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Abstract: Psoriasis is an immune-mediated inflammatory disease that affects 2% to 3% of the world
population. Alantolactone, a sesquiterpene lactone, was isolated from Inula helenium and Radix
inulae and has several biological effects, including antifungal, anthelmintic, antimicrobial, anti-
inflammatory, antitrypanosomal, and anticancer properties. This study aimed to evaluate the antipso-
riatic potential of alantolactone in vitro and in vivo and to explore its underlying mechanisms. These
results showed that alantolactone significantly attenuated IL-17A, IL-22, oncostatin M, IL-1α, and
TNF-α (M5) cytokine-induced hyperproliferation in HaCaT keratinocytes. Moreover, M5 cytokines
significantly upregulated the mRNA levels of TNF-α, IL-6, IL-1β, and IL-8. However, alantolactone
attenuated the upregulation of these inflammatory cytokines. In addition, alantolactone was found
to inhibit STAT3 phosphorylation and NF-κB p65 nuclear translocation in HaCaT keratinocytes.
Furthermore, alantolactone treatment in mice significantly alleviated the severity of skin lesions
(erythema, scaling and epidermal thickness, and inflammatory cell infiltration) and decreased the
mRNA expression of inflammatory cytokines (e.g., TNF-α, IL-6, IL-1β, IL-8, IL-17A, and IL-23)
in an IMQ-induced-like mouse model. Therefore, our new findings revealed that alantolactone
alleviates psoriatic skin lesions by inhibiting inflammation, making it an attractive candidate for
future development as an antipsoriatic agent.

Keywords: alantolactone; cytokine; keratinocytes; STAT3; NF-κB p65; psoriasis

1. Introduction

Psoriasis is a common chronic inflammatory skin disease that affects 2% to 3% of
the world population [1]. Psoriasis is characterized by the excessive proliferation and
abnormal differentiation of keratinocytes and excessive immune-cell infiltration in the

Life 2021, 11, 616. https://doi.org/10.3390/life11070616 https://www.mdpi.com/journal/life

https://www.mdpi.com/journal/life
https://www.mdpi.com
https://orcid.org/0000-0001-7884-6100
https://orcid.org/0000-0001-7821-9406
https://orcid.org/0000-0002-7298-4796
https://orcid.org/0000-0002-1464-0231
https://doi.org/10.3390/life11070616
https://doi.org/10.3390/life11070616
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/life11070616
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life11070616?type=check_update&version=2


Life 2021, 11, 616 2 of 14

dermis and epidermis [2]. The exact pathogenesis of psoriasis remains unclear, but it is a
common immune-mediated disease believed to result from abnormal crosstalk between
keratinocytes and immune cells [3]. Various cytokines secreted by immune cells stimulate
keratinocytes, which may lead to keratinocyte hyperproliferation. Hyperproliferative ker-
atinocytes respond to these cytokines by producing massive amounts of proinflammatory
cytokines, thereby sustaining or even amplifying the inflammatory response [4–7]. There-
fore, reducing keratinocyte hyperproliferation and/or excessive inflammation is useful for
the treatment of psoriasis.

Alantolactone, a sesquiterpene lactone, is isolated from Inula helenium and Radix inulae
and is commonly used in folk medicine [8]. Alantolactone has been reported to have a
wide spectrum of biological effects, including antifungal, anthelmintic [9,10], antimicro-
bial [11,12], anti-inflammatory [13,14], and antitrypanosomal activities [13]. It also has
antiproliferative effects on several cancer cell lines, such as colon, melanoma, ovarian,
prostate, lung, and leukemia cell lines [15,16]. Wang et al. [17] showed that alantolactone
alleviates inflammation, oxidative stress, and apoptosis pathways in a traumatic brain
injury rat model. Dang et al. [18] pointed out that alantolactone suppresses inflammation,
apoptosis, and oxidative stress through the activation of Nrf2/HO-1 and the inhibition of
the NF-κB pathways of human bronchial epithelial cells induced with cigarette smoke. A
previous study revealed that alantolactone could reduce the number of immune cells and
decrease the expression and secretion of Th2 cytokines (IL-4 and IL-13) in the bronchoalve-
olar lavage fluid and lung tissues of ovalbumin-induced allergic asthmatic mice [19].

Mixed cytokines, including IL-17A, IL-22, oncostatin M, IL-1α, and TNF-α (M5), are
used to simulate HaCaT keratinocytes in vitro to establish a psoriatic keratinocyte model
that generates some common phenotypic features of psoriasis [20]. Therefore, HaCaT
keratinocytes stimulated by M5 cytokines were used to establish a psoriasis keratinocyte
model, which produces certain characteristics of common psoriasis in vitro [21–23]. The
psoriasis model induced by imiquimod (IMQ) is very similar to human psoriasis and
has been widely used to induce psoriasis-like mouse models [24]. In this study, our aim
was to investigate the therapeutic effects of alantolactone on M5 cytokine-stimulated
keratinocytes and IMQ-induced psoriasis-like dermatitis and to explore the underlying
mechanism of action.

2. Material and Methods
2.1. Cell Viability Assay

Human keratinocyte HaCaT cells were obtained from the American Type Culture Col-
lection (ATCC, Rockville, MD, USA) and cultured in DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 µg/mL streptomycin. Cells were incubated in a humidified
incubator (5% CO2 and 95% air) at 37 ◦C. HaCaT keratinocytes were seeded into a 96-well
plate in triplicate and allowed to adhere overnight. Alantolactone (>98%, ChemFaces,
Wuhan, China) was dissolved in dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO, USA).
First, 200 µL of fresh medium containing various concentrations of 0.1% DMSO (control)
or alantolactone (1.25, 2.5, and 5 µM) was added to the cultures and incubated at 37 ◦C
for 2 h prior to stimulation with M5 cytokines (IL-17A, IL-22, oncostatin M, IL-1α, and
TNF-α, each at a final concentration of 2.5 ng/ml; the recombinant human proteins were
all purchased from BioLegend) for an additional 72 h. After 72 h, a cell viability assay
was performed with Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan) according to the manufacturer’s protocol. The cell viability ratio (%) was
calculated from the following equation: % viability = (absorbance of test sample/absorbance
of control) × 100%.

2.2. RNA Extraction and Quantitative Real-Time PCR Analysis

HaCaT keratinocytes were pretreated with 0.1% DMSO (control) or alantolactone
(1.25, 2.5, and 5 µM) for 2 h prior to being stimulated with M5 cytokines for an additional
24 h. Skin tissues were collected on day 7. Total RNA was extracted from HaCaT cells or
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skin tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Total RNA was reverse-transcribed into cDNA using M-MLV reverse transcriptase
(Promega Corporation, Madison, WI, USA). Real-time RT-PCR was performed using SYBR-
Green PCR Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) in the ABI 7500
Fast Real-Time system (Applied Biosystems; Thermo Fisher Scientific, Inc.). To evaluate
gene expression, real-time RT-PCR was performed on target genes (KRT6, TNF-α, IL-6,
IL-1β, IL-8, IL-17A, and IL-23) using cDNA from HaCaT cells or skin tissues. The 2−∆∆CT

method was used to determine the relative expression of target genes after normalization to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primer pairs used are shown
in Supplementary Table S1.

2.3. Western Blotting

HaCaT keratinocytes were pretreated with 0.1% DMSO (control) or alantolactone (1.25,
2.5, and 5 µM) for 2 h prior to being stimulated with M5 cytokines for an additional 30 min.
Protein was extracted from HaCaT cells using RIPA buffer containing 1% protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA). In addition, skin tissues were collected on
day 7 and homogenized in 100 µL tissue RIPA lysis buffer for 30 min. Protein expression
levels of pSTAT3, STAT3, and I-κBα were determined using Western blot analysis according
to a method previously described by Li et al. [25]. In this study, the primary antibodies were
anti-pSTAT3 (clone 13A31, BioLegend, San Diego, CA, USA), anti-STAT3 (clone 4G4B45,
BioLegend), anti-I-κBα (clone 6A920, 169 Abcam, Cambridge, UK), and GAPDH (clone
W17079A, BioLegend). Each membrane was reprobed with an antibody against GAPDH,
which was used as an internal control for equal protein loading. The band density was
quantified with ImageJ software (National Institute of Health, Bethesda, MD, USA).

2.4. Preparation of Nuclear Extracts and Measurement of NF-κB Activity

HaCaT keratinocytes were pretreated with 0.1% DMSO (control) or alantolactone
(1.25, 2.5, and 5 µM) for 2 h prior to being stimulated with M5 cytokines for an additional
6 h. To evaluate NF-κB activity, cells from bone-marrow-derived dendritic cells (BMDCs)
or skin tissues (on day 7) were used to obtain cytosolic and nuclear extracts using NE-PER
(Cat# 78833, Thermo Fisher Scientific), a nuclear and cytoplasmic extraction reagent. The
samples were used to measure NF-κB p65 subunit activation by a TransAM NF-κB p65
kit (Cat# 40098, Active Motif, Carlsbad, CA, USA) as instructed by each manufacturer’s
manual and analyzed using a microplate reader at 450 nm, with a reference wavelength of
655 nm (Tecan Group Ltd., Männedorf, Switzerland).

2.5. Animals

Female BALB/c mice (7–8 weeks old) were provided by the National Laboratory Ani-
mal Center (Taipei, Taiwan) and were housed in a specific pathogen-free clean room under
a 12 h light/12 h dark cycle. During the entire experiment, mice were given free access to
food and water. Animal care was in accordance with the guidelines for the care and use of
laboratory animals and the principles presented by the National Chung Hsing University,
Taiwan (approval number NCHU-IACUC-110-024). All experimental procedures were
conducted in strict accordance with the guidelines of the Animal Experiments Committee.

2.6. Preparation of Cream

The vehicle cream is composed of anhydrous lanolin and Vaseline at a ratio of 1:20. To
prepare the alantolactone formulation, the vehicle cream was heated to 55 ◦C and mixed
thoroughly with alantolactone (10 mg/mL (1%) or 20 mg/mL (2%)) by stirring.

2.7. IMQ-Induced Psoriasis-Like Mouse Model and Topical Alantolactone Treatment

The mice were randomly divided into 4 groups (n = 5): blank group, imiquimod (IMQ)
(62.5 mg/day)-vehicle group, IMQ-1% alantolactone group, and IMQ-2% alantolactone
group. Mice in the blank group did not receive any interventions; mice in the IMQ-
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vehicle group were treated with IMQ cream and vehicle cream (100 mg/day); mice in the
alantolactone group were treated with IMQ cream, and 6 h later, were treated with 1% or
2% alantolactone formula (100 mg/day). The experimental period lasted for 6 consecutive
days. During the entire experiment, the severity of back skin inflammation of the mice was
scored individually regarding redness (erythema) and the presence of scales (scaling) on a
scale from 0 to 4 (0, none; 1, slight; 2, moderate; 3, marked; 4, very marked) on days 1–7
by an independent investigator blinded to the groups. After the experiment, mice were
euthanized by the inhalation of diethyl ether and cervical dislocation, and the back skin
was immediately removed. The back skin tissue was fixed in 10% formalin and embedded
in paraffin for histological analysis. The remaining skin tissue was stored at −80 ◦C for the
extraction of RNA and total protein.

2.8. Histopathology and Immunohistochemistry

The paraffin-embedded (6 µm) sections were stained using hematoxylin and eosin
(H&E) to study their microarchitecture. For immunohistochemical analyses, the sections
were incubated overnight at 4 ◦C with primary rabbit antibodies against mouse CD3+
T cells (clone 17A2, Biolegend, San Diego, CA, USA) and Gr1+ neutrophils (RB6-8C5,
Biolegend, San Diego, CA, USA) in PBS/0.1% BSA. Then, HRP-conjugated goat anti-rat
secondary antibody was applied in PBS/0.1% BSA for 30 min at room temperature. Di-
aminobenzidine was used for staining development, and the sections were counterstained
with hematoxylin. The negative control consisted of replacing the primary antibody with
normal serum. Staining results were analyzed in a blind fashion by two independent
investigators. For quantitative analysis, the integrated optical density (IOD) of Gr1+ and
CD3+ cells was measured using ImageJ software (version 1.51n, Wayne Rasband, National
Institutes of Health, USA).

2.9. Statistical Analysis

Experimental data are presented as the mean ± standard deviation (SD). Compar-
isons among multiple treatments were performed using Tukey’s HSD (honest significant
difference) test after one-way ANOVA or two-way ANOVA by GraphPad Prism (version 8
for Windows; GraphPad Software, La Jolla, CA, USA). A p value < 0.05 was considered
statistically significant.

3. Result
3.1. Alantolactone Inhibited Proliferation and Inflammatory Responses in M5
Cytokine-Stimulated Keratinocytes

Mixed cytokines, including IL-17A, IL-22, oncostatin M, IL-1α, and TNF-α (M5), were
used to simulate HaCaT keratinocytes to establish a psoriatic keratinocyte model that gen-
erates some phenotypic features in common psoriasis in vitro [18–20]. CCK-8 assays were
used to investigate whether alantolactone affected the viability of M5 cytokine-stimulated
HaCaT keratinocytes (Figure 1A). Figure 1A shows that 2.5 and 5 µM alantolactone signifi-
cantly inhibited the proliferation of M5 cytokine-induced HaCaT cells at 72 h. Figure 1B
shows that M5 cytokines significantly increased the mRNA levels of the hyperprolif-
erative marker gene KRT6. Notably, alantolactone decreased KRT6 mRNA levels in a
dose-dependent manner. In addition, M5 cytokines promoted the mRNA expression of
inflammatory cytokines (TNF-α, IL-6, IL-1β, and IL-8) in HaCaT cells. However, the mRNA
expression of these cytokines was significantly decreased by alantolactone (Figure 2). These
results revealed that alantolactone suppressed M5 cytokine-induced proliferation and in-
flammatory responses in keratinocytes in vitro.
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Figure 1. The effect of alantolactone on the proliferation of HaCaT keratinocytes stimulated with M5
cytokines. HaCaT keratinocytes were seeded in 96-well plates, treated with alantolactone (1.25, 2.5
and 5 µM) or 0.1% DMSO for 2 h, and subsequently stimulated with M5 cytokines (2.5 ng/mL) for
72 h. (A) CCK-8 was used to measure cell viability. (B) Cells were harvested, and RNA was extracted
for qRT-PCR analysis of KRT6 mRNA levels. GAPDH served as an internal reference. The results of
real-time PCR are presented as the fold change relative to the untreated control (set as 1.0). Values
represent the means ± standard error of the mean (SEM) from triplicate samples for each treatment.
(*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus the M5 + 0.1% DMSO-treated group, as determined by
one-way ANOVA with Tukey’s multiple comparison test. Ala, alantolactone.
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Figure 2. The effect of alantolactone on the inflammatory cytokine expression of HaCaT keratinocytes
stimulated with M5 cytokines. HaCaT keratinocytes were seeded in 96-well plates and treated with
alantolactone (Ala, 1.25, 2.5 and 5 µM) or 0.1% DMSO for 2 h and subsequently stimulated with M5
cytokines (2.5 ng/mL) for 24 h. Cells were harvested, and RNA was extracted for qRT-PCR analysis
of TNF-α, IL-6, IL-1β, and IL-8 mRNA levels. GAPDH served as an internal reference. The results of
real-time PCR are presented as the fold change relative to the untreated control (set as 1.0). Values
represent the means ± SEM from triplicate samples for each treatment. (*) p < 0.05, (**) p < 0.01,
(***) p < 0.001 versus the M5 + 0.1% DMSO-treated group, as determined by one-way ANOVA with
Tukey’s multiple comparison test. Ala, alantolactone.
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3.2. Alantolactone Inhibited STAT3 Phosphorylation and NF-κB Activation in
HaCaT Keratinocytes

STAT3 and NF-κB are activated in skin tissues in psoriasis [26]. In this study, M5
cytokines significantly induced STAT3 phosphorylation (Figure 3A,B) and decreased I-
κBα (Figure 3A,C) expression, which could be recovered in the presence of alantolactone
(Figure 3A–C). In unstimulated cells, an inactive latent form of p65 in the cytoplasm
complexed with its inhibitor IκB-α. Figure 3D shows that 30 min of stimulation with M5
cytokines can induce robust translocation of p65 to the nucleus. However, p65 remained in
the cytoplasm after alantolactone treatment.
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Figure 3. The effect of alantolactone on pSTAT3 and I-κBα expression and nuclear translocation of
HaCaT stimulated with M5 cytokines. HaCaT keratinocytes were treated with alantolactone (Ala,
1.25, 2.5 and 5 µM) or 0.1% DMSO for 2 h and then stimulated with M5 cytokines (2.5 ng/mL) for
60 min. (A) Cells were harvested, and total protein was extracted for Western blotting to detect
pSTAT3, STAT3, and I-κBα protein levels (Supplementary Figure S1). (B,C) GAPDH served as an
internal reference, and the quantified expression levels by ImageJ software were plotted in the bar
graphs. (D) NF-κB p65 DNA-binding activity in nuclear extracts of HaCaT cells was determined
using the TransAM kit, representing the optical density at 450 nm (OD450). Values represent the
means± SEM from triplicate samples for each treatment. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus
the M5 + 0.1% DMSO-treated group, as determined by one-way ANOVA with Tukey’s multiple
comparison test. Ala, alantolactone.

3.3. Alantolactone Decreased the Severity of IMQ-Induced Psoriasiform Dermatitis

To evaluate the therapeutic efficacy of alantolactone treatment in an IMQ-induced
psoriasis-like mouse model, mice were topically treated with alantolactone. Body weights
of the IMQ-induced mice were significantly lower than those of the control group; however,
alantolactone treatment allowed for an increase in the body weights of IMQ-induced mice
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(Figure 4A). Symptoms in the mice treated with alantolactone or Daivonex (a calcipotriol
ointment; LEO Laboratories Limited) as a positive trial were noticeably milder than the
mice treated with IMQ alone, with their back skin remaining smooth (Figure 4B). As
shown in Figure 4C,D, IMQ-induced mice exhibited significant psoriasis-like skin that
was characterized by redness and scaling of the skin lesion. However, alantolactone
and Daivonex efficiently decreased the symptoms over the whole treatment period in a
dose-dependent manner.
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Figure 4. The effects of alantolactone on skin lesions of IMQ-induced psoriasis-like dermatitis in
mice. (A,B) Daily mean disease severity is depicted as back skin redness and scaling scores for
the mouse groups where Daivonex was used as a positive control. Symbols represent the mean
score ± SEM of five mice per group. (C) Representative images of skin lesions in mice treated with
IMQ or alantolactone. (D) Body weight changes are depicted for the mouse groups. The results are
representative of three independent experiments. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus the
IMQ/vehicle group, as determined by two-way ANOVA.

To further assess the therapeutic effects of alantolactone in IMQ-induced psoriasis-like
dermatitis, the degree of skin inflammation on the back skin of the mice on day 7 after
treatment was evaluated using histological (H&E) and immunohistochemical analyses.
Figure 5 shows IMQ-induced epidermal thickness (acanthosis, AC) (Figure 5A,B), the
presence of nuclei in the stratum corneum (parakeratosis, PK) (Figure 5A), increased level
of neutrophils (GR-1+) (Figure 5C,D), and CD3+ T cell (Figure 5E,F) infiltration. However,
topical treatment with alantolactone ameliorated these changes compared to those mice
receiving IMQ alone. These results suggested that alantolactone could reduce IMQ-induced
skin inflammation.
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Figure 5. The effect of alantolactone on histological analysis of skin lesions of IMQ-induced psoriasis-
like dermatitis in mice. (A) Representative H&E-stained back skin sections of different treatment
groups. Acanthosis (AC), parakeratosis (PK). (B) Epidermal thickness of the dorsal skin on day 7.
Representative staining for (C) GR1+ neutrophils. (D) CD3+ T-cells infiltrate the back skin of different
mice groups on day 7. The integrated optical density (IOD) of (E) Gr1+ and (F) CD3+ T cells in the
skin was calculated using ImagePro Plus. Each data point on the graph represents the mean ± SEM
with five mice per group. The results are representative of three independent experiments.
(*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus the IMQ/vehicle group, as determined by one-way
ANOVA with Tukey’s multiple comparison test. Ala, alantolactone.

3.4. Alantolactone Decreased Inflammatory Cytokines in the Skin Lesions of IMQ-Treated Mice

To investigate the therapeutic efficacy of alantolactone on IMQ-induced dermatitis
in mice, inflammatory cytokines within the skin of the mice were studied. As shown
in Figure 6, the expression levels of all cytokines (TNF-α, IL-6, IL-1β, IL-8, IL-17A, and
IL-23) in the IMQ-treated group were significantly higher than those in the control group.
However, alantolactone treatment significantly reduced TNF-α, IL-6, IL-1β, IL-8, IL-17A,
and IL-23 in skin lesions. Therefore, these results indicated that topical treatment with
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alantolactone resulted in a decrease in proinflammatory cytokines that are related to
psoriasis pathogenesis in skin lesions following IMQ treatment.
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Figure 6. The effects of alantolactone on skin inflammatory cytokine production in the skin of IMQ-
treated mice. Skin was excised from different treatment groups on day 7, and RNA was prepared to
examine the mRNA expression of (A) TNF-α, (B) IL-6, (C) IL-1β, (D) IL-8, (E) IL-17A, and (F) IL-23
by quantitative RT-PCR. GAPDH served as an internal reference. The results of real-time PCR are
presented as the fold change relative to untreated control mice (set as 1.0). Each data point on the
graph represents the mean ± SEM with five mice per group. The results are representative of three
independent experiments. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus the IMQ/vehicle group, as
determined by one-way ANOVA with Tukey’s multiple comparison test. Ala, alantolactone.

3.5. Alantolactone Suppressed STAT3 Phosphorylation and NF-κB Activation in the Skin
Lesions of IMQ-Treated Mice

To further assess the mechanism of alantolactone in IMQ-induced psoriasis-like der-
matitis, STAT3 phosphorylation and NF-κB activation in affected skin were examined. As
shown in Figure 7A,B, STAT3 phosphorylation was significantly increased in the skin of
IMQ-induced mice. However, alantolactone significantly decreased STAT3 phosphoryla-
tion. In addition, to further investigate NF-κB activity, I-κBα and NF-κB p65 translocation
was performed. As shown in Figure 7C,D, IMQ-induced mice significantly decreased
I-κBα; however, alantolactone increased I-κBα expression and reduced NF-κB p65 subunit
nuclear translocation in the skin tissues of IMQ-treated mice.
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Figure 7. Effects of alantolactone on pSTAT3 and I-κBα expression and nuclear translocation in skin
homogenates. Skin was excised from different treatment groups on day 7, and protein was prepared
to examine protein expression. (A) The protein expression levels of pSTAT3, STAT3, and I-κBα were
measured using Western blots (Supplementary Figure S2), and the quantified expressional levels of
(B) pSTAT3/STAT3 ratio and (C) I-κBα with the internal reference, GAPDH, were analyzed with
ImageJ software and plotted in the bar graphs using GraphPad software. (D) NF-κB p65 DNA-
binding activity in nuclear extracts of skin homogenates was determined using the TransAM kit,
representing the optical density at 450 nm (OD450). Each data point on the graph represents the mean
± SEM with five mice per group. The results are representative of three independent experiments.
(*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus the IMQ/vehicle group, as determined by one-way
ANOVA with Tukey’s multiple comparison test. B, Blank. IMQ/V, IMQ/vehicle. Ala, alantolactone.

4. Discussion

Psoriasis is a complex inflammatory skin disease that is mediated by a variety of cells,
including keratinocytes, T cells, endothelial cells, macrophages, and dendritic cells [27].
Keratinocytes are a type of resident skin cell that can be both a participant and a victim of
psoriasis. The balance between the proliferation and apoptosis of keratinocytes is essential
for maintaining skin homeostasis. In psoriatic lesions, skin homeostasis becomes imbal-
anced. It has been observed that the apoptosis of keratinocytes is reduced, which inevitably
leads to hyperproliferation [28,29]. Hyperproliferative keratinocytes produce an excessive
amount of cytokines to sustain and amplify the inflammatory response [4–6]. Alantolactone
has the potential to reduce hyperproliferation and/or the strong inflammatory response
that is a result of keratinocytes hyperproliferation. Therefore, alantolactone is a potential
therapeutic candidate for psoriasis.

Alantolactone is a natural sesquiterpene lactone compound isolated from Inula hele-
nium and Radix inulae with multiple pharmacological activities, including antifungal, an-
thelmintic, antimicrobial, anti-inflammatory, and antitrypanosomal activities, and antipro-
liferative effects on several cancer cell lines, including colon, melanoma, ovary, prostate,
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lung, and leukemia cell lines [9–16]. M5 cytokines were used to simulate keratinocytes,
thereby establishing a psoriasis keratinocyte model in vitro [20,22,23]. In the present study,
the results showed that M5 cytokines can induce HaCaT keratinocytes to generate some
characteristics of psoriatic keratinocytes. Interestingly, alantolactone treatment attenuated
the hyperproliferation induced by M5 cytokines (Figure 1A) and partially reduced the
expression of KRT6, a hallmark of psoriasis hyperproliferation (Figure 1B). In addition,
TNF-α, IL-6, and IL-1β are important proinflammatory cytokinesthat are related to the
pathogenesis of psoriasis [30,31]. The IL-8 chemokine promotes the pathogenesis of psori-
asis by recruiting neutrophils, monocytes, and T cells to psoriatic lesions [32–35]. In this
study, M5 cytokines increased the proinflammatory expression of TNF-α, IL-6, IL-1β, and
IL-8. Whereas, alantolactone was able to significantly decrease these proinflammatory
cytokines in the M5 cytokine-stimulated HaCaT keratinocytes (Figure 2). These results
indicated that alantolactone could attenuate the excessive inflammatory response of HaCaT
keratinocytes induced by M5 cytokines.

It has been reported that the STAT3 protein plays a key role in the occurrence and
development of psoriasis [36,37]. NF-κB is a protein transcription factor that plays an
important regulatory role in immune and inflammatory pathways, cell apoptosis, and
proliferation [38]. A previous study showed that the level of active phosphorylated NF-κB
is elevated in psoriasis [39]. Alantolactone could inhibit NF-κB pathway activation, which
would subsequently suppress inflammation [14,18]. However, the effect of alantolactone on
the STAT3/NF-κB pathway in M5 cytokine-stimulated HaCaT cells has not been previously
reported. The results of the study showed that M5 cytokines stimulated the activation
of the STAT3/NF-κB pathway, while alantolactone treatment significantly reduced the
activation of the STAT3/NF-κB pathway in M5 cytokine-stimulated HaCaT keratinocytes.
Moreover, the mechanism of action of alantolactone, by which it suppresses inflammatory
keratosis, may also result from the activation of nuclear factor erythroid-2-related factor-2
(Nrf2). It was demonstrated that alantolactone was capable of inducing nrf2 signaling,
activating antioxidative genes like heme oxygenase-1 (HO-1) and subsequently, leading to
ferroptosis on target cells [18,40]. Nevertheless, the exact mechanism remains unsettled
and is worthy of further exploration.

IMQ is a widely accepted method to induce a psoriasis-like state in a mouse model.
This model is very similar to human psoriasis with similar histological and clinical features,
including erythema, scaling, epidermal hyperplasia, and inflammatory cell infiltration [19].
We further evaluated the therapeutic effects of alantolactone using this IMQ-induced
psoriasis-like dermatitis mouse model and measured the immune regulation mecha-
nism. Interestingly, alantolactone treatment significantly ameliorated these symptoms
(Figures 4 and 5).

In addition, IMQ-induced psoriatic dermatitis in mice resulted in significantly in-
creased mRNA levels of TNF-α, IL-6, IL-1β, IL-8, IL-17A, and IL-23 in skin lesions of
mice (Figure 6). TNF-α is produced by keratinocytes and plays an important role skin
inflammation [41]. The IL-17A cytokine promotes the accumulation of inflammatory cell
infiltration in the epidermis and dermis, which affects the functionality of the skin bar-
rier [42]. IL-23 cytokine is also overexpressed in psoriatic skin lesions compared with
normal skin lesions [43]. A previous study showed that the improvement of psoriasis is
caused by the suppression of Th1- and Th17-mediated cytokines, which has been shown
in both psoriasis patients and IMQ-induced mice [44]. The present study showed that
alantolactone decreased the mRNA levels of TNF-α, IL-6, IL-1β, IL-8, IL-17A, and IL-23,
thereby suppressing Th1- and Th17-mediated cytokines and improving IMQ-induced
psoriasis-like skin lesions and inflammation status in mice.

The current therapeutic options available for psoriatic patients are mostly topical
ointments or creams with steroids or dithranol. Such a topical treatment can efficaciously
reduce itching and prevent further cell proliferations. However, the effectiveness is brief,
and psoriasis tends to be recurrent and incurable [45]. Systemic administration of antipso-
riatic drugs, such as methotrexate or ciclosporin, appears to be an alternative approach, but
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they all possesses different levels of adverse effects, including nausea, lower hemopoiesis,
and liver or kidney damage with long-term usage [46]. Consequentially, the pharmaceutical
importance of alantolactone as a newer antipsoriasis drug is accentuated.

5. Conclusions

Alantolactone can attenuate the proliferation and inflammation of HaCaT keratinocytes
induced by M5 cytokines. Moreover, the current study showed that alantolactone could
ameliorate the severity of skin lesions and improve inflammation in an IMQ-induced
psoriasis-like mouse model. As epidermal hyperplasia and inflammation are hallmarks
of psoriasis, our new findings indicate that alantolactone can not only alleviate these skin
lesions by inhibiting inflammation but also relieve epidermal hyperplasia by reducing
the expression of TNF-α, IL-6, IL-1β, IL-8, IL-17A, and IL-23. These factors make it an
attractive candidate for future development as an antipsoriatic treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/life11070616/s1. Table S1: List of primers used for real-time PCR analysis. Supplementary
Figure S1 Western blot: protein expression levels of pSTAT3, STAT3, and I-κBα. SupplementaryFigure
S2 Western blot: Protein expression levels of pSTAT3, STAT3, and I-κBα.
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29. Kastelan, M.; Prpić-Massari, L.; Brajac, I. Apoptosis in psoriasis. Acta Dermatovenerol. Croat. 2009, 17, 182–186.
30. Gottlieb, A.B.; Chamian, F.; Masud, S.; Cardinale, I.; Abello, M.V.; Lowes, M.A.; Chen, F.; Magliocco, M.; Krueger, J.G. TNF

inhibition rapidly down-regulates multiple proinflammatory pathways in psoriasis plaques. J. Immunol. 2005, 175, 2721–2729.
[CrossRef]

31. Johansen, C.; Funding, A.T.; Otkjaer, K.; Kragballe, K.; Jensen, U.B.; Madsen, M.; Binderup, L.; Skak-Nielsen, T.; Fjording, M.S.;
Iversen, L. Protein expression of TNF-alpha in psoriatic skin is regulated at a posttranscriptional level by MAPK-activated protein
kinase. J. Immunol. 2006, 176, 1431–1438. [CrossRef]

32. Gillitzer, R.; Berger, R.; Mielke, V.; Muller, C.; Wolff, K.; Stingl, G. Upper keratinocytes of psoriatic skin lesions express high levels
of NAP-1/IL-8 mRNA in situ. J. Investig. Dermatol. 1991, 97, 73–79. [CrossRef] [PubMed]

33. Gillitzer, R.; Wolff, K.; Tong, D.; Muller, C.; Yoshimura, T.; Hartmann, A.A.; Stingl, G.; Berger, R. MCP-1 mRNA expression in
basal keratinocytes of psoriatic lesions. J. Investig. Dermatol. 1993, 101, 127–131. [CrossRef] [PubMed]

http://doi.org/10.1016/0378-8741(88)90109-2
http://doi.org/10.1016/S0031-9422(97)00889-3
http://doi.org/10.1080/10286020802240301
http://doi.org/10.1007/s10096-011-1400-1
http://www.ncbi.nlm.nih.gov/pubmed/21901633
http://doi.org/10.1055/s-2002-33799
http://www.ncbi.nlm.nih.gov/pubmed/12221603
http://doi.org/10.1016/j.intimp.2012.08.011
http://doi.org/10.1248/bpb.25.1370
http://doi.org/10.1016/j.tiv.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20600805
http://www.ncbi.nlm.nih.gov/pubmed/29511431
http://doi.org/10.1186/s12931-020-01358-4
http://doi.org/10.1016/j.jep.2017.11.018
http://doi.org/10.4049/jimmunol.0902464
http://doi.org/10.1111/bjd.14481
http://doi.org/10.1038/s41598-018-26996-z
http://doi.org/10.1016/j.jid.2018.06.184
http://www.ncbi.nlm.nih.gov/pubmed/30009832
http://doi.org/10.4049/jimmunol.0802999
http://doi.org/10.1080/15384047.2015.1108491
http://www.ncbi.nlm.nih.gov/pubmed/26569090
http://doi.org/10.1080/13510002.2019.1658377
http://doi.org/10.1038/nrdp.2016.82
http://www.ncbi.nlm.nih.gov/pubmed/27883001
http://doi.org/10.1038/sj.jid.5700008
http://doi.org/10.4049/jimmunol.175.4.2721
http://doi.org/10.4049/jimmunol.176.3.1431
http://doi.org/10.1111/1523-1747.ep12478128
http://www.ncbi.nlm.nih.gov/pubmed/1711550
http://doi.org/10.1111/1523-1747.ep12363613
http://www.ncbi.nlm.nih.gov/pubmed/8345212


Life 2021, 11, 616 14 of 14

34. Qazi, B.S.; Tang, K.; Qazi, A. Recent advances in underlying pathologies provide insight into interleukin-8 expression-mediated
inflammation and angiogenesis. Int. J. Inflamm. 2011, 2011, 908468. [CrossRef] [PubMed]

35. Lembo, S.; Capasso, R.; Balato, A.; Cirillo, T.; Flora, F.; Zappia, V.; Balato, N.; Ingrosso, D.; Ayala, F. MCP-1 in psoriatic patients:
Effect of biological therapy. J. Dermatol. Treat. 2014, 25, 83–86. [CrossRef]

36. Sano, S.; Chan, K.S.; Carbajal, S.; Clifford, J.; Peavey, M.; Kiguchi, K.; Itami, S.; Nickoloff, B.J.; Digiovanni. J. Stat3 links activated
keratinocytes and immunocytes required for development of psoriasis in a novel transgenic mouse model. Nat. Med. 2005, 11,
43–49. [CrossRef]

37. Palombo, R.; Savini, I.; Avigliano, L.; Madonna, S.; Cavani, A.; Albanesi, C.; Mauriello, A.; Melino, G.; Terrinoni, A. Luteolin-7-
glucoside inhibits IL-22/STAT3 pathway, reducing proliferation, acanthosis, and inflammation in keratinocytes and in mouse
psoriatic model. Cell Death Dis. 2016, 7, e2344. [CrossRef]

38. Oeckinghaus, A.; Ghosh, S. The NF-kappaB family of transcription factors and its regulation. Cold Spring Harb. Perspect. Biol.
2009, 1, a000034. [CrossRef]

39. Goldminz, A.M.; Au, S.C.; Kim, N.; Gottlieb, A.B.; Lizzul, P.F. NF-κB: An essential transcription factor in psoriasis. J. Dermatol.
Sci. 2013, 69, 89–94. [CrossRef]

40. Jiang, T.; Cheng, H.; Su, J.; Wang, X.; Wang, Q.; Chu, J.; Li, Q. Gastrodin protects against glutamate-induced ferroptosis in HT-22
cells through Nrf2/HO-1 signaling pathway. Toxicol. In Vitro 2020, 62, 104715. [CrossRef] [PubMed]

41. Ma, H.-L.; Liang, S.; Li, J.; Napierata, L.; Brown, T.; Benoit, S.; Senices, M.; Gill, D.; Dunussi-Joannopoulos, K.; Collins, M.; et al.
IL-22 is required for Th17 cell-mediated pathology in a mouse model of psoriasis-like skin inflammation. J. Clin. Investig. 2008,
118, 597–607. [CrossRef]

42. Lynde, C.W.; Poulin, Y.; Vender, R.; Bourcier, M.; Khalil, S. Interleukin 17A: Toward a new understanding of psoriasis pathogenesis.
J. Am. Acad. Dermatol. 2014, 71, 141–150. [CrossRef] [PubMed]

43. Piskin, G.; Sylva-Steenland, R.M.R.; Bos, J.D.; Teunissen, M.B.M. In vitro and in situ expression of IL-23 by keratinocytes in
healthy skin and psoriasis lesions: Enhanced expression in psoriatic skin. J. Immunol. 2006, 176, 1908–1915. [CrossRef]

44. Kim, C.-H.; Kim, J.-Y.; Lee, A.-Y. Therapeutic and immunomodulatory effects of glucosamine in combination with low-dose
cyclosporine a in a murine model of imiquimod-induced psoriasis. Eur. J. Pharmacol. 2015, 756, 43–51. [CrossRef] [PubMed]

45. Marson, J.W.; Snyder, M.L.; Lebwohl, M.G. Newer Therapies in Psoriasis. Med. Clin. N. Am. 2021, 105, 627–641. [CrossRef]
[PubMed]

46. Fiore, M.; Leone, S.; Maraolo, A.E.; Berti, E.; Damiani, G. Liver Illness and Psoriatic Patients. BioMed Res Int. 2018, 2018, 3140983.
[CrossRef] [PubMed]

http://doi.org/10.4061/2011/908468
http://www.ncbi.nlm.nih.gov/pubmed/22235381
http://doi.org/10.3109/09546634.2013.782091
http://doi.org/10.1038/nm1162
http://doi.org/10.1038/cddis.2016.201
http://doi.org/10.1101/cshperspect.a000034
http://doi.org/10.1016/j.jdermsci.2012.11.002
http://doi.org/10.1016/j.tiv.2019.104715
http://www.ncbi.nlm.nih.gov/pubmed/31698019
http://doi.org/10.1172/JCI33263
http://doi.org/10.1016/j.jaad.2013.12.036
http://www.ncbi.nlm.nih.gov/pubmed/24655820
http://doi.org/10.4049/jimmunol.176.3.1908
http://doi.org/10.1016/j.ejphar.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25796200
http://doi.org/10.1016/j.mcna.2021.04.004
http://www.ncbi.nlm.nih.gov/pubmed/34059242
http://doi.org/10.1155/2018/3140983
http://www.ncbi.nlm.nih.gov/pubmed/29546055

	Introduction 
	Material and Methods 
	Cell Viability Assay 
	RNA Extraction and Quantitative Real-Time PCR Analysis 
	Western Blotting 
	Preparation of Nuclear Extracts and Measurement of NF-B Activity 
	Animals 
	Preparation of Cream 
	IMQ-Induced Psoriasis-Like Mouse Model and Topical Alantolactone Treatment 
	Histopathology and Immunohistochemistry 
	Statistical Analysis 

	Result 
	Alantolactone Inhibited Proliferation and Inflammatory Responses in M5Cytokine-Stimulated Keratinocytes 
	Alantolactone Inhibited STAT3 Phosphorylation and NF-B Activation inHaCaT Keratinocytes 
	Alantolactone Decreased the Severity of IMQ-Induced Psoriasiform Dermatitis 
	Alantolactone Decreased Inflammatory Cytokines in the Skin Lesions of IMQ-Treated Mice 
	Alantolactone Suppressed STAT3 Phosphorylation and NF-B Activation in the Skin Lesions of IMQ-Treated Mice 

	Discussion 
	Conclusions 
	References

