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ARTICLE INFO ABSTRACT

Keywords: Cervical cancer (CC) is a malignant tumor of the female reproductive system that typically occurs
CeriFal cancer in cervical cells and has high incidence and mortality rates, strong metastatic ability, and poor
ASITF;C acid prognosis. Asiatic acid (AA) exhibits anti-inflammatory, anti-depressant, and anti-tumor effects.
PMr:t;;;:;on However, the molecular targets and mechanisms underlying AA-mediated inhibition of CC

metastasis remain unclear. AA affects the proliferation, metastasis, and epithelial-mesenchymal
transition (EMT) process of CC cell lines. MTT experiments verified that AA inhibited the pro-
liferation ability of CC cells, and the effect of AA on the lateral and longitudinal migration ability
of CC was evaluated through wound healing and Transwell assays. Western blotting was used to
explore whether AA inhibits EMT process in HeLa and C33a cells. Currently, targeting the PI3K/
AKT/mTOR pathway as a strategy for cancer treatment remains an evolving field. However, the
molecular mechanism by which AA inhibits CC via the PI3K/AKT/mTOR pathway remains un-
clear and requires further investigation.

PI3K/AKT/mTOR signaling pathway

1. Introduction

The cervix is the part of the uterus that connects to the vagina. Cervical cancer (CC) is usually caused by human papillomavirus
(HPV) infection, particularly high-risk HPV [1]. The main risk factors for CC include HPV infection, smoking, multiple sexual partners,
impaired immune system, inappropriate genital hygiene, and family history [2,3]. Currently, surgical resection is the preferred
treatment method for patients with early CC, but most patients miss the best treatment opportunity because of the lack of obvious
symptoms in the early stage and are already in the advanced stage when seeking medical treatment, which substantially impacts
patient prognosis [4]. The clinical treatment plan for advanced disease includes a combination of systemic radiotherapy and
chemotherapy; however, issues with treatment tolerance reduce efficacy [5]. In recent years, immunotherapy has been considered as a
potential and effective treatment for CC, utilizing the immune system to combat cancer [6]. For example, using checkpoint inhibitors
to block the inhibitory effect of cancer cells on the immune system enhances the ability of the immune system to attack cancer cells [7].
Therefore, new treatment approaches for CC should be urgently explored to improve the prognosis of patients with CC.

Asiatic acid (AA), first isolated by Bontems in 1941 and structurally confirmed by Polonsky, is a major constituent of the plant
Centella asiatica (L.) Urban [8,9]. It has significant therapeutic potential in various aspects, including skin protection, anti-bacterial
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properties, anti-depressant effects, blood glucose reduction, anti-inflammatory abilities, anti-angiogenic, and anti-tumor properties
[10-12]. Recent research has shown that AA notably inhibits prostate cancer proliferation, invasion, and migration and extends pa-
tient survival [13]. Consistent with these findings, Chen et al. discovered that AA significantly inhibits CC development both in vivo
and in vitro [14]. Zhang et al. found that AA increases tumor cell sensitivity to doxorubicin (DOX) in triple-negative breast cancer and
cooperates with DOX to inhibit cell growth and enhance the immune response, thus improving its anti-tumor and anti-metastasis
efficiency [15]. Collectively, these results suggest that AA has a pronounced anti-tumor effect.

Tumor development usually involves the influence of multiple signaling pathways which can affect tumor cell proliferation,
survival, and metastasis through different mechanisms. The PI3K/AKT/mTOR signaling pathway is abnormally activated in various
cancers and an important target for cancer research and treatment [16]. It also plays a crucial role in breast cancer and is closely related
to multiple aspects such as tumor cell growth, invasion, and angiogenesis [17]. Iksen et al. found that the PI3K/AKT/mTOR signaling
pathway promotes lung cancer cell growth and proliferation, which is associated with poor patient prognosis [18]. Meanwhile, it
significantly promotes the ovarian cancer cell proliferation, invasion, and prognosis and inhibits apoptosis [19]. However, the specific
mechanism by which AA regulates CC through the PI3K/AKT/mTOR signaling pathway remains unclear.

This study aimed to explore the mechanism by which AA regulates malignant CC progression. Specifically, we determined the
concentration-dependent effects of AA on CC cell proliferation and migration. Through in-depth research on AA-mediated PI3K/AKT/
mTOR signaling pathway regulation to mediate CC evolution, this study aimed to provide a new perspective and theoretical basis for
the treatment of patients with CC. Although AA inhibited the malignant biological processes of CC cells in this study, some short-
comings need to be addressed. The specific mechanisms that affect AA regulation in CC include various factors, such as metabolic
reprogramming, signaling pathways, and immunosuppressants, which have not been verified individually. Despite these limitations,
we believe that this study has scientific and practical significance. This study is the first to reveal that AA regulates CC cell evolution
through the PI3K/AKT/mTOR signaling pathway, providing new targets and guiding principles for better clinical treatment of patients
with CC.

2. Materials and methods
2.1. Cell culture and reagents

Human CC cell lines, HeLa and C33a, were purchased from the American Type Culture Collection (ATCC, USA) and maintained in
DMEM containing 10 % fetal bovine serum (GIBCO, USA) and 1 % penicillin and streptomycin at 37 °C in a culture chamber containing
5 % COq. AA was purchased from Nanjing Chungiu Bioengineering Co., Ltd. (batch number: JXCS20200603; purity >98 %).
2.2. MTT assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to detect the viability of cervical cancer
cells. Combined HeLa and C33a (1 x 10* cells/well) were added to a 96-well plate and incubated with 0, 10, 20, and 40 pmol/L AA for
24, 48, and 72 h. Then, MTT was added to each well and cell viability was detected using an microplate reader after 4 h.
2.3. Colony formation assay

HeLa and C33a (1000 cells/well) cells were seeded in a 6-well plate and cultured in medium containing 10 % fetal bovine serum for
2 weeks. The cells were then removed, fixed with 4 % paraformaldehyde, stained with hematoxylin for 30 min, observed, and pho-
tographed under a microscope.
2.4. 5-Ethyl-2-deoxyuridine (EdU) incorporation assay

Cell proliferation was monitored using EdU. Briefly, 1 x 10° CC cells were cultured overnight in 96-well plates, using 100 cells/
well mix EdU’s A reagent and culture medium (Ruibo Biotechnology Co., Ltd., Guangzhou, Guangdong Province, China) for 2 h. Cells
were fixed and washed with PBS according to the manufacturer’s instructions. The cells were then stained with Apollo staining so-
lution for 30 min and washed repeatedly. Finally, after repositioning with the F reagent (Hoechst 33342), and observe under a
microscope.
2.5. Wound healing assay

HeLa and C33a cells were inoculated in a 6-well culture plate and washed with cold PBS after reaching 80-90 % confluency. Then,
the cell surface was scratched using a 200 pL pipette tip and the lateral migration ability was monitored under a microscope at 0 and
48 h.

2.6. Western blot analysis

After incubating HeLa and C33a cells with AA for 48 h, protein samples were collected, and cell lysates were used to lyse adherent
cells. The concentration of each protein sample was determined using ELISA and an appropriate amount of concentrated SDS-PAGE
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protein loading buffer was added. Finally, the experiment was conducted on a standard electrophoresis device (Bio-Rad, Hercules, CA,
USA) with a low-voltage setting between 80 and 120 V. Then, the primary antibody was added overnight at 4 °C. On the following day,
secondary antibody incubation and strip development were performed using a Bio-Rad machine.

2.7. Transwell assay

The HeLa and C33a cells were grown to 90 % confluency. Then, 104 cells/well was inoculated in the upper part of the chamber and
cultured with DMEM without any added serum. The lower chamber was filled with a culture medium containing 20 % FBS. After the
cells had adhered to the wall, they were incubated with AA for 48 h. The upper chamber was cleaned with PBS; the cells were fixed with
4 % paraformaldehyde, stained with hematoxylin for 20 min, sealed with a resin adhesive, and imaged using an Olympus BX53
microscope.

2.8. Statistical analysis
The biological process for screening drug-targeted enrichment used the Therapeutic Target Database. Statistical analysis was

performed using ImageJ and GraphPad Prism 9.0 softwares. All experiments were repeated at least three times, and the t-test was used
to compare the average values between the two groups. p < 0.05 is considered statistically significant.
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Fig. 1. AA inhibits the proliferation ability of CC cells. (A) Framework structure of asiatic acid. (B) MTT detection of cell proliferation activity of CC.
(C) The clone formation experiment is to measure the proliferation ability of CC cells. (D) Fluorescence microscopy technique for detecting CC cell
proliferation-EdU proliferation experiment.
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3. Results
3.1. AA suppressed CC cell growth in vitro

AA is one of the main components of triterpenoid extracts and has a wussane-type skeleton structure (Fig. 1A). To further confirm

the effect of AA on the proliferation of CC cells, MTT assay showed that with the increase of AA time and concentration, the CC cell
viability of HeLa and C33a cells was significantly inhibited (p < 0.05, Fig. 1B), and the IC50 for HeLa and C33a cells after 24 h of
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Fig. 2. AA inhibits the migration ability of CC cells. (A-B) The wound healing experiment is a laboratory technique that studies cell migration,
repair ability, and intercellular interactions by scratching the monolayer of cells and regularly capturing images through a time-delay microscope.
(C-D) To verify the effect of target genes on cell transfer ability by detecting the migration of CC cells into serum containing culture medium in
Transwell cells. (E-F) Western blot.
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treatment were 13.15 and 25.2 pmol/L, respectively. Plate cloning experiments revealed that different AA doses significantly reduced
HeLa and C33a CC cell count (Fig. 1C). In addition, the EAU assay showed that as the concentration of AA increased, the percentage of
EdU-positive cells in the AA group gradually decreased than that in the control group. The results showed that The proliferation of CC
cells was effectively inhibited in the AA group (p < 0.05; Fig. 1D, Supplementary Fig. 1). These data indicated that AA significantly
inhibited CC cell proliferation.

3.2. AA inhibits CC cell metastasis in vitro

Whether AA affects CC cell migration ability was further investigated using wound healing and Transwell assays. As expected, AA
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Fig. 3. AAregulates the PI3K/AKT/mTOR signaling pathway in CC cells. (A) Therapeutic Target Database. (B) The effect of AA on the expression of
proteins level on PI3K/AKT/mTOR pathway were assayed by Western blot. (C) Cell viability was detected in CC cells after treatment with AA,
LY294002 and 740Y-P by colony formation assays.
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significantly reduced the lateral and vertical CC cell migration in vitro (p < 0.05; Fig. 2A-D). Simultaneously, the epithelial marker E-
cadherin expression level significantly increased in CC cells with the increase in AA concentration, while the mesenchymal marker
(Vimentin, Snail, Slug, and ZEB1) expression were downregulated and the expression levels of matrix metalloproteinases MMP2 and

MMP9 were consistent (p < 0.05, Fig. 2E and F). These results indicated that AA inhibited CC cell invasion, migration, and epi-
thelial-mesenchymal transition (EMT).

3.3. PI3K/AKT/mTOR signaling pathway regulates CC cell proliferation

To further study the molecular mechanism of AA-induced CC cell proliferation and metastasis, we detected the main biological
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process of AA enrichment through the network data of the Therapeutic Target Database [20] and found that AA was significantly
related to the PI3K/AKT/mTOR signaling pathway (Fig. 3A). To validate the database results, western blotting analysis confirmed that
treating AA with CC cells significantly reduced p-PI3K, p-AKT, and p-mTOR expression levels, while the total PI3K, AKT, and mTOR
expression levels did not change significantly (p < 0.05, Fig. 3B). We explored the role of the PI3K/AKT/mTOR pathway in
AA-mediated CC regulation. Plate cloning experiments showed that the PI3K inhibitor LY294002 significantly inhibited CC cell
proliferation (Fig. 3C). However, adding the PI3K activator 740Y-P significantly reversed this phenomenon (Supplementary Fig. 2).

3.4. PI3K/AKT/mTOR signaling pathway regulates CC cell migration

We investigated whether the addition of PI3K inhibitors and activators affected CC cell migration. Wound healing and migration
experiments revealed that the PI3K inhibitor LY294002 significantly inhibited the horizontal and vertical CC cell migration (Fig. 4A-C,
Supplementary Fig. 3). Compared to the application of AA and LY294002 alone, the combination of LY294002 and AA significantly
inhibited CC cell migration. Adding the PI3K activator 740Y-P significantly reversed this phenomenon. These results indicate that AA
affects CC cell migration by regulating the PI3K/AKT/mTOR signaling pathway.

4. Discussion

CC is a malignant tumor that is generally considered one of the most aggressive and fatal cancers [21,22]. Early CC usually has no
obvious symptoms; however, abnormal vaginal bleeding, pain, and abnormal vaginal secretions may occur as the condition progresses
[23-25]. Interestingly, CC does not respond well to treatments, particularly in the advanced stages [26]. Therefore, new potential
markers and therapeutic targets should be identified for treating CC.

AA is extracted from plants such as Centella asiatica and has been widely studied because it has various medicinal properties,
including skin-protective, anti-bacterial, anti-depressant, and anti-tumor effects [27-30]. Recent research has suggested that AA may
have anti-tumor effects in certain types of cancer and inhibits tumor cell proliferation, invasion, and migration, thereby reducing
tumor growth and spread [31]. AA also inhibits angiogenesis, which is an important process in tumor growth and metastasis [32]. Lai
et al. found that AA inhibits malignant processes such as human prostate cancer cell proliferation and migration by mediating the
MZF-1/Elk-1/Snail signaling axis, providing new potential targets for treating human prostate cancer [33]. By reducing new blood
vessel formation, AA can inhibit tumor blood supply, reducing the likelihood of its growth and spread [34]. In this study, AA
concentration-dependently inhibited CC cell proliferation, migration, and EMT. Although some preliminary research results indicate
that AA has anti-tumor potential, more research is still needed to confirm its effectiveness and safety should be further confirmed. In
addition, AA may have different effects on different types of cancer. Therefore, further research is needed to understand its specific
mechanisms of action in different cancer types.

The PI3K/AKT/mTOR signaling pathway plays an important role in various tumor types and is closely related to tumor cell growth,
proliferation, survival, and metabolism [35]. Alves et al. found that the PI3K/AKT/mTOR pathway plays a crucial role in regulating
cell cycle and growth. Abnormally activated pathways can promote the division and proliferation of tumor cells, leading to tumor
growth [36]. The PI3K/AKT/mTOR pathway plays an important role in angiogenesis. The abnormally activated pathway can promote
new blood vessel formation around tumor cells, providing nutrients and oxygen and promoting tumor growth and diffusion [37].
Miricescu et al. found that abnormal PI3K/AKT/mTOR pathway activation is associated with tumor resistance to radiotherapy,
chemotherapy, and targeted therapy [38]. The abnormal activation of cancer cell pathways can reduce drug efficacy, making tumors
more difficult to treat [39]. AA inhibits colorectal cancer cell proliferation and migration and promotes apoptosis by regulating the
PI3K/Akt/mTOR/p70S6K signaling axis [40]. However, the mechanism by which AA regulates the PI3K/Akt/mTOR signaling
axis-mediated CC progression is not yet clear, and further research is needed. In this study, AA regulated malignant CC progression by
mediating the PISBK/AKT/mTOR signaling pathway. Overall, the PI3K/AKT/mTOR pathway plays an important role in tumor
occurrence and development, making it a focal point for tumor research and treatment. Understanding and intervening in this pathway
should provide new strategies for tumor treatment.

In this study, CC cells were treated with different AA concentrations. Compared to that in the control cells, AA significantly
inhibited the growth of CC cells. Simultaneously, we found that the PI3K/AKT/mTOR signaling pathway is closely related to AA-
regulated CC progression. This was further verified by adding a PI3K inhibitor and activator, which also provided a new direction
for using AA to treat CC. This study demonstrated the anti-tumor activity of AA, which helps inhibit CC cell proliferation and
migration, thereby inhibiting the malignant progression of tumors.

The research on the treatment of CC with AA has certain potential. It has been confirmed that AA has anti cervical cancer activity in
vitro and animal experiments, including inhibiting tumor cell proliferation, inducing apoptosis, and blocking angiogenesis; AA also
exhibits anti-inflammatory and immunomodulatory effects, which can affect the tumor microenvironment, inhibit tumor growth and
spread; AA can be used as a monotherapy or in combination with other chemotherapy drugs, radiotherapy, etc., forming diverse
treatment strategies and improving the treatment options and efficacy of cervical cancer patients. However, there are still some
knowledge gaps in the research on the treatment of cervical cancer with AA: for example, there is insufficient clinical validation:
currently, there is still insufficient evidence of the efficacy and safety of AA in clinical treatment of cervical cancer, and more clinical
trials are needed to verify its effectiveness and safety in clinical applications; The mechanism research is not in-depth enough:
Although some of the mechanisms of action of AA in the treatment of cervical cancer have been preliminarily understood, the in-depth
study of its mechanism of action is still insufficient, especially in the research of signaling pathways and molecular mechanisms related
to cervical cancer, which still needs further exploration; Drug resistance issue: Like other chemotherapy drugs, the therapeutic effect of
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AA may be affected by the drug resistance of tumor cells, so it is necessary to conduct more in-depth research on the mechanism of drug
resistance in order to find effective strategies to reverse drug resistance. In the next five years, the therapeutic effect of AA on cervical
cancer can be further studied by increasing clinical trials, deepening mechanism research, and exploring combination therapy
strategies.

However, this study also has limitations, such as a lack of clinical evidence. Currently, most research on the treatment of CC with
AA mainly focuses on cell experiments, lacking sufficient clinical research to support its safety and effectiveness in the human body.
Second, as a natural herb, the content of active ingredients in AA may vary, and further research on drug purity and standardization is
needed to ensure consistent and reliable therapeutic effects. Therefore, we should strengthen clinical research by conducting more
clinical studies to evaluate the safety and effectiveness of AA in CC treatment and determine the best treatment plan and dosage. We
should also optimize drug extraction and preparation techniques to ensure the purity and consistency of AA drugs, and improve the
reliability of their therapeutic effects.

5. Conclusions

In conclusion, we confirmed the anti-cancer effect of AA, discussed how it regulates the molecular mechanism of CC through the
PI3K/AKT/mTOR signaling pathway, and further examined the molecular mechanism of the PI3K/AKT/mTOR signaling pathway in
CC cells by treating CC cells with PI3K inhibitors and activators in combination with AA, providing a reliable theoretical basis for CC
treatment.
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