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Mechanism of skin whitening through San-Bai 
decoction-induced tyrosinase inhibition and 
discovery of natural products targeting tyrosinase
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Abstract 
Melanin deposition is the main cause of skin darkening, which can lead to severe physical and psychological distress, necessitating 
the development of approaches for preserving skin health and fairness. Tyrosinase (TYR) is the rate-limiting enzyme in melanin 
synthesis, and its activity directly determines the degree of melanin accumulation in the skin, which in turn affects skin color. 
Currently, TYR inhibitors derived from natural products are widely used for skin whitening. San-Bai decoction (SBD) is effective 
for skin whitening and softening, but its mechanism of action, efficacy and high efficiency TYR inhibitors for skin whitening remain 
poorly understood. Here, we employed systems biology and network pharmacology to analyze the active compounds and 
targets of SBD, using the follow databases: TCMIP, TCMID, and BATMAN-TCM. Construct a molecular network centered on the 
regulation of TYR by SBD in skin whitening, using STRING database and cytoscape. Enrichment analysis using KOBAS database 
and ClusterProfiler. Virtual screening of candidate TYR inhibitors using Molecular Operating Environment software and Amber 
18 software. SBD may act through tyrosine metabolism, melanogenesis, and other signaling pathways to regulate TYR activity 
and inhibit melanogenesis. We identified TYR and ESR1 as possible key targets for the whitening effect of SBD and screened 
out pentagalloylglucose, 1,3,6-tri-O-galloyl-beta-D-glucose, 1,2,4,6-tetragalloylglucose, and liquiritigenin 4ʹ,7-diglucoside as 
inhibitors of TYR, in addition to glycyrrhizic acid, pachymic acid methyl ester, nicotiflorin, gamma-sitosterol, and isoliensinine as 
inhibitors of ESR1. We also performed virtual drug screening of a library of natural small-molecule compounds (19,505 in total) 
and screened out lycopsamine, 2-phenylethyl b-D-glucopyranoside, and 6-beta-hydroxyhyoscyamine as inhibitors of TYR. We 
identified natural compounds with the potential for skin whitening through inhibition of TYR, thus advancing research on SBD and 
its applications.

Abbreviations: AKT1 = threonine kinase 1, BATMAN-TCM = Bioinformatics Analysis Tool for Molecular mechanism of 
Traditional Chinese Medicine, ESR1 = Estrogen Receptor 1, GO = gene ontology, MAPK = Mitogen-Activated Protein Kinase, 
MOE = Molecular Operating Environment, PPI = protein–protein interaction network, QED = quantitative estimate of drug-likeness, 
RMSD = root mean square deviation, RMSF = root mean square fluctuation, SASA = solvent-accessible surface area, SBD = 
San-Bai decoction, TCM = Traditional Chinese medicine, TCMID = Traditional Chinese Medicines Integrated Database, TCMIP 
= The Integrative Pharmacology-based Research Platform of Traditional Chinese Medicine, TNF = tumor necrosis factor, TYR = 
tyrosinase, TYR-PIN = TYR–protein–protein interaction network.

Keywords: molecular dynamics simulation, network pharmacology, pigment deposition, San-Bai decoction, skin whitening, tyros-
inase, virtual drug screening

1. Introduction
The amount of melanin in the skin is directly related to skin 
darkening, melasma, and pigment deposition.[1] Skin whitening 
approaches are primarily centered around melanin production, 

transfer, and metabolism. Tyrosinase (TYR) is a rate-limiting 
enzyme in melanin synthesis, and its activity directly determines 
the rate of melanin synthesis and the degree of its accumulation 
in the skin, which is among the primary causes of skin darken-
ing and pigmentation.[2] Inhibition of TYR activity can reduce 
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melanin synthesis and thus whiten the skin.[3] The discovery and 
confirmation of safe and effective TYR inhibitors are essential 
yet challenging aspects in the development of skin-whitening 
drugs.[4]

Traditional Chinese medicine (TCM) is considered a natu-
ral treasure, with the advantages of abundance, high efficacy, 
and low toxicity. TCM preparations contain a variety of phar-
macological components with whitening, age-delaying, and 
anti-wrinkle effects.[5–8] Arbutin extracted from the TCM ling-
onberry leaf can block melanin synthesis by inhibiting TYR 
activity in vivo[9]; it is widely used in skin-whitening products to 
reduce skin pigment deposition, skin darkening, and melasma. 
Research on ancient TCM prescriptions as well as the screening 
and extraction of natural products with TYR-inhibiting activity 
from TCM herbs holds great potential in the field of skin whit-
ening. Systems biology provides researchers tools that can reveal 
complex relationships between herbs, active compounds, and 
targets, while preserving the foundation of traditional TCM. 
Computer-aided drug design enables the screening of potential 
drug targets and target lead compounds of TCM origin, sav-
ing costs and improving efficiency of the drug development 
pipeline.[10]

The desire for a beautiful and healthy skin is universal. 
In the Inner Canon of the Yellow Emperor, it is described 
that the condition of the human skin is closely associated 
with the functioning of internal organs. When the internal 
organs are diseased, the qi and blood are not harmonized, 
which causes the skin to become rough and blemishes to 
develop on the face. San-Bai decoction (SBD) is a cosmetic 
formula handed down from the Ming Dynasty to the present 
day; it whitens the skin and removes blemishes by harmo-
nizing the qi and blood, regulating the functions of the 5 
viscera.[11] SBD consists of Paeoniae radix alba (Baishao), 
Atractylodis macrocephalae rhizome (Baizhu), Poria 
(Baifuling), and Glycyrrhizae radix et rhizome (Gancao). 
Modern pharmacology has shown that SBD contains fla-
vonoids, polysaccharides, triterpenoid saponins, and other 
active compounds, which can exert various pharmacological 
effects, such as TYR inhibition, antioxidant activity through 
radical scavenging, anti-inflammatory effects, and immune 
stimulation.[12] Among constituent herbs, polysaccharides 
from Poria and Paeoniae radix alba can substantially inhibit 
tyrosinase production,[13,14] Atractylodis macrocephalae 
rhizoma and Glycyrrhizae radix et rhizoma polysaccha-
rides are effective in whitening, repairing sun damage, and 
wound healing,[5,15] whereas flavonoids act as substrate ana-
logs of tyrosine to inhibit TYR activity and slow melanin 
formation.[15]

In the present study, network pharmacology, molecular dock-
ing, pharmacophore screening, and molecular dynamic simula-
tion were used to construct a molecular regulatory network for 
the whitening function of SBD via TYR inhibition. This network 
was found to be involved in several skin-related signaling path-
ways and TYR metabolic regulatory signaling. In addition, we 
found that pentagalloylglucose, 1,3,6-tri-O-galloyl-beta-D-glu-
cose, 1,2,4,6-tetragalloylglucose, and liquiritigenin 4ʹ,7-digluco-
side in SBD could stably bind to TYR and that glycyrrhizic acid, 
pachymic acid methyl ester, nicotiflorin, gamma-sitosterol, and 
isoliensinine in SBD can stably bind to the antioxidant protein 
Estrogen Receptor 1 (ESR1). We screened a compound library 
containing 19,505 natural small molecules and identified lyco-
psamine, 2-phenylethyl b-D-glucopyranoside, and 6-beta-hy-
droxyhyoscyamine as compounds that stably bind to TYR as 
potential TYR inhibitors. Our study elucidated the complex 
mechanism of action for SBD in skin whitening, screening its 
drug targets and natural active compounds, thereby providing 
a theoretical basis for modern research on and application of 
SBD, an ancient TCM. Additionally, we screened natural com-
pounds targeting TYR, thereby providing new directions for 
drug development.

2. Materials and Methods

2.1. Herbs, active compounds, and target information of SBD

The 2020 edition of the Chinese Pharmacopoeia[16] was searched 
for Paeoniae radix alba (Baishao), Atractylodis macrocephalae 
rhizome (Baizhu), Poria (Baifuling), and Glycyrrhizae radix et 
rhizome (Gancao) to obtain information on the classification and 
properties of the 4 herbs, as well as to investigate the efficacy and 
mechanism of action of SBD in skin whitening. The Integrative 
Pharmacology-based Research Platform of Traditional Chinese 
Medicine (TCMIP, http://www.tcmip.cn/TCMIP/index.php),[17] 
Traditional Chinese Medicines Integrated Database (TCMID, 
http://bidd.group/TCMID/index.html),[18] and Bioinformatics 
Analysis Tool for Molecular mechanism of Traditional Chinese 
Medicine (BATMAN-TCM, http://bionet.ncpsb.org.cn/bat-
man-tcm/)[19] databases were used to determine the active com-
pounds of the herbs in SBD and their targets. Active compounds 
with quantitative estimate of drug-likeness (QED) > 0.80 in the 
4 SBD herbal medicines were selected from the TCMIP database, 
and the targets of action of these compounds were determined. 
Active compounds with score cutoff ≥ 20.00 were selected from 
the TCMID and BATMAN-TCM databases, and the targets of 
action of these compounds were determined. Finally, the active 
compounds and their targets obtained from these databases were 
merged and duplicates were removed.

2.2. Construction of “TYR-PIN” for SBD and enrichment analysis

The targets of SBD were entered into the Search Tool for the 
Retrieval of Interacting Genes/Proteins (https://cn.string-db.
org/).[20] The species was set to Homo sapiens, and the protein–
protein interaction network (PPI) of SBD targets was obtained. 
To investigate the specific association between SBD and TYR, 
the PPI network was imported into Cytoscape. TYR, targeted 
by SBD, and the proteins that interact with TYR were selected 
to construct a TYR–protein–protein interaction network 
(TYR-PIN) of SBD as a PPI network with TYR as the target 
at the center. The MCODE module in Cytoscape was used to 
obtain local high-density regions and construct core subnet-
works of TYR-PIN. The biological functions of targets in the 
core subnetworks of TYR-PIN were searched in the Human 
Gene Database (GeneCards, https://www.genecards.org/),[21] 
and a literature review of these targets was performed to select 
TYR and targets with precise associations with skin whitening 
as core targets.

Gene ontology (GO) term enrichment of the targets in TYR-
PIN was performed using the R package ClusterProfiler, with 
the biological process (BP), molecular function (MF), and cel-
lular component (CC) modules selected for classification and 
annotation of the biological functions of protein targets. Kyoto 
Encyclopedia of Genes and Genomes signaling pathway enrich-
ment was performed using KOBAS-intelligence (KOBAS 3.0, 
http://bioinfo.org/kobas).[22] Pathway enrichment results with P 
< .05 were selected to investigate the skin whitening mechanism 
of SBD targeting TYR-PIN.

2.3. “Active Ingredient-Target Gene” network construction

Cytoscape 3.7.2 software[23] was used to construct an “herb-ac-
tive compound-core target” network to elucidate the regulatory 
relationship between active compounds in SBD and TYR-PIN as 
well as to discover the herbs in SBD and their active compounds 
that exert whitening effects via core targets.

2.4. Molecular docking validation of core targets and active 
compounds

Three-dimensional (3D) structures of compounds were down-
loaded from the National Center for Biotechnology Information 

http://www.tcmip.cn/TCMIP/index.php
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(PubChem, https://pubchem.ncbi.nlm.nih.gov/)[24] and ZINC 
(https://zinc20.docking.org/).[25] Two-dimensional (2D) struc-
tures of compounds with confirmed binding capability to core 
targets were obtained from the DrugBank (https://go.drugbank.
com/)[26] and Pubchem databases as positive control drug struc-
tures. If only 2D structures were available in the databases, they 
were converted to 3D structures using Molecular Operating 
Environment (MOE) v2019.0102 software.

After applying specific criteria (species Homo sapiens, crystal 
resolution < 3 Å) to screen the RCSB Protein Data Bank (https://
www.rcsb.org/),[27] the 3D structures of core proteins were down-
loaded. Homo sapiens TYR protein structure was downloaded 
from the AlphaFold Protein Structure Database (https://alphafold.
ebi.ac.uk/).[28,29] Protein structures were preprocessed to remove 
solvents and inactive ligands using PyMol 1.8. MOE software 
for molecular docking of preprocessed active compounds, posi-
tive control drugs, and core targets. Affinity was used to assess 
the binding ability between compounds and target proteins; root 
mean square deviation (RMSD) was used to assess the accuracy 
of the binding model. The “Ligand Interaction” module was used 
to analyze interactions between compounds and target proteins.

2.5. Virtual screening of candidate compounds in natural 
products targeting TYR

In order to identify natural products that can alleviate mela-
nin deposition and exert skin-whitening effects, we used the 
“Flexible Alignment” module of MOE software to align the 
structures of 5 TYR inhibitors (alpha-arbutin, kojic acid, 
4-butylresorcinol, ferulic acid, and phenylethyl resorcinol) 
and evaluated the quality of the aligned models using a score 
(similarity of the aligned structures and energy stability). 
“Pharmacophore Query” was used to construct pharmacoph-
ores for the aligned models, and the excluded volume was set 
based on the structure of the aligned models. Fifteen randomly 
selected compounds and fifteen TYR inhibitors involved in 
pharmacophore construction were used to construct a valida-
tion set for determining the accuracy of the pharmacophore 
model. Pharmacophore screening was performed using a phar-
macophore model with good accuracy to screen a library of 
natural compounds (totaling 19,505 compounds). Molecular 
docking of matching compounds with TYR was performed. 
Finally, potential inhibitors of TYR were screened based on 
affinity and RMSD values.

2.6. Molecular dynamic simulation validation

Active compounds with good TYR-binding ability in the molec-
ular docking results were selected for molecular dynamic sim-
ulation using Amber 18 software. The Amber 99sb force field 
was selected for 50-ns simulations. The molecular mechanics/
Poisson-Boltzmann surface area (MM/PBSA) method was used 
to calculate the Gibbs free energy of binding of the active com-
pound to the TYR protein and the contribution of amino acid 
residues at 6 Å from the active compound to the free energy of 
binding. The Gibbs free energy, RMSD, solvent-accessible sur-
face area (SASA), root mean square fluctuation (RMSF), and 
energy decomposition analysis were used to assess the binding 
ability of active compounds to TYR.

3. Results

3.1. Analysis of TCM information of SBD

The overall medicinal property of SBD is neutral, with the prop-
erty of warmth (Fig. 1A), and its flavor is predominantly sweet 
(Fig.  1B). Paeoniae radix alba (Baishao), Atractylodis macro-
cephalae rhizome (Baizhu), Poria (Baifuling), and Glycyrrhizae 
radix et rhizome (Gancao) in SBD are classified to the spleen 

meridian (Fig.  1C), and thus SBD may exert its skin-whiten-
ing effects through the spleen meridian (Table S1, Supplemental 
Digital Content, http://links.lww.com/MD/I734). The active 
compounds of SBD were searched and screened using the 
TCMIP, TCMID, and BATMAN-TCM databases, with 240 
active compounds (QED ≥ 0.80) obtained from the TCMIP 
database and 191 active compounds (score cutoff ≥ 20.00) 
obtained from the TCMID and BATMAN-TCM databases. 
Active compounds screened from the 3 databases were merged, 
and duplicates were removed, yielding 327 active components 
in SBD (Fig.  1D). The TCMIP database compounds had 392 
targets, whereas the TCMID and BATMAN-TCM database 
compounds had 185 targets, with a total of 518 targets from 
the 3 databases (Fig. 1E). These were used as the target genes of 
compounds in SBD for subsequent analysis.

3.2. Construction of SBD “TYR-PIN” and target enrichment 
analysis

The 518 target genes of SBD were imported into the Search 
Tool for the Retrieval of Interacting Genes/Proteins database, 
and a PPI network was constructed (Fig. 2A). TYR and targets 
interacting with TYR were extracted to construct TYR-PIN, 
a network of 18 genes (Fig.  2A, TYR-PIN), suggesting that 
SBD may regulate genes in TYR-PIN to exert skin-whitening 
and blemish-removal effects. The MCODE module was used 
to extract the core network of TYR-PIN through which SBD 
exerts skin-whitening effects (Fig. 2A). The core network con-
tains 8 genes, including TYR, ESR1, TNF, and AKT1. TYR is 
a key rate-limiting enzyme in melanin synthesis.[2] The estrogen 
receptor ESR1 is present in human melanocytes, with the bind-
ing of estrogen to ESR1 activating second messenger signaling 
to increase TYR activity and promote pigment synthesis by 
melanocytes.[7,30–32] Tumor necrosis factor (TNF) regulates lipid 
metabolism, among other biological processes, and is associated 
with various diseases such as atopic dermatitis, psoriasis, and 
sepsis.[33] The AKT1 pathway plays an important role in skin 
wound healing as well as in delaying and preventing cellular 
senescence,[34] suggesting that SBD may regulate these targets to 
treat skin darkening, ameliorate melanin deposition, and delay 
skin aging.

The GO term enrichment analysis of the 18 core targets 
in TYR-PIN revealed that the genes are primarily involved in 
oxidative stress and cell growth biological processes, including 
the regulation of reactive oxygen species metabolic process, 
positive regulation of cell growth, pyridoxal phosphate bind-
ing, regulation of nitric-oxide synthase activity, and protease 
binding (Fig. 2B). This finding suggests that SBD may play an 
antioxidant role through these biological pathways to promote 
the repair of oxidative damage in the skin and delay cellular 
aging. The Kyoto Encyclopedia of Genes and Genomes pathway 
enrichment analysis of the 18 targets in TYR-PIN revealed that 
these are primarily involved in signaling pathways associated 
with melanin synthesis, pigment deposition, and skin damage, 
including tyrosine metabolism, melanogenesis, melanoma, tan-
ning, and freckle formation (Fig. 2C). This finding suggests that 
SBD may control tyrosine metabolism and melanin synthesis 
in the skin by regulating TYR-PIN to regulate oxidative stress 
damage and skin aging, thus decreasing skin pigmentation and 
exerting skin-whitening, blemish-removal, and skin-protection 
effects.

3.3. Construction of a TYR-PIN “herb–active compound–
core target” network

A literature search for targets in the core network of TYR-PIN 
revealed that TYR and ESR1 are closely associated with melanin 
deposition.[7,30–32] To discover further active compounds in SBD 
that target the core factors TYR and ESR1 to exert skin-whitening 

https://pubchem.ncbi.nlm.nih.gov/
https://zinc20.docking.org/
https://go.drugbank.com/
https://go.drugbank.com/
https://www.rcsb.org/
https://www.rcsb.org/
https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
http://links.lww.com/MD/I734
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effects, we used Cytoscape to construct a “herbs–active com-
pounds–targets” network for SBD (Fig. 3). We found 66 active 
compounds targeting TYR, including pentagalloylglucose, 
1,3,6-tri-O-galloyl-beta-D-glucose, 1,2,4,6-tetragalloylglucose, 
liquiritigenin 4ʹ,7-diglucoside, and 1,2,3-tri-O-galloyl-beta-D-
glucose, in addition to 142 active compounds targeting ESR1, 
including glycyrrhizic acid, pachymic acid methyl ester, nico-
tiflorin, gamma-sitosterol, and isoliensinine (Fig.  3, Table S2, 
Supplemental Digital Content, http://links.lww.com/MD/I735). 
This finding indicates that SBD can exert skin-whitening and 
blemish-removal effects through multiple herbs, active com-
pounds, and targets.

3.4. Molecular docking validation of core targets and target 
active compounds

Based on the interaction relationships in the SBD “herbs-ac-
tive compounds-targets” network, molecular docking was 
used to validate the ability of active compounds to bind to 

the core targets TYR and ESR1. Molecular docking of 66 
and 142 active compounds for TYR and ESR1, respectively, 
was performed, and the top 5 compounds with the highest 
free energy of binding (affinity) were selected as compounds 
with stable binding. Four of the 5 compounds with binding 
ability (affinity < −6.83) to TYR were from Paeoniae radix 
alba (Baishao) (Table  1), and all were galloylglucose ana-
logs primarily composed of β-D-glucose and multiple galloyl 
groups. The molecular docking pattern of positive control 
alpha-Arbutin and TYR (Fig.  4A). Pentagalloylglucose 
forms hydrogen bonds with Arg-196, His-202, Glu-203, 
Lys-334, and Asn-364 of TYR, in addition to coordination 
bonds with His-202 and His-420 (Fig.  4B). 1,3,6-Tri-O-
galloyl-beta-D-glucose forms hydrogen bonds with Asp-186, 
Asp-197, Asp-199, His-202, and Glu-203 of TYR (Fig. 4C). 
1,2,4,6-Tetragalloylglucose forms hydrogen bonds with Asp-
186, Asp-197, and Arg-308 of TYR as well as ligand bonds 
with Gln-376 (Fig.  4D). 1,2,3-Tri-O-galloyl-beta-D-glucose 
forms hydrogen bonds with Asp-199, Gln-359, His-363, and 
Ser-380 of TYR (Fig.  4F). Liquiritigenin 4ʹ,7-diglucoside is 

Figure 1.  TCM information of SBD. (A) Percentage of medicinal properties. (B) Percentage of medicinal flavors. (C) Meridian attribution of herbs. (D) Number 
of active compounds contained in SBD. (E) Number of targets of SBD. BATMAN-TCM = Bioinformatics Analysis Tool for Molecular mechanism of Traditional 
Chinese Medicine, SBD = San-Bai decoction, TCM = Traditional Chinese medicine, TCMID = Traditional Chinese Medicines Integrated Database, TCMIP = The 
Integrative Pharmacology-based Research Platform of Traditional Chinese Medicine.

http://links.lww.com/MD/I735
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derived from Glycyrrhizae radix et rhizome (Gancao) and is a 
flavonoid derivative composed primarily of β-D-glucose and 
a flavonoid backbone (2-phenylchromanone), forming hydro-
gen bonds with Asp-199, Glu-203, Arg-308, and Lys-334 of 
TYR (Fig. 4E). Multiple compounds interacted with Asp-199, 
His-202, and Glu-203 of TYR; therefore, it was hypothesized 
that these sites might be essential for the catalytic activity of 
TYR. In addition, most of the compounds with good bind-
ing ability to ESR1 (affinity < −7.89) were from Glycyrrhizae 
radix et rhizome (Gancao) and Poria (Baifuling) (Table  1), 
with multiple interactions of stable binding formed between 
these compounds and ESR1 (Figure S1, Supplemental Digital 
Content, http://links.lww.com/MD/I736). Paeoniae radix alba 
(Baishao), Glycyrrhizae radix et rhizome (Gancao), and Poria 
(Baifuling) contain multiple active compounds that directly 
target and modulate TYR and ESR1, suggesting that these 
compounds may be candidate active compounds that regulate 
melanin synthesis and exert whitening effects.

3.5. Virtual screening of TYR inhibitors derived from natural 
products

TYR inhibitors have been widely used in skin-whitening prod-
ucts. To screen for TYR inhibitors derived from natural products, 
we performed virtual screening of a library of small molecule 
compounds from natural products (a total of 19,505 com-
pounds). First, a pharmacophore model was constructed using 
TYR inhibitors alpha-arbutin, kojic acid, 4-butylresorcinol, 

ferulic acid, and phenylethyl resorcinol[35–37] (Fig.  5A), which 
have well-defined pharmacological effects and low toxicity. The 
pharmacophore model contains 3 key features and an excluded 
volume with a radius of 1.6 Å (Fig. 5B). In the validation set 
(which comprised 15 random compounds and 5 TYR inhibi-
tors included in the construction of the pharmacophore), the 
pharmacophore model matched 4 TYR inhibitors (alpha-arb-
utin, kojic acid, 4-butylresorcinol, and phenylethyl resorcinol) 
with good accuracy. The library of small-molecule compounds 
from natural products was screened using this pharmacophore 
model, and a total of 1350 were screened out, with a match 
rate of 6.92% (1350/19,505). Next, molecular docking of the 
screened compounds with TYR was performed, and 11 com-
pounds were found to bind stably to TYR (affinity < −6.83, 
RMSD < 2.00), for a screening rate of 0.056% (11/19,505). The 
top 5 compounds were selected as potential inhibitors of TYR 
(Table 2, Figure S2, Supplemental Digital Content, http://links.
lww.com/MD/I737).

3.6. Molecular dynamics simulation validation

To further elucidate the binding ability between TYR and 
the active compounds targeting TYR in SBD and the natural 
product libraries, active compounds having molecular dock-
ing results with a free energy of binding to TYR (affinity) of 
less than −9.00 were selected for molecular dynamic simula-
tion. Alpha-arbutin, a known inhibitor of TYR, was chosen 
as a control. Among the compounds screened out from SBD, 

Figure 2.  Enrichment analysis of the SBD whitening mechanism regulatory network and its targets. (A) PPI network of SBD targets (PPI network), TYR and 
its interacting proteins (TYR-PIN), and the core network of TYR-PIN (Core network of TYR-PIN). (B) GO enrichment analysis of TYR-PIN function. (C) KEGG 
enrichment analysis of TYR-PIN signaling pathways. GO = gene ontology, KEGG = Kyoto Encyclopedia of Genes and Genomes, MAPK = Mitogen-Activated 
Protein Kinase, PPI = protein–protein interaction network, SBD = San-Bai decoction, TYR = tyrosinase, TYR-PIN = TYR–protein–protein interaction network.
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the RMSD values of pentagalloylglucose, 1,3,6-tri-O-gal-
loyl-beta-D-glucose, 1,2,4,6-tetragalloylglucose, and liquiri-
tigenin 4ʹ,7-diglucoside stabilized at 0.15 to 0.25 Å after 10 
ns (Fig.  6A), the SASA values stabilized at 180 to 190 nm2 
(Fig. 6B), and the Gibbs free energy of binding to TYR was 
low (<−28.83 kJ/mol) (Table 3). The evaluation indexes were 
similar to the value of the control compound, suggesting that 
these compounds in SBD are potential TYR inhibitors. The 
RMSF and energy decomposition analysis results suggest 
that the amino acids near the active site of TYR have greater 
flexibility when TYR binds to these compounds (Fig.  6C), 
and amino acid residues Ile:198, His:367, and Val:377 pro-
vide more energy when compounds are bound to the protein 
(Fig. 6G), suggesting that these may be the amino acid resi-
dues essential for binding between the active compounds and 
TYR.

In the library of natural product compounds, the RMSD val-
ues of lycopsamine, 2-phenylethyl b-D-glucopyranoside, and 
6-beta-hydroxyhyoscyamine obtained from virtual drug screen-
ing stabilized at 0.45 to 0.55 Å after 10 ns (Fig. 6D), the SASA 
values stabilized at 185 to 195 nm2 (Fig. 6E), and the Gibbs free 
energy of binding to TYR was low (<−17.05 kJ/mol) (Table 3). 
These molecular dynamic simulation evaluation indexes were 
similar to those of the control compounds, suggesting that 
these compounds bind stably to TYR. The RMSF and energy 
decomposition analysis results suggest that the amino acids at 
the active site of TYR are more flexible upon the binding of 
TYR to lycopsamine, 2-phenylethyl b-D glucopyranoside, or 
6-beta-hydroxyhyoscyamine (Fig. 6F), with the amino acid resi-
due Ile:198 providing more energy when the protein is bound by 
compounds, suggesting that Ile:198 is essential for the binding 
interaction (Fig. 6G).

Figure 3.  The “herb-active compounds–targets” network of SBD. ESR1 = Estrogen Receptor 1, SBD = San-Bai decoction, TYR = tyrosinase.

Table 1

Molecular docking of core targets and their targeted active compounds in San-Bai decoction.

Target protein Compound name Source Affinity (kcal/mol) RMSD (Å) 

TYR (ID:AF-P14679-F1) alpha-Arbutin Control −6.83 1.33
Pentagalloylglucose Baishao −11.39 1.82
1,3,6-tri-O-galloyl-beta-D-glucose Baishao −9.91 1.87
1,2,4,6-tetragalloylglucose Baishao −9.41 1.61
Liquiritigenin 4’,7-diglucoside Gancao −9.31 1.62
1,2,3-Tri-O-galloyl-beta-D-glucose Baishao −8.52 1.86

ESR1 (PDBID: 7RS7) Progesterone Control −7.89 1.36
Glycyrrhizic Acid Gancao −11.03 1.60
Pachymic Acid Methyl Ester Baifuling −10.11 1.46
Nicotiflorin Gancao −10.01 1.76
Gamma-Sitosterol Gancao −9.97 1.57
Isoliensinine Gancao −9.95 1.44

ESR1 = Estrogen Receptor 1, ID = AlphaFold Protein Structure Database ID, PDBID = RCSB Protein Data Bank ID, RMSD = root mean square deviation, TYR = tyrosinase.
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4. Discussion
Melanin is the main pigment affecting skin color in humans, 
and its accumulation in melanocytes leads to pigmentation-re-
lated skin conditions such as freckles, melasma, and melanoma. 
Therefore, reducing melanin synthesis is the primary approach 
for skin whitening and blemish removal.[2] TYR is a key rate-lim-
iting enzyme in melanin synthesis and plays an important role 
in maintaining the stability of TYR on the melanosomal mem-
brane, thus inhibiting the death of immature melanocytes.[38–40] 
Currently, common chemical-based skin-whitening products can 
destroy melanocytes directly but exhibit some cytotoxicity,[41,42] 
whereas biological skin-whitening agents are safer, yet gener-
ally have longer production cycles and are more expensive.[43] 

Meanwhile, natural skin-whitening products are safe, abundant, 
and economical[8,42,43]; therefore, TCM formulations hold great 
potential in skin-whitening research. Based on the TCM the-
ory, the search for safe, nontoxic, and efficient TYR inhibitors 
derived from Chinese herbs is becoming a popular research 
topic with promising market prospects.[6]

The traditional formulation SBD consists of 4 Chinese 
herbs, namely Paeoniae radix alba (Baishao), Atractylodis 
macrocephalae rhizome (Baizhu), Poria (Baifuling), and 
Glycyrrhizae radix et rhizome (Gancao). The active com-
pounds of SBD include flavonoids, polysaccharides, and tri-
terpenoid saponins, which have TYR-inhibiting, antioxidant, 
anti-inflammatory, and immunostimulatory pharmacological 

Figure 4.  Molecular docking pattern of TYR with its target active compounds in SBD. SBD = San-Bai decoction, TYR = tyrosinase.
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effects, inhibiting melanogenesis.[12] The TYR-PIN network 
regulated by SBD is associated with skin-related signaling 
pathways (melanoma, tanning, and freckles), and SBD may 
regulate TYR activity and inhibit melanogenesis through 
tyrosine metabolism and melanogenesis signaling pathways. 
In addition, it may regulate the Mitogen-Activated Protein 
Kinase (MAPK) signaling pathway, one of the most important 
pathways in aging, to alleviate skin aging. The MAPK path-
way can regulate melanin production and levels, alleviating 
skin inflammatory responses.[44] Several anti-aging drugs have 
been shown to reduce inflammatory stress damage in the skin 
by inhibiting MAPK signaling.[45]

The main active compounds in SBD that bind stably with 
TYR are derived from P. lactiflora, namely pentagalloylglu-
cose, 1,3,6-tri-O-galloyl-beta-D-glucose, 1,2,4,6-tetragalloyl-
glucose, and liquiritigenin 4ʹ,7-diglucoside. In pigmented 
human skin models, peony extract and paeoniflorin have been 
found to be efficacious in reducing melanin deposition and 
skin whitening.[14] All of these active compounds are gallic acid 
glycosides with anti-aging, skin-whitening, and anti-inflamma-
tory pharmacological effects.[46] Gallic acid can suppress mel-
anin formation by inhibiting tyrosinase,[47] and could reduce 
immunoglobulin E and TNF-α levels in the serum of an atopic 
dermatitis mouse model to improve skin inflammation.[48] 
Gallic acid has also been shown to reduce lipid peroxidation, 
and thereby ameliorates oxidative stress injury to the skin.[46] 
Paeoniae radix rubra (Chishao), Chebulae fructus (Hezi) and 
Canavaliae semen (Daodou) also contain these TYR inhib-
itors, indicating that these TCM may also have whitening 
effects (Table S3, Supplemental Digital Content, http://links.
lww.com/MD/I738). ESR1 is a prominent protein in the 

SBD-regulated TYR-PIN network, also associated with mech-
anisms of melanogenesis,[7,30–32] and compounds that stably 
bind ESR1 are also present in SBD, namely glycyrrhizic acid, 
pachymic acid methyl ester, nicotiflorin, gamma-sitosterol, 
and isoliensinine. In addition, we constructed pharmacophore 
models with known TYR inhibitors. Based on pharmacophore 
characteristics, molecular docking, and molecule dynamic sim-
ulation, lycopsamine, 2-phenylethyl b-D-glucopyranoside, and 
6-beta-hydroxyhyoscyamine were screened out from a library 
of natural product-derived compounds as active compounds 
that can stably bind to TYR, thus representing natural TYR 
inhibitor candidates.

5. Conclusion
In this study, we constructed a molecular network centered on 
the regulation of TYR by SBD in skin whitening and identified 
potential mechanisms underlying the skin-whitening effects of 
SBD from a biomolecular network perspective. We found that 
TYR and ESR1 might be key targets for the skin-whitening 
effects of SBD, and screened for active compounds in SBD with 
the ability to stably bind to TYR and ESR1. In addition, the 
pool of potential TYR inhibitors derived from natural prod-
ucts was expanded using a virtual drug screening approach. 
The comprehensive utilization of bioinformatic, pharmaco-
logical, and biochemistry approaches is expected to generate 
novel breakthroughs in drug discovery for skin whitening. 
Nevertheless, the present study had some limitations, such as 
the limited database of herbal compounds and targets used, as 
some compounds and targets were not within the scope of the 

Figure 5.  Pharmacophore model of TYR inhibitors for virtual screening. (A) TYR inhibitors involved in the construction of the pharmacophore model. (B) 
Pharmacophore model of TYR inhibitors. Pharmacophore properties: Hyd: hydrophobicity; Aro: aromaticity; Don: donor; Acc: acceptor; ML: metallicity. Dashed 
lines indicate boundaries of excluded volume. TYR = tyrosinase.

Table 2

Potential tyrosinase inhibitors derived from natural products.

Compound ID Compound name Affinity (kcal/mol) RMSD (Å) 

T5368 Eicosapentaenoic acid −7.65 1.86
T2725 Scopolamine HBr −7.14 1.86
TCFN00287 Lycopsamine −7.13 1.15
NP-002690 2-Phenylethyl b-D-glucopyranoside −7.01 1.82
T21532 6-beta-Hydroxyhyoscyamine −6.95 1.97

RMSD = root mean square deviation.

http://links.lww.com/MD/I738
http://links.lww.com/MD/I738
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study, in addition to the limited number of natural small-mol-
ecule compounds for virtual drug screening. However, the 
study still provides a theoretical basis for research on SBD and 
screening for natural products that potentially target TYR and 
ESR1 for skin-whitening effects.
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