
RESEARCH ARTICLE

Sanguinarine inhibits melanoma invasion and migration by targeting the
FAK/PI3K/AKT/mTOR signalling pathway
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ABSTRACT
Context: Sanguinarine (SAG) is the most abundant constituent of Macleaya cordata (Willd.) R. Br.
(Popaceae). SAG has shown antimammary and colorectal metastatic effects in mice in vivo, suggesting its
potential for cancer chemotherapy.
Objective: To determine the antimetastatic effect and underlying molecular mechanisms of SAG on
melanoma.
Materials and methods: CCK8 assay was used to determine the inhibition of SAG on the proliferation of
A375 and A2058 cells. Network pharmacology analysis was applied to construct a compound-target net-
work and select potential therapeutic targets of SAG against melanoma. Molecular docking simulation
was conducted for further analysis of the selected targets. In vitro migration/invasion/western blot assay
with 1, 1.5, 2lM SAG and in vivo effect of 2, 4, 8mg/kg SAG in xenotransplantation model in nude mice.
Results: The key targets of SAG treatment for melanoma were mainly enriched in PI3K-AKT pathway, and
the binding energy of SAG to PI3K, AKT, and mTOR were �6.33, �6.31, and �6.07 kcal/mol, respectively.
SAG treatment inhibited the proliferation, migration, and invasion ability of A375 and A2058 cells
(p< 0.05) with IC50 values of 2.378lM and 2.719lM, respectively. It also decreased the phosphorylation
levels of FAK, PI3K, AKT, mTOR and protein expression levels of MMP2 and ICAM-2. In the nude mouse
xenograft model, 2, 4, 8mg/kg SAG was shown to be effective in inhibiting tumour growth.
Conclusions: Our research offered a theoretical foundation for the clinical antitumor properties of SAG,
further suggesting its potential application in the clinic.
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Introduction

Malignant melanoma is a major cause of death in individuals
with cutaneous cancer. In the United States, melanoma is
responsible for the 5th and 7th most common cancer among
men and women, respectively (Siegel et al. 2021). The poor prog-
nosis of this cancer can be ascribed to its ability to easily spread
to distant organs and its resistance to conventional chemothera-
pies (Leiter et al. 2014; Lo and Fisher 2014). According to statis-
tics, more than 90% of patients die from metastasis instead of
original cancer, and the median survival and 5-year survival rate
of inoperable metastatic melanoma are 6months and less than
5%, respectively (Leong et al. 2012; Kurishima et al. 2014; Lo
and Fisher 2014; Che et al. 2019). Therefore, considerable atten-
tion has been paid to the treatment strategy against the invasion

of the basement membrane and the adhesion of tumour cells to
matrix components for malignant melanoma (Fidler 2003).

Macleaya cordata (Wild.) R.Br. (Popaceae) is a perennial
herb, mainly distributed in China, North America, and Europe
(Lin et al. 2018). According to the records of Chinese herbal
medicine works, Macleaya cordata is primarily used to treat skin
cancer and body surface tumours, but also has some efficacy in
cervical cancer and thyroid tumours (Xu et al. 1997).
Sanguinarine (SAG) is one of the main active ingredients of
Macleaya cordata and is the most abundant (Pi et al. 2008), it
was used by North American Indians in combination with zinc
chloride for cancer treatment as early as 1857 (Fell 1857). It is
also widely used as a livestock feed additive and toothpaste addi-
tive to prevent bacterial infection (Vrublova et al. 2008; Hu et al.
2019; Laines-Hidalgo et al. 2022). In recent years, SAG has been
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reported to have an anticancer effect on a variety of cancer cells,
including those of the lung (Prabhu et al. 2021), liver (Su et al.
2019), prostate (Rahman et al. 2019), etc. In addition, SAG exerts
anti-angiogenic effects in vitro and in vivo (De Stefano et al.
2009). Of note, as the most abundant constituent of Macleaya
cordata, SAG is shown to be effective against melanoma. For
example, SAG inhibits the proliferation and induces the death of
K1735-M2 cells via DNA and mitochondrial damage (Serafim
et al. 2008). In human melanoma cells, SAG induces caspase-
and reactive oxygen species-dependent cell death (Burgeiro et al.
2013). However, it is still unknown whether SAG has an effect
on the migration and invasion of melanoma, and how it
functioned.

To this end, the present study investigates the effect of SAG on
the migration and invasion of melanoma by combining network
pharmacology with in vitro and in vivo experiments. For the veri-
fication of the underlying mechanisms, A375 cells were employed
to examine its effect on protein expression related to cell-Matrigel
adhesion and Matrigel membrane invasion. It is found in this
study that SAG can inhibit melanoma migration and invasion by
targeting the FAK/PI3K/AKT/mTOR signalling pathway. The find-
ings presented herein will lay a groundwork for further investiga-
tion of SAG and its containing herbal medicines.

Materials and methods

Drugs and reagents

SAG (>98%) was obtained from Shanghai Yuanye Bio-Technology
Co., Ltd. (Shanghai, China). CCK8 Assay Kit and dimethyl sulfox-
ide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). SAG was dissolved in DMSO at a concentration of 10mM as
a stock solution and stored at �20 �C. DMEM medium and foetal
bovine serum were purchased from Gibco Company (Gaithersburg,
MD, USA). Matrigel was purchased from Shanghai Nova
Pharmaceutical Technology Co., Ltd. (Shanghai, China). Transwell
chambers were purchased from Corning Incorporated (USA).
Antibodies against FAK, p-FAk, PI3K, p-PI3K, AKT, p-AKT,
mTOR, p-mTOR, MMP2 and ICAM-1, were purchased from Santa
Cruz Biotechnology, Inc. (USA).

Cell lines and culture conditions

The malignant melanoma cell lines A375 were purchased from
Shanghai EK-Bioscience Biotechnology Co., Ltd. (Shanghai,
China), and A2058 was purchased from Procell Life
Science&Technology Co., Ltd. (Wuhan, China). The cell lines
were grown in Dulbecco’s Modified Eagle Medium (DMEM)
medium containing 10% foetal bovine serum and 1% P/S solu-
tion at 37 �C in a 5% CO2 humidified incubator.

CCK8 assay

A375 and A2058 melanoma cells were seeded in 96-well plates at
5� 104/mL in 100lL of DMEM medium containing 10% FBS.
After 24 h of incubation, 100 lL of SAG at different concentra-
tions was added to the 96-well plates, and the plates were incu-
bated for another 48 h. At the end of the incubation, the drug-
containing medium was removed from the wells, and then
100lL of fresh DMEM and 10 lL of CCK8 were mixed and
added to each well, followed by incubation for 4 h. The OD value
of each well was measured at 450 nm with a microplate reader
(BioTeck, Synergy H1 Hybrid, USA).

Flow cytometric

Following treatment with different concentrations of SAG for
48 h, cells were collected, centrifuged at 200 g for 5min and
washed twice with PBS. Then, the cells were labelled with FITC-
conjugated annexin-V and propidium iodide (PI). FITC-labelled
and PI-labelled cells were measured by flow cytometric analyses.

Wound healing assay

Cells cultured in 6-well plates were wounded with a 200 lL pip-
ette tip and incubated with serum-free medium containing dif-
ferent concentrations of SAG for 48 h, and the media was
changed every day. The distance between the cells located at one
edge of the linear defect and those located at the opposite edge
of the defect was determined after 0, 24, and 48 h of incubation.

Invasion assay

The invasion assay was performed in a 24-well plate with
Matrigel-coated polycarbonate membrane inserts. Cells were
resuspended in a serum-free medium containing SAG final con-
centrations of 1, 1.5, and 2 lM, and the cell density was adjusted
to 2.5� 105/mL. To each upper chamber, 200 lL of cells were
added, and to the bottom chambers, a medium containing 15%
FBS was added. After 24 h of incubation, the upper chambers
were cleaned with a cotton swab, the cells were stained using
crystal violet for 10min, and the invaded cells were counted
using a microscope in 5 random fields.

Matrigel cell adhesion assay

A375 and A2058 cells were cultured with SAG at different con-
centrations for 24 h and then collected and seeded at 5000 cells
per well in 96-well plates coated with Matrigel for 2 h. Then,
non-adherent cells were removed by washing twice with PBS. To
each well, 100lL MTT (1mg/mL) was added and incubated for
4 h. The supernatant was decanted, 150 lL DMSO was added to
each well, and the absorbance at 450 nm was read on a micro-
plate reader (BioTeck, Synergy H1 Hybrid, USA).

Acquisition of relevant targets and data analysis

Generic names and Canonical SMILES for components are pro-
vided by Pubchem (https://pubchem.ncbi.nlm.nih.gov/). Potential
targets of SAG are derived from Swiss TargetPrediction (http://
www.swisstargetprediction.ch/) and the melanoma-associated tar-
get is derived from GeneCards (https://www.genecards.org/).
Venn diagrams of SAG targets and melanoma targets were con-
structed using VENNY2.1 (https://bioinfogp.cnb.csic.es/tools/
venny/). For further data mining, KEGG pathway analysis and
GO enrichment analysis was conducted. Gene Ontology (GO)
functional enrichment analysis and Kyoto Encyclopaedia of
Genes and Genomes (KEGG) pathway enrichment analysis of
potential therapeutic target genes was performed using the
DAVIDV6.8 database (http://david.ncifcrf.gov), and visualization
of the analyzed data through bubble plots. Cytoscape 3.8.0 soft-
ware was used to build the component-target-pathway network.
Adjust the node size and transparency according to the Degree
value. The common targets of SAG and melanoma were
imported using the String database, and then the protein
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interaction network was analyzed using the Cytoscape 3.8.0 pro-
gram to generate the PPI network.

Molecular docking

The SDF structure files of SAG were retrieved from the PubChem
website (http://pubchem.ncbi.nlm.nih.gov/), and the related protein
structures PIK3 (PDBID:1e8w), AKT (PDBID:2uzw2), mTOR
(PDBID:7pec) were retrieved from the Protein Data Bank (http://
www.rcsb.org/pdb) database in 3D crystal structures. Molecular
docking of SAG with some core targets was performed using
AutoDock Vina 1.1.2, and the binding energy was scored. Using
Pymol software to visualize and analyze results.

Western blot

A375 cells were collected after coculture with either 1–2 lM SAG
or 0.5% DMSO culture medium for 48 h. The proteins in the cell
lysates were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to polyvinylidene

difluoride membranes and exposed to the appropriate antibodies
(Santa Cruz Biotechnology, Inc., Santa Cruz, USA) overnight. The
blots were visualized by an enhanced chemiluminescence (ECL)
method according to the recommended procedure using horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse secondary
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, USA). All
experiments were repeated at least three times independently.

Animal model

All animal experiments were conducted in accordance with the
European Community guidelines (EEC Directive of 1986;
86/609/EEC) and licenced by the Institution Animal Care
Committee of Southwest Medical University (Permit Number:
20220805-002). BALB/c nude female mice (4weeks old) were
purchased from Chongqing Tengxin Biotechnology Co., Ltd. The
effects of SAG on melanoma were tested using a nude A375
xenograft mouse model. Briefly, A375 cells were digested and
diluted in PBS to 1� 107/mL. A375 cell suspension (0.2mL) was
injected into the middle of the armpit of female nude mice, and

Figure 1. (A) Chemical structure of SAG. (B and C) Effect of SAG on cell viability in A375 and A2058 cells. A375 and A2058 cells were treated with SAG for 48 h, and
the 0.5% DMSO group was used as a control. (D and E) A375 and A2058 cells were treated with different concentrations of SAG or DMSO, and cell viability and the
IC50 at 48 h were examined by CCK8 assay. (F-H) The results of flow cytometry showed there was no significant difference in the viability of the cells at each concen-
tration of SAG. The data are shown as the mean±SD of three independent experiments (�p< 0.05, ��p< 0.01, as compared to the controls).
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the tumour growth was monitored every day. After the tumour
volume had reached 100mm3, mice in the treatment group were
injected with SAG (2, 4, 8mg/kg) intraperitoneally, while animals
in the control group were injected with PBS every day, and the
experiment was finished after 14 injections. The body weights of
the mice and tumour sizes were measured at the same time, and
tumours were stained with immunohistochemistry (IHC) and
haematoxylin-eosin (HE).

Immunohistochemistry and HE staining

The tumour tissues were fixed with 4% paraformaldehyde and
encapsulated in paraffin wax before being sliced into 4lm slices

with a paraffin microtome. In accordance with the instructions
of the immunohistochemistry kit, tumour sections were immu-
nohistochemically stained with antibodies against phosphorylated
FAK, phosphorylated PI3K (1:50), phosphorylated AKT (1:50),
phosphorylated mTOR (1:50), and MMP2 (1:50), ICAM-1 (1:50).
HE staining was conducted following deparaffinization of tissues,
staining with haematoxylin and eosin, and fixing the tissues on
slides with neutral resin.

Statistical analysis

All data are presented as the mean ± SD of at least three inde-
pendent experiments. Comparisons between two groups were

Figure 2. Analysis of the melanoma-SAG-related targets and construction of the SAG-melanoma-target network: (A) The Venn diagram of SAG and melanoma inter-
section targets. (B-D) GO enrichment analysis of core target for SAG against melanoma. For (B) Cellular Components, (C) Molecular Function and (D) Biological
Process, was shown in histograms. (E) Whole 20 enriched KEGG pathways of core targets for SAG against melanoma. The colour scales indicate the different thresholds
of adjusted p-values, and the sizes of the dots represent the gene count of each term.
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conducted using Student’s unpaired t-tests, and comparisons
between multiple groups were conducted using one-way analysis
of variances (ANOVAs). The data were analyzed using
GraphPad Prism 9.3.1 software. Differences were considered stat-
istically significant when p< 0.05.

Results

SAG inhibits the proliferation of A375 and A2058 cells

The effect of SAG (Figure 1(A)) on the proliferation of the A375
and A2058 cell lines was investigated. Cells were incubated with
different concentrations of SAG for 48 h. SAG (2–32lM) signifi-
cantly inhibited A375 cells as compared with the negative con-
trol, while the little effect on A375 cells was observed with 0.25–
1 lM SAG (p> 0.05). For A2058 cells, potent inhibition was
observed with 4–32lM SAG (p< 0.01), with little cell inhibition
seen at 0.25–2lM SAG (p> 0.05) (Figures 1(B, C)). The half
maximum inhibitory concentration (IC50) of SAG was

Figure 3. (A) The Protein-protein interaction (PPI) network of 71 common targets of SAG and Melanoma. (B, Table 1) According to the screening threshold values of
degree >2, betweenness-centrality >0.00212038 and closeness-centrality >0.425, 18 key targets were screened out. (C) The PPI network of 18 core targets was then
constructed including 18 nodes and 62 edges.

Table 1. Degree, Betweenness and Closeness-Centrality values of each target.

Name Degree Betweenness-Centrality Closeness-Centrality

PIK3CA 11 0.06583916 0.70833333
PIK3CB 10 0.04407796 0.68156437
PIK3CD 10 0.04407796 0.68156437
MTOR 10 0.07850956 0.70833333
AKT2 9 0.06362679 0.62962963
ERBB 9 0.20477272 0.68343899
PDPK1 8 0.03443901 0.60714286
GSK3B 8 0.03282615 0.62962963
IGF1R 7 0.01893743 0.56666667
MCL1 6 0.08157927 0.58620697
INSR 6 0.0040724 0.53125209
AR 6 0.06962198 0.60714286
BCL2L1 6 0.05638693 0.56666667
PTK2 5 0.00227591 0.53125453
BAD 5 0.02957654 0.51515152
MMP9 3 0.00761555 0.47222222
MAPK10 3 0.002193754 0.43589744
MMP2 2 0.00212083 0.42565943

700 X. QI ET AL.



determined using the CCK8 method. As shown in Figures
1(D,E), the IC50 for A375 cells and A2058 cells was 2.378 and
2.719 lM, respectively. 1, 1.5, and 2 lM of SAG were used for
subsequent experiments, because at these concentrations, SAG
did not significantly influence cell growth, with cell viabilities of
approximately 90%, 85% and 80%, respectively. The results of
flow cytometric analysis also confirmed that these three concen-
trations of SAG did not significantly affect the viability of cells
(Figures 1(F–H)).

SAG- Melanoma-target network construction and core target
screening

The potential therapeutic ability of SAG for melanoma was eval-
uated through network pharmacology. One hundred one poten-
tial targets for SAG and 7094 melanoma-related targets were
separately collected from the Swiss TargetPrediction and
GeneCards database, in which 71 targets were merged from
Swiss TargetPrediction and GeneCards databases, and accord-
ingly selected as candidate targets for SAG against melanoma.

Figure 4. Molecular docking of SAG with PI3K (A), AKT (C) and mTOR (E) receptors. Map of sites where SAG binds to the residues of (B) PI3K, (D) AKT and (F) mTOR
receptors.
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The PPI network of the 71 common targets of SAG and melan-
oma was established in the STRING database with a high confi-
dence score (0.700), and included 85 nodes and 222 edges
(Figure 3(A)). According to the screening threshold values of
degree >2, betweenness-centrality >0.002, and closeness-central-
ity >0.425, 18 key targets were screened out, including MMP2,
MMP9, MCL1, MTOR, ERBB2, PTK2 (FAK), PIK3CA, PIK3CB,
PIK3CD, IGF1R, INSR, AR, GSK3B, BCL2L1, MAPK10, BAD,
PDPK1 and AKT2 (Table 1). The PPI network of 18 core targets
was constructed and included 18 nodes and 62 edges
(Figure 3(B)).

GO and KEGG pathway enrichment analyses were executed by
DAVID to elucidate the underlying mechanism of SAG against
melanoma. The core targets highlighted in the GO analysis results
were mainly related to the nucleus, cytoplasm and plasma mem-
brane of cytoplasm in Cellular Components (CC) (Figure 2(B)),
ATP binding, protein binding and protein kinase activity in
Molecular Function (MF) (Figure 2(C)), and protein phosphoryl-
ation, protein autophosphorylation and negative regulation of

apoptotic processes in Biological Process (BP) (Figure 2(D)). The
main pathways are as follows: pathways in cancer, ErbB signalling
pathway, insulin signalling pathway, PI3K-AKT signalling path-
way and focal adhesion, etc. Pathways in cancer involved 26
genes, including GSK3B, PIK3CD, PIK3CB, IGF1R, AKT2,
ERBB2, MMP2, MMP9, MTOR, PTK2, MAPK10, AR, PIK3CA,
FGFR1 and BCL2L1. The ErbB signalling pathway involved 12
genes, including MAPK10, GSK3B, PIK3CA, BAD, AKT2,
ERBB2, PIK3CD, PIK3CB, PTK2 and MTOR. Furthermore,
according to the KEGG pathway enrichment analyses, the core
targets that were associated with the previous analysis were also
enriched, such as cancer, ErbB and PI3K-Akt signalling pathway
(Figure 2(E)). Taking these results together, a compound-target-
pathway network was constructed to holistically expound the
underlying mechanism of SAG against melanoma.

The C-T-P network was shown in Figure. 3(C), including 39
nodes (1 compound node, 18 target nodes, 20 pathway nodes)
and 220 edges. The purple colour represents the pathways, pink
the targets and green the SAG. The edges were used to indicate

Figure 5. (A-D) Effect of SAG on the migration of A375 and A2058 cells. The cells were cultured with different concentrations of SAG (0, 1, 1.5, 2lM) for 48 h. Each
scratch was photographed at 0 h, 24 h and 48 h. The histogram shows the closure rate of the scratches after 24 h and 48h (�p< 0.05, �� p< 0.01, ��� p< 0.001 as
compared to the controls).
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the correlation between different nodes. There are 26 genes asso-
ciated with the PI3K-AKT signalling pathway, including GSK3B,
BAD, INSR, PIK3CD, PIK3CB, MTOR, PTK2, IGF1R, PIK3CA,
AKT2, BCL2, MCL1, FGFR1 and BCL2L1.

Molecular docking of SAG with key molecular targets

Since the top targets of the ‘component-target-pathway’ network,
PIK3CA, PIK3CB, and PIK3CD, are regulatory subunits of PIK3
(Pridham et al. 2018), and AKT2 is a member of the AKT family
(Pereira et al. 2015), it is conjectured that SAG may exert antitu-
mor effects through the PI3K-AKT-mTOR pathway. To this end,
molecular docking was used to test the interaction between SAG
and the three targets. The results showed that SAG is bound to
the active pocket of PI3K, AKT, and mTOR receptors. The bind-
ing energy value of SAG with PI3K was calculated using
Autodock4.2.6 to be �6.33 kcal/mol, and its interaction residues
were THR-232, GLU-302, and PHE221 (Figure 4(A)). As for
SAG with AKT, its binding energy value was calculated to be
�6.31 kcal/mol, and its interaction residues were GLU �331,
PRO-313, PRO-141, VAL310, ASP-301 (Figure 4(B)). For SAG
with mTOR, the binding energy was calculated to be
�6.07 kcal/mol, and its interaction residues were ARG-117,
ILE78, ILE-79, LEU-79, SER-80, LEU119 (Figure 4(C)).

SAG impairs the adhesion ability of A375 and A2058 cells

A Matrigel cell adhesion assay was used to evaluate the effect of
SAG on cell adhesion. A375 and A2058 cells were used for
mutual verification. As shown in Figure 6(A), melanoma cells
adhering to Matrigel were significantly reduced after 48 h of SAG
treatment. This illustrated that with an increase in SAG concen-
tration, the adhesion rate of each group continuously decreased
and different concentrations of SAG had a significant inhibitory
effect on the cell stromal adhesion rate in A375 and A2058 cells.

SAG inhibits migration and invasion of A375 and A2058
cells

Migration and invasion are two important steps in tumour cell
metastasis. Thus, the effect of SAG on melanoma cells migration
was investigated. The wound healing assay showed that after cul-
turing for 48 h, the number of A375 and A2058 cells entering
the ‘wound area’ had increased with time. The results showed
that SAG inhibited the migration of cells at all test concentra-
tions (1, 1.5, and 2lM). As shown in Figure 5, the cells in the
control group entered the wound area with time; however, in the
SAG-treated group, the tendency of cells to enter the wound
area was significantly inhibited.

Figure 6. Effect of SAG on melanoma cell adhesion and invasion. (A) Effect of different concentrations of SAG on the adhesion ability of A375 and A2058 cells. (B
and C) Effect of SAG on MMP2 and ICAM-1 protein expression in A375 cells. (D–F) SAG significantly reduced the numbers of A375 and A2058 cells that invaded
through the membrane as compared to the controls. The results shown here are representative of three independent experiments (�p< 0.05, ��p< 0.01,���p< 0.001 as compared to the controls).
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Invasion assays of A375 and A2058 cells were performed in a
24-well plate with Matrigel-coated polycarbonate membrane
inserts. As shown in Figure 6(D–F), this inhibitory effect on cell
invasion increased gradually with the increase of SAG concentra-
tion. In combination with our previous findings, these results
indicate that SAG has a strong cytotoxic effect on melanoma
cells, suggesting that it not only has a strong antitumor potential
against melanoma cells, but is also able to suppress the develop-
ment of metastasis even at a very low dosage.

Metastasis-related protein expression

Adhesion to Matrigel and invasion are of importance in
tumour metastasis (Li et al. 2022). Based on our findings, SAG
could suppress melanoma cell metastasis by inhibiting adhesion,
migration and invasion. To clarify the molecular mechanism of
this phenomenon, the expression of two metastasis-related

proteins was studied to evaluate the metastatic abilities of A375
and A2058 human melanoma cells. In the progression of
tumours, matrix metallopeptidase 2 (MMP2) plays an important
role, since it can degrade collagen type IV, which is a major
component of basement membranes (Wang T et al. 2021).
Intercellular cell adhesion molecule-1 (ICAM-1) is an important
cell surface adhesion molecule that belongs to the immuno-
globulin superfamily. Generally, these genes are not expressed
or are rarely expressed in normal human tissues, but in tumour
tissues, they are often overexpressed (Benedicto et al. 2017;
Kong et al. 2018). Therefore, based on our findings, MMP2
and ICAM-1 might be the key target of SAG in regulating
tumour cell adhesion and invasion of melanoma (Gho et al.
2001; Struglics and Hansson 2012). Compared with the control
group, the expression of MMP2 and ICAM-1 decreased signifi-
cantly after 1, 1.5, and 2 lM SAG treatment for 48 h
(Figures 6(B,C)).

Figure 7. SAG reduces A375 cell metastasis by down-regulating the FAK/PI3K/AKT/mTOR signalling pathways. (A-C) Western blotting assays were used to assess the
effect of SAG on FAK and p-FAK (Tyr397). (D) The whole cell extract was harvested to detect p-PI3K/PI3K, p-AKT/AKT and p-mTOR/mTOR proteins by Western blot. (E-
G) The histogram shows the relative protein expression of p-PI3K/PI3K, p-AKT/AKT and p-mTOR/mTOR in different groups quantified and normalized against b-actin
bars, standard deviation (�p< 0.05, ��p< 0.01, ���p< 0.001, as compared to the controls).
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Figure 8. SAG inhibited the growth of A375 cells in vivo. (A) The timeline for the mouse in vivo experimental details. (B and C) Nude mice were injected with differ-
ent concentrations of SAG and tumour volumes were measured daily. Compared with the control group, the SAG-treated group significantly inhibited tumour growth.
(D) The body weight of the mice was weighed daily, and there was no significant difference between the body weight of the SAG-treated group and the control
group. (E and F) p-FAK, p-PI3K, p-AKT, p-mTOR, MMP2 and ICAM-1 were detected by immunohistochemistry, the expression levels were downregulated with the
increasing SAG levels (�p< 0.05, ��p< 0.01, ���p< 0.001, as compared to the controls).
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SAG suppressed FAK-PI3K-AKT-mTOR pathway

Cancer invasion and metastasis are highly associated with FAK
(Chen et al. 2016; Neoh et al. 2017; He C et al. 2019). To clarify
the targets of SAG involved in the inhibition of migration and
invasion, western blotting analysis was performed to determine
the regulatory effect of SAG on FAK. Compared with the control
group, the expression of FAK and p-FAK was significantly
decreased after 1, 1.5, and 2lM SAG effects for 48 h, and the
suppression was especially robust (Figures 7(A–C)). FAK phos-
phorylation (Tyr397) was decreased by over 50% with 2lM of
SAG compared to the control group.

Network pharmacology and molecular docking results suggest
that the anti-melanoma activity of SAG may be related to PI3K,
AKT, and mTOR targets. To confirm whether SAG acts on the
FAK-PI3K-AKT-mTOR signalling pathway, a western blotting
assay was conducted as shown in Figures 7(D–G), compared to
the control group, the expressions of p-PI3K, p-AKT and p-
mTOR were notably decreased in the SAG treatment group
(p< 0.05).

SAG inhibited the growth of melanoma cells in vivo

To investigate whether SAG has consistent anti-melanoma
effects, in vitro and in vivo validation tests were conducted. As
illustrated in Figures 8(B, C), tumour growth was suppressed by
increasing concentrations of SAG, while the body weight of mice
did not fluctuate significantly. According to IHC analysis, the
protein expression of p-FAK, p-PI3K, p-AKT, p-mTOR,
ICAM-1, and MMP2 was reduced in mouse tumour tissues,
which corroborates with the in vitro experiment observations.
By HE staining, the organ conditions of the administered and
model groups were found to be comparable, suggesting that
there were no significant adverse effects (Figure 9).

Discussion

Herbal medicines are a natural treasure trove of bioactive com-
pounds valued by oncology drug R&D scientists (Zhang HQ
et al. 2021). Numerous studies have demonstrated that many
herbal active components play a crucial role in controlling

Figure 9. Mice with tumours were treated with SAG, and heart, liver, spleen, lung, and kidney tissue were stained with haematoxylin-eosin (HE). In both groups, there
were no significant abnormalities in HE staining, and there was no difference between the treatment and control groups.
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tumour progression (Yan et al. 2017; He J et al. 2020; Wang Y
et al. 2020). A few plant-derived compounds (e.g., paclitaxel and
camptothecin) have been developed to be the first-line antitumor
drug. As reported, both SAG and its original herb Macleaya cor-
data show potential anticancer effect towards melanoma, though
the mechanisms are not completely clear. This provides an
important clue for the current study.

There are a number of sequential steps in the spread of
tumour cells from the primary neoplasm to distant organs.
Among them, the activities of basement membrane invasion,
tumour cell adhesion to matrix components and tumour angio-
genesis are considered to be the three most important aspects of
tumour metastasis. By using network pharmacology and molecu-
lar docking simulation, the current study demonstrated that SAG
significantly inhibited the adhesion and invasion abilities of
A375 and A2058 cells (Figures 6(A, D)), in particular, the pro-
tein expression levels of metastasis-associated MMP2 and ICAM-
1 (Figures 6(B, C)), suggesting the involvement of FAK signalling
pathway. FAK is a non-receptor tyrosine kinase that is involved
in many biological processes, such as cell survival, migration,
and cancer cell invasion (Fan et al. 2016; Zhou et al. 2019).
Activated FAK binds and phosphorylates the regulatory subunit
of PI3K, which in turn subsequently activates AKT via phos-
phorylation (Flamini et al. 2017). The AKT family contains seri-
ne/threonine protein kinases, which are involved in the growth
and survival of tumour cells in several types of cancer, among
which the prominent one is the regulation of tumour migration
(Xue and Hemmings 2013). FAK is over-expressed in the major-
ity of melanoma cells, and it can also induce the secretion of
MMP2 and ICAM-1, which play an important role in tumour
cell adhesion and invasion in melanoma cells (Sein et al. 2000;
Yasuda et al. 2001; Lu et al. 2018). For these reasons, FAK is

considered a diagnostic marker of tumour invasion and metasta-
sis, and the regulation of FAK may be a new strategy for melan-
oma therapy. Consistent with these results, Zhang W et al.
(2013) found that galangin inhibited B16F10 melanoma metasta-
sis both in vivo and in vitro by suppressing the expression and
activation of FAK. Nishibaba et al. (2012) also proposed phos-
phorylated FAK as a target for the treatment of melanoma.
Based on the results of the present study, it is suggested that
SAG can reduce FAK protein levels, as well as FAK phosphoryl-
ation activity (Tyr397), which ultimately reduces downstream
PI3K, p-PI3K, AKT, p-AKT, mTOR, p-mTOR protein levels, the
potential molecular mechanism is shown in Figure 10. This may
contribute to the effect of SAG on the metastatic growth of A375
and A2058 cells.

The results of animal experiments demonstrated that SAG has
a potent inhibitory effect against tumour growth in vivo. Based
on immunohistochemistry analysis, SAG significantly downregu-
lated the expression of p-FAK, p-PI3K, p-AKT, p-MTOR,
ICAM-1 and MMP2 proteins. Considering that the FAK-PI3K-
AKT-mTOR pathway contributes to tumour migration and inva-
sion, SAG could have an anti-metastatic potential against melan-
oma. Nevertheless, this in vivo experiment was conducted over a
short period of time (14 days), and no tumour metastasis was
observed in mice. In light of this, it is still unclear whether SAG
will have an effect on the xenograft metastasis of melanoma in
nude mice. To clarify the issue of SAG anti-melanoma metasta-
sis, further study by tail vein injections of tumour cells for
moulding is needed.

In clinical practice, mutations in BRAF are reported in
approximately half of all melanoma cases. Selective targeting of
BRAF and its downstream substrate MEK inhibitors have
improved the prognosis of patients with BRAF-mutated

Figure 10. Schematic diagram of the mechanism of SAG inhibition of melanoma migration and invasion.
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melanoma, but their efficacy is impaired by intrinsic and acquired
drug resistance. By contrast, activation of the PI3K/AKT pathway
is crucial in mediating the resistance of melanoma cells to BRAF
inhibitors. Therefore, our study confirms that SAG may serve as a
potential candidate for resistance to BRAF and MEK inhibitors.

In addition to the FAK-PI3K-AKT-mTOR signalling pathway,
SAG is reported to be against melanoma through other molecu-
lar signalling pathways, suggesting the concerted contribution to
the action of SAG. Interestingly, it has been reported that struc-
tural analogues of SAG from Macleaya cordata, including cheler-
ythrine, chelidonine, and chelilutine have potent anticancer
activities. For example, chelerythrine inhibits the metastasis of
hepatocellular carcinoma via PI3K/Akt/mTOR (Zhu et al. 2018);
chelidonine inhibits the growth of gefitinib-resistant non-small
cell lung cancer cells via the EGFR-AMPK pathway (Xie et al.
2020); chelilutine induces apoptosis by reducing the levels of
anti-apoptotic proteins (Bcl-xL, Mcl-1, XIAP) (Slunsk�a et al.
2010). This suggests that different alkaloids in Macleaya cordata
might contribute to the overall anticancer effect via multiple
molecular mechanisms.

Conclusions

We have demonstrated that the bioactive alkaloid from Macleaya
cordata, SAG, could be a promising anti-metastatic agent in the
treatment of melanoma. SAG regulates the adhesion and migra-
tion of melanoma by targeting FAK and its phosphorylation.
Further study is needed to clarify the action mechanism of SAG
against melanoma with a more suitable animal model. The find-
ings add new information about the therapeutic potential of
Macleaya cordata as well as other SAG-containing herbal
medicines.
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