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Kininase 1 As a Preclinical
Therapeutic Target for Kinin B 4
Receptor in Insulin Resistance

Youssef Haddad and Réjean Couture *

Department of Pharmacology and Physiology, Faculty of Medine, Université de Montréal, Montréal, QC, Canada

Kinin B1 receptor (B1R) contributes to insulin resistancean early event in type
2 diabetes, through the upregulation and activation of theniducible form of nitric
oxide synthase (iNOS), pro-in ammatory cytokines and the xidative stress. This study
addresses the hypothesis that inhibition of kininase 1 (choxypeptidase M, CPM),
the key enzyme involved in the biosynthesis of B1R agonists;ould exert the same
bene cial effects to B1R antagonism in insulin resistanceMale Sprague-Dawley rats
were made insulin resistant with a drinking solution containg 10% D-glucose for a
period of 9 weeks. Control rats received tap water. During tl last week, kininase 1 was
blocked with Mergetpa (1 mg kg ! twice daily, s.c.) and the impact was determined
on insulin resistance (HOMA index), metabolic hormone lels oxidative stress and
the expression of several markers of in ammation by westerrblot and gRT-PCR.
Glucose-fed rats displayed hyperglycemia, hyperinsulimeia, hyperleptinemia, insulin
resistance, hypertension, positive body weight gain, and ghanced expression of B1R,
CPM, IiNOS, and IL-b in renal cortex, aorta and liver. Markers of oxidative stres
(superoxide anion and nitrotyrosine expression) were alsenhanced in aorta and renal
cortex. Mergetpa reversed and normalized most of those alt@tions, but failed to affect
leptin levels and hypertension. Pharmacological blockadef kininase 1 (CPM) exerted
similar bene cial effects to a 1-week treatment with a B1R atagonist (SSR240612) or
an iNOS inhibitor (1,400 W). These data reinforce the detriméal role of B1R in insulin
resistance and recommend CPM as a new therapeutic target.

Keywords: bradykinin, carboxypeptidase M, inducible nitr
Mergetpa, oxidative stress

ic oxide, in ammatory markers, insulin resistance,

INTRODUCTION

Kininase I-type carboxypeptidases are key enzymes involvéokeimiotransformation of native
kinin agonists (bradykinin (BK) and Lys-BK or kallidin) aay at the constitutive B2 receptor
(B2R) into B1 receptor agonists (des-ABK and Lys-des-ArfyBK) by speci cally removing the
COOH-terminal Arg residue£hang et al., 2013aAn important constitutively active membrane-
bound kininase 1 is carboxypeptidase M (CPM, EC 3.4.17.12)rgaté&rboxypeptidase expressed
in a wide variety of cell types, including renal, vascular, regupulmonary, and immune
cells Qeiteren et al., 2009 This enzyme is strategically localized to regulate kiaativity in

in ammatory processes as it is upregulated during tissue dgnand by pro-in ammatory
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cytokines similarly to the B1RSchremmer-Danninger et al., and thereby may oer the same therapeutic e ect to B1R
1998; Deiteren et al., 2009; Kashuba et al., 2013; Coutwle et antagonists in insulin resistance. Mergetpa can also prevent
2019. In addition to generating B1R agonists in close proximitythe biotransformation of plasma kinins by carboxypeptidase
to the receptor, biochemical studies in transfected celgggeat N (CPN), the plasma kininase 1E(dos and Sloane, 1962;
that CPM interacts with the B1R to enhance B1R signalingSalgado et al., 198@However, intriguing reports mentioned that
Kinin (BK or kallidin) binding to the CPM active site causes adynorphin A may be an endogenous ligand of BK receptass (
conformational activation of the B1RZflang et al., 2013and et al., 2006, 2008; Lee et al., 20dhile cathepsin X localized at
basal binding of CPM to extracellular loop 2 of the B1R resinit  the surface of endothelial cells, in macrophages and monocytes
positive allosteric modulation of B1R signaling to its orseric  can produce B1R ligands from BK and Lys-BKa@ler et al.,
agonist Zhang et al., 2013b Recently, CPM and B1R were 2010). Thus, the use of Mergetpa should ascertain whether
found upregulated along with the inducible nitric oxide sgpse  B1R is activated by its classical kinin metabolites deS-Big
(iNOS) and interleukin-b (IL-1b) in aorta, renal cortex and liver and Lys-des-Ar§tBK derived from kininase 1. Therefore, the
in a rat model of insulin resistance induced by high glucoseémpact of a 1-week pharmacological treatment with Mergetpa
feeding Haddad and Couture, 20)6Inhibition of INOS for was determined on insulin resistance, metabolic hormones
1-week with 1,400 W (N- (3-aminomethyl-benzyl acetamidine levels, hypertension, vascular and non-vascular in ammato
(Haddad and Couture, 20)6or B1R with SSR24061Digs markers (iNOS, B1R, CPM, ILb] and oxidative stress (D
et al.,, 2010; Dias and Couture, 201)areversed insulin and ONOO ) in the model of insulin resistance induced
resistance and its associated metabolic features (hyperglg, by high glucose feeding. This study tends to support the
hyperinsulinemia) through the inhibition of the oxidativéress contribution of kininase | and its active classical B1R metis
and the nuclear factor NkB pathway leading thereby to in insulin resistance. Because kininase 1 inhibition remwes
the concomitant suppression of CPM, B1R, iNOS, and BL-1 the therapeutic e ects of B1R antagonists, CPM may represent
overexpression. These studies provided evidence that IN@S aa new therapeutic target.
B1R are engaged in a reciprocal upregulation that contribigtes
insulin resistance and peripheral in ammation. MATERIALS AND METHODS
In addition to upregulating iNOS in insulin resistance, B1R
can activate iNOS via & and the Src-dependent activation Animal Care and Experimental Procedures
of the ERK/MAPK pathway leading to a large production ofAll experimental methods and animal care procedures were
nitric oxide (NO) (Kuhr et al., 2010; Brovkovych et al., 2011 approved by the Animal Care Committee of the Université de
Moreover, B1R stimulation was shown to enhance the productioMontréal (protocol 11-140) in accordance with the Canadian
of superoxide anion (@ ) through NADPH oxidase in vessel Council on Animal Care and in compliance with the ARRIVE
of glucose-fed rats and in human epithelial cellsgs et al., guidelinesKilkenny etal., 2010; McGrath and Lilley, 2)1Male
2010; Talbot et al., 20).1B1R-induced overproduction of NO Sprague-Dawley rats (24-30 days old, 50-75 g) were purchased
and O is harmful because both molecules can interact rapidljrom Charles River Laboratories (St-Constant, QC, Canadd) an
to form peroxynitrite (ONOO ), a highly toxic molecule, which housed two per cage, under standard conditions (22.and
causes DNA damage that alters gene expression, in ammatio#2.5% humidity, on a 12 h/12h light-dark cycle), and allowed
and oxidative stress, notably lipid peroxidation of membrsne free access to a standard chow diet (Charles River Rodent) and
and nitration of various proteins (enzymes, transportersiigo to a drinking solution containing 10% D-glucose or tap water
pumps, ion channels)Jpohansen et al., 2005; Ascenzi et al.(control) for a period of 9 weeks.
2010. We reported that prolonged inhibition of iINOS with On the ninth week, rats fed with glucose (G) or tap water
1,400W Haddad and Couture, 20)lunted the production (C) were randomly divided into six groups of six rats: group
of peroxynitrite in the model of insulin resistance, suggest 1 (G C Mergetpa), group 2 (GC Vehicle), group 3 (CC
that this oxidative pathway contributes to the upregulatidnte ~ Mergetpa), group 4 (GC Vehicle), group 5 (GC 1,400W)
biomarkers of in ammation (iNOS, CPM, B1R, and Ilbjland and group 6 (CC 1,400 W). Data of groups 5 and 6 were
represents an important mechanism leading to insulin resis¢a  published elsewheréladdad and Couture, 20)6New data are
The present study was designed to test the hypothesmesented herein with Mergetpa (groups 1 and 3), yet the control
that inhibition of CPM with Mergetpa also named Plummer's groups 2 and 4 served in both studies as they were run in the
inhibitor (Plummer and Ryan, 1981; Charest-Morin et al., 2014same series of experiments. Mergetpa (DL-2-Mercaptomethyl-3-
is a valid strategy to prevent the biosynthesis of BIR agonisguanidinoethylthiopropanoic acid), a high a nity and revebie
inhibitor of Arg-carboxypeptidase (CPM/CPN named kininase
1) (Plummer and Ryan, 1981; Charest-Morin et al., J0d/s
Abbreviations: BK, bradykinin: B1R, bradykinin type 1 receptor; B2R, bradykinin PUrchased from Calbiochem (La Jolla, CA, USA). Itwas given s.c.
type 2 receptor; CPM, carboxypeptidase M (membrane); CPN, carboxylpepti  twice daily at 12 h intervals at the dose of 1 mg.kin a volume
N (plasmatic); GPCR, G-protein-coupled receptor; HOMA, homeostasis inodepf 1 mL.kg 1 for 7 days. The vehicle (saline) was given in groups
assessment index; Il interleukin-1b; Mergetpa, DL-2-Mercaptomethyl-3- 5 and 4. The impact of vehicle (saline) itself was not testedn ta
guamd|n0ethylth|oplrolpan0|‘c acid,; NADI?I-_!, nlcc_Jtlnamlde adenl_dmuclep_tlde water (C) and glucose (G) groups as key ddtmres 1, 2 and
phosphate; NO, nitric oxide; NOS, nitric oxide synthase; INO&jucible ; =7/, N e
nitric oxide synthase; ONOO, peroxynitrite; gRT-PCR, quantitative real-ime B1R expression) were similar to those obtained earlier in C and
polymerase chain reaction;;O , superoxide anion. G groups not treated with vehiclé(as et al., 2010 Thus, the
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FIGURE 1 | Treatment effect on metabolic parameters. Effect of s.c.
administered Mergetpa (1 mg.kg 1 twice daily) for 7 days on(A) blood
glucose, (B) plasma insulin and(C) insulin resistance assessed by the HOMA
index. Data are mean SEM obtained from six rats per group. P < 0.05
compared with control C vehicle;CP < 0.05 compared with glucose C
vehicle;# P < 0.05 compared with control C Mergetpa. Data in vehicle treated
rats are from a previous study ffladdad and Couture, 2016) but performed
simultaneously.
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FIGURE 2 | Treatment effect on anion superoxide production. Effect of.c.
administered Mergetpa (1 mg.kg 1 twice daily) for 7 days on basal
superoxide anion production in the thoracic aorta. Data arenean SEM
obtained from six rats per group. P < 0.05 compared with control C vehicle.
Data in vehicle treated rats are from a previous studydaddad and Couture,
2016) but performed simultaneously.

infusion potentiated the hypotensive response to intraarteria
injection of BK Salgado et al., 1986Thus, we selected the
minimal dose of 1 mg.kg! twice a day. A treatment of 1-week
was used to enable better comparison with our earlier studies
using 1-week treatment with the iINOS inhibitor 1,400 W ané th
B1R antagonist SSR240612s et al., 2010; Dias and Couture,
2012a,b; Haddad and Couture, 201®uring the last week,
groups 1, 2, 3, and 4 were subjected to several measurements,
including systolic blood pressure, blood glucose and bodyghei

At the end of the ninth week, the blood was collected
by cardiac puncture in overnight-fasted rats under iso uean
anesthesia. Blood samples were collected in tubes containing
anticoagulant (Heparin; Sandoz, Boucherville, QC, Canada)
the plasma was separated by centrifugation at 6@or 15 min
at 4 C and stored at 20 C. Tissues and organs (thoracic aorta,
kidneys, liver) were removed and kept frozen a80 C. The
renal cortex was dissected out just prior to experiment. Thagwe
selected to enable comparison with our previous studiesexrri
out with the iINOS inhibitor 1,400 W and the B1R antagonist
SSR24061Dfas et al., 2010; Dias and Couture, 2012a; Haddad
and Couture, 201% Proteins, DNA and RNA of these organs
were extracted to measure the expression of several in ammat
biomarkers by western blotting and quantitative RT-PCRTgR
PCR). Superoxide anion was measured in the aorta using a
chemiluminescence technique and lucigenin.

Measurement of Systolic Blood Pressure
Systolic blood pressure was measured by tail-cu
plethysmography using a pad heated at G7under the

e ect of Mergetpa was compared to a placebo (vehicle) in bothail. The values were registered with the system Instruments

C and G groups. In a rare study using Mergetpavivo, a bolus
dose of 10 mg.kg' followed by 1 mg.kg! per min continuous

ADI (ADI Instruments Inc., Colorado, CO, USA) assisted by
the ADI Instruments software (Pro7.Ink Chart Lab). Each walu
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corresponded to the average of 5-7 measurements taken at 1€2uz) used at dilution of 1:25,000 (for B1), 1:5,000 (for Biyn
min intervals. Rats were familiarized with the tail-cu $gm  b-actin, IL-1b, INOS, and CPM) and 1:3,000 (nitrotyrosine).
once a day for a week before starting the systolic blood pressu

measurements. Quantitative Real-Time Polymerase Chain
. Reaction (QRT-PCR)
Plasma Analysis At sacri ce, around 10mg of tissue (renal cortex, liver and

Blood glucose concentration was determined with a glucemet thoracic aorta) were put in a RNAter stabilization reagent
(Accu-Chek Aviva; Roche Diagnostics, Laval, QC, Canada)QIAGEN, Toronto, ON, Canada) and frozen at56 C. Total

The plasma insulin and Ieptin concentrations were determineqt{NA was extracted from the tissue using Qiazo] according to
by RIA (rat insulin RIA kit and rat leptin RIA kit) from  the manufacturer's instructions. The single-stranded cDWNas
Millipore (St. Charles, MO, USA). The homeostasis modekynthesized according to the procedure in the manual supplied
assessment (HOMA) index was used to assess insulin regstamgy Bjo-Rad. qRT-PCR was performed in the SYBR Green Master
by calculating the value of fasting insulin and glucosavix (QIAGEN) by adding 300 nM of each primer and the signal
with the following formula: [insulin (U mL ')  glucose was detected by the Mx3000p device (Stratagene, La Jolla, CA,

(mmol L 1)/22.5] (Vatthews et al., 1995 USA) and using rat 18S as standard. The primer pairs were
designed by Vector NTI software as documented eartierddad
Measurement of Superoxide Anion and Couture, 201% The PCR conditions were: 96 for 15 min

Superoxide anion (® )was measured in the thoracic aorta with followed by 46 cycles at 98 for 15s, 60C for 30 s and 72C for
the chemiluminescence method using lucigeninuqzel et al., 30s. The cycle threshold value represents the number ofscycle
1995:; Haddad and Couture, 2016lices of thoracic aorta (2— duringwhicha uorescent signal increases above the baekut
5mg) were pre-incubated in a Krebs-HEPES bu er (saturatedoise. The relative quanti cation of gene expression wasyaea

i 0 0 i by the method of 211 €t (Livak and Schmittgen, 20).1
with 95% Q and 5% CQ at room temperature) for 30 min and Py ( gen, 20Q
transferred to a scintillation vial containingrM of lucigenin
to determine the basal level of,0 . Chemiluminescence was Statistical Data Analysis
then recorded every minute for 10 min in a dark room using apata are presented as mearSEM, anch represents the number
liquid scintillation counter (Wallac 1409, Turku, Finlandyhe  of rats in each group. Statistical analysis was performed using
background was counted using a vial with no tissue solufide  pPrism™ version 5.0 (GraphPad Software Inc., La Jolla, CA, USA);
nal value was calculated as follows: (tissue valueackground data and statistical analysis comply with the recommendation
value) tissue dry weight and was expressed incpm.fgfdry  on experimental design and analysis in pharmacologyr(is

weight tissue. etal., 201} Statistical signi cance was determined with Student's
t-test for unpaired samples or with the one-way ANOVA
Western Blot Analysis followed by the Bonferroni test for multiple comparisons when

The western blot was performed as previously describedijot ~F achieved® < 0.05 and there was no signi cant variance in
etal., 2011; Haddad and Couture, 2 Mynein ancb-actinwere homogeneity. Only the value & 0.05 was considered to be
used as standard proteins. A quantitative analysis of proteass ~ Statistically signi cant.
provided by scanning densitometry using the MCID-M1 system
(Imaging Research, St. Catharines, ON, Canada).

Detection of B1R was made with a selective antibody (1:),000
rose in rabbits (Biotechnology Research Institute, Montrea[rABLE 1| Body weight, plasma leptin levels and systolic blood presse.
QC, Canada) against a conserved amino acid sequence fri, - ciers

Control C Glucose C Control C Glucose C

mouse and rat B1R protein. The epitope used contained 15 vehicle vehicle  mergetpa mergetpa
amino acids localized in the C-terminal part of the B1R
(VFAGRLLKTRVLGTL). Care was taken to avoid sequences witkedy weight at the 114 3 110 3 107 3 11 2

similarity to related mammalian proteins, including the opjies ~ nitiation of protocol (g)

B2R. One negative control was run using the pre-immune serun®ody weight (@) at8 587 25 592 29 538 38 622 29

Speci city of anti-B1R antibody was further determined ugin “***°

mouse kidney extracts from wild-type and B1R knockout (KO)\?IZZL‘”E'@’ht @ato 603 26 635 18 554 38 604 17

mice Lin et al".ZOlO; LaPOSt.e etal., 213 . Body weight gain/loss (g) 16 2 43 2* 16 4 ()18 2.0°*
The other primary antibodies were as follows: dynein (1:4,009Iasmel optin(noml ) 38 03 104 22+ 45 14 117 26

mouse, SC-13524)-actin (1:5,000 mouse, SC-47778), -1 ) .

(1:500 rabbit, SC-7884), INOS (NOS2) (1:1,000 rabbit, SGamme aowente o Mt EE

650), carboxypeptidase M (1:500 rabbit, SC 98698) (SC: Santa

Cruz Biotechnology, CA, USA). and nitrotyrosine (1:1'50055'527 G vahicte, € (0 ghiooseC veticle and f t somcl G Mergetpa s mcated by

mouse,1A6-05233; Millipores, Billerica, MA, USA). Secondary, _ 0.05, CP < 0.05, #P < 0.05.

antibodies were horseradish perOXidase (HRP)'"nKEd go&t AN pata in vehicle treated rats are from a previous study-addad and Couture, 2016) but

rabbit SC-2004 and HRP-linked goat anti-mouse SC-2005 §Sangterformed simultaneously.
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RESULTS

Effect of Mergetpa on Clinical Parameters
Blood glucose level was signi cantly increased by two-fgtd

< 0.05) in overnight-fasted glucose-fed rats compared wit
control rats, yet after 1-week treatment with Mergetpa (1 mgkg

The 1-week treatment with Mergetpa had no impact on the
gain in body weight in control rats, but a signi cant loss in

body weight gain P < 0.05) was measured after treatment
with Mergetpa in glucose-fed rats. The 1-week treatment with

Wergetpa had no signi cant e ect on plasma leptin levels in

both control and glucose-fed rats, which remained signntia

twice daily) glycemia was reduced to level that was no IOnge@nhancedl?< 0.05) in the latter group as compared with control

signi cantly di erent from control values. Plasma insulirevel

was signi cantly increased by four-fold’(< 0.05) in glucose-

values. Systolic blood pressure was signi cantly enhanéed (
< 0.05) in 9-week glucose-fed rats compared with control rats

fed rats and was halved by the treatment with Mergetpa, but thig, 4 & high systolic blood pressure value was not signi gant

reduction did not reach signi cance. The HOMA index of insuili

resistance was also signi cantly enhancBd(0.05) in glucose-

fed rats, yet this value was markedly reduc&d<( 0.05) but

a ected by the 1-week treatment with Mergetpeable 1).

not completely normalized by Mergetpa. In contrast, the samé&ffect of Mergetpa on Oxidative Stress
treatment with Mergetpa failed to a ect glycemia, insulinemiaThe oxidative stress was assessed by the measurement of

and the HOMA index in control ratsKigure 1).

superoxide anion and the expression of nitrotyrosine, a marker

The body weight was not signi cantly di erent between of peroxynitrite (ONOO ). The latter molecule causes tyrosine
glucose-fed rats and control rats before (8 weeks) and é8ter nitration by the covalent addition of N@to tyrosine residues in
weeks) treatment with Mergetpddble 1). However, the gain in various proteins thereby a ecting protein function and stétlyil
body weight was signi cantly highe(< 0.05) in glucose-fed Data depicted inFigure 2 show that the basal production of
rats after 9 weeks when compared with age-matched controlsuperoxide anion was signi cantly increase@ € 0.05) in the
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FIGURE 3 | Treatment effect on Nitrotyrosine expression. Effect of s. administered Mergetpa (1 mg.kg 1 twice daily) for 7 days on nitrotyrosine expression itA)
renal cortex and(B) thoracic aorta. b-actin was the loading control. Data are mean SEM obtained from six rats per group. P < 0.05 compared with control C
vehicle;CP < 0.05 compared with glucose C vehicle. Data in vehicle treated rats are from a previous sty (Haddad and Couture, 2016) but performed simultaneously.
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aorta of glucose-fed rats when compared with control ratsee Th
1-week treatment with Mergetpa brought back to control values
the enhanced basal production of superoxide anion in the aort
of glucose-fed rats. Mergetpa did not a ect signi cantly the
production of superoxide anion in control aorta.

Nitrotyrosine expression was markedly enhancBd( 0.05)
in the renal cortexFigure 3A) and aorta Figure 3B) of glucose-
fed rats as visualized by increases in the intensity of tyitasine
epitopes and the occurrence of new tyrosine nitration proteins
between 50 and 250 kDa (renal cortex) or 50 and 150 kDa (aorta)
when compared to control tissues. Treatment with Mergetpa
signi cantly reduced P < 0.05) the intensity of nitrotyrosine-
containing proteins in renal cortex and aorta of glucose-fed
rats to levels not signi cantly dierent from control values
Nitrotyrosine expression was also signi cantly reducedantzol
aorta but not in control renal cortex by Mergetpgigure 3).

a9

Effect of Mergetpa on B1R and

Carboxypeptidase M Expression
Both B1R protein expression and B1R mRNA levels were
signi cantly enhancedR < 0.05) in renal cortexRigures 4A,A),
thoracic aorta Figures 4B,B) and liver (igures4C,C) of
glucose-fed rats. The 1-week treatment with Mergetpa brough
back to control levels B1R protein and mRNA expression ir
the three tissues of glucose-fed rats, but failed to a ect B1
protein and mMRNA expression in the same tissues of control rat
(Figure 4).
Likewise to B1R, CPM protein expression was signi cantly
enhanced P < 0.05) in renal cortex, thoracic aorta and liver of
glucose-fed ratsHigures 5A—Q. Whereas the 1-week treatment
with Mergetpa failed to modify CPM protein expression in
control tissues, this treatment blocked completely(P.05) the
overexpression of CPM in the three studied tissues of glutexe

rats Figure 5).

=3

n A

Effect of Mergetpa on INOS Expression
AsiNOS is activated by B1R and contributes to insulin resise,

its expression was measured in parallel to BIR and CPM in the c

three tissues of glucose-fed rats. Data present&ijures 6A—C
show that the protein expression of INOS was markedly and
signi cantly enhanced R < 0.05) in the renal cortex, thoracic
aorta and liver of glucose-fed rats. The 1-week treatmetit wi
Mergetpa abolished the overexpression of iNOS in the three
tissues of glucose-fed rats without a ecting its basal exgioes
in control rats Figure 6).

Effect of Mergetpa on IL-1 b Expression
Because IL4 is involved in the induction of B1R[ias et al.,

2010; Dias and Couture, 2012a; Couture et al., 2014; Haddad

and Couture, 201) it was of interest to measure the expression
of this pro-in ammatory cytokine in the three studied tisssie
Thus, it was found that IL-& protein expression and IL-
1b mRNA levels were signi cantly enhanced < 0.05) in
renal cortex Figures 7A,A), thoracic aorta fFigures 7B,B) and
liver (Figures 7C,C) of glucose-fed rats. The 1-week treatment
with Mergetpa blocked completely ILblprotein and mRNA
overexpression in the three tissues of glucose-fed ratsleWh
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FIGURE 5 | Treatment effect on CPM expression. Effect of s.c. administed
Mergetpa (1 mg.kg 1 twice daily) for 7 days on CPM expression iffA) renal
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Frontiers in Pharmacology | www.frontiersin.org 7

August 2017 | Volume 8 | Article 509


http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

Haddad and Couture

Inhibition of Kininase 1 in Insulin Resistance

FIGURE 5 | Continued

cortex, (B) thoracic aorta, and (C) liver. The expression of CPM was measured
at the protein level by western blot and dynein was the loadmcontrol. Data
are mean SEM obtained from six rats per group. P < 0.05 compared with
control C vehicle;CP < 0.05 compared with glucose C vehicle. Data in vehicle
treated rats are from a previous studyladdad and Couture, 2016) but
performed simultaneously.

Mergetpa increased signi cantly ILblprotein expression in the
renal cortex of control rats, it had no signi cant impact ineh
other control tissuesHigure 7).

DISCUSSION

This study reinforces the detrimental role for kinin B1R in
insulin resistance because the inhibition of the main eneagm
(CPM/CPN) involved in the biosynthesis of the endogenous
B1R agonists (des-A?BK and Lys-des-AryBK) improved
hyperglycemia, hyperinsulinemia and the HOMA index of
insulin resistance. This was associated with the correctib
body weight gain and the reversal and normalization of the
enhanced expression of several markers of in ammation (B1R
CPM, INOS, and IL-Ib in renal cortex, thoracic aorta and liver)
and of the oxidative stress (enhanced production of supemxid
anion in aorta and nitrotyrosine expression in aorta and rena
cortex). Importantly, results obtained with Mergetpa are elgs
similar to those reported earlier in this model of insulin igance
after 1-week treatment with the B1R antagonist SSR2406%2 (
et al., 2010; Dias and Couture, 2013a0b with the selective
inhibitor of INOS 1,400 W Haddad and Couture, 20)6It was
then suggested that the activation of B1R leads to the faomat
of peroxynitrite upon post-translational activation of INO&d
NADPH oxidase. In turn, peroxynitrite exerts a positive feadk
loop to enhance the expression of B1R. Blockade of iNOS
prevented this vicious cycle and the pro-in ammatory e ects
of BIR {Haddad and Couture, 20)6Herein, we suggest that
peroxynitrite can also exert a positive feedback loop to enhan
the expression of CPM providing further endogenous agonists

to activate B1R. This appears a feasible mechanism for B1R

upregulation as B1R can be upregulated by its own agonist
(Schanstra et al., 1998; Couture et al., 20Blockade of B1R
in vivowith SSR240612 also reversed the upregulation of B1R|in
peripheral tissues in glucose-fed rafs4s et al., 2010; Dias and
Couture, 2012n Thus, pharmacological blockade of B1R with
SSR240612 or the inhibition of the generation of B1R endoggno

agonists with Mergetpa yielded the same outcome by suppressing

B1R agonists-induced upregulation of B1IR and subsequently
B1R downstream signaling on iNOS, NADPH oxidase and other
markers of in ammation.

Impact of Mergetpa on Cardiometabolic

Targ ets are mean
Our data are consistent with previous studies Showing that control C vehicle;°P < 0.05 compared with glucose C vehicle. Data in vehicle

B1R contributes to insulin resistance and obesity through
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FIGURE 6 | Treatment effect on iNOS expression. Effect of s.c. adminisred
Mergetpa (1 mg.kg 1 twice daily) for 7 days on iINOS expression iA) renal
cortex, (B) thoracic aorta, and (C) liver. The expression of iINOS was measured
at the protein level by western blot and dynein was the loadicontrol. Data
SEM obtained from six rats per group. P < 0.05 compared with
treated rats are from a previous studylladdad and Couture, 2016) but
performed simultaneously.

a mechanism independent of leptin. Indeed, hyperleptinemi
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FIGURE 7 | Treatment effect on IL-b expression. Effect of s.c. administered Mergetpa (1 mg.kg 1 twice daily) for 7 days on IL-b expression in(A,A) renal cortex,
(B,B") thoracic aorta and (C,C") liver. The expression of IL-b was measured at the protein level by western blofA,B,C) and at mMRNA level by qRT-PCRA,B',C’) .
Dynein was the loading control. Data are mean SEM obtained from six rats per group. P < 0.05 compared with control C vehicle;CP < 0.05 compared with
glucose C vehicle. Data in vehicle treated rats are from a previous sty (Haddad and Couture, 2016) but performed simultaneously.
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found in glucose-fed rats remained una ected by the prolongedo induce a conformational change in the enzyme that is
inhibition of B1R with SSR240612 and iNOS with 1,400 W whiléransmitted to the B1R causing its activation. Mergetpa ldock
body weight gain was reversed by both treatmem&$ and this conformational crosstalk by preventing the binding afiks
Couture, 2012b; Haddad and Couture, 2DNjoreover, asimilar  to CPM (Zhang et al., 2013almportantly, the present study
1-week treatment with SSR240612 in obese Zucker diabeiic faton rms the contribution of CPM and excludes the possibility
rats (ZDF), a model of type 2 diabetes, reversed body weight gathat cathepsin X could intervene in the formation of B1R ligan
without a ecting hyperleptinemiaTalbot et al., 2016 (Nagler et al., 200)0or that dynorphin could be an endogenous
Mergetpa failed to reduce high blood pressure associategttivator of the B1RLl(ai et al., 2006, 2008; Lee et al., JGashis
with high glucose feeding that is not in accord with the anti-pro-in ammatory model of insulin resistance.
hypertensive e ect of SSR240612 reported in this modehg o
et al., 201)) This could be explained by the nding that cerebral Limitations of the Study
but not peripheral B1R are involved in the maintenance of higicPM is a largely distributed enzyme that cleaves C-terminal
blood pressure as documented in glucose-fed rats, spontaheoulysine or arginine from other peptides and proteins, including
hypertensive rats and angiotensin ll-induced hypertensising ~ anaphylatoxins, chemokines, enkephalins and growth factors
peptide and non-peptide B1R antagonistsigu et al., 2007; De (Deiteren et al., 20Q9%hat may question its specicity as a
Brito Gariépy et al., 20)0At this time, there is no information Pharmacological target. While the regulatory role of CPM in
regarding the possibility that Mergetpa can pass the bloodkinins and B1R activity has been fairly well documenteedips
brain barrier to inhibit brain kininase 1. Further studieslbe ~ and Sloane, 1962; Zhang et al., 2013a,b; Couture et al.; 2014
needed to address this issue. Nevertheless, our data dtighli Regoli and Gobeil, 20);3he impact of CPM on the physiological
a dissociation regarding the mechanisms underlying imsuli functions of other endogenous substrates, and particularly
resistance and hypertension as previously evidenced with tHesulin resistance, is still unknown and remains to be sgadi
iNOS inhibitor (Haddad and Couture, 20)6and support the In the present study, the inhibition of B1R-agonists fornoati
idea that peripheral B1R do not contribute to hypertension a9y Mergetpa has not been directly demonstrated and is not

reported in other rat modelsC{e Brito Gariépy et al., 2010; an easy taskn vivo due to the short life of these peptides,
Couture et al., 2004 but the impact of CPM blockade is in accordance with the

bene cial e ects of B1R antagonism in insulin resistance asd i

associated oxidative stress and in ammatory mechanidniag
Impact of Mergetpa on In ammatory et al., 2010; Dias and Couture, 2012b; Haddad and Couture,
Markers 20169. Mergetpa had no or little signi cant e ect in control rats,

The suppression of the enhanced expression of BIR, CPM, iNOghich is consistent with the virtual absence of B1R in cohtro

and IL-1b by Mergetpa was quite clear in the three studiedats Couture et al., 2004 Hence, ndings suggest speci city

tissues (renal cortex, thoracic aorta and liver) in gluefesk Of action of the drug on CPM and on kinins as the main

rats, suggesting that the in ammatory process was not lichtte ~ substrates.

the vasculature. In agreement with the present ndings, Ekve

blockade of B1R with SSR240612 reversed the overexpressioftGONCLUSION

vascular and non-vascular B1R, iNOS, and H.ii glucose-fed

rats Dias et al., 2010; Dias and Couture, 201a,b Pharmacological blockade of kininase 1 (CPM) for 1l-week
Chronic activation of B1R is likely to be ampli ed by the provided similar bene cial e ects to a corresponding treatnien

accumulation of des-ARBK and Lys-des-Arf§BK at the site with a BIR antagonist in insulin resistance and peripheral

of in ammation because the half-life of des-AK is 4-to 12- in ammation induced by high glucose feeding. These ndings

fold longer than that of BK Decarie et al., 1996Upregulation have clinical relevance in the treatment of type 2 diabetes

of CPM may also account for the increasing endogenous lefelsand its complications. Hence, inhibiting kininase | to lower

des-Ard-kinin metabolites and the subsequent upregulation andB1R agonists generation may provide a novel therapeutic

activation of B1R in the in ammatory process linked to insuli approach as alternative to B1R antagonists, and has the

resistance. advantage to enhance the cardioprotective and anti-diabeti
CPM is likely more important than CPN in the metabolic € ects of the B2R Regoli and Gobeil, 20)5by preventing

regulation of kinin activity since these vasoactive peptidethe cleavage of the COOH-terminal-Arg residue on BK and

are primarily considered local hormones (autacoids) playindcallidin. The development of a new generation of kininase 1

autocrine and paracrine functionsCarretero and Scicli, 1991 inhibitors for pharmacotherapy is appealing and would be an

Membrane-bound CPM has been shown to play a critical rol@sset.

in the generation of specic agonists in close proximity to

the B1R fZhang et al., 2013awhich is supported by ouin ~ AUTHOR CONTRIBUTIONS

vivo data using Mergetpa. However, one cannot exclude the

possibility that Mergetpa blocks B1R signaling independentlyfH performed the experiments, analyzed the data, made the

of the enzymatic generation of B1R agonists by CPM. Recergures and drafted the manuscript. YH, RC interpreted the data
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