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The development of intrauterine growth retardation (IUGR} is frequently associated with fetal hypoxia, hypoglycemia, and 
abnormal fetal glucose metabolism. To determine the effects of hypoxia (without concomitant hypoglycemia) on fetal glucose 
metabolism, we continuously exposed pregnant rats to 10% (10.1 kPa) ambient oxygen from day 15 through day 20 of gestation 
(term, 21.5 days) and used radiolabeled 2-deoxyglucose (2DG) to measure in vivo relative glucose utilization (rGU) of several 
fetal tissues on day 20 of gestation. Pair-led rats in room-air oxygen were used as controls. Maternal hypoxia resulted in 
significant IUGR, fetal hypoxia and acidosis, and fetal lactate accumulation on day 20 of gestation. Following 5 days of hypoxia, 
rGU values for fetal lung, heart, and kidney were increased by 61%, 54%, and 47%, respectively (P < .05). rGU values for fetal 
brain, liver, muscle, and placenta were not significantly affected. Fetal plasma glucose concentrations were similar in hypoxic 
and control fetuses. We speculate that the increased rGU of hypoxic fetal tissues is due in part to anaerobic metabolism and 
increased glycolysis. 
Copyright © 1995 by W.B. Saunders Company 

F E T A L  G R O W T H  is dependent  on adequate  availabil- 
ity of  metabolic fuels and oxygen. Although multiple 

etiologies of intrauterine growth retardat ion ( I U G R )  exist, 
many are associated with limited nutrient  and oxygen 
delivery to the fetus. A frequently used rodent  model  of 
I U G R  is maternal  uter ine artery ligation, a procedure  that 
limits glucose and oxygen availability to the fetus by 
reducing uterine blood flow. TM Using this model,  we have 
shown that relative glucose utilization ( rGU)  by fetal liver, 
heart,  muscle, and kidney is increased 48 hours following 
ligation. 5 The  increased r G U  occurred despite decreased 
fetal plasma glucose and insulin concentrations. 

Subsequently, we studied the effects of acute and chronic 
insulin-induced maternal  hypoglycemia on fetal tissue rGU.  6 
This model  produces fetal hypoglycemia to a magnitude 
similar to that resulting from uterine artery ligation, but 
does not alter fetal blood gases or pH. 7 As expected, the 
resultant  fetal growth retardation was not as severe as with 
uter ine artery ligation. Maternal  hypoglycemia of either 2 
or 5 days' duration decreased the r G U  of fetal liver, lung, 
muscle, and kidney, r G U  of fetal heart  was decreased after 
2 days, but  was normal  after 5 days of hypoglycemia. 

Since the two aforement ioned models differ with respect  
to oxygen delivery to the fetus, we hypothesized that fetal 
hypoxia causes a change from aerobic to anaerobic metabo- 
lism, thus resulting in a greater  demand for glucose follow- 
ing uterine artery ligation. In this study, we exposed 
pregnant  rats to 10% (10.1 kPa) ambient oxygen during the 
third tr imester  of pregnancy in an effort to produce fetal 
hypoxia without altering fetal glucose concentrations. We 
then examined the effects of fetal hypoxia on fetal tissue 
rGU,  fetal growth, and lactic acid accumulation. 
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MATERIALS AND METHODS 

Female Sprague-Dawley rats weighing 175 to 199 g were pur- 
chased from Harlan Laboratories (Madison, WI). Females in 
estrus were housed overnight with males, and mating was con- 
firmed by the presence of spermatozoa in the vaginal smear the 
following morning (day 0). On day 14 of gestation (term, 21.5 days), 
each pregnant rat was anesthetized with intraperitoneal injections 
of xylazine 8 mg/kg and ketamine 40 mg/kg, and the left jugular 
vein and carotid artery were catheterized with sterile polyvinyl 
tubing. Rats were allowed to recover for 24 hours, at which time 
hypoxia-exposed rats were placed in a sealed, plastic chamber. The 
oxygen concentration in the chamber was incrementally reduced to 
10% (10.1 kPa) over the next 24 hours using a mixture of 
compressed air and nitrogen. Oxygen and CO2 concentrations in 
the chamber were monitored daily (Instrumentation Laboratory 
02 Monitor, Lexington, MA, and Ohmeda 5200 CO2 Monitor, 
Englewood, CO). Carbon dioxide levels were maintained at less 
than 0.1% (0.1 kPa) by adjusting gas flow. Hypoxia-exposed rats 
had free access to standard food and water, and daily food intake 
was recorded. Control rats were mated 1 to 2 days after hypoxia- 
exposed rats and were housed in open cages. They were fed an 
amount of food equivalent to that consumed by the hypoxia- 
exposed rats from day 15 through day 20 of gestation. Maternal 
arterial blood gases (ABL 300, Radiometer, Copenhagen, Den- 
mark) and plasma glucose concentrations (Beckman Glucose 
Analyzer II, Fullerton, CA) were obtained periodically from day 15 
onward. During blood sampling and rGU measurements, hypoxia- 
exposed rats were quickly removed from the chamber and placed in 
a restraint within a smaller hypoxic chamber to allow access to the 
catheters while maintaining a fraction of inspired 02 (FIO2) of 0.1. 

Fetal rat tissue rGU was determined on day 20 of gestation after 
5 days of hypoxia using a modification of Sokoloff's 2-deoxyglucose 
(2DG) method. 5,8-1° A description of the methodology and its 
validation have been discussed previously. 5,6 In brief, nine hypoxic 
and nine control rats were injected with 370 kBq (10 ixCi) 
2-[3H(G)]-deoxy-D-glucose (New England Nuclear, Boston, MA; 
specific activity, 263 kBq/nmol) via the jugular catheter. Maternal 
arterial blood was obtained at 1, 3, 5, 10, 15, 25, 35, and 43 minutes 
after injection. After obtaining the final blood sample, the rat 
received pentobarbita140 mg/kg intravenously. At 45 minutes, four 
fetuses from the midportion of the uterine horns were removed, 
weighed, decapitated, and frozen in liquid nitrogen. Approxi- 
mately 100-rag portions of the placenta (villous chorion), liver, and 
lung, and the entire heart, brain, kidney, and hindlimb muscles 
were removed from each frozen fetus and weighed. Fetal tissue 
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rGU was calculated using the equation 

rGU = 
[2DG6P] T (fetal tissue) 

p t% [2DG] t 
k J0 [gl-~cose] dt (maternal plasma) 

where [2DG6P] is the fetal tissue activity of [3H]2-deoxyglucose-6- 
phosphate at 45 minutes, [2DG]/[glucose] is the maternal plasma 
specific activity of [3H]2DG, and Pk is the ratio between fetal and 
maternal plasma specific activities of [3H]2DG. Fetal tissue 
[3H]2DG6P activity and maternal plasma [3H]2DG specific activity 
were determined as previously described, s The integral of the 
maternal [3H]2DG specific activity was obtained by establishing the 
best-fitting curve using the double-exponential equation y = Ae Bx 
+ Ce Dx + E, where A, B, C, D, and E are constants chosen by a 
curve-fitting program (In Plot, Graph Pad, San Diego, CA). This 
equation provides a measure of rGU, since differences may exist 
between 2DG and glucose with respect to cellular transport and 
phosphorylation. 

Pk values were determined using an additional nine hypoxic and 
eight control rats. These values must be known, since changes in 
maternal glucose metabolism or uterine blood flow may potentially 
alter tracer and glucose provision to the fetus. Each rat was 
anesthetized with pentobarbita140 mg/kg intravenously, and after 
a tracheostomy, each was ventilated with a small-animal ventilator. 
Hypoxia-exposed rats were ventilated in a FIO2 of 0.1 at 90 breaths 
per minute with a tidal volume of 1.7 mL, and control rats were 
ventilated in a FIO2 of 0.21 at 80 breaths per minute with a tidal 
volume of 1.7 mL. These parameters were chosen because they 
result in similar maternal blood gas values as in nonanesthetized 
rats. After stabilization an abdominal incision was made, exposing 
the uterine horns. [3H]2DG was injected into the maternal jugular 
catheter, and maternal arterial blood was collected at the same 
time intervals as before. Fetal blood samples were obtained by 
severing the right axillary artery with the placental circulation 
intact, al Fetal blood was obtained at 2, 4, 6, 11, 16, 21, 26, 31, 36, 
and 44 minutes after 2DG injection by sequential sampling of 
multiple fetuses in each litter (Fig 3). 

Fetal blood gases and lactate concentrations were determined 
from a separate group of six control and six hypoxia-exposed rats 
treated with the same experimental protocol. On day 20 of 
gestation, maternal rats were anesthetized and ventilated as 
described earlier. Blood was collected from multiple fetuses per 
litter, again by severing the right axillary artery with the placental 
circulation intact. Fetal blood was obtained 5 to 10 minutes after 
initiation of anesthesia and ventilation. 

Maternal and fetal plasma insulin concentrations were deter- 
mined using a double-antibody radioimmunoassay. Whole-blood 
lactate was determined using a spectrophotometric kit (Sigma no. 
826-UV, St Louis, MO). This protocol was approved by the 
Institutional Animal Care and Use Committee of Evanston Hospi- 
tal. 

Data were analyzed with unpaired, two-tailed t tests. Data of 
unequal variance were analyzed with Mann-Whitney two-sample 
tests. Data obtained from multiple fetuses in a single litter were 
averaged. Each litter represented a single experiment. The results 
are presented as the mean _+ SEM. 

RESULTS 

Maternal and Fetal Blood Gas Values 

Exposure  to 10% oxygen resul ted  in significant ma te rna l  

hypoxemia and  a compensa ted  metabol ic  acidosis (Fig 1). A 

43% to 53% reduc t ion  in ma te rna l  Pao2 was observed from 
days 16 th rough  20. Hypoxia-exposed rats  developed a 
metabol ic  acidosis tha t  was totally compensa t ed  by hyper-  
venti lat ion,  except on day 19 w h e n  a slight bu t  significant 

decrease  in p H  was observed.  
Ma te rna l  hypoxia also p roduced  significant fetal  hypoxia 

and  acidosis on day 20 of ges ta t ion (Table  1). A l though  

fetal  Paco2 was lower in hypoxic fetuses,  this did not  
complete ly  correct  the  m a r k e d  metabol ic  acidosis, and  

consequent ly  fetal  p H  was reduced.  
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Table 1. Fetal Blood Gas Values on Day 20 of Gestation 

Pao2 Paco2 Base Excess 
kPa rnm Hg kPa mm Hg pH (mmol/L) 

Hypoxia 1.8 -+ 0.1" 14 _+ 0.7* 7.0 +- 0.41" 52 -+ 3T 7.10 + 0.03* -13 .8  -+ 1.0" 

Control 3.1 -+ 0,1 23 _+ 1.1 8.4 -+ 0.4 63 +- 3 7.26 _+ 0.02 -0 .7  +- 1.0 

*P < .01, hypoxia v control. 

I"P < .05, hypoxia v control. 

Plasma Glucose and Insulin Concentrations 

Hypoxia-exposed maternal rats had significantly elevated 
plasma glucose concentrations on days 17 and 18 (Fig 2). 
Slightly higher glucose levels were observed on days 16 and 
19, but these did not reach statistical significance. Although 
day-20 glucose concentrations were nearly identical, hy- 
poxic mothers had significant elevations in plasma insulin 
on that day (59.6 ± 9.1 v 34 .5_  4.9 ~zU/mL, P < .05). 
Hypoxic and control fetal plasma glucose concentrations 
were not statistically different on day 20 (3.47-+ 0.21 v 
3.62 +_ 0.11 mmol/L, P = .16). Insulin concentrations were 
also elevated in hypoxic fetuses (233-+ 20 v 171 +_ 12 
IxU/mL, P < .05). Fetal to maternal glucose ratios were 
not significantly affected by hypoxia (0.62-+ 0.04 v 
0.68 ± 0.02, P = .16). 

Maternal Food Intake and Weight Gain, and Fetal Body and 
Tissue Weight 

Total food intake (days 15 to 20) for hypoxia-exposed rats 
was not statistically different than for control rats (62.0 _+ 3.1 
v 58.0--_ 3.5 g, P = .41). However, hypoxic rats demon- 
strated poor weight gain over the 5 days ( 3 . 7 -  2.9 v 
25.3 ± 2.8 g, P < .001). Litter size was not affected by 
hypoxia (11.6 ± 0.5 v 11.5 ± 0.5,P = .94). Exposure to 10% 
oxygen was associated with significant fetal growth retarda- 
tion (3.22 _+ 0.10 v 3.51 ± 0.09 g, P < .05). Liver, lung, 
kidney, and carcass (body after removal of head and 
viscera) were significantly lighter in hypoxic fetuses, whereas 
the weights of fetal brain, heart, and placenta were not 
significantly affected (Table 2). 
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Figure 3 depicts a typical course of [3H]2DG specific 
activity in maternal and fetal plasma during a sample Pk 
determination. Pk values were not significantly different in 
hypoxic and control rats (1.15 -+ 0.04 v 1.13 -+ 0.02, P = .66). 

rGU 

Maternal exposure to 10% oxygen resulted in increased 
rGU of fetal lung, heart, and kidney (Fig 4). rGU values for 
fetal brain, liver, muscle, and placenta were not statistically 
different after 5 days of hypoxia. 

Lactic _Acid Concentrations 

Hypoxia resulted in elevated blood lactate concentra- 
tions in both the mother (6.15 -+ 1.4 v 2.44 -+ 0.29 mmol/L, 
P < .01) andthe fetus (12.73 + 1.68v7.78 _+ 0.63,P < .05). 

DISCUSSION 

IUGR is often associated with fetal hypoxia. To deter- 
mine the effects of hypoxia on fetal glucose metabolism, we 
exposed pregnant rats to 10% oxygen during the third 
trimester and measured fetal tissue rGU near term. This 
technique produces fetal hypoxia and acidosis and in- 
creases the rGU of several fetal tissues. Although other 
glucose metabolites were not measured, the increase in 
fetal blood lactate concentrations during hypoxia suggests a 
greater rate of anaerobic metabolism and may explain the 
observed increased rGU of fetal lung, heart, and kidney. 

The rate at which glucose is used is regulated by several 
different processes, including: (1) glucose availability; (2) 
activity, type, and quantity of glucose transporters and 
hexokinases; (3) tissue glucose requirements; and (4) hu- 
moral factors, eg, insulin, insulin-like growth factors, and 
catecholamines. Perturbations in any of these processes 
may alter glucose transport and/or phosphorylation, the 
two regulatory steps of glucose utilization. 

Maternal hypoxia does not appear to disrupt fetal glu- 
cose availability, since fetal glucose concentrations and 
maternal to fetal glucose ratios remain normal. Although it 
is possible that fetal hypoxia directly affects glucose trans- 
port and phosphorylation, it is more likely that hypoxia 
alters tissue glucose utilization by increasing the demand or 
requirements for glucose. The elevated fetal blood lactate 
concentrations during hypoxia indicate an increase in 
anaerobic metabolism. The amount of adenosine triphos- 
phate generated during anaerobic metabolism is substan- 
tially less than that produced during aerobic metabolism. 
Therefore, glucose requirements and glucose utilization are 
likely to increase during hypoxia. 
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Table 2. Fetal Tissue Weight on Day 20 of Gestation 
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Brain (rag) Liver (mg) Lung (rag) Heart (mg) Kidney (mg) Carcass (g) PPacenta (mg) 

Hypoxia 162 -+ 3 179 -+ 5* 107 _+ 4* 19.0 _+ 0.7 21.4 _+ 0.9* 1.78 -+ 0.05* 501 _+ 14 

Control 169 - 2 244 _+ 9 123 _+ 1 19.0 _+ 0.5 27.0 _+ 0.8 1.96 _+ 0.03 504 _+ 14 

*P < .01, hypoxia v control. 

Other mechanisms may contribute to the increased rGU. 
Plasma insulin concentrations were increased at the time of 
rGU measurements in both the maternal and fetal rats. 
Interestingly, this occurred despite normal maternal and 
fetal glucose concentrations on day 20 of gestation. The 
higher insulin concentrations may be the result of the 
transient increase in maternal (and probably fetal) glucose 
concentrations on days 17 and 18 or the direct effects of 
lactate, cortisol, and/or catecholamine on insulin secretion. 
Alterations in the fetal cardiovascular system during hy- 
poxia may have influenced fetal heart rGU. Mean arterial 
pressure is elevated in hypoxic fetal sheep. ~2 This might 
increase the workload and thus glucose requirements of the 
fetal heart. 2DG uptake and GLUT-1 expression of the 
adult rat heart are also increased following prolonged 
hypobaric hypoxia13,14; however, it is not certain whether 
this is a result of an increased workload or anaerobic 
metabolism. 

In a previous study, we demonstrated increased rGU of 
fetal liver, muscle, kidney, and heart 2 days after maternal 
uterine artery ligation. 5 Uterine artery ligation, like mater- 
nal hypoxia, is associated with fetal hypoxia and acidosis. 
Although ligation limits fetal glucose availability, resulting 
in fetal hypoglycemia, 2,4 maternal hypoxia does not appear 
to alter fetal glucose concentrations or the fetal to maternal 
glucose ratio. Thus, this model offers an additional means 
to examine the effects of fetal hypoxia on fetal glucose 
metabolism. Although the degree of fetal hypoxia and 
acidosis produced by this model is similar to that occurring 
acutely after uterine artery ligation, 4 somewhat different 
effects on fetal tissue rGU were observed. Whereas heart 
and kidney rGU are increased in both models, liver and 
muscle rGU are not significantly affected by maternal 
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Fig 3. 2DG specific activity in maternal and fetal plasma after 
intravenous injection of  [3H]2DG into a representative maternal rat. 
The ratio of the areas under fetal and maternal curves is equivalent 
to Pk. 

hypoxia. These differences may be due to the longer 
duration of fetal hypoxia with the current model. Acute 
changes in tissue rGU that might have occurred following 
initiation of hypoxia may have resolved after 5 days of 
hypoxia. 

Another rat model that produces IUGR is insulin- 
induced maternal hypoglycemia. 15 This model produces 
fetal hypoglycemia, but does not cause fetal hypoxia, v We 
have previously reported that maternal hypoglycemia of 2 
or 5 days duration was associated with reduced rGU of fetal 
liver, lung, muscle, and kidney, rGU of fetal heart was also 
decreased after 2 days of hypoglycemia. 6 These findings are 
in contrast to those observed using the models of maternal 
hypoxia and uterine artery ligation, and therefore, they give 
further support to the premise that hypoxia has important 
effects on fetal glucose metabolism. 

Brain growth is commonly "spared" during IUGR. This 
is probably achieved by an increase in cerebral blood 
flow] 6,17 allowing adequate nutrient and oxygen delivery to 
the fetal brain. Our data suggest that fetal brain growth is 
also spared during maternal hypoxia. We speculate that a 
compensatory increase in fetal cerebral blood flow also 
occurs with this model of IUGR, as it does with hypoxic 
fetal sheep, ls,~9 thus allowing fetal brain to maintain normal 
rGU and growth. 

Maternal exposure to varying degrees and durations of 
hypoxia has consistently been shown to produce IUGR in 
the rat or guinea pig. 2°-23 Although previous studies have 
examined the effects of maternal hypoxia on fetal growth, 
little is known about the effects on fetal glucose homeosta- 
sis and metabolism. Our results indicate that exposure to 
10% oxygen from day 15 through day 20 of gestation 
produces significant fetal growth.retardation but does not 
alter the growth of fetal brain, heart, or placenta. Garvey 
and Longo 2° also demonstrated that maternal bypoxia did 
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not affect fetal brain growth; however, Gilbert et a121 and 
Van Geijn et a122 did show a reduction in fetal brain mass 
following maternal hypoxia. However, hypoxia was initiated 
earlier in pregnancy and a greater degree of IUGR was 
observed in these two studies. In addition, these studies 
demonstrated that hypoxia had a lesser effect on brain 
growth than on body growth, and both studies showed an 
increase in brain to body weight ratios in hypoxic fetuses. 
As with our study, earlier studies have shown that hypoxia 
does not affect fetal heart 21 or placental 21,22 growth, but is 
associated with diminished fetal liver 2°-22 and lung 23 weights. 

The model of maternal hypoxia was used in the current 
study to assess further the effects of hypoxia on fetal tissue 
glucose utilization. It may not be the preferred model to 
represent the most common clinical condition resulting in 
IUGR, namely uteroplacental insufficiency. Uteroplacental 
insufficiency is likely caused by increased placental vascular 
resistance and reduced uteroplacental blood flow, resulting 
in not only fetal hypoxia but also fetal hypoglycemia. This 
combination of hypoxia and hypoglycemia has been docu- 
mented in human growth-retarded fetuses. 24 The coexist- 
ence of hypoxia and hypoglycemia may have profound 
consequences. The increased demand for glucose due to 
anaerobic metabolism in conjunction with a limited glucose 
supply may severely compromise fetal growth and well- 
being. Indeed, uterine artery ligation appears to have a 
greater effect on fetal growth as compared with fetal 
hypoxia or fetal hypoglycemia alone. 

We used a modification of Sokoloff's 2DG method to 
measure fetal tissue rGU. s-l° An important limitation of 

this methodology is that only rGU rates can be determined. 
Measurements of actual glucose utilization must take into 
account differences in transport and phosphorylation rates 
that exist between 2DG and glucose. These differences, 
which are represented by the "lumped constant" in So- 
koloff's original description, cannot be determined in fetal 
tissue. 

The original 2DG methodology has been validated for 
brain and has been used in several other tissues. However, 
measurements of glucose utilization in tissues capable of 
glucogenesis, eg, liver, should be interpreted with caution. 
Glucose-6-phosphatase is capable of converting 2DG6P 
back to 2DG. Although glucose-6-phosphatase is present in 
rat liver and kidney, its activity is very low in fetal life 25,26 
and would not likely affect rGU. 

Measurement of rGU in fetal tissues requires the deter- 
mination of Pk, which is the ratio of fetal to maternal 2DG 
specific activity. Alterations in maternal or fetal glucose 
metabolism or uterine blood flow may potentially influence 
P> However, maternal hypoxia did not affect Pk in this 
study. 

This study highlights the importance of the effects of 
hypoxia on fetal glucose metabolism. Our results indicate 
that hypoxia causes an increase in glucose utilization of 
fetal lung, heart, and kidney. We speculate that this is 
primarily a result of increased glycolysis from anaerobic 
metabolism. Therefore, the effects of hypoxia on glucose 
metabolism must be considered when interpreting findings 
from other animal models of IUGR. 
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