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Na/H exchange inhibition protects newborn heart from ischemia/
reperfusion injury by limiting Na+-dependent Ca2+ overload

H. Liu, MD#, P. M. Cala, PhD*, and S. E. Anderson, PhD*
#Department of Anesthesiology and Pain Medicine, University of California Davis Davis, CA 95616,
USA
*Department of Physiology and Membrane Biology, University of California Davis Davis, CA 95616,
USA

Abstract
The results of the GUARDIAN/EXPEDITION trials demonstrate the need for more precisely
controlled studies to inhibit Na/H exchange (NHE1) during ischemia/reperfusion. This is because
overwhelming evidence is consistent with the hypothesis that myocardial ischemic injury results in
part from increases in intracellular Na (Nai) mediated by Na/H exchange (NHE1) that in turn promote
Na/Ca exchanger (NCX) mediated increases in intracellular Ca ([Ca]i) and Ca-dependent cell
damage. We used a more potent and specific NHE1 inhibitor HOE 694 (HOE) to test whether
inhibition of NHE1 during ischemia limits increases in Nai and [Ca]i in newborns. NMR was used
to measure pHi, Nai, [Ca]i, and ATP in isolated newborn rabbit hearts. Perfusion pressure (PP) and
left ventricular developed pressure (LVDP) and CK were measured. HOE was added before global
ischemia. Results are reported as mean±SE. Nai (mEq/kg dry wt) rose from 11.6±0.9 prior to ischemia
to 114.0±16.1 at the end of ischemia and recovered to 55.2±11.8 in the control group. During ischemia
and reperfusion the corresponding values for Nai in the HOE group (63.1±8.4 and 15.9±2.5,
respectively, p<0.05) were lower than control. In the control group [Ca]i (nM/L) rose from 331±41
to 1069±71 and recovered to 814±51 whereas in the HOE group [Ca]i rose less (p<0.05): 359±50,
607±85 and 413±40, respectively. Total CK release was significantly reduced in the HOE group. PP
and LVDP also recovered significantly better in the HOE group than control. In conclusion, NHE1
inhibition diminishes ischemia-induced increases in Nai and therefore [Ca]i and thus diminishes
myocardial injury in neonatal hearts.

Keywords
Developmental biology; ischemia/reperfusion; Sodium; Calcium; Na/H exchanger; Na/Ca
exchanger; NMR

Introduction
Current methods of myocardial protection during adult open-heart surgery have been shown
to improve myocardial preservation. In contrast, myocardial protection during pediatric open-
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heart surgery is relatively less successful and associated with greater morbidity and mortality.
1,2 Of particular interest in this context are findings that Na/H exchanger (NHE1) inhibition
diminishes intracellular Na (Nai) and Ca (Cai) accumulation and thereby diminishes
myocardial injury during I/R under a wide variety of conditions.3, 4-7

However, the less than optimal design and outcome of the Guardian/Expedition trials aimed
at inhibiting NHE1 under clinical conditions have made it necessary to revisit the issue of
NHE1 inhibition in limiting myocardial ischemic injury. 8,9 This will require studies to
precisely determine optimal treatments, perhaps including promising NHE1 inhibitors not yet
tested clinically.

Successful recovery from open-heart surgery is directly related to limitation of myocardial
injury associated with ischemia/reperfusion (I/R) and many pathophysiological processes in
cardiac I/R are associated with derangement of cellular ion homeostasis.1,3,11,12 Decreases in
intracellular pH (pHi), increases in intracellular Na (Nai), and Ca overload play key roles in
the impairment of I/R tissue13. The Na dependence of myocyte Ca uptake suggested Na/Ca
exchange (NCX) plays a major role in increasing cytosolic Ca concentration ([Ca]i) and
therefore Ca-dependent myocardium injury.14-17 Although it has been suggested that Na/H
exchange (NHE1) is inhibited by excess extracellular protons during ischemia,18 most studies
are consistent with the hypothesis that myocardial hypoxic/ischemic injury is the result of low
pHi stimulation of NHE1 leading to increased Na uptake that in turn promotes NCX mediated
increases in [Ca]i and a cascade of Ca-dependent responses that cause injury, necrosis, and/or
apoptosis. Furthermore, given numerous well-documented differences between the adult and
newborn hearts’ responses to hypoxia, ischemia, and reperfusion and lack of consensus on age-
related susceptibility to associated injury and treatment it should not be concluded that
inhibition of NHE1 will have the same effects in both age groups. 10,11,19-27 Thus it is more
important than ever to assess the response of the newborn heart to NHE1 inhibition under
precisely controlled conditions. Only by doing so can we rationally develop interventions to
protect the newborn heart from I/R injury. Finally, although many studies have demonstrated
that NHE1 inhibition is effective in protection against ischemic damage in adult hearts,3,7,18,
28 the results in this study are the first to assess the effect of HOE694 on pHi, Nai and [Ca]i in
newborn hearts.

Methods
The study protocol was approved by the Animal Care Committee of the University of
California, Davis (Davis, California, USA) and all experiments were conducted in accordance
with “The Guide for Care and Use of Laboratory Animals” (NIH publication vol.25 no.28,
revised 1996) and policies of the University of California, Davis.

New Zealand white rabbits (4-7 days old, weight 70 to 150 g) were anesthetized with sodium
pentobarbital (65 mg/kg) and heparinized (1000 USP units/kg). Hearts were removed and
perfused at a constant rate (9 ml/min) at 36±1°C (normothermic) for 60 minutes of baseline
perfusion (which included 30 to 40 minute FBAPTA loading as necessary to measure [Ca]i).
Perfusion pressure (PP) and left ventricular develop pressure (LVDP) were also measured.
LVDP was calculated as end systolic minus end diastolic pressure as measured by isovolumic
balloon after end diastolic pressure was set to 8±1 mmHg under baseline conditions.
Normothermic ischemia started at time 0 (t = 0 min), lasted for 40 minutes, and 40 minutes
normothermic reperfusion followed ischemia. Control perfusate contained (mmole/liter): 133
NaCl, 4.75 KCl, 1.25 MgCl2, 1.82 CaCl2, 25 NaHCO3, 11.1 dextrose. The NHE1 inhibitor 3-
methylsulfonyl-4-piperidinobenzoyl guanidine methanesulfonate (HOE 694 - 5 μM, hereafter
HOE), (Hoechst Marion Roussel, Germany), was added into the perfusate 10 minutes before
ischemia in the treated group. NHE1 inhibitor was not added to the reperfusion
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solution. 23Na, 19F, and 31P NMR spectroscopy were used to measure Nai, [Ca]i, and pHi and
ATP, respectively.22,29 For Nai measurement 7.5mM dysprosium
triethylenetetraminehexaacetic acid (DyTTHA) was substituted iso-osmotically for NaCl in
the perfusate and Ca was added to reach a perfusate concentration of 2 mM as measured by
Ca electrode. For [Ca]i measurement, hearts were perfused during the baseline interval (30-40
min) with perfusate containing the acetoxymethyl ester of 5F-1,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid (FBAPTA) at 2.5 μM.24 FBAPTA was then washed out of the
extracellular space with control solution before measurement of [Ca]i. Perfusates were
equilibrated with 95% O2/5% CO2 which provided a pH of 7.35-7.45. At the end of perfusion,
hearts were weighed wet and dried to constant weight (at least 48 hr) at 65°C to determine dry
weight.

NMR spectroscopy
A Bruker AMX400 spectrometer (Bruker, Rheinstetten, Germany) was used for all
experiments. Spectra were acquired and analyzed as previously described.29

Briefly, 23Na, 19F, and 31P spectra were generated from the summed free induction decays of
1000, 1500, and 148 excitation pulses (90°, 45° and 60°) using 2K, 2K, and 4K word data files
and ±4000, ±5000, and ±4000 Hz sweep widths, respectively. For all nuclei data files were
collected over 5 minute intervals. Nai was calculated from the calibrated area under the
unshifted peak of the 23Na spectra after subtracting out the extracellular peak.22 [Ca]i in
nmoles/liter cell water was calculated as the product of the ratio of the areas of the Ca-bound
and Ca-free peaks in the FBAPTA spectrum and the 500 nM Ca-FBAPTA dissociation
constant.30 pHi was determined from the chemical shift of the inorganic phosphate (Pi)
resonance with reference to control phosphocreatine (PCr) calibrated at 37°C. ATP is reported
as percent of control peak intensity where the control for each heart is the mean value for data
acquired during 30 minutes of baseline perfusion prior to ischemia. Nai, [Ca]i, and pHi were
measured in different hearts in order to maximize signal to noise for the nucleus being measured
with a single tuned probe.

Creatine Kinase (CK) and left ventricular function measurements
Perfusate was collected during the baseline and reperfusion intervals and a CK kit from Sigma
Diagnostics (Sigma Diagnostics, St. Louis, MO, USA) was used along with a Shimadzu UV-
VIS recording photospectrometer (Shimadzu, Columbia, MD, USA) to measure the time
integrated total CK release from the myocardium29. Strain gauge transducers connected to a
Powerlab (AD Instruments, Colorado Springs, CO, USA) analogue-to-digital converter in
conjunction with a computer were used to measure PP (mmHg) and LVDP where the latter is
reported as % of control where the control for each heart is the mean of three measurements
acquired during 30 minutes of baseline perfusion prior to ischemia.

Results are reported as mean±SE. Analysis of variance for repeated measures was used to test
for the differences between the treatments. If differences were found, the unpaired t test was
used to determine the times at which differences between treatments occurred. For all
comparisons differences were considered significant when p < 0.05.

Results
Nai increases during ischemia and NHE1 inhibition diminishes ischemia-induced Nai
accumulation

The hypothesis predicts that during ischemia, anaerobic metabolism increases H production
and decreases pHi and thus stimulates NHE1 to increase Nai. 31,32 The data shown in Figure
1 demonstrate that HOE diminished the increase in Nai during ischemia and improved Nai
recovery during reperfusion. Nai (mEq/kg dry wt) rose from 11.6±0.9 before ischemia to 114.0
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±16.1 at the end of ischemia and recovered to 55.2±11.8 in the control group. When the NHE1
inhibitor HOE (5 μM) was added to the perfusate 10 min prior to ischemia, the corresponding
values for Nai in HOE treated hearts were 27.7±11.4, 63.1±8.4 and 15.9±2.5, respectively (*p
< 0.05 during I/R).

[Ca]i increases during ischemia and NHE1 inhibition diminishes this increase
NHE1 inhibition also diminished the increase in [Ca]i during ischemia and was associated with
relatively lower [Ca]i during reperfusion (*p < 0.05). As shown in Figure 2, in control hearts
[Ca]i (nM/L) rose from 331±41 to 1069±71 and recovered to 814±51 whereas in HOE treated
hearts the values were 359±50, 607±85 and 413±40, respectively. Again, this is consistent with
the general hypothesis.

NHE1 inhibition has no measurable effect on pHi during ischemia but increases pHi during
reperfusion

In contrast to what one might predict from the hypothesis, the data shown in Figure 3
demonstrate that after 40 minute ischemia pHi in HOE treated hearts (5.92 ± 0.05) was
nominally greater, but not significantly different from that of control hearts (5.83± 0.05). The
recovery of pHi in the HOE treated group was also similar to the control group during 40 min
of reperfusion. There were no significant differences in pHi between the groups with and
without HOE prior to ischemia.

NHE1 inhibition preserves myocardial high-energy phosphates during I/R
Figures 4 summarize the results of experiments aimed at determining the effects of NHE1
inhibition on high-energy phosphate metabolism in newborn ischemic myocardium. During
40 minutes of ischemia myocardial ATP declined to 24±4% of pre-ischemic baseline in HOE
treated hearts. This was not significantly different from control group (19±3%, p>0.05). After
20 min of reperfusion ATP had recovered to 36±6% of baseline in control hearts and 56±7%
in the HOE hearts (*p<0.05).

NHE1 inhibition decreases myocardial CK release and PP and improves LVDP recovery
during reperfusion

The results also demonstrate that NHE1 inhibition diminishes the increase in coronary
resistance during reperfusion compared with the control group. In Figure 5, at the end of 40
minutes of reperfusion, the PP was 70±6 mmHg in control hearts and 52±3 in HOE treated
hearts (*p<0.05). As shown in Figure 6, LVDP also recovered better during reperfusion in
HOE treated hearts. At the end of reperfusion, LVDP was 14±4% of baseline in control hearts
and 85±18% of baseline in HOE treated hearts (*p<0.05). Finally, as shown in Figure 7, HOE
decreased total myocardial CK release during reperfusion from 870.6±118.8 (IU/g dry weight)
in the control group to 74.6±56.4 (IU/g dry weight) in the HOE treated group (*p<0.05)

Discussion
It has been suggested that NHE1 is inhibited by low extracellular pH during ischemia.18,33

Nevertheless, we and others have demonstrated that hypoxia and ischemia cause increases in
Hi, Nai, and [Ca]i in adult and newborn hearts and that such increases are limited by NHE1
inhibition. 22,29,31,34-36 That is, even if NHE1 is inhibited by low extracellular pH during
ischemia, it remains capable of mediating a large net Na uptake, which is decreased by NHE1
inhibitors. Furthermore, these results provide further support for our hypothesis that also
predicts any intervention that inhibits any step in this process will diminish cell damage.
Although numerous studies have demonstrated that NHE1 inhibition is effective in protection
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against ischemic damage in adult and immature hearts,34-36 the results in this study are the
first to assess the effect of HOE 694 on pHi, Nai and [Ca]i in newborn hearts of this age group.

By using a putatively more specific and potent NHE1 inhibitor, HOE 694, 37 this study provides
further evidence to confirm NHE1 makes a significant contribution to Nai accumulation in the
ischemic newborn heart. It also supports our previous work by demonstrating that, on a
qualitative basis, newborn and adult hearts respond to ischemia similarly in terms of these ions
and NHE1 inhibition. 22,29 This result is consistent with a previous report using isolated rabbit
cardiac myocytes that concluded there was no developmental change in the NHE1 activity. 38

Effect of NHE1 inhibition on pHi during ischemia
It has been reported that after inhibiting the NHE1, pHi is lower than control in adult hearts
during ischemia as well as during simulated “ischemia” in myocytes isolated from neonatal rat
hearts. 39-41 However, in both adult and newborn hearts it has also been reported that inhibition
of NHE1 has no significant effect on pHi during ischemia.2,4,22 The present study demonstrates
that HOE had no significant effect on pHi during ischemia, but consistent with our previous
study 22, pHi was significantly higher in the HOE group at the end of reperfusion. Our
explanation of this result is as follows. During ischemia, anaerobic metabolism increases H
production and Hi, which stimulates NHE1. H efflux is coupled to Na uptake via NHE1.
Increased Na uptake stimulates Na-K ATPase to increase the consumption of ATP which
increases H production as the result of an increased rate of ATP hydrolysis during ischemia.
13, 42 HOE inhibition of Na accumulation may thus decrease H production such that Hi
accumulation is not increased even though proton efflux via NHE1 is inhibited.

HOE694, a more specific NHE1 inhibitor, decreases Nai and [Ca]i during I/R
Our results demonstrate that in newborn rabbit hearts the NHE1 inhibitor HOE (5 μM)
diminishes the Nai accumulation at the end of ischemia by 44.7%. This may be compared to
75% inhibition of Nai accumulation in newborn hearts pretreated with 10 μM EIPA or in adult
rat hearts, about 83% inhibition achieved by treatment with 2.7 μM EIPA, and essentially 100%
inhibition achieved by treatment with 1mM amiloride.4, 22,43 HOE 694 has been identified as
one of the more specific NHE1 inhibitors.37 Compared with the results of the effect of EIPA
on Nai during ischemia, newborn hearts pretreated with EIPA show greater inhibition of Nai
accumulation than those pretreated with HOE694 (p<0.01). This difference between HOE694
and EIPA could be the result of an added effect of EIPA on non-inactivating Na channels.44

This result is also consistent with the preliminary results which show that in adult rabbit hearts
EIPA inhibits veratridine stimulated Na uptake whereas HOE does not (unpublished
observation from this laboratory). Given that increases in [Ca]i appear to be dependent upon
the magnitude of increase in Nai, regardless of whether accumulation occurs during ischemia
or reperfusion, we speculate that non-specific inhibitors of Na uptake, e.g. those that inhibit
both NHE1 and non-inactivating Na channels, may provide more protection from I/R injury
that any specific inhibitor of Na uptake administered alone.

Our result is also consistent with that of previous studies which conclude the accumulation of
Nai during myocardial ischemia plays a critical role in irreversible injury because of its effect
on [Ca]i as mediated by NCX.10,11,34,45 Assuming the stoichiometry of NCX is 3/1 and the
membrane potential remains at its normal resting level, if Nai increases by a factor of 2 to 3,
the driving force for NCX will reach equilibrium and therefore NCX will no longer extrude
Ca. If Nai increases further and/or if the membrane potential becomes more positive, flux
through the NCX will reverse direction and it will mediate net Ca uptake. Thus when NHE1
was inhibited by HOE694, the decrease in Na accumulation was accompanied by more than a
66% decrease in [Ca]i accumulation during ischemia. This may be compared with an 84%
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decrease in ischemia-induced [Ca]i accumulation in adult rat hearts after Na uptake was
decreased using the non-specific inhibitor amiloride (1mM). 4

NHE1 inhibition preserves high-energy phosphates and contractile function and decreases
myocardial injury during reperfusion

While the above-described alterations in ion homeostasis are vitally important, changes in
energy metabolism may also play an important role in the development of irreversible myocyte
injury during I/R. NHE1 inhibition has been reported to reduce depletion of myocardial ATP
during I/R in newborn and adult hearts. 22,36 In this study, after exposure to HOE, ATP recovers
significantly better (*p<0.05) and Pi accumulation is significantly decreased (*p<0.05) early
during reperfusion (Figs. 4 & 6). We postulate that NHE1 inhibition could diminish changes
in ATP and Pi during I/R as a result of the relative decrease it causes in Nai and [Ca]i. In
particular, decreases in Nai and [Ca]i accumulation during ischemia, would decrease Na- and
Ca-dependent energy consuming processes (e.g. Na/K ATPase and Ca-ATPase).5 The Na
accumulation during ischemia might also induce mitochondrial damage and decrease ATP
production.46 NHE1 inhibition prevents the Nai accumulation and may thus preserve the
mitochondria function to limit decreases in high-energy phosphates. Consistent with a previous
report,28 after HOE treatment, LVDP recovered better (14.3% vs. 84.7% of baseline at the end
of reperfusion). Also at the end of reperfusion, the coronary resistance, proportional to PP at
constant flow, was decreased nearly 26% by HOE. Similarly, the total CK release is more than
11.6 times higher in the control group compared to the HOE treated group.

Our study has several limitations. First of all, it is well known that numerous pathways are
involved in myocardial I/R injury. We only focused on the pathways outlined in the hypothesis.
Second, it was designed to study the newborn, not the adult hearts, so we only used the newborn
rabbit and did not include adult for comparison. Third, the Nai, [Ca]i, and pHi were measured
in separated hearts. Fourth, in order to further improve signal to noise for the 19F data, data
from 2 acquisitions was added to provide an average over 10 min. Thus the values of [Ca]i
reported in this study are “average” calcium, rather than diastolic or systolic calcium and since
these hearts are not beating during ischemia, we cannot ascribe associated injury to changes
in systolic or diastolic [Ca]i per se.

Conclusion
We conclude that the data in this study are consistent with the hypothesis that newborn hearts,
like adult hearts, respond to ischemia with an increase in NHE1 activity that leads to increased
Nai, collapse of the transmembrane Na gradient and, consequently, increased accumulation of
Ca (due in part to alterations in NCX) which in turn leads to myocardial cell damage and
dysfunction. Also as predicted by the hypothesis, in newborn rabbit hearts NHE1 inhibition
limits increases in intracellular Nai and [Ca]i during 40 minutes of warm ischemia. The results
are further consistent with the postulate that HOE 694 is a more specific NHE1 inhibitor than
EIPA.47 Finally, the observed decreases in Nai and [Ca]i accumulation are associated with
significant preservation of high-energy phosphates, decreased CK release, decreased coronary
resistance, and improved recovery of left ventricular function during reperfusion. Thus the
results provide strong evidence suggesting further studies must be conducted to learn how
NHE1 inhibition can be exploited clinically to limit morbidity and mortality associated with
myocardial ischemia/reperfusion in the newborn.
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Figure 1.
In newborn rabbit hearts, the NHE inhibitor HOE694 (5 μM) decreases accumulated
intracellular Na during ischemia and reperfusion. Intracellular Na content (mEq/kg dry weight)
is plotted vs. time before, during, and after ischemia with HOE694 (closed triangles), and
without any treatment (open squares). * p<0.05.
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Figure 2.
The cytosolic Ca accumulation was significantly decreased in the HOE694 (5 μM) treated
hearts during ischemia and reperfusion. Cytosolic Ca concentration (nM) is plotted vs. time
before, during, and after ischemia with HOE694 (closed triangles) and without HOE694 (open
squares). * p<0.05.
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Figure 3.
The NHE inhibitor HOE694 (5 μM) decreases intracellular proton concentration at the end of
reperfusion. Intracellular pH is plotted vs. time before, during, and after ischemia with HOE694
(closed triangles) and without HOE694 (open squares).
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Figure 4.
In newborn rabbit hearts, the NHE inhibitor HOE694 (5 μM) improves ATP recovery during
reperfusion. Myocardial ATP (% of control) is plotted vs. time before, during, and after
ischemia with HOE694 (closed triangles) and without HOE694 (open squares). * p<0.05.
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Figure 5.
In newborn rabbit hearts, the NHE inhibitor HOE694 (5 μM) limits the increase in perfusion
pressure (a linear function of coronary resistance in this model) during reperfusion. Perfusion
pressure (% of control) is plotted vs. time before, during, and after ischemia with HOE694
(closed triangles) and without HOE694 (open squares). * p<0.05.
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Figure 6.
During reperfusion LVDP was significantly greater in the HOE treated hearts than the control
hearts. LVDP (% of control) is plotted vs. time before, during, and after ischemia with HOE694
(closed triangles) and without HOE694 (open squares). * p<0.05.
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Figure 7.
Myocardial CK release was significantly reduced during reperfusion in HOE treated hearts
compared to untreated hearts. CK (IU/g dry weight) is plotted vs. time before, during, and after
ischemia with HOE694 (closed triangles) and without HOE694 (open squares). *p<0.05
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