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Many traditional Chinese medicines (TCMs) with skin-whitening properties have been recorded in the Ben-Cao-Gang-Mu and in
folk prescriptions, and some literature confirms that their extracts do have the potential to inhibit pigmentation. However, no
systematic studies have identified the specific regulatory mechanisms of the potential active ingredients. The aim of this study
was to screen the ingredients in TCMs that inhibit skin pigmentation through a network pharmacology system and to explore
underlying mechanisms. We identified 148 potential active ingredients from 14 TCMs, and based on the average “degree” of
the topological parameters, the top five TCMs (Fructus Ligustri Lucidi, Hedysarum multijugum Maxim., Ampelopsis japonica,
Pseudobulbus Cremastrae Seu Pleiones, and Paeoniae Radix Alba) that were most likely to cause skin-whitening through anti-
inflammatory processes were selected. Sitogluside, the most common ingredient in the top five TCMs, inhibits melanogenesis
in human melanoma cells (MNT1) and murine melanoma cells (B16F0) and decreases skin pigmentation in zebrafish.
Furthermore, mechanistic research revealed that sitogluside is capable of downregulating tyrosinase (TYR) expression by
inhibiting the ERK and p38 pathways and inhibiting TYR activity. These results demonstrate that network pharmacology is an
effective tool for the discovery of natural compounds with skin-whitening properties and determination of their possible
mechanisms. Sitogluside is a novel skin-whitening active ingredient with dual regulatory effects that inhibit TYR expression
and activity.

1. Introduction

Melanin not only determines the color of human skin, eyes,
and hair but also plays a key role in camouflage, mimicry,
social communication, and protection from ultraviolet rays.
However, when melanin is overproduced and abnormally
distributed in the epidermis, it causes a variety of conditions,
such as freckles and melasma, which can negatively affect
one’s perceived beauty and social confidence [1]. Melanin is
the final product of L-tyrosine following multiple steps of
enzymatic reactions and is synthesized in melanocyte mela-
nosomes [2]. In the skin, melanocytes are located in the basal
layer of the epidermis and can produce and transfer mature
melanosomes to keratinocytes, thus causing skin pigmenta-
tion [3]. TYR is the main rate-limiting enzyme in melanin
production [4], and microphthalmia-associated transcrip-

tion factor (MITF) is the main transcription factor that regu-
lates the transcriptional expression of TYR [5].

Recently, studies have found that inflammatory responses
play important roles in the regulation of melanogenesis [6].
For example, IL-18, produced by Langerhans cells, dendritic
cells, and keratinocytes in the epidermis, can upregulate the
expressions of TRP-1 (tyrosinase-related protein 1) and
TRP-2 (tyrosinase-related protein 2) by activating the
p38/MAPK (mitogen-activated protein kinase) and PKA
(protein kinase A) pathways, thus promoting melanogenesis
[7, 8]. TNF-α downregulates B16 melanin production mainly
by activating NF-κB [9]. PGe2 (prostaglandin e2), which is
secreted by fibroblasts and keratinocytes, has been shown to
stimulate the differentiation of dendritic cells and initiate
TYR activity in melanocytes through the cAMP (cyclic aden-
osine monophosphate) and Plc (phospholipase c) signaling
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pathways [10]. PIH (postinflammatory hyperpigmentation)
is a type of reactive skin melanization [11]. Various skin dis-
eases, trauma, or cosmetic surgery often lead to pigmentation
of the affected area, especially in people of color [12]. Patients
with PIH usually bear immense psychological stress, which in
severe cases, negatively affects their quality of life. Therefore,
certain medicines that regulate inflammation are used to
treat PIH and other diseases that cause hyperpigmentation.
For example, resveratrol, which reduced the inflammatory
damage in HaCaT cells [13], was found to inhibit melanin
synthesis through extracellular signal-regulating of kinase
1/2 and signaling of phosphoinositide 3-kinase/Akt [14].

Whitening agents, such as hydroquinone (HQ) and vita-
min C, are traditionally used to treat pigmentation [15]. HQ
is a hydroxyphenol with a powerful inhibitory effect on
melanogenesis. However, due to various side effects such as
irritant or allergic contact dermatitis, nail discoloration,
and impaired wound healing, the use of HQ is restricted
[16, 17]. Vitamin C inhibits TYR by interacting with copper
ions at TYR active sites, thereby decreasing melanogenesis.
However, vitamin C is unstable in finished products. In
addition, if the concentration of vitamin C is higher than
20%, it can cause skin irritation [18]. Therefore, natural
ingredients from a wide range of sources that are safe, effec-
tive, highly stable, and easy to store are in high demand.

Recently, more TCM ingredients have been found to be
effective in inhibiting skin pigmentation, such as apigenin
and paeoniflorin [19–21]. The TCMs with whitening activity
described in the Ben-Cao-Gang-Mu are widely used as secret
recipes in China, and nowadays, they are confirmed to have
the effect of inhibiting pigmentation. For example, the
extract of Hedysarum multijugum Maxim (the rhizome of
Astragalus membranaceus (Fisch.) Bunge) causes skin whit-
ening by inhibiting the ERK pathway [22]. The dry extract
of Typhonii Rhizoma (the rhizome of Sauromatum gigan-
teum (Engl.) Cusimano and Hett.) can effectively inhibit
the tyrosinase activity in vitro [23]. And evidence-based
medicine has also confirmed that the extract of Sapindi
Mukorossi Semen (the fruit of Sapindus mukorossi Gaertn.),
which inhibits tyrosinase activity, has the potential to be
used as a drug and cosmetic additive [24]. Some traditional
folk prescriptions, although not compiled into a compen-
dium, are also widely used. San-Bai-Tang (SBT) is a typical
example. Ye et al. demonstrated that SBT could decrease
melanin production by inhibiting the p38/MAPK signaling
pathway and TYR activity [25]. Other TCMs described in
some prescriptions have also been shown to have skin-
whitening effects. Coicis Semen (the seed of Coix aquatica
Roxb.) extract inhibits melanin production by downregulat-
ing MITF, TYR, TRP-1, and TRP-2 [26]. Moreover, a cell
assay of TYR showed that Ampelopsis japonica (the rhizome
of Ampelopsis japonica (Thunb.) Makino) inhibited the
activity of mushroom TYR by more than 50% [27]. The
whitening TCMs recorded in these ancient prescriptions
have been proved to be effective by modern experimental
techniques, but most of them are verified in the form of
extracts, and the active ingredients that work are not clear.
This aroused our interest in the active ingredients of TCMs
with whitening effects recorded in ancient prescriptions.

Besides, TCMs or prescriptions have complex ingredi-
ents, diverse modes of action, and unknown active ingredi-
ents. In addition, the inconsistency of factors such as the
quality of raw materials, processing methods, preparation
techniques, compatibility of ingredients used in the compo-
sition, and dosage forms has a greater impact on the efficacy
of TCMs [19, 28]. Therefore, the usage of certain TCMs with
skin-whitening effects is restricted. It is thus urgent to iden-
tify active ingredients with potential whitening effects on the
skin, through systematic screening to ensure the safety, effi-
cacy, and stability of these ingredients.

In recent years, the application of system biology in the
field of TCM has made great progress. The network pharma-
cology of TCM is a new cross-discipline that combines the
pharmacology of TCMs with network science, system biol-
ogy, computational science, and bioinformatics [29]. It fully
understands the complexity between drugs, diseases, and
biological systems from the perspective of the “complex-pro-
tein/gene-disease” network [30]. Network pharmacology is
an effective and systematic tool to study the pharmacological
action, mechanism, safety, and other aspects of herbal med-
icine, especially TCMs, and provides valuable insights for
current drug discovery [31, 32].

2. Materials and Methods

2.1. Network Pharmacological Process

2.1.1. Database Building for Chemical Ingredients. A flow
chart of the studied experimental program is depicted in
Figure 1. The TCMs with antipigmentation effects, described
in the Ben-Cao-Gang-Mu and in folk prescriptions, were
used for network pharmacological analysis. Typhonii Rhi-
zoma, Ricini Semen, Hedysarum multijugum Maxim., Pseu-
dobulbus Cremastrae Seu Pleiones, and Sapindi Mukorossi
Semen, described in the Ben-Cao-Gang-Mu, have whitening
and yellow lowering properties and can remove facial spots
and moles. Poria cocos (Schw.) Wolf (the sclerotium of Smi-
lax china L.), Paeoniae Radix Alba, and Atractylodes macro-
cephala Koidz (the rhizome of Atractylodes macrocephala
Koidz.) which are constituents of the SBT are known to
improve skin texture and reduce chloasma and pigmenta-
tion. Other traditionally recorded herbs, such as Bletilla stri-
ata (Thunb. Murray) Rchb.F. (the rhizome of Bletilla striata
(Thunb.) Rchb.F.), Ampelopsis japonica, A. dahurica (Fisch.)
Benth. Et Hook (the rhizome of Angelica dahurica (Hoffm.)
Benth. and Hook.f. ex Franch. and Sav.), Atractylodes lancea
(Thunb.) Dc. (the rhizome of Atractylodes lancea (Thunb.)
DC.), Fructus Ligustri Lucidi, and Coicis Semen, were also
included in this study. Because of the large number of TCMs
included in this study, multiple Chinese medicine database
screenings will cause data processing confusion. We only
use the Traditional Chinese Medicine Systems Pharmacol-
ogy (TCMSP) database, a more commonly used database,
for follow-up screening. The chemical ingredients of these
TCMs were searched in TCMSP (updated on April 24,
2020) [33]. Drug-likeness (DL) and oral bioavailability
(OB) are commonly used screening parameters. Topical or
systemic medications are common treatments for skin
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pigmentation diseases; therefore, we only used DL as the
screening criterion. Excellent complexes with DL > 0:18
were selected to increase the hit rate of drug candidates.

2.1.2. Intersection between Target Genes of TCMs and
Pigmentation-Associated Genes. The gene set associated with
pigmentation was selected based on the GeneCards database
(updated on April 24, 2020), from which targets with a
gene-disease score > 1 were selected. Eventually, 6180
pigmentation-related targets were identified. The intersec-
tion between target genes of TCMs and pigmentation-
associated genes was illustrated using a Venn diagram [34].

2.1.3. Construction of an Active Compound-Target-Pathway
Network. Active ingredients and regulated target genes were
screened according to the results of the Venn diagram. The
network was constructed using Cytoscape software [35]
and was used to indicate the relationship between the active
compounds of TCMs and the target genes of pigmentation.
Each target gene regulated by an active ingredient in a
TCM was considered one “degree.” The average “degree”
topological parameters of each TCM were used to evaluate
the importance of the selected TCMs. The compounds were

ranked, and the top five TCMs were selected for key analy-
ses. Furthermore, detailed information on the potential
active ingredients reported to regulate pigmentation was
analyzed.

2.1.4. Kyoto Encyclopedia of Genes and Genome (KEGG)
Enrichment Analysis of Target Genes Regulated by
Potentially Effective TCMs. Target genes regulated by the
top five TCMs were selected to determine KEGG target
pathways and explore the possible mechanisms of potential
effective ingredients in these TCMs against pigmentation.
DAVID bioinformatics resources 6.8 was used to analyze
the enrichment of KEGG target pathways. The gene symbols
of the potential targets of the effective active ingredients
were uploaded. The obtained gene identifiers were then
downloaded and entered KOBAS3. The gene which adjusted
p values less than 0.05 was selected.

2.1.5. Molecular Docking Simulation. The 2D structures of
sitogluside, arbutin, nicotinamide, HQ, kojic acid, and ascor-
bic acid were obtained from the PubChem database. The
mechanical structures of the small molecules were optimized
using ChemBio3D Ultra 14.0. The 3D crystal structure of
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Figure 1: Flow chart of this study.
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mushroom TYR (PDB ID: 2Y9X, docking coordinates: X =
−8:87, Y = −30:74, and Z = −41:52) was obtained from the
Protein Data Bank (PDB) database [36]. The 3D crystal
structures of six membrane receptors (opioid u receptor,
PDB ID: 4DKI; melanocortin 1 receptor, PDB ID: 2L1J;
endothelin B receptor, PDB ID: 5GLI; adrenergic β receptor,
PDB ID: 4GBR; prostaglandin receptor, PDB ID: 6D26; stem
cell factor receptor, PDB ID: 2EC8) were obtained from the
PDB database. The protein structures were prepared using
AutoDock Tools by removing water molecules, adding
hydrogens, and creating zero-order bonds to metals and
disulfide bonds. Lastly, molecular docking simulations were
performed using AutoDock Vina 1.1.2 [37], and the results
were analyzed using PyMoL 1.7.2.1.

2.2. Experimental Validation

2.2.1. Chemicals and Antibodies. Sitogluside (purity ≥ 98%)
was purchased from ChemFaces (#CFN98, 713, Chem-
Faces). Dimethylsulfoxide (DMSO) was purchased from
Sigma-Aldrich. Neutral paraformaldehyde (4%) was pur-
chased from Biosharp (Hefei, China). Kojic acid, the
Fontana-Masson Stain Kit, sodium deoxycholate, and L-
DOPA were purchased from Solarbio (Beijing, China). Dul-
becco’s modified Eagle’s medium (DMEM) was purchased
from Gibco (#C11995500BT, Gibco). Fetal bovine serum
(FBS) and Cell Counting Kit-8 (CCK8) were purchased from
BI (Kibbutz Beit-Haemek, Israel). PMA (12-O-tetradecanoyl
phorbol-13-acetate, the ERK/MAPK activator) was pur-
chased from APExBIO (#N2060, APExBIO). Anisomycin
(the p38/MAPK activator) was purchased from MedChem-
Express (HY-18982, MedChemExpress). Primary antibodies
against ras-related protein Rab-27A (RAB27A) (#69295,
CST), extracellular signal-regulated kinase (ERK) (#4695,
CST), p-ERK (#4370, CST), c-Jun N-terminal kinase JNK
(#9252, CST), p-JNK (#4668, CST), p38 (#8690, CST), p-
p38 (#4511, CST), cAMP response element-binding protein
CREB (#9107, CST), and p-CREB (#9198, CST) were pur-
chased from Cell Signaling Technology. Primary antibodies
against TRP1 (ab235447, Abcam), TRP2 (NBP1-56058,
Novusbio), MITF (STJ94134, St. John’s Laboratory), TYR
(BS1484, Bioworld), and GAPDH (#AP0066, Bioworld)
were purchased from Abcam, Novusbio, St. John’s Labora-
tory, and Bioworld, respectively.

2.2.2. Cell Culture and Treatment. MNT1 and B16F0, which
are rich in melanosomes, are widely used to study melano-
genesis [38]. Consequently, these two cell lines were chosen
for subsequent experiments. MNT1 and B16F0 cells were
cultured in 20% or 10% fetal bovine serum (Biological
Industries, Israel) and 1% penicillin-streptomycin (Gibco)
in DMEM. All cells were cultured in a wet incubator at
37°C and 5% CO2. Sitogluside was dissolved in DMSO,
and the final concentration of DMSO was <0.1%. PMA
and anisomycin were separately dissolved in DMSO, and
the final concentration of DMSO was <0.1%.

2.2.3. Zebrafish Culturing and Treatment. Zebrafish embryos
and culture medium were purchased from EzeRinka Biotech
(Nanjing, China). The experimental protocol was approved

by the Ethics Committee of Third Xiangya Hospital of Cen-
tral South University (No. 2021-S137). On the first day after
hatching, the zebrafish were reared in a 12-well plate (10 per
well), protected from light, and cultured at 37°C. The zebra-
fish were treated with different concentrations of sitogluside,
and photographs were taken using an inverted microscope at
24 h intervals to record the changes in melanin in the tails of
the zebrafish. After the pictures were taken, sitogluside solu-
tions of different concentrations were readded and recorded
continuously for one week.

2.2.4. Cell Viability. Cell viability was assessed using a CCK8.
MNT1 and B16F0 cells were plated in 96-well plates at a
density of 2000 cells/well or 500 cells/well. The cells were
treated with different concentrations of sitogluside (25, 50,
100, 200, 400, 600, and 800μM). After 24h or 48 h, 10μL
of CCK8 reagent was added to each well, and the cells were
incubated at 37°C for 1 h. When the color of the medium
turned orange, the culture was terminated, and a microplate
reader (PerkinElmer EnVision xcite, UK) was used to mea-
sure the absorbance at 490 nm.

2.2.5. Fontana-Masson Melanin Staining. Cells were cultured
in a 6-well plate and treated with different concentrations of
sitogluside for 2 days, and kojic acid as a positive control was
added at 200μM. The cells were then placed in 4% parafor-
maldehyde for 15min. After rinsing with water, the cells
were incubated with Fontana ammonia-silver solution for
24 h in a dark chamber, rinsed with water, and then placed
in hyposulphite for an additional 5min. An inverted micro-
scope was used to observe the melanin.

2.2.6. Function Recovery Experiment. PMA, as a recognized
activator of ERK/MAPK [39, 40], was tested for cytotoxicity
through CCK8 experiment at different concentrations (6.25,
12.5, 25, 50, 100, 200, 400, and 800ng/mL) for 24 hours.
And after MNT1 and B16F0 cells were treated with different
concentrations (25, 50, and 100ng/mL) of PMA for 2 hours,
the phosphorylation level of ERK was detected by western
blotting experiment. At the selected concentration, the cells
were treated with for 0, 1, 2, 4, 6, and 8 hours to detect the
effective time of activation. After the cells were treated with
sitogluside (200μM) and PMA (25ng/mL) for 48 hours
(retreated every 8 hours), the protein levels of TYR and
p-ERK were detected. Fontana-Masson melanin staining
detected the melanin content. Anisomycin [41] is the activa-
tor of p38/MAPK, the exploration concentration of which is
4, 8, 16, 32, 64, 128, 256, and 512nM, and the other experi-
mental methods are the same as PMA.

2.2.7. TYR Activity Measurements. Cells were treated with
different concentrations of sitogluside for 2 days. After
digestion and centrifugation, the cells were counted and
resuspended twice in phosphate-buffered saline (PBS). Next,
500μL of 0.5% sodium deoxycholate solution was added to
each sample. The samples were incubated at 4°C for 10min
and then at 37°C for 15min. 1mL of 1% L-DOPA solution
was added, following which 200μL was immediately pipet-
ted into a 96-well plate. Subsequently, a multimode plate
reader was used to measure the absorbance values (A0) at

4 Oxidative Medicine and Cellular Longevity



475nm, and the measurement was repeated after 30min
(A30). TYR activity was calculated as (A30-A0)/cell number.

2.2.8. TYR Activity Probe. A near-infrared fluorescence
probe for TYR activity based on resorufin was used to visu-
alize activity in living cells, as described previously [42].
Briefly, MNT1 and B16F0 cells were cultured in a 6-well
plate and treated with different concentrations of sitogluside
for 2 days. A 10μM fluorescence probe was added, and after
4 h, the cells were replaced with PBS. After the red light was
excited, a fluorescent inverted microscope was immediately
used to take pictures.

2.2.9. Protein Extraction and Western Blotting. After the cells
were treated with different concentrations of sitogluside for
2 days, the total cellular protein was extracted using the
RIPA Lysis Buffer (Thermo Fisher) and the Protease Inhibi-
tor and Phosphatase Inhibitor cocktails (Roche). Protein
concentration was determined using a BCA protein assay
kit (KeyGEN Biotec). After blocking with 1% BSA, the pri-
mary antibodies against TYR, MITF, TRP1, TRP2, RAB27A,
CREB, p-CREB, ERK, p-ERK, JUK, p-JUK, p38, and p-p38
were incubated with the membranes overnight at 4°C at
1 : 1000 and GAPDH at 1 : 3000. The membranes were
washed with TBS-T and incubated with goat anti-rabbit sec-
ondary antibody at 1 : 3000 for 1 h. The binding antibody
was detected by electrochemiluminescence (ECL).

2.2.10. Statistical Analysis. SPSS22.0 software was used for
statistical analysis, and Student’s t-test or one-way analysis
of variance (ANOVA) was used for multiple group compar-
isons. The Mann-Whitney U test was used for nonparamet-
ric data. p < 0:05 in all cases was considered statistically
significant. ∗∗∗p < 0:001, ∗∗p < 0:01, and ∗p < 0:05.

3. Results

3.1. Composite Ingredients of TCMs. Fourteen TCMs,
recorded in the Ben-Cao-Gang-Mu and in folk prescriptions,
with antipigmentation effects were studied. A total of 372 Chi-
nese medicine ingredients from the 14 TCMs were retrieved
from the TCMSP database (supplementary Table S1).

3.2. Target Genes Regulated by TCMs and Related
Pigmentation Genes. According to the target prediction
system in the TCMSP database, a total of 834 target genes
from the 14 TCMs were obtained. A total of 9431 genes
related to pigmentation were retrieved from the GeneCards
database, out of which, 6180 were selected and had a rele-
vance score > 1.

3.3. Ranking of 14 TCMs and the Disease-Compound-Target
Network. Using Cytoscape software, we took the intersection
of the regulatory genes of each TCM and pigmentation-
related genes and obtained the potential active ingredients
and common target genes. Next, the disease-compound-
target network between TCM and pigmentation was con-
structed. Based on this, we obtained the average “degree”
of each active ingredient and ranked the TCMs according
to their scores. According to the rank scores, the top 5 herbs

were Fructus Ligustri Lucidi, Hedysarum multijugumMaxim.,
Ampelopsis japonica, Pseudobulbus Cremastrae Seu Pleiones,
and Paeoniae Radix Alba (Figure 2(a)). Through KEGG anal-
ysis of 220 target genes of the top 5 TCMs, 19.3% of genes
were rich in the PI3K-Akt signaling pathway, 13.6% of
genes were related to the TNF signaling pathway, and about
12.3% of genes were related to IL-17. In addition, 37 genes
were involved in the MAPK pathway and 28 genes were
involved in the HIF-1 pathway. These pathways are closely
related to the regulation of melanin metabolism and skin
photoaging. Among the top 20 enriched signaling pathways,
inflammation-related pathways accounted for one-quarter
of these (Figure 2(c)). Figures 2(d)–2(h) depict the disease-
compound-target network between Fructus Ligustri Lucidi,
Hedysarum multijugum Maxim., Ampelopsis japonica, Pseu-
dobulbus Cremastrae Seu Pleiones, Paeoniae Radix Alba, and
pigmentation, respectively. According to the Venn diagram
of the ingredients in the top five TCMs, we found that four
TCMs contained sitogluside and beta-sitosterol (Figure 2(b),
supplementary Table S2).

3.4. Potential Active Ingredients in Inhibiting Pigmentation.
According to the disease-compound-target network, 148
ingredients related to pigmentation were obtained from 14
TCMs. Through a literature search, 25 of the 148 ingredients
were reported to inhibit melanogenesis. Four active ingredi-
ents were reported as plant extracts that inhibit melanogen-
esis. Fourteen active ingredients were studied, and their
derivatives were reported to regulate pigmentation. Interest-
ingly, four ingredients were shown to promote melanogene-
sis, while the mechanism of six ingredients in regulating
melanogenesis is still unclear. The remaining 95 potential
Chinese medicinal ingredients have not yet been explored
for the regulation of pigmentation. Detailed information
on these ingredients is provided in supplementary Table S3.

3.5. In Vitro and In Vivo Effects of Sitogluside on
Melanogenesis. After the above screening process, we found
that four TCMs in the top TCMs contained sitogluside and
β-sitosterol. β-Sitosterol has been reported to inhibit
alpha-melanocyte-stimulating hormone (α-MSH), stimulat-
ing melanogenesis via the p38 signaling pathway in
B16F10 melanoma cells [43]. However, the antipigmentation
effects of sitogluside and its specific mechanism have not
been reported. Therefore, we chose sitogluside as a drug can-
didate for these studies. The CCK8 assay was performed to
explore the potential toxic concentrations of sitogluside in
MNT1 and B16F0 cells. The results showed that sitogluside
had no obvious effect on the proliferation of the cells
(Figures 3(a) and 3(b)) at concentrations below 400μM.
Melanin staining conducted using 25, 50, 100, and 200μM
sitogluside showed that sitogluside can reduce melanin con-
tent in MNT1 and B16F0 cells in a dose-dependent manner
(Figure 3(c)). Furthermore, sitogluside treatment signifi-
cantly inhibited skin pigmentation in zebrafish in a time-
and dose-dependent manner (Figure 3(d)). These results
suggested that sitogluside inhibited melanogenesis in vitro
and in vivo.

5Oxidative Medicine and Cellular Longevity



0

4

8

12

16

20

24
The ranking of the average degree of 14 TCMs

Traditional Chinese medicine

Av
er

ag
ed

eg
re

e

FL
L

H
M

M A
J

PC
SP

PR
A RS

BS
RF

A
LD CS TR SM

S
A

D
BE

H
PC

W
A

M
K

(a)

HMM

23

1
0 1

10

A
J0

0
00

0
0 1

0
0

4

PCSP

5PRA 0

02

1 2

0

0
0

0

1

2
14

FLL

0
1

1

(b)

TNF signaling pathway
Prostate cancer

PI3K−Akt signaling pathway
Pathways in cancer

Pancreatic cancer
Measles

MAPK signaling pathway
Kaposi sarcoma−associated herpesvirus infection

Influenza A
IL−17 signaling pathway

Human T−cell leukemia virus 1 infection
Human cytomegalovirus infection

HIF−1 signaling pathway
Hepatitis C
Hepatitis B

FoxO signaling pathway
Fluid shear stress and atherosclerosis

Epstein−Barr virus infection
Apoptosis

AGE−RAGE signaling pathway in diabetic complications

0.15 0.20 0.25 0.30
Rich factor

Pa
th

wa
y

40

50

60

70

80
−log10 (P.value)

Size

30

40

50

60

70

KEGG enrichment

(c)

Figure 2: Continued.

6 Oxidative Medicine and Cellular Longevity



(d) (e)

(f) (g)

(h)

Figure 2: The detailed analysis of key TCMs. (a) The ranking of 14 TCMs, according to the “average degree” of each TCM. (b) The Venn
diagram on the potential active ingredients of FLL, HMM., AJ, PCSP, and PRA. (c) The KEGG target pathways of the top 20 enriched
signaling pathways in the top 5 TCMs. (d–f) The disease-compound-target network between FLL, HMM, AJ, PCSP, PRA, and
pigmentation, respectively. The network is composed of nodes and lines. Red node indicates diseases. Blue node indicates herbs. Yellow
nodes indicate potential Chinese medicine activity components, and green nodes indicate related target genes. Lines indicate their
interactions. ADBEH: A. dahurica (Fisch.) Benth. Et Hook; AJ: Ampelopsis japonica; ALD: Atractylodes lancea (Thunb.)Dc.; AMK:
Atractylodes macrocephala Koidz.; BSRF: Bletilla striata (Thunb.Ex A.Murray) Rchb.F.; CS: Coicis Semen; FLL: Fructus Ligustri Lucidi;
HMM: Hedysarum multijugum Maxim.; KEGG: Kyoto Encyclopedia of Genes and Genome; PCSP: Pseudobulbus Cremastrae Seu
Pleiones; PCW: Poria Cocos (Schw.) Wolf.; PRA: Paeoniae Radix Alba; RS: Ricini Semen; TR: Typhonii Rhizoma; SMS: Sapindi Mukorossi
Semen; TCM: traditional Chinese medicine.
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Figure 3: Sitogluside inhibits melanogenesis in vitro and in vivo. (a, b) CCK8 assay detects the cell viability of MNT1 and B16F0 cells treated
with different concentrations of sitogluside. (c) Fontana-Masson melanin staining detects the melanin content. (d) Sitogluside can effectively
inhibit the pigmentation of zebrafish.
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Figure 4: Continued.
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3.6. Effects of Sitogluside on TYR Expression. From the previ-
ous results, sitogluside can effectively reduce melanin con-
tent, but how it regulates this process is still unknown and
therefore of interest. Western blotting was performed to
detect the expression of melanogenesis-related genes (TYR,
MITF, TRP1, TRP2, and RAB27A) at the protein level.
The results of the analyses demonstrated that TYR expres-
sion was significantly downregulated and MITF and TRP1
expressions were moderately downregulated after sitogluside
treatment (Figure 4(a)). Since MAPK and PKA are the key
upstream signaling pathways regulating TYR, we further
explored the changes in key proteins in these two pathways.
After MNT1 and B16F0 cells were treated with sitogluside
for 2 days, the phosphorylation levels of ERK and P38 were
significantly downregulated, whereas there were no signifi-
cant changes in the total levels of CREB, ERK, JNK, and
p38 proteins or the phosphorylation levels of JNK and CREB
(Figure 4(b), Figure S1A). According to the results of CCK8
experiment, we found that PMA below 100 ng/mL is not
toxic to both cells (Figure S1B), and 25ng/mL PMA can
obviously increase the phosphorylation level of ERK. The
phosphorylation level of ERK gradually decreased after 4
hours (Figure S1C-D). Through Fontana-Masson melanin
staining, we found that PMA can significantly increase the
melanin content of MNT1 and B16F0 cells. The western
blotting results also suggest that PMA can upregulate the
phosphorylation level of ERK, and sitogluside can reduce

the phosphorylation level of ERK upregulated by PMA. By
inhibiting the phosphorylation level of ERK and reducing
the protein level of TYR, sitogluside reduces the melanin
content increased by PMA (Figures 4(c) and 4(e),
Figure S2A). At the same time, we found that anisomycin
has similar results. Anisomycin below 8nM is not toxic to
both cells, and 2nM anisomycin can significantly increase
the phosphorylation level of p38. At 8 hours, the
phosphorylation level of p38 is still high (Figure S1B,
Figure S1E-F). The results of Fontana-Masson melanin
staining and western blotting also suggest that sitogluside
can inhibit the phosphorylation level of p38 upregulated
by anisomycin, reduce the content of TYR protein, and
inhibit pigmentation (Figures 4(d) and 4(f), Figure S2B).
Therefore, sitogluside may reduce TYR expression by
inhibiting the ERK/MAPK and p38/MAPK pathways.
However, the mechanism by which sitogluside inhibits
these signaling pathways remains unclear. We traced the
upstream membrane receptors of these signaling pathways
and used molecular docking to explore the mechanism of
regulating downstream pathways. The binding energies
between sitogluside and the six membrane receptors, viz.
the opioid u, melanocortin 1, stem cell factor, endothelin
B, adrenergic β, and prostaglandin receptors were -7.8,
-5.8, -5.5, -5.4, -3.4, and 0 kal/mol, respectively. Through
molecular docking, we found that among the six
membrane receptors, sitogluside had very high affinities

Opioid u receptor
(–7.8 kcal/mol)

Melanocortin 1 receptor
(–5.8 kcal/mol)

Stem cell factor receptor
(–5.5 kcal/mol)

Endothelin B receptor
(–5.4 kcal/mol)

Adrenergic 𝛽 receptor
(–3.4 kcal/mol)

Prostaglandin receptor
(0 kcal/mol)

(g)

Figure 4: Sitogluside can downregulate the TYR expression through inhibiting the ERK/MAPK and p38/MAPK pathway. (a) The changes
of melanogenesis-related gene protein levels in MNT1 and B16F0 cells treated with different concentrations of sitogluside were detected by
western blotting. (b) The expression of key proteins in MAPK and PKA pathways was determined by western blotting. (c) Sitogluside can
reduce the protein content of TYR by inhibiting the phosphorylation level of ERK activated by PMA. (d) Sitogluside can reduce the protein
content of TYR by inhibiting the phosphorylation level of ERK activated by anisomycin. (e) Fontana-Masson melanin staining suggests that
sitogluside (200 μM) can reduce melanin content increased by PMA (25 ng/mL). (f) Fontana-Masson melanin staining suggests that
sitogluside (200 μM) can reduce melanin content increased by anisomycin (4 nM). (g) The molecular docking between sitogluside and
opioid u receptor, melanocortin 1 receptor, stem cell factor receptor, endothelin B receptors, adrenergic β receptor, and prostaglandin
receptor. PMA: 12-O-tetradecanoyl phorbol-13-acetate; Sito: sitogluside; Anis: anisomycin.
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with the opioid u, melanocortin 1, and stem cell growth
factor receptors (Figure 4(g)). We speculate that sitogluside
may inhibit the ERK/MAPK and p38/MAPK pathways by
binding to the before-mentioned membrane receptors,
thereby downregulating TYR expression.

3.7. Effect of Sitogluside on TYR Activity. Since TYR is the
key enzyme in melanin synthesis, it is the most prominent
target for inhibiting melanogenesis. Most commercially

available cosmetics or skin lightening agents, such as HQ,
arbutin, and kojic acid, are TYR inhibitors. We used sitoglu-
side and some clinically used skin-whitening agents (arbu-
tin, nicotinamide, kojic acid, HQ, and ascorbic acid) to
conduct molecular docking with TYR. The detailed interac-
tions between sitogluside and the above-mentioned agents
with TYR are shown in Figure 5(a). The binding energies
of these six compounds were -6.2, -6.4, -5.6, -5.7, -5.4, and
-5.4 kcal/mol, respectively. It is generally believed that when

Arbutin (-6.4 kcal/mol) Sitogluside (–6.2 kcal/mol) Kojic acid (–5.7 kcal/mol)
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(a)

0 25 50 100 200 200
0.0

0.5

1.0

1.5
MNT1

Re
la

tiv
e t

yr
os

in
as

e a
ct

iv
ity

ns

ns

Sitogluside (𝜇M) Kojic acid (𝜇M)

⁎⁎⁎⁎⁎⁎

⁎⁎⁎
⁎⁎

(b)

B16F0

ns

0 25 50 100 200 200
0.0

0.5

1.0

1.5

Re
la

tiv
e t

yr
os

in
as

e a
ct

iv
ity

Sitogluside (𝜇M) Kojic acid (𝜇M)

⁎⁎⁎⁎⁎⁎⁎⁎⁎⁎⁎⁎⁎⁎⁎

(c)

MNT1

0 25 50 100 200 200
Sitogluside (𝜇M) Kojic acid (𝜇M)

Pr
ob

e
M

er
ge

(d)

Figure 5: Sitogluside inhibits TYR activity. (a) The molecular docking between sitogluside, arbutin, nicotinamide, hydroquinone, kojic acid,
azelaic acid, ascorbic acid, and tyrosinase. (b, c) The tyrosinase activity assay detects the TYR activity of MNT1 and B16F0 after treatment
with different concentrations of sitogluside. (d) A near-infrared fluorescence probe was used to detect the TYR activity in MNT1.
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the affinity energy is -4, it indicates a binding force, and
when it is ≥-7.0, it indicates a strong binding force. Sitoglu-
side ranked second in affinity, slightly weaker than arbutin,
exhibiting a relatively outstanding combination ability.

At the same time, L-DOPA conversion experiment was
used to detect the activity of TYR, using kojic acid as a pos-
itive control. The results showed that sitogluside inhibited
TYR activity in MNT1 and B16F0 cells in a concentration-
dependent manner, and the high concentration group
(200μM) showed an equivalent inhibitory effect to that
shown by 200μM kojic acid (Figures 5(b) and 5(c)). In
addition, the results of TYR probe experiment showed that
as the concentration of sitogluside increased, fluorescence
intensity gradually decreased in cells, and the fluorescence
intensity of the high concentration group was close to that
of 200μM kojic acid in MNT1 and B16F0 cells
(Figure 5(d), Figure S2C). These results indicate that
sitogluside can effectively inhibit TYR activity in MNT1
and B16F0 cells. Moreover, we speculate that sitogluside, as
a natural sterol compound, may directly penetrate the cell
membrane and bind to TYR and inhibit its activity,
thereby inhibiting melanogenesis.

4. Discussion

In this study, we used network pharmacology to explore the
mechanisms of potential skin-whitening ingredients found
in 14 TCMs, documented in the Ben-Cao-Gang-Mu and in
folk prescriptions, in inhibiting pigmentation. The study also
proposed an innovative method that uses the average
“degree” topological parameter of each active ingredient to
evaluate the potential effectiveness of the herbs. According
to the average “degree,” Fructus Ligustri Lucidi, Hedysarum
multijugum Maxim., Ampelopsis japonica, Pseudobulbus
Cremastrae Seu Pleiones, and Paeoniae Radix Alba were
selected, and through the KEGG enrichment analysis of
the genes regulated by these five TCMs, it was unexpected
that 25% of the enriched signaling pathways were related
to inflammation, including IL-17, TNF, HIF-1, PI3K-Akt,
and MAPK signaling pathways.

Recently, a variety of inflammatory mediators have been
shown to activate or inhibit melanogenesis-related signaling
pathways that promote or inhibit skin pigmentation [6]. In
cultured B16F10 melanoma cells, TNF-α reduced the
expression of TYR and TRP1 and TYR activity in a dose-
dependent manner [44]. IL-17 and TNF-α can reduce the
expression of melanogenesis-related genes in melanocytes,
and IL-17 can significantly enhance the inhibitory effect of
TNF-α on melanogenesis. After treatment with etanercept
(anti-TNF), melanogenesis-related genes were significantly
upregulated in the skin lesions of patients with psoriasis
[45]. HIF-1, a powerful transcription factor regulating the
inflammatory response, has been reported to be involved
in the regulation of factors such as IL-17 and TNF-α
[46–48]. Therefore, HIF-1 is likely to participate in the reg-
ulation of melanogenesis by influencing inflammation.
Other cytokines such as IL-18, IL-33, GM-CSF, and IL-1α
can promote melanogenesis by activating the PKA, MAPK,
or other signaling pathways, while IFN-γ, IL-1β, IL-4, and

IL-6 reduce melanogenesis by inhibiting STAT1, NF-κB,
and JAK2-STAT6 signaling pathways [6]. Our findings
suggest that the top five TCMs (Fructus Ligustri Lucidi,
Hedysarum multijugum Maxim., Ampelopsis japonica, Pseu-
dobulbus Cremastrae Seu Pleiones, and Paeoniae Radix Alba)
may exert an antipigmentation effect mainly through anti-
inflammatory pathways. Previous literature also mentioned
that these top five TCMs have powerful anti-inflammatory
and antiaging effects [49, 50]. This also supports our conjec-
ture that TCMs may play a nonnegligible role in postinflam-
matory pigmentation.

While perusing the literature of 148 ingredients found in
14 TCMs, we also found that among 35 of the reported
ingredients, nearly 70% of them were confirmed to either
reduce melanin content or inhibit TYR activity. This not
only confirms that records of skin-whitening prescriptions
in ancient books are largely reliable but also shows that ref-
erence to ancient literature is a dependable method to obtain
knowledge of TCMs. There are still 95 compounds that
remain unexplored, which have the potential to resist pig-
mentation. Through analysis of the Venn diagrams of the
top five TCMs, 13 common ingredients were obtained.
Among them, in vitro experiments confirmed that daidzein,
rutin, and (+)-catechin can reduce melanin content [51–53].
Sucrose disturbs proper melanosome maturation by induc-
ing osmotic stress and inhibiting the PI3 kinase pathway,
thereby interfering with melanogenesis [54]. Quercetin
reduces oxidative stress-induced melanogenesis [55]. In
addition, chemical and physical methods such as spectro-
scopic and structure-activity analyses confirmed that lupeol
and kaempferol can inhibit TYR and reduce melanogenesis
[56, 57]. This indicates that network pharmacology maybe
is a feasible method to dig out whitening ingredients. Four
TCMs in the top five TCMs contained sitogluside, and there
are no reports on whether sitogluside regulates pigmentation
or its related mechanism. Therefore, we chose sitogluside for
these studies.

Sitogluside, a sterol glycoside that is widely present in
plants, has been reported to exert antitumor, antioxidative,
and neuroprotective effects [58–60]. In this study, we discov-
ered that sitogluside effectively reduced melanin content
in vitro and in vivo. Subsequent experiments proved that it
could significantly reduce the expression of TYR. Kojic acid
was used as a positive control, and it can also inhibit the pro-
tein levels of melanogenesis-related genes such as TYR,
MITF, and TYRP1 under α-MSH stimulation, which was
reported by Jeon et al. [61]. Given the absence of exogenous
stimulation, 200μM kojic acid had only moderate inhibitory
effects on gene expression in our study, but because kojic
acid has great tyrosinase inhibitory activity, we still use it
as a positive control in this study. TYR expression was
reported to be directly or indirectly regulated by the MAPK
or PKA pathways, respectively. An increasing number of
ingredients have been confirmed to have a whitening effect
on the skin by inhibiting the MAPK signaling pathway.
For example, fargesin reduces the expression of TYR by
inhibiting the P38/MAPK pathway [62]. Ganoderma luci-
dum polysaccharides can resist UVB-induced melanogenesis
by downregulating the MAPK pathway [63]. Our study

12 Oxidative Medicine and Cellular Longevity



found that sitogluside, at a concentration of 200μM, had the
potential to reduce TYR expression by inhibiting ERK/-
MAPK and P38/MAPK signaling pathways. This has been
reported through the molecular docking between the
upstream membrane receptors of MAPK pathways [64]
and sitogluside. We found that sitogluside binds strongly
to the opioid u, melanocortin 1, and stem cell growth factor
receptors. Therefore, we speculate that sitogluside may inter-
act with these membrane receptors, inhibit the ERK/MAPK
and P38/MAPK signaling pathways, and reduce the expres-
sion of TYR.

Since TYR is the key enzyme in the synthesis of melanin
particles in melanocytes, inhibiting the activity of the cata-
lytic site of TYR is essential to reduce skin pigmentation
[65]. Many skin-lightening agents in the market are TYR
activity inhibitors, such as HQ, arbutin, and kojic acid. In
this study, we used molecular docking to explore the binding
effects of sitogluside and five common skin-whitening active
ingredients (arbutin, nicotinamide, kojic acid, HQ, and
ascorbic acid) [66] with TYR. The results showed that sito-
gluside had a strong binding affinity with TYR, weaker than
arbutin, but stronger than kojic acid, nicotinamide, HQ, and
ascorbic acid. Arbutin is a prodrug of HQ and a natural
product that can reduce or inhibit the synthesis of melanin
by inhibiting TYR. However, the natural form of arbutin is
chemically unstable and can convert to HQ, which is cata-
lyzed and metabolized into benzene metabolites with poten-
tial toxicity to bone marrow [67]. The use of kojic acid in
cosmetics is restricted because of its carcinogenicity and
instability during storage [68]. Therefore, sitogluside, a nat-
ural sterol compound derived from a variety of plants, is
expected to act as a potent skin-lightening agent. However,
the solubility of sitogluside in DMSO is low, which is also

a shortcoming of this natural ingredient. Subsequent exper-
imental verification revealed that sitogluside is safe in MNT1
and B16F0 cell lines, and the low concentration group had a
good inhibitory effect on TYR activity, while the high
concentration group had the same effect as the same concen-
tration of kojic acid. Therefore, sitogluside may be therapeu-
tically used as a skin-whitening regulator, which not only
reduces the expression of TYR but also inhibits its activity
(Figure 6).

5. Conclusions

The network pharmacology is maybe an effective tool for the
discovery of natural skin-pigmentation-reducing active
ingredients and their possible mechanisms. Fructus Ligustri
Lucidi, Hedysarum multijugum maxim., Ampelopsis japon-
ica, Pseudobulbus Cremastrae Seu Pleiones, and Paeoniae
Radix Alba have potential skin-whitening properties and
may inhibit pigmentation by regulating inflammation. Sito-
gluside is a novel skin-whitening active ingredient with dual
regulatory effects, viz. inhibiting TYR expression and
activity.
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Figure 6: Sitogluside, the most common ingredient in the top five TCMs selected by network pharmacology, as small molecular compound
of sterol, on the one hand, may reduce the expression of TYR by inhibiting the ERK and p38 pathway through binding to membrane
receptors (such as OUR, MC1R, and C-KIT). On the other hand, it may penetrate the cell membrane, directly bind to tyrosinase, inhibit
the activity of TYR, and reduce the melanin content. c-KIT: stem cell growth factor receptor; OUR: opioid u receptor; MC1R:
melanocortin 1 receptor; TCM: traditional Chinese medicine; TYR: tyrosinase.
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