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Abstract

This study was designed to determine the potential therapeutic effects of a new sodium-hydrogen exchanger (NHE-1) in-
hibitor in the rat coronary artery ligation model of chronic heart failure. After the induction of acute myocardial infarc-
tion, rats were entered into a randomly designed pilot dose study from 0.3 mg/kg, 1.0 mg/kg, and 3.0 mg/kg. Solid state
micrometer hemodynamics, echocardiographic, and pressure-volume relationships were measured after 6 weeks of treat-
ment. Treatment with this NHE-—1 inhibitor at 3 mg/kg increased (P<0.05) ejection fraction from 23+3% (N=6) to 33+2%
(N=13), while the 1 mg/kg dose decreased (P<0.05) the infarct size in CHF rats from 21.7+1.4% (N=7) to 15.9+0.7% (N=3)
and prevented (P<0.05) dilata—tion of the left ventricle in CHF rats in diastole (1.0+0.1 cm, N=6) to 0.9+0.1 cm, N=10) and
in systole (0.9+0.1 cm, N=6) to 0.8+0.1, N=10). These study results suggest that this new NHE-1 inhibitor may be potentially
useful in treating CHF with an improvement in maladaptive left ventricle remodeling. Because the mechanism of action of
this agent is entirely different than the currently applied approach in treating CHF that focuses on aggressive neuro-hormo-
nal blockade and because this agent does not adversely affect important hemodynamic variables, further investigations with
this agent may be warranted.

KCYWOI‘dS: Chronic heart failure; Sodium/hydrogen exchange; Cardiovascular disease; Cardiovascular drugs

Abbreviations: CHF: Chronic Heart Failure; NHE-1: Sodium-Hydrogen Exchanger 1; NCX: Sodium-Calcium Ex-
changer; Ca2+: Calcium; Na+: Sodium; Na+-K+ ATPase: Sodium-Potassium ATPase; NKCC: Sodium-Potassium-Chloride
co-transporter; MI: Myocardial Infarction; BI: Boehringer Ingelheim; LV: Left Ventricle; EF: Ejection Fraction; LVD: Left ven-

tricular Dysfunc-tion; PV: Pressure-Volume; SE: Standard Error; ARB: Angiotensin Receptor Blocker

ACE: Angiotensin Converting Enzyme

Introduction

The prevalence and incidence of heart failure contin-
ues to grow in Western society and worldwide. There are
cur-rently more than 5.5 million persons affected with
chronic heart failure (CHF) in United States and more than
20 mil-lion worldwide [1]. Ischemic cardiomyopathy is the
most common cause of systolic heart failure in Western so-
ciety. Furthermore, CHF poses a significant economic bur-
den accounting for approximately one third of all Medicare
spending or about 39.2 billion dollars in the United States in

©2013 The Authors. Published by the JScholar under the terms of the Crea-
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source are credited.

2010[1].

Without reviewing the pathophysiology of CHF here, altered
calcium (Ca?*) handling is a hallmark of CHE Intracellular
Ca?* concentration is closely regulated by sodium-calcium ex-
changer (NCX) and Ca* efflux is dependent on the intracel-
lular sodium (Na*) concentration and trans-sarcolemmal Na*
gradient [2-4]. Multiple channels including sodium-potassi-
um ATPase (Na*-K* ATPase), sodium-hydrogen exchanger
(NHE), sodium-bicarbonate co-transporter, sodium-potassi-
um-chloride co-transporter (NKCC), and sodium-magnesi-
um exchanger are responsible for regulation of intracellular
sodium in cardiac myocytes [3,4]. The intracellular concentra-
tion of Na* is significantly increased in heart failure, primar-
ily due to influx of Na* [5-7]. The NHE plays an integral part
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in rise of intracellular Na* concentration and development of
hypertrophy in heart failure [8-12]. Because of its multifaceted
role in myocardial function, there has been interest in examin-
ing the effects of NHE-1 inhibitors in heart failure.

In this study we report the physiologic responses of a new
NHE-1 inhibitor, in a rodent model of heart failure. Previous
evaluation of the pharmacokinetic properties of this agent in
rat and dog models revealed low clearance and robust oral bio-
availability, suggesting a potential for once daily oral adminis-
tration. This new compound was found to be potentially effec-
tive in preventing ischemic injury in isolated cells systems and
in ischemic injury in isolated cells systems and in a Langen-
dorff isolated heart preparation [13]. Based on these encour-
aging a pharmacokinetic data, and the established preclinical
roof of principle, the next step in new drug development was
to test this inhibitor in an appropriate disease-relevant ani-
mal model. For this, we chose the rat coronary ligation model
of CHF, which is the established model of chronic ischemic
heart failure and well performed in our laboratory [14,15].
The model with permanent occlusion of the left coronary ar-
tery is important because this model a similar to the clinical
syn~drome of CHEF. This rat coronary artery model of CHF
is the same model used in the classic study defining the ben-
eficial use of angiotensin converting enzyme inhibition with
capto—pril in the treatment of CHF [16]. Thus results in this
model have the potential to be predictive of the clinical re-
sponse seen in patients.

Materials and Methods
Sodium Hydrogen Exporter Inhibitor

The Sodium Hydrogen Exchanger (NHE-1) Inhibitor was
ob-tained from Boehringer Ingelheim (BI). The new NHE-
1 in-hibitor was identified in lead optimization efforts done
by BI intended to identify a potent NHE-1 inhibitor with low
poten-tial for drug-drug interactions and a profile suitable for
once daily, oral administration. Lead optimization efforts took
their starting point in the structure of the NHE-1 inhibitor sa-
biporide, previously advanced for the treatment of ischemic
stroke. A change of the pipirazine linker to piperidine and the
replacement of the pyrrole sub-structure to methyl were found
to provide improvements in potency, as well as the elimina-
tion of off-target activities, such as CYP inhibition; identifying
N-[4-(1-acetyl-piperidin-4-yl)-3-trifluoromethyl-benzoyl]-
guanidine or BIX. Evaluation of the pharmacokinetic prop-
erties in rat and dog revealed low clearance and robust oral
bioavailability, suggesting a potential for once daily oral ad-
ministration. Furthermore, the evaluation of BIX in an ex vivo
model of ischemia reperfusion injury in isolated rat hearts
(Langendorff isolated heart preparation) showed evidence of
preventing ischemic damage [13].

Experimental Design

Adult male Sprague-Dawley rats (8-10 weeks old; Harlan, In-
dianapolis, IN) were underwent coronary artery ligation. Im-
mediately after creating an acute myocardial infarction (MI)

rats were entered into a randomly designed pilot dose rang-

ing study at 0.3 mg/kg, 1.0 mg/kg, and 3.0 mg/kg treated for
6 weeks. After initial evaluation of the data for the 0.3 mg/ kg,
this dose was dropped, so we have limited data with this dose.
The food BIX was supplied by BI; formulated on standard rat
chow and provided to the rats starting on the day of the MI and
continued for 6 weeks. The dose delivered was dependent on
the rat consuming a normal amount of food each day, which
was monitored. The experiments were performed in an Ameri-
can Association for Accreditation of Laboratory Animal Care
accredited facility with approval from the animal use commit-
tees of the Southern Arizona Veterans Affairs Health Care Sys-
tem and the University of Arizona (Tucson, AZ).

We performed echocardiograms in the infarcted rats to deter-
mine the extent of the MI three weeks post-coronary ligation.
Rats with normal left ventriclar ejection fraction (LVEF), no
in—crease in left ventricle (LV) diastolic dimension and no
evidence of anterior myocardial infarction MI by regional wall
abnormality were assigned as Sham. Rats with a mild reduc-
tion in LVEF, mild increase in LV diastolic dimension and
evidence of anterior myocardial infarction MI by regional wall
abnormality were assigned as LV dysfunction (LVD). Rats with
the greatest decrease in EF, largest LV diastolic dimensions and
largest anterior wall MI were assigned as CHE. In our laborato-
ry, a large MI results in approximately 50% rat mortality. Even
though typically rats do not eat for the first 24 hours after MI,
this protocol insured that rats received treatment as soon as
possible and that the rats with the largest MIs were treated the
entire time. We purposely choose rats with the largest infarcts
and most damage to the left ventricle, such that these rats had
the highest LV end-diastolic pressures. With this approach, we
purposely screened for the sickest rats for study, emphasizing
the purpose of looking for a signal of therapeutic benefit with
this new agent.

Myocardial Infarction Mode 1

Heart failure was created in rats using standard published
techniques from our laboratory [17-22]. In brief, rats were an-
esthetized with ketamine and acepromazine and a left thora-
cotomy performed. The heart was expressed from the thorax
and a ligature placed around the proximal left coronary artery.
The lungs were inflated, the chest closed, and the rat allowed
to recover. The rats were maintained on standard rat chow or
standard rat chow with drug added as noted above, water ad
libitum and pain medication postoperatively. Infarcted rats un-
dergoing this procedure have been documented to have large
MIs and CHF [15,23].

Hemodynamics

Hemodynamics were measured at the end of the treatment pe-
riod using previously published methods from our laboratory
[14,17,19,20,21]. In brief, rats were anesthetized with inactin
(100 mg/kg intraperitoneal injection) and placed on a specially
equipped operating table with a heating pad to maintain con-
stant body temperature. After endotracheal intubation and
placement on a rodent ventilator, a 2F solid state microman-
ometer tipped catheter with 2 pressure sensors (Millar, Hou-
ston, TX) was inserted via the right carotid artery, with one
sensor located in the LV and another in the ascending aorta.
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The pressure sensor was equilibrated in 37 °C saline before
obtaining baseline pressure measurements. After a period of
stabilization, LV and aortic pressures, and heart rate were re-
corded and digitized at a rate of 1000 Hz using a PC equipped
with an analog-digital converter and customized software.
From these data, LV dP/dt and the time constant of LV relaxa-
tion (tau) were calculated.

Echocardiography

Thoracic echocardiography was performed at three weeks
post-MI for enrollment and then after 6 weeks of treatment (9
weeks post-MI) to obtain measurements on stroke volume, EF,
heart rate, and systolic displacement of the infarcted anterior
wall and the non-infarcted posterior wall [20-22]. Images were
obtained with 10MHz transducers in the parasternal short axis
view. A Vingmed, Vivid System (GE Ul-trasound) machine
was used with EchoPac software. Data were collected using two
dimensional M-mode measurements dur—ing contraction and
relaxation with three cardiac cycles. Sys—tolic displacement
was calculated using these measurements.

LV Ejection Fraction and Fractional Shortening

Using the M-mode parasternal short-axis view from echocar-
diography, a cursor was placed from the interventricular sep-
tum through the left ventricle and posterior wall in minor axis.
This was done in diastole and systole. Fractional shortening
was calculated by subtracting left ventricular internal dimen-
sion in systole from left ventricular internal dimension in dias-
tole. This number was then divided by left ventricular internal
dimension in diastole.

Regional Systolic Displacement

Using parasternal short axis view, 2-dimensional, and M-mode
views, we calculated systolic displacement. The M-mode cur-
sor was placed through the anterior and posterior walls during
peak systole and peak diastole. This difference in LV wall thick-
ness between systole and diastole of the anterior wall gave the
systolic displacement for the anterior wall. This was measured
over five cardiac cycles.

Left Ventricular Pressure/Volume Relationships

LV pressure-volume relations ex-vivo were measured as pre-
viously described from our laboratory [14,15,20,22]. In brief,
at the end of the study, the heart was arrested with potassium
chloride, and a catheter consisting of PE-90 tubing with tel-
escoped PE-10 tubing inside was inserted into the LV via the
aortic root. One end of the double-lumen LV catheter was con-
nected to a volume infusion pump (Harvard Apparatus, Hol-
liston, MA), whereas the other end was connected to a pressure
transducer zeroed at the level of the heart. The right ventri-
cle was partially incised to prevent loading on the LV. The LV
was filled (1.0 mL/min) to 60-100 mm Hg and unfilled while
pres—sure was recorded onto a physiologic recorder (Gould In-
struments, Valley View, OH); ischemic time was limited to 10
minutes, the volume infused was a function of filling rate.

Infarct Area

After the pressure/volume measurements, the heart is fixed at
100mmHg in 10% formalin, let sit overnight, and allowed to
harden. It is filled with silicon, sliced into 4 sections, 3 faces of
these sections are photographed. The outlined of each section
is traced defining the outside perimeter, the inside perimeter,
and the infarcted area using the NIH developed software (Im-
age J) to obtain measurements infarcted versus normal heart.

Statistical Evaluation

Data were expressed as mean + standard error (SE). For the
physiologic and echocardiographic measurements, Student’s
t-test was used for single comparison of Sham versus other
study groups. Interactions were tested using 2-way analysis
of variance; intergroup differences were evaluated using the
Student-Newman-Keuls test for statistical significance. Pres-
sure-volume relations were evaluated using multiple linear
and polynominal regression analysis. The correlation of sta-
tistical difference was based on the Durbin-Watson statistic,
F-statistic, P value (P < 0.05), and variance coefficients.

Results
In vivo Hemodynamic effect of NHE1

As noted previously by our laboratory, rats with severe CHF
compared to sham had changes (P<0.05) in right ventricular
weight, mean arterial pressure, tau, the time constant of LV re-
laxation, LV systolic pressure, LV end-diastolic pressure, +LV
dP/dt, -LV dP/dt, dead volume and peak developed pres—sure
(14,15). In this study, treatment resulted in no changes in body
weight, chamber weight or hemodynamics (Table 1).

Echocardiographic Changes in LV Function and
Dimensions with NHE1

The data on global LV function and LV dimensions for CHF
rats are shown in Figures 1-3. Rats with CHF have decreases
in EF accompanied by increases in LV systolic and diastolic
dimensions. There was no change in anterior wall systolic
dis—placement. These data are consistent with other reports in
this model showing that at 6 weeks after left coronary artery
liga—tion, rats with large MIs have dilated left ventricles with
LV remodeling and poor LV function (14,15). Treatment with
the highest dose of 3 mg/kg increased (P<0.05) EF from 23+3%
(N=6) to 33+2% (N=13). Treatment with 1 mg/kg prevented
maladaptive LV remodeling, it prevented (P<0.05) dilatation
of the LV in CHF rats in diastole (1.0+0.1 cm, N=6) to 0.9+0.1
cm, N=10) and in systole (0.9£0.1 cm, N=6) to 0.8+0.1, N=10)
with no change anterior wall thickening.
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GROUPS

BWT
(€3]

RV
(€3]

LV
(€3]

LV
WT/BWT

MAP
(mmHg)

TAU
(ms)

HR
(bpm)

SYS
(mmHg)

LV EDP
(mm Hg)

LV +dP/dt
(mmHg/s)

LV -dP/dt
(mmHg/s)

Dead Volume
(ml)

LV PDP
(mmHg)

Sham
N=8

378+18

0.18+0.10

0.80+04

0.2+0.1

119+3

13.9£1.5

275%15

136+3

8138+426

6769+468

0.19+0.02

1867

LVD
N=4

360+13

0.22+0.03

0.80+.02

0.2+0.1

11848

18.2+0.7

252+17

136+8

6789+467

5067+591

0.21+0.04

163+10

CHF
N=10

350+9

0.41+0.03*

0.78+0.03

0.2+0.1

24.2+1.4*

243+8

110+3*

4890+193*

3073+142*

0.29+0.03*

118+3*

Sham

359+5

0.19+0.03

0.76+0.02

0.2+0.0

13.6+1.2

292+13

136+3

8337+430

7205+550

0.14+0.01

178+16

NHE-1
1.0 mg/kg
N=6

LVD
NHE-1
1.0 mg/kg
N=7

361+9 0.20+0.02 | 0.80+0.03 0.2+0.0 116+2 20.2+1.5

26617

13243 102 6404256 4664+316 0.20+0.01 15449

CHF
NHE-1
1.0 mg/kg
N=9

360+9 | 0.38+0.01 | 0.72+0.03 0.2+0.0 95+4 23.0+1.0

237+4

108+5 23+1 5014+184 3099+112 0.22+0.02 12343

Sham
NHE-1
3 mg/kg
N=11

37247 | 0.23%0.12 | 0.82+0.10 0.2+0.0 11943 13.8+0.6

27549

129+4 5+1 7938+362 67451288 0.15+0.02 19716

LVD
NHE-1
3.0 mg/kg
N=7

368+7 | 0.24+0.01 | 0.85+0.03 0.2+0.0 106+3 18.5£1.5

273+13

121+4 9+1 6248+285 4604272 0.24+0.03 161+2

CHF
NHE-1
3.0 mg/kg
N=9

345+8 | 0.36+0.03 | 0.80+0.05 0.2+0.0 100+4 24.1+0.9

24619

104£10 23+2 5069+260 3288+204 0.27+0.01 11947

Body weight (BWT); right ventricular weight (RV); left ventricular weight (LV); LV/body weight ratio (LV WT/BW); left ventricular dysfunction
(LVD); mean arterial pressure (MAP); heart rate (HR); LV end-diastolic pressure (EDP); LV peak developed pressure (LV PDP)

*P<0.05 Sham versus Severe CHF
Table 1: In Vivo Hemodynamic Measurements

Ejection Fraction - CHF

100 1

80

60

*%

EF (%)

40 -

20 +

T T T T T
Baseline 6wk Control 6wk 0.3mg 6wk 1mg 6wk 3mg

Figure 1: Ejection fraction in CHF rats. Baseline (N=36), 6wk control (N=6),
6wk 0.3mg (N=9), 6wk 1mg (N=10), 6wk 3mg (N=13). Data are mean + SE.
* denotes statistical significance between baseline and all other groups (P <
0.05). ** denotes statistical significance for intergroup comparison (P < 0.05).

Pressure-Volume relationships

The pressure-volume (PV) data are presented in Figure 4. Al-
though there are no significant changes in the PV relationships
for either the sham or CHF rats, there is a trend for the PV loop
in CHEF to be shifted toward the pressure axis with treatment.
These data are consistent with the trend toward decreases in
LV dimensions seen with treatment in CHF rats (Figures 2 and
3).

Infarct Size

At the dose of 1 mg/kg, treatment decreased infarct size 24%
from 21.7+1.4 (N=7) to 15.9+0.7 (N=3) in the CHF rats.
The changes with the 3 mg/kg dose, from 16.6+3.5 (N=3) in
the CHF rats were not significantly different but there was a
trend toward a decrease in infarct size at this dose. These data
sup—port a decrease in infarct size in the rats with the largest
in—farcts with treatment. We did not have enough data in rats
with less damage or LVD to analyze.

LV Diastolic Diameter - CHF

*k

T
10 4 L -
-
-

LVDd (cm)
*

0.0

Baseline 6wk 3mg

6wk control 6wk 0.3mg Bwk 1mg

Figure 2: LV diastolic diameter in CHF rats. Baseline (N=36), 6wk control
(N=6), 6wk 0.3mg (N=9), 6wk 1mg (N=10), 6wk 3mg (N=13). Data are mean
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+ SE. * denotes statistical significance between baseline and all other groups
(P < 0.05). ** denotes statistical significance for intergroup comparison (P <
0.05).

LV Systolic Diameter - CHF

*k
*k
1.0 A
5
-
o

0.8 T

0.6

LVDs (cm)

0.4

0.2 4

0.0

Baselline 6wk éontrol 6wk 6,3mg 6wk‘1mg 6wkk3mg

Figure 3: LV systolic diameter in CHF rats. Baseline (N=36), 6wk control
(N=6), 6wk 0.3mg (N=9), 6wk 1mg (N=10), 6wk 3mg (N=13). Data are mean
+ SE. * denotes statistical significance between baseline and all other groups
(P < 0.05). ** denotes statistical significance for intergroup comparison (P <

0.05).

80 1

60

40

Pressure (mmHg)

20 A

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Volume (ml)
—&— Sham
—O— Sham TX
—w— CHF
—8— CHF TX

Figure 4: Pressure-volume relationship in Sham (N=8), Sham+3mg (N=11),
CHF (N=10), and CHF+3mg (N=9) rats. There are no significant differences
between the curves but with treatment both the sham and appear to show a
trend of shifting toward the pressure axis.

Discussion

This study can be viewed as a corollary of a pilot Phase II clini-
cal trial to look for a signal of a beneficial physiologic effect of
this new NHE-1 inhibitor in CHE In terms of drug develop-
ment, this is an appropriate approach, i.e., take an agent with
a therapeutic focus, with an acceptable toxicology profile, al-
ter its pharmacokinetics to improve its oral delivery and bio-
availability and then study the drug in an appropriate animal
model. The administration of this agent to rats with CHF after
left coronary artery ligation resulted in a therapeutic benefit
with an increase in EF and a decrease in infarct size in rats
with the largest infarcts. There is a suggestion of the preven-

tion of LV remodeling with decreases in LV end-diastolic and
end-systolic dimensions accompanied by a similar trend in the
PV loop with a shift toward the pressure axis. There were no
changes in hemodynamics

Importantly, the decrease in infarct size with no changes in-
hemodynamics would positively affect LV remodeling by min

imizing LV dilatation without changes in LV afterload. From a
therapeutic perspective, an agent like this may be advanta-
geous in the treatment of heart failure after MI. The lack of
hemodynamic changes is not a clinical problem because we
already have agents that decrease afterload and lower LV end-
diastolic pressure such as angiotensin converting enzyme
(ACE) inhibitors and angiotensin receptor blockers (ARBs). In
treating CHE, we also have diuretics to control blood volume,
which in turn reduces LV end-diastolic pressure. The other po-
tential advantage of an NHE-1 inhibitor is that as opposed to
our current use of aggressive neuro-hormonal blockade, this
represents a different approach to treating CHE This is attrac-
tive because we essentially have exhausted or maximized our
effects of neu-ro-hormonal blockade and with no real new
treatments for CHF introduced in the last 10-15 years. We
need to look for other approaches to treat CHE.

Drug development is obviously a complicated and expensive
undertaking. In exploring this agent, we would propose a step-
wise approach. In this case with an agent whose analogs have
been studied extensively, our thought would be to perform a
larger dose ranging study in CHF rats to define dose response
curves for systolic function as well as obtain more information
on pharmacokinetics, as well as diastolic function and struc-
tural changes.

An attractive aspect of this work is that we are examining
an agent with a different mechanisms of action that current
treatments for heart failure. The stimulus to study the agent
in an animal model of heart failure was based on multifaceted
roles of sodium-hydrogen exchangers on myocardial function.
Nine isoforms of NHE have currently been identified, with
NHE-1 being the predominant isoform in the plasma mem-
brane of the myocardium [3,24]. Because NHE is activated by
intracel-lular acidosis, angiotensin II, and catecholamines, its
activity is expectedly increased in heart failure [9,25-27]. Inhi-
bition of NHE-1 has previously been associated with decreased
fibrosis, apoptosis, preserved contractility, and attenuation of
hypertrophy and development of heart failure [9,10,24,28].

Limitations

There are some potential limitations to this work; the most ob-
vious is that no animal model is able to really define response
to a drug in patients with disease. In addition, we only studied
a few doses of the drug without accompanying pharmacoki-
netic data. In this study, we concentrated on the sickest ani-
mals with the largest infarcts, we did not study moderate heart
fajlure animals and we did not explore drug given prior to the
infarct as prophylactic approach.
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Conclusion

We investigated the role of a new NHE-1 inhibitor in the rat
coronary artery ligation model of CHEF. This agent had a ben-
eficial effect by preventing adverse LV remodeling, improving
EF without altering afterload. There are enough positive data
here to encourage us to expand our investigation of this new
drug potentially looking at a larger animal model of CHF.
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