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INTRODUCTION

In recent years, considerable advances have occurred in understanding the
genetics and cell biology of mitochondria. This knowledge provides the basis
for a more complete analysis of nutrient effects on mitochondrial function
than was possible from earlier knowledge of vitaminic cofactor requirements
for mitochondrial enzymes and electron transport systems. In this chapter, we
review the nutrient requirements of mitochondria, the plasticity of mitochon-
drial form and function, and the modulation of mitochondrial form and
function by nutrients. These considerations suggest new directions for re-
search to determine the contribution of nutrition to tissue-specific energy
production and other mitochondrial functions.
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MITOCHONDRIAL PLASTICITY

Organization and Function of Mitochondria

Mitochondria are the powerhouses of the cell. The enzymes and enzyme
complexes vital for mitochondrial function are organized in a compact form in
the different compartments of the organelle. The functions that are common to
most, if not all, mitochondria include the synthesis of ATP, terminal oxida-
tion of pyruvate derived from carbohydrate and amino acid catabolism,
B-oxidation of fatty acids, and oxidation of acetate (acetyl CoA) derived from
the diet and from ethanol, fatty acid, protein, and carbohydrate oxidations
(119). Other specialized functions include oxidation of branched chain amino
acids, maintenance of nitrogen homeostasis and urea formation, oxidation of
sulfite, activation of vitamin D3, and required steps in the synthesis of heme,
steroid hormones, bile acids, and numerous other essential biochemical com-
ponents (119). Thus, in addition to the essential function in biologic oxida-
tions and energy metabolism, mitochondria contain many other biochemical
systems that are vital to organismic survival.

Because mammalian cells are specialized in their functions, many of the
specialized systems within mitochondria are expressed differentially. The
complexity of this differential expression is only now being fully appreciated.
Relatively little is known about the determinants of this differential expres-
sion, i.e. about what determines whether the mitochondria of hepatocytes
contain the enzyme activities essential for bile acid production, whether the
mitochondria from kidney cortex contain an enzyme essential for the final
activation of vitamin D3, or whether the mitochondria from adrenal cortex
have enzymes essential for glucocorticoid production. Even less is known
about the factors that determine the dynamic responses of mitochondrial
functions to nutrient intake (e.g. changes from high-carbohydrate to high-
protein or high-fat diets) or the factors that determine the differential content
of various metabolic systems of mitochondria in cells with different localiza-
tions relative to blood supply (e.g. periportal versus pericentral hepatocytes,
117) or with different localizations within cells (e.g. subsarcolemmal versus
inteamyofibrillar mitochondria in muscle, 74). Recent advances provide
methodology for uncovering such refined knowledge of mitochondrial func-
tion and indicate that nutritional factors are of primary importance in modulat-
ing the heterologous nature of mitochondrial functions in mammalian tissues.

To maintain normal function of the mitochondria, the matrix compartment
is isolated from the cytoplasmic compartment by a special coupling mem-
brane that is impermeable to most solutes (69). This membrane contains
solute transport systems that function to allow the energy available from
electron transport to be captured in the form of an electrochemical gradient
and to allow utilization of this electrochemical gradient to drive ATP synthe-
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sis from ADP and inorganic phosphate (Pi). A feature frequently overlooked,
however, is that the electrochemical H* gradient is essential for virtually
every aspect of mitochondrial function. The supply of oxidizable substrates
and precursors (pyruvate, glutamate, fatty acyl carnitine, ADP, Pi) and the
elimination of products (ATP, carnitine) are governed by either the electrical
(A¢) or chemical (ApH) components of the electrochemical H* gradient (68,
69). In addition, the import of most matrix, inner membrane, and in-
termembrane space proteins, which are encoded by the nuclear genome and
synthesized in the cytosol, requires the presence of the electrochemical
potential (96, 120). Because new mitochondria are formed only by growth
and division, only functional mitochondria can give rise to new mitochondria.
Thus, continued function of mitochondria, especially maintenance of the
electrochemical potential, appears to be essential for cell survival and for
provision of functional mitochondria for new cells.

Earlier studies indicated that mitochondrial production of ATP may be
under near-equilibrium control (126), i.e. that the amount of energy available
from the oxidative reactions in the mitochondria, as captured in the elec-
trochemical H* gradient, is totally available for ATP synthesis. More recent
studies have shown that a variety of control features exist to regulate produc-
tion of Ap from oxidative reactions and utilization of Ap for ATP synthesis
(Figure 1). These mechanisms include rate limitation at the adenine nu-
cleotide transporter (delivery of ADP and removal of ATP from the matrix)
(66, 110), supply of NADH from dehydrogenases (31), transfer of electrons
through cytochrome oxidase to O, (63), and utilization of the Ap by the ATP
synthase (9). Through these mechanisms, the mitochondria can maintain a
relatively stable Ap while at the same time can accommodate large variations
in use of oxidizable substrates and in use of Ap for osmotic, elecwical, and
chemical work. Failure to maintain a relatively stable Ap would lead to loss of
ATP synthesis and also to the potentially more serious losses of the ability to
take up essential precursors for oxidative phosphorylation and to take up and
process newly synthesized proteins.

Viewed in this context, there are two important aspects to nutrient supply to
support mitochondrial function, namely, supply that affects the ability to
maintain functional mitochondria and supply that optimizes the ability of
functional mitochondria to support diverse, specialized functions in different
sites within an organism. Both aspects require consideration of the factors that
determine expression of enzyme activities in mitochondria and the heteroge-
neous distribution and functions of mitochondria.

Expression of Enzyme Activities in Mitochondria

Although mitochondria contain their own genome and transcription and
translation components for protein synthesis, the number of proteins syn-
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Figure 1 Sites of regulation in mitochondrial oxidative phosphorylation. Regulated steps are
indicated (bold arrows). Several NAD"-linked dehydrogenases are regulated by Ca?* (73), and
cytochrome oxidase contains several subunits thought to function in regulation (63). Thus,
generation of energy to drive Ap can be regulated by control of the oxidation of NAD™ -linked
substrates. Most of the major pathways that consume Ap are also regulated. ATP synthase is
regulated by an endogenous inhibitory protein (127). The adenine nucelotide carrier, phosphate
carrier, and Ca®” transport systems are also regulated (9). Similarly, the cytosolic synthesis of
new mitochondrial proteins is regulated and coordinated with need (96, 120). Thus, regulatory
mechanisms exist to stabilize Ap and eliminate a precise coupling (thermodynamic equilibrium)
of the cytosolic [ATP]/[ADP] [Pi] and Ap.

thesized within the mitochondria is modest (~8-12). Most proteins are
encoded by nuclear genes, synthesized as precursor forms on free cytosolic
ribosomes, and imported into mitochondria (96, 120). Import of proteins
occurs by vectorial processing, i.e. most imported proteins undergo covalent
modification, interaction with coenzymes, and activation during this process.
Inadequate availability of a coenzyme can thus arrest the import and process-
ing of a protein. If this coenzyme is a critical enzyme or transporter for
maintenance of the Ap, the resultant functional loss could lead to mitochon-
drial failure. Because both mitochondrial and nuclear gene products are
required for functional mitochondria, the expression of gene products from
the two genomes must be coordinated (119). The lack of a required vitaminic
or mineral coenzyme can disrupt this coordination and result in mitochondria
with diverse and aberrant properties. In this way, nutrient deficiency can have
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a dramatic and generalized effect on mitochondrial formation and, con-
sequently, on function.

Tissue-Specific Mitochondrial Distribution

Microcompartmentation of cell structures and functions is a common occur-
rence in mammalian cells (59). In differentiated mammalian cells, the dis-
tribution of mitochondria occurs in distinct patterns that are characteristic for
different cell types. In transport epithelia such as renal proximal tubule cells
and gastric parietal cells, the mitochondria are positioned adjacent to the
pump-containing plasma membrane (21, 39). In contractile and motile cells,
such as muscle and sperm cells, the mitochondria are positioned adjacent to
contractile elements (39). In different cell types, mitochondria have numerous
other specific associations, such as with gap junctions in cardiac myocytes
(41), synaptic terminals in neurons (60), and junctional complexes in epen-
dymal cells (94). This spatial distribution of mitochondria is due to apparently
specific molecular interactions with cytoskeletal elements (85, 90) and, in
cases for which it has been studied in detail, is reflected in the heterologous
and the functional characteristics of the mitochondria.

Two aspects of this heterogeneous distribution are noteworthy, namely that
the position of mitochondria within a cell or along a capillary can affect the
accessibility of substrates from capillaries and that the clustering of mitochon-
dria can create a unique microenvironment that can affect accessibility of
nutrients from other regions of the cell or from capillaries. Among the clearest
examples of the former are studies on the characteristics of subsarcolemmal
and intermyofibrillar mitochondria of skeletal muscle (74). In myocytes,
mitochondria are located in three different regions of the cell: adjacent to the
plasma membrane (subsarcolemmal), between the myofibrils (intermyofibril-
lar), and adjacent to the nuclei (perinuclear). The intermyofibrillar population
has higher cytochrome content, greater respiration rate, and higher activities
for Ca®* transport (74). The subsarcolemmal population responds pref-
erentially to endurance training and to disuse atrophy (54), which indicates
that this population is responsive to energy demands or to exogenous signals.
Further, a genetic defect affecting only the intermyofibrillar population was
reported (53). Thus, the respiratory and nutrient requirements for different
mitochondria can vary even within single cells. A similar heterogeneity in
mitochondria occurs between hepatocytes found in the periportal region of the
liver sinusoid and those found in the centrilobular region (70). Morphometric
studies of Loud (70) showed that the fractional volume of mitochondria is
greater in the periportal region and that the mitochondria are morphologically
distinct. Other studies have shown that there are significant differences in
enzymatic activities along the sinusoid (117) and that this pattern can be
rapidly reestablished in vitro by placing isolated cells in a column, where
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a nutrient gradient can be established by slow perfusion with medium (88).
Thus, cells with different positions relative to blood supply are exposed to
different nutrient supplies, and the nutrient supply is a factor in determining
the enzyme content and metabolic characteristics of the cells.

Nutrient supply to mitochondria can also vary because of the clustering of
mitochondria. Clusters of mitochondria are common in adult mammalian cells
and are a major determinant of the O, dependence of cellular respiration (60,
64). Clustering results in the occurrence of radial O, gradients, which can
limit mitochondrial oxygenation (58). This inhomogeneity in mitochondrial
distribution further results in a heterogenous supply of ATP under conditions
of decreased ATP production such that sites of utilization peripheral to
mitochondria are particularly vulnerable to ATP limitation (11). In kidney
proximal tubule cells, the clustering and asymmetric distribution of mitochon-
dria create a heterogeneity of pH within the aqueous cytoplasm (13) and may
be responsible for the microcompartmentation of glycine metabolism within
these cells (45, 46). Microcompartmentation of carbohydrate metabolism (59,
71, 86) is a particularly important aspect to the balance of nutrient supply to
mitochondria. Studies of Lynch & Paul (71) and Paul (86) show that in
smooth muscle, glycolytic activities are partitioned so that the supply of
nutrients to the mitochondria is essentially independent of the supply of
nutrients to glycolysis. Bereiter-Hahn (15) found that such partitioning in
cultured cells changes during the cell cycle, i.e. the nutrient requirements
cycle between more glycolytic and less glycolytic phases.

These examples illustrate a subtlety in nutrient requirements for mitochon-
dria that is critical for optimal cell growth and cell function. The tissue
specificity of mitochondrial plasticity results in distinctly different nutritional
requirements, both qualitatively and quantitatively, in different mitochondria
in various cell types. Although considerable research will be required to
effectively use this knowledge for nutritional therapy, the information pro-
vides the basis for a more detailed understanding of the differential require-
ments of nutrients in different tissues and for a better understanding of how
marginally replete dietary regimens can contribute to pathologic processes.

MODULATION OF MITOCHONDRIAL FORM AND
FUNCTION BY NUTRIENTS

Nutrient Supply and Maintenance of Functional Mitochondria

A noticeable response of mitochondria to metabolic and environmental altera-
tions such as aging, endurance training, and pathologic processes (26, 115) is
their propensity to enlarge. Deficiencies in a variety of nutrients, including
riboflavin (112, 114), vitamin D (115), iron (30), and protein (107), as well
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as starvation (91) also resulted in mitochondrial gigantism in animals. Giant
mitochondria (at least 10 wm in diameter) induced by nutrient deficiency
exhibit degenerative changes in cristae structure, development of an electron-
lucent matrix (112, 114, 115), and decreased oxidation of numerous oxidiz-
able substrates (115). Thus, insufficiency of nutrient supply can have a
deleterious effect on the biogenesis of functional mitochondria.

VITAMIN EFFECTS AND MITOCHONDRIAL BIOGENESIS Formation of giant
mitochondria consequent to a vitamin deficiency is best documented in
riboflavin-deficient animals (112, 114, 115). Riboflavin is an essential com-
ponent of the prosthetic group of many mitochondrial flavoproteins that
function in the citric acid cycle, the respiratory chain, and 3-oxidation of fatty
acids. Mitochondrial function related to the requirement of riboflavin as
cofactors for function of these enzymes has been well studied (43). The effect
of ariboflavinosis on mitochondrial ultrastructural changes, though docu-
mented, is less well understood.

Studies in mice fed a riboflavin-free diet showed that changes in hepatic
mitochondrial size were evident after 4 weeks of vitamin deficiency, but the
most striking increase in size and volume occurred beyond 5 weeks on the
deficient diet (112). Some mitochondria attained diameters larger than the
nucleus and volumes 125 times that of normal mitochondria. A progressive
alteration of cristae structure also occurred; this alteration included an in-
crease in number and size of the cristae, many of which were tightly packed to
resemble myelin figures (112). In other studies with mice, supplementation
with galactoflavin, an antagonist of riboflavin, accelerated the symptom of
ariboflavinosis, and megamitochondria were observed as early as 2 weeks
after administration (113, 115). The ultrastructural changes in megamitochon-
dria are rapidly reversed upon refeeding with riboflavin diets (112, 114).

Changes in form and structure of mitochondria have also been observed in
riboflavin-deficient rats (114) and in rats (107) and primates (81) receiving
protein-poor diets. The profound effect of these nutrient deficiencies on
mitochondrial structure suggests that studies to elucidate the mechanism of
action of nutrient deficiency and repletion using current molecular and cellu-
lar approaches may provide a basis to understand currently idiopathic
mitochondrial defects that are associated with morphologic abnormalities.

MITOCHONDRIAL DISORDERS AND NUTRIENT THERAPY Abnormalities of
muscle mitochondria are common manifestations of many mitochondrial
respiratory disorders (33, 83, 105, 111). Examples are the Kearns-Sayre
syndrome, myoclonus epilepsy with ragged-red fibers, and mitochondrial
myopathy, encephalopathy, lactic acidosis, and strokelike episodes
(MELAS). Mitochondrial myopathies are typically considered defects of
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substrate utilization, oxidative phosphorylation coupling, or the respiratory
chain. These defects can occur in either the mitochondrial or nuclear genome,
the former transmitted by maternal inheritance and the latter often transmitted
by Mendelian inheritance (33, 111).

Recent clinical studies have shown that nutritional therapies can be bene-
ficial in restoring mitochondrial power and muscle function in patients with
mitochondria that have defects in the respiratory chain. A combination of
biochemical and molecular approaches (33, 83, 111) has revealed abnormali-
ties in three segments of the mitochondrial electron transport chain, namely,
Complex I, III, and IV. Complex I defect appeared to involve the nonheme
iron sulfur proteins of the NADH dehydrogenase complex (80, 83, 111), and
in several instances, Complex I deficiency was found to be associated with
Complex IV deficiency, a defect in cytochrome oxidase (33, 83, 111). Recent
studies showed that the genes for the two proteins are under coordinate
regulation (96, 120). Complex III deficiency, a defect of the ubiquinone
cytochrome c¢; complex, appeared to be independently regulated (83).

Knowledge of the molecular bases for these defective segments of the
electron transport chain in patients with mitochondrial myopathies allows for
precise diagnosis by biochemical and immunochemical means and for ex-
ploration of methods to treat the defects. For instance, clinical administration
of coenzyme Q;q (48, 128) or succinate (83) to patients with MELAS, a
defect localized to Complex I, resulted in disappearance of the strokelike
episodes. Electrons are transferred from succinate via FADH, to the respi-
ratory chain at Complex II, a site distal to Complex I, thereby enabling
uninterrupted electron flow to O, and ATP synthesis (see Figure 1). Sim-
ilarly, oral administration of vitamin K; (menadione) (35, 67, 83, 111) or
ubiquinone (83) is effective in alleviating symptoms associated with defects in
Complex Il or IV. In the latter cases, the electrons from Complex I and II are
transferred to O, via protein-bound ubiquinol and free ubiquinone. Though
less efficient, this bypass allows continued electron transfer to drive ATP
production (see Figure 1) and partial restoration of mitochondrial func-
tion.

Nutrient treatment has also been successful in treating disorders of
mitochondrial dehydrogenases such as multiple acyl CoA dehydrogenases
(MADD, 47, 121), biotin-responsive multiple carboxylase deficiency (108),
and syndromes of lipid myopathies associated with camitine deficiency (36,
37). Patients presented with MADD or glutaric aciduria type II exhibit atro-
phic type I fibers with excess numbers of lipid droplets within muscle fib-
ers and excessive amounts of ethylmalonate, glutarate, and 2-hydroxy-glu-
tarate in the 24-hr urine sample (121). Administration of riboflavin (30-100
mg/day) stimulated acyl CoA dehydrogenase activities, reduced urinary ex-
cretion of oxidation products, and led to substantial clinical improvement (121).
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The clinical and biochemical response to biotin administration was sim-
ilarly dramatic in patients with biotin-responsive multiple carboxylase de-
ficiency, a condition characterized by an abnormally high K, value for
holocarboxylase synthetase (108) and deficiencies in the mitochondrial pyru-
vate, propionyl CoA, and 3-methylcrotonyl-CoA carboxylases (40, 49, 84,
89, 93). At a dose of 10 mg biotin per day (200 times normal intake), plasma
biotin concentration was elevated to that above the K, value for the syn-
thetase, which allows effective conversion of the mitochondrial apocarbox-
ylases to the holoenzymes (40, 84, 108). Concomitantly, the clinical symp-
toms disappeared. In contrast, isolated deficiencies of pyruvate, propionyl
CoA, and 3-methylcrotonyl-CoA carboxylases were not responsive to biotin
therapy (108), but the biochemical basis for this lack of response is not clear.

Syndromes of lipid myopathies associated with carnitine deficiency (36)
and carnitine palmityl transferase deficiencies (23) have been described. The
primary carnitine deficiencies, which include myopathic and systemic syn-
dromes, are characterized by decreased free and total carnitine in muscle
(myopathic) or in muscle, heart, liver, and plasma [systemic, see (102)] and
are essentially reversed by carnitine administration. The secondary deficiency
of camnitine is characterized by an abnormally high mitochondrial acyl
CoA : CoA ratio, probably a consequence of an excessive matrix production of
organic acid intermediates that depletes coenzyme A (37). The efficacy of
carnitine treatment in patients with a variety of disorders of organic acid
metabolism such as isovaleric acidemia, methylmalonic aciduria, and
medium-chain acyl CoA dehydrogenase deficiencies (32, 65) can therefore be
ascribed to the removal of accumulated acyl CoA, formation of the corre-
sponding acylcarnitine, and subsequent excretion in the urine. Additionally,
the regeneration of free CoA from the CoA: carnitine transferase-catalyzed
reactions has been shown to be essential for optimal a-ketoglutarate de-
hydrogenase activity (55) for oxidation of pyruvate, fatty acid, and branched-
chain a-keto acid. Moreover, earlier in vitro studies with deenergized kidney
mitochondria revealed that catalytic amounts of acetylcarnitine initiate the
mitochondrial oxidation of fatty acids (103) by providing the initial energy to
activate the substrates. Thus, in analogy to the phosphate reserve of muscle
phosphocreatine, acylcarnitine may be regarded a readily metabolizable acyl
TEServoir.

Despite the complexity and lack of a complete understanding of the various
disease states and the efficacy of nutrient treatment, nutrient administration to
restore near-normal state of function in mitochondrial disorders has been
remarkably effective. Future endeavors, especially those that apply current
technologies of molecular and cell biology to define the molecular mech-
anisms and tissue specificity of mitochondrial defects, should provide a basis
for continued improvement in nutrient therapy.
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Nutrient Supply and Optimal Mitochondrial Function

As discussed above, mitochondria are dynamic organelles that are responsive
to numerous factors. In the following, we present examples of nutritional,
developmental, physiologic, and pathologic factors important in understand-
ing the nutrient supply for optimal mitochondrial function. Note that these are
interacting factors and that we are far from a detailed knowledge of the
molecular bases for these effects.

NUTRITIONAL EFFECTS Variation in protein content of the diet has a major
effect on mitochondrial volume and number (17) and also specifically affects
activities of numerous mitochondrial enzymes (125). In early studies of the
adaptation of urea cycle enzymes in the rat to variation in dietary protein
consumption, Schimke (98) found that the liver content of all urea cycle
enzymes is directly proportional to the daily consumption of protein after 4-8
days. He showed that these changes were increases in enzyme protein rather
than simply activation processes. Acute decrease in protein intake resulted in
a net decrease in enzymes that was not maximal until after 8 days. Starvation
also resulted in a net increase in the urea cycle enzymes, which showed that
the urea cycle enzyme content was a function of the rate of urea synthesis and
not simply a function of liver protein content or protein intake (97). Although
these conditions resulted in coordinate changes in all of the enzymes, other
studies showed that expression of two of the enzymes could be regulated
separately (99) and that the rate of degradation of enzymes is also important in
determining the enzyme content (100). The separate regulation of the en-
zymes probably occurs because some of the enzymes function in the supply of
arginine as well as in urea formation; however, the molecular basis for this
difference remains undefined (104) and can be examined with currently
available molecular techniques.

Other dietary manipulations also affect the mitochondrial composition,
activities of mitochondrial enzymes, and content of mitochondrial proteins.
Variation in carbohydrate diet has a large effect on the enzymes of energy
metabolism, especially those related to triglyceride synthesis, and can affect
function, at least indirectly, through changes in mitochondrial phospholipid
composition (122). Iron supplementation or chemical destruction of heme
results in stimulation of d-aminolevulinic acid synthetase (50). Rats receiving
a diet containing 20% (w/w) fat in the form of soybean oil had only 70% of
the monoamine oxidase activity of those receiving the same amount of lard
(28). Dietary protein intake alters the reversible phosphorylation-dephos-
phorylation of the branched-chain keto acid dehydrogenase complex in adult
rat liver and skeletal muscle mitochondria and thereby regulates activity of the
complex (76).
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Nutrients may play a more subtle yet fundamentally important role in
defining the characteristics of mitochondria in different regions of a cell or in
cells with different localizations relative to blood supply. This concept is
illustrated by the metabolic zonation of the liver, where the zonation of
mitochondria relative to blood supply (e.g. periportal versus pericentral cells)
is associated with different metabolic functions (117). The periportal zone
predominantly catalyzes reactions of glucose production, oxidative energy
metabolism, amino acid utilization, urea formation, and bile acid and heme
metabolism, while the pericentral zone has a predominant function in glucose
uptake and glutamine formation (62). This zonal heterogeneity establishes,
during a single passage of blood through the liver acinus, either decreasing or
increasing periportal-to-pericentral concentration gradients of glucose, amino
acids, fatty acids, glycerol, ketone bodies, and other components (62). The
magnitude and direction of nutrient gradients varies with the diurnal rhythm,
i.e. during absorptive and postabsorptive phases (62). The significance of
differential functions has been studied for the role of O, and hormones
(insulin and glucagon) in induction of parenchymal zonation (62). Less is
known about the regulatory importance of nutrient concentration gradients in
control of periportal and pericentral gene expression, and this influence could
be important in modulation of the heterogeneity of mitochondrial function.
Furthermore, the nature of the diet (i.e. high carbohydrate, protein, or fat)
could contribute to dynamic changes in these gradients and consequently in
the mitochondrial composition and function (62).

The complexities of coordinating mitochondrial and nuclear gene expres-
sion, importation and processing of protein precursors, and covalent and
noncovalent regulation require that detailed molecular studies be performed to
understand the various effects of diet on individual proteins. Although earlier
studies were limited mostly to activity measurements, numerous im-
munochemical and molecular approaches are now available to define these
interactions. Thus, substantial advances in obtaining systematic knowledge of
dietary effects on mitochondrial composition and function could occur in the
near future.

DEVELOPMENTAL EFFECTS Increases in mitochondrial density and oxida-
tive activities of mitochondrial enzymes and the achievement of specific
distribution patterns of mitochondria are associated with normal growth and
differentiation (5). In fetal liver, cytochrome oxidase and cytochrome ¢
reductase activities parallel the increase in mitochondrial number (57, 87),
and increases in mitochondrial enzyme activities are preceded by high rates of
protein synthesis in the cytoplasm and the mitochondria (57, 75). Induction of
mitochondrial cytochrome oxidase and succinate dehydrogenase activities in
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neonatal brain occurs simultaneously with the enzymes of glycolysis (22).
Other enzymes such as pyruvate dehydrogenase (29), however, are not
simultaneously increased. Pyruvate dehydrogenase controls entry of pyruvate
into the citric acid cycle, and its activity is determined in the adult pre-
dominantly by the phosphorylation state of the enzyme (124). Phosphoryla-
tion is an important control mechanism in the fetus and neonate (25); how-
ever, the limited fetal and neonatal activity is further limited by a low content
of the pyruvate dehydrogenase complex (16).

Recent studies showed that the basal respiratory rate in newborn rat hepato-
cytes is low and is stimulated up to twofold by glucose, lactate, pyruvate,
ketone bodies, and fatty acids (Figure 2) (12). The NADH-linked substrates
(malate, glutamate) gave little stimulation (Figure 2), consistent with a low
perinatal NADH dehydrogenase activity (57). In contrast, succinate stimu-
lated O, consumption 15-fold above the basal rate (Figure 2). Inhibition by
antimycin A, oxaloacetate, and malonate indicates that the succinate-induced
O, consumption involves mitochondrial succinate dehydrogenase (12). This
remarkable ability of neonatal liver cells to utilize succinate coincides with a
high content of succinate dehydrogenase (2, 62) and a relatively poor ability
to oxidize NADH. The physiologic significance of the succinate effect is not
clear but may reflect a sparing effect of succinate on NADH utilization by the
electron transport chain. This sparing effect would allow increased transhy-
drogenation (92) to supply NADPH for biosynthetic reactions. The presence
of active transport systems in the placenta (44) and intestine (77) for succinate
and the high concentration of succinate in fetal serum (750 uM, F. C.
Kauffman, personal communication) are consistent with the idea that circulat-
ing plasma succinate is a critical respiratory substrate and/or a specific

5 mM Succinate
5 mM Malate
5 mM Glutamate
2.5 mM Butyrate
2.5 mM Oleate
2.5 mM Acetoacetate
2.5 mM B-OH Butyrate
5 mM Pyruvate
10 mM Lactate
10 mM Glucose I 1

0 8 16

Ratio of respiration rates
(+Substrate/-Substrate)
Figure 2 Effect of substrates on respiration rates in hepatocytes from newborn rats. Cellular O,
consumption rates were determined polarographically in conwrol cells and in cells incubated in

the presence of various substrates (2.5 mM- 10 mM). Values are expressed as ratios of rates
+ substrate/— substrate. Data from Aw & Jones (12).
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stimulator of perinatal cellular O, consumption. Therefore succinate may be a
unique and preferred substrate for neonatal respiration and ATP production.

Studies over the past several years have revealed that cytosolic-to-matrix
distribution of adenine nucleotides can also have a primary role in determin-
ing mitochondrial activity in the neonate (6). The dramatic increase in
mitochondrial respiration in newborn rat liver mitochondria parallels a
marked increase in cellular adenine nucleotides and a shift in the cytosolic-to-
mitochondrial distribution of the nucleotides within 2 to 3 hr of birth (4, 6, 7).
The shift results in a net matrix accumulation of the adenine nucleotides that is
accomplished by an ATP-Mg/P; carrier (6) distinct from the classic ATP/ADP
translocator (66). This carrier is stimulated by submicromolar concentrations
of calcium (51) and is responsive to insulin:glucagon ratios (73). The
sensitivity to hormonal and Ca®* changes in the physiologic range that occurs
postnatally (6, 51, 73) suggests a role for the carrier as a regulator for matrix
adenine nucleotide uptake and enhanced mitochondrial activity.

Studies of subswrate utilization for glycolysis and mitochondrial oxidation
in cell cultures have revealed that following plating, cells undergo a stimula-
tion of aerobic glycolysis that is associated with actin polymerization and
stress-fiber formation (15). Stress-fiber formation stimulat