
Abstract. A substantial increase in NADH production, arising
from accelerated glycolysis, occurs in cardiac hypertrophy
and this raises the question of how the NADH is oxidised.
We have addressed this problem by reconstructing appropriate
mitochondrial shuttles in vitro, using mitochondria from the
left ventricles of both normotensive and spontaneously hyper-
tensive rats at 5 and 24 weeks of age as model systems for left
ventricle hypertrophy and hypertrophy/hypertension respect-
ively. We found that most NADH oxidation occurs via a novel
malate/oxaloacetate shuttle, the activity of which increases with
time and with the progression of hypertrophy and development
of hypertension as judged by statistical ANOVA analysis. In
contrast, ·-glycerol-phosphate and the malate/aspartate shuttles
were shown to make only a minor contribution to NADH
oxidation in a manner essentially independent of age and
progression of hypertrophy/hypertension. The rate of malate
transport in exchange with oxaloacetate proved to limit the
rate of NADH oxidation via this malate/oxaloacetate shuttle.

Introduction

Normal cardiac function depends on the adequate delivery of
oxygen and oxidisable substrates to mitochondria to generate
sufficient ATP to meet the energy demands of the organs,
including energy for both maintenance of structure and function
of the myocardium and adequate reserve capacity to meet
sudden surges in cardiac energy requirements (reviewed in
ref. 1).

In general, the heart preferentially oxidizes fatty acids
although glucose can also be used with the balance between
utilization of lipids and carbohydrates correlating with their
concentration in the arterial blood. In starvation, the energy
demand in heart is also satisfied by ketone bodies (2,3).
Although severe cardiomyopathy and heart failure are
accompanied by alterations in the balance of substrates used
and of energy reserves, the myocardial metabolic changes
were not thoroughly described in a heart with compensated
hypertrophy (4) where, as a result of a significant decrease in
fatty acid oxidation (5,6), increased consumption of other
substrates, notably of glucose, occurs (7,8). Increased glycolitic
flux in hypertrophied myocardium is important because ATP
synthesis via glucose utilization may compensate for a
decreased capacity for ATP synthesis by other pathways (9).
How the glycolytic flux increases remains to be established.

In glycolysis, NADH is continuously produced in the
glyceraldehyde-3-phosphate dehydrogenase reaction (EC
1.2.1.12). Since NADH cannot penetrate the internal mito-
chondrial space where Complex I of the respiratory chain,
NADH-oxidoreductase (EC 1.6.5.3), is located, mitochondrial
shuttles are required to oxidize cytosolic NADH. In these
shuttles, NADH is oxidized in the cytosol by specific dehydro-
genases, and the reduced metabolites so formed reach/enter
the mitochondria. Mitochondrial enzymes then reoxidise the
metabolites with concomitant reduction of mitochondrial
cofactors. Finally, either directly in the case of the ·-glycerol-
phosphate shuttle or in a process that involves carrier-mediated
transport, oxidised compounds are returned to the cytosol for
further reaction with NADH (Fig. 1).

Studies with isolated mitochondria and with a perfused
heart provide evidence that the malate/aspartate shuttle is
sufficient to accommodate the highest rates of glycolytic
NADH production under aerobic conditions (10). In this shuttle,
both cytosolic and mitochondrial aspartate aminotransferases
play a major role, even if, in the presence of aminooxyacetate
(AOA), a transaminase inhibitor that enters mitochondria, only
20% inhibition of glucose oxidation was found (11). This
poses the question as to whether other shuttles not involving
transaminase reactions can contribute to glucose oxidation in
the heart. In this regard, since oxaloacetate can enter rat heart
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mitochondria (RHM), causing the appearance of malate outside
the mitochondria (12), the possibility exists that cytosolic
NADH is oxidized in the heart via the malate/oxaloacetate
shuttle as has already been shown to occur in brain, kidney,
liver, plants and microorganisms (13-17).

In this report, we compare NADH oxidation by mito-
chondria isolated from spontaneously hypertensive (SHR)
and normotensive Wistar-Kyoto (WKY) rats by adding to mito-
chondria both enzymes and substrates needed to reconstruct
in vitro the malate/aspartate (MAL/ASP), ·-glycerol-phosphate
(·GP) and malate/oxaloacetate (MAL/OAA) shuttles. We
show, for the first time, the occurrence of the MAL/OAA
shuttle in SHR and WKY mitochondria. MAL/OAA trans-
locator regulates the rate of NADH oxidation. Of the three
shuttles investigated, only the MAL/OAA shuttle showed
increased activity, both in the initial and mature hypertensive
state, using mitochondria isolated from 5- and 24-week old
spontaneously hypertensive rats.

Materials and methods

Chemicals. All reagents were of the finest available grade
with all solutions adjusted to pH 7.4 by addition of either
Tris or HCl.

Animals. Two groups of male animals (Charles River, Calco,
Italy) were used: spontaneously hypertensive (SHR) and
Wistar-Kyoto (WKY) rats; the latter were used as a control.
Thirty and 12 SHR or WKY rats at 5 and 24 weeks old,
respectively, were used.

Blood pressure and left ventricular mass index. Systolic blood
pressure (BP) was measured in conscious animals by using a
tail-cuff plethismographic method (LE 5000 digital pressure
meter, Letica, Barcelona, Spain). The values were taken at least
three times and the mean value reported. Left ventricular mass
index (LVMI) was calculated from the following formula:
ventricle weight (g)/body weight (g) x 103 (18).

Isolation of mitochondria. Ten and 4 SHR and WKY male rats
weighting 150-350 g (5- and 24-week old, respectively) were
anesthetized with ether and sacrificed, and their hearts rapidly
removed. The left ventricle was isolated after trimming both
atria, right ventricle and connective tissue. Mitochondria
(RHLVM) were isolated from heart left ventricles, essentially
according to Passarella et al (19), using a medium consisting
of 0.25 M sucrose, 20 mM Tris-HCl pH 7.25, 1 mM EGTA.
The final mitochondrial pellet was suspended in the isolation
medium to obtain 30-40 mg protein/ml with mitochondrial
protein measured according to Waddel and Hill (20). Since it
is essential to use coupled mitochondria to investigate oxidative
phosphorylation, each batch of mitochondria was tested for
integrity and effectiveness in electron flow. Oxygen uptake
measurements were carried out at 25˚C in 2 ml of a medium
consisting of 100 mM NaCl, 10 mM MgCl2, 10 mM sodium-
phosphate buffer, 10 mM Tris-HCl pH 7.4, by means of a
Gilson 5/6 oxygraph using a Clark electrode. Our mito-
chondrial preparations showed respiratory control ratios, i.e.
the ratio between the rate of O2 consumption in state 3 (in the
presence of ADP) and the rate in state 4 (in the absence of

ADP), in the range of 3-5. P/O ratios, i.e. the mole equivalents
of phosphate esterified per oxygen consumed, were 3.0, 2.3
and 1.2 as obtained by using glutamate plus malate, succinate
and ascorbate plus TMPD respectively as respiratory substrates.

Loading of mitochondria with aminooxyacetate. RHLVM were
suspended in 10 ml of a medium containing 0.25 M sucrose,
20 mM Tris-HCl (pH 7.25), 1 mM EGTA, 10 mM amino-
oxyacetate (AOA) and 20 μg rotenone. After 2 min at room
temperature, the suspension was diluted to 50 ml with ice-
cold medium with AOA omitted. Mitochondria were collected
by centrifugation and the resulting pellet was washed with
AOA-free medium. A second sample of mitochondria was
subjected to the same set of treatments but with AOA-free
medium throughout. The complete inhibition of the intramito-
chondrial aspartate aminotransferase was checked essentially
as in refs. 21 and therein.

Reconstruction of malate/oxaloacetate, glycerol-3-phosphate
and malate/aspartate shuttles. MAL/OAA and ·GP shuttles
were reconstructed at 25˚C, essentially as described (13,22),
and their activities measured using a Perkin-Elmer Lambda
19 spectrophotometer. In brief, RHLVM suspended in 4 ml of
a standard medium containing 0.2 M sucrose, 10 mM KCl,
20 mM HEPES-Tris, pH 7.2 and 1 mM MgCl2, were placed
in two cuvettes one of which was used as a reference. NADH
(0.2 mM) was added to the sample cuvette and the change in
absorbance at 340 nm was monitored. Then, either malate
dehydrogenase (MDH; EC 1.1.1.37) (2 e.u., i.e. μmoles of
substrate transformed per minute at 25˚C and pH 7.4) with
1 mM MAL (in the case of MAL/OAA shuttle reconstruction)
or ·-glycerol-3-phosphate dehydrogenase (·GPDH; EC 1.1.1.8)
(1 e.u.) with 1 mM ·GP (in the case of ·GP shuttle recon-
struction) were added to both cuvettes and the change in
absorbance was monitored at 340 nm.

To continuously monitor the appearance of aspartate outside
the mitochondria, a previously developed method (23) using
an aspartate detecting system (ASP D.S.) was applied which
consists of aspartate aminotransferase (AAT, 1 e.u.), the sub-
strate pair ·-oxoglutarate (·OG, 0.1 mM) and glutamate (GLU,
1 mM) and NADH (0.2 mM) plus MDH (2 e.u.). When
studying the malate/aspartate shuttle, RHLVM were added
to 4 ml of the standard medium and then two aliquots of the
resulting suspension were put in two cuvettes, held in the
photometer chamber. NADH plus MDH were added to one
of them (the reference cuvette) and ASP D.S. was added to
the other (the sample cuvette). The reaction was started by
the simultaneous addition of malate to both cuvettes and
oxidation of NADH arising from efflux of aspartate was
measured spectrophotometrically. As the rate of NADH
oxidation is measured as the difference between the rates
measured in the sample cuvette and in the reference cuvette,
this experimental protocol corrects for any possible appearance
of OAA outside mitochondria due to reactions other than that
catalysed by the externally added AAT; hence, the observed
rate is that of the appearance of aspartate outside mitochondria.

Checks were always made to confirm that none of the
compounds used in this study had any effect on the enzymes
used to reveal metabolite appearance outside mitochondria,
and also that the activities of the revealing enzymes did not
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limit the overall reaction rate under the adopted experimental
conditions. The rate of change of absorbance was obtained as
the tangent to the initial part of the experimental curve in all
cases and expressed as nmol of NADH oxidized per minute
per mg of mitochondrial protein. The Â340 value at 25˚C for
NADH was found to be 6.5 mM-1 cm-1. NADPH, instead of
NADH, was used when the Triton experiment was carried out.

Measurement of aspartate aminotransferase activity in intact
mitochondria. The method measures the intramitochondrial
activity of aspartate aminotransferase and uses a Perkin-Elmer
LS5 spectrofluorometer. The details of the assay method and
the conditions under which it provides a true measurement of
intramitochondrial enzyme activity have been reported (24).
Briefly, RHLVM, suspended in 2 ml of a standard medium in
the presence of 2 μg rotenone and 1 mM sodium arsenite,

were incubated with aspartate (12 mM) and, after 1 min, ·-
oxoglutarate was added to a final concentration of 3 mM.
The rate of decrease of fluorescence was then recorded and
taken as a measurement of intramitochondrial AAT activity
(24).

Statistical analysis and computing. All statistical analyses in
this study were performed using SPSS software. The data
were representative of at least four independent mitochondrial
preparations (with comparable results), each one in triplicate,
and are reported as the mean with standard deviation (SD).
The statistical significance of the data was evaluated using
one-way analysis of variance (ANOVA) followed by the post-
hoc Bonferroni test. P<0.05 was considered as significant for
all analyses. Experimental plots were obtained using Grafit
(Erithacus software).
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Figure 1. ·GP, MAL/ASP and MAL/OAA shuttles in left ventricles of spontaneously hypertensive rats. MIM, mitochondrial inner membrane. Mitochondrial
translocators: Pi, phosphate carrier; DIC, dicarboxylate translocator; OXODIC, oxodicarboxylate translocator; GLU/ASP, glutamate/aspartate translocator.
Enzymes: 1, mitochondrial GPDH; 2 and 3, cytosolic and mitochondrial MDH respectively; 4 and 5, cytosolic and mitochondrial AAT respectively. For
details see the text.
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Results

Hypertrophy and hypertrophy-hypertension modelling. A
significant difference in LVMI, but not in BP, was found when

comparing 5-week old SHR (SHR5) and WKY rats (Table I),
in agreement with Das and Harris (25) and Engelmann et al
(26), we assume that they represent a model in which any
biochemical change might be related to ventricular hyper-
trophy (hypertrophic state). On the other hand, since bio-
chemical alterations might occur as a result of the increase in
both BP and LVMI (Table I) in 24-week-old rats (SHR24), we
consider them as exhibiting a hypertrophic-hypertensive state.

The oxidation of externally added NADH by left heart
ventricle mitochondria in both hypertrophy and hypertension
states: the reconstruction of the ·GP, MAL/ASP and MAL/OAA
shuttles. We isolated mitochondria from the left ventricles of
SHR rats at 5 and 24 weeks of age (SHR5-M and SHR24-M
respectively) and WKY rats (WKY5-M and WKY24-M). Each
of these mitochondrial preparations was used to reconstruct
the ·GP, MAL/ASP and MAL/OAA shuttles and a typical
set of experiments with WKY5-M is shown in Fig. 2. In all
cases, the mitochondria were initially incubated with NADH
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Table I. Systolic blood pressure (BP) and left ventricular mass
index (LVMI) in normotensive Wistar-Kyoto (WKY) and
spontaneously hypertensive rats (SHR).
–––––––––––––––––––––––––––––––––––––––––––––––––

BP (mmHg) LVMI
–––––––––––––––– –––––––––––––––––

Age WKY SHR WKY SHR
–––––––––––––––––––––––––––––––––––––––––––––––––
5 weeks 115±9 125±10a 2.5±0.3 3.1±0.3b

24 weeks 138±15 215±16a 2.3±0.2 3.4±0.3a

–––––––––––––––––––––––––––––––––––––––––––––––––
Mean ± SD. aP<0.001, bP<0.05 vs same-aged WKY. Values are mean
of five experiments performed in duplicate.
–––––––––––––––––––––––––––––––––––––––––––––––––

Figure 2. Oxidation of extramitochondrial NADH by WKY5-M. Unloaded (A, Ba and C) or AOA-loaded-mitochondria (0.5 mg protein) were incubated at
25˚C in 2.0 ml of standard medium, consisting of 0.2 M sucrose, 10 mM KCl, 20 mM HEPES-Tris, pH 7.2 and 1 mM MgCl2, plus 0.2 mM NADH in the
presence of ·GPDH (0.5 e.u.) (A), MDH (2 e.u.) (C), ·-oxoglutarate (0.1 mM) plus MDH (2 e.u.) plus AAT (1 e.u.) (B and D) (for details see Materials
and methods). Where indicated, additions were as follows: 1 mM ·GP, 1 mM GLU, 1 mM MAL, 10 mM PHESUCC. (B, inset) Mitochondrial AAT activity
experiment: RHLVM, unloaded (C) or AOA-loaded-mitochondria (+ AOA), suspended in 2 ml of standard medium in the presence of 2 μg rotenone and 1 mM
sodium arsenite, were added with aspartate (ASP, 12 mM) and, after 1 min, ·-oxoglutarate (·OG, 3 mM). The rate of decrease of fluorescence (Ïexc 334 nm/
Ïem 456 nm) was then recorded and taken as a measurement of intramitochondrial AAT activity. Numbers along curves are rates of change in absorbance at
340 nm measured as tangents to the initial part of the progress curves and expressed as nmol NADH oxidised/min x mg mitochondrial protein.
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(0.2 mM) and the absorbance at 340 nm was monitored for a
short period of time to establish mitochondrial intactness; the
constancy of absorbance at 340 nm demonstrated that the
internal mitochondrial Complex I was inaccessible to NADH,
i.e. the intactness of mitochondria. Then, the appropriate
substrates and enzymes were added to reconstruct either the
·GP or the MAL/ASP shuttles and to establish the occurrence
of the malate/OAA shuttle. In all cases, the operation of the
shuttle was monitored continuously as a decrease with time
of the NADH absorbance at 340 nm arising from metabolite
interaction with (in the case of ·GP shuttle) or traffic across
(in the case of the other two shuttles) the mitochondrial
membrane as revealed using specific substrate detecting
systems (Fig. 1).

In Fig. 2A ·GPDH (1 e.u.) was added to mitochondria. The
DHAP concentration in the extramitochondrial phase was
negligible since no change of absorbance occurred. As a result
of addition of ·GP (1 mM), a decrease in absorbance was
observed at a rate equal to 4.6 nmol NADH oxidized/min x mg
mitochondrial protein. The explanation for this finding (Fig. 1)
is that added ·GP is oxidized by mitochondria in the reaction
catalyzed by mitochondrial ·GPDH (m·GPDH) located in
the outer phase of the inner membrane (27) and the product,
DHAP, in turn oxidizes NADH outside mitochondria in the
reaction catalyzed by the added ·GPDH.

Initial attempts to measure NADH oxidation as a result
of the operation of the MAL/ASP shuttle were carried out
essentially as described previously (10,11,28). Mitochondria
were incubated with the aspartate detecting system (ASP
D.S.), consisting of 0.2 mM NADH, 0.1 mM ·OG, 0.5 e.u.
MDH plus 1 e.u. AAT. Then, malate plus glutamate (1 mM
each) were added to the sample and the change in absorbance
was measured (Fig. 2B). In this case, efflux of aspartate from
the mitochondria is followed by its transamination, via AAT,
to OAA which in turn is reduced to malate in a reaction
catalysed by MDH (Fig. 1). The rate of decrease in absorbance
was equivalent to 11 nmol NADH oxidized/min x mg mito-
chondrial protein (Fig. 2Ba). It must, however, be emphasized
that this is a considerable overestimate of the true activity of the
shuttle as demonstrated by experiments using aminooxyacetate
(AOA), a potent transaminase inhibitor which can enter
mitochondria (29). First, we confirmed that loading with
AOA resulted in essentially complete inhibition of mito-
chondrial AAT activity (Fig. 2B, inset). When aspartate and
·-oxoglutarate, the transaminase substrate pair, were added to
control mitochondria a fast decrease in the fluorescence of
the intramitochondrial pyridine nucleotides occurred as a result
of formation of OAA inside mitochondria via mitochondrial
AAT and to its reduction to malate via malate dehydrogenase
(24). When mitochondria loaded with AOA were used, no
change in fluorescence was found, indicating complete
inhibition of mitochondrial AAT. Given the mode of operation
of the MAL/ASP shuttle (Fig. 1), it is clear that the shuttle
should not occur in AOA-loaded mitochondria. However,
when such mitochondria were used, the rate of NADH
oxidation only decreased by approximately 40% to 6.5 nmol
NADH oxidized/min x mg mitochondrial protein, in agreement
with Barron et al (11) (Fig. 2Bb). This residual activity cannot
be due to the MAL/ASP shuttle operation, which requires
transamination in the mitochondrial matrix, and the true shuttle

activity must be represented by the difference between the
values in Fig. 2Ba and b, i.e. 4.5 nmol NADH oxidized/min x
mg mitochondrial protein (see below).

One possible explanation for the residual activity in Fig 2Bb
is that a malate/oxaloacetate shuttle exists; this would be
consistent with the permeability of heart mitochondria to
oxaloacetate (19). Direct evidence for this hypothesis has been
obtained (Fig. 2C). When mitochondria were incubated with
malate dehydrogenase (MDH, 0.5 e.u.) and NADH alone,
i.e. the malate detecting system (MAL D.S.), no change in
absorption occurred showing that the OAA concentration in
the extramitochondrial phase was negligible. Externally added
1 mM malate (MAL) caused oxidation of NADH at a rate of
approximately 6.8 nmol/min x mg protein, indicative of the
appearance of OAA outside the mitochondria. In a control
experiment, the occurrence of OAA outside mitochondria
was confirmed in the supernatants of mitochondria previously
added with malate alone. This was performed using both
citrate synthase and malate dehydrogenase assays (30,31). In
agreement with a previously published study (28), NADH
oxidation was strongly inhibited (~85%) by 10 mM phenyl-
succinate. As in that previous study, a possible explanation of
these findings is the following (Fig. 1): MAL can enter
mitochondria in exchange with endogenous phosphate or
dicarboxylates (29); once inside the matrix MAL is oxidised,
by mitochondrial MDH, to OAA which in turn can exit in a
manner sensitive to phenylsuccinate. Once outside, it is reduced
by NADH in the presence of MDH in a reconstructed MAL/
OAA shuttle.

In the light of these findings which show that the activity of
the MAL/ASP shuttle, as measured in Fig. 2Ba and previously
by Rupert et al (10), is overestimated, being dependent on
the efflux of both aspartate and OAA, we developed a new
procedure to continuously monitor MAL/ASP shuttle activity
(Materials and methods). In this case, the aspartate detecting
system (ASP D.S.) was added to the mitochondrial suspension
in the sample cuvette, whereas ASP D.S. without AAT was
added in the reference cuvette. Then, malate plus glutamate
(1 mM each) were added simultaneously to both the sample
and reference cuvette and the oxidation of NADH was
recorded. The true rate of MAL/ASP shuttle was found to be
4.3 nmol NAD(P)H oxidized/min x mg mitochondrial protein
(Fig. 2Da). Consistently, when using AOA-loaded mito-
chondria, the activity of the shuttle was effectively abolished
(Fig. 2Db). As expected, the measured true activity of the
MAL/ASP shuttle was very close to the difference between
the activities in Fig. 2Ba and b.

The same experiments were carried out with WKY24-M and
SHR5-M and SHR24-M with the substrates starting NADH
oxidation added at 1 mM concentration (experimental traces
not shown here). The rates of NADH oxidation, expressed as
nmol NADH oxidized/min x mg mitochondrial protein, were
4.1, 1.8 and 5.2 for the ·GP shuttle; 4.3, 2.9 and 6.2 for the
MAL/ASP shuttle; and 11.1, 19.2 and 20.1 for the MAL/
OAA shuttle.

The contribution of the MAL/OAA shuttle to oxidation of NADH
is higher than those of the MAL/ASP and ·GP shuttles. The
dependence of the rate of decrease in absorbance of NADH,
i.e. the rate of the in vitro reconstructed shuttles, measured as
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in Fig. 2, was investigated as a function of increasing concen-
trations of either ·GP or MAL. Hyperbolic reaction kinetics
were found for the ·GP, MAL/ASP and MAL/OAA shuttles,
and Fig. 3A shows a typical double reciprocal plot for data
obtained with WKY5-M. Km values, i.e. the substrate concen-
tration which gives half the maximum rate (Vmax), and Vmax

values were determined in several experiments carried out
with different mitochondrial preparations. The values obtained
with SHR5-M, SHR24-M, WKY5-M and WKY24-M are
reported in Table II along with statistical analysis carried out
by an ANOVA test. In five experiments, the Vmax values of the
MAL/ASP shuttle as measured in SHR5 vs SHR24 differed
significantly both from one another and from the same-age
WHY samples (P<0.05). In contrast, no statistically significant
differences were found for Vmax values of the ·GP shuttle in-
dependently of the age and hypertrophy/hypertension states.
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Figure 3. (A) Kinetic analysis of the ·GP, MAL/ASP and MAL/OAA shuttles
and (B) nature of inhibition by phenylsuccinate of the MAL/OAA shuttle
reconstructed by using WKY5-M. (A) WKY5-mitochondria (0.5 mg protein)
were incubated at 25˚C in 2.0 ml of standard medium in the presence of
NADH (0.2 mM) plus either ·-glycerol-3-phosphate dehydrogenase
(·GPDH, 1 e.u.) (in the case of ·GP shuttle reconstruction), malate
dehydrogenase (MDH, 2 e.u.) (in the case of MAL/OAA shuttle recon-
struction) or aspartate amino-transferase (AAT, 1 e.u.) plus MDH (2 e.u.),
the substrate pair, ·-oxoglutarate (·OG, 0.1 mM) and glutamate (GLU, 1 mM)
(in the case of MAL/ASP shuttle reconstruction) (Materials and methods).
The exchange reactions were started by adding ·GP or MAL at the indicated
concentrations. 1 mM represents the maximum concentration realizable in
cells under physiological conditions. The rate (v), measured as the change in
absorbance monitored at 340 nm, is expressed as nmol NADH oxidised/min
x mg mitochondrial protein. (B) The MAL/OAA shuttle reconstruction
experiment was performed as described in Figs. 2 and 3A. Malate was
added at the indicated concentrations in the absence (●) or presence (■) of
phenylsuccinate (PHESUCC, 10 mM). The rate (v) is expressed as nmol
NADH oxidised/min x mg mitochondrial protein. All assays were run four
times and mean ± SD was reported. The inset shows the TX-100 experiment:
TX-100 addition (0.2%) follows 1 mM MAL addition. Experimental
condition as in Fig. 2C, except that mitochondria were incubated with 0.2 mM
NADPH (Materials and methods). Numbers along the curves are rates of
pyridine nucleotide oxidation expressed as a percentage of control (considered
as 100%), i.e. in the absence of TX-100.

Table II. Kinetic parameters of ·GP/DHAP, MAL/ASP and
MAL/OAA shuttles in SHR and WKY at 5 and 24 weeks of
age and the respective age-matched controls.
–––––––––––––––––––––––––––––––––––––––––––––––––
·GP Km ± SD (mM) Vmax ± SD

(nmol/min x mg protein)
–––––––––––––––––––––––––––––––––––––––––––––––––
SHR5 0.54±0.04f 5.8±0.29
WKY5 0.52±0.02e 6.0±0.23
SHR24 0.73±0.04 6.3±0.23
WKY24 0.77±0.03 6.0±0.19

–––––––––––––––––––––––––––––––––––––––––––––––––
MAL/ASP Km ± SD (mM) Vmax ± SD

(nmol/min x mg protein)
–––––––––––––––––––––––––––––––––––––––––––––––––
SHR5 3.5±0.8e 16.8±0.5f

WKY5 2.9±0.7 16.8±0.3f

SHR24 1.7±0.15c 15.8±0.6
WKY24 2.6±0.35 16.0±0.4

–––––––––––––––––––––––––––––––––––––––––––––––––
MAL/OAA Km ± SD (mM) Vmax ± SD

(nmol/min x mg protein)
–––––––––––––––––––––––––––––––––––––––––––––––––
SHR5 0.57±0.05a,d 30.0±0.6a,e

WKY5 1.0±0.3 12.4±0.3e

SHR24 1.0±0.3 40.0±1.3a

WKY24 1.0±0.2 20.3±0.6
–––––––––––––––––––––––––––––––––––––––––––––––––
Mitochondria (0.5 mg protein) from either 5- or 24-week old WKY
or age-matched SH rats were suspended at 25˚C in 2.0 ml of standard
medium. Experimental conditions as in Fig. 2. The rate of the
shuttle was measured following addition of 1 mM ·GP (for ·GP
shuttle) or 1 mM MAL (for both MAL/ASP and MAL/OAA shuttle)
and expressed as nmoles NADH oxidized/min x mg protein. The
values of Km and Vmax are means ± SD of five experiments

performed in duplicate. aP<0.001, bP<0.01, cP<0.05, when SHR5 or

SHR24 vs same-aged WKY; dP<0.001, eP<0.01, fP<0.05, when
WKY5 or SHR5 vs the respective 24-week-old animals. The lack of

asterisk/s indicate no statistically significant difference.
–––––––––––––––––––––––––––––––––––––––––––––––––
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The Km values for the MAL/ASP shuttle were found to change
significantly in SHR5 vs SHR24 (P<0.01) and SHR24 vs WKY24

(P<0.05) but no significant change was found when comparing
WKY5 vs WKY24 and SHR5 vs WKY5. Statistically different
Km values for the ·GP shuttle were found in SHR5 and WKY5

vs the respective 24-week old rats (P<0.01). No statistically
significant differences were found in SHR5 and SHR24 vs the
respective age-matched normotensive rats.

The Km and Vmax values calculated for the MAL/OAA
shuttle were found to change in the investigated cases. The
Vmax values were found to change significantly with age (WKY5

and SHR5 vs the respective 24-week old rats, P<0.01) as well
as with hypertrophy/hypertension state (SHR5 and SHR24 vs
the respective normotensive rats, P<0.001). Interestingly Km

values were found to increase significantly both with the age
(P<0.001) and with the progression from the hypertrophy to
the hypertrophy/hypertension state (P<0.001) in SHR, but not
with the age of normotensive rats.

The rate of the MAL/OAA shuttle depends on the rate of
carrier-mediated substrate transport in both SHR-M and
WHY-M. Since the MDH activity added in the malate detecting
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Figure 4. The percentage efficiency of ·GP, MAL/ASP and MAL/OAA shuttles. (A) The percentage efficiency of each shuttle in both strains of rats at 5 and
24 weeks. The rates of the shuttles at 0.1 or 1 mM of either malate or ·GP were calculated from the values in Table II. The % efficiency of each shuttle (X)
derives from the following formula:

100 v (rate of the X-shuttle at 1 mM substrate)
% X-shuttle = –––––––––––––––––––––––––––––––––––––

(sum of each shuttle rate at 1 mM substrate)

(B) The shuttle efficiency analyzed by dependence on either age for both SHR and WHY rats (left) (100 indicate the value rate at 5 weeks of age of each
strain), or hypertrophy/hypertension state (right) (100 indicate the value rate at 5 and 24 weeks of age of WKY rats), with substrates at 0.1 and 1 mM.
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system exceeds the rate of the substrate appearance (Materials
and methods), and since malate efflux is a process in which
both transport across the mitochondrial membrane and the
reaction catalyzed by intramitochondrial dehydrogenase are
involved, we checked whether the measured rate of NADH
oxidation mirrored the transport process across the mito-
chondrial membrane. To achieve this, we used the same
method as Passarella et al (13); instead of NADH, NADPH
was added to WKY5-M (Fig. 3B, inset); this substance can be
oxidized by the enzyme/s of the detecting systems but not by
Complex I of the respiratory chain. After addition of MAL,
the detergent, TX-100 (0.2%), which dissolves mitochondrial
membranes, was added. In all cases, the rate of oxidation of
NADPH increased dramatically showing that metabolite
transport across the mitochondrial inner membrane was the
rate limiting step of the measured processes.

Phenylsuccinate, a non-penetrant inhibitor of a variety of
mitochondrial carriers, inhibited the malate/oxaloacetate
exchange in a competitive manner both in the hypertrophy
and in the hypertrophy/hypertension state as well as in the
respective controls, i.e. WKY5 (shown as an example in
Fig. 3B) and WKY24. The Ki values, which are indicative of
inhibitor-carrier interaction, differed from one another as
judged by statistical analysis (P<0.05): 1.7±0.17 and
2.9±0.22 mM in SHR5 and WKY5 respectively and 2.1±0.24
and 2.8±0.21 mM in SHR24 and WKY24, respectively.

The rates of the shuttles at 0.1 and 1 mM, perhaps
maximum malate and ·GP concentration in the cytosol, were
calculated from the values in Table II. The results are presented
in terms of percentage efficiency of each shuttle in both strains
of rats at 5 and 24 weeks (Fig. 4A). In all the cases, the MAL/
OAA shuttle made the greatest contribution to oxidation of
NADH (43-77%), followed by the MAL/ASP shuttle, which
was more active than the ·GP shuttle (except for SHR5 where
the activity was equal). In Fig. 4B, modifications in shuttle
efficiency were analyzed by dependence on age for both SHR
and WHY rats, again with substrates at 0.1 and 1 mM. A
significant increase with age (~50%) was found in the activity
of the MAL/ASP shuttle in SHR whereas, in normotensive
rats, the activity of the MAL/OAA shuttle increased (~65%).
On the other hand, when normotensive and hypertrophied
mitochondria were compared, a huge increase in activity of
the MAL/OAA shuttle (200%) was found. This increase was
still apparent in the hypertrophic-hypertensive state, but to a
lesser extent.

Discussion

A change in energy metabolism occurs in the hypertrophied
heart, with a decrease in fatty acid oxidation and an increase
in glycolytic flux (32). Since left ventricular hypertrophy
(LVH) favours the occurrence of arrhythmias and failure and
is an independent risk factor for cardiovascular morbidity and
mortality, the detection of the modifications in the energy
production pathways could be crucial to elucidate how
arrhythmias and failure occur and perhaps prevent cardiac
dysfunction and transition to overt failure. It has been reported
that the glycolytic rate, which is 0.5-1.5 μmol glucose oxidised/
g dry weight in normotensive heart, increases up to 1.5-4 in
hypertrophy (33,34). Given that an increase in glycolytic flux

results in an increase in NADH production in the cytosol, we
have investigated the shuttle mechanisms which allow for the
oxidation of cytosolic NADH in the heart. We show here, for
the first time, the occurrence of a MAL/OAA shuttle in the
left heart ventricle, and demonstrate that it works to transport
reducing equivalents from the extramitochondrial phase into
the matrix with a higher efficiency than those of the prev-
iously reported ·GP and MAL/ASP shuttles. An important
consequence of the occurrence of the MAL/OAA shuttle is
that previous measurements of the activity of the MAL/ASP
shuttle (10,11,28) are seriously overestimated because the
contribution of effluxed OAA to the oxidation of external
NADH has not been taken in account. We report the true rate
of the MAL/ASP shuttle and show that it makes a minor
contribution to oxidation of external NADH. Moreover, we
show that the rate of the overall process of NADH oxidation
via the MAL/OAA shuttle, as reconstructed in vitro, depends
on the rate of metabolite transport across the mitochondrial
membrane, probably by MAL/OAA antiport (12). Thus, we
confirm that, in the heart, as in the brain, kidney, liver (13-15),
plant mitochondria (16) and microorganisms (17), the MAL/
OAA shuttle plays a major role in oxidizing NADH.

When considering the occurrence in vivo of processes
shown to occur in vitro, the physiological substrate con-
centration should be considered. In this case, even though
the malate concentration in the heart is between 100 and
500 nmols/g wet (35), the division between cytosol and
mitochondria remains difficult to determine with certainty
due to reaching an equilibrium in the time necessary to isolate
mitochondria.

However, we can assume that malate concentration is
approximately 0.1 mM, as reported by Jungling et al (36).
We also show that the activity of the MAL/OAA shuttle
is dependent on both age and hypertrophy/hypertension
progression (Table II and Fig. 4). The MAL/OAA shuttle is
more active in SHR than in WKY rats by approximately
140% and 100% at 5 and 24 weeks of age, respectively, as
expected since aerobic glycolysis increases in hypertrophy and
hypertrophy/hypertension (29,34). Interestingly, in both SHR
and WKY, an increase in the shuttle activity by approximately
30% and 60%, respectively, occurs at 24 weeks compared
with 5 weeks. It is likely that the increases are higher at
physiological malate concentrations. If this concentration is
approximately 0.1-1.0 mM (36) and remains constant under
hypertrophy/hypertension conditions, the actual rate of the
MAL/OAA shuttle should be approximately 4.5-19 and 1.2-6
in SHR and WKY rat mitochondria at 5 weeks of age but
approximately 3.6-20 and 1.8-10 in mitochondria from 24-
week-old SHR and WKY rats respectively. This suggests that
in SHR MAL/OAA shuttle efficiency is significantly increased
with LVH progression; the activity of the shuttle is similar in
5- and 24-week-old SHR, which exhibit similar values of
LVMI but different BP values. Contrarily to SHR, MAL/OAA
shuttle increases with ageing in WKY. Nonetheless, in the light
of the low Km value for malate (0.57±0.05 and 1.0±0.3 mM) in
SHR and WKY at 5 and 24 weeks of age, and of the intra-
cellular concentration (0.1-1.0 mM range) (36), we conclude
that this shuttle operates at a rate considerably below the Vmax

in both cases. Thus, any increase in NADH formation via
glycolysis will result in an increase in the rate of malate
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formation and, finally, in shuttle activity. Such a hypertrophy
condition results in modification of the mitochondrial trans-
locator involved in the shuttle, suggested by the different
Vmax values and confirmed by the different Ki values for
phenylsuccinate. As expected (32), phenylsuccinate inhibits
malate/OAA exchange in a competitive manner.

Neither the MAL/ASP (as properly measured) nor the
·GP shuttles are significantly affected in hypertrophied hearts.
This is in apparent agreement with Rupert et al (10); however,
one could argue that measurements of NADH oxidation via
the MAL/ASP shuttle include the MAL/OAA shuttle and,
thus, an increase in NADH oxidation should have been found
by them. It should be noticed, however, that, in (10,11,28)
the MAL/ASP shuttle activity was investigated at 37˚C
under conditions at which most oxidation of NADH would
occur spontaneously due to damage of the mitochondrial
membrane, resulting in free access of NADH to Complex I.
Consequently, any modification in shuttle activity may have
been masked. Interestingly, the rate of NADH oxidation via
shuttles in the present study is consistent with the reported
rate of glucose oxidation to water and carbon dioxide (37).
By assuming that 1 kg of dry weight corresponds to 1 mg of
mitochondrial protein, and that glucose oxidation occurs at a
rate of approximately 1 nmol/min x mg mitochondrial protein,
since H2O formation derives from the oxidation of 20 NADH
and 2 FADH2, the total shuttle capacity to oxidize cytosolic
NADH appears to be consistent with the reported results.
Since electron flow in the respiratory chain and oxidative
phosphorylation could take place at a rate much higher than
that of NADH oxidation via shuttles, we propose that the
glucose oxidation rate depends essentially on the rate of the
mitochondrial shuttles and on the rate by which pyruvate,
formed in glycolysis, enters mitochondria.

How these results are consistent with the reported enhanced
flavin-linked mitochondrial ·GP dehydrogenase activity in
adult rats (38) or with the increase in both expression of the
mRNA and enzymatic activity of MDH and AAT (12,39)
remains to be established. We could speculate that such an
increase accompanies the increase in the rate of metabolite
transport, which could be the rate limiting step in vivo, as
in vitro. On the other hand, because the glutamate/aspartate
antiporter is unidirectional and electrogenic, the malate/
aspartate shuttle function might also be limited by overall
mitochondrial energetics (40,41).

Whether the changes in NADH reoxidation systems
reported here mirror the physiological situation remains a
matter of speculation. Indeed, at present, the mechanism
by which the reported changes take place is rather obscure;
increase in energy demand, related to the development of
LVH in SHR, might be seen as the main cause of metabolic
changes deriving directly from modifications of certain proteins
involved in energy metabolism. Such a putative modification
could concern the protein molecule per se and/or the membrane
environment. Research to elucidate this point is currently in
progress in which gene expression and changes in the protein
conformation and lipid environment (42) are under investig-
ation, together with studies of the L-lactate/pyruvate shuttle
(43).

The results of the present study, showing the activation
of the MAL/OAA shuttle in SHR before the development of

hypertension, suggest that this change could be an early marker
of LVH, in which ‘fuel shift’ from fatty acid ß-oxidation
toward glucose oxidation was previously documented in
animal models (44,45) and, more recently, in humans (39,46).
Because no further enhancement was found in SHR with
development of hypertension, activation of the MAL/OAA
shuttle could not be contended as a key mechanism involved
in the transition of LVH in heart failure. LVH, in fact,
predisposes the heart to failure and, while metabolic and
gene regulatory changes developing in LVH are considered
adaptive events, modifications occurring in the failing heart
are interpreted as maladaptive because of insufficient ATP
production and decreased pump function. Whether derange-
ment in mitochondria energy metabolism could induce heart
failure is an intriguing possibility and appropriately designed
studies are needed in order to clarify this specific issue.
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