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Attenuated glucose-stimulated insulin secretion
during an acute IGF-1 LR3 infusion into fetal
sheep does not persist in isolated islets

Alicia White , Jane Stremming, Laura D. Brown and Paul J. Rozance

Department of Pediatrics, University of Colorado Anschutz Medical Campus, Aurora, CO, USA

Abstract

Insulin-like growth factor-1 (IGF-1) is a critical fetal growth hormone that has been proposed as
a therapy for intrauterine growth restriction. We previously demonstrated that a 1-week IGF-1
LR3 infusion into fetal sheep reduces in vivo and in vitro insulin secretion suggesting an
intrinsic islet defect. Our objective herein was to determine whether this intrinsic islet defect
was related to chronicity of exposure. We therefore tested the effects of a 90-min IGF-1 LR3
infusion on fetal glucose-stimulated insulin secretion (GSIS) and insulin secretion from isolated
fetal islets. We first infused late gestation fetal sheep (n= 10) with either IGF-1 LR3 (IGF-1) or
vehicle control (CON) and measured basal insulin secretion and in vivo GSIS utilizing a
hyperglycemic clamp. We then isolated fetal islets immediately following a 90-min IGF-1 or
CON in vivo infusion and exposed them to glucose or potassium chloride to measure in vitro
insulin secretion (IGF-1, n= 6; CON, n= 6). Fetal plasma insulin concentrations decreased
with IGF-1 LR3 infusion (P< 0.05), and insulin concentrations during the hyperglycemic
clamp were 66% lower with IGF-1 LR3 infusion compared to CON (P< 0.0001). Insulin secre-
tion in isolated fetal islets was not different based on infusion at the time of islet collection.
Therefore, we speculate that while acute IGF-1 LR3 infusion may directly suppress insulin
secretion, the fetal β-cell in vitro retains the ability to recover GSIS. This may have important
implications when considering the long-term effects of treatment modalities for fetal growth
restriction.

Introduction

Insulin and insulin like growth factor-1 (IGF-1) are critical fetal growth hormones that have
overlapping anabolic actions1–3. Concentrations of these hormones are impacted by the health
and nutritional status of the fetus, especially in the third trimester of gestation. Common preg-
nancy complications impacting nutrient transfer to the fetus and resulting in fetal overgrowth or
growth restriction are characterized by high or low cord blood concentrations, respectively,
of insulin and IGF-13–5. IGF-1 is more strongly correlated with fetal weight than insulin4,6,7.
Fittingly, IGF-1 has been studied in sheep as a fetal intervention for growth restriction8–10.
However, the impact of experimentally increasing IGF-1 on fetal insulin concentrations, glucose
and amino acid metabolism, and β-cell development is incompletely understood.

IGF-1 is synthesized by the fetus and is present inmost fetal tissues11,12. In circulation, endog-
enous IGF-1 is largely bound to one of six major IGF binding proteins which regulate bioavail-
ability. To isolate the effects of IGF-1 on target tissues without the influence of IGF binding
proteins, recombinant long arginine 3 IGF-1 (IGF-1 LR3) is commonly used in animal models
and has been shown to increase growth in fetal sheep13–15. Compared to endogenous human or
sheep IGF-1, which contain 70 amino acids, IGF-1 LR3 is a larger protein, containing 83 amino
acids, with the additional 13 amino acids on the N-terminus of the peptide. IGF-1 LR3 also
substitutes the positively charged amino acid arginine as the third amino acid, replacing the
negatively charged glutamic acid, found in human and sheep IGF-116,17. As a result, this
IGF-1 analog has a high affinity for IGF-1 receptors but a low affinity for IGF binding proteins.

Several studies show that while IGF-1 preserves pancreatic β-cell mass and protects against
β-cell damage18–20, IGF-1 exposure can also inhibit insulin secretion21–23. We previously infused
IGF-1 LR3 into normally grown late gestation fetal sheep for one week and found that IGF-1 LR3
infusion resulted in lower fetal plasma insulin concentrations and attenuated fetal glucose-
stimulated insulin secretion (GSIS), which persisted in isolated fetal pancreatic islets23.
While fetal weight increased by ~15%, demonstrating growth-promoting effects, plasma glucose
and amino acid concentrations decreased in IGF-1 LR3 fetuses by the end of infusion14,15,23.
Notably, there were no changes in β-cell mass, but pancreatic insulin content was significantly
higher after IGF-1 LR3 infusion suggesting that insulin was being produced but not secreted14.
This was possibly related to the concomitant low fetal plasma glucose concentrations as the same
phenomena were observed with experimental fetal hypoglycemia24,25. The divergence between
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groups in plasma glucose concentrations, however, did not occur
until IGF-1 LR3 infusion day five23, suggesting that a shorter infu-
sion duration may have different effects on insulin secretion.
While this has not been studied in the fetal pancreas, insulin
secretion from perfused adult rat pancreases decreased during
an acute IGF-1 exposure but returned to normal once IGF-1
administration was stopped22. This suggests that the persistent
inhibition of insulin secretion by IGF-1 may depend on the
dosing and kinetics of administration. Therefore, we investigated
in the current study whether an acute IGF-1 LR3 infusion would
also reduce circulating insulin concentrations and result in an
intrinsic insulin secretion defect. We hypothesized that fetal
glucose-stimulated insulin secretion would be attenuated during
the 90-min IGF-1 LR3 infusion, but insulin secretion would
return to normal in isolated fetal islets once the IGF-1 LR3 expo-
sure was removed.

Materials and methods

Animal preparation

All experiments were conducted at the Perinatal Research
Center, University of Colorado School ofMedicine,with the approval
of the Institutional Animal Care and Use Committee. This center
is accredited by AAALAC International. Experimental details are
reported in compliance with the ARRIVE 2.0 guidelines26.

Studies were conducted in pregnant late gestation Columbia-
Rambouillet mixed-breed sheep (Nebeker Ranch, Lancaster,
CA & University of Arizona Sheep Unit, Tucson, AZ) carrying a
singleton fetus (n= 12; 7 males and 5 females). All ewes were
derived from the same flock and were part of a synchronized
breeding system. Ewes were acclimatized to the facility for
21 ± 1 days and then fasted for 24 hours and thirsted for 12 hours
before surgery. Surgeries were performed at 122 ± 1 days gesta-
tional age (dGA; term= 147–152 dGA, average 149 dGA) to place
indwelling polyvinyl catheters as previously described27–31. Briefly,
pregnant sheep were given diazepam (0.2 mg·kg−1) and ketamine
(20 mg·kg−1) through a superficial vein to induce anesthesia and
then were maintained on isoflurane inhalation anesthesia
(2–4%) for the duration of the surgical procedure. Depth of anes-
thesia was determined and maintained in response to maternal
corneal reflex, toe pinch, assessment of jaw tone, continuous pulse
oximetry, heart rate monitoring, and exhaled CO2 monitoring;
anesthetic effect in the fetus was assessed by muscle tone. Sheep
were given penicillin G procaine (600,000 units intramuscularly)
prior to surgery. A midline incision was made along the linea alba
and the uterine horn containing the fetus was exposed. A hyster-
otomy was performed and the fetal hindlimbs were exteriorized.
Polyvinyl catheters were placed in the bilateral fetal pedal arteries
with the tip positioned in the external iliac artery and bilateral
saphenous veins with the tip positioned in the common femoral
vein. Ampicillin (500mg) was injected into the amniotic fluid prior
to surgical closure of the abdomen. Catheters were then placed in
the maternal femoral artery and vein. Maternal and fetal catheters
were tunneled subcutaneously to the maternal flank. Before skin
closure at maternal midline, Marcaine was applied for local anal-
gesic (3 mL, 5 mg·ml−1 Marcaine, 0.5% bupivacaine hydrochlo-
ride). Sheep received flunixin meglumine on the day of surgery
(2.2 mg·kg−1 divided twice per day intramuscularly) and for the
two following days (2.2 mg·kg−1 per day intramuscularly). The
sheep also received Probios (10 g by mouth twice per day) for
2 days post-operatively. Animals were allowed to recover for a

minimum of five days following surgery prior to initiating
experimental infusions.

Experimental design

Ten of the twelve animals underwent the following protocol,
as the additional two animals were included for islet studies
only. Fetal sheep received an intravenous infusion of either
IGF-1 LR3 (IGF-1) (GroPep Bioreagents, Thebarton, ASTL) at
6.6 μg·kg−1·hr−1 based on an estimated fetal weight of 3.5 kg or
a vehicle control (CON) infusion (saline with 0.5% bovine serum
albumin, BSA) at 0.2 ml·hr-1 to match the delivery rate of IGF-1
LR3. IGF-1 LR3, an IGF-1 analog with very low affinity for
IGF-binding proteins and high affinity for the IGF-1 receptor,
was used to isolate the actions of IGF-1 on its target tissues32.
The dose was selected based on previous direct infusion studies
into fetal sheep resulting in increased organ weights and lower
insulin concentrations13–15,23,32. Each animal received both infu-
sions spaced 2–3 days apart. The initial fetal intravenous experi-
mental infusion (either IGF-1 or CON) was alternated such that
five animals received IGF-1 first, and five received CON first.
Therefore, animals that received IGF-1 for the initial infusion
received CON for the second infusion, while animals that received
CON first received IGF-1 for the second infusion. This method-
ology was utilized to limit the potential effects of animal variability,
increasing gestational age, and exposure priming. The first infusion
was performed at 130 ± 1 dGA, and the second infusion was
performed at 132 ± 1 dGA. Fetal blood was sampled for pre-infu-
sion blood gas, hormone, and nutrient concentrations immediately
before the experimental infusions began. To measure the response
to the experimental infusion and to determine insulin and glucose
concentrations prior to the hyperglycemic clamp, fetal blood
was then sampled 70 and 80 min after the experimental infusion
began, averaged, and noted as Post-75 min33. After 90 min of
experimental infusion, fetal GSIS was measured using a primed,
continuous, variable-rate hyperglycemic clamp23,33–35. The hyper-
glycemic clamp was initiated with a 33% dextrose (wt:vol in saline)
bolus (825 mg glucose) into the fetus. This was followed by a
constant infusion of 33% dextrose, titrated to keep the plasma
glucose concentration near 2.5 mmol·L−1, which elicits 90%
maximal insulin concentrations in vivo in this breed of fetal
sheep36. The dextrose infusion rate was held constant fromminute
45 until the completion of the GSIS study. Fetal arterial samples
were collected for measurement of glucose and insulin concentra-
tions at 5, 10, 15, 20, 30, 45, 60, 75, 90, and 105 min. Experimental
infusions (IGF-1 or CON) were continued throughout the GSIS
studies. All infusions were stopped after minute 105.

Biochemical analysis

Biochemical analyses were performed as previously described30,33.
Blood was immediately analyzed for hematocrit, pH, PaCO2,
PaO2, and O2 saturation using an ABL 825 blood gas analyzer
(Radiometer, Copenhagen, Denmark). O2 content of the blood
was calculated by the ABL 825 analyzer. Glucose and lactate were
immediately measured from plasma samples (Yellow Springs
Instrument 2900, Yellow Springs, OH, USA). Additional arterial
plasma samples were frozen at −80 °C for measurement of
hormone and amino acid concentrations. Insulin, endogenous
IGF-1, and cortisol were measured by an enzyme-linked immuno-
sorbent assay [ELISA; Insulin: ALPCO, Salem, NH, USA;
intra- and inter-assay coefficients of variation (CVs) = 5.6%
and 4.7%, respectively; sensitivity = 0.14 ng·ml-1; IGF-1: ALPCO;
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intra- and inter-assay CVs, 3.1% and 5.6%, respectively; sensitivity,
0.09 ng·ml-1; cortisol: ALPCO; intra- and inter-assay CVs = 4.6%
and 5.8%, respectively; sensitivity= 1.0 ng·ml-1] and norepineph-
rine by high-performance liquid chromatography (HPLC;
Model 2475, Waters, Milford, MA, USA; intra- and inter-assay
CVs = 9.2% and 9.0%, respectively; sensitivity = 170 pg·ml-1).
Amino acid concentrations were measured using a Dionex 300
model 4500 amino acid analyzer (Thermo Fisher Scientific,
Waltham, MA, USA) after deproteinization with sulfosalicyclic
acid. Any results below the lower limit of detection were as
assumed to be half of the lower limit of detection value. We were
unable to directly measure circulating IGF-1 LR3 concentrations.

Fetal pancreatic islet isolation

Prior to necropsy, the above ten fetuses received a third and final
IGF-1 or CON infusion at 138 ± 1 dGA, which was the same infu-
sate as received for the second infusion, but this time without the
GSIS study. The goal of this study was to test the impact of in vivo
IGF-1 LR3 infusion on isolated pancreatic islet insulin secretion.
One additional animal was included to receive IGF-1, and another
was included to receive CON infusion at time of necropsy
to increase the power to detect differences in islet insulin
secretion. Neither of these animals received the prior GSIS studies.
Necropsies were performed at the 90-min mark of the final
experimental infusion while the infusion was still running.
Pancreases were left in situ for perfusion with a collagenase solu-
tion and islet isolation23,37. Islet isolation and in vitro insulin secre-
tion studies were performed as previously described (IGF-1, n= 6;
CON, n= 6)23,37,38. Islets were isolated from the fetal pancreas after
collagenase perfusion and digestion and then purified. They were
then cultured in Roswell Park Memorial Institute (RPMI) 1640
medium (Thermo Fisher Scientific, Waltham, MA) containing
2.8 mmol·L-1 glucose supplemented with 1% fetal bovine serum
and 1X Penicillin-Streptomycin-Amphotericin B solution
(Sigma-Aldrich, St. Louis, MO) to provide adequate nutrients
and prevent antimicrobial growth. They were then incubated over-
night at 37 °C in 95% O2 and 5% CO2 to allow recovery from the
isolation process23.

Static islet incubation

Islet insulin secretion was assayed in static incubations of
10 islets23,38. Each in vitro incubation condition for each animal
was tested in four replicates. After overnight incubation, the islets
were washed twice in Krebs-Ringer buffer (KRB) with 0.5% BSA
(wt:vol) media and once in KRB-BSA media supplemented with
10 μmol·L-1 forskolin (Sigma-Aldrich). Forskolin was added to
the incubation media to activate adenylate cyclase and augment
insulin release. Following this step, 10 islets were handpicked
and placed into a 1.7 mL tube, and static incubations were
performed for 30 min in KRB-BSA-forskolin media to allow for
equilibration. An aliquot of this media was removed after 30
min to determine basal insulin secretion in the absence of glucose
or potassium chloride (KCl) test media. Supplemental glucose or
KCl was then added to each tube to reach final supplement concen-
trations of 1.1, 2.7, or 11 mmol·L−1 glucose or 30 mmol·L−1 KCl.
Islets were incubated in these conditions at 37 °C for 1 hour and
then placed on ice and pelleted at 2400 × g for 5 min at 4 °C.
Medium was then aspirated and frozen for eventual determination
of insulin concentration. The islet pellet was frozen at −80 °C until
insulin was acid-ethanol extracted with 1 mol·L−1 HCl in 70%
ethanol at −20 °C for 24 h. Cellular debris was removed by

centrifugation (30 min at 15,000 × g) and the supernatant was
saved for determination of insulin concentration. Insulin concen-
trations were measured by ELISA (ALPCO, Salem, NH) on dilu-
tions of the basal media, test media, and acid-ethanol extract to
determine insulin released (test media minus basal media) and
total islet insulin content (test media plus islet extract). Insulin
secretion was calculated as the fraction of the total islet insulin
content released in response to glucose or KCl stimulation23,24.
All KRB media used was equilibrated to 37 °C and 95%
O2/5% CO2.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (San
Diego, CA). Results were analyzed in a mixed models ANOVA
with terms to account for repeated measures within the same
fetus and based on infusion received. Time, experimental infusion
(IGF-1 or CON), and their interaction were included as fixed
terms. If interaction terms in the overall ANOVAwere P<0.1, then
protected Fisher’s least significant difference was used for indi-
vidual means comparisons. For in vitro insulin secretion, the terms
in the mixed models ANOVA were incubation condition (1.1, 2.7,
or 11 mmol·L−1 glucose or 30 mmol·L−1 KCl), in vivo experimental
infusion (IGF-1 or CON), and their interaction. Measurements
made once to compare IGF-1 and CON infusions were analyzed
by Student’s t-test. Results are expressed as means ± SEM. P values
of≤ 0.05 were accepted as significant. One KCl test media static
islet incubation replicate out of four total from an animal that
received IGF-1 infusion at time of necropsy was deemed an outlier
based on a physiologically improbable value (80% secretion) and
excluded from analysis; all other data points were included in
the analyses.

Results

Fetal biochemistry, hormones, and metabolites

Fetal arterial biochemistry and hormones following vehicle control
versus IGF-1 LR3 infusions are shown in Table 1. Fetal arterial blood
gas values and lactate did not differ based on infusion. Plasma
cortisol and norepinephrine concentrations were also similar.

Fetal plasma insulin, glucose, and endogenous IGF-1 concen-
trations are displayed in Fig. 1. Plasma insulin concentrations
decreased during IGF-1 infusion but not during the CON infusion
(Time × Infusion P= 0.0232). At Post-75 min, just prior to
the hyperglycemic clamp, insulin concentrations were 48% lower
after IGF-1 infusion compared to CON infusion (individual means
comparisons CON Post-75 min vs IGF-1 Post-75 min P= 0.0475
and IGF-1 Pre-infusion vs IGF-1 Post-75 min P= 0.0052). Fetal
glucose concentrations also changed based on infusion (Time ×
Infusion P= 0.0362). However, this appears to be predominantly
due to a slight increase in plasma glucose concentration with CON
infusion (individual means comparisons P= 0.0468; CON
Pre-infusion: 0.89 ± 0.07 mmol·L−1; CON Post-75 min: 0.95 ±
0.07 mmol·L−1). CON Pre-infusion glucose also started lower than
IGF-1 Pre-infusion glucose (individual means comparisons
P= 0.0187). IGF-1 Post-75 min glucose was not different than
IGF-1 Pre-infusion glucose or CON Post-75 min glucose.
Endogenous IGF-1 concentrations were not affected by infusion.
Fetal amino acids are displayed in Table 2. Several amino
acids—notably all three branched-chain amino acids—decreased
with IGF-1 infusion more than with CON infusion (Time ×
Infusion P<0.05). Summed essential (Time × Infusion P= 0.0084),
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Table 1. Fetal arterial biochemistry and hormones

CON (n= 10) IGF-1 (n= 10) P-values

Biochemistry Pre-infusion Post-75 min Pre-infusion Post-75 min Time Infusion Interaction

pH 7.36 ± 0.01 7.36 ± 0.01 7.35 ± 0.01 7.35 ± 0.01 0.3668 0.5211 0.5899

PaCO2 (mmHg) 49.3 ± 0.4 49.6 ± 0.7 50.2 ± 1.0 49.6 ± 1.3 0.7500 0.7714 0.3530

PaO2 (mmHg) 21.7 ± 0.4 21.2 ± 0.5 22.0 ± 0.5 21.3 ± 0.6 0.0273 0.7012 0.8482

SaO2 (%) 53.9 ± 1.4 51.8 ± 2.1 52.8 ± 2.7 51.2 ± 3.0 0.0735 0.7635 0.8768

O2 content (mmol·L−1) 3.5 ± 0.1 3.4 ± 0.2 3.5 ± 0.2 3.3 ± 0.2 0.0022 0.8043 0.7255

Hgb (g·dL−1) 6.8 ± 0.2 6.6 ± 0.2 6.7 ± 0.3 6.5 ± 0.3 0.0002 0.5071 0.8127

Lactate (mmol·L−1) 1.31 ± 0.10 1.52 ± 0.11 1.32 ± 0.06 1.49 ± 0.09 0.0136 0.8962 0.7788

Plasma Hormones Pre-infusion Post-75 min Pre-infusion Post-75 min Time Infusion Interaction

Cortisol (ng·mL−1) 27.63 ± 4.61 24.36 ± 3.44 32.44 ± 4.55 32.65 ± 5.80 0.3447 0.1613 0.3982

Norepinephrine (pg·mL−1) 346 ± 51 411 ± 102 370 ± 61 581 ± 110 0.1214 0.0612 0.1252

Values are means ± SEM. Measurements weremade immediately before infusion start (Pre-infusion) and just prior to the fetal in vivo insulin secretion study (Post-75 min). CON, control infusion;
IGF-1, IGF-1 LR3 infusion. Each animal (n= 10) received both infusions spaced 2–3 days apart. Statistical analysis was performed bymixed-model ANOVA. Significant P-values where P< 0.05 are
bolded.

Fig. 1. Plasma insulin decreases with IGF-1
LR3 infusion. Fetal plasma insulin (A) decreases
with IGF-1 but not with CON infusion. Glucose
(B) started lower with CON infusion but was
similar to IGF-1 by the end of infusion.
Endogenous IGF-1 concentrations (C) did not
change based on infusion. CON, control infusion
(open circles, n= 10); IGF-1, IGF-1 LR3 infusion
(closed squares, n= 10). Means ± SEM are
shown. Statistical analysis was performed by
mixed-model ANOVA; protected Fisher’s least
significant difference test was performed for
individual means comparisons if interaction
P < 0.1. *Indicates P < 0.05 and **indicates
P < 0.01 for individual means comparisons.

356 A. White et al.

https://doi.org/10.1017/S2040174423000090 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174423000090


non-essential (Time × Infusion P= 0.0074), and total (Time ×
Infusion P= 0.0049) amino acids decreased with IGF-1 infusion
but not with CON infusion.

Fetal in vivo insulin secretion & fetal islet responsiveness in
vitro

Fetal insulin secretion was measured in vivo with a primed,
continuous, variable-rate hyperglycemic clamp. The dextrose infu-
sion rate required to maintain the hyperglycemic clamp (minutes
60–105) was similar between groups (P= 0.1197; CON: 206.07 ±
13.12 μmol·min-1; IGF-1: 228.97 ± 15.09 μmol·min−1). During the
GSIS study, glucose concentrations remained similar between
IGF-1 and CON, but mean plasma insulin concentrations
during the hyperglycemic clamp were 66% lower with
IGF-1 infusion compared to CON infusion (P<0.0001; CON:

1.05 ± 0.16 ng·mL−1; IGF-1: 0.35 ± 0.08 ng·mL−1) demonstrating
impaired in vivo GSIS (Fig. 2).

Fetal islet insulin secretion was then measured in vitro.
Total pancreatic islet insulin content was similar based on
infusion (P= 0.8182; CON: 26.43 ± 6.70 ng·islet−1; IGF-1: 50.75 ±
26.04 ng·islet−1). Insulin secretion from isolated fetal islets,
measured as basal insulin (Fig. 3) and fractional insulin release
in response to glucose or KCl stimulation (Fig. 4), did not differ
based on IGF-1 or CON infusion.

Discussion

In this study, we tested the impact of a 90-min IGF-1 LR3 infusion
on in vivo fetal insulin secretion and in vitro insulin secretion from
isolated fetal pancreatic islets. We confirmed the insulin- and
amino acid-lowering effects of a direct fetal IGF-1 LR3 infusion

Table 2. Fetal plasma amino acids

CON (n= 10) IGF-1 (n= 10) P-values

Pre-infusion Post-75 min Pre-infusion Post-75 min Time Infusion Interaction

Essential (μmol·L−1)

Histidine 45.02 ± 4.03 42.14 ± 3.04 37.66 ± 4.50 34.26 ± 3.95 0.0855 0.0189 0.8903

Isoleucine 78.74 ± 7.78 86.84 ± 11.64 79.50 ± 5.17 72.65 ± 6.47 0.8425 0.5161 0.0250*

Leucine 121.38 ± 11.82 131.49 ± 17.08 117.15 ± 6.70 106.59 ± 7.11 0.9581 0.4050 0.0450*

Lysine 61.47 ± 8.50 58.90 ± 7.27 55.19 ±6.69 41.08 ± 4.37 0.0056 0.0176 0.0054*#

Methionine 94.10 ± 9.55 98.49 ± 8.82 97.82 ± 6.27 88.34 ± 6.21 0.1966 0.5612 0.0017*#

Phenylalanine 96.57 ± 6.32 100.54 ± 7.24 98.38 ± 5.61 91.47 ± 4.38 0.4656 0.5373 0.0043*#

Threonine 263.06 ± 40.99 251.64 ± 34.71 255.76 ± 36.26 226.79 ± 34.17 0.0063 0.4375 0.0383*#

Tryptophan 44.20 ± 2.15 43.26 ± 1.66 40.28 ± 1.81 37.69 ± 1.46 0.1627 <0.0001 0.5000

Valine 357.86 ± 22.49 369.68 ± 25.17 378.06 ± 27.26 347.92 ± 24.65 0.1844 0.9782 0.0110*#

Summed essential 1162.39 ± 69.23 1182.97 ± 69.38 1159.80 ± 69.98 1046.80 ± 69.06 0.0554 0.3291 0.0084*#

Non-essential (μmol·L−1)

Alanine 211.45 ± 18.60 225.66 ± 17.91 222.75 ± 20.49 197.57 ± 17.09 0.2991 0.6433 0.0015*#

Arginine 114.26 ± 8.76 107.24 ± 7.08 99.88 ± 6.24 90.69 ± 6.77 0.0037 0.0178 0.7268

Asparagine 34.40 ± 4.26 36.05 ± 4.21 39.91 ± 5.63 28.82 ± 3.47 0.0159 0.8077 0.0130*#

Aspartate 23.67 ± 3.51 24.87 ± 2.02 26.25 ± 4.02 19.20 ± 2.47 0.2070 0.5250 0.1455

Cysteine 25.39 ± 2.85 27.89 ± 2.38 30.51 ± 3.07 27.34 ± 3.27 0.7092 0.6549 0.0796

Glutamate 44.45 ± 5.48 46.35 ± 5.24 44.48 ± 4.58 40.83 ± 4.77 0.3251 0.5630 0.0330*#

Glutamine 346.99 ± 28.58 356.06 ± 29.03 363.81 ± 34.33 319.73 ± 27.74 0.0166 0.6274 0.0024*#

Glycine 321.04 ± 28.83 311.94 ± 25.60 317.43 ± 28.84 281.47 ± 26.33 0.0024 0.4464 0.0393*#

Ornithine 47.51 ± 5.03 47.29 ± 5.12 46.87 ± 5.70 38.77 ± 4.49 0.0170 0.1881 0.0058*#

Proline 118.67 ± 7.42 125.21 ± 9.55 128.72 ± 11.70 106.67 ± 8.29 0.0338 0.6144 0.0153*#

Serine 655.82 ± 69.08 647.79 ± 61.96 638.91 ± 60.55 584.15 ± 55.50 0.0038 0.2060 0.0260*#

Taurine 81.18 ± 18.55 75.68 ± 17.06 73.39 ± 15.11 67.04 ± 14.07 0.0613 0.3540 0.8665

Tyrosine 99.32 ± 5.72 101.16 ± 6.19 105.31 ± 8.47 92.50 ± 4.94 0.1376 0.7979 0.0584#

Summed non-essential 2124.13 ± 143.93 2133.20 ± 124.54 2138.21 ± 139.48 1894.76 ± 116.55 0.0034 0.2801 0.0074*#

Summed total (μmol·L-1) 3286.52 ± 194.81 3316.17 ± 169.16 3298.00 ± 190.20 2941.56 ± 164.67 0.0092 0.2465 0.0049*#

Values are means ± SEM. Measurements were made immediately before infusion start (Pre-infusion) and just prior to the fetal in vivo insulin secretion study (Post-75 min). CON, control infusion;
IGF-1, IGF-1 LR3 infusion. Statistical analysis was performed by mixed-model ANOVA and protected Fisher’s least significant difference test for individual means comparisons if interaction
P< 0.1. Significant P-values where P< 0.05 are bolded; interaction P< 0.1 are italicized. *Indicates P< 0.05 for individual means comparisons between CON Post-75 min and IGF-1 Post-75 min.
#Indicates P< 0.05 for individual means comparisons between IGF-1 Pre-infusion and IGF-1 Post-75 min.
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and demonstrated that these changes occur within 75 min of infu-
sion initiation. Importantly, we found that while fetal GSIS is
attenuated during IGF-1 LR3 infusion, the attenuation does not
persist in isolated fetal islets following the acute infusion. This
in vitro finding is in contrast to a prior study in which we demon-
strated that IGF-1 LR3 infusion for one week directly into fetal
sheep circulation impairs GSIS in isolated fetal islets23. Thus, we
have established not only that an acute IGF-1 LR3 infusion rapidly
suppresses insulin secretion in vivo during exposure, but also that
the fetal β-cell in vitro retains the ability to recover GSIS thereafter.
Therefore, it is likely that the duration of IGF-1 LR3 exposure
during critical developmental windows dictates the β-cell’s acute
and long term ability to appropriately secrete insulin.

Several factors associated with the nutritional status and overall
well-being of the fetus can influence the insulin/IGF-1 axis and
fetal insulin secretion. Pregnancy complications that result in fetal
overnutrition and overgrowth have elevated cord blood concentra-
tions of insulin and IGF-1, while those resulting in poor fetal
nutrient delivery and growth restriction have low concentrations

of these critical fetal growth hormones5,7. While experimental
insulin infusion has been shown to increase IGF-1 concentra-
tions34,39, multiple studies in various animal models and insulin-
secreting cell lines have demonstrated that IGF-1 exposure reduces
circulating plasma insulin concentrations and GSIS, highlighting
the complex interplay of these hormones14,22,23,40. Moreover,
glucose and amino acids are key drivers of insulin secretion.
In the current study, while glucose concentrations were similar
at the end of control versus IGF-1 LR3 infusion, plasma amino acid
concentrations decreased during IGF-1 LR3 infusion. Because
acute and chronic amino acid infusions directly into fetal sheep
circulation stimulate insulin secretion31,33,35,41, it is possible that

Fig. 2. Glucose stimulated insulin secretion (GSIS) is attenuatedwith a 90-min IGF-1 LR3 infusion. Fetal plasma glucose (A) and insulin (B) duringmeasurement of GSIS are plotted
relative to the start of the hyperglycemic clamp at time 0. CON, control infusion (open circles, n= 10); IGF-1, IGF-1 LR3-infusion (closed squares, n= 10). Group means ± SEM
are shown. Statistical analysis was performed by mixed-model ANOVA; protected Fisher’s least significant difference test was performed for individual means comparisons if
interaction P<0.1. ***Indicates P<0.0001 for individual means comparisons.

Fig. 3. Basal insulin secretion is not different based on infusion at necropsy.
Pancreatic islets isolated from control-infused (CON, open symbols, n= 6) and
IGF-1 LR3-infused (IGF-1, closed symbols, n= 6) fetuses were evaluated for basal insulin
secretion. One additional animal was included for islet studies to receive CON (open
triangle), and another was included to receive IGF-1 LR3 infusion (closed triangle) at
time of necropsy to increase the power to detect differences in islet insulin secretion.
Means ± SEM are shown. Statistical analysis was performed by Student’s t-test. Fig. 4. Glucose stimulated insulin secretion is not different in isolated fetal islets

exposed to IGF-1 in vivo at the time of necropsy. Pancreatic islets isolated from
control-infused (CON, open symbols, n= 6) and IGF-1 LR3-infused (IGF-1, closed
symbols, n= 6) fetuses at time of necropsy were tested for fractional insulin release
in Krebs-Ringer bicarbonate buffer with 1.1, 2.7, or 11mmol·L−1 glucose, or 30mmol·L−1

KCl for 1 hour. One additional animal was included for islet studies to receive CON
(open triangle), and another was included to receive IGF-1 LR3 infusion (closed triangle)
at time of necropsy to increase the power to detect differences in islet insulin
secretion. Means ± SEM are shown. Statistical analysis was performed by mixed-model
ANOVA.
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reduced circulating amino acid concentrations may reduce insulin
secretion. While the effect of low amino acid concentrations on
insulin secretion has not been directly tested in fetal sheep,
a low protein diet during pregnancy in rats resulted in decreased
insulin secretion from the progeny’s isolated fetal islets suggesting
that normal plasma amino acid concentrations are crucial to
establishing appropriate insulin secretion during development42.
We previously demonstrated that IGF-1 LR3 infusion for one week
results in decreased umbilical amino acid uptake15,23. Other studies
acutely infusing recombinant human IGF-1 (rhIGF-1) directly into
fetal sheep circulation have shown decreased fetal protein break-
down and thus decreased fetal amino acid bioavailability40,43.
In the current study, several amino acids decreased with the
90-min IGF-1 LR3 infusion, but it is unclear whether the decreases
were due to decreased umbilical amino acid uptake, decreased
protein catabolism, or increased amino acid utilization, all of which
may vary with chronicity of IGF-1 LR3 exposure. This requires
further investigation.

Other factors known to influence in vivo insulin secretion, such
as oxygen content, lactate, cortisol, and norepinephrine, did not
differ based on infusion making it unlikely that changes in aerobic
metabolism, catecholamines, or glucocorticoid signaling played
significant roles. This is important due to the fact that hypotha-
lamic–pituitary–adrenal axis factors can fluctuate in the late
gestation fetus. However, such changes are most notable in the
final week leading up to delivery44, which would occur after the
gestational age at which we completed our study. This further
strengthens the argument for the contribution of concurrent
decreased amino acid supply to reductions in fetal insulin secretion
in response to an IGF-1 LR3 infusion.

Despite the attenuated in vivo fetal insulin secretion exhibited
during IGF-1 LR3 infusion, fetal islets recovered insulin secretion
to control values once the IGF-1 LR3 exposure was removed.While
the effects of other endocrine hormones such as glucagon and
somatostatin on islet insulin secretion were not tested, such effects
are likely to be minimal as fetal sheep islets isolated using our
protocol contain>90–95% β-cells25. This recovery in insulin secre-
tion is consistent with results from in vitro studies exposing the
perfused adult rat pancreas to IGF-122,45. We previously demon-
strated that islets isolated from fetal sheep exposed to a one-week
IGF-1 LR3 infusion had similar insulin content but lower in vitro
insulin secretion in response to glucose stimulation after an over-
night incubation. In that study, islet incubation overnight in media
containing rhIGF-1 10 nmol·L-1 did not have any effect on in vitro
GSIS compared to overnight media without rhIGF-123. In the
current study, islets exposed to IGF-1 LR3 for 90 min just prior
to isolation display a similar response after overnight incubation
to in vitro GSIS at all glucose concentrations tested as compared
to CON. We speculate that a 90-min IGF-1 LR3 infusion is not
long enough in duration to program the fetal islet to secrete less
insulin.

Though we are unable to measure plasma IGF-1 LR3 concen-
trations, changes in fetal insulin secretion and amino acid concen-
trations suggest supraphysiologic total IGF-1. Our prior study
demonstrated 43% lower endogenous IGF-1 concentrations
following a one-week IGF-1 LR3 infusion compared to control
infusion15,23. This was presumably due to suppression of endog-
enous IGF-1 secretion in response to exogenous IGF-1 LR3 infu-
sion. It is possible that an acute IGF-1 LR3 infusion may not
provide the necessary time for endogenous IGF-1 suppression.
Additional studies are needed to better understand the β-cell’s
response to different IGF-1 dosing regimens and whether glucose

or amino acid supplementation would improve fetal insulin
secretion.

Our study was also not powered to detect sex differences. While
prior fetal sheep studies have not detected sex differences in
glucose-insulin responsiveness, β-cell mass, or plasma basal insulin
or IGF-1 concentrations6,36, this deserves further investigation.
Additionally, studies are needed to evaluate the contribution of
neurovascular networks and other in vivo factors that may influ-
ence fetal insulin secretion.

In conclusion, the present study demonstrates that an acute
IGF-1 LR3 infusion during late gestation decreases circulating
insulin and impairs fetal glucose-stimulated insulin secretion.
These effects, however, resolve in vitro once the exogenous
IGF-1 exposure is removed. This contrasts with our prior study
that demonstrated an intrinsic islet defect after prolonged and
continuous fetal exposure to IGF-1 LR323. Establishing and
supporting an optimal insulin/IGF-1 axis during fetal development
is critical to normal pancreatic development and long-term β-cell
function. Based on the findings herein, we speculate that chroni-
cally, but not acutely, elevated IGF-1 during the late gestation fetal
period in pregnancies complicated by gestational diabetes or
maternal obesity may contribute to the risk of β-cell failure and
diabetes later in life. Furthermore, our findings suggest that care
must be taken to closely monitor plasma insulin, glucose, and
amino acid concentrations when considering treatments for intra-
uterine growth restriction that may increase IGF-1-mediated
signaling to promote growth. Therefore, this study significantly
contributes to an important gap in our understanding about the
implications of increased IGF-1 during pancreatic development.
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