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The effect of prolonged exposure to a reduced fraction of inspired oxygen ([FIG2] 0.17 for 3 days) on maternal glucose kinetics, 
placental glucose transporters GLUT1 and GLUT3, and fetal growth was examined in rat pregnancy. Arterial and venous 
catheters were placed 3 days before the study, [3-3H]glucose tracer and deuterium labeling of water were used to measure the 
rates of glucose turnover and gluconeogenesis (GNG), respectively. Glucose uptake by maternal tissues was measured using 
[14C]2-deoxyglucose. Exposure to a reduced FiO2 resulted in a significant decrease (mean __. SE) in fetal weight (room air, 
4.02 - 0.04 g; 0.17 FIG2, 3.27 _+ 0.6 g, P < .02}. There was a significant increase in the maternal-fetal glucose gradient 
(maternal-fetal glucose ratio: room air, 1.48 +- 0.11; 0.17 FIG2, 2.26 -+ 0,24, P < .05), but there was no change in the maternal or 
fetal blood lactate concentration. No significant change in maternal blood pH was observed; however, a significant decrease in 
the blood partial pressure of 02 (POz) occurred (room air, 97 -4- 0.5 torr; 0.17 FIG2, 81 --- 1.8) on day 3. There was no change in the 
rate of turnover of glucose or GNG in the maternal compartment, nor was there any effect on glucose uptake by the maternal 
tissues, Placental GLUT1 and GLUT3 mRNA were not different in the control or experimental animals. We conclude that a mild 
reduction in the FiG2 for 3 days in rat pregnancy results in a significant fetal growth restriction that is not related to any 
observed alteration in maternal glucose metabolism. The lower glucose concentration in the fetal blood may be the 
consequence of an increase in fetal glucose metabolism, thereby resulting in an increased maternal-fetal gradient of glucose. 
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p ERSISTENT MATERNAL or fetal hypoxemia due to 
either decreased environmental oxygen or decreased uter- 

ine or placental perfusion has been shown to cause decreased 
fetal weight and intrauterine growth restriction. 1-5 Even a mild 
reduction in environmental oxygen such as at high altitude has 
been related to low birth weight in human studies. 6 The 
mechanism of the hypoxemia-induced fetal growth restriction is 
not clear. While decreased uterine or placental perfusion results 
in decreased delivery of both oxygen and nutrients to the fetus, 
the fetal growth restriction induced by reduced environmental 
oxygen is the consequence of both reduced oxygen delivery and 
the associated adaptive circulatory and metabolic responses in 
the mother and fetus. Furthermore, while acute hypoxemia may 
trigger a transient hormonal and metabolic response that may 
affect maternal and fetal metabolism, most of these acute 
changes tend to disappear with prolonged hypoxemia. 7-9 The 
metabolic effects of prolonged hypoxernia have been studied in 
both in vitro and in vivo models. Persistent hypoxemia, 
depending on the severity, may result in a lower metabolic rate, 
an alteration in body temperature and ventilation, expression of 
a number of genes involved in regulation of substrate metabo- 
lism, increased utilization of glucose via the nonoxidative 
pathway, and stimulation of glucose transport in skeletal muscle 
via non-insulin-mediated mechanisms. 9-a2 Whether any of these 

mechanisms are involved in hypoxemia-induced fetal growth 
restriction has not been examined. 

Maternal adaptations to the growing fetus during pregnancy 
have been characterized to include, among others, an increase in 
the rate of glucose production and utilization to meet the 
increasing demands of the fetus. 13,a4 In addition, a decreased 
uptake of glucose by skeletal muscle during pregnancy has been 
shown both in vitro in animal studies and in vivo in humans 
using a hyperinsulinemic glucose clamp. 15-17 Development of 

pregnancy-induced insulin resistance has been suggested to be 
an important contributor to fetal growth, possibly by diverting 
nutrients, particularly glucose, to the fetus. 16 Since hypoxemia 
has been shown to counteract insulin resistance by increasing 
non-insulin-mediated glucose uptake, 1° we hypothesized that 
fetal growth restriction induced by environmental hypoxemia 
may be related to alterations in maternal glucose metabolism. 

In the present study, we have examined the effect of 
prolonged exposure to reduced environmental oxygen during 
pregnancy on the rate of glucose production, gluconeogenesis 
(GNG), glucose uptake, and fetal growth. Our data show that a 
prolonged (3 days) exposure to lower environmental oxygen 
(fraction of inspired 02 [FIG2] 17%) during rat pregnancy 
induces fetal growth restriction without any significant change 
in maternal glucose metabolism or placental glucose trans- 
porters. 
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MATERIALS AND METHODS 

Deuterium oxide (99.9 atom% excess 2H) was purchased from Isotec 
(Miamisburg, OH). [3-3H]glucose (specific activity [SA] 10.4 Ci/mmol) 
and [U-14C]2-deoxyglucose (SA 294 Ci/mmol) were obtained from 
NEN Research Products (Boston, MA). PE50 polyethylene nontoxic 
tubing (ID 0.58 mm and OD 0.965 mm) was obtained from Becton 
Dickinson (Sparks, MD). 

Nonpregnant and timed-pregnant Sprague-Dawley rats were ob- 
tained from Zivic Miller (Zelienople, PA). The animals were kept in a 
controlled environment as stipulated by the American Association for 
the Accreditation of Laboratory Animals. They had free access to Purina 
(St Louis, MO) rat chow and water. The animals were kept in individual 
cages in a uniform 12-hour day/night cycle. The protocol was approved 
by the Institutional Animal Care and Use Committee. 
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Indwelling arterial and venous catheters were placed 4 days before 
the tracer study. The animals were anesthetized with an intramuscular 
injection (0.1 mL/100 g) of ketamiue acepromazine mixture (90 mg 
ketamine and 1 mg acepromazine per 1 mL). PE50 catheters were 
inserted in the right external jugular vein and left carotid artery under 
sterile conditions. The catheters were filled with an anticoagulant 
mixture of polyvinylpyrolidone and heparin in isotonic saline (polyvi- 
nylpyrolidone 0.75 g and heparin 25 U in 1 mL isotonic saline). This 
mixture allows catheter patency for almost 1 week. The catheters were 
tunneled subcutaneously, and the distal end of each catheter was sutured 
to the dorsum of the neck. The free ends of the catheters were sealed, 
and the rat was placed in a Harvard rodent jacket sling (Harvard 
Apparatus, Holliston, MA), thus allowing the animal to move freely 
during the postoperative period. At the end of the surgery, the rats 
received intramuscular penicillin G 50,000 U. The rats were housed in 
individual cages and had free access to a standard diet (Purina rat chow) 
and water. Experimental animals were placed in the hypoxemia 
chamber 24 hours after surgery. Total food intake was not different for 
hypoxemia-exposed rats versus control rats (hypoxemia, 28.3 _+ 1.1 
g/d, n = 4; control, 29.7 _+ 1.3 g/d, n = 4). On the day of tracer isotope 
infusion, the anticoagulant was aspirated and the catheter was con- 
nected to the infusion pump. 

A Plexiglas box was used as the environmental hypoxemia chamber. 
The oxygen concentration in the box was decreased by blending air with 
nitrogen. Oxygen and carbon dioxide concentrations in the chamber 
were monitored using a gas analyzer (MGA-1100; Perkin-Elmer, 
Pamona, CA). The rate of airflow was adjusted to maintain CO2 levels 
in the chamber below 0.1%. The animals, in their cages, were placed in 
the chamber for either (1) 2 hours following a basal study period (acute 
effects) or (2) 3 days prior to the tracer study (prolonged effects). The 
animals were studied while in the chamber. Pregnant animals were 
placed in the chamber on day 17 of gestation. 

On the day of the study, food was removed at 5 AM. Deuterium oxide 
0.3 g/100 g body weight was administered intraperitoneally at 8 AM to 
quantify GNG. The rate of appearance (Ra) of glucose was quantified 
using [3-3H]glucose tracer. The tracer dissolved in isotonic saline 
solution was administered as a primed-constant infusion beginning at 11 
AM. The priming dose was 1.5 to 2.0 pCi and the rate of infusion 0.05 to 
0.07 gCi/kg body weight/rain. Four arterial samples were obtained at 
10-minute intervals between 90 and 120 minutes. Two hours after the 
start of [3-3H]glucose infusion, a bolus dose (20 pCi) of [U-14C]2 - 
deoxyglucose was administered. Blood samples (0.2 mL) were obtained 
at I, 3, 5, 7, 10, 15, 20, 30, and 50 minutes. The total volume of blood 
drawn from each animal was 2.8 mL and was replaced with fresh blood 
from a donor rat. At the end of the study, the animals were anesthetized 
using intravenous pentobarbital and samples of matemal tissues were 
rapidly obtained. 

Studies were performed as follows: (1) control nonpregnant animals 
in room air, (2) control and pregnant rats in room air for 2 hours 
followed by 0.17 FiO2 (acute effect), and (3) pregnant rats in 0.17 FiO2 
for 3 days (prolonged effect). Control nonpregnant animals were also 
studied to examine the effect of pregnancy, if any, on the observed 
matemal responses, since pregnant animals, due to the increased 
intraahdominal content, may not adapt as well to decreased FiO2 as 
nonpregnant animals. 

Studies of glucose and lactate gradients and placental glucose 
transporters were performed in experimental and normoxic pregnant 
rats without tracer infusion. Pregnant rats without indwelling catheters 
were placed in 0.17 FiO2 on day 17 of gestation, as already described. 
Pregnant rats in room air were studied for comparison. Daily food 
intake and weight gain were monitored. On day 20 of gestation, the 
fetuses were rapidly removed under anesthesia (pentobarbita160 mg/kg 
intraperitoneally). Fetal blood samples were obtained in a heparinized 
capillary tube by cutting the right axillary artery while still attached to 
the placenta. A maternal blood sample was obtained simultaneously 

from the abdominal aorta. The blood samples were deproteinized with 
an equal volume of 10% perchloric acid and frozen at - 70°C  for later 
analysis. Fetal liver, matemal liver, and placentae from four fetuses 
from the midpoint of the uterine horn were obtained for glycogen 
measurement and frozen instantly in liquid nitrogen. Samples of 
placentae were also obtained for measurement of glucose transporter 
GLUT1 and GLUT3 mRNA. 

Analysis 
Arterial blood gases were measured in the clinical laboratory using a 

commercial blood gas analyzer (Radiometer, Copenhagen, Denmark). 
Plasma or whole-blood glucose and lactate concentrations were mea- 
sured on neutralized deproteinized specimen by an enzymatic method 
on a Yellow Springs 2300 glucose lactate analyzer (Yellow Springs, 
OH). The deuterium enrichment of hydrogens on carbon-6 of glucose 
was measured as described previouslyJ 8 Briefly, carbon-6 of glucose 
was cleaved using periodic acid, and the formaldehyde produced was 
condensed with ammonium hydroxide to form hexamethylenetetramine 
(HMT). The deuterium enrichment of HMT was measured using a 
HP5970 gas chromatograph-mass spectrometer (Hewlett Packard, 
Sunnyvale, CA). A neutral column (AT-l, 30 m, ID 0.53 ram; Alltech, 
Deerfield, IL) was used, and ions m/z 140 and m/z 141 were monitored 
using the selected-ion monitoring software. Standard glucose solutions 
of known deuterium enrichment were also analyzed, and the data were 
normalized using the standard curve. The deuterium enrichment of 
plasma water was measured using the zinc-reduction method on an 
isotope ratio mass spectrometer (Dr Catherine Leitch, Department of 
Pediatrics, Indiana University, Indianapolis, IN). 

For measurement of the SA of glucose, plasma samples were 
deproteinized with 0.3 mol/L barium hydroxide and 0.3 mol/L zinc 
sulfate. The neutralized supernatant was evaporated to dryness to 
remove any radioactive water formed during glycolysis. The dry 
samples were reconstituted with water and passed through a mixed-bed 
ion-exchange column as previously described. ]9 The neutral fraction 
was used to measure the glucose concentration and radioactivity. 
Radioactivity was measured by adding 10 mL scintillation fluid 
(Scintisafe Econo-1; Fisher Scientific, Springfield, N J) on a scintillation 
counter (Packard Instrument, Downers Grove, IL). Radioactive 2-deoxy- 
glucose-6-phosphate (dpm per milligram) in various tissues was 
measured as described by Sokoloff et al 2° and Ferr6 et al.21 A weighed 
amount of tissue was homogenized in 1 mol/L sodium hydroxide and 
heated at 60°C for 2 hours or until total digestion was obtained. The 
hydrolyzed homogenate was neutralized with 1 mL 1-mol/L HC1. One 
aliquot of neutralized homogenate was added to 6% HC104 (total 
radioactivity) and another aliquot to Somogyi reagent-Ba(OH)JZnSO4 
(2-deoxyglucose radioactivity). The radioactivity of 2-deoxyglucose-6- 
phosphate was calculated from the difference between total radioactiv- 
ity and radioactivity due to deoxyglucose. 

Tissue glycogen content was measured using a modified micro- 
method described by Lo et al. 22 The tissue (40 to 50 rag) was incubated 
with 0.5 mL 30% potassium hydroxide at 100°C for 2 hours or until 
total digestion. The mixture was cooled to room temperature, and 5 mL 
95% ethyl alcohol and 10 mg LiC1 were added. The tubes were kept at 
0°C for 30 minutes and then centrifuged at 3,000 rpm for 30 minutes. 
The pellets were hydrolyzed with 0.5 mL 4N HC1 at 100°C for 2 hours 
and then neutralized with 0.5 mL 4-mol/L potassium carbonate. The 
glucose level was measured in the neutralized hydrolysate using a 
Yellow Springs glucose lactate analyzer. 

Total RNA from rat placenta was extracted by the procedure of 
Chirgwin et al. 23 RNA concentrations were determined by absorbance at 
260 nm on a spectrophotometer. All samples had a 260/280 ratio of at 
least 1.5. For Norfl}ern blot analysis, a fixed amount of total RNA was 
denatured in a solution containing 7.6% formaldehyde, 12× morpho- 
linepropanesulfonic acid, 61.1% formamide, 2.4% glycerol, 1.2% 
EDTA, and 0.015% bromophenol blue by incubation at 68°C for 10 
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minutes. RNA samples were electrophoresed on a 1% agarose- 
formaldehyde gel. RNA integrity was determined by examining the 
ethidium bromide-stained 28S and 18S ribosomal subunits by UV light. 
RNAs were then transferred to nitrocellulose paper by capillarity and 
cross-linked using UV light. These blots were either hybridized to rat 

GLUT1 cDNA 24 or human GLUT3 cDNA probe. 25 Hybridization was 
performed using ~[32p]dCTP-labeled cDNA probes for 2 hours at 68°C 
in Quickhyb Hybridization Solution (Stratagene, La Jolla, CA). Blots 
hybridized to GLUT1 cDNA were washed three times at 65°C using. 1X 
SSC (1X SSC is 0.15 mol/L NaC1, plus 0.015 mol/L sodium/citrate)/ 
sodium dodecyl sulfate (SDS) solution and then exposed at - 80°C for 2 
to 24 hours. Blots hybridized to GLUT3 cDNA were washed twice at 
45°C using a .5X SSC/.5% SDS solution and then once at 45°C also 
using a .5X SSC/.5% SDS solution and then exposed at -80°C for 6 to 
7 days. Relative GLUT mRNA levels were determined by laser 
scanning densitometry. GLUT1 and GLUT3 mRNAlevels were normal- 
ized to ribosomal 28S RNA estimated by measurement of ethidium 
bromide fluorescence on the blots. To compare the relative abundance 
of GLUT mRNAs in the placenta of the different groups, the average 
ratio of the densitometric reading of GLUT isoform to ribosomal 28S 
RNA in control rats was calculated and normalized to 1.0. The ratios 
obtained from the experimental group (0.17 FiO2) were then normalized 
against the mean of the control group. 

Calculation 

The glucose Ra was calculated during isotopic steady state using a 
tracer dilution equation: Ra (mg/min) = (USA), where I is the rate of 
infusion of tracer isotope (dpm per minute) and SA is the SA of plasma 
glucose (dpm per milligram). The fractional contribution of GNG via 
pyruvate to glucose Ra was calculated as follows: GNG via pymvate = 
100 × (0.5 × [2H] enrichment on C-6 of glucose/[2H] enrichment in 
body water) %. The rationale for these calculations has been discussed 
previously. 26 Inasmuch as the equilibrium between the methyl hydro- 
gens of pymvate and water is not complete, this method will result in an 
underestimation (~15% to 20%) of the contribution of GNG. GNG 
(milligrams per minute)= Ra × fractional contribution of GNG to 
glucose Ra. 

Tissue uptake of glucose was calculated as (nanograms per milligram 
of tissue) = [2-deoxyglucose-6-phosphate]T/0J" 2-deoxyglucose SAin 
plasma, where the numerator is 2-deoxyglucose-6-phosphate radioactiv- 
ity in tissue (dpm per milligram). The integer of 2-deoxyglucose SA in 
the plasma was calculated by establishing the best-fit exponential curve 
for plasma SA data. 21 

Statistics 

All data are presented as the mean -- SEM. Groups were compared 
using the Mann-Whitney U test for unpaired data and Wilcoxon 
rank-sum test for paired data. A P value less than .05 (two-tailed) was 
considered statistically significant. 

RESULTS 

The effects of prolonged exposure to 17% FiO2 late in 
gestation on fetal weight, placental weight, ahd litter size are  

shown in Table 1. Although a prolonged reduction of FiO2 did 
not cause any significant change in maternal weight or litter 
size, it resulted in a significant decrease in fetal weight 
(P < .02). Of significance, no change in the placenta weight 
was observed. The slightly lower weight of the control fetus 
compared with the normative data on rat pups in the literature 
may be the consequence of the termination of pregnancy in the 
present study on day 20, rather than allowing it to continue to 
term gestation (day 21). 

The effect of an acute and a prolonged decrease in FiO2 on 

arterial blood pH, partial pressure of CO2 (PCO2), and PO2 was 
examined in nonpregnant and pregnant rats. After 90 minutes of 
decreased FiO2, there was an insignificant increase in blood pH 
and a decrease in blood PCO2 and PO2 (Table 2). Between 3 and 

5 hours of continuous exposure, there was a statistically 

significant increase in blood pH and a significant decrease in 
PO 2. Prolonging the hypoxemia for 3 days resulted in a 

significant decrease in blood PCO2. There was a small increase 
in PO2 after 3 days of reduced FiO 2 as compared with the acute 

study, such that PO2 at 3 days was similar to the level in the 
room air. Control animals placed in room air in a similar 

chamber with a similar air flow rate showed no change in 
arterial blood gases (data not shown). In contrast, when exposed 

to 0.17 FiO2, pregnant rats showed a small but significant 
decrease in PO2, with no change in pH or PCO2. 

The effect of prolonged exposure to decreased FiO2 on 
maternal/fetal glucose and lactate concentrations was examined 
in five rats. A prolonged decrease in FiO2 had no effect on the 
maternal plasma glucose concentration (Table 3). However, 
there was a decrease in fetal glucose, resulting in a significant 
increase in the maternal-fetal glucose gradient. No significant 

change in the maternal or fetal lactate concentration was 

observed. 
The plasma glucose concentration and glucose kinetics in 

controls and experimental groups are displayed in Table 4. As 
reported previously, plasma glucose was lower in pregnant rats 
compared with nonpregnant rats. However, the glucose Ra and 
contribution of GNG normalized for body weight were not 
significantly increased during pregnancy. A decrease in FiO2 for 
2 hours caused a significant increase in plasma glucose in 
nonpregnant animals. Although plasma glucose also increased 
in pregnant animals in response to acute hypoxemia, the 
increase was not statistically significant. The glucose Ra 
significantly increased during acute hypoxemia in nonpregnant 

animals; the increase was not significant in pregnant animals. 
An acute decrease in FiO2 had no impact on the contribution of 

GNG to the glucose Ra in either pregnant or nonpregnant 
animals. 

A chronic decrease in FiO2 for 3 days resulted in a significant 
(P < .05) increase in plasma glucose in pregnant animals. There 
was no change in the glucose Ra or the contribution of GNG to 
glucose production. 

2-Deoxyglucose uptake by skeletal muscle, liver, and kidney 
was not affected by decreased FiO2 following 12 hours of 
fasting during pregnancy (Table 5). Hypoxemia did not affect 

Table 1. Effect of Chronic Hypoxemia on Fetal Weight,  Litter Size, 
and Placental Weight  

Maternal Litter Fetal Placental 
Condition Weight (g) Size (n) Weight (g) Weight (g) 

Room air 
(n = 9) 349.6 _+ 9.7 13.5 -+ 0.50 4.02 _+ 0.04 0,64 ~ 0.02 

Hypoxemia 
(n = 12) 368.6 -- 13.1 14.3 +- 0.63 3.27 _+ 0.06* 0.61 ± 0.03 

NOTE. Mothers were placed in room air or 17% FiO2 on day 17 of 

gestation; pups were delivered on day 20 of gestation. The reported 
fetal weight is an average of the mean for each litter (mean -+ SEM). 

~P< .02 vroom air. 
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Table 2. Effect of Hypoxemia on Arterial Blood Gas and Oxygen Saturation 
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No. of PO2 02 PCO2 HCO3 
Group Animals pH (torrs) Saturation (%) (torrs) (mmol/L) 

Nonpregnant  

Room air 

Fi02 17% 

1.6 h 

3-5 h 

3 d  

Pregnant 

Room air 

FiO2 17% 

l d  

2 d  

3 d  

7 7.41 _+ 0.02 92 _+ 4.8 97 _~ 0.02 38.8 _+ 1.65 24.5 + 0.97 

5 7.44 ± 0.03 75 ± 3.7* 95 -+ 0.45* 36.0 ± 1.21 24,8 _+ 1.67 

4 7.48 +_ 0.02* 73 _+ 2.21, 95 -+ 0.47* 34.5 _+ 0.81 26.7 _+ 1,68 

6 7.47 _+ 0.01" 86 -~ 2.4 98 -~ 0.41 30.0 _+ 2,201" 21.8 _+ 1.29 

4 7.40 _+ 0.01 97 -+ 0.5 98 + 0.2 32.5 -+ 1.6 24.1 + 0.93 

4 7.43 ± 0.01 71 + 1.0" 93 -+ 0.3* 25.3 +- 1.6 20.0 _+ 1.19 

4 7.40 ± 0,01 76 ± 0.7* 94 -+ 0,3* 30.3 ± 2.9 20.2 ± 0.94 

4 7.39 ± 0.02 81 ± 1.8" 95 ± 0.6* 27.9 ± 0.9 18.1 ± 1.08 

NOTE. Results are the mean ± SEM. Nonpregnant  and pregnant  animals were placed in 17% Fi02 for  the indicated t ime. Blood samples were 

obtained f rom indwel l ing catheters placed in the carotid artery. 

* P <  .03 v r o o m  air. 

l - P <  .01 v r o o m  air. 

the placental uptake of 2-deoxyglucose (3.8 + 0.2 v 3.7 _+ 0.6 
ng/mg • rain). 

The effect of a prolonged decrease in FiO2 on GLUT1 and 
GLUT3 mRNA expression in the placenta was determined. 
Because GLUT1 mRNA is known to be highly expressed in the 
placenta, 27 Northern blots were performed under conditions 
where hybridization would occur under saturating levels of 
probe. Figure 1A shows the results of a Northern blot using 2 ~g 
total RNA per lane. No change in GLUT1 mRNA content was 
observed in placentae obtained from rats exposed to 17% FiO2. 
Figure 1B shows a Northern blot using 20 ~g total RNA per 
lane, which was hybridized to the GLUT3 probe. No change in 
the relative content of GLUT3 was evident. The experiment was 
repeated on four sets of pregnant rats, and the effect of 
hypoxemia on both GLUT1 and GLUT3 mRNA was quantified 
(Table 6). The relative abundance of GLUT1 mRNA and 
GLUT3 mRNA was not changed as a result of exposure of the 
mothers to 17% FiO2 for 3 days. 

There was no change in the glycogen concentration in 
maternal and fetal liver as a result of prolonged hypoxemia. In 
addition, there was no significant change in the placental 
glycogen concentration (0.37 -+ 0.02 mg/g tissue in control v 
0.34 _+ 0.05). 

D I S C U S S I O N  

The significant finding of the present study is that even a mild 
decrease in FiO2 (0.17) in the rat causes significant growth 
restriction in the fetus. Of interest, the decreased fetal growth 
was not associated with changes in placental weight or any 
measurable change in maternal glucose metabolism. Several 
different models have been used to induce intrauterine growth 

restriction. 1-5 The commonly used models of reduction in 
uterine or placental blood flow (by ligation of uterine artery or 
by placental emboli) result in reduced delivery of both oxygen 
and nutrients to the fetus. 3 In contrast, a decrease in FiO2 
primarily reduces the maternal/fetal oxygenation and leads to 
secondary effects on nutrient transport and metabolism. 7-9 
Previous studies have used severe hypoxemia, an environmen- 
tal 02 concentration of 10% to 14%, to induce fetal growth 
restriction. 1 Such severe hypoxemia could cause changes in 
both maternal and fetal metabolism. In contrast, we have used a 
relatively milder decrease in FiO2 that resulted in minimal 
change in the maternal blood PO2, and even this condition 
resulted in significant fetal growth restriction. Although the 
observed change in blood PO2 is considered to be of no 
physiological significance, this magnitude of hypoxemia is 
comparable to that observed at high altitude and associated with 
low birth weight in humans. 6 

Growth restriction was found consistently in our study of rat 
pregnancy, and has also been reported by our group in mice. 28 
Of interest, a minimal decrease in maternal PO2 and no change 
in hemoglobin oxygen saturation was found. A prolonged 
reduction in FiO2 caused a low PCO2 and a small increase in 
pH, probably as a result of hyperventilation in nonpregnant 
animals but not during pregnancy. Whether these changes 
resulted in increased oxygen (energy) consumption by the 
mother or by the fetus remains unknown. In this rat model, 
because of the inaccessibility of the fetus due to its size, we 
were not able to measure the effect of maternal hypoxemia on 
fetal oxygenation. However, since maternal oxygenation and 
hemoglobin saturation as measured by arterial blood gas 
analysis were minimally changed, we speculate that the fetal 

Table 3. Maternal and Fetal Blood Glucose and Lactate Ratio 

Glucose Lactate 

Mother Fetus Maternal/Fetal Mother Fetus Maternal/Fetal 
Condition (mmol/L) (mmol/L) Ratio (mmol/L) (mmol/L) Ratio 

Room air (n = 4) 3,70 ± 0.42 2.49 -+ 0,14 1.48 ± 0.11 1.80 + 0.18 8.52 _+ 1.28 0.24 + 0.06 

Fi02 17% (n = 5) 4.23 -+ 0.20 1.95 -+ 0.23 2.26 ± 0.24* 1.81 ± 0.41 9.67 ± 0.24 0.19 ± 0,04 

* P <  .05 v r o o m  air. 
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Table 4. Effect of Hypoxemia on Glucose Kinetics in Nonpregnant and Pregnant Rats 

GNG Plasma Glucose Glucose Ra 
Group Weight (g) (mmol/L) (pmol/1OO g • min) % pmol/100 g • rain 

Nonpregnant 

Room air (n = 6) 275 _+ 22 7.10 -+ 0.30 5.91 -+ 0.79 63 -+ 9 3.85 _+ 0.67 

2 h FiO2 17% (n = 6) 7.90 _+ 0.55* 6.80 _+ 1.04" 63 _+ 8 4.37 _+ 0.82 
Pregnant 

Room air(n = 6) 381 _+ 15t 3.70 _+ 0.501 6.30 _+ 0.98 83 _+ 11 5.20 _+ 1.18 

2 h FiO2 17% (n = 6) 4.01 _+ 0.56 7.54 _+ 1.66 89 _+ 10t 6.53 _+ 1.99 

3 d Fi02 17% (n = 7) 371 _+ 241- 4.90 _+ 0.21:1: 5.80 -+ 0.56 80 -+ 11 4.80 _+ 0.27 

NOTE. The response to acute hypoxemia was examined in nonpregnant (n = 6) and pregnant (n = 6) animals by placing them in a 17% FiO2 

hypoxemia chamber for 2 hours. Glucose kinetics were measured in separate group of pregnant animals (n = 7) fol lowing 3 days of hypoxemia. 

* P <  .05 vnonpregnant in room air. 

t P <  .001 vnonpregnant in room air. 

t P <  .05 vpregnant in room air. 

growth restriction was not related directly to changes in oxygen 
delivery, but was more likely related to changes in the delivery 
o1" uptake of nutrients and substrates or due to a primary change A 
in fetal metabolism as a result of acid-base disturbance. 

As reported previously, an acute decrease in FiO2 caused an 
increase in blood glucose and glucose Ra in nonpregnant 28S- 
animals. Such a response was not evident in pregnant animals. 
In addition, a prolonged decrease of FiO2 had no significant 
effect on the plasma glucose, glucose Ra, or contribution of 

GNG in the pregnant animal. As anticipated from the previous 
data, basal plasma glucose was lower and the glucose Ra and 
contribution of GNG to glucose Ra were slightly higher (not 
statistically significant) in pregnant versus nonpregnant ani- 
mals. 14 It should be underscored that the estimation of GNG 
from the enrichment of 2H on C-6 of glucose following [2H2]O 
administration will underestimate the contribution of pyruvate 18S - 
to glucose, because of incomplete equilibrium between the 
methyl hydrogens of pyruvate and water; in addition, it does not 
measure the contribution of glycerol, z6 Therefore, if there was B 
any change in lipolysis and GNG from glycerol, it would not be 
measured by this method. 

A mild decrease in FiO2 caused a small increase in maternal 
plasma glucose and a decrease in fetal plasma glucose such that 
the maternal-fetal plasma gradient for glucose was significantly 28S - 
increased. This may be the consequence of increased glycolysis 
or glucose utilization by the fetus. Lueder et all also have shown 
increased utilization of glucose by selected fetal tissues in 
response to chronic hypoxemia and fetal growth restriction. 
However, in their study, intrauterine growth restriction (IUGR) 

Table 5. Glucose Uptake (nmol/g wet weight tissue/min) 

Condition EP GCR GCW Kidney Liver 

Room air 

( n = 6 )  13.0+_ 1.3 13.4-+ 1.5 7.5-+ 1,0 3.2+ 1.2 3,1 -+0,8 

FiO2 17% 

( n = 5 )  14.4_+1.5 16.3--_4.6 24.8-+4.9 11.4_+4.3 4.4_+1,7 

NOTE. 2-Deoxyglucose uptake was measured in pregnant rats 

fol lowing 3 days of hypoxemia or exposure to room air during fasting 

(16 hours). Results are the mean _+ SEM; none of the changes were 

significant. 

Abbreviations: EP, epitrochlearis; GCR, gastrocnemius (red); GCW, 

gastrocnemius (white). 

I 2 3 4 5 6 

I 2 3 4 5 6 

18S - 

Fig 1, Effect of chronic hypoxemia on GLUT1 and GLUT3 mRNA 
expression in placenta. Mothers were placed in room air or 17% FiO2 
on day 17 of gestation. At delivery on day 20, placentae were 
removed and frozen in liquid N2. Two (A) and 20 (B) I~g total RNA were 
loaded per lane, and the resulting blots were probed with full-length 
rat GLUT1 and human GLUT3 eDNA probes, respectively. (A) GLUT1 
mRNA: lanes 1,3, and 5, placenta from a rat at room air; lanes 2, 4, and 
6, placenta from a rat exposed to 17% FiOz. Position of the 28S and 
18S ribosomal band is shown. (B) GLUT3 mRNA: lanes correspond to 
lanes in A. 
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Table 6. Effect of Chronic Hypoxemia on the Relative Abundance 
of GLUT1 and GLUT3 mRNA in Placenta 

GLUT mRNA Control 17% FiO2 

GLUT1 (n = 9) 1.00 -+ 0.03 0.89 -+ 0.10 
GLUT3 (n = 6) 1.00 _+ 0.06 1.05 -+ 0.17 

NOTE. Mothers were placed in room air or 17% FiO2 on day 17 of 
gestation. At the time of delivery on day 20, placentae were removed 

and frozen in liquid N 2. Twenty and 40 IJg of total RNA were used in 

blots to be probed for GLUT1 and GLUT3 mRNA, respectively. Three 

placentae from rats at room air and 3 from hypoxemia-treated rats 

were analyzed on the same blot in each experiment. The intensity of 

GLUT mRNA bands was determined by laser densitometry. In each 

experiment, the relative abundance of GLUT mRNA in hypoxic rats 

was calculated as the ratio to the mean value derived from rats in 

room air. The experiment was repeated 4 times in triplicate for GLUT1 

mRNA and 3 times in triplicate for GLUT3 mRNA analysis. Results are 

the mean 2 SEM None of the changes are statistically significant. 

was induced by more severe hypoxemia (10% FiO2) than in the 
present study (0.17 FiO2). Although the fetal plasma glucose 
concentration was lower in animals exposed to lower FiO2, the 
lactate concentration or maternal/fetal lactate ratio were not 
affected. This would be contrary to the argument of increased 
glucose utilization by the fetus, 1 or it could be due to a rapid 
clearance of lactate by the placenta. The relative abundance of 
GLUT1 mRNA encoding the predominant glucose transporter 
expressed in the placenta, and of GLUT3 mRNA, remained 
unchanged following exposure to 17% FiO2. Hypoxemia has 
been reported to cause upregulation of the mRNAs (especially 
of GLUT1) in a variety of tissues and cell systems, including 
trophoblasts in culture. 29,3° The lack of change in the present 
study could reflect either the lack of any significant change in 
blood PO2 induced by our perturbations, the absence of 
regulatory pathways in the tissue in vivo, or the extremely high 
level of expression of GLUT1 mRNA in the placenta under 

basal (room air) conditions. Since the expression of placental 
GLUT3, in particular, 31,32 appears to be regulated posttranscrip- 

tionally, it would be important to quantify the effect of 
hypoxemia on placental glucose transporter protein levels. 
These measurements were not performed and remain a limita- 
tion of the present study. However, the protein levels alone, 
without examining the transport function, will not address the 
mechanism of the decrease in fetal glucose. 

Pregnancy in humans, as well as animals, is characterized as 
an insulin-resistant state.iS,16 Using the hyperinsulinemic clamp 

technique, a progressive increase in insulin resistance has been 
demonstrated with advancing gestation. Since hypoxemia has 
been shown to result in increased glucose uptake by the 
non-insulin-mediated pathway even in the insulin-resistant 
muscle, l° we hypothesized that fetal growth restriction may be 
related to increased glucose uptake by the maternal muscle. 
However, no effect on 2-deoxyglucose uptake by either red or 
white muscle in pregnant animals was observed. There was also 
no effect on 2-deoxyglucose uptake by the placenta, liver, or 
kidney. Considering the large variance in the data, it is possible 
that there are changes masked by a type 2 error; however, the 
magnitude of such changes, even if significant, is not likely to 
explain the fetal growth restriction and changes in fetal blood 

glucose observed. 
Thus, intrauterine fetal growth restriction induced by expo- 

sure to 17% FiO2 is not related to alterations in maternal glucose 
production or skeletal muscle glucose uptake. Whether it is due 
to a change in maternal/fetal energy metabolism or to perturba- 
tions in protein metabolism as a result of acid-base disturbances 
remains to be examined. 
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