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Background: Sanguinarine, a benzophenanthridine alkaloid, is extracted from the rhizomes of Sanguinaria canadensis and other
poppy species (Fumaria). Although its antitumor activity is not fully understood, sanguinarine has demonstrated various biolog-
ical effects, including antioxidant, antimicrobial, and anti-inflammatory properties. This work hypothesizes that sanguinarine’s
novel anti-angiogenic mechanism may enhance the efficacy of anticancer therapy.

Methods: The Cell Counting Kit-8 (CCK-8) assay and colony formation assay were conducted to evaluate the effect of san-
guinarine on angiogenesis. Preliminary mechanisms of sanguinarine were investigated through cell cycle and apoptosis assays.
A tube formation assay was performed to examine the impact of sanguinarine on angiogenesis in vitro. RT-qPCR and western
blot analyses were primarily used to elucidate the underlying mechanisms, which were further validated through a vascular en-
dothelial growth factor (VEGF) recovery experiment. Additionally, an animal xenograft model was employed to assess the effect
of sanguinarine on tumor growth and to analyze potential toxicity.

Results: Sanguinarine significantly inhibited the proliferation of rat smooth muscle cells (A7r5) and human microvascular en-
dothelial cells (HMVECs:) and increased the cell population in the G2/M phase (p < 0.05). Sanguinarine also reduced cell migra-
tion capacity and angiogenesis (p < 0.05). These effects were mediated by inhibiting the VEGF signaling pathway, as sanguinarine
downregulated VEGF expression at both mRNA and protein levels, with partial recovery observed upon VEGF supplementa-
tion in the medium (p < 0.05). Additionally, sanguinarine exposure inhibited phosphorylation activity across multiple kinases
downstream of VEGF (p < 0.05). In animal experiments, sanguinarine suppressed tumor growth without significant toxicity (p
< 0.05).

Conclusion: Sanguinarine exerts an inhibitory effect on blood vessel cell proliferation, presenting a valuable therapeutic approach
in cancer treatment.
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Introduction and migration, underscoring the need for further research

to identify effective anti-angiogenic therapies [3,4].

Cancer remains a leading cause of death worldwide;
the rapid proliferation of tumor cells often surpasses the
rate of neovascularization, resulting in a hypoxic tumor
microenvironment. Tumor angiogenesis supports tumor
growth and metastasis, facilitating infiltration into other
tissues [1]. Various factors regulate angiogenesis, includ-
ing platelet-derived growth factor (PDGF) and its receptor
(PDGFR), fibroblast growth factor (FGF) and its receptor
(FGFR), and vascular endothelial growth factor (VEGF),
which contribute to endothelial cell adhesion, maturation,
and are involved in cell proliferation, vascular remodeling,
and new blood vessel formation [2]. Studies consistently
indicate that tumor angiogenesis enhances tumor growth

Sanguinarine is a quaternary benzophenanthridine al-
kaloid extracted from roots of the Sanguinaria canaden-
sis plant and other medicinal poppy Fumaria species [5,6].
Increasing research has focused on its anti-cancer potential;
preclinical studies have demonstrated its antioxidant, anti-
inflammatory, proapoptotic, and growth inhibitory proper-
ties against various cancer cells at micromolar concentra-
tions [7]. Moreover, recent studies indicated that the cyto-
toxicity of sanguinarine is more pronounced in carcinoma
cells than in normal cells [8,9], supporting its potential as a
new anticancer-targeted drug. While previous research ver-
ified sanguinarine’s antiangiogenic effects, the understand-
ing of its precise mechanism and intracellular molecular-
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targeted protein remains limited. Therefore, through a se-
ries of in vitro and in vivo experiments, this study aims to in-
vestigate the molecular mechanisms of sanguinarine’s anti-
angiogenic properties.

Pathological angiogenesis is critical in cancer initia-
tion, progression, and metastasis. VEGF binds to its recep-
tors, promoting tumor-associated neovascularization [10].
Recent studies have focused on anti-VEGF agents and in-
hibition within the VEGF signaling pathway due to their
therapeutic potential [11,12]. However, clinical trials have
reported severe side effects and tumor recurrence follow-
ing target therapy [13]. Adjuvant therapies may help ad-
dress these issues and enhance VEGF-targeted approaches.
Sanguinarine has shown promise as an antiangiogenic agent
[14,15]; however, there are few studies on the effects of san-
guinarine on VEGF and angiogenesis [16,17].

Therefore, investigating and elucidating the underly-
ing mechanisms of sanguinarine-induced angiogenesis in-
hibition is crucial for developing highly efficacious and spe-
cific sanguinarine-based therapeutic agents. This study ex-
amines the mechanisms by which sanguinarine affects tu-
mor neovascularization, migration, and invasion, aiming to
provide a foundation for developing novel targeted thera-
pies for tumors.

Materials and Methods

Cell Culture

Rat smooth muscle cells (A7r5, CRL-1444), human
microvascular endothelial cells (HMVECs, CRL-3243),
and MCF-7 cells (HTB-22™) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). A7r5 and MCF-7 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco BRL, Grand Is-
land, NY, USA) with 10% fetal bovine serum (FBS) (Hy-
clone, Logan, UT, USA) and antibiotics, incubated at 37 °C
in 5% COx, for 12 hours as previously described. HMVEC
cells were cultured in MCDB-131 medium (Gibco BRL,
Grand Island, NY, USA), supplemented with 10% fetal calf
serum (FCS) (Hyclone, Logan, UT, USA), 10 ng/mL ba-
sic fibroblast growth factor (bFGF), and 10 pg/uL heparin
(Sigma-Aldrich, St. Louis, MO, USA), and incubated at
37 °C in 5% COs for 12 hours. All cell lines were authen-
ticated by Short Tandem Repeat (STR) identification and
underwent mycoplasma testing.

Animal Model

A total of 20 female nude mice (aged 4—6 weeks, 18—
22 g) were purchased from the Experimental Animal Center
of Shanghai Jiaotong University and housed in a specific
pathogen-free (SPF) facility with appropriate temperature
and humidity. All animal experiments were conducted in
accordance with the guidelines of the Animal Ethics Com-
mittee of Medical Discovery Leader (MDL, Approval num-
ber: MDL2022-06-14-02) and followed the Guide for the

Care and Use of Laboratory Animals published by the Chi-
nese National Institutes of Health.

The tumor model was established by injecting the
mice with 1 x 10 MCF-7 cells suspended in 100 pL of
Phosphate Buffered Saline (PBS). Seven days after inocu-
lation, tumor-bearing mice (n = 16) with a tumor size of
approximately 100 mm?® were included in further experi-
ments, and mice that did not enter further experiments were
euthanized. The mice were randomly divided into control
and treatment groups. Mice in the treatment group received
10 mg/kg sanguinarine (n = 8) while the control group re-
ceived PBS, both administered intravenously twice a week
for six weeks. Throughout the experiment, the physiologi-
cal status of the mice was monitored.

After 6 hours of fasting, the mice were euthanized by
cervical dislocation, and the tumors were rapidly excised.
Tumor volume and weight were measured. Additionally,
the main organs (heart, liver, kidney, and lung) were dis-
sected and fixed in 4% polyoxymethylene for hematoxylin
and eosin (HE) staining.

HE Staining

A HE staining kit (Beyotime, cat: C0105, Shang-
hai, China) was used to analyze the morphological changes
in the main organs of mice following sanguinarine treat-
ment. All procedures adhered to the manufacturer’s in-
structions. The main organs (heart, kidney, liver, and lung)
were embedded in paraffin and sectioned. The paraffin
sections were deparaffinized, hydrated, and stained with
hematoxylin staining solution for 5-20 minutes, followed
by treatment with a differentiation solution for 30 sec-
onds. The sections were then placed in eosin dye solution,
washed, soaked in distilled water, dehydrated with alcohol,
and cleared with xylene. Finally, the sections were mounted
on slides, sealed with neutral gum, and observed under a
microscope (Leica DM3000, Leica, Wetzlar, Germany) at
400 x magnification.

Tube-Formation Assay

The tube formation assay was employed to assess an-
giogenesis in vitro. A total of 1 x 10* A7r5 and HMVEC
cells were seeded in 24-well plates pre-coated with Matrigel
(Corning, Corning, NY, USA) and cultured in medium sup-
plemented with 50 ng/mL VEGF (R&D Systems, Min-
neapolis, MN, USA). After 24 hours, images were captured
under a microscope, and the branching points were quan-
tified using ImageJ software (Image-Pro Plus 6.0, NIH,
Bethesda, MD, USA).

Reagents

Sanguinarine chloride (Sigma-Aldrich, USA) was dis-
solved in Dimethyl sulfoxide (DMSO) and stored at—20 °C.
Recombinant human VEGF was purchased from R&D Sys-
tems (Minneapolis, MN, USA).
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Cell Counting Kit-8 (CCK-8) Assay

The CCK-8 kit (Beyotime, China) was utilized to as-
sess the anti-proliferation effect of sanguinarine following
standard protocols. A total of 5 x 103 cells were seeded
into a 96-well plate and allowed to adhere overnight. The
cells were then stimulated with a series of sanguinarine di-
lutions (0.5 uM, 1 uM, 2 pM, 4 uM, and 6 uM) for 24, 48,
and 72 hours. Following treatment, 10 uL. of CCK-8 was
added to each well, and the cells were cultured for an ad-
ditional 4 hours. Finally, the absorbance was measured at
492 nm using a microplate spectrophotometer (Multiskan,
Thermo Scientific, Waltham, MA, USA). Cell survival rate
= [(As— Ab)/(Ac — Ab)] x 100% inhibition rate = [(Ac —
As)/(Ac — Ab)] x 100%; As: absorbance of experimen-
tal Wells (containing cells, medium, CCK-8 solution and
drug solution); Ac: absorbance of control Wells (contain-
ing cells, medium, CCK-8 solution, without drug); Ab: ab-
sorbance of blank Wells (containing medium and CCK-8
solution, without cells and drugs).

Clonogenic Assay

Cells were seeded at 300 cells per well in 35 mm
plates containing 0.6% agarose. After attachment, a series
of sanguinarine dilutions was added to the medium. Af-
ter 14 days, the cells were stained with crystal violet solu-
tion (Sigma-Aldrich, USA), and images of the plates were
captured using a camera (Canon PowerShot A640, Canon,
Tokyo, Japan). Colonies with >50 cells were counted.

Cell Cycle Analysis

For cell cycle analysis, cells were treated with a se-
ries of sanguinarine dilutions for 24 hours, and cell-cycle
distribution was assessed by measuring the DNA content.
The cells were stained using propidium iodide (PI)/RNase
A staining buffer (Beyotime, Shanghai, China) and evalu-
ated via flow cytometry analysis (BD, Franklin Lakes, NJ,
USA).

Apoptosis Analysis

Cells were harvested 48 hours after treatment with
a series of sanguinarine dilutions and tested using a Flu-
orescein Isothiocyanate (FITC)-conjugated Annexin V/PI
Apoptosis Detection Kit (Beyotime, Shanghai, China) ac-
cording to the standard protocols. Cells resuspended at 50
to 100,000 were centrifuged at 1000 g for 5 min, the super-
natant was discarded, and 195 pL of Annexin V-FITC bind-
ing solution was added to gently resuspend the cells. 5 uL
of Annexin V-FITC was added and mixed gently. Ten pL
of propidium iodide staining solution was added and gently
mixed. The cells were incubated in the dark for 10-20 min
at room temperature (20-25 °C) and subsequently placed in
an ice bath. Aluminum foil can be used for light protection.
Cells can be resuspended 2—3 times during incubation to im-
prove staining. Samples were analyzed by flow cytometry

2021

(BD, Franklin Lakes, NJ, USA).

Wounding Healing Assay

Exactly 2.5 x 10° A7r5 and HMVEC cells were
seeded onto 0.1% gelatin-coated 6-well plates. Wounds
were created in a confluent cell monolayer using a 200-uL
sterile pipette tip, followed by washing with PBS. The cells
were then treated with sanguinarine (0.5 pM, 1 uM, 2 uM)
alone, or with VEGF (30 ng/mL) + sanguinarine (1 pM, 2
uM) for 24 hours. Images of the plates were captured under
a microscope (Leica, Wetzlar, Germany).

Transwell Assay

A total of 1 x 10* AS5r7 and HMVEC cells were
seeded in the Transwell inserts with 8-mm pores (BD bio-
science, San Jose, CA), and serum-free medium with 2.0
uM sanguinarine were added to the bottom chamber and in-
cubated for 24 hours. Medium without supplementation of
sanguinarine was used as a control. Cells on the upper side
were wiped off, and cells on the lower surface were stained
with crystal violet solution. Cells were counted in four ran-
dom fields using a microscope (Leica, Wetzlar, Germany).

Assay of VEGF Secretion

Further, 1 x 10° A7r5 and HMVEC cells were cul-
tured in normal medium in 12-well plates for 24 hours. Af-
terward, the cells were treated with a low-serum medium
containing different concentrations of sanguinarine for an
additional 12 hours. The VEGF concentrations in the super-
natant were analyzed using a quantitative Enzyme-linked
Immunosorbent Assay (ELISA) kit (R&D Systems, Min-
neapolis, MN, USA) according to the manufacturer’s proto-
col. The absorbance values were measured at 539 nm using
amicroplate spectrophotometer (Multiskan, Thermo Scien-
tific, Waltham, MA, USA).

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

Total RNAs were isolated using a Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and subsequently con-
verted to cDNA using M-MLV reverse transcriptase and
Oligo-dT primers. RT-qPCR analysis was performed using
the ABI 7700 sequence detector (Applied Biosystems,
Foster City, CA, USA) along with a matching SYBR
nucleic acid staining kit (Takara, Otsu, Japan). The
sequences of the primers used are as follows: VEGF:
Forward: 5-AGGGCAGAATCATCACGAAGT-3’,
Reverse:  5'-AGGGTCTCGATTGGATGGCA-3'; p27:
Forward: 5'-CGGCTCATGGGCGACTATC-3’, Reverse:
5'-TGTCTTGGAGGAGGATCGTCC-3’; Cyclin A: For-
ward: 5'-GAGGTCCCGATGCTTGTCAG-3’, Reverse:
5'-GTTAGCAGCCCTAGCACTGTC-3’; Cdc2: Forward:
5'-AAACTACAGGTCAAGTGGTAGCC-3’,  Reverse:
5'-TCCTGCATAAGCACATCCTGA-3'; E-cadherin: For-
ward: 5'-CCTGACTGTGGAGGCCAAAGA-3’, Reverse:
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5'-TTCTCACACACTTTGGGCTGGTAG-3'; Vimentin:

Forward: 5-GACGCCATCAACACCGAGTT-3’, Re-
verse:  5'-CTTTGTCGTTGGTTAGCTGGT-3';  Slug:
Forward: 5'-TGTGACAAGGAATATGTGAGCC-3/,

Reverse: 5-TGAGCCCTCAGATTTGACCTG-3'; Actin:
Forward: 5-CACCATCGCCAGGACCAT-3’, Reverse:
5'-GAACTCCTCGGGACCCAG-3'.

The qPCR primers for rats are as follows: VEGF:

Forward: 5'-GTCATCCCTCCCACACAGTG-3’, Re-
verse: 5’-CTTCATCATTGCAGCAGCCC-3';  p27:
Forward: 5'-GTCTCAGGCAAACTCTGAG-3’, Re-
verse:  5-GTTTACGTCTGGCGTCGAAG-3'; Cyclin
A: Forward: 5'-GTCAACCCCGAAAAAGTGGC-3’,
Reverse: 5'-CCGAGTCTTGAGCCTCTGC-3’; Cdc2:
Forward: 5’ATGGATTCTTCGCTCGTT-3’, Reverse:
5'-TCTGCCAGTTTGATTGTTC-3’; E-cadherin: For-
ward: 5'-CCCCTGTTGGCGTTTTCATC-3’, Reverse:

5'-ACTTGTCAATGGCTTCTCTGT-3’; Vimentin: For-
ward: 5'-AATGACCGCTTCGCCAACTA-3’, Reverse:
5'-CGCAACTCCCTCATCTCCTC-3’; Slug: Forward:
5'-GCCTTTCTCTTGCCCTCACT-3/, Reverse: 5-
ACACAGCAGCCAGATTCCTC-3’; Actin: Forward:
5'-TCTGTGTGGATTGGTGGCTC-3’, Reverse: 5'-
CGGACTCATCGTACTCCTGC-3'.

Relative gene expression was normalized using en-
dogenous actin as a reference, following the 2~ 2ACt
method.

Western Blotting

Cells were lysed in Radio Immunoprecipitation As-
say (RIPA) buffer, and the protein concentration was
quantified using the Pierce Bicinchoninic Acid Assay
(BCA) reagent (Thermo Scientific). Proteins were elec-
trophoretically separated on a 10-15% Sodium Dode-
cyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) gel and subsequently transferred onto a nitrocel-
lulose membrane. The membrane was blocked with 5%
skimmed milk to prevent nonspecific binding. Follow-
ing this, the membrane was incubated overnight at 4 °C
with a series of primary antibodies purchased from Ab-
cam (Waltham, MA, USA), diluted to 1:2000. The anti-
bodies used included p27 (ab32034), Cyclin A (ab32386),
Slug (ab302780), Cdc2 (ab32444), Vimentin (ab92547),
E-cadherin (ab40772), c-Jun N-terminal Kinase (JNK)
(ab110724), Phospho-c-Jun N-terminal Kinase (pJNK)
(ab76572), Phospho-Protein Kinase B (pAKT) (ab38449),
Protein Kinase B (AKT) (ab8805), Phospho-p38 Mitogen-
activated Protein Kinase (pp38) (ab4822), p38 Mitogen-
activated Protein Kinase (p38) (ab170099), Phospho-Focal
Adhesion Kinase (pFAK) (ab81298), Focal Adhesion Ki-
nase (FAK) (ab40794), Phospho-Phosphatidylinositol 3-
Kinase (pPI3K) (ab151549), Phosphatidylinositol 3-Kinase
(PI3K) (ab283852), and [-actin (ab8226). After the pri-
mary antibody incubation, membranes were probed with
anti-mouse (ab6728) or anti-rabbit (ab6721) secondary an-

tibodies. Protein bands of interest were visualized using the
enhanced chemiluminescence detection system (GE, Fair-
field, CO, USA) and quantified using ImageJ software.

Statistical Analysis

The quantitative data were presented as mean + Stan-
dard Deviation (SD) unless otherwise specified. Statisti-
cally significant differences were calculated using SPSS
software (version 23.0, IBM SPSS Statistics, Chicago, IL,
USA). For comparisons between two groups, Student’s ¢-
test was employed, while one-way analysis of variance
(ANOVA) followed by the post hoc Tukey test was used
for comparisons among multiple groups. A p-value of less
than 0.05 was considered indicative of a significant differ-
ence. Imagel software (Image-Pro Plus 6.0, NIH, Bethesda,
MD, USA) was used to analyze and process the images.

Results

Sanguinarine Inhibits Vascular Smooth Muscle Cell
Proliferation, Colony Formation and Increases the
Population of Cells at the G2/M Phase

The structural characterization of sanguinarine is il-
lustrated in Fig. 1A. The cytotoxic activity of sanguinarine
against rat smooth muscle cells (A7r5) and HMVEC cells
were evaluated using CCK-8 assays to determine whether
sanguinarine exposure influenced the proliferation of these
blood vessel constituent cells. Upon exposure to sanguinar-
ine at concentrations of 0.5, 1.0, 2.0, 4.0, and 6.0 uM for 24
hours, we observed a cell viability reduction of 5%, 10%,
24%, 45%, and 56% for A7r5 cells, and 7%, 21%, 36%,
50%, and 59% for HMVEC cells, respectively. This in-
hibitory effect was statistically significant at all tested doses
(Fig. 1B, p < 0.05). The Half Maximal Inhibitory Con-
centration (IC50) values at 48 hours for A7r5 and HMVEC
cells were calculated to be approximately 3 uM and 2.5 pM,
respectively. Consequently, 2 uM sanguinarine was se-
lected as the working solution for subsequent experiments.
These findings indicate that even low concentrations of san-
guinarine significantly interfere with cell proliferation.

The results of the colony formation, cell cycle, and
apoptosis assays demonstrated that sanguinarine caused a
modest decrease in the number of colonies formed at 1 pM,
with a significant reduction observed at 2 uM (Fig. 1C, p
< 0.05). To explore the potential effects of sanguinarine
on the cell cycle and apoptosis, A7rS and HMVEC cells
were exposed to the indicated doses of sanguinarine or ve-
hicle for 24 hours. The cell cycle distribution of A7r5 and
HMVEC cell lines was analyzed before and after sanguinar-
ine treatment. Compared to the control group, sanguinar-
ine treatment resulted in an arrest in the G2/M phase, with
the population of G2/M cells increasing in a concentration-
dependent manner (Fig. 1D, p < 0.05). Conversely, no sig-
nificant pro-apoptotic effect of sanguinarine was observed
in either A7r5 or HMVEC cells (Fig. 1E). Collectively,
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these findings suggest that sanguinarine-mediated inhibi-
tion of cell proliferation is likely associated with cell cycle
arrest in a concentration-dependent manner.

Sanguinarine Inhibits Cell Migration in Vascular
Smooth Muscle Cells and Microvascular Endothelial
Cells

Scratch wound and Transwell assays were conducted
on A7r5 and HMVEC cells to further elucidate the effect
of sanguinarine on endothelial cell migration. The wound
healing experiments demonstrated that sanguinarine signif-
icantly inhibited cell migration (Fig. 2A, p < 0.05). In
alignment with these findings, Transwell assays revealed
that sanguinarine treatment resulted in a 2- to 3-fold reduc-
tion in the penetration of A7r5 and HMVEC cells (Fig. 2B,
p < 0.05). These results indicate that sanguinarine signif-
icantly suppresses the invasion of A7r5 and HMVEC cells
while exhibiting no notable toxic effects.

Sanguinarine Up-Regulates p27 and E-Cadherin

To investigate the molecular mechanism underlying
the action of sanguinarine, RT-qPCR and western blot anal-
yses were performed to assess the regulatory profile asso-
ciated with cell cycle regulation and migration. Notably,
p27 and E-cadherin exhibited significant upregulation in re-
sponse to sanguinarine exposure, both at the mRNA and
protein levels, while Cyclin A, Cdc2, Vimentin, and Slug
showed no such changes (Fig. 3). Given that VEGF plays
a crucial role in physiological and pathological neovascu-
larization, we hypothesized that the observed upregulation
of p27 and E-cadherin expression following sanguinarine
treatment may be linked to the downregulation of VEGF
expression.

Sanguinarine Inhibits Cell Proliferation, Migration,
and Vessel Formation by Downregulating VEGF
Expression

Given that VEGF is a crucial target in our study, we
first aimed to determine whether sanguinarine treatment
could inhibit its expression using qPCR analysis (Fig. 4A,B,
p < 0.05). Our findings indicated that sanguinarine sig-
nificantly inhibited VEGF expression in a dose- and time-
dependent manner. Specifically, when A7r5 and HMVEC
cell were treated with 2 uM sanguinarine for 24 hours,
there was approximately a 40% reduction in VEGF secre-
tion compared to untreated cells. Consistent with these ob-
servations, similar trends were observed in VEGF secretion
when measured using ELISA (Fig. 4C,D, p < 0.05).

To further elucidate the relationship between san-
guinarine and VEGF, we treated A7r5 and HMVEC cells
with 2 uM sanguinarine in the presence of 10 ng/mL VEGF
for 24 hours and conducted CCK-8 assays, cell cycle anal-
ysis, and scratch wound assays (Fig. 4E-G, Supplemen-
tary Fig. 1, p < 0.05). The results demonstrated that the
anti-proliferative effects of sanguinarine could be partially
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reversed by VEGF treatment, which also attenuated the in-
hibition of cell migration induced by sanguinarine in both
A7r5 and HMVEC cells.

Additionally, to assess the antiangiogenic potential of
sanguinarine, we performed in vitro tube formation assays.
The findings confirmed that sanguinarine effectively sup-
pressed angiogenesis in A7r5 and HMVEC cells (Fig. 4H, p
< 0.05). Collectively, these results suggest that sanguinar-
ine inhibits cell proliferation, migration, and tube formation
capacity primarily by downregulating VEGF expression.

Sanguinarine Inhibits VEGF-Mediated Protein
Expression

A series of protein levels and phosphorylation states
were analyzed to investigate the changes in intercellular
signaling in response to the reduction of VEGF induced
by sanguinarine. Preliminary results indicated that san-
guinarine treatment led to significant dephosphorylation of
key signaling proteins, including JNK, Akt (Ser473), p38
(Tyr182), FAK (Tyr397), and PI3K (Fig. 5 and Supplemen-
tary Fig. 2). However, the aforementioned phosphoryla-
tion inactivation was significantly or completely reversed
when 10 ng/mL VEGF was added to the medium system
(Fig. 5). The observed dephosphorylation of these proteins
was associated with enhanced regulation of the cell cycle
and an upregulation of p27 and E-cadherin expression, lead-
ing to cell cycle arrest. RT-qPCR showed no significant
mRNA changes, indicating post-transcriptional regulation
(Supplementary Fig. 3) Collectively, these findings sug-
gest that sanguinarine disrupts cell dynamics through the
modulation of VEGF and its downstream signaling path-
ways.

Sanguinarine Inhibits the Tumor Growth In Vivo and
Toxicity Evaluation

A subcutaneous nude mouse model was established to
validate the effects of sanguinarine on tumor growth in vivo.
Tumor weight and volume measurements revealed that san-
guinarine significantly inhibits tumor growth compared to
the controls (Fig. 6A, p < 0.01). Additionally, histological
examination of HE-stained tissue specimens from the heart,
liver, lung, and kidney of the mice showed no significant
differences in the structure of both nuclear and cytoplas-
mic components after sanguinarine treatment, confirming
its non-toxic nature. Throughout the experiment, no ad-
verse effects of sanguinarine on the mice were observed
(Fig. 6B). In summary, the in vivo toxicity tests indicate
that sanguinarine effectively inhibits tumor growth without
remarkable toxic side effects.

Discussion

Most solid tumors rely on angiogenesis, a process
orchestrated by various activators and inhibitors, where
VEGEF and its receptors play crucial roles as rate-limiting
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Fig. 1. Sanguinarine inhibited vascular smooth muscle cell proliferation, colony formation and increased population of cells at
G2/M phase. (A) Structural characterization of sanguinarine. (B) Rat smooth muscle cells (A7r5) and human microvascular endothelial
cells (HMVECs) were treated with a series of sanguinarine dilutions (0.5 uM; 1 uM; 2 uM; 4 uM; 6 uM) for 24 hours, 48 hours and 72
hours. Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) assay. (C) Soft-agar colony formation assays were performed
on A7r5 and HMVEC cells exposed to sanguinarine at concentrations of 0.5 pM, 1 uM, and 2 uM, compared to untreated controls.
The histograms on the right present the statistical results of the colony counts. (D) Cell-cycle distribution of A7rS and HMVEC cells
stimulated with 0.5 pM, 1 pM, and 2 uM sanguinarine, assessed by flow cytometry. (E) The analysis of cell apoptosis in A7r5 and
HMVEC cells exposed to 0.5 uM, 1 uM, and 2 uM sanguinarine, also conducted using flow cytometry. The histograms on the right
display the statistical results of the apoptosis rates (%). n=3. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to 0 uM.
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AT7r5 and HMVEC cells exposed with 2 pM sanguinarine or not. Histograms on the right were the number of invasion cells. Scale bar

=20 um. n=3. *p < 0.05 compared to 0 pM.

molecules. Research indicates that VEGF exerts a power-
ful influence on both physiological and pathological angio-
genesis by binding to its tyrosine kinase receptors and ac-
tivating various downstream signaling proteins [18]. Pre-
vious studies have confirmed that sanguinarine possesses
potent anticancer activity against a variety of tumors [7,8];
however, there is a paucity of research addressing its anti-

angiogenic effects. This study aimed to elucidate the un-
derlying mechanism by which sanguinarine regulates an-
giogenesis.

In this work, sanguinarine at micromolar concentra-
tions significantly inhibited vascular endothelial cell pro-
liferation, colony formation, and vessel formation, while
also inducing cell cycle arrest and disrupting cell migra-
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https://www.discovmed.com/

2027

A
T 14 ATYS B AMVEC
g 1.2 -g 1.4 HMYEC "_»; E 127
z = 12 = = 1.0
i 2 10 % % o x
5 08 5 |
@ § by k] g 0.6_ e
2 S 04  , 5 5 04
2 2 02 2 T 021
= £ o g £ o
3 0 05 1 2 4@uM 3 2 0 12 24 48 T2(h)
c

HMVEC

*
Hk

*
0 12 24 48 T72(h)

E - G1
500 R 50 < 100 3 100 [
£ w0 £ <% a0 22 w0 = cam
£5 ZE S % S,
ggzoo 253 Eg 60 ;é 60
3 S 200 KRE 32 SE
S cg C% 40 El
100 s 5 © 20
, 0
sanguinarine inarine - K [ .0
VEGF - - smgm\',lgz}n; - M + I sanguinarine - + - + Sangumarme. 4 . 4
G VEGF - - + + VEGF - + +
+ + +
sanguinarine ATrS
VEGF 150
=
]
z 100 *k
=
=
=
G
Z 50
.0
sanguinarine - + - + - + - +
VEGF -+ - - +
Oh 24h
HMVEC
150-
£
= 100 P
=
E
]
H
Z s
0
H sanguinarine - + - + -+ -+
- -+ o+ -
Sanguinarine = + - + VEGF oh ot
VEGF - - + +
£\ / 5 AT5
5 50 i o %0
3 3
2 3 40
2 a
S <
X g
20
2 2
£
g 5 10
s s
o [ o
Sanguinarine - + - + Sanguinarine - + +
VEGF - - + + VEGF - - + +

Fig. 4. Sanguinarine inhibited cell proliferation and migration through inhibition of vascular endothelial growth factor (VEGF)
expression. (A) A7r5 and HMVEC cells were treated with varying concentrations of sanguinarine (0.5 M, 1 uM, 2 uM, and 4 uM) for
24 hours, after which the mRNA levels of VEGF were quantified using RT-qPCR. (B) In another experiment, A7r5 and HMVEC cells
were exposed to 2 uM sanguinarine for different time points (12 hours, 24 hours, 48 hours, and 72 hours), and the mRNA levels of VEGF
were again assessed by RT-qPCR. (C) Additionally, the levels of VEGF secretion were measured using Enzyme-linked Immunosorbent
Assay (ELISA) following treatment with 0.5 uM, 1 uM, 2 uM, and 4 uM sanguinarine for 24 hours in A7r5 and HMVEC cells. (D) The
VEGEF secretion levels were also evaluated in cells treated with 2 uM sanguinarine for 12 hours, 24 hours, 48 hours, and 72 hours, using
ELISA. (E,F) A7r5 and HMVEC cells were cultured with 30 ng/mL VEGF in media containing 2 M sanguinarine and incubated for 24
hours. Cell viability was assessed using the CCK assay (E), and cell apoptosis was evaluated through PI/RNase A staining followed by
flow cytometry (F). The ability of cells to migrate was assessed using a wound healing assay, with representative images displaying the
scratch assay results (G). Scale bar = 20 um. (H) The representative images from the tube formation assay were included. Scale bar =
20 pm. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to 0 pM; *p < 0.05, #p < 0.01 compared to the sanguinarine
+ VEGF treatment; ns, no significance.
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Fig. 5. Sanguinarine inhibited VEGF-mediated protein expression.

(A,B) VEGF (30 ng/mL) was added to the cultures of

sub-confluent A7r5 (A) and HMVEC (B) cells in medium containing 2 uM concentrations of sanguinarine and then cultured for 30
minutes. Cell lysates were detected by western blot assay with antibodies to JNK, pJNK, AKT, pAKT(Ser473), FAK, pFAK(Tyr397),

p38, pp38(Tyr182), PI3K, pPI3K and S-actin. n = 3.

tion. Notably, there was a marked upregulation of cell
cycle-regulated proteins p27 and E-cadherin. Moreover,
sanguinarine substantially inhibited VEGF transcription,
which in turn affected the VEGF signaling pathway. Our re-
sults indicate that the anti-angiogenic effects of sanguinar-
ine are mediated by repressing VEGF signal transduction
activation through the dephosphorylation of Akt (Ser473),
p38 (Tyrl82), and E-cadherin (Tyr658). Importantly, these
effects appeared reversible, as significant or complete re-
covery was observed upon the addition of VEGF. Thus, the
cell cycle arrest and migration inhibition induced by san-
guinarine may be primarily mediated through the VEGF
signaling pathway and its downstream effects.

Although other target proteins or mechanisms could
also contribute to these processes, we hypothesize that the
anti-angiogenic effect is largely driven by blocking the
VEGF-induced downstream signaling pathway. It was re-
ported that VEGF is a principal molecular driver of tumor
angiogenesis, and inhibitors of the VEGF pathway are be-
ing explored as potential cancer treatments [19]. Addition-
ally, Xu et al. [20] reported that sanguinarine reduces or
blocks the phosphorylation activation of Akt, E-cadherin,
and p38, all of which are modulators in the VEGF signaling
pathway. This finding aligns with the results of the present
study. However, the direct targeting of sanguinarine to
VEGF remains unconfirmed, and further molecular dock-
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ing analyses between sanguinarine and VEGF protein are
warranted in future research. Vascular endothelial-cadherin
is an endothelial cell-specific adhesion molecule that reg-
ulates angiogenesis [21]. Other studies have shown that
E-cadherin contributes to endothelial cell migration, main-
tains vascular integrity, and supports the formation of tubu-
lar structures [22].

Furthermore, p27kip1 haploinsufficiency has been as-
sociated with improved cardiac function in the early stages
of myocardial infarction and has been linked to enhanced
angiogenesis [23].

Consistent with the above reports, sanguinarine re-
presses p27 and E-cadherin expressions and significantly
inhibits tube formation. Our previous studies revealed that
Ras-related C3 botulinum toxin substrate 1b (RACIb), a
tumor-related RAC!I (Rac Family Small GTPase 1) splice
variant, was overexpressed and that its level was linked
to poor clinical outcomes [24,25]. As a benzophenanthri-
dine alkaloid, sanguinarine specifically inhibits the prolif-
eration of tumor cells expressing RACIb splice variants.
Several beneficial properties of sanguinarine promote its
antioxidant, antimicrobial, and anti-inflammatory effects
[26]. Consistently, one researcher has demonstrated that

sanguinarine impedes tumor metastasis and development
by disrupting a wide range of cell signaling pathways and
its molecular targets, such as B-cell lymphoma-2 (BCL-2),
Mitogen-activated protein kinases (MAPKSs), Protein Ki-
nase B (Akt), Nuclear factor kappa-B (NF-xB), Reactive
oxygen species (ROS), and microRNAs (miRNAs) [7], and
sanguinarine has no negative effects on the health status of
birds [27]. Furthermore, sanguinarine was reported to in-
hibit the viability of breast cancer cells by inducing apopto-
sis through the upregulation of p27, downregulation of cy-
clin D1, and inhibition of the activation of Signal transducer
and activator of transcription 3 (STAT3) [28]. Sanguinarine
accumulates in intracellular spaces at high concentrations,
exhibiting cytotoxicity against cancer cell lines [29], which
markedly improves cancer therapy. Our findings show that
sanguinarine displays insignificant toxicity to healthy cells
and tissues.

The anti-proliferative action of sanguinarine against
cancer cells remains controversial in the targeted therapy
field. Our work confirms the possibility that sanguinarine
is an anti-angiogenic natural product that directly represses
the pro-proliferative and migratory effects of VEGF on the
endothelial cell line. Our findings indicate that sanguinar-
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ine is a potentially novel VEGF inhibitor and provide valu-
able information for a better understanding of its anti-cancer
properties.

Conclusion

In conclusion, sanguinarine is an anti-angiogenic nat-
ural product that may repress the pro-proliferative and mi-
gratory effects of VEGF on the endothelial cell line. Thus,
this suggests that it harbors anticancer effects.
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