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Summarv in fetal arterial oxygen content during infusion may be due to an 
increase in fetal oxygen  consumption^ The effect of insulin upon 

The effect of insu1in 'pan is an fetal oxygenation may be one of the pathophysiologic factors 
question to resolve, bearing in mind that the metabolic effects of contributing to the increased intrauterine death rate of infants of 
insulin on the fetus could differ both quantitatively and qualita- diabetic mothers. 
tively depending upon the degree and duration of the hyperinsuli- 
nemia. The present study was designed to determine whether the 
effect of fetal hyperinsulinemia On umbilical glucose uptake could Macrosomia and increased perinatal mortality are characteristic 
be sustained over several days of infusion with various levels of fetuses of diabetic pregnancies which, in turn, have been 
insulin. An unexpected outcome of the study was the observation associated with maternal hyperglycemia and fetal hyperinsuline- 
that this procedure was accompanied by the development of fetal mi, (7-9, 11, 19). Insulin secretion by the fetal pancreas is in- 
hypoxia. creased by hyperglycemic stimuli ( l ,6 ,  11, 12). However, the exact 

Fetal glucose/oxygen quotients (G/O2) increased during fetal metabolic roles of insulin in fetal life are controversial (3-5, 13, 
insulin infusions from a mean of 0.48 during the control period to 14, 16). The effect of insulin upon fetal metabolism is an important 
0.71 when fetal insulin levels were less than 80 micro units/ml (P  question to resolve, bearing in mind that the metabolic effects of 
< 0.01) and to 0.85 when fetal insulin levels were greater than 200 insulin on the fetus could differ both quantitatively and qualita- 
micro units/ml ( P  < 0.001). The increase in C/O2 occurred within tively depending upon the degree and duration of the hyperinsu- 
4 hr of infusion in all cases (P  < 0.005) and was sustained for the linemia. 
duration of the infusions. Previous experiments in this laboratory have shown that over a 

The increase in G/Oz was due to a significant rise in the 4-hr period fetal insulin administration results in a 50% increase 
arteriovenous differences of whole blood glucose across the um- i, glucose uptake via the umbilical circulation, without changes 
bilical circulation ( P  < 0.001). Oxygen content differences across i, fetal oxygen consumption (16). ~h~ present study was designed 
the umbilical circulation also increased during infusion ( P C  0.005). to determine whether the effect of fetal hyperinsulinemia on 
This was due primarily to a significant and progressive decline in umbilical glucose uptake could be sustained over several days of 
the fetal arterial oxygen content (P  < 0.001). BY 2 4  hr after the infusion with various levels of insulin. An unexpected outcome of 
insulin had been stopped, the oxygen content rose and returned to the study was the observation that this procedure was accompa- 
pre-infusion values by the 3rd day of recovery. nied by the development of fetal hypoxia. 

Fetal plasma glucose concentration fell during insulin infusion 
( P  < 0.001) and rebounded sharply to levels significantly higher MATERIALS AND METHODS 
than control values ( P  < 0.001) within 4 hr after the infusion was 
stopped. The plasma glucose returned to control values by the 3rd Nine Westem breed ewes with fetuses of 80-130 days of gesta- 
day of recovery. tion (four with singleton pregnancies and five with twin pregnan- 

Insulin levels ranged from 0-16 micro units/ml during control cies) were prepared for chronic studies by placing polyvinyl 
periods and from 48-1166 micro units/ml during infusion. There catheters in the umbilical vein ("y"), fetal pedal or femoral artery 
was a significant positive correlation between the C/O2 quotient ("a"), fetal pedal vein, and in a maternal femoral artery. The 
and the log of fetal insulin concentration. There was a negative umbilical venous catheter was inserted at the base of the cord and 
correlation between the fetal arterial oxygen content and insulin advanced into the common umbilical vein according to a tech- 
concentration. nique previously described (15). The animals were allowed to 

Five twin pairs were studied in which one twin served as control recover from the operative Stress for a minimum of four days 
and the other as the infusion subject. The values of glucose, G /  before beginning the control Period. 
02, and arteriovenous differences of glucose and oxygen were Each animal was studied during a steady-state control period, 
significantly different between the infused and control twin fetuses and then again during a chronic insulin infusion. A total of 12 
within 4 hr of infusion and the oxygen content was significantly fetal infusions were carried out after stable fetal and maternal 
lower in the infused twin by 24 hr of infusion. There were no concentrations of glucose and oxygen content had been demon- 
significant differences in these measurements between the twins strated over at least 2 consecutive days. All infused fetuses served 
before infusion. as their own controls and, in six experiments, the uninfused twin 

fetus provided an additional control. 

Speculation Fetal hyperinsulinemia was induced after the control period 
with procine crystalline zinc insulin (Eli Lilly and Co.) diluted in 

Insulin infusions of several days duration into the fetal lamb normal saline. A priming dose of 0.1 unit/kg of insulin was given, 
cause a sustained increase in umbilical glucose uptake and a followed by a constant infusion calculated to produce fetal con- 
decrease in fetal arterial oxygen content. The progressive decline centrations ranging from 50-1000 micro units/ml with infusion 
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rates of 1 ml or less per hr. The insulin infusion was continued for 
2-4 days. In three experiments, studies were discontinued when 
the infusion ended because of either catheter failure or sponta- 
neous delivery. No measurements were performed during labor. 
In the remaining nine experiments, the authors were able to 
continue the studies through a recovery period after the infusion 
was stopped. One animal went through the protocol twice, with 
sampling periods during control, insulin infusion, recovery during 
reestablishment of a stable control period, and then again during 
a repeated insulin infusion and recovery period. In the remaining 
three twin pairs, only one fetus was infused with insulin. 

During all study periods (control, infusion, and recovery) whole 
blood samples were obtained simultaneously from the umbilical 
vein and fetal artery an average of three times daily. The study 
was initiated after the ewe had recovered from surgery and her 
plasma glucose was greater than 55 mg/dl. Whole blood glucose 
concentration, oxygen content, pH, and hematocrit were measured 
as well as plasma concentrations of glucose and insulin. Because 
some of the infusions were continued over the weekend when the 
full complement of technical staff was not available, some study 
days included only measurement of fetal arterial 0 2  content, 
hematocrit, plasma glucose, and insulin. On such days and in the 
two instances in which the umbilical vein catheter failed, mea- 
surements of whole blood glucose and oxygen content across the 
umbilical circulation could not be made. 

Oxygen contents were determined with a Lex-02-Con (Lexing- 
ton Instrument Corp.) calibrated with distilled water saturated 
with oxygen at O°C. Glucose concentration was measured on both 
whole blood and plasma by glucose oxidase methods (17, 18). 
Radioimmunoassay for insulin was performed utilizing a modifi- 
cation of the double antibody separation method of Morgan and 
Lazarow (10) and Philipps et a1 (12). 

The paired Student's t test was used to assess the significance of 
differences between daily means for each animal. Linear regres- 
sion analysis was used to analyze the relationships between vari- 
ables. 

Whenever whole blood glucose and 0 2  content could be mea- 
sured across the umbilical circulation, umbilical G/O2 were cal- 
culated as previously described (20) according to the following 
formula: 

6 x A glucose 
GI02 = 

A 0 2  

where A glucose and A02 represent the venoarterial differences of 
whole blood glucose and oxygen, respectively. At a stable oxygen 
consumption, changes in G/02  reflect variations in fetal glucose 
uptake (20). 

RESULTS 

Fetal glucose/oxygen quotients increased during fetal insulin 
infusions from a mean of 0.48 during the control period to 0.71 
when fetal insulin levels were less than 80 micro units/ml (P  < 
0.01) and to 0.85 when fetal insulin levels were greater than 200 
micro units/ml (P < 0.001). The increase in G/O2 occurred within 
4 hr of infusion in all cases (P  < 0.005) and was sustained for the 
duration of the infusions (Fig. 1). 

The increase in G/O2 was due to a significant rise in the 
arteriovenous differences of whole blood glucose across the um- 
bilical circulation (P < 0.001). Oxygen content differences across 
the umbilical circulation also increased during infusion (P  < 
0.005) as exemplified by the experiment depicted in Figure 3. This 
was due primarily to a significant and progressive decline in the 
fetal arterial oxygen content (P  < 0.001) (Fig. 2A). Within 24 hr 
after the insulin infusion was begun, the oxygen content began to 
fall and continued to fall for the duration of the infusion; by 24 hr 
after the insulin had been stopped, the oxygen content rose and 
returned to preinfusion values by the 3rd day of recovery. The 
fetal pH during both control and infusion periods was 7.33 f 
SEM 0.009. 

Data from the animal which received an insulin infusion on two 
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Fig. I .  Fetal G/On quotients before, during, and after fetal insulin 
infusion (mean -+ 95% confidence limits). 

separate occasions are illustrated in Figure 3. Each point repre- 
sents the mean of three or more samples obtained daily. Insulin 
led to reproducible changes in G/02, whole blood glucose and 
oxygen content differences during these separate infusions. Figure 
4 presents data obtained from a twin pair in which the fetuses 
were alternately infused. Changes in fetal arterial oxygen content 
during infusion and recovery occurred in both twins: - 

Fetal plasma glucose concentration fell during insulin infusion 
(P  < 0.001) and rebounded sharply to levels significantly higher 
than control values (P  < 0.001) within 4 hr after the infusion was 
stopped. The plasma glucose returned to control values by the 3rd 
day of recovery (Fig. 2B). 

Nine animals were studied after the fetal insulin infusion was 
stopped. In all animals the G/O2 quotient fell (P < 0.005), the 
arteriovenous differences in glucose (P < 0.001) and oxygen (P 
< 0.05) fell, and the arterial oxygen content rose (P  < 0.005) when 
recovery values were compared to infusion values. 

Insulin levels ranged from 0-16 micro units/ml during control 
periods and from 48-1 166 micro units/ml during infusion. In 
general, the G/O2 was increased and the oxygen content was 
lower the higher the plasma insulin concentration. There was a 
significant positive correlation between the G/O2 quotient and the 
log of fetal insulin concentration (Fig. 5A). There was a negative 
correlation between fetal arterial oxygen content and insulin 
concentration (Fig. 5B). 

Five twin pairs were studied in which one twin served as control 
and the other as the infusion subject. In one of these pairs, the 
twins were alternately infused. The values of glucose, G/O2, and 
arterio-venous differences of glucose and oxygen were signifi- 
cantly different between the infused and control twin fetuses 
within 4 hr of infusion and the oxygen content was significantly 
lower in the infused twin by 24 hr of infusion. There were no 
significant differences in these measurements between the twins 
before infusion (Table 1). 

In the current study, glucose uptake was assessed by measuring 
whole blood glucose and the oxygen content simultaneously in the 
umbilical vein and fetal artery and then calculating a ratio which 
is referred to as the G/O2 (20). This ratio represents glucose 
uptake per millimole of oxygen consumed by the fetus. To afflrm 
that variability of the G/O2 reflects primarily variability of glucose 
uptake, the authors calculated G/O2 from whole blood glucose 
and oxygen content data collected during a previous study (16) in 
this laboratory, and in subsequent unpublished observations, in 
which umbilical blood flow had been measured and glucose 
uptake calculated according to the Fick principle. Measurements 
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Fig. 2. Fetal arterial oxygen content (A) and fetal plasma glucose (B) before, during, and after insulin infusion (mean + SEM). 

Table 1 .  Effect of insulin on infused vs. control twin. Mean fetal plasma glucose, umbilical venoarterial dfferences (y-a) in whole blood 
glucose and oxygen, the umbilical G/Oz quotient, and the arterial oxygen content in control (C) and experimental (E) twins are 

uresented. The P values were derived by paired t test comparison o f  C and E. 
24 hr before infusion 4 hr of infusion 24 hr of infusion 48 hr of infusion 

Plasma glucose C 2 1.02 N.S. 
20.95 

E 21.16 
21'78 P < 0.025 12,76 
15.77 

21'03 P < 0.05 
(mg/dl) P<0.005 13.65 

(y-a) Blood glucose C 0.126 
E 0.138 

N.S. O"" P < 0.05 o.215 
0.185 

0.133 P < 0.001 P < 0.025 o.232 
(mM) 

(ya)  Oxygen content C 1.56 1.55 1.43 
E 

N.S. 
1.75 

P < 0.025 P < 0.005 2,08 
1.65 

P < 0.01 
(mM) 

C/O? quotient C 0.46 
E 0.46 

N.S. 0'44 P 0.05 OS3 0,68 P < 0.05 OSO P < 0.005 
0.62 0.68 

Oxygen content C 2.80 2.60 
E 2.83 

N.S. 
2.53 

N.S. 2.72 P < 0.01 
1.90 

2.84 P < 0.01 
(mM) 1.18 
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Fig. 3. Fetal C/O2 quotient, umbilical arteriovenous difference in 
whole blood glucose and umbilical arteriovenous difference in oxygen Fig. 4. Fetal arterial oxygen content in twins alternately infused with 
content in a fetus receiving insulin infusion on two occasions. insulin. 
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in these studies had been made during the normal fed state, 
maternal fasting, fetal insulin infusions, and maternal glucose 
infusions. The relationship between the G/O2 and glucose uptake 
was linear with a correlation coefficient of 0.95 (Fig. 6). 

DISCUSSION 

The increase in G/02  during hyperinsulinemia is dose-related 
(Fig. 5A). After cessation of. the insulin infusion both the G/O, 
quotient (Fig. 1) and the fetal plasma glucose return to normal. 
However, the fetus demonstrated rebound hyperglycemia shortly 
after the infusion is stopped (Fig. 2B) suggesting a brief period of 
decreased fetal glucose utilization. The rebound in fetal glucose 
concentration which occurs during this recovery period needs 
further study. 

Normally, ovine twin fetuses have separate circulations. During 
insulin infusion in one twin, the insulin levels in the control twin 
were normal. Thus, the distinct separation of glucose responses in 
the two twins is not surprising. Utilizing such a preparation further 
substantiates the direct effect of insulin on fetal glucose uptake, 
because the maternal glucose concentration was identical for both 
twins. The crossover experiment in the twins also confirms that 
the difference in glucose uptake during insulin infusion is not 
dependent on host or environmental factors. 

The authors can now compare umbilical G/Oz quotients during 
fetal hypoglycemia produced in two different ways. Figure 7 
presents the G/Oz quotient plotted against fetal plasma glucose 
concentration during control, insulin infusion, and starvation 
periods. The data include those from the present study as well as 
from previous studies in this laboratory (15, 16). Fetal glucose 
concentrations during starvation and insulin infusion were similar, 
but the G/OZ quotients (and, thus, presumably glucose uptakes) 
were low during starvation and high during insulin infusion. 
Bassett and Madill (2) and Philipps et al. (12) have shown that 
fetal as well as maternal insulin levels during starvation are 
decreased. It may be concluded from this information that the rate 
of exogenous glucose utilization by the fetal organism is insulin 
dependent and not directly controlled by fetal glucose concentra- 
tion. 

A surprising finding in this study was the progressive decline in 
fetal arterial oxygen content during insulin infusion. This phenom- 
enon appears to be related to both the insulin concentration and 
the duration of the infusion (Figs. 2B and 5B). After the infusion 
was stopped, fetal arterial oxygen content returned to normal 

I 
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Fig. 6.  Relationship between fetal C/O2 quotient and fetal glucose 
uptake. 

wlthout exogenous insulin 
A A with exogenous insulin 

o during starvation 

I 
6 8 10 12 14 16 18 20 22 24 26 

FETAL P L A S M A  GLUCOSE (mgldl) 

Fig. 7. Fetal C/O? quotient at varying fetal arterial plasma glucose 
concentrations during the control fed state, with exogenous insulin and 
during starvation. 

within 48 hr. Fetal hypoglycemia induced by maternal fasting is 
not associated with a decrease in fetal arterial oxygen content (15). 
Thus, the fall in arterial oxygen content appears to be related to 
the fetal hyperinsulinemia, not to hypoglycemia. 

The fall in fetal arterial oxygen content could be due to an 
increased fetal and/or placental oxygen consumption or to a 
decrease in umbilical blood flow. An effect of hype~sulinemia 
on myocardial function in infants of diabetic mothers has been 
reported (21). Impairment of myocardial function would lead to 
a decrease in umbilical blood flow, which if progressive, might 
result in fetal demise. However, an effect of insulin on fetal oxygen 
consumption is a plausible alternative explanation. Regardless of 
the mechanism, the present study demonstrates that fetal hyper- 
insulinemia may have a profound effect upon fetal oxygenation. 
The nature of this effect needs further investigation. 
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