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Introduction

The human immune system includes both innate and adaptive immunity. Innate immune
recognition relies on pattern recognition receptors, which are germline-encoded and
recognize broad classes of molecular structures common to groups of microorganisms. Toll-
like receptors (TLRs) are one of the largest families of pattern recognition receptors that
detect microbial components.” TLR4 is expressed on the cell surface.” Lipopolysaccharide
(LPS) recognition by TLR4 mediates rapid cytokine production and the recruitment of
inflammatory cells to the site of infection.” In addition, TLR4 signaling is involved in sterile
inflammation, the regulation of pain, and the restoration of central nervous system
homeostasis after injury."” ¥ Recent studies have shown that TLR4 is also involved in the
pathogenesis of diabetic nephropathy.’®

Epigallocatechin-3-gallate (EGCGQG) is the most abundant polyphenol in green tea leaves.
9 EGCG has been reported to have a variety of anti-allergic, anti-oxidant, and anti-
inflammatory properties.'” In particular, several studies have shown a cardiovascular
benefit of EGCG under both normal and pathological conditions.” '''¥ Cardiovascular
disease is the leading cause of death in patients with chronic kidney disease, and TLR4 is
known to contribute to the development and perpetuation of endothelial dysfunction in
response to uremic toxicity.'¥ In previous studies, EGCG has been shown to decrease the
expression of TLR4 and to inhibit TLR4 signaling.'” '> ' However, the mechanism
through which EGCG regulates TLR4 activity is not well-characterized.

A disintegrin and metalloproteases 10 (ADAM10) is known to cleave the ectodomains
of cell surface receptors through Ca**-dependent activation.'” EGCG increases cytosolic
Ca?" in endothelial cells and vascular smooth muscle cells.'®*?” Recently, our study
suggested that TLR4 may also be a substrate of ADAM10.?" Therefore, we hypothesized
that EGCG may downregulate TLR4 at the cell surface by causing ectodomain shedding of
TLR4 through Ca®'-dependent activation of ADAMI10.

This present study investigated whether EGCG causes ectodomain shedding of TLR4 in
human aortic endothelial cells (HAECs).



Materials and Methods

Materials

EGCG and 1,2-bis(o-aminophenoxy) ethane-N,N,N’,N’-tetraacetic acid-acetoxymethyl
ester (BAPTA-AM) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Phosphate-
buffered saline (PBS) was used to dissolve EGCG. An antibody raised against a synthetic
peptide corresponding to amino acids 100—200 of human TLR4 (sc-52962) and antibodies
to human ADAM10, ICAM-1 and actin were from Santa Cruz Biotechnology. Fluo-4 AM
(Molecular Probes®), ADAMI0 siRNA, and control siRNA (Ambion®) were from
ThermoFisher Scientific (Waltham, MA).

Cell culture

HAECs were purchased from Lonza Walkersville (Walkersville, MD, USA), and the
cells were cultured in EBM-2 endothelial growth basal medium (Lonza Walkersville). The
cells were rested for 16 h in M199 Hank’s media (Gibco/ThermoFisher Scientific)
containing 2% fetal calf serum (Biological Industries Ltd, Cumbernauld, UK) before each
experiment. For treatment, the culture medium was replaced with serum-free M199
Hank’s media or Dulbecco’s modified Eagle’s medium (DMEM) (0 or 1.2 mM Ca*"), as

indicated.

Transfection with siRNA

HAECs were seeded in 6-well plates, cultured for 24 hours, and then transfected with
siRNA using Lipofectamine (Life Technologies/ThermoFisher Scientific). To generate
siRNA-Lipofectamine complexes, 100 pmol siRNA was incubated with 10 pl
Lipofectamine diluted in Opti-MEM medium (Life Technologies/ThermoFisher Scientific)
for 15 minutes at room temperature. The siRNA-Lipofectamine complexes were then
added to cells in fresh serum-free culture medium, and cells were incubated for 6 hours at
37°C in a CO3 incubator. The medium was replaced with complete growth medium and the

cells were incubated for an additional 18 h prior to use in experiments.

Western blot analysis

Treated cells were lysed on ice for 10 minutes in lysis buffer [SO mM Tris-HCI (pH 7.4),



150 mM NaCl, 0.25% sodium deoxycholate, 1% NP-40, and protease and phosphatase
inhibitors]. The lysed cells were collected and centrifuged at 4°C for 20 minutes. Proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel -electrophoresis and
transferred to Immobilon-P membranes (EMD Millipore, Bedford, MA, USA). The
membranes were incubated with primary antibodies and horseradish peroxidase-
conjugated secondary antibodies. Bands were visualized by enhanced chemiluminescence
(Luminata Forte Western HRP Substrate; EMD Millipore).

To measure secreted TLR4 levels, cell culture supernatants were concentrated using
Amicon ultra 10K centrifugal filters (EMD Millipore) and analyzed by Western blotting
with a TLR4 antibody.

Measurement of intracellular Ca’* by confocal microscopy

Fluo-4 fluorescence upon binding to Ca®" and is therefore used as an indicator of Ca®"
concentration. HAECs in 6-well plates were incubated with Fluo-4 AM (2 uM) for 30
minutes. After washing with Hank’s balanced salt solution (HBSS), the cells were placed
in HBSS (0 or 1.2 mM Ca®"). The cells were treated with EGCG, and fluorescence images
(excitation 494 nm, emission 506 nm) were captured every 20 seconds for 10 minutes
using a Zeiss LSM710 laser-scanning confocal microscope (Carl Zeiss, Germany). The
fluorescence intensities were measured using ZEN 2011 imaging software (Carl Zeiss,

Germany). The change in intracellular Ca®>" concentration is represented by the relative
Yy g p Yy

fluorescence intensity compared with the initial value.

Immunofluorescence staining

To examine ADAMI10 expression by immunofluorescence, the cells were fixed with 4%
paraformaldehyde for 10 minutes (without permeabilization) and incubated with 1%
bovine serum albumin in PBS for 60 minutes to inhibit nonspecific binding. The cells were
then incubated with a goat anti-ADAMI10 antibody overnight at 4°C, washed three times
with PBS, and incubated again with an AlexaFluor 488-conjugated anti-goat IgG
secondary antibody. Immunofluorescence images were captured with a Zeiss LSM710

laser-scanning confocal microscope.

Statistical analysis



Data are presented as the mean + standard error (SE). Analysis of variance with Scheffe's
multiple comparisons test was used to determine statistically significant differences among

the groups. A p-value of < 0.05 was considered statistically significant.



Results

LPS-induced ICAM-1 expression is reduced by EGCG

First, the effect of EGCG on LPS-induced intracellular adhesion molecule-1 (ICAM-1)
expression in HAECs was evaluated. HAECs were pretreated with EGCG (1, 10, 50, and
100 uM) for 30 minutes. Then, the EGCG-containing culture media was removed and the
cells were treated with LPS (100 ng/ml) for 8 hours. As shown in Figure 1, pretreatment of
the cells with EGCG for 30 min significantly diminished LPS-induced ICAM-1 expression
in a dose-dependent manner, while EGCG had no effect on ICAM-1 expression in the

absence of LPS stimulation.

EGCG induces TLR4 ectodomain shedding

To examine whether EGCG causes ectodomain shedding of TLR4, HAECs were
incubated with different concentrations of EGCG (0, 1, 10, 50, or 100 pM) for 30 minutes,
or with 50 uM EGCG for different times (0, 5, 10, 30, or 60 minutes), and whole cell
lysates and conditioned media were collected. TLR4 in the cell lysate was measured by
Western blotting using an antibody against TLR4. As shown in Figure 2A, cellular TLR4
expression was decreased by EGCG in a dose-dependent manner. To determine whether
this reduction was caused by ectodomain shedding of the receptor, the conditioned
medium was subjected to Western blotting using a monoclonal antibody against an epitope
in the N-terminus of TLR4. An approximately 48 kDa TLR4-immunoreactive band was
identified in the culture supernatant. The decrease in cellular TLR4 after EGCG treatment
was accompanied by an increase in the N-terminal fragment of TLR4 in the culture
supernatant. EGCG-induced ectodomain shedding of TLR4 was also time-dependent
(Figure 2B).

BAPTA-AM prevents EGCG-induced TLR4 ectodomain shedding, but depletion of
extracellular Ca®* does not

We investigated whether Ca®" signaling is involved in the EGCG-induced ectodomain
shedding of TLR4. HAECs were preincubated with the intracellular Ca®" chelator BAPTA-
AM for 30 minutes and then treated with EGCG (50 uM) for 30 minutes, and whole cell

lysates were analyzed by Western blotting using an anti-TLR4 antibody. EGCG-induced



ectodomain shedding of TLR4 was inhibited by BAPTA-AM (Figure 3A), indicating that
it is Ca®*-dependent. Next, to examine whether extracellular Ca®" influx is essential for
EGCG-induced ectodomain shedding of TLR4, the experiment was repeated in Ca*'-free
DMEM. As shown in Figure 3B, EGCQG still induced ectodomain shedding of TLR4 in the

absence of extracellular Ca®".

EGCG increases cystolic Ca**

We investigated the effect of EGCG on cytosolic Ca®* levels in HAECs using Fluo-4 AM.
EGCG markedly increased intracellular Ca®" levels in the presence of extracellular Ca**
(1.2 mM) (Figure 4A and 4B). However, this effect of EGCG was abolished by BAPTA-
AM. Without extracellular Ca?", EGCG still increased cytosolic Ca®" levels, but the effect
was lower than that with extracellular Ca®". These results indicate that EGCG increases the
cystolic Ca** concentration by inducing both extracellular Ca®" influx and the release of

Ca*" from intracellular stores.

ADAMI10 contributes to ectodomain shedding of TLR4

Ca*" influx is known to activate ADAM10.?? To investigate the role of ADAMIO in
EGCG-induced TLR4 ectodomain shedding, the localization of ADAMI10 was visualized
by immunofluorescent staining and confocal microscopy (Figure 5). With EGCG treatment,
ADAMI10 immunoreactivity at the cell surface increased. BAPTA-AM inhibited EGCG-
induced translocation of ADAMI10 to the cell surface, but the absence of extracellular Ca®*
did not block ADAM10 translocation.

To determine the role of ADAMI10 in EGCG-induced ectodomain shedding of TLR4,
HAECs were transfected with control siRNA or ADAMI10 siRNA and treated with EGCG.
Depletion of ADAMI10 prevented EGCG-induced ectodomain shedding of TLR4 (Figure
6A). We next investigated whether depletion of ADAMI10 reverses the inhibitory effect of
EGCG on TLR4-induced ICAM-1 expression. As shown in Figure 6B, EGCG did not
inhibit TLR4-induced ICAM-1 expression when ADAM10 was depleted by siRNA.



Discussion

In the present study, the mechanism underlying the anti-TLR4 effects of EGCG in
HAECs was investigated. We show that EGCG induces ectodomain shedding of TLR4 and
thereby diminishes the responsiveness of HAECs to LPS. EGCG increased the cytosolic
Ca*" concentration in HAECs, both by increasing extracellular Ca*" influx and by inducing
the release of Ca®" from intracellular stores. This increase in intracellular Ca** induced the
translocation of ADAM10 to the plasma membrane, where it likely catalyzes the cleavage
of the TLR4 ectodomain.

TLRs are important pattern recognition receptors involved in innate immunity.? They
are type | transmembrane receptors composed of extracellular leucine-rich repeat motifs
and a cytoplasmic Toll/interleukin-1 receptor homology domain.* TLRs can recognize
common molecular structures expressed by certain groups of microorganisms.*” LPS is a
component of the outer leaflet of the outer membrane of Gram-negative bacteria and is
recognized by TLR4 and other molecules, including myeloid differentiation-2 (MD-2).”
Stimulation of human vascular endothelial cells with LPS induces NF-«xB activation and
enhances the expression of adhesion molecules, including ICAM-1 and vascular cell
adhesion molecule-1 (VCAM-1).2> Adhesion molecules in turn play a vital role in the
process of leukocyte transmigration by mediating interactions between immune cells and
endothelial cells.?” In the present study, EGCG pretreatment attenuated LPS-induced
ICAM-1 expression by increasing TLR4 ectodomain shedding.

EGCG is the most potent anti-oxidant of the green tea polyphenols.?” In previous studies,
EGCG inhibited the activation of the transcription factors NF-xB and AP-1, which are
induced by many pro-inflammatory stimuli, including UV irradiation, LPS, and the
cytokine IL-B.?”*” EGCG has also been shown to inhibit TLR4 signaling.” ** Several
studies were performed to elucidate the mechanisms of inhibition of TLR4 by EGCG.
EGCG was found to inhibit both TLR4-mediated MyD88- and Toll/interleukin-1 receptor
(TIR) domain-containing adaptor-inducing interferon-B (TRIF)-dependent signaling and
subsequent inflammatory target gene expression.?” It also reduced LPS-induced activation
of TLR4 downstream signaling pathways in macrophages, endothelial cells, and dendritic
cells through the 67 kDa laminin receptor (67LR).'™ >3 Our data elucidated another
mechanism through which EGCG inhibits TLR4. In the present study, EGCG reduced
TLR4 signaling through ADAMI10-mediated ectodomain shedding of TLR4 in HAECs.



This mechanism could also apply to the regulation of other transmembrane receptors. In
our previous study,*” EGCG induced ectodomain shedding of TNFR1 and thereby
attenuated the effect of TNF-a in vascular endothelial cells.

ADAMSs are membrane-bound enzymes responsible for the shedding or cleavage of
various cell surface molecules, including adhesion molecules, cytokines/chemokines, and
growth factors.” Besides the metalloproteinase domain, ADAMSs also contain a
disintegrin domain that binds to various integrins, although this function is not well
understood.*” The mammalian genome consists of 40 ADAM family members, but only
12 ADAM genes, of which ADAMI0 is one, encode proteolytically active proteases.*® In
the present study, when HAECs were transfected with control siRNA or ADAM10 siRNA,
depletion of ADAMI0 prevented ectodomain shedding of TLR4. In addition, EGCG
induced the translocation of ADAMI10 from the cytoplasm to the plasma membrane, where
TLR4 is expressed. These findings suggest that TLR4 may be a substrate of ADAM10 and
implicate ADAM10 in EGCG-induced ectodomain cleavage of TLR4.

Calcium influx is known to be necessary for the activation of ADAM10.*® ADAM10
is synthesized as an inactive precursor form (~100 KDa). By proprotein convertase-
mediated cleavage, it is converted to an active form (~60 kDa).*” Calcium influx was
reported to increase the amount of the active form of ADAMI10.*® However, in our
previous study, extracellular calcium influx induced by 1,25-dihydroxyvitamin D;
(1,25D3) resulted in ADAMI10-dependent ectodomain shedding of TNFRI without
increasing the maturation of inactive ADAMI10.’® Instead, extracellular calcium influx
triggered the translocation of ADAMIO to the cell surface. In the present study, ADAM10
expression at the cell surface increased with EGCG treatment. However, BAPTA-AM, an
intracellular Ca*" chelator, inhibited the translocation of ADAMI10 to the cell surface.
While 1,25D; did not cause ectodomain shedding of cell surface receptors in the absence
of extracellular Ca?**”, EGCG-induced ectodomain shedding of TLR4 still occurred in the
absence of extracellular Ca®". The driving force for Ca®" influx induced by 1,25D; may
depend on the extracellular-intracellular calcium concentration gradient®® because
intracellular calcium concentrations are much lower than extracellular calcium
concentrations. In addition to increasing the influx of extracellular Ca®" through channels
sensitive to nonspecific Ca®>* channel blockers *”, there is evidence suggesting that EGCG

can affect Na'/Ca®" exchange*" and intracellular Ca®" storage.*” *? Both extracellular Ca’>*
g g



influx and the intracellular release of stored Ca®’" may contribute to the elevation of
cytosolic Ca** by EGCG.*? Therefore, unlike 1,25D;, EGCG could be able to induce
ectodomain shedding of TLR4 in the absence of extracellular Ca*",

Atherosclerosis is considered to be an inflammatory disease. Recent studies have
suggested that TLR4-mediated inflammation is involved in the development of
atherosclerosis.”” A potential role for the TLRs in cancer development has been suggested,
based on the widespread association of TLR polymorphisms with cancer risk.** *¥ In
addition, some evidence suggests that TLR4 is related to the development of
neuropsychiatric diseases.*” In addition to the roles of TLR2 and TLR4 in the
development of inflammatory and autoimmune kidney disease, activation of these
receptors has also been reported to promote renal inflammation, leukocyte infiltration, and
progressive fibrosis in non-immune kidney diseases such as ischemia-reperfusion injury.*®
In this regard, our data suggest that EGCG may have beneficial effects in several diseases

by reducing TLR4 expression on endothelial cells through ectodomain shedding.



Conclusion
Our results demonstrate that EGCG induces ADAM10-mediated ectodomain shedding

of TLR4. EGCG may thus reduce TLR4-mediated effects such as inflammation in many

clinical settings.
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Figure 1. LPS-induced ICAM-1 expression was inhibited by EGCG. HAECs were
preincubated with EGCG for 30 min. Then, the EGCG-containing culture media was
removed and the cells were treated with LPS (100 ng/ml) for 8 h (n = 7). Whole cell
lysates were analyzed by Western blotting using anti-ICAM-1 and anti-actin antibodies (*p

< 0.05 vs. the untreated control; **p < 0.05 vs. LPS).
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Figure 2. EGCG induces ectodomain shedding of TLR4. (A) HAECs were incubated with
the indicated concentrations of EGCG for 30 minutes. (B) HAECs were incubated with
EGCG (50 pM) for the indicated times. Cell lysates and culture supernatants were
analyzed by Western blotting using a polyclonal anti-TLR4 antibody (cell lysates) or a
monoclonal antibody against the N-terminal region of human TLR4 (culture media). (n =5,

*p < 0.05 vs. the untreated control).
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Figure 3. BAPTA-AM prevents EGCG-induced TLR4 ectodomain shedding, but the

absence of extracellular Ca*" does not. (A) HAECs were preincubated with BAPTA-AM

(an intracellular Ca®" chelator) and then treated with EGCG for 30 minutes (n = 3). (B)
HAECs were incubated with EGCG (50 uM) for 30 minutes in Ca®'-free DMEM or

DMEM containing 1.2 mM Ca*" (n = 4). Cell lysates and culture media were analyzed by

Western blotting using a polyclonal anti-TLR4 antibody (cell lysates) or a monoclonal

antibody against the N-terminal region of human TLR4 (culture media). *p < 0.05 vs. the

untreated control; **p < 0.05 vs. EGCG.
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Figure 4. EGCG increases cystolic Ca*" by increasing both extracellular Ca** influx and
the release of stored intracellular Ca®". HAECs were preincubated with BAPTA-AM (10
uM) for 30 minutes, loaded with Fluo-4 AM (2 pM), and resuspended in Ca*'-free HBSS
or HBSS containing 1.2 mM Ca®". The cells were then treated with EGCG (50 uM) and
the fluorescence intensity was recorded every 20 seconds for 10 minutes. (A)
Representative images before and after EGCG treatment. (B) The addition of EGCG is
indicated by an arrow (n = 137 cells in the EGCG group, 102 cells in the EGCG + BAPTA
group, and 117 cells in the Ca*'-free EGCG group from three independent experiments).
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Figure 5. EGCG induces Ca*’-dependent ADAMI0 translocation to the plasma membrane.
HAECs in Ca®'-free DMEM or DMEM containing 1.2 mM Ca*" were preincubated with
BAPTA-AM (10 uM) for 30 minutes, and then treated with EGCG (50 uM) for 10 minutes.
The cells were fixed with 4% paraformaldehyde for 10 min (without permeabilization)
and immunostained for ADAMI10, and staining was visualized by confocal microscopy.
Cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). Representative

images from three independent experiments are shown.
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Figure 6. ADAMI10 contributes to ectodomain shedding of TLR4. (A) Depletion of
ADAMI10 inhibits EGCG-induced ectodomain shedding of TLR4. HAECs were
transfected with control siRNA or ADAMI10 siRNA and then incubated with EGCG (50
uM) for 30 minutes in M199 Hank’s media (1.26 mM Ca*"). Whole cell lysates and
conditioned media were analyzed by Western blotting using anti-TLR4, anti-ADAMI0,
and anti-actin antibodies (n = 4). (B) Depletion of ADAMI10 abolishes the inhibitory effect
of EGCG against LPS. HAECs were transfected with control siRNA or ADAMI10 siRNA,
incubated with or without EGCG (50 uM) for 30 minutes in M199 Hank’s media (1.26
mM Ca*"), and further treated with LPS for 8 hours. Whole cell lysates were analyzed by
Western blotting using anti-ICAM-1, anti-ADAMI10, and anti-actin antibodies (n = 4). *p

< 0.05 vs. the untreated control.
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Abstract

Background: Toll-like receptor 4 (TLR4) is an important regulator of innate immunity,
with roles in inflammation, autoimmune disease, cancer, and neuropsychiatric disease.
Epigallocatechin-3-gallate (EGCG), the most abundant polyphenol in green tea leaves, has
been shown to decrease the expression of TLR4 and inhibit TLR4 signaling, but the
mechanism through which EGCG regulates TLR4 activity is not well-characterized. In this
study, we explored whether EGCG causes ectodomain shedding of TLR4 in human aortic
endothelial cells (HAECs:).

Methods: TLR4 expression in cultured HAECs was assessed by Western blotting.
Intracellular Ca** levels were measured using Fluo-4 AM, and the role of A disintegrin and
metalloprotease 10 (ADAM10) was characterized using siRNA and immunofluorescence.
Results: Lipopolysaccharide (LPS)-induced ICAM-1 expression was attenuated by EGCG
pretreatment. EGCG decreased HAEC expression of TLR4 and increased the levels of the
N-terminus of TLR4 in HAEC culture media in a dose- and time-dependent manner.
BAPTA-AM, an intracellular Ca?* chelator, prevented EGCG-induced ectodomain
shedding of TLR4. In the absence of extracellular Ca*", EGCG still increased cytosolic
Ca*" levels, but the effect was reduced. With EGCG treatment, ADAM10 expression at the
cell surface increased. BAPTA-AM inhibited EGCG-induced translocation of ADAMI10 to
the cell surface, but the absence of extracellular Ca** did not block ADAM10 translocation.
ADAMI10 depletion with siRNA prevented EGCG-induced ectodomain shedding of TLR4,
and LPS-induced ICAM-1 expression was not inhibited by EGCG in the absence of
ADAMI10.

Conclusion: EGCG induces ADAM10-mediated ectodomain shedding of TLR4 in HAECs

by increasing the cytosolic Ca*" concentration.
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