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Curcumol increases the sensitivity of colon cancer to 5-FU by 
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Background: 5-fluorouracil (5-FU) resistance is the leading cause of treatment failure in colon cancer. 
Combination therapy is an effective strategy to inhibit cancer cells and prevent drug resistance. Therefore, 
we studied the antitumor effect of curcumol alone or combined with 5-FU on human colon cancer drug-
resistant cells. 
Methods: The 5-FU resistant HCT116 cell line (HCT116/5-FU) was established by repeated exposure 
to gradually increasing concentrations of 5-FU; Cell viability was measured by cell counting kit-8 (CCK-
8); apoptosis rate of HCT116 cells was detected using Annexin V‑fluorescein isothiocyanate (FITC) assay 
kit; cell proliferation and invasion were detected using colony formation assays, wound healing assay and 
transwell invasion assays; activity of transplanted tumor in vivo in specific pathogen free (SPF) BALB/c nude 
mice (6 weeks old, male) was monitored by bioluminescence imaging, immunohistochemistry and western 
blot analysis.
Results: Our study showed the potent antitumor effect of curcumol by induction of apoptosis, inhibition of 
proliferation, invasion, migration, and improvement of the therapeutic efficacy of 5-FU toward human colon 
cancer HCT116 cells. From our results, curcumol could chemosensitize 5-FU-resistant HCT116 cells. The 
combination of curcumol and 5-FU exerted a synergistic inhibitory effect on the induction of apoptosis. Also, 
this combination inhibited the proliferation, invasion, and migration of both chemo-resistant and sensitive 
cells. Curcumol treatment decreased multidrug resistance-associated protein 2 (MRP-2), P-glycoprotein  
(P-gp), survivin, and β-catenin expression, which correlated with multidrug resistance (MDR) and the target 
genes of Wnt/β-catenin. It significantly increased the p-β-catenin level and Bad/Bcl-2 ratio in HCT116/5-
FU cells compared with 5-FU treatment. In vivo, curcumol significantly inhibited the growth of transplanted 
tumors and the expression of Ki-67, proliferating cell nuclear antigen (PCNA), and vascular endothelial 
growth factor (VEGF) in colon cancer cells. 
Conclusions: Curcumol as a potential chemotherapeutic agent combined with 5-FU can overcome colon 
cancer resistance.
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Introduction

Colon cancer is the third most frequently diagnosed 
cancer type globally, with over 1.2 million new cases and 
600 thousand deaths yearly (1). The incidence rate of 
colon cancer increases with age and is higher in Europe, 
North America, and Africa (2), and chemotherapy plays 
a vital role in treating colon cancer (3). Although various 
chemotherapy drugs have been shown to improve the 
survival rate and quality of life of patients with colon  
cancer (4), after 30 years of clinical research, 5-fluorouracil 
(5-FU) is still the preferred drug (5,6); however, the 
emergence of multidrug resistance (MDR) often leads 
to the treatment failure and death of patients with colon 
cancer (7). MDR in cancer refers to cancer resistance to 
various chemotherapy drugs with unrelated structures and 
functions after exposure to a single cytotoxic compound (8). 
A potent drug with the fewest side effects must be identified 
to reverse the effect of MDR and improve chemotherapy’s 
efficacy toward multidrug-resistant tumors (9-11). Reversal 
of acquired resistance to 5-FU is still a promising method 
to improve patients’ prognosis with colorectal cancer.

Natural products have become one of the primary sources 
of anticancer drug discovery due to their excellent chemical 
diversity and low toxicity (12,13). Natural products are still 
the subject of many drug discovery studies (14). Analyses of 
the quantity and source of chemotherapeutic drugs showed 
that approximately 60% of the approved drugs were derived 
from natural compounds (13,15). Curcumol, a guaiacene 
sesquiterpene, was isolated from the root of Rhizoma 
Curcumae (16). Due to the low side effects of curcumol, 
many studies have focused on its biological activity (17,18). 
Previous studies have also shown curcumol has anti-liver 
fibrosis, anti-proliferative, anti-inflammatory, antioxidant, 
and antibacterial activities (19,20). Also, curcumol inhibits 
human cancer cells’ growth and promotes the apoptosis 
of various cancer cells, including cervical cancer, breast 
cancer, lung cancer, gastric cancer, and liver cancer (21-24). 
Also, curcumol has been reported to increase cancer cells’ 
sensitivity to adriamycin (25,26). As far as we know, there is 
no published research on the drug resistance of curcumol to 
colon cancer and its mechanism. Therefore, we wondered 
whether curcumol combined with chemotherapy could 
increase the anticancer effects.

In this study, we investigated the combined effect 
of curcumol and 5-FU on colon cancer cells, besides 
the underlying mechanisms. Curcumol enhanced the 
chemotherapeutic effect of 5-FU on colon cancer cells 

by regulating the Wnt/β-catenin signaling pathway. These 
findings provide evidence for the application of curcumol in 
the clinical chemotherapy of colon cancer. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at http://dx.doi.org/10.21037/tcr-21-689).

Methods

Cell culture

HCT116 cells were obtained from the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, 
China). Cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, HyClone, USA) supplemented with 
10% fetal bovine serum (FBS, Gibco, USA), 100 μg/mL 
streptomycin, and 100 U/mL penicillin (HyClone). All cells 
were maintained at 37 ℃ in a cell incubator containing 5% 
CO2. All cells were negative for contamination with other 
human cells and mycoplasma.

Establishment of 5‑FU-resistant HCT116 cells 
(HCT116/5-FU)

Repeated exposure established 5-FU resistant HCT116 cell 
lines to accumulating concentrations of 5-FU (from 1 to  
25 μM, cat .  no.  HY-9006, MedChemExpress)  for 
five months (27). The cells were cultured in DMEM 
supplemented with 10% FBS in a 37 ℃  incubator 
containing 5% CO2. The medium was replaced three 
times a week and passaged using 0.125% trypsin/EDTA 
(ethylenediaminetetraacetic acid). Then, 5-FU resistant 
cells were placed in a complete medium containing 25 μM 
5-FU to maintain the 5-FU resistance (25).

Cell viability

Cell counting kit-8 detected cell viability (CCK-8, cat. 
No. HY-K0301, MedChemExpress). Curcumol displayed 
substantial solubility in 1% DMSO and was not toxic 
to HCT116 cells (28). After treatment with different 
concentrations (0, 10, 20, 30, 40 and 50 μg/mL) of curcumol 
(cat. no. 100185-200506, MedChemExpress), cells were 
collected and seeded into 96 well plates at a density of 2×105 
cells / mL. Curcumol (0 μg/mL) was set as control group (n=6). 
The cells were cultured at 37 ℃ in 5% CO2. After 48 hours, 10 
μL of CCK-8 reagent were added to each well, incubated for 
one hour, and the absorption value was detected at 450 nm. All 
experiments were repeated three times.
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Cell apoptosis detection

An Annexin V-fluorescein isothiocyanate (FITC) detection 
kit (cat. no. 556547; BD Biosciences) was used to detect the 
apoptosis rate of HCT116 cells. Fresh medium containing 
curcumol (30 μg/mL) and 5-FU (20 μM) (29) alone or 
combined was added to the corresponding well for 24 h. 
HCT116 cells treated without curcumol or 5-FU were 
set as control (n=6). The cells were washed 2 times with 
cold PBS and then resuspended in 500 μL of binding 
buffer. Subsequently, 5 μL of Annexin V−FITC and 5 μL 
of PI staining solution were added, the cells were rotated, 
cultured in the dark for 15 minutes, and detected using 
flow cytometry (BD FACSCalibur, BD Biosciences, USA). 
Annexin V/PI double staining’s average fluorescence 
intensity was analyzed using FlowJo software (version 
10.4.2, FlowJo LLC). The percentage of Annexin V+-FITC+ 
cells defined as the proportion of mortality.

Colony formation assays

The cells were cultured in 6 cm culture dishes (1×103 
cells/dish) for 24 hours and then treated with curcumol  
(30 μg/mL) and 5-FU (20 μm) alone or in combination 
for two weeks (n=6). The colonies were washed with PBS, 
fixed with methanol and stained with crystal violet for  
15 minutes, washed slowly, and dried. The number of cell 
colonies was measured using software ImageJ 1.42.

Wound healing assay

The motility of HCT116 cells was detected by performing 
a scratch wound assay. HCT116 cells (1×10 5/mL) 
were cultured overnight in 6-well plates. Then the cell 
monolayer was carefully scratched with a yellow pipette and 
washed with DMEM to remove cell debris. A fresh medium 
containing curcumol (30 μg/mL) and 5-FU (20 μm) alone 
or combined was added to the corresponding well for  
24 hours (n=6). At 0, 24, 48, and 72 hours, the scratch 
wound in each well was photographed with an Olympus 
IX-71 microscope. The motility of cells was determined by 
calculating the number of migrating cells.

Transwell invasion assays

Transwell chambers (Corning) were used to detect the 
migration of HCT116 cells. Briefly, cells pretreated with 
curcumol (30 μg/mL) or 5-FU (20 μM) were trypsinized 

and resuspended in a medium lacking FBS (n=6). 1×105 
cells were added to the upper chamber, while 600 μL of 
medium supplemented with 50% FBS were added to the 
lower chamber. After 30 hours of culture, the invasive cells 
were stained with crystal violet and photographed with an 
Olympus IX-71 microscope.

Establishment of tumor xenografts in nude mice

All experiments with animals were approved by the 
Institutional Animal Care and Use Committee (IACUC) 
of the Nanjing Medical University, and were carried out 
following the approved guidelines. Specific Pathogen Free 
(SPF) BALB/c nude mice (6 weeks old, male, 18–22 g) were 
purchased from Nanjing medical university, and housed in 
steel micro isolator cages at 22 ℃ on a 12/12 hours light/
dark cycle and freely received standard mouse chow and tap 
water in SPF facility in Nanjing Medical University. The 
tumor model was established in nude mice by subcutaneous 
implantation. mCherry-labeled HCT116 cells and 
HCT116/5-FU cells in logarithmic phase were digested 
with trypsin, rinsed three times with 1× PBS, and then 
suspended in 100 μL of 1× PBS. Six nude mice (6 weeks 
old, male) were subcutaneously inoculated with 5×106 cells. 
The tumor transplantation experiment was divided into two 
parts. The order of treatment and measurement was set with 
a random number table to minimize potential confidants. In 
part I, after tumor palpability, xenograft-bearing mice was 
randomly divided into four groups with random number 
table (n=6): (I) the vehicle control (DMSO) plus HCT116 
cells (20 mg/kg every other day, ip); (II) curcumol treatment 
plus HCT116 cells (20 mg/kg every other day, ip) (23); 
(III) 5-FU treatment plus HCT116 cells (35 mg/kg twice 
weekly, ip) (29); and (IV) curcumol (20 mg/kg every other 
day) and 5-FU (35 mg/kg twice weekly, ip) cotreatment plus 
HCT116 cells. In part II, HCT116 cells and HCT116/5-
FU cells were subcutaneously inoculated into mice to 
establish a xenograft tumor model in nude mice. After 
tumor palpability, xenograft mice were then divided into 
four groups with random number table (n=6): (I) vehicle 
control (DMSO) plus HCT116 cells (20 mg/kg every other 
day); (II) vehicle control (DMSO) plus HCT116/5-FU 
cells (20 mg/kg every other day, ip); (III) 5-FU treatment 
plus HCT116/5-FU cells (35 mg/kg twice weekly, ip); and 
(IV) curcumol (20 mg/kg every other day, ip) and 5-FU  
(35 mg/kg twice weekly, ip) cotreatment plus HCT116/5-
FU cells. Tumor growth was measured weekly using 
bioluminescence imaging and calculated using the formula: 
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0.5 × length × width2 until the fourth week. The tumors 
were collected after mice were sacrificed under general 
anesthesia using intraperitoneal injection of pentobarbital 
sodium (150 mg/kg).

Immunohistochemistry

The tumor tissue was fixed with 4% paraformaldehyde, 
embedded in paraffin and cut into 4 μm sections. 
Endogenous peroxidases were blocked with 3% hydrogen 
peroxide, and the antigens were recovered in the citrate 
buffer at pH 6.0. Then, the sections were incubated 
with an anti-Ki-67 antibody (cat. No, ab16667, Abcam 
Biotechnology, Inc.), anti-proliferating cell nuclear antigen 
(PCNA) antibody (cat. No, ab92552, Abcam Biotechnology, 
Inc.), and anti-vascular endothelial growth factor (VEGF) 
antibody (cat. No, ab32152, Abcam Biotechnology, Inc.) 
at 4 ℃ overnight (n=6). Goat anti-mouse IgG (Abcam 
Biotechnology) was incubated with the section at 37 ℃ for  
1 hour. Tissue staining was detected under a light 
microscope (1-71, Olympus, Inc.), and protein expression 
was quantified using ImageJ software.

Western blotting

The cells were lysed in a RIPA lysis buffer containing 1 mM 
phenylmethylsulfonyl fluoride (Bioteke Company). Protein 
samples (50 μg) were separated on a 10% SDS-PAGE 
gel and transferred to nitrocellulose membranes. TBST 
buffer (100 mM NaCl, 10 mm Tris HCl, pH 7.4, and 0.1% 
Tween 20) containing 5% skim milk was used to block the 
membrane at 25 ℃ for 1 hour. Then, the membrane was 
incubated with primary antibodies against Bad (1:1,000, cat. 
No, ab32445, Abcam Biotechnology, Inc.), Bcl-2 (1:1,000, 
cat. No, ab182858, Abcam Biotechnology, Inc.), MRP-2 
(1:1,000, cat. No, ab172630, Abcam Biotechnology, Inc.), 
P-gp (1:1,000, cat. No, ab234884, Abcam Biotechnology, 
Inc.),  survivin (1:1,000, cat.  No, ab76424, Abcam 
Biotechnology, Inc.), β-Catenin (1:1,000, cat. No, ab68183, 
Abcam Biotechnology, Inc.), p-β-catenin (1:1,000, cat. No, 
ab75777, Abcam Biotechnology, Inc.) and GAPDH (1:1,000, 
cat. no. sc-166574, Santa Cruz Biotechnology, Inc.) at  
4 ℃ overnight. On the second day, an HRP-conjugated goat 
anti-rabbit IgG secondary antibody (1:5,000, cat. no. sc-
2004; Santa Cruz Biotechnology, Inc.) or Goat anti-mouse 
IgG HRP binding secondary antibody (1:5,000, cat. no. sc-
2005; Santa Cruz Biotechnology, Inc.) was incubated with 
the membrane for 1 hour at room temperature. Then, the 

membrane was rinsed three times with TBST. Western blot 
analyses were performed with Pierce ECL Western Blotting 
Substrate (cat. no. 32209; Thermo Fisher Scientific, 
Inc.) and ChemoDoc XRS+ Molecular imager (Bio-Rad 
laboratory), and the quantitative analysis was performed 
with ImageJ software (n=6).

Statistical analysis

Data are presented as the means ± standard deviation 
(SD). Statistical analyses were performed using GraphPad 
6.0 statistical software. Differences between groups were 
compared using a one-way analysis of variance (ANOVA). A 
P value of <0.05 was considered significant.

Results

Curcumol increases the sensitivity of colon cancer to 5-FU 
in vitro

We first performed a CCK-8 assay to evaluate the cytotoxic 
effect of curcumol on the colon cancer cell line HCT116 
and investigate whether curcumol increased colon cancer 
cells’ sensitivity to 5-FU (Figure 1A). At a ≤30 μg/mL 
concentration, no significant difference in the inhibition 
rate was observed between groups treated with curcumol. 
Then, we chose 30 μg/mL curcumol to test the effect 
of combination therapy with 5-FU. Flow cytometry 
analyses were performed to evaluate cell apoptosis. The 
combined treatment with curcumol and 5-FU significantly 
increased the cytotoxicity of 5-FU toward HCT116 cells 
compared with the other three groups (Figure 1B,C). A 
colony formation assay was conducted to investigate the 
tumorigenic potential of these cells. The colony formation 
capacity of HCT116 cells was reduced by the combined 
treatment with curcumol and 5-FU (Figure 1D,E).

We further evaluated the migration and invasion 
abilities of HCT116 cells by performing Transwell invasion 
assays and scratch migration assays. HCT116 cells were 
treated with curcumol and 5-FU alone or in combination, 
as indicated. As shown in Figure 1F, 5-FU significantly 
decreased colon cancer cells’ invasion compared with 
control cells. Furthermore, the cotreatment more markedly 
inhibits cell invasion than the single treatment, suggesting 
that the antitumor activity of 5-FU is enhanced by the 
addition of curcumol (Figure 1F,G). Also, the migration of 
HCT116 cells was assessed using scratch migration assay 
(Figure 1H). The cells were treated with curcumol and 
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Figure 1 Curcumol increases the sensitivity of colon cancer to 5-FU in vitro. (A) The viability of HCT116 cells treated with increasing 
concentrations of curcumol for 48 hours was measured using the CCK-8 assay (n=6). (B) HCT116 cell apoptosis was detected 48 hours after 
treatment with curcumol (30 μg/mL) and/or 5-FU (20 μM) using flow cytometry analysis (n=6). (C) Flow cytometry results are displayed as 
quantitative bar graphs. Mortality was defined as the percentage of Annexin V+ cells (n=6). (D,E) HCT116 human colon cancer cells were 
treated with curcumol and 5-FU alone or in combination as indicated (n=6). (F,G) Transwell invasion assays were conducted using HCT116 
human colon cancer cells treated with curcumol and 5-FU alone or in combination, as indicated (n=6). Cells pretreated with curcumol  
(30 μg/mL) or 5-FU (20 μM) were trypsinized and resuspended in a medium lacking FBS. 1×105 cells were added to the upper chamber, 
while 600 μL of medium supplemented with 50% FBS were added to the lower chamber. After 30 hours of culture, the invasive cells were 
stained with crystal violet and photographed with an Olympus IX-71 microscope. (H) A scratch migration assay was used to assess the 
migration of HCT116 cells. The cells were treated with curcumol and 5-FU alone or in combination, as indicated. The scratch width was 
observed and photographed at 0, 24, 48, and 72 hours (n=6). (I,J) The percentages of migrating cells were analyzed. All experimental data 
are presented as the means ± SD. Statistical significance: *P<0.05 and **P<0.01 compared with the control group; #P<0.05 and ##P<0.01 
compared with the 5-FU group. 5-FU, 5-fluorouracil.
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5-FU alone or in combination for 24, 48, and 72 hours, as 
indicated. Compared with the Curcumol and 5-FU groups, 
the Curcumol+5-FU group presented markedly reduced 
cell mobility and cell migration (Figure 1I). Cell migration 
was more pronounced in the single treatment groups than 
in the Curcumol+5-FU group (Figure 1J).

Curcumol increases the sensitivity of colon cancer to 5-FU 
in vivo

We established xenografts in nude mice using HCT116-
mCherry cells to explore further the effect of curcumol 
on the 5-FU sensitivity of colon cancer cells in vivo. 
Bioluminescence imaging showed treatment of curcumol 
and 5-FU produced a significant decrease in the tumor size 
compared with the other groups (Figure 2A,B). From these 
results, curcumol increased the sensitivity of HCT116 cells 
to 5-FU in vivo.

Curcumol promotes the 5-FU sensitivity of HCT116/5-FU 
cells by modulating Wnt/β-catenin signaling

We have shown that 5-FU-induced HCT116 cell apoptosis 
is promoted by curcumol treatment. We explored the 
specific mechanism underlying this effect on HCT116/5-
FU cells. First, a 5-FU drug-resistant HCT116 cell 
line was established. The resistance of HCT116/5-FU 
cells to 5-FU was confirmed by exposing the cells with 
different concentrations of 5-FU ranging from 0 to 60 μM  
(Figure 3A). Compared with the IC50 of HCT116 cells, the 
IC50 of HCT116/5-FU cells were significantly elevated 
(57.83 vs. 23.41 μM). Subsequently, flow cytometry analyses 
were used to evaluate cell apoptosis. No difference was 
observed between the HCT116/5-FU and HCT116/5-
FU+5-FU groups. The combined treatment with curcumol 
and 5-FU (HCT116/5-FU+5-FU+curcumol group) 
significantly enhanced the cytotoxicity of 5-FU toward 

Figure 2 Curcumol increases the sensitivity of colon cancer to 5-FU in vivo. (A) In nude mice, representative bioluminescent images of 
tumors are shown; (B) the photon flux in bioluminescent images of tumors was quantified (n=6). All experimental data are presented as the 
means ± SD. Statistical significance: *P<0.05 and **P<0.01 compared with the control group; #P<0.05 and ##P<0.01 compared with the 5-FU 
group. 5-FU, 5-fluorouracil.

Curcumol

5-FU

Week 2

Week 3

Week 4

Control

Curcumol

5-FU + Curcumol

5-FU

2.5

2.0

1.5

1.0

0.5

×109

Radiant Efficiency

μW/cm2( )
p/sec/cm2/sr Week 2 Week 3 Week 4

A B

A
ve

ra
ge

 s
in

al
 in

te
ns

ity
  

(p
ho

to
ns

/s
ec

/c
m

2 /s
te

ra
di

an
) 3.0×109

2.5×109

2.0×109

1.5×109

1.0×109

0.5×109

0.0×109



2443Translational Cancer Research, Vol 10, No 5 May 2021

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2021;10(5):2437-2450 | http://dx.doi.org/10.21037/tcr-21-689

HCT116/5-FU cells compared with the other three groups 
(Figure 3B,C). We detected the main downstream effectors’ 
protein expression in curcumol-mediated signaling cascade 
pathways using western blot analysis to elucidate further the 
potential molecular mechanism underlying this effect. We 
treated HCT116 or HCT116/5-FU cells with curcumol 
(30 ng/mL) and 5-FU (20 μmol/L) alone or in combination 
for 24 hours. Compared with HCT116 and HCT116/5-
FU cell control treatment, the 5-FU treatment increased 
bad expression and decreased Bcl-2 expression and the bad/
Bcl-2 ratio in HCT116/5-FU cells (Figure 3D,E). However, 
bad protein expression was more substantially upregulated, 
and Bcl-2 protein expression was markedly downregulated 
in the 5-FU/curcumol-cotreated cells compared with the 
5-FU -treated cells. The Bad/Bcl-2 ratio was increased in 
the 5-FU/curcumol-cotreated cells (Figure 3D,E). Thus, 
curcumol treatment enhances 5-FU-induced cell apoptosis 
and is partially associated with the Bad/Bcl-2 pathway 
in colon cancer cells. The western blotting results also 
showed increased MRP-2, P-gp, survivin, and β-catenin 
levels and reduced p-β-catenin levels in the HCT116/5-
FU and HCT116/5-FU+5-FU groups compared with 
the HCT116 group (Figure 3D,F). Curcumol decreased 
MRP-2, P-gp, survivin, and β-catenin expression and 
significantly increased p-β-catenin levels in HCT116/5-FU 
cells compared with the 5-FU treatment. Together, these 
results indicated that curcumol influenced 5-FU resistance 
through Wnt/β-catenin signaling and downstream effectors 
in HCT116/5-FU cells.

The curcumol enhanced 5‑FU-mediated antitumor 
activation in a colon cancer xenograft model

We established a nude mouse subcutaneous xenograft 
model using HCT116 and HCT116/5-FU cells to further 
evaluate the combined treatment efficacy with curcumol 
and 5-FU. Consistent with the results in vitro, the tumor 
volume of 5-FU - and curcumol combined treatment group 
was significantly smaller than that of single drug treatment 
and control group. However, the tumor volume was 
substantially reduced in the HCT116/5-FU+5-FU group 
compared with the HCT116/5-FU group (Figure 4A,B). 
The data further support the synergistic effect of curcumol 
and 5-FU.

The Ki-67, PCNA, and VEGF expression levels in the 
xenograft tumors were immunohistochemically evaluated, 
and the 5-FU and curcumol cotreatment group had 
the highest negative percentage among the four groups  

(Figure 4C,D). The results were consistent with the 
results in vitro and further revealed curcumol treatment 
improves the antitumor efficacy of 5-FU, indicating that 
the synergistic effect was mediated by inactivation of Ki-67, 
PCNA, and VEGF in colon cancer cells.

Discussion

Colorectal cancer (CRC) is a leading cause of cancer-
related death worldwide (30-32). In recent years, due to 
the progress achieved in cancer treatment, the survival 
rate of patients with colorectal cancer has significantly  
improved (33). However, resistance to chemotherapeutic 
agents usually occurs during colorectal cancer treatment 
and promotes cancer progression (34,35). The most 
common and standard anti-drug resistance strategy is to use 
other anticancer drugs, but it is not always effective in most 
patients due to MDR (36).

5-FU is an essential drug used to treat colorectal cancer. 
However, MDR development is considered a significant 
obstacle in colon cancer treatment (37). Chemo-resistant 
cells have unlimited proliferation potential, are not 
affected by apoptosis, stimulate pathological angiogenesis, 
and promote metastatic disease progression. One way 
to overcome or delay the emergence of drug-resistant 
cancer cells is to combine drugs with different molecular 
mechanisms (38). The combination of natural polyphenols 
and anticancer drugs shows promising results, which are 
widely accepted by cancer researchers (39). At present, 
many studies have found that natural drug compounds 
extracted from plant extracts play an essential role in the 
treatment of human diseases (40), and they are an effective 
method to treat metastatic tumors (41,42). The application 
of natural products in chemotherapy has been reported 
to improve chemotherapy effects (43-46). Due to their 
increased efficacy and minimal side effects, natural products 
are currently being reassessed in extensive studies of their 
therapeutic properties (47).

Curcumol, a pure monomer extracted from Rhizoma 
Curcumae, has recently been shown to exert antitumor 
effects on many cancer cells (48-52). Recently, curcumol was 
reported to exert a potential effect on adriamycin resistance 
in tumors (25,26). In the present report, we showed the 
potent antitumor effect of curcumol by induction of 
apoptosis, inhibition of proliferation, invasion, migration, 
and improvement of the therapeutic efficiency of 5-FU in 
HCT116 cells. Curcumol treatment inhibits the β-catenin 
expression and increased p-β-catenin level, thus inhibiting 
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Figure 3 Curcumol increases the 5-FU-sensitivity of HCT116/5-FU cells by modulating the Wnt/β-catenin pathway. (A) Effects of 5-FU 
(range from 0 to 60 μM) on HCT116 and HCT116/5-FU cell viability (n=6). (B) HCT116/5-FU cell apoptosis was detected 48 hours after 
treatment with curcumol (30 μg/mL) and/or 5-FU (20 μM) using flow cytometry analysis (n=6). (C) Flow cytometry results are showed as 
quantitative bar graphs. Mortality was defined as the percentage of Annexin V+ cells (n=6). (D) Representative western blots were depicting 
the levels of the Bad, Bcl-2, MRP-2, P-gp, Survivin, β-Catenin, and p-β-Catenin proteins in the indicated colon cancer cell lines. (E) The 
Bad/Bcl-2 ratio was quantitatively analyzed (n=6). (F) The protein expression levels were quantitatively analyzed (n=6). All experimental 
data are presented as the means ± SD. Statistical significance: *P<0.05 and **P<0.01 compared with the HCT116/5-FU group; ##P<0.01 
compared with the HCT116/5-FU+5-FU group. IC50: the 50% inhibitory concentration. 5-FU, 5-fluorouracil.
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P-gp, MRP2, survivin, and Bcl-2 are correlated with MDR 
and the target genes of Wnt/β-catenin, compared with 5-FU 
treatment in HCT116/5-FU cells. As shown in our present 
study, curcumol inhibits MDR in CRC. Consistent with 
our results, curcumol has been reported to inhibit Wnt/
β-catenin signaling in triple-negative breast cancer and 
lung adenocarcinoma (53,54). Importantly, aberrant Wnt/
β-catenin signaling plays a critical role in the development 
and progression of various human malignancies, and 
mutations in this pathway’s components are defining 

CRC features (30,55). The Wnt/β-catenin pathway is 
closely related to colon cancer (56). According to previous 
studies, inactivation of the Wnt/β-catenin signal is usually 
accompanied by antitumor effects, while activation of the 
Wnt/β-catenin pathway leads to cancer development (57). 
Our study revealed that curcumol decreased the expression 
of β-catenin and increased the level of p-β-catenin. The 
combination of curcumol and 5-FU enhanced the inhibitory 
effects compared with treatment with 5-FU alone, 
suggesting that curcumol might play a role in regulating 

Figure 4 Curcumol increases the 5-FU-sensitivity of HCT116/5-FU cells in vivo. (A) The tumors from each mouse were excised and 
photographed. (B) The tumor volume was calculated using the formula 0.5 × length × width2 (n=6). (C) The Ki67, PCNA, and VEGF 
expression levels in xenograft tumors were immunohistochemically evaluated. (D) The quantitative evaluation of Ki67, PCNA, and VEGF 
expression is presented as the IOD/μm2 (n=6). All experimental data are presented as the means ± SD. Statistical significance: *P<0.05 
and **P<0.01 compared with the HCT116/5-FU group; #P<0.05 and ##P<0.01 compared with the HCT116/5-FU+5-FU group. 5-FU, 
5-fluorouracil; PCNA, proliferating cell nuclear antigen; VEGF, vascular endothelial growth factor; IOD, integrated optical density.
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the Wnt/β-catenin pathway in colon cancer. Inactivation 
of the Wnt/β-catenin pathway mediates the suppression of 
cell growth and metastasis in various cancer types (58,59). 
Therefore, curcumol might enhance the antitumor effects 
of 5-FU by suppressing the Wnt/β-catenin pathway.

A recognized hallmark of cancer cell survival and 
growth is aberrant activation of growth signaling pathways, 
including Wnt/β-catenin signaling, which has become a 
valid target of antitumor therapy (60,61). Wnt/β-catenin 
signaling is involved in MDR, and its mechanisms includes 
mechanisms including membrane transport proteins (62),  
topoisomerases (63), abnormal DNA damage and repair, 
and changes in the tumor microenvironment (64). Several 
membrane transport proteins are involved in MDR, 
including P-gp, MDR proteins (MRPs), and breast 
cancer resistance protein (BCRP) (65,66). Western blot 
analysis showed curcumol negatively regulated the Wnt/
β-catenin signaling pathway by suppressing β-catenin and 
increasing p-β-catenin levels and subsequently decreasing 
the expression of the MRP-2, P-gp, and survivin proteins to 
inhibit the expression and nuclear translocation of β-catenin. 
When the canonical Wnt signaling pathway is inactivated, 
phosphorylated β-catenin is ubiquitinated and destroyed by 
the proteasome. This deactivation allows it to migrate to 
the nucleus and bind to TCF/LEF (67,68). The resulting 
DNA-binding complex promotes the transcription of 
various genes involved in cancers, including MRP-2, P-gp, 
and survivin (69). Activation of the Wnt/β-catenin signaling 
pathway promotes MRP-2 and P-gp expression (70). 
Previous studies have certified P-gp, MRP, survivin, and Bcl-
2 are target genes of Wnt/β-catenin signaling (71,72). The 
accumulation of β-catenin in cells is a crucial step triggering 
Wnt/β-catenin target gene expression (73). One of the 
effective mechanisms of MDR is closely linked to ATP-
binding cassette transporters (ABC transporters), including 
P-gp and MRP-2, which can pump multiple chemotherapy 
agents out of cells to attenuate drug-induced cytotoxicity 
(74,75). Overexpression of ABC transporters contributes 
to MDR in cancer cells (76,77). P-gp, a significant factor 
involved in MDR, is a membrane transport protein that 
expels cytotoxic drugs from the cell, decreasing intracellular 
drug levels and efficacy (78). MRP2 also mediates resistance 
to chemotherapeutic drugs (79) and may also mediate the 
efflux of the active drug metabolites from cancer cells (80). 
From our results, curcumol improved the drug sensitivity of 
HCT116 cancer cells by downregulating the expression of 
P-gp, MRP2, survivin, and Bcl-2 via its effects on β-catenin.

A l s o ,  a n t i - a p o p t o t i c  p r o t e i n s  c o n t r i b u t e  t o  

MDR (81). The overexpression of survivin and Bcl-
2 is often observed in a series of solid tumors, including 
CRC (56). The anticancer potential of curcumol has 
been declared to be linked to apoptosis induction via 
p53 regulation (82), the accumulation of ROS/oxidative 
stress (83), reduced expression of anti-apoptotic proteins 
(Bcl-2 and Bcl-xl) (23,84), and increased expression of 
proapoptotic proteins (Bax and Bad) (23). The sustained 
high-level expression of anti-apoptotic proteins protects 
CRC cells from drug-induced apoptosis to mediate 
MDR (85,86). In this study, in vivo experiments were 
carried out to confirm the results obtained in vitro. Ki-67, 
PCNA, and VEGF expression represent an index of cell  
proliferation (87). The administration of curcumol and 
5-FU inhibited the expression of Ki-67, PCNA, and VEGF, 
which further confirmed the hypothesis that curcumol 
enhanced the effects of 5-FU on cell proliferation and 
apoptosis in the colon cancer cell line HCT116. Curcumol 
was found to exert an anti-proliferative effect on colorectal 
cancer in vivo (24). The development of more effective 
drugs to treat aberrant cell proliferation and apoptosis has 
been a promising chemotherapeutic strategy (88). In our 
study, the combination of curcumol and 5-FU enhanced 
the antitumor effect of 5-FU on inhibiting tumor growth, 
consistent with previous findings (89).

In conclusion, we demonstrated the anti-proliferative 
and antimetastatic effects of curcumol in vitro and in vivo. 
These inhibitory effects are mediated by the inhibition 
of Wnt/β-catenin signaling, supporting using therapeutic 
approaches targeting Wnt/β-catenin activity to prevent 
colon development and tumor metastasis. Altogether, 
curcumol might be a beneficial therapeutic agent for colon 
cancer treatment, although further studies are needed.
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