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ABSTRACT (250 WORDS) 30 

Fetal growth restriction (FGR) is associated with decreased insulin secretory capacity and 31 

decreased insulin sensitivity in muscle in adulthood. We investigated whether intra-amniotic 32 

IGF-I treatment in late gestation mitigated the adverse effects of FGR on the endocrine 33 

pancreas and skeletal muscle at 18-months of age. Singleton-bearing ewes underwent uterine 34 

artery embolization between 103-107 days’ gestational age, followed by five once-weekly intra-35 

amniotic injections of 360 µg IGF-I (FGRI) or saline (FGRS), and were compared to an un-36 

manipulated control group (CON). We measured offspring pancreatic endocrine cell mass and 37 

pancreatic and skeletal muscle mRNA expression at 18-months of age (n=7-9/sex/group). Total 38 

α-cell mass was increased ~225% in FGRI males vs. CON and FGRS males, while β-cell mass 39 

was not different between groups of either sex. Pancreatic mitochondria-related mRNA 40 

expression was increased in FGRS females vs. CON (NRF1, MTATP6, UCP2), and FGRS males 41 

vs. CON (TFAM, NRF1, UCP2), but was largely unchanged in FGRI males vs. CON. In skeletal 42 

muscle, mitochondria-related mRNA expression was decreased in FGRS females vs. CON 43 

(PPARGC1A, TFAM, NRF1, UCP2, MTATP6), FGRS males vs. CON (NRF1 and UCP2), and 44 

FGRI females vs. CON (TFAM and UCP2), with only MTATP6 expression decreased in FGRI 45 

males vs. CON. Although the window during which IGF-I treatment was delivered was limited 46 

to the final five weeks of gestation, IGF-I therapy of FGR altered the endocrine pancreas and 47 

skeletal muscle in a sex-specific manner in young adulthood.  48 

 49 

Keywords (Three to five keywords) 50 
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Glucose-stimulated insulin secretion 54 
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NEW AND NOTEWORTHY 58 

Fetal growth restriction (FGR) is associated with compromised metabolic function throughout 59 

adulthood. Here, we explored the long-term effects of fetal IGF-I therapy on the adult pancreas 60 

and skeletal muscle. This is the first study demonstrating that IGF-I therapy of FGR has sex-61 

specific long-term effects at both the tissue and molecular level on metabolically active tissues in 62 

adult sheep. 63 

 64 

  65 
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INTRODUCTION 66 

Fetal growth restriction (FGR), the failure of a fetus to reach its intrauterine growth potential, is 67 

estimated to affect 5-10% of all pregnancies (1). FGR is associated with perinatal morbidity, 68 

stillbirth, and perinatal death (2-5). Placental insufficiency, a common cause of FGR (1), 69 

compromises placental transfer of nutrients from the maternal circulation into the fetal 70 

circulation, resulting in a hypoglycemic and hypoxic intrauterine environment (6). Despite an 71 

urgent need, there are currently no clinically proven treatments to increase fetal growth or 72 

improve perinatal outcomes in pregnancies diagnosed with FGR (7). 73 

 74 
Beyond the perinatal period, FGR is associated with an increased risk of developing metabolic 75 

disease in adulthood, including obesity and type 2 diabetes mellitus (T2DM) (8, 9). T2DM 76 

develops when insulin secretion is insufficient to overcome insulin resistance in target organs, 77 

such as skeletal muscle, the liver, and adipose tissue, resulting in chronically elevated circulating 78 

glucose concentrations. Nutritional insults experienced by the growth-restricted fetus can 79 

permanently alter the structure and function of critical metabolically-active organs, such as the 80 

endocrine pancreas and skeletal muscle (10). Studies in FGR sheep demonstrate decreased β-cell 81 

mass at birth (11). Given the limited ability of β-cell mass to expand in response to increased 82 

metabolic demand later in life, this may have implications for metabolic health in adulthood (12). 83 

Decreased β-cell mass is commonly associated with impaired insulin secretion and T2DM (13), 84 

presumed to be due to a smaller population of β-cells available to secrete insulin. In addition to 85 

its effects on endocrine cell populations, FGR decreases the expression of components of the 86 

glucose-stimulated insulin secretion (GSIS) pathway and mitochondria number and function 87 

(figure 1A), affecting the ability of the β-cell to mount a sufficient insulin response following 88 

nutritional stimulation (11, 14, 15). Low lean mass at birth following FGR establishes a life-long 89 

deficit of lean mass (16, 17, 18), which is associated with decreased expression in skeletal muscle 90 

of mRNA and proteins involved with insulin signaling and mitochondria number and function 91 

(figure 1B) (19-23). These changes are associated with decreased insulin sensitivity (24) and, 92 

therefore, potentially the risk of developing T2DM.  93 

 94 

Sex-specific responses to an early-life nutritional insult have been shown in various animal 95 

experimental studies and human observational cohorts in which fetuses were exposed to 96 

nutritional insults or toxins (25). These studies demonstrate that males typically have poorer 97 

outcomes than females when exposed to an adverse intrauterine environment, but the 98 

mechanism by which sex influences these outcomes remains unclear (25, 26). 99 
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 100 

Insulin-like growth factor (IGF)-I administered into the amniotic fluid has been shown to 101 

increase growth in FGR sheep fetuses with placental insufficiency in a sex-specific manner, 102 

without affecting perinatal mortality in either sex (27-33). Intra-amniotic IGF-I treatment does 103 

not increase placental size (27, 28) but increases fetal growth and placental expression of amino 104 

acid transporters (27). The growth-promoting effect of IGF-I treatment is greater in female 105 

fetuses, and appears to have a minimal effect on birthweight in males (29). Patterns of postnatal 106 

growth also differ between sexes, with IGF-I-treated adult females, but not males, being leaner 107 

than controls (29). In early adulthood (18-months of age), the insulin response throughout an 108 

intravenous glucose tolerance test (ivGTT) was decreased in growth-restricted females 109 

independent of IGF-I treatment, despite having a glucose response similar to normally grown 110 

controls (33). Glucose disposition index (DI), calculated by multiplying insulin sensitivity during 111 

an hyperglycemic clamp (HGC) with first-phase insulin secretion from an ivGTT, was decreased 112 

by 50% in growth-restricted females compared to controls, but this reduction was not seen in 113 

IGF-I-treated females. Conversely, growth-restricted males had increased glucose response and 114 

decreased insulin secretion relative to glucose response throughout an ivGTT compared to 115 

controls; this effect was absent in males treated with IGF-I. Insulin sensitivity was similar 116 

between groups in both sexes at this age (33). Therefore, both females and males exposed to 117 

FGR had decreased insulin secretion following a glucose challenge and, in males only, insulin 118 

secretion was similar to normally-grown males following treatment with IGF-I.  119 

 120 

We hypothesized that, at 18-months of age, sheep that experienced FGR would have sex-specific 121 

alterations in endocrine islet cell composition, specifically decreased β-cell mass, decreased 122 

expression of mRNA transcripts associated with glucose-stimulated insulin secretion (GSIS) in 123 

the pancreas and with insulin signaling in skeletal muscle; that these effects would be sex-124 

specific; and that intra-amniotic IGF-I treatment would ameliorate any changes observed, also in 125 

a sex-specific manner.  126 

  127 
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METHODS 128 

Ethics statement. 129 

Animal experiments were approved by the University of Auckland Animal Ethics Committee 130 

(approval numbers R628 and R874), and all experiments were conducted following the National 131 

Animal Ethics Advisory Committee guidelines and institutional standard operating procedures. 132 

Animal studies are reported in compliance with the ARRIVE guidelines (34). 133 

 134 

Experimental animals. 135 

Experimental animals were generated as previously described (29). Briefly, singleton-bearing 136 

ewes were randomized to a control (CON) or FGR group. FGR ewes underwent surgery 137 

between 97-100 days gestational age (dGA) to insert chronic indwelling polyvinyl chloride 138 

catheters into fetal and maternal arteries and the amniotic cavity. FGR was induced by bilateral 139 

maternal uterine artery embolization using Superose 12 microspheres (GE Healthcare, Little 140 

Chalfont, United Kingdom). Embolization was performed twice daily between 103-107 dGA, 141 

titrated against fetal blood gases. Fetuses were then randomized to receive either 360 µg human 142 

recombinant IGF-I (FGRI; Genentech, San Francisco, California, USA), or an equivolume dose 143 

of 3.6 mL sterile saline (FGRS), via weekly intra-amniotic injection between 107-135 dGA. CON 144 

ewes did not undergo surgery, embolization, or treatment, but were maintained alongside 145 

experimental ewes throughout the study.  146 

 147 

Lambs were born vaginally and individually housed with their ewe. At two-weeks of age, ewe-148 

lamb pairs were transitioned to a group pen, and at three weeks of age, lambs were transitioned 149 

onto pasture. At three months of age, lambs were weaned and maintained in a same-sex herd. 150 

Males were not castrated. The offspring were maintained according to standard farm protocols 151 

until 18-months of age. We have previously reported experimental animal use, fetal and perinatal 152 

losses (29), and sheep losses to 18-months of age (33). 153 

 154 

Physiological testing. 155 

At 18-months of age, a random number generator was used to select a subset of adult sheep to 156 

undergo physiological testing. These tests included an intravenous glucose tolerance test 157 

(ivGTT), an HGC, and an epinephrine stimulation test, which have been described previously 158 

(33). A controlled internal drug release device (CIDR) containing 3 mg progesterone (Pfizer, 159 
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Auckland, New Zealand) was inserted intravaginally into ewes three days before the start of 160 

physiological testing to synchronize estrus. Testing was conducted with the CIDR in situ.  161 

 162 

Tissue collection. 163 

Five to six days after completing physiological testing, sheep were fasted overnight and then 164 

euthanized with an intravenous bolus of sodium pentobarbitone (100-120 mg.kg-1; Provet, 165 

Auckland, New Zealand). Pancreata were harvested and weighed. Two 1 cm medial strips of 166 

pancreata were bisected. Each strip contained head, body, and tail regions of the pancreas. One 167 

strip was snap-frozen in liquid nitrogen, and the other was preserved in 4% paraformaldehyde. A 168 

1 cm3 section of the vastus lateralis muscle was snap-frozen in liquid nitrogen, and frozen samples 169 

were stored at -80ºC until analysis. The vastus lateralis was chosen for our study as it is of mixed 170 

fiber type;  it is the largest muscle in the quadriceps and, therefore, effects of perturbations in 171 

this muscle will be proportionally greater. Subsequent molecular analyses were performed on 172 

tissues from experimental animals that had undergone the full complement of physiological 173 

testing at 18-months of age (female: CON, n=8; FGRS, n=9; FGRI, n=8; male: CON, n=8; 174 

FGRS, n=7; FGRI, n=8).  175 

 176 

Immunohistochemistry. 177 

For each pancreas, serial 5 µm tissue sections were cut from paraffin-embedded fixed tissue. Five 178 

sections, 100 µm apart, were selected for immunostaining. Immunofluorescent staining was 179 

performed with antibodies against insulin, glucagon, and somatostatin, to determine β-cell, α-cell, 180 

and δ-cell area, as previously described (35-37). Mature endocrine hormones were labeled with 181 

guinea pig anti-porcine insulin (1:500; Dako, Carpinteria, California), mouse anti-porcine 182 

glucagon (1:500; Sigma Aldrich, St Louis, Missouri), and rabbit anti-human somatostatin (1:500; 183 

Dako). Primary antibodies were detected with anti-guinea pig IgG Alexa Fluor 647, anti-mouse 184 

IgG Alexa Fluor 488, and anti-rabbit IgG Alexa Fluor 594 secondary antibodies (all at 1:400, all 185 

raised in goat; Invitrogen, Carlsbad, California, USA). Cell nuclei were stained with 0.5 µg/mL 6-186 

diamidino-2-phenylindole (DAPI; Sigma Aldrich, St Louis, Missouri, USA). Sections were 187 

mounted with ProLong Gold Antifade Reagent (Life Technologies, California, USA).  188 

 189 

Sections were visualized at 200× magnification using an AxioImager Z2 microscope (Carl Zeiss 190 

Microscopy, Jena, Germany), connected to a Metafer4 Slide Scanning Platform (MetaSystems, 191 

Altlussheim, Germany) to generate whole-slide images. Images were analyzed using an 192 

automated workflow in Fiji (38) on each field of view image. Individual fields of view were 193 
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manually checked for staining artifacts and excluded if detected. Areas that were positive for 194 

insulin, glucagon, and somatostatin were used to calculate β-cell, α-cell, and δ-cell mass, 195 

respectively, by multiplying the area positive for each cell type (µm2), by the pancreas weight 196 

(mg), normalized to the total amount of tissue scanned on each slide (µm2) (35). Total islet cell 197 

area was calculated by adding cell mass calculated for each islet cell type, and relative islet cell 198 

mass was calculated as the mass of each islet cell type divided by total islet cell mass (35). We did 199 

not measure pancreatic-peptide (PP), a marker for PP-cells, as this cell type represents 200 

approximately 1-2% of islet cell mass in the sheep (35), and less than 5% in rodent or human 201 

islets (39), and therefore has a minimal effect on total islet cell mass.  202 

 203 

RNA isolation. 204 

Total RNA was isolated from 25 mg snap-frozen pancreas and 50 mg frozen vastus lateralis. 205 

Tissues were ground to a fine powder in a liquid nitrogen super-cooled stainless steel mortar and 206 

pestle. As the dispersion of endocrine cells throughout the pancreas is unknown, the pancreas 207 

was ground in its entirety, and a 25 mg portion was used for RNA isolation. Ground tissue was 208 

mixed with 1 mL ice-cold Trizol (Invitrogen, California, USA) in a homogenizer tube. With a T 209 

25 Basic ULTRA-TURRAX power homogenizer (IKA, Staufen, Germany), samples were 210 

homogenized for three rounds of 20 seconds at 24,000 rpm, with 20-30 seconds incubation on 211 

ice between rounds. An additional round of homogenization was performed if required. The 212 

Trizol-tissue solution was transferred into a 2 mL microcentrifuge tube. The remainder of the 213 

extraction was performed as per manufacturer’s instructions, with the chloroform phase 214 

separation step performed twice to avoid phenol contamination. RNA was re-suspended in 50 215 

µL nuclease-free water (Ambion; Life Technologies, California, USA). Samples were stored at -216 

80°C until RNA quality control was performed.  217 

 218 

RNA quality control. 219 

RNA samples were thawed on ice, and all quality control processes were performed within the 220 

same freeze-thaw cycle. Isolated RNA was quantified with a Qubit RNA HS Assay Kit (Life 221 

Technologies, California, USA). A 1 µL sample was diluted 1:20 with nuclease-free water 222 

(Ambion; Life Technologies, California, USA), and 1 µL of this dilution was mixed with 199 µL 223 

Qubit working solution. The assay was performed as per the manufacturer’s instructions. All 224 

samples had RNA concentrations above 0.200 µg/µL. RNA purity assessed with a NanoDrop 225 

1000 Spectrophotometer (Thermo Scientific, Massachusetts, USA). All samples had a 260/280 226 

absorbance ratio between 1.8 and 2.2. RNA integrity was measured with RNA 6000 Nano Chips 227 
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(Agilent Technologies, California, USA). Each assay was performed according to the 228 

manufacturer’s instructions, using the total eukaryotic RNA program. RNA derived from skeletal 229 

muscle samples had RIN values between 7 and 9. RNA derived from whole pancreas 230 

demonstrated a similar level of degradation (RIN values between 2 and 5), not uncommon in 231 

pancreata due to high ribonuclease concentration in the exocrine pancreas and the challenges of 232 

achieving rapid preservation during tissue collection. However, RT-qPCR is more tolerant of 233 

RNA degradation than other methods of measuring mRNA expression, such as next-generation 234 

RNA sequencing, and we normalized mRNA expression to a panel of three reference genes, 235 

which has been shown to minimize the impact of mRNA degradation (40). Additionally, all 236 

target amplicons were shorter than 105 base pairs in length; amplicons less than 250 base pairs 237 

are independent of RNA quality (41).  238 

 239 

Generation of cDNA and RT-qPCR. 240 

For each sample, 2.5 µg of total RNA underwent DNase I treatment (Invitrogen, California, 241 

USA), according to the manufacturer’s instructions. Subsequently, cDNA was synthesized with a 242 

SuperScript VILO cDNA Synthesis Kit (Invitrogen, California, USA).  243 

 244 

Real-time quantitative reverse transcription PCR (RT-qPCR) was performed using an ABI 245 

7900HT Fast Real-Time PCR System (Applied Biosystems, California, USA) for samples derived 246 

from pancreata, and with a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) for 247 

samples derived from skeletal muscle. Two systems were used as the 7900HT system was 248 

upgraded between studies. Standard cycling parameters were used (50°C for two minutes, 95°C 249 

for 10 minutes, followed by 40 cycles of 95°C for 15 seconds followed by 60°C for one minute).  250 

 251 

Custom TaqMan Gene Expression Assays were purchased from Applied Biosystems (Life 252 

Technologies, California, USA). GenBank (National Center for Biotechnology Information 253 

(NCBI)) was searched for the ovine sequences of interest. Alternatively, where no ovine 254 

sequence could be found, porcine or bovine sequences that had 100% region homology with the 255 

predicted ovine sequences were used. Between 60 and 150 base pairs of the sequence were 256 

entered into the Custom TaqMan Assay Design Tool (Life Technologies) for each gene of 257 

interest. Due to the limited information available on ovine sequences, no emphasis was placed 258 

on designing primers and probes that would span exon-exon borders. Details on where selected 259 

genes of interest (listed in supplementary table 1) involved in the GSIS or insulin signaling 260 

pathways are depicted in figure 1.  261 
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 262 

Custom TaqMan Gene Expression Assays were ordered from the recommended primer and 263 

probe design outputs (supplementary table 1). All TaqMan probes had FAM fluorescent reporter 264 

dyes and were quenched with 5’ a molecular-groove binding non-fluorescence quencher 265 

(MGBNFQ). To ensure primer specificity, a basic local alignment search tool (BLAST) search 266 

was performed for each amplicon (42) to search for homology to alternate sequences. 267 

Additionally, a sample of PCR product generated below underwent gel electrophoresis. A 10 µL 268 

sample of PCR product was combined with 2 µL bromophenol blue and ran on a 2% agarose gel 269 

with 0.01% ethidium bromide in 1xTBE buffer. The appearance of a single band at the expected 270 

fragment size for each amplicon was considered acceptable.  271 

 272 

mRNA expression was quantified in triplicate singleplex reactions, with each 10 µL reaction 273 

volume containing 5 µL TaqMan Gene Expression Master Mix (Applied Biosystems), 900 nmol 274 

forward and reverse primer, 200 nmol probe, and 1 µL diluted cDNA. Gene names and primer 275 

and probe details can be found in supplementary table 1. A standard curve was performed for 276 

each target amplicon. Relative amounts of mRNA expression were quantified using the standard 277 

curve method and normalized to the geometric mean of the stable reference mRNA transcripts 278 

for each tissue (43). Reference mRNA transcript stability across a random selection of samples 279 

was determined by assessing the standard deviation and coefficient of variation across a panel of 280 

reference genes. The three most stable reference genes were β-actin, RPL19, and YHWAZ for 281 

RNA derived from the pancreas, and β-actin, GAPDH, and PPIA for RNA derived from 282 

skeletal muscle. 283 

 284 

Statistical analysis.  285 

Pancreatic endocrine cell mass data were analyzed in GraphPad Prism (Version 8.0.2; San Diego, 286 

California, USA). Data were checked for normality using the Shapiro-Wilk test and log-287 

transformed when necessary. One-way ANOVA within each sex was used to determine the 288 

effects of FGR and intra-amniotic treatment of FGR with IGF-I, and Tukey post hoc testing was 289 

applied where appropriate.  290 

 291 

Regression analyses were used to assess the relationship between continuous variables. A 292 

probability of p<0.05 was considered statistically significant. These data are presented as mean 293 

and SEM. 294 

 295 
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For mRNA expression data, relative expression was calculated with the real-time PCR efficiency 296 

of each primer-probe set and normalized to the geometric mean of three stable reference genes 297 

(43). Data were analyzed as fold change in mRNA expression relative to a comparator group. 298 

Alpha was set at 0.01, and data are presented as fold change with 99% confidence intervals.  299 

 300 

With the exception of the regression analyses, we were interested in the following comparisons 301 

for each comparison: (1) CON vs. FGRS, to determine if FGR had any longstanding effects 302 

compared to that of control sheep; (2) CON vs. FGRI, to determine whether IGF-I therapy of 303 

FGR had potentially returned the phenotype to that of control sheep, and (3) FGRS vs. FGRI, 304 

to specifically explore if IGF-I therapy had any effect on the phenotype in FGR sheep.  305 

  306 
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RESULTS 307 

Birthweight, bodyweight, body composition, and organ weights at 18-months of age.  308 

Perinatal outcomes (29), bodyweight, body composition, and organ weights at 18-months of age 309 

(33) have been reported previously. Briefly, FGRS but not FGRI female lambs were lighter at 310 

birth than CON female lambs. Conversely, FGRS and FGRI male lambs were smaller than 311 

CON male lambs, with no difference between FGRS and FGRI males. Bodyweight and fat mass 312 

were similar amongst groups within each sex at 18-months of age. FGRI female sheep had 313 

greater lean mass relative to bodyweight compared to CON female sheep, with no difference 314 

between FGRS female sheep and FGRI or CON female sheep. There was no difference in lean 315 

mass amongst groups for male sheep at 18-months of age. Absolute brain, liver, and pancreas 316 

weights were similar between groups within each sex at 18-months of age.  317 

 318 

Endocrine cell populations in the pancreas. 319 

In female sheep, FGRS tended to have less total islet cell mass compared to CON (p=0.099; 320 

table 1 and figure 2), but total β-, and α-cell masses were not different amongst groups. Absolute 321 

δ-cell mass was increased in FGRI compared to FGRS females (p=0.005). The proportion of β-322 

cell and δ-cell mass relative to total islet cell mass differed amongst groups (p=0.045 and p=0.02, 323 

respectively; table 1 and figure 2) with post-hoc tests demonstrating that female FGRI tended to 324 

have an decreased proportion of β-cells compared to CON (p=0.09) and FGRS (p=0.06), and an 325 

increased proportion of δ-cells compared to CON (p=0.05) and FGRS (p=0.03).  326 

 327 

β-cell mass relative to bodyweight was decreased by approximately 30% in FGRS compared to 328 

CON females, but this was not statistically significant (p=0.11) (table 1). Relative to bodyweight, 329 

δ-cell mass was increased in FGRI compared to FGRS (p=0.003) and tended to be increased 330 

compared to CON (p=0.06), while relative α-cell mass was not different amongst groups in 331 

females (table 1). 332 

 333 

In males, total islet cell mass, β-cell mass, and δ-cell mass were not different amongst groups 334 

(table 1). However, in FGRI, total α-cell mass was increased ~225% compared to CON (p=0.01) 335 

and FGRS (p=0.01), and as a proportion of total islet cell mass (vs. CON, p=0.007; vs. FGRS, 336 

p=0.07). Moreover, the ratio of α-cell to β-cell mass was increased in FGRI compared to both 337 

CON (p=0.002) and FGRS (p=0.008). Only α-cell mass relative to bodyweight was increased in 338 

FGRI compared to both CON and FGRS male sheep (both p=0.01). 339 
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 340 

Correlations between pancreatic endocrine cell mass and physical characteristics. 341 

There were no correlations between birthweight, bodyweight, or lean mass and total islet cell 342 

mass, β-cell mass, α-cell mass, or δ-cell mass in any group of either sex except for positive 343 

correlations between bodyweight and total islet cell mass in FGRI females (R2=0.58, p=0.046), 344 

bodyweight and β-cell mass in FGRI females (R2=0.64, p=0.03), and lean mass and δ-cell mass 345 

in CON males (R2=0.68, p=0.02; supplementary figures 1 and 2). Only female FGRI sheep 346 

demonstrated a positive correlation between fat mass and total islet cell mass (R2=0.67, p=0.02) 347 

and β-cell mass (R2=0.76, p=0.01; supplementary figure 1). These correlations were absent in any 348 

male group (supplementary figure 2). 349 

 350 

Correlations between pancreatic endocrine cell mass and responses to ivGTT and HGC. 351 

There were no significant correlations between the glucose or insulin responses throughout an 352 

ivGTT and β-cell mass in any group in either female (figure 3A) or male (figure 3B) sheep. Nor 353 

were there any correlations between the glucose or insulin response throughout an ivGTT and 354 

total islet cell mass, α-cell mass, or δ-cell mass in any group in either sex (data not shown).  355 

 356 

There were no correlations between β-cell mass and the mean steady-state plasma insulin 357 

concentration during an HGC, glucose disposition index, or GSIS, in any group in either sex 358 

(data not shown).  359 

 360 

Whole pancreas mRNA expression of genes involved with GSIS and mitochondria number and function. 361 

In female sheep, the expression of mRNA involved with GSIS was altered in FGRS compared 362 

to CON (SLC2A2 was increased and GCK was decreased), but was similar in FGRI compared 363 

to CON (table 2); however, the expression of mRNA involved with mitochondria number and 364 

function was increased in FGRS vs. CON (NRF1, UCP2, and MTATP6) and FGRI vs. CON 365 

(TFAM and UCP2). mRNA expression was similar in FGRI and FGRS females, except SLC2A2 366 

and NRF1, which was decreased, and TFAM, which was increased in FGRI compared to FGRS 367 

females. 368 

 369 

In contrast, SLC2A2, GCK, TFAM, NRF1, MTATP6, UCP2, and INS mRNA expression was 370 

increased in FGRS compared to CON males. Conversely, in FGRI males, only the expression of 371 

GCK was increased, and KCNJ11 and NRF1 expression was decreased compared to CON 372 

Downloaded from journals.physiology.org/journal/ajpendo at Univ of Auckland Lib (130.216.158.078) on September 5, 2021.



males. There was decreased expression of most mRNA targets involved with GSIS and 373 

mitochondria, but not KCNJ11 and MTATP6, in FGRI compared to FGRS males (table 2).  374 

 375 

Expression of mRNA involved with the maintenance of cell populations in whole pancreas. 376 

In females, only IGF1 and FOXO1 mRNA expression was increased in FGRS compared to 377 

CON, with no differences in FGRI compared to CON (table 2). IGF1, INSR, and FOXO1 378 

mRNA expression was decreased in FGRI compared to FGRS females. 379 

 380 

In male sheep, both FGRS and FGRI had increased IGF2 expression and decreased IGFIR 381 

expression compared to CON. Male FGRS also had increased IGF1 expression compared to 382 

CON males. Overall, only IGF1 and IGF2 expression was decreased in FGRI compared to 383 

FGRS males (table 2).  384 

 385 

Skeletal muscle insulin signaling pathway. 386 

In female sheep, although there were some statistically significant differences in the expression 387 

of mRNA involved with the insulin signaling pathway amongst groups, the magnitude of the 388 

difference was small in all cases. In FGRS, AKT2 and PRKCZ expression was modestly 389 

decreased, and SLC2A2 expression was modestly increased compared to CON females. There 390 

were few changes in the mRNA expression in FGRI female skeletal muscle, with small increases 391 

in IRS1 and AKT2 compared to CON females, and in INSR and AKT2 compared to FGRS 392 

females (table 3). 393 

 394 

In males, the mRNA expression of IRS1 and PRKCZ was decreased, and SLC2A4 expression 395 

was increased in FGRS compared to CON males. In contrast, IRS1, AKT2, PRKCZ, and 396 

SLC2A4 mRNA expression was decreased in FGRI compared to CON males. IRS1 and 397 

SLC2A4 mRNA expression were decreased, and AKT2 and PRKCZ expression were modestly 398 

increased in FGRI compared to FGRS males (table 3). 399 

 400 

Expression of mitochondria number and function genes in skeletal muscle. 401 

In females, the mRNA expression of all markers of mitochondria number and function in 402 

skeletal muscle were decreased in FGRS compared to CON (table 3). Only TFAM, UCP2, and 403 

GPX were decreased in FGRI compared to CON females. There were few changes in mRNA 404 
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expression between FGRI and FGRS, with NRF1 and GPX expression increased in FGRI 405 

females (table 3).  406 

 407 

Only the mRNA expression of NRF1, UCP2, and GPX were decreased in FGRS males 408 

compared to CON males, with few changes measured in FGRI compared to CON males (table 409 

3). PPARGC1A and MTATP6 mRNA expression were decreased, and UCP2 and GPX 410 

expression were increased in FGRI compared to FGRS males (table 3). 411 

 412 

In summary, we found that FGRI males demonstrated a ~225% increase in α-cell mass 413 

compared to both CON and FGRS males. FGRS females and males, and FGRI females, but not 414 

males, had increased expression of mitochondria-related mRNA expression in whole pancreas 415 

samples compared to controls. FGRS females, FGRS males, and FGRI females demonstrated 416 

decreased expression of mitochondria-related mRNA expression in skeletal muscle, but this 417 

decrease was absent in FGRI males.  418 

  419 
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DISCUSSION 420 

We have demonstrated that FGR and IGF-I therapy altered the cellular composition of the 421 

endocrine pancreas and the expression of mitochondria-related mRNA in both the pancreas and 422 

skeletal muscle in a sex-specific manner at 18-months of age. 423 

 424 

In contrast to our hypothesis, we did not find differences in β-cell mass between groups in either 425 

sex. We hypothesized that FGR sheep would demonstrate decreased β-cell mass, postulating that 426 

this would contribute to the dampened insulin response throughout the ivGTT (33). In humans, 427 

decreased β-cell mass is associated with a reduced capacity to secrete insulin (13), and impaired 428 

insulin secretion following FGR becomes more pronounced with advancing age (44-47). In 429 

sheep, FGR fetuses near-term demonstrate reduced absolute β-cell mass followed by a 430 

compensatory increase in β-cell mass at one-month of age (11, 47). As we did not observe 431 

decreased β-cell mass in any group, it is likely that the decreased insulin response observed 432 

during ivGTT in growth-restricted female and male sheep indicates impaired β-cell function. 433 

 434 

Interestingly, we found that α-cell mass was increased over two-fold exclusively in male FGRI 435 

sheep, with no change in other endocrine cell populations. One of the primary functions of 436 

glucagon, the predominant secretory product of α-cells, is to increase glucose secretion from the 437 

liver via glycogenolysis and gluconeogenesis in response to hypoglycemia (48). FGR is a major 438 

risk factor for neonatal hypoglycemia, yet little is known about the influence of the early life 439 

environment on α-cell mass and function. Previous studies of the effect of FGR on α-cell mass 440 

in the fetal and neonatal sheep are conflicting, with both reduced α-cell mass and no change 441 

being reported (35, 54-56), but we are not aware of any previous data in adults born FGR. α-cells 442 

also have other effects on pancreatic islet biology, including an essential role in the regulation of 443 

insulin secretion via paracrine signaling by glucagon (49). In lean, non-diabetic humans, α-cell 444 

mass and α-cell to β-cell mass ratios remain constant throughout adulthood (50), while 445 

individuals with T2DM demonstrate increased α-cell to β-cell mass ratios (51, 52). This is likely 446 

driven by β-cell loss rather than α-cell expansion (52), although there is evidence of trans-447 

differentiation of α-cells into β-cells (53). We found no evidence that the increased α-cell to β-448 

cell mass ratio was driven by β-cell loss in FGRI males, as β-cell mass was not different amongst 449 

groups. Aberrant glucagon secretion has been ascribed a pathophysiologic role in the progression 450 

of T2DM (48). In the early stages of the disease, glucagon may promote a compensatory increase 451 

in insulin output in individuals with impaired insulin secretion. As T2DM progresses, excessive 452 
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glucagon secretion can ultimately lead to diminished insulin stores, β-cell fatigue, and, eventually, 453 

β-cell apoptosis (13). As the increased α-cell mass observed in FGRI males was an unexpected 454 

finding, our study was not designed to interrogate the mechanistic causes of this change. 455 

Previous studies of IGF-I as a therapy for FGR did not assess endocrine cell populations in the 456 

pancreas. As we did not observe differences in insulin secretion in FGRI males, it is possible that 457 

increased α-cell mass was an adaptation to stimulate β-cells via paracrine mechanisms, to 458 

maintain insulin output. Due to the instability of glucagon in archival samples (57), we were not 459 

able to measure glucagon concentrations in plasma samples, nor were we able to measure intra-460 

islet glucagon. Therefore, the function of the increased α-cell mass in FGRI males remains 461 

unclear; this novel finding should be the focus of future experiments.  462 

 463 

FGR is associated with the downregulation of mRNA expression involved in mitochondrial 464 

function in isolated islets from fetal lambs (15). The ability of the β-cell to mount an insulin 465 

response is closely linked with mitochondrial function and glucose metabolism (58), with 466 

mitochondrial dysfunction frequently observed in β-cells of individuals with T2DM (59, 60). 467 

Impaired insulin secretion following FGR becomes more pronounced with advancing age (44-468 

47). Surprisingly, we found increased expression of mRNA involved with mitochondrial function 469 

in whole-pancreas in FGRS compared with CON, in both sexes. However, fetal IGF-I therapy 470 

resulted in decreased expression of mitochondria-related mRNA in male, but not female, adult 471 

sheep. Decreased mRNA expression in FGRI males may indicate a predisposition to developing 472 

impaired mitochondrial function, and thus, impaired insulin secretion. However, given the 473 

relatively young age at which physiological testing and tissue collection were performed, and the 474 

heterogeneity of whole-pancreas tissue, it is unclear whether the adaptations measured would 475 

have led to physiological differences in insulin secretion with aging. Of note, whole pancreatic 476 

UCP2 mRNA expression was unchanged in FGRI males and was increased in FGRI females and 477 

FGRS sheep of both sexes compared to their respective CON groups. UCP2 negatively regulates 478 

the ability of the β-cell to secrete insulin, as UCP2 facilitates proton leak during oxidative 479 

phosphorylation, decreasing mitochondrial ATP output (61). Increased UCP2 expression is 480 

associated with β-cell dysfunction in isolated rodent islets (61, 62). Accordingly, increased UCP2 481 

mRNA expression observed in FGRS sheep of both sexes, and in FGRI females may indicate 482 

impaired mitochondrial function, whilst the decreased UCP2 mRNA expression in FGRI males 483 

could be a compensatory mechanism to maintain ATP production and thus maintaining insulin 484 

secretion. Whether these changes in UCP2 expression negate the effects of altered mRNA 485 

expression of the other markers of mitochondrial function is unclear, and a functional 486 
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assessment of mitochondrial respiratory function would address this question. One limitation of 487 

our study is that we were unable to isolate pancreatic islets. To our knowledge, no one has yet 488 

successfully isolated islets from the pancreas of adult sheep. The expression of mitochondria-489 

related mRNA targeted in this study are not specific to the endocrine pancreas. Therefore, we 490 

have measured mRNA expression of all resident cell populations and caution should be applied 491 

when interpreting the expression data. 492 

 493 

We found that FGR and IGF-I therapy had a sex-specific effect on the expression of skeletal 494 

muscle mitochondria mRNA transcripts. All measured mRNA transcripts related to 495 

mitochondria number and function were decreased in female FGRS, but not FGRI, compared to 496 

CON. Whilst not statistically significant for all transcripts, a trend toward decreased expression 497 

remained in female FGRI compared to CON, to the point where with the exception of two 498 

transcripts, NRF1 and GPX, the expression of transcripts was similar between female FGRI and 499 

FGRS. Males, however, showed a different pattern of expression. Only half of the measured 500 

markers were decreased in FGRS compared to CON, and with the exception of MTATP6, there 501 

was no difference in expression of these mRNA transcripts between FGRI and CON males, 502 

suggesting that the effects of FGR on mitochondria are less in males and that IGF-I therapy 503 

mitigated the effects in females. Mitochondria are the primary site of ATP production in skeletal 504 

muscle and have a crucial role in maintaining metabolic homeostasis. Skeletal muscle 505 

mitochondrial dysfunction is common in individuals with insulin resistance (63, 64), and there is 506 

increasing evidence that this dysfunction is found in individuals with FGR (65). Given that IGF-507 

I therapy had limited effects on the expression of mitochondria-related mRNA in female sheep, 508 

this treatment may ameliorate the negative effects of FGR in males only. Given the effect of 509 

IGF-I therapy on the expression of mitochondria-related mRNA in both whole pancreas and 510 

skeletal muscle, assessment of mitochondrial respiratory function following this treatment would 511 

be a novel avenue to explore. 512 

 513 

Finally, we found decreased skeletal muscle mRNA expression of transcripts associated with 514 

insulin signaling in male FGRS and FGRI sheep compared to controls. Humans who 515 

experienced FGR have a predisposition to developing insulin resistance later in life (8, 9, 66), 516 

which is often accompanied by decreased INSR, IRS1, AKT2, PRKCZ, and SLC2A4 mRNA 517 

expression in skeletal muscle in both humans and sheep models of FGR (19-23). Furthermore, 518 

decreased expression of these components is frequently reported in individuals with insulin 519 

resistance (24, 67, 68). Therefore, although insulin sensitivity was not different between groups at 520 
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18-months of age, the decreased pattern of expression of mRNA transcripts associated with the 521 

insulin signaling pathway may indicate that these sheep are predisposed to the subsequent 522 

development of skeletal muscle insulin resistance. Future studies should investigate the effect of 523 

IGF-I treatment of the FGR fetus at a more advanced age, as it is likely that 18-months was too 524 

young for an overt phenotype to develop in this model. 525 

 526 

Strengths and limitations. 527 

This is the first study to demonstrate that IGF-I therapy of the FGR fetus has long-term effects 528 

on metabolically active tissues in adult sheep. Specifically, we found alterations in the cellular 529 

composition of the endocrine pancreas and the expression of metabolically-associated mRNA 530 

transcripts in the whole pancreas and skeletal muscle. Importantly, this study was powered to 531 

detect sex-specific changes in physiologic measurements and adds to the growing body of 532 

evidence that supports the use of both sexes in preclinical research on treatments for FGR. 533 

However, we acknowledge several limitations. First, it is possible that the detrimental effects of 534 

FGR and any beneficial effects of IGF-I therapy were subtle at 18-months of age compared to 535 

what may occur with increased age. The lifespan of domesticated sheep is estimated to be 12-14 536 

years for females and 10-12 years for males (69). In human studies, overt T2DM in individuals 537 

with FGR is generally evident in adults aged over 50-years (8, 66). Therefore, 18-months of age 538 

may have been too young to detect an overt phenotype. We explored two key metabolically 539 

active tissues: the endocrine pancreas and skeletal muscle. Other tissues, such as adipose tissue, 540 

the liver, and the brain, contribute to maintaining glucose homeostasis. Exploring these tissues 541 

would provide a more holistic image of the effect of IGF-I therapy but were beyond the scope 542 

of the current study. Moreover, the samples in our study were collected from animals that were 543 

fasted at tissue collection. There is evidence that insulin resistance is mediated via dampened 544 

activation of the insulin signaling pathway, such as Akt activation state or SLC2A4 translocation 545 

(70). A muscle biopsy immediately after HGC should be taken to assess the direct effect of 546 

insulin stimulation on skeletal muscle. Finally, these studies were performed as a secondary 547 

analysis of tissues collected as part of a larger study, which was designed to investigate the effect 548 

of IGF-I therapy on physiologic outcomes at 18-months of age. Therefore, it was not possible to 549 

further interrogate the relationships between our unexpected findings and the physiology of 550 

these sheep following IGF-I therapy and increased α-cell mass in FGRI males, or whether 551 

altered expression of mitochondria-related mRNA impart a functional effect on pancreatic or 552 

skeletal muscle mitochondria. Future research into IGF-I treatment of FGR should further 553 

interrogate the mechanistic implications of these novel findings. 554 
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 555 

 556 

CONCLUSION 557 

This study demonstrates that IGF-I therapy of FGR altered the endocrine pancreas and skeletal 558 

muscle in a sex-specific manner independent of insulin secretion or insulin sensitivity in sheep at 559 

18 months of age. Despite the brief IGF-I treatment window, changes at the tissue and cellular 560 

levels persisted to young adulthood. Future studies should specifically explore whether this 561 

therapy impacts mitochondrial function in both the endocrine pancreas and skeletal muscle, and 562 

the functional consequences of increased α-cell mass in IGF-I treated males. Given that a 563 

metabolic phenotype is likely to develop as FGR sheep reach mid-to-late adulthood, it remains 564 

unclear whether IGF-I therapy-mediated adaptations would ameliorate or worsen the 565 

development of FGR-associated metabolic disease.  566 

 567 

Since individuals with FGR are predisposed to develop impaired insulin secretion and insulin 568 

resistance in adulthood, it is clear that early life interventions which aim to both improve 569 

neonatal outcomes and ameliorate the risk of developing metabolic disease must be developed. 570 

Therefore IGF-I therapy warrants further investigation.  571 

  572 
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 777 

FIGURE LEGENDS 778 

Figure 1. 779 

Overview of the glucose-stimulated insulin secretion (GSIS) pathway (A) and the insulin 780 

signaling pathway in skeletal muscle (B). 781 

 782 

During GSIS (A), glucose is transported into the β-cell via solute carrier family 2 member 2 783 

(SLC2A2) transporters, where it is phosphorylated by glucokinase (GCK) into glucose 6-784 

phosphate. Glucose 6-phosphate is metabolised via oxidative phosphorylation in mitochondria 785 

increasing the intracellular ATP:ADP ratio. This induces ATP-sensitive potassium channels to 786 

close, increasing intracellular potassium concentration, and leading to membrane depolarisation. 787 

In turn, calcium channels are opened, promoting the exocytosis of insulin granules at the surface 788 

of the β-cell into the circulation. A bold font indicates rate-limiting processes. Gene names in 789 

boxes next to each process indicate mRNA expression measured in the current study; genes 790 

associated with promoting or inhibiting these processes have been indicated with green or blue 791 

boxes, respectively. Gene names (gene symbol): solute carrier family 2 member 2 (SLC2A2); 792 

glucokinase (GCK); potassium voltage-gated channel subfamily J member 11 (KCNJ11); 793 

transcription factor A (TFAM); nuclear respiratory factor 1 (NRF1); uncoupling protein 2 794 

(UCP2); mitochondrially encoded ATP synthase membrane subunit 6 (MTATP6); insulin (INS). 795 

 796 

During insulin signaling in skeletal muscle (B), insulin binds to the insulin receptor (IR), which is 797 

autophosphorylated and, in turn, phosphorylates insulin receptor substrate (IRS)-1. IRS-1 798 

activates phosphatidylinositol 3-kinase (PI3K), which catalyses the generation of the secondary 799 

signaling molecule phosphatidylinositol (3,4,5)-triphosphate (PIP3) from phosphatidylinositol 800 

(4,5)-bisphosphate (PIP2). PIP3 subsequently recruits downstream signaling proteins, including 801 

protein kinase C (PKC) and 3-phosphoinositide-dependent protein kinase 1 (PDK1); PDK1 802 

activates Akt2, which is responsible for many of the metabolic actions of insulin, including 803 

AS160. PKCζ and AS160 are responsible for the transportation of SLC2A4 to the cell surface, 804 

allowing increased glucose transport into the cell. Gene names in boxes next to each process 805 

indicate mRNA expression measured in the current study; genes associated with promoting or 806 
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inhibiting these processes have been indicated with green or blue boxes, respectively. Gene 807 

names (gene symbol): insulin receptor, β-subunit (INSR); insulin receptor substrate 1 (IRS1); 808 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta (PIK3CB); AKT 809 

serine/threonine kinase 2 (AKT2); protein kinase c zeta (PRKCZ); solute carrier family 2 810 

member 4 (SLC2A4); peroxisome proliferator activated receptor gamma coactivator 1 Alpha 811 

(PPARGC1A); transcription factor A (TFAM); nuclear respiratory factor 1 (NRF1); uncoupling 812 

protein 2 (UCP2); mitochondrially encoded ATP synthase membrane subunit 6 (MTATP6). 813 

Created with BioRender.com. 814 

 815 

Figure 2.  816 

Representative composite immunofluorescent staining images for endocrine cell populations in 817 

lamb pancreas at 18-months of age in female and male CON (A-B), FGRS (C-D), and FGRI (E-818 

F) lambs. Each composite image is composed of immunofluorescence staining against insulin 819 

(red), glucagon (green), somatostatin (yellow), and nuclei (blue), to identify pancreatic endocrine 820 

cell types β, α, and δ, respectively. Scale bars represent 100 µm.  821 

 822 

Figure 3.  823 

Scatter plots of β-cell mass vs. plasma and insulin responses to ivGTT in female (A) CON 824 

(white, n=7), FGRS (grey, n=7), and IGFI (black, n=7) and male (B) CON (white, n=7), FGRS 825 

(grey, n=7), and IGFI (black, n=8) sheep at 18-months of age. 826 

 827 
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Table 1.  

Endocrine pancreas cell populations at 18-months of age.  

 

Data are means ± SEM. Relative endocrine cell masses are expressed relative to total islet cell 

mass or relative to bodyweight at tissue collection. For each sex, data were compared using 1-

way ANOVA with treatment as a factor. Means with different letters indicate p<0.05 following 

Tukey post hoc testing. 

 

 

 

 Female Male 
p value 

(treatment effect) 

 CON 
n=7 

FGRS 
n=7 

FGRI 
n=7 

CON 
n=7 

FGRS 
n=7 

FGRI 
n=8 Female Male 

Tissue measured (mm2) 136 ± 15 128 ± 12 119 ± 16 108 ± 11 115 ± 14 92 ± 10 N/A N/A 

Absolute endocrine cell mass 

Total islet cell mass (mg) 1492 ± 92 1028 ± 118 1395 ± 211 1529 ± 132 1427 ± 170 1802 ± 265 ns ns 

β-cell mass (mg) 1301 ± 92 906 ± 114 1127 ± 184 1245 ± 102 1218 ± 142 1501 ± 227 ns ns 

α-cell mass (mg) 48 ± 12 33 ± 3 48 ± 10 53 ± 14a 54 ± 10a 120 ± 18b ns 0.005 

δ-cell mass (mg) 143 ± 26ab 89 ± 13ac 219 ± 33b 231 ± 38 155 ± 42 182 ± 37 0.006 ns 

Ratio of α:β cell mass 0.037 ± 
0.01 

0.040 ± 
0.01 

0.043 ± 
0.01 

0.040 ± 
0.01a 

0.046 ± 
0.01a 

0.081 ± 
0.01b 

ns 0.001 

Endocrine cell mass relative to total islet cell mass 

Relative β-cell mass (%) 87.0 ± 1.7 87.5 ± 1.6 80.9 ± 2.3 81.7 ± 2.2 85.7 ± 2.1 83.2 ± 1.3 0.045 ns 

Relative α-cell mass (%) 3.2 ± 0.7 3.5 ± 0.4 3.3 ± 0.6 3.3 ± 0.6a 3.9 ± 0.6a 6.7 ± 0.6b ns 0.008 

Relative δ-cell mass (%) 9.8 ± 1.8a 9.1 ± 1.3a 15.8 ± 1.8b 15.0 ± 2.1 10.4 ± 2.1 10.1 ± 1.5 0.020 ns 

Endocrine cell mass relative to bodyweight at tissue collection 

Relative β-cell mass ×10-5 (%) 164 ± 12 116 ± 14 156 ± 21 142 ± 15 140 ± 17 169 ± 24 0.100 ns 

Relative α-cell mass ×10-5 (%) 5.9 ± 1.5 4.3 ± 0.3 6.8 ± 1.4 6.2 ± 1.7a  6.2 ± 1.0a 13.4 ± 1.9b ns 0.006 

Relative δ-cell mass×10-5 (%) 18.6 ± 3.6ab 11.6 ± 1.9a 30.9 ± 4.6bc 26.9 ± 4.9 19.0 ± 5.8 20.8 ± 4.3 0.004  ns 
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Table 2. 

Whole pancreas gene expression at 18-months of age. 

 Female Male 

Gene symbol FGRS vs. CON FGRI vs. CON FGRI vs. FGRS FGRS vs. CON FGRI vs. CON FGRI vs. FGRS 

GSIS 

SLC2A2# 1.25 (1.22, 1.29)* 0.90 (0.72, 1.13) 0.72 (0.60, 0.87)* 1.39 (1.33, 1.45)* 1.17 (0.95, 1.45) 0.83 (0.73, 0.94)* 

GCK# 0.81 (0.72, 0.91)* 0.93 (0.77, 1.13) 1.15 (0.94, 1.39) 1.30 (1.14, 1.47)* 1.14 (1.00, 1.29)* 0.88 (0.82, 0.94)* 

KCNJ11# 1.11 (0.84, 1.46) 1.23 (0.90, 1.68) 1.11 (0.90, 1.37) 0.91 (0.83, 1.01) 0.84 (0.81, 0.87)* 0.92 (0.81, 1.05) 

Mitochondria number and function 

TFAM 1.02 (0.78, 1.35) 1.40 (1.24, 1.58)* 1.37 (1.21, 1.54)* 1.40 (1.01, 1.93)* 0.94 (0.76, 1.15) 0.67 (0.51, 0.89)* 

NRF1 1.56 (1.07, 2.27)* 1.12 (0.96, 1.31) 0.72 (0.68, 0.76)* 1.54 (1.40, 1.69)* 0.81 (0.70, 0.94)* 0.53 (0.42, 0.65)* 

MTATP6 1.87 (1.25, 2.78)* 1.24 (0.73, 2.09) 0.66 (0.39, 1.14) 1.15 (0.57, 2.32) 0.83 (0.46, 1.50) 0.72 (0.34, 1.55) 

UCP2 1.67 (1.07, 2.59)* 1.31 (1.15, 1.49)* 0.79 (0.58, 1.06) 2.06 (1.87, 2.26)* 1.20 (0.94, 1.53) 0.58 (0.58, 0.58)* 

Endocrine hormones 

INS# 1.27 (0.91, 1.78) 1.31 (1.02, 1.68)* 1.03 (0.63, 1.68) 1.49 (1.08, 2.05)* 1.04 (0.99, 1.09) 0.70 (0.54, 0.91)* 

SST† 1.09 (0.72, 1.63) 1.32 (1.03, 1.70)* 1.22 (0.73, 2.03) 1.37 (1.30, 1.44)* 0.85 (0.81, 0.89)* 0.62 (0.56, 0.69)* 

Maintenance of cell populations 

IGF1‡ 1.26 (1.16, 1.37)* 0.99 (0.86, 1.14) 0.78 (0.73, 0.85)* 1.86 (1.83, 1.90)* 1.21 (0.98, 1.50) 0.65 (0.52, 0.81)* 

IGF2‡ 1.16 (0.81, 1.66) 0.97 (0.88, 1.07) 0.84 (0.60, 1.17) 1.82 (1.71, 1.95)* 1.54 (1.07, 2.23)* 0.84 (0.72, 0.99)* 

INSR 1.05 (0.97, 1.14) 0.83 (0.68, 1.02) 0.79 (0.66, 0.95)* 1.16 (0.82, 1.65) 0.93 (0.77, 1.12) 0.80 (0.60, 1.06) 

IGF1R 0.92 (0.83, 1.02) 1.00 (0.72, 1.38) 1.08 (0.87, 1.34) 0.68 (0.50, 0.94)* 0.70 (0.68, 0.72)* 1.02 (0.75, 1.40) 

FOXO1 1.20 (1.17, 1.23)* 1.02 (0.94, 1.10) 0.85 (0.81, 0.89)* 1.13 (0.73, 1.74) 1.28 (0.94, 1.74) 1.13 (0.69, 1.86) 

Data are displayed as fold change (99% confidence intervals). If confidence intervals do not 

cross 1.0 (*), mRNA expression is statistically different from CON or FGRS at this level.  

Female: CON, n=6-8; FGRS, n=5-8; FGRI, n=4-8; male: CON, n=5-8; FGRS, n=5-7; FGRI, 

n=6-8. Gene names (gene symbol): solute carrier family 2 member 2 (SLC2A2); glucokinase 

(GCK); potassium voltage-gated channel subfamily J member 11 (KCNJ11); transcription factor 

A (TFAM); nuclear respiratory factor 1 (NRF1); uncoupling protein 2 (UCP2); mitochondrially 

encoded ATP synthase membrane subunit 6 (MTATP6); insulin (INS); somatostatin (SST); 

insulin-like growth factor 1 (IGF1); insulin like growth factor 2 (IGF2); insulin receptor, β-
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subunit (INSR); insulin like growth factor 1 receptor (IGF1R); forkhead box O1 (FOXO1). 

Gene names marked with symbols denote β-cell (#), δ-cell (†), or islet cell (‡) specific expression; 

genes without symbols are expressed across multiple cell types in whole-pancreas.  
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Table 3.  

Skeletal muscle gene expression at 18-months of age. 

 Female Male 

Gene symbol FGRS vs. CON FGRI vs. CON FGRI vs. FGRS FGRS vs. CON FGRI vs. CON FGRI vs. FGRS 

Insulin signalling 

INSR  0.78 (0.55, 1.11) 1.00 (0.69, 1.45) 1.27 (1.02, 1.59)* 0.86 (0.65, 1.14) 0.91 (0.74, 1.13) 1.06 (0.88, 1.28) 

IRS1 0.92 (0.84, 1.02) 1.07 (1.00, 1.14)* 1.15 (0.99, 1.34) 0.91 (0.91, 0.92)* 0.83 (0.78, 0.89)* 0.91 (0.90, 0.92)* 

PIK3CB 0.71 (0.46, 1.10) 0.88 (0.55, 1.39) 1.23 (0.79, 1.93) 0.93 (0.50, 1.71) 0.63 (0.33, 1.19) 0.68 (0.37, 1.22) 

AKT2 0.94 (0.88, 1.00)* 1.01 (1.01, 1.01)* 1.07 (1.05, 1.10)* 0.96 (0.89, 1.03) 0.99 (0.99, 0.99)* 1.03 (1.00, 1.06)* 

PRKCZ 0.93 (0.92, 0.94)* 0.99 (0.95, 1.03) 1.06 (0.95, 1.18) 0.81 (0.77, 0.85)* 0.86 (0.86, 0.86)* 1.07 (1.04, 1.09)* 

SLC2A4 1.08 (1.02, 1.15)* 1.10 (0.97, 1.25) 1.02 (0.93, 1.12) 1.17 (1.05, 1.30)* 0.86 (0.78, 0.93)* 0.73 (0.60, 0.89)* 

Mitochondria number and function 

PPARGC1A 0.76 (0.62, 0.93)* 0.85 (0.71, 1.01) 1.12 (0.95, 1.30) 1.04 (0.67, 1.59) 0.71 (0.44, 1.15) 0.69 (0.50, 0.94)* 

TFAM 0.50 (0.37, 0.68)* 0.65 (0.55, 0.76)* 1.30 (0.83, 2.02) 0.65 (0.33, 1.27) 0.52 (0.26, 1.06) 0.80 (0.47, 1.38) 

NRF1 0.70 (0.52, 0.93)* 0.91 (0.72, 1.16) 1.31 (1.21, 1.43)* 0.85 (0.73, 0.98)* 0.93 (0.81, 1.07) 1.10 (0.99, 1.23) 

UCP2 0.85 (0.75, 0.96)* 0.80 (0.73, 0.88)* 0.94 (0.74, 1.21) 0.77 (0.70, 0.85)* 1.05 (0.99, 1.12) 1.37 (1.20, 1.57)* 

MTATP6 0.81 (0.70, 0.93)* 0.92 (0.78, 1.09) 1.15 (0.83, 1.59) 1.14 (0.99, 1.32) 0.65 (0.58, 0.74)* 0.57 (0.56, 0.58)* 

GPX 0.59 (0.58, 0.60)* 0.77 (0.77, 0.78)* 1.31 (1.11, 1.56)* 0.93 (0.91, 0.95)* 1.38 (1.27, 1.50)* 1.49 (1.37, 1.62)* 

Growth factors 

IGF1 0.62 (0.45, 0.84)* 0.58 (0.56, 0.61)* 0.94 (0.53, 1.67) 0.71 (0.51, 0.98)* 0.95 (0.59, 1.53) 1.34 (1.07, 1.66)* 

IGF2 0.88 (0.68, 1.13) 1.19 (0.92, 1.56) 1.34 (1.27, 1.46)* 1.10 (0.92, 1.33) 1.32 (1.17, 1.48)* 1.19 (1.04, 1.37)* 

IGF1R 0.79 (0.56, 1.12) 1.07 (0.74, 1.54) 1.35 (1.11, 1.64)* 0.80 (0.65, 0.97)* 0.87 (0.72, 1.06) 1.10 (1.02, 1.18)* 

Data are displayed as fold change (99% confidence intervals). If confidence intervals do not 

cross 1.0 (*), gene expression is statistically different from CON or FGRS at this level. Female: 

CON, n=8; FGRS, n=9; FGRI, n=8; male: CON, n=7-8; FGRS, n=7; FGRI, n=8. Gene names 

(gene symbol): insulin receptor, β-subunit (INSR); insulin receptor substrate 1 (IRS1); 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta (PIK3CB); AKT 

serine/threonine kinase 2 (AKT2); protein kinase c zeta (PRKCZ); solute carrier family 2 

member 4 (SLC2A4); peroxisome proliferator activated receptor gamma coactivator 1 Alpha 

(PPARGC1A); transcription factor A (TFAM); nuclear respiratory factor 1 (NRF1); uncoupling 
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protein 2 (UCP2); mitochondrially encoded ATP synthase membrane subunit 6 (MTATP6); 

glutathione peroxidase (GPX); insulin-like growth factor 1 (IGF1); insulin like growth factor 2 

(IGF2); insulin like growth factor 1 receptor (IGF1R). 
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Sexually dimorphic changes in the endocrine pancreas and 

skeletal muscle in young adulthood following intra-amniotic 

IGF-I treatment of growth-restricted fetal sheep 

OUTCOME METHODS 

CONCLUSION A brief period of intra-amniotic IGF-I treatment of fetal growth restriction had sex-specific 

developmental effects on glucose regulating pathways in the endocrine pancreas and skeletal muscle at the 

tissue and cellular levels that were present in young adulthood. 

Downloaded from journals.physiology.org/journal/ajpendo at Univ of Auckland Lib (130.216.158.078) on September 5, 2021.


	Slide Number 1
	Article File
	Figure 1A
	Figure 1B
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Graphical Abstract

