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RESULTS

TLR signaling components are S nitrosylated in vivo. To
examine whether TLR signal components are physiologically S
nitrosylated in vivo, we detected S-nitrosylated proteins in the
lung lysates from wild-type and eNOS ™'~ mice by utilizing the
biotin switch method (21). Interestingly, this method facilitated
the detection of MyD88 as an S-nitrosylated protein (Fig. 1A).
To exclude the possibility that the detection of S-nitrosylated
MyDBS8 is an experimental artifact, we utilized the biotin switch
method combined with photolysis of S nitrosylation, which has
recently been reported as a useful method for confirming the
specificity of S nitrosylation (8). The detectable S-nitrosylated
MyD88 protein was reduced after exposure of the samples to
a UV lamp (Fig. 1B), suggesting thal the result is not false
positive. Thus, our result at least suggests that MyDB8 is po-
tentially S nitrosylated in addition to other signaling molecules,
including NF-xBs, ASK1, and caspase-1.

We further examined the details of S-nitrosylated MyD88 in
vitro by utilizing a quantitative method for detecting S nitrosy-
lation of recombinant proteins. We could detect S nitrosylation
of recombinant MyD88, which increased, accompanied by an
increase in the concentration of the NO donor SNAP (Fig.
1C). It has been known that S-nitrosylated proteins are revers-
ibly denitrosylated by antioxidants or oxidoreductases, by
which substantial protein functions are restored (14, 42). In-
deed, the detectable S-nitrosylated MyDB8 protein was re-
duced when the NO donor-treated protein was reacted with
ascorbate, HgCl,, or GSH (Fig. 1C). We further determined
the site of S nitrosylation because the modification is effected

Mo Cew Biow

toward particular cysteine residues (14). Mammalian MyDB88
contains a total of nine cysteine residues: one in a short linker
region and the other eight in the TIR domain (Fig. 1D). These
residues are thought not to be involved in the formation of
intramolecular disulfide bonds. Among vertebrates, all cysteine
residues are highly conserved (data not shown). We prepared
recombinant MyD88 proteins of nine individual mutants, esch
with one of the nine cysteine residues replaced with a serine
residue. We found that the degrees of S nitrosylation of Cys113
and Cys216 were significantly reduced compared with those of
wild-type MyDS8B (Fig. 1E). These cysteine residues partially
fulfill the predictive site of the § nitrosylation “acid-base motif”
that comprises flanking acidic and basic residues (14) (Fig. 1F).
Interestingly, the cysteine residue equivalent of Cys216 is con-
served even in invertebrates, while others are not (data not
shown). Among other TIR domain-containing adaplor mole-
cules, only TIRAP and SIGIRR have a cysteine residue cor-
responding to the position of Cys216 (Fig. 1G).

To determine the requirement of cysteine residues for func-
tioning of MyD88, we utilized MyD88 fused to the B subunit of
the bacterial DNA gyrase (MyD88-GyrB). The Streptomyces-
derived bivalent antibiotic coumermycin binds GyrB with a
stoichiometry of 1:2, acting as a natural dimerizer of GyrB (7).
Although overexpressed MyD88 is known to reveal TLR stim-
ulation-independent nonspecific activation of downstream sig-
naling through self-dimerization (11, 36), MyD88-GyrB does
not reveal such nonspecific activation unless cells are exposed
to TLR stimulation or coumermycin treatment (11). We pre-
pared GyrB-fused wild-type MyD88 and MyD&8 mutants, each
with one of the nine cysteine residues replaced with a serine
residue, and examined the NF-xB-activating properties in the
TLR2 ligand Pam,CSK,-stimulated HEK293 cells stably ex-
pressing TLR2. None of the cysteine replacement mutants
abrogated the NF-«B-activating property of MyD88 (Fig. 1H).
However, the Cys216Ser mutant significantly increased the ac-
tivity compared with that of wild-type MyD88 (Fig. 1H). Ad-
ditionally, similar results were found in the cells treated with
SNAF (Fig. 1H). Thus, it is possible that Cys216 of MyD88
mediates the suppressive effect of NO.

S nitrosylation aliers MyD88-mediated signaling events. We
next explored how S nitrosylation of signaling components
alters TLR signaling events. To examine this in vivo, we uti-
lized an animal model of acute lung injury induced by intra-
tracheal administration of LPS. We investigated degradation
of IRAK-1 and IxBa, hallmarks of MyD88-dependent and
IKKB-dependent signaling events, in the lungs 30 min after
LPS administration. Interestingly, degradation of IRAK-1 and
IxkBa was apparently promoted in eNOS™~ mice compared
with that in wild-type mice (Fig. 2A). We also examined
whether NO alters degradation of IRAK-1 and IxBa in culti-
vated vascular endothelial cells. In HAECs, LPS induced deg-
radation of IRAK-1 and IxBa within 30 min after stimulation
(Fig. 2B). Degradation of IRAK-1 and IxBa was promoted
and occurred within 15 min after stimulation when endogenous
NO was predepleted by the L-arginine analog .1-NMMA (Fig.
2B). In addition, IRAK-1 degradation was also promoted when
confluent HAECs were maintained in culture media without
the eNOS activator vascular endothelial growth factor or the
phosphatidylinositol 3-kinase inhibitor LY294002 (data nol
shown). In contrast to these results, degradation was delayed
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FIG. 1. S nitrosylaton of MyD88. (A) Lung lysates from wild-type (WT) and eNOS"‘ mice md SNAP-treated recombinant human MyD8§

(rhMyD88) were subjected to the biotin switching S-nitrosylation assay, and then hiotinylated proteins were purified on streptavidin-agarose.
Purified proteins were detected by immunoblotting with anti-MyD88 antibody (upper). MyD88 proteins in lung lysates and rhMyD&8 were also
shown as loading controls (lower). (B) Mouse lung lysates were exposed for 3 min to a UV-visible light mercury vapor lamp. The samples were
then wbjwlcd to the biotin switch method. (C) A recombinant Flag-MyD88 protein was treated with or without SNAP (100, 200, 500, and 1,000
©M) for 30 min. For the denitrosylation study, SNAP-treated proteins were incubated with | mM ascorbic acid, 1 mM GSH, or 1 mM HgQl, for
5 min before the blockade of free thiols by methylmethanethionsulfonate. Then, S-nitrosylated residues of MyD88 were switched into biotins
and proteins wers fixed on streptavidin-conted plates, followed by ELISA with anti-Flag antibody, Each value is the
mean * SD (n = 3). See lext for details. (», P < 0.01 for comparison with the group of 500 uM SNAP). (D) Schematic of human MyD88.
(E) Recombinant Flag-MyD88 wild-type proteins and mutants with cach cysteine residue replaced with a serine residue were treated with or
without 500 uM SNAP for 30 min. Then, S-nitrosylated MyD88 fixed on streptavidin-coated plates was detected by ELISA using anti-Flag
antibody. Each value is the mean = SD (n = 3). See text for details. (», P < 0.01 for comparison with the wild-type group). (F) Sequence alignment
of the region around nine cysteine residues of MyD88. (G) ﬂmnc: alignment of human TIR domsin-containing molecules. The regions
corresponding to that around the residues of Pro200, a critical residue for TIR-TIR interaction, and Cys216 of MyD88 are shown. (H) HEK293
cells stably expressing TLR2 were transiently transfected with GyrB-fused wild-type MyD88 or mutant MyD&8 with each cysicine residue replaced
with a serine residue together with the NF-xB-driven luciferase gene and incubated for 16 h. At 6 h before the end of incubation, cells were treated
with 200 pM SNAP. Cells were stimulated with 100 ng/m! Pam,CSK, for 6 h, and then luciferase activity was measured. Each value is the

mean = SD (n = 3). (=, P < 0.05 for comparison with the wild-type group).

and residual proteins were observed even at 45 min after stim-
ulation when cells were pretreated with SNAP (Fig. 2B). The
effect of NO was not altered in the presence of the guanylate
cyclase inhibitor ODQ or the cyclic-GMP-dependent protein
kinase inhibitor KT5823 (data not shown). Notably, LPS-in-
duced degradation of IRAK-1 and IxBa in HAECs was pre-
vented by the irreversible thiol modification by N-ethylmale-
imide (Fig. 2C), implying that the effect of NO on the signaling
events depends on modification of cysteine residues.

To test whether NO alters the MyD88-dependent signal
events, we utilized the MyD88-GyrB construct. Under coumer-

mycin treatment of cells stably expressing MyD88-Gyr B, MyDB88-
GyrB undergoes dimerization and mimics TLR-triggered typ-
ical MyD88-dependent functions, such as the activation of
MAPKSs and IKKs and secretion of proinflammatory cytokines
(11). We found that coumermycin-dependent induction of
NF-xB activation in HEK293 cells was suppressed by pretreat-
ment with cells with NO donors (Fig. 3A). Coumermycin could
induce phosphorylation of IkBa at Ser32 and Ser36, the target
residues of IKK@ involved in degradation of IxBa (51), but
SNAP pretreatment could suppress induction of the response
(Fig. 3B). SNAP also suppressed coumermycin-induced phos-
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IxBa. (A) Anesthetized wild-type (WT) and éNOS ™/~ mice intratrache-
ally received E coli LPS and mechanical ventilation. After 30 min of
administration, lung was exased and then lysed for immunoblotting with
anti-IRAK-1, anti-IcBa, and anti-GAPDH antibodies. (B) HAECs pre-
treated with 1 mM L-NMMA for 12 h or 0.25 mM SNAP for | h were
stimulated with 10 ng/ml £ coli LPS for the indicated periods. The
expression levels of IRAK-1 and IxBa were determined by immunoblot
analysis. (C) HAEGs pretreated with 0.1 mM N for 10
min were stimulated with 10 ng/ml E cofi LPS for the indicated penods.
The expression levels of IRAK-1 and IxBa were determined by immu-
noblot analysis.

phorylation of MAPKs (data not shown), The coumermycin-
dependent dimerization of MyD88-GyrB induced interaction
with TRAFS6, consistent with a previous study (10), and we
found that this interaction was reduced by SNAP treatment
(Fig. 3C).

We found that NO and alteration of Cys113 and Cys216
residues of MyD88 did not alter the interaction of overex-
pressed MyD88 with IRAK-1 in HEK293 cells (Fig. 3D), How-
ever, NO clearly attenuated TLR4 stimulus (LPS)-dependent
induction of MyD88-IRAK-1 interaction (Fig. 3E), suggesting
that NO targets upstream signaling events of IRAK-1. It has
been known that the recruitment of MyD88 to TLR2 or TLR4
is mediated by binding of the sorting adaptor TIRAP to the
membrane phosphatidylinositol 4,5-bisphosphate, followed by
interaction of MyD88 with TIRAP through TIR-TIR interac-
tion (23). We examined whether NO affects the interaction of
MyD88 with TIRAP. Overexpressed MyD88 interacted with
TIRAP in HEK 293 cells (Fig. 3F). We found that treatment of
the cells with the NO donor GSNO attenuated the interaction
(Fig: 3F). We further investigated whether S nitrosylation of
residues 113 and 216 is involved in MyD88-TIRAP interaction.
Alteration of Cys residues did not affect the interaction (Fig.
3G). However, SNAP-induced atienuation of the interaction
was reduced in the Cys216 mutant (Fig. 3G).

In HAECs, MyD88 was enriched with filamentous cytoskel-
etal structures and partly colocalized with B-actin (Fig. 4A).
Additionally, a large part of MyD88 stably expressed in
HEK293 cells was found in the cytoskeletal fraction (Fig. 4B).
These findings are consistent with resulls of a previous study
showing that MyDB88 associates with B-actin in HeLa cells (22).
Cytoskeletal MyD8B was separated from IRAK-1, which was
found only in the cytoplasm (Fig. 4B), suggesting that MyD88
is maintained as an inactive state in cytoskeleton. We found
that SNAP treatment altered such cytoskeletal localization of
MyDB88 into the cytoplasm (Fig. 4C). We further investigated
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the subcellular localization of MyD88 after TLR4 stimulation
in 293-TLR4/MD2-CD14 cells stably expressing Flag-MyD88-
GyrB. After LPS treatment, a part of MyD88 was transported
to the cytoplasmic membrane from the cytoskeleton (Fig. 4D).
However, SNAP treatment retarded such LPS-induced trans-
portation of MyD88 (Fig. 4D). Although native PAGE analysis
revealed that MyD88 formed a protein complex (more than
480 kDa) in HEK293 cells, SNAP treatment resulted in reduc-
tion in the size of the complex to approximately 450 kDa or 250
kDa, accompanied by an increase in concentration (Fig. 4E).
Moreover, higher concentrations of SNAP further altered the
complex to render a monomer (approximately 35 kDa) (Fig.
4E), implying disruption of functional MyDB8 protein complex
by NO.

Thus, NO has a capability to obstruct the MyD88 signing
pathway through disruption of the multiple steps of protein
interactions,

NO reversibly suppresses the MyD88 signaling events. S-
nitrosylated proteins are known to undergo denitrosylation, by
which regulatory effects of NO are conferred to control protein
functions. We therefore investigated how S nitrosylation and
denitrosylation affect MyD88-mediated signaling events. For
this purpose, we utilized GSH because GSH had a capability to
denitrosylate MyDS88 (Fig. 1C). We found that GSH restored
NO-induced impaired interaction of MyD88 with TIRAP (Fig.
4F). Furthermore, the NO-induced cytoplasmic localization of
cytoskeletal MyD8S8 was restored by treatment of the cells with
GSH (Fig. 4G). Thus, these results suggest that § nitrosylation
alters the MyDB8 pathway, and antioxidants or oxidoreducta-
ses restore such NO-derived actions, probably through deni-
trosylation.

NO reversibly suppresses TLR-mediated cellular responses.
HAECs responded to multiple bacterial TLR agonistic mole-
cules, Pam,;CSK, (for TLRITLR2), MALP-2 (for TLRY
TLR6), LPS (for TLR4), flagellin (for TLRS), and IL-18, all of
which are known lo activate MyD88-dependnet signaling to
induce production of the NF-xB-driven chemokine IL-8 after
stimulation for 3 h (Fig. 5A). Predepletion of endogenous NO
by L-NMMA resulted in a significant increase in IL-8 produc-
tion induced by each stimulator (Fig. SA), indicating that en-
dogenous NO has a suppressive effect on the TLR-mediated
cellular response. Furthermore, IL-8 production by each stim-
ulator was suppressed in the presence of SNAP (Fig. 5A). The
effect of NO donors was not altered in the presence of ODQ or
KT5823 (data not shown). We investigated whether such a
suppressive effect of NO can be restored because S nitrosyla-
tion is a reversible protein modification. However, it is difficult
to examine the effects of antioxidants or oxidoreductases be-
cause the TLR signaling pathway is greatly affected by reactive
oxygen species generated from NADPH oxidases (27, 34, 48).
Indeed, treatment of cells with ascorbic acid, GSH, NAC, or
the NADPH oxidase inhibitor DPI greatly impaired LPS-in-
duced [L-8 production in HAECs (Fig. 5B), We therefore
attempted to address whether the effect of NO is transient or
persistent. For this purpose, HAECs were pretreated with
SNAP for 1 h and washed two times to remove the NO donor.
Then, at various times afterwards, the cells were stimulated
with LPS and 1L-8 production was measured. NO suppression
of IL-8 production was gradually neutralized or restored in a
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FIG. 3. Effects of NO on TLR-mediated signaling events. (A) HEK293 cells stably expressing MyD88-GyrB were transiently transfected with
an NF-xB.driven luciferase gene and incubated for 24 h. Cells were pretreated with or without 0.25 mM SNAP for 1 h and then treated with 1
uM coumermycin for 3 h. Then, luciferase activity was measured. Each value is the mean = SD (n = 3). (B) HEK293 cells stably expressing
MyDB88-GyrB were pretreated with or without 0.25 mM SNAP for 1 h and then treated with 1 uM coumermycin for the indicated peniods. The
phosphorylation of IxBa at Ser32/Ser36 was deiected by immunoblot analysis. (C) HEK293 cells stably expressing MyDB8-GyrB were pretreated
with or without 0.25 mM SNAP for 1 h and then treated with 1 pM coumermycin for 20 min. Then, cell lysates were immunoprecipitated (IP) with
anti-Flag antibody, followed by immunoblotting with anti-Flag and anti-TRAF6 antibodies. (D) HEK293 cells transiently expressing Flag-tagged
wild-type (WT) or Cys residue (113 or 216) replacement MyD88 together with IRAK-1 were treated with 500 uM SNAP for 1 h. Then, cell lysates
were immunoprecipitated with anti-Flag antibody, followed by immunoblotting with anti-Flag and anti-IRAK-1 antibodies. (E) 293-TLR4/MD2-

CD14 cells stably expressing Flag-MyD88-GyrB were treated with or without 500 uM SNAP for 1 h and then stimulated with 100 ng/ml LPS for

20 min. Then, cell ly were
antibodies. (F)
100, and 500 uM) for 1 h. Then, cell
anti-Myc antibodies. (G) HEK293

precip d with anti-Flag antibody, followed by immunoblotting with anti-IRAK-1 and anti-Flag
HEK293 cells transiently expressing Flag-tagged MyD88 together with Myc-tagged TIRAP were treated with GSH or GSNO (0,

tes were immunoprecipitated with anti-Flag antibody, followed by immuncblotting (IB) with anti-Flag and
Is transiently expressing Flag-tagged wild-type or Cys residue (113 or 216) replacement MyD88 together with

Myc-tagged TIRAP were treated with 500 uM SNAP for 1 h. Then, cell lysates were immunoprecipitated with anti-Flag antibody, followed by

immunoblotting with anti-Flag and anti-IRAK-1 antibodics.

time-dependent manner, although the restrictive effect contin-
ues for several hours (Fig. 5C).

NO suppresses acute-phase immune responses to LPS in
vivo. To explore how NO regulation of MyD88-dependent
signaling reflects innate immune or proinflammatory responses
in vivo, we utilized a popular animal model of sepsis induced by
i.p. administration of LPS. We first investigated the cytokine
responses as the major hallmark of innate immune responses.
MIP-2 is known as one of the early LPS-responsive genes, the
mRNA expression of which indeed showed a rapid rise and
reached a peak within 1 h after LPS stimulation in mouse
peritoneal macrophages (Fig. 6A). In contrast, IL-6 is known
as a late LPS-responsive gene, the expression of which showed
a gradual rise and reached a peak more than 4 h after stimu-
lation (Fig. 6A). We determined the amounts of MIP-2 and
IL-6 produced in the abdominal cavity 2 h after LPS adminis-
tration in wild-type, eNOS™~, and iNOS™'" mice. Interest-

ingly, eNOS™/~ mice exhibited the most intensive production
of MIP-2 (Fig. 6B). On the other hand, the most prominent
production of IL-6 was observed in iNOS™~ mice (Fig. 6C). In
contrast to these resuits, there was no significant difference in
the amounts of MIP-2 and IL-6 production when the fluids
were collected 12 h after LPS administration (data not shown).
Thus, eNOS and INOS at least exert a suppressive effect on
early cytokine responses in vivo.

We further examined LPS-induced febrile response as a
hallmark of acute-phase responses of inflammation, LPS is
known to act as a pyrogen to induce TLR4-dependnet polypha-
sic fever (44). The major initiator of LPS fever is generated
prostaglandin E2, which stimulates thermoregulatory neurons
and elevates body core temperature (3). LPS can directly in-
duce prostaglandin E2 generation through the MyD88-depen-
dent signaling pathway (47). The first-phase febrile response in
eNOS™~ mice occurred significantly earlier than that in wild-
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lysates (W) were also obtained. The fractions were tting (IB) with anti-Flag, anti-MyD88, anti-IRAK-1, and anti-vimentin
antibodies. (C) HEK293 cells stably expressing Flag—MyDGB were m:nwd mth the indicated concentration of SNAP for | h and fractionated into
each fraction. The fractions were assessed by immunoblotting with anti-Flag antibody. (D) 293-TLR4/MD2-CD14 cells stably expressing Flag-
MyD88-GyrB were treated with or without 300uM SNAP for 1 h and then stimulated with 100 ng/ml LPS for 20 min. Cells were then [ractionated
into cach fraction. The fractions were assessed by immunoblotting with anti-Flag antibody. (E) HEK293 cells stably expressing Flag-MyD88 were
treated with or without SNAP (10, 50, 125, 250, and 500 xM) for 1 h. Then, cell lysates were assessed by blue native PAGE and immunoblotting
with anti-Flag anlibody. (F) HEK293 cells transiently expressing Flag-MyD88 and Myc-tagged TIRAP were treated with 500 puM GSNO for L h
and then with or without 500 uM GSH for 15 min. Then, cell lysates were immunoprecipitated with anti-Flag antibody, followed by immunoblotting

with anti-Flag and anti-Myc antibodies. (G) HEK293 cells stably expressing Flag-MyD88 were treated with the 500 uM GSNO for | h and then
with or without 500 uM GSH for 15 min, The cells were fractionated into each fraction, followed by immunoblotting with anti-Flag antibody.

type or iNOS™" mice (Fig. 6D), indicating that NO from
eNOS suppresses the initiation of the response. However,
eNOS deficiency did not alter the magnitude of febrile re-
sponse compared with that for wild-type mice, suggesting that
the suppressive effect of NO is not persistent. On the other
hand, a transient decrease in fever was found in wild-type and
eNOS™~ mice at about 70 min after LPS administration but
not in iINOS ™'~ mice (Fig. 6D), indicating that NO from iNOS
suppresses promotion of the response. Thus, these results sug-
gest that NO generated from eNOS and iNOS exerts a sup-
pressive effect on acute-phase inflammatory responses to LPS
in vivo, probably through S nitrosylation.

DISCUSSION

Ouwr findings imply that MyD88-dependent signaling events
are affected by S nitrosylation, by which innate immune signal
transduction might be reduced in living organisms. The effect
of NO is transient and is restored by antioxidants or oxi-
doreductases, in which protein denitrosylation plays an impor-
tant role. Although the physiological significance of such reg-

ulation of TLR signal transduction js unsettled, NO s likely to
retard signaling cascades through S nitrosylation, by which
rapid and precipitous signaling reactions may be initially or
inductively relieved. Such an effect may reflect an adequate
regulation of acute-phase inflammatory responses, leading to
limitation of the degree of inflammation and resolution of
inflammation.

We found that the suppressive effect of NO on TLR-medi-
ated cellular responses was transient and degraded in a time-
dependent manner (Fig. 5C). The specificity of NO regulation
may be conferred by the spatial regulation of § nitrosylation
within or between proteins and the stimulus-coupled temporal
regulation through denitrosylation (14). Signal transduction by
ligand-receptor interactions is thought to trigger denitrosyla-
tion, restoring substantial protein functions. For example, re-
duction of the functions of caspase-3 and IKKB by S nitrosy-
lation is restored by FasL-Fas interaction and TNF-a-TNFR
interaction, respectively (30, 39). Thus, it is possible that TLR
ligation-dependent protein denitrosylation also facilitates the
restoration of NO suppression although the mechanism of
denitrosylation has been poorly studied. Protein denitrosyla-
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cellular responses. (A) HAECs pretreated with 1 mM L-NMMA for 12 h or 0.25 mM SNAP

for 1 h were stimulated with 1 ne/ml Pam;CSK,, IOO nM MALP-2, 10 ng/ml E. coli LPS, 10 ng,!rnl Salmonella LPS, 5 pg/ml Ragellin, and 10 ng/ml
IL-1B for 3 h. Then, production of IL-8 was determined by ELISA. Each value is the mean = SD (n = 3). #, P < 0.01 for companson with the
vehicle group. (B) HAECs were stimulated with 10 ng/ml E coli LPS for 3 h in the presence or absence of 1 mM ascorbic acid (AA), 1 mM GSH,
1 mM NAC, or 20 uM DPL Then production of IL-8 was determined by ELISA_ Each value is the mean = SD (n = 3). (», P < 0.01 for comparison
with the vehicle group). (C) HAECs were treated with 0.25 mM SNAP for | h and then at various times afterwards stimulated with 10 ng/ml E
coli LPS for 3 h. Then, production of TL-8 was determined by ELISA. Each value is the mean = SD (n = 3), (+, P < 0.01 for comparison with

the vehicle group).

tion is catalyzed by antioxidants or oxidoreductases, including
ascorbic acid, thioredoxin-thioredoxin reductase, superoxide
dismutase GSH, and GSNO reductase (14, 15, 50, 53), S-
nitrosylated MyD88 can be denitrosylated in the presence of
ascorbic acid and GSH in vitro (Fig. 1C). Although it is still
unclear how TLR ligation activates cellular redox activity, LPS
has a potential to activate cellular redox activity and transition
of GSH into GSNO (41). More details of TLR-mediated pro-
tein S nitrosylation and denitrosylation should be investigated
in future studies.

TLR ligation can initiate recruitment of MyD88 to the receptor
complex through TIR-TIR interaction. In the case of TLR2 and
TLR4, the sorting adaptor TIRAP is essentially required to re-
cruit MyD88 (23). MyD88 then dissociates from the receptor
complex and recruits [RAK-1 (and IRAK-4) through death do-
main (DD)-DD interaction, inducing TRAF6-mediated signaling
events and ubiquitin ligation to TRAK-1 or IxBa, followed by
proteasomal degradation (1). Nevertheless, how MyD88 can be
initially controlled 1o be recruited to TLRs has remained unclear.
We found that a large part of cellular MyDB8 existed in the
cytoskeleton and associated with B-actin (Fig. 4A and B), wherein
MyD88 formed a complex dissociated from IRAK-1 (Fig. 4B).

Our finding suggests that MyD88 preferentially interacts with the
cytoskeleton as an inactive form, followed by release into the
cytoplasm and recruitment to TLRs after ligation-dependent ac-
tin rearrangement. Indeed, inhibition of actin rearrangement by
cytochalasin D suppresses LPS-induced signal transduction and
cytokine production (5). In addition, cytochalasin D also alters
TIRAP recruitment to the cytoplasmic membrane (23). NO re-
striction of MyD88 function may be achieved through disruption
of the protein complex and dissociation of MyDB8 from the actin
cytoskeleton to the cytoplasm (Fig. 4A to E). NO also reduces the
interaction of MyD88 with TIRAP (Fig. 3). These effects may
ultimarely result in mitigated potential for the ligation-dependent
recruitment of MyD88 1o TLRs.

We found that S nitrosylation of MyD88 plays some roles in
NO modulation of TLR signal transduction. Interestingly,
eight of the nine cysteine residues of MyD88 are concentrated
in the TIR domain, but the C-terminal DD contains no cys-
teine residue, suggesting that cysteine modification affects
TIR-TIR interaction but not DD-DD interaction. Indeed, NO
attenuated the interaction of MyD88 with TIRAP but not that
with IRAK-1 (Fig. 3). This result is supported by the result
found by Xiong et al. (52) showing that SNAP treatment did
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FIG. 6. Roles of eNOS and iNOS in early innate immune responses in vivo. (A) Peritoneal macrophages from wild-type mice were stimulated
with 100 ng/ml LPS and 10 ng/ml gamma interferon for the indicated periods. Then, expression levels of mRNAs of Mip-2 and /1-6 were determined
by quantitative PCR. Percent mRNA cxyreuhn was calculated by taking the maximum values of mRNA levels of Mip-2 and /1-6 as 100%. (B, C)
Wild-type (WT), eNOS™~, and iINOS™"~ mice were i.p. treated with LPS. After 2 h, PBS was injected into the abdominal cavity and fluids were
collected for measurement of the amounts of MIP-2 (B) and IL-6 (C) by ELISA. Each value is the mean = SD (n = 6). (, P < 0.01 for comparison
with wild-type mice). (D) Wild-type, eNOS™~, and iNOS™" mice were i.p. treated with LPS. The colonic temperature was monitored at 5-min
intervals during a period of 10 min before and 120 min after LPS administration. Each value is the mean = SD (n = 6). (=, P < 0.01 for comparison

with wild-type mice).

not affect the interaction of MyD88 with IRAK-1 in mouse
macrophages. Although S nitrosylation of the Cys216 residue
of MyD88 may participate in the NO regulation of TLR signal
transduction, it is likely that this modification does not have a
dominant effect, because Cys216 was not essential for activa-
tion of downstream signaling (Fig. 1G). NO modification of
Cys216 may yield a slight structural change in the base of the
TIR domain, resulting in slightly reduced interaction with a
counterpart TIR domain of TIRAP. Alternatively, NO may
antagonize other reversible modifications, such as palmitoy-
lation or disulfide bonding 1o & counterpart molecule, leading
to transient impairment of MyDB88 functioning. Also, other
unknown mechanisms for MyD88 regulation may be negatively
influenced by S nitrosylation.

We found that eNOS and iNOS differentially regulate LPS-
induced acute-phase immune responses in vivo (Fig. 6). Al-
though the amount of NO derived from eNOS is comparatively
small, NO is steadily generated from endothelial cells as a
vasodilatory gas that continually maintains an antiproliferative
and antiapoplotic environment in vasculatures (16). Simulta-
neously, eNOS increases the amounts of cellular S-nitrosylated
proteins and circulating NO donors by nitrosylating GSH and
albumin (40). Such functions of NO from eNOS may system-
ically reduce cellular reactivity to a TLR stimulus to maintain
a weak tolerance, which may lead to prevention of a rapid rise
of inflammation. In contrast, NO from iNOS is generated in
large quantities and exerts a strong antimicrobial action, al-
though NO from eNOS also has an antimicrobial property (4,

29). The large amount of NO derived from iNOS is thought 1o
disrupt cellular signaling cascades, resulting in anti-inflamma-
tory or immunosuppressive effects. Such functions of NO from
iNOS may regionally reduce cellular reactivity to TLR recog-
nition of pathogens to initiate an inducible tolerance, which
may transiently prevent promotion of excess inflammatory re-
sponses, although excess NO production ultimately results in
nitrosative stress and apoptotic cell death (12, 26).

Our study proposes that TLR signal transduction involves an
oxidative protein modification by NO and its redox regulation,
NO may exert other effects, such as activation of cyclic-GMP-
dependent signaling, on TLR signaling events, but such effects
may not be dominant, al least in the acule-phase innate im-
mune responses. Further investigations will be necessary to
clarify more details about the relationship between such NO
regulation and physiological or pathophysiological innate im-
mune responses.

ACKNOWLEDGMENTS

We thank Margaret K. Offermann (Emory University School of Med-
icine) for providing DNA constructs of human MyD88 and TIRAP.

This work was by granis-in-aid for Scientific Research on
Priority Arcas (19041079 to T. Into) and for Young Scientists (B:
18791363 to T. Into), provided by the Ministry of Education, Culture,
Sports, Science and Technology, Japan,

REFERENCES

1. Akirn, S., and K. Takeda. 2004. Toll-like receptor signalling. Nat. Rev.
Immunol. 4:499-511.

- 343 -



Vo 28, 2008

e

o

. Blatteis, C. M., E. Sehic, and 5. LL 2000. Pyrogen

. Dai, Q, and 5. B, Pruett. 2006. Ethanol

purdom
. Illn,'l'.'f.llliu.l Dnll.hn,hl.l‘ilhdhn,h‘l’.
Lowenstrin, and

. Akira, 8, S. Uematyu, and O, Takeuchi. 2006. Pathogen recognition and

innate immunity. Cell 124:7T83-801.

rogen sensing and signaling: old
views and new concepts. Clin. Infect. Dis. 31:5168-177.

Bogdan, C. 2001. Nitric oxide and the P Nat. | |
2:907-916.

LPS-induced Toll-like
receptor 4 clustering, reorganization of the actin cytoskeleton, and associ-
sted TNF-a production. Alcohol Clin. Exp. Res. 3k1436-1444,

Dimmeler, S., 1. Haendeler, M. Nehls, and A. M. Zeiher, 1997, Suppression
of apoplosis by nitric oxide via inhibition of interleukin-1B-converting en-
zyme (ICE)-like and cysteine protease protein (CPP)-)2-like proteases, J.
Exp. Med. 185:601-607.

. Farrar, M. A,, L. Alberol, and R. M. Perlmutter. 1996. Activation of the Raf-1

kinase cascade by coumermycin-induced dimerization. Nature 383:178-181.

Forrester, M. T., M. W, Foster, and J. 5. Stamler. 2007. Assessment and

application of the biotin switch technigue for examining prolein S-nitrosy-

lation under conditiont of pharmacologically induced oxidative stress.

1. Biol. Chem. 282:13977-13983.

Forstermann, U, J. P. Boissel, and H. Kleinert. 1998. Expressional control

of the ‘constitutive’ isoforms of nitric oxide synthase tNU& 1 and NOS 111).

FASEB J. 12773-790.

G::;g. 36'5“‘ M. Karin. 2002. Missing pieces in the NF-xB puzzle. Cell

I 1-96.

Hicker, H., V. Redecke, B. Blagoey, 1. Kratchmarova, L. C. Hsu, G, G, Wang,

M. P. KCIHEMEWIW‘G.HIM M.Mluu.lnlbi.lluh.m

Specificity in Toll-like signalling through distinct effe

of TRAF3 and TRAFS6. Nlll.l.re 439:204-207.

Hara, M. R, N. Agrawal, 8. F. Kim, M. B. Cascio, M. Fujimuro, Y. Ozeki, M.

Takahashi, J. H. Cheah, S. K. Tankon, L. D. Hester, C. D. Ferris, S. D.

Hayward, S. H. Soyder, and A. Sawa. 2005. S-nitrosylated GAFDH initi

apoptotic cell death by nuclear location following Sishl binding. Nat.

Cell Biol. 7:665-674.

Hayden, M. 5., A. P. West, and S. Ghosh. 2006. NF-«B and the immune
response. Oncogene 25:6758-6780.

.llw.n.'r..mmms.o.mn.:." hall, and J. 5. Staml
2005. Protein S-nitrosyl purview and p Nat. Rev, Mol. Cell
Biol. 6:150-166.

. Hoffmann, J., J. Haendeler, A. M. Zeiber, and S. Dimmeler. 2001, TNFa and

oxLDL reduce protein S-nitrosylation in endothelial cells, J. Biol. Chem.
2176:41383-41387.

.lmeJ.ZOOZN'nrkmid:uluulqueslpulh;molmlemthe

vascular system: a historical overview. J. . Pharmacol. 53:303-314,

A mr.&mumumnmmxm

maammwmm

i ins of M) Immun. 75:2253-2259.
Inomata, K. Shibata, C. J.

Matsushita. 2007. Pathogen recognition by Toll-like
mmzmmmwmamwmm«-mhummmm
thelial cells. J. Biol. Chem, 282:8134-8141.

. Into, T, and K. Shibata. 2005. Apoptosis signal-regulating kinase 1-medi-

ated mumud p3s rruiugaﬂ mwd protein kinase activation regulates
and | peptidoglycan-triggered Toll-
like mu-piof Zslplnh;whwa Cell. Microbiol. 7:1305-1317.
Iwml& Mllhﬁlw. 2004. Td'l like receptor control of the adap-
| 5:987-995,

.Jlqu &Lﬂ.mmtnfmh.?.hnpu and 5. H.

Sayder. 2001. Protein S-ni a physi al for

an.

3

33

35

45,

47.

2. Marshall, . E., D. T. Hess, and J. S. Stam]

. M A, K 5 . NI

CONTROL OF MyD#8 SIGNALING BY NO 1347

dad

Mannick, J. B, A H L Liu, D. 'lZHm.M.Zn;.Q X.hﬂlo,LS.
Kane, A J. Gow, and J. 5. Stamler. 1999 Fas-i
tion. Science 284:651-654.

Mannick, J. B.. C. Schonhoff, N. Papeta, P. [rhn.l'om'l.lh.r M. Szibor, K. Fang,
and B. Gaston. 2001, 5-Nitosylation of mitoch caspases. J. Cell Biol
15&1111-1116,

v iyl

- 2004. S-nitrosylation: phys-
iological regulation of NF-xB. Proc. Natl, Acad. Sci. USA 101:8841-8842,
Marshall, H. E,, and J. 8. Stamler. 2001. Inhibition of NF-«B by S-nitrosy-
lation. Biochemistry 40:1688-1693,
Bl C. Ssdamitsy, F. Nishiloh. S.

Nagai, 8. Koyasu, K. Mlmmn. K Takeda, and H. Ichijo. 2005, ROS-
dependent activation of the TRAFS-ASK1-p38 paljnuy is selectively re-
quired for TLR4-mediated innaie i ity. Mar. I | 6:387-392.
Mgdnlim R., P. Preston-Hurlburt, and C. A. Janeway, Jr. 1997, A human

logue of the D hila Toll protein signals activation of adaptive
Immunity, Nature 388:304-397.
Medzhitov, R., P. Preston-Hurlburt, E. Kopp, A. Stadlen, C. Chen, 5. Ghosh,
and C, A, .Iauﬂ'j. Jr. 1998. MyD88 13 an adaplor protein in the hTollIL-1

family sigaali hways. Mol. Cell 2:253-258.

. Miggin, 8. M., E. Palsson-McDermott, A. Dunn, C. Jelferies, E. Pinteau,

K. Banahan, C. Murphy, P. Moynagh, M. Y S. Akira, N, Rothwell
D. Golenbock, K. A. Fitzgerald, and L. A. (O'NeilL 2007. NF-«B sctivation by
the Toll-IL-1 receptor domain protein MyD88 adapter-like is regulated by
caspase-1. Proc. Natl. Acad. Sci. USA 104:3372-3377.

Park, H. 5., J. W. Yu, J. i Cho, M. S, Kim, 5. I1. Hub, K. Ryoo, and E. J.
Chol. 2004. Inhibition of apoptosis signal-regulating kinase 1 bynllneand:
through a thiol redox mechanism. J. Biol. Chem, 279:7584-75

. Reynaert, N, L, K Cldess, S. H. Korn, N. Vos, A. 5. Gnnh,i.lf Wouters,

A. van der Viiet, and Y. M. Janssen-Heininger. 2004, Nilric oxide represses
inhibitory xB kinace through S-nitrosylation. Proc. Natl. Acad, Sdi. USA
101:8945-8950,

Richardson, G., and N. 2002. Potential therapeutic uses for 5-
nitrosothiots. Clin. Sci. (London) 102:99-105,

. Rubin, D, B., G. Reznik, E. A Weiss, and P. R. Young. 2000. Non-protein

thiols flux 1o S-nitrosothiols in endothetial cells: an LPS redox signal. Shock
14:200-207.

Stamler, J. 5., 8. Lamas, and F. C. Fang. 2001, Ni lati
redox-based signaling mechanism. Cell 106:675-683.

. Stamler, J, S, D. L Simon, J. A. Osborne, M. E. Mullins, 0. Jaraki, T.

Michel, D. J. Slnul. llli.l Luulu. 1992. S-mlmlyhlbn of pmtenu s\mh
nitric oxide: of b P

Proc. Nail. Acad. Sdi. USAM

Slzhul.ﬂ-.ﬁ.f_ A Y. Rudayh, Herkent and A. A

ky. 2006. B: ial Innpolmlxhirﬂt fever is initiated via Toll-

like receptor 4 on hematopoietic cells. Blood 107:4000-4002.

Steiner, A. A, A. Y. Rudayn, A. L Ivanov, and A. A. Romanovsky. 2004,

Febrigenic signaling to the brain does not involve nitric axide, Br. J. Phar-

macol. 141:1204-1213.

Thoma-Uszynski, ., 8. Stenger, 0. Takeuchi, M. T, Ochon, M. Engele, P. A-

Sieling, P. F. Barnes, M. P. L. Boleskei, M. Wagner, 5. Akira,

M. V. Norgard, J. T. Belisle, P, J. Godowski, B. R. Bloom, and i L. Modlin.
2001. Induction of direct antimicrobial activity through mammalian Toll-like
receptors. Science 291:1544-1547,

I.Icnlln. 8. M. Mnn-uo. IL Takeda, und 5. Akira. zm* Lipopolysac-
h d s d by the gluts-

nitric oxide. Nat. Cell Biol. 3:193-197.
er,:.m:.rmmtr.mms.rm 1998, Ultra-

st s - E(2) synthass gene inducsd by the Toll-Jike
reupldeyD&&'NFMmany 3. Tmmunol, 168:5811-5516.

. Volcano, M., 8. Dusi, D. Lissandrini, R Badolato, F. Mazzi, E. Riboldi, E.

WLWMMLMHLLNM%T Musso, and S.
8 2004 Toll lation of NADPH oxidase in

ton of the death-domai g MyDB8S prowin in
H:Iace[li.EqJ Cell Res. 243:67-75.
Kagan, J. C, and R Medzhitor. 2006. Phosphoinositid oy g

Is Toll-like P i Cell 125:943-955.

.mmaur.n.cmmz:m Nl-‘-sn.lmkmlaﬂmuhﬂmdhm

nity to cancer Nat. Rev. I I. §:745-759.
Kelleher, Z.T.,A.M“nnle,l S.Sl:lmlu and H. E. Marshall 2007
NOS2 regulation of NF-xB by S-nitrosylstion of p65. J. Biol. Chem, 282
30667-30672.

Kh.l.ﬂ.,P.x.lh.Y.G.ms.K.hi.W.D.Nan.nndY.M.Km.
2002, R ive stress. J. Biochem. Mol. Biol.

35:127-133, -

Laroux, F. 5., X. Romero, L. Wetzler, P. Engel, and C. Terhorst. 2005,

MyD&8 controls phagocyte NADPH oxidase function and killing of gram-

negative bacteria. J. Immunol. 175:5596-5600.

l.lvmn,'l' M. Bebien, G. Y. Lin, V. Nizet, and M. Karin. 2005. [KKa
-«B ion and it to the lon of

49,

LIS

52

human dendritic cells. J, fmunol. 1T3:5749-5756,

Wang, W, A, Mitra, B. Poole, 5. Falk, M. 8, Lucia, 5. Tayal, and R Schrier.
2004, Endothelial nitric oxide synthase-deficlent mice exhibit increasad sus-
ceptibility to endotoxin-induced acule renal failure. Am. J. Physiol. Renal
Physiol. 287:F1044-F1048.

West, M. B., B. G. Hill, Y. T. Xuan, and A. Bhatnagar. 2006. Protein
glutathiolation by nitric axide: an intracellular mechanism regulating redox
protein modification. FASEB J. 20:1715-1717.
Wuwﬁkl.J.D..x.Gu.?..Clo.Mhtbe.ndD.V.GuMlm IxB

kinase-p: NF-xB and complex [ ion with IxB kinase-a and
NIK. Science

xbun.cmr.ua.mn.ue.nmm.umu,m
S. E. Plevy. 2004. Inhibition 1 2.p40 i1 iption and NF-«B

bymtncmdeunmumemunphupmdﬁmd:ﬂ:cdh J. Biol.

NF-
hﬂunmlhm Nature 434:1138-1143,
Ml:lll:Hq.LQ W. Xie, and C. Nathan. 1997. Nitric oxide and macro-
phage fi Annu. Rev, L I, 15:323-350.

53.

Chem. 21%:10776-10783.
Ylnan.H..J llnuleler and B. C. Berk. 2003. Thioredoxin: a key
is. Circ. Res, 93:1029-1033.

_344_



Cardiovascular Research (2008) 77, 221-230
doi: 10, 1093/ cvr/cvm049

Nitric oxide regulates vascular calcification
by interfering with TGF- signalling

Yosuke Kanno'?*, Takeshi Into!, Charles J. Lowenstein?, and Kenji Matsushita'

'Department of Oral Disease Research, National Center for Geriatrics and Gerontology, 36-3 Gengo, Morioka-cho, Obu, Aichi
474-8511, Japan; *Department of Clinical Pathological Biochemistry, Faculty of Pharmaceutical Science, D.W.C.L.A.,
Kyo-tanabe, Kyoto 610-0395, Japan; and *The Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA

Received 27 March 2007; revised 3 October 2007; accepted 11 October 2007; online publish-ahead-of-print 25 October 2007

Time for primary review: 19 days

Aims Vascular calcification often occurs with advancing age, atherosclerosis, and metabolic disorders
such as diabetes mellitus and end-stage renal disease. Vascular calcification is associated with cardio-
vascular events and Increased mortality. Nitric oxide (NO) Is crucial for maintaining vascular function,
but little is known about how NO affects vascular calcification. The aim of this study was to examine the

Methods and results In this study, we examined the inhibitory effects of NO on calcification of murine
vascular smooth muscle cells (VSMCs) In vitro. We measured calclum concentration, alizarin red
staining, and alkaline phosphatase activity to examine the effect of NO on calcification of VSMCs and
differentiation of VSMCs into osteoblastic cells. We also determined gene expression and levels of
phosphorylation of Smad2/3 by RT-PCR and western blotting. NO inhibited calcification of YSMCs and
differentiation of VSMCs into osteoblastic cells. An inhibitor of cyclic guanosine monophosphate
(cGMP)-dependent protein kinase restored the inhibition by NO of osteoblastic differentiation and cal-
cification of VSMCs. NO inhibited transforming growth factor-B (TGF-B)-induced phosphorylation of
Smad2/3 and expression of TGF-B-induced genes such as plasminogen activator inhibitor-1. In addition,

Conclusion Our data show that NO prevents differentiation of VSMCs Into ostecblastic cells by inhibiting
TGF- signalling through a cGMP-dependent pathway. Our findings suggest that NO may play a beneficial
role in atherogenesis in part by limiting vascular calcification.

KEYWORDS
Atherosclerosis;
Vascular calcification;
Yascular ageing;
Diabetes medlitus effect of NO on vascular calcification.
NO inhibited expression of the TGF-B receptor ALKS.
Introduction

Vascular calcification occurs in many diseases, including
atherosclerosis, diabetes, and uremia.'" Deposition of cal-
cification in arteries diminishes arterial wall elasticity,
obstructs blood flow, and can lead to heart attacks and
stroke.! The presence of calcium deposits in the vessel
wall is indicative of advanced atherosclerosis, and the
extent of coronary calcification adds independent prognos-
tic significance to conventional risk factors for coronary
artery disease, Vascular calcification is a major independent
predictor of cardiovascular morbidity and mortality.”
Vascular calcification has been considered to be an orga-
nized, regulated process similar to mineralization in bone
tissue.*” Specific bone-associated proteins such as matrix
Gla protein are constitutively expressed at low levels in
the healthy vessel, and their expression increases during

* Corresponding author, Tel: +B1 0774 &5 B629; fax: 481 0774 65 B479.
E-mail address: ykanno@dwe.doshisha.ac. jp (Y.K.). Tel: +81 562 46 2311
(ext. 5401); fax:+81 562 46 8479. E-mail oddress: kmatsulO@nils.go.jp
(K.M.)

vascular calcification.™® Moreover, the expression of a
number of bone-associated proteins such as osteopontin nor-
mally absent in the vessel wall is also increased in the calci-
fied vessel wall.”

Vascular smooth muscie cells (VSMCs) play a major role in
vascular calcification.'® VSMCs contribute to the develop-
ment of an atherosclerotic lesion by migration, prolifer-
ation, and secretion of matrix components.'''? VSMCs also
express many of the calcification-regulating proteins com-
monly found in bone.* %' These proteins have calcium
and apatite binding properties, and accumulate in areas of
vascular calcification. Among them, transforming growth
factor-B (TGF-B) is a key factor in vascular calcification.
TGF-B is present in calcified aortic valves,' and regulates
vascular calcification and osteoblastic differentiation of
vm_b,ﬁ

Nitric oxide (NO) is a messenger molecule produced by the
NO synthase (NOS) isoforms neuronal NOS (nNOS, or NOS1),
inducible NOS (iNOS, or NOS2), and endothelial NOS
{eNOS, or NOS3)."®'7 All three NOS isoforms can be found
in the vasculature - NOS1 in nerve fibbers in the adventitia,

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2007.
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NOS2 in VSMCs and in infiltrating macrophages during
vascular inflammation, and NOS3 in endothelial cells - and
NO has a variety of effects upon vascular cells. NO produced
in the endothelium by eNOS activates smooth muscle cell
relaxation and vasodilation by binding to soluble guanylate

cyclase, resulting in cyclic guanosine monophosphate
(cGMP) production and the activation of signal transduction
pathways. NO also inhibits smooth muscle cell migration and
proliferation.’®'® NO may also affect vascular calcification,
However, the effect of NO on vascular calcification is not
understood.

Although TGF-§ induces vascular calcification, the regu-
latory mechanism of vascular calcification is not well
clarified. We hypothesized that NO inhibits vascular calcifi-
cation by regulating TGF-B signalling. Here we show that
NO regulates vascular calcification in part by interfering
with TGF-f signalling.

Methods

All experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the US National
Institutes of Health.

Reagents

Recombinant human TGF-8, and 8-bromo-cGMP were from Calbio-
chem (Daemsradt USA). The NO donor DETA-NONOate was from
Cayman Chemical Co. (Ann Arbor, MI, USA). The NOS inhibitor ami-
noguanidine hemisulphate (AG) was purchased from Sigma-Aldrich
(St Louis, MD, USA). The guanylate cyclase inhibitor ODQ was from
Wako Pure Chemical {Osaka, Japan). The protein kinase G (PKG)
inhibitor KT5823 was from Sigma-Aldrich.

Cell culture and analysis of vascular smooth
muscle cell calcification

VSMCs were obtained from the thoracic aorta of C57BL/6J mice,™®
Induction of calcification of YSMCs was performed by a procedure
of Tintut et al.' with minor modifications. YSMCs were grown in
Dulbecca's modified Eagle's medium (Sigma-Aldrich) containing
10% heat-inactivated foetal bovine serum and supplemented with
1 mM sodium pyruvate, 100 units/ml penicillin, and 100 units/mL
streptomycin. After 4 days, the media was replaced with calcifica-
tion media (media supplemented with 5mM p-glycerophosphate
and 4 mM CaCly) to permit maximal mineralization. The calcification
media were changed every 3-4 days. To examine the effect of NO on
VSMC calcification, YSMCs were grown in calcification media with
DETA-NONOate for 14 days. To become 10 uM, we added DETA
NONOate at intervals of 20 h.,

To determine the degree of mineralization, calcium concentration
in the cells was measured by Calcium Assay Kit (BioAssay Systems).
After 14 days in culture, cells were then washed, and proteins in
cells were extracted with a lysis buffer (10 mM Tris-HCL, pH 7.5,
0.1% Triton X-100). A phenolsulphonephthalein dye In the kit
forms a very stable blue coloured complex specifically with free
calcium. The intensity of the colour, measured at 612 nm, is directly
proportional to the calcium concentration in the sample.

Alizarin red staining

Calcified YSMCs were stained with alizarin red S (Kanto Chemical,
Japan). After washing, cultures were fixed with 4% paraformalde-
hyde In PBS for 15min, and then stained with 2% alizarin red S In
H;0 for 30 min at room temperature. After staining, cultures were
washed three times.

Cell viability assays

Cell viability was assessed as a function of NADH content using a Tet-
raColor ONE [5 mM (2- (2-methaxy-4-nytrophemyt)-3-{4-nitrophenyl)-
5-(2,4-disulphophenyl)-2H-tetrazolium, monosodium salt); 0.2 mM
1-methoxy-5-metylphenazinium methylsulphate; and 150 mM NaCl]-
based assay according to the manufacturer's instructions (Seikagaku
Inc., Nihonbashi, Tokyo, Japan). VSMCs were grown in calcification
media with DETA-NONOate for 14 days. After 14 days, cell viability
was evaluated using TetraColor ONE (Seikagaku Corp.). Finally,
10 uL of TetraColor ONE solution was added to each well, and the
cells were incubated for 1.5 h. A well for the negative control was
prepared as described above without cells. The absorbance of
each well was then determined at a wavelength of 450 nm.

Measurement of alkaline phosphatase activity

VSMCs were seeded at a density of 4 x 10° cells/well on six-well
plates. After 14 days in culture, cells were then washed, and pro-
teins in cells were extracted with a lysis buffer (10 mM Tris-HCL,
pH 7.5, 0.1% Triton X-100). Alkaline phosphatase (ALP) activity
was determined using p-nitro phenyl phosphate (Sigma-Aldrich) as
a substrate. Protein concentration of extracts was determined by
BCA protein assay kit (Pierce) using bovine serum albumin as a
standard.

Inducible nitric oxide synthase and endothelial
nitric oxide synthase overexpressing vascular
smooth muscle cells

VSMCs were transfected with INOS (mouse) and eNOS (bovine)
plasmid (pcDNA 3.1/His "A" vector) by using Lipofectamine 2000,
From the second day after the transfection, iNOS or eMOS or
empty vector-transfected cells were selected with 200 pg/mL
G418 for 4 weeks. These VSMCs were cultured as described above.

Reverse transcription-polymerase chain reaction

Total RMA was fsolated from VSMCs using lsogen (Nippon Gene,
Japan) and was reverse-transcribed using MMLY reverse transcrip-
tase (GIBCO BRL). The transcripts were amplified by PCR using Ex
Tag (TaKaRa, Japan). The following primers were synthesized:
PAI-1 sense, AAAGGTATGATCAATGACTTACTGG; PAl-1 antisense,
TCAAMGGGTGCAGCGATGAACATGC; ALK1 sense, TGACTTTCTGCA-
GAGGCAGA; ALK1 antisense, CGACTCAMAGCAGTCTGTGC; ALKS
sense, ATCCATCACTAGATCGCCCT; ALKS antisense, CGATGGATCA-
GAAGGTACAAGA; type | collagen sense, ATCCCCATGACTGTCTATAG;
type | collagen antisense, CAAATAAGTGACCATCGCCA; osteocalcin
(OC) sense, TGCGCTCTGTCTCTCTGACC; OC antisense, CTGTGA-
CATCCATACTTGCAGG; matrix Gla protein 2 (MGP2) sense,
ACCACGTCCCAGCTTCTAGC; and MGP2 antisense, GCTCTGCGATGGA-
GAGGTACTG; PCR amplification of cDNA for 35 cycles was at 94°C
denaturation (605), 60°C annealing (605), and 72°C extension
{60s). Following PCR amplifications, the amplified cDNAs were
further extended by additional incubation at 72°C for 10 min, An
equal amount of each reaction was fractionated on 1% agarose gel
In 1 x TAE buffer, and then the agarose gel was soaked in 1 x TAE
buffer containing ethidium bromide for 15 min by gentle agitation.
The amplified cDNA fragments in the agarose gel were then visual-
ized on a UV transilluminator and photographed.

Western blot analysis for Smad2/3

YSMCs grown In a six-well plate were washed twice with lce-cold
PBS; lysed with 62.5 mM Tris-HC\ (pH 6.8) containing 2% SDS, 10%
glycerol, and 50 mM DTT (an SDS sample buffer) in the presence
of inhibitor cocktails of proteases (Sigma-Aldrich); and boiled for
10 min. The lysates were centrifuged at 14 000 rpm for 10 min,
and the resulting supermnatants containing cytosolic and membrane
proteins were collected. Proteins in the supernatant were separated
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by electrophoresis on 10% 505-polyacrylamide gels and transferred
to a nitrocellulose membrane. The membrane was incubated at
4°C overnight with polyclonal antibody to Smad2/3 or antibody to
phospho-Smad2/3 and then with peroxidase-conjugated antibody
to rabbit IgG. Immunoreactive proteins were detected using ECL
detection reagents (Amersham Pharmacia Blotech).

Statistical analysis

All data are expressed as mean + SEM. The significance of the effect
of each treatment (P < 0.05) was determined by analysis of var-
fance (ANOVA) followed by the Student Newman-Keuls test.

Results

Nitric oxide inhibits vascular smooth
muscle cell calcification

To explore the effect of NO on vascular calcification, we
incubated VSMCs from murine aorta in DMEM media sup-
plemented with 5 mM B-glycerophosphate and 4 mM CaCl,
(calcification media) in the presence or absence of DETA-
NONOate for 14 days, and then the amount of calcification
in cells were measured by alizarin red staining. Calcification
media induced mineralization of VSMCs. However, the NO
donor inhibits VSMC calcification (Figure 1A and B). The
NO donor did not affect on the cell viability (Figure 1C).

To explore the role of NO in the regulation of vascular cal-
cification, we first measured NOS mRNA expression in VSMCs
and calcified VSMCs by RT-PCR. VSMCs expressed mRNAs of
eNOS and INOS, and the expression levels were increased
in calcified VSMCs (Figure 1D). Calcified VSMCs also
expressed nNOS mRNA. We next treated calcifying VSMCs
with an NO inhibitor AG for 14 days and measured calcifica-
tion. AG increased VSMC calcification (Figure 1E). Moreover,
we examined the effect of iINOS and eNOS on VSMCs calcifi-
cation by transfection of iNOS and eNOS plasmid (Figure 1F).
iNOS and eNOS overexpression inhibited VSMC calcification
(Figure 1G). These data suggest NO regulates vascular
calcification.

Nitric oxide inhibits osteoblastic differentiation
of vascular smooth muscle cells

We next examined the effect of NO on osteoblastic differen-
tiation of VSMCs. ALP, one of the phenotypic markers of
osteoblasts, is thought to be essential to bone mineraliz-
ation.?? Increased ALP activity was observed in calcified
matrix vesicles of smooth muscle cells. Therefore, we exam-
ined the effect of NO on ALP activity in calcifying VSMCs.
ALP activity was strongly detected in calcifying VSMCs. The
NO donor inhibits ALP activity in calcifying VSMCs
(Figure 2A). We also showed that the NO donor inhibits
expression of other osteoblastic marker, type | collagen,
OC, and MGP2 (Figure 2B). We next treated calcifying
VSMCs with an NO inhibitor AG for 14 days and measured
ALP activity. AG Increased ALP activity of VSMC
(Figure 2C). Moreover, we examined the effect of iNOS
and eNOS on osteoblastic differentiation by transfection of
iNOS and eNOS plasmid (Figure 1F). INOS and eNOS over-
expression inhibited osteoblastic differentiation of VSMCs
(Figure 2D), These data suggest NO regulates osteoblastic
differentiation of YSMCs.

Nitric oxide/cGMP/protein kinase G signalling
pathway mediates vascular smooth
muscle cell calcification

To determine whether or not NO inhibits vascular calcifica-
tion through a cGMP pathway, we examined the effect of
the guanylate cyclase inhibitor ODQ and the PKG inhibitor
KT5823 on VSMCs calcification treated with NO. 0DQ
blocked the inhibitory effect of NO on YSMC calcification
(Figure 3A). KT5823 also blocked the inhibitory effect of
NO on VSMC calcification (Figure 3B). Furthermore, ODQ
and KT5823 reversed the inhibitory effect of NO on osteo-
blastic differentiation (Figure 3C and D). ODQ and KT5823
increased osteoblastic differentiation in the absence of NO
donor. However, 0DQ and KT5823 did not increase VSMC cal-
cification in the absence of NO donor. Then, we examined
the effects of a cGMP analogue 8-bromo-cGMP on vascular
calcification and osteoblastic differentiation of VSMC. Treat-
ment with B-bromo-cGMP inhibited VSMC calcification
(Figure 3E). The cGMP analogue also inhibited ALP activity
in calcifying VSMCs (Figure 3F).

Nitric oxide regulates transforming growth
factor-B signalling in vascular smooth
muscle cells

TGF-B regulates vascular calcification and osteoblastic
differentiation of VSMCs.*'® Therefore, we explored the
effect of NO on TGF- signalling in VSMCs. We first examined
the expression of TGF-B mRNA in calcified VSMCs by RT-PCR.
Increased expression of TGF-B was observed in calcified
VSMCs (Figure 44). A neutralizing antibody to TGF-B inhib-
ited VSMC calcification and osteoblastic differentiation
(Figure 4B-D). We also examined the effect of NO on
TGF-g-induced osteoblastic differentiation of VSMCs. The
NO donor markedly reduced TGF-f-induced ALP activity in
VSMCs (Figure 4E). On the other hand, TGF-B did not
induce VSMC calcification in the absence of calcification
media,

We next investigated whether NO affects TGF-B signalling
in calcifying YSMCs. TGF-p activates a heteromeric complex
of type | and type |l transmembrane serine/threonine kinase
receptors ALK-1 and ALK-5.% ALKS activation induces phos-
phorylation of Smad2/3.2* Therefore, we examined the
effect of NO on Smad2/3 phosphorylation in calcifying
VSMCs. The NO donor blocked TGF-B-induced phosphory-
lation of Smad2/3 (Figure 5). We also examined the effect
of NO on TGF-p gene expression and its production.
However, NO did not affect mRNA levels of TGF-B and
TGF-B protein from calcified VSMCs (see Supplementary
material online, Data 1 and 2), indicating that NO does not
decrease phosphorylation of Smad2/3 by inhibiting TGF-p
expression. We also investigated the effect of NO on ALK1
and ALK5 mRNA levels in calcifying VSMCs. NO markedly
reduced ALK5S mRNA levels. However, NO did not reduce
ALK1 mRNA (Figure 6A4). We also investigated the effect of
NO on the plasminogen activator inhibitor-1 (PAl-1) gene
expression by RT-PCR, because ALKS activates PAl-1 gene

. NO markedly reduced mRNA expression of
PAl-1 (Figure 6B). Moreover, we investigated the effect of
KT5823 on the ALK5 and the PAl-1 gene expression treated
with NO. KT5823 reversed the inhibitory effect of NO on
the ALKS and the PAI-1 gene expression (Figure 6C). These
results suggest that NO inhibits VSMC calcification and
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Figure 1 Nitric axide (NO) inhibits vascular smooth muscle cell (VSMC) calcification. (A) YSMCs were grown with calcification media for 14 days in the pre-
sence or absence of 10 wM DETA-NONQate, Then, calcium concentration in the cells was measured as described in Methods section (n=5-6 + SEM, *P = 0.01,
*p < 0.05). (B) Photomicrographs of Alizarin red staining of calcifying VSMCs treated with or without DETA-NONOate, (C) Effect of NO on viabitity of VSMCs.
VSMCs were grown in calcification media with 10 wM DETA-NONOate for 14 days. Then the cell viability was assessed a3 a function of NADH content using a
TetraColor ONE (n=13 + SEM). (D) Calcified VSMCs expressed eNOS, INOS and nNOS. NOS expression in calcified VSMCs was measured by RT-PCR. Similar
results were obtalned \h‘tl:h three ademwl and different samples. (E) NOS inhibitor increases VSMC calcification. VSMCs were grown in calcification media
with an NOS inhibi iph (AG) for 14 days. Then, calcium concentration in the cells was measured as described in Methods
section (n = 5-6 + SEM, P<00'| *=p < 0.05). (F) Transfection of INOS and eNOS plasmid significantly increased INOS and eNOS expression, measured by
RT-PCR. (G) NOS overexpression inhibits calcification of YSMCs, VSMCs were transfected with INOS and eNOS plasmid. Then, VSMCs were grown with calcifica-
tion media for 14 days, and calcium concentration in the cells was measured as described in Methods section (n=5-6 + SEM, *P < 0.01, P < 0.05).

osteoblastic differentiation of VSMCs by regulating TGF-  Nitric oxide inhibits vascular calcification

i We found that NO inhibited VSMC calcification and osteo-
Discussion blastic differentiation of VSMCs. NO inhibited an increase

of ALP activity and other osteoblastic marker in calcifying
The major finding of this study is that NO inhibits vascular VSMCs. ALP is an enzyme that has been shown to be import-
calcification by interfering with TGF-B signalling. ant for matrix mineralization.” Osteoblasts increase ALP

- 38 -



MO inhibition of vascular calcification 125

(A) g u
=
2 as
a
2
= 04
=
-1
o
S a2
a
-y
o
]
Calcilication media - + +
DETA-NONOate {10 uM) - - +
(B) S
Type | collagen !" |I
- \
Type | collagen IR oc ! l
| oy 1
| :
MGP2 § .
carcn D i
Calcification media - 4+ + Calcification media - + +
DETA-NONOate (104M) - - <+ DETA-NONOate (10uM) - - 4
(©
2
3
o
(=]
=
z
T
L
o
P |
E- 4
Calcification media - + +
AG (10 1M) - - +
(D)

ALP acuvily (OD 405 nm)
-]

02

ALP activity {OD 405 nin}

control iINOS control eNOS
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Figure 3  Nitric cxide (NO)-cGMP signalling pathway | vascular smooth muscle cell (VSMC) calcification. (A) Guanylate cyclase inhibitor ODQ blocks NO

Inhibition of YSMC calcification. YSMCs were grown in calcification media with 10 juM DETA-NONOate for 14 days in the presence or absence of 0DQ. Then, calcium
concentration in the cells was measured as described in Methods section (n = 4-6 + SEM, *P < 0,01, **P < 0,05). (B) The PKG inhibitor KT5823 blocks NO inhi-
bition of VSMC calcification. VSMCs were grown In calcification media with DETA-NONOate for 14 days in the presence or absence of KT5823. Mineralization was
measured as above (n = 4-6 + SEM, *P < 0.01), (C) 0DQ blacks NO inhibition of VSMC osteoblastic differentiation, VSMCs were grown in calcification media with
10 juM DETA-NONOate for 14 days in the presence or absence of 0DQ, and ALP activity at OD 405 nm was measured (n = & + SEM, *P < 0.01). (D) KT5823 blocks NO
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SEM, *P < 0.01, **P < 0.05). (F) B-bromo-cGMP inhibits VSMC calcification. VSMCs were grown in calcification media with or without B-bromo-cGMP for 14 days,
and ALP activity at 0D 405 nm was measured (n = 3-6 + SEM, *P < 0.01).

expression as they mature before mineralization.” There- calcification by a number of mechanisms. These findings
fore, decreasing of ALP activity in calcifying VSMC blocks  suggest that NO regulates vascular calcification through inhi-
differentiation of VSMCs into osteoblastic cells. Further-  biting mineralization of VSMCs and differentiation of YSMCs
more, ALP can promote calcification by hydrolysing pyropho- into osteoblastic cells. On the other hand, the expression of
sphate. Thus, inhibition of ALP activity by NO may suppress  NOS was induced in calcifying VSMCs. Our hypothesis is that
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Figure 4 Transforming growth factor-B (TGF-8) induces vascular smooth muscle cell (VSMC) calcification. (A) TGF-f expression increases in calcifying VSMCs.
VSMCs were grown for 14 days in the presence or absence of calcification medium. Then TGF-§ gene expression in the cells was measured by RT-PCR. (B) Ant
body to TGF-B inhibits VSMC calcification. VSMCs were grown in calcification media with various concentration of anti-TGF-3 antibody or control 1gG for 14 days.
Then, calcium concentration in the cells was measured as described in Methods section (n = 4-6 & SEM, *P < 0.05). (C) Antibody to TGF-§ inhibits VSMC calcifica-
thon, VSMCs were grown in calcification media with various concentration of anti-TGF-f antibody or control IgG for 14 days. Then, cells were then stained with
Alizarin red. (D) Antibody to TGF-g inhibits VSMC calcification. VSMCs were grown in calcification media with various concentration of anti-TGF-p antibody or
control IgG for 14 days, and ALP activity at 00 405 nm was measured (n = 4-6 + SEM, *P < 0.01). (E) NO inhibits TGF-f induction of ALP activity. YSMCs were
treated with DETA-NOMOate for 1 days in the presence or absence of TGF-B. Then ALP activity in the cells was measured (n = 5-6 + SEM, *P < 0.01).

calcification medium induced NOS in VSMCs, where NOS is
acting in a negative feedback loop. The degree of an
increase in the expression of NOS isoforms was different
respectively. NOS isoforms may play a different role in the
negative feedback. In addition, other studies show that cal-
cifying vascular cells, a subpopulation of cells from the
artery wall and cardiac valves, have the ability to undergo
osteoblastic differentiation and mineralization, and these
cells have the potential for multiple lineages similar to
mesenchymal stem cells.”® Primary VSMCs might contain
these cells. These cells may also have the ability to differen-
tiate into the other type cells. Therefore, nNOS may be

expressed in calcifying vascular cells though nNOS was
absent in VSMCs. Further investigation would be required
to clarify the details.

How does nitric oxide inhibit vascular
calcification?

NO activates soluble guanylyl cyclase to produce cGMP that
is involved in the relaxant response of VSMCs. Thus, we
examined the effect of the guanylate cyclase inhibitor
(ODQ) and PKG inhibitor (KT5823) on calcification and osteo-
blastic differentiation of VSMCs following NO treatment.
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Figure 6 Nitric oxide (NO) inhibits transforming growth factor-p (TGF-)-induced gene expression. (A) Effect of NO on ALK1 and ALKS gene expression. Vascular
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NOMOate for 14 days in the presence or absence of KT5823, then ALKS and PAl-1 gene expression in the cells was measured by RT-PCR. Similar results were
obtained with three additional and different samples.
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Inhibition of guanylate cyclase and PKG reversed the inhibi-
tory effect of NO on vascular calcification and osteoblastic
differentiation of VSMCs. Treatment of calcifying VSMCs
with cGMP analogue inhibited vascular calcification and
osteoblastic differentiation. These results suggest that NO
regulates vascular calcification in part through the action
of cGMP. However, ODQ and KT5823 did not increase VSMC
calcification in the absence of NO donor. On the other
hand, ODQ and KT5823 increased osteoblastic differen-
tiation in the absence of NO donor. These data show that
another possibility remains that is additional cGMP indepen-
dent pathways such as S-nitrosylation of proteins by NO may
also regulate calcification. We speculate as follows. First,
osteoblastic differentiation is increased in VSMCs. Second,
calcium accumulates in osteoblastic VSMCs. Finally, VSMC
calcification is increased. cGMP/PKG signalling pathway
may inhibit osteoblastic differentiation and NO may inhibit
both VSMC calcification and osteoblastic differentiation.
Further investigations would be required to clarify the
details.

TGF-B can act as an anti-inflammatory and anti-
atherogenic cytokine with a protective role in the compli-
cations of atherosclerosis. However, TGF-f also regulates
vascular smooth muscle differentiation and vascular calcifi-
cation.®'® We showed that NO reduced TGF-B signalling by
decreasing expression of a TGF-B receptor ALKS, resulting
in a down-regulation of TGF-B signal that induces phos-
phorylation of Smad2/3. TGF-B transduce signals via two
distinct type | receptors, ALK1 and ALK5,*® ALK5 induces
phosphorylation of Smad2/3, while ALK1 induces phos-
phorylation of Smad1/5. Our results suggest that TGF-p
signal via ALK5/5mad2/3 in VSMC is important for inducing
vascular calcification. In addition, KT5823 reversed the
inhibitory effect of NO on the ALK5 gene expression.
Recently, Saura et al.?’ have shown that NO regulates the
transcriptional responses to TGF-B by inhibiting Smad
nuclear accumulation via PKG activation in ECs. This import-
ant study suggests a molecular mechanism by which NO
regulates TGF-p signalling in calcification. We also found
that NO regulates the TGF-g/ ALKS5/Smad2/3 signalling,
inhibiting TGF-B-induced gene expression of PAl-1. In
addition, KT5823 reversed the inhibitory effect of NO on
the PAI-1 gene expression. The fibrinolytic system plays an
important role in vascular and tissue housekeeping. PAI-1
plays a key role in regulating the fibrinolytic system by
serving as the primary inhibitor of t-PA and u-PA. Several
groups have reported excess PAl-1 in atherosclerotic
plagues in humans,”®° a finding that is exaggerated in
type 2 diabetics.”’ These studies suggest that PAl-1 plays
an important role in atherosclerosis. PAl-1 may also play
an important role in vascular calcification. Inhibition of
PAI-1 gene expression by NO may have an important role
of calcification in VSMCs. Further investigations would be
required to clarify the details.

Clinical aspects of nitric oxide and vascular
calcification

NO inhibits vascular inflammation: vascular injury and ather-
osclerosis are more severe in knockout mice lacking eNOS or
iNOS; conversely, gene therapy with NOS ameliorates arter-
iosclerosis, 3% Patients with endothelial dysfunction and
defective NO synthesis is at increased risk for cardiovascular

events. Our data suggest that NO and compounds that
induce NO synthesis may be useful not only in inhibiting vas-
cular inflammation, but also in preventing vascular
calcification.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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Abstract

Gingipains, cysteine proteases derived from Porphyromonas gingivalis, are important virulence factors in periodontal diseases. We found that
arginine-specific gingipain A (RgpA) increased the responsiveness of vascular endothelial cells to P. gingivalis lipopolysaccharides (LPS) and P.
gingivalis whole cells to induce enhanced IL-8 production through protease-activated receptors (PARs) and phospholipase C (PLC) y, We there-
fore investigated whether RgpA-induced enhanced cell activation is mediated through exocytosis of Weibel-Palade bodies (WPBs) because they
store vasoactive substances. RgpA rapidly activated PAR- and PLCy-dependent WPB exocytosis. In addition, angiopoietin (Ang)-2. a substance
of WPB, enhanced IL-8 production by P. gingivalis LPS, suggesting that Ang-2 mediates the RgpA-induced enhanced cell responses. Thus, we
propose a novel role for RgpA in induction of a proinflammatory event through PAR-mediated WPB exocytosis, which may be an important step

for enhanced endothelial responses to P. gingivalis.
© 2007 Elsevier Masson SAS. All rights reserved.

Keywords: Gingipain; Porphyromonas gingivalis; Vascular endothelinl cells; Weibel-Palade body; Exocytosis; Protease-activated receptors, Periodontitis

1. Introduction

Porphyromonas gingivalis is a principal periodontopathic
pathogen [1,2]. Although P. gingivalis has a number of viru-
lence factors, including lipopolysaccharide (LPS) and fim-
briae, the most notable factors are the cysteine proteases

Abbreviations: Ang, angiopoietin; GAPDH, gly 3.phosphate
dehydrogenase; HKPG, heat-killed whole cells of P. gingivalis; HUVEC, hu-
man umbilical vein endathelial cell; LPS, lipopolysaccharide; PLC, phosph
lipase C; PAR, p ivated receptor. RgpA, arginine-specific gingipain
A; siRNA, short interfering RNA: TLR, Toll-like receptor; VWF, von Wille-
brand factor; WPB, Weibel-Palade body.
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termed gingipains. Two kinds of arginine residue-specific
gingipains, RgpA and RgpB, and another type of lysine resi-
due-specific gingipain have so far been identified [3-5].
Gingipains associated with released vesicles from P. gingivalis
cells especially exert various pathophysiological effects
through cleavage or degradation of in-host proteins, such as
tissue proteins, coagulation factors and cytokines.
Microvessels are thought to be one of the first lines of de-
fense against P. gingivalis in periodontal tissue. P. gingivalis
promotes transmigration of neutrophils and monocytes from
blood vessels into periodontal tissue and increase vascular per-
meability, Proinflammatory effects of P. gingivalis are thought
to be dependent on gingipain-induced activation of vascular
endothelial cells to induce an increase in vascular permeability,
cytokine production and adhesion molecule expression [6,7].
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In this study, we explored gingipain-induced responses of
vascular endothelial cells in detail. We found that RgpA
induces degranulation and modulates P. gingivalis-induced
proinflammatory responses of endothelial cells through the
release of storage substances, in which protease-activated
receptor (PAR)-mediated signaling plays an important role.

2. Materials and methods
2.1. Reagents, chemicals and cell culture

A23187, U73122, 1,2-bis (2-aminophenoxy) ethane-N.N,
N N'-tetraacetic acid—acetoxymethyl ester (BAPTA—AM)
and highly purified LPS from Escherichia coli were purchased
from Sigma—Aldrich (St Louis, MO). Leupeptin was
purchased from Peptide Institute (Osaka, Japan). Preparation
of vesicle-associated RgpA from P. gingivalis HG66 in culture
media was described previously [8], Purified LPS from
P. gingivalis ATCC33277, heat-killed whole cells of
P. gingivalis (HKPG) ATCC33277 and the synthetic bacterial
lipopeptide Pam;CSK,4 were obtained from InvivoGen (San
Diego, CA). Recombinant human interleukin (IL)-1p and
angiopoietin-2 (Ang-2) were obtained from R&D systems
(Minneapolis, MN). Human umbilical vein endothelial cells
(HUVECs) were grown as described previously [9]. Cells
were used for experiments from passages 4 1o 8.

2.2. RNA interference in HUVECs

Gene-specific short interfering RNAs (siRNAs) for human
PARs, human Ang-2 and a control oligonucleotide were pur-
chased from Dharmacon (Chicago, IL). RNA interference in
HUVEC was performed according to the method described
previously [9].

2.3, Determination of von Willebrand factor (VWF)
by ELISA

Confluent HUVECs seeded on 24-well plates were pre-
pared in serum-free EGM-2 media. Cells were stimulated for
1 h with RgpA. The culture media were collected and clarified
for analyses of the amounts of VWF as described previously

9.

2.4. Determination of interleukin IL-8 by ELISA

Confluent HUVECs seeded on 24-well plates were stimu-
lated for 6 h with P. gingivalis LPS or HKPG in the presence
or absence of 200 nM RgpA. Then the culture media were col-
lected and clarified for analyses of the amounts of IL-8 using
a human [L-8 ELISA kit (Invitrogen) according to the manu-
facturer’s instructions. Results are representative of three
separate experiments and are expressed as means == standard
deviation (SD) of triplicate wells.

2.5, Quantitative RT-PCR

Total RNA was extracted using an RNeasy Mini kit (QIA-
GEN, Valencia, CA). Transcripts were quantified by real-time
quantitative PCR on a LightCycler ST300 system (Roche). All
values were normalized to the level of glyceraldehydes-3-phos-
phate dehydrogenase (GAPDH) mRNA. The primer sets were as
follows: human PAR;: sense, 5'-ccegelgtigtetgece-3' and anu-
sense, §'-ggticclgagaagaaatgaccg-3'; human PAR;: sense, 5'-
gaggtaugggtcatcg-3' and antisense, 5'-ggctgggaacagaaag-3';
human PARs: sense, 5'-ggacaggagccacgat-3' and antisense,
S’-ceacagggteacagea-3'; human PAR.: sense, S'-agcacgeect-
caatcct-3' and antisense, 5'-cagccatgeagagtecaa-3': human
GAPDH: sense, 5'-gaaggtgaaggtcggagic-3' and anusense,
5'-gaagatggtgatgggatitc-3'; human Ang-1: sense, 5'-gaaggg
aaccgagee-3' and antisense, 5'-gggeacattigcaca-3'; human Ang
-2:  sense, S'-ccacaaalggeatclacacg-3’  and  antisense,
5'-cecagecaatattetectga-3'; and human IL-8: sense, 5'-cttggeag
cctteetgattte-3' and antisense, S'-tcageectcticaaaaacttc-3'. The
PCR amplicons were visualized on 1.5% agarose gels stained
with ethidium bromide and photographed under UV light.
Results are representative of three separate experiments.

2.6. Immunofluorescence of Ang-2 and VWF

Confluent HUVECs were prepared and fixed at —20°C
with methanol for 60 min, Immunostaining was carried out us-
ing an anti-Ang-2 rabbit polyclonal antibody (Santa Cruz Bio-
technology) and Alexa Fluor 488-conjugated anti-rabbit 1gG
antibody (Invitrogen). Images were obtained by a fluorescent
microscope IX71 (magnification x40) with DP70 image
capture (Olympus).

2.7. Statistical analysis

All values were evaluated by statistical analyses using Stu-
dent’s r-test. Differences were considered to be statistically
significant at the level of P < 0.01.

3. Results

3.1. Effect of RgpA on the early-phase inflammatory
response in HUVECs

We first investigated the effect of RgpA on P. gingivalis-
induced inflammatory responses of vascular endothelial cells.
HUVECs responded to RgpA, P. gingivalis LPS and HKPG to
induce IL-8 production (Fig. 1A). RgpA synergically or syner-
gistically enhanced IL-8 production by P. gingivalis LPS and
HKPG (Fig. 1A), We also found that RgpA could upregulate
IL-8 production by E. celi LPS, PamyCSK; and IL-1f
(Fig. 1B). It has been reported that RgpA directly induce
proinflammatory responses through PAR activation [10].
PARs are a family of G prolein-coupled receptors that require
cleavage at the N-terminus to be activated [11,12]. Among
four members of PARs, HUVECs expressed mRNAs of
PAR,, PAR; and PAR; but not that of PAR, (Fig. 1C and

- 356 —



