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Biotechnologically Produced
Lavandula angustifolia Mill. Extract
Rich in Rosmarinic Acid Resolves
Psoriasis-Related Inflammation
Through Janus Kinase/Signal
Transducer and Activator of
Transcription Signaling
Ivanka K. Koycheva1,2, Liliya V. Vasileva2, Kristiana M. Amirova1,2, Andrey S. Marchev1,2,
Zhivka P. Balcheva-Sivenova1,2 and Milen I. Georgiev1,2*

1Laboratory of Metabolomics, Department of Biotechnology, The Stephan Angeloff Institute of Microbiology, Bulgarian Academy
of Sciences, Plovdiv, Bulgaria, 2Department Plant Cell Biotechnology, Center of Plant Systems Biology and Biotechnology,
Plovdiv, Bulgaria

Psoriasis is a common skin pathology, characterized by dysregulation of epidermal
keratinocyte function attended by persistent inflammation, suggesting that molecules
with anti-inflammatory potential may be effective for its management. Rosmarinic acid (RA)
is a natural bioactive molecule known to have an anti-inflammatory potential. Here we
examined the effect of biotechnologically produced cell suspension extract of Lavandula
angustifoliaMill (LV) high in RA content as treatment for psoriasis-associated inflammation
in human keratinocytes. Regulatory genes from the nuclear factor kappa B (NF-κB) and
Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling
pathways were upregulated upon stimulation with a combination of interferon gamma
(IFN-γ), interleukin (IL)-17A and IL-22. We also observed that both LV extract and RA could
inhibit JAK2, leading to reduced STAT1 phosphorylation. Further, we demonstrated that
LV extract inhibited phosphoinositide 3-kinases (PI3K) and protein kinase B (AKT), which
could be implicated in reduced hyperproliferation in keratinocytes. Collectively, these
findings indicate that the biotechnologically produced LV extract resolved psoriasis-like
inflammation in human keratinocytes by interfering the JAK2/STAT1 signaling pathway and
its effectiveness is due to its high content of RA (10%). Hence, both LV extract and pure RA
possess the potential to be incorporated in formulations for topical application as
therapeutic approach against psoriasis.
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INTRODUCTION

Psoriasis is a recurrent, chronic skin disease with complex
immune-inflammatory ethology (Nestle et al., 2009; Sakurai
et al., 2019). The worldwide prevalence of psoriasis is about
3% and the high societal burden of this condition is mainly due to
the substantial impact on the patients’ perception of confidence
and well-being (Lowes et al., 2007; Greb et al., 2016). Disrupted
crosstalk between keratinocytes and immune cells is crucial
determinant of chronic immune-mediated skin pathologies
such as psoriasis (Federici et al., 2002; Nograles et al., 2008;
Albanesi et al., 2018; Itoh et al., 2019). Cytokines and
inflammatory factors such as interleukin (IL)-17A, IL-22, IL-
23, and interferon gamma (IFN-γ), derived predominantly from
dendritic cells and activated T cells, induce inflammatory
response in keratinocytes (Wolk et al., 2006; Nograles et al.,
2008; Albanesi et al., 2018; Liang et al., 2019). Consequently,
activated keratinocytes respond with release of various cytokines
(e.g., IL-1, IL-18, TNF-α), chemokines (CCL20), and
antimicrobial peptides (S100A7, S100A8, etc.) that leads to
additional recruitment of activated immune cells such as Th17
and contribute to the formation of a vicious cycle of psoriatic
inflammation (Nograles et al., 2008; Shi et al., 2011; Lee et al.,
2019). Therefore, modulating keratinocyte inflammation
pathways can be targeted as an effective therapeutic approach
in the management of psoriasis. Although the pathophysiology of
psoriasis is complex and to a certain degree arguable, several
important pathways are defined to play role in the progression of
psoriatic inflammation, namely, activated nuclear factor kappa B
(NF-κB), Janus kinase/signal transducer and activator of
transcription (JAK/STAT), phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT) and mitogen activate protein kinase
(MAPK) signaling (Engelman et al., 2006; Wolf et al., 2010;
Andres et al., 2013; Schwartz et al., 2017; Li et al., 2019; Liang
et al., 2019; Sakurai et al., 2019).

Currently available anti-psoriatic drugs include retinoids,
corticosteroids and several immune-based drugs, which remain
the main option for most patients with psoriasis (Lowes et al.,
2007; Greb et al., 2016; Schwartz et al., 2017; Bigas et al., 2018).
However, the adverse effects and possibility for development of
drug-resistance are limiting the effectiveness of conventional
anti-psoriatic therapy. Alternatively, natural products have
substantial contribution in novel drug development owing to
their biochemical diversity (Kim et al., 2014; An et al., 2018; Kim
et al., 2018; Sun et al., 2019; Atanasov et al., 2021). Rosmarinic
acid (RA) is a plant-derived secondary metabolite abundant in
numerous plant species from the Lamiaceae and Boraginaceae
families such as Rosmarinus officinalis L., Salvia spp., Ocimum
basilicum L., Perilla frutescens L., Origanum vulgare L., Melissa
officinalis L., and Thymus vulgaris L. (Petersen, 2013; Shen et al.,
2017; Marchev et al., 2020). Significant pharmacological attention
has been attracted toward RA as a result of its bioactive properties
and, hence, therapeutic potential (Nunes et al., 2017; Luo et al.,
2020). Among the wide range of its beneficial biological actions
are antioxidant, anti-inflammatory (Chen et al., 2018; Joardar
et al., 2019; Leu et al., 2019) anti-allergic (Liang et al., 2016), anti-
fibrotic (Domitrovic et al., 2014; Joardar et al., 2019),

neuroprotective (Shang et al., 2016) and anti-adipogenic
(Vasileva et al., 2021). Apart from its potential medical
applications, RA is also a preferred natural antioxidant and
preservative in food and cosmetic industries (Kovatcheva-
Apostolova et al., 2008; Shen et al., 2017; Chaiyana et al.,
2019; Choi et al., 2019). Further, RA has been reported as an
anti-ageing compound with applications in cosmetics (Shen et al.,
2017; Chaiyana et al., 2019). More specifically, concerning RA
effect on skin, several reports propose its anti-inflammatory and
photo-protective properties (Sanchez-Campillo et al., 2009; Jang
et al., 2011; Matwiejczuk et al., 2020). Data from our earlier
studies pointed out RA as potent anti-inflammatory compound
in IFN-γ-induced inflammatory skin condition (Georgiev et al.,
2012). However, the underlying molecular mechanisms of RA in
psoriasis-like inflammation in human keratinocytes are
insufficiently explored.

Despite being a high-value molecule, its conventional
extraction is economically impractical due to its low content,
usually less than 1% of the dry weight (DW) of the source plant
material (Petersen, 2013). Alternative approach for sustainable
RA biosynthesis is the implementation of plant in vitro systems.
Plant cell cultures give possibilities for the delivery of necessary
amount of the targeted bioactive molecules, such as RA,
regardless of the vegetative characteristics of the plant species
or the limitation of the plant material and the climatic conditions
(Goncalves et al., 2013; Marchev and Georgiev, 2020). We have
previously reported the selection of high RA producing calli cell
line PF of Lavandula angustifoliaMill (LV; Georgiev et al., 2006).
Being a valuable aromatic plant L. angustifolia is predominantly
used for distillation of essential oil. Therefore, the
ethnopharmacological data regarding its use in psoriasis is
limited to topical application of lavender oil. Human dermal
fibroblast and endothelial cells exposed to L. angustifolia oil in the
range of 0.016–2.00% (v/v) for 1 h responded with decreased cell
viability in concentrations above 0.125% (Prashar et al., 2004).
Another study evaluated the L. angustifolia oil in imiquimod-
induced psoriasis-like model in mice. Topical application of
100 μL 10% lavender oil for four days resulted in anti-psoriatic
activity comparable with that of 100 μg 1% mometasone cream
used as positive control. In addition, the inhibition of
inflammatory markers such as TNF-α, IL-1β, -17 and -22 (Rai
et al., 2020). However, the potential application of the plant
extract of L. angustifolia in skin inflammatory conditions such as
psoriasis is insufficiently explored. The biotechnologically
produced L. angustifolia calli culture (cell line PF) was selected
for its high biosynthetic capacity that was reported to be stable
upon 5 to 10 cultivations, producing RA 1.7-foldsmore that in the
control culture (Georgiev et al., 2006). The capacity of the LV cell
line for RA biosynthesis, as well as quantification of the RA yield
with contemporary phytochemical analytical techniques, has not
been evaluated to date. Confirmation of the high productivity in
LV cell line reported 15 years ago would provide significant
evidence for the stability of this plant in vitro culture as
biotechnological matrix for RA large-scale utilization.

In the present study, we examined the content of RA in
biotechnologically produced LV extract in order to evaluate
whether this in vitro culture have preserved its high
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production capacity after 15 years of maintenance. Additionally,
we have investigated the anti-inflammatory potential of LV
extract and corresponding concentrations of RA on in vitro
psoriatic-like model in human keratinocytes, HaCaT cell line.
Further, the underlying signaling pathways involved have been
investigated.

MATERIALS AND METHODS

Materials
Deuterated methanol (purity 99.8%) and deuterium oxide
(99.9%) were supplied from Deutero GmbH (Kastellaun,
Germany). Dulbecco’s Modified Eagle Medium (DMEM) with
high glucose 4.5 g/L (#D5796), fetal bovine serum (FBS; #F7524),
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT; #M21281), penicillin/streptomycin/
amphotericin B (10,000 IU/10 mg/25 μg; #A5955), trypsin-
EDTA (#59418C), dexamethasone (DEXA; purity ≥98%;
#D1756), rosmarinic acid (purity ≥98%, #R4033), trimethyl
silylpropionic acid sodium salt-d4 (TSPA-d4; #11202),
methanol, acetic acid of HPLC grade, Bradford reagent
(#B6916), RIPA lysis buffer (#R0278), protease and
phosphatase inhibitor cocktail (#PPC1010) and RNAzol RT
reagent (#R4533) were from Merck KGaA (Darmstadt,
Germany). The recombinant human IL-17A (#ENZ-PRT188)
and IL-22 (#ENZ-PRT250) were purchased from Enzo Life
Sciences AG (Lausen, Switzerland) and IFN-γ (#10067-IF) was
obtained from R&D Systems (Minneapolis, MN, United States).

Buffers and chemicals used to perform electrophoresis,
immunoblotting and real-time quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) were
obtained from Bio-Rad Laboratories, Inc (Hercules, CA,
United States). For the Western blotting analysis primary
antibodies against the following proteins were used: AKT
(#9272), JAK2 (#3230S), PI3K (#4257), STAT1 (#14994) and
phospho-STAT1 (#7649) from Cell Signaling Technology
(Leiden, Netherlands); tubulin (#12004166) from Bio-Rad.
Secondary anti-rabbit IgG Star-Bright Blue 700 (#12004162)
antibody from Bio-Rad was used for fluorescent detection. All
other materials and substances were of analytical grade and were
purchased from Merck KGaA (Darmstadt, Germany) unless
otherwise specified.

Cultivation of Lavandula angustifolia Cell
Suspension and Extraction Procedure
The LV suspension culture was cultivated as previously reported
on liquid Linsmayer and Skoog (LS) nutrient medium
supplemented with 0.2 mg/L 2,4-dichlorophenoxyacetic acid
and 30 g/L sucrose in darkness at 26°C on a rotary shaker
at 100 rpm (Georgiev et al., 2006). Following cultivation, the
cell suspension was freeze dried and extracted with 50%
aqueous methanol under sonication at room temperature
(RT) for 20 min. Further, the extract was filtrated, vacuum
concentrated at 40°C, lyophilized and stored at −20°C
until use.

Phytochemical Analysis
Nuclear magnetic resonance (NMR) analysis was performed
according to the protocol described by (Georgiev et al., 2015).
Sample of 10 mg of the obtained LV extract was dissolved in equal
amounts of 0.4 ml CD3OD and D2O, containing KH2PO4 buffer
with pH 6.0 and TSPA-d4 as internal standard at final
concentration of 0.005% (w/v). 1H NMR and 2D: J-resolved,
homonuclear correlation spectroscopy (COSY) and
heteronuclear single quantum coherence spectroscopy (HSQC)
spectra were obtained on a Bruker AVII+ 600 spectrometer
(Bruker, Karlsruhe, Germany), operating at 25°C, 600.13 MHz
proton frequency, with 4.07 s relaxation time and CD3OD as an
internal lock.

Quantification of the RA content in the extract was executed
with high-performance liquid chromatography (HPLC).
Reference RA standard was dissolved in methanol and
standard solutions from 10–200 μg/ml were prepared and
filtrated through 0.45 µm syringe filters for standard curve
preparation. The suspension extract was prepared in 5 mg/ml
solutions in 50% aqueous methanol. The analyses were
performed on Waters HPLC system (Milford, MA,
United States), consisting of binary pump and dual wavelength
(λ) absorbance detector. A reverse-phase Kinetex® C18, 100 Å
(150 × 4.6 mm, 5 μm) core-shell column (Phenomenex,
Torrance, CA, United States), operating at 26°C was used. The
RA determination was based on an HPLC protocol previously
used by Choi et al. (2019) with certain modifications. The mobile
phases used were 0.02% aqueous acetic acid (phase A) and
methanol (phase B) at flow rate of 0.8 ml/min with the
following gradient: change of phase A from 88 to 85
(0–5 min), from 85 to 82 (5–6 min), from 82 to 75
(6–9.5 min), from 75 to 74 (9.5–10.5 min), from 74 to 73
(10.5–12 min), from 73 to 70 (12–20 min), from 70 to 50
(20–25 min), from 50 to 30 (25–30 min) and from 30 to 88
(30–35 min) at λ of 320 nm.

The HPLC method was validated for linearity and sensitivity,
including limit of detection (LOD) and limit of quantification
(LOQ). An external standard calibration methodology was
applied. Seven solutions with different concentrations ranging
from 10 to 200 μg/ml were prepared. The analyses were
performed in triplicates (for each concentration) and the
calibration curve was constructed as a relationship between
the peak areas and the used concentrations of the standard.
The linearity of the curve was assessed according to the
obtained regression equations y � ax + b, where y and x refer
to peak area and the concentration of the compound (in μg/ml)
and its relevant coefficient of determinations (R2). The sensitivity
was determined by calculating the LOD � 3.3σ/S and the LOQ �
10σ/S, where σ is standard deviation of the response and S is the
slope of the calibration curve.

Cell Culture and Treatment
Human epidermal keratinocytes (HaCaT) cell line was purchased
from Cell Line Service GmbH (Eppelheim, Germany). The
HaCaT cells were cultured in DMEM with 4.5 g/L glucose
supplemented with 10% FBS and 1% antibiotic and anti-
mycotic solution and maintained at 37°C with 5% CO2. At
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80% confluence HaCaT cells were stimulated with combination
of IFN-γ/IL-17A/IL-22 (1 ng/ml each) to model psoriasis-like
inflammatory milieu 1 h prior treatment with either LV (20, 40,
100 μg/ml), RA (5, 10, 25 µM), vehicle alone (0.02% DMSO) or
DEXA 5 µM (as a positive control). Total RNA samples were
obtained 6 h after treatment and whole cell protein lysates on the
24th hour following treatment.

To determine the effect of LV and RA at different
concentrations on cell viability in HaCaT, MTT assay was
conducted. Exposure to LV and RA in HaCaT cells for 24 h
did not affect significantly the cell viability up to 100 μg/ml and
100 μM, respectively (Supplementary Figure S1).

Quantitative Real-Time Polymerase Chain
Reaction
Total RNA was isolated using RNAzol RT reagent and reverse
transcribed using FirstStrand cDNA kit (#PR008) from Canvax
(Cordoba, Spain) according to the manufacturer’s instructions.
The relative expression of target genes was detected by RT-qPCR
using Sso EvaGreen SuperMix (#1725204; Bio-Rad) on CFX96
detection sys-tem (Bio-Rad) and was quantified by the
comparative threshold cycle (ΔΔCT) method on the CFX
Maestro software (Bio-Rad). The primer sequences are listed
in Supplementary Table S1. Both GAPDH and TUBB were used
as reference genes and served for normalization of all the other
gene expression.

Western Blotting
Total protein lysates were prepared using RIPA buffer freshly
supplemented with 1% protease and phosphatase inhibitor
cocktail for 15 min on ice, followed by centrifugation
(15,000 rpm, 15 min, and 4°C) and collection of the clear
supernatant. The total protein concentration was determined
using Bradford assay.

Equal amounts of total protein of 50 μg per lane were
separated with vertical electrophoresis on 10% TGX Stain-Free
SDS-PAGE gels and transferred to nitrocellulose membranes via
semi-dry transfer with Trans-Blot Turbo transfer system (Bio-
Rad). Following blocking for 1 h at RT in 5% (w/v) skimmed milk
in Tris buffered saline, the membranes were incubated with the
primary rabbit antibodies against AKT, JAK2, PI3K, STAT1 and
p-STAT1 overnight at 4°C. For fluorescent detection of the target
proteins Star-Bright Blue 700 goat anti-rabbit IgG secondary
antibody was used. Tubulin was detected with direct primary
antibody as a housekeeping protein used for normalization. The
immunodetection was visualized with ChemiDoc MP imaging
system (Bio-Rad) and the acquired images were analyzed with
Image Lab software 6.0.1 (Bio-Rad).

Statistical Evaluation
The obtained spectra were automatically reduced to ASCII files
using AMIX soft-ware (version 3.7, Bruker), phased, base line
corrected and referenced at 0.0 ppm to the internal standard
TSPA-d4 using MestReNova software (version 12.0.0, Mestrelab
Research, Santiago de Compostela, Spain). All signals were
normalized in relation to the peak of TSPA-d4 and scaled to 1.0.

Data evaluation was performed with SigmaPlot software v11.0
(Systat Software GmbH, Erkrath, Germany) and the results are
presented as mean ± standard error of the mean (SEM).
Differences among groups was determined with unpaired
Student’s t-test as appropriate or one-way analysis of variances
(ANOVA) with Bonferroni’s post hoc test when more than two
groups were compared. The significance level was defined as + p <
0.05, model group compared to non-treated control cells, *p <
0.05 and **p < 0.01, compared to IFN-γ/IL-17A/IL-22-stimulated
model group.

RESULTS

Phytochemical Analysis of Lavandula
angustifolia Cell Suspension Extract
Nuclear magnetic resonance (NMR) phytochemical profiling has
a great potential for studying living organisms, owing to its non-
destructive nature, i.e. it can be used for in vivo and in vitro
measurements of biological processes, with no quenching of the
metabolism required. The investigated extract in our study was
obtained from high RA producing L. angustifolia cell suspension
induced and maintained within our lab (Georgiev et al., 2006).
The phytochemical characterization has been performed by 1D-
and 2D-NMR metabolite profiling. According to the 1H NMR
spectral data the most abundant signals observed in the aromatic
region corresponded to RA as a major secondary metabolite.
Further, metabolites typical for the primary cell metabolism were
identified as well. In the aliphatic region (δ 0.5–3.0 ppm) the
signals of several organic acids (acetic, formic, fumaric and
pyruvic acids) were detected. The identified metabolites are
important intermediates from the tricarboxylic acid cycle
(TCA), which is a main source of energy for cells and
important part of erobic respiration. The TCA is a part of a
larger carbohydrate metabolism in which the metabolites
identified in the carbohydrate region (δ 3.0–5.5), such as α-,
β-glucose and sucrose are oxidized to form pyruvate. The latter is
an entry metabolite of the TCA cycle under the form of acetyl-
CoA. The TCA cycle is also the origin of pathways leading to
important structural metabolites, including the amino acids
alanine, glutamine, glutamate, threonine and valine, identified
in the extract (Table 1).

Rosmarinic acid [(R)-a-[[3-(3,4-dihydroxyphenyl)-1-oxo-2E-
propenyl]oxy]-3,4-dihydroxy-benzenepropanoic acid] is a
polyphenolic compound, an ester of caffeic acid and 3-(3,4-
dihydroxyphenyl)-lactic acid. Its structure (C18H16O8)
comprises of two unsaturated six-membered rings (C1-C6)
and (C1′-C6′), a double bond (C7′-C8′), an ester group (C9′),
a carboxyl group (C9) and four hydroxyl groups (C3, C4, C3′ and
C4’; Xiao et al., 2008). In the current investigation, the RA was
structurally identified by its 1D and 2D NMR spectra and
quantified using high performance liquid chromatography
(HPLC). The signals from the proton spectrum (Table 1) of
RA identified in the extract were in accordance with the signals
previously reported (Pereira et al., 2013; Zhao et al., 2021).

The presence of RA in the analyzed extract was confirmed by
the proton-carbon single bond correlations observed in the
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HSQC spectrum, shown on Figure 1A. The spectrum of the
extract revealed the presence of two doublets δH 7.52/δC 145.14
and δH 6.32/δC 113.36, which on basis of the large proton-proton
coupling were assigned to a pair of trans-olefinic protons (H-7′
and H-8′), indicating the presence of E-caffeic acid moiety.
Further, the ABX-system of caffeic acid was confirmed by the
three protons H-5′, H-6′ and H-2′, which referred at δH 6.88/δC
115.21, δH 7.04/δC 121.59 and δH 7.12/δC 113.84, respectively.
The other ABX-system in the aromatic region was assigned to the
3,4-dihydroxypehenyl unit according to the three protons H-5,
H-6 and H-2, which appeared at δH 6.78/δC 114.87, δH 6.72/δC
120.61 and δH 6.84/δC 116.02. The doublet in the low field region
at δH 5.03/δC 75.84 suggested a proton of a CH group attached to
an oxygen-bearing carbon was assigned to H-8. Two doublets at
δH 2.94/δC 36.36 and δH 3.11/δC 36.36 were assigned to the two
protons of 7-methine group. In addition, on Figure 1B is shown
the long-rage 1H–1H COSY interactions. Strong cross-peaks were
found between H-7’/H-8’ (δH 7.52/δC 6.32), H2’/H-5’ (δH 7.12/δC
6.88) and H2-H-5 (δH 6.84/δC 6.78; Xiao et al., 2008; Pereira et al.,
2013; Zhao et al., 2021).

The HPLC method used to detect and quantify RA was
validated for linearity and sensitivity. The obtained calibration
curve (y � 7.96 × 104x-3.31 × 105) had a good linear relationship
in the concentration range between 10 and 200 μg/ml,
characterized with R2 of 0.9918. The LOD and LOQ values,
6.9 and 14.59 μg/ml, respectively also indicated a satisfactory
sensitivity.

According to the HPLC quantification, the content of RA in
the cell suspension resulted to 100.16 ± 7.01 mg/g extract.

Lavandula angustifolia Extract and Pure
Rosmarinic Acid Diminished
Psoriasis-Associated Inflammatory
Changes in Gene Expression Profile in
Keratinocytes
The psoriatic condition is characterized by activation of
inflammatory signaling pathways. The NF-κB pathway is a key
regulatory pathway during inflammation, and is considered to be
a crucial mediator in the pathogenesis of psoriasis (Andres et al.,
2013; Kim et al., 2014; Zhang et al., 2018). Additionally, JAK/
STAT pathway is a classical signal transduction pathway in
psoriasis and is triggered upon cytokine stimulation (Shi et al.,
2011; Schwartz et al., 2017; Sun et al., 2019). Activation of the
p38/JNK/ERKMAPKs (Shi et al., 2018; Liang et al., 2019; Sakurai
et al., 2019) and PI3K/AKT (Engelman et al., 2006; Li et al., 2019)
signaling pathways contributes to psoriasis exacerbation and
disturbed regulation of proliferation and apoptosis in activated
keratinocytes.

Stimulation with IFN-γ/IL-17A/IL-22 cytokine combination
induced changes in the mRNA expression profile in human
keratinocytes that mimic psoriasis-like transcriptional
signature (Figure 2). Data from the hierarchical cluster
analysis of the relative gene expression obtained with RT-
qPCR indicated significant upregulation of genes related to
NF-κB, JAK/STAT, p38/MAPK/AKT signaling pathways, as
well as pro-inflammatory cytokines. The inflammatory factors
IL6 and CCL2 (encoding MCP1 protein) were highly
overexpressed as a result of the combined psoriasis-induction

TABLE 1 | Chemical shifts (δ) and coupling constants (J) of the metabolites, identified in Lavandula angustifolia extract by their relevant 1H NMR spectra (Pereira et al., 2013;
Georgiev et al., 2015; Marchev et al., 2017).

Metabolite Chemical shift (ppm) Coupling constant (Hz)

Amino acids
Alanine 1.49 (d, J � 7.3)
Glutamine 2.14/2.37 (m)/(m)
Glutamate 2.37/2.06 (m)/(m)
Threonine 1.33 (d, J � 6.8)
Valine 1.01/1.06 (d, J � 7.1)/(d, J � 7.1)
Carbohydrates
α-Glucose 5.19 (d, J � 3.7)
β-Glucose 4.59 (d, J � 7.9)
Sucrose 5.41/4.18 (d, J � 3.9)/(d, J � 8.9)
Organic acids
formic acid 8.48 (s)
acetic acid 1.91 (s)
Fumaric acid 6.53 (s)
Pyruvic acid 2.43 (s)
Phenolic acids
Rosmarinic acid 7.12/6.88/7.04/7.52/6.32/6.84/6.78/6.72/

2.94/3.11/5.03
(d, J � 2.1)/(d, J � 8.2)/(dd, J � 8.4, 2.1)/(d, J � 15.9)/(d, J � 15.9)/(d, J � 2.0)/(d, J � 8.1)/(dd, J �
8.1, 2.0)/(dd, J � 14.4, 10.0)/(dd, J � 14.5, 3.5)/(dd, J � 10.0, 3.4)

Others
Choline 3.22 (s)
Pyruvic acid 2.43 s
γ-Amino-butyrate
(GABA)

1.92/2.30/3.01 (m)/(t, J � 7.2)/(t, J � 7.3)

Inosine 8.24/8.35 (s)/(s)
Inositol 3.95/3.52/3.21 (m)/(m)/(m)
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stimuli that reflects acute inflammation changes. In contrast, the
anti-bacterial peptide S100A7 and the chemokine CCL20 that are
frequently used as markers of psoriasis were moderately changed
in the model group. The mRNA expression of NFKB1, NFKBIA,
IKBKB and RELA was elevated in the model group, hence,
suggesting activation of the NF-κB signaling pathway.
Furthermore, overexpression was detected for the JAK2,
STAT1 and STAT3 genes, which is in agreement with previous
reports utilizing similar combinatorial stimulation used for
modeling psoriasis in keratinocytes (Kim et al., 2014; An et al.,
2018; Zhang et al., 2018; Li et al., 2020). The increase in STAT1
was about 10 folds higher that the overexpression of STAT3 upon
stimulation with IFN-γ/IL-17A/IL-22, hence, pointing out
STAT1 as the more influenced in our model.

Treatment with LV extract dose-dependently downregulated
IL6, CCL2 and CCL20. Further, the inhibition of mRNA
expression of genes from the NF-κB signaling (CHUK, NFKB1,
NFKBIA, IKBKB, RELA) at the highest treatment concentration
of LV (100 μg/ml) exceeded that achieved with the positive

control DEXA 5 μM. The profound influence of the LV extract
on the NF-κB-related genes suggest its potent anti-inflammatory
action in psoriatic keratinocytes. Additionally, the key genes
STAT3, AKT and MAPK8 (encoding the JNK protein) were
found to be significantly inhibited upon LV application which
suggest that the extract interfere with the respective JAK/STAT,
MAPK and PI3K/AKT signaling pathways.

Correspondingly, treatment with pure RA in concentrations
matching those found in the respective doses of LV extract
resulted in similar transcriptional changes. Dose-dependent
decrease in the gene expression was registered for CHUK,
NFKB1, NFKBIA, IKBKB, RELA upon RA treatment which
was higher than the one achieved by DEXA, but not by LV
extract. These results hint that RA is only partly responsible for
the LV extract inhibition in NF-κB-related genes. The
inflammatory mediators IL6 and CCL20 mRNA expression
was significantly downregulated by RA in a manner exceeding
the effect of LV treatment. Similarly to the LV extract treatment,
the gene expression of STAT3 andAKTwas influenced by RA, but

FIGURE 1 | Heteronuclear single quantum coherence spectroscopy
(1H-13C HSQC (A)) and homonuclear correlation spectroscopy (1H–1H COSY
(B)) spectra of Lavandula angustifolia extract and the characteristic signals of
rosmarinic acid.

FIGURE 2 | Lavandula angustifolia extract (LV) and pure rosmarinic acid
(RA) downregulate inflammatory gene expression in psoriasis-like model in
human keratinocytes. Clustergram and heatmap of the relative gene
expression analysis from the RT-qPCR. The results are expressed as
mean ± SEM from three independent experiments. +p < 0.05 compared to
control cells; *p < 0.05 and **p < 0.01 com-pared to psoriasis-like
model group.
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to a lesser extent. In contrast, RA application did not affected
CCL2 expression. Additionally, the MAPK8 (encoding JNK) and
MAPK1 (encoding ERK1/2) genes were dose-dependently
decreased as a result of RA application. Interestingly, RA
treatment in stimulated keratinocytes resulted in significant
downregulation of JAK2 and STAT1, which was not observed
upon the LV extract application.

Together, these findings indicated that LV extract affects
mainly genes from the NF-κB signaling in activated
keratinocytes, while RA interfere with JAK/STAT signaling
as well.

Lavandula angustifolia Extract and Pure
Rosmarinic Acid Disturbs JAK2/STAT1
Signaling in Keratinocytes
Cytokines such as IFN-γ, IL-17A or IL-22 bind to cell surface
receptors and the signal transduction occurs through JAKs, which
in turn promotes STAT1 and/or STAT3 phosphorylation and
activation in psoriasis (Wolf et al., 2010; Shi et al., 2011; Kim et al.,
2014; Zhang et al., 2018; Itoh et al., 2019). As STAT1 expression
was activated predominantly over STAT3 by cytokine stimulation
in our study, we then evaluated whether RA could antagonize
STAT1 activation induced by IFN-γ/IL-17A/IL-22 in
keratinocytes at a protein level. The Western blot analysis
(Figure 3) showed that the inhibitory effects of both LV
extract and RA on the total protein (Figure 3A) and
phosphorylation levels of STAT1 (Figure 3B) were in a
concentration-dependent manner in HaCaT cells. Further, at
the highest concentration used the decrease in STAT1 and
p-STAT1 levels were greater than achieved upon DEXA
treatment. Moreover, LV extract and RA significantly

decreased the total protein levels of JAK2 (Figure 3C) in a
concentration dependent manner. The RT-qPCR analysis
showed that the JAK2 and STAT1 transcriptional activity was
significantly decreased by RA (Figure 2), which corresponded to
the changes observed at a protein level. In contrast, JAK2 and
STAT1 mRNA expression levels (Figure 2) were not influenced
upon LV treatment, however, their respective protein levels were
significantly diminished. The discrepancy between gene
expression and protein abundance could be due to either
posttranslational modifications or stimulated protein
degradation of JAK2 and/or STAT1 induced by the LV extract.

The PI3K/AKT signaling is involved in cell proliferation and is
a hallmark of psoriasis in regard to hyper-keratinization
(Engelman et al., 2006; Li et al., 2019). The gene expression
analysis revealed that both LV and RA downregulated AKT
(Figure 2) to an extent similar to that of the DEXA treatment.
In order to acquire further clarification of the mechanism that LV
and RA inhibits psoriasis-like keratinocyte activation PI3K/AKT
pathway was examined at a protein level. The results indicated
that both LV and RA treatments at the highest concentrations
used resulted in a moderate decrease in AKT (Figure 3D) while
PI3K (Figure 3E) was influenced only by the LV extract.

Together, these results indicated that RA interfere with JAK2/
STAT1 signaling in keratinocytes. Further, the biotechnologically
produced LV extract rich in RA influence both JAK2/STAT1 and
PI3K/AKT signaling pathways.

DISCUSSION

Chronic inflammation, abnormal proliferation and
differentiation of keratinocytes, the most predominant cell

FIGURE 3 | Lavandula angustifolia extract (LV) and pure rosmarinic acid (RA) both inhibit JAK2/STAT1 signaling in HaCaT cells. Protein expression of STAT1 (A),
phosphorylated STAT1 (B), JAK2 (C), AKT (D) and PI3K (E) and representative bands from the Western blotting analysis (F). The results are presented as mean ± SEM
from three independent experiments. +p < 0.05 compared to control cells; *p < 0.05 and **p < 0.01 compared to psoriasis-like model group.
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type of the epidermis, are the key events involved in psoriasis
development. Therefore, inhibiting keratinocyte inflammation
can be implemented as effective therapeutic approach in the
management of psoriasis. In the present study, we demonstrated
that IFN-γ/IL-17A/IL-22 stimulation induce psoriasis-like
changes in human keratinocytes. Additionally, we provide
evidence that psoriasis-related inflammation in keratinocytes
could be reversed by LV and RA treatment.

Interplay between activated immune cell and keratinocytes is
critical determinant of the pathology of psoriasis, hence,
inflammatory cytokines challenge keratinocytes to induce
psoriatic phenotype (Federici et al., 2002; Nograles et al., 2008;
Nestle et al., 2009; Greb et al., 2016). Stimulation with Th cells-
derived cytokines such as IFN-γ activates predominantly STAT1
phosphorylation (Nograles et al., 2008; Antunes et al., 2011; Hald
et al., 2013; Albanesi et al., 2018) while IL-17A induce both
STAT1 and STAT3 signaling (Nograles et al., 2008; Shi et al.,
2011). However, both IFN-γ and IL-17A are known to contribute
to psoriasis-related inflammation (Federici et al., 2002; Wolk
et al., 2006; Shi et al., 2011). On the other hand, upon stimulation
with IL-22 the activated keratinocytes respond through
STAT3 up-regulation and changes in their differentiation
profile toward hyper-keratinization and hyperproliferation as
hallmarks of psoriasis (Wolk et al., 2006; Nograles et al., 2008;
Shi et al., 2011). Consequently, exposure of keratinocytes to the
IFN-γ/IL-17A/IL-22 cytokine combination represents a reliable
psoriasis-like in vitromodel (Kim et al., 2014; An et al., 2018; Kim
et al., 2018; Shi et al., 2018; Zhang et al., 2018; Li et al., 2020).

Until now, very little is known about the roles of RA in
keratinocytes. It has been previously reported that RA
counteracts UVA-related impairment in murine melanoma
cells (Sanchez-Campillo et al., 2009), inhibits IFN-γ-induced
inflammation in primary human keratinocytes (Georgiev et al.,
2012), protects human fibroblasts from the damage caused by
parabens (Matwiejczuk et al., 2020) and stimulates collagen
biosynthesis (Chaiyana et al., 2019; Matwiejczuk et al., 2020).
In our previous study, RA treatment resulted in downregulated
MCP1 and IP-10 levels in IFN-γ-stimulated primary human
keratinocytes (Georgiev et al., 2012). Here, we have evaluated
the anti-inflammatory potential of LV extract and pure RA in
psoriasis-like model in human keratinocytes. The RA content in
the LV extract was determined to be 10% in the dry extract.
Hence, the biotechnologically produced LV extract could serve as
a source of RA production. Moreover, the high RA content in the
extract suggest that its bioactivity is predominantly due to the
presence of this specific phenolic compound.

The activated keratinocytes respond to immune stimulation in
an attempt to resist psoriatic changes with secretion of
chemoattractant molecules (such as MCP1 and CCL20),
inflammatory cytokines (IL-6, IL-8, IL-4) and antibacterial
peptides (S100A; Wolk et al., 2006; Nograles et al., 2008;
Andres et al., 2013; Greb et al., 2016; Lee et al., 2019; Liang
et al., 2019). However, induced keratinocytes further attract
immune cells at the psoriatic lesions and aggravate the
inflammatory milieu (Wolk et al., 2006; Nograles et al., 2008;
Wolf et al., 2010; Itoh et al., 2019). As expected, IFN-γ/IL-17A/IL-
22 stimulation in keratinocytes resulted in high overexpression of

IL6 and CCL2 that confirmed the induction of psoriatic
inflammation. Application of LV extract reverted CCL2 and
IL6 upregulation. Similarly, RA treatment reduced IL6 to even
greater extent and to levels comparable with DEXA. However, the
CCL2 mRNA expression was not affected upon RA application,
which indicated that other compounds are influencing the effect
observed by the LV treatment.

The transcriptional activator NF-κB is one of the main
involved in the development of the inflammatory response
(Wolf et al., 2010; Andres et al., 2013; Schwartz et al., 2017;
Bigas et al., 2018). Activation of NF-κB in keratinocytes is found
in psoriatic lesions and is known to contribute to amplified
inflammatory response reflected by elevated production of
immune-related proteins such as CCL20 and S100A7 (Kim
et al., 2018; Zhang et al., 2018). In the present study, key
genes responsible for the NF-κB activation were investigated,
namely, CHUK, IKBKB, NFKBIA,NFKB1 and RELA. Stimulation
with the cytokine combination in HaCaT cells led to elevation in
all NF-κB-related genes, consistent with a role in inducing
psoriasis-like inflammation. Glucocorticoid therapy acts
predominantly through NF-κB inhibition to produce its potent
anti-inflammatory effect (Bigas et al., 2018). Therefore,
downregulation of the expression of NF-κB-related genes, as
well as that of its downstream targets such as IL6, CCL2 and
CCL20 upon DEXA treatment in keratinocytes was expected.
Interestingly, both LV extract and pure RA downregulated all
studied genes of the NF-κB pathway. Suppression of NF-κB
signaling upon RA treatment was reported previously in
human leukemic monocytes U937 (Chaiyana et al., 2019) and
in a human monocytic cell line THP-1 (Leu et al., 2019), and
predicted to be responsible for the anti-inflammatory effect of
RA. Correspondingly, our results suggest that RA is the most
probable compound responsible for the LV extract activity
toward NF-κB.

The PI3K/AKT signaling is activated in psoriatic keratinocytes
and reflect cell growth promotion, induction of
hyperproliferation and hyper-keratinization (Engelman et al.,
2006; Li et al., 2019; Thatikonda et al., 2020). Data from the
gene expression analysis indicated that both LV extract and pure
RA downregulated AKT. However, pure RA treatment reduced
AKT protein level only at the highest concentration used. The LV
extract influenced both PI3K and AKT significantly at a protein
level. We speculate that the interaction of LV with PI3K/AKT
signaling could be due to the phytochemical complexity of the
extract, and thus the impact of other bioactive compounds
besides RA. The modulation of PI3K/AKT observed upon LV
treatment is worth further in-depth investigation as it could lead
to reduced proliferation in psoriatic keratinocytes and,
consequently, reduce lesion size.

The IFN-γ, IL-17A and IL-22 are key pathogenic cytokines in
psoriasis and one of the main mediators of cytokine signaling is
STAT1 (Wolk et al., 2006; Nograles et al., 2008; Antunes et al.,
2011; Shi et al., 2011; Hald et al., 2013). Additionally, elevated
levels of phosphorylated STAT1 are found in psoriatic lesions
(Federici et al., 2002; Antunes et al., 2011; Hald et al., 2012). The
JAKs belong to the group of cytoplasmic tyrosine kinases that are
essential upstream STAT activators (Andres et al., 2013; Kim
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et al., 2014; Schwartz et al., 2017). Therefore, inhibition of JAKs
could abolish STAT activation induced by cytokines. Recently
JAK inhibitors have been proposed as attractive therapeutics for
psoriasis (Schwartz et al., 2017). Our results demonstrated that
STAT1 emerges as a key target of both LV extract and its main
bioactive component RA, through which they exert the anti-
inflammatory effect in psoriasis-like model in keratinocytes.
Here, we provide evidence that both LV extract and pure RA
effectively reverted STAT1 phosphorylation to levels exceeding
that of DEXA, suggesting that RA could block the STAT1
signaling in keratinocytes. Additionally, to further clarify the
underlying mechanisms, we have evaluated JAK2 protein
abundance. We identified that LV and RA reduced JAK2
protein levels in keratinocytes, suggesting that the inhibition of
STAT1 activation is achieved through inhibition of JAK2. It is
worth mentioning that previous studies showed that RA inhibited
the IL-4 and IFN-γ expression activated CD4+ T cells and de-
creased immune cell infiltration in atopic dermatitis skin lesions
in mice (Jang et al., 2011). Therefore, RA could inhibit
inflammation in both immune cells and keratinocytes that are
implicated in the development of chronic inflammatory skin
conditions such as psoriasis.

As RA has been shown to be relatively safe to normal cells in
the majority of laboratory settings (Domitrovic et al., 2014; Liang
et al., 2016; Shang et al., 2016; Nunes et al., 2017; Chen et al., 2018;
Joardar et al., 2019; Leu et al., 2019; Luo et al., 2020; Vasileva et al.,
2021), our results here suggest that RA is a potential agent for
combating psoriasis. The moderate bioavailability of RA upon

oral administration is usually a drawback for its utilization in
drug therapy (Nunes et al., 2017; Shen et al., 2017; Luo et al.,
2020). On the other hand, RA topical application is found to be
effective in skin disorders models such as atopic dermatitis model
in mice (Jang et al., 2011). Anti-psoriatic preparations are most
preferably used topically, such that RA and RA-rich extracts such
as LV could be successfully integrated in products for psoriasis
management.

In summary, our findings demonstrate that the
biotechnologically produced LV extract diminished psoriasis-like
inflammation in human keratinocytes by interfering the JAK2/
STAT1 signaling and its effectiveness is due to the high content
of RA. Further, both LV extract and pure RA downregulatedNF-κB-
related genes that are overexpressed in psoriatic condition. We also
revealed that LV could influence PI3K/AKT signaling suggesting
potential modulation of keratinocyte proliferation in psoriasis
(Figure 4). Collectively, these results suggest that the
biotechnologically produced LV extract or pure RA may serve as
promising therapeutic alternatives in psoriasis management. Further
in vivo validation is needed to confirm their effectiveness in the
therapy of psoriasis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.
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rate in activated keratinocytes. Taken together, the obtained data suggest that LV and RA possess inhibitory effect on psoriasis-related inflammation in human
keratinocytes.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6801689

Koycheva et al. Lavandula angustifolia Resolves Psoriasis-Related Inflammation

13

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


AUTHOR CONTRIBUTIONS

Conceptualization, IK, LV and MG; methodology, LV; software,
IK; validation, IK, LV and MG; formal analysis, IK and AM;
investigation, IK, KA and ZB-S; resources, MG; data curation, IK,
LV and AM; original draft preparation, IK, LV and AM; review
and editing, MG; visualization, IK, LV and KA; supervision, MG;
project administration, MG; funding acquisition, MG. All authors
have read and agreed to the published version of the manuscript.

FUNDING

This research received funding from the European Union’s
Horizon 2020 research and innovation program, project
PlantaSYST (SGA No 739582 under FPA No. 664620), and
the BG05M2OP001–1.003–001-C01 project, financed by the

European Regional Development Fund through the “Science
and Education for Smart Growth” Operational Program.

ACKNOWLEDGMENTS

The authors are grateful to Rafe Lyall (Center of Plant Systems
Biology and Biotechnology) for proofreading and editing the
manuscript.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.680168/
full#supplementary-material

REFERENCES

Albanesi, C., Madonna, S., Gisondi, P., and Girolomoni, G. (2018). The
Interplay between Keratinocytes and Immune Cells in the
Pathogenesis of Psoriasis. Front. Immunol. 9, 1549. doi:10.3389/
fimmu.2018.01549

An, H.-J., Kim, J.-Y., Kim,W.-H., Gwon, M.-G., Gu, H. M., Jeon, M. J., et al. (2018).
Therapeutic Effects of Bee Venom and its Major Component, Melittin, on
Atopic Dermatitis In Vivo and In Vitro. Br. J. Pharmacol. 175, 4310–4324.
doi:10.1111/bph.14487

Andres, R. M., Montesinos, M. C., Navalon, P., Paya´, M., and Terencio, M. C.
(2013). NF-κB and STAT3 Inhibition as a Therapeutic Strategy in Psoriasis: In
Vitro and In Vivo Effects of BTH. J. Invest. Dermatol. 133, 2362–2371. doi:10.
1038/jid.2013.182

Antunes, F., Marg, A., and Vinkemeier, U. (2011). STAT1 Signaling Is Not
Regulated by a Phosphorylation-Acetylation Switch. Mol. Cel. Biol. 31,
3029–3037. doi:10.1128/MCB.05300-11

Atanasov, A., Zotchev, S. B., Dirsch, V. M., Orhan, I. E., Banach, M., Rollinger,
J. M., et al. (2021). Natural Products in Drug Discovery: Advances and
Opportunities. Nat. Rev. Drug Discov. 20, 200–216. doi:10.1038/s41573-020-
00114-z

Bigas, J., Sevilla, L. M., Carceller, E., Boix, J., and Pérez, P. (2018). Epidermal
Glucocorticoid and Mineralocorticoid Receptors Act Cooperatively to Regulate
Epidermal Development and Counteract Skin Inflammation. Cell Death Dis. 9,
588. doi:10.1038/s41419-018-0673-z

Chaiyana, W., Anuchapreeda, S., Punyoyai, C., Neimkhum, W., Lee, K.-H., Lin,
W.-C., et al. (2019). Ocimum Sanctum Linn. As a Natural Source of Skin Anti-
ageing Compounds. Ind. Crop Prod. 127, 217–224. doi:10.1016/j.indcrop.2018.
10.081

Chen, W.-P., Jin, G.-J., Xiong, Y., Hu, P.-F., Bao, J.-P., and Wu, L.-D. (2018).
Rosmarinic Acid Down-Regulates NO and PGE2 Expression via MAPK
Pathway in Rat Chondrocytes. J. Cel. Mol. Med. 22, 346–353. doi:10.1111/
jcmm.13322

Choi, S.-H., Jang, G.-W., Choi, S.-I., Jung, T.-D., Cho, B.-Y., Sim, W.-S., et al.
(2019). Development and Validation of an Analytical Method for Carnosol,
Carnosic Acid and Rosmarinic Acid in Food Matrices and Evaluation of the
Antioxidant Activity of Rosemary Extract as a Food Additive. Antioxidants. 8,
76. doi:10.3390/antiox8030076

Domitrovic, R., Potocnjak, I., Crncevic-Orlic, Z., and Škoda, M. (2014).
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Effects of Methanolic Extract
Based-Gel From Saudi Pomegranate
Peels With Enhanced Healing
Potential on Excision Wounds in
Diabetic Rats
Shahid Karim1*, Huda M. Alkreathy1, Aftab Ahmad2 and Mohammad Imran Khan3,4

1Department of Pharmacology, Faculty of Medicine, King Abdulaziz University, Jeddah, Saudi Arabia, 2Health Information
Technology Department, Faculty of Applied Studies, King Abdulaziz University, Jeddah, Saudi Arabia, 3Department of
Biochemistry, Faculty of Science, King Abdulaziz University, Jeddah, Kingdom of Saudi Arabia, 4Centre for Artificial Intelligence in
Precision Medicine, King Abdulaziz University, Jeddah, Kingdom of Saudi Arabia

Introduction: Current study was designed to evaluate the wound healing activity of a Saudi
pomegranate peel extract on excision wound healing in experimentally induced diabetes in rats.

Methodology: Animals were divided into three groups: diabetic excision wound with no
treatment, diabetic excision wound with gel alone and diabetic excision wound with Saudi
pomegranate peel extract in gel. Animals were monitored for clinical signs, weekly body
weight, morbidity and mortality during entire study period. The efficacy parameters
evaluated were percent wound contraction, Hydroxyproline content, estimation of
Transforming Growth Factor ß1 (TGF-ß1), Vascular Endothelial Growth Factor (VEGF),
and Epidermal Growth Factor (EGF) in wound lysates by ELISA, mRNA expression of TGF-
ß1, VEGF, and EGF in wound lysates by qPCR, Estimation of nitric oxide (NO) and NO
synthase (NOS) in Wound Lysates and histopathology of skin for reepithelization,
neovascularization, and inflammation.

Results: The Saudi pomegranate peel extract in gel (5.0 g extract per 100 g gel) showed
significant wound healing activity when compared to the vehicle control [p < 0.05] following
21 days of treatment. Animals in the control and treatment groups were apparently normal
through the study with no significant differences in body weights between groups.
Expression of mRNA of TGFβ1, EGF and VEGF in wounds was the highest on day 14
post treatment 4.3, 3.5 and 0.9 fold higher respectively in the treatment group when
compared to vehicle control, and on day 21, the values were 0.12, 0.3 and 0.83,
respectively. No statistically significant differences were observed in TGF-ß1 levels in
wounds on days 4, 7, 14 and 21 post treatment when compared to the vehicle control
(p > 0.05). Significantly higher levels of VEGF were observed in treatment group on day 7
and 21 when compared to vehicle control (p < 0.05). Significantly higher levels of EGF were
observed in treatment group on day 7 and 21 when compared to vehicle control (p < 0.05).
Mean hydroxyproline levels were higher in treatment group on days 4 and 7 when
compared to vehicle control. NO levels in treatment group were significantly lower on
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days 7, 14 and 21 when compared to vehicle control (p < 0.05). NOS activity in treatment
group were significantly lower on days 4 and 7 when compared to vehicle control
(p < 0.05). Histopathological changes in skin wound in the treatment group were
consistent with wound healing when compared to the vehicle group.

Conclusion: This study’s findings suggest that topical application of SPPE gel effectively
enhanced wound healing in experimentally induced diabetic conditions.

Keywords: pomegranate peel extract, diabetes, wound healing, topical gel, nitric oxide, VEGF, EGF, TGF beta 1

INTRODUCTION

Wound healing is a physiological response to repair injuries.
Healing of wounds is a well-organized healing process
characterized by haemostasis, cell migration, proliferation,
angiogenesis, extracellular matrix deposition, wound
contraction, and re-epithelialisation (Thu et al., 2012).

Diabetes mellitus is increasing at an unprecedented pace in
Saudi Arabia, patients with type-2 diabetes (T2D) are often
affected by delayed healing that develops into chronic wounds,
diabetic foot ulcers, and may result in complications, including
gangrene and limb amputation. These wound healing
complications have an effect on both the quality of treatment
and the cost of healthcare (Alshammary et al., 2020).

Evidence is available from many clinical and experimental
studies of diabetic wounds that reveals that different phases
of wound healing are impaired, such as delayed cell infiltration
and granulation tissue formation, diminished angiogenesis, and
impaired collagen formation (Coulombe, 2003; Brem and Tomic-
Canic, 2007).

The process of delayed wound healing is multifactorial, with a
protracted inflammatory period as well as deferred proliferation
and remodeling stages (Qiu et al., 2007; Landén et al., 2016)
discovered that diabetic patients with hyperglycemia had
impaired cell proliferation and decreased collagen and growth
factor production during wound healing. Reduced angiogenesis,
re-epithelisation are also a major cause of impaired wound
healing in diabetics with low levels of the growth factors like
EGF, VEGF and TGF- ß1 (Costa and Soares, 2013). These
biomarkers were chosen for this experimental study to assess
drug mechanism during wound healing.

Various attempts have been made to improve wound healing
in diabetics, but only a few successful clinical remedies are
currently available. Alternative medicinal therapies based on
natural ingredients are in high demand. The Holy Qur’an
mentions that Pomegranate is a precious and prized fruit, and
has been used for hundreds of years to prevent many illnesses and
injuries. Pomegranate is a member of the Punicaceae family,
Taif’s pomegranate is widely available across the Kingdom of
Saudi Arabia. Pomegranate consists of various phytoconstituents
having wide therapeutic potential (Reddy et al., 2007; Yuan et al.,
2015). Most importantly its ability to treat inflammatory
conditions, cancers, cardiovascular diseases, diabetes and
dental problems (Lansky and Newman, 2007; Ismail et al.,
2012; Darakhshan et al., 2019; Magangana et al., 2020).
Almost all sections of a pomegranate have biological activities

and are used in therapy. Pomegranate peel (skin, rind or husk), is
distinguished by an internal arrangement of membranes, and it
contains significant quantities of beneficial polyphenols, for
example hydrolyzable tannins (ellagic tannins, punicalagins)
(Murthy et al., 2004; Akhtar et al., 2015; Janarthanam and
Sumathi, 2015). The medicinal benefits of pomegranate peel
have been widely known, such as the use of aqueous
pomegranate peel extract to treat dental plaque and aphthae.
Indeed, over the past few decades, scientific experiments have laid
a credible foundation for some of the common uses of the
pomegranate peel. An initial study by Hayouni et al. (2011)
reported the in vivo wound healing potential of a 5% (w/w)
methanolic pomegranate peel extract-based ointment in guinea
pigs. The formulation significantly increased wound contraction
and epithelization, as determined by the mechanical, biochemical,
and histopathological characteristics.

This study aims to investigate the effect of Saudi pomegranate
peel extract (SPPE) on healing when used in experimentally
induced, full thickness skin wounds in diabetic rats in terms
of clinical (following wound formation, percent wound
contraction until the 21st postoperative day; granulation tissue
development; progress of epithelization; weekly body weight,
morbidity and mortality), biochemical (Hydroxyproline, TGF-
ß1, VEGF, EGF, NO and NOS) and histopathological
(reepithelization, neovascularization, and inflammation) aspects.

EXPERIMENTAL PROCEDURES

Materials
Pomegranate fruits of the Taif region were purchased from
Hyperpanda Supermarkets, Jeddah, Saudi Arabia and
authenticated at the Pharmacognosy Department, College of
Pharmacy, King Saud University, Riyadh, Saudi Arabia.
Manually the peel was stripped and cut into small bits. All of
the chemicals and solvents used in the extraction and formulation
processes were of analytical grade.

Preparation of Extract
Saudi Pomegranate peel extract (SPPE) was prepared according
to the method prescribed by (Shiban et al., 2012) with minor
modifications. Prior to extraction with methanol (90%), mature
pomegranate fruits (17.5 Brix) were manually peeled, washed,
and sunshade dried. Briefly, finely powdered peels (50 g) were
blended separately for 2 min (Waring blender) in 3,000 ml of 90%
methanol. Themixture was then left at room temperature for 24 h
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in the dark before filtration (Whatman No. 1). To assess yields
(%) per original materials, the extract was concentrated to
dryness under reduced pressure at 40°C.

Thereafter, the semisolid methanolic extract was frozen at
−70°C ± 10°C for 24 h inside of an ultra freezer (ColdLab, CL 600-
80) for lyophilization (Terroni, model LS3000) for 26 h, and the
resulting product was the lyophilized pomegranate peel extract,
which was stored at −20°C in a hermetically sealed, light protected
container (Zago et al., 2020).

Estimation of Total Phenolics Content
It was estimated according of (Taga et al., 1984) method. 50 µL of
aliquot sample (1 mg/ml) was mixed with 2.0 ml of 2% Na2CO3

and allowed to stand at room temperature for 2 min. Following
incubation, 100 µL of 50% Folin Ciocalteau’s phenol reagent was
added and the contents were thoroughly mixed and allowed to
stand at room temperature for 30 min in the dark. The
absorbance of all sample solutions was measured at 720 nm
with a UV-visible spectrophotometer (Phenolic content is
represented as mg gallic acid equivalents (GAE)/g of the extract).

Estimation of Total Flavonoids Content
Total flavonoids content was determined based on the (Djeridane
et al., 2006). One ml sample (1 mg/ml) was mixed with 1 ml of 2%
AlCl3 solution. After 15 min of incubation at room temperature,
the absorbance of the reaction mixture was measured at 430 nm
due to the formation of a flavonoid–aluminium complex.
Quercetin (0−100 μg/ml) was used as a standard to make the
calibration curve. The amount of flavonoids was represented as
quercetin equivalents (mg QE/g dry weight of the extract). All
tests were carried out in triplicates.

Preparation of SPPE Gel
In our lab, we produced SPPE and Vehicle gels. Briefly, the
polyphenol gel was prepared with a base containing 5.0 g of
carbopol 934 (LOBA chemicals, batch-L261782004), 51.5 ml of
propylene glycol (SD fine chemicals batch-C18A/2018/2802/32),
0.5 ml of propylparaben (Central Drug House, batch-06117),
1.6 ml of triethanolamine, and distilled water was added in a
quantity sufficient to prepare 100 g of Vehicle gel; while in the
case of SPPE gel, 5.0 g of extract was added for every 100 g of total
gel (Murthy et al., 2004). During the tests, this gel was put in
collapsible tubes and stored in a cold, dry place.

Experimental Animals
Seventy-eight female rats weighing between 180–200 g of Sprague
Dawley strain were selected from Animal House at Theraindex
Lifesciences, Bangalore, India, under pathogen-free conditions,
they were kept in stainless steel wire cages. The rats were kept at a
temperature of 18–22°C with a 12 h:12 h light/dark cycle and were
given food and water as required during the experiment.

Induction of Diabetes
Rats were fasted overnight. Following overnight fasting, diabetes
was induced in animals by intraperitoneally injecting Alloxan
monohydrate dissolved in physiological saline at a dose of
150 mg/kg body weight. Animals were allowed to drink 5%

glucose solution overnight to overcome the drug induced
hypoglycemia. Every animal’s fasting blood glucose levels were
tested 72 h later using a commercially available glucometer (One
Touch Ultra glucometer, Johnson & Johnson Co., United States)
to confirm diabetes induction (Blood glucose greater than
250 mg/dl). Animals who had successfully been induced with
diabetes were chosen and grouped for further research.

Excision Wound Creation
The dorsal skin of animals was shaved with a pet trimmer 5 days
after diabetes induction. An intraperitoneal injection of ketamine
(70 mg/kg) + xylazine (10 mg/kg) was used to anesthetize the
animals. A 2 cm × 2 cm wound was made on the animal’s
depilated dorsal thoracic region. Under anaesthesia, a
predetermined region of 2 cm × 2cm skin was excised under
aseptic conditions using autoclaved surgical instruments. To
alleviate pain and tension following excision, 5 ml/kg
ketoprofen was administered subcutaneously. Following the
development of the wounds, the animals were housed
individually with species-specific enrichment. The wound area
was determined on the day of creation by tracing the wound
boundaries on a transparent sheet of paper. Animals were treated
with vehicle and test formulations for 21 days after the wound
was developed, as stated in the experimental design (Table 1).

Treatment
Animals were treated as shown in the experimental design, by
topical application, twice daily for a period of 21 days.

Clinical Observations
Body Weights
Body weights were recorded on the day of diabetes induction,
before and after randomization and weekly during treatment
period.

Clinical Signs
Animals were observed for clinical signs daily during the entire
experimental period.

Measurement of Wound Contraction
Wounds were assessed planimetrically on days 0, 4, 7, 14 and 21
by following the progressive changes in wound area. The size of
wound was traced on transparent paper and placed on graph
paper to estimate the areas. The estimated surface area was used
to calculate the percentage of wound contraction, taking initial
size of wound, 200 mm2 as 100%, using the following formula:

% wound contraction

� Initial wound size − Specific day wound size
Initial wound size

× 100

Collection of Skin Samples
On days 4, 7, 14, and 21 post-wound creation and during
treatment, six rats per group were sacrificed with overdose of
CO2. The tissue adjacent to the wound was excised down to the
fascia and divided into three pieces through the least healed
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portion. One piece of the wound was weighed, homogenized in
saline, and stored in liquid nitrogen for biomarker studies; the
second piece of wound was weighed and kept in oven for drying
and hydroxyproline assay; and third piece was fixed in 4%
paraformaldehyde for histological examination.

Histological Analysis
Skin samples obtained on days 4, 7, 14, and 21 were processed and
paraffin blocks were prepared. The blocks were sectioned to 3 to
5 microns and placed on clean glass slides using a rotatory
microtome. Hematoxylin and eosin (H&E) dye was used to
stain the slides, which were then examined under a light
microscope. Each slide was graded on a 4-point scale for
fibroblast proliferation, collagen formation, neovascularization,
granulation tissue, and epithelialization: 0 � none, 1 � rare or
minimal, 2 � moderate, 3 � abundant, and 4 � severe or marked.
Three separate sections were chosen at random from each
specimen for histological evaluation.

Determination of Hydroxyproline Content in
Wound Lysates
Wound tissues were dried at 60°C for 24 h and weighed,
homogenized in PBS and used for determination of
hydroxyproline content. Hydroxyproline was measured in
wound skin lysates using a rat Hydroxyproline enzyme-linked
immunosorbent assay kit (Rat Hydroxyproline (Hyp)
ELISA Cat# K11-0512). The concentrations of Hydroxyproline
were normalized to total protein content using BCA protein
assay kit.

Estimation of TGF-ß1, VEGF, and EGF in
Wound Lysates
Rat tissue homogenate samples were used to determine TGF-β1
(Rat Transforming Growth Factor Beta 1 (TGFβ1) GENLISA™
ELISA Ref# KLR1688), EGF (Rat Endocrine Gland Vascular
Endothelial Growth Factor (EG-VEGF) GENLISA™ ELISA
Ref# KLR0461), and VEGF (Rat Vascular Endothelial Cell
Growth Factor (VEGF/VEGF-A) GENLISA™ ELISA Ref#
KLR0659) levels by ELISA. Homogenate samples were diluted
and assayed according to the manufacturer’s instructions and
analyzed on a TECAN-Nano Quant Plate™ system.

Quantitative Real-Time PCR for mRNA
Expression of TGF-ß1, VEGF, and EGF in
Wound Lysates
Rat tissue was added to 1 ml of PBS and homogenised. RNA was
isolated from 500 µl of homogenate by using the Nucleo-pore®
RNASure® Mini Kit (Genetix: NP-84105) and used in a
quantitative real-time PCR assay with the RNA-direct™
SYBR® Green Realtime PCR Master Mix (Toyobo: QRT-201).
The q-RT-PCR was done on a QuantStudio™ 3 Real-Time PCR
System.

Expression levels of TGF-ß1, VEGF, and EGF in wound tissues
of rats in each group was also estimated using pooled samples per
group by one-step SYBR Green Quantitative Real-time PCR
(qRT-PCR) (to see relative quantification by fold change) to
confirm the ELISA assay results.

Estimation of Nitric Oxide (NO) and NO
Synthase (NOS) in Wound Lysates
Nitric Oxide and Nitric Oxide synthase levels in homogenates
weremeasured by a colorimetric assay using Universal Biologicals
kits (QuantiChrom™ Nitric Oxide Assay Kit D2NO-100 and
EnzyChrom™ Nitric Oxide synthase Assay Kit (ENOS-100)
ENOS-100) and analyzed on a TECAN-NanoQuant Plate™
system.

STATISTICAL ANALYSIS

All values are presented as mean ± SEM. Differences were
considered to be significant at p < 0.05. One-way analysis of
variance (ANOVA) was used to determine differences between
time points. The differences between control and treatment
groups were compared by independent sample t-test. Kruskal-
Wallis test was used for analysing semi-quantitative HP scores.
The Graphpad Prism (v 5.0) software was used for statistical
analysis.

ETHICAL ASPECTS

This study was performed as per ethical practices laid down in the
CPCSEA guidelines (2003) for animal care and use. The study

TABLE 1 | Experimental study design.

Group Group ID Treatment,
(number of days)

No. of animals to be sacrificed post wound
creation for collection of skin samples

Total
no. of animals/

groupDay 0a Day 4a Day 7a Day 14a Day 21a

1 Diabetic control (no treatment) No treatment (21 days) 6 6 6 6 6 30
2 Vehicle (diabetic excision wound with gel alone) Topical, twice daily

(21 days)
- 6 6 6 6 24

3 SPPE gel [diabetic excision wound with SPPE in gel (5.0 g
extract per 100 g gel)]

Topical, twice daily,
(21 days)

- 6 6 6 6 24

aAll samples for HP analysis, hydroxyproline content, TGF-ß1, VEGF, EGF (ELISA and qPCR (pooled analysis)); NO, NO synthase.
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was approved by the Institutional Animals Ethics Committee
(IAEC) of the test facility. IAEC/15/2020/187.

RESULTS

Yield, Total Phenolic and Flavonoid Content
of Extract
Themethanolic extract yieldwas 14.5%w/w of pomegranate peel. The
result of total phenolic content was calculated from the regression
equation of the standard plot (y � 0.0017x − 0.0954, r2 � 0.98)
(Figure 1A), and is expressed as gallic acid equivalent. Flavonoid
content was calculated from the regression equation of the standard
plot (y � 0.00332x + 0.02709, r2 � 0.9407) and is expressed as
quercetin equivalents (QE) (Figure 1B). The total phenolic contents
were 282.15 ± 0.04mgGAE/g of SPPE while total flavonoids contents
mg QAE/gm of dry powder was 7.25 ± 0.01mg/gm of SPPE.

Wound Contraction
The SPPE gel treated group (Group 3) showed significantly
higher wound contraction when compared to the diabetic
control (Group 1) on days 4, 7, 14 and 21 (Figure 2A). As
observed in Figure 2B, on day 21, the wound closure rates of
diabetic rats in group 3 were over 90% while in group 1 and
vehicle group (Group 2) it was 48 and 47%, respectively. On days
4, 7 and 14 the wound closure rate of diabetic rats in the SPPE gel
group was significantly higher than that of rats in the group 1.
Group 2 showed no significant change on the wound closure rate
as compared to Group 1.

Clinical Observations
No mortality occurred during the course of experiment. Animals
in all the groups were apparently normal through the study, there
was no significant loss in body weight through the study period
(Table 2). No clinical signs were observed in any of the animals
during the course of experiment except for minor discomfort
during the first week of experiment, which could be ascribed to
wound creation.

Effect of SPPE onHydroxyproline Content in
Wound Lysates
The amount of hydroxyproline in wound tissue is widely used as a
measure of collagen quality. As shown in Figure 3, the mean
hydroxyproline levels were higher in G3 (Diabetic Excision
Wound with SPPE gel) on days 4 and 7 when compared to
G2 (Diabetic Excision Wound with gel alone). No statistically
significant differences were observed in hydroxyproline levels on
days 4, 7, 14 and 21 in G3 post treatment when compared to the
vehicle control G2 (p > 0.05). So far, the results indicate that SPPE
gel raises collagen content in diabetic wounds (Figure 3).

Effect of SPPE Gel on Expression of TGF-β1,
VEGF, and EGF
There were higher levels of TGF-ß1 in G3 when compared to G1
and on days 7 and 21, post treatment. No statistically significant
differences were observed in TGF-ß1 levels on days 4, 7, 14 and
21 post treatment when compared to the vehicle control G2
(p > 0.05). Significantly higher levels of VEGF and EGF were
observed in G3 on day 7 and 21 when compared to vehicle control
G2 (p < 0.05) (Figure 4).

The expression of TGFβ1, EGF and VEGF was the highest on
day 14 post-treatment 4.3, 3.5 and 0.9 fold higher in G3 when
compared to G2, and onDay 21, the values were 0.12, 0.3 and 0.83
respectively (Table 3).

Effect of SPPE Gel on NO Production and
NOS Activity
As shown in Figure 5A, the NO levels in SPPE treated rats were
significantly lower on days 7, 14 and 21 when compared to
Vehicle group (p < 0.05). While in Figure 5B, the NOS
activity in the wound tissues of the SPPE gel group were
significantly lower on days 4 and 7 when compared to G2
(p < 0.05). The gel Vehicle showed no significant effect on
NO production and NOS activity in the wound tissues of
diabetic rats.

FIGURE 1 | (A) Calibration curve of standard gallic acid for determination of total phenolic content in SPPE. (B) Calibration curve of standard quercetin for
determination of total flavonoid content in SPPE.
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Histological Evaluations
Histological examination determined the degree of fibroblast
infiltration, collagen regeneration, vascularization, and
epithelialization in the wound area. In the wounds of rats in the
G1 (Day 0), the granulation tissuewas thin and few vessels, fibroblasts,
and collagen fibers were distributed in the incisional space. After the
rats in the SPPE gel group were treated with SPPE gel, healing of
diabetic wounds markedly improved, as indicated by the histological

scores in Figures 6, 7. Compared with diabetic rats, a marked increase
in fibroblast formation in the SPPE gel-treated diabetic rats was
observed 4 days post-wounding. Collagen regeneration was more
abundant in the Group 3 than that in the Group 1 and 2 at on day
14 post-wounding. Furthermore, higher vascularization was observed
in the Group 3 on days 4,7 and 14 post-wounding. Epithelialization
and granulation were also significantly greater in the Group 3 than
that in the Group 1 and Group 2 on day 21 (Figures 6 and 7).

FIGURE 2 | Effect of SPPE gel on wound contraction in diabetic rats. (A) The percentage wound contraction was measured at 4, 7, 14, and 21 days after wound
creation. Data expressed as mean ± SEM (n � 6). (B) Representative pictures of wound contraction at 4, 7, 14, and 21 days after wound creation.

TABLE 2 | Effect of SPPE gel on body weight in diabetic rats.

Group
no.

Treatment Body weight (g), mean ± SEM

Day 0 Day 4 Day 7 Day 14 Day 21

1 Diabetic control (no treatment) 182.9 ± 2.28 173.42 ± 2.37 171.06 ± 2.44 170.42 ± 3.21 164.5 ± 3.71
2 Vehicle (diabetic excision wound with gel alone) 182.5 ± 2.81 173.59 ± 1.91 165.89 ± 2.29 164.17 ± 2.86 167.5 ± 3.51
3 SPPE gel [diabetic excision wound with SPPE in gel (5.0 g extract per

100 g gel)]
182.59 ± 2.21 176.88 ± 1.88 166.78 ± 2.35 169 ± 1.9 172.17 ± 2.11

The body weight was measured at 4, 7, 14, and 21 days after wound creation. Values are represented as mean ± SEM (n � 6).
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DISCUSSION

Pomegranate Peel is an excellent source of organic acids and a
wide range of other nutrients that contribute to market popularity
and demand (Singh et al., 2018; Andrade et al., 2019; Pirzadeh
et al., 2021). Plant metabolites present in pomegranate peel like
phenolic acids and flavonoids have an active role in wound
healing (Fleck et al., 2016; Han and Ceilley, 2017; AlMatar
et al., 2018; Wang et al., 2018). In the current study the total
phenolic content of the extract was in the range of the average
(210.36 mg gallic acid equivalent/g) experimental phenolic yield
value under the optimum conditions as reported earlier (Zheng
et al., 2011; Calín-Sánchez et al., 2013; John et al., 2017; Kaur
et al., 2018).

Many studies have been performed with the objective
of accelerating wound healing in diabetics (Murthy et al.,
2004; Ma et al., 2015; Dughayshim Alshammari et al., 2017;
Ragab et al., 2019). Nonetheless, there are limited work done on
the effects of Pomegranate peel of Saudi origin on diabetic
wound healing.

We found that SPPE gel could improve the healing of
excision wounds in alloxan-induced diabetic rats. When
diabetic rats’ wounds were treated with SPPE gel, wound
closure time was significantly reduced. Similar findings were
reported by (Dughayshim Alshammari et al., 2017) where
topical application of Saudi pomegranate rind powder
enhanced the healing of excision wounds in rats through
improvements in wound contraction and reductions in
wound size.

Wound closure is a complex and well-coordinated association
of cells, extracellular matrix, and cytokines. Fibroblasts are the
key cells involved in wound healing. Fibroblast migration and
proliferation are needed for extracellular matrix secretion.
Collagen, a major extracellular matrix protein, is the
component that ultimately contributes to wound strength
(Gurtner et al., 2008; Demidova-Rice et al., 2012). In our
research (Figure 6), histological analysis revealed increased
fibroblast proliferation and collagen regeneration are one of
the earliest events in diabetic rats’ wound tissues treated with
SPPE. Fibroblast are the key cells in granulated tissues and its
function in rat skin excision wounds has been reported (Spyrou
et al., 1998).

Granulation tissue consists of various cells, and vascular
capillaries and loose connective tissues in its stroma are
usually produced to fill up the injured space (Muniandy et al.,
2018). Figure 5M also suggests accelerated wound healing
through the formation of granulation tissues on diabetic
wound tissue of rats treated with SPPE gel.

It has been documented that the amount of hydroxyproline in
wound tissue is widely used as a measure of collagen quality
(Boakye et al., 2018). To validate our histological findings,
hydroxyproline contents in the lesions were assessed, and the

FIGURE 3 | Effect of treatments with Diabetic control (G1), Vehicle (G2),
and SPPE gel (G3) on hydroxyproline contents in wound tissues of rats at day
4, 7, 14 and 21 post wounding. Values are represented as mean ± SEM
(n � 6).

FIGURE 4 | Effect of SPPE gel on expression of TGF-β1 (A), VEGF (B), and EGF (C) in wound tissues of rats at day 4, 7, 14, and 21 post treatment Diabetic control
(G1), Vehicle (G2), SPPE gel (G3). Values are represented as mean ± SEM (n � 6).

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 7045037

Karim et al. Diabetic Wound Healing with SPPE Gel

22

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


results revealed that hydroxyproline contents in the wound
tissues of SPPE-treated rats were higher. These findings were
consistent with (Yan et al., 2013) who reported an increased
hydroxyproline levels in wounds of diabetic rats treated with
pomegranate peel polyphenol gel.

The expression of TGF- β 1 in wound tissues was assessed in
order to better understand the mechanism of SPPE gel in
increasing collagen content. TGF- β 1 is the most common
isoform in most tissues, and it is particularly abundant in
platelets. 18 TGF- β 1 is critical in mediating collagen
synthesis and degradation. TGF-1 has been shown in studies
to facilitate fibroblast migration and proliferation during wound
healing (Bitar and Labbad, 1996). Exogenous TGF- β 1
administration could increase the amount of collagen in
diabetic rats’ wounds (Costa and Soares, 2013).

Thus, rising endogenous growth factor release is a possible
mechanism of wound tissue repair. On day 14 post-wounding,
ELISA assays revealed that TGF- β 1 expression in the wound
tissue of rats in the SPPE gel group was higher than that in
Vehicle treated group; these findings were verified by qRT-PCR
results. Upregulation of TGF-B1 was also reported by Tan and co-
workers in diabetic rats treated with VCN-2 film (Tan et al.,
2019).

SPPE gel has been shown to accelerate neovascularization in
the wound tissues of diabetic rats in histological studies.
Neovascularization throughout wound healing provides an
effective means by supplying vital nutrients and oxygen to
the wound site while also promoting the formation of
granulation tissue (Tonnesen et al., 2000). To fully

understand how SPPE gel increases neovascularization, we
determined the expression of VEGF in wound tissues.
Pathological phenomena such as tissue repair, which includes
neovascularization and altered vascular permeability, tend to be
influenced by VEGF. VEGF promotes angiogenesis amid wound
healing by causing endothelial cells to migrate into the
extracellular matrix. On days 4, 7, 14 and 21 after wounding,
ELISA assays revealed that VEGF expression in wound tissues of
rats in the SPPE gel was significantly higher than that in diabetic
rats; these findings are also supported by qRT-PCR results.
These findings are in accordance with earlier studies (Kant
et al., 2015; Zhou et al., 2017).

Histological evidence (Figure 6) also supports SPPE gel’s
ability to accelerate epithelialization in diabetic rat wound
tissues. Re-epithelialization, which includes the proliferation,
migration, and differentiation of keratinocytes from the wound
margins, is an essential process during the early stages of healing
(Okonkwo et al., 2020).

EGF, which promotes epithelialization, is secreted by platelets,
keratinocytes, and macrophages during the wound healing
process. EGF activates epithelial cell mitosis and chemotaxis,
which leads to epithelialization (Demidova-Rice et al., 2012).
Furthermore, EGF has been shown to affect wound healing by
increasing fibronectin synthesis (Barrientos et al., 2008; Bodnar
et al., 2016).

We have studied expression of EGF in wound tissue using
ELISA based method and found that on day 7 after the
wounding, there was a considerably higher EGF content in
the rats treated with SPPE gel than that of the diabetic
group. Similarly, qRT-PCR findings showed that the mRNA
expression of EGF in wound tissues from rats in the SPPE-
treated diabetic group was significantly higher than in rats in the
vehicle control group 7and 21 days after wounding. These
findings are in confirmation with the earlier reports of Yan
and co-workers (Yan et al., 2013).

Recent studies show that NO plays a significant role in normal
wound healing. Nitric oxide deficiency has been identified as a
key mechanism underlying delayed healing in diabetic ulcers
(Hayashi et al., 2012). NO facilitates wound healing processes
such as angiogenesis, migration, and proliferation of fibroblasts,

TABLE 3 | Fold change in gene expression in SPPE gel (G3) relative to vehicle
group (G2) through treatment.

Gene Fold change in G3 relative to G2

Time (day)

4 7 14 21

TGFβ1 45.98 0.00 4.26 0.12
EGF 0.00 0.28 3.52 0.29
VEGF 0.39 0.02 0.88 0.83

FIGURE 5 |Nitric Oxide (NO) levels (A) and Nitric Oxide synthase (NOS) activity (B) in skin homogenate following treatments with diabetic control (G1), Vehicle (G2),
SPPE gel (G3) Values are represented as mean ± SEM (n � 6).
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epithelial cells, endothelial cells, and keratinocytes, but it also
plays a crucial role in intercellular communication to regulate cell
proliferation, collagen production, and wound healing (Witte and
Barbul, 2002).

Endothelial NOS (eNOS) and neuronal NOS (nNOS) are
constitutive NOS isoforms, and one inducible NOS isoform
produces NO (iNOS). NO can be generated by a variety of
cells in a wound. Platelets, macrophages, fibroblasts,
endothelial cells, and keratinocytes are examples of these cells
(Luo and Chen, 2005; Ni et al., 2010). The use of wound fluid
nitrate quantification as a measure of wound NO bioactivity in
preliminary clinical wound healing studies suggests that
threshold values of wound fluid nitrate can be a useful
diagnostic parameter of good wound healing in Diabetic Foot
Ulcer patients (Boykin, 2010). An optimal release of NO would

improve wound healing, however over-production of NO over
time can result in the development of chronic wounds (Soneja
et al., 2005).

NO levels in SPPE treated rats were significantly lower than
the vehicle group throughout the treatment period, and NOS
activity in the wound tissues of SPPE treated rats was significantly
lower till Day 7 than in the wound tissues of vehicle treated rats.
These current findings for NOS activity with SPPE gel can
enhance the healing of excisional wounds in diabetic rats are
consistent with the findings of Tan and co-workers (Tan et al.,
2019) Vicenin-2 hydrocolloid film treatment in diabetic
excisional wound in mice.

In conclusion, the current findings suggest that SPPE gel can
increase fibroblast proliferation, neovascularization, granulation
tissue, epithelialization, and collagen deposition, as well as

FIGURE 6 | (A) G1, Day 0; Skin with normal epidermis (EP) and dermis (H&E X 100×). (B) G1, day 4: Skin with inflammatory cells (IN), collagen formation (C),
neovascularization (arrowhead) and ulceration (U) (H&E X 100×). (C) G2, Day 4: Skin with inflammatory cells (IN) and collagen formation (C) (H&E X 100×) (D) G3, Day 4:
Skin with inflammatory cells (IN), collagen formation (C) and fibroblast proliferation (F) and neovascularization (arrowhead) (H&E X 100×). (E) G1, Day 7: Skin with
inflammatory cells (IN), collagen formation (C), fibroblast proliferation (F) and neovascularization (arrowhead) (H&E X 100×). (F) G2, day 7: Skin with inflammatory
cells (IN), granulation tissue (G), fibroblast proliferation (arrow), neovascularization (arrowhead) and immature epidermis (IE) (H&E X 100×). (G) G3, Day 7: Skin with
inflammatory cells (IN), collagen formation (C), granulation tissue (G), fibroblast proliferation (arrow), neovascularization (arrowhead) and immature epidermis (IE) (H&E X
100×). (H)G1, Day 14: Skin with inflammatory cells (IN), collagen formation (C), neovascularization (arrowhead) and immature epidermis (IE) (H&E X 100×). (I)G2, Day 14:
Skin with inflammatory cells (IN) and collagen formation (C) (H&E X 100×). (J) G3, Day 14: Skin with inflammatory cells (IN), collagen formation (C), granulation tissue (G),
fibroblast proliferation (arrow), neovascularization (arrowhead) and immature epidermis (IE) (H&E X 100×). (K) G1, Day 21: Skin with inflammatory cells (IN), collagen
formation (C), granulation tissue (G), fibroblast proliferation (arrow), neovascularization (arrowhead) and immature epidermis (IE) (H&E X 100×). (L) G2, Day 21: Skin with
inflammatory cells (IN), collagen formation (C), granulation tissue (G), fibroblast proliferation (arrow), neovascularization (arrowhead) and immature epidermis (IE) (H&E X
100×). (M) G3, Day 21: Skin with inflammatory cells (IN), granulation tissue (G), neovascularization (arrowhead) and immature epidermis (IE) (H&E X 100×).
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enhance excisional wound healing in diabetic rats. SPPE’s
mechanism on diabetic injuries can be due to its role in
upregulating the content of hydroxyproline, TGF-β1, VEGF
and EGP expressions in wounded tissues, an optimum NO
production, and NOS activity.

Further studies would be required to see the influence of SPPE
gel on inflammation and antibacterial effects in diabetic models.
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A Skin Lipidomics Study Reveals the
Therapeutic Effects of Tanshinones in
a Rat Model of Acne
Tingting Chen1, Zhaoming Zhu1, Qunqun Du1, Zhuxian Wang1, Wenfeng Wu1, Yaqi Xue1,
Yuan Wang1, Yufan Wu1, Quanfu Zeng1, Cuiping Jiang1, Chunyan Shen1, Li Liu1,
Hongxia Zhu2* and Qiang Liu1*

1School of Traditional Chinese Medicine, Southern Medical University, Guangzhou, China, 2Integrated Hospital of Traditional
Chinese Medicine, Southern Medical University, Guangzhou, China

Tanshinone (TAN), a class of bioactive components in traditional Chinese medicinal plant
Salvia miltiorrhiza, has antibacterial and anti-inflammatory effects, can enhance blood
circulation, remove blood stasis, and promote wound healing. For these reasons it has
been developed as a drug to treat acne. The purpose of this study was to evaluate the
therapeutic effects of TAN in rats with oleic acid-induced acne and to explore its possible
mechanisms of action through the identification of potential lipid biomarkers. In this study,
a rat model of acne was established by applying 0.5 ml of 80% oleic acid to rats’ back skin.
The potential metabolites and targets involved in the anti-acne effects of TAN were
predicted using lipidomics. The results indicate that TAN has therapeutic efficacy for
acne, as supported by the results of the histological analyses and biochemical index
assays for interleukin (IL)-8, IL-6, IL-β and tumor necrosis factor alpha. The orthogonal
projection of latent structure discriminant analysis score was used to analyze the lipidomic
profiles between control and acne rats. Ninety-six potential biomarkers were identified in
the skin samples of the acne rats. These biomarkers were mainly related to
glycerophospholipid and sphingolipid metabolism, and the regulation of their
dysfunction is thought to be a possible therapeutic mechanism of action of TAN on acne.

Keywords: tanshinone, skin lipidomics, acne, glycerophospholipid metabolism, sphingolipid metabolism

INTRODUCTION

Salvia miltiorrhiza Bunge, a traditional Chinese medicine plant, was first recorded by Zhu Di in “Puji
Fang” for acne treatment. Tanshinones (TANs), a class of chemical compounds and the major active
component in Salvia miltiorrhiza Bunge, has also been reported as a treatment for cardiovascular
disease (Weng et al., 2013; Maione et al., 2014; Maione et al., 2015; Jia et al., 2016). TAN has been
recently shown to improve the condition of the facial skin by helping to reduce scarring through
improving blood circulation and promoting cell metabolism (Li et al., 2016). Pharmacological studies
show that cryptotanshinone has anti-acne effects (Yu et al., 2016) and Tanshinone IIA has an
inhibitory effect on the growth of Propionibacterium acnes (Li and Zhou, 2018). In addition, TANs
have exhibited anti-oxidant (Fang et al., 2008; Li et al., 2008; Li et al., 2013), anti-bacterial, anti-
inflammatory (Bai et al., 2008; Tang et al., 2011; Chen et al., 2019), and anti-fibrosis (Jiang et al.,
2019) effects. Furthermore, a recent report has found TAN to regulate tissue repair (Bernut et al.,
2020). Consequently, TAN has been included in the research and development of cosmetic materials
(Tao et al., 2013; Natshch et al., 2019).
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Acne is one of the most common skin diseases and affects
approximately 85% of the population at some point in their
lifetimes (Thiboutot et al., 2018). Its pathogenesis is multifactorial
and includes an increased level and sensitivity of androgen
receptors (Barros and Thiboutot, 2017), excessive sebum
secretion (Li et al., 2017), abnormal ductal keratosis of
sebaceous glands in hair follicles (Das and Reynolds, 2014),
and the colonization of Propionibacterium acnes, leading to an
inflammatory response in the skin (Zouboulis, 2009). A pivotal
factor in the aetiopathogenesis of acne is the quantitative and
qualitative modification of skin lipids. Skin lipids play a
significant role in the occurrence of acne lesions
(Makrantonaki et al., 2011), as they can dramatically influence
skin condition via different mechanisms, such as maintaining
physical chemistry function, biochemistry function, and
microecology function (Jia et al., 2018).

Lipidomics, a branch of metabonomics, is the study of the
properties of all lipid molecules in living organisms (Han and
Gross, 2003). It enables the analysis of lipids by quantifying
changes in individual lipids, subgroups and molecular species.
Liquid chromatography-mass spectrometry (LC-MS) is an
analysis technique that allows for the comprehensive analysis
of lipids andmolecular types, including the lipids in lipid cells and
keratinocytes (Kofeler et al., 2012; Zhao et al., 2014). In this study,
changes in the lipidomic profile of the skin were analyzed using
the ultra-performance liquid chromatography (UPLC)-Orbitrap
MS system. Similar studies have been performed with respect to
cancer, metabolic syndrome and skin diseases (Camera et al.,
2016). UPLC-quadruple time-of-flight-MS is a high-resolution
MS technique that can analyze the complete structure of a lipid
species (van Smeden et al., 2014).

MATERIAL AND METHODS

Chemicals and Reagents
MS-grade methanol, MS-grade acetonitrile and high-
performance liquid chromatography (HPLC)-grade 2-propanol
were purchased from Thermo Fisher. HPLC-grade formic acid
and HPLC-grade ammonium formate were purchased from
Sigma. HPLC-grade acetonitrile was purchased from Merck
KGaA (Darmstadt, Germany). Analytical-grade pure
phosphoric acid was purchased from Guangzhou Chemical
Reagent Factory. Reference standards of Tanshinone I,
Crytotanshinone, Tanshinone IIA (purity >98%) were
purchased from the National Institutes for Food and Drug
Control (Beijing, China). Diydrotanshinone I (purity >98%)
was purchased from Guangzhou Qiyun Biotechnology Co.,
Ltd. (Guangdong, China).

TAN and TAN Gel Preparation
TANs are major active components of the dried root of Salvia
miltiorrhiza Bunge. The Salvia miltiorrhiza Bunge pieces were
purchased from Guangzhou Weida Chinese Medicine Decoction
Pieces Co. Ltd., (Guangdong, China), Batch number: 201909-3.
TANs were extracted and isolated from the pieces through
solvent extraction. First, the pieces were pulverized into

smaller, coarse granules, weighed and refluxed in 95% ethanol
(1:10 w/v) for three times, 2 h each time, and filtered (Shen et al.,
2017b). The filtrates were combined, with ethanol removed by
decompression, resulting in a thick, concentrated filtrate paste
with relative density of 1.30–1.35 (60°C). This paste was washed
in hot water until colorless, dried at 80°C, and crushed into a fine
powder.

The TAN gel was produced by dissolving this powder in ethanol,
adding carbomer, water and triethanolamine. The TAN gel (100mg
TAN in 1 g gel) was red-brown in color and transparent.

Qualitative and Quantitative Evaluation
of TAN
The qualitative and quantitative analysis of TAN were used
UHPLC-Orbitrap-MS instrument and HPLC with an UV
detection system, respectively. The specific UHPLC-ESI-MS
and HPLC methods used are included in the Supplementary
Material.

Experimental Animals and Acne Model
All animal were approved by the Animal Care and Use committee
of the Southern Medical University (Approval No. L2019036,
Guangdong, China). Adult male Sprague Dawley rats (220 ± 20 g)
were purchased from the Experimental Animals Center of
Southern Medical University. The rats were housed at a
humidity of 40–65%, a temperature of 19–23 °C and a 12 h
light-dark cycle (Jiang et al., 2007).

The rats were allocated into experimental groups through a
randomized block design. All experimental procedures and data
analyses were conducted in a blinded fashion. After one week of
acclimatization, the rats were randomly selected as control group
(C, n � 8) or model group. The acne rat model was established by
applying oleic acid. Briefly, rats were anesthetized using
intraperitoneal injections of 3% sodium pentobarbital (Sigma-
Aldrich, United States). Their back hair was depilated about
4 cm2. 0.5 ml of 80% oleic acid (Aladdin Bio-Chem
Technology, Shanghai, China) was applied to the back skin
once daily for 14 days. Once the acne model was established,
the acne rats were divided into the acne model group (M, n � 8)
and the TAN gel administration group (T, n � 8) according to a
random number control table. The rats in the TAN gel group
received a dose of 1.0 g d−1 for 7 days. The rats in the Control and
Model groups received no TAN gel treatment.

Histopathological Examination
Sections of skin tissues from the rats were fixed in 4% formalin,
embedded in paraffin, and sliced into 3–5 μm thick sections.
The sections were stained with hematoxylin-eosin for
histopathological analysis and observed under a light
microscope (BX53; Olympus).

Examination of Serum Inflammatory
Factors
Serum samples were centrifuged and the supernatants assayed for
cytokine release using the Cytokine RAT interleukin (IL)-8, IL-6,
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IL-1β, and tumor necrosis factor alpha (TNF-α) Kit. The
detection was conducted according to the kit manual (Shen
et al., 2017a).

Lipid Extraction and Analysis
Lipids were extracted using the methyl tert-butyl ether (MTBE)
method. Briefly, the skin samples were homogenized in 200 µl
water and 240 µl methanol. MTBE (800 µl) was added to the
homogenized sample, which was then ultrasonicated at 4°C
for 20 min and afterward left to stand at room temperature for
30 min. The solution was centrifuged at 14,000 g at 10°C for
15 min, after which the upper layer was collected and dried with
nitrogen. The lipid extracts were re-dissolved for analysis using
200 µl of a 90% isopropanol/acetonitrile mixture.

Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific)
was connected to an UHPLC Nexera LC-30A (SHIMADZU) via
an electrospray ionization ion (ESI) source for the lipid analysis.
The chromatographic conditions were shown in Supplementary
Material.

Data Analysis and Presentation
“LipidSearch” was used to carry out peak recognition, peak
extraction, and lipid identification (secondary identification) of
the lipid molecules and internal standard lipid molecules. Both
the precursor tolerance and product tolerance were set at 5 ppm,
and the product ion threshold was set at 5%.

Simca 14.1 software (Umetrics AB, Umea, Sweden) was used
for the multivariate analysis, including the principal component
analysis (PCA) and orthogonal partial least-squares
discrimination analysis (OPLS-DA) (Park et al., 2020). All
lipid species and subclasses were found to have equal
variances and were analyzed using variation multiple analysis
and t-tests.

Statistical Analysis
The experimental data were expressed as mean ± standard
deviation (S.D), unless otherwise stated. Statistical analyses
were performed using SPSS statistics software version 21.0
(SPSS Inc. Chicago, United States). Comparison of the same
parameter among groups was analyzed by one-way ANOVA. A
value of p < 0.05 was considered to be statistically significant.

RESULTS

Quantitative Analysis and Qualitative
Composition of TAN
UHPLC-Orbitrap-MS was used to characterize the chemical
TAN composition. The total ion current chromatograms of
the TAN are shown in Figure 1. Twelve major compounds
were identified, including amounts of terpene like Salvia
miltiorrhiza new quinone B, tanshinaldehyde,
Dihydrotanshinone I, tanshinone IIB, dehydromiltirone,
tanshinone I, cryptotanshinone, methylenetanshinquinone,

FIGURE 1 | UHPLC-Orbitrap-MS spectrometry of TAN. Positive(A):
Salvia miltiorrhiza new quinone B (1), Tanshinaldehyde(2), Dihydrotanshinone
I(3), Tanshinone IIB (4), dehydromiltirone (5), Tanshinone Ⅰ(6),
Cryptotanshinone (7), Methylenetanshinquinone (8), Tanshinone IIA (9),
Negative(B):Danshin spiroketal lactone (10), Danshenxinkun A (11), Alpha-
(3,4-dihydroxyphenyl)lactic acid (12).

FIGURE 2 | High-performance liquid chromatography chromatogram of
A:standard mixture of 1:Diydrotanshinone Ⅰ, 2:Tanshinone Ⅰ, 3:
Crytotanshinone, 4: Tanshinone IIA, B:TAN sample.
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tanshinone IIA, Danshin spiroketal lactone, Danshenxinkun A
and a phenolic acid alpha-(3,4-dihydroxyphenyl)lactic acid.
Details of the TAN compounds detected are shown in
Supplementary Table S3.

The TANHPLC results are shown in Figure 2 and Table 1. All
components were clearly distinguished at the retention time of
30 min. Dihydrotanshinone, Tanshinone I, crytotanshinone, and
Tanshinone IIA were marked as markers of TAN, and were
defined as 33.6, 27.8, 21.8, and 141.0 mg in 1 g TAN, respectively.

Effect of TAN on Oleic Acid-Induced
Acne in Rats
The histological results are presented in Figure 3. In the M group,
acne-like lesions developed on the back skin. Histological analysis
of the skin revealed hyperplasia of the stratified squamous
epithelium, which was accompanied by significant thickening
of the stratum corneum. In the M group, dermis hyperemia,
inflammatory cell infiltration, and sebaceous gland size were
significantly increased (Figure 3A). Excessive keratinization of
hair follicle sebaceous glands, blocking hair follicle pores, and a
key pathological mechanism of acne development, was observed.
M rats treated with TAN (Figure 3B) exhibited skin tissue similar
to that of C rats, with improved keratosis, reduced inflammatory
cell infiltration, and smaller sebaceous glands (Figure 3C).

As illustrated in Figure 4, IL-8, IL-6, IL-β, and TNF-α
expression were significantly higher in rats from the M group
than the C and T groups (p < 0.05). The T group had similar
serum cytokine levels to that of the C group, suggesting that TAN

treatment was able to reverse high cytokine levels, present in the
untreated M group, to levels exhibited by the C group (p < 0.05).

Effect of TAN on Skin Lipidomics in Rats
With Oleic Acid-Induced Acne
According to the International Lipid Classification and
Nomenclature Committee, lipid compounds can be divided
into eight categories (Fahy et al., 2009). Each category can be
sub-divided into different lipid classes based on polarity. Each
class, based on differences in saturation or the length of the
carbon chain, can be further subdivided into different molecular
species (lipid species). Altogether, a three-level classification of
lipid compounds is achieved. In this study, 28 lipid classes and
1,197 lipid species were identified. Figure 5 shows the number of
lipid species in each lipid class.

According to the LipidSearch analysis, a visual data matrix was
generated and exported to Simca 14.1 software for multivariate
data analysis. PCA revealed the lipid changes in the C group
compared to the M group. The results are illustrated in the score
plots of Figures 6A,B. The model parameter (R2X), which
indicates the explanatory power of a model, of Figures 6A,B,
were 0.746 and 0.606, respectively.

OPLS-DA analysis demonstrated clear differentiation in
lipidomic profiles between C and M groups as indicated in
Figure 6C (R2X � 0.609, R2Y � 0.964, Q2 � 0.924) and
Figure 6D (R2X � 0.670, R2Y � 0.986, Q2 � 0.895).
Permutation testing and cross validation support this finding
(Figure 6). Table 2 lists the significantly different lipids.

TABLE 1 | Linear range, regression equation, coefficient of determination (r2) and amounts of marker compounds in TAN.

Compound Linear range (µg/ml) Regression equation r2 Amount (mg/g)

Mean RSD (%)

Diydrotanshinone I 1.94–62.00 Y � 38.556X−2.2323 0.9999 33.6 1.08
Tanshinone I 3.13–100.00 Y � 38.377X−16.044 0.9996 27.8 0.06
Crytotanshinone 1.94–62.00 Y � 46.918X+18.035 0.9997 21.8 1.12
Tanshinone IIA 6.25–200.00 Y � 52.32X−16.816 0.9995 141.0 0.08

Y: peak area (mAU) of compounds; X: concentration (μg/ml) of compounds.

FIGURE 3 | Skin histopathology among the three treatment groups (hematoxylin-eosin, 200 × magnification). C: control rats; M: oleic acid-induced acne rats; T:
oleic acid-induced acne + TAN-treated rats.
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A total of 96 lipid species, 55 and 41 in positive and negative
ion mode, respectively, were identified. In negative ion mode,
the concentrations of 35 ceramides (Cers), 4
phosphatidylethanolamines (PEs), 1 lysophosphatidyl
ethanolamine (LPE), and 1 fatty acid (FA) were significantly
increased (p < 0.05) in the M group compared to the C group.
In positive ionmode, the concentrations of 17 Cers, 2 acyl carnitines
(AcCas), 5 diglycerides (DGs), 1 lysophosphatidylcholine (LPC), 1
So, and 9 triglycerides (TGs) were significantly increased, while the

concentrations of 12 TGs were significantly decreased (p < 0.05), in
the M group compared to the C group.

To further elucidate the metabolic differences between the C
and M groups, the identified lipids were analyzed using a
clustering heatmap. Significantly different lipids between M
and C groups were considered to be potential biomarkers
(Figure 7). The heatmap in Figure 7 directly expresses the
variability of each lipid species, and illustrates their relative
increase (red) or decrease (blue) in M rats compared to the

FIGURE 4 | Expression levels of the serum inflammatory factors interleukin (IL)-8, IL-6, IL-β, and tumor necrosis factor alpha (TNF-α) (**, p < 0.01 vs. C rats; ##,
p < 0.01 vs. M rats).

FIGURE 5 | The number of lipid species within each identified lipid class based on. the International Lipid Classification and Nomenclature Committee.
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C and T groups, which leads us to postulate that TAN can
improve the disease state as shown in Figure 3.

The lipid metabolism pathway analysis was performed using
Metabolomics Pathway Analysis (MetPA) 5.0. A total of 96
identified metabolites were mapped to the Human
Metabolome Database to obtain IDs to perform pathway
enrichment analysis. The differential lipid species were
analyzed using MetPA, and the results are shown in Table 3.
Impact values >0.01 and p-values < 0.05 were considered as the
screening conditions. Figure 8 demonstrates that sphingolipid
and glycerophospholipid metabolism had the highest impact
factors.

DISCUSSION

The therapeutic effects of TAN on acne were observed in a rat
model of oleic acid-induced acne. Our results indicated an
upregulation of 84 lipid species and a downregulation 12 lipid

species in M rats compared to C rats. This is in agreement with
previous metabolome database reports of a dysregulation in lipid
species, in particular sphingolipid and glycerophospholipid
metabolism, as a sign of acne (Camera et al., 2016).

Change of Sphingolipid Metabolism
In this study, we found that Cer concentrations in the M group
were increased, suggesting that Cers were more active in the M
rats than those in the C group. Among them, concentrations of
Cer(d42:1), Cer(34:0), and Cer(34:1), ultra-long chain Cers, were
significantly increased. The altered Cer expression profiles may
lead to decreased extracellular lipid matrix density and increased
risk of exogenous invasion, which in turn stimulates the Th2/
Th22 inflammatory response (Li et al., 2020). In addition,
disturbed Cer expression profiles, and impaired barrier
function, result in ongoing production of cytokines and
chemokines, such as IL-1α, TNF-α, and β-defensins, that
exacerbate the inflammatory response (Kanoh et al., 2019). In
skin, Cers regulate the balance between keratinocyte proliferation

FIGURE 6 | Multivariate data analysis of skin lipidomics. (A) The principal component analysis (PCA) score plots from the skin lipid profiles of the C and M
experimental groups in positive ion mode (R2X � 0.746, Q2 � 0.531). (B) The PCA score plots from the skin lipid profiles of the C and M experimental groups in negative
ion mode (R2X � 0.606, Q2 � 0.405). (C) The orthogonal partial least-squares discrimination analysis (OPLS-DA) score plots from the skin lipid profiles of the C and M
experimental groups in positive ion mode (R2X � 0.609, R2Y � 0.964, Q2 � 0.924). (D) The OPLS-DA score plots from the skin lipid profiles of the C and M
experimental groups in negative ionmode (R2X � 0.670, R2Y � 0.986, Q2 � 0.895). (E) Permutation test of the lipid species from the OPLS-DAmodel in positive ionmode
(R2 � 0.576, Q2 � −0.623). (F) Permutation test of the lipid species from the OPLS-DA model in negative ion mode (R2 � 0.834, Q2 � −0.580).
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TABLE 2 | 96 identified potential biomarkers among the C, M and T.

Lipid species m/z Rt (min) C VS M Ma Tb

P Log2FC

Negative
Cer(d18:1/34:2) 830.7607 19.32406 0.0000 5.0295 ↑ ↓
Cer(d18:1/24:0) 726.6253 13.20895 0.0000 4.9656 ↑ ↓
Cer(d18:0/20:0) 670.5627 11.234 0.0000 4.5779 ↑ ↓
Cer(d42:2) 708.6148 13.82625 0.0000 3.9576 ↑ ↓
Cer(d18:0/20:0) 656.5835 12.71269 0.0003 3.7028 ↑ ↓
Cer(d18:0/21:0) 670.5991 12.89282 0.0000 3.6849 ↑ ↓
Cer(d17:0/25:0) 710.6304 15.03509 0.0000 3.5645 ↑ ↓
Cer(d54:1) 878.8182 20.47176 0.0014 3.4766 ↑ ↓
Cer(d18:0/26:0) 740.6774 15.76791 0.0007 3.4186 ↑ ↓
Cer(d18:0/23:0) 698.6304 13.9686 0.0000 3.3660 ↑ ↓
Cer(d18:1/30:1) 776.7137 17.99825 0.0000 3.2814 ↑ ↓
Cer(d52:1) 850.7869 19.29828 0.0000 3.2581 ↑ ↓
Cer(d18:1/28:1) 748.6824 16.714 0.0000 3.1965 ↑ ↓
Cer(d72:3) 1157.043 22.55396 0.0000 3.0347 ↑ ↓
Cer(d18:1/18:0) 642.5314 10.19465 0.0000 3.0183 ↑ ↓
Cer(d18:0/34:1) 850.7869 19.77001 0.0000 2.9937 ↑ ↓
Cer(d52:2) 848.7713 19.07259 0.0000 2.9919 ↑ ↓
Cer(d56:2) 904.8339 21.00001 0.0008 2.7741 ↑ ↓
Cer(d18:0/36:3) 874.7869 19.13745 0.0003 2.7521 ↑ ↓
Cer(d18:1/24:1? 708.6148 12.65092 0.0000 2.7243 ↑ ↓
Cer(d38:1) 654.5678 11.708 0.0000 2.6137 ↑ ↓
Cer(d50:1) 822.7556 18.55095 0.0000 2.5725 ↑ ↓
Cer(d18:1/32:1) 804.745 19.2463 0.0000 2.5524 ↑ ↓
Cer(d18:0/34:2) 848.7713 18.67903 0.0003 2.5181 ↑ ↓
Cer(d70:3) 1129.011 22.0871 0.0000 2.3984 ↑ ↓
Cer(d56:2) 904.8339 21.35417 0.0000 2.3947 ↑ ↓
Cer(d18:1/16:0) 614.5001 9.02884 0.0000 2.3678 ↑ ↓
Cer(d57:2) 918.8495 21.47109 0.0030 2.3654 ↑ ↓
Cer(d18:0/34:4) 844.74 16.90961 0.0008 2.3121 ↑ ↓
Cer(d16:1/26:1) 708.6148 12.9112 0.0000 2.2731 ↑ ↓
Cer(d18:1/18:0) 626.5365 10.70592 0.0000 2.1982 ↑ ↓
Cer(d59:3) 944.8652 21.84285 0.0035 2.0980 ↑ ↓
Cer(d55:2) 890.8182 20.85184 0.0000 2.0728 ↑ ↓
Cer(d60:4) 956.8652 21.56007 0.0001 2.0672 ↑ ↓
Cer(d18:0) 820.74 17.66335 0.0003 2.0053 ↑ ↓
FA (20:5) 301.2173 2.033 0.0049 2.5654 ↑ ↓
LPE (20:0) 508.3409 5.446,271 0.0000 2.0328 ↑ ↓
PE (16:1/18:2) 712.4923 7.434,218 0.0001 2.9635 ↑ ↓
PE (18:0/18:2) 742.5392 9.448,973 0.0004 2.5266 ↑ ↓
PE (24:2/18:2) 822.6018 12.57836 0.0000 2.0977 ↑ ↓
PE (36:5) 736.4923 7.194,899 0.0100 2.0491 ↑ ↓

Positive
DG (15:0) 348.2745 1.3521 0.0000 6.6497 ↑ ↓
AcCa(20:4) 448.3421 2.1250 0.0000 2.3769 ↑ ↓
AcCa(18:2) 424.3421 2.1920 0.0001 2.2946 ↑ ↓
Cer(d18:1/24:0) 666.6395 14.8970 0.0000 3.7160 ↑ ↓
Cer(d36:1) 566.5507 13.2694 0.0000 3.5810 ↑ ↓
Cer(d40:1) 622.6133 15.5625 0.0001 3.3591 ↑ ↓
Cer(d18:0/24:0) 668.6551 14.7050 0.0016 3.2196 ↑ ↓
Cer(d18:0/16:0) 572.5249 10.1544 0.0000 3.0980 ↑ ↓
Cer(d18:1/54:0) 1101.088 24.5525 0.0000 3.0138 ↑ ↓
Cer(d18:1/16:1) 552.4986 8.8579 0.0000 2.6150 ↑ ↓
Cer(d50:1) 794.7596 13.5360 0.0000 2.5911 ↑ ↓
Cer(d18:1/24:0) 666.6395 13.7101 0.0000 2.5894 ↑ ↓
Cer(d34:1) 538.5194 12.2471 0.0002 2.5210 ↑ ↓
Cer(d50:2) 776.749 14.0652 0.0000 2.4725 ↑ ↓
Cer(d18:1/56:0) 1129.12 24.8739 0.0000 2.4222 ↑ ↓
Cer(d18:0/22:0) 640.6238 13.6112 0.0000 2.3973 ↑ ↓
Cer(d18:0/17:0) 586.5405 10.6643 0.0015 2.2800 ↑ ↓
Cer(d18:2/51:2) 1052.994 22.1339 0.0000 2.2269 ↑ ↓
Cer(d44:1) 678.6759 17.9162 0.0001 2.0399 ↑ ↓
Cer(d18:1/26:0) 694.6708 14.8389 0.0000 2.0371 ↑ ↓

(Continued on following page)
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and differentiation by exerting anti-proliferative and pro-apoptotic
effects. Increased Cer synthesis, along with increased rates of
keratinocyte differentiation, have been detected in vitro and in
vivo models (Mizutani et al., 2013). We postulate that these
increases may lead to corneum thickening in the M group,
compared to the C and T groups. The role of Cers and its
derivatives in regulating immune responses has been extensively
studied. Cers are considered bioactive transmitters that are involved
in various inflammatory signaling pathways. Further research is
needed to determine whether extracellular Cer accumulating in the
lipidmatrix of the stratum corneum is also involved in inflammation
and the immune response in acne. Notably, Cers can be broken
down by ceramidase to produce sphingosine and FAs.

Change of Glyceride Metabolism
DGs are secreted by sebaceous glands and help maintain skin barrier
stability. DGs are also secondmessengers involved in the inflammatory
response (Grkovich and Dennis, 2009). TGs are formed by the
combination of DGs and FAs by glyceryl diesteryl transferase. TGs

on the skin surface can be degraded by resident skin bacteria to generate
DGs and free FAs (Camera et al., 2016). DGs result from the hydrolysis
of TGs. In this study, variations in DG and TG differential metabolites
in M compared to C and T groups indicates their dysregulation,
suggesting another area of investigation for acne treatment.

The synthesis of TGs in vivo involves two main pathways: mono-
glycerol and diglycerol synthesis. TGs are hydrolyzed into glycerol
and FAs by a series of lipases, which then undergo β-oxidation for
absorption and use by the body. TG hydrolysis requires catalysis by
hormone-sensitive lipases which exist in two main forms: short- and
long-chain forms. The short-chain form is mainly expressed in
adipose tissue and catalyzes the hydrolysis of TGs into FAs. The
long-chain form is expressed in steroidal tissues, such as the testes,
and hydrolyzes cholesterol esters into free cholesterol, which is then
converted, by a series of enzymatic reactions, into androgens and
estrogens.

In this study, 29 different TG compounds were identified,
with 58.6% were found in significantly higher concentrations
in C rats compared to M rats. However, according to the TG-

TABLE 2 | (Continued) 96 identified potential biomarkers among the C, M and T.

Lipid species m/z Rt (min) C VS M Ma Tb

P Log2FC

DG (36:2p) 622.5769 13.3210 0.0001 2.5883 ↑ ↓
DG (22:0/18:2) 694.6344 15.5480 0.0000 2.5602 ↑ ↓
DG (24:0/18:2) 722.6657 16.7877 0.0000 2.4717 ↑ ↓
DG (24:1/18:2) 720.6501 15.4434 0.0000 2.0170 ↑ ↓
LPC(24:0) 608.465 9.0185 0.0000 2.2503 ↑ ↓
So(d18:0) 302.3054 2.6342 0.0000 3.4427 ↑ ↓
TG (30:1/20:0/22:4) 1151.068 25.0762 0.0001 3.2637 ↑ ↓
TG (26:1/24:1/24:2) 1181.114 25.6011 0.0001 2.8942 ↑ ↓
TG (30:1/18:1/22:3) 1123.036 24.7924 0.0000 2.8787 ↑ ↓
TG (67:4) 1083.005 21.1760 0.0000 2.8079 ↑ ↓
TG (30:1/22:2/24:1) 1209.146 25.8468 0.0001 2.7197 ↑ ↓
TG (30:1/18:2/24:1) 1153.083 25.3393 0.0002 2.6218 ↑ ↓
TG (30:1/24:1/24:2) 1237.177 26.0781 0.0002 2.2441 ↑ ↓
TG (24:0/20:4/24:1) 1095.005 24.4620 0.0000 2.1535 ↑ ↓
TG (30:1/18:2/22:1) 1125.052 25.0774 0.0003 2.0958 ↑ ↓
TG (16:0/12:1/18:2) 790.6919 16.9359 0.0001 −2.0249 ↑ ↓
TG (15:0/16:0/16:1) 808.7389 19.7909 0.0002 −2.0465 ↑ ↓
TG (16:0/14:0/18:3) 818.7232 18.1460 0.0001 −2.0516 ↑ ↓
TG (8:0/8:0/24:1) 710.6293 14.7050 0.0066 −2.0949 ↑ ↓
TG (4:0/16:0/18:0) 684.6137 15.8794 0.0019 −2.0951 ↑ ↓
TG (15:0/16:0/16:0) 810.7545 20.7548 0.0001 −2.1094 ↑ ↓
TG (6:0/16:0/16:0) 684.6137 15.5811 0.0033 −2.1311 ↑ ↓
TG (16:0/8:0/18:1) 738.6606 16.7619 0.0003 −2.1414 ↑ ↓
TG (16:0/16:1/18:2) 846.7545 19.3644 0.0001 −2.1634 ↓ ↑
TG (16:0/14:0/16:0) 796.7389 20.3731 0.0001 −2.1929 ↓ ↑
TG (16:0/12:1/16:0) 766.6919 18.3072 0.0003 −2.1941 ↓ ↑
TG (8:0/18:1/18:2) 762.6606 15.7967 0.0019 −2.2486 ↓ ↑
TG (6:0/18:1/18:2) 734.6293 14.7557 0.0006 −2.2570 ↓ ↑
TG (16:0/12:1/16:0) 766.6919 17.9574 0.0002 −2.2812 ↓ ↑
TG (16:0/14:1/16:0) 794.7232 19.1828 0.0002 −2.3662 ↓ ↑
TG (4:0/16:0/16:0) 656.5824 14.6726 0.0038 −2.4827 ↓ ↑
TG (16:0/14:0/18:1) 822.7545 20.3946 0.0001 −2.4857 ↓ ↑
TG (6:0/16:0/16:1) 682.598 14.6957 0.0031 −2.6041 ↓ ↑
TG (6:0/16:0/18:1) 710.6293 15.6969 0.0024 −2.8806 ↓ ↑
TG (4:0/16:0/16:1) 654.5667 13.5966 0.0007 −3.6163 ↓ ↑

(↑):Upregulated (p < 0.05, n � 8) (↓): Downregulated (p < 0.05, n � 8).
aTrends of the M group compared with the C group of the metabolites.
bTrends of the T group compared with the M group of the metabolites.
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omics analysis, TGs had fewer differential metabolites, with
an inconsistent variation trend, in contrast to the DG results.
The enzymes catalyzing TG hydrolysis may therefore be
dysfunctional in the M rats. For glycerolipids, TG
accumulation in non-adipose tissue is associated with
lipid toxicity (Liu et al., 2012). In the M group, abnormal
fat infiltration was observed, which could have
contributed to increased lipid toxicity and acne initiation
in those rats.

Change of Fatty Acid Metabolism
FAs are themost basic unit andmetabolite of lipidmetabolism; its
structure and intracellular concentrations have important
implications for lipid metabolism in cells. In our study, it was
found that DGs and FAs exhibited a uniform increasing or
decreasing trend in model group rats.

In biological systems, carnitine can combine with FAs to form
AcCa, which promotes the transport of FAs to the mitochondrial
intima for fatty acid β-oxidation.

Change of Glycerylphospholipid
Metabolism
Glycerylphospholipids, such as phosphatidylcholine (PC), PE, LPC,
lysophosphatidic acid (LPA), and LPE, are components of all cell
membranes. Typical phospholipid molecules consist of hydrophilic
phosphate heads and two lipophilic (hydrophobic) fatty chains. These
lipids induce intracellular signal transduction by activating G-protein-
coupled receptors on the cell membrane. Consequently, they play
important biological functions in embryogenesis, cell proliferation,
lymphocyte homing, and the inflammation-induced immune
response. The lipid biomarkers obtained in this study were mainly
from the LPC, PE, and LPE subgroups.

LPC is produced by phospholipase A2-mediated hydrolysis of PC,
as depicted in Figure 8. LPC is a biologically active lipid that can be
produced under pathological conditions. It is an amphoteric molecule
that functions as both a surfactant and a detergent. LPC content is
regulated to maintain proper cellular activity, as it easily damages cells
at high concentrations; for example, throughweakening the integrity of
monocytes and smoothmuscle cells. As amember of the stain remover

FIGURE 7 | Heatmap of 96 lipid species among the experimental groups. Each line of this graph represents an accurate mass ordered by the retention time and is
colored by its abundance intensity. The scale from −3 blue (low) to + 3 red (high) represents the abundance.

TABLE 3 | Ingenuity pathway analysis with MetPA from differential lipid species.

Pathway name Match status P −log(p) Holm p FDR Impact KEGG

Sphingolipid metabolism 2/21 0.0026767 2.5724 0.22484 0.22484 0.42394 00600
Glycerophospholipid metabolism 2/36 0.0078181 2.1069 0.6489 0.32836 0.12185 00564
Glycosylphosphatidylinositol (GPI)-anchor biosynthesis 1/14 0.054479 1.2638 1.0 1.0 0.00399 00563
Glycerolipid metabolism 1/16 0.062056 1.2072 1.0 1.0 0.01402 00561
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family, LPC can cause cell lysis at higher concentrations, while at lower
concentrations can change membrane permeability. LPC has been
found to injure endothelial cells in the human umbilical vein.
Moreover, it has also been reported to be involved in various
pathological conditions such as diabetes, obesity, atherosclerosis, and
cancer (Kabarowski et al., 2005).We therefore postulate that this would
be a new biomarker to promote the occurrence of acne.

In the heathly human body, activated ethanolamine combines with
DGs to produce PE. LPE is a metabolite generated by the enzymatic
hydrolysis of PE by phospholipase A1. The PE-LPEmetabolic pathway
is involved in various cellularmetabolic pathways (Shirvan et al., 2017).
These aforementioned phospholipids play a role in several metabolic
pathways in the body, including those involving the metabolism of
glycerolipids, arachidonic acids, linoleic acids, α-linoleic acids;
integrative metabolism; and the retrograde endocannabinoid
signaling pathway. During phospholipid synthesis and metabolism,
lipidmetabolites are produced via the action of enzymes. Under normal
physiological conditions, the amount of these lipid metabolites is
regulated, but under an inflammatory state, they can aggregate and
produce pathological effects.Many lipidmetabolites are also biologically
active secondarymessengers and, inmany cases, are associated with the
onset of disease. The pathways involved in glycerolipid metabolism
imply that LPCs, PEs, and LPEs can be converted into one another, as
illustrated inFigure 8. In conclusion, we speculate that the uncontrolled
lipid species can be a warning signal of acne.

CONCLUSION

To summarize, using lipidomic analysis, this study identified 96
different lipid species from the sphingolipid and glycerophospholipid

metabolism pathways in an oleic acid-induced acne model. Our
results suggest that TAN may effectively treat acne by regulating the
metabolism of lipids, such as phospholipids and sphingolipids. In
addition, lipidomics may be useful in investigating the effects, and
explaining possible mechanisms of action, of other traditional
medicinal plants on skin diseases.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation, to any
qualified researcher. Requests to access these datasets should be
directed to liuqiang@smu.edu.cn.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
and Use committee of the Southern Medical University.

AUTHOR CONTRIBUTIONS

Conceptualization, Funding acquisition, and Supervision: QL, HZ;
Data curation: TC, ZZ; tanshinones extract of Salvia miltiorrhiza:
YWa, QD; HPLC analysis: YX, ZW; Animal experiment: ZZ, TC,
and WW; Investigation: YWu, QZ; Methodology: CJ, CS, and LL;
Visualization and Writing—original draft: TC, ZZ; Writing-
original draft preparation: ZZ, TC; Writing-review editing: TC,
QL, and HZ.

FIGURE 8 | Lipid metabolic pathway analysis of identified differential lipid species. (A) The network of potential biomarker variation in M rats compared to C rats in
Lipid Metabolism. Red (↑): upregulation; Blue (↓): downregulation. (B) The Metabolomics Pathway Analysis identified sphingolipid metabolism, glycerophospholipid
metabolism, and linoleic acid metabolism from the significantly differential lipid species. The size and color of each circle are based on pathway impact values and
p-values, respectively.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 67565910

Chen et al. Lipidomics of Tanshinone in Acne

37

mailto:liuqiang@smu.edu.cn
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FUNDING

This study was supported by the National Natural Science
Foundation of China (81874346), and the Science and
Technology Program of Guangzhou (201907010018).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.675659/
full#supplementary-material

REFERENCES

Bai, A., Lu, N., Guo, Y., and Fan, X. (2008). Tanshinone IIA Ameliorates
Trinitrobenzene Sulfonic Acid (TNBS)-induced Murine Colitis. Dig. Dis. Sci.
53 (2), 421–428. doi:10.1007/s10620-007-9863-8

Barros, B., and Thiboutot, D. (2017). Hormonal Therapies for Acne. Clin.
Dermatol. 35 (2), 168–172. doi:10.1016/j.clindermatol.2016.10.009

Bernut, A., Loynes, C. A., Floto, R. A., and Renshaw, S. A. (2020). Deletion
ofcftrLeads to an Excessive Neutrophilic Response and Defective Tissue Repair
in a Zebrafish Model of Sterile Inflammation. Front. Immunol. 11, 1733. doi:10.
3389/fimmu.2020.01733

Camera, E., Ludovici, M., Tortorella, S., Sinagra, J.-L., Capitanio, B., Goracci, L.,
et al. (2016). Use of Lipidomics to Investigate Sebum Dysfunction in Juvenile
Acne. J. Lipid Res. 57 (6), 1051–1058. doi:10.1194/jlr.M067942

Chen, Z., Gao, X., Jiao, Y., Qiu, Y., Wang, A. L., Yu, M. L., et al. (2019). Tanshinone
IIA Exerts Anti-Inflammatory and Immune-Regulating Effects on Vulnerable
Atherosclerotic Plaque Partially via the TLR4/MyD88/NF-Kappa B Signal
Pathway. Front. Pharmacol. 10, 850. doi:10.3389/fphar.2019.00850

Das, S., and Reynolds, R. V. (2014). Recent Advances in Acne Pathogenesis:
Implications for Therapy. Am. J. Clin. Dermatol. 15 (6), 479–488. doi:10.1007/
s40257-014-0099-z

Fahy, E., Subramaniam, S., Murphy, R. C., Nishijima, M., Raetz, C. R. H.,
Shimizu, T., et al. (2009). Update of the LIPID MAPS Comprehensive
Classification System for Lipids. J. Lipid Res. 50, S9–S14. doi:10.1194/jlr.
R800095-JLR200

Fang, Z. Y., Lin, R., Yuan, B. X., Yang, G.-D., Liu, Y., and Zhang, H. (2008).
Tanshinone IIA Downregulates the CD40 Expression and Decreases MMP-2
Activity on Atherosclerosis Induced by High Fatty Diet in Rabbit.
J. Ethnopharmacol. 115 (2), 217–222. doi:10.1016/j.jep.2007.09.025

Grkovich, A., and Dennis, E. A. (2009). Phosphatidic Acid Phosphohydrolase in
the Regulation of Inflammatory Signaling. Adv. Enzyme Regul. 49 (1), 114–120.
doi:10.1016/j.advenzreg.2009.01.005

Han, X., and Gross, R. W. (2003). Global Analyses of Cellular Lipidomes Directly
from Crude Extracts of Biological Samples by ESI Mass Spectrometry: a Bridge
to Lipidomics. J. Lipid Res. 44 (6), 1071–1079. doi:10.1194/jlr.R300004-JLR200

Jia, L., Song, N., Yang, G., Ma, Y., Li, X., Lu, R., et al. (2016). Effects of Tanshinone
IIA on the Modulation of miR-33a and the SREBP-2/Pcsk9 Signaling Pathway
in Hyperlipidemic Rats. Mol. Med. Rep. 13 (6), 4627–4635. doi:10.3892/mmr.
2016.5133

Jia, Y., Gan, Y., He, C., Chen, Z., and Zhou, C. (2018). The Mechanism of Skin
Lipids Influencing Skin Status. J. Dermatol. Sci. 89 (2), 112–119. doi:10.1016/j.
jdermsci.2017.11.006

Jiang, J.-G., Huang, X.-J., Chen, J., and Lin, Q.-S. (2007). Comparison of the
Sedative and Hypnotic Effects of Flavonoids, Saponins, and Polysaccharides
Extracted from Semen Ziziphus Jujube. Nat. Product. Res. 21 (4), 310–320.
doi:10.1080/14786410701192827

Jiang, Y., Hu, F. F., Li, Q., Shen, C., Yang, J., and Li, M. (2019). Tanshinone IIA
Ameliorates the Bleomycin-Induced Endothelial-To-Mesenchymal Transition
via the Akt/mTOR/p70S6K Pathway in a Murine Model of Systemic Sclerosis.
Int. Immunopharmacol. 77, 105968. doi:10.1016/j.intimp.2019.105968

Kabarowski, J. H. S., Zhu, K., Le, L. Q., Witte, O. N., and Xu, Y. (2005).
Lysophosphatidylcholine as a Ligand for the Immunoregulatory Receptor
G2A (Retraction of Vol 293, Pg 702, 2001). Science 307 (5707), 206. doi:10.
1126/science.307.5707.206b

Kanoh, H., Ishitsuka, A., Fujine, E., Matsuhaba, S., Nakamura, M., Ito, H., et al.
(2019). IFN-gamma Reduces Epidermal Barrier Function by Affecting Fatty
Acid Composition of Ceramide in a Mouse Atopic Dermatitis Model.
J. Immunol. Res. 2019, 3030268. doi:10.1155/2019/3030268

Köfeler, H. C., Fauland, A., Rechberger, G. N., and Trötzmüller, M. (2012). Mass
Spectrometry Based Lipidomics: an Overview of Technological Platforms.
Metabolites 2 (1), 19–38. doi:10.3390/metabo2010019

Li, Y. F., and Zhou, Y. L. (2018). The Therapeutic Effect of Tanshinone IIA on
Propionibacterium Acnes-Induced Inflammation In Vitro. Dermatol. Ther. 31
(6), e12716. doi:10.1111/dth.12716

Li, Y. I., Elmer, G., and LeBoeuf, R. C. (2008). Tanshinone IIA Reduces
Macrophage Death Induced by Hydrogen Peroxide by Upregulating
Glutathione Peroxidase. Life Sci. 83 (15-16), 557–562. doi:10.1016/j.lfs.2008.
08.003

Li, W.-J., Kong, S.-Z., Luo, H., Jia, Z.-B., and Cheng, Y. (2013). Electrochemical and
Spectroelectrochemical Studies of Four Tanshinones from Salvia Miltiorrhiza
Bunge. Chin. Chem. Lett. 24 (12), 1145–1147. doi:10.1016/j.cclet.2013.08.003

Li, Y., Shi, S., Gao, J., Han, S., Wu, X., Jia, Y., et al. (2016). Cryptotanshinone
Downregulates the Profibrotic Activities of Hypertrophic Scar Fibroblasts and
Accelerates Wound Healing: A Potential Therapy for the Reduction of Skin
Scarring. Biomed. Pharmacother. 80, 80–86. doi:10.1016/j.biopha.2016.03.006

Li, X., He, C., Chen, Z., Zhou, C., Gan, Y., and Jia, Y. (2017). A Review of the Role of
Sebum in the Mechanism of Acne Pathogenesis. J. Cosmet. Dermatol. 16 (2),
168–173. doi:10.1111/jocd.12345

Li, Q., Fang, H., Dang, E., and Wang, G. (2020). The Role of Ceramides in Skin
Homeostasis and Inflammatory Skin Diseases. J. Dermatol. Sci. 97 (1), 2–8.
doi:10.1016/j.jdermsci.2019.12.002

Liu, L., Yu, S., Khan, R. S., Homma, S., Schulze, P. C., Blaner, W. S., et al. (2012).
Diacylglycerol Acyl Transferase 1 Overexpression Detoxifies Cardiac Lipids in
PPARγ Transgenic Mice. J. Lipid Res. 53 (8), 1482–1492. doi:10.1194/jlr.
M024208

Maione, F., De Feo, V., Caiazzo, E., De Martino, L., Cicala, C., and Mascolo, N.
(2014). Tanshinone IIA, a Major Component of Salvia Milthorriza Bunge,
Inhibits Platelet Activation via Erk-2 Signaling Pathway. J. Ethnopharmacol.
155 (2), 1236–1242. doi:10.1016/j.jep.2014.07.010

Maione, F., Cantone, V., Chini, M. G., De Feo, V., Mascolo, N., and Bifulco, G.
(2015). Molecular Mechanism of Tanshinone IIA and Cryptotanshinone in
Platelet Anti-aggregating Effects: an Integrated Study of Pharmacology and
Computational Analysis. Fitoterapia 100, 174–178. doi:10.1016/j.fitote.2014.
11.024

Makrantonaki, E., Ganceviciene, R., and Zouboulis, C. C. (2011). An Update on the
Role of the Sebaceous Gland in the Pathogenesis of Acne. Dermato-Endocrinol.
3 (1), 41–49. doi:10.4161/derm.3.1.13900

Mizutani, Y., Sun, H., Ohno, Y., Sassa, T., Wakashima, T., Obara, M., et al. (2013).
Cooperative Synthesis of Ultra Long-Chain Fatty Acid and Ceramide during
Keratinocyte Differentiation. Plos One 8 (6), e67317. doi:10.1371/journal.pone.
0067317

Natshch, H., Vettorato, E., and Touitou, E. (2019). Ethosomes for Dermal
Administration of Natural Active Molecules. Curr. Pharm. Des. 25 (21),
2338–2348. doi:10.2174/1381612825666190716095826

Park, S. H., Lee, J. E., Lee, S. M., Lee, J., Seo, C. S., Hwang, G. S., et al. (2020). An
Unbiased Lipidomics Approach Identifies Key Lipid Molecules as Potential
Therapeutic Targets of Dohongsamul-Tang against Non-alcoholic Fatty Liver
Diseases in a Mouse Model of Obesity. J. Ethnopharmacol. 260, 112999. doi:10.
1016/j.jep.2020.112999

Shen, C. Y., Jiang, J. G., Li, M. Q., Zheng, C. Y., and Zhu, W. (2017a). Structural
Characterization and Immunomodulatory Activity of Novel Polysaccharides
from Citrus Aurantium Linn. Variant Amara Engl. J. Funct. Foods 35, 352–362.
doi:10.1016/j.jff.2017.05.055

Shen, C. Y., Zhang, W. L., and Jiang, J. G. (2017b). Immune-enhancing Activity of
Polysaccharides from Hibiscus sabdariffa Linn. Via MAPK and NF-kB
Signaling Pathways in RAW264.7 Cells. J. Funct. Foods 34, 118–129. doi:10.
1016/j.jff.2017.03.060

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 67565911

Chen et al. Lipidomics of Tanshinone in Acne

38

https://www.frontiersin.org/articles/10.3389/fphar.2021.675659/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.675659/full#supplementary-material
https://doi.org/10.1007/s10620-007-9863-8
https://doi.org/10.1016/j.clindermatol.2016.10.009
https://doi.org/10.3389/fimmu.2020.01733
https://doi.org/10.3389/fimmu.2020.01733
https://doi.org/10.1194/jlr.M067942
https://doi.org/10.3389/fphar.2019.00850
https://doi.org/10.1007/s40257-014-0099-z
https://doi.org/10.1007/s40257-014-0099-z
https://doi.org/10.1194/jlr.R800095-JLR200
https://doi.org/10.1194/jlr.R800095-JLR200
https://doi.org/10.1016/j.jep.2007.09.025
https://doi.org/10.1016/j.advenzreg.2009.01.005
https://doi.org/10.1194/jlr.R300004-JLR200
https://doi.org/10.3892/mmr.2016.5133
https://doi.org/10.3892/mmr.2016.5133
https://doi.org/10.1016/j.jdermsci.2017.11.006
https://doi.org/10.1016/j.jdermsci.2017.11.006
https://doi.org/10.1080/14786410701192827
https://doi.org/10.1016/j.intimp.2019.105968
https://doi.org/10.1126/science.307.5707.206b
https://doi.org/10.1126/science.307.5707.206b
https://doi.org/10.1155/2019/3030268
https://doi.org/10.3390/metabo2010019
https://doi.org/10.1111/dth.12716
https://doi.org/10.1016/j.lfs.2008.08.003
https://doi.org/10.1016/j.lfs.2008.08.003
https://doi.org/10.1016/j.cclet.2013.08.003
https://doi.org/10.1016/j.biopha.2016.03.006
https://doi.org/10.1111/jocd.12345
https://doi.org/10.1016/j.jdermsci.2019.12.002
https://doi.org/10.1194/jlr.M024208
https://doi.org/10.1194/jlr.M024208
https://doi.org/10.1016/j.jep.2014.07.010
https://doi.org/10.1016/j.fitote.2014.11.024
https://doi.org/10.1016/j.fitote.2014.11.024
https://doi.org/10.4161/derm.3.1.13900
https://doi.org/10.1371/journal.pone.0067317
https://doi.org/10.1371/journal.pone.0067317
https://doi.org/10.2174/1381612825666190716095826
https://doi.org/10.1016/j.jep.2020.112999
https://doi.org/10.1016/j.jep.2020.112999
https://doi.org/10.1016/j.jff.2017.05.055
https://doi.org/10.1016/j.jff.2017.03.060
https://doi.org/10.1016/j.jff.2017.03.060
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Parande Shirvan, S., Ebrahimby, A., Dousty, A., Maleki, M., Movassaghi, A., Borji,
H., et al. (2017). Somatic Extracts of Marshallagia Marshalli Downregulate the
Th2 Associated Immune Responses in Ovalbumin-Induced Airway
Inflammation in BALB/c Mice. Parasit. Vectors 10, 233. doi:10.1186/s13071-
017-2159-8

Tang, S., Shen, X.-Y., Huang, H.-Q., Xu, S.-W., Yu, Y., Zhou, C.-H., et al. (2011).
Cryptotanshinone Suppressed Inflammatory Cytokines Secretion in RAW264.7
Macrophages through Inhibition of the NF-Κb andMAPK Signaling Pathways.
Inflammation 34 (2), 111–118. doi:10.1007/s10753-010-9214-3

Tao, S., Justiniano, R., Zhang, D. D., and Wondrak, G. T. (2013). The Nrf2-
Inducers Tanshinone I and Dihydrotanshinone Protect Human Skin Cells and
Reconstructed Human Skin against Solar Simulated UV. Redox. Biol. 1 (1),
532–541. doi:10.1016/j.redox.2013.10.004

Thiboutot, D. M., Dréno, B., Abanmi, A., Alexis, A. F., Araviiskaia, E., Barona
Cabal, M. I., et al. (2018). Practical Management of Acne for Clinicians: An
International Consensus from the Global Alliance to Improve Outcomes in
Acne. J. Am. Acad. Dermatol. 78 (2), S1–S23. doi:10.1016/j.jaad.2017.09.078

van Smeden, J., Janssens, M., Kaye, E. C. J., Caspers, P. J., Lavrijsen, A. P., Vreeken,
R. J., et al. (2014). The Importance of Free Fatty Acid Chain Length for the Skin
Barrier Function in Atopic Eczema Patients. Exp. Dermatol. 23 (1), 45–52.
doi:10.1111/exd.12293

Weng, Y.-S., Kuo, W.-W., Lin, Y.-M., Kuo, C.-H., Tzang, B.-S., Tsai, F.-J., et al.
(2013). Danshen Mediates through Estrogen Receptors to Activate Akt and
Inhibit Apoptosis Effect of Leu27IGF-II-Induced IGF-II Receptor Signaling

Activation in Cardiomyoblasts. Food Chem. Toxicol. 56, 28–39. doi:10.1016/j.
fct.2013.01.008

Yu, Z. W., Lv, H. Y., Han, G., and Ma, K. (2016). Ethosomes Loaded with
Cryptotanshinone for Acne Treatment through Topical Gel Formulation.
Plos One, 11, e0159967. doi:10.1371/journal.pone.0159967

Zhao, Y.-Y., Wu, S.-P., Liu, S., Zhang, Y., and Lin, R.-C. (2014). Ultra-performance
Liquid Chromatography-Mass Spectrometry as a Sensitive and Powerful
Technology in Lipidomic Applications. Chem. Biol. Interact. 220, 181–192.
doi:10.1016/j.cbi.2014.06.029

Zouboulis, C. C. (2009). Propionibacterium Acnes and Sebaceous Lipogenesis: A
Love-Hate Relationship? J. Invest. Dermatol. 129 (9), 2093–2096. doi:10.1038/
jid.2009.190

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Chen, Zhu, Du, Wang, Wu, Xue, Wang, Wu, Zeng, Jiang, Shen,
Liu, Zhu and Liu. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 67565912

Chen et al. Lipidomics of Tanshinone in Acne

39

https://doi.org/10.1186/s13071-017-2159-8
https://doi.org/10.1186/s13071-017-2159-8
https://doi.org/10.1007/s10753-010-9214-3
https://doi.org/10.1016/j.redox.2013.10.004
https://doi.org/10.1016/j.jaad.2017.09.078
https://doi.org/10.1111/exd.12293
https://doi.org/10.1016/j.fct.2013.01.008
https://doi.org/10.1016/j.fct.2013.01.008
https://doi.org/10.1371/journal.pone.0159967
https://doi.org/10.1016/j.cbi.2014.06.029
https://doi.org/10.1038/jid.2009.190
https://doi.org/10.1038/jid.2009.190
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


GLOSSARY

AcCa acyl carnitine

Cer Ceramide

chE cholestery1 ester

CL cardiolipin

Co coenzyme

DG diglyceride

FA fatty acid

HPLC High-performance liquid chromatography chromatogram

IL-1β interleukin-1β

IL-6 interleukin-6

IL-8 interleukin-8

LC-MS liquid chromatography-mass spectrometry

LPC lysophosphatidylcholine

LPE lysophosphatidyl ethanolamine

LPI lysophosphatidylinositol

LPG lysophosphatidylglycerol

LPS lysophosphatidylserine

MGDG monogalactosyldiacylglycerol

PA phosphatidic acid

PC phosphatidylcholine

PCA principal component
analysis

PE phosphatidylethanolamine

PG phosphatidylglycerol

phSM phytosphingosine

PI phosphatidylinositol

PS phosphatidy1serines

QC quality control

SM sphingomyelin

So sphingosine

SQDG sulfoquinovosyldiacylglycerol

TG triglyceride

TNF-α tumor necrosis factor α

VIP variable importance on
projection

WE wax exters
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Dihydroartemisinin Alleviates
Imiquimod-Induced Psoriasis-like
Skin Lesion in Mice Involving
Modulation of IL-23/Th17 Axis
Jiang-Min Liu1†, Quan-Xin Jin1†, Manabu Fujimoto2, Fang-Fang Li 1, Lin-Bo Jin1, Ran Yu1,
Guang-Hai Yan3, Lian-Hua Zhu4, Fan-Ping Meng1, Qing-Gao Zhang5 and Gui-Hua Jin1*

1Department of Immunology and Pathogenic Biology, Yanbian University Medical College, Yanji, China, 2Department of
Dermatology, Graduate School of Medicine, Osaka University; Laboratory of Cutaneous Immunology, Osaka University
Immunology Frontier Research Center, Osaka, Japan, 3Jilin Key Laboratory for Immune and Targeting Research on Common
Allergic Diseases, Yanbian University Medical College, Yanji, China, 4Department of Dermatology, Yanbian University Hospital,
Yanji, China, 5Chronic Disease Research Center, Dalian University, Dalian, China

Background: Psoriasis is a T help 17 (Th17) cell-mediated chronic inflammatory skin
disease. Recent studies have shown that dihydroartemisinin (DHA) can significantly reduce
experimental autoimmune encephalomyelitis and rheumatoid arthritis by regulating
Th17 cells.

Objective: To verify whether DHA can improve the symptoms of psoriasis and to further
explore the possible mechanism.

Methods: The efficiency of DHA was preliminary detected on human keratinocytes
(HaCaT) cells in psoriatic condition. Then, imiquimod-induced psoriasis-like model in
BALB/c mice was established to evaluate the effects of DHA in vivo.

Results: Under the stimulation of tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ),
DHA inhibited the proliferation of HaCaT cells and significantly affected the mRNA
expression levels of IFN-γ, interleukin (IL), IL-17A and IL-23. DHA treatment reduced
the severity of psoriasis-like skin and resulted in less infiltration of immune cells in skin
lesions. DHA restored the expression of IFN-γ, IL-17A, and IL-23 in skins, as well as a
decrease of cytokines and chemokines in skin supernatant. DHA also altered the cellular
composition in the spleen, which is the makeup of the T cells, dendritic cells (DCs), and
macrophages. DHA recovered Th17-related profile with decreased frequency of IL-
17+CD4+T cells from splenocyte of mice. Furthermore, DHA also inhibited the
concentration of IL-17 from Th17 cells and the expression of Th17 cell-related
transcription factors retinoid-related orphan receptor-gamma t (ROR-γt) in vitro. In
addition, phosphorylation of signal transducer and activator of transcription-3 (STAT3)
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was significantly reduced in DHA treatment mice, suggesting that the IL-23/Th17 axis
plays a pivotal role.

Conclusion:DHA inhibits the progression of psoriasis by regulating IL-23/Th17 axis and is
expected to be an effective drug for the treatment of psoriasis.

Keywords: dihydroartemisinin, psoriasis, Il-23/th17 axis, cytokines, T cells

INTRODUCTION

Psoriasis is an immune-related chronic inflammatory disease
characterized by excessive growth and aberrant
differentiation of keratinocytes (Lowes et al., 2007).
Interleukin-23/T help 17 cells (IL-23/Th17) axis was found
to have a potential function in the pathogenesis of psoriasis.
Dendritic cells (DCs) secrete IL-23 to bind IL-23 receptor
(IL-23R) presented on Th1, Th17, and Th22 cells, which in
turn act on keratinocytes (Di Cesare et al., 2009;
Raychaudhuri et al., 2015), ultimately leading to excessive
proliferation of the cutaneous keratinocyte to form psoriasis
(Chan et al., 2006). Intradermal injection of IL-23 in mouse
skin induces several features of psoriatic skin (Gauld et al.,
2018). Th17 cells can initiate the proliferation, maturation,
and differentiation of neutrophils to result in the
inflammatory reaction, stimulate keratinocyte
proliferation, and have a synergistic stimulation effect on
T cell activation (Teunissen et al., 1998; Fujishima et al.,
2010). Th17 cells predominantly produce IL-17, but also
emerge IL-21, IL-22, interferon-γ (IFN-γ), and tumor
necrosis factor (TNF) and can express C-C chemokine
receptor 6 (CCR6), a chemokine (CC motif) ligand 20
(CCL20) receptor that directs IL-17 and guide cells to
epithelial barrier sites (Bedoya et al., 2013).

Recent studies have indicated that the IL-23/Th17 axis plays
a significant role in psoriasis. Therefore, IL-23/Th17 axis has
become a potential drug treatment target. At present, the anti-
IL-17 antibody antagonists are approved by the Food and Drug
Administration (FDA) in the United States for clinical use,
including secukinumab and ixekizumab, which are superior to
TNF-α antagonists in the treatment of moderate to severe
plaque psoriasis, and have good safety and tolerance (Wong
et al., 2016; Dubash et al., 2019). Several IL-23 antagonists,
Risankizumab (Gordon et al., 2018), guselkumab (Reich et al.,
2017), and tildrakizumab (Reich et al., 2020), have completed
phase III clinical trials. Although antibodies are highly
desirable, the application is difficult to popularize premium
prices, serious side effects, and limited corresponding sites of
action (Blauvelt et al., 2015; Teraki et al., 2018; Wendling et al.,
2019). Direct inhibition of IL-17 by monoclonal antibodies in
patients with psoriasis or psoriatic arthritis has been shown to
increase the risk of Candida infection. Similarly, latent
tuberculosis infection reactivation was observed in patients
treated with TNF inhibitors (Souto et al., 2014; Saunte et al.,
2017).

Dihydroartemisinin (DHA) is the main active metabolite of
artemisinin compounds. Some studies have found that DHA has

a potent effect on the treatment of autoimmune diseases and
tumors without obvious toxic and side effects. DHA inhibits the
activation of Toll-like receptor 4 signal transduction pathway
and the production of type I interferon and anti-ds-DNA in
splenocytes from MRL/lpr lupus mice to improve the
pathological damage of lupus nephritis (Huang et al., 2014).
Zhao YG et al. has demonstrated the immune regulatory
function of DHA in reciprocally regulating Th and regulatory
T cells (Treg) generation through the modulating mammalian
target of rapamycin (mTOR) pathway so as to prevent the onset
of experimental autoimmune encephalomyelitis (EAE) by
modestly inhibiting the proliferation of activated T cells and
particularly virtually abolishing Th17 differentiation (Zhao
et al., 2012). Moreover, DHA derivative DC32 inhibits the
immune system imbalance and lymphocytic infiltration in
synovitis of rheumatoid arthritis (RA) by restoring Treg/
Th17 balance through inhibition of IL-6 (Fan et al., 2018).
Nevertheless, whether DHA has an effect on psoriasis has not
been reported.

Based on the above research, we hypothesized the inhibitory
effect of DHA on psoriasis and preliminarily explored the
possible mechanism of DHA regulating psoriasis based on the
IL-23/Th17 axis for providing a potential therapeutic agent for
psoriasis.

MATERIALS AND METHODS

Cell Lines and Culture
Human keratinocytes (HaCaT cells) were purchased from FuDan
IBS Cell Center (FDCC-HPN096, FDCC, Shanghai, China).
Human skin fibroblasts (HSF) were established from FuHeng
Cell Center (FH0186, Shanghai, China). They were maintained in
DMEM medium (Gibco, United States) supplemented with 10%
fetal bovine serum and 1% penicillin and streptomycin (BI,
Israel). The cells were cultured at 37°C in 5% CO2 atmosphere.

The proliferation of keratinocytes in psoriatic conditions was
induced by 10 ng/ml recombinant human TNF-α and 10 ng/ml
IFN-γ to further study the effects of DHA on the expression of
cytokines on HaCaT cells.

Mice
BALB/c female mice (8–10 w) were healthy and fertile and did not
display evidence of infection or disease. All mice were housed in a
specific pathogen-free barrier facility and screened regularly for
pathogens. All studies and procedures were approved by the
Experimental Animal Ethical Committee of Yanbian University
(SYXK (ji) 2020–0009).
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Psoriasis-like Model and
Dihydroartemisinin Treatment
62.5 mg 5% imiquimod (IMQ, Aldara, 3M Pharmaceuticals)
cream was smeared to the shaved back of mice for 5 days to
induce psoriasis-like skin lesions (IMQ group).
Dihydroartemisinin (DHA, National Institutes for Food and
Drug Control, Beijing, China) was applied i.g. at a dose of
25 mg/kg/d (DHA-L group) and 50 mg/kg/d (DHA-H group)
3 days in advance for 8 days. As for the control group (Con.
Group), they were treated similarly with control vehicle cream
and phosphate-buffered saline.

The inflammation skins were graded according to the clinical
Psoriasis Area and Severity Index (PASI). Erythema, scaling, and
thickening were scored independently on a scale from 0 to 4: 0,
none; 1, slight; 2, moderate; 3, marked; 4, very marked. The
cumulative PASI score served as a measure of the severity of
inflammation (scale 0–12).

Cell Viability
HaCaT cells were placed into 96-well plates at a density of 2 × 104

cells per well, then incubated overnight at 37°C in 5% CO2

atmosphere, and treated with different concentrations of DHA

for 24 and 48 h. Cell viability was determined using MTT assays
(Solarbio, China). The absorbance was measured at a wavelength
of 490 nm using a microplate reader (Tecan Infinite M200 Pro,
Switzerland).

Flow Cytometry
Fluorescein isothiocyanate-, R-phycoerythrin (PE)-, peridinin
chlorophyll protein (PerCP)-, PE-Cy5-, PE-Cy7-,
allophycocyanin (APC)-conjugated mAbs in this study include
those to CD3 (17A2), CD4 (RM4-5), CD8 (53-6.7), F4/80 (BM8),
CD11c (N418) from Biolegend, IFN-γ (XMG1.2), and IL-17
(eBio17B7) from eBioscience. For intracellular staining, cells
were fixed and permeabilized using Cytofix/Cytoperm kit (BD
Biosciences). Dead cells were detected by LIVE/DEAD Fixable
Green Dead Cell Kit (Invitrogen-Molecular Probes).
Multiparameter flow cytometric analysis was performed on the
FACS Verse (BD Biosciences, San Jose, Calif) and CytoFLEX
(Beckman Coulter, China). Data were analyzed using FlowJo
software (Ver. 8.8.7).

Cell Isolation and Activation
Splenic T cells were purified using a CD4+T cell isolation kit
(Miltenyi Biotec, Germany; Stemcell, Canada), CD4+T cells (5 × 104)

FIGURE 1 | The effect of DHA on the proliferation of HaCaT cells and the expression of cytokines. (A,B) The cell viability of HaCaT cells and HSF cells was detected
by MTT assay being treated with different concentrations of DHA for 24 and 48 h (*p � 0.0318, ***p < 0.001). (C) After treatment on HaCaT cells with 0, 10, 20, 30 μg/ml
DHA for 24 h with the stimulation of IFN-γ (10 ng/ml) and TNF-α (10 ng/ml), the mRNA expression of inflammation-related cytokines IFN-γ, IL-4, IL-6, IL-10, IL-17A, and
IL-23 was detected by RT-PCR (IFN-γ, **p � 0.0094; IL-4, *p � 0.0292, **p < 0.05; IL-6,NS.Not significant; IL-10, *p < 0.05; IL-17A, *p < 0.05; IL-23, *p � 0.0335).
The significant difference was compared relatively to the DHA untreated group. Statistical analysis was carried out using One-way ANOVA analysis of variance followed
by Dunnett’s test (n � 5–7).

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7044813

Liu et al. Dihydroartemisinin Alleviates Psoriasis

43

https://www.thermofisher.com/order/genome-database/details/antibody/45-7311-80?SID=srch-srp-45-7311-80
https://www.thermofisher.com/antibody/product/12-7177-81
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


were activated by 10 μg/ml anti-CD3 (17A2, Biolegend) and 2 μg/ml
anti-CD28 (37.51, Biolegend) for 48 or 96 h with or without
0.5 μg/ml DHA. PMA (50 ng/ml; Sigma-Aldrich) and
ionomycin (500 ng/ml; Sigma-Aldrich) were included in the
culture medium for the last 5 h of incubation.

Histochemical Staining
Tissues were harvested using a disposable, sterile 6 mm punch
biopsy blade (Maruho, Osaka, Japan) and assessed for tissue
damage and the number of infiltrating T cells, DCs, and
macrophages. Four-micrometer sections were stained using
haematoxylin and eosin (H&E) to identify histologic changes
of dermal tissues. To identify keratinocyte proliferation, rabbit
anti-mouse Ki67 mAb (D3B5) were, respectively, used on
paraffin-embedded sections by immunohistochemical (IHC)
staining.

All cells were counted from the infection site in five serial skin
sections. The numbers of infiltration cells were averaged in more

than five power microscopic fields (HPFs, 0.07 mm2). Each
section was examined independently by three investigators in
a blinded fashion, and the meaning was used for analysis.

Reverse Transcription Polymerase Chain
Reaction
The total RNA was extracted from skin lesions and HaCaT cells
using RNeasyMini Kit (Qiagen, Hilden, Germany). Isolated RNA
was reverse-transcribed to cDNA by using the M-MLV Reverse
transcriptase system (Promega). cDNA was amplified with the
ExTaq enzyme system. The sequences of primers were as follows:
IFN-γ F: 5′-CGGCACAGTCATTGAAAGCCTA-3′, R: 5′-GTT
GCTGATGGCCTGGATTGTC-3′; IL-4 F: 5′-ACGGAGATG
GATGTGCCAAAC-3′, R: 5′-AGCACCTTGGAAGCCCTA
CAGA-3′; IL-6 F: 5′-CCACTTCACAAGTCGGAGGCTTA-3′,
R: 5′-TGCAAGTGCATCATCGTTGTTC-3′; IL-10 F: 5′-GCC
AGAGCCACATGCTCCTA-3′, R: 5′-GATAAGGCTTGGCAA

FIGURE 2 | DHA treatment attenuated psoriasis severity. (A) These selected mice were classified into four groups as described above, clinical indicators scales,
erythema, and skin thickness for PASI clinical evaluation to assess the severity of psoriasis and the efficacy of DHA (*p < 0.05, NS. Not significant). (B) Representative
macroscopic skin lesion symptoms in each group. (C) H&E staining was performed to observe the pathological changes in mice’s skin. Original magnifications, top ×40;
bottom × 200. (D) Epidermal thickness was measured after DHA treatment in the psoriasis model (***p < 0.001). (E) Keratinocyte proliferation was analyzed by
detecting the expression of Ki67. Original magnifications, ×400. Statistical analysis was carried out using One-way ANOVA analysis of variance followed by Dunnett’s test
(n � 5–7).
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CCCAAGTAA-3′; IL-17A F: 5′-GAAGGCCCTCAGACTACC
TCAA-3′, R: 5′-TCATGTGGTGGTCCAGCTTTC-3′; IL22 F:
5′-CCTTCCCCAGTCACCAGTTG-3′, R: 5′-CTCCACTCT
CTCCAAGCTTTT-3′; IL23R F: 5′-GCTCTGAAGTGGAAT
TATGTGC-3′, R: 5′-CTTCTTCTGTCTCTAAACTCTTCAC-
3′; IL-23 F: 5′-GACTCAGCCAACTCCTCCAGCCAG-3′, R:
5′-TTGGCACTAAGGGCTCAGTCAGA-3′; Retinoid-related
orphan receptor-gammat (ROR-γt) F: 5′-A-GCTAGGTGC
AGAGCTTCAG-3′, R: 5′-ATTTGTGTTCTCATGACTGAG
CC-3′; β-actin F: 5′-AGGTCATCACTATTGGCAACGA-3′, R:
5′-CACTTCATGATGGAATTGAATGTAGTT-3′. The relative
expression levels of genes were compared with β-actin.

Western Blotting Assays
30 mg spleen tissue was minced and homogenated, and the
proteins were treated and then incubated with primary
antibodies against mouse STAT3 and phosphorylation of
STAT3 Ab (Cell Signaling Technology) at 4°C overnight,
followed by incubation with fluorescent secondary antibodies.
Finally, the membranes were scanned using a Bio-Rad Gel

imaging system (Bio-Rad, United States) after visualization
treatment using the ECL reagent. Protein expressions were
analyzed with ImageJ software.

Enzyme-Linked Immunosorbent Assay
(ELISA)
50 mg depilated back skin was homogenated in PBS and 5%
FBS medium, and the supernatant was obtained by
centrifugation at 5000 rpm for 15 min. IL-1β, IL-6, IL-18,
and Chemokine (C-X-C motif) Ligand 1 Protein (CXCL-1)
in the supernatant were determined by an ELISA kit
(Mbbiology biological, China).

IL-17 secretion from purified CD4+T cells in the culture
supernatant fluid was determined by ELISA kits (Mbbiology
biological, China).

Statistical Analysis
All data were analyzed with GraphPad Prism 9.0 (GraphPad
Software, La Jolla, United States) and exhibited as the means ± SD

FIGURE 3 | DHA treatment decreased immune cells infiltration into skins. (A–C) Percentages of T cells, macrophages, and DCs among total live cells were
determined by flow cytometry (T cells, *p � 0.0328, **p � 0.0074, ***p < 0.001; macrophages cells, *p < 0.05; DCs, *p � 0.0141, **p � 0.0097, ***p < 0.001). Statistical
analysis was carried out using One-way ANOVA analysis of variance followed by Dunnett’s test (n � 4–6).
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(n ≥ 4 mice/group). The significance of differences was
determined using the Student’s t test and one-way ANOVA
analysis of variance followed by Dunnett’s test.

RESULTS

Dihydroartemisinin Inhibited the
Proliferation and Affected the Expression of
Cytokines in Human Keratinocyte Cells
First, we clarified the inhibitory effect of DHA on
keratinocytes and cytokines associated with inflammation.
The effects of DHA on the proliferation of HaCaT cells and
HSF cells were initially detected. MTT results showed that
DHA inhibited the proliferation of HaCaT cells (p < 0.05); the
IC50 values of 24 and 48 h were, respectively, 32.51 μg/ml and
8.23 μg/ml. Moreover, DHA did not affect the proliferation of
human skin fibroblasts HSF cells (Figures 1A,B). The
psoriatic condition of HaCaT cells is mainly induced by
the TNF-α/IFN-γ-stimuli. The results showed that mRNA
expression of IFN-γ, IL-17A, and IL-23 was significantly
decreased, while IL-4 and IL-10 were accelerated in the
DHA-treated group. In contrast, DHA treatment did not
change IL-6 mRNA expression levels (Figure 1C). Thus,
DHA adjusted inflammation-related cytokines expression
in HaCaT cells.

Dihydroartemisinin Ameliorated
Psoriasis-like Skin Lesions
To investigate the therapeutic effect of DHA in vivo, IMQ-
induced psoriasis-like models were established. The symptoms
of erythema, scales, and skin thickness were evidently mitigated
in DHA-treated mice (Figures 2A,B). Histopathological analysis
revealed that keratinization, the protrusion of the epidermis, the
dilatation and congestion of capillaries, and cellular infiltration
were markedly enhanced in psoriasis mice compared with wild-
type mice. When compared with IMQ mice, mice receiving
treatment with DHA showed marked recovery pathological
changes (Figures 2C,D). Moreover, the proliferation of
keratinocytes was monitored by IHC staining. As shown in
Figure 2E, DHA treatment significantly reduced Ki67 positive
cells compared with that in IMQ mice epidermis. Overall, these
data suggested that DHA suppresses augmented psoriasis-like
skin reactions.

Dihydroartemisinin Treatment Resulted in
Decreased Accumulation of Immune Cells
in Skin Lesions
Consistent with the report (Van der Fits et al., 2009), in the
H&E sections of IMQ-treated back skin, abundant infiltrates of
mononuclear cells were observed. In order to further confirm
that DHA treatment can inhibit the infiltration of
inflammatory cells, flow cytometry was applied. DHA-

FIGURE 4 | DHA affected cytokines expression in psoriasis mice skin lesions. (A) IFN-γ, IL-17A, IL-22 and IL-23 mRNA levels in skin sections (30 mg) were
analyzed by RT-PCR (IFN-γ, ***p < 0.001; IL-17A, ***p < 0.001; IL-22, ***p < 0.001; IL-23, *p � 0.017, **p � 0.0010). (B) IL-6, IL-18, IL-1β and CXCL-1 secretion in the
supernatant from skins (50 mg) were measured by ELISA (IL-6, *p � 0.011, **p � 0.0056; IL-18, **p < 0.01; IL-1β, *p � 0.0295, **p < 0.01; CXCL-1, ***p < 0.001).
Statistical analysis was carried out using One-way ANOVA analysis of variance followed by Dunnett’s test (n � 4–6).
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treated mice exhibited a significant decrease in T cells,
macrophages, and DCs infiltration in skins compared to
IMQ mice (Figure 3). The histopathological analysis also
revealed that the degree of edema and cellular infiltration
was markedly improved in DHA-treated mice compared
with IMQ administration mice (Supplementary Figure 1).
These results showed that DHA administration results in
effects on the composition of the inflammatory cell.

Dihydroartemisinin Treatment Normalized
Levels of Interleukin-23/T Help 17 Cells
Axis-Related Cytokines and
Inflammation-Related Cytokines and
Chemokines in Skins
The critical role of the IL-23/Th17 axis in the development of
psoriasis has been demonstrated. To further explore the effect of
DHA on the IL-23/Th17 axis, we first determined mRNA
expression levels of cytokines in each group. mRNA
expression of IFN-γ was significantly decreased in the DHA
administration group compared with the IMQ group.
Likewise, IL-23/Th17 axis-related cytokines IL-17A, IL-22, and
IL-23 were dramatically dropped in the DHA-treated groups
(Figure 4A). Furthermore, we assessed expressions of
inflammation-related cytokines and chemokines such as IL-1β,
IL-6, IL-18, and CXCL-1 in skin tissues 6 days after DHA
treatment, and the results showed that DHA significantly
decreased expression of them (Figure 4B). Thus, DHA
inhibited the expression of cytokines and chemokines in
psoriasis-like skin damage.

Dihydroartemisinin Treatment Affected the
Immune Cellular Composition in Spleens
The observed trends in spleens were also verified by flow
cytometry. When compared with the control group, the
frequency of DCs and macrophages was higher in the IMQ
group. DHA treatment distinctly decreased the frequency of
DCs and macrophages with a dose-dependent effect
(Figure 5A). As shown in Figure 5B, the CD4+/CD8+T cells
ratio was significantly reversed in the IMQ mice, which was
recovered after DHA treatment. Furthermore, the percentage of
IFN-γ+CD8+T cells significantly decreased in high-dose DHA-
treated mice than that of IMQmice (Figure 5C). Therefore, DHA
treatment decreased inflammatory infiltration in the spleen of
psoriasis mice.

Dihydroartemisinin Relieved Psoriasis-like
Inflammation Dependent on Interleukin-23/
T Help 17 cells Axis
It has been confirmed that DHA regulated Th17 cells generation to
prevent the onset of EAE (Zhang et al., 2016). To evaluate whether
DHA treatment influences the Th17 cells in psoriasis, the
percentage of Th17 cells and expression of differentiation-
related transcription factors were detected. Indeed, DHA

treatment significantly reduced the frequency of IL-
17+CD4+T cells (Figure 6A). To evaluate Th17 cytokine
production in spleens, CD4+T cells were stimulated with anti-
CD3 and anti-CD28 for 48 or 96 h in vitro, and the expression of
IL-17 was performed. IL-17 production from Th17 cells was
significantly inhibited by DHA treatment after 96 h.
Additionally, ROR-γt, the Th17 cell-specific nuclear
transcription factor, was also reduced after DHA treatment
(Figures 6B,C). Furthermore, DHA also inhibited the mRNA
expression of the IL-23 receptor compared with the IMQ group.
(Figure 6D). STAT3 has emerged as an important transcription
factor of keratinocytes to regulate cytokine expression and Th17
cell differentiation. Phosphorylation of STAT3 was significantly
decreased after DHA administration (Figure 6E). These results
showed that DHA affects the IL-23/Th17 axis composed of IL-23,
IL-17, STAT3, and Th17 cells. Moreover, as shown in Figure 6F,
the number of IFN-γ+CD4+T cells dropped after DHA treatment,
indicating that Th1 cells were also affected byDHA, suggesting that
the process of DHA alleviating psoriasis likely counted on Th1/
Th17 polarization, which could turn into the subsequent target.

FIGURE 5 | DHA treatment altered immune cellular composition in
spleens. (A) The frequencies of DCs, and the frequencies of macrophages. (B)
Ratio of CD4+/CD8+ T cells was analyzed by flow cytometry. (C) Splenocytes
were stimulated by PMA and ionomycin for 4 h in the presence of
brefeldin A, then frequency of IFN-γ+CD8+T cells was determined by flow
cytometry (DCs, **p � 0.0027, ***p < 0.001; macrophages, **p � 0.0011; Ratio
of CD4+/CD8+ T cells, *p � 0.0117, **p < 0.01; IFN-γ+CD8+T cells,
**p � 0.0056, ***p < 0.001). Statistical analysis was carried out using One-way
ANOVA analysis of variance followed by Dunnett’s test (n � 4–6).
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DISCUSSION

In this study, we demonstrated that DHA treatment significantly
inhibited the proliferation and cytokines expression of
HaCaT cells. Moreover, DHA treatment significantly reduced
psoriasis severity as determined by both skin score and
histopathology. DHA restored IL-23/Th17 axis-related
cytokine and chemokine expression and recovered polarization

of Th17 cells. Therefore, the study demonstrated that DHA
suppresses psoriasis-like skin lesions by regulating IL-23/
Th17 axis.

The IL-23/Th17 axis is considered to play a major role in
psoriasis (Gauld et al., 2019). Activated DCs andmacrophages are
the main source of IL-23 in psoriasis (Singh et al., 2016; Huang
et al., 2018). Injection of IL-23 into the skin can induce dermal
acanthosis, neutrophil aggregation, and infiltration of IL-

FIGURE 6 | DHA restrained psoriasis dependent on IL-23/Th17 axis. (A) The frequency of IL-17+CD4+T cells was analyzed by flow cytometry (*p < 0.05). (B,C)
Splenic single cell suspensions were stimulated as described in the Materials and Methods. (B) The concentration of IL-17 from purified CD4+ T cells in the culture
supernatant was measured by ELISA. Statistical analysis was carried out using unpaired t-test (*p � 0.0304, NS. Not significant, n � 5–6). (C) ROR-γt mRNA level from
Th17 cells was detected by RT-PCR (*p � 0.0448, **p � 0.0038). (D) IL-23R mRNA levels in skin sections (30 mg) were analyzed by RT-PCR (**p � 0.0026,
***p < 0.001). (E) STAT3 phosphorylation in splenocytes from control, IMQ-, and DHA-treated mice was assessed by western blotting (*p � 0.0396, ***p < 0.001). (F)
IFN-γ production by CD4+T cells from spleens was measured by flow cytometric analysis (***p < 0.001). Statistical analysis was carried out using One-way ANOVA
analysis of variance followed by Dunnett’s test (A, C–F; n � 4–6).
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17+T cells. Moreover, IL-23 inhibitors can significantly reduce the
expression of IL-17 and IL-22 in psoriatic lesions (Krueger et al.,
2016; Puig, 2017). In this article, we show that DCS and
macrophages were largely relieved after DHA treatment in
skin lesions (Figure 3). In the meantime, treatment with DHA
also markedly decreased DCs and macrophages infiltration in the
spleen (Figure 5). Thus, DHA affects DCs and macrophages
activation in psoriasis, and DCs were the main source of myeloid
cell-derived IL-23.

IL-23 can induce the expression of IL-17 and assist the
proliferation and survival of differentiated Th17 cells. In the
absence of the IL-23 signaling pathway, Th17 cells stagnated in
the early activation stage and could not regulate the encephalitis-
inducing effect of EAE (Zheng et al., 2007). About 1/3 of patients
with psoriasis develop psoriatic arthritis, while the number of Th17
cells in synovial fluid and synovial tissue is significantly increased,
and the expression of IL-17 is also significantly increased, which
demonstrates that there is a significant correlation between the level
of IL-17 and joint injury. Multiple studies have demonstrated an
increased expression of IL-17A and IL-17F in psoriatic skin in
contrast to the nonlesion psoriatic skin, and the upregulation of
IL-17A illustrated a positive association with disease severity (Lowes
et al., 2008; Johansen et al., 2009). IL-17A gene could induce the
proliferation of IL-17RA+CD11b+Gr1low osteoclast precursors, and
the biomarkers of bone resorption also increased by transferring the
IL-17A gene into the CIAmodel, which indicated that IL-17A could
induce pathological bone resorption (a crux feature of psoriatic
arthritis) through direct activation of osteoclast precursors
(Marinoni et al., 2014; Adamopoulos et al., 2015; Sakkas and
Bogdanos, 2017). Vitamin D has been applied in the treatment of
moderately severe psoriasis because DCs treated with vitamin D
have lower expression of MHC-II and costimulatory molecules
CD80, CD86, and CD40L, which can reduce the production of
IL-12 while secreting IL-10 and ultimately inhibit the proliferation of
T cells and the secretion of IFN-γ and IL-17 (Hau et al., 2018).

DHA is the main active metabolite of artemisinin, which can
significantly inhibit the release of proinflammatory cytokines (IL-6,
IL-1β, IL-10, TNF-α, and so on) and affect T cell differentiation,
which has a favorable application prospect in anti-inflammation
(Yan et al., 2019), anticancer (Dong et al., 2019), and so on
(Jagannathan et al., 2016). The natural plant antimicrobial
solution could significantly reduce the gene expression and
inflammatory cytokines production of macrophage-derived
chemokine (MDC), IL-8, and IL-6 in TNF-α/IFN-γ-induced
HaCaT cells (Dou et al., 2017). Artemisinin can improve the
symptoms of experimental autoimmune myasthenia gravis by
regulating the balance of Th1/Th17 and influencing the
function of Treg (Chen et al., 2018). DHA can similarly inhibit
the secretion of TNF-α in BXSBmice and improve the pathological
damage of lupus nephritis (Li et al., 2006). DHA treatment was
shown to induce a decrease in IL-23, IFN-γ, and IL-17 production
in vitro and in vivo (Figures 1, 4). Moreover, increased CD3+T cells
and IFN-γ+CD8+T cells population in control groups were
inhibited by DHA treatment (Figures 3, 5).

During the differentiation of Th17 cells, the signal of cytokines
is transduced through STAT3, thus initiating the specific
transcription program of Th17 cells. STAT3 can directly bind

to IL-17A and IL-21 loci and regulate the expression of ROR-γt
and IL-23R. Studies have confirmed that heterozygous STAT3
genemutation can reduce the utilization rate of functional STAT3
dimer by 25% and consequently reduce the expression of ROR-γt
by four times. The latter is a specific nuclear transcription
factor necessary for Th17 cell differentiation. ROR-γt−/− mice
do not have Th17 cells, so leading to the immune diseases
abatement (Ivanov et al., 2006; Yang et al., 2015). In the
current study, the expression of phosphorylation of STAT3
was significantly inhibited by DHA administration, paralleled
by a significant decrease in the expression of ROR-γt and IL-17
production from Th17 cells (Figure 6). Moreover, the IL-
17+CD4+T cells population in psoriasis groups was
significantly inhibited by DHA administration (Figure 6).
Thus, our data showed that DHA effectively attenuates
psoriasis-like skin lesions. DHA may partially regulate the
IL-23/Th17 axis and polarization of Th17 cells in the psoriasis-
like model. Consequently, DHA is expected to become a drug
for the treatment of psoriasis in humans.
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Integrated Proteomics and
Metabolomics Link Acne to the Action
Mechanisms of Cryptotanshinone
Intervention
Zhaoming Zhu1, Tingting Chen1, Zhuxian Wang1, Yaqi Xue1, Wenfeng Wu1, Yuan Wang1,
Qunqun Du1, Yufan Wu1, Quanfu Zeng1, Cuiping Jiang1, Chunyan Shen1, Li Liu1,
Hongxia Zhu2* and Qiang Liu1*

1School of Traditional Chinese Medicine, Southern Medical University, Guangzhou, China, 2Integrated Hospital of Traditional
Chinese Medicine, Southern Medical University, Guangzhou, China

The label-freemethods of proteomic combinedwithmetabolomics were applied to explore
the mechanisms of Cryptotanshinone (CPT) intervention in rats with acne. The model
group consisted of rats given oleic acid (MC), then treated with CPT, while control groups
did not receive treatment. The skin samples were significantly different between control,
model and CPT-treated groups in hierarchical clustering dendrogram. Obvious
separations of the skin metabolic profiles from the three groups were found through
PCA scoring. In total, 231 and 189 differentially expressed proteins (DEPs) were identified
in MC and CPT groups, respectively. By the KEGG analysis, five protein and metabolite
pathways were found to be significantly altered. These played important roles in response
to oleic acid-induced acne and drug treatment. CPT could negatively regulate glycolysis/
gluconeogenesis and histidine metabolisms to decrease keratinocyte differentiation and
improve excessive keratinization and cellular barrier function. CPT could down-regulate the
IL-17 signaling pathway and regulate the acne-driven immune response of sebum cells.
The biosynthesis of unsaturated fatty acids metabolism, glycerophospholipid metabolism
and linoleic acid pathways could significantly alter sebum production and control
sebaceous gland secretion after CPT treatment. The gap junction was up-regulated
after CPT treatment and the skin barrier turned back to normal. Krt 14, Krt 16 and Krt 17
were significantly down-regulated, decreasing keratinization, while inflammatory cell
infiltration was improved by down-regulation of Msn, up-regulation of linoleic acid and
estrogen pathways after CPT treatment. These results propose action mechanisms for the
use of CPT in acne, as a safe and potential new drug.

Keywords: Cryptotanshinone1, Acne2, label-free Proteomic3, metabolomics4, action mechanisms5

INTRODUCTION

Acne vulgaris has become one of the most common skin diseases (Oules et al., 2020) since more than
85% of teenagers and young adults have been affected worldwide (Kang et al., 2015). Acne vulgaris is
considered a chronic skin inflammation caused by pilosebaceous (Saurat, 2015), and sebaceous
glands (SG) abnormally increased in the hair follicles (HF) (Li Z. et al., 2021). Although the
pathogenesis of acne remains unclear, four major factors are involved, namely: excessive sebum
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growth, excessive hair follicle keratinization, skin bacteria
colonization and skin inflammation (O’Neill and Gallo, 2018;
Harper, 2020).

Although oral isotretinoin is an effective therapy, its use is
limited by adverse effects (Markovics et al., 2019). Thus, more
research is needed to find new, safe and effective therapeutic
drugs with few side effects (Williams et al., 2012).
Cryptotanshinone (CPT), a major lipophilic compound
extracted from Salvia miltiorrhiza demonstrated various
pharmacological effects, including anti-tumor (Li H. et al.,
2021), anti-inflammatory (Tang et al., 2018), anti-bacterial,
anti-proliferation (Ashrafizadeh et al., 2021), anti-androgen
(Xu et al., 2012), pulmonary fibrosis protection, cardio
protection, anti-metabolic disorders, anti-angiogenic (Maione
et al., 2018) and liver protection (Nagappan et al., 2020). In
addition, it is often used to treat multiple chronic diseases,
including angiocardiopathy, hyperlipidemia, acne vulgaris and
chronic renal failure, with few side effects (Rahman et al., 2016;
Zhang et al., 2019). Previous research has improved CPT dosage
forms to strengthen its anti-acne activity (Yu et al., 2016; Zuo
et al., 2016;Wang et al., 2020), leading to the development of CPT
cerasomes, CPT ethosomes and 3D-Printed CPT niosomal
hydrogel. Our group has made contributions to these studies
(Ruan et al., 2020). However, the underlying mechanisms of the
anti-acne effects of CPT have not been studied yet.

As a high-throughput technology, omics technique has been
widely used in drug discovery (Tricarico et al., 2019; Worheide
et al., 2021). Indeed, high-throughput omics techniques are being
used to screen and identify specificmolecular biomarkers for CPT
in acne. Proteomics can discover biomarkers to illuminate the
underlying mechanisms and reveal novel diagnostic and
therapeutic targets by investigating the profile of protein
alterations (Nesvizhskii, 2014). We have previously used
proteomics to elucidated the potential mechanisms of Licorice
flavonoid in acne (Ruan et al., 2020). Quanico J et al. have studied
the response pathways and pathophysiological differences for
microcysts and papule lesions of acne using proteomic and
transcriptomic techniques (Quanico et al., 2017). These results
have contributed to identifying targeted therapy for acne vulgaris.
However, the pathogenesis of acne is very complex and, in
addition to inflammation, there should be other mechanisms
such as bacteria, sebum and androgens. Nevertheless these issues
have not been elucidated yet, while the development of anti-acne
drugs based on proteomics is still a rare practice.

Our study was designed to find underlying molecular
mechanisms of CPT treatment in a rat acne model through
the use of label-free quantitative proteomics and
metabolomics. Indeed, metabolomic can complement the
proteomic analysis and represent disease phenotype (Gertsman
and Barshop, 2018). Metabolomics can therefore be used
effectively in diagnosing and identifying therapeutic targets of
diseases and investigating the mechanisms of biological processes
(Patti et al., 2012). Metabolites can be regulated by proteins,
while, protein expression may also be influenced by metabolites
(Ma et al., 2020). The functional interpretation of proteomics by
metabolomics facilitates the comprehension of the investigated
biological phenomenon (Gui et al., 2018). Proteomics mainly

determines biological functions and regulatory mechanisms,
while metabolites are the main source of substances and the
basis of phenotypes. Proteomics studies can only explain the
function and mechanism, but lack a direct description of
phenotype (Monti et al., 2019). In this study, we compared the
differential protein expression between rats with acne and rats
with acne treated with CPT, and used the KEGG pathway
enrichment analysis to assess the differential metabolic
pathways between the two groups. Finally, we tried to explain
the differential pathways with metabolomics analysis to illustrate
the mechanism for CPT intervention in acne.

MATERIALS AND METHODS

Materials
Cryptotanshinone (Lot number 17071601, purity ≥98%, high-
performance liquid chromatography; HPLC; Baoji Herbest Bio-
Tech Co., Ltd., Baoji, China), carbomer 940 (Macklin
Biochemical Co., Ltd., Shanghai, China), glycerin (Aladdin
Chemical Reagent Co., Ltd., Shanghai, China), pentobarbital
(Sigma, United States), oleic acid (Macklin Biochemical Co.,
Ltd., Shanghai, China), other chemical substances were
analytically pure (AR).

Preparation of CPT Gel
The CPT was dissolved with anhydrous ethanol (sonication for
1 min) and was filtered with 0.22 μm filters. Then, we took 3 g of
carbomer 940, dissolved in 100 ml pure water for 24 h. Next, 3 g
glycerol and CPT were dissolved in ethanol. Followed by addition
of triethanolamine. The CPT gel was an orange transparent semi-
solid preparation with a final CPT concentration of 2.2 mg/g.

Acne Model and CPT Treatment
Adult male SD (Sprague-Dawley) rats (weight: 200 ± 20 g) were
acquired from the Experimental Animal Center of the Southern
Medical University (SMU). After a 1-week adaptation, rats were
randomly separated into three groups: Blank control group (BC),
Model group (MC) and CPT treatment group (CPT) with eight
rats per group. Three percent sodium pentobarbital was used to
anesthetize the rats. The back hair of the rats was removed for
further study. Then, 0.5 ml of 80% oleic acid was evenly smeared
on the back skin of each rat, for 14 days once per day, except for
the BC group (Zuo et al., 2016). CPT gels were then applied to the
back skin of CPT rats once per day for 1 week. The procedures of
this research were in accordance to the Guide for the Care and
Use of Laboratory Animals (Worlein et al., 2011) (eighth
versions, revised in 2011), which was approved by the
Laboratory Animal Ethics Committee of SMU.

Histopathological Examination
Rat dorsal skin tissues were fixed and stored in a 10%
formaldehyde solution. Then the skin tissues were dehydrated
in a gradient of 80–100% alcohol. Then the tissues were
embedded with paraffin. The paraffin blocks were cut into
3–5 μm thickness sections. Next Hematoxylin-eosin (HE,
Sigma) was used for the section dyeing. Histopathological
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sectionswere analyzed by an opticalmicroscope (magnifications×200
and ×100: type BX53, Olympus; magnifications ×40: type Eclipse
E100, Nikon). The pathophysiology of acne was judged based on a
previous reference (Gollnick and Dreno, 2015).

Lesions Analysis
The stratum corneum (SC) thickness and the long diameter and
short diameter of sebaceous glands (SG) of the rat skin were
measured with Olympus cellSens software in histopathological
sections magnified 200 times. (Li et al., 2018).

Cytokine Levels
The serum samples from rats were tested by the ELISA kits of rat
of IL-6, IL-8, TNF-α and IL-1β. According to the instructions of
these kits, the OD values of IL-6, IL-8, TNF-α and IL-1β were
detected at specific wavelengths, and their contents were
calculated by graphpad 8.02 software (Han et al., 2018).

Proteomics Analysis
Protein Extraction
The skin tissues were lysed and proteins were extracted with SDT
buffer (4% SDS, 1 mM DTT, 100 mM Tris-HCl, pH � 7.6). The
protein content was quantitatively analyzed by a protein-
detection kit (Bio-Rad, United States). Protein digestion with
trypsin was performed through the filter-aided sample
preparation (FASP) procedure from Matthias Mann
(Wisniewski et al., 2009). The digested peptides of every skin
were desalination processing with a C18 solid phase extraction
column (Empore™ SPE, 7 mm × 3 ml, Sigma). Then, the
concentration under vacuum centrifugation and reconstitution
was performed with 40 µL of 0.1% formic acid.

FASP Digestion Procedure of Skin Tissues
A total of 200 μg of proteins for each skin tissue were mixed with
30 μL of 4% SDS, 100 mMDTT, 150 mMTris-HCl, pH � 8.0. The
eluent was removed. Next, DTT and small molecule components
were filtered out with a UA of 8 M Urea in 150 mM Tris-HCl, pH
8.0. Then, 100 μL of iodoacetamide in UA with 100 mM IAA was
added, and the skin tissues were incubated in the dark for 30 min.
Filters were washed three times with 100 μL of UA, and 100 μL of
25 mM NH4HCO3. The buffer was used to digest 4 μg of trypsin
in 40 μL of 25 mM NH4HCO3 for 18 h, at 37°C, then the
dissolved peptides were collected. The digested peptides were
subjected to desalination processing with a C18 solid phase
extraction column (Empore™ SPE, 7 mm × 3 ml, Sigma).
Then, the concentration under vacuum centrifugation and
reconstitution was performed with 40 µL of 0.1% formic acid.
The peptides were detected with a UV light spectral (280 nm).

Quantitative Proteomic Analysis
Skin samples were analyzed by LC-MS/MS on a Q Exactive mass
spectrometer (Thermo Scientific). The peptides were loaded onto
a nano Viper C18-reversed phase trap column (Thermo Scientific
Acclaim PepMap100, 100 μm × 2 cm), then they were connected
to a C18-reversed phase analytical column (Thermo Scientific
Easy Column, 75 μm × 10 cm, 3 μm resin). Next, 0.1%-Formic
acid (A phase) and B phase (84%-acetonitrile: 0.1%-Formic acid)

were used for gradient elution. The flow rate was set at 300 nL/
min. Samples were analyzed with the positive ion mode. MS data
were acquired from the 300 m/z to 1800 m/z dynamic survey scan
mode to choose the most abundant precursor ions for higher
energy collisional dissociation fragmentation. Automatic gain
control target was set to 3×106, and maximum injection time
was 10 ms. Dynamic exclusion duration was 40.0 s. Survey scans
were acquired at a resolution of 70,000 atm/z 200. The resolution
for higher energy collisional spectra was set to 17,500 atm/z 200.
The isolation width was set at 2 m/z. Normalized collision energy
was 30 eV. The under fill ratio was 0.1%. The samples were
analyzed in peptide recognition mode.

Identification and Quantitation of Proteins
The raw data for each sample were combined and searched using
the Max Quant 1.5.3.17 software. The parameters were set as
follows: enzyme choosing trypsin; max missed cleavages setting
two; fixed and variable modifications respectively being
carbamidomethyl (C) and oxidation (M); main and first search
respectively being 6 and 20 ppm; MS/MS Tolerance: 20 ppm;
database pattern: Reverse; Include contaminants: True; protein
and peptide FDR both being ≤0.01; peptides used for protein
quantification using a razor and unique peptides; time window
being set at 2 min; minimum ratio count of 1. The p-value was
obtained with the t-test. Proteins were significantly changed if
fold changes >2.0, or <0.5, and p < 0 0.05, which were considered
as DEPs. In the same way, the SDEPs were set as fold changes
>2.0, or <0.5, and p < 0.01 (O’Connell et al., 2018). The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository with
the dataset identifier: PXD027219.

Proteomic Bioinformatics Analysis
Cluster analysis of phosphorylated peptides was performed by
Cluster 3.0 and Java Treeview softwares. Z-score (label-free or
metabolism) mode was set as the standard method. The
distance type was set as euclidean, and the clustering
algorithm was set as average. Then, GO annotation of the
differentially expressed proteins (DEPs) was performed with
the software program Blast 2 GO, and the top 20 terms of GO
enrichment results were drawn in a bar graph. The top 20
Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment pathway (p-value < 0.05) terms were searched
in the KEGG database. Parameters were set as follows: graphic
style: bar graph; data type: proteome; screening data:
standardized processing; p-value/FDR: p; p-value threshold:
0.05; legend style: standardized processing. Proteins that met
the fold change (FC) > 2.0, or FC < 0.5, and p < 0.05 were
considered DEPs. Both FC > 2.0 and p < 0.01 values were
considered to be SDEPs (Chen et al., 2020).

Metabolomics Analysis
Chemicals
Ammonium acetate (NHAC), ammonium hydroxide (NH4OH),
ammonium fluoride (NHaF), and formic acid (FA) were obtained
from Sigma Aldrich. Acetonitrile was obtained from Merck.
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Skin Samples Preparation for Metabolomic
The skin tissues were immediately frozen in liquid nitrogen. Then
the samples were cut on 80 mg of dry ice into a 2 ml tube. The
skin tissues with five ceramic beads were homogenized. 1 ml
methanol-acetonitrile aqueous solution (2:2:1, V/V) was added to
the homogenized solution for metabolite extraction. This mixture
was centrifuged for 30 min (14,000 × g, 4°C), twice, and placed at
−20°C for 1 h to precipitate the proteins. The samples were
filtered with a filter tube and centrifuged at 4°C for 20 min,
the supernatant was freeze-dried and kept at −80°C. The
prepared samples were dissolved in 100 uL acetonitrile/water
(1:1,v/v) solvent and analyzed by LC-MS(Gao et al., 2021).

Metabolomic Analysis
Metabolomic analysis was performed by a UHPLC (1290 Infinity
LC, Agilent Technologies) coupled to a quadrupole time-of-flight
(AB Sciex Triple TOF 6600) in HILIC separation. The samples
were analyzed with a water column of Ireland (ACOUIY UPLC
BEH, 2.1 mm × 100 mm, 1.7 um). The positive and negative
modes were set. The mobile phase A was 25 mM ammonium
acetate and hydroxide (1:1,v/v) in water, and the mobile phase B
was acetonitrile. The elution gradient was set as follows:
0–0.5 min: 95% B; 0.5–7 min: 95% B- 65% B; 7–7.1 min: from
65% B to 40% B; 7.1–8.1 min: 40% B; 8.1–8.2 min: 40% B-95% B;
8.2–12.2 min: 95% B re-balanced time for employing.

An Ireland water column was used (ACQUIY UPLC HSS T3,
2.1 mm × 100mm, 1.8 um) for sample RPLC separation. In the
positive ion mode, mobile phase A was 0.1%-formic acid aqueous
solution, and phase B was acetonitrile: 0.1% formic acid. In the
negative ionmode,mobile phaseAwas 0.5 mMammonium fluoride
aqueous solution, and phase B was acetonitrile. The elution gradient
was set as follows: 0–1.5 min: 1% B; 1.5–11.5 min: 1% B-99% B;
11.5–15min: 99% B; 15–15.1 min: 1% B; 15.1–18.5 min: 1% B re-
balanced time for employing. The flow rate was set at 0.3 ml/min,
then the temperature of the column was set at 25°C. The injection
volume of every sample was 2 μL. The sample was placed at a 4°C
automatic sampler throughout the analysis process (Yi et al., 2019;
Wang et al., 2021).

A series of parameters were set as follows: Gas1: 60, Gas2: 60,
CUR: 30, source temperature: 600°C, ISVF: ±5500 V (positive and
negative). For single MS acquisition, the m/z range of the
instrument was set as 60–1000 Da, and the scanning
cumulative time of TOF MS was set as 0.20 s/spectra. For
automatic MS/MS acquisition, the m/z range of the
instrument was set as 25–1000 Da, and the scanning
cumulative time of the product ions was set as 0.05 s/spectra.
The information-dependent acquisition tech was applied in the
product ion scan, and the mode was set as high sensitivity. The
parameters were set as follows: collision energy: 35 V with
±15 eV; declustering potential: ± 60 V; exclude isotopes:
≤ 4 Da, and the candidate ion to be monitored for each period
was set to 6.

Data Processing
The raw MS data were converted to MzXML files with Proteo
Wizard MS Convert before importing into freely available
XCMS software. Compound identification of metabolites was

performed by comparing the accuracy m/z value (<10 ppm),
and MS/MS spectra with an in-house database established with
available authentic standards. Principle component analysis
(PCA) was performed with SIMCA (Version 14.1) using
quantitative data.

KEGG Pathway Analysis
The DEMs were searched and the KEGG enrichment pathways
were obtained with the online KEGG database (http://
geneontology.org/). The annotation and enrichment results of
KEGG were used in R 3.5.1 version. Next, the Venn diagram and
bar plot were drawn.

Statistical Analysis
The p-values of proteins and metabolites were obtained with the
t-test. Significantly changed proteins (fold changes >2.0, or <0.5,
and p < 0 0.05) were considered DEPs. In the same way, SDEPs
had fold changes >2.0, or <0.5, and p < 0.01 (O’Connell et al.,
2018). Significantly altered metabolites (VIP value >1.0, and
p < 0.05) were considered DEMs. In the same way, SDEMs
had VIP value >1.0, and p < 0.01 (O’Connell et al., 2018). All data
are presented as mean ± SD. One-way analysis of variance
(ANOVA) was used to analyze the data between BC, MC and
CPT groups. GraphPad Prism software (version 8.02) was used to
perform this statistical analysis. Differences were considered to be
statistically significant when p < 0.05.

RESULTS

Histopathological Examination
Histopathological examination of the skin tissues is shown in
Figure 1. The epidermal squamous epithelium layer was
significantly thickened, and the epithelial cells in the funnel-
shaped part of the hair follicle were increased. Follicle pores were
blocked due to excessive keratinization of the hair follicle and we
observed dermis hyperemia, neutrophilic cell infiltration, and
enlarged sebaceous glands in the model control (MC) group
(Figure 1 MC) compared with the blank control (BC) group
(Figure1 BC). MC rats were treated with CPT (Figure1CPT) and
showed skin tissue similar to the BC group (Figure1 BC) with
reduced keratinization. The inflammatory cells were decreased,
and the sebaceous glands were normal (Figure1 CPT).

CPT Improved Acne
Compared with the BC group, in the model group, the SC
thickness of rat skin was significantly increased. Compared
with the MC group, after CPT treatment, the SC thickness of
rat skin was significantly reduced. The diameter of SG in the
model group was significantly increased, while that in the CPT
group was significantly decreased (Figure 2A).

The serum contents of IL-6, IL-8, TNF-α and IL-1β were
significantly higher in the MC group (p < 0.05), whereas the
contents were significantly lower in the CPT group (p < 0.05). The
results showed that the highly expressed cytokine levels in model
group rats could be reduced by CPT, thus inhibiting the
inflammation of the acne rats (Figure 2B).
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Analysis of Differentially Expressed
Proteins (DEPs) and Significantly
Differential Proteins (SDEPs)
Altogether, 3,127 proteins and 25,216 peptides were identified,
and 2,869 proteins were quantitatively analyzed (Supplementary
Tables 1,2). A total of 231 DEPs (fold change >2, or <0.5, and
p < 0.05) and 89 SDEPs (fold change >2, or <0.5, and p < 0.01)
(Yan et al., 2020), were identified of which 214 DEPs (82 SDEPs)
in MC were up-regulated and 17 DEPs (7 SDEPs) were down-
regulated compared to BC (Supplementary Table 3). A total of
189 DEPs and 103 SDEPs were changed in MC and CPT groups,
respectively. A total of 189 DEPs, 72 DEPs (36 SDEPs) were up-
regulated and 117 DEPs (67 SDEPs) were down-regulated in MC
and CPT group, respectively (Supplementary Table 4). The
DEPs were presented by a cluster heat map. Interestingly, the
hierarchical clustering figure showed that the skin proteins in the

MC group were significantly separated from those in the BC
group and the CPT treatment group, and that the CPT group was
significantly closer to the BC group (Figure 3).

GO Enrichment Analysis
The top 20 of GO enrichment analysis are shown in Figure 4. The
result showed that DEPs were significantly enriched in several
biological processes, molecular functions and cellular component
categories (p < 0.05) in CPT compared to those of the MC group.
DEPs from CPT participated in the biological processes of
peptide biosynthesis and metabolic process regulation,
translation regulation, amide biosynthesis process, cellular
amide metabolic process regulation, cytoplasmic translation,
organonitrogen compound biosynthetic process and rRNA
processing (Figure 4). These DEPs were related to the
regulation of molecular functions, such as structural

FIGURE 1 | The skin tissues of CPT treatment in acne (HE, magnification ×200, ×100 and ×40) (A), (B) and (C): magnification ×200 (100 μm) (D) (E) and (F):
magnification ×100 (200 μm) (G), (H) and (I): magnification ×40 (500 μm) (A), (D) and (G): BC (blank control) group; (B), (E) and (H): MC (model) group; (C), (F) and (I):
CPT (treatment) group; the triangles in MC group represent neutrophilic inflammatory cell infiltration.
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constituent of ribosome, structural molecule activity, rRNA and
RNA binding, heterocyclic compound binding and organic cyclic
compound binding. The main enriched cellular components in
CPT versus model group were the cytosol, cytosolic ribosome,
ribosomal subunit, ribosome, cytosolic small and large ribosomal
subunit. There was a significant difference in GO enrichment
between MC and CPT groups, which was related to acne.

KEGG Pathway Enrichment Analysis
A total of 271 protein pathways were enriched through the KEGG
analysis, of which 28 pathways were changed (p < 0.05) in theMC
and CPT treatment groups (Supplementary Table 5). As shown
in Figure 5, the most enriched pathways in CPT versusMC group
were glycolysis/gluconeogenesis, spinocerebellar ataxia, galactose
metabolism, histidine metabolism, IL-17 signaling pathway,
protein digestion and absorption, estrogen signaling pathway,
thyroid hormone signaling pathway, thyroid hormone synthesis,
arginine and proline metabolism (consisting of 13, 14, 7, 5, 8, 9,
16, 9, 8 and 8 proteins, respectively). Interestingly, the IL-17
signaling pathway, which is closely related to the pathogenesis of
acne (Bernardini et al., 2020), included seven DEPs enriched in
CPT versus the MC group.

Metabolomics Analysis
Principle Component Analysis (PCA) Score of Skin
Samples
The PCA score plots were plotted and the results (Figure 6A and
Figure 6D) showed that the BC, MC and CPT groups were

significantly separated in the positive and negative modes. The
skin samples of each group were closely clustered in the PCA
score plots. The MC group was significantly separated from both
the BC and the CPT groups, and the skin samples in the BC group
were closer to the CPT group. According to the OPLS-DA score
plots in Figure 6B and Figure 6E, the skin metabolic profiles in
the MC and CPT groups were significantly separated. Also, the
PLS-DA plots illustrated clear differentiation in metabolomics
profiles between the MC and CPT groups as showed in Figure 6C
and Figure 6F.

Analysis of Differentially Expressed Metabolites
(DEMs)
The MS/MS total ion chromatography (TIC) and mass
spectrometry (MS/MS) of the metabolites were in the
Supplementary Materials 2, 3. Altogether, 484 metabolites
were identified (Supplementary Table 6). A total of 77
significantly changed metabolites (VIP >1, and p < 0.05,
DEMs) were identified. A total of 55 DEMs were up-regulated
(fold change >0.67) and 22 DEMs were down-regulated (fold
change <0.67) in MC compared to BC (Supplementary Table 7).
A total of 76 DEMs were identified for MC and CPT. Among
these DEMs, 43 metabolites in the CPT group were up-regulated,
whereas 33 metabolites were down-regulated versus the MC
group (Supplementary Table 8).

A total of 58 SDEMs (VIP >1, and p < 0.01) were identified in
MC and CPT groups. Thirty-three metabolites were significantly
increased, while 25 were significantly decreased in the MC and

FIGURE 2 | (A) Bar graph of stratum corneum (SC) thickness and half of long diameter and short diameter of sebaceous glands (SG); original
magnification, ×200 (B) Cytokine levels in serum of IL-6, IL-8, TNF-α and IL-1β in the BC, MC and CPT groups. **, p < 0.01, compared with the BC group; ##,
p < 0.01, compared with the CPT group.
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CPT groups (Supplementary Table 8). The hierarchical
clustering dendrogram indicated that the skin metabolites of
the MC group were significantly separated from both the BC
and CPT groups, whereas the skin metabolites of BC and CPT
groups were clustered together (Figure 7A). Metabolites with
similar abundance were clustered together, representing the
degree of metabolic proximities and the inner relation among
the DEMs (Figure 7B). Besides, a multiple comparisons analysis
was conducted in the three groups. These results indicated that,
compared to the MC group, metabolites of the CPT group were
similar to those of the BC group.

Metabolic Pathway (KEGG) Enrichment
A total of 179 metabolic pathways were enriched by the KEGG
analysis, and 51 of these pathways were significantly changed (p <
0.05) in MC and CPT groups (Supplementary Table 9). The
major metabolites participated in protein digestion and
absorption, biosynthesis of unsaturated fatty acids metabolism,
arginine biosynthesis, glycerophospholipid metabolism, galactose
metabolism, glycine, serine and threonine metabolism, linoleic
acid metabolism, glycolysis/gluconeogenesis, histidine
metabolism and spinocerebellar ataxia. The metabolic

pathways in CPT and MC group were closely related to the
pathogenesis of acne (Figure 8).

Combination of Proteomics and
Metabolomics
Through the KEGG database, a total of 156 shared pathways of
proteins and metabolites are shown in a Venn plot (Figure 9 and
SupplementaryTable 10). Altogether five pathwayswere significantly
altered in both their proteins and metabolites contents and played
important roles in acne rats and CPT-treated rats (Figure 10). These
pathways included galactose metabolism, histidine metabolism,
glycolysis/gluconeogenesis, spinocerebellar ataxia and protein
digestion and absorption. There are regulatory relationships
between these DEPs and DEMs. The regulation networks of
significantly altered metabolic pathways in response to CPT
treatment were assessed (Figure 11). As shown for the glycolysis/
gluconeogenesis pathway and galactose metabolism, CPT regulated
DEPs such as hexokinase 2(Hk2), enolase 1 (Eno1), dihydrolipoamide
dehydrogenase (Dld), phosphofructokinase, platelet (Pfkp),
phosphoglycerate mutase 1 (Pgam1), aldehyde dehydrogenase 3
family, member A2 (Aldh3a2) and aldo-keto reductase family 1,

FIGURE 3 | Hierarchical clustering heat map of DEPs of the skin. Changed proteins (right side) and the samples in different groups (bottom). The color from red to
blue shows the relative intensity of the DEPs.
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member B8 (Akr1b8), and DEMs such as Phosphoenolpyruvate
(PEP), Dihydroxyacetone phosphate, DL-lactate, α-D-Glucose,
Glycerate-2P, sucrose, Myo-Inositol, D-Mannose, α-D-Galactose1-
phosphate, Galactinol and Stachyose. CPT also regulated DEPs
relevant for histidine metabolism such as histidine ammonia lyase
(Hal), carnosine dipeptidase 2 (Cndp2) and Aldh3a2, and regulated
DEMs such as L-Glutamate, L-Aspartate, L-Histidine, Histamine and
Urocanic acid.

DISCUSSION

In the present study, through the integration of proteomics and
metabolomics, the mechanisms of CPT treatment in a rat acne
model induced by oleic acid were examined. Differentially
expressed proteins and metabolites were identified, and the
mechanisms of CPT treatment in acne were illuminated. The

hierarchical clustering figure showed that the skin proteins and
metabolites in the MC group were significantly separated from
those in the BC and CPT treatment groups, and that the CPT
group was significantly closer to the BC group. The skin samples
of each group were closely clustered in the PCA score plots. The MC
group was significantly separated from both the BC and the CPT
groups, and the skin samples in the BC group were closer to the CPT
group. This indicated that the skin metabolic profiles were
significantly changed in acne rats and that treatment with CPT led
to a metabolic profile similar to that of BC rats. By the KEGG
enrichment analysis, CPT rats had five pathways that played an
important role in acne and were significantly altered for both their
protein and metabolite contents. These pathways included galactose
metabolism, glycolysis/gluconeogenesis, histidine metabolism,
spinocerebellar ataxia and protein digestion and absorption. CPT
regulated differential proteins (DEPs) such as Hk2, Eno1, Dld, Pfkp,
Pgam1, Aldh3a2, Akr1b8, Hal and Cndp2, and the DEPs regulated

FIGURE 4 |GO enrichment of DEPs in CPT andMC. The x-axis represents the Biological Process (BP), Cellular Component (CC), andMolecular Function (MF). The
y-axis represents gene number, the numbers represent the enrichment factor of DEPs ratio.
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differentially expressed metabolites (DEMs) such as
Phosphoenolpyruvate, DL-lactate, Dihydroxyacetone phosphate, DL-
2-Phosphoglycerate, sucrose, α-D-Glucose, Myo-Inositol, D-Mannose,
Galactinol, Stachyose, α-D-Galactose1-phosphate, L-Glutamate,
L-Aspartate, L-Histidine, Histamine and Urocanic acid. In this
study, changes in upstream proteins could lead to changes in
downstream metabolites, such as Eno1 regulating PEP, Pgam1
regulating DL-2-Phosphoglycerate (Glycerate-2P), Glycerate-2P
regulating Eno1, Hal regulating Urocanic acid and Cndp2
regulating L-Histidine. In parallel, changes in upstream metabolites
might lead to changes in downstream proteins, such as α-D-Glucose
regulating Hk2 and L-Histidine regulating Hal. These proteins were
significantly up-regulated in acne rat induced by oleic acid, however
they were down-regulated after CPT treatment. Our data suggested
that CPT could inhibit the disordered metabolism of acne rats,
especially within the glycolysis/gluconeogenesis, galactose and
histidine metabolisms, restoring these pathways back to normal.

A previous study reported that regulation of glycolysis might
control keratinocyte differentiation by lowering the expression of
Eno1. Indeed, Eno1 has a high expression in keratinocytes with
accelerated dysfunction of tight junction, which reduces the
integrity of the cellular barrier (Tohgasaki et al., 2018; Sutter et al.,
2019). Glycolysis is a key metabolic pathway that provides energy for
cellular activities and consumes equivalents to sustain cell division and
cell proliferation (Sutter et al., 2019). Decreased glycolysis is related to
cell differentiation, particularly in keratinocytes (Li et al., 2020). This is
in agreement with our finding that the DEPs of glycolysis including
Eno1, Hk2, Dld, Pfkp, Pgam1 and Aldh3a2 were significantly

increased in MC rats, while these were significantly decreased after
CPT treatment. Indeed, CPT rats had a negatively regulated glycolysis/
gluconeogenesis pathway, decreased keratinocyte differentiation and
improved keratinization and cellular barrier function (Figure 1,
Figure 2A and Figure 11).

Through transcriptomics, Eckhart, et al. showed that Hal was
significantly up-regulated during keratinocyte differentiation (Eckhart
et al., 2008). This is consistent with our study that Hal was up-
regulated in MC rats, leading to excessive keratinocyte differentiation.
This phenomenon was improved after CPT treatment. Aldehydal
dehydrogenase is produced by Aldh3a2, which improves fatty
decomposition. A previous study reported that if the function of
Aldh3a2 is disrupted, it may cause excessive accumulation of
intracellular fat. This process affects both the physiological function
of the cell protective membrane and the nutrients necessary to
maintain the physiological function of the body (Kumar et al.,
2020). The DEPs of histidine metabolism such as Hal, Aldh3a2
and Cndp2 were over-expressed in the MC group, while they were
reduced in the CPT group. In our study, histidine metabolism was
negative regulated by CPT in acne rats.

Rats with acne induced by oleic acid had significantly up-regulated
pathways, such as IL-17 signaling pathway, glycolysis/
gluconeogenesis, galactose metabolism, gap junction, histidine
metabolism, spinocerebellar ataxia, protein digestion and
absorption, estrogen signaling pathway, biosynthesis of unsaturated
fatty acids metabolism, glycerophospholipid metabolism and linoleic
acid metabolism. The results of the KEGG enrichment showed that
DEMs were mainly related to glycolysis metabolism, histidine

FIGURE 5 | KEGG pathway enrichment of DEPs in CPT and MC groups. The x-axis represents the amount of DEPs, the y-axis represents the pathway and the
numbers represent the enrichment factor ratio of DEPs.
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FIGURE 6 | The multivariate analysis of skin metabolites in positive (ESI+) and negative (ESI−) modes (n � 8); 1-XP (the BC group), 2-XP (the MC group), 4-XP (the
CPT group) (A) PCA score plots in positive modes of the BC, MC and CPT groups. Samples in BC and CPT groups were separated from the MC group; ESI+:
R2X � 0.548 (B) OPLS-DA score plots in positive modes of the MC and CPT groups; ESI+: R2X � 0.559, R2Y � 0.989, Q2 � 0.944 (C) PLS-DA score plots in positive
modes of theMC and CPT groups; ESI+: R2X � 0.559, R2Y � 0.989, Q2 � 0.962 (D)PCA score plots in negative modes of the BC,MC and CPT groups; ESI−: R2X �
0.638 (E)OPLS-DA score plots in negative modes of the MC and CPT groups; ESI−: R2X � 0.689, R2Y � 0.986, Q2 � 0.970 (F) PLS-DA score plots in negative modes of
the MC and CPT groups; ESI−: R2X � 0.729, R2Y � 0.997, Q2 � 0.980.

FIGURE 7 | (A) Hierarchical clustering heat map of skin DEMs. Cluster of the DEMs (right side) and the samples of each group (bottom) are shown. The color from
red to blue showed the relative intensity of the DEMs (B) Pearson’s correlation of DEMs in CPT and MC groups. Red and blue represent the positive and negative
correlation of DEMs, respectively.
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metabolism, biosynthesis of unsaturated fatty acids, linoleic acid
metabolism and glycerophospholipid metabolism (Figure 5 and
Figure 8). The metabolites S100 calcium binding protein A8
(S100a8), S100 calcium binding protein A9 (S100a9), heat shock
protein 90 alpha family class B member 1 (Hsp90ab1), heat shock
protein 90 beta family member 1 (Hsp90b1) and serine and arginine
rich splicing factor 1(Srsf1) of the IL-17 signaling pathway were
significantly up-regulated in the MC group, while these were
significantly down-regulated after CPT treatment (Figure 3). CPT
was shown to down-regulate IL-17 signaling pathway and down-
regulate acne-driven immune activation of sebum cells (Oules et al.,
2020). The metabolite Gpd1 of the glycerophospholipid metabolism
was significantly decreased in the model group, and significantly
increased after CPT treatment (Figure 3). Gpd1 regulatedDEMs such
as glycerol 3-phosphate and dihydroxyacetone phosphate
(Figure 7A), which were significantly down-regulated in the MC
group and up-regulated in the CPT group. The glycerophospholipid
metabolism pathway was affected by CPT treatment. The DEPs
hydroxysteroid (17-beta) dehydrogenase 12 (Hsd17b12), sterol
carrier protein 2 (Scp2) and hydroxysteroid (17-beta)
dehydrogenase 4(Hsd17b4) of the biosynthesis of unsaturated fatty
acids metabolism pathway were significantly up-regulated by oleic
acid; however these were down-regulated by CPT treatment. The
DEMs arachidonic acid (AA), oleic acid, stearic acid, all cis-(6,9,12)-
linolenic acid, alpha-linolenic acid (ALA), eicosapentaenoic acid
(EPA), erucic acid and nervonic acid were part of the unsaturated
fatty acidsmetabolism pathway and were significantly up-regulated in
theMC group. CPT treatment down-regulated these metabolites. The
DEMs of the unsaturated fatty acids metabolism, namely palmitic
acid, linoleic acid (LA), docosahexaenoic acid (DHA) and
tetracosanoic acid were significantly down-regulated in the MC
group, whereas they were significantly up-regulated after CPT
treatment. Hsd17b12 was regulated by the DEMs ALA, EPA, all
cis-(6,9,12)-Linolenic acid, LA, AA, palmitic acid, stearic acid,

tetracosanoic acid, oleic acid, erucic acid and nervonic acid.
In parallel, DHA was regulated by Scp2 and Hsd17b4. The
DEMs of the linoleic acid metabolism pathway, namely AA, 1-
Stearoyl-2-oleoyl-sn-glycerol 3-phosphocholine (SOPC) and all
cis-(6,9,12)-Linolenic acid were significantly up-regulated in the
MC group, whereas CPT treatment led to a down-regulation of
these metabolites.

Linoleic acid (LA) is an essential unsaturated fatty acid that plays
a crucial role in inflammation (Burns et al., 2018). Research has
shown that down-regulation of LA led to disordered LAmetabolism
on inflammatory rats (Liu et al., 2020). Indeed, LA was down-

FIGURE 8 | KEGG pathways of the DEMs. (A): BC and MC groups, (B): MC and CPT groups. The x-axis represents protein number, the y-axis represents the
KEGG pathway and the numbers represent the enrichment factor ratio of DEMs.

FIGURE 9 | The Venn plot of common pathways of DEPs and DEMs in
MC and CPT groups. The blue and yellow circles represent proteomics and
metabolomics, respectively. The overlap was the number of pathways shared
by the two omics analyzes. The sum of all numbers in the circle
represents the sum of the number of pathways involved in DEPs and DEMs.
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regulated in acne rats, suggesting oleic acid might disrupt LA
metabolism, causing inflammation. LA was up-regulated in the
CPT treatment group. This is in accord with our
histopathological analysis showing that acne rats turned to back
normal after CPT treatment. The biosynthesis of unsaturated fatty
acids metabolism, glycerophospholipid metabolism and linoleic acid
metabolism pathway could significantly alter sebum production and
control sebaceous gland secretion after CPT treatment (Clayton
et al., 2019). The effective epidermal physical barrier primarily in the
stratum corneum (SC) requires a structural and functional
combination of adherent junctions, tight junctions, gap junctions
(GJ) and desmosomes (Cohen-Barak et al., 2020). The gap junction
network of the epidermis contributes to keeping the integrity and

homeostasis of this layer (Martin et al., 2014). In this study, the gap
junctions were disturbed in the MC group, while CPT treatment
turned the skin barrier back to normal.

Ces1d (Carboxylesterase 1D) is a glycoprotein involved in lipid
metabolism and catalyzes the hydrolysis of triglycerides and
monoglycerides (Zheng et al., 2020). cytochrome c oxidase
subunit 5B(Cox5b) affects mitochondrial activity and also is
involved in lipid synthesis (Soro-Arnaiz et al., 2016). Compared to
the BC group, Ces1d in the MC group was significantly down-
regulated, while Cox5b was up-regulated. After CPT treatment,
Ces1d significantly increased, while Cox5b significantly decreased,
when compared to the MC group. Our analysis suggested that CPT
could improve the metabolism and biosynthesis of lipids, and

FIGURE 10 |Histogram of common KEGG pathways of the DEPs and DEMs through multiple comparisons of MC and CPT groups. The blue and orange columns
represent proteomics and metabolomics, respectively. The y-axis represents the pathway, and the x-axis represents the p-value.

FIGURE 11 | Network for a mechanistic explanation of the proteomics and metabolomics analyzes. versus the MC group, the purple and blue represent up-
regulation and down-regulation, respectively. The yellow color represents the metabolism pathway. The DEPs and DEMs are represented by rectangles and circles,
respectively.
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mitochondrial function in acne rats. These results are in agreement
with our team’s previous study (Ruan et al., 2020).

Keratin 16 (Krt16) and Keratin 17 (Krt17) are the type I
intermediate filament proteins, which are primarily presented in
the base cells of hair follicles and sebaceous glands of the
epithelium. Krt17 can regulate various biological processes of skin
cells, such as cell growth, cell proliferation, inflammation and hair
follicle circulation, as well as immune responses (Jin andWang, 2014;
Yang et al., 2019). Krt16 has a close relationship with genes that
participate in the maintenance of the skin barrier and natural
immunity (Lessard et al., 2013). Keratin 14 (Krt14) is a major
structural component of keratinocytes in the epidermal base,
affecting biological processes such as cell mechanics, cell
homeostasis, and epidermal barrier function (Guo et al., 2020). Krt
14, Krt 16 andKrt 17 were significantly up-regulated in theMC group
and down-regulated after CPT treatment (Figure 3). These results and
the histopathological and lesions analysis agree with previous research
that reported that the expression of Krt 14, Krt 16 andKrt 17were up-
regulated in acne rats and could promote keratinocyte proliferation
leading to excessive keratinization (Yang et al., 2017).

Tubulin alpha-4A chain (Tuba4a) and Moesin (Msn) were found
to beDEPs inMC andCPT groups.Msn is regulated by tight junction
assembly in the tight junction barrier, while Tuba4a was found to be
significantly up-regulated in acne rat. CPT treatment decreased
Tuba4a levels, indicating that the tight junction barrier was
restored after CPT treatment. Previous studies have shown that Msn
can become activated and induce the infiltration of inflammatory cells
in tissues (Liu et al., 2015).We found thatMsn in ourmodel groupwas
notably up-regulated. After CPT treatment, Msn was decreased when
compared to the levels found for the MC group. The results of the
histopathological analysis showed that there was inflammatory cell
infiltration in the skin tissue of acne rats, however this phenomenonwas
improved after treatment with CPT. These results are consistent with a
previous study of our group (Ruan et al., 2020).

The biological process of leukocyte transendothelial migration is
related to the estrogen signaling pathway. Studies have shown that
estrogen treatment could attenuate leukocyte infiltration in rat
(Schneider et al., 2012). Krt 14, Krt 16, Krt 17, Hsp90b1 and
Hsp90ab1 are proteins of the estrogen signaling pathway that were
significantly up-regulated in the MC group and decreased in the CPT
group (Figure 5). As shown in the cytokine levels in serum of IL-6, IL-
8, TNF-α and IL-1β, the CPT could inhibit the release of these
cytokines, thus improving inflammation in acne rats (Figure 2B). This
indicated that the skin inflammation was controlled after CPT
treatment. Further exploration is needed in the future.

CONCLUSION

Through proteomics and metabolomics studies, we showed that
CPT may regulate multiple biological processes to improve acne

in rats. CPT could inhibit the disordered metabolism of several
pathways in rats with acne, especially glycolysis/
gluconeogenesis, galactose metabolism and histidine
metabolism, which play an important role in acne
development. These results can aid to explain the mechanism
of action of CPT to treat acne. In conclusion, CPT might be a
safe and potential drug to treat acne.
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Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by complex
immune dysregulation and closely related to the gut microbiome. The present study
investigated the microbiome-mediated effect of Sihocheonggan-Tang (SHCGT) on AD-like
symptoms induced by 2,4-dinitrochlorobenzene (DNCB) in BALB/c mice. DNCB was
applied regularly to the ear and dorsal skin of BALB/c mice, and SHCGT was administered
orally daily for 2 weeks. The composition of the gut microbiota was analyzed using 16S
rRNA sequencing, and the effect of gut microbiome-derivedmetabolites, specifically short-
chain fatty acids (SCFAs), was evaluated in tumor necrosis factor-alpha (TNF-α)- and
interferon-gamma (IFN-γ)-treated HaCaT cells. SHCGT alleviated DNCB-induced
symptoms of AD and the immune response to AD by decreasing the plasma
immunoglobulin E level and splenic interleukin-4, interleukin-10, TNF-α, and IFN-γ
levels. The gut microbiome composition and the damaged gut epithelial barrier in mice
with AD were also significantly altered by SHCGT, and the reduced SCFA levels therein
were elevated. We found that SFCAs directly inhibited the mRNA expression of IL-6 and
ICAM-1 in TNF-α- and INF-γ-treated HaCaT cells. The finding that SHCGT regulates the
gut microbiome and improves DNCB-induced AD in mice suggests that this herbal
medicine has therapeutic potential in patients with AD.

Keywords: Sihocheonggan-Tang, atopic dermatitis, gut microbiome, short-chain fatty acids, immune response

INTRODUCTION

Atopic dermatitis (AD) is a chronic inflammatory skin disease caused by immune system dysfunction
and environmental stress (Akdis et al., 2000). It is typically characterized by increases in T helper (Th)
2 cell-mediated inflammatory responses, including the release of immunoglobulin E (IgE), interleukin
(IL)-4, IL-5, and IL-13 in the acute phase, whereas an increasing proportion of Th1 cells accounts for
the chronic phase of the immune response (Biedermann et al., 2015; Moreno et al., 2016). AD is usually
treated with topical anti-inflammatory or immunosuppressive agents, such as antihistamines and
steroids. However, many of the treatments available focus on reducing the frequency and severity of
symptoms and may have severe adverse effects. Therefore, a new approach is needed to treat AD
effectively (Paller et al., 2017).
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The microbiome is a complex collection of microorganisms
that colonize the gut and play a crucial role in the health of the
host, including digestion of dietary fiber, production of
metabolites, and regulation of the immune response (Makki
et al., 2018). Maintaining a correctly balanced microbiota in
the gut is important for homeostasis in the host immune
response, and disruption of the balance of the gut microbiota
could cause various diseases, including allergic and inflammatory
disorders (Kamada et al., 2013). Therefore, modulating the
composition of the gut microbiome is a promising way of
overcoming the adverse effects or limitations of current
treatments for these diseases. The gut microbiome could
directly or indirectly communicate with the skin as one of the
important modulators in the gut-skin axis. The beneficial effects
of gut microbiota by probiotics on skin diseases have been
demonstrated in animal studies (Salem et al., 2018) Moreover,
emerging clinical evidence suggests that AD is associated with an
imbalance in bacterial species in the gut (Song et al., 2016) and
that treatment with probiotics or prebiotics prevents the
development of AD or reduces its severity (Isolauri et al.,
2000; Grüber et al., 2010; Foolad et al., 2013; Lin et al., 2019).
Thus, regulation of gut microbiome balance could be promising
strategy for the treatment and prevention of AD.

Herbal medicines can also restore the composition and
beneficial effects of the gut microbiota, thereby improving
immune-related diseases, including autoimmune disorders,
allergies, and asthma (Richards et al., 2016; An et al., 2017).
Sihocheonggan-Tang (SHCGT) consists of 15 herbs (Bupleurum
falcatum L., Angelica gigas Nakai, Paeonia lactiflora Pall.,
Ligusticum striatum DC., Rehmannia glutinosa (Gaertn.) DC.,
Coptis chinensis Franch., Scutellaria baicalensis Georgi,
Phellodendron chinense C.K.Schneid., Gardenia jasminoides
J.Ellis, Forsythia suspensa (Thunb.) Vahl, Platycodon
grandiflorus A. DC., Arctium lappa L., Trichosanthes kirilowii
Maxim., Mentha arvensis L., and Glycyrrhiza uralensis Fisch.). It
originates from Yizong Jinjian and has been used to treat
inflammatory skin diseases, including AD, in clinical settings in
Korea (An et al., 2017). However, the mechanism by which this
drug exerts its therapeutic effect in skin diseases such as AD
remains to be elucidated.

This study assessed the effects of SHCGT on symptoms of AD,
infiltration of immune cells into the dermis and epidermis, and
cytokine expression levels in plasma and the spleen in a mouse
model of AD. In addition, we investigated changes in the
composition of the gut microbiome and gut microbiome-
derived metabolites. This study aimed to clarify the gut
microbiome-mediated effect involved in the pathogenesis of
AD and provide effective AD treatment with SHCGT. This is
the first study to demonstrate the relationship between gut
microbiome, their producing metabolites, and AD symptoms.

MATERIALS AND METHODS

Analysis of SHCGT by UPLC/Q-TOF MS
SHCGT was purchased from GMP (Good Manufacturing
Practice) pharmaceutical factory of Hanpoong Pharm & Foods

Co. Ltd. (Jeonju, Republic of Korea). The voucher number of SHCGT
in this study is #17083 and stored in Korea institute of Oriental
Medicine. According to the manufacturer, one dose of SHCGT
consists of Bupleuri radix (0.67 g), Forsythiae Fructus (0.5 g),
Cnidii Rhizoma (0.5 g), Trichosanthis Radix (0.5 g), Scutellariae
Radix (0.5 g), Gardeniae Fructus (0.5 g), Paeoniae Radix (0.5 g),
Arctii Fructus (0.5 g), Coptidis Rhizoma (0.5 g), Angelicae
Gigantis Radix (0.5 g), Platycodi Radix (0.5 g), Rehmanniae
Radix Preparata (0.5 g), Menthae Herba (0.5 g), Phellodendri
Cortex (0.5 g), Glycyrrhizae Radix (0.5 g) (Korea pharmaceutical
information center, 2000; Supplementary Table S1). Details about
preparation of SHCGT and species of fifteen herbal medicines are
given in the Supplementary Methods.

In this study, we further verified the chemical characteristics of
SHCGT using ultra-performance liquid chromatography (UPLC;
Waters Corp., Milford, MA, United States) combined with
quadrupole time-of-flight mass spectrometry (Q-TOF MS;
Impact HD; Bruker, Bremen, Germany; Supplementary
Figure S1).

Ten milligrams of SHCGT was mixed with 1 ml of methanol-
water solution (50:50, v/v). The sample was vortexed for 1 min
and then centrifuged at 12,500 ×g and 25°C for 20 min. The
supernatant was collected and filtered using a Millex®-LG filter
with a 0.20-μm pore size (Millipore, Billerica, MA, United States).
A UPLC BEH C18 column (100 × 2.1 mm, 1.7-μm particle size;
Waters Corp.) was used to separate the SHCGT at 40°C.

The UPLC/Q-TOFMS data were processed usingMS-Dial. The
chemical components of SHCGT were identified based on the
retention time, m/z, and MS fragment pattern using all publicly
available mass spectral databases obtained from RIKEN (http://
prime.psc.riken.jp/Metabolomics_Software/MS-DIAL/), which
include the MS/MS records of MassBank, ReSpect, GNP, Fiehn
HILIC, CASMI2016, RIKEN PlaSMA authentic standards, and
RIKEN PlaSMA bio-MS/MS (Tsugawa et al., 2015). Details of the
analysis of chemical components using UPLC-Q-TOF MS are
given in the Supplementary Methods.

Animal Studies
Animal experiments were executed in accordance with the
guidelines of the Institutional Animal Care and Use
Committee of the Korea Institute of Oriental Medicine
(Approval number #18-021). Six-week-old BALB/c mice were
purchased from Saeron Bio Co. (Gyeonggi-do, Republic of Korea)
and housed at 20–22°C with a relative humidity of 40–60% on a
12:12-h light/dark cycle in a specific pathogen-free animal facility
at the Korea Institute of Oriental Medicine.

After acclimatization for 1 week, the mice were randomized to
a sham (control) group (n � 9), an AD group (n � 10), or an AD +
SHCGT group (n � 10). All mice were shaved, and AD was
induced by DNCB (Sigma-Aldrich, St Louis, MO, United States).
During the first week of the AD induction period, 1% DNCB in
acetone/olive oil (3:1) was applied to the ear and dorsal skin daily,
followed by 0.5% DNCB in acetone/olive oil (3:1) on alternate
days for the next 2 weeks (Figure 1A). SHCGT or phosphate-
buffered saline (100 μL) was administered to the mice by
intragastric gavage once daily (Figure 1A). The severity of
atopic symptoms was evaluated based on a previous method
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(Suto et al., 1999). Briefly, the AD score was measured as the sum
of five symptoms, including erythema/edema, pruritus/dryness,
erosion, and lichenification (0, none; 1, mild; 2, moderate; 3,
severe).

The dose of SHCGT in this study is determined based on the
clinical usage. The Ministry of Food and Drug Safety of Korea has
approved the efficacy of SHCGT for the treatment of eczema by
taking 3,000 mg/day for adult (reference body weight, 60 kg),
which can be converted to 625 mg/kg for mouse when applied
proportional constant of 0.08 (Nair and Jacob, 2006). Thus, we
administrated 625 mg/kg of SHCGT in this study, and confirmed
dose-dependent effect in additional experiments (Supplementary
Figure S2). Details about additional experiments were described in
Supplementary Results and Supplementary Figure S2.

Measurement of IgE
Blood samples were drawn from the sham, AD and AD+SHCGT
groups, and plasma was collected by centrifugation at 2,000 ×g for
15 min at 4°C. It was stored at −80°C until the test. Plasma
concentrations of total IgE were measured using an enzyme-
linked immunosorbent assay kit (Bethyl Laboratories Inc.,
Montgomery, TX, United States) according to the
manufacturer’s instructions.

Isolation of Splenocytes and Measurement
of Cytokines
The abdominal area was sterilized with 70% ethanol. The spleen
was removed aseptically via an incision, and the connective

FIGURE 1 |Oral administration of SHCGT suppresses DNCB-induced AD. (A) Timeline for induction of AD and treatment with SHCGT. (B) The severity of DNCB-
induced AD was evaluated based on four symptoms (erythema/edema, pruritus/dryness, erosion, and lichenification) and scored as 0 (none), 1 (mild), 2 (moderate), or 3
(severe). (C) Plasma IgE. (D) Ear skin specimens stained with hematoxylin. Total skin and epithelial thickness were evaluated by histological analysis. (E) Total WBC,
eosinophil, and neutrophil levels. *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham; #p < 0.05, ###p < 0.001 vs. AD. AD, atopic dermatitis; DNBC, 2,4-
dinitrochlorobenzene; IgE, immunoglobulin E; SHCGT, Sihocheonggan-Tang; WBC, white blood cell.
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tissues were removed. The spleen was then rinsed in RPMI-1640
medium (Gibco; Thermo Fisher Scientific, San Jose, CA,
United States) and placed in a Petri dish containing fresh
RPMI-1640 medium. The spleen cells were teased out using
forceps and forced through a 22-G needle and then through a
26-G needle three times each. The cells were then transferred to a
tube and centrifuged at 200 ×g for 10 min to pellet the cells. The
spleens were pressed through a sterile Falcon cell strainer (BD
Biosciences, Franklin Lakes, NJ, United States). Red blood cell
lysis buffer (BioLegend, San Diego, CA, United States) was added
to the cell suspension to remove the red blood cells. The spleen
cells were centrifuged, suspended in complete RPMI-1640
medium with 10% fetal bovine serum and 1% antibiotics
(penicillin, streptomycin, gentamicin; Gibco), and maintained
at 37°C in a humidified incubator with 5% CO2. After incubation
for 24 h in a CO2 incubator, the culture supernatants were
assayed for cytokines. IL-4, IL-10, tumor necrosis factor-alpha
(TNF-α), and interferon-gamma (IFN-γ) levels were analyzed
using the Bio-Plex Pro Mouse Cytokine Th1/Th2 Assay kit (Bio-
Rad Laboratories, Hercules, CA, United States).

Immunohistochemical Staining
Samples of equal size were taken from the ear skin, lymph nodes,
and small intestine and fixed in 10% neutral buffered formalin for
24 h at 4°C. Paraffin-embedded tissue sections (3–4-μm thick)
were stained with hematoxylin and eosin. The sections were
stained with toluidine blue for detection of mast cells in the
skin and periodic acid-Schiff (PAS) for detection of goblet cells in
the small intestine. Intercellular adhesion molecule-1 (ICAM-1;
ab119871, Abcam, Cambridge, MA, United States) and thymic
stromal lymphopoietin (TSLP; ab115700, Abcam) in the
epidermis and dermis of skin, Foxp3 (FJK-16s, Thermo
Fisher) in lymph nodes, and tight junction markers, such as
claudin-5 (4C3C2, Thermo Fisher), occludin (OC-3F10, Thermo
Fisher), and zonula occludens (ZO)-1 (61–7,300, Thermo Fisher),
in the tissues of the small intestine were observed by avidin-
biotin-peroxidase complex-based immunohistochemical
staining. The histological profiles of individual cross-sections
of ear skin were observed under a light microscope (Eclipse
80i, Nikon, Tokyo, Japan).

Analysis of the Gut Microbiota
Immediately before the mice were euthanized, fresh fecal samples
were collected and stored at −80°C until processing. A FastDNA
Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, United States)
was used to isolate the fecal DNA. Fecal microbial profiles were
determined by analysis of the V3–V4 region of the bacterial 16S
rRNA gene using the 250-bp paired-end read strategy on the
MiSeq sequencing system (Illumina, San Diego, CA,
United States).

Analysis of Short-Chain Fatty Acids
Forty milligrams of stool was diluted in 900 μL of 0.2 M
phosphate buffer solution (0.2 M Na2HPO4, 0.2 M NaH2PO4

in D2O, pH 7.0). After homogenization at 14,000 ×g for
10 min, the extract (700 μL) was transferred to 5-mm nuclear
magnetic resonance (NMR) tubes for analysis. One-dimensional

1H NMR spectra were acquired using an Ascend 800-MHz
AVANCE III HD Bruker spectrometer (Bruker BioSpin AG)
with a triple-resonance 5-mm CPTIC cryogenic probe. Bruker
standard 1D nuclear Overhauser enhancement spectroscopy
(NOESY)-presat (noesypr1d) pulse sequences were used as
follows: relaxation delay, 90° – short delay, 90° – mixing, 90°–
Acq, with a relaxation delay of 4.0 s, short delay � 11.3 μs, n � 128,
dummy scans � 4, acquisition time � 2.0 s, and mixing time
� 10ms. The 800-MHz Chenomx library (ver. 7.1, Chenomx,
Edmonton, AB, Canada) was used to identify short-chain fatty
acids (SCFAs), and two-dimensional total correlation spectroscopy
and heteronuclear single quantum correlation spectroscopy were
also used to assign the individual compounds. In addition,
ambiguous peaks due to peak overlap were confirmed by
spiking with standard compounds. SCFA metabolites were
quantified using Chenomx, which uses the concentration of
trimethylsilylpropanoic acid to determine the concentrations of
individual compounds (Supplementary Table S3).

Culture of HaCaT Cells and Treatment With
Short-Chain Fatty Acids
HaCaT cells (human keratinocytes) were obtained from the
American Type Culture Collection (Rockville, MD,
United States). The cells were cultured in Dulbecco’s modified
Eagle’s medium containing 10% heat-inactivated fetal bovine
serum, 100 μg/ml streptomycin, and 100 U/mL penicillin in an
incubator with a humidified atmosphere of 5% CO2 at 37°C.
Albiflorin, baicalin, geniposide, glycyrrhizic acid, and
paeoniflorin were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Apigenin and luteolin purchased
from Chengdu Biopurify Phytochemicals Ltd. (Chengdu,
China). Berberine hydrochloride was purchased from Shanghai
Sunny Biotech Co., Ltd. (Shanghai, China). Physcion was
purchased from ChemNorm Biotech Co., Ltd. (Wuhan,
China). The purity of compounds used in this study was
higher than 98%. A cell counting kit-8 assay (CCK-8, Dojindo,
Kumamoto, Japan) was performed to determine the effect of
noncytotoxic concentrations of SHCGT, SCFAs and compounds
on the viability of HaCaT cells. Briefly, HaCaT cells were treated
with SHCGT (125–1,000 μg/ml), compounds (12.5–100 µM), and
SCFAs (isobutyrate, propionate, and valerate in the range of
1.25–10 mM) for 24 h. Next, 10 µL of CCK-8 reagent was added
to each well and incubated for 2 h. The absorbance of each well
was detected at 450 nm using a Benchmark Plus microplate
reader (Bio-Rad), and determined the proper concentrations of
isobutyrate, propionate, and valerate.

To evaluate the anti-inflammatory effect on keratinocytes,
HaCaT cells were pretreated with SHCGT, compounds, and
SCFAs at predetermined concentrations in the CCK-8 assay
(SHCGT, 125–1,000 μg/ml; Albiflorin, 100 μM; baicalin, 50 μM;
geniposide, 100 μM; glycyrrhizic acid, 100 μM; paeoniflorin,
100 μM; apigenin, 25 μM; luteolin, 25 μM; berberine
hydrochloride, 50 μM; physcion, 100 μM; isobutyrate, 2.5 mM;
propionate, 2.5 mM; and valerate, 2.5 mM) for 6 h and then
stimulated with TNF-α (20 ng/ml) and IFN-γ (20 ng/ml) for an
additional 18 h.
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Quantitative Reverse
Transcription-Polymerase Chain Reaction
Total RNA was isolated from HaCaT cells using the RNeasy Kit
(Qiagen, Hilden, Germany). Total RNA (1 μg) was converted into
cDNA using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, United States).
Quantitative polymerase chain reaction (PCR) was performed
on a CFX Connect Real-Time PCR Detection System (Bio-Rad)
using iTaq Universal SYBR Green Supermix (Bio-Rad). The
forward primer used for IL-6 was 5-TAC CCC CAG GAG
AAG ATT CC-3, and the reverse was 5-GCC ATC TTT GGA
AGG TTC AG-3′. The forward primer used for ICAM-1 was 5-
GCTGGTGACATGCAGCACC-3, and the reverse was 5-CTC
CTC ACC AGC ACC GTG GG-3′. All reactions were performed
in triplicate. All gene levels were calculated by comparative delta
Ct and normalized using the GAPDH gene level.

Analysis of Gut Microbiome Data
QIIME (Caporaso et al., 2010) with the EzBioCloud 16S rRNA
gene sequence database was utilized to analyze the sequencing
data (Yoon et al., 2017). The threshold of operational taxonomic
units was 97%. OTU data were imported to Microbiomeanalyst
(https://www.microbiomeanalyst.ca/; Chong et al., 2020) and
subjected to following data analysis. The Shannon index was
calculated to determine the alpha diversity, and principal
coordinates analysis was performed using weighted normalized
UniFrac distances. In addition, linear discriminant analysis effect
size (LEfSe) (Segata et al., 2011), a biomarker discovery method,
was used to determine the microbiota that best characterized each
study group based on the p-value (<0.05) and linear discriminant
analysis score (>3). Pattern search analysis was also performed to
identify the microbiota that were correlated with a particular
pattern in abundance (Sham-AD-AD+SHCGT; 1-2-1). We, then,
executed the parametric and non-parametric ANOVA tests with
post-hoc test to compare the microbiota among groups. Details
about the parametric and non-parametric ANOVA tests were in
2.11 Statistical Analysis part.

Statistical Analysis
All the experimental data are presented as the mean ± standard
deviation and were analyze differences among the three groups
using one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test. However, nonparametric analysis was performed
using and the Kruskal-Wallis test followed by Dunn’s multiple
comparison test, when normality and homogeneity of variance was
not satisfied through the normality and homogeneity of variance
test. The statistical analyses were performed using GraphPad Prism
(version 9.0.2, GraphPad Software, San Diego, CA). A p-value <
0.05 was considered statistically significant.

RESULTS

Chemical Components in SHCGT
According to the manufacturer, SHCGT contains five chemical
ingredients (10mg of paeoniflorin, 25mg of berberine, 22.5mg of
geniposide, 50mg of baicalin, and 12.5mg of glycyrrhizic acid in 3 g of

SHCGT) as marker compounds (Korea pharmaceutical information
center, 2000). In this study, we further identified the chemical
components of SHCGT based on UPLC-Q-TOF MS analysis. A
total of 2,221 features were detected, and 49 metabolites were
putatively matched with reference peaks of primary and secondary
metabolites (Supplementary Figure S1). In particular, quercetin-3-O-
robinoside, ferulic acid, luteolin, hesperidin, albiflorin, apigenin,
liquiritigenin, ammonium glycyrrhizinate, rheochrysidin, casticin,
and enoxolone were identified according to relative retention time,
exact MS, and MS/MS fragments (Figure 2). Furthermore, we
confirmed the existence and concentration of eight bio-
compounds, such as ferulic acid, luteolin, hesperidin, albiflorin,
apigenin, ammonium glycyrrhizinate, rheochrysidin, and casticin,
with standard compounds (Data not shown).

Effect of SHCGT on DNCB-Induced AD in
Mice
To investigate the effect of SHCGT on AD, DNCB was regularly
applied to the ear and dorsal skin of BALB/c mice, and SHCGT
was administered orally daily for 2 weeks. On days 7–21, atopic
dermatitis index (ADI) scores were significantly higher in BALB/c
mice treated with DNCB than in shammice (Figure 1B). On days
14–21, the decrease in the ADI score was steeper in the AD +
SHCGT group than in the AD group [from 8.1 to 6.6 (AD group)
and from 5.8 to 3.3 (AD + SHCGT group)]; furthermore, the ADI
score was significantly lower in the AD + SHCGT group than in
the AD group on day 14 and day 21 (Figure 1B). IgE levels were
also significantly higher in the AD group than in the sham group
(Figure 1C). Histological analysis revealed that ear skin tissue was
thicker (due to epidermal keratinocyte hyperplasia) in the AD
and AD + SHCGT groups than in the sham group, but ear skin in
AD + SHCGT mice was thinner than that in AD mice
(Figure 1D), indicating a favorable inhibitory effect of SHCGT
on DNCB-induced thickening of the epidermal tissue.

We also measured the numbers of circulating white blood cells
(WBCs), eosinophils, and neutrophils. The AD group had 4.1-fold,
9.0-fold, and 18.0-fold higher WBC, eosinophil, and neutrophil
counts, respectively, than the sham group (Figure 1E). However,
compared with the AD group, treatment with SHCGT reduced the
WBC, eosinophil, and neutrophil counts by 35.5, 30.0, and 21.5%,
respectively (Figure 1E). Furthermore, the ADI index, the
percentage of neutrophil, and corticosterone were changed in dose-
dependent manners (Supplementary Results and Supplementary
Figure S2).

A significantly greater number of cells including mast cells
infiltrated the skin in the AD group and the AD + SHCGT group
than in the sham group (Figure 3A). There was a 37.9% decrease
in the number of mast cells in the AD + SHCGT group compared
to the AD group. Furthermore, immunohistochemistry showed
that the expression of TSLP-positive and ICAM-1-positive cells in
the epidermis and dermis of the ear skin was significantly higher
in the AD group and AD + SHCGT group than in the sham
group (Figure 3B). Administration of SHCGT decreased the
populations of epidermal and dermal TSLP-positive and ICAM-
1-positive cells by 54 and 33%, respectively, in the AD group,
indicating that SHCGT reduced the inflammatory reaction.
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Effect of SHCGT on the Immune Response
in Mice With DNCB-Induced AD
We examined the lymph nodes to determine whether topical
exposure to DNCB provoked immune activation in mice. DNCB
resulted in an increase in lymph node size compared with that of
the sham group; this increase was reduced by SHCGT
(Figure 4A).

The production of IgE is a characteristic of AD. Increased total
IgE levels reflect a switch from Th1 to Th2 (Elghazali et al., 1997).
In addition, Foxp3+ Treg cells control the recruitment of
inflammatory cells and the expression of Th2 cytokines, as

well as elevated serum IgE levels (Fyhrquist et al., 2012). In
this study, we also observed marked hypertrophic changes with a
decrease in Foxp3+ cells in lymph nodes in the AD group
compared with those in the sham group (Figure 4A).
However, compared with that of the AD group, the expression
of Foxp3+ cells in lymph node tissues was significantly increased
in the AD + SHCGT group, and there were changes in Th2
cytokines, including IL-4 and IL-10, in the spleen. IL-4 and IL-10
levels were significantly increased in the AD group and
attenuated by administration of SHCGT (Figure 4B).

A surge in Th1 cytokines is characteristic of the chronic and
late phases of AD (Chen et al., 2004). In this study, we observed a

FIGURE 2 | The mirror plots of secondary metabolites in SHCGT. The mirror plots that illustrate MS/MS spectral match of measured peaks of secondary
metabolites in SHCGT and reference peaks for authentic standard compounds.
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significant increase in TNF-α and IFN-γ levels in the AD group in
comparison with those in the sham group; however, compared
with those in the AD group, there was a significant decrease in
TNF-α and IFN-γ levels in the AD + SHCGT group (Figure 4B).
Furthermore, the decreasing trend of IL-4, IL-10, TNF-α, and
INF-γ in the spleen showed a more clearly SHCGT dose-
dependent change (Supplementary Results and Supplementary
Figure S2).

SHCGT-Induced Changes in the Gut
Microbiome inMiceWith DNCB-InducedAD
Recent studies have reported that the gut microbiome plays an
important role in AD by regulating metabolites and the immune
response (Penders et al., 2007; Song et al., 2016). Therefore, we
investigated the changes in the microbiome population after
treatment with SHCGT. As shown in Figure 5A, the
microbiome in sham mice was dominated by Bacteroidetes
and Firmicutes at the phylum level in terms of relative
abundance. Verrucomicrobia, which includes Akkermansia at
the species level, was present in only the sham mice. The
relative abundance of Deferribacteres was significantly higher
in the AD group and was restored by SHCGT (Figure 5B).
However, the Shannon index values, which represent community

richness and evenness, were not significantly different between
the sham, AD, and AD + SHCGT groups (Figure 5C).

A three-dimensional score plot obtained by principal coordinates
analysis of weightedUniFrac distances showed differentmicrobiome
patterns between the sham, AD, and AD + SHCGT groups
(Figure 5D). LEfSe analysis revealed significant alterations in 50
species based on the p-value (<0.05) and linear discriminant analysis
score (>3; Supplementary Table S2). Based on the results of a
pattern search, 17 of these species (Mucispirillum schaedleri,
Bacteroides faecichinchillae, AB021165, EU509745, EF098405,
EU474208, EF098277, HQ786508, FJ880834, EF404944, KI535319,
DQ815703, EF603669, DQ905725, AB606259, HM124343, and
Staphylococcus simiae) showed significant patterns of recovery in
the AD + SHCGT group (Figure 5E, Supplementary Figure S3). In
particular, the relative abundances ofAB606259 andM. schaedleri in
the AD groupwere significantly higher than those in the sham group
but improved after treatment with SHCGT (Figure 5F).

Change in the Intestinal Barrier System and
Microbiome Producing SCFAs in Mice With
AD After Treatment With SHCGT
Changes in the gut microbiome impaired the intestinal barrier
system, leading to inflammatory events involved in the

FIGURE 3 | SHCGT inhibited the infiltration of inflammatory cells and the expression of TSLP and ICAM-1 in mice with DNCB-induced AD. (A) Toluidine blue-
stained mast cells in ear skin tissue. SHCGT reduced the infiltration of inflammatory cells, including mast cells, in the ear skin of mice with DNCB-induced AD. (B)
Immunohistochemistry staining for TSLP and ICAM-1 in ear skin. SHCGT significantly decreased the expression of TSLP and ICAM-1 in mice with DNCB-induced AD.
*p < 0.05, ***p < 0.001 vs. sham; #p < 0.05 vs. AD. AD, atopic dermatitis; DNBC, 2,4-dinitrochlorobenzene; ICAM-1, intercellular adhesion molecule-1; IgE,
immunoglobulin E; SHCGT, Sihocheonggan-Tang; TSLP, thymic stromal lymphopoietin.
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occurrence and development of human AD via changes in
microbiota-derived metabolites, including SCFAs (Craig, 2016;
Levy et al., 2016).

We also observed marked intestinal villous atrophy in the
group with DNCB-induced AD in comparison with the sham
group (Figure 6A). However, administration of SHCGT
caused a significant decrease in mean villus height and
width, reduced numbers of PAS-positive cells, and increased
total and cortex thicknesses and numbers of cortical lymphoid
follicles (Figure 6A). Furthermore, dysfunction of the barrier
system, that is, loss of tight junction markers (claudin-5,
occludin, and ZO-1), was observed in the group with DNCB-
induced AD compared with the sham group (Figure 6B).
Similarly, there was significant recovery of mean claudin-5,
occludin, and ZO-1+ levels in the mucosal tissues of the
small intestine after treatment with SHCGT (Figure 6B).
These results suggest that DNCB-induced AD and related
immune responses are mediated by hypersensitivity and
small intestinal dysfunction and that administration of
SHCGT attenuates the loss of tight junctional proteins and
related villus atrophy.

Gut microbiota-derived metabolites, including SCFAs, take
part in maintaining the integrity of the epithelial barrier and
regulating inflammatory responses. As shown in Figure 7, the
concentrations of isobutyrate, propionate, and valerate were
lower in the mice with DNCB-induced AD than in the sham
mice. Administration of SHCGT restored the decreased levels of
isobutyrate, propionate, and valerate in the AD group
(Figure 7A). However, endotoxin levels in the AD group were
not significantly different from those in the sham group but were
decreased by SHCGT (Figure 7B). These findings indicate that
the reduction in endotoxin levels by SHCGT may contribute to
the mitigation of AD, although endotoxins would not be the main
cause of AD (Kim and Kim, 2019).

Effect of SHCGT, Compounds, and SCFAs
on TNF-α/IFN-γ-Induced mRNA Expression
in HaCaT Cells
Inflammatory keratinocytes are important in the pathogenesis of
AD. Exposure of keratinocytes to TNF-α and IFN-γ induces
abnormal expression of cytokines and adhesion molecules, such

FIGURE 4 | SHCGT suppressed enlargement of peripheral lymph nodes and secretion of cytokines in the spleens of mice with DNCB-induced AD. (A)
Immunohistochemical lymph node profiles showing that SHCGT reduced the marked hypertrophic changes in the expression of Foxp3, a marker of regulatory T-cell
activity, in lymph node tissue from mice with DNCB-induced AD. (B) IL-4, IL-10, TNF-α, and IFN-γ levels in the spleen. Increased Th2 (IL-4 and IL-10)-related and Th1
(TNF-α and IFN-γ)-related cytokines were decreased by SHCGT in mice with AD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham; #p < 0.05, ##p < 0.01 vs. AD. AD,
atopic dermatitis; CO, cortex; DNCB, 2,4-dinitrochlorobenzene; FO, lymphoid follicle; ICAM-1, intercellular adhesion molecule-1; IFN-γ, interferon-gamma; IL,
interleukin; MS, medullary sinus; SHCGT, Sihocheonggan-Tang; TNF-α, tumor necrosis factor-alpha.
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as IL-6 and ICAM-1, which are associated with infiltration of
monocytes into skin. To identify other possible effects of
microbiota-derived SCFAs on AD, we treated HaCaT cells
with isobutyrate, propionate, and valerate.

No cytotoxicity was observed in HaCaT cells treated with
1.25–2.5 mM SFCAs (Supplementary Figure S4). As shown in
Figure 8, TNF-α/IFN-γ upregulated IL-6 and ICAM-1 expression
in HaCaT cells. However, SHCGT directly downregulated the
expression of IL-6 but not that of ICAM-1. Instead, treatment
with isobutyrate and propionate significantly downregulated TNF-
α/IFN-γ-induced IL-6 and ICAM-1 in these cells, suggesting that
the gut microbiome-derived metabolites isobutyrate and
propionate are involved in the attenuation of inflammation in AD.

Furthermore, we examined the mRNA expression of IL-6 in
TNF-α/IFN-γ-induced HaCaT cells to evaluate whether SHCGT
dose-dependently affects the atopic dermatitis. No cytotoxicity
was observed with SHCGT up to 1,000 μg/ml in HaCaT cells
(Supplementary Figure S4). However, SHCGT dose-
dependently decreased the TNF-α/IFN-γ-induced mRNA
expression of IL-6 in HaCaT cells (Figure 9A). In addition,
the detailed chemical investigation was done to predict the

most active compounds responsible for its anti-atopic
dermatitis effect. We determined the concentration of each
compound, not having cytotoxicity by CCK-8 assay
(Supplementary Figure S4). Albiflorin (100 μM), baicalin
(50 μM), geniposide (100 μM), glycyrrhizic acid (100 μM),
paeoniflorin (100 μM), apigenin (25 μM), luteolin (25 μM),
berberine hydrochloride (50 μM), and physcion (100 μM) were
used to confirm the inhibitory effect of IL-6 mRNA expression in
HaCaT cells. The results showed that apigenin, baicalin, luteolin,
and paeoniflorin could be associated with anti-atopic dermatitis
effect of SHCGT (Figure 9B).

Taken all results together, we suggested that SHCGT relieves
the atopic dermatitis in a dose-dependent manner, and SCFAs
produced by intestinal microorganisms changed by SHCGT also
play a role in improving the atopic dermatitis.

DISCUSSION

Topical steroids and oral antihistamines are the first-line
treatment for AS (Eichenfield et al., 2014). However, these

FIGURE 5 | SHCGT changed the gut microbiome in mice with DNCB-induced AD. (A) Taxonomic composition of the microbial community in the gut at the phylum
level. (B) The increased relative abundance of Deferribacteres was attenuated by SHCGT in mice with AD. (C) Alpha diversity using the Shannon index score at the
species level. No significant differences were observed. (D) A three-dimensional score plot based on principal coordinates analysis of weighted UniFrac distances
showing different microbiome patterns in each group. (E) Top 25 species detected in pattern search analysis. The red letters indicate the gut microbiota
components also detected by LEfSe analysis. (F) A significantly altered gut microbiota profile was identified by a combination of pattern search analysis, LEfSe, and
univariate analysis. *p < 0.05 vs. sham; #p < 0.05, ##p < 0.01 vs. AD. AD, atopic dermatitis; DNCB, 2,4-dinitrochlorobenzene; LEfSe, linear discriminant analysis effect
size; SHCGT, Sihocheonggan-Tang.
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agents have several adverse effects, and many patients with AD
are reluctant to use steroids in the long term (Kojima et al., 2013).
Therefore, there is increasing interest in herbal medicines as a
treatment for AD worldwide, given that many herbs and
traditional Chinese medicines are commonly used to treat
allergic disorders, including AD, asthma, and arthritis (Ma
et al., 2013). Furthermore, several studies have investigated the
potential role of herbal medicines as prebiotics for modulation of
the growth and activity of microorganisms that play a crucial role
in metabolism and the immune response in various diseases
(Hutkins et al., 2016; Lee et al., 2020).

SHCGT is an herbal medicine that has been used to treat AD
in Korea (An et al., 2017). However, detailed mechanistic studies
in animal models have not been reported. In this study, we
demonstrated the pharmacological effects of SHCGT in a
mouse model of DNBC-induced AD and investigated the

ability of SHCGT to regulate the gut microbiome in mice
with AD.

Several studies have suggested that abnormalities in the
composition and function of the gut microbiome contribute
substantially to the onset of AD and atopic march (Kim and
Kim, 2019). Watanabe et al. (2003) reported a significantly lower
Bifidobacterium count and a significantly higher Staphylococcus
count in patients with AD than in healthy controls and that the
levels of these microorganisms differed according to disease state.
Interestingly, in our study, we found that mice with AD had
increased levels of S. simiae, a coagulase-negative bacterium that
is closely related to S. aureus, which is frequently isolated from the
skin in patients with AD during flares (Suzuki et al., 2012;
Geoghegan et al., 2018).

Moreover, Song et al. (2016) showed that enrichment of
subspecies of Faecalibacterium prausnitzii (F06) decreased

FIGURE 6 | SHCGT improved the damaged intestinal barrier system in mice with DNCB-induced AD. (A) Hematoxylin-eosin and PAS staining of intestinal villi.
SHCGT significantly reduced the mean villus height and width as well as PAS+ cell numbers in mice with DNCB-induced AD. (B) Immunohistochemistry staining for
claudin-1, occludin, and ZO-1 in the intestine. Quantitative imaging analysis showed that SHCGT recovered the function of the intestinal barrier system, with losses of
tight junctional markers (claudin-5, occludin, and ZO-1). **p < 0.01, ***p < 0.001 vs. sham; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. AD. AD, atopic dermatitis; DNCB,
2,4-dinitrochlorobenzene; PAS, periodic acid Schiff; SHCGT, Sihocheonggan-Tang; ZO-1, zonula occludens-1.
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high butyrate and propionate producers, contributing to
impairment of the gut epithelial barrier in patients with AD.
In particular, they suggested that damaged epithelium with
increased permeability might allow systemic circulation of
undigested foods, toxins, and pathogenic microorganisms,
ultimately leading to an aberrant Th2-type immune response

in the skin of these patients (Pike et al., 1986; Noverr and
Huffnagle, 2004). In the present study, treatment with SHCGT
significantly decreased the endotoxin level in the AD group, but
there was no significant difference in the endotoxin level between
the sham and AD groups, indicating that endotoxins may not be
the main cause of AD.

FIGURE 7 | SHCGT regulated gut microbiome-related metabolites and short-chain fatty acids and reduced endotoxin levels. (A) Concentrations of short-chain
fatty acids, including butyrate, isobutyrate, propionate, and valerate. SHCGT significantly increased the isobutyrate, propionate, and valerate levels in mice with
DNCB-induced AD. (B) Change in plasma endotoxin levels. The endotoxin level was lower in the group with SHCGT-treated AD than in the sham and AD groups.
*p < 0.05, **p < 0.01 vs. sham; #p < 0.05, ##p < 0.01 vs. AD. AD, atopic dermatitis; DNCB, 2,4-dinitrochlorobenzene; SHCGT, Sihocheonggan-Tang.

FIGURE 8 | Gut microbiome-related metabolites (short-chain fatty acids) had a beneficial effect on TNF-α/IFN-γ-treated HaCaT cells. Isobutyrate and propionate
directly reduced the expression levels of ICAM-1 and IL-6 in TNF-α/IFN-γ-treated HaCaT cells. ***p < 0.001 vs. CON; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. TNF-α/IFN-
γ-treated CON (CON + TNF-α/IFN-γ). AD, atopic dermatitis; CON, control HaCaT cells; DNCB, 2,4-dinitrochlorobenzene; ICAM-1, intercellular adhesion molecule-1;
IFN-γ, interferon-gamma; IL-6, interleukin-6; SHCGT, Sihocheonggan-Tang; TNF-α, tumor necrosis factor-alpha.
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SHCGT-induced attenuation of damage to the intestinal
barrier system in mice with AD was accompanied by a
change in the composition of the gut microbiome, including
in AB606259 and M. schaedleri. M. schaedleri is found in
abundance in the mucosal layer of the intestine. This
organism has been suggested to be a pathobiont that
modifies gene expression in the host mucosal tissue and has
proinflammatory properties that affect inflammation status or
susceptibility to disease (Loy et al., 2017). M. schaedleri has
limited ability to degrade complex polysaccharides and uses
monosaccharides, oligopeptides, amino acids, glycerol, and
SCFAs, that is, the breakdown products of other members of
the microbiota, as substrates for energy metabolism (El Kaoutari
et al., 2013; Loy et al., 2017). In accordance with these
properties, we found that the levels of SCFAs, including
isobutyrate, propionate, and valerate, were significantly lower
in mice with AD than in sham mice and returned to the sham
levels after treatment with SHCGT.

SCFAs, which are derived from the degradation of
polysaccharides by the gut microbiome, participate in the
proliferation and differentiation of both B-cells and T-cells
and have anti-inflammatory effects (Nguyen et al., 2016; Kim
and Kim, 2019). In this study, we found that SHCGT suppressed
the increased Th2 and Th1 immune responses in mice with AD
and that SCFAs also directly reduced the expression of IL-6 and
ICAM-1 in TNF-α/INF-γ-induced keratinocytes. SHCGT
contains several compounds that are known to attenuate AD,
including berberine and paeoniflorin (Tsang et al., 2016; Jo et al.,
2018), and was also found to decrease the expression of IL-6 in an
in vitro model of AD in our study. However, the actual
concentrations of these active compounds in SHCGT may be
extremely low in the circulation after oral administration.
Therefore, it is possible that SHCGT influences the gut
microbiome and that the polysaccharides and indigestible

fibers in SHCGT could act as prebiotics by supplying SCFAs
to the host circulation (Peterson et al., 2018).

CONCLUSION

In this study, we found that oral administration of SHCGT
ameliorated AD-like symptoms and modulated the composition
of the gut microbiota, with beneficial effects on AD. However,
further studies are necessary to determine the crucial component of
SHCGT that controls intestinal bacteria and to identify the
underlying mechanism of the effect of the microbiota on AD.
The dose of SHCGT was determined by considering the dose used
in clinical practice, but it was much higher than the concentration
given in a consensus document (Heinrich et al., 2020). Therefore,
more experiments with appropriate concentrations are needed to
optimize the dosage and explore the effect of SHCGT.
Nevertheless, findings in this study advance our knowledge
about SHCGT and successfully demonstrate the potential role
of herbal medicines as prebiotics for the management of AD.
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FIGURE 9 | SHCGT dose-dependently affected the atopic dermatitis and bioactive compounds in SHCGT had an inhibitory effect in TNF-α/IFN-γ-treated
HaCaT cells. (A) SHCGT regulated the expression of IL-6 mRNA expression in TNF-α/IFN-γ-treated HaCaT cells in dose-dependent manners. (B) The compounds in
SHCGT showed inhibitory effect on IL-6 mRNA expression in TNF-α/IFN-γ-treated HaCaT cells. HaCaT cells were pretreated with SHCGT or compounds at
predetermined concentrations (SHCGT, 125–1,000 μg/ml; albiflorin, 100 μM; baicalin, 50 μM; geniposide, 100 μM; glycyrrhizic acid, 100 μM; paeoniflorin,
100 μM; apigenin, 25 μM; luteolin, 25 μM; berberine hydrochloride, 50 μM; and physcion, 100 μM) for 6 h and then stimulated with TNF-α (20 ng/ml) and IFN-γ
(20 ng/ml) for an additional 18 h. ***p < 0.001 vs. CON; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. TNF-α/IFN-γ-treated CON (CON + TNF-α/IFN-γ). CON, control; TNF-α,
tumor necrosis factor-alpha; IFN-γ, interferon-gamma; IL-6, interleukin-6; SHCGT, Sihocheonggan-Tang.
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Comparative Efficacy of Jaungo, A
Traditional Herbal Ointment, and the
Water-in-Oil Type Non-Steroidal
Moisturizer for Radiation-Induced
Dermatitis in Patients With Breast
Cancer: A Study Protocol for a
Prospective, Randomized,
Single-Blinded, Pilot Study
Eun Hye Kim1, Jee-Hyun Yoon1, Su Bin Park1, Jee Young Lee2, Weon Kuu Chung3* and
Seong Woo Yoon1*

1Department of Korean Internal Medicine, Korean Medicine Cancer Center, Kyung Hee University Hospital at Gangdong, Seoul,
South Korea, 2Jaseng Spine and Joint Research Institute, Jaseng Medical Foundation, Seoul, South Korea, 3Department of
Radiation Oncology, Kyung Hee University at Gangdong, Seoul, South Korea

Background: Radiation-induced dermatitis (RID) is a common complication of radiation
therapy (RT). Although it has a high prevalence and can even trigger the premature end of
conventional cancer therapies, there is no standard management. This study aims to
evaluate whether topical use of Jaungo (Shiunko), a traditional herbal ointment mainly
composed of Lithospermi radix and Angelica sinensis, could reduce RID compared to the
water-in-oil type non-steroidal moisturizer in patients with breast cancer.

Methods: This is a prospective, single-blinded, randomized controlled pilot trial that
investigates the effect of topical application of Jaungo for the prevention of RID in
postoperative breast cancer patients scheduled for RT, in comparison with the non-
steroidal moisturizer, with a random distribution of 50 patients across the two groups. RT
will be administered for 5–7 weeks with a biological equivalent dose (BED10) of 60 Gy or
more, and the interventions will be applied 3 times a day during RT duration. Participants
will be assessed a total of nine times, including eight visits during the period of RT and one
visit at a 2-week follow-up period after the end of treatment. The incidence and severity of
RID, quality of life, skin reaction symptoms, and maximum pain related to RID will be
measured. The incidence rate of grade 2 or higher RID using the Radiation Therapy
Oncology Group (RTOG) in the two groups will be statistically compared as the primary
outcome. The types and frequencies of adverse events will be also collected and
evaluated. All assessments will be performed by independent radiology oncologists.
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Discussion: This trial is currently ongoing and is recruiting. This study will determine the
preventive efficacy of Jaungo in RID with postoperative breast cancer patients and provide
evidence in traditional Korean medicine clinical practice.

Keywords: Jaungo, Shiunko, radiation-induced dermatitis, traditional medicine, breast cancer

INTRODUCTION

Radiation-induced dermatitis (RID) is one of the most common
complications of radiation therapy (RT) in patients with breast
cancer (Bolderston et al., 2006), and it presents with a variety of
symptoms such as pruritus, erythema, edema, desquamation,
necrosis, ulceration, and hemorrhage. It has been reported that
nearly 90% of patients undergoing RT for breast cancer develop
erythema-symptomatic RID (Geara et al., 2018). RID can induce
significant discomfort, including fibrosis and skin pigmentation,
negative effects on quality of life, and may even delay or
prematurely end conventional cancer therapies such as RT or
chemotherapy (Iacovelli et al., 2020).

Although several interventions for preventing or reducing
RID, including systemic oral medications, skin care practices,
steroidal topical therapies, non-steroidal therapies, and dressings
have been evaluated, there is no standard treatment that has
clearly demonstrated its effectiveness (Chan et al., 2014).
However, in the clinical setting, skincare practices such as
gentle washing with soap, or applying a moisturizing cream
are generally recommended for patients with RID, even
though there is insufficient evidence supporting their efficacy
(Wong et al., 2013; Chan et al., 2014).

A water-in-oil type non-steroidal moisturizer containing
hyaluronic acid as the main component has shown potential
as effective in preventing and minimizing RID in patients with
breast cancer compared to an emollient base cream regarding the
maximum severity of skin toxicity, burning, and desquamation
(Primavera et al., 2006). It has been reported to act as a barrier to
the irradiated area, as well as having wound regeneration and
anti-inflammatory effects (Leonardi et al., 2008).

Jaungo (Shiunko in Chinese), a traditional herbal ointment
mainly composed of Lithospermi radix and Angelica sinensis, has
been commonly used to treat wounded skin caused by cuts,
abrasion, frost, or burn (Huang et al., 2004). Lithospermi radix
contains shikonin, acetylshikonin, and dimethylacrylshikonin,
and Angelica sinensis contains ferulic acid and decursin as the
major active components. These components have therapeutic
effects on granulation tissue formation, speeding wound healing,
reepithelization, and angiogenesis in addition to antibacterial and
anti-inflammatory effects (Lu et al., 2008; Andújar et al., 2013;
Ghaisas et al., 2014). Recent case series have reported that Jaungo
showed favorable effects on radiation-induced scalp dermatitis in
patients with brain tumors (Hayashi and Sato, 2011), and a
previous clinical study showed that Jaungo reduced the
incidence of RID in comparison with gentle washing with
neutral pH soap with no safety issues in patients with breast
cancer (Kong et al., 2016). However, the comparative clinical trial
of Jaungo and the water-in-oil type non-steroidal moisturizer was
not conducted.

Given the high prevalence and limited therapeutic options of
RID, comparative studies between the topical agents which are
recommended clinically to prevent RID in patients with breast
cancer are needed. This is the first randomized controlled trial
which aims to evaluate the preventive efficacy of adjuvant topical
application of Jaungo for RID in breast cancer patients compared
to the water-in-oil type non-steroidal moisturizer.

METHODS AND ANALYSIS

Study Design
This is a single-center, prospective, single-blinded, pilot
randomized controlled trial protocol, which aims to investigate
the comparative efficacy of Jaungo (Hanpoong Pharm & Foods
Corporation, Seoul, South Korea) and the water-in-oil type non-
steroidal moisturizer (X-derm®, Pharmbio Korea Inc., Seoul,
South Korea) at preventing RID in patients with breast cancer
who underwent breast-conserving surgery. This protocol is based
on the Standard Protocol Items: Recommendations for
Interventional Trials (SPIRIT) (Chan et al., 2013). The SPIRIT
flow diagram of the study is shown in Figure 1.

Ethics and Registration
The study was approved by the Institutional Research Board of
Kyung Hee University Hospital at Gangdong, Seoul, South Korea
(IRB number KHNMCOH-2020-12-001-002). This protocol has
been registered on the Clinical Research Information Service
(CRIS registration number KCT0005971), and the study will
be conducted at the Kyung Hee University Hospital at
Gangdong. We will fully inform the patients about the
potential risks of this trial. Participants need to sign a written
informed consent form to show that they understand the study
program and are willing to enroll in the trial. They are free to
choose whether to continue the trial at any time during the study.

Sample Size
In this pilot study, the sample size was estimated according to the
grade (Gr) of the Radiation Therapy Oncology Group (RTOG)
(Cox et al., 1995) and National Cancer Institute (NCI) (Trotti
et al., 2000) for the RID reported in the relevant literature. Kong
et al. (Kong et al., 2016) investigated the incidence rate of RTOG
Gr ≥ 2 in breast cancer patients with RID using Jaungo, which is
the primary outcome in this study, at 46.7%. For non-steroidal
moisturizer, there was no primary report using RTOG grade, but
the incidence rate of NCI Gr ≥ 2 of RID in breast cancer patients
was 9.0% (Leonardi et al., 2008). Clinically, the RTOG and NCI
are common assessment grading tools, and each value of the
incidence rate is compatible. Therefore, we estimated the
incidence rates of the Jaungo and the moisturizer groups to be
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0.467 and 0.09, respectively. The formula for calculating the
sample size is as follows:

nc �
(1 + λ)σ2(Zα/2 + Zβ)

2

λd2

At the 5% significance level, considering an estimated
withdrawal rate of 15%, a total of 50 participants, 25 in each
group will be required to achieve 80% power.

Patients
Inclusion Criteria
1) Adult participants who are at least 19 years old or older; 2)
subjects who were diagnosed with invasive breast cancer and
recommended surgery for breast cancer; 3) subjects who received
breast-conserving surgery; 4) subjects who were recommended to
receive adjuvant RT after surgery; 5) Eastern Cooperative
Oncology Group (ECOG) performance status (Oken et al.,
1982) 1 or below; and 6) understanding of the study and
willingness to provide signed consent to participate.

Exclusion Criteria
1) Cancer invasion to skin (T4 in eighth American Joint
Committee on Cancer (AJCC) (Amin et al., 2017) TNM
staging); 2) unhealed scar on the breast; 3) metastatic stage; 4)
subjects who have a history of RT in the thoracic area for any
reason; 5) soft tissue disease; 6) uncontrolled diabetes mellitus
with an HbA1c value of 6.5% or greater; 7) subjects who are now

or planned to be pregnant or breastfeeding during the study
schedule; 8) subjects who are allergic to the medication; 9) Low
compliance with any reason, including communication failure;
and 10) abuse of alcohol or medication.

Prohibited Concomitant Medications
1) Intravenous antibiotics; 2) steroidal medication; 3)
vasoprotective medication; 4) other treatments related to RID,
except for the intervention, such as traditional Korean medicine
(acupuncture, moxibustion, and herbal medicines), self-
treatment (parse, vitamins, health-functioning foods, general
medicines, and home remedies); 5) no other topical ointments
or creams should be applied to the irradiated lesion, except for
regular moisturizing lotion.

Drop-Out Criteria
Any patient who meets one of the following conditions will be
dropped out from the trial. 1) The subjects or their families
withdraw consent to participate in the trial; 2) a violation of the
inclusion/exclusion criteria is found during the trial; 3) a
significant adverse event appears in the subject and/or it is
difficult to continue the trial due to an adverse reaction; 4)
any violation of the study protocol; 5) the compliance level of
the intervention (Jaungo or moisturizer) is less than 70%; 6)
subjects who take medications, etc. that may affect the results of
this study without confirmation from the attending physician; 7)
any cases that the attending physician judge as inappropriate to
the trial; 8) subjects who pregnant during the trial period; 9)

FIGURE 1 | SPIRIT flow diagram of the study protocol.
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subjects who fail to follow up during the trial period; 10) subjects
who died during the trial period.

The methods used to contact the subject must be recorded in
the supporting documents in the case of subjects who fail to
follow up to prove that reasonable efforts were made to contact
them. The patients who dropped-out due to significant adverse
events could be provided with appropriate treatment for side
effects. In these cases, the attending physician shall continuously
evaluate the subjects until the adverse reactions are resolved or
determined to be permanent.

Randomization and Blinding
Patients who have agreed to the trial will be screened on the day of
screening (visit 0) whether they meet the inclusion/exclusion
criteria. The enrolled participants will be randomly allocated to
two parallel groups with a 1:1 ratio at the date of visit 1; either the
Jaungo group or the moisturizer group. The random number will
be generated by an independent statistician using a 2 × 2
randomized permuted block design. Each piece of paper with
the allocation group information according to the random
number will be sequentially inserted into an opaque envelope
and sealed. After the screening, the enrolled participants will open
the envelopes in order and will thus be assigned to either the
Jaungo group or the moisturizer group.

Throughout the study process, the clinical research
coordinator is responsible for recruiting participants,
screening, and assigning random assignments. This trial is a
single-blinded study because each intervention can be
distinguished differently from the participants. The
statisticians and envelope processors, group allocators,
management pharmacists, and outcome assessors for the
clinical trial are all independent. Additionally, the principal
investigator and sub-investigator will be blinded to the
assigned group.

Treatment Protocol
Radiation Therapy
All subjects will receive RT, regardless of the type of intervention.
Patients will undergo 3-dimensional conformal RT (3D-CRT) or
intensity-modulated RT (IMRT) for a maximum period of
7 weeks after breast cancer surgery according to the National
and International Guidelines. The tumor bed will be treated with
a biological equivalent dose (BED10) of 60 Gy or more, with a
schedule of five fractions weekly for 5–7 weeks. In some cases,
regional lymph nodal irradiation will be delivered with risk
factors for regional recurrence, such as invasion of
lymphovascular or axillary lymph nodes.

Intervention
The research will be conducted for a total of 7–9 weeks with nine
individual assessments, consisting of topically administrating the
Jaungo (Hanpoong Pharm & Foods Corporation, Seoul, South
Korea) or the moisturizer (X-derm®, Pharmbio Korea
Corporation, Seoul, South Korea) for the period of RT,
5–7 weeks, through eight visits after screening and a follow-up
2 weeks after the end of the application. The participants assigned
to the Jaungo group will apply Jaungo on the entire irradiated skin

region three times a day from the first day of RT, with a 1 cm
distance from the skin marking line. The moisturizer group will
apply the moisturizer in the same process.

Contraindications of Intervention
1) The intervention medications should not be used in patients
with a history of hypersensitivity to the drugs, severe or extensive
trauma, high fever in the suppuration area, and severe eczema or
maceration in the radiated lesion; 2) in the case of skin irritation,
local rash, or itching during the use of intervention medications,
the application should be stopped; 3) the intervention
medications should only be used as topical agents; 4) the
intervention medications should be stored in a cool place
away from direct sunlight.

Outcome Measurement
The participants will be assessed at every visit during RT and
2 weeks after the end of RT. The assessment will be conducted
by radiation oncologists who do not know which group the
participant belongs to, and will be single-blinded. The date of
the occurrence and severity of RID will be evaluated at every
visit from the start to end of RT and 2 weeks after, based on
the RTOG grade. An incidence rate of Gr ≥ 2 RID will be
recorded as the primary outcome of this study. At the start
and end of RT and 2 weeks later, the quality of life (QOL),
skin reaction symptoms, and maximum pain related to RID
will be measured based on the Catterall skin scoring profile
(CSSP) (Catterall et al., 1971), the Korean version of Skindex-
29 (Ahn et al., 2004), and numeric rating scale (NRS) (Haefeli
and Elfering, 2006). The maximum grade of RID, time to
onset of RID, the value of CSSP, the Korean version of
Skindex-29, and NRS, and the types and frequencies of
adverse events will be compared as secondary outcomes
between the two groups.

Demographic Characteristics
Sex, age, ECOG performance status, and history of the disease are
included in the demographic characteristics.

RTOG Grade
The RTOG toxicity scale was developed by the Radiation Therapy
Oncology Group in the United States, which measures the grade
of skin tissue damage caused by RT (Cox et al., 1995) and is
classified into 0–4 grades according to the symptoms of
dermatitis: Gr 0, no change over baseline; Gr 1, follicular, faint
or dull erythema, epilation, dry desquamation, decreased
sweating; Gr 2, tender or bright erythema, patchy moist
desquamation, moderate edema; Gr 3, confluent, moist
desquamation other than skin folds, pitting edema; Gr 4,
ulceration hemorrhage, necrosis.

Catterall Skin Scoring Profile
The CSSP was developed by Fowler to allow the evaluation of skin
reaction in mice, and was later modified by Catterall in 1965 to
apply a numeric scale-type assessment tool (Catterall et al., 1971).
It is classified as 1–10 points, depending on the symptoms and
severity of dermatitis: 1, no visible reaction; 2, light erythema; 3,
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moderate erythema; 4, severe erythema; 5, dry desquamation
<50% of irradiated are; 6, dry desquamation >50% of irradiated
area; 7, blistering present; 8, moist desquamation <50% of the
irradiated area; 9, moist desquamation >50% of the irradiated
area; 10, ulceration present.

Skindex-29
Skindex-29 is a revision of the existing 61 questions of Skindex to
29 questions for patients with skin diseases. Skindex-29 is a QOL
assessment tool designed to evaluate the QOL of a patient on
three scales of symptoms, function, and emotion, while
maintaining excellent reproducibility, reliability, recruitment
validity, and content validity of Skindex. In this study, we will
use the Korean version of Skindex-29 published by Ahn et al.
(2004), which is a 5-level Likert scale from 1 (never) to 5 (always)
and has been validated.

Numeric Rating Scale
NRS is a pain evaluation tool that uses the visual pain score
(Haefeli and Elfering, 2006). NRS 0 is defined as the state without
discomfort, and NRS 10 is the maximum degree of discomfort
that the patient can think of.

Adverse Events
Clinical adverse events will be evaluated based on the Common
Terminology Criteria for Adverse Events (CTCAE), version 5.0,
developed by the NCI (Freites-Martinez et al., 2021). The
research manager will check for adverse events during the
period of intervention medication use at each visit.
Information on adverse events is provided to participants
reporting to the research manager, and the manager checks
the occurrence of adverse events through a questionnaire at
each visit. The notified events will be recorded in the “Adverse
Reaction Record Table”. Adverse events will also be reported in
detail on the date of onset and disappearance, the severity and
outcome of events, the treatment taken in relation to the events
and the causal relationship with the intervention, and the name of
the suspected drug other than the intervention.

Data Collection and Management
The participants will visit the outpatient clinic every week with a
3-day visit window during RT and 2 weeks after the end of RT.
Figure 2 shows the study procedure and outcome measurements.

One or two assistants will collect and record the entire data in
electronic case report forms. Personal information will be stored

FIGURE 2 | Study procedures and outcome measurements.
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in an independent storeroom to protect confidentiality. The
contract research organization (CRO) will monitor the data,
protocol, and safety of this study and check the source
documents every month. Access to the online database will be
restricted to radiology oncologist researchers in this study team,
as well as non-related outside people.

Statistical Analysis
The collected data will be statistically assessed using SPSS Version
25.0 (Chicago, IL), based on the intention-to-treat (ITT) set,
except for the following subjects: 1) subjects who violate the
inclusion/exclusion criteria; 2) subjects who have never used the
intervention medication; and 3) subjects who have not provided
any data after screening. The demographic characteristics of all
participants will be reported as the mean and 95% confidence
interval (95% CI) for continuous variables or frequencies and
percentages for categorical variables. The incidence rate of RTOG
Gr ≥ 2 RID, the primary outcome of this study, will be evaluated
the difference between two groups using the Chi-squared test.
Among the secondary outcomes, the maximum grade of RID
based on RTOG will be analyzed by Chi-squared test, the time to
RID occurrence by Kaplan-Meier analysis, and the CSSP,
Skindex-29, and the maximum NRS for RID-related pain by
independent sample t-test or Mann-Whitney U test, depending
on the normal distribution, to compare the differences between
the two groups. Adverse events will be presented as descriptive
statistics by dividing according to the severity of each
intervention and adverse symptoms. The types and frequencies
of adverse events determined to be causative of the intervention
will be separately analyzed and reported. Differences will be
considered statistically significant when p < 0.05. Adverse
reactions will be presented as descriptive statistics, divided
according to the severity of each group and each adverse
event. The symptoms and frequencies of adverse reactions
related to the intervention medication will be analyzed separately.

DISCUSSION

This is a prospective, single-blinded, pilot randomized-controlled
trial to compare the preventive efficacy of Jaungo ointment and
the water-in-oil type non-steroidal moisturizer for RID in
patients with breast cancer undergoing RT after surgery. The
number of participants was conducted for a total of 50 subjects,
25 in each group, based on prior studies. One of the two topical
agents (Jaungo or moisturizer) will be randomly applied to the
irradiated lesion from the start to the end of RT. In this protocol,
the incidence and severity of RID and RT-related skin reactions,
QOL, and pain based on RTOG, CSSP, the Korean version of
Skindex-29, and NRS will be measured. The primary outcome
will be the incidence rate of RID of Gr ≥ 2 based on the RTOG. All
assessments will be conducted by independent radiation
oncologists, blinded to the group.

RT is a widely applied conventional therapy for patients with
cancer. Indeed, at least 50% of patients with any type of cancer
receive RT during their treatment, and this prevalence is higher in
patients with breast cancer up to 70% (Baskar et al., 2012). Almost

95% of patients receiving RT experience RID during or after the
course of therapy, and 25% develop severe skin reactions
(Iacovelli et al., 2020). The pathogenesis of RID is associated
with radiation-induced vascular damage, followed by leukocyte
infiltration and destruction of the skin barrier, resulting in
inflammation and vasculitis (Weintraub et al., 2010). Patients
may experience a variety of symptoms, such as pruritus,
erythema, edema, desquamation, necrosis, ulceration, and
hemorrhage. Furthermore, one out of three patients with
breast cancer develop chronic RID, which can appear up to
10 years after the completion of RT. As such, RID is one of
the most widespread side effects of conventional cancer therapies
and has major consequences on QOL and adherence to RT course
and dosage of irradiation, thereby even discontinuing RT and
adversely affecting clinical outcomes (Leventhal and Young,
2017).

The risk of developing RID in breast cancer is dependent on
various factors. Therapy-related factors include radiation dose,
duration of irradiation, volume of the breast, and combination
with other conventional therapies. The incidence of RID is also
influenced by patient-related factors, such as high body mass
index, nutritional status, smoking, alcohol, pre-existing skin
disease, and genetic susceptibility (Böhner et al., 2020). As
such, RID can be caused by a variety of factors and accounts
for a high proportion of the adverse effects of conventional
therapies in breast cancer patients, but there is currently no
standard management or guideline for RID prevention (Wong
et al., 2013; Chan et al., 2014). However, in clinical practice,
topical managements, including moisturizing cream, are
generally applied to patients with RID and their comparative
studies have also been researched (Haruna et al., 2017; Ahn et al.,
2020).

The water-in-oil type non-moisturizer cream, which consists
of hyaluronic acid, shea butter, glycyrrhetinic acid, vitis vinifera,
and telmesteine, was registered as a medical device for the
symptomatic treatment of RID in the United States (US) and
European Union (EU) (Primavera et al., 2006). Its components
are believed to minimize radiation-induced skin reactions. All
ingredients are powerful moisturizing agents that can attract and
retain water under the skin barrier. In particular, hyaluronic acid,
the main ingredient of the non-steroidal moisturizer, has
demonstrated remarkable hygroscopic properties that are
relevant to wound healing (Abramovits and Boguniewicz,
2006). Additionally, glycyrrhetinic acid has been reported to
accumulate endogenous hydrocortisone and act as a natural
steroid with anti-inflammatory properties (Kroes et al., 1997).
Given the mechanism of these ingredients, the water-in-oil type
non-moisturizer cream has shown significant efficacy at treating
maximum severity skin toxicity, the severity of erythema, burning
sensation within the radiation lesion, and desquamation, when
compared to emollient base cream, which is similar in color and
consistency to the moisturizer, but without the key ingredients
(Leonardi et al., 2008). Therefore, it has been regarded as one of
the available treatment regimens effective in the prevention of
RID and the promotion of relief RT-related skin reactions.

Jaungo, a traditional herbal ointment consisting of
Lithospermi radix and Angelica sinensis, is standardized based
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on the Korean Pharmacopeia. It has been authorized as a topical
drug for dermatitis by the Korea Food and Drug Safety
Administration (KFDA). In clinical practice, Jaungo has been
used to treat a variety of dermatopathy symptoms, including RID.
A few clinical trials have demonstrated the preventive effects of
Jaungo on RID. A recent study found that Jaungo reduced the
incidence of Gr ≥ 2 (46.7 versus 78.6%) and Gr 3 RID (20.0 versus
50.0%) without adverse events compared to general supportive
skincare including gentle washing with neutral pH soap instead of
prophylactic lotions or moisturizers, although it was not
statistically significant (Kong et al., 2016). Additionally, brain
tumor patients who underwent RT showed significant prevention
of scalp dermatitis after topical application of Jaungo (Hayashi
and Sato, 2011). In particular, shikonin, acetylshikonin, ferulic
acid, and decusin, the major components of Lithospermia radix
and Angelica sinensis, have been reported to have wound healing,
antibacterial and anti-inflammatory effects (Huang et al., 2004;
Hsiao et al., 2012; Ghaisas et al., 2014).

Given this background, we evaluated the comparative efficacy
of Jaungo and the non-steroidal moisturizer in the prevention of
RID in postoperative breast cancer patients. To our knowledge,
this study is the first randomized controlled trial comparing
topical agents to investigate the prophylactic efficacy between
Jaungo ointment and the water-in-oil type non-steroidal
moisturizer, which is one of the major clinical topical
managements of RID for breast cancer patients with RID. This
study can be considered as a noteworthy study protocol for highly
prevalent RID without standard treatment, despite the limitations
that double-blindness cannot be achieved, a pilot study with a
small sample size, and the evaluation of outcomes may be
subjective, depending on the assessors.
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Plant-Derived Compounds as
Promising Therapeutics for Vitiligo
Yaobin Pang1, Shi Wu1, Yingjie He1, Qing Nian1, Jing Lei1, Yejing Yao1, Jing Guo1* and
Jinhao Zeng2,3*

1Dermatological Department, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China, 2Geriatric
Department, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China, 3TCM Regulating Metabolic
Diseases Key Laboratory of Sichuan Province, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China

Vitiligo is the most common depigmenting disorder characterized by white patches in the
skin. The pathogenetic origin of vitiligo revolves around autoimmune destruction of
melanocytes in which, for instance, oxidative stress is responsible for melanocyte
molecular, organelle dysfunction and melanocyte specific antigen exposure as well as
melanocyte cell death and thus serves as an important contributor for vitiligo progression.
In recent years, natural products have shown a wide range of pharmacological bioactivities
against many skin diseases, and this review focuses on the effects and mechanisms of
natural compounds against vitiligo models. It is showed that some natural compounds
such as flavonoids, phenols, glycosides and coumarins have a protective role in
melanocytes and thereby arrest the depigmentation, and, additionally, Nrf2/HO-1,
MAPK, JAK/STAT, cAMP/PKA, and Wnt/β-catenin signaling pathways were reported
to be implicated in these protective effects. This review discusses the great potential of
plant derived natural products as anti-vitiligo agents, as well as the future directions to
explore.

Keywords: vitiligo, oxidative stress, natural product, melanocytes, flavonoids, phenols, glycosides

INTRODUCTION

Pathogenesis of Vitiligo
Vitiligo is a chronic autoimmune destruction of melanocytes, leading to the pigment loss on the
surface of skin and mucosa and then the gradual expansion of decolorized skin plaque (Seneschal
et al., 2021). The severity of the disease affects about 1% of humans (Whitton et al., 2015). Clinically,
vitiligo is divided into segmental vitiligo (SV), non-segmental vitiligo (NSV) andmixed vitiligo (MV)
(Ezzedine et al., 2015). NSV is the most common type of vitiligo. Its clinical features are clear
boundary, reticular, different size, different distribution, depigmentation and milky white. SV is a
piece or several pieces, along the skin area dominated by a certain cutaneous ganglion segment,
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generally unilateral, accounting for 5–16% of all vitiligo cases
(Speeckaert et al., 2020). MV includes the combination of SV and
then bilateral NSV plaque after a period of time (Ezzedine et al.,
2015). The debilitating nature of vitiligo leads to poor quality of
life and mental health (Patel et al., 2017). Dermal exposure to UV
light from depigmented skin increases the risk of skin irritation
and cancer (Ahluwalia et al., 2017).

The main theories of the pathogenesis of vitiligo are: 1)
oxidative stress theory, 2) autoimmune theory, 3) neural
theory and 4) biochemical theory. The autoimmune theory is
the most accepted one (Rodrigues et al., 2017). More than half of
the 40 susceptibility genes revealed by genome-wide analysis are
involved in immunoregulatory activities (Jin et al., 2016). Strong
evidence shows that oxidative stress is a key factor in the
occurrence and development of diseases (Denat et al., 2014).
Several endogenous and exogenous stimuli are related to the
occurrence of diseases. Endogenous factors include melanin
synthesis, proliferation, differentiation, cell metabolism,
immune response and apoptosis (Al-Shobaili and Rasheed
2015). Exogenous stimuli include exposure to the environment
(e.g., cytotoxic chemicals, trauma, UV exposure, monophenones
and other phenolics), other diseases (severe infections,
neurological disorders, malignancies, calcium imbalance), and
pharmaceutical applications (e.g., certain hormones, vaccination,
drugs) (Xie et al., 2016). These all induce oxidative stress in
melanocytes, which may be important in activating autoimmune
responses associated with vitiligo (Abdel-Malek et al., 2020; Chen
X. et al., 2019; Xie et al., 2016). The decrease of the level and
activity of antioxidant enzymes (such as catalase and glutathione
peroxidase) and the imbalance of Pro oxidation/anti oxidation
balance are also the reasons for the production and accumulation
of ROS (Wang Y. et al., 2019). Nrf2-ARE regulates cellular
protective genes related to oxidative stress (Jian et al., 2011).
In vitiligo melanocytes, Nrf2 has nuclear translocation and
decreased transcriptional activity, resulting in decreased HO-1
expression and abnormal redox balance (Jian et al., 2014). Due to
the deficiency of antioxidant function, melanocytes in vitiligo are
particularly sensitive to ROS accumulation, which leads to DNA
damage, protein oxidation/breakage, mitochondrial dysfunction,
endoplasmic reticulum abnormalities and lipid peroxidation
(Bickers and Athar 2006; Chen J. et al., 2021). Increased ROS
levels even modified tyrosinase (Tyr) and other melanin proteins
into new antigens (Rodrigues et al., 2017). Oxidative stress leads
to the accumulation of misfolded proteins in the lumen of the
endoplasmic reticulum (ER), which in turn activates the unfolded
protein response (UPR) to restore cellular homeostasis and
maintain cell survival. The disturbance of endoplasmic
reticulum Ca2+ triggered by oxidative stress may also induce
UPR and apoptosis (Carreras-Sureda et al., 2018). Under
continuous cell pressure, UPR promotes autoimmune response
through apoptosis cascade, and then activates CD8+ T cells to
produce adaptive immune response, and T cells release
interferon-γ (INF-γ), It binds to receptors on keratinocytes,
further releases and presents inflammatory cytokines such as
CXC-L16 and IL-15, and further recruits T cells to the skin
through a positive feedback loop (Bergqvist and Ezzedine 2021).
The recruitment of CD8+and T cells induced by cytokines and

chemokines ensure the final destruction of epidermal
melanocytes (Figure 1). After naive T cells are activated by
antigen-presenting cells, a small subset of these precursor cells
eventually develop into several subsets of memory T cells,
including effector memory T (TEM) cells, tissue resident
memory T (TRM) cells and central memory T (TCM) cells. TRM

play a major role in vitiligo recurrence (Chen and Shen 2020). In
the process, melanocytes, fibroblasts, innate lymphoid cells,
natural killer cells, and keratinocytes collectively contribute to
the pathogenesis of vitiligo (Seneschal et al., 2021).

Vitiligo Therapy
However, there is no clear treatment for local and systemic
vitiligo. The most widely used therapy is local steroid and
narrowband ultraviolet B monotherapy (Grimes and
Nashawati 2017), they are not effective in all patients and are
expensive, not easily accepted, and are associated with side effects
(Huo et al., 2014). Local corticosteroids, calcineurin inhibitors
and phototherapy are still the basis of treatment, and long-term
use of steroids can lead to decreased immunity (Whitton et al.,
2016). Among the numerous treatments currently available,
including medical, physical, or surgical approaches, each
modality has its disadvantages and side effects (Yamaguchi
et al., 2007).

In vivo and in vitro experiments, natural products have been
shown to promote melanin production and prevent melanin from
being destroyed in a network way. It mainly includes scavenging
free radicals (NOS) to alleviate the damage of melanocytes caused
by oxidative stress, activating melanogenesis related pathways,
increasing the expression of tyrosinase gene, reducing the
expression of chemokines and inflammatory cytokines,
preventing the migration of CD8 + T cells. This paper reviews
several natural drugs for the treatment of vitiligo. Among the
natural products that we screened, 16 compounds (such as
baicalein, quercetin, paeonol. etc) exert antioxidant effects to
protect melanocytes by scavenging free radicals, activating the
Nrf2/HO-1 pathway, while maintaining normal cell morphology,
slowing down apoptosis and preventing injury. Four compounds
(vitexin, baicalin, EGCG and berberine) achieved repigmentation
of vitiligo skin lesions via anti-inflammatory effects, the process of
which involved the activation of the JAK/STAT pathway as well
as the inhibition of autoimmunity caused by the migration of
immune cells such as CD8 + T. In mammals, there are three
major melanocyte specific enzymes catalyzing melanin
biosynthesis: tyrosinase (TYR), tyrosinase associated protein 1
(TRP-1) and TRP-2. TRP-1 and Trp-2 are downstream
functional proteins of TYR (Yin et al., 2018). Microphthalmia
associated transcription factor (MITF) is a transcription factor
important for melanogenesis genes (Hearing 1999). Previous
studies summarized three main pathways of melanin
biosynthesis regulated by tyrosinase: MAPK, cAMP/PKA,
Wnt/β - catenin signaling pathway, and reviewed the effects of
several natural products on melanin synthesis and tyrosinase
activity (Niu and Aisa 2017; Pillaiyar et al., 2017). Among the
compounds we screened, 37 compounds (such as quercetin,
afzelin, puerarin, geniposide, etc) promote melanocyte
generation through the above pathways (Figure 2).
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Flavonoids
Baicalein
Baicalein is a flavonoid extracted from the roots of Scutellaria
baicalensis Georgi that has been extensively applied in
Traditional Medicine in Asia (Figure 3A) (Kim et al., 2014). It
has been reported to have anti-cytotoxic, anti-inflammatory, and
anti-tumor effects (Huang et al., 2005; Hwang et al., 2005; Yarla
et al., 2016). In addition, the antioxidant effects of baicalein have
received special attention during the past decades, including
reducing the levels of reactive oxygen species (ROS) generated
by chemical agents (Chiu et al., 2010; Choi et al., 2016; Zhao et al.,
2018) or ultraviolet radiation (Wang et al., 2018). Baicalein has
strong antioxidant properties, partly because compounds
scavenge ROS by oxidative consumption of the three 5, 6, 7-
position OH–groups in its structure (de Oliveira et al., 2015), and
it form stable semiquinone radicals, which also underlie its
powerful antioxidant activity (Gao et al., 1999). The apoptosis
of PIG1 cells induced by H2O2may bemediated bymitochondrial
pathway. In the in vitro model of H2O2-induced oxidative stress
of PIG1, baicalein protected PIG1 cells from H2O2-induced
oxidative stress and apoptosis, maintained mitochondrial
membrane potential, released cytochrome c, and decreased the
Bax/Bcl-2 ratio. The mechanismmainly involves the activation of
mitochondrial dependent caspase and the regulation of
p38MAPK pathway. Baicalein at the concentration of 40 µM
had the strongest protective effect on melanocytes (Liu et al.,

2012). In human vitiligo melanocytes (PIG3V) induced by
hydrogen peroxide, baicalein increased the expression of Nrf2
and its downstream gene HO-1 in PIG3V cells, promoted the
translocation of Nrf2 from cytoplasm to nucleus, indicating that
the protective effect of baicalein on melanocytes depends on Nrf2
signaling pathway (Ma et al., 2018). Baicalein also has antioxidant
effect on keratinocytes (Wang et al., 2018), therefore, the
development of baicalein topical preparation for the treatment
of vitiligo may be a feasible method.

Quercetin
Quercetin is a kind of polyhydroxy flavonoid, which is chemically
named 3,3,4,5,7-pentahydroxyflavone (Figure 3B). It has high
content in apple, onion and green tea, and also exists inAsparagus
racemosusWilld., Ficus ingens (Miq.) Miq., Coriandrum sativum
L. and Capparis spinosa L. It is one of the most consumed
flavonoids in people’s daily diet (Alvarez-Arellano et al., 2020).
Quercetin has a variety of biological activities, such as antioxidant
and scavenging free radicals (Wang et al., 2021e), anti-cancer,
anti-aging (Zhu et al., 2015), anti-inflammatory (Rauf et al., 2018;
Cui et al., 2019) anti-virus and immune regulation (Zhu et al.,
2015; Alvarez-Arellano et al., 2020). It has a very important
clinical significance in the treatment of bacterial infection, viral
infection, hyperlipidemia and immune system diseases, especially
for those caused by increased oxidative stress Cell damage and
even mitochondrial dysfunction related diseases have potential

FIGURE 1 | Melanocyte pathophysiology in vitiligo.
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therapeutic effects. Quercetin treatment of cultured melanoma
cells or NHEM promote melanin synthesis and tyrosinase
activity. In cell experiment, treatment of HMVII cells with
quercetin at different doses (1, 5, 10, 20 μm) and for different
times (1, 3, 5, 7 days) resulted in a dose and time-dependent
increase in melanin content. The mechanism of action may be
reflected by the genomic mechanism of new messenger RNA and

protein synthesis (Nagata et al., 2004). Interestingly, the triple
combination of GT extract/quercetin/folic acid prevented H2O2-
induced cell damage in a synergistic manner, suggesting that
effective antioxidant combinations should be studied to combat
ROS types. Among them, quercetin and GT extract had strong
protective effect on H2O2 induced cell death, and 100 μm
quercetin had the most significant protective effect (Jeong

FIGURE 2 | Mechanism of natural products in the treatment of vitiligo.
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et al., 2005). Cuiping Guan et al. observed endoplasmic reticulum
expansion and configuration changes in cells treated with H2O2

and NaOH/H2O2. Quercetin alleviated the increase of ROS level
induced by H2O2, and weakened the inhibition of tyrosinase
expression by hydrogen peroxide. The mechanism may be to
prevent oxidative stress damage, and tyrosinase is effectively
exported from endoplasmic reticulum (Guan et al., 2015).
Different nanoparticles, such as transporter, solid lipid
nanoparticles, nanostructured lipid carriers, liposomes, nano
emulsions and polymer nanoparticles, maximize the ideal

properties and/or therapeutic activity of quercetin (Nasr and
Al-Karaki 2020), which provides a feasibility for the external
treatment of vitiligo with quercetin.

Kaempferol
Kaempferol (Figure 3C) is a kind of flavonoids, which mainly
comes from the rhizome of Kaempferia galanga L. (Liu Z. Q.
et al., 2021). It widely exists in all kinds of fruits, vegetables
and beverages, hazelnut, tea, propolis, broccoli and grapefruit
(Calderón-Montaño et al., 2011). Kaempferol can be used to

FIGURE 3 | Anti vitiligo flavonoids (A) Baicalein, (B)Quercetin, (C) Kaempferol, (D) Apigenin, (E)Galangin, (F) Naringenin, (G) Hesperetin, (H) Afzelin, (I) Fisetin, (J)
Puerarin, (K) Butin, (L) Liquiritin, (M) Liquiritigenin, (N) Vitexin, (O) Hyperoside, (P) Baicalin.
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combat cardiovascular disease, cancer outbreak, immune
dysfunction, diabetes, oxidative stress and other diseases
(Imran et al., 2019). Kaempferol has no obvious cytotoxic
effect on B16F10 cells at the concentration of 16–32 μm for
24 h (Wang et al., 2017). Kaliziri is an extract from
Baccharoides anthelmintica (L.) Moench, which has
showed relatively good therapeutic effects for vitiligo
(Maimaiti et al., 2017). Kaempferol is one of the main
active components of Baccharoides anthelmintica (L.)
Moench extract (Tuerxuntayi et al., 2014). After treatment
with 1, 5, 10 and 20 μm kaempferol for 7 days, melanin
content in hmvii cells increased significantly. It enhanced
tyrosinase activity in HMVII cells and mouse buccal hair
follicles by inducing tyrosinase protein expression
(Takekoshi et al., 2014). Based on the SDTNBI method
and experimental verification, kaempferol markedly
increased tyrosinase activity and melanin biosynthesis gene
expression in B16F10 cells, and effectively promoted melanin
synthesis (Wang et al., 2017).

Apigenin
Apigenin (4′, 5,7-trihydroxyflavone; (Figure 3D) natural plant
flavone, widely exists in common fruits and vegetables. It is
considered to be a flavonoid with biological activity (Liu et al.,
2017). Compared with other flavonoids, apigenin is relatively
non-toxic and non-mutagenic, and has significant effects on
normal cells and cancer cells (Patel et al., 2007). It has
demonstrated a variety of pharmacological effects, including
antidepressant (Li et al., 2015; Zhang X. et al., 2019), anti-
inflammatory, liver protection, antithrombotic, anticancer,
anti-aging (Lim et al., 2015), anti-oxidant (Wang J. et al.,
2020). Apigenin significantly increased the activities of
glutathione peroxidase (GSH PX), catalase (CAT) and
superoxide dismutase (SOD), in a dose-dependent manner,
and significantly inhibited the level of malondialdehyde
(MDA), a biomarker of oxidative stress, in a H2O2 induced
cell line PIG3V. Interestingly, apigenin markedly increased
protein expression levels of Nrf2 and its downstream NQO1
andHO-1 in a dose-dependent manner, but had no effect on Nrf2
knockout cells. The results showed that apigenin protects
melanocytes from oxidative damage dependent Nrf2 pathway
(Zhang et al., 2020). In the dopamine (DA)—induced melanocyte
model, 10 μm apigenin treatment significantly reduced ROS
aggregation, reduced Da induced melanocyte apoptosis, and
inhibited caspase-3 and PARP activities, which may be
involved in the anti-apoptotic effect of apigenin. The
mechanisms include inhibition of JNK, p38MAPK and Akt
(Lin M. et al., 2011). In vitro, HMVII cells were treated with
apigenin at 1, 5, 10 and 20 μm for 7 days, and the melanin content
increased significantly (Takekoshi et al., 2014). So far, there is
little evidence that apigenin promote adverse metabolic reactions
in vivo when ingesting nutrition related amounts (Shukla and
Gupta 2010; Takekoshi et al., 2014; Weng et al., 2016). Apigenin’s
local drug delivery system transports apigenin to local skin tissue
instead of penetrating into blood circulation (Li et al., 1996).
Therefore, apigenin may be a relatively safe method for the
treatment of vitiligo.

Galangin
Galangin (GA, 3,5,7-trihydroxyflavone; Figure 3E) is an
important natural active flavone, which is mainly extracted
from the roots of Alpinia officinarum Hance, it has long been
used as herbs and spices in South Africa and Asia (Yang et al.,
2018). GA has been reported to possess a variety of biological
activities, including antibacterial (Skiba et al., 2016), antiviral,
anti-inflammatory (Cushnie et al., 2007), anti-obesity (Ma et al.,
2019) and antioxidant (Sinha et al., 2014), it is reported that these
effects are exerted by regulating NF - κ B, Nrf2 and cAMP/CREB
signaling pathways (Yang C.-C. et al., 2020). 4.25 mg/kg GA
significantly increased the number of basal melanocytes and
melanoepidermal cells in shaving area of mice with
hydroquinone induced vitiligo, and promote the melanin hair
follicles to increase, the mechanism is to prevent oxidative stress
by reducing cholinesterase (CHE) activity and MDA content and
increase the expression of TYR protein. Malondialdehyde (MDA)
is the final product of lipid peroxidation, which is considered as a
specific indicator of oxidative stress (Huo et al., 2014). However,
GA metabolism is fast and its bioavailability is low. 90% of GA is
metabolized in 1 h and is metabolized in 2 h in hepatocytes.
Therefore, it is necessary to modify GA by methylation to slow
down its metabolism and improve its bioavailability (Fang et al.,
2019).

Naringenin and Hesperetin
Naringenin (Figure 2F) and hesperetin (Figure 3G) are two main
flavonoids identified from Citrus × limon (L.) Osbeck extract
(Singh et al., 2020). The flavonoids in sweet orange peel include
flavonoid glycosides, flavones and flavonols, among which
flavanones exist in the form of glycosides (hesperidin and
naringenin) or aglycones (hesperidin and naringenin) (Ramful
et al., 2010). Citrus flavonoids have many biological activities,
such as anti-tumor, anti-oxidation and anti-inflammatory (Salehi
et al., 2019). It was found that flavonoids from navel orange peel
extract had antioxidant activity (Long et al., 2021). Citrus
products stimulate cell melanin production and tyrosinase
expression, thereby preventing skin damage caused by
ultraviolet light (Chiang et al., 2011). Huang et al. (2012) used
20 μg/ml citrus extract for melanin synthesis experiment. Citrus
are rich in hesperidin, neohesperidin or naringin, and acid
hydrolytic extracts of these three species of Citrus promote
melanin synthesis. In this experiment, 50 μm hesperetin
increased the expression of β-catenin, induced the rapid
phosphorylation of p38MAPK, ERK and Akt, and activated
the downstream transcription factor CREB phosphorylation in
less than 1 h. Hesperidin stimulates melanogenesis by activating
CREB and MAPKs in Wnt/β-catenin pathway (Huang et al.,
2012). Naringenin enhanced tyrosinase activity of B16 mouse
melanocytes in a time-dependent manner and increased melanin
content in a concentration dependent manner, reaching the
maximum at 100 μM. The mechanism included increasing the
expression level of melanin producing enzyme (TYRP1 and
DCT) and MITF (Ohguchi et al., 2006). Another study also
confirmed that naringenin up-regulated tyrosinase activity of
B16-F10 cells in a concentration dependent manner.
Naringenin up regulated the expression of MITF by increasing

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 6851166

Pang et al. Natural Products and Vitiligo

94

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


the expression of β-catenin and the phosphorylation of Akt or
GSK3, and then increased the activity of tyrosinase, so as to
improve the melanin synthesis of B16-F10 cells, rather than
through cAMP pathway (Huang et al., 2011). These results
suggest that hesperetin induced melanogenesis in cell models
may contribute to the development of topical beauty agents.

Afzelin
Afzelin (3-O-α-L-rhamnopyranoside; Figure 3H) is a flavonoid
isolated from Thesium chinense Turcz. and widely distributed
in Korea and China (Li G.-H. et al., 2021). Previous studies have
shown that afzelin has antibacterial, anticancer and anti-
inflammatory effects (Satthakarn et al., 2015). Afzelin
markedly alleviated ultraviolet induced oxidative stress in
human skin, damage of mitochondrial membrane potential
and mitochondrial permeability (Shin et al., 2013). Afzelin
showed strong anti-oxidant activity in DPPH radical
scavenging experiment (Kim et al., 2008). Many studies have
shown that afzelin could effectively treat skin diseases (Lee
et al., 2014). In the experiment of melanogenesis induced by
afzelin in human epidermal melanocytes, 100 μm afzelin
increased the protein levels of TRP-1 and TYR by up
regulating MITF, but did not increase the protein levels of
TRP-2. The mechanism is p38MAPK phosphorylation, which
up regulates MITF, and is independent of cAMP/PKA pathway
(Jung et al., 2016).

Fisetin
Fisetin (3,30,40,7-tetrahydroxyflavone; Figure 3I) is a dietary
flavone, which exists in a variety of vegetables and fruits,
including apples, strawberries, grapes, cucumbers and onions
(Khan et al., 2018). Studies have found that fisetin has anti
allergic, anti-arthritis and neuroprotective effects (Ahmad
et al., 2017; Ahmad et al., 2019). New data also showed that
fisetin had anti-cancer activity (Jie et al., 2015; Khan andMukhtar
2015; Ding et al., 2020). In particular, it has recently been found
that it inhibited inflammation and antioxidant stress (Silva et al.,
2007; Ahmad et al., 2019). Interestingly, fisetin has a two-way
regulatory effect on melanin production. Takekoshi et al. first
reported that fisetin could promote Tyr activity and melanin
content of human melanoma cells (Takekoshi et al., 2014).
However, Shon et al. found that fisetin inhibited the melanin
content in and out of mouse B16F10 melanoma cells mediated by
α - MSH(Shon et al., 2016). A recent study found that the
difference of dual effects of fisetin was related to its
concentration, because high concentration of fisetin inhibited
the synthesis of melanin in zebrafish larvae (400 μm) and B16F10
melanoma cells (40 μm). When the concentration of fisetin
exceeded 25 μm, the inhibitory activity increased slightly, and
200 μ m had the highest inhibitory rate on mushroom tyrosinase
activity in vitro. Surprisingly, 5 μm fisetin slightly increased the
content of spontaneous melanin and extracellular melanin, fisetin
(at 20 μm)markedly increased the content and release of melanin
in B16F10 cells by up regulating the expression of TYR andMITF,
and promoted the melanin synthesis of zebrafish larvae. The
mechanism is that fistein inhibits GSK-3 β, which activates β -
Catenin, which leads to melanogenesis by activating MITF and

tyrosinase (Molagoda et al., 2020). Therefore, low dose of fisetin
may be an effective drug in the treatment of vitiligo.

Puerarin
Puerarin (7,40-dihydroxyisoflavone-8b-glucopyranoside;
Figure 3J) is an isoflavonoid derivative isolated from the root
of the traditional Chinese medicine Pueraria lobata (Willd.)
Ohwi (Zhang 2019). Puerarin exhibits a wide range of
antioxidant activities in cardiovascular diseases, diabetes,
obesity, osteoporosis, and other diseases (Xu et al., 2021;
Chang et al., 2021; Liu Y. et al., 2021; Xiao et al., 2020). In
addition, puerarin has anti-inflammatory, anti-viral and other
pharmacological activities (Wang Z.-K. et al., 2020; Wang H. X.
et al., 2021). Puerarin exhibited obvious pharmacological
activities against vitiligo in vitro and in vivo. Park et al. found
that puerarin could increase the melanin content of melanocytes
in vitro, and topical application could improve the melanin
content of mouse skin tissue, the mechanism is via activation
of the cAMP pathway, followed by elevation of MITF, tyrosinase,
Trp-2, and Bcl-2 to increase melanocyte survival and melanin
content (Park et al., 2014). In the 4-benzyloxyphenol-induced
vitiligo mouse model, after one week of Puerarin Treatment, HE
staining of the skin at the depigmented sites showed increased
hair follicles, which were surrounded by a large number of
melanocytes. Puerarin at 40 μmol/L significantly increased the
melanin content of human melanocytes by decreasing the
phosphorylation of ERK in the cells to promote TRP-1 and
MITF expression, which led to an increase in melanin content
(Ding et al., 2019).

Butin
Butin (7, 30, 40-trihydroxydihydroflavone, BUT; (Figure 3K)
flavonoid with antioxidant activity, isolated from Alpinia
officinarum Hance, Dalbergia odorifera T.C.Chen (Duan et al.,
2017). BUT exhibited a wide range of pharmacological activities
for the treatment of aging, diabetes, liver diseases, and cancer
(Zhang et al., 2011). In the hydroquinone-induced vitiligo mouse
model, (4.25, 42.5 mg/kg) butin increased the melanin content in
the skin lesions by increasing the expression of Tyr and TRP-1
protein, reducing the serum cholinesterase activity and
malondialdehyde content. Besides, BUT promoted the
proliferation of basal melanocytes (Huo et al., 2017). A recent
study found that butin induced melanin production both in vivo
and in vitro when the concentration was 40 μmol/L, while
tyrosinase activity peaked. Meanwhile, in a H2O2-induced
zebrafish model, butin reduced the levels of reactive oxygen
species in vivo (Lai et al., 2021).

Liquiritin and Liquiritigenin
Liquiritigenin (LQ; Figure 3L) and liquiritigenin (LQG;
Figure 3M) are flavonoids extracted from Glycyrrhiza
uralensis Fisch. ex DC. (Du et al., 2021; Mou et al., 2021).
They have many biological activities, such as antiviral, anti-
inflammatory, anti-oxidation, anti-tumor and so on (Pastorino
et al., 2018). LQ and LQG were used to treat mouse melanoma
B16-F1 cells and human melanoma hmvii cells with different
doses for 72 h. The results showed that both natural drugs
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significantly increased the content of melanin in melanocytes in a
dose-dependent manner, and had no effect on cell viability.
Interestingly, both LQ and LQG could significantly up regulate
tyrosinase activity and the expression of MITF and its
downstream TRP-1 and Trp-2. Further studies have found
that 50 μm LQ and LQG trigger melanin synthesis through
p38 phosphorylation and activation of PKA/CREB signaling
pathway (Uto et al., 2019).

Vitexin
Vitexin (apigenin-8-C-β-D-glucopyranoside; Figure 3N) is a
natural flavonoid present in various medicinal plants such as:
Crataegus L., Vigna Savi, Passiflora cristalina Vanderpl. & Zappi,
Mimosa L., bamboo, etc (He et al., 2016). It has many
pharmacological activities, anti-inflammatory, antiviral,
anticancer, antihypertensive (Ding et al., 2021; Chen Y. et al.,
2021). At the same time, Vitexin is an antioxidant (Ożarowski
and Karpiński 2020). In H2O2-induced human melanocyte PIG1,
Vitexin inhibited hydrogen peroxide induced apoptosis and
promoted cell proliferation by activating the MAPK-Nrf2/ARE
pathway, including decreasing IL-1β. The expression of IL-17A,
Bax, caspase-3 and ROS, up-regulated the expression of p53, Bcl-
2, Nrf2, HO-1, NQO-1, SOD (Li et al., 2020).

Hyperoside
Hyperoside (quercetin-3-O-galactoside, Hyp; Figure 3O) belongs
to flavonol glycosides isolated from Rhododendron brachycarpum
D. Don ex g. don, Abelmoschus manihot (L.) Medik.
Rhododendron L.(Zhou et al., 2021). Studies have shown that
Hyp possesses antioxidant, anticancer, antifibrotic, antiallergic,
anti-inflammatory and other pharmacological activities (Huang
et al., 2020). Hyperoside markly increased the proliferation of
melanocytes in a dose - and time-dependent manner in vitro. In
the H2O2-induced melanocyte model, Hyp protected
melanocytes from oxidative damage by regulating the PI3K/
Akt pathway, inhibiting p38 phosphorylation and suppressing
mitochondrial apoptotic signaling, which included upregulation
of the Bcl-2/Bax ratio and expression of Akt, and downregulation
of caspase 3, p38 (Yang et al., 2016).

Baicalin
Baicalin (7-glucuronic acid-5,6-dihydroxy-flavone, BA;
Figure 3P) is a kind of small molecular flavonoids extracted
from Scutellaria baicalensis Georgi (Fan et al., 2021). BA has a
variety of pharmacological activities, such as antioxidant stress,
regulation of immunity, regulation of lipid metabolism disorders,
anti-inflammatory and improve cell apoptosis (Xin et al., 2020).
Recent studies have found that baicalin mediates antioxidant
stress by activating Nrf2 signaling pathway (Wang X. et al., 2021).
In the 40% monobenzone cream-induced vitiligo model, BA
intraperitoneal injection inhibited the infiltration of leukocytes
and CD8 + T cells in vitiligo lesions, increased the tyrosinase
activity in the lesion area, reduced the expression of chemokine
CXCL10 and its receptor CXCR3, and reduced the expression of
inflammatory factors in serum samples, including IL-6 and TNF-
α, IFN- γ And IL-13 (Zhu et al., 2019). The results of this study
are obviously exciting. The infiltration of active CD8 + T cells

occurs around the lesions of vitiligo, which is an important reason
for the immune destruction of melanocytes (Wu et al., 2013). In
vivo experiments, BA could inhibit the infiltration of immune
T cells, remove inflammatory factors to slow down the
appearance of leukoplakia, and reduce the area of decolorized
spots. So it is a potential drug for the treatment of vitiligo.

Polyphenol
Epigallocatechin-3-Gallate
Epigallocatechin-3-gallate (EGCG, Figure 4A) belongs to
catechin polyphenols and is one of the main bioactive
substances in Camellia sinensis (L.) Kuntze (Huang et al.,
2021). It has many pharmacological effects, including anti-
inflammatory, anti-atherosclerotic and anti-cancer effects
(Mereles and Hunstein 2011), it’s also an antioxidant
(Kalaiselvi et al., 2013). Katiyar et al. suggested that EGCG
could be a topical preparation to resist UVB-induced ROS-
related inflammatory skin diseases, photocarcinogenesis and
photoaging (Katiyar et al., 1999). In a model of
monobenzone-stimulated vitiligo in mice, EGCG delayed
the time to depigmentation, the area of depigmentation
and reduced the incidence of hyperpigmentation in the
dorsal skin of mice. The underlying mechanism was the
inhibition of CD8 + T cell migration and inflammatory
cytokine expression. Meanwhile, EGCG decreased the
expression of IFN-γ, TNF-α, and IL-6 in serum. 5%EGCG
cream is the optimal concentration for the treatment of
vitiligo (Zhu et al., 2014). IFN - γ, which plays a key role
in vitiligo pathogenesis, feedback through crosstalk to
promote CD8 + T cell recruitment to the skin (Harris
et al., 2012). High levels of CXC chemokines induced by
IFN - γ such as CXCL9, CXCL10 and CXCL11 were also
found in patient serum, being the most highly expressed
genes in the transcriptional profile of skin lesions from
vitiligo patients (Rashighi et al., 2014). Excitingly, EGCG
inhibited IFN - γ - induced phosphorylation activation of
JAK2, STAT1 and STAT3 in human melanocytes and
significantly suppressed the levels of ICAM-1, CXCL10
and MCP-1 in a dose-dependent manner. In primary
cultured human melanocytes. EGCG reduced the
expression of CXCR3, CCR2, and CD11a in purified CD8
+ T cells derived from the CD4 + T leukemia cell line Jurkat
and peripheral blood monoclonal cells (PBMCs) in a dose-
dependent character (Ning et al., 2015).

Cannabidiol
Cannabinediol (CBD; (Figure 4B) non-psychoactive compound
extracted fromCannabis sativa L., is an open pyran ring analogue.
CBD has anti-inflammatory, antioxidant and anti-apoptotic
effects (Iuvone et al., 2009). In addition, it has
immunomodulatory properties (Mechoulam and Hanus 2002).
In recent years, it has attracted great attention due to its potential
in the treatment of various pathological diseases, including skin
and cosmetic diseases (Baswan et al., 2020). CBD increaseed
melanin content by binding to CB1 receptor of human epidermal
melanocytes. The mechanism is to up regulate the expression of
MITF by activating p42/44MAPK and p38MAPK signaling
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pathways, and then promote melanogenesis (Hwang et al., 2017).
The safety of CBD transdermal drug delivery system is also under
development (Paudel et al., 2010).

1,5-Dicaffeoylquinic Acid
1,5-dicaffeoylquinic acid (1,5-dicQA; Figure 4C) is a natural
polyphenol widely found in Baccharoides anthelmintica (L.)
Moench and Helianthus annuus L. (Cheevarungnapakul et al.,
2019; Dogra et al., 2020). 1, 5-diCQA has a wide range of
pharmacological effects, such as antioxidant, neuroprotective,
antifibrotic and other biological activities (Cao et al., 2010).
Plant seeds containing 1, 5-diCQA are used in traditional
medicine to treat vitiligo (Tuerxuntayi et al., 2014). A
previous study found that 1,5-dicqa exerts antioxidant
activity through reducing intracellular ROS level and Nrf2
dependent pathway (Cao et al., 2010). 1, 5-diCQA inhibited
Aβ42-induced neurotoxicity by activating PI3K/Akt, decreasing
GSK3 β level and regulating Bcl-2/Bax ratio (Xiao et al., 2011).
B16 cells treated with 0, 5, 50 or 100 μM1, 5-dicQA significantly
up-regulated the transcription levels of MITF, TYR, TRP1 and
TRP2 in a dose-dependent manner without cytotoxicity. The
mechanism is to activate p38 MAPK, ERK MAPK and PKA
signaling pathway to promote the melanin synthesis of B16

cells. In conclusion, these studies suggest that 1,5-dicQAmay be
an effective drug for the treatment of hypopigmented skin
diseases (Mamat et al., 2018).

3,5-diCQA
3,5-caffeoylquinic acid (3,5-diCQA; Figure 4D) is a polyphenolic
compound extracted from the root of Cichorium intybus L.
(Legrand et al., 2016), it also accumulated in Achillea
millefolium L. and Artemisia dracunculus L. 3,5-diCQA has
high free radical scavenging activity (Bernard et al., 2020).
Phenolic compounds are beneficial to human health, especially
their anti-inflammatory and antioxidant properties (Miguel et al.,
2020). Plant polyphenols help the skin resist the damage caused
by sunlight (Perez-Sanchez et al., 2016). 3,5-diCQA increased the
content of melanin in melanocytes in a dose-dependent manner,
the possible mechanism is that 3,5-diCQA promoted the
phosphorylation of Akt and GSK-3 β, leading to the
accumulation of β - Catenin in the cytoplasm. Subsequently, β
- Catenin transferred to the nucleus and bound to LEF, which
increased the protein expression of downstream MITF, TYR,
TRP1 and TRP2. Therefore, 3,5-diCQA may restore skin
pigmentation under the loss of antioxidant enzymes or
melanocyte dysfunction (Mamat et al., 2017).

FIGURE 4 | Phenolic compounds against vitiligo (A) EGCG, (B) Cannabidiol, (C) 1,5-dicQA, (D) 3,5-diCQA, (E) 3,5-diCQM, (F)Maclurin, (G) Rosmarinic acid, (H)
Paeonol, (I) 6-Shogaol, (J) Morin.
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3,5-diCQM
3,5-dicaffeoylquinic acids (3,5-diCQM; Figure 4E) is a sort of
natural phenolic acids condensed from quinic acid and
caffeic acid by esterification. It is widely found in plants
such as Gloriosa superba L., Inula helenium L., Xanthium
strumarium subsp. strumarium, Crataegus azarolus L. and
other fruit trees (Bernard et al., 2020). Caffeoylquinic acid
derivatives have been used in traditional medicine in the east
to treat a variety of diseases and show a diversity of
pharmacological effects, such as liver protection (Basnet
et al., 1996), anti-microbial (Zhu et al., 2004), anti-
inflammatory (Góngora et al., 2002). In addition, the
antioxidant activity of caffeoylquinic acid derivatives has
been reported (Lin Y.-L. et al., 2011; Jang and Koh 2019).
In the experiment of B16F10 melanoma cells treated with
0–50 μm 3, 5-dicCQM, the results showed that 3,5-diCQM
could induce pigmentation. 3,5-diCQM drives melanogenesis
in a dose-dependent manner, and the molecular mechanism
underlying its ability to induce pigmentation is through
activation of the p38 signaling pathway, phosphorylation
and activation of CREB, and a cAMP/PKA dependent
signaling pathway, which in turn upregulates the
transcription factor MITF, thereby activating tyrosinase
activity (Kim et al., 2015).

Maclurin
Maclurin [(3,4-dihydroxyphenyl) -(2,4,6-trihydroxyphenyl;
Figure 4F) methanone] is a natural phenolic compound that
belongs to the benzophenone family and is found in Morus
alba L., Garcinia mangostana L. Previous studies have found
that maclurin has pharmacological activities such as anticancer,
antioxidant and anti-skin aging (Lee 2018; Lee et al., 2018; Mi
Moon et al., 2019). The content of melanin in melanocytes was
increased by maclurin in a dose-dependent manner, by a
mechanism involving the activation of the cAMP/PKA/CREB
signaling pathway, which in turn increased tyrosinase, MITF
and their downstream TRP-1 and Trp-2 protein content, while
also involving the activation of p38 MAPK and p44/42 MAPK
pathways. In vitro, maclurin significantly attenuated UVB induced
ROS production, inhibited hydrogen peroxide induced reduction
of melanin and decreased cell survival (Hwang et al., 2019).

Rosmarinic Acid
Rosmarinic acid (a-o-caffeoyl-3,4-dihydroxyphenyl lacticacid;
Figure 4G) is a natural phenolic compound, which exists in
many Labiatae plants, such as Perilla L., Rosmarinus officinalis L.,
Prunella vulgaris L. (Zhang et al., 2021). Rosmarinic acid has anti-
inflammatory, anti-oxidation, anti-cancer and other
pharmacological activities (Wang L. et al., 2019; Zhang et al.,
2021). Incubation of 50 μm rosmarinic acid with B16 melanoma
cells for 48 h resulted in a significant increase in melanin content
and tyrosinase protein expression, the mechanism being that
rosmarinic acid induces melanin synthesis by activating the PKA/
CREB signaling pathway via phosphorylation (Shomirzoeva et al.,
2019). Recently, ultradeformable liposomes (UL) have been
developed by scientific researchers, which greatly increased the
skin permeation ability of rosmarinic acid by UL containing oleic

acid, exhibiting potential as a formulation for development for
external use (Subongkot et al., 2021).

Paeonol
Paeonol (Pae; 2′-hydroxy-4-methoxyacetophenone; Figure 4H)
is a natural phenolic compound extracted from the Paeonia ×
suffruticosaAndrews (Miao et al., 2021). Paeonol has been used in
traditional Chinese medicine as an anti-inflammatory and
antipyretic drug with cardiovascular, anti-inflammatory,
neuroprotective, antitumour and other pharmacological
activities (Zhang L. et al., 2019; Tsai et al., 2020). Paeonol
alleviated UVB-induced skin photoaging by activating Nrf2
and the antioxidant response element (Sun et al., 2018).
Paeonol exhibits anti-inflammatory, anti-allergic activity in
animal models of atopic dermatitis and psoriasis (Meng et al.,
2017; Meng et al., 2019). In H2O2-induced PIG1 oxidative stress
model of normal human epidermal melanocytes, paeonol
inhibited hydrogen peroxide induced decrease in cell viability
in a dose-dependent manner. 20 μM paeonol increased the
enzymatic activities of SOD, CAT, GSH-Px and the expression
of HO-1, NQO1, and SOD2 by activating the Nrf2 signaling
pathway, but paeonol was unable to affect melanogenesis in PIG1
cells and acted only as a protective agent (Guo and Zhang 2021).

6-Shogaol
6-shogaol (Figure 4I), a natural phenolic compound, is the major
active ingredient in Zingiber officinale Roscoe. Studies have found
that 6-shogao possesses antiemetic, anti-inflammatory,
antioxidant, and anticancer activities, as well as cardiovascular
and neuroprotective effects (Kou et al., 2018; Chen et al., 2020;
Yadav and Jang 2020). Jin et al. found that 6-shogaol exerts cellular
antioxidant activity bymediating Nrf2 signaling through activation
of the JNK pathway (Kim and Jang 2016). Feng et al. found that 6-
shogaol inhibited UVB induced inflammation and oxidative stress
in keratinocytes (Chen F. et al., 2019). Pretreatment of HEMn-MPs
with 5 µM 6-shogaol for 6 h protected melanocytes from
rhododendrol-induced cytotoxicity and maintained their
original cell viability. In the oxidative stress-induced HEMn-
MPs model, cells pretreated with 6-shogao maintained the
initial cellular morphology, and 6-shogao significantly
attenuated H2O2 induced oxidative stress and death and
melanogenesis inhibition in melanocytes (Yang L. et al., 2020).

Morin
Morin (2′,3,4′,5,7-pentahydroxyflavone; Figure 4J) is a natural
polyphenol found in onion, fig, guava leaves, apple and other
Moraceae families such as Psidium guajava L., Maclura pomifera
(Raf.) C.K.Schneid., as well as the medicinal plant Alpinia
officinarum Hance (Lotito and Frei 2006). Studies have found
that Morin has antitumor, antihypertensive, antioxidant, anti-
inflammatory, antidiabetic, neuroprotective, antibacterial and
other pharmacological effects (Caselli et al., 2016; Heeba et al.,
2021). 50 μM Morin significantly upregulated the expression of
MITF, as well as its downstream TRP-1 and Trp-2 to increase
melanin production in B16F10 mouse melanoma cells, and the
mechanisms include the activation of ERK and p38 signaling
pathways via the phosphorylated MAPK pathway (Shin et al.,
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2021). Excitingly, long-term doses of oral Morin did not exhibit
any toxicity (Cho et al., 2006).

GLYCOSIDES

Geniposide
Geniposide (GP; Figure 5A) (C17H24O10) is a sort of iridoid
glycoside extracted from Gardenia jasminoides J. Ellis fruits,
which widely exists in nearly 40 species of plants in various
families, especially Rubiaceae (Shan et al., 2017). In terms of
biological activity, GP has been found to have a variety of
pharmacological effects, such as anti-diabetes (Zhang et al.,
2016), neuroprotective (Zhao et al., 2017), anti-inflammatory,
antioxidant, etc (Zhou et al., 2019). GP is also an important
component in many traditional Chinese herbal medicines for the
treatment of vitiligo, such as Eucommia ulmoides Oliv. and
Rehmannia glutinosa (Gaertn.) DC. (Zhou et al., 2019). In
HEMn or HEKn models induced by norepinephrine (NE), GP
significantly abolished the inhibitory effect of NE on HEMn
melanogenesis in the presence of recombinant SCF. The
binding of NE to α 1-adrenoceptor in melanocytes decreased
cAMP level, resulting in decreased intracellular calcium uptake
associated with c-kit production. The mechanism of GP
promoting melanogenesis was through activating GLP-1R/c-kit
receptor signal to enhance the expression of c-kit receptor, so as
to eliminate the depigmentation caused by norepinephrine
(Wen-Jun et al., 2008). In the melanocytes induced by H2O2,

GP increased the activities of SOD and CAT, reduced the
accumulation of ROS, thus increased the antioxidant capacity
of melanocytes and inhibited melanocyte apoptosis by
upregulating the Bcl-2/Bax ratio, while increasing cell viability.
This process involves activation of PI3K/Akt signaling pathway
(Zhou et al., 2019).

Cyanidin-3-o-β-Glucopyranoside
Cyanidin-3-o-β-glucopyranoside (C-3-G; Figure 5B) is a kind of
anthocyanin flavonoids widely found in vegetables and fruits.
ChineseMyrica cerifera L. is a rich source of C-3-G, which is one
of the most common anthocyanins (Sun et al., 2013).
Anthocyanins are beneficial to human body. Known
pharmacological actions include anti-inflammatory, anti-
fatigue, anti-oxidation, anti-tumor and so on (Cui et al., 2018).
In addition to the ability to significantly reduce ROS mediated
oxidative damage, C-3-G inhibited UVA induced damage to
primary human dermal fibroblasts (HDFS) by inducing
autophagy (Wu et al., 2019). In one study, TVM-A12 human
melanoma cells were incubated with 5 μm C-3-G, and the cells
return to the differentiation state from the proliferation state. In
addition, two human melanoma cell lines A-375 and M14 also
obtained dendritic phenotypes after C-3-G treatment. At the
concentration used, the cells treated with C-3-G showed no
apoptosis or necrosis. At the same time, C-3-G significantly
up-regulated the expression of tyrosinase, thereby inducing the
content of melanin in TVM-A12 cells, which was mediated by up
regulating cAMP pathway. It is particularly encouraging that the

FIGURE 5 | Glycosides against vitiligo (A) Geniposide, (B) C-3-G, (C) THSG, (D) Glycyrrhizin, (E) Paeoniflorin, (F) Madecassoside.
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active concentration of C-3-G is comparable to food intake (range
of μm) and has no toxicity. (Serafino et al., 2004).

2, 3, 5, 49-Tetrahydroxystilbene-
2-O-β-D-Glucoside
2, 3, 5, 4′-tetrahydroxystilbene-2-O-β-D-glucoside (THSG;
Figure 5C) is a water-soluble active ingredient in Reynoutria
multiflora (Thunb.) Moldenke (He et al., 2015). Numerous
studies have found that THSG exerts antioxidant effects by
protecting cells from oxidative damage caused by H2O2

through increasing SOD activity, reducing MDA content, and
inhibiting ROS production (Yang et al., 2014; Wu et al., 2020). In
hairless skin model, the extract of Reynoutria multiflora could up
regulate SOD in a dose-dependent manner, thereby reducing
UVB-induced oxidative damage, suggesting that the extract of
Reynoutria multiflora contains anti skin photoaging agent
(Hwang et al., 2006). At the first time, it was proved to be an
effective tyramine Acid enzyme activators and melanogenesis
stimulants (Guan et al., 2008). THSG increased tyrosinase activity
in a dose-dependent manner at concentrations ranging from 1 to
10 μg/ml (Jiang et al., 2009). Guan et al. (2008) reached a similar
conclusion. The mechanism was that THSG directly activated AC
or inhibited PDE, increased cAMP level in cytoplasm, and

mediated the activation of MITF/CREB. P38MAPK had a
regulatory effect on melanin formation and the induced
expression of tyrosinase and MITF in B16 cells induced by
THSG (Jiang et al., 2009).

Glycyrrhizin
Glycyrrhizin (GLC; (Figure 5D) natural triterpene saponin, is one of
the major chemical components extracted from Glycyrrhiza Tourn.
ex L. and has been widely used in Asia, Europe, the Middle East (Cai
et al., 2017). Studies have shown that GLC has antiallergic,
immunomodulatory, antiulcer, anticancer, antioxidant, and
antiviral effects (Wang G. et al., 2021). Jung et al. were the first to
find that GLC inducedmelanin production in B16melanoma cells in
a dose-dependent manner by upregulating the tyrosinase and Trp-2
genes (Jung et al., 2001). Li et al. also verified this conclusion. Further
studies revealed that GLC increases melanin production in
melanocytes by three pathways, 1) activating activator protein-1
(AP-1) and CRE promoter to activate p42/44 MAPK signaling, 2)
activating cAMP signaling, and 3) decreasing GSK3β
phosphorylation while inducing CREB phosphorylation (Lee et al.,
2005). Pretreatment with 1mM GLC significantly inhibited H2O2-
induced melanocyte apoptosis, and GR protected melanocytes from
oxidative stress by reducing ROS production in cells via activation of
the Nrf2/HO-1 pathway (Mou et al., 2019). Clinical study

FIGURE 6 | Coumarins against vitiligo (A) Psoralidin, (B) Isofraxidin, (C) Scopoletin, (D) 7-isopentenyloxycoumarin.

FIGURE 7 | Coumarins against vitiligo (A) Sesamin, (B) Cubebin, (C) Berberine, (D) Vitamin D.
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TABLE 1 | Summary of natural products for the treatment of vitiligo in models.

Natural compounds
name

Models Range of
dosage

Targets/pathway/process/
mechanism

References

Flavonoids Baicalein H2O2-induced PIG3V (human cell) 50 µM Cell vitality and proliferation, Nrf2,
HO-1, SOD2, NQO1, ERK1/2,
PI3K/AKT

Ma et al. (2018)

H2O2-induced PIG1 (human cell) 10, 20, and 40 µM Cell viability, ROS, Bax, Bcl-2,
caspase-3, β-actin, COX4, Cyt-4,
p38 MAPK, ERK

Liu et al. (2012)

Quercetin H2O2-induced epidermal melanocytes
(human cell)

25 µM TYRe, Cell viability, ROS
production, β-actin

Guan et al. (2015)

Kaempferol HMVII (human cell) 1, 5, 10 and 20 µM TYR activity, melanin content Takekoshi et al.
(2014)

B16F10 8, 16, 32 μM Viability, melanin melanin
contents, Synthesis, TYR activity,
MC1R, MITF, TYRP1, DCT

Wang et al.
(2017)

Apigenin H2O2-induced PIG3V (human cell) 1, 5, 10 and 20 μM Cell viability, SOD, CAT, GSH-PX,
MDA, Nrf2, HO-1, NQO1, β-actin

Zhang et al.
(2020)

Dopamine-induced melanocytes (human
cell)

0.3–10 μM Cell viability, ROS, JNK,
p38MAPK, Akt, caspase-3,
PARP

Lin et al. (2011a)

Galangin Male C57BL/6 (mice) 0.425 mg/kg,
4.25 m g/kg

Melanocytes, TYR activity, CHE
activity, MDA

Huo et al. (2014)

Naringenin B16 melanocytes 4A5 (mice cell) 0, 10, 25, 50, 100,
200 μM

Tyrp1, Dct, MITF, ERK, PI3K,
GSK-3β, β-actin

Ohguchi et al.
(2006)

B16-F10 (mice cell) 3–50 μM Cell viability, melanin content,
TYR, MITF, β-catenin,
GSK-3β, Akt

Huang et al.
(2011)

Hesperetin B16-F10 (mice cell) 3, 10, 30, 50 μM Cell viability, melanin content,
TYR, MITF, β-catenin, p38
MAPK, GSK-3β, p38MAPK,
ERK, Akt, CREB

Huang et al.
(2012)

Afzelin Epidermal melanocytes (human cell) 0, 10, 50, 100 μM TYR activity, Cell viability, MITF,
TRP-1, TRP-2, p42/44MAPK,
p38MAPK, JNK, CREB

Jung et al. (2016)

Fisetin B16F10 (mice cell), zebrafish model 5, 20 µM MITF, TYR, cell viability, melanin
Content

Molagoda et al.
(2020)

Puerarin Melan-a cell, zebrafish model, MITFvit/vit
mice

50 µM MITF-M, Bcl-2, TRP-2, TYR,
cAMP, melanin content cell
viability, melanin content, TYR,
TRP-1, MITF, GAPDH, ERK1/2,
p38, JNK

Park et al. (2014)

40% monobenzone cream-induced emale
C57BL/6 (mice), melanocytes from
foreskins (human cell)

1, 5, 10, 20,
40 μmol/L

Ding et al. (2019)

Butin Hydroquinone-induced mice 0.425, 4.25,
42.5 mg/kg

TYR, Trp-1, CHE, MDA Huo et al. (2017)

B16 cell, H2O2-induced zebrafish 1, 10, 100 µM ROS, melanin Content, TYR Lai et al. (2021)
Liquiritin B16-F1 (mice cell), HMVII (human cell) 12.5, 25, 50 µM Cell viability, melanin Content,

TYR, TRP-1, TRP-2, p38, CREB,
MITF, GAPDH

Uto et al. (2019)

Liquiritigenin B16-F1 (mice cell), HMVII (human cell) 12.5, 25, 50 µM Cell viability, melanin Content,
TYR, TRP-1, TRP-2, p38, CREB,
MITF, GAPDH

Uto et al. (2019)

Vitexin H2O2-induced PIG1 10, 20, 30, 40 µM Cells viability, IL-1β, IL-17A, Nrf2,
HO-1, NQO-1, SOD, cyt-C, ERK,
ROS, p53, Bax, Bcl-2, β-actin,
caspase-3

Li et al. (2020)

Hyperoside H2O2-induced epidermal melanocytes
(human cell)

2, 10, 50 µg/ml Cell viability, melanin amount,
Bcl-2, Bax, caspase 3, GAPDH,
AKT, p38

Yang et al. (2016)

Baicalin 40% monobenzone-induced C57BL/6
(mice)

20 mg/ml CD8+T, CXCL10, CXCR3, IL-6,
TNF-α, IFN-γ, IL-13

Zhu et al. (2019)

Polyphenol EGCG IFN-γ-induced (human cell), CD8+T 0, 10, 20, 40 µM ICAM-1, CXCL10, and MCP-1,
JAK2/STATs, CD11a, CXCR3,
CCR2

Ning et al. (2015)

Female C57BL/6 (mice) 2%, 5% and 10%
EGCG cream

CD8+ T cells, TNF-α, IFN-γ, and
IL-6, CXCl3, CXCL5, CXCR4,
S100B, TGFBR2, c-fos, Rab27A,
EGFR, PI3K

Zhu et al. (2014)

(Continued on following page)
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TABLE 1 | (Continued) Summary of natural products for the treatment of vitiligo in models.

Natural compounds
name

Models Range of
dosage

Targets/pathway/process/
mechanism

References

Cannabidiol Epidermal melanocytes (human cell) 1, 3, 6 µM MITF, TYR, TRP-1, TRP-2,
p38MAPK, p42/44 MAPK, TYR
activity, cell viability

Hwang et al.
(2017)

1,5-dicQA B16 (mice cell) 0–400 µM Tyr activity, MITF, TYR, TRP-1,
TRP-2, ERK, JNK, p38, PKA

Mamat et al.
(2018)

3,5-diCQA B16 (mice cell) 0–200 µM TYR activity, TYR, TRP1, TRP2,
MITF, β-catenin

Mamat et al.
(2017)

3,5-diCQM B16F10 (mice cell) 0–50 µM TYR activity, melanin content,
TRP-1, TRP-2, MITF, cAMP,
ERK, p38MAPK, JNK, AKT

Kim et al. (2015)

Maclurin H2O2-induced epidermal melanocytes
(human cell)

1, 10, 50 µM TRP-1, TRP-2, MITF, tyrosinase,
cAMP, PKA, CREB, p38 MAPK,
p44/42 MAPK, PKA

Hwang et al.
(2019)

Rosmarinic acid B16 (mice cell) 1, 10, 50, 100 µM Melanin content, CREB,
p38mapk, Akt, tyrosinase

Lee et al. (2007)

Paeonol H2O2-induced PIG1 (human cell) 5, 10, 20, 40 µM Cell viability, TYR, TRP-1, MITF,
CAT, HO-1, NQO1, SOD2, Nrf2,
GAPDH, SOD, GSH-Px

Guo and Zhang
(2021)

6-Shogaol H2O2-induced HEMn-MPs (human cell) 5 µM Cell viability, MITF, HO-1, NQO1,
Nrf2, GAPDH

Yang et al.
(2020b)

Morin B16F10 (mice cell) 25, 50, 100, 250,
500 μM

MITF, TRP-1, TRP-2, GAPDH,
ERK, p38

Shin et al. (2021)

Glycosides Geniposide NE-induced HEMn (human cell) 0–100 µM TYR activity, melanin, c-kit
receptor, SCF ligand

Wen-Jun et al.
(2008)

H2O2-induced primary melanocytes (human
cell)

ROS, SOD, CAT, Akt, Bcl-2, Bax,
caspase 3, caspase 9, β-actin

Lu et al. (2018)

C-3-G TVM-A12,M14,A-375 (human cell) 5, 10 μM Cell viability, proliferation, NF-68
kDa, NF-160 kDa, NF-200 kDa,
Melan-A/MART-1

Serafino et al.
(2004)

THSG B16F1 (mice cell) 1–10 μg/ml Melanin amount, TYR activity,
MITF, ERK, p38 MAPK, JNK,
cAMP

Jiang et al. (2009)

B16 (mice cell) 0.1–25 μg/ml TYR activity, melanin content Guan et al. (2008)
Glycyrrhizin B16 (mice cell) 0.2, 0.5, 1.0,

1.5 mM
Cell viability, melanin amount,
AP-1, CREB, p42/44 MAPK,
cAMP, GSK-3β, MITF

Lee et al. (2005)

H2O2-induced NHEM (human cell) 1 mM Cell viability, ROS, β-actin, Nrf2,
HO-1, GAPDH, NQO-1, GCLC,
GCLM

Mou et al. (2019)

Paeoniflorin Epidermal melanocytes (human cell), 40%
monobenzone-inducedC57BL/6 (mice)

0, 5, 10 μg/ml,
60 mg/kg in 20%
propanediol

Cell vitality and proliferation,
melanin amount, TRP-1, MITF,
TYR, ERK, CREB, GAPDH cell
viability, ROS, SOD, CAT, Nrf2,
NQO1, HO-1

Hu et al. (2020a)

H2O2-induced PIG1, PIG3V (human cell) 50–400 µM Yuan et al. (2020)

Cistanche deserticola
polysaccharide

H2O2-induced B16F10 (mice cell) and
epidermal melanocytes (human cell),
zebrafish

20,40,80 μg/ml Cell viability, melanin amount,
TYR, ROS, MITF, TRP1, TRP2,
RAB2 7A, FSCN1, GAPDH, ERK,
JNK, p38, ROS, Nrf2, HO-1

Hu et al. (2020b)

Madecassoside H2O2-induced B16F10 (mice cell), HEM
(human cell), zebrafish

20, 40, 80 µg/ml Cell viability, melanin amount,
TYR, MITF, TRP1, TRP2, RAB2
7A, FSCN1, GAPDH, ERK, JNK,
p38, ROS, Nrf2, HO-1, MAPK

Ling et al. (2017)

Coumarin Psoralidin In silico (no cell) 0.125, 0.25, 0.5,
1 g/ml

TYR, a rate-limiting enzyme of
melanogenesis

Shi et al. (2018)

isofraxidin B16F10 (mice cell), zebrafish 12.5, 25 µM Melanocytes, TYR activity,
melanin, MIFT, TRP-1

Yim et al. (2017a)

Scopoletin B16F10 (mice cell) 0–50 μM TYR activity, melanin content,
TYR, MITF, CREB, β-actin,
melanin content, TYR activity,
melanin content, Cell
viability, ROS

Ahn et al. (2014),
Heriniaina et al.
(2018)

B16F10 (mice cell), zebrafish 10–25 μmol/L

7-Isopentenyloxycoumarin Melan-a (mice cell) 1, 10, 20, 40 µM Cells viability, melanin content,
tyrosinase, TRP-1, TRP-2, and
MITF

Fiorito et al.
(2018)

(Continued on following page)
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observations suggest that treatment with oral GLC in combination
with UVB improves active generalized vitiligo (Mou et al., 2016).

Paeoniflorin
Paeoniflorin (C23H28O11, PF; (Figure 5E) monoterpene glycoside,
is a major active ingredient isolated from the roots of Paeonia
veitchii Lynch orPaeonia lactifloraPall., which has been applied for
1,200 years in China (Li J. et al., 2021). In vivo and in vitro,
paeoniflorin has a wide range of pharmacological activities,
including anti-inflammatory, antioxidant, immunomodulatory,
analgesic, anticonvulsant, antithrombotic, neuroprotective,
cardioprotective, hepatoprotective, antitumor and antidepressant
effects (Zhou Y.-X. et al., 2020). In the 40%monobenzone-induced
vitiligo mouse model, the number of hair follicles and melanin
content in the skin of paeoniflorin treated for 10 days were
significantly higher than those of the model group. In vitro,
10 μg/ml paeoniflorin can stimulate the synthesis of melanin,
and its mechanism is to increase the protein level of MITF and
its downstream TRP-1 by promoting the phosphorylation of ERK
and CREB (Hu M. et al., 2020). Interestingly, PF protected H2O2-
induced PIG1 and PIG3V cells from oxidative stress by activating
JNK/Nrf2/HO-1 signaling pathway, including decreased ROS level
and increased SOD, CAT, Nrf2 and HO-1 expression. PF at a
concentration of 50 μM, the cell viability was significantly
increased (Yuan et al., 2020).

Cistanche deserticola Polysaccharide
Cistanche deserticola polysaccharide (CDP) is the main active
component isolated from Cistanche deserticola Ma. It is widely
used in anti-virus and anti-tumor in North Africa, Arab and
Asian countries (Gu et al., 2016). In addition, CDP also has the
pharmacological activities of liver injury protection, lipid
balance, anti-aging, regulating immune function and
antioxidant (Liu et al., 2018). CDP promoted the formation
of melanin in vivo and in vitro. CDP promoted melanogenesis
by activating MAPK signaling pathway and up regulating the
expression of MITF and its downstream genes Tyr, TRP1 and
Trp2, including increasing the phosphorylation levels of p38,
JNK and ERK proteins. In vivo, CDP promotes melanin
production in zebrafish. Notably, CDP protected HEM and

B16F10 cells from oxidative stress induced by H2O2 and
significantly inhibited apoptosis induced by oxidative stress
(Hu Y. et al., 2020).

Madecassoside
Madecassoside (MADE; (Figure 5F) natural triterpenoid
saponin, is isolated from Centella asiatica (L.) Urb (Zhou
J. et al., 2020). Studies have found that asiatic acid has a wide
range of pharmacological activities, such as anti-apoptotic, anti-
inflammatory, and anti-oxidative (Peng et al., 2020). In the H2O2-
induced oxidative stress model, MADE reduced the shrinkage of
dendrites of melanocytes affected by oxidative stress in a dose-
dependent manner, maintained cell morphology, improved
mitochondrial swelling, and exerted antioxidant activity by
increasing autophagy by upregulating the levels of LC3-II and
LC3-I in melanocytes. Therefore, MADE is a promising natural
product against vitiligo (Ling et al., 2017).

Coumarin
Psoralidin
Psoralidin (PL; Figure 6A), a natural coumarin isolated from
Cullen corylifolium (L.) Medik. seeds, is structurally similar to
coumestrol (Cao et al., 2019). It also exists naturally in various
plants, such as lemon, lime and parsnip divaricata. PL is beneficial
to diabetic complications, oxidative stress, obesity, osteoporosis,
apoptosis, autophagy and cell proliferation (Sharifi-Rad et al.,
2020). PL is used in the traditional Uyghur medicinal materials
for color restoration (Wang et al., 2014; Niu et al., 2016; Pei et al.,
2016), and several psoralen compounds, such as 8-MOP and 5-
MOP, isolated from the same plant (Zang et al., 2019), are used in
ultraviolet color restoration therapy (Dincer Rota et al., 2021). In
vitro experiments showed that PL could improve the activity of
tyrosinase (Shi et al., 2018). A recent clinical controlled study
found that treatment of vitiligo lesions with psoralen in
combination with NBUVB had higher efficacy compared with
NBUVB alone, and there were no serious complications
(Zabolinejad et al., 2020). The mechanism may provide an
antioxidant effect by regulating the PI3K/Akt signaling
pathway, affecting the downstream GSK3 β/β - Catenin, and
the Nrf2/HO-1 axis (Zhai et al., 2018).

TABLE 1 | (Continued) Summary of natural products for the treatment of vitiligo in models.

Natural compounds
name

Models Range of
dosage

Targets/pathway/process/
mechanism

References

Other
compounds

Sesamin B16F1 (mice cell) 5, 10, 20 µM Melanin amount, TYR activity,
TYR, CREB, MITF, p38MAPK,
PKA, cAMP

Heriniaina et al.
(2018)

Cubebin B16 (mice cell) 0–20 µM Melanin amount, cell proliferation,
TYR activity, p38 MAPK, ERK1/2,
p70 S6K1

Hirata et al.
(2007)

Berberine H2O2-induced PIG1 (human cell) 0.1, 1.0, 5.0 μM Cells viability, Bax, Bcl-2, PARP,
HO-1, NQO1, SOD, Nrf2, Mitf,
TYR, TYRP1, DCT, IL-6, IL-8,
p65, ROS

Jiang et al. (2019)

Vitamin D H2O2-induced PIG1, PIG3V (human cell) 1 nM Cells viability, SOD, ROS,
β-catenin, CDH3, GSK3β, Nrf2,
MITF, caspase3, MDA,
GAPDH, HO-1

Tang et al. (2018)
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Isofraxidin
Isofraxidin (Figure 6B) is a natural coumarin isolated from
Artemisia capillaris Thunb. (Yim et al., 2017b). Isofraxidin
related derivatives have been found to have anti-inflammatory,
antioxidant, neuroprotective and other biological activities (Lau
et al., 2019; Majnooni et al., 2020). Yim et al. emphasized that
isofraxidin may be a new type of pigmentation agent. At the dose
of 12.5 μm and 25 μm, zebrafish treated with isofraxidin showed
higher melanin synthesis and tyrosinase activity in vivo
experiments. In vitro, 25 μm isofraxidin significantly increased
the melanin content in B16F10 cells by up regulating MITF and
tyrosinase gene expression (Yim et al., 2017a).

Scopoletin
Scopoletin (SP; Figure 6C) is a phenolic coumarin isolated from
Evolvulus alsinoides (L.) L., which has many pharmacological
effects (Zhang F. et al., 2019). It has been isolated from
Gramineae, Liliaceae, Musaceae, Compositae, Convolvulaceae
and Leguminosae (Tal and Robeson 1986; Gnonlonfin et al.,
2011). SP has been reported to have anti-inflammatory effect
(Chaingam et al., 2020) and antioxidant effect (Usman et al.,
2020), When B16F10 melanoma cells were treated with 0–50 μm
SP, it was found that SP to induce melanin synthesis in a dose-
dependent manner by increasing the expression of MITF and
tyrosinase via increasing CREB phosphorylation (Ahn et al.,
2014). When zebrafish embryos were exposed to the
compound for 2 days, the increase of pigment was detected. In
vitro, SP at concentrations of 0–50 μmol/L enhanced
melanogenesis in vivo and in vitro by increasing melanin
content and Tyr and MITF expression (Heriniaina et al., 2018).

7-Isopentenyloxycoumarin
7-isopentenoxycoumarin (Figure 6D), a natural
pentenoxyumbelliferone derivative widely found in Rutaceae
and umbelliferaceae, is a floral extract of Amaranthus
retroflexus L., which is used as a food product in southern and
central Italy (Fiorito et al., 2017). Studies have shown that 7-
isopentenyloxycoumarins have antifungal, antioxidant,
anticancer, neuroprotective, and anti-inflammatory properties
(Preziuso et al., 2020). Fiorito et al. found that 7-
isopentenoxycoumarin significantly induced melanogenesis at
a dose of 40 μm, with the highest induction of melanin at
72 h, and excitingly the induction was 6-fold greater than that
of the control group, and the mechanism of action was to increase
melanogenesis by elevating MITF and its downstream genes
tyrosinases, TRP-1 and Trp-2. Interestingly, 7-
isopentenoxycoumarin interacted with the ERβ (ER-β) Binding
may also be involved in melanin biosynthesis, as this receptor
antagonist inhibited melanogenesis (Fiorito et al., 2018).

OTHER COMPOUNDS

Sesamin
Sesamin (Figure 7A), a kind of lignan found in oil and
Sesamum indicum L. seed, has been found to have a
variety of biological activities and is beneficial to human

body (Udomruk et al., 2020). The high antioxidant activity
of sesamin has been reported (Pathak et al., 2014). In
addition, its anti-nociceptive and anti-inflammatory
activity was also reported (Jeng et al., 2005; Monteiro
et al., 2014). It increased the content of tocotrienoll in the
skin, so as to reduce sunburn and tumor incidence rate
(Yamada et al., 2008), reduced the skin erythema caused
by UVB, improved skin inflammation, protected skin from
wrinkle formation and light damage (Lin et al., 2019). In the
concentration range of 1–10 μM, sesamin increased melanin
production in a dose-dependent manner. The mechanism is
that sesamin up regulated CREB gene by activating cAMP/
PKA signaling pathway, then up regulated the expression of
tyrosinase and MITF, and finally induced melanin synthesis
(Jiang et al., 2011). The currently developed transdermal drug
delivery system will successfully transform lignin into an
external preparation for the treatment of vitiligo in the future
(Nguyen et al., 2015).

Cubebin
Cubebin (Figure 7B) is a compound extracted from the seeds of Piper
cubeba L. f. (Godoy de Lima et al., 2018). It exhibits various
pharmacological activities, such as trypanosomiasis, anti-
Mycobacterium (Silva et al., 2007), analgesic, anti-inflammatory
(Souza et al., 2004) and vasodilator (Somani et al., 2017). In vitro,
cubebin showed a concentration time-dependent melanogenesis
activity in B16 cells. The mechanism is to promote melanin
synthesis by increasing the phosphorylation level of p38 MAPK,
which in turn increases the expression of MITF and tyrosinase
(Hirata et al., 2007).

Berberine
Berberine (BBR, (Figure 7C) natural isoquinoline alkaloid, is a
major compound isolated from the Chinese herb Coptis chinensis
Franch. (Wang et al., 2021d), and studies have found that BBR
has pharmacological activities against cancer, hypolipidemic,
cardiovascular, anti-inflammatory, and antioxidant stress
(Zhao et al., 2021). Wei et al. studied the potential
medicinal value of berberine in vitiligo. At 0.1–5.0 μM BBR
induced melanocyte proliferation in a time-dependent
manner. At the same time, BBR inhibited the oxidative
damage induced by H2O2 by down regulating the activities
of CAT and SOD and reducing the accumulation of ROS in
PIG1 cells, 5 μM BBR inhibited the cleavage of PARP and the
apoptosis of melanocytes induced by H2O2 by down
regulating the ratio of Bax/Bcl-2. The antioxidant effect of
BBR depends on Nrf2-ARE pathway, and the process involves
up regulation of HO-1, SOD and NQO-1 protein expression,
and the protective effect is obviously reduced after Nrf2 gene
is knocked out. In addition, BBR enhanced the expression of
MITF in melanocytes induced by oxidative stress, thereby
increasing the production of melanin. Finally, BBR inhibited
H2O2-induced upstream NF-κB activation and expression of
IL-6 and IL-8 (Jiang et al., 2019). BBR could protect
melanocytes from oxidative stress through anti-oxidation
and anti-inflammatory. It is a potential natural drug
against vitiligo.
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Vitamin D
Vitamin D (1,25-dihy-droxyvitamin D3, Figure 7D) is a
cyclopentane phenanthrene compound, which is an essential
vitamin for human body, it mainly comes from daily meat
(Dominguez et al., 2021). Vitamin D has been used in
autoimmune diseases, cancer and osteoporosis (Sintov et al.,
2014). Vitamin D deficiency leads to the excessive production of
ROS inmitochondria and damages the antioxidant system (Latham
et al., 2021). Previous studies have confirmed that vitamin D
compounds regulate the proliferation, differentiation, migration
and apoptosis of melanocytes and affect T-cell mediated peripheral
immune response (Birlea et al., 2008; Kawakami et al., 2014). In
H2O2-induced oxidative stress models in PIG1 and PIG3V cells,
vitamin D activated WNT/β-Catenin signaling pathway exerted
antioxidant activity, the mechanism included the promotion of
GSK3β inactivation, increased β-catenin nuclear translocation and
activation of the downstream Nrf2/ARE pathway. In addition,
vitamin D passed through up regulation of MITF in a β-catenin
pathway dependent manner promoted melanocyte proliferation
and protected melanocytes from H2O2-induced apoptosis by
suppressing caspase3 expression (Tang et al., 2018).

CONCLUSION AND PROSPECTIVE

In traditional medicine, there are many traditional herbal
medicines (Kwon et al., 2018; Xu et al., 2017; Moreira et al.,
2012) for the treatment of pigment deficiency. Their extracts
significantly improved the activity of tyrosinase (Xu et al.,
2017). However, their specific components and mechanism
of action are still unclear. Vitiligo is an autoimmune skin
disease in which melanocytes are destroyed by autoreactive
CD8+ T cells, resulting in cutaneous leukoplakia.
Depigmented mouse skin lesions with autoimmune
features were fitted to a monobenzone-induced vitiligo
model (Zhu et al., 2013). Unfortunately, among all natural
drugs mentioned in this review, only four natural products
(such as Vitexin, baicalin, EGCG and berberine) currently
exhibit anti depigmenting pharmacological activity in this
model. We mentioned earlier that oxidative stress may be a
driver of autoimmune destruction and that intense and
persistent oxidative stress leads to apoptosis, damage, and
antigen exposure of melanocytes, which in turn trigger
autoimmune destruction. Therefore, recently, researchers
have paid more attention to the mechanism of action of
natural products against oxidative stress in melanocytes.
Some natural drugs (such as baicalein, Vitexin, maclurin,
etc.) inhibited the damaging effects of H2O2-induced
oxidative stress on melanocytes, even counterstaining
depigmented mouse skin lesions. Therefore, it is
reasonable to speculate that some of these members
contribute to protection against autoimmune destruction.
37 natural products can elevate melanin expression by
elevating tyrosinase activity in an in vitro melanocyte
model in vivo, but their contribution to intervening in
autoimmune destruction is similarly unknown. The above
mentioned vitiligo models are all inducible and cannot fully

replicate the disease characteristics of human vitiligo, thus
increasing the difficulty of developing new drugs. Genetically
edited mice have not been widely promoted (Riding et al.,
2019). Several natural drugs have been reported for their use
in the clinic. For example: observations from clinical studies
have shown that oral Glycyrrhizin Combined with UVB
therapy improves active systemic vitiligo, but also exposes
minor side effects (Mou et al., 2016). In clinical studies, the
overall recolor rate of PUVA (psoralen plus UVA) was only
44% (Bishnoi and Parsad 2018). However, due to the lack of
large clinical research, they still have a long way to go before
they can be promoted as anti-vitiligo agents (Maleš et al.,
2019). A systematic review study showed that vitiligo does
not generally produce benefi cial outcomes with the use of
topical antioxidants, but the added effect of oral intake
cannot be ignored (Speeckaert et al., 2018). Developing
new natural products against autoimmune destruction will
be a hotspot in the future and also provide a new direction to
elucidate the pathogenesis of vitiligo. Vitiligo treatment
serves two purposes: 1) Controlling vitiligo disease
progression during the active phase and 2) increasing
melanocyte production during the stationary phase. We
propose the hypothesis that in the future natural drugs
with anti-oxidant and anti-autoimmune properties are
used in vitiligo progression phase and natural drugs with
improved tyrosinase activity are used in stability phase.

In conclusion, strong evidence that natural products can
prevent or treat vitiligo is still lacking. Appropriately designed
clinical trials are needed to further understand the efficacy of
natural products against vitiligo. As an auxiliary means of
phototherapy, plant derived compounds with antioxidant
properties are becoming an attractive choice for the treatment
of vitiligo (Dell’Anna et al., 2007). Natural products (NPs)
extracted from plants show the effect of increasing the
expression of melanin, and have less side effects on human
body, which is of great significance for us to continue to
develop natural drugs (Yin et al., 2017).
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Background:Danshen Baibixiao (DB) is a traditional Chinesemedicine formula, which has
been used to treat psoriasis for decades. Although DB shows good efficacy in clinical
practice, the pharmacological effects and underlying mechanisms of DB remain elusive.
This study aimed to evaluate the anti-psoriatic effects of DB and explore its underlying
mechanisms in an imiquimod (IMQ)-induced psoriasis-like mouse model.

Materials and methods: DB was orally administered on IMQ-induced psoriatic mice.
Psoriasis area severity index (PASI) was used to evaluate the severity of the inflammation in
skin, and histological changes were evaluated by hematoxylin and eosin (H and E) staining.
Levels of inflammatory cytokines, such as tumor necrosis factor α (TNF-α), interleukin (IL)-
17A, IL-23, IL-6, IL-1β and IL-22 in serum were assessed by enzyme-linked
immunosorbent assay (ELISA). mRNA expressions of IL-17A, IL-23, IL-6 and IL-22
were determined by real-time polymerase chain reaction (PCR). Expression levels of
proteins related to NF-κB, STAT3 and MAPKs signaling pathways were measured by
western blotting (WB).

Results: DB significantly ameliorated the psoriatic symptoms in IMQ-induced mice. The
serum levels of inflammatory cytokines (TNF-α, IL-17A, IL-23, IL-6, IL-1β and IL-22) were
decreased, and mRNA expressions of IL-17A, IL-23, IL-6 and IL-22 in skin tissues were
down-regulated. Moreover, WB analysis indicated that DB inhibited the activation of NF-
κB, STAT3 and MAPKs signaling pathways.
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Conclusion: This study confirms the anti-psoriatic activity of DB in IMQ-induced psoriasis-
like mice. The possible mechanismmay relate to the activities of regulating the IL-23/TH-17
axis and suppressing the activation of NF-κB, STAT3 and MAPKs signaling pathways.

Keywords: traditional Chinese medicine, IL-23/TH-17 axis, NF-κB, STAT3, MAPK

INTRODUCTION

Psoriasis is a chronic auto-immune inflammatory disease, usually
manifesting silvery scales, thickened epidermis and erythema on
different parts of body. Pathologically, it is characterized by
abnormal proliferation and differentiation of keratinocytes,
infiltration of inflammatory cells and release of inflammatory
cytokines (Greb et al., 2016; Chiang et al., 2020). It is reported that
psoriasis affects approximately 2,3% of the global population
(Armstrong and Read, 2020). What’s worse, patients with
psoriasis often suffer from comorbidities, such as
cardiovascular disease, metabolic syndrome, cancer and
depression, which synergistically increase the physical and
psychological burden on patients (Boehncke and Schön, 2015;
Kuai et al., 2020).

Although the pathogenesis of psoriasis is not totally
understood, interleukin-23 (IL-23)/T helper 17 (TH-17) axis is
believed to be critically involved in the development and
maintenance of psoriasis (Gaffen et al., 2014; Schinocca et al.,
2021). Upon aberrant activation, dendritic cells (DCs) secrete
pro-inflammatory mediators, such as IL-23, IL-6 and TNF-α.
TH-17 cells induced by IL-23 and IL-1β, can produce
inflammatory cytokines, such as IL-17A, IL-22, TNF-α, IL-6
(Greb et al., 2016; Hou et al., 2018; Rai et al., 2020). These
inflammatory factors jointly promote keratinocyte proliferation
and other hallmarks of psoriasis. Numerous studies have
demonstrated that inflammation related pathways, such as
nuclear factor-kappa B (NF-κB) pathways, signal transducer
and activator of transcription 3 (STAT3) pathways and
mitogen-activated protein kinase (MAPKs) pathways were
involved in psoriasis (Haase et al., 2001; Sun et al., 2017;
Nguyen et al., 2018; Wang et al., 2019; Xu et al., 2019). NF-κB
can mediate gene encoding of many pro-inflammatory and
inflammatory cytokines (García-Pérez et al., 2014; Xu et al.,
2018). STAT3 is a key transcription factors, participating in
T cells’ activation and proliferation, differentiation of
keratinocytes and synthesis of inflammatory cytokines
(Palanivel et al., 2014). MAPKs, including p38, JNK and
ERK1/2, are activated to produce many important
inflammatory cytokines, such as TNF-α, IL-23 and IL-6
(Mavropoulos et al., 2013; Hammouda et al., 2020).

Currently, treatment of psoriasis involves topical medicines
(corticosteroids, vitamin D analogs and acitretin), systemic drugs
(methotrexate, dexamethasone and cyclosporine), phototherapy
(UVA and UVB), and biological medicines (TNF-α antagonists,
Janus kinase inhibitors, anti-IL-23 agents and anti-IL-17 agents)
(Greb et al., 2016). However, none of them can cure psoriasis, and
a number of side effects associated with these medications remain
a concern (Rapalli et al., 2018; Li et al., 2019b). Therefore, new
anti-psoriatic medicine with improved efficacy and safety should

be developed. Traditional Chinese medicine (TCM) with a long
history of treating psoriasis can be a possible source of new anti-
psoriatic medicine.

Danshen Baibixiao (DB), a traditional Chinese medicinal
formula comprised of 15 kinds of traditional Chinese medicine
ingredients (Table 1), has been used to treat psoriasis for over
30 years in Wuhan Hospital of Traditional Chinese and Western
Medicine. The efficacy of DB was widely recognized by doctors
and patients. (Xuan and Zhang, 2003; Lin et al., 2005). DB,
previously named as Xiaobiwan, was developed by Professor
Changfa Hu, a famous TCM doctor specialized in skin
diseases. He defined the ingredients and amounts of
ingredients used in the formula based on TCM theory and
anti-psoriatic medicines recorded in ancient Chinese medicine
literatures (Lin et al., 2005). This formula has been developed into
a hospital preparation, renamed as Danshen Baibixiao, and has
been used to treat psoriasis in the dermatology department of our
hospital since 1990s. Among the ingredients, Salvia miltiorrhizae
served as the monarch drug of the formula, which was thought to
play a major role in the therapeutic action of the formula (Lin
et al., 2005). According to TCM theory, Salvia miltiorrhizae has
the efficacy to clear blood heat, promote blood circulation and
remove blood stasis. Thus, Salvia miltiorrhizae is frequently used
in the prescriptions to treat psoriasis (Zhang et al., 2014; Jia et al.,
2020). A wide spectrum of secondary metabolites has been
identified from Salvia miltiorrhizae. Diterpenoid quinones and
hydrophilic phenolic acids are the major bioactive constituents
(Su et al., 2015). Several chemical constituents of Salvia
miltiorrhizae, such as tanshinone II, danshensu, salvianolic
acid B and cryptotanshinone were reported to show anti-
psoriatic effects (Li et al., 2012; Tang et al., 2018; Jia et al.,
2020; Wang et al., 2020). In clinical observations of DB
treatment, total effective rate of therapy with DB was 73.7%
(Lin et al., 2005), and total effective rate of combination therapy
of DB and phototherapy (UVA) on psoriasis vulgaris was 95.2%
(Xuan and Zhang, 2003). Although DB shows good efficacy in
clinical practice, the pharmacological effects and underlying
mechanisms of DB remain elusive. In this investigation, we
evaluated the anti-psoriatic effect in IMQ-induced psoriasis-
like mice model and explored the mechanism of DB through
its regulation on IL-23/TH-17 axis, and NF-κB, STAT3, MAPK
signaling pathways.

MATERIALS AND METHODS

Chemicals and Reagents
Imiquimod cream (containing 5% imiquimod) was obtained
from Meheco Keyi Pharma Co. Ltd (Hubei, China, batch
number: 190301). Depilatory cream was purchased from
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Reckitt Benckiser (London, United kingdom). Methotrexate and
chemical references (salvianolic acid B, tanshinone IIA, berberine
hydrochloride, prim-O-glucosylcimifugin, sophocarpidine, and
ammonium glycyrrhetate) were purchased from National
Institutes for Food and Drug Control of China (Beijing,
China). ELISA kits for IL-17A, IL-23, IL-22, IL-6, TNF-α, IL-
1β were purchased from Invitrogen (Carlsbad, CA,
United States). Primary antibodies used in western blotting
analysis were obtained from Cell Signaling Technology
(Danvers, MA, United States).

Plant Materials and Preparation of DB
Extract
All DB ingredients were commercially available TCM decoction
pieces, bought fromTianji pharmaceutical company (Hubei, China).
The ingredients were authenticated by Professor Hezhen Wu from
Hubei University of Chinese Medicine through morphological
identification according to Chinese Pharmacopoeia. The
specimens of the 15 ingredients were deposited in the herbarium
of Wuhan Hospital of Traditional Chinese and Western Medicine
for future reference (voucher number from 20190301 to 20190315
for all ingredients). Detailed information on medicinal parts and
processingmethods of thematerials was listed inTable 1. According
to traditional use of TCM prescriptions, the ingredients were mixed
together and soaked with 10x weight of distilled water, followed by
boiled for 1 h. The decoction was filtrated with gauze, and the
medicines were boiled with another 10x weight of distilled water for
1 h. The decoctions from the two cycles were mixed and then
concentrated to a solution containing 0.228 g/ml of crude drugs
with a rotary evaporator (IKA, Staufen, Germany). Concentrated
solution containing 0.228 g/ml of crude drugs was used to treat mice
of the high-dosage DB group. The solutions of low-dosage (0.114 g/
ml) andmiddle-dosage (0.057 g/ml) DB were diluted from the high-
dose solutionwith distilled water. The solutions were stored at−20°C
before use.

The dosages of DB used in our experiment were calculated from
human dosage based on body surface area as described by Xu et al.
(2002). Body surface area ratio of mouse (20 g) to human (70 kg) is

0.0026. Recommend dose of DB for an adult was 22 g per day. For a
20 gmouse, the equivalent dose of DBwas 22 g × 0.0026÷ 0.02 kg �
2.86 g/kg, which was set to be the middle dosage in our experiment.
The volume of drug administrated to mice was 0.5 ml, thus the
concentration of solution for middle dosage was 2.86 g/kg × 0.02 kg
÷ 0.5 ml � 0.114 g/ml of crude drugs. The low dosage and high
dosage were set at half or 2 times of middle dosage. Thus, the
concentration of the solution for low, middle and high dosage was
0.057, 0.114, 0.228 g/ml of crude drugs, respectively.

HPLC-MS/MS Analysis
HPLC-MS/MS method was used to analyze the chemical
constituents of DB. According to Chinese Pharmacopoeia,
salvianolic acid B and tanshinone IIA are used as reference
compounds for quality control of Salvia miltiorrhizae radix et
rhizome. Berberine hydrochloride, prim-O-glucosylcimifugin,
sophocarpidine and ammonium glycyrrhetate are used as
reference compounds for Phellodendri amurensis cortex,
Saposhnikoviae radix, Sophorae flavescentis radix, Glycyrrhizae
radix et rhizoma, respectively (Chinese-Pharmacopoeia-
Commission, 2020). And these compounds were reported to
be active compounds of these ingredients, respectively (Su
et al., 2015; Kreiner et al., 2017; Pastorino and Cornara, 2018;
Sun and Lenon, 2019; Zhu and Hou, 2021). Therefore, salvianolic
acid B, tanshinone IIA, berberine hydrochloride, prim-O-
glucosylcimifugin, sophocarpidine, and ammonium
glycyrrhetate were used as standard references. An appropriate
amount of each standard compounds were dissolved in a known
volume of methanol individually to make the standard stock
solutions. The standard working solutions were prepared by
diluting the stock solutions with methanol. Then, an
appropriate amount of each standard working solution were
mixed and diluted with a known volume of methanol to make
the mixed standard working solution.

The DB extract was prepared as described above and was filtered
through a 0.45 μm filter for the HPLC-MS/MS analysis. The analysis
was performed on a Shimadzu LC-20AD liquid chromatography
system coupled with an API 4000 mass spectrometer (AB SCIEX,
Foster City, United States). A Sunfire C18 column (2.1*150mm,

TABLE 1 | Composition of danshen baibixiao.

Ingredients Source Medicinal parts Pocessing method Mass ratio

Salvia miltiorrhizae radix et rhizome (丹參) Salvia miltiorrhiza Bge Root and Rhizome Thick sliced and dried 4
Scorpio (全蝎) Buthus martensii Karsch Whole body Dried 2
Zaocys (烏梢蛇) Zaocys dhumnades (Cantor) Whole body Segmented and dried 2
Rhei radix et rhizome (大黃) Rheum officinale Baill Root and Rhizome Thick sliced and dried 2
Cicadae periostracum (蟬蛻) Cryptotympana pustulata Fabricius cot Dried 2
Eupolyphaga steleophaga (土鱉蟲) Eupolyphaga sinensis Walker Whole body Dried 2
Cynanchi paniculati radix et rhizome (徐長卿) Cynanchum paniculatum (Bge.)Kitag Root and Rhizome Segmented and dried 2
Crataegi fructus (山楂) Crataegus pinnatifida Bge. Var. major N. E. Br Mature fruit Thick sliced and dried 6
Isatidis radix (板藍根) Isatis indigotica Fort Root Thick sliced and dried 6
Carthami flos (紅花) Carthamus tinctorius L Flower Dried 2
Saposhnikoviae radix (防風) Saposhnikovia divaricate (Turcz.)Schischk Root Thick sliced and dried 4
Sophorae flavescentis radix (苦參) Sophora flavescens Ait Root Thick sliced and dried 2
Phellodendri amurensis cortex (關黃柏) Phellodendron amurense Rupr Bark Shredded and dried 4
Scolopendra (蜈蚣) Scolopendra subspinipes mutilans L.Koch Whole body Dried 1
Glycyrrhizae radix et rhizome (甘草) Glycyrrhiza uralensis Fisch Root and Rhizome Thick sliced and dried 1
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3.5 µm particle size, Waters, Milford, United States) was used for the
separation of the components. Water and acetonitrile [both
containing 0.1% (v/v) formic acid] were used as mobile phase A
and B. HPLC analysis was carried out at a flow rate of 0.2 ml/min
with a gradient elution (10–30% B from 0 to 20min; 30–100% B
from 20 to 35min; 100% B from 35 to 40min).

The quantifications of the chemical constituents of DB were
performed with the multiple reaction monitoring (MRM) mode.
The turbo spray ion source was operated in the positive ion mode.
The source parameters (ion-spray voltage, temperature, gas1, gas2,
curtain gas, collision gas) used in the analysis were 5000 V, 500°C,
55, 55, 35, 6 psi. Ion pairs used for multiple reaction monitoring
were 741.3/561.3 (salvianolic acid B), 295.3/277.2 (tanshinone IIA),
336.3/321.2 (berberine hydrochloride), 469.1/307.4 (prim-O-
glucosylcimifugin), 249.6/148.3 (sophocarpidine) and 840.6/
823.6 (ammonium glycyrrhetate). Compounds in the DB were
quantified using the standard calibration curves.

Animals
Male C57BL/6mice of 20–25 g weight and 8-weeks age were obtained
from Laboratory Animal Center of Huazhong University of Science
and Technology (Hubei, China). A total number of 60mice were used
in this experiment. The mice were housed in plastic cages under
specific pathogen-free conditions of 24–26°C temperature, 55%
relative humidity on 12 h light/dark cycles with abundant food and
water. All of them were acclimatized for 1 week and kept in good
health condition before use. Animal handling and institutional
approval were supported and approved by the Institutional Animal
Care and Use Committee at Tongji Medical College of Huazhong
University of Science and Technology (approval number: 2,520). All
experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (the seventh edition, United States).

Animals Treatment and Sample Collection
Backs of the mice were shaved and depilated with depilatory
cream to expose the back skin. Sixty mice were randomly divided
into six groups (n � 10): the normal control (NC) group, the
model group (IMQ group), the methotrexate (MTX) treated
group, and three groups treated with low, middle and high
dosage of DB. Five groups except for NC group received
application of 80 mg IMQ cream daily on their back skins for
14 consecutive days. For the last 7 days, the low-dosage DB group
(DB-L), middle-dosage DB group (DB-M) and high-dosage DB
group (DB-H) received orally 1.43, 2.86, 5.72 g/kg DB (calculated

from the human dosage) after IMQ application daily, while the
MTX group received 1 mg/kg MTX daily, IMQ and NC groups
received distilled water. On day 15, the mice were sacrificed by
cervical dislocation after narcotized by inhalation of diethyl ether,
the blood samples and back skin tissues were collected. The
animal experimental procedure was shown in Figure 1.

Behavior Observation and Psoriasis Area
and Severity Index Assessment
During the experiment, body weight of the mice was recorded
every day. Behaviors, such as activity, mental state, daily intake of
water and food, defecation and urination of the mice were also
observed. PASI was used to evaluate the severity of the
inflammation in skin. Degrees of erythema, scaling and
thickening were scored independently on a scale of 0–4: 0 for
none; one for slight; two for moderate; three for severe; four for
very severe. The severity of the inflammation was measured by
the cumulative score (erythema plus scaling plus thickening) on a
scale of 0–12 (van der Fits et al., 2009).

Histological Analysis
On day 15, the back skin samples were collected and fixed in 10%
buffered formalin and embedded in paraffin. Then the samples
were cut into 3 µm sections and stained with hematoxylin and
eosin (H and E). The samples were examined with an optical
microscope (Olympus BX53, Tokyo, Japan). Epidermal thickness
was measured in three randomly selected spots.

Enzyme-Linked Immunosorbent Assay
The serum samples were separated by centrifugation from the
blood samples at 12000 g, 4°C for 15 min. Levels of the
cytokines IL-17A, IL-23, IL-22, IL-6, TNF-α, IL-1β in
serum samples were measured using ELISA kits
(Invitrogen, Carlsbad, CA, United States) according to
manufacturer’s instructions.

Quantitative Real-Time PCR Assay
The skin samples were extracted with Trizol reagent (Invitrogen,
Carlsbad, CA, United States) to obtain the total RNA. Then the
RNAs were reverse transcribed into cDNA with M-MLV reverse
transcriptase (Promega, Madison, United States). Quantitative PCR
was performed with SYBR Green qPCR Supermix (Invitrogen,
Carlsbad, CA, United States) on an ABI 7500 real-time
quantitative PCR system (Applied Biosystems, Foster City,

FIGURE 1 | Scheme of the animal experimental procedure.
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United States). The PCR cycle parameters were as follows: denature
at 95°C for 5min, followed by 40 cycles of 95°C for 15 s (denature)
and 60°C for 32 s (annealing). Data were analyzed with the 2−ΔΔCT

method. Primers used were listed in Table 2.

Western Blotting
Total protein was extracted from skin samples with RIPA buffer
(Beyotime Biotechnology, Shanghai, China). After determination
of the protein concentration by BCA kit (Jiancheng Bioengineering
Institute, Nanjing, Jiangsu, China), the protein was separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene fluoride
membranes (0.45 mm, Millipore, Boston, MA, United States).
After blocking with 5% fat-free milk, the membranes were
incubated with primary antibodies against NF-κB p65, IκB, p38
MAPK, JNK, ERK, p-p38 MAPK, p-JNK, p-ERK and STAT3
(dilution ratio of 1:1,000, Cell Signaling Technology, Danvers,
United States) at 4°C overnight. After washing, the membranes
were incubated with horseradish peroxidase (HRP) conjugated
secondary antibodies with dilution ratio of 1:4,000 at 37°C for 1 h.
Then the membranes were washed for 3 times with Tris buffer
saline containing 0.1% (v/v) Tweens 20, and incubated with
enhanced chemiluminescence reagent (Millipore, Boston, MA,
United States). The signals were captured with X-ray films and
quantified with the ImageJ software (NIH, Bethesda, MD,
United States). GADPH was used as internal reference protein.

Statistical Analysis
All data were expressed as mean ± standard deviation (SD). Data
were analyzed with SPSS 20.0. Statistical significance was assessed
using the one-way analysis of variance (ANOVA). Differences
were considered statistically significant at p < 0.05.

RESULTS

Analysis of the Chemical Constituents of DB
Extract
In TCM theory, ingredients in the formula could be divided into four
categories, as monarch, minister, assistant and guide drugs. Salvia
miltiorrhizae radix et rhizome was the monarch drug of the formula.
Phellodendri amurensis cortex and Sophorae flavescentis radix were
the minister drug, Saposhnikoviae radix was the assistant drug, and
Glycyrrhizae radix et rhizome was the guide drug. These ingredients
are the representatives of the four categories in the DB formula, so
reference compounds of these ingredients were chosen in the analysis
of DB. MRM chromatograms of both DB and referential substances

were shown in Figure 2. The retention times of salvianolic acid B,
tanshinone IIA, berberine hydrochloride, prim-O-glucosylcimifugin,
sophocarpidine, and ammonium glycyrrhetate were 23.2, 32.7, 16.6,
11.6, 1.8 and 27.2min, respectively. The concentrations of these six
components in DB were 12.3, 0.13, 6.71, 3.04, 49.5, 5.96 μg/mg.

DB Ameliorated IMQ-Induced Psoriasis-like
Skin Lesions in Mice
During the experiment, no significant differences in body weight,
activity, mental state, daily intake of water and food, defecation and
urination were observed between themice in different groups. Typical
signs of erythema, scaling and epidermal thickening appeared after
7 days of IMQ application compared with NC group. From day 8 to
day 14, DB treatment significantly attenuated the symptoms of
psoriasis compared with IMQ-group (Figure 3A).

PASI score was determined for assessing the severity of skin
inflammation for all mice. In Figures 3B–E, the PASI scores
continually increased after IMQ application from day 1 to day 7.
However, the PASI scores decreased gradually after MTX or DB
treatment from day 8 to day 14. The PASI scores of DB andMTX-
treated groups were significantly lower compared to IMQ group
(p < 0.01).

Histopathological Analysis
Histological changes in the skin tissues after DB treatment were
evaluated with H and E staining. In Figure 4, the IMQ-treated
group displayed remarkable elevation in epidermal hyperplasia,
hyperkeratosis, acanthosis and inflammatory cells’ infiltration.
After application of DB, the psoriatic symptoms were alleviated
significantly, especially in the high-dosage DB treated group. The
epidermal thickness of the mice was measured in three randomly
selected spots. In Figure 3F, the IMQ-treated group showed
significant thickening of epidermis compared to the NC group
(p < 0.01), while epidermal thickness was significantly reduced in
DB and MTX-treated groups (p < 0.01).

DB Decreased the Levels of Inflammatory
Cytokines in the Peripheral Blood of
IMQ-Induced Psoriatic Mice
ELISA assays were used to evaluate the effects of DB on the levels of
the cytokines in serum. According to Figures 5A–F, TNF-α, IL-
17A, IL-23, IL-22, IL-1β, IL-6 levels were significantly increased in
the IMQ group compared to NC group (p < 0.01). DB treatment
significantly decreased levels of these cytokines compared to IMQ
group (p < 0.01). Levels of TNF-α, IL-23 and IL-6 were decreased
with a dose-dependent manner.

TABLE 2 | Primers used for qPCR assays.

Gene Forward primer Reverse primer

IL-23 5′-CTC ACC GTG ACG TTT AGG GA-3′ 5′-ACT AGA ACT CAG GCT GGG CAT C-3′
IL-17A 5′-TCA TGT GGT GGT CCA GCT TTC-3′ 5′-GAA GGC CCT CAG ACT ACC TCA A-3′
IL-22 5′-TTT CCT GAC CAA ACT CAG CA-3′ 5′-CTG GAT GTT CTG GTC GTC AC-3′
IL-6 5′-AGA GTA GTG AG GAA CAA GCC-3′ 5′-TAC ATT TGC CGA AGA GCC CT-3′
GAPDH 5′-GGT TGT CTC CTG CGA CTT CA-3′ 5′-TGG TCC AGG GTT TCT TAC TCC-3′
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DB Down-Regulated the mRNA
Expressions of Inflammatory Cytokines in
IMQ-Induced Psoriatic Mice
The mRNA expressions of inflammatory cytokines in skin tissues
after DB treatment were evaluated by real-time PCR. In Figures
6A–D, IMQ treatment significantly increased the mRNA expressions
of IL-17, IL-23, IL-22 and IL-6 compared with NC group (p < 0.01).

However, the mRNA levels of these cytokines dose-dependently
declined in the DB-treated groups (p < 0.01).

DB Inhibited the Activations of NF-κB,
MAPKs and STAT3 Signaling Pathways
Western blotting analysis were performed to evaluate the
expression levels of the proteins related to NF-κB, MAPKs

FIGURE 2 | HPLC-MS/MS analysis of the chemical constituents in the DB. (A) MRM chromatogram of DB (upper) and MRM chromatogram of the referential
substances (lower). Salvianolic acid B (1), tanshinone IIA (2), berberine hydrochloride (3), prim-O-glucosylcimifugin (4), sophocarpidine (5) and ammonium glycyrrhetate
(6). (B) Chemical structures of salvianolic acid B, tanshinone IIA, berberine hydrochloride, prim-O-glucosylcimifugin, sophocarpidine and ammonium glycyrrhetate.
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and STAT3 signaling pathways in the skin tissues after DB
treatment. As shown in Figures 7A,B, the expressions of NF-
κB p65 were up-regulated and the degradation of IκB was
increased after IMQ application compared to the NC group
(p < 0.01). DB significantly suppressed the expressions of NF-
κB p65 and the degradation of IκB in a dose-dependent manner
(p < 0.01).

In Figures 7C–E, IMQ treatment increased the expressions of
p38, JNK and ERK significantly (p < 0.01), and these IMQ-
induced enhancements in the expressions were markedly
prevented by DB (p < 0.01). Meanwhile, DB suppressed the
phosphorylation of p38 and ERK (p < 0.01), though the
phosphorylation of JNK were not suppressed by DB
(Figures 7F–H).

In Figure 7I, IMQ up-regulated the expression level of STAT3
(p < 0.01) while the expression of STAT3 was suppressed
significantly after DB treatment in a dose-dependent manner
(p < 0.01).

DISCUSSION

Psoriasis is one of the most common inflammatory skin
disorders, affecting an estimated 125 million people worldwide
(Armstrong and Read, 2020). As a systemic autoimmune disease,
psoriasis may also affect nails, joints and other organs, resulting in
poor quality of life (Greb et al., 2016). Moreover, people with
psoriasis are at higher risk for comorbidities such as obesity,
cardiovascular disease, metabolic syndrome and depression. The
pathogenesis of psoriasis is complex and not fully understood.
Both genetic factors and environmental factors are thought to be
involved in the development of psoriasis (Kamiya et al., 2019).
Current medications for psoriasis include topical medicines, oral
systemic drugs and biologics (Armstrong and Read, 2020).
However, treatment of psoriasis remains a challenge due to
the low efficacy, side effects or high costs of the medications.
New treatment of efficacy and less side effects should be
developed.

FIGURE 3 | Effects of DB treatment against the psoriasis-like symptoms. (A) Images of psoriatic skin lesions in six different groups. (B–D) PASI intensity scores
(erythema, scaling, epidermal thickness) of skin lesions in six different groups. (E) cumulated PASI scores in six different groups. (F) Epidermal thickness of back skin was
measured in three randomly selected spots. Values are expressed as mean ± SD (n � 10). Where #p < 0.05 and ##p < 0.01 versus NC group,*p < 0.05 and **p < 0.01
versus IMQ group.
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Traditional Chinese medicine has a long history for the
treatment of psoriasis. The earliest record of psoriasis may date
back to Sui Dynasty (581–618 AD) in an ancient medical book
named Various Pathogenic Designate Theory (諸病源候論) (Cao
et al., 2015). In TCM theory, treatment should be based on
syndrome differentiation. For psoriasis, syndrome differentiation
should base on blood-related symptoms, and treatment should
focus on blood. Traditional Chinese doctors differentiate psoriasis
into three basic syndromes including blood-heat, blood-dryness
and blood-stasis (Deng et al., 2006; Li et al., 2021). Different

formulae were formed based on the syndrome differentiation
and clinical medication experiences. DB was developed by a
famous TCM doctor specialized in skin diseases, and has been
efficiently used to treat psoriasis for 30 years inWuhan Hospital of
Traditional Chinese and Western Medicine. DB contains
ingredients which have the efficacy to clear blood heat, moisten
dryness, promote blood circulation and remove blood stasis, thus
DB is used to treat three basic syndrome differentiations of
psoriasis (Lin et al., 2005). However, the pharmacological effects
and underlying mechanisms of DB remain unclear. In this study,
we tried to investigate the anti-psoriatic effects of DB on IMQ-
induced psoriasis-like mice model and elucidate the possible
underlying mechanisms of DB.

IMQ, an agonist of toll-like receptor (TLR) 7/8, can induce
psoriasis on mice skin. IMQ-induced psoriasis-like mice model
closely resembles human psoriasis, which critically depends upon
the IL-23/TH-17 cytokine axis (van der Fits et al., 2009;
Bocheńska et al., 2017). After 7 days of IMQ application, all
the mice developed prominent characteristics of psoriasis. After
DB treatment, the psoriasis-like symptoms including erythema,
white scales, wrinkles and thicken skins, were ameliorated visibly
(Figure 3A). The PASI scores of the mice treated with DB
decreased significantly compared to the IMQ-group
(Figure 3E). Furthermore, histological analysis revealed
smoother, fewer inflammatory cells’ infiltration and thinner
epidermis in DB-treated groups (Figure 4). These results
suggested that DB showed obvious anti-psoriatic effects in
IMQ-induced psoriatic mice.

The pathogenesis of psoriasis involves the interaction of a
variety of cell types, including dendritic cells, macrophages,
keratinocytes and T cells (Georgescu et al., 2019; Rendon and
Schäkel, 2019). Typically, upon aberrant activation, dendritic cells
secrete pro-inflammatory mediators, such as IL-23, IL-6 and
TNF-α. These pro-inflammatory mediators induce the
proliferation and activation of T cells, such as TH1, TH22 and
TH17 cells, which leads further production of cytokines, such as
TNF-α, IL-17 and IL-22. These cytokines lead to the recruitment
of additional inflammatory cells into the lesion, proliferation and
activation of keratinocytes, and other hallmark features of
psoriasis. Among these pathways, IL-23/TH17 axis is thought
to play a predominant role (Hawkes et al., 2018). Upon
stimulation of IL-23, TH17 cells are differentiated from naive
T cells and produce IL-17, IL-22, and TNF-α. IL-17 and IL-22
induce proliferation of keratinocytes and release of cytokines
from keratinocytes, such as TNF-α, IL-6 and IL-17, which can act
back on the DCs and T cells to form a positive feedback loop
(Lowes et al., 2014; Deng et al., 2016). TNF-α is a pro-
inflammatory cytokine, produced by different cell types
including T cells, DCs, macrophages and keratinocytes. TNF-α
can induce the production of cytokines to amplify inflammation
in psoriasis (Boehncke and Schön, 2015). IL-1β and IL-6 also
contribute on the differentiation and activation of Th17 (Parmar
et al., 2017). In our present study, application of DB significantly
reduced the serum levels of TNF-α, IL-17A, IL-23, IL-22, IL-1β
and IL-6 in the DB treated groups compared with the IMQ group
(Figure 5). mRNA levels of IL-17A, IL-23, IL-22 and IL-6 were
also suppressed by DB compared with the IMQ group (Figure 6),

FIGURE 4 | Histopathological images of back skins of the mice (images
magnified × 40 and × 200).
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which are in consistent with the ELISA experiments. These results
showed that DB could inhibit psoriatic inflammation by
regulating the IL-23/TH-17 axis.

Recently, roles of several signaling pathways in pathogenesis of
psoriasis have attracted increased attention. NF-κB is a
transcription factor, mediating in a variety of inflammatory
pathways, cellular proliferation and differentiation, and
apoptosis. Under normal conditions, the NF-κB dimer p50/p65
is located in the cytosol and bound to IκB proteins.WhenNF-κB is
activated, IκB is phosphorylated and degraded, p50/p65 is
accumulated in the nucleus and activates transcription of target
genes. In psoriasis, numerous cell types, including DCs, T cells and
keratinocytes, are dependent on NF-κB signaling pathway. NF-κB
activates the expressions of TNF-α, IL-6 and IL-1β, and induces

inflammatory cells’ infiltration (Pasparakis, 2012; Goldminz et al.,
2013; Rai et al., 2020). In our study, DB significantly down-
regulated the expressions of NF-κB p65 and up-regulated the
expressions of IκB in a dose-dependent manner compared with
IMQ group (Figure 7), which suggested that DB could suppress the
expressions of NF-κB and degradation of IκB, thus to suppress the
activation of NF-κB signaling pathway.

STAT3 is another key transcription factor involved in psoriasis.
STAT3 mediates the signal of most cytokines in pathogenesis of
psoriasis, including IL-23, IL-17A, IL-22. These cytokines rely on
STAT3 pathways to induce the proliferation and activation of TH-
17 and keratinocytes. In fact, STAT3 hyperactivation has been
found in numerous cell types involved in psoriasis (Calautti et al.,
2018; Li et al., 2019a). In our investigation, DB significantly

FIGURE 5 | Effects of DB on serum levels of the inflammatory cytokines in IMQ-induced psoriaticmice. The concentrations of TNF-α (A), IL-17A (B), IL-23 (C), IL-22
(D), IL-6 (E), IL-1β (F) were measured with ELISA. Values are expressed as mean ± SD (n � 10). Where #p < 0.05 and ##p < 0.01 versus NC group,*p < 0.05 and **p <
0.01 versus IMQ group.
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decreased the expressions of STAT3 compared with IMQ group
(Figure 7). This result showed DB had ability to suppress STAT3
pathways, especially at high dosage.

Emerging data suggestsMAPK signaling pathways play a role in
the development of psoriasis. MAPKs, including p38, JNK and
ERK signaling pathways, regulate a variety of cellular activities,

FIGURE 6 | DB reduces the mRNA expressions of IL-17A (A), IL-23 (B), IL-22 (C) and IL-6 (D) in IMQ-induced psoriatic mice. The mRNA levels in the back skins
were detected by real-time PCR. Values are expressed as mean ± SD (n � 3). Where #p < 0.05 and ##p < 0.01 versus NC group, *p < 0.05 and **p < 0.01 versus
IMQ group.

FIGURE 7 | Effects of DB on the NF-κB (NF-κB p65, IκBα), MAPKs (p38, JNK, ERK1/2) and STAT3 signaling pathways. The expression levels of p65 (A), IκBα (B),
p38 (C), JNK (D), ERK1/2 (E), p-p38 (F), p-JNK (G), p-ERK1/2 (H), STAT3 (I) in the back skin tissues were detected using western blotting. Values are expressed as
mean ± SD (n � 3). Where #p < 0.05 and ##p < 0.01 versus NC group, *p < 0.05 and **p < 0.01 versus IMQ group.
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including cell proliferation, gene expression, apoptosis and
inflammation. MAPKs are activated by phosphorylation, and
phosphorylate downstream target proteins. MAPKs are reported
to be related to the differentiation of Th1 and Th2, secretion of
TNF-α, IL-6 and IL-1β, and excessive proliferation of keratinocytes
(Mavropoulos et al., 2013; Hammouda et al., 2020). In our present
study, except for p-JNK, the expressions of p38, JNK, ERK, p-p38
and p-ERK were significantly decreased by DB (Figure 7). These
results indicated that DB could regulate the expressions of p38,
JNK, ERK and suppress the phosphorylation of p38 and ERK to
inhibit the activations of MAPK signaling pathways.

TCM are thought to have the character of multi-targets and
multiple-pathways due to complex constituents. Some ingredients or
chemical constituents of DB were reported to have anti-
inflammatory activities. For example, salvianolic acid B, major
active compounds in Salvia miltiorrhizae radix et rhizome, can
suppress NF-κB triggered by TNF-α and the phosphorylation of
JNK and ERK1/2 (Dong et al., 2016). Berberine, main active
compounds in Phellodendri amurensis cortex, inhibits the
inflammatory factors (IL-1, IL-6, COX-2, iNOS) and NF-κB,
MAPK signaling pathway to suppress the inflammation (Lin and
Lin, 2011; Zou et al., 2017). Cimicifugin of Saposhnikoviae radix is
used to treat inflammatory diseases for its activities of inhibition of
Th17 and suppression of JAK-STAT and NF-κB signaling pathways
(Rahal et al., 2013). Though the whole is not the sum of its parts, the
anti-inflammatory activities of ingredients partially explain the anti-
psoriatic activity of DB. The therapeutic action of TCM prescription
was the whole function of the ingredients. Therefore, we evaluated
the anti-psoriatic effects of the whole formula in this study. As the
monarch drug of the formula, anti-psoriatic effect of Salvia
miltiorrhizae or active compounds of Salvia miltiorrhizae has
been reported in several literatures. However, the anti-psoriatic

effects of other ingredients and what are the main active
compounds of DB still need our further investigation.

CONCLUSION

Our results revealed that DB had obvious anti-psoriatic effects in
the IMQ-induced psoriatic mice. Its anti-psoriatic effects were
related to the regulation of IL-23/TH-17 axis and inhibition on
the activation of NF-κB, MAPKs and STAT3 signaling pathways
(Figure 8). These findings clarify the therapeutic effects and
mechanism of DB, thus provide crucial evidences to support
the clinical use of DB.
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Ficus benghalensis as Potential
Inhibitor of 5α-Reductase for Hair
Growth Promotion: In Vitro, In Silico,
and In Vivo Evaluation
Jawaria Iltaf 1, Sobia Noreen1*, Muhammad Fayyaz ur Rehman1, Shazia Akram Ghumman2,
Fozia Batool 1, Muhammad Mehdi1, Sara Hasan1, Bushra Ijaz3, Muhammad Safwan Akram4

and Haider Butt 5

1Institute of Chemistry, University of Sargodha, Sargodha, Pakistan, 2College of Pharmacy, University of Sargodha, Sargodha,
Pakistan, 3Centre of Excellence in Molecular Biology, University of the Punjab, Lahore, Pakistan, 4School of Health and Life
Sciences, Teesside University, Middlesbrough, United Kingdom, 5Department of Mechanical Engineering, Khalifa University, Abu
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The screening of hair follicles, dermal papilla cells, and keratinocytes through in vitro, in
vivo, and histology has previously been reported to combat alopecia. Ficus benghalensis
has been used conventionally to cure skin and hair disorders, although its effect on 5α-
reductase II is still unknown. Currently, we aim to analyze the phytotherapeutic impact of F.
benghalensis leaf extracts (FBLEs) for promoting hair growth in rabbits along with in vitro
inhibition of the steroid isozyme 5α-reductase II. The inhibition of 5α-reductase II by FBLEs
was assessed by RP-HPLC, using the NADPH cofactor as the reaction initiator and
Minoxin (5%) as a positive control. In silico studies were performed using AutoDock Vina to
visualize the interaction between 5α-reductase II and the reported phytoconstituents
present in FBLEs. Hair growth in female albino rabbits was investigated by applying an oral
dose of the FBLE formulation and control drug to the skin once a day. The skin tissues
were examined by histology to see hair follicles. Further, FAAS, FTIR, and antioxidants
were performed to check the trace elements and secondary metabolites in the FBLEs. The
results of RP-HPLC and the binding energies showed that FBLEs reduced the catalytic
activity of 5α-reductase II and improved cell proliferation in rabbits. The statistical analysis
(p < 0.05 or 0.01) and percentage inhibition (>70%) suggested that hydroalcoholic FBLE
has more potential in increasing hair growth by elongating hair follicle’s anagen phase.
FAAS, FTIR, and antioxidant experiments revealed sufficient concentrations of Zn, Cu, K,
and Fe, together with the presence of polyphenols and scavenging activity in FBLE.
Overall, we found that FBLEs are potent in stimulating hair follicle maturation by reducing
the 5α-reductase II action, so they may serve as a principal choice in de novo drug
designing to treat hair loss.

Keywords: androgenic alopecia, Ficus benghalensis, 5α-reductase, dihydrotestosterone, Minoxin, RP-HPLC
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HIGHLIGHTS

1) Study of the potential of Ficus benghalensis leaves for hair
regrowth via in vitro, in silico, and in vivo studies.

2) The crude extract constituents inhibit steroid enzyme 5α-
reductase II activity by binding with its active site.

3) Hair analeptics were prepared instead of direct application of
crude extracts to avoid any fungal infection.

4) Photomicrographs of skin biopsies show a hair growth cycle,
e.g., anagen and telogen.

1 INTRODUCTION

The term androgenic alopecia (AGA) refers to the patterned loss of
scalp hair in men and women due to heredity and hormonal factors
(Abbas et al., 2021).Hair is an indispensable structure of the body that
guards the scalp, adorns human personality, and performs multiple
functions such as insulation, attraction, and tangibility (Koch et al.,
2020). The hair follicle (HF) cycle passes through telogen (resting
phase), catagen (regression phase), and anagen (growth phase), where
pigmentation and hair shaft synthesis take place (Tamura et al.,
2018). Factors causing AGA are androgen hormonal imbalance,
stress, genetic disorders, malnutrition, chemotherapy, 5α-reductase
II (SRD5AII) overactivity, thyroid malfunctioning, drug addiction,
ageing, and malignancy (Richards et al., 2008).

Treatment of AGA has been an open debate in clinical
dermatology for many years. The risk alleles associated with AGA

are located at chromosome 20p11.22 (Richards et al., 2008).
“Trichoscopy” has been introduced as the first method to
diagnose AGA in women (Rakowska et al., 2008). Many therapies
are now available to combat baldness, like hair transplant through
bioengineering (Asakawa et al., 2012), HF regeneration by
rearranging stem cells (Toyoshima et al., 2012), platelet-rich
plasma (PRP) (Cervantes et al., 2018), and synthetic drugs
minoxidil and finasteride (Roy et al., 2008; Gregoriou et al., 2010).
However, the worst dermatological effects of drugs have been
observed, such as scaling, itching, and dermatitis (Choi et al.,
2018). A recent study claims that ceria nanozyme-integrated
microneedles can reshape the perifollicular microenvironment by
reducing oxidative stress and regenerate hair at the balding site (Yuan
et al., 2021). A correlation was observed between plasma
micronutrients, vitamin deficiency, and hair density in non-
genetic patients with AGA by direct colorimetric tests and flame
atomic absorption spectrophotometry (FAAS) (Kondrakhina et al.,
2020).

Human 5α-reductase (SDR5A) has three types of functional
enzymes coded by the SRD5A gene. Among these, steroid
isozyme SDR5AII (optimum pH; 5.0–5.5) plays a key role in
the production of AGA by catalyzing the conversion of
testosterone into more active dihydrotestosterone (DHT). The
enzyme is sufficiently found in the prostate gland, epididymis,
genital skin, and seminal vesicles, while the brain and liver contain
fewer amounts. Moreover, DHT overexpression also causes acne,
prostate cancer, and benign prostate hyperplasia (Srivilai et al.,
2019). Histological studies in DHT-treated mice show delayed hair
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regrowth and shortened anagen (Fu et al., 2021). Computational
and mutagenesis studies explained the binding interaction of
SRD5AII′ to finasteride, demonstrating how the drug inhibits
this integral membrane enzyme (Xiao et al., 2020).

To cure alopecia, herbs can provide nutrition, enhance scalp
blood circulation, and cease DHT and SRD5A response (Kaur
et al., 2020). The use of Trigonella foenum-graecum and Eclipta
alba promoted hair growth in rats more efficiently than the drug
(Roy et al., 2008; Imtiaz et al., 2017). Microwave-assisted solvent
extraction and GC-MS reveal organic compounds in F.
benghalensis that show an anti-inflammatory and vasodilator
response (Jayasree Radhakrishnan and Venkatachalam, 2020).
Under chronic stress, a high corticosterone level elongates the
telogen phase due to the suppressive expression of Gas6 (Choi
et al., 2021). Interestingly, the neuromodulator effect of the
methanol bark extract of F. benghalensis boosted memory and
learning behavior and reduced stress in rats (Malik et al., 2020).

Here, we aimed to elucidate the effect of FBLEs in stimulating
cell proliferation to promote hair growth (HG) in rabbits and inhibit
SRD5AII activity without leaving undesired secondary effects.

2 MATERIALS AND METHODS

2.1 Extract Preparation
Fresh leaves of the F. benghalensis (5 kg) were collected from
Chakwal, Pakistan. The plant was authenticated by a taxonomist
from the Department of Botany, University of Sargodha (UOS),
Pakistan. The leaves were washed and dried in the air, followed by the
production of coarse powder using a mechanical grinder. Powdered
leaves (20 g) were soaked in 200ml of either solvent—petroleum
ether (PE), ethyl acetate (EtOAc), and 70% v/v aqueous ethanol (aq.
EtOH) labeled as FBLE1-3. The suspensions were placed on an
orbital shaker for 5 days. Later, themixtureswere filtered, subjected to
evaporation, concentrated using porous aluminum foil, and finally
kept at 4°C until further use (Handa et al., 2008).

2.2 In Vitro 5α-Reductase II Study for Hair
Growth
The inhibition of the catalytic activity of SRD5AII was studied by
initially mincing 4 g of the prostate gland of a male goat and
crushing it under liquid nitrogen. The tissue was further
homogenized using a handled homogenizer in 20 ml of
sodium phosphate buffer (SPB) (pH 6.5, 50 mM) containing
1 mM EDTA (200 µl), 100 mM sucrose (64 ml), 1 mM sodium

azide (200 µl), and a protease inhibitor tablet (Roche Pharma,
Mannheim, Germany). Homogenate was centrifuged at
15,000 rpm for 20 min at 4°C, separating the supernatant for
further use as a crude enzyme source. The soluble protein was
tested by Bradford assay (Rehman et al., 2009).

For the reverse-phase high-performance liquid chromatography
(RP-HPLC; Shimadzu, Japan), Testovirone ampoule (testosterone
enanthate, 250mg/ml; Bayer Pharma, Leverkusen, Germany) was
taken as standard. Six reaction mixtures (RMs) were prepared as
positive control (PC), reaction control (standard), complete
reaction (internal standard, IS), and others with FBLEs (1–3)
(Table 1). The RMs were incubated at 37°C for 30 min, and the
reaction was terminated by adding 2 ml of EtOAc followed by the
addition of 150 µl prednisolone 250 μg/ml ethanol as an IS. The
RMs were mixed for 1 min and centrifuged at 5,000 rpm (10min,
4°C). Subsequently, the water phase was frozen at −80°C, and the
organic layer was decanted and evaporated. The concentrated
residue (1.5 ml) was later diluted in 3 ml methanol. Finally, RMs
were syringe filtered (0.2 µm) before HPLC run to avoid
contamination (Sher et al., 2015; Kumar et al., 2011).

The RP-HPLC was performed using Chromatographic
Column C18-ODS type (250 mm × 4.6 mm), maintaining
system conditions at 40°C and flow rate 10 μl/min for 30 min,
while absorbance was recorded at 254 nm. Isocratic elution was
performed, making a mobile phase with methanol and water (80:
20) and filtering it to remove any contamination. The percentage
inhibition of SRD5AII was observed from the peak height and the
peak area ratio (r) applying the following formula (Kumar et al.,
2011):(%) � r sample − r reaction

r standard − r reaction × 100 r � Area of sample
Area with least value; Peak

area (mm2) � height × width1/2.

2.3 Molecular Docking
To determine the ligand–receptor binding interactions, we
docked SD5ARII with minoxidil and reported bioactive
constituents: (-)-Gallocatechin, Rhein, and Mucusoside of
FBLEs using AutoDock Vina and AutoDock Tools 1.5.6. The
X-ray crystal structure of the target mammalian’s SD5ARII with a
resolution of 2.8 Å was retrieved from Protein Data Bank (PDB
ID: 7BW1). After docking, the binding energies (BEs) were noted,
and the lowest values were chosen to view the interactions in
PyMol (Bhaskara Rao et al., 2014; Hassan et al., 2020; Bilal et al.,
2021; Rehman et al., 2021).

2.4 In Vivo Study for HG
The female albino rabbits (6–11 months old; 1–2 kg) were
purchased from the University of Veterinary and Animal

TABLE 1 | Composition of RMs for in vitro enzyme activity assay.

Sr.no Reagents Standard (µL) IS (µL) PC (µL) 1–3 (µL)

1 FBLEs − − − 200
2 SPB 500 µL 500 µL 500 µL 500 µL
3 10% alc. testoviron − 150 µL 150 150
4 Crude enzyme 500 µL 500 µL 500 µL 500 µL
5 NADPH − 200 200 200
6 Testosterone enanthate 10 − − −
7 Minoxin

®
(5%) − − 200 −
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Sciences, Lahore, Pakistan. Prior to proceeding further, rabbits
were authorized by the ethical committee of the College of
Pharmacy, UOS, providing approval no. 70B18 IAEC/UOS.
Animals were acclimatized for 3 days providing standard
food and water in an animal housing facility at the College
of Pharmacy, UOS. Rabbits were divided into eight groups,
shaved at the dorsal side area (5 × 4 cm), using a razor, and left
for 24 h to observe any edema or erythema. HG formulations
(500 µl) were sprayed once a day on the nude area, and
eventually HG was observed. On the 28th day, rabbits were
sacrificed, and skin biopsies were performed while skin tissues
were kept in 10% formalin for histological study (Roy et al.,
2008; Imtiaz et al., 2017). Ten hair strands were randomly
plucked every week, and an average length of each hair was
noted in mm using a digital Vernier caliper (Adhirajan et al.,
2003). Histology was performed using subcutaneous
hematoxylin and eosin staining (Lin et al., 2015) to analyze
HFs, observed at ×10 magnification using a digital microscope
(Bresser, Rhede, Germany).

2.4.1 Hair Growth Formulations
The HG formulations were prepared by mixing dilute FBLEs
(10 ml), EtOH (7.5 ml), and 32 ml of distilled water,
followed by ultrasonication. Later, it was syringe filtered
(0.24 µm) to avoid any microbial infection on the animal
skin and noted pH. Minoxin® 5% (Brookes Pharma,
Karachi, Pakistan) was used as PC, whereas PE, EtOAc, and
70% aq. EtOH were used as negative controls (NCs) (Imtiaz
et al., 2017).

2.5 Qualitative Phytochemical Analysis
Phytochemical analysis was performed to analyze various
phytoconstituents in crude extracts like phenolic compounds
and tannins, alkaloids, saponins and glycosides, terpenoids and
steroids, anthocyanins, flavonoids, coumarins, and quinones
(Harborne, 1998). The results of qualitative analysis were
noted with color change, foamy appearance, or precipitates
formation.

2.6 Characterization of FBLEs
The FBLEs were analyzed for calcium, iron, zinc, and potassium
using FAAS. The powdered leaves (50 mg) were digested using
15 ml of HCl and HNO3 (3:1) to extract metal ions. The acid
mixture was poured into the beaker having powdered leaves and
placed on a hot plate until the sample got mixed thoroughly. The
acidic mixture was allowed to cool, then filtered, and finally
diluted up to 100.0 ml using distilled water. Stock solutions of 3, 6,
9, 12, and 15 ppm of metal salts were prepared for mineral
detection, and concentrations were noted in mg/g (Ahmad
et al., 2014). Chemical characterization of FBLEs was done
through Fourier transform infrared (FTIR) spectroscopy. The
greasy extracts were dried using KBr pellets and analyzed in the
mid-range, 4,000–600 cm-1 (Gopukumar et al., 2016).

2.6 Antioxidant Activity
Total polyphenol content (TPC) was estimated by modifying a
method (Abbas et al., 2021), taking gallic acid as a standard, and

FBLEs (50mg) diluted in 5mlmethanol were used to determine TPC.
The absorbance was noted at 765 nm in triplicate. Total flavonoid
content (TFC) was estimated by aluminum chloride colorimetric
assay, taking catechin as a standard, using FBLE dilutions prepared
for TPC. Each reading was measured in triplicate at 510 nm.

2.7 DPPH Assay
Radical scavenging activity (RSA) was assessed using DPPH (1,1-
diphenyl-2-picrylhydrazyl) assay, taking 100 µl FBLE dilutions,
added to 3 ml of DPPH (0.1 mM), followed by incubation at
room temperature in the dark for 30 min. The absorbance was
recorded in triplicate at 517 nm while taking 3 ml of DPPH as
control (Abbas et al., 2021). Data were recorded as % RSA, and IC50

(minimum inhibitory concentration) was calculated usingMS Excel
2016. The percentage of RSA was calculated using the following
formula;

RSA(%) � Abs control –Abs sample
Abs control

× 100

2.8 Statistical Analysis
The statistical analysis was scrutinized by one-way ANOVA via
Tukey test using SigmaPlot ver. 14.0. The Pearson correlation
coefficient (p) was applied to correlate HG results among all test
groups at significance level p < 0.05 or highly significant p < 0.01
using SPSS version 21.

3 RESULTS

3.1 Percentage Yield
The percentage yield of FBLEs (PE, EtOAc, and 70% aq. EtOH)
was calculated as 3.9%, 4.8%, and 20.6%, respectively.

3.2 In Vitro Enzyme Study
The quantified protein from the male goat prostate gland was
7.99 mg/ml of BSA. In the RP-HPLC charts, a prominent peak (b) at
retention time (RT) around 6min was entitled as the testosterone’s
peak (Figure 5D). Results are justified by the peak height intensity
(mAU), which determines how much testosterone has been left
behind in the RM. The results of (r) and peak height revealed more
unconverted testosterone in hydroalcoholic FBLE, favoring
sufficient percentage inhibition for SRD5AII, than Minoxin 5%
(Table 2). No nicotinamide adenine dinucleotide hydrogen
phosphate (NADPH) was added in the “reaction control” to
compare the peak height of the PE 1-3 and PC. However, the
minimum peak height a) observed in the complete reaction with IS
indicated more testosterone conversion to DHT. A delayed peak c)
refers to SRD5AII due to the hydrophobic nature of both steroid
enzyme and stationary phase.

3.3 Molecular Docking
Docking studies showed a strong binding interaction of Rhein
(BE; −7.4 kcal/mol) with the enzyme’s active sites, revealing a
prompt inhibitory potential against SD5ARII. In comparison, the
binding energies (Bes) of phytoconstituents of crude FBLEs
showed significant interactions with the receptor protein than
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Minoxidil. Figure 1 and Table 3 show protein–ligand
interactions and values of their BEs in Kcal/mol and type of
binding interaction.

3.4 In Vivo Analysis
No skin irritation was observed in the rabbits, and rapid hair
regrowth was noticed in the first week that varied subsequently

FIGURE 1 | Molecular docking of SD5ARII with the ligands. (A)–(–Gallocatechin); (B) Rhein; (C) Mucusasoide, and (D) Minoxidil.
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Figure 2. The hair texture appeared to be rough and weak in PC
and NCs but smooth in others. The average hair length confirms
that weekly HGwas approximately 1–2 mm Figure 3. The Pearson
correlation (p < 0.05) revealed an exceptional HG rate in group 5.
From the photomicrographs of the longitudinal section, HF phases
and DPCs were observed in treated tissues (Figure 4). The pH
outcome was 7.6, 4.3, and 6.4 for FBLE1-3, respectively.

3.5 Qualitative Phytochemical Analysis
The screening of the preliminary phytochemicals has shown the
presence of carbohydrates, proteins, phenolic compounds,
flavonoids, alkaloids, saponins, glycosides, steroids, and
tannins. The results of all phytochemicals are represented in
Table 4.

3.6 FAAS and FTIR Analysis
FAAS showed themineral concentrations inmg/g (copper � 13; zinc
� 9; iron � 23.4; potassium � 21.8) found in powdered leaves. In
FTIR fingerprints, peaks are attributed to stretching and bending
vibrations, characterizing functional groups in essential metabolites
(Figures 5A,C).

3.7 Antioxidant Activity
FBLEs showed concentrations for TPC, TFC, and RSA, presented
in Figure 5B.

3.8 DPPH Scavenging Activity
Different concentrations of FBLEs against DPPHwere tested to find
the inhibitory potential of antioxidants present in the crude extracts.
It has been observed that %RSA increased as the concentrations of
FBLEs increased. Data were recorded as mean ± SD. Table 5 shows
the maximum %RSA and IC50 values for FBLEs.

4 DISCUSSION

Androgenic alopecia (AGA), a leading disorder in both
genders, plays a role in building psychological trauma (Koch

FIGURE 2 | In vivo hair growth progress after 28 days of treatment.

TABLE 2 | Peak area ratio (r) and percentage inhibition of SRD5AII by RMs.

Peak Area (mm2) Ratio % inhibition

Standard 330 2.5 −

IS 132.6 1.0 −

Minoxin 5% 233.3 1.76 50.6
PE 1 225.5 1.7 46.6
PE 2 215.1 1.62 41.3
PE 3 274.5 2.07 71.3
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et al., 2020), demanding a detailed study to cope with the
disease. In the current study, in vitro and in vivo effects of
FBLEs were tested for promoting HG in rabbits. Previously,
females suffering from AGA were tested for aromatase mRNA

levels by RT-PCR from plucked hair strands from the top of the
scalp. Most women had low levels of aromatase mRNA and high
levels for SRD5AI, II, and III (Sánchez et al., 2018). The in vitro
evaluation of valproic acid in cultured human DPC decreased

TABLE 3 | Docking of bioactive compounds reported in Ficus benghalensis leaf extracts.

Ligands Docking score (kcal/mol) Residues Interaction

(-)- Gallo catechin −6.9 NDX A:602 Conventional H-bond
PHE A:114 Conventional H-bond and Pi–Pi T shaped
ARG A:114 Pi-alkyl
LEU A:17 Pi-alkyl
ALA A:117 Pi-alkyl and C–H bond

Rhein (1,8-OH,3-COOH) −7.4 ALA A:117 Amide-Pi-stacked
GLY A:121 Amide-Pi-stacked
LEU A:125 Pi-alkyl

Mucusoside −4.5 GLY A:32 Conventional H-bond
THR A:37 Conventional H-bond
PHE A:223 Pi-sigma and alkyl
HIS A:36 C–H bond
ILE A:110 Alkyl
LEU A:110 Alkyl
PRO A:108 Alkyl
PRO A:30 Alkyl
NDX A:602 Alkyl
VAL A:27 Alkyl
ARG A:227 Alkyl
LUE A:26 Alkyl

Minoxidil −6.0 GLY A:13 C–H bond
LEU A:125 Pi-alkyl
LEU A:17 Pi-alkyl
PHE A:118 Pi-alkyl

FIGURE 3 | Improvement in hair growth within due time shows the weekly increase in hair length. Mean ± SD * Significant at p < 0.05; **p < 0.01.
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the level of β-catenin and increased anagen induction in mice
(Jo et al., 2013).

The prostate gland holds sufficient amount of isozyme
SRD5AII, and its homogenate explains the phenomena of
testosterone’s conversion into DHT in RM (Steers, 2001). To
study the inhibitory activity of SRD5AII, 17 hydroalcoholic Thai
plant extracts were examined using HPLC analysis (Kumar et al.,
2011). The in vitro study describes limiting the conversion of

testosterone to DHT by lowering the catalytic activity of
SRD5AII. In RP-HPLC, the peak intensity indicates more
testosterone level in the RMs and thus more inhibition of
SRD5AII by Ocimum basilicum (Kumar et al., 2011); in
comparison, FBLEs were found to inhibit SRD5AII
(Figure 5D; Table 2) significantly. We assumed that the
peak at (RT � 11.8 min) is castor oil present in the standard
and testosterone. In silicomolecular docking of phytochemicals

FIGURE 4 | Photomicrographs of the longitudinal section of skin biopsies under digital microscope × 10 resolution; PC (Minoxin 5%) and crude FBLE extracts
depict HF� Hair Follicle, anagen (A), and C� catagen (B).

TABLE 4 | Preliminary phytochemical screening of extracts of Ficus benghalensis.

Phytochemicals Phytochemical tests Observation (Pet. ether) (EtOAc) (EtOH)

Proteins 1) Ninhydrin test Blue/violet color/ppt +++ ++ −

2) Biuret test +++ ++ +
Carbohydrates 1) Fehling’s test Brick red ppt + ++ +++

2) Benedict’s test + ++ +++
Alkaloids Wagner’s test Reddish-brown + + ++
Saponins Foam test Foam on surface +++ + −

Phenols and tannins Ferric chloride test Bluish-green + + +
Terpenoids and steroids Salkowski test Reddish-brown ++ + +++
Glycosides A) Keller–Kilani test Brown ring/reddish-brown ++ + +++

B) Salkowski test ++ + +++
Anthocyanins Hydrochloric acid test Blue color ++ + +
Quinones Sulfuric acid test Red color + + +
Flavonoids and coumarins Sodium hydroxide test Yellow color + + ++

+Slightly present, ++ present, +++ strongly present, − absent.

TABLE 5 | DPPH radical scavenging and antioxidant capacity of FBLEs.

Plants extracts TPC (mg GAE/g) TFC (mg CE/g) % RSA IC50

FBLE (PE) 23.1 ± 0.33*** 70.2 ± 0.72*** 75.8 ± 0.01 2.57 ± 0.05
FBLE (EtOAc) 19.4 ± 0.60*** 94.4 ± 0.51*** 60.3 ± 0.01 14.1 ± 0.01
FBLE (aq. EtOH) 21.1 ± 0.79*** 38.9 ± 0.36*** 77.5 ± 0.01 18.9 ± 0.01

Values are mean ± SD; n � 3; ***significant at p < 0.001 applying the Tukey test.
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of FBLEs was performed to observe the inhibition of
acetylcholinesterase against Alzheimer’s (Hassan et al., 2020).

The proliferation of dermal papillae cells (DPCs) and
keratinocytes contributes a pivotal role in extending HF
anagen while protecting the skin tissues (Madaan et al., 2017;
Bejaoui et al., 2021). DPCs, the specialized markers, are cultured
as a therapeutic tool during hair constitution assays to expand
HFs and sustain hair inductivity (Yang and Cotsarelis, 2010). The
in vivo studies claim that HG promoted the potential of shikimic
acid and cilostazol on C57BL/6 mouse and ex vivo DPC
proliferation of human HF by upregulating vasodilation and
HG factors through kinase assays (Choi et al., 2018; Choi
et al., 2019). Eclipta alba has imparted more HG in rats than
minoxidil (Roy et al., 2008). The FBLEs promoted cell
proliferation and prolonged anagen, indicated by an increase
in the HG rate (Figures 3,4). Researchers have reported that
a minor acidic pH is essential for healthy HG (Dias et al., 2014);
pH results in the range between 4 and 8 for FBLE1-3 favor
the study.

A lack of minerals could risk for producing alopecia in women
(Almohanna et al., 2019); AGA male patients had insufficient
zinc and copper in hair, serum, and urine (Ozturk et al., 2014).
Concentrations in powdered leaves (0.01–0.6 mg/100 g) were

found to be sufficient (as daily recommended dose)
(Figure 5C) as compared to other species of Ficus
(Wangkheirakpam and Laitonjam, 2012). The DPPH assay
was chosen as a reliable method to find the potential of
antioxidants to convert DPPH solution into non-radical
DPPH. The hydro-alcoholic bark extract of F. benghalensis
showed TPC (23.2 ± 0.6), TFC (100.24 ± 4.21), and
RSA (45.73 ± 1.17) µg/ml (Wangkheirakpam and Laitonjam,
2012), respectively. A significant %RSA (85.20 ± 0.96%) was
shown by the fruit extract of F. auriculata (Shahinuzzaman et al.,
2021). Our findings revealed competitive outcomes for
antioxidants in FBLEs mentioned in Table 5 and Figure 5B.
Leaves of F. benghalensis yield β-amyrin along with psoralen,
β-sitosterol, bergapten, friedelin, glycyl-D-asparagine lupeol,
quercetin-3-galactoside, rutin, and taraxosterol all come under
the classes of phytoconstituents (Murti et al., 2010). Further, a
qualitative assessment of secondary metabolites and reported
compounds of FBLEs we used for in silico analysis favors the
confirmation of the presence of essential components in the
FBLEs.

Altogether, FBLEs prepared using maceration upregulated
HG in rabbits without leaving skin rash and reducing the
biocatalytic potential of SRD5AII, thus depriving the

FIGURE 5 | Characterization of FBLEs and RP-HPLC analysis. In (A), FTIR fingerprints show the functional groups; (B) presence of essential minerals in dried
leaves; (C) depicts antioxidants present in FBLEs. Values are mean ± SD. (D) demonstrates how much FBLEs are active in limiting SRD5AII activity. The peak (B) in RP-
HPLC graphs indicates the availability of testosterone in RMs; the same peak is represented by (A) in the graph labeled as “IS”.
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conversion of testosterone to more potent DHT. The study
has shown the possible binding interaction of phytochemicals
with SRD5AII, inhibiting the enzyme’s activity. Histological
findings depicted clear anagen in the particularly
hydroalcoholic FBLE-treated group, validating visually
enhanced HG in the animal model. Hence, the conclusion
favors that phytoconstituents of F. benghalensis could serve as
future drug candidates.
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Astragalus mongholicus Bunge Water
Extract Exhibits Anti-inflammatory
Effects in Human Neutrophils and
Alleviates Imiquimod-Induced
Psoriasis-Like Skin Inflammation in
Mice
Wei-Jen Cheng1,2,3, Chih-Chao Chiang1,4, Cheng-Yu Lin5, Yu-Li Chen6, Yann-Lii Leu5,
Jia-Yu Sie5, Wen-Ling Chen5, Chung-Yuan Hsu3, Jong-Jen Kuo2,3,7* and
Tsong-Long Hwang5,6,8,9*

1Graduate Institute of Clinical Medical Sciences, College of Medicine, Chang Gung University, Taoyuan, Taiwan, 2School of
Traditional Chinese Medicine, College of Medicine, Chang Gung University, Taoyuan, Taiwan, 3Center for Traditional Chinese
Medicine, Chang Gung Memorial Hospital, Taoyuan, Taiwan, 4Puxin Fengze Chinese Medicine Clinic, Taoyuan, Taiwan,
5Graduate Institute of Natural Products, College of Medicine, Chang Gung University, Taoyuan, Taiwan, 6Research Center for
Chinese Herbal Medicine, Research Center for Food and Cosmetic Safety, Graduate Institute of Health Industry Technology,
College of Human Ecology, Chang Gung University of Science and Technology, Taoyuan, Taiwan, 7Graduate Institute of
Traditional Chinese Medicine, School of Traditional Chinese Medicine, College of Medicine, Chang Gung University, Taoyuan,
Taiwan, 8Department of Anesthesiology, Chang Gung Memorial Hospital, Taoyuan, Taiwan, 9Department of Chemical
Engineering, Ming Chi University of Technology, New Taipei City, Taiwan

Neutrophils are the primary immune cells in innate immunity, which are related to various
inflammatory diseases. Astragalus mongholicus Bunge is a Chinese medicinal herb used
to treat various oxidative stress-related inflammatory diseases. However, there are limited
studies that elucidate the effects of Astragalus mongholicus Bunge in human neutrophils.
In this study, we used isolated human neutrophils activated by various stimulants to
investigate the anti-inflammatory effects of Astragalus mongholicus Bunge water extract
(AWE). Cell-free assays were used to examine free radicals scavenging capabilities on
superoxide anion, reactive oxygen species (ROS), and nitrogen-centered radicals.
Imiquimod (IMQ) induced psoriasis-like skin inflammation mouse model was used for
investigating anti-psoriatic effects. We found that AWE inhibited superoxide anion
production, ROS generation, and elastase release in human neutrophils, which
exhibiting a direct anti-neutrophil effect. Moreover, AWE exerted a ROS scavenging
ability in the 2,2’-Azobis (2-amidinopropane) dihydrochloride assay, but not superoxide
anion in the xanthine/xanthine oxidase assay, suggesting that AWE exhibited anti-
oxidation and anti-inflammatory capabilities by both scavenging ROS and by
directly inhibiting neutrophil activation. AWE also reduced CD11b expression and
adhesion to endothelial cells in activated human neutrophils. Meanwhile, in mice with
psoriasis-like skin inflammation, administration of topical AWE reduced both the
affected area and the severity index score. It inhibited neutrophil infiltration,
myeloperoxidase release, ROS-induced damage, and skin proliferation. In summary,
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AWE exhibited direct anti-inflammatory effects by inhibiting neutrophil activation and anti-
psoriatic effects in mice with IMQ-induced psoriasis-like skin inflammation. Therefore, AWE
could potentially be a pharmaceutical Chinese herbal medicine to inhibit neutrophilic
inflammation for anti-psoriasis.

Keywords: neutrophil, inflammation, psoriasis, traditional Chinese medicine, astragalus mongholicus bunge

1 INTRODUCTION

Astragalus mongholicus Bunge (AM; “Huang Qi” in Chinese) is
one of the most important and widely used traditional Chinese
medicines, having anti-inflammatory effects and multiple
bioactivities such as protecting viral myocarditis injury,
regulating blood sugar, and promoting wound healing (Chen
et al., 2012; Agyemang et al., 2013; Piao and Liang, 2014; Qi et al.,
2017). Furthermore, AM is also an antioxidant with a
mitochondrial protective effect that contributes to anti-aging
and anti-cancer effects (Li XT. et al., 2012). AM contains
several bioactive ingredients, such as polysaccharides,
flavonoids, and saponins (Fu J. et al., 2014), that are reported
to provide anti-inflammatory effects and other benefits against
many diseases or pathological conditions in various models
(Shahzad et al., 2016).

Neutrophils are the most abundant leukocytes for innate
immunity in the human body. In the process of respiratory
burst, activated neutrophils generate abundant superoxide
anion via reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (Dahlgren and Karlsson, 1999;
Jaquet et al., 2011; Wang et al., 2012; Ruhnau et al., 2014),
which are converted to reactive oxygen species (ROS), such as
OH–, HOCl, and H2O2, by catalase, myeloperoxidase (MPO), and
superoxide dismutase (SOD) (Thannickal and Fanburg, 2000;
Dupre-Crochet et al., 2013; Reczek and Chandel, 2015). As such,
neutrophils tend to produce an enormous amount of ROS against
microorganisms, including bacteria, fungi, and viruses. However,
excessive production of ROS from neutrophils may cause tissue
damage (Glennon-Alty et al., 2018). Aside from that, activated
neutrophils also release granules containing proteolytic enzymes,
such as neutrophil elastases, MPO, and cathelicidin (Faurschou
and Borregaard, 2003), that contribute to tissue damage.
Overproduction of ROS, proteolytic enzymes, and cytokines by
neutrophils can also cause several pathological conditions, which
could aggravate many clinical diseases (Papayannopoulos, 2018).

One such condition is psoriasis, an inflammatory skin disease
with complicated etiology. Psoriasis reportedly affects
approximately 3% of the population worldwide (Gupta et al.,
2014). However, the prevalence of this disease varies with race
and geographic location. For example, in a review of
epidemiological data of psoriasis, the overall prevalence of
psoriasis was estimated to be 3.7% in the US National Health
Survey. However, studies in Asians revealed a prevalence ranging
from 0.05 to 0.47% (Kaufman and Alexis, 2018). In Europe, the
prevalence of psoriasis is approximately 2% according to a
previous study (Boehncke and Schön, 2015). Moreover,
psoriasis has been reported to affect 1.9–3.5% of people in
eastern Africa, but only 0.025–0.9% in western Africa. This

difference has been attribute to the genetic difference among
different races and ethnicities (Kaufman and Alexis, 2018). Its
classical manifestations include raised plaques and scales on the
skin, and these psoriasis skin lesions are attributed to the over-
proliferation and abnormal differentiation of keratinocytes,
which is related to tissue damage by ROS and the release of
cytokines by the infiltration of adaptive and innate immune cells
(Rendon and Schäkel, 2019). Moreover, psoriatic lesions also
usually exhibit neutrophil accumulation (Schön et al., 2017).
Previous studies showed that neutrophils play a role in
amplifying immune reaction, and neutrophil extracellular traps
correlate with disease severity in patients with psoriasis (Lowes
et al., 2014; Chiang et al., 2019). Oxidative stress is also involved
in disease severity in clinical psoriasis patients (Cannavò et al.,
2019). It influences the pathogenesis of psoriasis via several
signaling pathways, such as nuclear factor-κB (NF-κB) and
mitogen-activated protein kinase (MAPK) (Zhou et al., 2009).
In the mouse model of imiquimod (IMQ)-induced psoriasis-like
skin inflammation, excess ROS production contributed to
histopathological changes in skin lesions (Baek et al., 2012).

Currently, T cells and dendritic cells are considered as the
primary immune cells that release cytokines associated with
psoriasis, such as interleukin (IL)-17A, IL-22, tumor necrosis
factor (TNF)-α, and interferon (IFN)-γ, which affect keratinocyte
proliferation (Nadeem et al., 2020b). Developing drugs that target
these inflammatory mediators is one of the therapeutic strategies
for psoriasis. For example, ibrutinib, a Bruton’s tyrosine kinase
inhibitor, suppresses IMQ-induced psoriasis-like skin
inflammation in mice by downregulating IL-17A and IL-23
expression (Nadeem et al., 2020a). It can also decrease
oxidative stress and inflammatory mediator levels in
neutrophils and dendritic cells (Al-Harbi et al., 2020).
However, emerging evidence has demonstrated that
neutrophils may play a crucial role in psoriasis (Wang and Jin,
2020). Neutrophils produce many inflammatory mediators,
forming neutrophil extracellular traps (NETs) and secreting
IL-17, contributing to psoriasis skin inflammation (Schön
et al., 2017). It is well-known that the interaction between IL-
17A and keratinocyte causes the pathogenesis of psoriasis (Furue
et al., 2020). Nevertheless, neutrophils are the primary source of
IL-17A expression observed in psoriatic skin lesions, and
interactions between infiltrated neutrophils and keratinocytes
strengthen the IL-23/Th17 axis (Katayama, 2018). Moreover,
neutrophils and mast cells, not T cells, are the dominant
immune cells that release IL-17 in psoriatic skin, and
neutrophils release abundant IL-17 during NET formation
(Lin et al., 2011). A study demonstrated that NETs generated
by neutrophils could establish self-amplifying inflammation
reactions in psoriasis (Herster et al., 2020). In summary,
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neutrophils could secrete IL-17A, which affects keratinocytes,
after infiltrating into the epidermis. NET formation by
neutrophils also amplifies the inflammatory reactions in innate
and adaptive immune cells, leading to the pathogenesis of
psoriasis (Chiang et al., 2019).

Despite reports that AM can exhibit anti-inflammatory and
anti-oxidation effects against various conditions, whether it could
offer the same benefits against psoriasis and ROS overproduction
by neutrophils remains unknown. Herein, we investigate
Astragalus mongholicus Bunge water extract (AWE) and its
anti-inflammatory effect on human neutrophils. We also
examined the potential therapeutic effect of topical AWE
against psoriasis in mice.

2 MATERIALS AND METHODS

2.1 Reagents
The herbal materials used in this study were the dried roots of
Astragalus mongholicus Bunge which were purchased from
Chang Gung Memorial Hospital, Taoyuan, Taiwan.
Astragaloside IV was purchased from Sunhank technology
Co. Ltd., Tainan, Taiwan. Calycosin-7-O-β-D-glucoside was
purchased from Wuhan ChemFaces Biochemical Co., Ltd.
(Wuhan, China). Ononin and calycosin were purchased
from Sigma-Aldrich (St. Louis, MO, United States). Ficoll-
paque PLUS was purchased from GE Healthcare (Little
Chalfont, Buckinghamshire, United Kingdom). Hank’s
balanced salts solution (HBSS) was purchased from Gibco
(Grand Island, NY, United States). Meo-Sac-Ala-Ala-Pro-
Val-p-nitroanilide was purchased from Calbiochem (La
Jolla, CA, United States). Lactate dehydrogenase (LDH)
assay kits were purchased from Promega (Madison, WI,
United States). Leukotriene B4 (LTB4) and Leu-Glu-Ser-Ile-
Phe-Arg-Ser-Leu-Leu-Phe-Arg-Val-Met (trifluoroacetate salt,
MMK-1) were purchased from Tocris Bioscience (Ellisville,
MO, United States). Xanthine was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, United States). Water-soluble
tetrazolium-1 (WST-1) was obtained from Dojindo
(Kumamoto, Japan). Dihydroethidine (HE) was purchased
from Invitrogen (Carlsbad, CA, United States). Fluorescein
isothiocyanate (FITC)-labeled anti-cluster of differentiation
molecule 11b (CD11b) was purchased from eBioscience (San
Diego, CA, United States). Anti-lymphocyte antigen 6
complex locus G6D (Ly6G) antibody was purchased from
BioLegend (San Diego, CA, United States). Anti-
myeloperoxidase (MPO) antibody was obtained from
Abcam (Cambridge, United Kingdom). Anti-Ki67 antibody
was procured from GeneTex International Corporation
(Hsinchu, Taiwan). Anti-4-Hydroxynonenal (HNE)
antibody was purchased from Bioss Antibodies Inc.
(Woburn, MA, United States). The rabbit anti-rat
immunoglobulin G (IgG) was from ImmunoReagent Inc.
(Beijing, China). Other bioassay and reagents were
purchased from Sigma-Aldrich (St. Louis, MO, United States).

2.2 Astragalus mongholicus Bunge Water
Extract Preparation
AWE was prepared in boiling water. Briefly, 131.25 g (35 Taiwan
mace) of herbal materials was soaked in 600 ml of sterile double
distilled water (ddH2O) for 30 min and then boiled at 100°C for
another 30 min. The extracts were filtered through a sterile
0.45 µm filter and then concentrated and powdered with an
oil-pumping freeze dryer (LABCONCO, Kansas City, MO,
United States). The AWE powder was stored at –20°C until
further use and was dissolved in ddH2O before use in the
subsequent experiments. A voucher specimen (CGU_AM-01)
was deposited in the Graduate Institute of Natural Products,
Chang Gung University, Taoyuan, Taiwan.

2.3 High-Performance Liquid
Chromatography Analysis
A Hitachi chromatography system (Hitachi, Tokyo, Japan) was
used to analyze the composition of AWE. A previous study
described the setting of the HPLC machine, standard solution
preparation, and AWE solution preparation in detail (Matkowski
et al., 2003). Ononin, calycosin, and calycosin-7-O-β-D-glucoside
were used as standard references. AWE fingerprinting was
performed under the detection wavelength at 260 nm.

2.4 Ultra-Performance Liquid
Chromatography-Tandem Mass
Spectrometry Condition
A Shimazu UPLC-MS/MS system coupled with Nexera X2 UPLC
and LCMS-8045 (Shimazu, Kyoto, Japan) was used to analyze
Astragaloside IV, the marker constituent of AWE according to
government guidelines of Taiwan Herbal Pharmacopeia. Liquid
chromatography was carried out using a YMC-Triart C18
column (2.1 × 50 mm, 1.9 μm particle size) (YMC, Kyoto,
Japan). The mobile phase was 34% MeCN aqueous solution
with 0.1% formic acid. The injection volume was 5 μL. The
flow rate was 0.5 ml/min. The column temperature was
maintained at 40°C. For the sample preparation, 110 mg AWE
was dissolved in 10 ml of ddH2O and partitioned with 10 ml of
n-Butanol three times. Before analysis, the organic layer
(18.4 mg) was collected and dissolved in MeOH at a 1 mg/ml
concentration (Kafle et al., 2020).

2.5 Human Neutrophil Isolation
This study was approved by the institutional review board of
Chang Gung Memorial Hospital (Registration number: IRB
100 1278C). All healthy volunteers aged 20–32 years old
provided written consent prior to blood donation. Human
neutrophils were prepared and isolated from healthy
individuals using the Ficoll-Hypaque density gradient
centrifugation method (Paoliello-Paschoalato et al., 2014). The
isolated human neutrophils were suspended at 4°C in Ca2+-free
Hanks’ balanced salt solution (HBSS) before further experiments
(Tsai et al., 2015).
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2.6 Reactive Oxygen Species Measurement
2.6.1 Detecting Extracellular Superoxide Anion
Production
Human neutrophils (3 × 105 or 6 × 105 cells/mL) were suspended
in 1 mM CaCl2 and 0.5 mg/ml ferricytochrome c at 37°C for
5 min, and then incubated with ddH2O (as the control) or AWE
(10, 30, or 100 µg/ml) for another 5 min. After which, neutrophils
were activated by N-formyl-L-methionyl-L-leucyl-L-
phenylalanine (fMLF, a formyl peptide receptor (FPR) one
agonist, 0.1 µM for 10 min), MMK-1 (a FPR2 agonist, 0.1 µM
for 10 min) pre-treated with cytochalasin B (CB, 1 µg/ml) for
3 min, or phorbol 12-myristate 13-acetate (PMA, a protein kinase
C (PKC) activator, 10 nM for 5 min). The reduced
ferricytochrome c was detected at 550 nm using a
spectrophotometer (Hitachi, U-3010, Tokyo) (Chiang et al.,
2020).

2.6.2 Detecting Total ROS Production
Intracellular and extracellular ROS generated by activated human
neutrophils were detected by the luminol method as luminol
releases a chemiluminescent signal when reacted with non-
specified ROS that is produced by activated human
neutrophils. For this analysis, human neutrophils (7 × 105

cells/mL) were mixed with 37.5 µM luminol and horseradish
peroxidase (HRP) for 5 min to enhance the reaction, and then
ddH2O (as the control) or AWE (10, 30, or 100 µg/ml) was added.
After 5 min, neutrophils were activated either by fMLF (0.1 µM)
for 5 min or by PMA (10 nM) for 30 min. A 96-well luminescence
microplate reader (Tecan, Infinite F200 Pro, Tecan Group,
Männedorf, Switzerland) was used to detect the
chemiluminescence (Tsai et al., 2015).

2.6.3 Detecting Intracellular Superoxide Anion
Production
Human neutrophils (1 × 106 cells/mL) were pre-incubated with
Hydroethidine bromide (HE; 1 μM), a superoxide anion indicator
that can pass through the cell membrane, for 10 min at 37°C, and
then washed out, so that the neutrophils were labeled with HE
intracellularly. Thereafter, ddH2O (as the control) or AWE (10,
30, or 100 µg/ml) was added 5 min before activating the
neutrophils with 0.1 µM fMLF with 3 min CB (0.5 µg/ml) pre-
treatment or 10 nM PMA for 5 min. The intracellular
fluorescence intensities of HE were detected using flow
cytometry (Yang et al., 2018).

2.7 Measurement of Elastase Release for
Neutrophil Degranulation
Meo-Sac-Ala-Ala-Pro-Val-p-nitroanilide is a neutrophil elastase-
specified substrate. The method used to detect elastase release,
which represented the degranulation of azurophilic granules by
activated neutrophils, was previously described (Lee CL. et al.,
2013). Human neutrophils (6 × 105 or 1 × 106 cells/mL) were pre-
incubated with 1 mM CaCl2 and 0.1 mM substrate at 37°C for
5 min, and then we added ddH2O (as the control) or AWE (10,
30, or 100 µg/ml), and then incubated for another 5 min. Human
neutrophils were stimulated by different activators, including

fMLF (0.1 µM), MMK-1 (0.1 µM), leukotriene B4 (LTB4,
0.1 µM), or interleukin 8 (IL-8, 100 ng/ml) for 10 min with
pre-treatment with CB (0.5 or 2 µg/ml) for 3 min. The
substrate absorbance changes were detected
spectrophotometrically at 405 nm to evaluate elastase release.

2.8 Lactate Dehydrogenase Assay for Cell
Viability
Since lactate dehydrogenase (LDH) gets released when chemical
agents cause cell death, it was used to assess the cytotoxicity of
drugs. Human neutrophils (6 × 105 cells/mL) in 1 mM CaCl2
were incubated with ddH2O (as the control) or AWE (10, 30, or
100 µg/ml) for 15 min, and then the cytotoxicity of AWE was
determined by measuring LDH release at 492 nm. The total cell
LDH was determined by lysing neutrophils with Triton X-100
(0.1%) at 37°C for 30 min. The protocol to detect LDH release has
previously been described (Chang et al., 2008).

2.9 Antioxidant Capability Evaluation
2.9.1 Superoxide Anion Scavenging Ability Analysis
Several cell-free systems were used to evaluate the antioxidant
capability of AWE. The superoxide scavenging ability of AWE
was analyzed by superoxide anions which generated by the
xanthine/xanthine oxidase catalysis reaction. This reaction was
facilitated by mixing Tris buffer (pH 7.4) in 1 mM CaCl2 with
WST-1 (0.3 mM) and xanthine oxidase (0.02 U/mL) at 30°C, and
then ddH2O (as the control), 20 U/ml superoxide dismutase
(SOD, as the positive control) or AWE (10, 30, or 100 µg/ml)
was added for 3 min. Then xanthine was added for 10 min. The
amount of reduced WST-1 by superoxide anion was measured by
the change in absorbance at 450 nm (Lin et al., 2009).

2.9.2 ROS Scavenging Ability Analysis
We used fluorescence to detect ROS production by 2,2’-azobis
(2-amidinopropane) dihydrochloride (AAPH), a water-
soluble free radical-generating azo compound, for
evaluating the ROS scavenging ability of AWE since ROS is
generated when AAPH is dissolved in water. Fluorescein
(80 nM) in 75 mM sodium phosphate buffer (pH 7.4) was
incubated with ddH2O (as the control), Trolox (as the positive
control), or AWE (10, 30, or 100 µg/ml) at 37°C for 5 min.
After adding AAPH (25 mM), the changes in fluorescence
intensity were monitored every 3 min for 120 min.
Following the methods by a previous study (Betigeri et al.,
2005), the excitation and emission wavelengths used were 485
and 535 nm, respectively.

2.9.3 Nitrogen-Centered Radicals Scavenging Ability
Analysis
We dissolved 1,1-diphenyl-2-picrylhydrazyl (DPPH; 100 μM), a
stable nitrogen-centered free radical organic compound, in 99%
ethanol, and then added ddH2O (as the control), α-tocopherol
[vitamin E (3, 15, and 30 μM), as the positive control], or AWE
(10, 30, or 100 µg/ml), and incubated the assay at 25°C for 15 min.
The absorbance change was measured spectrophotometrically at
517 nm (Chen et al., 2018).
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FIGURE 1 | The chemical fingerprint of Astragalus mongholicus Bunge water extract (AWE). Chromatograms were obtained from high-performance liquid
chromatography (HPLC) at 260 nm. (A) HPLC fingerprint of AWE and (B) of three standard references including 1: Calycosin-7-O-β-D-glucoside; 2: Ononin; 3:
Calycosin; (C) Identification of astragaloside IV in AWE using ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). (D) Structures of
the parent ion and product ions of astragaloside IV.

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 7628295

Cheng et al. Astragalus Inhibits Neutrophilic Inflammation in Psoriasis

142

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Another nitrogen-centered free radical compound, 2,2’-azino-
bis(3-ethylbenzothiazolin-6-sulfonic acid) diammonium salt
(ABTS), which has a blue color when dissolved in a potassium
persulfate solution, was used in this study. ABTS (7 mM) was
mixed with potassium persulfate (2.45 mM) in ddH2O, and then
ddH2O (as the control), L-ascorbic acid (vitamin C (10, 15, and
30 μM), as the positive control), or AWE (10, 30, or 100 µg/ml)
was added, then the assay was incubated at 25°C for 15 min. The
change in light absorbance was determined
spectrophotometrically at 734 nm (Rajendran et al., 2004).

2.10 Assessment CD11b Expression in
Activated Neutrophils
Integrins, a kind of membrane protein, which promotes
neutrophils to adhere to endothelial cells and then migrate to
the inflammatory site, were expressed in activated neutrophils. In
this study, we evaluated the effect of AWE on CD11b expression
in fMLF-activated neutrophils. Human neutrophils (2.5 × 106

cells/ml) were incubated with ddH2O (as the control) or AWE
(10, 30, or 100 µg/ml) at 37°C for 5 min, and then neutrophils
were stimulated by fMLF (0.1 μM) for another 5 min (pre-treated

with 1 μg/ml CB for 3 min). The supernatant was removed after
centrifugation (200 g, for 8 min) at 4°C, then neutrophils in the
pallet were resuspended in HBSS, which contained 0.5% bovine
serum albumin (BSA) and FITC-labeled anti-CD11b (1 μg/ml)
and incubated at 4°C for 90 min in the dark. Immunofluorescence
was measured using flow cytometry (Chiang et al., 2020).

2.11 Functional Study of Neutrophil
Adhesion
Since neutrophil adhesion to endothelial cells plays a key role in
the inflammatory response, the inhibition of adhesion will
influence the recruitment of neutrophils to the inflammatory
site. To assess the effect of AWE on neutrophil adhesion function
in vitro, we used the mouse brain-derived endothelial cell 3
(bEnd.3). Human neutrophils (4 × 106 cells/mL) were pre-
treated with Hoechst 3,342 (1 ng/ml) at 37°C for 10 min. After
washing out the dye by centrifugation (200 × g, for 8 min) and
removing the supernatant, neutrophils were resuspended and
incubated with ddH2O or AWE (100 µg/ml) for 5 min, then were
activated with fMLF (0.1 μM) for 10 min, with pre-treatment with
CB (1 μg/ml) for 2 min. Activated neutrophils were transferred to

FIGURE 1 | Continued.
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wells containing bEnd.3 cells and incubated for 15 min at 37°C.
After incubation, the medium and non-adherent neutrophils
were washed with HBSS, and the adherent neutrophils were
fixed with 4% paraformaldehyde in HBSS. Cells were observed
and counted using a fluorescence microscope (IX81; Olympus,
Center Valley, PA, United States) (Chen et al., 2016).

2.12 Imiquimod-Induced Psoriasis-like Skin
Inflammation in Mice
All animal experiments in this study were approved and regulated
by the Institutional Animal Care and Use Committee of Chang
Gung University, Taoyuan, Taiwan (IACUC approval No.
CGU14-150).

Eight-to ten-week-old BALB/C male mice that weighed
approximately 20 g each were obtained from BioLasco Co.,
Ltd., Yilan, Taiwan. Aldara (3M Health Care Limited,
United Kingdom), which contains 5% imiquimod (IMQ), was
used to induce psoriasis-like skin inflammation. AWE was
dissolved in the vehicle with 40% ethanol and 60% ddH2O
before application on the skin. The mice were divided into

three groups: mice in the control group received no treatment;
mice in the IMQ plus vehicle group were treated with IMQ
(62.5 mg/day) and vehicle (100 µL/day); mice in the IMQ plus
AWE group received equal doses of IMQ and AWE (10 mg/day),
which were dissolved in vehicle (Chiang et al., 2020).

Before experiments, mice were given 1 week to adapt to the
environment in 12-h light/12-h dark cycles with adequate food
and water supply. The backs of mice were shaved with a
depilatory machine and hair removal cream before the study.
From days 1–5, 100 µL AWE or vehicle was topically applied to
each mouse, followed by treatment with IMQ cream. Each day,
we used pipette tips to drop 50 µL of AWE (100 mg/ml) or vehicle
slowly and homogeneously on the back of the mice under
anesthesia. After the solution had dried (approximately
10 min), we applied another 50 µL of solution on the back of
the mice, that is, a total of 100 µL per day. We applied the IMQ
cream approximately 30 min later while the solution had dried.
Subsequently, we returned the mice to the cages and waited for
them to awaken from anesthesia. A hand-held microscope and
camera were used to obtain photos before the application of drugs
every day. The severity of psoriatic lesions was assessed according

FIGURE 2 | AWE inhibited superoxide anion generation in activated human neutrophils. Human neutrophils (3 × 105 or 6 × 105 cells/mL) were incubated with
ddH2O (as the control) or AWE (10, 30, or 100 μg/ml) for 5 min, and then were activated by (A) fMLF, (B) MMK-1 for 10 min, or (C) PMA for 5 min. Superoxide anion
production wasmonitored using ferricytochrome c reduction at 550 nm. (D)Human neutrophils were incubated with ddH2O (as the control) or different concentrations of
AWE for 15 min. Cytotoxicity was represented by LDH release as a percentage of the total. The Total LDH release was determined by lysing cells with 0.1% of Triton
X-100 at 37°C for 30 min. The cell viability was calculated as oneminus percent of LDH release. Data are expressed asmean ± S.E.M. (n � 3 or 4). Statistical analysis was
conducted using the one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test if there were statistical differences in the results of ANOVA.
Adjusted p-values of Tukey’s multiple comparison tests were defined as ***p < 0.001 and **p < 0.01 compared with the control.
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to the human psoriasis area and severity index (PASI) score. The
PASI score evaluates lesions including erythema, scaling, and
thickness independently according to severity as: 0 for normal;
one for mild; two for moderate; three for severe; four for very
severe condition in psoriasis lesions. The images of psoriatic
lesions were scored by two investigators, Dr. Cheng and Dr.
Chiang. The image files were renamed for blinding purpose. The
final scores of each image were the average score of the two
investigators.

On day 6, mice were sacrificed by deep anesthesia, and then
the skin samples were collected from their backs then fixed in 10%
paraformaldehyde. The skin sections were subjected to
hematoxylin–eosin (H&E) and immunohistochemical (IHC)
staining including Ly6G (a neutrophil marker), MPO (an ROS
catalyzer released by neutrophils), ki67 (a skin proliferation
marker), and 4-HNE (an ROS-induced damage marker from
lipid peroxidation chain reaction) following a standard protocol
(Baek et al., 2012; El Malki et al., 2013). Images were quantified
using ImageJ 1.53e (Wayne Rasband and contributors, Research
Services Branch, National Institute of Health, Bethesda,
Maryland, United States) (Schneider et al., 2012). The
intensity and area of staining in IHC images were calculated.

In HE images, epidermal area and average thickness were
calculated.

2.13 Immunohistochemistry
The formalin-fixed paraffin-embedded skin samples were
dewaxed and rehydrated before IHC. IHC was performed
using an automatic immunohistochemistry staining device
according to the manufacturer’s instructions (Bond, Leica
BioSystems). The tissue sections were retrieved using Bond
Epitope Retrieval Solution 1 (Ly6G, MPO, and 4-HNE) or 2
(Ki67) at 100°C for 20 min (Ly6G, MPO, and 4-HNE) or 30 min
(Ki67) on the Bond-max automated immunostainer (Leica
BioSystems) and stained with antibodies for Ly6G (mouse
monoclonal antibody, 1:500 dilution; incubated for 60 min;
BioLegend, category no. 127602), MPO (rabbit polyclonal
antibody, 1:50 dilution; incubated for 60 min; Abcam, category
no. ab9535), Ki67 (rabbit polyclonal antibody, 1:200 dilution;
incubated for 30 min; GeneTex, category no.: GTX16667), and 4-
HNE (rabbit polyclonal antibody, 1:600 dilution; incubated for
60 min; Bioss, category no.: bs-6313R). For Ly6G staining,
secondary antibody staining with 5 µg/ml rabbit anti-rat IgG
(ImmunoReagent, category no.: RbxRt-003-DHRPX) for 30 min

FIGURE 3 | AWE inhibited elastase release in activated human neutrophils by different stimulants. Human neutrophils (6 × 105 cells/mL) were incubated with
ddH2O (as the control) or AWE (100 μg/ml) for 5 min, and then activated by (A) fMLF, (B)MMK-1, (C) LTB4, or (D) IL-8 and CB (0.5 μg/ml for fMLF andMMK-1 and 2 μg/
ml for IL-8 and LTB4) for another 10 min. Elastase release was measured by spectrophotometrically at 405 nm. Data are expressed as mean ± S.E.M. (n � 3 or 4).
Statistical analysis was conducted using the one-way analysis of variance (ANOVA), followed by Tukey’smultiple comparison test if there were statistical differences
in the results of ANOVA. Adjusted p-values of Tukey’s multiple comparison tests were defined as ***p < 0.001, **p < 0.01, and *p < 0.05 compared with the control.
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FIGURE 4 | AWE has a significant ROS scavenging effect but neither superoxide anion nor nitrogen-centered radicals. (A) 1 mM CaCl2 in HBSS and xanthine
oxidase were incubated with ddH2O (as the control). AWE (10, 30, and 100 μg/ml) was added for 3 min and then xanthine (0.1 mM) for another 10 min. Reduction of
WST-1 by superoxide anion was measured spectrophotometrically at 450 nm. Superoxide dismutase (SOD) 20 U/ml was used as the positive control. Fluorescein
decay curve induced by AAPH and cleared by (B) Trolox and (C) AWE in different concentrations. (D) The area under the curve of AWE and Trolox. (E) DPPH
(100 μM in 99% EtOH) was incubated with ddH2O (as the control), AWE (10, 30, and 100 μg/ml) or α-tocopherol (3, 15, and 30 μM). The reduction of DPPH was
measured spectrophotometrically at 517 nm. (F) ABTS (7 mM in ddH2O) was incubated with ddH2O (as the control), AWE (10, 30, and 100 μg/ml) or L-ascorbic acid
(10, 15, and 30 μM). The reduction of ABTS was measured spectrophotometrically at 734 nm. Data are expressed as the mean ± S.E.M. (n � 3 or 4). Statistical analysis
was conducted using the one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test if there were statistical differences in the results of
ANOVA. Adjusted p-values of Tukey’s multiple comparison tests were defined as ***p < 0.001 compared with ddH2O alone.
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was performed after primary staining. A polymer detection
system (Bond Polymer Refine Detection, Leia BioSystems) was
used to reduce nonspecific staining. The tissue sections were
treated with liquid 3,3′-diaminobenzidine reagent using 3′-
diaminobenzidine tetrahydrochloride as the chromogen and
hematoxylin as the counterstain.

2.14 Statistical Analysis
All data were expressed as mean ± standard error of the mean
(S.E.M.). One-way analysis of variance (ANOVA) was used for
comparison between groups in this study. A two-tailed p-value
< 0.05 represented a statistically significant difference. Post-
hoc analyses were performed using Tukey’s multiple
comparisons tests for each two-group comparison if the
results of the one-way ANOVA indicated significant
differences. Results with an adjusted p-value < 0.05 in
Tukey’s multiple comparisons tests represented a
statistically significant difference. For ordinal scale data
analysis (PASI scores), a nonparametric analysis method of
Kruskal–Wallis test was used in the ANOVA. Post-hoc
multiple comparison analyses were performed using the
two-stage linear step-up procedure of Benjamini, Krieger,
and Yekutieli for every two-group comparison if the results

of the Kruskal–Wallis test indicated significant differences.
Results with an adjusted q-value < 0.05 using the two-stage
linear step-up procedure of Benjamini, Krieger, and Yekutieli
for multiple comparison tests represented a statistically
significant difference. Data processing and analysis were
conducted by using Sigmaplot 14.0 (Systat Software, San
Jose, CA, United States) and Prism 9 (GraphPad Software,
San Diego, CA, United States).

3 RESULTS

3.1 Identification and Quantification of AWE
Using HPLC and UPLC-MS/MS
The fingerprint of the AWE using HPLC is shown in Figure 1A.
Calycosin-7-O-beta-D-glucoside, ononin, and calycosin were
identified in the AWE sample using HPLC retention times
compared with standard references (Figure 1B). The multiple
reaction monitoring (MRM) scan in a positive model was utilized
to detect Astragaloside IV by acquiring the sodium adduct parent
ion (M + Na)+ to product ion transitions of m/z 807.4 → 627.5
and m/z 807.4 → 203.15 with collision voltage of 53 and 59 eV,
respectively (Kafle et al., 2020). Product ion ofm/z 627.5 was used

FIGURE 5 | AWE both inhibited neutrophil activation and scavenged ROS generation in fMLF-activated human neutrophils in luminol-enhanced chemiluminescence
assay. Human neutrophil (7 × 105 cells/mL) were incubated with ddH2O (as the control) or AWE (10, 30, and 100 μg/ml) for 5 min and stimulated with (A) fMLF (0.1 μM) for
another 6 min or (B) PMA (10 nM) for 30 min. The area under curve (AUC) of chemiluminescence in (C) fMLF or (D) PMA are shown as the mean ± S.E.M. (n � 5 or 6).
Statistical analysis was conducted using the one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test if there were statistical differences in
the results of ANOVA. Adjusted p-values of Tukey’s multiple comparison tests were defined as ***p < 0.001 and *p < 0.05 compared with the control.
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for quantification. A linear calibration curve (y � 31083x + 18200,
R2 � 0.9932) was produced using 0.625, 1.25, 2.5, 5, 10 ng/ml of
Astragaloside IV. Astragaloside IV in AWE was identified
according to the peak retention time and two product ion
fragments in MRM channels (Figure 1C). The quantification
of Astragaloside IV in the AWE was 0.048%. The structure of
calycosin-7-O-beta-D-glucoside, ononin, calycosin, and
astragaloside IV is shown in Figures 1A,D.

3.2 AWE Inhibits Superoxide Anion
Generation and Elastase Release in
Activated Human Neutrophils
Neutrophils generate a large amount of superoxide anion by
activating NADPH oxidase, further creating abundant ROS by
various enzymes. AWE (100 μg/ml) significantly reduced
superoxide anion generation in fMLF- and MMK-1-activated
human neutrophils in a dose-dependent manner (Figures 2A,B),

both p < 0.001. Nevertheless, AWE was unable to attenuate
PMA, a PKC activator, stimulated human neutrophils
(Figure 2C). Moreover, we found that at 100 μg/ml
concentration, AWE did not affect cell viability in the LDH
releasing assay (Figure 2D).

Human neutrophils create abundant granules into the
cytosome, which contain numerous proteolytic and ROS-
producing enzymes, including neutrophil elastase, MPO,
and cathelicidin (Faurschou and Borregaard, 2003). We
observed that AWE (100 μg/ml) significantly inhibited the
release of neutrophil elastase in activated human
neutrophils with various stimulants such as fMLF (p <
0.001), MMK-1 (p � 0.002), IL-8 (p � 0.0197), and LTB4

(p � 0.0121) (Figure 3). Taken together, these results
indicate that AWE inhibits granule releasing and superoxide
anion generation, which contributes to oxidative stress
production; thus, these data supported the earlier finding
that AWE reduced oxidative stress production.

FIGURE 6 | AWE inhibits intracellular superoxide anion generation in fMLF-activated human neutrophils. Human neutrophils labeled with HE were incubated with
ddH2O (as the control) or AWE (10, 30, and 100 μg/ml) for 5 min and then stimulated with (A) fMLF (0.1 μM) or (B) PMA (10 nM) for an additional 5 min. The
representative histograms demonstrating typical fluorescence-activated cell sorting profiles are shown. Mean fluorescence intensities are shown as (C) and (D). Data are
expressed as the mean ±S.E.M. (n � 3–6). Statistical analysis was conducted using the one-way analysis of variance (ANOVA), followed by Tukey’s multiple
comparison test if there were statistical differences in the results of ANOVA. Adjusted p-values of Tukey’s multiple comparison tests were defined as ***p < 0.001 and
**p < 0.01 compared with the control.
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3.3 AWE has a Substantially ROS
Scavenging Effect but Neither Superoxide
Anion nor Nitrogen-Centered Radicals
Previous studies demonstrated that AM has abundant anti-oxidative
stress activity (Shahzad et al., 2016). Therefore, we used various cell-
free oxidative stress generation assays to clarify the ROS scavenging

ability of AWE. Figure 4A shows that AWE failed to inhibit the
superoxide anion produced by the xanthine/xanthine oxidase
system, with superoxide dismutase as the positive control (p <
0.001). This result implied that while AWE was not able to
remove the superoxide anion directly, it may regulate the
production of the superoxide anion in activated human
neutrophils.

FIGURE 7 | AWE suppressed the adhesion of fMLF-activated human neutrophils to bEnd.3 cells by inhibiting CD11b expression. (A) Human neutrophils were
incubated with ddH2O (as the control) or AWE (100 μg/ml) for 5 min and then activated by fMLF (0.1 μM)/CB (1 μg/ml) for an additional 5 min. Representative
histograms demonstrating typical fluorescence in the absence or presence of FITC-labeled anti-CD11b. (B)Mean fluorescence intensities are shown. (C) Hoechst
33342-labeled human neutrophils (4 × 106 cells/mL) were incubated with ddH2O or AWE (100 μg/ml) for 5 min, then fMLF (0.1 μM) was used as the stimulant.
The activated human neutrophils were added into bEnd.3 cells for 15 min. Adherent neutrophils on bEnd.3 cells were detected using a fluorescence microscope.
Scale bar represented 200 μm. Representative histograms for fluorescent microscopy are shown. (D) Adherent human neutrophils were counted and quantified.
Data are expressed as the mean ± S.E.M. (n � 5). Statistical analysis was conducted using the one-way analysis of variance (ANOVA), followed by Tukey’s multiple
comparison test if there were statistical differences in the results of ANOVA. Adjusted p-values of Tukey’s multiple comparison tests were defined as ***p < 0.001
and **p < 0.01 compared with the control.
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The clearance ability of AWE against ROS and nitrogen-
centered radicals was further examined with oxygen-radical
absorbance capacity assays, ABTS, and DPPH radical assays,
and we observed that AWE and Trolox both had significant
antioxidant effects (Figures 4B–D), as the APPH-produced ROS
was cleared by AWE and Trolox to avoid the degeneration of
fluorescein. However, there was no scavenging ability of nitrogen-
centered radicals observed in AWE in the ABTS and DPPH
assays (Figures 4E,F), in which vitamins C and E were the
respective positive controls. These results suggested that AWE
had a substantially better ROS scavenging ability than superoxide
anion and nitrogen-centered radicals.

Taken together, our results revealed that AWE significantly reduced
the oxidative stress generated by fMLF-activated human neutrophils,

and this effect might have resulted from regulating the activation of
human neutrophils and directly scavenging ROS by AWE.

3.4 AWE Reduced Neutrophil-Generated
Oxidative Stress by Inhibiting Neutrophil
Activation and by Scavenging ROS
Intracellular and extracellular ROS were detected using
luminol-enhanced chemiluminescence. AWE significantly
inhibited ROS production in fMLF-activated human
neutrophils at different concentrations (Figures 5A,C). The
p-values were 0.0115, <0.001, and <0.001 for 10, 30, and
100 µg/ml. Moreover, our work revealed that AWE had a
superior inhibitory effect on ROS production than on

FIGURE 8 | AWE ameliorated the severity of IMQ-induced psoriasis-like skin inflammation. (A) The skin change of IMQ-induced psoriasis-like skin inflammation
was observed using a digital camera and a hand-held digital microscope. The scale bar of the picture in a hand-held digital microscope was 1 mm. (B) PASI scores,
including erythema, thickness, scaling, and cumulative scores in study groups, are shown. Data are expressed asmean S.E.M. (n � 5). Statistical analysis was conducted
using the Kruskal–Wallis test, followed by multiple comparison test with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli if there were
statistical differences in the results of the Kruskal–Wallis test. Adjusted q-values of multiple comparison tests using the two-stage linear step-up procedure of Benjamini,
Krieger, and Yekutieli were defined as ***q < 0.001 and *q < 0.05 compared with the IMQ plus vehicle group.
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superoxide anion generation; the IC50 were 17.894 μg/ml and
29.539 μg/ml, respectively. Interestingly, AWE only had a
minor inhibitory effect on ROS production in PMA-

stimulated human neutrophils (Figures 5B,D). The p-values
were 0.0136, 0.9461, and <0.001 for 10, 30, and 100 µg/ml. We
also noted that AWE was able to reduce ROS production in

FIGURE 9 | AWE reduced the epidermal thickness and neutrophil infiltration in IMQ-induced psoriasis-like skin inflammation in mice. The mice were sacrificed by
deep anesthesia on day 6 after topical IMQ and AWE or vehicle treatment for 5 days. Their back skins were collected and stored in 4% formaldehyde. Hematoxylin-eosin
(H&E) staining and immunohistochemical (IHC) staining for Ly6G, MPO (the neutrophil infiltration and activation marker), Ki67 (the epidermal proliferation marker), and 4-
HNE (the ROS marker) were performed for all samples (marked as orange triangles). The representative images (A) were observed under a microscope. The scale
bar was 100 μm. The IMQ plus vehicle group exhibited psoriasis-like skin inflammation. The typical histological manifestations are marked as yellow arrows
(hyperkeratosis), double-sided red arrows (acanthosis), and green triangles (elongation of rete-like ridges). AWE significantly decreased neutrophil infiltration and
epidermal thickness in IMQ-induced psoriasis-like skin inflammation in mice. (B) The quantified image data using ImageJ. Epidermal area and average epidermal
thickness were calculated in H&E staining. Ly6G-, MPO-, Ki67-, and 4-HNE-positive area and integrated density were calculated in IHC staining. Data are expressed as
mean S.E.M. (n � 5). Statistical analysis was conducted using the one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test if there were
statistical differences in the results of ANOVA. Adjusted p-values of Tukey’s multiple comparison tests were defined as ***p < 0.001, **p < 0.01, and *p < 0.05 compared
with the IMQ plus vehicle group.
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resting human neutrophils without any stimulant. Taken
together, these results indicate that AWE might have a
direct antioxidant effect on ROS generation in activated
human neutrophils.

Since AWE showed a significantly stronger inhibitory effect
on superoxide anion generation in fMLF-activated human
neutrophils rather than in PMA-stimulated neutrophils, we
used HE as an intracellular superoxide anion probe to clarify
AWE’s inhibitory effects on human neutrophils (Laurindo et al.,
2008). The result suggests that AWE significantly reduced the
fluorescein in HE-labelled and fMLF-activated human
neutrophils (Figures 6A,C). Consistent with our previous
findings, AWE failed to inhibit the intracellular superoxide
anion generation in PMA-activated human neutrophils
(Figures 6B,D). Together, these findings suggest that AWE
had a substantial inhibitory effect in fMLF-activated human
neutrophils.

3.5 AWE Inhibited Activated Neutrophils
From Expressing CD11b Integrin and
Adhering to Endothelial Cells
The neutrophil surface adhesion molecules, CD11b, were labeled
with FITC and detected using flow cytometry. Human neutrophils
increased the expression of CD11b following stimulation by fMLP.
In contrast, AWE significantly inhibited CD11b expression in the
cell membrane of activated human neutrophils (Figures 7A,B), p <
0.001, suggesting that AWE could decrease cell adhesion and
migration in activated human neutrophils.

To ascertain whether the effects of AWE on reduction of
adhesion protein can further decrease cell adhesion in
activated human neutrophils, we used bEnd.3 cells to
mimic the endothelial environment with fMLF-activated
neutrophils. We found that AWE significantly reduced the
adhesion of activated human neutrophils to bEnd.3
endothelial cells (Figures 7C,D), p � 0.0037. Taken
together, AWE in 100 μg/ml had a significant inhibitory
effect on CD11b expression and on cell adhesion in fMLF-
activated human neutrophils.

3.6 AWE Reduces Neutrophil Infiltration and
Ameliorates IMQ-Induced Psoriasis-like
Skin Inflammation in Mice
IMQ is a toll-like (TLR-7/8) receptor agonist. Application of IMQon
mice skin causes immune cell infiltration and skin inflammatory
changes, such as erythema, scaling, hyperkeratosis formation, similar
to those of human psoriasis (Baek et al., 2012; El Malki et al., 2013).
Compared with that of the control group (without IMQ), mice
treated with IMQ cream for 5 days exhibited gross skin appearance
that showed psoriasis-like skin inflammation (Figure 8A). However,
the topical administration of AWE alleviated psoriasis-like skin
inflammation symptoms in the IMQ plus AWE group compared
to that in the IMQ plus vehicle group, in which severe scaling and
skin thickening were found. In addition, AWE significantly reduced
the PASI score based on skin thickness (p � 0.0484), erythema (p �
0.0490), and scaling (p � 0.0477) in this mouse model (Figure 8B).

In the IMQ plus vehicle group, the IMQ-induced skin
inflammation resulted in the thickened epidermis (also called
acanthosis) in the H&E staining, while IHC staining revealed
increased levels of Ki67, the epidermal proliferation marker.
Moreover, increased Ly6G and MPO expression were observed in
the IHC, indicating that neutrophils were activated and recruited
from peripheral tissues. Increased 4-HNE level from lipid
peroxidation implied cell damage by ROS generated by infiltrated
immune cells, leading to the pathogenesis of psoriasis (Figure 9A).
Aside from that, severe neutrophil infiltration was also observed in
the epidermis and dermis area, which is a typical psoriasis
manifestation (Munro’s microabscess). Increased thickness of the
epidermis represented skin edema of psoriatic skin lesions.
Hyperkeratosis and parakeratosis were also found in the
epidermis area. In the IMQ plus AWE group, topical AWE
(10mg/day) significantly reduced epidermal thickness (skin
edema) and hyperkeratosis compared to IMQ plus vehicle group.
The IHC staining revealed a lower Ki67 positive area and integrated
density (Figure 9B). In addition, lower Ly6G and MPO
demonstrated that AWE inhibited neutrophil recruitment and
infiltration. Reduced 4-HNE level represented decreased ROS-
induced damage in the epidermis. Meanwhile, the control group
had a normal epidermis and did not display neutrophil infiltration.

In summary, these results show that topical AWE
administration significantly inhibited neutrophil recruitment
and infiltration, thereby reducing ROS-induced damage in the
epidermis and skin proliferation in the IMQ-induced psoriasis-
like skin inflammation mouse model.

4 DISCUSSION

Oxidative stress is caused by free radicals, such as ROS or reactive
nitrogen species. Excessive ROS production, which leads to an
imbalance between oxidative stress and antioxidants, causes cell
and tissue damage (Xie et al., 2019). Plant polysaccharides are
antioxidant constituents and abundant in natural herbal products
(Jiao et al., 2016). Astragalus polysaccharides (APS), the primary
components of AM, can inhibit neutrophils infiltration in the
lipopolysaccharide (LPS)-induced acute lung injury rat model
and reduce MPO activity and ROS level in the bronchoalveolar
lavage fluid (Fang et al., 2017). A murine asthma model induced
by ovalbumin-LPS demonstrated that APS inhibits neutrophil-
dominant airway inflammation and how this could relate to the
modulation of endoplasmic reticulum stress (Lu et al., 2016). The
mechanisms underlying APS improvement of cell and tissue
damage are also associated with NF-κB and p38-MAPK
signaling pathways (Lu et al., 2016; Fan et al., 2019).

AM contains several bioactive flavonoids, including calycosin,
calycosin-7-O-β-D-glucoside, ononin, and formononetin.
Formononetin and calycosin, which are the non-glycoside
forms of ononin and calycosin-7-O-β-D-glucoside, respectively
(Yang et al., 2013), have a protective effect in LPS-induced cell
injury and in H2O2-induced liver injury (Jiang et al., 2015; Li
et al., 2015). Calycosin-7-O-β-D-glucoside and calycosin can
scavenge nitro-oxide, resulting in tissue damage in the cerebral
I/R injury rat model (Fu S. et al., 2014). Moreover, studies have

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 76282915

Cheng et al. Astragalus Inhibits Neutrophilic Inflammation in Psoriasis

152

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


shown that these isoflavones have neuroprotective effects that
may involve the phosphatidylinositol 3-kinase-Akt signaling
pathway (Jiang et al., 2015; Gu et al., 2021).

Astragaloside IV, an essential and influential saponin in AM, is
known to have protective effects against organ and tissue injury (Li
L. et al., 2017; Zhang et al., 2020). It has also been reported to
exhibit ROS scavenging activity against oxidative stress, protecting
ischemia/reperfusion (I/R) injury in the hearts and brain (Li H.
et al., 2018; Jiang et al., 2019). Cycloastragenol, another triterpenoid
saponin, is a hydrolysis product of Astragaloside IV that also has
significant anti-inflammatory and antioxidant capabilities (Yu Y.
et al., 2018), and is reported to play an inhibitory role in ROS-
associated endoplasmic reticulum stress via NLRP3 inflammasome
(Zhao et al., 2015).

These anti-oxidation components make AM an effective
antioxidant that protects cells and tissues against ROS damage.
Herein, AWE exhibited significant ROS scavenging capability in
the AAPH cell-free system, which was compatible with other
studies that showed that AM could clear ROS in H2O2 assay (Han
et al., 2017; Adesso et al., 2018). Interestingly, we also found that
AWE cleared neither the superoxide anion generated by xanthine
oxidase nor the nitrogen-centered radicals, including DPPH
and ABTS.

Neutrophils, the most plentiful leukocyte in blood, contained
NADPH oxidase, which is the primary source of ROS production
in the human body (Dahlgren and Karlsson, 1999; Jaquet et al.,
2011; Wang et al., 2012; Ruhnau et al., 2014). Activated human
neutrophils generate abundant ROS by respiratory burst,
degranulation, and release neutrophil extracellular traps,
causing tissue damage and aggravating many clinical diseases
(Papayannopoulos, 2018).

Our study showed that AWE significantly reduced
superoxide generation in fMLF-activated human
neutrophils. However, even if AWE revealed a substantial
ROS scavenging capability in the AAPH assay, it only
showed a minor effect on clearing ROS while using
luminol-enhanced chemiluminescence with or without
stimulating neutrophils. Moreover, AWE did not directly
scavenge superoxide anion in the cell-free xanthine/
xanthine oxidase system. These results demonstrate that
AWE had a significant inhibitory effect on superoxide anion
generation in fMLF-activated human neutrophils.

When neutrophils are activated, granules inside the cytoplasm
containing abundant proteolytic enzymes such as elastase and
MPO, which contribute to a large ROS production, are released
against microorganisms (Faurschou and Borregaard, 2003). Our
study showed that AWE’s inhibitory effect on neutrophil
activation also inhibited elastase release when neutrophils were
activated by various stimulants.

Neutrophils in the peripheral blood respond to
chemoattractants to infiltrate infectious or inflammatory tissues.
The expression of surface adhesive molecular CD11b/CD18 and β2
integrins are well known to regulate neutrophil adhesion and
transmigration (Sekheri et al., 2021). Our results also showed
that AWE inhibited fMLF-activated human neutrophils by
inhibiting the expression of CD11b on the cell membrane.
Further, there was decreased neutrophil adherence to the

vascular endothelial cell. Consistent with previous Astragaloside
IV studies, we also found the same inhibitory effects on neutrophil
infiltration to the inflammatory site by LPS-induced inflammatory
or infectious murine model (Zhang and Frei, 2015; Huang et al.,
2016), which may have resulted from the inhibition of neutrophil
that express surface adherence proteins CD11b/CD18 and the
downregulation of intercellular adhesion molecule-1 (ICAM-1)
via NF-κB pathway (Li M. et al., 2012). In contrast, another study
analyzingAPS using human neutrophils and human umbilical vein
endothelial cells (HUVECs) demonstrated that APS promotes the
adhesion of human neutrophils to HUVECs and the upregulation
of ICAM-1 on the surface of IL-1 treated endothelial cells; no effect
on CD18 expression in human neutrophils treated with APS was
observed (Hao et al., 2004).

Psoriasis is a chronic immune-mediated disease with
erythematous, scaling, and thickening in the skin. Neutrophil
infiltration causes neutrophilic inflammation, which can worsen
the symptoms (Lowes et al., 2014; Chiang et al., 2019). Topical
application of IMQ, a toll-like receptor 7/8 agonist, on mouse skin
causes immune cell accumulation, releasing cytokine and ROS, which
damages dermal and epidermal tissues, leading to psoriasis-like skin
changes (Baek et al., 2012; El Malki et al., 2013). This change is due to
cell proliferation in the epidermis. Ki67, a marker for cell
proliferation, is overexpressed in proliferating keratinocytes in
psoriatic skin, which can be regulated by T cells (Alhosaini et al.,
2021). Increased IL-17-related immune responses contribute to skin
cell proliferation observed in a psoriasis animalmodel (Nadeem et al.,
2018). Although T cell and antigen-presenting cells have been known
to be involved in the pathogenesis of psoriasis, neutrophils play a
critical role by infiltrating the epidermis and secreting copious
amounts of IL-17A, thus affecting keratinocytes and leading to
skin proliferation (Katayama, 2018). In this study, we found that
in the IMQ-induced psoriasis-like skin inflammation model, the
topical application of AWE significantly improved skin inflammation
and both the individual and cumulative PASI scores.Moreover, AWE
reduced dermal thickness, neutrophil infiltration,MPO release, ROS-
induced damage, and skin proliferation, as observed in microscopic
IHC-stained slides. These results are consistent with a recent study of
cycloastragenol on IMQ-induced psoriasis-like skin lesions, which
regulate macrophage via inhibiting NLRP3 inflammasome-mediated
pyroptosis (Deng et al., 2019).

In the pathogenesis of psoriasis, multiple immune cell
interactions lead to skin proliferation and hyperkeratosis.
Resident macrophages also play an important role in
releasing chemoattractants to recruit neutrophils from
peripheral blood to the inflammatory site. It is not clear
whether the inhibitory effect of AWE on neutrophil
recruitment in this animal model is associated with the
inhibition of macrophage activation or not. However,
studies have found that APS and astragaloside IV could
activate isolated mouse peritoneal macrophages and RAW
264.7 through the NF-κB pathway (Lee and Jeon, 2005; Li
Y. et al., 2017; Wang et al., 2017; Li ZP. et al., 2018). In different
cancer cell lines, such as breast cancer (Li et al., 2019), lung cancer
(Bamodu et al., 2019), and liver cancer (Yu J. et al., 2018), APS exerts
anti-tumor effects by activating macrophages (Liu et al., 2017; Li
et al., 2020). Moreover, APS has been found to promote alveolar
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macrophage phagocytosis and decrease lung inflammation in a
chronic obstructive pulmonary disease animal model (Chu et al.,
2016). Interestingly, the flavonoids and saponin in Astragalus also
exerted an inhibitory effect on LPS-stimulated RAW 264.7
macrophages and mouse peritoneal macrophages via the NF-κB
pathway (Wang et al., 2002; LeeDY. et al., 2013; Li J. et al., 2018). The
inhibitory effect of astragaloside IV on macrophages via the NF-κB
pathway has also been reported in a mouse abdominal aortic
aneurysm model (Wang et al., 2018). Another rat dialysis
peritoneal fibrosis model demonstrated that Astragalus extract
inhibited macrophage recruitment and activation (Li et al., 2014).

Some studies on astragaloside IV have reported that it promotes
macrophages M2 polarization to reduce the inflammatory state and
increase tissue healing in cerebral ischemia–reperfusion injury and
inflammatory bowel disease animal models (Li et al., 2021; Tian
et al., 2021). Nevertheless, another study on the effect of astragaloside
IV in lung cancer showed a decrease in M2 macrophages to reduce
tumor growth and metastasis (Xu et al., 2018).

Despite the inconsistent results of studies on the effect of
Astragalus on the macrophages, we focused on the effect of
AWE on neutrophils and found the inhibitory effect on
neutrophil recruitment and activation in psoriasis animal
models. However, our limited results could not rule out the
possible effect of AWE on macrophages in psoriasis. Further
studies are needed to determine the promoting or inhibitory
effect of the different components in AWE on macrophages.

In this study, AWE showed its antioxidant capability of ROS
scavenge and directly inhibited neutrophil activation, further
ameliorating neutrophilic inflammation in IMQ-induced
psoriasis-like skin lesions in mice. We also identified active
components in AWE, including calycosin, ononin, calycosin-7-
O-β-D-glucoside, and Astragaloside IV. Since APS, flavonoids,
and saponins in AM have anti-inflammatory bioactivities, further
research is warranted to clarify whether the anti-inflammatory
effects observed were attributed to individual components or
combination effects. Furthermore, research targeting the signaling
pathway on inhibiting activation of neutrophils by AWE could
promote developing anti-neutrophilic inflammation drugs.

5 CONCLUSION

In summary, our work demonstrated the direct inhibitory effect of
AWE on fMLF-activated human neutrophils, which also inhibited
superoxide generation and elastase release. Moreover, AWE
effectively scavenged ROS in the AAPH assay and directly
inhibited neutrophil activation, further reducing CD11b
expression and adhesion to vascular endothelial cells. AWE also
ameliorated skin lesions in IMQ-induced psoriasis-like skin
inflammation and inhibited neutrophil infiltration, MPO release,
ROS-induced damage, and skin proliferation. Our results suggest
that AWE can potentially inhibit neutrophil activation and alleviate
neutrophilic inflammation in psoriasis.
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Human Metabolites of Hamaforton™
(Hamamelis virginiana L. Extract)
Modulates Fibroblast Extracellular
Matrix Components in Response to
UV-A Irradiation
Fausta Natella1, Barbara Guantario1, Roberto Ambra1, Giulia Ranaldi 1, Federica Intorre1,
Carolina Burki 2 and Raffaella Canali 1*

1Research Centre for Food and Nutrition, CREA-Consiglio per la Ricerca in Agricoltura e l’Analisi dell’Economia Agraria, Rome,
Italy, 2Horphag Research, Geneva, Switzerland

Hamamelis virginiana L. a rich source of both condensed and hydrolyzable tannins, utilized to
treat dermatological disorders. Since no experimental and clinical data is available for its use as
oral formulation in skin related disorders, the purpose of this study was to investigate the
effects of Hamaforton™ (Hamamelis virginiana extract) metabolites on gene dysregulation
induced by ultraviolet A radiation in cultured human dermal fibroblasts. A combination of in vivo
and ex vivo experimental designs has been exploited in order to take into account the
polyphenol metabolic transformation that occurs in humans. 12 healthy volunteers received
either a capsule of Hamaforton™ or a placebo in a randomized, blinded crossover trial. After
Hamaforton™ ingestion, the kinetic of appearance of galloyl derivatives was measured in
plasma. Then, in the ex vivo experiment, the serum isolated after supplementationwas used as
a source of Hamaforton™ metabolites to enrich the culture medium of dermal fibroblasts
exposed to ultraviolet A radiation. Three different gallic acidmetabolites (4-O-methyl gallic acid,
4-O-methyl gallic acid sulphate and trimethyl gallic acid glucuronide) were identified in
volunteer plasma. While, ultraviolet A irradiation of dermal fibroblasts affected the
expression of extracellular matrix genes, the presence of Hamaforton™ metabolites in the
culture media did not affect the expression of most of those genes. However, the activation of
the expression of 10 different genes involved in repair processes for the maintenance of skin
integrity, suggest that the metabolites can play a role in damage recovery. To our knowledge,
this is the first study that demonstrates the bioavailability of Hamaforton™ phenolic
compounds, and the effects of its metabolites on cultured dermal fibroblast response to
ultraviolet A irradiation.
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INTRODUCTION

Hamamelis virginiana L. also known as witch hazel, a rich source
of both condensed and hydrolyzable tannins, is a shrub that
belongs to the Hamamelidaceae family. Originating from the
eastern regions of the United States, where the plant is among the
most popular herbal products, witch hazel is now also grown in
Europe. Different formulations of Hamamelis v. leaves, bark and
twigs, commercially available as extracts, tinctures, distillates,
creams and lotions, are utilized for dermatological disorders.
They are used for their astringent and antiphlogistic properties as
anti-inflammatory agents for skin disorders, to promote healing
and alleviate sunburn, skin or mucosal irritation, phlebitis,
varicose veins, ulcers of varicose veins and haemorrhoids
(Reuter et al., 2010).

Despite its extensive use as herbal remedy, there are very
few studies that have evaluated the background of its
effectiveness. In vitro investigations evaluated the anti-
tumoral, antioxidant and anti-inflammatory activity of
witch hazel extracts (Lizárraga et al., 2008; Thring et al.,
2009; Thring et al., 2011; Sánchez-Tena et al., 2012), while in
vivo human approaches are limited to the study on the effects
of topical treatments against ultraviolet radiation-induced
erythema (Hughes-Formella et al., 2002). However, no
experimental and clinical data is available for the use of
witch hazel extract as oral formulation in skin-related
problems. Therefore, a preclinical model (Natella et al.,
2014) of ex vivo cultured dermal fibroblast incubated with
human sera after Hamamelis v. extract supplementation was
used to study the effects of Hamamelis v. metabolites on
cellular damage induced by ultraviolet radiation-A
irradiation.

It is assumed that around 80% of skin aging is caused by
UV exposure and studies indicate that the photoaging process
affects extracellular matrix (ECM) components (Freitas-
Rodríguez et al., 2017). Sunlight is composed primarily of
UV-A (90–95%) and UV-B (5–10%) energy, with UV-A
having the longest wavelength (315–400 nm) (Amaro-Ortiz
et al., 2014). UV-A rays are lower in energy, but they are at
least 20 times more abundant. Unlike UV-B radiation, UV-A
radiation is partly absorbed by the epidermis, but due to its
high penetration properties, 20–30% of it can reach deeper
parts of the skin and affect the dermal compartment (Battie
et al., 2014). Photoaged skin is characterized by loss of skin
tone dryness, irregular pigmentation and deep wrinkles
formation. Hamamelis v. contains hydroxycinnamic acids,
flavonoids, condensed tannins and hydrolyzable tannins such
as hamamelitannin and pentagalloylglucose, whose biological
activities were partially elucidated (Duckstein and Stintzing,
2011). The chemical structure of these molecules is modified
following intestinal absorption by the detoxifying phase II
metabolism yielding more hydrophilic and less reactive
conjugated compounds (Serreli and Deiana, 2019).

The aim of this study was to evaluate the bioavailability of
Hamaforton™ (Hamamelis virginiana extract) components after
human supplementation as well as to utilize those metabolites to
enrich the cell culture media of human dermal fibroblast in order
to study their biological activity.

MATERIALS AND METHODS

Analysis of Hamaforton™ Capsule
The capsules Hamaforton™, a proprietary Hamamelis v. extract,
were provided by Horphag Research. Each capsule contains
300 mg of the extract of the aerial parts of the plant. To study
the phenolic compound composition, one Hamaforton™ capsule
was extracted with 50 ml of MeOH:H2O 80:20 (v/v) under
continuous agitation for 18 h. Subsequently, the extract was
centrifuged for 10 min at 2,000 g and 4°C. The supernatant
was filtered through 0.45 and 0.20 µm polyvinylidene fluoride
(PVDF) filter. Initially, we performed a qualitative analysis in
which extracts were infused directly into the electrospray
ionization (ESI) source of the mass spectrometer and spectra
were acquired using negative ion mode. The identity of the
Hamaforton™ compounds was verified by the comparison of
the mass spectra recorded for each compound with those of
standards and/or with those reported in literature (Duckstein and
Stintzing, 2011). Then, we performed a quantitative analysis by
using tandem mass spectrometry (MS/MS) coupled with High
Performance Liquid Chromatography (HPLC) and using a
Multiple Reaction Monitoring (MRM) method; when
authentic standard was not available, compounds were
quantified using the standard curve of a chemically related
compound.

In Vivo Study
Fourteen, non-smoking, healthy volunteers (7 males and 7 females),
aged 28–55 years, with a Body Mass Index (BMI) between 19.5 and
27 kg/m2, were enrolled in a double-blind randomized crossover
study. Volunteers were instructed to abstain from dietary
supplements intake and medications at least 15 days prior the
experiments and, in order to avoid diet-introduced phenolic
compounds and tannins, to refrain from consuming wine, beer,
coffee, tea, fruit juice, fruits and vegetables, nuts, chocolate, olive oil
and spices during the 24 h before the experiments. To ensure
adherence to dietary instructions, subjects were asked to keep a
dietary record prior study participation. The subjects were randomly
assigned to receive Hamaforton™ capsule or placebo; they attended
the laboratory on two separate occasions (2 weeks apart) after
overnight fast. A venous blood sample was taken at time 0 h
(time 0). Immediately after the first blood collection, participants
were provided with one capsule of Hamaforton™ extract or of
placebo. Further blood samples were taken at 1, 3, and 5 h (time 1,
time 3, time 5) after the supplementation. After sampling, plasma
and serumwere each separated from blood and stored at −80°C until
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used. Approval was obtained from the Ethical Committee of ASL
Roma 2, Rome, (trial registration n: 133.17; prot. 0065390/2018 of
the April 18, 2018). Each subject gave written informed consent for
the study. The study was completed by 12 volunteers (6 males and 6
females).

Metabolite Analysis
Plasma samples (500 µl) were thawed at room temperature and
diluted (1:1) with phosphoric acid 4%, spiked with the internal
standard syringic acid (0.1 mg/ml) and centrifuged at 16,400 g for
15 min at 4°C. Diluted samples were loaded (600 µl) on a 96 well-
SPE OASIS HLB plate, washed with 200 µl of water and 200 µl of
0.2% acetic acid and finally eluted with methanol (60 µl) for
HPLC-ESI-MS/MS analysis.

Samples were analysed by an HPLC system interfaced to an
Applied Biosystems (Foster City, CA, United States)
API3200 Q-Trap instrument. LC analyses were conducted using
a system equipped with a binary pump (PerkinElmer, Waltham,
MA, United States). Samples were injected (10 µl) into Kinetex
column (Phenomenex) (2.6 μm C18 100A, 100mm × 2.1 mm) and
eluted at flow rate of 0.25ml/min. Mobile phase A was constituted
by H2O containing 0.1% formic acid while mobile phase B was
constituted by acetonitrile containing 0.1% formic acid. Elution was
carried out using a gradient commencing at 0% B and changing to
100% B in 37min. The flow from the chromatograph was injected
directly into the ESI source. The MS operated with an electrospray
voltage at −4,500 V and with source temperature of 400°C. Nitrogen
was used as ion spray (GS1), drying (GS2), and curtain gas at 10, 20,
and 10 arbitrary units, respectively. A targeted metabolomics
approach was used to search Hamaforton™ metabolites. The

metabolites investigated were chosen from the most
representative on the basis of a literature survey (Barnes et al.,
2016; Fang et al., 2018); up to 40 compounds related mainly to the
metabolism of gallotannin, ellagic acid, quercetin, catechin,
kampferol and some phenolic acids (ferulic, coumaric and caffeic
acid), were monitored inMRM. The selection was made considering
metabolites from different metabolic pathways related to the
phenolic compounds contained in the Hamamelis v. extract (see
Table 1). The declustering potential (DP), collision energy (CE) and
entrance potential (EP) were optimized for eachmetabolite using the
parameter of the commercially available standard. Quantification of
4-O-methyl gallic acid was performed with calibration curves of the
standard. Parent/product ion pairs (MRM transitions) and MRM
condition of identified phenolic metabolites are listed in
Supplementary Table S1. Due to lack of standards, the
quantification of 4-O-methyl gallic acid sulphate and trimethyl
gallic acid glucuronide was tentatively done using the calibration
curve of 4-O-methyl gallic acid. Data acquisition and processing
were performed using Analyst software 1.5.1.

Ex Vivo Study
Cultured Cells and UV-A Irradiation
Primary Human adult Dermal Fibroblasts (HDF) were purchased
from Sigma Aldrich/European Collection of Authenticated Cell
Cultures (ECACC) as cryopreserved vials (Lot 2134). Cells were
grown in the fibroblast growth medium (Sigma Aldrich, St Louis,
MO, United States) supplemented with 10% inactivated Fetal
Bovine Serum (FBS) (Euroclone, Pero, MI, Italy), 2 mM L-
glutamine (Corning, New York, United States) and 1%
penicillin/streptomycin (Corning, New York, United States), in

TABLE 1 | Phenolic composition of Hamaforton™ capsule. The analysis was performed with HPLC-MS/MS; results are expressed as mean ± SD.

Compound mg/capsule

Galloyl derivatives Nonagalloyl hexose tr
Heptagalloyl hexosea 0.04 ± 0.01
Hexagalloyl hexose (3 isomers)a 0.35 ± 0.08
Pentagalloyl glucosea 1.94 ± 0.58
Tetragalloyl hexose (4 isomers)a 0.18 ± 0.05
Trigalloyl hexosea 0.12 ± 0.04
Monogalloyl hexosea 0.21 ± 0.02
Digalloyl-hamamelose (hamamelitannin) 1.08 ± 0.13
Ethyl gallate 16.92 ± 2.60
Ethyl digallateb 1.00 ± 0.27
Methyl gallate 2.21 ± 1.10
Digallic acid (2 isomers)a 2.24 ± 1.01
Galloyl quinic acid (theogallin)a 0.59 ± 0.27
Gallic acid 10.33 ± 2.68
Ellagic acid 0.82 ± 0.27

Flavonol derivatives Kaempferol galloyl hexosidec 0.04 ± 0.01
Kaempferol 1.75 ± 0.56
Quercetin 1.89 ± 0.45
Quercetin rutinoside (rutin) 1.27 ± 0.33
Catechin 0.5 ± 0.06

Phenolic acid derivatives Coumaril quinic acid (2 isomers)d 0.09 ± 0.03
Chlorogenic acid (2 isomers) 2.3 ± 0.5

aquantified as equivalent of Gallic acid.
bquantified as equivalent of Ethyl gallate.
cquantified as equivalent of Kaempferol.
dquantified as equivalent of Coumaric acid.
Tr, trace.
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a 37°C humidified incubator containing 5% CO2. For the
experiments, cells were cultured in Dulbecco’s Modified Eagles
Medium (DMEM, low glucose) (Corning, New York,
United States) with 10% inactivated FBS. Cells were treated
between passages 3 and 9. Preliminary experiments were
carried out to identify optimal UV-A doses for cell
experiments. Specifically, cell viability was assessed by
MTT cell proliferation assay kit in 96 well plates (Molecular
Probes, OR, United States). HDFs were seeded at a density of 1 ×
104 cells/well and exposed to UV-A at doses of 10, 15, and 20 J/
cm2 (Nakyai et al., 2017) (Marionnet et al., 2012) in a
crosslinker CL-508 (365 nm, UVITEC Cambridge, UK).
During UV-A irradiation, cells were incubated in PBS
(Corning, New York, United States); then, cells were further
incubated for 24 h in DMEM complete medium to allow time
for the activation of damage or repair systems. Control HDF
cells were treated similarly, except for UV-A irradiation. Each
assay was repeated in triplicates, and the mean was calculated.
As shown in Figure 1, we found a large and significant decrease
in viability of fibroblasts irradiated with 15 and 20 J/cm2 UV-
A, while there was no significant alteration of viability in
fibroblasts irradiated with 10 J/cm2 UV-A, that was
therefore used as treatment dose in next experiments.

HDF Incubation With Human Serum
Preliminary experiments were performed to identify the serum
that was able more than others to affect the expression of genes
involved in HDF extracellular matrix turnover (i.e. MMP-1,
MMP-2, MMP-7, COL1A1, FN1 and Actin B), among those
isolated at time 1, time 3 and time 5 h after Hamaforton™

supplementation. The results demonstrated that Hamamelis v.
supplementation affected significantly HDF gene expression
only with sera isolated after 1 h and 3 h (data not shown). After
integrating this data with metabolite results obtained from all
subjects, we chose the design using the sera obtained 3 h after
supplementation of the subjects to perform following
experiments.

Ex Vivo Experimental Design
HDF cells at 80–90% confluence (passage number 3–4) were
pre-incubated for 1 h in 12-well plates with DMEM containing
10% of time 0 or time 3 serum either isolated from subjects
supplemented with Hamaforton™ or placebo. After this pre-
incubation, fibroblasts in PBS solution were exposed to 10 J/
cm2 UV-A (UV-A treatment) or incubated at 37°C in
humidified incubator (control treatment) for 40 min. Then,

FIGURE 1 |Cell viability in fibroblast irradiated with different doses of UV-
A. Box plot representation of cell viability expressed as % of control cells. The
red crosses correspond to the means while the central horizontal bars
represent the medians. The dots represent the maximum and minimum
values. The data were analysed through Welch One-way ANOVA followed by
post hoc Tamhanes’ test (p < 0.05). Normal distribution and homogeneity of
variance were assessed with Shapiro–Wilk and Levene’s tests, respectively,
prior to the analysis.

FIGURE 2 | (A) Schematic protocol for control and UV treatments; (B)
Scheme of cellular treatments.
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cells were further incubated for 24 h with fresh DMEM
containing the same serum used for the pre-incubation
(Figure 2A). At the end of the incubation, cells were
harvested and lysed with RLT buffer (RNeasy Plus Mini Kit,
Qiagen) and stored at −80°C until use.

Among the 12 subjects that completed the in vivo study, we
were able to use only the sera isolated from 9 subjects (5 males
and 4 females). In fact, the sera from three volunteers caused
cellular death. Since the human serum (unlike bovine serum) did
not undergo heat inactivation of the complement system before
the incubation with cells (in order not to damage Hamaforton™
metabolites), we cannot exclude the presence of cytolytic
components in those sera. For each subject that completed the
study, the following cellular treatments were carried out
(Figure 2B): C (control cells incubated with time 0 serum);
UV (cells incubated with time 0 serum and exposed to UV-
A); C-HAM (cells incubated with human serum isolated 3 h after
Hamaforton™ supplementation); UV-HAM (cells incubated
with human serum isolated 3 h after Hamaforton™
supplementation and exposed to UV-A); C-Pla (cells
incubated with human serum isolated 3 h after placebo
supplementation); UV-Pla (cells incubated with human serum
isolated 3 h after placebo supplementation and exposed to UV-
A). Thus, 9 biological replicates (coming from the sera isolated
from the 9 subjects) were performed for each cellular treatment
(no pool was used).

PCR Arrays
The RT2 First Strand Kit (Qiagen, Hilden, Germany) was used
for the synthesis of cDNA from RNA, while the expression of
genes involved in extracellular matrix pathways and adhesion
molecules was carried out with RT2 Profiler™ PCR Arrays
(Qiagen, Hilden, Germany) using the RT2 SYBR Green ROX
qPCR Mastermix. The quantification of gene expression was
determined by real-time PCR (qPCR) with a 7,500 Fast Real-
Time PCR System (Applied Biosystem, Waltham, MA,
United States). Data were collected using the 7,500
Software version 2.0.5 and given as threshold cycle (Ct). Ct

values for each target and reference gene (GAPDH) were
obtained, and their difference was calculated (ΔCt). Relative
gene expression quantification is expressed as 2−ΔCt for each
treatment.

Data and Statistical Analysis
Normal distribution and homogeneity of variance of all variables
were controlled with Shapiro–Wilkinson and Levene’s tests,
respectively. The statistical analysis of plasmatic metabolite
data was performed using the Kruskal-Wallis or Friedman test
depending on the verification of normality and
homoschedasticity. The statistical significance of gene
expression data was evaluated by paired t-test, comparing the
effects of sera isolated from each subject before and after
Hamaforton™ (or placebo) supplementation on HDF cells.
Differences with p values <0.05 were considered significant.
Statistical analysis was performed with Microsoft Excel 2011
upgraded with XLSTAT (ver. March 4, 2014).

RESULTS AND DISCUSSION

Composition of the Capsule
The phenolic composition of Hamaforton™ capsule,
containing 300 mg extract of the aerial parts of the plant
Hamamelis v., is shown in Table 1; the main compounds
recovered were gallotannins in which galloyl units (up to 9)
are bound to polyol carbohydrate. The presence of these
compounds, as well as gallic acid and catechins, have been
already reported in Hamamelis v. extracts of bark, stem and
leaf (Wang et al., 2003; González et al., 2010). In the
Hamaforton™ capsule, we also found hydroxycinnamic
acids (such as chlorogenic and coumaril quinic acid) and
flavonols (such as quercetin and kaempferol), that were
reported mainly in leaf extracts of Hamamelis v. (Duckstein
and Stintzing, 2011).

Compounds Detected in Plasma Samples
The analysis of phenolic compounds metabolites was
performed in plasma samples of the 12 volunteers who
ingested a Hamaforton™ capsule. The HPLC-ESI-MS/MS
analysis on human plasma revealed three different gallic
acid metabolites (4-O-methyl gallic acid, 4-O-methyl gallic
acid sulphate and trimethyl gallic acid glucuronide) appearing
after capsule ingestion in all volunteers (Figure 3). None of
these metabolites was present in plasma collected at time 0
and before/after placebo ingestion. The maximum
concentration reached after capsule ingestion was 0.18 ±
0.11 μg/ml plasma for 4-O-methyl gallic acid, 0.11 ±
0.07 μg/ml plasma for 4-O-methyl gallic acid sulphate and
0.01 ± 0.01 μg/ml for trimethyl gallic acid glucuronide (the
last 2 were quantified as 4-O-methyl gallic acid equivalent).
The absorption peak occurred at 3 h for 4-O-methyl gallic acid
and 4-O-methyl gallic acid sulphate, and at 1 h for trimethyl
gallic acid glucuronide. At their peak, the plasma
concentration of these quantified metabolites was around
1.5 µM, according to other bioavailability results that
showed that the consumption of 10–100 mg of a single
phenolic compound rarely exceeded 1 µM of plasmatic
maximum concentration (Scalbert and Williamson, 2000).
In fact, phenolic bioavailability is mainly dependent on
chemical phenolic structure but it can also be influenced by
the characteristics of the subject (age, gender, genetic profile,
etc.), (Teng and Chen, 2019).

As evidenced by box plot (Figure 3), the inter-individual
variability in plasma metabolites was quite high. Moreover,
after capsule ingestion, the analysis of plasma isolated from
few volunteers indicated the presence of traces of other
metabolites (e.g., gallic acid and dihydroxyferulic acid
glucuronide) (data not shown). Although, Hamamelis v. is
largely used as folk medicine, data on the possible active
constituents is missing. As far as we know, no report has
been published on the presence of galloyl derivative
metabolites in plasma after Hamamelis v. consumption.
The only data on metabolites of gallotannin-derivatives
comes from studies on mango that is a rich source of these
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compounds. Three studies reported the presence of 4-O-
methylgallic acid, 4-O-methylgallic acid-3-O-sulfate, pyrogallol-
O-sulfate, methylpyrogallol-O-sulfate, and catechol-O- sulfate in
human plasma after post-prandial consumption of 400 g of mango
pulp (Fang et al., 2018; Barnes et al., 2019; Barnes et al., 2020). On
the other hand, Barnes et al. did not detect any metabolites in
plasma after 10 days of mango pulp consumption (400 g/day)
because the concentration was too low for the detection in
fasting plasma (seven metabolites were identified in urines)
(Barnes et al., 2016). In one of his studies, Barnes speculated
that the great interindividual variability in the plasmatic
concentration of gallotannin metabolites could be ascribed to
BMI, microbiota composition and exposure time to
gallotannions of the subjects (Barnes et al., 2019).

Extracellular Matrix Expression in Human
Dermal Fibroblast
In photoaged skin, major alterations are seen in dermal connective
tissue, characterized by damaged and disorganized ECM network
(Yamaba et al., 2016). The ECM mainly consists of the fibrous
proteins, collagen and elastin, and of the associated-microfibrils,
fibronectin and laminin, which are surrounded by a viscoelastic
gel made of polymers of proteoglycans (Tracy et al., 2016). Collagen,
which is the main structural element of the ECM, is predominantly
transcribed and secreted by fibroblasts (Frantz et al., 2010), that are
the major components of the dermis and one of the most important
players participating in the metabolism of ECM proteins.

As shown in Figure 4B (UV/C column), UV-A exposure of
HDF cells incubated with serum time 0 (UV) significantly
modulated the expression of 24 genes compared to control
(C). Among these, 16 were downregulated and 8 upregulated.
Among the downregulated genes, 7 coding for collagen proteins

(COL11A1, COL12A1, COL15A1, COL16A1, COL5A1, COL7A1
and COL8A1), the other downregulated genes were: CNTN1,
ITGA1, ITGA7, LAMA2, NCAM1, SPG7, TNC and ACTB. On the
contrary, the metalloproteinases genes MMP-1, MMP-11 and
MMP-14 were upregulated, with the exception of MMP-9 that
resulted downregulated. Finally, the other upregulated genes
were: ADAMTS1, CTNNB1, ITGB3, ITGB5 and THBS1
(Figure 4A). This pattern of gene regulation is consistent with
the well-known harmful effects of UV-A on dermal fibroblasts
(Marionnet et al., 2012; Quan et al., 2013; Yamaba et al., 2016).

In fact, as shown in Figure 5A, UV-A irradiation affected the
expression of ECM genes, compromising the organization of overall
ECM network. We observed a downregulation of genes coding for
important structural elements such as the minor fibrillar collagen
(COL11A1 and COL16A1) and the fibril-forming collagen COL5A1,
but also laminin 2 (LAMA2), fibronectin (FN1) (at limit of statistical
significance, p � 0.056) (Supplementary Table S2), integrin 1
(ITGA1), integrin 7 (ITGA7) and the nonfibrillar collagens
COL7A1 and COL6A1 (at limit of statistical significance, p �
0.052) (Supplementary Table S2), that compose a reticular net
and connect cells to the basement membrane (Tracy et al., 2016).
Integrins are amajor class of receptors that serve to connect fibroblast
to ECM and act as signalling receptors (Barczyk et al., 2010).
Noteworthy, UV-A radiation also induced a significant decrease
of actin B (ACTB) gene expression, coding for one of the main
cytoskeletal filaments, which is consistent with the collapsed cell
shape observed in photodamaged fibroblasts (Yamaba et al., 2016).

Beyond the downregulation of the structural ECM component
genes, UV-A irradiation induced the expression of some matrix
metalloproteinases genes. MMPs are a family of 24 zinc dependent
proteolytic enzymes responsible of degrading ECM proteins. It is
known that acute exposure to UV-A radiation induces gene
expression of MMP-1, MMP-3, and MMP-9 that leads to collagen

FIGURE 3 | Box plot representation of gallotannin metabolites in plasma (µg/ml) after Hamaforton™ and placebo capsule ingestion (time 0, time 1, time 3 and time
5 h). The red crosses correspond to the means, while the central horizontal bars represent the medians. The lower and upper limits of the box correspond to the first and
third quartiles, respectively. Data were analysed through Kruskal-Wallis and Friedman test as opportune. *indicates significant differences compared to time 0 (p < 0.05).
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fragmentation (Quan et al., 2009; Marionnet et al., 2012).
Accordingly, UV-A exposure significantly upregulated MMP-1,
MMP-11 and MMP-14, while MMP-3 upregulation was at the
limit of statistical significance (p � 0.054) (Supplementary Table
S2). On the other hand, MMP-9 was significantly downregulated
while ADAMTS1, another important proteolytic protein that plays a
role in remodelling ECM (de Arao Tan et al., 2013), was significantly
upregulated. The genes coding the tissue inhibitor of MMPs, TIMP1,
2 and 3 were, instead, not regulated (Supplementary Table S2).

Finally, UV-A irradiation induced the upregulation of the genes
coding for integrins ITGB3 and ITGB5, whose ligands are fibronectin
and vitronectin; ITGB3 has been associated to fibroblast senescence
by activating the transforming growth factor β (TGF-β) pathway and
then starting the healing process (Rapisarda et al., 2017). UV-A
irradiation also modulated the expression of genes coding for
matricellular proteins, i.e. thrombospondin (THBS-1), osteonectin

(SPARC, the secreted protein acidic and rich in cysteine) and
osteopontin (SPP1), even if only the former was significantly
upregulated, and downregulated tenascin (TNC). Matricellular
proteins have functions in tissue remodelling and repair (Sodek
et al., 2002; Mosher & Adams, 2012). In particular, TNC, THBS1
and SPARC show high level of expression in response to injury and
induce de-adhesion, characterized by disruption of focal adhesions
and reorganization of actin stress fibers (Bornstein, 2009), whereas
SPP1 interacts with collagen and fibronectin (Mukherjee et al., 1995)
and contains several cell adhesive domains that interact with integrins
and CD44, a cell surface adhesion receptor that links several ECM
proteins (Sodek et al., 2002).

In the C-HAM treatment, HDF cells were incubated with
serum containing the metabolites of Hamaforton™; since
metabolites had a total concentration in serum of around
1.5 μM and serum was added to the medium at a concentration

FIGURE 4 |Graphical presentation of (A) log (2) Fold Change (FC) mean of gene expression and (B) the corresponding p value evaluated by paired t-test. (A)Green
cells represent the downregulation at the interval 0–0.5 log (2) FC, white cells indicate no changes and red cells represent upregulation at the interval 0–0.5 log (2) FC. (B)
blue cells indicate the statistically significant genes (p < 0.05). The figure shows all the genes that are significantly regulated at least in one treatment.
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of 10%, the final concentration of metabolites in cell culture
medium was around 150 nM. To evaluate if Hamaforton™
metabolites affected ECM gene transcription, we compared the
gene modulatory effects of C-HAM with C treatments.
Interestingly, the serum containing Hamaforton™ metabolites
significantly affected gene transcription; precisely, 10 genes were
significantly modulated when compared to control (C): COL6A1,

ITGA1, ITGA7, ITGA8, MMP-2, SPARC, TGFBI, VCAM1 and
ICAM1 (COL5A1was at the limit of statistical significance with p �
0.05), were upregulated while LAMA1 was downregulated
(Figure 4, C-HAM/C column) (Figure 5B).

In order to confirm that the effects on gene expression were
effectively related to Hamaforton™metabolites, we also analysed
the effects of serum isolated after placebo supplementation (C-Pla

FIGURE 5 | Schematic representation of gene expression regulation of UV treatment with respect to control (A), C-HAM with respect to control (B) and UV-HAM
with respect to UV treatment (C). Names in Italic font indicates genes which expression is upregulated (in red), downregulated (in green) and statistically not significant (in
black). Modified by KEGG pathway (https://www.genome.jp/dbget-bin/www_bget?pathway:map04512).
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treatment) in respect to its control. None of the 10 genes was
differently regulated in C-Pla (data not shown).

The up-regulation of metalloproteinase as well as collagens,
integrins and cell adhesion genes in absence of specific harmful
injury suggests thatHamaforton™metabolites are able to activate
an adaptive cellular stress response pathway, as demonstrated in
different studies (Son et al., 2008; Calabrese and Mattson, 2017).
According to this principle, Hamaforton™ metabolites would
induce a mild stress that could “preconditionate” fibroblast cells
to the following ultraviolet irradiation stress with a potential
protective effect.

Noteworthy is the upregulation of SPARC and of its downstream
target TGFBI (Tumbarello et al., 2016). Asmentioned above, SPARC
is a matricellular protein with homeostasis–regulatory roles in ECM
metabolism and function (Ghanemi et al., 2020). SPARC is induced
by transforming growth factor-beta 1 (TGF-β1), a key regulator of
pro-fibrotic processes, with important roles in fibroblast
differentiation and proliferation and wound healing (Carvalheiro
et al., 2020). The expression of SPARC is restricted to sites of ECM
turnover and increases in response to injury or tissue remodelling
probably to facilitate the ECM reorganization for cell migration,
proliferation and differentiation, possibly through MMPs regulation
(Bradshaw & Sage, 2001). Moreover, the Hamaforton™ -induced
activation of the expression of VCAM and ICAM, important cell
adhesion molecules and regulators of leukocyte trafficking, is
consistent with the ability of Hamaforton™ metabolites to induce
an adaptive molecular phenotype. In fact, this kind of process is
characterized by simultaneous stimulation of many independent
cellular functions (Calabrese and Mattson, 2017). Taken together
these results show that the metabolites ofHamaforton™, despite the
very low concentration, were able to differently modulate several
genes of collagens, matricellular proteins and membrane receptors
that are involved in structure organization and cellular signalling.

The possibility thatHamaforton™metabolites could affect UV-A
dependent gene expression was evaluated through a comparison
between UV-HAM and UV treatments. Among the 24 genes
significantly regulated by UV-A, 20 (COL11A1, COL12A1,
COL15A1, COL16A1, COL8A1, COL7A1, MMP-1, MMP-14,
MMP-9, ITGA1, ITGB3, ITGB5, TNC, CTNNB1, CNTN1,
THBS1, LAMA2, ACTB, ADAMTS1, SPG7) were not significantly
modified by UV-HAM, while the remaining 4 (NCAM1, COL5A1,
MMP-11 and ITGA7) were significantly upregulated in UV-HAM
with respect to UV treatment (Figure 4, UV-HAM/UV column)
(Figure 5C). Among these four, MMP-11 expression was up-
regulated, but to a significantly higher extent compared to UV
treatment. MMP-11 is unique from a functional point of view as it
does not cleave major components of the ECM, contributing very
little to the UV-A damage of collagen (Dali-Youcef et al., 2016).
Moreover, incubation with Hamaforton™ metabolites upregulated
also the expression of COL5A1, NCAM1 and ITGA7 with respect to
UV treatment. But while COL5A1 and NCAM1 were still
significantly downregulated in comparison to control (p � 0.014
and p � 0.040, respectively) ITGA7 expression was not significantly
modified from control (p � 0.352).

Additionally, we found 10 more genes differentially expressed in
UV-HAM treatment, that were not regulated in UV treatment.
Noteworthy, all of them (CD44, COL1A1, ECM1, ITGAV, ITGB4,

LAMA3, MMP-2, SPARC, B2M and SPP1) were upregulated with
respect to UV treatment (Figure 4A). To confirm that the observed
modulation of gene expression was effectively related to the
metabolites of Hamaforton™, we analysed the effects of serum
isolated after placebo supplementation in UV-Pla treatment with
respect to UV treatment (data not shown). No genes were
differently regulated in the two treatments, with the exception of
a significant upregulation of MMP-2 (p � 0.039). Among the genes
specifically upregulated by the UV-HAM treatment, COL1A1 gene
produces the α1(I) component of type I collagen, the most
abundant collagen in the human body. ECM1, instead, which
was also upregulated compared to UV, is a multifunctional
protein that interacts with the majority of other ECM proteins
(MMP-9, laminin, collagen type IV and fibronectin) and has a role
in maintaining skin integrity (Sercu et al., 2009) (Figure 5C).
Interestingly, a photoprotective role has been suggested for this
protein based on the observation that patients with lipoid
proteinosis (a rare autosomal recessive disorder caused by a
mutation in ECM1 gene), who live in sunny regions have more
severe phenotype compared to patients in less sunny countries (Van
Hougenhouck-Tulleken et al., 2004). CD44, also upregulated in
UV-HAM compared to UV treatment, is a ubiquitous hyaluronic
acid (HA) receptor that spans the cell plasma membrane (Dicker
et al., 2014). While HA plays an important role in organizing the
ECM structure, CD44 functions as regulator of the maintenance of
HA homeostasis and keratinocytes proliferation (Kaya et al., 1997).
It has been shown that UV-A irradiation of keratinocytes
significantly decreased the expressions of CD44 and HA
(Calikoglu et al., 2006). Therefore, strategies aiming at inhibiting
the decrease of CD44 and HA by UV irradiation have been
suggested to be useful to prevent the deleterious effects of solar
ultraviolet radiations to the skin (Calikoglu et al., 2006). In our
experimental model, UV-A exposure did not significantly modulate
the expression of CD44 in fibroblasts (Supplementary Table S2),
but the expression could have returned to control levels after the
24 h of recovery (Calikoglu et al., 2006). Nevertheless, the presence
of Hamaforton™ metabolites significantly upregulated the
expression of CD44 with respect to both UV treatment and
control (p � 0.037) (Supplementary Table S2). As we
mentioned above, SPP1 and SPARC are matricellular proteins
involved in skin remodelling and repair. SPP1 can also act also
as structural protein by binding the integrin ITGAV (Singh et al.,
2010) but also the receptor CD44 (Weber et al., 1996), both of which
were up-regulated in presence ofHamaforton™metabolites. While
SPARC, which was also upregulated in C-HAM treatment, plays a
critical role in collagen assembly and deposition. The upregulation
of all these genes, together with genes like COL1A1, COL5A1 and
LAMA3 that encodes for structural proteins of ECM, strongly
suggests that Hamaforton™ metabolites could influence the
recovery process following UV-A damage.

CONCLUSION

The extracellularmatrix is an active and complex tissue component
that beyond simply anchoring cells is capable of influencing cell
proliferation, adhesion and migration, and regulates cell
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differentiation and death. ECM composition is highly
heterogeneous and dynamic, being constantly remodeled and
modulated and its remodeling is involved in the regulation of
cell differentiation, branching morphogenesis, angiogenesis, bone
remodeling, and wound repair. UV-A irradiation of fibroblasts was
shown to induce anomalous ECM dynamics through the
deregulation of important gene expression. In our experimental
model, the presence ofHamaforton™metabolites did not affect the
expression of most of the gene expression changes induced by UV-
A but, despite their very low concentration, they were able to
activate the expression of 10 different genes involved in diverse
repair processes fundamental for the maintenance of skin
integrity. To our knowledge, this is the first study that
demonstrates bioavailability of Hamaforton™ phenolic
compounds by measuring the kinetics of appearance of
galloyl derivatives in plasma, as well as the effects of these
metabolites on cultured fibroblast ECM gene expression.
Obviously, further studies are necessary to explore the
mechanism of action of the metabolites on the modulation
of cell response to UV-A irradiation.
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Sulforaphane Ameliorates the Severity
of Psoriasis and SLE by Modulating
Effector Cells and Reducing Oxidative
Stress
Pei Du1,2,3,4, Wenqian Zhang1,2,3,4, Haobo Cui5, Wei He5, Shuang Lu1,2,3,4, Sujie Jia2,5* and
Ming Zhao1,2,3,4*

1Department of Dermatology, Second Xiangya Hospital, Central South University, Changsha, China, 2Hunan Key Laboratory of
Medical Epigenomics, Second Xiangya Hospital, Central South University, Changsha, China, 3Research Unit of Key Technologies
of Diagnosis and Treatment for Immune-related Skin Diseases, Chinese Academy of Medical Sciences, Changsha, China,
4Clinical Medical Research Center of Major Skin Diseases and Skin Health of Hunan Province, Changsha, China, 5Department of
Pharmacy, The Third Xiangya Hospital, Central South University, Changsha, China

Background: Sulforaphane, which is found in cruciferous vegetables, has been reported
to have anti-inflammatory, antioxidant, and antitumour activities. However, whether
sulforaphane has therapeutic effects on inflammatory or autoimmune skin diseases,
including psoriasis and systemic lupus erythematosus (SLE), is unclear.

Methods: The therapeutic effects of sulforaphane were analyzed in Imiquimod (IMQ)-
induced psoriasis-like mice and lupus-prone MRL/lpr mice. In IMQ-induced psoriasis-like
mice treated with sulforaphane (55.3 and 110.6 μmol/kg) or vehicle control, the
pathological phenotypes were assessed by the psoriasis area and severity index (PASI)
score, haematoxylin-eosin staining (H&E) and quantifying of acanthosis and dermal
inflammatory cell infiltration. The proportions of T cell subsets in draining lymph nodes
(dLNs) and spleens were examined by flow cytometry. In MRL/lpr mice treated with
sulforaphane (82.9 μmol/kg) or vehicle control, mortality and proteinuria were observed,
and the glomerular pathology was examined by H&E staining. C3 and IgG depositions in
kidney sections were examined by immunofluorescence staining. The proportions of
plasma cells, follicular helper T (Tfh) cells, neutrophils and dendritic cells in the dLNs and
spleens were examined by flow cytometry. Finally, we examined the Malondialdehyde
(MDA) concentration by thiobarbituric acid reactive substance assay and the expression of
Prdx1, Nqo1, Hmox1, and Gss by reverse transcription-quantitative polymerase chain
reaction (RT-qPCR).

Results: Sulforaphane ameliorated the skin lesions in IMQ-induced psoriasis-like mice
and the renal damage in lupus-prone MRL/lpr mice. In IMQ-induced psoriasis-like mice,
sulforaphane reduced the proportions of Th1 and Th17 cells and increased the expression
of antioxidant gene Prdx1. In lupus-prone MRL/lpr mice, sulforaphane increased the
lifespan and the expression of Prdx1, and decreased the proportions of plasma cells, Tfh
cells, neutrophils, and dendritic cells in the dLNs and spleens and the concentration
of MDA.
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Conclusion: Sulforaphane has significant therapeutic effects on IMQ-induced psoriasis-
like mice and lupus-like MRL/Lpr mice by reducing inflammatory and autoimmune-related
cells and oxidative stress. These findings provide new evidence for developing natural
products to treat inflammatory and autoimmune diseases.

Keywords: antioxidant effect, sulforaphane, natural compounds, psoriasis, SLE

INTRODUCTION

Recently, a growing number of studies have shown that
natural compounds extracted from plants have satisfying
effects for the treatment of human diseases. For example,
artemisinin, which is extracted from Artemisia annua L., is
the most widely used natural compound against malaria and
plays a vital role in the treatment of malaria worldwide (Ma
et al., 2020). Cruciferous vegetables have been considered
sanatory, and can reduce the risk of chronic diseases
(Raiola et al., 2017). The bioactive compounds that have
been reported are ascorbic acid, phenolics, carotenoids, and
glucosinolates (Peluso and Palmery, 2014). Sulforaphane, also
known as isothiocyanate 1-isothiocyanato-(4R)-
(methylsulfinyl) butane (Figure 1A), is a kind of
isothiocyanate that is a hydrolysate of glucosinolates
produced by the enzyme myrosinase in cruciferous
vegetables (Raiola et al., 2017). Sulforaphane has been
reported to exhibit the anti-inflammatory, antioxidant, and
antitumour activities. Sulforaphane exerted an anti-
inflammatory effect by regulating MAPK signaling in
lipopolysaccharide (LPS)-induced microglia (Subedi et al.,
2019). Furthermore, sulforaphane exerts therapeutic effects
on diabetic nephropathy by upregulating nuclear factor-like 2
(Nrf2) antioxidant signaling (Li et al., 2020). In addition, the
antitumour effects of sulforaphane in clinical therapy range
from the attenuation of DNA damage to regulation of the cell
cycle by activating the transcription factor Nrf2 (Russo et al.,
2018). However, whether sulforaphane has therapeutic effects
on inflammatory or autoimmune skin diseases, including
psoriasis and systemic lupus erythematosus (SLE), is unclear.

Psoriasis is a chronic inflammatory immune-related skin
disease characterized by erythema, scales, epidermal
hyperplasia, and infiltration of inflammatory cells (Beek
and van Reede, 1977). The release of proinflammatory
mediators and cytokines has been identified in the skin and
systemically (Nickoloff et al., 2007). Dysfunction of T
lymphocytes, especially Th1 and Th17 subtypes, causes the
overexpression of interferon-γ, interleukins, and tumor
necrosis factor (Wu et al., 2018). Notably, oxidative stress
is involved in the pathogenesis of psoriasis. A number of
oxidative stress-related markers are increased in the plasma or
serum of psoriatic patients, such as ischaemia-modified
albumin (Kirmit et al., 2020), catalase (Kirmit et al., 2020),
malondialdehyde (Kadam et al., 2010), and nitric oxide (Gabr
and Al-Ghadir, 2012). Furthermore, the elevated levels of
reactive oxygen species (ROS) are caused by active
oxidative stress and initially trigger the abnormal activation
of Th1 and Th17 cells (Lai et al., 2018). Moreover, ROS act as

secondary messengers that induce activation of the MAPK,
NF-κB, and JAK-STAT signaling pathways, amplifying the
inflammatory response (Lin and Huang, 2016). Therefore,
targeting oxidative stress may be a therapeutic strategy for
psoriasis. IMQ-induced psoriasis-like skin inflammation is
characterized by acanthosis, parakeratosis, and infiltration of
inflammatory cells, which resemble human psoriasis. The
mouse model uses the daily topical application of
imiquimod (IMQ), a TLR7/8 ligand, to induce the
inflammation of skin (Singh et al., 2019). The model is
used to investigate the molecular and cellular pathogenesis
of psoriasis in preclinical studies, as well as in the evaluation
of potential therapies.

SLE is a systemic autoimmune disease that affects multiple
organs, including the skin, kidney, and joints. The pathogenesis of
SLE has not yet been clarified. The loss of immunologic tolerance
causes the aberrant activation of autoreactive T cells and B cells,
inducing massive autoantibodies production. Eventually,
complement activation and the deposition of immune
complexes lead to organ damage. In SLE, neutrophil
extracellular traps released by neutrophils enhance the
activation of inflammasomes and accumulate due to impaired
degradation, causing increased anti-dsDNA production (Yu and
Su, 2013). Dysfunction of dendritic cells is associated with the
development of SLE. Inappropriate antigen presentation by
dendritic cells promotes the loss of immunologic tolerance,
accelerating the progression of SLE (Tsokos et al., 2016).
Oxidative stress is closely related to the progression of SLE.
Excessive production and impaired clearance of ROS induce
dysfunction in T cells (Perl, 2013). In addition, oxidative
modification of self-antigens triggers autoimmunity, leading to
the acceleration of SLE (Perl, 2013). Studies have demonstrated
that blocking the antioxidant signaling pathway reduces lifespan
and increases autoantibodies, aggravating renal damage (Yoh
et al., 2001). The elevated oxidative stress correlates with disease
activity and organ damage. Thus, antioxidant therapy might
provide an important strategy to ameliorate SLE. MRL/MpJ-
Faslpr/lpr (MRL/lpr) mice are the defect of Fas gene on MRL/
MpJ background, which fail to eliminate autoreactive
lymphocytes, inducing spontaneous autoimmune phenotypes.
The clinical manifestations of MRL/lpr mice resemble human
SLE, including skin lesion, glomerulonephritis, arthritis,
circulating anti-nuclear antibodies (ANA), and depositions of
immune complexes and complements (Watanabe-Fukunaga
et al., 1992). MRL/lpr mice are used to study molecular and
cellular pathogenesis of SLE in preclinical studies and evaluation
of potential therapies.

To clarify the effects of sulforaphane on psoriasis, we studied
the differences in skin inflammation and changes in Th subtypes
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in IMQ-induced psoriasis-like mice treated with sulforaphane or
vehicle control Our findings suggested that sulforaphane reduced
the percentages of Th1 and Th17 cells to inhibit skin
inflammation. Moreover, we investigated the potential
therapeutic effect of sulforaphane on SLE. Sulforaphane

increased the lifespan and reduced the renal damage in lupus-
like mice and decreased the percentages of plasma cells, Tfh cells,
neutrophils, and dendritic cells. These results indicated that
sulforaphane is a natural compound with therapeutic effects
on skin inflammation and autoimmune diseases.

FIGURE 1 | Effects of sulforaphane on IMQ-induced psoriasis-like mouse model. (A) The structure of sulforaphane. (B) Schematic diagram of sulforaphane
administration (55.3 and 110.6 μmol/kg, i.p.) or vehicle control for 7 consecutive days before IMQ treatment, followed by daily treatment with 78 mg of IMQ cream (5%)
on the shaved back and injection with sulforaphane or vehicle control for 7 consecutive days. (C) PASI scores of mice in each group (n � 6). Compared with vehicle
control, PASI scores were significantly decreased in mice treated with sulforaphane (55.3 μmol/kg) on Day 4, 5, and 7 and in mice treated with sulforaphane
(110.6 μmol/kg) on Day 5. (D) Appearance and H&E staining of lesional skin from mice that were administrated with sulforaphane or vehicle control. Scale bars: 50 µm.
(E, F)Quantitation of acanthosis and dermal inflammatory cell infiltration was performed in each group. The data represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p <
0.001.
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MATERIALS AND METHODS

Mice
Female C57BL/6 mice aged 6–8 weeks were purchased
from Slack and were used for the IMQ-induced psoriasis-
like model. Female MRL/lpr mice aged 8 weeks were
purchased from Sibeifu Experimental Animal Co. Ltd. All
mice were housed under specific pathogen-free conditions
at a controlled temperature of 20–25°C and 35–75% humidity
with a 12-h light/dark cycle and were provided sterile
food and water ad libitum. Animal experiments were
performed according to the Institutional Animal Care
Guidelines and were approved by the Animal Care
Committee of Second Xiangya Hospital of Central South
University.

Sulforaphane Administration to
IMQ-Induced Psoriasis-LikeMice andMRL/
Lpr Mice
Sulforaphane is a single compound purchased from APExBIO
(Cat. C4733). Female C57BL/6 mice (6–8 weeks of age) were
divided into 3 groups. Before being treated with IMQ, all mice
were injected daily with sulforaphane (55.3 and
110.6 μmol/kg, intraperitoneal injection) or vehicle control
(i.p.) for 1 week. Then, all mice were administered 78 mg of
IMQ cream (5%) (Sichuan Med-shine Pharmaceutical) daily
on their shaved backs and continually injected with
sulforaphane (55.3 and 110.6 μmol/kg, i.p.) or vehicle
control (i.p.) daily for 7 consecutive days. The skin, dLNs,
and spleens of IMQ-induced psoriasis-like mice were
obtained for further detection. After 6 weeks, female MRL/
lpr mice (14 weeks of age) were divided into 2 groups. All mice
were injected with sulforaphane (82.9 μmol/kg i.p.) or vehicle
control (i.p.) daily for 27 consecutive days. The proteinuria
was detected once a week to evaluate injury of kidney. The
kidneys, dLNs, and spleens of MRL/lpr mice were obtained for
further detection. Cell suspensions of spleens and dLNs were
obtained by passing the tissues through a 70 µm strainer for
flow cytometry analysis.

Evaluation of the Severity of Skin
Inflammation in a Psoriasis-Like Mouse
Model
The severity of skin inflammation in each mouse was scored once
per day according to the criteria. The severity of skin
inflammation was assessed according to 3 symptoms:
erythema, scaling, and thickening. The score of each symptom
ranged from 0 to 4 as follows: 0, none; 1, slight; 2, moderate; 3,
marked; and 4, very marked. The total score was the sum of the 3
index scores (score 0–12).

Histological Analysis
Mouse skin and kidney tissues were fixed in 4%
paraformaldehyde for 24 h at room temperature and
embedded in paraffin. Sections (6 μm) were stained with

haematoxylin and eosin (H&E). Acanthosis and the number of
dermis-infiltrating cells were assessed as histological features of
skin inflammation. The histological analysis of skin was
performed as reported (Wu et al., 2018). The relative area of
the epidermis was calculated for each mouse. The number of
dermis-infiltrating cells in each section was calculated from three
random fields of view at ×20 magnification.

Flow Cytometry
The following monoclonal antibodies were used for flow
cytometric analysis of immune cells: anti-mouse CD4 (BD
Pharmingen, Cat. 553088), anti-mouse IFN-γ (BD
Pharmingen, Cat. 560660), anti-mouse IL-4 (BD Pharmingen,
Cat. 560699), IL-17a (BD Pharmingen, Cat. 561020), CD8
(Biolegend, Cat. 100744), B220 (BD Pharmingen, Cat.
563894), CD11c (BD Pharmingen, Cat. 746392), CXCR5
(Biolegend, Cat. 560617), CD138 (BD Pharmingen, Cat.
568626), IgD (BD Pharmingen, Cat. 553510), CD19
(Biolegend, Cat. 115530), CD45 (BD Pharmingen, Cat.
560510), CD11b (BD Pharmingen, Cat. 564454), and Gr-1
(Biolegend, Cat. 108410). For cytokine analysis, cells were
stimulated in RPMI 1640 medium (Gibco) supplemented with
10% fetal bovine serum (FBS, HyClone), PMA, ionomycin, and
GolgiPlug (BD Biosciences, Cat. 550583) at 37°C and 5% CO2 for
6 h. For intracellular staining, cells were fixed and permeabilized
with a Human Foxp3 Buffer Set (BD Biosciences, Cat. 562574) or
Cytofix/Cytoperm (BD Biosciences, 554722) according to the
manufacturer’s instructions.

RNA Isolation, Reverse Transcription and
Real-Time PCR
Total RNAwas extracted from cells or tissues with TRIzol reagent
(Invitrogen) and reverse transcribed with the PrimeScript RT
reagent kit with gDNA Eraser (TaKaRa Biotech Co.) according to
the manufacturer’s instructions. qPCR was performed with SYBR
Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa Biotech Co.) in a
LightCycler 96 (Roche) thermocycler. Relative mRNA expression
was calculated using the 2−ΔCt (ΔCt � Cttarget gene−Cthousekeeping
gene) method in the experimental group compared with the
control group. The primer sequences are shown in
Supplementary Table 1.

Immunofluorescence Staining
Frozen sections of mouse kidneys were stained with a rat anti-
C3 antibodies (11H9, Abcam) and Cy3-conjugated goat anti-
rat IgG (GB21302, Servicebio) overnight at 4°C. The same
procedure was performed for mouse IgG and direct
immunofluorescence analysis with Alexa Fluor 488-
conjugated goat anti–mouse IgG (150113, Abcam)
overnight at 4°C.

Assay of Malondialdehyde Concentration
The MDA concentrations in skin of IMQ-induced psoriasis-like
mice and spleens and dLNs of MRL/lpr mice were detected with
the Micro Malondialdehyde Assay Kit (Beijing Solarbio Science
and Technology Co.) following the manufacturer’s instructions.
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Statistics
The data was shown as the mean ± standard error of the mean
(SEM). Statistical analysis was performed with GraphPad
Prism. A two-tailed t test was used for statistical analysis.
When the data were normally distributed, ANOVA and
Dunnett’s multiple comparisons test were used for grouped
data analysis. When the data were not normally distributed or
displayed unequal variances between two groups, we used the
two-tailed Mann-Whitney U test for statistical analysis. When
the data were normally distributed or displayed unequal
variances between two groups, we used the unpaired
Student’s t test. The log-rank (Mantel-Cox) test was used
for survival analysis. p < 0.05 was considered statistically
significant. Sample sizes for all data shown can be found in
the figure legends.

RESULTS

Sulforaphane Ameliorates the Skin Lesions
in IMQ-Induced Psoriasis-Like Mice
We investigated whether sulforaphane exerted the anti-
inflammatory effect on IMQ-induced psoriasis-like mice.
Previous study has shown that the pathological phenotypes
in 2,4-dinitrochlorobenzene-induced atopic dermatitis-like
mice were significantly improved when sulforaphane was
used three times a week for 3 weeks with a concentration
gradient of 13.8, 27.6, and 55.3 μmol/kg (Wu et al., 2019). As a
short course of IMQ-induced psoriasis-like mice model, skin
lesions healed themselves after 7 days of induction, we chose
two relatively high doses (55.3 and 110.6 μmol/kg) of
sulforaphane to treat IMQ-induced mice in this study.
Sulforaphane or vehicle control was injected daily (i.p.) in
C57BL/6 mice for 7 consecutive days before IMQ stimulation.
Then, all mice were treated with 78 mg of IMQ cream (5%) on
their shaved backs and injected with sulforaphane or vehicle
control (i.p.) daily for 7 consecutive days. The experimental
design is shown in Figure 1B. As expected, the PASI scores,
which indicate the severity of skin lesions in mice, were
reduced in the sulforaphane treatment group compared
with the vehicle control group (Figure 1C). Gross
appearance and H&E staining indicated that skin lesions
were significantly alleviated in mice treated with
sulforaphane (Figure 1D). In addition, acanthosis and
dermal inflammatory cell infiltration were significantly
decreased after sulforaphane treatment (Figures 1E,F).

Sulforaphane Reduced the Percentages of
Th1 Cells and Th17 Cells in IMQ-Induced
Psoriasis-Like Mice
Increasing evidence has demonstrated that inflammatory T cells
such as Th1 and Th17 cells in skin lesions play important roles in
the pathogenesis of psoriasis (Kagami et al., 2010; Jiang et al.,
2020, Diani et al., 2015). Therefore, we sought to evaluate whether
the amelioration of skin inflammation was attributed to the
decreased differentiation of inflammatory T cells after

sulforaphane administration. We examined the percentages of
Th1, Th2, and Th17 cells in dLNs and spleens from IMQ-induced
psoriasis-like mice. The gating strategy is shown in
Supplementary Figure S1. Notably, we found that the
percentage of Th1 cells in the spleens was significantly
reduced in the sulforaphane-treated (110.6 μmol/kg) group
(Figures 2A,B). The percentage of Th17 cells in the dLN was
significantly reduced in the sulforaphane-treated (110.6 μmol/kg)
group (Figures 2C,D). The percentage of Th17 cells in the spleens
was decreased in the sulforaphane-treated groups, but the
difference was not significant (Figures 2C,D).

Sulforaphane Alleviates Renal Damage in
Lupus-Prone MRL/Lpr Mice
Because of the anti-inflammatory effect of sulforaphane on
IMQ-induced psoriasis-like mice, we hypothesized that
sulforaphane was involved in regulating the autoimmune
lymphocytes to alleviate kidney injury in lupus-prone
MRL/lpr mice. Since both concentrations (55.3 and
110.6 μmol/kg) significantly improved skin lesions of IMQ-
induced psoriasis-like mice, with no side effects, we chose a
medium dose of sulforaphane (82.9 μmol/kg i.p.) to treat
MRL/lpr mice for 27 consecutive days. The administration
of sulforaphane significantly reduced the mortality of MRL/
lpr mice (Figure 3B). Proteinuria was decreased in the
sulforaphane-treated group compared with the vehicle
control group (Figure 3C). In addition, sulforaphane-
treated MRL/lpr mice had reduced glomerular enlargement
as shown by H&E staining (Figure 3D). Immunofluorescent
staining indicated that the deposition of C3 and IgG was
dramatically decreased in the sulforaphane-treated group
(Figure 3E). These results indicate that sulforaphane
alleviates the autoimmune responses in the kidneys of
lupus-prone MRL/lpr mice.

Sulforaphane Reduces the Proportions of
Plasma Cells, Tfh Cells, Neutrophils, and
Dendritic Cells in MRL/Lpr Mice
Accumulating evidence has demonstrated that the aberrant
responses of the innate and adaptive immune systems are
involved in the pathogenesis of lupus. Next, we sought to
explore whether sulforaphane influenced the activation and
differentiation of B cells, Tfh cells, and innate immune cells in
the spleens and dLNs of a lupus-like mouse model. The gating
strategy is shown in Supplementary Figures S2, S3. We
found that the percentages of plasma cells in the dLNs and
spleens were significantly reduced in the sulforaphane-
treated group (Figures 4A,E). And the proportions of Tfh
cells, neutrophils, and dendritic cells were significantly
decreased in the dLNs of sulforaphane-treated mice
compared with vehicle control mice (Figures 4B–D,F–H).
These results indicate that sulforaphane alleviates
autoimmune response by inhibiting the activation or
differentiation of plasma cells, Tfh cells, neutrophils, and
dendritic cells in MRL/lpr mice.
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Sulforaphane Upregulates the Expression
of Antioxidant Gene Prdx1 to Reduce
Oxidative Stress
We next investigated the MDA concentrations in skin of IMQ-
induced psoriasis-like mice and spleens and dLNs of MRL/lpr mice
to indicate the level of oxidative stress between the sulforaphane-
treated group and vehicle control-treated group. The treatment of
sulforaphane reduced the concentrations ofMDA in the skin of IMQ-
induced psoriasis-like mice and spleens and dLNs of MRL/lpr mice
(Figures 5A–C). Then, we explored whether the expression of
sulforaphane-induced genes was involved in mediating
inflammation and autoimmunity. We examined the expression of

Prdx1, Nqo1, Hmox1, and Gss. The RT-qPCR results showed that
Prdx1 expression was upregulated in the skin lesions of IMQ-induced
psoriasis-like mice and in the spleens and dLNs ofMRL/lpr mice with
sulforaphane administration (Figures 5D,E). These results suggest
that sulforaphane may protect against inflammation and
autoimmunity in mice via upregulating antioxidant gene Prdx1
expression to reduce the level of oxidative stress.

DISCUSSION

We found that the administration of sulforaphane ameliorated
the IMQ-induced psoriasis-like skin inflammation and renal

FIGURE 2 | Sulforaphane reduced the proportions of Th1 cells and Th17 cells in IMQ-induced psoriasis-like mice. (A) Representative flow cytometric analysis of
Th1 cells in the dLNs and spleens from IMQ-induced psoriasis-like mice treated with sulforaphane or vehicle control (n � 6). (B) Statistical analysis of (A). (C)
Representative flow cytometric analysis of Th17 cells in the dLNs and spleens from IMQ-induced psoriasis-like mice treated with sulforaphane or vehicle control. (D)
Statistical analysis of (C). The data represent the mean ± SEM. *p < 0.05.
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damage in lupus-prone MRL/lpr mice. In IMQ-induced
psoriasis-like mice, sulforaphane reduced the proportions of
Th1 and Th17 cells and induced the expression of the

antioxidant gene Prdx1. Furthermore, our results
demonstrated that sulforaphane increased the lifespan and
reduced renal damage in lupus-prone MRL/lpr mice,

FIGURE 3 | Sulforaphane alleviates renal damage in lupus-prone MRL/lpr mice. (A) Schematic diagram of the administration of sulforaphane (82.9 μmol/kg) or
vehicle control for 27 consecutive days inMRL/lpr mice at the age of 14 weeks (n � 5–6). (B) The lifespan of MRL/lpr mice treated with sulforaphane or vehicle control. (C)
The changes of urine protein levels in MRL/lpr mice treated with sulforaphane or vehicle control. (D) Renal pathology was examined by immunohistochemistry of
haematoxylin-eosin staining (H&E) in MRL/lpr mice treated with sulforaphane or vehicle control. Scale bars: 50 µm. (E) C3 and IgG deposition in kidney sections
was examined by immunofluorescence staining in MRL/lpr mice treated with sulforaphane or vehicle control. Scale bars: 50 µm.
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FIGURE 4 | Sulforaphane reduced the percentages of plasma cells, Tfh cells, neutrophils, and dendritic cells in lupus-prone MRL/lpr mice (n � 6). (A–D)
Representative flow cytometric analysis of plasma cells (A), Tfh cells (B), neutrophils (C) and dendritic cells (D) in the dLNs and spleens from MRL/lpr mice treated with
sulforaphane or vehicle control. (E–H) Statistical analysis of (A–D). The data represent the mean ± SEM. *p < 0.05.
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decreased the proportions of plasma cells, Tfh cells, neutrophils,
dendritic cells, and the concentration of MDA and induced the
expression of antioxidant gene Prdx1.

Sulforaphane, which is found in cruciferous vegetables, is an
activator of nuclear factor E2-related factor 2 (Nrf2). The
antioxidant Nrf2 can suppress lupus nephritis by reducing
oxidative stress and the NF-κB signaling pathway (Jiang et al.,
2014). Peroxiredoxin 1 (Prdx1) is a member of the peroxiredoxin
family that acts as an antioxidant enzyme to catalyze the
reduction of hydrogen peroxide (Park et al., 2016). Studies
have shown that Prdx1 decreased ROS to protect against
oxidative stress (Ding et al., 2017). Quinone oxidoreductase
(NQO1), which belongs to the Phase II detoxification enzyme
family, catalyzes the two-electron reduction of quinone to the
redox-stable hydroquinone (Luo et al., 2019). Nqo1, which exerts
antioxidant activity to protect against oxidative stress, is induced
by sulforaphane and reduces the neuro-cytotoxicity of DA
quinone (Han et al., 2007). Haem oxygenase-1 (Hmox1) and
glutathione synthetase (Gss) are also antioxidant enzymes,
downstream of the Nrf2 signaling pathway (Lu, 2009; Zhao
et al., 2019). We found that Prdx1 expression was upregulated

in IMQ-induced psoriasis-like mice and MRL/lpr mice after
treatment with sulforaphane, suggesting that sulforaphane
exerted the antioxidant effects dependent on the activation of
Prdx1.

Psoriasis is a chronic hyperplastic skin disease induced by
multiple genetic and environmental factors that affects
approximately 0.1–3% of the global population (Boehncke,
2018; Rendon and Schakel, 2019). The abnormally
differentiated Th1 and Th17 cells release proinflammatory
cytokines, including IFN-γ, IL-17, IL-22, and TNF-α, to
increase the cutaneous inflammatory response (Benhadou
et al., 2019). Th1 cells increase the production of IL-2, TNF-α,
and IFN-γ, participating in the development of psoriasis
(Rodriguez-Cerdeira et al., 2019). The enhanced Th1 response
increases inflammation by upregulating many cytokines,
including IL-1, IL-6, IL-8, IL-12, IL-15, interferon-inducible
protein-10, and iNOS, to promote keratinocyte proliferation
(Grossman et al., 1989; Xie et al., 1993; Rich and Kupper,
2001; Behnam et al., 2005). IL-17 targets innate immune cells,
keratinocytes, and endothelial cells, and is the major effector
cytokine that drives the pathogenesis of psoriasis (Blauvelt and

FIGURE 5 | Sulforaphane upregulated the antioxidant gene Prdx1 expression to reduce the level of oxidative stress. (A) The concentrations of MDA in skin of
IMQ-induced psoriasis-like mice treated with sulforaphane or vehicle control (n � 5–6). (B, C) The concentrations of MDA in the spleens (B) and dLNs (C) of MRL/lpr mice
treated with sulforaphane or vehicle control (n � 5–6). (D) The relative mRNA expression of Prdx1, Gss, Hmox1, and Nqo1 in skin of IMQ-induced psoriasis-like mice
treated with sulforaphane or vehicle control (n � 5–6). (E, F) The relative mRNA expression of Prdx1,Gss,Hmox1, andNqo1 in the spleens (E) and dLNs (F) ofMRL/
lpr mice treated with sulforaphane or vehicle control (n � 5–6). The data represent the mean ± SEM. *p < 0.05, **p < 0.01.
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Chiricozzi, 2018). In this study, our results demonstrated that
sulforaphane reduced the percentages of Th1 and Th17 cells to
ameliorate acanthosis and dermal inflammatory cell infiltration
in IMQ-induced psoriasis-like skin inflammation. ROS-mediated
oxidative stress is involved in numerous signaling pathways
related to the inflammatory response, contributing to the
progression of psoriasis (Briganti and Picardo, 2003). As an
antioxidant therapy, dimethylfumarate (DMF) has been used
for the treatment of psoriasis and has shown a high degree of
efficacy (Rostami and Mrowietz, 2008). Sulforaphane, as an
antioxidant, induces the expression of antioxidant gene Prdx1,
contributing to the recovery of psoriasis.

SLE is a complicated multifactorial autoimmune disease. The
molecular mechanisms remain voluminously unknown. An
imbalance in the production and degradation of ROS causes the
oxidative modification of DNA, inducing DNA damage (Shah et al.,
2014). Dendritic cells recognize the self-antigens and present them to
B cells, triggering the autoimmune response and excessive production
of autoantibodies (Herrada et al., 2019). Tfh cells assist B cells in
inducing autoimmune response, playing an important role in the
pathogenesis of SLE (Blanco et al., 2016). The deposition of immune
complexes recruits neutrophils, inducing local inflammation and
damage (Kaplan, 2011). In our study, the administration of
sulforaphane decreased the percentages of plasma cells, Tfh cells,
neutrophils, and dendritic cells. Moreover, sulforaphane induced the
expression of Prdx1 to protect against oxidative stress. N-acetyl
cysteine has been reported to attenuate oxidative stress in SLE,
suggesting that the antioxidant therapy might be a promising
strategy for the treatment of SLE.

In this study, we found that sulforaphane reduced the proportions
of Th1 and Th17 cells and the concentration of MDA. Similarly,
sulforaphane decreased the proportions of plasma cells, Tfh cells,
neutrophils, and dendritic cells. We also found that the expression of
antioxidative gene Prdx1was upregulated in the sulforaphane-treated
group. It was reported that CYP11A1-derived vitamin D3- and
lumisterol-hydroxy derivatives protected primary human
keratinocytes against radiation and UVB-induced damage, which
is associated with Nrf2-regulated antioxidants responses
(Chaiprasongsuk et al., 2019; Slominski et al., 2020). Previous
study showed that the oxidative stress and molecular
modifications induced by oxidative stress caused the massive
activation of immune cells (Lightfoot et al., 2017). We speculated
that the activation of NRF2 signaling and reduced oxidative stress
contributed to inhibition of activation of immune cells. Moreover,
there are other possible mechanisms that sulforaphane ameliorate
skin lesion and renal damage. 20(OH)D3 and 20,23(OH)2D3 play as
antagonists of RORα and RORγ to inhibit the activity of IL17
promoter (Slominski et al., 2014). In addition, we suppose that
sulforaphane functions as a ligand of transcription factor to
inhibit differentiation of immune cells. We conducted the
macromolecular docking using the crystal structure of RORγT
and sulforaphane. Interestingly, the docking score revealed that
sulforaphane might bind to RORγT as a ligand (Supplementary
Figure S4 and Supplementary Table 2). We will further study the
underlying molecular mechanisms of sulforaphane-induced
antioxidation and repression of autoimmune activities in psoriasis
and SLE. Moreover, because this condition involves a local

inflammatory response, sulforaphane might have a higher degree
of efficacy when administered locally in IMQ-induced psoriasis-like
skin inflammation.

In conclusion, the results of this study showed that
sulforaphane improve the skin lesion of IMQ-induced
psoriasis-like mice and the renal damage in lupus-like mice by
inhibiting inflammatory and autoimmune responses and
oxidative stress. This evidence suggests the potential value of
sulforaphane in treating psoriasis and SLE and highlights the use
of antioxidant therapy in inflammatory and autoimmune
diseases.
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Punicalagin Alleviates Psoriasis by
Inhibiting NF-κB-Mediated IL-1β
Transcription and
Caspase-1-Regulated IL-1β Secretion
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Psoriasis is a chronic and inflammatory skin disorder characterized by inflammation and
epidermal hyperplasia. Punicalagin (PUN) is a main active ingredient of pomegranate
(Punica granatum L.) peel with multiple biological activities, such as antibacterial,
antioxidant and anti-tumor effects. However, the potential effect of PUN on psoriasis
remains unknown. In this study, we want to investigate the pharmacological effect of PUN
on psoriasis by using imiquimod (IMQ)-induced psoriatic mice model in vivo and tumor
necrosis factor a (TNF-α) and interleukin-17A (IL-17A)-stimulated HaCaT cells in vitro. Our
results showed that PUN can effectively alleviate the severity of psoriasis-like symptoms.
Mechanistically, PUN potently suppresses the aberrant upregulation of interleukin-1β (IL-
1β) and subsequent IL-1β-mediated inflammatory cascade in keratinocytes by inhibiting
the nuclear factor kappa B (NF-κB) activation and cleaved caspase-1 expression in vitro
and in vivo. Taken together, our findings indicate that PUN can relieve psoriasis by
repressing NF-κB-mediated IL-1β transcription and caspase-1-regulated IL-1β secretion,
which provide evidence that PUN might represent a novel and promising candidate for the
treatment of psoriasis.
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INTRODUCTION

Psoriasis is a chronic, recurrent, inflammatory skin disease
affecting more than 60 million people worldwide (Parisi et al.,
2013). The typical clinical manifestations of psoriasis are
abnormal papules, erythema, thickened scaly spots, local dull
pain and skin itching (Nestle et al., 2009), which seriously affect
the patient’s quality of life. Despite the newly developed biologics,
such as adalimumab, guselkumab and mirikizumab (Armstrong
and Read, 2020; Ghoreschi et al., 2021), have revolutionized
moderate-to-severe plaque psoriasis, the biologics are too
expensive for ordinary patients. Additionally, the long-term
use of the biologics may lead to serious side effects (Scherer
et al., 2010; Reich et al., 2015), including tumors. In addition,
mild-to-moderate plaque psoriatic patients are usually treated
with topical therapies (glucocorticoids and vitamin D derivatives)
or systemic medications (methotrexate, acitretin, and
cyclosporine) (Armstrong and Read, 2020). However, topical
therapies or systemic medications have many
contraindications or side effects (Boehncke and Schön, 2015;
Reich et al., 2015). Therefore, seeking an economical, safe and
effective treatment is extremely urgent for psoriasis.

Although most psoriasis-related researches have mainly
focused on the interleukin-23 (IL-23)/interleukin-17 (IL-17)
axis, emerging evidence indicates that interleukin-1β (IL-1β)
also plays a critical role in psoriasis. Moorchung et al. (2015)
identified a strong association of IL-1β 511C/T (the C/T base
transitions at positions -511 in the transcription initiation site)
polymorphism with the genotypes and alleles in psoriasis.
Moreover, Hébert et al. (2014) showed that the polymorphism
of IL-1β gene could help to discriminate the early or late onset of
psoriasis. Additionally, several studies indicated that IL-1β
expression was significantly increased in both psoriatic plasma
and skin lesion (Cai et al., 2019b; Verma et al., 2021).
Furthermore, upregulated IL-1β could further amplify the skin
inflammation by enhancing IL-17 production in dermal γδ T-cell
and promoting chemokines [such as C-X-C motif chemokine
ligand 1 (CXCL-1) and C-C motif chemokine ligand 20 (CCL-
20)] secretion in keratinocytes (Cai et al., 2011; Cai et al., 2019b).
Interestingly, IL-1β has also been pointed to be involved in the
recurrence of psoriasis. Naik et al. (2017) showed that epithelial
stem cells (EpSCs) in the psoriatic skin lesions can release
numerous IL-1β upon a secondary stimulation, ultimately
leading to inflammation recollection and psoriasis recurrence.
Taken together, these findings suggest that IL-1β might be a
promising therapeutic target for psoriasis intervention.

Punicalagin (PUN, Supplementary Figure S1), which is the
main active ingredient of pomegranate (Punica granatum L.)
peel, possesses multiple bioactivities, such as antioxidant (Chen
et al., 2012), antibacterial (Sun Q. et al., 2019) and anti-tumor
(Morsy et al., 2019; Huang et al., 2020; Pan et al., 2020) activities.
Intriguingly, the regulatory effects of punicalagin on suppressing
inflammation have attracted the researcher’s attention.
Punicalagin is proved to be able to alleviate various
inflammatory diseases, including inflammatory bowel disease
(Shah et al., 2016), ankylosing spondylitis (Feng et al., 2020)
and rheumatoid arthritis (Huang et al., 2021). However, it is still

unknown whether PUN exert a possible therapeutic effect on
inflammatory skin disease, in particular psoriasis.

To evaluate the potential pharmacological effect of PUN on
psoriasis, we made use of imiquimod (IMQ)-induced psoriasis-
like mice model and tumor necrosis factor α (TNF-α) and IL-
17A-stimulated HaCaT cells. We found that PUN can relieve
psoriasis-like symptoms by suppressing the nuclear factor kappa
B (NF-κB)-mediated IL-1β transcription and caspase-1-regulated
IL-1β secretion in vivo and in vitro. Our findings suggest that
PUN may represent a promising lead compound for developing
newly anti-psoriatic drugs.

MATERIALS AND METHODS

Experimental Reagents
Punicalagin (P0023, purity ≥98%) was purchased from Sigma-
Aldrich (St. Louis, MO, United States). IMQ cream was obtained
from Sichuan Med-Shine Pharmaceutical Co., Ltd. (Sichuan,
China). IL-17A (12047-HNAE), TNF-α (10602-HNAE), IL-1β
(10139-HNAE) were purchased from Sino Biological Inc.
(Beijing, China).

Mice and its Experiments
Male BALB/c mice (6–8 weeks of age), which were purchased
from Animal Research Laboratory of Guangdong Province
(Guangzhou, China), were maintained under specific
pathogen-free conditions. After quarantine, mice were divided
into five groups: Control group, IMQ group, IMQ + DEX group
(DEX, dexamethasone cream, positive drug for psoriasis), IMQ +
Vehicle group, IMQ + PUN group (25 mg/kg PUN). The shaved
back of mice was applied with a daily topical dose of 62.5 mg of
IMQ cream (5%) at 9:00 am for 7 consecutive days. In addition,
control mice were treated with the same dose of Vaseline.
Moreover, mice in IMQ + DEX group were topically
administrated with DEX once a day (at 12:00 am) for
7 consecutive days. Furthermore, mice in IMQ + Vehicle
group or IMQ + PUN group were topically administrated with
vehicle gel (Sun et al., 2013) (0.3 g carbomer 940, 0.15 g azone,
4.5 g 96% ethanol and distilled water to 15 g) or PUN gel (0.3 g
carbomer 940, 0.15 g azone, 4.5 g 96% ethanol, 78.125 mg PUN
powder and distilled water to 15 g) twice a day (at 12:00 am and 4:
00 pm) for 7 consecutive days. This experiment is finished on the
eighth day, and follow-up verification is carried out. All
procedures were approved and supervised by Guangzhou
University of Chinese Medicine Animal Care and Use
Committee (Approval No. 2020082, Guangdong, China).

Hematoxylin and Eosin Staining
The experiment was terminated on the eighth day. The skin
collected from mice was fixed in neutral formalin for 48 h, then
dehydrated and embedded in paraffin. Slicing the cross-section of
the skin, the morphological characteristics of different groups
mice were observed under a microscope (Olympus) after H&E
staining. Acanthosis hyperplasia is evaluated by Photoshop 2021
software, the cortical direction of all pictures is adjusted to the
level and the size of 1,000 pixels * 1,000 pixels is intercepted,
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finally the lasso tool is used to determine the pixels of the
acanthosis layer in this size. Acanthosis (in2) = width pixels *
height pixels/horizontal resolution * vertical resolution.

Immunohistochemical Staining
Immunohistochemical staining was performed using paraffin-
embedded mouse back skin sections. Experiment was operated in
the following order: baking slices, dewaxing, antigen retrieval and
membrane rupture. After this, the samples were stained with 5%
bovine serum albumin (BSA) for 1 h at room temperature, Ki67
antibody (16667, Abcam) or phospho-NF-κB (Ser536) p65
(AF2006, Affinity) incubation for overnight, and further
incubated with the anti-rabbit antibody. Using
diaminobenzidine (DAB) staining solution to color
development and hematoxylin to counterstain the nucleic
acids. Dehydrated to wax before observed under the Olympus
microscope. Ki67 positive cells per 10 cm are the number of Ki67
positive staining cells in the area of 10 * 10 cm at random, and
three areas are selected for each picture. Expression of
phosphorylated p65 per 10 cm is the number of cells
expressed phosphorylated p65 (Ser536) in the area of 10 *
10 cm at random, and three areas are selected for each picture.

Cell Culture and Stimulation
HumanHaCaT cells (human keratinocytes) were purchased from
China Center for Type Culture Collection (GDC106) and
examined without pollution. HaCaT cells were cultured in
MEM α Nucleosides Medium (C12571500BT, Gibco)
containing 10% fetal bovine serum (FBS) (10,099-141C,
Gibco), 1% Sodium Pyruvate (100X) (11360070, Gibco) and
1% MEM Non-Essential Amino Acids Solution (100X)
(11140050, Gibco) in 37° and 5% CO2 incubator.

Quantitative real-Time PCR
The whole operations were performed in an RNA-free
environment and used RNA-free tools. First, total RNA was
extracted from cell or skin samples using TRIzol™ reagent
(15596018, Life Technologies). Then, 1 μg RNA was used for
reverse transcription by using a cDNA Reverse transcriptase kit
(K1622, Thermo Scientific). The qPCR was performed in
triplicate using SYBR green master mix (FP205-02, Tiangen)
on Real-Time PCR System (Applied Biosystem 7,500, Life
Technologies). GAPDH was used as the reference gene for
normalization.

Western Blotting
Total protein was extracted from samples using RIPA buffer
(P0013C, Beyotime) containing 1% phosphatase and protease
inhibitors (P1206, Applygen) following the instructions. The
nuclear and cytoplasm protein fractions were isolated using
the NE-PER Nuclear and Cytoplasmic Extraction Reagents
(78,835, Thermo Scientific) following the instructions. Using
BCA Protein Assay Kit (9S8K-29538-413, Thermo Scientific)
normalized the total protein for the follow-up experiments.
Quantified samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene fluoride (PVDF) membranes (IPYH00010,

Merck Millipore). 5% skimmed milk is slowly shaken at room
temperature to block the membrane for 1 h and then primary
antibodies incubate these membranes overnight at 4°C. The next
day membranes were incubated by the species-specific secondary
antibody at room temperature for 1 h and exposed by Immobilon
Western Chemiluminescent HRP Substrate (WBKLS0500, Merck
Millipore). The antibodies used in the experiment are as follows:
GAPDH (1:2,000; 60004-1-Ig, Proteintech), ß-Tubulin (1:2,000;
10094-1-AP, Proteintech), Lamin B1 (1:2,000; 12987-1-AP,
Proteintech), IL-1β (1:1,000; 216,995, Abcam), cleaved IL-1β
(1:1,000; 83,186, CST), NF-κB p65 (1:1,000; 8,242, CST),
phospho-NF-κB p65 (Ser536) (1:1,000; 3,033, CST), cleaved
caspase-1 (1:1,000; 4,199, CST) and caspase-1 (1:1,000;
179,515, Abcam) for HaCaT cells samples; IL-1β (1:1,000;
234,437, Abcam), cleaved IL-1β (1:1,000; 63,124, CST),
caspase-1 (1:1,000; 24,232, CST) and cleaved caspase-1 (1:
1,000; 89,332, CST) for mice samples. GAPDH and ß-Tubulin
were shown as housekeeping proteins for the normalization of
total protein or cytoplasmic protein; Lamin B1 as the loading
control for nuclear protein.

Immunofluorescence Staining
HaCaT cells were seeded and treated in the 96-well plates. After
being fixed in 4% paraformaldehyde, the HaCaT cells were
permeabilized with phosphate buffer solution (PBS) containing
0.5% Triton X-100 for 10 min, and subsequently were blocked
with 5% BSA for 1 h. Next, the primary antibody against p65 (1:
1,200; 8,242, CST) incubated the cells overnight at 4°C. Then anti-
rabbit IgG (H + L), F(ab’)2 fragment secondary antibody (1:500;
4,413, CST) was used to incubate cells for 60 min at room
temperature. After counterstaining with 4′, 6-diamidino-2-
phenylindole (DAPI), the cell in the 96-well plates were
observed and imaged under the Nikon microscope.

Statistical Analysis
Statistical analysis was performed using SPSS and Sigmaplot
software. The whole statistics were presented as mean ±
standard error of mean (S.E.M.). Analysis of one-way ANOVA
with Student-Newman-Keuls method or non-parametric datasets
with Kruskal–Wallis test was used for multiple comparisons.
Probability values <0.05 were considered significant. *p < 0.05;
**p < 0.01; ***p < 0.001; N.S., non-significant. Error bars
depict S.E.M.

RESULTS

Punicalagin Alleviates Psoriasis-Like
Symptoms in IMQ-Induced Mice
To evaluate whether PUN has potential pharmacological effects
on psoriasis, we conducted an IMQ-induced psoriatic in vivo
model and then topically applied with DEX cream, vehicle gel or
PUN gel on the shaven back skin of IMQ-treated mice for
consecutive 7 days (Figure 1A). We found that IMQ treatment
can cause severe psoriasis-like phenotypes, including erythema
and severe plaque. In addition, mice with vehicle gel treatment
also developed psoriasis-like manifestations. However, these
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psoriatic-related phenotypes can be improved by application of
DEX or PUN (25 mg/kg) (Figure 1B). The results of H&E
staining and histological analysis were in line with the
macroscopic appearance. Mice treating with IMQ or IMQ +
Vehicle gel became severe epidermal hyperplasia and acanthosis.
As expected, topical administration of DEX attenuated IMQ-
induced epidermal thickening and acanthosis. Similarly, topical
treatment with 25 mg/kg PUN also ameliorated the above-
mentioned manifestations (Figures 1C,E). Moreover, we also
detected the expression of Ki67. We found that Ki67-positive cells
were significantly reduced in the skin lesions after application of

DEX or PUN gel (Figures 1D,F). Taken together, these results
indicate that PUN can effectively relieve the severity of IMQ-
induced psoriatic-like symptoms.

Punicalagin Reduces TNF-α and
IL-17A-Induced IL-1β Upregulation via
Inhibiting the Activation of NF-κB and the
Expression of Caspase-1 in Vitro
To further explore the underlying mechanism by which PUN
ameliorates psoriasis, we tested the anti-inflammatory

FIGURE 1 | Punicalagin significantly ameliorates IMQ-induced psoriasis-like symptoms in vivo. (A) A schematic showing the experimental design. (B) Phenotypic
appearances of mice back skin in Control/IMQ/IMQ +DEX/IMQ + Vehicle/IMQ + PUN groups on day 8. (C)Histological changes of mice back skin in Control/IMQ/IMQ +
DEX/IMQ + Vehicle/IMQ + PUN groups. Scale bar, 200 μm. (D) Ki67 staining of mice back skin in Control/IMQ/IMQ + DEX/IMQ + Vehicle/IMQ + PUN groups. Scale bar,
200 μm. (E) Histological analysis of acanthosis in Control/IMQ/IMQ + DEX/IMQ + Vehicle/IMQ + PUN groups. (F) The numbers of Ki67 positive cells in lesion skin
derived from mice treated with Vaseline/IMQ/IMQ + DEX/IMQ + Vehicle/IMQ + PUN. **p < 0.01, ***p < 0.001, N.S., non-significant. One-way ANOVA with Student-
Newman-Keuls method for (E, F). Data represent the mean ± S.E.M.
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FIGURE 2 | Punicalagin suppresses the TNF-α and IL-17A-induced IL-1β upregulation via inhibiting NF-κB activation and cleaved caspase-1 expression in vitro. (A)
The relative mRNA level of IL-1β in different groups. Here we used IL-17A (25 ng/ml) and TNF-α (25 ng/ml) to stimulate HaCaT cells. Simultaneously, we also added 2.5/
5/10/20 μM PUN into these IL-17A and TNF-α-stimulated HaCaT cells. The total RNA was subsequently extracted after treatment with IL-17A (25 ng/ml) + TNF-α
(25 ng/ml) and 2.5/5/10/20 μM PUN for 24 h. (B) The pro- and mature expression of IL-1β in different groups. The total protein was collected after treatment with
IL-17A (25 ng/ml) + TNF-α (25 ng/ml) and 2.5/5/10/20 μM PUN for 48 h. (C) The expression of phosphorylation (Ser536) and total p65 in the cytoplasm and nucleus
after exposure of IL-17A (25 ng/ml) + TNF-α (25 ng/ml) and 2.5/5/10/20 μM PUN for 24 h. (D) Immunostaining with an anti-p65 antibody showed that 2.5/5/10/20 μM

(Continued )
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properties of PUN in vitro. Since that IL-17A and TNF-α are
the key inflammatory cytokines in the pathogenesis of
psoriasis, we used IL-17A and TNF-α to stimulate
HaCaT cells and conducted an inflammatory psoriatic
in vitro model. We found that the mRNA and pro-/mature
protein levels of IL-1β, another important cytokine in
psoriasis, were significantly increased after stimulation with
IL-17A and TNF-α. Intriguingly, PUN can reduce the
upregulated IL-1β gene and pro-/mature protein expression
in a dose-dependent way (Figures 2A,B). Given the pivotal
role of NF-κB pathway in regulating the gene transcription
(Xia et al., 2018; Sun P. et al., 2019), we next examined
whether PUN can modulate the activation of NF-κB
signaling pathway. Our preliminary work found that NF-κB
undergoes activation through phosphorylation of p65
(Ser536) and nuclear translocation of p65 (Supplementary
Figure S2), which is consistent with the previous studies
(Christian et al., 2016; Varshney et al., 2016; Huang et al.,
2021). Firstly, we detected the modulatory effects of PUN on
the phosphorylation of p65 (Ser536) in vitro. We found that
the phosphorylation of p65 (Ser536) was markedly enhanced
by IL-17A and TNF-α, whereas PUN can functionally reduce
the expression of phosphorylation of p65 (Ser536) in a dose-
dependent way (Figure 2C). Since activated p65 will perform
nuclear translocation and subsequently promote downstream
IL-1β gene transcription, therefore, we further examined
whether PUN can suppress the nuclear translocation of
p65. We found that treatment with PUN (2.5/5/10/20 μM)
could effectively block TNF-α and IL-17A-induced nuclear
translocation of p65, respectively (Figure 2D). Moreover, pro
IL-1β can be cleaved by cleaved caspase-1 and then become
mature form of IL-1β. Here we showed that PUN could
decrease the enhancement of pro- and mature IL-1β by IL-
17A and TNF-α, therefore, we also detected the regulatory
effects of PUN on cleaved caspase-1. As shown in Figure 2E,
we found that PUN potently reduced the IL-17A and TNF-α-
induced upregulation of cleaved caspase-1 in a dose-
dependent way. As we all known, excessive IL-1β secretion
will fuel psoriatic inflammatory processes by stimulating
keratinocytes to secrete multiple chemokines, such as
CXCL-1 and CCL-20. Hence, we also detected whether
PUN can regulate the IL-1β-mediated secretion of CXCL-1
and CCL-20 in HaCaT cells. The qPCR results revealed that
PUN can efficiently decrease the IL-1β-induced CXCL-1 and
CCL-20 production (Figure 2F). Taken together, our findings
suggest that PUN can inhibit the TNF-α and IL-17A-mediated
IL-1β upregulation via suppressing p65 activation and cleaved
caspase-1 expression in vitro, finally resulting in the
repression of the subsequent IL-1β-mediated chemokines
secretion.

Punicalagin Inhibits NF-κB-Mediated IL-1β
Transcription and Caspase-1-Regulated
IL-1β Secretion in Vivo
To determine whether PUN also reduced the IL-1β expression in
vivo, we measured the gene and protein levels of IL-1β in skin
lesion derived from Control/IMQ/IMQ + DEX/IMQ + Vehicle/
IMQ + PUN group. As shown in Figures 3A,B, topical
application of IMQ or IMQ + Vehicle caused a significant
upregulation of IL-1β in both gene and protein level, whereas
treatment with PUN potently decreased the upregulated level of
IL-1β in IMQ-applied groups. Furthermore, we also examined the
potential regulatory effects of PUN on the Ser536 phosphorylated
p65 in vivo. Consistent with the in vitro results, we found that
topical administration with IMQ can significantly enhance the
levels of phosphorylation of p65 in the keratinocytes.
Nonetheless, topical treatment with PUN can remarkably
repress the expression of phosphorylated p65 in keratinocytes
(Figures 3C,D). Moreover, PUN can also potently suppress the
protein expression of cleaved caspase-1 and the mRNA level of
CXCL-1 and CCL-20 in vivo (Figures 3E,F). Together, these in
vivo results also confirm that PUN can functionally attenuate the
IL-1β expression and its subsequent inflammatory cascade by
repressing the NF-κB activation and the cleaved caspase-1
expression.

DISCUSSION

PUN, the most abundant polyphenol in pomegranate (Punica
granatum L.) peel, is often used in health care products or
cosmetics because of its excellent antioxidant effects.
Recently, PUN is proven to be capable of treating various
diseases, including cervical cancer (Zhang et al., 2020), non-
small cell lung malignancies (Fang et al., 2021), osteoarthritis
(Liu F. et al., 2021) and diabetic cardiomyopathy (Fu et al.,
2021). However, its effects on psoriasis remain unknown so
far. Here, we gave the first evidence that PUN can alleviate the
severity of psoriasis by downregulating IL-1β expression and
subsequent IL-1β-mediated inflammatory responses in vitro
and in vivo (Figure 4).

Previous studies demonstrated the key pathogenetic role of IL-
1β in aggravating psoriatic inflammatory cascade and recalling
psoriasis recurrent-related inflammatory memory (Naik et al.,
2017; Cai et al., 2019b). Therefore, targeting IL-1β might be a
promising strategy for treating psoriasis. Recently, Mansouri et al.
(2015) and Skendros et al. (2017) independently showed that
using IL-1β antagonists, such as canakinumab and gevokizumab,
can successfully reduce the area and severity index scores of
generalized pustular psoriasis. In this study, we present another
evidence that targeting IL-1β by PUN could ameliorate psoriasis.

FIGURE 2 | PUN functionally blocks TNF-α and IL-17A-induced nuclear translocation of p65. Scale bar, 50 μm. (E) The expression of cleaved and total caspase-1 after
exposure of IL-17A (25 ng/ml) + TNF-α (25 ng/ml) and 2.5/5/10/20 μM PUN for 48 h. (F) The relative mRNA level of CXCL-1 (left) and CCL-20 (right) in HaCaT cells after
treatment with IL-1β and IL-1β + PUN for 48 h *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with Student-Newman-Keuls method for (A, F). Data represent the
mean ± S.E.M.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 13 | Article 8175266

Tang et al. Punicalagin Relieves Psoriasis

186

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


These studies suggest that IL-1β inhibitors might open a novel
therapeutic avenue for psoriasis.

Formerly, Shah et al. (2016) showed that PUN significantly
decreased the gene expression of IL-1β. Besides the regulatory of

PUN on the IL-1β gene expression, Huang et al. (2021) showed
that PUN also reduces the protein level of IL-1β. Moreover,
Martín-Sánchez et al. (2016) and Saeki et al. (2020) found that
PUN affects the release of IL-1β by changing the membrane

FIGURE 3 | Punicalagin attenuates the enhancement of IL-1β by suppressing NF-κB activation and caspase-1 expression in vivo. (A) The relative mRNA level of IL-
1β in Control/IMQ/IMQ + DEX/IMQ + Vehicle/IMQ + PUN groups. (B) The protein expression of IL-1β in Control/IMQ/IMQ + DEX/IMQ + Vehicle/IMQ + PUN groups. (C,
D) Immunohistochemical staining and statistical analysis of phosphorylated p65 (Ser536) in skin sections derived from the Control/IMQ/IMQ + DEX/IMQ + Vehicle/IMQ +
PUN group. Scale bars: 200 μm. (E) The expression of cleaved and total caspase-1 in skin sections derived from the Control/IMQ/IMQ + DEX/IMQ + Vehicle/IMQ +
PUN group. (F) The relative mRNA level ofCXCL-1 (left) andCCL-20 (right) in the skin lesions from Control/IMQ/IMQ +DEX/IMQ + Vehicle/IMQ + PUN groups. *p < 0.05,
***p < 0.001, N.S., non-significant. One-way ANOVA with Student-Newman-Keuls method for (A, D, F). Data represent the mean ± S.E.M.
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permeabilization. Consistent with these studies, we also found
that PUN can regulate the expression and secretion of IL-1β
through different pathways. On one hand, PUN can
downregulate the transcription of IL-1β via suppressing NF-κB
activation. On the other hand, PUN can also repress the
maturation and secretion of IL-1β by inhibiting caspase-1-
mediated pro-IL-1β cleavage. These studies indicate that PUN
can function as a potent IL-1β inhibitor to treat various IL-1β-
related diseases.

Although most psoriasis-associated studies have mainly
focused on the imbalance of T helper 17 cells (Th17) and
regulatory T cells (Treg), emerging studies indicate that
keratinocytes also play a pivotal role in the initiation and the
amplification of psoriasis (Greb et al., 2016). For example, Lande
et al. (2014) showed that the antimicrobial peptide LL37, which is
released from keratinocyte, can serve as an autoantigen to trigger
the initial immune responses in psoriasis. Moreover, Hawkes and
others proposed a feedback loop of “Dendritic cell—Th17 cell -
Keratinocytes” in 2017 (Hawkes et al., 2017). In this “feed-
forward” model, the activated myeloid dendritic cells produce
IL-23 and IL-23 acts on Th17 cells to produce IL-17 cytokines.
Then, these IL-17 cytokines (such as IL-17A) can stimulate
keratinocytes to release a variety of cytokines, chemokines and
antimicrobial peptides. These newly released antimicrobial
peptides can further trigger the onset of psoriasis. In addition,
the cytokines (such as IL-1β) and chemokines (such as CCL-20),
which are released from keratinocytes upon IL-17A stimulation,
can further amplify local inflammatory responses by increasing
dermal IL-17 producing γδ T17 cell expansion. Taken together,
these studies suggest that keratinocyte is a critical player in the
pathogenesis of psoriasis (Ni and Lai, 2020). Given the important
pathogenetic roles of keratinocytes in psoriasis, targeting
keratinocyte might be a new therapeutic way for the treatment
of psoriasis. Our studies showed that PUN can block this

feedback loop of “Dendritic cell—Th17 cell—Keratinocytes” by
downregulating the excessive expression of IL-1β and repressing
the subsequent IL-1β-triggered inflammatory cascade in
keratinocytes. Ultimately, this inhibition of “Dendritic
cell—Th17 cell—Keratinocytes” feedback loop contributes to
the pharmacological effects of PUN on psoriasis.

Recently, An et al. (2020) and Ge et al. (2021) reported that
PUN can ameliorate diabetic nephropathy and collagen-induced
arthritis by attenuating nucleotide-binding oligomerization
domain, leucine-rich repeat and pyrin domain containing
protein 3 (NLRP3)/caspase-1/gasdermin D (GSDMD)-
mediated pyroptosis, respectively. Since that pyroptosis is a
form of programmed cell death characterized by gasdermin
family protein-mediated pore formation, cellular lysis and the
release of IL-1β, Broz et al. (2020) and Liu X. et al. (2021) propose
an idea that PUN is also a pyroptosis inhibitor. Given the
pharmacological effects of PUN on psoriasis in our study, it
will be really interesting to determine whether pyroptosis is also
involved in the pathogenesis of psoriasis. The relation between
pyroptosis and psoriasis may expand our understanding of
pathogenesis of psoriasis.

In summary, we demonstrated that PUN alleviates psoriasis by
suppressing excessive IL-1β expression and secretion.
Mechanistically, functional inhibition of the NF-κB activation
and cleaved caspase-1 expression contributes to the anti-psoriatic
effects of PUN (Figure 4). Our findings suggest that punicalagin
might be a promising therapeutic agent for the treatment of
psoriasis in future.
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represses IL-1β-mediated inflammatory cascade in vitro and in vivo.
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Medicinal Plant Extracts and Natural
Compounds for the Treatment of
Cutaneous Lupus Erythematosus: A
Systematic Review
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Kelly N. Haas4 and Jillian M. Richmond1*
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Cutaneous lupus erythematosus (CLE) is a group of autoimmune connective tissue
disorders that significantly impact quality of life. Current treatment approaches typically
use antimalarial medications, though patients may become recalcitrant. Other treatment
options include general immunosuppressants, highlighting the need for more and more
targeted treatment options. The purpose of this systematic review was to identify potential
compounds that could be repurposed for CLE from natural products since many
rheumatologic drugs are derived from natural products, including antimalarials. This
study was registered with PROSPERO, the international prospective register of
systematic reviews (registration number CRD42021251048). We comprehensively
searched Ovid Medline, Cochrane Library, and Scopus databases from inception to
April 27th, 2021. These terms included cutaneous lupus erythematosus; general plant,
fungus, bacteria terminology; selected plants and plant-derived products; selected
antimalarials; and JAK inhibitors. Our search yielded 13,970 studies, of which 1,362
were duplicates. We screened 12,608 abstracts, found 12,043 to be irrelevant, and
assessed 565 full-text studies for eligibility. Of these, 506 were excluded, and 59 studies
were included in the data extraction. The ROBINS-I risk of bias assessment tool was used
to assess studies that met our inclusion criteria. According to our findings, several natural
compounds do reduce inflammation in lupus and other autoimmune skin diseases in
studies using in vitro methods, mouse models, and clinical observational studies, along
with a few randomized clinical trials. Our study has cataloged evidence in support of
potential natural compounds and plant extracts that could serve as novel sources of active
ingredients for the treatment of CLE. It is imperative that further studies inmice and humans
are conducted to validate these findings.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?
RecordID=251048.

Keywords: cutaneous lupus erythematosus (CLE), natural compounds, medicinal plant extracts, traditional Chinese
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1 INTRODUCTION

Cutaneous lupus erythematosus (CLE) is a spectrum of
autoimmune connective tissue disorders that causes a
significant health burden. In addition to being a symptom of
systemic lupus erythematosus (SLE), CLE can exist as its entity.
Patients report negative impacts on mental health, employment,
and overall health (Klein et al., 2011; Ogunsanya et al., 2020). CLE
can be triggered by exposure to UV light, and photosensitivity can
trigger flares both in the skin and systemically. Sun avoidance also
impacts the quality of life, and patients often require vitamin D
supplementation. Controlling skin disease can prevent SLE flares,
providing further evidence of a link between the skin, the immune
system, and other organs in the body. The most recent FDA-
approved treatments for SLE were Benlysta (belimumab) in 2011
and Saphnelo (anifrolumab-fnia) in 2021. There is a need for
more treatment options to address the clinical and
immunological heterogeneity of lupus and CLE.

Antimalarial compounds, which are used to treat the majority
of CLE patients (Hejazi and Werth, 2016), are plant-derived.
Quinine from Cinchona tree (Cinchona officinalis L. [Rubiaceae])
bark extract was used by Peruvian peoples to treat fevers.
Europeans determined how to create synthetic derivatives,
including chloroquine and hydroxychloroquine (Plaquenil),
which are used today to treat systemic and cutaneous lupus
patients (Achan et al., 2011). Similarly, other successful

treatments for rheumatologic and autoimmune skin
conditions, including SLE and CLE, are purified from, or
synthetic derivatives of, naturally occurring compounds.
Mycophenolate mofetil (CellCept), which is used to treat
discoid lupus in addition to several other conditions, is
derived from the fungi Penicillium stoloniferum, P.
brevicompactum, and P. echinulatum (Allison, 2005).
Cyclosporine A is used to treat rheumatoid arthritis and
psoriasis, and is produced by fermentation of the fungus
Trichoderma polysporum (currently identified as
Tolypocladium inflatum) (Kuhn et al., 2011). Tacrolimus (FK
506), a calcineurin inhibitor used to treat skin conditions
including CLE, is derived from the soil bacterium Streptomyces
tsukubaensis (Sárdy et al., 2009). Figure 1 summarizes the
currently used CLE treatments derived from natural products
and their targets. Other rheumatologic conditions have been
treated with folk medicine (Salmón, 2020), herbalism (Yarnell
and Abascal, 2008), and Traditional Chinese Medicine (TCM)
(Chang et al., 1997; Ma et al., 2016; Wang Y. et al., 2021).

Based on the previous successes of natural compounds for the
treatment of rheumatologic conditions, we hypothesized that
other plant extracts and natural compounds could provide
active ingredients that could be developed specifically for CLE
treatment. To this end, our objective was to perform a systematic
review of medicinal plant extracts and natural compounds to
identify those with demonstrated efficacy for lupus and/or skin

FIGURE 1 | Current CLE treatments derived from natural compounds. Antimalarials are originally derived from the bark of the Cinchona tree. The active ingredient
quinine is a TLR inhibitor that provides relief and maintenance therapy for CLE patients. Cyclosporine A (CsA) is also used to treat CLE, which is derived from the
fermentation of the fungus Tolypocladium inflatum and related species. CsA prevents cytokine production (mainly IL-2) and subsequent T cell activation. Mycophenolate
mofetil (CellCept) is also fungal-derived from Penicillium species, and its mechanism of action is to deplete guanosine nucleotides preferentially in T and B
lymphocytes, which ultimately prevents proliferation, antibody formation, and cell-mediated immunity. Created with BioRender.com.
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diseases that are not currently used to treat CLE. Our long-term
goal is to repurpose these compounds for the treatment of CLE.

2 METHODS

2.1 Protocol and Registration
This study was registered with PROSPERO, the international
prospective register of systematic reviews (registration number
CRD42021251048), and followed the guidelines set forth by the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (Liberati et al., 2009).

2.2 Search Strategy
A comprehensive literature search was conducted by a medical
librarian on April 27th, 2021, using the following bibliographic
databases from inception: Ovid MEDLINE® (ALL-1946 to
Present); Cochrane Library (Wiley); and Scopus (Elsevier). No
article type, date, or language restrictions were included in the
search. Controlled vocabulary and keywords for cutaneous lupus
erythematosus; general plant, fungi, and bacteria terminology;
selected plants and plant-derived products; selected antimalarials;
and JAK inhibitors. We used adjacency searching to ensure that
we would still capture relevant studies even if terms were listed in
a different order. The latter search terms were included to capture
historical literature about antimalarials from Cinchona tree
(Cinchona officinalis L. [Rubiaceae]) and JAK inhibitors from
green tea (Camellia sinensis (L.) Kuntze), though ultimately
manuscripts that only discussed synthetic derivatives were
excluded. The entire Ovid MEDLINE search strategy is
available in Supplementary Table 1.

2.3 Eligibility Criteria
To be eligible, articles had to meet the following inclusion criteria:
1) studies involving cutaneous lupus erythematosus; 2) studies
involving herbalism, plant derivatives, or natural compounds
(derived from plants via extraction, expression, or distillation
without intentional chemical reaction or modification). Exclusion
criteria included: 1) any synthetic products, including any
pharmaceutical-grade products that are derivatives of natural
products; 2) studies of diseases that were not skin diseases; 3)
studies of diseases that were not rheumatologic diseases with
related pathogenesis (studies of SLE or related interferonopathies
were considered if they met other inclusion criteria); and 4)
studies in a language other than English.

Exclusion criteria for full-text review included the following: 1)
duplicate article; 2) discusses a natural compound that causes
SLE; 3) addressed a natural compound, but not pertinent to CLE
or other inclusion criteria; 4) studies involving
hydroxychloroquine or related compounds; 5) full article not
available in all libraries for interlibrary loan request; 6) full text
not in English; 7) did not address specific natural compounds and
plant extracts.

2.3.1 Article Types
Article types included from the full-text review were randomized
control trials, non-randomized experimental studies, case-control

studies, cohort studies, cross-sectional studies, comparative
studies, systematic reviews, observational studies, prevalence
studies, open-label trials, in vitro experiments, ex vivo studies,
and mouse studies. Review articles, editorials, and text/opinion
pieces were excluded in the full-text review.

2.3.2 Participant Types
Studies included human participants with CLE/SLE, human
peripheral mononuclear cells of CLE/SLE/healthy patients,
lupus-prone rodents, and human keratinocyte cell lines (Refer
to Table 1). We included a broad range of study types per our
PROSPERO registration due to the fact that this is a very under-
studied area and we wanted to capture a large list of potential
compounds.

2.4 Methodological Quality Assessment
We assessed the risk of bias using the ROBINS-I tool (Sterne
et al., 2016). Our quality assessment template included the
following metrics: 1) Bias in selection of participants: Was
the selection of participants into the study (or into the
analysis) based on participant characteristics observed after
the start of intervention?; 2) Bias due to deviations from
intended interventions: What is the predicted direction of
bias due to deviations from the intended interventions?; 3)
Bias due to missing data: What is the predicted direction of
bias due to missing data?; 4) Bias in measurement of outcomes:
What is the predicted direction of bias due to measurement of
outcomes?; 5) Bias in selection of the reported result: What is the
predicted direction of bias due to selection of the reported
result?; 6) Bias in the classification of interventions: What is
the predicted direction of bias due to classification of
interventions?; 7) Risk of bias due to confounding: is there
potential for confounding of the effect of the intervention in this
study?; 8) Overall bias - the risk of bias judgment: What is the
overall predicted direction of bias for this outcome? (Refer to
Supplementary Table S2).

2.5 Data Extraction
Our data extraction template included the following entries for
reviewers to complete: 1) study ID; 2) title; 3) country in which
the study was conducted; 4) notes; 5) aim or objective of the
study; 6) study design (e.g., randomized clinical trial, case report,
etc.); 7) publication date; 8) study funding sources; 9) possible
conflicts of interests for study authors; (10) participants -
population description (mice, humans, cell lines, etc.); 11)
inclusion criteria; 12) exclusion criteria; 13) the total number
of participants; 14) total number of experimental repeats; 15)
plants/compounds/extracts tested; 16) active ingredients tested (if
known); 17) controls used (e.g., vehicle, positive controls,
negative controls, etc.); 18) primary outcome - cutaneous
findings - Was the treatment efficacious (yes/no)? Statistically
significant (yes/no)? 19) primary outcome - inflammation - Was
the treatment efficacious (yes/no)? Statistically significant (yes/
no)? (20) Primary outcome - other organ systems (e.g., kidney,
brain, etc.).

Was the treatment efficacious (yes/no)? Statistically significant
(yes/no)?
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TABLE 1 | Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

Vitamins
Vitamin D (cholecalciferol) Vitamin D levels <40 nmol/

L associated with rise in
SLEDAI-2K

Vitamin D Human Cohort Study
on SLE patients

• There was a significant inverse
correlation of SLEDAI-2K with
baseline vitamin D level and
with vitamin D
supplementation

Yap et al. (2015)

N/A Vitamin D Human Cross Sectional
Study on CLE patients
and Healthy African
American subjects

• Demonstrated that skin color
(African American vs
caucasian/Hispanic) had a
significant effect on 25-OH
vitamin D levels though CLE
status (CLE vs normal) did not

Word et al.
(2012)

N/A Vitamin D Human Comparative
Study on CLE patients

• Vitamin D deficiency in
patients with CLE was
prevalent throughout the year

Heine et al.
(2010)

1,400 IU of cholecalciferol,
plus 1,250 mg of calcium
carbon-ate, per day for
40 days, followed by a
tablet twice aday of a fixed
combination of 1,250 mg
of calciumcarbonate and
400 IU of cholecalciferol
for 1 year of treatment

Vitamin D Stage 1: Patients with
CLE who were
compared to age- and
sex-matched
unaffected subjects
recruited from
healthcare workers and
adults accompanying
the patients who
attended clinic in
summer 2008

• Presence of CLE raised the
odds of having vitamin D
deficiency (OR 3.47, 95% CI
1.79-6.69)

Cutillas-Marco
et al. (2014)

Stage 2: CLE patients
with vitamin D
insufficiency who were
treated with and
without vitamen D

• Increasing age and disease
duration were associated with
higher odds of having vitamin
D deficiency

• Significant improvement in
disease activity according to
physician and patient
assessments

• CLASI A decreased from 2.7
±2.9 to 0.9 ± 1.4 (p = 0.003),
but CLASI D did not
significantly change

• There was a consistent trend
towards a lower number of
exacerbations per year in the
treatment group, however this
was not statistically significant

N/A Vitamin D Human Cohort Study
on CLE patients

• 25(OH)D levels were
significantly lower among sun
avoiders and daily sunscreen
users, while significantly higher
values were found among
those who took cholecalciferol
(vitamin D3) supplements

Cusack et al.
(2008)

• Low vitamin D values were
recorded among patients with
renal disease despite
supplementation with vitamin
D3 in some cases

50 nM of 1,25
dihydroxyvitamin D3

Vitamin D SLE Peripheral blood
mononuclear cells
(PBMCs)

• Significantly downregulated
the expression of TLR3, TRL7,
and TRL9

Yazdanpanah
et al. (2017)

N/A Vitamin D Patients with CLE
attending the outpatient
clinics at two
dermatology centres in
Singapore from
October 2009 to
February 2013

• Asian CLE patients had
significantly lower vitamin D

Gronhagen
et al. (2016)

• No significant differences in
(25(OH)D) levels were found
between cases and controls
regarding age, sex, ethnicity,
smoking, sun exposure,
sunblock use or vitamin D
supplementation

• Treatment with antimalarials
showed a statistically

(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

significant association with
lower vitamin D levels

Oil
Eicosapentaenoic acid (EPA) 3 g Fish Oil Human Randomized

Control Trial on SLE
patients

A decline in SLAM-R score in
those subjects taking fish oil
compared to placebo. No
significant effect on SLAM-R was
observed in subjects taking
copper. Laboratory variables
were unaffected by either
intervention

Duffy, et al.:
(2003)

Phenolic Fraction containing (Hydroxytyrosol,
Tyrosol,Vanillic acid, P-coumaric acid,
Decarboxymethyl oleuropein aglycone
(dialdehyde), Tyrosyl acetate, Decarboxymethyl
ligstroside aglycone (dialdehyde), Pinoresinol,
Cinnamic acid, Acetoxy-pinoresinol, Oleuropein
aglycone. aldehyde form, Ligstroside aglycone.
dialdehyde form, Luteolin, Apigenin) ---No sigle
active ingredient was reported Mostly contains
Hydroxytyrosol

10 uM Phenolic fraction (PE) of Extra Virgin
Olive Oil (EVOO)

Human peripheral
blood mononuclear
cells from SLE patients
and healthy controls --
in vitro

• ↓ the frequency of CD69+ cells
and the secretion of IFN-
gamma, TNF-alpha, IL-6, IL-1,
and IL-10

Aparicio-Soto
et al. (2017)

• ↑ the expression of I-kappa-B
on peripheral blood
mononuclear cells

• ↓ extracellular signal-regulated
kinase phosphorylation on
peripheral blood mononuclear
cells

Omega 3 Fatty acid and Cholecalcipherol 500 ul Seluang fish oil Human Randomized
Control trial on SLE
patients

• The administration of Seluang
fish oil was clinically able to
show efficacy assessed by the
MEX SLEDAI score

Partan et al.
(2019)

• ↑ in vitamin D levels
• ↓ in levels of IL-1, IL-6 and

IL-17

Eicosapentaenoic acid (EPA) and
Docosahexaenoic acid (DHA)

2.25 g EPA and
2.25 g DHA

Fish Oil Human SLE patients • Significant improvement of
Physician Global
Assessment (PGA)

Arriens et al.
(2015)

• Improved RAND SF-36
Energy/fatigue and Emotional
well-being scores

• No clear difference was seen
in Fatigue Severity Scale (FSS)

• No clear difference was seen
in SLE Disease Activity Index
(SLEDAI)

• ↓** erythrocyte sedimentation
rate and serum IL-12

• ↑** serum IL-13
1.8 g eicosapenta-noic
acid (EPA) and 1.2 g
docosahexanoic
acid (DHA)

Omega-3-polyunsaturated fatty
acids

Human Randomized
Control Trial on SLE
patients

• ↓ in SLAM-R at 12 weeks and
24 weeks of intervention

Wright et al.
(2008)

• ↓ in the individual scores at
12 weeks for constitutional
symptoms and joints and at
24 weeks in constitutional
symptoms, integument,
neuromotor and joint scores

• ↓ BILAG in the general
symptoms, cutaneous,
musculoskeletal,

(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

cardiorespiratory, and
vasculitis scores

Plants
Aconitine 25, 75 μg kg−1 day−1, po Aconitum lamarckii Rchb. ex

Spreng. [Ranunculaceae]
Female BALB/c mice ↓ Elevated blood leukocyte

counts
Li et al. (2017)

↓ Serum level of anti-double-
stranded DNA (anti-dsDNA)
antibody
↓ IgG deposit in glomerular
ameliorating renal histopathology
↓ Levels of PGE2, IL-17a and IL-6

Artemisin compound 1 mg Artemisia annua L. [Asteraceae] Mice and in vitromouse
cell assays

↓** Concanavalin A (Con A) and
lipopolysaccharide (LPS)-
stimulated splenocyte
proliferation in vitro

Musallam et al.
(2009)

↓** Con A-, LPS- and ovalbumin
immunized mice (OVA)-induced
splenocyte
↓ OVA-specific serum IgG, IgG1
and IgG2b antibody levels in the
OVA-immunized mice

SM934 (beta-Aminoarteether maleate) 5 mg/kg Artemisia annua L. [Asteraceae] Female MRL/lpr mice
and PBMCs

• ↑** The lifespan of MRL/lpr
mice and ameliorated the
lymphadenopathy symptoms

Wu et al. (2016)

• ↓** Levels of serum anti-
nuclear antibodies (ANAs)

• ↓** IL-6, IL-10, and IL-21
• ↑ Quiescent B cell numbers

thereby restoring the B-cell
compartment in the spleen of
MRL/lpr mice

• Maintained germinal center
B-cell numbers

• ↓ Activated B cell numbers
• ↓ Plasma cell (PC) numbers
• Suppressed the Toll-like

receptor (TLR) ex-vivo
• Triggered activation and

proliferation of B cells and
antibody secretion ex-vivo

• Downregulated TLR7/9
mRNA expression, MyD88
protein expression and NF-κB
phosphorylation thereby
interfering with the B-cell
intrinsic pathway

• Inhibited TLR-associated
B-cell activation and PC
differentiation in human
peripheral blood mononuclear
cells (PBMCs)

Celastrol (tripterine) TNFα induced NET - IC50
of 0.34 µM

Tripterygium wilfordii Hook.f.
[Celastraceae]

Human PBMCs from
patients and controls

• Inhibits neutrophil oxidative
burst (NOB) and Neutrophil
extracellular traps (NETs)
formation induced by tumor
necrosis factor alpha (TNFα)

Yu et al. (2015)

Ova IC induced NET -
IC50 of 1.53 µM

• Inhibits NOB and NET
formation induced by
immunoglobulin G (IgG)
purified from RA and SLE
patient sera

• Downregulates the activation
of spleen tyrosine kinase
(SYK), mitogen-activated
protein kinase kinase
(MAPKK/MEK), extracellular-
signal-regulated kinase (ERK),
and NFκB inhibitor alpha
(IκBα), and citrullination of
histones

(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

Curcumin/Turmeric 5 mg/ml Curcuma longa L. [Zingiberaceae] BALB/c mice • ↓** binding of autoantibodies
to their cognate antigens by up
to 70% in systemic lupus
erythematosus

Kurien et al.
(2010)

• Inhibition was not specific to
autoimmunity

• Inhibited binding of
commercial polyclonal anti-
spectrin to spectrin

Curcumin 200 mg/kg Curcuma longa L. [Zingiberaceae] Female MRL/lpr mice • ↓ Proteinuria and renal
inflammation

Zhao et al.
(2019)

• ↓ Serum anti-dsDNA levels
and spleen size

• ↓ NLRP3 inflammasome
activation in lupus-prone mice

• Significantly inhibited anti-
dsDNA+ serum induced
expression of NLRP3
inflammasome in podocytes
in vitro

Curcumin Quercetin 10 mg/ml of Curcumin
and Quercetin in each
vesicle

Curcumin and Quercetin
[Sigma–Aldrich (Milan, Italy)]

Female Hsd:ICR (CD-1)
mice

• Quercetin and curcumin
nanovesicles in counteracting
phorbol ester 12-O-
tetradecanoylphorbol-13-
acetate (TPA) induced lesions
and inflammation in vitro and in
vivo

Castangia et al.
(2014)

• Quercetin liposomes (59%)
and curcumin liposomes and
polyethylene glycol (PEG)-
PEVs (~ 68%) inhibited
myeloperoxydase activity

• PEG-PEVs provided an
extensive re-epithelization of
TPA-damaged skin, with
multiple layers of thick
epidermis

Icaritin 2 mg/kg daily Epimedium alpinum L.
[Berberidaceae]

Human SLE peripheral
blood mononuclear
cells, MRL/lpr mice

• Regulating Foxp3/IL17a
balance by ↑ STAT5b
expression and histone
methylation modification

Liao et al. (2016)

• ↑ Treg cell suppressive
activities

• Inhibited over-activation of
CD4 (+) T cells from SLE

• Ameliorated renal damages
No active compound isolated - structure not

available
500 mg/body weight
(BW)/12 weeks

Camellia sinensis (L.) Kuntze
[Theaceae]

C57BL/6 mice • ↑ energy expenditure of high-
fat diet-fed mice (16 weeks)

Otton et al.
(2018)

• ↓ weight gain
• ↓ adiposity
• ↓ inflammation
• ↑ insulin sensitivity

(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

• ↓ the expression of miR-335 in
the adipose tissue

• miR-335 was up-regulated by
TNF-α in adipocytes and, in
turn, down-regulated genes
involved in insulin signaling
and lipid metabolism. On the
other hand, GT

• Inhibited TNF-α up-regulation
of miR-335

No active compound isolated - structure not
available

50 and 100 μg/ml Illicium verum Hook.f.
[Schisandraceae]

HaCaT cell line • Significantly inhibited IFN-γ-
induced mRNA and protein
expression of ICAM-1

Sung and Kim.
(2013)

• Inhibited IFN-γ-induced IFN-
γRα, pJak2 and pSTAT1
expression in HaCaT cells

• Up-regulated SOCS1
• Suppressed IFN-γ-induced

adherence of Jurkat T cells to
HaCaT cells and ICAM-1
expression on the cell surface

Enmein 6.25 to 25 µg/ml Isodon serra (Maxim.) Kudô
[Lamiaceae]

BALB/c mice,
splenocytes, xylene-
induced mouse
tumescence?

• Suppressed murine splenic T
lymphocytes overproduction
stimulated by Concanavalin A

Zhang et al.
(2005)

• ↓ normal sleep lymphocytes
than the stimulated ones

• Interfered with DNA replication
in G1-S stage

• Regulated cell cycle
• ↓ murine ear swelling extent
• ↓ level of IL-2 in blood serum

Oridonin 9 mg/kg Isodon serra (Maxim.) Kudô
[Lamiaceae]

MRL/lpr mice and
RAW264.7 cells

• ↑ survival benefit in vivo Zhou et al.
(2013)• ↓ proteinuria levels in vivo

• ↓ production of specific auto-
antibodies

• ↓ renal damage
• Significantly down-regulated

BAFF resulting in a lower rate
of B-cell maturation and
differentiation

• Suppressing the
transcriptional activation of
BAFF promoter

Isogarcinol 30–60 mg/kg Garcinia mangostana L.
[Clusiaceae]

Female DBA/2 and
BDF1 mice

• ↓** proteinuria Li et al. (2015)
• ↓ the amount of serum

antibodies
• ↓ the renal histopathology

score
• Alleviated the abnormal

activation of CD4 T cells
• ↓ expression of inflammatory

genes and cytokines in the
kidneys and peritoneal
macrophages

(S) - Armepavine 5 and 10 mg/kg/day Nelumbo nucifera Gaertn.
[Nelumbonaceae]

Female MRL/MpJ-lpr/
lpr mice and healthy
human PBMCs

• ↓expression of IL-2, IL-4, IL-
10, and interferon-gamma
(IFN-gamma)

Liu et al. (2006)

• ↓glomerular hypercellularity
and immune complexes
deposition

• ↓urinary protein and anti-
double-stranded DNA
autoantibody production

• Impaired IL-2 and IFN-gamma
transcripts in human
peripheral blood mononuclear
cells (PBMCs)

• Prevented lymphadenopathy
(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

• Elongated life span of MRL/
MpJ-lpr/lpr mice

• Inhibited splenocytes
proliferation

Paeoniflorin 75 or 150 mg/kg/day Paeonia lactiflora Pall.
[Paeoniaceae]

Human ex vivo PBMCs,
BALB/c mice

• ↓ human T lymphocytes
activation via inhibition of
interferon-gamma (IFN-γ)
production and NF-κB/IκBα
and p38 MAPK signaling
pathway in vitro.

Wu et al. (2021)

• Inhibited the production of
IFN-γ and NF-κB/IκBα
pathway in T lymphocytes of
Allergic Contact Dermatitis in
mouse model

• Immunosuppressive and anti-
inflammatory

Paeoniflorin 70 mg/kg or 140 mg/kg Paeonia lactiflora Pall.
[Paeoniaceae]

Kun Ming mice
(outbred)

• Significantly inhibited
cutaneous inflammation in
mice with allergic contact
dermatitis

Wang et al.
(2013)

• ↓ thymocyte proliferation in the
mice with ACD.

• ↑ IL-4 and IL-10 production
• ↓ IL-2 and IL-17 levels in the

serum, and in thymocyte and
splenocyte culture
supernatants

• IL-2 and IL-17 levels in the
serum displayed a significant
positive correlation with the
severity of skin inflammation

• IL-4 and IL-10 levels were
negatively correlated with the
severity of inflammation

Paeoniflorin 10, 20, 100, and
200 μmol/L

Paeonia lactiflora Pall.
[Paeoniaceae]

Female MRL/lpr mice • ↓ the phosphorylation of
IRAK1 and its downstream
proteins induced by LPS.

Ji et al. (2018)

• Inhibited the expression of
TNF-α and IL-6

Secoiridoids - structure not available 100 mg/kg Olea europaea L. [Oleaceae] BALB/c mice that were
12 weeks old

Oleuropein (OL) showed
antioxidant, anti-inflammatory,
and immunomodulatory
properties suggesting a potential
application in a large number of
inflammatory and reactive
oxygen species (ROS)-mediated
diseases

Castejon et al.
(2020)

Pycnogenol (PYC) - structure not available 120 mg/day for 30 days
and 60 mg/day for the
following 30 days

Pinus pinaster Aiton [Pinaceae] SLE patients • ↓** ROS production,
apoptosis, p56 (lck) specific
activity, and erythrocyte
sedimentation rate

Stefanescu
et al. (2001)

• ↓** SLEDAI in the treated
group compared to the control
group

25 ug/ml Pinus pinaster Aiton [Pinaceae] Human keratinocyte
cell line, HaCaT

• Significantly inhibited IFN-
gamma induced adherence of
T cells to HaCaT cells

Bito et al. (2000)

• Intercellular adhesion
molecule-1 (ICAM-1) plays a
major role in the IFN-gamma-
induced adherence of T cells
to keratinocytes

(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

• Significantly inhibited IFN-
gamma-induced expression
of ICAM-1 expression in
HaCaT cells

• Inhibited IFN-gamma-
mediated activation of STAT1,
thereby suggesting a
transcriptional regulation of
inducible ICAM-1 expression
by PYC.

Quercitrin 80 mg/kg Fagopyrum tataricum (L.) Gaertn.
[Polygonaceae]

Female DBA/2 and
BDF1 mice, cGVHD
mice

• ↓ number of serum antibodies,
CD4+ T cell activation, as well
as the expression levels of
T-bet, GATA-3, and selected
cytokines

Li et al. (2016)

• ↓ expression of inflammatory
genes and cytokines in the
kidney, and in peritoneal
macrophages

• Inhibited LPS-induced
cytokines and the
phosphorylation of ERK, p38
MAPK, and JNK in Raw264.7
cells

• Ameliorated the symptoms of
lupus nephritis in the cGVHD
mouse model possibly by the
inhibition of CD4 T cell
activation and anti-
inflammatory effects on
macrophages

Radix Paeoniae Rubra (RPR) - paeoniflorin,
albiflorin, paeonol, gallic acid, catechin and
benzoic acid. (No active compound isolated -
structure not available)

18 ml/kg of body weight Paeonia officinalis L. [Paeoniaceae] MRL/lpr mice and B6
mice

• ↓ proliferation of inflammatory
cells infiltrates in the glomeruli
and interstitial

Wang et al.
(2020)

• ↓ renal damage
• ↓ proteinuria
• ↓** mRNA expression levels of

ICAM-1 and VCAM-1
• ↓** renal

immunohistochemistry
expressions of ICAM-1 and
VCAM- 1

• ↓ renal mRNA expression level
and the
immunohistochemistry
expressions of PECAM-1

Resveratrol (Res-2) and it’s bio-enhancer
piperine (RP1)

Combination of 25 mg/kg
body weight of resveratrol
and 2.5 mg/kg body
weight of piperine or
50 mg/kg body weight of
resveratrol

Piperine is extracted from Mentha ×
piperita L. [Lamiaceae], Resveratrol
can be a plant extract however this
is not specified in this study

Pristane injected BALB/
c mice

• ↓ increased IFN-α, IL-6 and
TNF-α

Pannu and
Bhatnagar.
(2020)• Lipogranulomas associated

with injected pristane were not
observed after RP-1 and high
dose of resveratrol (Res-2)
treatment

• Ameliorated lung
manifestations of lupus

• ↓ proteinuria and creatinine in
urine

• Regulated oxidative stress

Prophylactic Resveratrol (P-res) and
prophylactic Piperine (P-RP)

25 mg/kg of Reverastol
and 2.5 mg/kg of Piperine

Pristane injected BALB/
c mice

• Mitigated oxidative stress
(enzyme activity of catalase,
superoxide dismutase,
glutathione peroxidase, and
level of reduced glutathione,
lipid peroxidation, and reactive
oxygen species)

Pannu and
Bhatnagar.
(2020)

• ↓ IL-6 by 71.60% with P-Res
(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

• ↓** TNF-α by 59.70% with
P-Res and 62.66% with P-RP
(p < 0.05)

• ↓** creatinine level by P-RP
and abrogation of proteinuria
(P-Res and P-RP)

• P-RP ↓ immune complexes in
lungs P-RP and restored
histopathology of the liver

• P-Res extenuated
lipogranulomas,
histopathological
manifestations in kidney, liver,
and lungs, and eliminating
immune complexes in liver and
lungs

• P-RP and P-Res did not
regulate auto-antibody
formation

• P-Res ↓ the susceptibility of
developing pathogenesis in
murine model of lupus-like
disease

• P-RP and P-Res combination
does not prove more
efficacious in preventing
lupus-associated pathologies
than P-Res alone

Astilbin 20 mg/kg every other day Hypericum perforatum L.
[Hypericaceae]

Female MRL/MpJ-
Tnfrsf6lpr (MRL/lpr)
mice

• ↓ splenomegaly/
lymphomegaly, autoantibody
production, and ameliorated
lupus nephritis

Guo et al. (2015)

• ↓** IFN-g, IL-17A, IL-1b, TNF-
a and IL-6

• ↓ spleen CD44 hi CD62L lo
activated T cells and
CD138+B220- plasma cells

• ↓ mitochondrial membrane
potential in activated T cells

• Downregulated expression of
the co-stimulatory molecules
CD80 and CD86 on LPS
stimulated B cells

Sophorae Radix (SR) (No active compound
isolated - structure not available)

5.8 mg/mouse daily Sophora flavescens Aiton
[Fabaceae]

Female NZB/w F1 mice • ↓** proteinuria Ko et al. (2007)
• ↓** anti-dsDNA antibodies in

serum and glomerular
capillaries

• Significant recovery from renal
glomerular damage

• ↑** lymphocyte population
• ↓** interferon-gamma in

splenocyte culture
• Findings suggest SR therapy

alleviates SLE-like symptoms
by correcting Th1/Th2 balance

Tripterygium wilfordii (TW) (No active
compound isolated - structure not available)

45 g per day Tripterygium wilfordii Hook.f.
[Celastraceae]

Humans (females)
with SLE

• Patients receiving TW for more
than 5 years had ↓** BMD
levels compared with those for
less than 5 years

Huang et al.
(2018)

• Prednisone induced BMD was
more severe than TW-
induced BMD.

(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

Celastrol 0.2 mg/kg Tripterygium wilfordii Hook.f.
[Celastraceae]

Trex1−/− mice • Inhibits interferon regulatory
factor 3 (IRF3) activation
thereby down-regulation the
interferon response triggered
by cytosolic nucleic acids
in vitro and in vivo

Liu et al. (2020)

• Ameliorates the autoimmune
phenotypes including
myocarditis, aberrant
interferon response, and
autoantibody production, as
well as the excessive T-cell
activation in the Trex1−/−
autoimmune disease mouse
model

Triptolide 100 μg/kg per day Tripterygium wilfordii Hook.f.
[Celastraceae]

Female MRL/lpr mice • Improved skin damage Huang et al.
(2018)• ↓ serum levels of IFN-γ and

IL-10
• Improved renal

histopathologic characteristics
of MRL/lpr mice

• Downregulated the mRNA
level of TLR9, TLR4, and
NF-κB

Triptolide 10 ng/ml Tripterygium wilfordii Hook.f.
[Celastraceae]

Healthy human
PBMCs, RAW264.7
cells, B6 mouse
peritoneal
macrophages; C/
EBPbeta−/− mice, C/
EBPalpha conditional
KO mice

Zhang and Ma.
(2010)• Triptolide targets CCAAT/

enhancer-binding protein-
alpha (C/EBPalpha), which
then inhibits the transcription
of the p40 promoter in
inflammatory macrophages

• Triptolide can activate the
transcription of C/EBPalpha

• Triptolide activates
phosphorylation of Ser21 and
Thr222/226 critical for C/
EBPalpha inhibition of p40

• Kinases ERK1/2 and Akt-
GSK3beta contributes to
triptolide’s activation of C/
EBPalpha

D3-S1 branched polysaccharide - structure
not available

30 mg·kg−1 day−1 Bupleurum smithii var. parvifolium
R. H. Shan and Y. Li [Apiaceae]

Female MRL-lpr and
BALB/c mice

• Elongated life span
• Improved kidney function
• Delayed lymphadenopathy
• ↓ IFN-γ and IL-6 gene
expression in the kidney

Jiang et al.
(2012)

Fungus
Ganoderma lucidum (LZ) (No active

compound isolated - structure not available)
500 mg/kg/day Ganoderma lucidum (LZ) + San

Miao San (Atractylodes lancea
(Thunb.) DC.
[Asteraceae],Phellodendron
amurense Rupr. [Rutaceae] and,
Achyranthes bidentata Blume
[Amaranthaceae])

MRL/lpr and BALB/c • ↓** concentrations of anti-ds-
DNA in the plasma of
moderate and severe SLE.

Cai et al. (2016)

• Gene expression levels of the
induced regulatory T (iTreg)
and natural Treg (nTreg) cells
were ↑** than those of the
Th17, Th1, and “conventional
Th cells vs Treg cells”
regulated genes following the
LZ-SMS treatment

• ↑** CD4 (+), CD25 (+), Foxp3
(+), Treg cells collected from
the splenic, thymic, and
peripheral blood cells

• ↑** IL-10 (+) and Bregs
collected from the splenic and
thymic cells

• ↑** ratio of CD4 (+), CD25 (+),
Foxp3 (+) and Treg cells to
CD4 (+), CD25 (-) effector
T cells collected from the
splenic, thymic, and peripheral

(Continued on following page)
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

blood cells in LZ-SMS-treated
moderate and severe SLE
mice increased significantly
compared with the untreated
PBS group

• ↓** IL-21, IL-10, and IL-17A
• ↑** IL-2 and IL-12P70

Bacteria
Lactobacillus rhamnosus and Lactobacillus

delbrueckiion + prednisolone
108 bacteria/mice PO daily
via One milliliter of MRS
broth with optical density
(OD) = 1.1 contained 8.8
× 108 bacteria/ml.
Prednisolone (5 mg/kg) in
20 μL

L. delbrueckii (DEL) subsp. lactis
and L. rhamnosus

Female BALB/c mice • Probiotics and prednisolone
could delay SLE with a
reduction in antinuclear
antibody (ANA), anti-double-
stranded DNA (anti-dsDNA),
anti-ribonucleoprotein (anti-
RNP), and mass of
lipogranuloma

Mardani et al.
(2019)

• ↓ IFN-γ, Th1-Th17, and IL-17
• ↓ cytotoxic T lymphocyte (CTL)

cells
Compounds
Macro, Nutraceutics, and Micronutrients Unspecified Dietary Mice and humans • a diet high in fiber,

polyunsaturated fatty acids,
vitamins, minerals, and
polyphenols contain sufficient
macronutrients and
micronutrients can modulate
inflammation and the immune
system of SLE patients

Islam et al.
(2020)

Arsenic trioxide 0.15 mg/kg LUPSENIC was a phase IIa, open-
label controlled, multicentre trial,
evaluating dose-escalation
intravenous ATO in SLE (EudraCT:
2012-002259-40; NCT:
NCT01738360)

Human • ↓ Corticosteroid dosage
requirement after 24 weeks

Hamidou et al.
(2021)

Taxifolin 20 uM Prepared in dimethyl sulfoxide
(DMSO) at concentrations such that
the final concentration of the solvent
in cell suspension never
exceeded 0.1%

Human cell lines
(HaCaT and
keratinocytes)

• Inhibited interferon gamma
(IFN gamma)-induced ICAM-1
protein as well as mRNA
expression in human
keratinocytes

Bito et al. (2002)

• Inhibited the activation of
signal transducers and
activators of transcription
STAT1

• Inhibited the activation of
protein tyrosine
phosphorylation of Janus
kinase (JAK)1

• Inhibited IFN gamma-induced
ICAM-1 expression in a
reconstructed human skin

N-acetylcysteine 250 mg/kg/day via
drinking water

Not specified C57BL/6, MRL+/+ and
MRL/lpr mice

• ↓ Rikenellaceae Wang et al.
(2021)• ↑ Akkeransiaceae,

Erysipelotrichaceae and
Muribaculaceae

• Attenuated the systemic
autoimmunity in MRL/lpr mice

Sodium butyrate 320 mg/kg, 0.1 ml/10 g
body weight three times
per weekly

Sodium butyrate (Sigma-Aldrich,
United States)

Female MRL/lpr mice
and BALB/c wild-type
mice

• ↑** abundance of Firmicutes,
Clostridia, Clostridiales,
Lachnospiraceae,
Ruminococcaceae,
Peptostreptococcaceae,
Ruminiclostridium,
Oscillibacter, Romboutsia,
Lachnoclostridium,
Coprococcus,
Ruminococcus, Clostridium
leptum, and Dorea_spp

He et al. (2020)

• ↓** in proportion of
Bacteroidetes, Bacteroidia,
and Bacteroidales
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TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

• Butyrate supplementation
ameliorated gut microbiota
dysbiosis characteristic
of SLE.

Tetraarsenic tetrasulfide 1,000 mg/g body weight
by oral

Not specified BXSB mice • Significantly improved
monocytosis in spleen

Zhao et al.
(2013)

• ↓** serum IL-6
• Ameliorated skin, liver, and

renal disease with mild side
effects

• Suppressed immune complex
deposition, mesangial
proliferation and inflammatory
cell infiltration in kidney and
liver

Ethyl pyruvate 100 mg/kg Not specified Female SLE patients
between 13 and
43 years of age bone
marrow supernatant
and female MRL/lpr
mice

• Alleviated the clinical aspects
of lupus nephritis

Ji et al. (2019)

• ↑ survival of MRL/lpr mice
• Reversed the senescent

phenotype of bone marrow
mesenchymal stem cells from
MRL/lpr mice

Herbal formula
Specific active chemical compounds was not

mentioned in article
1.2 g/kg PO daily Sairei-to = 12 herbal ingredients:

bupleuri radix, pinelliae tuber,
scutellariae radix, ginseng radix,
glycyrrhizae radix, zizyphi fructur,
zingiberis rhizoma, atractylodis
lanceae rhizoma, polypourus,
alismatis rhizoma, hoelen and
cinnamoni cortex

MRL/lpr mice ↓ IgG deposition at the dermo-
epidermal junction, titers of anti-
DNA antibodies and rheumatoid
factor, and lymphoproliferation

Kanauchi et al.
(1994)

Specific active chemical compounds was not
mentioned in article

250 mg/kg PO daily Longdan Xiegan Tang (LXT) = 10
ingredients: Gentiana rigescens
Franch, Scutellaria baicalensis
Georgi, Gardenia jasminoides

MRL/lpr mice • ↑ splenic CD3+CD4+,
CD3+CD8+, and CD4+CD25+

T cells

Lee and Chang.
(2010)

Ellis, Alisma orientalis (Sam.) Juzep,
Clematis Montana Buch.-Ham.,
Plantago asiatica L, Angelica
sinensis (Oliv.) Diels, Rehmannia
glutinosa Libosch, Bupleurum
chinense DC, and Glycyrrhizae
uralensis Fisch

• ↓ IFN-gamma, TNF-alpha,
anti-dsDNA antibody

• ↓ IgG immune complex
deposits in the glomeruli

• Restored kidney glutathione
levels, thereby limiting the toxic
effects of the inflammatory
mediators iNOS and COX-2,
which are overproduced in
MRL/lpr mice

• Up-regulated
phosphoglycerate kinase 1

• Down-regulated ferritin light
chain 1, selenium-binding
protein 2, and alpha-enolase

• ↓ oxidative stress associated
with disease progression in
MRL/lpr mice

Loganin and paeoniflorin Sachet of granules (10 g)
in 200 ml of hot water;
orally
Twice daily for 12 weeks

Zi Shen Qing (ZSQ) =
Radixastragali, Rehmannia
glutinosa libosch, Fructus Corni,
Paeonia lactiflora, Herba Hedyotis
Diffusae, and Cortex Moutan
Radicis

SLE patients with
SLEDAI of 5–14

• ↓** SLEDAI-2000 Zhong et al.
(2013)• Improved the withdrawal

dosage of corticosteroids and
the incidence of disease
flare-up

(Continued on following page)
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3 RESULTS AND CONTEXT OF INCLUDED
STUDIES

3.1 Characteristics of Included Studies
Our search was conducted as outlined in the Methods and
Supplementary Full Ovid Medline Search Strategy. This
yielded 13,970 studies, of which 1,362 were duplicates. We
screened 12,608 abstracts, of which 12,043 were irrelevant,
leaving 565 full-text studies we assessed for eligibility. Of
these, 506 were excluded for the following reasons: 220 were
not pertinent to Cutaneous Lupus, 132 addressed a natural
compound but not pertinent to cutaneous lupus, 62 full texts
not in English, 37 did not address specific natural compounds and
plant extracts, 41 full articles and references not available, 11
HCQ, 4 discussed natural compound that causes SLE. A total of

59 studies were included for data extraction. A PRISMA flow
diagram outlining our systematic review process is presented in
Figure 2.

3.2 Consensus Risk of Included Studies
The inter-rater reliability, the extent of agreement among data
collectors, was assessed using Cohen’s kappa. Cohen’s Kappa, a
metric often used to assess the agreement between two raters, was
performed during the abstract/title screening and the full-text
review (McHugh, 2012). The review of the title/abstract screening
conducted by JEL and ASJ resulted in a Cohen’s Kappa of 0.539,
indicating moderate agreement (McHugh, 2012). The reviews
conducted by JEL and JMR together resulted in a Cohen’s Kappa
of 0.454, indicating moderate agreement (McHugh, 2012). In the
full-text review, article assessments conducted by JEL and ASJ

TABLE 1 | (Continued) Synthesized findings for potential bioactive compounds for CLE.

Active compound Effective dose Source Experimental system Mechanism(s) of
action/Outcomes

Reference

Specific active chemical compounds was not
mentioned in article

2.7 g of LWDHW and
125 mg of Dan-Chi
San three times daily

Dan-Chi-Liu-Wei combination
(DCLWC) + prednisolone

SLE patients with
SlEDAI of 2–12

• ↓ SLEDAI score in the
experimental group

Liao et al. (2011)

• Adding-on DCLWC to
conventional therapy for the
treatment of SLE was safe and
might have a borderline effect
in decreasing disease activity,
but it was not possible to taper
the dosage of steroid after
6 months of clinical trial

Paeoniflorin, catalpol, ferulic acid, liquiritin,
rutin, hesperidin, quercetin, asiaticoside,
glycyrrhizic acid (mostly contains paeoniflorin)

Intragastric administration
with 2 ml/100 g

Jieduquyuziyin prescription (JP) Male Sprague Dawley
(SD) rats and female
MRL/lpr lupus mice

• ↓ phosphorylation of IRAK1
and its downstream proteins
induced by LPS

Ji et al. (2019)

• Inhibited the expression of
TNF-α and IL-6

• JP may inhibit the activation of
peritoneal macrophages in
MRL/lpr mice by
downregulating the IRAK1-
NF-κB signaling pathway, and
IRAK1 may be a potential
target for JP treatment of SLE.

18 ml/kg body weight
per day

Jieduquyuziyin prescription (JP) Mice (MRL/lpr and B6) • ↓** percentages of Th17, IL-
17, and RORγt

Shui et al.
(2015)

• Inhibited CaMK4 expression
Toxins
Specific active chemical compounds was not

mentioned in article
40 ug/kg Naja Naja Atra Venom (NNAV) = 3

ingredients: cobra venom factor,
cardiotoxins, and neurotoxins

MRL/lpr mice • Protected against including
skin erythema and proteinuria

Zhu et al. (2014)

• ↓ levels of glutamate pyruvate
transaminase and creatine
kinase

• ↑ serum C3
• ↓ concentrations of circulating

globulin, anti-dsDNA
antibody, and inflammatory
cytokines IL-6 and TNF-α

• ↓ lymphadenopathy and renal
injury
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together produced a Cohen’s Kappa of 0.574. This suggests a
moderate agreement between these two reviewers (McHugh,
2012). We assessed the full texts for extraction for low,
medium, and high confidence studies. The consensus risk of
studies was evaluated using the quality assessment. The overall
risk of bias for these studies is presented in Supplementary
Table S2, including information about qualitative vs
quantitative studies, in column “Overall bias - risk of bias
judgment” and column “Overall bias - risk of bias judgment
supporting text”.

3.3 Synthesized Findings
We provide Table 1 demonstrating our 59 included studies,
breaking down the results by both category and biological
effect. This includes information about what these compounds
were tested in (people, mice, cells) and the risk of bias as assessed
by ROBINS-I in Supplementary Table S2. Below we provide a
detailed description of the findings for each compound/family
and the effects exerted on skin inflammation or inflammation.
We also provide Figure 3 summarizing natural compounds and
extracts identified in this systematic review that had positive
effects on inflammation and those that had positive effects on
skin disease in Figure 4, including a summary of the molecular
pathways targeted by these compounds.

3.3.1 Fish Oils
Multiple human studies utilizing oil extracts have shown
promising application to CLE. A randomized control trial,
which assessed the effect of dietary supplementation with
omega-3 fish oils with or without copper on disease activity in
systemic lupus erythematosus (SLE), has improved skin findings
among the studied patients (Duffy et al., 2004). Specifically, the
components of the Systemic Lupus Activity Measure index
(SLAM-R) index most affected by fish oil supplementation
were the integument, neuromotor, and laboratory domains
(Duffy et al., 2004). Additionally, a randomized control trial
that observed the clinical effect of dietary supplementation
with low-dose w-3-polyunsaturated fatty acids on SLE disease
activity reported similar findings with additional disease activity
assessments (Wright et al., 2008). There was also a significant
reduction in the British Isles Lupus Assessment Group index
scores (BILAG) in the general symptoms, cutaneous,
musculoskeletal, cardiorespiratory, and vasculitis scores
(Wright et al., 2008). In patients receiving fish oil, there was a
significant reduction in SLAM-R at 12 weeks and 24 weeks of
intervention (Wright et al., 2008). When using the SLAM-R
index, there was a marked reduction in the individual scores
at 12 weeks for constitutional symptoms and joints, and at
24 weeks, there was a notable reduction in constitutional
symptoms, integument, neuromotor and joint scores (Wright
et al., 2008). A smaller randomized control trial aimed to assess
the efficacy of Seluang fish oil against proinflammatory cytokines,
vitamin D levels, and clinical conditions of SLE (Partan et al.,
2019). Seluang fish oil was clinically efficacious via the Mexican
Systemic Lupus Erythematosus Disease Activity Index (MEX
SLEDAI) score compared to placebo (Partan et al., 2019).
However, other data suggests that change in Safety of

Estrogens in Lupus Erythematosus National Assessment
(SELENA) did not indicate a significant difference between
fish oil treatment and controls (Arriens et al., 2015).

Studies on fish oil supplementation have supported clinical
and overall health improvement. When comparing score changes
for the energy/fatigue and emotional well-being subscale of the
Rand 36-Item Short Form Health Survey (Rand SF-36), there was
a trend in improvement for the fish oil group compared to the
placebo group (Arriens et al., 2015). Additional data notes that
subjective clinical and outcome improvement in all patients
receiving fish oil and/or copper compared to placebo (Duffy
et al., 2004). Other data shows that fish oil patients improved
global disease activity compared to the placebo patients based on
the Physical global assessment (Arriens et al., 2015).

These oils can also reduce inflammation in SLE patients,
warranting investigation into whether they can be repurposed
for CLE. Disease-related inflammatory markers such as ESR have
also been shown to be affected by fish oil. Some studies have
observed a considerable reduction in the fish oil group compared
to the placebo group and placebo (Arriens et al., 2015). Among
the cytokines, chemokines, and growth factors, fish oil-treated
SLE patients increased IL-13 levels and decreased IL-12 levels
(Arriens et al., 2015). Seluang fish oil was specifically able to
increase serum vitamin D levels compared with placebo. Seluang
fish oil treated lupus patients presented with decreased IL-1, IL-6,
and IL-17 levels compared to the placebo group (Partan et al.,
2019). In an in vitro study performed on human peripheral blood
mononuclear cells (PBMCs) of lupus patients, there is evidence
that the phenolic fraction from extra virgin olive oil also has anti-
inflammatory properties. The phenolic fraction in cell cultures
significantly reduced IL-6, TNF-alpha, IL-10 (Aparicio-Soto et al.,
2017). This substance also significantly prevented induced
IkappaBalpha degradation and inhibited ERK phosphorylation
in healthy donors and lupus patients (Aparicio-Soto et al., 2017).

3.3.2 Vitamins
Numerous studies have tested the level of Vitamin D
(cholecalciferol) in CLE patients since many of them
experience photosensitivity and therefore practice sun
avoidance. Anti-inflammatory properties of vitamin D are
thought to be important in autoimmune diseases like Multiple
Sclerosis and SLE. A cross-sectional study assessed the association
of serum vitamin D levels with CLE disease activity, which
revealed that the presence of CLE raised the odds of having
vitamin D deficiency (Cutillas-Marco et al., 2014). Age and
disease duration were also associated with higher odds of
vitamin D deficiency (Cutillas-Marco et al., 2014). The results
of a comparative study found that virtually all CLE patients who
strictly avoid sun exposure and wear UV-blocking sunscreen to
avoid CLE exacerbations suffer from vitamin D deficiency all year
round (Heine et al., 2010; Cutillas-Marco et al., 2014). A cohort
study details similar findings, noting that vitamin D levels were
significantly lower among sun avoiders and daily sunscreen users
(Cusack et al., 2008). Significantly higher vitamin D levels were
found among those who took cholecalciferol (vitamin D3)
supplements (Cusack et al., 2008). Research comparing
populations of different skin types and CLE disease status
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found that skin type also had a significant effect on 25-OH
vitamin D levels when controlling for disease status (Word
et al., 2012). African Americans had significantly lower levels
of 25-OH vitamin D than Caucasians and Hispanics when
controlled for CLE disease status and season (Word et al.,
2012). Studying the prevalence and risk factors for vitamin D
deficiency among Asian patients living in high UV exposure
areas, there was a significant positive correlation between hours of
sunlight exposure per day and vitamin D levels for the controls
but not for the CLE patients (Grönhagen et al., 2016).

Vitamin D supplementation may improve CLE disease
severity in some cases, but there is also some evidence to the
contrary. A prospective observational study, which aimed to
assess the effect of vitamin D supplementation on CLE disease
activity, showed clinical improvement in CLE patients taking
vitamin D supplementation (Cutillas-Marco et al., 2014). Their
data showed significant clinical improvement after one year in the
treatment group (Cutillas-Marco et al., 2014) 2014). Cutaneous
Lupus Erythematosus Disease Area and Severity Index Activity
Score (CLASI A) decreased from 2.7 ± 2.9 to 0.9 ± 1.4 (p = 0.003);
however, the Cutaneous Lupus Erythematosus Disease Area and
Severity Index Damage Score (CLASI D) did not significantly
change in this study population (Cutillas-Marco et al., 2014). In
spite of this, there was a trend towards fewer exacerbations per
year in the treatment group (Cutillas-Marco et al., 2014). Other
data has shown that vitamin D may not contribute to
improvement in disease severity. A cohort study did not find a
significant inverse correlation between change in the Systemic
Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2K)
and changes in vitamin D level over a period of 12 months (Yap
et al., 2015). Similarly, a cross-sectional study found no
correlation between CLASI activity scores and 25-OH vitamin
D levels in CLE African American or Caucasian/Hispanic
subjects (Word et al., 2012). Additionally, the mean serum
vitamin D levels did not differ significantly between those with
CLE who took vitamin D supplementation and those who did not
(Grönhagen et al., 2016). Other findings on vitamin D and lupus
provide evidence on the anti-inflammatory potential of vitamin D
in SLE patients; an in vitro and ex vitro study was conducted in
which vitamin D treatment was administered to SLE peripheral
blood mononuclear cells (PBMC). This study found that Vitamin
D downregulated TLR3, decreased the relative expression levels
of TLR7 mRNA, and decreased the expression of TLR9 in SLE
PBMC compared to healthy controls (Yazdanpanah et al., 2017).
Thus, the clinical effects of vitamin D supplementation are
controversial, though ex vivo studies point to potential positive
effects on disease parameters.

3.3.3 Plant Extracts
Artemisia annua L. [Asteraceae]
Artemisia annua L. [Asteraceae] has widely been used to treat
rheumatic autoimmune diseases such as lupus erythematosus
and rheumatoid arthritis in China and is known for its
antioxidant characteristics and high nutritional value in
amino acids and vitamins. Other pharmacological activities
of this plant include immunosuppression and anti-
inflammation (Das, 2012). These characteristics, which form

the basis of treatment, were demonstrated in the immune and
pro-inflammatory pathways of most reviewed articles in this
study—however, the cutaneous effects of the plant were not
explicitly stated.

In a controlled in vitromouse study, Musallam et al. evaluated
the immunosuppressive potential of an ethanol extract of
Artemisia annua on mouse splenocyte proliferation (Musallam
et al., 2009). In addition, the authors sought to identify specific
antibodies and cellular immune responses in the ovalbumin
(OVA) immunized mice (Musallam et al., 2009). EEAA
significantly reduced Concanavalin A (Con A) and
lipopolysaccharide (LPS)-stimulated splenocyte proliferation
in vitro. Furthermore, the study provides evidence that EEAA
reduces the levels of OVA-specific serum IgG, IgG1 and IgG2b
antibodies in mice that have been immunized with OVA
(Musallam et al., 2009). Although the researchers did not use
vehicle controls in this study, they did include both positive
controls and objective readouts.

In an in vivo study by Wu et al., the lifespan of murine lupus
models and systemic features such as lymphadenopathy
improved when treated with the artemisinin analog SM934
(Wu et al., 2016). SM934 significantly reduced serum levels of
anti-nuclear antibodies (ANAs), along with interleukins 6, 10,
and 21 (IL-6, IL-10, and IL-21) (Wu et al., 2016). This study also
found that SM934 increased the number of quiescent B cell
numbers and effectively restored the B-cell compartment in
the spleen of MRL/lpr mice. Additionally, the number of
activated B cells was reduced in the experimental group (Wu
et al., 2016). B cells, T cells, and cytotoxic T cells dysregulation in
CLE pathogenesis have been established by several studies
(Garelli et al., 2020), and recent gene expression studies of
canine CLE by our group revealed a high cell-type score for
B cells, T cells, and cytotoxic T cells (Garelli et al., 2021) (Amudzi
et al. in press), indicating a potential use of artemisinin derivatives
for veterinary medicine.

Wu et al. also examined the effect of artemisinin derivatives on
human peripheral blood mononuclear cells (PBMCs). The
production of plasma cells (PC) was hindered, whereas SM934
triggered activation and proliferation of B cells and antibody
secretion ex vivo (Wu et al., 2016). Furthermore, SM934
downregulated Toll-like receptor (TLR) 7 and 9 mRNA
expression, MyD88 protein expression, and NFκB
phosphorylation, thereby interfering with the B-cell intrinsic
signaling pathways (Wu et al., 2016). We posit that topical
formulations of artemisia species may elicit a similar response
based on these results, thereby reducing inflammation and
autoimmunity and eventually improving cosmesis and quality
of life for CLE patients.

Bupleurum smithii var. parvifolium R. H.Shan and Y. Li
[Apiaceae]
Bupleurum smithii var. parvifolium R. H. Shan and Y. Li
[Apiaceae] (BP) is a member of a large plant genus with 150
known species (Neves and Watson, 2004). Evidence from
previous studies shows BP’s immunomodulatory function on
macrophages (Jiang et al., 2012). In this study, BP extract was
effective in lengthening the life span of MRL/lpr mice in a non-
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randomized experimental study (Jiang et al., 2012). This outcome
was a function of reduced autoantibodies, improved kidney
function, and delayed lymphadenopathy in the mice models
(Jiang et al., 2012). Furthermore, BP extract demonstrated an
inhibitory effect on the complement and macrophages activation
and suppression of interferon-gamma (IFN-γ) and IL- 6 gene
expression in the kidney (Jiang et al., 2012). Considering that
both SLE and CLE are interferon-dependent disorders, BPmay be
effective for both conditions.

Camellia sinensis (L.) Kuntze [Theaceae]
Camellia sinensis (L.) Kuntze [Theaceae], commonly known as
green tea, has been widely studied for beneficial health effects.
Many of these beneficial health effects have been ascribed to one
of the most potent compounds called epigallocatechin-3-gallate
(EGCG), which is fairly safe in animals and humans.
Epigallocatechin-3-gallate (EGCG) is a JAK inhibitor
(Tedeschi et al., 2002; Ning et al., 2015; Hamed et al., 2018)
and a potent antioxidant (Tsai et al., 2011) effective in various
illnesses, including autoimmune diseases. Our search yielded a
study by Otton et al., who found that green tea extract could
reduce the expression of miR-335 in adipose tissue in response to
TNF (Otton et al., 2018). The anti-inflammatory properties of
EGCG on adipose tissue in obese mice were observed while
examining miR-335 changes. The results from their study
suggest an increased energy expenditure of high-fat diet-fed
mice, decreased weight gain, consequently resulting in a
reversal of metabolic complications and attenuation of
inflammation.

Since metabolic complications contribute to increased
morbidity and mortality in SLE patients, as mentioned in a
study by Szabo et al., where 30% of SLE patients at the time
of diagnosis were found to have dyslipidemia with elevations in
total cholesterol (TC), low-density lipoprotein (LDL), triglyceride
(TG), and apolipoprotein B (ApoB) (Szabó et al., 2017), safe and
efficacious compounds that mitigate the metabolic complications
of lupus erythematosus will be ideal. In an in vitro study, EGCG
was found to inhibit fibroblast growth and collagen production in
a keloid model (Park et al., 2008).

Additionally, EGCG has been found to increase regulatory
T cells that exert a crucial role in immune function, modulate
cytokine production, and suppress autoimmune disease (Wu
et al., 2021). Given that high TNF expression in CLE patients
predicts poor response to hydroxychloroquine (Zeidi et al.,
2019), it is possible that EGCG could provide an additive
benefit for patients currently treated with hydroxychloroquine.
A further investigation is necessary to determine which JAK/
STAT pathway primarily drives the CLE response. In the
future, green tea extract may serve as a promising treatment
for CLE.

Curcuma longa L. [Zingiberaceae]
Turmeric, scientifically known as Curcuma longa L.
[Zingiberaceae], is a medicinal spice widely known for its anti-
inflammatory and antioxidant effects. The active ingredient,
curcumin (diferuloylmethane), has a broad range of bioactive
compounds that are safe and effective against various diseases,

including autoimmune diseases. From our searches, curcumin
shows several mechanisms of action that could be beneficial for
CLE. Zhao et al. demonstrated that curcumin reduces
proteinuria, renal inflammation, serum anti-dsDNA
antibodies, splenomegaly, and NLRP3 inflammasome
activation in MRL/lpr mice in vitro and in vivo assays (Zhao
et al., 2019). While it was not explicitly studied, the authors
acknowledged curcumin’s potential use for cutaneous lesions.

Kurien et al. demonstrated a significant reduction in binding
of autoantibodies to their cognate antigens by turmeric up to 70%
in SLE patients, though this inhibition was not specific to
autoimmunity (Kurien et al., 2010). In their study, the authors
also examined preparations of curcumin and turmeric to enhance
bioavailability. They also observed a 12-fold increase in the
solubility of curcumin and a 3-fold increase in the solubility of
turmeric by applying heat to them in water for 10 min. However,
there was a 43% inhibition of Ro60 antigen-antibody binding by
heat-solubilized curcumin compared with a 65% inhibition with
heat-solubilized turmeric using sera from SLE patients,
suggesting that higher inhibition can be achieved with
turmeric extract than with purified curcumin. Since a
significant setback of turmeric or curcumin’s full
pharmacologic effects in experimental studies is their inability
to dissolve in an aqueous medium, heated turmeric, which
maintains the spices’ safety and efficacy, might be a better
therapeutic approach when considering topical formulations
for CLE. In addition, heat-solubilized Tumeric was found to
bind to a wide range of protein receptors (Ro273 MAP),
suggesting its ability to affect multiple signaling pathways,
including cytokines and chemokines: type 1 interferons,
CXCL10, JAK-STAT, and PRR signaling (Kurien et al., 2010;
Wenzel, 2019). Though anti-SSA/Ro60 has been independently
associated with SLE compared with Sjögren’s syndrome (SS) and
other systemic autoimmune diseases, it is more frequently specific
for CLE (Menéndez et al., 2013).

Castangia et al. examined curcumin, and quercetin-loaded
nanovesicles and their effects counteracting phorbol ester 12-O-
tetradecanoylphorbol-13-acetate (TPA) induced skin
inflammation in a mouse model both in vitro and in vivo
(Castangia et al., 2014). Quercetin liposomes (59%) and
curcumin liposomes and polyethylene glycol (PEG)-PEVs
(~68%) inhibited myeloperoxidase activity. PEG-PEVs
provided an extensive re-epithelization of TPA-damaged skin.
Quercetin is further discussed in the next section.

Fagopyrum tataricum (L.) Gaertn. [Polygonaceae]
Quercetin is a plant polyphenol with many biological properties
that include anti-inflammatory, antiviral, antiplatelet
aggregation, and capillary permeability in vitro and in animals
(Li Y. et al., 2016). This study demonstrates that quercetin derived
from Tartary buckwheat (Fagopyrum tataricum (L.) Gaertn.
[Polygonaceae]) can reduce the number of serum antibodies,
CD4+ T cell activation, and the expression levels of T-bet, GATA-
3, and selected cytokines in female DBA/2 mice with SLE-like
presentation (Li W. et al., 2016). The proposed mechanism of
action involves the inhibition of CD4 T cell activation and anti-
inflammatory effects on macrophages (Li W. et al., 2016). This
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ability of quercetin to inhibit CD4 T DNA demethylation in SLE
and SCLE CD4 (+) T cells contributes to overexpression of the
cytotoxic effector molecule perforin (Luo et al., 2009).
Considering the inhibitory activity on CD4 T cells, LPS-
induced cytokines, and the phosphorylation of ERK, p38
MAPK, and JNK in Raw264.7 cells (Li W. et al., 2016),
quercetin proves to be a potent immunomodulator that can be
useful in targeting CLE. However, the bioavailability of quercetin
in humans is low (0–50%) with a half-life of 1–2 h (Graefe et al.,
1999), warranting further development of derivatives and second-
generation compounds.

Epimedium alpinum L. [Berberidaceae]
Icaritin (ICT), extracted from Epimedium alpinum L.
[Berberidaceae] and other members of this family, has been
used in TCM for a long time. Liao et al. examined the effect
of ICT on human SLE peripheral blood mononuclear cells
(PBMC) and MRL/lpr mice and found that this extract
inhibited CD4 (+) T cell overactivity, promoted FoxP3-IL17a
balance, and enhanced Treg cell suppression (Liao et al., 2016).
The observed Foxp3/IL17a balance in ICT treatment was
postulated to be a factor of the increase in STAT5b expression
and through histone methylation modification (Liao et al., 2016).
ICT’s effect on IL-17 suggests it may have a far-reaching effect on
lupus immunomodulation because IL-17 is upregulated in SCLE
patients and increases inflammatory cytokines and chemokines,
neutrophil recruitment, stimulates T cells, and increases the
production of autoantibodies (Méndez-Flores et al., 2016). In
vivo, ICT conferred immunosuppressive action in MRL/lpr
mice by reducing Th1/Th2 cytokines, and by interfering with
the activation of T cells by increasing NF-AT luciferase activity
in Jurkat-NF-AT-luc T cells (Li et al., 2012). Lastly, considering
that Th1-biased inflammatory immune response can recruit
CXCR3-expressing T-lymphocytes to the skin (Wenzel et al.,
2005), ICT action on Th1 shows its potential to be beneficial in
CLE therapy.

Garcinia mangostana L. [Clusiaceae]
In this study, Li et al. demonstrated the medicinal potential of
isogarcinol extract from Garcinia mangostana L. [Clusiaceae].
Treatment of DBA/2 mice resulted in significantly reduced
proteinuria, decreased the number of serum antibodies, and
lowered the renal histopathology score (Li et al., 2015).
Isogarcinol also decreased the expression of inflammatory
genes and cytokines in the kidneys and peritoneal
macrophages and alleviated the abnormal activation of CD4
T cells (Li et al., 2015). It was determined that Isogarcinol
confers a significant immunosuppressive effect on SLE (Chen
et al., 2017), and works by regulating abnormal activation of CD4
T cells, which cause inflammation (Li et al., 2015). A different
study demonstrated that Isogarcinal prevented abnormal T cell
distribution and inhibited CD4+T cell differentiation into Th17
cells in mouse spleens (Chen et al., 2017). Treatment with
isogarcinol significantly inhibited aberrant proliferation and
differentiation of keratinocytes and inhibition of the
expression of genes involved in the IL-23/Th17 axis, TNF-α,
IL-2, and IFN-γ in the skin of mice (Chen et al., 2017).

Furthermore, Chen et al. found that isogarcinol strongly
inhibited inflammatory factor expression in lipopolysaccharide
(LPS)-stimulated HaCaT cells (Chen et al., 2017). These
combined findings provide evidence of the
immunomodulatory activity of isogarcinol systemically and
specifically on the skin, thereby proving the potential
application of this extract in CLE treatment.

Hypericum perforatum L. [Hypericaceae]
Astiblin from Hypericum perforatum L. [Hypericaceae] (St.
John’s wort) proved effective in significantly reducing the
serum level of IFN-g, IL-17A, IL-1b, TNF-a, and IL-6 in
lupus-prone mice (Guo et al., 2015). This study shows that
the extract induced the development of splenic CD44 hi CD62L
lo T cells and subsequently reduced CD138+B220- plasma cells
(Guo et al., 2015). Additionally, IVE treatment decreased
mitochondrial membrane potential in activated T cells and
decreased expression of the co-stimulatory molecules CD80
and CD86 in LPS-stimulated B cells (Guo et al., 2015).
According to these results, astilbin inhibits disease
development in lupus-prone mice by reducing the
functionality of activated T and B cells (Guo et al., 2015).
This mechanism is particularly relevant to CLE, which
requires both T and B lymphocytes (Prinz et al., 1996;
Kansal et al., 2019; Mougiakakos et al., 2021).

Illicium verum Hook.f. [Schisandraceae]
This study investigated the anti-inflammatory effects and
regulatory mechanisms of Illicium verum Hook. f.
[Schisandraceae] extract (IVE) in the human keratinocyte cell
line HaCaT. IVE significantly inhibited IFN-γ-induced mRNA
and protein expression of ICAM-1 in HaCaT cells (Sung and
Kim, 2013). IVE also inhibited IFN-γRα, pJak2, and pSTAT1 and
upregulated the expression of SOCS1 (Sung and Kim, 2013).
Furthermore, the study determined that IVE and its constituents
(p-anisaldehyde and trans-anethole) inhibited the adhesion of
Jurkat T cells to HaCaT cells via ICAM-1 (Sung and Kim, 2013).
These anti-inflammatory findings of IVE can directly impact the
treatment of IFN-γ-dependent elements of CLE through the
demonstrated influence on keratinocyte-T cell interactions
(Sung and Kim, 2013).

Isodon serra (Maxim.) Kudô [Lamiaceae]
We included two studies that examined the effects that the
compounds enmein and oridonin derived from Isodon serra
(Maxim.) Kudô [Lamiaceae] conferred on lupus-like Balb/C
mice. Zhang et al. investigated the effect of four ent-kaurene
diterpenoids (enmein, nodosin, lasiodonin, and epinodosin)
on the proliferation of murine lymphocytes (Zhang et al.,
2005). In this study, the diterpenoids suppressed murine
splenic lymphocyte overproduction resulting from Concanavalin
A exposure, and more specifically, enmein showed enhanced
potency by also interfering with DNA replication in the G1-S
stage (Zhang et al., 2005). This study was extended to include
the xylene-induced mice tumescence model, which provided
further evidence of enmein’s potency by showing cutaneous
findings exhibited by depressing swelling in the ear of the
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murine model and also reducing the expression of IL-2 (Zhang
et al., 2005).

Zhou et al. reported that oridonin regulates B-cell activating
factor (BAFF) and ameliorates the manifestations of SLE inMRL/
lpr mice (Zhou et al., 2013). In vitro, oridonin significantly
inhibited BAFF expression by suppressing the transcriptional
activation of BAFF’s promoter (Zhou et al., 2013). This study
concluded that oridonin alleviates SLE symptoms by down-
regulating BAFF and reducing the rate of B-cell maturation
and differentiation (Zhou et al., 2013). The down-regulation of
BAFF is an important finding because BAFF is expressed
significantly high in lesional keratinocytes of CLE patients
(Wenzel et al., 2018). Although the mechanism by which
enmein reduced ear swelling is not discussed, isodon serra
demonstrates beneficial medicinal value in CLE therapeutics.

Nelumbo nucifera Gaertn. [Nelumbonaceae]
This study examined the effect of (S)-Armepavine, an extract of
Nelumbo nucifera Gaertn. [Nelumbonaceae] (lotus), on T cell
proliferation in MRL/MpJ-lpr/lpr mice (Liu et al., 2006). The
extract suppressed T-cell proliferation and conferred an
ameliorative effect on SLE manifestations by inhibiting
splenocyte proliferation and suppressing the expression of IL-
2, IL-4, IL-10, and IFN-γ (Liu et al., 2006). Furthermore, (S)-
Armepavine reduced glomerular hypercellularity, immune
complex deposition, proteinuria, and anti-ds DNA
autoantibody production in the murine model (Liu et al.,
2006). Considering that Th type 2 cells and local IFN-γ
interaction may affect the severity of CLE (Stein et al., 1997),
and that (S)-armepavine impaired IL-2/IFN-γ transcripts in
human PBMCs (Liu et al., 2006), then a CLE therapeutic can
potentially be designed from this compound and exploit a similar
mechanism of action.

Olea europaea L. [Oleaceae]
Olive oil, a product of Olea europaea L. [Oleaceae], is a widely
used ingredient in food preparation. ROS-related diseases
and inflammatory processes can be treated with olive leaf
extract since it has anti-inflammatory, immunomodulatory,
and antioxidant properties (Castejón et al., 2020). A number
of phytochemicals derived from olive trees, such as
secoiridoids, contain important medicinal properties
(Castejón et al., 2020). Moreover, acyl derivatives of natural
phenols have shown considerable potential due to their
excellent hydrophilic/lipophilic balance, making them
potentially beneficial pharmaceutical CLE drug delivery
design components (Castejón et al., 2020). These factors
combined warrant further research to take advantage of
olive oil as a medicine.

Paeonia lactiflora Pall. [Paeoniaceae]
Previous studies have demonstrated that Paeoniflorin (PF) from
Paeonia lactiflora Pall. [Paeoniaceae] (peony) confer anti-allergic
and anti-inflammatory effects. This study found that PF
suppressed the activation of human T lymphocytes by
inhibiting IFN-γ production and the signaling pathway for
NF-κB/IκBα and p38 MAPK in mice models with allergic

contact dermatitis (ACD) (Wu et al., 2021). The
immunosuppressive and anti-inflammatory findings suggest
that PF can potentially be used to treat T cell-mediated
inflammatory conditions, and these findings can also be
translated to the treatment of CLE. A different approach
was taken by Wang et al. who studied the impact of PF on
the regulation of cytokine production in a murine model of
ACD. The study found that PF significantly inhibited
cutaneous inflammation and decreased the proliferation of
thymocyte (a T cell precursor) in mice with ACD (Wang et al.,
2013). Furthermore, PF increased the expression of IL-4 and
IL-10 in the serum, as well as thymocyte and splenocyte culture
supernatants (Wang et al., 2013). The researchers observed an
increase in the severity of dermatitis with an increase in IL-2
and IL-17 expression levels and a decrease in the severity of
dermatitis with a decrease in the expression of IL-4 and IL-10
expression levels (Wang et al., 2013). These findings suggest
that PF may exert anti-inflammatory effects by regulating
cytokine imbalances (Wang et al., 2013) and mitigate the
CLE disease process as it is characterized by IFN-regulation
of proinflammatory cytokines that orchestrate the B- and
T-cell mediated lesional inflammation (Klaeschen and
Wenzel, 2016).

The immunosuppressive properties of PF have also been
studied in regard to interleukin-1 receptor-associated kinase 1
(IRAK1), which has been associated with the development of SLE
in humans (Ji et al., 2018). Specifically, the study investigated the
effect of PF on LPS-triggered macrophage activation and the
effect of LPS-induced IRAK1-nuclear factor κB (NF-κB) signaling
pathways (Ji et al., 2018). Ji et al. found that PF decreased the
phosphorylation of IRAK1 and its downstream proteins induced
by LPS and inhibited the expression of TNF-α and IL-6 in the
MRL/lpr mice (Ji et al., 2018). This study proposed that PF
inhibits LPS-induced cell activation by inhibiting the IRAK1-NF-
κB pathway in MRL/lpr mouse macrophages, thereby showing
potential as a treatment of SLE (Ji et al., 2018) and CLE by
extension. This is further supported by research showing IRAK1
as an important component in auto-inflammation processes
(Nanda et al., 2016).

Paeonia anomala subsp. veitchii (Lynch) D. Y. Hong and K.
Y. Pan [Paeoniaceae] and Paeonia lactiflora Pall.
[Paeoniaceae]
Radix paeoniae rubra (RPR) is an anti-inflammatory and immune-
modulating compound obtained from Paeonia lactiflora and Paeonia
veitchii (Lin et al., 2016). This study found that Prednisone and RPR
successfully suppressed the amount of infiltrating inflammatory cells
and reduced proteinuria, ergo reducing renal pathology (Wang et al.,
2020). Similarly, prednisone andRPR significantly lowered themRNA
expression levels of ICAM-1 andVCAM-1 (Wang et al., 2020).Wang
et al. concluded that RPR was as effective as prednisone at reducing
ICAM-1, VCAM-1, and PECAM-1 expression in MRL/LPR lupus
mice (Wang et al., 2020). These findings reveal the therapeutic
potential of RPR in treating SLE and CLE because the expression
of adhesionmolecules on vascular endothelial cells controls theflowof
leukocytes into tissues during an inflammatory response (Malik and
Lo, 1996), thus, in order for leukocytes to interact with keratinocytes,
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ICAM-1 must be involved. ICAM-1 is upregulated by inflammatory
cytokines resulting in inflammatory dermatoses characteristic of CLE
(Bito et al., 2000) (Wang et al., 2020), and RPR has proven effective in
suppressing this process.

Pinus pinaster Aiton [Pinaceae]
Pycnogenol, an extract of Pinus pinaster Aiton [Pinaceae]
(maritime pine), was examined as a treatment option for
patients with SLE in a pilot study. In this study, pycnogenol
significantly reduced ROS production, apoptosis, p56 (lck)
specific activity, erythrocyte sedimentation rate, and also
SLEDAI scores (Stefanescu et al., 2001). In a different study,
HaCaT cells were used to study the molecular mechanisms
underlying Pycnogenol’s effects on T cells and keratinocytes
(Bito et al., 2000). Bito et al. found that pycnogenol significantly
inhibited IFNγ-induced T cell adhesion (Bito et al., 2000).
Additionally, Pycnogenol was shown to significantly inhibit the
IFNγ-induced expression of ICAM-1 inHaCaT cells and the IFNγ-
mediated activation of STAT1 (Bito et al., 2000). These results
suggest that this extract regulates the transcription of inducible
ICAM-1 expression (Bito et al., 2000). Pycnogenol may be useful in
the development of CLE therapy as an anti-inflammatory.

Mentha × Piperita L. [Lamiaceae] + Resveratrol
Pannu and Bhatnagar investigated the effects of Resveratrol and
piperine (Mentha × piperita L. [Lamiaceae]) as a treatment and
also in prophylactic applications in lupus-like Balb/c mouse
models. Resveratrol is a phytoalexin with several
pharmacological properties (Pannu and Bhatnagar, 2020a). The
polyphenolic compound resveratrol has pharmacological effects
and can be found in peanuts, grapes, red wine, and some fruits
(Baell and Walters, 2014). The researchers combined resveratrol
with piperine (as a bio-enhancer) to treat Balb/c mice, and they
found that this led to reductions in IFN-α, IL-6, and TNF-α
expression (Pannu and Bhatnagar, 2020a). Furthermore, this
treatment reduced proteinuria, creatinine in the urine, and
oxidative stress (Pannu and Bhatnagar, 2020a). These findings

led to the conclusion that this treatment combination can reduce
some measures of lupus morbidity.

Pannu and Bhatnagar further examined whether prophylactic
treatment with resveratrol and piperine can prevent lupus-like
manifestations in the BALB/c mice (Pannu and Bhatnagar,
2020b).

They found that prophylactic resveratrol and prophylactic
piperine were equally efficient in mitigating oxidative stress
(enzyme activity of catalase, superoxide dismutase, glutathione
peroxidase, and level of reduced glutathione, lipid peroxidation,
and reactive oxygen species) (Pannu and Bhatnagar, 2020b).
These compounds reduced levels of IL-6 and TNF-α, and
piperine administered alone significantly reduced urine
creatinine level and proteinuria (Pannu and Bhatnagar,
2020b). Additionally, piperine prophylactic treatment
enhanced liver and lung histopathology and decreased
pulmonary immune complexes (Pannu and Bhatnagar,
2020b). The study reports that resveratrol decreased the
susceptibility of developing a lupus-like disease in the mice,
and its effect was not enhanced by piperine (Pannu and
Bhatnagar, 2020b). These findings have potential applications
in the treatment of CLE as the effect of Resveratrol mimics the
inhibition of proinflammatory cytokines such as TNF-α and
IFN-α seen in the antimalarials that are currently used in
treating SLE and CLE (Alves et al., 2017).

Sophora flavescens Aiton [Fabaceae]
This study examined the effect of Sophorae Radix (SR) likely from
Sophora flavescens Aiton [Fabaceae] on SLE in the NZB/w mice
(Ko et al., 2007). SR treatment significantly reduced proteinuria
and anti-dsDNA antibodies in serum and glomerular capillaries
(Ko et al., 2007). Additionally, SR reduced the expression of IFN-
γ in splenocyte culture without affecting IL-4 secretion, leading
the researchers to propose that SR can correct deviated Th1/Th2
imbalances in murine models (Ko et al., 2007). This finding
suggests SR could be beneficial in treating CLE, considering that
CLE is associated with a systemic type I IFN-induced imbalance

FIGURE 2 | PRISMA diagram. Summary of our systematic review process and screening. Created with BioRender.com.
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of Th1/Th2 by shifting towards a Th1-associated chemokine
receptor profile (Freutel et al., 2011).

Tripterygium wilfordii Hook. f. [Celastraceae]
Tripterygium wilfordii Hook. f. [Celastraceae] (TW) has many
pharmacological applications due to reported anti-inflammatory,
immune modulation, antiproliferative and proapoptotic activity
(Liu, 2011). These features make TW effective in treating
autoimmune diseases like lupus (Liu, 2011). In this review, we
examine three studies using celastrol and tryptolide derived from
TW to treat lupus. In one study, Yu et al. investigated whether
celastrol can inhibit the formation of neutrophil extracellular
traps (NET) induced by inflammatory stimuli associated with
SLE (Yu et al., 2015). This study found that celastrol can
completely inhibit neutrophil oxidative burst and NET
formation induced by TNFα, ovalbumin:anti-ovalbumin
immune complexes (Ova IC), and immunoglobulin G (IgG)
(Yu et al., 2015). This study also found that celastrol can
downregulate the SYK-MEK-ERK-NFkB signaling cascade,
thereby inhibiting neutrophil oxidative burst and NET
formation induced by different inflammatory stimuli (Yu
et al., 2015). In a different study using Trex1−/− mice,
celastrol inhibited interferon regulatory factor 3 (IRF3)

activation leading to a reduction of the interferon response
triggered by cytosolic nucleic acids, autoantibody production,
and excessive T-cell activation (Liu et al., 2020).

Our search revealed two studies examining the effects of
triptolide. One study focused on the effects on MRL/lpr mice
(Huang X. et al., 2018), and another study examined the effect of
triptolide on the expression of P40 gene in APCs (Zhang and Ma,
2010). Triptolide treatment improved skin damage, decreased
serum levels of IFN-γ and IL-10, improved renal histopathologic
characteristics of the mice, and downregulated the mRNA level of
TLR9, TLR4, and NF-κB (Huang X. et al., 2018). The
investigation by Zhang and Ma into the molecular mechanism
of triptolide inhibitory effect on the expression of the p40 gene in
APCs revealed that Triptolide could activate the transcription of
C/EBPalpha, and phosphorylation of Ser21 and Thr222/226,
which are critical for C/EBPalpha inhibition of p40 (Zhang
and Ma, 2010). Additionally, this study found that the
activation of C/EBPalpha by triptolide is affected by upstream
kinases ERK1/2 and Akt-GSK3beta (Zhang and Ma, 2010). This
is an important finding considering celastrol can downregulate
the signaling cascade of the SYK-MEK-ERK-NFkB (Yu et al.,
2015), and the downregulation of IL-12 p40 (which correlates
negatively with lupus SLE activity), which ultimately contributes

FIGURE 3 | Compounds with positive effects on inflammation. Plant extracts and natural compounds identified in our search that had positive effects on
inflammation are presented at left. Specific pathways of immune cells targeted by these extracts and compounds are presented at right. Inflammatory processes
targeted by natural compounds include generation of Tregs and Bregs, inhibition of lymphocyte activation, proliferation, cytokine signaling, and secretion, reduced TLR
expression, and inhibition of JAK/STAT NFkB and IRAK signaling pathways. A detailed list of which compounds provided which effects are provided in Table 1.
Created with BioRender.com.
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to excessive IL-10 (positively correlated with lupus pathology)
(Liu et al., 1999). The implications of these findings are
profound in that TW’s extracts triptolide and celastrol
collectively confer broad immunomodulatory effects. These
extracts in treatment involve neutrophils, NETs, TLRs, and
IFN-dependent pathways that have a direct effect on SLE and
CLE disease process.

Aconitum lamarckii Rchb. ex Spreng. [Ranunculaceae]
Aconitum lamarckii Rchb. ex Spreng. [Ranunculaceae] (Wolf’s-
bane’s) main ingredient, aconitine, has immunomodulatory
properties that have applications in treating autoimmune
diseases (Li et al., 2017). Li et al. explored the effect and
mechanisms of aconitine on the treatment of pristane-
induced murine model of SLE. This study found that

aconitine decreased elevated blood leukocyte counts,
prostaglandin E2 (PGE2), IL-17a, IL-6, serum anti-dsDNA
antibody, and IgG deposit in glomerular (Li et al., 2017). Li
et al. concluded that aconitine could inhibit autoimmune
disease progression and ameliorate lesions characteristic of
SLE pathology (Li et al., 2017). It is known that PGE2 is an
important mediator of inflammation based on its inhibition of
the activation of T cells (Sakata et al., 2010). PGE2 can also
trigger Th1 and Th17 differentiation in certain circumstances
through the elevation of cAMP via PGE receptors EP2 and EP4
(Sakata et al., 2010). This is important because Th1 and Th17
cells are among the adaptive immune cells involved in the
pathology of CLE (Achtman and Werth, 2015). Aconitine’s
ability to disrupt the action of PGE2 suggests its potential as
a CLE therapeutic.

FIGURE 4 | Compounds with positive effects on skin disease. Omega 3 fatty acids and Tripterygium wilfordii Hook. f. demonstrated positive effects on clinical skin
disease in CLE and SLE patients. Isodon serra (Maxim.) Kudô, tetra-arsenic tetra-sulfide, and Naja Naja Atra Venom exhibited positive effects on erythema and edema in
mouse models of lupus. Illicium verum Hook. f., Pinus pinaster Aiton, and the active compound taxifolin, which can be isolated from these plants, demonstrated positive
effects on keratinocyte activation and T cell adhesion in in vitro and in vivo mouse assays. Paeonia lactiflora Pall. demonstrated positive effects on interface
dermatitis, and Sairei-to (12-herb formula) prevented lupus band reaction. Last,Curcuma longa L. (curcumin, turmeric) reducedmyeloperoxidase activity of granulocytes
in the skin. Created with BioRender.com.
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3.3.4 Fungi-Ganoderma lucidum (LZ)
We identified one study of Ganoderma lucidum (LZ), a relative of
Reishi mushroom, with San-Miao-San (SMS) extract, a “four
marvels” herbal powder comprised of 33.3% Yi Yi Ren, 16.6%
Cang Zhu, 16.6% Huai Niu Xi, and 33.3% Huang Bai. Cai et al.
tested LZ extract with SMS in MRL/lpr mice. LZ-SMS
significantly reduced concentrations of anti-dsDNA antibodies,
induced Treg and Breg formation, reduced IL-21, IL-10, and IL-
17A in serum, and increased IL-2 and IL-12p70 in serum (Cai
et al., 2016). It is unclear how much of this effect was due to LZ
versus SMS.

3.3.5 Bacteria
Lactobacilli
Similar to regulating the gut microbiota, lactobacilli have the
potential to modulate immune responses. An in vivo study
evaluated the effects of lactobacillus species on Th17 cells and
their related mediators in a pristane-induced BALB/c mice model
of SLE (Mardani et al., 2019). Subjects that were assigned the
probiotics and prednisolone treatment groups had delayed onset
of SLE with a significant reduction in antinuclear antibody
(ANA), anti-double-stranded DNA (anti-dsDNA), anti-
ribonucleoprotein (anti-RNP), and severity of lipogranuloma
lesions compared to positive controls (Mardani et al., 2019).
The results also revealed a significant reduction in IFN-γ and IL-
17 levels among the same treatment groups (Mardani et al., 2019).
Furthermore, there was a significant decrease in the CD4+IL*17+,
CD4+IFN+, and CD8+IFN*+ populations in groups that received
probiotics or prednisolone (Mardani et al., 2019). The study was
rated a medium risk of bias and was conducted on mice, which
limits its applicability to humans. Despite this, the presenting data
suggest that probiotics may be useful as adjunctive therapy for
reducing SLE severity.

3.3.6 Herbal Formulas
Two studies were performed using herbal formulas to treat SLE
patients (formulation information for herbal formulas is provided
in Supplementary Table S3). Zhong et al. performed a single-
blind randomized control study of Zi Shen Qing (ZSQ), which is a
mixture of Radixastragali, Rehmannia glutinosa libosch, Fructus
Corni, Paeonia lactiflora, Herba Hedyotis Diffusae, and Cortex
Moutan Radicis. ZSQ preparation was used to treat SLE patients
with SLEDAI of 5–14. The authors reported a significant
reduction in SLEDAI-2000, improved tapering of
corticosteroids, and reduced incidence of flare in treated
patients (Zhong et al., 2013). Liao et al. performed a double-
blind, randomized controlled trial of Dan-Chi-Liu-Wei
combination (DCLWC) as an add-on therapy with
prednisolone to treat SLE patients with SLEDAI of 2–12.
Adding-on DCLWC to conventional therapy was safe and had
a borderline effect in decreasing disease activity, but it was not
possible to taper the steroid dosage after 6 months (Liao et al.,
2011). These studies had a low risk of bias owing to being
randomized controlled trials.

An additional five studies performed experiments testing
herbal formulas on MRL/lpr mice. Virtually all of these studies
were conducted in one cohort of animals, leading to amoderate to

high risk of bias. Two of these studies specifically impacted skin
disease. Kanauchi et al. tested Sairei-to, also called Kampo, which
is an herbal formula consisting of the following 12 ingredients:
bupleuri radix, pinelliae tuber, scutellariae radix, ginseng radix,
glycyrrhizae radix, zizyphi fructur, zingiberis rhizoma,
atractylodis lanceae rhizoma, polypourus, alismatis rhizoma,
hoelen and cinnamoni cortex. Mice treated with this formula
exhibited reduced IgG deposition at the dermo-epidermal
junction (DEJ) in the skin, as well as reduced titers of anti-
DNA antibodies, rheumatoid factor, and reduced
lymphoproliferation (Kanauchi et al., 1994). Zhu et al. tested
Naja Naja Atra Venom (NNAV), which contains cobra venom
factor, cardiotoxins, and neurotoxins. NNAV protected against
skin erythema and proteinuria, and reduced glutamate pyruvate
transaminase, creatinine kinase, circulating globulin, anti-
dsDNA antibody, and inflammatory cytokines IL-6 and TNF-
α (Zhu et al., 2014). Lymphadenopathy and renal injury were also
reduced in MRL/lpr mice treated with NNAV. Serum C3 levels
were increased, indicating disease improvement via less
consumed C3 (Ricker et al., 1991). C3 level measurement in
SLE patients is a complicated biomarker (Birmingham et al.,
2010), potentially warranting further study into potential
detrimental effects of increased C3 production, as opposed to
reduced C3 consumption, following NNAV.

Three studies demonstrated improvement of inflammation in
MRL/lpr mice following treatment with herbal formulas. Lee et al.
used Longdan Xiegan Tang (LXT) formula, which is comprised of
10 ingredients: Gentiana rigescens Franch, Scutellaria baicalensis
Georgi, Gardenia jasminoides Ellis, Alisma orientalis (Sam.)
Juzep, Clematis Montana Buch.-Ham., Plantago asiatica L,
Angelica sinensis (Oliv.) Diels, Rehmannia glutinosa Libosch,
Bupleurum chinense DC, and Glycyrrhizae uralensis Fisch.
Treatment with LXT reduced IFNg, TNF, anti-ds DNA
antibody, and increased splenic regulatory T cell populations
(Lee and Chang, 2010). In addition, LXT improved kidney
glutathione levels and decreased oxidative stress in MRL/lpr
mice. The remaining two studies tested Jieduquyuziyin
prescription (JP). JP is comprised of the following ten herbs:
Rehmanniae glutinosa (radix), Trionycis carapax, Scleromitrion
diffusum, Hedyotis diffusa, Paeonia anomala subsp. Veitchii,
Centella asiatica, Paeonia × suffruticosa Andrews, Citrus
medica L., Actaea cimicifuga L. (syn. Cimicifuga foetida L.),
Glycyrrhiza uralensis Fisch. Ex DC. Ji et al. tested both
Sprague Dawley rats in addition to MRL/lpr mice. Ji et al.
found that JP treatment inhibited phosphorylation of IRAK1
and its downstream proteins induced by LPS (Ji et al., 2019b,
2020). JP also inhibited the expression of TNF and IL-6 and
reduced peritoneal macrophage activation. A second study by
Shui et al. found that JP treatment inMRL/lpr mice reduced Th17
cell responses, including inhibition of IL-17 and RORgT
expression, and inhibited CaMK4 expression (Shui et al., 2015).

Studies using herbal formulas provide challenges to data
interpretation for several reasons. First, compounds can have
interactions that are additive, synergistic, negative, or null.
Second, it may be that a compound’s metabolite that is
generated in the body following processing or degradation
provides the therapeutic benefit. JP can lead to the generation
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of 13+ metabolites (Ding et al., 2014). Future studies for these
herbal formulas are warranted, particularly for identifying
potential synergistic combinations of compounds that
minimize unwanted side effects.

3.3.7 Other Natural Formula-Toxins
Zhu et al. tested Naja Naja Atra Venom (NNAV), which contains
cobra venom factor, cardiotoxins, and neurotoxins in MRL/lpr
mice. NNAV protected against skin erythema and proteinuria,
and reduced glutamate pyruvate transaminase, creatinine kinase,
circulating globulin, anti-dsDNA antibody, and inflammatory
cytokines IL-6 and TNF-α (Zhu et al., 2014). Lymphadenopathy
and renal injury were also reduced in MRL/lpr mice treated with
NNAV. Serum C3 levels were increased, indicating disease
improvement via less consumed C3 (Ricker et al., 1991). C3
level measurement in SLE patients is a complicated biomarker
(Birmingham et al., 2010), potentially warranting further study
into potential detrimental effects of increased C3 production, as
opposed to reduced C3 consumption, following NNAV.

3.3.8. Compounds
Macro, Nutraceuticals, and Micronutrients
A systematic review evaluated the clinical and preclinical
scientific evidence of diet and dietary supplementation that
either ameliorate or exacerbate SLE symptoms (Islam et al.,
2020). Islam et al. reported that a diet high in fiber,
polyunsaturated fatty acids, vitamins, minerals, and
polyphenols contain sufficient macronutrients, and
micronutrients can modulate inflammation and the immune
system of SLE patients (Islam et al., 2020). While the scope
and conclusions of this study are rather broad, they are applicable
to CLE since it is a manifestation of SLE and can develop without
systemic involvement. In fact, in a study by Berthier et al., there
were no major transcriptional differences between CLE only and
SLE-associated CLE lesions (Berthier et al., 2019).

Taxifolin
Bito et al. investigated the effect of plant flavonoids on intercellular
adhesion molecule-1 (ICAM-1) expression in human keratinocytes.
Taxifolin was selected for its potency and its potential to inhibit IFNγ-
induced ICAM-1 protein and mRNA expression in human
keratinocytes (Bito et al., 2002). The study found that taxifolin
inhibited the activation of STAT1 and the phosphorylation of
JAK1, thereby affecting the expression of ICAM-1 at the
transcriptional level (Bito et al., 2002). Furthermore, taxifolin
inhibited the expression of ICAM-1 induced by IFN-γ in an
experimental human skin, suggesting that taxifolin may have
therapeutic potential in pathological skin conditions caused by
enhanced adhesion and inflammation (Bito et al., 2002). The study
concluded that the JAK-STAT pathwaymight be the site of molecular
action for taxifolin (Bito et al., 2002), and by extension, a potential
pathway that a CLE therapeutic can be designed to exploit.

N-Acetylcysteine
Studies show that microbiome composition and function have
effects on the pathogenesis of autoimmune diseases (ADs). Wang
et al. examined the role of the gut microbiome and host responses

in SLE pathogenesis using female C57BL/6, MRL+/+, and MRL/
lpr mouse models with varying levels of disease progression
(Wang H. et al., 2021). The researchers found that
N-acetylcysteine treatment decreased the Rikenellaceae
population; increased the population of Akkeransiaceae,
Erysipelotrichaceae, and Muribaculaceae; and improved
Turibaculaceae attenuation. This increase in gut microbiota
dysbiosis was linked to an increase in the oxidative stress of
the gut, barrier dysfunction, inflammatory responses, and
systemic autoimmunity (Wang H. et al., 2021). The skin
microbiota is not well-studied, though one study has reported
increased Staphylococcus aureus in CLE lesions (Sirobhushanam
et al., 2019). We can posit that if systemic autoimmunity is
correlated with a disruption in gut microbiota and correction
of dysbiosis can have a positive impact on disease course, then
cutaneous manifestations of autoimmunity can be mitigated or
reversed with skin pre- or probiotics to restore the microbiome.

Sodium Butyrate
Gut microbiota dysbiosis strongly influences the onset and
development of systemic lupus erythematosus (SLE). Several
studies have demonstrated microbiota-derived butyrate’s
effectiveness in ameliorating SLE (He et al., 2020). This study
used MRL/lpr lupus-prone mice to examine the roles of butyrate
on gut microbiota in SLE (He et al., 2020). The researchers found
that Butyrate supplementation ameliorated gut microbiota
dysbiosis and renal histopathologic changes in lupus-prone
MRL/lpr mice, therefore showing potential as SLE treatment
(He et al., 2020). Based on this data, it is clear that the gut
microbiome and host interactions influence SLE disease
manifestation, which can be applied to CLE, given their
similarities. This study had an overall low risk of bias;
however, more research in this area is needed to identify the
role of gut microbiome dysbiosis in CLE.

Arsenic Trioxide and Tetra-Arsenic Tetra-Sulfide
Arsenic trioxide (ATO), used for treating acute promyelocytic
leukemia, has shown the potential to treat lupus-like disease
processes in animal models (Hamidou et al., 2021). In a phase
IIa clinical study, researchers evaluated the efficacy and safety of
intravenous ATO treatment for patients with active SLE
(Hamidou et al., 2021). The outcome of this study shows
that ATO as a complementary treatment resulted in a
decrease in corticosteroid dosage from 11.25 mg/day at
baseline to 6 mg/day at week 24 (Hamidou et al., 2021). The
researchers concluded that ATO offers a good safety profile and
is efficacious in treating patients with SLE (Hamidou et al.,
2021).

Zhao et al. cited the findings of the ATO clinical study by
Hamidou et al. in their decision to explore the compound Tetra-
arsenic tetra-sulfide (As4S4). Tetra-arsenic tetra-sulfide (As4S4)
is used in TCM and mainstream medical oncology in treating
acute promyelocytic leukemia with milder side effects than ATO
(Zhao et al., 2013; Zhu et al., 2013). This study examined As4S4 to
determine the side effects and inflammatory parameters affected
by As4S4 on the lupus-prone BXSB mice model (Zhao et al.,
2013). As4S4 treatment conferred improvement on monocytosis
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in the spleen and decreased serum levels of IL-6 (Zhao et al.,
2013). Several improvements in systemic findings were also
identified, i.e., the model mice’s skin, liver, and renal disease
(Zhao et al., 2013). As4S4 treatment also suppressed immune
complex deposition, mesangial proliferation, and infiltration of
inflammatory cells in kidneys and livers (Zhao et al., 2013). This
study concluded that As4S4 selectively suppresses cutaneous
lupus in BXSB mice (Zhao et al., 2013). The cutaneous-related
findings in this study suggests direct application of As4S4 to CLE
treatment, though further experimentation is necessary to clarify
these findings.

Ethyl Pyruvate
Several mesenchymal stem cell (MSC) defects have been observed
in SLE patients, including impaired growth, senescence
phenotype, and immunomodulatory functions (Ji et al.,
2019a). Treatment with ethyl pyruvate (EP) improved the
clinical signs associated with lupus nephritis in MRL/lpr mice
and elongated the survival of the mice (Ji et al., 2019a). This study
found that targeting HMGB1 reverses the senescent phenotype
exhibited by bone marrow stromal cells in the model mice (Ji
et al., 2019a). In support of this study, MSCs have been shown to
synthesize trophic mediators, such as growth factors, cytokines,
macrophage colony-stimulating factor, IL-6, IL-11, IL-15, stem
cell factor, and VEGF-involved in hematopoiesis regulation, cell
signaling, and immunity modulation (Cras et al., 2015). Together,
these features indicate that MSCs may be used to treat
autoimmune and autoinflammatory symptoms associated with
SLE and CLE.

4 FUTURE DIRECTIONS

Plant-derived antimalarials and immunosuppressants are
currently used in CLE treatment regimens. This study sought
to identify potential compounds derived from plants and natural
products that could be repurposed for CLE treatment. Although
the studies included in this review are not conclusive and require
further research, we can propose that the findings have
ethnopharmacological relevance on the development of CLE
prophylactics, treatment, and disease managing medications.
Different formulations, including topical treatments, of
existing therapies that have proven clinical significance in the
treatment of SLE, could be developed for skin-limited lesions or
as adjuncts for the existing CLE therapies. Topical treatments
generally have better safety profiles and could ameliorate the
toxicity concerns of some of the reviewed compounds by limiting
systemic absorption.

Nutrition has long been recognized in improving the course of
lupus erythematosus. Macro and micronutrients, including
flavonoids and polyphenols derived from plants and diets rich
in polyunsaturated fatty acids, significantly impact lupus patients’
quality of life, suggesting a beneficial or synergistic effect of diet in
symptom management. We identified vitamin D as a potentially
important bioactive molecule for CLE patients through our
search. It is important to note that synthetic vitamin A
derivatives (retinoids) and vitamin B/folic acid analogs

(metformin) are also used to treat rheumatic diseases,
including CLE (Kuhn et al., 2011). Patients self-report
improved symptoms or symptom management with improved
diet (Charoenwoodhipong et al., 2020). Future studies examining
potential additive or synergistic effects of vitamins/diet on CLE
disease damage and activity in combination with anti-
inflammatories are warranted.

Certain compounds and extracts demonstrated efficacy
specifically for skin disease. These included Tripterygium
wilfordii Hook. f., fish oil, and aconitine, Tween-20 Perna,
vitamin D. Other compounds we identified were anti-
inflammatory and exerted effects on pathways previously
targeted in lupus, such as IFN-dependent and signaling
pathways for cytokines, JAK-STAT, B cell intrinsic signaling,
NFkB/lkBa, and P38 MAPK. These compounds included
extracts from Tripterygium wilfordii Hook. f., Camellia sinensis
(L.) Kuntze, Artemisia annua L., Curcuma longa L., and Paeonia
lactiflora Pall. These findings are promising because closely related
plants may confer similar effects, therefore impacting the
availability of viable raw materials. Further research will be
beneficial in verifying this proposition.

Ji et al.’s study of JP and PF- mediated inhibition of IRAK1 is of
particular interest to our group, as we recently identified IRAK1 as a
potential treatment target in CD45+ immune cells in discoid lupus
erythematosus (DLE) lesional skin using spatial transcriptomics
(Haddadi et al. submitted, GSE182825). Therefore, we posit that
active ingredients from JP and PF that target IRAK1 may be
promising for further pharmaceutical development.

Certain compounds we identified are notably toxic at high
doses, including arsenic derivatives. Tripterygium wilfordii Hook.
f. can also be detrimental to patients when its safety is not
properly controlled during preparation. This is because it has
a narrow therapeutic index and may result in unavoidable side
effects (Ru et al., 2019). Methotrexate is also genotoxic, serving as
a chemotherapeutic that limits lymphocyte proliferation. Dosing
for toxins, including NNAV would need to be performed
carefully to avoid unwanted side effects. Allergies are another
potential, though this is a risk with virtually any drug, food, or
biologic medication.

Patient education is another important component of utilizing
herbal supplementation, TCM, and other approaches, as these
active compounds may interact with a patient’s current
medication list. The efficacy and safety of medicinal extracts
are influenced by their purity and concentration of active
ingredients relative to the excipients during preparations;
when much attention is not paid to these factors, a lack of
clinical response or side effects ranging from mild symptoms
to life-threatening ones can occur.

We would like to highlight that ancient cultures and
indigenous peoples have used natural compounds to treat
various ailments, passing down traditional wisdom through
generations (Salmon, 1996). This wisdom may be missing
from the peer-reviewed scientific literature. Cultural
appropriation has monetized these approaches to produce
pharmaceutical-grade medications ultimately. It is understood
that the development of pharmaceuticals requires a certain level
of funding for purification/synthesis, preclinical and clinical
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testing to prove mechanism, safety, dose, and superiority to previous
standards of care. Furthermore, given that patients can have severe
disease that is not fully controlled through herbalism, patients may
ultimately need a stronger or more purified compound to achieve
disease control or remission. In our modern society, patients are
exposed to a myriad of environmental triggers through climate
change and pollution, contributing to their disease severity. Thus, we
would encourage future research into the plant extracts and natural
compounds we identified as potential novel CLE treatments, but to
caution scientists to do so in a way that will not decimate the land of
the people who cultivate medicinal plants, not make the end product
unaffordable to patients, and not disregard the work of traditional
healers.

4.1 Limitations
Themain challenge of this project was producing an exhaustive list of
plant extracts and natural products in our search strategy. For
instance, we included all general plant terms and then those we
suspected would yield usable data, but we could not feasibly account
for all plant names, extracts, and products in the search. Our search
strategy yielded many studies regarding synthetic
immunomodulators, such as JAK inhibitors. The studies focused
on components that were not directly in line with our inclusion
criteria, i.e., the sourcing criteria and the respective use in the
treatment of lupus. Nonetheless, we were successful in discovering
medicinal plant extracts and natural compounds we had not yet
considered as potential novel treatments.

Additionally, several studies we extracted lacked mechanistic
experimentation, which could contribute to bias in the
interpretation of efficacy and reported results. Many mouse
studies that used MRL/lpr mice were only conducted once; this is
likely because the mice need to be aged to test lupus disease states.
However, experimental n of 1 confers a high risk of bias, as it is
unclear whether the results hold true over time. Studies using herbal
formulas provide challenges to data interpretation for several
reasons. First, compounds can have interactions that are additive,
synergistic, negative, or null. Second, it may be that a compound’s
metabolite that is generated in the body following processing or
degradation provides the therapeutic benefit. JP can lead to the
generation of 13+ metabolites (Ding et al., 2014), underscoring the
need for further research to discern how metabolites impact lupus
disease. Future studies for these herbal formulas are warranted,
particularly for identifying potential synergistic combinations of
compounds that minimize unwanted side effects.

Another important consideration is that different compounds
may be more efficacious for specific clinical subtypes of CLE, and
for CLE that exists with or without systemic involvement. This
would need to be assessed further through preclinical studies and
clinical trials, and is therefore beyond the scope of this systematic
review at this time.

4.2 Potential Impacts on Photosensitivity
It is important to note that Hypericum perforatum L.
[Hypericaceae] (St. John’s wort), which we identified in our
study, and Ginko biloba L., which was not captured in our
search but is a commonly used herbal supplement, are
photosensitizers. These may have a negative impact on CLE

disease if patients use these supplements and are exposed to
UV light without proper photoprotection (Levine 1990 from
Wisconsin Department of Public Health). Other compounds
identified in our search that could cause photosensitivity
include quercetin, which was shown to be phototoxic in vitro
in HaCaT cells (Rajnochová Svobodová et al., 2017), and SMS
preparation, which includes components from Phellodendron
amurense Rupr. [Rutaceae]. Rutaceae used in perfumes,
flavoring, and spices can cause photosensitivity (Levine 1990
from Wisconsin Department of Public Health).

However, antimalarials, which are mainline therapies used to
treat CLE, and synthetic vitamin A derivatives (retinoids), which
are used to treat rheumatic diseases, can also cause
photosensitivity (Moore and Hemmens, 1982; van Weelden
et al., 1982; Blakely et al., 2019). Further, pharmaceutical
agents synthetic and naturally derived alike may interact with
each other to cause photosensitivity. Therefore, counseling
patients on sun avoidance and protection as well as disclosure
of all medications and supplements used is paramount in
management of CLE. Another option may be to find safe
combinations of treatments to control photosensitivity, for
example by combining a photoprotective supplement like
Phlebodium aureum (L.) J. Sm. [Polypodiaceae] extract
(Alonso-Lebrero et al., 2003; Prado et al., 2018; Segars et al.,
2021) with an anti-inflammatory agent as was performed in a case
report of subacute CLE (Breithaupt and Jacob, 2012).

Of the remaining compounds we identified, some exhibit evidence
of photoprotection including fish oils and fatty acids (Rhodes et al.,
1995; Rhodes andWhite, 1998; Pilkington et al., 2011;HuangTH. et al.,
2018). Tripterygium wilfordii Hook. f. exhibited photosensitizing
activity against bacteria and fungi, but has no reported evidence of
photosensitizing activity in mammalian cells (Alam et al., 2021). This
may be a beneficial aspect that should be studied in the context of CLE
disease: dysbiosis occurs in CLE (Sirobhushanam et al., 2019) and
targeting microbial cells but sparing the host cells could be beneficial.
Curcuma longaL. (curcumin, turmeric) is also being examined for anti-
microbial photosensitization (Yang et al., 2020), however there is
evidence of potential negative impacts on mammalian cells, as
people can experience pigmentation differences following UV
exposure (Napolitano, 2019). Last, several compounds we identified
are sensitive to oxidation and degradation caused by exposure to UV
light, including olive oil (derived from Olea europaea L.
[Oleaceae]), Epimedium alpinum L. [Berberidaceae] extracts,
and resveratrol, potentially making extraction and storage of
active compounds difficult (Khan and Shahidi, 1999). Notably,
olive oil itself does not impact phototherapy and is unlikely to
cause photosensitivity by itself (Fetil et al., 2006; Zeb et al., 2008;
Akarsu et al., 2018).

5 CONCLUSION

It is clear that more clinical and immunologically heterogeneous
therapies are needed for lupus and CLE. Historically, plant-
derived compounds have been a source of inspiration for the
development of cutaneous disease treatment, like
immunosuppressants and antimalarials. In this systematic
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review, we analyzed a number of experimental and
epidemiological studies concerning natural compounds/plant
extracts in order to assess their effectiveness and
immunological effects. Despite the lack of conclusive evidence
in many of these studies, it remains clear that many of these
substances have anti-inflammatory and immunomodulatory
properties that may be applied to CLE treatment. There was
an improvement in inflammatory markers, cytokine levels,
immunological pathways, skin lesions severity, assessment
scores, and patient quality of life in several studies identified
in our literature search. As scientists continue to look for better
ways to treat CLE, the compounds we have identified in this
systematic review warrant further studies for the possibility of
harnessing new active ingredients for the treatment of CLE.
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Angiogenesis is an essential mechanism in both physiological and pathological functions,
such as wound healing and cancer metastasis. Several growth factors mediate
angiogenesis, including vascular endothelial growth factor (VEGF) and platelet derived
growth factor (PDGF). This study evaluated the potential wound healing activity of Greyia
radlkoferi Szyszyl (GR) and its effect on growth factors regulating angiogenesis. The
ethanolic leaf extract of GR was evaluated for antibacterial activity against wound
associated bacteria; Staphylococcus aureus and Pseudomonas aeruginosa. It
exhibited antibacterial activity against two strains of S. aureus (ATCC 25293 and
ATCC 6538) displaying a minimum inhibitory concentration (MIC) at 250 and 500 μg/
ml, respectively. The antioxidant activity of the extract was investigated for nitric oxide (NO)
scavenging activity and showed a fifty percent inhibitory concentration (IC50) of 1266.5 ±
243.95 μg/ml. The extract was further investigated to determine its effect on the
proliferation and modulation of growth factors secreted by human keratinocytes
(HaCaT). Its effect on wound closure was evaluated using the scratch assay, where
non-toxic concentrations were tested, as determined by the antiproliferative assay against
HaCat cells (IC50 > 400 μg/ml). Results showed that the extract significantly inhibited
wound closure, with a percentage closure of 60.15 ± 1.41% (p < 0.05) and 49.52 ± 1.43%
(p < 0.01) at a concentration of 50 and 100 μg/ml, respectively, when compared to the
0.25% Dimethyl sulfoxide vehicle control (65.86 ± 1.12%). Quantification of secreted
growth factors from cell-free supernatant, collected from the scratch assay, revealed that
the extract significantly decreased the concentration of platelet-derived growth factor
(PDGF-AA) at both 50 (p < 0.05) and 100 μg/ml (p < 0.001) (443.08 ± 77.36 and 178.98 ±
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36.60 pg/ml) when compared to the 0.25% DMSO vehicle control (538.33 ± 12.64 pg/ml).
Therefore, whilst the extract showed antibacterial activity against wound associated
bacteria, it did not induce wound healing but rather showed a significant inhibition of
wound closure, which was confirmed by the inhibition of PDGF-AA, a major growth factor
involved in angiogenesis. Therefore, the GR extract, should be considered for further
investigation of anti-angiogenic and anti-metastatic properties against cancer cells.

Keywords: Greyia radlkoferi szyszyl, antibacterial, Staphylococcus aureus, Pseudomonas aeruginosa, nitric oxide,
human keratinocytes, wound closure, platelet derived growth factor AA

1 INTRODUCTION

Angiogenesis involves the proliferation and migration of
endothelial cells which occurs concurrently with the
formation of nascent epithelial tissue, as seen in the wound
healing process. The formation of microvessels is vital for
blood and nutrient supply to the nascent tissues to ensure
healthy wound recovery and maturation of the epidermal
layer. However, overstimulation of the angiogenic process
may lead to the progression of pathological diseases, such
as tumor growth and metastatic developments (Rajabi and
Mousa, 2017). Cancerous cells secret an excess of pro-
angiogenic factors, such as vascular endothelial growth
factor (VEGF) and platelet-derived growth factor (PDGF-
AA), which over-stimulate angiogenesis within the tumour,
leading to exponential tumour growth and metastasis due to
the continuous supply of blood and nutrients into the cancer
mass (Lugano et al. 2020). The perpetual secretion of VEGF
and PDGF-AA leads to a bias towards the formation of nascent
blood capillaries as opposed to maturation of these capillaries,
which results in a high permeability index of the surrounding
tissue (Azzi et al., 2013). This provides metastatic cancer cells a
mode of dissemination into the bloodstream which may lead
to the formation of distal tumour sites (Carmeliet and Jain
2011).

Wound healing is an intricate process which involves various
factors and physiological mechanisms, such as cell proliferation
and angiogenesis (Aldridge 2015). Therefore, the rate of dermal
wound healing is influenced by the proliferation of human
keratinocytes and angiogenesis, which are both regulated by
specific growth factors secreted by numerous somatic cells,
including keratinocytes, throughout the wound healing process
(Lynch et al. 1989) (Table 1).

The rate of wound healing may be hindered due to
complications such as wound infection, which disrupts healthy
tissue regeneration and efficient angiogenesis due to severe swelling
(Brem and Tomic-canic 2007). Wounds infected by bacteria such
as Staphylococcus aureus and Pseudomonas aeruginosa, result in
severe inflammation around the wound site (Bessa et al., 2013;
Micek et al., 2005; Cohen and Kurzrock, 2004). Excessive swelling
in nascent tissues may result in tissue tearing and restriction of
blood flow which ultimately impairs the angiogenic and wound
healing pathways (Brem and Tomic-canic, 2007). This highlights
the importance of developing effective antibacterial agents that
may facilitate healthy wound healing via the stimulation of growth
factors associated with angiogenesis and endothelial cell
proliferation and migration.

The potential of medicinal plants as a resource for novel
therapeutic agents is made evident due to the use of these
plants in various traditional medicinal practices across the

TABLE 1 | Human growth factors secreted by keratinocytes and their role in wound healing/angiogenesis.

Growth factor Role of growth factor in wound healing/angiogenesis Cells which produce
growth factor

References

Angiopoietin-2 (ANGPT2) Stimulates angiogenesis by preventing maturation of nascent
microvessels

Endothelial cellsKeratinocytes (Krikun et al.
(2000))

Fibroblast growth factor (FGF) Stimulates cell migration and angiogenesis by facilitating the
secretion of degradative enzymes by endothelial cells

Epithelial/mesenchymal cells Keratinocytes Barrientos et al.
(2008)

Hepatocyte growth
factor (HGF)

Stimulates mitosis of epithelial cells Facilitates angiogenesis by
stimulating the secretion of proangiogenic factors

Fibroblasts Keratinocytes Mesenchymal cells
Platelets

Li et al. (2013)

Macrophage colony-
stimulating factor (M-CSF)

Regulates macrophage cell function and differentiation Stimulates
the secretion of pro-angiogenic factors in endothelial cells

Bonemarrow cells Endothelial cells Fibroblasts
Keratinocytes Monocytes

Barrientos et al.
(2008)

Platelet-derived growth factor
(PDGF-AA)

Regulates endothelial cell proliferation and migration Stimulates
production of collagen and other connective tissues which facilitate
wound contraction Stimulates the production of pro-angiogenic
factors by endothelial cells

Endothelial cells Keratinocytes Macrophage
Platelets Smooth muscle cells

Lynch et al.
(1989)

Vascular Endothelial Growth
Factor (VEGF)

Stimulates proliferation of endothelial cells Stimulates angiogenesis
by promoting epithelial cell proliferation andmicrovessel permeability

Fibroblasts Keratinocytes Macrophages
Mesenchymal cells

Barrientos et al.
(2008)

Erythropoietin (EPO) Stimulates the proliferation andmigration of epithelial cells Stimulates
the production of pro-angiogenic factors

Fibroblasts Keratinocytes (Haroon et al.
(2003)
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globe (Ekor 2014). Several South African medicinal plants,
such as various Aloe and Buchu species (Agathosma spp.), have
been used in wound healing practices for generations around
the world (Pereira and Bártolo 2016). The gel of aloe species,
such as Aloe arborescens Miller and Aloe ferox Miller, is
directly applied to dermal wounds and burns to provide
soothing effects and promote wound healing (Jia et al.,
2008; Morgan and Nigam, 2013). Tinctures of various
Agathosma spp. are directly applied to dermal wounds and
abrasions to provide antibacterial and anti-inflammatory
effects (Van Wyk, 2011). This highlights the potential for
drug discovery through investigation of unexplored plant
species.

Greyia radlkoferi Szyszyl, belonging to the Melianthaceae
family, is indigenous to various parts of southern Africa, with
distributions across Limpopo, Mpumalanga and Kwa-Zulu Natal.
This deciduous shrub can grow up to 5 m in height and sprouts
red bottlebrush-like flowers during the winter and early spring
seasons (Malele et al., 2021). Although commonly used in
traditional practices to make utensils and textiles, the

medicinal value of G. radlkoferi has not been fully investigated
(De La Cruz, 2004). However, studies have revealed that extracts
prepared from the leaves are rich in bioactive flavonoids, which
have displayed significant activity against skin
hyperpigmentation (Bohm and Chan, 1992; De Canha et al.,
2013). Flavonoids have been identified for their potential to
stimulate wound healing through various mechanisms, such as
by modulation of the inflammatory response, angiogenesis, cell
migration and oxidative stress (Carvalho et al., 2021). Although
rich in flavonoid content, the effects of G. radlkoferi leaf extracts
on wound healing have not been documented.

Therefore, the aim of this study was to investigate the
antibacterial activity against S. aureus and P. aeruginosa and
the wound healing potential ofG. radlkoferi ethanolic (EtOH) leaf
extract (GR-EtOH), and its effects on growth factors involved in
wound healing and angiogenesis.

2 METHODS AND MATERIALS

2.1 Materials and Reagents
PrestoBlue® was purchased from Life Technologies
(Johannesburg, South Africa). The University of Cape Town
(South Africa) donated the spontaneously immortalized
human keratinocyte (HaCat) cell line. Strains of S. aureus
(ATCC 6538 and ATCC 25293) and P. aeruginosa (ATCC
9027) were obtained from Anatech Analytical Technology
(Johannesburg, South Africa). Cell culture reagents, including
Dulbecco’s Modified Eagle Medium (DMEM), trypsin-EDTA
(0.25%), fetal bovine serum (FBS), phosphate buffer saline

TABLE 2 | | Gradient of the mobile phase used for elution of galangin in the
ethanolic leaf extract of Greyia radlkoferi.

Time (min) Solvent A (%) Solvent B (%)

0 80 20
2.5 80 20
30 20 80
120 80 20

FIGURE 1 | Calibration curve of galangin generated using 0.25, 0.50 and 1.00 mg/ml.
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(PBS), and antimicrobials, such as penicillin, streptomycin and
amphotericin B, were supplied by ThermoFisher Scientific
(Johannesburg, South Africa). Sterile cell culture flasks and
multi-well plates were purchased from Lasec South Africa
(Pty) Ltd. (Midrand, South Africa). Sodium nitroprusside,
Nutrient Agar/Broth, Tryptic Soy Agar/Broth, vancomycin
(purity ≥90%), ciprofloxacin (purity ≥98%), actinomycin D
(purity ≥95%), ascorbic acid (purity >98%), Griess-Ilosvay’s
nitrite reagent, HPLC-grade methanol, galangin (purity ≥99%)
and all other chemicals and reagents were acquired from Sigma
Chemicals Co. (St. Louis, MO, United States ). The
LEGENDPlex™ Growth Factor Panel Flow cytometry Kit was
supplied by Biocom Biotech (Pty) Ltd. (Centurion, South
Africa).

2.2 Plant Material Collection and Extraction
Leaves of G. radlkoferi were collected in February 2018 from the
Manie van der Schijff Botanical Garden (-25.752406, 28.229718)
at the University of Pretoria. A herbarium specimen number
(PRU 122434) was prepared and submitted at the
H.G.W.J. Schweickerdt Herbarium, University of Pretoria,
South Africa. The fresh leaf material (205 g) was blended with
2 L of absolute ethanol until homogenized. Thereafter, the
mixture was filtered using a Buchner funnel (No three
Whatman filter paper) and the filtrate was evaporated with a
Bϋchi Rotary evaporator. The resulting semi-liquid extract was
then freeze-dried using a freeze dryer (ICHR101530, Alpha one to
two Ldplus (Lasec SA (Pty) Ltd.), until a powdered extract was
obtained (6.22% yield).

2.3 High-Performance Liquid
Chromatography (HPLC) of GR-EtOH
Extract
Previous reports have indicated the presence of galangin in an
ethanolic leaf extract of G. radlkoferi (Lall et al., 2016).
However, quantification of galangin from the ethanolic leaf
extract has not yet been reported. Therefore, a gradient HPLC
method was used to quantify galangin in GR-EtOH using a
prepacked reverse-phase Luna Synergi 4u Fusion-80A column
(150 × 4.6 mm, particle size 4 μm) (Separations, Randburg,
South Africa) equipped with a UV detector (270 nm) and
operating at 25°C. Samples, dissolved in methanol, were
filtered through a 0.2 μm syringe filter prior to injection. An
injection volume of 20 μL per sample was used with a constant
flow rate of 1.2 ml/min at 25°C. Data acquisition was
performed over a 2 h period. The mobile phase gradient
(Table 2) consisted of water +0.5% acetic acid (solvent A)
and acetonitrile +0.5% acetic acid (solvent B). The percentage
galangin quantified in GR-EtOH was calculated from a
galangin standard curve (Figure 1).

2.4 Antibacterial Assay
Pure cultures of S. aureus (ATCC 6538 and ATCC 25293) and P.
aeruginosa (ATCC 9027) were maintained on sterile tryptic soy
and nutrient agar plates, respectively. The antibacterial activity of
GR-EtOH was investigated following the method described by

Lall et al. (2013). Subcultures of S. aureus and P. aeruginosa were
inoculated at 1.5×108 colony forming units per mL (CFU/ml) in
correlation to the 0.5 McFarland standard, and subsequent
inoculations were further diluted (1:1000). A stock
concentration of GR-EtOH was prepared at 2 mg/ml (in 10%
DMSO) and was further serially diluted in the respective broth
at final concentrations ranging from 7.81–500 μg/ml (with
resulting DMSO concentrations of 0.03–1%, respectively).
The positive controls, vancomycin and ciprofloxacin were
tested at final concentrations ranging from 0.39–50 μg/ml
and 0.039–5 μg/ml against S. aureus and P. aeruginosa,
respectively. Media without bacteria, a DMSO vehicle control
(ranging from 0.03–1%) and an untreated bacterial control were
included. After the addition of bacteria, the plates were
incubated for 18 h at 37°C, thereafter, 20 µL of PrestoBlue®
viability reagent was added to the wells and the minimum
inhibitory concentration (MIC) was determined by visual
examination, after 20 min of incubation.

2.5 Cell Culture
2.5.1 Culture Growth and Maintenance
The HaCaT cells were maintained in DMEM supplemented with
10% heat-inactivated fetal bovine serum, 1% antibiotics (100
U/mL penicillin and 100 μg/ml streptomycin), and 1%
amphotericin B (250 μg/ml) at 37°C and 5% CO2. The cells
were sub-cultured after treatment with trypsin-EDTA (0.25%
trypsin containing 0.01% EDTA) for 5 min, after an 80%
confluent monolayer had formed.

2.5.2 Antiproliferative Assay
The antiproliferative assay was performed according to the method
described by Lall et al. (2013). The HaCaT cells were seeded at a
concentration of 1×105 cells/mL (10,000 cells/well) in sterile 96-well
micro-titre plates (with 100 µL of cell suspension per well). The plates
were incubated for 24 h to allow cell attachment to occur. Media
controls, with and without cells were used as 100 and 0% cell viability
controls, respectively. Dimethyl sulfoxide (DMSO) was included as a
toxic inducer at final concentrations ranging from0.625 to 20% and as
a vehicle control (1%). A stock concentration of GR-EtOH was
prepared at a concentration of 40mg/ml (in DMSO). Thereafter,
the extract was serially diluted in complete media, and tested at final
concentration ranging from 3.13–400 μg/ml. All wells were tested at a
final volume of 200 µL per well. The plates were incubated for a
further 72 h at 37oC and 5% CO2. PrestoBlue® viability reagent was
then added (20 µL) and the plates were incubated for 2 h to allow for a
colour change to occur. The fluorescence of the resulting colour
complex was measured (excitation of 560 nm and emission of
590 nm) using a Victor® Nivo™ Multimode Microplate Reader
(PerkinElmer South Africa (Pty) Ltd.). The percentage cell viability
was determined using the formula:

% Cell viability � [(Atreatment − Ablank)
(Acontrol − Ablank) ] × 100 %

Where, A = Fluorescence, Ablank = fluorescence of media without
cells (0% control), Acontrol = fluorescence of DMSO (1%) vehicle
control and Atreatment = fluorescence of sample. The 50%
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inhibitory concentration (IC50) of GR-EtOH and the DMSO toxic
inducer control was determined using the GraphPad Prism
Version 4.0 software (San Diego, California, United States ).

2.6 Nitric Oxide Scavenging Assay
The nitric oxide (NO) scavenging assay was performed
according to the method described by Mayur et al. (2010).

The GR-EtOH extract and positive control (ascorbic acid) were
prepared at stock concentration of 8000 μg/ml and 2000 μg/ml
(in DMSO), serially diluted in ethanol and tested at final
concentrations ranging from 31.25–4000 μg/ml and
15.63–2000 μg/ml, respectively. DMSO was used as the
vehicle control. A 10 mM solution of sodium nitroprusside
(50 µL) was added to all wells and the plates were subsequently

FIGURE 2 | The HPLC chromatogram of (A) G. radlkoferi EtOH leaf extract used for the quantification of (B) galangin.
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incubated for 90 min at room temperature. Thereafter, 100 μL
Griess reagent was added to all the wells. Blank colour controls
were prepared for the GR-EtOH and the positive control,
where 100 µL of distilled water was added to the wells
instead of Griess reagent. After incubation for 5 min, the
absorbance was measured at 546 nm using a BIO-TEK
Power-Wave XS multi-well reader (A.D.P, Weltevreden
Park, South Africa) using the KC Junior software. The
percentage NO inhibition (%) was calculated using the
following equation:

% NO inhibition � [
Avehicle−(At − Atb)

Avehicle
] × 100 %

Where Avehicle = average DMSO vehicle control absorbance, At =
absorbance of the sample and Atb = absorbance of the sample
blank colour control. The concentration required to scavenge
50% of produced NO (IC50) was determined thereafter using
GraphPad Prism Version 4.0 software.

2.7 Scratch Assay and Growth Factor
Quantification
The effect of GR-EtOH on the proliferation of HaCat cells was
investigated using the scratch assay according to a method
described by Liang et al. (2007), with slight modifications. The
HaCat cells were seeded at a concentration of 1.5×105 cells/mL
(150,000 cells/well) in 24-well micro-titre plates and incubated
for 24 h at 37oC and 5% CO2 to form a confluent monolayer. A
1000 μL pipette tip was used to scratch a cross in the monolayer to
simulate a wound and the media was subsequently replaced to
remove cell debris. The extract was tested at two non-toxic
concentrations (50 and 100 μg/ml), as determined from the
antiproliferative assay. Media controls, with and without cells,
and a DMSO (0.25%) vehicle control were included in the
experiment. Immediately after addition of GR-EtOH and the
controls, images were taken of the scratches at 0 h incubation.
The plates were subsequently incubated for 18 h, after which
images were taken again. Images were analysed using ImageJ
Version 1.53e software to calculate the percentage wound closure
after 18 h incubation. The analysis protocol for each image at 0

and 18 h incubation occurred as follows; the image type was set to
8-bit and a bandpass filter was applied. The threshold was
adjusted to the automatic setting and a radius filter was
applied with a minimum radius of seven or above, until the
outline of the scratch was prominent. Thereafter, the wand tool
was used to select the scratch border and the analyse-measure
function was used to obtain the area of the selected scratch
border, and the results were recorded. Percentage wound
closure was calculated using the following equation:

%Wound closure � [
(A0h − A18hr)

A0h
] × 100 %

(where, A = area of the scratch)
After images were taken at 18 h incubation, the plates were

centrifuged (980 rpm) and supernatant was collected from each of
the wells and frozen at -80oC until use for quantification of growth
factors, which was performed using the LEGENDPlex™ Human
Growth Factor Panel Kit from BioLegend. PrestoBlue® was added
to the remaining media and measured as described in the
antiproliferative assay to calculate the percentage cell viability to
ensure that GR-EtOH and the controls did not show toxicity (Lall
et al., 2013). Quantification of growth factors from the cell free
supernatant was conducted according to the manufacturer’s
protocols (Cat # 741061) Briefly, 25 µL supernatant and
standards (tested at concentration ranging from 0–10,000 pg/ml
(M-CSF) and 0–50,000 pg/ml (ANGPT2, EPO, FGF, HGF, PDGF-
AA and VEGF) were added to the V-bottom 96-well micro-titre
plate, followed by the additional of 25 μL assay buffer, 25 µL of pre-
mixed beads and 25 μL detection antibodies to all the wells. The
plate was incubated at room temperature for 2 h with constant
shaking at 800 rpm. After incubation, 25 μL streptavidin-
phycoerythrin (SA-PE) conjugate was added to each well
followed by 30min incubation with constant shaking at
800 rpm. The plate was then centrifuged at 4000 rpm for 5 min
and the supernatant removed (without disruption of the bead
pellet). The plate was washed by adding 200 µL of wash buffer to
each well where after the plate was centrifuged and the supernatant
was removed. The beads were resuspended in 150 μL wash buffer
and the wells were read on a BD Accuri™ C6 Plus Flow Cytometer
BD Biosciences (San Diego, CA, United States ) according to the
LEGENDPlex™ protocol (Biolegend, 2021). The number of beads
acquired was set to 2000–2500 on Beads A gate and B gate, and the
flow rate was set to slow. The obtained data was analysed using the
LEGENDPlex™ v8.0 data analysis software to determine the
concentration of growth factors (pg/ml).

2.8 Statistical Analysis
The antibacterial assay was performed in duplicate with three
independent experiments (n = 2), whereas the antiproliferative and
NO scavenging assays were performed in triplicate with three
independent experiments (n = 3). The scratch assay was performed
in duplicate with two separate experiments (n = 2) and the
quantification of growth factors was performed in triplicate (n =
3). The results were displayed as mean ± standard deviation. The
IC50 from the NO and antiproliferative assay were calculated using
non-linear regression analysis of the sigmoidal dose-response

FIGURE 3 | Dose-response curve depicting HaCat cells treated with G.
radlkoferi EtOH leaf extract.
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curves with constraints set at 100 (top) and 0 (bottom) using
GraphPad Prism Version 4.0 software, whereas the MIC values
were visually interpreted. Significance of results was determined
using one-way ANOVA when compared to the 0.25% DMSO
vehicle control (+), followed byDunnett’s multiple comparison test
or Bonferroni posttest (as indicated in the results section) using
GraphPad Prism Version 4.0 software, where *p < 0.05 and **p <
0.01 indicates statistical significance.

3 RESULTS

3.1 HPLC Quantification of Galangin
The GR-EtOH was subjected to analytical separation by HPLC
for the quantification of galangin. The results exhibited that GR-

EtOH yielded a 2.15% composition of galagin, a known
compound isolated from the leaves of G. radlkoferi (Figures
2A, B) (Lall et al., 2016). The representative galangin peak eluted
at time 22.5 min (Figure 2A).

3.2 Antibacterial Activity
PrestoBlue® is a viability reagent which changes in colour from
blue to pink in the presence of viable cells, due to the reduction of
resazurin to resorufin by viable cellular oxidoreductase enzymes
(Lall et al., 2013). Visual MIC interpretation showed that GR-
EtOH exhibited antibacterial activity against S. aureus ATCC
25293 (MIC of 250 μg/ml) and ATCC 6538 (MIC of 500 μg/ml),
however did not display antibacterial activity against P.
aeruginosa (ATCC 9027) at the highest tested concentration
(MIC >500 μg/ml). The vancomycin positive control exhibited

FIGURE 4 | Images (×4 magnification) representing wound closure at 0 and 18 h incubation time of (A) untreated media control at 0 h and (B) after 18 h (C) 0.25%
DMSO vehicle control after 0 h and (D) after 18 h (E) G. radlkoferi EtOH leaf extract (50 μg/ml) after 0 h and (F) after 18 h incubation (G) G. radlkoferi EtOH leaf extract
(100 μg/ml) after 0 h and (H) after 18 h incubation.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8062857

Loggenberg et al. Greyia radlkoferi Extract Inhibits Wound Closure

229

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


an MIC of 0.78 μg/ml against both strains of S. aureus and the
ciprofloxacin positive control exhibited an MIC of 0.08 μg/ml
against P. aeruginosa.

3.3 Antiproliferative Activity
The antiproliferative assay was performed to determine the
potential toxicity of GR-EtOH against normal human
keratinocytes (Figure 3). In addition, results from the assay
were used to identify non-toxic concentrations at which to
conduct the scratch assay and growth factor quantification.
The results indicated that GR-EtOH did not display cytotoxic
effects on HaCat cells at the highest tested concentration (IC50 >
400 μg/ml), indicating that the extract had low (300 μg/ml < IC50

< 1000 μg/ml) to no (IC50 > 1000 μg/ml) toxicity (Kuete and
Efferth, 2015). The DMSO toxic inducer exhibited an IC50 of
4.08 ± 1.13%.

3.4 Nitric Oxide Scavenging Activity
The NO scavenging activity for GR-EtOH was investigated to
evaluate the potential antioxidant activity within the wound
healing process. The positive control, ascorbic acid, exhibited
an IC50 value of 60.32 ± 7.83 μg/ml, whereas the GR-EtOH
exhibited an IC50 of 1266.5 ± 243.95 μg/ml.

Scratch assay to determine the effect on wound closure.
The GR-EtOH extract was evaluated for potential wound

healing activity using HaCat cells, which provides insight
into the effect on cellular proliferation and migration. The
extract was tested at two non-toxic concentrations (50 and
100 μg/ml), as determined by the antiproliferative assay.

Images were taken at 0 and 18 h after incubation to
determine the percentage wound closure (Figure 4). GR-
EtOH (at 50 and 100 μg/ml) showed significant inhibition of
wound closure with a percentage closure of 60.15 ± 1.41% (p <
0.05) and 49.52 ± 1.43% (p < 0.01), respectively when compared
to the 0.25% DMSO vehicle control, which showed a percentage
wound closure of 65.86 ± 1.12%. In addition, the 0.25% vehicle
control did not show significant difference in wound closure
when compared to the media (untreated) control (65.38 ±
1.61%) (Figure 4).

3.5 Growth Factor Quantification
The quantification of growth factors secreted by HaCat cells (cell-
free supernatant collected from the scratch assay) after exposure
to GR-EtOH (50 and 100 μg/ml) was evaluated. Statistical
analysis showed that the 0.25% DMSO (vehicle) control did
not have an effect on growth factor production when
compared to the media (untreated) control. Cell viability was
not significantly affected by GR-EtOH at 50 and 100 μg/ml when
compared to the 0.25% DMSO (vehicle) and media (untreated)
controls, thereby establishing that the modulation of growth
factors was due to the extract and not affected by cell viability
(Figure 6A). The results revealed that GR-EtOH significantly
decreased the concentration of PDGF-AA at both 50 (p < 0.05)
and 100 μg/ml (p < 0.001) (443.08 ± 77.36 and 178.98 ± 36.60 pg/
ml, respectively) when compared to the 0.25% DMSO vehicle
control (538.33 ± 12.64 pg/ml) (Figure 5B). Furthermore, results
showed that GR-EtOH decreased ANGPT2 (at 100 μg/ml), and
M-CSF (at 50 and 100 μg/ml) production, however, this was not
statistically significant (Figure 6B).

4 DISCUSSION

The potential wound healing activity of GR-EtOH was evaluated
by determining its antibacterial, antioxidant and wound healing
activity as well as its effect on the production of growth factors
associated with angiogenesis. The extract exhibited antibacterial
activity against two strains of S. aureus (Gram-positive bacteria)
but not P. aeruginosa (Gram-negative bacteria). Previous studies
conducted on three Greyia species (G. radlkoferi, G. flanagani
Bolus and G. sutherlandii Hook. and Harv.) showed that EtOH
leaf extract of G. radlkoferi has a rich flavonoid content with
similar quantities of kaempferol and quercetin 3-0-mono- and
diglycosides (Bohm and Chan, 1992). Various reports state that
the antibacterial mechanism of flavonoids may be attributed to
damage of the phospholipid bilayers of the bacterial cell wall in
Gram-positive bacteria, however, the presence of the
lipopolysaccharide layer renders Gram-negative bacteria less
susceptible to these compounds (Recio and Rios, 2005; Osonga
et al., 2019; Yuan et al., 2021). There are numerous studies which
indicate that kaempferol and quercetin glycosides display
antibacterial activity against Gram-positive and Gram-negative
bacteria, including strains of S. aureus and P. aeruginosa, through
the inhibition of biofilm formation by reducing the expression of
adhesion-related genes, and the inhibition of efflux pump activity
in the bacterial cell wall (Falcão-Silva et al., 2008; Ming et al.,

FIGURE 5 | Percentage wound closure (%) of G. radlkoferi EtOH leaf
extract (50 and 100 μg/ml) on HaCat cells after 18 h incubation. Values are
displayed asmean ± standard deviation (n = 2), where *p < 0.05 and **p < 0.01
indicated statistical significance (one-way ANOVA and Dunnett’s
multiple comparison test) when compared to the 0.25% DMSO (vehicle)
control (+). No statistical difference was determined between the media
(untreated) control and the 0.25% DMSO (vehicle) control.
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2017; Wang et al., 2018; Pal and Tripathi, 2020). Therefore, the
antibacterial activity of GR-EtOH displayed against Gram-
positive S. aureus may be attributed to a similar mechanism of
action exhibited by the previously mentioned compounds.

The GR-EtOH extract showed low to no toxicity (IC50 >
400 μg/ml) against HaCat cells in correspondence with
thresholds set by Kuete and Efferth (2015) (Figure 2). Using
the scratch assay, to determine the potential wound healing
activity, GR-EtOH showed a significant decrease in wound
closure (Figures 4, 5). At 100 μg/ml, the extract exhibited a
lower percentage wound closure than at 50 μg/ml. There are
several reports which indicate that kaempferol and quercetin both
display conflicting evidence in their potential effects on wound
healing; kaempferol stimulates the migration of keratinocytes
through the activation of the focal adhesion kinase (FAK) and
Ras-related C3 botulinum toxin substrate 1 (Rac1) cell signaling
pathways, whereas quercetin inhibits keratinocyte migration by

inhibiting transforming growth factor β1 (TGF-β1)-induced
epithelial-mesenchymal transition (EMT) (Petpiroon et al.,
2015; Kim et al., 2020). In addition, the extract exhibited low
NO scavenging potential with an IC50 of 1266.5 ± 243.95 μg/mL.
A study by Lall and Sharma (2014), showed that an ethanolic leaf
extract of G. sutherlandii displayed low toxicity towards B16-F10
mouse melanoma cells (IC50 of 107.85 ± 1.53 μg/ml) in
comparison to the positive control, actinomycin D (IC50 of 4.5
× 10−3 ± 0.5 × 10−3 μg/ml). The study further showed that the
extract displayed DPPH radical scavenging activity with an IC50

of 7.9 ± 0.23 μg/ml. Another study conducted by Mapunya et al.
(2011) indicated that the ethanolic leaf extract of G. flanaganii
inhibited melanin production through the inhibition of the tyrosinase
enzyme (IC50 of 32.62 μg/ml), with low toxicity against B16-F10
melanocytes (IC50 > 400 μg/ml). These results may indicate that
Greyia species potentially share a common mechanism of action
in the inhibition of cellmigration againstmelanocytes while exhibiting

FIGURE 6 | (A) Cell viability (%) of human keratinocytes (HaCat) treated withG. radlkoferi EtOH leaf extract (at 50 and 100 μg/ml) after 18 h. Controls included cells
grown in media (untreated) and cells treated with 0.25% DMSO (vehicle) control. Data shown are mean ± SD (n = 2). No statistical significance was observed when
compared to untreated cells. Statistical analysis was done using one-way ANOVA followed by Dunnett’s multiple comparison test (B) The effect ofG. radlkoferi EtOH leaf
extract (at 50 and 100 μg/ml) on the production of human growth factors (pg/ml) in HaCat cells after 18 h incubation. Data shown are mean ± SD (n = 3). Statistical
analysis was done using one-way ANOVA followed by Bonferroni’s posttest, where *p < 0.05 and ***p < 0.001 indicated statistical significance when compared to the
0.25% DMSO (vehicle) control (+).

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8062859

Loggenberg et al. Greyia radlkoferi Extract Inhibits Wound Closure

231

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


low toxicity. Furthermore, the species possess NO and DPPH radical
scavenging activity whichmay indicate a potential inhibitory effect on
angiogenesis by inhibition of blood vessel permeabilization and
promotion of blood vessel maturation (hypothesised to be due to
pericyte apoptosis caused by oxidative stress) (Radomska-Lesniewska
et al., 2017). Therefore, this suggests potential anti-metastatic
properties of different Greyia species which have yet to be
explored. Further investigations of potential antioxidant
mechanistic studies of G. radlkoferi should focus on the
intracellular inhibition of NO synthesis by inhibition of
macrophage nitric oxide synthase (iNOS) in murine macrophages
(RAW 264.7) (Esposito et al., 2014). High levels of iNOS have been
associated with tumour aggressiveness and decreased survival rates in
patients diagnosed with triple negative breast cancer (Granados-
Principal et al., 2015). Therefore, evaluating the effect of G.
radlkoferi extract to inhibit iNOS may provide possible insight to
the anti-cancer potential of the extract in breast cancer.

In order to identify the potential mechanism of action
associated with inhibition of wound closure, cell-free
supernatants from the scratch assay were further subjected to
growth factor quantification to determine the effect of the extract
on production of growth factors by keratinocytes associated with
wound healing and angiogenesis. The GR-EtOH extract (at 50
and 100 μg/ml) displayed significant inhibition in the production
of the PDGF-AA growth factor (Figure 5B). Human PDGF-AA
is a potent mitogen that plays a role in regulation of cell growth
and proliferation in numerous cells, including human
keratinocytes (Pietras et al., 2003). Therefore, the inhibition of
PDGF-AA production by GR-EtOH correlates with the
significant decrease in percentage wound closure (Figure 5;
Figure 6B). This corresponds to higher inhibition of wound
closure within the scratch assay where treatment with 100 μg/ml
resulted in a lower increase in percentage wound closure than
treatment with 50 μg/ml. Human PDGF-AA, along with
epithelial cell proliferation and migration, also plays a
significant role in the stimulation of angiogenesis. Thus there
is increasing evidence of a promising target of this cellular factor
in cancer treatment through inhibition of tumor angiogenesis
(Pietras et al., 2003). The results displayed that GR-EtOH
inhibited PDGF-AA production, suggesting the potential
in vitro anti-angiogenic mechanism of this extract. Isolation
studies conducted on the ethanolic (EtOH) leaf extract of G.
radlkoferi revealed the following compounds were present in the
extract; chalcone, galangin, genistein, pinocembrin, and 2′,6′-
dihydroxy-4′-methoxydihydrochalcone (Lall et al., 2016).
Chalcone, and derivatives of the compound, have
demonstrated anti-angiogenic potential by inhibition of
expression of VEGF and matrix metalloproteinases (MMPs),
and have displayed inhibition of various cell signaling
pathways which play a role in angiogenesis, such as the NFκB,
PI3-K/Akt, and ERK1/2 signaling pathways (Mojzis et al., 2008).
Although the mechanism of action is not fully understood,
galangin has been shown to inhibit endothelial cell migration
and angiogenesis by downregulating CD44, a multifunctional cell
surface glycoprotein which is over expressed in glioma (brain
cancer) (Chen et al., 2019). Furthermore, the HPLC analysis of
GR-EtOH exhibited elution of galangin at time 22.5 min,

therefore confirming the presence of this compound within
the extract (2.15%) which may contribute to the inhibitory
activity of the extract in HaCaT cells. Galangin has been
previously investigated in numerous studies and has exhibited
anti-angiogenic and metastatic potential in liver cancer (HepG2)
and ovarian cancer (OVCAR-3) cells, via suppression of the PKC/
ERK and Akt/p70S6K/HIF-1α signaling pathways, respectively
(Chien et al., 2015; Huang et al., 2015). These findings may
substantiate to investigate this extract for anti-metastatic
potential. Genistein has also displayed anti-angiogenic
potential by inhibiting the expression of FGF in
vasoendothelial (BBCE) cells, as well as inhibition of migration
of these cells (Fotsis et al., 1993). There are no reports of bioassays
conducted on pinocembrin in order to evaluate the effect of the
compound on angiogenesis, however, computational studies
indicate that the compound may display anti-angiogenic
potential by inhibiting VEGF Receptor-2, a perpetuator of
tumor angiogenesis (Sharma et al., 2018).

In conclusion, whilst theG. radlkoferi EtOH leaf extract displayed
antibacterial activity against wound associated bacteria, it did not
induce wound healing but rather showed a significant inhibition of
wound closure, which correlated with the inhibition of PDGF-AA, a
vital growth factor involved in angiogenesis. Furthermore, these
studies may highlight the anti-angiogenic potential of the G.
radlkoferi EtOH leaf extract which has yet to be evaluated.
Therefore, further investigation on the in vivo effects of G.
radlkoferi on blood vessel formation should be evaluated using
the chorioallantoic membrane (CAM) assay (Aleksandrowicz
and Herr, 2015). In addition, G. radlkoferi should be considered
for further evaluation of anti-angiogenic and anti-metastatic
properties using cancer cell lines with metastatic potential, such
as melanoma and breast cancers.
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Oral and Topical Administration of
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Review
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Over the past few decades, complementary and alternative medicine (CAM) using herbs,
or their active constituents have garnered substantial attention in the management of a
chronic and relapsing inflammatory skin disorder called atopic dermatitis (AD), particularly
in attenuating disease recurrence and maintaining long-term remission. In Eastern Asian
countries including China, Korea and Taiwan, herbal medicine available in both topical and
oral preparation plays a significant role in treating skin diseases like AD as they possibly
confer high anti-inflammatory properties and immunomodulatory functions. Conventional
murine models of AD have been employed in drug discovery to provide scientific evidence
for conclusive and specific pharmacological effects elicited by the use of traditional herbs
and their active constituents. Coupled with the goal to develop safe and effective novel
therapeutic agents for AD, this systematic review consists of a summary of 103 articles on
both orally and topically administered herbs and their active constituents in the murine
model, whereby articles were screened and selected via a specialized framework known
as PICO (Population, Intervention, Comparator and Outcome). The objectives of this
review paper were to identify the efficacy of oral and topical administered herbs along with
their active constituents in alleviating AD and the underlying mechanism of actions, as well
as the animal models and choice of inducer agents used in these studies. The main
outcome on the efficacy of the majority of the herbs and their active constituents illustrated
suppression of Th2 response as well as improvements in the severity of AD lesions,
suppression of Immunoglobulin E (IgE) concentration and mast cell infiltration. The majority
of these studies used BALB/c mice followed by NC/Nga mice (commonly used
gender–male; commonly used age group – 6–8 weeks). The most used agent in
inducing AD was 2, 4-Dinitrochlorobenzene (DNCB), and the average induction period
for both oral and topical administered herbs and their active constituents in AD
experiments lasted between 3 and 4 weeks. In light of these findings, this review paper
could potentially assist researchers in exploring the potential candidate herbs and their
active constituents using murine model for the amelioration of AD.
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INTRODUCTION

Atopic Dermatitis (AD) is a chronic skin inflammatory disorder
affecting 20% of children and up to 10% of adults worldwide
(Laughter et al., 2021). Clinical manifestations of AD include
dryness, erythema, itchy skin, and histological findings illustrate
spongiosis and infiltration of inflammatory cells around the
upper dermal layer (Han et al., 2016). Immune dysregulation
as well as a plethora of genetic and environmental factors
significantly contribute to the multifactorial etiology and
complexed pathophysiology of a debilitating skin disorder like
AD. With regards to immune dysregulation, AD has long been
understood to predominantly express skewness towards a
systemic T-helper type 2 (Th2)-dominant immune response
(Renert-Yuval et al., 2021). With the expression of a Th2-
skewed immunity, AD patients tend to exhibit an increase in
cytokine expression, with interleukins 4 and 13 (IL-4 and IL-13)
being the two pivotal cytokines that orchestrate the pathogenesis
of this disease as well as elevated levels of high-affinity IgE
receptor known as Fc epsilon receptor I (FcεRI). Studies have
reported that the initiation of AD is closely associated with Th2
cytokines whereas the disease progression and chronicity are
correlated with a delayed surge of Th1 cytokines mainly
interferon- γ (IFN- γ) in the chronic phase, thus presenting
itself as a biphasic inflammation (Grewe et al., 1998). Amongst
the many prevalent hallmarks of AD, it is often correlated with a
high level of circulating IgE and an elevated mast cells (MC)
count in AD skin lesions (An et al., 2020).

Originally deriving from the bone marrow, MCs are the only
terminally differentiated hematopoietic cells that express the c-Kit
tyrosine kinase receptor and its ligand stem cell factor (SCF), to
synergistically aid in mast cell proliferation and maturation in
peripheral tissues (Mekori et al., 1995). Extensive studies in the
literature have established the role of MCs as key contributors in the
development and propagation of IgE-mediated hypersensitivity
reactions as well as in innate and adaptive immune responses.
Additionally, MCs are eminently located around the blood and
lymphatic vessels, hair follicles and glandular structures of the skin.
Mast cells found in the skin could be easily distinguished from
mucosal MCs by their protease content as the former contains both
chymase and tryptase in their granules whereas only tryptase is
present in the latter (Stone et al., 2010). Upon exposure and
sensitization to an allergen, activated B cells undergo
differentiation into plasma cells to produce IgE, which readily
cross-links with an antigen via high-affinity IgE receptors (FcεRI)
on the MCs surface. This in turn stimulates IgE-mediated activation
of MCs whereby subsequent degranulation induces the release of
cytokines (i.e., IL-4, IL-5 and IL-13), preformed lipid mediators
namely leukotrienes and platelet activating factor (PAF) which could
further intensify the progression of AD (Kulka and Befus, 2003).

To date, the management of AD mainly focuses on the
restoration of a normal functional skin barrier as well as to
elicit anti-inflammatory and immunosuppressing effects, in a
stepwise manner according to disease severity and symptoms
(Lebwohl et al., 2013). Currently, standard treatment regimens
for AD involve the use of moisturizing emollients, topical
corticosteroids (TCs) and topical calcineurin inhibitors (TCIs)

for mild-to-moderate AD; and the reliance on systemic
immunosuppressant drugs such as azathioprine and
mycophenolate mofetil or phototherapy, especially for more
severe AD cases (Akhavan and Rudikoff, 2008; Lee HJ et al.,
2016). However, studies have emphasized an increased risk of
unwanted side effects such as skin atrophy, telangiectasia,
acneiform eruptions and many more due to long-term usage
of TCs and TCIs. Consequently, to address an unmet need in
establishing a “gold standard” treatment for AD, profound
interest lies in unravelling the development of a safe,
efficacious as well as cost-effective anti-atopic agents derived
from traditional herbs or natural sources (Choi JH et al., 2017;
Nygaard et al., 2017).

Recent studies are actively demonstrating the potential
pharmacological actions of traditional herbs and their active
constituents as they might possess anti-inflammatory,
antibacterial, antifungal, immunosuppressive activities and many
more.Aloe vera (L.) Burm.f. is a plant widely prized in themedicinal,
skincare and beauty industry owing to its wound healing and
immunomodulatory properties. Based on a review carried out by
Sánchez et al. (2020), the Chinese, Ayurvedic and Arabian medicine
highly utilize Aloe vera (L.) Burm.f. as a treatment for constipation,
helminth infections, and eczema respectively. In studies performed
by Kim et al. (2010) and Finberg et al. (2015), the efficacy of a
medicinal plant like Aloe vera (L.) Burm.f. in treating AD could be
proven by its ability to modulate immunological responses in AD
when administered via oral and topical routes. Once known as folk
medicine, this stemless plant has gained a well-deserved reputation
in ameliorating AD due to its profound anti-inflammatory
properties and effectiveness in wound healing (Zari and Zari,
2015). Moreover, local inhabitants have been using herbs as one
of the methods in managing diseases including skin related
problems. As evidently seen in Nigeria, residents in Keffi are
known to utilize the leaves of Senna alata (L.) Roxb. as a
treatment for eczema by applying the herb extract to the affected
areas (Mowobi et al., 2016) and this herb was proven to elicit
dermatophytic activities due to its bioactive compounds (Oladeji
et al., 2020). As reported byHennebelle et al. (2009), Senna alata (L.)
Roxb. was used not only as a topical treatment but also as an oral
medicament against skin diseases including eczema. In
consolidation, Senna alata (L.) Roxb. and Aloe vera (L.) Burm.f.
were administered via the two most common routes of drugs
administration, which further elucidates the primary focus of this
review on highlighting both oral and topical routes of
administration. A systematic review can therefore assist in
analyzing the recent and relevant data from studies investigating
the potential therapeutic effects of herbs and their active constituents
on AD via two common routes of drug administration namely oral
and topical. On top of that, an astonishing array of animal models
have been developed in the field of skin diseases for drug discovery
particularly in mice whereby they develop spontaneous skin lesions
after prolonged exposure to various allergens and closely mimic the
features of humanAD. Therefore, this systematic review consists of a
total of 103 in vivo studies of ADmodels that were being divided into
two categories with the first section studying the oral administration
of herbs and their active constituents (n = 48) followed by the topical
route (n = 55). This review paper was commissioned:
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i. to screen recent 6 years of publications (2014–2020) on oral
and topical administration of herbs and their active
constituents in murine models of AD

ii. to refine the suitable conditions for animal experimentation
on AD by identifying the choice of animal models and
inducer agents used

iii. to elucidate the presumed underlying mechanism of actions
of oral and topical administered herbs and their active
constituents as well as their efficacies

METHODS

Search Strategy
Relevant articles in the literature were identified through systematic
searches in two electronic databases, namely PubMed and
ScienceDirect. The search terms comprised of two components:
1) intervention or exposure to herb and 2) disease of interest, “atopic

dermatitis” or “eczema.” The Preferred Reporting Items for
Systematic Reviews and Meta-analysis (PRISMA) criteria were
followed in this study (Shamseer et al., 2015). PubMed thesaurus
and MeSH term were used and filter was activated to select full text
and publication year from 2014 to 2020. An additional filter on
species “Other Animal” was also selected to focus on animal studies.
ScienceDirect search was generated by truncating a term with an
asterisk (*) as well as with the use of Boolean operators such as
“AND” and “OR” to narrow the search to more manageable and
relevant articles. After the initial search, refine filter was used to
narrow down the articles to those published between 2014 and 2020.
Owing to the absence of an animal exclusion search filter on
ScienceDirect, manual searching was done to identify all relevant
animal studies. The detailed search strategies for the two databases
are presented in Table 1, where as the process and result of the
systematic search are displayed in Figure 1. The flow diagram was
created using an online tool that conforms to the PRISMA2020
Statement (Haddaway et al., 2021).

TABLE 1 | Respective search strategies applied for PubMed and Science Direct.

PubMed Science direct

Intervention (Herb* OR “herbal medicine” OR “medicinal plant” OR “Traditional Chinese
Medicine”OR “Korean medicine”OR kampo OR Ayurveda OR ethnobotany)

(Herb* OR “herbal medicine” OR “medicinal plant” OR “Traditional Chinese
Medicine” OR “Korean medicine” OR kampo OR Ayurveda OR
ethnobotany)

Disease of
interest

Atopic dermatitis OR eczema Atopic dermatitis OR eczema

Outcome
measures

Not included in the search term Not included in the search term

Filter 2014–2020 Full-text available Other animals 2014–2020 Research articles

FIGURE 1 | Flow chart illustrating the search strategy and study selection process from Pubmed and Science Direct according to the PRISMA statement.
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Eligibility Criteria
The inclusion criteria are 1) herbs (extract, mixture and active
constituents from the herbs), 2) AD or eczema in murine model.
In contrast, the exclusion criteria are 1) review articles, 2) fungi,
microbiome, 3) in vitro studies, 4) acupuncture, 5) population-
based studies, 6) non-oral and non-topical route of herb
administrations, 7) clinical trials, 8) miscellaneous articles
(food chemistry, non-english, etc.) The eligibility criteria
according to the PICO approach (population, intervention,
comparator and, outcome) are as follows:

• Population: murine model with no restriction on gender,
age and weight.

• Interventions: herbal extracts, complex mixtures of herbs or
isolated active constituents from distinct parts of herbs.

• Comparator: a group that received control drugs
(corticosteroids, calcineurin inhibitors or others).

• Outcomes: severity of AD lesions, serum IgE levels,
infiltration of mast cells, Th1 and Th2 cytokine
concentrations and other relevant parameters associated
with AD.

• Study design: murine experimental research.

Study Appraisal and Selection
Study selection was conducted independently by two reviewers
(VK and SN) who searched the articles in PubMed and
ScienceDirect databases. Irrelevant duplicate articles were
crosschecked and removed by both authors and the remaining
articles were screened based on the titles and abstracts. The
relevant articles were further assessed to ensure that they
comply with the eligibility criteria. Any contradictions between
the authors were settled by consensus. Excluded articles were
recorded with reasons. Subsequently, eligible literature was
analyzed by the authors to extract the relevant information.

Data Extraction
Data from all articles that met the criteria were extracted. Basic
characteristics of the animals (age, gender and species) and
experimental procedures including the inducers, the usage of
barrier disruption tools, investigation sites and the control drugs
were tabulated. Experimental outcomes and proposed
mechanisms were listed systematically. This was followed by
the preparations and chemical analysis of the herbs and their
constituents.

Risk of Bias
Risk of Bias (RoB) assessment was performed using the
SYstematic Review Centre for Laboratory Animal
Experimentation (SYRCLE). The types of biases under RoB
assessment include selection bias (sequence generation,
baseline characteristics, allocation concealment), performance
bias (random housing, blinding), detection bias (random
outcome assessment, blinding), attrition bias (incomplete
outcome data), reporting bias (selective outcome reporting)
and other sources of bias. For each bias, there are different
domains which constitute the ten entries for RoB tool for
animal research. Each study was screened for all the entries

and jotted with “yes” for a low risk of bias, “no” for a high
risk of bias and “unclear” for an unclear risk of bias as presented
in Figure 2.

RESULTS

Risk of Bias
Risk of Bias (RoB) tool for animal intervention research in this
sysmatic review is presented by SYRCLE (Hooijmans et al., 2014).
SYRCLE is a tool for assessing the risk of bias in animal studies
which consists of six types of bias. Under the selection bias, there
are three domains. First is sequence generation. Almost half of the
studies (45.54%) reported on the sequence generation that refers
to the random sequence of the animal especially on the grouping.
Second is baseline characteristics. Most studies (93.07%)
mentioned the age, gender and weight of the animal in the
methodology which proved that the experiments were started
with animals having similar characteristics before the induction
of AD. Third is allocation concealment. However, none of the
studies mentioned that the information on the allocation of the
animals were concealed from the investigators. Next,
performance bias that consists of random housing and
blinding were not reported in any studies. Under detection
bias there are random outcome assessment and blinding. Only
one study by Sur et al. (2017) reported random outcome
assessment where the investigators randomly picked the
animals before proceeding with the assessment. In only
15.84% of the studies, the outcome assessors were reported to
be blinded. Incomplete outcome data under attrition bias revealed
that 43.56% of the studies included all animals in the analysis.
Reporting bias refers to whether or not the published report
included all expected outcomes. All 103 studies reported expected
oucomes when comparing methods and results section which
defined as low risk of reporting bias. Other sources of bias such as
the inappropriate influence of funders and the addition of new
animals to replace dropout data were not reported in any of the
studies. Nevertheless, these findings were expected as a survey
disclosed that methodology and materials are poorly reported for
experiments using animals, and the users of SYRCLE also
mentioned that they had to judge a large number of entries as
“unclear” (Kilkenny et al., 2009; Hooijmans et al., 2014).

Oral Administration of Herbs and Their
Active Constituents
Basic Characteristics of the Included Studies
In this review, 48 studies on orally administered herbs and their
active constituents were analyzed with majority (n = 32) of them
being based in Korea, 13 in China and the remaining three articles
were from Japan, Taiwan and Pakistan, respectively. All the
articles included in this review were rigorously assessed and
screened according to a specialized search strategy known as
PICO. The choice of intervention used during the screening
process was “herb” which was being divided into three
categories based on their formulation namely, extract, mixture,
and compound. Most of the studies worked on the extracts (n =
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20), followed by herb mixtures (n = 19) and compounds isolated
from herbs (n = 8) as shown in Supplementary Table S1. The
preparation steps of the herbs and their active constituents were
shown in Supplementary Table S2. In addition, only one study
focused on oil extracted from herb. None of the studies in this
review was reported to work on the same herb using same route of
administration. Two studies conducted by Tsang et al. (2016) and
Aslam et al. (2018) were identified to work on a mixture of herbs
named Pentaherbs and compound named Thymoquinone,
respectively, via both oral and topical routes of administration.

Drug Control
The efficacy and safety of these novel oral herbal agents in the
treatment of AD was corroborated with the use of well-
established treatment modalities against AD. The choice of
positive controls or comparison drugs in these studies varied
from dexamethasone (n = 18), prednisolone (n = 5) and four
individual studies by Ok et al. (2018) used terfenadine, Wu et al.
(2014) used quercetin, Chen et al. (2017) used cetirizine and
Aslam et al. (2018) used tacrolimus. However, 20 studies did not
include a positive control drug. Lastly, a study by Zheng et al.
(2019) was identified to use a total of three positive control drugs
namely dexamethasone, loratadine and montelukast.

Animal Models Used
Murine models were the choice of population (P) for all the
studies included in this review, to investigate the anti-AD effects
of both oral and topical herbal administrations in an in vivo
setting. Out of the 48 studies involving the oral route of herbal
administration, male murine models (n = 28) and female murine
models (n = 14) were used, however sex of the mice was not
mentioned in six of the remaining studies. Moreover, the animal
species also differed as 47 studies were identified to use mice of
various strains; with BALB/C mice (n = 31) being the most
popular strain, followed by NC/Nga mice (n = 14), C57BL/6J
mice (n = 1), IL-4/Luc/CNS-1 transgenic mice (n = 1) and
Sprague Dawley rats (n = 1). With reference to Table 2,

induction of AD-like skin lesions was mostly achieved by the
chemical exposure to 2, 4-Dinitrochlorobenzene (DNCB) as
stated in 20 studies followed by 2, 4-Dinitrofluorobenzene
(DNFB) as mentioned in eight studies. Six studies used
Dermatophagoides farinae (DfE) and less than five studies
used each of these inducers; fluorescein isothiocyanate (FITC),
ovalbumin, oxazolone, phthalic anhydride (PA) and trimellitic
anhydride (TMA). Interestingly, five studies were investigated to
use a combination of inducers namely acetone with DNFB, 2, 4, 6-
trinitro-1-chrolobenzene (TNCB) with ovalbumin and lastly, DfE
with DNCB. In addition, mice in six studies received treatment
with sodium dodecyl sulfate (SDS) to facilitate skin barrier
perturbation and surgical tape stripping was performed in
seven studies. Most of the studies administered the inducer on
areas which include dorsal skin, ear or a combination of both as
indicated in Table 2.

Topical Administration of Herbs
Basic Characteristics of the Included Studies
In this review, fifty-five studies were conducted across several East
and South Asian countries with majority (n = 43) of them being
based in Korea, seven in China, two in Japan, two in Taiwan and
one study was performed in Pakistan. With cross-reference to
Supplementary Table S3, the action of three different herbs
namely, Pyrus ussuriensis Maxim., Gardenia jasminoides J.Ellis
and Stellera chamaejasme L. were investigated repetitively in a few
studies, whereas the subsequent 53 studies worked on diverse
herbs of interest, in its extract (n = 32), mixture (n = 10) and
compound (n = 11) forms. Interestingly, two studies in this
review focused on studying the essential oil extracted from
herbs. The preparation steps of the herbs and their active
constituents were shown in Supplementary Table S4.

Drug Control
With close reference to Table 3, majority of the studies in this
review used the two primary classes of drugs commonly used
to treat AD as positive control drugs, which includes topical

FIGURE 2 | Assessment of the risk of bias (SYRCLE) for selected studies, presented as the percentages of the total.
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TABLE 2 | Basic characteristics of the murine models and experimental procedures from studies involving oral treatments of herbs and their active constituents.

Age/Sex/Model
species

Induction of
AD-like skin

lesions

Barrier
disruption

Positive control
drug

Investigation site References

4w/M/BALB/c mouse DNCB N/A 1 mg/kg Dexamethasone Dorsal skin Lee JH et al. (2019)
5w/M/BALB/c mouse DNCB N/A 10 mg/kg Terfenadine Dorsal skin Ok et al. (2018)
5w/M/BALB/c mouse DNCB N/A 1 mg/kg Dexamethasone Dorsal skin and ear Yang et al. (2018)
5w/M/BALB/c mouse DNCB N/A 1 mg/kg Dexamethasone Dorsal skin and ear Zari and Zari, (2015)
5w/M/BALB/c mouse DNCB N/A N/A Dorsal skin Jung et al. (2014)
5w/M/BALB/c mouse DNCB N/A N/A Dorsal skin Park JH et al. (2019)
5w/M/BALB/c mouse DNFB N/A N/A Dorsal skin Kee et al. (2017)
5w/M/BALB/c mouse DNFB N/A N/A Dorsal skin Jeon et al. (2015)
6w/M/BALB/c mouse DNCB N/A N/A Dorsal skin Ku et al. (2017)
6w/M/BALB/c mouse DNCB N/A N/A Dorsal skin Kim SR et al. (2014)
6–7w/M/BALB/c mouse DfE N/A N/A Ear Makino et al. (2014)
12w/M/BALB/c mouse TMA N/A N/A Ear Sur et al. (2017)
M/BALB/c mouse DNCB N/A 30 mg/kg Prednisolone Dorsal skin and ear Song-lin et al. (2014)
4w/F/BALB/c mouse DNCB and HDM (house dust

mite)
Tape Dexamethasone (dose not

indicated)
Ear Bae et al. (2016)

5w/F/BALB/c mouse Ovalbumin Tape 1 mg/kg Dexamethasone Dorsal skin Kong et al. (2015)
6w/F/BALB/c mouse DNCB and DfE Tape N/A Ear Choi et al. (2014b)
6w/F/BALB/c mouse DNCB and DfE Tape 1 mg/kg Dexamethasone Ear Jeong et al. (2018)
6w/F/BALB/c mouse Ovalbumin Tape 1.3 mg/kg Cetirizine Dorsal skin Chen et al. (2017)
6–8w/F/BALB/c mouse DNCB N/A 10 mg/kg Prednisolone Dorsal skin Meng et al. (2019)
6–8w/F/BALB/c mouse DNCB N/A 2.5 mg/kg Dexamethasone Dorsal skin and ear Chen et al. (2020)
6–10w/BALB/c mouse FITC N/A N/A Ear Tao et al. (2017)
6–10w/BALB/c mouse FITC N/A 0.67 mg/kg Dexamethasone Ear Wang et al. (2017)
8w/F/BALB/c mouse DNCB N/A N/A Dorsal skin and ear Han et al. (2016)
8w/F/BALB/c mouse Acetone and DNFB N/A 0.039 mg/kg Dexamethasone Abdominal and dorsal

skin
Han et al. (2018)

8w/F/BALB/c mouse TNCB and ovalbumin N/A 1.6 mg/kg Quercetin Dorsal skin Wu et al. (2014)
8w/F/BALB/c mouse DNFB N/A 10 nM Dexamethasone Dorsal skin Moon et al. (2019)
8w/F/BALB/c mouse Oxazolone N/A 2.5 mg/ml Dexamethasone Dorsal skin and ear Tsang et al. (2016)
F/BALB/c mouse DNCB N/A 30 mg/kg Tacrolimus Ear Aslam et al. (2018)
5w/BALB/c mouse DNCB N/A N/A Abdominal and dorsal

skin
Zhanxue et al. (2018)

6–8w/BALB/c mouse FITC N/A 0.67 mg/kg Dexamethasone Abdominal skin and ear Xiao-Tong et al.
(2019)

BALB/c mouse FITC N/A 0.67 mg/kg Dexamethasone Abdominal skin and ear Zheng et al. (2019)
1.3 mg/kg Loratadine
1.3 mg/kg Montelukast

3w/M/NC/Nga mouse DfE 5% SDS N/A Dorsal skin Kim et al. (2020)
3w/M/NC/Nga mouse DNFB Tape and

5% SDS
N/A Dorsal skin Cha et al. (2016)

3w/M/NC/Nga mouse DfE Tape and
5% SDS

N/A Dorsal skin Cha HY et al. (2017)

5w/M/NC/Nga mouse DNCB N/A 3 mg/kg Prednisolone Dorsal skin Park et al. (2018)
6w/M/NC/Nga mouse DNCB N/A 3 mg/kg Dexamethasone Dorsal skin Park BK et al. (2014)
6w/M/NC/Nga mouse DNCB N/A 3 mg/kg Dexamethasone Dorsal skin Park et al. (2015)
6w/M/NC/Nga mouse DNFB N/A N/A Dorsal skin Lee et al. (2017)
6w/M/NC/Nga mouse DfE 4% SDS 5 mg/kg Dexamethasone Dorsal skin Kang et al. (2018)
6–8w/M/NC/Nga mouse DNCB N/A 3 mg/kg Dexamethasone Dorsal skin, face and ear Yan et al. (2019)
8w/M/NC/Nga mouse DfE 4% SDS 3 mg/kg Prednisolone Dorsal skin and ear Lim et al. (2014b)
8w/M/NC/Nga mouse DfE 4% SDS 3 mg/kg Prednisolone Dorsal skin and ear Lim et al. (2015)
M/NC/Nga mouse DNFB N/A N/A Abdominal and dorsal

skin
Han et al. (2014a)

M/NC/Nga mouse DNFB N/A 0.039 mg/kg Dexamethasone Abdominal and dorsal
skin

Han et al. (2014b)

5w/F/NC/Nga mouse DNCB N/A 5 mg/kg Dexamethasone Dorsal skin Cha KJ et al. (2017)
4w/M/C57BL/6J mouse DNFB N/A N/A Dorsal skin Park J et al. (2019)
8w/IL-4/Luc/CNS-1 transgenic
mouse

PA N/A N/A Ear Kwak et al. (2017)

4w/M&F Lee/SD rat DNCB N/A N/A Dorsal skin and ear Wan et al. (2016)

N/A, Not applicable.
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TABLE 3 | Basic characteristics of the murine models and experimental procedures from studies involving topical treatments of herbs and their active constituents.

Age/Sex/
Model
species

Induction of AD-like skin
lesions

Barrier
disruption

Positive control
drug

Investigation site References

5w/M/BALB/c
mouse

DNCB N/A Betamethasone (% not indicated) Dorsal skin (thoracic area) Mechesso et al.
(2019)

6w/M/BALB/c
mouse

DNCB N/A N/A Dorsal skin Jung et al. (2015)

6w/M/BALB/c
mouse

DNCB N/A Tacrolimus (% not indicated) Dorsal skin Hong et al. (2019)

6w/M/BALB/c
mouse

DNCB 4% SDS 10 µM Dexamethasone Dorsal skin Choi et al. (2018)

6w/M/BALB/c
mouse

DNCB N/A 0.1% Tacrolimus Dorsal skin Ku et al. (2018)

8–10w/M/BALB/c
mouse

DNFB N/A N/A Both ears Osada-Oka et al.
(2018)

5w/F/BALB/c
mouse

DNCB N/A 10 µM Dexamethasone Dorsal skin Lee J et al. (2016)

6w/F/BALB/c
mouse

DNCB and Oxazolone N/A N/A Dorsal skin, ears Lee et al. (2018)

6w/F/BALB/c
mouse

DNCB 4% SDS 10 µM Dexamethasone Dorsal skin Choi et al. (2016)

6w/F/BALB/c
mouse

DNCB 4% SDS 10 µM Dexamethasone Dorsal skin Choi YY et al. (2017b)

6w/F/BALB/c
mouse

DNCB and DfE Tape N/A Both ears Choi and Kim,
(2014a)

6w/F/BALB/c
mouse

Oxazolone N/A N/A Both ears Jo et al. (2018)

6w/SKH-1
hairless mouse

DNCB N/A Pimecrolimus (1% Elidel) Dorsal skin

6w/F/BALB/c
mouse

Oxazolone N/A N/A Both ears Jung et al. (2018)

6w/F/BALB/c
mouse

Oxazolone N/A N/A Both ears Lee S et al. (2019)

6w/SKH-1
hairless mouse

DNCB N/A N/A Dorsal skin

6w/F/BALB/c
mouse

DNCB 4% SDS N/A Dorsal skin An et al. (2020)

6w/F/BALB/c
mouse

DNCB N/A 10 µM Dexamethasone Dorsal skin Choi YY et al. (2017a)

6w/F/BALB/c
mouse

Oxazolone N/A N/A Dorsal skin, ears Jegal et al. (2017)

6w/F/SKH-1
hairless mouse

DNCB N/A N/A Dorsal skin, ears

7w/F/BALB/c
mouse

DNCB N/A Wu Dai ointment Dorsal skin Wu et al. (2020)

7w/F/BALB/c
mouse

DNCB N/A N/A Dorsal skin Lim et al. (2018)

7w/F/BALB/c
mouse

DNCB 4% SDS 0.1 and 0.5% Dexamethasone Dorsal skin Lee HJ et al. (2016)

8w/F/BALB/c
mouse

DNFB N/A 5 mg/kg Dexamethasone Dorsal skin Ryu et al. (2018)

8w/F/BALB/c
mouse

DNCB N/A N/A Dorsal skin, both ears Fang et al. (2015)

8w/F/BALB/c
mouse

DNCB N/A N/A Dorsal skin, ears Huang et al. (2019)

8w/F/BALB/c
mouse

Oxazolone N/A 2.5 mg/ml Dexamethasone Both ears Tsang et al. (2016)

F/BALB/c mouse DNCB N/A 1% Tacrolimus Both ears Aslam et al. (2018)
4w/M/NC/Nga
mouse

DfE N/A N/A Dorsal skin, ears Yang G et al. (2016)

6w/M/NC/Nga
mouse

DNCB N/A N/A Dorsal skin Yang HJ et al. (2017)

6w/M/NC/Nga
mouse

DNFB N/A N/A Dorsal and abdominal skin Han et al. (2014c)

Biostir-AD 4% SDS 0.1% Tacrolimus Dorsal skin Ngo et al. (2020)
(Continued on following page)
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corticosteroids (n = 19) i.e., dexamethasone (n = 15),
hydrocortisone (n = 2), mometasone (n = 1),
betamethasone (n = 1) and topical calcineurin inhibitors
(n = 16) i.e., tacrolimus (n = 14) and pimecrolimus (n = 2).

However, 19 studies did not include a positive control drug and a
study by Wu et al. (2020) confirmed the therapeutic actions of the
herbal medicinal treatment against a pre-existing traditional Chinese
medicine known as “Wu Dai ointment.”

TABLE 3 | (Continued) Basic characteristics of the murine models and experimental procedures from studies involving topical treatments of herbs and their active
constituents.

Age/Sex/
Model
species

Induction of AD-like skin
lesions

Barrier
disruption

Positive control
drug

Investigation site References

6w/M/NC/Nga
mouse
6w/M/NC/Nga
mouse

DNCB N/A 0.1% Dexamethasone Dorsal skin Yang IJ et al. (2016)

6w/M/NC/Nga
mouse

DfE 4% SDS 0.1% Tacrolimus Dorsal skin, ears Sung and Kim,
(2018)

7w/M/NC/Nga
mouse

DNCB N/A 3 mg/kg Dexamethasone Dorsal skin Kim et al. (2015)

8w/M/NC/Nga
mouse

DfE 4% SDS 0.1% Tacrolimus Dorsal neck, ears Park et al. (2020)

8w/M/NC/Nga
mouse

DfE 4% SDS 0.1% Tacrolimus Dorsal skin, ears Park SH et al. (2019)

8w/M/NC/Nga
mouse

DfE 4% SDS 0.1% Tacrolimus Dorsal skin, both ears Sung et al. (2016)

8w/M/NC/Nga
mouse

DfE 4% SDS 0.1% Tacrolimus Dorsal skin, both ears Sung et al. (2014)

8w/M/NC/Nga
mouse

DfE 10% (w/v) SDS 0.1% Tacrolimus Dorsal skin, both ears Lee et al. (2014)

8w/M/NC/Nga
mouse

DfE 4% SDS 0.1% Tacrolimus Dorsal skin, both ears Lim et al. (2014a)

8w/M/NC/Nga
mouse

DfE N/A 0.1% Tacrolimus Upper dorsal skin, both
ears

Ha et al. (2014)

8w/M/NC/Nga
mouse

DfE N/A 0.1% Tacrolimus Upper dorsal skin, both
ears

Ha et al. (2015)

4w/F/NC/Nga
mouse

DNCB N/A 0.1% Dexamethasone Dorsal skin, ears Cho et al. (2019)

4w/F/NC/Nga
mouse

DNCB N/A 0.1% Dexamethasone Dorsal skin, ears Cho et al. (2018)

4w/F/NC/Nga
mouse

DNCB N/A 0.1% Tacrolimus Dorsal skin, face and both
ears

Kim H et al. (2014)

4w/F/NC/Nga
mouse

DNCB N/A N/A Dorsal skin Ham et al. (2019)

5w/F/NC/Nga
mouse

DfE N/A 0.1% Hydrocortisone Dorsal skin Park KH et al. (2014)

5w/F/SKH-1
hairless mouse

Oxazolone N/A 0.1% Hydrocortisone Dorsal skin Kang et al. (2017)

6w/F/SKH-1
hairless mouse

DNCB N/A Pimecrolimus (1% Elidel) Dorsal skin Lee et al. (2020)

6w/F/SKH-1
hairless mouse

DNCB N/A N/A Dorsal skin Jo et al. (2018)

4w/M/Kunming
mouse

DNCB N/A Dexamethasone and Paeonol cream (% not
indicated)

Dorsal skin, right ear Yang J et al. (2017)

8w/M/Kunming
mouse

DNCB N/A Dexamethasone acetate (contain 0.075%
dexamethasone)

Dorsal skin, right ear Fan et al. (2019)

8w/M/Kunming
mouse

DNCB N/A 0.025% Dexamethasone Dorsal skin, right ear Fan et al. (2018)

5–8w/F/ICR
mouse

DNCB N/A 0.1% Mometasone furoate cream Dorsal skin, right ear Wang et al. (2018)

8w/HR-1 mouse Phthalic anhydride N/A N/A Dorsal skin, ears Ho et al. (2018)
6–8w/F/C57BL/6
mouse

MC903 (vitamin D3
analogue)

N/A N/A Dorsal side of left ear Hou et al. (2019)

8–10w/M/NC/Tnd
mouse

N/A N/A N/A Dorsal skin Amagai et al. (2017)

N/A, Not applicable.
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Animal Models Used
Murine models had been used in all the studies to investigate the
anti-AD effects of novel topical herbal administration in an in
vivo setting. Female mice were identified in 30 studies while male
mice were used in 25 studies, however, a few studies did not
disclose the gender of the mice. Categorically, the BALB/c mice
model (n = 25) was most extensively used among the included
studies, superseded by NC/Nga (n = 20), hairless mice (n = 6),
Kunming mice (n = 3), ICR mice (n = 1), HR-1 mice (n = 1),
C57BL/6 (n = 1) and NC/Tnd mice (n = 1). It is also noteworthy
that three individual studies conducted by Jegal et al. (2017), Jo
et al. (2018) and Lee JH et al. (2019), utilized two different mice
species namely BALB/c and SKH-1 hairless mice. According to
Erkes and Selvan (2014), variation in the type of mouse strains
could lead to a substantial difference in the immune stimulatory
ability of haptens used to induce AD, which in these three studies,
were DNCB and oxazolone. In order to evoke AD-like skin
lesions, repetitive cutaneous sensitization with house dust mite
allergen namely Dermatophagoides farinae (DfE) and chemical
induced irritation i.e., DNCB, DNFB, oxazolone, MC903 (a
synthetic derivative of vitamin D) and phthalic anhydride
were used in 12 and 42 studies, respectively. However, a study
by Amagai et al. (2017) on Alpinia intermedia Gagnep., differed
substantively from the rest as they used NC/Tnd mice, a sub-
strain of Nc/Nga developed from inbreeding to give spontaneous
itch and eczematous skin which resembles AD. Hence, no
induction agent was needed to elicit AD-like skin lesions in
this particular mouse strain. Besides, sodium dodecyl sulfate
(SDS) was applied to the AD lesions in 13 of the studies for
barrier disruption purposes, in which 12 received treatment with
4% (w/v) SDS, whereas only one study by Lee et al. (2014) applied
10% (w/v) SDS to mice skin. Mechanical skin injury by surgical
tape stripping was only performed in a single study by Choi and
Kim (2014a). On top of that, the majority of the studies in this
review focused on investigating the dorsal skin, ears, or a
combination of both as they were representative sites depicting
the histological features of AD-like skin lesions.

DISCUSSION

Over the past few decades, there has been a tremendous surge in
the public’s shifting interest towards the reliance on natural
herbal remedies as alternative therapeutic options to
conventional Western allopathic medicine to treat AD.
Essentially, plant-based or herbal medicine are natural
products consisting portions of plants or unpurified plant
extracts that possess potential bioactive compounds offering a
myriad of medicinal and nutritive values possibly working
synergistically, to affect multiple targets that contribute to the
pathogenesis of AD. To date, the cornerstone of ADmanagement
commonly involves therapeutic intervention with emollients,
TCs, TCIs and systemic immunosuppressants, especially for
more severe AD cases (Carr, 2013; Nygaard et al., 2017).
Nonetheless, inter-individual drug response variability and the
potential risk of adverse effects from long-term use such as skin
atrophy, tachyphylaxis and telangiectasia, are the key rationale

behind a shifting interest towards herbal drug development with
lesser side effects (Thomsen 2014; Montes-Torres et al., 2015).
With that goal in mind, this systematic review was drawn from
103 studies evaluating the efficacy of novel herbs and their active
constituents, synthesized from various preparations including
crude extracts, compounds isolated from the herbs or mixtures
of different herbs applied via oral and topical administration in in
vivo murine AD models.

The use of murine models is needed to aid in drug discovery
and testing of novel treatments as they are capable of mimicking
different aspects of the pathophysiology of human AD. Mice
models of AD are generally classified into three categories: 1)
mice induced by epicutaneous sensitization with allergens, 2)
spontaneous mice models and 3) genetically modified mice that
either over-express a transgene or lack of selective endogenous
genes. In this review paper, the majority of the studies used
allergen-induced AD models, which are relatively more
convenient as the usage of exogenous allergens permits dose-
and time-controlled induction (Kim et al., 2019). Also, out of 48
oral and 55 topical herbs administration studies involving AD in
murine models, the majority used BALB/c mice strain (oral: n =
31, topical: n = 25), followed by NC/Nga (oral: n = 14, topical: n =
20). BALB/c mice have been widely known to trigger a Th2-
dominant immune response, therefore, propagating the
development of AD (Lee et al., 2010). On the other hand, NC/
Nga mice were investigated to develop approximately 50% of
spontaneous AD-like skin lesions when they are kept in
conventional housing with uncontrolled air but remain normal
and healthy under specific pathogen-free (SPF) conditions.
However, this particular mouse model requires repeated
applications of a hapten to fully develop AD (Shiohara et al.,
2004).

Gender considerations remain an important facet in in vivo
pharmacology studies as a substantial body of literature supports
the notion that male mice are highly preferred in comparison to
female due to the ease of handling, less variation in results and
cost-effectiveness. Studies on orally administered herbs in this
review correspond to this notion as male mice (n = 28) and female
mice (n = 14) were used. Contrastingly, this was not constant with
studies involving topical herb administration as female mice were
found to lead the number with n = 30 and male (n = 25).
However, this gap was not of significant difference and male
mice are indeed more favourable in AD research. According to
Wald and Wu (2010), female murine models confer a 4-day
oestrous cycle which therefore accounts for the use of a larger
number of animals as compared to males in order to keep their
cycle in synchrony, and this in turn makes it less economical.
Additionally, the fluctuation of hormones across their oestrus
cycle results in behavioural variability in female mice as seen in
the production of a female sex hormone called oestrogen which
was reported to negatively regulate the wound healing process of
AD-like skin lesions (Mukai et al., 2016). Taken together,
researchers more typically eliminate the use of female murine
models on the presupposition that they elicit intrinsic variation as
compared to males, which could possibly interfere with the
efficacy of herbs of interest in ameliorating AD. It was also
brought to attention that a range between 6 and 8 weeks were
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the most commonly used murine age groups across the studies in
this review, involving oral (n = 24) and topical (n = 43) herb
administration. In murine, the maturation of T cells was at
8 weeks of age, which is crucial for the production of T-cell-
dependent antibodies (Holladay and Smialowicz, 2000; Jackson
et al., 2017).

A vast array of inducer agents was utilized across the studies
on orally and topically administered herbs with the majority of
them involving the use of DNCB (n = 52) either individually or in
combination with DfE or Biostir-AD ointment (Choi and Kim,
2014a; Choi et al., 2014b; Bae et al., 2016; Jeong et al., 2018) and
oxazolone (Jegal et al., 2017; Lee et al., 2018; Jo et al., 2019).
DNCB exposure can create covalent conjugates with skin proteins
to undergo further processing and presented to T cells for
activation. Besides, repeated exposure to DNCB permits the
accumulation of macrophages at the sensitization site, hence
exemplifying an allergic inflammatory response as seen in AD
(Yan et al., 2019). In fact, Ku et al. (2018) mentioned that
morphological changes in the skin lesions of DNCB-sensitized
mice revealed some of the major histopathological findings
associated with human AD such as thickened epidermis,
massive infiltration of CD4+ T-cells producing pro-
inflammatory cytokines as well as increased infiltration of
inflammatory cells i.e., mast cells and eosinophils. Apart from
DNCB, several other chemical compounds were also used to
induce AD-like lesions in topical application of herb section of
this review, including DNFB (n = 3), oxazolone (n = 6), repetitive
cutaneous sensitization with DfE ointment (n = 12), MC903 (n =
1), and phthalic anhydride (n = 1). As we dived into the induction
period, it was noticeable that the average duration of exposure to
an inducer lasted between 3 and 4 weeks, with the shortest being a
week. However, in a study conducted by Jung et al. (2015), DNCB
exposure lasted for approximately 8 weeks (~55 days). DNFB (n =
8), DfE (n = 6) and FITC (n = 4) are among other inducers that
were mentioned in this orally administered herb section of this
review. In terms of duration, FITC marked the shortest period of
AD induction with only 3 days then the mice were sacrificed. This
is because the induction was only for the initial stage of AD and
the articles from Tao et al. (2017) and Wang et al. (2017) did not
mention any data on dermatitis score, serum IgE level and mast
cell count which are the hallmarks of AD hence it was difficult to
assess the AD severity. On the other hand, DfE recorded the
longest period of AD induction which is 8 weeks.

Interestingly, nine out of 14 studies on topically administered
herbs and their active constituents and five out of six studies on
orally administered herbs and their active constituents were
subjected to repeated application of DfE, subsequently after
barrier disruption with a chemical substance mainly known as
sodium dodecyl sulfate (SDS). SDS functions to facilitate the
development of AD-like skin lesions by eliminating the lipid
lamella of the stratum corneum. With reference to
Supplementary Tables S1, S3, the oral and topical application
of herbs and their active constituents was found to ameliorate AD
symptoms via restoration of the skin barrier function (Cha et al.,
2016; Yang JH et al., 2016; Cha HY et al., 2017; Cha KJ et al., 2017;
Kang et al., 2018; Lee et al., 2018; Zhanxue et al., 2018; Cho et al.,
2019; Jo et al., 2019; Park J et al., 2019; Park JH et al., 2019).

Breakdown in the architecture of the stratum corneum in
response to barrier disruption methods with either SDS or
tape stripping, further permits the entry of allergens across the
skin to interact with local antigen-presenting cells and immune
effector cells. Previous research in the literature illustrated that
repetitive application of DfE is capable of contributing to the
onset and development of AD via the activation of
inflammasomes in the epidermal keratinocytes (Jin et al.,
2016). Restoration of an intact skin barrier in AD serves as a
valuable therapeutic target since it acts as the first line of defence
from various microbes and environmental allergens, as well as
decreases in trans-epidermal water loss (TEWL). Subsequently,
we found out that two studies of oral herbs and their active
constituents’ administration and 13 studies using topical herbs
and their active constituents’ administration were shown to
decrease TEWL, whereas five studies on orally treated herbs
and their active constituents and seven studies on topically
treated herbs and their active constituents showed increased
levels of epidermal barrier proteins such as filaggrin,
involucrin and loricrin.

Until recently, the etiology of AD could possibly be accounted
by two opposing hypotheses brought up by Silverberg and
Silverberg (2015). The “outside-in” hypothesis supports the
notion impairments in the epidermal barrier are solely
responsible for the onset of inflammatory lesions in AD and
an essential structural protein filaggrin, possesses a fundamental
role in maintaining skin barrier integrity, skin hydration and pH
byminimizing water loss (Li, 2014;Malik et al., 2017). In contrast,
there are some who propose the “inside-out” hypothesis in which
a dysregulated immune response is the key event that propagates
the inflammatory cascade in AD and skin barrier disruption is an
epiphenomenon (Boguniewicz and Leung, 2011; Silverberg and
Silverberg, 2015). In this review, 102 studies could be accounted
by the outside-in theory as murine models were introduced to the
experimental allergens repeatedly in order to disrupt epidermal
barrier integrity. Additionally, 12 studies in this review reported
that oral and topical herbs and their active constituents’
administration elicited an increase in levels of epidermal
barrier proteins such as filaggrin, involucrin and loricrin.
Hence, it allows us to justify that orally and topically
administered herbs and their active constituents confers the
potential to accelerate barrier recovery by up-regulating the
expression of such vital structural proteins of the skin.

To fully comprehend the origins of AD, a molecular link has
been well-documented between the elevated serum IgE levels and
marked infiltration of mast cells. During AD inflammation, an
allergen penetrates through the skin and gets readily bound to
MCs by cross-linking to the high-affinity IgE receptor, FcεRI,
expressed on their cell surface (Brown et al., 2008; Amin, 2012).
Upon the activation of MCs, degranulation occurs within
seconds, leading to the subsequent release of preformed
secretory granules containing biologically active inflammatory
mediators and proteins including histamine (cutaneous inductor
of itch), PGs and leukotrienes, as well as serine proteases i.e. mast-
cell chymase and tryptase (Kawakami et al., 2009; Siebenhaar
et al., 2018). Among the 48 studies on orally administered herbs
and their active constituents, 37 of them were reported to
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measure serum IgE levels and 22 studies measured the number of
MCs and reported congruent decrease. Decreased levels in both of
these crucial parameters suggest that the oral route of herbs and
their active constituents’ administration is capable of alleviating
the allergic responses. On the other hand, across the 45 studies
investigating IgE levels as an outcome parameter for topically
administered herbs and their active constituents, it was found that
39 of these studies measured serum IgE and six studies
investigated plasma IgE levels. Fortunately, serum or blood IgE
levels successfully decreased after treatment with topical herbs
and their active constituents in all 45 studies. However, it is
important to note that total serum IgE may not reflect accurate
levels of systemic IgE since raised concentrations are present in
many patients who have no evidence of allergy. As a result,
accurate measures of allergen-specific IgE could assist in defining
the bona fide mechanism of novel topically applied herbal drugs
in immunity (Qiu et al., 2020). In addition, from the studies
involving topical route of administration, 39 herbs and their
active constituents were found to significantly decrease the extent
of mast cell infiltration into the skin. Moreover, it seems that the
reduction of MCs infiltration can be associated with a decrease in
MCs degranulation as well as down-regulation of IL-4 and IL-13
cytokines secretion. Therefore, this implies that MCsmay serve as
a key contributing factor to the suppression of Th2 cytokines in
AD-like skin lesions via topical herbs and their active
constituents’ administration.

The extensive array of mediators secreted from FcεRI-
mediated mast cell degranulation can ultimately promote
inflammation, resulting in the appearance of macroscopic and
microscopic skin lesions which are associated with AD. The
severity of AD-like skin lesions could be investigated
macroscopically according to the acronym widely known as
SCORAD (SCORing Atopic Dermatitis) index. This scoring
system serves as a clinical tool to assess the extent and severity
of eczema by evaluating the common characteristic skin
symptoms of AD including 1) erythema, 2), erosion, 3)
dryness and 4) lichenification. In our review, dermatitis
severity was measured in 26 studies using oral administration
of herbs in which all 26 herbs and their active constituents were
able to reduce the dermatitis severity score. The same results were
obtained for treatment with topical herbs and their active
constituents as the dermatitis severity score was found to
decrease in 19 studies. On top of that, there was a study
performed by Aslam et al. (2018), investigating on a single
compound named thymoquinone, which used both routes of
drug administration. Results from this study illustrated that both
routes were able to alleviate the dermatitis severity score in
murine models of AD. However, more in-depth studies need
to be performed to thoroughly compare the efficacy of
thymoquinone via different routes of administration before
definitive conclusions can be drawn.

The immunological hallmark of AD is characterized by a
predominant expression of Th2-inflammatory cytokines
(i.e., IL-4, IL-5 and IL-13) in the acute phase followed by a
prolonged activation of Th1-type cytokines (i.e., IFN-γ and TNF-
α) in the chronic phase of AD (Brunner et al., 2017; Choi et al.,
2014b). As demonstrated in Supplementary Table S1, 19 studies

showed a simultaneous decrease in both Th1 and Th2 cytokines
after treatment with orally administered herbs and their active
constituents. Apart from that, 11 articles were found to study the
Th2 cytokines independently and results showed a reduction in
the level of cytokines. Without much anticipation, four studies
measured the cytokines released from both types of helper T cells
reported an unpredictable finding as orally administered herbs
and their active constituents decreased the level of Th2 cytokines
but contrastingly, induced an increase in the level of Th1
cytokines (Wu et al., 2014; Kong et al., 2015; Wan et al., 2016;
Han et al., 2018). A substantial body of literature have suggested
that an aberrant Th2-immune response plays a key proximal role
in the pathogenesis of AD, hence the two vital Th2 cytokines, IL-4
and IL-13 were investigated in 38 and 32 studies of topical
administration of herb and their active constituents,
respectively. Besides, another Th2-mediated cytokine, IL-5 was
measured in 11 studies. In all the studies mentioned above, topical
application of herbs and their active constituents resulted in a
marked reduction of IL-4, IL-5 and IL-13 expression. To address
the classical Th1/Th2 paradigm in AD, TNF-α and IFN-γ levels
were investigated as representative Th1 cytokines in 24 and 16
studies, respectively. Across all these studies, topical herbal
application induced a decrease in TNF-α and IFN-γ levels,
however, this was not achieved in a study by Yang HJ et al.
(2017) whereby an unexpected asynchronism in both Th1
cytokines was reported after treatment. This finding could be
accounted by the “Th1/Th2 imbalance” in the immunological
hallmark of AD, in which Th1 responses are capable of
antagonizing the development of Th2 cells, hence producing a
contrasting effect in the levels of both types of cytokines
(Herberth et al., 2010). On the other hand, extremely low and
undetected levels of IFN-γ were reported by Yang J et al. (2017),
possibly due to a Th2-driven inflammation whereby IL-4 was able
to truncate the key Th1 cytokines namely IFN-γ (Brunner et al.,
2017).

Recent progress in molecular biology has provided insights
into the potential role of nuclear factor kappa B (NF-κB)
transcription factor family in the progression and maintenance
of AD (Tanaka et al., 2007). Studies have illustrated that
activation of the NF-κB pathway is accountable for the
regulation and chronicity of inflammatory skin diseases like
AD. NF-κB participates in the differentiation of T cells into
various subsets comprising of Th1, Th2 and Th17. Moreover,
NF-κB functions to increase the expression and transcription of
numerous cytokines, growth factors and chemokines such as IL-
1β, IL-6 and IL-8, which are highly linked to the inflammatory
cascade in AD (Tak and Firestein, 2001; Liu et al., 2017). In this
review, 10 articles on orally administered herbs and their active
constituents managed to inhibit the NF-κB pathway and similar
results were recorded from 10 articles on topically administered
herbs and their active constituents. Apart from NF-κB pathway,
the phosphorylation of mitogen-activated protein kinases
(MAPKs) signalling pathway is closely associated with the
production of pro-inflammatory mediators which could trigger
and exacerbate AD. Owing to the importance of MAPK signalling
molecules i.e. ERK, JNK and p38, in the activation, proliferation,
migration and degranulation of immune cells involved in AD,
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therefore pharmacological inhibition of this pathwaymay serve as
an attractive strategy for the treatment of allergic disorders
(Huang et al., 2019). Inhibition of MAPK activation were seen
in eight articles after administration of herbs and their active
constituents via oral route whereas 11 studies illustrated an
inhibition of MAPK phosphorylation after administration of
herbs and their active constituents topically, as illustrated by a
decrease in ERK, JNK and p38 protein kinases. As such, these
findings propose that both NF-κB and MAPK signalling pathway
serve as the potential avenues of investigative research in the
development of a new therapeutic agent to treat AD.

Throughout this systematic review, we found that serum IgE,
infiltration of mast cells and the levels of Th1 and Th2 cytokines
were evaluated the most in 82, 62 and 53 studies respectively.
These three biomarkers are interrelated in the pathogenesis of AD
as depicted in Figure 3. In brief, allergen penetration stimulates
T cells to secrete cytokines (IL-4, IL-5, IL-13, IFN-γ, etc.). The
released cytokines in turn trigger nearby B cells to produce IgE
which then bind to the high affinity receptor IgE, FcεRI on MCs.
The synthesis and release of inflammatory mediators and
cytokines can be induced by IgE-dependent mechanism
(Williams and Galli, 2000: Kulka and Befus, 2003). The
mechanism of action of these herbs and their active
constituents may involve the inhibition of 1) binding of IgE to
the FcεRI, 2) the release of mediators and cytokines fromMCs, or
3) synthesis of IgE from B cells. Although the exact mechanism
was not mentioned in each of these studies, the biomarkers of AD
related to these three parameters were found to be alleviated.
However, it may be difficult to compare the data from different
studies as various investigators used different experimental
approaches to assess the outcome of AD such as ELISA,
histological analysis and dermatitis severity. Reports may also
vary considerably depending on the methodological details
provided that could potentially lead to risk of bias. Generally,
most studies included in this systematic review did not describe
their methodologies precisely which could lead to an
underestimation or overestimation of the findings. Thus, it is
suggested that animal experiments should be properly designed
and carried out well with transparency in every step especially

blinding in performance and assessment to avoid any bias. Data
should be reported entirely and reasons for any dropout data
should also be provided. With all the data gathered from 103
studies evaluating the efficacies of oral and topical administered
herbs along with their active constituents in alleviating AD and
the underlying mechanism of actions using various animal
models and inducers, it is hoped that this systematic review
will aid in the evidence-based selection of animal models for AD
in the future.

CONCLUSION

This systematic review has summarized 103 articles into several
aspects based on PICO; in which the most common population
(P) or choice of animal model used was BALB/C mice (n = 56),
due to the fact that they lean towards a Th2-dominated immune
response which, therefore, suit the disease of interest, AD. As for
the intervention (I), this review consisted of both oral and topical
administration routes of herbs and their active constituents in
AD-like murine models and the most common positive control
(C) drug chosen among these studies was the topical
corticosteroid known as dexamethasone (n = 34). A
substantially large number of these studies (n = 75) were
conducted in Korea and none of the studies analysed the
same herb and only two articles by Aslam et al. (2018) and
Tsang et al. (2016) were understood to compare the different
routes of administrations of the same herb mixture and
compound. Findings from these two studies showed that both
oral and topical routes of herb and their active constituents’
administration were able to alleviate AD, however, the authors
did not make a distinct comparison as to which route was more
effective than the other. The common outcome (O) parameters
of AD assessed amongst these studies include the histological
findings of AD-like skin lesions, serum IgE levels, mast cell count
and Th1/Th2 cytokines. Generally, both oral and topical
administration of herbs and their active constituents elicited
the potential to decrease the AD parameters mentioned above.
Besides, large attention was also drawn towards the production
and expression of Th2 cytokines in these studies. Upon
tabulation of the vast array of findings, a myriad of results
obtained from majority of the oral and topical studies
demonstrated that herb extracts, mixtures and compounds
isolated from herbs could markedly suppress IgE levels and
MCs infiltration or degranulation. Theoretically, upon
successful inhibition of IgE-mediated activation of MCs, they
therefore hinder the subsequent degranulation and secretion of
pro-inflammatory cytokines and preformed mediators. Taken
together, these findings allow us to propose that the anti-AD
effects could be attained by down-regulation of IgE-mediated
MCs activation in in vivo models. Therewithal, MAPK and NF-
κB pathways are worth to dive into for future research
endeavours as the inhibition of these signalling pathways have
been recognized as a potential therapeutic candidate against AD.
It is also important to note that majority of the studies included
in this systematic review mentioned about compliance with
animal welfare as well as conflict of interest statement among

FIGURE 3 | The mechanism of actions of orally and topically
administered herbs and their active constituents in murine model of AD.
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the authors. However, most studies did not distinctly elaborate
on examiner blinding, sample size calculation and animal
allocation. As a result, there is ample room for
methodological improvement in these studies as the authors
could declare these aspects in order to circumvent an unclear risk
of bias. Therefore, future research should implement these
crucial details to enhance the quality of studies.
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