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Hyperforin is a major active constituent of Hypericum perforatum L. extract, which is
widely used for the treatment of depressive disorders. Recent studies have reported that
hyperforin reduced inflammation in stroke and suppressed proliferation and differentiation
in keratinocytes. Psoriasis is a chronic immune-mediated inflammatory skin disease in
which the IL-23/IL-17 axis plays an important role. To investigate the underlying
inflammatory mechanisms and response of hyperforin in psoriasis, we use imiquimod
(IMQ)-induced mice model, in vitro cultured murine splenic gd T cells, and HaCaT cells in
this study. Data showed that hyperforin reduced epidermal thickness and decreased
IMQ-induced pathological scores of cutaneous skin lesions in mice. Meanwhile we proved
that hyperforin suppressed infiltration of CD3+ T cells and downregulated expression of
Il1, Il6, Il23, Il17a, Il22, antimicrobial peptides (AMPs) in the skin lesion. Hyperforin
significantly inhibited imiquimod-induced splenomegaly, reduced serum levels of TNF-a
and IL-6, and IL-17A in splenocytes and draining lymph nodes. Our study also suggested
that hyperforin lessened the infiltration of gd T cell and CCR6+ gd T cells in spleen and
lymph nodes. Hyperforin also suppressed the typical psoriasis-like inflammatory
responses and the infiltration of IL-17A+ cells in dermal gd T cells of IMQ treated Tcrd−/−

mice transferred with gd T cells. In vitro studies, hyperforin reduced the expression and
secretion of IL-17A in gd T cells, and suppressed the activation of MAPK/STAT3 pathways
in human keratinocyte HaCaT cells and gd T cells. In conclusion, hyperforin alleviates IMQ-
induced inflammation in psoriasis through suppressing the immune responses exerted by
IL-17 A-producing gd T cells and related cytokines by modulating MAPK/STAT3
pathways. Our study provided a novel therapeutic tragedy for psoriasis by which
hyperforin attenuates psoriasis-related inflammatory responses.
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INTRODUCTION

Psoriasis is a chronic immune-mediated inflammatory skin
disease , which is associated with high prevalence,
disfigurement, and comorbid diseases (1). IL-23/IL-17 cytokine
axis has been repeatedly confirmed to play the key role in the
pathogenesis of human psoriasis (1). Novel biologics, such as
Ustekinumab and Secukinumab, have showed good curative
effects in moderate-to-severe plaque psoriasis (2). T helper 17
cells (Th17), a subtype of CD4+ T cells producing IL-17, were
reported to play an important role in psoriasis (3, 4). However,
recent studies revealed that other innate immune cells, such as
IL-17–producing gd T cells, also involved in the pathogenesis of
psoriasis (5, 6). As a commonly studied transcription factor,
STAT3 has recently performed to be crucial in psoriatic-like
inflammatory conditions (7). This factor also emerges great
influence on the pathogenesis of psoriasis through regulating
cytokines including the main IL-23/IL-17 axis (8).

Hyperforin is a major active constituent of Hypericum
perforatum L. extract, which has antidepressant, bactericidal,
anti-inflammatory, antioxidant, and other effects (9–13). Clinical
studies have supported the topical use of St. John’s wort as an
effective treatment for psoriasis (14, 15), but the specific
mechanisms are still not completely explored. Previous study
has indicated the effects of hyperforin on keratinocytes.
Margarethe Muller had reported that hyperforin modulates the
differentiation and proliferation of HaCaT cells and primary
cultures of human keratinocytes via TRPC6 channels by
inducing Ca2+ influx (16), which may be partially involved in
the pathogenesis of psoriasis. Studies had reported the anti-
inflammatory effects of hyperforin in pancreatic b cells,
microglia, vascular endothelial cells, and neuronal cells (17–
19). However, the specific mechanism of hyperforin on
inflammatory response mediated by active immune cells and
cytokines in psoriasis has not been perfectly proved.

In this study, we used the imiquimod (IMQ)-induced murine
psoriatic models, in vitro cultured gd T cells and HaCaT cells to
find out the effects of hyperforin on (1): the change of
inflammatory cytokines expression and inflammatory cells
infiltration in the skin lesion (2); systemic inflammation of
spleen and lymph nodes (3); the quantity of gd T cells in the
spleen and lymph nodes (4); the activation of MAPK and STAT3
pathway in in vitro cultured gd T cells and HaCaT cells. Our
study will support the novel therapeutic potential of hyperforin
in alleviating psoriasis.
MATERIALS AND METHODS

Reagents and Antibodies
Hyperforin (dicyclohexylammonium salt, Product Code: 19572,
Cayman Chemical Company, Ann Arbor, Michigan) were
dissolved in dimethyl sulfoxide (DMSO, D8414, Sigma Chemical
Co., St. Louis,MO,USA) tomake the stock solutions (c= 1.4mmol/
L). Before addition to the cell culture or injection to the mice,
working solutions were freshly prepared through diluted. The final
concentration of DMSO was less than 0.1% and the cytokinetic
Frontiers in Immunology | www.frontiersin.org 2
parameters were not affected. Chemicals including MTX (CAS:
133073-73-1), LPS (L2880), TNF-a (CAS: 94948-59-1) were
obtained from Sigma Chemical Co., St. Louis, MO, USA. Soluble
gdTCR antibody (107502), anti-CD28 (102101), and IFN-g
(517904) were obtained from BioLegend. IL-2 (212–12), IL-1b
(211-11B), and IL-23 (200–23) were purchased from PeproTech.
CD4+ sorting magnetic beads were obtained fromMiltenyi Biotec.
PCR primers were purchased from Takara Biotechnology, Dalian,
China. Anti-human antibodies including STAT3 (ab119352), p-
STAT3 (705) (ab76315), ERK (ab32537), p-ERK (ab79483), JNK
(ab213521), p-JNK (ab131499), p38 (ab31828), p-p38 (ab178867)
were purchased from Abcam Company. Anti-mouse antibodies
including STAT3 (AF6294), p-STAT3 (705) (AF3293), ERK
(AF0115), p-ERK (AF1015), JNK (AF6318), p-JNK (AF3318),
p38 (AF6456), p-p38 (AF4001) were purchased from
Affinity Company.

Animal Use
BALB/c and C57BL/6J mice used in this experiment were
purchased from Beijing HFK Bioscience Co., Ltd. Tcrd−/− mice
on a C57BL/6J background were kindly donated by Jing Luo.
They were then bred in the animal facility under specific
pathogen-free conditions for more than a week before the
experiment. All mice were age- and weight-matched when
used in experiments. Animal experiments were performed in
the USUHS laboratory animal facility. The protocol used in these
experiments was approved by the USUHS Institutional Animal
Care and Use Committee.

IMQ-Induced Psoriatic-Like Mouse Model
Remove the dorsal hair of mice (8–10 weeks of age) at a surface
area of about 4 to 5 cm2 as described in our previous publication
(13), 5% imiquimod (IMQ) cream (Mingxin Lidi Laboratory,
China) was applied daily at a topical dose of 62.5 mg for 7 days to
establish IMQ-induced psoriasis mouse model (20).

Groups of Mice Model
BALB/c mice were randomly divided into the following groups:
control group; IMQ treated groups (topical dose with 62.5 mg of
5% IMQ cream alone); MTX treated positive control group (1.0
mg/kg/week, intraperitoneal injection); Hyperforin group (5 mg/
kg/day, intraperitoneal injection), as used by others (10). MTX
was dissolved in the saline while Hyperforin was dissolved in
DMSO. Each group have five mice, and seven consecutive days of
administration would be necessary for all mice. gd T cells (2 ×
106) pretreated or not with hyperforin (suspended in 200 ml
sterile PBS) were administered into Tcrd−/− mice via tail vein
injection. Control Tcrd−/− mice were injected with 200 ml PBS.
Five days later, for the mouse model, the reconstituted mice were
subjected to induction of psoriasis-like disease. All mice were
sacrificed, and samples were collected for analysis on day 8.

Measurement of Skin
Inflammation Severity
The Psoriasis Area and Severity Index (PASI) consists of
measurements of skin erythema, scale, and thickness. In our
previous study (20), we have used this measurement to assess the
May 2021 | Volume 12 | Article 635076
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severityof skin lesions.The specific criteriaofPASI scoreshavebeen
described in detail in our previous studies (20).Micewere evaluated
since thefirst day that IMQwasadministrated for sevenconsecutive
days. The thickness of the mouse skin was measured using a
micrometer, and the average value was measured three times a
day. To measure cellular accumulation and epidermal thickness,
surgical specimens of dorsal skin tissues were paraffin-embedded
for H&E staining. Paraffin-embedded tissues sections (4 mm) were
stainedwith hematoxylin (Beyotime, China) for 40 s andwith eosin
(Beyotime, China) for 30 s. The tissue sections were examined
under an OLYMPUS light microscope. The thickness of mouse
epidermis was measured using Photoshop software in three
separated fields of view.

Immunohistochemistry
Skin tissues were fixed with 4% paraformaldehyde for 48 h and
embedded with paraffin. Then samples were cut into 4-mm-thick
slides. For immunohistochemistry, sections were sequentially
incubated with the primary antibody anti-CD3 (1:100, Abcam)
and the secondary antibody HRP anti-rabbit IgG (Maxim), and
then the color was developed with diaminobenzidine. Using
Image J software to measure the region where CD3+ cell
accumulate for quantitative analyses and expressed as the
percentage of positive cells.

Cytokine Detection by Enzyme-Linked
Immunosorbent Assay (ELISA)
Collect the dorsal skin of the control or experimental mouse,
remove the attached connective tissue, then put a 0.1cm3 tissue
into 1ml of saline. Carefully cut the tissue, and grind it thoroughly
in a homogenizer to obtain the tissue suspension. The prepared
10% homogenate was centrifuged at 4 degrees at 3,000 rpm for
15 min, and the supernatant was taken for ELISA detection. The
level of IL-17A in the skin of control or experimental groups and
in the supernatant of in vitro cultured gd T cells were measured by
commercial ELISA kits following the manufacturer’s instructions
(MultiSciences, China).

Reverse Transcription and Real-time
PCR Analysis
Collect the dorsal skin of the control or experimental mouse,
remove the attached connective tissue, then put a 0.1-cm3 tissue
into1mlof saline.Carefully cut the tissue, andgrind it thoroughly in
a homogenizer to obtain the tissue suspension. The prepared 10%
homogenate was centrifuged at 4 degrees at 3,000 rpm for 15 min,
and the precipitate was taken for RT-PCR detection. RT-PCR was
performed according to the manufacturer’s instructions. Briefly,
total RNA was isolated using TRIzol (Invitrogen, Australia Pty.
Ltd.), and cDNA was synthesized using RevertAid First Strand
cDNA Synthesis Kit (K1622, Thermo Scientific). Quantitative real-
time PCR was performed using the SYBR Green kit (Takara
Biotechnology) on a real-time PCR system (StepOnePlus™ Real-
TimePCRSystem, Thermo Scientific). The reactionwas performed
with a denaturation step at 95°C for 30 s, annealing at 60°C for 30 s,
and extension at 72°C for 30 s for 45 cycles. The relative quantity of
the target mRNA was normalized to the level of GAPDH mRNA
(the internal control).
Frontiers in Immunology | www.frontiersin.org 3
Primers used in this experiment showed below: IL-1 mice F:
GCAACTGTTCCTG AACTCAACT R: ATCTTTTGGGGTCC
GTCCAACT IL-6 mice F: GACAAAGCC AGAGTCCTTCAGA
GAGA R: GGTCTTGGTCCTTAGCCACTCCTT IL-10 mice F:
CACAAAGCAGCCTTGCAGAA R: AGA GCAGGCAG
CATAGCAGTG IL-17A mice F: CCTCAGACTACCTCAACC
GTTCC R: AGGCTCC CTCTTCAGGACCAG IL-22 mice F:
GGTGACGACCAGAACATCCA R: CAGCAGGTCCAGTT
CCCCAAT IL-23p40 mice F: AATGTGCCCCGTATCCAGTG
R: GAAGATGTCAGAGTCAAGC A GGTG GAPDH mice F:
AACTTTGGCATTGTGGAAGG R: ACACATTGGG GGTA
GGAACA CRAMP mice F: AGG AGATCTTGGGAACCA
TGCAGTT R: GCAGATCTACTGCTCCGGCTG AGGTA
S100A7 F: GCCTCGCTTCATGGA CAC R:CGGAACA
GCTCTGTGATGTAGT S100A8 F: TGCGATGGTGATAAAA
GTGG R: GGCCAGAAGCTCTGCTACTC S100A9 F:
CACAGTTG GCAACCTTT ATG R:CAGCTGATTGTCCT
GGTTTG LL37 human F: GCAGTCACCAGAGGAT
TGTGAC R: CACCGCTTCACCAGCCC.

Flow Cytometric Assays
The mice were sacrificed by cervical dislocation, spleens, axilliary,
inguinal lymph node and skin were separated and placed in pre-
cooled PBS. Grind the spleen and lymph node, use a 1 mL syringe
core to grind the tissue cell mixture through a 70 mM cell screen,
place the prepared spleen cell suspension in 5ml of pre-cooled PBS,
centrifuge at 400g for 5 min, and discard the supernatant.
Resuspend the spleen cells in 10 ml RBC Lysis Buffer (prepo tech
10× RBC Lysis Buffer diluted 10-fold) and resuspend the lymph
node cells inPBS, incubate for 10min, centrifuge the cells at 500g for
5 min, and remove the supernatant. Resuspend the spleen cells and
the lymph node cells in 100 ml PBS again, add 0.5 mg (1 ml) gamma
delta TCR antibody (Catalog #11-5711-81, Invitrogen) and 1 mg
(5 ml) CCR6 antibody (Catalog# 50-7196-80, Invitrogen). For the
mice skin, cut off the skin sample and gently eliminate the
subcutaneous fat. Chop skin samples into small pieces with 10 ml
of Collagenase from clostridium histolyticum Type IV (1 mg/ml,
Catalog #9001-12-1, Sigma) and DNase I (100 mg/ml, Catalog
#10104159001, Roche). Incubate at 37°C for 90 min. Use a 1-ml
syringe core to grind the skin cell mixture through a 70-mM cell
screen, place the prepared skin cell suspension in 10 ml of pre-
cooled PBS, centrifuge, and resuspend the skin cells in 100 ml PBS.
Add 0.5 mg (1 ml) gd TCR antibody (Catalog #11-5711-81,
Invitrogen) and 1 mg (5 ml) CD3 antibody (Catalog #70-
AM003E07-100, Multisciences) and incubate for 30 min. For
intracellular staining, after incubating FIX&PERM MEDIUM
(Catalog #70-GAS005/2, Multisciences), add 0.5 mg (1 ml) IL-17A
antibody (Catalog# 70-AM0I1704-100, Multisciences) and 1 mg
(5 ml) IFN-g antibody (Catalog# 70-AM0IF05-100, Multisciences).
Cell sampleswere finally administrated utilizing the flow cytometer
(FACSCalibur, BD Biosciences).

Isolation of gd T Cells and in
Experimental Design
The mice were sacrificed by cervical dislocation, spleens were
ground into a single cell suspension. Place the prepared spleen
cell suspension in Tris-NH4Cl for 5 min, centrifuge at 2,000g for
May 2021 | Volume 12 | Article 635076
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7 min, washed twice with RPMI-1640 medium, and then
resuspended in 4 ml of pre-warmed RPMI-1640 medium
containing 10% serum. Incubate the single cell suspension to
the treated nylon wool column at 37°C for 50 min, the eluted
cells are spleen-derived T lymphocytes. The collected T
lymphocytes were resuspended in PBS, centrifuged, and then
supernatant was discarded. Add 40 ml of pre-chilled PBS sorting
buffer containing 0.5% BSA and 2 mM EDTA and 20 ml of CD4+

sorting magnetic beads to 1 × 107 cells. After mixing, incubate at
4°C for 10 min, and separate them with a separator and LS
column. The isolated CD4+ T cells were cultured in anti-mouse
gdTCR (10 mg/ml) coated Corning plates at 37°C and 5% CO2 for
6 days, and soluble anti-mouse CD28 antibody (1 mg/ml) and IL-
2 (2 ng/ml) were added. The model group was supplemented
with IL-1b (5 ng/ml), IL-23 (5 ng/ml) and anti-mouse IFN-g
antibody (5 mg/ml). The hyperforin groups were supplemented
with IL-1b (5 ng/ml), IL-23 (5 ng/ml), anti-mouse IFN-g
antibody (5 mg/ml), and hyperforin (0.1, 1, 10 mM).
HaCaT Cells Culture and
Experimental Design
Human keratinocyte HaCaT cells were purchased from the
China Center for Type Culture Collection and cultured in
1,640 containing 10% heat-inactivated FBS, 100-U/ml
penicillin and 100-mg/ml streptomycin. The cells were kept in
a cell incubator at 37°C under 5% CO2 and 95% humidified
atmosphere. Cells were incubated with TNF-a (10, 20 ng/ml) for
4 h to induce psoriatic inflammation. The cells were then
incubated with hyperforin (0.1, 1, 10 mM) for another 2 h.
Western Blotting
Total cell and nuclear lysates were prepared as protocol using the
following antibodies: STAT3, p-STAT3 (705), ERK, p-ERK, JNK,
p-JNK, p-38, p-p38 followed by incubation with a horseradish
peroxidase-conjugated secondary antibody and visualized using
a Bio-Rad ChemiDoc XRS Imaging System with an XRS camera
(Bio-Rad, Hercules, CA, U.S.A.).
Statistical Analyses
Statistical comparisons between two groups were performed using
a Student’s t test. GraphPad Software Prism 6.0 was used for
statistical analysis. P values < 0.05 were considered significant.
RESULTS

Hyperforin Ameliorated IMQ-Induced
Psoriatic Skin Lesion in Mice
Toconfirmwhether hyperforin ameliorated skin lesion inpsoriasis,
we utilized the IMQ-induced psoriasis-like mice models with or
without hyperforin treatment. Figure 1A showed the results of this
test. IMQcreamwas smeared to the shavedback skinofBalb/cmice
Frontiers in Immunology | www.frontiersin.org 4
for eight consecutive days with or without intraperitoneal injection
of hyperforin (5 mg/kg/d) and MTX (1 mg/kg/w). As shown in
Figure 1B, the IMQ treated mice emerged typical psoriasis-like
inflammatory responses on back, such as erythema, scaling and
thickening, compared to control mice group. Intraperitoneal
injection of hyperforin significantly ameliorated skin lesion
throughout the treatment period, demonstrated by the reduced
severity score of skin inflammation.Therapeutic effectofhyperforin
was comparable with MTX, which is effectively used in psoriasis
treatment (Figure 1B). Administration of hyperforin notably
alleviated the severity of IMQ induced psoriasis compared to the
IMQ model group according to the scores of erythema, thickness
and cumulative score on day 7 (Figure 1C). Furthermore, H&E
staining suggested that IMQ induced psoriatic lesions, indicated by
the presence of epidermal parakeratosis, thickening of acanthosis
cell layer, and downward epidermal extension of in-depth dermis.
Meanwhile, administration of hyperforin alleviated the severity of
the skin lesion (Figure 1D). In general, hyperforin exerted similar
therapeutic effect in alleviating psoriatic skin lesion compared with
MTX (Figures 1C, D).
Hyperforin Inhibited Inflammatory Cell
Infiltration and Inflammatory Cytokines
Released in Skin of IMQ-Induced
Mouse Model
To assess the effect of hyperforin on inflammatory cell accumulation
in skin of IMQ-induced mouse model, immunohistochemistry
staining of CD3+ T cell were performed. Results showed that IMQ
induced the accumulation of T cells in dermis and epidermis
compared to the control group. Reduced abundance of CD3+

T cells in the dermis of hyperforin-treated groups was observed
even compared to the MTX group (Figures 2A, B).

Furthermore, we tested the mRNA expression of a set of
psoriasis related inflammatory cytokines in the skin lesions, and
suggested that the mRNA levels of Il1, Il6, Il23p40, Il17a and Il22
in lesions of the model group were highly enhanced, while Ifng
level showed no remarked change compared with the control
group. Also, mRNA level of Il4 in Th2 cells which exert anti-
inflammatory effect did not change markedly. Meanwhile,
compared to the model group, the mRNA levels of Il1, Il6,
Il23, Il17a and Il22 were decreased in the hyperforin group, of
which Il17a mRNA declined notably (Figures 2C–I).
Hyperforin Suppressed Imiquimod-Induced
Systemic Inflammation
As shown in Figure 3A, imiquimod increased relative spleen
weight, and hyperforin significantly inhibited imiquimod-induced
splenomegaly (Figure 3B). Hyperforin also significantly inhibited
serum levels of TNF-a and IL-6 in IMQmodel (Figures 3C,D). To
evaluate the IL-17AmRNA levels inmice spleen and axillary lymph
nodes, Figure 3E showed that hyperforin inhibited the IL-17A
levels in spleen compared to the model group. Meanwhile, the IL-
17AmRNA levels in the axillary lymph nodes exhibited no notable
change compared with normal mice (Figure 3F).
May 2021 | Volume 12 | Article 635076
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A

B

D

C

FIGURE 1 | Hyperforin ameliorates psoriatic symptoms and skin inflammation in IMQ-induced psoriatic mice. (A) Flow chart of this experiment. (B) The back-skin
photos of mice were taken at 3th, 5th, 7th day after IMQ painting. (C) PASI scores in all groups of mice were evaluated daily and the statistical difference between all
groups at 8th day was indicated. (D) H&E staining of the dorsal skin with the original magnification of 200×. Data are expressed as mean ± SD (n = 5 mice/group,
*p < 0.05 vs. Model). One representative of three separate experiments is shown while all results were similar among these three experiments.
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FIGURE 2 | Hyperforin inhibited inflammatory cell infiltration and inflammatory cytokines releasing in skin of IMQ-induced mice model. (A) Immunohistochemical
staining of CD3+ cells in skin lesion. (B–I) The mRNA expression of psoriasis associated inflammatory cytokines in the skin lesion of mice model. Data are shown as
mean ± SD(A–E). n=5 mice. *P < 0.05 and **P < 0.01 vs Model group.
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To further investigate the effect of hyperforin on the
infiltration of gd T cell and CCR6+ gd T cells (the IL-17 A–
producing cells), we tested the percentage of gd T cells and
CCR6+ gdT cells in spleen and axillary lymph node by utilizing
flow cytometry. The ratio of gd T cells was notably higher in the
model group compared to the control group, the ratio of CCR6+

gdT cells also accumulated remarkably (Figures 4A–C). Cell
mass in spleen of the model group shifted toward the right
compared to the control group (Figure 4A). Lower ratios of gd T
cells and CCR6+ gdT cells were presented in the spleen (Figures
4A–C) and lymph nodes (Figures 4D–F) of hyperforin-treated
mice compared to the model group. In general, both hyperforin
Frontiers in Immunology | www.frontiersin.org 7
and MTX inhibited the infiltration of splenic and lymphatic gd
T cells and CCR6+ gdT cells.

Hyperforin Downregulated the mRNA
Expression of Antimicrobial Peptides
(AMPs) in skin of IMQ-Induced Mouse
Model and TNF-a Stimulated HaCaT Cells
Previous study reported that hyperforin has effects on bactericidal
and were often used to treat infection (10). Recently, antimicrobial
peptides and proteins (AMPs) such as cathelicidin, b-defensins,
and S100 proteins, secreted by keratinocytes are inferred to be
related with severity of psoriasis lesions (21), and excessive
A B

D

E F

C

FIGURE 3 | Hyperforin suppressed imiquimod-induced systemic inflammation (A) The photos of spleen and skin draining lymph nodes taken at 7th day after IMQ
painting. (B) Relative spleen weight of the control and test groups. (C, D) Serum levels of TNF-a and IL-6. (E, F) The mRNA levels of Il17a in spleen and axillary
lymph nodes. (n = 5 mice). *P < 0.05 and **P < 0.01 vs model group.
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A

D

E F

CB

FIGURE 4 | Hyperforin reduced the abundance of gd T cells in the spleen and lymph nodes of psoriasis-like mouse model. The percentage of gd T cells and CCR6+

gd T cells in the total live cells in spleen (A–C) and axillary lymph nodes (D–F). (n=5 mice). *P < 0.05 and **P < 0.01 vs model group.
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production of AMPs are widely confirmed in psoriasis lesions (21–
23). Previous studies have indicated that imiquimod increase the
production of AMPs (24–26). Therefore, our experiments were
exerted to demonstrate the effect of hyperforin on the expression of
AMPs. Data showed a result of remarkably enhanced expression of
S100A7, S100A8, S100A9 and CRAMP by imiquimod. In the
hyperforin treated group, expression of S100A7, S100A8, S100A9
and CRAMP was highly reduced (Figures 5A–D).

To investigate whether hyperforin could directly inhibit the
productions of AMPs from in vitro cultured keratinocytes, HaCaT
cells were stimulated with TNF-a and RT-qPCRwas used to detect
the effects of hyperforin on themRNAexpression of LL37, S100A7,
S100A8, andS100A9.Data showeda result of remarkedly enhanced
expression of S100A7, S100A8, S100A9, and LL37byTNF-a. In the
hyperforin treated group, expression of LL-37, S100A7, S100A8,
and S100A9 was highly reduced (Figures 5E–H).

Effects of Hyperforin in gd T Cells on IMQ-
Induced Psoriasis-Like Skin Inflammation
Figure6A showed that the IMQtreatedTcrd–/–mice transferredwith
gd-vehicle T cells emerged typical psoriasis-like inflammatory
responses on back, such as erythema, scaling and thickening,
compared to the control group. However, Tcrd–/– mice transferred
with gd-Hyperforin T cells had notably alleviated IMQ-induced skin
lesions. H&E staining suggested that IMQ induced typical
pathological characteristics of psoriasis in Tcrd–/– mice transferred
with gd-vehicleT cells, such as epidermal parakeratosis, thickening of
acanthosis cell layer, and downward epidermal extension of in-depth
dermis (Figure 6B). However, the pathological characteristics in gd-
Hyperforingroup showedreduced epidermal parakeratosis, thinning
of the acanthosis cell layer and reduction of the downward epidermal
extension of in-depth dermis (Figure 6B). Tcrd–/– mice transferred
with gd-Hyperforin notably alleviated the severity of IMQ induced
psoriasis compared to the gd-vehicle T cells group according to the
scores of erythema, scaling, thickness and PASI score on day 7
(Figure 6C).

In order to detect the transferred gd T cells in skin, we
prepared the single-cell suspensions of the mice trunk skin
tissues, and performed the cytofluorimetric analysis of CD3
and gdTCR antigens. The gd-vehicle group and the gd-
Hyperforin group showed elevated percentages of dermal gd T
cells infiltration (Figure 6D). To further observe the infiltration
of gd T17 cells in dermis, we performed the cytofluorimetric
analysis of CD3, gdTCR, IL-17A, and IFN-g antigens. The gd-
vehicle group showed elevated percentage of IL-17A+ cells in
dermal gd T cells (gated on CD3+ gdTCR+ T cells) compared to
the gd-Hyperforin group (Figure 6E). The percentage of
transferred gd T cells in skin and IL-17A+ cells in dermal gd T
cells (gated on CD3+ gdTCR+ T cells) were showed in Figure 6F
and Figure 6G. In summary, these findings proved that the
abnormal differentiation of gd T17 cells induced by hyperforin
may play an important role in psoriasis.

Hyperforin Reduced the Expression and
Secretion of IL-17A in gd T Cell In Vitro
To investigatewhether hyperforin has an effect on the functionof gd
T cells, we cultured murine splenic gd T cell in vitro. By using the
Frontiers in Immunology | www.frontiersin.org 9
MTT assay, we found that hyperforin, at the concentration of 0.1 to
10 mM, did not affected the viability of cultured gd T cell (Data not
shown). Therefore, we use the concentration range of 0.1 to 10 mM
in the subsequent in vitro experiments. Figure 7A showed that the
mRNA level of Il7awas increased in the model group compared to
the control group, while hyperforin decreased the mRNA level of
Il7a, and this inhibitory effect was gradually enhanced as the dose
increases. Also, we detected the secreted IL-17A in the supernatant
by ELISA. Figure 7B showed that the supernatant of gd T cell
incubated with hyperforin secreted less IL-17A than the
model group.

Hyperforin Reduced the Phosphorylation
of MAPK and STAT3 Pathways in gd T Cell
In Vitro
MAPK/STAT3activationplays an important role in thepathogenesis
of psoriasis (27, 28). The expression and phosphorylation of p38,
ERK, JNK and STAT3 in the in vivo cultured gdT cells were detected
by Western Blot. Figure 8 showed that the expressions of p-p38, p-
ERK, p-JNK and p-STAT3 were increased in the model group
compared to the control group, while the expression of p38, ERK,
JNK and STAT3 were not changed. Furthermore, hyperforin,
especially at the dosage of 10 mM, reduced the expressions of p-
p38, p-ERK, p-JNK and p-STAT3.

Hyperforin Suppressed Phosphorylation of
MAPK and STAT3 Pathways in TNF-a
Stimulated HaCaT Cells
To investigate whether hyperforin has an effect on keratinocytes,
we cultured TNF-a stimulated HaCaT cells. The expression and
phosphorylation of p38, ERK, JNK, and STAT3 in the in vivo
cultured HaCaT cells were detected by Western blot. Figure 9
showed that the expressions of p-p38, p-ERK, p-JNK, and p-
STAT3 were increased in the TNF-a-stimulated HaCaT cells
compared to the control group, while the expression of p38, ERK,
JNK, and STAT3 were not changed. Furthermore, hyperforin,
especially at the dosage of 10 mM, reduced the expressions of p-
p38, p-ERK, p-JNK, and p-STAT3.
DISCUSSION

In this study, we demonstrated that hyperforin alleviated IMQ
induced psoriasiform dermatitis in mice. These mice treated with
hyperforin showed lower cumulative scores, epidermal
thickening, inflammatory cell infiltration and inflammatory
cytokines released in IMQ-induced psoriasis-like mouse model.
In addition, hyperforin also reduced enlargement of spleen.
Moreover, hyperforin inhibited gd T cells infiltration in spleen
and lymph nodes and showed a similar effect on suppression of
epidermal thickening and inhibition of systemic inflammation
without obvious side effects compared to MTX which is
commonly used for psoriasis (1). In vitro study, we found that
hyperforin reduced the expression and secretion of IL-17A in gd
T cell. Moreover, we demonstrated that hyperforin significantly
inhibited the phosphorylation of MAPK/STAT3 signaling in
in vitro cultured gd T cell and TNF-a-stimulated HaCaT
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FIGURE 5 | Hyperforin downregulated the mRNA expression of AMPs in in skin of IMQ-induced mouse model and TNF-a stimulated HaCaT cells. The mRNA
expression of AMPs in the skin lesion of mice model, CRAMP (A), S100A7 (B), S100A8 (C), and S100A9 (D). After pre-treatment with hyperforin, HaCaT cells were
stimulated with TNF-a, and RT-qPCR was used to detect the effects of hyperforin on the mRNA expression of LL37 (E), S100A7 (F), S100A8 (G), and S100A9 (H).
Data are expressed as fold induction of relevant mRNA sequences compared to untreated controls. Data represent mean ± SEM from at least three independent
experiments performed in triplicates; **P < 0.01 vs model group.
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cells. In this study, it is the first time we elucidated the reduction
effect of hyperforin on gd T cells. The interplay of immune cells
and skin-resident keratinocytes participates in establishing and
sustaining inflammatory and immune responses in psoriasis
(29). Therefore, our study showed the dual regulation of
hyperforin in the keys cells of psoriasis. In conclusion, our
results presented a novel mechanism of hyperforin in psoriasis
and provided a potential effective approach for psoriasis therapy.

As a specific TRPC6 activator, hyperforin is a phytochemical
produced by parts of the members of the plant genus Hypericum
(St John’s wort) (9). Previous study reported the expression levels
of TRPC6 channel on mRNA and protein levels are significantly
reduced both in cultured psoriatic keratinocytes and psoriasis
plaques (30). Recently, other group detected mRNA expression
levels of TRP channels in PBMCs of 30 patients with psoriasis, data
showed that in the patient group, the TRPC6 expression levels
were lower compared to controls (31). We have also used the data
in the GEO database to perform differential gene analysis to clarify
the exact changes of mRNA levels of TRPC6 channels in psoriasis
skin lesions. Results elucidated that the mRNA level of TRPC6 in
psoriasis skin lesions decreased compared with normal people,
however, the statistical difference needs further verification (data
not show).Hyperforin is alsowell-known for its anti-inflammatory,
anti-tumor, anti-bacterial, antioxidant, and stabilize skin barrier
properties (9–13). Studies had reported the anti-inflammatory
effects of hyperforin in pancreatic b cells, microglia, vascular
endothelial cells, and neuronal cells (17–19). Previous studies had
focused on the modulatory effect of hyperforin in kerationcytes.
Topical ointment (5%) in which hyperforin is the main active
ingredients, was reported to have anti-inflammatory and anti-
psoriatic dermatitis effects (14, 15, 32–34). In our study, it is the
first time we applied hyperforin for systemic use to treat psoriasis.

In this study, hyperforin inhibited immune cell activation in
psoriasis-like mouse model. To further confirm the valid effect of
hyperforin, we examined the mRNA levels of inflammatory
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FIGURE 6 | Effects of hyperforin in gd T cells on IMQ-induced psoriasis-like
skin inflammation. Tcrd–/– mice were transferred with PBS or naive gd T cells
pretreated with hyperforin (gd-Hyperforin) or not (gd-Vehicle). The mice were
then subjected to IMQ-induced psoriasis as part of the psoriasis-like mouse
model. The back-skin photos of mice (A) and H&E staining of skin lesions
(B) (scale bars: 100 mm), and PASI scores (C). n = 3. (D, F) Detection of the
transferred gd T cells in skin. (E, G) Percentage of IL-17A+ cells in dermal gd T
cells (gated on CD3+ gdTCR+ T cells). n = 3. Data are presented as the
mean ± SD. (**P < 0.01).
A B

FIGURE 7 | Hyperforin reduced the expression and secretion of IL-17A by gd
T cell in vitro. (A) The expression of Il17a mRNA was significantly lower than
that in the model group. (B) The level of IL-17 A in the culture supernatant
was measured by ELISA to determine the effects of hyperforin on the
secretion of IL-17 A by cultured gd T cells (n=8). **P < 0.01 vs model group.
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cytokine in skin lesions by RT-PCR, the data showed that mRNA
levels of Il1, Il6, Il23p40, Il17a, and Il-22 were declined, especially
Il17a. Recent studies have found that gdT cells in dermismaybe the
main source of IL-17A in the skin of imiquimodmurinemodels (5,
6). Moreover, the abundance of gd T cell and CCR6+gd T were also
discovered to change in the spleen of hyperforin treated mice. gd T
cells in spleen performed highly expressed CCR6 and
transcriptional factor RORgt (5). Furthermore, we cultured
murine splenic gd T cell in vivo. Data showed that hyperforin
decreased the mRNA level of Il7a, suggesting that hyperforin
possibly suppressed gd T-associated inflammation.

In serum and skin lesions of psoriasis patients, IL-17 and IL-
22 were showed to promote the expression of antimicrobial
peptides in keratinocytes, such as b-defensin-2 (BD-2), S100A7
(psoriasin), cathelicidin (LL37), and S100A8/9 (calprotectin), all
Frontiers in Immunology | www.frontiersin.org 12
of which may lead to the development of psoriasis in individuals
with a higher resistance to skin infections (35, 36). In this study,
results showed that hyperforin pretreatment downregulated the
mRNA levels of AMPs both in skin lesions of imiquimod-mouse
model and in vitro cultured HaCaT cells. In psoriasis, decrease of
antimicrobial peptides may lead to an increased risk of skin
infections (37). In atopic dermatitis, the AMPs expression in the
skin lesions are down-regulated, the patients are more
susceptible to Staphylococcus aureus skin infections (38). As
hyperforin has an anti-bacterial effect, therefore, it may offset the
infection risk caused by the decrease in antimicrobial peptides.

Previous studies have suggested that MAPK kinases were
involved in the pathogenesis of psoriasis (28). The MAPK
kinases constitute three signaling pathways, named mitogen-
activated protein kinases p38 (p38 MAPKs), extracellular signal-
A B

D E F

G IH

C

FIGURE 8 | Hyperforin inhibits phosphorylation of MAPK and STAT3 pathway components in in vitro cultured gd T cells. (A) Representative images of Western blot.
(B–I) quantification of the Western blot data by densitometric analysis and normalization to GAPDH (n = 3 independent experiments). **P < 0.01 vs model group.
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regulated kinase 1/2 (ERK1/2), and c-Jun N-terminal kinase
(JNK) which modulate important functions such as cell
proliferation, differentiation, gene expression, and apoptosis
within cells (39). Phosphorylation of STAT-3 and of STAT-1
at serine 727 induced by p38 has also been demonstrated in
psoriatic lesion (27, 40). Thus, keratinocytes in the psoriatic
epidermis are characterized not only by abnormal proliferation
and apoptosis but also increased expression of inflammatory
Frontiers in Immunology | www.frontiersin.org 13
cytokines (41). This phenomenon seems to be regulated by the
same signal arising from the activation of MAPK signaling
cascades of p38 and ERK1/2 (35, 42).

In conclusion, our work demonstrates that hyperforin alleviates
IMQ-induced inflammation in psoriasis through suppressing the
immune responses exerted by IL-17 A–producing gd T cells and
related cytokines by modulating MAPK/Stat3 pathways. Together
with its effectiveness and safety, the current study provides the
A B
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C

FIGURE 9 | Hyperforin inhibits phosphorylation of MAPK and STAT3 pathway components induced by TNF-a in HaCaT cells. HaCaT cells were pretreated with
different doses of hyperforin, and stimulated with TNF-a. The total protein was extracted from the cells and associated protein expression was determined via
western blotting (A). The quantification data are shown in the right panel (B–I). (n = 3 independent experiments). **P < 0.01 vs model group.
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evidence to support hyperforin as a promising therapeutic tragedy
for treatment of psoriasis.
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