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ABSTRACT. We have previously shown that the healthy 
fetal lamb liver does not release glucose and does not 
demonstrate gluconeogenesis. Shortly after birth, however, 
the liver releases glucose both by glycogenolysis and by 
gluconeogenesis. Previously it has been suggested that 
increased oxygen availability stimulates hepatic gluconeo- 
genesis at birth. To test this hypothesis, we increased fetal 
arterial blood p 0 2  by ventilating the fetus with high oxygen 
gas mixtures in utero. We placed intravascular catheters 
in the right or left hepatic vein, umbilical vein, inferior 
vena cava, and descending aorta and inserted a large poly- 
vinyl tube into the trachea of seven fetal lambs at 134 2 
2.2 days gestation. Studies were done several days after 
surgery. 14C-lactate was infused intravenously and I4C- 
glucose concentrations were measured in hepatic venous 
and umbilical venous blood during a control period, during 
ventilation with 5% COZ, 3% 02, 92% N2, and then during 
ventilation with 5% C 0 2  and 95% 02. The difference 
between these two measurements represented hepatic glu- 
coneogenesis. Arterial blood glucose concentrations and 
blood gases were also measured during each study period. 
Ventilation with 3% O2 did not significantly change arterial 
POZ but ventilation with 95% oxygen increased mean 
arterial p 0 2  from a control of 16.7 to 156.3 torr. Mean 
arterial blood glucose concentration increased significantly 
from a control of 11.9 to 17.6 mg/dl during ventilation with 
3% O2 and to 19.1 mg/dl during ventilation with 95% 02. 
However, the hepatic-umbilical venous '4C-glucose concen- 
tration difference was not significant when control values 
were compared with each ventilation period. We conclude 
that an acute increase in fetal oxygenation does not stim- 
ulate hepatic gluconeogenesis in near-term fetal lambs. 
(Pediatr Res 20: 532-535,1986) 

Abbreviations 

HV, hepatic vein 
UV, umbilical vein 

The liver of the fetal lamb is metabolically very active as 
evidenced by the large blood flow and oxygen consumption. 
However, as shown by Bristow et al. (I) there is no net uptake 
or release of glucose by the fetal liver, and recently we have also 
shown that there is no gluconeogenesis in the liver of the fetal 
lamb (2). The lack of glucose production by the liver is not 
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surprising, because glucose is delivered to the fetus from the 
mother through the placental circulation and fetal gluconeogen- 
esis would be metabolically extravagant. However, the lamb must 
activate hepatic gluconeogenesis within 24 h of birth because the 
maternal glucose supply is no longer available and glycogen 
stores are rapidly depleted. Stevenson et al. (3) have shown that 
the key gluconeogenic enzymes are present in fetal sheep at 
greater than adult levels at term. Warnes et al. (4) found that 
gluconeogenesis was active within 2 min after delivery of lambs 
by cesarian section but the actual mechanism that stimulates 
activity of the gluconeogenic pathway at birth is not known. 
There has been considerable speculation regarding control of this 
pathway by glucagon (5-8), thyroid hormone (9, lo), fatty acid 
oxidation ( I  l), postnatal hypoglycemia (l2), and oxygen availa- 
bility (4). The increase in oxygen availability is believed to be a 
likely mechanism but studies have not been done to test the 
theory in vivo. 

We have previously described a method for evaluating fetal 
liver metabolism in utero (13). Using this method in conjunction 
with placement of a tracheal tube to ventilate fetuses in utero, 
we sought to assess whether the increase in blood oxygen content 
after birth stimulates hepatic gluconeogenesis. 

METHODS 

Surgical preparation. Pregnant ewes with gestational age 128- 
135 days (term 145 days) were fasted for 24-42 h before surgery. 
Surgery was performed under epidural anesthesia with 2-4 ml 
1 % tetracaine hydrochloride. Ketamine (100 mg) was adminis- 
tered intravenously every 15-30 min for sedation. Local anes- 
thesia with 0.25% lidocaine hydrochloride was used for all fetal 
incisions. A continuous intravenous infusion of 10% dextrose in 
0.9% NaCl was given to the ewe throughout the surgery. 

In the ewe, polyvinyl catheters (2.3 mm outside diameter, 1.3 
mm internal diameter) were inserted into the pedal vein and 
artery and advanced into the inferior vena cava and descending 
aorta using techniques we have described previously. In the fetus, 
polyvinyl catheters (1.2 mm outside diameter, 0.75 mm internal 
diameter) were inserted into the descending aorta, the umbilical 
vein, the inferior vena cava, and either the right (n = 2) or the 
left (n = 5) hepatic vein by previously described methods (13). 
Briefly, a 3- to 4-cm incision was made in the uterine horn over 
a fetal hind limb. Catheters were inserted into a fetal pedal vein 
and artery and advanced to the descending aorta and the inferior 
vena cava. The amnion was then separated from the allantoic 
membrane to expose a large umbilical vein along the mesenteric 
border of the uterus. A small cotyledonary tributary entering this 
vein was isolated, and a catheter was introduced via the cotyle- 
donary vein and advanced 12- 15 cm into the larger umbilical 
vein. The position of the fetal right chest was then identified by 
palpating the spine and ribs, and the uterus was extracted further 
to expose this area. A right thoracotomy was performed through 
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the eighth intercostal space and the right lung was retracted, 
exposing the diaphragm and inferior vena cava. The inferior 
vena cava was punctured through a purse-string suture just 
caudal to the entry of the diaphragmatic vein, and a catheter was 
then advanced either into the right hepatic vein (slightly ventral 
and to the right) or into the left hepatic vein (ventral and to the 
left). In addition, a tube was placed in the fetal trachea by 
exposing the trachea through a 2-cm incision on the side of the 
neck. The trachea was ligated at its cranial end. A small incision 
was made into the lumen, and a no. 12F polyvinyl tube was 
inserted so that the tip was positioned just beyond the clavicle. 
The tube was tied in position and immediately clamped off so 
that no lung fluid was lost. All catheters were exteriorized to the 
maternal flank, and the tracheal and amniotic cavity tubes were 
joined with a metal connector. 

After surgery, the ewes recovered for at least 3-5 days before 
study, and were fed a standard diet of alfalfa pellets. All vascular 
catheters were flushed daily and filled with heparin solution (1 
mg/ml). Antibiotics (penicillin, 1,000,000 U and kanamycin, 
400 mg) were administered intravenously to the ewe and were 
instilled into the amniotic cavity daily. 

EXPERIMENTAL PROTOCOL 

On the day of study, the ewe was placed in a metabolic study 
cage and allowed access to alfalfa pellets and water. 

A blood sample (0.5 ml) was drawn from the fetal descending 
aorta and analyzed for pH, hemoglobin concentration, and blood 
gases. Then, a bolus of I4C-lactate (40-50 fiCi, New England 
Nuclear, 150- 170 mCi/mmol) was injected into the fetal inferior 
vena cava. The bolus was followed by an infusion of I4C-lactate 
(30-50 pCi/h, 0.1 ml/min). At 30 and 60 min after the I4C- 
lactate bolus had been injected, blood samples (1.8 ml) were 
withdrawn from the fetal descending aorta, umbilical vein, and 
hepatic vein, and from the maternal artery for analysis of glucose, 
lactate, and 14C-glucose concentration and pH, hemoglobin con- 
centration, and blood gases. 

The tracheal catheter was then disconnected from the amniotic 
catheter and allowed to drain lung fluid. We used a 3-way adaptor 
to ventilate the fetus manually with a gas mixture of 3% 02, 5% 
C02, and 92% N2 at a rate of 40-50 breathslmin. Inspiratory 
pressure was regulated by flow rate and end-expiratory pressure 
by manual pressure at the adaptor. Inspiratory pressures were 
not measured at the tracheal level. The pressure measured in the 
ventilated tube outside the maternal abdomen had peak in- 
spiratory levels of 30-40 mm Hg and end-expiratory levels of 6- 
10 mm Hg. Minor adjustments in the gas concentrations were 
made so that fetal arterial blood gases were maintained close to 
control valves. Ventilation was continued for 15 min and blood 
samples were then drawn as in the control period. The gas 
mixture was then changed to 5% C 0 2  and 95% O2 and ventila- 
tion was continued for 15-55 min (mean 32 min) and blood 
samples were again drawn. Blood gases were measured frequently 
during this period and blood samples were drawn when the fetal 
arterial p02  had increased significantly from control values. 

All blood withdrawn from the fetus was immediately replaced 
with an equal volume of donor fetal blood or, if this was not 
available, with maternal blood. 

Seven fetal sheep were studied on the 1st day and five of these 
fetuses were still alive 24 h after the study. The remaining two 
fetuses were delivered by cesarean section after the study was 
completed. One of these developed a right pneumothorax after 
delivery, and died within 30 min. The other fetus breathed 
spontaneously and had normal newborn blood gases after 1 h. 

MEASUREMENTS 

Blood glucose and lactate concentrations were measured in 
duplicate by enzymatic methods (Sigma Co.). Reproducibility of 
results is within 2% in our laboratory. 

I4C-glucose radioactivity was measured by the radiochemical 
method described by Hay et al. (14). Briefly, aliquots of depro- 
teinized blood were mixed either with glucose oxidase or with 
deionized water, and were then passed through anion exchange 
columns (Aminex 1-X8, 100-200 mesh, Bio-Rad). Blood samples 
mixed with glucose oxidase eluted small amounts of glucose, 
glucose being retained on the column as gluconate (95-99% 
retention). Blood samples without glucose oxidase eluted 95- 
99% glucose. The samples were evaporated to dryness and were 
then resuspended wtih deionized water. Radioactivity was meas- 
ured in a 0 liquid scintillation counter (Beckman). The difference 
between the counts (dpm/ml) from the two columns yielded the 
amount of radioactive glucose in the blood sample. All results 
were corrected for the percentage retention and for percentage 
recovery of a known amount of 14C-glucose analyzed during each 
assay. Because nearly 95% of the I4C-lactate was retained by the 
columns, the actual I4C-radioactivity obtained in each aliquot 
was small (30-60 cpm) and so the SD of each 14C-glucose 
measurement was quite large ( 10-25 %). 

Total I4C-radioactivity (substrates and glucose) in each blood 
sample was measured by adding 1 ml of a 1:l solution of 
isopropanol and Soluene-350 (Packard Instrument Co.) to 0.1 
ml of whole blood. After denaturation (24 h), 0.5 ml of 3% 
hydrogen peroxide was added to each sample. Ten ml of Scintiv- 
erse I1 was then added and the dpm were counted in a P liquid 
scintillation counter. 

Oxygen saturation and hemoglobin concentration were meas- 
ured by a Radiometer hemoximeter (OSM2). Blood gases were 
measured using a Corning blood gas analyzer. 

CALCULATIONS 

Hepatic gluconeogenesis. During I4C-lactate infusion, the total 
I4C-radioactivity in the blood samples remained fairly constant 
over the 2- to 3-h study period; the mean variability over time 
was 18.2%. To assess any changes in hepatic gluconeogenesis 
during ventilation and oxygenation, we compared the difference 
in 14C-glucose and glucose concentrations measured in the HV- 
UV during the control period to that measured during the 
ventilation periods. Because measurements of blood flow were 
not considered, we determined this measure of hepatic glucone- 
ogenesis only and did not measure rates of hepatic glucose 
production. 

Statistical analysis. Differences between measurements in the 
control, ventilated, and ventilated/oxygenated periods were ana- 
lyzed by the paired t test. Correlation between measurements 
was done by linear regression analysis. Significance was consid- 
ered at the p < 0.05 level. 

RESULTS 

We studied seven fetal lambs at a mean gestational age of 134 
+ 2 days (range 130-1 37 days), and at 2-3 days postoperatively. 
They weighed 3350 + 796 g and at the time of study had mean 
arterial pH 7.36 + 0.08, p02  16.7 + 2.8, pco2 54.3 + 5.6, oxygen 
saturation 40.2 + 1 1.1 %, hemoglobin concentration 1 1.9 f 1.9 
g/dl, lactate concentration 25.5 * 17 mg/dl, and glucose concen- 
tration 1 1.9 + 2.6 mg/dl (Table I). One fetus (no. 7) was acidotic 
with high lactate concentration at the beginning of the study and 
remained acidotic but stable throughout the study. No abnor- 
malities were detected at autopsy. 

Arterial blood gas changes during ventilation (3% 02, 5% CO2, 
92% N2) and during ventilation/oxygenation (95% 02, 5% C02) 
are shown in Table 1. There were no significant changes in fetal 
blood gases with ventilation alone. Ventilation with 95% 02, 
however, caused a significant increase from control values in 
arterial p02  (16.7 + 2.8 to 156.3 + 96.1 torr, p < 0.005) and in 
oxygen saturation (40.2 + 11.1 to 96.3 + 7.5%, p < 0.005). The 
increase in p 0 2  varied considerably; fetus 5 showed an increase 
from 15.1 to 33.5 tom whereas fetus 4 increased p02  dramatically 
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Table I 

Sheep 
no. 

. Fetal gestational age and wt, and arterial blood gases and oxygen saturation obtainedfrom the descending aorta of seven 
fetal lambs during the control period, during ventilation, and during ventilation/oxygenation* 

Control Ventilation Ventilation/oxygenation 

Gestational Wt % % % 
age (days) (g) pH pco2 p02  Saturation pH pco2 p02 Saturation pH pc02 pO2 Saturation 

135 2415 7.39 53.4 18.2 49.2 7.38 49.8 20.3 56.6 7.33 51.7 283 102.3 
135 3290 7.39 44.9 22.4 59.9 7.33 44.4 23.4 57.0 7.29 50.8 151.7 100.4 
133 3005 7.39 55.4 15.4 43.1 7.40 50.7 15.0 37.2 7.46 40.0 181 96.1 
133 2845 7.38 53.7 14.8 30.5 7.37 53.2 17.9 34.5 7.37 50.8 271.2 98.1 
135 3265 7.38 58.9 15.1 32.8 7.33 60.5 15.7 31.0 7.28 65.7 33.5 80.0 
130 3730 7.41 51.5 15.0 34.0 7.39 51.0 17.0 47.0 7.30 60.0 107 100.0 
137 4900 7.18 62.6 16.3 31.8 7.13 56.6 24.4 53.7 7.19 60.0 66.7 97.1 

Mean 134 3350 7.36 54.3 16.7 40.2 7.33 52.3 19.1 45.3 7.32 54.1 156.3 96.3 

(& SD) (2.2) (796) (0.08) (5.6) (2.8) (1 1.1) (0.09) (5.16) (3.7) (1 1.0) (0.08) (8.5) (96.1) (7.5) 

* Blood samples were drawn from the fetal descending aorta during the control period. The fetal tracheal catheter was then disconnected from 
the amniotic catheter and allowed to drain lung fluid. The fetal lungs were manually ventilated with a gas mixture of 3% 02, 5% COz, and 92% NZ 
at a rate of 40-50 breathslmin. Ventilation was continued for 15 min and blood samples were then drawn as in the control period. The gas mixture 
was then changed to 5% C02, 95% 02 ,  and ventilation was continued for 15-55 min (mean 32 min). Blood samples were drawn when fetal arterial 
p02  had increased significantly from control values. 

Table 2. Glucose (Glu) and lactate (Lact) concentrations (mgldl) and HV-UV 14C-glucose and glucose concentration dzfference (HV- 
UI/)  during the control period, during ventilation, and during ventilation/oxygenation in seven fetal lambs 

Sheep 
no. 

Control 

(C Glu) 
(Lact) HV-UV 

(mgldl) (dpmlml) 

11.8 194.5 
12.9 -51.5 
23.7 -31 
21.5 65 
15.0 -98 
33.0 50 
60.1 3 14 

(Glu) 
HV-UV 
(mgldl) 

-0.2 
0.5 
0.3 
0 

-0.1 
0.9 
0.8 

Ventilation 

(C Glu) 
(Lact) HV-UV 

(mgldl) (dpmlml) 

24.5 298 
25.1 237 
26.8 -25 
21.5 -18 
20.3 426 
31.0 139 
77.6 189 

(Glu) 
HV-UV 
(mgldl) 

18.8 
7.2 
1.7 

-0.2 
9.4 
7.6 
3.5 

(C Glu) (Glu) 
(Glu) (Lact) HV-UV HV-UV 

Mean 11.9 25.5 63.3 0.3 17.6 32.4 178 6.9 19.1 34.1 139 2.2 

(& SD) (2.6) (17) (146) (0.4) (4.8) (20.2) (163) (6.3) (6.5) (21.8) (269) (1.6) 

from 14.7 to 271.2 ton. All fetuses had increases of arterial 
oxygen saturation to greater than 80% (Table 2). 

The HV-UV difference in I4C-glucose concentration was not 
significantly different from control during either the ventilation 
period or the ventilation/oxygenation period (Table 2). In addi- 
tion, there was no difference in the HV-UV 14C-glucose concen- 
tration when the ventilation/oxygenation period was compared 
with the ventilation period. During all three study periods, the 
I4C-glucose concentration in all blood samples was small (200- 
800 dpm/ml) when compared with the total '4C-radioactivity 
(12,000-33,000 dpm/ml). We have previously shown that, given 
these concentrations, gluconeogenesis is negligible (2). 

Although there was no evidence of hepatic gluconeogenesis, 
arterial glucose concentration, as well as the hepatic arteriove- 
nous glucose difference (HV-UV glucose) increased significantly 
from control during both ventilation and ventilation/oxygena- 
tion (Table 2). However, there was no difference in glucose 
concentration when the ventilation/oxygenation period was 
compared to the ventilation period, nor was there any correlation 
between glucose concentration and p02  during any of the study 
periods. 

Lactate concentration also increased significantly from control 
during both the ventilation and ventilation/oxygenation periods. 
There was, however, no difference in lactate concentration when 
the ventilation period was compared to the ventilation/oxygen- 
ation period. 

DISCUSSION 

Our results show that neither physical expansion of the lungs 
nor an increase in arterial oxygen saturation stimulates hepatic 
gluconeogenesis in fetal lambs near term. 

Warnes et al. (4) injected I4C-lactate intravenously into fetal 
lambs and noted no 14C-glucose production until 2 min after 
delivery by cesarean section. 14C-glucose production was delayed 
in prematurely delivered lambs until breathing was established 
and their blood was fully oxygenated. Previous studies in young 
rats (15) had noted that hepatic gluconeogenesis decreased when 
the animals were made moderately hypoxic. Based on these 
studies, Warnes et al. (4) speculated that oxygenation could 
stimulate hepatic gluconeogenesis in newborn animals by altering 
the redox potential of the hepatocyte. Cuezva and Medina (16) 
studied the effects of changes in oxygen supply on utilization of 
metabolic fuels in newborn rats and found that increasing the 
oxygen supply to the tissues enhanced hepatic utilization of 
lactate, alanine, and glucose while the rate of glycogenolysis 
remained the same. Kashiwagura et al. (17) studied the depend- 
ency of gluconeogenesis on oxygen concentration in isolated rat 
hepatocytes and found that as the oxygen concentration de- 
creased to less than 20 pM, gluconeogenic activity was reduced. 
Based on these three studies, if gluconeogenic activity were to be 
stimulated by increased oxygen availability at birth, one would 
expect hepatic oxygenation to increase at birth. However, the 
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newborn liver actually has decreased blood supply and receives 
less oxygen than the fetal liver since the well-oxygenated umbil- 
ical venous supply is abruptly discontinued at birth (1  8). It is not 
surprising, then, that our results show that oxygenation alone 
does not stimulate hepatic gluconeogenesis in fetal lambs. How- 
ever, many metabolic and physiologic changes occur during the 
birth process and it is possible that oxygenation may serve as a 
necessary cofactor in triggering the gluconeogenic pathway. 

The isotope methodology we used to measure gluconeogenesis 
relies on a steady state of labeled lactate. Chiasson et al. (19) 
used similar methodology to measure glucose production from 
alanine in adult humans. They observed that it is difficult to 
obtain an absolute steady state and the variability of labeled 
alanine concentration over 10-100 min was 6%. In our studies, 
variability from 15-180 min after beginning the infusion was 
18.2%. Furthermore, it is likely that some of the labeled carbon 
from lactate could cross into the tricarboxylic acid cycle, and 
some labeled carbon that has passed into this cycle may then 
transfer back into the gluconeogenic pathway. There may there- 
fore be some error in the calculation of gluconeogenesis from 
lactate; the amount of glucose formed is probably underestimated 
to some extent because of loss of labeled carbon cycling in the 
tricarboxylic acid cycle. 

Arterial glucose concentrations and the hepatic arteriovenous 
glucose difference (HV-UV glucose) did increase significantly 
with ventilation and remained elevated when oxygenation was 
added. Because there was no evidence that this glucose produc- 
tion resulted from hepatic gluconeogenesis, it must have been 
caused by glygogenolysis. Bristow et al. ( I )  reported hepatic 
glucose production during acute hypoxia in fetal lambs, but our 
fetuses were either normoxic or hyperoxic during the studies. It 
is possible that hormonal changes occurring during either hypox- 
emia or ventilation stimulate hepatic glycogenolysis. We did not 
measure hormonal concentrations during these studies, but at 
birth, concentrations of catecholamines, glucagon, and cortisol 
increase dramatically, and ventilation could be one of the stimuli. 
Another stimulus of hepatic glycogenolysis could be a change in 
hepatic blood flow. During ventilation and oxygenation it is 
likely that hepatic blood flow decreases because umbilical blood 
flow may be reduced. Although it is only speculative, decreased 
hepatic blood flow, which is known to occur at birth as well as 
during fetal hypoxemia, may stimulate hepatic glycogenolysis. 

Alternative mechanisms that may stimulate hepatic glucone- 
ogenesis at birth include hormonal surges, surges in catechol- 
amines, increased fatty acid oxidation, and postnatal hypogly- 

cemia. These mechanisms all require further investigation and 
may be studied in utero with this model. 
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