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Visfatin inhibits colon cancer cell apoptosis
and decreases chemosensitivity to 5S-FU by
promoting the SDF-1/CXCR4/Akt axis
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Abstract. 5-Fluorouracil (5-FU) is the preferred chemothera-
peutic drug used in the treatment of colon cancer; however,
drug resistance affects its clinical efficacy. Visfatin, an adipo-
kine that promotes tumour development, has the potential to
increase resistance to chemotherapy. The present study aimed
to verify the effects of visfatin on the sensitivity of colon
cancer cells to 5-FU and to elucidate the potential mechanisms
involved. Tissue microarrays (TMAs) were used to analyse
visfatin differential expression in normal colon and colon
cancer tissues, and the data were further validated in vitro. Cell
Counting Kit-8, clone formation, caspase-3/7 activity assays,
as well as other analyses were used to verify the effects of
visfatin on sensitivity to 5-FU. TMA and correlation analyses
were used to predict and verify the correlation between visfatin
and stromal cell-derived factor-1 (SDF-1). Rescue experiments
and PI3K/Akt inhibitors were used to verify the role of the
visfatin/SDF-1/Akt axis in the sensitivity of colon cancer cells
to 5-FU. Visfatin was found to be highly expressed in colon
cancer tissues and cell lines. Moreover, visfatin knockdown
increased apoptosis, reduced cell proliferation and enhanced
the chemosensitivity of DLD-1 and SW48 cells to 5-FU. A
positive correlation between visfatin and SDF-1 was observed,
with the knockdown of visfatin enhancing cell sensitivity to

Correspondence to: Dr Jian Zhang or Dr Kunmei Gong,
Department of General Surgery I, The First People's Hospital of
Yunnan Province, The Affiliated Hospital of Kunming University of
Science and Technology, 157 Jinbi Road, Kunming, Yunnan 650031,
PR. China

E-mail: zhanggl43@163.com

E-mail: kunhuagongkunmei@163.com

“Contributed equally

Key words: colon cancer, visfatin, apoptosis, chemosensitivity,
stromal cell-derived factor-1

5-FU chemotherapy by targeting the SDF-1/C-X-C chemokine
receptor type 4 (CXCR4) axis. Furthermore, the Akt signalling
pathway downstream of SDF-1/CXCR4 proved to be critical
in the decreased sensitisation of colon cancer cells to 5-FU
induced by visfatin. On the whole, the present study demon-
strates that visatin can potentially decrease colon cancer cell
apoptosis, promote proliferation and decrease colon cancer
cell sensitivity to 5-FU via the visfatin/SDF-1/Akt axis.

Introduction

Colon cancer is a malignant tumour, with the second and
fifth highest mortality rates in USA and China, respectively.
Its morbidity and mortality rates are currently increasing in
China (1-3). Of note, <20% of first-time diagnosed patients
with metastatic colon cancer survive for >5 years and 60% of
these patients are already in the advanced stage of the disease
at the time of consultation (4). Current colon cancer treatments
are based on surgical resection and supplemented with concur-
rent chemotherapy, targeted therapy and biological therapy (5).
5-Fluorouracil (5-FU) drug-based chemotherapeutic regimens
have been reported to effectively improve the tumour-free
survival rate of patients with colorectal cancer (CRC);
however, patients with CRC have exhibited varying degrees
of resistance to 5-FU (6). This innate or acquired chemore-
sistance affects the treatment efficacy (7). Therefore, the
identification of a molecular target that can effectively predict
and combat resistance to 5-FU is essential in improving CRC
treatment efficacy and reducing mortality rates. Visfatin, also
known as nicotinamide phosphoribosyl transferase (NAMPT),
has been reported to decrease the sensitivity of cancer cells to
chemotherapeutic drugs (8).

Visfatin is an adipocytokine secreted by visceral fat
tissue. The human visfatin gene, NAMPT, is located between
chromosomes 7q22.1 and 7q31.33 and has a relative molecular
weight of 52,000, comprising 473 amino acid residues (9).
Clinical studies have found that the extracellular expression
of visfatin in T4 stage tumour tissues is significantly increased
compared to its expression in initial stage II-III tumour tissues,
and this elevated expression of visfatin is a strong risk factor
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for advanced- and early-stage CRC (10,11). Clinical studies
have confirmed the association of visfatin with cancer staging,
Ilymph node metastasis and other adverse factors, which
affect patient survival, in colon cancer and gliomas (12,13).
It is worth further investigating whether the upregulation of
visfatin is part of the stem cell phenotype or simply the result
of other malignant changes. Visfatin catalyses the conversion
of nicotinamide mononucleotide, which is the rate-limiting
step in the NAD salvage pathway (14), thereby enhancing
cancer cell proliferation. However, decreasing proliferation
could decrease tumour sensitivity to drugs that target prolif-
erating cells. Therefore, NAMPT has been proposed as a
promising anticancer target (14). For example, NAMPT inhibi-
tors combined with platinum-based chemotherapy have been
shown to suppress senescence-associated cancer stem-like
cells (CSCs) and reduce tumour recurrence (15). The overex-
pression of visfatin can also downregulate the sensitivity of
non-small-cell lung cancer (NSCLC) cells to doxorubicin,
and can upregulate the mRNA and protein expression of
ATP binding cassette subfamily C member 1 (ABCC1) (16).
Moreover, as previously demonstrated, NAMPT inhibition
by FK866 inhibits cell viability and aggravates apoptosis in
cancer cells treated with 4-hydroxytamoxifen, while NAMPT
overexpression promotes xenograft tumour growth in nude
mice (17). Thus, previous studies prove the suppressive effects
of visfatin on sensitivity to chemotherapeutic drugs. PI3K/Akt
is a typical downstream pathway of visfatin in various types of
cancer, including CRC (18,19), and it has been frequently found
to be associated with stromal cell-derived factor-1 (SDF-1) in
cancer (20-22). Therefore, it was hypothesised that the role and
regulatory mechanisms of visfatin in CRC may be related to
changes in SDF-1/chemokine receptor type 4 (CXCR4) levels;
this hypothesis was preliminarily confirmed in a previously
published study by the authors (23).

The present study aimed to further explore the effects and
mechanisms of action of visfatin on the sensitivity of colon
cancer cells to 5-FU. Visfatin expression in colon cancer
tissues and cells was determined, followed by the verification
of the suppressive effects of visfatin on the sensitivity of CRC
to 5-FU chemotherapy in vitro. Furthermore, the downstream
signalling pathway involved in the effects of visfatin on sensi-
tivity to 5-FU was analysed and verified using correlation
analysis, rescue experiments, as well as other analyses.

Materials and methods

Tissue microarray (TMA). A TMA was purchased from
the Xian Alenabio Biotechnology Company (China), which
included 57 tissue samples from patients with colon cancer
whose clinical characteristics are presented in Table SI.
Immunohistochemistry was performed on the TMA samples,
and each tumour included three 0.6-mm core biopsies.
Briefly, the chips were placed in a 67°C oven for 2 h. Citrate
buffer [pH 6.0, Sangon Biotech (Shanghai) Co., Ltd.] was
added to the microwave box and microwaved at mid-range
for 10 min. Primary antibody dilutions of visfatin (1:1,000,
cat. no. ab236091) or SDF-1 (1:1,000, cat. no. ab25117) (both
from Abcam) were added to the chip and incubated overnight
at 4°C. The secondary antibody (S0001, 1:5,000, Affinity
Biosciences) was then added in a dropwise manner followed

by incubation at 37°C for 2 h. The TMA slides were scanned
and the Quant centre (Panoramic MIDI II, Sysmex Europe
GmbH) was used to analyse the digital images. Each slide was
annotated using automatic TMA de-arrangement tools (Quant
Center) and detection classifiers to distinguish tumours. The
immunostaining percentage and staining intensity (0, nega-
tive; 1+, weak; 2+, moderate; and 3+, strong) were recorded.
Furthermore, the H-score was used to score the staining as
follows: H-score=(percentage of cells of weak intensity x1) +
(percentage of cells of moderate-intensity x2) + percentage
of cells of strong intensity x3), as previously described (24).
The nuclear tests were visually inspected and then manually
corrected to eliminate staining artefacts.

Clinical samples. Colon cancer tissues were obtained from
3 patients with colon cancer and 3 control volunteers at the
First People's Hospital of Yunnan Province from April,
2020 to May, 2020. All patients provided written informed
consent. The present study was approved and supervised
by the Ethics Committee of the First People's Hospital of
Yunnan Province in accordance with the International
Ethical Guidelines for Biomedical Research Involving
Human Subjects (CIOMS).

Cells and cell culture. Colon cancer DLD-1 [CCL-221,
American Type Culture Collection (ATCC)], SW48 (CCL-231,
ATCC), HCT116 (CCL-247EMT, ATCC) and SW620
(CCL-227, ATCC) cells were cultured using Dulbecco modi-
fied Eagle's medium (DMEM, Invitrogen; Thermo Fisher
Scientific, Inc.), containing 10% foetal bovine serum (FBS),
at 37°C and 5% CO,. Human colonic epithelial NCM460
cells were incubated in DMEM containing 10% FBS [Sangon
Biotech (Shanghai) Co., Ltd.], 100 U/ml penicillin [Sangon
Biotech (Shanghai) Co., Ltd.] and 100 pgg/ml streptomycin
[Sangon Biotech (Shanghai) Co., Ltd.]. These cell lines
were purchased from the Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences (Shanghai, China) or
the American Type Culture Collection. Additionally, cells
were tested for mycoplasma contamination.

Cell transfection. Full-length visfatin or SDF-1 coding
sequences were amplified using polymerase chain reaction
(PCR), according to the sequence available at the National
Center for Biotechnology Information database (Shanghai,
China) and cloned into pcDNA3.1 [Sangon Biotech
(Shanghai) Co., Ltd.]. Following the manufacturer's instruc-
tions, Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) was used to transfect the pcDNA-visfatin or
pcDNA-SDF-1 vector (20 nmol/l) into the DLD-1 and SW48
cells cultured in six-well plates. Using Lipofectamine™ 2000,
a short hairpin RNA [shRNA, Sangon Biotech (Shanghai) Co.,
Ltd.] that specifically targets visfatin was transiently trans-
fected into the DLD-1 and SW48 cells. The transfection group
with a scrambled shRNA sequence was used as the mock
group. The sequences were as follows: Visfatin-shRNA-1
Sense, ccggCTTGAGGAATATGGTCAGGATctcgagATCCT
GACCATATTCCTCAAGtttttg and antisense, AATTcaaaa
aCTTGAGGAATATGGTCAGGATctcgagATCCTGACCAT
ATTCCTCAAG; Visfatin-shRNA-2 sense, ccggTTCTCCAT
ACTGTCTTCAAGACctcgagTCTTGAAGACAGTATGGAGA
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Atttttg and antisense, AATTcaaaaalT TCTCCATACTGTC
TTCAAGACctcgagTCTTGAAGACAGTATGGAGAA; SDF-1
shRNA sense, ccggCCGTCAGCCTGAGCTACAGATctcga
gATCTGTAGCTCAGGCTGACGGtttttg and antisense, AAT
TcaaaaaCCGTCAGCCTGAGCTACAGATctcgagATCTG
TAGCTCAGGCTGACGG; scrambled shRNA sense, ccggTA
CTGAACCGTAAAGCAGGTACctcgagTACCTGCTTTACGG
TTCAGTAtttttg and antisense, AATTcaaaaaTACTGAACCGT
AAAGCAGGTACctcgagTACCTGCTTTACGGTTCAGTA.
PI3K inhibitor (LY294002, 10 gmol/l, Selleck Chemicals) was
used to treat the cells for 24 h to verify the association between
SDF-1 and the PI3K/AKT axis. Total RNA was isolated using
TRIzol reagent (Takara Biotechnology Co., Ltd.) following
48 h of transfection, and visfatin and SDF-1 expression levels
were detected using reverse transcription-quantitative PCR
(RT-gqPCR) and western blot analysis.

Animal experiments. A total of 15 NOD/SCID mice
(Shanghai SLAC Laboratory Animal Co., Ltd.; 6 weeks old,
female), were accommodated at a constant temperature of
22°C, with a relative humidity of 30% and a 12-h light/dark
cycle, and standard conditions with free access to food and
water. When the confluency of the cells subjected to visfatin
knockdown or overexpression reached 80-90%,0.25% trypsin
digestion was performed to obtain a single-cell suspension.
The cells were resuspended in phosphate-buffered saline
(PBS) and adjusted to 1x10”/ml density. Each mouse was
inoculated with 0.2 ml cell suspension subcutaneously into
the right armpit. Mice were randomly divided into the nock
group, shRNA2 group, and shRNA2 + visfatin group, with
5 mice in each group. When the tumour tissues of the mice
in the mock group reached a volume of 1,000 mm?, all mice
were sacrificed by an intraperitoneal injection of sodium
pentobarbital (150 mg/kg). The tumour tissue was collected
for volume and weight measurements. The experimental
protocol was approved by the Animal Protection and Use
Agency Committee of Kunming University of Science
and Technology and conducted in accordance with the
Laboratory animal Guideline for ethical review of animal
welfare (GB/T 35892-2018).

Cell viability assay. The Cell Counting Kit-8 (CCK-8;
Beyotime Institute of Biotechnology) was used to detect cell
viability in each group. The experimental procedures were
performed following the manufacturer's instructions. Briefly,
cells were seeded in a 96-well plate at a density of 5.0x10%/well.
Following gradient 5-FU (10, 20, 30, 40, 50, 60 xM; ST1060,
Beyotime Institute of Biotechnology) treatments and vector
transfection for 24 h, 10 ul CCK-8 reagent were added to each
well and incubated at 37°C for 2 h. The absorbance was evalu-
ated using a microplate reader at 450 nm (Tecan Group, Ltd.).

Colony formation assay. The clone formation experiment was
used to detect the passage and proliferative ability of the cells
in each group. The cells were evenly spread into a six-well
plate (300 cells/well) following suspension treatment after
5-FU (40 uM) treatment, and incubated at 37°C, with 5% CO,
and saturated humidity for 2 to 3 weeks. When macroscopic
clones were observed in the Petri dish under an inverted
light microscope (CKX3-SLP, Olympus Corporation), the
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supernatant was discarded and the cells were fixed with 4%
paraformaldehyde (Dalian Meilun Biotechnology Co., Ltd.) at
room temperature for 20 min. The cells were then stained with
crystal violet (Dalian Meilun Biotechnology Co., Ltd.) at room
temperature for 20 min, and the clone formation number was
calculated using ImagelJ 1.51J8 software (National Institutes of
Health) after obtaining images under an inverted light micro-
scope (CKX3-SLP, Olympus Corporation).

Immunofluorescence. Immunofluorescence was used to detect
caspase-3 expression in cells. After immunofluorescence
processing, the cells were mounted onto slides. The slides
were washed thrice with PBS for 3 min each time. After fixing
the cells with 4% paraformaldehyde at room temperature for
15 min, they were washed thrice with PBS for 3 min each time.
The cells were infiltrated with 0.5% Triton X-100 (prepared
in PBS) for 20 min and then blocked using goat serum for
at room temperature 30 min. After absorbing the excess
blocking solution with an absorbent paper, a sufficient diluted
cleaved caspase-3 primary antibody (1:1,000, cat. no. ab32042,
Abcam) was added to each slide. The slides were placed in
a wet box and incubated overnight at 4°C. Subsequently, the
corresponding fluorescent secondary antibody [IgG H&L
(HRP) (50001, 1:500, Affinity Biosciences)] was added to
the glass slide, followed by the addition of DAPI (C1002,
Beyotime Institute of Biotechnology) and incubation at room
temperature for 5 min in a dark room. After the addition of
an anti-fluorescence quencher (P0126, Beyotime Institute
of Biotechnology) to the glass slide and incubated at room
temperature, the images were observed under a fluorescence
microscope.

Flow cytometric analysis. The cells were seeded in a 12-well
plate (5x10* cells per well) for apoptosis analysis using flow
cytometry. Following 12 h of transfection, each well was
replaced with a cell culture medium containing 5-FU and
further incubated at 37°C for 72 h. An AnnexinV-FITC/PI
Apoptosis Kit (Multisciences (Lianke) Biotech Co., Ltd.) was
used to measure cell apoptosis, following the manufacturer's
instructions. Flow cytometric analysis was performed using
the BD FACSCalibur™ (BD Bioscience) flow cytometer
system.

Caspase-3/7 assay. Apoptosis was detected using the
caspase-3/7 kit (AAT Bioquest). The operation steps were
as follows: The cells were seeded into 96-well plates at
20,000 cells/well in a growth medium (DMEM and 10% FBS).
Subsequently, 10 ul per well of 10x the test compound was
added to a 96-well plate for cell processing. For blank wells,
compound buffer (10 ul/well) was added. The cell plate was
incubated at 37°C in 5% CO,. Furthermore, a caspase-3/7
substrate working solution (100 u1/well) was added to the plate.
The cells were incubated for at least 1 h in a dark room at room
temperature. A fluorescence microplate reader (Fluoroskan
ascent FL, Thermo Fisher Scientific, Inc.) was used to monitor
the fluorescence intensity.

RT-gPCR. According to the manufacturer's instructions, total
RNA was extracted from the DLD-1 and SW-48 cells using
TRIzol reagent and a high-purity total RNA rapid extraction
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kit (Takara Biotechnology Co., Ltd.) and reverse transcribed
into complementary DNA (cDNA) using the 5X Prime Script
RT Master Mix (Takara Bio, Inc.) by incubating at 85°C for
5 min. RNase inhibitor diethylpyrocarbonate (DEPC, ST036,
Beyotime Institute of Biotechnology) were used to inhibit
RNA degradation. SYBR-Green and other reagents (Takara
Bio, Inc.) were prepared in accordance with the manufac-
turer's instructions for an RT-PCR reaction. The PCR reaction
conditions were 95°C for 5 min, 95°C for 30 cycles, 60°C for
30 sec, 72°C for 30 sec, and finally 72°C for 7 min. The primer
sequences used were as follows: SDF-1 forward, 5'-CTACAG
ATGCCCATGCCGAT-3' and reverse, 5'-CAGCCGGGCTAC
AATCTGAA-3'; CXCR4 forward, 5'-"ATCAGTCTGGACCGC
TACCT-3' and reverse, 5'-CCACCTTTTCAGCCAACAGC-3;
B-actin forward, 5~ACATGCAGCCAGAAGAGGAC-3' and
reverse, 5'-ACACCATGCCGTGAATGTCT-3". The relative
expression was obtained using the 2244 method (25). f-actin
was used as an internal control.

Western blot analysis. Proteins were extracted from cells
after processing using RIPA lysis buffer (Beyotime Institute
of Biotechnology), and the protein concentration was
measured using Bradford analysis (Bio-Rad Laboratories,
Inc.). Proteins (20 pug/lane) were separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE, 8-12%) and transferred to a PVDF membrane
(MilliporeSigma). The membrane was then sealed with 5%
(w/v) skimmed milk at room temperature for 1 h and subse-
quently combined with visfatin (1:1,000, cat. no. ab23609),
SDF-1 (1:1,000, cat. no. ab25117), CXCR4 (1:1,000,
cat. no. ab181020), caspase-3 (1:1,000, cat. no. ab32351),
caspase-7 (1:1,000, cat. no. ab32522), proliferating cell
nuclear antigen (PCNA; 1:1,000, cat. no. ab18197), Ki-67
(1:1,000, cat. no. ab92742), cleaved caspase-3 (1:1,000,
cat. no. ab32042), survivin (1:1,000, cat. no. ab76424),
Livin (1:1,000, cat. no. ab236500), p53 (1:1,000, cat. no.
ab32389), Bax (1:1,000, cat. no. ab32503), Bcl-2 (1:1,000,
cat. no. ab32124), Akt (1:1,000, cat. no. ab8805), phos-
phorylated (p-)Akt (1:1,000, cat. no. ab38449), PI3K (1:1,000,
cat. no. ab140307), p-PI3K (1:1,000, cat. no. ab278545),
glycogen synthase kinase (GSK)3p (1:1,000, cat. no. ab32391),
p-GSK3p (1:1,000, cat. no. ab75814) and B-actin (1:5,000,
cat. no. ab8227) primary antibodies (all from Abcam) at
4°C overnight. Following this, the membrane was incubated
with the secondary antibody (S0001, 1:5,000, Affinity
Biosciences) at 37°C for 2 h. The liquid on the membrane
was dried using a filter paper and reacted in the enhanced
chemiluminescence (Amersham; Cytiva) reaction mixture in
a dark room for 2-3 min. For the stabilisation experiments,
cells were collected after being treated with cycloheximide
(CHX, 100 pg/ml DMSO, C8500, USBiological) for 0, 2, 4,
8 or 24 h, and western blot analysis was used to examine
the stabilisation of SDF-1 and CXCR4. Specific bands were
detected. ImageJ 1.51J8 software (National Institutes of
Health) was used to count the grayscale of the strips.

Statistical analyses. The experiments requiring statistical
analyses were repeated thrice. The experimental data are
expressed as the mean + standard deviation. Statistical anal-
yses were performed using SPSS software (version 13.0, SPSS,

Inc.) with one-way or two-way analysis of variance, followed
by Tukey's post hoc test. Pearson's correlation analysis was
used for correlation analysis. A value of P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Close association between visfatin expression and colon
cancer. The TMA results revealed that visfatin was highly
expressed in colon cancer tissues (Fig. 1A). The evaluation of
visfatin expression in various colon cancer cell lines in vitro
revealed that visfatin was highly expressed in colon cancer
cells (Fig. 1B). Among these, the DLD-1 and SW48 cells
exhibited the highest protein expression levels; hence, they
were selected for use in subsequent experiments. Following
transfection with shRNA1 and shRNA 2, visfatin protein
expression was significantly downregulated; however, upon
transfection with the overexpression vector, its expression
was significantly upregulated (Figs. 1C and S1). shRNA2
was selected for subsequent studies based on the rotational
efficiency and stability. Following visfatin knockdown, the
activity and proliferative ability of the DLD-1 and SW48
cells were significantly decreased; however, this decrease
was reversed on the overexpression of visfatin (Fig. 1D
and E). Apoptosis-related protein detection (caspase-3/7)
also revealed that visfatin knockdown promoted colon cancer
cell apoptosis, whereas visfatin overexpression inhibited it
(Fig. 1F). Following the construction of a colon cancer
mouse model in which mice were injected with cells in which
visfatin expression was knocked down or overexpressed, the
tumour volume and weight were significantly reduced in the
group injected with the cells in which visfatin expression was
knocked down compared with the mock group. However,
following visfatin overexpression, the tumour volume and
weight increased (Fig. 1G).

Visfatin regulates the sensitivity of DLD-1 and SW48 cells to
5-FU. The DLD-1 and SW48 cells were treated with a gradient
of 5-FU and cell viability was detected. The concentration of
40 uM was selected for subsequent 5-FU treatment (Fig. 2A).
Following treatment with 40 M 5-FU, visfatin protein
expression in the DLD-1 and SW48 cells was significantly
decreased (Fig. 2B). Following the knockdown of visfatin in
colon cancer cells treated with 5-FU, cell viability was signifi-
cantly decreased. However, the overexpression of visfatin,
cell viability was significantly increased compared with that
of the cells treated with 5-FU alone (Fig. 2C and D). The
colony formation assay demonstrated the proliferative ability
of the colon cancer cells. Following visfatin knockdown, the
staining of the 5-FU-treated cells was significantly reduced,
whereas visfatin overexpression reversed this effect (Fig. 2E).
Similar results were observed for the other two tumour cell
proliferation protein markers, PCNA and Ki-67. Therefore,
the knockdown of visfatin decreased the expression of PCNA
and Ki-67, while the overexpression of visfatin increased their
expression (Fig. 2F).

Visfatin inhibits the 5-FU-induced apoptosis of DLD-1
and SW48 cells. The evaluation of apoptosis using flow
cytometry revealed that visfatin knockdown increased
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Figure 1. Close association between visfatin expression and colon cancer. (A) Immunohistochemical staining of visfatin was performed on a tissue microarray.
(B) Western blot analysis was performed to analyse visfatin expression in colon cancer cells. (C) shRNA and overexpression plasmids were used for 48 h
to construct visfatin knockdown or overexpressing cell lines. (D-F) Cell viability, colony formation capacity and caspase-3/7 activity were measured using

a (D) Cell Counting Kit-8, (E) colony formation assay and (F) Caspase-3/7 kit,
inoculated into mice. “P<0.05 and “P<0.01.

the apoptotic cell numbers following treatment with
5-FU (Fig. 3A). In addition, the knockdown of visfatin
significantly increased the expression of cleaved caspase-3
following treatment with 5-FU (Fig. 3B). However,
following the overexpression of visfatin and treatment

respectively. (G) Tumour volume was measured after transfected cells were

with 5-FU, cell apoptosis was decreased and the expres-
sion of cleaved caspase-3 did not increase (Fig. S2A
and B). The expression of cleaved caspase-3 in DLD-1
and SW48 cells treated with 5-FU was examined using
immunofluorescence staining. The results revealed that
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Figure 2. Visfatin regulates the sensitivity of DLD-1 and SW48 cells to 5-FU. (A) Viability of DLD-1 and SW48 cells was examined following 5-FU
gradient treatment. (B) Western blot analysis was used to analyse the visfatin protein levels in DLD-1 and SW48 cells treated with 5-FU (0 and 40 M) for
24 h (C and D). 5-FU-mediated inhibition of proliferation was enhanced upon visfatin knockdown and reversed upon visfatin overexpression in colon cancer
cells. Cell viability, colony formation capacity and caspase-3/7 activity were measured using a (C and D) Cell Counting Kit-8 and (E) colony formation assay.
(F) Western blot analysis was used to analyse the protein levels of PCNA and Ki-67 in DLD-1 and SW48 cells following visfatin knockdown and overexpres-
sion. "P<0.05 and “"P<0.01. 5-FU, 5-fluorouracil; PCNA, proliferating cell nuclear antigen.

following visfatin knockdown, the fluorescence intensity
increased (Fig. 3C); however, this decreased upon visfatin
overexpression (Fig. S2C). 5-FU treatment increased the
activity of caspase-3/7 in colon cancer cells, with visfatin
knockdown significantly increasing this effect (Fig. 3D).
However, visfatin overexpression suppressed this effect
(Fig. S2D). Additionally, the other apoptotic proteins tested
revealed the same results. In the colon cancer cells treated
with 5-FU, the expression levels of Bcl-2/Bax, Livin and
survivin were significantly reduced, whereas those of the
pro-apoptotic p53 protein were significantly increased.
Following the overexpression of visfatin and treatment with
5-FU, the effects of 5-FU on these pro-apoptotic proteins
were attenuated (Fig. 3E).

Positive correlation between visfatin and SDF-1. The
suppressive effects of visfatin on the sensitivity of the
colon cancer cells to 5-FU were confirmed. However, the
underlying mechanisms required further investigation. The
TMA results revealed that when visfatin exhibited negative
staining, SDF-1 staining was also negative. The positive

degree of SDF-1 staining increased with the increase in the
positive degree of visfatin staining. In addition, the correla-
tion analysis of the two H-scores revealed that visfatin and
SDF-1 positively correlated (Fig. 4A and B). Both SDF-1 and
visfatin were found to be highly expressed in tumour tissues
compared to normal tissues (Fig. 4C). As the receptor of
SDF-1, the mRNA and protein expression of CXCR4 is
the same as that of SDF-1; this was found to decrease with
visfatin knockdown (Fig. 4D and E). Visfatin also affected
the stability of SDF-1 and CXCR4. Following treatment of
the colon cancer cells with CHX for different periods of
time, the SDF-1 and CXCR4 levels gradually decreased;
however, visfatin overexpression reversed the instability of
SDF-1 and CXCR4. Visfatin knockdown further decreased
the SDF-1 and CXCR4 levels (Fig. 4F and G).

Visfatin inhibits the sensitivity of DLD-1 and SW48
cells to 5-FU through SDF-I1. Further experiments were
conducted to verify the role of SDF-1 in the regulatory
effects of visfatin on the sensitivity of the colon cancer
cells to 5-FU. First, SDF-1 was overexpressed in the
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Figure 3. Visfatin inhibits the 5-FU-induced apoptosis of DLD-1 and SW48 cells. (A) Flow cytometry was performed to measure cell apoptosis, and
5-FU-mediated cell apoptosis was enhanced upon visfatin knockdown and reversed upon visfatin overexpression in colon cancer cells (Fig. S2). (B) 5-FU
(40 uM) induced caspase substrates, as examined using western blot analysis, which used anti-cleaved caspase substrate antibodies, in DLD-1 and SW48
cells. (C) Immunofluorescence assay revealed that visfatin reduced caspase-3 cleavage in DLD-1 and SW48 cells treated with 5-FU (40 yM) for 24 h. (D) The
Caspase-3/7 assay kit was used to examine the effects of visfatin on 5-FU-induced caspase-3/7 activity. (E) Western blot analysis was used to measure apop-
totic protein expression. Visfatin inhibited 5-FU-induced apoptotic protein expression. "P<0.05 and “P<0.01. 5-FU, 5-fluorouracil.

DLD-1 and SW48 cells, and the transfection efficiency
was examined (Fig. 5A). Upon SDF-1 overexpression in
colon cancer cells treated with 5-FU or 5-FU and subjected
to visfatin knockdown, cell viability was significantly
increased, indicating that SDF-1 overexpression inhibited
the suppressive effects of 5-FU and visfatin knockdown on
cell viability (Fig. 5B). Second, apoptosis-related protein
caspase-3/7 expression was increased following treatment
with 5-FU or 5-FU treatment plus visfatin knockdown,
whereas SDF-1 overexpression significantly decreased
caspase-3/7 expression (Fig. 5C). Upon SDF-1 knockdown
in colon cancer cells treated with 5-FU or in those treated
with 5-FU and subjected to visfatin overexpression, cell
viability was significantly decreased, indicating that
SDF-1 knockdown promoted the inhibitory effects of 5-FU
on cell viability even in the cells overexpressing visfatin
(Fig. 5D). Apoptosis-related protein caspase-3/7 expression
was increased following 5-FU treatment and decreased
following 5-FU treatment and visfatin overexpression,
whereas SDF-1 knockdown significantly increased the
apoptosis even of the cells treated with 5-FU and overex-
pressing visfatin (Fig. 5E), confirming that SDF-1 is an
intermediate molecule in the regulatory effects of visfatin
on sensitivity to 5-FU.

Akt functions as a common target of visfatin and SDF-1.
Furthermore, the regulatory mechanisms of the SDF-1/CXCR4
axis in the effects of visfatin on sensitivity to 5-FU were exam-
ined. Following treatment of the DLD-1 and SW48 cells with
5-FU, the activity of Akt decreased (Fig. 6A), with was consis-
tent with the decrease in the expression of visfatin (Fig. 2B).
Upon visfatin overexpression in the colon cancer cells, Akt
phosphorylation increased and GSK3p phosphorylation
decreased (Fig. 6B). The results observed following the over-
expression of SDF-1 were similar to those observed following
the overexpression of visfatin, wherein the Akt pathway was
activated (Fig. 6C). Following the knockdown of visfatin, the
phosphorylation of Akt and PI3K decreased, whereas that of
GSK3p increased. However, upon SDF-1 overexpression, this
effect was attenuated. The overexpression of visfatin increased
the phosphorylation of Akt and PI3K, and decreased the phos-
phorylation of GSK3p, and this effect was attenuated by the
knockdown of SDF-1 (Fig. 6D). The overexpression of visfatin
increased the expression of Bcl-2, Livin and survivin, whereas
it decreased the expression of the pro-apoptotic proteins, Bax
and p53, in the DLD-1 and SW48 cells. Upon visfatin overex-
pression and simultaneous treatment with PI3K/Akt pathway
inhibitor (LY294002, 10 umol/l), this effect was reversed, and
an increase in cell apoptosis was observed (Fig. 6E).
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Figure 4. Close association between visfatin and SDF-1. (A) Representative immunohistochemistry images of visfatin and SDF-1 staining from tumour
microarray analysis. (B) Statistical analysis of the tumour microarray data. Pearson's correlation analysis was used to examine the correlation between visfatin
and SDF-1. (C) Expression of SDF-1 and visfatin was examined using western blot analysis in patients with colon cancer. (D and E) Effects of the inhibition
of SDF-1 and CXCR4 expression in colon cancer cells upon visfatin knockdown. The expression was measured using (D) reverse transcription-quantitative
PCR and (E) western blot analysis. (F and G) Cells were collected after being treated with CHX (100 pg/ml DMSO) for 0, 2, 4, 8 or 24 h, and western blot
analysis was used to examine the stabilisation of SDF-1 and CXCR4. "P<0.05 and “P<0.01. SDF-1, stromal cell-derived factor-1; CXCR4, C-X-C chemokine

receptor type 4.

Discussion

In the present study, the knockdown of visfatin inhibited colon
cancer cell viability and proliferation, promoted apoptosis and
inhibited tumour formation in vivo. The sensitivity of colon

cancer cells to 5-FU was promoted by visfatin knockdown
and inhibited by its overexpression. Furthermore, these effects
were attenuated by the overexpression of SDF-1 and PI3K/Akt
inhibitors. Thus, the present study confirms the modulating
effects of the visfatin/SDF-1/Akt axis on sensitivity to 5-FU.
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Figure 5. Visfatin regulates the sensitivity of DLD-1 and SW48 cells to 5-FU through SDF-1. (A) The overexpression efficacy of SDF-1 was measured using
western blot analysis. (B and C) Visfatin knockdown-mediated impairments in transformed phenotypes were reversed upon SDF-1 overexpression in colon
cancer cells. Cell viability and caspase-3/7 activity were measured using a (B) Cell Counting Kit-8 and (C) Caspase-3/7 Glo LUC Reagent, respectively.
(D and E) Visfatin regulates the 5-FU mediated impairments in transformed phenotypes of DLD-1 and SW48 cells through SDF-1. "P<0.05 and “"P<0.01. 5-FU,

5-fluorouracil; SDF-1, stromal cell-derived factor-1.

Globally, the incidence and mortality rates associated with
CRC are high compared to other cancer types (26). Tumour
recurrence or distant metastasis following surgery, with
various other consequent severe complications, is the main
cause of mortality of patients with CRC. Therefore, radical

surgery combined with chemotherapy is the conventional
form of treatment for colon cancer. 5-FU is among the most
important and commonly used drugs for treating patients
with advanced colon cancer. However, the effectiveness
of 5-FU in the treatment of advanced colon cancer varies
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among individuals, with resistance to 5-FU chemotherapy
contributing to treatment failure (27,28). The mechanisms
of resistance to 5-FU chemotherapy remain unclear (29);
however, two main theories exist: i) Genetic and epigenetic
alterations, such as antiapoptotic protein Bcl-2 and Bcl-xL
overexpression; and ii) ATP-binding cassette transporter
overexpression, leading to drug efflux that decreases intracel-
lular drug accumulation (30). The mechanism of resistance to
5-FU is also related to the increased expression of nucleoside
metabolizing enzymes, pS3 gene mutation or loss of function
and the imbalance of the mismatch repair system (31-33).
Strategies against resistance to 5-FU, including gene therapy,
drug combination and drug repurposing, are currently being
studied in-depth. miR-122, which is significantly downregu-
lated in 5-FU-resistant CRC cells, has the potential to restore
chemosensitivity by targeting pyruvate kinase type M2 (34).
Additionally, metformin has been reported to downregulate
the DNA replication machinery proteins (MCM2 and PCNA)
selectively in 5-FU-resistant colon cancer cell lines, leading to
a synergistic effect with chemotherapy (35). The combination

of celecoxib and 5-FU chemotherapy has been shown to
induce significant therapeutic responses in chemo-refractory
CRC cells and overcome resistance in both in vivo and in vitro
colorectal cancer cells (36). Visfatin promotes resistance to
5-FU by affecting the proliferation and apoptosis of tumour
cells via the SDF-1/CXCR4/Akt axis. As demonstrated herein,
after the blocking of PI3K/AKT, p53 expression increased and
5-FU resistance was weakened. The present study confirmed
that visfatin has the potential to enhance the sensitivity to
chemotherapeutic drugs, providing a novel foundation to
combat drug resistance using drug combinations.
Chemokines affect tumour and endothelial cells in the
tumour microenvironment, regulating tumour cell growth,
proliferation and invasion, significantly impacting cancer
treatment outcomes (37). SDF-1 is a member of the CXC
subfamily of chemokines, and high levels of SDF-1 have
been shown to be associated with CRC tumour progression;
therefore, SDF-1 is considered a key negative prognostic
marker in CRC (38,39). Visfatin is involved in tumour progres-
sion, similar to other adipokines. It has been confirmed that
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visfatin promotes the downstream regulator, silent information
regulator 1 (SIRT1), by affecting the activity of nicotinamide
adenine dinucleotide and the proliferation and apoptosis of
prostate cancer cells (40). Furthermore, visfatin activates
STATS3 by inducing the secretion of the inflammatory factor
IL-6, thereby promoting the proliferation and metastasis of
breast cancer (41). In colon cancer, visfatin mRNA and protein
are highly expressed in colon cancer tissues and are related to
distant metastasis, anaemia and poor prognosis (42). Visfatin
has also been found to downregulate E-cadherin and upregu-
late N-cadherin and transcription factor 1 (Snail-1) expression
in a time- and concentration-dependent manner, while Snail-1
inhibitors have been shown to weaken the effect of visfatin on
epithelial-mesenchymal transition markers (43). Additionally,
visfatin participates in mediating cancer stem pathways in
CRC tumours through the downstream effectors, SIRT1 and
PARPI. Moreover, NAMPT inhibition increases the sensitivity
to apoptosis in both NAMPT-expressing cells and tumour
spheres (8). NAMPT affects the proliferation of colon cancer
cells by inhibiting Axin and activating the Wnt pathway (44).
In 5-FU-resistant colon cancer cell lines, the Wnt pathway is
activated, thereby inhibiting the p53 pathway and enhancing
cell survival. Consistent with the findings of previous studies,
the present study confirmed the importance of NAMPT the
resistance of CRC to 5-FU (45). The present study further
demonstrated that visfatin promoted tumorigenesis and inhib-
ited sensitivity to 5-FU via the SDF-1/CXCR4 axis.

SDF-1/CXCR4 signal transduction is a complex process
influenced by a number of factors (such as signal network
system). It activates various signalling pathways to affect
tumour proliferation, migration and prognosis. PI3K/Akt and
extracellular signalling-regulated protein kinases 1 and 2
(ERK 1/2) are two key signalling pathways involved in cell
signal transduction, colorectal cancer cell survival and 5-FU
resistance (45,46). CSCs initiate heterogeneous tumours and
repopulate metastatic outgrowths (47). A previous clinical
study found that: SDF-1 and CXCR4 expression was signifi-
cantly elevated in CRC tissues and patients with CXCR4
nuclear-type expression exhibited more frequent lymph node
metastasis. The data of the present study suggest that there is a
significant association between SDF-1/CXCR4 to enhance the
liver metastases causing poor prognosis in CRC (48). The high
expression of SDF-1/CXCR4 in CD44*/CD133* prostate CSCs
indicates that a potential function of the CXCR12/CXCL4 axis
that promotes prostate cancer metastasis could be to main-
tain the stemness of CSCs (49). This axis promotes tumour
metastasis mediated by actin polymerisation and prosthetic
foot formation, playing a key role in CSC's self-renewal in
drug-resistant NSCLC (50). The present study further suggests
that visfatin is closely related to SDF-1 and is involved in
affecting the sensitivity of colon cancer cells to 5-FU. In the
present study, SDF-1 exhibited a positive correlation with
visfatin in colon cancer tissue samples. Furthermore, the
present study confirmed that the SDF-1/CXCR4 axis func-
tioned as a downstream module of visfatin and affected the
PI3K/Akt signalling pathway, which is involved in regulating
the sensitivity of colon cancer cells to 5-FU.

Owing to time and funding constraints, a complete
in vivo experimental verification could not be conducted.
Another limitation of the present study is that only the effects
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of visfatin on the sensitivity of colon cancer cells to 5-FU
were investigated, disregarding other chemotherapeutic
drugs. Therefore, further research is required to elucidate the
mechanisms involved in the effects of visfatin on sensitivity
to chemotherapeutics.

In conclusion, the present study demonstrated that visfatin
inhibited the chemotherapeutic effects of 5-FU on colon cancer
cells via the visfatin/SDF-1/Akt axis. Therefore, the applica-
tion of 5-FU combined with visfatin inhibition may provide a
novel strategy which may be used to reduce the resistance of
colon cancer to chemotherapeutic drugs.
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