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Abstract: Calcium signaling plays a vital role in the regulation of various cellular processes, including
activation, proliferation, and differentiation of T-lymphocytes, which is mediated by ORAI1 and
potassium (K*) channels. These channels have also been identified as highly attractive therapeutic
targets for immune-related diseases. Licochalcone A is a licorice-derived chalconoid known for its
multifaceted beneficial effects in pharmacological treatments, including its anti-inflammatory, anti-
asthmatic, antioxidant, antimicrobial, and antitumorigenic properties. However, its anti-inflammatory
effects involving ion channels in lymphocytes remain unclear. Thus, the present study aimed to
investigate whether licochalcone A inhibits ORAI1 and K* channels in T-lymphocytes. Our re-
sults indicated that licochalcone A suppressed all three channels (ORAI1, Kv1.3, and KCa3.1) in
a concentration-dependent matter, with ICsy values of 2.97 £+ 1.217 uM, 0.83 £+ 1.222 uM, and
11.21 + 1.07 uM, respectively. Of note, licochalcone A exerted its suppressive effects on the IL-2
secretion and proliferation in CD3 and CD28 antibody-induced T-cells. These results indicate that
the use of licochalcone A may provide an effective treatment strategy for inflammation-related

immune diseases.

Keywords: licochalcone A; store-operated calcium entry; calcium-release-activated calcium channel pro-
tein 1; calcium-activated potassium channel; voltage-gated potassium channel; anti-inflammatory effect

1. Introduction

Calcium signaling is of fundamental importance in the regulation of physiological
events, such as activation, proliferation, and differentiation in a variety of immune cells,
including T-lymphocytes [1,2]. Under resting state, the intracellular calcium concentration
([Ca®*];) of T-lymphocytes is approximately 100 nM, which transiently elevates to 1 puM
when surface receptors of T-cells are stimulated by the complexes of antigen and major
histocompatibility complex; this triggers the activation state of phospholipase C-gamma,
which subsequently cleaves phosphatidylinositol-4,5-bisphosphate into two signaling
molecules, including inositol-1,4,5-trisphosphate (IP3) [2-4]. The release of IP; results in
rapid increases of ([CaZ%*];) from the endoplasmic reticulum (ER) and outside the cell [3]. In
particular, IP; interacts with its receptor located in the ER, causing the movement of Ca?*
from the ER to the cytoplasm, consequently depleting the Ca?* stores that would enable
stromal interaction molecular 1 (STIM1) to redistribute and activate the ORAI1 channels, a
vital subunit of calcium-release-activated calcium channels. In turn, it promotes the entry
of Ca2* across the plasma membrane, known as store-operated CaZt entry (SOCE) [1,5,6].
The increase in ([Ca%*];) results in the augmented transcription of the nuclear factor of
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activated T-cells, which triggers cytokine release, including IL-2, and T-cell proliferation.
In addition to the ORAI1 channel, the calcium-activated KCa3.1 and the voltage-gated
Kv1.3 are fundamental to the maintenance of the negative resting membrane potential that
influences the driving force for the influx of Ca?* via ORAI1 channels in lymphocytes [6-9].
Therefore, inhibitors of all three channels might provide potential therapeutic strategies for
inflammatory-associated diseases.

Licochalcone A, a bioactive chalcone constituent extracted from the licorice roots of the
Glycyrrhiza species, composed of G. uralensis, G. pallidiflora, G. inflata, and G. glabra [10,11],
has been well identified to possess anti-inflammatory, anti-asthmatic, antioxidant, an-
timicrobial, and antitumorigenic properties [12-17]. It is important to note that the
anti-inflammatory activity of licochalcone A has been previously reported in numerous
studies [10,14,16-23]. However, the ion channel-based mechanism underlying its anti-
inflammatory effect remains elusive. Therefore, the present study aimed to identify the
effect of licochalcone A via suppression of ORAI1, Kv1.3, and KCa3.1, and the related
physiological effects.

2. Results
2.1. Licochalcone A Inhibited ORAI1 Currents in HEK293T Cells Coexpressing hORAI1
with hSTIM1

To assess the suppressive effect of licochalcone A on ORAI1 currents, we recorded
the currents on STIM1 and ORAI1-overexpressing HEK293T cells. Application of 20 nM
IP; and 20 mM BAPTA to the pipette solution, along with ramp pulses from —130 mV
to +70 mV, robustly activated Ioraq to a steady peak, ensued by treatment with different
concentrations of licochalcone A (0.1-100 uM) and 10 uM BTP2, which is known as potent
inhibitor of ORAI1 channel (Figure 1A,B). Interestingly, licochalcone A inhibited Iorag in
a dose-dependent manner, which indicates a half maximal inhibitory concentration (ICs)
of 2.97 + 1.217 uM (Figure 1C).
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Figure 1. Inhibition of ORAII currents (Iorag1) by licochalcone A in HEK293T cells overexpressing
hORAI1 and hSTIML1. (A) A representative current trace indicates the suppressive effect of different
concentrations of licochalcone A and BTP2 on Igrayi. (B) Current (I)-voltage (V) relationship of
Ioram in the cells with or without treatment with licochalcone A. (C) Concentration-response image
of licochalcone A suppression on Iorari, which was statistically analyzed at —120 mV. Data are
presented as means + SEM (n = 4-7 per dose).
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2.2. Inhibitory Effect of Kvl.3 Currents by Licochalcone A in Jurkat T-Cells

Kv1.3 channels have been found to be endogenously expressed in Jurkat T-cells [8,24,25].
Thus, we next studied the suppressive activity of licochalcone A on Kv1.3 currents in these
human cells, which were activated by application of voltage-ramps from —120 mV to +60 mV
(Figure 2A,B). As expected, while 1 uM PAP-1, a positive control for Ik, 3, resulted in suppres-
sion by 79 £ 3.2%, Lichalcone A induced a dose-dependent reduction on the currents with an
ICsp value of 0.83 £ 1.222 uM (Figure 2C).
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Figure 2. Inhibitory effect on Kv1.3 currents (Ixy1 3) by licochalcone A in Jurkat T-cells. (A) Whole-cell
current recordings of Iy 3 after treatment with various concentrations of licochalcone A and PAP-1,
a potent blocker of Kv1.3 channels. (B) Representative I-V relationships of Iky1 3 in the cells after
exposure to licochalcone A. (C) IC5 value obtained from a dose-dependent curve at +50 mV is
indicated. Data are presented as means = SEM (1 = 5-11 per dose).

2.3. Licochalcone A Inhibited KCa3.1 Currents in KCa3.1-Overexpressing HEK293 Cells

In contrast to Kv1.3 channels, KCa3.1 is not expressed in Jurkat T-cells [26]. Hence,
we employed KCa3.1-overexpressing HEK293 cells to examine whether licochalcone A
could regulate KCa3.1 currents. The presence of free Ca®* (1 uM) in the internal solu-
tion, along with the application of reversal potentials from +60 mV to —120 mV during
500 ms, activated Ixcy31 to a peak amplitude, which was followed by treatment of lic-
ochalcone A at various concentrations and TRAM-34, a potent inhibitor of KCa3.1 currents
(Figure 3A,B). Intriguingly, while 1 uM TRAM-34 was observed to suppress Ixca31 by
85.17 £ 2.25%, licochalcone A decreased the currents in a dose-dependent manner, with an
ICs50 of 11.21 + 1.07 uM (Figure 3C).

2.4. Inhibition of Release of IL-2 and Proliferation of T-lymphocytes by Licochalcone A

Before monitoring the immunosuppressive activity of licochalcone A via inhibition of
IL-2 secretion and CD4* T-cell proliferation, we examined licochalcone A cytotoxicity on Jurkat
T-cells by performing a CCK-8 assay. As shown in Figure 4A, concentrations < 10 uM of
licochalcone A did not induce any changes on cell viability, except for 30 and 100 uM; these
treatments showed approximately 50% cell death after different treatment periods (24 h, 48 h,
and 72 h). Therefore, concentrations <10 uM of licochalcone A were selected for the following
assay. Unexpectedly, a pretreatment of CD3 and CD28 antibody-stimulated Jurkat T-cells with
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3 and 10 pM licochalcone A significantly decreased the production of IL-2 by 41.1 & 0.64 and
63.3 £ 2.16%, respectively, compared with that of the stimulated cells without any treatments

(Figure 4B).
A. c
Licochalcone A TRAM-34 ;i- |
3uM 1uM S 2004 KCa3.1
acc 3 uM
200 Yooy
72
o
< 100+
&
L ||||”” ““Ilﬂ —
T ”lllllllll”ll“ll" S -
fal
0 300 600 900 -120~" -80 40 40 80
time (s) V (mV)
B Licochalcone A TRAM-34
’ 10 uM 1uM o 9004 I
o KCa3.1
900+ v E
600
T 600 v 10 pM
Q.
<
S 300 v |
TRAM-34
0 /"
-300 . - ; : ; ; ) y y
0 100 200 300 400 500 600 700 -1 40 80
time (s) V (mV)
-300 -
C. at + 50 mV
1.0 % ICso = 11.21 £ 1.07 uM
€
[
5
o
el
Q
= 0.54
©
£
(=}
2z
0.0 T T 1
7 -6 -5 -4

Log [Licochalcone A], M

Figure 3. Licochalcone A inhibited KCa3.1 currents (Ixcy3.1) in KCa3.1-overexpressing HEK293 cells.
(A) A typical Ixcas1 trace and I-V relationship demonstrates the effect of 3 uM licochalcone A on
Ixcas.1 in KCa3.1-overexpressing HEK293 cells following treatment with TRAM-34 (1 uM), a selective
blocking agent of the KCa3.1 channel. (B) A whole-cell trace and I-V relationships of Ixca31 in
the cells treated with 10 uM licochalcone A and TRAM-34. (C) An ICsg value for licochalcone A
suppression of Ixc,31 in the cells. Data are presented as means + SEM (1 = 3—4 per dose).

In view of the anti-proliferative efficacy of licochalcone A, we pre-stimulated the CD4*
T-cells with both antibodies, anti-CD3 and anti-CD28, and pre-treated the cells with 0.3,
1, 3, and 10 puM licochalcone A and 10 uM BTP2 (Figure 4C). The results revealed that
licochalcone A at 3 and 10 pM considerably suppressed T-cell growth by 39.2 & 3.84 and
75.4 £ 0.68%, respectively, which showed a similar inhibition rate as that of 10 pM BTP2
(83.1 £ 0.49%) (Figure 4D).
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Figure 4. Licochalcone A suppressed IL-2 release and cell proliferation in T-lymphocytes. (A) Cytotoxicity curves of
licochalcone A in Jurkat T-cells, measured after the cells were exposed to licochalcone A for 24 h, 48 h, and 72 h, using the
CCK-8 assay. (B) Effect of licochalcone A on the release of IL-2 in CD3 and CD28-stimulated Jurkat T-cells was determined.
Licochalcone A-untreated, stimulated cells were used as a control. Data are presented as means + SEM (n = 3). (C) The
purified human CD4* T-cells were costimulated with CD3 and CD28 antibodies and stained with CFSE before treatment
with 0.3, 1, 3, and 10 puM licochalcone A and BTP2. (D) The anti-proliferative efficacy of licochalcone A on a CD4* T-cell
population was quantitated. The untreated anti-CD3 and anti-CD28-costimulated cells were used as a control. Data are
presented as means + SEM (1 = 3).

3. Discussion

The anti-inflammatory activity of licochalcone A has been well defined in previ-
ous studies [10,14,16-23]. Specifically, licochalcone A has been reported to suppress the
production of several proinflammatory mediators (IL-13, PGE,, IL-6, NO, LTB4, COX-2,
iNOS, and TNF-«) in different situations, including IL-1(-induced chondrocytes, N-formyl-
MET-LEU-PHE, lipopolysaccharide (LPS), UVB-induced skin cell types (keratinocytes,
granulocytes, fibroblasts, and dendritic cells), and the LPS-stimulated mouse mastitis
model [16,17,19]. Additionally, licochalcone A decreased the secretion of anti-DNP IgE
and DNP-HSA-induced (3-hexosaminidase, a marker of RBL-2H3 mast cell degranulation,
which is associated with allergic inflammatory responses [20]. Furthermore, licochalcone A
obviously improved allergic inflammation through suppression of airway hyperresponsive-
ness, OVA-specific antibodies (IgG, IgG1, and IgE), and Th2 cytokines, which are comprised
of IL-13, IL-5, and IL-4, while attenuating eosinophil infiltration and mucus hypersecretion
in an OVA-induced asthma mouse model compared with normal mice [14,22]. However,
its anti-inflammatory mechanism focusing on ion channels required further investigation.

ORAI1 and K* channels (Kv1.3 and KCa3.1), extensively expressed in T-lymphocytes,
are crucial targets in the treatment of a variety of immune diseases [8,9,27-31]. In particu-
lar, deletion of the ORAI1 gene in CD4* T-cells has been reported to decrease the severe
levels of experimental autoimmune encephalomyelitis and inflammation of the central
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nervous system via suppression of SOCE, as SOCE is involved in reducing the secretion of
proinflammatory cytokines in Th1l and Th17 cells [28]. In addition, substantial amounts
of inflammatory cytokines (INF-y, IL-17, and TNF-«) from CD4" T-cells were abundantly
augmented due to upregulated expression of calcium-release-activated calcium channels
in patients with rheumatoid arthritis [29]. As with ORAI1, experimental autoimmune
encephalomyelitis was ameliorated by inhibition of Kv1.3 alone, or of both Kv1.3 and
KCa3.1, in CD4* T-lymphocytes [31]. The secretion of several proinflammatory cytokines
(INF-y, IL-17, and TNF-«) was reduced by blockage of Kv1.3 and KCa3.1 in T-lymphocytes
from patients with ulcerative colitis [30]. Hence, in the current study, we aimed to demon-
strate the anti-inflammatory effect of licochalcone A via modulation of all three channels.
Our results revealed that licochalcone A has a concentration-dependent inhibitory influ-
ence on ORAI1, Kv1.3, and KCa3.1 with ICsy values of 2.97 + 1.217, 0.83 &+ 1.222, and
11.21 £ 1.07 uM, respectively (Figures 1-3).

However, due to the multiple effects of licochalcone A on the ion channels, additional
studies are required to determine whether the compound targets only specific ion channels
that are important for the immune response. Although the results described here are part
of a preliminary analysis, we analyzed the effect of licochalcone A on other ion channels,
including TRPV3 and TMEM16A (ANOJ1, a calcium activated Cl-channel). The results
shown in Supplementary Figure S1 indicate that 10 uM licochalcone A did not affect the
ion channel activities of TRPV3 and TMEM16A. These results indicate that Licochalcone A
is not a non-selective ion channel inhibitor. Additional studies are required to determine
whether Licochalcone A targets ion channels that are primarily expressed in immune cells.

The activation of these channels promotes ([Ca?*];) following the engagement of
human T-cells with antigen-presenting cells [8]. Indeed, licochalcone A was previously
reported to dose-dependently reduce increases in ionomycine-induced ([Ca?*];) in human
polymorphonuclear neutrophils [32]. These results confirmed that licochalcone A exerted
its inhibitory effect on ([Ca%*];) via modulation of all three channels in the Jurkat T-cells.

Calcium signaling, as well as the ORAI1 and K* channels, contributes to the secretion
of inflammatory cytokines, including IL-2 [1,6,9,33]. Thus, we investigated the influence of
licochalcone A on the release of IL-2 in the Jurkat T-cells. To ensure its effect on IL-2 was not
caused by its cytotoxicity, we examined the toxicity of licochalcone A in the Jurkat T-cells
using the CCK-8 assay. Our results indicate that licochalcone A at concentrations <10 uM
insignificantly affect cell viability, while exposure of the cells to 30 and 100 uM was
associated with a high rate of cell death (Figure 4A). Consistent with previous reports,
licochalcone A demonstrated its negligible cytotoxicity in several cell lines, including
RBL-2H3, HELF, SH-SY5Y, EGS-1, BEAS-2B, and RAW 264.7 at doses < 10 uM [10,20,23,34],
while treatment of 20, 40, and 60 pM of licochalcone A showed insignificant toxicity in
the MC3T3-E1, a normal osteoblast cell line [35]. These results further confirmed that
licochalcone A is safe to administer in experiments using cell lines at doses < 10 pM. Thus,
these doses were then chosen to evaluate the effect of licochalcone A on the release of
IL-2 in the CD3 and CD28 antibody-induced Jurkat T-cells. Interestingly, licochalcone A
resulted in a significant suppression of the release of IL-2 (Figure 4B). Collectively, these
results suggest that licochalcone A might play an essential role in immunomodulation by
blocking ORAI1 and K* channels (Kv1.3 and KCa3.1) in T-lymphocytes.

The Ca?* signaling mediating all three channels has been well defined to play a vital
role in T-cell proliferation [3]. Here, we demonstrated that licochalcone A reduced the pro-
liferation of anti-CD3 and anti-CD28-induced human naive T-lymphocytes (Figure 4C,D).
Our results corroborate those of previous studies, which indicated that licochalcone A
has an anti-proliferative effect on a variety of cancer cell lines [36—41]. More intriguingly,
licochalcone A suppressed the proliferation of HCT116 cells, a human colon cancer cell
line, while promoting T-cell activity, which increased the killing of tumor cells by T-cells in
a coculture model of both cells [36]. Similarly, the population of human gastric cancer cells,
known as BGC cells, was also inhibited by the application of licochalcone A, which was not
observed in normal human gastric cells [38]. These results demonstrate that licochalcone A
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might be a potential and safe anti-tumor immunotherapeutic agent without influencing
host cells.

4. Materials and Methods
4.1. Reagents

Licochalcone A, TRAM-34, and PAP-1 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). IP3 was purchased from Merck Millipore (Billerica, MA, USA), and BTP2 was
obtained from Tocris (Bristol, UK). All chemicals, except IP3, were dissolved in dimethyl
sulfoxide, which was prepared in distilled water.

4.2. Cell Line and Cell Culture

HEK293T, RBL-2H3, Jurkat T-cells, and a cell line overexpressing KCa3.1 were ob-
tained from ATCC (Manassas, VA, USA). All cells were cultured according to a previously
described method [42,43]. In brief, the HEK293T and KCa3.1-overexpressing cell lines
were maintained in DMEM (Welgene, Gyeongsan, Korea), whereas the Jurkat T-cells were
maintained in RPMI1640 (Thermo Fisher Scientific, Waltham, MA, USA); these media were
supplemented with a final concentration of 10% FBS (Welgene, Gyeongsan, Korea) and 1%
penicillin/streptomycin (Hyclone, Marlborough, MA, USA).

4.3. Transient Transfection

After the HEK293T was seeded for 24 h (50~70% confluency), hORAI1, hSTIM1, and
green fluorescence vectors (Origene Technologies, Rockville, MD, USA) were transiently co-
transfected into the cells using TurboFect (Thermo Scientific, Waltham, MA, USA) according
to the manufacturer’s guidelines. After a 24-36 h transfection, green fluorescence-enhanced
cells were used for recording the ORAI1 currents (Iorar1)-

4.4. Electrophysiological Experimentation

For whole-cell patch clamp measurements, we used a sophisticated system including
a flaming /brown micropipette puller apparatus (Model P-97, Shutter Instrument, Novato,
CA, USA) to obtain the glass pipettes by pulling the borosilicate capillary (World Preci-
sion Instruments, Inc. Sarasota, FL, USA) and fire-polishing to an electrical resistance of
2-3 (MQ)) (Narishige, East Meadow, NY, USA). In addition, a digitizer of 10 kHz and a low
pass-filter of 5 kHz were established using a Digidata 1440A (Molecular Devices) and an
Axopatch 700B (Molecular Devices, Sunnyvale, CA, USA), respectively. Origin 8.0 software
(MicroCal ITC, Northampton, MA, USA) and a Clampfit 10.4 (Molecular Devices) were also
used. ORAI1 currents were recorded on the hORAI1 and hSTIM1-cotransfecting HEK293T
using the bath (external) solution, which contained 10 mM HEPES, 135 mM NaCl, 10 mM
CaCl,, 5 mM D-glucose, 1 mM MgCl,, and 3.6 mM KCl (pH 7.4 with NaOH). The internal
(pipette) solution contained 20 mM BAPTA, 130 mM Cs-glutamate, 3 mM Mg-ATP, 1 mM
MgCl,, 20 mM HEPES, and 0.002 mM sodium pyruvate (pH 7.2 with CsOH). ORAI1
channels were activated by the application of ramp pulses from —130 to +70 mV within
100 ms, with the cell membrane holding at +10 mV.

For the KCa3.1 current (Ixca31) recordings, the external solution contained 5 mM
glucose, 145 mM NaC(l, 1.3 mM CaCl,, 10 mM HEPES, 3.6 mM KCl, and 1 mM MgCl,
(pH 7.4 with NaOH). The pipette solution with 1 uM free Ca?* contained 0.5 mM MgCl,,
5 mM NaCl, 10 mM HEPES, 2 mM Mg-ATP, 140 mM KCl, 4.37 mM CaCl,, and 5 mM
EGTA (pH 7.2 with KOH). The free ([Ca?*];) of the pipette solution was determined
using WebMaxC (https:/ /somapp.ucdmc.ucdavis.edu/pharmacology /bers/maxchelator/
webmaxc/webmaxcS.htm (accessed on 15 January 2021). The current-voltage relationships
were constructed by setting ramp pulses from +60 to —120 mV over 500 ms. The membrane
of the KCa3.1-overexpressing cell line was held at —90 mV.

The Jurkat T-cells were used for measuring the whole-cell Kv1.3 currents (Ixy13). The
bath solution for recording the Ik, 3 contained the same compositions as that for measuring
the Ixca3.1, Whereas the pipette solution with the free Ca?* contained 5 mM NaCl, 10 mM
HEPES, 2 mM Mg-ATP, 140 mM KCl, 5 mM EGTA, and 0.5 mM MgCl, (pH 7.2 with KOH).
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The Iky1.3 was elicited by application of ramp pulses from —120 to +60 mV for 500 ms, with
the cell membrane holding at —60 mV.

4.5. Human CD4" T-Lymphocyte Assay

This assay was approved by the healthy donors and the Institutional Review Board
(IRB), Dongguk University College of Medicine, South Korea (2017-07-003 IRB). A Ficoll-
Paque Plus medium (GE Healthcare, Chicago, IL, USA) and a CD4* T-cell isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany) were used for the isolation of T-cells. After
isolation, the T-lymphocytes were washed with DPBS followed by resuspension at a density
of approximately 10°~10° cells/mL. Subsequently, the cells were labeled with carboxyfluo-
rescein succinimidyl ester (CFSE) (Thermo Fisher Scientific) before incubation at 25 °C for
an additional 10 min. The incubation was interrupted by complete media in cold conditions,
and the cells were placed on ice for an additional 5 min. For a co-stimulatory reaction, the
mixture of anti-CD28 (2 pL./mL) and CFSE-tagged cells (2 x 10° cells/well) were added to
anti-CD3 (5 pL/mL)-precoated wells (96-well plates), ensued by a 72 h incubation. The
T-cell growth was determined by flow cytometry (LSRFortessa, BD bioscience, NJ, USA).

4.6. Cell Cytotoxicity

The cytotoxicity of licochalcone A on the Jurkat T-cells was assessed by the CCK-8
assay (Dojindo Laboratories, Japan). A good passage of the Jurkat T-cells was selected,
seeded at a density of 2 x 10* cells/well (100 uL cell suspension/well in 96-well plates),
treated with 0.3-100 uM licochalcone A, and ensued by different incubation periods (24 h,
48 h, and 72 h). Afterwards, the cells were incubated with fresh CCK-8 (10 nL) in darkness
for 2 h. The plates were centrifuged at 1500 rpm for 1 min 30 s at 25 °C before absorbance
measurements at 450 nm.

4.7. Measurement of IL-2 Secretion

Precoating with 50 pL anti-CD3 per well (5 pg/mL; Peprotech, Rocky Hill, NJ, USA)
in a 96-well plate was performed prior to incubation for 3 h at 37 °C. Then, the precoated
wells were washed three times with DPBS to remove the excess anti-CD3. As treatment,
different concentrations of licochalcone A were added to a mixture of anti-CD28 (2 ug/mL;
Peprotech) and Jurkat T-cells (2 x 10° cells/well); the mixture was subsequently plated in
each well, followed by incubation for 48 h. To determine the levels of IL-2, the supernatants
of the untreated and treated cells were collected and measured using a human IL-2 ELISA
kit (Peprotech).

4.8. Data Analysis

Data are represented as the mean =+ standard error of the mean (SEM). Additionally,
comparisons of various groups were performed using a one-way ANOVA followed by a
Bonferroni correction. Variants were statistically significant at *, **, ***, and **** correspond-
ing to P values of <0.05, <0.01, <0.001, and <0.0001, respectively. The statistical analysis
software GraphPad (GraphPad, La Jolla, CA, USA) was used to perform all analyses.

5. Conclusions

In summary, the current study demonstrates that licochalcone A is an inhibitor of the
ORAIl, Kv1.3, and KCa3.1 channels. Further, licochalcone A shows remarkable suppression
of IL-2 release and proliferation in T-lymphocytes, cells that are vital in the modulation
of inflammation. Collectively, our results provide evidence that licochalcone A might
be a promising and potent anti-inflammatory agent for the treatment and prevention of
autoimmune diseases.



Int. . Mol. Sci. 2021, 22, 10847 90f11

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms221910847/s1, Figure S1: The effect of Licochalcone A on TMEM16A and TRPV3
currents in HEK293T cells overexpressing the respective channels.

Author Contributions: Conceptualization, ] H.N., W.N., and W.K.K.; methodology, H.T.L.P.; soft-
ware, HT.L.P, H]J K., and S.J.; validation, H.-T.L.P., HJ K., and S.J.; formal analysis, H.T.L.P., HJ.K.,
and S.J.; writing—original draft preparation, H.T.L.P; data curation, H.T.L.P, H.J.K,, S.J, JH.N.,
W.N., and WK K,; writing—review and editing, ] H.N. and W.N.; visualization, H.T.L.P.; supervi-
sion, J H.N., W.N., and WK.K,; funding acquisition, J.H.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education of South Korea [Grant
number NRF-2019R111A3A01041391 and NRF-2018R1A6A1A03023718].

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (IRB), Dongguk University
College of Medicine, South Korea (2017-07-003 IRB).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Feske, S. Calcium signalling in lymphocyte activation and disease. Nat. Rev. Immunol. 2007, 7, 690-702. [CrossRef]

2. Vig, M,; Kinet, ].P. Calcium signaling in immune cells. Nat. Immunol. 2009, 10, 21-27. [CrossRef]

3.  Lewis, R.S. Calcium signaling mechanisms in T lymphocytes. Annu. Rev. Immunol. 2001, 19, 497-521. [CrossRef]

4. Yang, P-C.;Jafri, M.S. Ca®* signaling in T lymphocytes: The interplay of the endoplasmic reticulum, mitochondria, membrane
potential, and CRAC channels on transcription factor activation. Heliyon 2020, 6, €03526. [CrossRef] [PubMed]

5. Vaeth, M.; Kahlfuss, S.; Feske, S. CRAC Channels and Calcium Signaling in T Cell-Mediated Immunity. Trends Immunol. 2020,
41, 878-901. [CrossRef] [PubMed]

6.  Feske, S.; Wulff, H.; Skolnik, E.Y. Ion Channels in Innate and Adaptive Immunity. Annu. Rev. Immunol. 2015, 33, 291-353.
[CrossRef] [PubMed]

7. Hutchings, C.J.; Colussi, P.,; Clark, T.G. Ion channels as therapeutic antibody targets. mAbs 2019, 11, 265-296. [CrossRef]

8.  Cahalan, M.D.; Chandy, K.G. The functional network of ion channels in T lymphocytes. Immunol. Rev. 2009, 231, 59-87. [CrossRef]

9.  Lam, J.; Wulff, H. The Lymphocyte Potassium Channels Kv1.3 and KCa3.1 as Targets for Inmunosuppression. Drug Dev. Res.
2011, 72, 573-584. [CrossRef]

10. Fu, Y,; Chen, J,; Li, Y.-].; Zheng, Y.-F,; Li, P. Antioxidant and anti-inflammatory activities of six flavonoids separated from licorice.
Food Chem. 2013, 141, 1063-1071. [CrossRef]

11.  Won, S.-R;; Kim, S.-K; Kim, Y.-M.; Lee, P-H.; Ryu, ].-H.; Kim, ].-W.; Rhee, H.-I. Licochalcone A: A lipase inhibitor from the roots
of Glycyrrhiza uralensis. Food Res. Int. 2007, 40, 1046-1050. [CrossRef]

12. Ly, H,; Xiao, Q.; Zhou, ].; Feng, H.; Liu, G.; Ci, X. Licochalcone A Upregulates Nrf2 Antioxidant Pathway and Thereby Alleviates
Acetaminophen-Induced Hepatotoxicity. Front. Pharmacol. 2018, 9, 147. [CrossRef]

13. Tsukiyama, R.; Katsura, H.; Tokuriki, N.; Kobayashi, M. Antibacterial activity of licochalcone A against spore-forming bacteria.
Antimicrob. Agents Chemother 2002, 46, 1226-1230. [CrossRef]

14. Huang, W.C,; Liu, C.Y,; Shen, S.C.; Chen, L.C.; Yeh, K.W.; Liu, S.H.; Liou, C.J. Protective Effects of Licochalcone A Improve
Airway Hyper-Responsiveness and Oxidative Stress in a Mouse Model of Asthma. Cells 2019, 8, 617. [CrossRef]

15. Kim, J.K; Shin, E.K; Park, J.H.; Kim, Y.H.; Park, J.H. Antitumor and antimetastatic effects of licochalcone A in mouse models. J.
Mol. Med. 2010, 88, 829-838. [CrossRef] [PubMed]

16. Jia, T; Qiao, J.; Guan, D.; Chen, T. Anti-Inflammatory Effects of Licochalcone A on IL-13-Stimulated Human Osteoarthritis
Chondrocytes. Inflammation 2017, 40, 1894-1902. [CrossRef]

17.  Kolbe, L.; Immeyer, J.; Batzer, J.; Wensorra, U.; tom Dieck, K.; Mundt, C.; Wolber, R.; Stéb, E; Schonrock, U.; Ceilley, R.1; et al.
Anti-inflammatory efficacy of Licochalcone A: Correlation of clinical potency and in vitro effects. Arch. Derm. Res. 2006, 298, 23-30.
[CrossRef] [PubMed]

18. Chu, X,; Ci, X.,; Wei, M.; Yang, X.; Cao, Q.; Guan, M.; Li, H,; Deng, Y.; Feng, H.; Deng, X. Licochalcone A Inhibits

Lipopolysaccharide-Induced Inflammatory Response In Vitro and In Vivo. J. Agric. Food Chem. 2012, 60, 3947-3954. [CrossRef]
[PubMed]


https://www.mdpi.com/article/10.3390/ijms221910847/s1
https://www.mdpi.com/article/10.3390/ijms221910847/s1
http://doi.org/10.1038/nri2152
http://doi.org/10.1038/ni.f.220
http://doi.org/10.1146/annurev.immunol.19.1.497
http://doi.org/10.1016/j.heliyon.2020.e03526
http://www.ncbi.nlm.nih.gov/pubmed/32181396
http://doi.org/10.1016/j.it.2020.06.012
http://www.ncbi.nlm.nih.gov/pubmed/32711944
http://doi.org/10.1146/annurev-immunol-032414-112212
http://www.ncbi.nlm.nih.gov/pubmed/25861976
http://doi.org/10.1080/19420862.2018.1548232
http://doi.org/10.1111/j.1600-065X.2009.00816.x
http://doi.org/10.1002/ddr.20467
http://doi.org/10.1016/j.foodchem.2013.03.089
http://doi.org/10.1016/j.foodres.2007.05.005
http://doi.org/10.3389/fphar.2018.00147
http://doi.org/10.1128/AAC.46.5.1226-1230.2002
http://doi.org/10.3390/cells8060617
http://doi.org/10.1007/s00109-010-0625-2
http://www.ncbi.nlm.nih.gov/pubmed/20383690
http://doi.org/10.1007/s10753-017-0630-5
http://doi.org/10.1007/s00403-006-0654-4
http://www.ncbi.nlm.nih.gov/pubmed/16552540
http://doi.org/10.1021/jf2051587
http://www.ncbi.nlm.nih.gov/pubmed/22400806

Int. . Mol. Sci. 2021, 22, 10847 10 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Guo, W,; Liu, B; Yin, Y;; Kan, X,; Gong, Q.; Li, Y;; Cao, Y.; Wang, ].; Xu, D.; Ma, H.; et al. Licochalcone A Protects the Blood-Milk
Barrier Integrity and Relieves the Inflammatory Response in LPS-Induced Mastitis. Front. Immunol. 2019, 10, 287. [CrossRef]
[PubMed]

Tanifuji, S.; Aizu-Yokota, E.; Funakoshi-Tago, M.; Sonoda, Y.; Inoue, H.; Kasahara, T. Licochalcones suppress degranulation
by decreasing the intracellular Ca?* level and tyrosine phosphorylation of ERK in RBL-2H3 cells. Int. Immunopharmacol. 2010,
10, 769-776. [CrossRef]

Cui, Y.;; Ao, M.; Hu, J.; Yu, L. Anti-Inflammatory Activity of Licochalcone A Isolated from Glycyrrhiza inflata. Z. Fiir. Nat. C 2008,
63, 361-365. [CrossRef]

Chu, X;; Jiang, L.; Wei, M,; Yang, X.; Guan, M.; Xie, X.; Wei, ].; Liu, D.; Wang, D. Attenuation of allergic airway inflammation in a
murine model of asthma by Licochalcone A. Immunopharmacol. Immunotoxicol. 2013, 35, 653-661. [CrossRef]

Chiu, YJ.; Lee, CM,; Lin, T.H.; Lin, HY.; Lee, S.Y.; Mesri, M.; Chang, K.H.; Lin, J.Y,; Lee-Chen, G.J.; Chen, C.M. Chinese
Herbal Medicine Glycyrrhiza inflata Reduces A3 Aggregation and Exerts Neuroprotection through Anti-Oxidation and Anti-
Inflammation. Am. J. Chin. Med. 2018, 12, 1-25. [CrossRef]

Nicolaou, S.A.; Neumeier, L.; Steckly, A.; Kucher, V.; Takimoto, K.; Conforti, L. Localization of Kv1.3 Channels in the Immunologi-
cal Synapse Modulates the Calcium Response to Antigen Stimulation in T Lymphocytes. J. Immunol. 2009, 183, 6296. [CrossRef]
[PubMed]

Szabo, I; Bock, J.; Jekle, A.; Soddemann, M.; Adams, C.; Lang, F; Zoratti, M.; Gulbins, E. A Novel Potassium Channel in
Lymphocyte Mitochondria. J. Biol. Chem. 2005, 280, 12790-12798. [CrossRef] [PubMed]

Srivastava, S.; Di, L.; Zhdanova, O.; Li, Z.; Vardhana, S.; Wan, Q.; Yan, Y.; Varma, R.; Backer, J.; Wulff, H.; et al. The class II
phosphatidylinositol 3 kinase C2beta is required for the activation of the K* channel KCa3.1 and CD4" T-cells. Mol. Biol. Cell.
2009, 20, 3783-3791. [CrossRef] [PubMed]

Chiang, E.Y,; Li, T; Jeet, S.; Peng, I.; Zhang, J.; Lee, W.P,; DeVoss, ].; Caplazi, P.; Chen, J.; Warming, S.; et al. Potassium channels
Kv1.3 and KCa3.1 cooperatively and compensatorily regulate antigen-specific memory T cell functions. Nat. Commun. 2017,
8, 14644. [CrossRef]

Kaufmann, U.; Shaw, PJ.; Kozhaya, L.; Subramanian, R.; Gaida, K.; Unutmaz, D.; McBride, H.]J.; Feske, S. Selective ORAI1
Inhibition Ameliorates Autoimmune Central Nervous System Inflammation by Suppressing Effector but Not Regulatory T Cell
Function. J. Immunol. 2016, 196, 573-585. [CrossRef] [PubMed]

Liu, S.; Watanabe, S.; Shudou, M.; Kuno, M.; Miura, H.; Maeyama, K. Upregulation of store-operated Ca?+ entry in the naive
CD4" T cells with aberrant cytokine releasing in active rheumatoid arthritis. Immunol. Cell Biol. 2014, 92, 752-760. [CrossRef]
Koch Hansen, L.; Sevelsted-Meller, L.; Rabjerg, M.; Larsen, D.; Hansen, T.P; Klinge, L.; Wulff, H.; Knudsen, T.; Kjeldsen, J.; Kohler,
R. Expression of T-cell KV1.3 potassium channel correlates with pro-inflammatory cytokines and disease activity in ulcerative
colitis. J. Crohns. Colitis. 2014, 8, 1378-1391. [CrossRef]

Beeton, C.; Wulff, H.; Barbaria, J.; Clot-Faybesse, O.; Pennington, M.; Bernard, D.; Cahalan, M.D.; Chandy, K.G.; Béraud, E.
Selective blockade of T lymphocyte K* channels ameliorates experimental autoimmune encephalomyelitis, a model for multiple
sclerosis. Proc. Natl. Acad. Sci. 2001, 98, 13942. [CrossRef]

Kimura, Y.; Okuda, H.; Okuda, T.; Arichi, S. Effects of chalcones isolated from licorice roots on leukotriene biosynthesis in human
polymorphonuclear neutrophls. Phytother. Res. 1988, 2, 140-145. [CrossRef]

Price, M.; Lee, S.C.; Deutsch, C. Charybdotoxin inhibits proliferation and interleukin 2 production in human peripheral blood
lymphocytes. Proc. Natl. Acad. Sci. USA 1989, 86, 10171-10175. [CrossRef]

Tang, Z.-H.; Chen, X.; Wang, Z.-Y.; Chai, K.; Wang, Y.-F,; Xu, X.-H.; Wang, X.-W.; Ly, ].-H.; Wang, Y.-T.; Chen, X.-P; et al. Induction
of C/EBP homologous protein-mediated apoptosis and autophagy by licochalcone A in non-small cell lung cancer cells. Sci. Rep.
2016, 6, 26241. [CrossRef]

Lin, R.-C.; Yang, S.-F.; Chiou, H.-L.; Hsieh, S.-C.; Wen, S.-H.; Lu, K.-H.; Hsieh, Y.-H. Licochalcone A-Induced Apoptosis Through
the Activation of p38MAPK Pathway Mediated Mitochondrial Pathways of Apoptosis in Human Osteosarcoma Cells In Vitro
and In Vivo. Cells 2019, 8, 1441. [CrossRef]

Liu, X,; Xing, Y.; Li, M.; Zhang, Z.; Wang, ].; Ri, M.; Jin, C.; Xu, G.; Piao, L.; Jin, H.; et al. Licochalcone A inhibits proliferation and
promotes apoptosis of colon cancer cell by targeting programmed cell death-ligand 1 via the NF-kB and Ras/Raf/MEK pathways.
J. Ethnopharmacol. 2021, 273, 113989. [CrossRef]

Hao, Y.; Zhang, C.; Sun, Y.; Xu, H. Licochalcone A inhibits cell proliferation, migration, and invasion through regulating the
PI3K/AKT signaling pathway in oral squamous cell carcinoma. Onco. Targets 2019, 12, 4427-4435. [CrossRef] [PubMed]

Hao, W.; Yuan, X.; Yu, L.; Gao, C.; Sun, X.; Wang, D.; Zheng, Q. Licochalcone A-induced human gastric cancer BGC-823 cells
apoptosis by regulating ROS-mediated MAPKs and PI3K/AKT signaling pathways. Sci. Rep. 2015, 5, 10336. [CrossRef] [PubMed]
Shen, T.-S.; Hsu, Y.-K.; Huang, Y.-F; Chen, H.-Y,; Hsieh, C.-P.; Chen, C.-L. Licochalcone A Suppresses the Proliferation of
Osteosarcoma Cells through Autophagy and ATM-Chk?2 Activation. Molecules 2019, 24, 2435. [CrossRef] [PubMed]

Huang, W.-C; Su, H.-H.; Fang, L.-W.; Wu, S.-].; Liou, C.-J. Licochalcone A Inhibits Cellular Motility by Suppressing E-cadherin
and MAPK Signaling in Breast Cancer. Cells 2019, 8, 218. [CrossRef] [PubMed]

Lin, X.; Tian, L.; Wang, L.; Li, W.; Xu, Q.; Xiao, X. Antitumor effects and the underlying mechanism of licochalcone A combined
with 5-fluorouracil in gastric cancer cells. Oncol. Lett. 2017, 13, 1695-1701. [CrossRef] [PubMed]


http://doi.org/10.3389/fimmu.2019.00287
http://www.ncbi.nlm.nih.gov/pubmed/30858849
http://doi.org/10.1016/j.intimp.2010.04.007
http://doi.org/10.1515/znc-2008-5-609
http://doi.org/10.3109/08923973.2013.834929
http://doi.org/10.1142/S0192415X18500799
http://doi.org/10.4049/jimmunol.0900613
http://www.ncbi.nlm.nih.gov/pubmed/19841189
http://doi.org/10.1074/jbc.M413548200
http://www.ncbi.nlm.nih.gov/pubmed/15632141
http://doi.org/10.1091/mbc.e09-05-0390
http://www.ncbi.nlm.nih.gov/pubmed/19587117
http://doi.org/10.1038/ncomms14644
http://doi.org/10.4049/jimmunol.1501406
http://www.ncbi.nlm.nih.gov/pubmed/26673135
http://doi.org/10.1038/icb.2014.45
http://doi.org/10.1016/j.crohns.2014.04.003
http://doi.org/10.1073/pnas.241497298
http://doi.org/10.1002/ptr.2650020308
http://doi.org/10.1073/pnas.86.24.10171
http://doi.org/10.1038/srep26241
http://doi.org/10.3390/cells8111441
http://doi.org/10.1016/j.jep.2021.113989
http://doi.org/10.2147/OTT.S201728
http://www.ncbi.nlm.nih.gov/pubmed/31239711
http://doi.org/10.1038/srep10336
http://www.ncbi.nlm.nih.gov/pubmed/25981581
http://doi.org/10.3390/molecules24132435
http://www.ncbi.nlm.nih.gov/pubmed/31269698
http://doi.org/10.3390/cells8030218
http://www.ncbi.nlm.nih.gov/pubmed/30841634
http://doi.org/10.3892/ol.2017.5614
http://www.ncbi.nlm.nih.gov/pubmed/28454311

Int. . Mol. Sci. 2021, 22, 10847 11 of 11

42. Hong, PT.L.,; Kim, H.J.; Kim, W.K,; Nam, ].H. Flos magnoliae constituent fargesin has an anti-allergic effect via ORAI1 channel
inhibition. Korean J. Physiol. Pharmacol. 2021, 25, 251-258. [CrossRef] [PubMed]

43. Kim, HJ,; Park, S.; Shin, H.Y,; Nam, Y.R.; Lam Hong, P.T.; Chin, Y.W.; Nam, ].H.; Kim, WK. Inhibitory effects of x-Mangostin on T
cell cytokine secretion via ORAI1 calcium channel and K* channels inhibition. Peer] 2021, 9, €10973. [CrossRef] [PubMed]


http://doi.org/10.4196/kjpp.2021.25.3.251
http://www.ncbi.nlm.nih.gov/pubmed/33859065
http://doi.org/10.7717/peerj.10973
http://www.ncbi.nlm.nih.gov/pubmed/33717700

	Introduction 
	Results 
	Licochalcone A Inhibited ORAI1 Currents in HEK293T Cells Coexpressing hORAI1 with hSTIM1 
	Inhibitory Effect of Kv1.3 Currents by Licochalcone A in Jurkat T-Cells 
	Licochalcone A Inhibited KCa3.1 Currents in KCa3.1-Overexpressing HEK293 Cells 
	Inhibition of Release of IL-2 and Proliferation of T-lymphocytes by Licochalcone A 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Line and Cell Culture 
	Transient Transfection 
	Electrophysiological Experimentation 
	Human CD4+ T-Lymphocyte Assay 
	Cell Cytotoxicity 
	Measurement of IL-2 Secretion 
	Data Analysis 

	Conclusions 
	References

