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Purpose: Macrophages-mediated inflammation is linked with endothelial damage of
Kawasaki disease (KD). KCa3.1, a calcium-activated potassium channel, modulates inflam-
mation of macrophages. However, little is known about the role of KCa3.1 in inflammation
by macrophages involved in KD. Hence, this study is aimed to explore the potential role of
KCa3.1 in regulating inflammatory response by macrophages and subsequent vascular injury
in an in vitro model of KD.

Methods: RAW264.7 cells were stimulated with Lactobacillus casei cell wall extract
(LCWE) with or without TRAM-34 or PDTC or AG490. Subsequently, mouse coronary
artery endothelial cells (MCAECs) were incubated with RAW264.7 cells-conditioned med-
ium to mimic local inflammatory lesions in KD. CCKi8 assay was used to evaluate cell
viability. The mRNA levels of inflammatory mediators were detected by qRT-PCR.
Expressions of KCa3.1, MCAECs injury-associated molecules, proteins involved in signal
pathways of nuclear factor-kB (NF-«xB), signal transducers and activators of transcription
(STAT) 3 and p38 were evaluated by Western blot.

Results: Our study showed that LCWE increased KCa3.1 protein level in RAW264.7
macrophages and KCa3.1 inhibition by TRAM-34 notably suppressed the expression of pro-
inflammatory molecules in LCWE-treated macrophages via blocking the activation of NF-kB
and STAT3 pathways. Besides, the inflammation and damage of MCAECs were attenuated in
the TRAM-34-treated group compared with the KD model group. This vascular protective
role was dependent on the down-regulation of NF-«kB and STAT3 signal pathways, which
was confirmed by using inhibitors of NF-xB and STAT3.

Conclusion: This study demonstrates that KCa3.1 blockade of macrophages suppresses
inflammatory reaction leading to mouse coronary artery endothelial cell injury in a cell
model of KD by hampering the activation of NF-kB and STAT3 signaling pathway. These
findings imply that KCa3.1 may be a potential therapeutic target for KD.
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Introduction

Kawasaki disease (KD), an acute febrile systemic vasculitis of children under 5
years old, is characterized by an overreaction of immune system and excessive
release of inflammatory factors, which will lead to coronary arterial abnormalities.'
Up to 25% of untreated patients will develop coronary aneurysms, and 3-4% of
patients who treated with intravenous immunoglobulin (IVIG) plus aspirin still
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suffer from coronary artery lesions.”” Moreover, 16.5% of KD patients are
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unresponsive to the initial IVIG therapy.* Despite many
additional therapies, such as IVIG re-administration,’ ster-
oid or steroid pulse therapy,®’ infliximab,®° cyclosporine
A’ and plasma exchange,'? are available, coronary
artery lesions continue to develop in many KD patients.
Therefore, there is an urgent need to develop an alternative
therapeutic target for KD.

Emerging evidences suggest that KD is a macrophage-
related vascular disease.'>”'” Macrophages can be broadly
classified into classically activated macrophage (M1) or
alternately activated macrophage (M2) phenotypes.'® M1
macrophages accelerate atherosclerotic lesion development
and complexity via its pro-inflammatory effects, whereas the
M2 macrophages reduce the inflammatory reaction to pro-
mote tissue repair and healing.'® M1 phenotype is found to be
more pronounced than M2 in coronary artery lesions of KD,
which indicates that pro-inflammatory M1 macrophages may
contribute to vascular damages in acute KD.'” In addition,
the cytokine factors released by macrophages are responsible
for coronary artery injury during acute stage of KD.* In
a mouse model of KD, it has been shown that the mice
with defective macrophages fail to develop the coronary
arteritis after a single injection of Lactobacillus casei cell
wall extract (LCWE).?! Meanwhile, several studies have
demonstrated that LCWE-induced inflammatory factors in
macrophages are involved in vascular damage in the mouse
model of KD.?*>* All these studies reveal that macrophages-
mediated inflammation serves a crucial role in the pathogen-
esis of coronary arteritis in KD. Therefore, treatment aimed
at repressing inflammatory mediators by macrophages pro-
vides a promising therapeutic option for KD.

KCa3.1, an intermediate conductance calcium-activated
potassium channel, regulates the intracellular Ca®" concen-
tration via K" efflux of maintaining a negative membrane
potential.> KCa3.1 activation helps to sustain calcium entry
into the cell and is critical for the inflammatory response in
macrophages.”®?° KCa3.1-mediated elevation of intracellu-
lar calcium is essential for the production of inflammatory
cytokines and chemokines by macrophages.”® Most impor-
tantly, TRAM-34, a selective inhibitor of KCa3.1, dramati-
cally reduces the expression of pro-inflammatory genes
during macrophage polarization and inhibits macrophage
differentiation toward the M1 phenotype.”® KCa3.1 is con-
sidered as an attractive molecular target in many macro-
phage-associated disorders, such as asthma, multiple
sclerosis and stroke.”®*%3! As for cardiovascular diseases,
previous evidences have demonstrated that pharmacological
inhibition or attenuated

gene silencing of KCa3.l

atherosclerotic lesion formation as well as inflammatory
response in mouse models of atherosclerosis.*> However,
the potential role and mechanism of KCa3.1 in KD is yet to
be elucidated. We hypothesize that blockade of KCa3.l
could reduce the expression of pro-inflammatory mediators
and then attenuate inflammation-mediated endothelial injury
in an in vitro model of KD.

In this study, we used LCWE-treated RAW264.7 cells-
conditioned medium (RAW-CM) to induce mouse coron-
ary artery endothelial cells (MCAECs) injury as a cell
model of KD to investigate the possible role and mechan-
isms of KCa3.1 in regulating inflammation leading to
vascular damage in KD. Our results showed that KCa3.1
blockade attenuated the expression of pro-inflammatory
mediators via interfering with nuclear factor-kappa
B (NF-kB) and signal transducers and activators of tran-
scription (STAT) 3 signaling in LCWE-stimulated macro-
phages. Moreover, KCa3.1 inhibitor TRAM-34-treated
RAW-CM alleviated the inflammatory damage of the
MCAECs compared with LCWE-treated RAW-CM via
the inactivation of NF-kB and STAT3 signal pathways.
All these results suggest that a promising beneficial effect
of KCa3.1 inhibition for the treatment of KD.

Materials and Methods

Inhibitors and Antibodies

KCa3.1 inhibitor TRAM-34, NF-xB inhibitor PDTC and
STAT3 inhibitor AG490 were purchased from MCE
(Shanghai, China). All these inhibitors dissolved in
DMSO (Sigma-Aldrich, St. Louis, MO, USA).
Antibodies against KCa3.1 (60276-1-Ig) and Interleukin
(IL)-1B (16806-1-AP) were purchased from Proteintech
(Wuhan, China). Antibodies for inducible nitric oxide
synthase (iNOS) (ab178945), matrix metalloproteinase
(MMP)-9 (ab228402), vascular cell adhesion molecule
(VCAM)-1 (ab134047), STAT3 (ab68153), phospho (p)-
STAT3 (ab76315), horseradish peroxidase (HRP)-
conjugated IgG (ab205718, ab205719) were purchased
from Abcam (Cambridge, MA, USA). Antibodies against
B-tubulin (15115S), NF-xB p65 (8242T), p-NF-kB p65
(3033T), p38 MAPK (8690T) and p-p38 MAPK (4511T)
MA, USA).
Antibodies for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (BL006B) and p-actin (BL0O05B) were pur-
chased from Biosharp (Hefei, China). Primary antibody
for Histone H3 (EM30605) was
HUABIO (Hangzhou, China)

were purchased from CST (Danvers,

purchased from
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Preparation of LCWE

LCWE was prepared as previously reported by Lehman
et al’' In brief, L. casei (ATCC, Manassas, VA, USA) was
cultured in Lactobacilli MRS broth (BD Systems, Franklin
Lakes, NJ, USA). The bacteria were harvested by centri-
fugation during the log phase of growth and lysed with
twice packed volumes of 4% SDS (Sigma-Aldrich,
St. Louis, MO, USA) overnight. In order to remove any
adherent material from the cell wall, sequential incuba-
tions with 250 mg/mL RNase, DNase I and trypsin
(Sigma-Aldrich, St. Louis, MO, USA) were performed.
The cell-wall fragments were then fragmented with JY92-
IIN Ultrasonic Homogenizer (Scientz, Ningbo, China) in
a dry ice/ethanol for 2 h. Following 1 h centrifugation at
20,000 rpm, the pellet was discarded and the supernatant
was retained. The final concentration of rhamnose in the
supernatant was determined using phenol-sulphuric colori-
(GenMed Scientifics,
Shanghai, China) according to the manufacturer’s instruc-

metric  determination  assay
tions and expressed in mg/mL in phosphate-buffered sal-

ine (PBS).

Experimental Mice

A total of 5 wild-type 4-6-week-old male C57BL/6 mice
were purchased from the Laboratory Animal Center of
Zhejiang University and were housed under specific patho-
gen-free conditions (40-70% humidity, 20-26°C, 12-h
light/dark cycle with full-valence granular mice feedstuff
and sterile water). All animal experiments were performed
under an animal protocol approved by the Animal Care
Committee at Zhejiang University (approval number:
ZJU2015-501-01).

Cell Culture and Treatment

Both mouse RAW264.7 cells (Cell Bank of the Chinese
Academy of Science, Shanghai, China) and primary
MCAECs (CHI Scientific Inc, Maynard, MA, USA) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
high glucose medium (Gibco, Grand Island, NY, USA)
containing 10% fetal bovine serum (FBS) (Gibco, Grand
Island, NY, USA), 1% penicillin-streptomycin (Gibco,
Grand Island, NY, USA) at 37 °C in a humidified incubator
with atmosphere of 5% CO,. RAW264.7 cells in 6-well
plates or 75-cm” flasks were stimulated by LCWE (1 pg/
mL) 12 h with or without pretreatment with TRAM-34 (1, 5,
10 uM) or PDTC (100, 200, 500, 1000 uM) or AG490 (1, 5,
10 uM) for 30 min.

Co-Culture of RAW?264.7 Cells and

MCAECs

RAW264.7 cells in 6-well plates were pretreated with
TRAM-34 (10 uM) or PDTC (1000 uM) or AG490 (10
pM) for 30 min, and then stimulated by LCWE (1 pg/mL)
for 12 h. Subsequently, MCAECs in 6-well plates were
incubated with RAW264.7 cells-conditioned medium for
12 h to establish a MCAECs injury model.

Isolation, Culture and Treatment of

Mouse Primary Peritoneal Macrophage

Mouse primary peritoneal macrophages (PM®s) were
harvested as previously described by I-Chun Lin et al.**
Briefly, 4-6-week-old male C57BL/6 mice were intraper-
itoneally injected with 2 mL 3% thioglycolate medium
(Merck, Darmstadt, Germany) for 3 days. Peritoneal
macrophages were isolated by washing the peritoneal
cavity with 5 mL sterile PBS for 3 times. The peritoneal
fluid of each mouse was collected separately. After 5 min
centrifugation at 1200 rpm, the supernatant was dis-
carded and the cell pellet was suspended in DMEM
10% FBS and 1%
streptomycin. Cells were seeded into 6-well plates and

supplemented with penicillin-
allowed to adhere the culture plates overnight at 37 °C
under a 5% CO, atmosphere. Non-adherent cells were
removed using PBS, and the remaining adherent cells
were treated with TRAM-34 (10 pM) for 30 min, and
then stimulated by LCWE (1 pg/mL) for 12 h.

Cell Viability

Cell viability was measured by cell counting kit (CCK) 8
assay. Briefly, RAW264.7 cells or MCAECs were seeded
into 96-well plates at a density of 5x10° cells per well.
RAW264.7 cells were treated with TRAM-34 at different
concentrations (0, 1, 5, 10, and 15 uM) in the presence or
absence of LCWE (1 pg/mL). MCAECs were incubated
with RAW-CM from different groups as mentioned above.
Following by 12 h of incubation, the medium was added
with 10 pL. CCK (YeaSen, Shanghai, China) for 3 h. The
optical density at a wavelength of 450 nm was measured
by using a spectrophotometer (Merinton, Beijing, China).

Quantitative Realtime-Polymerase Chain

Reaction (qRT-PCR)

Total RNA in cultured cells was extracted by TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA) followed a standard chloro-
form extraction method. The RNA was converted to cDNA
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with PrimeScript TM RT Master Mix (Takara, Dalian, China)
as described in the manufacturer’s instructions. qRT-PCR was
performed using the Applied Biosystems 7500 real-time PCR
system. The condition of gRT-PCR was 95 °C for 2 min and
40 cycles of 15 s at 95 °C and 34 s at 60 °C. The primers for
gRT-PCR were listed in Table 1. The relative mRNA level
was calculated using the 20 Y method.

Nitric Oxide (NO) Assay

NO production was detected by Griess reagent (Beyotime
Biotechnology, Shanghai, China). RAW264.7 cells seeded in
24-well plates were pretreated with TRAM-34 (1, 5, 10 uM)
or PDTC (100, 200, 500, 1000 uM) or AG490 (1, 5, 10 uM)
for 30 min prior to the addition of LCWE (1 pg/mL) for 12
h. The 100 pL supernatant was transferred and mixed with
100 pL Griess reagent in 96-well plates. After 10-min incuba-
tion at 37 °C in the dark, the absorbance was measured at 540
nm by using a spectrophotometer (Merinton, Beijing, China)

Western Blotting

Total proteins were extracted by RIPA lysis buffer contain-
ing protease and phosphatase inhibitors (Beyotime
Biotechnology, Shanghai, China). Cytoplasmic and nuclear
proteins were obtained using a nuclear and cytoplasmic
protein extraction kit (Beyotime Biotechnology, Shanghai,
China). The concentration of protein was determined by
a BCA protein assay kit (Thermo Fisher, Waltham, MA,
USA). Equal protein amounts were separated by 4-20%
SDS-PAGE gels (GenScript, Nanjing, China) and then trans-
ferred to polyvinylidene fluoride (PVDF) membranes
(Merck-Millipore, Darmstadt, Germany). The membranes
QuickBlock  buffer
Biotechnology, Shanghai, China) for 15 min at room tem-

were blocked in (Beyotime

perature, then were incubated with the primary antibodies at
4 °C overnight. The membranes were then incubated with

Table | Primers Used for qRT-PCR

horseradish peroxidase (HRP)-conjugated secondary antibo-
dies for 1 h at room temperature. The blots were visualized
by a chemiluminescence reagent (Thermo Fisher, Waltham,
MA, USA). The optical density of each band was quantified
with ImagelJ software (NIH, Bethesda, MD, USA).

Statistical Analysis

Data were expressed as mean + SD and analyzed with Graph
Pad Prism7 software (La Jolla, CA, USA). A two-tailed
unpaired Student’s 7-test was used to compare two groups,
and a comparison of more than two groups was carried out
using single-factor ANOVA. Differences with a p value less
than 0.05 were considered as statistically significant. All
experiments were performed at least three times.

Results
LCWE Increases KCa3.l Level in
RAW?264.7 Cells

KCa3.1, a pro-inflammatory ion channel, is significantly
increased in pro-inflammatory M1 macrophages. LCWE
has been reported to be a strong inducer for macrophage
inflammation. Hence, we first investigated whether LCWE
upregulated KCa3.1 level in RAW264.7 macrophages. As
expected, the result of Western blot showed that KCa3.1
protein expression was increased when RAW264.7 macro-
phages were stimulated by LCWE (Figure 1A).

Effects of KCa3.l Inhibitor TRAM-34 on

RAW?264.7 Cells Viability and Activation

The effect of TRAM-34 on RAW264.7 cell viability was
evaluated by CCKS8 assay. TRAM-34 has no significant
toxicity at a concentration of < 10 uM with or without
LCWE treatment (Figure 1B and C). According to this
result, TRAM-34 at concentrations of 1, 5, 10 uM was
used in subsequent experiments. To examine the inhibitory

Gene Forward 5'-3’ Reverse 5'-3’

IL-1p GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
TNF-o. CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
MCP-| GCCTGCTGTTCACAGTTGC TCGATGCACAACTGGGTGAAC
iNOS GGAGTGACGGCAAACATGACT TCGATGCACAACTGGGTGAAC
MMP-9 GCGTCGTGATCCCCACTTAC CAGGCCGAATAGGAGCGTC
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

Abbreviations: IL-1p, interleukin-1B; IL-6, interleukin-6; TNF-0, tumor necrosis factor-a; MCP-I, monocyte chemotactic
protein-1; iNOS, inducible nitric oxide synthase; MMP-9, matrix metalloproteinase-9; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.
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Figure | Effects of KCa3.1 inhibition by TRAM-34 on LCWE-induced cytotoxicity and activation in RAW264.7 cells. (A) RAW264.7 cells were stimulated with LCWE (I g/
mL) for 12 h. The protein level of KCa3.| was detected by Western blot. Results are expressed as the mean * SD. **p < 0.01 versus control group. (B, C) Cytotoxicity of
RAW?264.7 cells treated by TRAM-34 (0, I, 5, 10, 15 pM) with or without LCWE (I pg/mL) was determined by CCK8 assay. Results (n = 5) are expressed as the mean * SD,
*p < 0.05, ¥p < 0.01 versus untreated group, * p < 0.05 versus LCWE-treated group. (D) The representative microphotographs showed phenotypic changes of RAW 264.7
cells in responsive to different stimuli (LCWE (I pg/mL), TRAM-34 (10 uM)) for 12 h. Magnification = 100x or 200x. Scale bar = 100 ym.

effect of TRAM-34 on macrophage activation, optical control cells, LCWE-stimulated RAW cells had irregular
microscopy was performed on RAW264.7 cells stimulated  shapes, elongated pseudopodia and increased intercellular
by LCWE with or without TRAM-34. Compared with the  space. These morphological changes were much less in the
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TRAM-34-pretreated cells (Figure 1D). These findings
indicate that KCa3.1 blockade by TRAM-34 inhibits
LCWE-mediated macrophages activation.

KCa3.l Blockade Suppresses
Pro-Inflammatory Molecule Expression in
LCWE-Stimulated RAW?264.7 Cells

Inflammatory mediators, such as cytokines and chemo-
kines, have been reported to promote the development of
vascular lesions in KD.' Blocking KCa3.1 with TRAM-34
impairs inflammatory gene expression during macrophage
is polarized into pro-inflammatory M1 phenotype. Thus,
we examined whether TRAM-34 could inhibit LCWE-
mediated inflammatory  molecule  expression in
RAW264.7 cells. To explore the inhibitory effect of
TRAM-34 on LCWE induced pro-inflammatory gene
expression, the mRNA levels of IL-1p, IL-6, tumor necro-
sis factor (TNF)-a and monocyte chemotactic protein
(MCP)-1 were detected by qRT-PCR, respectively. The
results showed that LCWE significantly increased the
mRNA levels of IL-1p, IL-6, TNF-a and MCP-1 in
RAW264.7 cells, and pretreatment with TRAM-34
decreased the mRNA levels of IL-1B, IL-6, TNF-a and
MCP-1 in a dose-dependent manner (Figure 2A-D). To
further confirm the anti-inflammatory role of TRAM-34,
we examined the levels of MMP-9, iNOS and NO, which
were responsible for the production of pro-inflammatory
mediators and contributed to the vascular injury of LCWE-
induced KD model. As shown in Figure 2E-I, TRAM-34
pretreatment drastically decreased the expression of MMP-
9 as well as INOS and NO production in LCWE-
stimulated RAW264.7 cells in a dose-dependent manner.
These results suggest KCa3.1 inhibition reduces the
expression of pro-inflammatory mediators in LCWE-
stimulated RAW?264.7 macrophages.

KCa3.l Inhibition Attenuates
Inflammatory Reaction in
LCWE-Stimulated Mouse Peritoneal
Macrophages

LCWE-induced upregulation of inflammatory mediators
in PM®s is closely associated with vascular lesions in
KD murine model.>**3 Therefore, we tested whether
inhibition of KCa3.1 by TRAM-34 could affect LCWE-
mediated inflammatory gene expression in PM®s.
Similarly, TRAM-34 also reduced the mRNA expression

of IL-1P, IL-6, TNF-a and MCP-1 in LCWE-stimulated
PM®s (Figure 3A-D). We then evaluated the role of
TRAM-34 in LCWE-induced MMP-9 and iNOS expres-
sion in PM®s. As expected, pretreatment with TRAM-
34 markedly downregulated LCWE-induced MMP-9 and
iNOS expression at both the mRNA and protein levels
(Figure 3E-H). Moreover, as shown in Supplementary
Figure 1, the phenotypic changes of LCWE stimulated-
PM®s were reversed by TRAM-34 pretreatment. These
results indicate that inhibition of KCa3.1 attenuates
LCWE-mediated inflammatory reaction in mouse pri-
mary peritoneal macrophages.

Inhibition of KCa3.| Blocks LCWE-
Induced NF-kB and STAT3 Activation in

RAW264.7 Cells

NF-kB/STAT3/p38 signaling plays a critical role in the
transcription of those inflammatory mediators men-
tioned above. Thus, we investigated the effect of
KCa3.1 inhibition on activation of NF-kB, STAT3 and
p38 pathways in LCWE-induced RAW264.7 cells by
Western blot. Western blotting analysis showed that
LCWE increased nuclear protein levels of NF-kB p65
and reduced its cytoplasmic protein levels compared
with the control group. This phenomenon was signifi-
cantly attenuated by TRAM-34 pretreatment (Figure
4A). Meanwhile, as shown in Figure 4B and C, the
phosphorylation of STAT3 induced by LCWE was
decreased by TRAM-34 in a concentration-dependent
manner, whereas the phosphorylation of p38 induced
by LCWE was not altered. These findings suggest that
of KCa3.1 LCWE-induced
inflammatory response in macrophages by blocking

inhibition suppresses
NF-«xB nuclear translocation and phosphorylation acti-
vation of STAT3.

NF-kB and STAT3 Pathways are Involved
in LCWE-Induced Inflammatory

Response in RAW264.7 Cells

To further determine whether the NF-kB and STAT3
signaling pathways mediate LCWE-induced inflamma-
tory response in RAW264.7 cells, cultures were co-
incubated with NF-xB inhibitor PDTC or STAT3 inhi-
bitor AG490. PDTC effectively inhibited the expres-
sions of inflammatory genes by hampering nuclear
translocation of NF-kB p65 in LCWE-stimulated
RAW264.7 cells (Figure 5). Similarly, LCWE-induced
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Figure 2 Blocking KCa3.1 with TRAM-34 inhibits LCWE-induced inflammatory response in RAW264.7 cells. RAW264.7 cells were pretreated with TRAM-34 (0, 1, 5, 10
M) 30 min, then exposed to LCWE (I pg/mL) for 12 h. The mRNA expressions of IL-1B (A), IL-6 (B), TNF-a (C), MCP-1 (D), iNOS (E) and MMP-9 (F) were assayed by
qRT-PCR, respectively. The protein levels of INOS (G) as well as MMP-9 (I) were detected using Western blot. (H) Culture supernatants of RAW264.7 cells were collected
for NO detection by Griess reagent. All results are expressed as the mean % SD. #¥p < 0001, ¥*p < 0.0001 versus untreated group; * p < 0.05, *p < 0.01, ™p < 0.001,

### < 0.0001 versus LCWE group.

the expressions of pro-inflammatory mediators in
RAW264.7 cells were reduced by AG490 in a dose-
dependent manner (Figure 6). These results imply that
the signaling via NF-kB and STAT3 pathways are
indispensable  for LCWE-mediated
response in RAW264.7 cells.

inflammatory

KCa3.l Inhibition of Macrophages Abates
MCAECs Inflammation Induced by
LCWE-Treated RAW-CM

As for the LCWE disease model, mouse vascular endothelial
damage is mainly mediated by cytokine factors produced by
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Figure 3 KCa3.1 inhibition by TRAM-34 suppresses inflammatory reaction in LCWE-stimulated mouse peritoneal macrophages. Mouse peritoneal macrophages were
pretreated with TRAM-34 (10 pM) 30 min, then stimulated with LCWE (I pg/mL) for 12 h. The expressions of IL-I1B (A), IL-6 (B), TNF-a (C), MCP-I (D), iNOS (E) and
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versus LCWE group.

macrophages.>* Thus, to re-create the inflammatory environ-
ment surrounding endothelial cells in KD model, we utilized
LCWE-treated RAW-CM to stimulate MCAECs to establish
an in vitro model of endothelial cell injury. We first examined
whether KCa3.1 inhibition of macrophages by TRAM-34
suppressed inflammatory reaction in MCAECs induced by
LCWE-treated RAW-CM. Results of qRT-PCR demon-
strated that the mRNA levels of IL-1p, TNF-o. and MCP-1
in MCAECs were significantly upregulated by LCWE-
treated RAW-CM and reduced by TRAM-34 or PDTC or
AG490-treated RAW-CM (Figure 7). These results indicate

that inhibition of KCa3.1 in macrophages alleviates the
expressions of inflammatory mediators at the transcriptional
level in MCAECs.

KCa3.l Inhibition of Macrophages
Protects MCAECs Against
LCWE-Treated RAW-CM-Induced Injury

Next, we investigated the effects of KCa3.1 blockade in
macrophages by TRAM-34 on LCWE-treated RAW-CM-
mediated MCAECs injury. Compared with the control
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group, LCWE-treated RAW-CM induced a reduction in cell
viability of MCAECs, which was reversed by TRAM-34 or
PDTC or AG490-treated RAW-CM (Figure 8A). Significant
markers of mouse vascular lesion in the LCWE-induced KD
model >+ including VCAM-1, MMP-9 and IL-1pB, were
increased in MCAECs after exposure to LCWE-treated
RAW-CM, while these MCAECs injury-associated mole-
cules were decreased by TRAM-34 or PDTC or AG490-
treated RAW-CM (Figure 8B). KCa3.1 protein level in
MCAECs was upregulated by LCWE-treated RAW-CM
and reduced in TRAM-34 or PDTC or AG490-treated RAW-

CM group (Figure 8B), which further certified that KCa3.1 is
a pro-inflammatory ion channel. Furthermore, we examined
whether NF-kB and STAT3 pathways mediated MCAECs
damage in this KD model. As shown in Figure 8C and D,
phosphorylation of NF-«B and STAT3 was markedly
induced by stimulation with LCWE-treated RAW-CM,
which was notably attenuated by treatment with TRAM-34
or PDTC or AG490-treated RAW-CM. These results identify
that the protective effects of KCa3.1 inhibition against
LCWE-treated RAW-CM-induced injury are linked with
the inactivation of NF-kB and STAT3 pathways.

Journal of Inflammation Research 2021:14

submit your manuscript 727
Dove


http://www.dovepress.com
http://www.dovepress.com

Zheng et al

Dove

IL-1B
sokok ok B Kok ok ok

80000 4500-
3 70000 3 4000
3 60000 M 3 35001
< 50000 < 30007
x i 2500
% 40000 #H E 2000
@ T
2 30000 HitH 2 1500
S 20000 Z 4000+
& 10000 - HitH# X 5004

0 . 0
PDTC (uM) O 0 100 200 500 1000 PDTC (uM) 0

IL-6

HiHHH

0 100 200 5001000

LCWE E
D MCP-1

350- ey 120- *kokk
g 3004 g 100-
;250- g 804

200
x ©
E 150 # E 60
@ 3
2 - 2 40-
£ 1004 a4 &
S 3
© 504 Hith x 204

0- 0-
PDTC (uM) 0 0 100200 500 1000  PDTC (uM) O

LCWE
iNOS

HHtH#

0 100 200 500 1000

LCWE LCWE
iNOS
¢ Lowe e
PDTC 0 0 100 200 5001000 yM  § oo
iNOS [ W e ] g w0
B-actin | W W W — - — :‘:20: 2o a4
PDTCUM) S s & & & &
LCWE
MMP-9
I LCWE E::
PDTC 0 0 100 200 5001000 pM ;53::
MMP-O | e - — | 220
Bractin | we w— - ———— g

0
PDTC (uM) © © &

S o
L S
LCWE
Cytoplasmic p65 Nuclear p65

15 14 *%
T # T 12
3 2
£10 10
o
8 g
Q o 6
Sos Kok Kok 2
5 54 i
3 g 2

0.0 0:

S & <o > & O
A PO
6‘\4/ (¢ 4\«}
$ 9
v

TNF-a

* % %k %k

Relative mRNA lev:
(=2
<

0
PDTC (uM) 0 0 100 200 5001000

LCWE
F MMP-9

Kk k
120+

100+
80
604

40
HHH#H#

201 HittH

Relative mRNA level

PDTC (uM) O 0 100 200 500 1000

LCWE
H 6 sk sk ok
£ 54
=
5 1
g
° Hi##H
8 HitH . #####
Z 11 -

pos [me = =]
Cytoplasm
Nucleus
Histone 3 | = wm]
LCWE - + +
PDTC - = 1000 M

Figure 5 NF-«B signal pathway is necessary for LCWE-induced inflammatory reaction in RAW264.7 cells. RAW264.7 cells were pretreated with PDTC (0, 100, 200, 500,
1000 M) 30 min before stimulation with LCWE (I pg/mL) for 12 h. qRT-PCR was performed to test the mRNA expressions of IL-1B (A), IL-6 (B), TNF-a (C), MCP-1 (D),
iNOS (E) and MMP-9 (F) in RAW264.7 cells, respectively. The protein expressions of iNOS (G), MMP-9 (I) and NF-kB p65 at cytoplasm or nucleus (J) were analyzed by
Western blot, respectively. (H) NO production was detected by Griess reagent. All results are expressed as the mean * SD. *p < 0.01, ¥**p < 0.001, ***p < 0.0001 versus

untreated group; “p < 0.05, #p < 0.01, ##p < 0.001, ##p < 0.0001 versus LCWE group.

submit your manuscript

728

Dove!

Journal of Inflammation Research 2021:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Zheng et al
IL-6 TNF-o
A IL-1B B C 14- Hokok K
12000 - = o0 5 121 i
g 1o H 500 3 10 i
< 8000 £ S .l Bt
z #it & 2
g 6000 - £ 300 E 6
% 4000 £ 200 % 4
S 2000 it € 100 g 2
0 0 0-
AG490 (uM) 0 1 5 10 AG4OQWM) 0 0 1 5 10 AG4O@WM) 0 0 1 5 10
LCWE LCWE LCWE
MCP-1 iNOS MMP-9
D 10+ E 204 ool F 20 ok ok ok
- % % %k %k - # -
&Y o &' i #H
< — < <
2 2 2
2 5 2 s g ] ki
© © ® HitH
0- 0- o
AG490 (uM) O 1 5 10 AG490 (M) 0 O 1 5 10 AG490 (M) O O 1 5 10
LCWE LCWE LCWE
iNOS
G 707 = H 7 *k ok ok
LCWE . <
2 504 # 25
AG490 0 0 1 5 10 M g T 50
5™ S
iNOS —— — i Ez p—-—
. g " B T HHH
B-actm m & 104 Z 14
N 0. 0.
AGAO (uM) S SN o % AGA90 (M) s s~ & o
LCWE LCWE
MMP-9
| LCWE s J LCWE
3 6
o
AG490 0 0 1 5 10 pM £ AG4%0 0 0 1 5 10 pM
: : B 4
MMP-9 | s 8 s o < 5 i p-STAT3 o . = —
2 2l T au
©
B-actin [ e ——— g STAT3 [ o wn w
0-
AG490 (UM) o N e e B-actin | wew e s w— w—
LCWE
p-STAT3 STAT3
% % %k
250 24
gzoo H#it g
T T
o ° 1
§1oo ;;
g% Hit 3
0 d
AGAQ (M) S SN & S AGA0EM) s s x o
LCWE LCWE

Figure 6 STAT3 signal pathway is involved in LCWE-induced inflammatory response in RAW264.7 cells. RAW264.7 cells were pretreated with AG490 (0, I, 5, 10 uM) 30
min prior to the stimulation with LCWE (I pg/mL) for 12 h. qRT-PCR was conducted to analyze the relative mRNA levels of IL-1B (A), IL-6 (B), TNF-a (C), MCP-1 (D),
iNOS (E) and MMP-9 (F) in RAW264.7 cells, respectively. The relative protein levels of iNOS (G), MMP-9 (I), p-STAT3 and STAT3 (J) were examined by Western blot,
respectively. (H) NO production was detected by Griess reagent. All results are expressed as the mean + SD. #¥p < 0.001, *¥p < 0,0001 versus untreated group; *p <
0.05, *p < 0.01, "#p < 0.001, "*#p < 0.0001 versus LCWE group.

Journal of Inflammation Research 2021:14

submit your manuscript

729

Dove


http://www.dovepress.com
http://www.dovepress.com

Zheng et al Dove
A IL-1B B TNF-a C MCP-1
3000+ *kkk 121 *$ s *okk ok
S 2500 N S 104 $ 61 T
H 3 # 3
] 8 < ##
% 2000 é " Eﬁ 5 o iy #i
£ 1500+ £ 64 [ —
[ o o 31
2 1000 2 4 2,
= 5 5 ]
& 5001 gy HHEE RRER g 5] 8,
oL e T BN mml , LI ,
> & » ) ° > >
& & & F & N & & MF LS
% vVo& & R & Vo R N ® vo& R \a
AR & £
vds v v c§ v N S g & Vv
v v

Figure 7 KCa3.l inhibition of macrophages alleviates MCAECs inflammation induced by LCWE-treated RAW-CM. MCAECs were incubated with RAW264.7 cells-
conditioned medium from various groups (Control, LCWE, LCWE+TRAM-34, LCWE+PDTC, LCWE+AG490) for 12 h. Expressions of IL-1B (A), TNF-a (B), MCP-1 (C) at
the mRNA levels was examined by qRT-PCR. All results are expressed as the mean % SD. *¥p < 0.001, **p < 0.0001 versus control group; *p < 0.05, *p < 0.01, *p <

0.001, ###p < 0,0001 versus LCWE group.

Discussion

In this study, we first established a vascular injury model of
KD using co-culture of LCWE-treated RAW264.7 cells-
conditioned medium with the mouse coronary artery
endothelial cells to investigate the role of KCa3.1 in the
pathogenesis of KD. KCa3.1 channel has been reported to
be involved in the inflammatory response in vitro and in -
vivo.*® However, the potential role of KCa3.1 to modulate
the inflammation on KD-related model is not clear. Our
results revealed that inhibition of KCa3.1 suppressed inflam-
matory reaction via targeting NF-kB and STAT3 pathways in
LCWE-stimulated macrophages. Subsequently, KCa3.1 inhi-
bition of RAW264.7 macrophages by TRAM-34 attenuated
mouse vascular inflammation and damage in this model of
KD induced by LCWE-treated RAW-CM. Taken together, it
is reasonable to use KCa3.1 as a promising molecular target
for KD treatment.

Macrophage activation has been observed both in the
peripheral circulation and the pathological lesions of KD
patients with coronary artery lesions.'**’” Similar to the
results in human patients with KD, murine macrophage
activation was also seen both in vivo and in vitro after
LCWE stimulation.®® Thus, immune activation of macro-
phage involves in local inflammatory damage of the cor-
onary arteries in the LCWE-induced murine model of KD.
In the current in vitro study, enhanced protein level of
KCa3.1 which is necessary for macrophage activation
was observed in LCWE-treated RAW264.7 macrophages.
Meanwhile, we found that LCWE-stimulated RAW264.7
cells exhibited typical morphological changes and this
phenotype was inhibited by treatment with KCa3.1

inhibitor TRAM-34, which indicated that the involvement
of KCa3.1 in LCWE-induced macrophage activation.
Collectively, our study not only showed that KCa3.1 upre-
gulation is a possible indicator of macrophage activation
by LCWE but also provided fundamental evidence for the
therapeutic effect of KCa3.1 inhibition with TRAM-34 on
LCWE-induced immune activation.

Elevated serum levels of inflammatory cytokines, such
as IL-1B, IL-6, TNF-a and MCP-1, are observed in KD

patients at acute phase,?>* !

suggesting that these cyto-
kine factors produced by macrophages may be implicated
in the pathogenesis of KD. Similarly, LCWE-induced
mouse coronary arterial lesions are associated with inflam-
matory cytokines by macrophages in this murine model of
KD.** Moreover, several cytokine antagonists have been
used to improve coronary outcome in the model of KD
induced by LCWE.***** Thus, treatments aimed at sup-
pressing inflammatory mediators by macrophages have
a potential therapeutic strategy for the therapy of KD.
Our results confirmed that LCWE could strongly induce
the expression of IL-1f, IL-6, TNF-o and MCP-1, whereas
KCa3.1 blockade by TRAM-34 remarkably reduced the
upregulation of IL-1p, IL-6, TNF-a and MCP-1 in LCWE-
stimulated macrophages (RAW264.7 cells and mouse pri-
mary peritoneal macrophages). These findings provide the
evidence to support the theory of the anti-inflammatory
effects of KCa3.1 inhibition on KD model.

MMP-9, a member of matrix metalloproteases (MMPs)
family, has been found to be involved in tissue destruction
in KD.** In an LCWE-induced animal model of KD, the
production of MMP-9 results in elastin breakdown and
aneurysm formation and its inhibition improves coronary
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Figure 8 KCa3.| inhibition of macrophages attenuates MCAECs injury mediated by LCWE-treated RAW-CM. MCAECs were incubated with RAW264.7 cells-conditioned
medium from various groups (Control, LCWE, LCWE+TRAM-34, LCWE+PDTC, LCWE+AG490) 12 h for the detection of cell viability, MCAECs injury-related protein and
STAT3 phosphorylation, or | h for the detection of phosphorylation of NF-kB p65. (A) Cell survival of MCAECs was determined by using CCK8 assay (n=5). (B)
Expressions of VCAM-1, MMP-9, IL-1B and KCa3.| were analyzed by Western blot. (C) Expressions of p-p65 and pé5 at protein levels were measured by Western blot. (D)
The protein levels of p-STAT3 and STAT3 were detected by Western blot. All results are expressed as the mean + SD. ¥**p < 0.001, ****p < 0.0001 versus control group;
#» < 0.05, #p < 0.01, #p < 0.001, *#*#p < 0.0001 versus LCWE group.
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outcome.* NO is known to maintain normal vascular
tension. However, high concentrations of NO mediated
by iNOS enzyme in macrophages could result in vessel
wall dilatation and lesions in acute KD.*® Likewise, NO
elaborated by activated macrophages could initiate coron-
ary arteriolar wall damage in the LCWE-treated mouse
model.*” The previous study has shown that blockade of
iNOS could prevent cerebral aneurysm formation through
reducing NO release.*® These studies imply that agents
with the ability to inhibit both the expression of MMP-9
and NO production offer a promising therapeutic strategy
for KD. Interestingly, inhibition of KCa3.1 with TRAM-34
has an inhibitory effect on MMP-9 expression in TNF-a-
stimulated vascular smooth muscle cells* and LPS-
induced iNOS expression and NO production in microglia
are strongly inhibited by blocking KCa3.1 channels.*® The
inhibitory effects of KCa3.1 inhibition by TRAM-34 on
the levels of both MMP-9, iNOS and NO in LCWE-
stimulated macrophages remain unknown yet. We found
that TRAM-34 notably suppressed the upregulation of
both MMP-9, iNOS and NO in macrophages induced by
LCWE, suggesting that KCa3.1 inhibitor TRAM-34 might
be investigated as a possible agent for KD therapy.
Findings of several studies suggest that activation of
NF-kB is crucial in the pathological development of vas-
culitis during KD through regulation of inflammatory fac-
tor expression.'*!33® NF-kB activation occurs in CD14"
monocytes/macrophages in peripheral blood mononuclear
cells (PBMCs) from children with KD at acute stage.'*
Furthermore, NF-xB inhibitor PDTC significantly reduces
the secretion of inflammatory cytokines in human coron-
ary artery endothelial cells induced by KD patient-
extracted PBMCs-conditioned supernatants.”’ LCWE is
a strong inducer of NF-«kB activation, while NF-kB con-
trols the transcription of inflammatory factors mentioned
above.”” KCa3.l-mediated Ca®" influx results in an
increase in cytoplasmic Ca®" concentration, which is
important to the activation of NF-xB in rat peritoneal
macrophages.’® Moreover, a recent study has shown that
KCa3.1 mediates the activation of the NF-xB signaling
pathway in astrocytes.” Thus, we examined the effects
of KCa3.1 inhibition by TRAM-34 on LCWE-induced
NF-xB activation. Our results revealed that LCWE
increased the nuclear translocation of the NF-xB p65,
which was alleviated by TRAM-34. Moreover, the invol-
vement of NF-kB signal pathway in LCWE-mediated
inflammatory response was further confirmed by using
NF-«B inhibitor PDTC. These results suggest that the anti-

inflammatory effect of KCa3.1 blockade is mainly depen-
dent on the activation of NF-xB pathway.

It has been found that STAT3 signaling pathway med-
LPS Raw264.7
macrophages.’*>® Also, targeting STAT3 pathway by its
inhibitor AG490 attenuated rheumatoid arthritis®” and the
anti-atherogenesis effect is partially attributed to the inhi-

iates induced inflammation in

bition of STAT3 pathway.”® Meanwhile, several studies
have revealed that STAT3 signaling pathway is partially
involved in KD-induced wvasculitis through regulating
endothelial 39.60

Accordingly, the modulation of the STAT3 signaling path-

inflammatory  response in cells.
way may provide an effective therapeutic strategy for the
treatment of inflammation-associated diseases. Our results
showed that LCWE upregulated pro-inflammatory mole-
cule expression in Raw264.7 macrophages through the
involvement of STAT3 pathway. Meanwhile, LCWE-
induced phosphorylation of STAT3 was reduced by block-
ing KCa3.1 channel by TRAM-34 in a dose-dependent
manner. Our study implies that the effects of KCa3.l
inhibition on inflammatory reaction are regulated, at least
in part, by suppressing the STAT3 signal pathway in
LCWE-stimulated RAW264.7 macrophages.

As mentioned above, mouse endothelial cells are
exposed to inflammatory conditions by macrophages in
LCWE-induced KD model. Therefore, MCAECs were incu-
bated with LCWE-treated RAW-CM to re-create the inflam-
matory environment surrounding endothelial cells in this
in vitro model of KD. Previous studies have reported that
endothelial cell damage and inflammation are the two pivotal
pathological mechanisms for KD. Furthermore, VCAM-1,
MMP-9 and IL-1B are regarded as MCAECs injury-
associated molecules in LCWE-induced KD model.***
inhibition of
RAW264.7 macrophages alleviated inflammation reaction

Hence, we examined whether KCa3.1
and endothelial cell injury in this in vitro model induced
by LCWE-treated RAW-CM. Since inhibition of KCa3.1 by
TRAM-34 significantly suppressed LCWE-induced inflam-
matory response in RAW264.7 cells, it was not surprising to
see that the levels of both inflammatory cytokines and
endothelial cells injury-associated molecules were decreased
in the TRAM-34-treated RAW-CM group compare to the
LCWE-treated RAW-CM group. Meanwhile, our results also
showed that MCAECs’ survival was increased in the
TRAM-34-treated RAW-CM group. In addition, the involve-
ment of both NF-kB and STAT3 pathways in mouse coron-
ary arterial lesions was demonstrated by the PDTC and
AG490-treated RAW-CM groups. These findings put
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forward the possibility that KCa3.1 inhibition could be used
as an effective strategy in treating KD-mediated vasculitis.
In summary, our findings demonstrated that KCa3.1
blockade
molecules mediating vascular injury via the suppression
of the NF-kB and STAT3 pathways and provided evidence
for KCa3.1 as an attractive pharmacological target for KD.

inhibited LCWE-induced pro-inflammatory

Of course, there are several limitations in this work.
Whether inhibition of KCa3.1 is capacity of improving
coronary outcomes in LCWE-induced murine model of
KD in vivo remains uncertain, and requires further inves-
tigation. In addition, our study cannot exclude that other
Ca”"-associated signaling pathways, such as NLRP3
inflammasome and NFAT signaling, are also involved in
this in vitro model of KD. Nevertheless, our work presents
the evidence that firmly demonstrates the KCa3.l as
a novel molecular target for KD treatment.
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