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Purpose: Celecoxib, an inhibitor of cyclooxygenase-2 (COX2), was investigated for
enhancement of chemotherapeutic efficacy in cancer clinical trials. This study aimed to determine
whether celecoxib combined with 5-fluorouracil or sorafenib or gefitinib is beneficial in HepG2
multicellular spheroids (MCSs), as well as elucidate the underlying mechanisms.

Methods: The human hepatocellular carcinoma cell line HepG2 MCSs were used as in vitro
models to investigate the effects of celecoxib combined with 5-fluorouracil or sorafenib or
gefitinib treatment on cell growth, apoptosis, and signaling pathway.

Results: MCSs showed resistance to drugs compared with monolayer cells. Celecoxib com-
bined with 5-fluorouracil or sorafenib exhibited a synergistic action. Exposure to celecoxib
(21.8 umol/L) plus 5-fluorouracil (8.1 x 10~ g/L) or sorafenib (4.4 umol/L) increased apoptosis
but exerted no effect on COX2, phosphorylated epidermal growth-factor receptor (p-EGFR) and
phosphorylated (p)-AKT expression. Gefitinib (5 umol/L), which exhibits no growth-inhibition
activity as a single agent, increased the inhibitory effect of celecoxib. Gefitinib (5 pmol/L) plus
celecoxib (21.8 umol/L) increased apoptosis. COX2, p-EGFR, and p-AKT were inhibited.
Conclusion: Celecoxib combined with 5-fluorouracil or sorafenib or gefitinib may be superior
to single-agent therapy in HepG2 MCSs. Our results provided molecular evidence to support
celecoxib combination-treatment strategies for patients with human hepatocellular carcinoma.
MCSs provided a good model to evaluate the interaction of anticancer drugs.

Keywords: hepatocellular carcinoma, celecoxib, multicellular spheroids, 5-fluorouracil,
sorafenib, gefitinib

Introduction

Hepatocellular carcinoma (HCC) is the most common primary cancer of the liver.
HCC, which shows increasing incidence, ranks as the fifth-most common malignancy
worldwide.' This disease is a relatively chemoresistant tumor highly refractory to
cytotoxic chemotherapy. Therefore, novel agents or strategies to improve HCC treat-
ment need to be evaluated.

Overexpression of the inducible isoform of the cyclooxygenase (COX)-2 enzyme
has been observed in various malignant tumors.>* Induction of COX-2 promotes cell
growth, inhibits apoptosis, and enhances cell motility and adhesion. Multiple studies have
indicated that COX-2 inhibitors can inhibit tumor growth both in vitro and in vivo.**®
These inhibitors are currently being tested in clinical trials as single-agent therapies or
in combination with other agents for the management of several types of cancers.”’

COX-2 is not frequently overexpressed, but can be detected in HCC.'* COX-2
expression is associated with a significantly reduced median survival time.'!?
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COX-2 expression leads to a prosurvival effect; therefore,
COX-2 inhibitors have been investigated for their poten-
tial to enhance chemotherapeutic efficacy. In the current
study, we investigated the possible synergistic effect of
the COX-2 inhibitor combined with 5-fluorouracil (5-FU;
a cytotoxic agent for HCC treatment) and sorafenib, an
oral multikinase inhibitor that is frequently used for HCC
treatment.'

The epidermal growth-factor receptor (EGFR) is a recep-
tor tyrosine kinase that is abnormally amplified or activated
in various tumors, including liver cancer.'* Gefitinib and
erlotinib, inhibitors of the tyrosine-kinase activity of EGFR
(EGFR-TKI), have been extensively studied in patients
with non-small-cell lung cancer. Both inhibitors compete
with adenosine triphosphate to bind to the tyrosine-kinase
pocket of the receptor.'*"'” However, HCC exhibits primary
resistance to TKI treatment. The EGFR and COX-2 path-
ways have been shown to interact at several levels, and the
evaluation of simultaneous inhibition of both pathways has
drawn interest.'2° Thus, we formulated a hypothesis that
the COX-2 inhibitor combined with gefitinib benefits HCC
treatment.

In recent years, multicellular spheroids (MCSs) have
been widely used for drug-sensitivity and molecular
mechanism studies to investigate the difference in bio-
logical characteristics and phenotypic expression not
provided in monolayer cells. Many studies have revealed
that resistance in MSCs was more closely associated with
the natural resistance observed in patient tumors than the
monolayer cells and supported in vitro models for the
study of cytotoxic drugs.?'?* The present study used human
HCC HepG2 MCSs to investigate the differential effects
of celecoxib, a selective COX-2 inhibitor,?* combined with
5-FU or sorafenib or gefitinib on cell growth, apoptosis,
and signaling pathways.

Materials and methods

Drugs

Gefitinib provided by AstraZeneca (London, UK) was dis-
solved in dimethyl sulfoxide (DMSO) at 20 mM as a stock
solution. Celecoxib purchased from Pfizer (New York, NY,
USA) was dissolved in DMSO at 0.5 M. Sorafenib supplied
by Pinnacle Pharmaceuticals (Cape Town, South Africa)
was dissolved in DMSO at 10 mM. 5-FU (25 mg/mL) was
purchased from Xudong Haipu Pharmaceutical Co., Ltd
(Shanghai, People’s Republic of China). These drugs were
diluted in a culture medium before use.

Cell line

The human HCC cell line used in the present study was
HepG2 conserved at the Center of Molecular Biology at
Xi’an Jiaotong University.

Monolayer cells and multicellular

spheroid cultures

HepG?2 cells (American Type Culture Collection, Manassas,
VA, USA) were grown in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin
in 5% CO,/95% air at 37°C. The passage number was five.
A HepQG2 single-cell suspension in complete medium was
seeded at 2x10° cells/mL in each culture flask. MCSs were
obtained with a liquid-overlay technique.? A single-cell sus-
pension in a complete medium was seeded in each culture flask
coated with 2% agarose. The culture condition of the MCSs
was exactly the same as that of the monolayer cells, except
for the presence of an agarose layer. After incubation for 3 or
4 days, MCSs were obtained from each culture flask.

Scanning electron microscopy

The MCSs were washed with phosphate-buffered saline and
fixed in 2.5% glutaraldehyde for 2 hours. The cells were
then postfixed on the plate with 1% OsO, and dehydrated by
graded ethanol. The cells were covered with gold palladium
and examined by scanning electron microscopy (JSM-840;
JEOL, Tokyo, Japan).

Growth-inhibition assay in vitro

Antiproliferative effects were determined by 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay using a
previously described method.?” The antiproliferative activity
of the single-agent treatment was assessed in monolayer cells
and MCSs. A total of 5,000 cells in either monolayer cells or
MCSs in 200 pL of the maintenance medium were seeded into
a 96-well plate. The half-maximal inhibitory concentration
(IC,,) was determined as the concentration resulting in 50%
cell-growth inhibition by 48-hour exposure to drug compared
with untreated control cells. We concurrently used 0.125, 0.25,
0.5, 1, and 2 times the IC, dose of celecoxib and 5-FU or
sorafenib for 48 hours to evaluate the antiproliferative effects
of the combined treatment on MCSs and monolayer cells.
The results of celecoxib combined with 5-FU or sorafenib
were analyzed in accordance with the method used by Chou.?
The combination index (CI), a well-established index reflect-
ing the interaction of two drugs,”® was calculated at different
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growth-inhibition levels with CalcuSyn software (Biosoft,
Great Shelford, UK). CI values of <1, 1, and >1 indicate
synergistic, additive, and antagonistic effects, respectively.
Considering that gefitinib exhibits no growth-inhibitory effect
as a single-agent treatment, we combined gefitinib (5 pmol/L)
with celecoxib at 0.125, 0.25, 0.5, 1, and 2 times the IC,  dose
concurrently for 48 hours to evaluate the antiproliferative
effects of the combined treatment. All sample measurements
were replicated five times.

Cell-apoptosis analysis

Cell apoptosis was analyzed by flow cytometry. A total of
10° cells of MCSs were seeded in six-well culture plates and
cultured for 24 hours before incubation with the anticancer
drug administered alone or combined with celecoxib, and all
plates were incubated at 37°C. After 48 hours, MCSs were
digested with trypsin, harvested, suspended, stained with
propidium iodide (PI), and assayed for annexin V. Cells were
briefly resuspended in a 200 uL solution containing fluores-
cein isothiocyanate-conjugated annexin V antibody (Beyo-
time Institute of Biotechnology, Shanghai, People’s Republic
of China) and PI (50 ug/mL) for 15 minutes and analyzed
by flow cytometry. The percentage of annexin V-positive/
PI-negative apoptotic cell population was calculated using
CellQuest (BD Biosciences, San Jose, CA, USA).

Western blot analysis

Cells were lysed with cell-lysis buffer. The timing of protein-
sample extraction was 48 hours after drug exposure. Cells
were grown in RPMI 1640 medium supplemented with 10%
fetal bovine serum. Equivalent amounts of protein were
separated by 8% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluoride
membranes (EMD Millipore, Billerica, MA, USA). The
membranes were blocked with 5% skim milk and incubated
overnight at 4°C with primary antibodies. Antibodies to
COX-2 were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), and phosphorylated Y1068
(p-Y1068) EGFR and phosphorylated (p)-AKT (serine 473)
were obtained from Cell Signaling Technology (Beverly, MA,
USA). The EGFR and AKT were purchased from Bioworld
Technology, Inc. (St Louis Park, MN, USA), and 3-actin was
supplied by Sinopept (Beijing, People’s Republic of China).
The blots were visualized with a horseradish peroxidase-
conjugated secondary antibody (Sinopept) and an enhanced
chemiluminescence-detection system (EMD Millipore).
Western blots were repeated three times for each protein.

Imagel software (National Institutes of Health, Bethesda,
MD, USA) was used for performing densitometry analysis on
Western blot. The HCC827 and H1975 cell lines were used as
positive and negative controls of p-EGFR, respectively.

Statistical analysis

Data were reported as means + standard error of at least
three experiments. Student’s 7-test and two-way analysis of
variance were used to calculate the statistical differences,
Tukey’s test was used for multiple comparison, and P=0.05
was considered statistically significant.

Results
HepG2 MCS morphology

MCSs were observed under a scanning electron microscope
(Figure 1). The MCSs were irregular, with diameters ranging
from 100 um to 200um after 3 or 4 days. The cells were oval
spheroids or polyhedrons with tight cell junctions. HepG2
MCSs exhibited resistance to 5-FU, sorafenib, and celecoxib
compared with monolayer cells.

We evaluated the inhibitory effects in HepG2 MCSs and
monolayer cells treated with 5-FU, sorafenib, gefitinib, and
celecoxib for 48 hours. Figure 2 shows the concentration-
dependent inhibitory effects of 5-FU, sorafenib, and celecoxib
in MCSs and monolayer cells. Compared with monolayer
cells, MCSs exhibited resistance. Table 1 summarizes the
IC,, of these drugs in different culture models. The IC, of
5-FU, sorafenib, and celecoxib in MCSs was higher than
monolayer cells (P<<0.05). The cell-culture method and drug
concentrations significantly affected cell-growth inhibition
(P<0.05) (Tables 2—4). Significant differences in growth
inhibition were indicated among different concentrations of
5-FU, sorafenib, and celecoxib (P<<0.05). However, no sta-
tistical difference in growth inhibition was observed between
12.5 and 25x107* g/L of 5-FU or 1.4 and 2.85 umol/L of
sorafenib (P>0.05). No statistical difference in growth inhi-
bition was found between 6.25 and 12.5 umol/L of celecoxib
(P>0.05). Gefitinib as a single-agent therapy showed no
growth-inhibitory activity at concentrations tested both in
MCSs and monolayer cells.

Synergistic effects of celecoxib combined
with 5-FU or sorafenib on the growth

of HepG2 MCSs in vitro

To detect the inhibitory effects of celecoxib combined with
5-FU or sorafenib, MCSs were concurrently exposed to these
anticancer drugs and celecoxib for 48 hours at a fixed ratio.
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Figure | (A and B) Scanning electron microscopy images of HepG2 multicellular
spheroids. The multicellular spheroids are irregular, with a diameter ranging from
100 pum to 200 um.

The combined effect was evaluated based on the CI. The
sensitivity of HepG2 MCSs to 5-FU or sorafenib increased
when combined with celecoxib, and the interaction was iden-
tified as synergistic (CI <1). Each experiment was repeated
in triplicate (Figure 3).

Gefitinib increased the inhibitory effects
of celecoxib on the growth of HepG2
MCSs in vitro

To detect the inhibitory effect of celecoxib combined
with gefitinib, MCSs were exposed to gefitinib (5 uM)
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Figure 2 (A-C) The antiproliferative effects of 5-fluorouracil, sorafenib, and
celecoxib in HepG2 multicellular spheroids (MCSs) and monolayer cells were
concentration-dependent. Compared with monolayer cells, MCSs became relatively
resistant to 5-fluorouracil, sorafenib, and celecoxib. (A) 5-fluorouracil; (B) sorafenib;
(C) celecoxib. A total of 5,000 cells in either monolayer cells or MCSs were seeded
into a 96-well plate. Monolayer cells or MCSs were exposed to these anticancer
drugs for 48 hours. All sample measurements were replicated five times.

Table | Half-maximal inhibitory concentration (IC,) values
for the antiproliferative effects of 5-fluorouracil, sorafenib, and
celecoxib on the growth of multicellular spheroids and monolayer
cells in vitro

IC,, Multicellular Monolayer cells P-value
spheroids

5-fluorouracil  20.25+4.93 x 102 g/L  10.28£3.18 x 102 g/lL  <0.05

Sorafenib 7.00+2.32 uM 4.08+1.54 uM <0.05

Celecoxib 60.59+15.88 uM 31.02+12.39 uM <0.05

Note: Each test was repeated in triplicate.
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Table 2 Analysis of variance for 5-fluorouracil

Table 4 Analysis of variance for celecoxib

Source SS df MS F-value P-value Source SSs df MS F-value P-value
Culture method  428.3538 | 4283538  11.687 0.0142 Culture method  456.0300 | 456.0300 26.942 0.0066
Concentration 3,830.0761 6 638.3460 17416 0.0015 Concentration 4,899.5096 4 1,224.8770 72.366 0.0006
Error 219.9167 6 36.6528 Error 67.7049 4 16.9262

Total 4,478.3466 13 Total 5423.2445 9

Note: Each test was repeated in triplicate.
Abbreviations: SS, sum of squares; df, degrees of freedom; MS, mean squares.

and different concentrations of celecoxib concurrently for
48 hours. Figure 4 shows that gefitinib, which exhibits no
growth-inhibition activity as a single-agent therapy, increased
the inhibitory effect of celecoxib.

Celecoxib combined with 5-FU
or sorafenib or gefitinib increased
apoptosis in HepG2 MCSs

To understand the mechanisms of celecoxib combined with
5-FU or sorafenib or gefitinib, apoptosis induction was
analyzed by flow cytometry at 48 hours after MCSs were
treated with either 5-FU, sorafenib, gefitinib and celecoxib
given alone, or celecoxib combined with 5-FU or sorafenib
or gefitinib. 5-FU, sorafenib, and celecoxib as single-agent
treatments clearly induced apoptosis in HepG2 MCSs. No
marked apoptosis was observed in cells treated with gefitinib.
Celecoxib plus 5-FU or sorafenib or gefitinib increased apop-
tosis, compared with celecoxib as a single agent (P<<0.05)
(Figure 5).

COX-2, EGFR, and the downstream
signaling pathway were inhibited

by combined celecoxib and gefitinib
in HepG2 MCSs

We performed Western blot analysis to investigate COX-2,
p-EGFR, and p-AKT expression in HepG2 MCSs treated
with different agents. The protein-expression levels of
COX-2, p-EGFR, and p-AKT were investigated under
similar conditions. Celecoxib and gefitinib as single agents
failed to inhibit COX2, p-EGFR, or p-AKT expression,

Table 3 Analysis of variance for sorafenib

Source SS df MS F-value  P-value
Culture method  443.2897 | 443.2897 11.889 0.0261
Concentration 5135501 4 1,283.875  34.435 0.0023
Error 149.1368 4 37.2842

Total 5727927 9

Note: Each test was repeated in triplicate.

Abbreviations: SS, sum of squares; df, degrees of freedom; MS, mean squares.

Note: Each test was repeated in triplicate.
Abbreviations: SS, sum of squares; df, degrees of freedom; MS, mean squares.

whereas combined celecoxib and gefitinib markedly reduced
their expression in MCSs (P<<0.05) (Figure 6C). We used
the HCCS827 cell line, which was sensitive to gefitinib as a
positive control, and H1975 cell line, which was resistant
to gefitinib as a negative control.?” After 48-hour exposure

2r
© 5-FU+cele
I Soratcele
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Clt
Synergism
0 1 1 J
1
Fa
2
o 5-FU+cele
] Sora+cele
Antagonism
Cl
Synergism
0 1 1 J
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Figure 3 (A and B) Effects of celecoxib (cele) combined with 5-fluorouracil (5-FU)
or sorafenib (Sora) on the growth of HepG2 multicellular spheroids and monolayer
cells in vitro. (A) HepG2 multicellular spheroids; (B) HepG2 monolayer cells.
Multicellular spheroids and monolayer cells were concurrently exposed to these
anticancer drugs and celecoxib for 48 hours at a fixed ratio, and then cell viability
was measured. The interaction between celecoxib and 5-fluorouracil or sorafenib
was evaluated based on the combination index (Cl), which is plotted against the
fraction of growth inhibition. These combinations exhibited synergistic effects.
Abbreviation: Fa, inhibition rate.
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Figure 4 (A and B) The antiproliferative effect of celecoxib combined with gefitinib
was evaluated in HepG2 multicellular spheroids and monolayer cells. (A) HepG2
multicellular spheroids; (B) HepG2 monolayer cells. Gefitinib (5 mol/L) increased
the inhibitory effect of celecoxib.

Notes: *P<<0.05, gefitinib plus celecoxib versus celecoxib. All sample measurements
were replicated five times.

with gefitinib (5 uM), p-EGFR protein expression was mark-
edly decreased in the HCC827 cell line (P<<0.05); however,
p-EGFR protein expression was not affected in the H1975
cell line (Figure 7).

COX-2, EGFR, and the downstream
signaling pathway remained unaffected

by celecoxib plus 5-FU or sorafenib

in HepG2 MCSs

COX-2, p-EGFR, and p-AKT expression in HepG2 MCSs
remained unaffected by either 5-FU, sorafenib alone, or cele-
coxib combined with 5-FU or sorafenib (Figure 6A and B).

Discussion

Wigle and Sutherland*® established MCSs as an in vitro
model for the systematic study of tumor response to therapy.
Tumor cells often form compact MCSs when maintained in
a three dimensional (3-D) culture system. Compared with

conventional monolayer cultures, cells in 3-D aggregates more
closely resembled the in vivo characteristics, such as cell shape,
cell microenvironment, and drug resistance, which is called
multicellular resistance.*!* In the present study, human HCC
HepG2 cells were cultured with a liquid-overlay technique
previously mentioned to form MCSs. The results indicated
that the cells were oval spheroids or polyhedrons with diameter
ranging from 100 um to 200 um after 3 or 4 days.

Compared with the monolayer cells, the MCS cells were
less sensitive to 5-FU, sorafenib, and celecoxib. The results
obtained in this study were consistent with those in the studies
by Ponce de Leon and Barrera-Rodriguez,’ and Sutherland
et al.** Cells isolated from MCSs generally exhibit higher
resistance to cytotoxic drugs than the same cells grown as
monolayers.**3* The higher chemoresistance observed in
MCSs may be associated with increased deoxyribonucleic
acid repair in spheroids, limited uptake and diffusion of
drugs, and a specific microenvironment, which can directly
or indirectly affect the activity of cytotoxic compounds by
reducing the proliferation rate of the tumor cells.?>

We investigated the inhibitory effects of celecoxib com-
bined with 5-FU or sorafenib or gefitinib in HepG2 MCSs.
We found that the sensitivity of HepG2 MCSs to 5-FU or
sorafenib was increased upon combination with celecoxib,
and the interaction was synergistic. Celecoxib combined with
5-FU or sorafenib enhanced the apoptotic effects without
affecting COX-2, p-EGFR, or p-AKT protein expression.
The most likely route of celecoxib to potentiate the efficacy
of chemotherapy was considered via COX-2 inhibition.
However, recent experiments have suggested that antitumor
potency does not depend on whether celecoxib could inhibit
COX-2 expression.’” This finding suggests that the inhibi-
tory effect of celecoxib combined with 5-FU or sorafenib
occurs neither by COX-2 inhibition nor p-EGFR and
p-AKT inhibition in HepG2 MCSs. The mitogen-activated
protein-kinase pathway is important for cell proliferation,
apoptosis, and differentiation. Therefore, measurement of
p-mitogen-activated protein kinases 1/2, p-p38, or p-c-Jun
N-terminal kinase 1/2 protein-expression levels may be help-
ful for explaining the increased apoptotic effects of 5-FU or
sorafenib upon celecoxib addition.

Gefitinib as a single-agent treatment failed to inhibit
growth activity at the tested concentrations in MCSs and
monolayer cells. However, gefitinib increased the inhibi-
tory effect of celecoxib in MCSs. Increased apoptosis was
observed when gefitinib was combined with celecoxib.
COX-2, p-EGFR, and p-AKT protein expression were not
affected by any single-agent treatment. However, celecoxib
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Figure 5 (A-D) 5-fluorouracil (5-FU; 8.1x107 g/L), sorafenib (sora; 4.4 umol/L), and

celecoxib (Cele; 21.8 pmol/L), administered individually, clearly induced apoptosis

of HepG2 multicellular spheroids. No marked apoptosis was observed in the multicellular spheroids treated with gefitinib (gefi; 5 umol/L). Celecoxib combined with
5-fluorouracil, sorafenib, or gefitinib rather than administered as a single-agent treatment, increased apoptosis. (A) Celecoxib plus 5-fluorouracil; (B) celecoxib plus sorafenib;

(C) celecoxib plus gefitinib; (D) representative data of flow cytometry.
Notes: #P<0.05, celecoxib versus celecoxib plus 5-fluorouracil, sorafenib, or gefitinib;
sorafenib, or gefitinib.

*P<0.05, 5-fluorouracil, sorafenib, or gefitinib versus celecoxib plus 5-fluorouracil,

Abbreviations: FITC, fluorescein isothiocyanate; APC, allophycocyanin; Pl, propidium iodide; AAD, aminoactinomycin D.

plus gefitinib markedly reduced COX-2, p-EGFR, and
p-AKT protein expression. Our results suggested that com-
bined inhibition of both the EGFR and the COX-2 pathways
was beneficial in HepG2 MCSs. The combination of the
EGFR and COX-2 inhibitors was previously evaluated in

preclinical models. In pancreatic cancer cell lines, celecoxib
can potentiate the growth-inhibitory effects of erlotinib.
Another study on non-small-cell lung cancer cells with EGFR
mutations demonstrated that the effectiveness of the addition
of celecoxib to an EGFR-TKI is significantly greater than
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Figure 6 (A-F) Protein expression of cyclooxygenase (COX)-2, phosphorylated epidermal growth-factor receptor (p-EGFR), and phosphorylated (p)-AKT in HepG2
multicellular spheroids determined by immunoblot analysis. After concurrent exposure of 48 hours with 5-fluorouracil (5-FU; 8.1x107 g/L), sorafenib (Sora; 4.4 umol/L),
and gefitinib (Gefi; 5 uM) with or without celecoxib (Cele; 21.8 pmol/L), the samples were collected. Samples incubated with only celecoxib were obtained 48 hours after
celecoxib administration. (A—C) Immunoblots represent observations from one single experiment repeated three times. The integrated optical densities of (D) COX-2,
(E) p-EGFR, and (F) p-AKT proteins were analyzed after normalization with B-actin (43 kDa) in each lane. (D—F) Means * standard error of the mean of three separate

experiments.

Note: *Statistical difference when compared to the control group (P<0.05).

single drugs,*® which is consistent with our results. A previ-  regulator involved in protein synthesis, antiapoptosis, cell
ous study indicated that activation of the EGFR pathway  survival, proliferation, and glucose metabolism.** Also, a
promotes transcription of the COX-2 gene.***! Similarly, the  recent study showed that COX-2 was involved in apoptosis.*
COX-2 signaling pathway activates EGFR phosphorylation*  Therefore, targeting both EGFR and COX-2 can potentially
and transcription.” Both the EGFR and the COX-2 pathways  increase apoptosis and modulate both pathways and their
are involved in anticancer drug resistance. AKT is a master =~ downstream signaling, resulting in synergistic effects.
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Figure 7 (A-C) Protein expression of phosphorylated epidermal growth-factor
receptor (p-EGFR) in hepatocellular carcinoma (HCC)827 and H1975 cells determined
by immunoblot analysis. The samples were collected at 0 and 48 hours after exposure
to gefitinib (Gefi; 5 uM). (A and B) Immunoblots represent the observations from
one single experiment repeated three times. The integrated optical densities of (C)
p-EGFR proteins were analyzed after normalization with B-actin (43 kDa) in each
lane; means + standard error of the mean of three separate experiments.

Note: *Statistical difference when compared to the control group (P<0.05).
Abbreviation: h, hours.

Some preclinical data contradict the claim that celecoxib
can enhance the cytotoxic effects of anticancer drugs.*
This contradiction encourages in vivo testing of celecoxib
combined with anticancer drugs for HCC, because some
beneficial effects of celecoxib, such as inhibition of angio-
genesis and metastasis, can only be demonstrated using
in vivo models.

The highest concentration of 15 mg of 5-FU/kg admin-
istrated by intravenous drip was 7,625 ng/mL in systemic
vein blood, which was similar to the concentration of 5-FU
we used in our study (8.1x107 g/L).*” Plasma trough con-
centrations at 400 mg twice daily (3.75 mg/L) of sorafenib
exceeded the IC, | for inhibition of tumor cell proliferation in
vitro in our study (4.4 umol/L).*® A gefitinib concentration of
5 umol/L is similar to the achievable concentration in tumor
tissue of treated humans.* However, in our experiments,
the applied concentrations of celecoxib induced 30% cell-
growth inhibition in MCSs, indicating a 17-fold increase in
the maximal concentration of celecoxib in the clinic. This
scenario suggests that the translation of data to the clinic
should be carefully handled.

In conclusion, we demonstrated that celecoxib combined
with 5-FU or sorafenib exhibited a synergistic antiprolifera-
tive effect in HepG2 MCSs, and not via COX-2, p-EGFR,

or p-AKT inhibition. Gefitinib increased the inhibitory effect
of celecoxib, which was associated with the inhibition of
COX-2, p-EGFR, and p-AKT by combined gefitinib and
celecoxib. We also suggested that MCSs were good models
to evaluate the interaction of anticancer drugs. This study is
the first to report on growth-inhibitory effects on liver cancer
MCSs. We intend to conduct animal studies to duplicate our
in vitro findings, which warrant clinical evaluation.
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