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BACKGROUND AND PURPOSE
We hypothesized that proteinase-activated receptor-2 (PAR2)-mediated vasorelaxation in murine aorta tissue can be due in
part to the release of adipocyte-derived relaxing factors (ADRFs).

EXPERIMENTAL APPROACH
Aortic rings from obese TallyHo and C57Bl6 intact or PAR2-null mice either without or with perivascular adipose tissue (PVAT)
were contracted with phenylephrine and relaxation responses to PAR2-selective activating peptides (PAR2-APs: SLIGRL-NH2

and 2-furoyl-LIGRLO-NH2), trypsin and to PAR2-inactive peptides (LRGILS-NH2, 2-furoyl-OLRGIL-NH2 and LSIGRL-NH2) were
measured. Relaxation was monitored in the absence or presence of inhibitors that either alone or in combination were
previously shown to inhibit ADRF-mediated responses: L-NAME (NOS), indomethacin (COX), ODQ (guanylate cyclase),
catalase (H2O2) and the K+ channel-targeted reagents, apamin, charybdotoxin, 4-aminopyridine and glibenclamide.

KEY RESULTS
Endothelium-intact PVAT-free preparations did not respond to PAR2-inactive peptides (LRGILS-NH2, LSIGRL-NH2, 2-furoyl-
OLRGIL-NH2), whereas active PAR2-APs (SLIGRL-NH2; 2-furoyl-LIGRLO-NH2) caused an L-NAME-inhibited relaxation. However,
in PVAT-containing preparations treated with L-NAME/ODQ/indomethacin together, both PAR2-APs and trypsin caused
relaxant responses in PAR2-intact, but not PAR2-null-derived tissues. The PAR2-induced PVAT-dependent relaxation (SLIGRL-
NH2) persisted in the presence of apamin plus charybdotoxin, 4-aminopyridine and glibenclamide, but was blocked by
catalase, implicating a role for H2O2. Surprisingly, the PAR2-inactive peptides, LRGILS-NH2 and 2-furoyl-OLRGIL-NH2 (but not
LSIGRL-NH2), caused relaxation in PVAT-containing preparations from both PAR2-null and PAR2-intact (C57Bl, TallyHo) mice.
The LRGILS-NH2-induced relaxation was distinct from the PAR2 response, being blocked by 4-aminopyridine, but not catalase.

CONCLUSIONS
Distinct ADRFs that may modulate vascular tone in pathophysiological settings can be released from murine PVAT by both
PAR2-dependent and PAR2-independent mechanisms.
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Abbreviations
ADRF, adipocyte-derived relaxing factor; genistein, 5,7-dihydroxy-3-(4-hydroxyphenyl)chromen-4-one; glibenclamide,
5-chloro-N-(4-[N-(cyclohexylcarbamoyl)sulphamoyl]phenethyl)-2-methoxybenzamide; H89 (protein kinase A inhibitor),
N-[2-((3-(4-bromophenyl)-2-propenyl)-amino)-ethyl]-5- isoquinolinesulphonamide, di-hydrochloride; L-NAME, NOS
inhibitor, Nw-nitro-L-arginine methyl ester; L-NNA, NOS inhibitor, Nw-nitro-L-arginine; ODQ, guanylyl cyclase inhibitor,
1H-[1,2,4] oxadiazolo[4,3,a]quinoxalin-1-one; PAR, proteinase-activated receptor; PAR2-AP, proteinase-activated
receptor-2-activating peptide; PVAT, perivascular adipose tissue

Introduction
Perivascular adipose tissue (PVAT) is now recognized as a
regulator of vascular function because of its release of
adipocyte-derived relaxing factors (ADRFs) that diminish the
contractile actions of vasoconstrictors such as phenylephrine,
5-HT, angiotensin II and U46619 (Soltis and Cassis, 1991;
Lohn et al., 2002; Verlohren et al., 2004; Gao et al., 2005; Gao
et al., 2007; Lee et al., 2009). Although the release of ADRFs
from adipose tissue has been detected in arterial preparations
from rats (aorta; mesenteric) mice (mesenteric) and humans
(internal thoracic), the majority of work so far has been done
with rat aortic tissue. Routinely, the release of ADRF activity
has been monitored in terms of a reduction in the contractile

action of an agonist like phenylephrine observed relative to
the increased contraction of a comparable fat-free preparation
from the same vessel (Soltis and Cassis, 1991; Lohn et al.,
2002; Verlohren et al., 2004). As summarized in Table 1, and
reviewed in more detail elsewhere (Gollasch, 2011) the differ-
ences between the various ADRFs have been characterized
primarily in terms of the effect of a variety of inhibitors on
their anticontractile actions. For instance, the endothelium-
dependent NO-mediated relaxant effect of angiotensin (1-7),
identified as an ADRF found in Wistar rat aortic adipose tissue,
is blocked by either the NOS inhibitor, Nw-nitro-L-arginine
(L-NNA) or the KCa-channel blockers, apamin and charybdot-
oxin, but not by 4-aminopyridine and glibenclamide (Gao
et al., 2007; Lee et al., 2009). The endothelium-independent

Table 1
Effects of inhibitors on ADRF action/release in rat aorta and mesenteric preparations

Inhibitor Tissue & species

Effect on
ADRF action
release Agonist Comment Reference

L-NNA Aorta, Sprague None 5-HT Lohn et al., 2002

L-NNA Aorta, Wistar Blocks PE Endothelium dependent Gao et al., 2007

ODQ Aorta, Wistar Blocks PE Endothelium independent Gao et al., 2007

Indomethacin Aorta, Sprague None 5-HT Endothelium independent Lohn et al., 2002

TEA Aorta, Sprague None 5-HT Endothelium independent Lohn et al., 2002

TEA Aorta, Wistar Blocks PE Endothelium dependent Gao et al., 2007

Charybdotoxin-apamin Aorta, Wistar Blocks PE Endothelium dependent Gao et al., 2007

Glibenclamide Aorta, Sprague Blocks 5-HT Endothelium independent Lohn et al., 2002

Glibenclamide Aorta, Wistar None 5-HT Endothelium independent Lee et al., 2009

Glibenclamide Mesenteric, Sprague None PE Endothelium dependent Verlohren et al., 2004

4-Aminopyridine Mesenteric, Sprague Blocks 5-HT Verlohren et al., 2004

4-Aminopyridine Mesenteric NZO and
adiponectin-1 null
mice

Blocks 5-HT ADRF not adiponectin;
endothelium-dependence
not determined

Fésüs et al., 2007

Genistein Aorta, Sprague Blocks 5-HT, PE Affects ADRF release, not action Lohn et al., 2002;
Dubrovska et al., 2004

Tyrphostin A25-AG82 Aorta, Sprague Blocks 5-HT Dubrovska et al., 2004

H89 Aorta, Sprague Blocks 5-HT Affects ADRF release, not action Dubrovska et al., 2004

Catalase Aorta, Wistar Blocks PE Endothelium independent Gao et al., 2007

Minus Endothelium Aorta, Sprague None 5-HT Endothelium independent Lohn et al., 2002

Minus Endothelium Aorta, Wistar Partial block PE Endothelium independent Gao et al., 2007

PE, phenylephrine; mesenteric, mesenteric artery.
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ADRF described by these investigators was blocked by ODQ
(guanylyl cyclase inhibitor) and catalase (blocks H2O2 action)
(Gao et al., 2007). In contrast, the anticontractile ADRF
described by Lohn et al. (2002) in Sprague-Dawley aortic tissue
was inhibited by glibenclamide (KATP-channel blocker) and
genistein (tyrosine kinase inhibitor), but not by L-NNA or
indomethacin (COX inhibitor) (Lohn et al., 2002); its release
from adipose tissue was, however, blocked by the kinase A
inhibitor, H89 and the tyrosine kinase inhibitor, tyrphostin
A25/AG82 (Dubrovska et al., 2004). In contrast, the rat anti-
contractile ADRF described by the same laboratory in Sprague-
Dawley mesenteric arteries was blocked by 4-aminopyridine,
but not by glibenclamide (Verlohren et al., 2004). Thus,
according to the inhibitor data, the ‘ADRFs’ that are released
by perivascular fat to reduce the contractile action of contrac-
tile agonists appear to be distinct (i) in aortic tissue derived
from different rat strains and (ii) in different vascular prepa-
rations from the same animal.

In our own work with rats and mice, we have focused on
the vasorelaxation caused by proteinase-activated receptor-2
(PAR2) when triggered by trypsin or by receptor-selective
peptide agonists (Al-Ani et al., 1995; Hollenberg et al., 1996;
1997; Ramachandran and Hollenberg, 2008). In the aorta,
PAR2 agonists cause an endothelium-dependent NO-
mediated (blocked by L-NAME) vasorelaxation. In carefully
cleaned endothelium-free aorta preparations, PAR2 agonists
cause neither a contractile nor a relaxant response (Al-Ani
et al., 1995). As we have worked routinely with trimmed,
adipose tissue-free vascular preparations, we wondered if
PAR2, like the other G-protein coupled agonists (e.g. phenyle-
phrine), might also trigger a similar PVAT-dependent relax-
ation. We used a mouse model to evaluate this possibility,
because we currently employ PAR2-null mice on a C57Bl
background for our work dealing with physiological roles for
PAR2. These PAR2-null mice are, nonetheless, have a fully
functional vascular thrombin receptor, PAR1. Further,
because of differences in ADRFs observed for different rat
strains summarized above and in Table 1, we wished to evalu-
ate ADRF release in at least two different mouse strains. For a
comparison with the C57Bl, we chose the TallyHo mouse
(Kim et al., 2001), because this strain exhibits an obese
insulin-resistant phenotype along with hyperglycaemia and
endothelial-vascular dysfunction (Cheng et al., 2007). It was
our initial prediction that the obese TallyHo mouse-derived
tissue would release and/or respond to ADRFs differently
from vascular tissue from the C57Bl strain. Using the two
mouse strains, we tested the hypothesis that in addition to
the established endothelium-dependent NO-mediated relax-
ation caused by PAR2 activation, this receptor could also
cause vasorelaxation by releasing ADRF from PVAT. We there-
fore assessed the PAR2-mediated release of ADRF in the
absence and presence of inhibitors (e.g. L-NAME, ODQ,
indomethacin, 4-aminopyridine, combined apamin +
charybdotoxin, glibenclamide, genistein, H89 and catalase)
that had been previously reported to block ADRF action as
summarized above and in Table 1 (Lohn et al., 2002;
Dubrovska et al., 2004; Verlohren et al., 2004; Gao et al.,
2007; Lee et al., 2009).

PAR2 is one of four novel receptor family members (PARs
1, 2, 3 and 4) that belong to the GPCR superfamily. PARs are
cleaved and activated proteolytically by a unique mechanism

involving the unmasking of a cryptic N-terminal receptor
sequence that acts as a ‘tethered ligand’. The revealed teth-
ered ligand triggers the receptor by binding to its extracellular
domains (Vu et al., 1991; Nystedt et al., 1994; Hollenberg and
Compton, 2002; Coughlin, 2005; Ramachandran and Hollen-
berg, 2008). Like the receptors for thrombin (PARs 1 and 4),
PAR2 can be activated without proteolysis by synthetic pep-
tides corresponding to the enzymatically exposed N-terminal
tethered ligand sequence. The receptor-selective PAR2-
activating peptides (PAR2-APs) have proved to be valuable
receptor probes, because they are able to activate the receptor
without causing the other complex effects that proteinases
can trigger in vivo. The PAR2-APs, SLIGRL-NH2 and 2-furoyl-
LIGRLO-NH2, along with the reverse-sequence PAR2-inactive
peptides (e.g. LRGILS-NH2, LSIGRL-NH2 and 2-furoyl-
OLRGIL-NH2) that cannot activate PAR2 have been used to
determine the physiological effects of PAR2 activation both in
vitro and in vivo (Steinhoff et al., 2005; Ramachandran and
Hollenberg, 2008).

To date, the G-protein coupled agonists that have been
documented to release ADRF from PVAT (e.g. phenylephrine,
5-HT, angiotensin II) are contractile vascular agonists that act
directly on the smooth muscle. An advantage of the PAR2
agonist peptides that we used for our work (SLIGRL-NH2 and
2-furoyl-LIGRLO-NH2) is that they are non-contractile in the
aorta preparation. Thus, we were able to test our hypothesis
that PAR2 activation can release ADRF by evaluating the
relaxant activity of the PAR2-APs in phenylephrine-
contracted arterial preparations that did or did not contain
PVAT. Our data obtained from the two strains of mice using
these reagents show that distinct ADRFs that appear to differ
in terms of their mechanism of action both from each other
and from those characterized previously in rat aorta tissues
can be released from murine PVAT by PAR2-derived peptides
via both a PAR2-dependendent and a PAR2-independent
mechanism. Further, our characterization of the ADRFs
showed no differences between the TallyHo and C57Bl mice,
suggesting that the obesity and endothelial dysfunction
present in the TallyHo is not directly linked to an ADRF-
related mechanism.

Methods

Animals
Two strains of mice were used: C57Bl and the so-called
‘TallyHo’. The TallyHo mice represent an animal obesity
model of non-insulin-dependent diabetes that exhibits
endothelial dysfunction (Kim et al., 2001; Cheng et al., 2007).
The overt hyperglycaemia in TallyHo mice has been attrib-
uted to a mutation in a major diabetes susceptibility locus on
chromosome 19, which interacts with additional genes to
lead to an obese diabetic phenotype. The rapid development
of obesity in these animals enabled us to test conveniently
the impact of perivascular fat on vascular responsiveness and
to obtain significant amounts of perivascular fat for analysis.
The C57Bl mice were used because of the availability of PAR2-
null mice on the C57Bl background. Breeding pairs for both
the TallyHo and PAR2-null animals were obtained from
Jackson Laboratories (Bar harbor, ME, USA) and in-house bred
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animals were used. Wild-type and PAR2-null C57Bl mice, for
which breeding pairs were also obtained as a gift through the
courtesy of Dr Patricia Andrade-Gordon (Damiano et al.,
1999: Johnson & Johnson Pharmaceutical Research & Devel-
opment L. L. C., Spring House, PA, USA), were also in-house
bred and used interchangeably for comparison with the
Jackson Laboratory-purchased mice. Data obtained with
tissues from the PAR2-null mice were compared with data
obtained from wild-type littermates.

All of the mice used were 14–18 weeks of age. Mice were
housed at room temperature with a 12 h light/12 h dark cycle
room and had free access to food and water. The development
of hyperglycaemia in the male TallyHo mice was followed
with glucometer measurements (Life Scan Inc., Milpitas CA,
USA). All animal care and experimental procedures were
approved by the Animal Resources Committee at the Univer-
sity of Calgary and were in accordance with the guidelines of
the Canadian Council for Animal Care in Research.

Peptides and other reagents
Drug/molecular target nomenclature used for all compounds
and receptors corresponds to this journal’s Guide to Recep-
tors and Channels (Alexander et al., 2009). Amino acids are
abbreviated by their one-letter codes (e.g. A, alanine,
R, arginine, etc.). PAR2-selective activating peptides:
2-furoyl-LIGRLO-NH2, SLIGRL-NH2; PAR2-inactive control
reverse-sequence peptides: LSIGRL-NH2, LRGILS-NH2,
2-furoyl-OLRGIL-NH2. All peptides were synthesized as
carboxy amides (>95% purity, assessed by HPLC and mass
spectrometry) by the Peptide Core Facility at the University of
Calgary, Calgary, AB, Canada (peplab@ucalgary.ca). The
PAR2-selective receptor-activating peptides were: SLIGRL-NH2

and 2-furoyl-LIGRLO-NH2; the PAR2-inactive reverse-
sequence peptides were: LRGILS-NH2, LSIGRL-NH2 and
2-furoyl-OLRGIL-NH2. All other chemicals were purchased
either from Sigma-Aldrich (St. Louis, MO, USA) or from Cal-
biochem (La Jolla, CA, USA). Peptides were dissolved in
buffer, pH 7.4, containing 25 mM HEPES. Vasoconstrictor
phenylephrine, vasodilator ACh, NOS inhibitor Nw-nitro-L-
arginine methyl ester (L-NAME), apamin and charbdotoxin
were dissolved in distilled water. The COX inhibitor,
indomethacin, was prepared with absolute ethanol and the
stock solution of the inhibitor of guanylate cyclase,
1H-[1,2,4] oxadiazolo[4,3,a]quinoxalin-1-one (ODQ: Garth-
waite et al., 1995), was prepared using dimethyl sulphoxide.
Catalase 8882 U mg-1, 4-aminopyridine and glibencla-
mide (5-chloro-N-(4-[N-(cyclohexylcarbamoyl)sulphamoyl]
phenethyl)-2-methoxybenzamide) were also from Sigma.

Preparation of aortic tissue for bioassay
Mice were killed by cervical dislocation. The thoracic aortae
were removed and dissected out into ice-cold Krebs solution
of the following composition (in mM): NaCl 120, NaHCO3

25, KCl 4.8, NaH2PO4 1.2, dextrose 11.0, and CaCl2 1.8
aerated with 95% O2 and 5% CO2. Aortae were cut into four
sections (4 mm each). For each set of tissues, one group had
the PVAT removed to serve as a PVAT-free control, and the
other set were isolated with the adherent PVAT for assays of
ADRF release. In total the project used approximately 100

TallyHo mice and 40 C57Bl strain mice, comprising 20 wild-
type and 20 PAR2-nulls.

Wire myograph studies
Isometric tension studies using wire myography were per-
formed as described previously (Waldron et al., 1999). In
brief, PVAT-intact and PVAT-free aortae were mounted in a
Mulvany–Halpern myograph organ bath (5 mL volume,
610 multi-myograph system; J.P. Trading, Copenhagen,
Denmark). Isometric tension was recorded online via serial
connection to a computer hard drive. Resting tension
(4.5 mN) was fixed for an initial equilibration period of 1 h.
All experiments were performed at 37°C in Krebs buffer of the
above composition, gassed with 95% O2 and 5% CO2. Soft-
ware for data acquisition and analysis (Myodaq 2.01/Myodata
2.02) were designed by J.P. Trading for the 610 multi-
myograph system.

Bioassay protocols
Tissues were routinely contracted with 100 mM potassium
chloride (KCl) to test their viability. Then, after
re-equilibration for 20 min in fresh buffer, tissues were con-
tracted with 1 mM of phenylephrine and a test concentration
of 1 mM ACh was added and the presence or absence of a
relaxant response was monitored to verify the presence or
absence of an intact functional endothelium. The contractile
response to phenylephrine was expressed as a percentage of
the contractile response caused by 100 mM KCl (% KCl).
Upon standardizing the preparation with the use of KCl and
ACh, the effects of added SLIGRL-NH2, 2-furoyl-LIGRLO-NH2,
LRGILS-NH2, LSIGRL-NH2 and 2-furoyl-OLRGIL-NH2 on the
tension of the phenylephrine-contracted preparations (1 mM
phenylephrine) was monitored for tissues with/without an
intact endothelium and with/without adherent PVAT. Relax-
ation (%) was expressed as a percentage reduction of the
plateau tension developed in the presence of phenylephrine.
The effects of the inhibitors (L-NAME, ODQ, indomethacin,
4-aminopyridine, combined apamin + charybdotoxin, glib-
enclamide, genistein, H89 and catalase) were measured by
treating the tissues with the inhibitors for 15 min before their
contraction with 1 mM phenylephrine, then followed by the
addition of test concentrations of SLIGRL-NH2, 2-furoyl-
LIGRLO-NH2, LRGILS-NH2, LSIGRL-NH2 and 2-furoyl-
OLRGIL-NH2. In most experiments evaluating a role for PAR2,
SLIGRL-NH2 was used at a concentration of 20 mM to ensure
selectivity for PAR2. This concentration proved to be twofold
higher than the EC50 for causing ADRF release (see below,
Figure 2A). LRGILS-NH2 was regularly used as a PAR2-inactive
‘control’ peptide at a concentration of 50 mM. This concen-
tration of the LRGILS-NH2 ‘control’ peptide was used because
it was a supra-maximal concentration in terms of its ability to
release ADRF via a non-PAR2 mechanism (see below,
Figure 2B). Routinely, the inhibitor effects were monitored in
the combined presence of L-NAME (100 mM), ODQ (10 mM)
and indomethacin (10 mM). Contractile/relaxant assays were
also conducted in the presence of catalase (1200 U·mL-1) and
4-aminopyridine (1 mM). Values in the Figures represent the
means � SEM (bars) for measurements made with five to ten
individual aorta preparations obtained independently from a
minimum of five different animals.
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Isolation of PVAT and adipocytes for RNA
isolation and RT-PCR detection of mRNA for
PARs 1 and 2
Perivascular adipose tissue for RNA isolation was obtained
from both aorta and mesenteric artery preparations. Isolated
adipocytes were freed from mesenteric adipose tissue by col-
lagenase digestion in keeping with previously described
methods (Van and Roncari, 1977), with minor modifications.
In brief, the mesenteric adipose tissue was washed in Hank’s
balanced salt solution pH 7.4 (Invitrogen) and then minced
and treated with collagenase. Collagenase digestion for adi-
pocyte isolation was performed in 15 mL tubes with Hanks
buffered saline containing 1 mg·mL-1 of collagenase type II
from Clostridium histolyticum (Catalogue number C6885
from Sigma-Aldrich, St. Louis, MO, USA) for 45 to 60 min at
37°C with shaking at 120 r.p.m. until tissue was broken
down. The digested cells were freed from tissue fragments by
passage through a 40 mm nylon mesh and adipocytes were
harvested by flotation after centrifugation at 500¥ g for
10 min. To isolate RNA from adipose tissue or adipocytes,
samples were either extracted immediately from freshly pre-
pared cells or were snap-frozen in liquid nitrogen and stored
at -80°C until processed.

Total RNA was extracted using the RNeasy Lipid Tissue
Mini Kit according to manufacturer’s instructions (Qiagen,
Hilden, Germany). Complementary DNA from RNA was syn-
thesized by a reverse transcriptase reaction using Superscript
II (Invitrogen, Carlsbad, CA, USA). RT-PCR detection of
mRNA for PARs 1 and 2 was achieved using the following
primer pairs: for PAR1, forward: GCGGGCAGCCTTGGGACA
AT; reverse: ATGAAGGGAGGAGGCGGCGT; expected PCR
product size: 296 bp. For PAR2, forward: CCACGTCCG
GGGATGCGAAG, reverse: GCACAGGGCCTCCCCGTAGA;
expected size of PCR product: 462 bp. The intensity of PCR
signals for the PARs were compared with the PCR bands for
b-actin obtained from the same samples for the semi-
quantitative analysis of the expression level. Primer pairs
for actin, designed to span an actin intron, were: forward,
CACCCGCGAGCACAGCTTCT; reverse, CCTCAGGGCATCG
GAACCGC. The expected size of the intron-free actin PCR
product was 842 bp. The temperature and number of cycles
of the PCR reaction were: 94°C, 58°C and 72°C for 30 to 35
cycles using Platinum Taq DNA polymerase from Invitrogen.
Kodak Image Station 4000MM Pro was used for PCR detection
of the PAR and actin mRNA PCR products. The sequences of
the PAR PCR products were verified by the University of
Calgary Core DNA service.

Statistical analysis
Data are presented as means � SEM (bars in figures) for the
assays done with vascular tissues obtained from the numbers
of mice recorded in the figure legends. Each data point rep-
resents the average of measurements obtained from five to 10
individual tissues derived from a minimum of five different
animals. The comparisons of mean values for each parameter
were made using a one-way ANOVA calculation followed by
the Student–Newman–Keuls post hoc tests. Differences in
mean values were considered significant when a P value was
equal to or less than 0.05. In the figures, the asterisks denote
statistical significance: *P < 0.05; **P < 0.01.

Results

Responses of TallyHo aorta with or without
PVAT to phenylephrine and ACh
As illustrated in the representative tracing in Figure 1A and
the averaged data in Figure 1B, the plateau contractile
response to phenylephrine of the PVAT-containing TallyHo
aorta tissue was diminished by almost 50% (lower tracing,
Figure 1A), compared with PVAT-free preparations (upper
tracing, Figure 1A). In contrast, in comparable endothelium-
intact preparations with or without PVAT, the relaxant effect
of ACh was the same (representative relaxation shown in
Figure 1A; averaged data in Figure 1C). Further, the relaxant
action of ACh in tissues with PVAT was blocked by L-NAME
(Figure 1C).

Relaxant effects of PAR2-APs:
endothelium-dependence and effects of
L-NAME, ODQ and indomethacin in
preparations without and with PVAT
We next evaluated the ability of PAR2-APs to cause vasorelax-
ation in the presence and absence of an intact endothelium
and in the presence or absence of PVAT. We found that in
endothelium-intact, fat-free aorta ring preparations from
TallyHo and C57Bl mice, the PAR2-selective receptor-
activating peptides SLIGRL-NH2 and 2-furoyl-LIGRLO-NH2

caused an endothelium-dependent relaxation that, like the
response to ACh, was inhibited by L-NAME and therefore
mediated by NO (not shown). As neither SLIGRL-NH2 nor
2-furoyl-OLRGIL-NH2 caused a relaxation in endothelium-
free aorta preparations that were free of fat, we used the
endothelium-free rings first in the absence of L-NAME or
other inhibitors (see below) to assess ADRF release caused by
PAR2 activation. In the endothelium-free aorta preparations,
SLIGRL-NH2 caused a concentration-dependent relaxation in
preparations only in the presence of PVAT [+PVAT, -ENDO
(endothelium): Figure 2A]. The PAR2 agonist, 2-furoyl-
LIGRLO-NH2 mimicked the action of SLIGRL-NH2, but with a
twofold higher potency (not shown and see below). Compa-
rable data were obtained from tissues derived from C57Bl
mice (see below). Further, in comparable fat-free preparations
from all strains of mice that were either endothelium-intact
or endothelium-denuded, the reverse-sequence PAR2-inactive
peptides that cannot activate PAR2 (LRGILS-NH2, LSIGRL-
NH2 and 2-furoyl-OLRGIL-NH2) caused neither a relaxant nor
a contractile response (not shown). Based on SLIGRL-NH2

causing a concentration-dependent relaxation with an EC50

of 10 mM in endothelium-free preparations in the presence of
PVAT (Figure 2A), we used 20 mM as a suitable ‘test’ concen-
tration of peptide in subsequent experiments designed to
evaluate the effects of potential inhibitors of ADRF
release/action.

To facilitate the further evaluation of PAR2-mediated
ADRF release, we used endothelium-intact preparations in
which the effect of both eNOS and COX were inhibited in the
combined presence of L-NAME, ODQ and indomethacin.
Under these conditions, the PAR2 agonists cannot
cause relaxation in PVAT-free aorta tissue and a role for NO
and prostanoids can be ruled out. When L-NAME, ODQ
and indomethacin were present in the fat-containing

BJP Y Li et al.

1994 British Journal of Pharmacology (2011) 164 1990–2002



Figure 1
Perivascular adipose tissue (PVAT) reduces the contractile action of phenylephrine but has no effect on the relaxant action of ACh in aorta tissue
from TallyHo mice. (A) Representative tracing of tension developed in the presence of phenylephrine (PE: 1 mM) and the relaxation observed upon
adding ACh (1 mM) monitored in the absence of L-NAME, ODQ and indomethacin and either in the absence (-PVAT, upper tracing) or presence
(+PVAT, lower tracing) of PVAT. (B) PE-induced contractile responses observed either in the absence (-PVAT) or presence (+PVAT) of PVAT.
Histograms represent the average maximal contractile tension (as in the representative tracing in A), measured relative to the contraction caused
in the same preparation by 100 mM KCl (% KCl). (C) ACh (1 mM)-mediated relaxation as illustrated by the representative tracings in (A) was
measured in the same preparations without (-PVAT); with (+PVAT) PVAT after contraction by phenylephrine (1 mM); or +PVAT and in the presence
of L-NAME (100 mM). Relaxation (%) was expressed as a percentage reduction of the plateau tension developed in the presence of phenylephrine.
Values for (B) and (C) represent the means � SEM (bars) for five replicate measurements on different vascular preparations. *P < 0.05 for
phenylephrine contraction in the absence versus presence of PVAT.

Figure 2
Comparison of the concentration-effect curves for SLIGRL-NH2- versus LRGILS-NH2-mediated relaxation in the absence (-PVAT) or presence
(+PVAT) of PVAT. TallyHo-derived (A) and C57Bl-derived (B) aortic rings were contracted with phenylephrine (1 mM) in the absence of inhibitors
and the relaxation responses to increasing concentrations of (A) SLIGRL-NH2 and (B) LRGILS-NH2 were measured. The action of SLIGRL-NH2 was
assessed in endothelium-free preparations, because this peptide stimulates NO release in endothelium-intact TallyHo aortic rings; (B) LGRILS-NH2

in C57BL6 aortic rings. Comparable data were obtained for SLIGRL-NH2 in C57BL6 and for LRGILS-NH2 in TallyHo aortic rings. Relaxation (%) was
expressed as a percentage reduction of the plateau tension developed in the presence of phenylephrine. Data represent the average relaxation
(�SEM: bars, n = 5) at each peptide concentration. The asterisks denote statistically significant differences (*P < 0.05; **P < 0.01) for values
observed in the presence, compared with the absence of PVAT.
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preparations, phenylephrine caused a more rapid initial rise
in tension than in untreated tissues. However, the plateau
tension developed in the presence of PVAT was diminished
(compared with PVAT-free tissue) to an extent comparable to
the reduced response of tissues that were not treated with
these inhibitors (compare tracings in Figure 1A with the rep-
resentative tracing in Figure 3A). In contrast to the relaxant
effect of ACh, which was completely blocked by L-NAME
alone in PVAT-containing preparations (Figure 1C), ADRF
relaxant activity triggered by the PAR2 agonist, SLIGRL-NH2

(present only in PVAT-containing tissues) was observed in the
presence of L-NAME, either without (not shown) or along
with the combined presence of ODQ and indomethacin
(Figure 3B; representative tracings shown in Figure 3A). We
found no statistical difference between the ADRF-mediated
relaxation measured in the presence of these inhibitors in
endothelium-intact preparations (Figure 3B, plus PVAT: ‘+’),
compared with the ADRF relaxant response observed in the
endothelium-denuded preparations in the absence of the
inhibitors (Figure 2A, upper curve). As expected, in the pres-

ence of L-NAME, ODQ and indomethacin, SLIGRL-NH2 did
not cause a relaxation in the adipose tissue-free endothelium-
intact preparations; (Figure 3B, minus PVAT: ‘-’). Our data
thus indicate that PAR2 agonists trigger the release of ADRF
by a mechanism that is endothelium-independent and is not
mediated by either NO or prostanoids. Moreover, the data
validated our ability to assess the release of ADRF using
endothelium-intact preparations that were treated with
L-NAME, ODQ and indomethacin.

Is ADRF release PAR2-dependent?
To verify that the ADRF release caused by the PAR2-APs was
due to PAR2 activation and not to a non-specific effect of the
peptides acting on a non-PAR2 target, we turned to strategies
that (A) made use of our C57Bl PAR2-null mice instead of the
TallyHo animals and (B) used a PAR-activating peptide PAR2
structure-activity approach. Thus, we employed: (i) a com-
parative evaluation of PVAT-dependent ADRF release caused
by the PAR2-APs and trypsin in PAR2 wild-type versus PAR2-
null mice as well as in TallyHo animals that express wild-type

Figure 3
Comparison of the effects of SLIGRL-NH2 (20 mM), LRGILS-NH2 (50 mM) and trypsin (10 nM; 5 U·mL-1) on PVAT-dependent relaxation in aortic
rings from TallyHo, C57Bl and C57Bl PAR2-null mice. All studies were performed in phenylephrine (PE) contracted (1 mM) tissues in the combined
presence of L-NAME (100 mM), ODQ (10 mM) and indomethacin (INDO, 10 mM). (A) Representative tracing for the relaxation caused by
SLIGRL-NH2 (left panel: 20 mM) and LRGILS-NH2 (right panel: 50 mM) in PVAT-containing preparations (+PVAT, lower tracings) compared with
PVAT-free preparations (-PVAT, upper tracings). The inset shows the scale for time (min) and tension (mN). (B) Effects of SLIGRL-NH2 (20 mM) on
PVAT-intact (+) and PVAT-minus (-) aortic rings from TallyHo, C57Bl6 and C57Bl6 PAR2-null mice. (C) Effects of trypsin (10 nM; 5 U·mL-1)
on PVAT-intact (+) and PVAT-minus (-) aortic rings from TallyHo, C57BL6 and C57Bl6 PAR2-null mice. (D) Effects of LRGILS-NH2 (50 mM) on
PVAT-intact (+) and PVAT-minus (-) aortic rings from TallyHo, C57BL6 and C57Bl6 PAR2-null mice.
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PAR2; (ii) a comparison of the relative potencies of the PAR2-
selective receptor-activating peptides, 2-furoyl-LIGRLO-NH2

and SLIGRL-NH2 for PAR2-triggered ADRF release [2-furoyl-
LIGRLO-NH2 is known to be more potent than SLIGRL-NH2

for PAR2 activation (McGuire et al., 2004)]; and (iii) the use of
reverse sequence PAR2-inactive peptides that cannot activate
PAR2 (LRGILS-NH2, 2-furoyl-ORLGIL-NH2, and LSIGRL-NH2).

To this point, we had established (i) that in endothelium-
intact PVAT-free vascular rings from wild-type C57Bl mice
and from TallyHo mice that were contracted with phenyle-
phrine, the receptor-selective PAR2-APs, SLIGRL-NH2 and
2-furoyl-LIGRLO-NH2, caused an endothelium-dependent
relaxation that was completely blocked by L-NAME either
alone or in the combined presence of ODQ and indometha-
cin (not shown); and (ii) that the reverse-sequence PAR2-
inactive peptide, LRGILS-NH2 had no effect in comparable
fat-free preparations either with or without an intact endot-
helium (not shown). Thus, we next went on to evaluate the
impact of PVAT on PAR2 relaxation in the C57Bl tissues (both
PAR2 wild-type and PAR2-null) triggered either by a receptor-
activating peptide or by the PAR2-activating proteinase,
trypsin. The experiments were done in the presence of
L-NAME, ODQ and indomethacin to minimize any possible
contribution of the endothelium-derived NO and COX
metabolites to the relaxant response.

In the PVAT-containing aorta tissue from the wild-type
C57Bl mice, in the combined presence of L-NAME, ODQ and
indomethacin, SLIGRL-NH2 did cause a relaxation response
(Figure 3B, middle histograms) comparable to that observed
with the TallyHo-derived aorta tissue (left-hand shaded his-
togram, Figure 3B). Similarly, in PVAT-containing tissue from
TallyHo and wild-type C57Bl mice (but not in PVAT-free
preparations), the PAR2-activating proteinase, trypsin, caused
a relaxant effect (Figure 3C). The relaxation caused by trypsin
and due to PAR2 activation (see below) was comparable in
tissues derived from the TallyHo and C57Bl mice (Figure 3C).
Moreover, we found that for ADRF-induced relaxation in
PVAT-containing preparations, 2-furoyl-LIGRLO-NH2 was
more than twofold more potent (relative EC50s) than SLIGRL-
NH2 (not shown), in keeping with the order of potency for
these two peptides for activating recombinantly expressed
PAR2.

In contrast with the data obtained with the PAR2-
expressing tissues (TallyHo and wild-type C57Bl), SLIGRL-
NH2 and trypsin did not cause a relaxant effect either in
PVAT-free or PVAT-containing aorta preparations from the
PAR2-null mice (experiments done in the combined presence
of L-NAME, ODQ and indomethacin: Figure 3B and C, right-
hand histograms). We were thus able to conclude that the
release of ADRF by SLIGRL-NH2 and trypsin was due to the
activation of PAR2 in the tissues from the PAR2-expressing
mice and that the effect of ADRF released via PAR2 on vascu-
lar tone was comparable in the TallyHo and C57Bl mice.

The complete- and partial-reverse-sequence PAR2-inactive
peptides, LRGILS-NH2, LSIGRL-NH2 and 2f-OLRGIL-NH2 that
cannot regulate PAR2 were next tested for their ability to
generate ADRF in tissues from both TallyHo and C57Bl
animals. The partial reverse sequence PAR2-inactive peptide,
LSIGRL-NH2 (50 mM) failed to cause a relaxant response in
preparations either with or without PVAT (not shown).
However, to our surprise, either without or in the combined

presence of L-NAME, ODQ and indomethacin, both PAR2-
inactive peptides, LRGILS-NH2 and 2-furoyl-OLRGIL-NH2

caused a relaxant response in the PVAT-containing aorta
tissue from both TallyHo and C57Bl PAR2 wild-type mice, but
not in PVAT-free preparations (Figure 3D, shaded histograms;
representative tracing, Figure 3A, right panel; and data not
shown for 2-furoyl-OLRGIL-NH2). In the PVAT-containing
TallyHo and wild-type C57Bl aorta tissue, the relaxant
responses to LRGILS-NH2 were not sigificantly different from
the relaxation caused by SLIGRL-NH2 (Figure 3, B vs. D).

The concentration-response curve for the action of the
reverse sequence peptide LRGILS-NH2 showed that in the
presence of PVAT, its potency for causing relaxation (EC50 of
9.5 mM) was comparable to that of SLIGRL-NH2 (Figure 2B). In
contrast, in PVAT-free aorta tissue from the wild-type C57Bl
mice either in the absence (Figure 2B) or presence of L-NAME,
ODQ and indomethacin, concentrations of this PAR2-
inactive peptide up to 50 mM were not able to cause a relax-
ation (Figures 2B and 3D). Comparable data were obtained
with the TallyHo-derived tissues (not shown and Figure 3D).

We then studied the actions of the reverse-sequence pep-
tides in aorta tissue from the PAR2-null C57Bl mice. As shown
in Figure 3D, the PAR2-inactive peptide, LRGILS-NH2, caused
a relaxant response in PVAT-containing tissues from the
PAR2-null mice, but had no effect in PVAT-free tissues. There-
fore, in contrast to the receptor-selective PAR2-AP SLIGRL-
NH2 and the PAR2-activating proteinase, trypsin, which did
not cause a relaxant effect in PVAT-containing tissues from
PAR2-null mice, the reverse-sequence peptides, LRGILS-NH2

and -furoyl-OLRGIL-NH2 (but not LSIGRL-NH2) were able to
release ADRF from PVAT-containing tissues from both the
PAR2-wild-type and the PAR2-null animals. Thus, LRGILS-
NH2 caused the release of ADRF via a PAR2-independent
mechanism.

Is PAR2 present in PVAT?
Given that the release of ADRF caused by the PAR2-APs and
trypsin was shown both genetically and pharmacologically to
be due to PAR2 activation only in PVAT-containing prepara-
tions, we wished to verify that PAR2 was indeed present in
the adipose tissue. To this end, we assessed, using RT-PCR, if
mRNA for PAR2 was present in both intact adipose tissue and
in isolated adipocytes. As shown in Figure 4, the PCR signals
that were of the expected size based on the primer pairs
indicated that mRNA for both PAR2 and PAR1 could be
detected both in intact murine PVAT from aorta and from
collagenase-dissociated isolated adipocytes obtained from
PVAT. We also detected PAR1 mRNA in samples from the
PAR2-null mice (not shown) in which the PAR1 receptor is
known to be activated by both thrombin and PAR1-activating
peptides. However, from our PCR data we were not able to
know if PAR1 was up-regulated in the tissues from the PAR2-
null mice. Sequencing of the PCR products confirmed that
they represented PARs 1 and 2.

Are the ADRFs released by SLIGRL-NH2 and
LRGILS-NH2 the same; and do they differ
from previously characterized ADRFs?
We hypothesized that the murine ADRFs released by PAR2-AP,
SLIGRL-NH2, and by the PAR2-inactive peptide, LRGILS-NH2
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might differ from each other and might be different from
previously described ADRFs (Table 1). As outlined by the data
in the following sections, we used a number of K+-channel
blockers and catalase, along with the kinase inhibitors, H89
and genistein: (i) to distinguish the actions of the ADRF(s) we
had detected from other previously described ADRFs; and (ii)
to distinguish the ADRF(s) released by SLIGRL-NH2 from the
one(s) released by LRGILS-NH2. As the ADRF responses of the
tissues derived from the TallyHo and C57Bl mice were essen-
tially interchangeable, the continuing work described in the
following sections was done primarily with the TallyHo
tissues due to the more efficient accessibility to adipose-
containing aorta tissue in these mice, compared with the
C57Bl strain.

Roles of K + channels. To assess a role for the small and inter-
mediate conductance calcium-activated K+ channels known
to be involved in the actions of endothelium-derived relaxing
factors, we evaluated the impact of both apamin and charyb-
dotoxin on the relaxant effects of SLIGRL-NH2 and LRGILS-
NH2. In the combined presence of these two inhibitors, along
with L-NAME, ODQ and indomethacin, we found that the
PVAT-dependent relaxant action of both SLIGRL-NH2 and
LRGILS-NH2 persisted (not shown and Figure S1). Similarly,
glibenclamide, that inhibits ATP-sensitive K+ channels, did
not block ADRF-triggered relaxation mediated by either
SLIGRL-NH2 or LRGILS-NH2 (not shown and Figure S1). We
thus concluded that the ADRF released by both SLIGRL-NH2

and LRGILS-NH2 did not involve either the small and inter-
mediate conductance calcium-regulated K+ channels or the
sulphonylurea-sensitive ATP-sensitive K+ channels.

To evaluate a role for voltage-dependent K+ channels, we
tested the ability of SLIGRL-NH2 and LRGILS-NH2 to release

ADRF in the presence of 4-aminopyridine. As shown in
Figure 5, 4-aminopyridine did not affect ADRF release caused
by SLIGRL-NH2, but inhibited the action of LRGILS-NH2 in
both the TallyHo and C57Bl-derived tissues. Thus, the ADRFs
released by the two peptides differed in terms of the involve-
ment of 4-aminopyridine-blocked voltage-dependent K+

channels.

Role of peroxide. We evaluated a potential role for peroxide as
an ‘ADRF’ by testing the effect of catalase on the PVAT-
associated relaxant activity triggered by both SLIGRL-NH2

and LRGILS-NH2. As shown in Figure 6, the presence of cata-
lase fully blocked the relaxant action of SLIGRL-NH2 and
trypsin in both TallyHo and C57Bl mice, whereas the relaxant
action of the PAR2-inactive peptide, LRGILS-NH2 persisted in
the presence of catalase. Thus, the ADRF released by SLIGRL-
NH2 and trypsin in both TallyHo and C57Bl-derived tissues
via PAR2 involved a peroxide-mediated process, whereas
the PAR2-independent LRGILS-NH2-released ADRF was
peroxide-independent.

Protein kinase A and tyrosine kinase pathways. Potential roles
for tyrosine kinases and protein kinase A in mediating ADRF
responses were tested with the non-selective tyrosine kinase
inhibitor, genistein, and the kinase A inhibitor, H89. Neither
H89 (5 mM) nor genistein (10 mM) diminished the relaxant
responses caused by either SLIGRL-NH2 or LRGILS-NH2 in the
adipose tissue-containing TallyHo preparations that were
concurrently exposed to L-NAME, ODQ and indomethacin

Figure 4
Detecting PARs 1 and 2 in perivascular adipose tissue and isolated
adipocytes by RT-PCR. The composite image shows the PCR signals
for PARs 1 and 2 and actin detected either in aorta-derived adipose
tissue from TallyHo (TH) or wild-type PAR2 C57Bl mice (C57) or in
isolated adipocytes obtained from TallyHo and wild-type PAR2 C57Bl
mesenteric artery preparations. The size of the PCR product (in
base-pairs: bp) is shown on the right.

Figure 5
4-Aminopyridine blocks relaxation caused by LRGILS-NH2 but not
SLIGRL-NH2-mediated ADRF release from PVAT-containing TallyHo
and C57Bl aorta rings. TallyHo and C57Bl wild-type (WT) mouse
aorta rings with adherent perivascular adipose tissue were contracted
with phenylephrine (1 mM) and the relaxant responses to either
SLIGRL-NH2 (SLIGRL, 20 mM) or LRGILS-NH2 (LRGILS, 50 mM) were
measured in the combined presence of L-NAME (100 mM), ODQ
(10 mM) and indomethacin (10 mM), either without (0 mM) or with
added 4-aminopyridine (1 mM). Values for each histogram represent
the average relaxation (%, mean � SEM, n = 5) relative to the plateau
tension developed in the presence of phenylephrine. **P < 0.01 for
the comparison of 4-aminopyridine-treated tissues versus controls.
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(not shown and Figure S1). Figure 7 provides an overview of
the inhibition of ADRFs released by the PAR-derived peptides,
SLIGRL-NH2 (ADRFSL) and LRGILS-NH2 (ADRFLR).

Discussion and conclusions

PAR2 agonist- and LRGILS-NH2-stimulated
ADRFs are distinct from each other
Our main finding, summarized schematically in Figure 7 was
that distinct ADRFs can be released from murine aorta perivas-
cular fat by either a PAR2-dependent or a PAR2-independent
process. The distinct ADRFs are characterized by their differ-
ential blockade by either catalase or 4-aminopyiridine
(Figure 7). The data obtained with the C57Bl-derived prepa-
rations paralleled the data obtained with tissues from the
TallyHo mice. This result indicates that in contrast to differ-
ences in ADRFs released from different rat strains (Sprague vs.
Wistar: Table 1), there was no difference in ADRFs between the
two mouse strains that we studied. Further, the results show

that the obese hyperglycaemic phenotype of the TallyHo
mouse does not influence the contribution and/or effects of
ADRFs on vascular function. The distinct PAR peptide-released
ADRFs (the one released by SLIGRL-NH2 designated as ADRFSL

and the one released by LRGILS-NH2 designated as ADRFLR in
Figure 7) differ in terms of their mechanisms of action. For
instance, the PAR2-triggered PVAT-dependent relaxation
stimulated by SLIGRL-NH2 in both the TallyHo and C57Bl-
derived tissues (ADRFSL, Figure 7) was inhibited by catalase,
but not by 4-aminopyridine. Although peroxide may be a
‘final common mediator’ for several ‘ADRFs’, each peroxide-
mediated factor that results in relaxation may be distinct. The
mechanism whereby the PAR2-released ADRF acts via perox-
ide (catalase inhibited) remains to be determined, but differs
from the ODQ-sensitive endothelium-independent ADRF
described by Gao et al. (2007) that was also blocked by catalase
(Table 1). In contrast, the PAR2-independent relaxation
caused by LRGILS-NH2 (ADRFLR, Figure 7) was blocked by
4-aminopyridine, but not by catalase. This result points to a
role for voltage-activated K+ channels, in keeping with data
obtained previously for a rat mesenteric ADRF and for a
murine ‘non-adiponectin’ ADRF (Verlohren et al., 2004; Fésüs
et al., 2007: Table 1). Thus, the murine aorta ADRFs released
by SLIGRL-NH2 and LRGILS-NH2 are mechanistically different
from each other. We suggest that our data distinguishing the
PAR2 versus non-PAR2-released ADRFs relate to the different
effects of the ADRFs on vascular K+ channels. Given that our
data showed no inhibition of the PAR2 peptide-released ADRF
action by glibenclamide or a combination of apamin and
charybdotoxin, an effect on either the small and medium
calcium-activated K+ channels known to be affected by
endothelium-derived relaxing factors, endothelium-derived
hyperpolarizing factor, or the sulphonylurea-inhibited ATP-
sensitive K+ channels can be ruled out (Waldron and Garland,
1994). We have not been able to detect ADRF-like activity
from PAR peptide-treated adipose tissue supernatants, as has
been reported for other ADRFs (Lohn et al., 2002; Dubrovska
et al., 2004; Gao et al., 2007). Thus, we cannot yet determine
if the effect of the inhibitors we used is on either: (i) the release
of the ADRFs from the PVAT, or (ii) the action of the ADRFs
directly on the vascular smooth muscle to prevent ADRF-
mediated relaxation.

The inhibitor profiles distinguish the PAR
peptide-released ADRFs from those released
by other agonists
Taken together, the distinct ‘inhibitor profiles’ for both of the
PAR peptide-released ADRFs (Figure 7) distinguish them from
the phenylephrine-released ADRFs described previously
(Table 1). Thus, unlike other ADRFs, described so far (Lohn
et al., 2002; Dubrovska et al., 2004; Gao et al., 2007; Lee et al.,
2009: Table 1), the factors we detected (both PAR2-dependent
and PAR2-independent) act in an endothelium-independent
manner, that persists in the combined presence of L-NAME,
indomethacin, ODQ, the combined KCa inhibitors, apamin
and charybdotoxin and the KATP-channel inhibitor, glibencla-
mide. Further, ADRF release caused by SLIGRL-NH2 and
LRGILS-NH2 was not affected by the kinase A and tyrosine
kinase inhibitors H89 and genistein, as is the case for the
ADRF released from rat aorta PVAT by phenylephrine and
5-HT (Lohn et al., 2002; Dubrovska et al., 2004: Table 1).

Figure 6
Catalase blocks SLIGRL-NH2 and trypsin-mediated ADRF release but
does not affect LRGILS-NH2-mediated relaxation in PVAT-containing
TallyHo and PAR2 wild-type C57Bl aorta tissue. TallyHo and C57Bl
wild-type aortic rings with adherent perivascular adipose tissue were
contracted with phenylephrine (1 mM) and the relaxant responses to
either SLIGRL-NH2 (SLIGRL, 20 mM), trypsin (TRYP: 10 nM; 5 U·mL-1)
or LRGILS-NH2 (LRGILS, 50 mM) were measured in the combined
presence of L-NAME (100 mM), ODQ (10 mM) and indomethacin
(10 mM), either without (0 U·mL-1) or with added catalase
(1200 U·mL-1). Values for each histogram represent the average
relaxation (%, mean � SEM, n = 5) relative to the plateau tension
developed in the presence of phenylephrine. **P < 0.01 for the
comparison of catalase-treated tissues versus controls.

BJPPAR2 and adipose tissue-derived relaxing factors

British Journal of Pharmacology (2011) 164 1990–2002 1999



Additionally, our inhibitor data distinguish the actions of the
PAR peptide-released ADRFs from endothelium-derived
hyperpolarizing factor-mediated vascular relaxation due to
non-NO/non-PGI2 endothelium-dependent mechanisms
(Adeagbo and Triggle, 1993; Waldron and Garland, 1994;
Garland and Plane, 1996; Edwards et al., 1998; McGuire et al.,
2001). Of interest is that, in contrast to our aorta-derived data,
a glibenclamide-sensitive ADRF has been shown to regulate
microvascular tone in the obese ob/ob insulin-resistant mouse
(Xiang and Hester, 2009) as was found for 5-HT-induced ADRF
released in rat aorta (Lohn et al., 2002). Thus, the ADRFs
released by common agonists from different adipose depots in
the same species (e.g. aorta vs. mesenteric in the mouse) or by
different agonists from the same location in different species
(e.g. rat vs. mouse aorta ADRFs triggered by either phenyle-
phrine or PAR peptides) would appear to differ. That said, it is
feasible that the same ADRF released in different vascular beds
might act via different mechanisms on the smooth muscle.
Thus, although it is most likely that molecularly distinct
ADRFs are involved in these situations, conclusive evidence
for the chemical differences between the ADRFs obtained
from different species or from different vascular
beds in the same animal will require their purification and
characterization.

Detecting ADRFs: might the paradigm for
monitoring ADRF release identify
different compounds?
Our study uses a somewhat different experimental paradigm
to detect ADRF, compared with all other works published to

date, except for angiotensin (1-7), an endothelium-
dependent, NO-mediated ADRF substance released by phe-
nylephrine from Wistar rat PVAT (Gao et al., 2007; Lee et al.,
2009). In all other previous studies (e.g. Lohn et al., 2002;
Dubrovska et al., 2004; Verlohren et al., 2004), the presence of
ADRF has been monitored in terms of a reduced response to
a contractile agonist that is observed in the presence of PVAT
compared with an increased contraction observed in PVAT-
free tissue (e.g. for phenylephrine: Figure 1A). In contrast
with agonists tested for ADRF release so far, the PAR2-derived
peptides that also release ADRF do not contract aorta prepa-
rations either with or without an intact endothelium (Al-Ani
et al., 1995 and data not shown). Thus, we were able to use a
contracted vessel as a ‘reporter’ of ADRF release/action. Under
the conditions we used (either endothelium-free prepara-
tions, or endothelium-intact preparations treated with
L-NAME combined or not with ODQ, indomethacin and
KCa-channel blockers), a relaxant response was observed only
in the presence of PVAT. As our inhibitor data argue against
the participation of previously described ADRFs, we suggest
that it is very likely there are significant differences in the
ADRF substance(s) released from murine versus rat versus
human PVAT. We suggest that our approach for monitoring
ADRF release by measuring the relaxation of a contracted
vessel may single out factors that differ from those detected
by a diminished contractile response. Given that more than
one type of ADRF has been demonstrated in other work (Gao
et al., 2005; Lee et al., 2009: Table 1), it is likely that adipose
tissue-related vasorelaxation involves a number of different
compounds, depending on the tissue, agonist and species.

Figure 7
Distinct ADRFs released by SLIGRL-NH2 (ADRFSL) and LRGILS-NH2 (ADRFLR). A scheme is shown summarizing the data for ADRFs released by
PAR2-derived peptides from perivascular adipose tissue (blue arrows) that are either catalase-sensitive (ADRFSL) or 4-aminopyridine (4-AP)-sensitive
(ADRFLR). PVAT-independent effects of SLIGRL-NH2 that also result in relaxation of vascular smooth muscle cells (VSMC) via the PAR2-mediated
release of endothelium-dependent relaxing factors (NO/EDHF) are also shown (blue script). Contraction is attributed to the activation of
a1-adrenoceptors by phenylephrine (PE). The ability of L-NNA, L-NAME and apamin/charybdotoxin to block relaxation caused by the non-ADRF
endothelial cell (EC)-derived mediators (NO, EDHF) in the preparation is also illustrated.
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This potential heterogeneity of ADRFs that are detected by
different bioassay approaches will need to be accommodated
in future studies.

Involvement of PAR2
Our original hypothesis was that PAR2 activation would
release ADRF in vascular tissue. This process could thus play
a role in tissue inflammation known to involve PAR2. Indeed,
the ability of two different PAR2-selective peptide agonists
(SLIGRL-NH2 and 2-furoyl-LIGRLO-NH2) as well as trypsin to
cause a PVAT-dependent relaxation supports this hypothesis
as do (i) the lack of effect of the PAR2-inactive peptide,
LSIGRL- NH2 and (ii) the inability of trypsin or SLIGRL-NH2 to
elicit ADRF release in tissues from PAR2-null mice (Figure 3B
and C). These results are supported by the finding of PAR2
mRNA in both intact adipose tissue and in isolated adipo-
cytes. Although PAR2 is clearly involved, the precise target for
the PAR2-APs or trypsin in the adipose tissue (e.g. adipocytes
per se, vs. non-adipocyte vascular adventitial elements or
other stromal cells) remains to be ascertained.

The non-PAR2 ‘LRGILS-NH2’ receptor
The ability of the PAR2-inactive reverse-sequence peptides,
LRGILS-NH2 and 2-furoyl-OLRGIL-NH2 (but not the LSIGRL-
NH2 peptide) to cause a relaxation response only in the
presence of PVAT in both wild-type and PAR2-null mice
(Figure 3D) indicates that a peptide receptor other than PAR2
can also release ADRF. This conclusion that LRGILS-NH2 and
2-furoyl-OLRGIL-NH2 act via a PAR2-independent mecha-
nism is supported not only by the ability of LRGILS-NH2 and
2-furoyl-OLRGIL-NH2 to release ADRF from the PAR2-null
tissues (Figure 3D and data not shown) but also by the lack of
a relaxant action of either LRGILS-NH2 or 2-furoyl-OLRGIL-
NH2 in endothelium-intact adipose tissue-free preparations
from PAR2 wild-type animals (not shown). The novel non-
PAR2 receptor activated by LRGILS-NH2 and 2-furoyl-
OLRGIL-NH2, but not by LSIGRL-NH2 remains to be identified
(McGuire et al., 2002).

Proteinases, ADRF release and adipose
tissue function
Trypsin’s ability to mimic the actions of the PAR2-APs in
releasing ADRF only from PAR2 wild-type and not from PAR2-
null mice indicates that its action is via PAR2. However, further
work must be done to establish if proteinases of adipose-tissue
origin might be able to regulate ADRF release via PAR2 in vivo.
Nonetheless: (i) the presence in fat of the trypsin-related
enzyme adipsin; (ii) the ability of trypsin to cause ‘insulin-like’
responses in both adipocyte and diaphragm target tissues
(Rieser and Rieser, 1964; Cuatrecasas, 1971; Kono and Barham,
1971); and (iii) the ability of trypsin to cause the release of
ADRF from PVAT adds fat-derived serine proteinases to the list
of potential regulators of adipose tissue function.

In summary, our work demonstrates the release of mul-
tiple murine PVAT-derived factors that cause relaxation of
contracted vessels via mechanisms that differ from each other
and are, with respect to PAR2 activation, also different from
those ADRFs described so far. That the release of murine
ADRFs can occur via a PAR2-dependent as well as a PAR2-
independent mechanism suggests that a number of receptors

yet to be described in PVAT may be able to release comparable
ADRFs. Further, our work suggests a possible role for adipose
tissue-generated serine proteinases (e.g. adipsin) as potential
regulators of vascular function via an action on PVAT. It will
be of importance to determine if the ADRFs play a patho-
physiological role in the setting of vascular inflammation,
atherosclerosis, obesity or diabetes, where their release may
modulate vessel function. The chemical nature of the factors
we have detected and the receptors other than PAR2 that may
be involved are important topics for future work in this area.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Lack of effect of inhibitors on ADRF-relaxant
responses caused by SLIGRL-NH2 and LRGILS-NH2. PVAT-
containing aorta rings from TallyHo mice were constricted
with phenylephrine (1 mM) and the relaxant responses to
either SLIGRL-NH2 or LRGILS-NH2 were monitored in the
absence or presence of the inhibitors (A) glibenclamide
(5 mM), (B) genistein (10 mM) and (D) H89 (5 mM). Also shown
is (C) the persistence of the ADRF relaxant response to the
two peptides in the presence of added apamin (1 mM) and
charybdotoxin (0.1 mM) supplementing the combined pres-
ence of L-NAME (100 mM), ODQ (10 mM) and indomethacin
(10 mM). Values for each histogram represent the average
relaxation (%, mean � SEM, n = 5) relative to the plateau
tension developed in the presence of phenylephrine (1 mM).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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