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Tussilagonone Ameliorates Psoriatic Features
in Keratinocytes and Imiquimod-Induced
Psoriasis-Like Lesions in Mice via NRF2 Activation

Joohee Lee'”, Kwangho Song', Paul Hiebert’, Sabine Werner’, Tae-Gyun Kim” and Yeong Shik Kim'*

Psoriasis is a common inflammatory skin disorder that is characterized by keratinocyte hyperproliferation and
abnormal differentiation, resulting in the thickening of the epidermis and stratum corneum. In this study, we
investigated in vitro and in vivo pharmacological effects of tussilagonone (TGN), a sesquiterpenoid isolated
from Tussilago farfara, on transcription factors relevant for the pathogenesis of psoriasis. TGN inhibited acti-
vation of NF-kB and STAT3, leading to the attenuated expression of psoriasis-related inflammatory genes and
suppression of keratinocyte hyperproliferation. Mechanistically, we show that the inhibition of NF-kB and
STAT3 by TGN is mediated through activation of the cytoprotective transcription factor NRF2. Evaluation of
in vivo antipsoriatic effects of topical TGN in the imiquimod-induced psoriasis-like dermatitis mouse model
demonstrated amelioration of imiquimod-induced phenotypical changes, lesion severity score, epidermal
thickening, and reduction in dermal cellularity. The spleen index also diminished in TGN-treated mice, sug-
gesting anti-inflammatory properties of TGN. Moreover, TGN significantly attenuated the imiquimod-induced
mMRNA levels of psoriasis-associated inflammatory cytokines and antimicrobial peptides and reduced epidermal
hyperproliferation. Taken together, TGN, as a potent NRF2 activator, is a promising therapeutic candidate for

the development of antipsoriatic agents derived from medicinal plants.
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INTRODUCTION

Psoriasis is a chronic immune-mediated skin disease with a
prevalence of 2—3% in the world’s population. It is man-
ifested as scaly plaques of red and thickened skin that
results from epidermal hyperproliferation, hyperparakeratosis
(retention of nuclei in the stratum corneum), acanthosis
(thickened epidermis) with elongated rete ridges, and im-
mune cell infiltration (Boehncke and Schon, 2015; Nestle
et al., 2009). Although the underlying cellular and molecu-
lar pathogenesis of psoriasis is complex and not fully un-
derstood, many lines of current evidence suggest that this
skin disorder is mediated by the cross-talk between
epidermal keratinocytes and immune cells (Hawkes et al.,
2017; Lowes et al., 2014).

The dysregulated T helper type 17 pathway, including the
IL-23/IL-17 axis, has been demonstrated as playing a key role
in the immunopathogenesis of psoriasis (Cai et al., 2012;
Hawkes et al., 2017; Martin et al., 2013). External stimuli,
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such as stress, trauma, infection, and drugs, and damage-
associated molecular patterns can activate inflammatory
and resident myeloid dendritic cells and macrophages to
produce IL-23, IL-1B, and other proinflammatory cytokines
including IL-6 and tumor necrosis factor-a. (TNF-a). These
innate immunity mediators stimulate the activities of key T-
cell populations, such as T helper type 1, T helper type 17,
and T helper type 22 cells, which release additional cytokines
and chemokines. The proinflammatory cytokines and che-
mokines act on keratinocytes to induce hyperproliferation
and impaired differentiation, leading to the development of
psoriatic lesions (Greb et al., 2016; Martin et al., 2013;
Muromoto et al., 2016). Psoriatic keratinocytes express in-
flammatory mediators including cytokines (IL-6, IL-1, TNF-
o, and granulocyte—macrophage colony-stimulating factor),
chemokines (CXCL1, CXCL2, CCL20, and CXCL8), and
antimicrobial peptides (STO0A proteins and B-defensin).
These mediators contribute to the activation of immune cells
and feed back into the proinflammatory disease cycle,
inducing psoriatic keratinocyte phenotypes and infiltration of
dermal immune cells (Lowes et al., 2013).

Skin is the major target of oxidative stress, as it is continu-
ously exposed to exogenous stressors, such as UV radiation,
and endogenous stresses, such as skin metabolism and chronic
inflammation, that induce the production of reactive oxygen
species. Continued reactive oxygen species production may
result in excessive oxidative stress, which contributes to many
skin diseases including psoriasis (Ben-Yehuda Greenwald
et al., 2016). Thus, an efficient antioxidative strategy that
stimulates endogenous defense mechanisms is important for
the treatment of psoriasis. The activation of the transcription
factor NRF2 by several compounds was demonstrated to be
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Figure 1. Inhibitory effects of TGN on TNF-a-induced NF-kB activation and mRNA expression of inflammatory mediators. (a, b) HaCaT cells were pretreated
with TGN for 1 hour and then exposed to TNF-a for an additional 30 minutes. (a) Total or (b) nuclear protein lysates were used to determine the protein
expression by western blot (n = 3). (c) HaCaT cells were pretreated with TGN for 1 hour and then with TNF-a. for an additional 24 hours. NF-kB—luciferase
activity was performed using a dual luciferase assay (n = 4). (d) HEKas were preincubated with TGN for 1 hour and then treated with TNF-a for an additional 6
hours. The mRNA levels were analyzed by real-time PCR (n = 6). ***P < 0.001 versus control. **P < 0.01, ***P < 0.001 versus TNF-a group. HEKa, adult
human epidermal keratinocyte; TGN, tussilagonone; TNF-o, tumor necrosis factor-o.

beneficial in the prevention of skin carcinogenesis in a variety
of animal studies (Schifer and Werner, 2015). In addition,
NRF2 activation was also investigated as a promising treatment
strategy for allergic skin inflammation, atopic dermatitis,
psoriasis, epidermal blistering disease, and vitiligo vulgaris
(reviewed by Schéfer and Werner, 2015).

Although there are some effective biological agents for the
treatment of psoriasis that target proinflammatory cytokines,
they are expensive and psoriasis usually relapses after treat-
ment discontinuation for various reasons (Bellinato et al.,
2019; Gottlieb, 2005). Therefore, the combination of bi-
ologics with other therapy can be synergistic with cost and
dosage reduction for the treatment of psoriasis (Huang et al.,
2019). We previously reported that tussilagonone (TGN), a
sesquiterpenoid isolated from the buds of Tussilago farfara,
exerts HO-T—mediated anti-inflammatory effects in macro-
phages and inhibitory effects on 12-O-tetradecanoylphorbol-
13-acetate—induced acute skin inflammation in mice (Lee
et al., 2016). Based on the previous study, it was hypothe-
sized that TGN might be effective in other chronic inflam-
matory diseases, such as psoriasis, and that this effect could
be mediated through activation of the NRF2 pathway.

The main objectives of this study were to (i) examine the
therapeutic effect of TGN on psoriasis both in vitro and
in vivo and (ii) characterize the cross-talk between NRF2,

Journal of Investigative Dermatology (2020), Volume 140

NF-kB, and STAT3 in psoriasis. To test the hypothesis of this
study, the role of NRF2 activation by TGN in regulating
STAT3 and NF-kB activation in keratinocytes was examined.
Additionally, an optimal mouse model for chronic psoriatic
skin inflammation was established, and the therapeutic po-
tential of TGN against psoriasis was elucidated.

RESULTS

TGN inhibits TNF-a—induced NF-kB activation and the
expression of psoriasis-related proinflammatory genes in
keratinocytes

NF-kB is a transcription factor that regulates immune and
inflammatory responses in various diseases, including
psoriasis (Goldminz et al., 2013). To identify whether
TGN can modulate TNF-a.—induced NF-kB activation in
human HaCaT keratinocytes, 1kB-a. degradation, as well as
nuclear translocation of p65, one of the major subunits of
NF-kB, was determined by western blot. Both TNF-
a—induced IkB-o. degradation and nuclear accumulation
of p65 were inhibited by TGN in a dose-dependent
manner (Figure 1a and b). Luciferase assay revealed that
TGN pretreatment decreased NF-kB promoter activation
by a TNF-a challenge (Figure 1c). We next examined
whether TGN inhibited gene expression of proin-
flammatory cytokines involved in psoriasis using adult
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Figure 2. Inhibitory effects of TGN on IL-6—induced STAT3 activation and hyperproliferation. (a) HaCaT cells were stimulated with 25 ng/ml IL-6 for

30 minutes after TGN pretreatment. The phosphorylated STAT3 levels were detected by western blot (n = 3). (b) The HaCaT cells transfected with an
NF-kB—regulated luciferase reporter construct were treated with IL-6 for 24 hours in the presence of TGN. The luciferase activity was measured (n = 4). (c) The
number of HEKas were counted by trypan blue exclusion assay (n = 6). (d) Flow cytometric analysis of cell cycle with PI (n = 3). (e) HEKas were treated with IL-6
for 24 hours. The mRNA expression was analyzed by real-time PCR (n = 6). ***P < 0.001 versus control. *P < 0.05, **P < 0.01, and ***P < 0.001 versus IL-6
group. Ctrl, control; HEKa, adult human epidermal keratinocyte; Pl, propidium iodide; TGN, tussilagonone.

human epidermal keratinocytes. TNF-o. upregulated the
relative mRNA levels of IL-6, IL-23, TNF-a, STOOA7, and
CXCL8, whereas pretreatment with TGN suppressed the
mRNA levels of these cytokines (Figure 1d). Taken
together, these results show that TGN inhibits TNF-
o—induced inflammatory responses through impairment of
NF-kB activation in keratinocytes.

TGN suppresses IL-6-induced STAT3 activation and
keratinocyte proliferation

STAT3 is a therapeutic target for psoriasis as a key regulator
involved in the regulation of cell proliferation and in the
pathogenesis of psoriasis (Calautti et al., 2018; Sano et al.,
2005). IL-6—induced phosphorylation and nuclear trans-
location of STAT3 were attenuated after treatment with
TGN (Figure 2a). STAT3 luciferase activity was also
reduced by TGN in a dose-dependent manner (Figure 2b).
We further examined whether TGN inhibited proliferation
of keratinocytes and the expression of proliferation
markers. Adult human epidermal keratinocytes were stim-
ulated with IL-6 in the presence or absence of TGN. TGN
significantly inhibited IL-6—promoted cell proliferation
(Figure 2c). Cell cycle analysis revealed that TGN treat-
ment led to a G1/S growth arrest (Figure 2d) accompanied
by decreased mRNA levels of G1-S progression regulator

Cyclin D1 (Figure 2e). These results indicate that TGN
suppresses STAT3 activation leading to the inhibition of
keratinocyte hyperproliferation.

TGN activates the NRF2/antioxidant response element

(ARE) signaling pathway

NRF2 activation is considered as a promising therapeutic
strategy in skin diseases, including psoriasis (Ben-Yehuda
Greenwald et al., 2016; Schifer and Werner, 2015). Our
previous study has shown that TGN upregulates NRF2/
HO-1 signaling in macrophages (Lee et al., 2016). Thus,
we determined whether this regulatory action takes place
in keratinocytes. TGN significantly promoted NRF2 and
HO-1 protein expression and NRF2 nuclear localization
in HaCaT keratinocytes (Figure 3a—c). To examine the
effect of TGN on NRF2 transcriptional activity, a lucif-
erase reporter gene assay was conducted. ARE-luciferase
reporter activity reached a maximum level after 24
hours (Supplementary Figure S1) and increased dose-
dependently at this time point (Figure 3d). Furthermore,
the mRNA levels of HoT and Ngol, major target genes of
NRF2, dramatically increased after TGN treatment for 24
hours in murine primary keratinocytes (Figure 3e). Sulfo-
raphane and tert-butylhydroquinone, well known NRF2
activators, were used as positive controls. We next
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Figure 3. Effects of TGN on the activation of NRF2. (a—c) HaCaT cells were treated with (a) the indicated concentrations of TGN and (b, ¢) for the indicated
times. Protein levels of NRF2 and HO-1 were determined by western blotting. (d) HaCaT cells were exposed to TGN for 24 hours and then ARE-luciferase
activity was measured. (e, f) Primary murine keratinocytes were incubated with 10 pM TGN for 24 hours and then (e) mRNA levels were analyzed by real-time
PCR or (f) a ChIP assay was conducted to assess binding of NRF2 to the ARE in the promoters of the genes encoding NqgoT and Ho1. The results shown are the
mean =+ SD of three experiments. *P < 0.05, **P < 0.01, and *** P < 0.001 versus control. ARE, antioxidant response element; ChIP, chromatin
immunoprecipitation; SD, standard deviation; tBHQ, tert-butylhydroquinone; TGN, tussilagonone.

performed the chromatin immunoprecipitation assay to
verify whether NRF2, which translocates into the nucleus,
directly binds to the ARE in the Ho1 and NgoTl promoter
regions. Results showed that NRF2 was abundantly bound
to the ARE sequences of the Hol and Ngol genes in
primary mouse keratinocytes treated with TGN for 24
hours compared with the nontreated control cells.
(Figure 3f). There were no significant differences between
the control (nontreated) and the TGN-treated groups for
binding to a nonspecific control region. Overall, these
findings suggest that TGN activates the NRF2 signaling
pathway through direct NRF2 binding to AREs present in
the promoter or enhancer regions of NRF2 target genes
and their subsequent transcription.
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Inhibition of NF-kB and STAT3 by TGN is mediated through
NRF2 activation

To investigate a potential effect of NRF2 on NF-kB and STAT3
activation, HaCaT cells were transfected with small inter-
fering RNA or exposed to SnPP, a HO-1-specific inhibitor.
The knockdown of NRF2 or HO-1 by small interfering RNA
and inhibition of HO-1 activity by SnPP abrogated TGN-
mediated inhibition of IkB-a. degradation (Figure 4a and b).
Similarly, silencing NRF2 or HO-1 inhibition abolished the
inhibitory effect of TGN on STAT3 phosphorylation (Figure 4c
and d). These results indicate that NRF2 activation and sub-
sequent expression of its target HO-1 by TGN can regulate
cytokine-induced activation of NF-kB and STAT3 in
keratinocytes.
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Figure 4. NRF2/HO-1 signaling-mediated inhibition of NF-kB and STAT3. (a—d) HaCaT cells were transfected with 50 nM of control siRNA (si Con),
NRF2-targeting siRNA (si NRF2), or HO-1-targeting siRNA (si HO-1) for 48 hours and then incubated with (a, b) TNF-a or (c, d) IL-6 for 30 minutes after
pretreatment with 10 uM of TGN for 6 hours. The results shown are representative of three independent experiments. siRNA, small interfering RNA; TGN,

tussilagonone; TNF-a, tumor necrosis factor-o.

Topical TGN treatment ameliorates imiquimod

(IMQ)-induced psoriasis-like skin inflammation in mice

As topical application of IMQ, a toll-like receptor 7/8 ligand
and potent immune activator, on mouse skin mimics human
psoriasis lesions (van der Fits et al., 2009), we evaluated po-
tential in vivo antipsoriatic effects of TGN using the IMQ-
induced psoriasis-like skin inflammation model in mice
(Figure 5a). Mice were topically treated with 5% IMQ cream or
control Vaseline cream on the shaved back skin and right ear
for the first five consecutive days and were then cotreated with
1 or 5 nmol/100 pl of TGN and IMQ, respectively, for a further
nine days (Figure 5a). Calcipotriol (CAL) was used as a positive
control. On the fifth day, the IMQ-treated mice showed a
remarkably thickened, erythematous, and scaly back skin
compared with the control group mice, reflecting psoriasis-
like skin condition (Figure 5c and Supplementary Figure S2).
Phenotypical changes of the back skin and right ear (Figure 5b)
and lesion severity score (Figure 5¢c and d) showed that topical
treatment of TGN considerably attenuated IMQ-induced
psoriatic traits. The spleen index (spleen weight to body
weight ratio) also diminished in TGN-treated mice compared
with mice treated with IMQ alone, suggesting the anti-
inflammatory property of TGN (Figure 5e and f).

TGN reduces expression of inflammatory genes and

epidermal hyperproliferation in IMQ-induced psoriasis-like
mouse skin

To further confirm the antipsoriatic efficacy of topical
TGN treatment, skin tissues obtained from mice after 14 days
of topical treatment with IMQ were analyzed. Histopatho-
logical analysis of back skin and ear sections with using

hematoxylin and eosin staining showed a reduction of IMQ-
induced epidermal thickening (acanthosis) and dermal infil-
trating cells in TGN-treated skin (Figure 6a—c). The expres-
sion of NF-kB p65 assessed by immunochemistry staining
was increased by IMQ treatment, whereas TGN treatment
almost completely inhibited the IMQ-induced p65 expres-
sion (Figure 6d). Moreover, TGN application significantly
attenuated the IMQ-induced mRNA levels of psoriasis-
associated inflammatory cytokines (/[17a, 1122, 1/123a, and
Tnfa) as well as antimicrobial peptides (S700a7, S100a8,
$100a9, and Defb4) in skin (Figure 6e and f). Analysis of
keratinocyte proliferation showed reduced numbers of Ki-
67—positive cells in the epidermis of TGN-treated mice
compared with mice treated with IMQ alone (Figure 6g).
Furthermore, western blot analysis of total skin lysates
revealed that IMQ-stimulated STAT3 phosphorylation was
inhibited after topical treatment with TGN (Figure 6h). Taken
together, these results support that TGN ameliorated IMQ-
induced psoriasis-like skin lesions in vivo through inhibi-
tion of NF-kB and STAT3 and psoriasis-associated markers.

DISCUSSION

This study was designed to investigate whether TGN, which
showed anti-inflammatory effects and activated the NRF2/
HO-1 signaling pathway in a previous study performed with
macrophages (Lee et al., 2016), alleviates psoriatic features in
keratinocytes in vitro and in an IMQ-induced psoriasis-like
dermatitis model in mice. We show that TGN attenuated
cytokine-induced psoriatic activation of NF-kB and STAT3,
which are crucial transcription factors involved in the
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Figure 5. Effects of topical TGN on IMQ-induced psoriasis-like dermatitis in a mouse model. (a) Experimental scheme. (b) Macroscopic presentation of mice
on the 15th day after IMQ treatment. (c) Quantitative severity assessment throughout the 14-day experimental period (n = 6—9). Thickness, erythema, and
scaling of the back skin were scored every other day on a scale from 0 to 4. The cumulative score was calculated and presented as the mean =+ SD. *P < 0.05,
**P < 0.01, and ***P < 0.001 versus IMQ-treated group. (d) Thickness of the right ear was measured with a caliper, and erythema and scaling were scored every
other day. (e) Representative morphology of spleens of each group. (f) Spleen index (spleen weight/body weight) was calculated (n = 6—9). ***P < 0.001 versus
IMQ-treated group. CAL, calcipotriol; IMQ, imiquimod; TGN, tussilagonone.

pathogenesis of psoriasis. Furthermore, the activation of NRF2/  exerted inhibitory effects on IMQ-induced psoriatic skin le-
HO-1 by TGN-mediated NF-kB and STAT3 inhibition sions, highlighting the potential for TGN as an antipsoriatic
(Supplementary Figure S3). Topical administration of TGN  agent.
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The pathophysiology of psoriasis is multifactorial, which is
associated with a number of biochemical and immunological
disturbances. It has been demonstrated that oxidative stress is
involved in the pathogenesis of psoriasis (Kadam et al.,
2010). Dimethylfumarate, the main ingredient of oral fuma-
ric acid esters (Fumaderm), which has been used as a sys-
temic therapy for the treatment of moderate to severe forms of
psoriasis, is a potent NRF2 activator through its capacity to
directly modulate specific cysteine residues in the NRF2
antagonist KEAP1 (Brennan et al., 2015). Preclinical studies
have demonstrated that dimethylfumarate exhibits anti-
inflammatory and cytoprotective activities that are partially
mediated by the NRF2 antioxidant response pathway (Fox
et al., 2014). Additionally, several studies revealed that
pharmacological upregulation of HO-1 contributes to the
attenuation of psoriatic features in vitro and in vivo (An et al.,
2016; Campbell et al., 2018; Zhang et al., 2016). TGN
significantly activated NRF2 and induced expression of its
downstream target gene HO1/Hol in keratinocytes. Activa-
tion of NRF2/HO-1 by TGN suppressed the activation of NF-
kB and STAT3, resulting in the suppression of inflammatory
responses and keratinocyte hyperplasia, the main features of
psoriatic lesions. The present results demonstrate that NRF2
activation by TGN might be used therapeutically for the
treatment of psoriasis by modulating the activation of tran-
scription factors associated with psoriasis as well as by pro-
moting the defense system of the skin.

The IMQ-induced murine model is widely used to study
psoriasis-like skin dermatitis in mice. IMQ is a ligand for
TLR7 and TLR8 and a potent immune activator. Topical
application of IMQ produces psoriasis-like skin lesions in
mice, which display many of the same phenotypic and his-
tological characteristics as those observed in psoriasis in
humans: induction of acanthosis, parakeratosis, and a mixed
inflammatory infiltrate mediated by elevation of the IL-23/IL-
17 axis (van der Fits et al., 2009). It was also shown that the
application of IMQ on human nonlesional psoriatic skin
resulted in psoriasis-like skin inflammation, although it differs
somewhat from typical psoriasis in patients (Vinter et al.,
2015). In this study, IMQ was topically applied to the
mouse’s back skin and right ear for five consecutive days. On
the fifth day of IMQ treatment, psoriasis-like skin conditions
were observed, such as increased skin thickness and
increased lesion severity score for erythema and scaling in
the IMQ group compared with the control group. Cotreat-
ment with IMQ and TGN for nine more days ameliorated
both phenotypical and histological changes of psoriasis
induced by IMQ. In addition, TGN inhibited NF-kB and
STAT3 activation and reduced the expression of immune
mediators and epidermal proliferation in skin tissue homog-
enates. These results are in consistent with the findings of the
in vitro studies.

The spleen is the largest secondary lymphoid organ in the
immune system, and its enlargement with an increase in
weight represents the increase of cells in the spleen and the
elevation of immune reactions (Qin et al., 2014; van der Fits
et al., 2009). Topical administration of TGN significantly
reduced the IMQ-induced spleen index, indicating an anti-
inflammatory effect of TGN. Because TGN exerts therapeu-
tic effects on psoriatic lesions through the modulation of
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psoriasis-associated transcription factors, it can be seen as a
result of a systematic immune response. Further studies are
required to determine how topical treatment of TGN directly
or indirectly affects the immune system and clarify the
pharmacokinetic profile of TGN after topical application.

Vitamin D analogs, such as CAL, tacalcitol, and max-
acalcitol, are the most popularly prescribed first-line topical
treatments for psoriasis (Barrea et al., 2017). The biological
activities of vitamin D analogs are mediated through the
vitamin D receptor, a ligand-activated transcription factor,
which regulates gene transcription in target cells such as
keratinocytes and lymphocytes (Carlberg and Campbell,
2013). A recent study demonstrated that topical CAL appli-
cation exerted an antipsoriatic effect in a murine model of
psoriasis by controlling the IL-23/IL-17A axis and systemic
burden of pathogenic T17 cells (Kusuba et al., 2018). Here,
topical treatment of TGN in mice showed comparable effects
to CAL by regulating transcription factors involved in the
pathogenesis of psoriasis. We found that TGN, but not CAL,
induced activation of NRF2/HO-1, showing that TGN and
CAL have a different mechanism of action (Figure 3a and
Supplementary Figure S4). In addition, CAL-mediated inac-
tivation of STAT3 in IMQ-treated skin (Figure 6h) seems to be
an indirect response accompanied by the suppression of the
IL-23/IL-17 axis (German et al., 2019; Kusuba et al., 2018).
Several studies have indicated that CAL can induce signifi-
cant ear swelling and atopic dermatitis-like skin inflamma-
tion (Kim et al., 2013; Li et al., 2006). The most common side
effect of CAL is skin irritation (red, dry, and itchy skin),
exhibiting similarities with atopic dermatitis lesions (Cottlieb,
2005). If further studies reveal that TGN has fewer side effects
than CAL, TGN could be useful as a safe topical treatment for
psoriasis.

In conclusion, it was demonstrated that TGN diminishes
the activation of NF-kB and STAT3 in keratinocytes in vitro
and in mice. ATGN-activated NRF2 pathway has an essential
role in the regulation of these transcription factors. Thus,
pharmacological NRF2 activation may relieve psoriasis
symptoms through the signaling cross-talk with psoriasis-
related transcription factors. Furthermore, in an IMQ-
induced psoriasis-like dermatitis mouse model, topical
TGN treatment not only provided local symptomatic benefit
but also contributed to the control of systemic immune re-
sponses. Taken together, TGN, a naturally derived compound
that can activate NRF2, will be of interest for the develop-
ment of a new drug for psoriasis.

MATERIALS AND METHODS
Experimental details are described in Supplementary Materials and
Methods.

Cell culture

Human HaCaT cells were originally obtained from Dr Norbert E.
Fusenig (German Cancer Research Center, Heidelberg, Germany)
and subcultured in our laboratory. The cells were cultured in DMEM
supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin. Adult human epidermal keratinocytes
(Gibco, Life Technologies, Carlsbad, CA) were cultured in Epilife
Medium  supplemented with  Human Keratinocyte Growth
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Figure 6. Inhibitory effects of TGN on the expression of inflammatory genes and epidermal hyperproliferation in IMQ-induced psoriasis-like mouse skin. (a)
H&E staining of skin biopsies (magnification, x200). Insets with red box show increased immune cell influx (magnification, x400). Bar = 100 pm. (b, c)

Epidermal thickness and number of infiltrating cells of the (b) back and (c) ear skin in representative HPFs (n = 6—9). (d) Immunohistochemical analysis of NF-kB
p65 in the epidermis (magnification, x200). Bar = 100 pm. (e, f) mMRNA from back skin of Balb/c mice was analyzed for expression of (e) inflammatory cytokines
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Supplement (Gibco, Life Technologies). Cells were maintained at
37°C in a humidified atmosphere of 5% CO, and 95% air.

Animals

Female Balb/c mice (7 weeks old, 17—20 g) were purchased from
Koatech Co (Pyeongtaek, Korea). All mice were housed in a
pathogen-free barrier zone of the Seoul National University Animal
Laboratory at 22 + 2°C with 50 £ 5% humidity in a 12-hour light/
dark cycle. All animal studies were performed according to the
approved guidelines of Seoul National University Institutional Ani-
mal Care and Use Committees (approval ID: SNU-180206-1).

IMQ-induced psoriasis-like dermatitis model in mice

The back skin of the mice was shaved using an electric clipper and
then treated with a depilatory cream to remove residual hairs 2 days
before treatment. The mice were divided into the following six
groups, with 6—9 mice for each group: (i) Vehicle control group
(Vaseline cream plus ethanol-treated group), (ii) IMQ group (IMQ
plus ethanol-treated group); (iii) IMQ + TGN 1 nmol/100 pl group
(IMQ plus TGN T nmol-treated group); (iv) IMQ + TGN 5 nmol/100
ul group (IMQ plus TGN 5 nmol-treated group); (v) IMQ + CAL 5
nmol/100 pl group (IMQ plus CAL 5 nmol-treated group); and (vi)
TGN 5 nmol/100 pl group (Vaseline cream plus TGN 5 nmol-treated
group). Whereas control mice received a control cream, the IMQ-
treated mice received a daily topical dose of 20 and 62.5 mg of
5% IMQ cream (Aldara, 3M Pharmaceuticals, Maplewood, MN) on
the right ear and the shaved back skin, respectively, for five
consecutive days to induce the disease before drug treatment. The
IMQ group and IMQ + drug groups continued to receive the same
dose of IMQ for a total of 14 consecutive days to achieve optimal
chronic inflammation. From day 6, the IMQ + drug groups first
received topical application of TGN or CAL. The back and ear skin
were topically treated with TGN or CAL dissolved in ethanol in a
volume of 100 pl (on shaved back skin) or 20 pl (10 pl on each side
of the right ear) daily from days 6—15.

Statistical analysis

The results represent the mean + standard deviation from at least
three different experiments. Statistical analyses were performed with
a one-way analysis of variance with Dunnett’s and/or Bonferroni’s
multiple comparisons test using GraphPad Prism 7.0 software (San
Diego, CA). P-values less than 0.05 were considered statistically
significant.
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SUPPLEMENTARY MATERIALS AND METHODS
Preparation of tussilagonone (TGN)

TGN was obtained by hydrolysis of tussilagone, which was
preparatively separated from Farfarae Flos (Song et al., 2017).
One gram of tussilagone was dissolved in 70% aqueous
acetonitrile, and sodium hydroxide was added to the 100 mM
solution. The reaction mixture was stirred at 25°C for 1 hour,
followed by solvent extraction with chloroform. The lower
layer (organic solvent) was evaporated and separated by
counter-current chromatography. The conditions were as
follows: n-hexane as stationary phase, water (eluent A) and
acetonitrile (eluent B) as mobile phase, linear gradient,
0—100 min (70—90% B) and 100—150 min (90% B), at a flow
rate of 8 ml/min and a rotation speed of 450 rpm. Eluate from
138—152 min was collected and dried (345 mg), followed by
structural determination. The TH and 13C NMR spectra were
compared with previous literature (Park et al., 2008).

Isolation and culture of primary epidermal keratinocytes
Isolation and cultivation of murine primary keratinocytes was
performed using newborn (from 2 to 4 days old) mice as
previously described (Siegenthaler et al., 2018). Mice were
immersed in 70% ethanol, then in sterile phosphate buffered
saline, followed by 70% ethanol and, finally, again in phos-
phate buffered saline. Skin laid flat with the epidermis facing
up was incubated in 2.5% trypsin at 37°C for 60 minutes,
then the epidermis was separated from the dermis and
incubated in DNase solution (0.25 mg/ml) for 20 minutes at
37°C while shaking at 80 rpm. The epidermis/DNase solution
was then filtered through a 100-pm cell strainer and pelleted
by centrifugation (1,200 rpm for 5 minutes). Cells were
seeded on collagen-IV (2.5 g/cm?)-coated dishes. The me-
dium was changed the following day, and cells were grown
to 90% confluency in defined keratinocyte medium (Invi-
trogen, Thermo Fisher Scientific, Waltham, MA), supple-
mented with 10 ng/ml epidermal growth factor and 10™'° M
cholera toxin with low-calcium fetal bovine serum as done
previously (Siegenthaler et al., 2018).

Western blot analysis

Total cell lysates and cytosolic and nuclear extracts were
prepared as previously described (Lee et al., 2018). The
protein concentration was quantified using the Bradford
protein assay (Bio-Rad Laboratories, Hercules, CA). Equal
amounts of protein (30 pg) were loaded on 8—10% of
SDS—polyacrylamide gels and transferred to nitrocellulose
membranes. The membranes were incubated with primary
antibodies overnight at 4°C and incubated with horseradish
peroxidase—conjugated secondary antibodies for 1 hour at
room temperature. The immunoblots were detected with an
EZ-Western detection kit (DoGEN, Seoul, Korea).

Quantitative real-time reverse transcriptase—PCR

RNA was isolated using the Trizol reagent kit (Invitrogen).
One microgram of total RNA was synthesized into cDNA
using the amfiRivert Platinum cDNA Synthesis Master Mix
(GenDepot, Barker, TX) according to the manufacturer’s in-
structions. PCR amplification of target genes was performed
using forward and reverse primers and a SYBR Green work-
ing solution (iTaq Universal SYBR Green Supermix, Bio-Rad)
with an Applied Biosystems 7300 real-time PCR system and
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software (Applied Biosystems, Carlsbad, CA). Gene expres-
sions were normalized to Gapdh using the 2722 method of
relative quantification. The following primers were used: h-
GAPDH, 5'-TGTTGCCATCAATGACCCCTT-3’ (F) and 5'-
CTCCACGACGTACTCAGCG-3’ (F); h-IL6, 5'-AAATGC
CAGCCTGCTGACGAAC-3" (F) and 5-AACAACAATCTG
AGGTGCCCATGCTAC-3" (R); h-IL23, 5'-CAGCAACCCT
GAGTCCCTAA-3’ (F) and 5'-TCAACATATGCAGGTCCCACT
-3’ (R); TNFa, 5-TTCGTCTACTGAACTTCGGGGTGATCGG
TCC-3" (F) and 5-GTATGAGATAGCAAATCGGCTGA
CGGTGTGGG-3" (R); h-STO0A7, 5'-AGACGTGATGACAA
GATTGAC-3" (F) and 5-TGTCCTTTTTCTCAAAGACGTC-3’
(R); h-CXCL8, 5'-GTCCTTGTTCCACTGTGCCT-3’ (F) and 5'-
GCTTCCACATGTCCTCACAA-3" (R); m-Gapdh, 5'-AGGTC
GGTGTGAACGGATTTG-3" (F) and 5-GGGGTCGTTGA
TGGCAACA-3" (R); m-Il17a, 5-CTCCAGAAGGCCCTCA
GACTAC-3" (F) and 5'-GGGTCTTCATTGCGGTGG-3" (R);
m-1122, 5'-ATGAGTTTTTCCCTTATGGGGAC-3’ (F) and 5'-
GCTGGAAGTTGGACACCTCAA-3' (R); m-1123a, 5'-AACTCC
TCCAGCCAGAGGATCA-3’ (F) and 5-TCTTGGAACGGA
GAAGGGGG-3' (R); m-Tnfa, 5-TGCCTATGTCTCAGCC
TCTTC-3’ (F) and 5-GAGGCCATTTGGGAACTTCT-3" (R);
m-5100a7, 5'-GAGGAGTTGAAAGCTCTGCTCTTG-3’
(F) and 5-GTGATGTAGTATGGCTGCCTGCGG-3' (R); m-
§100a8, 5'-AAATCACCATGCCCTCTACAAG-3" (F) and 5'-
CCCACTTTTATCACCATCGCAA-3" (R); m-5100a9, 5'-GCA-
CAGTTGGCAACCTTTATG-3' (F) and 5-TGATTGTCCTGGTT
TGTGTCC-3' (R); and m-Defb4, 5'-CTCCACTTGCAGCCTT
TACC-3’ (F) and 5'-ATCTGTCGAAAAGCGGTAGGG-3' (R).

Luciferase assay

HaCaT cells were cotransfected with 0.5 pg of pRL-CMV
control vector (Promega, Madison, WI) and 5 pg of antioxi-
dant response element—Iluciferase plasmid using iN-fect
transfection reagent (iNtRON Biotechnology, Seongnam,
Korea), according to the manufacturer’s instructions. After 24
hours of transfection, the cells were treated with TGN for an
additional 24 hours. The luciferase activity was determined
using a dual luciferase assay system (Promega).

Trypan blue exclusion assay

For the trypan blue exclusion test, 5 x 10* cells per well were
seeded in 12-well plates. After TGN treatment for 24 hours
and 48 hours, cells were trypsinized and resuspended in 1 ml
culture media. Next, 10 pl trypan blue (0.4%, Sigma-Aldrich)
was added to 10 pl of cell suspension and 10 pl of the
mixture was loaded in a hemocytometer. Only viable (non-
stained) cells were counted.

Flow cytometric analysis of cell cycle

Cells were collected and fixed with cold 70% ethanol by
adding drop-wise during shaking, and then incubated
at —20°C. Ethanol was then removed and pellets were
resuspended in staining solution containing 2 pug/ml pro-
pidium iodide, followed by a further incubation for 15
minutes at 37°C, protected from light. Cell cycles were
analyzed using Fortessa flow cytometer (BD Biosciences,
San Jose, CA).

Transient transfection of small interfering RNA
Cells that were about 80% confluent in 6-well plates were
transfected with 100 nM scrambled, small interfering RNA,
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NRF2 and HO-1 small interfering RNA (Bioneer, Daejeon,
Korea) using Lipofectamine RNAIMAX (Invitrogen) for 48
hours before treatment. Cells were treated with cytokines and
TGN and then used for subsequent experiments.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as previ-
ously described (Hiebert et al., 2018). Briefly, primary
cultured murine keratinocytes were grown to 80—90%
confluency in 14-cm culture dishes. Cells were treated
with 10 uM TGN or DMSO as a control for 6 hours.
Chromatin lysate was prepared by the homogenization of
the cross-linked cell lysate. The chromatin and antibody-
bead complexes were then subjected to immunoprecipi-
tation. The following antibodies were used: anti-histone
H3 (Abcam, Cambridge, United Kingdom), anti-NRF2
(Santa Cruz Biotechnology, Dallas, TX), and anti-rabbit
IgG (Millipore, Burlington, MA). The samples were then
captured using a magnetic tube rack (DynaMag-2 magnet,
Thermo Fisher Scientific) and resuspended in a DNA
elution buffer. The protein-DNA cross-links were reversed
and the DNA was purified. DNA was then analyzed by
real-time PCR for the presence of DNA fragments con-
taining antioxidant response element promoter regions of
Ho1 and NgoT1 using primers. The following primers were
used: Hol antioxidant response element, 5'-
GGGGCTAGCATGCGAAGTGAG-3’ (F) and 5-CAGGTCT
GACTTGGGAATCCC-3" (R); Ngol antioxidant response
element, 5-AGCAGAACGCAGCACGAAT-3’ (F) and 5'-
CACTCAGCCGTGGGAAGT-3' (R).

Scoring severity of skin inflammation

Thickness, erythema, and scaling of back skin and ear were
measured every other day throughout the entire 14 days of
the experiment. The severity of the disease was measured
using a semiquantitative scoring system. Erythema, scaling,
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and thickening of the skin were scored independently from
0 to 4 based on the macroscopic physical appearance of the
mice: 0, none; 1, slight; 2, moderate; 3, marked; and 4, se-
vere. Ear skin thickening was assessed by measuring thick-
ness using an electronic digital caliper (Mitutoyo, Japan). The
cumulative score (erythema plus scaling plus thickening)
served as a measure of the severity of inflammation (scale
0—12).

Histology and immunohistochemistry

After a total of 14 days, all mice were euthanized and skin
tissues were freshly harvested and fixed in 4% para-
formaldehyde for histological and biochemical analysis. Skin
tissues were embedded in paraffin, and the paraffin sections
(3 um) were stained with hematoxylin and eosin or incubated
with antibodies against Ki-67, NF-kB p65, and p-STAT3
(1:200 dilution). Images were taken using a microscope 1X70
(Olympus, Tokyo, Japan).
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Supplementary Figure S1. Effect of TGN on the activation of ARE luciferase
activity. HaCaT cells were treated with the indicated times of TGN.
ARE-luciferase activity was measured using a dual luciferase assay (n = 4).
*P < 0.05 and ***P < 0.001 versus control. ARE, antioxidant response
element; TGN, tussilagonone.

CON IMQ

Supplementary Figure S2. Macroscopic appearance IMQ-treated mouse
back skin. Photograph of mouse back skin was taken on the 5th day after IMQ

treatment. CON, control; IMQ, imiquimod.
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Supplementary Figure S3. The proposed mechanism of NRF2-mediated antipsoriatic effects of TGN by suppressing NF-kB and STAT3. TGN, tussilagonone;
Th17, T helper type 17; Th22, T helper type 22.
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Supplementary Figure S4. Effect of CAL on the activation of NRF2/HO-1.
HaCaT cells were treated with 10 nM CAL or 10 pM TGN for 6 hours. Protein

levels of NRF2 and HO-1 were determined by western blotting. CAL,
calcipotriol; TGN, tussilagonone.
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