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AB

Previous observations in fetal sheep indicate that glucose may
inhibit as well as enhance insulin secretion. To study conditions
involved in inhibition of insulin secretion, we compared changes
in plasma insulin concentration in response to acute increases in
glucose and arginine concentrations in a group of normal, late
gestation fetal sheep (euglycemic controls, EC) and a comparable
group made chronically hyperglycemic by constant maternal
glucose infusion (hyperglycemics, HG). After 7-10 d of maternal
and fetal hyperglycemia, fetal glucose concentrations (G) were
significant ly increased in the HG group (0.98 ::'::: 0.07 mM EC,
2.00 ::'::: 0.11 mM HG, p < 0.001) but fetal plasma insulin
concent rations (f) were not significantly different (57 ::'::: 7 pM
EC, 71 ::'::: 9 pM HG, p = 0.2). Furthermore, the I/G ratio was
significantly decreased in the HG group (60 ::'::: 9 EC, 40 ::'::: 4 HG,
p = 0.03) and during a hyperglycemic glucose clamp (f1G == 1.4
mM), glucose-stimulated increase in steady state I was less in the
HG than in the EC fetuses (mean M /f1G = 106 ::'::: 15 EC, 61 ::':::
10 HG, p = 0.01). An arginine infusion at the end of the clamp
produced similar increases in I in the EC and HG groups (M =
824 ::'::: 116 pM EC, 906 ::'::: 131 pM HG, p = 0.45). There were
no differences between groups for blood oxygen saturation and
content, pH, or lactate concentration. After 14-17 d of hyper-

Attempts to mimic the gestational diabetic state in animal
models, particularly in sheep, have produced mixed responses
with respect to the relationships between the magnitude and
duration of changes in fetal plasma glucose concentration and
fetal insulin secretion. Insul in secretion in fetal sheep in re
sponse to acute hyperg lycemia has been reported to occur as
early as 110 d (73%) gestation, and in late gestation it has the
same dose-response kinetics as observed in adult ewes, al
though at lower glucose and insulin concentrations and without
a first phase response (1, 2). In contrast, streptozotoc in- and
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glycemia, glucose-stimulated increase in I was even more re
duced in the HG fetuses than observed at 7-10 d. Decreased
insulin response to arginine also was present , although pancreatic
insulin concentration was not decreased. Glucose-stimulated in
crease in I returned to normal after 7 d of no glucose infusion and
euglycemia. These data indicate that glucose-stimulated insulin
secretion is reversibly decreased by marked, chronic hypergly
cemia. Because pharmacologic inhibi tors of insulin secretion
(e.g. streptozotocin or alloxan) were not used, and oxygenation,
pH, and lactate values were similar between the two groups, this
decrease of insulin secretion appears to be glucose-specific,
although mechanisms involved can include both glucose and
amino acid (arginine) stimulation processes. Such decrease in
fetal insulin secretion may limit the rate of fetal glucose utiliza
tion during chronic hyperglycemia and thereby modulate the rate
of fetal growth. (Pediatr Res 38: 754-762, 1995)

Abbreviations
EC, euglycemic controls
HG, hyperglycemics
G, glucose concentration
I , insulin concentration

alloxan-induced maternal hyperglycemia in pregnant sheep
have produced sustained fetal hyperg lycemia but not sustained
fetal hyperinsulinemia (3, 4). The secretion of insulin in re
sponse to further hyperglycemi a, a measure of pancreatic
f3-cell responsiveness and insulin secretion capacity (in con
trast to decreased insulin synthesis or increased insulin disap
pearance), was not tested in these hyperg lycemic models .
Another study in fetal sheep, however, showed that fetal
insulin concentration, which initially increased during contin
uous glucose infusions, later decreased; furthermore, the insu
lin response to further increases in glucose concen tration ap
peared to decrease, especially toward the end of 5 d of
hyperglycemia (5). In most of the animals in these and other
studies (6, 7), the glucose concentrations were quite high, and
when measured , the blood oxygen contents often were quite
low, in the range often associated with high placental catechol
amine concentrations (8, 9), indicating that some of these
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animals were physiologically unstable, potentially producing
multifactorial changes in the relationship between glucose
concentration and insulin secretion. Together, however, these
observat ions demonstrate a down-regulation of fetal pancreatic
insulin secretion that may have been induced over time by
glucose itself, or by some other facto r that developed during
the persistent hyperglycemia, or both. Such a condition could
limit fetal glucose utilization, at least by insulin-sensitive
tissues, and thereby modulate the rate of fetal growth.

Based on these mixed observations we hypothesized that
persistent, marked hyperglycemia in fetal sheep would sup
press basal insulin secretion to normal rates and decrease
insulin secretion in response to further hyperglycemia. Further
more, such changes in insulin secretion would be dependent on
the duration of the hyperglycemia and would be specific to
glucose. The present study tested these hypotheses by compar
ing the acute glucose-induced increase in insulin concentration,
an index of fetal pancreatic insulin secret ion, in late gestation
euglycemic fetal sheep with that in fetal sheep of the same
gestational age that were made chronically hyperglycemic by
maternal dextrose infusions for variable periods of up to 17 d.
Reversibility was studied in some animals that were returned to
euglycemia to test further for the specificity of the hypergly
cemic condition as a cause of decreased insulin secretion and
because of the possibility that prenatal inhibition of pancreatic
function may have prolonged effects on pancreatic develop
ment (10). Comparisons of insulin secretion to arginine also
were made to test whether the suppression of insulin secretion
by hyperglycemia affected only mechanisms of insulin secre
tion that directly and specifically involved glucose (11).

METHODS

Columbia-Rambouillet ewes of known gestational age were
studied. Surgery was performed at 113-125-d gestation to
place indwelling 20 gauge polyvinyl catheters into the fetal and
maternal arterial and venous circulations. The animals were
anesthetized with either pentobarbital sedation (15 mg/kg) and
tetracaine hydrochloride spinal anesthesia (10 mg), or alterna
tively with i.v. ketamine anesthesia (12-15 mg/kg bolus induc
tion, with 0.3-0.5 mg/min/kg continuous maintenance infu
sion) and intramuscular acepromazine (1 mg/kg) and diazepam
(10 mg) for muscle relaxation and sedat ion. The ewe and fetus
were also treated with 1% lidocaine local anesthesia when
needed. At the time of surgery intramuscular streptomycin (1
g) or gentamicin (80 mg) and procaine penicillin G (600000
U) were given to the ewe, followed by intra-amniotic ampicil
lin (500 mg) at the end of surgery. After the surgery each ewe
was kept in a cart and allowed ad libitum access to alfalfa
pellets, water, and a mineral block. The amount of food
consumed was recorded daily for each ewe. Each ewe received
a weekly 5-mL intramuscular injection of a multivitamin prep
aration (B-complex vitamins, Vedco, St. Joseph, MO). Be
cause of the flocking nature of sheep at least two ewes were
maintained in the same room at all times to reduce potential
psychologic stress. The rooms were computer-controlled to
maintain a temperature of 21°C with 18 h of variable light and
6 h of darkness daily. The catheters were flushed daily with

1.5-3.0 mL of a heparinized saline solution (150 U of heparin
per mL of 0.9%, wt/vol, NaCl in H20 ). The animals were
allowed to recover from surgery for 4 d before any fetal
studies. At the end of the studies each ewe and fetus was killed
with an i.v. euthanasia solution (Sleepaway'P", sodium pento
barbital in 10% alcohol, Fort Dodge Laboratories Inc, Fort
Dodge IA). AIl studies, animal surgery, and animal mainte
nance procedures were approved by the University of Colorado
Health Sciences Center Institutional Animal Care and Use
Committee.

STUDY DESIGN

After recovery, samples for blood glucose, plasma insulin,
blood hematocrit , blood oxygen saturation and content, pH,
and lactate were obtained from each ewe and fetus to determine
physiologic stability. The animals were randomly assigned to
either a euglycemic control group (EC, n = 12) or a chroni
cally hyperglycemic group (HG, n = 21). A hyperglycemic
glucose clamp of ISO-min duration was then performed in each
fetus (Fig. 1, top panel; this was study 1). This study was
designed to evaluate fetal insulin secretion, measured as the
change in fetal plasma insulin concentration in response to an
acute and sustained increase in fetal glucose concentration of
about 1.4 mM above the zero time concentration (about 1.0
mM) using a primed, variable infusion of 20%, wt/vol, dex
trose in H20 . After 120 min, eight of the fetuses received a
supplemental 5-min infusion of arginine free base of 0.18
0.20 mmol/kg estimated fetal weight (1.25 g in 9.0 mL of 0.9%
saline with 2.0 mL of 2.0 N acetic acid to bring the pH to 8).
Based on preliminary trials, this pharmacologic dose of argi
nine in fetal sheep in late gesta tion produces a maximum
response of insulin secretion to arginine (12). The hyperglyce
mic glucose clamp was continued, and blood samples were
collected between 125 and 150 min.

Following study 1, the ewes that were assigned to the HG
group were made chronica lly hyperglycemic (Fig. 1, bottom
panel) by continuous variable infusions of 50% wt/vol dextrose
in H20 (DsoW). The maternal and fetal glucose concentrat ions
were measured once or twice daily and the DsoW infusions
were adjusted to maintain maternal blood glucose concentra
tions between 4.2 and 5.6 mM (euglycemia in pregnant sheep
is 2.5-3.1 mM). After 7-10 d, a second fetal hyperglycemic
clamp was performed in 19 of the 21 HG fetuses and all 12 of
the EC fetuses (loss of animals due to catheter obstruction);
this was study 2 or "7- 10-d" study. The fetal blood glucose
concentration was acutely increased by about 1.4 mM above
the "time 0" concentration at the start of the clamp and
maintained for 150 min. Arginine was then administered by
bolus injection between 120 and 125 min in all 19 of the HG
fetuses and 6 (randomly selected) of the EC fetuses. Immedi
ately after this ISO-min clamp, the remaining 6 fetuses in the
EC group underwent a second hyperglycemic clamp period
that produced a further increase in glucose concentration of
about 1.4 mM for an additional 120 min (120-240 min of
study 2). This second clamp in these animals was done to
evaluate the short-term effects of further hyperglycemia on
fetal insulin secretion in normal animals and to determine the
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Figure 1. (Top) Time course of period s 1, 2, and 3 during each of the
hypergl ycemic clamps show ing the expected ch anges in fetal glucose concen
tration, the time of the arginine bolus, and the sampling times. (Bottom) Time
course of studies 1, 2, and 3 and the expected changes in maternal (e) EC ; 90,
HG) and fetal (A, EC ; f::" HG) gl ucose concentrat ions . Each animal was
studied on ly once on only 1 d for studies 2 and 3.

glucose-insulin dose response relationship in normal fetuses
over the range of glucose concentrations studied in both the EC
and HG animals.

After study 2 chronic maternal glucose infusions were suc
cessfully continued in 6 HG ewes (randomly selected from the
HG group) for an additional 5-8 d (again, loss of animals due
to catheter failure). These six sheep and eight contro l sheep
(also randomly selected from the control group) were then
studied by the same hyperglycemic glucose clamp and bolus
arginine infusion (study 3 or "14- 17-d" study) to test for
persistence of changes produced by chronic hyperglycemia.

Also after the second study, maternal glucose infusions were
discontinued in six other HG ewes (randomly selected from the
HG group) and after 7 d an additional hyperglycemic glucose
clamp study was performed to test for reversib ility of the
effects produced by chronic hyperglycemia.

Hyper glycemic Glucose Clamp

.:. - - - - - - - - - - - -8 - - - - - ,{J.- - - - - - - -8 - - - - - ,{J.,,,,,,,,

DATA ANALYSIS

BIOCHEMICAL ANALYSIS

At timed intervals during the glucose clamps (0' , 0", 5, 10,
15, 20, 30, 60, 90, 120, 125, 130, 140, and 150 min), samples
were collected in EDTA-lined syringes to measure whole
blood glucose, lactate , arginine , and plasma insulin concentra
tions. At 0', 0", 60, 120, 125, and 150 min, blood also was
collected into heparinized Caraway glass capillary tubes to
measure blood pH, oxygen saturation, and oxygen content.

Whole blood glucose and lactate concentrations were mea
sured with a YSI model 23 A analyzer (Yellow Springs
Instrument Company, Yellow Springs, OH). The blood for
plasma insulin was immediately centrifuged at 4°C for 3 min
and the plasma was stored at -70°C until analyzed using the
double antibody separation technique with a Ventrex 125I_RIA
kit (Ventrex Laboratories Inc., Portland, ME). The sensitivity
of these kits is 12 pM. The intra- and interassay variability
were both < 10% over the course of these studies. At the time
of necropsy, fetal and maternal pancreas tissue were placed in
0.01 N HCI and frozen at - 70°C until analyzed for insulin
content using methodology previously reported (13, 14).

Blood oxygen saturation and content were measured with an
OSM III Hemoximeter (Radiometer, Copenhagen, Denmark).
pH was determined using an ABL 330 blood gas analyzer
(Radiometer, Copenhagen, Denmark). Blood arginine concen
trations were measured with a Beckman 6300 amino acid
analyzer (Beckman Instruments Inc., Fullerton, CA).

All results are reported as the mean ± SEM unless otherwise
noted. Mean values for each variable were calculated from
samples obtained at time zero before the start of the clamp
(duplicates), from 5-25 min of the clamp (period 1), from
30-120 min (period 2), and from 125-150 min (period 3) for
all animals during a given study (Fig. 1, top pane l), and from
135-240 min of period 3 in study 2 for the six EC animals
studied with a continued hyperglycemic clamp. Period 1, 2,
and 3 values for the change in glucose concentration (LiG) were
calculated as the period mean value minus the mean zero time
value. Period 1 and 2 values for the change in insulin concen
tration (Lif) were calculated as the period mean value minus the
mean zero time value. Period 3 (arginine infusion period) Lif
represents the period 3 mean insulin concentration minus the
mean insulin concentration during period 2 (30-120 min). For
the six EC animals studied with a second glucose clamp in
study 2, period 3 LiG and Lif represent period 3 mean values for
G and I minus period 2 mean values for G and l , respectively.
These calculations were determined after results showed that
period 2 values for glucose and insulin concent rations were in
steady state, defined as less than a ± 5% difference of individ
ual values around the period mean value with no consistent
trend over the period for values to increase or decrease. The
ratio of absolute insulin concentration to glucose concentration
(fiG) and the ratio of change in insulin concentration to change
in glucose concentration (Lif /LiG) were calculated to account
for different values of G among animals within a group and
between groups based on previous observations in fetal sheep
of a direct relationship between I and G, Lif and LiG, and the
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Figure 3. Study 2: Comparison of In t!.G (top panel), In M (middle panel),
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and hyperglycemic animals (0). Data are shown as mean::':: SEM .

150120906030oC
...J

.: - 2
.,
g' - 3

'"..c
-4 +------.-- -.---.-----,-----,

c

.,
C>
c

'"..co 0
......
.s

-1
c

Time (Minu te s)

Figure 2. Study 1: Compa rison of In /:;.G (top panel), In M (middle pan el),
and In M //:;'G ratio (bottom panel) at each sampling time during period 1 (5-25
min), period 2 (30 -120 min), and period 3 (125- 150 min) for the contro l (e)
and hyperg lycemic animals (0). Data are shown as mean::':: SEM.

T able 1. Mean ± SEM values f or biochemical and hematologic variables fr om duplicate samples obtained at time zero of each glucose
clamp study (gestational age values are mean ± SD)

Study 1 Stud y 2 Study 3

Control Hyperg lycemic Control Hyperglycemic Control Hyperglycemic
Variable (n = 12) (n = 21) (n = 12) (n = 19) (n = 8) (n = 6)

Gestational age (d) 122 ::':: 1 122 ::':: 1 130::':: 1 130 ::':: 1 137::':: 1 138 ::':: 1
Glucosematernal (mM) 2.79::':: 0.05 2.95 ::':: 0.19 2.72 ::':: 0.14 4.50::':: 0.17** 2.81 ::':: 0.05 4.25::':: 0.20**

Glucosefe'al (mM) 1.02::':: 0.05 1.02::':: 0.04 0.98::':: 0.07 2.00 ::':: 0.11** 0.99 ::':: 0.08 1.73 ::':: 0.13**
Insulin (pM) 60.4 ::':: 9.6 62.1 ::':: 6.9 57.1 ::':: 7.3 71.2 ::':: 8.8 57.5 ::':: 8.3 37.4 ::':: 7.3
I/G 60.0::':: 11.0 59.9::'::5.4 60.0::':: 8.6 39.7 ::':: 4.3 56.8::':: 5.4 22.5 ::':: 5.3
O2 saturati on (%) 52.2::':: 2.9 58.6::':: 2.4 47.9 ::':: 4.4 53.3 ::':: 2.4 50.5::':: 2.8 48.0 ::':: 4.6
O2 content (mM) 3.54::':: 0.22 3.43 ::':: 0.14 3.55 ::':: 0.20 3.08 ::':: 0.15 3.22 ::':: 0.24 3.02 ::':: 0.42
pH 7.33 ::':: 0.01 7.33 ::':: 0.01 7.34 ::':: 0.02 7.33 ::':: 0.01 7.33 ::':: 0.01 7.33 ::':: 0.01
Lactate (mM) 1.32::':: 0.13 1.34 ::':: 0.09 1.29 ::':: 0.11 1.67::':: 0.10** 1.41 ::':: 0.15 1.47::':: 0.07

** p < 0.01 , hyperglycemic different from control during same study.
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Ta ble 2. Study 1 glucose clamp: steady state period mean::'::: SEM values for biochemical and hematologic variables

Period 1 (5- 25 min) Period 2 (30- 120 min) Period 3 (125-150 min)

Control Hyperglycemic Control Hyperglycemic Control Hyperglycemic
Variable (n = 12) (n = 21) (n = 12) (n = 21) (n = 12) (Il = 12)

Glucose (mM) 2.39:': 0.09 2.41 :': 0.10 2.28:': 0.07 2.36 :': 0.05 2.32 :': 0.09 2.46 :': 0.08
I:>. Glucose (mM) 1.37 :': 0.08 1.38 :': 0.08 1.26 :': 0.05 1.33 :': 0.03 1.33 :': 0.04 1.37 :': 0.04
Insulin (pM) 162 :': 21 153:': 13 156:': 20 192:': 18 839:': 58 855 :': 100
I:>. Insulin (pM) 101 :': 14 91 :': 9 96 :': 12 130 :': 15 844 :': 56 791 :': 94
O2 saturation (%) 54.6 :': 2.8 58.5 :': 2.9 51.0 :': 2.9 55.2 :': 2.5 49.8 :': 0.30 51.8:': 2.9
O2 content (mM) 3.34 :': 0.31 3.49 :': 0.30 3.16 :': 0.29 3.46 :': 0.26 3.04:': 0.30 3.27:': 0.31
pH 7.32:': 0.03 7.35 :': 0.03 7.32:': 0.02 7.33 :': 0.03 7.33 :': 0.04 7.34 :': 0.04
Lactate (mM) 1.33 :': 0.09 1.34:': 0.10 1.48 :': 0.11 1.47 :': 0.12 1.89 :': 0.17** 1.79 :!: 0.22*

* p < 0.05 hyperglycemic different from control, same period.
** p < 0.01 hyperglycemic different from control, same period.

Table 3. Study 2 glucose clamp: steady state period mean ::'::: SEM values for biochemical and hematologic variables

Period 1 (5-25 min) Period 2 (30-120 min) Period 3 (125-150 min)

Control Hyperglycemic Control Hyperglycemic Control Hyperglycemic
Variable (n = 10) (II = 19) (II = 10) (II = 19) (II = 10) (II = 12)

Glucose (mM) 2.16:': 0.10 3.34 :': 0.12** 2.20 :': 0.05 3.41 :!: 0.10** 2.73 :': 0.14 3.57 :': 0.10**
I:>. Glucose (mM) 1.18:': 0.08 1.36 :': 0.06* 1.22 :': 0.05 1.42 :': 0.03** 1.75 :': 0.11 1.57 :!: 0.05
Insulin (pM) 156 :': 20 118:': 14* 186 :': 25 157 :': 20 881 :': 118 986 :': 131
I:>. Insulin (pM) 99 :': 15 46:': 10** 129 :': 20 86:': 16* 824 :': 116 906 :!: 131
O2 saturation (%) 49.2 :': 2.1 53.4 :': 2.0 49.2 :': 2.1 50.2:': 3.0 49.1 :!: 1.5 49.0:': 2.1
O2 content (mM) 3.46:': 0.21 3.15 :': 0.15 3.26 :': 0.19 3.00 :': 0.31 3.10 :': 0.30 2.95:': 0.32
pH 7.34:': 0.02 7.33:': 0.02 7.31 :': 0.01 7.33 :': 0.02 7.30 :': 0.02 7.33 :': 0.02
Lactate (mM) 1.36 :': 0.11 1.67 :': 0.20 1.57 :': 0.08 1.96 :': 0.21 1.90 :': 0.16 2.20 :': 0.14

* P < 0.05 hyperglycemic different from control, same period.
** p < 0.01 hyperglycemic different from control, same period.

potential for these relationships to be nonlinear over the range
of glucose concentrations studied in the two groups of animals
(1, 6, 7, 15).

STATISTI CAL ANALYSES

Statistical analyses used a univariate mixed effects model
analysis of variance appropriate for repeated measurements on
each animal (16, 17). Specifically, groups (control and hyper
glycemic) were considered fixed, between subject factors .
Studies (study 1; study 2 or "7- 1O-d"; and study 3 or "14- 17
d") and periods (period 1 from 5 to 25 min; period 2 from 30
to 120 min; and period 3 from 125 to 150 min) were considered
fixed, within subjec t factors . Individual animals, nested within
groups, were considered random. Regression analysis used a
mixed effects model that assumed a compound symmetr ic
covariance structure (16).

There was consider able variability among animals with re
spect to the actual period mean glucose concentration achieved
and steady state insulin concentra tion measured in each period.
Because of this variability, raw data also were natural log
transformed to analyze the relative changes in glucose and
insulin concentrations in each period between the two groups.
The analyses were implemented via SAS Proc MIXED.

RESULTS

Table 1 shows biochemical and hematologic results obtained
at time zero for control and hyperglycemic animals during the
three studies. No differences between the EC and HG groups
were noted in study 1. In study 2, time zero maternal and fetal

glucose concentrations were significantly higher in the HG
group (+65 ± 6% maternal, +98 ± 11% fetal), as was the
fetal/maternal glucose concentration ratio (0.35 ± 0.03 in the
EC group, 0.44 ± 0.04 in the HG group, p = 0.04) and the fetal
blood lactate concentrations (+37 ± 3.1%). At the time of
study 3, time zero maternal and fetal glucose concentrations
were significantly higher in the HG group (51 ± 7% maternal,
74 ± 13% fetal) ; the fetal/maternal glucose concentration ratio
was not quite significantly increased in the HG group (0.35 ±
0.03 in the EC group, 0.41 ± 0.03 in the HG group, p = 0.07).
Food intake was not different between the two groups of ewes
(data not shown).

In study 1 (Table 2 and Fig 2), glucose and insulin concen
trations and changes in glucose and insulin concentrations in
the three periods were not different between the two groups. In
both groups, blood O2 saturation and content tended to decline
but not significantly during the glucose clamp, blood lactate
concentration was significantly increased by the third period ,
and pH did not change significantly; there were no between
group differences for these variables.

During study 2 (7- 10 d of hyperglycemia), G and t!:.G were
greater in period 2 in the HG group compared with the EC
group, whereas M was less (Table 3). As shown in Figure 3, in
spite of higher values of In t!:.G in periods 1 and 2 in the HG
group compared with the EC group (p = 0.003 and p = 0.007,
respectively), In t!:. l values in periods 1 and 2 were less in the
HG group (p < 0.001 for period 1, p = 0.0003 for period 2),
as were the In M /t!:. G ratios (p < 0.0001 for each period). After
the arginine infusion in period 3, In M and In M/!1G were not
different between the two groups (p = 0.96 and p = 0.76,
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Figure 4. Study 3: Comparison of In 6.G (top panel), In M (middle paneiy,
and In M /6.G ratio (bottom paneli at each sampling time during period 1 (5-25
min), period 2 (30- 120 min), and period 3 (125- 150 min) for the control (e )
and hyperglycemic animals (0 ). Data are shown as mean:':: SEM.
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all three periods were not different between the two groups (p
= 0.57 period 1, p = 0.53 period 2, and p = 0.28 period 3). In
all three periods In M was less in the HG group (p < 0.0001
for each period), as were In M It1G ratios (p < 0.0001 for
periods 1 and 2, p = 0.0001 for period 3). As in studies 1 and
2, blood O2 saturation and content tended to decrease (but not
significantly), lactate concentration increased significantly by
period 3, and pH did not change; there were no significant
between-group differences for these variables.

Figure 5 shows the relationship between study period mean
steady state insulin concentrations and glucose concentrations
in the subgroup of control animals that was studied at time zero
and during two glucose clamp periods during study 2 (30-120
min and 135-240 min) compared with the time zero and period
2 (30-120 min) values for the hyperglycemic group in studies
2 and 3. The increase in insulin concentration with glucose
concentration in the control subgroup was curvilinear (insulin
= - 206 + 16 .0[G] - o.13[Gf ± 82). The second degree
coefficient was significantly negative (p < 0.001) indicating a
decelerating relationship between insulin and glucose above a
glucose concentration of approximately 2.2 mM. The mean
slope (calculated as the derivative, t1[1]/t1[G], for the quadratic
equation) for the EC animals (Fig. 5, top lin e) was significantly
greater (p = 0.001) than the slope of ! versus G for the study
3 HG group (bottom lin e,! = 2.52 + 1.43[G] ± 83, p = 0.12
different from zero slope) and borderline significantly greater
(p = 0.07) than the slope of ! versus G of the study 2 HG group
(mi ddle line, ! = - 62.1 + 3.56 [G] ± 83, p < 0.001 different
from zero slope). The slope of ! versus G for the HG group in
study 3 was significantly less than that in study 2 (p = 0.04).

Table 5 shows results of measured variables during the
glucose clamp for the post-hyperglycemic study (fetuses that
had been hyperglycemic for 7-10 d and then euglycemic for
7- 10 d, compared with control animals of the same gestational
age). There were no differences between these groups for zero
time values or increases in glucose and insulin concentrations
or changes in other biochemical and hematologic variables
during the glucose clamp and after the arginine infusion.
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respectively). EC versus HG differences between In t1! and In
M It1Gwere greater in study 2 than in study 1 (p = 0.006 In M ;
p = 0.0036 In M /t1G). As in study 1, in both groups blood O2

saturation and content tended to decrease (but not significant
ly), lactate concentrations increased significantly by the third
period, and pH did not change. There were no between-group
differences for these variables and no differences from study 1.

During study 3 (14-17 d of hyperglycemia), G was greater
in all three periods in the HG group compared with the EC
group, but t1G was not, and both ! and t1! were significantly
less in the HG group in all three periods (Table 4). The EC
versus HG group differences between In t1! and In t1!It1G were
greater in study 3 than in study 2 (p < 0.0001 In M; p =
0.0011 In M It1G). As shown in Figure 4, values for In t1G in
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Table 4. Study 3 glucose clamp: steady state period mean ::'::: SEM values for biochemical and hematologic variables

Period 1 (5-25 min) Period 2 (30- 120 min) Period 3 (125- 150 min)

Control Hyperg lycemic Control Hyperglycemic Control Hyperglycemic
Variable (n = 8) (n = 6) (n = 8) (n = 6) (n = 8) (Il = 6)

Glucose (mM) 2.25 ± 0.09 3.06 ± 0.12** 2.27 ::':: 0.09 2.98 ::':: 0.12** 2.40 ± 0.10 3.02 ± 0.08**
.6. Glucose (mM) 1.26 ± 0.10 1.13 ± 0.08 1.27 ± 0.03 1.32 ± 0.07 1.41 ::':: 0.07 1.41 ::':: 0.12
Insulin (pM) 189 ± 14 65 ± 13** 188 ± 15 80 ::':: 15** 824 ± 138 326 ± 107' *
.6. Insulin (pM) 131 ::':: 10 28 ::':: 8** 131 ± 10 42 ::':: 10** 766 ::':: 136 289 ::':: 103**
O2 saturation (%) 50.1 ± 3.3 47.4 ± 4.6 48.4 ± 3.6 40.4 ::':: 5.1 42.2 ::':: 4.8 40.2 ::':: 4.9
O2 content (mM) 3.20 ± 0.23 3.02::':: 0.46 2.80 ± 0.26 2.55::':: 0.23 2.51 ::':: 0.28 2.52 ::':: 0.30
pH 7.33 ± 0.02 7.33 ± 0.02 7.31 ± 0.01 7.32 ::':: 0.02 7.31 ::':: 0 .01 7.32 ::':: 0.02
Lactate (mM) 1.43 ± 0.16 1.50 ± 0.16 1.88 ± 0.30 1.67 ::':: 0.30 2.30 ± 0.29 1.99 ± 0.32

* P < 0.05 hyperglycemic different from control, same period.
** p < 0.01 hyperglycemic different from contro l, same period.

Table S. Post-HG study glucose clamp: steady state period mean::'::: SEM values for biochemical and hematologic variables (control, n =
8; post-HG, n = 6)

Period 1 (5- 25 min) Period 2 (30- 120 min) Period 3 (125- 150 min)

Variable Control Post-HG Control Post-HG Control Post-HG

Glucose (mM) 2.25 ± 0.09 2.46 ± 0.17 2.27 ± 0.09 2.59 ::':: 0.19 2.40 ::':: 0.10 2.67 ::':: 0.18
.6. Glucose (mM) 1.26 ± 0.10 1.45 ::':: 0.10 1.27 ± 0.03 1.58 ::':: 0.11 1.41 ± 0.07 1.66 ± 0.10
Insulin (pM) 189 ± 14 212 ± 34 188 ± 15 231 ::':: 38 824 ::':: 138 726::':: 96
.6. Insul in (pM) 131 ± 10 150 ::':: 21 131 ± 10 169 ::':: 24 766 ± 136 695 ± 59
O2 saturation (%) 50.1 ± 3.3 43.6 ± 4.6 48.4 ± 3.6 41.2::':: 5.0 42.2::':: 4.8 37.1 ± 4.6
O2 content (mM) 3.20 ± 0.23 2.70::':: 0.22 2.80::':: 0.26 2.50 ::':: 0.23 2.51 ::':: 0.28 2.25 ± 0.23
pH 7.33 ± 0.02 7.35 ± 0.01 7.31 ± 0.01 7.32 ::':: 0.02 7.31 ± 0.01 7.32 ± 0.02
Lactat e (mM) 1.43 ± 0.16 1.40 ± 0.15 1.88 ± 0.30 2.03 ::':: 0.31 2.30 ::':: 0.29 2.48 ± 0.28

There were no differences between control and post-HG groups for any variable in any study.

Period 3 mean plasma arginine concentrations were 1.85 ±:
0.30 mM in the HG group and 2.28 ±: 0.35 mM in the EC
group averaged over all three studies; there were no differences
among the mean arginine concentrations in the three studies for
each group .

Maternal pancreatic insulin concentrations (1.26 ±: 0.36
nmol/g HG; 0.84 ±: 0.30 nmol/g EC) and fetal pancreatic
insulin concentrations (9.18 ±: 1.86 nmol/g HG; 7.80 ±: 1.74
nmol/g EC) were not significantly different between HG and
EC animals.

DISCUSSION

The most important observation of the current study is that
the ability of the pancreas to produce higher concentrations of
insulin in response to hyperglycemia in these fetal sheep was
significantly attenuated by chronic, relatively marked, and
constant fetal hyperglycemia. This contrasts with what is be
lieved to occur in human fetuses of pregnant diabetic mothers
in whom direct and indirect evidence indicates that insulin
secretion is increased under most conditions, including rapid
increases of maternal and fetal glucose concentrations (18). In
the fetal sheep in the present study, however, in spite of 7-10
d of hyperglycemia, fetal plasma insulin concentrations of the
HG fetuses were not significantly different from the values in
the same animals before starting the glucose infusions, or the
control fetuses of the same gestational age. This produced a
lower than normal llG ratio as evidence that sustained hyper
glycemia of over twice normal values was unable to produce
higher plasma concentrations of insulin . In contrast, previous

studies in fetal sheep that were infused with glucose to variable
but comparable levels of hyperglycemia showed variable but
significantly increased concentrations of insulin over the first
1-3 d of hyperglycemia (5, 7). Furthermore, although the HG
fetuses in the present study were able to respond to an acute
glucose challenge by increasing their plasma insulin concen
trations, the increase in insulin concentration in the HG group
was significantly less than in the EC group, during the initial
response to hyperglycemia (5-25 min) and during the period
(30-120 min) of steady state insulin secretion. Thus, both
basal insulin concentrations and glucose-stimulated insulin
secretion were attenuated for the degree of hyperglycemia.

After an additional 7-10 d of chronic hyperglycemia (study
3), the HG fetuses developed an even greater attenuation of
insulin secretion in response to acute hyperglycemia demon
strated by significantly lower initial (5-25 min) and steady
state (30- 120 min) values of l , M , and M/!J..G. These results
indicate that chronic hyperglycemi a in fetal sheep induces a
requirement for an increased concentration of glucose to pro
duce even normal basal concentrations of plasma insulin , and
a progressively increasing increment of glucose concentration
to induce insulin secretion to the same extent as in normal,
euglycemic fetuses. This change is shown in Figure 5 as a shift
to the right and progressive flattening of the insulin-glucose
concentration relationship.

The comparability of the control and hyperglycemic fetuses
at the initial study makes it unlikely that the changes observed
in the hyperglycemic animals were due to a unique group of
animals. Also, because the chronically hyperglycemic fetuses
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retained the ability to secrete significant amounts of insulin in
response to arginine at the 7-1O-d study (study 2), it is unlikely
that with this duration of hyperglycemia the observed reduction
in insulin secretion in response to acute hyperglycemia is due
to a non-glucose mechanism. Because the ability of the pan
creas to secrete insulin in response to arginine is maintained
even when insulin secretion to glucose is markedly attenuated,
it is more probable that insulin secretion and not insulin
production is inhibited .

By 14-17 d of hyperglycemia, however, even arginine
stimulation of insulin secretion was reduced in the hypergly
cemic fetuses. The mechanism for this reduction in arginine
induced insulin secretion is unknown. A decreased production
of insulin is unlikely to explain this late change as the pancre
atic insulin concentrations that were measured on autopsy
specimens immediately at the end of the glucose clamp in
study 3 were similar in the euglycemic and hyperglycemic
fetuses.

The fetal sheep pancreas also responds to other insulin
secretagogues such as arginine, leucine, alanine, and theophyl
line, even when there is little or no response to glucose (9, 19).
These other insulin secretagogues are thought to stimulate
insulin secretion via mechanisms different from those specific
to glucose (20). The insulin response to arginine has been
shown to increase with gestational age (19). The data in the
present study confirm the ability of the fetal sheep to secrete
insulin in response to arginine, but there was no measurable
increase in arginine-stimulated insulin secretion with advanc
ing gestational age over the brief age range studied (122-138
d). The decreased insulin secretion in response to arginine seen
in the HG fetuses compared with controls during the third
study after at least 2 wk of hyperglycemia was unlikely to be
due to lower arginine concentrations obtained in the hypergly
cemic fetuses compared with controls as preliminary data in
our laboratory indicate that both groups received doses of
arginine that were well above those that produced a maximum
effect of arginine on insulin secretion in fetal sheep, regardless
of the level of glycemia (12).

Regarding the mechanism for the hyperglycemia-associated
reduction in glucose-stimulated insulin secretion, previous
studies have shown that chronic hyperglycemia in fetal sheep
produces highly variable increases in plasma insulin concen
trations that become increasingly variable and lower in asso
ciation with increasing degrees of hypoxia (6, 7, 21, 22). Such
results have led to the speculation that hypoxia may inhibit
insulin secretion directly (6, 7, 21, 22) or via hypoxia-induced
catecholamine secretion (8, 9). In the present study, however,
there were no significant differences in blood oxygen saturation
or blood oxygen content between the EC and HG fetuses in any
of the three studies. This indicates that factors other than
hypoxia may have been responsible for the progressive de
crease in insulin secretion in response to chronic hyperglyce
mia in the present study, although a specific effect of hypoxia
was not tested for and cannot be ruled out. Specific tests of the
role of catecholamines or other stress-responsive hormones
such as glucagon and cortisol remain to be determined.

Published data have shown that fetal sheep can secrete
insulin in response to acute hyperglycemia as early as 110 d

(75%) gestation (19) and preliminary studies in our laboratory
have put this earliest response at about 70 d or 50% gestation
(23). At somewhat later gestation, this response has been
shown to persist for up to 5 d with continuous glucose infusion,
but the response begins to decrease after a few days (5-7). In
sheep, maternal diabetes with hyperglycemia induced by strep
tozotocin or alloxan has been shown to result in fetal hyper
glycemia but not fetal hyperinsulinemia, with basal insulin
concentrations comparable to those reported in this study (3,
4). At least in the alloxan studies, the fetuses developed normal
insulin secretion after birth, indicating but not proving that
hyperglycemia in the fetus and not maternally acquired alloxan
was responsible for the suppression of fetal insulin secretion
(4). In the present study, effects of diabetogenic agents were
not present, emphasizing the glucose specificity in the reduc
tion of insulin secretion in response to chronic hyperglycemia.
In this regard, rat J3-cells exposed to mild hyperglycemia in
vivo have been shown to have an exaggerated insulin response
to an elevated glucose concentration in vitro, whereas J3-cells
exposed to marked hyperglycemia in vivo have an attenuated
insulin response in vitro (24, 25); this attenuation of insulin
secretion was reversed when the cells were grown in a low
glucose medium.

The present study also shows that hyperglycemia-associated
suppression of insulin secretion is reversible upon returning the
fetus to a euglycemic state. Reversibil ity does not preclude the
potential for long-term effects of the hyperglycemic state and
its suppression of insulin secretion. In fact, in a preliminary
report, maternal hyperglycemia induced by glucose infusion
during the last week of gestation resulted in a diminished
postnatal increase in plasma insulin concentration in the lamb
(26). Reversibility also is important to consider in view of
studies which have shown a tendency to develop gestational
diabetes in the female offspring of diabetic pregnant rats (27,
28). The present data also may help to explain the considerable
variabil ity found in human infants of diabetic mothers for
postnatal changes in glucose concentration and glucose utili
zation (18).

As a result of the attenuated insulin secretion, basal plasma
glucose concentrations in the HG fetuses were significantly
greater relative to those of the mother than in the EC fetuses.
Two mechanisms may account for this change. First, fetal
hyperglycemia has the potential for down-regulating fetal tis
sue glucose utilization, particularly in insulin-sensitive tissues
(29). Second, with lower than expected insulin concentrations,
fetal glucose clearance also is less than expected (15). In both
cases, fetal glucose concentration will increase relative to that
of the mother, to a value higher than would have been present
had insulin concentration and perhaps insulin action been
normal. An increase in fetal glucose concentration decreases
the maternal-to-fetal glucose concentration gradient and, in
turn, fetal glucose uptake from the placenta, providing less
carbon substrate for fetal oxidative metabolism and growth .
Fetal insulin deficiency has been shown to reduce the rate of
fetal growth (30). The present studies provide evidence, there
fore, that hyperglycem ic suppression of fetal insulin secretion
also has the potential to limit an increase in the rate of fetal
growth in spite of hyperglycemia. By extrapolation, it also is
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possible that such a mechanism, if operative in human fetuses,
could to help explain part of the variation in fetal weight
among diabetic pregnancies and the reduction in fetal weight
that has been observed in pregnancies of some women with
more severe and long-standing cases of diabetes mellitus (31
33), as well as a relatively lesser degree of fetal macrosomia at
term among pregnant women with insulin-dependent diabetes
compared with gestational diabetics (34).

Because of the importance of insulin in the regulation of
fetal growth, maturation, metabolism, and specific morbidity
and mortality in diabetic pregnancies, further investigations are
warranted to elucidate the mechanisms by which fetal glucose
regulates the release of insulin. The data presented in the
current study indicate, howeve r, that glucose-induced suppres
sion of fetal pancreatic insulin secretion may help to explain
some of the considerable variability in fetal growth rate that
occurs in diabetic pregnancies, either experimentally in ani
mals or pathologically in humans.
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