeability transition (24). These achievements
indicated that Bcl-2 may be an important factor in the process
of necrosis in cells and tissues. Additionally, the present find-
ings are similar to the aforementioned results and suggest that
the pro-necrotic effect of THD may be another mechanism for

the inhibition of the growth of pancreatic cancer cells, in addi-
tion to the induction of apoptosis.

Angiogenesis is essential to the growth of any solid tumor.
Antiangiogenic therapy can inhibit tumor progression indi-
rectly through the suppressive functions of vascular formation,
and result in tumor necrosis and shrinkage. THD was consid-
ered to be an angiogenesis inhibitor and used in the treatment
of multiple myeloma in 1999. Subsequently, numerous studies
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demonstrated that THD possessed the ability to downregulate
the VEGF concentration in several types of cancer (6,25).
VEGF is one of the most important indicators of tumor
angiogenesis and may become a major target in the treatment
strategy for pancreatic cancer. MVD is another important
regulator of tumor angiogenesis in histological specimens
and tumor models. Certain studies hypothesize that MVD
may be an independent parameter for identifying the response
to antiangiogenic treatment and is inversely associated with
cancer survival (26,27). The results of the present study, which
revealed significantly lower VEGF expression and MVD in
the carcinoma xenograft tumors treated with THD, support
these aforementioned theories.

Only 14-20% of all patients with pancreatic cancer can be
treated with radical surgical intervention at the time of diag-
nosis. Therefore, chemotherapy is important for the treatment
of advanced cancer. GEM, a cytotoxic nucleoside analog, is the
most commonly used antitumor drug for pancreatic cancer (3).
Nevertheless, a previous study has revealed that the curative
efficacy of GEM monotherapy is poor, resulting in the overall
response rate of 5.0-11.0% and the median survival dura-
tion of 5.7-6.3 months (28). In order to improve therapeutic
efficacy of unresectable pancreatic cancer, numerous clinical
studies have investigated GEM-based combination regimens,
but the outcomes are poor. A variety of randomized phase 111
trials have revealed that combination therapies, including
the administration of gemcitabine with other agents, such
as cisplatin, capecitabine or exatecan, failed to demonstrate
any improvement at a statistically significant level (29-31).
Furthermore, certain authors have indicated that combination
treatments may be more toxic and less well tolerated compared
with the administration of GEM alone (32). As demonstrated
in the present study, THD and GEM each exert an antitumor
effect on pancreatic cancer cells in vitro and in vivo. In addi-
tion, the inhibitive effect is dramatically increased subsequent
to a four-week treatment with GEM and THD compared with
monotherapy. Considering that there is no marked difference
between the body weights of nude mice in the NS-treated,
THD-treated, GEM-treated and combination treatment
groups, the dose applied demonstrated no detectable toxic
side-effects in the mice. Thus, THD may be used in the treat-
ment of advanced pancreatic cancer as an adjuvant agent.

In summary, THD was able inhibit the growth of pancre-
atic cancer and was associated with the induction of tumor cell
apoptosis and necrosis, as well as inhibition of tumor angio-
genesis. By contrast, combined administration of THD and
GEM demonstrated significantly greater therapeutic efficacy
that treatment with each of the agents alone. These findings
may provide an alternative therapeutic option for the treatment
of pancreatic cancer.
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