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Abstract
Aims: Septic shock, the severe form of sepsis, is associated with development of progressive damage in multiple
organs. Kidney can be injured and its functions altered by activation of coagulation, vasoactive-peptide and
inﬂammatory processes in sepsis. Endothelin (ET)-1, a potent vasoconstrictor, is implicated in the pathogenesis of
sepsis and its complications. Protease-activated receptors (PARs) are shown to play an important role in the
interplay between inﬂammation and coagulation. We examined the time-dependent alterations of ET-1 and
inﬂammatory cytokine, such as tumor necrosis factor (TNF)-α in kidney tissue in lipopolysaccharide (LPS)-induced
septic rat model and the effects of PAR2 blocking peptide on the LPS-induced elevations of renal ET-1 and TNF-α
levels.
Main methods: Male Wistar rats at 8 weeks of age were administered with either saline solution or LPS at different
time points (1, 3, 6 and 10 h). Additionally, we treated LPS-administered rats with PAR2 blocking peptide for 3 h to
assess whether blockade of PAR2 has a regulatory role on the ET-1 level in septic kidney. Key ﬁndings: An increase
in ET-1 peptide level was observed in kidney tissue after LPS administration time-dependently. Levels of renal TNFα peaked (around 12-fold) at 1 h of sepsis. Interestingly, PAR2 blocking peptide normalized the LPS-induced
elevations of renal ET-1 and TNF-α levels.
Signiﬁcance: The present study reveals a distinct chronological expression of ET-1 and TNF-α in LPS-administered
renal tissues and that blockade of PAR2 may play a crucial role in treating renal injury, via normalization of
inﬂammation, coagulation and vaso-active peptide.
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Introduction

Septicemia and septic shock are still associated with high mortality,
and current therapy is mostly supportive and largely ineffective
(Mayeux, 1997). Some of the most common and serious complications
associated with septicemia include, pulmonary, hepatic, and renal
failures (Rackow and Astiz, 1991; Wardle, 1982), and the most common
etiological agents are gram-negative bacteria. Lipopolysaccharide (LPS),
a component of the gram-negative bacterial cell wall released during
septicemia, is a major cause of septic shock in humans (Mayeux,
1997) and has been implicated in the pathogenesis of acute and chronic
renal disease. Although hypotension and reduced renal blood ﬂow can
contribute to renal failure, animal models show that LPS can cause
renal injury even in the absence of signiﬁcant falls in systemic blood
pressure or renal blood ﬂow (Millar and Thiemermann, 1997). Admittedly, not all of the pathophysiological changes associated with sepsis
and shock are a direct consequence of bacterial products. Other factors
may include inﬂammatory mediators, such as cytokines tumor necrosis
factor-α (TNF-α), interleukin-1 (IL-1), platelet-activating factor (PAF),
leukotrienes, thromboxane A2, and inducible nitric oxide synthase
(iNOS).

Kidney dysfunction in LPS-induced sepsis is thought to be characterized by severe intra-renal vasoconstriction in the face of profound

vasodilation in the systemic circulation, based on the disruption of the
overall balance between vasodilation and vasoconstriction in the kidney. Endothelin-1 (ET-1) is the most potent vasoconstrictor peptide
known so far (Yanagisawa et al., 1988) and LPS stimulates its synthesis
and release in cultured endothelial cells (Marsden and Brenner, 1992;
Nakamura et al., 1991) and is also known to signiﬁcantly elevate
its plasma levels in experimental animals (Nakamura et al., 1991;
Pernow et al., 1990; Sugiura et al., 1989; Vemulapalli et al., 1991) and
patients with septic shock (Pittet et al., 1991; Takakuwa et al., 1994;
Voerman et al., 1992; Weitzberg et al., 1991). The possible involvement
of the ET-1 system in human septic shock is further supported by a clear
correlation between ET-1 plasma levels and morbidity and mortality of
septic patients (Brauner et al., 2000; Hartemink et al., 2001). However, it
is still controversial whether elevated plasma ET-1 levels are markers of
endothelial dysfunction/damage or mediators of the disease. Increased
systemic and/or local production of ET-1 has been implicated in blood
pressure elevation (Gardiner et al., 1995; Ruetten et al., 1996), mediation of renal vasoconstriction and failure (Pernow et al., 1990), and
also in pulmonary and portal hypertension during endotoxic shock
(Yamamoto et al., 1997). Clearly, ET-1 system is likely involved in
renal complications during sepsis. Accordingly, recently we reported
that ET-1 level in kidney tissue is increased time-dependently after
LPS administration with a higher plasma ET-1 level (Yamaguchi et al.,
2006).
Protease-activated receptors (PARs), members of a recently described family of G-protein-coupled, seven-transmembrane-domain receptors, are activated through proteolytic cleavage of their N-terminal
domain by proteinases, resulting in the generation of a new
N-terminal “tethered ligand”, which can auto activate the receptor
function (Ossovskaya and Bunnett, 2004). Four members of the PAR
family have been cloned. PAR1, PAR3, and PAR4 can be activated by
thrombin, and PAR2 can be activated by trypsin, mast cell tryptase, neutrophil proteinase 3, tissue factor/factor VIIa/factor Xa, and membranetethered serine proteinase-1 (Lourbakos et al., 2001; Vergnolle et al.,
2001a). The involvement of PAR2 in inﬂammation is supported by
several studies. Early studies reported that PAR2 expression was upregulated by inﬂammatory mediators such as TNF-α, IL-1 and LPS
(Nystedt et al., 1996). Moreover, a number of studies have demonstrated that activation of PAR2 can lead to blood vessel relaxation,
hypotension, increased vascular permeability, granulocyte inﬁltration, leukocyte adhesion and margination, and pain (Cocks and
Moffatt, 2000; Coughlin and Camerer, 2003; Vergnolle et al.,
2001b) — all effects that encounter for the cardinal signs of inﬂammation. Recently, the role of PAR2 in the pathogenesis of sepsis has
begun to be appreciated. A combination of thrombin inhibition and
PAR2 deﬁciency reduced inﬂammation and mortality in a mouse
model of endotoxemia (Pawlinski et al., 2004). We have also demonstrated that the blockade of PAR2 ameliorates liver injury via the normalization of the inﬂammation, coagulation and ﬁbrinolytic pathways
(Jesmin et al., 2006).
In the kidney, PAR2 expression has been reported in collecting duct
cells, mesangial cells, interstitial ﬁbroblasts, vascular endothelial cells
and proximal tubule cells (Coughlin, 2000; Vesey et al., 2007). The present
study intended to use a PAR2 blocking peptide to LPS-administered
endotoxemic rats to investigate whether PAR2 blockade would have
any role on the upregulated ET-1, TNF-α and iNOS levels in kidney tissues.
Materials and methods
Animals and treatments
In the ﬁrst series of our study, endotoxemia was induced by administering a single (2 ml) intra-peritoneal injection of LPS (in sterile saline
solution) derived from Escherichia coli 055:B5 (15 mg/kg body weight)
to adult male Wistar rats. The animals were killed in groups using
pentobarbital (80 mg/kg body weight intraperitoneal [ip]) at different

time points after LPS administration (1, 3, 6, and 10 h, n = 30 rats/
group). The control group received an equal volume of sterile saline
(2 ml/rat) containing no LPS. Whole kidney tissues were carefully harvested, immediately frozen in liquid nitrogen, and stored at − 80 °C.
For the parafﬁn section preparations, after the kidney tissues were harvested, they were postﬁxed in 4% paraformaldehyde overnight and
processed routinely for parafﬁn embedding. All experimental procedures in the present study were performed in accordance with the
institutional guidelines of the University of Tsukuba Graduate School
of Medicine Animal Care and Use Committee.
In the second part of the study, in order to investigate the speciﬁc
role of PAR2 in the LPS-induced elevated ET-1 peptide level in the
kidney, the PAR2 blocking peptide (BP) was used to treat the rats in
addition to LPS. For this purpose, some rats were anesthetized with urethane (35% ethyl carbamate [Wako Pure Chemical Industries, Osaka,
Japan] + 4% alpha-chloralose [Wako] saline solution wt./vol., 0.4 to
0.8 g/kg, ip), and the left jugular vein was cannulated for drug administration. All drugs being tested were administered intravenously as a
slow bolus injection. LPS (15 mg/kg, intravenous [iv]) was administered
through the jugular vein for 3 h (n = 20). Thirty minutes (min) before
LPS administration, the PAR2 BP (sc-9278 P, Santa Cruz Biotechnology,
Santa Cruz, CA) treated group was administered PAR2 BP intravenously
as a slow bolus injection (100 μg/kg, 500 μl/kg PBS) and PAR2 BP was
continuously infused (20 μ/kg/h, 100 μl PBS/h) through the jugular
vein with a pump for 3 h (n = 20). Non-treated rats were used as a
control (n = 20).
Measurements of hemodynamic and biochemical parameters
On the day of the experiment, the rats were anesthetized with pentobarbital sodium (40 mg/kg body weight ip) and a microtip pressure
transducer catheter (SPC-320, Millar Instruments, Houston, TX, USA)
was inserted into the left carotid artery. The arterial blood pressure
and heart rate were monitored with a pressure transducer (model
SCK-590, Gould, OH, USA) and recorded using a polygraph system
(ampliﬁer, AP-601G; Tachometer, AT-601G; thermal-pen recorder,
WT-687G; Nihon Kohden, Tokyo, Japan). Thereafter, plasma and
serum samples were prepared. In preparing the plasma samples, the
proportion of blood to the sodium citrate dehydrate anticoagulant
volume was 9:1. Serum creatinine levels and blood urea nitrogen
(BUN) were measured using kits from Wako Pure Chemical Industries,
LTD (Osaka, Japan).
Histopathological examination
For the histopathological analysis, the tissue specimens were ﬁxed in
a 4% buffered formalin solution, dehydrated through an ethanol series,
embedded in parafﬁn, and sliced into 5-μm-thick sections. After
deparafﬁnization, the sections were stained with hematoxylin and
eosin (HE) using the standard histological method.
TNF-α and iNOS immunoassays
TNF-α levels in the serum and kidney tissue specimens were detected using a rat TNF-α enzyme-linked immunosorbent assay (ELISA) kit
(R and D Systems, Minneapolis, MN). This assay employs the quantitative sandwich enzyme immunoassay technique. A monoclonal antibody
speciﬁc for rat TNF-α has been pre-coated onto a microplate. Standards,
controls, and samples are pipetted into the wells and any rat TNF-α
present is bound by the immobilized antibody. After washing away
any unbound substances, an enzyme-linked polyclonal antibody specific for rat TNF-α is added to the wells. Following a wash to remove any
unbound antibody-enzyme reagent, a substrate solution is added to
the wells. The enzyme reaction yields a blue product that turns yellow
when the Stop Solution is added. The intensity of the color measured
is in proportion to the amount of rat TNF-α bound in the initial step.

The sample values are then read off the standard curve. For iNOS, we
used a Human iNOS Immunoassay kit (R and D Systems, Minneapolis,
MN).
Enzyme immunoassay for plasma and renal ET-1 levels
Concentration of ET-1 in plasma and renal tissue extracts was determined using an ET-1 Enzyme Immuno Assay Kit (Immuno-Biological
Laboratories, Fujioka, Japan). This kit is a solid phase sandwich ELISA
using 2 kinds of high speciﬁc antibodies. Tetraethyl Benzidine (TMB)
is used as a coloring agent (Chromogen), the strength of which is in proportion to the quantities of ET-1. In plasma and kidney tissue extracts,
an equal volume of 0.1% triﬂuoroacetic acid (TFA) in water was added.
Then, the sample was centrifuged at 3000 ×g for 15 min at 4 °C to clarify
and the supernatant was saved. After a 200 mg C 18 Sep-Pak column
(Waters Inc. Part No. 235D1) was washed with 4 × 1 ml of 60% acetonitrile in 0.1% TFA followed by 4 × 5 ml of 0.1% TFA in water, the supernatant was applied to the column and washed with 4 × 5 ml of 0.1% TFA in
water. The sample was eluted slowly by applying 3 × 1 ml of 60%
acetonitrile in 0.1% TFA in water and the eluant was collected in a plastic
tube. The eluant was then evaporated to dryness using a centrifugal
concentrator under vacuum. The sample was reconstituted with assay
buffer and measured immediately according to the manufacturer's
instructions.
Statistical analysis
Results are expressed as mean ± S.E., and the sample number equals
the number of animals in each group. Means were compared by one
factor analysis of variance, followed by the Scheffé's test for multiple
comparisons. Differences were considered signiﬁcant at p b 0.05.
Results
Effects of LPS on hemodynamic and biochemical parameters (Table 1)
Both the systolic and diastolic blood pressures signiﬁcantly decreased at different time points after LPS administration compared to
control rats (Table 1). Levels of serum iNOS (a crucial inﬂammatory mediator) increased signiﬁcantly after LPS administration, peaking at 1 h
(more than 3-fold increase compared to control group) and maintained
at signiﬁcantly higher levels during all the time points following LPS
administration (Table 1). The serum levels of TNF-α (another potential
inﬂammatory cytokine), as determined by ELISA, were elevated after
administration of LPS (Table 1), reaching their peak levels at 1 h
(1200-fold from control), but decreasing thereafter. Thus, from the
present study, it is obvious that serum levels of potential inﬂammatory
mediators were much more elevated at circulatory level during the
early hours of endotoxemic induction. Furthermore, immunoreactive
ET-1 levels in plasma were signiﬁcantly higher following LPS administration for all time points, reaching peak levels at 3 h after LPS

administration. Further, serum creatinine levels increased during all
the time points after LPS administration. In contrast, levels of the
serum BUN began to increase signiﬁcantly only 3 h after LPS administration. Both levels of serum creatinine and BUN (important parameters of
kidney function) exhibited a time-dependent-like increasing trends
after LPS administration.

Histopathology after LPS administration
Evaluation of renal histology of H&E-stained tissue sections showed
no evidence of intra-glomerular thrombosis and/or disseminated intravascular coagulation in any of the treated animals (Fig. 1). Besides, these
sections showed only minimal tubular degenerative changes; that is,
focal tubular dilatation with mild swelling or thinning of the epithelial
cells at 3 h after LPS administration (Fig. 1). These ﬁndings are consistent with a septic kidney.

Effects of PAR2 blocking on serum creatinine and BUN levels
The elevated serum levels of both creatinine (1.42 ± 0.11 mg/dl) and
BUN (34.70 ± 2.80 mg/dl) in LPS-treated rats at 3 h were almost unchanged (creatinine, 1.37 ± 0.13 mg/dl; BUN, 37.50 ± 3.20 mg/dl) after
the administration of PAR2 BP to the LPS-treated rats (Fig. 2A and B),
respectively. These results suggest that PAR2 BP failed to reverse the important parameters of kidney function in LPS-induced endotoxemic rats.

Effects of blocking PAR2 on serum and renal levels of TNF-α
The elevated levels of serum TNF-α (710.00 ± 55.00 pg/ml) in LPSadministered rats were signiﬁcantly normalized at 3 h of endotoxemia
after blocking PAR2 (290.00 ± 38.00 pg/ml) (Fig. 2C). At 1 h, the
amount of TNF-α in renal tissue, as determined by ELISA (Fig. 3A),
was signiﬁcantly elevated compared to control group in the LPStreated animals (about 17-fold increase) and thereafter declined. Thus,
levels of renal TNF-α increased signiﬁcantly in the early hours following
LPS administration (Fig. 3A) and were remarkably normalized (more
than 50% reversal) by PAR2 blockade for 3 h (Fig. 3B).

Effects of PAR2 blocking on renal levels of iNOS
iNOS protein expression was induced during all the time-points after
LPS administration compared to control rats in renal tissues, as determined by ELISA (Fig. 3C), peaking at 3 h after LPS injection. A 60%
increase in renal iNOS protein expression was noted at 3 h after LPS administration (Fig. 3C) compared to control tissues. Treatment with PAR2
BP for 3 h greatly normalized the elevated levels of iNOS in renal tissues
of LPS-administered rats {Control (0.97 ± 0.11 U/mg): LPS (1.65 ±
0.17 U/mg): LPS + PAR2 BP (1.27 ± 0.12 U/mg)}, respectively.

Table 1
Effects of LPS on hemodynamic and biochemical parameters.
LPS
Control
Systolic BP (mm Hg)
Diastolic BP (mm Hg)
iNOS (serum, U/ml)
ET-1 (plasma, pg/ml)
TNF-α (serum, pg/ml)
BUN (serum, mg/dl)
Creatinine (serum, mg/dl)

132
87
7.8
0.8
23
20.2
0.8

±
±
±
±
±
±
±

1h
5
4
1.0
0.4
2
1.6
0.1

121
75
25.1
8.2
2340
22.1
1.3

3h
±
±
±
±
±
±
±

4⁎
3⁎

3.6 ⁎⁎
2.0⁎⁎
340⁎⁎
1.3
0.1⁎

111
73
17.3
23.4
512
36.7
1.4

6h
±
±
±
±
±
±
±

5⁎⁎
4⁎
3.1⁎
9.9⁎⁎
32⁎
3.3⁎
0.1⁎

102
72
11.4
9.4
125
46.4
1.6

10 h
±
±
±
±
±
±
±

5⁎⁎
5⁎
2.1⁎⁎
6.0⁎
11⁎
7.2⁎
0.1⁎

LPS, lipopolysaccharide; BP, blood pressure; iNOS, inducible nitric oxide synthase; TNF-α, tumor necrosis factor-α; BUN, blood urea nitrogen; ET-1, endothelin-1.
⁎ p b 0.05 vs control.
⁎⁎ p b 0.01 vs control.

114 ±
76 ±
11.5 ±
4.8 ±
81 ±
72.5 ±
1.5 ±

7⁎⁎
4⁎
0.5⁎⁎
1.9⁎
7⁎
9.3⁎
0.1⁎

Fig. 1. Morphological ﬁndings by hematoxylin and eosin staining in the kidney tissues in control rats (A) and 3 h after lipopolysaccharide (LPS) administration (B). Magniﬁcation, 100×.

Effects of blocking PAR2 on levels of plasma and renal tissue ET-1
A time-dependent increase in levels of renal ET-1 peptide was noted
in LPS-administered compared to the control group (Fig. 4A). Further,
after the 3 h time point, ET-1 levels were signiﬁcantly higher in LPS administered rats compared to the corresponding control group. Ten
hours (10 h) after LPS administration, a 4.5-fold increase in ET-1 level
was observed (Fig. 4A) in LPS administered renal tissues compared to
the control group. Treatment with PAR2 BP for 3 h signiﬁcantly normalized the upregulated ET-1 level in renal tissues of LPS-administered rats
{Con (0.90 ± 0.10 pg/mg): LPS (3.50 ± 0.30 pg/mg): LPS + PAR2 BP
(1.80 ± 0.20 pg/mg)}, respectively.
Discussion
The present study demonstrates that the levels of ET-1 peptide increased in kidney tissues after LPS administration time-dependently
with a rise in plasma ET-1 concentration compared to control rats.
These increases in renal and plasma ET-1 levels were associated with
a rise in TNF-α and iNOS. Both the systolic and diastolic blood pressures
signiﬁcantly decreased in LPS-administered rats. The present study is
the ﬁrst time to demonstrate that blockade of PAR2 could reduce
elevation of renal ET-1 as well as TNF-α and iNOS in LPS-induced
endotoxemic rats without affecting the circulatory levels of renal
function parameters, such as creatinine and BUN.
We show here signiﬁcant increases in levels of serum creatinine and
BUN after LPS administration, indicating impairment of kidney function
in the endotoxemic models used in the present study. Regarding the histological injury in the renal tissues, minimal injury was seen at 3 h after
LPS administration, consistent with our previous study (Yamaguchi et al.,
2006). Further, we also show here, using Wistar rats, that blood pressure
continued to decrease even at 10 h after LPS administration, although the

extent of decrease was not abrupt and remarkable. It is possible that it
may be the reason why there were no remarkable histological changes in renal tissues after LPS administration. Thus, collectively, the
endotoxemic models used in the present study had impairment of
renal function parameters, minimal morphological injury in kidney as
well as decrease of systemic blood pressure.
The models used in the present study showed increase in levels of
inﬂammatory cytokines such as TNF-α and iNOS. Further, consistent
with our previous studies (Jesmin et al., 2004, 2006, 2007) and earlier
reports from other labs (Cohen, 2002; Norman et al., 1995; Putensen
and Wrigge, 2000), increase in levels of plasma TNF-α was noted in
the earlier hours of endotoxemia. The pathogenic role of TNF-α in
endotoxemic renal failure has been suggested. For example, an intravenous infusion of TNF-α in rabbits or perfusion of isolated rat kidney with
TNF-α led to a decrease in glomerular ﬁltration rate (GFR) (Bertani
et al., 1989; Van der Veen et al., 1999). In rabbits, an intravenous infusion of TNF-α induced glomerular ﬁbrin deposition and renal failure
(Bertani et al., 1989). In the present study, we found elevated levels of
TNF-α after LPS administration in kidney tissues, meaning that the elevated levels of TNF-α would possibly be involved in the pathogenesis of
LPS-induced renal dysfunction. Similarly, consistent to our previous
study (Yamaguchi et al., 2006), we also show here elevated levels of circulatory and renal iNOS after LPS administration. Various inﬂammatory
stimuli, such as LPS and proinﬂammatory cytokines, stimulate the
endogenous NO production by activation of iNOS (Feihl et al., 2001). A
local induction of iNOS, which is constitutively expressed in the kidney,
in particular in the medulla and proximal tubules, may be the cause of
peroxynitrite-related tubular injury as a result of local formation of
reactive oxygen and nitrogen species during systemic inﬂammation
(Ortiz and Garvin, 2003).
Consistent with our previous study (Yamaguchi et al., 2006) in the
current investigation also we found a time-dependent increase in ET-1

Fig. 2. Effects of PAR2 BP on serum (A) creatinine, (B) BUN and (C) TNF-α levels from the control and LPS-treated rats. Values are mean ± S.E. (n = 22). *p b 0.01 vs control, #p b 0.01 vs LPS
3 h.

Fig. 3. (A, C) Renal levels of TNF-α and iNOS from the control and LPS-treated rats. TNF-α and iNOS were measured by ELISA. Values are mean ± S.E. (n = 22). *p b 0.01 with respect to the
control. (B, D) Effects of PAR2 BP on renal TNF-α and iNOS levels at 3 h after LPS administration. Values are mean ± S.E. (n = 22). *p b 0.01 vs control, #p b 0.01 vs LPS 3 h.

peptide level after LPS administration in renal tissues. In fact, the role of
ET-1 in renal complications in sepsis is recently being investigated. ET-1
receptor blockade is useful in preventing albumin escape during endotoxin shock in conscious, chronically catheterized rats (Filep et al.,
1995). Moreover, others have shown that ET-1 receptor antagonist
prevented LPS-induced metabolic acidosis and hypoxemia, and improved LPS-induced decreases in urine volume, renal blood ﬂow, creatinine clearance, and urine osmolality (Mitaka et al., 1999). The fact that
LPS induces expression of both renal ET type A (ETA) and ET type B (ETB)
receptors, as shown in our previous study (Yamaguchi et al., 2006) indicates that dual ET-1 antagonism could prove useful in preventing renal
dysfunction in septic model. Although the precise mechanisms underlying the expression pattern of these molecules are presently unclear,
based on the ﬁndings of the present and previous studies, we speculate
that increased levels of ET-1 are triggered by compensatory mechanisms aimed at counteracting the undesirable effects generated by
abnormally high levels of NO/iNOS. In fact, the early renal dysfunction
of endotoxemia results from renal hypoperfusion caused mainly by an
imbalance in renal vasoconstrictors and vasodilators (Knotek et al.,
2001).

The most crucial ﬁndings of the present study are the demonstration
of effects of PAR2 BP on various circulatory parameters from inﬂammatory cytokines to renal functions. Although PAR2 BP signiﬁcantly altered
levels of plasma TNF-α, PAR2 BP had no observable effects on serum
creatinine and BUN levels. In IgA nephropathy, a positive association between PAR2 positive cells in kidney and serum creatinine level has been
previously reported (Liu et al., 2010). This is in contrast with the current
ﬁndings where PAR2 BP was found to be ineffective to reverse the
upregulated levels of important kidney function parameters, such as
creatinine and BUN in endotoxemic rat. It is important to state here
that the morphological injury at 3 h endotoxemic rat was minimal and
we assume that PAR2 BP has the potential in normalizing the alteration
of inﬂammatory cytokine such as TNF-α without altering the renal morphology as well as circulatory parameters of renal function. This conclusion is consistent with the fact that the regulatory effects of PAR2 on
TNF-α expression have been documented in many studies. For instance,
PAR2 directly regulates TNF-α expression in coronary microcirculation
in type 2 diabetes (Park et al., 2011). Kim et al. (2002) reported that
PAR2 agonist induces TNF-α secretion through the activation of extracellular signal-regulated kinase (ERK) and p38 mitogen-activated

Fig. 4. (A) Renal level of ET-1 from the control and LPS-treated rats. ET-1 was measured by ELISA. Values are mean ± S.E. (n = 20). *p b 0.01 with respect to the control. (B) Effects of PAR2
BP on renal ET-1 level at 3 h after LPS administration. Values are mean ± S.E. (n = 22). *p b 0.01 vs control, #p b 0.01 vs LPS 3 h.

protein kinases (MAP kinase) in atrocytoma cells (Kim et al., 2002;
Kleinbongard et al., 2010). Future studies should focus on the effects
of PAR2 BP on above signal transduction in the current experimental
setting.
PAR2 may contribute to LPS-mediated organ dysfunction not only
through the inﬂammatory cytokine, but also through vasoconstrictive
peptides like ET-1. In the present study, we found that blockade of
PAR2 signiﬁcantly suppressed the renal ET-1 level. This suppression of
ET-1 by PAR2 blockade may involve TNF and NO pathways. Studies
have demonstrated that TNF-α can induce ET-1 expression. TNF-α
increases the transcription of ET-1 gene (Miyauchi and Masaki, 1999).
NF-kappa B functions as one of main regulatory factors in TNF-αinduced ET-1 gene transcription. In cultured endothelial cells, TNF-α
exposure resulted in an increased secretion of ET-1 (Corder et al.,
1995) which was accompanied by a corresponding increase in preproET-1 mRNA transcript levels (Marsden and Brenner, 1992). We speculate that, ET-1 might be an important mediator of TNF-α-induced
renal dysfunction after LPS administration although the detailed mechanistic insights remain to be explored. And PAR2 may one of the key
molecules regulating TNF-α production in sepsis. Accordingly, in the
present study we found that blockade of PAR2 lowers both the plasma
and renal TNF-α levels. More recently, we showed that blockade of
PAR2 signiﬁcantly improves LPS-induced acute liver injury through
the suppression of TNF-α and coagulation system (Jesmin et al.,
2006). Another possible mechanism of the suppression of ET-1 level in
renal tissue by PAR2 blockade may involve NO/iNOS pathway. Systemic
administration of PAR2 agonist in vivo in rats and mice causes hypotension (Cicala et al., 2001; Emilsson et al., 1997). Interestingly, also in
humans in vivo PAR2 agonist causes vasodilatation that is dependent
on NO release and prostanoids (Robin et al., 2003). Thus, we speculate
that PAR2 may regulate ET-1 through modulating NO/iNOS pathway
in sepsis. In our future studies we intend to investigate in more depth
the mechanisms underlying the reversal effects of PAR2 BP on the
elevated levels of renal ET-1 in endotoxemia.
Conclusion
The present study demonstrates that ET-1, TNF-α and iNOS expressions are increased at various time points in renal tissues after LPS administration in rats and reports for the ﬁrst time that blockade of
PAR2 signiﬁcantly normalizes the elevated renal expressions of TNF-α,
iNOS and ET-1.
Conﬂict of interest statement
The authors declare that there are no conﬂicts of interest.

Acknowledgments
This work was supported in part by a Grant-in-Aid for Scientiﬁc Research B and C from the Ministry of Education, Culture, Sports, Science
and Technology of Japan (23406037, 23406016, 23406029, 24406026,
25462812 and 25305034) and Japan Society for the Promotion of
Science.
References
Bertani T, Abbate M, Zoja C, Corna D, Perico N, Ghezzi P, et al. Tumor necrosis factor
induces glomerular damage in the rabbit. Am J Pathol 1989;134:419–30.
Brauner JS, Rohde LE, Clausell N. Circulating endothelin-1 and tumor necrosis factor
alpha: early predictors of mortality in patients with septic shock. Intensive Care
Med 2000;26:305–13.
Cicala C, Morello S, Santagada V, Caliendo G, Sorrentino L, Cirino G. Pharmacological
dissection of vascular effects caused by activation of protease-activated receptors 1
and 2 in anesthetized rats. FASEB J 2001;15:1433–5.
Cocks TM, Moffatt JD. Protease-activated receptors: sentries for inﬂammation? Trends
Pharmacol Sci 2000;21:103–8.
Cohen J. The immunopathogenesis of sepsis. Nature 2002;420:885–91.

Corder R, Carrier M, Khan N, Klemm P, Vane JR. Cytokine regulation of endothelin-1
release from bovine aortic endothelial cells. J Cardiovasc Pharmacol 1995;
26(Suppl. 3):S56–8.
Coughlin SR. Thrombin signalling and protease-activated receptors. Nature 2000;407:
258–64.
Coughlin SR, Camerer E. PARticipation in inﬂammation. J Clin Invest 2003;111:25–7.
Emilsson K, Wahlestedt C, Sun MK, Nystedt S, Owman C, Sundelin J. Vascular
effectsof proteinase-activated receptor 2 agonist peptide. J Vasc Res 1997;34:
267–72.
Feihl F, Waeber B, Liaudet L. Is nitric oxide overproduction the target of choice for the
management of septic shock? Pharmacol Ther 2001;91:179–213.
Filep JG, Bodolay E, Sipka S, Gyimesi E, Csipö I, Szegedi G. Plasma endothelin correlates
with antiendothelial antibodies in patients with mixed connective tissue disease.
Circulation 1995;92:2969–74.
Gardiner SM, Kemp PA, March JE, Bennett T. Enhancement of the hypotensive and vasodilator effects of endotoxaemia in conscious rats by the endothelin antagonist, SB
209670. Br J Pharmacol 1995;116:1718–9.
Hartemink KJ, Groeneveld AB, de Groot MC, Strack van Schijndel RJ, van Kamp G, Thijs LG.
Alpha-atrial natriuretic peptide, cyclic guanosine monophosphate, and endothelin in
plasma as markers of myocardial depression in human septic shock. Crit Care Med
2001;29:80–7.
Jesmin S, Gando S, Matsuda N, Sakuma I, Kobayashi S, Sakuraya F, et al. Temporal changes
in pulmonary expression of key procoagulant molecules in rabbits with endotoxininduced acute lung injury: elevated expression levels of protease-activated receptors.
Thromb Haemost 2004;92:966–79.
Jesmin S, Gando S, Zaedi S, Sakuraya F. Chronological expression of PAR isoforms in acute
liver injury and its amelioration by PAR2 blockade in a rat model of sepsis. Thromb
Haemost 2006;96:830–8.
Jesmin S, Gando S, Zaedi S, Sakuraya F. Differential expression, time course and distribution of four PARs in rats with endotoxin-induced acute lung injury. Inﬂammation
2007;30:14–27.
Kim M-S, Jo H, Um J-Y, Yi J-M, Kim D-K, Choi S-C, et al. Agonists of proteinase-activated
receptor 2 induce TNF-alpha secretion from astrocytoma cells. Cell Biochem Funct
2002;20:339–45.
Kleinbongard P, Heusch G, Schulz R. TNFα in atherosclerosis, myocardial ischemia/
reperfusion and heart failure. Pharmacol Ther 2010;127:295–314.
Knotek M, Rogachev B, Wang W, Ecder T, Melnikov V, Gengaro PE, et al. Endotoxemic
renal failure in mice: role of tumor necrosis factor independent of inducible nitric
oxide synthase. Kidney Int 2001;59:2243–9.
Liu H, Liu F, Peng Y, Liu Y, Li L, Tu X, et al. Role of mast cells, stem cell factor and proteaseactivated receptor-2 in tubulointerstitial lesions in IgA nephropathy. Inﬂamm Res
2010;59(7):551–9.
Lourbakos A, Potempa J, Travis J, D'Andrea MR, Andrade-Gordon P, Santulli R, et al.
Arginine-speciﬁc protease from Porphyromonas gingivalis activates protease-activated
receptors on human oral epithelial cells and induces interleukin-6 secretion. Infect
Immun 2001;69:5121–30.
Marsden PA, Brenner BM. Transcriptional regulation of the endothelin-1 gene by
TNF-alpha. Am J Physiol 1992;262:C854–61.
Mayeux PR. Pathobiology of lipopolysaccharide. J Toxicol Environ Health 1997;51:
415–35.
Millar CG, Thiemermann C. Intrarenal haemodynamics and renal dysfunction in
endotoxaemia: effects of nitric oxide synthase inhibition. Br J Pharmacol 1997;121:
1824–30.
Mitaka C, Hirata Y, Yokoyama K, Nagura T, Tsunoda Y, Amaha K. Improvement of renal
dysfunction in dogs with endotoxemia by a nonselective endothelin receptor antagonist. Crit Care Med 1999;27:146–53.
Miyauchi T, Masaki T. Pathophysiology of endothelin in the cardiovascular system. Annu
Rev Physiol 1999;61:391–415.
Nakamura T, Kasai K, Sekiguchi Y, Banba N, Takahashi K, Emoto T, et al. Elevation of plasma endothelin concentrations during endotoxin shock in dogs. Eur J Pharmacol 1991;
205:277–82.
Norman JG, Fink GW, Franz MG. Acute pancreatitis induces intrapancreatic tumor
necrosis factor gene expression. Arch Surg 1995;130:966–70.
Nystedt S, Ramakrishnan V, Sundelin J. The proteinase-activated receptor 2 is induced by
inﬂammatory mediators in human endothelial cells. Comparison with the thrombin
receptor. J Biol Chem 1996;271:14910–5.
Ortiz PA, Garvin JL. Cardiovascular and renal control in NOS-deﬁcient mouse models. Am J
Physiol Regul Integr Comp Physiol 2003;284:R628–38.
Ossovskaya VS, Bunnett NW. Protease-activated receptors: contribution to physiology
and disease. Physiol Rev 2004;84:579–621.
Park Y, Yang J, Zhang H, Chen X, Zhang C. Effect of PAR2 in regulating TNF-α and NAD(P)H
oxidase in coronary arterioles in type 2 diabetic mice. Basic Res Cardiol 2011;106(1):
111–23.
Pawlinski R, Pedersen B, Schabbauer G, Tencati M, Holscher T, Boisvert W, et al. Role of
tissue factor and protease-activated receptors in a mouse model of endotoxemia.
Blood 2004;103:1342–7.
Pernow J, Hemsén A, Hallén A, Lundberg JM. Release of endothelin-like immunoreactivity
in relation to neuropeptide Y and catecholamines during endotoxin shock and
asphyxia in the pig. Acta Physiol Scand 1990;140:311–22.
Pittet JF, Morel DR, Hemsen A, Gunning K, Lacroix JS, Suter PM, et al. Elevated plasma
endothelin-1 concentrations are associated with the severity of illness in patients
with sepsis. Ann Surg 1991;213:261–4.
Putensen C, Wrigge H. Ventilator-associated systemic inﬂammation in acute lung injury.
Intensive Care Med 2000;26:1411–3.
Rackow EC, Astiz ME. Pathophysiology and treatment of septic shock. JAMA 1991;266:
548–54.

Robin J, Kharbanda R, Mclean P, Campbell R, Vallance P. Protease-activated receptor
2-mediated vasodilatation in humans in vivo: role of nitric oxide and prostanoids.
Circulation 2003;107:954–9.
Ruetten H, Thiemermann C, Vane JR. Effects of the endothelin receptor antagonist, SB
209670, on circulatory failure and organ injury in endotoxic shock in the anaesthetized rat. Br J Pharmacol 1996;118:198–204.
Sugiura M, Inagami T, Kon V. Endotoxin stimulates endothelin-release in vivo and in vitro
as determined by radioimmunoassay. Biochem Biophys Res Commun 1989;161:
1220–7.
Takakuwa T, Endo S, Nakae H, Kikichi M, Suzuki T, Inada K, et al. Plasma levels of
TNF-alpha, endothelin-1 and thrombomodulin in patients with sepsis. Res
Commun Chem Pathol Pharmacol 1994;84:261–9.
Van der Veen AH, Seynhaeve AL, Breurs J, Nooijen PT, Marquet RL, Eggermont AM. In vivo
isolated kidney perfusion with tumour necrosis factor alpha (TNF-alpha) in tumourbearing rats. Br J Cancer 1999;79:433–9.
Vemulapalli S, Chiu PJ, Rivelli M, Foster CJ, Sybertz EJ. Modulation of circulating
endothelin levels in hypertension and endotoxemia in rats. J Cardiovasc Pharmacol
1991;18:895–903.
Vergnolle N, Bunnett NW, Sharkey KA, Brussee V, Compton SJ, Grady EF, et al. Proteinaseactivated receptor-2 and hyperalgesia: a novel pain pathway. Nat Med 2001a;7:
821–6.

Vergnolle N, Wallace JL, Bunnett NW, Hollenberg MD. Protease-activated receptors in
inﬂammation, neuronal signaling and pain. Trends Pharmacol Sci 2001b;22:146–52.
Vesey DA, Hooper JD, Gobe GC, Johnson DW. Potential physiological and pathophysiological roles for protease-activated receptor-2 in the kidney. Nephrology (Carlton) 2007;
12:36–43.
Voerman HJ, Stehouwer CD, van Kamp GJ, Strack van Schijndel RJ, Groeneveld AB, Thijs
LG. Plasma endothelin levels are increased during septic shock. Crit Care Med 1992;
20:1097–101.
Wardle N. Acute renal failure in the 1980s: the importance of septic shock and of
endotoxaemia. Nephron 1982;30:193–200.
Weitzberg E, Lundberg JM, Rudehill A. Elevated plasma levels of endothelin in patients
with sepsis syndrome. Circ Shock 1991;33:222–7.
Yamaguchi N, Jesmin S, Zaedi S, Shimojo N, Maeda S, Gando S, et al. Time-dependent
expression of renal vaso-regulatory molecules in LPS-induced endotoxemia in rat.
Peptides 2006;27:2258–70.
Yamamoto S, Burman HP, O'Donnell CP, Cahill PA, Robotham JL. Endothelin causes portal
and pulmonary hypertension in porcine endotoxemic shock. Am J Physiol 1997;272:
H1239–49.
Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui Y, et al. A novel
potent vasoconstrictor peptide produced by vascular endothelial cells. Nature 1988;
332:411–5.

