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Mechanism of the Diastolic Dysfunction Induced by Glycolytic Inhibition
Does Adenosine Triphosphate Derived from Glycolysis Play a Favored Role in Cellular Ca2l Homeostasis
in Ferret Myocardium?
Hideo Kusuoka and Eduardo Marban
Division of Cardiology, Department of Medicine, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Abstract

Several lines of evidence indicate that glycolysis is especially
important for normal diastolic relaxation and for the mainte-
nance of cellular ion homeostasis in myocardium. To elucidate
whether the glycolytic flux of ATPcontributes to diastolic tone
and to the regulation of intracellular Ca2", myocardial content
of sugar phosphates ([SPI) and intracellular Ca2" concentra-
tion (ICa2" Ii) were measured in isolated, perfused ferret hearts
using nuclear magnetic resonance. Glucose and acetate were
used as substrates for glycolysis and oxidative phosphoryla-
tion, respectively. Glycogen was effectively depleted after 15-
min perfusion with glucagon (2 mg/liter), as verified by the
lack of rise in ISP] during exposure to iodoacetate (100 ,M) in
substrate-free perfusate. Despite the fact that glycolytic flux
had been blocked both by iodoacetate and by absence of sub-
strate, end-diastolic left ventricular pressure (EDP) remained
unchanged (P > 0.15, n = 6). The subsequent addition of glu-
cose to the perfusate led to SPaccumulation and a marked rise
in EDP, with a significant correlation between EDPand ISPI (r
= 0.86±0.04, P < 0.01, n = 6). A similar correlation was ob-
served when glucose in the perfusate was replaced by 2-deoxy-
glucose (r = 0.78±0.09, P < 0.01, n = 3). Fluorine nuclear
magnetic resonance measurements of [Ca2+ verified that EDP
faithfully reports changes in diastolic ICa2J1 under the present
experimental conditions. Thus, intracellular Ca2+ overload is
caused by the accumulation of SP rather than by the inhibition
of glycolysis per se. Glycolysis may appear to be important
because its by-products are deleterious, and not necessarily be-
cause glycolytically derived ATP plays a favored role in ion
homeostasis. (J. Clin. Invest. 1994. 93:1216-1223.) Key
words: glycolysis - intracellular calcium concentration * nuclear
magnetic resonance spectroscopy * sugar phosphates

Introduction

Although evaluation of cardiac contractility has traditionally
focused on systole, diastolic properties figure just as promi-
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nently in modemconceptualizations of cardiac function. The
old idea that diastolic dysfunction, when present, could be
traced to arcane mechanical factors such as pericardial con-
striction, has yielded to the realization that commonbiochemi-
cal alterations in the myocardium can affect relaxation ( 1).
Changes in intracellular Ca2" homeostasis have been particu-
larly implicated as potential causes of diastolic dysfunction in
acute ischemia and in chronic cardiomyopathy (2, 3), but the
basis of such changes remains uncertain. Of particular interest
is the possibility that changes in energy metabolism might per-
turb ion homeostasis, since the provision of high-energy phos-
phates is altered in ischemia and possibly in congestive heart
failure (4).

Several lines of evidence indicate that glycolysis may be
especially important for the maintenance of cellular ion homeo-
stasis and, by implication, for diastolic relaxation. In vascular
smooth muscle, lactate is produced even under aerobic condi-
tions and solely from exogenous glucose (5, 6), supporting the
idea that glycolysis plays an important role in this tissue. In-
deed, glycolysis has been proposed to provide ATPfor preferen-
tial utilization by the Ca2+ pump (7) and Na'-K' pump (5, 6)
in plasma membrane. Similar compartmentation of energy
source has also been reported in the myocardium (8), where
inhibition of oxidative phosphorylation mainly suppresses sys-
tolic force generation. In contrast, glycolytic inhibition induces
a marked loss of K+ from the cells and a pronounced rise in
diastolic tension ("contracture"), suggesting that energy from
glycolysis is preferentially used to support ion transport in
myocardium. Recently, Weiss and Lamp (9, 10) have pro-
vided direct evidence that glycolytically derived ATPcan pref-
erentially inhibit ATP-sensitive K+ channels in the sarco-
lemma of cardiac myocytes.

Abnormalities in intracellular Ca2' handling during isch-
emia and in the early phase of reperfusion ( 1 1-14) also appear
to be importantly influenced by anaerobic metabolism. Glycol-
ysis not only helps maintain a low diastolic tone during isch-
emia ( 15, 16), but also fosters recovery of diastolic function
upon reperfusion ( 17-19). Such beneficial effects of glycolysis
have been attributed to a preferential ability of glycolytically
derived ATP to restore calcium homeostasis (20). Other lines
of evidence have also hinted at linkages between glycolytic inhi-
bition and abnormal Ca2" homeostasis (21-23).

Nevertheless, the precise role of glycolysis in diastolic dys-
function or abnormal handling of intracellular Ca2" is not yet
clear. Weundertook this study to determine whether the glyco-
lytic flux of ATPcontributes to diastolic tone and to the regula-
tion of intracellular Ca2 . We find that glycolytic inhibition
causes intracellular calcium overload and an increase in dia-
stolic stiffness, but only when glycolytic intermediates are al-
lowed to accumulate in the myocardium. Thus, phosphory-
lated metabolites, not deficiency of glycolytically derived ATP,
may account for the deleterious consequences of glycolytic in-
hibitors. A preliminary report has appeared (24).
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Methods

The method for the perfusion of isolated hearts has been described in
detail (25 ). Briefly, hearts were excised from male ferrets ( 10-14 wk of
age) that had been anesthetized with sodium pentobarbital and heparin-
ized, and Langendorff-perfused at 30'C with a modified Tyrode solu-
tion. The following composition (in mM) is for the standard perfusate:
NaCI 108, KC1 5, MgCl2 1, Hepes 5, CaCl2 2, glucose 10, and sodium
acetate 20. The pH was adjusted to 7.4 by titration with NaOH. The
perfusate was bubbled continuously with 100% 02. A thin latex bal-
loon tied to the end of a polyethylene tube was inserted into the left
ventricle through the mitral valve and connected to a pressure trans-
ducer (Statham P23ID, Gould, Inc., Oxford, CA). The balloon was
filled either with 15 mMmagnesium trimetaphosphate for 3"P-nuclear
magnetic resonance (NMR)' measurements or with 1 mM6-fluoro-
tryptophan (6F-Trp) as a standard for the calcium measurements by
'9F-NMR spectroscopy. The balloon volume was set to achieve an ini-
tial end-diastolic pressure (EDP) of 5-12 mmHg,then kept isovolumic
throughout the experiment. Left ventricular pressure was recorded
with a direct-writing recorder. After 10-20 min of stabilization, coro-
nary flow rate, controlled by a peristaltic pump, was adjusted such that
perfusion pressure equalled 80-90 mmHg.Once adjusted, the flow rate
was kept constant throughout the experiment. The heart rate was
maintained at 2-3 Hz by right ventricular pacing with an agar wick
soaked in saturated KCI, encased in polyethylene tubing, and con-
nected to a stimulator. To obtain the NMRsignals, the preparation was
lowered into a 25-mm diam NMRtube and placed into the wide-bore
superconducting magnet of a spectrometer( 8.1 Tesla; AM-360, Bruker
Instruments, Billerica, MA). Research protocols were approved by the
Animal Care and Use Committee of the institution and animal experi-
ments were performed in accordance with the guiding principles of the
American Physiological Society.

Measurement of myocardial contents of energy-related phosphorus
compounds. Intramyocardial contents of sugar phosphates (SP), inor-
ganic phosphate (Pi), phosphocreatine (PCr), and ATP, as well as
intracellular pH (pHi), were measured using 3"P-NMR spectroscopy.
As described previously (25), minimally saturated 3'P-NMR spectra
were obtained at a spectral width of 6 kHz using 450 pulses delivered
every 2 s. The spectra were accumulated for 5 min and processed as
described (25). The amounts of SP, Pi, PCr, and ATP in the myocar-
dium were obtained by planimetry of the areas under individual peaks.
The tissue contents of SP, Pi, PCr, and ATPwere normalized using the
signal of trimetaphosphate in the left ventricular balloon, then divided
by the wet weight of each heart. Whenthe standard for 3`P-NMR mea-
surements was not available, the tissue contents of SP, Pi, PCr, and
ATPwere expressed as percent of the area under the ATP peak during
the initial control period in each individual experiment (26). Intracel-
lular pH was determined from the chemical shift of the Pi peak mea-
sured relative to the resonance of PCr (25).

Measurement of intracellular free calcium concentration at end-
diastole. As previously described (27, 28), the Ca2" indicator SF-
BAPTA, the 5,5'-difluoro form of 1,2-bis(2-aminophenoxy) ethane-
N,N,NY-tetraacetic acid (29), was loaded into cells by perfusion with
its tetra-acetoxymethyl ester derivative (SF-BAPTA-AM). In this
study, we added 12.5 qM SF-BAPTA-AM (Molecular Probes, Inc.,
Eugene, OR) to the perfusate for 15-17 min to achieve a favorable
signal-to-noise ratio in a '9F-NMR spectrum. The perfusate was then
switched to a modified Tyrode solution with extracellular Ca concen-
tration ([Ca].) equal to 8 mMto antagonize partially the negative
inotropic effect of the calcium buffering induced by SF-BAPTA (28),

1. Abbreviations used in this paper: SF-BAPTA, 5,5'-difluoro 1,2-
bis(2-aminophenoxy)ethane-N,N,N'-tetraacetic acid; DOG, 2-de-
oxyglucose; EDP, end-diastolic left ventricular pressure; 6F-Trp, 6-
fluorotryptophan; IAA, iodoacetate; NMR, nuclear magnetic reso-
nance; PCr, phosphocreatine; pHi, intracellular pH; Pi, inorganic
phosphate; SP, sugar phosphates

and supplemented with 1 mMprobenecid (Sigma Chemical Co., St.
Louis, MO) to minimize the time-dependent extrusion of SF-BAPTA
from myocardial cells (28).

The methods for measuring intracellular free calcium concentra-
tion ([Ca2+]i) with temporal resolution during the cardiac cycle have
been described in whole hearts using gated '9F NMR(1 1, 28). In this
study, we concentrated on end-diastolic [Ca2J]i; thus, free induction
decays were acquired 20 ms before electrical stimulation to the heart
using a gating technique. The free induction decays from the hearts
were accumulated with 1 k data points at a spectral width of about 5
kHz using 700 pulses. All chemical shifts were referenced with respect
to the signal of 6F-Trp, which was assigned a value of 0 parts per mil-
lion (ppm).

Intracellular free calcium concentration, [Ca2]j, is calculated ac-
cording to the equation [Ca2+]i = Kd([B]/[F]), where [B] is the area
under the Ca-5F-BAPTA peak near 8 ppm, and [F] is the area under
the Ca-free 5F-BAPTA peak near 2 ppm (see Fig. 8 [27]). Wehave
used a dissociation constant for Ca-5F-BAPTA (Kd) of 285 nM to
calibrate our signals (10).

Depletion of intramyocardial glycogen. Vander Heide et al. (30)
have demonstrated that tissue levels of glycogen can be significantly
reduced even by brief (3 min) exposure to glucagon under substrate-
free conditions. Weconfirmed the efficacy of depletion of myocardial
glycogen by simple substrate withdrawal (Fig. 1, A-C) and by substrate
withdrawal during exposure to glucagon (Fig. 1, D-G). The P-NMR
spectra shown in A-C were obtained from one heart in which pro-
longed substrate-free perfusion without glucagon was used in a futile
attempt to deplete glycogen. The spectrum in B, acquired after 45 min
of perfusion without substrates, is almost identical to that obtained
during the initial perfusion with normal solution (A). After the 45 min
of substrate-free perfusion, the heart was exposed to iodoacetate (IAA;
150 AM) for 15 min to block glycolysis irreversibly at the level of glycer-
aldehyde 3-phosphate dehydrogenase (3 1 ); during this period, acetate
was also present as a substrate for oxidative phosphorylation. The spec-
trum in Cwas taken when the perfusate was switched back to one with
no substrates to stimulate glycogenolysis and glycolysis; the peak at

6.5 ppm clearly increased. During glycolytic inhibition, this peak
has been shown to consist of SP (32). Thus, the results indicate incom-
plete depletion of glycogen, because glycogen would have been the only
source for the generation of SP in the absence of exogenous substrates.

The P-NMR spectra shown in D-G were obtained from another
heart in which glucagon was used to aid in the depletion of glycogen.
The spectrum in E, obtained after washout of glucagon, is identical to
that in control (D). Furthermore, the spectrum in F, taken after expo-
sure to IAA and no substrates, shows little change, confirming that
glycogen had indeed been depleted. Nevertheless, when glucose was
readded to the perfusate, sugar phosphates clearly accumulated (G) as
a consequence of the glycolytic block. Thus, 15-min perfusion with
glucagon and no substrates effectively depletes intramyocardial gly-
cogen.

Experimental design. After initial stabilization in normal perfusate,
P-NMRspectra were taken for control, and then hearts were perfused
with a solution containing glucagon (2 mg/liter) and no substrates to
deplete glycogen in myocardium. Fifteen minutes later, hearts were
switched to glucagon-free medium, and perfused for an additional 15
min without substrates. After the depletion of glycogen, the substrates
in the perfusate were changed by eliminating or adding either glucose
or acetate in different combinations, and P-NMRor F-NMRmeasure-
ments were performed while monitoring left ventricular pressure; the
combination of substrates was randomized to avoid systematic or cu-
mulative time-dependent changes. Glycolysis was blocked either by
exposure to IAA ( 150 ,uM) for 15 min or by substitution ofglucose with
2-deoxyglucose (DOG; 10 mM)(33). Whenutilized, the Ca2+ indica-
tor 5F-BAPTA was loaded into hearts after the completion of glycogen
depletion; only acetate was used as a substrate during the 5F-BAPTA
loading period.

Statistical analysis. Data are presented as mean±SEM. Statistical
analysis was performed using correlation analysis, ANOVAwith the
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Figure 1. Effect of the blockage of glycolysis in
hearts with or without the depletion of glycogen.
(A-C) P-NMRspectra obtained from a heart in
which glycogen was depleted incompletely by per-
fusion for 45 min with no substrates. Spectrum B
obtained after 45-min perfusion was almost the
same as that obtained during control (A). Spectrum
Cobtained after 1 5-min exposure to IAA ( 150juM)
and switching to substrate-free perfusate shows the
accumulation of SP, indicating incomplete deple-
tion of glycogen. (D-G) P-NMRspectra obtained
from a heart where glycogen was completely de-
pleted. Spectrum E, obtained after 15-min perfusion
with glucagon (2 mg/liter) and no substrate, was
the same as that during control (D). Furthermore,

JK spectrum F obtained after exposure to IAA and no
substrate showed little change, indicating complete
depletion of glycogen. Whenglucose was added as
substrate, SP accumulated as shown in G. The main
identified peaks in A are 1, SP; 2, Pi; 3, phospho-

20~'~'~' diester; 4, PCr; 5-7, ATP; 8, trimetaphosphate as-20
standard.

Schetfe test, and regression analysis as appropriate (34). Probability of
null hypothesis of < 5% (P < 0.05) was considered significant.

Results
Effects ofglycolytic inhibition onfunction and phosphorus com-

pounds. First, we tried to elucidate whether the glycolytic flux
of ATPper se, or other factors contribute to the maintenance of
diastolic tone. Fig. 2 shows results from a typical experiment in
which we first depleted glycogen, then blocked glycolysis by
exposure to IAA. The top panel indicates the times of exposure
to glucagon or IAA, and the changes in substrate composition.
Below are plotted the time courses of left ventricular function
and intramyocardial phosphorus compounds. After the deple-
tion of glycogen and before glycolytic blockade (i.e., 25-85
min ), the peak left ventricular pressure and the diastolic pres-

sure (DP) were well maintained, until the 75-85-min interval
when the heart was perfused with neither glucose nor acetate.
At that time, [Pi] increased, with concomitant decreases of
[PCr] and of systolic pressure. The contractile failure observed
here is attributable to the increase of [Pi] (35). In contrast,
EDPdid not vary significantly with the alterations in substrate
composition.

During the exposure to IAA ( 85-100 min) in the absence of
substrates, there was only a small increase in sugar phosphates,
indicating that glycogen had been nearly completely depleted.

Ventricular function recovered substantially when acetate was

reintroduced to the perfusate ( 100 min); in particular, EDP
remained low throughout. The latter finding is notable since

glycolytic flux of ATP was prevented not only by substrate
depletion but also by the IAA-induced inactivation of glyceral-
dehyde 3-phosphate dehydrogenase. The observation that dia-

stolic function remained normal, which was confirmed in 6

hearts, clearly dissociates ventricular diastolic tone from an

obligatory dependence on ATP derived from glycolysis.
Subsequent reintroduction of glucose (at 1 10 min) led to a

brisk increase in concentration of sugar phosphates. Interest-
ingly, DPincreased as SPaccumulated in the cytosol. Diastolic
pressure recovered partially when glucose was once again re-

moved from the medium (130-155 min), in parallel with a

decrease of [SP]. However, when glucose was reintroduced,
both [SP] and EDP increased dramatically and progressively
(155-180 min).

Fig. 2 points out two important concepts. First, glycolyti-
cally derived ATP is not critical for intracellular Ca2' regula-
tion. (EDP was used as a bioassay of diastolic Ca2+ levels; the
validity of this bioassay is confirmed later.) Second, SP accu-

mulation itself may be deleterious for Ca2' homeostasis. When
the heart was perfused only with glucose after the inhibition of
glycolysis by IAA (120-125, 155-165, and 175-185 min), SP
did accumulate as expected, and EDPincreased. These results
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0 30 60 90 120 150 180 phosphorus compounds induced by dif-
ferent pairs of substrates. The top panel
indicates a pair of substrates in perfusate;
glucose (GLU) and acetate (ACE). Glu-
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were added as indicated. The second
panel shows peak and EDPs of left ven-
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suggest that accumulation of SP is necessary for EDP to in-

crease; absence of glycolytic flux per se is not sufficient.

Fig. 3 specifically examines the correlation between [SP]

and EDP. Time-averaged values of EDP(mean EDP) during

each P-NMRacquisition are plotted as a function of the corre-

sponding [SP]. Mean EDP and [SP] were both low before

exposure to IAA (0); not surprisingly, there was no correlation

between the two at this time (r = -0. 12, > 0.05, n = 17). In

contrast, the increase of diastolic tone occurred hand-in-hand

with the increase in SP after blockage of glycolysis (r = 0.76,

< 0.0 1, n = 22). This type of analysis, while compelling, exam-

ines the correlation of EDP with only one metabolite, while

ignoring others which also clearly changed during the experi-

ment. [ PCr ], [ ATPJ], and pHi all correlated with mean EDP,

although with somewhat lower coefficients of correlation than

[SP] (r = -0.70 for [PCr], P < 0.01; r = -0.74 for [ATP], P

< 0.0 1; r = -0.49 for pHi, < 0.05). Among these other fac-

tors, the strongest correlations, those with [PCr] and [ATP],

were negative. Such correlations are not unexpected even if SP

are of primary importance: after all, the phosphorylation of

glycolytic intermediates occurs at the expense of high energy

phosphates. The role of these other factors in the diastolic

changes will be considered in more detail below.

Effects of different combinations of substrates on EDPand

[SF]. The changes in EDPand SP shown in Fig. 2 were consis-

tently observed in a total of six experiments. Fig. 4 summarizes

the rates of change of EDP(d[ mEDP] /dt) and SP (d[ SP] /dt)

induced by the different combinations of substrates indicated

at the bottom of the figure. Before glycolytic inhibition by IAA

(open bars), d( mEDP)/dt did not depend on the choice of
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Figure 3. Relationship between intramyocardial amount of SP and

EDP. EDPdid not correlate with [SP] before exposure to IAA (0;

r -0. 12, > 0.05). In contrast, the relation showed significant

correlation after blockage of glycolysis (e; r 0.76, P < 0.01). This

relation was plotted from the data in Fig. 2.

Glycolysis and Intracellular Ca"~ Homeostasis 1219

E
E

a-
-J

I-l
CL

L-

0

0--a-
u)~

0--

0-
0

w

. . . . . .I .- -. -. . I . . . . . . -. . -1 .

150

0



drogenase is sufficient to induce the increase in EDPcoupled
with SP accumulation.

Contribution of other phosphorus compounds to diastolic
dysfunction. To elucidate whether or not phosphorus com-
pounds other than SP contribute to the changes in diastolic
tone, the correlation coefficients between EDPand intramyo-
cardial contents of phosphorus compounds were examined
(Fig. 6 A). None of SP, Pi, PCr, ATP, or pHi showed a signifi-
cant correlation with EDP before glycolysis was inhibited.
After glycolytic blockage using either IAA or DOG,sugar phos-
phates strongly correlated with EDP in all experiments (r
= 0.85±0.04 after IAA exposure, r = 0.78±0.09 in DOGexper-
iments). In contrast, Pi, PCr, and pHi showed a significant
correlation with EDP in some experiments, but not consis-
tently. ATP showed a negative correlation with EDPin all ex-
periments (r = -0.82±0.04 after IAA exposure, r = -0.61±0.09
in DOGexperiments), suggesting that ATP might also con-
tribute to determine diastolic tone.

To probe a cause-and-effect relationship, correlations be-
tween rates of change are more discriminating than simple
correlations between steady-state levels. In order for there to be
a significant correlation between two rates of change, both fac-

Glu (+ (+ (_ _
Ace (+) (-) (+) (-)

Figure 4. The rates of change of EDPor [SP] during perfusion with
different combinations of substrates. The upper panel and the lower
panel show the averages of the rates of change of mean EDP(mEDP)
and [SP], respectively. Open bars and closed bars indicate the rates
before and after glycolytic inhibition, respectively. Glu, glucose; Ace,
acetate.

substrates, nor did SPaccumulate. After the blockage of glycol-
ysis by IAA (filled bars), both EDPand sugar phosphates in-
creased markedly and significantly during perfusion with glu-
cose only (d[mEDP]/dt: 1.62±0.54 mmHg/min, P < 0.01;
d[SP]/dt: 0.30±0.08 ,gmol/g wet wt/min, P < 0.005); other
combinations of substrates induced no significant changes in
EDP or SP. Thus, addition of glucose to the perfusate after
glycolytic inhibition led to the accumulation of SP and a con-

comitant rise in EDP. Taken together, these results and those
in Fig. 2 support the idea that accumulation of SP is necessary
for EDPto increase; block of glycolytic ATP flux without SP
accumulation is not sufficient.

Effects of the site blocked in glycolysis on EDPand [ SP]. If
SP accumulation is linked to the increase in EDP, then EDP
should be similarly affected by phosphorylated sugars that ac-

cumulate by means other than inhibition of glyceraldehyde
3-phosphate dehydrogenase. To test this hypothesis, phospho-
glucose isomerase was blocked by replacing glucose in the per-

fusate with DOG. Fig. 5 A shows the time courses of EDPand
[ SP] from an experiment in which glycogen had been depleted.
Whenthe heart was perfused with DOGonly ( 15-30 and 85-
110 min), SP accumulated and EDPincreased. As illustrated
in B, EDPand SP were correlated significantly (r = 0.91, P
< 0.01, n = 21 ), similar to our findings in the experiments that
used IAA for glycolytic inhibition. The relation between sugar

phosphates and EDPinduced by DOGwas confirmed in two
additional experiments. Thus, these results indicate that block
of glycolysis at a step before glyceraldehyde 3-phosphate dehy-
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1220 H. Kusuoka and E. Marban

E

_"

E

E

-Ij

"I

C]

-0

.EC

llJ

0~

,_

-E

U)
*_

2 -

0 -

-1

0.4 _

0.3

0.2

0.1

0.0 _

-0.1

-l- -I--

-r

--- mc-
-L

0

I T



A
1 .0cK

0 i
U _ i
c

.2
0

0 -0.

0

U

1.1

B
, .(

-4.c
._
0

U nr

.U

.5

0
SP Pi PCr ATP pHi

1'' A
,2

0

0

1.0

SP P. PCr ATP pHi

Figure 6. Correlation coefficients between EDPand intramyocardial
contents of phosphorus compounds. (A) Correlation coefficients be-
tween mEDPand myocardial concentration of phosphorus com-
pounds in hearts not loaded with 5F-BAPTA. Open bars, hatched
bars, and closed bars indicate the average of coefficients before glyco-
lytic inhibition, after inhibition by IAA, and after inhibition by DOG,
respectively. (B) Correlation coefficients between mEDPand myo-
cardial concentration of phosphorus compounds in hearts loaded with
5F-BAPTA. Open bars and hatched bars indicate the averages of co-
efficients before and after inhibition of glycolysis by IAA, respectively.

tors need to have identical temporal and phase relationships.
Thus, we examined the correlations among rates of change to
determine whether we could establish a stronger link between
SPand EDP. The rate of change of EDP(ad mEDP]/dt) signifi-
cantly correlated with that of SP (d[SP]/dt; r = 0.64±0.07 in
IAA experiments, r = 0.59±0.10 in DOGexperiments),
whereas there was no correlation with the rate of change of
ATP in any of the experiments (r = -0.31±0.10 in IAA experi-
ments, r = -0.25±0.16 in DOGexperiments). These results
indicate that the myocardial concentration of SP is the major
determinant of EDP, whereas the apparent correlation between
ATP and EDP is incidental.

Effects of different combinations of substrates on EDPand
[SP] in 5F-BAPTA loaded hearts. So far, we have interpreted
EDPas a faithful reflection of diastolic intracellular Ca2+ con-
centration under these experimental conditions. To validate
this interpretation, we used the gated F-NMR technique with
the Ca2+ indicator 5F-BAPTA. First, we checked whether the
correlation between the changes of EDPand that of SP induced
by glycolytic inhibition was the same as that in hearts not
loaded with 5F-BAPTA. Figure 7A shows the typical changes
in EDPand SP in a glycogen-depleted heart loaded with 5F-
BAPTA. Before glycolytic inhibition (0-40 min), [SP] and
EDPshow little change with or without glucose. After exposure
to IAA, SP accumulated when the only substrate was glucose;
EDP increased concomitantly, as in hearts not loaded with
5F-BAPTA. [SP] and mEDPafter glycolytic inhibition showed
a significant correlation (Fig. 7 B; r = 0.97, P < 0.01, n = 12).

The presence of a significant correlation between [SP] and
mEDPwas confirmed in two other experiments in 5F-BAPTA-
loaded hearts. Correlation coefficients between mEDPand
myocardial concentration of phosphorus compounds in hearts
loaded with 5F-BAPTA are depicted in Fig. 6 B. Only the
correlation between mEDPand [SP] showed consistent signifi-
cance after glycolytic inhibition (r = 0.96±0.17), similar to the
results in hearts without 5F-BAPTA. These results indicate
that the changes in EDPand sugar phosphates in hearts loaded
with 5F-BAPTA are identical to those observed in hearts not
loaded with 5F-BAPTA.

Intracellular calcium concentration during diastolic dys-
function. Typical spectra of 5F-BAPTA obtained by F-NMR
are shown in Fig. 8. The spectrum in A was obtained during
diastole from a heart perfused without substrates after the de-
pletion of glycogen (EDP = 12 mmHg). The peak for free
5F-BAPTA (F) is markedly larger than that for Ca-bound SF-
BAPTA (B), indicating that diastolic [Ca2+]i equals 99 nM.
Panel B shows a spectrum obtained after exposure to IAA,
without glucose added to the perfusate (EDP = 33 mmHg).
The peak for the bound form is larger than in the upper panel,
and diastolic [Ca2+]i equals 251 nM. After addition of glucose,
EDPmarkedly increased to 133 mmHgand the F-NMRspec-
trum shown in the bottom panel indicates severe Ca2+ over-
load with [Ca2+ ] equal to almost I gM.

The relation between diastolic [Ca2+]i and EDPwas deter-
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B

B

\| /| Figure 8. F-NMR spec-
tra obtained during dia-
stolic phase. (A) F-
NMRspectrum ob-
tained after the
depletion of glycogen,
and before the exposure
to IAA. Perfusate did
not contain glucose. (B)
F-NMRspectrum ob-
tained after glycolytic
inhibition. Perfusate did
not contain glucose.
(C) F-NMR spectrum
obtained after glycolytic
inhibition. Substrate

PPM was glucose.

mined in 5 hearts (Fig. 9). Under the present experimental
conditions, EDPfaithfully reports changes in diastolic [Ca2"]i
in each individual heart. Thus, these results indicate that the
increase in diastolic tone induced by accumulation of SP is
attributable to an increase in diastolic [Ca2+]j. Coupled with
the previous results, our data indicate that disruption of intra-
cellular Ca2" homeostasis is caused by the accumulation of SP,
rather than by the interruption of glycolytic ATP production.

Discussion

The role of ATP in the maintenance of diastolic [Ca2" ]I. Our
results indicate that the accumulation of SP directly causes the
increase of diastolic [Ca2+]j, resulting in an increase of dia-
stolic tone. In contrast, glycolytically derived ATP appears to
be relatively unimportant. EDPand SP remained unchanged
or decreased in parallel under glucose-free conditions, even

after the blockage of glycolysis by IAA (for example, 135-145
min in Fig. 2). Furthermore, the rate of change of SP signifi-
cantly correlated with that of EDPafter glycolytic inhibition,
but the rate of change of ATPdid not show a significant corre-

lation in all experiments.
The deleterious effects of SP accumulation could result

from either of two general mechanisms: sugar phosphates
themselves might be toxic when they accumulate in the cyto-

sol, such that they interrupt Ca2' homeostasis; alternativeiy,
ATP may be "stolen" to phosphorylate sugars, causing suffi-
cient depletion of ATP to disrupt Ca2+ homeostasis. Although
our results do not enable us to distinguish unequivocally be-
tween these two possibilities, the ATPsteal idea has some diffi-
culties. Presumably the ATPdepletion would have to be much

more severe in some local compartment (e.g., a postulated sub-
sarcolemmal space [ 36 1) than it is in the bulk of the myocar-
dium, since bulk ATPdepletion of the degree measured in the
present study does not, in itself, suffice to compromise ion
transport (37). Despite compelling evidence for compartmen-
tation of ATP in some settings, our results argue otherwise.
Diastolic tone was well maintained under substrate-free condi-
tions before and after glycolytic inhibition. Thus, ATP gener-
ated by oxidative phosphorylation (presumably from endoge-
nous fatty acids [ 38 ]) suffices to maintain diastolic ion homeo-
stasis. In fact, ATP appears to be able to go both ways: energy
derived from glycolysis can support contraction during the inhi-
bition of oxidative phosphorylation (39, 40). If, in the process
of accumulation of SP, ATPwere consumed locally to such an
extent that ion homeostasis was disrupted, this should be a
transient phenomenon: in the absence of strict compartmenta-
lization, bulk ATP would soon diffuse to the sites where it is
needed. Contrary to this prediction, diastolic tone did not re-
cover even after glucose was removed from the perfusate. EDP
stayed high as long as SP remained elevated.

Beneficial effects ofglycolyticA TPagainst metabolic stress.
Our results need to be interpreted in light of several lines of
evidence suggesting a special role for glycolysis. Glycolytically
derived ATP appears to protect against anoxic stress; mem-
brane integrity during hypoperfusion was maintained by perfu-
sion with glucose (41, 42). Glucose and insulin preserved dia-
stolic function during underperfusion and subsequent reperfu-
sion ( 19). The rate of glycolytic flux from glucose correlated
well with prevention of ischemic contracture ( 15 ); likewise,
functional recovery after ischemia could be improved by an
increase of glucose oxidation ( 18). Nevertheless, the mecha-
nism for these beneficial effects of glycolysis has not been clari-
fied. In smooth muscle, glycolysis has been proposed to gener-
ate ATP specifically to support the transport of Na+, K+ (5, 6,
43), and Ca2+ (7) across the plasma membrane. Functional
compartmentation of ATP similar to that observed in smooth
muscle has also been proposed in myocardium (8-10 ); glycoly-
sis has been argued to preferentially support ion homeostasis,
whereas oxidative phosphorylation contributes more to force
generation. Results with glycolytic inhibitors have been used to
bolster the notion that glycolytically derived ATP maintains
intracellular Ca2' homeostasis and protects against calcium
overload during reperfusion (20, 21, 23). The positive correla-
tion between Ca2" overload and [SP] during ischemia, and the
negative correlation between functional recovery and [SP] in
reperfused myocardium (44), support the idea that SP may

150 Figure 9. Relation be-
tween diastolic [Ca2+]
and EDP. The relation

I 100 between diastolic
F .-(/2[Ca2 ]i and mean EDP
E derived from five hearts

C 50- is presented. The dotted

.., lines indicate the regres-
~~~~~~~sionobtained from each

0 individual heart, while

10 100 2+ 1000 the solid line indicates
diastolic [Ca ]. (nM) the regression obtained

by fitting the pooled
data from all hearts: EDP(mmHg) = 2237* exp(O.04168 -

[Ca2+]i (nM))-2222.
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importantly influence Ca2" homeostasis in ischemic and/or
reperfused myocardium.

Wehave shown that cardiac function, particularly diastolic
function, can proceed unimpaired even when glycolysis is inca-
pable of producing any ATP. Particular caution is merited in
the interpretation of previous work using glycolytic inhibitors:
glycolysis may have appeared to be important because its by-
products were deleterious, and not necessarily because glycolyt-
ically derived ATP plays a favored role. Nevertheless, our re-
sults do not exclude the possibility that enhanced glycolytic
ATPproduction has favorable effects, nor do they disprove the
notion that there is some degree of functional compartmenta-
tion of energy metabolism in heart cells.

The authors thank Dr. Brian O'Rourke for helpful discussions.
This study was supported by ROI HL-44065 (to EM) from the

National Institutes of Health.

References

1. Grossman, W. 1991. Diastolic dysfunction in congestive heart failure. N.
Engl. J. Med. 325:1557-1564.

2. Beuckelmann, D. J., M. Naubauer, and E. Erdmann. 1992. Intracellular
calcium handling in isolated ventricular myocytes from patients with terminal
heart failure. Circulation. 85:1046-1055.

3. Gwathmey, J. K., M. T. Slawsky, R. J. HaiJar, G. M. Briggs, and J. P.
Morgan. 1990. Role of intracellular calcium handling in force-interval relation-
ships of human ventricular myocardium. J. Clin. Invest. 85:1599-1613.

4. Conway, M. A., J. Allis, R. Ouwerkerk, T. Niioka, B. Rajagopalan, and
G. K. Radda. 1991. Detection of low phosphocreatine to ATP ratio in failing
hypertrophied human myocardium by 31P magnetic resonance spectroscopy.
Lancet. 338:973-976.

5. Lynch, R. M., and R. J. Paul. 1987. Compartmentation of carbohydrate
metabolism in vascular smooth muscle. Am. J. Physiol. 252:C328-C334.

6. Campbell, J. D., and R. J. Paul. 1992. The nature of fuel provision for the
Na', K+-ATPase in porcine vascular smooth muscle. J. Physiol. (Lond.).
447:67-82.

7. Paul, R. J., C. D. Hardin, L. Raeymaekers, F. Wuytack, and R. Casteels.
1989. Preferential support of Ca2" uptake in smooth muscle plasma membrane
vesicles by an endogenous glycolytic cascade. FASEBJ. 3:2298-2301.

8. Weiss, J., and B. Hiltbrand. 1985. Functional compartmentation of glyco-
lytic versus oxidative metabolism in isolated rabbit heart. J. Clin. Invest. 75:436-
447.

9. Weiss, J. N., and S. T. Lamp. 1987. Glycolysis preferentially inhibits ATP-
sensitive K' channels in isolated guinea pig cardiac myocytes. Science (Wash.
DC). 238:67-69.

10. Weiss, J. N., and S. T. Lamp. 1989. Cardiac ATP-sensitive K' channels.
Evidence for preferential regulation by glycolysis. J. Gen. Physiol. 94:911-935.

11. Marban, E., M. Kitakaze, Y. Koretsune, D. T. Yue, V. P. Chacko, and
M. M. Pike. 1990. Quantification of[Ca2" J in perfused hearts: critical evaluation
of the SF-BAPTA/ NMRmethod as applied to the study of ischemia and reperfu-
sion. Circ. Res. 66:1255-1267.

12. Kihara, Y., W. Grossman, and J. P. Morgan. 1989. Direct measurement
of changes in intracellular calcium transients during hypoxia, ischemia, and re-
perfusion of the intact mammalian heart. Circ. Res. 65:1029-44.

13. Steenbergen, C., E. Murphy, L. Levy, and R. E. London. 1987. Elevation
in cytosolic free calcium concentration early in myocardial ischemia in perfused
rat heart. Circ. Res. 60:700-707.

14. Mohabir, R., H. K. Lee, R. W. Kurz, and W. T. Clusin. 1991. Effects of
ischemia and hypercarbic acidosis on myocyte calcium transients, contraction,
and pH, in perfused rabbit hearts. Circ. Res. 69:1525-1537.

15. Owen, P., S. Dennis, and L. H. Opie. 1990. Glucose flux rate regulates
onset of ischemic contracture in globally underperfused rat hearts. Circ. Res.
66:344-354.

16. Kingsley, P. B., E. Y. Sako, M. Q. Yang, S. D. Zimmer, K. Ugurbil, J. E.
Foker, and A. H. L. From. 1991. Ischemic contracture begins when anaerobic
glycolysis stops: a 3"P-NMR study of isolated rat hearts. Am. J. Physiol.
261 :H469-H478.

17. Myears, D. W., B. E. Sobel, and S. Bergmann. 1987. Substrate use in
ischemic and reperfused canine myocardium: quantitative considerations. Am. J.
Physiol. 253:H 107-H 1 14.

18. Lopaschuk, G. D., M. A. Spafford, N. J. Davies, and S. R. Wall. 1990.
Glucose and palmitate oxidation in isolated working rat hearts reperfused after
period of transient global ischemia. Circ. Res. 66:546-553.

19. Eberli, F. R., E. 0. Weinberg, W. N. Grice, G. L. Horowitz, and C. S.
Apstein. 1991. Protective effect of increased glycolytic substrate against systolic
and diastolic dysfunction and increased coronary resistance from prolonged
global underperfusion and reperfusion in isolated rabbit hearts perfused with
erythrocyte suspensions. Circ. Res. 68:466-481.

20. Jeremy, R. W., Y. Koretsune, E. Marban, and L. C. Becker. 1992. Rela-
tion between glycolysis and calcium homeostasis in postischemic myocardium.
Circ. Res. 70:1180-1190.

21. Ikenouchi, H., 0. Kohmoto, M. McMillan, and W. H. Barry. 1991. Con-
tributions of [Ca2+]i, [Pi],, and pH, to altered diastolic myocyte tone during
partial metabolic inhibition. J. Clin. Invest. 88:55-61.

22. Corretti, M. C., Y. Koretsune, H. Kusuoka, V. P. Chacko, J. L. Zweier,
and E. Marban. 1991. Glycolytic inhibition and calcium overload as conse-
quences of exogenously generated free radicals in rabbit hearts. J. Clin. Invest.
88:1014-1025.

23. Nakamura, K., H. Kusuoka, G. Ambrosio, and L. C. Becker. 1993. Glycol-
ysis is necessary to preserve myocardial Ca2' homeostasis during fl-adrenergic
stimulation. Am. J. Physiol. 264:H670-H678.

24. Kusuoka, H., and E. Marban. 1992. Mechanism of the diastolic dysfunc-
tion induced by glycolytic inhibition: does ATP derived from glycolysis play a
favored role in cellular Ca2" homeostasis? Circulation. 86:1-748. (Abstr.)

25. Kusuoka, H., M. L. Weisfeldt, J. L. Zweier, W. E. Jacobus, and E. Mar-
ban. 1986. Mechanism of early contractile failure during hypoxia in intact ferret
heart: evidence for modulation of maximal Ca2"-activated force by inorganic
phosphate. Circ. Res. 59:270-282.

26. Allen, D. G., P. G. Morris, C. H. Orchard, and J. S. Pirolo. 1985. A nuclear
magnetic resonance study of metabolism in the ferret heart during hypoxia and
inhibition of glycolysis. J. Physiol. (Lond.). 361:185-204.

27. Marban, E., M. Kitakaze, H. Kusuoka, J. K. Porterfield, D. T. Yue, and
V. P. Chacko. 1987. Intracellular free calcium concentration measured with "9F
NMRspectroscopy in intact ferret hearts. Proc. Natl. Acad. Sci. USA. 842:6005-
6009.

28. Marban, E., M. Kitakaze, V. P. Chacko, and M. M. Pike. 1988. Ca2"
transients in perfused hearts revealed by gated '9F NMRspectroscopy. Circ. Res.
63:673-678.

29. Smith, G. A., R. T. Hesketh, J. C. Metcalfe, J. Feeney, and P. G. Morris.
1983. Intracellular calcium measurements by "9F NMRof fluorine-labelled che-

lators. Proc. Natl. Acad. Sci. USA. 80:7178-7182.
30. Vander Heide, R. S., K. A. Reimer, R. B. Jennings, and C. Steenbergen.

1992. Reduction of the osmotic load does not protect against ischemia-reperfu-
sion injury. J. Mol. Cell. Cardiol. 24 (Suppl. III):S. 15 (Abstr.)

31. Webb, J. L. 1966. lodoacetate and iodoacetamide. In Enzyme and Meta-
bolic Inhibitors. Volume 3. J. L. Webb, editor. Academic Press, Inc. NewYork.
1-283.

32. Chatham, J., H. F. Gilbert, and G. K. Radda. 1988. Inhibition of glucose
phosphorylation by fatty acids in the perfused rat heart. FEBS(Fed. Eur. Bio-
chem. Soc.) Lett. 238:445-449.

33. Pirolo, J. S., and D. G. Allen. 1986. Assessment of techniques for prevent-
ing glycolysis in cardiac muscle. Cardiovasc. Res. 20:837-844.

34. Snedecor, G. W., and W. G. Cochran. 1989. Statistical Methods. 8th
edition. Iowa State University Press, Ames, IA. 503pp.

35. Marban, E., and H. Kusuoka. 1987. Maximal Ca2"-activated force and
myofilament Ca2" sensitivity in intact mammalian hearts: differential effects of
inorganic phosphate and hydrogen ions. J. Gen. Physiol. 90:609-623.

36. Lederer, W. J., E. Niggli, and R. W. Hadley. 1990. Sodium-calcium ex-
change in excitable cells: fuzzy space. Science (Wash. DC). 248:283.

37. Allen, D. G., and C. H. Orchard. 1987. Myocardial contractile function
during ischemia and hypoxia. Circ. Res. 60:153-168.

38. Wyns, W., M. Schwaiger, S. C. Hung, D. B. Buxton, H. Hansen, C. Selin,
R. Keen, M. E. Phelps, and H. R. Schelbert. 1989. Effects of inhibition of fatty
acid oxidation on myocardial kinetics of "C-labeled palmitate. Circ. Res.
65:1787-1797.

39. Doorey, A. J., and W. H. Barry. 1983. The effects of inhibition of oxida-
tive phosphorylation and glycolysis on contractility and high-energy phosphate
content in cultured chick heart cells. Circ. Res. 53:192-201.

40. Barry, W. H., J. Pober, J. D. Marsh, S. R. Frankel, and T. W. Smith. 1980.
Effects of graded hypoxia on contraction of cultured chick embryo ventricular
cells. Am. J. Physiol. 239:H65 1-H567.

41. Bricknell, 0. L., and L. H. Opie. 1978. Effects of substrates on tissue
metabolic changes in the isolated rat heart during underperfusion and on release
of lactate dehydrogenase and arrhythmias during reperfusion. Circ. Res. 43:102-
115.

42. Higgins, T. J. C., D. Allsopp, P. J. Bailey, and E. D. A. D'Souza. 1981. The
relationship between glycolysis, fatty acid metabolism and membrane integrity in
neonatal myocytes. J. Mol. Cell. Cardiol. 13:599-615.

43. Paul, R. J., M. Bauer, and W. Pease. 1979. Vascular smooth muscle:
Aerobic glycolysis linked to sodium and potassium transport processes. Science
(Wash. DC). 206:1414-1416.

44. Auffermann W., S. Wagner, S. Wu, P. Buser, W. W. Parmley, and J.
Wikman-Coffelt. 1990. Calcium inhibition of glycolysis contributes to ischemic
injury. Cardiovasc. Res. 24:510-520.

Glycolysis and Intracellular Ca2" Homeostasis 1223


