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ABSTRACT. We determined the extent to which ligating 
both maternal uterine arteries affects fetal hepatic energy 
and redox states in the fetal rat. Bilateral maternal uterine 
artery ligation on d 18 of the rat's 21.5-d gestation signif- 
icantly inhibits fetal growth; sham surgery limits growth 
to a lesser extent. Within 12 h of surgery and persisting to 
d 19, small-for-gestational age (SGA) fetuses had signifi- 
cantly diminished ATPIADP and adenylate charge ratios, 
whereas sham fetuses had values intermediate between 
SGA and normal. Hepatic mitochondrial redox state dem- 
onstrated similar changes. Cytosolic redox state in SGA 
fetuses at 12 and 24 h after surgery was significantly 
elevated. SGA fetuses had significantly diminished plasma 
insulin and elevated glucagon concentrations. On d 19 and 
20, hepatic ATPIADP and cytosolic NAD+/NADH corre- 
lated directly for sham and normal but not SGA fetuses. 
Alterations in glucose, insulin, and glucagon availability 
and hypoxia were responsible for the changes in energy 
and redox states. They may also have disassociated hepatic 
cytosolic from mitochondrial redox states and altered the 
equilibrium between adenine and nicotinamide nucleotides. 
These altered cellular functions retarded fetal growth. 
Newborn SGA, sham, and normal rat pups had similar 
hepatic ATPIADP, cytosolic, and mitochondrial redox 
states at 10 and 240 min after delivery suggesting that the 
hypoglycemia which developed in SGA pups was not at- 
tributable to alterations in these variables. (Pediatr Res 
27: 56-63,1990) 

Abbreviations 

AC, acetoacetate 
SGA, small-for-gestational age 

Intrauterine growth retardation is often ascribed to "uteropla- 
cental insufficiency," a poorly defined clinical term suggesting 
compromised maternal-fetal relations (1). To determine the fac- 
tors responsible for intrauterine growth retardation, we per- 
formed bilateral uterine artery ligation in the maternal rat. This 
technique, which can be considered an extreme example of 
"uteroplacental insufficiency," alters a number of physiologic 
variables including gaseous exchange and metabolic fuel availa- 
bility. Alterations in these variables are known to affect fetal 
growth; however, the mechanisms by which this occurs are not 
completely understood. Particularly unclear is the impact of these 
alterations on cellular metabolic processes. For these reasons we 
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measured hepatic energy state as reflected by ATP/ADP relations 
and oxidation reduction ("redox") states as represented by cyto- 
solic and mitochondrial NADf/NADH ratios in the SGA fetal 
and neonatal rat. Both energy and redox states are critical regu- 
lators of intermediary metabolism and thereby directly affect 
cellular growth. In addition, both variables are involved in he- 
patic glucose production, and SGA neonates are at risk of devel- 
oping hypoglycemia. 

Our data indicate that bilateral maternal uterine artery ligation 
in the rat acutely decreases fetal hepatic ATP/ADP and mito- 
chondrial NAD+/NADH relations but increases cytosolic 
NAD+/NADH. These changes and alterations in other physio- 
logic variables contributed to development of fetal growth retar- 
dation. During the neonatal period, ATP/ADP, adenylate charge 
ratio, and redox states increase appropriately in SGA newborn 
rat pups. Alterations in these variables are not directly responsible 
for the hypoglycemia that develops in the SGA newborn rat. 

MATERIALS AND METHODS 

Surgery. We have reported the details of our surgical tech- 
niques (2). In brief, on d 18 of their 2 1.5-d gestation, we assigned 
timed-gestation Sprague-Dawley rats (prepregnancy wt 170- 190 
g, Harlan Laboratories, Madison, WI) to one of three groups: I )  
bilateral uterine artery ligation (SGA), 2) sham surgery (sham), 
or 3) no surgery (normal). We anesthetized rats undergoing 
surgery with chloral hydrate (35 mg/100 g body wt), opened the 
peritoneal cavity, exposed the uterus, and ligated both uterine 
vessels with 4-0 silk suture. The procedure requires approxi- 
mately 20 min, and rats are awake within 2 h of initiation of 
anesthesia. 

We used only rats who had eight to 14 fetuses because fetal 
growth is to a degree inversely related to litter size (3). As in 
earlier studies, we characterized the intrauterine growth of SGA, 
sham, and normal fetuses by determining wet and dry wt of 
carcasses (4). 

We performed two types of fetal sampling studies. To obtain 
fetal liver for nucleotides, intermediary metabolites, and glyco- 
gen, we killed mothers by stunning and cervical dislocation, 
quickly removed fetuses by cesarean section, and decapitated 
them. We immediately removed their livers and froze them in 
liquid nitrogen. Inasmuch as a number of investigators partici- 
pated in this process, all fetal livers were frozen within 15-20 s 
of the start of this procedure. From one or two fetuses of each 
litter, we obtained blood from cut axillary vessels to determine 
mixed arteriovenous pH and blood gas tensions. We performed 
this sampling at baseline, 12, 24 (d 19), 48 (d 20), and 72 (d 2 1) 
h after ligation or sham surgery. We also killed normal rats at 
baseline and at each of these times. 

In the second series of studies we determined maternal-fetal 
glucose relations and fetal plasma hormone concentrations by 
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sampling blood from fetuses in maternal rats with the fetal- 
placental circulation intact. We adopted this (5) technique from 
previous studies. At the above indicated times, we anesthetized 
a maternal rat with chloral hydrate, exposed the uterus, and 
incised it sequentially so that individual fetuses could be sequen- 
tially removed leaving their placentas attached to the uterine 
wall. We dried the fetuses and maintained them at 37"C, applied 
minimal tension to the umbilical cord, and obtained blood from 
cut axillary vessels. We obtained maternal blood simultaneously 
from tail veins. For studies on d 18, we performed uterine artery 
ligation or sham surgery and allowed the mother to recover from 
surgery. We anesthetized the mothers once again at 12 h for fetal 
and maternal sampling. 

For neonatal studies, we killed mothers by stunning and 
cervical dislocation on d 2 1.5, delivered pups by cesarean section, 
and maintained them in a temperature-humidity controlled en- 
vironment as described previously (6). We randomly selected 
pups from one half of each litter for sampling at either 10 or 240 
min. At these times we cut the pups' axillary vessels to obtain 
blood and then quickly decapitated them to allow removal and 
freezing of their livers. This technique allows sequential deter- 
mination of metabolites in litter mates. 

This protocol was approved by the Animal Care Committee 
of Northwestern University Medical School. 

Metabolic determinations. We pulverized the frozen livers to 
a fine powder at the temperature of dry ice, extracted them with 
iced HC104and neutralized the supernatant with 30% KOH. We 
used enzymatic microassays to measure lactate (7), pyruvate (8), 
BOHB, AC (9), ATP, ADP, and AMP (10). We used the method 
of Williamson et al. (I 1) to calculate NADf/NADH in cytosol 
and mitochondria. Determination of the cytosolic redox state 
uses the equilibrium reaction between pyruvate and lactate re- 
quiring lactate dehydrogenase. The cytosolic redox state is cal- 
culated from the reciprocal of the product of the equilibrium 
constant of lactate dehydrogenase and the ratio of pyruvate to 
lactate concentrations. Similarly, the redox state in mitochondria 
can be derived from the equilibrium equation for BOHB and 
AC. These metabolites of fatty acid oxidation represent mito- 
chondrial P-hydroxybutyrate dehydrogenase. The equilibrium 
constant for lactate dehydrogenase was 1.1 1 x and for 0- 
hydroxybutyrate dehydrogenase, 4.93 x (1 1). These con- 
stants were validated in the original application of this method- 
ology in the adult (I 1) and fetal (12) rat. The constants were 
determined under normal and abnormal conditions including 
hypoxia and starvation for the fetus. 

The determination of hepatic adenine nucleotide concentra- 
tions allows determination of ATP/ADP and the hepatic aden- 
ylate charge ratio [((ATP) + 112 (ADP))/((ATP) + (ADP) + 
(AMP))] (12). The former approximates energy availability, 
whereas the latter expresses the equilibrium between adenine 
nucleotides mediated by adenylate kinase and is therefore a more 
quantitative measure of energy state. 

The methods for determining the other metabolic fuels and 
hormones have been reported (2, 4, 6). In brief, we measured 
plasma glucose concentrations with an automated glucose ana- 
lyzer (Beckman 11; Beckman Instruments Inc., Fullerton, CA) 
and glycogen concentrations with amyloglucosidase. We used 
double antibody RIA to measure plasma insulin and glucagon 
concentrations with rat insulin and porcine glucagon as stand- 
ards. Arteriovenous blood gas tensions and pH were determined 
with an ILC 130 1 automated blood gas analyzer. 

Statistics. We used the Student's paired t test to compare 
values in a series within a group and analysis of variance for 
comparison of values between groups. Analyses were performed 
with a Statistical Program for the Social Sciences on a Cyber 
170-780 computer at the Vogelback Center of Northwestern 
University, Chicago, IL (1 3). Data are presented as the mean + 
SEM. Values for at least 25 fetuses and pups representing a 
minimum of six litters are represented for each measurement. 

RESULTS 

Growth. Maternal uterine artery ligation retarded intrauterine 
growth, whereas sham surgery had a significant although less 
profound effect. All fetuses of maternal uterine artery ligation 
and sham-operated mothers survived. Twenty-four h after uter- 
ine artery or sham surgery, SGA and sham fetuses were signifi- 
cantly lighter than controls and had equivalent body wt (ex- 
pressed as wet or dry wt). On d 20, 2 1, and at birth, SGA fetuses 
were the lightest, sham fetuses intermediate, and normal fetuses 
the heaviest. (Birth wt SGA 4.16 + 0.05 g; sham 4.81 f 0.06 g; 
normal 5.79 -+ 0.05 g, p < 0.001). Figure 1 demonstrates that 
the growth rates of SGA and sham fetuses were diminished 
similarly between d 18 and 19; between d 19 and 20 sham fetuses 
increased their growth rate, whereas SGA fetuses continued to 
have significantly delayed growth. Hepatic growth paralleled 
body growth. Comparison of wet and dry wt indicated that water 
comprised 75 to 80% of body mass. This proportion was similar 
in all three groups. 

Metabolic variables. Sham surgery and maternal uterine artery 
ligation significantly reduced fetal hepatic energy state. Twelve h 
after maternal surgery, fetal hepatic ATP/ADP (Fig. 2) and 
adenylate charge ratios (Table I )  differed significantly among the 
three groups. Although 12-h ATP/ADP and adenylate charge 
ratios in normal fetuses were similar to baseline values on d 18, 
values for SGA fetuses were the lowest, and for shams it was 
intermediate. These differences persisted into d 19; by d 20 and 
2 1, there were no differences between groups. Both decreases in 
ATP and increases in ADP were responsible for the differences 
in ATP/ADP and adenylate charge relations. AMP concentra- 
tions did not demonstrate a consistent pattern of difference 
between groups although two significant differences were noted 
(Table 1). At 12 h after ligation, SGA fetuses had significantly 
diminished mitochondria1 NAD+/NADH (Fig. 3). Normal fe- 
tuses had values similar to baseline, whereas sham fetuses had 
intermediate values. These differences were also apparent on d 
19. By d 20 and 21, all groups had similar values. Significant 
changes in hepatic BOHB concentrations were responsible for 
the differences in mitochondria1 NADf/NADH (Table 2). 

Fetal hepatic cytosolic NADf/NADH demonstrated a differ- 
ent pattern. Twelve h after ligation, SGA fetuses had significantly 
elevated cytosolic NAD+/NADH; shams, intermediate values; 
and normals, values unchanged from baseline. These differences 
were also apparent on d 19. By d 20, SGA fetuses had even 
greater values, whereas sham fetuses had values similar to nor- 
mal. Sham and normal fetuses increased values significantly 
between d 20 and 21 ( p  < 0.01) to attain SGA values (Fig. 4). 
Differences in pyruvate concentrations were responsible for the 
alterations in cytosolic NADf/NADH as lactate concentrations 
did not differ significantly between groups (Table 2). 

On d 19 (Fig. 5) and 20, hepatic ATP/ADP and cytosolic 
NADf/NADH of sham and normal fetuses correlated directly (d 
20, r = 0.768, p < 0.01). These variables did not correlate for 
SGA fetuses on either day. Similar relations were apparent for 
adenylate charge ratios (d 19, r = 0.699, p < 0.01; d 20, r = 
0.712, p < 0.01). 

By 12 h after uterine artery ligation, hepatic glycogen concen- 
trations were significantly diminished in SGA compared to sham 
and normal fetuses. On d 19, SGA fetuses had the lowest, shams 
intermediate, and normals the greatest concentrations ( p  < 0.0 1). 
On d 20 and 21 SGA fetuses continued to have significantly 
diminished concentrations, whereas sham and normal fetuses 
had equivalent values (Table 3). 

On d 18, 12 h after uterine artery ligation, SGA fetuses had a 
mean arteriovenous pH of 7.08 k 0.007, Pco2 of 89 + 6 torr, 
and Po2 of 14 ? 5 torr, whereas sham fetuses had values of 7.16 
+. 0.006, Pco2 of 74 + 8 ton, and Po2 of 21 +. 6 tom, and normal 
fetuses had a pH of 7.21 k 0.008, Pco2 of 61 + 5 ton, and Po2 
of 26 +- 3 ton. All of these variables were significantly different 
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Fig. 1. Sequential body wt measurements. SGA and sham fetuses had equivalent weights 24 h after maternal uterine artery ligation or sham 
surgery. These were significantly less than those of normals. On d 20, 21, and at birth, SGA fetuses were the lightest, shams intermediate, and 
normals the heaviest ( p  < 0.01). 

(p < 0.001), and remained so on d 19 (SGA pH 7.1 1 f 0.007, 
Pco2 86 f 7 torr, Po2 19 k 5 torr; sham pH 7.18 + 0.006, Pcoz 
75 f 9 torr, Po2 21 k 4 torr; normal pH 7.23 k 0.005, Pco2 56 
+. 9 torr, Po2 27 k 5 torr). On d 20 and 21, sham and normal 
fetuses had values equivalent to those of normal fetuses. Values 
for normal fetuses were similar to preceding days. 

In the studies in which blood was sampled from fetuses of 
anesthetized mothers with the placentas attached to the uterus, 
we determined maternal-fetal glucose relations. Twelve h after 
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surgery and on d 19, SGA fetuses had mean plasma glucose 
concentrations that were significantly less than sham and normal 
fetuses. Sham fetuses had intermediate values. Inasmuch as 
maternal glucose concentrations did not differ between groups 
(range 150 to 180 mg/dL) on any day of gestation, fetallmaternal 
glucose ratios differed significantly on d 18 and 19. On d 20 and 
2 1, there were no differences in fetal plasma glucose concentra- 
tions or fetallmaternal relations. Plasma insulin concentrations 
were significantly diminished in SGA compared to sham and 
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Fig. 2. Fetal hepatic ATP/ADP. At 12 h after surgery, SGA fetuses had significantly diminished values, whereas shams had intermediate values 

relative to normals ( p  < 0.01). While this relation remained on d 19, no differences were apparent between group on d 20 and 21. Adenylate charge 
ratios demonstrated similar relations. 
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Table 1. Concentrations of hepatic adenylate nucleotides (pmol/g liver) 
Gestational age (d) 

-- -- 

Baseline 12 h 19 

ATP 
SG A 1.48 1 + 0.090* 1.300 + 0.090* 
Sham 1.690 + 0.070* 1.599 + 0.08 l* 
Normal 1.862 + 0.049 1.90 1 + 0.078 2.003 +- 0.090 

ADP 
SGA 1.410 + 0.059* 1.209 + 0.071* 
Sham 1.1 10 + 0.070* 0.909 + 0.050* 
Normal 0.964 + 0.058 0.860 + 0.082 0.799 -+ 0.082 

AMP 
SG A 0.900 f 0.075 0.834 + 0.080* 
Sham 0.860 k 0.080* 0.682 + 0.090 
Normal 0.566 + 0.100 0.500 + 0.090 0.589 + 0.043 

Charge ratio 
SGA 0.537 f 0.061 0.497 f 0.048* 
Sham 0.613 + 0.079* 0.653 + 0.047* 
Normal 0.701 + 0.041 0.803 + 0.041 0.840 + 0.073 

* Indicates differences p < 0.05 to C0.0 1. 

normal fetuses on d 18 to 20 of gestation, whereas plasma 
glucagon concentrations were significantly elevated from d 18 to 
2 1 (Table 3). 

Newborn SGA pups had significantly decreased plasma glu- 
cose concentrations at 10 min of life (SGA 50.0 + 3.0; sham 
79.3 + 6.1; normal 81.0 k 4.3 mg/dL, p < 0.001) and 240 min 
of life (SGA 39.0 + 3.1; sham 52.1 f 3.5; normal 53.5 + 2.5 
mg/dL, p < 0.001). At both points, hepatic ATP/ADP, adenylate 
charge ratio, and mitochondrial and cytosolic NAD+/NADH did 
not differ between groups. Hepatic ATP/ADP increased in all 
groups (SGA 1.69 f 0.10 to 2.10 f 0.1 1; sham 1.59 + 0.1 1 to 
2.20 + 0.1 1; normal 1.68 f 0.1 1 to 2.09 f 0.10). Cytosolic 
NAD'INADH (SGA 590.2 + 89.1 to 2100.3 + 100.1; sham 

*SGA 

523.6 + 98.1 to 21 19.5 -t 109.3; normal 560.3 f 120.2 to 2200.3 
+ 120.3) and mitochondrial NAD'/NADH increased (SGA 1 1.3 
+ 1.2to21.0+ 3.1,sham 10.6k 1.5 to22.3+ 1.3,normal 10.9 
k 2.1 to 22.0 + 2.5). Arteriovenous blood gas tensions and pH 
increased significantly between 10 and 240 min; these variables 
did not differ between groups. 
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Our data demonstrate a relation between fetal hypoxia, hyper- 
carbia, acidosis, and limited glucose availability resulting from 

Gestation (days) 
Fig. 3. Fetal hepatic mitochondria1 NAD+/NADH. At 12 h after ligation, SGA fetuses had significantly diminished values while normals had 

unchanged values. Shams had intermediate values (p < 0.01). These differences were also apparent on d 19; after this, all groups had similar values. 
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Table 2. Concentrations of hepatic metabolites in fetal rats (pmollg liver) 

Gestational age (d) 

Baseline 12 h 

Lactate 
SGA 4.581 + 0.739 
Sham 4.498 t 0.642 
Normal 5.060 + 0.560 4.884 + 0.644 

Pyruvate 
SG A 0.223 r 0.0 19* 
Sham 0.173 r 0.019* 
Normal 0.1 59 t 0.036 0.130 _t 0.010 

Acetoacetate 
SGA 0.334 r 0.030 
Sham 0.322 + 0.056 
Normal 0.359 + 0.039 0.305 rt 0.018 

BOHB 
SG A 0.735 + 0.073* 
Sham 0.560 + 0.063* 
Normal 0.399 + 0.103 0.393 + 0.066 

* Indicates differences p  < 0.05 to <0.01. 
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Fig. 4. Fetal hepatic cytosolic NAD+/NADH. Twelve h after surgery, SGA fetuses had significantly elevated values, while shams had intermediate, 

and normal fetuses had values that did not differ from d-18 baseline (p  < 0.01). These relations were also apparent on d 19. Between d 19 and 20, 
SGA fetuses significantly increased cytosolic NAD+/NADH ( p  < 0.01), whereas sham and normal fetuses had similar values. Between d 20 and 21, 
sham and normal fetuses significantly increased cytosolic NADf/NADH ( p  < 0.01) so that their values were equivalent to SGA fetuses. 

maternal uterine artery ligation with alterations in hepatic ATP/ 
ADP, adenylate charge ratio, and mitochondria1 NAD+/NADH. 
Within 12 h of maternal anesthesia and surgery, these variables 
decreased greatly in SGA and to a lesser extent in sham fetuses. 
Cytosolic NAD+/NADH paradoxically increased. Had these 
variables not returned to a normal range on the latter days of 
gestation, the fetuses probably would not have survived. The 
ultimate effect of all of these alterations was to retard fetal growth. 
These relatively temporary changes in fetal hepatic energy and 
redox states in combination with hypoxia, hypercarbia, acidosis, 
limited glucose availability and other factors limited fetal growth. 

For 24 h after maternal surgery, the growth rates of SGA and 

sham fetuses were diminished equally. Between d 19 and 20, the 
growth of sham fetuses accelerated so that by d 20, the body wt 
of all three groups differed significantly. Primary among the 
variables responsible for this altered growth was the decreased 
provision of maternal glucose and altered gaseous exchange. The 
limitation of both variables was directly related to the growth 
retardation of the SGA and sham fetuses. The limited provision 
of glucose suggested by the static measurements of fetal and 
maternal glucose concentrations significantly decreased fetal 
plasma insulin concentrations. Inasmuch as insulin is important 
for stimulating fetal growth (14), its limitation in combination 
with limited glucose availability retarded fetal growth. This as- 
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Fig. 5. Relation between fetal hepatic ATPIADP and cytosolic NAD'INADH. These variables correlated directly for normal and sham fetuses 
considered together (solid line, r = 0.779, p < 0.01, y = 0.0007~ + 0.009). No relation between these variables was apparent in SGA fetuses (dashed 
line). 

Table 3. Fetal metabolic variables 

Gestational age (d) 

Baseline 12 19 20 2 1 

Fetal glucose (mg/dL) 
SG A 30.5 + 2.4* 33.5 r 4.0* 94.1 + 6.7 99.5 + 6.0 
Sham 40.0 + 2.3* 64.9 + 6.8* 93.0 + 5.5 97.1 + 4.9 
Normal 51.3 + 2.7 50.5 + 2.7 87.1 + 5.1 94.0 + 6.6 93.1 + 5.1 

Fetallmaternal glucose 
SGA 
Sham 
Normal 

Fetal glycogen (mg/g liver) 
SG A 10.4 k 3.1* 11.0 + 1.8* 18.3 + 3.5* 30.1 k 4.0 
Sham 15.2 + 2.9 17.1 k 1.1* 36.5 r 5.5 53.1 + 2.0 
Normal 10.3 t 3.2 14.6 + 3.0 25.6 + 3.1 35.6 t 6.6 51.2 + 4.1 

Fetal insulin (jLJ/mL) 
SGA 
Sham 
Normal 

Fetal glucagon (pg/mL) 
SG A 280.1 + 66.7* 460.5 + 80.9* 530.1 + 73.2* 558.3 r 69.1 
Sham 200.0 + 60.7 220.1 + 63.3 400.9 + 68.8 410.9 + 59.1 
Normal 180.9 + 61.5 190.0 + 71.3 228.5 + 68.9 390.7 + 67.9 399.7 + 69.9 

* Indicates differences p < 0.05 to <0.01. 

sociation between altered fetal growth and glucose and insulin 
availability has been reported in a number of species (15-17), 
and we (4) and others (1 8) have noted a similar decrease in the 
availability of this hormone in previous studies of the SGA rat 
fetus. The extreme limitation of gaseous exchange and glucose 
availability in SGA fetuses resulted in the most extensive altera- 
tions in hepatic energy, mitochondrial, and cytosolic redox states. 
Since energy and redox states are critical modulators of cellular 

metabolism, their alteration heightened the effects of limited 
insulin and glucose availability in retarding growth. The signifi- 
cant although lesser alteration in these variables in sham fetuses 
affected their growth to a less significant degree. 

Maternal ketogenesis could have affected determination of 
fetal hepatic redox state by this technique as ketones quite readily 
cross the placenta. We could not directly assess this possibility as 
our rapid killing technique precluded sampling of maternal blood 
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for ketones at the time that fetal livers were obtained. Plasma 
glucose concentrations did not differ between SGA, sham, and 
normal maternal rats in studies used for simultaneous maternal/ 
fetal plasma sampling. No differences were apparent even at 12 
h after surgery. Since glucose availability and ketogenesis are 
linked, this similarity suggests that ketone production did not 
differ among SGA, sham, and normal maternal rats. Thus, the 
conditions under which fetal hepatic redox state were determined 
were probably similar for all three groups. The fetal hepatic 
metabolite concentrations and energy and redox states in our 
study are similar to values reported by others for the fetal rat (5, 
11) and dog (19) in which the rapid killing technique was used. 
This method of fetal sampling is preferable to using anesthesia 
that can cause maternal hypoventilation (4) and result in artifac- 
tual changes in fetal redox and energy states (20). 

Another factor that could have contributed to the differences 
in fetal energy and redox states between groups is hepatic he- 
matopoiesis, a process that can be increased in the SGA fetus. 
Others have reported that hepatic hematopoiesis does not differ 
between SGA and normal fetal rats (2 I), and in previous studies 
we found that fetal hematocrit does not differ among SGA, 
sham, and normal fetuses (2,4). These observations and our 
study did not address the possibility that hematopoietic cell 
populations might differ between SGA and normal fetuses and 
that the energy and redox state of each population might be 
differently altered. 

Our studies could not determine the individual effect of de- 
creased gaseous exchange and limited glucose availability on 
energy and redox states. The static measurements of fetallmater- 
nal glucose ratios suggest that transplacental glucose was limited 
in the SGA and sham fetuses; others have demonstrated with 2- 
deoxyglucose that maternal uterine artery ligation decreases glu- 
cose flux (23). The delineation of the effect of these alterations 
on energy and redox states is made more difficult by the fact 
that gaseous exchange and glucose availability returned to nor- 
mal in SGA and sham fetuses on d 20. Previous studies have not 
fully characterized this relationship. Fetuses of maternal rats 
fasted for 96 h who have limited glucose provision but normal 
gaseous exchange have decreased hepatic ATP/ADP and aden- 
ylate charge ratios but normal redox states (5). However, fasting 
the pregnant dog significantly increases fetal lactate, AC, and 
BOHB concentrations and diminishes both fetal hepatic aden- 
ylate charge ratio and redox state (19, 24). Fetal rats rendered 
hypoxic and hypercarbic have both diminished hepatic energy 
and redox states (20), whereas graded hypoxia in the 2-d-old rat 
pup decreases hepatic adenylate charge ratio and mitochondrial 
and cytoplasmic redox states (22). Of note, these changes result 
from decreases in hepatic ATP and acetoacetate and increases in 
pyruvate concentrations. Similar changes in these variables were 
responsible for the altered energy and mitochondrial redox states 
in our SGA and sham fetuses. 

Whereas the relative effects of altered gaseous exchange and 
limited fuel availability upon redox and energy states cannot be 
absolutely identified, the effect of uterine artery ligation is ex- 
treme. The changes in energy and redox states of our SGA fetuses 
exceeded by three-fold the changes reported for the 2-d-old pup 
breathing 0% oxygen (22). However, the degree of diminution 
of ATP relative to ADP and AMP suggests that SGA and sham 
fetuses did not totally revert to anaerobic metabolism. Had this 
occurred, ADP and AMP should have increased to a greater 
extent than we observed. A greater reliance on anaerobic metab- 
olism would have resulted in certain fetal death. 

The severe changes in energy and redox states in the SGA and 
sham fetuses profoundly affected their growth, as both demon- 
strated significantly diminished growth patterns after surgery. 
This emphasizes the profound effect of maternal uterine artery 
ligation on fetal growth; it also points out that the maternal 
anesthesia and uterine manipulation or sham surgery are suffi- 
ciently traumatic to alter these cellular states and limit fetal 
growth. 

Two mechanisms could be responsible for the opposite re- 
sponses of mitochondrial and cytosolic redox states to maternal 
uterine artery ligation and sham surgery. Under normal circum- 
stances pyruvate enters the mitochondrion and is catalyzed to 
acetyl CoA by pyruvate dehydrogenase. Hypoxia inhibits this 
reaction and causes pyruvate to accumulate in the cytosol thereby 
increasing cytosolic NAD+/NADH. In confirmation of this pos- 
sibility, pyruvate concentrations were significantly increased in 
SGA and to a lesser extent sham fetuses. Another possible cause 
of the discordant cytosolic and mitochondrial redox states might 
have been the limited accumulation and increased breakdown 
of hepatic glycogen in SGA and sham fetuses. Glycogen deposi- 
tion was limited in part due to decreased glucose provision. In 
addition, the elevated plasma glucagon from d 18 to 21 and 
diminished insulin concentrations from d 18 to 20 limited gly- 
cogen accumulation and favored its breakdown. This generated 
hepatic pyruvate thereby increasing cytosolic NAD+/NADH. 

In adult animals, hepatic ATPIADP and adenylate charge 
ratios generally correlate directly with cytosolic NADf/NADH 
as a result of the equilibrium relation between cytosolic adenine 
and nicotinamide nucleotides (25). These relations were intact 
for our normal and sham fetuses. The lack of correlation in SGA 
fetuses probably resulted from the extreme alterations in gaseous 
exchange that decreased hepatic ATP and increased pyruvate 
concentrations. 

Newborn SGA pups had significantly diminished glucose con- 
centrations at 10 and 240 min of life. The fact that hepatic energy 
and redox states increased equivalently in all three groups sug- 
gests that these variables were not responsible for the hypogly- 
cemia in SGA newborns. The values for these variables are 
similar to those reported by others for normal rat pups (26-28). 
The limited hepatic glycogen concentrations in SGA pups di- 
rectly contributed to the hypoglycemia. In previous studies we 
found that the induction of hepatic phosphoenolpyruvate car- 
boxykinase, a key gluconeogenic enzyme, is delayed up to 240 
min in the newborn SGA rat pup (6) and is another major factor 
for the development of hypoglycemia. Thus, while considerable 
alterations of hepatic energy and redox states occur in utero, 
these are normal by term and do not contribute to the develop- 
ment of hypoglycemia. 

These studies indicate that the alterations in several physiologic 
variables resulting from uterine artery ligation or anesthesia alone 
affect hepatic energy and redox state. Our studies suggest that 
the extent of change of these vital metabolic functions is related 
to the degree of perturbation of gaseous exchange, pH, and 
glucose availability. Changes in all of these variables were im- 
portant for retarding fetal growth. 
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