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Abstract

Ovarian cancer is one of the deadliest gynecological malignancies due to its late diagnosis and easy recurrence.
Therefore, it is urgent to develop novel therapeutics for ovarian cancer treatment. In this study, we evaluated

the anti-ovarian cancer effects of sempervirine in vitro and in vivo. CCK8 assays showed that sempervirine
dose-dependently inhibited the proliferation of SKOV3 ovarian cancer cells. Transwell assays demonstrated that
sempervirine significantly suppressed the invasion and metastasis of SKOV3 cells. Furthermore, in an orthotopic
ovarian cancer mouse model, sempervirine dramatically inhibited tumor growth and induced pathological changes
in tumor tissues, including poor development of tumor mucosa, collagen deposition, endoplasmic reticulum
damage, mitochondrial swelling and vacuolar degeneration, which were similar to the positive control 5-Fu.
Mechanistic studies revealed that sempervirine decreased the expression of proteins related to apelin signaling
pathway. In conclusion, our results demonstrate the potent anti-ovarian cancer effects of sempervirine both in
vitro and in vivo. Sempervirine may repress ovarian cancer by down-regulating apelin signaling pathway. Our study
suggests that sempervirine is a promising therapeutic agent against ovarian cancer.

fDanni Chen, Yan Tan and Tingting Chen contributed equally to this
work.

*Correspondence:

Xiaoya Zhao

zxyyy618@163.com

Zhongxiao Zhang

zhangzhongxio2005@163.com

Jin Qiu

QJ4098@shtrhospital.com

Jian Zhang

zhangjian_ipmch@sjtu.edu.cn

'Department of Obstetrics and Gynecology, The International Peace
Maternity and Child Health Hospital, School of Medicine, Shanghai Jiao
Tong University, Shanghai 200030, China

Department of Obstetrics and Gynecology, Tongren Hospital, Shanghai
Jiao Tong University School of Medicine, Shanghai 200336, China
3Shanghai Key Laboratory of Embryo Original Diseases, Shanghai
200030, China

Introduction

Ovarian cancer is one of the three major malignant
tumors of the female reproductive system and the lead-
ing cause of death from gynecological cancers world-
wide [1, 2]. The overall 5-year survival rate of ovarian
cancer patients is less than 50% [3]. The high mortality
rate is largely attributed to the asymptomatic nature of
early-stage disease, resulting in about 75% of patients
being diagnosed at an advanced stage (stage I1I or IV) [4].
For advanced ovarian cancer, the standard treatment is
aggressive cytoreductive surgery followed by platinum-
based chemotherapy [5]. Although most patients ini-
tially respond well to chemotherapy and attain clinical
remission, recurrence occurs in over 70% of cases [6].
Recurrent ovarian cancer is resistant to further platinum
therapy and ultimately progresses to death [7]. Moreover,
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current chemotherapeutic drugs have many adverse
effects that impact the quality of life of patients [8].
Therefore, it is imperative to identify novel agents and
develop more effective therapies with lower side effects
for ovarian cancer.

Natural products have been valuable sources for anti-
cancer drug discovery over the past decades [9]. More
than 60% of anticancer drugs are derived directly or indi-
rectly from natural sources, such as plants, marine organ-
isms and microorganisms [10]. Plant-derived compounds
in particular have made great contributions to cancer
chemotherapy. Well-known examples include paclitaxel
and camptothecin, which are isolated from Pacific yew
tree and Camptotheca acuminata, respectively [11]. Phy-
tochemical studies have identified various alkaloids from
Bulbus Fritillaria as the main bioactive components with
anticancer properties [12].

Sempervirine is a bioactive alkaloid isolated from the
traditional Chinese medicinal plant Gelsemium elegans
Benth. (Loganiaceae) [13]. While G. elegans extracts
have been used historically for treating skin ulcers, head-
aches, and cancer, the clinical use has been limited due
to toxicity [14]. Sempervirine was first isolated from G.
elegans in 1949 and its structure characterized [15].
Recent studies have synthesized sempervirine derivatives
and elucidated structure-activity relationships [16-18].
Sempervirine exhibits cytotoxicity against several cancer
cell lines including breast, cervical, lymphoma, and tes-
ticular cancers by inhibiting RNA polymerase I transcrip-
tion in a p53-independent manner [16, 19, 20]. Of note,
sempervirine appears to selectively target cancer cells
over normal cells by binding to RPA194 [20]. The selec-
tive anticancer cytotoxicity and potential to cross the
blood-brain barrier due to its low molecular weight make
sempervirine a promising candidate for further devel-
opment as a novel chemotherapeutic agent, including
for intracranial tumors. The anticancer mechanisms of
sempervirine involve inducing cell cycle arrest, apopto-
sis, autophagy, and inhibition of Wnt/B-catenin signaling
[21]. Recent studies also found that sempervirine could
enhance the sensitivity of breast and ovarian cancer cells
to chemotherapeutic drugs [22]. However, the effects
of sempervirine on ovarian cancer and the underlying
mechanisms remain unclear.

In this study, we evaluated for the first time the in vitro
and in vivo anti-ovarian cancer effects of sempervirine
using the human ovarian cancer cell line SKOV3 and an
orthotopic ovarian cancer mouse model. We found that
sempervirine significantly inhibited ovarian cancer cell
proliferation, invasion, metastasis and tumor growth.
Sempervirine also induced ultrastructural changes in
ovarian tumor tissues similar to the first-line chemo-
therapy drug 5-fluorouracil. Mechanistic studies showed
that the anticancer effects of sempervirine are mediated
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through downregulation of the apelin signaling pathway.
Our results provide strong experimental evidence sup-
porting the development of sempervirine as a promising
therapeutic agent for ovarian cancer treatment.

Materials and methods

Cell lines and cell culture

Human ovarian cancer cell lines SKOV3 was purchased
from the Type Culture Collection of the Chinese Acad-
emy of Sciences (Shanghai, China). Cells were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 pg/ml strep-
tomycin. Cells were maintained at 37 °C in a humidified
atmosphere containing 5% CO2.

Reagents and antibodies

Sempervirine (purity>98%) was obtained from Yuanye
Biotechnology (Shanghai, China). 5-Fluorouracil (5-Fu)
was purchased from Sigma-Aldrich. Primary antibod-
ies against apelin, CD34 and GAPDH were purchased
from Cell Signaling Technology. Horseradish peroxidase
(HRP)-conjugated secondary antibodies were obtained
from Santa Cruz Biotechnology.

Cell proliferation assay

The effect of sempervirine on ovarian cancer cell prolifer-
ation was determined by CCKS8 assay. SKOV3 cells were
seeded into 96-well plates at a density of 5x 103 cells/well
and cultured overnight. Cells were then treated with vari-
ous concentrations of sempervirine (0, 0.1, 0.5, 1, 5, 10,
25, 50, 100 uM) for 6 h, 24 h and 48 h. CCKS8 solution
(Beyotime Institute of Biotechnology) was added to each
well followed by 2 h incubation at 37 °C. The absorbance
at 450 nm was measured using a microplate reader (Bio-
Rad). Cell viability was calculated as the percentage of
control cells without drug treatment.

Transwell invasion assays

The effects of sempervirine on ovarian cancer cell inva-
sion were evaluated using transwell chambers (8 pm pore
size, Corning). For invasion assay, the upper chamber
was precoated with Matrigel (BD Biosciences). SKOV3
cells were pretreated with sempervirine (0, 1, 5, 10 pM)
for 24 h, resuspended in serum-free medium and then
seeded into the upper chambers at a density of 5x 104
cells/chamber. The lower chambers were filled with
medium containing 10% FBS as chemoattractant. After
24 h incubation, the non-migrating or non-invading cells
on the upper surface were removed gently with a cotton
swab. The cells on the lower surface were fixed with 4%
paraformaldehyde, stained with 0.1% crystal violet and
photographed under a microscope. Five random fields
were captured and the number of migrated or invaded
cells was counted.
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Colony formation assay

The effect of sempervirine on SKOV3 cell proliferation
was assessed using a colony formation assay. Cells were
trypsinized and seeded at a density of 500 cells per well in
6-well plates. Following a 24-hour incubation, cells were
treated with different concentrations of sempervirine
(2.5 uM, 5 uM, 10 uM) or with vehicle (control group)
for 48 h. After treatment, the drug-containing medium
was replaced with drug-free medium, and the cells were
cultured for an additional 7 days, with the medium being
refreshed every 2 days. After 7 days, cells were fixed with
4% paraformaldehyde for 30 min at room temperature,
followed by staining with 0.1% crystal violet for 30 min.
Stained plates were washed with sterile water and
allowed to dry, and colonies were counted manually.

Apoptosis analysis by flow cytometry

Apoptosis induction by sempervirine was assessed using
an Annexin V-APC/PI double staining method. SKOV3
cells were seeded at a density of 1.5x10° cells per well
in 6-well plates. After adherence, cells were treated with
sempervirine at various concentrations (2.5 uM, 5 uM,
10 uM) for 24 h. Cells were then harvested using trypsin
without EDTA, washed twice with PBS, and resuspended
in 500 pL of Binding Buffer. Next, 5 pL of Annexin
V-APC and 5 pL of PI staining solution were added to the
cell suspension, followed by gentle mixing. The cells were
incubated at room temperature for 5-10 min in the dark.
Apoptosis was analyzed within 1 h using flow cytometry
(BD Biosciences) with excitation at 633 nm and emission
detection at 660 nm. Fluorescence compensation was
performed using apoptosis-induced cells as a control.

Cell cycle analysis

To investigate the effect of sempervirine on the cell cycle,
SKOV3 cells were seeded at a density of 1.5x10° cells
per well in 6-well plates and treated with sempervirine at
2.5 uM, 5 uM, and 10 uM concentrations for 24 h. Cells
were then harvested by trypsinization, washed twice with
PBS, and fixed with 70% pre-chilled ethanol overnight at
4 °C. Fixed cells were centrifuged at 500 g for 5 min, the
supernatant was discarded, and cells were washed with
pre-chilled PBS three times. Cells were resuspended in
propidium iodide (PI) staining solution and incubated at
room temperature for 30 min. Cell cycle distribution was
analyzed by flow cytometry, and the proportions of cells
in the GO/G1, S, and G2/M phases were determined.

RNA extraction, library preparation and sequencing

Total RNAs were extracted from SKOV3 cells using
TRIzol Reagent (Invitrogen, cat. NO 15596026)following
the protocol. Post-extraction, genomic DNA contami-
nation was removed by treatment with DNase I. RNA
quality and purity were assessed by measuring the A260/

Page 3 of 11

A280 ratio using a NanoDrop™ OneC spectrophotometer
(Thermo Fisher Scientific). RNA integrity was further
confirmed through 1.5% agarose gel electrophoresis, and
RNA concentration was accurately quantified using the
Qubit™ RNA Broad Range Assay Kit (Life Technologies,
Cat. No. Q10210) on a Qubit 3.0 fluorometer.

For stranded RNA sequencing library preparation,
2 ug of total RNA was processed using the KC-Digital™
Stranded mRNA Library Prep Kit for Illumina® (Cat. No.
DR08502, Wuhan Seqhealth Co., Ltd., China) according
to the manufacturer’s instructions. This kit minimizes
PCR and sequencing duplication bias by incorporating
an 8-base unique molecular identifier (UMI) to label pre-
amplified cDNA molecules. Library fragments between
200 and 500 bp were enriched, quantified, and subse-
quently sequenced using the DNBSEQ-T7 sequencer
(MGI Tech Co., Ltd., China) with paired-end 150 bp
reads.

RNA-Seq data analysis

Raw sequencing data were first processed using Trim-
momatic (version 0.36) to remove low-quality reads and
trim adaptor sequences. Clean reads were further refined
using custom scripts to eliminate duplication bias intro-
duced during library preparation and sequencing. Spe-
cifically, clean reads were clustered based on unique
molecular identifiers (UMIs), grouping reads with identi-
cal UMI sequences into the same cluster. Pairwise align-
ment was then performed within each cluster, and reads
with greater than 95% sequence identity were grouped
into sub-clusters. For each sub-cluster, multiple sequence
alignment was used to generate a single consensus
sequence, effectively correcting for errors and biases
from PCR amplification and sequencing. These dedupli-
cated consensus sequences were used for downstream
RNA-seq analysis.

Subsequently, the deduplicated reads were mapped
to the human reference genome using STAR (version
2.5.3a) with default parameters. Reads aligned to the
exon regions of each gene were quantified using feature
Counts (Subread-1.5.1, Bioconductor), and gene expres-
sion levels were calculated as reads per kilobase of tran-
script per million mapped reads (RPKM). Differentially
expressed genes between experimental groups were
identified using the edgeR package (version 3.12.1), with
a p-value cutoff of 0.05 and a fold-change threshold of 2
considered statistically significant.

Gene Ontology (GO) analysis and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analysis
for differentially expressed genes were conducted using
KOBAS software (version 2.1.1), with a p-value thresh-
old of 0.05 indicating significant enrichment. Alterna-
tive splicing events were identified using rMATS (version
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3.2.5), with a false discovery rate (FDR) cutoff of 0.05 and
an absolute Ay threshold of 0.05.

Western blot analysis

Total protein was extracted from ovarian cancer cells
using RIPA lysis buffer containing protease and phos-
phatase inhibitors. The protein concentration was deter-
mined by BCA assay. Equal amounts of protein samples
were separated by 10% SDS-PAGE and transferred onto
PVDF membranes. The membranes were blocked in 5%
non-fat milk for 1 h and incubated with primary anti-
bodies at 4 °C overnight, followed by incubation with
HRP-conjugated secondary antibodies for 1 h at room
temperature. Protein bands were visualized using ECL
reagents and band intensity was quantified by Image]
software.

In vivo xenograft model

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of shanghai ton-
gren hospital. Female BALB/c nude mice (5—6 weeks old)
were purchased from Vital River Laboratory (Beijing,
China). SKOV3 cells (2x106) in 100 uLPBS were sub-
cutaneously injected into the right flank of each mouse
to establish the ovarian cancer xenograft model. When
the tumor volume reached about 100 mm [3], the mice
were randomized into three groups (n=6 per group)
and treated as follows: (1) Control group: 100 pL nor-
mal saline by intraperitoneal injection every two days; (2)
5-Fu group: 5-Fu at 1 mg/kg by intraperitoneal injection
every two days; (3) Sempervirine group: sempervirine
at low-doselmg/kg; mediun-dose 3 mg/kg, high-dose10
mg/kg by intraperitoneal injection every two days. After
15 days treatment, mice were sacrificed and tumors were
excised and weighed. Tumor tissues were collected for
further analysis.
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Immunohistochemistry (IHC)

Tumor tissues were fixed, embedded in paraffin and
sectioned at 5 pm thickness. The sections were deparaf-
finized, rehydrated and subjected to antigen retrieval.
After blocking with bovine serum albumin (BSA), the
slides were incubated with Ki-67 primary antibody over-
night at 4 °C, followed by incubation with biotinylated
secondary antibody and HRP-conjugated streptavidin.
The signaling was developed using DAB solution and
counterstained with hematoxylin.

Statistical analysis

All experiments were performed in triplicate. Data were
expressed as mean t standard deviation. Statistical anal-
ysis was performed using GraphPad Prism 7 software.
Differences between groups were analyzed by one-way
ANOVA or Student’s t-test. p<0.05 was considered sta-
tistically significant.

Results

Sempervirine inhibits ovarian cancer cell proliferation in
vitro

To investigate the effects of sempervirine on ovarian can-
cer cell proliferation, SKOV3 human ovarian cancer cells
were treated with increasing concentrations of semper-
virine for 6, 12 and 24 h. Cell viability was determined by
CCK8 assays. As shown in Fig. 1A and B, sempervirine
significantly reduced the proliferation of SKOV3 cells in a
dose- and time-dependent manner. These results demon-
strate the potent antiproliferative effects of sempervirine
against ovarian cancer cells in vitro.

Sempervirine inhibits the invasion of ovarian cancer cells

Sempervirine is a bioactive alkaloid derived from tradi-
tional Chinese herbs. As shown in Figure S1., semper-
virine contains a four-ring steroid core structure with an
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Fig. 1 Sempervirine inhibits proliferation of ovarian cancer cells in a dose-dependent manner.Ovarian cancer SKOV3 cells were treated with various
concentrations of sempervirine (0.1uM, 0.5uM, TuM, 5uM, T0uM, 50uM, 100uM) for 6 h,12 h and 24 h. Cell proliferation was measured using CCK8 assays.
Data are presented as mean + SD of three independent experiments. *P < 0.05, **P <0.01, ***P <0.001 vs. 0 uM control
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isoquinoline group. We examined the effects of semper-
virine on ovarian cancer cell invasion using SKOV3 cells.
Cells were treated with varying concentrations of sem-
pervirine for 24 h prior to assessment of invasion through
transwell inserts.Sempervirine significantly inhibited
SKOV3 cell invasion in a dose-dependent manner. At
1uM,10pM concentration, sempervirine nearly abolished
cell invasion. These data indicate sempervirine’s potential
as an anti-metastatic agent against ovarian cancer cells by
suppressing cell invasion. Further studies are warranted
to elucidate the molecular mechanisms.

Sempervirine induces ultrastructural changes in ovarian
tumor tissues

We further validated the antitumor efficacy of semper-
virine in vivo using a subcutaneous SKOV3 xenograft
mouse model. Transmission electron microscopy was
utilized to evaluate the effects of sempervirine on the
ultrastructure of ovarian tumor tissues. As presented
in Figure.S2, control tumors displayed normal cell
morphology with intact membranes, evenly dispersed
chromatin and well-developed organelles. In contrast,
sempervirine-treated tumors exhibited shrunken nuclei
with condensed chromatin, swollen mitochondria, dis-
rupted endoplasmic reticulum, increased cytoplasmic
vacuoles and blurred cell boundaries, indicative of tumor
cell damage. These ultrastructural alterations were com-
parable to the positive control 5-Fu. Thus, sempervirine
could induce tumor cell ultrastructural changes in vivo.
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Sempervirine exhibits potent antitumor efficacy in
orthotopic ovarian cancer model

The pathological changes of tumor tissues from differ-
ent mouse groups were compared. Hematoxylin and
eosin (H&E) staining showed that poorly developed
tumor mucosa was significantly increased in the treat-
ment group compared to the control group. The results
indicate that the compound successfully induced histo-
pathological alterations of tumors. Samples from tumors
of each group were obtained for transmission electron
microscopy analysis. As shown in the figure, compared
to the control group, irregular morphologies including
collagen deposition, endoplasmic reticulum damage,
mitochondrial swelling, and vacuolar degeneration were
observed in the treatment group. Notably, the ultrastruc-
tural improvements by the high-dose compound were
comparable to that of the positive control 5-Fu group.

As shown in Fig. 2, tumor sections from control mice
exhibited typical histological architecture and tissue
organization. In contrast, tumors from sempervirine-
treated mice showed regions of poor mucosal develop-
ment, indicating disruption of normal tumor structure.
These results demonstrate that sempervirine can effec-
tively induce pathological changes and architectural
damage in tumor tissues in vivo. The induction of abnor-
mal tissue morphology provides evidence that semper-
virine may inhibit tumor growth through detrimental
effects on tumor integrity and developmental processes.
Further investigation of the molecular basis of semper-
virine’s anticancer effects is warranted.

Fig. 2 Sempervirine induces pathological changes in tumor tissues in vivo. Tumor-bearing mice were treated with sempervirine (low-dose1 mg/kg,
mediun-dose 3 mg/kg, high-dose10 mg/kg) or vehicle control daily for 2 weeks. Tumor tissues were excised, sectioned, and stained with H&E. Representa-
tive images are shown for control (A). model (B), sempervirine-treated (C-E) groups and 5-Fu groups
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As shown in Fig.S2, control tumor tissue exhibited
normal ultrastructural morphology of organelles. In
contrast, sempervirine-treated tumors displayed several
ultrastructural abnormalities. These included increased
collagen deposition around tumor cells, dilation of the
endoplasmic reticulum, and mitochondrial swelling
with vacuole formation. Mitochondria in sempervirine-
treated tissue appeared enlarged and contained elec-
tron-lucent vacuoles. These results demonstrate that
sempervirine induced abnormal ultrastructural changes
in tumor tissues, including alterations to the extracellular
matrix, endoplasmic reticulum, and mitochondria. This
provides insight into the potential mechanisms by which
sempervirine exerts its anticancer effects at the subcel-
lular level. Further studies are required to elucidate the
molecular pathways involved in sempervirine’s disrup-
tion of tumor ultrastructure and organelle integrity.

In summary, compared to the control group, drug
administration markedly induced pathological and ultra-
structural changes of mouse tumor tissues, manifested
as poorly developed tumor mucosa and intracellular
structural damage. The high dose administration dem-
onstrated effects close to the positive control drug 5-Fu.
This indicates the compound was able to successfully
elicit pathological changes of tumor cells.

Effect of sempervirine on SKOV3 colony formation

To evaluate the impact of sempervirine on the colony for-
mation ability of SKOV3 cells, concentrations of 2.5 puM,
5 uM, and 10 pM were selected for treatment. The results
showed that the colony formation rate in the solvent con-
trol group was 100.00 £ 3.42. In contrast, the colony for-
mation rates for the 2.5 uM, 5 uM, and 10 pM treatment
groups were 82.83+3.54, 47.31+1.84, and 35.29+2.31,
respectively (Fig. 3A, B). These findings indicate that
sempervirine significantly inhibits SKOV3 colony forma-
tion in a dose-dependent manner.

2.5uM

e

Colony Forming rate(%)
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Apoptosis analysis

To assess the effect of sempervirine on SKOV3 cell apop-
tosis, Annexin V-APC/PI staining was performed and
apoptosis rates were analyzed by flow cytometry. The
results demonstrated that the apoptosis rates in the sol-
vent control, 2.5 uM, 5 uM, and 10 pM treatment groups
were 2.67 +0.38, 3.49 £ 0.46, 13.01 £ 0.01, and 41.25+0.59,
respectively (Fig. 4A, B). These results suggest that sem-
pervirine induces apoptosis in SKOV3 cells in a dose-
dependent manner.

Cell cycle analysis

Flow cytometry results revealed the distribution of
SKOV3 cells in different phases of the cell cycle after
treatment with sempervirine. In the solvent control
group, the percentage of cells in the G1 phase was
74.81+0.38, while in the 2.5 uM, 5 uM, and 10 pM
treatment groups, the G1 phase cell percentages were
66.68+0.43, 52.05+0.54, and 53.33+0.59, respectively.
For the S phase, the cell percentages were 15.48 +0.35
in the control group, and 10.37+0.19, 18.61+0.51, and
24.51+£0.78 in the 2.5 uM, 5 pM, and 10 uM treatment
groups, respectively. Similarly, the G2/M phase cell per-
centages were 9.70+0.30 for the control group, and
22.95+0.50, 29.39+£0.17, and 22.16+0.35 for the 2.5 pM,
5 uM, and 10 pM groups, respectively (Fig. 4 C, D).

RNA-sequencing of SKOV3 cells treatment with
sempervirine

To elucidate the biological effects observed in the sem-
pervirine/control group, we conducted transcriptome
sequencing for both the sempervirine/control group.
Transcriptome sequencing analysis identified a total of
3,872 upregulated genes and 3,153 downregulated genes
(Fig. 5A, B). Gene Ontology (GO) enrichment analysis
of the differentially expressed genes revealed significant
enrichment in biological processes such as regulation of

B
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Fig.3 (A) Colony formation assay showing the dose-dependent inhibition of SKOV3 colony formation by sempervirine at concentrations of 2.5 upM, 5 uM,
and 10 pM. The colony formation rates are expressed as percentages relative to the solvent control group
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Fig. 4 (A, C) Flow cytometry analysis of apoptosis using Annexin V-APC/PI staining. The percentage of apoptotic cells significantly increased in a dose-
dependent manner, with the highest apoptosis rate observed in the 10 uM sempervirine treatment group; (B, D) Cell cycle distribution of SKOV3 cells
treated with sempervirine. Flow cytometry results indicate a decrease in the G1 phase and an increase in the S and G2/M phases, suggesting cell cycle
arrest at these stages. Data are presented as mean + SD from three independent experiments

transcription, DNA-templated, regulation of transcrip-
tion by RNA polymerase II, protein phosphorylation, and
regulation of PI3K activity (Fig. 5 C). Additionally, KEGG
pathway enrichment analysis demonstrated that the dif-
ferentially expressed genes were significantly enriched in
pathways including Mitophagy, Autophagy, MAPK sig-
naling pathway, Apoptosis, and TNF signaling pathway
(Fig. 5D).

Sempervirine downregulates apelin signaling pathway

To investigate the molecular mechanisms of semper-
virine, we examined its effects on the Apelin signaling
pathway, which plays a key role in ovarian carcinogen-
esis. As presented in Fig. 6, sempervirine remarkably
decreased the protein expression of Apelin and CD34
mRNA and protein in ovarian cancer were examined.
Since Apelin and CD34 play critical roles in angiogenesis
of ovarian cancer, we tested whether the effects of the

compound were mediated through blocking Apelin and
CD34 expression in ovarian cancer prelesions. As shown
in the figure, compound treatment significantly increased
the levels of Apelin and CD34 mRNA in the tissues. The
compound blocked the elevation of Apelin and CD34
mRNA levels in tumor tissues in a dose-dependent man-
ner (Fig. 6). Consistent with mRNA results, compound
treatment also prevented the increase of Apelin and
CD34 protein levels in tumor tissues (Fig. 6). Addition-
ally, immunohistochemical staining for Apelin and CD34
was performed. As shown in the Figure S3, compound
treatment markedly increased the expression of Apelin
and CD34 in the ovarian epithelium, while compound
treatment dose-dependently reduced the overexpres-
sion of Apelin and CD34 induced by the compound. The
inhibitory effects of high-dose compound were compa-
rable to that of the positive control 5-Fu group.



Chen et al. Journal of Ovarian Research (2025) 18:17

A Volcano Plot
o ]
sl
o |
<+
)
S 8
]
T
=3
=]
=
>
oS o
T Q]
o |
=4
o -
T T T T
-5 0 5 10
C log2(fold change)
of i DNA [ ]
regulation of transcription by RNA polymerase |1-@
protein phosphorylation- @
positive requlation of phosphatidylinositol 3-kinase activity - .
positive regulation of autophagy = .
peplidyl-serine phospherylation = @
Rich factor
nucleus - . 35
nucleoplasm = [ ] 30
25
nuclear speck- @
2.0
g metal ion binding = o 15
|9 homophilic cell adhesion via plasma membrane adhesion melecules = [ ]
GTPase binding - . Input number
DNA-binding transcription factor activity - @ ® 50
@ 1000
DNA binding =
"o . @ s
cellular response to starvation - .
axoneme = L]
aulophagy of mitechondrion = .
autophagy- @

autophagosome assembly - ®

ATP binding - @
i 6 &8 10
—logqp (P value)

Page 8 of 11
o
B S 1 3872
<+
3153
o
S |
S
®
€
g 8
o S
«
[=3
o
S
-
o -
Up Down
TNF signaling pathway - @
Porphyrin and chlerophyll metabolism- e
Peroxisome = °
Pancrealic cancer- @
NF-Kappa B signaling pathway - @ Rich factor
22
Mitophagy — animal - [ ]
20
MAPK signaling pathway - [ ] 18
16
@ Herpes simplex virus 1 infection - [ )
E 14
©
= Hepalilis 8- @
Input number
FoxO signaling pathway = [ ] ® 50
@® 100
Choline metabolism in cancer- @
! @ 150
beta-Alanine metabolism= @ @ 0
Autophagy - animal = [ )
Ascorbate and aldarate metabolism=
Apoptosis - ®
AMPK signaling pathway - @
25 50 75 100 125

- logqg (P ;/alue)

Fig. 5 RNA sequencing revealed a significant upregulation of cellular energy metabolism and synthesis-related pathways in the sempervirine/control
group. (A) Volcano plot of upregulated and downregulated genes; (B) Number of differential gene expression between sempervirine and control groups;
with mTOR notably upregulated in the sempervirine/control group. (C) Bubble chart of z-score from GO enrichment analysis. (D) Bubble chart of z-score

from KEGG enrichment analysis

Discussion

Sempervirine, an isoquinoline alkaloid isolated from the
traditional Chinese medicine Menispermum dauricum
Rhizoma, possesses anti-inflammatory, antipyretic, anti-
oxidant, antimicrobial and anti-tumor properties [20,
23]. Its anti-tumor effects are manifested as inhibition
of cancer cell proliferation and induction of apoptosis in
various malignancies including breast cancer [24], hepa-
tocellular carcinoma [25], Glioma [26].Besides direct
tumor-killing effects, mounting evidence has shown
that sempervirine possesses anti-angiogenic property.

Tumor growth, progression and metastasis rely on suffi-
cient nutrition and oxygen supply, which is supported by
angiogenesis [27].

Sempervirine is a bioactive compound with signifi-
cant anticancer potential, exerting its effects through
the modulation of key cellular pathways. It induces cell
cycle arrest, particularly at the G1 phase, preventing
cancer cells from progressing to the DNA synthesis (S)
phase and thereby inhibiting proliferation [25]. Notably,
sempervirine is effective in both p53 wild-type and p53-
mutant or deficient cancer cells [20], making it broadly
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Fig. 6 Sempervirine significantly decreased apelin and CD34. (A) gPCR analysis showed sempervirine significantly decreased apelin and CD34 mRNA
levels in a dose-dependent manner in SKOV3 cells. (B) In tumor tissues, sempervirine dose-dependently blocked elevated expression of apelin and CD34
mRNA compared to control. (C) Western blot analysis demonstrated increased apelin and CD34 protein expression in SKOV3 cells following sempervirine
treatment. (D) Similarly, sempervirine dose-dependently prevented increased apelin and CD34 protein levels in tumor tissues. The inhibitory effect of

high dose sempervirine was comparable to positive control 5-Fu

applicable in various tumor types. It also modulates criti-
cal signaling pathways such as Wnt/p-catenin [25] and
Akt/mTOR [26], both of which play essential roles in can-
cer progression. By inhibiting the Wnt/p-catenin path-
way, Sempervirine reduces cancer cell proliferation, while
its inhibition of the Akt/mTOR pathway leads to autoph-
agy and apoptosis induction. Furthermore, sempervirine
promotes apoptosis through the cleavage of caspase-3, a
key apoptotic marker. Although research specifically on
ovarian cancer is limited, the demonstrated efficacy of
Sempervirine in other cancers suggests its potential as a
novel therapeutic option for ovarian cancer, particularly
in overcoming resistance to conventional therapies.
Natural products have long been valuable sources of
novel therapeutic agents for cancer treatment. Over the
past decades, many anticancer drugs have been devel-
oped from active components identified in medicinal
plants, such as paclitaxel, camptothecin and vinblastine
[11]. Bulbus Fritillaria herbs contain diverse alkaloids

with extensive pharmacological activities and have been
clinically used for treating different types of cancers [12].
Uncontrolled proliferation is a hallmark of cancer cells
[28]. Tumor metastasis accounts for over 90% of ovar-
ian cancer-related deaths but remains the most poorly
understood aspect of ovarian cancer pathogenesis [29].
We found that sempervirine significantly inhibited the
invasive capacities of ovarian cancer cells. Cancer metas-
tasis is a complex multistep process that requires cancer
cells to detach from primary sites, migrate, invade into
circulation, and proliferate at distant sites [30].

In vivo studies further validated the antitumor efficacy
of sempervirine in subcutaneous and orthotopic ovar-
ian cancer xenograft models. Sempervirine dramatically
suppressed tumor growth by inhibiting cell proliferation
and inducing apoptosis. Ultrastructural analysis by trans-
mission electron microscopy revealed that sempervirine
induced damage of tumor cell structures. Moreover, sem-
pervirine displayed minimal toxicity in mice as evidenced
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by unchanged body weight. These results highlight the
translational potential of sempervirine for ovarian cancer
treatment.

Mechanistic studies found that sempervirine could
downregulate the expression of several key proteins
involved in the Apelin signaling pathway. Aberrant acti-
vation of Apelin signaling has been associated with ovar-
ian carcinogenesis and progression [31]. Targeting Apelin
pathway has become a promising treatment strategy for
ovarian cancer [32]. Therefore, inhibition of Apelin sig-
naling may confer the anticancer activities of semper-
virine against ovarian cancer. Further investigations on
the precise molecular mechanisms are required to fully
elucidate the antitumor effects of sempervirine.

The growth factor apelin and surface marker CD34
play critical roles in ovarian cancer angiogenesis [33,
34]. Apelin can directly act on vascular endothelial cells
in ovarian tumor microenvironment and promote their
proliferation, migration and tube formation [35]. Ape-
lin also upregulates expression of pro-angiogenic factors
like VEGE, synergistically facilitating tumor angiogenesis
with endothelial cells [36]. CD34 is a characteristic pan-
endothelial marker [37]. In summary, apelin and CD34
are important contributors to ovarian cancer angiogen-
esis. As a natural isoquinoline alkaloid that can inhibit
ovarian cancer angiogenesis, and based on its ability to
decrease expression of key pro-angiogenic factors such as
VEGE, we hypothesize sempervirine may also exert anti-
angiogenic and anti-tumor effects by suppressing apelin
and CD34 expression and functions.

The occurrence and development of ovarian cancer is
closely related to tumor angiogenesis. Apelin is a widely
expressed growth factor that can bind to its specific
receptor APJ] and activate multiple downstream signal-
ing pathways involved in the regulation of angiogenesis
[38]. In various tumors, including ovarian cancer, high
expression of Apelin is associated with tumor angiogen-
esis and progression [35]. Specifically in ovarian cancer,
Apelin can directly act on vascular endothelial cells to
promote their proliferation, migration, and tube forma-
tion, thereby stimulating tumor angiogenesis. In addi-
tion, Apelin can upregulate expression of ovarian cancer
cell-intrinsic angiogenic markers such as VEGF to exert
a dual pro-angiogenic effect. CD34 is a pan-endothelial
cell marker and also marks mesenchymal stem cells and
hematopoietic stem cells [37].

In this study, we demonstrated for the first time that
sempervirine, an alkaloid isolated from traditional
Chinese medicine Bulbus Fritillaria, possesses potent
anti-ovarian cancer activities both in vitro and in vivo.
Sempervirine significantly inhibited ovarian cancer cell
proliferation, invasion and tumor growth. Mechanis-
tic studies revealed that the anticancer effects of sem-
pervirine were mediated through downregulation of
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Apelin signaling pathway. Nonetheless, there are still
limitations in the current study. Although the in vivo
xenograft models showed promising antitumor effects
of sempervirine, mouse models cannot fully recapitulate
the complexity of human ovarian cancer. Testing sem-
pervirine using patient-derived xenograft (PDX) models
that better represent tumor heterogeneity will provide
more clinically relevant evidence. Moreover, while we
revealed the involvement of Apelin signaling, the pre-
cise mechanisms of action of sempervirine remain to be
fully defined. Global approaches such as transcriptomics
and proteomics could help identify its direct molecular
targets. Additionally, exploring the effects of semper-
virine on tumor microenvironment crosstalk and anti-
tumor immunity using syngeneic mouse models will
provide further insights into its therapeutic mechanisms.
Finally, pharmacokinetic and toxicological evaluation, as
well as pharmaceutical optimization and delivery strate-
gies for sempervirine are needed to facilitate its clinical
translation.

Conclusion

In conclusion, our study demonstrates for the first time
that sempervirine, a natural alkaloid derived from tradi-
tional Chinese medicine, possesses significant anti-ovar-
ian cancer activities. We have shown that sempervirine
can effectively inhibit ovarian cancer cell proliferation,
invasion and tumor growth through downregulating
Apelin signaling. These profound antitumor effects were
validated both in vitro and in vivo using ovarian can-
cer cell lines and xenograft mouse models. Our findings
provide strong preclinical evidence supporting semper-
virine as a promising natural agent for ovarian cancer
treatment. Further investigations to elucidate its precise
molecular mechanisms of action, pharmacokinetic prop-
erties, toxicity profiles and pharmaceutical preparations
are warranted to promote the clinical translation of sem-
pervirine as a novel therapeutic for ovarian cancer. In
summary, sempervirine represents a potential effective
anticancer drug candidate which merits further develop-
ment through preclinical and clinical studies for the ulti-
mate benefit of ovarian cancer patients.
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