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Abstract

Protease-activated receptor-2 (PAR2) is expressed in endothelial cells and mediates endothelium-
dependent vasodilation. We hypothesized that PAR2 regulates tumor necrosis factor-alpha (TNF-
o)-induced coronary arteriolar dysfunction in type 2 diabetic (db/db) mice. To test this, coronary
arterioles from WT control, db/db, db/db mice treated with PAR2 antagonist FSLLRY-NH, (db/
db+FSLLRY-NH,) and db/db mice null for TNF (db™NF-/dbTNF-) were isolated and pressurized
(60 cmH,0) without flow. Although vasodilation to the endothelium-independent vasodilator
sodium nitroprusside (SNP) was not different among WT, db/db, db/db+FSLLRY-NH, and
dbT™NF-/dbTNF- endothelium-dependent acetylcholine (ACh)- and flow-mediated vasodilation
were impaired in db/db mice but were enhanced in db"™NF-/dbTNF- mice and db/db mice treated
with PAR? antagonist. NOS inhibitor NC-nitro-i-arginine-methyl ester (.-NAME) significantly
reduced ACh-induced dilation in WT, db"™NF~/db ™NF- and db/db+FSLLRY-NH,, but did not alter
the vasodilation in db/db mice. In contrast, cyclooxygenase (COX) inhibitor indomethacin (Indo)
did not alter ACh-induced vasodilation in these four groups of mice. PAR2-activating peptide
(PAR2-AP, 2-Furoyl-LIGRLO-am)-induced dilation was higher in db/db mice than that in WT,
dbT™NF-/dbTNF-and db/db mice treated with PAR2 antagonist. These effects were abolished by
denudation, or in the presence of .-NAME or Indo. Protein expressions of TNF-a, PAR2, gp91Pox
and p47Ph% in the heart and isolated coronary arterioles were higher in db/db mice compared to
WT mice. Administration of PAR2 antagonist to db/db mice reduced protein expression of TNF-a,
gp91PhoX and PAR2. Protein expression of gp91P1oX and p47PhoX was lower in dbTNF~/dbTNF-
compared to db/db mice. These results indicate that PAR2 plays a pivotal role in endothelial
dysfunction in type 2 diabetes by up-regulating the expression/production of TNF-« and activating
NAD(P)H oxidase subunit p47Phox,
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Introduction

Protease (proteinase)-activated receptors (PARs) are the novel classes of seven
transmembrane domain G-protein coupled receptors, and four PARs have been identified
with distinct N-terminal cleavage sites and tethered ligand pharmacology, PARL, PAR2,
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PAR3 and PARA4 [5, 15, 26, 27, 30]. Activation of PAR2 is initiated by cleavage of the N
terminus of the receptor by (1) endogenous serine pro-teases such as trypsin, tryptase,
membrane type protease-1, neutrophil protease 3, and factor Xa, and (2) exogenous
stimulation of tethered ligand, where they interact with PAR2 activating peptides (PAR2-
APs) including SLIGRL, SLIGKYV, tc-LIGRLO and 2-furoyl-LIGRLO [5, 6, 15, 26, 27, 30,
36]. PAR?2 is profoundly localized in the vasculature, especially in endothelial cells [6, 8, 16,
26], and is implicated in the control of vascular tone and homeostasis [6, 14, 34, 36].
Activation of endothelial PAR2 by endogenous serine protease or by PAR2-activating
peptide (PAR2-APs, PAR2 agonist) causes vasodilation in vivo or isolated vessels mainly
through nitric oxide (NO) and prostacyclin (PGl,) mechanisms [6, 14, 34, 36]. The role of
PAR?2 in vascular control may be more prevalent under inflammatory-induced pathological
conditions such as in type 1 diabetes [24, 26, 36]. However, the role of PAR2 in coronary
arteriolar dysfunction in type 2 diabetes has not been elucidated.

Type 2 diabetes generally co-occurs with metabolic cardiovascular risk factors associated
with various complications of cardiovascular disease, including inflammation [17, 32].
Endothelial PAR2 plays a significant role in inflammation and tissue injury in the vascular
system [14, 20, 33]. Vascular PAR2 expression is up-regulated by inflammatory cytokines
such as TNF-« and, interestingly, TNF-« production is enhanced by activation of PAR2
indicating there may be a close link between TNF-a and PAR2 in pathophysiological
situations [6, 14]. Increased TNF-a expression in type 2 diabetic coronary arterioles induces
activation of reactive oxygen species (ROS), leading to endothelial dysfunction [3, 4, 11,
43]. However, the upstream mediator that is responsible for the elevations in TNF-«
expression in type 2 diabetic coronary arterioles has not been elucidated. Furthermore, there
is no direct evidence reported regarding the role of PAR2 in endothelial dysfunction in
coronary microcirculation in type 2 diabetes. We propose that PAR2, at least in part,
regulates inflammatory cytokines, especially TNF-¢, leading to endothelial dysfunction in
murine coronary microcirculation in type 2 diabetes. To test this, we evaluated (1) whether
antagonizing PAR2 restores endothelial function in type 2 diabetic db/db mice; (2) whether
PAR2-activating peptide PAR2-APs-induced vasodilation is altered in db/db mice; and (3)
whether PAR2 regulates protein expression of TNF-o or NAD(P)H oxidase subunits in db/
db mice.

Animal models

The procedures followed were in accordance with approved guidelines set by the Laboratory
Animal Care Committee at University of Missouri. Wild type (WT, C57BL/6J) controls,
type 2 diabetic (db/db, BKS.Cg-m +/+ Leprd®/J) mice and the breeding pairs of db/db mice
null for TNF-a (db"™NF-/dbTNF-) were purchased from Jackson Laboratory (Bar Harbor, ME,
USA) and maintained on a normal rodent chow diet. The genotyping for db T™NF~/dbTNF-
mice was performed to confirm that TNF-a was knocked down adequately. Our studies
utilized 12-16-week-old male 25-30 g of WT, 45-50 g of db/db and db"NF-/db ™NF- mice of
either sex.

PAR2 antagonist treatment

Selective PAR2 antagonist (FSLLRY-Amide, H-Phe-Ser—Leu-Leu-Arg-Tyr-NH,) was
purchased from PEPTIDES International Inc (Louisville, KY, USA). The PAR2 antagonist
(4 mg/kg/day, i.p. for 5 days) was administered to both WT and db/db mice for 5 days to
determine whether PAR2 affects the vasodilatory function of isolated coronary arterioles
and the protein expression of TNF-a in the heart and coronary arterioles.
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Functional assessment of isolated coronary arterioles

The techniques for identification and isolation of coronary microvessels were previously
described in detail [42, 44]. Briefly, the heart from five groups of animals, WT, WT treated
with PAR2 antagonist, db/db, db/db treated with PAR2 antagonist and db™NF~/db TNF- mice
was excised and immediately placed in cold (4°C) saline solution. Each coronary arteriole
(50-100 um in internal diameter) was carefully isolated and cannulated with glass
micropipettes. To determine the function of coronary arterioles, vessels were intraluminally
pressurized at 60 cmH,0 without flow. After developing a basal tone, the experimental
interventions were performed.

The concentration—diameter relationships for an activator of endothelium-dependent
vasodilation, acetylcholine (ACh, 1 nmol/L to 10 umol/L), flow-induced dilation
(endothelium-dependent but agonist-independent; pressure difference (AP) was 4-60 H,0),
endothelium-independent NO donor sodium nitroprusside (SNP, 1 nmol/L to 10 umol/L)
and potent and selective PAR2-AP (0.1-10 umol/L, 2-Furoyl-LIGRLO-amide, PEPTIDES
International Inc., Louisville, KY, USA)-mediated dilation was then established. PAR2
agonist-induced vasodilation was also performed (1) after endothelial removal by passing
approximately 5 mL of air through the lumen of the vessel. To ensure complete removal of
the endothelium, the endothelium-dependent vasodilator ACh (3 x 10~ M) was incubated in
the denuded arterioles. Any vessel that was dilated more than 5% was discarded.
Additionally, vasodilation in these denuded vessels to sodium nitroprusside (1 nmol/L to 10
umol/L) was not altered indicating vascular smooth muscle function remained intact (data
not shown); (2) in the presence of NOS inhibitor NPPGPP-nitro-.-arginine-methyl ester (.-
NAME, 10 umol/L, 20 min), or in the presence of cyclooxygenase (COX) inhibitor
indomethacin (Indo, 10 umol/L, 30 min); or (3) in the presence of TNF-a (1 pg/mL, 1 h)
prior to beginning the protocols. At the end of each experiment, the vessel was exposed to
100-pumol/L SNP to obtain its maximal diameter at 60 cmH-,O intraluminal pressure [44].

Protein expression of PAR2 and TNF-a by western blot analyses

Hearts or coronary arterioles were separately homogenized and sonicated in lysis buffer
(Cellytic™ MT Mammalian Tissue Lysis/Extraction Reagent, Sigma). Protein
concentrations were assessed [BCA™ Protein Assay Kit (Pierce)], and equal amounts of
protein (10 pg for PAR2 and 20 pg for TNF-«) were separated by SDS-PAGE and
transferred to nitrocellulose membranes (Hybond, Amersham). Primary antibodies for TNF-
o and PAR2 were purchased from Sigma (St. Louis, MO, USA). Horseradish peroxidase-
conjugated goat anti-mouse was used as the secondary antibody (1:2,000 dilution) (Abcam).
Signals were visualized by enhanced chemiluminescence (Santa Cruz), scanned with a Fuji
LAS3000 densitometer, and quantified by Multigauge software (Fuji film). The relative
amounts of protein expression were quantified and normalized to those of the corresponding
internal reference and a-actin, and then normalized to corresponding WT control, which
were set to a value of 1.0.

Mouse coronary artery endothelial cell (MCAEC) culture

Primary mouse coronary arterial endothelial cells (Celprogen, San Pedro, CA, USA) were
maintained in culture in the presence or absence of recombinant TNF-a (R&D: control, 1, 3
and 10 ng/mL for 24 h). After the treatment with recombinant TNF-«, the MCAEC were
collected, and the PAR-2 protein expression was determined by Western blotting.

Immunofluorescence staining

Immunohistochemistry was used to identify and localize proteins in sections of heart.
Freshly isolated mouse heart was embedded in OCT and sectioned at 5 um. Slides were
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incubated with blocking solution (10% donkey serum in PBS). Primary antibodies for PAR2
(goat polyclonal, Santa Cruz), and endothelial cell marker, von Willebrand factor (VWF,
rabbit polyclonal, Abcam), or smooth muscle a-actin (rabbit polyclonal, Abcam), or
macrophage marker, CD68 (rat monoclonal, Abcam) were used for sequential double-
immunofluorescence staining. Negative control was performed with the use of goat
polyclonal 1gG (Abcam), rabbit polyclonal 1gG (GeneTex) and rat monoclonal 1gG (Abcam)
isotype controls. Secondary fluorescent antibodies are either FITC or Texas Red conjugated.
Sections were finally mounted in an anti-fading agent (Slowfade gold with DAPI,
Invitrogen). Slides were observed and analyzed using a fluorescence microscope with a 40x
objective (1X81, Olympus) [12].

Data analysis

Results

At the end of each experiment, the vessel was exposed to 100-umol/L SNP to obtain its
maximal diameter at 60 cmH,0O intraluminal pressure [11, 31, 44]. All diameter changes to
pharmacological agonists were normalized to the control diameter. All data are presented as
mean + SEM, except as specifically stated (e.g. as mean + SD for molecular study).
Statistical comparisons of vasomotor responses under various treatments were performed
with two-way ANOVA for repeated measure and intergroup differences were tested with
Bonferonni inequality. The significance of intergroup differences observed in molecular
studies was evaluated by one-way analyses of variance (one-way-ANOVA) using software
SPSS11.5. Significance was accepted at P < 0.05.

Animal characteristics

Table 1 shows that body weight, abdominal girth and glucose (non-fasting) concentration
were higher in db/db, db ™NF~/db™NF-and db/db mice treated with FSLLRY-NH, compared
with WT and WT mice treated with FSLLRY-NH,.

Role of PAR2 and TNF-a in coronary arteriolar function in type 2 diabetes

ACh- or flow-induced endothelial dependent vasodilation (Fig. 1a, b) was attenuated in
coronary arterioles in db/db mice compared to WT. Administration of PAR2 antagonist
(FSLLRY-NHo>) partially restored impaired vasodilation in db/db mice (Fig. 1a, b), although
it was not effective in WT mice. In db"NF-/dbTNF-mice, coronary arteriolar dilation to ACh
or to flow was greater than that in db/db mice, and comparable to that in WT control (Fig.
1a, b). Dilation to the NO donor SNP in WT, WT treated with FSLLRY-NH,, db/db, db/db
treated with FSLLRY-NH, and db"™NF-/dbTNF- mice are equal (Fig. 1c). .-NAME
significantly attenuated vasodilation to ACh in WT mice (Fig. 2a). The dilations of the
vessels incubated with .-NAME were not altered (P > 0/05) in db/db mice; however,
incubation of .-NAME significantly inhibited vasodilation in db™NF~/db™NF-and db/db mice
treated with PAR2 antagonist (Fig. 2a). Cyclooxygenase (COX) inhibitor indomethacin
(Indo) did not alter vasodilation in WT, db/db, db™NF~/db™NF-and db/db mice treated with
PAR?2 antagonist (Fig. 2b).

PAR2 agonist-induced vasodilation

A potent and selective PAR2 agonist, 2-Furoyl-LIGRLO-amide, induced dilation of
coronary arterioles in a concentration-dependent manner. 2-Furoyl-LIGRLO-amide-induced
dilation was higher in coronary arterioles in db/db, and was equivalent in do "NF~/dbTNF-
mice compared to WT mice (Fig. 3a). 2-Furoyl-LIGRLO-amide-induced dilation was lower
in db/db mice treated with PAR2 antagonist compared to db/db mice, but administration of
PAR?2 antagonist to WT mice did not change PAR2 agonist-induced dilation (Fig. 3a).
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Incubation of TNF-« with coronary arterioles isolated from WT mice increased PAR2
agonist-induced vasodilation suggesting PAR2 response is enhanced by TNF-a in WT
coronary arterioles (Fig. 3a). The removal of endothelium (denudation) abolished PAR2
agonist-induced vasodilation (Fig. 3b) in all the five murine groups: WT, WT treated with
FSLLRY-NH, (data not shown), db/db, db/db treated with FSLLRY-NH, and doTNF~/
db™NF-mice. These results suggest that PAR2 agonist-induced vasodilation is endothelium-
dependent. Vascular smooth muscle function remained intact in these denuded vessels, since
vasodilation to sodium nitroprusside (1 nmol/L to 10 umol/L) was not altered (data not
shown). NOS inhibitor -NAME significantly reduced PAR2 agonist-induced vasodilation in
WT, WT treated with FSLLRY—-NHS, db/db, dbT™NF~/dbT™NF-and db/db mice treated with
FSLLRY-NH, and eliminated the difference of PAR2-mediated dilation among these five
murine groups (Fig. 3c), suggesting that PAR2 agonist-induced vasodilation is partially
mediated by NO and the remaining vasodilation may be mediated by endothelium-
dependent hyperpolarizing factor (EDHF). We then incubated COX inhibitor Indo with
isolated coronary arterioles: attenuated vasodilation occurred only in db/db mice and dilation
in WT, db"™NF-/db ™NF- and WT and db/db mice treated with PAR2 antagonist was not
affected. Indo incubation eliminated differences in PAR2-induced dilation in db/db mice
(Fig. 3d).

Cellular source of PAR2 expression in type 2 diabetes

Dual immunostaining using a vascular smooth muscle cell marker a-actin or endothelial cell
marker VWF determined whether PAR2 is localized in the vascular wall. PAR2 was
expressed in endothelial cells in coronary microvessels of WT mice (Fig. 4a, A-D, red
staining with blue arrows) and endothelial cells of coronary microvessels in db/db mice (Fig.
4a, E-1, red staining with blue arrows). PAR2 was co-localized with vascular smooth muscle
cells in WT mice (Fig. 4a, J-M, red staining with pink arrows) and in db/db mice (Fig. 4a,
N-Q, red staining with pink arrows).

Immunohistochemistry for PAR2 and CD68 was performed to determine whether PAR2 was
co-localized with cardiac macrophages. Figure 4a, R—T shows that PAR2 was not expressed
in infiltrated macrophages in diabetic murine heart tissue.

PAR2 was expressed in murine coronary arterial endothelial cells (MCAEC) and incubation
of TNF-a (at 1, 3, and 10 ng/mL) with MCAEC significantly increased PAR2 protein
expression regardless of the level of TNF-a concentration (Fig. 4b).

Protein expression of TNF-a and PAR2 in type 2 diabetes

PAR?2 protein expression in the heart tissue (Fig. 5a) and coronary arterioles (Fig. 5b) were
approximately twofold higher in db/db mice than that in WT mice, but significantly
attenuated in db/db mice null for TNF-a (db "™NF~/db TNF-) suggesting that PAR2 expression
may be regulated by TNF-a. Protein expression of TNF-a in the heart tissue (Fig. 6a) and
coronary arterioles (Fig. 6b) of db/db mice was significantly elevated compared to WT mice,
but TNF-a expression was markedly attenuated in db/db mice treated with PAR2 antagonist
indicating that PAR2 regulates the expression of TNF-a

Protein expression of NAD(P)H oxidase subunits in type 2 diabetes

To test whether PAR2 regulates NAD(P)H oxidase in type 2 diabetes, protein expression of
NAD(P)H oxidase subunits, gp91Phox, p67PhoX p47PNoX and p22PhoX (Fig. 7a—d) were
determined. Protein expression of gp91PNX and p47PNoX were significantly greater in db/db
mice compared to WT mice, although they were attenuated in db™NF~/dbTNF- mice. PAR2
antagonist reduced gp91Pho* expression in db/db mice, but did not alter the expression of
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p47PhoX Protein expression of p67P1o% and p22PoX were not different among WT, db/db,
db™NF-/db™NF and db/db treated with PAR2 antagonist.

Discussion

Our results indicate that PAR2 regulates TNF-a expression/production and activates
NAD(P)H oxidase subunit p47Ph°X resulting in endothelial dysfunction in coronary
arterioles in type 2 diabetic db/db mice. Our major findings are: (1) endothelium-dependent
vasodilation was impaired and SNP-induced endothelium-independent vasodilation was
normal in type 2 diabetic mice; (2) Impaired endothelial function in db/db mice was fully
restored in db/db mice null for TNF-« indicating that TNF-a plays a pivotal role in
endothelial dysfunction in type 2 diabetes; (3) PAR2 antagonist improved endothelial
function in db/db mice suggesting that PAR2 may also play a pivotal role in coronary
arteriolar dysfunction in type 2 diabetic mice; (4) Protein expressions of TNF-a, PAR2,
gp91PhoX and p47PNOX jn the heart and isolated coronary arterioles were higher in db/db mice
compared to that of WT mice. Administration of PAR2 antagonist to db/db mice reduced
protein expression of TNF-a and p47Pho% and PAR2, and protein expression of gp91P1°X and
p47PhoX was lower in db TNF~/dbTNF- compared to db/db mice. This suggests that PAR2 may
regulate TNF-« expression and then activates NAD(P)H oxidase subunit p47Pho%; (5) PAR2
was localized in vascular endothelial cells and vascular smooth muscle cells, but was not
expressed in infiltrated macrophages in diabetic murine heart tissue; and (6) vasodilation
induced by PAR2-activating peptide PAR2-AP was enhanced in db/db mice, but PAR2-
mediated vasodilation was attenuated in db"NF-/dbTNF- mice, suggesting TNF-a and PAR2
are closely linked to endothelial dysfunction in type 2 diabetes. These results suggest
endothelium-dependent NO and/or PGIl,-mediated mechanisms are involved in endothelial
dysfunction in type 2 diabetes. Our molecular studies also support the concept that the
interaction of PAR2 and TNF-« plays a key role in pathologies leading to endothelial
dysfunction in the coronary microcirculation in type 2 diabetes.

Role of PAR2 and TNF-a in endothelial dysfunction in type 2 diabetes

Type 2 diabetes is closely associated with increased levels of inflammatory cytokines such
as TNF-a [11, 32, 41], I1L-6 [9, 31] and INF-y [13]. TNF-a in the vasculature plays a critical
role in endothelial dysfunction in type 2 diabetes [11, 32, 41]. TNF-« increases superoxide
(O2a) production through enhanced activities of NAD(P)H oxidase [11, 21, 32, 41].
Enhanced oxidative stress interacts with TNF-a, NF-«B, AGE/RAGE and ox-LDL/LOX-1
inducing endothelial dysfunction in type 2 diabetes [12, 40, 41]. Our results indicate that
endothelial function [agonist-activated (ACh) and agonist-independent flow-mediated] was
prevented in db/db mice null for TNF-« (Fig. 1a, b). The oxidative stress occurring in type 2
diabetes leading to the endothelial dysfunction in the coronary microcirculation may be due

to the prompt reaction between NO and O that reduces NO bioavailability.

PAR2 is known to be up-regulated in various disease conditions such as radiation injury
[39], asthma [22], viral lung infection [23], arthritis [28], and in vasculature after balloon
angioplasty in rats and in advanced atherosclerotic lesions in human [15]. We determined
the direct role of PAR2 in vascular function in coronary arterioles in type 2 diabetes, and our
functional data in Figs. 1, 2, 3 show that PAR2 contributes to endothelial dysfunction by
regulating TNF-« in type 2 diabetic mice. Our study is consistent with previous studies
showing that PAR2 activation regulates the synthesis of inflammatory cytokines and
stimulates the signaling pathway of NF-xB and MAPK leading to vascular dysfunction [1,
25, 26, 28, 35]. PAR2 triggers the generation of oxidative stress [2] and the activation of
NAD(P)H oxidase, which then augments vascular oxidative stress leading to endothelial
dysfunction in diabetes [10, 32]. However, how PAR2 interacts with NAD(P)H oxidase-
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induced vascular dysfunction has not yet been elucidated. Our present study shows that
protein expression of NAD(P)H oxidase subunit gp91P"X but not p67Phox p47Phox or
p22Phox s regulated by PAR2 in coronary arterioles in type 2 diabetic mice (Fig. 7). This
may be one of the mechanisms whereby PAR2 regulates endothelial dysfunction in coronary
arterioles in type 2 diabetes. Our results support the concept that gp91Pho% is a key protein
within the NAD(P)H oxidase subunits that induces endothelial dysfunction in diabetes [45].

Unlike db/db mice null for TNF-«, administration of PAR2 antagonist (4 mg/kg/day)
partially restored ACh- and flow-induced vasodilation (approximately 50% of WT normal
mice). Higher dosage of PAR2 antagonist, at the concentration of 6 or 8 mg/kg/day, failed to
show further improvement of endothelial dilation in db/db mice (data not shown), which
implies that PAR2 may partially regulate endothelial dysfunction in coronary arterioles in
type 2 diabetes. Other factors may also be involved independent of PAR2-mediated
regulation. Protein expression of gp91P"9X was lower in dbTNF~/dbTNF- and db/db mice
treated with PAR2 antagonist, compared to db/db mice. However, protein expression of
p47PhoX \as attenuated only in dbTNF~/dbTNF- but not in db/db mice treated with PAR2
antagonist (Fig. 7). We posit that this may occur because PAR2 antagonist attenuated NO
bioavailability to a greater extent in db/db mice versus that in dbTNF~/dbTNF- mice. Thus,
limited inhibition of NAD(P)H-mediated oxidative stress by PAR2 antagonism would
explain why vascular function was partially restored in db/db mice treated with the PAR2
antagonist.

PAR2-induced vasodilation in type 2 diabetes

PAR?2 is involved in vascular function and the activation of this receptor by PAR2-APs such
as SLIGRL, SLIGKYV, tc-LIGRLO and 2-furoyl-LIGRLO results in endothelium-dependent
dilation in the vasculature, both in vivo and in vitro [5, 6, 14, 15, 26, 27, 30, 34, 36].
Although various PAR2-APs have been used to investigate PAR2-mediated vasodilation, 2-
furoyl-LIGRLO is the most selective and potent PAR2 activator specifically in calcium
signaling and vasodilation in the murine model [27]. Thus, we selected 2-furoyl-LIGRLO as
the PAR2 agonist for our study. We found that the vascular dilation in response to PAR2
agonist 2-furoyl-LIGRLO was enhanced in coronary arterioles of type 2 diabetic db/db mice
compared to normal control WT mice. We also found that PAR2-induced dilation was
reduced in db ™NF~/dbTNF- mice suggesting TNF-« plays a key role in PAR2-induced
vasodilation in the diabetic vasculature. Our molecular data supports this concept and shows
that PAR2 protein expression in coronary arterioles was attenuated in db™NF~/dbTNF- mice
(Fig. 5). Our results also indicate that PAR2 expression in TNF knockout (TNF KO) mice
was similar versus WT and db™NF-/db™NF- and there is no further decrease of PAR2
expression in TNF KO mice compared to WT or db"™NF-/dbTNF- (data not shown)
suggesting that TNF-« plays an important role in regulating PAR2 expression in type 2
diabetic db/db mice, but not in the normal control mice. Various studies have reported that
TNF-a stimulates PAR2 up-regulation in human isolated coronary arteries and human
umbilical vein endothelial cells [7, 14, 29].

PAR2-induced vasodilation in type 2 diabetic mice was abolished by denudation or by NOS
inhibitor -NAME. The vasodilation induced by endothelial dependent vasodilator ACh in
dbT™NF-/dbTNF- mice is identical to denudation or by the incubation of coronary arterioles
with -NAME (Fig. 3b, c) compared with db/db mice treated with PAR2 antagonist. This
suggests that the endothelial NO component was evident in the present study because -
NMMA and endothelial denudation attenuated the PAR2-induced vasodilation. The
endothelium-dependent NOS signaling pathway is central to understand endothelial
dysfunction in type 2 diabetes, as also shown by the findings in human in vivo and isolated
coronary arteries [14] and in mice and rat aortas [36].
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These results are paradoxical because, although both mechanisms are endothelium-
dependent NO-mediated signaling pathways, ACh-induced vasodilation is impaired in type
2 diabetic coronary arterioles whereas vasodilation by PAR2-AP is enhanced in these
vessels. The same paradoxical results have been reported by Roviezzo et al. [36] showing in
type 1 diabetic mice aorta that PAR2-induced vasorelaxation was enhanced whereas ACh-
induced dilation was impaired. How PAR2 mediates vasodilation in isolated coronary
arterioles has not yet been clearly elucidated. Activation of PAR2 appears to have more than
one consequence, particularly with regard to the diabetic organism. Our study shows how
the PAR2 agonist induces vasodilation and increases NAD(P)H oxidase-associated oxidative
stress; however, the same treatment shows that vascular dilatory function remains impaired
in the type 2 diabetic organism, which indicates that the functionality of PAR2 may be
different in the diseased organism. PAR2 may be affecting other, as yet unknown, processes
among the many that occur in the living organism. One possible explanation is that
enhanced PAR2 activation in type 2 diabetes may also decrease NO bioavailability.
Alternatively, although activation of PAR2 increases NO production, it can also
simultaneously stimulate NAD(P)H oxidase activity, which then increases production of O
A prompt interaction between NO and O; would form peroxynitrite that causes a decrease
in NO bioavailability and tissue damage. As a consequence, vasodilation would be impaired
in type 2 diabetic coronary arterioles despite an enhanced PAR2 agonist-induced dilation.
This may also involve a shift in the vasodilation mechanism towards the PAR2-mediated
pathway in the pathological condition resulting from a compensatory reaction to the reduced
ACh-induced NO-dependent dilation in type 2 diabetes. In living systems, intrinsic
defensive mechanisms such as PGl, and EDHF could be activated to compensate for
diminished NO-dependent dilation in abnormal conditions such as in type 2 diabetes. We
have previously reported that EDHF may compensate for diminished NO-dependent dilation
in type 2 diabetic coronary arterioles [27]. This study found that dependence of EDHF-
mediated dilation is increased in type 2 diabetic vasculature, in which NO-mediated dilation
is substantially decreased. Like EDHF, enhanced PAR2-mediated dilation could compensate
for impaired vasodilation in type 2 diabetes. Moreover, Roviezzo et al. [31] reported a
gradual switch in the vascular relaxant mechanisms towards the PAR2 signaling pathway
occurred with an increased contribution from the COX pathway in type 1 diabetic mice
vasculature. We found that PGl,-mediated dilation was increased in diabetes (Fig. 3d), but
lacked the means to measure COX2. However, Roviezzo et al. [31] did measure the COX2
level (MRNA and protein) and COX2 dependent vasodilation, and both were increased in
diabetic vessels. These complementary findings imply that PAR2-induced endothelium-
dependent relaxation may shift towards the COX2-dependent PGl signaling pathway in
diabetes. Roviezzo et al. [31] suggest that enhanced PAR2 activation in diabetes potentiates
the production of PGl,, which is one of the endothelium-dependent factors (EDRF), in
endothelial cells via up-regulated COX2 expression. Contribution of PGl,-mediated
vasodilation in endothelium-dependent PAR2-mediated dilation was increased in diabetes,
which implies that PAR2-induced endothelium-dependent relaxation may shift towards the
COX2-dependent PGI5 signaling pathway in diabetes. Our data show that the portion of
PGI,-dependent vasodilation induced by the PAR2 agonist was significantly enhanced in
coronary arterioles of db/db mice compared to WT mice. The difference in PAR2-induced
dilation between db/db and WT mice was abolished after incubation with COX inhibitor
Indo. This indicates the PGl,-mediated signaling pathway may play a dominant role in
PAR2-induced dilation in type 2 diabetes (Fig. 3d). These results are supported by other
works, which show that PGI, in PAR2-mediated dilation exceeds that of ACh-mediated
dilation for human forearm blood flow in vivo [34], and in isolated vascular beds of animals
[6, 38]. Our present study shows that PAR2 can up-regulate TNF-a, which suggest that
enhanced PAR?2 activation may differentially stimulate COX2 mechanisms in the type 2
diabetic vasculature.
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Whether PAR2-induced dilation is endothelium-dependent has not been elucidated. The
physiological agonists of PAR2 tryptase and trypsin appear to play a minor role in
vasodilatory function in normal conditions. Our study shows that higher PAR2 is expressed
in diabetic coronary arterioles and that it causes higher vasodilatory response to PAR2
agonist (APR2-AP) than that in normal control mice. Moreover, administration of PAR2
antagonist restores vascular function (ACh-mediated) in db/db mice possibly through a
systemic inhibition of the detrimental effect of pro-inflammatory cytokine TNF-a, and
NAD(P)H oxidase on the vascular function and this may mask any diminished PAR2-
mediated vasodilation.

Our results show that ACh- and flow-mediated vasodilation was impaired and PAR2-AP-
induced vasodilation was enhanced in coronary arterioles in type 2 diabetes. This is
consistent with previous reports [19, 27, 37], and explicable if the functionality of PAR2 is
altered in the diseased organism compared to the healthy state. Our study suggests that
additional NO release through enhanced PAR2 activation in diabetic vasculature may cause
tissue damage due to peroxynitrite production via a prompt interaction between NO and O
[27]. In contrast, higher concentration/production of PAR2-mediated NO production in
diabetic vessels may be beneficial to the living system through a preserved perfusion to the
organs [19, 37], and this may play a compensatory role in diabetic vessels in which
endothelial function is compromised.

Interaction between PAR2 and TNF-ain type 2 diabetes

PAR?2 is present in vascular smooth muscle, nonvascular origin and stromal cells from a
variety of tissues, as well as in endothelial and epithelial cells independent of tissue type [8],
but PAR2 was not detected in cardiomyocytes in healthy human subjects [8]. More recent
studies, however, report PAR2 localization in rat cardiomyocytes, endothelial cells and
vascular smooth muscle cells [18]. In mice heart, PAR2 co-expressed with transient receptor
potential vanilloid type 1 (TRPV1) channels on the cardiomyocytes, perivascular nerves and
blood vessels [46]. Our study examined if PAR2 is co-localized in endothelial cells or
vascular smooth muscle cells on coronary microvessels in type 2 diabetic mice by using
specific cell markers. Double-immunofluorescence staining results clearly demonstrate that
PAR2 was co-localized with both endothelial cells and vascular smooth muscle cells in
coronary vessels of control and diabetic mice heart (Fig. 4), whereas PAR2 was not co-
expressed with macrophages infiltrated into cardiacmyocytes.

Our immunohistochemical analyses confirm the previous work [8] that PAR2 is localized in
endothelial cells (Fig. 4), and our western blotting data also show the enhanced expression
of PAR2 in db/db mice heart and coronary arterioles (Fig. 5). Our data suggest that
enhanced activity and expression of PAR2 is the key to potentiate the role of TNF-a in
endothelial dysfunction in type 2 diabetes. We previously reported that TNF-o is an
important mediator in type 2 diabetes-induced endothelial dysfunction [11, 12, 32, 40], and
our present study shows that PAR2 directly regulates TNF-o expression in coronary
microcirculation in type 2 diabetes (Fig. 6). Kim et al. reported that PAR2 agonist induces
TNF-a secretion though the activation of extracellular signal-regulated kinase (ERK) and
p38 mitogen-activated protein kinases (MAP kinase) in atrocytoma cells [20, 21], which
support our study. Figure 4b shows that increasing TNF-« increases PAR2 protein, which is
consistent with previous studies showing that TNF-« also controls PAR2 expression in
various tissues [7, 14, 29]. Our present study shows that the protein expression of PAR2 was
attenuated in both coronary arterioles and heart tissues in do "™NF-/dbTNF- mice versus db/db
mice (Fig. 5). Taken together, our findings suggest that PAR2 and TNF-« appear to be
closely linked and regulate each other to contribute to endothelial dysfunction in type 2
diabetes.
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In conclusion, PAR2 plays a pivotal role in endothelial dysfunction by up-regulating TNF-«
expression/production in coronary arterioles in type 2 diabetic mice. PAR2 agonist-induced
vasodilation is endothelium-dependent, NO- and PGl,-mediated, and higher expression of
PAR?2 in vascular endothelial cells may result in greater PAR2 agonist-induced vasodilation
in type 2 diabetes. PAR2 induces TNF-a expression and TNF-o can subsequently induce
PAR?2 expression. Thus, the interaction of PAR2 and TNF-« eventually induces endothelial
dysfunction in coronary arterioles in type 2 diabetes.
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Fig. 1.
a Isolated coronary arterioles from WT (n = 14) and db/db (n = 10) mice were dilated in
response to ACh in a concentration-dependent manner. ACh-induced vasodilation was
significantly attenuated in db/db mice compared to WT mice. However, PAR2 antagonist (n
= 6) partially restored ACh-induced vasodilation of diabetic coronary arterioles, but did not
change vasodilation in WT mice (n = 5). In do "™NF-/dbTNF- mice (n = 5), ACh-induced
vasodilation was greater than that in db/db mice and comparable to that in WT control (n =
5). b Flow-induced vasodilation was higher in WT mice compared to db/db mice.
Administration of PAR2 antagonist FSLLRY-NHj (i.p. injection for 5 days) to db/db mice
partially improved flow-induced vasodilation, but flow-induced dilation was not altered in
WT after administration of PAR2 antagonist. It was also higher in the db ™NF~/dbTNF- mice
coronary arteriole than in db/db mice. AP pressure difference. ¢ The endothelium-
independent vasodilator (NO donor), SNP-induced vasodilation was not significantly
different among the five groups (n = 5~8). Data were expressed as mean £ SEM. * P < 0.05
versus WT, # P < 0.05 versus db/db, or FSLLRY-NH
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Fig. 2.

a Incubation of .-NAME significantly reduced ACh-induced dilation in WT, dbTNF~/dp TNF-
and db/db mice treated with FSLLRY-NH,, but not in db/db mice. -NAME removed group
differences in ACh-induced vasodilation in four groups, WT, db/db, db™NF~/db™NF- and db/
db mice treated with FSLLRY-NH> (n = 5~8). b Incubation of Indo did not change ACh-
induced dilation in four groups, WT, db/db, db™NF-/dbTNF- and db/db mice treated with
FSLLRY-NH, (n = 5~8). Data were expressed as mean + SEM. 88 P < 0.05, effect of .-
NAME. .-NAME incubated in the vessel for 20 min, Indo incubated in the vessel for 30 min
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Fig. 3.

PAR2-activating peptide caused vasodilation of mice coronary arterioles in a concentration-
dependent manner. a PAR2-mediated vasodilation was significantly higher in db/db mice (n
= 6) compared to WT mice (n = 5), but it was lower in dbT™NF~/dbT™NF- mice (n = 5) than that
in db/db. PAR2 antagonist attenuated PAR2-induced vasodilation in db/db (n = 6) mice, but
not in WT mice (n = 5). Incubation of TNF-« in arterioles (n = 5) significantly enhanced
PAR2 agonist-induced vasodilation in WT mice compared to db™F-/dbT™NF- mice. b PAR2
agonist-induced relaxation was largely blocked by endothelial denudation in WT, db/db,
db™NF-/db ™NF- and db/db mice treated with PAR2 antagonist and differences of PAR2-
mediated dilation among the groups were eliminated. ¢ .-NAME caused a significant
reduction in PAR2-mediated vasodilation in WT, db/db, db"™NF~/db™NF- and db/db mice
treated with PAR2 antagonist and differences of PAR2-mediated dilation between groups
were removed. d Indo did not significantly change PAR2-mediated vasodilation in WT,

db "™NF-/db ™NF- and db/db mice treated with PAR2 antagonist, but Indo significantly
decreased PAR2-induced vasodilation only in db/db mice. Data were expressed as mean +
SEM. * P < 0.05 versus WT; # P < 0.05 versus db/db; 8 P < 0.05, effect of endothelium
removal; 38 P < 0.05, effect of .-NAME; 388 P < 0.05, effect of Indo. —E endothelium
removal, FSLLRY-NH, i.p. injection for 5 days, .-NAME incubated in the vessel for 20 min,
Indo incubated in the vessel for 30 min, TNF-« incubated in the vessel for 1 h

Basic Res Cardiol. Author manuscript; available in PMC 2011 July 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park et al.

Page 16

Fig. 4.

a Dual fluorescence combining PAR2 with markers for endothelial cells [von Willebrand
factor (VWF)], vascular smooth muscle cells (a-actin) and macrophages (CD68). A, B and C,
dual labeling of PAR2 (red) and vVWF (green) in control mouse heart tissue. E, F and G,
dual labeling of PAR2 (red) and VWF (green) in db/db mouse heart tissue. The blue arrows
in C and G show the colocalization of PAR2 and endothelial cells (yellow) in control and db/
db mice. The inserts in C (D) and the inserts in G (H, I) show the higher magnification of
the colocalization pointed by blue arrows in C and G. J, K and L, dual labeling of PAR2
(red) and a-actin (green) in control mice heart tissue. N, O and P, dual labeling of PAR2
(red) and a-actin (green) in db/db mice heart tissue. The pink arrows in L and P show the
colocalization of PAR2 and vascular smooth muscle cells (yellow) in control and db/db
mice. The inserts in L (M) and the inserts in P (Q) show the higher magnification of the
colocalization pointed by pink arrows in L and P. R, S and T, dual labeling of PAR2 (red)
and marker of macrophage in db/db mouse heart tissue. The brown arrows in T show the
specific CD68 staining with absence of PAR2 staining. U and V, negative control: the purple
arrows show the absence of staining in vessels without primary antibodies. W shows nuclear
staining with DAPI (blue) in db/db mouse heart tissue. The immunostaining results suggest
that in the heart of type 2 diabetic mice, PAR2 is expressed in endothelial cells and vascular
smooth muscle cells, but not in macrophages. Magnification, x40. Data shown are
representative of four separate experiments. b PAR2 is expressed in mouse coronary arterial
endothelial cells and it was significantly increased with the presence of TNF-a. However,
there was no TNF-a concentration-dependent (1, 3, or 10 ng/mL) increase in PAR2
expression, n = 3. Data were expressed as mean = SEM. * P < 0.05 versus WT
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Fig. 5.

The protein expression of PAR2 in heart (a) and coronary arterioles (b) was significantly
higher in db/db mice (n = 9) versus WT mice (n = 10), but the treatment of PAR2 antagonist
(n =9) decreased the protein expression of PAR2 from db/db mice heart and coronary
arterioles comparable to WT mice. Also, PAR2 protein expression in heart and coronary
arterioles from db"™NF-/db ™NF-mice (n = 7) was significantly lower than from db/db mice.
Data were expressed as mean + SEM. * P < 0.05 versus WT, # P < 0.05 versus db/db
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Fig. 6.

TNF-a protein expression was more than twofold higher in db/db mice (n = 9) compared to
that in WT mice (n = 10), but the treatment of PAR2 antagonist (n = 9) significantly reduced
the protein contents of TNF-a expressed in heart (a) and coronary arterioles (b) from db/db
mice. Data were expressed as mean + SEM. * P < 0.05 versus WT, # P < 0.05 versus db/db
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Protein expression of NAD(P)H oxidase subunits, gp91P1°X (a) and p47P%X (c) were
significantly higher in db/db compared to WT mice, but they were lower in dbTNF~/db TNF-
mice comparable to WT mice. Treatment of PAR2 antagonist reduced protein expression of
gp91PhoX without affecting protein expression of p47P1%X (b). However, protein expression
of p67PNOX () and p22Ph* (d) were at the same level in WT, db/db, dbTNF~/dbTNF-and db/
db mice treated with PAR2 antagonist. Data were expressed as mean £ SEM. n=6~7. * P <

0.05 versus WT, # P < 0.05 versus db/db
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