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Abstract
Whether or not deprivation of glucose and oxygen can induce cardiomyocyte apoptosis was
examined. Four groups of Langendorff preparations of guinea-pig hearts were perfused for
6 h with Krebs-Henseleit (K-H) solution deprived of glucose (group A), deprived of oxygen
(group B), and deprived of both glucose and oxygen (group C), then examined for the mode
of myocardial cell death. The control was perfused with K-H solution.
Results: In group A, myocardial cell death by apoptosis and necrosis was induced. In group
C, the apoptotic lesion induced was exaggerated compared to that produced by glucose de-
privation alone. In group A and C, decreases in intracellular ATP (ATPi) and intracellular
acidosis were observed. In group B and the control, myocardial cells survived with spotted
necrotic foci without myocardial-cell apoptosis. A mild decrease in ATPi was observed.
However, intracellular pH did not shift to acidity (7.0-7.2).
Conclusion: Myocardial cell apoptosis was not induced by a 6-h stimulus of oxygen-
deprivation (hypoxia) alone, but rather by a 6-h stimulus of glucose-deprivation with or
without an oxygen supply. Deprivation of both glucose and oxygen intensified the apoptotic
lesion. Apoptosis coincided with a decrease in the levels of ATPi and intracellular acidosis.
Key words: acidosis, apoptosis, ATP, deprivation of glucose and oxygen, Langendorff
preparation, TUNEL.
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It is well known that a significant portion of the myo-
cardial cell-deaths induced by ischemia can be attributed
to apoptosis in humans [18, 30, 32], rats and mice [12,
19], as well as cultured cardiomyocytes [13, 27, 41, 42].
It is controversial, however, as to which components of
ischemia in vivo induce apoptosis, and what is the
mechanism of the apoptosis induced by them. Numerous
reports have been released concerning the effects of hy-
poxia [8, 27, 41] and hypoglycemia on cardiomyocyte-
apoptosis [5, 29]. Hypoxia, one of the component-
stimuli of ischemia in vivo induced apoptosis in cultured
cardiomyocytes [8, 27, 41] via caspase activation and
mitochondrial cytochrome c release during hypoxia-
mediated apoptosis [8]. In contrast, apoptosis is not in-
duced by ischemia (hypoxia) alone [43], but by a com-
bination of hypoxia and glucose deprivation [29], or of
hypoxia and acidosis or reoxygenation [43] in cultured
cardiomyocytes, as well as in Langendorff-isolated

mouse heart [43]. Thus, the numerous observations of
hypoxia-induced apoptosis are inconsistent.

As for glucose, another component-stimuli of ischemia
in vivo, many investigators have reported its ability to
protect cardiomyocytes from ischemic or hypoxic injury,
both in vitro and in vivo [4, 10, 29, 33, 35, 38]. How-
ever, only a few studies on apoptosis induced by hypo-
glycemia or deprivation of glucose have been reported
[5, 29]. This suggests that apoptosis was induced by a
combination of hypoxia and glucose deprivation (s), and
that apoptosis occurred after serum/glucose deprivation
in cultured rat cardiac myocytes through the activation
of a mitochondrial apoptotic pathway (e), where cyto-
chrome c is released from mitochondria. However, the
role of hypoglycemia alone (deprivation of glucose) on
the induction of apoptosis has not been documented.

It is well known that intracellular ATP (ATPi) levels are
a determinant of the manifestations of cell death [11, 24,
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25, 39]. If ATP is rapidly deleted, necrosis will occur [6,
16, 28, 36], whereas apoptosis is induced at reduced ATPi
levels [11] under ATP-supplying conditions [7, 11].

Although a few studies using Langendorff-perfused
heart preparations have indicated that ischemia accom-
plished by clamping the aortic cannula caused a de-
crease in ATPi content and intracellular acidity [22, 37],
they did not mention whether or not apoptosis of car-
diomyocytes occurred.

Intracellular acidity has been reported to be associated
with apoptosis induced by hypoxia/reperfusion [13-15],
to be a common characteristic of apoptotic cells [14, 20],
and to precede the morphological changes characteristic
of apoptosis [14]. Ischemic cardiac myocytes generate
excess H+ through increased anaerobic metabolism, net
hydrolysis of ATP, and CO2 retention [9, 20, 43]. Under
conditions of hypoxia or ischemia, by using a culture of
cardiomyocytes as well as by clamping the aortic can-
nula in Langendorff-perfused hearts, extra-cellular pro-
tons thus produced are not cleared, resulting in pro-
nounced acidosis [43].

In this experimental system, we used Langendorff-
isolated hearts, in which hypoxia and deprivation of glu-
cose were accomplished not by clamping the aortic can-
nula but by the perfusion of K-H solutions deprived of
oxygen and glucose, respectively. Thus, without any in-
fluence from the metabolites and ions accumulated in
the intercellular space, the role of the induction of
apoptosis could be investigated, and the combined ef-
fects of hypoxia and deprivation of glucose, in the in-
duction of apoptosis could be examined.

The aim of the present study is to evaluate the respec-
tive effect of oxygen-deprivation and glucose-depriv-
ation, and the combined effects of deprivation of oxygen
and glucose on the mode of myocardial cell-death, in
association with pHi and ATPi content. We provide evi-
dence that hypoxia (deprivation of oxygen) alone does
not induce apoptosis, but that deprivation of glucose
causes apoptosis in the presence or absence of oxygen.
In addition, apoptosis is associated with a low level of
ATPi content and intracellular acidosis. Glucose depri-
vation associated with ATPi depletion and intracellular
acidosis may induce apoptosis.

Materials and Methods

Animals

Hartley strain guinea pigs of either sex, weighing be-
tween 300-350 g, were used. Throughout the experi-
ments, all animals were handled in accordance with the
guidelines for animal experimentation set by the Japa-
nese Association for Laboratory Animal Science.

Preparation of Langendorff-isolated guinea-pig hearts

The procedures for the model of guinea-pig cardiac
injury induced by oxygen deprivation, glucose-depriv-
ation, and deprivation of both were those described pre-

viously [17] In brief, Hartley strain guinea pigs of either
sex were anesthetized with diethyl ether and heparinized
(250 IU, i.p.). The heart was rapidly excised, and the
aorta was cannulated. The Langendorff hearts were then
perfused with Krebs-Henseleit (K-H) solution (pH 7.4,
at 37°C) containing (in mM) NaCl 115, NaHCO3 25,
KCl 4.7, CaCl2 2.0, MgCl2 1.2, KH2PO4 1.2 and glucose
10. The K-H solution was saturated with a gas mixture
containing 95% O2 and 5% CO2, and the heart was per-
fused at a constant pressure of 75 cm H2O.

Coronary flow during NMR analysis was measured con-
tinuously with an in-line flow probe connected to an ultra-
sonic flow meter (transonic T101, Advance, NY, USA).

A latex balloon was inserted into the left ventricle via
the left atrium and connected to a strain-gauge transducer
(MIP-510, Baxter, Tokyo, Japan) for measurement of iso-
volumic left ventricular pressure (LVP). The left ven-
tricular end-diastolic pressure (LVEDP) was adjusted to
10 mm Hg during the equilibration period in each heart,
and the volume was unchanged during the experiments.

Experimental protocol

Three experimental groups of Langendorf-isolated
guinea pig hearts were respectively perfused with the K-H
solution deprived of glucose (group A) (n = 5), oxygen
(group B) (n = 5) and both glucose and oxygen (group C)
(n = 5). In each group, LVDP, LVEDP and 31-P-NMR
were measured. In group A and C, glucose was replaced
by 2-deoxy-D-glucose (10 mM). In group B, the solution
was saturated with 95% N2, in place of O2 at a constant
pressure of 75 cm H2O for NMR measurement.

Isolated guinea-pig hearts of the control group (n = 5),
after being perfused with K-H solution for the equilibra-
tion, were continuously perfused with K-H solution for 6
h. The solution was pre-saturated with a gas mixture
containing 95% O2 and 5% CO2, and the hearts were
perfused with this solution. After perfusion for 2, 4 and
6 h, each group of hearts was fixed and embedded for
light microscopic examination.

Macroscopic detection of myocardial cell death

Immediately after stopping the perfusion at 2, 4 and 6
h, 2% solution of TTC (Sigma Chemical Co.) was per-
fused retrogradely at 37°C for 5 min and perfusion-fixed
with 4% paraformaldehyde in 0.1 M phosphate-buffered
solution (pH 7.4) for 10 min. The heart was sliced trans-
versely (2-3 mm thick), and the slices were immersed in
fixatives for an additional 3-4 h at 4°C. Viable myocar-
dium was stained red, and non-viable myocardium re-
mained unstained with TTC [40].

Histological examination and assessment of internu-
cleosomal DNA-cleavage by TUNEL method

The proximal portions of the isolated Langendorff
hearts were sliced, fixed for 2 h at room temperature
with phosphate-buffered solution containing 2%
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paraformaldehyde and embedded in paraffin for subse-
quent routine histological examination and the TUNEL
method. A set of 2 sections of each sliced-heart was de-
paraffinized and stained with hematoxylin and eosin,
and subjected to the TUNEL method.

Measurement of left ventricular developed pressure
(LVDP)

LVDP indicating left ventricular contractility was cal-
culated by subtracting the LVEDP from left ventricular
systolic pressure. Myocardial temperature was main-
tained at 37 ± 0.5°C by a water-jacketed perfusion line
and a continuous stream of air around the sample tube of
NMR.

Measurement of 31-P-NMR and data analysis

In all the perfusion experiments, 31-P-NMR spectra
were monitored along with simultaneous recording of
ventricular pressure as described previously [17]. In
brief, the heart connected to the Langendorff perfusion
line was placed in a standard 20 mm NMR tube with the
apex approximately 2.5 cm from the bottom of the tube,
which was then inserted into the NMR coil. The effluent
was removed from a level above the heart by a peristal-

tic pump, leaving the heart submerged in a fixed volume
of the perfusate.

31-P-NMR spectra were obtained at 161.8 MHz on a
GSX 400 spectrometer (JEOL Datum Co. Ltd., Tokyo,
Japan) equipped with a 9.4-tesla vertical-bore magnet.
For each spectrum, 90 free-induction decays (4 min)
were accumulated after 45-degree flip-angle pulses
(18 µsec) by use of 4096 data points and 15.015 KHz
spectral width at a repetition time of 2 sec. Accumulated
free-induction decays were exponentially filtered, re-
sulting in 30-Hz line broadening.

Measurement of ATP, PCr and pHi

PCr, Pi and β-ATP were quantified by comparison
with a capillary tube of standard methylenediphosphonic
acid (MDP, 0.25 M) fixed inside the NMR tube. Phos-
phate peaks expressed as percentages of control values
were determined by measuring the area under each reso-
nance peak, and the relative intensities of each peak
were later used for quantitative analysis. Datum Station
ALICE software (JEOL DATUM, Tokyo, Japan) was
used to determine the area under each peak using a per-
sonal computer. β-ATP/Pi ratio was calculated.

Figure 1. Cross-sections of hearts stained with TTC. a): Heart from group A. Total LVW is not stained with TTC.
b): Heart from group B: Almost entire LVW area is stained red with TTC, leaving only the outermost zone
of LVW nstained. c): Heart from group C: Total area of LVW is not stained with TTC, but a crescent-
shaped area at the mid-portion of the free left ventricular wall is stained red with TTC. d): Heart from
control group. Total area of LVW is stained red with TTC, except for multiple, unstained spotted foci
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The intracellular pH (pHi) was calculated from the
chemical shift between the phosphatecreatine (PCr) and
inorganic phosphate (Pi) resonances using the following
equation: pH = 6.90 – log ((δ0-5.85)/(3.29-δ0)) where
δ0 is the chemical shift of Pi from PCr expressed as
parts per million (ppm).

Statistical analysis

All data are presented as means ± SEM unless other-
wise specified. Hemodynamic data of the perfused
hearts of groups A, B, and C are expressed as a percent-
age of those of the control group. We analyzed NMR
data at 4, 8, 12, and 30 min as well as 1, 2, 3, 4, 5, and 6
h after the onset of the respective perfusions. The un-
paired t test or Dunnett’s method was used for compari-
son of means between the groups. Statistical signifi-
cance was defined as p < 0.05.

Results

Morphological detection of myocardial cell death and
assessment of internucleosomal DNA-cleavage by
TUNEL method

In group A, the total area of the cross section was
negatively stained with TTC 6 h after initiation of perf-

usion (Fig. 1a), indicating myocardial cell death. By
light microscopic examination, TUNEL-positive car-
diomyocytes (apoptotic myocardial cells) were detected
at the outer two thirds of the left ventricular wall, while
myocardial cells unstained with TUNEL method (ne-
crotic cardiomyocytes) were localized at the remaining
inner zone of the left ventricular wall (Fig. 2a, 3a).

In group B, the total area was stained red with TTC at
the cross section of the hearts with unstained narrow ar-
eas in the outermost zone of LVW (zone of cell death)
(Fig. 1b). Using TUNEL, the myocardial cells corre-
sponding to the area stained red with TTC were not
stained with TUNEL, indicating that the unstained cells
remain alive, while myocardial cells corresponding to
those unstained with TTC were not stained with
TUNEL, indicating they were necrotic (Fig. 2b, 3b).

In group C, the total area of the LVW was not stained
with TTC, but only a small, island-like area at the mid-
portion of the free left ventricular wall was stained red
with TTC (Fig. 1c). Using TUNEL, the myocardial cells
corresponding to those unstained with TTC at the outer
portion (1/3-1/2) of the LVW were stained positive, indi-
cating apoptotic myocardial cells, while those corrspond-
ing to the subendocardial area of the LVW unstained with
TTC were negatively stained by TUNEL, indicating ne-

Figure 2. Cross-sections of hearts stained with H-E
and TUNEL method. H-E (upper) and
TUNEL (lower). Areas enclosed by square
are observed at higher magnification illus-
trated in Fig. 3. a):Hearts from group A. b):
Hearts from group B. c): Hearts from group
C. d): Hearts from control group

Figure 3. Higher magnification of areas enclosed with
a square illustrated in Fig. 2. a): Group A:
Around 1/3 of the outer portion of LVW is
stained positive with TUNEL. b): Group B:
Cardiomyocytes are negatively stained with
TUNEL. c): Group C: Cardiomyocytes in
outer two-thirds of LVW are stained positive
with TUNEL. d): Control group: Cardiomyo-
cytes are negatively stained with TUNEL
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crotic myocardial cells. The myocardial cells corre-
sponding to the mid-portion of the free left ventricular
wall stained red with TTC were not stained with TUNEL,
indicating surviving myocardial cells (Fig. 2c, 3c).

In the control group, the total area of LVW was
stained red with TTC with multiple, spotted unstained
foci (Fig. 1d). The TUNEL method revealed that myo-
cardial cells corresponding to those positively stained
with TTC were negatively stained with TUNEL, indi-
cating surviving myocardial cells. Myocardial cells cor-
responding to those of spotted foci unstained with TTC
were negatively stained with TUNEL, indicating ne-
crotic myocardial cells (Fig.-2d, 3d).

No guinea pig hearts of groups A, B, C or control were
stained positive with TUNEL within 4 h after initiation
of the perfusion-experiments.

Changes in left ventricular developed pressure (LVDP)
and left ventricular end diastolic pressure (LVEDP)

LVDP and LVEDP were measured 4, 8, 12, 30 (min), 1,
2, 3, 4, 5 and 6 (h) after initiation of perfusion (Fig. 4a).

In group A, LVDP decreased to 73.5 ± 3.9% at 4 min,
then decreased further to 1.0 ± 1.0% at 4 h and was unde-
tectable at 5 h. In group B, LVDP decreased to
54.1 ± 2.1% at 4 min, and then decreased gradually to
19.1 ± 1.2% at 6 h. In group C, LVDP decreased dramati-
cally to 8.3±2.8% at 4 min and then decreased to 3.3±0.3%
at 12 min. LVDP was not detected thereafter. In the con-
trol group, LVDP decreased gradually to 60.4 ± 0.7% 6 h
after initiation of perfusion with the K-H solutions.

Changes in ATPi content

Changes in ATPi content were monitored by measur-
ing 31-P-NMR spectra during the whole period of each
experimental group. The β-ATP/Pi ratio was calculated.
Time-sequential changes in β-ATP/Pi ratio of groups A,
B, C and control shown in Fig. 4b. Four min after the
initiation of perfusion, ATP content decreased to
89.4 ± 3.6% (group A), 87.8 ± 5.3% (group B) and
81.8 ± 4.9% (group C). In group C, however, ATP con-
tent decreased dramatically thereafter to 64.4 ± 5.6% (at
8 min), 53.8 ± 5.1% (at 12 min), 16.8 ± 1.3% (at 30 min)
and 13.7 ± 4.2% (at 1 h). By contrast, in groups A and
B, ATP content decreased gradually to 63.6 ± 6.4% (at
30 min), 32.8 ± 6.8% (at 1 h) and 16.1 ± 3.6% (at 6 h),
(group A), and 85.2 ± 1.8% (at 30 min), 64.5 ± 3.0% (at
1 h), and 41.9 ± 2.6% (6 h), (group B). In the control
group, ATP content was 92.3 ± 1.9% (1 h), 89.1 ± 1.9%
(2 h), 85.4 ± 1.1% (3 h), 77.2 ± 2.2% (4 h), 73.5 ± 1.9%
(5 h), and 72.6 ± 1.3% (6 h).

Changes in pHi

In group A, though the pHi shifted sharply to pH 6.3 at
1 h, it remained 6.2-6.4, thereafter. In group C, the pHi
revealed a sharp shift from 7.0 to 6.2 during the first 12
min of the perfusion, and thereafter pHi remained be-

Figure 4. a: Changes in left ventricular developed pres-
sure (LVDP). Undetectable LVDT began at 30
min in group C, and 240 min in group A after
initiation of perfusion, while LVDP was detect-
able in group B even 360 min after initiation of
perfusion. LVDP in control group remained
above 60% 360 min after. b: Changes in β-
ATP/Pi: β-ATP/Pi of groups A and C fell to less
than 20% from 120 through 360 min after initia-
tion of perfusions, while that of group B and
control remained above 39% during the whole
experimental period. c: Changes in intracellular
pH (pHi). The pHi of groups A and C remained
within 6.2 and 6.6 from 60 through 360 min after
the initiation of perfusion, while pHi of group B
and control remained between 7.0 and 7.2
throughout the experimental period.
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tween 6.3 and 6.6, while in the groups supplemented
with glucose (B and control), the pHi ranged within 7.0
to 7.2 in the presence or absence of oxygen (Fig. 4c).

Discussion

In the present study using Langendorff guinea-pig
hearts, we demonstrated that apoptosis was not induced
by oxygen-deprivation alone, but that the deprivation of
glucose induced myocardial cell death mainly by apop-
tosis in the presence or absence of oxygen. The depriva-
tion of both oxygen and glucose exaggerated the apop-
totic lesion morphologically.

Glucose deprivation coincided with the decrease in
ATPi content and intracellular acidosis in the presence
or absence of oxygen.

Sakamoto et al. [37] and Koretsune et al. [22], using
Langendorff heart preparations, have demonstrated a
severe decrease in ATPi content and severe acidosis [22,
37]. However, these reports, in which ischemia was in-
duced by clamping the aortic cannula have not dealt
with the mode of cardiac myocyte-death, apoptosis or
necrosis. Clamping the aortic cannula in these experi-
ments did not clear the H+ or the metabolites that had
accumulated in the extracellular spaces, resulting in not
only an accumulation of extracellular H+ but a decrease
in extracellular pH (pHo). Decreased pHo will be paral-
leled by a corresponding, or even greater, drop in pHi,
causing intracellular acidosis [23, 43], that results in de-
creased production of intracellular ATP.

In our experiments, however, hypoxia and the depri-
vation of glucose accomplished under continuous perfu-
sion prevented the accumulation of extracellular H+ and
metabolites, resulting in attenuating the ATPi depletion
and the shift of pHi to acidity

The numerous observations of hypoxia-induced apop-
tosis are inconsistent. Some investigators have suggested
that hypoxia induced apoptosis in cultured cardiomyo-
cytes [5, 27, 29, 41]. However, others have indicated, in
primary culture of rat cardiomyocytes, that apoptosis
was not induced by hypoxia alone [29], but that hypoxia
induced apoptosis in the absence of glucose [29] or that
apoptosis was induced by a combination of hypoxia and
glucose deprivation [29], or of hypoxia and acidosis or
reoxygenation [43].

Hypoxia has been known to cause the intracellular in-
hibition of oxidative phosphorylation, a switch to gly-
colytic metabolism, and increased production of lactic
acid, resulting in a lower intracellular pH [1, 2, 31] and a
significant reduction in ATP levels [1,2,21,31]. Though
little is known about the mechanism of hypoxia-induced
apoptosis, apoptosis has been acknowledged to be in-
duced at reduced levels of ATP under ATP-supplying
conditions, while necrosis is induced under ATP-deplet-
ing conditions [11, 24, 25]. Accordingly, intracellular
ATP levels determined whether cell death occurred by
apoptosis or necrosis [11, 24, 25]. Intracellular acidosis

associated with ATPi depletion has been shown to cor-
relate with apoptosis in myocardial hypoxia/reperfusion
[15, 20, 43], and to be a common characteristic of
apoptotic cells [3, 14, 26, 34]. The morphological
changes characteristic of apoptosis have been reported to
be preceded by intracellular acidification [14].

ATPi content and pHi obtained from our experiments,
however, did not reflect the respective levels of apoptosis
and necrosis, nor the respective levels of necrosis and
surviving, but rather the total levels of the mixed condi-
tion of apoptosis and necrosis, or necrosis and survival, or
necrosis, apoptosis and survival. In group B of our ex-
periments, where oxygen was omitted from a glucose
supplement, myocardial cells survived. In group A, where
glucose was omitted under oxygen supply, myocardial
cell-death was by both apoptosis and necrosis. The find-
ings obtained from groups A and B were, as far as ATPi
content is concerned, compatible with those reported pre-
viously [3, 11, 14, 15, 20, 24-26, 34, 43]. In group C,
however, deprivation of both glucose and oxygen, com-
pared to glucose deprivation alone, induced severe ATPi
depletion, which had been speculated to cause myocardial
cell-necrosis, but in fact induced intensified lesions of
myocardial cell-apoptosis with necrosis. These findings
obtained from group C suggested that myocardial cell-
apoptosis is induced by glucose-deprivation not via ATPi
depletion alone, but by a combination of ATPi depletion
and other factors, including pHi. They also suggested that
oxygen deprivation, when it coexists with glucose-
deprivation might intensify the apoptotic lesion produced
by glucose deprivation alone.

A few reports have indicated that in cultured neonatal
rats, glucose deprivation induced apoptosis in cardiac
myocytes [5, 29]. Serum and glucose deprivation in-
duced cardiac myocyte apoptosis via the mitochondrial
death pathway, namely, the translocation of cytochrome
c from mitochondria to the cytosol, coinciding with acti-
vation of both caspase-9 and caspase-3 [5]. Though
these reports did not demonstrate data on ATPi levels or
pHi, they undoubtedly indicated a mechanism of apop-
tosis-induction by glucose-deprivation.

Recent studies have suggested that glycolysis and oxi-
dative phosphorylation play fundamentally different
roles in energy-requiring processes; oxidative phospho-
rylation provides energy for force generation, whereas
glycolysis preferentially maintains transmembrane ion
gradients [44]. Decreased glycolysis and decreased
ATPi are likely to induce a loss of transmembrane gra-
dients of H+, intracytoplasmic acidosis, and the destruc-
tion of the mitochondrial membrane system, all of which
may serve as a death trigger during glucose deprivation
by promoting the release of cytochrome c coinciding
with the activation of caspase 9 and caspase 3 [5].

Though data in this study have failed to shed light on
the signaling pathway and mechanisms of apoptosis, they
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are compatible with the views that decreased ATPi levels
and decreased pHi may contribute to apoptotic cell-death
[15, 20, 43], and that glucose-deprivation causes myocar-
dial cell apoptosis [5, 29] in the absence of oxygen [29].
In addition, our data support the hypothesis that disturbed
glycolysis induces the destruction of the mitochondrial
membrane system, thus serving as a death trigger by pro-
moting the release of cytochrome c [5]. This is because
glycolysis disturbed primarily by glucose deprivation
might cause further destruction of the mitochondrial
membrane system, thereby triggering a death signal.

However, the combined deprivation of glucose and
oxygen induced an exaggerated apoptotic lesion. Why
this combined deprivation of both glucose and oxygen
exaggerated the apoptotic foci remains unclear. Further
studies are needed to clarify this point.
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