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Abstract

Fetal insulin is critical for regulation of growth. Insulin concentrations are
partly determined by the amount of f-cells present and their insulin content.
Insulin-like growth factor-1 (IGF-1) is a fetal anabolic growth factor which
also impacts f-cell mass in models of f-cell injury and diabetes. The extent to
which circulating concentrations of IGF-1 impact fetal f-cell mass and pancre-
atic insulin content is unknown. We hypothesized that an infusion of an IGF-
1 analog for 1 week into the late gestation fetal sheep circulation would
increase f3-cell mass, pancreatic islet size, and pancreatic insulin content. After
the 1-week infusion, pancreatic insulin concentrations were 80% higher than
control fetuses (P < 0.05), but there were no differences in f-cell area, f-cell
mass, or pancreatic vascularity. However, pancreatic islet vascularity was 15%
higher in IGF-1 fetuses and pancreatic VEGFA, HGF, IGF1, and IGF2 mRNA
expressions were 70-90% higher in IGF-1 fetuses compared to control fetuses
(P < 0.05). Plasma oxygen, glucose, and insulin concentrations were 25%,
22%, and 84% lower in IGF-1 fetuses, respectively (P < 0.05). The previously
described role for IGF-1 as a f-cell growth factor may be more relevant for
local paracrine signaling in the pancreas compared to circulating endocrine
signaling.

Introduction

Insulin-like growth factor 1 (IGF-1) is an endocrine and
paracrine growth factor with an important role in regulat-
ing f-cell mass and production of insulin. In studies with
adult animals and isolated pancreatic islets, IGF-1 protects
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against loss of f-cells following streptozotocin and inter-
leukin-1f exposure, although other studies demonstrate
that IGF-1 inhibits release of insulin from the pancreatic
p-cells (Leahy and Vandekerkhove 1990; Mabley et al.
1997; Porksen et al. 1997; Giannoukakis et al. 2000;
Agudo et al. 2008; Robertson et al. 2008). While these
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IGF-1 and Fetal Pancreas

studies show important effects of IGF-1 on ff-cell mass
and insulin production, the physiological endocrine regu-
lation of fetal islet development and f-cell mass are lar-
gely unexplored. Understanding this regulation is
important because common complications of pregnancy
result in abnormal f-cell mass and islet development with
implications for fetal insulin concentrations and the regu-
lation of fetal growth (Green et al. 2010; Boehmer et al.
2017; Limesand and Rozance 2017). For example, fetuses
from pregnancies complicated by placental insufficiency
and severe intrauterine growth restriction (IUGR) are
characterized by lower circulating IGF-1 and lower f-cell
mass (Van Assche et al. 1977; Ostlund et al. 1997).
Importantly, both fetal IGF-1 and insulin are critical for
appropriate regulation of fetal somatic growth (Fowden
1992, 2003), with cord blood concentrations of both insu-
lin and IGF-1 directly associated with birth weight includ-
ing in large for gestational age newborns (Ostlund et al.
1997; Christou et al. 2001; Setia et al. 2006).

Pregnant sheep are used to model conditions of abnor-
mal fetal growth and to test the basic physiological role
of insulin and IGF-1 in fetal growth and development
(Fowden 2003; Barry and Anthony 2008). However, in a
normally grown fetus, the impact of chronically increased
circulating IGF-1 at the end of gestation on fetal pancre-
atic islet size, structure, and f-cell mass has not been
tested. We hypothesized that an infusion of an IGF-1 ana-
log with very low affinity for binding proteins, IGF-1
LR3, for 1 week into late gestation fetal sheep circulation
would increase f-cell mass, islet size, and pancreatic insu-
lin content. Our results demonstrate that this experimen-
tal infusion results in higher fetal pancreatic insulin
content. Contrary to our hypothesis, IGF-1 LR3 does not
result in higher f-cell mass or larger pancreatic islets.
However, although the fetal pancreatic islets were the
same size following the IGF-1 LR3 infusions compared to
controls, they were more highly vascularized than control
fetal islets. Furthermore, the IGF-1 infused fetuses had
mRNA expression of pancreatic VEGFA, HGF, IGF1, and
IGF2 that was 70-90% higher than expression in control
pancreases.

Materials and Methods

Fetal sheep and experimental protocol

Studies were conducted in time bred mixed Western
breed sheep at Oregon Health & Science University in
Portland, Oregon with approval of the Institutional Ani-
mal Care and Use Committee. This center is accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC). Sheep
were obtained from a local vendor (Agna LLC). Ewes
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were maintained on a 12 h light/dark cycle in a social
housing environment with soft bedding, and allowed ad
lib access to food (flake alfalfa, pelleted alfalfa, and “corn,
oats, barley with molasses” [C.O.B.]) and water. They
were acclimatized to the facility for 3—7 days prior to sur-
gery.

At 120 £ 0 days gestational age (term ~147 days), fetal
catheters were surgically placed similar to previously
described (Jonker et al. 2016). In brief, to control secre-
tions ewes were given intramuscular atropine (7.5 mg),
anesthetized with intravenous ketamine (400 mg) and
diazepam (10 mg), and ventilated with oxygen:nitrous
oxide (2:0.7) and isoflurane (1.5-2.0%). Fetuses were
exteriorized through a uterine incision for catheter place-
ment prior to closing in layers. Ciprofloxacin (2 mg) and
Penicillin G (1 million units) were injected into the fetal
amniotic sac at the conclusion of surgery. Ewes received
subcutaneous buprenorphine (0.3 mg) immediately after
surgery and twice daily for 2 days thereafter during surgi-
cal recovery. Following surgery they were monitored for
full recovery, including resumption of normal posture,
food and water consumption, urination and defecation,
behavior with conspecifics, and responsiveness to human
interaction. When recovered, animals were acclimatized
to metabolic cages, in which they had ad libitum food
and water and could stand or lie.

Beginning 6 + 0 days after surgery, fetuses were ran-
domized to receive a chronic constant infusion of IGF-1
LR3 (6.6 ,ug-kg_lh_l; n = 8) or saline (volume matched,
~30 mL-day™'; n = 10) as a control infusion for 7 days.
This compound was selected to test the effects of IGF-1
independent of its effect when associated with binding
proteins, as it associates with binding proteins at ~1000-
fold lower affinity. The dose was selected based on its
action in the fetus (Sundgren et al. 2003). In the case of a
twin pregnancy only one fetus was randomized and stud-
ied. The larger twin based on estimated body size at the
time of surgery was selected for instrumentation and
study. After the fetal blood was sampled on day 7, and
prior to necropsy, all fetuses were subjected to a ~1 h
hypoxic hemodynamic challenge, during which time
maternal oxygen saturation was reduced to 50% by tra-
cheal nitrogen infusion, followed by 15 m recovery prior
to necropsy, as part of an experiment not reported in this
manuscript.

Biochemical analysis

Daily fetal arterial plasma glucose and lactate concentra-
tions, pH, partial pressure of oxygen (PaO,), partial pres-
sure of carbon dioxide (PaCO,), and oxygen
concentration were measured with the blood gas analyzer
ABL 825 (Radiometer America Inc., Westlake, OH, USA),
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and the hematocrit was measured from microcentrifuga-
tion of capillary tubes. Fetal hormones were measured on
day 0 and day 7. Arterial plasma insulin and cortisol were
measured by enzyme-linked immunosorbent assay
(ELISA) (insulin: intra- and interassay coefficients of
variation = 4.3% and 4.7%, respectively;  sensitiv-
ity = 0.14 ng/mL; cortisol: intra- and interassay coeffi-
cients of variation = 4.6% and 5.8%, respectively;
sensitivity = 1.0 ng/mL; ALPCO, Salem, NH, USA). Arte-
rial plasma norepinephrine was measured by high perfor-
mance liquid chromatography (intra- and interassay
coefficients of variation = 9.2% and 9.0%, respectively;
sensitivity = 170 pg/mL; model 2475; Waters, Milford,
MA) (Thorn et al. 2013).

Pancreas collection

At the conclusion of the study, animals were euthanized
with an intravenous overdose of a pentobarbital euthana-
sia solution. Fetal sex and weights were recorded. The
pancreases were weighed and dissected into the splenic
portion, processed for morphometric analysis, and the
hepatic portion, which was snap frozen in liquid nitrogen
and transferred to —80°C for mRNA and protein extrac-
tion.

mRNA analysis

mRNA was extracted from pulverized —80°C pancreas
(100 mg) and reverse transcribed into complimentary
DNA (cDNA) as previously described (IGF-1, n = 6; con-
trol, n=15) (Benjamin et al. 2017). Quantitative PCR
assays were performed on a 1:10 dilution (with sterile
water) of the reverse transcription cDNA for INS (in-
sulin), GCG (glucagon), SST (somatostatin), PPY (pancre-
atic polypeptide), PDXI (pancreatic and duodenal
homeobox-1), GCK (glucokinase), SLC2A2 (glucose trans-
porter-2 [GLUT-2]), IGFI (insulin-like growth factor-1
[IGF-1]), IGF2 (IGF-2), VEGFA (vascular endothelial
growth factor), HGF (hepatocyte growth factor), and
RPS15 (ribosomal protein S15) were performed and vali-
dated as previously described (Rozance et al. 2007; Chen
et al. 2012; Gadhia et al. 2013; Lavezzi et al. 2013; Brown
et al. 2016). The total volume of each reaction was 10 uL:
4 uL. ¢cDNA, 0.5 uL for each primer (0.5 mol/L), and
5 uL Faststart Universal SYBR Green MM (Roche, San
Francisco, CA, USA). The temperature cycles were 5 min
at 95°C to activate the enzyme; then 40 cycles of 30 sec at
60°C, 30 sec at 72°C, and 10 sec at 96°C. To verify the
correct amplification of the reaction, we examined the
melt curve analysis to ensure a single peak. The cDNA
samples were analyzed in triplicate and the standard curve
method of relative quantification was utilized (Wong and
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Medrano 2005). Genes of interest were normalized to the
reference gene RPSI15, which was not different between
groups. Results are presented relative to controls.

Protein analysis

Protein was extracted from pulverized pancreas, separated
by gel electrophoresis, and immunoblotting performed as
described previously (IGF-1, n=7; control, n=15)
(Andrews et al. 2015). For immunoblotting, membranes
were blocked in Tris-buffered saline with 0.1% Tween 20
(v/v) and 5% nonfat dried milk (NFDM; w/v) prior to
incubation with primary antibodies; rabbit anti-glucoki-
nase (1:1000; Abcam Inc., Cambridge, MA), rabbit anti-
GLUT2 (1:1000; Abcam Inc.), VEGFA (1:200; Santa Cruz
Biotechnology, Dallas, TX), HGF (1:1000; R&D Systems,
Minneapolis, MN), and mouse anti-actin (1:10,000; MP
Biomedicals, Salon, OH). Primary antibodies were diluted
in Tris-buffered saline with 0.1% Tween 20 (w/v) with
5% bovine serum albumin (BSA; v/v) except VEGFA
which was incubated in 5% BSA (w/v) with 1% NFDM.
Membranes were incubated with primary antibodies
overnight and immunocomplexes detected with goat anti-
rabbit IRDye 800CW, donkey anti-Goat IRDye 800CW,
or goat anti-Mouse IRDye 680RD (LI-COR Inc., Lincoln,
NE). Immunocomplexes were visualized and quantified
using an Odyssey Fc imaging system (Image Studio; LI-
COR). Densitometry for proteins of interest were normal-
ized to actin, which was not different between groups.
Results are presented relative to controls.

For insulin content of the pancreas, three aliquots (be-
tween 12 and 25 mg each) of pulverized pancreas per
fetus (IGF-1, n = 7; control, n = 5) were subjected to an
acid ethanol extraction with 1 mL of 1 mol/L HCIl in
70% ethanol (v/v) at —20°C for 18 h (Rozance et al.
2007). The concentration of insulin was measured by
ELISA (as described above). The three samples for each
animal were averaged to obtain a single value.

Histology of the fetal pancreas

Histological evaluation of the fetal pancreas (IGF-1,
n = 8; control, n = 7) was based on our previous proto-
cols (Limesand et al. 2005; Rozance et al. 2007, 2015).
Four 5 um thick sections were cut at 100 um intervals
from each pancreas. Frozen sections were adapted to
room temperature for 30 min prior to three, 5 min
washes in deionized water. Sections were transferred to a
10 mmol/L citric acid buffer (pH 6.0) and maintained in
a 90°C water bath for 30 min. Sections were cooled for
20 min, washed three times in phosphate buffered saline
(PBS) for 10 min. Sections were blocked for 30 min in
1.5% normal donkey serum in PBS. Endocrine hormones
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were identified with guinea pig anti-porcine insulin
(1:250; Dako, Carpinteria, CA), mouse anti-porcine gluca-
gon (1:500; Sigma-Aldrich, St. Louis, MO), rabbit
anti-human somatostatin (1:500; Dako), and rabbit anti-
human pancreatic polypeptide (1:500; Dako). Immuno-
complexes were detected with the following affinity-puri-
fied secondary antiserum (1:500): anti-rabbit IgG
conjugated to Cy2, anti-mouse IgG conjugated to Texas
Red, and anti-guinea pig IgG conjugated to 7-amino-4-
methylcoumarin-3-acetic acid (AMCA; Jackson Immu-
noResearch Laboratories, West Grove, PA). Fluorescent
images were visualized on an Olympus IX83 microscope
system (Olympus; Waltham, MA). Images were captured
and morphometric analyses were performed using the
cellSens software (Olympus). Insulin-positive cells and
glucagon-positive cells were used to determine the f[-cell
and a-cell mass, respectively, by multiplying the pancreas
weight by the percent total pancreas area positive for each
hormone. The entire pancreatic section was used to deter-
mine f- and o-cell mass.

Pancreatic and islet vessel density were measured as we
have previously described (Rozance et al. 2015). Tissue
sections were blocked with 0.5% NEN Block (Perkin-
Elmer, Waltham, MA) for 1 h, followed by addition of
the anti-insulin, glucagon, somatostatin, and pancreatic
polypeptide primary antibodies noted above diluted in
PBS with 1% BSA. FITC-conjugated Griffonia simplicifo-
lia (GS-I) agglutinin (green, 15 ug/mL; Vector Laborato-
ries, Burlingame, CA) was added to the mixture of
primary antibodies. Samples were incubated overnight at
4°C. Secondary antibodies were as described above except
that Texas Red goat anti-rabbit (1:500; Jackson Immu-
noResearch Laboratories) replaced the CY2 goat anti-rab-
bit IgG antibody. The entire pancreatic section was used
to determine f§ pancreatic vessel density. Pancreatic islets
were defined as clusters of endocrine cells with an area of
>500 um’. An average of 119 + 8 islets/animal were eval-
uated. Vessel density of all islets from one fetus were
averaged to produce a mean value for use in summary
and comparative statistics (Rozance et al. 2015).

Statistical analysis

Statistical analysis was performed using SAS version 9.2
(SAS Institute). Results are expressed as mean £ Standard
Error (SE). In a preliminary analysis we determined for
all outcomes if fetal sex and singleton versus twin were
significant. When significant, they were included in the
final mixed-model analysis of variance (ANOVA) analysis,
which included terms (as appropriate) for treatment
group (IGF-1 or control), time (days of treatment), and
interactions as main effects. A term was included to
account for repeated measures made in the same animal.
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If the overall ANOVA was significant (P < 0.05), then
Fishers protected least squares difference was used for
post-test comparisons. P-values < 0.05 were accepted as
significant. If data were found not to be normally dis-
tributed or to have unequal variance between IGF-1 and
control groups, data were either analyzed by the Mann—
Whitney test or log transformed for ANOVA.

Results

At the end of the study, gestational ages were similar in
both groups (134 &+ 0 days, control vs. 133 £ 0 days,
IGF-1). The proportion of male fetuses (50%, control vs.
62.5%, IGF-1) and twin pregnancies (20%, control vs.
50%, IGF-1) also were statistically similar in both groups.
IGF-1 fetuses were heavier than the control fetuses
(3.86 £ 0.25 kg, control vs. 4.42 £ 0.14 kg, IGF-1;
P < 0.05, Mann—Whitney test).

Fetal biochemistry

Fetal arterial plasma insulin and glucose concentrations
decreased during the 7-day infusion period in the IGF-1
fetuses but not in the controls (P < 0.0005, Table 1). The
decrease for insulin was greater than the decrease for glu-
cose and so the insulin:glucose ratio was lower in the
IGF-1 fetuses compared to controls at the end of the
experiment (P < 0.005, Table 1). Fetal arterial plasma lac-
tate and blood arterial pH, PaCO,, and hemoglobin were
not different between groups (Table 1). Although one
animal in the IGF-1 group had a fetal plasma arterial
norepinephrine concentration over 3000 pg/mL, there was
no statistical difference in norepinephrine concentrations
between control and IGF-1 groups whether or not this
animal was included in the analysis (Table 1). Fetal arte-
rial blood PaO, and O, content decreased in the IGF-1
fetuses during the 7-day infusion but not in the controls
(P < 0.001, Table 1). Fetal arterial cortisol increased simi-
larly in both groups (Table 1). Because low glucose and
oxygen concentrations and high norepinephrine concen-
trations can inhibit insulin secretion (Dionne et al. 1993;
Limesand and Hay 2003; Chen et al. 2014; Macko et al.
2016), we graphed fetal insulin concentrations with each
of these. In no case could a relationship between glucose,
oxygen or norepinephrine, and insulin concentrations in
the IGF-1 group be detected (Fig. 1).

Characteristics of the fetal pancreas

Fetal pancreatic weights were not statistically different
between the groups (Table 2). There were no differences
between groups for the proportion of the pancreatic sec-
tions staining insulin-positive cells or glucagon-positive
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Table 1. Fetal arterial plasma hormones, glucose, lactate, protein and blood pH, gases, and hematocrit before and after 7 days of IGF-1 or

control infusions.

Day O Day 7 P-value

Parameter Control IGF-1 Control IGF-1 Trt Day Trt x Day
Insulin (ng/ml)* 0.32 £ 0.10 0.29 + 0.08 0.45 £ 0.11 0.07 £ 0.01 & <0.005 <0.05 <0.0005
Glucose (mmol/L) 0.9 + 0.1 1.0 £ 0.1 0.9 + 0.1 0.7 & 0.1 & <0.05 <0.0001 <0.0001
Insulin:Glucose (ratio)’ 0.32 + 0.08 0.29 + 0.07 0.50 + 0.10 0.11 + 0.03 * <0.005 0.80 <0.005
Lactate (mmol/L) 1.54 £ 0.10 1.48 £ 0.0.9 1.54 £ 0.10 2.69 + 0.98 0.07 0.17 0.18
pH 7.35 + 0.01 7.34 + 0.01 7.32 + 0.01 7.32 £ 0.01 0.74 <0.05 0.16
pCO, (mMmHg) 51.4 +£ 1.1 51.2 + 0.8 516 + 1.0 54.1 + 0.7 0.28 0.18 0.19
pO, (mmHg) 19.9 £ 0.9 20.4 +£ 0.6 19.9 £+ 0.5 17.0 £ 0.9 & <0.005 <0.05 <0.01
Hemoglobin (gm/dL) 9.8+ 0.5 10.6 + 0.5 10.0 £ 0.7 9.6 + 0.7 0.79 0.39 0.14
O, content (mg/dL) 7.2 +03 7.9 £ 0.5 7.1 £ 0.5 53+ 0.6 & <0.05 <0.005 <0.005
Cortisol (ng/ml)'r 5.6 +£ 0.5 4.4 + 0.7 89+ 14 10.1 £ 2.9 0.98 <0.005 0.37
Norepinephrine (pg/ml)* 434 + 23 451 + 121 406 + 49 887 + 392 0.72 0.52 0.23

All data obtained throughout days zero through seven were analyzed by mixed model ANOVA with repeated measures and presented as
means + SEM from control (n = 10) and IGF-1 (n = 7' or 8) animals. Partial pressure CO, (pCO,), partial pressure O, (pO5).

#Data were log transformed for analysis.

*Indicates P < 0.005 by Fishers protected least squares difference test between IGF-1 and control fetuses on day 7.
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Figure 1. There was no correlation between fetal arterial plasma insulin concentrations in the IGF-1 group with fetal arterial plasma glucose
(A), oxygen (B), norepinephrine (C), or cortisol (D) concentrations. Individual control (M) and IGF-1 (O) fetal data are plotted.

cells or for pancreatic f- or a-cell mass (Table 2). There
also were no differences for islet size or pancreatic vessel
density. However, islet vessel density was 15% higher in
the IGF-1 pancreases (P < 0.05, Fig. 2). The pancreatic
insulin protein content was 80% higher in IGF-1 fetuses
compared to control (P < 0.05), though there was no dif-
ference in pancreatic insulin mRNA expression, or the
expression of the other major pancreatic islet endocrine
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hormones, glucagon, pancreatic polypeptide or somato-
statin (Table 3). In order to explore the reason for lower
arterial insulin concentrations in the IGF-1 group, we
measured pancreatic GLUT2 and glucokinase, and
although pancreatic GLUT2 mRNA expression was 145%
higher in the IGF-1 group, we did not find differences in
GLUT2 protein or glucokinase protein and mRNA
expression (Table 3). We also determined the impact of
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the IGF-1 treatment on pancreatic paracrine growth fac-
tors and found significantly higher mRNA concentrations
of VEGFA, HGF, IGF-1, and IGF-2 (P < 0.05, Table 3).
We did not find a corresponding increase in the pancre-
atic protein concentrations of VEGFA or HGF (Table 3).

Discussion

In the present study, we show that fetal infusion of IGF-1
LR3 for 1 week near the end of gestation results in higher

Table 2. Histological characteristics of the fetal pancreas.

Control IGF-1
Pancreas weight (gm) 3.50 £ 0.24 3.62 + 0.27
Islet size (um?) 2957 + 114 3080 + 256
Insulin-positive area (%) 4.66 + 0.65 5.20 £+ 0.50
Glucagon-positive area (%) 1.81 + 0.21 1.51 + 0.45
p-cell mass (mg) 178 + 31 187 £ 18
a-cell mass (mg) 68 + 8 51 + 16
Pancreatic vessel density (%) 44 +0.2 43 +£0.2

Values are expressed as means + SE. n = 7 for control and n = 8
for IGF-1, except for pancreas weight (n = 10 for control and
n = 8 for IGF-1).
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B IGF1 LR3
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Islet vessel density (%)

N
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[3,]
1

-
o
1

A. White et al.

fetal pancreatic insulin content but lower fetal arterial
insulin concentrations. There was no change in pancreatic
islet size or f-cell mass. We also demonstrate for the
first-time that experimental infusion of an IGF-1 analog
results in higher vascularization of the pancreatic islets
compared to a control group. This is consistent with
higher pancreatic mRNA expression of VEGFA and HGF.
VEGFA and HGEF are two paracrine growth factors highly
involved in establishing the vascularity of the pancreatic
islet and mediating the stimulatory effect of the endothe-
lial cells on f-cell functions, like insulin production. We
also found that following IGF-1 LR3 infusions fetal body
weights, but not pancreatic weights, were heavier. Thus,
the previously described role for IGF-1 as a f-cell growth
factor may be more relevant for local paracrine action in
the pancreas as opposed to circulating endocrine actions.
This is in contrast to the growth promoting effect of cir-
culating IGF-1 on other fetal tissues (Eremia et al. 2007;
Fowden and Forhead 2009).

Fetal arterial plasma insulin and glucose concentrations
decreased during the 7-day infusion period in the IGF-1
fetuses but not in the controls. While experimentally low-
ering fetal glucose concentrations results in lower circulat-
ing fetal insulin concentrations (Limesand and Hay

= GS-1 Agglutinin*
= Insulin*

= Glucagon*, Somatostatin*,
or Pancreatic Polypeptide*

IGF-1

Control

Figure 2. Pancreatic islet vessel density was measured by immune- and GITC-conjugated GS-1 staining and was higher in IGF-1 fetuses (B)
compared to Control fetuses (A). Costatining was performed for insulin (blue) as well as glucagon, somatostatin, and pancreatic polypeptide
(red). (C) Data are mean =+ SE for Control (n = 7) and IGF-1 (n = 8) fetuses. *Indicates P < 0.05 by Students t test.
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Table 3. Molecular characteristics of the fetal pancreas.

Control IGF-1
Pancreatic insulin («g/gm) 114 + 35 205 + 18*
Pancreatic protein (fold change)
Glucokinase 1.00 £ 0.37 0.86 + 0.16
GLUT2 1.00 + 0.40 0.57 + 0.18
VEGFA 1.00 + 0.21 1.36 + 0.16
HGF 1.00 4+ 0.23 0.90 + 0.23
Pancreatic mRNA (fold change)
Insulin 1.00 + 0.18 1.10 £ 0.17
Glucagon 1.00 £+ 0.25 0.66 + 0.12
Pancreatic polypeptide 1.00 £ 0.25 1.53 £+ 0.21
Somatostatin 1.00 + 0.18 1.37 £ 0.17
PDX1 1.00 + 0.08 1.14 + 0.07
Glucokinase 1.00 £+ 0.14 0.68 + 0.24
GLUT2 1.00 + 0.15 2.45 4+ 0.35%*
IGF-1 1.00 + 0.34 1.89 + 0.19*
IGF2 1.00 + 0.25 1.90 + 0.19*
VEGFA 1.00 + 0.07 1.80 + 0.16%*
HGF 1.00 + 0.27 1.73 £ 0.21*

Values are expressed as means + SE. n = 5 for control and n = 6
(MRNA) or 7 (protein) for IGF-1. *, ** indicates P < 0.05, <0.005
by Student’s t test.

2003), in the IGF-1 fetuses it is unlikely that lower insulin
concentrations were caused by lower glucose concentra-
tions for two reasons. First, the decrease for insulin was
much greater than the decrease for glucose resulting in
lower insulin to glucose ratios in the IGF-1 fetuses com-
pared to controls. Furthermore, inspection of panel A in
Figure 1 shows that while the expected positive associa-
tion between glucose and insulin concentrations exists in
the control fetuses, in the IGF-1 group there is no associ-
ation. In fact, all the insulin concentrations in the IGF-1
group are very low irrespective of the fetal glucose con-
centration. Put another way, even in the IGF-1 fetuses
with normal glucose concentrations of approximately
0.9 mmol/L, the insulin concentrations are all extremely
low.

Fetal arterial blood PaO, and O, content also decreased
in the IGF-1 fetuses during the 7-day infusion but not in
the controls. Fetal hypoxemia can directly inhibit fetal
insulin secretion as well as indirectly via increased fetal
production of norepinephrine (Yates et al. 2012; Macko
et al. 2016). In the current study, only a single IGF-1 ani-
mal had elevated norepinephrine concentrations. Thus,
the role of elevated norepinephrine concentrations in sup-
pressing insulin concentrations in the entire IGF-1 cohort
of fetuses is likely to be minimal. Furthermore, similar to
the situation with the relationship between fetal glucose
and insulin concentrations in the current study, it is unli-
kely that lower insulin concentrations were caused by
lower oxygen concentrations. Panels B and C in Figure 1
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show that even in fetuses with normal arterial oxygen and
norepinephrine concentrations, fetal insulin concentra-
tions were low. This is consistent with our data from a
chronic fetal anemic hypoxemia model in which we low-
ered fetal arterial oxygen concentrations even further than
in the current study and found no change in circulating
fetal insulin concentrations (Benjamin et al. 2017). Fur-
ther supporting a direct effect of infused IGF-1 causing
lower insulin concentrations in our study is the observa-
tion that in adult humans and isolated adult rat pan-
creases, IGF-1 is a potent inhibitor of glucose stimulated
insulin secretion independent of low glucose concentra-
tions (Leahy and Vandekerkhove 1990; Porksen et al.
1997). Thus, while there may be some impact of lower
fetal plasma glucose and oxygen concentrations on insulin
concentrations, it is likely that increased IGF-1 endocrine
signaling had a greater effect on lowering insulin secre-
tion.

Unlike the impact on insulin concentrations, we
did not find any impact of the IGF-1 infusion on the pro-
portion of the fetal pancreatic sections staining insulin-
positive or the f-cell mass. Furthermore, we found that
there were no differences between groups for islet size.
However, the vascularization of the IGF-1 islets was
higher than control islets. The interactions between vascu-
lar endothelial cells and f-cells are mediated by several
cell-cell signaling pathways between (Peiris et al. 2014).
These pathways include the paracrine growth factors
VEGFA and HGF, which we have shown are particularly
important for fetal sheep pancreatic islet development
and function in cases of impaired fetal growth (Rozance
et al. 2015; Rozance and Hay 2016).

Both VEGFA and HGF showed significantly higher
mRNA expression in the IGF-1 pancreases. fi-cells express
VEGFA, which interacts directly with endothelial cells to
increase vascularization of the islet (Rozance and Hay
2016). It is possible that circulating IGF-1 increased f-cell
expression of VEGFA, which in turn stimulated an
increase in islet vascularity. Previous work in carcinoma
cells has demonstrated the capacity for IGF-1 to stimulate
VEGFA mRNA expression (Warren et al. 1996; Fukuda
et al. 2002), as we have proposed for fetal pancreatic islets
(Rozance and Hay 2016). We acknowledge that the
changes in pancreatic mRNA expression may have been
related to the short in vivo hemodynamic challenge these
animals were subjected to prior to collection of the fetal
pancreas. However, the challenge was the same in both
groups of fetuses and therefore, our results still show the
tendency for higher VEGF and HGF mRNA expression in
the IGF-1 fetuses, whether due directly to the IGF-1 LR3
or to the brief hemodynamic challenge. Experiments with
isolated fetal sheep pancreatic islets are now underway in
our laboratory to confirm the relationship between IGF-1
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and VEGFA in vitro. Support for the capacity for IGF-1
to increase islet vascularization via a ff-cell VEGFA path-
way also comes from the observation that it was only islet
vascularity that increased in the IGF-1 fetuses; total pan-
creatic vascularity was not different between groups.

Islet endothelial cells signal to f-cells to increase vari-
ous fi-cell functions, including the synthesis and storage
of insulin. Thus, the higher pancreatic insulin concentra-
tions of the IGF-1 fetuses may be an indirect effect
mediated through increased islet vascularity. One of the
primary pathways by which islet endothelial cells stimu-
late fS-cells is through secretion of the paracrine growth
factor, HGF (Rozance and Hay 2016). We have previ-
ously demonstrated in isolated fetal sheep pancreatic
islets the stimulatory effect that HGF has on f-cell pro-
duction and storage of insulin (Rozance et al. 2015).
Alternatively, IGF-1 might directly stimulate fS-cell insu-
lin production and storage in fetal sheep islets, a possi-
bility currently being tested in our laboratory using
isolated fetal sheep pancreatic islets. It is interesting that
despite an increase in pancreatic VEGFA, HGF, IGFl,
and IGF2 mRNA expression, islet size was not different
between IGF-1 infused and control fetuses. Our work in
a model of placental insufficiency and fetal growth
restriction supports the assertion that islet size and vas-
cularity are linked, and that changes in islet size may lag
behind changes in islet vascularity (Rozance et al. 2015;
Brown et al. 2016). Thus, it is possible that a longer
exposure to elevated circulating IGF-1 would result in
larger pancreatic islets.

Overall growth in the late gestation sheep fetus is
strongly reliant on the interplay of several nutrients and
hormones (Fowden 1992, 2003; Bauer et al. 1998; Fow-
den and Forhead 2009). IGF-1 and insulin are two of
the most important anabolic fetal growth factors, and
have overlapping mechanisms of action (Fowden 1992,
2003). Concentrations of both hormones in cord blood
are directly correlated to size at birth, and genetic
absence of these hormones results in IUGR in humans
(Lemons et al. 1979; Woods et al. 1996; Ostlund et al.
1997; Christou et al. 2001; Setia et al. 2006). However,
these two hormones do not act independent of each
other. In addition to overlap in receptor binding (Fow-
den 2003; Kulkarni 2005), we have previously demon-
strated that chronic infusion of insulin into the fetal
circulation increases arterial IGF-1 concentrations by
30% (Andrews et al. 2015). Combined with our current
study demonstrating a significant reduction in circulat-
ing insulin concentrations following chronic infusion of
the IGF-1 agonist and other studies (Fowden and For-
head 2009), it is clear these two anabolic hormones have
a complex relationship for regulating each other and for
regulating fetal growth.
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Testing the role of IGF-1 on the developing fetal pan-
creatic islet is important to gain a better understanding of
the regulation of fetal f-cell mass and insulin secretion in
fetuses exposed to certain pregnancy complications which
result in abnormal fetal growth (accelerated or impaired),
which is directly related to fetal IGF-1 concentrations
(Ostlund et al. 1997; Christou et al. 2001). Given the fact
that many of these complications also are associated with
abnormal pancreatic islet development and function,
determining the exact mechanisms responsible for abnor-
mal pancreatic islet development in these conditions
requires a more basic understanding of the role of IGF-1
in this process, as provided by our current set of data.
Furthermore, our physiological studies with IGF-1 fetal
infusions may also have important implications for the
care of prematurely born infants in which chronic infu-
sions of a different IGF-1 complex has been considered as
a preventative therapy for retinopathy of prematurity,
bronchopulmonary dysplasia, and to improve brain and
body growth in preterm infants (Hellstrom et al. 2016).

Conflict of Interest

The authors have nothing to disclose and no competing
interests.

Acknowledgments

We would like to thank Loni Socha, H. Mike Espinoza,
Dan LoTurco, Jenai Kailey, and Steven Shaw for their
technical assistance.

References

Agudo, J., E. Ayuso, V. Jimenez, A. Salavert, A. Casellas, S.
Tafuro, et al. 2008. IGF-I mediates regeneration of
endocrine pancreas by increasing beta cell replication
through cell cycle protein modulation in mice. Diabetologia
51:1862-1872.

Andrews, S. E., L. D. Brown, S. R. Thorn, S. W. Limesand, M.
Davis, W. W. Jr Hay, et al. 2015. Increased adrenergic
signaling is responsible for decreased glucose-stimulated
insulin secretion in the chronically hyperinsulinemic ovine
fetus. Endocrinology 1:367-376.

Barry, J. S., and R. V. Anthony. 2008. The pregnant sheep as a
model for human pregnancy. Theriogenology 69:55-67.

Bauer, M. K,, J. E. Harding, N. S. Bassett, B. H. Breier, M. H.
Oliver, B. H. Gallaher, et al. 1998. Fetal growth and
placental function. Mol. Cell. Endocrinol. 140:115-120.

Benjamin, J. S., C. B. Culpepper, L. D. Brown, S. R.
Wesolowski, S. S. Jonker, M. A. Davis, et al. 2017. Chronic
anemic hypoxemia attenuates glucose-stimulated insulin
secretion in fetal sheep. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 312:R492-R500.

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



A. White et al.

Boehmer, B. H., S. W. Limesand, and P. J. Rozance. 2017. The
impact of IUGR on pancreatic islet development and beta-
cell function. J. Endocrinol. 235:R63—-R76.

Brown, L. D., M. Davis, S. Wai, S. R. Wesolowski, W. W. Jr
Hay, S. W. Limesand, et al. 2016. Chronically increased
amino acids improve insulin secretion, pancreatic
vascularity, and islet size in growth-restricted fetal sheep.
Endocrinology 157:3788-3799.

Chen, X., P. J. Rozance, W. W. Jr Hay, and S. W. Limesand.
2012. Insulin-like growth factor and fibroblast growth factor
expression profiles in growth-restricted fetal sheep pancreas.
Exp. Biol. Med. 237:524-529.

Chen, X., A. S. Green, A. R. Macko, D. T. Yates, A. C.
Kelly, and S. W. Limesand. 2014. Enhanced insulin
secretion responsiveness and islet adrenergic desensitization
after chronic norepinephrine suppression is discontinued
in fetal sheep. Am. J. Physiol. Endocrinol. Metab. 306:
E58-E64.

Christou, H., J. M. Connors, M. Ziotopoulou, V. Hatzidakis,
E. Papathanassoglou, S. A. Ringer, et al. 2001. Cord blood
leptin and insulin-like growth factor levels are independent
predictors of fetal growth. J. Clin. Endocrinol. Metab.
86:935-938.

Dionne, K. E., C. K. Colton, and M. L. Yarmush. 1993. Effect
of hypoxia on insulin secretion by isolated rat and canine
islets of Langerhans. Diabetes 42:12-21.

Eremia, S. C., H. A. De Boo, F. H. Bloomfield, M. H. Oliver,
and J. E. Harding. 2007. Fetal and amniotic insulin-like
growth factor-I supplements improve growth rate in
intrauterine growth restriction fetal sheep. Endocrinology
148:2963-2972.

Fowden, A. L. 1992. The role of insulin in fetal growth. Early
Hum. Dev. 29:177-181.

Fowden, A. L. 2003. The insulin-like growth factors and feto-
placental growth. Placenta 24:803-812.

Fowden, A. L., and A. J. Forhead. 2009. Endocrine regulation
of feto-placental growth. Horm. Res. 72:257-265.

Fukuda, R., K. Hirota, F. Fan, Y. D. Jung, L. M. Ellis, and G.
L. Semenza. 2002. Insulin-like growth factor 1 induces
hypoxia-inducible factor 1-mediated vascular endothelial
growth factor expression, which is dependent on MAP
kinase and phosphatidylinositol 3-kinase signaling in colon
cancer cells. J. Biol. Chem. 277:38205-38211.

Gadhia, M. M., A. M. Maliszewski, M. C. O’Meara, S. R.
Thorn, J. R. Lavezzi, S. W. Limesand, et al. 2013. Increased
amino acid supply potentiates glucose-stimulated insulin
secretion but does not increase beta-cell mass in fetal sheep.
Am. J. Physiol. Endocrinol. Metab. 304:E352-E362.

Giannoukakis, N., Z. Mi, W. A. Rudert, A. Gambotto, M.
Trucco, and P. Robbins. 2000. Prevention of beta cell
dysfunction and apoptosis activation in human islets by
adenoviral gene transfer of the insulin-like growth factor I.
Gene Ther. 7:2015-2022.

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

IGF-1 and Fetal Pancreas

Green, A. S., P. J. Rozance, and S. W. Limesand. 2010.
Consequences of a compromised intrauterine environment
on islet function. J. Endocrinol. 205:211-224.

Hellstrom, A., D. Ley, 1. Hansen-Pupp, B. Hallberg, C.
Lofqvist, L. van Marter, et al. 2016. Insulin-like growth
factor 1 has multisystem effects on foetal and preterm infant
development. Acta Paediatr. 105:576-586.

Jonker, S. S., L. Davis, D. Soman, J. T. Belcik, B. P. Davidson,
T. M. Atkinson, et al. 2016. Functional adaptations of the
coronary microcirculation to anaemia in fetal sheep. J.
Physiol. 594:6165—-6174.

Kulkarni, R. N. 2005. New insights into the roles of insulin/
IGF-I in the development and maintenance of beta-cell
mass. Rev. Endocr. Metab. Disord. 6:199-210.

Lavezzi, J. R., S. R. Thorn, M. C. O’Meara, D. LoTurco, L. D.
Brown, W. W. Jr Hay, et al. 2013. Increased fetal insulin
concentrations for one week fail to improve insulin
secretion or beta-cell mass in fetal sheep with chronically
reduced glucose supply. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 304:R50-R58.

Leahy, J. L., and K. M. Vandekerkhove. 1990. Insulin-like
growth factor-I at physiological concentrations is a potent
inhibitor of insulin secretion. Endocrinology 126:1593-1598.

Lemons, J. A., R. Ridenour, and E. N. Orsini. 1979. Congenital
absence of the pancreas and intrauterine growth retardation.
Pediatrics 64:255-257.

Limesand, S. W., and W. W. Jr Hay. 2003. Adaptation of
ovine fetal pancreatic insulin secretion to chronic
hypoglycaemia and euglycaemic correction. J. Physiol.
547:95-105.

Limesand, S. W., and P. J. Rozance. 2017. Fetal adaptations in
insulin secretion result from high catecholamines during
placental insufficiency. J. Physiol. 595:5103-5113.

Limesand, S. W., J. Jensen, J. C. Hutton, and W. W. Jr Hay.
2005. Diminished beta-cell replication contributes to
reduced beta-cell mass in fetal sheep with intrauterine
growth restriction. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 288:R1297-R1305.

Mabley, J. G., V. Belin, N. John, and I. C. Green. 1997.
Insulin-like growth factor I reverses interleukin-1beta
inhibition of insulin secretion, induction of nitric oxide
synthase and cytokine-mediated apoptosis in rat islets of
Langerhans. FEBS Lett. 417:235-238.

Macko, A. R, D. T. Yates, X. Chen, L. A. Shelton, A. C.
Kelly, M. A. Davis, et al. 2016. Adrenal demedullation and
oxygen supplementation independently increase glucose-
stimulated insulin concentrations in fetal sheep with
intrauterine growth restriction. Endocrinology 157:2104—
2115.

Ostlund, E., P. Bang, L. Hagenas, and G. Fried. 1997. Insulin-
like growth factor I in fetal serum obtained by cordocentesis
is correlated with intrauterine growth retardation. Hum.
Reprod. 12:840-844.

2018 | Vol. 6 | Iss. 17 | 13840
Page 9



IGF-1 and Fetal Pancreas

Peiris, H., C. S. Bonder, P. T. Coates, D. J. Keating, and C. F.
Jessup. 2014. The beta-cell/EC axis: how do islet cells talk to
each other? Diabetes 63:3—11.

Porksen, N., M. A. Hussain, T. L. Bianda, B. Nyholm, J. S.
Christiansen, P. C. Butler, et al. 1997. IGF-I inhibits burst
mass of pulsatile insulin secretion at supraphysiological and
low IGF-I infusion rates. Am. J. Physiol. 272:E352-E358.

Robertson, K., Y. Lu, J. K. De, B. Li, Q. Su, P. K. Lund, et al.
2008. A general and islet cell-enriched overexpression of
IGF-I results in normal islet cell growth, hypoglycemia, and
significant resistance to experimental diabetes. Am. J.
Physiol. Endocrinol. Metab. 294:E928-E938.

Rozance, P. J., and W. W. Jr Hay. 2016. Pancreatic islet
hepatocyte growth factor and vascular endothelial growth
factor A signaling in growth restricted fetuses. Mol. Cell.
Endocrinol. 435:78-84.

Rozance, P. J., S. W. Limesand, G. O. Zerbe, and W. W. Jr
Hay. 2007. Chronic fetal hypoglycemia inhibits the later
steps of stimulus-secretion coupling in pancreatic beta-cells.
Am. J. Physiol. Endocrinol. Metab. 292:E1256-E1264.

Rozance, P. J., M. Anderson, M. Martinez, A. Fahy, A. R.
Macko, J. Kailey, et al. 2015. Placental insufficiency
decreases pancreatic vascularity and disrupts hepatocyte
growth factor signaling in the pancreatic islet endothelial
cell in fetal sheep. Diabetes 64:555-564.

Setia, S., M. G. Sridhar, V. Bhat, L. Chaturvedula, R.
Vinayagamoorti, and M. John. 2006. Insulin sensitivity and
insulin secretion at birth in intrauterine growth retarded
infants. Pathology 38:236-238.

2018 | Vol. 6 | Iss. 17 | e13840
Page 10

A. White et al.

Sundgren, N. C., G. D. Giraud, J. M. Schultz, M. R. Lasarev,
P. J. Stork, and K. L. Thornburg. 2003. Extracellular
signal-regulated kinase and phosphoinositol-3 kinase
mediate IGF-1 induced proliferation of fetal sheep
cardiomyocytes. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 285:R1481-R1489.

Thorn, S. R., L. D. Brown, P. J. Rozance, W. W. Jr Hay, and J.
E. Friedman. 2013. Increased hepatic glucose production in
fetal sheep with intrauterine growth restriction is not
suppressed by insulin. Diabetes 62:65-73.

Van Assche, F. A, F. De Prins, L. Aerts, and M. Verjans. 1977.
The endocrine pancreas in small-for-dates infants. Br. J.
Obstet. Gynaecol. 84:751-753.

Warren, R. S., H. Yuan, M. R. Matli, N. Ferrara, and D. B.
Donner. 1996. Induction of vascular endothelial growth
factor by insulin-like growth factor 1 in colorectal
carcinoma. J. Biol. Chem. 271:29483-29488.

Wong, M. L., and J. F. Medrano. 2005. Real-time PCR for
mRNA quantitation. Biotechniques 39:75-85.

Woods, K. A., C. Camacho-Hubner, M. O. Savage, and A.
J. Clark. 1996. Intrauterine growth retardation and
postnatal growth failure associated with deletion of the
insulin-like growth factor I gene. N. Engl. J. Med.
335:1363-1367.

Yates, D. T., A. R. Macko, X. Chen, A. S. Green, A. C. Kelly,
M. J. Anderson, et al. 2012. Hypoxaemia-induced
catecholamine secretion from adrenal chromaffin cells
inhibits glucose-stimulated hyperinsulinaemia in fetal sheep.
J. Physiol. 590:5439-5447.

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



