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Ferulic acid inhibiting colon cancer cells at different Duke’s stages
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Abstract: Ferulic acid is a widely distributed phenolic acid in plants and herbs,  often conjugates with large molecules and
enters the colon to exert anti-cancer effect. However, its suppression effect and mechanisms of action on colon cancer cells
across various stages of Duke’s classification is not clear. This study aims to investigate the effects of ferulic acid on the
migration, cell cycle, apoptosis, and signaling pathways in colon cancer cells (SW-480, Caco-2, and HCT-116) at different
Duke’s  stages.  Results  demonstrates  that  ferulic  acid  significantly  inhibits  the  proliferation  and  migration  of  these  cells,
inducing cell cycle arrest at different phase, and ultimately promotes apoptosis in a dose-dependent manner. Specifically,
ferulic  acid activates the ATM/Chk2 and ATR/Chk1 pathways,  down regulating their  relative cell  cycle regulatory proteins
(CDK2 and Cyclin  A2  complex,  CDK4/6  and  Cyclin  D1/E1 complex),  and  thus  leading  to  S-phase  arrest  in  SW-480 and
Caco-2  cells,  and  G1  phase  arrest  in  HCT-116  cells,  respectively.  In  addition,  upregulated  p53  and  p21  proteins  also
contributing  to  the  induction  of  apoptosis.  This  study  is  highly  significant  as  they  provide  a  deeper  understanding  of  the
molecular  mechanisms  by  which  ferulic  acid  exerts  its  anticancer  effects  at  different  Duke’s  stages,  and  propose  novel
dietary strategy for the prevention of colon cancer.
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1    Introduction

The incidence and death rate of  colon cancer are within top 5
worldwide,  as  reported  by  IRIC  (The  International  Agency  for
Research  on  Global  Cancer  Observatory)  in  2022[1].  One  of  the
most important reasons for the high incidence of colon cancer is
reported to be the poor diet pattern[2]. Diet plays an important role
in human health[3],  especially  colon cancer,  attributing to the fact
that small and large intestines are the predominant digestion and
absorption site of foods. Bioactive compounds exist in foods could
be released in the gut and thereby contributing to restoration of a
disrupted intestinal environment.

Ferulic  acid  (4-hydroxy-3-methoxycinnamic  acid)  is  a
ubiquitous phenolic compound present in various plant food such
as cereals, fruits, vegetables, coffee, etc.[4-6]. It often conjugates with
large  molecules  and  enters  the  colon[7] to  exert  health  benefits.
Ferulic  acid  exhibits  potential  anticancer  effects  by  inhibiting  the
growth  of  cancer  cells  through  suppression  of  proliferation,
initiation  of  apoptosis  and  cell  cycle  arrest  as  well  as  modulating
various  signaling  pathways[8].  However,  the  underlying
mechanisms associated with colon cancer at  different  progressive

stage  is  rarely  compared.  Duke’s  classification  system  is  a  well-
established framework and utilized for categorizing colon cancers
into four progressive stages: A, B, C, and D[9, 10]. Each stage reflects
the  extent  of  tumor  invasion  and  the  presence  of  metastasis[11].
Colon  cancer  cells  at  different  progressive  stages  react  to
environmental stimuli differently[12].

Thus, this study aimed to elucidate the impact of ferulic acid on
colon cancer cells across various stages of Duke’s classification by
examining  its  inhibitory  effects  on  cells  at  three  distinct  levels.
Specifically, SW-480 cells corresponded to Duke’s Stage B, Caco-2
cells  indicative  to  Duke’s  Stage  C,  and  HCT-116  cells  to  Duke’s
Stage  D,  representing  an  increasing  order  of  tumor  progression.
Furthermore,  the  potential  signaling  pathways  and  regulating
proteins of the inhibition mechanisms were analyzed by Western
blotting and reverse transcription-polymerase chain reaction (RT-
PCR).  Collectively,  this  study  compares  the  reactions  of  colon
cancer  cells  to  ferulic  acid  treatment  at  various  stages  of
progression,  reveals  the  underlying  mechanisms,  and  suggests
innovative  dietary  pattern  for  prevention  strategies  of  colon
cancer. 
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2    Materials and methods
 

2.1    Materials and chemicals
Three  human  colon  cancer  cell  lines  (SW-480,  Caco-2,  and

HCT-116)  were  purchased  from  Procell  Life  Science  &
Technology Co.,  Ltd.  (Wuhan,  China).  Ferulic  acid standard was
obtained  from  Yuanye  Bio-Technology  Co.,  Ltd.  (Shanghai,
China).  Dulbecco’s  Modified  Eagle’s  medium  (DMEM),  fetal
bovine  serum  (FBS),  penicillin/streptomycin,  and  phosphate
buffered  saline  (PBS)  were  purchased  from  Sigma-Aldrich  (St.
Louis, MO, USA). Anti-GAPDH, anti-Cyclin A2, anti-Cyclin D1,
anti-Cyclin  E1  and  anti-p53  were  provided  by  Bioss  (Beijing,
China).  The  primary  antibodies  against  ataxia-telangiectasia
mutated  (ATM),  ATM  and  Rad3-related  (ATR),  checkpoint
kinase 1 (Chk1), Chk2, cyclin-dependent kinase 2 (CDK2), CDK4,
CDK6,  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH),
Cyclin A2, Cyclin D1, Cyclin E1, p53, p21, p16, retinoblastoma 1
(Rb1),  E2F  transcription  factor  1  (E2F1)  were  purchased  from
Wuhan  Tianyi  Huayu  Gene  Technology  Co.,  Ltd.  (Wuhan,
China). RIPA lysate, phenylmethylsulfonyl fluoride (PMSF), BCA
assay,  CCK-8  kit,  total  RNA  isolation  reagent,  reverse
transcription  kit,  and  universal  SYBR  qPCR  master  mix  were
obtained from Biosharp (Hefei, China). All chemicals and reagents
were of analytical grade unless otherwise described. 

2.2    Cell culture
SW-480,  HCT-116,  and  Caco-2  cell  lines  were  cultured  with

DMEM  supplemented  with  10%  FBS  and  1%  penicillin/
streptomycin  at  37  °C  in  5%  CO2 humidified  atmosphere.  Cells
were sub-cultured or collected at 80% confluence. The exponential
growth  phase  cells  between  passages  5  and  30  were  used  for  the
following experiments. 

2.3    Effect of ferulic acid on cancer cell proliferation
 

2.3.1    Cell viability

Cell viabilities of SW-480, HCT-116, and Caco-2 cell lines were
assessed by a CCK-8 assay kit (Biosharp, China) according to our
previous  work[13].  An  aliquot  of  100  μL  cells  was  seeded  in  a
96-well plate at a density of 4 × 104−5 × 104 cells/mL and treated
with ferulic acid at 0−400 μg/mL for 24, 48, and 72 h respectively.
The  culture  medium  was  removed  at  each  time  point,  replaced
with a serum-free medium containing 10% (V/V) CCK-8 solution,
and incubated at 37 °C for 2 h before measuring. Absorbance was
read  at  450  nm  using  a  microplate  reader  (Per  Elmer  EnSpire,
MA,  USA).  Oxaliplatin  (OXA),  a  commercial  anti-colon  cancer
drug, was used as a positive control. Cell viability was calculated by
the following equation:

Cell viability(%) =
A450 nm Sample−A450 nm Blank

A450 nm Control−A450 nm Blank
× 100

 

2.3.2    Colony formation assay

Colony formation of  SW-480,  HCT-116,  and Caco-2 cell  lines
was  tested  according  to  previously  reported  the  method[14].  Cells
treated with ferulic acid at 0,  200, 400 μmol/L were collected and
re-seeded  into  6-well  plates  at  a  density  of  1,000  cells/well.  The
medium  was  changed  every  3  days  for  14  days  until  visible
colonies formed. Afterwards,  the colonies in each well  were fixed
with  1  mL  4%  methanol,  stained  with  crystal  violet  (0.1%)  for

30 min, and counted by ImageJ software (V1.8.0.112). 

2.4    Effect of ferulic acid on cancer cell migration
 

2.4.1    Wound healing assay

Wound  healing  assay  on  cells  was  performed  as  previously
described  by  Zhang  and  co-workers[15] with  some  modifications.
Cells  (5  ×  105 cells/well)  were  seeded  into  a  6-well  plate  and
cultured until  confluency. The formed cell  monolayers were then
scratch  using  a  10  μL  sterile  pipette  tip  and  washed  with  PBS  to
remove the cellular debris. The obtained wounded cell monolayers
were then treated with ferulic acid (0,  200, 400 μmol/L) for 24 h.
Finally,  the  cells  were  washed  with  PBS  and  fixed  with
paraformaldehyde  before  being  photographed  under  a  biological
microscope  (BH-RFL,  Sunny  Optical  Technology  (Group)  Co.,
Ltd.,  Ningbo,  China)  with  a  high-resolution  digital  camera.
Percentage of migration was calculated by counting the number of
cells  that  migrated  into  scratched  areas  compared  with  cells  that
stayed  in  the  peripheral  areas  through  ImageJ  software  (version
1.80) analysis system. 

2.4.2    Transwell migration assay

Cell  migration  assay  was  performed  according  to  Cao et  al.[16]

with some modifications using a Labsecelect 24‐well chamber
of  pore  size  8  μm.  Ferulic  acid  (0,  200,  400  μg/mL  for  72  h)
treated cells (2 × 105 cells/well) in FBS free DMEM medium were
added into the upper chamber. DMEM with 30% FBS was in the
lower  chamber  for  inducing  cell  migration.  After  incubation  for
24 h, cells in the upper chamber were removed with cotton swabs,
and  the  cells  that  migrated  to  the  lower  surface  of  chamber
membrane  was  fixed  in  methanol  and  counted  under  a
microscope at a magnification of 20× in five random fields. 

2.5    The suppression mechanism
 

2.5.1    Cell cycle and apoptosis analysis

Cell  cycle and apoptosis analysis were conducted as previously
reported[17].  Caco-2  cells  were  seeded  at  1  ×  106 cells/well  in  a
6-well plate and incubated at 37 °C in 5% CO2 before being treated
with ferulic acid at 400 μg/mL for 72 h.

For cell  cycle  analysis,  treated cells  were detached and fixed in
70%  ice  cold  ethanol  at  4  °C,  and  then  resuspended  in  10  μL  of
propidium iodide (PI, 250 μg/mL) and 10 μL of RNase solution at
37 °C for 30 min before analysis by a flow cytometer (cytoFLEX,
Beckman Coulter,  Inc.,  Kraemer Boulevard Brea,  CA, USA) with
excitation at 488 nm and emission at 617 nm.

For apoptosis assay, treated cells were collected and fixed in 1%
paraformaldehyde and 70% ice cold ethanol at 4 °C, and then 5 μL
of  AnnexinV-FITC  and  5  μL  of  PI  were  added.  After  10  min  of
incubation,  the  apoptosis  of  treated  cells  was  analyzed  by  a  flow
cytometer with excitation at 488 nm and emission at 350 nm. 

2.5.2    Western blot analysis

Western blotting is a technique for detecting protein developed
based on protein electrophoresis separation and antigen-antibody
detection[18].  Western  blot  analysis  was  conducted  as  previously
reported, with some modifications[19, 20].  Cells were treated with 0,
200,  or  400  μg/mL  ferulic  acid  1  day  after  seeding  and  collected
after  72  h  of  treatment,  then  lysed  with  RIPA  containing
1 mmol/L PMSF (Biosharp, Hefei, China). Protein concentrations
were assessed by BCA protein assay kit  (Biosharp,  Hefei,  China).
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After counting in a hemocytometer, the cells were pelleted at 750 g
for 10 min at 4 °C and stored at −80 °C. The cells were diluted in
sample  buffer  (62.5  mmol/L  Tris-HCl,  pH  6.8,  20%  glycerol,  2%
sodium dodecyl  sulfate (SDS),  5% β-mercaptoethanol),  incubated
at 100 °C for 10 min, and were then put on ice. Cells were loaded
100,000 cells in 10 µL in 10-well precast 10% SDS polyacrylamide
gels  (for  detection  of  Cyclin  D1,  Cyclin  E1,  Cyclin  A2,  and  P53
proteins), and the proteins were separated electrophoretically and
then  transferred  to  a  nitrocellulose  membrane  by  electroblotting.
The  membranes  were  blocked  with  5%  dry  milk  and  0.05%
Tween-20 in PBS for 1 h followed by incubation for 2 h with the
primary  antibody  at  20  °C.  All  membranes  were  incubated  with
horseradish  peroxidase  (HRP)-conjugated  secondary  antibodies,
and  the  enhanced  chemiluminescence  (ECL)  detection  reagent
was  used  according  to  the  manufacturers’ protocol.  The
ChemiDoc  XRS  system  (Bio-Rad,  Inc.,  Hercules,  CA,  USA)  was
used for imaging. 

2.5.3    RT-qPCR analysis

The  total  RNA  was  isolated  from  experimental  cells  using
TRIzol reagent (Biosharp, China) according to the manufacturer’s
instructions.  The  extracted  total  RNA  was  converted  into
complementary DNA (cDNA) in order to maintain the purity of
RNA.  The  cDNA  was  synthesized  from  1  ng  of  the  total  RNA
using  reverse  transcriptase  RT-qPCR  enzyme  kit  (Biosharp,
China). Primers were designed using the public resource for PCR
primers  (Primerbank),  as  shown  in Table  1.  The  real-time  PCR
was  performed  on  the  CFX96  real-time  system  (Bio-Rad,  Inc.,
Hercules,  CA),  with  SYBR  Green  PCR  master  mix  (Biosharp,
China) according to the manufacturer’s guidelines. All raw data of
gene  expressions  were  normalized  to  the  expression  level  of  the
housekeeping gene, the GAPDH. 

2.6    Statistical analysis
The experimental results were expressed as average ± standard

deviation  (SD).  Each  experiment  was  repeated  3  times
independently.  Data  were  analyzed  by  one-way  ANOVA  and
Duncan’s multiple range test at a 5% significance level (P < 0.05)
using SPSS statistics program (SPSS Inc., Chicago, IL, USA). 

3    Results and discussion
 

3.1    Ferulic acid reduces cell viability and impairs colony
formation capacity

The  cell  viability  of  three  colon  cancer  cell  lines  (SW-480,
Caco-2, and HCT-116) treated by ferulic acid at 0−400 μg/mL up
to 72 h was measured by a CCK-8 kit.  OXA, a commercial  anti-
cancer drug, was used as the positive control. In general, treatment
of ferulic acid at various concentrations showed a dose-dependent
reduction  in  the  cell  viability  at  both  48  and  72  h  (Fig. 1).
Although  the  cell  viability  exceeded  100%  over  time,  ferulic  acid
predominantly impedes cell proliferation, leading to a deceleration
in cell  growth rather  than the  immediate  induction of  cell  death.
This observation is consistent with the findings of Ashraf et al.[21]

and may be attributed to the influence of the cell cycle on cell fate
decisions,  which  can  result  in  outcomes  such  as  senescence  or
delayed apoptosis rather than immediate cell death.

The  calculated  Pearson  correlation  coefficient  (r),  as  shown in
Table  2,  exhibited  a  strong  negative  correlation  between  treating
dosage  of  ferulic  acid  and  cell  viability  at  72  h.  Specifically,  cell
viability  in  HCT-116  cells  was  significantly  reduced  at  a  ferulic
acid concentration of 25 μg/mL following 48 and 72 h of exposure.
In  contrast,  no  significant  differences  in  cell  viability  were
observed  in  SW-480  and  Caco-2  cells  at  concentrations  below
100  μg/mL.  Meanwhile,  the  calculated  half  maximal  inhibitory
concentration  (IC50)  values  at  72  h  (Table  2)  showed  a  lowest
value of (165.46 ± 5.87) μg/mL for HCT-116 cells. These findings
indicate  that  ferulic  acid  demonstrates  a  superior  efficacy  in
inhibiting  HCT-116  cell  proliferation,  aligning  with  the  study  by
El-Gogary et al.[22], which employed a ferulic acid nano-capsule for
the treatment of various colon cancer cell lines. In addition, OXA
also showed a lowest IC50 value for HCT-116 cell line, which could
be reasonably attributed to the varying sensitivities or response of
different colon cancer cell lines to a specific drug[23].

To  evaluate  the  efficacy  of  ferulic  acid  in  inhibiting  the
proliferation  of  colon  cancer  cells,  colony  formation  assay  was
conducted on SW-480, Caco-2, and HCT-116 cells treated with 0,
200, and 400 μg/mL ferulic acid. The results indicated a significant
reduction  in  colony  formation  across  all  three  cell  lines  with

 

Table 1    Primers of genes used for RT-qPCR

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’)
GAPDH TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT

ATM TTGATCTTGTGCCTTGGCTAC TATGGTGTACGTTCCCCATGT

ATR TCCCTTGAATACAGTGGCCTA TCCTTGAAAGTACGGCAGTTC

Chk1 ATATGAAGCGTGCCGTAGACT TGCCTATGTGTGGCTCTCTATTCTG

Chk2 TTATCTGCCTTAGTGGGTATCCA CTGTCGTAAAACGTGCCTTTG

p53 GAGGTTGGCTCTGACTGTACC TCCGTCCCAGTAGATTACCAC

p21 CGATGGAACTTCGACTTTGTCA GCACAAGGGTACAAGACAGTG

p16 GATCCAGGTGGGTAGAAGGTC GATCCAGGTGGGTAGAAGGTC

CDK2 GTACCTCCCCTGGATGAAGAT CGAAATCCGCTTGTTAGGGTC

CDK4 ATGGCTACCTCTCGATATGAGC CATTGGGGACTCTCACACTCT

CDK6 CCAGATGGCTCTAACCTCAGT AACTTCCACACGAAAAAGAGGCTT

Cyclin A2 GGATGGTAGTTTTGAGTCACCAC CACGAGGATAGCTCTCATACTGT

Cyclin D1 GCTGCGAAGTGGAAACCATC CCTCCTTCTGCACATTTGAA

Cyclin E1 GCCAGCCTTGGGACAATAATG CTTGCACGTTGAGTTTGGGT

Rb1 CTCTCGTCAGGCTTGAGTTTG GACATCTCATCTAGGTCAACTGC
E2F1 CATCCCAGGAGGTCACTTCTG GACAACAGCGGTTCTTGCTC
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increasing doses of ferulic acid (Fig. 2), suggesting that ferulic acid
effectively  suppresses  the  growth  of  different  colon  cancer  cells.
Similar results were reported in another human colon cancer cell
line HT-29[24], as well as some other cancer cell models such as anti-
esophageal  squamous  cell  carcinoma  (ESCC)  cells[16],  pancreatic
cancer  cells[25],  and  medullary  thyroid  carcer  cells[26],  and  lung
cancer cells[27]. 

3.2    Ferulic  acid  inhibits  the  cell  migration  activity  of
colon cancer cells

To examine the impact of ferulic acid on the migratory capacity

of  colon  cancer  cells,  wound  healing  and  Transwell  migration
assays  were  performed  on  those  cells  cultured  for  72  h.  The
wound healing assay was conducted according to Kumar et al.[28].
The  results,  as  depicted  in Fig. 3A,  demonstrate  that  the  wound
healing areas of SW-480, Caco-2, and HCT-116 cells were reduced
by  (10.69  ±  1.28)%,  (38.29  ±  4.46)%,  and  (14.37  ±  0.77)%,
respectively,  following  treatment  with  400  μg/mL  ferulic  acid  in
comparison to the vehicle control  (0 μg/mL of ferulic  acid in the
media)  (P <  0.05).  Similar  study  conducted  by  Fahrioğlu et  al.[25]

have  corroborated  that  ferulic  acid  inhibit  cancer  cell  migration
using  human  pancreatic  cancer  cells  (MIA  PaCa-2).  These
findings  suggest  that  ferulic  acid  possesses  the  capability  to

 

Figure 1    Cell viability of SW-480, Caco-2, and HCT-116 cells treated by ferulic acid at 0−400 μg/mL. OXA, a commercial anti-cancer drug, was used as a positive
control. Significance level was denoted as *P < 0.05, **P < 0.01, and ***P < 0.001. The same below.
 

Table 2    IC50 values and Pearson correlation coefficient (r) between treating dosage of ferulic acid and cell viability at 72 h of treatment

Cell lines
IC50 (μg/mL)

Pearson correlation coefficient (r)
Treated by ferulic acid Treated by OXA

SW-480 176.41 ± 16.77 34.93 ± 1.17 −0.923 (P = 0.003)

Caco-2 179.19 ± 25.71 52.26 ± 6.06 −0.922 (P = 0.003)
HCT-116 165.46 ± 5.87 21.25 ± 2.04 −0.943 (P = 0.001)

 

Figure 2    Colony formation capacity of SW-480, Caco-2, and HCT-116 cells treated by 0, 200, and 400 μg/mL ferulic acid.
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suppress cancer cell metastasis in vitro.
To  further  validate  the  impact  of  ferulic  acid  on  cellular

migration, a transwell migration assay was introduced. According
to Fig. 3B, ferulic acid effectively reduced the number of migrated
cells in the Transwell and significantly suppressed the migration of
the  three  cell  lines  in  a  dose-dependent  manner  over  a  72-h
period.  This  finding  is  in  line  with  esophageal  squamous
carcinoma[16] and human prostate cancer cells[29] that treated with
ferulic  acid.  Cell  proliferation  and  migration  are  implicated  in  a
range of  pathological  processes,  from atherosclerosis  to  cancer[30].
Ferulic acid has been demonstrated to influence various functions
of  cancer  cells in  vitro,  including  cell  proliferation,  viability,
migration, and sensitivity to radiotherapy or chemotherapy[29, 31-34].
Consequently,  the  underlying  inhibitory  mechanism  warrant
further exploration, and ferulic acid holds significant potential as a
therapeutic agent for colon cancer. 

3.3    Ferulic  acid  differently  impact  the  cell  cycle
progression  and  apoptosis  in  SW-480,  Caco-2,  and
HCT-116 cells

As  illustrated  in Fig. 4A,  a  substantial  proportion  of  SW-480
and  Caco-2  cancer  cells  were  arrested  in  the  S  phase  in  a  dose-
dependent manner following ferulic acid treatment, whereas HCT-
116  cells  arrested  in  the  G1  phase.  These  findings  indicated  the
critical association between cell cycle regulation and tumorigenesis
following the treatment of ferulic acid.

In details, after 72 h of treatment, the proportion of Caco-2 cells
at S phase significantly rising from approximately (11.30 ± 0.68)%
in the vehicle control to (28.48 ± 4.08)% and (37.11 ± 1.75)% for
the 200 and 400 μg/mL treatment groups, respectively (P < 0.05).
This  finding  is  in  agreement  with  Birgit et  al.[33] that  ferulic  acid
induces a delay in the S phase of Caco-2 cells, attributing to the up-
regulation  of  the  corresponding  checkpoint  protein  SMC1L1.
Similar  phenomenon  was  found  in  SW-480  cells.  Different  from
these two cell lines, the proportion of HCT-116 cells was elevated

at  G1  phase,  which  is  in  line  with  Wang et  al.[35] using
osteosarcoma cells and possibly because of the down-regulation of
Cyclin D1. These findings collectively underscore the significance
of  checkpoint  proteins  and  their  regulatory  roles  in  cell  cycle
control, particularly in response to external stimuli such as ferulic
acid.

In addition, the interaction between ferulic acid and the cellular
mechanisms  governing  cell  cycle  progression,  such  as  the
regulation  of  cyclins  and  cyclin-dependent  kinases,  may  vary
among different colon cancer cell lines, attributing to their distinct
genetic expression profiles and signaling pathways[36].

For  instance,  the  activation  of  the  ATR-Chk1  pathway  in
SW-480  and  Caco-2  cells  may  lead  to  cell  cycle  arrest  in  the  S
phase.  Meanwhile,  the  activation  of  the  ATM-Chk2  pathway,
along  with  the  downregulation  of  Cyclin  D1  and  Cyclin  E1
proteins in HCT-116 cells, may result in cell cycle arrest in the G1
phase[37, 38].

To  examine  the  impact  of  ferulic  acid  on  apoptosis  in  colon
cancer cells, the Annexin V/PI assay was employed to quantify the
proportion  of  cells  undergoing  apoptotic  processes.  Following
treatment  with  ferulic  acid,  dose-dependent  increase  of  the
apoptotic  cells  was  observed (Fig. 4B)  in  the  three  cell  lines.  This
result  implied that  ferulic  acid can effectively induce apoptosis  in
colon cancer cells. Specifically, Caco-2 and SW-480 cells exhibited
a  greater  tendency  for  undergoing  apoptosis  in  comparison  to
HCT-116  cells,  as  evidence  by  higher  apoptotic  rates.  Growing
evidence  suggests  that  the  pro-apoptotic  effect  of  ferulic  acid  on
cancer  cell  lines  is  associated  with  the  p53-p21  signaling
pathway[39].

Research  has  shown  that  ferulic  acid  induces  apoptosis  and
caused  cell  cycle  arrest  at  the  G1  phase  by  upregulating  the
expression  of  p53  and  p21  proteins,  accompanied  by  a
concomitant  decrease  in  the  levels  of  Cyclin  D1 and Cyclin  E  in
HeLa  and  Caski  cervical  carcinoma  cell  lines[38].  Additionally,
Reddy et al.[40] revealed that ferulic acid enhances the expression of
proapoptotic  proteins  p53  and  Bax,  arresting  the  cell  cycle  and
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Figure 3    Effect of ferulic acid (400 μg/mL) on the migration capability of the cells.
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overcoming  apoptosis  resistance  in  human  lung  cancer  cell  lines
NCI-H460 and NSCLC. However, investigations into its effects on
colon  cancer  cells  at  different  Duke’s  stages  remain  limited.
Therefore,  further  investigation  is  warranted  into  the  molecular
mechanisms  by  which  ferulic  acid  influences  signaling  pathways
that regulate the proliferation of human colon cancer cells. 

3.4    Ferulic  acid  impact  regulating  proteins  of  cell  cycle
and apoptosis

To  investigate  the  impact  of  ferulic  acid  on  cell  cycle  and
apoptosis  regulation  proteins,  the  expression  levels  of  Cyclin  A2,
Cyclin D1, Cyclin E1, and p53 were assessed in SW-480, Caco-2,
and HCT-116 cells  following 72  h  of  treatment  with  ferulic  acid,
utilizing  western  blot  analysis.  Results  showed  in Fig. 5 revealed
that  ferulic  acid  induces  a  dose-dependent  reduction  in  the
expression  of  key  proteins  associated  with  cell  cycle  arrest,
specifically Cyclin A2, thereby corroborating the observed S phase
cell  cycle  arrest  in  SW-480  and  Caco-2  cells  discussed  in
Section 3.3. Cyclin A has been reported to play a role in regulating
the initiation of DNA synthesis during the S phase[41-43].  While in
HCT-116  cells,  a  dose-dependent  decrease  in  Cyclin  D1  and

Cyclin  E1  protein  was  observed.  This  finding  explained  the
phenomenon  that  HCT-116  cells  were  arrested  at  G1  phase  as
depicted in Fig. 4, since Cyclin D is responsible for the progression
of cell cycle through the G1 phase and Cyclin E is responsible for
triggering  the  transition  from  late  G1  into  S  phase[44, 45].
Furthermore, ferulic acid treatment resulted in the upregulation of
p53  protein  expression  across  the  three  cell  lines,  thereby
facilitating  both  cell  cycle  disruption  and  the  induction  of
apoptosis.  The  transcription  factor  p53  is  pivotal  in  preserving
genomic  integrity  within  cells.  In  response  to  genomic  damage,
p53  arrests  the  cell  cycle  to  enable  DNA repair  mechanisms  and
activates  the  expression  of  target  genes  such  as  p21  and  BAX,
which  are  involved  in  the  regulation  of  the  cell  cycle  and
apoptosis, respectively[46].

In summary, the analysis of key regulating proteins in SW-480
and  Caco-2  cells  demonstrated  that  ferulic  acid  significantly
reduce  Cyclin  A2  expression,  corroborating  our  findings  of  S
phase  arrest  following  ferulic  acid  treatment.  While  the
downregulating of Cyclin D1 and Cyclin E1 contributed to the G1
phase  arresting  in  HCT-116  cells.  Additionally,  the  increased
expression  of  p53  promoted  apoptosis  in  the  three  cell  lines
further leads to apoptosis and confirmed the regulatory impact of
ferulic acid to colon cancer cells. 

3.5    RT-qPCR analysis
RT-qPCR  was  employed  to  evaluate  the  expression  levels  of

relevant  genes  to  elucidate  the  signaling  pathway  potentially
influenced  by  ferulic  acid.  The  panels  utilized  in  this  study
comprise genes including ATM, ATR, Chk1, Chk2, CDK2, CDK4,
CDK6, GAPDH, Cyclin A2, Cyclin  D1, Cyclin  E1, p53, p21, p16,
Rb1,  and E2F1.  Results  were  showed  in Fig. 6.  Following  a  72-h
treatment with ferulic acid, the expression levels of ATR and Chk1

 

Figure 4    Effect of ferulic acid (0, 200, and 400 μg/mL) on cell cycle and apoptosis. (A) Cell cycle distribution of SW-480, Caco-2, and HCT-116 cells after treatment
with ferulic acid. (B) Percentage of cells underwent apoptosis after treatment with ferulic acid.

 

Figure 5    Western blotting of the regulatory proteins associated with cell cycle
and  apoptosis  in  SW-480,  Caco-2,  and  HCT-116  cells  after  ferulic  acid
treatment.
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were  observed  to  be  up-regulated,  whereas CDK2 was  down-
regulated in SW480 and Caco-2 cells. The activation of ATR-Chk1

in  SW-480  and  Caco-2  cells  leads  to  the  phosphorylation  and
subsequent  deactivation  of CDC25.  This  process,  as  illustrated  in
Fig. 6,  leads  to  the  downregulation  of CDK2 expression  and  a
subsequent reduction in the Cyclin A2-CDK2 complex, ultimately
resulting  in  cell  cycle  arrest  at  the  S  or  G2/M  phase[47, 48].  As  in
HCT-116  cells,  ferulic  acid  treatment  led  to  a  reduction  in  the
expression  levels  of CDK4 and CDK6,  facilitating  the
ubiquitination-mediated degradation of Cyclin D and causing cell
cycle  arrest  at  the  G1  phase[49].  Concurrently,  the  activation  of
ATM may  further  stimulate Chk2.  Upon  activation, Chk2
facilitates  the  ubiquitin-mediated  degradation  of  the  phosphatase
CDC25A,  resulting  in  the  inactivation  of CDK2-Cyclin  E
complexes, and consequently contributes to cell cycle arrest[50].

Furthermore,  the  expression  levels  of  p53  and  p21  were  up-
regulated in the three  cell  lines,  which might  attribute  to  the up-
regulated ATM/ATR that  results  in  phosphorylation  and
subsequent accumulation of p53, and in turn induces the synthesis
of  the  CDK  inhibitor p21.  This  inhibitor  interacts  with
CDK2/Cyclin  E and CDK2/Cyclin  A complexes,  thereby
inhibiting  their  activities  and  resulting  in  arrest  of  the  cell  and
apoptosis[37, 51-54].  In  addition,  p53 has  been reported inhibit  colon
cancer  cells  by  activating Bax and  down-regulating Bcl2 that
reported to be associated with apoptosis of cancer cells[55]. 

3.6    Proposed  mechanism  of  ferulic  acid  in  suppressing
colon cancer cells

A proposed mechanism by which ferulic acid inhibits different
colon cancer cells is illustrated in Fig. 7. Ferulic acid is commonly
found  in  numerous  plant  foods,  often  exiting  in  a  bound  form
within the food matrix. These food matrices facilitate the delivery
of  ferulic  acid  into  the  colon,  where  it  is  released  to  exert  anti-

 

Figure 6    Impact  of  ferulic  acid  at  200  or  400  μg/mL  on  the  corresponding
gene expression of  the regulatory proteins  of  cell  cycle  and apoptosis  analyzed
by RT-qPCR.

 

Figure 7    Proposed Mechanism of inhibition by ferulic acid on different colon cancer cell lines (SW-480, Caco-2, and HCT-116).
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cancer effect. Exposure of colon cancer cells to ferulic acid results
in  the  different  suppression  pathways  within  different  cell  types.
SW-480 and Caco-2 cells, corresponding to Duke’s Stage B and C,
respectively,  can  be  arrested  in  the  G1  phase  via  the  ATM/Chk2
pathway,  which  downregulates  CDK2  and  cyclin  A2  complex.
While  HCT-116  cells,  representing  for  Duke’s  Stage  D,  can  be
arrested at  S phase through the ATR/Chk1 pathway, which leads
to  downregulation  of  cell  cycle  regulatory  proteins  CDK4/6  and
cyclin  D1/E1  complex,  and  further  inducing  apoptosis.  In
addition, the upregulated p53 and p21 also contributed to the anti-
cancer activity  of  ferulic  acid by induction of  apoptosis  in cancer
cells. 

4    Conclusion
Our data demonstrate  that  ferulic  acid exerts  inhibitory effects

on  cell  proliferation,  diminishes  migratory  capacity,  and  induces
cell  cycle  arrest  and  apoptosis  in  human  colon  cancer  cell  lines
Caco-2, HCT-116, and SW-480. The underlying mechanisms are
associated with different pathways in the cells  at  different Duke’s
stages.  In  details,  SW-480  and  Caco-2  cells  suppressed  by  ferulic
acid through the ATR/Chk1 pathway, whereas HCT-116 cells via
the ATM/Chk2 pathway.  Upregulated p53 and p21 proteins  also
contributing  to  the  suppression  effects  of  ferulic  acid.  Taken
together,  these  results  suggest  that  the  incorporating  ferulic  acid-
rich  foods  may  serve  as  a  potential  strategy  for  colon  cancer
prevention, and this approach offers an innovative measure for the
development  of  functional  foods  that  align with  the  principles  of
food and medicine homology. 
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