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ABSTRACT 32 

Intrauterine growth restriction (IUGR) followed by accelerated growth after birth is 33 

associated with an increased risk of abdominal (visceral) obesity and insulin resistance in 34 

adult life. The aim of the present study was to determine the impact of IUGR on mRNA 35 

expression and protein abundance of insulin signalling molecules in one of the major visceral 36 

fat depots, the omental adipose depot. IUGR was induced by placental restriction, and 37 

samples of omental adipose tissue were collected from IUGR (n=9, 5 males, 4 females) and 38 

Control (n=14, 8 males, 6 females) neonatal lambs at 21d of age. The mRNA expression of 39 

the insulin signaling molecules, AMP-kinase (AMPK) and adipogenic/lipogenic genes was 40 

determined by qRT-PCR, and protein abundance by Western Blotting. AMPKα2 mRNA 41 

expression was increased in male IUGR lambs (0.015 ± 0.002 vs 0.0075 ± 0.0009, P<0.001). 42 

The proportion of the AMPK pool that was phosphorylated (%P-AMPK) was lower in IUGR 43 

lambs compared to Controls independent of sex (39 ± 9% vs 100 ± 18%, P<0.001). The 44 

mRNA expression and protein abundance of insulin signaling proteins and 45 

adipogenic/lipogenic genes was not different between groups. Thus, IUGR is associated with 46 

sex-specific alterations in the mRNA expression of AMPKα2 and a reduction in the 47 

percentage of the total AMPK pool that is phosphorylated in the omental adipose tissue of 48 

neonatal lambs, before the onset of visceral obesity. These molecular changes would be 49 

expected to promote lipid accumulation in the omental adipose depot and may therefore 50 

contribute to the onset of visceral adiposity in IUGR animals later in life.  51 

 52 

Key words: IUGR, placental restriction, adipose tissue, growth, fetal programming 53 

54 
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INTRODUCTION 55 

 56 

Epidemiological and experimental studies have shown that the growth profile of an individual 57 

before birth and in early infancy confers a predisposition to obesity and metabolic disease 58 

later in life 1-5. These studies have shown that the individuals at greatest risk of poor 59 

metabolic outcomes are those who grow poorly before birth (intrauterine growth restriction, 60 

IUGR), as a result of poor intrauterine nutrition and/or placental insufficiency, and then 61 

undergo a period of rapid ‘catch up’ growth in early postnatal life 2, 6. A series of 62 

experimental animal studies have shown that the development of insulin resistance in IUGR 63 

offspring is preceded by a period of enhanced whole-body insulin sensitivity 7-8. The 64 

mechanisms that underlie the switch from increased insulin sensitivity to later insulin 65 

resistance in peripheral tissues remain unclear.  66 

 67 

The association between IUGR, rapid postnatal growth and an increased risk of metabolic 68 

disease is thought, at least in part, to be the result of an increased accumulation of adipose 69 

tissue in visceral adipose depots 4, 9. In rodents, growth restriction induced by a maternal low 70 

protein diet is associated with higher basal glucose uptake and increased insulin receptor (IR) 71 

abundance, as well as basal and insulin stimulated Insulin Receptor Substrate-1 (IRS-1) 72 

associated Phosphatidyl Inositol 3-Kinase (PI3K) activity, in visceral adipocytes from 3 73 

month old offspring 10. At 15 months of age, the adipocytes from low protein diet offspring 74 

exhibit a higher basal glucose uptake, however, activation of PI3K and Protein Kinase B 75 

(PKB/Akt) is reduced 11. These findings suggest that there is a switch from increased insulin 76 

sensitivity in the adipocytes in early life to an insulin resistant phenotype in adult life in 77 

offspring exposed to growth restriction in utero. 78 

 79 
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We have previously used an experimental model of restricted placental growth in the sheep 80 

that results in IUGR lambs which undergo accelerated postnatal ‘catch up’ growth 12.  It has 81 

also been demonstrated that these IUGR lambs have an increased peripheral insulin 82 

sensitivity in the early postnatal period and a higher visceral fat mass by 45 days of age 8. In a 83 

recent study, we showed that there was a greater abundance of insulin receptors and insulin 84 

signaling molecules in the skeletal muscle of IUGR lambs undergoing catch up growth 12. It 85 

is not known, however, whether there is a similar increase in insulin signaling within visceral 86 

adipose depots, such as the omental depot, following growth restriction in utero.  87 

 88 

The rate of fat accumulation within adipose cells is not only regulated by the insulin 89 

sensitivity of the fat depot, but also by the availability of substrate, and the expression and 90 

activity of adipogenic and lipogenic genes. Insulin sensitivity, in turn, is determined by both 91 

the abundance of the insulin receptors and downstream signaling molecules and the actions of 92 

accessory molecules, including the metabolic-master switch AMP-activated protein kinase 93 

(AMPK) 13-14. AMPK is activated by a reduction in cellular energy stores, resulting in a 94 

downregulation of energy consuming processes within these cells 14. In adipocytes, activation 95 

of AMPK acts to limit fatty acid efflux from adipocytes by suppressing lipolysis and 96 

lipogenesis and favoring fatty acid oxidation 13. The key adipogenic and lipogenic enzymes 97 

which act to stimulate fat accumulation include peroxisome proliferator activated receptor-γ 98 

(PPARγ), glycerol-3-phosphate dehydrogenase (G3PDH) and lipoprotein lipase (LPL) 15. The 99 

impact of IUGR on the expression of these genes in omental adipose tissue has not yet been 100 

determined. 101 

 102 

The aim of the present study, therefore, was to determine the impact of IUGR on mRNA 103 

expression and protein abundance of the insulin signaling molecules in omental adipose 104 
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tissue in the IUGR lamb. We have also determined whether IUGR results in altered activity 105 

of AMPK or mRNA expression of key adipogenic and lipogenic enzymes in the visceral 106 

adipocyte at 21 days of age, i.e. well before weaning and before the onset of increased 107 

visceral adiposity. A secondary aim was to determine whether these effects were sex-specific, 108 

since there is evidence that the long-term effects of IUGR are more strongly expressed in 109 

males than in females 6, 16-17.  110 

 111 

METHODS 112 

Animals and Surgery  113 

All procedures were approved by The University of Adelaide Animal Ethics Committee. 114 

Twenty three singleton bearing Merino ewes were used in this study. Nine non-pregnant ewes 115 

underwent surgery to remove the majority of endometrial caruncles from the uterus, leaving 116 

3-8 caruncles in each horn in order to induce intrauterine growth restriction by experimental 117 

restriction of placental and fetal growth 18-19. After a recovery period, ewes were mated, and 118 

pregnancy confirmed in early gestation. Pregnant ewes which did not undergo carunclectomy 119 

surgery were used as controls (n=14). 120 

 121 

From around 109 days gestation all ewes were housed in individual pens in rooms in an 122 

indoor housing facility with a 12 h light/dark cycle and a daily temperature of ~20C. Each 123 

pregnant ewe was supplied with a diet which consisted of 1kg lucerne chaff (85% dry matter, 124 

metabolizable energy (ME) content = 8.3 MJ/kg) and 500g concentrated pellets containing: 125 

straw, cereal, hay, clover, barley, oats, lupins, almond shells, oat husks and limestone (90% 126 

dry matter, ME content = 8.0 MJ/kg; Johnsons and Sons, Kapunda, SA, Australia). The diet 127 

was calculated to provide 100% of the energy requirements for the maintenance of a pregnant 128 

ewe bearing a singleton fetus, as specified by the Ministry of Agriculture, Fisheries and Food, 129 
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UK 20. After giving birth to her lamb, the ewe was fed 1kg of lucerne chaff and 1kg of 130 

concentrated pellets at 0900-1100h each day in order to meet the additional energy demands 131 

of lactation 20. If the ewe consumed all of her morning feed ration before 1500h, then an 132 

additional 1kg of lucerne chaff was provided to the ewe on that day. After birth, each ewe and 133 

her lamb were housed in an individual pen in the same indoor housing facility.  134 

 135 

All lambs born to ewes that underwent placental restriction were confirmed as being IUGR, 136 

based on a birth weight that was greater than 2 SD below  the mean birth weights of a 137 

separate cohort of control singleton lambs (n=45) studied in this laboratory over the 138 

preceding 5 years (IUGR: < 4.3 kg,). Similarly, all lambs born to Control ewes were normally 139 

grown, defined as a birth weight within 2 SD of the mean of the same cohort (Control: 4.5 – 140 

6.7 kg)17.  141 

 142 

After birth, Control (n=14, 8 males, 6 females) and IUGR (n=9, 5 males, 4 females) lambs 143 

were weighed and measured daily between 1000h - 1400h. Venous blood samples were 144 

collected in chilled tubes after approximately 60 min of non-suckling on alternate days 145 

between 0900h – 1300h, beginning on the day of birth (day 1). All blood samples were 146 

centrifuged at 1500g for 10 min, and plasma stored at -20C. On postnatal day 21, lambs 147 

were humanely killed with an overdose of sodium pentobarbitone (Virbac Pty Ltd, Peakhurst, 148 

NSW, Australia) and samples of omental adipose tissue were dissected. One sample of 149 

omental adipose tissue was fixed in 4% paraformaldehyde for subsequent processing and 150 

determination of fat cell size as previously described 21. A second sample was snap frozen in 151 

liquid N2 and stored at –80° C for subsequent determination of gene expression by qRT-PCR. 152 

All tissue collections were performed by the same investigator in order to ensure consistency 153 

of the sampling site. All other fat depots (perirenal, retroperitoneal, epigonadal, axillary, 154 
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pericardial, interscapular, subcutaneous) were also dissected out and weighed, and the 155 

combined weight of all these depots was used as a measure of total body fat mass. Detailed 156 

information on the phenotype of the lambs and effects of IUGR on growth and gene 157 

expression profile in the perirenal adipose depot 17, skeletal muscle 12 and heart 22 have been 158 

published previously. There was no effect of IUGR on either total relative fat mass or the 159 

relative mass of the perirenal or subcutaneous fat depot 17.  160 

 161 

Plasma Non-Esterified Fatty Acids (NEFAs), Glucose and Insulin Assays 162 

Plasma NEFAs were measured by an in vitro enzymatic colorimetric method (Wako Pure 163 

Chemicals Industries Ltd, Osaka, Japan). The sensitivity of the assay was 0.25 mEq/l and the 164 

intra- and inter assay coefficients of variation were both <10%. Plasma glucose was 165 

measured by an in vitro enzymatic colorimetric method (COBAS MIRA automated analysis 166 

system, Roche Diagnostica, Basel, Switzerland). The sensitivity of the assay was 167 

0.01mmol/l. Plasma insulin concentrations were measured using a radioimmunoassay (Linco 168 

Research, Inc., Missouri, USA) previously validated for sheep plasma 23. The sensitivity of 169 

the assay was 0.1ng/ml. The intra- and inter-assay CV for both assays were each <10%. 170 

 171 

Isolation of RNA, Production of cDNA and qRT-PCR Analysis 172 

RNA was extracted from ~100mg of omental adipose tissue (Trizol reagent, Invitrogen 173 

Australia Pty Limited, Australia) from all lambs. RNA was purified using the RNeasy Mini 174 

Kit (QIAGEN, Basel, Switzerland). The quality and concentration of the RNA was 175 

determined by measuring absorbance at 260nm and 280nm, and RNA integrity confirmed by 176 

agarose gel electrophoresis. cDNA was synthesized using the purified RNA (~2g) and 177 

Superscript 3 reverse transcriptase (Invitrogen Australia Pty Limited, Mount Waverley, 178 

Australia) with random hexamers. 179 



Lie et al   8 

 

 180 

The relative expression of mRNA transcripts of the AMPK (α1 and α2), insulin receptor (IRA 181 

and IRB), GLUT-1, GLUT-4, leptin, adiponectin, PPARγ, LPL, G3PDH, as well as the 182 

housekeeper gene acidic ribosomal protein large subunit P0 (RPPO) were measured by 183 

quantitative real time reverse transcription-PCR (qRT-PCR) using the Sybr Green system in 184 

an ABI Prism 7500 Sequence Detection System (PE Applied Biosystems, Foster City, CA).  185 

 186 

All primer sequences have been published previously and validated for use in sheep tissues 12, 187 

24-25.  Each amplicon was sequenced to ensure the authenticity of the DNA product and a 188 

dissociation melt curve analysis was performed after each run to demonstrate amplicon 189 

homogeneity. Each qRT-PCR reaction well contained: 5l Sybr Green Master Mix (PE 190 

Applied Biosystems, Foster City, CA); 2l primer (forward and reverse), 2l molecular grade 191 

H20 and 1l of cDNA (50 ng/ul). Controls for each sample containing no cDNA were also 192 

used to confirm the absence of DNA contamination. The cycling conditions consisted of 40 193 

cycles of 95 C for 15 min and 60 C for 1 min.  194 

 195 

The abundance of each mRNA transcript was measured and expression relative to RPPO 196 

were calculated using the comparative threshold cycle (Ct) method (Q-gene qRT-PCR 197 

analysis software), which provides a quantitative measure of the relative abundance of a 198 

specific transcript in different tissues by the comparative threshold cycle (Ct) method which 199 

takes into account any differences in the amplification efficiencies of the target and reference 200 

genes. The Ct value was taken as the lowest statistically significant (> 10 standard deviation 201 

(SD)) increase in fluorescence above the background signal in an amplification reaction. 202 

There was no effect of IUGR or sex of the lambs on the expression of the housekeeper gene, 203 

RPPO. 204 
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 205 

 Determination of Protein Abundance 206 

The abundance of protein for the AMPKα1, AMPKα2, total AMPK and Phospho-AMPKα 207 

and insulin signaling molecules were determined using Western Blotting protocols described 208 

in detail previously 25. Briefly, tissue samples (~150-200mg) were homogenized in lysis 209 

buffer and equal volumes of protein (10 µg) were subjected to SDS-PAGE, transferred to 210 

polyvinylidene difluoride membrane (Millipore, MA, USA) and then incubated with primary 211 

antibody against: insulin receptor ß subunit (IRβ), PI3Kinase p85, Akt1, Akt2, Ser473 212 

phosphoAKT, protein kinase C zeta (PKCξ) and GLUT4 26 or AMPKα1, AMPKα2, total 213 

AMPKα (which detects both the α1 and α2 isoforms) or phospho-AMPKα (Cell Signaling 214 

Technology, Boston, USA) 25. The relative proportion of total-AMPKα in the phosphorylated 215 

form was calculated by dividing the abundance of phopho-AMPK by total AMPK abundance 216 

in the tissue sample (%phospho-AMPKα). This ratio provided a measure of the proportion of 217 

AMPKα in the phosphorylated form for each experimental animal, and thus a measure of 218 

baseline AMPKα activity 25, 27-28. 219 

 220 

Statistical Analyses 221 

All data are presented as mean  standard error of the mean (SEM).  222 

Daily growth rate (%) was calculated as body weight gained per day as a percentage increase 223 

from the previous days’ body weight ((BodyWeightn/ BodyWeightn-1 x100)-100)% 17. The 224 

effects of IUGR and sex on mRNA and protein abundance were determined using two-way 225 

analysis of variance (ANOVA). In the presence of an interaction between the effects of 226 

IUGR and lamb sex, the effects of IUGR were determined separately in male and female 227 

lambs. Relationships between variables were determined using linear regression and partial 228 

correlation analyses. A probability less than 5% (P<0.05) was accepted as statistically 229 
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significant. All analyses were performed using SPSS for Windows Version 16 (SPSS Inc, 230 

Chicago, USA).  231 

 232 

RESULTS 233 

IUGR, postnatal growth and glucose, NEFA and insulin concentrations  234 

As reported previously 17, IUGR lambs were lighter at birth (Control, 5.86 ± 0.12 kg; IUGR, 235 

3.76 ±0.17, P<0.001) and had a higher fractional growth rate during the first 3 weeks of 236 

postnatal life (Control, 4.26 ± 0.14 %; IUGR, 5.26 ± 0.16 %, P<0.01) when compared to 237 

Control lambs. The body weight of IUGR lambs was, however, still lower than Control 238 

lambs at 21d of age (Control, 13.22 ± 0.17 kg; IUGR, 10.00 ± 0.40 kg, P<0.01).  239 

Mean plasma NEFA concentrations during the first 3 weeks after birth were lower in IUGR 240 

than Control lambs, but there were no differences in plasma glucose or insulin concentrations 241 

between groups in either males of females 17.  242 

 243 

 244 

IUGR, insulin and omental fat deposition  245 

There was no effect of IUGR on either the total or relative mass of omental fat at 21d of age 246 

in either males (Total omental fat mass: Control,  81.3 ± 10.0 g; IUGR, 74.5 ± 8.6 g; Relative 247 

omental fat mass, Control,  6.06 ± 0.76 g/kg; IUGR, 7.37 ± 0.74 g/kg) or females (Total 248 

omental fat mass: Control,  72.6 ± 8.3 g; IUGR, 78.7 ± 20.7 g; Relative omental fat mass, 249 

Control,  5.60 ± 0.60 g/kg;  IUGR, 8.02 ± 2.10 g/kg). There was also no difference in the 250 

mean size of omental adipocytes between Control and IUGR lambs in either males (Control, 251 

1566 ± 146 μm2; IUGR, 1762 ± 350 μm2) or females (Control, 1675 ±177 μm2; IUGR, 1534 252 

± 219 μm2).  253 

 254 
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When data from all lambs were combined, there was a direct relationship between insulin 255 

concentrations in the first 24 hours after birth and omental fat cell size at 21d of age (omental 256 

fat cell size=202 insulin + 1123; r2=0.31, P<0.03) and this relationship persisted after 257 

controlling for the effect of birth weight and NEFA concentrations during this period.  258 

 259 

 260 

IUGR and the abundance of the insulin signaling molecules and glucose transporters in 261 

omental adipose tissue at 21 days of age 262 

The mRNA expression of both the A and B isoforms of the insulin receptor (IR) in omental 263 

adipose tissue was not different between Control and IUGR lambs (Table 1).  The protein 264 

abundance of the IR and downstream signaling molecules, p85α subunit of PI3K , Akt1, 265 

Akt2, phosphoAkt, and PKCξ in  omental adipose tissue was also not different between 266 

Control and IUGR lambs in either males or females (Table 1).   267 

 268 

There was no difference in mRNA expression of the glucose transporters, GLUT1 and 269 

GLUT4, or protein abundance of GLUT4 in omental adipose tissue at 21d of postnatal age 270 

between Control and IUGR lambs in either males or females (Table 1). When data from all 271 

lambs were combined, there were direct relationships between the abundance of Akt2 and 272 

GLUT4 protein abundance in the omental adipose depot (GLUT4 protein = 0.80 Akt2 + 22.8; 273 

r2=0.47, P<0.001).  274 

 275 

IUGR and the expression of AMPKα1 and AMPKα2 mRNA in omental adipose tissue at 21 276 

days of age 277 

The effect of IUGR on the mRNA expression of AMPKα2 was different between males and 278 

females. In male lambs, the expression of AMPKα2 mRNA was higher in IUGR lambs 279 
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compared to Controls (Figure 1, P<0.001) and was inversely related to birth weight 280 

(AMPKα2 mRNA = 0.0034 birth weight (kg) + 0.028, r2=0.74, P<0.001). There was also a 281 

direct relationship between AMPKα2 mRNA expression and mRNA expression of both IRA 282 

(IRA = 3.4 AMPKα2 mRNA + 0.18, r2=0.64, P<0.001) and IRB (IRA = 1.14 AMPKα2 mRNA 283 

+ 0.11, r2=0.39, P<0.05) isoforms of the insulin receptor in this adipose depot in male, but 284 

not female lambs.  285 

 286 

In female lambs the expression of AMPKα2 mRNA in omental adipose tissue tended to be 287 

lower in IUGR lambs compared to control lambs (Figure 1, P=0.07)) and was directly related 288 

to insulin (AMPKα2 mRNA = 0.002 insulin + 0.005, r2=0.82, P<0.005) and NEFA 289 

concentrations (AMPKα2 mRNA = 0.008 NEFA + 0.001, r2=0.80, P<0.001) in the first 24 290 

hours after birth. AMPKα2 mRNA expression was also directly related to relative total fat 291 

mass in female lambs (relative total fat mass (g/kg) = 5226 AMPKα2 mRNA + 9.3, r2=0.72, 292 

P<0.002). 293 

 294 

There was no effect of IUGR on the mRNA expression of AMPKα1 in omental adipose 295 

tissue at 21d of postnatal age in either males (Control, 0.0024 ± 0.0005; IUGR, 0.0029 ± 296 

0.0009) or females (Control, 0.0025 ± 0.0008; IUGR, 0.0021 ± 0.0008). The expression of 297 

AMPKα2 mRNA in the omental adipose tissue was ~4 fold higher than expression of 298 

AMPKα1 independent of treatment group and sex (AMPKα1, 0.0025 ±0.0003; AMPKα2, 299 

0.0091 ± 0.0008, P<0.0001). 300 

 301 

IUGR and the abundance of AMPK1, AMPK2, total AMPK and phosphoAMPK protein in 302 

omental adipose tissue at 21 days of age 303 
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There was no effect of IUGR or sex on the abundance of AMPKα1, AMPKα2 (Figure 2) or 304 

total AMPK protein in omental adipose tissue. The abundance of phosphoAMPK protein was 305 

not different between IUGR and Control lambs in either males or females, and tended 306 

(P<0.07) to be higher in females compared to males in both Control and IUGR lambs.  307 

The ratio of phosphoAMPK:total AMPK (%phospho-AMPKα) was significantly lower in the 308 

omental adipose tissue of IUGR lambs in both males and females (Figure 3).  309 

 310 

IUGR and the expression of adipogenic and lipogenic genes in omental adipose tissue at 21d 311 

of age 312 

There was no difference in the expression of G3PDH or PPARγ mRNA between Control and 313 

IUGR lambs in either males or females (Table 2). In male lambs, however, G3PDH mRNA 314 

expression was directly related to plasma insulin concentrations in the first 24 hours after 315 

birth (G3PDH mRNA = 0.19 insulin + 0.07, r2=0.53, P<0.05). This relationship was not 316 

present in females. When the data from all lambs were combined, there was a positive 317 

relationship between PPARγ mRNA expression in omental adipose tissue and the expression 318 

of adiponectin (adiponectin mRNA = 3.9 PPARγ mRNA - 0.64, r2=0.61, P<0.001), LPL 319 

(LPL mRNA = 1.4 PPARγ mRNA + 0.64, r2=0.24, P<0.001) and leptin mRNA (leptin 320 

mRNA = 0.09 PPARγ mRNA - 0.02, r2=0.48, P<0.001) in this depot. There was no 321 

difference in the expression of leptin, adiponectin or LPL mRNA between Control and IUGR 322 

lambs in either males or females (Table 2).  323 

 324 

DISCUSSION 325 

We have shown that there is no effect of IUGR on either the mean omental adipocyte size or 326 

omental fat mass at 21 days of age in either male or female lambs. This is consistent with our 327 

previous finding that there is no effect of IUGR on the mass of perirenal adipose tissue, the 328 
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other major visceral adipose depot, in this same cohort of animals 17, but differs from the 329 

results of studies in IUGR lambs at 45 days of age, when the total and relative mass of both 330 

perirenal and omental adipose tissue is significantly increased in both male and female IUGR 331 

lambs 8. These results indicate, therefore, that the IUGR lambs accumulate greater amounts of 332 

fat in the perirenal and omental adipose depots during the period from 21 to 45 days of age 333 

compared to controls.  334 

 335 

The effect of IUGR on expression of lipogenic genes in omental adipose tissue 336 

We found that the mean size of the omental adipocytes, but not omental fat mass, was 337 

directly related to the early nutritional environment as represented by insulin concentrations 338 

in the first 24 hours after birth. This is similar to our previous findings of a direct relationship 339 

between the early insulin environment and fat cell size in the perirenal adipose depot in this 340 

same group of animals 17. Whilst a positive relationship between omental fat cell size and 341 

insulin concentrations on postnatal day 1 was present in both male and female lambs, the 342 

mechanisms through which the early insulin environment influences fat cell size appear to be 343 

sex-specific. In male lambs, insulin concentrations in the first 24 hours after birth were 344 

directly related to G3PDH mRNA expression in omental adipose tissue at 21d of age, 345 

suggesting that insulin may act to increase lipid deposition in omental fat via the upregulation 346 

of de novo lipogenesis. This relationship was not present in female lambs. 347 

 348 

One possibility is that in female lambs, in which the insulin concentration at any given fat 349 

mass is lower than in males 17, intracellular fatty acid concentrations may be relatively higher 350 

resulting in a reduced requirement for de novo lipid synthesis when compared to males.  We 351 

found no effect of IUGR on the expression of the adipogenic/lipogenic transcription factor, 352 

PPARγ, or the lipogenic enzymes, LPL or G3PDH, in omental adipose tissue.  353 
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 354 

The effect of IUGR on insulin signaling pathways in omental adipose tissue 355 

We found no effect of IUGR on the mRNA expression or protein abundance of insulin 356 

receptors, the insulin-responsive glucose transporter, GLUT4, or key proteins in the insulin 357 

signaling pathway in omental adipocytes at 21d of age. These results at a very early neonatal 358 

time point are different to previous observations in the maternal low protein model of fetal 359 

growth restriction in the rat, which have reported increased abundance of the insulin receptor 360 

and the activity of the downstream signaling molecules, PI3K and Akt, in epididymal and 361 

intra-abdominal adipocytes of low protein offspring in young adulthood 10, 29. It has also been 362 

reported that the adipocytes of low protein offspring exhibit an increased basal and insulin-363 

stimulated glucose uptake in young adulthood, prior to any increase in visceral adiposity 30. It 364 

is possible that in the sheep, which matures at a slower rate after birth, that these differences 365 

do not emerge until after weaning. 366 

 367 

Previous studies have reported that IUGR increases insulin sensitivity and insulin disposition 368 

indices for glucose and NEFAs in lambs at 1 month of age, and that the degree of insulin 369 

sensitivity is predictive of the rate of catch-up growth in these animals 8. However, these 370 

studies measured whole body disposal of glucose and NEFAs, and thus do not provide 371 

information regarding the relative uptake by visceral adipocytes as distinct from other 372 

insulin-sensitive peripheral tissues. We  have shown previously that the protein abundance of 373 

the insulin receptor, GLUT4 and insulin signaling molecules was significantly increased in 374 

skeletal muscle of the IUGR lambs in this same cohort of lambs 12. This would therefore 375 

imply that the partitioning of nutrients in IUGR lambs is directed towards muscle growth, 376 

rather than fat growth, at 21 days of age, and that an increased partitioning of nutrients 377 

towards fat deposition in IUGR lambs begins after 21 days. This may be related to the fact 378 
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that the IUGR lambs in this study were studied during the suckling period, and changes in 379 

nutrient partitioning may occur during the transition to solid food.  It should also be noted 380 

that the abundance of the insulin signaling proteins in omental adipose tissue was measured 381 

in the basal state, and we therefore cannot exclude the possibility that the insulin signaling 382 

pathways in the omental adipocyte are more responsive to post-prandial increases in glucose 383 

concentrations.  384 

 385 

The effect of IUGR on AMPKα1 and AMPKα2 mRNA and protein in omental adipose tissue 386 

A key finding of the present study was that IUGR was associated with altered mRNA 387 

expression of the catalytic α2 isoform of the cellular fuel-sensing molecule, AMPK, and a 388 

decrease in the proportion of the total AMPK pool that was phosphorylated.  The AMPKα2 389 

catalytic subunit is principally involved in the regulation of insulin sensitivity and glucose 390 

uptake 31, whilst AMPKα1 appears to be involved primarily in inhibiting lipolysis 13.  391 

Previous studies have reported that the AMPKα1 isoform is the predominant isoform in adult 392 

adipose tissue 13. Interestingly, this does not appear to be the case in the lamb at 21 days of 393 

age, as AMPKα2 was more abundant than AMPKα1 in the omental adipose tissue in both 394 

control and IUGR lambs. This suggests that the relative abundance of the two AMPK 395 

isoforms expressed is developmentally regulated. 396 

  397 

We found a sex-specific effect of IUGR on the expression of AMPKα2 mRNA in omental 398 

adipose tissue; in males, the expression was higher in IUGR lambs, whereas in females 399 

expression tended to be decreased in IUGR lambs compared to controls. In males, AMPKα2 400 

mRNA expression was directly related to birth weight. One possibility, therefore, is that the 401 

sub-optimal environment experienced by the low birth weight lamb before birth, in particular 402 

the lower glucose and insulin concentrations 24, may have contributed to the increase in 403 
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AMPKα2 mRNA expression in early postnatal life.  In female lambs, there were direct 404 

relationships between AMPKα2 mRNA and both insulin and NEFA concentrations in the 405 

first 24 hours after birth, suggesting that in females there may be a greater dependence on the 406 

nutritional environment in the early neonatal period in determining the subsequent expression 407 

of AMPKα2 mRNA in omental fat.  In contrast to mRNA expression, we found no effect of 408 

IUGR on the protein abundance of AMPKa2 in either males or females. This suggests that 409 

the translation of them AMPKa2 mRNA was maintained, and may be indicative of sex-410 

specific effects of IUGR on the turnover rate of this protein in omental adipose tissue. It will 411 

be interesting in future studies to determine whether the changes in AMPKα2 mRNA 412 

expression in male and female IUGR lambs at 21 days of age persist at older ages, and 413 

whether changes in the AMPKa2 protein abundance emerge.  414 

 415 

The effect of IUGR on AMPK phosphorylation in omental adipose tissue 416 

Whilst the abundance of AMPK mRNA and protein is important for regulating the capacity 417 

of a tissue to respond to decreased substrate availability, the actions of AMPK are dependent 418 

upon its activation by phosphorylation 14, 32. We found that the percentage of AMPK in the 419 

phosphorylated state in omental adipose tissue was reduced in IUGR lambs in both males and 420 

females. Since phosphorylation of AMPK is driven by a reduction in cellular energy 421 

(increased AMP:ATP ratio within cells) 14, this implies that the energy content within 422 

omental adipocytes at 21 days of age was relatively higher in IUGR lambs. Glucose and 423 

insulin concentrations are lower in IUGR fetuses compared to normally grown fetuses in 424 

utero 24.Therefore it would appear that the reduced AMPK phosphorylation at 21 days of age 425 

reflects a response to an increase in nutrient supply at 21 days, which is consistent with the 426 

growth rate of these lambs17, rather than the nutritional environment experienced before birth. 427 

Future studies which directly assess the AMP/ATP ratio in the omental adipocytes of Control 428 
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and IUGR animals will be important to elucidate the mechanisms which underlie the changes 429 

in AMPK phosphorylation observed in IUGR lambs. 430 

 431 

AMPK is known to stimulate glucose uptake in skeletal muscle 33. In the adipocyte, however, 432 

activation of AMPK has been shown to inhibit glucose uptake, lipogenesis and fatty acid β-433 

oxidation34 such that a decreased phosphorylation of AMPK in omental adipocytes would be 434 

expected to result in an increase in glucose uptake and increased lipogenesis. We found no 435 

change in GLUT4 mRNA expression or protein abundance. However, there is evidence that 436 

AMPK may regulate glucose uptake by modulating the translocation of GLUT4, rather than 437 

GLUT4 transcription or translation 35, which was not measured in this study. Previous studies 438 

have proposed that one of the central purposes of AMPK inhibition of fatty acid β-oxidation 439 

is to spare fatty acids for export to other metabolic tissues 34. AMPK is also known to inhibit 440 

lipolysis in the adipocytes 13. Therefore, it is possible that the decrease in AMPK 441 

phospohorylation in the omental adipose tissue of IUGR lambs is a mechanism to increase 442 

fatty acid supply to the growing skeletal muscle, to support the catch up growth of muscle 443 

tissue in early postnatal life2, 6.  444 

 445 

Summary 446 

We have demonstrated that IUGR is associated with sex-specific alterations in the mRNA 447 

expression of AMPKα2 and a reduction in the total pool of AMPK that is phosphorylated in 448 

the omental adipose tissue at 21 days of age. The reduction in AMPK phosphorylation is 449 

likely to be a response to the nutritional environment immediately preceding tissue collection, 450 

rather than the nutritional environment experienced before birth, and suggests that nutrient 451 

supply to the omental adipocyte may be higher in IUGR lambs compared to controls at this 452 

stage of development. This is also consistent with the higher daily growth rate during this 453 
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period. The reduced AMPK phosphorylation within the omental adipocyte, in turn, may 454 

contribute to increased glucose uptake and lipogenesis, thereby increasing accumulation of 455 

lipid in the omental adipocytes and increasing fatty acid release.  456 
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Figure Legends 575 

 576 

Figure 1. The expression of AMPKα2 mRNA normalized to RPP0 in male and female 577 

control (open bars) and IUGR (closed bars) lambs at 21 days of age. The expression of 578 

AMPK α2 mRNA tended to be higher in low birth weight males compared to control males 579 

(P=0.07), but significantly lower (P<0.05) in low birth weight females compared to control 580 

females. Asterisks denote a significant difference between Control and IUGR groups 581 

(P<0.05). 582 

 583 

Figure 2. The abundance of AMPKα2 protein normalized to β-actin in male and female 584 

control (open bars) and low birth weight (closed bars) lambs at 21 days of age. There is no 585 

significant difference in the abundance of AMPKα2 protein between low birth weight and 586 

control lambs in either males or females. 587 

 588 

Figure 3. The ratio of Phospho:total AMPK protein (%phospho-AMPKα) in male and female 589 

control (open bars) and IUGR (closed bars) lambs at 21 days of age. The % phospho-AMPKα 590 

was lower in the low birth weight lambs compared to control lambs, independent of gender 591 

(P<0.05). Asterisks denote a significant difference between Control and IUGR groups 592 

(P<0.05). 593 

 594 

595 
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 Table 1. The expression of, IRA, IRB, GLUT1 and GLUT4 mRNA normalized to RPPO and 596 

abundance of insulin receptor, insulin signaling proteins and GLUT4 in omental adipose 597 

tissue in male and female Control and IUGR lambs at 21 days of age. 598 

IRA, Insulin Receptor A; IRB, Insulin Receptor B; GLUT4, glucose transporter 4; GLUT1, 599 

glucose transporter 1; IRβ, Insulin Receptor β subunit; PI3K, Phosphatidylinositol 3-kinase; 600 

PKCξ, Protein kinase C ξ, Akt, protein kinase B; pAKT, phosphorylated protein kinase B. 601 

Protein abundance expressed in arbitrary units normalized to mean level in control group 602 

Table 2. The expression of adipogenic and lipogenic genes in omental adipose tissue in male 603 

and female Control and IUGR lambs at 21 days of age. 604 

 

MALE 

 

FEMALE 

 Control IUGR Control IUGR 

IRA mRNA 0.045 ± 0.006 0.060 ±  0.009 0.057 ±  0.008 0.054 ±  0.005 

IRB mRNA 0.022 ±  0.003 0.025 ±  0.003 0.025 ±  0.002 0.023 ±  0.009 

GLUT1 mRNA 0.0031 ±  0.002 0.0022 ±  0.0003 0.0020 ±  0.0003 0.0013 ±  0.0002 

GLUT4 mRNA 0.008 ±  0.002 0.0075 ±  0.0014 0.0081 ±  0.002 0.0066 ±  0.0017 

     

IRβ Protein 97.7 ± 10.8 115.1 ± 19.3 105.6 ± 8.0 87.6 ± 11.9 

Akt1 protein 101.4 ± 12.5 76.7 ± 18.9 97.8 ± 3.8 115.7 ± 22.1 

Akt2 protein 95.1 ± 11.2 116.7 ± 11.4 107.8 ± 17.4 130.7 ± 8.4 

pAkt protein 108.1 ± 20.5 122.6 ± 28.2 87.0 ± 18.6 155.7 ± 26.6 

PI3K protein 99.2 ± 17.1 117.6 ± 6.1 101.3 ± 16.1 74.7 ± 16.9 

PKCξ protein 102.7 ± 15.6 105.8 ± 11.9 95.7 ± 11.1 113.9 ± 18.5 

GLUT4 protein 101.9 ± 13.5 110.8 ± 11.8 96.9 ± 14.6 139.6 ± 19.7 
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PPARγ, peroxisome proliferator-activated receptor γ; G3PDH, glycerol 3 phosphate 605 

dehydrogenase; LPL, lipoprotein lipase. Expression of all genes was normalized to the 606 

housekeeper gene, RPPO. 607 

 608 

 609 

 

MALE 

 

FEMALE 

 Control (n=8) IUGR (n=4) Control (n=6) IUGR (n=4) 

PPARγ mRNA 0.80 ±  0.12 0.96 ± 0.17 0.73 ± 0.11 0.64 ± 0.11 

G3PDH  mRNA 0.53 ±  0.07 0.55 ±  0.12 0.53 ±  0.11 0.53 ±  0.08 

LPL mRNA 1.84 ±  0.36 2.01 ±  0.41 1.61 ±  0.38 1.43 ±  0.13 

Adiponectin 

mRNA 

2.33 ± 0.41 2.54 ±  0.48 2.45 ±  0.73 1.48 ±  0.35 

Leptin mRNA 0.060 ± 0.015 0.065 ±  0.013 0.058 ±  0.022 0.045 ±  0.016 


