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Abstract

The cardiac injury observed during myocardial ischemia and reperfusion has been shown to be a
consequence of a complex mechanism in which the accumulation of hydrogen peroxide (H2O2) and other
oxygen free radicals (OFRs), and intracellular pH (pHi)  are believed to play a major role.  However, the
effect of H2O2 on pHi has not been well characterized in the human atrial myocardium.  In the present
study, we superfused hydrogen peroxide  into the human atrial tissue in order to assess the effects of
oxygen free radicals on the pHi, and, furthermore, to test the ability of certain potential cardioprotective
agents, including  scavengers of the • OH free radical (N-(mercaptopropionyl)-glycine; N-MPG) and the
HOCl free radical (L-methionine), to protect against oxidative-induced pHi challenge.  The human atrial
tissues were obtained from patients undergoing corrective open-heart surgery.  The ratiometric
recordings of pHi were measured using the pH-sensitive, dual-excitation and dual-emission fluorescent
dye BCECF (2', 7'-bis(carboxyethyl)-5, 6-carboxyfluorescein acetoxymethyl ester).  By continuously
monitoring pHi changes in human atrial myocardium, we have found, for the first time, that (a) H2O2

(30 µM-3 mM) induced a significant dose-dependent intracellular acidosis, (b) N-MPG caused a
significant block on the intracellular acidosis induced by 3 mM H2O2, whereas L-methionine did not, and
(c) Hoe 694, a specific Na+/H+ exchanger (NHE) inhibitor, caused a similar extents like that induced by
3 mM H2O2. Our data suggest that the effects of H2O2 are caused mainly through the generation of • OH,
which is attributed to the intracellular acidosis seen in the human atrial trabecular muscle.  The possible
underlying mechanism for H2O2-induced acidosis is likely due to its inhibition on the activity of NHE and
other acid extruders, as the pHi changes after H2O2 exposure could be detected even though the activity
of NHE was completely blocked by 30 mM Hoe 694.
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INTRODUCTION

Intracellular pH (pHi) regulation is vital to
maintain cellular homeostasis and hence the
performance of the cell.  Many cellular mechanisms
are sensitive to changes in pHi.  These include enzyme
activity (30), control of the cell volume (14), the
regulation of cellular growth and differentiation (13),
the kinetic properties of K+ and Ca2+ channels (7), and
cell contractility (6).  Moreover, disturbances in the

amount of acid or alkali within the cells of the heart
can trigger major changes in the strength and rhythm
of the heart beat.  For example, during myocardial
ischemia, the pHi is substantially lowered (1).
Moreover, during post-ischemia reperfusion, rapid
recovery of the pHi is observed (5).  These pHi

disturbances have been claimed to be responsible for
the reversible contractile dysfunction and malignant
ventricular arrhythmias seen in cardiac myocytes and
in other cell types (5, 23).
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The episodes of ischemia and post-ischemic
reperfusion occur not only in the condition of
pathological disorders, but also in the procedure of
certain kind of surgery.  For example, coronary
thrombosis, balloon angioplasty of blood vessels and
open-heart surgery with cardioplegic arrest (2, 25).
Furthermore, reperfusion of cardiac tissue after a
reversible ischemic episode results in further, and
usually more serious, cardiac dysfunction, such as
stunning and arrhythmias, and other clinical
complications (4, 12).  Therefore, over the last few
years, extensive progress has been made in exploring
the underlying mechanisms of ischaemia/reperfusion-
induced cardiac dysfunction.  It has been found that
oxidant injury plays a critical role in the development
of ischemia/reperfusion-induced cardiac injury (27).
For example, it has been demonstrated that the
concentration of oxygen-derived free radicals, such
as superoxide (• O2

−), hydroxyl (• OH), and H2O2, can
be dramatically increased following ischemia and
reperfusion (34).  Moreover, scavengers of oxygen
free radicals, such as catalase and superoxide
dismutase, can reduce ischemia/reperfusion-induced
myocardial stunning and arrhythmias (2).  As H2O2 is
an important mediator of the production of other
oxygen-derived free radicals, such as • OH and HOCl
(3, 15, 31) , in the present study, various concentrations
of H2O2 (30 µM-3 mM) were applied to the human
atrial myocardium to mimic the effects of oxygen free
radicals during ischemia and post-reperfusion.

In animal models, both in vivo and in vitro, the
most damaging effects on the heart caused by oxygen
free radicals seem to be due to • OH radicals (2, 9, 11,
20) .  Furthermore, in cultured rat cardiac myoblasts,
100 µM H2O2 induces a marked decrease in the pHi

(33), and similar results are seen in cerebellar
astrocytes and C6 glioma cells (31).  These large pHi

reductions are suggested to result from the production
of intracellular • OH as a result of H2O2 oxidation,
i.e. via the Fenton reaction, since the acidosis is
completely inhibited by two different potent
membrane-crossing • OH scavengers (31). As yet,
however, no pharmacological study has been
performed on the effects of oxygen free radicals and
the cardioprotective action of oxygen free radicals
scavengers on the human atrial myocardium.  In
addition, it has been shown that the cardiac myocytes
plasma membrane Na+-H+ exchanger (NHE) plays an
important role in the maintenance of intracellular pH,
sodium, and calcium ion homeostasis.  From the
results of various experimental studies, it is clear that
NHE is an important mediator of ischemic-reperfusion
injury of the heart (19, 21).  Therefore, in the present
study, Hoe 694, a specific and potent inhibitor of
NHE, was applied in the human atrial myocardium to
compare its action with that of H2O2.

Materials and Methods

Human Heart Tissue

Human atrial tissues were obtained from the
hearts of 15 patients (age 62.4±3.3 years; 8 males and
7 females) undergoing corrective cardiac surgery for
the open-heart surgery for the treatment of a variety
of congenital (6 cases) and acquired (9 cases) heart
diseases.  Institutional rules for the protection of
human subjects were observed.  Prior to surgery,
informed consent was obtained.  Right atrial trabecular
tissue, 0.5~1 mm in diameter and 3-5 mm long, was
removed,  as  described previously (22),  and
immediately immersed in cold bicarbonate-containing
Tyrode solution.  The preparations were then perfused
with oxygenated (95%O2, 5% CO2) Tyrode solution
at 37°C.  The pH of the solution was adjusted to
7.40±0.02 for experiments.

Chemicals and Solutions

All experiments were performed at 37°C in
bicarbonate-buffered solutions (equilibrated with 95%
O2, 5% CO2) containing (in mM) NaCl 137, MgCl2

0.5, NaH2PO4 0.5, KCl 4, CaCl2 2.7, glucose 5.6,
NaHCO3 22, and dextrose 5.6, the pH being adjusted
to 7.4 using NaOH.  BCECF-AM calibration solutions
for pHi recording contained (mM): KCl, 140; MgCl2,
1; 10 µM nigericin; buffered with one of the following
organic  buffers :  20  mM 2-(N-morphol ino)
ethanesulphonic acid (MES, pH 5.5), 20 mM HEPES
(pH 7.5) or 20 mM 3-(cyclohexylamino)-2-hydroxy-
1-propane-sulphonic acid (CAPSO, pH 9.5), and were
adjusted (37°C) to the correct pH with 4N NaOH.  All
chemicals were purchased from Sigma (USA) except
that NaOH was purchased from Wako (Japan).   When
20 mM NH4Cl was used, it was added directly as solid
to solution with osmotic compensation by replace the
same concentration of NaCl, because NH4Cl was
eas i ly  d issolved in  the  solut ion .  H2O 2,  N-
(mercaptopropionyl)-glycine (N-MPG) and L-
methionine were added, as stock solutions, to solutions
shortly before use.

Measurement and Calibration of the Intracellular pH

Measurement of the pHi has been described in
detail elsewhere (33).  In brief, the pHi in the human
atrial myocardium was measured using the pH-
sensitive, dual excitation dual-emission fluorescent
dye, BCECF-AM (2', 7'-bis(carboxyethyl)-5, 6-
carboxyfluorescein acetoxymethyl ester, from
Molecular Probes).  The preparations were loaded
with BCECF-AM (5 µM) by incubating them for 30
min at room temperature and were excited alternately
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with 490 and 440 nm wavelength light.  The BCECF
fluorescence emission ratio of the 510 nm emission at
490 nm and 440 nm excitation (490/440) was calibrated
using the K+-nigericin method.  Briefly, this consisted
of exposing a BCECF-loaded cell to the three nigericin
calibration solutions (listed above in Solution section).
This clamps pHi to the value of pHo in the calibration
solution (29).   Figure 1A showed the emission ratio
changes seen on perfusing atrial myocardium with
calibration solutions with different pH values (5.5 ~
9.5) in the presence of 10 µM nigericin.  The emitted
ratio 510 nm emission at 490 nm and 440 nm
excitations (R; R=F490/F440) was increased as the pH
value of superfusing solution was increased.  Rmax

and Rmin are, respectively, the maximum and minimum
ratio values for the data curve.   The overall sampling
rate for the recorded fluorescent ratio (490 nm /440
nm) was 0.5 Hz in the experiment.  Using the liner

regression fit of the data (shown in the Figure 1B)
obtained from 10 calibration experiments similar to
that shown in Fig. 1A, the mean apparent dissociation
constant (pKa) at 37 °C was found to be 7.14, very
close to the value determined by other investigators
(33).  The following equation was used to convert the
fluorescent ratio in to pHi:

pHi=pKa+log[(Rmax−R)/(R−Rmin)]
+log(F440min/F440max)

where R is the fluorescence ratio of the 510 nm
emission at 490 nm and 440 nm excitation.  Rmax and
Rmin are, respectively, the maximum and minimum
ratio values from the data curve and the pKa (-log of
dissociation constant) is 7.16.  F490min/F440min and
F490max/F440max are the ratios of fluorescence measured
at 440 nm of  Rmin and Rmax, respectively.

To make sure the preparations were in good
condition, an intracellular acidosis was induced by an
NH4Cl prepulse  (see left part of Fig. 2 for details) to

Fig. 1. In vivo calibration of intracellular pH. (A).  The trace shows the
BCECF fluorescence ratio (510 nm emission at 490 nm and 440
nm excitations) in human atrial myocardium loaded with BCECF-
AM.  The pH value in the calibration solution is shown above the
record.  Measurements were performed by microspectro-
fluorimetry, after loading of the probe, with myocardium
superfused in a buffer at various pH values (See Materials and
Methods for details).  Note that the addition of nigericin (10 µM)
allowed rapid equilibration of external and internal pH.  (B).
Calibration curve of the ratio of the 510 nm emission at 490 nm
and 440 nm excitation (F490/F400) of the fluorescent dye BCECF
incorporated in cells, as function of pH.

Fig. 2. Intracellular acidosis induced by H2O2 in the  human atrial
myocardium.  A) The application of NH4Cl (20 mM) and various
concentrations of H2O2 (30 µM - 3 mM) is shown by the bars
below and above the pHi trace. B) Histogram showing the mean
pHi change induced by different concentrations of H2O2 in
several experiments similar to that shown in A.  The columns and
bars represent the means ± S.E.M.; *P< 0.05 compared with in
the absence of H2O2.  Note that the change of pHi induced by
tested drug was measured at the 10th min after the treating the
drug.
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test the acid extruding activity of the cell, throughout
the whole experiment.  Briefly, the mechanism of the
NH 4Cl  prepulse  technique  re l ies  upon the
characteristic of incomplete dissociation.  Although
both the charged (NH4

+) and uncharged (NH3) species
of a NH4Cl exist at the same time in solution, the
uncharged species of  (NH3) is lipid soluble and
therefore able to permeate the lipid bi-layer of the cell
membrane.  In contrast, the charged species  (NH4

+)
permeates relatively slowly, through various
membrane protein routes.  In other words, the whole
process of the pre-pulse can be explained in terms of
four phases as shown in the left part of Fig. 2:  rapid
entry (phase 1), slow recovery (phase 2), rapid exit
(phase 3), and pHi regulation (phase 4).  Only those
samples with good response went through the designed
protocols.  Moreover, to prevent the possible influence
of fluorescent dye-leakage on the pHi recording, the
strength of both wavelength of 510 nm emissions at
490 nm and 440 nm excitation was continuously
monitored in the oscilloscope and computer.  The
background fluorescence and auto-fluorescence were
small (< 5%) and have been ignored.

Statistics

All data are expressed as the mean ± the standard
error of the mean (S.E.M.) for n preparations.
Statistical analysis was performed using one-way
analysis of variance (one-way ANOVA), and
Wilcoxon’s signed rank test was used to test
significance.  A P value smaller than 0.05 was regarded
as significant.

Results

H2O2 Induced Intracellular Acidosis

In pHi measurement experiments, the steady-
state pHi value for the human atrial myocardium was
found to be 7.24±0.02 (n=35).  This value is similar to
that reported previously in different animal models
(8, 23, 32).

At the beginning of all pHi measurement
experiments, unless otherwise stated, a 20 mM NH4Cl
pre-pulse was applied for about 10 min to induce an
intracellular acidosis [(26); see Materials and Methods
for details].  Only those tissues showing a rapid pHi

recovery immediately after the induced intracellular
acidosis were used in experiments, thus guaranteeing
that the tissue was in good condition.  The left part of
Figure 2A shows a typical NH4Cl pre-pulse control,
in which the induced acute intracellular acid load is
followed by rapid recovery.

The effect of superfusion with H2O2 (30 µM-3
mM) on the pHi of the human atrial myocardium is

shown on the right part of Figure 2A.  H2O2 treatment
caused a concentration-dependent reduction of the
pHi. The highest concentration of H2O2 (3 mM)
resulted in a large irreversible pHi reduction.  The
histogram (Fig. 2B) shows the mean H2O2-induced
pHi reduction for 4 experiments similar to that shown
in Figure 2A.  The results clearly show that the H2O2-
induced intracellular acidosis is concentration-
dependent in the range of 0.03 mM  to 3 mM.

This is the first demonstration of an H2O2-
induced pHi reduction in the human atrial myocardium,
similar to that found in animal cells, such as cultured
rat cardiac myoblasts (33),  rat cerebellar astrocytes
and C6 glioma cells (31).

Effects of Antioxidants on the Intracellular pH and H2O2-
Induced Intracellular Acidosis

As H2O2 can readily cross the cell membrane
and be converted, via the Fenton reaction, to • OH
and, possibly, subsequently to HOCl, we wished to
determine which of these chemical species were
involved in  the  H2O2- induced in t racel lu lar
acidification in the human atrial myocardium.  The
tissue was therefore pretreated for 30 min with N-
(mercaptopropionyl)-glycine (N-MPG; 10 mM), a
highly potent intracellular scavenger of the • OH free
radical, and L-methionine (1 mM), a specific inhibitor
of the HOCl free radical (15), both alone or in
combination, before addition of 3 mM H2O2.  Figure
3A shows a control experiment demonstrating that
treatment with 3 mM H2O2 resulted in a time-
dependent pHi reduction (approximately 0.20 and
0.40 pH units after 5 and 10 min, respectively).  As
shown in Figure 3B, 1mM L-methionine alone had no
significant effect on the intracellular acidosis induced
by H2O2.  Therefore, the result of Figure 3 suggested
that the L-methionine, the scavenger of the HOCl free
radical ,  could not prevent the H2O2-induced
intracellular acidification.   In the other word, the
HOCl free radical is not attributed to the H2O2-induced
intracellular acidification.

In contrast,  as shown in the Figure 4A,
pretreatment with 10 mM N-MPG significantly
inhibited the H2O2-induced acidosis (reduction of
only 0.16 pH units 30 min after H2O2 addition).
Moreover, no dramatic pHi changes was seen using
the combination of 10 mM  N-MPG and 1 mM  L-
methionine, as shown in Figure 4B.  Note that the
H2O2-induced intracellular acidosis was reversible in
the group of N-MPG in combination with L-
methionine (Fig. 4B).  The summarized results for
several experiments similar to that in Figure 3 and
Figure 4 are shown in the histogram in Figure 5.  The
pHi changes after 30 min treatment with the oxygen
free radicals scavengers, N-MPG, L-methionine, and
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the combination of N-MPG and L-methionine (i.e.
before exposure to H2O2) were -0.16±0.02 (P<0.05;
n=6), 0±0.01 (P>0.05; n=6) ; -0.21±0.03  (P<0.05;
n=9), respectively.  In other words, the L-methionine
did not change the basal pHi value, while N-MPG
did.

Given the reported effects of NHE inhibitors in
preventing arrhythmia during post- ischemic
reperfusion (19, 21, 23, 28), we investigated whether
Hoe 694, a specific and potent inhibitor of NHE,
could protect against H2O2-induced pHi acidosis in
the human atrial myocardium.  As shown in Figure 6,
as expected, pretreatment with 30 µM Hoe 694 reduced
the pHi due to inhibition of NHE (-0.18±0.03 pH unit;
P< 0.05, n=3).  However, Hoe 694 pretreatment didn’t
prevent the 3 mM H2O2  induced-pHi acidosis
(-0.48±0.14 pH unit; P< 0.05, n=3; see Fig. 6).
Moreover, the present results suggest that the
underlying mechanism of H2O2-induced pHi acidosis
in the human atrial myocardium is due to the inhibition
of NHE, as the rate and amplitude of pHi decreasing
in both groups are of similar extent.

Discussion

Using the technique of microspectrofluorimetry,
we have, for the first time, demonstrated that H2O2
(0.1 mM-3 mM) caused marked intracellular acidosis
in the human atrial myocardium (Fig. 2A).  This
effect was dose- and time-dependent (Fig. 2 and Fig.
3).  The underlying mechanism for the H2O2-induced

Fig. 3. Effect of the antioxidant, L-methionine on H2O2 -induced acido-
sis in the human atrial myocardium. In A, the recording shows
that the H2O2 (3 mM)-induced acidosis is time-dependent.  Re-
cordings in part B shows that pretreatment of L-methionine (1
mM) alone for 30 min had no effect on the H2O2-induced
acidosis.  The application of NH4Cl (20 mM), H2O2 (3 mM) and
L-methionine (1 mM) is shown by the bars below and above the
pHi trace.

Fig. 5. A histogram showing the time-dependent (10, 20, or 30 min) pHi

change induced by H2O2 (H) and the effects of L-methionine (L)
and N-MPG (N) averaged for several experiments similar to that
shown in Fig. 3 and Fig. 4. The columns and bars represent the
means ± S.E.M.; *P< 0.05 compared with in the absence of H2O2.

Fig. 4. Effect of the antioxidants, N-MPG alone or in combination of N-
MPG and L-methionine, on H2O2-induced acidosis in the human
atrial myocardium. In A, a typical recording shows that N-MPG
(10 mM) alone significantly inhibited the acidosis, and B shows
that this effect was not enhanced by addition of L-methionine
(1 mM).  The application of NH4Cl (20 mM) and tested agents is
shown by the bars below and above the pHi trace.
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acidosis is probably the intracellular production of
• OH after H2O2 influx (i.e. via the Fenton reaction).
This conclusion is strongly supported by the fact that
the H2O2-induced intracellular acidosis was blocked
by the specific potent • OH scavenger, N-MPG (Fig.
4A, B), but not blocked by the HOCl scavenger, L-
methionine (Fig. 3B).  Similar observations have
been reported in animal models (33).  These results
indicated that the intracellular concentration of HOCl
produced by H2O2 entry makes little or no contribution
to the H2O2-induced pHi reduction.  In other words,
our present study in the human atrial trabecular
myocardium is in agreement with the hypothesis that
• OH  plays a critical role in the development of
ischemia/reperfusion-induced cardiac injury, such as
stunning (2, 9, 11, 20, 34).

NHE plays a pivotal role in the regulation of pHi

by removing protons that are continuously generated
under normal cellular homeostatic processes, as well
as during ischemia (19, 23). The NHE is relatively
inactive at normal intracellular pH (7.0-7.3), but it
becomes 10 times more active as intracellular pH
decreases to 6.7 (5, 16). During ischaemia and
reperfusion of the myocardium, cell injury, necrosis,
stunning, and arrhythmias can occur.  The mechanism
by which this occurs may involve the NHE (18, 23,
24).  As the NHE is a major uptake system for Na+
during acidosis (23), the resulting increase in the
intracellular Na+ concentration may trigger calcium
influx via the Na+/Ca2+ exchanger (10). This could
result in intracellular calcium overload, leading to
arrhythmias and even cell death.  Hoe 694, a specific
and potent NHE inhibitor, has recently been found to
be remarkably effective in suppressing post-ischemic
reperfusion arrhythmias and cellular reperfusion
damage in animal models (17).  However, no such
studies have yet been carried out on the human atrial
myocardium.  Furthermore, in experiments on isolated
mammalian papillary muscle, Bountra and Vaughan-
Jones (6) found that intracellular acidosis can

Fig. 6. Effects of Hoe 694 in the human atrial myocardium.  The periods
of application of Hoe 694 (30 µM) and H2O2 (H; 3 mM) are
shown by the bars immediately above the pHi trace.

sometimes result in increased, rather than decreased,
contraction, especially when the pHo was maintained
at 7.40.  Similarly, in rat trabeculae, Orchard (24)
found that acidosis can increase the cytosolic [Ca2+]i.
Therefore, according to our present study, we propose
that the • OH-induced changes of contractile force
were strongly correlated with the induced intracellular
acidosis and the subsequent changes of [Na+]i and
[Ca2+]i.  Especially, it has been claimed that the OH-
induced acidosis is due to inhibition of the glycolytic
pathway, with hydrolysis of intracellular ATP and the
resultant intracellular acidification (33).  Hoe 694, an
NHE inhibitor, has been shown to have mark protective
and antiarrhythmic effects in different models of
cardiac ischemia and reperfusion, both in vitro and in
vivo (17, 18).  However, in the present study, Hoe 694
failed to show protective effects against H2O2-induced
pHi acidosis (Fig. 6; n=3).  The explanation for this is
probably that the suggested underlying mechanism
for the described protective effects of Hoe 694 is its
inhibition of acid extrusion, whereas the H2O2-induced
cardiac injury, seen in our present study, seems to be
caused by direct damage or inhibition on the activity
of NHE, rather than to activation of the NHE and
subsequently increases of  [Na+]i and [Ca2+]i.  Our
results therefore suggest that the caridoprotective
effects of Hoe 694 indicated in the other study (17,
23) are not mediated by the anti-oxidative properties
in the human atrial myocardium.  Moreover, given the
fact that the smaller resting pHi was affected by ~
0.05 pH units during the pretreatment of N-MPG (Fig.
4A) and decreased by ~ 0.2 pH units during that of L-
methionine + N-MPG (Fig. 4B), but not in that of L-
methionine alone (Fig. 3B), this indicated that N-
MPG per se, instead of L-methionine, could slightly
acidify pHi.  Whether this slight intracellular
acidification caused by N-MPG per se contributes to
the protective effect on cardiac functions (i.e. pre-
conditioning) requires further study.  In addition, we
speculate that the structure of carboxylic acid groups
in N-MPG underlies the phenomenon of N-MPG-
induced acidification and the transient reversal effect
of H2O2 on pHi acidification.  However, the exact
mechanisms for these waits further experiments.

In summary, the present study is the first to
show that, in the human atrial myocardium, the • OH
free radicals may be released in large amounts through
the Fenton reaction from H2O2 and evoke marked
intracellular acidosis.  This acidosis is probably due
to the inhibition in the activity of NHE.  In terms of
clinical implications, therefore, the present results
suggest that the development of a more specific and
potent • OH scavenger would be one potential
approach to preventing certain pathological
conditions, especially those involving oxidative
challenge.
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