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Abstract

We recently demonstrated that offspring delivered to baboons deprived of estrogen during the 

second half of gestation exhibited insulin resistance prior to onset of puberty. Because gonadal 

hormones have a profound effect on insulin action and secretion in adults, we determined whether 

insulin resistance is retained after initiation of gonadal secretion of testosterone and estradiol. 

Glucose tolerance tests were performed in postpubertal baboon offspring of untreated and 

letrozole-treated animals (serum estradiol reduced >95 %). Basal fasting levels of insulin (P < 

0.05) and peak 1 min and 1 + 3 + 5 min levels of glucose after glucose tolerance tests challenge (P 
< 0.03) were greater in offspring delivered to letrozole-treated, estrogen-deprived baboons than 

untreated animals. Moreover, the value for the HOMA-IR, an accepted index of insulin resistance, 

was 2-fold greater (P < 0.05) in offspring delivered to baboons treated with letrozole than in 

untreated animals. Collectively these results support the proposal that estrogen normally has an 

important role in programming mechanisms in utero within the developing fetus that lead to 

insulin sensitivity after birth.
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Introduction

We recently demonstrated that baboon offspring delivered to mothers deprived of estrogen 

during the second half of gestation exhibited insulin resistance during their first three years 

of life, i.e. prior to onset of puberty [1]. Thus, the rise in serum glucose and plasma insulin 

levels induced by intravenous glucose challenge was greater in prepubertal offspring 

delivered to baboon mothers treated with the aromatase inhibitor letrozole, than in animals 

exposed in utero to the normal elevation in estrogen. Therefore, we proposed that estrogen 

normally has an important role in utero during primate pregnancy in programming 

mechanisms within the developing fetus that lead to insulin responsivity and the capacity to 

metabolize glucose in offspring after birth.

It is well established that in adult mammals, gonadal hormones significantly regulate 

pancreatic islet beta-cell integrity and function as well as the secretion and action of insulin 

important for the control of glucose metabolism [reviewed in 2, 3]. For example, androgens 

stimulate whereas estrogen inhibits oxidative stress-induced pancreatic beta cell apoptosis 

[4–6]. Estrogen has also been shown to improve glucose-stimulated insulin secretion [7], 

decrease the incidence of diabetes in postmenopausal women [8, 9] and restore insulin 

sensitivity and glucose metabolism in ovariectomized rhesus monkeys fed with a high-fat 

diet [10]. Estrogen receptor α is abundantly expressed in insulin-sensitive target tissues, 

including skeletal muscle [11–13] and estradiol stimulates insulin sensitivity and enhances 

glucose tolerance in skeletal muscle of adult mice [14–16].

Because gonadal hormones have a profound effect on insulin action and secretion, the 

present study determined whether the insulin resistance and glucose intolerance exhibited by 

offspring of estrogen suppressed mothers during the prepubertal period is retained after 

initiation of gonadal secretion of testosterone and estradiol. Therefore, in the present study, 

intravenous glucose tolerance tests (iv GTT) were performed in postpubertal baboon 

offspring born to mothers untreated or treated with the aromatase inhibitor letrozole.

Materials and methods

Animals

Female baboons (Papio anubis), originally obtained from the Southwest National Primate 

Research Center, San Antonio, TX, were housed individually in large primate cages in air-

conditioned rooms with a 12 h/12 h light/dark lighting cycle and fed standard primate chow 

(Harlan Primate Diet, Madison, WI) twice daily, fresh fruits and vitamins daily and water ad 

libitum. Female baboons were paired with male baboons for 5 days at mid cycle and 

pregnancy confirmed by ultrasound. Pregnant baboons were then either untreated or treated 

daily between days 100 and 165–175 of gestation (term = 184 days) with the aromatase 

inhibitor letrozole (4,4-[1,2,3-triazol-1 yl-methylene]bis-benzonitrate, Novartis Pharma AG, 

Basel, Switzerland; 115 μg/kg body weight/day, via maternal sc injection in 1.0 ml sesame 

oil). Blood samples (2–3 ml) were obtained at 3–5 day intervals during the second half of 

gestation from a peripheral maternal saphenous vein after brief restraint and sedation with 

ketamine HCl (10 mg/kg body weight, im) and serum estradiol levels quantified by immulite 
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radioimmunoassay [17]. On days 165–180 of gestation, offspring were either delivered 

spontaneously or were anesthetized with isoflurane and delivered by cesarean section to 

synchronize the timing of delivery. Baboon newborns that had been untreated (7 females, 4 

males) or treated in utero with letrozole (7 females, 2 males) were then left with and nursed 

by their mothers for 8 months at which time they were weaned and placed in pairs in cages 

adjacent to their respective mothers and fed standard primate chow (Harlan Primate Diet) 

twice daily, fresh fruits and vitamins daily and water ad libitum.

Every 2–6 months thereafter, baboon offspring were briefly sedated with ketamine HCl (10 

mg/kg body weight, im), body weight measured, and blood samples (2–3 ml) obtained 

following sedation with ketamine from a peripheral saphenous vein for the purpose of 

quantifying serum estradiol, testosterone, dehydroepiandrosterone and a panel of 

inflammatory cytokines. The use of baboons for this study was approved by the Institutional 

Animal Care and Use Committees of Eastern Virginia Medical School and the University of 

Maryland, School of Medicine.

Glucose tolerance test in postpubertal baboon offspring at 4¼–8 years of age

An iv glucose tolerance test was performed essentially as described previously [1], 

according to the established method of Overkamp et al. [18], sequentially (1–4 times) on 

each baboon offspring at 6–12 month intervals after onset of puberty between the ages of 4¼ 

(females)/5 (males) years and 8 years of age. Intravenous glucose tolerance test results in 

individual animals did not change between 4¼–8 years of age and thus the data obtained 

from the individual iv GTT performed was averaged to yield a single value for each animal. 

Briefly, baboons were fasted overnight and at 08 : 00 h the following morning sedated with 

ketamine HCl (initially 5–10 mg/kg body weight, im; then 2 mg/kg body weight, iv) and 

positioned on their left side on a 37 °C heating pad. Dextrose (0.25 g/kg body weight) was 

administered as a bolus injection via a 21 gauge needle into an antecubital vein at time 0 h. 

Blood samples (2.5 ml each) were obtained via a sterile catheter (21 gauge) inserted into a 

peripheral saphenous vein at −2 (i.e. basal fasting), 1, 3, 5, 10, 20, 40, 60 and 90 min before/

after dextrose administration. Blood glucose levels were determined via an iStat Portable 

Clinical Analyzer (Model #210003, Abbott Labs, East Windsor, NJ) on 0.1 ml of blood and 

insulin determined in stored (−20 °C) plasma samples using a solid-phase chemiluminescent 

immunometric assay via an Immulite System (Siemens Healthcare Diagnostics, Tarrytown, 

NY) as described previously [1].

Expression of insulin signalling molecules in skeletal muscle before and after iv bolus 
injection of dextrose in baboon offspring at 12–14 years of age

Baboons (all female) were fasted overnight and at 08 : 00 h the following morning were 

sedated with ketamine HCl (0.1 mg/kg): propofol (0.2 mg/kg) infused (0.25 ml saline/min) 

via an antecubital vein. A biopsy of vastus lateralis skeletal muscle was then obtained 

approximately 10 min before and 30 min after iv administration at time 0 h of a bolus of 

dextrose (0.25 g/kg body weight) and frozen/stored (−80 °C). Blood samples (2.5 ml each) 

were obtained via a catheter (21 gauge) inserted into a peripheral saphenous vein at 0 (i.e. 

basal fasting), 1, 3, 5, 10, 20, and 30 min before/after dextrose administration and blood 

glucose and plasma insulin levels determined as outlined above.
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Western immunoblot

Samples of skeletal muscle were homogenized on ice in phosphate-buffered saline 

containing 1 % cholic acid, 0.1 % SDS, 1 mM EDTA (Sigma-Aldrich, St Louis, MO) and a 

protease inhibitor cocktail, as described previously [1]. Briefly, samples (25–50 μg protein) 

were heated to 95° C in Laemmli buffer, cooled, centrifuged (800 × g), loaded onto 10 % 

SDS-polyacrylamide gels (PAGE) and electrophoresed using a Bio-Rad Mini-Protean 

electrophoresis chamber (Bio-Rad Laboratories, Richmond, CA) in 25 mM Tris (pH 8.3), 

192 mM glycine and 0.1 % SDS. Proteins were wet-transferred onto an Immobilon-P 

membrane (Millipore Corp., Bedford, MA), blocked 1 h at room temperature with 5 % BSA 

in 10 mM Tris-HCl, pH 7.5, 150 M NaCl and 0.2 % Tween 20 (TBST), and then incubated 

overnight (4° C) with primary rabbit polyclonal antibodies to: anti-AKT (1 : 500 dilution, 

Cell Signaling, Danvers, MA), anti-pAKT-S473 (1 : 500, Cell Signaling), anti-pAKT-T308 

(1 : 500, Abcam, Cambridge, MA), anti-Glut1 (1 : 500, Abcam), and anti-pGlut4-S488 (1 : 

1000, Abcam). After washing in TBST, membranes were incubated for 1 h at room 

temperature with horseradish peroxidase (HRP)-labeled secondary antibody (Serotec, UK) 

in TBST containing 5 % BSA, washed in TBST, developed with enhanced 

chemiluminescence (GE Healthcare, Pittsburgh, PA) and exposed to Fuji Super RX medical 

x-ray film (Fujifilm Medical Systems, USA, Inc., Roselle, IL). Band intensities were 

quantified using Image J software (National Institutes of Health). Blots were then stripped 

and re-probed using HRP-conjugated GAPDH (1 : 5000, Abcam) as an internal loading 

control and results, arbitrary densitometric units/μg protein, expressed as a ratio to GAPDH. 

Specificity of the primary antibodies was determined previously [1].

Assay of serum steroids and cytokines

Serum levels of estradiol and testosterone were determined by radioimmunoassay using an 

automated chemiluminescent immunoassay system (Immulite; Siemens Healthcare 

Diagnostics, Deerfield, IL) as described previously [17, 19]. A nonhuman primate Cytokine 

Array Q1 Multiple ELISA (Ray Biotech, Norcross, GA) was used for simultaneous 

quantitative measurement of interleukin (IL)-1β, IL-5, IL-6, IL-16, IL-12p70, granulocyte 

macrophage-colony stimulating factor (GM-CSF), interferon gamma and tumor necrosis 

factor alpha (TNFα). Briefly, using reagents and materials provided by the manufacturer, 

serum samples from 5 untreated and 5 letrozole-treated 6–8 year-old offspring and cytokine 

standards were placed onto 75 × 25 mm glass slides pre-coated with identical antibody 

arrays. After blocking, samples were incubated overnight, washed to remove non-specific 

proteins, and then incubated with biotinylated detection antibodies and a streptavidin-

conjugated fluor per manufacturer’s instructions. Slides were then shipped to Ray Biotech 

for detection and quantification of multiple signals using a fluorescence laser scanner. 

Computer generated signal intensities for standards and serum samples were created and 

used to construct standard curves for each cytokine and calculation of serum cytokine levels.

Statistical analysis

Data are expressed as mean ± SE and were analyzed by the Student t test for independent 

observations or the Mann-Whitney “t” test when standard deviations between the groups 
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were different or by Two-Way ANOVA with replication using SAS statistical software (SAS 

Institutes).

Results

Serum steroid hormone levels

In untreated baboons, maternal peripheral serum estradiol levels rose from approximately 

1.5 ng/ml on days 85–120 of gestation to approximately 4.0 ng/ml by day 175. Within 48–72 

h of the onset of letrozole treatment on day 100, maternal serum estradiol levels decreased to 

and remained at approximately 0.1–0.2 ng/ml. Consequently, serum estradiol levels in 

maternal saphenous vein of mothers 2–3 days before delivery of offspring of the current 

study were >95 % lower (P < 0.001) in animals treated with letrozole (0.2 ± 0.1 ng/ml) than 

in animals untreated (3.7 ± 0.4 ng/ml; Table 1). In a contemporaneous group of baboons 

studied at the time of delivery on days 165–180 of gestation, serum estradiol concentrations 

in blood delivered to the fetus (i.e. umbilical vein) of letrozole-treated baboons (0.04 ± 0.01 

ng/ml) were also only 5 % of that (P < 0.001) in untreated animals (0.68 ± 0.26 ng/ml, Table 

1). In contrast, umbilical vein serum testosterone levels on days 165–175 in letrozole-treated 

baboons (3.2 ± 0.7 ng/ml) were 3-fold greater (P < 0.01) than in untreated controls (0.8 ± 0.2 

ng/ml; Table 1).

Postnatal development

Body weight of baboon offspring progressively increased (P < 0.01) throughout postnatal 

life in a comparable manner in animals untreated or treated in utero with letrozole (Tables 2 

and 4). The greater than 1 : 1 ratio of female to male animals in the current study is not the 

result of a disproportionate loss of male vs female fetuses but rather reflects our concomitant 

interest in and study of ovarian development. Thus, as previously shown [19] at 3½–4 years 

of age, female offspring of untreated and letrozole-treated baboons exhibited onset of 

menstrual cycles characterized by comparable increases in serum levels of estradiol during 

the late follicular phase (range 75–125 pg/ml) and 24–48 h prior to the ovulatory surge 

(range 200–350 pg/ml) of LH. At 4½–5 years of age, male offspring of baboons untreated or 

treated with letrozole exhibited an increase in serum testosterone levels from <0.5 to >2 

ng/ml, reflecting the onset of puberty and values remained relatively stable thereafter.

Supplementary Table 1 shows that the mean (± SE) levels of proinflammatory and 

inflammatory cytokines were similar at 6–8 years of age in offspring of baboons untreated or 

treated in utero with letrozole.

Glucose tolerance test in 41/4–8 year-old postpubertal offspring

The results of iv GTT appeared to be comparable in male and female offspring and thus the 

data were combined and data presented as an overall mean for offspring untreated or treated 

in utero with letrozole.

As seen in Table 2, basal fasting levels of glucose immediately prior to the glucose 

(dextrose) tolerance test were not significantly different in offspring from baboons untreated 

(68 ± 2 mg/dl) or treated throughout the second half of gestation with letrozole (67 ± 2 mg/
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dl). However, basal fasting insulin levels were approximately 2-fold greater (P = 0.03) in 

offspring treated prenatally with letrozole (12.0 ± 2.2 μIU/ml) than in untreated animals (6.6 

± 1.0 μIU/ml). Thus, the fasting glucose:insulin ratio in untreated offspring (13.8 ± 3.4) was 

approximately 2-fold lower (P < 0.03) in offspring of letrozole-treated baboons (6.8 ± 1.3, 

Table 2).

The overall mean (± SE) patterns of glucose and insulin levels during the glucose challenge 

test in offspring of untreated and letrozole-treated baboons are shown in Fig. 1a, b. Within 1 

min of a bolus iv injection of dextrose, blood glucose and plasma insulin increased to peak 

levels, then rapidly declined and were restored within 60–90 min to pre-challenge levels. 

However, in baboon offspring treated in utero with letrozole, the peak 1 min post challenge 

levels of glucose (213 ± 6 mg/dl, Fig. 1c) and the net elevation (i.e. 1 min peak minus fasting 

baseline) in glucose (144 ± 6 mg/dl; Fig. 1c) were greater (P < 0.03) than respective values 

in untreated animals (195 ± 5 mg/dl and 127 ± 6 mg/dl, respectively). Similarly, the peak 1 

min level (Fig. 1d) and the net elevation in insulin (Fig. 1d) in offspring of letrozole-treated 

animals (104.0 ± 13.3 μIU/ml; 91.9 ± 12.3 μIU/ml, respectively) were approximately 35 % 

greater than respective values in untreated offspring (71.8 ± 10.7 μIU/ml and 65.2 ± 10.6 

μIU) although the latter differences did not achieve statistical significance (P = 0.08 and P = 

0.12, respectively).

As seen in Table 3, when the 1, 3 and 5 min levels of glucose were averaged and corrected 

for baseline level and also calculated as area under the curve (AUC, 1–5 min), respective 

mean levels were greater (P = 0.06, P < 0.05, P = 0.07, respectively) in baboon offspring 

treated prenatally with letrozole (185 ± 5 mg/dl, 116 ± 4 mg/dl, 733 ± 20 mg/dl) than in 

offspring untreated. However, the mean 1, 3 and 5 min level of insulin, mean level of insulin 

at 1, 3 and 5 min minus fasting and insulin AUC (1–5 min) in offspring of letrozole-treated 

baboons (72.3 ± 9.6 μIU/ml; 60.2 ± 8.8 μIU/ml; and 281 ± 38 μIU/ml, respectively) were not 

significantly different from respective values in offspring of untreated animals (Table 3).

The overall mean value for the HOMA-IR, an accepted index of insulin resistance, was 2-

fold greater (P < 0.05) in offspring delivered to baboons treated with the aromatase inhibitor 

letrozole (2.09 ± 0.47) than in untreated animals (1.11 ± 0.17, Fig. 2).

As seen in Table 4, basal fasting levels of glucose and insulin immediately prior to an iv 

bolus injection of dextrose were similar in 12–14 year-old offspring of baboons untreated 

(72 ± 2 mg/dl and 10.5 ± 4.3 μIU/ml) or treated throughout the second half of gestation with 

letrozole. Consequently, the HOMA-IR was also similar in the older offspring from baboons 

untreated or treated with letrozole. Table 4 also shows that the respective values for areas 

under the curve for glucose (515 ± 21 mg/dl) and insulin (253 ± 80 μIU/ml) were similar in 

12–14 year-old baboon offspring untreated or treated prenatally with letrozole.

Skeletal muscle of 12–14 year-old baboon offspring untreated or treated with letrozole in 

utero expressed AKT phosphorylated at serine 473 (pAKTser) or threonine 308 (pAKTthr), 

total AKT, and Glut4 phosphorylated at serine 488 (pGlut4) and Glut1 and representative 

examples of these components of the insulin signalling pathway are shown in 

Supplementary Fig 1. As seen in Fig 3, skeletal muscle levels of total AKT, pAKTser, 
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pAKTthr, pGlut4 and Glut1 expressed as a ratio to GAPDH were similar in the basal state 

and after dextrose/insulin challenge and not altered by letrozole treatment. However, two-

way ANOVA confirmed that regardless of treatment in utero, compared to basal state, the 

ratio of pAKTser/total AKT was increased (P < 0.05) following the dextrose challenge.

Discussion

We previously showed that offspring delivered to baboon mothers in which estrogen levels 

were suppressed during the second half of gestation exhibited glucose intolerance and 

insulin resistance during their first 3 years of life and thus prior to the onset of puberty and 

gonadal hormone secretion [1]. The results of the present study demonstrate that the 

offspring of estrogen-deprived baboons continue to exhibit insulin resistance/glucose 

intolerance after puberty. Thus, the peak rise in blood glucose levels induced by a glucose 

challenge in 41/4–8 year-old postpubertal offspring delivered to baboons in which estrogen 

had been suppressed throughout the second half of pregnancy was greater than in animals 

exposed in utero to the normal elevation in estrogen. In addition, the exaggerated rise in 

glucose levels of estrogen-suppressed baboon offspring was associated with higher basal 

fasting levels of plasma insulin and the HOMA-IR. Collectively, these results suggest that 

peripheral glucose uptake and/or metabolism were impaired, a condition consistent with 

insulin resistance. Therefore, because insulin resistance was maintained through age 8 in the 

postpubertal period and was not reversed by exposure of offspring to endogenous estradiol 

(females) or testosterone (males) production, we propose as originally put forth by our group 

[1] that estrogen normally has an important role in programming mechanisms in utero within 

the developing fetus that lead to insulin sensitivity and the capacity to metabolize glucose 

after birth.

Others have shown that ERα-null mice develop insulin resistance, glucose intolerance and 

decreased glucose uptake in skeletal muscle [20–24] and that administration of 

phytoestrogen to mice throughout gestation enhanced glucose tolerance in offspring at 

adulthood [25]. Moreover, impaired insulin sensitivity and glucose metabolism has 

previously been demonstrated in aromatase-null mice [26, 27] and male and female human 

offspring and thus also developed in an estrogen-suppressed intrauterine environment [28–

30]. Estrogen treatment reversed insulin resistance and normalized serum insulin levels in 

aromatase-deficient mouse offspring [27].

The extent of insulin resistance based on peak glucose and insulin levels after iv glucose 

challenge and HOMA-IR elicited in offspring of baboon mothers deprived of estrogen in 

utero is comparable to findings in humans with pre-diabetes/diabetes. For example, in 

women with gestational diabetes, postpartum serum glucose levels after an oral GTT were 

14 % greater than respective values in normal women and associated with impaired insulin 

signaling in skeletal muscle [31]. Similarly, in young adult women born preterm, a condition 

which increases risk for development of diabetes, the insulin sensitivity index was 11.9 % 

lower and insulin secretion 19.9 % higher than respective values in women born full term 

leading the authors to conclude that the latter indices of insulin resistance represent an early 

stage in the pathway to type 2 diabetes [32]. Ibanez et al. [33] also showed that the fasting 

insulin resistance index which is virtually identical to HOMA-IR was 50 % higher in women 
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with type 2 diabetes or impaired glucose tolerance than in healthy non-diabetic women. 

Finally, estrogen deprived baboon offspring exhibited lower sensitivity to insulin soon after 

birth (1), whereas offspring born to untreated mothers remained insulin sensitive throughout 

the first 8 years of life then develop insulin resistance by 12–14 years of age. Although it 

remains to be determined whether offspring of estrogen-suppressed mothers will develop 

type 2 diabetes, humans with aromatase gene deficiency exhibit insulin resistance which 

frequently progresses to type 2 diabetes early in life [28].

Although we have proposed that estrogen programs mechanisms within the fetus important 

for glucose homeostasis after birth [1], testosterone levels were elevated in letrozole-treated 

baboon fetuses and androgens in high levels have been shown to impair insulin sensitivity 

[34]. Thus, maternal administration of testosterone during early gestation to rhesus monkeys 

and sheep elicited insulin resistance and glucose intolerance in the offspring [35–37]. 

However, key aspects of the testosterone-treated sheep model, notably adipocyte size, were 

not prevented by blocking androgen action, suggesting that the effects of prenatal exposure 

to excess androgen may in part be mediated by estrogen [38]. Therefore, although we 

propose that the elevated levels of estrogen in primate pregnancy have a major role in 

developing insulin sensitivity after birth, it is possible that the insulin resistance induced in 

offspring of letrozole-treated baboons results from a combination of estrogen-suppression 

and androgen excess and thus an alteration in the ratio of estrogen and androgen.

As reviewed by Del Prato and colleagues [39, 40], type 2 diabetes is a multifactorial disorder 

that results from prevalent insulin resistance associated with deficient insulin secretion or a 

prevalent defect in insulin secretion associated with impaired insulin action. Although there 

is an extremely high frequency of insulin resistance in type 2 diabetics, insulin resistance 

alone is insufficient to cause diabetes which ensues following impairment of beta cell 

function/insulin release. It is well established that in patients with impaired glucose 

tolerance (i.e. insulin resistant) or in the early stages of type 2 diabetes, first-phase insulin 

release is almost always lost, whereas second phase insulin secretion is often increased [41, 

42]. In the current study, the basal levels of insulin, the HOMA-IR and levels of glucose 1–5 

min after dextrose challenge in postpubertal offspring deprived of estrogen in utero 

significantly exceeded respective values in untreated offspring and collectively indicate that 

offspring deprived of estrogen in utero are glucose intolerant and insulin resistant. However, 

the levels of insulin 1–5 min post-dextrose challenge in letrozole-treated offspring were 

35 % but not significantly higher than that achieved in untreated offspring that exhibited 

normal glucose tolerance. Thus, it is possible but remains to be determined that because of 

the continued resistance of peripheral tissues, e.g. skeletal muscle, to insulin over time in 

offspring deprived of estrogen in utero, the response of the pancreatic beta cell and thus first 

stage insulin release which occurs 1–10 min after intravenous glucose challenge has become 

compromised.

The results of the current study also indicate that the persistence of glucose intolerance and 

insulin resistance after onset of puberty in offspring of letrozole-treated baboons is likely not 

the result of an alteration in production of inflammatory cytokines which have been shown 

to promote insulin resistance and islet cell dysfunction in adult mammals [43, 44]. Thus, the 

serum levels of IL-1β, IL-5, IL-6, IL-16 and IL-12-P70 as well as GM-CSF, IFNy and 
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TNFα in offspring of letrozole-treated animals were not different from respective values in 

untreated offspring. Although it is well established that increased food intake/adiposity 

promotes insulin resistance [45], it is also unlikely that the latter are the cause of insulin 

resistance in letrozole-treated offspring as growth and body weights were comparable in the 

untreated and letrozole-treated offspring. Stress is also not likely to be a causative factor as 

we have recently shown that serum cortisol levels are comparable in offspring born to 

mothers untreated or treated in utero with letrozole [46]. Because maternal insulin sensitivity 

and glucose tolerance were normal in letrozole-treated baboons [1], it appears that the defect 

in insulin sensitivity in offspring of letrozole-treated baboons is also not the result of a 

change in maternal glucose metabolism.

It is also apparent that by 12–14 years of age, although the number of baboons studied was 

relatively small, the offspring of untreated baboons have developed insulin resistance. Thus, 

the mean basal plasma insulin level and HOMA-IR in untreated 12–14 year-old offspring 

were comparable to respective values in offspring of letrozole-treated animals studied at 

4¼–8 years of age. The factors contributing to this increase, remain to be determined but 

may simply reflect the fact that nonhuman primates and humans exhibit increased incidence 

of insulin resistance/diabetes with age [47, 48]. Although exercise promotes insulin 

sensitivity/glucose tolerance, it seems unlikely that the latter accounts for the age-related 

increase in HOMA-IR in the untreated baboon offspring, since the baboons are comparably 

housed and difference in exercise would presumably also impact offspring of letrozole-

treated animals.

The insulin-dependent signaling pathways in skeletal muscle are upregulated via 

phosphotidylinositol-3-kinase which phosphorylates Akt at threonine 308, but only partially 

activates Akt and at serine 473 which fully activates Akt, thereby initiating events important 

for glucose uptake and metabolism [49, 50]. The results of the current study show that 

following glucose challenge (increased insulin), the ratio of the levels of skeletal muscle 

pAKTser to total AKT was significantly increased in 12–14 year-old offspring untreated or 

treated with letrozole, indicating that this key component of insulin signaling in skeletal 

muscle was responsive to insulin in both groups of baboons. Phosphorylation of pAKTser 

was also increased in insulin-sensitive and to a lesser degree in insulin-resistant adult 

baboons, 30–120 min during euglycemic insulin clamp [51]. However, levels of pGlut 4 

which becomes functional following translocation to the membrane and Glut–1 which 

modulates basal glucose uptake were not altered. Chavez et al. [51] previously showed that 

expression of AKT, Glut-1 and Glut-4 was also similar in skeletal muscle before and 30–120 

min during euglycemic insulin clamp of insulin sensitive and insulin resistant adult baboons. 

Presumably, the similar level of expression of these molecules and perhaps others 

throughout the network of pathways governing insulin action, in 12–14 year-old offspring of 

untreated and letrozole-treated baboons of the current study reflects the absence of a 

difference in insulin sensitivity in the latter two groups.

In summary, the present study shows that offspring delivered to baboons in which estrogen 

had been suppressed throughout the second half of pregnancy exhibit insulin resistance/

glucose intolerance after puberty. Therefore, because insulin resistance of offspring deprived 

of estrogen in utero was maintained and not rectified by exposure to the increased levels of 
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gonadal hormones at puberty, we propose as originally put forth by our group [1] that 

estrogen normally has an important role in programming mechanisms in utero within the 

developing fetus that lead to insulin sensitivity and the capacity to metabolize glucose after 

birth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a, b: Serum levels and patterns of blood glucose a and plasma insulin b before and after iv 

administration at time 0 min of a bolus of dextrose in 4¼–8 year-old postpubertal baboons 

delivered to mothers untreated (n = 11) or treated in utero with letrozole (n = 9) as described 

in legend to Table 1. Values are the means ± SE of the average of 1–4 glucose challenge tests 

performed longitudinally (i.e. every 6–12 months) in each animal at 4¼ to 8 years of 

postnatal life. c, d: Blood glucose c and plasma insulin d levels, expressed as 1 min peak and 

1 min peak minus fasting baseline levels after administration of an iv bolus of dextrose for 

the baboon offspring in which the patterns of glucose and insulin are shown in Panels A and 

B. *P = 0.03 vs. untreated. #P = 0.08 vs. untreated
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Fig. 2. 
HOMA-IR (basal fasting glucose x basal fasting insulin levels ÷ 405) for the same 4¼ to 8 

year-old baboon offspring in which serum glucose and insulin levels are shown in Fig. 1. *P 
< 0.05 vs. untreated
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Fig. 3. 
Skeletal muscle insulin signaling molecule protein levels before (0) and 30 min (30) after 

bolus iv injection of dextrose to 12–14 year-old offspring delivered to baboons untreated (n 
= 4) or treated with letrozole (n = 4). Values are the means (± SE). * Regardless of 

treatment, mean value at 30 min exceeds that at 0 min (P < 0.05)
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Table 1

Serum levels (ng/ml) of estradiol in maternal saphenous vein of baboons of the current study and of estradiol 

and testosterone in umbilical vein in late gestation in a contemporaneous group of baboons untreated or treated 

with letrozolea

Maternal Umbilical vein

Estradiol Estradiol Testosterone

Untreated 3.7 ± 0.5 0.68 ± 0.26 0.8 ± 0.2

Letrozole 0.2 ± 0.1* 0.04 ± 0.01* 3.2 ± 0.7*

*
P < 0.05 vs untreated

a
Baboons untreated (n = 11) or treated on days 100–165/175 of gestation (term = 184 days) with letrozole (115 μg/kg body weight/day via 

maternal sc injection, n = 9)
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