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ABSTRACT 

The metabolic dcn1;inds of the ncwborn hcart arc met primar- 
ily by glucose and lactate. Mitochondria are impermeable to the 
NADH produced by these cytosolic reactions. The malatel 
aspartate and a-glyccrophosphate (a-GP) shuttles provide two 
pathways to transport reducing equivalents into mitochondria. 
'I'lie goals of this study were to compare the capacity of thcsc 
shuttles in ncwborn and adult cardiac niitochontlria ant1 to nica- 
sure the maximal activity of the mitochondria1 cnzylnes involved 
in thcsc shuttlcs. Shuttle and enzyme capacities were measured in 
isolated n~itocliondria from the lcft and right ventricular free wall 
of 0-3-d-old and adult pig hcarts. Malatciaspartatc shuttlc ca- 
pacity was ncarly three times greater in the ncwborn lcft ventricle 
compared with adult (newborn, 016 1 24: adult, 232 + 7-8 
nniollniinln~g; Incan = SEM; rl - 8; p < 0.0001). 'l'hc capacity 
of the malatclaspartatc shuttle of the riglit ventricular free wall 
was Srcatcr than the left in the ;1dr11t hcart. Ilcspitc a decrease in 
mslatclaspartate sliuttle cnp;~city. ~naxi~nal activity of mitochon- 
drial matrix enzymes involved in this pathway were incre;ised in 
adult mitochondri;l. a-GP shuttle activity was absent in ;ldull 

Substrate utilization by ncwborn myocardium is different 
from adult (1-3). ATP for myocardial contraction is supplied 
predominantly by glucose and lactatc in the ncwborn heart, 
whereas adult myocardiunl more readily oxidizes fatty acids. 
'1'0 efficiently produce ATP from glucose and lactate, cytoso- 
lically derived reducing equivalents from glycolysis and lactate 
oxidation: such as  NAIIH, must be transported to the mito- 
chondria for cntry into the electron transport chain. Lchninger 
(4) and Purvis and 1,owcnstcin (5) have dcmonstratcd that 
mitochondria arc impcrmcablc to NAIIH. Thus, other ~ n e c h a -  
nisms are necessary to transport cytosolic NADH into mito- 
chondria. particularly in the newborn hcart. 

Several pathways have been described that allow NADII to 
gain cntry into the nlitochondria (6. 7). These so-called NADH 
shuttles involve rcdox couples whose rccluced pair is generated 
in the cytosol and diffuses or is transported into the mitochon- 
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niyocardil~rn. Newborn lcft ventricr~lar myocar.diun1 had signifi- 
cant cr-GP shuttle 21ctivity (44 + 4 nrnol/min/rng) due to en- 
hanced flavin-linked mitochondrial a-GI' dchydrogcnasc activity 
compared with adult. Interventricular differences in the tr-GP 
shuttle capacity were not found in newborn or adult hearts. These 
findings suggest a mechanism for the substrate preference of 
neonatal myocardium. (Pediatr Hes 38: 221-227, 1995) 

Abbreviations 
a-GP,  rr-glyccrophosphatc 
a-GI'DII, a-glyccrophosphatc dchydrogcnasc 
a-KG, a-ketoglutaratc 
MIIH, ~nalirtc dchydrogcnasc 
AST, aspartalc a~nino t ransf r r :~~~ 
a-KGDII, a-kctoglr~taratc dchydrogcnasc 
nl, mitochondrial 
AOA, amino(oxy)acctatc 
KCK, respiratory control ratio 

dria. Within the mitochondria, the rcduccd substrate is oxidizcd 
to rcgcncratc NAIIH or other rcducing equivalents that can 
enter the clcctl.on transport chain. In ;~dul t  myocardium, the 
~nalatelaspartatc shuttlc (Fig. 1A) is the predominant pathway 
for transferring NAIIII into the mitochondria (8, 9). Oxaloac- 
ctatc is rcduccd in the cytosol by NADI-I to form Inalate which 
is exchanged with a - K G  as it enters the mitochondria. Malatc 
then rcduccs NAD' to form NADH, and the resulting osaloa- 
cctatc is transaminatcd to form aspartatc. Exchangc of aspar- 
late with glutamatc is clcctrogcnically driven (10-12) and 
results in the one-way movement of NADII into thc mitochon- 
dria. The cycle is completed by thc cytosolic dcamination of 
aspartate to generate oxaloacctatc. 

An additional pathway, the a - G P  shuttle (Fig. lH) ,  has been 
described in mammalian hcpatocytcs, insect f igh t  muscle, and 
mammalian pancreatic p-cells (7, 13. 14). Aftcr the reduction 
of dihytlroxyacetonc phosphate to cu-GI'. (1-GI' diffuses to the 
inncr mitochondrial membrane whcrc reduction by the mcm- 
brane-bound, tlavin-linked 1ncu-(;PDI1 generates rctluced flavin 
atlcninc dinuclcotide that enters the second step of the clcctron 
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Figure I. Reducing equivalent shuttles. Schematics of the malatelaspartate ( A )  and a-GP (B)  shuttles are shown. See text for details. Abbreviations include: 
CAST, cytosolic aspartate aminotransferase; OAA, oxaloacetate; cMDH, cytosolic malate dehydrogenase; DHAP, dihydroxyacetone phosphate; FP,  flavin 
phosphate; FPH,, reduced FP. 

transport chain. By entering an intermediate step of the elec- 
tron transport chain, the a-GP shuttle produces one less mole 
of ATP per mole of transported NADH compared with the 
malatelaspartate shuttle. 

Cytosolic derived NADH may be oxidized via a reaction 
with pyruvate or transported to the mitochondria for aerobic 
ATP production. Clearly, the glycolytically active newborn 
heart must efficiently shuttle NADH into the mitochondria to 
allow for maximum production of ATP. The goal of the present 
study was to determine whether mitochondria from newborn 
myocardium exhibited an increased capacity of the malate1 
aspartate and a-GP shuttles compared with adult cardiac mi- 
tochondria. Further, maximal activity of the enzymes involved 
in these shuttles was also investigated to identify potential 
steps in NADH transport which may be regulated during 
development. 

METHODS 

Animal preparation and isolation of mitochondria. Hearts 
from newborn (0-3 d, n = 8) and adult pigs (n = 8) were used 
for the isolated mitochondrial shuttle studies. Neonatal pigs 
were anesthetized with 20 mglkg ketamine, 0.2 mglkg 
acepromazine, and 2 mdkg  xylazine given s.c. Once a deep 
level of sedation was attained, lidocaine was generously infil- 
trated over the right external jugular vein which was then 
dissected free from surrounding tissue. The right external 
jugular vein was then cannulated, and a 3-mL bolus of satu- 
rated potassium chloride was rapidly infused to arrest the heart. 
The heart was immediately removed through a midline ster- 
notomy and immersed in ice-cold saline. Hearts from adult 
pigs were obtained from a local abattoir immediately after 
exsanguination and immersed in several volumes of ice-cold 
saline. Both the left and right ventricular free walls were 
dissected free of the surrounding tissue for subsequent mito- 
chondria isolation. All animals were handled in accordance of 
the Animal Care and Use Guidelines of the University of Iowa. 

Cardiac mitochondria were isolated using a modification of 
the technique described by Saks et al. (15). All isolation steps 
were performed at 0-4OC. Briefly, newborn myocardium was 
minced with scissors and adult myocardium was passed 
through a meat grinder, and approximately 3 g of either tissue 
were placed in buffer containing (final concentration in mM) 
300 sucrose, 10 N-2-hydroxyethylpiperazine-Nr-2-ethanesul- 
fonic acid, 0.2 EDTA at pH 7.2. Trypsin (2.5 mg) was added 
to the tissue suspension and incubated at O°C for 15 min. The 
reaction was stopped with a 5-fold excess of trypsin inhibitor 
dissolved in 20 mL of sucrose buffer with 1 m d m L  BSA. After 
decanting the fluid, the tissue was resuspended in 20 mL of 
buffer with BSA and homogenized with a Pro Scientific Pro- 
200 homogenizer (Pro Scientific Inc., Monroe, CT) for 10 s. 
The homogenate was centrifuged three times at 600 X g for 10 
min at 4OC, each time saving the supernatant. The mitochon- 
dria were pelleted at 8000 X g for 15 min and washed once in 
buffer with BSA. The final pellet was resuspended in the 
sucrose buffer without BSA. 

RCR, representing the ratio of the rate of mitochondrial 
oxygen consumption during state 3 activity (substrate and ADP 
excess) to the rate of oxygen consumption during state 4 
activity (ATP present and ADP depleted), were measured in a 
temperature-regulated chamber with a Clark-type oxygen elec- 
trode interfaced to a Gilson OxyGraph (Gilson Medical Elec. 
Inc., Middleton, WI). Mitochondria were continuously stirred 
during these measurements. The mitochondrial suspension 
(200 pL) was added to 1.5 mL of (final concentration in mM) 
130 potassium chloride, 20 N-2-hydroxyethylpiperazine-N1-2- 
ethanesulfonic acid, 2.5 magnesium chloride, 0.5 EDTA, 5 
potassium phosphate, 5 glutamate, and 5 malate at pH 7.2. 
After stabilization of the suspension, state 3 activity was 
measured after addition of 580 p M  ADP. State 4 activity 
was then measured after depletion of available ADP. All 
mitochondria from newborn and adult left ventricular free wall 
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were well coupled, demonstrating RCR greater than 10 (see 
"Results"). 

Reconstitution of the malate/aspartate shuttle. The maxi- 
mal activity of the malatelaspartate shuttle was determined 
using the method of Cederbaum et al. (7) as modified by 
Dawson (16) and Sharma et al. (17). In a 3-mL plastic cuvette, 
50 p L  of mitochondrial suspension were vigorously mixed 
with 2 mL of (final concentration in mM) 300 mannitol, 10 
potassium phosphate, 10 Tris, 10 potassium chloride, 5 mag- 
nesium chloride, 2 aspartate, 2 ADP, and 0.14 NADH with 3 
U/mL MDH and 2 U/mL AST at pH 7.4. Baseline oxidation of 
NADH was monitored at 340 nm at a constant temperature of 
37°C for 4 min (Beckman DU-64 Spectrophotometer, Beck- 
man Instruments, Inc., Fullerton, CA). Malatelaspartate shuttle 
activity was initiated with the addition of 4 mM malate and 4 
mM glutamate (final concentration), and the oxidation of 
NADH was monitored at 340 nm for 4 min. The contents of the 
cuvette were vigorously stirred with a 3.0-mm Teflon rod after 
substrate addition (more frequent stirring during data collection 
did not alter the measured rate of NADH oxidation). The 
difference between the rate of change of absorbance with and 
without added substrates was normalized to added mitochon- 
drial protein to determine the shuttle capacity. For this study 
and others, the rate of change of absorbance was calculated 
using the kinetics package available on the Beckman DU-64. 
Curves after addition of substrate were linear over the 4-min 
observation period with linear regression curve fits always 
yielding r values greater than 0.99. 

To demonstrate that the observed oxidation of NADH oc- 
curred through the rnalatelaspartate shuttle, all reactions were 
repeated with 0.4 mM AOA added to the cuvette before 
baseline measurements. AOA is a competitive inhibitor of 
transaminases, including AST (9, 18), and effectively inhibits 
malatelaspartate shuttle activity at this concentration (9). The 
rate of absorbance change with and without added substrates 
was normalized to added mitochondrial protein to determine 
the shuttle activity in the presence of AOA. 

Reconstitution of the a-GP shuttle. Studies of the maximal 
activity of the a-GP shuttle were performed as described by 
Cederbaum et al. (7). Briefly, the buffer used for the malate/ 
aspartate shuttle studies was modified by excluding aspartate, 
MDH, and AST and including 1 mM ATP and 1 U/mL 
a-GPDH. Baseline absorbance was followed at 340 nm at 
37°C for 4 min. The a-GP shuttle was activated with the 
addition of 10 mM a-GP (final concentration) and stirring of 
the suspension with a Teflon rod. The difference in the rate of 
change of absorbance with and without added a-GP was 
normalized to added mitochondrial protein to determine the 
capacity of the a-GP shuttle. 

Tissue preparation-enzyme assays. Mitochondria were 
isolated from the left and right ventricular free wall from 
newborn (0-3 d, n = 6) and adult pigs (n = 6) as described 
above. The mitochondrial pellet was resuspended in 2.0 mL of 
50 mM potassium phosphate buffer (pH 7.2). A 1.0-mL portion 
of the mitochondrial suspension was incubated in 0.5% Triton 
X-100 for 30 min at 0°C and then sonicated for three 1-min 
intervals at 140 W in an ice water-filled cuphorn. The sample 
was then centrifuged at 48,000 X g for 20 min to pellet 

mitochondrial membranes. The supernatant was saved for mi- 
tochondrial enzyme assays (soluble mitochondria1 fraction). 
Another 1.0-mL portion of the mitochondrial suspension un- 
derwent homogenization for four 10-s intervals with the Pro 
Scientific Pro-200 homogenizer set on high. The sample was 
kept on ice during homogenization as well as during the 
intervals between homogenization. This sample was then cen- 
trifuged at 48,000 X g for 20 min, and the supernatant was 
discarded. The pellet was resuspended in 0.3 mL of 50 mM 
potassium phosphate buffer (pH 7.2) for assays of flavin-linked 
a-GPDH activity (particulate mitochondrial fraction). 

SpeciJic enzyme assays. All enzyme activities were mea- 
sured under saturating substrate conditions. The protein con- 
tent of the soluble and particulate mitochondrial fractions was 
determined by the method of Lowry et al. (19). 

The assay for AST was adapted from Bergmeyer (20). 
Briefly, the reaction catalyzed by AST between aspartate and 
a-KG to form glutamate and oxaloacelate was coupled to the 
reaction between oxaloacetate and NAIIH catalyzed by MDH 
to form malate and NAD+. In a 1.5-niL cuvette, 100 p L  of 
soluble mitochondrial fraction were diluted in buffer contain- 
ing (final concentration in mM) 90 Tris, 240 aspartate, 0.11 
pyridoxal 5-phosphate, and 0.16 NADH with 1 U/mL MDH 
and 0.5 UImL lactate dehydrogenase. This same buffer (880 
pL) was added to the cuvette, and baseline absorbance at 340 
nm and 37°C was monitored for 4 niin. After the baseline 
period, 12 mM a-KG was added to the cuvette, and the 
absorbance at 340 nm was monitored for 4 min. To determine 
that the cytosolic isoenzyme did not contaminate the assay for 
mitochondria AST in the samples, nortdenaturing PAGE was 
performed as described previously (20,21). A 2.5% polyacryl- 
amide gel was prepared in 50 mM Tris and 380 mM glycine 
(pH 7.0). Eight microliters of sample were added to the wells, 
and electrophoresis was performed for 1 h at 15 Vlcm. The gel 
was kept on a cooling block maintained at approximately 5°C. 
After electrophoresis, the gel was warmed to 37"C, and a 
solution containing (in mM) 5 aspartate, 2.5 a-KG, 4 NAD+, 
1 ADP, 1.49 iodonitrotetrazolium chloride, and 1 glycine with 
60 U/mL glutamate dehydrogenase, 0.5 U/mL diaphorase, and 
1% agarose at 37OC was poured evenly over the gel. Once the 
gel solidified, it was incubated at 37°C for approximately 1 h. 
These studies demonstrated that the soluble mitochondrial 
fraction was essentially devoid of any cytosolic enzyme con- 
tamination. 

Total MDH activity was determined as described by Berg- 
meyer (22) by measuring the rate of reduction of NADt in the 
presence of malate at 37°C. Maximal enzyme activity was 
initiated with the addition of 25 mM malate. MDH capacity 
was determined by the difference between the rates of change 
of absorbance with and without added substrate. 

Flavin-linked ma-GPDH activity was measured by follow- 
ing the reduction of cytochrome c as described previously (23). 
The assay buffer consisted of (in mM) 100 potassium phos- 
phate, 5 EDTA, 1 potassium cyanide, 0.1 phenazine methosul- 
fate, and 0.09 cytochrome c. 100 p L  of particulate mitochon- 
drial fraction were added to 2.3 mL of the buffer in a 3-mL 
plastic cuvette. At 37"C, the baseline absorbance at 550 nm 
was followed for 4 min. a-GP was then added (25 mM final 
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concentration), and thc absorbance at 550 nm was measured 
for an additional 4 min. The difference in the rate of change of 
absorbance before and after adding a-GP was divided by the 
mitochondrial protein added to the cuvette to determine the 
capacity of ma-GPDH. 

It has bccn shown that a-KGDH may regulate flux through 
thc malate/aspartate shuttle (8). Thus, a-KGDH activity was 
measured on each of the soluble mitochondrial fractions using 
the technique described by Jackson and Singer (24). This 
method follows the reduction of NADf with 0-KG and CoA to 
form succinyl CoA and NADH. The buffer solution contained 
(in mM) 50 3-[N-morpholino]propanesulfonic acid, 2 magne- 
sium chloride, 0.5 calcium chloride, 2.6 cysteine, 0.2 thiamine 
pyrophosphate, 0.12 CoA, 2 NAD' at pH 7.6. The rate of 
change of absorbance at 340 nm at 37OC after addition of a-KG 
(2 mM) was followed for 4 min and subtracted from the 
baseline rate to determine maximal a-KGDH activity. 

Statistics. All data are expressed as mean ? SEM. Compar- 
ison of NADH shuttle capacities and specific enzyme activities 
bctween newborn and adult samples was made using an un- 
paired, two-tailed t tcst. Differences bctween left and right 
ventricular values were assessed using a paired, two-tailed 
t test. A Bonfcrroni correction was applied to all determined 
17 values to corrcct for the duplicate comparisons made on the 
samc data sets. 

RESULTS 

Isolated mitochondria NADH shuttle studies. Mitochondria 
from the left and right ventricular free wall of both newborn 
and adult porcine hearts remained well coupled after isolation. 
As has been found by previous investigators (25, 26), the RCR 
of mitochondria from newborn myocardium was significantly 
grcater than adult (Table 1). The RCR was similar for right and 
lcft ventricular ncwborn samples, whereas the RCR of mito- 
chondria from adult right ventricular free wall was significantly 
greater than lcft ventricular samples (Table 1). 

The cytosolic componcnts of the malatelaspartate and a-GP 
shuttles were provided at saturating concentrations to isolated 
cardiac mitochondria to determinc the capacity of these 
NADH-transporting mechanisms (see "Methods"). Mitochon- 
dria isolatcd from the newborn left ventricular free wall myo- 
cardium demonstrated nearly thrce times the capacity to oxi- 
dizc NADH through the malate/aspartate shuttle compared 
with mitochondria isolated from adult myocardium (Fig. 2A). 
After addition of 0.4 mM AOA, a potent transaminasc inhib- 
itor, both groups of mitochondria showed significant levels of 
inhibition of the malatc/aspartate shuttle (Fig. 2B). In the 

Table 1. Mitochorzdrial RCR (oxygen consurnl>tiorz during state 3 
divided by .state 4 oxygen corzsunzptlon) determined using glutanzute 

and rnulate us substrutes 

Ncwborn 25.7 2 2.4 28.0 -t 2.0 

-. .. 
Adult 

. 
14.4 2 1 .O". 19.7 ? 1.7t 

Mitochondria wcrc isolated from the left and right ventricular free walls of 
newborn and adult porcinc hearts. All data are mean 2 SEM; n = 8. 

" 17 < 0.05 vcrsus newborn lcft ventricular (LV) mitochondria. 
7 1) < 0.05 versus newborn right ventricular (RV) and adult LV mitochondria. 
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Figure 2. Reducing equivalent shuttlc capacities in isolated mitochondria. 
Isolated mitochondria from the newborn or adult porcine left velitricular free 
wall were incubated in the presence of saturating concc~ltrations of the 
cytosolic components of the malatelaspartate (A and B) or a-GP shuttle (C), 
and the rate of NADH oxidation was measured (see "Methods"). A, The 
malate/aspartate shuttlc capacity was significantly greatcr in mitochondria 
isolated from newborn myocardium compared with adult (11 < 0.0001; 11 = 8). 
B, adding the transaminase inhibitor, AOA, to assay conditions identical to A, 
resulted in limited NADH oxidation suggcsting that the majority of NADH 
oxidation in A was occurring through the rnalatclaspartate shuttlc. C, a-GP 
shuttle capacity was significantly grcater in newborn cardiac ~nitochondria 
cornparcd with adult (1) < 0.0001; r t  = 8). Adult a-GP shuttle was no different 
from zero (by paired t test, p > 0.05). 

presence of added AOA, the percent of the uninhibited rate of 
NADH oxidation was 7.1 and 6.3% in the newborn and adult 
mitochondria, respectively. 

Malatelaspartate shuttle capacity was significantly greater in 
mitochondria isolated from newborn right ventricle compared 
with newborn left ventricular samples (Table 2). Although 
adult right ventricular mitochondria followed this trend, the 
interventricular difference did not reach significance. 
An age-related decrease in NADH oxidation was also found 

when newborn and adult cardiac mitochondria were incubated 
in the presence of the cytosolic components of the a-GP shuttle 
(Fig. 2C). The a-GP shuttle activity of adult mitochondria was 
no different from baseline based on a paired t test comparing 
baseline and postsubstrate rates of change of NADH oxidation 
(p > 0.05). Surprisingly, the a-GP shuttle was active in 
newborn cardiac mitochondria and significantly greater than 
the adult. No interventricular difference was found in a-GP 
shuttle capacity in either newborn or adult samples (Table 2). 

NADH shuttle enzyme activity studies. Assays for the max- 
imal activity of the individual enzymes involved in the malate/ 
aspartate and a-GP shuttles were performed to identify age 
specific changes in enzyme activities that could explain the 
developmental differences in NADH shuttle capacities. 

Table 2. Mulare/asl~artute (Mul /A~p)  and a-CP shuttle cal~ucities 
o f  mitochondria isolated from the right and leji ventricular free 

walls of  newborn and adult norcine heart 

Newborn Adult 

Mitochondria MalIAsp a-GP MalIAsp a-GP 

LV 616 +- 24% 44 t- 47 232 t 28 -17 5 8 
RV 676 t 22$ 49 2 31 287 -t 30 2 ? 5 

All data are mean -C SEM in nmollminlmg mitochondrial protein; n = 8. 
* 17 < 0.05 v s  newborn right ventricular (RV) and adult lert ventricular (LV) 

mitochondria. 
-if/, < 0.05 vs adult LV mitochondria. 
$. p < 0.05 vs adult RV mitochondria. 
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Maximal activity of the mitochondrial isoenzymes of the 
rnalatelaspartate shuttle tended to be greater in the adult. The 
maximal activity of the mitochondrial isoform of AST (mAST) 
and mMDH were significantly greater in mitochondria isolated 
from adult left ventricular myocardium compared with the 
newborn left ventricle (Table 3). In the newborn heart, right 
ventricular mAST capacity was greater than newborn left 
ventricular mAST activity. The activity of the potential malatel 
aspartate shuttle regulatory enzyme a-KGDH (8) was also,. 
greater in adult left ventricular mitochondria compared with 
newborn (Table 3). No difference in a-KGDH maximal activ- 
ity was found between newborn and adult right ventricular 
mitochondria due to an increase in the maximal activity of 
newborn right ventricular samples. The observation that 
malatelaspartate shuttle capacity is greater in isolated newborn 
mitochondria (Fig. 2A), despite the decreased maximal activity 
of the newborn mitochondrial rnalatelaspartate shuttle enzymes 
(Table 3), suggests that the maximal activity of the membrane 
malatela-KG and aspartatelglutamate translocases may be in- 
creased in newborn cardiac mitochondria. 

The maximal activity of the flavin-linked ma-GPDH was 
significantly greater in newborn right and left ventricular mi- 
tochondria than adult (Fig. 3). Thus, the maximal rate at which 
newborn mitochondria can oxidize a-GP and bring protons 
into the electron transport chain is significantly greater than the 
adult. 

DISCUSSION 

The present study demonstrated a significant increase in the 
capacity of the malatelaspartate and a-GP shuttles present in 
isolated mitochondria from newborn myocardium compared 
with adult tissue. Malatelaspartate shuttle capacity was nearly 
three times greater in neonatal mitochondria. Maximal a-GP 
shuttle activity was also significantly greater in mitochondria 
isolated from newborn myocardium. Adult left ventricular 
mitochondria demonstrated negligible a-GP shuttle activity. In 
newborn mitochondria, a-GP shuttle capacity was approxi- 
mately 7% of newborn malatelaspartate shuttle levels. Thus, 
although the a-GP shuttle is active in newborn myocardium, 
the significance of this pathway relative to the rnalatelaspartate 
shuttle appears to be limited. 

Few studies have been performed to examine the capacity of 
the NADH shuttles during development. Studying young rat 
tissues, Sharma et al. (17) found increased rnalatelaspartate 

Table 3. Maximal activity of the mitochondria1 enzymes involved in 
the malate/aspartate shuttle were determined under saturating 

substrate conditions (see "Methods") 

Newborn Adult 

Enzyme LV RV LV RV 

mAST 41.0 t 3.4* 52.8 t 5.27 63.3 2 4.4 62.0 + 5.2 
mMDH 45.2 t 4.5* 48.0 + 6.3 63.5 + 5.0 63.4 + 5.5 
a-KGDH 2.08 + 0.10* 2.90 + 0.21t 3.10 t- 0.42 3.30 -t 0.43 

Mitochondria were isolated from left and right ventricular myocardium of 
newborn and adult porcine hearts. All data are mean % SEM in ~mol/min/mg 
mitochondrial protein; n = 6. 

* p < 0.05 us adult left ventricular (LV) mitochondrial enzyme capacity. 
t p < 0.05 vs newborn LV mitochondrial enzyme capacity. 

NEWBORN ADULT 

Figure 3. a-GP shuttle enzyme capacities. The maximal activity of the 
mitochondrial enzyme involved in the a-GP shuttle (a-GPDH) was measured 
under substrate saturating conditions. The flavin-linked mitochondrial 
a-GPDH capacity was significantly greater in newborn myocardium compared 
with adult ( * p  < 0.001 us newborn LV; Tp < 0.001 vs newborn RV; n = 6). 
Data are normalized to milligrams of mitochondrial protein. LV, left ventricle; 
RV, right ventricle. 

shuttle activity in 15-d-old kidney compared with 30-d-old, 
whereas the opposite relationship was found in liver. Schantz 
and Kallman (27) and Schantz and Henriksson (28) examined 
the capacity of both the malatelaspartate and a-GP shuttles in 
human skeletal muscle. Neither strength nor endurance training 
altered the maximal activity of the NADH shuttles. Although 
much of the initial work on the rnalatelaspartate shuttle, and to 
a lesser extent the a-GP shuttle, was performed using cardiac 
mitochondria (8, 10, 29), to our knowledge, the present study 
is the first to examine the developmental changes of the NADH 
shuttles in myocardium. 

Mechanisms of increased NADH shuttle capacities. Assays 
of the maximal activity of the mitochondrial enzymes involved 
in the rnalatelaspartate and a-GP shuttles provided insights into 
the mechanisms by which the capacity of these pathways 
decreased during development. The capacities of the mitochon- 
drial matrix isoenzymes of AST and MDH (mAST and 
mMDH) that form the mitochondrial portion of the malate/ 
aspartate shuttle were found to be significantly increased in 
adult mitochondria, suggesting that the intramitochondrial ox- 
idation of malate and the deamination of glutamate may not be 
limiting in the adult relative to the newborn. It has been 
proposed that, by limiting the availability of a-KG for ex- 
change with cytosolic malate (see Fig. I), flux through 
a-KGDH could provide a level of control over the flux through 
the malatelaspartate shuttle (8, 30). The present study demon- 
strated an increase in the maximal activity of a-KGDH in adult 
mitochondria which suggests that increased flux through this 
step in the citric acid cycle could limit availability of a-KG and 
decrease the maximal activity of the malatelaspartate shuttle in 
adult myocardium by this mechanism. 

In the present study, reduced shuttle capacity was found in 
intact, isolated adult mitochondria (Fig. 2) despite an increase 
in mAST and mMDH maximal activities (Table 3). The de- 
crease in rnalatelaspartate shuttle capacity found with adult 
mitochondria in the presence of saturating concentrations of 
the cytosolic components suggests that the capacity of the 
malatela-KG and/or glutamate/aspartate translocases is de- 
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creased in adult mitochondria compared with those of the 
newborn. The electrogenically driven aspartatelglutamate 
translocase is the site that drives the rnalatelaspartate shuttle in 
the direction of intramitochondrial NADH movement (10, 12, 
31, 32). Therefore, both the capacity of the translocase protein 
and the malatelaspartate shuttle are sensitive to the mitochon- 
drial membrane potential. Although the mitochondrial mem- 
brane potential is thought not to vary with age (33), the role of 
the translocases in the enhanced shuttle capacity in newborn 
mitochondria is currently not known. 

The role of the inner mitochondrial membrane protein that is 
part of the a-GP shuttle was assessed in the current study. The 
flavin-linked ma-GPDH appeared to be the rate-limiting step 
of the a-GP shuttle in adult cardiac mitochondria. The activity 
of this enzyme in adult mitochondria was only 25% of that 
found in newborn tissue (Fig. 3). 

The present study has identified or suggested sevcral poten- 
tial enzymes in the rnalatelaspartate and a-GP shuttle pathways 
whose capacities may be altered during development to en- 
hance movement of NADH into mitochondria in newborn 
myocardium. The specific modifications to the proteins in- 
volved, whether a decrease in total protein or inhibition of 
activity, have not been identified from these studies. It is 
known that the activity of many dehydrogenases can be in- 
creased by calcium (34). Calcium up-regulation of flavin- 
linked ma-GPDH has been suggested to increase a-GP shuttle 
activity in glucose-stimulated pancreatic p-cells (14), whereas 
calcium-enhanced aspartate efflux from liver cells isolated 
from rats after acute ethanol exposure has been implicated in 
increasing malateJaspartate shuttle capacity (35). Recent stud- 
ies that have demonstrated that newborn cardiac mitochondria 
have nearly twice the maximal rate calcium uptake (33) sug- 
gest that altered calcium handling in newborn myocardium 
could explain the increase in shuttle capacities in neonatal 
mitochondria. 

Myocardial substrate utilization and NADH shuttles. It is 
generally accepted that the newborn heart relies on glucose and 
lactate as its main source of metabolic fuel (1, 36). Elegant 
studies by Lopaschuk et al. (37) found that, when 1-d-old 
rabbit hearts were perfused with glucose, lactate, and palmitate 
as substrates, nearly half of the ATP produced was derived 
from glucose entering glycolysis with an additional 25% com- 
ing from lactate oxidation. Similar results have been found in 
newborn porcine myocardium (38, 39). Using isolated, per- 
fused neonatal porcine heart, it has been shown that less than 
a third of myocardial ATP is produced via fatty acid oxidation 
when glucose and lactate are also available (38). Even at 
incrcased workloads, the proportion of ATP produced via fatty 
acid oxidation remained stable (38). The mechanism of sub- 
strate preference has not been determined, although it may 
relate to increased levels of lactate and decreased levels of fatty 
acids circulating in the fetus (40, 41) or a reduction in carnitine 
acyltransferase I activity in newborn heart (42). This enzyme is 
needed to allow mitochondria to use long-chain fatty acids. 
The present study demonstrated increased capacity of both the 
malatelaspartate and a-GP shuttles in newborn myocardium, 
two systems by which cytosolically derived NADH can be 
transported into the mitochondria. Although enhanced NADH 

shuttle capacity in isolated mitochondria may not determine the 
preference of intact newborn myocardium for glucose and 
lactate, the efficient removal of reducing equivalents may 
contribute to the enhanced flux through the metabolic pathways 
of glucose and lactate. 

Study limitations. Developmental changes in several of the 
enzymes measured in the current study have been demon- 
strated by others. Similar to the results of the present study, 
maximal cardiac mAST activity has also been shown to in- 
crease with age (43,44). Although not tested in these previous 
studies, contamination of the mitochondrial fraction by cyto- 
solic isoenzymes was examined in the present study using gel 
electrophoresis to separate cytosolic and mitochondrial AST 
isoenzymes. These studies demonstrated that minimal contam- 
ination of the mitochondrial fraction by the cytosolic enzymes 
occurred. 

Only two time points were examined in the current study. A 
complex pattern of changes in NADH shuttle and shuttle 
enzyme activities have been found in other tissues and species 
(17, 45). Further studies at various ages, including prenatal 
time points, of both the rnalatelaspartate and a-GP shuttle 
activities may provide further insights into potential mecha- 
nisms (e .g .  diet, oxygenation) that may regulate the develop- 
ment of these pathways. 

Porcine myocardium was used in the present study because 
the newborn heart is of sufficient size to allow isolation of 
mitochondria from the left and right ventricular free walls and 
the enzyme assays described above. Compared with other 
species, the newborn porcine heart has been shown to have 
increased ability to metabolize fatty acids (1, 39). Using iso- 
lated perfused newborn porcine hearts, Ascuitto et al. (38) and 
Werner et al. (39) have shown that the 0-3-d-old porcine heart 
can readily use fatty acids. However, thc percentage of myo- 
cardial oxygen consumption (or ATP production) accounted 
for by fatty acid oxidation was 28-29% with the majority of 
oxygen consumption provided by glucose and lactate in the 
perfusate (38). Studies of the NADH shuttle capacities of 
neonatal hearts from other mammals which rely more heavily 
on glucose or lactate for ATP production may provide further 
insights into the relationship between NADH shuttle capacities 
and myocardial substrate utilization. 

CONCLUSIONS 

In its dependence on glucose and lactate for energy produc- 
tion, the newborn heart must have a mechanism to remove 
NADH from the cytosolic compartment. Because the inner 
mitochondrial membrane is impermeable to NADH (4, 5), 
various NADH shuttles have been described that provide path- 
ways for reduced intermediates to enter the mitochondria for 
reoxidation (6). The present study found that the capacity of 
two of these NADH shuttles, the malatelaspartate and a-GP 
shuttles, are significantly increased in newborn right and left 
ventricular myocardium compared with adult. Further, the 
results suggested that the inner mitochondrial membrane trans- 
locase proteins of the rnalatelaspartate shuttle are increased in 
the newborn heart. Increased capacity of the a-GP shuttle in 
neonatal myocardium appeared to be due to increased flavin- 
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linked ma-GPDH activity. These findings add to the u n d e r -  

standing of developmental changes in myocardial metabolism 
and specifically suggest a mechanism for the substrate prefer- 
ence of newborn myocardium 
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