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Objective: This study is designed to investigate the mode of action of the synergistic effect of 5-
fluorouracil (5-FU) and magnolol against cervical cancer.
Methods: Network pharmacological approach was applied to predict the molecular mechanism of 5-FU
combined with magnolol against cervical cancer. CCK-8 assay, colony formation assay, immunofluores-
cence staining, adhesion assay, wound healing mobility assay, cell migration and invasion assay and
Western blot analysis were conducted to validate the results of in silico study.
Results: Phosphatidylinositol 3 kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin
(mTOR) signaling pathway was identified as the key pathway in silico study. The experimental results
showed that 5-FU combined with magnolol strongly inhibited cervical cancer cell proliferation, induced
the morphological change of HeLa cells by down-regulating the expression of x-actinin, tensin-2 and vin-
culin. Moreover, magnolol enhanced inhibitory effect of 5-FU on the cell adhesion, migration and inva-
sion. The phosphorylation of AKT and PI3K and the expression of mTOR were strongly inhibited by the
combination of 5-FU and magnolol. Moreover, the expression of E-cadherin and g-catenin was upregu-
lated and the expression of Snail, Slug and vimentin was down-regulated by the 5-FU together with mag-
nolol.
Conclusion: Taken together, this study suggests that 5-FU combined with magnolol exerts a synergistic
anti-cervical cancer effect by regulating the PI3K/AKT/mTOR and epithelial-mesenchymal transition
(EMT) signaling pathways.
© 2023 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cervical cancer is the fourth most common malignant tumor in
women, which is the main cause of female death (Revathidevi
et al., 2021). Although the incidence and mortality of cervical can-
cer have been significantly decreased with the popularity of human
papilloma virus (HPV) vaccine and cancer screening, patients with
advanced cervical cancer and the metastasis of cervical cancer after
operation and chemotherapy are still suffering due to lack of effec-
tive treatment (Olusola et al., 2019). Moreover, up to 26% of early
stage patients experience relapse after primary surgery (Cibula
etal.,, 2021). Therefore, it is urgent to find a new treatment strategy
with low toxicity and high efficiency for cancer treatment.
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5-Fluorouracil (5-FU) is an anti-metabolic antitumor drug,
which can inhibit thymine nucleotide synthetase and interfere
with DNA synthesis (Taflin et al., 2021). It exerts significant antitu-
mor effect in a variety of tumors (Akalovich et al., 2021; Proietti
et al., 2021). However, the clinical application of 5-FU is facing seri-
ous challenges due to the increased drug resistance and the high
incidence of adverse reactions (Vodenkova et al., 2020). 5-FU resis-
tance in cancer treatment is regulated by a variety of signaling
pathways, such as Wnt/g-catenin signaling pathway, PI3K/AKT sig-
naling pathway and epithelial-mesenchymal transition (EMT) (Hou
et al., 2020; Liang et al., 2020; Sun et al., 2021). Therefore, targeting
those signaling pathways will be a promising direction for reliev-
ing drug resistance. Application of traditional Chinese medicine is
known to enhance the effect of 5-FU based chemotherapy and
reduces adverse reactions for colorectal cancer (Chen et al.,
2019). For example, honokiol, one of active components of the bark
of Magnolia officinalis Rehd. et Wils. (Houpo in Chinese), has a
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potential synergistic effect with 5-FU in human urothelial cell car-
cinoma cells (Lee et al., 2019).

Magnolol is an anti-inflammatory, antibacterial and anti-tumor
compound extracted from M. officinalis. Magnolol could regulate
cell proliferation, activate inflammatory response and affect tumor
migration and invasion by regulating a variety of biological signal-
ing pathways, such as nuclear factor-kB/mitogen-activated protein
kinase and PI3K/AKT/mTOR signaling pathways (Woo et al., 2020;
Zhang et al., 2019). However, the synergistic effect of 5-FU and
magnolol against cervical cancer has not been reported.

Network pharmacology is an emerging discipline based on the
theory of systems biology. By analyzing the interaction between
drugs and diseases from multiple components, multiple targets
and multiple pathways, it could reveal the synergistic effect and
mechanisms of drugs (Zhou et al., 2020). Network pharmacology
is considered as a new trend to understand traditional Chinese
medicine.

Cell adhesion plays an important role in the process of cell
migration, which is the basis for pathological processes such as
immune response and tumor metastasis (Laubli & Borsig, 2019).
Cancer cells can promote the formation of protuberance structure
to increase the ability of migration and invasion by remodeling
cytoskeleton and contracting actin (Dart & Gordon-Weeks, 2017).
So cytoskeletal related proteins such as «-actinin, vinculin and
tensin-2 are closely related to tumor progression (Dirican &
Akkiprik, 2017; Yoshii et al., 2013; Zhang et al., 2019). PI3K/AKT/
mTOR signaling pathway is proved to be involved in the process
of cell adhesion, migration and invasion (Miricescu et al., 2020;
Si et al., 2020). It can regulate the expression of hypoxia-
inducible factor 1, inhibit the activity of proapoptotic members
and activate antiapoptotic factors through phosphorylation,
thereby accelerating tumor angiogenesis, inhibiting apoptosis
and promoting tumor cell proliferation (Yu et al., 2018; Zhu
et al., 2020). Moreover, 5-FU resistance can be reversed by inhibit-
ing PI3K/AKT signaling pathway (Lan et al., 2021). Therefore, regu-
lating PI3K/AKT/mTOR signaling pathway to inhibit tumor cell
migration and invasion and reduce 5-FU resistance of cervical can-
cer cell will be an effective strategy for cancer treatment.

Epithelial-mesenchymal transition (EMT) refers to the transfor-
mation of epithelial cells to mesenchymal cells, which is closely
related to the migration and invasion of tumors (Yang et al., 2021).
EMT is closely related to 5-FU resistance (Xie et al., 2021). E-
cadherin, which is a major factor in the progression of cancer, is cru-
cialin the occurrence of EMT. And the lack of E-cadherin is a key step
in EMT (Wong et al., 2018). Snail and Slug are inducible genes of EMT
and the inhibitors of E-cadherin, they can down-regulate the expres-
sion level of E-cadherin by binding to the promoter of E-cadherin.
Moreover, the decreased expression of epithelial markers such as
E-cadherin and pB-catenin and the increased expression of mes-
enchymal markers such as vimentin and N-cadherin are the main
characteristics of EMT (Pastushenko & Blanpain, 2019).

Therefore, the aim of this study is to assess whether magnolol
plays a synergistic role with 5-FU and further investigate the
underlying synergic molecular mechanisms by using network
pharmacological approach in silico and cell experiment in vitro.
Our results suggested that magnolol significantly enhances the
anticancer effect of 5-FU by regulation of PI3K/AKT/mTOR and
EMT pathways.

2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s Medium (DMEM), Transwell nest-
ing (with polycarbonate film 605 mm 8.0 um), and Matrigel™ were
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purchased from Corning (NY, USA). Fetal bovine serum (FBS) was
purchased from Tianhang (Huzhou, China). Dimethyl sulfoxide
(DMSO) and 0.25% trypsin-EDTA (1X) were purchased from
Sigma-Aldrich (Shanghai, China). The penicillin and streptomycin
(100x) was purchased from Solarbio (Beijing, China). Magnolol
and 5-FU were purchased from Selleck (Shanghai, China). Cell
counting kit-8 (CCK-8), Phosphate buffer solution (PBS), Western
transfer solution, SDS-PAGE electrophoresis solution and Crystal
violet stain solution were purchased from Beyotime (Shanghai,
China). iFluor 488-conjugated phalloidin was purchased from
Abcam (Shanghai, China). First and second antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA, USA).

2.2. Cell culture

Cervical cancer HelLa and SiHa cell lines were purchased from
Shanghai Institutes for Biological Sciences of Chinese Academy of
Sciences (SIBS, CAS). The cells were grown in DMEM with 10%
FBS and 1% penicillin and streptomycin at 37 °C in a 5% CO, air
atmosphere.

2.3. Network pharmacology

The procedure of network pharmacology study was designed
following these guidelines (Li, 2021) and previous literature (Guo
et al.,, 2019; Zhang et al., 2015).

2.3.1. Disease targets

The disease targets of cervical cancer were searched in Gene-
Cards database (https://www.genecards.org/) and CTD database
(https://ctdbase.org/) with the keyword of “Cervical cancer”. Next,
the obtained disease targets were merged by overlapping the two
databases, and the final targets were the disease targets of cervical
cancer.

2.3.2. Targets of 5-FU and magnolol

The compound targets of 5-FU and magnolol were searched in
GeneCards database, CTD database and PubMed database
(https://www.ncbi.nlm.nih.gov/pubmed/) respectively by using
“5-Fluorouracil” and “Magnolol” as keywords. The obtained com-
pound targets were merged and the final targets were considered
to be the compound targets of 5-FU and magnolol.

2.3.3. Compound-disease targets

Venny2.1.0 software (http://bioinfogp.cnb.csic.es/tools/venny/)
was used to draw the Venn diagram of the compound targets of
5-FU and magnolol and the disease targets of cervical cancer. The
overlapped targets may be the potential targets of 5-FU combined
with magnolol against cervical cancer.

2.3.4. PPI network construction

The potential targets of 5-FU and magnolol against cervical can-
cer obtained above were imported into the Protein-Protein Interac-
tion NetworksFunctional Enrichment Analysis (STRING) platform
(https://string-db.org) to construct the protein-protein interaction
(PPI) network. The species was set as “Homo sapiens” and the cri-
teria of confidence >0.9 was selected. Then the results were
imported into Cytoscape3.7.0 and the size and color of nodes were
set to reflect the degree of freedom. Maximal Clique Centrality
(MCC) method was used to rank the top 10 key targets.

2.3.5. GO enrichment and KEGG pathway analysis

Database for Annotation, Visualization and Integrated Discovery
(DAVID) database (https://www.david.ncifcrf.gov/) was used to
conduct Gene Ontology (GO) biological process enrichment analy-
sis on the screened targets. The biological process with significant
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difference was screened by setting the threshold P < 0.05 and false
discovery rate (FDR) < 0.05. The biological process (BP), cellular
component (CC) and molecular function (MF) of the targets were
extracted to analyze the gene function. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of the top 20 path-
ways was carried out by using R package.

2.4. CCK-8 assay

HeLa/SiHa cells were seeded into a 96-well plate at a concentra-
tion of (1 x 10°) cells/mL and incubated for 24 or 48 h with differ-
ent concentrations of 5-FU alone or different compounds (5-FU,
magnolol, 5-FU & magnolol). DMSO group was used as the control
group. Subsequently, 10 pL of CCK-8 was added to each well. After
incubation in a 37 °C, 5% CO, incubator for 1 h, the optical density
(OD) value at 450 nm was measured by a microplate plate reader
(BioRad, Hercules, CA, USA). The experiment was repeated three
times.

2.5. Colony formation assay

HelLa/SiHa cells were seeded into a 6-well plate at a concentra-
tion of (1 x 10%) cells/mL and incubated with different compounds
(5-FU, magnolol, 5-FU & magnolol). DMSO group was used as the
control group. After 7 d, cells were fixed and then stained with
crystal violet. The images were taken under an inverted micro-
scope (Nikon, Japan).

2.6. Immunofluorescence staining

HelLa cells were seeded into a 24-well plate at a concentration of
(5 x 10%) cells/ mL and incubated for 24 h with different com-
pounds (5-FU, magnolol, 5-FU & magnolol). DMSO group was used
as the control group. Cells were fixed in 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. Next, the cells were incu-
bated with iFluor 488-conjugated phalloidin (1:1 000) for 1 h. Sub-
sequently, the nuclei were stained by adding 10 puL 4’,6-diamidino-
2-phenylindole (DAPI) solution. Then the images were pho-
tographed by a laser confocal microscope (Leica, Wetzlar,
Germany).

2.7. Adhesion assay

HeLa/SiHa cells were seeded into a 6-well plate at a concentra-
tion of (1 x 10°) cells/mL and incubated for 24 h with different
compounds (5-FU, magnolol, 5-FU & magnolol). DMSO group was
used as the control group. Then the cells were harvested and re-
seeded into a 24-well plate for 3 h. Next, the cells were fixed with
4% paraformaldehyde and stained with crystal violet. Photographs
were taken under a microscope (Nikon, Japan).

2.8. Wound healing mobility assay

HeLa/SiHa cells were seeded into a 6-well plate at a concentra-
tion of (1 x 10°) cells/mL and grown to approximately 90% conflu-
ence after 24 h. DMSO group was used as the control group. The
medium was removed and three straight lines were drawn at the
bottom of the cell plate to cause cell monolayer damage. Then
the cells were washed with PBS to remove cellular debris. Next,
the cells were cultured in serum-free medium containing different
compounds (5-FU, magnolol, 5-FU & magnolol) for 24 h. The
wound areas were photographed at 0 h, 8 h, and 24 h by a micro-
scope (Nikon). The wound area was measured to calculate the per-
centage of migration distance relative to the control. Percent of
control (%) = each dosing group area/control group area x 100%.
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2.9. Cell migration and invasion assay

HeLa/SiHa cells in serum-free DMEM were seeded into the
upper layer of Transwell® cell culture chamber for invasion assay,
the chamber which was pre-coated with Matrigel™, and together
incubated with different compounds (5-FU, magnolol, 5-FU & mag-
nolol). DMSO group was used as the control group. DMEM contain-
ing 20% FBS was added to the lower chamber. After 24 h, the cells
that migrated or invaded into the lower surface of the membrane
were fixed and stained. At least five random fields per chamber
were photographed in an inverted microscope (Nikon, Japan).

2.10. Western blot analysis

HeLa cells were incubated with different compounds (5-FU,
magnolol, 5-FU & magnolol) for 24 h. DMSO group was used as
the control group. Cells were lysed with lysate buffer on ice (cell
lysates: protease inhibitor: phosphatase inhibitor A: phosphatase
inhibitor B = 100:1:1:1) and then the proteins were extracted. Pro-
teins were separated by gel electrophoresis on 10% Sodium dodecyl
sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) gels and
transferred to PVDF membrane by electroblotting. The membrane
was probed with primary antibody (1:1 000) and secondary anti-
body (1:3 000) and then detected by Enhanced chemiluminescence
(ECL) chemiluminescence (NCM Biotech, Suzhou, China).

2.11. Statistical analysis

The data were expressed as the mean + standard deviation. Stu-
dents-t test was used to determine the statistical significance, and
P < 0.05 was considered significant difference.

3. Results
3.1. Network pharmacological results

3.1.1. Integrating disease-compound targets

A total of 32 096 cervical cancer disease targets, 1633 5-FU
compound targets and 85 magnolol compound targets were iden-
tified in GeneCards, CTD and PubMed databases, respectively. The
disease targets and compound targets were imported into Ven-
ny2.1 to draw the Venn diagram. Finally, 66 potential therapeutic
targets of 5-FU combined with magnolol against cervical cancer
were obtained, such as tumor protein P53 (TP53), phosphatidyli-
nositol 4,5-bisphosphate 3-kinase catalytic subunit gamma iso-
form (PIK3CG), RAC-alpha serine/threonine-protein kinase
(AKT1), signal transducer and activator of transcription 3 (STAT3),
mitogen-activated protein kinase 1 (MAPK1), mitogen-activated
protein kinase 3 (MAPK3), nuclear transcription factor 1 (NFjB1),
nitric oxide synthase 2 (NOS2), etc. (Fig. 1).

3.1.2. Constructing PPI network

The STRING database was used to analyze 66 potential targets
online. The PPI network was constructed according to the condi-
tion of confidence >0.9 and then the results were visualized by
Cytoscape3.7.0. As shown in Fig. 2A, the network consisted of a
total of 64 nodes (remove two free nodes). The degrees of freedom
of the middle circle, the right circle and the left circle increased
gradually, which were 0-14, 15-19 and 20-52 respectively. The
top 10 Hub targets were screened out by MCC algorithm: MAPK1,
MAPK3, AKT1, STAT3, Proto-oncogene tyrosineprotein kinase Src
(SRC), transcription factor p6 (RELA), Janus kinase 2 (JAK2), NFKB1,
Myc proto-oncogene protein (MYC), and TP53 (Fig. 2B).
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Fig. 1. Venn diagram of the targets of 5-FU combined with magnolol against
cervical cancer. Three different color circles represent magnolol targets (purple), 5-
FU targets (yellow) and cervical cancer targets (green), respectively. The overlapped
66 targets were the potential targets of 5-FU combined with magnolol against
cervical cancer.

3.1.3. GO enrichment analysis

In order to systematically understand the related physiological
functions of 5-FU and magnolol combined targets, GO enrichment
analysis was performed on 66 predicted potential targets of 5-FU
combined with magnolol against cervical cancer by using DAVID
database. The screening conditions were P < 0.05 and FDR < 0.05.
The results showed the top 10 biological processes, cell compo-
nents and molecular functions. Biological processes mainly
included negative regulation of apoptosis, positive regulation of
drug response and cell proliferation, etc. Cell components were
mainly nucleus, nucleoplasm and cytoplasm, etc. Molecular func-
tions involve enzyme binding, identical protein binding, and tran-
scription factor binding, etc (Fig. 3).
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3.1.4. KEGG pathway analysis

KEGG pathway analysis of 66 potential targets was performed
by using DAVID 6.7 database. The results showed that 102 path-
ways were involved. The top 20 pathways were visualized by R
language (Fig. 4). Top 20 pathways mainly include apoptosis,
PI3K/AKT signaling pathway, tumor necrosis factor signaling path-
way, forkhead box protein O (FoxO) signaling pathway and cancer
signaling pathway, etc.

3.2. Combination of 5-FU and magnolol inhibits proliferation of
cervical cancer cells

As shown in Fig. 5A, in HelLa cells, 25-100 pmol/L concentration
of magnolol inhibited cell proliferation for 24-48 h treatment.
Combined with the experimental results and related literatures
(Su et al., 2020), 50 pmol/L of magnolol was selected for subse-
quent experiment. In HeLa cells, 5-FU (50 pmol/L) slightly influ-
enced the cell proliferation at 24 h and 48 h (P > 0.05), magnolol
(50 umol/L) significantly inhibited cell proliferation at 24 h and
48 h (P < 0.01), while 5-FU combined with magnolol showed a
stronger inhibitory effect on cell proliferation compared with 5-
FU or magnolol alone (Fig. 5B). We further used SiHa cells to con-
firm the synergy effect. In SiHa cells, 5-FU showed inhibitory effect
at 48 h (P < 0.01). Magnolol exerts the same behavior as in HeLa
cells. The inhibitory effect of 5-FU combined with magnolol on
SiHa cell proliferation at 24 h and 48 h was weaker than that of
magnolol, but still stronger than that of 5-FU (Fig. 5C). In addition,
5-FU combined with magnolol can inhibit cervical cancer cell col-
ony formation more significantly than 5-FU or magnolol alone
(Fig. 5D-E). The results showed that 5-FU combined with magnolol
exerts a stronger inhibitory effect on the proliferation of cervical
cancer cells than 5-FU alone.

3.3. Combination of 5-FU and magnolol affects morphology and
cytoskeleton of cervical cancer cells

As the morphology of cervical cancer cells was significantly
changed after treatment with 5-FU (50 pmol/L) and magnolol
(50 pmol/L) by using light microscope, immunofluorescence stain-
ing of cytoskeleton structure of F-actin was further performed to
detect the effect of drug treatment. In the control group, the struc-
tures of F-actin filaments were bright and observable. 5-FU had no
significant effect on cell morphology, magnolol and 5-FU combined
with magnolol, respectively, induced the cell morphology to an
enlonged and slender form, and disrupted the cell F-actin structure

B
RELA
JAK2 -~ SRC
NFKB1 STAT3
MYC AKT1
TP53 - MABK3
MABK1

Fig. 2. PPl network diagram (A, node represents target and size and color of nodes reflect degree value); Analysis of top 10 Hub targets of 5-FU combined with Magnolol in the
treatment of cervical cancer ranked by MCC method (B, node size from big to small and the color from deep to shallow represent the decreasing importance).
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cervical cancer cells than 5-FU alone.

3.4. Combination of 5-FU and magnolol affects adhesion of cervical

cancer cells
invasion, so we observed the effect of 5-FU (50 umol/L) combined

with magnolol (50 pmol/L) on the adhesion of cervical cancer cells
by adhesion assay. Our results showed that 5-FU combined with
magnolol could inhibit the adhesion of both HelLa and SiHa cells.
The inhibitory ability in HeLa cells was stronger than 5-FU alone,
while the inhibitory effect in SiHa cells was weaker than 5-FU
alone (Fig. 7), which suggested that SiHa cells were not so sensitive

Cell adhesion is indispensable for tumor cell migration and

to the combination of 5-FU and magnolol.

3.5. Combination of 5-FU and magnolol affects migration of cervical

cancer cells
We further conducted the wound healing mobility assay to
study whether 5-FU (50 pmol/L) combined with magnolol
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Fig. 3. GO enrichment analysis of anti-cervical cancer targets of 5-FU combined with magnolol.
pared with the control group (P < 0.01). However, after 24 h, 5-FU,

magnolol and 5-FU & magnolol, respectively, significantly inhibited
cell migration (P < 0.01). The inhibitory effect of 5-FU & magnolol
group on migration was stronger than that of 5-FU group; In SiHa
cells, 5-FU group had no significant effect on cell migration com-
pared with the control group at 8 h (P > 0.05), but 5-FU, magnolol
and 5-FU & magnolol, respectively, significantly inhibited cell
migration at 24 h. Moreover, magnolol had strongest inhibitory
effect. The results indicated that the combination of 5-FU and mag-

nolol showed stronger inhibitory effect on the migration of cervical

cancer cells than that of 5-FU alone.

(50 pmol/L) can inhibit the migration of cervical cancer cells. As
shown from Fig. 8, 5-FU promoted HeLa cell migration at 8 h com-

3.6. Combination of 5-FU and magnolol affects migration and invasion

of cervical cancer cells
We further measured the effect of 5-FU (50 pmol/L) combined

with magnolol (50 pmol/L) on the migration and invasion of cervi-
cal cancer cells by cell migration assay and invasion assay. The
results were consistent in HeLa and SiHa cells: After 24 h, the num-
ber of migrated cells in 5-FU, magnolol and 5-FU & magnolol signif-
icantly decreased compared with the control group, and the
inhibitory effect of the combination of 5-FU and magnolol was sig-
nificantly stronger than that of 5-FU alone (Fig. 9A and B), which
was consistent with the wound healing mobility assay. Therefore,
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Fig. 4. KEGG pathway analysis of 5-FU combined with magnolol against cervical cancer.

the combination of 5-FU and magnolol showed a stronger effect in
inhibiting the migration of cervical cancer cells than 5-FU alone.

The effect of 5-FU (50 pmol/L) and magnolol (50 pmol/L) alone
or in combination on the invasion of cervical cancer cells was
detected in Transwell chamber coated with Matrigel gel. In HeLa
cells, 5-FU and magnolol alone or in combination significantly
reduced the number of invasive cells, and 5-FU combined with
magnolol had the strongest inhibitory effect; In SiHa cells, 5-FU
had no significant effect on cell invasion, magnolol and 5-FU com-
bined with magnolol inhibited cell invasion (Fig. 9C and D). So the
combination of 5-FU and magnolol exerted stronger inhibitory
effect on the invasion of cervical cancer cells than that of 5-FU
alone.

3.7. Combination of 5-FU and magnolol regulates PI3K/AKT/mTOR
signaling and EMT pathway

Network pharmacological study showed that the combination
use of 5-FU and magnolol may target the apoptosis, PI3K/AKT sig-
naling pathway, tumor necrosis factor signaling pathway, FoxO sig-
naling pathway and cancer signaling pathway. We found that 5-FU
(50 pmol/L) combined with magnolol (50 pmol/L) can inhibit the
cell viability, the migration and invasion of cervical cancer cells.
PI3K/AKT/mTOR signaling pathway has been widely proved to reg-
ulate tumor migration and invasion to promote tumor progression
(Marquard & Jucker, 2020). Therefore, we further investigated the
effect of 5-FU combined with magnolol on the expression of
PI3K/AKT signaling pathway-related proteins. The results showed
that 5-FU alone could inhibit the phosphorylation of AKT and
PI3K and the expression level of mTOR. Magnolol alone showed
the strongest inhibitory effect on the phosphorylation of AKT,
while it promoted PI3K phosphorylation and had no significant
influence on the expression of mTOR. 5-FU combined with mag-
nolol could strongly inhibit the phosphorylation of AKT and PI3K
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and the expression level of mTOR, and its synergistic effect was
much stronger than that of 5-FU or magnolol alone (Fig. 10A-E).
These results indicated that 5-FU combined with magnolol may
affect cell migration and invasion by inhibiting PI3K/AKT/mTOR
pathway, which well confirmed the predicted results in network
pharmacological approach.

EMT signaling pathway has been shown to regulate the prolifer-
ation, migration and invasion of tumor cells through multiple
mechanisms in various types of tumors and involve in the 5-FU
resistance (Kong et al., 2021; Xie et al., 2021). The results showed
that 5-FU combined with magnolol inhibited the expression of
Vimentin, Snail and Slug and up-regulated the expression of E-
cadherin, pB-catenin and N-cadherin after 24 h treatment
(Fig. 10D and F-K). The results indicated that the combination of
5-FU and magnolol could inhibit cell migration and invasion by
regulating EMT-related processes.

Since the combination of 5-FU and magnolol can change the cell
morphology, we detected the expression levels of proteins related
to cytoskeleton such as tensin-2, ¢-actinin and vinculin. The results
showed that the combination of 5-FU and magnolol could down-
regulate the expression of z-actinin, tensin-2 and vinculin. More-
over, the inhibitory effects on «-actinin and Vinculin were more
significant than those of 5-FU alone (Fig. 10D and L-N).

4. Discussion

5-FU, a thymidylate synthase inhibitor, has a significant effect
on the treatment of malignant tumor diseases. 5-FU can be trans-
formed into active metabolite fluorouracil deoxyribonucleic acid in
tumor cells to interfere with the function of normal nucleic acid
and protein synthesis, thereby promoting tumor cell death (Sun
et al., 2020). However, the drug resistance and cytotoxicity of 5-
FU have greatly reduced its clinical efficacy (Blondy et al., 2020).
Traditional Chinese medicine has been proved to reduce the drug
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Fig. 6. Effects of 5-FU combined with magnolol on morphology and F-actin cytoskeleton structure of cervical cancer cells.

resistance of 5-FU and improve the anti-tumor efficacy of 5-FU on
colorectal cancer cells (Yin et al., 2019), so the combination of tra-
ditional Chinese medicine with chemotherapy would be a promis-
ing strategy. Magnolol is an effective component of M. officinalis. It
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exerts anticancer activity and can inhibit many kinds of cancers
such as bladder cancer, lung cancer and esophageal cancer (Chen
et al.,, 2019). But the synergistic effect of 5-FU and magnolol against
cervical cancer has not been reported. Therefore, this study was
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carried out to systematically clarify whether the combination of 5-
FU and magnolol can enhance the anti-cervical cancer effect of 5-
FU and its effects on the proliferation, morphology, adhesion,
migration and invasion of cervical cancer cells and 5-FU drug
resistance.

We firstly screened 66 potential therapeutic targets of 5-FU
combined with magnolol against cervical cancer by network phar-
macology, including TP53, PIK3CG, AKT1, STAT3, MAPK1, MAPK3,
NFKB1, NOS2, etc. Top 10 Hub targets mainly regulated by the
combination of the two compounds were identified: MAPK1,
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MAPK3, AKT1, STAT3, SRC, RELA, JAK2, NFKB1, MYC, TP53. Further-
more, the key pathway PI3K/AKT signaling pathway was screened.
These targets and pathways have been widely proved to play an
important role in tumors and they are involved in 5-FU resistance
and various physiological processes such as tumor proliferation,
migration and invasion (Bi et al., 2021; Ma & Wang, 2021; Wei
et al,, 2021).

By the experimental validation, we observed that magnolol
played a synergistic effect, which was helpful for 5-FU to strongly
inhibit the proliferation and colony formation of cervical cancer
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cells. This observation result was consistent with the inhibitory
effect of magnolol on tumor proliferation in other different types
of tumors (Cheng et al., 2020).

Cell migration and invasion are accompanied by changes in cell
morphology and cytoskeleton, such as the formation of filamen-
tous or lamellar feet and the remodeling of actin filaments (Chiu
et al., 2016). Therefore, to further understand the effect of 5-FU
combined with magnolol on cell morphology and cytoskeleton,
we observed the HeLa cells under the microscope and carried out
immunofluorescence staining. The results showed that after treat-
ment with 5-FU and magnolol, the fluorescence intensity of F-actin
decreased and the morphology of cells became slender. Further-
more, the effect of 5-FU combined with magnolol on the cytoskele-
ton was more significant than that of 5-FU alone. Western blotting
analysis also showed that the combination of 5-FU and magnolol
could down-regulate the expression levels of «-actinin, tensin-2
and vinculin, thereby changing the cytoskeleton structure. These
results proved that 5-FU combined with magnolol can change
the cell morphology and reshape the cytoskeleton.

In order to clarify whether the change of cell morphology can
affect the migration and invasion of tumor cells, we evaluated
the effect of 5-FU combined with magnolol on cell adhesion. The
results suggested that 5-FU and magnolol significantly reduced
the number of adherent cells. Although the effect of 5-FU com-
bined with magnolol in SiHa cells was not as obvious as that of
5-FU alone, it still significantly inhibited cell adhesion. Moreover,
the inhibitory ability in HeLa cells was stronger than that of 5-FU
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alone. This may be related to the different sensitivity of HeLa and
SiHa cells to 5-FU. Then we carried out wound healing mobility
assay, cell migration and invasion assay to observe the effect of
5-FU combined with magnolol on the migration and invasion of
cervical cancer cells. These results further proved the adhesion
assay results, that is, the combined action of 5-FU and magnolol
can significantly inhibit the migration and invasion of cervical can-
cer compared with 5-FU alone. The results indicated that the com-
bination of 5-FU and magnolol can indeed affect the migration and
invasion of cervical cancer by changing cell morphology and
cytoskeleton. This result is consistent with the existing results, that
is, targeting cytoskeleton can regulate tumor metastasis and prolif-
eration (Ruggiero & Lalli, 2021).

PI3K/AKT/mTOR signaling pathway is highly expressed in vari-
ous tumors (Li et al., 2021; Roudsari et al., 2021) and mediates var-
ious physiological processes such as cell growth, migration and
invasion (Dong et al., 2021). In this study, 5-FU combined with
magnolol was observed a stronger inhibitory effect on the phos-
phorylation of PI3K and AKT and down regulated the expression
of mTOR than 5-FU alone. This result suggested 5-FU combined
with magnolol can regulate PI3K/AKT/mTOR signaling pathway
to inhibit the growth and metastasis of cervical cancer, which
could be used as a chemotherapy adjuvant.

In addition, since PI3K/AKT/mTOR signaling pathway is closely
related to the occurrence and development of EMT (Chen et al,,
2021; Zhao et al., 2021), we also studied the effect of 5-FU com-
bined with magnolol on the expression of EMT-related proteins.



Y. Chen, S. Chen, K. Chen et al.

Chinese Herbal Medicines 16 (2024) 94-105

A 5FUS B .g E
Blank DMSO 5-FU Magnolol Magnolol *g’_ 15 %‘% 25 gé
: oX ga 20 o2
P-AKT S e— — — — E< 10 22,5 59
=% agl B0
3 §8 8310 g8
AKT S ARG A Sk s gg 0.5 EEO “5%
o & £a 2=
E z 5% 00 g o SE
PP R PR S e
PI3K . S ——
F G H
GAPDH ————— - - —... “5%1 “6%1.5 s 1.0
2% 2a >T
= 4}
go 23 5008
D srus 2310 So'0 SSo06
Blank  DMSO 5FU Magnolol 283 2% o
Magnolol 8= o 8L05 S g04
58 55 3%02
MTOR WS g S s o= 23 27 -
g o A00 g700
Boatenin NS M BN S B | J K
e . w T
e 5 _15 B5I15 5015
Slug §2 % 3
§310 §910 Sg10
o 20 28
. 7] o] Q=
Snail 2% S205 SEos
o® o5 o5
{ L c 8 2
Vimentin 5%, S50 &goo
Q\ & 00
N-cadherin @'b‘:’%@
O
&
a-actinin
L M N
; BIL15 BI10 BT
Tensin-2 %g %g i %‘E
§910 §9° ES
Vinculin § 2 %3 0.6 ;Z, §
SZos S04 3¢
oL oG02 o3
GAPDH - am— — — — S 3 S8 SE
& 500 0.0 x>
Ay
S E R PSS
P TS S
2 Ca
R
oF
>3

Fig. 10. Effects of 5-FU combined with magnolol on PI3K/AKT/mTOR pathway and EMT related proteins in HeLa cells. (A) After blotting, the PVDF membranes were treated
with p-AKT, AKT, p-PI3K, PI3K and GAPDH antibodies. (B — C) Comprehensive band intensity was determined by Image ] software. (D) After blotting, the PVDF membranes
were treated with EMT pathway antibodies and mTOR, «-actinin, tensin-2, vinculin and GAPDH antibodies. (E — N) Comprehensive band intensity was determined by Image ]
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We found that the combination of 5-FU and magnolol down-
regulated the expression of Snail, Slug and vimentin and promoted
the high expression of E-cadherin and g-catenin. PI3K/AKT/mTOR
signaling pathway can inhibit the transcription of heterogeneous
nuclear ribonucleoprotein E1 by activating AKT, and then activate
EMT (Wei et al., 2019). Therefore, when PI3K/AKT/mTOR signaling
pathway is blocked, it will also have adverse effects on the occur-
rence of EMT, which is consistent with our experimental results.
Furthermore, PI3K/AKT/mTOR signaling pathway and EMT are
involved in 5-FU resistance (Escalante et al., 2021; Jin et al,,
2021). Down-regulation of E-cadherin and up-regulation of N-
cadherin was observed in 5-FU-resistant tumor cells (Harada
et al., 2014). Our results showed that 5-FU combined with mag-
nolol can not only down-regulate the expression level of PI3K/
AKT/mTOR signaling pathway-related proteins, but also inhibit
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the occurrence of EMT to inhibit the proliferation, migration and
invasion of cervical cancer cells and reverse 5-FU resistance.

5. Conclusion

In conclusion, the combination of 5-FU and magnolol plays a
synergistic anti-cervical cancer effect by inhibiting cell prolifera-
tion, changing cell morphology and cytoskeletal structure, hinder-
ing cell adhesion, migration and invasion, down-regulating the
expression of PI3K/AKT/mTOR signaling pathway-related proteins
and reducing the occurrence of EMT. These results provide a strong
evidence for the study of the combination use of traditional Chi-
nese medicine and western medicine in cancer treatment, and
lay a foundation for the development of new clinical treatment
strategy of cervical cancer with high efficiency and low toxicity.
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