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Nekemias megalophylla is a popular folk tea consumed by people in the Western Hubei (China) of which
ampelopsin (AMP) is the main active ingredient. In this study, we investigated the effect of AMP on cervical
cancer and explored its mechanism of action, focusing on apoptosis and autophagy. Firstly, we verified that
AMP strongly inhibited the growth of C-33A cells and observed apoptosis and autophagy phenomenon
in vivo, and found that AMP induces C-33A cell apoptosis via death receptor or mitochondrial pathways. The
results also indicated that AMP-induced autophagy occurs via the PI3K/Akt/mTOR pathway. Secondly, when
autophagy was inhibited, the AMP-induced apoptosis of C-33A cells was strengthened, when apoptosis was
inhibited, the AMP-induced autophagy of C-33A cells was strengthened. PI3K/Akt/mTOR pathway activation
enhances AMP-induced apoptosis in C-33A cells, while its inhibition strengthens AMP-induced autophagy.
Finally, we confirmed that AMP inhibited cell growth and induced apoptosis and autophagy of C-33A cells
in an in vivo nude mouse model of C-33A tumor xenografts. These results elucidate that AMP bidirectionally
regulates apoptosis and autophagy in human cervical cancer C-33A cells by mediating the PI3K/Akt/mTOR

pathway.
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This is an open access article under the CC BY-NC-ND license
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1. Introduction

Cervical cancer (CC) is one of the most common and high-risk
malignant tumors in women worldwide'. Over the past decades,
the morbidity of CC has decreased in developed countries owing
to vaccines and advanced diagnosis technology™. However, these
numbers remain stubbornly high in developing countries, owing to

1

*
Corresponding authors.

E-mail address: 3001 @hbtcm.edu.cn (C. Gui); 1445@hbtcm.edu.cn (X.Q. Zhang);
791424893 @qq.com (J.X. Di)
Peer review under responsibility of Beijing Academy of Food Sciences.

These authors contributed equally to this work.

Sci®@pen

Publishing services by Tsinghua University Press

http://doi.org/10.26599/FSHW.2024.9250359

the uneven distribution of medical resources and unadvanced testing
techniques™. At the same time, the incidence of CC has increased
in younger ages, mainly because of premature sexual intercourse,
smoking, taking emergency contraception perennially, uterine

31 as is the case in China'. To sum up,

dysplasia or other factors
CC remains a severe threat to women’s lives worldwide, so the
development of effective drugs for CC is imperative.

Traditional chemotherapy and targeted drugs are the main treatment
options for CC"”. However, they have disadvantages, such as poor
specificity, major side effects, and drug resistance. The potential
of natural medicines as new anticancer drugs has been receiving
increasing attention. Currently, more than 60% of the clinically used

anticancer chemotherapeutic drugs were originally isolated from
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natural products’, such as paclitaxel, camptothecins, and vinblastine'.
Research studies on the natural medicinal ingredients of CC therapeutic
drugs, including flavonoids, polysaccharides, saponins and alkaloids,
have gradually increased"”. For example, triptolide promotes apoptosis
and autophagy by regulating the p53 pathway in HeLa cells!"
rugosa polysaccharides can induce cervical cancer cell autophagy
and apoptosis via PI3K/mTOR signaling pathway!"”. Icariin induces
reactive oxygen species (ROS) production and reduces matrix
metalloproteinase levels to block the mTOR/PI3K/Akt signaling
cascade, ultimately inducing autophagy and apoptosis in HeLa and
HCVEpC cells"”. Licochalcone A induces cell apoptosis, inhibits PI3K/

[14]

. Rosa

Akt/mTOR signaling, and leads to autophagy in SiHa and HelLa'
Therefore, finding high-efficiency and low-toxicity natural medicines
for CC is a difficult task but a promising research topic.

Nekemias megalophylla (Diels & Gilg) J. Wen & Z. L. Nie is
an ethnic medicinal plant of the genus Ampelopsis belong to family
Vitaceae. It is widely used as a popular vine tea in South China, with
at least 35 aliases in 10 provinces. People use dried tender stems
and leaves of N. megalophylla to make tea to help strengthen the
body, which is very popular in areas where N. megalophylla tea is
consumed"”. Dihydromyricetin, also known as ampelopsin (AMP,
Fig. 1A), is the main active ingredient derived from N. megalophylla.

Our team has been studying the anti-CC activity of AMP and its
mechanism"*"*. AMP is a small molecule flavonoid compound with
increasing potential as a natural anticancer drug that is safe, non-
toxic, and does not elicit cross-resistance. AMP has been reported to
show growth-inhibitory effects on different types of human cancers,
such as gastric, breast, liver, lung, ovarian, colon, choriocarcinoma, and
osteosarcoma'”. For instance, AMP has been shown to inhibit human
cholangiocarcinoma tumor growth vie miRNA-455-3p®”. Zhao et al.”"

suggested that AMP prevents the growth of renal cancer cells by
inhibiting the PI3K/Akt signaling pathway. However, the effects of
AMP on CC and its underlying mechanisms have not been reported,
except by our team, thus requiring further investigation.

Our previous research found that AMP induced apoptosis in HeLa,
SiHa, and C-33A cells, with the highest inhibitory rate in C-33A
cells""". Therefore, to explore the mechanisms underlying these
beneficial effects of AMP, we studied apoptosis and autophagy in vitro
and in vivo. Apoptosis and autophagy correlation was investigated through
co-treatment with AMP and apoptosis or autophagy inhibitors in vitro.
A nude mouse model of C-33A tumor xenografts was established to
confirm and consolidate the previous results in vivo. This study will lay
the foundation for creating and clinically applying new cervical cancer
drugs with specific targets and promote the use of medicinal resources

and economic development in Western Hubei of China.
2. Materials and methods

2.1 Reagents and antibodies

AMP (> 98% purity) was extracted and isolated from
N. megalophylla as previously described by our group™. Cisplatin
(DDP, #B21M11L110000) was purchased from Yuanye (Shanghai,
China), MEM (Minimum Eagle Medium) was purchased from Procell
(Wuhan, China).

Antibodies p-Akt (#4060s), Akt (#46918S), Bcl-2 (#42238S), Bax
(#50238), Atg5 (#12994T), Atgl3 (#13273S), cleaved-Caspase
3 (#96648S), cleaved-PARP (#5625S), GAPDH (#8884S), p62
(#39749S), Beclin 1 (#3495S), p-mTOR (#5536s) and mTOR (#2983S)
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Fig. 1 AMP inhibits cervical cancer cell proliferation. (A) AMP structure. (B-C) The MTT assay was employed to test inhibition rate of (B) C-33A and (C) SiHa
cells. Cells were treated with AMP (0, 10, 20, 40, 80, 160, and 320 pmol/L) for 24, 48, and 72 h, respectively. (D-E) Preliminary morphological features of C-33A
cells were observed under a light microscope. (F-G) Preliminary morphological features of SiHa cells were observed under a light microscope. Cells were exposed
to AMP (0, 10, 20, 40, and 80 umol/L) for 12 h or 40 umol/L AMP treated for 6, 12, 24, and 48 h, respectively. Scale bar: 100 um. Data are represented as the
mean = SD, n = 3.
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were purchased from CST (MA, USA). Antibodies Cyt-c (#A13430),
Caspase 3 (#A2156), and FADD (#A5819) were obtained from
ABclonal (Wuhan, China). Antibodies p-PI3K (#182651) and PI3K
(#ab190616), goat anti-rabbit IgG H&L (#ab6721) were acquired
from Abcam (Cambridge, UK). Antibodies LC3 (#14600-1-AP)
and PARP (#A23000247) were obtained from Proteintech (Wuhan,
China). Z-VAD-FMK and 3-methyladenine (3-MA) were obtained
from the Meilunbio Co. (Dalian, China). Lysosome(#C1047S) and
DAPI (#111622230510) were purchased from Beyotime (Shanghai,
China). TNF-a (#£K0527), IL-2 (#EK0398), IL-1p (#EK0394) and
IL-6 (#£K0411) were purchased from BOSTER (Wuhan, China).

2.2 Cell line and culture

The C-33A and SiHa cell lines were acquired from the Cell Culture
Center of the Shanghai Institute of Biological Sciences (#CL0045,
#CL0210, Wuhan, China) and cultured in MEM medium (Procell,
Wuhan, China) including 10% fetal bovine serum (FBS, #42G4084K,
Gibco, USA) in a constant-temperature incubator (37 °C)
(Galaxy s+, RS Biotech, UK) with 5% CO,.

2.3 Cell proliferation assay

Effect of AMP in C-33A cells and SiHa were detected by
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
assay (MTT) (#M-2128, Awresco, USA) assay. Briefly, cells were
seeded in 96-well plates with 5 x 10’ cells/well and treated with

different drugs. Then, 20 pL of MTT reagent was added and cultured
for 4 h. Next, poured the old MEM medium away, DMSO was added.
The optical density (OD) of the cells was measured using a microplate
reader (Bio-Rad, US). Each experiment was repeated 3 times.
The growth inhibition rate was calculated as follows:

Dcontrg_ ODdrug group o 100 (1)

control

(0)
Inhibition rate (%) =

2.4 Hoechst 33258 staining

Cells were seeded in 6-well plates and treated with the different
drug groups for the defined treatment time for each condition. After
treatment, methanol/glacial acetic acid (3:1) was used to fixed cells at
25 °C for 13 min. Next, 5 pg/mL Hoechst 33258 (#Novazan, Nanjing,
China) was used to stain cells in the dark. The morphological features
were observed and recorded under a fluorescence microscope (IX51,

Olympus, Japan).

2.5 Annexin V-FITC/PI double staining

The cells apoptosis rate was tested by Annexin V-FITC/PI
(#A211-01, Novazan, Nanjing, China) double staining kit. Cells were
collected and washed after exposure to each treatment. Subsequently,
5 uL Annexin V-FITC and 5 pL PI were stained for 5 min each.
Finally, all samples were analyzed via flow cytometry (FCM,
FACSCalibur, USA).
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2.6  Western blot analysis

Firstly, cells were seeded in culture dishes and exposed to the
different drugs for different durations according to the specific
experiments. Secondly, abandoned the old medium, broken cells,
centrifuged, got the supernatant and detected the concentration. Then,
each protein sample was run on SDS-PAGE gels and electrically
transferred to the polyvinylidene difluoride membranes (PVDF,
Merck, Germany). After transfer, the membranes were blocked with
a 5% skim milk powder solution for 1.5 h. The primary antibody was
incubated for the night, and then with the corresponding the secondary
antibody for 1 h. Finally, enhanced chemiluminescence (Meilunbio,
Dalian, China) was used to visualize protein bands. ImageJ v 1.48 and
SPSS 23.0 software were used for quantitative analysis.

2.7 Monodansylcadaverine (MDC) staining

C-33A cells were seeded in confocal dishes with 1.0 x 10° per
well. Each well was treated as per the corresponding drug groups,
poured the old MEM medium away, and cells were dyed with
50 pmol/L MDC (#BCBX0277, Sigma, USA) for 40 min in an
incubator. Autophagosomes were observed by a confocal microscope
(FV3000, Olympus, Japan).

2.8 Transmission electron microscopy (TEM) analysis

C-33A cells were cultured and treated according to each
experiment, and TEM (Tecnai G’ 20 TWIN, FEI, USA) observation
was performed. The cells were then fixed in an electron microscope
fixture and with a phosphate solution (0.1 mol/L) for 2 h. After
fixation, the cells were embedded in a mixture of acetone and an
embedding agent. Ultrathin sections were stained with 2% uranium
acetate and dissolved in saturated alcohol. The cell ultrastructure was
observed and photographed using a TEM.

2.9 Autophagic flux assay

Cells were seeded in 6-well plates with 4.0 x 10’ per well and
maintained in serum-free MEM. The cells were then transfected with
mRFP-GFP-LC3 adenovirus (#AP20102304, Hansheng, Shanghai,
China) before treatment with different AMP concentrations for 12 h.
After incubation, those samples were fixed with 4% paraformaldehyde
for 20 min and observed under a laser confocal microscope (LSM880,
ZEISS, Germany). Green GFP fluorescence indicates the perence of
the autophagic marker protein LC3, while red mRFP fluorescence
indicates the number of autophagic lysosomes, and yellow merged
areas represent autophagosomes.

2.10  Immunofluorescence (IF) assay

The cells were inoculated in confocal laser culture dishes
treated with 0.01% polylysine, and were administered in groups and
cultured for 24 h. Medicated medium was removed, fixed with 4%
paraformaldehyde for 15 min, sealed with 1% BSA for 1 h, LC3
antibody diluted with 3% BSA was added, and incubated at 4 °C
overnight. Then, Cy3 fluorescent secondary antibody diluted with 3%
BSA was added and incubated for 1 h away from light. The Lysosome

dyeing solution prepared in advance was added and incubated at 37 °C
for 1 h. Finally, add DAPI dye solution and dye at 37 °C for 3 min
away from light. After the sealing of the anti-fluorescence attenuation
tablet, a laser confocal microscope (#FV300, Olympus, Japan) was
used to take pictures and record the magnification of 1 000 times.
The LC3 protein was fluorescently labeled with Cy3 red, and the
fluorescence secondary antibody excitation wavelength was 550 nm,
and the emission wavelength was 570 nm. Green fluorescent labeling
of lysosomes, DAPI blue fluorescent label cell nucleus, DAPI dye
solution and DNA binding excitation wavelength of 364 nm, emission
wavelength of 454 nm.

2.11 Animal studies

Approximately 4-week-old female BALB/c nude mice were
purchased from Hangzhou Ziyuan Animal Experiment Technology
Co., Ltd. (#SCXK (ZHE) 2019-0004, Hangzhou, China). After a 7-day
adaptation period, a suspension of C-33A cells (1 x 10" cells/mouse) was
rapidly injected into the right subcutaneous tissue of the mice. The mice
were then observed, and their weights were record every 3 days for 2 weeks.
When the subcutaneous tumor reached a volume 60 mm’, all mice were
randomized to 4 groups: the control, low-AMP (50 mg/kg AMP),
high-AMP (200 mg/kg AMP), and positive (2.5 mg/kg DDP)
group (n = 6 mice per group). The 2 AMP groups were
intraperitoneally injected with the corresponding does of AMP and
the control group was injected with saline every day, the DDP group
was injected intraperitoneally with the indicated does of DDP twice a
week. We also measured the tumor length, width, and mouse weight
on days 1, 4, 7, 10, 13, 16, 19, and 22. On day 23, the blood from the
mice was collected for ELISA analysis, and the dissected tumors and
organ tissues were weighed, photographed, and stored in a general-
purpose tissue fixative solution (#G1101, Saywell, Wuhan, China) for
western blot or RT-qPCR analysis. Some tumor tissues were fixed in
an electron microscope fixture for TEM.

Tumor volume was calculated as equation (2):

length x width?

Volume (mm®) = 5 )

Organ coefficient was calculated as equation (3):

Organ coefficient (%) = Organ welgh't x 100 3)
Mouse body weight

2.12  Enzyme-linked immunosorbent assay (ELISA) analysis

The levels of TNF-a, IL-6, IL-2, and IL-1P were detected using an
ELISA kit (BOSTER, Wuhan, China). All procedures were performed
to following the manufacturer’s instructions.

2.13  Quantitative real-time PCR (RT-qPCR) analysis

Tumor Xenografts from each group were used to extract the total
RNA. RNA was extraced following the intructions of an NRAprep
pure tissue kit (#U9124, DP451, Tiangen, Beijing, China). cDNA
was reverse-transcribed using the a PrimeScript™ RT reagent kit
with gDNA Eraser (perfect Real Time) (#AK716484A, RR047A,
TAKARA, Japan). A TB Green™ Premix Ex Taq™ II (Tli RNaseH
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Plus) kit (#AK51600A, RR820A, TAKARA, Japan) was employed
for quantitative RT-PCR using an RT-PCR instrument (StepOnePlus,
Applied Biosystems, USA).

Primer sequences as follows. Bax: forward primer (5'-3"),
TGCTTCAGGGTTTCATCCAG; reverse primer (5'-3"),
GGCGGCAATCATCCTCTG. Bcl-2: forward primer (5'-3"),
TACGAGTGGGATGCGGGAGATG; reverse primer (5'-3"),
CCGGGCTGGGAGGAGAAGATG. Beclin I: forward primer (5'-3"),
AGCTGCCGTTATACTGTTCTG; reverse primer (5'-3"),
ACTGCCTCCTGTGTCTTCAATCTT. LC3 II: forward primer (5'-3"),
GCAGGGTAAACGGGCTGTGTG; reverse primer (5'-3"),
GAGTGAGGACTTTGGGTGTGGTTC. GAPDH: forward primer (5'-3"),
GTTTGTGATGGGTGTGAACC; reverse primer (5'-3"),
TCTTCTGAGTGGCAGTGATG.

2.14  Statistical analysis

All data are expressed as the mean + standard deviation (SD).
Comparisons among multiple data were performed using one-way
ANOVA in SPSS software 23.0. Protein levels were quantified by
Image-Pro Plus 6.0 software. P < 0.05 was considered statistically
significant.

3. Results

3.1 AMP inhibits cervical cancer cell proliferation

C-33A or SiHa cells were intervened with AMP (0, 10, 20,
40, 80, 160, and 320 pumol/L) for 24, 48, and 72 h, respectively.
In Figs. 1B and C, the MTT assay suggested that AMP could remarkably
inhibit the 2 CC cells growth, with half inhibition rates (IC,) of C-33A
cell were (22.96 + 1.18), (21.32 £ 0.27) and (22.43 £ 0.63) umol/L
at 24, 48, and 72 h, respectively, the ICs, of SiHa cell were (80.90 = 13.03),
(70.00 + 13.33) and (63.89 + 8.91) pumol/L at 24, 48 and 72 h, respectively;
Compared with the control group (Figs. 1D-G), morphological
feature images showed a gradual decrease in the number of intact

10 ymol/L

0

A

AMP

po

100 pm

40 pmol/L AMP

100 pm

100 pm

20 pmol/L

cells and the concomitant increase in the number of broken cells with
increasing AMP concentration or exposure duration. These results
suggest that AMP inhibits C-33A and SiHa cells proliferation.

At the same time, we found that while the dose of 40 pmol/L or
higher of AMP treated to C-33A cells, already all cells proliferation were
inhibited or even death. So, we explored the dose between 1040 pmol/L
for AMP to C-33A cell to show the inhibitory effect again (Fig. S1).
The result found that the ICs, were (20.60 £+ 0.94), (18.59 + 0.61),
and (22.10 = 1.21) umol/L at 24, 48, and 72 h, respectively, which
showed a good inhibitory effect of AMP-treated C-33A cell.
Therefore, these results suggest that AMP inhibits C-33A cell
proliferation.

3.2 AMP induces apoptosis in cervical cancer cells

C-33A cells were exposed to AMP (0, 10, 20, 40, and 80 pumol/L) for
12 h or 40 umol/L. AMP treated cells for 0, 6, 12, and 24 h. Hoechst 33258
staining displayed that the number of cells gradually decreased
and shrank with the increasing in AMP concentration or exposure
duration, compared with the control group (Figs. 2A and B). Annexin
V-FITC/PI staining revealed an increasing apoptosis rate depending
on AMP concentration, from (7.31 &+ 0.50)% to (71.16 £+ 11.10)% in the
concentration range of 0-80 umol/L. Furthermore, the apoptosis rate
also increased from (7.02 + 1.67)% to (58.86 + 10.66)% when cells
were exposed to AMP (40 umol/L) for 6, 12, and 24 h, respectively
(Figs. 2C and D). Meanwhile, SiHa cells were exposed to AMP (0, 10,
20, 40, and 80 umol/L) for 12 h to detect apoptosis rate. The apoptosis
rate also increased from (2.58 + 1.02)% to (23.10 + 2.41)% (Fig. S2).

The levels of Bax/Bcl-2, cleaved-PARP/PARP, and cleaved-
Caspase 3/Caspase 3 were found to be up-regulated (Figs. 2E and F).
After treatment with the apoptosis inhibitor Z-VAD-FMK (50 umol/L)
(Fig. S3), we observed that these protein levels were down-regulated
compared with AMP-treated cells. Thus, AMP inhibited C-33A cell
growth through apoptosis induction.

We further explored the specific apoptotic pathways involved,
using FADD and cytosolic Cyt-c, which are the represent of the 2 forms

40 pmol/L 80 umol/L

100.um 100 um

Fig. 2 AMP induces apoptosis in C-33A cells. Cells were exposed to AMP (0, 10, 20, 40, and 80 pmol/L) for 12 h or 40 pmol/L AMP for 0, 6, 12, and 24 h.
(A-B) Hoechst 33258 staining was used to observe the typical morphological features of apoptotic cells using by a fluorescence microscope. Scale bar: 100 um.
(C-D) Annexin V-FITC/PI staining was used to analyze C-33A cell apoptosis. (E-F) Apoptotic proteins levels were evaluated using Western blot. Data are
represented as mean + SD, n = 3. ¥*P < 0.05, **P < 0.01 vs. control. ns, not significant.
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Fig. 2 (Continued)

of apoptosis’™ ™. As shown in Fig. 3A, the levels of FADD and
cytosolic Cyt-c were up-regulated. When apoptosis was inhibited, AMP
increased the levels of FADD and cytosolic Cyt-c (Fig. 3B), indicating
that the mitochondrial or death receptor pathway was activated.

3.3 AMP induces autophagy in cervical cancer cells

MDC fluorescence staining was used to observe cell morphology
during autophagy. C-33A cells were exposed to AMP (0, 10, 20, 40,
and 80 umol/L) for 12 h or to 40 umol/L. AMP for 0, 6, 12, and 24 h.
Compared with the control group, the number of autophagosomes with
bright green spots in C-33A cells gradually increasing with incremental
AMP concentration or exposure duration (Figs. 4A and B).

TEM was used to observe the cell ultrastructures, such as
the mitochondria, lysosomes, or autophagosomes in C-33A cells

exposed to AMP (0 and 20 umol/L) for 12 h. In Fig. 4C, no
morphological changes were apparent in the control group. However,
autophagosomes containing mitochondria and other organelles were
detected in the AMP-treated group. Unexpectedly, shriveled nuclei
were also observed in the AMP-treated group, which is an important
apoptotic phenomenon.

Subsequently, the levels of the autophagic proteins LC3 II/LC3 1,
Beclin 1, and p62 were analyzed. We observed an up-regulation of
LC3 II/LC3 I and Beclin 1 expression and a downregulation of p62
expression dependent on AMP concentration or exposure duration
(Figs. 4D and E). Cells were also exposed to the autophagy inhibitor
3-MA for 2 h prior to AMP treatment. Upon autophagy prevention,
AMP decreased LC3 II/LC3 I, Beclin 1 levels and increased p62
levels (Fig. S4A), the level of AMP on autophagy gold marker LC3
protein and autophagy lysosome were decreased by IF (Fig. S4B). In
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Fig.3 AMP induces apoptosis in C-33A cells via 2 pathways. (A) Levels of FADD and cytosolic Cyt-c were determined in C-33A cells treated with AMP (0, 10, 20, 40,
and 80 umol/L) for 12 h. (B) Levels of FADD and cytosolic Cyt-c were evaluated in C-33A cells treated with AMP (40 pmol/L) and Z-VAD-FMK (50 umol/L)
via Western blot. Data are represented as the mean + SD, n = 3. *P < 0.05, **P < 0.01 vs. control. P < 0.01 vs. AMP. ns, not significant.
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Fig.4 AMP induces autophagy in C-33A cells. (A, B) Preliminary morphological features of autophagic cells were observed under a confocal microscope after
MDC dyeing. Cells were treated with AMP (0, 10, 20, 40, and 80 umol/L) for 12 h or AMP (40 umol/L) for 0, 6, 12, 24 h. Scale bar: 20 pm. (C) Typical cell
ultrastructure of autophagic cells was observed using TEM. C-33A cells were treated with AMP (0 and 20 umol/L) for 12 h. Scale bars: 1 pm or 500 nm.

(D, E) Levels of LC3 I, LC3 II, Beclin 1 and p62 were determined by Western blot. The concentrations of AMP were the same in (A) and (B). Data are represented
as the mean + SD, n = 3. ¥*P < 0.05, **P < 0.01 vs. control. ns, not significant.
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Fig. 4 (Continued)

accordance with the AMP-driven autophagy promotion tested, Atg5
and Atgl3 were up-regulated with increasing AMP concentration or
exposure duration (Figs. 5A and B).

Since autophagy is a dynamic process
flux using transfection with an autophagy double-labeled lentivirus
(mRFP-GFP-LC3). C-33A or SiHa cells were transduced with these

P we evaluated autophagy

A AMP

(umol/L) 0 20 80

10

Atgl3

Atg5

GAPDH

Time (h)

Atgl3

Atg5

GAPDH

lentiviruses and exposed to AMP (0, 20, 40, and 80 pmol/L) for 12 h.
The number of green fluorescent spots decreased, while those of the red
and yellow fluorescent spots increased for the 2 cells (Figs. 5C and F),
indicating that autolysosomes and autophagosomes increased in
intensity (Figs. 5D and G) and, consequently, the enhancement of the
autophagy flux (Figs. 5 E and H).
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Fig.5 AMP induces autophagy in C-33A cells. (A) Levels of Atg-related proteins in C-33A cells treated with AMP (0, 10, 20, 40 and 80 pumol/L) for 12 h.
(B) Levels of Atg-related proteins in C-33A cells treated with AMP (40 pmol/L) for 0, 6, 12, 24 h. (C, F) Autophagy flux level was examined after mRFP-GFP-
LC3 transfection. C-33A or SiHa cells were exposed to AMP (0, 20, 40, 80 pmol/L) for 12 h. Green GFP fluorescence indicates the LC3 protein, red mRFP
fluorescence indicates autophagic lysosomes, and yellow merge fluorescence refers to autophagosomes. Scale bar: 20 um. (D, G) Quantitative analysis of the
fluorescence intensity of mRFP or GFP fluorescence. (E, H) Quantitative analysis of the fluorescence co-localization ratio (MOC). Data are represented as
the mean + SD, n = 3. ¥*P < 0.05; **P < 0.01, vs. control. ns, not significant.
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Fig. 5 (Continued)

3.4  AMP induces autophagy in C-334 cells via the PI3K/Akt/
mTOR signaling pathway

The most classic and significant autophagy-related signaling
pathway is the PI3K/Akt/mTOR pathway. Upon AMP treatment, the
total levels of PI3K, Akt, and mTOR remained unchanged, but their
phosphorylated forms, p-PI3K, p-Akt, and p-mTOR, respectively,
were down-regulated (Figs. 6A and B).

3.5 Interaction of apoptosis and autophagy on AMP-induced
C-334 cell death

3.5.1 AMP combined with inhibitors to intervene in C-334
cell growth

In this study, 3-MA and Z-VAD-FMK were the inhibitors selected
to investigate the association between autophagy and apoptosis. Six
groups were established: control, AMP, 3-MA, 3-MA combined with
AMP (3-MA + AMP), Z-VAD-FMK, and Z-VAD-FMK combined

with AMP (Z-VAD-FMK + AMP). The cells were first exposed to
3-MA (5 mmol/L) or Z-VAD-FMK (50 umol/L) for 2 h, then AMP
(40 pmol/L) was then added to the combination groups for 12 or 24 h.

The inhibitory growth rates in the AMP, 3-MA, 3-MA + AMP, Z-VAD-
FMK, and Z-VAD-FMK + AMP, were (95.84 + 0.65)%, (7.81 + 2.82)%,
(98.60 = 0.60)%, (10.42 £+ 4.70)% and (97.48 £ 0.56)%, respectively
(Table 1). Compared with the AMP group, the number of normal cells
decreased slightly in the 3-MA + AMP and Z-VAD-FMK + AMP groups,
while the number of broken cells increased (Fig. 7). It implies that
autophagy or apoptosis inhibition could promote AMP induced C-33A
cell death.

3.5.2  (C-334 cell apoptosis was intensified through autophagy
inhibition

The control, AMP, 3-MA, and 3-MA + AMP groups were exposed
to 3-MA for 2 h before to AMP treatment for 12 h. Compared with
the AMP group, Hoechst 33258 staining showed an increased
number of apoptotic cells in the 3-MA + AMP group (Fig. 8A), with
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Table 1
Identities of the sequenced genes (ITS or 26S rDNA) of yeast strains and the accession numbers of the entries with the highest identity.

Groups oD Inhibition rate (%) OD Inhibition rate (%) oD Inhibition rate (%)
Control 0.322 £ 0.005 0.280 = 0.011 0.304 + 0.002
AMP 0.069 = 0.002%** 95.39 0.066 = 0.005%* 95.55 0.065 + 0.004%* 96.58
3-MA 0.307 + 0.005%* 5.56 0.265 + 0.004%* 6.90 0.277 +0.003%* 10.98
AMP + 3-MA 0.062 + 0.003* 97.93 0.058 + 0.005* 98.78 0.058 + 0.005* 99.09
Z-VAD-FMK 0.306 = 0.011 5.93 0.258 £ 0.007 10.02 0.266 % 0.011%* 15.31
AMP + Z-VAD-FMK 0.064 = 0.005" 97.36 0.062 + 0.005" 96.99 0.061 + 0.005" 98.09

Note: #*P < 0.01 vs. Control group; “P < 0.01 vs. AMP group.
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Fig. 6 AMP induces autophagy by suppressing the PI3K/Akt/mTOR pathway in C-33A cells. (A) Levels of PI3K/AKT/mTOR pathway proteins in C-33A cells
treated with AMP (0, 10, 20, 40 and 80 umol/L) for 12 h. (B) Levels of PI3K/AKT/mTOR pathwayproteins in C-33A cells treated with AMP (40 umol/L) for 0, 6,
12, 24 h. (C) Quantitative analysis of levels of PI3K/AKT/mTOR pathway proteins in C-33A cells treated with different concentration of AMP. (D) Quantitative
analysis of levels of PI3K/AKT/mTOR pathway proteins in C-33A cells treated with different time of AMP. Data are represented as the mean + SD, n=3. *P <
0.05; **P < 0.01 vs. control. ns, not significant.
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Fig. 7 Effect of AMP and autophagy or apoptosis inhibitors on C-33A cells. Cells were exposed to 3-MA or Z-VAD-FMK for 2 h before adding AMP (40 umol/L)
and addition for 12 h. Scale bar: 100 pm.
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Fig. 8 Treatment with 3-MA inhibits autophagy and promotes apoptosis in C-33A cells. Four groups were set up: control, AMP (40 pmol/L), 3-MA (5 mmol/L),
and AMP + 3-MA for 12 h. (A) Hoechst 33258 dyeing was used to measure the typical morphological features of the apoptotic cells. Scale bar: 100 pm.
(B-C) Annexin V-FITC/PI dyeing was employed to analyze the cell apoptosis rate. (D) Levels of apoptosis-related proteins were analyzed by Western blot.
(E) Levels of Bax/Bcl-2, cleaved-PARP/PARP and cleaved-Caspase 3/Caspase 3 in C-33A cells treated with AMP and 3-MA. Data are represented as
the mean + SD, n = 3. *P < 0.05; **P < 0.01 vs. control. P < 0.01 vs. AMP. ns, not significant.
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Fig. 8 (Continued)

apoptosis rates of (21.92 + 3.42)% and (32.53 + 4.84)%, respectively
(Figs. 8B and C). Meanwhile, the levels of Bax/Bcl-2, Cleaved-PARP/
PARP, and cleaved-Caspase 3/Caspase 3 were up-regulated in the
3-MA + AMP group (Fig. 8D). The findings hint that the AMP-
induced apoptosis of C-33A cells was strengthened when autophagy
was inhibited.

3.5.3 (C-334 cell autophagy was intensified through apoptosis
inhibition

Compared with the AMP group, MDC fluorescence staining
showed increased green dot fluorescence of autophagosomes in the
Z-VAD-FMK + AMP group (Fig. 9A). TEM results further showed
that the number of autophagosomes were increased in this group,
along with the presence of swollen and denatured mitochondria, and
vacuolar structures (Fig. 9B). Furthermore, cells in this group showed
increased levels of Beclin 1, LC3 II/LC3 1, and decreased p62 (Fig. 9C).
These results reveal that AMP-induced autophagy in C-33A cells were
strengthened upon apoptosis inhibition.

3.5.4 Key role of the PI3K/Akt/mTOR pathway in AMP-
induced apoptosis and autophagy

Herein, both 3-MA and Z-VAD-FMK were used to research the
key factors between autophagy and apoptosis. As shown in Fig. 10,
upon autophagy inhibition, the levels of PI3K, Akt and mTOR in

A Control AMP

20 um

the 3-MA + AMP group remained unchanged, while p-PI3K, p-Akt,
and p-mTOR levels increased (Fig. 10A). Similarly, upon apoptosis
inhibition, the expression of PI3K, Akt, and mTOR in the Z-VAD-
FMK + AMP group remained unchanged, while that of p-PI3K, p-Akt,
and p-mTOR decreased (Fig. 10B). These findings suggest PI3K/Akt/
mTOR pathway activation strengthens AMP-induced apoptosis, while

its inhibition strengthens AMP-induced autophagy in C-33A cells.

3.6  AMP inhibits C-33A4 cell growth in vivo

An xenograft model was established to understand whether
we can recapitulate the effects of AMP treatment on C-33A cell
proliferation, apoptosis, and autophagy in vivo. As shown in Fig. 11,
no obvious changes in the body weight and organ coefficients were
observed in these mice (Figs. 11A and E). However, the volume of
the xenograft increased continuously (Fig. 11B). The average volume
of the xenograft was (1 364.65 + 95.39) mm’ in the control group,
(724.35 + 57.23) and (685.43 + 21.06) mm”® in low-AMP and high-
AMP groups, respectively. Compared to the control, the volume
inhibition rates for the low-AMP and high-AMP groups were 27.9%
and 37.9%, respectively. The DDP group had a volume inhibition rate of
63.44%. The xenograft was also weighed and imaged after removal from
the mice (Fig. 11C and D). The weight inhibition rates of the low-, high-,
and DDP groups were 20.41%, 39.41%, and 74.04%, respectively.
Altogether these results indicated that AMP effectively inhibited
xenograft tumor growth and exhibited low toxicity in vivo.

Z-VAD-FMK Z-VAD-FMK+AMP

20 pm

20 um

Fig. 9 Treatment with Z-VAD-FMK inhibits apoptosis and promotes autophagy in C-33A cells. Four groups were set up: control, AMP (40 umol/L), Z-VAD-
FMK (50 pmol/L), and AMP + Z-VAD-FMK) for 12 h. (A) Preliminary morphological features of autophagic cells were observed by MDC staining. Scale bar: 20
um. (B) Typical cell ultrastructures of autophagic cells were observed using TEM. Scale bars: 4, 2 or 1 um. (C) Levels of autophagy-related proteins were analyzed

by Western blot. Data are represented as the mean + SD, n = 3. *P < 0.05; **P < 0.01 vs. control. P < 0.01, vs. AMP. ns, not significant.
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Fig. 10 Protein levels of the PI3K/Akt/mTOR pathway were analyzed by Western blot. (A) Cells were treated according with each group: The Control, AMP,
3-MA, and AMP + 3-MA for 12 h. (B) Cells were treated according with each group: Control, AMP, Z-VAD-FMK, and AMP + Z -VAD -FMK for 12 h.

(C) Quantitative analysis of levels of p-mTOR/mTOR, p-PI3K/PI3K and p-AKT/Akt in C-33A cells treated with AMP and 3-MA. (D) Quantitative analysis of
levels of p-mTOR/mTOR, p-PI3K/PI3K and p-AKT/Akt in C-33A cells treated with AMP and Z-VAD-FMK. (E) Levels of Bax/Bcl-2, cleaved-PARP/PARP and
cleaved-Caspase 3/Caspase 3 in C-33A cells treated with AMP and 3-MA. Data are represented as the mean + SD, n = 3. *P < 0.05; **P < 0.01 vs. control.
"P < 0.01 vs. AMP. ns, not significant.

289 kDa

289 kDa

| 37 kDa




14

12 -C,
0 mTOR [ p-mTOR
- E ##
3 A 08F
3 < -
20 ..
QE s
e
57
- D
nﬂé E 04+
o
0.0
> 8 \ad S
& S S
Co& Nt ’5’@ V,XY’
o
Group
12D
" [ mTOR [} p-mTOR
#
jan}
£a
o>
=
23S
57
5 2
-y
o
26(A+Control — AMP 200 mg/kg
. = DDP “®= AMP 50 mg/kg
=241
=
&
) 22_
3 g
>
B ok
g 20
18 T T T T T T T 1
1 4 7 10 13 16 19 22
Time (day)
D
or @ S e B8 e
AMP A B au o
200 mg/kg ‘ a v @ Q 3
avp ¥ . .
50 mg/kg “ 6 W v W

S.Y. Xu et al. / Food Science and Human Wellness 15 (2026) 9250359

12-C 12-C
T 3 -PI3K##- p-PI3K
# N —
e e =
58 08} SE 08
< <
‘a% 50
£ 22
2L o4 S Loa
= 4 - o = V4
M s & &
) [}
0.0 0.0
> 8 & 8 S ROy
& S
Qo“\ Y§\ %ﬁ\ x?§\ Qo*\x ?§\ ’b’é XV’®
\sd \og
%ﬁ\ “ﬁx
Group Group
12D 12D
* I Ak I p-Ake : W rik M p-P3K
#
o e
=1
5E o8 5E 08
S < 3 <
89 89
25 e
O = =
2 g 0.4 2 & 0.4
(5] [}
0.0 0.
Group
Fig. 10 (Continued)
1400 B 127C =
l: —— Control —
T 12008 P 50 malk @107 f
g i mg/ke 2 08
g 1000F AMP 200 mg/kg 2 0.6 N
g 800F — ppp z % v
= —
S 600 g 04 .%va .
B4 - A
5 0.2
5 400p = 0o M
) ; : . 2
5 200f ) e > % v &
= = o—° S Q
0 T T T T T T 1 CP& Q&& @é’\& 9
1 4 7 10 13 16 19 22 §g‘> >
Time (day)
Group
1.0 E, 10 T E,
~ 8 i
> —
= <
£ g <
= S £
o= =i
g 5=
T O > oh
z 3 g

v Group

Fig. 11 AMP prevents C-33A xenograft growth in vivo. Four groups were included in this study: the control, low-AMP (50 mg/kg), high-AMP (200 mg/kg), and
positive control (2.5 mg/kg DDP) groups (n = 6 mice per group). (A) Mice were weighted every 3 days. (B) Xenograft volume was measured every 3 days.
(C) Xenograft weights were measured, and the mean was obtained. (D) Photographs of the xenografts. (E) Organ coefficients, including the heart, liver, spleen,
lungs, and kidneys. Data are represented as the mean + SD, n = 6. *P < 0.05; **P < 0.01 vs. control. ns, not significant.
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3.7 AMP induces the apoptosis and autophagy of C-334 cell
in vivo

The ultrastructure of the xenograft tumors was assessed through
TEM. In the low-AMP group, few autophagosomes were present, and
the mitochondria had a normal morphology. The number of normal
mitochondria and autophagosomes increased significantly in the high-
AMP group. There were only few normal mitochondria and several
autophagosomes in the DDP group (Fig. 12B). ELISA was employed
to test serum levels of TNF-a, IL-6, IL-1p, and IL-2, which were
found to be down-regulated upon AMP treatment in a dose-dependent
manner (Fig. 12A). RT-qPCR results showed the down-regulation
of Bcl-2 mRNA expression and the up-regulation of Bax, Beclin 1,
and LC3 /I in both the low- and high-dose groups (Fig. 12C). These
results confirmed that AMP induced both apoptosis and autophagy in
C-33A cells in vivo.

4. Discussion

N. megalophylla is a folk medicinal plant commonly used
by the Tujia people in the western Hubei Province of China.
Our previous research showed that this plant’s extracts had good
anticancer effects in the tumor cells lines HeLa, SMMC-7721,
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A549, and MCF-7, among others"**”, and that the total flavonoid
extract and the main active component, AMP, exhibited an good
inhibitory effect on CC cells growth. When HeLa, SiHa and C-33A
cells were screened for AMP activity, C-33A cells were found to
be the most sensitive to AMP!"*"®1. Our result of MTT assay of
SiHa and C-33A cells also showed that AMP has a better inhibitory
for C-33A cell (Fig. 1). Therefore, C-33A cell was employed to
research AMP-induced apoptosis and autophagy and its underlying
mechanisms in this study.

The results of Hoechst 33258 single staining, Western blot, and
other experiments confirmed that AMP could induce the apoptosis
of C-33A cells in vitro (Fig. 2). Analyzing the expression of FADD
and cytosolic Cyt-c, which were the representative proteins for the
2 forms of apoptosis'®*”, showed that AMP can induce apoiptosis in
C-33A cells through the mitochondrial or death receptor pathways
(Fig. 3). Other proteins, such as FAS, FAS-L, Caspase 8", Caspase 9
and tBid"”"", should be explored in future studies to support these data.

Next, we showed that AMP induced autophagy in C-33A cells
from the perspective of cell morphology and dynamics using MDC
fluorescence staining, TEM, and mRFP-GFP-LC3 autophagy
double-labeled adenovirus transfection methods (Figs. 4 and 5).
Autophagy is divided into three stages™, autophagy precursors,
autophagosomes, and autophagolysosomes. Briefly, in autophagy,
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Fig. 12 AMP induces apoptosis and autophagy in C-33A cell in vivo. Four groups were included in this study: the control, low-AMP (50 mg/kg), high-AMP
(200 mg/kg) and positive control (2.5 mg/kg DDP) groups (n = 6 mice per group). (A) Levels serological inflammatory factors, TNF-a, IL-6, IL-1, and IL-2, were
detected by ELISA assay. (B) Typical cell ultrastructure of xenograft tissues was observed using TEM. Scale bars: 4, 2 or 1 pm. (C) RT-qPCR was employed to
quantify mRNA expression of Bax, Bcl-2, Beclin 1 and LC3 I1. Data are represented as the mean + SD, n = 6. *P < 0.05; **P < 0.01 vs. control. ns, not significant.
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LC3 I is activated by Atg7 and binds to phosphatidylethanolamine
on the surface of the autophagy membrane to form LC3 II.
Therefore, the expression of both proteins is related to autophagy
promotion™". Beclin 1 interacts with class LI PI3K to regulate
autophagosome formation, thus, its levels are also upregulated
during autophagy®??. In contrast, p62 is not only a main player
in the degradation of autophagic proteins””, but it can also bind
to ubiquitinated proteins during autophagy, hence, p62 expression
gradually decreases. According to reports, since the first confirmed
autophagy-related protein in 1996, more than 30 Atg proteins
have been discovered™. It’s important to investigate Atg series
proteins™, which play a vital role in autophagy, expression. In
our paper, the upregulation of Atg5 and Atgl3 further confirmed
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that AMP induces autophagy in C-33A cells (Fig. 5). Numerous
researches have suggested that the PI3K/Akt/mTOR pathway is
inseparable in CC treatment®. So the classical signaling pathway
of autophagy””, the PI3K/Akt/mTOR pathway, was studied. In
fact, we found that the expression of the phosphorylated forms
p-PI3K, p-Akt, and p-mTOR declined while the expression of the
base proteins remained unchanged. These studies showed that AMP
induces autophagy in C-33A cells via the PI3K/Akt/mTOR pathway
and that apoptosis occurs concomitantly, suggesting a correlation
between apoptosis and autophagy.

Thirdly, according to previous reports, several overlapping
mechanisms exist between apoptosis and autophagy. Autophagy is
believed to be the leading mechanism of apoptosis, which means
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that inhibiting of autophagy can enhance or promote apoptosis. In
contrast, other studies suggested that apoptosis inhibition enhances
or promotes autophagy™. For example, it has been shown that
autophagy inhibition, increases the quercetin-induced apoptosis
of HeLa cells. Furthermore, chitosan oligosaccharides and
docetaxel induce concomitant apoptosis and autophagy in HeLa
cells, with Beclin 1 as the bridging factor between processes'**'".
Thus, autophagy and apoptosis inhibitors, 3-MA and Z-VAD-FMK,
were used to explore the interaction between these 2 modes of cell death.

We employed previously reported methods to elucidate the
activity of autophagy inhibition on apoptosis and vice versa. On
the one hand, our results suggested that inhibition of autophagy can
promote apoptosis and the PI3K/Akt/mTOR pathway is activated
(Figs. 8 and 10A). On the other hand, our findings also indicated
that inhibition of apoptosis can promote autophagy, and the PI3K/
Akt/mTOR pathway is inhibited (Figs. 9 and 10B). Thus, there was
an antagonistic relationship between AMP-induced apoptosis and
autophagy in C-33A cells. Furthermore, studies found that the PI3K/
Akt/mTOR pathway has anti-apoptotic effects'.

Finally, cell lines cannot accurately simulate the complex
tumor microenvironment. Therefore, we established a model by
implanting a subcutaneous xenograft of CC tumor cells (C-33A)
in immunodeficient nude mice. We used this model to understand
whether we could recapitulate in vivo the inhibitory action of AMP
on C-33A cells growth, and evaluate apoptosis and autophagy.
The body weight changes of nude mice during the administration
period indicated that the toxicity of AMP was low and had little
effect on the normal growth of mice (Fig. 11A), which was
consistent with previous reports™!. AMP has also been reported to

OH
X,
HO. O oH
AMP

have high safety profile®". The weight and volume of the xenograft
tumor are directly correlated to cell growth and proliferation.
We found that the volume inhibition rate of the positive control
group was the highest, followed by the high-AMP and the low-
AMP group. The same effect was observed suppress the growth
of C-33A xenografts. Subsequently, we explored the mechanisms
through that AMP restrains the growth of C-33A xenografts via
apoptosis and autophagy.

TNF-a is a multifunctional cytokine with a direct antitumor
effect, showing low expression under normal circumstances.
However, inflammation, infection, and external stimuli cause TNF-a
release!”. The caspase family and apoptosis-related proteins are
divided into 3 categories: apoptosis-initiating factors, apoptosis-
executing factors, and inflammatory mediators, which constitute a
cascade effect. Autophagy can inhibit tumor cell proliferation by
inhibiting inflammation, preventing tumor cell necrosis, and removing
the cytoskeletal protein p62, etc.*” *). Therefore, both apoptosis
and autophagy are related to inflammatory factors. Indeed, AMP was
shown to reduce the levels of TNF-a, IL-2, IL-1f, and IL-6 (Fig. 12A).
Taken together, AMP may inhibit the growth of xenografted tumors
through autophagy or apoptosis.

The TEM experiments also showed AMP-induced autophagy
occurrence in the tumor xenografts, supported by the increased mRNA
expressions of Beclin I and LC3 II (Figs. 12B and C), which were in
agreement with the in vitro results (Figs. 4 and 5). mRNA levels of Bc/-2
decreased, and that of Bax increased, indicating that autophagy might be
occurring at the same time as apoptosis. Thus, we showed that AMP also
induces apoptosis and autophagy in vivo. The entire signaling pathway
suggested by our experiments is shown in Fig. 13.
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Fig. 13 AMP-induced inhibition of the human cervical cancer C-33A cell line, regulating autophagy and apoptosis in vitro and in vivo.
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5. Conclusion

In summary, we reported the anti-CC mechanism of AMP and
explored the relationship between apoptosis and autophagy for the
first time in the context. We also reported the mechanism of AMP
action on C-33A cells from both in vitro and in vivo, showing the
interrelatedness between cell proliferation, apoptosis, and autophagy.
Our results showed thar the apoptotic and autophagic processes
are mutually antagonistic and that the PI3K/Akt/mTOR pathway
is probably the key factor in this relationship. Hence, natural AMP
extract is a potential drug for CC treatment, and we will screen direct
targets of AMP for targeted clinical research in the future.
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