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Abstract. The effects of chronic fetal glucose infusion upon fetal oxygenation and endog-
enous erythropoietin (Ep) production were studied using the chronically catheterized fetal
lamb. Fetal glucose infusion at rates between 5 and 20 mg/kg/min resulted in sustained fetal
hyperglycemia. During glucose infusion (maximal glucose concentration achieved = 55.4 +
3.7 mg/dl) fetal arterial oxygen contents fell from 5.8 = 0.9 to 4.2 = 1.0 ml/dl while no
changes were observed in simultaneously sampled, noninfused twins. Although plasma
insulin concentration rose in the infused fetuses, the elevations were inconstant and no
relationship between fetal plasma insulin concentration and decrement in fetal oxygen con-
tent was evident. Fetal plasma arterial Ep concentrations in the control state were 13.2 = 2.8
mU/ml. In infused fetuses, plasma Ep concentrations rose to 150.7 = 35.9 mU/ml when the
fetal arterial oxygen contents fell below 60% of their basal values. A reciprocal relationship
was demonstrated between fetal arterial oxygen content and fetal plasma arterial Ep con-
centration (P < 0.001) in the pooled data of infused fetuses. The changes in plasma Ep
concentration were noted prior to any significant fetal metabolic acidosis (as evidence of
tissue hypoxia) and no changes in plasma Ep concentration were observed in simultaneously
sampled noninfused twins. No relationship was apparent between fetal arterial plasma insu-
lin and Ep concentrations. Since neither fetal anemia nor hemodilution occurred in these
preparations, glucose-induced fetal hypoxemia is the likely mechanism behind elevated fetal
Ep concentrations in these experiments. Similarities between this animal model and human
fetuses and infants of diabetic mothers suggest that chronic in utero hypoxemia may be a
common feature responsible for such diverse abnormalities as polycythemia, hyper-
bilirubinemia, and late fetal demise. The mechanism behind the glucose-induced fetal

hypoxemia is not known.

Hyperinsulinism and macrosomia are
features commonly found in infants of inad-
equately controlled or undiagnosed diabetic
mothers (1—5) presumably the result of
fetal hyperglycemia and excessive fetal
pancreatic 8 cell stimulation (1—3). Other
features such as congenital polycythemia
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(1) and late in utero demise (3), although
prominent in infants of diabetic mothers,
have etiologies not clearly linked to fetal
hyperglycemia or hyperinsulinemia. Some
have theorized that in utero hypoxemia
may play a role (1—5), but this finding has
not been clearly documented. Suggestive of
this viewpoint has been the demonstration
of elevation in erythropoietin (Ep) concen-
tration in the cord blood of infants of dia-
betic mothers and insulin-infused fetal mon-
keys, using a sensitive Ep radioimmunoas-
say (6, 7). Whether elevation in fetal plasma
Ep concentration is due primarily to
hyperinsulinemia or hyperglycemia, how-
ever, is unclear, since both can induce fetal
hypoxemia in experimental circumstances
(8—10). The present study was performed,
therefore, using a hyperglycemic twin fetal
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lamb model (10) to test the hypothesis that
elevation of fetal Ep levels is due primarily
to fetal hypoxemia induced by fetal hyper-
glycemia.

Methods. Five pregnant ewes of timed
gestation were selected between 110 and
125 days of gestation (term gestation: 147
days). Four had twins and one, a singleton
fetus. Ewes were anesthetized with sodium
pentobarbital and intrathecal pontocaine.
After hysterotomy, catheters were placed
in the distal fetal aorta (i.e., preplacental)
and inferior vena cava via fetal pedal or
femoral artery and pedal vein and in the
maternal femoral artery for blood sampling
and infusion. In twin preparations, both
fetuses received venous and arterial cathe-
ters. Catheters were tunnelled subcutane-
ously to a pouch on the ewe’s flank. Ex-
periments were performed only after at
least four postoperative days when all ewes
were stable and feeding ad libitum. During
a 2-day control period three to four arterial
blood samples (2—3 ml/sample) were drawn
from each fetus (including both fetuses in
each twin pair) and analyzed for arterial
plasma glucose, insulin, and Ep concentra-
tions, as well as whole blood O, content and
blood gases (pO., pCO,, pH). Hematocrit
and total serum solids were monitored daily
during control and experimental periods to
assure that infusion and sampling did not
result in hemodilution or fetal anemia.
Blood withdrawal for hematocrit and total
serum solids was performed prior to initial
blood sampling for other parameters. Ma-
ternal blood was also withdrawn daily dur-
ing control and experimental periods and
analyzed for plasma glucose, insulin, and
blood gases. Care was taken to minimize
fetal blood drawing and to withdraw equal
blood volumes from fetuses in each twin
pair.

At the end of the control period, the
singleton fetus and one fetus in each of the
twin pairs were begun on a continuous glu-
cose infusion through the caval catheter by
means of a precalibrated syringe pump.
Glucose in sterile water (35 or 50%) was
used for the infusate which was replaced in
the syringes daily. The infusate was deliv-
ered at rates between 5 and 20 mg glucose/
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kg estimated fetal weight/min which re-
quired volumes of delivery between 0.5
and 2.5 ml/kg/hr. Glucose infusions were
begun at rates of 5—10 mg/kg/min and in-
creased in a stepwise fashion in increments
of 2.5—-5.0 mg/kg/min every 2 to 3 days.
In three studies severe hypoxemia® or aci-
dosis intervened and the infusion was halted
for 1 to 2 days before being resumed. During
infusion, serial blood samples were ob-
tained from infused and noninfused fetuses
daily to assess changes in arterial plasma
glucose, insulin, and Ep concentrations,
and whole blood O, content as well as acid
base alterations. Thus, the noninfused twins
served as simultaneous in utero controls.
In these preliminary studies, parameters of
erythropoietic stimulation and/or response
other than hematocrit were not assessed.
Catheter dislodgement and fetal demise
were the major factors limiting total infu-
sion time.

Assay of plasma glucose was performed
using a glucose analyzer (Beckman Instru-
ments). Whole blood O, content was mea-
sured with the Lex-0,-Con (Lexington In-
struments) after withdrawing fetal blood
into NaF-treated tubes. The Lex-O,-Con
was calibrated daily, with distilled water
saturated with O, at 0°. Insulin radioim-
munoassay was performed using a double
antibody separation technique (11) and
ovine insulin standards (kindly supplied by
Dr. M. A. Root, Eli Lilly Laboratories). Ep
assay was performed using rabbit anti-Ep
serum and human Ep standards (6). Purity
of labeled Ep was 70,400 U/mg protein
(supplied by Dr. Eugene Goldwasser, De-
partment of Biochemistry, University of
Chicago). Inter- and intraassay coefficients
of variation for this assay are 8.4 and 9.7%,
respectively.

Statistical significance was assessed by
means of the paired Student’s ¢ test. Re-
gression analysis utilized the least-squares

3 In this study the term hypoxemia is used arbitrarily
to designate fetal arterial O, content < 50% of basal
and acidosis to signify a fetal arterial base deficit > §
meq/liter. In both cases, these limits are outside 2 SDs
from the mean control values obtained during these
experiments.



44

ERYTHROPOIETIN ELEVATION IN HYPERGLYCEMIC LAMB

TABLE I. CHANGES IN FETAL ARTERIAL GLUCOSE AND OXYGEN IN GLUCOSE-INFUSED
AND NONINFUSED TwWIN FETAL LAMBS

Plasma glucose

Whole blood oxygen content

(mg/dl) (ml/dl)
Length of
infusion Control Experimental Control Experimental
Animal No. (days) period period period period
1 11 27.8/29.0¢ 61.0/23.4 6.3/5.6 3.6/5.5
2 4 18.8/18.2 62.0/16.1 5.4/5.3 4.4/6.7
36 7 16.8 60.6 5.8 34
4 3 14.0/15.0 44.0/14.5 2.9/1.6 1.7/2.1
5 9 16.5/16.0 49.4/13.8 10.4/9.2 7.8/9.1
Mean =1 SEM
Infused 18.8 = 2.4 55.4 + 3.7* 6.2+12 42 = 1.0
Noninfused 19.6 = 3.2 17.0 £ 2.2 54=+1.6 59=15
Pooled 19.1 £ 5.5 —_ 58+0.9 —

* Infused fetus/noninfused fetus.
® Singleton lamb fetus.
* Significantly (P < 0.01) different from control.

method. Results are expressed as mean
+ SEM unless stated otherwise.

Results. Glucose infusion in the five
preparations was maintained for an average
of 7 days (range 3—11 days). Pooled control
fetal plasma glucose concentration was 19.1
*+ 5.5 mg/dl and rose to a mean level of 55.4
+ 3.7 mg/dl (P < 0.001) during infusion
(Table I). Noninfused control fetuses had
plasma glucose concentrations (17.0 + 2.2
mg/dl) not significantly different from their
values in the control period. Maternal glu-
cose concentrations were not significantly
altered during fetal glucose infusions. Fetal
plasma insulin concentration rose from a
mean control value of 5.6 = 1.1 uU/mlto a
mean peak concentration of 21.8 £ 3.2
pnU/ml (P < 0.01) during infusion in the in-
fused fetuses. However, the insulin eleva-
tions were inconstant. During periods of
significant fetal hypoxemia (which devel-
oped in four of the five infused fetuses),
mean plasma insulin concentration (11.5 +
2.2 uU/ml) was not significantly different
from the mean control value. An example is
depicted in Fig. 1A. No changes in plasma
insulin concentrations were noted in the
noninfused fetuses or ewes during the infu-
sion period.

Control fetal hematocrit was 40 = 2%.
No differences were noted between infused
and noninfused twins during the control pe-

riod and neither group’s hematocrit was
altered during the experimental period. A
similar lack of change was noted in fetal
total serum solids (mean control value 4.7
+ 0.2 g/dl.

Control fetal arterial O, content for all
fetuses was 5.8 = 0.9 ml/dl (Table I). Dur-
ing glucose infusion fetal O, content de-
creased in the infused hyperglycemic
fetuses to mean levels of 4.2 = 1.0 ml/dl,
which were significantly lower than their
mean control values (P < 0.01). Mean val-
ues in the simultaneously sampled nonin-
fused twins (5.9 = 1.5 ml/dl), however, did
not differ from control values. Metabolic
acidosis developed in three of the infused
twins (base deficit = 10.7 = 1.8 meq/liter)
when the fetal arterial oxygen content had
fallen to 20.0 = 3.8% of basal levels.

Preinfusion plasma Ep concentrations
from the pooled results from all fetuses
(n =9) were 13.2 = 2.8 mU/ml. Plasma Ep
levels in noninfused fetuses during the ex-
perimental period remained low, 6.5 = 1.3
mU/ml (not significantly different from
pooled control values). Although biological
variability in arterial O, content was pres-
ent in the noninfused fetuses, no relation-
ship between plasma Ep concentration and
blood O, content was observed. In con-
trast, plasma Ep concentration rose in in-
fused fetuses during glucose infusion, but
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FIG. 1. Results of glucose infusion into one of twin fetal lambs (animal No. 1). (A) Changes in
plasma arterial glucose and insulin (mean control concentrations are plotted =SEM). (B) Changes in
fetal arterial oxygen content and plasma erythropoietin concentration (mean control concentrations

are plotted +SEM).

only during significant fetal hypoxemia
(<50% basal O, content). Figure 1B depicts
such changes in the same twin preparation
as shown in Fig. 1A.

When data from all five preparations
were pooled, a reciprocal relationship was
evident between fetal plasma Ep concen-
tration and arterial O, content in infused
fetuses (P < 0.001). Although individual re-
sponses were variable, a fall in arterial
blood O, content to less than 60% of basal
values (2 SD below the mean) resulted in a
plasma Ep concentration of 150.7 = 35.9
mU/ml (P < 0.01). In the only glucose-
infused fetus that did not respond with a
rise in plasma Ep (Fig. 2), arterial O, con-
tent did not fall below 50% of basal and only
one point was below 60%. The elevations in
plasma Ep concentration observed in these
preparations were not related to changes in
fetal insulin concentration and occurred
before development of metabolic acidosis.

Discussion. In previous work (10), the
relationship between experimentally in-
duced fetal hyperglycemia and altered fetal
oxygenation was assessed since several in-

vestigators had reported the development
of fetal acidosis and in utero demise during
chronic fetal glucose administration in lamb
models. When fetal arterial oxygen content
rather than p,0, was used as an index of
subtle changes in tissue oxygenation (14),
chronic glucose infusion resulted in arterial
hypoxemia in the fetal lamb (10). The dec-
rement in arterial oxygen content was re-
lated both to the rate of glucose infusion
and to the degree of hyperglycemia pro-
duced. Although metabolic acidosis (as
evidence for tissue hypoxia) was noted
during severe hypoxemia (see Methods),
lesser decrements in arterial O, content
were not associated with abnormalities in
acid—base status. Although fetal lactate
concentrations were not measured in these
preparations, it is assumed that significant
fetal metabolic acidosis was due to eleva-
tion of fetal blood lactate concentration in-
duced by tissue hypoxia. Fetal lactate con-
centration in normoxemic, hyperglycemic
fetal sheep is statistically similar to values
obtained in the basal state (10). The mecha-
nism(s) involved in the induction of the
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FiG. 2. Correlation between fetal arterial oxygen
content in infused fetuses (expressed as percentage of
basal oxygen content) and fetal arterial plasma eryth-
ropoietin concentration (y = 3218.2/x — 8.1, r = 0.62,
P < 0.001). Shaded zone represents 2 SD above mean
control plasma erythropoietin concentration.

hypoxemia are not known but may involve
alteration of the oxyhemoglobin dissocia-
tion curve or stimulation of fetal or utero-
placental O, consumption. In addition, sev-
eral investigators have demonstrated that
fetal insulin infusion can increase fetal O,
consumption and induce arterial hypoxemia
(8, 9). Endogenous hyperinsulinemia was
not noted uniformly in the present studies,
but may have contributed to the fall in O,
content. The reasons behind the relative in-
constancy in glucose-induced elevation of
fetal insulin concentration are unclear but
may be related to the duration of hyper-
glycemia as well as the resulting arterial
hypoxemia.

Erythropoietin, although well known for
its effects upon stimulation of proliferation
of erythroid precursors in the adult (15),
also exerts a major influence upon the con-
trol of erythropoiesis in the fetus and infant
(16). In the adult, Ep secretion occurs
primarily in the kidney (15, 17), while in
utero the fetal liver appears to be the major

synthetic site (18). Both in and ex utero, the
primary factor responsible for changes in
Ep secretion is the relatively complex re-
lationship between tissue O, consumption
and O, delivery (17, 19). Using an Ep bioas-
say as well as radioimmunoassay, several
authors (16, 18, 19) have demonstrated ele-
vations in plasma Ep concentrations in re-
sponse to hypoxia or anemia in the fetus
and neonate. In one study (7), significant
Ep elevations in cord plasma also were
noted in both infants of diabetic mothers
and monkey fetuses chronically infused
with insulin. The authors speculated that
Ep elevation might be the result of either
hyperinsulinemia or chronic in utero
hypoxemia. Although certain hormones
such as thyroxine, growth hormone, and
catecholamines can stimulate Ep produc-
tion (20) no evidence is currently available
regarding a possible stimulatory effect of
insulin per se upon Ep secretion.

The present experiments indicate that
endogenous fetal Ep secretion is attuned to
subtle alterations in fetal oxygenation and is
stimulated when fetal arterial O, content
falls below 60% of basal levels. This value
corresponds with approximately 2 mM O,
content in the fetal lamb, the same content
below which fetal organ blood flow alter-
ations occur as a compensatory mechanism
in fetal hypoxic states (21). Prolonged Ep
stimulation in the hypoxemic fetal lamb
would, presumably, have resulted in an
elevation in fetal red blood cell mass and,
therefore, in fetal O, carrying capacity. In
addition to the elevations of fetal Ep with
arterial hypoxemia, a blunting of fetal
glucose-induced insulin response was also
demonstrated, an effect well documented in
the hypoxic adult (22). Thus, the common
mechanism(s) underlying elevations in
plasma Ep seen in the glucose-infused fetal
lamb and insulin-infused fetal monkey
preparations may have been in utero
hypoxemia induced by increased substrate
and oxygen consumption, rather than direct
stimulation by insulin.

Some infants of diabetic mothers have
findings of venous polycythemia (1), accel-
erated carbon monoxide and bilirubin pro-
duction (23), and increased hepatic hema-
topoietic elements (5), all suggestive of
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excessive stimulation of erythropoiesis in
utero. Data from the chronically hyper-
glycemic fetal lambs are interpreted to in-
dicate that these abnormal findings in the
human may represent an hematopoietic re-
sponse to endogenous fetal Ep secretion.
Chronic in utero hypoxemia resulting from
excessive maternal—fetal glucose transfer
is suggested as the major stimulus for the
rise in fetal plasma Ep concentration and,
thus, for a compensatory rise in fetal red
blood cell mass.

The authors wish to acknowledge the expert sec-
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