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Introduction

The chemotherapeutic agent 5-Fluorouracil (5-FU) has 
been known as an effective adjuvant chemotherapeutic 
agent used after the curative surgical resection (Sargent 
et al., 2009). Chemotherapeutic agent 5-FU acts mainly 
by inhibiting the activity of thymidylate synthase (TS) 
thus depleting the synthesis of DNA building blocks 
(Chu et al., 2003). However, cancer cells generate such 
mechanisms to relieve cytotoxicity of 5-FU (Wang et al., 
2004). Overexpression of TS is widely known as one 
mechanism of how the colon cancer cells become less 
responsive to 5-FU (Giovannetti et al., 2007). Moreover, 
the increase of NF-κB activation and G1 arrest were 
also detected in these resistant cells (Wang et al., 2004; 
Wang et al., 2007). Since 5-FU is S-phase active, it is less 
effective to eradicate the cancer cells that arrest earlier 
in G1 phase. Therefore, combination chemotherapeutic 
(co-chemotherapeutic) agents are needed to overcome the 
resistance and enhance the efficacy of 5-FU.

Curcumin, a well-known chemopreventive agent, 
is reported to sensitize breast cancer cells to 5-FU 
through TS-dependent down-regulation of NF-κB 
(Vinod et al., 2013). The NF-κB pathway regulates the 
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expression of various proteins modulating cell cycle 
and apoptosis including cyclin D1, inhibitor apoptosis 
IAP, and cyclooxigenase-2 (COX-2) (Guttridge et al., 
1999; Schoemaker et al., 2002). NF-κB also makes a 
regulatory network with the DNA replication checkpoint 
in the cell cycle (Barre and Perkins, 2007). However, the 
development of curcumin analogues with higher potency 
is a desirable research nowadays.

Pentagamavunon-1 (PGV-1) (2,5-bis-(4-hydroxy, 
3’,5’-dimethyl)-benzylidine-cyclopentanone)) (Figure 
1), one of the curcumin analogues, was developed 
by Faculty of Pharmacy Universitas Gadjah Mada, 
Indonesia, and has been considered as one of potential 
chemopreventive agents. Cytotoxic activity of PGV-1 
is stronger than the lead compound, curcumin, and the 
other similar analog, PGV-0 on several cancer cells 
(Da’i et al., 2007, Putri, et al., 2016). Reports showed 
that PGV-1 targets on several molecular mechanisms to 
induce apoptosis including inhibition of angiogenic factors 
cyclooxygenase-2 (COX-2) and vascular endothelial 
growth factor (VEGF) expression (Meiyanto et al., 2006). 
In this research, we evaluate the potency of PGV-1 as a 
potential chemopreventive agent for colon cancer as well 
as a potential candidate for enhancing cytotoxic agent in 
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combination with 5-FU in WiDR cells. 

Materials and Methods

Cell line and reagents
Human colon carcinoma WiDr was obtained from 

Faculty of  Medicine, Universitas Gadjah Mada 
(Indonesia). Cells were cultured in RPMI 1640 medium 
(Sigma, USA) with 10% of fetal bovine serum (Thermo, 
Chile) under standard culture conditions (37 oC, 95% 
humidified air, and 5% CO2). Curcumin analog PGV-
1 was kindly given by Dr. Suparjan from Curcumin 
Research Center, Faculty of Pharmacy, Universitas 
Gadjah Mada (Indonesia), curcumin was from Sigma, 
and 5-Fluorouracil (5-FU) in a liquid dosage form 
for i.v.injection was obtained from PT Ferron Parr 
Pharmaceuticals (Indonesia). The antibodies used in this 
study were: anti-α-tubulin, anti-cyclin D1 (Sigma); anti-
COX-2 antibody (Dacocytomation, Germany); anti-cyclin 
A and anti-cyclin B antibodies (BD Biosciences). ECL 
detection system was from Amersham, GE Healthcare. 
Test sample solutions of PGV-1 were prepared by 
dissolving the compound in DMSO. Serial dilutions 
of sample solutions in culture medium were prepared 
immediately before use. 

MTT viability assay
Cell viability was determined by using MTT assay 

(Itagaki et al., 1998). WiDr cells (4x103 cells/ well) 
were distributed onto 96 well-plate and incubated for 
48 hours. Cells were treated with various concentrations 
of PGV-1, 5-FU and combination of both compounds; 
then were incubated for 6, 12, 24, and 48 hours. After 
incubation, cells were washed with PBS before addition 
of MTT reagent. After 2 hours, 10% SDS in 0.01 M HCl 
was added and incubated overnight in the dark to lyse 
the cells and dissolve the formazan. After shaking, the 
absorbance of each well was measured using a microplate 
reader at 570 nm (BioRad). Cell viability (%) is defined 
as (absorbance of treated cells-absorbance of blank)/
(absorbance of untreated cells-absorbance of blank)
x100%.

Cell cycle analyses
WiDr cells (1x105 cells/ well) were distributed onto 

6 well-plate and incubated for 48 hours. Cells were 
treated with various concentrations of PGV-1, 5-FU and 
combination of both compounds and incubated for 24 
or 48h. Floating and attached cells were collected and 
pelleted at 2,000 rpm for 2 min followed by washing 
with PBS. The cell pellets were suspended in 50 µg/ml 
propidium iodide in the presence of 100µg/ml RNase 
and triton-x solution and incubated for 10 min at 37ºC 
in the dark. Cell cycle distribution was analyzed by flow 
cytometry using FACS Calibur (Beckton Dickinson). The 
percentage of the cells in different phases of cell cycle was 
determined by ModFit LT cell cycle analysis software. 

Western blotting
Preparation of the whole cell lysate. For cell cycle 

regulatory protein, the whole cell lysates were prepared 

by trypsinization and then the cell pellets were lysed 
using RIPA buffer. Protein concentration was measured by 
protein CBB assay/Bradford method (Nacalai Tesque) and 
20-30 µg of protein/lysate was used for western blotting.

Western blotting. The protein samples were denatured 
in 5x Laemmli sample buffer and subjected to 10% 
SDS-polyacrylamide gel. The separated proteins were 
transferred onto PVDF membrane followed by blocking 
with 5% skimmed milk powder (w/v) in TBS (10 mM 
Tris and 100 mM NaCl) with 0.05% Tween-20 (TBS-T) 
for 1 h at room temperature or at 4 oC overnight. After 
washing with TBS-T, the membrane was probed for the 
protein levels using specific primary antibodies followed 
by incubation in HRP-conjugated appropriate secondary 
antibody, and visualized by ECL detection system. 

RT-PCR
After treatment of WiDr cells with 10 µM PGV-1, 

total RNA was isolated from the cells by using Sepasol 
reagent (Nacalai Tesque, Japan) followed by DNAse 
(Roche) treatment. First strand cDNA was synthesized 
using kit (GE health care, UK). Quantification and 
equalization of the amount of the cDNA was achieved 
using primers to amplify GADPH (forward primer: 
5’-CATCACCATCTTCCAGGAGC-3’ and reverse 
primer: 5’-AAAGGTGGAGGATGGGTGT-3’) under the 
following condition: 95 oC 2 min, 25 cycles of 95 oC 0.5 
min, 55 oC 0.5 min, 72 oC 1 min, and final extension 72 oC 
5 min. COX-2 mRNA was amplified using forward primer 
5’-GAGAAAACTGCTCAACACCG-3’ and reverse 
primer 5’-GCATACTCTGTTGTGTTCCC-3’ under the 
following condition: 95 oC 5 min, 30 cycles of 94 oC 1 min, 
60 oC 1 min, 72 oC 1 min, and final extension 72 oC 5 min.

Luciferase Reporter assay
For the generation of pMetLuc-NF-κB expressing 

Metridia secreted luciferase, pNF-κB-Luc (Clontech Lab) 
was used as the template to amplify four copies of NF-ƘB 
consensus sequence and TATA-like promoter region using 
primers 5’-ATACTCGAGTAGGTACCGAGCTCTTAC 
and 3’-TATGGATCCAACAGTACCGGAATGCC. The 
DNA fragment was subsequently cloned into BamHI/
XhoI sites of a pMetLuc reporter vector (Clontech Lab). 
PGV-CMV construct expressing firefly luciferase gene 
was generated by excising cytomegalovirus promoter 
from pCDNA3 (Invitrogen) with NruI/HindIII restriction 
enzymes and subcloned in HindIII/SmaI sites in PGV-B 
(Wako Chem). For reporter assay, 5x104 cells/well were 
grown in 24-well plates. After 2 days incubation, the cells 
were transfected with 0.25µg of pMetLuc-NF-κB and 
0.25 µg PGV-CMV using lipofectamine 2,000 reagent 
(Invitrogen) according to the manufacturer’s protocol. In 
the next 4 hours, the medium was removed and the cells 
were treated with TNF-α, 5-FU, or PGV-1 at various 
concentrations. The cells were incubated for 6 hours. 
Luciferase activity in the cells was determined by PICA-
gene substrate (Toyo Inc.), Metridia secreted luciferase 
substrate (Clontech), and a luminometer (Berthold). 

Immunocytochemistry
Cells (5 x 104 cells/well) were seeded on coverslips in 
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addition of compounds (Figure 2D).  
5-Fluorouracil and PGV-1 showed different effects on 
cell cycle progression

Since the cell cycle progression is the important point 
in the cytotoxic modulation effect of anti cancer agent 
(Shah and Schwart, 2001; Shapiro and Harper, 1999), 
then we examine the effect of either 5-FU and PGV-1 
on the cell cycle profiles. The result showed that the 
non-treated WiDr cells showed cell accumulation in G1, 
S, and G2/M phase about 50.85%, 36.11% and 13.04%, 
respectively. Cytotoxic agent 5-FU is S-phase active. 
On WiDr colon cancer cells, 24h treatment with 5-FU 
1, 10, 100 µM, and 1 mM caused cell accumulation in 
S-phase about 68.40%, 41.88%, 36.95% and 45.47%, 

24-well plate for 24 h. Cells were then treated with PGV-1 
for 15 hours, continued by 10-minutes-fixation with cold 
methanol (Merck), and then washed twice by using PBS 
pH 7.4 and sterile water. H2O2 was added to permeabilize 
the cells, continued by addition of pre-diluted blocking 
serum for 10 minutes. Cells were then incubated with 
primary monoclonal antibody anti-COX2 overnight. 
After washing with PBS, cells were incubated with 
biotinylated universal secondary antibody (Star Trek 
Universal HRP Detection Kit, Ref. STUHRP 700L10-
KIT, Biocare Medical) for 20 minutes, followed by 10 
minutes incubation with streptavidin-enzyme horseradish 
peroxidase (Star Trek Universal HRP Detection Kit, Ref. 
STUHRP 700L10-KIT, Biocare Medical). The cells then 
were treated with chromogenic agent substrate solution 
DAB (Star Trek Universal HRP Detection Kit, Ref. 
STUHRP 700L10-KIT, Biocare Medical) for 10 minutes, 
then counterstained with Mayer’s Haematoxylin (Dako) 
for 1 minute. 

Results

PGV-1 enhanced cytotoxic effect of 5-FU on WiDr cells
For the preliminary study, we evaluated cytotoxic 

effect of 5-FU, curcumin, and PGV-1 on WiDr cells. At 
24h of incubation, PGV-1 possessed highest cytotoxic 
activity among the treatments. The IC50 value of 
PGV-1, curcumin, and 5-FU at 24h of incubation 
were 18, 26, and 720 µM, respectively (Figure 2A). In 
addition, cyctotoxic effect of 5-FU was greater after 48h 
incubation with the IC50 value of 10 µM (Figure 2B). 
On the other hand, treatment of WiDr cells with 1, 2.5, 
5, 7.5, 10, 15, and 20 µM of PGV-1 showed stronger 
cytotoxic effect compared to 5-FU (Figure 2C). PGV-1 
significantly enhanced the cytotoxicity of 5-FU on WiDr 
cells at various concentrations during 6, 12, 24, and 
48 h incubation; except for 1 mM 5-FU at 48h incubation. 
The combination showed synergistic effect especially 
at the lower concentration of 5-FU as well as the lower 
concentration of PGV-1. At higher concentration, the 
cells might have been saturated by the cytotoxic effect of 
compounds so they did not respond significantly to the 

Figure 1. Chemical Structures of Curcumin (A) and 
PGV-1 (B).

Figure 2. PGV-1 Enhanced Cytotoxic Effect of 5-FU 
Toward WiDr Cells. Cells were treated with (A) 5-FU, 
curcumin, and PGV-1 at 24h of incubation; (B) 5-FU 
and (C) PGV-1 at various concentrations for indicated 
incubation times. (D) WiDr cells were treated with 5-FU 
in combination with PGV-1 at various concentration for 
6, 12, 24, and 48 hours. MTT assays were performed to 
determined cell viability which is defined as (absorbance 
of treated cells-absorbance of blank)/(absorbance 
untreated cells-blank)x100%. The data represents mean 
+ SD.
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respectively. Treatment with 1 µM 5-FU increased the cell 
accumulation in S-phase up to 31%. However, 5-FU 10 
and 100 µM also increased cell accumulation at G1 phase 
from 50.85% to 52.35% and 58.72%. This phenomenon 
might be due to the activation of NF-κB caused by the 
high dose of 5-FU (Vinod et al., 2013). It is reported that 
NF-κB p50/p65-transfected MCF-7 cells grew slower 
than the control cells. The decrease of cells in S phase 
might be due to NF-κB induced G1 arrest (Wang et al., 
2004). On the other hand, PGV-1 inhibited G2/M phase 
progression in dose-dependent manner (Figure 3). After 
24h treatment with 1, 2.5, 5, and 10 µM PGV-1, there were 
cell accumulations in G2/M phase about 17.84%, 21.21%, 
29.00%, and 34.04%, respectively. The cell accumulation 
increased in G2/M phase up to 20% (Figure 3). 

PGV-1 enhanced S-phase arrest by 5-FU
Although single treatment of PGV-1 induced G2/M 

arrest, the combination treatment of 5-FU and PGV-1 
increased cells in S-phase in dose-dependent manner 
(Figure 3). PGV-1 might enhance S-phase arrest caused 

by 5-FU. Thus, we checked the effect of the combination 
of 5-FU and PGV-1 on the cell cycle time-dependently. 
After treatment with 1 mM 5-FU for 24h, the cell cycle 
profile showed a dominant peak at G1 phase with cells 
distribution in G1, S, and G2/M phase of 52.89%, 45.15%, 
and 1.96%. The combination of 1 mM 5-FU and 10 µM 
PGV-1 exhibited all peaks of G1, S, and G2/M with cells 
distribution of 11.68%, 72.07%, and 16.25%, respectively. 
Cell accumulation in S-phase increased up to 94% and sub 
G1 phase increased up to 930% compared with untreated 
cells (Figure 4A). Interestingly, after 48h incubation, 
combination treatment significantly increased the cell 
accumulation in S-phase as well as sub-G1 phase (Figure 
4B). Combination treatment indicated that PGV-1 showed 
synergistic or at least additive effect with 5-FU in WiDr 
colon cancer cells. To clarify the effect of the compounds 
on cell cycle progression, we checked the level of cell 
cycle regulatory proteins by western blotting.

Combination of 5-FU and PGV-1 suppressed cyclin D1 
level

Figure 3. Cell Cycle Distribution of WiDr Cells after Treatment with 5-FU and PGV-1 for 24h. Cells were treated with 
various concentrations of PGV-1 and 5-FU and combination of 1 mM of 5-FU and various concentrations of PGV-1 
for 24 h and subjected for Flowcytometry. Data was analyzed using Modfit LT software. 

Figure 4. PGV-1 Enhanced S-Phase Arrest and Cytotoxicity of 5-FU. Cells were treated with 1 mM 5-FU single or 
in combination with  10 µM PGV-1 for 24 (A) or 48 h (B) and subjected for Flowcytometry. Data was analyzed by 
using Modfit LT software. 
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Treatment of WiDr cells with 1, 10 and 100 µM of 
5-FU for 24h increased the level of cyclin D1, the G1 
cyclin, and slightly increased the level of cyclin A, the 
S-phase cyclin, and cyclin B, the G2/M cyclin (Figure  
5A). Cyclin D1 is needed to allow the cells progress 
from G1 phase to S-phase, but it should be diminished 
during S phase to allow synthesis of DNA (Yang et al., 
2006). At higher level of cyclin D1, it is likely that the 
cells prevent 5-FU to be incorporated into the DNA and 
the cell cycle is blocked at the early S-phase. On the 
other hand, treatment of WiDr cells with 2.5 and 5 µM 
PGV-1 decreased the level of cyclin A, cyclin B as well as 
cyclin D1. But, at a higher concentration (10 µM), PGV-1 
increased the level of cyclin A, cyclin B and cyclin D1 
suggesting that PGV-1 arrested the cells in G2/M phase. 
Interestingly, the combination of 1 mM 5-FU with 2.5, 5, 
7.5, and 10 µM PGV-1 suppressed the level of cyclin D1 
and cyclin A (Figure 5B). Cyclin D1 is needed to enter 
S-phase and cyclin A is needed for S-phase progression. 
We hypothesize that PGV-1 allowed S-phase progression 
by decreasing cyclin D1 level and enhanced 5-FU effect 
in S-phase cells thus relieving cyclin A level. This 

explanation is supported by previous FACS analysis which 
showed higher S-phase after 24 hours treatment with 5-FU 
and PGV-1 (Figure 3-4).

PGV-1 inhibited NF-κB activation
The inactive complex of NF-κB binds to IκB that 

mask the nuclear localization signals (NLS) of NF-κB, 
keeping NF-κB inactive in the cytoplasm (Jacobs and 
Harrison, 1998). Once activated, IκB kinase (IKK) 
will phosphorylate serine residue in IκB, leading to the 
conformational change of IκB, followed by ubiquitination 
and degradation of IκB by proteasome. The active 
subunits of NF-κB, such as p65, p50, and c-Rel, then 

Figure 5. Effect of PGV-1 and 5-FU on Cell 
Cycle Regulators. Cells were treated with various 
concentrations of (A) 5-FU and PGV-1 alone or (B) 
in combination for 24 hours. Cells were harvested and 
lysed with RIPA buffer to prepare the whole cell extracts. 
CBB protein assays were carried out to determine the 
protein concentration. (C) Quantification of western blot 
data using ImageJ software.

Figure 6. PGV-1 Inhibited NF-κB Activation. (A-B) The 
effect of PGV-1 and 5-FU on NF-κB activity measured 
by using luciferase reporter assay as described in the 
methods and resulted in the relative luciferase activity, 
(C) Expression of COX-2 at mRNA level was observed 
using reverse-transcript-PCR, (D) immunocytochemistry 
to detect the expression of COX-2 protein.
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release and translocate to the nucleus. Curcumin, the lead 
compound, demonstrated to inhibit NF-κB activation 
leading to cell cycle arrest at G1 phase (Shishodia et al., 
2005). In this study, we investigated PGV-1 effect on 
NF-κB transcriptional activity under luciferase reporter 
assay. We showed that PGV-1 decreased the luciferase 
activity, indicating the ability of PGV-1 to inhibit NF-κB 
activation as a transcription factor (Figure 6A). Moreover, 
5-FU treatments induced NF-κB transcriptional activity. 
Interestingly, combination of 88 µM 5-FU and 5 µM 
PGV-1 suppressed the 5-FU-induced activation of NF-κB 
(Figure 6B). We also observed the effect of PGV-1 on 
the expression of COX-2, which is regulated by NF-κB 
(Plummer,  et al., 1999). PGV-1 decreased the expression 
of COX-2 at both mRNA and protein levels (Figure 6C 
and 6D). This result confirmed that PGV-1 inhibits the 
activity of NF-κB as a transcription factor.

Discussion

WiDr colon cancer cell line is one of the 5-FU resistant 
cells that over-express thymidylate synthase (TS) enzyme 
to decrease the effect of 5-FU on TS inhibition (De 
Angelis et al., 2006; Peters et al., 2002). Additionally, 
it has been reported that in the cells overexpressing TS, 
NF-κB activity was found to be constitutive (Wang et al., 
2004). In this study, we examined the effect of curcumin 
analog PGV-1 in combination with 5-FU to determine 
the prospects of this compound as a co-chemotherapeutic 
agent of 5-FU against resistant colon cancer cells.

PGV-1 exhibited higher cytotoxic activity compared 
to curcumin and 5-FU, as well as faster effect than 5-FU. 
On the WiDr cells, longer incubation time was needed 
by 5-FU to effectively kill the cells. In the presence 
of PGV-1, the cytotoxic effect of 5-FU was stronger 
than single treatment. Since the regulators in cell cycle 
machinery are usually altered in cancer cells, one of 

Figure 7. Proposed Mechanism of PGV-1 Enhanced 
S-phase Block and DNA Damage by 5-FU. In a 
sensitive cancer cell, 5-FU is metabolized into active 
metabolite 5’-dUMP. It interfere the DNA synthesis 
and causes apoptosis induced by DNA damage (A). In 
WiDr cell, 5-FU treatment stimulated NF-κB activation 
then increased cyclin D1 level. High level of cyclin 
D1 at S-phase leads to repression of DNA synthesis 
thus it blocks 5-FU effect (B). In the presence of PGV-
1, an inhibitor of NF-κB, cyclin D1 level significantly 
suppressed and leads to the enhancement of S-phase 
block by 5-FU (C).   

strategy to overcome cancer is by inhibiting the cell cycle 
(Dickson and Schwartz, 2009). The cell cycle analysis 
demonstrated that 5-FU treatment induced S-phase arrest 
especially at lower concentration. At higher concentration, 
the cell accumulation in G1-phase was also increased. 
In correlation with cell cycle, 5-FU is S-phase active 
and only works on dividing cells where TS enzyme 
actively synthesizes DNA precursors. Based on this 
mechanism, treatment of cancer cells with 5-FU induces 
cell accumulation in S-phase (Liu et al., 2006). However, 
5-FU resistance cells showed less cell accumulation in 
S-phase. They tend to show cell accumulation at G1 or 
G2/M phase, depend on the cell types (De Angelis et 
al., 2006; Wang et al., 2004). It is interesting that the 
combination treatment of 5-FU with PGV-1 increased the 
cell accumulation in S-phase. The combination effects 
seemed to be synergistic considering that both anticancer 
agents showed different effects on cell cycle progression, 
but somehow the combination of these agents enhanced 
S-phase arrest after 24 hours and increased apoptotic cells 
after 48 hours treatment (Figure 3-4). The G2/M peak 
also increased compare to single treatment with PGV-1 
(Figure 3). Our previous study also showed that PGV-1 
induces G2/M arrest in Doxorubicin resistant MCF-7 
cells (Meiyanto et al., 2014), indicating that the effect of 
PGV-1 on the cell cycle might be similar in several cancer 
cells. A study by Lee and Langhans (2012) reported that 
curcumin induces G2/M arrest by inhibiting the activity of 
anaphase promoting complex (APC) and stabilizing cyclin 
B. Since this study also showed that PGV-1 increased 
cyclin B expression, hence, it is interesting to determine 
whether PGV-1 also targets APC to promote G2/M arrest.

PGV-1 possesses at least 2 actions to the cells in 
combination treatment. First, PGV-1 enhanced the S phase 
arrest by 5-FU, and the second one, PGV-1 inhibited the 
G2/M-phase progression. Our previous study shows that 
PGV-1 induces G2/M arrest by inhibiting microtubule 
polymerization (Meiyanto et al., 2014).This study showed 
that 1 µM PGV-1 was sufficient to alter the WiDr cell cycle 
profile. Vinod et al. (2013) reported that curcumin 10 µM 
does not change the cell cycle profile compared to the 
control thus suggesting that PGV-1 might have stronger 
effect than curcumin to modulate cell cycle progression. 

In H630-R10 5-FU resistant colorectal cancer cells, 
FACS histogram of DNA content showed the cell 
accumulation in G1 phase, different from wild type 
H630 histogram profile (Wang et al., 2004). Single 
treatment of either 5-FU or PGV-1 increased the level of 
cyclin D1, but 5-FU-PGV-1 combination decreased the 
level of this cyclin. Increased expression of cyclin D1 
after 5-FU treatment in WiDr cells may be correlated to 
NF-κB activity regarding that cyclin D1 is a downstream 
protein of NF-κB (Seo et al., 2013). It has been reported 
that NF-κB controls cyclin D1 expression during G1-S 
phase transition (Hinz et al., 1999). High level of cyclin 
D1 in G1-phase allows S-phase entrance, but repress 
S-phase progression (Guo et al., 2005, Yang et al., 2006). 
It is interesting that combination of 5-FU and PGV-1 
significantly decreased cyclin D1 level. Since the FACS 
histogram showed that the cells were accumulated in 
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S-phase (Figure 3, 4), it seems that suppression of cyclin 
D1 level is important for S-phase progression. Considering 
that cyclin A level was detected low, we hypothesized 
that in this event, during S-phase progression, 5-FU 
is incorporated in the DNA and interrupted the DNA 
synthesis.

In this study, we proved that TNF-α inhibited 
NF-κB activation, in the presence of TNF-κ, 5-FU, or in 
non-treated cells. It leads to the idea that the mechanism 
by which PGV-1 enhanced S-phase block and DNA 
damage by 5-FU may be associated with inhibition of 
NF-κB activation by PGV-1. Treatment of the cells with 
5-FU causes DNA damage which leads to the activation of 
NF-κB in some cell lines and in vivo (Chang et al., 2012; 
Vinod et al., 2013). Then, NF-κB increases cyclin D1 
level resulting in repression of DNA synthesis. Dahlman 
et al., (2012) also reported that p65 sub unit of NF-κB 
specifically regulates the stability of cyclin D1 through 
indirect interaction. Blockade of DNA synthesis in the 
early S-phase by cyclin D1 prevents 5-FU to take action. 
Therefore, inhibition of NF-κB activation by PGV-1 
suppresses cyclin D1 expression and enhances S-phase 
block by 5-FU (Figure 7). Further investigation is needed 
to clarify this hypothesis. Taken together, these findings 
indicated that PGV-1 is prospective as a chemopreventive 
agent for colon cancer as well as a candidate for 
combination agent with 5-FU to treat colon cancer.

In conclusion, our study concluded that PGV-1 
exhibited more potent cytotoxic effect in WiDR colon 
cancer cells as compared to curcumin and 5-FU. PGV-1 
induced G2/M arrest, inhibited NF-κB transcriptional 
activity and decreased COX-2 protein level. The 
combination of PGV-1 with 5-FU synergistically enhanced 
S-phase arrest by 5-FU, suppressed cyclin D1 level and 
increased 5-FU cytotoxic effect. 
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