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Maslinic acid potentiates the antitumor activities of gemcitabine
in vitro and in vivo by inhibiting NF-kB-mediated
survival signaling pathways in human gallbladder cancer cells
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Abstract. Gemcitabine (GEM) is one of the first-line drugs
in the treatment of gallbladder cancer (GBC), although the
therapeutic effect is not sustained due to resistance to the
drug over time. Maslinic acid (MA) has been shown to inhibit
transcription factor nuclear factor-«B (NF-«kB), resulting in the
suppression of survival signaling. The authors of the present
study investigated whether MA enhanced the antitumor
activity of GEM in GBC. Anti-proliferative effects of MA,
GEM and MA + GEM were assessed using the MTT assay.
Apoptosis was assessed using Annexin V and by western blot
analysis of various mediators of apoptosis. Xenograft tumors
of EH-GB2 GBC cells were established in athymic nude mice
and were monitored following treatment with MA, GEM
and MA + GEM. Immunohistochemistry of the tumors was
used to examine various survival proteins. MA inhibited the
in vitro proliferation of various GBC cell lines and potentiated
the apoptosis and cell invasion inhibition induced by GEM.
Western blot analysis showed that the combination of MA and
GEM inhibited constitutive NF-xB activation and NF-«xB-
regulated gene products, including cyclin D1, Bcl-2, Bax,
MMP-2 and MMP-9, to a greater extent. In vivo, the group that
was treated with MA + GEM showed significant reductions in
tumor volume and a decreased expression of NF-kB-regulated
gene products. In conclusion, the results suggest that MA
potentiates the antitumor effects of GEM in human GBC cell
lines by suppressing the activation of NF-«B and its dowstream
gene products, which are involved in survival signaling.
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Introduction

Gallbladder cancer (GBC) is the most common cancer of the
bile duct system and is the fifth most lethal cancer of the diges-
tive system (1). The incidence of GBC in China, Thailand,
Chile and Northern India is higher when compared with the
United States and European countries (2). At present, radical
surgical resection is the most effective treatment of GBC.
However, for the majority of patients, surgery is not curative
because of late detection and/or early, regional or distant
metastasis. Additionally, few patients experience complete
responses to chemotherapy, mainly due to chemoresistance.
Thus, identifying novel approaches to enhance the antitumor
effects of chemotherapeutic drugs and reduce chemoresistance
are imperative.

Maslinic acid (MA), a pentacyclic triterpene acid, is widely
present in dietary plants, especially in olive fruit skins and
hawthorn berries (3). The compound has attracted much interest
due to its proven pharmacological safety and its many biological
activities, including anticancer such as anti-inflammation (2),
anti-viral (4,5), anti-oxidation (6), anti-diabetogenic (7), anti-
colonic cancer (8,9) and anti-astrocytoma (10) activities. MA
has been shown to potentiate the anticancer activity of TNF-a
in pancreatic cancer cells through the inhibition of nuclear
factor-kB (NF-«xB) survival signaling pathways (11).

NF-«B is a transcriptional activator that has been exten-
sively studied for its role in controlling the expression of genes
involved in immune and inflammatory processes. The clas-
sical form of NF-«B is a ubiquitous heterodimeric complex
composed predominantly of IKKa/p and p65 subunits (12).
In non-stimulated cells, NF-kB exists in an inactive form
in the cytoplasm bound to an inhibitor, IxBa. Aberrant or
constitutive activation of NF-kB has been shown to stimulate
cell growth and inhibit apoptosis in many human malignan-
cies (13). The constitutive activation of NF-xB widely exists
in many tumor types and may play a role in oncogenesis by
stimulating cell growth, inhibiting apoptosis and promoting
invasion (14,15). Evidence suggests that NF-xB may also be
involved in tumor cell resistance to cancer chemotherapy and
radiation (16). NF-«xB can be activated in response to treatment
with anticancer drugs through a variety of mechanisms. For
example, in HeLa cells, the topoisomerase I inhibitor SN38
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and the topoisomerase II inhibitor doxorubicin induce NF-kB
nuclear translocation and activation of NF-«kB target genes
directly through mobilization and stimulation of the IKK
complex, leading to increased cell survival (17). The activation
of NF-«B also leads to the transcription of genes that regulate
cell growth, apoptosis, and invasion. Cyclin D1, Bcl-2, Bax,
MMP-2 and MMP-9 are among the genes that are transcrip-
tionally regulated by NF-xB (18).

Gemcitabine (GEM) is one of the few chemotherapeutic
drugs used in the treatment of advanced and metastatic bile
duct cancer and GBC (19,20). However, GEM has been shown
to induce chemoresistance in many types of cancer, including
pancreatic (21), lung (22), ovarian (23), bladder (24) and biliary
cancer (25).

It has been reported that MA significantly potentiates the
antitumor activities of antitumor agents (11,26). In this study,
we investigated the effects of MA alone and in combination
with GEM on human gallbladder carcinoma in vitro and
in vivo, and its underlying mechanisms.

Materials and methods

Cell culture and reagents. GBC cell lines were reserved by
the Eastern Hepatobiliary Surgery Institute. The gallbladder
EH-GBI1 (27), EH-GB2 (28), and GBC-SD human cancer cell
lines were maintained in DMEM (Invitrogen, Carlsbad, CA,
USA). The cells were regularly checked for mycoplasma by
the PlasmoTest mycoplasma detection kit (InvivoGen, San
Diego, CA, USA) and found to be negative. MA (>98%) was
purchased from Cayman (Ann Arbor, MI, USA) and was
prepared as 20 mg/ml stock solutions in dimethyl sulfoxide
(DMSO; Sigma Chemical, St. Louis, MO, USA) and stored at
-20°C.

MTT and drug interaction analysis. For measurement
of proliferation, the human GBC cell lines, EH-GBI,
EH-GB2 and GBC-SD, were placed into 96-well plates at
1x10* cells/well. After 24 h, the cells were treated with various
concentrations of MA, GEM (Lilly, France) and MA + GEM.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays were performed to evaluate cell growth and
viability. MTT solution was added to each well and incubated
for 4 h at 37°C. An extraction buffer (20% SDS and 50%
dimethylformamide) was added, and then cells were incubated
overnight at 37°C. The absorbance of the cell suspension was
measured at 570 nm using a 96-well plate reader (Seeuco
Electronics Technology Co., Ltd., China). Each experiment was
repeated three times.

Drug interactions were quantified by median-dose effect
analysis (29), and combination index values were derived using
CompusSyn software (CompuSyn, Inc., Paramus, NJ, USA).
CI values of <1, =1 and >I indicated synergism, additivity, and
antagonism, respectively, between the drugs.

Measurement of apoptosis. An Annexin V kit (BD Pharmingen,
San Diego, CA, USA) was used to measure cell apoptosis.
EH-GBI1,EH-GB2 and GBC-SD cells were treated as described
above. Annexin V and propidium iodide (PI) labeling followed,
which was performed according to the manufacturer's instruc-
tions. The percentage of apoptosis in every group was analyzed
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by flow cytometry (Becton-Dickinson, Mountain View, CA,
USA). Each experiment was repeated three times.

Migration assay. As previously described (11), EH-GB2 cells
were allowed to grow until full confluence in 6-well plates.
Monolayer GBC cells were wounded by scratching with a
1 ml pipette tip. DMSO solution, MA, GEM, and MA + GEM
were added respectively to plates at indicated concentrations.
Images were captured using a Olympus digital camera after
10 h of incubation at 37°C and 5% CO,. The migrated cells
were quantified by manual counting, and percentage inhibition
was expressed using untreated wells at 100%.

Invasion assay. To test the effect of MA on cell invasion
activity, we performed Transwell invasion assays as previ-
ously described (30). Briefly, starved cells (1x10°/well) were
seeded in the top chambers of the Transwell with an 8-ym
pore polycarbonate filter insert coated with 0.1% gelatin (both
from Corning, New York, NY, USA). The bottom chambers
were filled with DMEM with 10% FBS supplemented with or
without 0.1 nM GEM. The top and bottom chamber contained
the same concentration of MA. EH-GB2 cells were allowed to
migrate for 12 h. The cells were scraped on the top surface of
the membrane and stained. The cells on the bottom side of the
membranes (migrated cells) were counted using an Olympus
inverted microscope.

Western blot analysis. Western blot analysis was performed
to determine the effect of MA and GEM on NF-kB nuclear
translocation and various NF-kB-regulated genes. Cell lysates
(40 ug) were resolved by SDS-PAGE. After electrophoresis, the
proteins were electro-transferred to nitrocellulose membranes
(Bio-Rad Laboratories, Hercules, CA, USA), blotted with
the relevant antibody, and detected by an enhanced chemi-
luminescence reagent (Amersham, Piscataway, NJ, USA).
Antibodies to phosho-IkBa, IkBa and p65 (1:1,000 dilutions)
were purchased from Thermo Scientific (Rockford, IL, USA).
Antibodies for p-actin, cyclin D1, Bcl-2, Bax, MMP-9 and
MMP-2 (1:1,000 dilutions) were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA).

Mouse xenograft model and tumor treatment. Xenograft
mouse models were performed as previously described (31).
Six-week-old athymic nu/nu male mice were purchased from
SIBS (Shanghai, China). The experiments performed on the
animals were approved by the Animal Ethics Committee of
the Second Military Medical University prior to the study.
EH-GB2 tumor cells were subcutaneously injected into the
mice (2x10° cells/mouse).

After the tumors were established (~100 mm?), the mice
were randomized into the following treatment groups (n=5):
i) untreated control; ii) subcutaneously injected with 30 mg/kg
bodyweight of MA every 2 days for 30 days; iii) GC 50 mg/kg
of bodyweight intraperitoneal every 2 for 30 days; and iv) MA
and GEM following the schedule for the individual treat-
ments. The control mice were injected with DMSO. The
mice body weight and tumor sizes were recorded every other
day, and the tumor size was determined by vernier caliper
measurements and calculated as maximal diameter x minimal
diameter? x0.5 (32). After 36 days, mice with tumors were
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Figure 1. Maslinic acid (MA) increases gemcitabine (GEM) anti-proliferative activity in gallbladder cancer (GBC) cells. (A) Structure of MA [(2a,3)-2,3-
dihydroxyolean-12-en-28-oic acid]. (B) MA inhibited GBC cell line proliferation in a dose-dependent manner and this inhibitory effect was significantly
increased at 25 ymol/l. (C) GEM inhibited cell proliferation in a dose-dependent manner. (D) The inhibition of cell proliferation by GEM (25 nmol/l) and MA
(25 pmol/l) in combination. Cell growth was evaluated by the MTT method. Bars, mean + SD. "P<0.05 vs. non-treated group.

sacrificed. One section of the tissue was fixed in formalin and
another section was frozen in liquid nitrogen.

Histology and immunohistochemistry (IHC). After the tumors
were removed, they were weighed, fixed with 10% formalin,
and embedded with paraffin. H&E and IHC for Bcl-2 and Bax
were performed on paraffin-embedded tissue sections. The
rabbit antibodies against Bcl-2 and Bax were purchased from
Santa Cruz Biotechnology, Inc. and applied for IHC staining
(1:1,000 dilution). PBS was used as a negative control. After
[HC was performed, images from each group were captured
using an Olympus BX60 upright microscope (Olympus,
Tokyo, Japan).

Terminal deoxynucleotidyltransferase-mediated dUTP
nick end-labelling (TUNEL) staining. Apoptotic cells in
EH-GB2 tumor xenograft tissue sections were detected by
TUNEL using a commercially available kit (EMD Millipore
Corporation, Billerica, MA, USA). The tissue sections were
processed according to the manufacturer's instructions.

Statistical analysis. Data are presented as mean + SD as indi-
cated in the vertical axis of figures. The statistical significance
of differential findings between experiments and controls was
determined by using the Student's t-test or analysis of variance
(ANOVA). Statistical analyses were computed with SPSS 13.0
(SPSS Inc., Chicago, IL, USA). Statistical significance was
P<0.05 unless otherwise stated.

Results
MA inhibits proliferation, and potentiates the apoptosis

induced by GEM. We first examined the effects of MA
(Fig. 1A), GEM and MA + GEM on the proliferation of human

GBC cells (EH-GBI1, EH-GB2 and GBC-SD) using the MTT
assay. The results showed that MA and GEM as single agents
both inhibited the proliferation of the GBC cell lines in a dose-
dependent manner (Fig. 1B and C). MA and GEM combined
significantly inhibited cell proliferation of all three GBC cell
lines (Fig. 1D). A combination index (23) was calculated for
all combinations of GEM and MA examined in the three cell
lines, indicating that the interaction between the two drugs
was synergistic (Fig. 2).

Subsequently, we examined whether the inhibition of cell
proliferation was due to enhanced apoptosis with the combina-
tion of MA and GEM compared to single agents. Accordingly,
relative to the single agents, MA treatment (25 gmol/l) followed
by GEM treatment elicited significantly (P<0.05) higher apop-
tosis in the investigated cancer cell lines, suggesting that the
loss of viable cells by MA + GEM was due to the induction of
cell death pathways (Fig. 3A).

MA enhances the inhibition of GEM in cancer cell migration
and invasion. Migration assays were performed to determine
the effects of MA on EH-GB2 migration. We found that the
combination of MA and GEM strongly inhibited the migration
of EH-GB?2 cells (Fig. 3B). We performed Transwell assays to
evaluate the ability of EH-GB?2 to filter through the membrane
barrier after treatment with MA, GEM and MA + GEM. MA,
at low concentrations of 10 ymol/l, significantly potentiated the
properties of GEM, inhibiting cancer cell invasion (Fig. 3C).

NF-xB activation is inhibited by the combination of MA and
GEM. We examined whether the combination of MA and GEM
was able to inhibit NF-xB activation. EH-GB1 and EH-GB2
cells were incubated with suboptimal concentrations of MA
and GEM alone and in combination. IKKa/p and p65 activa-
tion were determined by western blot analysis. MA potentiated
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Figure 2. Combination index plots of maslinic acid (MA) + gemcitabine (GEM) of (A) EH-GBI, (B) EH-GB2 and (C) gallbladder cancer (GBC)-SD.
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Figure 3. Maslinic acid (MA) enhances the inhibition of gemcitabine (GEM) in cancer cell apoptosis and invasion. (A) Effects of MA on the apoptosis of
EH-GBI1, EH-GB2 and gallbladder cancer (GBC) cell lines at 24 and 48 h. (B) The Transwell invasion assay showed that GEM combined with MA significantly
inhibited the migration of the EH-GB2 cell line. (C) Effects of MA on the invasion of EH-GB2 using the Transwell assay. Bars, mean = SD. "P<0.05 vs.

non-treated group.

the inhibitory effect of GEM on p65 nuclear translocation and
phosphorylation in GBC cells (Fig. 4).

MA potentiates the effect of GEM in downregulating the expres-
sion of NF-kB-regulated gene products in vitro. We examined
the effect of MA on the expression of NF-kB-regulated gene
products involved in cell proliferation (cyclin D1), apoptosis
(Bax and Bcl-2), and metastasis (MMP-2 and MMP-9) (Fig. 5).
The cells were exposed to MA (25 pmol/l) for 48 h prior to the
addition of GEM for 24 h. The results showed that the expres-
sion of cyclin D1 and Bcl-2 were significantly downregulated

in the combination group compared with the individual treat-
ment groups. By contrast, Bax expression was substantially
increased after the combinatorial treatment when compared
to single agents. Furthermore, the activities of MMP-2 and

MMP-9 were significantly reduced by the treatment with
MA + GEM.

MA potentiates the antitumor effects of GEM in vivo. To
determine whether MA enhances the antitumor effects of
GEM in GBC, we established a human GBC xenograft in
nude mice using EH-GB2 cells. Treatment was initiated
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Figure 4. The treatment of maslinic acid (MA) + gemcitabine (GEM) alters the expression of cyclin D1, Bax, Bcl-2, MMP-2 and MMP-9. Various mediators
of survival signaling and apoptosis were assessed by western blot analysis. (A) EH-GBI and (B) EH-GB2 were treated with cell medium containing 25 nmol/l

GEM alone or combined with 25 ymol/l MA for 0, 12, 24 and 48 h. 3-actin protein was used as the internal control.
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Figure 5. NF-«B activities can be inhibited by combined treatment with gemcitabine (GEM) and maslinic acid (MA) western blot analysis for IKKa/f and
p65 subunit of (A) EG-GBI and (B) EH-GB2 cells treated with cell medium, GEM, MA or MA + GEM. TNF-a was used as the irritant, and f-actin protein

was used as the internal control.

1-week intervals. Animals were sacrificed 35 days after tumor

1 week after tumor cell implantation and was continued up
cell injection and 28 days after the treatment initiation date.

to 28 days (Fig. 6A). The tumor diameters were measured at
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Figure 6. The treatment of gemcitabine (GEM) combined with maslinic acid (MA) leads to potent growth inhibition, apoptosis and invasion of EH-GB2 cells
in vivo. (A) Protocol of animal treatment. (B) Changes in the isolated tumor volume and weight showing efficacy of GEM and MA combinatorial therapy.
(C) Terminal deoxynucleotidyltransferase-mediated dUTP nick end-labelling (TUNEL) assay and immunohistochemical analysis (Bax and Bcl-2) for evalu-
ation and quantification of apoptosis in EH-GB2 tumor sections. (D) Western blot assay for relative protein of cyclin DI, Bax, Bcl-2, MMP-2 and MMP-9
obtained from the isolated tumor tissue. They were quantified by measuring the band intensities of the three separate experiments. Bars, mean + SD. "P<0.05

vs. non-treated group.

At this time the tumors were excised and the tumor diameters
were measured. We found that the tumor volume increased
rapidly in the control group compared with the other treat-
ment groups (Fig. 6B). MA alone and GEM alone moderately
decreased the tumor volume. However, the tumor volume in
the combination group was significantly lower than that in the
GEM and MA alone groups at day 28 after treatment (P<0.05).

TUNEL staining of xenograft sections. To investigate whether
MA potentiated GEM-induced apoptosis in vivo, we stained the
solid tumor sections with an apoptosis staining kit. Significant
differences in the percentage of TUNEL-positive cells were
noted in tumors derived from the combination group relative
to the single treatment groups (P<0.05).

Immunohistochemical and western blot analyses. Various
mediators of apoptosis and survival signaling were also
examined in tumors collected from the xenograft study. The
expression level of Bcl-2 was significantly decreased, while
Bax was increased by IHC staining (Fig. 6C). The same trend

of Bcl-2 and Bax was identified in western blot assay (Fig. 6D).
The expression of cyclin D1, MMP-2 and MMP-9, which were
involved in tumor progression, was inhibited significantly by
combining MA and GEM (Fig. 6D).

Discussion

MA, a natural triterpenoid that can be extracted from olive
skin, has been assessed for its antitumoral property in colonic
cancer (10), melanoma (33,34), and astrocytoma (35) cells.
GEM, which is a nucleoside analog of deoxycytidine that
inhibits DNA synthesis (36), has been increasingly prescribed
for GBC. Findings of recent studies have focused on improving
the drug efficacy by combining GEM with other agents (37,38).
We designed this study to determine whether MA can sensi-
tize GBC to GEM.

The constitutive activation of NF-«B is associated with the
growth and survival of cancer cells (39). In addition, studies
have shown that MA suppressed NF-«B activation (40). In
the present study, we investigated the mechanism of how
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MA enhanced the apoptotic effects of GEM in cultured GBC
cells. In vitro, we have demonstrated that MA enhanced
GEM-induced apoptosis and suppressed NF-kB activity.
A recent review by Nakanishi and Toi (41) details the acti-
vation of NF-«B by chemotherapeutic agents as the major
factor contributing to chemoresistance. MA can inhibit
IKKo/p degradation, block p65 nuclear translocation and
phosphorylation, and downregulate the expression levels of
NF-kB-mediated genes/proteins involved in proliferation,
apoptosis and invasion (42). As previously reported, proteins
including cyclin D1, Bax, Bcl-2, MMP-2 and MMP-9, have
been associated with tumor growth, apoptosis, invasion, and
metastasis. In previous studies, it was shown that combining
a NF-«xB inhibitor with a front-line anticancer drug enhances
the overall antitumor response (43,44). In this study, we have
concluded that the downregulation of NF-kB by MA can
enhance the sensitivity of GBC cells to GEM.

Our in vitro results were recapitulated in vivo in a subcu-
taneous xenograft GBC model, wherein MA significantly
enhanced the antitumor efficacy of chemotherapeutics.
Although none of the mice from the combinatorial treatment
group were tumor-free, the therapeutic effect was significant
compared with single-drug treatment. These findings are
concomitant with increased TUNEL staining and reduced
MA and GEM immunoreactivity indicative of apoptosis and
reduced cell proliferation within tumors. These features are of
significant value in predicting improved therapeutic outcomes
and require further investigation.

Given the pharmacologic safety of MA (45), our studies
suggest that this compound has great potential as a chemopre-
ventive and a chemotherapeutic agent, especially when used
in combination with existing agents. Whether the concentra-
tions of MA used in our studies are achievable in the clinic
remains to be determined. MA metabolism in the cells is also
unclear at present. Our results also show that patient-derived
GBC cells exhibit constitutive NF-«kB activation. This NF-xB
activation was suppressed significantly by GEM in combina-
tion with MA, thus leading to the inhibition of proliferation,
apoptosis and invasion of the cells.

In this study, MA decreased the protein expression of
cyclin D1, which is a cell cycle-positive regulator, indicating
a role for MA in GBC proliferation (46). Cyclin DI adversely
affects clinical outcomes and serves as an independent marker
in predicting decreased survival for patients with GBC (47,48).

In the present study, the cells treated with GEM and MA
had a downregulated anti-apoptotic Bcl-2, but an increased
expression of pro-apoptotic Bax. The Bcl-2 family is impor-
tant in the regulation of apoptosis and comprises pro-apoptotic
and anti-apoptotic members (49). In EH-GBI1 and EH-GB2
cell lines, Bcl-2 was significantly downregulated and Bax was
upregulated in the combination group when compared with
the GEM treatment group and the non-treated control group.

MMPs are central mediators of tumor metastasis due to
their ability to degrade basement membrane and extracellular
matrix components (50). MMP-2 and MMP-9 expression is
positively associated with Nevin stage, distant metastasis, and
the degree of histological differentiation in GBC (51). The
results showed that MA inhibited the invasion of GBC by
reducing MMP-2 and MMP-9 activation through the suppres-
sion of NF-kB/p65 activation.
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In conclusion, to the best of our knowledge, this is the first
study to demonstrate that MA can potentiate GEM activity
in vitro and in vivo in GBC models. The results suggest that
MA is a potentially valuable agent in the development of a new
class of drugs to assist in potentiating the anticancer effects
of conventional chemotherapeutics targeting specific path-
ways for the treatment of human GBC. Future studies should
be conducted in the clinical setting to validate the biological
relevance of these results.
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