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Abstract: Skullcapflavone II (SFII), a flavonoid derived from Scutellaria baicalensis, has been reported
to have anti-inflammatory properties. However, its therapeutic potential for skin inflammatory
diseases and its mechanism are unknown. Therefore, this study aimed to investigate the effect of
SFII on TNF-α/IFN-γ-induced atopic dermatitis (AD)-associated cytokines, such as thymus- and
activation-regulated chemokine (TARC) and macrophage-derived chemokine (MDC). Co-stimulation
with TNF-α/IFN-γ in HaCaT cells is a well-established model for induction of pro-inflammatory
cytokines. We treated cells with SFII prior to TNF-α/IFN-γ-stimulation and confirmed that it
significantly inhibited TARC and MDC expression at the mRNA and protein levels. Additionally,
SFII also inhibited the expression of cathepsin S (CTSS), which is associated with itching in patients
with AD. Using specific inhibitors, we demonstrated that STAT1, NF-κB, and p38 MAPK mediate
TNF-α/IFN-γ-induced TARC and MDC, as well as CTSS expression. Finally, we confirmed that SFII
significantly suppressed TNF-α/IFN-γ-induced phosphorylation of STAT1, NF-κB, and p38 MAPK.
Taken together, our study indicates that SFII inhibits TNF-α/IFN-γ-induced TARC, MDC, and CTSS
expression by regulating STAT1, NF-κB, and p38 MAPK signaling pathways.

Keywords: Skullcapflavone II; TARC; MDC; CTSS; STAT1; NF-κB; p38 MAPK; anti-inflammatory
activity; atopic dermatitis; keratinocytes

1. Introduction

Atopic dermatitis (AD) is a common chronic inflammatory skin disorder characterized
by eczematous lesions and intense itch [1]. The pathophysiology of AD involves a variety of
genetic, immunological, and environmental factors, which contribute to barrier dysfunction,
inflammation, pruritus, and their complex interactions. [2,3]. An important functions of
the skin is to serve as a barrier of our body from external stimuli [2]. AD skin lesions have
been associated with decreased levels of important components of the skin barrier including
filaggrin, loricrin, involucrin, and total ceramides [2]. Following epidermal barrier disrup-
tion, keratinocytes produce cytokines such as thymus- and activation-regulated chemokine
(TARC), macrophage-derived chemokine (MDC), thymic stromal lymphopoietin (TSLP),
interleukin (IL)-25, and IL-33, which recruit many immune cells to the inflamed skin [4].
Most of these are T-helper Th2 cells, which express IL-4 and IL-13 to promote a Th2-related
immune response, and are considered a key factor in the pathogenesis of AD [2]. Dendritic
cells and other dermal cells activated by IL-4 and IL-13 produce type 2 chemokines, such
as TARC, MDC, and CCL18, that attract Th2 cells [2,5,6]. The type 2 related cytokines, IL-4
and IL-13, downregulate the expression of filaggrin and loricrin, exacerbating skin barrier
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disruption [2]. In addition, IL-4, IL-13, and IL-31 activate downstream Janus kinase (JAK)
pathways and induce pruritus [2]. Although the pathogenesis of atopic itch remains unclear,
several additional factors related to pruritus, such as histamine-related neuroimmune inter-
actions, activation of protease-activated receptors (PAR), Staphylococcus aureus microbiome,
and IL-25 stimulation by house dust mite sensitization, have been considered [1,2,7,8].

The chemokines TARC and MDC are important for the development of inflammation
and are elevated in skin tissue and plasma of patients with AD [6,9–11]. They are produced
not only by the infiltrated immune cells but also by keratinocytes when activated by
Th2-related cytokines [12,13]. Keratinocytes are not classic immune cells; however, when
activated, they secrete Th2-related chemokines, stimulating the infiltration of immune
cells into inflamed skin areas and causing inflammatory skin disease [14,15]. Th2-related
chemokines derived from keratinocytes include TARC, MDC, and RANTES (Regulated
on activated normal T-cell expressed and secreted) [4,16]. Stimulation of HaCaT cells, a
human keratinocyte cell line, with TNF-α and IFN-γ is the most widely employed model for
TARC and MDC induction [17–19]. Such stimulation also induces other pro-inflammatory
cytokines and chemokines, such as RANTES, interleukin (IL)-6, IL-1β, TNF-α, and IL-8 [12].

Cathepsin S (CTSS) is a cysteine protease that belongs to the family of cathepsin
lysosomal enzymes. CTSS has elastase activity and plays a role in major histocompatibility
complex (MHC) class II-mediated antigen presentation. Additionally, CTSS is associated
with inflammatory processes, including those in atherosclerosis and asthma, and plays a
pruritic role in inflammatory skin diseases such as AD by activating protease-activated
receptor 2 (PAR2) [20], which is involved in pain and itching signaling [21]. CTSS is not nor-
mally expressed in keratinocytes but is upregulated in IFN-γ-stimulated or inflammatory
conditions such as AD [22,23]. In addition, CTSS-overexpressing transgenic mice develop
skin diseases similar to chronic AD [24].

Skullcapflavone II (SFII; 5,2′-dihydroxy-6,7,8,6′tetramethoxy-flavone) was isolated
from the roots of Scutellaria baicalensis with more than 40 other flavonoids, including
baicalin, baicalein, and wogonin [25,26]. Flavonoids, a class of polyphenolic secondary
metabolites, have various medicinal benefits, such as anti-inflammation, anti-oxidation,
anti-tumor, cardio-protection, hepatic-protection, and neuroprotection effects [27,28]. SFII
has been reported to exhibit anti-inflammatory and antioxidant activities [29]. Further-
more, it was found to inhibit Th2 cytokine production and mast cell histamine release by
regulating NF-κB signaling in allergic rhinitis [26], and it attenuated the major pathophysi-
ological features of ovalbumin-induced allergic asthma in a mouse model by regulating
TGF-β1/Smad signaling pathways [30]. SFII also inhibited osteoclastogenesis through
redox regulation of MAPKs, Src, and CREB [31] and suppressed FBS- or TNF-α-induced
MMP-1 expression by regulating ERK/JNK and NF-κB pathways, respectively, in human
dermal fibroblasts [32]. However, the effects of SFII on inflammatory responses in various
skin inflammatory diseases, including AD, have not been studied yet. In this study, we
evaluated the anti-inflammatory effects of SFII on TNF-α/IFN-γ-induced TARC, MDC,
and CTSS production in HaCaT cells and investigated its regulatory mechanisms.

2. Results
2.1. SFII Significantly Suppresses TNF-α/IFN-γ-Induced TARC, MDC, and CTSS Expression

First, we evaluated the cytotoxicity of SFII against HaCaT cells. LDH analysis was
performed in the medium, 24 h after SFII or DMSO treatment. SFII did not result in any sig-
nificant cytotoxicity at the concentrations used in all the experiments in this study (Figure 1a).

Next, we demonstrated the effect of SFII on TARC and MDC. SFII significantly reduced
TARC and MDC mRNA expression induced by TNF-α/IFN-γ (Figure 1b). Furthermore,
SFII exerted this inhibitory effect in a dose-dependent manner up to concentrations of
25 µg/mL. TARC and MDC proteins secreted into the culture medium were measured
by ELISA. As shown in Figure 1c, the remarkable induction of TARC and MDC by TNF-
α/IFN-γ stimulation was significantly suppressed by SFII pretreatment. Consistent with
the mRNA data, the inhibitory effect of SFII on TARC was also dose-dependent.
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Figure 1. Skullcapflavone II (SFII) significantly suppressed TNF-α/IFN-γ-induced thymus- and activation-regulated
chemokine (TARC) and macrophage-derived chemokine (MDC) expression. (a) HaCaT cells were treated with 1, 10, and
25 µg/mL of SFII or 0.1% DMSO control (CNT or DMSO labeled) for 24 h, and the LDH assay was performed. For other
experiments, cells were stimulated with TNF-α/IFN-γ after SFII pretreatment. (b) Then, total RNA was extracted at 18 h,
and the mRNA expression of TARC and MDC was measured by quantitative real-time PCR. (c) Conditioned media were
harvested 24 h after stimulation, and TARC and MDC protein expression was measured using ELISA. The mRNA and
protein levels, relative to those in the TNF-α/IFN-γ-stimulated DMSO control samples, are presented as mean fold-changes
± SEM of independent experiments (N = 4 or 5). Statistical comparisons were performed using a one-way ANOVA followed
by Bonferroni’s post-hoc test (* p < 0.05, *** p < 0.001).

We then checked whether SFII could also alleviate CTSS expression. CTSS mRNA
expression was significantly inhibited by 25 µg/mL of SFII treatment (Figure 2a). Using
western blotting, CTSS proteins could be detected in two forms, pro-CTSS (35 kDa) and
active CTSS (25 kDa). In the lysate, active CTSS was expressed at higher levels than pro-
CTSS (Figure 2b). Both forms were significantly increased by TNF-α/IFN-γ-stimulation.
However, SFII treatment (10 to 25 µg/mL) significantly suppressed only active CTSS, and
not pro-CTSS, in a dose-dependent manner. Meanwhile, in the medium, only pro-CTSS
was mainly detected, and active-CTSS was hardly found. Pro-CTSS in the medium was
significantly induced by TNF-α/IFN-γ and was significantly inhibited by treatment with
SFII at a concentration of 25 µg/mL. Taken together, SFII not only inhibits TNF-α/IFN-γ-
induced TARC and MDC but also inhibits CTSS.
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Figure 2. SFII significantly suppressed TNF-α/IFN-γ-induced cathepsin S (CTSS) expression. HaCaT
cells were stimulated with TNF-α/IFN-γ after SFII pretreatment. (a) Then, total RNA was extracted
at 18 h, and the mRNA expression of CTSS was measured by quantitative real-time PCR. (b) Cell
lysates and conditioned media were harvested 24 h after stimulation, and protein levels of CTSS were
measured by western blotting. Band intensity was analyzed using ImageJ software, and the combined
sum of pro and active CTSS band intensities was normalized to that of β-actin. The mRNA and
protein levels, relative to those in the TNF-α/IFN-γ-stimulated DMSO control samples, are presented
as mean fold-changes ± SEM of independent experiments (N = 4 or 5). Statistical comparisons were
performed using a one-way ANOVA followed by Bonferroni’s post-hoc test (** p < 0.01, *** p < 0.001).
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2.2. TNF-α/IFN-γ-Induced TARC, MDC, and CTSS Expression Is Mediated by STAT1, NF-κB,
and p38 MAPK Activation

Subsequently, we investigated the molecular mechanism underlying the suppressive
effect of SFII on TNF-α/IFN-γ-stimulated TARC, MDC, and CTSS in HaCaT cells. TNF-α
and IFN-γ are known to induce chemokine production by activating STAT1, NF-κB, and
p38 [33]. Moreover, TARC and MDC promoters contain these transcription factor-binding
sequences [34]. In this context, many studies have shown that STAT1, NF-κB, and p38
are mediators of TNF-α/IFN-γ-induced TARC and MDC production [35,36]. However,
the mediator of CTSS is not well known. Therefore, we pre-treated cells with specific
inhibitors for 30 min before TNF-α/IFN-γ-stimulation to identify signaling molecules
that mediate the expression of TARC and MDC and to find new signaling transcription
factors that mediate CTSS expression. The inhibitors of STAT1 (JAK inhibitor I), NF-κB p65
(BAY11-7082), and p38 MAPK (SB203580) significantly inhibited TNF-α/IFN-γ-induced
mRNA and protein expression of TARC and MDC, whereas JNK (SP600125) and ERK
(PD98059) inhibitors did not (Figure 3).
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Figure 3. TNF-α/IFN-γ-induced TARC and MDC expression were mediated by STAT1, NF-κB, and p38 MAPK. Cells were
pretreated with the JAK I inhibitor (JAK, 5 µM), BAY 11-7082 (BAY, 25 µM), SB203580 (SB, 40 µM), SP600125 (SP, 20 µM),
PD98059 (PD, 20 µM), or DMSO for 30 min and then stimulated with TNF-α/IFN-γ for 18 h (for mRNA) or 24 h (for protein).
(a) The expression of TARC and MDC mRNA was measured by quantitative real-time PCR. (b) Protein levels of TARC
and MDC were measured using ELISA with the conditioned media. The mRNA and protein levels, relative to those in the
TNF-α/IFN-γ-stimulated DMSO control samples, are presented as mean fold-changes ± SEM of independent experiments
(N = 3 or 4). Statistical comparisons were performed using a one-way ANOVA followed by Bonferroni’s post-hoc test
(** p < 0.01, *** p < 0.001).

Furthermore, the same inhibitors also suppressed TNF-α/IFN-γ-induced CTSS mRNA
and protein expression (Figure 4). These results confirmed that STAT1, NF-κB, and p38
MAPK mediate TNF-α/IFN-γ-induced TARC, MDC, and CTSS production.

2.3. SFII Suppresses TARC, MDC, and CTSS by Inhibiting TNF-α/IFN-γ-Induced
Phosphorylation of STAT1, p65, and p38 MAPK

We next examined the effects of SFII on TNF-α/IFN-γ-induced phosphorylation of
STAT1, p65, and p38 MAPK. HaCaT cells were pretreated with the indicated concentrations
of SFII for 30 min and stimulated with TNF-α/IFN-γ for 30 min, and then, lysates were
harvested. As shown in Figure 5a, SFII inhibited the phosphorylation of STAT1 (p-STAT1)
and p65 (p-p65 NF-κB) induced by TNF-α/IFN-γ. The densitometry results of the phospho-
rylation form versus total form revealed that SFII significantly suppressed both p-STAT1
and p-p65 at 25 µg/mL.

We then investigated the effect of SFII on the p38 MAPK kinase, which is an upstream
mediator of STAT1 and NF-κB signaling in TNF-α/IFN-γ-stimulation [36]. SFII showed a
significant suppressive effect on p38 activation from 10 to 25 µg/mL in a dose-dependent
manner (Figure 5b). These results suggest that SFII suppresses TNF-α/IFN-γ-induced
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phosphorylation of STAT1, p65, and p38 MAPK, resulting in the suppression of TARC,
MDC, and CTSS.
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Figure 4. TNF-α/IFN-γ-induced CTSS expression was mediated by STAT1, NF-κB, and p38 MAPK. Cells were treated as in
Figure 3. (a) The expression of CTSS mRNA was measured by quantitative real-time PCR. (b) Protein levels of CTSS in
cell lysates or conditioned media were measured by western blotting. Band intensity was analyzed using ImageJ software
and the combined sum of pro and active CTSS band intensities was normalized to that of β-actin. The mRNA and protein
levels, relative to those in the TNF-α/IFN-γ-stimulated DMSO control samples, are presented as mean fold-changes ± SEM
of independent experiments (N = 3 or 4). Statistical comparisons were performed using a one-way ANOVA followed by
Bonferroni’s post-hoc test (** p < 0.01, *** p < 0.001).
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Figure 5. SFII suppressed TNF-α/IFN-γ-induced TARC, MDC, and CTSS by inhibiting STAT1, p65,
and p38 MAPK activation. Cells were pretreated with 1, 10, and 25 µg/mL of SFII or DMSO, 30 min
prior to TNF-α/IFN-γ-stimulation, and then, the cell lysate samples were harvested at 30 min after
stimulation. Protein levels of (a) phosphorylated and total forms of STAT1 (p/t-STAT1), p65 (p/t-p65),
and (b) p38 (p/t-p38) were measured by western blotting. Band intensity was analyzed using ImageJ
software and normalized to the total form of each protein. Relative phosphorylated protein levels,
normalized to those in the TNF-α/IFN-γ-stimulated DMSO control sample, are presented as the
mean fold-change ± SEM of data (N = 4). Statistical comparisons were performed using a one-way
ANOVA followed by Bonferroni’s post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001).
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3. Discussion

S. baicalensis is widely used in traditional medicine, and its main bioactive flavonoids,
baicalin and baicalein, have been found to have diverse beneficial activities, including
antioxidant and anti-inflammatory effects [37,38]. They are being extensively studied for
the treatment of various metabolic syndromes, respiratory diseases, autoimmune diseases,
cancers, and inflammatory diseases in different organs [37,38]. Root extracts of S. baicalensis
and its major components, baicalin and baicalein, have also been reported to exhibit
anti-inflammatory effects on AD-induced NC/Nga mice [39,40].

SFII is another bioactive flavonoid compound found in the root extracts of S. baicalen-
sis [41]. It is also known as neobaicalein, due to its structural similarity to baicalein [42];
however, SFII is not as actively studied, probably owing to its relatively low abundance
in S. baicalensis extracts [43]. Nevertheless, a few previous studies have reported the
anti-inflammatory activity of SFII. SFII inhibited Th2 cytokine production by regulating
NF-κB signaling in allergic rhinitis [26] and attenuated the inflammatory responses in an
ovalbumin-induced allergic asthma mouse model by regulating TGF-β1/Smad signaling
pathways [30]. In another study, SFII was found to inhibit FBS- or TNF-α-induced MMP-1
expression by regulating ERK/JNK and NF-κB signaling pathways, respectively, in human
dermal fibroblasts [32]. In our study, we demonstrated for the first time that SFII can
regulate JAK/STAT1 and p38 MAPK pathways, and also inhibits the NF-κB pathway, all
of which are well-known pathways involved in the TNF-α/IFN-γ-induced inflammatory
response model using HaCaT cells [35,36].

The range of SFII concentrations employed has varied widely across studies, due to its
differential range of cytotoxicity according to cell types. For instance, SFII concentrations
more than 2 µM were toxic to bone marrow-derived macrophages [31], but no cytotoxicity
was observed till 10 µM in human dermal fibroblasts [32], and at 20–250 µM in SH-SY5Y
neuroblastoma cells [42]. Similar to SH-SY5Y cells, a SFII concentration range of 1–25 µg/mL
(=2.7–66.7 µM) was used in the current study in HaCaT cells, with no cytotoxicity.

NF-κB and p38 MAPK are thought to be key regulators of inflammatory diseases [44,45].
Moreover, p38 is known to enhance NF-κB signaling [46]. In usual circumstances, NF-κB
exists in the cytosol in an inactive form complexed with inhibitors of κB (IκB). Phosphory-
lation and degradation of IκB are induced in response to cellular stimuli, resulting in the re-
lease of free activated NF-κB heterodimers, followed by their translocation into the nucleus,
with phosphorylation on the p65 subunit-containing transactivation domain [44]. TNF-α
is one of the most well-known activators of the NF-κB pathway [44]. In many cell types,
TNF-α induces the degradation of IkBα, and the phosphorylation and nuclear translo-
cation of p65 [44]. p38 MAP kinases (p38α, p38β, p38γ, and p38δ) are serine/threonine
protein kinases that play roles in responses to various external stress signals [45]. p38α,
the most studied kinase, is known to participate in inflammatory signal transduction and
cytokine production [45]. p38 has also been reported to contribute to the expression of
TARC and MDC induced by TNF-α/IFN-γ in HaCaT cells, as an upstream regulator of
STAT1 and the NF-κB pathway [36]. Inhibition of p38 was observed to downregulate
phosphorylation of STAT1 and nuclear translocation of p65 [36]. In addition, p38 was also
found to regulate the phosphorylation and phosphoacetylation of histone H3, enhancing
the recruitment of NF-κB to binding sites in the H3 phosphorylated area [46], independent
of p65 translocation. Therefore, inhibition of both NF-κB and the p38 MAPK pathways
by SFII as demonstrated in the current study could have a synergistic regulatory effects
on NF-κB-mediated inflammatory gene expression. However, the inhibition of p65 and
p38 phosphorylation by SFII was less pronounced than that of STAT1. A combination of
SFII with stronger antagonists of the NF-κB or p38 MAPK pathway might confer stronger
anti-inflammatory effects.

STAT proteins are well known for their roles in transducing cytokine-mediated signals
and specifying Th cell differentiation [47]. There are seven members of the STAT family,
and it is generally known that the development of Th1, Th2, and Th17 immune responses
is mediated by STAT4/STAT1, STAT6/STAT5, and STAT3, respectively [48]. Among them,
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STAT1 is responsible for the transduction of type 1 IFN signals (α and β) and type 2
signals (γ) through a JAK1/2-dependent mechanism [49]. In particular, it is a major signal
transmitter of IFN-γ, an important mediator of immune responses and inflammation [50,51],
and its deficiency results in susceptibility to viral diseases and impaired responses to IFN-γ
and IL-27 [47,52,53]. Some reports postulate a role for STAT1 in terms of the Th2-immune
response in AD. In addition to mediating TARC and MDC production by TNF-α/IFN-γ-
stimulation in HaCaT cells [54,55], it has been reported that STAT1 can be activated by
the human TSLP receptor [48,56]. Moreover, IL-31 which is mainly produced by Th2 cells,
activates JAK1 and/or JAK2 and, STAT1, STAT3, and STAT5 [4]. Since TSLP and IL-31
mediate the histamine-independent itch pathway, STAT1 might also be involved in pruritus
in AD [4]. In this context, JAK/STAT signaling is considered as one of the representative
therapeutic targets of several inflammatory diseases, and recently, JAK inhibitors have
been applied as a new therapeutic strategy for AD [7,57]. Thus, the inhibition of STAT1
phosphorylation in TNF-α/IFN-γ-stimulated HaCaT cells by SFII, and therefore, it has a
potential therapeutic effect on AD.

Moreover, we revealed for the first time that the regulation of TNF-α/IFN-γ-induced
CTSS production (in addition to TARC and MDC) is also mediated by STAT1, NF-κB,
and p38 MAPK pathways. We also confirmed that ERK and JNK are not involved in
TNF-α/IFN-γ-induced cytokine or CTSS expression, similar to earlier reports [17,58]. CTSS
is known to activate PAR2 signaling [20], a main mediator of itching signals in AD [21],
and CTSS-overexpressing transgenic mice have been reported to develop a chronic AD-like
skin phenotype [24]. PAR2 signaling activates histamine-independent itching pathways,
like the release of pruritogenic mediators and increased expression of TSLP, and histamine
antagonists are known to be less effective as treatment for atopic dermatitis-related itch. In
such conditions, the regulatory effect of SFII on CTSS confer an advantage in AD-related
itch treatment.

Because TARC and MDC are well-known Th2 chemokines, highly expressed in skin
lesions and plasma of patients with AD [9,10,54], the inhibitory activity of SFII against
TNF-α/IFN-γ-induced TARC and MDC expression suggests its possible anti-inflammatory
effects on AD. In several studies, molecules or plant extracts that exhibited inhibitory
effects on TARC and MDC induction in TNF-α/IFN-γ-stimulated HaCaT cells also showed
anti-inflammatory effects in AD-like mouse models induced by various reagents, such as
2,4-dinitrochlorobenzene (DNCB) or 1-fluoro-2,4-dinitrobenzene (DNFB) [59–61].

We could not examine the effects of SFII on other cytokines important for the develop-
ment of AD, such as IL-25, 33, or TSLP. A few reports have discussed the induction of these
cytokines in TNF-α/IFN-γ-stimulated HaCaT cells [62–64]; however, in our experiments,
mRNA expression of IL-25, IL-33, and TSLP was either not detected or detected at very
low levels. While this difference might be attributable to the experimental conditions,
it is also possible that TNF-α/IFN-γ-stimulated HaCaT might not have been a suitable
model for investigation of the effects of SFII on the expression of IL-25, IL-33, or TSLP. In
addition, we also attempted TNF-α/IFN-γ stimulation on primary keratinocytes; however,
we could not detect any secretion of TARC in the conditioned medium using ELISA. To
our knowledge, for TNF-α/IFN-γ stimulation experiments, nearly all studies were per-
formed using HaCaT cells, and studies using primary keratinocytes were scarce. We found
one study that included the TNFα and IFN-γ-mediated inductions of TARC and MDC in
primary keratinocytes [10]. In that study, the authors revealed that TNFα and IFN-γ, or
only IFN-γ treatment, could induce TARC and MDC mRNA expressions both in primary
keratinocytes and HaCaT cells. However, the secretion of TARC by stimulation with IFN-γ
in the conditioned medium of primary keratinocytes was not detected using ELISA, while
that of MDC was detected. We still do not know the reason for this phenomenon, but it
seems to be the reason why HaCaT cells are generally used for this experiment.

In conclusion, we newly found that SFII inhibits TNF-α/IFN-γ-induced TARC, MDC,
and CTSS expression by regulating STAT1, NF-κB, and p38 MAPK signaling pathways.
Our findings imply that SFII might be a potential therapeutic agent for inflammatory
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diseases, such as AD. Additional preclinical and clinical studies are warranted to validate
the anti-inflammatory activity of SFII.

4. Materials and Methods
4.1. Antibodies and Reagents

SFII was obtained from the Korea Research Institute of Bioscience and Biotechnology
(KRIBB, Daejeon, South Korea) [30]. Recombinant TNF-α and IFN-γ were purchased
from R&D Systems (Minneapolis, MN, USA). Primary antibodies against p-STAT1 (sc-592,
1:5000), t-STAT1 (sc-7988, 1:2000), and CTSS (sc-6503, 1:1000) were obtained from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA, USA), and those against p-p65 (CST3031S,
1:6000), t-p65 (CST8242S, 1:2000), p-p38 (CST9211S, 1:2000), and t-p38 (CST9212S, 1:2000)
were from Cell Signaling Technology Inc. (Danvers, MA, USA). Primary antibodies against
β-actin (Thermo Fisher Scientific, Waltham, MA, USA, MA5-15739, 1:2000) and horseradish
peroxidase-conjugated polyclonal secondary antibodies against mouse, rabbit, or goat IgG
(GeneTex, Inc., Irvine, CA, USA, 1:10,000) were also purchased. The inhibitors SB203580
(p38 inhibitor), SP600125 (JNK inhibitor), and PD98059 (MEK1 inhibitor) were purchased
from Tocris (Bristol, UK); InSolution™ JAK inhibitor I and BAY 11-7082 (NF-κB inhibitor)
were purchased from Calbiochem (San Diego, CA, USA).

4.2. Cell Culture

HaCaT cells, an immortalized human keratinocyte cell line, were kindly provided by
Dr. N.E. Fusenig, DKFZ, Heidelberg, Germany [65]. They were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Welgene, Daegu, Korea) supplemented with 10% fetal
bovine serum (FBS; Gibco, Rockville, MD, USA) and 1% penicillin–streptomycin (Gibco), in
a humidified 5% CO2 atmosphere at 37 ◦C. For the TNF-α/IFN-γ-stimulation model, cells
were first seeded (1.5 × 105 cells/dish in a 35 mm dish) and grown for 2–3 days and then
starved with 0% FBS-DMEM for 1 day at >90% confluence. Cells were then treated with
SFII, inhibitors, or DMSO in 0% FBS-DMEM for 30 min and then co-stimulated with TNF-α
(2 ng/mL) and IFN-γ (10 ng/mL) for the indicated times. In the lactate dehydrogenase
activity (LDH) assay, the cells were incubated without cytokine treatment.

4.3. Cell Cytotoxicity

Cytotoxicity induced by treatment with SFII was determined using the EZ-LDH Cell
Cytotoxicity Assay Kit (DoGenBio, Seoul, Korea). Briefly, cells were seeded in two sets
(cytotoxicity and control groups) and treated with the indicated concentrations of SFII. At
24 h after SFII treatment, water soluble tetrazolium salt (WST) was added to both groups,
and lysis buffer was added to the control group, followed by color development and
measurement of absorbance at 450 nm. The proportion of dead cells was calculated from
the ratio of absorbance in each group.

4.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Supernatants were collected from cells after 24 h of TNF-α/IFN-γ stimulation. TARC
and MDC production was then measured by ELISA using DuoSet ELISA kits for hu-
man TARC (DY364) and MDC (DY336) (R&D Systems), according to the manufacturer’s
instructions.

4.5. Quantitative Real-Time PCR

Total RNA was isolated from cultured HaCaT cells using RNAiso Plus (Takara Bio
Inc., Shiga, Japan) at 18 h after TNF-α/IFN-γ-stimulation. Subsequent cDNA synthesis
and product confirmation by real-time PCR was performed as detailed in our previous
report [66]. The following primer sequences were used for amplification: TARC forward:
5′-TTGTAACTGTGCAGGGCAGG-3′, reverse: 5′-TGAACACCAACGGTGGAGGT-3′, MDC
forward: 5′-GAAGCCTGTGCCAACTCTCT-3′, reverse: 5′-GGGAATCGCTGATGGGAACA-
3′, CTSS forward: 5′-TGGGCTTTCAGTGCTGTGGG-3′, reverse: 5′-TCAATGATGTACTGG
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AAAGC-3′, 18S rRNA forward: 5′-GTAACCCGTTGAACCCCATT-3′, reverse: 5′-CCATCC
AATCGGTAGTAGCG-3′, GAPDH forward: 5′-ATTGTTGCCATCAATGACCC-3′, reverse:
5′-AGTAGAGGCAGGGATGATGT-3′, U6 snRNA forward: 5′-CTCGCTTCGGCAGCACA-
3′, and reverse: 5′-AACGCTTCACGAATTTGCGT-3′. The data were analyzed by the
2(−∆∆Ct) method and are represented as fold-changes of gene expression, relative to levels
in the group of TNF-α/IFN-γ-stimulated cells pretreated with DMSO; the expression was
normalized to that of three endogenous control genes, 18S rRNA, GAPDH, and U6 snRNA.

4.6. Western Blot Analysis

After TNF-α/IFN-γ-stimulation, cell lysates were harvested at 30 min, and cell lysates
or conditioned media for CTSS analysis were collected at 24 h to determine the expression
of signaling molecules. To extract the proteins for western blotting, cells were harvested by
scraping on ice with 1× SDS-lysis buffer containing high concentrations of SDS (1.75%)
and 2-mercaptoethanol (715 mM), along with the Complete Mini protease inhibitor cock-
tail (Roche Applied Science, Indianapolis, IN, USA) and phosphatase inhibitor cocktails
(Sigma-Aldrich, St. Louis, MO, USA). Subsequent processes were performed as detailed in
ourprevious report [66]. Membranes were blocked using 5% BSA in tris-buffered saline
with 0.1% Tween® 20 (TBS-T), instead of 5% skim milk in TBS-T for the phospho-forms of
target proteins. A CCD camera, Amersham Imager 680 (GE Healthcare, Chicago, IL, USA)
was used for enhanced chemiluminescence signal detection. Only data with unsaturated
signals were used for analysis.

4.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software v.5.0.3 (GraphPad
Prism, La Jolla, CA, USA). A one-way ANOVA followed by Bonferroni’s post-hoc test
was used to compare the groups. Data are presented as the mean ± SEM of three or more
independent experiments. Statistical significance was set at p < 0.05.
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