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ABSTRACT
The serine protease chymase has been reported to generate
intracardiac angiotensin-II (Ang-II) from Ang-I as well as an
intermediate precursor of endothelin-1 (ET-1), ET-1 (1–31) from
Big-ET-1. Although humans possess only one chymase, several
murine isoforms are documented, each with its own specific
catalytic activity. Among these, mouse mast cell protease 4
(mMCP-4) is the isoform most similar to the human chymase for
its activity. The aim of this study was to characterize the capacity
of mMCP-4 to convert Big-ET-1 into its bioactive metabolite,
ET-1, in vitro and in vivo in the mouse model. Basal mean arterial
pressure did not differ between wild-type (WT) and mMCP-4(2/2)
mice. Systemic administration of Big-ET-1 triggered pressor
responses and increased blood levels of immunoreactive (IR)
ET-1 (1–31) and ET-1 that were reduced by more than 50% in
mMCP-4 knockout (2/2) mice compared with WT controls.

Residual responses to Big-ET-1 in mMCP-4(2/2) mice were
insensitive to the enkephalinase/neutral endopeptidase inhi-
bitor thiorphan and the specific chymase inhibitor TY-51469
{2-[4-(5-fluoro-3-methylbenzo[b]thiophen-2-yl)sulfonamido-3-
methanesulfonylphenyl]thiazole-4-carboxylic acid}. Soluble
fractions from the lungs, left cardiac ventricle, aorta, and kidneys
of WT but not mMCP-4(2/2) mice generated ET-1 (1–31) from
exogenous Big-ET-1 in a TY-51469-sensitive fashion as detected
by high-performance liquid chromatography/ matrix-assisted
laser desorption/ionization-mass spectrometry. Finally, pulmo-
nary endogenous levels of IR-ET-1 were reduced by more than
40% in tissues derived frommMCP-4(2/2) mice compared with
WT mice. Our results show that mMCP-4 plays a pivotal role in
the dynamic conversion of systemic Big-ET-1 to ET-1 in themouse
model.

Introduction
In the human cardiovascular system, mast cell-derived

serine protease chymase generates the vasoconstrictor peptide
angiotensin II (Ang-II), especially in the heart and the vascular
wall (Urata et al., 1993; Mangiapane et al., 1994). Chymase,
similarly to the angiotensin converting enzyme, cleaves the
precursor angiotensin-I to yield the biologically active Ang-II
(Urata et al., 1990). Pivotal roles of chymase have also been
demonstrated in several animal models of cardiovascular
diseases, such as atherosclerosis, many of them in relation to
its Ang-II producing activity (Fleming, 2006). For instance,

chymase presence is increased in the atherosclerotic plaque
(Kaartinen et al., 1994), and the inhibition of chymase reduces
the size of Ang-II-induced abdominal aneurysms in the mouse
(Inoue et al., 2009).
Endothelin-1 (ET-1), on the other hand, is a 21 amino acid

peptide (Yanagisawa et al., 1988) that exerts its actions via
two receptors, ETA and ETB (Arai et al., 1990; Sakurai et al.,
1990). ET-1 is derived from proendothelin-1, which is cleaved
by furin to yield a 38 amino acid intermediate, Big-ET-1
(Denault et al., 1995). Big-ET-1 is then hydrolyzed at the
Trp21–Val22 bond to yield the bioactive ET-1 by an endothelin-
converting enzyme (ECE) (McMahon et al., 1991; D’Orleans-
Juste et al., 2003).
Mice knocked out for both ECE genes do not survive the late

gestational stage, yet embryonic tissues of these mice still
retain two-thirds of total endothelin peptides measured in
wild-type (WT) congeners (Yanagisawa et al., 2000). Thus,
other proteases are involved in the overall production of
mature ET-1 in the mouse.
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The first report of non-ECE-dependent synthesis of ET-1
from Big-ET-1 showed that chymostatin, a nonspecific in-
hibitor of chymotrypsin-like proteases, efficiently blocked the
processing of Big-ET-1 into its active metabolite in perfused
rat lungs (Wypij et al., 1992). Chymase has subsequently been
reported to hydrolyze Big-ET-1 to a 31 amino acid peptide,
ET-1 (1–31) (Hanson et al., 1997; Nakano et al., 1997).
Initially reported as a direct ETA receptor agonist (Yoshizumi
et al., 1998), additional in vitro (Hayasaki-Kajiwara et al.,
1999) and in vivo studies (Fecteau et al., 2005) showed that
ET-1 (1–31) must first be converted by the neutral endopep-
tidase 24.11 (NEP) to normal-length ET-1 to exert biologic
activities. Interestingly, Mawatari et al. (2004) reported high
concentrations of ET-1 (1–31) in the atheromas of atheroscle-
rotic patients. More recently, our laboratory demonstrated that
specific chymase inhibition markedly reduces the synthesis of
ET-1 from exogenous Big-ET-1 in the mouse model in vivo
(Simard et al., 2009).
Whereas a single human chymase isoformhas been reported,

several have been identified in the mouse, each with a distinct
activity (Pejler et al., 2010). Among those isoforms, studies on
the role of chymase in the synthesis of Ang-II suggest that
mouse mast cell protease 4 (mMCP-4) is the murine isoform
having the most similar proteolytic activity to that of human
chymase (Caughey, 2007; Andersson et al., 2008; D’Orléans-
Juste et al., 2008). Whether mMCP-4 is also involved in the
generation of ET-1 from its precursor Big-ET-1 has yet to be
determined.
Therefore, using mice genetically deficient for mMCP-4

[mMCP-4(2/2)] (Tchougounova et al., 2003) as well as the
specific chymase inhibitor TY-51469 (Koide et al., 2003;
Palaniyandi et al., 2007), we studied the role of this chymase
isoform in the biologic activity of Big-ET-1 in vitro and in vivo.
Our results suggest a pivotal role for mMCP-4 in the cardio-
vascular properties of Big-ET-1.

Materials and Methods
See Supplemental Methods online for additional information.
Animals. C57BL/6J mice were purchased from Charles River

(Montréal, QC, Canada) and housed in our facilities. Genitor
mMCP-4(2/2) mice (Tchougounova et al., 2003) were bred in our facil-
ities, and their genotype was confirmed by polymerase chain reaction
(PCR) (see Supplemental Fig. 1; Supplemental Tables 1 and 2). All
animals were kept at constant room temperature (23°C) and humidity
(78%) under a controlled light/dark cycle (6:00 AM–6:00 PM), with
standard chow and tap water available ad libitum. Animal care and
experimentswere approved by theEthics Committee onAnimal Research
of the Université de Sherbrooke following the Canadian Council on
Animal Care guidelines and theGuide for theCare andUse of Laboratory
Animals of the United States National Institutes of Health.

All experiments on mice were performed on male mice under
general anesthesia, with a mixture of ketamine/xylazine (87/13 mg/kg
i.m.) (Bioniche, Belleville, ON, Canada; and Bimeda, Cambridge, ON,
Canada). Maintenance anesthesia was performed with one-third of
the initial dose every 30 minutes. Complete anesthesia was assumed
when no withdrawing reflex was found during pressure on any paw of
the mouse. After procedure completion and prior to tissue sampling,
anesthetized mice were killed by cervical dislocation.

RNA Extraction and Reverse-Transcription Quantitative
PCR. Pulmonary, cardiac, aortic, and renal tissues from C57BL/6J
and mMCP-4(2/2) mice were homogenized using a tissue dispers-
ing apparatus ULTRA-TURRAX T8 (IKA Works, Wilmington, NC).
The purification of total RNA was carried out on RNeasy columns for

fibrous tissues (Qiagen, Toronto, ON, Canada). The protocol was
performed as recommended by the manufacturer except for DNAse
treatment. Quantitative PCR for actin, ECE-1a, NEP, mMCP-1,
carboxypeptidase-A1 (CPA1) was performed by monitoring in real time
increase in fluorescence of SYBR Green incorporation (Perfecta SYBR
Green SuperMix, low ROX; Quanta Biosciences, Gaithersburg, MD)
using the MX3000P Multiplex Quantitative PCR System (Agilent
Technologies, Santa Clara, CA). Levels of actin were constant between
organs of WT and mMCP4(2/2) mice and used as internal controls
for normalization. Fold changes from the WT to mMCP-4(2/2) is
determined using the (2-DDCT) method (Pfaffl, 2001).

Specific Chymotrypsin-Like Activity In Vitro. WT and
mMCP-4(2/2) mice were killed and the lungs, left cardiac ventricle,
aorta, and kidneys were homogenized and centrifuged, and the super-
natants were collected for the assay. By use of the nonfluorescent
substrate Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (AMC)
(Peptide Institute, Osaka, Japan), fluorescence AMC-forming
activity, as chymotrypsin-like activity, was then measured with
a fluorescence spectrophotometer (lex: 370 nm; lem: 460 nm) (Molecular
Devices, Sunnyvale, CA). Some experiments were performed with
pretreatment of the soluble extracts with the specific chymase
inhibitor TY-51469 (10 mM) (graciously provided by Toa Eiyo Ltd.,
Osaka, Japan).

In Vitro Conversion of Big-ET-1 to ET-1 (1–31). Soluble fractions
from the lungs, left cardiac ventricle, aorta, and kidneys were collected
from WT and mMCP-4(2/2) mice as described above.

The soluble fractions were incubated with Big-ET-1 (7.5 mM), either
with vehicle or TY-51469 {2-[4-(5-fluoro-3-methylbenzo[b]thiophen-2-
yl)sulfonamido-3-methanesulfonylphenyl]thiazole-4-carboxylic acid}
(10 mM), after which samples were filtered through a 30K Amicon
centrifugal filter unit (Millipore Corporation, Billireca, MA) for high-
performance liquid chromatography (HPLC)- mass spectrometry (MS)
analysis. Filtrates were collected and purified by reversed phase
HPLC (1100 series) with a Zorbax C-18 analytical column (Agilent
Technologies). Quantification was assessed with absorbance at a wave-
length of 214 nm and 30-second fractions at the Big-ET-1 and ET-1
(1–31) elution peaks were collected for matrix-assisted laser desorption/
ionization (MALDI) mass spectrometry analysis. The MALDI-Time of
Flight was performed on a ProteinChip system (Bio-Rad Laboratories
Inc., Mississauga, ON, Canada) using a gold plate as support and
a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich, St-Louis, MO) as the
matrix.

Telemetric Hemodynamic Recording in Conscious Mice.
Telemetry probe implantation was achieved in accordance to Carlson
and Wyss (2000) and Butz and Davisson (2001). Briefly, anesthetized
WT and mMCP-4(2/2) mice were implanted with a catheter-tipped
transmitter (TA11PA-C20; Data Sciences International, St. Paul, MN)
into the aortic arch. The transmitter was placed subcutaneously along
the right flank of the animal. A buprenorphine protocol of 0.1 mg/kg
every 9 hours for 24 hour postoperation was conducted to control
surgical pain. Themice had a 14-day recovery period before recording of
hemodynamic data. The mice were then monitored at 15-minute
intervals for 24 hours via Acquisition Dataquest 2.3 (Data Sciences
International).

Hemodynamic Recording In Vivo. Anesthetized WT and
mMCP-4(2/2) mice were cannulated via the left jugular vein (for intra-
venous administration of pharmacological agents) and the right carotid
artery (for hemodynamic recording and blood sampling) with a 10-gauge
polyethylene catheter.

The right carotid artery catheter was then connected to a Blood
Pressure Analyzer 200A (Micro-Med, Tustin, CA) for arterial pressure
measurements. The mice were allowed a 15-minute stabilization
period before the intravenous injection of Big-ET-1, ET-1 (1–31), or
ET-1 (Peptide Institute) at doses ranging from 0.001 to 10 nmol/kg.
Data were then collected for 20 minutes before mice were killed.

In another series of experiments, specific inhibitors of the ECE
[CGS35066 (a-[(S)-(Phosphonomethyl)amino]-3-dibenzofuranpropanoic
acid); 0.1 mg/kg i.v.] (Tocris Bioscience, Bristol, UK), chymase
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(TY-51469; 20 mg/kg i.v.), or NEP (thiorphan; 2.5 mg/kg i.v.) (Sigma-
Aldrich) were administered to the mice 20 minutes prior the injection
of Big-ET-1 or ET-1 (1–31) (1 nmol/kg).

Measurement of Plasmatic Immunoreactive-ET-1 (1–31) and
Immunoreactive-ET-1 after Big-ET-1 Administration In Vivo.
WT and mMCP-4(2/2) mice were cannulated as described above.
After a stabilization period, Big-ET-1 (1 nmol/kg) or ET-1 (1–31)
(0.1 nmol/kg) was administered. A pretreatment ofWTmice with CGS
30566 (0.1 mg/kg i.v.) was also performed 20minutes prior to Big ET-1
(1 nmol/kg) administration. After a 1-minute time lapse, blood was
collected and plasma was prepared by centrifugation.

The plasma samples were purified by HPLC as described above. As
the concentrations are not high enough for direct HPLC detection,
high concentration pure standards were used for each experiment to
select the appropriate elution fractions for subsequent enzyme immu-
noassay (EIA) dosages.

The collected fractions were then dried overnight in a vacuum concen-
trator, and the measuring of immunoreactive (IR)-ET-1 and IR-ET-1
(1–31) was done using EIA kits from Immuno-Biologic Laboratories Co
(Fujioka, Japan) according to the manufacturer’s instructions.

Measurement of Endogenous Tissue IR-ET-1. The lungs,
heart, aorta, and kidneys from WT and mMCP-4(2/2) mice were
collected, homogenized, then purified on a DSC-18 solid phase ex-
traction column (Supelco, Bellefonte, PA) and eluted with acetonitrile.
The IR-ET-1 was measured by EIA as described above.

Statistical Analysis. All data are presented as mean 6 S.E.M.
Statistical significance was reached when the value of P was below
0.05 and based on the Student’s t test performed with the GraphPad
Instat 3.0 software (GraphPad Software, La Jolla, CA).

Results
Expression of ET-1 Generating Enzymes in mMCP-

4(2/2) Mice. We evaluated the mRNA levels of ECE-1a,
neprilysin (NEP), mMCP-1 and CPA1 in the lungs, left
cardiac ventricle, aorta, and kidneys of WT and mMCP-4(2/2)
mice by real-time reverse-transcription-PCR (Supplemental
Table 3). The mRNA expression of ET-1 generating en-
zymes, ECE-1a and NEP, was not significantly different in
mMCP-4(2/2) mice compared with their WT controls. The
same was true for another mast cell protease with chymase
activity, mMCP-1. In contrast, the mRNA expression of CPA1,
a protease involved in ET-1 degradation, was elevated in
mMCP-4(2/2) mice in the left cardiac ventricle (1.63 6 0.17,
P5 0.014) and the aorta (2.446 0.37, P5 0.012) but not in the
lungs (0.726 0.66, P 5 0.689) or the kidneys (1.27 6 0.55, P5
0.644).
Reduced Chymase-Like Activity in mMCP-4(2/2) Mice

Tissue Homogenates. The chymase-like activity in soluble
fractions of tissue homogenates derived fromWT and mMCP-
4(2/2) mice is shown in Fig. 1. In all four organs tested, the
basal chymase-like activity was significantly lower in the
tissues of mMCP-4(2/2) mice than from their WT congeners.
Moreover, the specific chymase inhibitor TY-51469 signifi-
cantly reduced the chymase-like activity in WT mice down to
the level of that found in corresponding samples from mMCP-
4(2/2) mice, but had no effect on residual chymase-like acti-
vity in extracts from tissues of mMCP-4(2/2) mice.
Absence of In Vitro Conversion of Big-ET-1 to ET-1

(1–31) in mMCP-4(2/2) Mice. Figure 2 shows a typical
experiment of the in vitro conversion of Big-ET-1 to ET-1
(1–31) in soluble fractions from lung homogenates derived
fromWT (with either vehicle or TY-51469) and mMCP-4(2/2)
mice. The result of the conversion was purified by HPLC, and

the Big ET-1 and ET-1 (1–31) peaks were isolated and verified
by MS. Figure 2 shows that conversion of Big ET-1 to ET-1
(1–31) occurred in homogenates from WT lungs, but not
homogenates treated with TY-51469 or from mMCP-4(2/2)
mice. Supplemental Figure 3 shows the HPLC traces of these
experiments. Similar results were obtained from the left cardiac
ventricle, the aorta, and the kidneys (unpublished data).
Figure 3 shows the HPLC quantification of the conversion

in the lung, left heart ventricle, aorta, and kidney homoge-
nates. In soluble fractions from all four organs, conversion of
Big-ET-1 to ET-1 (1–31) occurred in tissues fromWTmice but
not in tissues from WT mice pretreated with TY-51469 or in

Fig. 1. Chymase-like enzymatic activity in the soluble fraction of lung (A),
left heart ventricle (B), aorta (C) and kidney (D) homogenates from WT
or mMCP-4(2/2) mice, treated with either vehicle (PBS) or a specific
chymase inhibitor (TY-51469). ***P , 0.001; n = 6.

Fig. 2. In vitro conversion of Big-ET-1 to ET-1 (1–31) in soluble fractions
from lung homogenates, with HPLC-MS identification of conversion
results from WT (A), mMCP-4(2/2) (B), and WT tissues treated with
TY-51469 (C).
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tissues derived from mMCP-4(2/2) mice. Big-ET-1 levels were
similar in all conditions tested, indicating that the nonspecific
degradation of Big-ET-1 in the soluble fraction of organs was
not significantly affected by the absence of chymase activity in
our experimental settings.
No Difference in Basal Hemodynamic Parameters in

WT and mMCP-4(2/2) Mice. Prior to drug injection, the
basal hemodynamic parameters were monitored in all cannu-
lated mice. There was no difference in mean arterial pressure or
heart rate between anesthetized WT and mMCP-4(2/2) mice
(data not shown). Furthermore, the radiotelemetry experiment
revealed that the mean arterial pressure was similar in both
groups (103.2 6 0.6 versus 108.7 6 4.9 mmHg). The mean,
systolic, and diastolic arterial pressures along with the arterial
pulse pressure and the heart rate were similar in both groups
and are reported in Supplemental Fig. 2.
Reduced Potency of Big-ET-1 in mMCP-4(2/2) Mice.

We compared the in vivo dose-response curves for mean
arterial pressure increase after the intravenous administra-
tion of Big-ET-1, ET-1 (1–31), or ET-1 inWT andmMCP-4(2/2)
mice. ET-1 (1–31) and ET-1 elicited similar responses in WT
and mMCP-4(2/2) mice at each dose used (Fig. 4, B and C).
However, at doses of 0.1, 0.5, and 1.0 nmol/kg, the pressor
response to Big-ET-1 was significantly reduced inmMCP-4(2/2)
mice compared with WT mice (Fig. 4A).
The Residual Response to Big-ET-1 Is Insensitive

to Chymase and NEP Inhibition in mMCP-4(2/2)
Mice. Figure 5 shows the increase of mean arterial pressure
induced over time by Big-ET-1 or ET-1 (1–31) (1 nmol/kg) in
WT and mMCP-4(2/2) mice following systemic administra-
tion of either vehicle, CGS 35066, TY-51469, or thiorphan.
The chymase inhibition by TY-51469 and the NEP inhibition
by thiorphan effectively blunted the response to Big-ET-1 in
WT mice but were ineffective in mMCP-4(2/2) mice, whereas
ECE inhibition by CGS 35066 reduced the pressor response to
Big ET-1 by 45% in WT mice and abolished the residual

response to the precursor in mMCP-4(2/2) mice. In contrast,
TY-51469 did not affect the response to ET-1 (1–31) in WT or
mMCP-4(2/2) mice, and thiorphan blocked the pressor
response to ET-1 (1–31) in both types of mice.
Reduced In Vivo Generation of IR-ET-1 (1–31)

and IR-ET-1 in mMCP-4(2/2) Mice after Big-ET-1
Administration. Figure 6 shows the plasma levels of IR ET-
1 and ET-1 (1–31) following intravenous administration of
Big-ET-1 (1 nmol/kg) or ET-1 (1–31) (0.1 nmol/kg). Signifi-
cantly lower levels of IR-ET-1 (1–31) were detected in plasma
of mMCP-4(2/2) mice compared with their WT controls after
Big-ET-1 administration. However, no difference in the
plasma levels of IR-ET-1 (1–31) was detected after adminis-
tration of ET-1 (1–31). Furthermore, a similar reduction was
observed in the plasma levels of IR-ET-1 in mMCP-4(2/2)
mice compared with their WT congeners. ECE inhibition
reduced the plasma levels of IR-ET-1 by more than 40%
following Big ET-1 administration in WT mice (without CGS
35066: 833.9 6 91.9 fmol/ml; in presence of CGS 35066:
434.5 6 46.5 fmol/ml, P , 0.05, n 5 5–7 experiments) but not
in mMCP-4(2/2) mice (468.8 6 73.9 fmol/ml, n 5 6).
Reduced Endogenous IR-ET-1 Levels in the Lungs of

mMCP-4(2/2) Mice. Finally, Fig. 7 shows tissue IR-ET-1
levels in soluble fractions derived from lungs, left cardiac
ventricle, aorta, and kidneys of WT or mMCP-4(2/2) mice.
No significant differences in endogenous IR-ET-1 levels
were observed in the left cardiac ventricle, the aorta, or the
kidneys. However, significant reductions in IR-ET-1 levels
were observed in lungs of mMCP-4(2/2) mice compared with
lungs from WT controls. Furthermore, no significant differ-
ences were detected in baseline plasma IR-ET-1 levels be-
tween WT and mMCP-4(2/2) mice (5.2 6 0.7 fmol/ml, n 5 7
versus 6.8 6 1.8 fmol/ml, n 5 8).

Fig. 3. Quantification of the in vitro conversion of Big ET-1 to ET-1 (1–31)
in homogenates from the lungs (A), left heart ventricle (B), aorta (C), and
kidneys (D) from WT (treated with vehicle or TY-51469) or mMCP-4(2/2)
mice using HPLC area under the curve arbitrary units (AU); n = 5.

Fig. 4. Maximal variation in mean arterial pressure (nMAP) following
the intravenous administration of Big-ET-1 (A), ET-1 (1–31) (B), and ET-1
(C) in WT and mMCP-4(2/2) mice. *P , 0.05; **P , 0.01; n = 6.
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Discussion
The present study demonstrates a pivotal role for mMCP-4

in the pressor properties of Big-ET-1, in the conversion of the
latter to the intermediate peptide ET-1 (1–31) in vitro and in
vivo, and in the pulmonary production of endogenous ET-1.
These results suggest that in addition to the endogenous

ECE (McMahon et al., 1991), mouse mast cell chymase
(mMCP-4) significantly contributes to the overall production
of the potent pressor peptide ET-1 in the mouse model.
mMCP-4(2/2) mice, compared with WT controls, show a 50%
reduction in the pressor response and a marked decrease in
plasma levels of both ET-1 (1–31) and ET-1 after systemic Big-
ET-1 administration. Yet, in accordance with Groschwitz and
colleagues (2009), we show that the basal blood pressure does
not differ between conscious WT and mMCP-4(2/2) mice.
Accordingly, the baseline plasma ET-1 levels did not vary
between WT and mMCP-4(2/2). In addition, the specific
inhibition of chymase (with TY-51469) and of NEP 24.11 (with
thiorphan), reduced the pressor response to Big-ET-1 in WT
mice but did not affect the residual response in mMCP-4(2/2)
mice. Specific ECE inhibition with CGS 35066 reduced the
pressor response to Big ET-1 in a similar fashion in both
groups and further inhibited the residual response to the 38
amino acid precursor in mMCP-4(2/2) mice, whereas both
groups responded equally to ET-1 (1–31) administration. Our
group previously showed the dual contribution of both
chymase and NEP in the in vivo conversion of Big-ET-1 to
ET-1 in WT mice (Simard et al., 2009).

In the present study we also demonstrate for the first time
that the genetic interruption of the mMCP-4 gene is sufficient
to reduce the dynamic production of ET-1 (1–31) and ET-1
after systemic administration of Big-ET-1 and that ECE
specific blockade reduced the plasma level increase of ET-1
by 50% in WT mice but could not further reduce ET-1 levels
in mMCP-4(2/2) mice. These results are concordant with
previously reported data from our laboratory showing that
a chymase inhibitor, Suc-Val-Pro-PheP(OPh)2, inhibited by
over 60% the pressor response of Big ET-1 and reduced the
plasma level increases of ET-1 by close to 90% in WT mice
in vivo (Simard et al., 2009). Although this does not prove
conclusively of a more important role of chymase versus ECE

Fig. 5. Time course of the variation of the mean arterial pressure (nMAP)
in response to i.v. administration of Big ET-1 (1 nmol/kg) [(A) WTmice; (B)
mMCP-4(2/2) mice] or ET-1 (1-31) (1 nmol/kg) [(C) WT mice; (D) mMCP-
4(2/2) mice] in mice pre-treated with either a chymase (TY-51469), a NEP
(thiorphan) or an ECE inhibitor (CGS 35066). *P, 0.05 vs. PBS; #P, 0.05
vs. thiorphan; xP , 0.05 vs. CGS 35066; n = 5–9.

Fig. 6. In vivo conversion of Big-ET-1 into ET-1 (1–31) and ET-1 in WT
and mMCP-4(2/2) mice. Quantification of the plasma levels of immuno-
reactive endothelin-1 (1–31) (A) and IR-ET-1 (C) after the intravenous
administration of Big-ET-1 1.0 nmol/kg. In (B), the plasma levels of
IR-ET-1 (1–31) were determined following the intravenous administration
of ET-1 (1–31) (0.1 nmol/kg). **P , 0.01; n = 5–6.

Fig. 7. Endogenous tissue levels of IR-ET-1 in the lungs, left cardiac
ventricle, the aorta, and the kidneys. **P , 0.05; n = 6–7.
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in ET-1 biosynthesis, because plasma ET-1 ismostly a spillover
from endothelial basolateral metabolism, it still highlights an
important role for chymase in the processing of Big ET-1 in the
mouse model. One cannot exclude, in addition, adaptation
mechanisms afforded by the genetic deletion of the mMCP-4
gene in the mouse model.
Pharmacological inhibition of chymase in WT mice with

systemically administered Suc-Val-Pro-PheP(OPh)2 or in the
present study with TY-51469 or via the genetic deletion of
mMCP-4 reduced the pressor responses to Big ET-1 to the
same extent. In addition, we also showed that the genetic
deletion of mMCP-4 reduced the increase of plasmatic ET-1 by
more than 60% after the systemic administration of Big ET-1.
We therefore suggest that the residual ET-1 plasma concen-
trations measured in mMCP-4(2/2) mice after Big-ET-1
administration represent a spillover produced by other
enzymes with no currently identified significance in the
overall cardiovascular effects of Big-ET-1 in themouse in vivo.
For example, matrix metalloproteinase-2 (MMP-2) can also
cleave Big-ET-1 to generate ET-1 (1–32) (Fernandez-Patron
et al., 1999). Whether the MMP-2-generated ET-1 (1–32)
requires further C-terminal amino acid hydrolysis to elicit
pharmacological effects remains to be investigated. Thus,
pathways other than mMCP-4 may be involved in ET-1 (1–31)
generation in vivo, but it is yet to be defined whether they
have any significant role in the endothelin system in the
mouse under normal conditions.
In addition, an HPLC/MALDI-MS approach demonstrated

that the soluble fraction of either lung, cardiac, aortic, or renal
tissue extracts derived from mMCP-4(2/2) mice do not have,
in contrast to those from WT mice, the capacity to generate
ET-1 (1–31) from Big-ET-1. It is also of interest that in this
series of experiments, the specific chymase inhibitor TY-
51469 (Koide et al., 2003; Palaniyandi et al., 2007) abolished
the ET-1 (1–31) producing capacity of soluble fractions of
several organs (lungs, left cardiac ventricle, aorta, kidney)
derived from WT mice. These data strongly argue in favor of
a pivotal role for mMCP-4 in the in vitro production of ET-1
(1–31) in the lungs, left cardiac ventricle, aorta, and kidney,
all organs with significant ET-1 and chymase activity (Thorin
andClozel, 2010; Takai et al., 2011). Noteworthy, no conversion
to mature ET-1 was detected by either HPLC or MALDI-MS in
any of the samples tested. This lack of processing of either Big-
ET-1 or ET-1 (1–31) to ET-1 in these experimental settings can
be explained by the fact that both ECE and NEP, unlike
mMCP-4, are membrane bound entities (McMahon et al., 1991)
and therefore should be found in insignificant quantities in
soluble fractions. The loss of Big-ET-1 conversion capacity of
soluble extracts from vascular and nonvascular tissues of
mMCP-4(2/2) mice is correlated with the absence of chymase
inhibitor sensitive hydrolysis of the fluorogenic substrate Suc-
Leu-Leu-Val-Tyr-AMC in the same preparations. We pre-
viously showed that soluble extracts from aorta, left ventricle,
and lungs of WT mice hydrolyze the fluorogenic peptide via a
chymase-sensitive but not an ECE-sensitive pathway (McMahon
et al., 1991; Simard et al., 2009).
Finally, the total pulmonary content of endogenous ET-1 is

markedly reduced in mMCP-4(2/2) mice compared with WT
controls. It is well established that the pulmonary system
accounts for 40% of all vascular endothelial cells, which are
the main source of vascular ET-1 (Milnor, 1989). We therefore
suggest that, in the NEP-rich pulmonary system (Baraniuk

et al., 1995), mMCP-4-dependent synthesis of ET-1 accounts
for a significant part of the overall endothelin production in the
mouse. This particular state of events may explain the relative
discrepancy of these results with the mMCP-4-to-ECE mRNA
ratio between the lungs, heart, and aorta, where our previous
study showed a smaller mMCP-4-to-ECE ratio in the lungs
compared with the heart and the aorta (Simard et al., 2009).
In agreement with Yanagisawa et al. (2000), who suggested

that proteases other than ECE may account for the genesis of
ET-1 in the mouse, our data advocate for a pivotal contribution
of the mMCP-4 in the non-ECE-dependent tissue production of
ET-1 in the murine model. Our data are also in line with the
finding that chymostatin is more efficient than phosphora-
midon in blocking the extracellular conversion of Big-ET-1 to
ET-1 in perfused rat lung (Wypij et al., 1992). As such, the phar-
macological inhibition of chymase might provide an interesting
alternative to ECE inhibitors and ET receptors antagonists. It
would also have the added beneficial effects of inhibiting both
ET-1 and Ang-II production directly at mast cell-infiltrated
sites. The ET-1 and Ang-II systems are complimentary and
potent inducers of each other, and both play crucial roles in
a large number of biologic systems, such as the vasculature,
heart, lungs, and the kidneys (Montanari et al., 2003; Davenport
and Maguire, 2006; Paul et al., 2006). ET-1 and Ang-II can also
induce the expression of fibrogenic factors such as transforming
growth factor-b1 (Leask, 2010) and MMP-9 (Rouet-Benzineb
et al., 2000; Ergul et al., 2003), which are themselves enzymat-
ically activated by chymase (Takai et al., 2010). ET-1 can itself
induce mast cell degranulation, thereby releasing chymase in
the interstitium in a positive feedback loop (Walsh et al., 2009).
Hence, chymase inhibition could have a tremendous effect on
the ET-1 and Ang-II systems and their activities.
In vitro studies show that human chymase cleaves Big ET-1

to ET-1 (1–31) (Hanson et al., 1997; Nakano et al., 1997), but
there are no data regarding the relevance of chymase-
dependent synthesis of ET-1 in humans. However, recent
studies show the beneficial impact of chymase inhibitors, or
the genetic deletion of mMCP-4, in a number of animal models
of disease (Jin et al., 2003; Takai et al., 2003; Tsunemi et al.,
2004; Sun et al., 2009; Pejler et al., 2010), suggesting that
study of chymase-dependent synthesis of ET-1 in human
physiopathology warrants investigation. Finally, it is of inter-
est that, unlike the genetic deletion of the ECE (Yanagisawa
et al., 2000), the deletion of the mMCP-4 gene is not as
deleterious, as mMCP-4(2/2) mice breed and develop nor-
mally, with only minor intestinal anomalies (Tchougounova
et al., 2003; Groschwitz et al., 2009).
In conclusion, our study demonstrates that the serine

protease mMCP-4 is importantly involved in the conversion
and thus the biologic activity of Big-ET-1 in the mouse. In
cardiovascular diseases, in which inflammatory processes and
mast cell degranulation occur, chymase inhibitors may
ultimately lead to the reduction of intramural production of
not only Ang-II but ET-1 as well and thus reduce many of the
downstream pathologic consequences.
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