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Background: Melanomas are caused by the malignant transformation of
melanocytes. Numerous studies have demonstrated that the tyrosol components
of salidroside inhibit tyrosinase activity. The PI3K/Akt/mTOR signaling pathway plays
a crucial role in biological pigment synthesis. However, how salidroside achieves its
anti-melanoma effect in melanoma by regulating PI3K/Akt/mTOR remains poorly
understood. This study aimed to explore the effect of salidroside on PI3K/Akt/mTOR
in melanoma, which plays a role in regulating melanogenesis.

Methods: Network pharmacology was predicted that salidroside may exert an
anti-melanoma effect through modulating melanin synthesis functions and
signaling pathways. Zebrafish whole-embryo in situ hybridization, RT-qPCR,
melanin synthesis and tumorigenesis assays, and were performed to investigate
the therapeutic efficacy of salidroside in melanin synthesis. The mechanism of
salidroside in anti-melanoma activity was examined by RT-qPCR, Western blot,
immunofluorescence, in vivo imaging, immunohistochemistry.

Results: We confirmed salidroside may exert an anti-melanoma effect through
modulating melanin synthesis-related gene expression and PI3K/Akt pathway by
Network pharmacology. Furthermore, salidroside slowed melanin synthesis in
zebrafish embryos and H,O,-induced B16F10 cells by inhibited oxidative stress.
Moreover, we determined the effect of salidroside on anti-melanin synthesis via
PI3K/Akt/mTOR pathway in vitro, and western blot results showed that
salidroside increased the expression of Nrf2 in the nucleus, as well as inhibited
the phosphorylation of mTOR and PI3K/Akt pathway. Finally, intratumoral
administration showed salidroside suppressed melanoma growth.

Conclusion: Salidroside inhibits melanin synthesis and melanoma development most
likely by its antioxidant properties and downregulating the PI3K/Akt/mTOR pathway.
Our results may provide a novel therapeutic strategy for the treatment of melanoma.
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1 Introduction

Melanoma, a malignant tumor arising from melanocytes, is one
of the most aggressive and lethal forms of skin cancer, and is
characterized by its invasive and metastatic potential (1).

Unlike benign melanocytic naevi, melanomas exhibit
uncontrolled proliferation and survival signals that often lead to
fatal outcomes (2). Melanin has been shown to act as a natural
photoprotective agent, shielding cells from ultraviolet (UV) radiation-
induced DNA damage and oxidative stress (3, 4). Moreover, research
has shown that the presence of melanin in metastatic melanoma cells
decreases the efficacy of radiotherapy (5). Recent findings suggest that
lysophosphatidic acid (LPA) is produced by melanoma, influencing
melanin synthesis and modulating tumor immunity through cytokine
and chemokine release, thereby affecting cancer progression and
metastasis (6). For instance, melanin can alter the local pH, creating
an acidic environment that favors tumor metastasis and invasion (7,
8). Recent research has demonstrated that the inhibition of
melanogenesis in melanoma cells can hamper their metastatic
potential (9, 10). This is partly because melanin-synthesis pathways
are intricately linked to other cellular processes, such as epithelial-
mesenchymal transition (EMT), which is a key driver of metastasis
(11). Researchers have observed the suppression of EMT-related
markers by downregulating melanogenic enzymes, such as
tyrosinase, suggesting a potential therapeutic avenue for targeting
melanogenesis to curb metastasis (12). In conclusion, research from
the 1990s to 2024 has consistently highlighted melanin’s role in
melanoma immune escape and therapeutic resistance. However,
ongoing studies continue to uncover how manipulating melanin
could potentially be leveraged to improve melanoma treatment
outcomes. Thus, melanogenesis is emerging as a critical therapeutic
target in melanoma treatment.

Salidroside is extracted from the perennial herb Rhodiola rosea,
and its main medicinal constituents are salidroside and tyrosol (13).
Previous research has shown that this herb not only possesses anti-
tumor properties but also exerts antioxidant and anti-aging effects
(14). Aging is a gradual process characterized by skin sagging, the
appearance of pigmentation spots, and other symptoms.
Consequently, many cosmetic products incorporate herbal
ingredients with antioxidant properties to combat signs of aging
and dullness (15, 16). Pigmentation processes in melanocytes are
often influenced by oxidative stress caused by UV exposure or other
environmental factors. Salidroside has been shown to combat
oxidative damage and slow down aging-associated processes.
Exploring its role in inhibiting melanogenesis aligns with its anti-
aging potential, as it could help reduce pigmentation spots and
improve skin clarity (17).

Melanin production is primarily regulated by the activity of the
enzyme tyrosinase, a key player in the melanogenesis pathway (18).
Tyrosinase, a key enzyme in melanin synthesis, exhibits a highly
conserved structure across species and exists in various high-
molecular-weight forms that play crucial roles in regulating
melanogenesis. These forms include unmodified and glycosylated
variants, which are essential for enzyme function and transport to
melanosomes (19). Regulation of tyrosinase activity is influenced by
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various intracellular signaling pathways, including the cAMP/PKA
and MAPK pathways (20). These pathways are crucial for
stimulating melanin synthesis in melanocytes following exposure
to sunlight or other stimuli.

The PI3K/AKT/mTOR signaling pathway plays a vital role in cell
growth, metabolism, and survival (21). Hyperactivation of the PI3K/
AKT/mTOR axis may promote cell proliferation, enhance cell
survival, and confer resistance to apoptosis (22). Understanding the
interplay between melanogenesis and the PI3K/AKT/mTOR pathway
may provide insights into therapeutic targets for melanoma
treatment. In our ongoing study, we found that salidroside inhibits
tyrosinase activity and cellular melanin production. The findings of
the present study showed that salidroside inhibits melanin formation
via the PI3K/AKT/mTOR signaling pathway.

The objective of the present study was to analyze the
composition of salidroside and identify common targets of
salidroside in melanoma using network pharmacology analysis
combined with experimental verification. We investigated the
anti-melanoma effects of salidroside in B16F10 cells, zebrafish,
and mouse models, and examined the involvement of PI3K/Akt/
mTOR signaling in these effects. Our findings indicated that
salidroside directly downregulated the gene expression involved
in melanin synthesis and suppressed the growth of melanoma by
inhibiting PI3K/Akt/mTOR pathway. These findings provide a
theoretical basis for the development of salidroside as a novel
candidate in melanoma-targeted therapy.

2 Methods
2.1 Drug and antibodies

Salidroside was obtained from Aladdin (Cat:10338-51-9,
Shanghai, China) with a purity of > 98%, as determined by high-
performance liquid chromatography (HPLC). Antibodies: TYR
(Immunoway, YM6968), MITF (Immunoway, YT2769), TRP1
(Immunoway, YN8781). B-actin (Abclonal, AC062), GAPDH
(Abclonal, A19056) and B-Tubulin (Abclonal, AC015). mTOR
and p-mTOR antibodies (Zenbio, R380411, R25033). Akt and p-
Akt (Immunoway, YT0185, YP006). PI3K (Santa, sc-376112). miTF
(Servicebio, GB111419-100). Ki-67 (Origene, TA801577). Nrf2
(Cell Signaling Technology, 12721S) Rabbit IgG-HRP (Abclonal,
AS030). Mouse IgG-HRP (Abclonal, AS061). The DIG mixture
(Thermo Fisher, Q152P.9900). RPMI Media 1640 (Gibco, Cat:
11875093). Fetal bovine serum (FBS) and 1% penicillin and
streptomycin (Gibco, USA). MTT (Sigma, USA). Trypsin was
produced by our laboratory. Rapamycin was purchased from
Selleck (Cat: S1039).

2.2 Construction of oxidative-stress model
To establish an oxidative stress model in B16F10 melanoma

cells, we used H,O, (Sangong, Shanghai, China) for a specific
treatment duration. Multiple studies have demonstrated that
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H,0, concentrations ranging from 25 uM to 1mM is within a
commonly accepted range for inducing oxidative stress without
causing excessive cytotoxicity in B16F10 cells (23). Different
concentrations of H,O, were prepared, and cells were incubated
for 3-4 h and the culture medium was exchanged with RPMI 1640
medium (Thermo Fisher, 11875093). The optimal concentration
was determined using a cell-viability assay to construct an
oxidative-stress model.

2.3 Cell culture and cell-viability assay

B16F10 cells were purchased from American Type Culture
Collection) (ATCC; Shanghai, China). Cells were cultured in
RPMI 1640 medium containing 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin. Cells were cultured in a constant
temperature incubator under 5% CO, at 37°C. To examine cell
viability, we used 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) (Sangong, Shanghai). After
addition of 5 mg/mL MTT, the cells were incubated for 4 h; 100 uL
of dimethyl sulphoxide (DMSO) (Sangong, Shanghai) lysed the
formazan formed by the cells, and optical density (OD) was
measured at 492 nm using an enzyme Labelling Instrument (PL-
9602, Perlong Medical, Beijing, China). Cell viability was expressed
as a percentage of the control cells.

2.4 Assay for melanin content

Melanin content was determined as described by Ozeki et al. (24).
Sodium hydroxide (1M NaOH) is a strong alkali that disrupts cellular
components and dissolves melanin by breaking down protein
complexes and cell membranes. Heating the sample at 65°C
enhances the solubilization process by increasing the efficiency of
pigment release. Once melanin is dissolved in NaOH, it exhibits a
characteristic absorbance at 492 nm. By measuring the absorbance
using a microplate reader at this wavelength, the amount of melanin
can be quantified (25). B16F10 cells were treated with salidroside or
H,0,, washed with phosphate-buffered saline (PBS), collected, and
subjected to melanin content assay. The collected cell pellets were
dissolved in 1M NaOH (Sangong, Shanghai) (65°C) for 1 h, and
colorimetric photometric analysis was performed at 492 nm with a
microplate reader. Melanin content was expressed as the ratio of the
salidroside-treated group to the control group (% of the control group).

2.5 Cellular tyrosinase activity assay

The Tyrosinase (Tyr) Activity Assay Kit, Colorimetric Method
(Sangon Biotech, Shanghai) is used to measure the activity of
tyrosinase, an enzyme involved in melanin biosynthesis. Tyrosinase
catalyzes the hydroxylation of L-tyrosine to form L-DOPA, and the
oxidation of L-DOPA to dopachrome, a precursor in melanin
synthesis. In this assay, a substrate like L-DOPA or L-tyrosine reacts
with tyrosinase to produce dopachrome, resulting in a color change
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that can be measured spectrophotometrically. The color intensity,
usually at 490-510 nm, is directly proportional to the enzyme activity,
allowing for quantitative analysis. This assay is commonly used in skin
pigmentation research, cosmetic product testing, and pharmaceutical
screening for tyrosinase inhibitors or activators (26).

B16F10 cells were cultured in 6-well plates, and treated in the
same manner as described above. The cell suspension was centrifuged
at 12,000 g for 10 min at 4°C to remove cellular debris, and then lysed
using an ultrasonic Cell Grinder SCIENTZ-ID (SCIENTZ, China).
Sonication was performed on ice using a pulse cycle of 3s on/10 s off
and was repeated 30 times. The lysates were clarified by centrifugation
at 12,000 g for 10 min at 4°C. The supernatants were carefully
collected and immediately placed on ice. A tyrosinase (Tyr) activity
assay kit and colorimetric method was used to examine the activity of
the in vitro tyrosinase. The reaction mixture was prepared according
to the kit and 100 puL was added to each well of a 96-well plate,
repeated to 5 wells. After incubation at 37°C, the absorbance was
measured at 505 nm. The percentage of tyrosinase activity was
calculated as 52.5/10° (sample OD/control OD).

2.6 Cell wound healing

B16F10 cells were seeded in 6-well plates (Servicebio, Wuhan,
China). When 100% fusion was attained, the cells were scratched
onto the plate using a 10 pL pipette tip. After washing twice with
PBS, the cells were cultured in serum-free 1640 medium. For each
sample, three areas were randomly selected and observed at 10 x 10
magnification at 0 h and 24 h. The relative distance was used to
evaluate cell-migration ability using Image].

2.7 Transwell migration assay

Cells were seeded at a density of 1 x 10° onto the upper chamber
with 200 pL serum-free medium, and 300 puL of medium
supplemented with 10% FBS was added to the lower chamber.
The cells were then allowed to migrate for 24 h. The cells were fixed
with 4% paraformaldehyde for 15 min. The chamber was then
washed with excess double-distilled water, dried at 24°C - 26°C (RT)
for 24 h, and photographed under a microscope. The cells were
counted using Image] software.

2.8 Western blot analysis

Western blotting was performed as described previously
(27). Proteins were extracted from B16F10 cells using
radioimmunoprecipitation assay (RIPA) lysis buffer (cat. G2002,
Wuhan Servicebio, China) and a Protein Phosphatase Inhibitor (cat.
P1260, Beijing Solarbio). Proteins were separated by 6% or 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride (PVDF) membranes
activated with methanol. Membranes were sealed with 5% protein-
rich skim milk at RT for 2h, followed by overnight incubation at 4°C
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with antibodies. After washing, the membranes were incubated with
rabbit or mouse IgG-horseradish peroxidase (HRP) for 1h at RT.
The proteins were visualized with electrochemiluminescence (ECL)
(cat. P10060, Suzhou NCM). Protein bands were scanned using a
Tanon 1600 Series Multifunctional Gel Image Analysis System, and
band density was analyzed using Image].

2.9 Mice

For in vivo studies, a syngeneic tumor transplantation model was
established in BALB/c mice. Male mice (BALB/c) with an average
weight of approximately 20 g, were purchased from Tianqin (Hunan,
China). The animals were kept in isolation cages under 12 h light/dark
cycles. Hindleg tumor homografts were established using a mouse
B16F10 cell line. B16F10 cells (1.5 x 10°) in 100 pL PBS were
implanted subcutaneously in the right hind leg of each mouse. After
the tumors were allowed to grow to about 300 mm?, 4 or 8 mg/kg
salidroside were infused into the mice tumors in the treatment group
for 5 days. The control mice were intratumorally infuse d with the
same dose of PBS. The mice were examined daily for changes in body
weight and tumor area until the tumor volume overed 1,200 mm”,
Tumor volume was calculated using the following formula: volume =
((width)® x length) /2. Throughout the experiment, no signs of toxicity
such as weight loss or behavioral abnormalities were observed,
indicating that salidroside at 4 and 8 mg/kg is safe for intratumoral
administration (28). All animal experiments were conducted in
accordance with the guidelines of the Institutional Ethics Committee
of the Medical College of Hunan Normal University (2024-776).

2.10 Immunohistochemistry and
Immunofluorescence staining

The melanoma tissues were fixed and frozen rapidly. Tissue
samples were then section into 6 um slides to incubate with a
primary antibody (Servicebio, Wuhan) MiTF overnight at 4°C.
Imaging was performed under a microscope after incubation with
a secondary antibody (Servicebio, Wuhan). The cells were stained
using an AEC (3-amino-9-ethylcarbazole) Peroxidase Substrate Kit
Chromogenic Kit (Solarbio, China, A2010), which provides a red
staining product. Finally, the nuclei were stained with hematoxylin.
The mounted sections were observed and images were captured
using an inverted fluorescence microscope.

B16F10 cells were seeded into 12-well plates (Servicebio, Wuhan,
China). The same previously described treatment and polarization
protocols were used for these experiments. The cells were fixed using
4% paraformaldehyde (Servicebio, Wuhan, G1101), infiltrated with
0.2% Triton X-100 (Sigma, CAS#9036-19-5), and blocked with 5%
BSA for 30 min. The cells were then incubated with primary
antibodies specific for Nrf2 (1:200, Cell Signaling Technology,
12721S) and the slides incubated with Ki-67 (Immunoway, YM
8189) and mTOR (1:200, Zenbio, R380411) Thereafter, the cells
were incubated with fluorescence-conjugated secondary antibodies
(1:1000, Invitrogen) and mounted with a fluorescent mounting
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medium containing 4',6-diamidino-2-phenylindole (DAPI)
(Biosharp, BL739A). Images were captured using a confocal
microscope (EVOSTM M7000; Thermo Fisher Scientific).

2.11 Hematoxylin and eosin staining

Slides were stained with hematoxylin and eosin (H&E) at RT
(hematoxylin staining for 3 min and eosin staining for 15 s) for
histopathology. Pathological changes in the colonic mucosa were
observed under a light microscope.

2.12 Zebrafish strains

TU strain zebrafish (Danio rerio) were obtained from the China
Zebrafish Resource Center (Wuhan, China). All wild-type zebrafish
were maintained in housing systems (ESEN, Beijing, China) under
14 h/10 h day/night cycle at 27°C to 28°C. Adult male and female
zebrafish were mated at a 1:1/1:2 ratio to obtain embryos and staged
at hours post-fertilization (hpf). All zebrafish embryos were raised
and maintained according to standard protocols, as previously
described (29).

We assessed the survival of embryos daily by counting the
number of live and dead embryos. Live embryos exhibit movement
and normal morphology, while dead embryos appear opaque and
immobile. At 24 hpf, we examined the embryos under a microscope
for morphological abnormalities, including spinal curvature,
edema, and other deformities.

2.13 In situ hybridization

Zebrafish in situ hybridization experiments were performed
according to a previously reported standard procedure (30). The T7
promoter sequence was added to the 5 end of the reverse primer
used to synthesize the anti-sense RNA probes, which were
synthesized using T7 RNA polymerase (EP0111, Thermo,
Waltham, MA, USA) and DIG RNA Labelling Mix (11277073910,
Roche, Basel, Switzerland). The images were captured using a Leica
M205 FA fully automated fluorescence stereomicroscope
(1802732S; Leica, Germany). The primer sequences used for the
synthesis of anti-sense RNA probes are listed in Table 1.

2.14 RNA extraction and reverse
transcription PCR

RT-qPCR was used to measure gene-transcription levels. Total
RNA was extracted using RNAiso Plus (9108, Takara Shiga, Japan).
cDNA was synthesized from 1 pg of total RNA using NovoScripts
plus All-in-one 1st Strand cDNA Synthesis Super Mix (E401;
Novoprotein, Suzhou, China), following the manufacturer’s
instructions. Real-time RT-PCR analysis was performed on a CFX
Connect PCR detection system (Bio-Rad, Germany) using the
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TABLE 1 In situ hybridization probe for early zebrafish embryos.

Probe name

Amplification primers

Length

F: AGCAGCACATCTGCATCACT
oca2 641bp
R: AGCTGGACACCTACCATCCT

F: CATGCACAGATTCCGTGTGG
try 378bp
R: GACGTCATTGTCCAGGGTGT

NovoStart Universal Fast SYBR qPCR Super Mix (E047,
Novoprotein, Suzhou, China). In the present study, S-actin was
used as the internal reference gene to detect relative gene
expression. Relative gene-expression levels were normalized to f3-
actin mRNA expression and analyzed using the comparative Cq
method (AACq). The same thermocycling conditions were applied
for all primer sets: 95°C for 30 s, followed by 95°C for 30 s and 60°C
for 30 s for 40 cycles. The primer sequences are listed in Table 2.
Gene expression levels were quantified using quantitative PCR
(qPCR). The gene expression was normalized to the negative
control (NC), which was set to a relative expression value of 1.0.
All values are presented as mean * SD.

2.15 Determination of zebrafish and cell
model SOD, O2e—, CAT, GSH and GSH-Px

According to the manufacturer’s instructions, the activity of
superoxide dismutase (SOD), O,”" content, catalase activity, GSH
content and GSH-Px activity were measured using Total Superoxide
Dismutase (T-SOD) assay kit (Hydroxylamine method) (Nanjing
Jiancheng, A001-1-2), Inhibition and produce superoxide anion
assay kit (Nanjing Jiancheng, A052-1-1), Catalase (CAT) assay kit
(Visible light) (Nanjing Jiancheng, A007-1-1), Glutathione (GSH,
Nanjing Jiancheng, A006-2-1) and Glutathione peroxidase (GSH-
pX, Nanjing Jiancheng, A005-1-2). Briefly, cells, and blood serum
were collected in 1.5 mL EP tubes. Antioxidant assays were
performed using individually homogenized embryos (n=8 per
group) to ensure accurate measurement of enzymatic activities
(SOD, CAT and O,"). Cells were disrupted by ultrasound, the
time being 10 s, the interval 6 s, and the number of ultrasonic times
being 5 times. Thereafter, centrifugation was carried out at 2,000 g
at 4°C for 5 min, and the supernatant was collected. Mice blood
serum samples could be tested directly.

2.16 The prediction of therapeutic targets
of salidroside against melanoma

SwissADME (http://www.swissadme.ch, accessed on 19 July
2022; Swiss Institute of Bioinformatics, Lausanne, Switzerland) is
a web-based tool designed to generate physicochemical descriptors,
including molecular formula, molecular weight, molar refractivity,
atom type counts, polar surface area, lipophilicity, and water
solubility (31). Additionally, it calculates pharmacokinetic
properties, which encompass the study of drug absorption,
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distribution, metabolism, and excretion (ADME) within the body,
all of which significantly influence a drug’s efficacy and safety. The
pharmacokinetic properties evaluated by SwissADME include
human gastrointestinal absorption, Caco-2 permeability, skin
permeability coefficients, and interactions with cytochrome P450
(CYP) enzymes. The simplified molecular input line entry system
(SMILES) format of salidroside, generated from Convert 3D model
molecules into SMILES in Novo Pro (https://www.novopro.cn/
tools/mol2smiles.html), was entered into the SwissADME.

The search terms “melanoma” or “melanogenesis” or “melanin”
were used to search for therapeutic targets related to salidroside in
GeneCards (https://www.genecards.org/), Online Mendelian
Inheritance in Man (OMIM) (https://omim.org/), and DisGeNET
(v7.0) (https://www.disgenet.org/). Overlapping targets between the
disease and drug were screened and generated using a Venn
diagram (https://www.bioinformatics.com.cn). Using the STRING
website (https://cn.string-db.org/), we constructed a protein
interaction network for overlapping genes. A minimum
interaction score threshold of 0.700 was set to ensure high
confidence. A cluster analysis was conducted based on the top 14
key targets.

TABLE 2 RT-gPCR primers for genes associated with melanin synthesis
in zebrafish or B16F10.

Gene name Amplification primers Length
F: GGGTGAGCACAACATTGACG
try 120bp

R: CGTAGCTGTTGATTTGGGCG

F: GCAACTGATAGCAAGCAGCC
oca2 104bp
R: ATAGGTGGGCCTTCCGTAGT

F: GACTCTGTGTAACGGCACCA
dct 105bp
R: AGGTTCAGGCAGCTTCTCAC

F: GGGAACTACAGCGGGTTTGA

trypla 98bp
R: ATCGGCCACAGTCACTTACC
F: CGTGACATCAAGGAGAAG
B-actin 147bp
R: GAGTTGAAGGTGGTCTCAT
F: ATGACCCAAGCCGAGAAGG
B-Actin 185bp
R: CGGCCAAGTCTTAGAGTTGTTG
F: ATGCGCCTAGAGAACAAAGAC
Oca2 225bp

R: TAGCAGGTTTGACGGTCAGC

F: ACTTTCCCTTATCCCATCCACC
Mitf 143bp
R: TGAGATCCAGAGTTGTCGTACA

F: CTCTGGGCTTAGCAGTAGGC
Tyr 107bp
R: GCAAGCTGTGGTAGTCGTCT

FTCTTGGAGTAAGTCGAGAAGTGT
Nrf2 140bp
R: GTTGAAACTGAGCGAAAAAGGC

F: TGCCCCTGTGGTCAAAGTG
Keapl 104bp

R: GGTTCGGTTACCGTCCTGC
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2.17 Statistical analysis

Enrichment dot bubble was plotted by https://www.
bioinformatics.com.cn (last accessed on 1st April 2025), an online
platform for data analysis and visualization. All data are presented as
the mean + SD for at least three independent experiments. Data were
statistically analyzed using the t-test using GraphPad Prism 8.0. *p <
0.05 was considered statistically significant, ***p < 0.001 was highly
statistically significant.

3 Result

3.1 In silico SwissADME profile and protein
target of salidroside

The designing of novel candidates requires substantial attention
to their pharmacokinetic properties, including intestinal absorption,
skin penetration, and inhibition of CYP isoforms. Based on relevant
pharmacokinetic parameters, we determined the molecular formula
of salidroside (Figure 1A) and its efficacy and safety in vivo. As shown
in Figure 1B, salidroside was predicted to be absorbed in the
gastrointestinal (GI) tract and penetrate the stratum corneum,
which is the rate-limiting barrier for skin penetration. Additionally,
the compound was predicted to inhibit several CYP enzymes,
including CYP1A2 and CYP2C19 (Figure 1B).

Using disease target databases, 502 potential therapeutic targets
for melanoma were predicted from OMIN databases (blue area) and
30 potential therapeutic targets were predicted from Dis Ge NET
databases (red area), whereas 102 target proteins were identified as
the effective active compounds of salidroside based on the Swiss
Target Prediction databases (green area). Among these, two
overlapping targets (TYR and MITF) were considered potential
targets for the treatment of melanoma. As shown in Table 3,
fourteen overlapping targets (GSK3B, MAPK1, HSPAS, VEGFA,
FGF2, MTOR, and so on) were considered potential targets for the
treatment of melanoma with salidroside (Figure 1C). A protein-
protein interaction (PPI) network was constructed based on eight
overlapping targets, consisting of eight nodes and 16 edges. The 8
targets including Tyrosinase-related protein 1 (Tyrpl),
Dopachrome tautomerase (Dct), Induced myeloid leukemia cell
differentiation protein Mcl-1 homolog (Mcll), Tyrosinase (Tyr),
microphthalmia-associated transcription factor (Mitf), AKT Serine/
Threonine Kinase 1 (Aktl), AKT Serine/Threonine Kinase 2
(Akt2), and Mammalian target of rapamycin (Mtor). Cluster
analysis revealed that melanin synthesis and cell growth were the
primary targets of salidroside in melanoma cells (Figure 1D).

Research has found that eumelanin and pheomelanin (two
types of melanin), which cause oxidative stress, can also prevent
melanoma progression in the early stages (9). A finding showed that
MITF, the master regulator of melanocyte differentiation, exhibits
an inverse correlation with melanoma cell motility and invasiveness
at lower expression levels (32). Gene Ontology (GO) enrichment
analysis revealed that salidroside was considerably enriched in
inhibiting melanin biosynthesis and pigmentation, regulating
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nitric oxide biosynthesis, and promoting energy reserve metabolic
processes (Figure 1E) (23). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis identified 95
pathways, and the top 21 enriched pathways (excluding cancer,
growth, and immune-related pathways) suggested that salidroside
may inhibit melanin synthesis through multiple pathways, such as
melanogenesis, tyrosine metabolism, PI3K-Akt, and mTOR
signaling pathways (Figure 1F).

3.2 Salidroside affects melanin in early
zebrafish embryos

To study the in vivo anti-melanin synthesis effects of salidroside,
we first selected the appropriate experimental concentration of
zebrafish embryos. Below 3.2 mM salidroside did not affect the
survival of embryos and the morphological percentage (Figure 2A).
No viable embryos remained for malformation assessment at 6.4
mM beyond 24h due to complete mortality. Then, we observed that
below 3.2 mM salidroside suppressed pigmentation in two-day-old
embryos (Figure 2B). In addition, Salidroside dose-dependently
inhibited mRNA expression of tyr, tyrpla, oca2, and dct in embryos
(Figure 2C). In situ hybridization results showed that salidroside
downregulated the expression of oca2 and tyr in two-day-old
embryos (Figure 2D). Furthermore, previous studies have
indicated that antioxidant activity is closely related to melanin
synthesis, prompting us to investigate the effects of salidroside on
antioxidant enzyme activity in this context (33). We evaluated
antioxidant activities by analyzing individual embryos. The data
demonstrated that salidroside significantly enhanced SOD, CAT
and GSH activities (p<0.05, vs control) confirming its antioxidant
efficacy (Supplementary Figure 1). Taken together, these results
showed that the anti-melanin synthesis effect of salidroside may be
related to its antioxidant activity.

3.3 Salidroside inhibited H,O,-induced
melanogenesis by promoting antioxidant
effect in B16F10 cells

To study the in vitro anti-melanoma and anti-melanin synthesis
effects of salidroside, we examined the effects of salidroside and H,0,
on melanin synthesis in murine B16F10 melanoma cells using the
MTT assay and RT-qPCR. The MTT assay results showed that
salidroside had no effect the cell viability and reduced the melanin
content of cells in a dose-dependent manner; furthermore, H,O, (350
UM, an oxidant used as the negative control) reduced cell viability
and increased the melanin content of cells (Supplementary
Figures 2A, B). And then, the results of tyrosinase activity showed
that salidroside considerably inhibited tyrosinase activity at
concentrations greater than 40 uM. In addition, the cellular
tyrosinase activity was increased by treatment with H,0,
(Supplementary Figure 2C). The mRNA levels of the genes
involved in melanin synthesis were reduced, whereas H,O, induced
an increase (Supplementary Figure 2D). Next, we examined the

frontiersin.org


https://www.bioinformatics.com.cn
https://www.bioinformatics.com.cn
https://doi.org/10.3389/fonc.2025.1583580
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Quyang et al.

10.3389/fonc.2025.1583580

(A) (B)

S Properties Predicted Value Standard Value
HO % H
. o Permeability of Caco-2 07 Caco-2 permeability >0.50
(log Papp in 1076 cm/s) ) (medium to high)
Ho ™ o
oH Human intestinal absorption (%) 84.5 >80% (good absorbed)
Skin Permeability (log Kp) -8.8 Log Kp >-2.5 (low)
CYP3A4 inhibitor No
CYP1A2 inhibitor Yes
CYP2C19 inhibitor No
CYP2C9 inhibitor No
OH CYP2D6 inhibitor No
(C) Drug target (D)
Tyrpl

(E)

Response to light stimulus:

Positive regulation of cellular biosynthetic process .
Positive regulation of transcription, DNA- templated .

Regulation of cell migration-

Positive regulation of cell population proliferation .

Pigmentation-

Negative regulation of apoptotic process | °

Melanin biosynthetic process+ . fog(prae)

Response to UV . | e

Positive regulation of cellular catabolic process (]
Developmental pigmentation

Protein kinase B signaling:

Negative regulation of cell size-

Negative regulation of autophagy

Melanocyte differentiation {

Melanin biosynthetic process from tyrosine:
Insulin receptor signaling pathway-

Glycogen biosynthetic process

Vesicle: .
Melanosome membrane-

(=

Tyrosinase activiiy{ 4 M
3 3 ) 5 6

FIGURE 1

In silico SwissADME profile and protein target of salidroside. (A) Chemical structure of salidroside. (B) Pharmacokinetic properties of salidroside
calculated with the SwissADME database. (C) The Venn map related to overlapping genes from bioactive compounds in salidroside and melanoma-
related genes. (D) The cluster analysis of the central eight targets. The central eight targets were identified as core targets based on degree values.
(E) GO enrichment analysis (Biological process, molecular function and cellular component enrichment analysis). (F) KEGG pathway enrichment
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effects of salidroside on melanin synthesis using western blotting.
Salidroside downregulated Tyr and Mitf protein expression in cells.
In addition, H,O, did not upregulate the expression of Tyr protein;
however, it upregulated the expression of Mitf protein compared with
that in untreated cells (Supplementary Figure 2E).

After determining whether salidroside has anti-melanin
synthesis properties, we further explored whether the antioxidant
capacity of salidroside plays a role in the cell models. Melanin
content analysis showed that salidroside effectively alleviated H,O,-
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induced melanin accumulation in B16F10 cells (Figure 3A).
Salidroside significantly inhibited H,0O,-induced tyrosinase
activity in B16F10 cells (Figure 3B). The RT-qPCR results showed
that salidroside reduced the mRNA expression levels of Tyr, Mitf,
and Oca2 in both the blank control and H,O,-induced cells. In
contrast, H,O, treatment alone increased the expression of these
genes (Figure 3C). Considering the antioxidant effect of salidroside,
we examined the contents of antioxidant enzymes SOD, O,"", GSH,
GSH-px, and CAT were significantly reduced in H,O,-induced cells
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TABLE 3 The Venn map related to overlapping genes name.

1 ADORA3
2 GSK3B

3 MAPK1

4 HSPAS

5 VEGFA

6 FGF2

7 HPSE

8 MMP1

9 ADAM17
10 PRKCB
11 MMP7

12 CDK2

13 EGFR

14 MTOR

(p < 0.05). However, salidroside significantly reversed these changes
(p < 0.01) (Figure 3D). Additionally, Nrf2 (nuclear factor erythroid
2 related factor) and Keapl (Kelch-like ECH-associated protein 1)
play important roles in antioxidative stress. RT-qPCR results
showed that salidroside dramatically increased the mRNA levels
of Nrf2 and Keapl in H,O,-induced cells (Figure 3E). Additionally,
we observed that under conditions without H,O, induction,
salidroside upregulated the expression of Nrf2. Activated Nrf2
translocated into the nucleus and initiated the expression of
various antioxidant genes, including SOD, catalase, and HO-1.
Further analysis by immunofluorescence verified that the
expression of Nrf2 in the nucleus increased with stimulation of
salidroside, but which could be weakened by H,0, (Figure 3F,
Supplementary Figure 3). Activation of Tyrosinase and TRP1 is
important in melanin synthesis. Western blotting showed that
H,0,-induced cells promoted TRP-1 and Mitf protein levels,
whereas salidroside effectively downregulated the levels of Tyr,
TRP-1, and Mitf (Figure 3G). In conclusion, salidroside may exert
a anti-melanin synthesis effect by inhibiting oxidative stress in
B16F10 cells.

3.4 Salidroside inhibited H,O,-inductd
melanogenesis by inactivating PI3K/AKT/
mTOR

Given that salidroside inhibited melanin synthesis in H,0,-
inducted cells, we explored whether salidroside inhibits B16F10 cell
migration. The results of the wound-healing and transwell assays
reflected the effects of salidroside on melanoma cell migration. As
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shown in Figure 4A, B16F10 cells exhibited a migratory tendency
after 12 h, whereas salidroside treatment inhibited cell migration
(Figures 4A, B). Several studies claimed that salidroside inactivated
the mTOR pathway (34, 35). Combined with disease and drug
target databases, we found that salidroside may modulate the PI3K-
Akt signaling pathway by targeting mTOR, thus exerting a
therapeutic effect on melanoma. Therefore, we used Rapamycin
(rapa, 2 UM, an mTOR inhibitor) as the positive control. Western
blotting analysis showed that rapa reduced melanin synthesis in
H,0,-induced cells (Figure 4C). Moreover, both salidroside and
rapa downregulated the expression of PI3K, phospho-Akt (Ser473),
and phospho-mTOR (Ser2481) in B16F10 cells, whereas H,O, did
not affect their levels. Salidroside exerted effects comparable to those
of rapa (2 uM) (Figure 4D).

3.5 Salidroside suppressed tumor growth in
a syngeneic tumor model

To determine the anti-melanoma and anti-melanin synthesis
effects of salidroside in vivo, we established a B16F10 melanoma
mouse model. Four-week-old BALB/c male mice, weighing
approximately 20 g, were randomized into three groups: vehicle
control, 4 mg/kg salidroside, and 8 mg/kg salidroside. When the
tumor diameter reached 300 mm®, the treatment was initiated.
Salidroside was injected intratumorally for 5 days. As shown in the
results, salidroside and the vehicle control had no significant
influence on mouse weight (Figure 5A). In addition, we also
discovered no significant changes in serum ASL/ALT and
creatinine levels (Supplementary Figure 4A). which indicating that
salidroside at 4 and 8 mg/kg is safe for intratumoral administration.
Salidroside at 8 mg/kg showed the strongest anti-tumor effects.
Salidroside (8 mg/kg) decreased the average tumor weight and
volume (Figures 5B, C). Previous results have demonstrated that
salidroside exhibits antioxidant properties, which can influence
melanin formation. Therefore, we further investigated the changes
in antioxidant enzyme levels in mice from the treatment group. The
results showed that, following salidroside injection, the activities of
superoxide dismutase (SOD) and catalase (CAT) in mouse serum
significantly increased, indicating that salidroside enhanced the
antioxidant capacity in vivo (Supplementary Figure 4B).

To investigate the potential biological mechanisms of
salidroside in melanoma growth, we discovered clearly inhibited
melanoma-related angiogenesis by H&E staining. Additionally,
miTF acts a master regulator in melanoma and Ki-67 plays a
proliferation marker, reflecting tumor aggressiveness and
predicting prognosis (36). We detected miTF and Ki-67 in
melanoma tissues and found that the miTF and Ki-67 were
downregulated in the salidroside-treated group. After determining
that salidroside downregulated the mTOR levels in BI6F10 cells, we
further examined the effects of salidroside on mTOR expression in
melanoma tissues. The obtained results showed that salidroside
decreased the percentage of mTOR-positive B16F10 melanoma cells
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FIGURE 2

Salidroside affected melanin in early zebrafish embryos. (A) Survival rate of embryos within 72-h salidroside-treated zebrafish embryos and
morphological deformity rates (including pericardial oedema, spine curvature, and tail abnormality) in salidroside-treated (0—-72 hpf) zebrafish
embryos (n = 80 for each group). (B) Representative images of zebrafish embryos after 48 h of salidroside exposure at different concentrations (0,
0.8,1.6 and 3.2 mM). Scale bar, 500 pm. (C) Effects of salidroside on mRNA expression levels of genes related to melanin synthesis in early zebrafish
embryos. ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 compared with the control. Results were denoted as mean + SD of
three independent experiments. (D) Expression patterns of oca2 and tyr by whole-mount in situ hybridization in two-day-old zebrafish embryos.

Scale bars, 250 pm. SD, standard deviation.

(Figure 5D). We further investigate the cellular localization and
dynamic changes of these markers by immunofluorescence. We
found that both concentrations of salidroside could inhibit the
expression of Ki-67 and mTOR in mouse melanoma (Figure 5E).
Overall, the results of the animal experiments indicated that
salidroside exerts anti-melanoma growth effects in vivo.
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4 Discussion

Melanoma is a type of skin cancer that originates from pigment-
producing cells known as melanocytes. Melanocytes produce melanin
via melanogenesis (37). In 2020, the National Cancer Institute released
a report stating that although the risk of developing melanoma tends
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FIGURE 3

Salidroside inhibits H,O,-induced melanogenesis by promoting antioxidant effect in B16F10 cells. (A) Salidroside treatment for 24 h reduced melanin
synthesis after H,O, induction. *p < 0.05, **p < 0.01, n=3 (B) Cellular tyrosinase activity and tyrosinase activity levels were measured by dopachrome
formation from L-DOPA as a substrate. (C) The mRNA expression levels of Tyr, Mitf and Oca2 in B16F10 cells were measured by RT-qPCR. ns, no
significance, *p < 0.05, **p < 0.01, *** p < 0.005, ****p < 0.001, n=3. (D) B16F10 cells were treated with salidroside for 24 h or H,O; for 4 h and cell
homogenates were obtained using an ultrasonic crusher. The levels of SOD, O™ content, CAT, GSH and GSH-px in the cells were measured by the
corresponding kits. All data are expressed as mean + SD (n = 6/9). ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. (E) The mMRNA
expression levels of Nrf2 and Keapl in B16F10 cells were determined by RT-gPCR. ns, no significance, *p < 0.05, **p < 0.01. (F) Immunofluorescence
staining results of Nrf2 in B16F10 cells (n=4), scale bar=200 um. **p < 0.01, ***p < 0.005. (G) The protein-expression levels of Tyr, TRP-1, and Mitf were
examined by western blotting analysis and greyscale analysis of proteins. GAPDH functioned as a loading control. NC, untreated control; Sal, salidroside;
H,O, + salidroside, After H,O, induction for 4 h ns, no significance, *p < 0.05, **p < 0.01. Results were denoted as mean + SD of three times. L-DOPA,
|-3,4-dihydroxyphenylalanine; SOD, superoxide dismutase; O™, superoxide anion; CAT, catalase; GSH, glutathione; GSH-Px, Glutathione peroxidase;
RT-gPCR, quantitative reverse transcription polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SD, standard deviation.
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Salidroside inhibits H,O,-inductd melanogenesis by inactivating PI3K/AKT/mTOR. (A) Wounding-healing assays conducted in B16F10 cells. Cells
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to increase with age, it can occur in any age group (38). The reduction

in melanoma progression depends on many factors, such as ratio of

melanin and oxidative stress (9). Some studies suggest that oxidative

stress impairs cancer cell survival during the early stages of melanoma
development and growth (39). In addition, melanin acts as a double-
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edged sword in melanoma: while offering antioxidant protection by

scavenging reactive oxygen species, it also shields tumor cells from

oxidative damage, contributing to therapy resistance. Photodynamic

Therapy (PDT) is an emerging complementary and unconventional

treatment for melanoma. Although PDT can treat melanoma,
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FIGURE 5

Salidroside suppresses tumor growth in syngeneic tumor model. (A) Body weight of mice during the treatment period. (B) Tumor volume of mice
during the treatment period. *p < 0.05. (C) Tumor weight (left panel) and representative photos of tumor dissected from mice (right panel). *p <
0.05, ***p < 0.005, vs. control group. n=4. Sal-S: salidroside 4 mg/kg. Sal-H: salidroside 8 mg/kg. (D) HE and IHC staining of Ki-67, miTF, and mTOR
in tumor tissues. Representative melanoma sections from mice of each group are presented in the left panels. Relative positive rates are shown in
the right panels. Data are presented as mean + SD of four mice. **p < 0.01, ***p < 0.005, ****p < 0.001. vs. control group, scale bar = 100 um. (E)
The expression of Ki-67 and mTOR were detected by IHC assay in the tumor issues of mice (n=4). Data were presented as the mean + SD, scale bar
=200 um, **p < 0.01, ****p < 0.001. HE, hematoxylin and eosin; IHC, immunohistochemistry; SD, standard deviation
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melanoma defense systems (such as pigmentation and antioxidative
stress) are major factors that reduce the efficacy of PDT (40).
Uncontrolled melanogenesis plays a role in the progression of
melanotic melanoma, and melanin pigments can reduce the efficacy
of radiotherapy and immunotherapy (41), indicating that increased
melanogenesis correlates with heightened melanoma aggressiveness.

In light of evidence highlighting the importance of melanin in
regulating melanoma development, it is vital to recognize the
possibility of using compounds or natural products that decrease
melanin synthesis as potential treatment options to prevent
melanoma progression. Certain natural products, compounds,
and drugs can stimulate melanin synthesis by interfering with the
melanogenesis signaling pathways. Huey-Chun Huang et al.
revealed that theophylline promotes melanogenesis in B16F10
cells by upregulating the mitogen-activated protein kinase 1
(MEK1/2) and Wnt/B-catenin signaling pathways (42). Tabolacci
et al. focused on the potential ability of Aloe-emodin (AE) to reduce
melanoma cell proliferation and metastatic potential by inducing
cell differentiation. They demonstrated the inhibitory effects of AE
on melanoma cell proliferation and invasion, accompanied by
stimulation of cell-differentiation parameters (43). In summary,
melanogenesis hinder melanoma treatment while promoting the
melanoma progression.

A detailed review revealed that salidroside extracts and
compounds display numerous bioactivities, including antioxidative,
anti-aging, anti-cancer, and neuroprotective activities, and possess
crucial adaptogenic properties (44). Amount of evidence showed that
SOD, GSH, and GSH-px were the representative makers associated
with oxidative stress (45). Obviously, the level of SOD, GSH, and
GSH-px were increased in H,O,-inducted models or melanoma
model, whereas salidroside treatment, significantly improved SOD,
GSH, and GSH-px expression and increased the expression of Nrf2 in
nucleus. Our results suggested that the anti- melanogenesis effect of
salidroside by inhibited oxidative stress.

Signaling pathways involve a network of proteins and enzymes
that regulate melanocyte function and melanoma progression. For
example, the cAAMP/PKA and MAPK pathways are central regulators
of melanin synthesis and melanoma development (46). We also
found that Nrf2 is not only the downstream gene of PI3K/Akt but
also an important transcriptional activator in the cytoplasm (47).
Importantly, by mapping the effects of salidroside on these pathways
by cluster analysis, we identified critical target molecules (AKT,
mTOR, and MITF) that were directly affected by the compound,
which may serve as biomarkers for assessing salidroside against
melanoma growth and potential drug development. Kim et al.
concluded that melanogenic programs can crosstalk with the
signaling pathways of NF-xB activation through toll-like receptors
(TLRs) (48, 49). We elucidated that H,O, promotes mTOR
expression and upregulates the PI3K/Akt signaling pathway to
activate the downstream targets, Tyr and Mitf. In contrast,
salidroside inhibited mTOR, Tyr, and Mitf expression. Importantly,
through the validation of rapamycin, mTOR was found to be a target
for salidroside inhibition of melanin formation. In addition, we
demonstrated that salidroside can effectively inhibit tumor
formation by intratumoral administration. This mode of
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administration maximizes drug concentrations at the tumor site
while minimizing systemic toxicity - demonstrating the innovative
potential of this delivery method. Taken together, our findings
indicate that salidroside regulates PI3K/Akt/mTOR expression and
inhibits melanin formation.

To the best of our knowledge, the present study is the first to
validate the pharmacological effects of salidroside on melanoma
networks using both in vitro and in vivo experiments. It is also the
first to identify TYR and MITF as key protein targets of salidroside
in melanoma. Melanogenesis, tyrosine metabolism, and PI3K-AKT
signaling pathways play important roles in the treatment of
melanoma, according to KEGG analysis. These experiments
demonstrate that salidroside reflects a significant anti-
melanogenic effect by inhibiting oxidative stress in vitro and in
vivo. From a mechanistic perspective, western blot results showed
that H202 significantly increased the phosphorylation of mTOR
and Akt, and this phenomenon can be reversed by salidroside.
Simultaneously, salidroside enhanced Nrf2 translocation to the
nucleus suggesting that salidroside inhibits melanogenesis by
inhibiting oxidative stress. Salidroside’s multi-target regulatory
capacity, low toxicity, and efficacy make it a promising candidate
for developing an effective anti-melanoma therapeutic agent.

5 Conclusion

Network pharmacology was therefore determined as an effective
method for delineating the therapeutic effects of traditional herbs
on different diseases. In conclusion, our results confirmed the
network pharmacology results showing that salidroside has anti-
melanoma effects in mouse models. We found that the anti-
melanoma effect of salidroside by inhibiting oxidative stress and
melanin synthesis. These results indicated that salidroside has the
potential to be developed as a novel drug for the treatment of
melanoma. Moreover, the present study findings confirmed that the
inhibition of PI3K/Akt signaling by directly targeting mTOR is a
feasible strategy for melanoma management. CurrenTtly, research
on salidroside is limited to animal experiments and is expected to
continue in human cell lines or clinical research to apply these
findings to human melanoma.
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