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ABS'rKACI'. In 10 chronically catheterized fetal sheep, 
the effects of 100 g of glucose infused (intravenous) to the 
pregnant ewe on lung liquid production and acid-base status 
were investigated. Maternal and fetal hyperglycemia oc- 
curred within 15 min of the infusion of glucose. There was 
a significant increase in fetal PCO, from 41.67 + 1.00 to 
46.89 2 1.83 mm IIg and a decrease in fetal arterial pH 
from 7.42 f 0.016 to 7.33 f 0.026 (n = 7). This acidosis 
was probably the result of fetal lactacidemia. There was 
also a decrease in fetal PO2 ( p  < 0.001) following the 
infusion of glucose to the ewe. This, along with the acidosis, 
might account for the increased risk of unexplained fetal 
death in the diabetic pregnancy especially near term. Fol- 
lowing the infusion of glucose to the ewe there was an 
increase in maternal plasma osmolality by 16 f 3.35 
mosmol/kg (n = 9) and in fetal plasma osmolality by 14 2 
2.64 mosmol/kg (n = 9; p < 0.001). Fetal lung liquid 
production fell from 0.195 f 0.04 to 0.093 f: 0.02 ml/min 
(n = 6; p < 0.001). 'fhere was no change in the excretion 
of osmol by the lungs. ?'he decreased lung liquid production 
was probably due to a decrease in the net movement of 
fluid across the pulmonary epithelium. (Pediatr Res 22: 
355-359, 1987) 

A bbrcviations 

ADII, antidiuretic hormone 
iv, intravenous 

The perinatal mortality rate for infants ofdiabetic mothers has 
been found to be 6.2% (1). an incidence which is greater than in 
the nondiabetic population. There is also an increased incidence 
of unexplained fetal death especially in the last 4 wk of gestation 
(2) the etiology of which remains unknown. The fetus of a 
diabetic woman can be exposed to wide fluctuations in blood 
glucose levels. Thus, one reason for this unexplained fetal death 
might he maternal nocturnal hypoglycemia observed by Gillmer 
cl u1. (3). Another explanation could be exposure of thc fetus to 
hyperglycemia. In the ovine pregnancy, maternal hyperglycemia 
caused a rise in fetal plasma glucose levels and increased fetal 
plasma lactate (4). Direct infusion of glucose to the fetus also 
produced lactacidemia sufficient to cause a significant fall in 
fetal arterial pH. This effect was more pronounced when fetal 
POz was low (4). 
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Experiments were performed in chronically catheterircd fetal 
sheep to examine the effects of fetal hyperglyce~nia resulting 
directly from maternal hyperglycemia on fetal arterial oxygen 
tension and acid base balance and also to see if there was any 
effect of hyperglycemia on lung liquid production. 

METHODS 

Experiments were carried out in 10 chronically catheterized 
fetal sheep aged 120 to 138 days. 

S~rt;qicul dcr/rril.s. Anaesthesia was induced with I g sodiunl 
thiopentone (Pentothal. Abbott) and maintained with 3% halo- 
thane in oxygen. 

Under aseptic conditions. polyvinyl catheters (0.5 inn1 ID: 1.5 
m m  OD)  were inserted into a femoral artery and a tarsal vein of 
the fetus as previously described (5). Through a second utcrinc 
incision, the fetal head was exposed. the esophagus ligated and a 
cannula inserted into the trachea. This cannula was connected 
to an intrauterine latcx rubber bag by a T-piecc and Joined to a 
length of polyvinyl tubing (1.5 mrn ID: 2.7 rnm OD) so that fetal 
lung liquid drained continuously into the bag. Each day the 
intrauterine latex bag was emptied. 

Polyvinyl catheters (1.5 mm ID: 2.7 rnm OD) were also 
inserted into a carotid artery and jugular vein o f  the ewe. The 
animals were allowed to recover from anaesthesia and wcre 
housed in metabolic cages with tiec access to lucerne chaft: oats. 
and water except during the experimental period. Antibiotics 
(benzyl penicillin 600 mg. streptomycin sulphate I g. Glaxo) 
were administered both intramuscularly to the ewe and into the 
amniotic cavity for 3 days postoperatively. At least 5 days were 
allowed for recovery from surgery, during which time all fetal 
lung liquid that had collected in the intraamniotic bag was 
drained daily. 

Ii.\p~r-itiiciltcil proloc,ol. For 45 min prior to the beginning of 
an experiment. the lung liquid cannula was allowed to drain 
freely. Fetal lung liquid was collected at 30-min intervals for 5.5 
h. Blood samples (4  ml) were taken from the fetal and maternal 
arterial catheters at the midpoint of the 3rd. 5th. 7th and 10th 
collection periods. Whole blood was spun at 4" C and plasma 
removed and stored at -20" C .  Fetal and mate!-nal blood gases 
were measured using a pH/blood gas analyzer (Instrumentation 
Laboratory-Micro 13). After the first 1.5 11. 100 g glucose in 500 
ml isotonic saline (Travenol) were infused into the ewe (iv) ovcr 
a 30-min period. The volume of lung liquid collected was re- 
corded and samples stored at -20" C. Fetal intraamniotic pres- 
sure. fetal and maternal blood pressures werc measured using 
pressure transducers (Statham) and recorded onto a Grass poly- 
graph. lntraamniotic pressure was subtracted from fetal blood 
pressure. At the conclusion of the experiment the ewe was killed 
by an overdose of anaesthetic, the fetus was removed. weighed. 
and the position and patency of the catheters checked. 

C ' I I C I ~ I ; ( ~ N I  (~I IU/I :SC.Y  Sodium and potassium levels in lung liquid 
and plasma were measured using an FLM3 flame photometer 
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(Radiometer) and osmolality was measured with an Advanced 
Digimatic Osmometer (model 3 D  11). The glucose present in 
the plasma and lung liquid was measured with an Autoanalyzer 
(Technicon) using a glucose oxidase method first described by 
Keston (6). Plasma bicarbonate was calculated from the formula: 

derived by Armentrout ef a/. (7) from the Henderson-Hasselbach 
equation. 

Analyses ofdata. Data are expressed as mean + SEM. Statistics 
were performed using two-way analysis of variance (Biosoft 1 for 
the Apple 1 I e) and where the F value was found to be significant 
( p  < 0.05) a Newman Keuls test was performed to reveal where 
change(s) occurred. 

RESULTS 

The infusion of 100 g glucose (iv) to the ewe caused an 
immediate increase in maternal and fetal plasma glucose levels 
(Fig. 1). Within 15 min, maternal plasma glucose levels had risen 
from 65.85 t 2.8 to  763.8 + 26.8 mgldl (n = 10; p < 0.001) and 
fetal plasma glucose levels from 15.75 + 2.8 to  195.4 t 18 mg/ 
dl (n = 10; p < 0.001). Plasma glucose levels were still elevated 
3 h later (Fig. 1). Maternal plasma osmolality increased by 16 t 
3.35 mosmol/kg (n = 9; p < 0.001) and fetal plasma osmolality 
by 14 + 2.64 mosmol/kg (n = 9; p < 0.001; Fig. 1). Maternal 
plasma osmolality returned to control levels over the next 3 h 
but fetal plasma osmolality remained high ( p  < 0.001). There- 
fore, the fetal to  maternal plasma osmolality ratio increased from 
a control level of 0.967 5 0.007 to 0.995 + 0.006 3 h later (n = 
9; p < 0.05). 

Within 15 min of the glucose infusion, maternal plasma so- 
dium and potassium levels had fallen ( p  < 0.001; Table l). They 
returned to control levels by 3.5 h. Fetal plasma sodium de- 
creased over 3 h following the glucose infusion ( p  < 0.001). 
There was n o  change in fetal plasma potassium (see Table 1). 

glucose 

Fetal arterial pressure (corrected for amniotic pressure) was 
57.9 k 3.2136.9 t- 3.3 1 m m  Hg (n = 8) before glucose; there was 
no change in arterial pressure during the experiment. 

There was a rise in maternal ( p  < 0.05) and fetal arterial PC02 
(p < 0.01) with hyperglycemia which was sustained for the 3.5 
h following the infusion of glucose (Fig. 2). Fetal arterial pH and 
bicarbonate levels decreased in the 3 h following the infusion of 
glucose (see Fig. 2). There was also a significant fall in fetal 
arterial PO2 ( p  < 0.00 1; Fig. 3). 

Lung liquid production was 0.195 t 0.04 ml/min (n = 6). 
After the infusion of glucose there was a progressive fall in lung 
liquid production ( p  < 0.001) to  0.093 + 0.02 ml/min (n  = 6) 

Table 1.  Maternal andfetal plasma sodium and potassium 
levels * 

Plasma sodium Plasma potassium 
(mmol/liter) (n = 10) (mmol/liter) ( n  = 9) 

Plasma 
sam~le Maternal Fetal Maternal Fetal 

1 140.4 142.4 4.22 3.8 
(0.99) (1.57) (0.08) (0.2 1 )  

2 130.3 143.1 3.14 3.7 
(2.16) (1.37) (0.07) (0.23) 

3 136.2 140.1 3.4 3.93 
(3.4) (0.97) (0.1 1 )  (0.26) 

4 140.2 136.3 4.02 4.1 
(1.04) (1.64) (0.07) (0.36) 

* Mean (SEM) plasma levels of sodium and potassium before (sample 
I )  and after (samples 2, 3, and 4) the infusion of 100 g of glucose to the 
ewe. Samples 2, 3, and 4 were collected 15, 75, and 165 min after the 
infusion was finished. Maternal plasma sodium and potassium levels fell 
(p  < 0.001) within 15 min of completing the infusion and returned to 
control levels by the end of the experiment. Fetal plasma sodium levels 
were significantly decreased 165 min after the infusion ( p  < 0.001). 
There was no change in fetal plasma potassium levels. 

TIME (h) TIME (h) 

Fig. 1. Mean k SEM maternal (closed circles) and fetal (closed triangles) plasma glucose levels (mg/dl, ke$) and plasma osmolality (mosmol/kg, 
righl) prior to and following the infusion of 100 g glucose to the ewe. There was a significant increase in both maternal and fetal levels compared 
with control levels as indicated by asterisks (*** p i 0.001; ** p < 0.005). 
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Fig. 2. Mean + SEM maternal (c1u.sc.d circ1c.s) and fetal (clo.sed lrrungle~) arterial pH (lop Id), PC02 (mm Hg) (hot~otn Ic:/i), and bicarbonate 
levels (HCO,; mmol/liter prior to and following the infusion of 100 g glucose to the ewe. Fetal PCOz increased (** p < 0.005. * p < 0.01) while pH 
and HCO, levels fell with fetal hyperglycemia. 

glucose 

TlME (h) 

Fig. 3. Mean -c SEM maternal (c1o.sc.d circles) and fetal (c1o.sc.d lri- 
ang1:les) arterial POz prior to and following the infusion of 100 g glucose. 
There was a significant fall in fetal PO2 (*** p < 0.001). 

a t  the end of the experiment (Fig. 4). There was an increase in 
lung liquid osmolality following the infusion of glucose (Fig. 4; 
p < 0.02). Osmolar excretion by the lungs remained constant 
(Fig. 4). 

DISCUSSION 

The infusion of 100 g glucose to the ewe caused maternal and 
fetal hyperglycemia which was sustained for the duration of the 

experiment. Fetal hyperglycemia was associated with a significant 
metabolic acidosis, i.e. there was a reduction in fetal arterial pH 
and bicarbonate levels and a rise in fetal PCOz (Fig. 2). Although 
lactic acid levels were not measured in the present study. fetal 
hyperglycemia is known to cause lactacidemia (4, 8) which was 
probably responsible for the observed fall in bicarbonate levels 
and arterial pH. There are two reasons why hyperglycemia may 
cause lactacidemia. First, about two-thirds of the glucose reaching 
the placenta is utilized and lactate produced (9). This lactate then 
enters the fetal circulation despite higher levels in fetal relative 
to maternal blood (10). Second, aerobic metabolism of excess 
amounts of glucose reaching the fetus will be limited by the 
amount of available oxygen. Thus lactate may also be generated 
in fetal tissues through anaerobic pathways. It therefore foilows 
that the lower the fetal oxygen tension the greater the acidosis 
(4). 

In the present study fetal hyperglycemia resulting directly from 
maternal hyperglycemia was associated with a small but signifi- 
cant decrease in fetal PO2 from a control level of 18.96 t 0.8 1 
m m  Hg (n  = 8, see Fig. 3). In other studies from this laboratory, 
mean values for POz range from 17 to 2 1 m m  Hg (1 1, 12). A 
similar fall in arterial POz during chronic infusion of glucose to 
the fetus was described by Philipps el al. (1 3). They also showed 
an increase in fetal oxygen extraction which indicated an increase 
in oxygen consumption. Furthermore, the greater the hypergly- 
cemia the greater the fall in arterial POz. 

Bassett and Madill (8) showed that fetal hyperglycemia stim- 
ulates the release of insulin from the fetal pancreatic B cells. 
Increased levels of insulin could cause a number changes; c.g. 
increased cellular uptake of circulating glucose, the conversion 
of glucose to  liver glycogen, and the conversion of fatty acids to 
triglycerides for storage in adipose tissue, all of which increase 
oxygen consumption (14). In fact, the infusion of exogenous 
insulin into the fetus is associated with increased oxygen extrac- 
tion which indicates an increase in oxygen consumption by the 
fetus (I 5 ) .  

The present findings show that fetal hyperglycemia resulting 
from maternal hyperglycemia is associated with both an acidosis 
and a fall in POz. If the fetus was already "at risk" a fall in pH 
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Fig. 4. Mean + SEM, lung liquid flow rate (ml/min, right) as well as lung liquid osmolality (mosmol/kg, left top) and osmolar excretion by the 
fetal lungs (posmol/min, left bottom) prior to and following the infusion of 100 g glucose to the ewe. There was a significant decrease in lung liquid 
flow rate 30 min after the infusion ( p  < 0.05) to a minimum at the end of the experiment ( p  < 0.001). Although there was a significant increase in 
the osmolality of lung liquid ( p  < 0.02) there was no change in lung osmolar excretion. 

and PO2 induced by hyperglycemia might cause fetal death. In 
fact, in one experiment, fetal arterial PO2 fell to 11.3 mm Hg 
within 2 h of the infusion of glucose and the fetus died a further 
2 h later. It is difficult to extrapolate these findings to the diabetic 
pregnant woman. Levels of 750 mg/dl, similar to those measured 
within 15 min of the infusion of glucose in the present study, 
will only occur in severe diabetes. However, these peak levels 
were not sustained and after 2.5 h the levels declined to those 
commonly seen in the diabetic woman. 

In the present study the production of liquid by the fetal lungs 
decreased significantly following infusion of glucose to the ewe 
and when the fetus was hyperglycemic. The simplest explanation 
for this reduction in lung liquid production is the increase in 
fetal plasma osmolality resulting from fetal hyperglycemia. This 
increase in plasma osmolality would reduce the movement of 
water across the pulmonary epithelium. Such a conclusion is 
supported by the observation that lung liquid osmolality in- 
creased while osmolar excretion by the lungs did not change. 
However, it is possible that other mechanisms were responsible 
for the reduction in lung liquid production. It could be secondary 
to increased levels of endogenous ADH since lung liquid secre- 
tion is decreased following infusion of arginine vasopressin to 
the fetus (1 6, 17). However, hyperosmolality associated with 
hyperglycemia in the adult, is not a stimulus for ADH release 
due both to an increase in plasma glucose, a solute ineffective in 
stimulating ADH release, and a decrease in plasma sodium, an 
effective stimulator (18). This is probably also the case in this 
study since fetal plasma sodium levels fell with hyperglycemia 
(see Table I). 

The fall in lung liquid production may have been catechol- 
amine-mediated due to the stimulatory effects of hypoxia on 
catecholamine release, since neither blood gas status nor lung 
liquid production were altered when fetal plasma glucose levels 
were chronically maintained at 32 mg/dl (19). Interestingly, 
Warburton (19) did find that the surface active phospholipid 

content of tracheal fluid was reduced compared with control 
fetuses. Alcorn et al. (20) showed that continuous drainage of 
fetal lung liquid was associated with a reduction in tissue growth 
and changes in differentiation of the pulmonary epithelium 
suggesting that a critical rate of lung liquid flow or a critical 
volume of fluid in the lungs seems to be necessary for normal 
maturation of the pulmonary epithelium and development of 
the type I1 cells responsible for the production of surfactant. 
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