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Martin, Claus, Rainer Schulz, Heiner Post, Petra
Gres, and Gerd Heusch. Effect of NO synthase inhibition
on myocardial metabolism during moderate ischemia. Am J
Physiol Heart Circ Physiol 284: H2320–H2324, 2003. First
published March 6, 2003; 10.1152/ajpheart.01122.2002.—Ni-
tric oxide (NO) is involved in the control of myocardial me-
tabolism. In normoperfused myocardium, NO synthase inhi-
bition shifts myocardial metabolism from free fatty acid
(FFA) toward carbohydrate utilization. Ischemic myocar-
dium is characterized by a similar shift toward preferential
carbohydrate utilization, although NO synthesis is in-
creased. The importance of NO for myocardial metabolism
during ischemia has not been analyzed in detail. We there-
fore assessed the influence of NO synthase inhibition with
NG-nitro-L-arginine (L-NNA) on myocardial metabolism dur-
ing moderate ischemia in anesthetized pigs. In control ani-
mals, the increase in left ventricular pressure with L-NNA
was mimicked by aortic constriction. Before ischemia, L-NNA
decreased myocardial FFA consumption (MV̇FFA; P � 0.05),
while consumption of carbohydrate and O2 (MV̇O2) remained
constant. ATP equivalents [calculated with the assumption
of complete oxidative substrate decomposition (ATPeq)] de-
creased with L-NNA (P � 0.05), associated with a decrease of
regional myocardial function (P � 0.05). In contrast, aortic
constriction had no effect on MV̇FFA, while MV̇O2 increased
(P � 0.05) and ATPeq and regional myocardial function re-
mained constant. During ischemia, alterations in myocardial
metabolism were similar in control and L-NNA-treated ani-
mals: MV̇FFA decreased (P � 0.05) and net lactate consump-
tion was reversed to net lactate production (P � 0.05). Re-
gional myocardial function was decreased (P � 0.05), al-
though more markedly in animals receiving L-NNA (P �
0.05). We conclude that the efficiency of oxidative metabolism
was impaired by L-NNA per se, paralleled by impaired re-
gional myocardial function. During ischemia, L-NNA had no
effect on myocardial substrate consumption, indicating that
NO synthases were no longer effectively involved in the
control of myocardial metabolism.

nitric oxide; free fatty acids; glucose; lactate; myocardial
ischemia

NITRIC OXIDE (NO), released from endothelial cells or
cardiomyocytes, affects not only vascular tone but also
myocardial metabolism. Inhibition of NO synthases by
NG-nitro-L-arginine (L-NNA) decreased the myocardial
utilization of free fatty acids (FFA) but increased car-

bohydrate utilization in conscious dogs. This shift was
reversed by administration of NO donors (16), demon-
strating its direct relation to the lack of NO. The
details of the mechanisms by which NO acts on cardiac
substrate metabolism are not clear. The following
mechanisms have been discussed: 1) inhibition of gly-
colysis by inhibition of glyceraldehyde-3-phosphate de-
hydrogenase (14); 2) cGMP-dependent inhibition of
glucose uptake and also augmentation of synthesis of
malonyl-CoA, an inhibitor of long-chain FFA oxidation
(5); and 3) increased activity of aldose reductase, which
subsequently suppresses the rates of glycolysis and
glucose oxidation, without affecting the rate of palmi-
tate oxidation (9). In contrast, NO facilitates glucose
utilization by increasing the action of insulin (1) or
increases total substrate oxidation by activating
cGMP-dependent protein kinases (21). Thus NO poten-
tially interacts with myocardial FFA and carbohydrate
metabolism; the reduction in myocardial FFA utiliza-
tion with L-NNA could be due to stimulated glucose
metabolism as well as to reduced FFA uptake and/or
oxidation.

During acute myocardial ischemia, cardiac metabo-
lism is shifted from FFA toward preferential glucose
utilization (13, 15, 20). On the other hand, myocardial
NO production is increased during ischemia (4, 7, 11).
From these observations, the following question arises:
Is NO still involved in the control of cardiac metabo-
lism during ischemia, and, if so, to what extent? We
therefore examined the effect of NO synthase inhibi-
tion during normoperfusion and moderate myocardial
ischemia in pigs. The myocardial consumptions of the
three main cardiac substrates, FFA, glucose, and lac-
tate, were measured before and after intravenous
L-NNA infusion.

METHODS

The experimental protocols used in this study were ap-
proved by the local authorities of the district of Düsseldorf
and adhere to the guiding principles of the American Physi-
ological Society.

Experimental model. The experimental model has been
described in detail previously (8, 18, 19). Briefly, in 18 enflu-
rane-anesthetized Göttinger minipigs, a left lateral thoracot-
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omy was performed, and a micromanometer (model P7,
Konigsberg Instruments, Pasadena, CA) was placed in the
left ventricle (LV) through the apex. Ultrasonic dimension
gauges were implanted in the LV myocardium to measure
the thickness of the anterior wall (System 6, Triton Technol-
ogies, San Diego, CA). The proximal left anterior descending
coronary artery (LAD) was cannulated and perfused from an
extracorporeal circuit at constant flow. LAD perfusion pres-
sure was measured from the sidearm of the extracorporeal
circuit. The large epicardial vein parallel to the LAD was
dissected and cannulated to sample coronary venous blood.

Regional myocardial blood flow and metabolism. Radiola-
beled microspheres (NEN, DuPont, Boston, MA) were in-
jected into the coronary perfusion circuit to determine re-
gional myocardial blood flow (8, 18, 19). O2 content and pH
were measured (model ABL 510/615, Radiometer, Copenha-
gen, Denmark) using anaerobically sampled blood drawn
simultaneously from the cannulated coronary vein and an
artery, and O2 consumption of the anterior myocardial wall
(MV̇O2) was calculated by multiplying the arterial-coronary
venous O2 difference by the transmural blood flow at the
crystal site. The blood concentrations of glucose and lactate
were determined using an autoanalyzer (model ABL 510/615,
Radiometer), and their consumptions were calculated accord-
ingly. The plasma concentrations of FFA were measured
using an enzymatic colorimetric test kit (NEFA C, Wako
Chemicals, Neuss, Germany). Plasma concentrations of FFA
were converted to blood concentrations from the respective
hematocrit values, and FFA uptake was calculated again by
multiplying the arterial-coronary venous difference by the
transmural blood flow at the crystal site.

Experimental protocol. After baseline measurements, the
animals received L-NNA (20 mg/kg iv) starting 30 min before

the onset of ischemia (group 1, n � 11). This dose of L-NNA
has previously been shown in the same animal model to
abolish the bradykinin-induced nitrite production and the
decrease in mean coronary resistance and to inhibit myocar-
dial NO synthases, even under ischemic conditions, insofar
as a net myocardial nitrite uptake, rather than release, was
measured before and during ischemia (7). In a control group
(group 2, n � 7), after baseline measurements, the descend-
ing aorta was constricted with a tube to increase peak LV
pressure (LVPP) by 20–25 mmHg, and LAD inflow was
adjusted to increase mean coronary arterial pressure propor-
tionately. After a further set of measurements, the protocol
was identical to that of group 1. A subsequent period of 90
min of ischemia was followed by 120 min of reperfusion.
During ischemia, coronary inflow was decreased to reduce
coronary arterial pressure to �50 mmHg. Sets of measure-
ments were performed under control conditions, immediately
before, and at 10 and 85 min of ischemia. These measure-
ments included the simultaneous withdrawal of pairs of
arterial and coronary venous blood samples. During the blood
sampling, microspheres were injected into the LAD perfusion
system for the measurement of regional myocardial blood
flow, and systemic hemodynamic and regional dimension
data were recorded.

Data analysis and statistics. Hemodynamic parameters
reported are LV end-diastolic pressure, LVPP, the maximum
of the first derivative of LV pressure, mean coronary blood
flow (CBF), and mean coronary arterial pressure. Regional
function of the anterior wall is reported as regional percent
systolic wall thickening (AWT) and as a myocardial work
index (AWI). AWI was calculated as the sum of the instan-
taneous LV pressure-wall thickness product over the time of
the cardiac cycle (8). Regional myocardial blood flow is re-

Table 1. Systemic hemodynamics and regional myocardial function

Baseline L-NNA-AO

Ischemia

10 min 85 min

HR, beats/min
Group 1 96�1 97�1 98�2 101�3
Group 2 95�2 96�2 98�3 98�3

LVEDP, mmHg
Group 1 7.1�0.8 8.5�1.1 11.3�1.1* 8.5�1.2*
Group 2 5.2�1.5 6.3�1.7 11.4�1.9* 10.3�1.9*

LVPP, mmHg
Group 1 96�4 117�7* 108�5 100�5
Group 2 94�3 120�2* 110�3 107�2

LV dP/dtmax, mmHg/s
Group 1 1,217�69 1,147�67 1,066�57 1,010�61
Group 2 1,259�93 1,320�98 1,177�62 1,158�66

CAP, mmHg
Group 1 118�2 165�9‡ 52�2*† 49�2*
Group 2 114�4 127�2 52�1* 49�1*

CBF, ml/min
Group 1 35.8�3.6 35.3�3.3 15.4�1.2*† 14.8�1.1*
Group 2 30.2�2.5 41.3�2.8 19.6�1.3*† 19.6�1.3*

AWT, %
Group 1 39.8�2.7 25.4�2.6*‡ 9.7�2.0*† 9.3�1.9*‡
Group 2 39.6�3.7 36.9�3.6 18.8�3.7*† 21.5�4.5*

AWI, mmHg �mm
Group 1 318�24 255�26*‡ 87�16*† 80�14*‡
Group 2 334�37 380�42 167�36* 173�42*

Values are means � SD. HR, heart rate; LVEDP, left ventricular (LV) end-diastolic pressure; LVPP, LV peak pressure; LV dP/dtmax,
maximum of first derivative of LV pressure; CAP, mean coronary arterial pressure; CBF, mean coronary blood flow; AWT, anterior systolic
wall thickening as a percentage of end-diastolic wall thickness; AWI, anterior myocardial work index; L-NNA, NG-nitro-L-arginine infusion;
AO, aortic constriction. Group 1, L-NNA; group 2, controls with AO. *P � 0.05 vs. baseline; †P � 0.05 vs. preceding value; ‡P � 0.05,
L-NNA vs. AO.
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ported as subendocardial blood flow. Metabolic parameters
include MV̇O2 and the consumptions of FFA (MV̇FFA; molar-
ities of FFA are given as moles of stearic acid), glucose
(MV̇glucose), and lactate (MV̇lactate). Positive values indicate
myocardial uptake. ATP equivalents (ATPeq) of total myocar-
dial substrate consumption (MV̇FFA, MV̇glucose, and MV̇lactate)
were calculated on the basis of the assumption of full effi-
ciency of complete oxidative decomposition of the respective
substrates.

Systemic hemodynamics, regional myocardial function,
blood flow, and metabolism were evaluated using a two-way
analysis of variance. If significant differences in mean values
were detected, individual mean values were compared by
Fisher’s least-significant-difference post hoc tests. Linear
regression analysis was performed between AWI and ATPeq.
Values are means � SD. P � 0.05 was accepted as indicating
a significant difference.

RESULTS

Systemic hemodynamics, regional myocardial blood
flow, and the increases in LVPP were identical with
L-NNA infusion and aortic constriction. Coronary arte-
rial pressure was increased with L-NNA (P � 0.05) but
only tended to increase [P � not significant (NS)]
during aortic constriction (Table 1). AWT and AWI
remained unchanged after aortic constriction but de-
creased with L-NNA (P � 0.05). With the induction of
ischemia, CBF fell to similar values in both groups
(P � 0.05). AWT and AWI were decreased in both

groups at 10 and 85 min of ischemia (P � 0.05), more
markedly with L-NNA (P � 0.05).

Regional myocardial blood flow and metabolism.
During normoperfusion, L-NNA did not change MV̇O2

and MV̇lactate. MV̇FFA decreased (P � 0.05) but, surpris-
ingly, MV̇glucose tended to decrease (P � NS) as well.
Consequently, ATPeq were decreased (P � 0.05). In
group 2, aortic constriction increased MV̇O2 (P � 0.05);
MV̇lactate tended to increase (P � 0.06), whereas
MV̇FFA, MV̇glucose, and ATPeq remained unchanged
(P � NS for all; Table 2).

During ischemia, subendocardial blood flow was de-
creased to a comparable extent in both groups. All
metabolic parameters changed similarly in both
groups: at 10 min of ischemia, MV̇O2, ATPeq, and
MV̇FFA (all P � 0.05 vs. baseline values) were reduced,
paralleled by a decrease in the arterial FFA concentra-
tion (P � 0.05). MV̇glucose tended to increase (P � NS)
and MV̇lactate was reversed to net lactate production
(P � 0.05). Coronary venous pH decreased (P � 0.05).
With prolongation of ischemia to 85 min, net lactate
production partially subsided (P � 0.05) while coro-
nary venous pH, MV̇O2, and MV̇FFA remained at
their reduced levels (P � NS vs. preceding values).
During normoperfusion and ischemia, AWI correlated
to ATPeq: y � 6.954x � 21.0 (r � 0.71) in group 1 and
y � 7.962x � 70.4 (r � 0.67) in group 2.

Table 2. Regional myocardial blood flow and metabolism

Baseline L-NNA-AO

Ischemia

10 min 85 min

Endo, ml �min�1 �g�1

Group 1 0.897�0.055 1.041�0.057 0.330�0.041*† 0.380�0.046*
Group 2 0.808�0.101 1.149�0.151* 0.394�0.103*† 0.354�0.046*

pHa

Group 1 7.467�0.019 7.464�0.017 7.455�0.021 7.449�0.016
Group 2 7.482�0.010 7.488�0.017 7.495�0.017 7.476�0.019

pHCV

Group 1 7.416�0.019 7.417�0.018 7.342�0.022*† 7.357�0.016*
Group 2 7.434�0.012 7.444�0.013 7.359�0.011*† 7.383�0.012*

MV̇O2, �mol �min�1 �g�1

Group 1 3.672�0.222 3.642�0.276 2.300�0.123*† 2.020�0.139*
Group 2 3.289�0.126 4.041�0.232* 2.720�0.148*† 2.479�0.120*

FFAa, mmol/l
Group 1 0.404�0.043 0.342�0.045 0.324�0.037* 0.245�0.038*
Group 2 0.398�0.064 0.318�0.076 0.317�0.084 0.312�0.082*

MV̇FFA, �mol �min�1 �g�1

Group 1 0.122�0.014 0.075�0.011* 0.056�0.011* 0.034�0.007*
Group 2 0.104�0.016 0.093�0.017 0.062�0.014* 0.049�0.012*

MV̇glucose, �mol �min�1 �g�1

Group 1 0.283�0.062 0.170�0.069 0.273�0.037 0.187�0.027
Group 2 0.191�0.061 0.163�0.088 0.341�0.112 0.193�0.021

MV̇lactate, �mol �min�1 �g�1

Group 1 0.422�0.039 0.523�0.086 �0.126�0.093*† �0.022�0.049*
Group 2 0.418�0.030 0.623�0.081 �0.270�0.057*† 0.040�0.065*†

ATPeq, �mol �min�1 �g�1

Group 1 37.0�3.8 28.5�2.2* 17.2�1.6* 12.0�1.3*
Group 2 30.7�2.4 32.2�4.9 18.6�4.5* 15.6�1.1*

Values are means � SD. Endo, subendocardial blood flow; MV̇O2, myocardial O2 consumption; pHa, arterial pH; pHcv, coronary venous pH;
FFAa, arterial concentration of free fatty acids; MV̇FFA, myocardial consumption of free fatty acids; MV̇lactate, myocardial lactate consumption;
MV̇glucose, myocardial glucose consumption; ATPeq, maximum myocardial ATP production equivalent to complete oxidative decomposition of
all consumed substrates. See Table 1 for an explanation of treatments and groups. *P � 0.05 vs. baseline; †P � 0.05 vs. preceding value.
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DISCUSSION

There is good evidence that NO is involved in the
control of myocardial metabolism. In normoperfused
hearts of conscious dogs, inhibition of NO synthesis
shifted myocardial metabolism from FFA toward pref-
erential carbohydrate utilization (16, 17). Our present
study confirms the reduction in FFA utilization during
inhibition of NO synthases in normoperfused hearts
and supports the authors’ suggestion that reduced
MV̇FFA could not merely result from decreased arterial
FFA concentrations with L-NNA. In our study, MV̇FFA
decreased only with L-NNA, despite similar arterial
FFA concentrations in both groups. MV̇O2 and MV̇lactate
remained constant with L-NNA infusion, and, unex-
pectedly, MV̇glucose even tended to decrease. Thus less
substrate was consumed at an unchanged MV̇O2, indi-
cating impaired efficiency of oxidative metabolism dur-
ing L-NNA infusion. The resulting decrease in ATPeq
was associated with decreased regional myocardial
function. In contrast, during aortic constriction, the
hearts were able to increase MV̇O2 and oxidative me-
tabolism sufficiently to maintain regional myocardial
function. ATPeq were calculated under the assumption
of complete myocardial oxidative substrate decomposi-
tion, which appears plausible for normoperfusion and
is also likely for moderate ischemia; if there were no
complete oxidation of substrate, this would apply to
both groups. During normoperfusion and ischemia,
AWI correlated to ATPeq in both groups. The correla-
tion tended to be shifted to lower AWI values in group
1, again supporting the idea of decreased efficiency of
oxidative metabolism with L-NNA.

Reduced endogenous NO with L-NNA could affect
oxidative myocardial metabolism by directly shifting
myocardial substrate use or, alternatively, by acting on
mitochondrial respiration or acting directly on the
myofilaments. Direct action on myocardial substrate
use could, e.g., result from inhibition of FFA uptake or
oxidation. Such a decrease in myocardial FFA use
would be expected to be compensated by an increased
myocardial carbohydrate utilization to preserve energy
production and myocardial contractile function,
thereby affecting MV̇O2 through an increased cardiac
respiratory quotient. If such compensation fails, myo-
cardial contractile function and ATPeq, as well as
MV̇O2, are expected to be decreased, which was not the
case in the present study with L-NNA. Alternatively to
a shift in substrate utilization, L-NNA infusion could
primarily act on the respiratory chain. In isolated mi-
tochondria, NO modulates respiration by inhibiting
complexes I, II, and IV of the electron transport chain
(2, 3, 6). In pigs, at any given MV̇O2, myocardial con-
tractile function was lower without than with endo-
genous NO (7). Thus reduced endogenous NO with
L-NNA is expected to decrease the efficiency of myocar-
dial O2 utilization. A decreased efficiency of myocardial
O2 utilization could be compensated for by an increased
MV̇O2 to maintain myocardial energy production and
contractile function. At a given MV̇O2, the decreased
efficiency of O2 use would result in a decrease in myo-

cardial substrate metabolism and contractile function.
Finally, NO acts on the myofilaments itself, thereby
increasing regional myocardial function by increasing
the phosphorylation status of troponin I (10, 12). Re-
duced NO with L-NNA would decrease regional myo-
cardial function, but the reduced energy requirement
would result also in decreased substrate metabolism
and MV̇O2.

The results of the present study are compatible with
the hypothesis that inhibition of NO synthesis acts
primarily on the mitochondrial respiratory chain,
thereby reducing the efficiency of myocardial oxidative
metabolism and, for a given MV̇O2, also reducing ATPeq
and regional myocardial function. Consequently, the
reduction in MV̇FFA after L-NNA infusion could be
viewed as a result of a decreased demand for sub-
strates secondary to impaired O2 utilization.

During ischemia, CBF and regional myocardial blood
flow decreased to the same extent in both groups. The
changes in carbohydrate metabolism were characteris-
tic of moderate ischemia (20): MV̇glucose tended to in-
crease, paralleled by net lactate production in early
ischemia; net lactate production, however, partially
recovered with prolongation of ischemia. These alter-
ations of carbohydrate metabolism were identical in
both groups. MV̇FFA decreased during ischemia, paral-
leled by a decrease in the arterial FFA concentration;
again changes were identical in both groups. Thus
L-NNA had no effect on carbohydrate or FFA consump-
tion during ischemia. Potential explanations for the
observed results are that NO was no longer effectively
involved in the control of myocardial metabolism dur-
ing ischemia or that ischemia-induced NO formation is
independent of NO synthases (22) and, therefore, not
attenuated by L-NNA. The latter explanation might
become important during severe myocardial ischemia,
such as in acute myocardial infarction. However, this
latter explanation most likely does not play a major
role in the present study with more moderate myocar-
dial ischemia, because pH changes were small (Table
2) and insufficient to account for nonenzymatic NO
production (22). The present results, however, indicate
that NO synthases definitely did not contribute to the
control of myocardial metabolism during ischemia.
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