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Aloperine is an anti-inflammatory compound isolated from the Chinese herb Sophora
alopecuroides L. Previously, our group has reported that the generation of induced Treg
was promoted by aloperine treatment in a mouse colitis model. However, the effect of
aloperine on effector T cell subsets remains unclear. We therefore carefully examined the
effect of aloperine on the differentiation of major subsets of T helper cells. Based on our
results, psoriasis, a Th17 dominant skin disease, is selected to explore the potential
therapeutic effect of aloperine in vivo. Herein, we demonstrated that topical application of
aloperine suppressed epidermal proliferation, erythema, and infiltration of inflammatory
cells in skin lesions. Mechanistic studies revealed that aloperine suppressed the
differentiation of Th17 cells directly through inhibiting the phosphorylation of STAT3 or
indirectly through impairing the secretion of Th17-promoting cytokines by dendritic cells.
Moreover, aloperine enhanced the conversion of Th17 into Treg via altering the pSTAT3/
pSTAT5 ratio. Collectively, our study supported that aloperine possesses the capacity to
affect Th17 differentiation and modulates Th17/Treg balance, thereby alleviating
imiquimod (IMQ)-induced psoriasis in mice.
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INTRODUCTION

CD4+ T helper cells play a pivotal role in the adaptive immune reaction associated with immune
defense, immune surveillance, and immune homeostasis. These various functions are achieved
through the differentiation of a variety of effector subsets, including Th1, Th2, Th17, follicular helper
T cells (Tfh), and regulatory T cells (Treg) (Zhu and Paul, 2008). Upon interaction with the cognate
antigen presented by antigen-presenting cells such as dendritic cells (DCs) in the periphery, CD4+

naïve T cells undergo a process of massive proliferation and differentiation into the distinct helper
T cell subsets. The process of CD4+ T cell differentiation decision is governed predominantly by the
cytokines in the microenvironment and the strength of the interaction of the T cell antigen receptor
with the antigen. Many complex inflammatory diseases are caused by the disorder of these processes,
such as type 1 diabetes, psoriasis, asthma, and so on (Sun et al., 2021; Yue et al., 2021). Although
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many therapies including glucocorticoids and
immunomodulators are used in clinics, the development of
novel, safe, and effective agents that target CD4+ T cells for
treatment is further needed.

Aloperine is a kind of quinolizidine alkaloid extracted from
Sophora alopecuroides L., which has been used effectively in the
treatment of various clinical disorders, such as dysentery, eczema,
furuncle, and other skin inflammatory diseases (Wang et al., 2020).
Recent studies including our own revealed that aloperine possesses
the bioactivities against cancer, viral infection, oxidative stress,
cardiovascular and neurological diseases (Wang et al., 2015; Hu
et al., 2016; Fu et al., 2017; Ling et al., 2018; Zhang et al., 2018; Zhao
et al., 2018; Chang et al., 2019; Li et al., 2020). Accumulating
evidence shows that the clinical effects of the natural plant alkaloid
are related to the up- or down-regulation of immune responses
(Feng et al., 2006; Furusawa andWu, 2007). Previously, our group
demonstrated that oral administration of aloperine protects the
mice against DSS-induced colitis through promoting Treg
differentiation and activation (Fu et al., 2017). Thus, the effect
of aloperine on the CD4+ T cell differentiation pattern catches our
attention.

Psoriasis is a common chronic inflammatory skin disease
characterized by the keratinocyte abnormal proliferation and
differentiation, dermal blood vessel hyperplasia, and massive
inflammatory infiltration (Mak et al., 2009; Lowes et al., 2014).
According to epidemiologic survey, the morbidity rate of psoriasis
in Asia is below 0.5%, while it is estimated to affect about 2–4% of the
population inWestern countries (Parisi et al., 2013; Boehncke, 2015).
Psoriasis not only is a skin disease but also causes systemic disorders,
such as psoriatic arthritis, cardiovascular disease,metabolic syndrome,
and so on, which together contribute to a reduced quality of life and
represent a mental stress on individuals and considerable economic
burden on families and the society (Takeshita et al., 2017). Although
the exact etiology of psoriasis is not fully understood, extensive studies
have demonstrated it as a multifactorial disease.

As an immune-mediated disease, both innate and adaptive
immune cells are involved in the pathogenesis of psoriasis,
including different T-cell types such as Th17 cells, Th1 cells
and Treg, dermal dendritic cells, macrophages, neutrophils, and
natural killer cells (Deng et al., 2016). Robust evidence accumulated
in the past years has shown that the IL-23/Th17 axis is central to
the psoriatic pathology (Lowes et al., 2013; Girolomoni et al., 2017;
Puig, 2017; Conrad andGilliet, 2018). It is believed that trauma and
infection can activate skin-resident dendritic cells and
macrophages to produce IL-6, IL-23, and IL-12, which stimulate
the maturation of Th17 and Th1 cells, respectively. IL-23 from
inflammatory DCs has a great role in the amplification, activation,
and pathogenic conversion of Th17 cells (Schirmer et al., 2010).
Subsequent secretions of inflammatory cytokines, such as IL-17,
IL-22, TNF-α, IFN-γ, and vascular endothelial growth factor
(VEGF), stimulate keratinocyte proliferation and angiogenesis,
which have important roles both in disease development and
progression. On one hand, IL-17A stimulates keratinocyte
proliferation and endothelial expression of P-selectins,
E-selectins, and integrin ligands, including ICAM-1 and
VCAM-1, to enhance neutrophil mobilization. On the other
hand, activated keratinocytes produce large amounts of

chemokines and antimicrobial peptides, which would in turn
promote Th17 cell recruitment and produce more IL-17,
resulting in a positive feedback loop that perpetuates the
inflammatory response of psoriasis.

Currently, there is no cure for the spectrum of psoriatic
diseases. By targeting the cytokine and immune networks in
psoriasis, researchers have developed various therapeutic options,
including topical agents (such as corticosteroids) and systemic
immunosuppressive agents (such as methotrexate and
cyclosporine). However, those current medications may have
severe side effects, especially the high risk of infection. Thus,
better and safer drugs and therapeutic strategies need to be
developed. Previously, our group identified the role of
aloperine in Treg induction and colitis treatment. In this
study, we further revealed that the administration of aloperine
modulates Th17/Treg balance by targeting the STAT3/STAT5
signaling pathway and/or indirectly through affecting the
recruitment and activation of antigen-presenting cells in
psoriatic skin lesions, which render it to be a potential
candidate drug to psoriasis in clinical settings.

MATERIALS AND METHODS

Animals
Healthy male C57BL/6 mice (8–10 weeks old) were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The mice were bred at the Tongji Medical
College and maintained under SPF conditions for at least
1 week before any experiment. All animal studies were
approved by the Animal Care and Use Committee in Tongji
Hospital (TJH-201612001).

Psoriasis Model and Aloperine Treatment
Aloperine (Shanghai Yuan-ye Bio-Technology Co., Ltd.) was
made of 2% cream by mixing in the emollient cream vehicle.
Imiquimod (IMQ) cream was purchased from Sichuan Mingxin
Pharmaceutical. Twenty mice were randomly divided into the
treatment group (2% aloperine + imiquimod) and vehicle control
group (vehicle + imiquimod). The mice were shaved on the back,
and then subjected to 5% Aldara (a brand of IMQ) at a dose of
62.5 mg daily on the back skin for 5 consecutive days, and
aloperine or vehicle cream was administered at the same time
or after the psoriasis model was established.

Scoring of Psoriatic Skin Inflammation
The severity of inflammation of the back skin was evaluated by an
objective scoring system, which was based on the Psoriasis Area
and Severity Index (PASI). Erythema, scaling, and anabrosis were
scored independently from 0 to 4 as follows: 0, none; 1, slight; 2,
moderate; 3, marked; and 4, very marked. The cumulative score
(erythema plus scaling plus thickening) was served to indicate the
severity of inflammation (scale 0–12).

Histological Analysis
The skin tissue samples were collected and fixed in 4%
paraformaldehyde for 24 h at room temperature and
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embedded in paraffin. The 4-µm sections were subjected to
hematoxylin and eosin (H&E) staining as previously described.
Similarly, partial sections were stained with the Ki-67 antibody,
and developed by 3,3’-diaminobenzidine as reported (Yue et al.,
2021).

Mouse Naïve CD4+ T-Cell Isolation and
Differentiation
CD4+CD44lowCD62Lhigh naïve T-cells were extracted from
spleens and lymph nodes of 10-week-old C57BL/6 male mice
with a mouse naïve CD4+ T-cell isolation kit (catalog number
19782, STEMCELL Technologies EasySep™, CA, United States),
and the purity of isolated cells was >90%. The isolated naïve CD4+
T-cells were seeded into culture wells coated with 10 μg/ml anti-
CD3 and 10 μg/ml anti-CD28 in sterile phosphate-buffered saline
(PBS) and incubated overnight at 4°C. Furthermore, different
subsets were differentiated by Th1, Th2, and Th17 polarizing
conditions with or without aloperine (10 nM). For the Th1 cells,
naïve T-cells were incubated with 10 ng/ml IL-2 (eBioscience, San
Diego, CA, United States), 10 ng/ml IL-12 (eBioscience, San
Diego, CA, United States), and 10 µg/ml anti-IL-4. For the
Th2 cells, naïve T-cells were incubated with 10 ng/ml IL-4
(#214–14) and 10 µg/ml anti-IFN-γ. For the Th17 cells, naïve
T-cells were incubated with 10 ng/ml IL-1β, 10 ng/ml IL-6, 10 ng/
ml IL-23, 2.5 ng/ml TGF-β, 10 µg/ml anti-IL-4, and 10 µg/ml
anti-IFN-γ. For the Th17 cell conversion experiment, Th17 cells
were differentiated as described above, and, the medium was then
replaced with the Treg differentiation cytokine cocktail after
washing three times on day 3 and incubated for 2 days. The
cells were next subjected to flow cytometry analysis.

Flow Cytometry Analysis
Single-cell suspensions were prepared from the spleens, skin
tissues, and exudates or recovered from cell cultures. The
isolated skin tissues were digested with collagenase D (Roche
Applied Science) solution (400 U/ml) for 4–6 h at 37°C with
periodic agitation. Ethylenediaminetetraacetic acid (10 mM
final concentration) was added to the collagenase-digested cells
for 1 min and then quenched with cold PBS. The cells were
stained with the indicated fluorescently labeled antibodies at 4°C
in the dark for 30 min and then washed with fluorescence

advanced cell sorting buffer (2% bovine serum albumin in
PBS). Detection of intracellular molecules was performed; the
cells were permeabilized and stained intracellularly as previously
described (Zhong et al., 2014). Flow cytometric measurements
were performed with an LSR Fortessa flow cytometer (BD
Biosciences, Franklin Lakes, NJ, United States), and FlowJo
software was used for the subsequent data analysis as
instructed. The PerCP-conjugated antimouse CD45 (#103130),
FITC-conjugated antimouse CD4 (#100406), PE-conjugated
antimouse CD44 (#103036), APC-conjugated antimouse
CD62L (#104412), PE-conjugated antimouse CD11b
(#101207), APC-conjugated antimouse CD11C (#117310), PE-
conjugated antimouse LY6G (#127607), APC/Cy7-conjugated
antimouse Ly6C (#128026), FITC-conjugated antimouse F4/80
(#123108), PE/Cy7-conjugated antimouse IFN-γ (#505826),
APC-conjugated antimouse IL-4 (#504106), APC-conjugated
antimouse IL-17A (#506916), PE-conjugated antimouse IL-17
(#506904), and Alexa Fluor®647-conjugated antimouse Foxp3
(#126408) antibodies were purchased from BioLegend (San
Diego, CA, United States).

Western-Blot Analysis
Western-blot assays were performed as described previously (He
et al., 2018). Briefly, the prepared cell samples were lysed and then
separated on 10% (vol/vol) polyacrylamide gels and transferred
onto PVDF membranes. The membrane was probed with
antibodies (1: 1000 dilution) including P-STAT3, RORγt,
P-STAT5 (Cell Signaling Technology, Danvers, MA,
United States), and β-actin (Santa Cruz Biotechnology, Santa
Cruz, CA, United States), followed by probing to the
corresponding horseradish peroxidase-conjugated secondary
antibody, respectively. The reactive bands were developed
using the established techniques (Yao et al., 2016). The
intensity of each band was analyzed using the densitometry
feature in the ImageJ software.

Quantitative RT-PCR Analysis
The part of injured skin tissues and spleens or culture cells were
collected and subjected to RNA isolation using the Trizol™

reagent (Takara, Japan) as instructed. For the syntheses of
complementary DNA, an aliquot containing 1 μg of total RNA
was reverse-transcribed using a cDNA synthesis kit (Takara,

TABLE 1 | Primers used for the real-time PCR.

Target gene Forward sequence (59-39) Reverse sequence (59-39)

m-IL-6 5′-TACCACTTCACAAGTCGGAGGC-3′ 5′-CTGCAAGTGCATCATCGTTGTTC-3′
m-IL-17A 5′-CAGACTACCTCAACCGTTCCAC-3′ 5′-TCCAGCTTTCCCTCCGCATTGA-3′
m-IL-23 5′-CATGCTAGCCTGGAACGCACAT-3′ 5′-ACTGGCTGTTGTCCTTGAGTCC-3′
m-IL-1β 5′-TGGACCTTCCAGGATGAGGACA-3′ 5′-GTTCATCTCGGAGCCTGTAGTG-3′
m-RORγt 5′-GTGGAGTTTGCCAAGCGGCTTT-3′ 5′-CCTGCACATTCTGACTAGGACG-3′
m-IL-10 5′-CGGGAAGACAATAACTGCACCC-3′ 5′-CGGTTAGCAGTATGTTGTCCAGC-3′
m-Foxp3 5′-CCTGGTTGTGAGAAGGTCTTCG-3′ 5′-TGCTCCAGAGACTGCACCACTT-3′
m-TGF-β 5′-TGATACGCCTGAGTGGCTGTCT-3′ 5′-CACAAGAGCAGTGAGCGCTGAA-3′
m-IFN-γ 5′-CAGCAACAGCAAGGCGAAAAAGG-3′ 5′-TTTCCGCTTCCTGAGGCTGGAT-3′
m-TNF-α 5′-GGTGCCTATGTCTCAGCCTCTT-3′ 5′-GCCATAGAACTGATGAGAGGGAG-3′
m-β-actin 5′-CATTGCTGACAGGATGCAGAAGG-3′ 5′-TGCTGGAAGGTGGACAGTGAGG-3′
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Japan). Real-time polymerase chain reaction (PCR) was
performed using the SYBR Green PCR master mix (Applied
Biosystems, South San Francisco, CA, United States) in an ABI
Prism 7500 Sequence Detection System (Applied Biosystems,
South San Francisco, United States). The β-actin gene was
used as a reference to normalize the data, and the PCR
primers used for PCR amplification are listed in Table 1. The
relative quantitative levels for each of target genes were analyzed
using the 2−ΔΔCT method as previously reported (Fu et al., 2017).

Air Pouch Model
The air pouch model was created according to the previous
studies (Gaspar et al., 2014). Ten mice, whose back sides were
cautiously shaved to clean the area, were randomly allocated into
two groups: the LPS + PBS group and LPS + aloperine group.
Dermal air pouches were generated by injecting the mice on
dorsal sites with 3 ml of filtered air (0.20 µm filter) on day 0, and
another 3 ml of sterile air was injected on day 3 for re-expansion.
On day 6, 1 ml of sterile saline solution containing 10 ng/ml LPS
(Sigma, St. Louis, United States) with or without aloperine (4 mg/
ml) was injected into the preformed air pouches in mice from the
LPS + PBS group and LPS + aloperine group, respectively. Twelve
hours later, the exudates of the pouches were collected after
injection of 1 ml of saline solution containing 20 U/ml heparin
and 2% fetal calf serum (FCS), followed by 1 min of gentle
massage. This procedure was repeated twice, and the total
collections were washed with cold PBS and centrifuged (5 min,
300 g), followed by suspending with PBS. The number of cells in
the pouch fluid samples was determined using a hemocytometer.
In addition, different cell types of inflammatory exudates were
subjected to flow cytometry analysis as above.

Activation of BMDC and Supernatant
Transfer
Bone marrow-derived dendritic cells (BMDCs) were generated
from C57BL/6 mice (8–10 weeks old) as previously described
(Zhong et al., 2010). Briefly, the mice were sacrificed, and the
bone marrow cells were flushed out from the femurs and tibias
and then treated with ACK lysis buffer. Pooled cells were
suspended to 2 × 106/ml and cultured in RPMI 1640
supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, 100 g/ml streptomycin, 50 μM mercaptoethanol,
10 mM N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid,
recombinant murine granulocyte macrophage colony
stimulating factor (GM-CSF) (10 ng/ml), and interleukin (IL)-
4 (10 ng/ml) (#214–14) at 37°C in 5% CO2 atmosphere. The
nonadherent cells were discarded after 48 h of culture, and the
adherent cells were cultured with a fresh medium containing
rmGM-CSF and IL-4 on alternative days. On day 7, 100 ng/ml
LPS (Sigma, St. Louis, United States) was added for 12 h to induce
the activation of BMDCs with or without pretreatment of
aloperine (10 nM) for 1 h. The cells were next subjected to
analysis of RT-PCR, western blotting, and flow cytometry. For
supernatant transfer, the LPS + PBS- or LPS + aloperine-treated
BMDCs were washed and cultured in the fresh complete medium
for another 24 h. Then, the supernatants were collected to culture

the CD4+ T-cells in the presence of TCR stimulation. The CD4+

T-cells were harvested for the RT-PCR analysis 48 h later.

Statistical Analysis
All in vitro experiments were based on at least three independent
biological replications.

An independent Student’s t-test was used to examine the
significant differences between the two groups. Statistical
analysis of the data was performed using the GraphPad Prism
5 software (GraphPad Software Inc., San Diego, CA,
United States), and the results were expressed as the mean ±
standard error of the mean (SEM). For all statistics, a p value
<0.05 was regarded as statistically significant.

RESULTS

Topical Application of Aloperine
Ameliorates Psoriasis Induced by IMQ
First of all, we examined the therapeutic effect of aloperine on
psoriasis, a skin lesion predominantly mediated by the CD4+

T-cells. To this end, we applied IMQ on the shaved back skin of
B6 mice with or without 2% aloperine cream once per day for 5
consecutive days (Chuang et al., 2018). All the mice in the control
group manifested significant general skin symptoms, including
erythema, silver plaques, and anabrosis after 7 days (Figure 1A).
Remarkably, topical application of 2% aloperine cream
significantly ameliorated pathological situations of skin lesions
when compared with the control group (Figure 1A). In addition,
as a marker of severity in psoriasis, the mice treated with
aloperine exhibited lower average PASI scores than the control
group (Figure 1B).

To further confirm the above data, histological analysis was
next conducted. In comparison to the control group, H&E
staining of the skin lesion originating from the aloperine
treatment group manifested a significantly lower thickness of
the epidermis layer along with the attenuated IMQ-induced
psoriasis (Figure 1C). In terms of Ki-67
immunohistochemistry staining, fewer positive cells with
brown particles were observed in the basal layer cells of the
lesion skin in the aloperine groups (Figure 1D). Additionally, we
tested the effect of aloperine on the already established psoriasis
to determine whether it has potential to serve as a therapeutic
agent. The mouse model of psoriatic dermatitis was first induced
by IMQ. Then, the mice received aloperine or control cream
(Supplementary Figure S1A). The results showed that aloperine
significantly alleviated the skin damage compared to control
treatment (Supplementary Figures S1B–D). Furthermore,
aloperine suppressed the local immune response
(Supplementary Figures S2A,B), which was consistent with
the results presented above. Altogether, these results suggested
that aloperine treatment ameliorated IMQ-induced psoriatic skin
injury in mice.

Aloperine Inhibits the Activation of DCs
Previous studies have reported that specialized APC subsets of the
dermal dendritic cells are important in the initiation and
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development of psoriatic skin inflammation (Xiao et al., 2017; Wang
and Bai, 2020). Also, aloperine has been recognized as a potent anti-
inflammatory drug. We thus tested whether aloperine could affect
the activation of the dendritic cells, thereby reducing cytokine
secretion, especially IL-6 and IL-23, to reduce Th17 differentiation
and proliferation indirectly for the improved skin local inflammatory
environment. In view of this, we first examined the frequency and
activation state of DCs among CD45+ cells in the skin lesion. We
observed a decreased DC population along with reduced activation
markers (CD80, CD86, MHC-Ⅱ) in the aloperine group (Figures
2A–D). In line with the in vivo data, we then checked the effect of
aloperine on the activation of DCs in vitro. As shown in Figures
2E–G, the expressions of CD80, CD86, and MHC-Ⅱ were
significantly decreased upon aloperine treatment. Moreover,
aloperine reduced the expression of IL-1β, IL-6, IL-23, and TNF-
α in BMDCs (Figure 2H). These findings suggest that aloperine plays
a crucial role in preventing the activation of skin DCs, which leads to
a microenvironment disfavoring Th17 development.

Aloperine Inhibits the Migration and
Th17-Inducing Effect of DCs
An important characteristic for psoriasis is the accumulation of
myeloid cells, including neutrophils, macrophages, and DCs
(Schön et al., 2017; Han et al., 2020; McGinley et al., 2020).
Thus, we were interested in whether aloperine would have an
effect on the migration of myeloid cells. An air pouch
inflammatory model in mice is considered a useful and
convenient experiment in vivo for determining the anti-

inflammatory activity of the testing compounds (Vandooren
et al., 2013; Gaspar et al., 2014). A general outline of the
method used is shown in Figure 3A. As expected, aloperine
decreased the total number of inflammatory cells in the exudate
induced by LPS (Figure 3B). Surprisingly, the neutrophil
infiltration was comparable between the groups, suggesting
that the decreased neutrophil cellularity in psoriatic lesions
might be a result of aloperine-mediated Th17 cell inhibition
(Figure 3C). In contrast, the trafficking of antigen-presenting
cells, DCs in particular, was significantly decreased in the
aloperine treatment group (Figures 3D,E).

Furthermore, we demonstrated a decreased phosphorylation
level of P65 after aloperine treatment (Figure 3F), implying that
aloperine could inhibit the NF-κB signaling pathway. By
supernatant transfer and subsequent RT-PCR analysis, we
showed that mRNA levels for the Th17-associated molecules
including IL-17A, IL-23, and RORγt were decreased in the CD4+

T-cells receiving the supernatant of DCs pretreated by aloperine
(Figure 3G). Altogether, these findings support that aloperine
could suppress local inflammation in psoriatic skin lesions
through inhibiting the migration, activation, and Th17-
inducing capacity of the DCs.

Aloperine Decreases the Th17/Treg Ratio in
the Psoriasis-like Lesions
To understand the effect of aloperine on the CD4+ T-cells, a
single-tissue cell suspension was made from the skin lesion by the
digestion of collagenase and hyaluronidase for flow cytometry

FIGURE 1 | Topical application of aloperine ameliorates psoriasis induced by IMQ. (A) Representative presentation of the back skin at day 7 of the IMQ treatment.
(B) The severity was graded by a modified PASI. (C) Histological analysis of the mouse back skin by H&E staining. (D) Histological analysis of IHC staining for Ki-67.
Corresponding quantification analyses of epidermal thickness and positive proliferation cells were carried out as described. The values are presented as themean ± SEM
(n = 10 mice per group). pp < 0.05; ppp < 0.01; and pppp < 0.001.
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analysis when the mice were sacrificed. In comparison to the
vehicle control group, aloperine significantly decreased the
infiltration of CD4+ and CD8+ T-cells (Figure 4A), indicating
a reduced adaptive immune response. Furthermore, the
frequencies of IL-17+ Th17 cells were substantially decreased
in the aloperine treatment group (Figure 4B), while IFN-γ+ Th1
cells displayed no perceptible difference (Figure 4C). On the
contrary, as shown in (Figure 4D), the Treg cells were
significantly increased in the aloperine treatment group.

RT-PCR was next performed to determine the mRNA levels
of cytokines and key transcription factors for Th17 and Treg in
the skin lesions. Consistent with the flow cytometry results, the
levels of IL-17A, IL-23, IL-6, IFN-γ, and RORγt mRNA in the
skin lesions were significantly lower than that in vehicle
control mice. In contrast, aloperine markedly increased IL-
10 and Foxp3 mRNA levels, the characteristic of
immunomodulatory Tregs (Figure 4E). Taken together,
aloperine treatment decreased the Th17/Treg ratio in skin

lesions, thereby alleviating immune-mediated pathology in
the psoriasis induced by IMQ.

Aloperine Directly Affects Th17 In Vitro
Differentiation Via Inhibiting the STAT3
Signalling
In our previous study, we confirmed that aloperine promoted
Treg differentiation and activation through suppressing the
PI3K/Akt/mTOR signaling pathway both in vivo and in vitro
(Fu et al., 2017). This phenomenon raised our interest to further
examine the effects of aloperine on the CD4+ T-cell
differentiation. To address this issue, naïve CD4+ T-cells
isolated from WT B6 mice were differentiated toward specific
effector populations in the presence of cytokine cocktails and α-
CD3/α-CD28 with or without aloperine as described, including
Th1, Th2, and Th17 subsets. Apparently, our flow cytometry
analysis showed that no change in CD4+ IFN-γ+ Th1 cell

FIGURE 2 | Aloperine inhibits the activation of DCs. (A) The proportion of CD11C+ DCs among CD45+ cells in the skin lesion. (B–D)Mean Fluorescence Intensity
(MFI) analysis of the expression of CD80, CD86, and MHC-Ⅱ on skin DCs. (E–G) MFI analysis of the expression of CD80, CD86, and MHC-Ⅱ in in vitro differentiated
BMDCs. (H) Real-time PCR analysis of cytokine expression (IL-1β, IL-6, IL-23, and TNF-α) in DCs. The data are shown as the mean ± SEM from three independent
experiments. pp < 0.05; ppp < 0.01; and pppp < 0.001.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 7787556

Zhou et al. Aloperine Ameliorates IMQ-Induced Psoriasis

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


frequency was observed after aloperine treatment (Figure 5A).
On the contrary, treatment of aloperine resulted in a moderate
increase in the IL-4+ Th2 cells when compared with the control
(Figure 5B). Interestingly, aloperine was able to promote a
significant decrease in the CD4+ IL-17A+ Th17 cell frequencies
(Figure 5C).

Accumulative evidence has shown that the JAK/STAT
signaling pathways are essential for the differentiation of
Th17 cells. In particular, the phosphorylation of STAT3 is
important for the expression of RORγt, which is a key
transcription factor in the process of Th17 differentiation,
by TGF-β in combination with IL-6 and IL-23. To dissect the
mechanism by which aloperine treatment impairs the Th17
program, we examined the phosphorylation of STAT3 by
western blotting. Our results showed that aloperine markedly
inhibited the phosphorylation of STAT3 and the expression
of RORγt under the Th17-polarizing conditions (Figure 5D).
Collectively, these results indicate that aloperine not only
promotes Treg differentiation but also directly impedes the

Th17 polarizing program through inhibiting the
phosphorylation of STAT3.

Aloperine Facilitates the Conversion of Th17
to Treg
It is well known that Treg is important in the regulation of the
local inflammatory environment (Zhang et al., 2016). We showed
that the frequencies of Treg were significantly increased in the
aloperine treatment group, while the origin for the increased Treg
is of great interest to us. Given the fact that Th17 to Treg
conversion occurs in animals and humans, we check if
aloperine could promote the conversion of Th17 cells into
Treg (Obermajer et al., 2014). Interestingly, a significant
number of Foxp3/IL-17A double positive cells and Foxp3
single positive cells were observed in the aloperine (plus IL-2
and TGF-β)-treated Th17 cells (Figure 6A). However, the
frequencies of IL-17A-positive cells were decreased by
aloperine. Moreover, western blot analysis showed that the

FIGURE 3 | Aloperine inhibits the migration and Th17-inducing effect of DCs. (A) A graphical presentation of the air pouch model. On the first day, 3 ml of sterile air
was injected subcutaneously into a shaved skin site on the back of each mice. Then, the pouches were settled for 3 days to heal the wound. On the third day, this action
was repeated. On the sixth day, LPS was injected into the pouches with or without aloperine. The exudates were collected for subsequent analysis 24 h later. (B)
Quantitative analysis of total cell numbers in the skin. (C–E) Representative flow cytometry analysis of neutrophils (CD11b+MHC-II−Ly6G+Ly6C−), macrophages
(CD11b+F4/80+), and DCs (CD11c+F4/80−). (F) Western-blot analysis for p-P65 and β-actin. (G) Real-time PCR analysis of IL-17A, IL-23, and RORγt in CD4+ T-cells
receiving DC cultural supernatant pretreated by LPS + PBS or LPS + aloperine. The values are presented as the mean ± SEM (n = 5 mice per group). pp < 0.05; ppp <
0.01; and pppp < 0.001.
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phosphorylation of STAT5 was significantly increased in the
aloperine group, but the level of phosphorylated STAT3 was
decreased (Figure 6B). In addition, RT-PCR revealed that the
expression of Foxp3 was increased, while IL-17A and RORγt were
decreased in the aloperine-treated Th17 cells (Figure 6C). This
could explain the lower frequency of Th17 cells and the higher
proportion of Treg in the aloperine group during the progressive
phase of the disease. In all, these findings indicate that aloperine
plays a role in the conversion of Th17 into Treg through tipping
the balance of pSTAT5 and pSTAT3.

DISCUSSION

Aloperine is a natural quinolizidine alkaloid extracted from
Sophora alopecuroides L., and has been used as an effective
therapy in the treatment of inflammatory diseases, such as
colitis and ischemia-reperfusion-induced renal injury (Hu
et al., 2016). Nevertheless, the detailed mechanism
underlying the immune-regulatory role of aloperine is poorly
understood. In this study, we sought to investigate the
multifaceted effect of aloperine on the Th17 program. Major
discoveries in this study are summarized below (Figure 7). First,
our data suggested that aloperine exerts suppressive effects on

DCs by inhibiting their migration, activation, and cytokine
secretion, especially those related to Th17 polarization.
Western-blot results indicated that aloperine could inhibit
the NF-κB signaling pathway in DC, which is consistent with
the previous reports (Ye et al., 2020; Hu et al., 2021). Moreover,
as far as we know, we provided the first panorama clarifying the
effect of aloperine on the CD4+ T-cell differentiation. The
results demonstrated that aloperine administration has no
effect on CD4+IFNγ+ Th1 differentiation, and moderately
increases the CD4+IL-4+ Th2 subset, but significantly impairs
CD4+IL-17A+ Th17 differentiation. Mechanistically, aloperine
inhibits the phosphorylation of STAT3, which is essential for the
polarization of Th17 cells. Previously, we demonstrated that
aloperine promotes Treg differentiation via suppressing the
PI3K/Akt/mTOR signaling pathway. Based on these data, we
conclude that aloperine alleviates inflammatory response
partially by modulating the CD4+ T-cell differentiation.
Intriguingly, aloperine directly promotes the trans-
differentiation of Th17 into Treg by tipping the balance of
pSTAT5 and pSTAT3, which implies a more flexible and subtle
effect on the adaptive immune response that aloperine confers.
In combination with our previous publication on Treg
differentiation (Fu et al., 2017), we conclude that aloperine is
efficient to restore the Th17/Treg imbalance, thus serving as a

FIGURE 4 | Aloperine decreases the Th17/Treg ratio in the psoriasis-like lesions. (A–D) Flow cytometry analysis for CD4, CD8, Th1, Th17, and Treg cells in the skin
lesions. (E) Real-time PCR analysis of IL-17A, IL-23, IL-6, RORγt, Foxp3, and IL-10. The values are presented as the mean ± SEM (n = 8 mice per group). pp < 0.05;
ppp < 0.01; and pppp < 0.001.
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FIGURE 5 | Aloperine directly affects Th17 in vitro differentiation by inhibiting the STAT3 signalling. (A–C) IFN-γ+ Th1, IL-4+ Th2, and IL-17A+ Th17 polarizing
efficiency were analyzed by flow cytometry. (D) The levels of RORγt and phosphorylated STAT3 were assessed by western blotting. The results were from three
independent experiments. The values are presented as the mean ± SEM. pp < 0 05; ppp < 0.01; pppp < 0.001; and ns, p ≥ 0.05.

FIGURE 6 | Aloperine facilitates the conversion of Th17 to Treg. (A) Flow cytometry analysis of the conversion of Th17 into Treg. (B) Western-blot analysis was
conducted to assess the influence of aloperine in the phosphorylation of STAT5 and STAT3. (C) Real-time PCR analysis of IL-17A, RORγt, and Foxp3 in Th17 cells
following 48 h of Treg polarization conditions with or without aloperine. The results were from three independent experiments. The values are presented as the mean ±
SEM. pp < 0.05; ppp < 0.01; and pppp < 0.001.
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potent therapeutic agent in psoriasis and other immune-related
disorders.

Psoriasis is a chronic inflammatory skin disease characterized by
skin erythema, plagues, and constant scales derived from excessive
proliferation of epithelial cells. IMQ is a TLR7/8 ligand and a potent
immune activator of monocytes, macrophages, and DCs, by which it
plays a critical role in initiating psoriatic skin inflammation. IMQ-
induced psoriasis is established as a rapid and convenient animal
model to elucidate the pathogenic mechanism of psoriasis and to
screen potential antipsoriasis drugs in vivo (Chuang et al., 2018). We
therefore explored the therapeutic effect on psoriasis and the related
mechanisms in an IMQ-induced psoriasis model. Previous studies
demonstrated strong evidence for the role of the IL-23/Th17 axis
both in the psoriasis patients and animal models. IL-23, mostly
derived from the activated DCs, plays an important role in the
proliferation and maintenance of immune response. Intradermal
injection of IL-23 in mice led to apparent skin inflammation with
histopathological features resembling psoriasis (Lindroos et al., 2011;
Rizzo et al., 2011). In the present study, we found that aloperine not
only impaired Th17 differentiation directly but also inhibited the
activation of dendritic cells, thereby reducing the expression and
secretion of proinflammatory cytokines, especially IL-23 and IL-1β.
Thus, our data support that aloperine ameliorates IMQ-induced
psoriatic skin injury by creating a Th17-disfavoring
microenvironment.

Evidence also suggests that neutrophils, monocytes, and
monocyte-derived DCs were accumulated in the dermis during
the early phase, and macrophages transiently increased in the
epidermis and dermis during the late phase (Lee et al., 2018).
These findings highlight their key role in inducing the psoriasis-
like skin disease. In our study, we observed that aloperine had no
effect on the infiltration of neutrophils but could inhibit the
migration of DCs and macrophages through the application of an

air pouch model. Our finding emphasized the pivotal functions of
antigen-presenting cells (DCs in particular) during the early
phase of psoriasis development, which could be a perfect time
window for the intervention by either aloperine or other chemical
compounds.

Th17/Treg imbalance is known to trigger and accelerate the
progression of psoriasis (Shi et al., 2019). In psoriatic patients, the
impaired function of Treg cells is mediated by the
phosphorylation of STAT3 (Yang et al., 2016; Zhang et al.,
2016). Treg cells from psoriatic patients could reprogram into
IL-17A-producing Th17 cells, which are identified in the
peripheral blood and skin lesions, suggesting that the stability
of Treg is compromised in the psoriatic inflammation
environment (Singh et al., 2013). Our group previously found
that aloperine promoted Treg differentiation and activation in
mice by inhibiting the PI3K/Akt/mTOR signaling pathway. In this
study, we found that the proportion of Treg was increased in the
aloperine treatment group, which is consistent with the previous
study.We further checked whether increased Treg in the aloperine
treatment group was derived from the conversion of Th17 cells.
Excitingly, we found that aloperine could alter the pSTAT3/
pSTAT5 ratio and promote the conversion from Th17 to Treg
cells. These findings suggested that aloperine could improve the
skin local immune environment through affecting Th17/Treg
balance. Nonetheless, the limitation of this study is that we did
not fully identify the specificmolecules that interact with aloperine
directly, which would be the focus of later investigations.

In summary, topical administration of aloperine ameliorates
IMQ-induced psoriasis via its versatile suppressive effect on the
Th17 program. These findings provide important mechanistic
insights into the therapeutic benefits of aloperine, which holds the
potential as a candidate drug for the treatment of various
inflammatory diseases.

FIGURE 7 | A graphical illustration of aloperine-mediated suppression of the Th17 program in the mouse psoriasis model. (1) Aloperine inhibits the migration,
activation, and Th17-inducing capability of DCs. (2) Aloperine directly inhibits Th17 polarization by suppressing the phosphorylation of STAT3. (3) Aloperine promotes the
trans-differentiation of Th17 into Treg.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 77875510

Zhou et al. Aloperine Ameliorates IMQ-Induced Psoriasis

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


DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
and Use Committee in Tongji Hospital.

AUTHOR CONTRIBUTIONS

SZ and C-YW designed and supervised the entire study. H-FZ,
FS, F-XW, XL (4th author), J-HL, T-TY, JX, C-LY, XL (10th
author), QZ, HZ, PY, FX, and Q-LY performed the experiments.
H-FZ, F-XW, and FS prepared the manuscript. Q-LY and FX
were involved in the data analysis and manuscript revision.

FUNDING

Our study was supported by the National Natural Science
Foundation of China (82130023, 81920108009, 82100892,
82070808, 81873656, 82100823, 82100931, 91749207, 81770823
and 81800068), Department of Science and Technology of Hubei
Province Program project (2020DCD014), the Postdoctoral
Science Foundation of China (54000-0106540081 and 54000-
0106540080), Hubei Health Committee Program
(WJ2021ZH0002), the Integrated Innovative Team for Major
Human Disease Programs of Tongji Medical College, the
Huazhong University of Science and Technology, and the
Innovative Funding for Translational Research from Tongji
Hospital.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.778755/
full#supplementary-material

REFERENCES

Boehncke, W. H. (2015). Etiology and Pathogenesis of Psoriasis. Rheum. Dis. Clin.
North. Am. 41 (4), 665–675. doi:10.1016/j.rdc.2015.07.013

Chang, Z., Zhang, P., Zhang, M., Jun, F., Hu, Z., Yang, J., et al. (2019). Aloperine
Suppresses Human Pulmonary Vascular Smooth Muscle Cell Proliferation via
Inhibiting Inflammatory Response. Chin. J. Physiol. 62 (4), 157–165. doi:10.
4103/cjp.cjp_27_19

Chuang, S. Y., Lin, C. H., Sung, C. T., and Fang, J. Y. (2018). Murine Models of
Psoriasis and Their Usefulness for Drug Discovery. Expert Opin. Drug Discov.
13 (6), 551–562. doi:10.1080/17460441.2018.1463214

Conrad, C., and Gilliet, M. (2018). Psoriasis: from Pathogenesis to Targeted
Therapies. Clin. Rev. Allergy Immunol. 54 (1), 102–113. doi:10.1007/s12016-
018-8668-1

Deng, Y., Chang, C., and Lu, Q. (2016). The Inflammatory Response in Psoriasis: a
Comprehensive Review. Clin. Rev. Allergy Immunol. 50 (3), 377–389. doi:10.
1007/s12016-016-8535-x

Feng, H., Yamaki, K., Takano, H., Inoue, K., Yanagisawa, R., and Yoshino, S.
(2006). Suppression of Th1 and Th2 Immune Responses in Mice by
Sinomenine, an Alkaloid Extracted from the Chinese Medicinal Plant
Sinomenium Acutum. Planta Med. 72 (15), 1383–1388. doi:10.1055/s-2006-
951721

Fu, X., Sun, F., Wang, F., Zhang, J., Zheng, B., Zhong, J., et al. (2017). Aloperine
Protects Mice against DSS-Induced Colitis by PP2A-Mediated PI3K/Akt/
mTOR Signaling Suppression. Mediators Inflamm. 2017, 5706152. doi:10.
1155/2017/5706152

Furusawa, S., and Wu, J. (2007). The Effects of Biscoclaurine Alkaloid
Cepharanthine on Mammalian Cells: Implications for Cancer, Shock, and
Inflammatory Diseases. Life Sci. 80 (12), 1073–1079. doi:10.1016/j.lfs.2006.
12.001

Gaspar, E. B., Sakai, Y. I., and Gaspari, E. D. (2014). A Mouse Air Pouch Model for
Evaluating the Immune Response to Taenia Crassiceps Infection. Exp.
Parasitol. 137, 66–73. doi:10.1016/j.exppara.2013.12.005

Girolomoni, G., Strohal, R., Puig, L., Bachelez, H., Barker, J., Boehncke, W. H., et al.
(2017). The Role of IL-23 and the IL-23/TH 17 Immune axis in the
Pathogenesis and Treatment of Psoriasis. J. Eur. Acad. Dermatol. Venereol.
31 (10), 1616–1626. doi:10.1111/jdv.14433

Han, G., Havnaer, A., Lee, H. H., Carmichael, D. J., and Martinez, L. R. (2020).
Biological Depletion of Neutrophils Attenuates Pro-inflammatory Markers and

the Development of the Psoriatic Phenotype in a Murine Model of Psoriasis.
Clin. Immunol. 210, 108294. doi:10.1016/j.clim.2019.108294

He, X., Lai, Q., Chen, C., Li, N., Sun, F., Huang, W., et al. (2018). Both conditional
Ablation and Overexpression of E2 SUMO-Conjugating Enzyme (UBC9) in
Mouse Pancreatic Beta Cells Result in Impaired Beta Cell Function.
Diabetologia 61 (4), 881–895. doi:10.1007/s00125-017-4523-9

Hu, R., Chen, L., Chen, X., Xie, Z., Xia, C., and Chen, Y. (2021). Aloperine Improves
Osteoporosis in Ovariectomized Mice by Inhibiting RANKL-Induced NF-Κb,
ERK and JNK Approaches. Int. immunopharmacology 97, 107720. doi:10.1016/
j.intimp.2021.107720

Hu, S., Zhang, Y., Zhang, M., Guo, Y., Yang, P., Zhang, S., et al. (2016). Aloperine
Protects Mice against Ischemia-Reperfusion (IR)-Induced Renal Injury by
Regulating PI3K/AKT/mTOR Signaling and AP-1 Activity. Mol. Med. 21
(1), 912–923. doi:10.2119/molmed.2015.00056

Lee, M., Kim, S. H., Kim, T. G., Park, J., Lee, J. W., and Lee, M. G. (2018). Resident
and Monocyte-Derived Langerhans Cells Are Required for Imiquimod-
Induced Psoriasis-like Dermatitis Model. J. Dermatol. Sci. 91 (1), 52–59.
doi:10.1016/j.jdermsci.2018.04.003

Li, W., Li, Y., Zhao, Y., and Ren, L. (2020). The Protective Effects of Aloperine
against Ox-LDL-Induced Endothelial Dysfunction and Inflammation in
HUVECs. Artif. Cell Nanomed Biotechnol 48 (1), 107–115. doi:10.1080/
21691401.2019.1699816

Lindroos, J., Svensson, L., Norsgaard, H., Lovato, P., Moller, K., Hagedorn, P., et al.
(2011). IL-23-Mediated Epidermal Hyperplasia is Dependent on IL-6. J.
Investig. Dermatol. 131 (5), 1110–1118. doi:10.1038/jid.2010.432

Ling, Z., Guan, H., You, Z., Wang, C., Hu, L., Zhang, L., et al. (2018). Aloperine
Executes Antitumor Effects through the Induction of Apoptosis and Cell Cycle
Arrest in Prostate Cancer In Vitro and In Vivo. Onco Targets Ther. 11,
2735–2743. doi:10.2147/ott.s165262

Lowes, M. A., Russell, C. B., Martin, D. A., Towne, J. E., and Krueger, J. G. (2013).
The IL-23/T17 Pathogenic axis in Psoriasis Is Amplified by Keratinocyte
Responses. Trends Immunol. 34 (4), 174–181. doi:10.1016/j.it.2012.11.005

Lowes, M. A., Suarez-Farinas, M., and Krueger, J. G. (2014). Immunology of
Psoriasis. Annu. Rev. Immunol. 32, 227–255. doi:10.1146/annurev-immunol-
032713-120225

Mak, R. K., Hundhausen, C., and Nestle, F. O. (2009). Progress in Understanding
the Immunopathogenesis of Psoriasis. Actas Dermosifiliogr 100 (Suppl. 2),
2–13. doi:10.1016/s0001-7310(09)73372-1

McGinley, A. M., Sutton, C. E., Edwards, S. C., Leane, C. M., DeCourcey, J.,
Teijeiro, A., et al. (2020). Interleukin-17A Serves a Priming Role in

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 77875511

Zhou et al. Aloperine Ameliorates IMQ-Induced Psoriasis

https://www.frontiersin.org/articles/10.3389/fphar.2022.778755/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.778755/full#supplementary-material
https://doi.org/10.1016/j.rdc.2015.07.013
https://doi.org/10.4103/cjp.cjp_27_19
https://doi.org/10.4103/cjp.cjp_27_19
https://doi.org/10.1080/17460441.2018.1463214
https://doi.org/10.1007/s12016-018-8668-1
https://doi.org/10.1007/s12016-018-8668-1
https://doi.org/10.1007/s12016-016-8535-x
https://doi.org/10.1007/s12016-016-8535-x
https://doi.org/10.1055/s-2006-951721
https://doi.org/10.1055/s-2006-951721
https://doi.org/10.1155/2017/5706152
https://doi.org/10.1155/2017/5706152
https://doi.org/10.1016/j.lfs.2006.12.001
https://doi.org/10.1016/j.lfs.2006.12.001
https://doi.org/10.1016/j.exppara.2013.12.005
https://doi.org/10.1111/jdv.14433
https://doi.org/10.1016/j.clim.2019.108294
https://doi.org/10.1007/s00125-017-4523-9
https://doi.org/10.1016/j.intimp.2021.107720
https://doi.org/10.1016/j.intimp.2021.107720
https://doi.org/10.2119/molmed.2015.00056
https://doi.org/10.1016/j.jdermsci.2018.04.003
https://doi.org/10.1080/21691401.2019.1699816
https://doi.org/10.1080/21691401.2019.1699816
https://doi.org/10.1038/jid.2010.432
https://doi.org/10.2147/ott.s165262
https://doi.org/10.1016/j.it.2012.11.005
https://doi.org/10.1146/annurev-immunol-032713-120225
https://doi.org/10.1146/annurev-immunol-032713-120225
https://doi.org/10.1016/s0001-7310(09)73372-1
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Autoimmunity by Recruiting IL-1β-Producing Myeloid Cells that Promote
Pathogenic T Cells. Immunity 52, 342–e6. doi:10.1016/j.immuni.2020.01.002

Obermajer, N., Popp, F. C., Soeder, Y., Haarer, J., Geissler, E. K., Schlitt, H. J., et al.
(2014). Conversion of Th17 into IL-17A(neg) Regulatory T Cells: a Novel
Mechanism in Prolonged Allograft Survival Promoted by Mesenchymal Stem
Cell-Supported Minimized Immunosuppressive Therapy. J. Immunol. 193 (10),
4988–4999. doi:10.4049/jimmunol.1401776

Parisi, R., Symmons, D. P., Griffiths, C. E., and Ashcroft, D. M. (2013). Global
Epidemiology of Psoriasis: a Systematic Review of Incidence and Prevalence.
J. Invest. Dermatol. 133 (2), 377–385. doi:10.1038/jid.2012.339

Puig, L. (2017). The Role of IL 23 in the Treatment of Psoriasis. Expert Rev. Clin.
Immunol. 13 (6), 525–534. doi:10.1080/1744666x.2017.1292137

Rizzo, H., Kagami, S., Phillips, K., Kurtz, S., Jacques, S., and Blauvelt, A. (2011). IL-
23-Mediated Psoriasis-Like Epidermal Hyperplasia is Dependent on IL-17A. J.
Immunol. 186 (3), 1495–1502. doi:10.4049/jimmunol.1001001

Schirmer, C., Klein, C., von Bergen, M., Simon, J. C., and Saalbach, A. (2010).
Human Fibroblasts Support the Expansion of IL-17-producing T Cells via Up-
Regulation of IL-23 Production by Dendritic Cells. Blood 116 (10), 1715–1725.
doi:10.1182/blood-2010-01-263509

Schön, M. P., Broekaert, S. M. C., and Erpenbeck, L. (2017). Sexy Again: the
Renaissance of Neutrophils in Psoriasis. Exp. Dermatol. 26 (4), 305–311. doi:10.
1111/exd.13067

Shi, Y., Chen, Z., Zhao, Z., Yu, Y., Fan, H., Xu, X., et al. (2019). IL-21 Induces an
Imbalance of Th17/Treg Cells inModerate-To-Severe Plaque Psoriasis Patients.
Front. Immunol. 10, 1865. doi:10.3389/fimmu.2019.01865

Singh, K., Gatzka, M., Peters, T., Borkner, L., Hainzl, A., Wang, H., et al. (2013).
Reduced CD18 Levels Drive Regulatory T Cell Conversion into Th17 Cells in
the CD18hypo PL/J Mouse Model of Psoriasis. J. Immunol. 190 (6), 2544–2553.
doi:10.4049/jimmunol.1202399

Sun, F., Yue, T. T., Yang, C. L., Wang, F. X., Luo, J. H., Rong, S. J., et al. (2021). The
MAPK Dual Specific Phosphatase (DUSP) Proteins: A Versatile Wrestler in
T Cell Functionality. Int. Immunopharmacol 98, 107906. doi:10.1016/j.intimp.
2021.107906

Takeshita, J., Grewal, S., Langan, S. M., Mehta, N. N., Ogdie, A., Van Voorhees, A.
S., et al. (2017). Psoriasis and Comorbid Diseases: Epidemiology. J. Am. Acad.
Dermatol. 76 (3), 377–390. doi:10.1016/j.jaad.2016.07.064

Vandooren, J., Berghmans, N., Dillen, C., Van Aelst, I., Ronsse, I., Israel, L. L., et al.
(2013). Intradermal Air Pouch Leukocytosis as an In Vivo Test for
Nanoparticles. Int. J. Nanomedicine 8, 4745–4756. doi:10.2147/ijn.s51628

Wang, A., and Bai, Y. (2020). Dendritic Cells: The Driver of Psoriasis. J. Dermatol.
47 (2), 104–113. doi:10.1111/1346-8138.15184

Wang, H., Yang, S., Zhou, H., Sun, M., Du, L., Wei, M., et al. (2015). Aloperine
Executes Antitumor Effects against Multiple Myeloma through Dual Apoptotic
Mechanisms. J. Hematol. Oncol. 8, 26. doi:10.1186/s13045-015-0120-x

Wang, R., Deng, X., Gao, Q., Wu, X., Han, L., Gao, X., et al. (2020). Sophora
Alopecuroides L.: An Ethnopharmacological, Phytochemical, and Pharmacological
Review. J. Ethnopharmacol 248, 112172. doi:10.1016/j.jep.2019.112172

Xiao, C., Zhu, Z., Sun, S., Gao, J., Fu, M., Liu, Y., et al. (2017). Activation of Langerhans
Cells Promotes the Inflammation in Imiquimod-Induced Psoriasis-like Dermatitis.
J. Dermatol. Sci. 85 (3), 170–177. doi:10.1016/j.jdermsci.2016.12.003

Yang, L., Li, B., Dang, E., Jin, L., Fan, X., andWang, G. (2016). Impaired Function
of Regulatory T Cells in Patients with Psoriasis Is Mediated by

Phosphorylation of STAT3. J. Dermatol. Sci. 81 (2), 85–92. doi:10.1016/j.
jdermsci.2015.11.007

Yao, Y., Wang, Y., Zhang, Z., He, L., Zhu, J., Zhang, M., et al. (2016). Chop
Deficiency Protects Mice against Bleomycin-Induced Pulmonary Fibrosis by
Attenuating M2 Macrophage Production. Mol. Ther. 24 (5), 915–925. doi:10.
1038/mt.2016.36

Ye, Y., Wang, Y., Yang, Y., and Tao, L. (2020). Aloperine Suppresses LPS-Induced
Macrophage Activation through Inhibiting the TLR4/NF-Κb Pathway.
Inflamm. Res. official J. Eur. Histamine Res. Soc. 69 (4), 375–383. doi:10.
1007/s00011-019-01313-0

Yue, T., Sun, F., Wang, F., Yang, C., Luo, J., Rong, S., et al. (2021). MBD2 Acts as a
Repressor to Maintain the Homeostasis of the Th1 Program in Type 1 Diabetes
by Regulating the STAT1-IFN-Gamma axis. Cell Death Differ 29 (1), 218–229.
doi:10.1038/s41418-021-00852-6

Zhang, L., Li, Y., Yang, X., Wei, J., Zhou, S., Zhao, Z., et al. (2016). Characterization
of Th17 and FoxP3(+) Treg Cells in Paediatric Psoriasis Patients. Scand.
J. Immunol. 83 (3), 174–180. doi:10.1111/sji.12404

Zhang, X., Lv, X. Q., Tang, S., Mei, L., Li, Y. H., Zhang, J. P., et al. (2018). Discovery and
Evolution of Aloperine Derivatives as a New Family of HCV Inhibitors with Novel
Mechanism. Eur. J. Med. Chem. 143, 1053–1065. doi:10.1016/j.ejmech.2017.12.002

Zhao, J., Zhang, G., Li, M., Luo, Q., Leng, Y., and Liu, X. (2018). Neuro-protective
Effects of Aloperine in an Alzheimer’s Disease Cellular Model. Biomed.
Pharmacother. 108, 137–143. doi:10.1016/j.biopha.2018.09.008

Zhong, J., Yang, P., Muta, K., Dong, R., Marrero, M., Gong, F., et al. (2010). Loss of
Jak2 Selectively Suppresses DC-mediated Innate Immune Response and
Protects Mice from Lethal Dose of LPS-Induced Septic Shock. PLoS One 5
(3), e9593. doi:10.1371/journal.pone.0009593

Zhong, J., Yu, Q., Yang, P., Rao, X., He, L., Fang, J., et al. (2014). MBD2 Regulates
TH17 Differentiation and Experimental Autoimmune Encephalomyelitis by
Controlling the Homeostasis of T-bet/Hlx axis. J. Autoimmun. 53, 95–104.
doi:10.1016/j.jaut.2014.05.006

Zhu, J., and Paul, W. E. (2008). CD4 T Cells: Fates, Functions, and Faults. Blood 112
(5), 1557–1569. doi:10.1182/blood-2008-05-078154

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article or claim that may be made by its manufacturer is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhou, Wang, Sun, Liu, Rong, Luo, Yue, Xiao, Yang, Lu, Luo,
Zhou, Zhu, Yang, Xiong, Yu, Zhang and Wang. 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 2022 | Volume 13 | Article 77875512

Zhou et al. Aloperine Ameliorates IMQ-Induced Psoriasis

https://doi.org/10.1016/j.immuni.2020.01.002
https://doi.org/10.4049/jimmunol.1401776
https://doi.org/10.1038/jid.2012.339
https://doi.org/10.1080/1744666x.2017.1292137
https://doi.org/10.4049/jimmunol.1001001
https://doi.org/10.1182/blood-2010-01-263509
https://doi.org/10.1111/exd.13067
https://doi.org/10.1111/exd.13067
https://doi.org/10.3389/fimmu.2019.01865
https://doi.org/10.4049/jimmunol.1202399
https://doi.org/10.1016/j.intimp.2021.107906
https://doi.org/10.1016/j.intimp.2021.107906
https://doi.org/10.1016/j.jaad.2016.07.064
https://doi.org/10.2147/ijn.s51628
https://doi.org/10.1111/1346-8138.15184
https://doi.org/10.1186/s13045-015-0120-x
https://doi.org/10.1016/j.jep.2019.112172
https://doi.org/10.1016/j.jdermsci.2016.12.003
https://doi.org/10.1016/j.jdermsci.2015.11.007
https://doi.org/10.1016/j.jdermsci.2015.11.007
https://doi.org/10.1038/mt.2016.36
https://doi.org/10.1038/mt.2016.36
https://doi.org/10.1007/s00011-019-01313-0
https://doi.org/10.1007/s00011-019-01313-0
https://doi.org/10.1038/s41418-021-00852-6
https://doi.org/10.1111/sji.12404
https://doi.org/10.1016/j.ejmech.2017.12.002
https://doi.org/10.1016/j.biopha.2018.09.008
https://doi.org/10.1371/journal.pone.0009593
https://doi.org/10.1016/j.jaut.2014.05.006
https://doi.org/10.1182/blood-2008-05-078154
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Aloperine Ameliorates IMQ-Induced Psoriasis by Attenuating Th17 Differentiation and Facilitating Their Conversion to Treg
	Introduction
	Materials and Methods
	Animals
	Psoriasis Model and Aloperine Treatment
	Scoring of Psoriatic Skin Inflammation
	Histological Analysis
	Mouse Naïve CD4+ T-Cell Isolation and Differentiation
	Flow Cytometry Analysis
	Western-Blot Analysis
	Quantitative RT-PCR Analysis
	Air Pouch Model
	Activation of BMDC and Supernatant Transfer
	Statistical Analysis

	Results
	Topical Application of Aloperine Ameliorates Psoriasis Induced by IMQ
	Aloperine Inhibits the Activation of DCs
	Aloperine Inhibits the Migration and Th17-Inducing Effect of DCs
	Aloperine Decreases the Th17/Treg Ratio in the Psoriasis-like Lesions
	Aloperine Directly Affects Th17 In Vitro Differentiation Via Inhibiting the STAT3 Signalling
	Aloperine Facilitates the Conversion of Th17 to Treg

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


