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Abstract

 Background—The incidence of metabolic disease increases in early menopause. Low birth 

weight influences the age at menopause. Thus, this study tested the hypothesis that intrauterine 

growth restriction programs early reproductive aging and impaired glucose homeostasis in female 

rats.

 Methods—Estrous cyclicity, body composition, and glucose homeostasis were determined in 

female control and growth-restricted rats at 6 and 12 months of age; sex steroids at 12 months.

 Results—Glucose intolerance was present at 6 months of age prior to cessation of estrous 

cyclicity and increased adiposity in female growth-restricted rats. However, female growth-

restricted rats exhibited persistent estrus and a significant increase in adiposity, fasting glucose and 

testosterone at 12 months of age (P<0.05). Insulin release in response to a glucose challenge was 

blunted in conjunction with a reduction in protein expression of pancreatic glucose transporter 

type 2 and estrogen receptor alpha at 12 months of age in female growth-restricted rats (P<0.05).

 Conclusion—This study demonstrated that slow fetal growth programmed glucose intolerance 

that developed prior to early estrous acyclicity; yet, fasting glucose levels were elevated in 

conjunction with increased adiposity, accelerated cessation of estrous cyclicity and a shift towards 

testosterone excess at 12 months of age in female growth-restricted rats.
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 Introduction

Age at menopause usually occurs from 50 to 55 years of age (1). However, women exposed 

to famine during late gestation (2) or born low birth weight (3,4) exhibit a greater prevalence 

of early menopause. Experimental studies indicate that prenatal exposure to maternal 

undernutrition programs markers of early reproductive senescence (5,6,7,8). Our laboratory 

utilizes a model of intrauterine growth restriction (IUGR) induced via placental 

insufficiency initiated at day 14 of gestation in the Sprague Dawley (SD) rat (9). Female 

growth-restricted offspring are normotensive at 6 months of age but develop hypertension 

and an increase in total fat mass by 12 months of age (10). Reproductive senescence and 

cessation of estrous cyclicity occur about 18 months of age in female SD rats (11). We 

previously reported that uterine weight is similar in female growth-restricted rats relative to 

female control that exhibit hypertension at 12 months of age (10). However, this study did 

not determine estrous cyclicity or hormone levels in conjunction with measure of blood 

pressure. Therefore, based on studies implicating that undernutrition during fetal life 

programs early reproductive aging, one goal of this study was to test the hypothesis that 

early reproductive senescence coincides with the development of increased adiposity and 

hypertension in female growth-restricted offspring.

Menopause is associated with changes in the hormonal milieu that results in a shift in the 

balance of estrogen and testosterone with a transition towards a testosterone dominated 

milieu (12). Testosterone is positively associated with visceral fat (12) and blood pressure 

(13) in postmenopausal women. In addition, increased testosterone and adiposity predict the 

risk for type 2 diabetes (T2D) after menopause (14). Early onset menopause increases the 

risk of T2D (15) and the age-adjusted risk for T2D is increased in low birth weight (LBW) 

women (16). Yet, the combined effect of birth weight and early reproductive aging on 

metabolic health is not known. Experimental models demonstrate that placental 

insufficiency or maternal nutrient restriction during fetal life programs impaired glucose and 

insulin homeostasis (17) in a manner that is sex-specific in young adulthood (18,19). Age 

exacerbates the developmental programming of hyperinsulinemia in female offspring 

exposed to maternal protein restriction during fetal life (20). Thus, this study also tested the 

hypothesis that placental insufficiency programs impaired glucose homeostasis in the female 

growth-restricted rat that precedes or is augmented in conjunction with estrous acyclicity 

and a change in the estradiol to testosterone ratio.

 RESULTS

 Effect of intrauterine growth restriction on reproductive aging

Previously, we reported that uterine weight did not differ in growth-restricted rats relative to 

age-matched control counterparts at 12 months of age (10). To determine if sex steroids 

differed in normotensive female control rats relative to female growth-restricted rats that 

demonstrated a significant increase in blood pressure at 12 months of age, samples collected 

from this previous study were analyzed for circulating estradiol, testosterone, luteinizing 

hormone (LH) or follicle stimulating hormone (FSH) levels (10). Estradiol levels did not 

differ at 12 months of age upon comparison of growth-restricted rats relative to control 

(Figure 1, panel a). However, circulating testosterone levels were significantly elevated in 
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the growth-restricted rats compared to control at 12 months of age (Figure 1, panel b). This 

resulted in a shift in the testosterone to estradiol balance in growth-restricted rats (Figure 1, 

panel c). FSH and LH levels did not differ (Figure 1, panel d and e).

Based on these findings we assessed estrous cyclicity in another group of animals. In this 

group, control and growth-restricted rats demonstrated no significant difference in cycle 

length or the percentage of each stage of the estrus cycle (metaestrus, diestrus, proeastrus or 

estrus) (Figure 1, panel f). By 11 months of age and continuing up to 12 months of age 

control rats exhibited elongation of the estrus cycle but no significant difference in the 

percent distribution in each stage of the estrus cycle (Figure 1, panel g). However, by 11 

months of age growth-restricted rats were primarily in persistent estrus (Figure 1, panel g) 

which continued for 30 days. Estradiol and testosterone in this group reflected levels 

reported in Figure 1, panel a and panel b. Evaluation of ovarian morphology and follicle 

number will be needed to corroborate accelerated aging of the reproductive system in this 

model of IUGR.

 Effect of intrauterine growth restriction on body composition

Birth weight was significantly reduced (P<0.001) in growth-restricted offspring compared to 

control (Table 1). Growth-restricted rats exhibited catch-up growth by 2 months of age with 

no difference in body weight noted at 6 or 12 months of age relative to age-matched controls 

(Table 1). No difference in total body fat mass was observed at 6 months of age in growth-

restricted relative to control (Table 1). However, total body fat mass was significantly 

increased in growth-restricted (P<0.05) relative to control at 12 months of age (Table 1) 

when total lean mass and total body water content were significantly reduced in growth-

restricted rats (P<0.05) (Table 1); observations consistent with those previously reported for 

this model (10). Visceral fat mass did not differ at 6 months of age but was elevated by 12 

months of age in control and growth-restricted rats (P<0.05 vs. 6 months of age counterpart). 

However, the magnitude of this increase was significantly greater in growth-restricted 

relative to age-matched control (Table 1); an observation also noted previously (10). 

Growth-restricted rats showed a slightly lower water intake independent of age. Overall, 

food intake, water intake and urinary excretion did not change with age (Table 1).

 Effect of intrauterine growth restriction on glucose homeostasis

To determine if IUGR programs glucose intolerance prior to the development of estrous 

acyclicity, we examined glucose tolerance at 6 months and 12 months of age. Growth-

restricted rats at 6 months of age exhibited a significant elevation in blood glucose at 30 

minutes post-glucose challenge in the fasted state when compared to age-matched control 

(Figure 2, panel a). Yet, at 12 months of age glucose remained significantly elevated up to 

120 minutes post-glucose challenge in growth-restricted rats relative to control (Figure 2, 

panel a). The area under the curve (AUC) for the response to glucose load was significantly 

increased in growth-restricted rats at 6 and 12 months of age (Figure 2, panel b) indicating 

that birth weight was inversely correlated to AUC. AUC was also significantly greater in 

growth-restricted rats at 12 months of age relative to 6 month counterparts denoting a 

significant interaction with age in growth-restricted rats. No difference was noted in the 

overnight fasted blood glucose concentration in growth-restricted compared to age-matched 
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control rats at 6 months of age. However, overnight fasted blood glucose concentrations 

were significantly increased with age in growth-restricted rats (P<0.05) (Figure 2, panel c). 

Insulin tolerance was similar in growth-restricted relative to age-matched control at 6 and 12 

months of age (Figure 2, panel d and e). Fasting plasma insulin levels did not differ at 6 or 

12 months of age (Figure 2, panel f) and the HOMA index was not different between groups 

at either age (control: 0.843±0.12 and 0.556±0.16, IUGR: 0.889±0.13 and 0.788±0.17; 6 

months and 12 months of age, respectively). Glucose-induced insulin release was 

significantly blunted at 30 minutes post-glucose challenge in growth-restricted rats relative 

to age-matched control at 12 months of age (Figure 3, panel a). As previously reported (10), 

plasma leptin levels were similar at 6 months of age, but were significantly increased in 

growth-restricted offspring at 12 months of age relative to age-matched control (10).

 Effect of intrauterine growth restriction on protein expression of GLUT2, GLUT4, IRβ, 
and ERα in insulin-sensitive tissues

At 12 months of age, pancreas weight did not differ between control and growth-restricted 

rats (5.31±0.21 vs. 5.26 ±0.51 g/kgBW; control vs. IUGR, respectively). However, insulin 

release in response to a glucose challenge in the fasted state was significantly reduced in 

growth-restricted compared to control (Figure 3, panel a). Protein expression of pancreatic 

glucose transporter type 2 (GLUT2), a glucose sensor, was significantly decreased in 

growth-restricted relative to control rats at 12 months of age (Figure 3, panel b). Protein 

expression of estrogen receptor alpha (ERα), which is reported to play an important role in 

the regulation of insulin biosynthesis and insulin secretion in the pancreas (21) was 

significantly reduced in pancreatic tissue of growth-restricted rats relative to control at 12 

months of age (Figure 3, panel c). Protein expression for GLUT4 did not differ in muscle 

(Figure 3, panel d) but was significantly reduced in white adipose tissue from growth-

restricted relative to control (Figure 3, panel f). Protein expression of insulin receptor beta 

(IRβ) also did not differ in muscle (Figure 3, panel e); yet, IRβ protein expression was 

significantly up-regulated in white adipose tissue of growth-restricted relative to control rats 

at 12 months of age (Figure 3, panel g).

 Effect of ovariectomy on glucose tolerance, body composition, testosterone, blood 
pressure and uterine weight in control and growth-restricted offspring

Ovariectomy (OVX) at 10 weeks of age significantly increased the glucose concentration at 

30 minutes post-glucose challenge in control rats at 6 months of age (P<0.001) (Figure 4, 

panel a) resulting in an increase in the AUC (Figure 4, panel c). At 12 months of age 

ovariectomy did not significantly alter the glucose response to a glucose challenge in the 

fasted state or AUC in control relative to intact counterparts (Figure 4, panel b and d). 

Ovariectomy did not alter AUC in growth restricted rats at 12 months of age relative to intact 

counterparts (Figure 4, panel d). Yet, the pattern for glucose concentration post-glucose 

challenge differed following ovariectomy in growth-restricted rats at 12 months of age 

relative to intact counterparts although glucose remained significantly elevated at 120 

minutes post-glucose challenge as observed in intact counterparts (Figure 4, panel b). 
Ovariectomy had no significant effect on fasting blood glucose in growth-restricted rats 

relative to intact counterparts at 12 months of age (Figure 4, panel f). Fat mass was 
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increased by ovariectomy in control and growth-restricted rats at 6 (Figure 4, panel g) and 

12 months of age relative to their intact counterparts; ovariectomy also significantly 

increased fat mass in growth-restricted rats relative to control counterpart at 12 months of 

age (Figure 4, panel h).

Uterine weight was significantly decreased at 12 months of age following ovariectomy at 10 

weeks of age in control and growth-restricted rats (Control: 0.38±0.06 vs. 0.08±0.01 and 

IUGR: 0.25 ±0.05 vs. 0.10 ±0.02 g/kgBW, intact vs. OVX; respectively; P<0.05, intact vs. 

OVX counterpart). Ovariectomy did not further increase testosterone levels in growth-

restricted relative to intact counterparts at 12 months of age (49.7±6.1 vs. 48.8 ±5.4 pg/ml; 

OVX IUGR vs. intact IUGR; respectively), but ovariectomy did increase testosterone levels 

in intact control relative to ovariectomized control at 12 months of age (39.7±1.8 vs. 48.6 

±2.6 pg/ml; P<0.05, intact vs. OVX, respectively). Testosterone levels did not differ in 

ovariectomized growth-restricted relative to ovariectomized female control or intact female 

growth-restricted rats.

 DISCUSSION

This study noted several findings of novel importance. Circulating testosterone levels were 

increased at 12 months of age in growth-restricted rats previously reported to demonstrate 

increased visceral adiposity and hypertension. IUGR also programmed an increase in 

testosterone levels in female growth-restricted rats that exhibited persistent estrous at 11 

months of age that persisted to 12 months. Glucose intolerance but not an increase in fasting 

blood glucose levels was observed in growth-restricted rats at 6 months of age or prior to the 

development of increased total fat mass and estrous acyclicity. However, fasting blood 

glucose levels in growth-restricted rats were increased at 12 months of age. Glucose-

stimulated insulin release was blunted in response to an oral glucose challenge in growth-

restricted rats at 12 months of age. Pancreatic ERα, GLUT2 and adipose GLUT4 protein 

expression were also significantly reduced in growth-restricted relative to age-matched 

control at 12 months of age. In addition, ovariectomy induced glucose intolerance, increased 

the AUC for the OGTT, elevated fasting blood glucose levels and increased fat mass in 

control rats at 6 months of age. Ovariectomy also increased fat mass and fasting glucose 

levels in growth-restricted rats relative to intact counterparts at 6 months of age without an 

additive effect on AUC or change in the pattern of the OGTT. Ovariectomy further increased 

fat mass in control rats at 12 months of age with no effect on glucose homeostasis. 

Ovariectomy increased fat mass in growth-restricted rats at 12 months of age relative to 

ovariectomized control or intact growth-restricted counterparts but did not alter AUC for the 

OGTT or fasting blood glucose levels.

Circulating testosterone levels were increased in female growth-restricted rats that were 

previously reported to exhibit increased adiposity and hypertension at 12 months of age (10). 

Since testosterone is positively coincident with hypertension and visceral adiposity in 

postmenopausal women (12,13), we assessed estrous cyclicity and sex steroids in another 

group of animals. The normal pattern of estrous cyclicity in the rat is usually 4–5 days in 

length and contains a normal interval distribution of metaestrus, diestrus, proeastrus and 

estrus stages after puberty (22). Cycle length increases in the rat with a transition to 
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persistent estrus, an acyclic state characterized by elevated estradiol (22) that occurs around 

18 months of age in the SD rat (11). In this study group, female growth-restricted rats 

exhibited persistent estrous as early as 11 months of age that persisted to 12 months of age 

when testosterone was significantly increased but estradiol levels were not altered. 

Perimenopause in women is associated with a state of androgen/estrogen imbalance that 

results from a decrease in estradiol with testosterone levels remaining unchanged or 

increased (23). Visceral adiposity is significantly associated with higher bioavailable 

testosterone levels in menopause (12). Higher testosterone levels are also associated with a 

higher prevalence T2D (24) and hypertension (14) in postmenopausal women implicating a 

causal role. Recent studies indicate that LBW is associated with earlier age at menopause 

(3,4). Early menopause is also associated with a greater risk for T2D (15) and the risk for 

T2D increases with decreasing birth weight in women (16,25). In our study estrus acyclicity 

in addition to increased adiposity and fasting blood glucose were observed in female growth-

restricted rats at 12 months of age suggesting that IUGR in the rat mimics age-related 

changes in reproductive health, adiposity and glucose homeostasis in LBW women. Yet, 

growth-restricted rats exhibited glucose intolerance at 6 months of age prior to the 

development of increased adiposity and estrus acyclicity. Hormonal levels were not 

determined at 6 months of age which limits interpretation of our findings. Thus, whether 

testosterone excess correlates to glucose intolerance in female growth-restricted rats at 6 

months of age is not known. Furthermore, the source(s) of increased testosterone in female 

growth-restricted rats at 12 months of age necessitates further investigation but it may 

involve the ovaries and/or adrenal glands.

Fetal exposure to undernutrition increases the risk of T2D in later life in humans (26). 

Molecular mechanisms may involve alterations in expression of the glucose transport 

system. Whether a reduction in GLUT4 protein expression is observed in adipose tissue 

from LBW women is not reported; however, a reduction in GLUT4 protein expression is 

noted in adipose (27) and muscle tissue from LBW men (28). In our study GLUT4 and IRβ 

protein expression were not changed in the skeletal muscle of female growth-restricted 

relative to female control at 12 months of age, but they were altered in the adipose tissue. 

Information related to expression of IRβ in adipose and muscle tissue in LBW women is not 

known; however, IUGR programs an increase in IRβ and GLUT4 in adipose tissue of female 

LBW piglets at birth (17). Whether these changes persist until adulthood and are associated 

with impaired metabolic health was not studied. Male offspring exposed to maternal protein 

restriction exhibit a reduction in expression of pancreatic GLUT2, an increase in adiposity 

and impaired glucose homeostasis in young adulthood (18). Limitations of our study include 

the lack of investigation into activation of insulin signaling factors as noted by changes in 

the phosphorylation levels of key proteins in insulin signaling such as IRS-1 and IR and 

whether glucose uptake in the peripheral tissues is altered following IUGR in the female rat. 

Yet, these studies indicate that expression of these factors is altered following slow fetal 

growth and may be contributory factors in the developmental programming of impaired 

glucose homeostasis.

Hyperglycemia stimulates β-cell dysfunction and eventual β-cell death (29). Human and 

animal studies suggest that estradiol improves glucose homeostasis and is protective against 

insulin deficiency during the diabetic state (30) Estrogen impacts β-cell function through its 
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receptors and protects β-cells against oxidative injury through activation of its estrogen 

receptor α (ERα) (21). ERα stimulates β-cell insulin biosynthesis and release in the 

pancreas and ERs are implicated to regulate GLUT4 in muscle and adipose (31) suggesting 

an important role for ERα in the regulation of glucose homeostasis (32). In our study female 

growth-restricted rats at 12 months of age demonstrated a decrease in protein expression of 

pancreatic ERα and GLUT2 with an increase in fasting glucose levels. A limitation of our 

study includes whether β-cell number was reduced. Impaired glucose homeostasis in male 

offspring in other models of IUGR induced via placental insufficiency in the rat and sheep is 

associated with smaller β-cell number (33,34). However, no difference in pancreatic weight 

was observed in the female growth-restricted at 12 months of age. These studies indicate a 

clear need for more in-depth investigation into how IUGR programs impaired glucose 

tolerance.

To assess the importance of the shift towards testosterone excess on glucose homeostasis, 

rats underwent ovariectomy at 10 weeks of age followed by study of glucose homeostasis at 

6 and 12 months of age. Glucose intolerance and a significant increase in AUC, fasting 

blood glucose, and fat mass were observed in ovariectomized control rats at 6 months of age 

relative to intact counterparts. Ovariectomy also induced an increase in fat mass and fasting 

glucose in growth-restricted rats at 6 months of age that already exhibited glucose 

intolerance and an increased AUC. Ovariectomy induces an extreme shift in the estradiol to 

testosterone ratio due to a steep decline in estradiol levels following removal of the ovaries 

(35). Thus, ovariectomy-induced increases in fasting blood glucose and fat mass in control 

and growth-restricted rats at 6 months of age mimicked the metabolic disturbances observed 

in conjunction with endogenous elevations in testosterone in intact growth-restricted rats at 

12 months of age. These findings would implicate a role for testosterone excess in the 

etiology of increased fasting glucose and adiposity in female rats. Yet, ovariectomy did not 

induce an increase in fasting glucose or AUC in control rats at 12 months of age relative to 

intact age-matched controls. Furthermore, intact growth-restricted rats at 6 months of age 

that exhibited glucose intolerance and increased AUC, retained a normal pattern of estrus 

cyclicity with no change in fat mass or fasting blood glucose levels relative to age-matched 

intact controls. Whether testosterone levels were increased in intact growth-restricted rats at 

6 months of age was not examined. However, these findings would suggest that the 

development of impaired glucose handling requires more than changes in the hormonal 

milieu in female rats regardless of age.

The pattern of the OGTT curve but not AUC was altered by ovariectomy in growth-

restricted rats at 12 months of age. Insulin release in response to a glucose challenge was not 

examined in this group. Therefore, the mechanism(s) that contribute to the differential 

handling of glucose in response to a glucose challenge in ovariectomized growth-restricted 

rats is unknown. The lack of an effect on glucose homeostasis by ovariectomy in control and 

growth-restricted rats at 12 months of age despite the significant ovariectomy-induced 

increase in fat mass may involve a loss of sensitivity to the effect of testosterone in the 

female control rats, or resistance to a greater shift towards testosterone excess in female 

growth-restricted rats that were already acclimated to endogenous increases in testosterone 

at this age. Thus, whether impaired glucose homeostasis is intrinsic following IUGR in the 
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female rat or whether testosterone plays a contributory role is not well-defined. Tissue-

specific differences in insulin signaling and glucose handling may contribute to age-related 

changes in sensitivity to the hormonal milieu and require further investigation.

To summarize, this study indicated that IUGR programmed an increase in adiposity, early 

estrous acyclicity and a shift in the estradiol to testosterone ratio at 12 months of age. 

Glucose intolerance was observed in growth-restricted rats at 6 months of age prior to 

increased adiposity or estrus acyclicity. Whether testosterone excess contributed to the 

development of glucose intolerance at 6 months of age is not known. Yet, fasting blood 

glucose levels were not elevated at this age. Increased fasting blood glucose levels did 

coincide with increased adiposity and a shift towards testosterone excess regardless of 

whether testosterone excess was due to ovariectomy in control and growth-restricted rats at 6 

months of age or an IUGR-induced endogenous increase in testosterone in intact growth-

restricted rats at 12 months of age. Thus, the etiology of increased fasting glucose may 

involve the adverse influence of testosterone in the female rat regardless of birth weight. 

Impaired glucose homeostasis in the growth-restricted rat at 12 months of age was 

associated with tissue specific alterations in protein expression of ERα and downstream 

mediators of glucose homeostasis in insulin-sensitive tissues suggesting that impaired 

pancreatic insulin signaling may also serve as a potential mediator in the developmental 

programming of impaired glucose homeostasis. Limitations for this study include the lack of 

direct mechanistic investigation into the relationship between IUGR and early estrus 

acyclicity, measure of sex steroids at 6 months of age and the correlative findings of 

increased adiposity, testosterone, and fasting blood glucose levels in female growth-

restricted rats at 12 months of age. However, this study implicates the need for further 

investigation into estrogen responsiveness at the peripheral and central level in order to 

elucidate the importance of persistent estrous and the implication of early reproductive 

senescence on chronic health following growth restriction during fetal life.

 Perspectives

The relative importance of LBW in the transition into menopause is vastly understudied. 

These findings herald critical implications for LBW women that may postpone childbearing 

due to professional or socioeconomic reasons and denotes the need for further studies to 

investigate the mechanisms involved in this programming event. It is well established that 

birth weight is inversely correlated with risk for hypertension (2) and T2D (25) in post-

menopausal women. Thus, this study also highlights the critical need to investigate the 

underlying mechanisms that contribute to the increased risk for metabolic disease following 

slow growth during fetal life in order to develop therapeutic strategies to alleviate chronic 

disease including risk factors for T2D in LBW women.

 METHODS

 Expanded Methods are included in the Supplement

 Animals—All experimental procedures were conducted in accordance with National 

Institutes of Health guidelines for the Care and Use of Laboratory Animals with approval by 

the Animal Care and Use Committee at the University of Mississippi Medical Center. Study 
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groups included: Group 1: Sex steroids and body compositions in female SD rats at 12 

months of age previously analyzed for blood pressure (10); Group 2: Estrous cyclicity and 

body composition from 5 to 6 months of age and 11 to 12 months of age with measure of 

hormonal levels at 12 months of age; Group 3: Insulin tolerance test (ITT), oral glucose 

tolerance test (OGTT), insulin release in response to an oral glucose challenge in the fasted 

state and body composition at 6 and 12 months of age; Group 4: Body composition and 

harvest of tissues for western blot analysis at 12 months of age; Group 5: ovariectomy or 

sham procedure at 10 weeks of age followed by body composition and OGTT at 6 and 12 

months of age; measure of uterine weight and serum testosterone at 12 months of age.

Reduced uterine perfusion in the pregnant rat and the sham procedure was performed as 

previously described (36).

 Ovariectomy in female offspring—Ovariectomy (OVX) was performed at 10 weeks 

of age as previously described (35).

 Body composition—Total fat mass, total lean mass, and total body water content were 

determined in conscious animals using an Echo-MRI-700 (Echo Medical Systems, Houston 

TX).

 Glucose tolerance test, glucose stimulated insulin release in response to 
glucose challenge and insulin tolerance test—An OGTT and an ITT were 

performed at 6 and 12 month of age. Animals were fasted overnight prior to OGTT; the 

OGTT was initiated with an oral bolus of D-glucose solution (5 g per kgBW) Animals were 

fasted 3 hours prior to the ITT; ITT initiated with a single injection of insulin (0.5 U/kgBW, 

Lantus insulin glargine (rDNA) origin, i.p). The ITT and OGTT were performed in the same 

group of animals one week apart at 6 and 12 months of age.

Homeostasis model assessment HOMA) index was calculated as fasting insulin 

(microU/ml) x fasting glucose (mmol/l)/22.5 as reported by others (37,38).

Hormone levels were determined using Ultra-Sensitive Estradiol or Testosterone RIA kits, 

Linco Research, St. Charles, MO; Insulin Ultra-Sensitive Rat Insulin ELISA kit, Crystal 

Chem Inc., Downers Grove, IL; LH and FSH BioAssay ELISA kits, US Biologicals Life 

Sciences, Salem, MA.

 Estrous cycle—The phase of estrous cycle was determined by vaginal cytology as 

described by Singletary et al. (22).

Western blot analysis was performed as previously described (39).

 Statistics—Graphpad PRISM version 4 (Graph Pad Software, San Diego, CA) was used 

for all statistical analysis. Differences between groups were evaluated by two-way analysis 

of variance (ANOVA) followed by Bonferonroni post-test with IUGR and age or OVX as 

sources of variation for most of experiments. An unpaired student t-test was used for 

comparison of birth weight, western blot data, hormone levels and calorimetry measurement 
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data. Differences were considered statistically significant at P<0.05. All results are presented 

as mean±SEM.
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Figure 1. 
Serum estradiol (A), testosterone levels (B), Testosterone/Estradiol ratio (C), FSH (D), and 

LH (E) in control and intrauterine growth restriction (IUGR) at 12 months of age. Values are 

mean ± S.E.M. (n=13 per group). *P<0.05 vs. control (white columns) and IUGR (black 

columns) using unpaired t-test. Percent of each stage in estrous cycle and number of days 

per cycle at 6 (F) and 12 (G) months of age: metestrus (white columns), diestrus (black 

columns), proestrus (gray columns), and estrus (hatched columns). † P<0.05 represent the 

comparison between each stage of estrus cycle of age-matched control and IUGR. Values are 

the mean ± S.E.M., (n = 6 per group).
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Figure 2. 
Oral glucose tolerance test (OGTT) (A) and insulin tolerance test (ITT) (B) in control and 

intrauterine growth restriction (IUGR) at 6 and 12 months of age. For OGTT: area under the 

curve (AUC) (B) and fasting blood glucose levels (C). For ITT: area under the curve (AUC) 

(E) and fasting plasma insulin level (F). For (B), (C), (E) and (F), white columns (control) 

and black columns (IUGR). *P values next to each label represent significance (P<0.05) 

(IUGR or age) using two-way ANOVA; †P <0.05 represents IUGR versus control at the 

same age; ‡P < 0.05 represents comparison versus 6 months of age between similar group 

using Bonferroni post hoc test, (n = 6–9 per group).
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Figure 3. 
Glucose-stimulated insulin release in response to an oral glucose challenge in fasted state in 

control and intrauterine growth restriction (IUGR) at 12 months of age (A). protein 

expression of glucose transporter type 2 (GLUT-2) and estrogen-receptor (ER-α) in pancreas 

adjusted to actin (B), protein expression of glucose transporter type 4 (GLUT-4) and insulin 

receptor beta (IRβ) adjusted to actin in gastrocnemius muscle (C); protein expression of 

GLUT-4 and IRβ adjusted to actin in dorsal white adipose tissue (D). Shown are 2 

representative samples. *P < 0.05 vs. control, (n = 4–6 per group) using unpaired t-test. For 

(B), (C), (D), (E) and (F), columns (control) and black columns (IUGR). All samples were 

derived at the same time and processed in parallel.
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Figure 4. 
Oral glucose tolerance test (OGTT) at 6 (A) and 12 months of age (B), area under the curve 

(AUC) at 6 (C) and at 12 months of age (D), fasting blood glucose levels at 6 (E) and at 12 

months of age (F), total fat mass per body weight at 6 (G) and at 12 months of age (H). *P 
values next to each label represent the significance in the effect (P<0.05) (Intrauterine 

growth restriction, IUGR vs. ovariectomy, OVX) using two-way ANOVA; †P <0.05 

represents IUGR versus control in intact or OVX; ‡P < 0.05 represents comparison between 

intact and OVX in similar group using Bonferroni post hoc test, (n = 8 per group). For (C), 

(D), (E), (F) and (H), white columns represent control and black columns represent IUGR.
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