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Pulsatile antagonism on bradykinin 2-receptor
(BK2R) by icatibant triggers the most effective
kinin-dependent post-conditioning on rat hearts
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Abstract. - OBJECTIVE: Pharmacological
post-conditioning (PC) by intermittent but not
continuous administration of exogenous bradyki-
nin (BK) reduces ischemia/reperfusion (I/R) injury
via the Reperfusion Injury Salvage Kinase (RISK)
pathway activation. We evaluated whether inter-
mittent administration with icatibant (HOE140), a
BK2R antagonist, may represent an effective PC
strategy, with the advantage of limiting the poten-
tial risks of supra-physiologic BK activity.

MATERIALS AND METHODS: Hearts from
male Sprague-Dawley (SD) rats on a Langen-
dorff system were exposed to I/R injury (30/120
min). BK (100 nM) and HOE140 (1 yM) were ad-
ministered post-ischemically during the first 3
min of reperfusion, under continuous or inter-
mittent infusion (10 s/each). Hearts were ran-
domly assigned to 5 groups: 1) I/R alone (n=5);
2) continuous HOE140 (cHOE n=6); 3) intermit-
tent HOE140 (iHOE n=6); 4) continuous BK (cBK
n=6); 5) intermittent BK (iBK n=6). End-diastolic
left ventricular pressure (LVEDP), developed left
ventricular pressure (dLVP) and coronary flow
(CF) were monitored throughout reperfusion.
Left ventricular infarct mass (IM) was quantified
together with the phosphorylated levels of Akt
and GSK3p (RISK pathway kinases) at the end of
reperfusion.

RESULTS: IM was not significantly changed in
cBK or cHOE groups (vs. I/R). Conversely, both
iBK and iHOE groups showed a significant lim-
itation in IM (vs. I/R, p<0.05, p<0.01, respective-
ly). Akt and GSK3pB phosphorylation levels were
higher in iBK and iHOE groups (vs. I/R, p<0.05).
When compared to I/R group, both LVEDP val-
ues (p<0.05, first 60-min reperfusion), as well as
dLVP values (p<0.01) were improved only in iIHOE
group. CF values did not vary among all groups.

CONCLUSIONS: In isolated rat hearts, intermit-
tent modulation of the endogenous kallikrein-ki-
nin system by a selective BK2R antagonist medi-
ates PC cardioprotection via RISK signaling.
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Introduction

Clinical outcomes in patients surviving an acute
myocardial infarction (AMI) highlight the impor-
tance of treatments aimed at reducing the extent
of cardiac cell death in response to initial isch-
emia and subsequent restoration of blood supply
(ischemia and reperfusion injury, I/R). Following
the initial observation of Murry et al', pioneering
the protective effect of intermittent ischemia, a
wide number of conditioning strategies have been
proposed to increase the heart resilience under
I/R injury?, in experimental®> and human® stud-
ies. Both pre-conditioning and post-conditioning
(PC) strategies trigger an adaptive response asso-
ciated with cardioprotection”'® by facilitating the
appropriate time-release of intracellular media-
tors into the coronary circulation' and activating
signaling mechanisms, collectively called reper-
fusion injury salvage kinase (RISK)" and survi-
vor activating factor enhancement (SAFE)" path-
ways. Despite the increased understanding of the
causes and mechanisms underlying the I/R injury,
this complex issue is far from clear, and investiga-
tion on potential strategies to limit heart damage
is still ongoing. Among the endogenous mediators
implicated in cardioprotection, the role of brady-
kinin (BK) has been initially suggested by studies
revealing the importance of the kinin-kallikrein
system on the regulation of cadiovascular ho-
meostasis'* and progressively pointed out by the
increasing evidence of the BK-mediated contri-
bution to the activity of angiotensin-converting
enzyme inhibitors (ACE-I). Indeed, pharmaco-
logical pre-conditioning with ACE-I enhances
cardioprotection, in part, by preserving BK from
degradation and, in some cases, by directly ac-
tivating BK receptors'>'®. Similarly, the finding
that ischemic PC triggers cardioprotection via
BK-dependent signaling mechanisms'*?° supports
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the observation that PC with either exogenous BK
or ACE-I confers an overlapping pattern of he-
modynamic and metabolic rearrangements in the
myocardial cells?'.

Over the past several years, the use of pharma-
cological BK agonists/antagonists and the avail-
ability of genetically engineered animals has al-
lowed the characterization of the two BK receptor
types, BKIR?>% and BK2R?*%, In more recent
years, preclinical and clinical studies have repeat-
edly suggested that the constitutive BK2R, when
activated, seems to play an important role in the
process of ischemic PC that limits the I/R injury
of the myocardium?. Conversely BKIR, mostly
unexpressed under normal conditions but induced
by a variety of pathological conditions (including
the presence of toxins, cytokines or inflammatory
mediators resulting from tissue injury), appears to
be implicated in mainly harmful effects of BK.

Notably, consistent with the observation that
the heart releases kinins that accumulate in an
intermittent manner during the brief I/R periods
of PC, it has been reported that exogenous BK ex-
erts cardioprotection when intermittently admin-
istered during the early reperfusion, whereas it
does not enhance myocardial tolerance if contin-
uously infused?’. Accordingly, we observed that
PC with continuous infusion of the specific BK2R
antagonist HOE140 (icatibant) abolished BK-me-
diated losartan protection?. These findings sup-
port the notion that, besides specific recruitment
of BK receptor subtypes, the BK system plays a
key role in PC protection only when modulated
in an intermittent manner. Thus, timely activation
and release of downstream mediators is an essen-
tial condition for putting the heart into a protected
state.

The concept that PC cardioprotection obtained
with exogenous BK requires a pulsatile approach
suggests that strategies creating an oscillatory
variation in endogenous BK levels may result
equally effective, with the potential advantage of
limiting the unnecessary stimulation of BK re-
ceptors by supra-physiological BK levels. Indeed,
unselective potentiation of BK system may lead to
mixed results, as activation of the BK1R appears
to have predominantly noxious effects while ex-
cessive activation of BK2R, although predomi-
nantly cardioprotective, may also induce some
systemic side effects. Thus, the aim of this study
was to evaluate whether intermittent administra-
tion of HOE140 — icatibant may represent an ef-
fective post-conditioning strategy, alternative to
exogenous BK administration.
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Materials and Methods

Animal Experiments

Animal procedures were performed under
authorization obtained by the Committee on the
Ethics of Animal Experiments of the Universi-
ty of Bari and by the Ministry of Health (Italian
Government, prot.n. 216/2016-PR). Adult male
Sprague-Dawley (SD) rats weighing 250-300 g
were obtained from Envigo (Udine, Italy) and
housed at the Department animal facility. Rats
randomly assigned to protocols described below
were anesthetized with sodium pentobarbital
(80 mg/kg body weight i.p.), heparinized (400
UI/100g body weight i.p.) and euthanized by cer-
vical dislocation. All efforts were made to mini-
mize animal suffering.

Drugs

HOE-140 and BK were from Sigma-Aldrich
(St. Louis, MO, USA). Stock solutions of BK (10
mM) and HOE140 (0.2 mM) were prepared in
distilled water. Final dilutions were prepared in
modified Krebs-Henseleit solution [composed of
(mmol/l): 118.5 NaCl; 4.7 KCI; 1.2 MgSO,; 1.2
KH,PO,; 1.25 CaCl,(H,0); 25 NaHCO;; 11 glu-
cose] immediately before use. For each drug used,
concentration was chosen according to literature
data?%,

Myocardial Function and Infarct Size
in Isolated Hearts

The excised hearts were immediately mount-
ed on a Langendorff perfusion system (Radnoti
LLC, Covina, CA, USA). Heart isolation tech-
nique and ex-vivo perfusion procedure have been
previously described and are available at®®. In
our isovolumetric model of isolated heart, the
perfusion pressure (PP) was kept constant at 80
mmHg for the whole experimental procedure.
Left ventricular systolic (LVSP) and end-diastolic
(LVEDP) pressures were recorded starting from
LVEDP values set to 5-10 mmHg at the beginning
of the experimental procedure. The timed collec-
tion of coronary effluent provided the measure-
ment of coronary flow. Left ventricular developed
pressure (dLVP) was calculated as dLVP = LVSP
— LVEDP. To obtain global ischemia, the inflow
tubing to the hearts was clamped for 30 min, and
then the hearts reperfused for 120 min. After
stabilization, hearts were not evaluated in case
of unstable contractile function, LVSP outside
the range of 60-160 mmHg, heart rate below 240
beatsmin! or appearance of severe arrhythmia.
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All parameters of left ventricular function, as
well as coronary flow were recorded twice before
ischemia, and at min 5, 15, 30, 45, 60, 90, and 120
of reperfusion using a 4-channel PowerLab sys-
tem (ADInstruments, UK), and analyzed using
LabChart 7 Pro Software (ADInstruments, UK).

The infarct area extent was measured at the end
of reperfusion in hearts stained with freshly pre-
pared 2,3,5 triphenyltetrazolium chloride (TTC
1% w/v phosphate buffer pH 7.4, 37°C, 20 min),
as previously described®®. The infarct area on
each color image (TTC unstained) was measured
by planimetry (Image-Tool 2.0 Software NIH,
Bethesda, MD, USA). The area at risk (AAR, rep-
resenting total infarct area with respect to total
muscle mass) was calculated by the sum of indi-
vidual slice weights according to the following
formula: (4In/AARn) x (Wn/Wtotal), where Al is
the infarct area of each slice (n = 7), Wn is the
weight of the respective section (n) and Wtotal is
the sum of all slice weights.

Experimental Protocol

In all groups, hearts were subjected to 20 min
of stabilization, 30 min of global no-flow isch-
emia and subsequent 120 min of reperfusion.
Post-ischemic hearts were treated with different
drugs during the first 3 min of reperfusion, using
a second reservoir. For intermittently adminis-
tered drugs, the protocol alternated 9 cycles of 10
s/each with Krebs+drug to 9 cycles of 10 s/each
with Krebstvehicle. Temperature, oxygen ten-
sion, and perfusion pressure between reservoirs
did not vary during the whole experimental pro-
cedure.

The following treatments were performed:
ischemia/reperfusion (I/R) (vehicle-treated; n=
5); intermittent perfusion with bradykinin (100
nM?") (iBK, n = 6); continuous perfusion with
bradykinin (100 nM) (cBK, n = 6); intermittent
perfusion with HOE-140 (1 uM%) (iHOE, n =
6); continuous perfusion with HOE-140 (1 uM)
(cHOE, n = 6).

Western Blot Analysis

The activation of signaling pathways was eval-
uated at the early reperfusion time (15 min), in 3
additional hearts/group for I/R, iBK, ¢cBK, iHOE,
and cHOE treatments and in hearts from control
animals (CTRL, not subjected to I/R)*. Samples
of the left ventricular tissue were freeze-clamped
in liquid nitrogen, homogenized on ice-cold ra-
dioimmunoprecipitation assay (RIPA) lysis buf-
fer®, and then centrifuged (4°C for 15 min at

13.000 g). The protein level was determined by
Bradford’s method*.

Equal amounts of protein (100 ug) were sepa-
rated by 10% of sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and
subjected to immunoblotting with primary an-
tibodies (dilution 1:1000) targeting Akt, p-Akt,
GSK3p, p-GSK3p (Cell Signaling Technology,
Danvers, MA, USA) and with appropriate HRP-
linked secondary antibodies (Santa Cruz Bio-
technology Inc., Santa Cruz, CA, USA) (1:3000).
Immunoblotting results were visualized by Mo-
lecular Imager ChemiDoc XRS System (Bio-Rad
Laboratories, Hercules, CA, USA). Images were
captured with Quantity One Software (Bio-Rad
Laboratories, Hercules, CA, USA) and blots
quantified by scanning densitometry (Imagel,
NIH, Bethesda, MD, USA).

Statistical Analysis

Based on the power analysis prospectively per-
formed, a sample size of 5 (in each group) was
sufficient to detect 10% differences in infarct area
extent (o = 0.05) with a power of 0.80. Results
are expressed as mean =+ standard error (SE) of n
experiments (7 = number of rats).

Statistical analysis was performed with a two-
way ANOVA for repeated measures. Where ap-
propriate, a one-factor ANOVA was used followed
by the Bonferroni correction. A p-value less than
0.05 was considered to detect a statistically sig-
nificant difference. Statistica Release 7 (Statoft
Institute Inc.) was used to perform all analysis.

Results

Intermittent HOE Administration
Partially Ameliorates Post-Ischemic Left
Ventricular Recovery in Rat Hearts

To evaluate whether the intermittent adminis-
tration of HOE140 — icatibant may represent an
effective post-conditioning strategy, alternative
to exogenous BK administration, parameters
estimating left ventricular function in hearts in-
fused with BK during the first 3 min of reper-
fusion in intermittent (iBK group) or continuous
(cBK group) manner were compared to those ob-
tained in hearts under intermittent (iHOE group)
or continuous (cHOE group) HOE administra-
tion, and with respect to hearts infused with vehi-
cle alone (3 mL/1 min) (I/R group). LVEDP rep-
resents an index of left ventricular contractility,
whose values increase proportionally to the de-
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Figure 1. Intermittent HOE administration partially ame-
liorates post-ischemic left ventricular recovery in rat hearts.
Hearts infused with vehicle at the onset of reperfusion (I/R
group) were compared to hearts achieved by pharmacolog-
ical post-conditioning with either BK or HOE, infused un-
der intermittent (iBK or iHOE groups) or continuous (cBK
or cHOE groups) administration. Results are expressed as
mean + SEM of 5 independent experiments for each group.
Two-way repeated measures ANOVA was employed to de-
termine the main effect of time, group and time by group
interaction. A, Diastolic function. Left ventricular end di-
astolic pressure (LVEDP) for each group during 120 min
of reperfusion (**p<0.01 iHOE vs. cHOE); (*p<0.05 at
5,10,15,45,60 min iHOE vs. I/R group). B, Systolic func-
tion. Percent variation of developed left ventricular pres-
sure (dLVP) for each group during 120 min of reperfusion
(**p<0.01 iHOE vs. I/R). C, Percent variation of coronary
flow for each group during 120 min of reperfusion.
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gree of ventricular failure. Consistent with previ-
ous results?®, LVEDP obtained in hearts exposed
to cBK were not significantly different from the
values obtained in the I/R group during the whole
reperfusion time (120 min) (Figure 1A). BK inter-
mittently administered (iBK group) slightly but
not significantly decreased LVEDP during the
whole reperfusion period, with LVEDP values
substantially overlapping those obtained in hearts
from I/R group. Continuous perfusion with HOE
(cHOE group) maintained LVEDP values slightly
higher than in I/R group (p = 0.09); on the oth-
er hand, intermittent HOE administration (i(HOE
group) lowered LVEDP during the whole reper-
fusion, with a significant difference vs. respective
values of the I/R group during the first 60 min
of reperfusion (»<0.05) and vs. the cHOE group
during the total 120 min of reperfusion (p<0.01).
Values of dLVP overlapped in both ¢cBK and iBK
groups, and did not significantly differ with re-
spect to the I/R group (Figure 1B). Continuous
administration of HOE (cHOE group) did not
worsen dLVP (vs. I/R group); once again, HOE
administered in the intermittent manner (iHOE
group) significantly improved dLVP (p<0.01 vs.
I/R group, Figure 1B). Coronary flow was un-
changed among experimental groups (Figure
1C). Indeed, none of the drug infused (BK or
HOE) with whichever procedure (intermittent vs.
continuous administration) modified the volume
efflux suggesting that, under our experimental
conditions, the contribution of the BK system to
coronary perfusion is negligible.

Post-Ischemic Intermittent HOE
Administration Limits the Infarct
Extension in Rat Hearts

Besides functional parameters, the most re-
liable evaluation of whichever cardioprotective
strategy relies on the infarct area extent. Thus,
at the end of reperfusion, the percentage of the
ischemic area was compared among hearts. Not
surprisingly, intermittent (but not continuous)
BK administration resulted in a significant reduc-
tion of the infarct extension when compared to
I/R group (p<0.05). Consistent with the partially
improved left ventricular performance, the in-
farct size was significantly smaller in hearts from
iHOE group (p<0.01 vs. I/R group) (Figure 2A).
Continuous infusion with BK (cBK group) did
not significantly reduce the extent of infarct area
(vs. I/R, p=0.79) (Figure 2A); continuous infusion
with HOE did not worsen this parameter (vs. I/R,
p=0.85) (Figure 2A).
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Figure 2. Cardioprotection by intermittent BK or HOE administration involves activation of RISK pathway. 4, Upper panel.
Quantification of necrotic tissue at the end of the reperfusion interval, expressed as percentage of the left ventricular mass, in hearts
infused with vehicle alone (I/R) compared to hearts exposed to various pharmacological post-conditioning. Statistical differences
between groups were evaluated by one-factor ANOVA followed by Bonferroni correction. Values are expressed as mean + SEM (**p
<0.01; *p <0.05). A, Lower panel. Representative images of left ventricular sections quantified in the panel above are shown. Hearts
were cut into transverse slices and stained with TTC to differentiate necrotic (unstained) from viable (red) myocardial tissue. B, Up-
per panel. Lysates obtained after 15 min of reperfusion from hearts exposed to different pharmacological treatments were immuno-
blotted for phosphorylated and total isoforms of the indicated proteins. For each experimental condition, the ratio of phosphorylated/
total Akt and GSK3 proteins are expressed as the mean + SEM of at least 3 independent experiments (each run in triplicate). Statisti-
cal differences between groups were evaluated by one-factor ANOVA followed by Bonferroni correction (*p<0.05). B, Lower panel.
Representative immunoblots of total and phosphorylated Akt and GSK3p proteins expression quantified in upper panel are shown.

Post-Ischemic Intermittent HOE
Administration Activates the
Cardioprotective RISK Pathway

To explore whether BK and HOE might dif-
ferentially stimulate intracellular RISK signal-
ing pathways, the phosphorylation state of Akt

(serd73), and GSK3P (ser9) downstream was
evaluated 15 min after reperfusion in homoge-
nates from hearts exposed to our post-ischemic
treatments, and compared to hearts from animals
not exposed to I/R injury (CTRL group) (Figure
2B). Protein expression of Akt and GSK3p did not
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vary among groups. With respect to hearts of the
I/R group, levels of phosphorylated Akt did not
significantly change in hearts exposed to continu-
ous infusion with either BK (cBK group) or HOE
(cHOE group) (Figure 2B). Conversely, phosphor-
ylation of Akt was higher in hearts from the iBK
group (p<0.05 vs. I/R group) and from the iHOE
group (p<0.05 vs. I/R group). Thus, for both BK
and HOE treatments, the intermittent administra-
tion was able to significantly increase Akt phos-
phorylation, whereas the continuous infusion was
not (cBK vs. iBK and cHOE vs. iHOE, p<0.02, for
both). Analogous results were observed for the
phosphorylated levels of GSK3p (cBK vs. iBK;
cHOE vs. iHOE, p<0.02, for both) (Figure 2B).
Since the switching perfusion procedure did not
exert per se any change in signaling explored (I/R
vs. CTRL, no significant difference), the findings
described could be bona fide ascribed to the spe-
cific drug treatments.

Discussion

The tissue-protective actions of BK in hearts
exposed to acute myocardial infarction are firmly
established?’. BK exerts the majority of vasodi-
lator and insulin-sensitizing effects through the
constitutively expressed BK2R, whereas activa-
tion of inducible BK1R may rather cause harmful
consequences. Since both BK1R and BK2R are
up-regulated under myocardial injury***, any
exogenous BK administration will likely act on
both receptor subtypes, with possibly detrimental
—when not adverse— outcomes. Preliminary data
on highly selective BK2R agonists** have shown
promising results®, but their safety and long-
term efficacy needs further evaluation. Notably,
the surplus activity on BK2R is not without risks
as well, since BK2R triggers the typical symp-
toms of BK-mediated inflammation and severe
side effects such as angioedema, as reported in
patients treated with ACE-I*. Indeed, the selec-
tive BK2R antagonist HOE-140 (icatibant), cur-
rently licensed to treat hereditary angioedema,
has been recently proposed as emergency treat-
ment for ACE-I-induced angioedema®®. These
concepts, together with the notion that exogenous
BK confers myocardial protection only when ad-
ministered intermittently, suggests that therapeu-
tic strategies variating endogenous BK levels in
a pulsatile fashion may result equally effective,
with the advantage of limiting the potential risks
of supra-physiological BK levels. Evaluation of
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parameters measuring post-ischemic left ventric-
ular function corroborate this idea: in fact, with
respect to I/R group, continuous activation of the
BK system (cBK group) does not confer addition-
al protection, while the continuous blockade of
the BK2R (cHOE group) does not further worsen
cardiac recovery. The finding that intermittent
administration with BK did not significantly im-
prove functional parameters was not particularly
surprising, since the PC with exogenous BK, al-
though successfully reducing infarct extension,
does not substantially ameliorate ventricular re-
covery in the 2-h post-ischemic period?. Instead,
in line with the hypothesis proposed in this study,
left ventricular recovery was partially improved
in hearts exposed to intermittent administration
with the BK2R blocker HOE-140. Notably, in
terms of effective reduction of infarct area ex-
tent, intermittent HOE-140 resulted in a slightly
but significantly better performance than that ob-
tained with exogenous intermittent BK. Down-
stream its receptors, BK activates a cascade of
intracellular events culminating in the inhibition
of the mitochondrial permeability transition pore
(mPTP), which is believed to open during the
first few minutes of reperfusion in response to
mitochondrial calcium overload, burst of oxida-
tive stress, reduced nitric oxide (NO) production,
and ATP depletion’’**. In this signaling flow, the
inhibition of mPTP opening is subsequent to the
activation of kinases of the RISK pathway such
as Akt, which in turn confers cardioprotection by
phosphorylating the glycogen synthase kinase-3f3
(GSK3p)™2. Since the intermittent administration
(either with BK or with HOE-140) was able to sig-
nificantly increase phosphorylation levels of both
Akt and GSK3p, whereas the continuous infusion
was not, our findings further support the hypoth-
esis that pharmacological approaches modulating
the endogenous BK levels in a pulsatile fashion
may be as effective (and even more effective)
than intermittent administration with exogenous
BK. This apparently puzzling finding might be
explained taking into account that intermittent
HOE antagonism on BK2R allows accumula-
tion and a subsequent burst of endogenous BK,
which therefore may act on signaling cascades
in appropriate physiological concentrations, and
according to proper timing. Since parameters
evaluating a potential drug treatment must care-
fully consider both effectiveness and safety, our
findings imply that, by preserving endogenous
BK levels, intermittent HOE administration may
help to reduce the risks secondary to excessive



Cardioprotection by post-conditioning with intermittent icatibant

activation of systemic BK signaling on BK2R.
In addition, in the absence of BK surplus, it is
presumable that the endogenous concentrations
of BK engage only an established number of BK
receptors, therefore limiting the binding to BK1R
and decreasing the subsequent potential harmful
effects. Present findings have some limits: for ex-
ample, the assessment of both BK1R and BK2R
protein levels in hearts undergoing I/R injury and
analysis of their specific contribution to heart re-
covery might elucidate the potential significance
of our approach. Moreover, it is known that BK
induces internalization and trafficking of BK2R
in a concentration—and time— dependent manner
, and that nuclear localization of BK2R contrib-
utes to transcriptional regulation of inducible NO
synthase (iNOS) gene in some tissues®. iNOS is
induced in the myocardium in response to hypox-
ia and ischemia*®* and its expression correlates
positively with the severity of cardiac dysfunc-
tion*. Since BK affords myocardial protection
through NO-dependent mechanisms®, but an ex-
cessive NO production by iNOS is involved in ox-
idative stress**, the evaluation on constitutive and
inducible NO synthase expression in myocardial
cells under BK or HOE administration may help
to clarify the results obtained. At the moment,
qualitative findings do not suggest a potential
difference between these two treatments, but the
data obtained so far are too preliminary to sub-
stantiate or refuse this possibility. Nonetheless,
taking these limitations into account, we feel that
our results may provide additional information
and further insights on the role of BK system in
heart recovery after ischemia which may be help-
ful to plan more effective and safe approaches in
post-conditioning.

Conclusions

We observed that in isolated rat hearts exposed
to I/R injury, post-conditioning with intermittent
administration of HOE140 — icatibant ameliorates
left ventricular function and reduces the extent
of the ischemic area, via mechanisms involving
the activation of RISK pathway kinase Akt and
its downstream target GSK3p. Therapeutic strate-
gies variating endogenous BK levels in a pulsatile
fashion may result as effective as exogenous BK
administration, with the advantage of limiting the
potential risks of supra-physiological stimulation
on both BK1 and BK?2 receptors.
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