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Fetuses of women whose diabetes is poorly controlled often 
exhibit hypoxemia and elevated catecholamine concentrations at 
birth. In the ovine fetus, experimental hyperinsulinemia results in 
hypoxemia, elevated catecholamine concentrations, and hemo- 
dynamic changes. Limited oxygen availability occurring during 
pregnancy-related complications and/or delivery may present an 
additional risk to the hyperinsulinemic fetus. In this study, we 
tested the hypothesis that hypoxia induced via acutely limiting 
oxygen availability compromises the hemodynamically and met- 
abolically stressed but compensated hyperinsulinemic ovine fe- 
tus. Fetuses receiving insulin (n = 8) or placebo (n  = 5) for 48 
h were exposed to maternally induced hypoxia. Hypoxic hypoxia 
was associated with a surge in catecholamines in the hyperinsu- 
linemic fetuses. During hypoxia, this group exhibited insulin- 
related sustained increases in the combined ventricular output 
and fetal body blood flow, accentuation of the prior insulin- 
related increase in blood flow to the heart, decreased systemic 

oxygen delivery, accentuation of the insulin-related increased 
oxygen extraction, reductions in the insulin-related increased 
systemic oxygen uptake, sustained increases in regional oxygen 
delivery to the heart and adrenal glands, reductions in the insulin- 
related increased delivery to the carcass, and decreased oxygen 
delivery to the kidneys and gastrointestinal tract. We conclude 
that, in the hyperinsulinemic ovine fetus, hypoxic hypoxia atten- 
uates the hyperinsulinemia-mediated increased systemic oxygen 
uptake. Regional oxygen transport is preserved to vital regions 
(brain, heart, and adrenal glands) by increased perfusion and 
compromised to certain other regions (kidneys and gastrointes- 
tinal tract), because the increases in perfusion are insufficient to 
offset the limited oxygen availability. (Pediatr Res 38: 67-75, 
1995) 

Abbreviation 
Vo,, oxygen uptake 

Infants born to women with poorly controlled diabetes mel- 
litus have an increased incidence of in utero hypoxemia (I), 
perinatal asphyxia (2), hypertrophic cardiomyopathy (3, 4), 
elevated catecholamine concentrations at birth (5), and perina- 
tal mortality, including unexpected sudden fetal death (3). 
Hyperinsulinemia has been implicated as a major factor in the 
pathogenesis of many of these morbidities (3). In the ovine 
fetus, experimental hyperinsulinemia results in hypoxemia (6- 
12), elevated catecholamine concentrations (11, 12), and he- 
modynamic changes (6, 9, 11, 12), simulating several of the 
abnormalities observed in infants of diabetic mothers. 

Superimposed hypoxia resulting from abruptio placenta, 
cord entrapment, and/or difficult or prolonged labor and deliv- 
ery might present an additional life-threatening risk to the 
hyperinsulinemic fetus. In the ovine fetus, we (12) and others 
(6) have previously demonstrated that experimental hyperin- 

sulinemia results in increased combined ventricular output, and 
blood flow to the heart, adrenal glands, gastrointestinal tract, 
kidneys, and carcass. In contrast, experimental fetal hypoxia, 
without hyperinsulinemia, results in increased blood flow to 
the fetal brain, heart, and adrenal glands, and in decreased 
blood flow to the spleen and kidneys (13, 14). Experimental 
hyperinsulinemia and isolated hypoxemia both result in 
elevations of fetal catecholamine concentrations (11, 12, 
15-17). 

Thus, although experimental hyperinsulinemia results in 
hemodynamic changes with increased perfusion to vital and 
metabolically active organs (9), superimposed hypoxia may 
limit oxygen availability to these and other vital fetal tissues. In 
the present study, we tested the hypothesis that hypoxia in- 
duced via acutely limiting fetal oxygen availability compro- 
mises the hemodynamically and metabolically stressed but 
compensated hyperinsulinemic ovine fetus.' To study the patho- 
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METHODS 

This study was conducted after approval by the Institutional 
Animal Care and Use Committee of Brown University and 
Women and Infants' Hospital of Rhode Island and in accor- 
dance with the National Institutes of Health Guidelines for use 
of experimental animals. 

Animal preparation. Surgery was performed on 13 mixed 
breed pregnant ewes at 120-126 d of gestation as previously 
described (10, 12). Polyvinyl catheters were placed in the 
following fetal vessels: inferior vena cava via the saphenous 
vein for continuous insulin or placebo infusion, the contralat- 
era1 saphenous vein for radionuclide-labeled microsphere ad- 
ministration and fetal blood replacement, superior vena cava 
via the jugular vein for radionuclide-labeled microsphere ad- 
ministration, carotid artery for upper body reference sample 
blood withdrawal and blood sampling, distal aorta via the tibial 
artery for lower body reference sample withdrawal, the aorta 
via contralateral tibial artery for continuous blood pressure and 
heart rate monitoring, and the umbilical vein, via one of its 
branches in the allantoic sac, for blood sampling. An amniotic 
fluid catheter was placed for pressure monitoring to correct the 
fetal arterial and venous pressures. A femoral artery catheter 
was also placed in the ewe. Catheter care and treatment of the 
ewes was as previously described (10, 12). 

Four to nine days after surgery the fetal sheep were assigned 
to insulin-infused hypoxic (n = 8) or placebo-infused hypoxic 
(n = 5) groups. The number of singleton and twin gestations 
were similar between groups. When a twin gestation was 
present, one fetus was studied. Studies were performed at 
127-133 d of gestation, when the fetal pH was 27.30 and a 
Pao, 2 16 mm Hg at 37°C. 

Experimental protocol. The ewe was brought to the labora- 
tory in a cart 2 h before the onset of each study. The study 
consisted of three measurements periods, before fetal infusion 
(baseline), after 48 h of insulin or placebo infusion, and during 
continued infusion and exposure to hypoxia for 1 h, induced by 
decreasing the maternal inspired oxygen concentration. During 
each study period, fetal umbilical venous and arterial oxygen 
content and whole blood glucose concentrations, fetal arterial 
pH, blood gases, Hb, plasma insulin and catecholamine, and 
whole blood lactate concentrations and hemodynamic variables 
including heart rate, mean arterial blood pressure, combined 
ventricular output, and regional fetal blood flow were mea- 
sured. Maternal arterial blood samples were also obtained for 
pH, arterial blood gases, plasma glucose, insulin, and lactate 
concentrations. 

After obtaining the baseline determination, a continuous 
fetal i.v. infusion of insulin (26 u.day-l, Iletin 11, Eli Lilly, 
Indianapolis, IN) or diluent was begun at a rate of 5 ml.day-l, 
as previously described (9, 11, 12). After 48 h of infusion, the 
measurements were repeated. To achieve equivalent reductions 
in fetal arterial oxygen content values in both groups, blood 
gases, and oxygen saturation were periodically measured, and 
the gas mixture (8-10% oxygen, 4% carbon dioxide, and 
86-88% nitrogen) of the ewe was adjusted accordingly. Blood 
withdrawn for study sampling was replaced with hematocrit- 
matched blood from a donor fetus of similar gestational age. At 

the conclusion of the period of hypoxia, the ewe and the fetus 
were then killed (T61 Hoechst-Roussel Agri-Vet, Summer- 
ville, NJ) and an autopsy performed to ascertain catheter 
placement and to procure fetal tissues. 

Methodology and analytic methods. Combined ventricular 
output and regional fetal blood flow were measured as previ- 
ously described (12, 18) using microspheres 15 p m  in diameter 
labeled with one of the following radionuclides: 4 6 ~ ~ ,  %r, 
5 7 ~ ~ ,  95Nb, I o 3 ~ u ,  or 'l3sn (Dupont NEN, Boston, MA). 
Approximately 1 X lo6 of two different radionuclide-labeled 
microspheres were simultaneously injected into the inferior 
and superior vena cavae while reference samples of arterial 
blood were being withdrawn from the carotid artery and lower 
abdominal aorta. Combined ventricular output and blood flow 
to the fetal organs were determined on carbonized tissue 
according to established techniques (9, 12, 18). Radioactivity 
of the samples were measured on a y scintillation spectrometer 
with a Tracor analytic sample changer (model 1185, Elk Grove 
Village, IL), connected to a Canberra 4203 multichannel pulse- 
height analyzer (Meridian, CT). Blood flow was calculated 
using the least-squares method on a Macintosh computer 
(Apple Computer, Cupertino, CA) with correction for back- 
ground counts, isotope decay, and spillover counts as follows: 

tissue cpm 
Blood flow = 

reference cpm 

X rate of withdrawal of reference sample 

All blood and tissue samples contained sufficient numbers of 
microspheres to assure accuracy of the blood flow determina- 
tions to +5% (18). Combined ventricular output was calcu- 
lated by summation of blood flow to the individual organs and 
carcass. The carcass represented the remainder of the fetal 
tissues after the organs had been removed and included mostly 
skeletal muscle, cartilage, bones, and skin. 

Heart rate and mean arterial and amniotic fluid pressures 
were continuously measured using standard techniques (9, 12). 
Blood gases and pH were measured on a Corning blood gas 
analyzer (model 165, Corning Scientific, Medford, MA), Hb 
concentration and saturation on a Radiometer Hemoximeter 
(model OSM,, Copenhagen, Denmark), oxygen content in 
duplicate on a Lex-0,-Con (Lexington Instruments, Waltham, 
MA), whole blood or plasma glucose in duplicate by the 
hexokinase method (19), plasma insulin in duplicate by a 
double-antibody RIA (20), and plasma epinephrine and nor- 
epinephrine concentration in duplicate by high pressure liquid 
chromatography using an electrochemical detection method 
(11, 21). The coefficient of variation between assays for nor- 
epinephrine was 9.5% and for epinephrine 9.4%. The lower 
limit of sensitivity for this assay was 30 pg for norepinephrine 
and 15 pg for epinephrine. The recovery of catecholamines 
from plasma was 80%. 

Computations and data analysis. Fetal oxygen delivery, 
extraction and uptake were calculated with modifications of 
Fick principle: 

Oxygen delivery = placental blood flow 

X umbilical venous oxygen content 
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Oxygen uptake (vo,) = placental blood flow ables were not observed before exposure to hypoxia. During 
hypoxia in both groups, fetal arterial pH, oxygen tension, and 

X umbilical venous-arterial oxygen content content values decreased, whereas carbon dioxide tension in- 
creased. The hypoxia-related decrease in arterial oxygen ten- 

Oxygen extraction ratio = oxygen uptakeldelivery sion was greater in the placebo- than in the insulin-infused 

Similar equations were used for glucose delivery, uptake and 
extraction. Blood flow to the individual fetal organs were 
expressed as milliliters .min-'- 100 g-l wet tissue weight. 
Oxygen delivery to fetal tissues were calculated using the 
appropriate upper or lower body oxygen content values. Fetal 
body and placental and combined ventricular output resistances 
were calculated by subtracting the appropriate venous pres- 
sures from the arterial pressure both corrected for amniotic 
fluid pressure and divided by the appropriate blood flow. 

Analvsis of variance for reoeated measures was used to 
examine for significant differences within or between the two 
study groups. If a significant difference was found within either 
the insulin- or placebo-infused groups by analysis of variance, 
Neumann-Keulspost hoc testing was used to detect statistically 
significant differences among the three measurement periods. 
When a significant difference was found between the two 
groups, an unpaired t test with the Bonferroni correction was 
used to detect differences at specific measurement periods. An 
F test for interactions was used to detect differences between 
the two groups over the three study periods. Linear regression 
analysis was also used to compare blood flow to the heart with 
the plasma catecholamine concentrations during insulin and 
placebo infusion with hypoxia, expressed as change from the 
insulin and placebo infusion values (see Fig. 4). All data were 
expressed as mean +- SEM. p < 0.05 was considered statisti- 
cally significant. 

RESULTS 

The pH, blood gas, oxygen content, Hb, heart rate, and 
arterial blood pressure values, at baseline, before insulin or 
placebo infusion, were within the normal range for fetal sheep 
of this gestational age and were similar between the groups 
(Table 1). During insulin infusion, arterial oxygen tension and 
content values decreased, and carbon dioxide tension in- 
creased. In the placebo-infused group, changes in these vari- 

Table 1. Fetal arterial and hemodynamic 

group. Arterial oxygen content values were similar during 
hypoxia between the groups. The Hb concentration did not 
change in either group. After 48 h of infusion, fetal heart rate 
was higher in the insulin- than placebo-infused group, and 
mean arterial blood pressure decreased in the insulin-infused 
group. Changes were not observed in these variables in the 
placebo-infused fetal sheep. 

The increase in plasma insulin concentration was similar 
during insulin- and insulin-infusion with hypoxia (Table 2) and 
did not change in the placebo-infused group. Whole blood 
glucose concentration decreased in the umbilical vein and fetal 
artery during insulin and insulin infusion with hypoxia, did not 
change significantly during placebo infusion and increased 
during placebo infusion with hypoxia. However, there was an 
unexplained nonsignificant increase in umbilical venous glu- 
cose concentration after 48 h of placebo infusion. Arterial 
lactate concentrations did not change significantly during in- 
sulin and insulin infusion with hypoxia or placebo infusion, 
whereas significant increases were observed with hypoxia 
alone. 

Baseline pH, 7.47 + 0.03, Pao,, 13.72 + 0.76 kPa, Paco,, 
4.56 + 0.12 kPa, glucose, 2.4 + 0.21 rnmol.L-', insulin, 33 f 
15 p ~ . m ~ - l ,  lactate, 0.95 +- 0.09 mmol.L-', heart rate, 110 
+ 6 beats.rninp1, and mean arterial blood pressure, 90 + 4 
mm Hg values of the ewes were within the normal range and 
similar between the groups. The expected hypoxia-related 
reductions ( p  < 0.05) in arterial oxygen tension in the ewes 
were also similar between the groups. During hypoxia, the 
increases in heart rate, 130 ? 20 from a baseline of 110 + 6 
beats .mif l ,  and lactate, 1.1 ? 0.08 from a baseline of 0.95 + 
0.09 m r n o l . ~ ~ ' ,  in the ewes, whose fetuses received the insulin 
infusion, were not statistically significant ( p  > 0.05). Signifi- 
cant changes in mean arterial blood pressure, insulin and 
glucose concentrations from baseline were not observed during 
the studies in the ewes. Catheter malfunction (n = 2) precluded 

values for study groups by study period 

Insulin infusion Placebo infusion 

Baseline Without hypoxia With hypoxia Baseline Without hypoxia With hypoxia 

Time (h) 

P" 
Pao, (kPa) 
Paco, (kPa) 
Base excess (mEq.L-I) 
Oxygen content (mmo1.L-') 
Hemoglobin (g.L-') 
Heart rate (beats.min-') 
Mean arterial blood pressure (mm Hg) 

Values are means i SEM; mm Hg = kPal0.133; insulin infused group n = 8, placebo-infused group n = 5. 
* p < 0.05 vs baseline within each group. 
t p  < 0.05 vs insulin or placebo infusion (time = 48 h) within each group. 
tt p < 0.02 vs placebo-infused group for the same study period by unpaired t test with the Bonferroni correction. 
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Table 2. Fetal plasma insulin, whole blood nlucose, and lactate concentrations for study nrouns by studv period 

Insulin infusion Placebo infusion 

Baseline Without hypoxia With hypoxia 

Time (hours) -1 48 49 
Insulin (Ln, p ~ . m ~ - ' ) "  3.00 2 0.35 5.50 i 0.41* 5.49 t 0.38* 
Glucose (mmo1.L-') 

Umbilical veina 0.85 t 0.09 (7) 0.56 t 0.07* tt (7) 0.58 2 0.05* (7) 
Fetal arteryn 0.69 t 0.08 0.32 2 0.04* tt 0.37 2 0.06* 

Lactate (mmo1.L-') 
Fetal artery" 1.18 t 0.08 1.25 2 0.12 1.62 2 0.12 

Baseline Without hypoxia With hypoxia 

-1 48 49 
3.05 2 0.37 3.28 2 0.22 2.89 2 0.25 

Values are mean t SEM; insulin-infused group n = 8, placebo-infused group n = 5, unless otherwise indicated in parenthesis; Ln = natural logarithm. 
" p  < 0.05 refers to designated variables over time by F test for interactions vs placebo-infused group, baseline values were similar between groups. 
* p  < 00.5 vs baseline within each group. 
t p  < 0.05 vs insulin or placebo-infusion (time = 48 h) within each group. 
t i p  < 0.02 vs placebo-infused group for the same study period by unpaired t test with the Bonferroni correction. 

u ~ a s e l i n e ,  m ~ l a c e b o  or Insulin Infusion, 
P l a c e b o  or lnsulin Infusion + Hypoxia. 

INSULIN PLACEBO 

Figure 1. Fetal arterial plasma epinephrine and norepinephrine concentra- 
tions (Ln = natural logarithm) in the insulin- (n = 8) and placebo-infused 
(n = 5) groups. Open bars designate baseline values, before insulin or placebo 
infusion; hatched bars designate values during insulin or placebo infusion; and 
solid bars designate values during insulin or placebo infusion with hypoxia. * p  
< 0.05 between values indicated by brackets for within group comparisons; 
+ +p < 0.05 vs placebo-infused group for same study period, A p  < 0.05 
refers to the ordinate axis over time by F test for interactions vs placebo- 
infused group, baseline epinephrine, and norepinephrine values were similar 
between the groups. 

accurate statistical analysis in the ewes, whose fetuses received 
the placebo infusion. 

After 48 h of insulin and insulin infusion with hypoxia, 
epinephrine and norepinephrine concentrations increased sig- 
nificantly (Fig. 1). During insulin infusion, epinephrine and 
norepinephrine concentrations were significantly higher than 
during placebo infusion. The increase in norepinephrine was 
greater during insulin infusion with hypoxia than with infusion 
alone. In the placebo-infused group, norepinephrine concen- 
trations increased significantly during hypoxia. The pattern of 
norepinephrine response in the insulin-infused differed signif- 
icantly from that of the placebo-infused group during the study 
periods. Baseline epinephrine and norepinephrine concentra- 
tions were similar between the insulin- and placebo-infused 
groups. Although norepinephrine concentration was higher in 
the insulin-infused compared with the placebo-infused group 

INSULIN PLACEBO 

(rn~.rnin- ' .~~- l )  

Figure 2. Fetal body blood flow, placental blood flow, and combined ven- 
tricular output mL.rnm-'.kg-' in the insulin- (n = 8) and placebo-infused 
(n = 5) groups. Bar and symbol legends as in Figure 1. 

O~ase l ine ,  m~ lacebo  or Insulin Infusion, 
p l a c e b o  or Insulin Infusion + Hypoxia. 

during hypoxia, these differences did not reach statistical sig- 
nificance (p = 0.08). 

Fetal body blood flow and combined ventricular output 
increased significantly after 48 h of insulin infusion and re- 
mained increased, when hypoxia was added (Fig. 2). These 
patterns of fetal body blood flow and combined ventricular 
output responses in the insulin-infused differed significantly 
from the placebo-infused group, which did not change during 
the study periods. Baseline fetal body blood flow and com- 
bined ventricular output were similar between the insulin- and 
placebo-infused groups. Changes in placental blood flow were 
not observed in either group during any of the three measure- 
ment periods. Resistances of the fetal body and combined 
ventricular output decreased during insulin and insulin infusion 
with hypoxia (Fig. 3). This pattern of the resistance of the fetal 
body and combined ventricular output in the insulin-infused 
differed significantly from that of the placebo-infused group, 
which did not change during the study periods. Baseline fetal 
body and combined ventricular output resistances were similar 
between the insulin- and placebo-infused groups. Placental 
resistance did not change in either group. 

4 500 1 L7- 
;;r; 1 
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Resistance 
u ~ a s e l i n e ,  a ~ l a c e b o  or Insulin Infusion, 

(mL min -100 g ) 
(mmHg (rnL.rnin-l.~g.l).l ) 

.placebo or Insulin Infusion + Hypoxia. 600- 
o.2, I- 

- 

0 

rn 
u 

; 0.1 4 

0.4 7 3 
0 200 0 

A PLASMA EPINEPHRINE (pg r n ~ m 1 )  

INSULIN PLACEBO Figure 4. Heart blood flow plotted against plasma epinephrine concentration 
during insulin (closed circles, r = 0.79, n = 8, p < 0.05) and placebo infusion 

Figure 3. Resistance of the fetal body, placenta, and combined ventricular 
(open circles, r = 0.48, n = 5, p = NS) with hypoxia, expressed as change 

output in the the insulin- (n = 8) and placebo-infused (n = 5) groups. Bar and 
from insulin or placebo infusion values. 

symbol legends as in Figure 1. 

Changes in regional fetal blood flow and vascular resistances 
during insulin infusion and infusion with hypoxia added were 
noted for some, but not all organs (Table 3). Brain perfusion 
increased significantly in both groups only during hypoxia. 
Blood flow to the heart increased 2.3-fold after 48 h of insulin 
infusion and 4-fold after insulin infusion with hypoxia. This 
4-fold increase was 67% greater than the 2.4-fold increase over 
baseline observed in the placebo-infused group during hypoxia 
( p  < 0.02). Blood flow to the adrenal glands and liver (hepatic 
artery) increased significantly compared with baseline values 
during insulin infusion with hypoxia added. Superimposed 
hypoxia did not change the prior insulin infusion-related in- 
creases in perfusion to the gastrointestinal tract, pancreas, 
perirenal fat, kidneys, and carcass. Changes in blood flow to 
the spleen were not observed during insulin infusion or infu- 
sion with hypoxia. Regional fetal perfusion was similar to 
baseline after 48 h of placebo infusion. When hypoxia was 
added to placebo infusion, perfusion increased to brain, heart, 
and adrenal glands and did not change to the other organs. 
Vascular resistance of the brain decreased compared with 
baseline values during insulin and insulin infusion with hy- 
poxia added. The decrease in the latter was greater than with 
infusion alone. Vascular resistance of the heart, adrenal glands, 
liver, gastrointestinal tract, pancreas, and perinatal fat de- 
creased compared with baseline values during insulin and 
insulin infusion with hypoxia added. Resistance of the carcass 
decreased during insulin infusion and returned to values similar 
to baseline, when hypoxia was added. In the placebo-infused 
group, vascular resistance decreased to heart and adrenal 
glands during hypoxia and did not change to other regions. 

Blood flow to the heart (Fig. 4) demonstrated a positive 
(p < 0.05) correlation (r = 0.78, n = 8) with plasma epineph- 
rine concentration during insulin and not placebo infusion ( r  = 

0.48, n = 5, p = NS) with hypoxia, when expressed as change 
from the insulin or placebo infusion values. Blood flow to the 
heart did not show a significant correlation with plasma nor- 

epinephrine concentration during insulin infusion ( r  = 0.49, 
n = 8, p = NS) or placebo-infusion ( r  = 0.13, n = 5, p = NS) 
with hypoxia, when expressed as change from the insulin or 
placebo infusion values. 

Oxygen delivery to the fetus decreased during hypoxia 
compared with 48 h of insulin infusion and baseline values 
(Fig. 5). Insulin infusion was associated with a significant 
increase in fetal oxygen extraction, which was augmented by 
hypoxia. Fetal oxygen uptake increased during insulin infusion 
and decreased when hypoxia was added to the values, which 
were similar to baseline. Placebo infusion was not associated 
with changes in fetal oxygen metabolism. Oxygen delivery to 
the fetus was reduced, whereas extraction and uptake did not 
change during hypoxia. 

Oxygen delivery to the brain did not change during insulin 
or insulin infusion with hypoxia (Table 4). The prior insulin 
infusion-related increases in oxygen delivery to the heart and 
adrenal glands were sustained during hypoxia. Oxygen deliv- 
ery to the liver did not change during insulin or insulin infusion 
with hypoxia, to the gastrointestinal tract decreased during 
insulin infusion with hypoxia, to the pancreas did not change 
during insulin or insulin infusion with hypoxia, to the kidneys 
decreased during insulin infusion with hypoxia compared with 
infusion alone, to the carcass increased during insulin and was 
reduced during insulin infusion with hypoxia, and to the spleen 
did not change during insulin or insulin infusion with hypoxia. 
Changes in oxygen delivery were not observed after 48 h of 
placebo infusion. During hypoxia alone, oxygen delivery in- 
creased to the heart and decreased to carcass, gastrointestinal 
tract, and kidneys. The pattern of the oxygen delivery of the 
heart and adrenal glands in the insulin-infused group differed 
significantly over the study periods from that of the placebo- 
infused group. Baseline values were similar between the 
groups. 

Glucose delivery decreased significantly ( p  < 0.05) from a 
baseline value of 156 2 19 pmol.rnin-l.kg-l, during insulin 
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Table 3. Regional fetal bloodjow and vascular resistance for study groups by study period 

Insulin infusion Placebo infusion 

Baseline Without hypoxia With hypoxia Baseline Without hypoxia With hypoxia 

Time (h) - 1 48 49 - 1 48 49 
Blood flow (rnL.min-'.lOO g-') 
Brain 104 t 10 128 + 14 206 i 25*t 121 t 8 127 i 16 203 t 28*t 
Heart" 161 t 18 372 t 35* 647 t 107*t tt 162 ? 9 173 t 17 395 t 53*t 
Adrenal glands 175 ? 30 552 i 95 955 t 278* 228 ? 21 737 t 133*t 255 i 28 
Liver (hepatic artery) 5 2 2  16 t 5 23 i 6* 10 i 4 14 t 3 30 t 13 
Gastrointestinal Tract 61 i 9 99 t 12* 84 i 11* 68 t 6 71 i 9 68 i 19 
Pancreas 45 + 6 71 ? 8* 79 t 9* 71 t 6 83 + 18 91 ? 15 
Perirenal fat" 28 1 5 58 i 9* 63 1 8* 38 -t 7 39 t 7 40 t 6 
Kidneys 133 t 13 219 1 29* 193 i 29* 156 t 9 169 i 18 177 2 24 
Carcass 18 t 1 31 i 2* 27 i 3* 22 i- 1 23 t 4 18 1 4 
Spleen 308 t 58 418 1 126 280 t 82 201 1 20 370 -t 50 426 2 113 
Resistance (mmHg(mL.min-'.I00 g-')-I) 
Brain 0.47 t 0.05 0.33 i 0.06* 0.22 ? 0.04*1. 0.35 t 0.03 0.37 t 0.07 0.25 1 0.05 
Hearta 0.31 ? 0.03 0.11 -t 0.01* 0.07 ? 0.01* 0.27 i 0.04 0.27 1 0.05 0.13 t 0.02*7 
Adrenal glands" 0.31 t 0.04 0.09 t 0.03* 0.07 2 0.02* 0.17 t 0.03 0.20 i 0.03 0.07 t 0.01*t 
Liver (hepatic artery) 11.50 i 4.34 4.74 t 1.58* 4.80 t 2.45* 8.39 + 2.79 4.26 i 1.48 3.26 t 1.57 
Gastrointestinal tract" 0.89 + 0.14 0.42 ? 0.07* 0.59 + 0.14* 0.62 i 0.05 0.65 t 0.14 0.86 i 0.18 
Pancreas" 1.14 t 0.1411 0.55 i 0.06* 0.60 1 0.10* 0.62 i 0.11 0.67 t 0.20 0.59 i 0.10 
Perirenal fat" 2.12 t 0.44 0.73 i 0.11* 0.90 t 0 . 2 8 *  1.33 i 0.36 1.44 t 0.47 1.32 t 0.21 
Kidneys" 0.37 t 0.04 0.20 1 0.04* 0.26 t 0.05* 0.27 + 0.02 0.27 i 0.05 0.28 i 0.04 
Carcass" 2.47 t 0.29 1.25 t 0.13* 1.71 t 0.26 1.90 t 0.25 1.97 t 0.43 2.99 ? 0.63 
Spleen 0.22 -C 0.07 0.16 -t 0.04 0.23 t 0.05 0.21 i 0.02 0.12 i 0.02 0.15 1 0.04 

Values are means t SEM; insulin-infused group n = 8, placebo-infused group n = 5. 
" p  < 0.05 refers to individual designated blood flow and resistance values over time by F test for interactions vs placebo-infused group, except for pancreas 

baseline values were similar between groups. 
* p < 0.05 vs baseline within each group. 
t p < 0.05 vs insulin or placebo infusion (time = 48 h) within each group. 

p < 0.02 vs placebo-infused group for the same study period by unpaired t test with Bonferroni correction. 

O~ase l ine .  ~ ~ l a e e b a  or Insulin Infusion, 
.~iacebo or Insulin Infusion + Hypoxia. 

INSULIN PLACEBO 

Figure 5. Fetal oxygen delivery, extraction, and uptake (Vo,) in the insulin- 
and placebo-infused groups. Insulin-infused group n = 8 for oxygen delivery 
and n = 7 for extraction and uptake; placebo-infused group n = 5. Bar and 
symbol legends as in Figure 1. 

and insulin infusion with hypoxia by 38 and 37%, respectively. 
The glucose extraction ratio increased ( p  < 0.05) from a 
baseline value of 0.19 ? 0.04 during insulin and insulin 
infusion with hypoxia, by 124 and 137%, respectively. Hy- 
poxia alone was associated with a significant (p < 0.05) 
increase in glucose delivery from a baseline value of 149 + 24 
pmol.min-'.kg-l, by 154%, without changes in extraction. 

Glucose uptake demonstrated 50% nonsignificant increases 
( p  = 0.09) during insulin and insulin infusion with hypoxia, 
and a 130% nonsignificant increase ( p  = 0.3) during placebo 
infusion with hypoxia. 

DISCUSSION 

The purpose of our study was to investigate the effects of 
hypoxic hypoxia by acutely limiting oxygen availability upon 
sympathoadrenal, hemodynamic, and metabolic responses in 
the hyperinsulinemic ovine fetus. The rationale for doing so is 
that hyperinsulinism has been suggested to account for many of 
the morbidities in fetuses of diabetic women (3), who may 
experience superimposed hypoxia during complications of 
pregnancy, labor, and delivery. We and others have shown that 
insulin infusion results in hypoxia and associated changes in 
hemodynamics and metabolism in the ovine fetus (6-9, 11, 12, 
22). In our study, the dose and duration of insulin was selected 
based upon previous work (6-12, 23) and intended to produce 
sustained hyperinsulinemia for 48 h to induce hemodynamic 
changes and accelerate oxygen uptake in the fetus, before 
exposure to hypoxia. The 15-fold increase in plasma insulin 
concentration (Table 2) was sustained during hypoxia and 
associated with hypoglycemia as previously reported (9, 11, 
12, 23). It must be emphasized, however, that the effect of 
hyperinsulinemia in our study differs somewhat from fetuses of 
diabetic women, who are also exposed to hyperglycemia. In 
that situation, hyperinsulinemia associated with hyperglycemia 
may result in increased glycolytic flux. Consequently, the 
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Table 4. Oxygen delivery to fetal organs for study groups by study period 

Insulin infusion Placebo infusion 

Baseline Without hypoxia With hypoxia Baseline Without hypoxia With hypoxia 

Time (h) - 1 48 49 -1 48 49 
Oxygen delivery (pmol.min-'.I00 g-') 
Brain 360 i 33 349 i 30 339 t 35 411 t 30 439 i 51 360 i 57 
Hearta 549 t 45 1017 i 45* it 1008 i 88* tt 547 i 23 600 i 57 680 t 42* 
Adrenal glandsa 533 i 85 1285 i 171* it 1171 i 203* 795 ir 102 724 i 91 1203 i 272 
Liver 17 i 7 34 t 8 30 i 6 32 t 12 44 t 9 50 t 23 
Gastrointestinal tract 189 i 26 244 i 33 124 i 22* t 210 i 15 223 i 28 108 2 28* t 
Pancreas 143 t 2 0 t t  182 t 32 120 i 19 220 i 18 256 + 48 148 t 25 
Kidneys 412 + 41 539 i 81 314 i 70t  534 i 69 293 t 44*t 483 i 31 
Carcass 58 i 5 77 t 8* 43 i 87 70 i 3 74 t 15 30 i 5 * t  
Spleen 996 i 208 1114 i 389 529 t 221 620 t 62 1154 t 157 663 i 158 

Values are means i SEM; insulin-infused group n = 8, placebo-infused group n = 5. 
" p  < 0.05 refers to designated oxygen delivery values over time by F test for interactions, vs placebo-infused, baseline values were similar between groups. 
* p < 0.05 vs baseline within each group. 
t p  < 0.05 vs insulin or placebo infusion (time = 48 h) within each group. 

p < 0.02 vs placebo-infused group for the same study period by unpaired t test for interactions. 

response to hypoxia would differ from that of hyperinsulinemia 
alone. Nevertheless, in this and our previous work (9-12, 22), 
we had sought to investigate the specific effects of hyperinsu- 
linemia. 

Hypoxic hypoxia was induced by reducing the inspired 
oxygen of the ewe to simulate adverse late gestation-related 
hypoxic events. Limited oxygen availability might pose an 
additional risk to the hemodynamically and metabolically com- 
pensated hyperinsulinemic fetus. A comparable degree of hy- 
poxic hypoxia was achieved in the insulin- and placebo-infused 
groups, as evidenced by similar oxygen content values. During 
hypoxia umbilical venous and fetal arterial glucose and arterial 
lactate concentrations increased in the placebo- but not in the 
insulin-infused fetal sheep (Table 2). This suggests that the 
effects of insulin superseded that of hypoxia on these sub- 
strates. By continually driving glucose utilization (23) in the 
insulin sensitive tissues, the supraphysiologic insulin concen- 
trations may have counteracted the hypoxia-induced glycolytic 
effects, which are in part mediated by the catecholamine surge. 
Therefore, in the hyperinsulinemic fetus, substrate availability 
for lactate production was limited during hypoxia. Alterna- 
tively, hypoxia during hyperinsulinemia may have been asso- 
ciated with less lactate production, because of less tissue 
hypoxia inasmuch as blood flow to the peripheral tissues 
(carcass, Table 3) was relatively sustained during hypoxia. In 
addition, because the placenta is a major site of lactate pro- 
duction, it is possible that this was the primary source of the 
elevated lactate concentrations during hypoxia in the placebo- 
infused group. However, because arteriovenous lactate differ- 
ences were not measured, the source cannot be determined. 

The placebo-infused hypoxic group was enrolled to verify 
that the 48-h infusion and study procedures did not result in 
changes in the measured variables. The effects of moderate 
hypoxia in our study were similar to other reports (13, 14, 24, 
25), as were the effects of insulin infusion upon sympathoad- 
renal, hemodynamic, and metabolic responses of the fetus 
(6-12, 22, 26). 

The importance of sympathoadrenal stimulation in support 
of hemodynamic homeostasis in the hyperinsulinemic adult 

and fetus has been well documented (9, 11, 12, 15, 22, 26). In 
an earlier study ( l l ) ,  we showed that hyperinsulinemic hypo- 
glycemia results in increases in both peripheral plasma norepi- 
nephrine and epinephrine concentrations. This is consistent 
with results of hypoxia alone in which peripheral epinephrine 
and norepinephrine are also increased (17). In our study, 
peripheral epinephrine and norepinephrine concentrations in- 
creased during hyperinsulinemic hypoglycemia, whereas with 
the level of hypoxia induced in our study, norepinephrine and 
not epinephrine concentrations increased significantly. 

Hypoxia during insulin infusion was associated with signif- 
icant elevations in catecholamine concentrations. This 4-fold 
increase was greater than that reported in normal fetuses of 
similar gestational ages at comparable at levels of hypoxia 
(17). Because hypoxia and hypoglycemia are both potent 
physiologic stimuli, the combination of these may have pro- 
vided a more potent stimulus for the peripheral catecholamine 
surge than that of hypoxia alone. Higher catecholamine con- 
centrations may be required to support hemodynamic ho- 
meostasis during hypoxic hyperinsulinemia than hypoxia 
alone, because vascular contractions and reactivity to norepi- 
nephrine (27, 28) are diminished in the presence of insulin. In 
this regard, the insulin-associated elevations in heart rate and 
the reductions in mean arterial blood pressure were eliminated 
by hypoxia. Moreover, the positive correlation between change 
in blood flow to the heart and epinephrine concentration (Fig. 
4) during insulin infusion with hypoxia suggests the role of 
epinephrine in the preservation of cardiac perfusion. 

The insulin-induced increases in the combined ventricular 
output and fetal body perfusion and decreases in resistance 
were sustained when oxygen availability was further limited by 
hypoxic hypoxia (Figs. 2 and 3). The reduction in resistance 
was in part accounted for by the insulin-induced reduction in 
fetal arterial blood pressure possibly because of direct insulin 
vasodilator effects on arteries and veins (27). Nevertheless, 
although hypoxia eliminated this blood pressure reduction, 
systemic vascular resistance remained reduced. The prior in- 
sulin-induced increased perfusion to the heart was augmented 
by hypoxia, whereas the increase in blood flow to the gastro- 
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intestinal tract, pancreas, perirenal fat, and kidneys remained gen uptake, 5)  preservation of the elevated oxygen delivery to 
unchanged. Thus, with the exception of the augmented perfu- certain vascular beds (heart and adrenal glands), and 6) dimin- 
sion to the heart by hypoxia, the regional vascular responses in ished oxygen delivery to other regions (carcass, gastrointesti- 
the insulin-infused fetal sheep were similar to that in the nal tract, and kidneys). We conclude that hypoxic hypoxia 
normal state. This suggests that, similar to the situation with diminishes the magnitude of the prior insulin-related increase 
anemic hypoxia, the hyperinsulinemic fetus was able to main- in systemic oxygen uptake in the hyperinsulinemic state. Re- 
tain regional perfusion even when exposed to hypoxic hypoxia gional oxygen transport is preserved to vital regions especially 

(22). the heart by increased perfusion and compromised to other 
The augmented perfusion to the heart during hypoxia in the regions, because the increase in perfusion is insufficient to 

hyperinsulinemic fetus probably represents a critical stress- offset the degree of hypoxia. Moreover, although limiting 
related compensatory response for survival. Under baseline oxygen availability in the hyperinsulinernic state compromises 
conditions, oxygen extraction of the heart is near maximal. some aspects of the fetal compensatory response to hyperin- 
Consequently, during hyperinsulinemia in adult dogs (26), the sulinemia, there are no major qualitative differences in the 
increase in myocardial oxygen consumption is achieved by responses of hyperinsulinernic and normal fetuses to hypoxia. 
increases in perfusion rather than oxygen extraction. Exposure 
of the hyperinsulinemic fetus to hypoxia presumably accentu- Acknowledgments. The authors thank Lisa Boyle, Armondo 
ated the metabolic demands of the heart, which had already Signore, and Linda Tardoff for their excellent technical assis- 
been accelerated by insulin. The 4-fold increase in perfusion tance 
represents extremely high levels (650 m ~ . m i n - ~ - 1 0 0  g-l) 
which might not be able to be sustained after longer exposures 
to hyperinsulinemia and hypoxia. REFERENCES 
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