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Abstract — Pemphigus is autoimmune blistering disease associated with autoantibodies (such as desmoglein
3 antibody) directed against the cell surface of keratinocytes, thereby loss of cell-cell adhesion of keratinocytes.
The pathogenesis of pemphigus is currently thought to be mediated by direct inhibition via autoantibodies and
subsequent signal transduction involving p38 mitogen activated protein kinase (MAPK) pathway. Several studies
have reported both mitogen-activated protein kinase kinase 3 (MKK3) and MKKG®6 are required for full activation
of p38, and we recently reported the activation of MKK3 in pemphigus skin tissue, but not MKKG6, suggesting
that MKK3 could be a potential therapeutic target for pemphigus vulgaris. Here, we found that AK23 IgG (desmoglein
3 antibody) induced the phosphorylation of MKK3 in human keratinocyte HaCaT cells, and treatment of MKK3-
inhibiting Lycopi Herba extract (ELH) with MKK3 kinase ICsy, 12.25 pg/mL significantly inhibited AK23-
induced fragmentation of HaCaT cell sheets in a dose-dependent manner without any cytotoxicity. Additionally,
ELH exhibited anti-atopic activity. In conclusion, MKK3 could play an important role in blister formation in
pemphigus, and the MKK3 inhibition by herbal extracts such as ELH could be a possible therapeutic strategy for
treating patients with pemphigus as well as atopic dermatitis.
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Introduction

Pemphigus refers to a group of autoimmune blistering
diseases of skin and mucous membranes associated with
autoantibodies directed against the cell surface of
keratinocytes, resulting in the loss of cell-cell adhesion of
keratinocytes. Pemphigus can be divided into four major
types: vulgaris, foliaceus, paraneoplastic, and IgA pemphigus.'
Of them, classical types of pemphigus are pemphigus vulgaris
(PV) and pemphigus foliaceus (PF). In both PF and PV,
the pathogenic IgG antibodies primarily target desmoglein
(Dsg), trasmembrane glycoproteins of desmosomes. The
target antigen of PV is Dsg 3, while the PF target antigen
is Dsg 1.2

In pemphigus, the disruption of cell-cell adhesion has
been currently thought to be mediated by autoantibodies
as well as by subsequent signal transduction triggered by
antibody binding. The role of p38 mitogen activated protein
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kinase (MAPK) pathway has been well-established in
pathogenesis of pemphigus. It plays an important role in
cellular response to various infectious and environmental
stimuli as well as osmotic/oxidative stress.” Activation of
p38 is found in in vitro studies using PV serum IgG and
mAbs, and in skin samples of patients with pemphigus,
thereby making p38 a promising drug therapy target.
However, p38 not only have four different isoforms (a, f3,
v, 0), but it is also involved in various cellular processes.
Therefore, targeting p38 using p38 inhibitors may lead to
the off-target effects and systemic toxicities.®

The classical p38 MAPK pathway involves the activation
of MEKK4, which then activates MKK3, MKK4, or MKK6.
These kinases subsequently phosphorylate p38 MAPK at
Thr180 and Tyr182, initiating signaling. MKK3 and MKKG®6,
with roughly 80% amino acid similarity, are primary
contributors to the activation of p38.” Previous studies
have reported both MKK3 and MKKG6 are required for
full activation of p38 MAPK in MKK3/MKK6 knock out
mice.® In addition, both MKK3 and MKKG6 are important
regulators of p38 and activated in the synovium of rtheumatoid
arthritis (RA) patients.” We identified the relevance of both
MKK3 (not MKKG6) and p38 to pemphigus in the previous
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study, here hypothesized that the inhibition of MKK3 by
natural resources could provide the benefits in the treatment
of pemphigus.'

Lycopi Herba (Lycopus lucidus Turcz.), commonly known
as Chinese bugleweed, is a traditional medicinal plant with
a long history of use in East Asian medicine for its perceived
therapeutic benefits, particularly in blood circulation
improvement, anti-inflammatory applications, and immune
modulation. It is frequently used in Chinese medicine to
address wvarious ailments, including inflammation,
cardiovascular diseases, and menstrual disorders, highlighting
its potential in diverse therapeutic areas.'"™'> The bioactive
properties of Lycopi Herba are attributed to its rich chemical
profile, including phenolic compounds, flavonoids,
triterpenoids, polysaccharides, and essential oils.''™"
However, the effect of the extract of Lycopi Herba (ELH)
on the pemphigus has not been reported. Here, we found
that the activation of MKK3 in human keratinocyte HaCaT
cells and anti-pemphigus activity of ELH with the inhibitory
potential against MKK3 kinase activity.

Experimental

Preparation of ELH — The ELH (CA04-062) used in
this study was sourced from the Korea Plant Extract Bank at
the Korea Research Institute of Bioscience and Biotechnology
(Daejeon, Korea), where a voucher specimen (PBC-394) is
archived. Dried and powdered Lycopi Herba (110 g) was
combined with 1 L of 95.0% ethyl alcohol (GR grade)
and subjected to 30 extraction cycles at room temperature
using an ultrasonic extractor (40 kHz, 1500W; SDN-900H,
SD-Ultrasonic Co.). The extract was filtered (Qualitative
Filter No. 100, Hyundai Micro Co.) and dried under reduced
pressure, yielding 6.19 g of ELH.

Cell culture — The immortalized human keratinocyte
HaCaT cells (AddexBio, CA, USA) were cultured in
DMEM/low glucose with 10% fetal bovine serum and
1% antibiotic-antimycotic solution at 37°C and 5% CO,.
All cell culture materials were obtained from HyClone
(UT, USA).

Western blot analysis — HaCaT cells (5 x 10° cells/well)
were seeded in a 6-well plate, incubated for 24 h, and then
treated with 5 pg/mL of anti-Dsg 3 monoclonal antibody
clone AK23 IgG (MBL, Japan; following referred to as
AK23) for indicated time. Cells were washed with PBS,
lysed with RIPA buffer (ELPIS biotech, Korea) buffer
containing the protease inhibitor cocktail (ThermoFisher
Scientific, MA, USA) and the phosphatase inhibitor cocktail
(ThermoFisher Scientific) on ice, and centrifuged 13,000 rpm
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for 30 min at 4°C. The amount of proteins in the
supernatant was quantified by Pierce BCA Protein Assay
Kit (ThermoFisher Scientific). Proteins (10 pg) were
resolved by 5-20% gradient gel (ATTO, Tokyo, Japan),
electrophoresis at 130 V for 90 min and transferred to
polyvinylidene difluoride (ATTO). The transferred
membranes were blocked with TBST (Tris-buffered saline,
0.1% Tween 20) with 5% BSA at room temperature for 1 h,
and the membranes were incubated with the indicated
antibodies for overnight at 4°C. All antibodies were
purchased form Cell Signaling Technology (MA, USA),
and GAPDH was used as the internal control. After three
washes with TBST, the membrane was incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody
for 2 hours at room temperature. Following another three
TBST washes, the HRP signal was detected using ECL
western detection reagents (Millipore Corporation, MA,
USA) on a WSE-6100 LuminoGraph (ATTO).

MKKS3 kinase activity assay — MKK3 kinase activity
was carried out in Eurofins (France). Briefly, the human
recombinant MKK3 was incubated with 25 mM Tris/HCI,
pH 7.5, 0.2 mM EGTA, 0.5 mM sodium orthovanadate,
0.5 mM B-glycerophosphate, 0.01% Triton X-100, 1%
glycerol, 10 mM DTT, 0.5 mg/mL MBP, 20 pg/mL unactive
form of the human p38 recombinant protein (substrate of
MKK3), 10 mM Magnesium acetate and 155 uM [y-P-
ATP]. The reaction began with the addition of the Mg/ATP
mixture. After a 120-minute incubation at room temperature,
phosphoric acid was added to reach a concentration of
0.5%, halting the reaction. A 10 pL sample of the mixture
was then placed onto a P30 filtermat, washed four times
in 0.425% phosphoric acid for 4 minutes each, and rinsed
once in methanol before drying and scintillation counting.

Cell viability assay — HaCaT cells (4 x 10° cells/well)
were seeded in a 96-well plate, incubated for 24 h, and
then treated with ELH for 1 day. Cell viability was assessed
in triplicate using Cell Counting Kit-8 (Dojindo Molecular
Technologies, ML, USA) following the manufacturer’s
instructions. Absorbance was measured at 450 nm using
HIDEX sense microplate reader (Hidex, Finland). Dose
response curves showing cell viability were generated using
GraphPad Prism 5 (GraphPad Software Inc., CA, USA).

Dispase-based fragmentation assay — HaCaT cells (5
x 10° cells/well) were seeded in a 24-well plate, incubated
for 24 h, and then treated with 5 pg/mL of AK23 without
or with ELH for 24 h. Then, cells were washed with pre-
warmed PBS and incubated with 150 pL of Hanks buffered
saline solution (HBSS; Gibco) containing Dispase 11 solution
(2.4 U/mL; Sigma) for 20 min at 37°C. After the addition
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of 200 uL of HBSS, cell monolayer was exposed to
mechanical stress by pipetting them 15 times with a 1 mL
pipette for shearing the monolayer. Subsequently, cells
were stained with MTT (2 mg/mL; Sigma) for 20 min.
The resulting fragments were counted and images were
captured under the microscope. Dissociation assay were
performed in triplicate, and statistical differences were
analyzed using Student’s #-test. A value of p < 0.05 was
considered significant.

Enzyme-linked immunosorbent assay — HaCaT cells
(1 x 10° cells/well) were seeded in a 6-well plate with 10%
FBS containing DMEM. And then, the cells were pretreated
with natural product ELH for 1 h and then treated with
TNF-a and INF-y (5 ng/mL) for 24 h. Thymus and
activation-regulated chemokine (TARC) levels in the cell
supernatant were quantified through a sandwich enzyme-
linked immunosorbent assay (ELISA), utilizing a human
CCL17/TARC quantikine ELISA kit (R&D Systems) in
accordance with the manufacturer’s instructions.

Results and Discussion

To investigate the effect of AK23 on the phosphorylation
of MKK3 in HaCaT cells, cells were treated with 5 pg/mL
of AK23 for different time intervals (0, 5, 15, and 30
minutes) and the protein levels of phosphorylated MKK3
(p-MKK3), total MKK3, and GAPDH were analyzed by
Western blot. As shown in Fig. 1, the level of p-MKK3
showed significant changes following treatment with AK23.
The intensity of the p-MKK3 bands increased starting from
the 5-minute treatment, continuing to increase at 15 and
30 minutes, suggesting that AK23 could promote the
phosphorylation of MKK3. MKK3 and GAPDH used as
a loading control exhibited stable expression across all
samples.
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Fig. 1. Effect of AK23 on MKK3 phosphorylation in HaCaT cells.
Activation of MKK3 was confirmed by western blot analysis.
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Fig. 2. MKK3 kinase activity assay. MKK3 kinase activity ICs, of
ELH was 12.25 pug/mL.

Herbal extracts in library were screened and finally
ELH was identified to inhibit MKK3 kinase activity (data
not shown). As shown in Fig. 2, ELH inhibited MKK3
activity in a dose-dependent manner with ICs, value,
12.25 pg/mL.

Before evaluating whether ELH could exhibit anti-
pemphigus activity in HaCaT cells, the non-toxic
concentration ranges of ELH was determined to exclude
the possibility that ELH could induce cell detachment due
to cytotoxicity. HaCaT cells were treated with various
concentrations of ELH and cultured for 1 day, followed
by measuring cell viability using the CCK8 assay. ELH
did not show any cytotoxicity upto 30 pg/mL (Fig. 3).
Therefore, the effect of ELH on pemphigus was evaluated
upto 30 pg/mL by the dispase-based fragmentation assay
that has been reported as the representative i vitro pemphigus
model using monolayers of cells such as HaCaT cells. As
shown in Fig. 4, AK23 treatment in HaCaT cell monolayers
strongly increased number of fragments indicating the loss
of intercellular adhesion that is the main characteristic of
autoimmune-blistering disease of the skin such as pemphigus.
However, the AK23-induced fragmentation was significantly
inhibited by ELH in a dose-dependent manner, suggesting
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Fig. 3. Cytotoxicity of ELH in HaCaT cells. ELH did not show
any cytotoxicity.
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Fig. 4. Anti-pemphigus activity of ELH in HaCaT cells. Anti-
pemphigus activity of ELH was evaluated by the dispase-based
fragmentation assay. The resulting fragments were counted and

images were captured under the microscope. “p < 0.05 (vs. the
control); *» < 0.05 (vs. AK23-treated)

that ELH could exhibit the anti-pemphigus via its potential to
inhibit MKK3 kinase activity.

Pemphigus and atopic dermatitis are associated with
shared pathogenic mechanism.'®!” In fact, anti-atopic effects
and their underlying mechanisms of Lycopi Herba has
been reported in several cell lines including HaCaT cells,
as well as DNCB-induced animal models.'® Also, the
MKK3-mediated atopic dermatitis in HaCaT cells has
been recently reported.'® Therefore, the anti-atopic activity of
ELH with the inhibitory potential against MKK3 kinase
activity was further evaluated. The pro-inflammatory cytokine
TARC was strongly induced in HaCaT cells treated with
TNF-a and IFN-y, but the pre-treatment of ELH was
significantly attenuated the TNF-o/IFN-y-induction of TARC
in a dose-dependent manner, suggesting that MKK3-
inhibiting ELH could exhibit anti-atopic activity as well
as anti-pemphigus activity (Fig. 5).

The role of MKK3 as a critical target in various diseases,
including atopic dermatitis, has recently been in the spotlight
in the field of drug discovery. In previous study, the
relevance of MKK3 to pemphigus has been reported and
its therapeutic potential as druggable target for treating skin
disorders. In the context of discovering natural product
to novel therapeutics substances for skin disorders, we
selected Lycopi Herba (Lycopus lucidus Turcz.) as an
MKK3 inhibitor through the target-based screening and
confirmed its anti-pemphigus activity as well as its anti-
atopic dermatitis activity. In conclusion, MKK3 could
play a pivotal role in blister formation in pemphigus,
and its inhibition by the medicinal plant extracts such as
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Fig. 5. Anti-atopic activity of ELH in HaCaT cells. Anti-atopic
activity of ELH was evaluated by measuring the protein level of
human CCL17/TARC. "5 < 0.001 (vs. the control); ***» < 0.001
(vs. AK23-treated)

Lycopi Herba, could provide novel therapeutic strategy
for treating patients with skin disorders such as
pemphigus and atopic dermatitis. Further study would
focus on the identification of active compounds from
Lycopi Herba to determine the specific components
responsible for MKK3 inhibition and anti-pemphigus
activity.
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