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ABSTRACT: Baicalin (BAI), the main active component of
Scutellaria baicalensis, has significant anti-inflammatory and
antibacterial effects. Echinacoside (ECH), an active component
from Echinacea purpurea, has significant antiangiogenesis and
antioxidant effects. In previous studies, BAI or ECH has been used
for some skin inflammation problems by topical treatment.
Psoriasis (PSO) is a common inflammatory skin disease with
typical features such as excessive inflammatory response and
vascular proliferation in skin lesions. Because of the anti-
inflammatory effect of BAI and the antiangiogenic activity of
ECH, it is proposed that the combination of BAI and ECH can
ameliorate psoriatic skin lesions better than a single component.
This study aims to explore the effects and potential mechanisms of
BAI combined with ECH on imiquimod (IMQ)-induced psoriatic skin lesions by topical treatment. Transcriptome analysis first
showed that the TNF signaling pathway and the VEGF signaling pathway were significantly enriched in IMQ-induced psoriatic skin
lesions. Topical application of BAI combined with ECH could ameliorate IMQ-induced skin lesions in mice, especially the better
effects of B2-E1 (BAI/ECH = 2:1). Network pharmacology analysis and molecular docking indicated that BAI-treated PSO on the
skin by regulating the TNF signaling pathway, and ECH treated PSO on the skin by regulating the VEGF signaling pathway.
Meanwhile, the ELISA test and the qPCR assay showed that BAI combined with ECH could inhibit the expression of key cytokines
and genes related to the TNF signaling pathway and the VEGF signaling pathway. Zebrafish experiments demonstrated the anti-
inflammatory and antiangiogenic effects of BAI combined with ECH and revealed the potential mechanisms associated with
regulating the inflammation-related TNF signaling pathway and the angiogenesis-related VEGF signaling pathway. This suggested
that BAI combined with ECH may be a promising topical agent to ameliorate psoriatic skin lesions in the future.

1. INTRODUCTION
Psoriasis (PSO) is a complex chronic inflammatory skin
disease with typical pathological features including hyper-
proliferation of epidermal keratinocytes, dermal microvascular
hyperplasia, and intradermal inflammatory cell infiltration.1,2 It
presents psoriatic skin lesions such as erythema, scales, and
epidermal thickening in clinic.3 According to the statistics,
approximately 2% of the population worldwide has been
affected by PSO.4 Thus, it is urgent to search for effective
drugs to treat PSO.
For the symptoms of skin lesions in PSO, it is necessary to

adopt topical drug therapies. In clinical practice, topical
application of retinoids, vitamin D3 analogues (calcipotriol,
tacalcitol), and glucocorticoids (halometasone, clobetasol
propionate) can effectively alleviate psoriatic skin lesions.
However, the inherent side effects of these drugs such as skin
irritation and limitation of medication time also exist.5 It has

been reported that long-term use of glucocorticoids will also
cause skin atrophy, telangiectasia, and other problems.6

Therefore, it is important to develop potential topical drugs
with reduced toxicity and positive therapeutic efficacy. In
recent years, herbal medicinal products with relatively low
toxicity and fewer side effects have attracted more and more
concern. They are suitable for long-term use, especially in the
treatment of chronic inflammatory diseases such as PSO.7

Baicalin (BAI) is the main active component of Scutellaria
baicalensis, which has multiple pharmacological effects such as
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anti-inflammatory effect, neuroprotection, antitumor effect,
and liver protection.8−11 Many studies have further shown the
therapeutic potential of BAI on skin diseases by topical
treatment. For example, topical application of BAI showed
therapeutical effects on pressure ulcers, skin inflammation, and
hair loss.12−14 Echinacoside (ECH), a major bioactive
compound of Echinacea purpurea, has shown multiple effects
such as antiangiogenic activity, antioxidant activity, anti-
inflammatory effect, and antitumor effect.15−19 Particularly,
ECH exhibits significant potential in treating skin diseases such
as UVB irradiation-induced skin damage by topical treat-
ment.20 In summary, BAI and ECH could be promising agents
in the treatment of inflammatory skin diseases. Because of the
significant anti-inflammatory effect of BAI and the obvious
antiangiogenic activity of ECH, it was further proposed that
the combination of BAI and ECH could better ameliorate the
psoriatic skin lesions with typical pathological features
including excessive inflammation and abnormal angiogenesis.
Therefore, this study was then performed to explore the
therapeutic potential of BAI combined with ECH for psoriatic
skin lesions caused by IMQ-induced PSO-like skin inflamma-
tion.
In this study, transcriptome sequencing of IMQ-induced

psoriatic skin lesion tissues in mice was first performed to
analyze the potential pathogenic mechanisms. The cream
containing 5% BAI or 5% ECH or 5% combination of them
(BAI/ECH = 1:1, 2:1, 1:2) was then prepared to explore the
effects of BAI combined with ECH on psoriatic skin lesions.
Network pharmacology and molecular docking were further
performed to predict the potential targets and pathways of BAI
and ECH by treating PSO on the skin. By combining
transcriptome analysis with network pharmacology analysis,
we measured the expressions of key cytokines and genes in skin
lesion tissues related to potential targets and pathways in this
study. A transgenic zebrafish model was then used to prove the
effects of BAI combined with ECH and reveal the potential
mechanism specifically.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. Baicalin (BAI, HPLC

98%) and echinacoside (ECH, HPLC 98%) were purchased
from Baoji Herbest Bio-Tech Co., Ltd. (Baoji, China).
Vaseline, ethyl 4-hydroxybenzoate, triethanolamine, azone,
glyceryl monostearate, copper sulfate pentahydrate (CuSO4·
5H2O), and tricaine were bought from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Glycerol
and octadecanoic acid were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Halometasone
(HMS) cream was provided by Bright Future Pharmaceuticals
(Hong Kong, China). Imiquimod (IMQ) cream was supplied
by iNova Pharmaceuticals (Singapore). Anti-PCNA Mouse
mAb, anti-CD4 Rabbit pAb, and anti-CD68 Rabbit pAb were
purchased from Servicebio Technology (Wuhan, China). The
BCA protein assay kit was obtained from Beyotime (Shanghai,
China). Mouse ELISA kits of tumor necrosis factor-α (TNF-
α), interleukin-17A (IL-17A), interleukin-23 (IL-23), inter-
leukin-10 (IL-10), and vascular endothelial growth factor A
(VEGF-A), matrix metalloproteinase 9 (MMP-9), thioredoxin
reductase (TrxR), and malondialdehyde (MDA) were bought
from Nanjing SenBeiJia Biological Technology Co., Ltd.
(Nanjing, China). Dexamethasone (DEX) and pronase E
were supplied by Shanghai Yuanye Bio-Technology Co., Ltd.

(Shanghai, China). The VEGF receptor tyrosine kinase
inhibitor (VRI) was purchased from MCE (New Jersey).

2.2. Transcriptome Sequencing of Imiquimod (IMQ)-
Induced Psoriatic Skin Lesion Tissues in Mice. An IMQ-
induced psoriatic skin lesion in BALB/c mice is a classic
disease model to study PSO.21 To investigate the potential
mechanism of IMQ-induced skin lesions in mice, tran-
scriptome sequencing of the skin lesion tissues was then
performed. Total RNA was isolated from skin lesion tissues in
the normal control group (Con) and IMQ group separately.
Each group contained three biological replications. Library
construction and transcriptome sequencing were performed by
BGI-Wuhan (Wuhan, China). Differentially expressed genes
(DEGs) were screened out, and then, KEGG pathway
enrichment analysis and GSEA analysis for DEGs between
Con and IMQ groups were further analyzed.

2.3. Cream Preparation for the Experiment. In the
cream preparation, the best preparation processes were
optimized by a multifactor orthogonal test (Supporting
Information 1). The content of triethanolamine (factor A)
and glyceryl monostearate (factor B), emulsification temper-
ature (factor C), and emulsification time (factor D) were taken
as investigation factors to optimize the preparation of cream
according to the evaluation criteria such as appearance quality,
pH, centrifugal stability, heat-resistant stability, and cold-
resistant stability (Tables S1−S4). The optimized cream was
then prepared in this study.
The cream formulation includes the oil phase and aqueous

phase. The oil phase consists of the following ingredients:
octadecanoic acid (9.5%), glyceryl monostearate (5%), and
vaseline (4%). The aqueous phase contains the following
ingredients: triethanolamine (5%), glycerol (5.5%), azone
(2%), BAI or ECH or a combination of them with different
ratios (5%), ethyl 4-hydroxybenzoate (0.09%), and purified
water. BAI and ECH can completely dissolve in the aqueous
phase under the heating condition. Finally, the cream
preparation is completed with purified water.
The preparation of cream is performed by adding the oil

phase into the aqueous phase to form an emulsion. Specifically,
the ingredients of the oil phase are first mixed at 80 °C until
complete melting. The blend is then added into the aqueous
phase, which is also heated at 80 °C. First, the mixture is
continually stirred for 15 min. After the mixture is cooled to 40
°C, it is again continually stirred for 15 min to form the
emulsion. After the emulsion is cooled to room temperature, a
cream containing 5% BAI or 5% ECH or 5% combination of
them (BAI/ECH = 1:1, 2:1, 1:2) is finished. The vehicle cream
is prepared in the same way without adding BAI or ECH or a
combination of them into the aqueous phase.

2.4. Animal Experiment and Drug Treatment. In this
study, 8-week-old female BALB/c mice (16−19 g) were
bought from Zhejiang Vital River Laboratory Animal
Technology Co., Ltd. (Jiaxing, China, Certification No.
20220602Abzz0619000465). They were raised in a stand-
ardized laboratory animal center with free access to forage and
water. The experimental manipulations were performed
according to the National Institutes of Health Guidelines on
Laboratory Research and approved by the Animal Ethics
Committee of Hospital of Dermatology, Chinese Academy of
Medical Sciences & Peking Union Medical College (Permit
Number: 2022-DW-011).
72 mice were divided into 9 experimental groups (n = 8/

each group): normal control group (Con), IMQ-induced
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model group (IMQ), vehicle control group (KB), halometa-
sone treatment group (HMS), 5% BAI cream treatment group
(BAI), 5% ECH cream treatment group (ECH), 5%
combination-1 (BAI/ECH = 1:1) cream treatment group
(B1-E1), 5% combination-2 (BAI/ECH = 2:1) cream
treatment group (B2-E1), and 5% combination-3 (BAI/ECH
= 1:2) cream treatment group (B1-E2). 5% IMQ cream with a
dose of 62.5 mg/d was topically applied on the shaved back (2
× 3 cm) of each mouse to induce psoriatic skin lesions in other
groups except for the Con group. After topically administered
with IMQ cream for 4 h, other groups were then applied with a
dosage of cream the same as IMQ. All treatments required 6
consecutive days. The severity of skin lesions was evaluated
using the Psoriasis Area and Severity Index (PASI) score
system. These skin lesion tissues were then collected for
further study.

2.5. Histological and Immunohistochemical Analysis.
The skin lesion tissues in each group were fixed in 4%
paraformaldehyde and embedded in paraffin wax. The paraffin
sections (5 μm) were stained with hematoxylin−eosin (HE)
and then observed by an upright fluorescence microscope
(OLYMPUS, Japan). Image-Pro Plus 6.0 software was further
used to measure the epidermal thickness. Meanwhile, the
proliferation of epidermal keratinocytes in skin lesion tissues
was detected by immunohistochemistry (IHC) staining with
anti-PCNA Mouse mAb. In addition, the CD4+ T cell
infiltration and macrophage infiltration in these skin lesion
tissues were also detected by IHC staining of anti-CD4 Rabbit
pAb and anti-CD68 Rabbit pAb, respectively. Furthermore, the
IHC staining intensity was then measured by Image-Pro Plus
6.0 software.

2.6. Potential Targets and Pathways of BAI and ECH
Treating Psoriasis Focused on the Skin by Network
Pharmacology Analysis. 2.6.1. Target Collection. Gene-
Cards, DisGeNET, and MalaCards databases were used to
collect disease targets of PSO. PharmMapper, SEA, and SIB
databases were used to obtain the potential targets of BAI and
ECH. Venn diagram analysis was performed to screen out the
potential targets of BAI treating PSO and ECH treating PSO.
The TiGER database, a database for tissue-specific gene
expression and regulation, was then used to verify the skin
tissue-specific gene expression and regulation of these targets.22

2.6.2. Construction of a Compound−Target Network. The
STRING database was first used to obtain the interaction
relationship of these targets with skin tissue-specific gene
expression and regulation. The compound−target network was
then constructed by Cytoscape 3.7.2 software. In the graphical
network, the degree value of a node indicates the number of
connections between the node and the other nodes.
Furthermore, the key targets were validated by molecular
docking. Molecular docking between key target proteins and
BAI or ECH was performed with AutoDock Vina. PyMOL
software was then used to visualize the results of molecular
docking.

2.6.3. Enrichment Analysis. Enrichment analysis of the GO
biological process was performed by FunRich software, and the
significant functional annotation was determined with a
corrected P-value of less than 0.05. KEGG pathway enrichment
analysis was conducted by the KOBAS database, and the
significant functional annotation was also confirmed with a
corrected P-value of less than 0.05.

2.7. Biochemical Test of Skin Lesion Tissues in Mice
by ELISA. After removing fat parts, the skin lesion tissues were

weighed and cut into pieces. These tissues were homogenized
according to the ratio of 1:9 (tissue weight/PBS volume) and
then centrifuged at 4 °C at 4000 rpm for 10 min. The
supernatant was collected and diluted to measure the protein
concentration by the BCA method. According to the
instructions of ELISA kits; the levels of TNF-α, IL-17A, IL-
23, and IL-10 and the contents of VEGF-A, MMP-9, and
MDA; and the activity of TrxR in skin lesion tissues were
measured by a microplate reader (TECAN, Switzerland).

2.8. Zebrafish Experiments and Drug Treatment.
2.8.1. Maintenance of Zebrafish Embryos. Neutrophil-
specific transgenic (mpx:EGFP) zebrafish embryos labeled
with the enhanced green fluorescent protein in neutrophils and
vessel-specific transgenic (fli1:EGFP) zebrafish embryos
labeled with green fluorescence in vessels were bought from
EzeRinka (Nanjing, China). These embryos were maintained
in zebrafish embryo water and raised at 28.5 °C on a 14 h
light/10 h dark cycle in a healthy state for further experiments.

2.8.2. Evaluation of the Anti-Inflammatory Effect of BAI
and ECH on CuSO4-Induced Inflammation Model in Tg
(mpx:EGFP) Transgenic Zebrafish. CuSO4, DEX, BAI, ECH,
B1-E1 (BAI/ECH = 1:1), B2-E1 (BAI/ECH = 2:1), and B1-
E2 (BAI/ECH = 1:2) were separately solubilized in a suitable
volume of DMSO and diluted to the required concentration
with embryo water for the assay.
Tg (mpx:EGFP) zebrafish larvae at 3 days post fertilization

(dpf) were randomly assigned into a 24-well plate with 10
larvae per well. A CuSO4-induced inflammation model in Tg
(mpx:EGFP) zebrafish larvae was performed as described in
previous studies.23−25 18 experimental groups (10 larvae/each
group) were shown as follows: 0.1% DMSO (normal control
group, Ctrl), 3.2 μg/mL CuSO4 (model group, CuSO4), 5 μg/
mL DEX (positive control group, DEX), 25, 50, and 100 μg/
mL BAI (BAI treatment groups, BAI_25, BAI_50, and
BAI_100, respectively), 25, 50, and 100 μg/mL ECH (ECH
treatment groups, ECH_25, ECH_50, and ECH_100,
respectively), 25, 50, and 100 μg/mL B1-E1 (B1-E1 treatment
groups, B1-E1_25, B1-E1_50, and B1-E1_100, respectively),
25, 50, and 100 μg/mL B2-E1 (B2-E1 treatment groups, B2-
E1_25, B2-E1_50, and B2-E1_100, respectively), and 25, 50,
and 100 μg/mL B1-E2 (B1-E2 treatment groups, B1-E2_25,
B1-E2_50, and B1-E2_100, respectively). Except for the Ctrl
group, Tg (mpx:EGFP) zebrafish larvae in other groups were
first treated with 3.2 μg/mL CuSO4 for 2 h. Next, CuSO4 was
washed out, and drug treatment groups were then treated with
corresponding drugs for 6 h, and the model group was treated
with 0.1% DMSO. Notably, the solution volume per well was 2
mL. After the treatments, Tg (mpx:EGFP) zebrafish larvae in
each group were washed with embryo water and anesthetized
with 0.02% tricaine. The fluorescence in Tg (mpx:EGFP)
zebrafish larvae was then observed and photographed by an
upright fluorescence microscope (OLYMPUS, Japan). Mean-
while, Image-Pro Plus 6.0 software was used to quantify the
recruitment of neutrophils to the inflammatory site in zebrafish
larvae. The ratio of inflammatory inhibition was then
calculated based on the number of neutrophils recruited
(N), and the calculation formula is as follows: inflammatory
inhibition (%) = { [N (model group) − N (drug treatment
group)]/[N (model group) − N (normal control group)] } ×
100%.
To measure the expression of inflammation-related genes in

the CuSO4-induced inflammation model and drug treatment
groups, quantitative real-time PCR (qPCR) was further

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04281
ACS Omega 2023, 8, 40260−40276

40262

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


performed. Tg (mpx:EGFP) zebrafish larvae at 3 dpf were
randomly distributed into a 24-well plate with 10 larvae per
well. Seven experimental groups (20 larvae/each group) were
set as follows: 0.1% DMSO (Ctrl), 3.2 μg/mL CuSO4
(CuSO4), 100 μg/mL BAI (BAI_100), 100 μg/mL ECH
(ECH_100), 100 μg/mL B1-E1 (B1-E1_100), 100 μg/mL B2-
E1 (B2-E1_100), and 100 μg/mL B1-E2 (B1-E2_100). After
the induction of CuSO4 and drug treatment described above,
Tg (mpx:EGFP) zebrafish larvae in each group were washed
with embryo water and then collected for the qPCR assay.

2.8.3. Evaluation of the Antiangiogenic Effect of BAI and
ECH in Tg (fli1:EGFP) Transgenic Zebrafish. VRI, BAI, ECH,
B1-E1 (BAI/ECH = 1:1), B2-E1 (BAI/ECH = 2:1), and B1-
E2 (BAI/ECH = 1:2) were separately solubilized in a suitable
volume of DMSO and diluted to the required concentration
with embryo water for the assay.
First, Tg (fli1:EGFP) zebrafish embryos at 24 h post

fertilization (hpf) were treated with 1 mg/mL pronase E to
remove the embryo membrane. Next, these zebrafish larvae
were randomly transferred into a 24-well plate with 10 larvae
per well. The antiangiogenic experiment in Tg (fli1:EGFP)
zebrafish larvae was performed as the previous studies.26,27 17
experimental groups (10 larvae/each group) were shown as
follows: 0.1% DMSO (normal control group, Ctrl), 600 ng/
mL VRI (positive control group, VRI), 25, 50, and 100 μg/mL
BAI (BAI treatment groups, BAI_25, BAI_50, and BAI_100,
respectively), 25, 50, and 100 μg/mL ECH (ECH treatment
groups, ECH_25, ECH_50, and ECH_100, respectively), 25,

50, and 100 μg/mL B1-E1 (B1-E1 treatment groups, B1-
E1_25, B1-E1_50, and B1-E1_100, respectively), 25, 50, and
100 μg/mL B2-E1 (B2-E1 treatment groups, B2-E1_25, B2-
E1_50, and B2-E1_100, respectively), and 25, 50, snd 100 μg/
mL B1-E2 (B1-E2 treatment groups, B1-E2_25, B1-E2_50,
and B1-E2_100, respectively). Except for the Ctrl group, Tg
(fli1:EGFP) zebrafish larvae in other groups were treated with
corresponding drugs for 24 h. The solution volume per well
was 2 mL. After the treatments, Tg (fli1:EGFP) zebrafish
larvae in each group were washed with embryo water and
anesthetized with 0.02% tricaine. The zebrafish larvae were
placed laterally on glass slides, and the intersegmental blood
vessels (ISVs) were then imaged by using an upright
fluorescence microscope (OLYMPUS, Japan). Intact vessels
were defined as ISVs that connected the dorsal aorta (DA) to
the posterior cardinal vein (PCV) and elongated to the dorsal
longitudinal anastomotic vessels (DLAVs).28 The antiangio-
genic activity was evaluated by both the intact and defective
ISVs. Image-Pro Plus 6.0 software was then used to count the
number of intact and defective ISVs. The ISVs index is
calculated as follows: ISVs index = number of intact vessels × 1
+ number of defective vessels × 0.5.29 The ratio of angiogenic
inhibition was then calculated based on the ISVs index, and the
calculation formula is as follows: angiogenic inhibition (%) = {
[ISVs index (Ctrl group) − ISVs index (drug treatment
group)]/ISVs index (Ctrl group) } × 100%.
qPCR was also performed to analyze the expression of

angiogenesis-related genes in the drug treatment groups. Tg

Figure 1. Transcriptome analysis of skin lesion tissues from Con and IMQ groups. (A) Representative pictures of dorsal skin and histopathological
observation of skin lesions by HE staining (scale bar, 100 μm) between Con and IMQ groups after topical application of IMQ for 6 days. Two
opposite arrows indicated the epidermis, and the red circle indicated the inflammatory cell infiltration. (B) KEGG pathway enrichment analysis of
DEGs between Con and IMQ groups. (C) Gene set enrichment analysis (GSEA) of the TNF signaling pathway and the VEGF signaling pathway.
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(fli1:EGFP) zebrafish embryos at 24 hpf were treated with 1
mg/mL pronase E and then transferred into a 24-well plate
with 10 larvae per well. Seven experimental groups (20 larvae/
each group) were set as follows: 0.1% DMSO (Ctrl), 600 ng/
mL VRI (VRI), 100 μg/mL BAI (BAI_100), 100 μg/mL ECH
(ECH_100), 100 μg/mL B1-E1 (B1-E1_100), 100 μg/mL B2-
E1 (B2-E1_100), and 100 μg/mL B1-E2 (B1-E2_100). As the
experimental method mentioned above, Tg (fli1:EGFP)
zebrafish larvae in each group were washed with embryo
water and then collected for the qPCR assay.

2.9. Quantitative Real-Time PCR. Total RNA from skin
lesion tissues and zebrafish larvae was extracted using TRIzol
(Accurate Biology, China) and then transcribed into cDNAs.
qPCR was performed by a Roche Light Cycler 480 QPCR
System (Roche, Switzerland) with a thermal profile of 95 °C
for 30 s and 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The
primer sequences for mRNA expression measured in mice are
listed in Table S5, and the primer sequences for detecting
mRNA expression in zebrafish larvae are listed in Table S6. All
of the primers were synthesized by Sangon Biotech (Shanghai)
Co., Ltd. (Shanghai, China). The data were standardized to the
expression level of β-actin. Relative mRNA expression levels
were calculated using the 2−△△CT method.

2.10. Statistical Analysis. Data are expressed as the mean
± SD. Data from multiple groups were assessed by one-way
ANOVA followed by Sidak’s multiple comparison test using
GraphPad Prism. Student’s t-test was used to analyze the data
between two groups. P < 0.05 was considered statistically
significant.

3. RESULTS AND DISCUSSION
3.1. Potential Pathogenic Mechanisms of IMQ-

Induced Psoriatic Skin Lesions in Mice. As shown in
Figure 1A, the phenotype of IMQ-induced psoriatic skin
lesions in mice was significant compared to the Con group,
particularly the epidermal thickness and inflammatory cell
infiltration. Potential pathogenic mechanisms of IMQ-induced
skin lesions were then investigated by transcriptome analysis of
skin lesion tissues from Con and IMQ groups. As shown in
Figure 1B, KEGG pathway enrichment analysis of DEGs
between Con and IMQ groups indicated that the TNF
signaling pathway and the VEGF signaling pathway were
significantly enriched in IMQ-induced psoriatic skin lesions.
The enrichment profiles of the TNF signaling pathway and the

VEGF signaling pathway were then performed by Gene set
enrichment analysis (GSEA). The results further showed the
significance of the TNF signaling pathway and the VEGF
signaling pathway in IMQ-induced skin lesions (Figure 1C).
The TNF signaling pathway, especially TNF-α, plays an

important role in the development of psoriatic skin lesions.30

TNF-α is a proinflammatory cytokine associated with the
pathogenesis of PSO, and anti-TNF-α therapies are effective in
PSO.31 In recent years, it has been found that the increased
level of proangiogenic factors and abnormal angiogenesis are
closely associated with the development of PSO.32 Angio-
genesis and abnormal microvessels are important links in the
pathogenesis of PSO, particularly vascular changes that
precede epidermal hyperplasia in PSO.33 Angiogenesis is
closely related to the VEGF signaling pathway, especially the
key target VEGFA.34 It has been reported that VEGFA could
promote the aggravation of PSO, and targeting VEGFA
signaling in the epidermis could prevent the continued
development of PSO.35

3.2. Topical Application of B2-E1 Had the Better
Effects of Ameliorating IMQ-Induced Skin Lesions than
the Single Component in Mice. BAI (Figure 2A) is the
main active component of S. baicalensis with significant anti-
inflammatory and antibacterial effects.36 ECH (Figure 2B), an
active component of E. purpurea, has significant antiangio-
genesis and antioxidant effects.16 Previous studies have shown
that inflammation, angiogenesis, and oxidative stress were the
key links in the pathogenesis of PSO.37−39 Due to the anti-
inflammatory effect of BAI, the antiangiogenic activity, and the
antioxidant effect of ECH, it was proposed that the
combination of BAI and ECH could better ameliorate the
psoriatic skin lesions by their multiple pharmacological effects.
Therefore, this study aimed to explore the potential effects and
mechanisms of BAI combined with ECH on PSO by a topical
treatment.
A cream containing 5% BAI or 5% ECH or 5% combination

of them (BAI/ECH = 1:1, 2:1, 1:2) was prepared as the
described methods mentioned above. As shown in Figure
3A,B, IMQ-induced skin lesions were significantly observed in
the IMQ and KB groups. Topical application of HMS, BAI,
ECH, B1-E1, B2-E1, and B1-E2 could notably alleviate the
phenotype of skin lesions including erythema, scales, and
thickness induced by IMQ and significantly decrease the
cumulative score as compared to IMQ and KB groups (P <

Figure 2. Chemical structures of (A) baicalin (BAI) and (B) echinacoside (ECH).
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0.05, P < 0.01, P < 0.001). Meanwhile, histological observation
and morphometric analysis of skin lesion tissues showed that
HMS, BAI, ECH, B1-E1, B2-E1, and B1-E2 (drug treatment
groups) could ameliorate the inflammatory cell infiltration and
decrease the epidermal thickness as compared to IMQ and KB
groups (P < 0.001), particularly the better effects of B2-E1
than those of the single component, B1-E1, and B1-E2 (Figure
4A,B).

In addition, IHC staining of PCNA, CD4, and CD68 in skin
lesion tissues was also performed in this study. As shown in
Figure 5A,B, drug treatment groups decreased the PCNA
staining intensity of skin lesion tissues to a certain degree
compared to that in IMQ and KB groups (P < 0.05, P < 0.01, P
< 0.001), which indicated that drug treatment groups could
inhibit the proliferation of epidermal keratinocytes. Further-
more, the inhibitory effect of B2-E1 was better than those of

Figure 3. Topical application of BAI and ECH and a mixture of them (BAI/ECH = 1:1, 2:1, 1:2) alleviated the severity of psoriatic skin lesions
induced by IMQ. (A) Representative photographs of dorsal skin in each group after the treatment for 6 days (n = 8). (B) Evaluation of the severity
of skin lesions by PASI score, including erythema score, scales score, thickness score, and cumulative score (n = 8). Data are represented as mean ±
SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 versus the IMQ group and *P < 0.05, **P < 0.01, and ***P < 0.001 versus the KB group.
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the single component, B1-E1, and B1-E2, particularly
significant compared to the ECH and B1-E2 groups (P <
0.05, P < 0.001). As shown in Figure 6A−C, drug treatment
groups obviously decreased the CD4 staining intensity and
CD68 staining intensity of skin lesion tissues compared to the
IMQ and KB groups (P < 0.001), which indicated that drug
treatment groups could alleviate CD4+ T cell infiltration and
macrophage infiltration in skin lesion tissues. In the statistical
analysis of CD4 staining intensity, the effect of B2-E1 was
better than those of the single component, B1-E1, and B1-E2,
particularly significant compared to BAI, ECH, and B1-E2
groups (P < 0.05, P < 0.01, P < 0.001). In the statistical
analysis of CD68 staining intensity, the effect of B2-E1 was also
better than those of the single component, B1-E1, and B1-E2,
particularly significant compared to the ECH group (P < 0.05).

3.3. B2-E1 Suppressed the TNF Signaling Pathway
and the VEGF Signaling Pathway Better than the Single
Component in IMQ-Induced Mice. According to the
experimental results shown above, topical application of BAI

combined with ECH could significantly ameliorate IMQ-
induced psoriatic skin lesions in mice, particularly the effects of
B2-E1 (BAI/ECH = 2:1). To further explore the potential
mechanisms of topical BAI treating PSO and topical ECH
treating PSO, network pharmacology and molecular docking
were then performed in this study (Supporting Information 3).
The prediction results showed that BAI may treat PSO on the
skin by regulating the TNF signaling pathway, especially acting
on TNF and AKT1. Meanwhile, ECH may treat PSO on the
skin by regulating the VEGF signaling pathway, particularly
acting on VEGFA and MMP9. By combining with the
transcriptome analysis, it suggested that BAI combined with
ECH may regulate the TNF signaling pathway and the VEGF
signaling pathway on the topical treatment of PSO.
It has been reported that TNF-α is the key target of the

TNF signaling pathway, which can mediate the inflammatory
response, particularly the release of inflammatory cytokines.40

Previous studies have suggested that the IL-23/IL-17A/IL-22
cytokine axis played an important role in the pathogenesis of

Figure 4. Topical application of BAI and ECH and a mixture of them (BAI/ECH = 1:1, 2:1, 1:2) decreased epidermal thickness and alleviated
inflammatory cell infiltration in IMQ-induced psoriatic skin lesions. (A) Representative images of HE-stained skin lesion tissues in each group
(scale bar, 100 μm, n = 8). Two opposite arrows indicated the epidermis, and the red circle indicated the inflammatory cell infiltration. (B)
Statistical analysis of the epidermal thickness of skin lesion tissues in each group measured by Image-Pro Plus 6.0 software (n = 8). Data are
expressed as mean ± SD △△△P < 0.001 versus the Con group, ###P < 0.001 versus the IMQ group, ***P < 0.001 versus the KB group, and ▲P <
0.05 and ▲▲▲P < 0.001 versus the B2-E1 group.
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psoriasis.41 In the development of psoriatic skin lesions,
myeloid dendritic cells are activated and secrete inflammatory
cytokines such as IL-12 and IL-23.42 IL-12 induces the
differentiation of initial T cells into Th1 cells, while IL-23 plays
an important role in the survival and proliferation of Th17 and
Th22 cells.43 Th1 cells secrete IFN-γ and TNF-α. Th17 cells
secrete IL-17A, IL-22, and TNF-α. These cytokines can induce
keratinocyte proliferation, increase the expression of angio-
genic mediators and endothelial adhesion molecules, and cause
immune cells to infiltrate into skin lesions.44 In addition, IL-10
is an important anti-inflammatory cytokine that can regulate
the response of the immune system in psoriasis.45 As shown in
Figure 7A, the levels of TNF-α, IL-17A, and IL-23 in skin
lesion tissues were significantly increased (P<0.001), and the
content of IL-10 was obviously decreased (P<0.001) in IMQ
and KB groups as compared to the Con group. Compared with
IMQ and KB groups, drug treatment groups could decrease
the content of TNF-α, IL-17A, and IL-23 and increase the level
of IL-10 to a certain degree (P < 0.05, P < 0.01, P < 0.001).

Furthermore, the effect of B2-E1 was better than those of the
single component, B1-E1, and B1-E2, particularly significant
compared to the ECH group in the statistical analysis of IL-23
content (P < 0.01).
VEGFA (VEGF-A) is the key target of the VEGF signaling

pathway, which is closely associated with angiogenesis.46 In
addition, angiogenesis is also closely related to MMP9 (MMP-
9), which can participate in angiogenesis by releasing VEGF.47

Furthermore, the regulation of angiogenesis is also closely
related to the antioxidant effect.48 Therefore, the angiogenesis-
related cytokine VEGF-A and MMP-9 and antioxidant ability,
such as TrxR activity and MDA content, were measured by the
ELISA test. As shown in Figure 7B, the content of VEGF-A
and MMP-9 in skin lesion tissues was significantly increased
(P<0.001) in the IMQ and KB groups compared to the Con
group. Compared with IMQ and KB groups, drug treatment
groups could obviously decrease the levels of VEGF-A and
MMP-9 (P < 0.05, P < 0.01, P < 0.001). Particularly, the effect
of B2-E1 was significant compared to the BAI group (P <

Figure 5. Topical application of BAI and ECH and a mixture of them (BAI/ECH = 1:1, 2:1, 1:2) inhibited the proliferation of epidermal
keratinocytes in skin lesion tissues. (A) Representative photographs of IHC staining of anti-PCNA Mouse mAb in skin lesion tissues in each group
(scale bar, 100 μm, n = 6). (B) Statistical analysis of the PCNA staining intensity of epidermal keratinocytes in skin lesion tissues in each group
measured by Image-Pro Plus 6.0 software (n = 6). Data are represented as mean ± SD △△△P < 0.001 versus the Con group, #P < 0.05, ##P < 0.01,
and ###P < 0.001 versus the IMQ group, *P < 0.05 and ***P < 0.001 versus the KB group, and ▲P < 0.05 and ▲▲▲P < 0.001 versus the B2-E1
group.
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0.01). Meanwhile, TrxR activity was notably decreased, and
MDA content was obviously increased in the IMQ and KB
groups compared to the Con group. Compared with the IMQ
and KB groups, drug treatment groups could significantly
increase TrxR activity and decrease MDA content (P < 0.01, P
< 0.001). Particularly, the effect of B2-E1 was also significant
compared to the BAI group in the statistical analysis of MDA
content (P < 0.01).
To further study the regulation of the TNF signaling

pathway and the VEGF signaling pathway for topical
application of BAI combined with ECH treating IMQ-induced
psoriatic skin lesions, the relative mRNA expressions of 12 key

genes involved in the TNF signaling pathway and the VEGF
signaling pathway based on network pharmacology analysis
were then measured by qPCR (Figure 8A,B). In these key
target genes of the TNF signaling pathway, TNF (TNF-α) is
an important proinflammatory mediator that can stimulate the
inflammatory response.49 AKT1 is also a potential specific
target for relieving inflammation.50 Furthermore, targeting
CCL5 may decrease inflammatory responses in various allergic,
autoimmune, or infectious diseases.51 In addition, MMP3 plays
an important role in the inflammatory signaling pathway, and
CASP7 and MAPK14 also participate in the processes of
inflammation.52−54 In this study, BAI combined with ECH

Figure 6. Topical application of BAI and ECH and a mixture of them (BAI/ECH = 1:1, 2:1, 1:2) ameliorated the CD4+ T cells infiltration and
macrophage infiltration in IMQ-induced psoriatic skin lesion tissues. (A) Representative pictures of IHC staining of anti-CD4 Rabbit pAb in skin
lesion tissues in each group (scale bar, 20 μm, n = 6). (B) Representative pictures of IHC staining of anti-CD68 Rabbit pAb in skin lesion tissues in
each group (scale bar, 20 μm, n = 6). (C) Statistical analysis of CD4 staining intensity and CD68 staining intensity in skin lesion tissues in each
group measured by Image-Pro Plus 6.0 software (n = 6). Data are expressed as mean ± SD △△△P < 0.001 versus the Con group, ###P < 0.001
versus the IMQ group, ***P < 0.001 versus the KB group, and ▲P < 0.05, ▲▲P < 0.01, and ▲▲▲P < 0.001 versus the B2-E1 group.
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could potently reverse the mRNA expression of these key
genes in the TNF signaling pathway, especially the better effect
of B2-E1 than those of the single component, B1-E1, and B1-
E2. In these key target genes of the VEGF signaling pathway,
VEGFA and MMP9 are all closely associated with angio-
genesis.46,47 SRC also plays an important role in the control of
angiogenesis.55 In addition, the angiogenesis-related genes also
include NOS3, MAP2K1, and CDC42.56−58 In the present
study, BAI combined with ECH could significantly reverse the

mRNA expression of these key genes in the VEGF signaling
pathway, especially the better effect of B2-E1 than those of the
single component, B1-E1, and B1-E2.

3.4. B2-E1 Inhibited CuSO4-Induced Neutrophil
Migration Better than the Single Component in Tg
(mpx:EGFP) Zebrafish and the Inhibitory Effects were
Associated with the Regulation of Inflammation-
Related Genes. It has been known that excessive and
uncontrolled inflammation can cause various chronic inflam-

Figure 7. Topical application of B2-E1 (BAI/ECH = 2:1) reduced the release of inflammatory factors including TNF-α, IL-17A, and IL-23,
increased the anti-inflammatory cytokine IL-10, inhibited the angiogenesis-related cytokine VEGF-A and MMP-9, and improved the antioxidant
ability better than the single component in IMQ-induced psoriatic skin lesions. (A) The levels of TNF-α, IL-17A, IL-23, and IL-10 in skin lesion
tissues in each group (n = 6). (B) The content of VEGF-A and MMP-9, the activity of TrxR, and the content of MDA in skin lesion tissues in each
group (n = 6). Data are represented as mean ± SD △△△P < 0.001 versus the Con group, #P < 0.05, ##P < 0.01, and ###P < 0.001 versus the IMQ
group, *P < 0.05, **P < 0.01, and ***P < 0.001 versus the KB group, and ▲▲P < 0.01 versus the B2-E1 group.
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matory diseases such as psoriasis, rheumatoid arthritis, and
inflammatory bowel disease.59 The inflammatory process is

mediated by diverse inflammatory cells, including neutrophils,
macrophages, eosinophils, and mononuclear phagocytes.60 In

Figure 8. B2-E1 (BAI/ECH = 2:1) could notably regulate the mRNA expression of key genes in the TNF signaling pathway and the VEGF
signaling pathway better than the single component in IMQ-induced mice. (A) B2-E1 could potently inhibit the mRNA expression of these genes
related to key targets involved in the TNF signaling pathway better than the single component in IMQ-induced skin lesions (n = 6). (B) B2-E1
could significantly decrease the mRNA expression of these genes related to key targets involved in the VEGF signaling pathway better than the
single component in IMQ-induced skin lesions (n = 6). Data are expressed as mean ± SD △P < 0.05, △△P < 0.01, and △△△P < 0.001 versus the
Con group, #P < 0.05 and ##P < 0.01 and ###P < 0.001 versus the IMQ group, *P < 0.05, **P < 0.01, and ***P < 0.001 versus the KB group, and
▲P < 0.05 and ▲▲P < 0.01 versus the B2-E1 group.
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Figure 9. B2-E1 (BAI/ECH = 2:1) inhibited CuSO4-induced neutrophils migration better than the single component in Tg (mpx:EGFP) zebrafish,
and the inhibitory effects were associated with inhibiting the mRNA expression of inflammation-related genes. (A) Representative
microphotographs of neutrophil migration in Tg (mpx:EGFP) zebrafish larvae in each group (neutrophils of 3 dpf Tg (mpx:EGFP) zebrafish
larvae exhibiting green fluorescence; n = 10). The boxed region with dotted yellow lines indicates the recruitment of neutrophils to the
inflammatory site of zebrafish larvae. (B) The number of neutrophils recruited in the inflammatory site (n = 10). (C) The ratio of inflammatory
inhibition (n = 10). (D) Relative mRNA expression of inflammation-related genes including TNF-α, IL-1β, IL-6, and IL-8 in each group (n = 20).
Data are represented as mean ± SD ###P < 0.001 versus the Ctrl group and *P < 0.05, **P < 0.01, and ***P < 0.001 versus the CuSO4 group.
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particular, excessive recruitment and uncontrolled migration of
neutrophils to injured sites can result in tissue damage and
disease.61 To evaluate the anti-inflammatory effect of BAI or

ECH or BAI combined with ECH in detail, the inflammatory
cell accumulation was tested in Tg (mpx:EGFP) zebrafish
larvae. It was used to observe the migration of neutrophils

Figure 10. B2-E1 (BAI/ECH = 2:1) inhibited angiogenesis better than the single component in Tg (fli1:EGFP) zebrafish, and the inhibitory effects
were associated with inhibiting the mRNA expression of angiogenesis-related genes. (A) Representative microphotographs of angiogenesis in Tg
(fli1:EGFP) zebrafish larvae in each group (vascular endothelial cells of 48 hpf Tg (fli1:EGFP) zebrafish larvae exhibiting green fluorescence; n =
10). The yellow arrow indicated the intersegmental blood vessel (ISV) of zebrafish larvae. Red and light blue arrows indicated the defective ISV and
intact ISV of zebrafish larvae, respectively. (B) Statistical analysis of ISVs index in each group (n = 10). (C) The ratio of angiogenic inhibition in
each group (n = 10). (D) Relative mRNA expression of angiogenesis-related genes including vegfa, flt1, kdr, and kdrl in each group (n = 20). Data
are expressed as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the Ctrl group.
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labeled with green fluorescence, indicating that the marked
neutrophils have the ability to migrate to the inflammatory
site.62 In this experiment, drug treatment groups were
separately treated with DEX, BAI, ECH, B1-E1, B2-E1, and
B1-E2 for 6 h after exposure to CuSO4 for 2 h. As shown in
Figure 9A, neutrophils migrated significantly to the inflamma-
tory site of Tg (mpx:EGFP) zebrafish larvae in the CuSO4
group compared to the Ctrl group. Meanwhile, drug treatment
groups could decrease the trend of recruitment of neutrophils.
In addition, the number of neutrophils in the inflammatory site
(Figure 9B) and the ratio of inflammatory inhibition (Figure
9C) were further analyzed. The results showed the significant
inhibitory effect of drug treatment groups on neutrophil
recruitment to the inflammatory site (P < 0.001), particularly
the better effect of B2-E1 than those of the single component,
B1-E1, and B1-E2.
Previous studies have indicated that TNF-α, IL-1β, IL-6, and

IL-8 are crucial proinflammatory factors that play key roles in
inflammation and autoimmunization.63 To reveal the potential
anti-inflammatory mechanism of BAI combined with ECH, the
mRNA expression of inflammation-related genes (TNF-α, IL-
1β, IL-6, and IL-8) in each group was then measured by qPCR.
As shown in Figure 9D, the relative mRNA expression of TNF-
α, IL-1β, IL-6, and IL-8 was significantly increased in the
CuSO4 group compared to that in the Ctrl group (P < 0.001).
Compared with the CuSO4 group, BAI combined with ECH
could inhibit the mRNA expression of TNF-α, IL-1β, IL-6, and
IL-8 to a certain degree (P < 0.05, P < 0.01, P < 0.001),
especially the better effect of B2-E1 than those of the single
component, B1-E1, and B1-E2.

3.5. B2-E1 Inhibited Angiogenesis Better than the
Single Component in Tg (fli1:EGFP) Zebrafish and the
Inhibitory Effects were Associated with the Regulation
of Angiogenesis-Related Genes. It has been reported that
abnormal angiogenesis or pathological angiogenesis is
associated with the development of inflammatory diseases,
including cancer, psoriasis, and rheumatoid arthritis.64 It has
suggested that inflammation and angiogenesis are codepend-
ent.65 Thus, targeting angiogenesis is a potential therapeutic
strategy in the treatment of chronic inflammation.65 To assess
the antiangiogenic effect of BAI or ECH or BAI combined with
ECH specifically, Tg (fli1:EGFP) zebrafish was then used in
this study. Due to the vessels labeled with green fluorescence
in Tg (fli1:EGFP) zebrafish, the phenotype of angiogenesis can
be observed directly.66 In this experiment, drug treatment
groups were separately treated with VRI, BAI, ECH, B1-E1,
B2-E1, and B1-E2 for 24 h. As shown in Figure 10A−C, the
angiogenesis was significantly inhibited in drug treatment
groups compared to the Ctrl group (P < 0.001), particularly
the better effect of ECH, B2-E1, and B1-E2 than those of BAI
and B1-E1.
Previous studies have indicated that the VEGF signaling

pathway plays an important role in the regulation of
angiogenesis, and it is also well studied in the angiogenesis
of zebrafish.67,68 VEGF (vegfa) is the mostly studied growth
factor for the vasculature development of zebrafish.69 VEGFR-
1 (flt1) and VEGFR-2 (kdr and kdrl), mainly expressed in
vascular endothelial cells, also encode VEGF receptors in
zebrafish.70 To illustrate the potential antiangiogenic mecha-
nism of BAI combined with ECH, the mRNA expression of
angiogenesis-related genes (vegfa, flt1, kdr, and kdrl) in each
group was then measured by qPCR. As shown in Figure 10D,
the relative mRNA expression of vegfa, flt1, kdr, and kdrl was

significantly decreased in VRI, ECH, B2-E1, and B1-E2 groups
compared to the Ctrl group (P < 0.05, P < 0.01, P < 0.001).

4. CONCLUSIONS
Topical application of BAI combined with ECH could
ameliorate IMQ-induced skin lesions, particularly the better
effects of B2-E1. Furthermore, the significant effects were
associated with inhibiting the expression of key cytokines and
genes such as TNF-α, IL-17A, IL-23, and AKT1 by regulating
the TNF signaling pathway and suppressing the expression of
key cytokines and genes such as VEGFA, MMP9, SRC, and
NOS3 by regulating the VEGF signaling pathway (Figure 11).

Meanwhile, zebrafish experiments further demonstrated the
anti-inflammatory and antiangiogenic effects of BAI combined
with ECH by regulating the inflammation-related TNF
signaling pathway and the angiogenesis-related VEGF signaling
pathway. Thus, this study suggested that BAI combined with
ECH may be a promising topical agent to ameliorate psoriatic
skin lesions by regulating the TNF signaling pathway and the
VEGF signaling pathway in the future.
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Optimization of the cream preparation by the multi-
factor orthogonal test; PCR primers used in this study;
and prediction of potential targets and pathways of BAI

Figure 11. Potential mechanism of topical application of BAI
combined with ECH ameliorating psoriatic skin lesions by inhibiting
the TNF signaling pathway and the VEGF signaling pathway. BAI
may inhibit the expression of key cytokines and genes such as TNF-α,
IL-17A, IL-23, and AKT1 by regulating the TNF signaling pathway,
and ECH could inhibit the expression of key cytokines and genes such
as VEGFA, MMP9, SRC, and NOS3 by regulating the VEGF
signaling pathway.
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