
0031-3998/87/2103-0266$02.00/0 
PEDIATRIC RESEARCH 
Copyright © 1987 International Pediatric Research Foundation, Inc. 

Vol. 21, No.3, 1987 
Printed in U.S.A. 

Neonatal Hypoxia or Maternal Diabetes Delays 
Postnatal Development of Liver Mitochondria 

JUNE R. APRILLE AND MICHAEL T. NOSEK 

Mitochondrial Physiology Unit, Department of Biology, Tufts University, Medford, Massachusetts 02155 

ABSTRACT. The matrix adenine nucleotide pool size of 
rat liver mitochondria was low at birth (2.6-3.0 nmol 
ATP+ADP+AMP/mg mitochondrial protein). After par
turition, the pool size was increased by 50-75% within 1 
h, which was sufficient for full development of state 3 
respiration rates. The adenine nucleotide pool size contin
ued to increase to 100-150% of the value at birth by 2-3 
h postnatal. The ATP/ADP ratio in isolated mitochondria 
also increased postnatally, to about double the value at 
birth by 3 h. There were no matrix volume changes over 
this postnatal period, so the increased ATP+ADP+AMP 
pool size and the increased ATP/ADP ratio together in
ferred an overall increase of about 5-fold in the matrix 
A TP concentration under aerobic conditions. The postnatal 
uptake of adenine nucleotides into mitochondria occurred 
at a slower rate in newborns that were hypoxic (11% 02) 

and in newborns of diabetic mothers (diabetes induced on 
day 5 of gestation by streptozotocin injection). The normal 
increase in matrix A TP content is responsible for the rapid 
stimulation of pyruvate carboxylation (an ATP-requiring 
matrix reaction) and this in turn contributes to the rapid 
postnatal onset of gluconeogenesis. The results suggest 
that delayed adenine nucleotide uptake into liver mitochon
dria may retard initiation of gluconeogenesis in newborns 
experiencing hypoxia, as in respiratory distress or in new
borns of diabetic mothers. We speculate that this mecha
nism contributes to the persistent hypoglycemia that is 
typical of these at-risk newborns. (Pediatr Res 21: 266-
269, 1987) 

Mitochondria isolated from full-term fetal rat liver are func
tionally well coupled, but the rate of oxidative phosphorylation 
(state 3 respiration) is very low (reviewed in Reference 1). Within 
I h after birth, the state 3 rate increases to adult values (2-4). 
This functional maturation depends on a rapid increase in the 
mitochondrial adenine nucleotide content (ATP+ADP+AMP) 
which occurs in the immediate postnatal period (2, 4-6) In 
addition to activating state 3 respiration the increased adenine 
nucleotide pool size may also stimulate metabolic pathways that 
have adenine nucleotide-dependent enzymes within the mito
chondrial compartment (reviewed in Reference 1). One matrix 
enzyme subject to this kind of control is pyruvate carboxylase. 
In both the newborn rat and rabbit the sudden postnatal increase 
in the matrix A TP concentration enhances pyruvate carboxyla
tion rates enabling the onset of gluconeogenesis and recovery 
from postnatal hypoglycemia (7-9). Thus, the accumulation of 
adenine nucleotides into the mitochondria appears to be impor
tant for metabolic adaptation to neonatal life (see Reference 1). 
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There is considerable evidence that hormones and oxygenation 
are important controlling factors for the subcellular redistribu
tion of adenine nucleotides in newborn liver (9, I 0) (Tullson PC, 
Aprille JR, unpublished data). The purpose of this study was to 
determine whether the normal postnatal increase in mitochon
drial adenine nucleotide content is delayed by neonatal hypoxia 
or by maternal diabetes, because in these conditions arterial p02 
and hormone status, respectively, are usually abnormal (12, 13). 
It is interesting that these groups of newborns experience prob
lematic postnatal hypoglycemia, given that a delay in the matu
ration of mitochondria would also delay the onset of gluconeo
genesis. 

METHODS 

Animals. Timed-pregnant Sprague-Dawley rats were pur
chased from Charles River Breeding Laboratories (Wilmington, 
MA). To produce maternal diabetes, 45 mg/kg streptozotocin in 
50 mM citrate buffer, pH 4.5, was injected intraperitoneally on 
the 5th day of gestation; controls received an equal volume of 
vehicle. Animals were kept on a 12-h light-dark cycle and allowed 
food and water ad libitum. Unless otherwise indicated the moth
ers were killed by decapitation at full term, on the 22nd day of 
gestation (mating day was day 0). Newborns were removed by 
cesarean section and either killed immediately (time 0) or placed 
in a humidified 30• C incubator for use at later times. In 
experiments where percent atmospheric 02 was a variable, the 
incubator was continuously perfused with specific gas mixtures. 
For the streptozotocin-treated mothers and controls, blood was 
tested immediately after decapitation with glucose test strips 
(Chemstrip bG, Boehringer-Mannheim, Indianapolis, IN) to 
confirm maternal diabetes before the litters were pooled for the 
experiment. Additional blood was collected for quantitative de
temination of serum glucose at a later time using the glucose 
oxidase method (Sigma, St. Louis, MO). 

Mitochondria. Eight to 16 pups were pooled for the isolation 
of liver mitochondria by differential centrifugation as previously 
described (2). Mitochondria were suspended to about 10 mg 
protein/ml in 0.25 M sucrose and I mM Tris-HCI. The exact 
protein concentration was determined by the Lowry et al. (14) 
method. 

Adenine nucleotides. Aliquots of the mitochondrial suspen
sions were extracted with perchloric acid and neutralized prior 
to the determination of A TP, ADP, and AMP by enzymatic 
methods (2, 15, 16). 

Other assays. Mitochondrial matrix spaces were calculated as 
the difference between the 3H-water and 14C-sucrose volumes of 
the mitochondrial pellet (17, 18). Cytochrome oxidase activity 
was determined spectrophotometrically after adding Triton X
I 00 (f. c. 0.01%) to the mitochondrial suspensions ( 19). Respira
tory rates for intact mitochondria were determined polarograph-
ically with either glutamate + malate (5 mM each) or succinate 
( 10 mM) as the substrate. ADP was used to elicit state 3 rates 
and 2,4-dinitrophenol was used to elicit uncoupled rates all as 
previously described (2). 
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RESULTS 

Perinatal changes in mitochondrial adenine nucleotide content 
and respiration rates. The adenine nucleotide content of rat liver 
mitochondria during late gestation and early neonatal life is 
shown in Figure l. Low values were found in the fetus; an 
increase ensued upon delivery and continued rapidly for about 
2 h. The matrix volume remained constant over this time; the 
matrix ATP/ADP ratio (measured under state 4 energized con
ditions) increased with postnatal age (Table 1). Altogether the 
increase in total adenine nucleotides, increased A TP I ADP ratio, 
and constant matrix space inferred that there was an approximate 
5-fold increase in the matrix A TP concentration within a few 
hours after birth. 

A developmental increase in state 3 respiration has been 
documented before (2, 3) but is shown here in more detail (Fig. 
2). The maturation of state 3 depends on the increased matrix 
adenine nucleotide pool size (2, 5, 6). Throughout this period 
uncoupled respiration (a measure of electron transport chain 
activity) remained relatively constant (Fig. 2) as did cytochrome 
oxidase activity (an index of relative purity of the preparations) 
(not shown). 

Postnatal hypoxia. The rate at which mitochondrial adenine 
nucleotide content increased postnatally was delayed by hypoxia 

10.---------------------------, 

J-r-(1 (/j
CI) c 
:2 ·a; ........ 
o e 
c.> en 

CI)-

.E 
c c 
Cl)_ 

"'C «< 
«J .... r-.o o .... 

'-" t-
::E 

... 
... --·---•" 

+" 

I 
I 

i 
I 

I 

i 

Developmental age 
Fig. I. Total adenine nucleotide content (ATP+ADP+AMP) of mi

tochondria from rat liver as a function of developmental age in the 
perinatal period. Ages noted as negative numbers (-3d, -2d, -ld) are 
for pups delivered 3-, 2-, or 1-day permature relative to 0 which corre
sponds to full term (22 days gestation); all these pups were killed within 
2 min of birth. Ages noted as I to 4 hare for pups delivered at full term 
and killed after I to 4 h of postnatal life. 

Table l. Matrix volume and ATP/ADP ratios in liver 
mitochondria as a function of postnatal age* 

Age 
(h) 

0 
I 
3 

Matrix space (!-11/mg 
mitochondrial protein) 

Respiration 
medium Sucrose-Tris 

1.01 ± 0.43 (4) 1.32 ± 0.48 (3) 
1.06 ± 0.07 (3) 1.30 ± 0.15 (3) 
0.97 ± 0.06 (3) 1.50 ± 0.16 (3) 

ATP/ADP 
ratiot 

1.48 ± 0.32 (4) 
2.28 ± 0.32 (3) 
3.30 ± 0.63 (3)t 

* Values are mean ± SE for the number of experiments in parentheses. 
t Determined in respiratory medium under state 4 conditions with 

glutamate + malate as substrate. 
t Different (p < 0.05) from 0 h value by one-way analysis of variance. 
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Fig. 2. State 3 respiration and uncoupled respiration in mitochondria 

of rat liver as a function of developmental age in the immediate postnatal 
period. Ages are designated as described in legend of Figure I except that 
B is used instead of 0 to designate pups delivered at full term and killed 
immediately. 
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Fig. 3. Total adenine nucleotide content (ATP+ADP+AMP) of liver 
mitochondria from newborn rats kept under atmospheres of different % 
02 from birth. Data points represent several separate determinations. SE 
are not shown for simplification, but representative values for adenine 
nucleotides are as follows: at I h, 6.6 ± 0.4 for n = 6 animals in >95% 
02; 5.3 ± 0.4 for n = 7 in air; 4.0 ± 0.2 for n = 6 in 11% 02• These values 
for >95% Oz and 11% 02 were different from air top < 0.03 and O.oi, 

(Fig. 3). Hyperoxia may have enhanced the adenine nucleotide 
increase compared to air (Fig. 3), but this effect was variable 
(compare Table 2 and Fig. 3 for values at 1 h postnatal) and 
probably not significant. The normal postnatal increase in state 
3 respiration rate also was delayed by hypoxia, but was unaffected 
by hyperoxia (Table 2). The mitochondrial matrix volume was 
not differentially affected by hypoxia or hyperoxia (Table 2). 



268 APRILLE AND NOSEK 

Table 2. Effect of atmospheric p02 on the postnatal development of liver mitochondria* 
Respiratory rates 

Age Atmosphere ATP + ADP +AMP 
(nmol 112 0 2/min/mg protein) 

Matrix volume 
(h) (% 02) (nmolfmg protein) State 3 2,4 DNP mg protein) 

0 2.87 ± 0.20 (3) 68 ± 8 (3) 133 ± 13 (3) 1.30 ± 0.69 (3) 
11%02 3.77 ± 0.26 (3)t 84 ± 7 (3)t 175 ± 24 (3) 0.71 ± 0.27 (3) 

Air (21% 02) 5.66 ± 0.59 (7) 108 ± 6 (5) 148 ± 14 (5) 
100%02 5.89 ± 0.57 (3) 120± 12(3) 147 ± 15 (3) 0.78 ± 0.43 (3) 

• Newborns were either killed at birth (age 0 h) or placed in incubators with atmospheres of different% 0 2 and killed I h later. Liver mitochondria 
were isolated and assayed for adenine nucleotides, respiratory rates, and matrix volumes as described under Methods. The respiratory substrate was 
glutamate + malate. Matrix volumes and adenine nucleotides were determined for mitochondria suspended in sucrose-Tris medium with no 
substrate. Values are mean ± SE for the number of experiments in parentheses. 

t Different (p < 0.05) from value at I h in air by unpaired Student's 1 test (one-tailed). 

Table 3. Effect of maternal diabetes on postnatal development of liver mitochondria in newborn rat* 
Mitochondrial 

ATP + ADP +AMP 
(nmolfmg protein) 

State 3 

Respiratory rates 
(nmol 112 0 2/min/mg protein) 

2,4DNP 
Age 
(h) Control Diabetic Control Diabetic Control Diabetic 

0 (2) 
I (3) 
2 (4) 

2.57 ± 0.14 
3.76 ± 0.44 
5.40 ± 0.54 

2.56 ± 0.33 
3.28 ± 0.44 
3.98 ± 0.42t 

74 ± 2 81 ±4 130± 4 131 ± 3 
106±1 109 ± 4 123 ± 10 135 ± 12 
114± 12 Ill± 9 139 ± 16 136± II 

*Newborns from diabetic and control females (maternal serum glucose was 410 ± 39 and 96 ± 6 mgjdl, respectively) were killed at birth (0 h), 
or at I, or 2 h postnatal for isolation ofliver mitochondria. Respiratory rates (with glutamate+ malate as substrate) and adenine nucleotide content 
(ATP + ADP +AMP) were determined, all as described in "Methods." Values are mean± SE for the number of experiments in parentheses, except 
when n = 2, values are mean ± limits of range. 

t p < 0.05 compared to control by unpaired Student's I test (one-tailed). 

Maternal diabetes. The rate at which the liver mitochondrial 
adenine nucleotide content increased in newborns of diabetic 
mothers was somewhat slower than in controls; a statistically 
significant difference in the pool size became apparent at 2 h 
postnatal (Table 3). There was no effect of maternal diabetes on 
the maturation of state 3 respiration which requires only a small 
increase in adenine nucleotide content and which is normally 
complete by I h (Table 3). 

DISCUSSION 

A marked postnatal increase in the adenine nucleotide content 
of liver mitochondria has been demonstrated in the rat (2-4), 
rabbit (9, 20), and guinea pig (21 ). A small initial increase appears 
to be necessary for the maturation of state 3 respiration rates in 
some species. In the rat, state 3 respiration rates developed to a 
maximum by I h after birth (Fig. 1) when the adenine nucleotide 
content of mitochondria had increased by only 50-75%. The 
development of state 3 respiration rates can be mimicked by 
loading isolated newborn rat liver mitochondria with adenine 
nucleotides in vitro (5). Conversely, if mature mitochondria are 
depleted of adenine nucleotides in vitro to levels approximating 
the pool size of newborn mitochondria, state 3 respiration is 
decreased to newborn rates (22). Thus, a cause-effect relationship 
between modest postnatal increases in the matrix adenine nu
cleotide content and the development of state 3 respiration within 
the 1st h after birth has been firmly established for rat. 

In rabbit the matrix adenine nucleotide pool size at birth is 
higher than it is in the rat and state 3 respiration is fully developed 
(20). Nevertheless the pool size in rabbit increases 2- to 3-fold 
within 2 h after birth just as it does in rat. These large increases 
in mitochondrial adenine nucleotide content are far in excess of 
the threshold required for expression of maximum rates of 
respiration. Moreover, in both the rat and rabbit there is a 
concomitant developmental increase in the matrix ATP/ADP 

ratio measured under energized conditions in vitro. In this study, 
for example, the adenine nucleotide pool size of rat liver mito
chondria increased about 2.5-fold and the in vitro ATP/ADP 
ratio was increased about 2-fold by 2-3 h after birth. Since there 
was no change in mitochondrial matrix volume, the increased 
pool size and A TP I ADP ratio together infer a 4- to 5-fold increase 
in matrix A TP concentration that has the potential to stimulate 
A TP-requiring metabolic reactions within the mitochondria ( 1 ). 

The pyruvate carboxylase reaction is a candidate for this type 
of regulation since the enzyme is localized to the mitochondrial 
matrix. In previous work the postnatal increase in the matrix 
ATP content was shown to stimulate pyruvate carboxylation (7, 
8), which is rate-limiting for gluconeogenesis at birth (9, 23). 
Herein we have shown that adenine nucleotide accumulation by 
mitochondria is delayed by neonatal hypoxia and in pups of 
diabetic mothers; this delay may retard the rapid onset of glu
coneogenesis and thus contribute to the problematic postnatal 
hypoglycemia that is characteristic of these groups of newborns 
(12, 13, 24). 

Relative hypoxia was shown previously to delay the develop
mental increase in mitochondrial adenine nucleotide content in 
rabbit liver (9) (Tullson PC, Aprille JR, unpublished data), but 
in the rat only the extreme condition of total anoxia in 1-day 
premature animals has been examined ( 1 0). Herein we showed 
that the rate of adenine nucleotide accumulation into the matrix 
is affected by modest hypoxia. In 11% 02 adenine uptake was 
slow enough to delay the maturation of state 3 respiration, which 
is normally complete within 1 h when the adenine nucleotide 
pool size has increased by only 50-75% (2, 5, 20). In newborn 
rabbits, postnatal hypoxia can cause the adenine pool size to 
decrease below birth levels with a concomitant decrease in py
ruvate carboxylation rates (9). In adult rats, hypoxic perfusion 
of the liver results in a decrease in the mitochondrial adenine 
nucleotide content and in state 3 respiration (25, 26). 

The streptozotocin model for maternal diabetes used herein 
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has been well characterized; maternal weight gain is the same as 
in controls and newborn weights are decreased only slightly (24). 
The slower rate of adenine nucleotide uptake into liver mito
chondria in pups of diabetic mothers that we observed is probably 
due to the higher than normal insulin/glucagon ratio in these 
newborns (24, 27) (Tullson PC, Aprille JR, unpublished data). 
Glucagon, epinephrine, or dibutyryl-cyclic-AMP injected into 1-
day preterm rats delivered by cesarean-section causes a slight but 
significant increase in the adenine nucleotide content of liver 
mitochondria ( 10). Insulin inhibits and glucagon stimulates mi
tochondrial adenine nucleotide accumulation in full-term new
born rabbits (9) (Tullson PC, Aprille JR, unpublished data). The 
insulin/glucagon ratio influences the adenine nucleotide pool 
size in adult rat liver mitochondria also (28-33). 

It is difficult to study hormones and oxygenation as separate 
variables in vivo. For example, maternal diabetes may impair 
lung maturation (34, 35), so that relative hypoxia may contribute 
to the delay in mitochondrial adenine nucleotide uptake in the 
newborns. Furthermore, hypoxia stimulates catecholamine se
cretion (36). Nevertheless, the evidence clearly shows that both 
oxygenation and hormone status should be considered in the 
design of rational treatment for these at-risk newborns (9) (Tull
son PC, Aprille JR, unpublished data). For example, glucose is 
given to protect the brain in postnatal hypoglycemia, but glucose 
also inhibits glucagon secretion and stimulates insulin secretion 
and may actually delay development of the newborn's ability to 
independently regulate glucose homeostasis by the mechanisms 
disclosed in this study. 

The exact biochemical mechanisms by which hormones and 
oxygen affect the subcellular redistribution of adenine nucleo
tides is not yet known. Uptake into the mitochondria occurs 
over a specific transporter that mediates the accumulation of 
ATP-Mg in exchange for matrix Pi (37). The net uptake of A TP
Mg against a concentration gradient is energy dependent and the 
requirement for adequate oxygenation may reflect the need for 
a protonmotive force across the inner mitochondrial membrane 
(17). Postnatal increases in the cytosolic ATP/ADP ratio (4, 9, 
23) may also be important in providing the favored substrate 
(ATP-Mg versus ADP-Mg) for the transporter (38). The normal 
increase in the tissue ATP I ADP ratio is prevented in pups of 
diabetic mothers (39) or by insulin injection (9, 39). 

In summary, this study suggests that neonates with respiratory 
distress and those born to diabetic mothers experience a delay in 
the postnatal uptake of adenine nucleotides by liver mitochon
dria. This probably results in a failure to activate gluconeogenesis 
immediately after birth and may contribute to the prolonged 
hypoglycemia that is typical of these groups of newborns. 
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