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Intrauterine growth restriction and accelerated postnatal
growth predict increased risk of diabetes. Uteroplacental in-
sufficiency in the rat restricts fetal growth but also impairs
mammary development and postnatal growth. We used cross
fostering to compare the influence of prenatal and postnatal
nutritional restraint on adult glucose tolerance, insulin se-
cretion, insulin sensitivity, and hypothalamic neuropeptide Y
content in Wistar Kyoto rats at 6 months of age. Bilateral
uterine vessel ligation (restricted) to induce uteroplacental
insufficiency or sham surgery (control) was performed on d-18
gestation. Control, restricted, and reduced (reducing litter
size of controls to match restricted) pups were cross fostered
onto a control or restricted mother 1 d after birth. Restricted
pups were born small compared with controls. Restricted
males, but not females, remained lighter up to 6 months, re-
gardless of postnatal environment. By 10 wk, restricted-on-

restricted males ate more than controls. At 6 months
restricted-on-restricted males had increased hypothalamic
neuropeptide Y content compared with other groups, and to-
gether with reduced-on-restricted males had increased ret-
roperitoneal fat weight (percent body weight) compared with
control-on-controls. Restricted-on-restricted males had im-
paired glucose tolerance, reduced first-phase insulin secre-
tion, but unaltered insulin sensitivity, compared with control-
on-controls. In males, being born small and exposed to an
impaired lactational environment adversely affects adult glu-
cose tolerance and first-phase insulin secretion, but improv-
ing lactation partially ameliorates this condition. This study
identifies early life as a target for intervention to prevent
later diabetes after prenatal restraint. (Endocrinology 149:
3067–3076, 2008)

UTEROPLACENTAL INSUFFICIENCY is responsible
for much of the intrauterine growth restriction ob-

served in Western society and increases the predisposition to
adult metabolic diseases (1–3). Similarly, in nonhuman spe-
cies, fetal growth restriction induced by uteroplacental re-
striction can impair whole body glucose tolerance and in-
sulin secretion (4, 5), cause insulin resistance (5, 6), and
induce obesity in offspring (4, 7). Additional evidence sug-
gests that early postnatal accelerated growth in infants who
were born small also predicts a range of metabolic diseases
(2, 8). Increased weight gain in childhood, especially in those
of low birth weight, independently predicts an increased risk
of cardiovascular disease and diabetes (9–11). However,
other studies suggest that slowed postnatal growth, espe-
cially during the first year, can lead to insulin resistance (12).
Although this suggests that factors affecting growth at dif-
ferent developmental stages both before and after birth can
influence later metabolic health, their precise impact is un-

clear. Similarly, variability in the reported outcome of utero-
placental insufficiency for later glucose tolerance and insulin
action in the rat may occur in part from differences in early
postnatal handling of offspring (4, 13–15).

Uteroplacental insufficiency induced by bilateral uterine
artery ligation in late gestation in the rat restricts fetal
growth, and induces fasting hyperglycemia, early onset in-
sulin secretory defects, hepatic insulin resistance, obesity,
and impaired glucose tolerance in adult offspring (4, 6).
However, in another study similar uteroplacental restriction
impaired glucose tolerance and insulin secretion and sensi-
tivity in female offspring only (13). More recently we found
that uteroplacental insufficiency does not alter glucose tol-
erance, insulin secretion, or relative adiposity in male or
female adult offspring (14). These variable outcomes may
occur in part from differences in the postnatal environment
to which prenatally growth-restricted offspring were ex-
posed, with the greatest adverse impact in those offspring
that were cross fostered onto control mothers (4, 13). Leaving
placentally growth-restricted offspring with their mothers
may prevent their exposure to excess nutrition postnatally.
We have previously shown that uteroplacental insufficiency
impairs mammary function, compromises milk quality and
quantity, and reduces calcium transport into milk, further
restraining postnatal growth (16, 17). Restricted dams with
lower circulating progesterone experienced premature lac-
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togenesis, producing less milk per pup with altered compo-
sition compared with controls, further slowing growth dur-
ing lactation. Reducing the litter size of pups born of normal
birth weight (reduced litter) was also associated with de-
creased pup growth, highlighting the importance of appro-
priate controls. These findings highlight the importance of
separating the influence of the prenatal and postnatal nu-
tritional environments on long-term outcomes, providing a
rationale for our current study. Reductions in litter size in
control mothers, a common experimental control used in
many studies, actually impaired glucose tolerance and in-
sulin sensitivity in adult offspring (4, 18, 19). Because a mod-
est reduction in litter size impairs mammary development
and function in the rat (17), this suggests that compromised
early postnatal nutrition and growth can impact adversely on
later metabolic health (4, 13). Overall, these findings suggest
that the impact of prenatal growth restriction on later met-
abolic control may be modifiable by the postnatal environ-
ment, which may also have its own separate effects.

Prenatal restraint and its interaction with postnatal nutri-
tion may program later diabetes via influences on body com-
position and adiposity. People who are light and thin at birth
tend to have a more abdominal distribution of adiposity than
normal weight babies, as well as reduced muscle mass and
high body fat content in adolescence and adulthood (20–22).
Catch-up growth and weight gain in childhood also predict
later obesity (23). In the rat, uteroplacental insufficiency in-
duces adult obesity in offspring in some (4, 7), but not all (14,
24) studies, with cross fostering onto control mothers most
consistently associated with later obesity (4). Placental re-
striction in other species can also program later obesity in
association with increased appetite, suggesting altered sati-
ety control (7). In the adult, appetite homeostasis is primarily
controlled by neurons in specific hypothalamic subregions of
the brain and the key appetite stimulating or inhibiting pep-
tides, which they synthesize (25, 26). Local expression of a
major orexigenic peptide, neuropeptide Y (NPY), which is
synthesized in cell bodies that lie in the arcuate nucleus
(ARC), is increased in response to energy deficit, and acti-
vates several pathways to stimulate food intake and reduce
energy expenditure (27). The hypothalamic circuits regulat-
ing appetite are immature at birth, developing in the early
postnatal period, and are influenced by ambient leptin con-
centrations in the rodent at least (28). Hypothalamic NPY
content has been increased by early postnatal nutritional
restraint, induced by increasing litter size (29). However, it
is less clear to what extent changes in hypothalamic regu-
lators of appetite may persist long term.

Therefore, we hypothesized that uteroplacental insuffi-
ciency would impair adult glucose tolerance, insulin secre-
tion and sensitivity, as well as increase adiposity and hypo-
thalamic NPY content in adult offspring, and this would be
ameliorated with restoration of postnatal nutrition through
cross fostering. We further hypothesized that exposure to
impaired postnatal nutrition only, by cross fostering control
pups onto restricted mothers with impaired mammary de-
velopment or by modestly reducing litter size (17), would
also impair glucose tolerance and insulin sensitivity in adult
offspring.

Materials and Methods
Animals

All experiments were approved by The University of Melbourne
Animal Ethics Committee before commencement. Wistar Kyoto rats
(9–13 wk of age) were obtained from the Australian Resource Centre
(Murdoch College, Western Australia, Australia), and were provided
with a 12-h light, 12-h dark cycle and had access to food and water ad
libitum.

On d-18 gestation, pregnant rats were randomly allocated to re-
stricted or control (sham surgery) groups. The restricted group under-
went bilateral uterine artery and vein ligation to induce uteroplacental
insufficiency as described previously (16, 17, 24). At birth, half the litters
from the control (sham surgery) group (litter size nine to 14 pups) had
their litter size randomly reduced to five to match the restricted group
(24). Pups from each of the three groups (control, reduced, and re-
stricted) were cross fostered the day after birth onto a different control
mother or restricted mother as previously described (24). This generated
six experimental groups: (pup-on-mother) control-on-control, control-
on-restricted, reduced-on-restricted, reduced-on-control, restricted-on-
control, and restricted-on-restricted, with a similar number of male and
female pups in each litter. All pups remained with their mothers and
then were weaned at postnatal d 35 as in previous studies (24).

Growth measurements and food intake

Because individual pups were not identified until postnatal d 3,
weights at d 1 were taken as the average of the entire litter for a particular
sex. From postnatal d 14, individual offspring from at least seven dif-
ferent litters per group were studied. To analyze growth profiles, off-
spring were weighed on postnatal d 1, 14, 28, and 35, as well as 6, 8, 10,
14, 16, 18, and 22 wk and 6 months (n � 22–68 male and female offspring
per group). Dimensions (crown rump length and hind limb length)
using digital vernier calipers (accurate to 0.01 mm) and abdominal
circumference were measured at 6 months of age (n � 19–40 male and
female offspring per group). Food intake (5–8, 10, and 12 wk) was
measured during the rapid growth phase in rats that were housed
individually (n � 20–46 male and female offspring per group).

Intra-arterial glucose tolerance test (IAGTT) and insulin
challenge (IC)

At 6 months of age, offspring (one male and one female offspring from
six to 11 different mothers per group) were weighed and given a single
ip dose of anesthetic [ketamine: 50 mg/kg body weight; Ilium Xylazil-20
(Troy Laboratories Pty. Ltd., Smithfield, New South Wales, Australia):
10 mg/kg body weight] and analgesic (temgesic: 0.05 mg/kg body
weight), and the carotid artery was catheterized, with the catheter ex-
teriorized between the shoulder blades. IAGTTs were performed 2 d
after catheterization after an overnight fast as previously described (14).
Animals remained conscious and unrestrained in their cage throughout
the experiment. Glucose (25 g in 50 ml 50%; Pharmalab, Lane Cove, New
South Wales, Australia; 0.5 g/kg body weight) was administered via the
carotid artery catheter, followed immediately by 0.2 ml saline. Intra-
arterial administration of glucose was chosen rather than ip because it
provides a better measure of insulin secretion with an almost instan-
taneous first-phase response after the glucose bolus is given (30). Arterial
blood samples were collected via the catheter 10 and 5 min before, and
1, 3, 5, 10, 20, 30, 40, 60, and 120 min after glucose injection. Blood
removed was replaced with a similar volume of saline.

In a separate cohort of animals (n � 4–8 male and female offspring
per group), an insulin tolerance test or IC was performed after an
overnight fast. A sc injection of insulin (Actrapid; Novo Nordisk Phar-
maceuticals, North Rocks, New South Wales, Australia; 1 U/kg body
weight) was administered. Tail vein blood samples were collected 5 min
before, and 20, 40, and 60 min after insulin injection. Plasma was stored
at �20 C until further analysis.

Postmortem tissue and blood collection

Approximately 3–6 d after tolerance testing, nonfasted rats were
anesthetized with an ip injection with ketamine (30 mg/kg body weight)
and Ilium Xylazil-20 (225 mg/kg body weight). After decapitation,
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brains were rapidly removed and dissected on ice into subregions of the
hypothalamus containing the paraventricular nucleus (PVN), ARC, dor-
sal medulla, and preoptic area (27). Brain regions were stored at �80 C
until extraction and determination of NPY content, as described previ-
ously (31). Hind limb soleus and extensor digitorum longus (EDL)
muscles from the left leg, as well as omental, retroperitoneal, and dorsal
fat were excised and weighed.

Plasma analyses

Plasma glucose was measured in duplicate by colorimetric enzymatic
analysis on an automated centrifugal analyzer (COBAS Mira; Roche
Diagnostics Corp., Indianapolis, IN). Plasma insulin was measured us-
ing a RIA kit (Linco Pty. Ltd., Australian Laboratory Services, Sydney
Markets, New South Wales, Australia). Fasting plasma glucose or in-
sulin was taken as the average of two time points (10 and 5 min before
injection) for the IAGTT and 5 min before injection for the IC, respec-
tively. First-phase insulin secretion was calculated as the incremental
area under the insulin curve between 0 and 5 min after the intra-arterial
injection of glucose. To assess glucose tolerance, glucose concentrations
were measured after 10 min (IAGTT) because this time point best reflects
the response to elevated secretion of insulin by each of the major de-
terminants of glucose homeostasis, such as the pancreas, liver, and
skeletal muscle (32). Homeostasis model assessment for insulin resis-
tance (HOMA-R) was determined because it provides an indication of
the effectiveness of fasting insulin levels to regulate blood glucose levels
calculated using the following formula: fasting plasma insulin (�U/
ml�1) � fasting plasma glucose (mmol/liter�1) � 22.5. This HOMA-R
measure has correlated highly with whole-body insulin resistance in
humans (33) and rats (34).

Statistical analyses

Glucose tolerance, insulin secretion, and insulin sensitivity data from
the IAGTT and IC were analyzed using two-way repeated measures
ANOVA [time (within factor) � treatment group (between factor)]. All
other measures were analyzed using one-way ANOVA, with Duncan’s
post hoc analysis used where appropriate. All data were normally dis-
tributed and presented as mean � se, with the level of significance set
at P � 0.05.

Results
Litter size, body weight, and dimensions

Bilateral uterine vessel ligation reduced litter size (6.0 �
0.22) compared with controls (9.3 � 0.24) on d 3 after birth
(P � 0.05). Prenatally growth-restricted male pups were
lighter compared with control-on-control males from post-
natal d 1 (restricted-on-restricted by 21% and restricted-on-
control by 14%), up to d 35, regardless of postnatal environ-
ment (P � 0.05; Table 1). Restricted-on-control males were
heavier (P � 0.05) than restricted-on-restricted males from
postnatal d 14 up to 10 wk of age. However, both prenatally
growth-restricted males, regardless of postnatal exposure,
remained lighter than control-on-control males at 6 months
(P � 0.05; Table 2). Reducing the litter size of mothers ex-
posed to sham surgery and then cross fostering onto a mother
with poor lactation (reduced-on-restricted) reduced weight
of male pups (P � 0.05) compared with controls on postnatal
d 3 (data not shown), and these offspring remained lighter
than control-on-control males up to 6 months of age (�9%).
Reduced-on-control and control-on-restricted male offspring
grew similarly to control-on-control offspring from birth to
6 months. Prenatally growth-restricted male adults were
shorter (�3%; P � 0.05) than control-on-control males at 6
months (Table 2). Control-on-control males also had longer
(�3%; P � 0.05) hind limbs than restricted-on-control, but
not restricted-on-restricted, males. Abdominal circumfer-
ence in male adults was not different across groups (Table 2).

Female restricted-on-restricted pups were lighter than
control-on-controls on postnatal d 1 (�17%; P � 0.05; Table
1). Furthermore, restricted-on-restricted and restricted-on-
control female pups were lighter than control-on-restricted
and reduced-on-control female pups on postnatal d 1 (�15
to 20%; P � 0.05). On postnatal d 14, restricted-on-control and

TABLE 1. Effect of prenatal and postnatal growth restriction and cross fostering on body weight from birth to 6 months of age

Pup-on-mother Control-on-control Control-on-restricted Reduced-on-restricted Reduced-on-control Restricted-on-control Restricted-on-restricted

Male offspring
d 1 3.93 � 0.72b 4.04 � 0.63b 3.94 � 0.45b 4.26 � 0.79c 3.61 � 0.69a 3.58 � 0.40a

d 14 22.09 � 2.06d 21.22 � 2.36c 19.46 � 3.10b 22.07 � 2.47d 19.57 � 2.43b 16.50 � 4.30a

d 28 58.68 � 5.48cd 57.16 � 4.98c 53.75 � 5.84b 59.57 � 5.66d 54.93 � 8.47b 46.80 � 8.47a

d 35 87.73 � 7.93c 86.40 � 7.19c 82.25 � 8.78b 87.52 � 6.50c 81.51 � 7.64b 74.47 � 11.70a

wk 6 121.2 � 13.3c 119.5 � 13.6c 113.9 � 8.8b 121.2 � 12.6c 112.6 � 12.7b 101.8 � 17.9a

wk 8 199.0 � 19.5e 191.4 � 19.9cd 187.1 � 20.5bc 196.5 � 16.6de 183.5 � 17.3b 177.0 � 29.8a

wk 10 248.3 � 20.5c 243.0 � 26.1bc 240.0 � 19.8b 247.9 � 15.3c 239.2 � 21.7b 222.3 � 25.7a

wk 14 313.4 � 25.1c 301.2 � 28.2b 296.8 � 27.5b 313.0 � 19.2c 282.3 � 22.6a 283.9 � 28.4a

wk 16 326.9 � 36.7bc 323.3 � 29.4bc 317.0 � 29.4ab 331.2 � 20.5c 306.3 � 28.2a 304.0 � 29.5a

wk 18 350.0 � 31.7d 332.7 � 34.5bc 336.2 � 27.5c 334.2 � 29.7cd 320.2 � 32.0a 324.5 � 27.7ab

wk 22 371.1 � 32.0b 351.4 � 36.6a 354.9 � 36.7a 368.6 � 23.1b 342.3 � 36.4a 345.3 � 33.3a

Female offspring
d 1 3.61 � 0.81b 3.82 � 0.55c 3.89 � 0.43c 4.11 � 0.73d 3.49 � 0.47ab 3.42 � 0.49a

d 14 21.71 � 1.78d 20.77 � 2.56c 19.32 � 3.12b 20.91 � 2.96c 19.24 � 4.06b 18.40 � 2.82a

d 28 55.10 � 4.35c 54.17 � 5.58c 51.60 � 5.31b 53.72 � 6.59c 51.38 � 9.32b 48.30 � 8.15a

d 35 79.29 � 5.89e 78.03 � 6.70de 74.87 � 7.08bc 76.43 � 7.40cd 72.82 � 9.32ab 71.75 � 7.62a

wk 6 103.1 � 11.3c 102.7 � 9.9c 98.04 � 6.84b 102.1 � 10.5c 97.29 � 9.84b 92.60 � 8.78a

wk 8 151.7 � 14.8b 151.5 � 13.1b 144.9 � 11.6a 154.2 � 15.8b 144.8 � 13.4a 146.2 � 13.6a

wk 10 186.3 � 16.9bc 188.3 � 17.0c 183.5 � 11.2bc 181.7 � 14.6ab 182.3 � 14.4ab 177.4 � 12.5a

wk 14 223.8 � 15.4bc 223.7 � 21.9bc 214.4 � 15.7a 230.4 � 27.4c 213.3 � 17.0a 218.2 � 17.1ab

wk 16 227.0 � 33.3ab 227.3 � 20.3ab 221.7 � 10.3a 236.5 � 27.2b 223.8 � 14.2a 228.4 � 24.9ab

wk 18 236.1 � 14.8ab 239.9 � 30.7b 227.8 � 11.0a 239.1 � 28.3b 229.3 � 17.7a 232.4 � 19.0ab

wk 22 245.4 � 15.0ab 243.8 � 29.1ab 235.8 � 13.8a 247.4 � 29.1b 235.8 � 17.3a 241.5 � 22.0ab

Body weight (in grams) measured for male and female offspring. All data are expressed as mean � SE (n � 22–68). Significant differences
(P � 0.05) across the groups are indicated by different letters: a is different from b, but not different from ab.
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reduced-on-restricted female pups were approximately 9%
lighter (P � 0.05) than control-on-control females (Table 1).
By d 35, restricted-on-restricted female pups were 9% lighter
(P � 0.05) than control-on-control pups, whereas reduced-
on-restricted pups were only 5% lighter. There was no dif-
ference in female body weight or hind limb length across
groups at 6 months (Table 2). At 6 months, crown rump
length was not different from control-on-control for any of
the female offspring. Control female pups cross fostered onto
a restricted mother had a lower (�6 to 9%; P � 0.05) ab-
dominal circumference at 6 months of age when compared
with control-on-control, reduced-on-control, and restricted-
on-control (Table 2).

Food intake

At 5 wk, male reduced-on-restricted pups ate more (�23%;
P � 0.05), and restricted-on-restricted males ate less (�17%;
P � 0.05) than control-on-controls (Table 3). At 6 wk, control-
on-control male offspring ate less than all other males. By wk
8, restricted-on-control ate more (�9%; P � 0.05) than re-
stricted-on-restricted males (Table 3). At 10 wk, control-on-
restricted and restricted-on-restricted male offspring ate
more (�12 and 16%, respectively; P � 0.05) than control-
on-controls. Female reduced-on-restricted pups ate more at

wk 5 (�19%) and wk 8 (�10%; P � 0.05) compared with
control-on-controls (Table 3). Whereas, restricted female
pups fostered onto a different restricted mother ate less
(�16%; P � 0.05) than control-on-controls at 5 wk. By wk 10,
reduced-on-restricted female offspring ate less (P � 0.05)
than control-on-controls (Table 3). At 12 wk of age, female
control-on-restricted pups ate less (�11%; P � 0.05) than
control-on-control.

Plasma glucose and insulin, glucose tolerance assessment,
HOMA-R, and insulin sensitivity

Fasting plasma glucose was not altered by prenatal or
lactational restraint, cross fostering, or sex (Table 4). All
animals showed a typical response to a glucose load, with an
instantaneous increase in plasma glucose 1 min after the
bolus, with circulating glucose concentrations returning to
basal after 60–120 min. In the male offspring, there were clear
differences in glucose concentrations between groups 1 min
after the glucose load, with those subjected to uteroplacental
insufficiency followed by a poor lactational environment
(restricted-on-restricted) having increased concentrations
compared with controls. Furthermore, plasma glucose con-
centrations at 10 min after the commencement of the IAGTT
were increased (�28%; P � 0.05) in reduced-on-restricted

TABLE 2. Effect of prenatal and postnatal growth restriction and cross fostering on body weight and dimensions in adult offspring

Pup-on-Mother Body weight (g) Crown rump
length (mm)

Hind limb
length (mm)

Abdominal
circumference (mm)

Male offspring
Control-on-control 386.1 � 7.0b 210.0 � 2.0b 55.7 � 0.4b 163.3 � 3.0
Control-on-restricted 368.9 � 2.3ab 205.8 � 1.5ab 55.7 � 0.3b 162.9 � 2.9
Reduced-on-restricted 351.8 � 9.5a 208.3 � 1.7ab 55.4 � 0.4ab 161.4 � 3.3
Reduced-on-control 368.4 � 7.0ab 206.3 � 1.4ab 55.3 � 0.4ab 166.8 � 3.4
Restricted-on-control 355.4 � 7.1a 203.7 � 1.6a 54.0 � 0.4a 161.1 � 2.7
Restricted-on-restricted 353.9 � 6.9a 203.8 � 1.5a 54.3 � 0.5ab 163.8 � 2.8

Female offspring
Control-on-control 239.3 � 4.1 180.8 � 1.4abc 49.3 � 0.4 140.1 � 2.3b

Control-on-restricted 233.1 � 6.5 183.2 � 1.1bc 50.3 � 0.3 131.4 � 4.2a

Reduced-on-restricted 226.9 � 4.7 184.4 � 1.6bc 50.2 � 0.4 138.4 � 3.2ab

Reduced-on-control 238.3 � 3.7 185.6 � 0.9c 49.8 � 0.4 142.8 � 2.2b

Restricted-on-control 233.9 � 5.9 179.7 � 1.4ab 49.5 � 0.6 145.0 � 2.3b

Restricted-on-restricted 229.0 � 4.6 177.9 � 1.6a 49.4 � 0.3 139.5 � 2.2ab

Body weight (g) and dimensions (mm) measured at 6 months of age for male and female offspring. All data are expressed as mean � SE (n �
19–40). Significant differences (P � 0.05) across the groups are indicated by different letters: a is different from b, but not different from ab.

TABLE 3. Effect of prenatal and postnatal growth restriction and cross fostering on food intake in postnatal offspring

Pup-on-mother Control-on-control Control-on-restricted Reduced-on-restricted Reduced-on-control Restricted-on-control Restricted-on-restricted

Male offspring
wk 5 0.17 � 0.010b 0.15 � 0.016ab 0.22 � 0.024c 0.16 � 0.006ab 0.16 � 0.008b 0.14 � 0.007a

wk 6 0.12 � 0.002a 0.14 � 0.006bc 0.13 � 0.013b 0.13 � 0.004bc 0.14 � 0.006c 0.13 � 0.003bc

wk 7 0.12 � 0.004ab 0.12 � 0.006ab 0.11 � 0.010a 0.12 � 0.004ab 0.11 � 0.006a 0.13 � 0.004b

wk 8 0.11 � 0.004ab 0.11 � 0.004ab 0.12 � 0.006bc 0.11 � 0.003abc 0.12 � 0.003c 0.11 � 0.004a

wk 10 0.08 � 0.002ab 0.09 � 0.004cd 0.08 � 0.003a 0.09 � 0.002bc 0.08 � 0.002a 0.10 � 0.005d

wk 12 0.08 � 0.002a 0.07 � 0.002a 0.07 � 0.002a 0.08 � 0.004a 0.08 � 0.002a 0.08 � 0.002a

Female offspring
wk 5 0.17 � 0.012b 0.17 � 0.016b 0.21 � 0.024c 0.17 � 0.006b 0.17 � 0.010b 0.14 � 0.008a

wk 6 0.13 � 0.004a 0.14 � 0.006a 0.13 � 0.012a 0.13 � 0.003a 0.14 � 0.005a 0.13 � 0.004a

wk 7 0.13 � 0.003a 0.13 � 0.009a 0.13 � 0.007a 0.13 � 0.008a 0.12 � 0.004a 0.12 � 0.004a

wk 8 0.11 � 0.005ab 0.11 � 0.007abc 0.12 � 0.006c 0.12 � 0.005bc 0.11 � 0.003ab 0.10 � 0.004b

wk 10 0.10 � 0.003b 0.10 � 0.003b 0.09 � 0.004a 0.10 � 0.002ab 0.09 � 0.002ab 0.10 � 0.003b

wk 12 0.09 � 0.002b 0.08 � 0.002a 0.09 � 0.003b 0.09 � 0.003b 0.09 � 0.004b 0.08 � 0.003ab

Food intake (percent body weight) measured in postnatal male and female offspring. All data are expressed as mean � SE (n � 20–46).
Significant differences (P � 0.05) across the groups are indicated by different letters: a is different from b, but not different from ab.
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males when compared with control-on-controls, with a trend
to increase (�19%; P � 0.067) in restricted-on-restricted (Fig.
1B). In response to an IAGTT, the area under the glucose
curve was increased (�43%; P � 0.05; Fig. 1A) in restricted-
on-restricted male offspring compared with control-on-con-
trols, consistent with impaired glucose tolerance. Plasma
insulin profiles in response to the IAGTT were similar be-
tween groups, with a distinct first-phase insulin secretion
and returning to basal after 120 min in both male and female
offspring. However, first-phase insulin secretion in response
to the glucose load was impaired in restricted-on-restricted
male offspring when compared with control-on-controls
(�45%; P � 0.05; Fig. 1C). The insulin secretory response to
glucose, expressed as the area under the insulin curve to area
under the glucose curve ratio, was reduced (�62%, Fig. 1D)
in restricted-on-restricted male offspring compared with
control-on-controls. Fasting hyperinsulinemia, along with
increased HOMA-R, was observed in control-on-restricted
male offspring when compared with reduced-on-control, re-
stricted-on-control, and restricted-on-restricted males (P �
0.05; Table 4), suggestive of insulin resistance. However,
insulin sensitivity, as assessed by area under the glucose
curve in response to an IC, was not altered by prenatal or
lactational restraint, cross fostering, or sex (Table 5). Female
growth-restricted offspring showed no signs of impaired
glucose tolerance, altered first-phase insulin secretion, or
insulin tolerance in relation to control-on-control females
(Fig. 1, E–H, and Table 5).

Body composition–fat depots and hind limb muscle weights

When expressed relative to body weight, male retroperi-
toneal fat weight was heavier in reduced-on-restricted
(�39%; P � 0.05) and restricted-on-restricted (�50%; P �
0.05) offspring than control-on-controls (Table 6), with no
differences found in any of the cross-foster groups in relative
retroperitoneal fat weight in females. Relative omental and
dorsal fat in males was increased (P � 0.05) in restricted-
on-control offspring compared with restricted-on-restricted,
whereas dorsal fat was reduced (�20%; P � 0.05) in restrict-
ed-on-restricted offspring compared with control-on-control
males (Table 6). Relative omental fat weight in females was

increased (�24%; P � 0.05) in reduced-on-restricted com-
pared with reduced-on-control female offspring. There were
no differences in perirenal fat, a surrogate for visceral fat in
the rat, across the cross-foster groups for either males or
females (data not shown). Male EDL muscle weight as a
percentage of body weight was lighter (�7%; P � 0.05) in
restricted-on-control offspring compared with control-on-
controls, with no differences in females (Table 6). Relative
soleus muscle weight in males was heavier (�16%; P �
0.05) in reduced-on-control offspring compared with con-
trol-on-controls, with no differences in any females when
compared with control-on-controls.

Relative hypothalamic NPY content

Total hypothalamic NPY content was increased (�6 to
11%; P � 0.05) in the nonfasted restricted-on-restricted male
offspring compared with all other groups (Fig. 2A). Total
NPY content was also increased (�2 to 4%; P � 0.05) in the
reduced-on-restricted males, compared with the control-on-
control and restricted-on-control males. NPY content was
increased (P � 0.05) in the dorsal medulla (data not shown)
and preoptic area (data not shown) in the restricted-on-re-
stricted males compared with control-on-controls. Cross fos-
tering a restricted pup onto a control mother prevented this
increase in NPY content within these subregions observed in
the restricted-on-restricted males. There were no differences
in NPY content observed between restricted-on-restricted,
restricted-on-control, and control-on-control male offspring
within the PVN (Fig. 2B) or ARC (Fig. 2C). Total hypotha-
lamic NPY content was increased (�9 to 11%; P � 0.05) in the
restricted-on-restricted and restricted-on-control female off-
spring compared with control-on-restricted only (Fig. 2D).
There were no differences in NPY content within the PVN of
any females when compared with control-on-controls (Fig.
2E), whereas restricted-on-restricted females had increased
(�16%; P � 0.05) NPY content in the ARC compared with
control-on-restricted offspring only (Fig. 2F).

Discussion

This study has shown that exposure to uteroplacental in-
sufficiency followed by cross fostering onto a mother with

TABLE 4. Effect of prenatal and postnatal growth restriction and cross fostering on fasting glucose and insulin, including an index of
insulin sensitivity in adult offspring

Pup-on-mother Fasting plasma glucose (mmol/liter) Fasting plasma insulin (ng/ml) HOMA-R

Male offspring
Control-on-control 5.77 � 0.21 1.28 � 0.24ab 8.37 � 1.76ab

Control-on-restricted 5.81 � 0.19 1.82 � 0.17b 11.33 � 1.22b

Reduced-on-restricted 5.64 � 0.27 1.32 � 0.33ab 8.14 � 2.31ab

Reduced-on-control 5.52 � 0.19 0.91 � 0.12a 5.26 � 0.78a

Restricted-on-control 5.76 � 0.20 1.03 � 0.17a 6.09 � 0.95a

Restricted-on-restricted 5.26 � 0.18 1.09 � 0.16a 6.54 � 1.15a

Female offspring
Control-on-control 5.15 � 0.18 1.07 � 0.24 6.31 � 1.58
Control-on-restricted 5.69 � 0.18 1.23 � 0.23 8.08 � 1.64
Reduced-on-restricted 5.64 � 0.22 1.23 � 0.21 7.55 � 1.41
Reduced-on-control 5.50 � 0.20 1.09 � 0.14 6.54 � 0.99
Restricted-on-control 5.49 � 0.20 1.40 � 0.19 7.91 � 1.30
Restricted-on-restricted 5.66 � 0.11 1.13 � 0.13 6.74 � 0.79

Metabolic parameters measured after the IAGTT at 6 months of age in male and female offspring. All data are expressed as mean � SE (n �
7–10). Significant differences (P � 0.05) across the groups are indicated by different letters: a is different from b, but not different from ab.
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compromised mammary development and function impairs
glucose tolerance and insulin secretion, but not insulin sen-
sitivity, in adult male rat offspring. The novel finding from
this study is that this impaired glucose tolerance and altered
first-phase insulin secretion observed in the adult male off-
spring exposed to perinatal restraint (restricted-on-re-
stricted) can be ameliorated by cross fostering as a pup onto
a mother providing an improved lactational environment
(restricted-on-control). This implicates the lactational envi-
ronment itself as a critical developmental stage for program-

ming later disease as well as modifying the impact of pre-
natal challenges. This also shows that amelioration of the
long-term effects of uteroplacental restriction on metabolic
control is possible by restoration of early postnatal nutrition.
We have previously found that uteroplacental insufficiency
or reducing litter size after birth, to induce prenatal or post-
natal growth restriction, without cross fostering, did not
impair glucose tolerance or insulin secretion in male or fe-
male adult offspring (14). In the current study, early post-
natal restriction or lactational restraint induced via cross
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fostering a control pup onto a restricted mother also had no
adverse effect on glucose tolerance or insulin secretion. In
addition, prenatal and postnatal restraint in combination
with cross fostering impacted adversely on metabolic control
and insulin action in male, but not female, offspring. This
suggests that cross fostering itself may be a stressor that
interacts with prenatal restraint to impair glucose tolerance
and insulin secretion in adult male offspring. In some other
rat studies investigating the effect of uteroplacental insuffi-
ciency on glucose homeostasis, it is not stated whether both
sexes were used (4, 13). Increased susceptibility of male off-
spring to metabolic programming and sex differences in
outcomes have been reported in other species after prenatal
growth restriction by placental or nutritional methods (13,
35, 36). Similarly, males were more adversely affected in our
most recent study examining the relationship between
nephron number and blood pressure in adult offspring after
cross fostering at birth (24).

One study has shown that at 30 wk of age, diabetes is
evident in all sham-operated male rats, but not female rats
(37). Castration significantly reduced the incidence of dia-

betes in male rats, whereas administration of testosterone
restored it. Ovariectomy increased the incidence of diabetes
in females to 30%, whereas estrogen replacement protected
females against glucose intolerance. In vivo insulin-stimu-
lated glucose uptake as measured by a euglycemic clamp was
reduced in sham-operated males, castrated males with tes-
tosterone replacement, and castrated females without estro-
gen replacement, as compared with sham-operated females
and castrated females with testosterone. These results dem-
onstrate that glucose intolerance is closely related to insulin
insensitivity, and that sex hormones are directly or indirectly
responsible for this condition (37). Further study is required
into the influence of sex hormones on, and the mechanistic
pathways that may alter, glucose tolerance and insulin se-
cretion in a sex-specific manner. Nevertheless, it appears that
the males are more vulnerable to early life nutrient restriction
overall than females.

The adult phenotype observed in the current study after
uteroplacental insufficiency differs somewhat from that re-
ported by others (4), with impaired glucose tolerance and
first-phase insulin secretion deficiency, in the absence of
insulin resistance and site-specific increases in adiposity in
our adult male Wistar Kyoto rats. In previous studies using
Sprague Dawley rats, uteroplacental insufficiency followed
by reducing litter size and cross fostering offspring onto
unoperated mothers resulted in severe impairment of glu-
cose tolerance and insulin secretion as early as 7 wk of age,
with clear insulin resistance at 7–10 wk and later obesity (4).
However, in the current study, when prenatally growth-
restricted offspring were cross fostered onto a control
mother, adult glucose tolerance was substantially restored.
These differences may occur from strain differences in re-
sponses to bilateral uterine vessel ligation, cross fostering,
and reducing litter size, as well as in metabolic control and
insulin action.

In previous studies, the extent of uteroplacental restriction
was greater, with a 20% reduction in weight at birth (4, 18)
compared with 10–15% in the current study, although litter
size was greater and was reduced to eight at birth, in contrast
to our typical average litter size of approximately nine (16).
Significantly, in those previous studies (4, 18), prenatally

TABLE 6. Effect of prenatal and postnatal growth restriction and cross fostering on adiposity and skeletal muscle in adult offspring

Pup-on-mother Retroperitoneal fat
(% body weight)

Omental fat
(% body weight)

Dorsal fat
(% body weight)

EDL muscle
(% body weight)

Soleus muscle
(% body weight)

Male offspring
Control-on-control 0.11 � 0.01a 0.94 � 0.05ab 1.31 � 0.06bc 0.053 � 0.001b 0.036 � 0.001ab

Control-on-restricted 0.15 � 0.01ab 0.95 � 0.05ab 1.34 � 0.09bc 0.052 � 0.001ab 0.038 � 0.001bc

Reduced-on-restricted 0.18 � 0.01bc 0.98 � 0.05ab 1.28 � 0.09bc 0.050 � 0.001ab 0.033 � 0.001ab

Reduced-on-control 0.14 � 0.01ab 0.86 � 0.05a 1.13 � 0.08ab 0.052 � 0.001ab 0.043 � 0.004c

Restricted-on-control 0.14 � 0.01ab 1.03 � 0.05b 1.36 � 0.10c 0.049 � 0.002a 0.036 � 0.001ab

Restricted-on-restricted 0.22 � 0.03c 0.84 � 0.04a 1.04 � 0.07a 0.051 � 0.001ab 0.032 � 0.001ab

Female offspring
Control-on-control 2.03 � 0.09 1.04 � 0.04ab 1.40 � 0.06 0.056 � 0.001 0.043 � 0.001ab

Control-on-restricted 1.88 � 0.09 1.02 � 0.05ab 1.37 � 0.06 0.056 � 0.001 0.040 � 0.001ab

Reduced-on-restricted 1.80 � 0.09 1.23 � 0.08b 1.51 � 0.08 0.054 � 0.001 0.039 � 0.001ab

Reduced-on-control 1.85 � 0.13 0.93 � 0.06a 1.30 � 0.10 0.059 � 0.005 0.044 � 0.003b

Restricted-on-control 1.84 � 0.10 1.08 � 0.05ab 1.40 � 0.07 0.056 � 0.002 0.044 � 0.003b

Restricted-on-restricted 1.72 � 0.10 1.08 � 0.05ab 1.47 � 0.09 0.053 � 0.001 0.038 � 0.001a

Fat depot and hind limb muscle weights (percent body weight) at 6 months of age in male and female offspring. All data are expressed as
mean � SE (n � 20–37). Significant differences (P � 0.05) across the groups are indicated by different letters: a is different from b, but not different
from ab.

TABLE 5. Effect of prenatal and postnatal growth restriction and
cross fostering on insulin sensitivity in adult offspring

Pup-on-mother Fasting plasma glucose
(mmol/liter)

Glucose AUC
(mmol/liter�min)

Male offspring
Control-on-control 6.05 � 0.174 190.6 � 23.46
Control-on-restricted 5.66 � 0.274 157.4 � 13.70
Reduced-on-restricted 5.79 � 0.284 160.2 � 16.73
Reduced-on-control 5.46 � 0.196 149.9 � 9.89
Restricted-on-control 5.72 � 0.259 153.0 � 15.96
Restricted-on-restricted 5.67 � 0.178 152.2 � 11.87

Female offspring
Control-on-control 5.63 � 0.377 159.9 � 20.62
Control-on-restricted 5.18 � 0.417 145.9 � 12.26
Reduced-on-restricted 5.59 � 0.418 137.8 � 27.04
Reduced-on-control 5.54 � 0.450 145.1 � 17.53
Restricted-on-control 5.53 � 0.400 154.2 � 10.66
Restricted-on-restricted 4.98 � 0.260 131.0 � 10.09

Metabolic parameters measured after the IC at 6 months of age in
male and female offspring. All data are expressed as mean � SE (n �
7–10). There are no significant differences among groups. AUC, Area
under the curve.
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growth-restricted rats caught up in weight to controls by 7
wk of age with concomitant mild glucose intolerance. By 10
wk, growth-restricted rats weighed significantly more than
controls and developed hyperinsulinemia, suggestive of in-
sulin resistance, and by 6 months were obese with acute
first-phase insulin secretion virtually absent (4). In contrast,
in the current study, prenatally growth-restricted offspring
remained lighter throughout postnatal life, regardless of
postnatal nutrition, although they showed some evidence of
increased adiposity. Thus, prenatal and postnatal growth
restriction increased relative retroperitoneal fat in adult male
offspring, whereas prenatal restriction followed by a normal
lactational environment increased relative omental and dor-
sal fat, suggesting that increased early postnatal nutrition can
exacerbate the onset of overall obesity after prenatal
restriction.

Cross fostering control pups onto mothers with compro-
mised mammary development and function impaired insu-
lin sensitivity as assessed by HOMA-R in adult male off-
spring, whereas no impact was observed with other
exposures before or after birth. In our previous study in

which cross fostering was not used (14), female offspring, in
which litter size was modestly reduced, also exhibited in-
sulin resistance in terms of an increased HOMA-R compared
with control and prenatally growth-restricted offspring. This
finding suggests that insulin sensitivity is particularly sen-
sitive to nutritional perturbations and other challenges in the
immediate postnatal period in the rat. Although there is a
paucity of information in the rat and other species, placental
restriction in the sheep is associated with rapid catch-up
growth during the first month of life, resulting in visceral
obesity and insulin resistance (5, 7). Increased weight gain in
children of low birth weight between 2 and 7 yr of age
predicts an increased risk of cardiovascular disease, obesity,
and diabetes (9–11, 38). Whereas other studies suggest that
slowed postnatal growth, especially during the first year
based on weight at 1 yr, can lead to later insulin resistance
(12). In the current study, control male offspring fostered
onto mothers with impaired lactation showed reduced
weight at d 14 but caught up in weight by 1 month, a growth
profile that may have been important in the later onset of
insulin resistance. Further studies are needed to evaluate the
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effects of reduced nutrition followed by restored nutrition at
birth or at later stages of early postnatal life on later insulin
action and metabolic control.

It is clear that altered growth profiles in late gestation and
early postnatal life can severely impact on adult metabolic
health. This critical period is important for the development
and later function of the endocrine pancreas, particularly
�-cells, which are the primary determinants of glucose tol-
erance. Initially, pancreatic �-cells are poorly responsive to
glucose, and it is not until late gestation in the rat that these
�-cells are replaced, after a wave of apoptosis, with new islet
cells that are sensitive to glucose with acute first-phase in-
sulin release (39). Therefore, nutritional perturbations, such
as uteroplacental insufficiency and maternal undernutrition
during gestation and lactation, can adversely affect endo-
crine pancreas development, resulting in reduced �-cell mass
at a later age (40, 41) and impaired glucose tolerance and
first-phase insulin secretion (4, 42). The impaired glucose
tolerance and insulin secretion deficiency in our adult male
rats with prenatal and postnatal nutritional restraint may be
due to an irreversible pancreatic deficit and impaired intrin-
sic cell function, specifically reduced �-cell mass, pro-
grammed around birth. The importance of the immediate
postnatal environment for later metabolic function is con-
firmed in another study that found that exposure to the
long-acting glucagon-like peptide-1 analog Exendin-4 in
early postnatal life can normalize �-cell proliferation rate,
reversing the adverse consequences of fetal programming,
therefore preventing the development of diabetes in adult-
hood (43).

The current study has also shown that uteroplacental in-
sufficiency in the rat increases food intake of offspring post-
natally, similar to that observed after placental restriction in
the sheep (7). Furthermore, we have shown for the first time
that prenatal and lactational restraint increase total hypo-
thalamic NPY content and that of the ARC in nonfasted adult
male offspring, suggesting programming of longer term
elevated expression of appetite stimulatory pathways.
Whether this increase in central NPY content was present
earlier to drive the increase in food intake observed in
these males at 10 wk of age is yet to be determined.

In summary, we have shown that male offspring exposed
to uteroplacental insufficiency followed by a poor lactational
environment (restricted-on-restricted) have impaired glu-
cose tolerance and insulin secretion, but not insulin resis-
tance as adults. Importantly, we have shown for the first time
that these defects in metabolic control and insulin secretion
in the adult male exposed to prenatal growth restriction can
be ameliorated by providing an improved lactational envi-
ronment. These findings support the hypothesis that a com-
promised early life environment can program a later impair-
ment in insulin action and glucose homeostasis, particularly
in males. Defining the underlying mechanisms responsible
may provide insight into what early life interventions might
lessen these adverse consequences for longer term health.
Identification of critical periods after birth that influence
adult health, rather than periods of sensitivity during preg-
nancy, would offer a greater likelihood that practical public
health interventions may be developed in this emerging
field.

Acknowledgments

Received January 28, 2008. Accepted March 3, 2008.
Address all correspondence and requests for reprints to: Dr. Andrew

Siebel, Department of Physiology, University of Melbourne, Parkville,
3010, Australia. E-mail: asiebel@unimelb.edu.au.

Disclosure Statement: The authors have nothing to disclose.

References

1. Barker DJP, Osmond C, Golding J, Kuh D, Wadsworth MEJ 1989 Growth in
utero, blood pressure in childhood and adult life, and mortality from cardio-
vascular disease. Br Med J 298:564–567

2. Eriksson J, Forsen T, Tuomilehto J, Osmond C, Barker D 2000 Fetal and
childhood growth and hypertension in adult life. Hypertension 36:790–794

3. Storgaard H, Poulsen P, Ling C, Groop L, Vaag AA 2006 Genetic and non-
genetic determinants of skeletal muscle glucose transporter 4 messenger ri-
bonucleic acid levels and insulin action in twins. J Clin Endocrinol Metab
91:702–706

4. Simmons RA, Templeton LJ, Gertz SJ 2001 Intrauterine growth retardation
leads to the development of type 2 diabetes in the rat. Diabetes 50:2279–2286

5. Owens JA, Thavaneswaran P, De Blasio MJ, McMillen IC, Robinson JC,
Gatford KL 2007 Sex-specific effects of placental restriction on components of
the metabolic syndrome in young adult sheep. Am J Physiol Endocrinol Metab
292:E1879–E1889

6. Vuguin P, Raab E, Liu B, Barzilai N, Simmons RA 2004 Hepatic insulin
resistance precedes the development of diabetes in a model of intrauterine
growth-retardation. Diabetes 53:2617–2622

7. De Blasio MJ, Gatford KL, McMillen IC, Robinson JS, Owens JA 2007
Placental restriction of fetal growth increases insulin action, growth and ad-
iposity in the young lamb. Endocrinology 148:1350–1358

8. Ogata ES, Bussey ME, LaBarbera A, Finley S 1985 Altered growth, hypo-
glycemia, hypoalaninemia, and ketonemia in the young rat: postnatal conse-
quences of intrauterine growth retardation. Pediatr Res 19:32–37 (Abstract)

9. Eriksson JG, Forsen T, Tuomilehto J, Osmond C, Barker DJ 2003 Early
adiposity rebound in childhood and risk of type 2 diabetes in adult life.
Diabetologia 46:190–194

10. Lucas A, Fewtrell MS, Davies PS, Bishop NJ, Clough H, Cole TJ 1997 Breast-
feeding and catch-up growth in infants born small for gestational age. Acta
Paediatr 86:564–569

11. Barker DJP, Osmond C, Forsen TJ, Kajantie E, Eriksson JG 2005 Trajectories
of growth among children who have coronary events as adults. N Engl J Med
353:1802–1809

12. Eriksson JG, Osmond C, Kajantie E, Forsen TJ, Barker DJP 2006 Patterns of
growth among children who later develop type 2 diabetes or its risk factors.
Diabetologia 49:2853–2858

13. Jansson T, Lambert GW 1999 Effect of intrauterine growth restriction on blood
pressure, glucose tolerance and sympathetic nervous system activity in the rat
at 3–4 months of age. J Hypertens 17:1239–1248

14. Siebel AL, Wadley GD, Leone F, Cooney G, McConell GK, Owens JA,
Wlodek ME 2006 Glucose control, insulin action and skeletal muscle mito-
chondrial biogenesis are impaired following placental restriction in the adult
rat. Obes Rev 7:108 (Abstract)

15. Vickers MH, Breier BH, Cutfield WS, Hofman PL, Gluckman PD 2000 Fetal
origins of hyperphagia, obesity, and hypertension and postnatal amplification
by hypercaloric nutrition. Am J Physiol Endocrinol Metab 279:E83–E87

16. Wlodek ME, Westcott KT, O’Dowd R, Serruto A, Wassef L, Moritz KM,
Moseley JM 2005 Uteroplacental restriction in the rat impairs fetal growth in
association with alterations in placental growth factors including PTHrP. Am J
Physiol Regul Integr Comp Physiol 288:R1620–R1627

17. O’Dowd R, Kent JC, Moseley JM, Wlodek ME 2008 Effects of uteroplacental
insufficiency and reducing litter size on maternal mammary function and
postnatal offspring growth. Am J Physiol Regul Integr Comp Physiol 294:
R539–R548

18. Lane RH, Chandorkar AK, Flozak AS, Simmons RA 1998 Intrauterine growth
retardation alters mitochondrial gene expression and function in fetal and
juvenile rat skeletal muscle. Pediatr Res 43:563–570 (Abstract)

19. Selak MA, Storey BT, Peterside I, Simmons RA 2003 Impaired oxidative
phosphorylation in skeletal muscle of intrauterine growth-retarded rats. Am J
Physiol Endocrinol Metab 285:E130–E137

20. Law CM, Barker DJP, Osmond C, Fall CHD, Simmonds SJ 1992 Early growth
and abdominal fatness in adult life. J Epidemiol Community Health 46:184–186

21. Fall CH, Osmond C, Barker DJ, Clarke PM, Hales CN, Stirling Y, Meade TW
1995 Fetal and infant growth and cardiovascular risk factors in women. BMJ
310:428–432

22. Singhal A, Wells J, Cole TJ, Fewtrell M, Lucas A 2003 Programming of lean
body mass: a link between birth weight, obesity, and cardiovascular disease?
Am J Clin Nutr 77:726–730

23. McMillen IC, Robinson JS 2005 Developmental origins of the metabolic
syndrome: prediction, plasticity and programming. Physiol Rev 85:571–633

Siebel et al. • Growth Restricted and Glucose Intolerance Endocrinology, June 2008, 149(6):3067–3076 3075

 at University of Melbourne Library on September 23, 2008 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


24. Wlodek ME, Mibus AL, Tan A, Siebel AL, Owens JA, Moritz KM 2007
Normal lactational environment restores nephron endowment and prevents
hypertension after placental restriction in the rat. J Am Soc Nephrol 18:1688–
1696

25. Bai FL, Yamano M, Shiotani Y, Emson PC, Smith AD, Powell JF, Tohyama
M 1985 An arcuato-paraventricular and dorsomedial hypothalamic neuropep-
tide Y-containing system which lacks noradrenaline in the rat. Brain Res
331:172–175

26. Chronwall BM, DiMaggio DA, Massari VJ, Pickel VM, Ruggiero DA,
O’Donohue TL 1985 The anatomy of neuropeptide-Y-containing neurons in
rat brain. Neuroscience 15:1159–1181

27. Hansen MJ, Jovanovska V, Morris MJ 2004 Adaptive responses in hypotha-
lamic neuropeptide Y in the face of prolonged high fat feeding in the rat.
J Neurochem 88:909–916

28. Bouret SG, Draper SJ, Simerly RB 2004 Trophic action of leptin on hypo-
thalamic neurons that regulate feeding. Science 304:108–110

29. Plagemann A, Harder T, Rake A, Waas T, Melchior K, Ziska T, Rohde W,
Dörner G 1999 Observations on the orexigenic hypothalamic neuropeptide
Y-system in neonatally overfed weanling rats. J Neuroendocrinol 11:541–546

30. Kooptiwut S, Zraika S, Thornburn AW, Dunlop ME, Darwiche R, Kay TW,
Proietto J, Andrikopoulos S 2002 Comparison of insulin secretory function in
two mouse models with different susceptibility to �-cell failure. Endocrinology
143:2085–2092

31. Velkoska E, Cole TJ, Morris MJ 2005 Early dietary intervention: long-term
effects on blood pressure, brain neuropeptide Y, and adiposity markers. Am J
Physiol Endocrinol Metab 288:E1236–E1243

32. Kind KL, Clifton PM, Grant PA, Owens PC, Sohlstrom A, Roberts CT,
Robinson JS, Owens JA 2003 Effect of maternal feed restriction during preg-
nancy on glucose tolerance in the adult guinea pig. Am J Physiol Regul Integr
Comp Physiol 284:R140–R152

33. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC
1985 Homeostasis model assessment: insulin resistance and beta-cell function

from fasting plasma glucose and insulin concentrations in man. Diabetologia
28:412–419

34. Pickavance LC, Brand CL, Wassermann K, Wilding JP 2005 The dual PPARal-
pha/gamma agonist, ragaglitazar, improves insulin sensitivity and metabolic
profile equally with pioglitazone in diabetic and dietary obese ZDF rats. Br J
Pharmacol 144:308–316

35. Poore KR, Cleal JK, Newman JP, Boullin JP, Noakes DE, Hanson MA, Green
LR 2007 Nutritional challenges during development induce sex-specific
changes in glucose homeostasis in the adult sheep. Am J Physiol Endocrinol
Metab 292:E32–E39

36. Holness MJ 1996 Impact of early growth retardation on glucoregulatory con-
trol and insulin action in mature rats. Am J Physiol 270(6 Pt 1):E946–E954

37. Shi K, Mizuno A, Sano T, Ishida K, Shima K 1994 Sexual difference in the
incidence of diabetes mellitus in Otsuka-Long-Evans-Tokushima-Fatty rats:
effects of castration and sex hormone replacement on its incidence. Metabolism
43:1214–1220

38. Parsons TJ, Power C, Manor O 2001 Fetal and early life growth and body mass
index from birth to early adulthood in 1958 British cohort: longitudinal study.
BMJ 323:1331–1335

39. Hill DJ, Duvillie B 2000 Pancreatic development and adult diabetes. Pediatr
Res 48:269–274 (Abstract)

40. De Prins FA, Van Assche FA 1982 Intrauterine growth retardation and de-
velopment of endocrine pancreas in the experimental rat. Biol Neonate 41:
16–21

41. Ogata ES, Bussey ME, Finley S 1986 Altered gas exchange, limited glucose and
branched chain amino acids, and hypoinsulinism retard fetal growth in the rat.
Metabolism 35:970–977

42. Garofano A, Czernichow P, Breant B 1997 In utero undernutrition impairs rat
beta-cell development. Diabetologia 40:1231–1234

43. Stoffers DA, Desai BM, DeLeon DD, Simmons RA 2003 Neonatal exendin-4
prevents the development of diabetes in the intrauterine growth restricted rat.
Diabetes 52:734–740

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

3076 Endocrinology, June 2008, 149(6):3067–3076 Siebel et al. • Growth Restricted and Glucose Intolerance

 at University of Melbourne Library on September 23, 2008 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org

