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ARTICLE INFO ABSTRACT

Keywords: Although effective drugs have been developed, including 5-fluorouracil (5-FU), advanced colorectal cancer
Apigenin (CRC) shows low therapeutic sensitivity resulting from the development of 5-FU resistance. Thymidylate syn-
Thymidylate synthase thase (TS) is a target protein of 5-FU, and elevated TS lowers the 5-FU sensitivity of CRC cells. Here, we tested the
Eif’on cancer efficacy of several candidate phytochemicals against human CRC-derived HCT116 cells expressing wild-type
Chemoresistance tumor suppressor protein P53 and HT29 cells expressing mutant P53. Among them, we found that apigenin

enhanced the inhibitory effect of 5-FU on cell viability. In addition, apigenin inhibited the upregulation of TS
induced by 5-FU. Apigenin also potentiated 5-FU-induced apoptosis of HCT116 cells and enhanced cell cycle
disruption. Furthermore, apigenin increased reactive oxygen species production, intracellular and intra-
mitochondrial Ca?" concentrations, and mitochondrial membrane potential upon cotreatment with 5-FU.
Knockdown of forkhead box protein M, a transcription factor modulating 5-FU sensitivity, enhanced the
potentiation of apoptosis by apigenin in HCT116 cells. Moreover, apigenin suppressed TS expression and
inhibited the viability of 5-FU-resistant HCT116 cells. Therefore, apigenin may improve the therapeutic efficacy
of 5-FU against CRC by suppressing TS, but apoptosis induction is mainly dependent on functional P53.

1. Introduction stress results in the release of ribosomal proteins from the ribosomes,

which activate the P53 pathway [7]. However, the clinical use of 5-FU is

Colorectal cancer (CRC) is the second most common cause of cancer-
related death in the United States [1]. Currently, 5-fluorouracil (5-FU) is
one of the most effective chemotherapeutic agents for early-stage CRC.
This antitumor efficacy results from the inhibition of thymidylate syn-
thase (TS), an enzyme essential for DNA replication by catalyzing the
conversion of deoxyuridine monophosphate (dUMPs) to deoxythymine
monophosphate for deoxynucleotide biosynthesis [2], which in turn
leads to DNA damage, S-phase arrest, and apoptosis [3]. Moreover,
higher TS expression in CRC is associated with lower 5-FU sensitivity
[4]; therefore, targeting TS is a rational evidence-based therapeutic
strategy for enhancing 5-FU cytotoxicity and antitumor efficacy [5]. In
addition, some ribosomal proteins play important roles in the thera-
peutic mechanism by 5-FU in cancer cells [6]. 5-FU-induced nucleolar

limited by drug resistance, and it is necessary to discover supplements
for overcoming resistance to multiple drugs, including 5-FU, CPT-11,
and oxaliplatin, and to identify mechanisms for improving drug sensi-
tivity in CRC.

Apigenin (4',5,7-trihydroxyflavone) is a plant flavone found in a
wide range of fruits and vegetables with multiple documented biological
activities, including anticancer properties. Compared with other flavo-
noids, apigenin can selectively induce cell cycle arrest and apoptosis of
cancer cells with low mutagenicity and toxicity against normal cells and
thus is gaining attention as a promising anticancer adjuvant [8-10].
Moreover, the structure and chemical properties of its protein binding
site suggests that apigenin can inhibit the catalytic TS reaction by
hydrogen bonding to the pyrimidine carbonyl and hydroxyl groups of
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deoxyribose dUMP [11]. Furthermore, several studies have suggested
potential therapeutic efficacy in CRC cells, but it is still unclear whether
apigenin can improve 5-FU sensitivity and regulate TS expression in CRC
cells.

Drug sensitivity of CRC varies depending on the mutation status of
the tumor suppressor protein P53 [12]. Because P53 can be specifically
inhibited at the translational level by TS, these proteins are important
factors for predicting therapeutic efficacy against CRC [13]. In addition,
forkhead box protein M1 (FOXM1), a member of the forkhead box
transcription factor family, plays an important role in tumorigenesis,
organogenesis, and aging through proliferation-related transcriptional
regulation, and recent studies have reported that the FOXM1-TS axis is
involved in the development of 5-FU resistance by cancer cells [14,15].
Therefore, in this study, several phytochemicals including apigenin were
selected as candidate adjuvants for 5-FU, and the individual efficacies
for improving 5-FU-mediated inhibition of cell viability and for regu-
lating the expression of P53 and TS were analyzed in CRC cells. In
addition, the contributions of P53 were assessed by comparing the ef-
fects of combined 5-FU and apigenin on HCT116 cells expressing
wild-type P53 and HT29 cells expressing mutant P53. Moreover, we
investigated the effects of FOXM1 silencing on apoptosis induction and
cell cycle modulation by apigenin.

2. Materials and methods
2.1. Chemicals

Apigenin, 5-FU, carvacrol, chrysin, coumestrol, formononetin, nar-
ingenin, osthole, quercetin, silibinin, stigmasterol, CPT-11, and oxali-
platin were purchased from Sigma-Aldrich, Inc (St. Louis, MO, USA),
curcumin from HWI Analytik Gmbh (Riilzheim, Germany), and delphi-
nidin from Indofine Chemical Company (Somerville, NJ, USA). Anti-
bodies against P53, TS, poly-(ADP-ribose) polymerase (PARP), BAX,
BCL-2, and CCND1 were purchased from Cell Signaling Technology
(Beverly, MA, USA) and antibodies against a-tubulin (TUBA) and P21
from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA).

2.2. Cell culture

The human CRC-derived cell lines HCT116 and HT29 were obtained
from the Korean Cell Line Bank (Seoul, Republic of Korea). To establish
colon cancer cells resistant to 5-FU (5-FUR), HCT116 cells were cultured
for at least 6 months with progressively increasing 5-FU concentrations
starting at 0.5 pM.

2.3. Cell viability and proliferation test

Cell viability was measured using the Cell Proliferation Kit I (MTT)
(Roche, Basel, Switzerland). Cells cultured in 96-well plates were incu-
bated with 10 pL of MTT labeling reagent at 37°C in the dark. After 4 h, a
solubilization solution was dispensed and incubated at 37°C overnight.
The optical density was determined at 560 and 650 nm using Epoch™
microplate spectrophotometer (BioTek Instruments, Winooski, VT,
USA). Cell proliferation was examined using the BrdU ELISA Kit
(Roche). Treated cells were cultured in BrdU solution for 2 h to allow
incorporation into genomic DNA and then in anti-BrdU-peroxidase so-
lution for 90 min. Reaction products were quantified by measuring
absorbance at 370 and 492 nm using Epoch™ microplate
spectrophotometer.

2.4. Western blot analysis

Western blotting was performed to estimate the expression levels of
proteins extracted from CRC cells. Proteins were separated by SDS-
PAGE, transferred to nitrocellulose membranes, and exposed to the
indicated antibodies overnight. Membranes were then exposed to
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peroxidase-conjugated secondary antibody for 1 h, and band images
were acquired using ChemiDoc equipment (Bio-Rad, Hercules, CA,
USA).

2.5. Annexin V & propidium iodide staining

Apoptosis was analyzed using the Fluorescein isothiocyanate
annexin V apoptosis detection kit I (BD Biosciences, Franklin Lakes, NJ,
USA). To measure apoptosis, treated cells were harvested, stained with
annexin V and propidium iodide (PI) for 15 min, and then analyzed
using flow cytometry as described in a previous study [16].

2.6. 3D culture

Based on the previously reported hanging drop method, CRC
spheroids were prepared [17]. Briefly, cells diluted in growth medium to
a concentration of 1 x 10°/mL were dropped into the lid of an inverted
60-mm culture dish in a volume of 25 pL containing 2500 cells in each
drop. The bottom of the culture dish was filled with PBS, which served as
the hydration chamber. Cells were treated with 20 uM of 5-FU, 20 pM of
apigenin, or their combination for 3 days. Changes in spheroid
morphology were observed using a DM3000 microscope (Leica, Wetzlar,
Germany). Average colony area and colony counts were quantified using
ImageJ. In addition, 96-well plates with satellite wells were prepared for
the assessment of chemical effects in Matrigel. Briefly, micropatterned
culture chips were fabricated by injection molding of polystyrene
(K-RESIN, Chevron Phillips Chemical, TX, United States), made hydro-
philic by air plasma treatment (CUTE-MP, Femto Science, Republic of
Korea), and sterilized using ethylene oxide gas. Matrigel and growth
medium were mixed at a ratio of 1:1 and solidified with cells at 37°C.
Next, cells were treated by injecting the indicated chemicals into the
satellite wells. Average colony area was examined in the Matrigel using
a microscope before and after 48 h of chemical treatment.

2.7. Cell cycle assay

Cells were treated with RNase A and PI for 30 min, and the distri-
bution of cells in SubG1, GO/G1, S, and G2/M phases was examined by
flow cytometry as described in a previous study [16].

2.8. ROS assay

Intracellular accumulation of ROS as an index of oxidative stress was
measured using DCFH-DA (Sigma-Aldrich, Inc). Briefly, cells were
loaded with DCFH-DA for 30 min, treated with the indicated reagents for
1 or 24 h, and then harvested. The green fluorescence from oxidized DCF
was measured using a flow cytometer (BD Biosciences).

2.9. Intracellular and intramitochondrial Ca®>" measurements

Intracellular and intramitochondrial calcium concentrations were
measured using the fluorescent dyes Fluo-4 (Invitrogen, Carlsbad, CA,
USA) and Rhod-2 (Invitrogen), respectively. After loading with Fluo-4 at
37°C for 20 min or Rhod-2 at 4°C for 30 min, cells were treated as
indicated and fluorescence emission intensity measured using a flow
cytometer.

2.10. Quantitative RT-PCR

To quantify gene expression, total RNA was extracted from cells
using Trizol reagent (Invitrogen), and complementary DNAs (cDNAs)
were synthesized using RT premix. Gene expression was then quantified
using SYBR dye and primer pairs for TP53 (F: 5’-CCTCACCATCATCA-
CACTGG-3’, R: 5’-TCTTGCGGAGATTCTCTTCC-3’) and FOXM1 (F: 5’-
GGGTTTTCTCCTTTGCTTCC-3’, R: 5’-ATGGGTCTCGCTAAGTGTGG-3’).
Relative mRNA levels were calculated using the 22T method based
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on Cr values. The expression of the GAPDH gene was measured for 2.11. Immunofluorescence staining for P53
normalization.
Immunofluorescence was used to analyze the expression patterns of
P53 in cells. Briefly, treated cells were permeabilized by incubation with
100% methanol at 4°C for 10 min. Next, cells were rinsed with PBS,
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Fig. 1. Multiple phytochemicals, including apigenin potentiated the suppressive effect of 5-FU on colorectal cancer (CRC) cell viability. [A] The viability of human
CRC lines HCT116 and HT29 following treatment with 5-FU (20 uM) alone or 5-FU plus the indicated phytochemical (20 pM) for 48 h as measured by MTT assay. [B]
Expression of P53 by HCT116 and HT29 cells following phytochemical (20 uM) treatment for 24 h as measured by western blot. [C] Expression of thymidylate
synthase (TS) by HCT116 and HT29 cells following treatment with 5-FU alone or 5-FU plus the indicated phytochemical (20 pM) for 24 h as measured by western
blot. Upper bands represent bound TS, and lower bands represent unbound TS. Data are presented as representatives of the results of three independent experiments.
Asterisk indicates a statistically significant difference compared to untreated control cells (***p < 0.001). The symbol ’a’ indicates a significant effect of combination
treatment compared to 5-FU alone (p < 0.05).
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blocked with goat serum for 2 h, incubated with P53 primary antibody
overnight at 4°C, and then incubated with Alexa488-conjugated sec-
ondary antibody (Invitrogen) for 1 h. Nuclei were counterstained with
DAPI for 5 min, and fluorescence images were acquired using a confocal
microscope. Minimum three images were used for the quantification of
fluorescence intensity by Metamorph Offline software (Molecular
Devices).

2.12. Transfection

Knockdown of FOXM1 expression was performed by transfection of
siFOXM1 using Lipofectamine 2000 (Sigma-Aldrich) according to the
manufacturer’s instructions (Bioneer, Daejeon, Republic of Korea). The
sequence of FOXM1 that siFOXM1 targets is 5’-AGTTTCCAGCTGG-
GATCAA-3’. The sequence of siFOXM1 is 5’-AGUUUCCAGCUGGGAU-
CAATT-3° for sense and 5’-TTUCAAAGGUCGACCCUAGUU-3’ for
antisense strand. A non-specific siRNA was used as the control (siCon-
trol). All siRNAs were purchased from Bioneer based on a genome-wide
predesigned siRNA library. SIFOXM1 used for transfection had three
different siRNA IDs (2305-1, 2305-2, and 2305-3) and was specified to
be designed based on National Center for Biotechnology Information
reference sequences (NM_001243088.1, NM_001243089.1,
NM_021953.3, NM_202002.2, NM_202003.2).

2.13. Statistics

All statistical calculations were conducted using analysis of variance
according to the general linear model (PROC-GLM) of the SAS statistical
software 9.4 (SAS Institute, Cary, NC, USA). All experiments were
repeated at least three times. A p value of <0.05 (two-tailed) was
considered statistically significant for all tests.

3. Results

3.1. Phytochemicals potentiated the inhibition of CRC cell viability by 5-
FU

When applied alone for 48 h, 5-FU (1, 2, 4, 8, 16, 32, and 64 pM)
dose-dependently inhibited the viability and proliferation of HCT116
and HT29 cells (Fig. S1), consistent with its known anticancer effect. We
then examined whether any of the following natural compounds, api-
genin [18], carvacrol [19], chrysin [20], coumestrol [21], curcumin
[22], delphinidin [23], formononetin [24], naringenin [25], osthole
[26], quercetin [27], silibinin [28], and stigmasterol [29], at 20 pM
potentiated the anticancer effect of 5-FU (20 pM) for 48 h (Fig. 1A). We
selected a concentration of 20 pM of phytochemicals based on the
average concentration found in our previous studies to induce cancer
cell death. To compare the effects of each phytochemical on cell viability
in CRC cells, all phytochemicals were treated at the same concentration
and for the same period. In each assay, the conventional anticancer drug
CPT-11 (20 pM) was used as the positive control. Apigenin, chrysin,
formononetin, osthole, and stigmasterol demonstrated the greatest
potentiating effects of 5-FU on HCT116 cell viability, whereas apigenin,
chrysin, coumestrol, formononetin, and stigmasterol showed the largest
potentiating effects of 5-FU on HT29 cell viability.

Next, we examined the changes in wild-type P53 expression in
HCT116 cells after phytochemical and conventional anticancer drug
treatment at 20 pM for 24 h (Fig. 1B) and found that among phyto-
chemicals, only apigenin increased P53 expression by 2.3 times (p <
0.001) similar to 5-FU (2.3-fold, p < 0.001) and CPT-11 (2.9-fold, p <
0.001). We also found that 5-FU (20 pM) treatment for 24 h enhanced
upper band expression of TS in HCT116 and HT29 cells, suggesting the
formation of classic complexes of TS; therefore, we next investigated
whether the phytochemicals that potentiated 5-FU activity, namely,
apigenin, chrysin, coumestrol, formononetin, osthole, and stigmasterol,
also suppressed TS (Fig. 1C). All tested phytochemicals except
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stigmasterol inhibited TS expression in HCT116 cells. In HT29 cells as
well, all tested phytochemicals and CPT-11 (positive control) inhibited
TS expression. These results suggest that phytochemicals potentiate the
effects of 5-FU, possibly by reversing the 5-FU-induced increase in TS.
Among the phytochemicals, apigenin increased P53 expression, sug-
gesting that the application of apigenin is a novel strategy for CRC
treatment. We therefore focused on the effects of apigenin in all subse-
quent experiments.

3.2. Apigenin enhanced 5-FU-mediated CRC cell growth suppression and
apoptosis induction

Apigenin dose-dependently inhibited the viability of both CRC cells
for 48 h and was particularly effective against HCT116 cells (Fig. S2A).
In addition, apigenin dose-dependently induced the apoptosis of
HCT116 cells for 48 h (Fig. S2B). Based on these dose-response results,
we set 20 pM as the optimal apigenin concentration for subsequent ex-
periments. First, we confirmed that the addition of apigenin (20 pM) to
5-FU (20 pM) for 48 h induced greater reductions (69.3% reduction in
HCT116 cells and 66.4% reduction in HT29 cells, p < 0.001) in HCT116
and HT29 cell viability than 5-FU alone (55% reduction in HCT116 cells
and 31.1% reduction in HT29 cells, p < 0.001) (Fig. 2A). Further,
annexin V and PI staining revealed that 5-FU dose-dependently induced
late apoptosis of HCT116 cells (Fig. S3). Moreover, the addition of
apigenin (20 pM) to 5-FU (20 pM) for 48 h increased the apoptosis rate
(70.92%, p < 0.001) of HCT116 cells compared with 5-FU treatment
alone (20.20%, p < 0.001) (Fig. 2B). On the other hand, apoptosis of
HT29 cells was induced by 5-FU only at concentrations of >32 pM,
whereas apigenin addition did not have a demonstrable potentiating
effect, suggesting that this potentiating effect is dependent on (wild-
type) P53 function. The cleavage of PARP is an important measure of
DNA damage in cancer cells [30]. apigenin (20 pM) for 24 h significantly
increased the expression of cleaved PARP in HCT116 cells, and the
addition of 5-FU (20 pM) further enhanced the increasing effect
(Fig. 2C). Interestingly, 5-FU alone, apigenin alone, or the combined
treatment of 5-FU and apigenin did not significantly affect the expres-
sion of cleaved PARP compared to the control group in HT29 cells. These
results are consistent with the result that 5-FU and apigenin did not
show apoptosis-inducing effect in HT29 cells. The ratio of pro-apoptotic
protein BAX to anti-apoptotic protein BCL-2 is a predictable indicator of
mitochondrial-mediated apoptosis in cancer cells [31]. Treatment with
5-FU alone, apigenin alone, or 5-FU plus apigenin significantly increased
the ratio of BAX/BCL-2 in HCT116 cells. In HT29 cells, treatment with
5-FU alone, apigenin alone, or 5-FU plus apigenin decreased the
expression of BCL-2, resulting in an increase in the ratio of BAX/BCL-2,
although it had no effect on the expression of BAX.

For antitumor efficacy, candidates must suppress cell viability in the
3D tissue environment. Therefore, we next analyzed the effects of 5-FU
(20 pM) and apigenin (20 pM) for 3 days on CRC cell spheroids (Fig. 2D).
Apigenin increased the colony counts (from 17 colonies in the control
group to 120 colonies in HCT116 cells and from 2 colonies in the control
group to 15 colonies in HT29 cells, p < 0.001), decreased the average
colony area (92.1% in HCT116 cells and 78.5% in HT29 cells), and
potentiated the effects of 5-FU on both cell types. Combination treat-
ment with 5-FU and apigenin significantly decreased spheroid formation
compared with 5-FU alone treatment. To further confirm the potentia-
tion of 5-FU efficacy in the 3D environment, we analyzed the effect on
cells immobilized in Matrigel (Fig. 2E). Consistent with results in 2D and
spheroid culture, the combination of 5-FU (20 pM) and apigenin (20 pM)
administered from satellite wells for 48 h prevented large colony for-
mation in HCT116 cells. The average colony area reduced by 36.8% (p
< 0.001) with 5-FU alone, 30.5% (p < 0.001) with apigenin alone, and
69.9% (p < 0.001) with 5-FU plus apigenin compared with the control
group in HCT116 cells. In HT29 cells, the combination treatment of 5-FU
and apigenin significantly reduced the average colony area by 41.5% (p
< 0.01), although treatment with each of them alone did not.



C. Yang et al.

Redox Biology 47 (2021) 102144

[A] [B]
HCT116 HT29
HCT116 HT29 Control Control 5-FU
g 140 T 120
= < HCT116 i B
£ £ 80 A vl 20 e
3 10 2 80 . £ e w g
S 80 g sk = s
= 2 60 K] w 2
3 60 P - 3 ab s s
o 40 < o 4 i S 2 40 P 100 £ 10
2 2 T T 2 b I T e T ]
£ 20 £ 20 Apigenin 5-FU + Apigenin 2 ok Apigenin 5-FU + Apigenin g 5
K] 3 20
g ° g o 3 H s Z
5FU -  + -+ 5FU - 4+ - 4+ g™ 0 k108 - : 0
El gl | ]
Apigenin - -+ + Apigenin - -  + + £ 5FU - o+ -+ 5 r 5FU - + -
| o Apigenin  —  _ 4+ 4 3|"1:-# o Apigenin  _— - 4+ 4
5 . w b o e
£ T £ T
Annexin V Annexin V
]
HCT116 HT29
PARP B HCT116 HCT116 PARP | SN cxmm G GRS " HT29 o
Cleaved PARP 2 14 ek 10 s Cleaved PARP 212 3 .
2 2
g 12 2 s £ 1 225 g sk
BAX x 10 |3 BAX £ g
3 56 3 08 s 2
o P N
g 8 ] g & o6 a1s
BCL2 | —— FEd P a4 BCL-2 g 8
EE 3 4 3 ok K o4 5 .
2 2 @ 2 2 02 @ 0.5
TuBA ] TuBA 8
G0 [ 3 0 0
5-FU = + e + 5FU - + = + 5-FU - + -+ 5-FU - + L + 5FU - + - + 5FU - + - 4+
Apigenin - - + + Apigenin - - 4+ +  Apigenin - - + 4 Apigenin - - + Apigenin - - 4 +  Apigenin - - +
[P]
HCT116 HT29
Control 5-FU
HCT116 HCT116 e HT29 HT29
200 g 120 & 25 i £ 120
i £
a s 8 100 2 20 g 100
£ 150 H E] g
5 P S g0 I . 8 g
— g 3 g
2. 100 2 60 e S 60
Apigenin H S w0 ok Apigenin 5-FU + Apigenin £ 10 8 4
° 50 ek ) a w K 3 o
. o g 20 ek 4 A o 5 2 s 20 =
£os 2 . L g
& 0 g 0 & 0 zZ 0
Q &FU = * = & GEU. = % = * 5FU - o+ - o+ 5FU - + - o+
; Apigenin  — - 4+ 4 Apigenin  _ - 4+ 4 Apigenin - - &+ 4 Apigenin  — - 4+ 4
[E]
HCT116 HT29
CRC cells Matrigel matrix
Culture media with|
) 5-FU and apigenin s s
/ £ £
H §
o o
L * 2 2
3 L3
Microscopic = L2 -
imaging =
£ £
< HCT116 HT29 H H
< 120 £ 120 5 5
£ 100 g = E
£ g 100
g 8o e > 8 ab
s g = £ =
s v & 8 g g
- g z z
s 20 £ 2 + +
<0 Z o0 2 2
SFU -+ -+ 5FU - o+ - o+ d ©
Apigenin Apigenin

Fig. 2. Apigenin potentiated CRC cell growth inhibition and apoptosis induction by 5-FU in 2D and 3D culture. [A] The viability of HCT116 and HT29 cells following
treatment with apigenin (20 pM) plus 5-FU (20 pM) for 48 h analyzed using MTT assay. [B] Apoptotic death of HCT116 and HT29 cells following apigenin (20 pM) or
5-FU (20 pM) plus apigenin treatment for 48 h as estimated by dual annexin V/propidium iodide (PI) staining and flow cytometry. The upper right quadrant indicates
cells in late apoptosis used for the quantification of cell death. [C] Expression of PARP, BAX, and BCL-2 in HCT116 and HT29 cells following treatment with 5-FU (20
pM) alone, apigenin (20 pM) alone, or apigenin plus 5-FU (20 pM) for 24 h as estimated by western blot. [D] The 3D structure of HCT116 and HT29 cell spheroids
following 5-FU (20 pM) plus apigenin (20 pM) treatment for 3 days as quantified by ImageJ. The scale bar represents 300 pm. [E] Schematic diagram of our method
for observing the morphology of cell/colonies in matrigel following 5-FU plus apigenin treatment in satellite wells. Comparison of cell/colony morphology before
treatment and after 48 h of treatment with apigenin (20 pM) alone or apigenin plus 5-FU (20 pM) as quantified by ImageJ. The scale bar represents 200 pm. Data are
presented as representatives of the results of three independent experiments. Asterisk indicates a statistically significant difference compared to untreated controls
(***p < 0.001). The symbol ’a’ indicates a significant difference between combination treatment and 5-FU treatment alone (p < 0.05). The symbol 'b’ indicates a
significant difference between combination treatment and apigenin treatment alone (p < 0.05).

Collectively, these results suggest that apigenin potentiates 5-FU effects
on cell growth and survival of CRC cells.

shift in cell cycle stage distribution (Fig. 3A). Apigenin (20 pM) did not
alter the cell cycle distribution of HT29 cells either alone or in combi-
nation with 5-FU (20 pM), whereas apigenin alone (11.6%, p < 0.001),
5-FU alone (7.2%, p < 0.001), and the combination (32,8%, p < 0.001)
for 48 h increased the proportion of HCT116 cells in the SubG1 phase,
implying entry into the apoptotic pathway.

Next, we analyzed the changes in the expression of the key cell cycle
regulator cyclin D1 (CCND1) by western blotting (Fig. 3B). In both CRC

3.3. Apigenin alone and in combination with 5-FU shifted the cell cycle
stage distribution of CRC cells toward SubG1

It is well known that 5-FU treatment causes S-phase arrest of CRC
cells; therefore, we investigated whether apigenin further facilitates the
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Fig. 3. Apigenin potentiated cell cycle disruption by 5-FU, potentially by influencing CCND1 expression. [A] Cell cycle distribution was determined by propidium
iodide (PI) staining and flow cytometry and expressed as the proportions of cells in the SubG1, G1, S, and G2/M phases after treatment with 5-FU and/or apigenin for
48 h. [B] Expression of CCND1 in HCT116 and HT29 cells following treatment with 5-FU (20 uM) alone, apigenin (20 uM) alone, or apigenin plus 5-FU (20 pM) for
24 h as estimated by western blot. Data are presented as representatives of the results of three independent experiments. Asterisks indicate statistically significant
differences compared to untreated controls (***p < 0.001; **p < 0.01). The symbol ’a’ indicates a significant difference between combination treatment and 5-FU
treatment alone (p < 0.05). The symbol "b’ indicates a significant difference between combination treatment and apigenin treatment alone (p < 0.05).

cell types, 5-FU (20 uM) alone (34.8% reduction in HCT116 cells, p <
0.001, and 28.0% reduction in HT29 cells, p < 0.01), apigenin (20 pM)
alone (63.4% reduction in HCT116 cells, p < 0.001, and 68.0% reduc-
tion in HT29 cells, p < 0.001), and the combination (82.3% reduction in
HCT116 cells, p < 0.001, and 79.6% reduction in HT29 cells, p < 0.001)
for 48 h reduced CCND1 expression. Thus, apigenin can regulate the cell
cycle of CRC cells both alone and in combination with 5-FU, possibly by
suppressing CCND1. Moreover, these effects are dependent on wild-type
P53.

3.4. Apigenin alone and in combination with 5-FU induced ROS
production and mitochondrial dysfunction in CRC cells

Oxidative stress is a major cell death mechanism of some conven-
tional anticancer agents and therapeutic adjuvants; therefore, we
investigated the effects of 5-FU (20 pM) alone, apigenin (20 pM) alone,
and 5-FU plus apigenin for 1 and 24 h on ROS production as measured by
2/,7'-dichlorofluorescin diacetate (DCFH-DA) conversion to fluorescent
2',7'-dichlorofluorescein (DCF) (Fig. 4A). Representative plot images of
cell population treated for 1 h are presented in the left panel. Treatment
with 5-FU alone for 1 h did not cause significant ROS accumulation in
HT29 cells. Conversely, apigenin alone (4.0-fold in HCT116 cells and
11.4-fold in HT29 cells, p < 0.001) and in combination with 5-FU (5.8-
fold in HCT116 cells, p < 0.001 and 18.6-fold in HT29 cells) promoted
ROS production in both CRC cell lines within 1 h.

Oxidative stress from ROS accumulation is associated with both
calcium dysregulation, mitochondria calcium accumulation, and in-
duction of the mitochondrial apoptosis pathway. Therefore, we
measured the effects of 5-FU (20 pM) and apigenin (20 pM) on intra-
cellular and intramitochondrial Ca?* concentrations using the calcium-
sensitive fluorescent dyes Fluo-4 and Rhod-2, respectively (Fig. 4B-C).
While treatment with 5-FU increased the intracellular Ca%* concentra-
tion after 24 h (1.5-fold in HCT116 cells and 1.6-fold in HT29 cells, p <
0.01), apigenin increased the Ca?* concentration after only 1 h (1.5-fold
in HCT116 cells and 1.6-fold in HT29 cells, p < 0.01) (Fig. 4B).

Conversely, mitochondrial Ca?" level was not affected by a 1-h treat-
ment with 5-FU alone, apigenin alone, or the combination in HCT116
cells (Fig. 4C). Meanwhile, 5-FU alone, apigenin alone, or combination
treatment reduced the mitochondrial Ca?* levels in HT29 cells. How-
ever, all three treatments for 24 h increased the mitochondrial Ca®*
concentration. Combination treatment of 5-FU with apigenin for 24 h
increased the mitochondrial Ca®* levels by 1.8-fold (p < 0.001) in
HCT116 cells and 1.7-fold (p < 0.001) in HT29 cells compared with
controls. Representative plot images for cell populations treated for 1 h
are presented in the left panel of Fig. 4B and C. These results suggest that
an early increase in cytoplasmic Ca?" induced by apigenin enhances the
rate of mitochondrial calcium uptake, ultimately resulting in greater
mitochondria dysfunction and high apoptosis rate.

Energy production by mitochondria depends on the maintenance of a
transmembrane potential between the inner membrane and matrix.
Thus, to examine possible mitochondrial dysfunction directly, we
measured this mitochondrial membrane potential (MMP) in CRC cells
using the fluorescent MMP indicator JC-1 (Fig. 4D). Consistent with
reduced cell viability and increased apoptosis rate, treatment with 5-FU
(20 pM), apigenin (20 pM), and combined 5-FU plus apigenin for 24 h
induced mitochondrial depolarization, with greater effects on HCT116
cells than on HT29. Further, combination treatment induced greater
MMP loss than either agent alone. Combination treatment of 5-FU and
apigenin for 24 h increased the relative MMP loss by 14.5-fold (p <
0.001) in HCT116 cells and 2.1-fold (p < 0.001) in HT29 cells compared
with controls. These results suggest that apigenin cotreated with 5-FU
enhances oxidative stress and mitochondrial dysfunction within CRC
cells, thereby increasing the cell death rate.

3.5. Apigenin upregulated P53 and downregulated TS in CRC cells

We next examined the effects of apigenin on the expression of the
putative targets P53 and TS. Apigenin treatment (20 pM) for 24 h
upregulated the expression of TP53 by 2.4-fold (p < 0.001) in HCT116
cells, but did not affect expression in HT29 cells based on quantitative
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RT-PCR analysis (Fig. 5A). Apigenin (20 pM) for 24 h significantly also apigenin alone and to the potentiation of 5-FU responses, we examined
increased the expression of P53 in the nuclei of HCT116 cells, but again drug response in FOXM1 knockdown cells established by transfection
had no effect on P53 expression in HT29 cells by immunofluorescence with a targeted small interfering (si)RNA (siFOXM1) (Fig. 6A). siFOXM1
analysis (Fig. 5B). The increase in P53 expression in HCT116 cells was transfection at 10 nM reduced FOXM1 gene expression by 54.7% (p <
dose-dependent (Fig. 5C); but in contrast to others, apigenin (20 pM) 0.001) in HCT116 cells and 66.7% (p < 0.001) in HT29 cells. Knock-
treatment for 24 h did not potentiate the increase induced by 5-FU (20 down of FOXM1 in HCT116 cells enhanced late apoptosis rate compared
pM) (Fig. 5D). We analyzed the expression of P21 as a target protein of with control siRNA (from 6.82% to 9.26%) and potentiated the effects of
P53, which is involved in cell cycle arrest and apoptosis (Fig. 5E). apigenin (20 pM) alone from 32.75% to 38.58% (Fig. 6B). In HT29 cells,
Interestingly, treatment with 5-FU (20 pM), apigenin (20 pM), and siFOXM1 (10 nM) transfection for 5 h did not cause a significant change
combined 5-FU plus apigenin for 24 h significantly increased the in apoptosis rate, although it slightly increased the rate of late apoptosis.
expression of P21 only in HCT116 cells, not in HT29 cells. In both CRC Transfection with siFOXM1 (10 nM) also increased the proportion of
cell lines, however, apigenin (20 pM) treatment for 24 h reversed the 5- apigenin-treated HCT116 cells in SubG1 phase from 3.52% to 7.05%
FU-induced elevation in TS expression (Fig. 5F). Combination treatment (Fig. 6C), consistent with the increased activation of the apoptotic
with 5-FU and apigenin reduced upper expression of TS by 58.2% (p < pathway. However, FOXM1 knockdown did not affect the cell cycle
0.001) in HCT116 cells and 41.6% (p < 0.001) in HT29 cells compared distribution of HT29 cells, suggesting that the action of FOXM1 is under
with 5-FU alone treatment. Moreover, the intensity of the lower band the influence of (wild-type) P53. These results further suggest that
representing unbounded TS also reduced by the additional treatment of FOXM1 downregulation in CRC cells enhances the anticancer effect of

apigenin. These results suggest that apigenin enhances the anticancer apigenin by facilitating effects on the cell cycle and apoptosis and that
effect of 5-FU by mitigating the associated increase in TS, even in P53 this facilitation relies on P53 expression and function.

mutant cells, but does not directly activate the P53-regulated apoptosis

pathway.

3.7. Apigenin alleviated induced 5-FU resistance of CRC cells

3.6. Potentiation of 5-FU efficacy by apigenin involves FOXM]1 silencing The development of tumor cell resistance to primary chemothera-
peutic agents results in tumor regrowth, metastasis, and poor outcome;

Previous studies have demonstrated that the P53-modulated tran- therefore, agents that can prevent resistance are of high clinical value.
scription factor FOXM1 regulates the sensitivity of cancer cells to 5-FU We tested the capacity of apigenin to reverse 5-FU resistance using a

[14,32]. To examine the contributions of FOXM1 to the effects of CRC cell line established by treating HCT116 cells with gradually
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Fig. 5. Apigenin upregulates P53 expression and reverses the 5-FU-induced upregulation of thymidylate synthase (TS) in CRC cells. [A] Expression of TP53 in
HCT116 and HT29 cells following apigenin (20 pM) treatment for 24 h was analyzed using quantitative RT-PCR. [B] Regulation of P53 expression by apigenin (20
pM) for 24 h was analyzed by immunofluorescence (green). Nuclei were counterstained with DAPI (blue). The scale bars represent 40 pm, [C] Expression of P53 in
HCT116 and HT29 cells following apigenin (20 pM) treatment for 24 h as estimated by western blot. [D] Expression of P53 in HCT116 and HT29 cells following
apigenin (20 pM) plus 5-FU (20 pM) treatment for 24 h was analyzed by western blot. [E] Expression of P21 in HCT116 and HT29 cells following apigenin (20 pM)
plus 5-FU (20 pM) treatment for 24 h was analyzed by western blot. [F] Expression of TS in HCT116 and HT29 cells following apigenin (20 pM) plus 5-FU (20 uM)
treatment for 24 h was analyzed by western blot. Upper bands represent bound TS, and lower bands represent unbound TS. Data are presented as representatives of
the results of three independent experiments. Asterisks indicate statistically significant differences compared with untreated controls (***p < 0.001; **p < 0.01). The
symbol ’a’ indicates a significant difference between combination treatment and 5-FU treatment alone (p < 0.05). The symbol ’b’ indicates a significant difference
between combination treatment and apigenin treatment alone (p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 6. FOXM1 silencing contributes to apigenin-induced apoptosis and cell cycle modulation. [A] Knockdown of FOXM1 following siFOXM1 (10 nM) transfection for
5 h of HCT116 and HT29 cells was analyzed by quantitative RT-PCR. [B] Death rates of HCT116 and HT29 cells following siFOXM1 (10 nM) transfection for 5 h and
apigenin (20 pM) treatment for 48 h as measured by dual Annexin V/propidium iodide (PI) staining and flow cytometry. The cells in the upper right quadrant are in
late apoptosis. [C] Cell cycle distribution following siFOXM1 (10 nM) transfection for 5 h and apigenin (20 pM) treatment for 48 h determined by PI staining and flow
cytometry and expressed as the proportions of cells in SubG1, G1, S, and G2/M phases. Data are presented as representatives of the results of three independent
experiments. Asterisk indicates a statistically significant difference compared with untreated controls (***p < 0.001; **p < 0.01; *p < 0.05). The symbol "a’ indicates
a significant difference between combination treatment and apigenin alone (p < 0.05).

increasing 5-FU concentrations for approximately 6 months (Fig. 7A).
These HCT116-5-FUR cells exhibited a marked increase in 5-FU resis-
tance as indicated by an increase in ICsg to 126.91 pM from 32.30 pM in
HCT116 cells, as shown in Fig. S1 (Fig. 7B). In addition, these cells
showed enhanced resistance to the inhibition of proliferation by 5-FU for
48 h (Fig. 7C). Next, we examined whether HCT116-5-FUR cells had
multidrug resistance to CPT-11 and oxaliplatin, the conventional anti-
cancer drugs administered together with 5-FU for the treatment of CRC.
Compared with HCT116 cells, HCT116-5-FUR cells showed no differ-
ence in cell viability inhibitory effect except for a low concentration of 1
pM for CPT11 treatment for 48 h (Fig. 7D). On the other hand, the results
of cell viability changes following the dose-dependent treatment of
oxaliplatin for 48 h suggest that the sensitivity to oxaliplatin is lowered
in HCT116-5-FUR cells compared to HCT116 cells (Fig. 7E). These re-
sults suggest that 5-FU resistance may also be involved in the thera-
peutic efficacy of other anticancer drugs. Meanwhile, apigenin (20 pM)
treatment for 48 h reduced the cell viability of HCT116-5-FUR cells by
52.6% (p < 0.001) to a level similar to that of parental HCT116 cells
(Fig. 7F) and enhanced the rate of HCT116-5-FUR cell apoptosis when
combined with 5-FU (53.91%) compared with 5-FU alone (17.32%) for
48 h (Fig. 7G). Addition of apigenin (20 pM) for 48 h also enhanced the
proportion of HCT116-5-FUR cells in S-phase arrest compared with 5-FU
(20 pM) treatment alone (Fig. 7H) and increased the proportion of 5-FU-
treated HCT116-5-FUR cells entering the SubG1 phase from 7.40% to
35.46%.

We then examined whether these effects are associated with the
regulation of TS and P53 as in parental HCT-116 cells by western blot-
ting (Fig. 7I). The amount of classical complexes of TS was higher in
untreated HCT116-5-FUR cells than untreated HCT116 cells.
Conversely, 5-FU (20 pM) for 24 h increased both bounded (upper) and
unbounded (lower) TS expression to a greater degree in HCT116 cells.
These findings suggest that high TS complex expression in HCT116 cells
increases resistance to 5-FU. Furthermore, apigenin (20 pM) treatment
attenuated the increased expression of both bounded and unbounded TS
in HCT116-5-FUR cells. However, apigenin influenced P53 only in

control HCT116 cells but not in HCT116-5-FUR cells. In other words,
apigenin may also increase the therapeutic efficacy of 5-FU in 5-FU-
resistant CRC cells through regulation of TS expression but indepen-
dently of P53.

4. Discussion

The 5-year survival rate of patients with advanced CRC is <10%,
mainly owing to the development of drug resistance and ensuing tumor
recurrence [33]. 5-FU is the primary first-line drug used for the treat-
ment of numerous cancer types, including CRC. However, in patients
with advanced CRC, 5-FU treatment response rate is only 10%-15%;
therefore, it is applied in combination with other cytotoxic drugs such as
CPT-11 and oxaliplatin [34,35]. In addition, phytochemicals with low
cytotoxicity in normal cells are valuable adjuncts to conventional ther-
apeutics. In this study, we found that among the various phytochemicals
with documented anticancer effects in our previous studies, several,
including apigenin, enhanced the capacity of 5-FU to reduce CRC cell
viability (Fig. 8).

Apigenin is one of the most widely found flavones in plants. Apigenin
is primarily found in Asteraceae; parsley, chamomile, celery, and
oregano are also major sources of apigenin [36,37]. The therapeutic
potential of apigenin has been widely reported in various diseases,
including cancer [36]. Apigenin inhibits the survival and growth of
choriocarcinoma and endometriosis cells [18,38]. Numerous studies
have also shown that various plant flavonoids, including apigenin, can
enhance the therapeutic efficacy of 5-FU [39-41]. For instance, curcu-
min improved the sensitivity of breast cancer cells to 5-FU by inhibiting
the upregulation of TS expression following 5-FU exposure [39]. Quer-
cetin, a flavonoid contained in fruits and vegetables, potentiates
5-FU-induced DNA fragmentation and pro-apoptotic effects in a
P53-dependent manner in CRC cells [42]. Another flavonoid, luteolin,
inhibits CRC cell growth by regulating the expression of proteins related
to apoptosis, including P53, BAX, and BCL-2, when combined with 5-FU
[43]. In addition, S-adenosyl-i-methionine, a naturally occurring
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Fig. 7. Apigenin restores 5-FU sensitivity to CRC cells. [A] Schematic representation of the method for establishing 5-FU-resistant CRC cells (HCT116-5-FUR cells).
[B] Viability of HCT116-5-FUR cells following 5-FU treatment for 48 h was analyzed by MTT assay. [C] Proliferation of HCT116-5-FUR cells following 5-FU treatment
for 48 h was analyzed using BrdU ELISA. [D] Viability of HCT116-5-FUR and HCT116 cells following CPT-11 treatment for 48 h was analyzed by MTT assay. [E]
Viability of HCT116-5-FUR and HCT116 cells following oxaliplatin treatment for 48 h was analyzed by MTT assay. [F] Viability of HCT116-5-FUR cells following 5-
FU (20 uM) plus apigenin (20 pM) treatment for 48 h was analyzed using MTT assay. [G] Apoptotic death rate of HCT116-5-FUR cells following 5-FU (20 pM) plus
apigenin (20 pM) treatment for 48 h as estimated by dual Annexin V/PI staining and flow cytometry. Cells in the upper right quadrant are in late apoptosis. [H] Effect
of 5-FU (20 pM) plus apigenin (20 pM) for 48 h on HCT116-5-FUR cell cycle distribution as measured by PI staining and flow cytometry, and expressed by the
proportions in SubG1, G1, S, and G2/M phases. [I] Expression of TS in HCT116-5-FUR cells following 5-FU (20 uM) plus apigenin (20 pM) treatment for 24 h was
analyzed using western blotting. Upper bands represent bound TS, and lower bands represent unbound TS. Data are presented as representatives of the results of
three independent experiments. Asterisks indicate statistically significant differences compared with untreated controls (***p < 0.001; **p < 0.01; *p < 0.05). The
symbol "a’ indicates a significant difference between combination treatment and 5-FU treatment alone (p < 0.05). The symbol b’ indicates a significant difference
between combination treatment and apigenin treatment alone (p < 0.05).

sulfur-containing nucleoside, induces cell cycle arrest and ROS accu- apoptosis in CRC cells. Lee and colleagues found that apigenin induced
mulation in P53-deficient CRC cells, reducing cell viability along with autophagy in HCT116 cells and that the inhibition of autophagy
5-FU [44]. Moreover, apigenin enhanced the apoptosis-inducing effect enhanced apigenin-induced apoptosis [47]. In addition, apigenin in-
of 5-FU in breast cancer cells [40]. Apigenin also synergized with 5-FU duces a senescence phenotype in CRC cells, mitigating tumor formation
to promote G2/M arrest and increase ROS production by neck squamous [48]. Moreover, a recent study revealed that apigenin inhibits the
cell carcinoma cells, leading to apoptosis [45]. Similarly, apigenin growth of CRC cells mediated by miRNA-215-5p [49]. These studies
enhanced the anticancer effect of 5-FU against hepatocellular carcinoma suggest that the apoptosis-inducing mechanism of apigenin revealed in
cells in vivo and in vitro by promoting ROS production, mitochondrial this study is part of the broad intracellular physiological regulation
membrane disruption, and apoptosis [46]. Several past studies have mechanism of apigenin in CRC cells. However, it remains uncertain
suggested that apigenin has polypharmacological properties in inducing whether apigenin can enhance the anticancer effect of 5-FU in CRC cells.
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Fig. 8. Schematic representation of apigenin effects on CRC cells when added
with 5-FU. Thymidylate synthase (TS) expression is increased by 5-FU, whereas
apigenin reverses this increase. Inhibition of TS expression induces DNA dam-
age in CRC cells, leading to apoptosis. Apigenin upregulates the expression of
the antitumor protein P53, which may further induce cell cycle arrest and
apoptosis under 5-FU cotreatment. Apigenin also induces ROS production,
intracellular Ca®* dysregulation, and MMP loss in CRC cells. Silencing of
FOXM1 further enhances apigenin-induced cell death. Dotted bars indicate
mechanisms that have been reported in previous studies but have not been
validated in the present study.

To our knowledge, this study revealed for the first time that apigenin can
induce oxidative stress, Ca®" dysregulation, and mitochondrial
dysfunction, thereby potentiating the cytotoxicity of 5-FU. Several
chemotherapeutic drugs induce cancer cell apoptosis through the pro-
duction of excessive ROS [50], which in turn induces mitochondrial
dysfunction and activates mitochondrial apoptosis signals. Therefore,
apigenin may increase the sensitivity of tumors to 5-FU by activating the
mitochondria-mediated apoptosis pathway. In this study, there is a
limitation that a dose-dependent combination treatment was not per-
formed to calculate a value such as a combination index that can
quantify whether apigenin can cause a synergistic effect with 5-FU. A
recently published study revealed that apigenin caused synergistic ef-
fects with 5-FU in inhibiting cell viability [49]. In the study, analysis of
the combination index on cell viability after concomitant treatment with
20, 40, and 80 pM of apigenin and 10, 20, and 50 pM of 5-FU in HCT116
cells clearly shows that 5-FU and apigenin have a strong synergistic
effect [49]. In addition, our study leads us to speculate that 5-FU and
apigenin may have a synergistic effect on apoptosis of CRC cells,
although we confirmed the effects of both 5-FU and apigenin at a single
concentration of 20 pM. Our results also suggest that both 5-FU and
apigenin share a functional P53-dependent mechanism for inducing
apoptosis in CRC cells.

Similar to the conventional anticancer drug CPT-11, apigenin also
upregulated the expression of the antitumor protein P53. The P53 pro-
tein acts as an initiator of DNA repair in response to damage and triggers
the apoptosis of cells with extensive DNA damage to prevent the prop-
agation of mutations [51]. Mutant P53 is associated with shorter overall
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CRC survival [52], and cancer cells with mutant P53 are less sensitive to
5-FU [53]. Moreover, loss of P53 function in cancer cells may reduce
therapeutic sensitivity to 5-FU [54]. In esophageal squamous cells,
apigenin induced G2/M arrest and P53-independent mitochon-
dria-mediated apoptosis [55]. The present study also suggests that api-
genin may act in both a P53-dependent and P53-independent manner in
CRC cells. P53-dependent mechanism by apigenin in CRC cells appears
to be closely related to apoptosis, mainly represented by increased
expression of cleaved PARP and P21. On the other hand, it is speculated
that the mechanism of apigenin acting independently of P53 is mainly
related to redox imbalance, represented by generation of ROS and Ca?*
imbalance. The present study revealed a clear difference in the effects of
apigenin and 5-FU on CRC cells with wild-type P53 (HCT116) compared
with those in cells with mutant P53 (HT29), implying that the
apoptosis-inducing effect of apigenin relies on normal P53 function.
Therefore, further research is required for identifying ways to increase
the treatment efficiency in CRC cells, which are mutated or deficient in
P53. As an example of a study in this context, 5-FU and free ribosomal
protein encapsulated in polymer nanoparticles can enhance apoptosis
through induction of nucleolar stress in P53-deficient cancer cells [56].
Evidence has suggested that 5-FU-induced nucleolar stress in cancer
cells mediates ribosomal proteins to activate P53 and its target, P21 [6,
7,31]. It was also found that 5-FU induces mitochondrial-mediated
apoptosis by targeting ribosomal proteins in P53-deficient CRC cells,
suggesting that P53-independent apoptosis may be induced [57]. In
cancer cells lacking P53, overexpression of ribosomal proteins leads to
cell cycle arrest and activation of P21, resulting in apoptosis [58].
Therefore, overexpressing ribosomal proteins is considered an approach
that can enhance the cytotoxicity of 5-FU. Furthermore, in cancer cells,
ribosomal proteins influence the activity of P21 independent of P53 and
may be involved in multidrug resistance [59]. In our study, single
treatment of 5-FU or apigenin, and the combination of 5-FU and api-
genin increased the expression of P21 only in HCT116 cells but not in
HT29 cells, just like the expression of P53. Although further analysis is
required, it can be speculated that P53 and its downstream proteins are
closely related to the mechanism by which apigenin induces apoptosis in
CRC cells. The presence of functional P53 in CRC cells may play a
decisive role in the extent of the apoptosis-inducing effect of apigenin.
PARP cleavage is a useful marker of programmed cell death in CRC [30].
Moreover, the ratio of BAX/BCL-2 is an important measure to evaluate
the severity of mitochondrial-mediated apoptosis following drug treat-
ment in cancer cells [57]. The expression of cleaved PARP, BAX, and
BCL-2 regulated by apigenin in combination with 5-FU in CRC cells
complements the apoptosis-inducing effect of apigenin in response to
the presence of functional P53. In addition. further studies need to verify
whether apigenin can be involved in the regulation of ribosomal pro-
teins to improve drug resistance in CRC cells. Previous studies have
suggested that resistance to one drug in cancer cells may be accompa-
nied by resistance to other anticancer drugs [59,60]. Lung cancer cells
resistant to 5-FU have also been shown to be resistant to other anticancer
drugs, including 5’-deoxyl-5-fluorouridine, oxaliplatin, and cisplatin
[59]. In the present study, CRC cells resistant to 5-FU were only resistant
at low concentration following CPT-11 treatment, but were resistant to
oxaliplatin treatment at all concentrations analyzed. These results sug-
gest that further studies are needed to determine whether apigenin may
be involved in the overcoming of multidrug resistance in CRC.

We also found modest anticancer effects of apigenin alone, consistent
with several previous studies. For instance, apigenin was reported to
inhibit CRC cell proliferation with an ICsq of 1.8 pM [61]. Turktekin and
colleagues (2011) also reported that apigenin increased the expression
of the pro-apoptotic effectors CASP3 and CASP8 and decreased the
expression of mTOR and CCND1 in HT29 cells [62]. In addition, apige-
nin promoted circular chemorepellent-induced defects in CRC cells, thus
inhibiting spheroid formation [63] and suggesting efficacy against early
tumorigenesis. Moreover, Sen and colleagues (2019) reported that
simultaneous delivery of apigenin and 5-FU in the same liposomes



C. Yang et al.

inhibited the proliferation and increased the apoptosis rate in a CRC
xenograft mouse model [64]. Although the potential therapeutic effi-
cacy of apigenin against CRC cells has been demonstrated in various
preclinical models, this is the first study to show that apigenin can
potentiate the anticancer effect of 5-FU, including against cells with
induced 5-FU resistance, at least in part through modulation of P53 and
TS expression.

TS is a folate-dependent enzyme responsible for the production of
thymidylate, an essential intermediate for DNA biosynthesis [65]. The
active metabolite of 5-FU binds to the active site of dUMP to form an
inactive TS complex, thereby preventing the conversion of dUMP to
dTMP. In vitro and in vivo studies have shown that high TS expression is
closely related to the development of 5-FU chemoresistance [66,67].
Furthermore, TS gene and protein expression levels as well as enzymatic
activity are inversely correlated with the 5-FU sensitivity of CRC cells
[68]. Due to its chemical structure, apigenin is an effective inhibitor of
TS, and we speculate that apigenin induces CRC cell death and cell cycle
disruption through downregulation of TS activity and concomitant
upregulation of P53 [11]. In CRC, P53 expression is downregulated by
TS. Therefore, cells overexpressing TS will be less sensitive to cell cycle
arrest by DNA-damaging agents [13]. Li and colleagues (2020) reported
the development of a new TS inhibitor that can inhibit non-small-cell
lung cancer growth by upregulating P53 expression [69]. Moreover, TS
inhibition facilitates DNA damage, induces MMP depolarization, and
ultimately activates apoptotic signaling pathways. Continuous exposure
to conventional chemotherapeutic agents upregulates pro-survival
signaling pathways and multidrug resistance genes, thereby establish-
ing resistance. This resistance can be modeled in vitro by prolonged
exposure to increasing chemotherapeutic drug concentrations, and such
cells have proven useful for screening potential adjuvants that can
reduce drug resistance in CRC [70]. Compared with 5-FU-sensitive cell
lines, resistant CRC cells expressed higher levels of TS [71], and we
demonstrate that adjunct apigenin can induce apoptosis even in 5-FU-r-
esistant (5-FUR) CRC cells by downregulating TS independently of P53.
In immunoblots analysis, the upper band of TS indicates the formation of
a ternary complex of drug and TS and the lower band indicates un-
modified TS [72,73]. We found that additional treatment with apigenin
suppressed the expression of both bounded and unbounded TS forms in
CRC cells. These results suggest that apigenin inhibits protein translation
of TS rather than posttranslational modification in CRC cells.

FOXM1 is a transcription factor involved in the progression and
chemoresistance of numerous carcinomas [74]. It is highly expressed in
drug-resistant cells, whereas FOXM1 deficiency enhances the sensitivity
of cancer cells to genotoxic agents [75,76]. Much evidence suggests that
FOXM1 contributes to the survival and growth of CRC [77]. Further,
5-FU increased the expression of FOXM1 in CRC, whereas FOXM1
knockdown increased the sensitivity to 5-FU [15]. In addition, FOXM1
can bind to the promoter region of TS and induces 5-FU resistance of
CRC cells by upregulating TS expression. Moreover, Intuyod and col-
leagues (2018) suggested that the FOXM1-TS axis is a useful diagnostic
and therapeutic target to predict and improve 5-FU resistance. We found
that FOXM1 knockdown potentiated the apoptosis-inducing effect of
apigenin as evidenced by the increased entry of CRC cells into SubG1
phase.

5. Conclusions

Apigenin improved the inhibitory effects of 5-FU on cell viability and
upregulated P53 expression. It increased the generation of ROS, dysre-
gulation of Ca®*, cell cycle arrest, and depolarization of MMP in the
colon cancer cells. Suppression of FOXM1 expression enhanced the
potentiation of cell death by apigenin. Furthermore, apigenin inhibited
TS expression and blocked the viability of 5-FU-resistant colon cancer
cells. A limitation of this study is that we have not identified how the
FOXM1-TS axis regulates the apoptosis of CRC cells under apigenin or
combined 5-FU plus apigenin treatment. Nonetheless, this study is the

12

Redox Biology 47 (2021) 102144

first to demonstrate that apigenin can potentiate the efficacy of 5-FU
against CRC and reduce acquired 5-FU resistance. Through the appli-
cation of apigenin, an appropriate combination can be adopted under
various conditions for the development of an integrated treatment
strategy that can ultimately alleviate the high toxicity of 5-FU. Studies
on the extraction and formulation from natural sources that can maxi-
mize the therapeutic potential of apigenin in CRC are warranted.
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