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Cross-fostering and improved lactation ameliorates
deficits in endocrine pancreatic morphology in
growth-restricted adult male rat offspring
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Uteroplacental insufficiency and poor postnatal nutrition impair adult glucose tolerance and insulin secretion in male rat offspring, which can
be partially ameliorated by improving postnatal nutrition. Uteroplacental insufficiency was induced in the WKY rat on day 18 of pregnancy
(Restricted) compared to sham-operated Controls. Pups were then cross-fostered onto Control or Restricted mothers one day after birth resulting
in: (Pup-on-Mother) Control-on-Control, Control-on-Restricted, Restricted-on-Control and Restricted-on-Restricted. Endocrine pancreatic mor-
phology and markers of intrinsic b-cell function and glucose homeostasis were assessed in male offspring at 6 months. Pancreatic and hepatic
gene expression was quantified at postnatal day 7 and 6 months. Restricted pups were born 10–15% lighter than Controls and remained lighter
at 6 months. Relative islet and b-cell mass were 51–65% lower in Restricted-on-Restricted compared to Controls at 6 months. Non-fasting
plasma C-reactive protein levels were also increased, suggestive of an inflammatory response. Overall, the average number of islets, small islets
and proportion of b-cells per islet correlated positively with birth weight. Intrinsic b-cell function, estimated by insulin secretion relative to
b-cell mass, was unaffected by Restriction, suggesting that the in vivo functional deficit was attributable to reduced mass, not function.
Importantly, these deficits were ameliorated when lactational nutrition was normalized in Restricted-on-Control offspring, who also showed
increased pancreatic Igf1r, Pdx1 and Vegf mRNA expression at 7 days compared to Control-on-Control and Restricted-on-Restricted. This
highlights lactation as a critical period for intervention following prenatal restraint, whereby deficits in endocrine pancreatic mass and
associated impaired in vivo insulin secretion can be ameliorated.
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Introduction

Uteroplacental insufficiency causes much of the intrauterine
growth restriction observed in Western society and increases
the predisposition to adult metabolic diseases.1–3 Further-
more, fetal growth restriction in other species can also impair
whole body insulin sensitivity, insulin secretion and glucose
tolerance in offspring.4–6 Type 2 diabetes is characterized by
compromised insulin inhibition of hepatic glucose produc-
tion and stimulation of skeletal muscle glucose uptake, as well
as impaired insulin secretion from the b-cell.7 In fact, Type 2
diabetes is increasingly regarded as a disease of insulin
insufficiency with failure to compensate for insulin resistance,
due to inherent pancreatic b-cell dysfunction and reduced
b-cell mass.8,9 Local and systemic inflammation may be
another important mechanism in the development of Type 2
diabetes in many individuals.10 Increased circulating C-reactive
protein (CRP) as a marker of systemic low-grade inflammation
is associated with b-cell dysfunction and is an independent
predictor of diabetes.11,12

Bilateral uterine vessel ligation in late gestation of rats to
induce uteroplacental insufficiency restricts fetal growth and
induces insulin secretory defects leading to impaired glucose
tolerance in adult male offspring who are cross-fostered onto
Control dams.4,5 When we cross-foster Restricted male off-
spring onto a different Restricted mother, this also adversely
impacts on insulin secretion and glucose control compared
to Control-on-Control male offspring.13 In contrast, we have
demonstrated that glucose tolerance, peripheral insulin
sensitivity and relative adiposity are unchanged in growth-
restricted offspring induced by bilateral uterine vessel ligation
that remain with their biological mothers.14 We have shown
that following uteroplacental insufficiency in late gestation,
dams produce less milk per pup with altered composition.15

Improving postnatal nutritional quality and quantity, however,
by cross-fostering growth-restricted offspring onto a Control
mother partially corrected the impaired glucose tolerance and
compromised insulin secretion in Restricted-on-Restricted male
offspring. Hence, adult glucose control in these rats may be
modifiable by the early postnatal environment.

In rodents, regulation of b-cell mass is particularly sus-
ceptible to nutritional and hormonal disturbances during late
gestation when the majority of b-cell formation occurs.16,17
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Growth and remodeling of pancreatic b-cells continue into
the immediate postnatal period in the rat.18 It is during this
time that the perinatal b-cell population, which is somewhat
unresponsive to glucose, is replaced with mature b-cells,
which are highly glucose responsive.8 Growth-restricted off-
spring are commonly born with a reduced b-cell mass that is
less capable of proliferating at a normal rate, due to altered
b-cell gene transcription and metabolism.4,19,20 We have
recently shown that the percentage of pancreatic islets per
whole pancreas and b-cell mass was reduced by 45–65%
in male rats exposed to uteroplacental insufficiency that
remained with their biological mothers, when compared to
Controls at 9 and 24 weeks of age.21 As greater metabolic
stress is exerted later in life, b-cell exhaustion of the limited
population may occur, leading to the impairment of glucose
tolerance.8 The question that remains, however, is whether
b-cell mass and key underlying molecular determinants can
be restored or normalized by improving postnatal nutrition
via cross-fostering. The latter include insulin-like growth
factors (IGFs), vascular endothelial growth factor (Vegf ) and
the transcription factor, pancreatic duodenal homeobox-1
(Pdx1).21–29 b-cell mass expansion is reliant on normal glucose
uptake in the b-cell via the glucose transporter (Glut2) and the
preservation of insulin signaling, including the downstream
protein kinase, v-akt murine thymoma viral oncogene homolog
2 (Akt2). Upon insulin binding to its receptor in the liver,
activation of Akt2 inhibits transcription of phosphoenolpyruvate
carboxykinase (Pepck) and glucose-6-phosphatase, thus inhibit-
ing hepatic glucose production.5,30–33 These mechanisms are
also required to maintain adaptive hyperinsulinemia during
worsening insulin sensitivity.

In this study, we explored the effects of uteroplacental
insufficiency on endocrine pancreas morphology, intrinsic
b-cell and metabolic function and its molecular determinants
in the pancreas of cross-fostered male offspring at 6 months
of age. In addition, we examined molecular determinants of
metabolic function in the pancreas one week after cross-fos-
tering to determine the earlier effects of growth restriction.
We also examined molecular determinants of hepatic con-
tributions to metabolic control at these ages. We hypothe-
sized that cross-fostering Restricted offspring onto Control
mothers would rescue the pancreatic phenotype via differ-
ential regulation of its molecular determinants. Our previous
studies have shown a clear metabolic phenotype in adult
male cross-fostered offspring.13 Of particular relevance to
this study was the deficit in first-phase insulin secretion
with concomitant impaired glucose tolerance in Restricted-
on-Restricted males, which was absent in female offspring.
This was then ameliorated by improving postnatal nutrition,
by cross-fostering Restricted male pups onto a Control
mother.13 Therefore, this study analyzed samples from male
offspring only. This is the first time that this characterization
has been performed in a well-established rat model of growth
restriction, incorporating cross-fostering protocols to deline-
ate both prenatal and postnatal influences.

Method

Animals and growth measurements

All experiments were approved by The University of Mel-
bourne Animal Ethics Committee prior to commencement.
Wistar Kyoto rats (11 weeks of age) were obtained from the
Australian Resource Centre (Murdoch, WA, Australia). They
were provided with 12 h light/dark cycle and had access to
food and water ad libitum. On day 18 of gestation, pregnant
rats were randomly allocated to Restricted or Control (sham
surgery) groups. The Restricted group underwent bilateral
uterine artery and vein ligation to induce uteroplacental
insufficiency as described previously.34–36 Although the
uteroplacental insufficiency surgery induced a reduction in
litter size, our previous studies have shown no clear effect on
metabolic outcomes of including a matched litter size control
in addition to a sham-surgery control.13 Pups were cross-
fostered one day after birth onto a different sham-operated
or Restricted mother as previously described.13,34,37,38 This
generated four experimental groups: (Pup-on-Mother) Control-
on-Control, Control-on-Restricted, Restricted-on-Control and
Restricted-on-Restricted, with a similar number of male and
female pups in each litter. Offspring studied at 6 months of
age were weaned at postnatal day 35, as in previous studies
with only one randomly selected male offspring from each
litter studied from eight independent litters (n 5 8 total off-
spring studied).13,34,39 A separate cohort was generated on
postnatal day 7 in which tissues collected from male offspring
were pooled within the same litter (n 5 8 total litters studied),
with weights and dimensions also recorded.

Post-mortem tissue and blood collection and analyses

Non-fasted male rats analyzed at 6 months of age were
anesthetized with an intraperitoneal injection of Ketamine
(30 mg/kg body weight) and Ilium Xylazil-20 (225 mg/kg
body weight). Blood was collected via cardiac puncture at
post-mortem (6 months) and plasma stored at 2208C. The
whole pancreas was rapidly excised, weighed and a repre-
sentative portion ( ,1 cm3) from the hepatic end was fixed in
10% NBF for immunohistochemical analyses at 6 months.
The liver and remaining pancreatic tissue at 6 months, and
the liver and whole pancreata at 7 days pooled from males of
the same litter, were snap-frozen in liquid nitrogen and stored
at 2808C. Circulating CRP, total cholesterol, non-esterified
fatty acids (NEFA), pancreatic-amylase and triglycerides were
measured in duplicate by colorimetric enzymatic analysis
on an automated centrifugal analyser (COBAS Mira, Roche
Diagnostics, Castle Hill, NSW, Australia) in non-fasted
plasma samples collected at post mortem at 6 months.
Although all assays were designed for measuring specified
metabolites in human plasma, validation confirmed 100%
cross-reactivity with rat plasma in our analyses. The lower
detection limits (sensitivity) and ranges for each of the assays
were as follows: CRP 0.4–239 ng/ml; total cholesterol
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3.43–5.45 mmol/l; NEFA 0.81–1.24 mmol/l; pancreatic-
amylase 3–2386 mmol/l; triglycerides 1.23–2.52 mmol/l.

Immunohistochemistry and morphometric analysis

At 6 months, one pancreatic section (10 mm; n 5 5–8 per group)
was immunostained for insulin using polyclonal guinea-pig anti-
rat insulin as previously described.25 Samples were code-blinded
to remove potential bias while performing analyses. Stained
sections were visualized using a Light Zeiss microscope, camera
and software (AxioCam MRc5, Carl Zeiss Pty. Ltd, North Ryde,
NSW, Australia) at 20 3 magnification. For each section,
pancreatic islet number and area were expressed relative to total
sectional area (per mm2) with islet area arbitrarily divided into
small (,5000 mm2), medium (5000–10,000 mm2) and large
(.10,000 mm2), similar to Chamson-Reig et al.29 Random-sys-
tematic sampling was then used to select 50 fields per section and
relative islet and b-cell volume density (Vd) were quantified
by point-counting morphometry using a 700-point grid (700
points/field, Vd equals the number of intercepts on an islet or
insulin-positive cells as a proportion of intercepts on a pan-
creas).25 Under the assumption that 1 cm3 tissue weighs
approximately 1 g, Vd and pancreatic weight can be multiplied to
determine the absolute islet and b-cell mass, expressed in milli-
grams.40 Percent of islet occupied by b-cells was also determined.

Real-time polymerase chain reaction (PCR) analysis

Total RNA was extracted from the pancreata and liver at
postnatal day 7 and 6 months using the Micro-to-Midi Total
RNA Purification System kit (Invitrogen Life Technologies,
Carlsbad, CA, USA). Reverse transcription and real-time PCR
were performed as previously described.36,41 Primers and
TaqMan�R probes (Biosearch Technologies, Novato, CA, USA)
were designed from GenBank gene sequences for 18S, Akt2,
Glut2, Hprt1, Igf1, Igf1r, Insr, Pdx1, Pepck and Vegf (see
Table 1). Optimal concentration for forward and reverse primers
was 300 nM and for TaqMan�R probes it was 100 nM. Results
were analyzed using the sequence detector software (Rotor-Gene
v6, Corbett Research, Mortlake, NSW, Australia). Relative
quantification of gene expression was performed by the com-
parative threshold cycle (DDCT) method with 18S rRNA and
hypoxanthine guanine phosphoribosyl transferase-1 (Hprt1)
optimized and validated as suitable endogenous controls for the
liver and pancreas, respectively.

Statistical analyses

All measures were analyzed using one-way ANOVA, with
Duncan’s post hoc analysis where appropriate. Relationships
between size at birth, gene expression, pancreatic morphology
and other outcomes were analyzed using Pearson’s correla-
tions (n 5 20–32). All data were normally distributed and
presented as mean 6 S.E., with the level of significance set at
P , 0.05.

Results

Body, organ weights and dimensions

The effects of uteroplacental insufficiency on litter size and
birth weight have been previously reported.13,34,36,39,41 Briefly,
uteroplacental insufficiency reduced (P , 0.05) total litter size
(mean 6 S.E.; 5.6 6 0.5 v. 8.2 6 0.7) and male offspring birth
weight (3.6 6 0.1 g v. 4.3 6 0.1 g) compared to sham-operated
Controls. Restricted-on-Control and Restricted-on-Restricted
remained lighter (P , 0.05) than Control-on-Control males at
post mortem on postnatal day 7 and 6 months (Table 2).
Restricted-on-Restricted males had shorter crown rump length
(213.5%, P , 0.05), head length (212%, P , 0.05) and hind
limb length (214%, P , 0.05) compared to Controls on post-
natal day 7, whereas Restricted-on-Control head length and hind
limb length were intermediate between Restricted-on-Restricted
and Control-on-Control demonstrating a positive effect of
improved lactation on growth (Table 2). This cross-foster effect
on growth was absent by 10 weeks as reported previously.13

Absolute, but not relative, pancreas and liver weights were lower
(P , 0.05) in Restricted-on-Control and Restricted-on-Restricted
than Control-on-Controls on postnatal day 7 (Table 2). Absolute
and relative pancreas and liver weights were not different across
groups at 6 months of age (Table 2).

Plasma analyses

At 6 months, non-fasted plasma CRP in Restricted-on-Restricted
and Control-on-Restricted offspring was 45–47% higher
(P , 0.05) than in Control-on-Control (Fig. 1a). There were no
differences in circulating concentrations of total cholesterol,
NEFA, pancreatic-amylase or triglycerides (Fig. 1b–e).

Endocrine pancreatic morphology

Pancreatic b-cells comprised 73–77% of total islet mass at
6 months of age with no differences across groups, which is
comparable to that previously reported.42,43 Mean pancreatic
islet number was 51% less (P , 0.05) in adult Restricted-
on-Restricted male offspring than Controls (Fig. 2a). This
substantial decrease in islet number in Restricted-on-Restricted
males was in parallel with decreased (P , 0.05) absolute islet
(262%) and b-cell (265%) mass compared to Control-on-
Control males at 6 months (Fig. 2b and c). Exposing Restricted
offspring to improved lactation attenuated these decreases,
with increased (160%; P , 0.05) islet and b-cell mass in
Restricted-on-Control males when compared to Restricted-on-
Restricted, equating to 95–98% of Control-on-Control pan-
creatic mass. Importantly, we observed comparable outcomes
when islet and b-cell mass were expressed as absolute
or relative to body weight (data not shown). There were no
differences in the relative number of small, medium or large
islets across groups at 6 months (Fig. 2d). Birth weight cor-
related positively with the average number of total islets
(r 5 0.566, P 5 0.005, n 5 23), average number of small
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Table 1. GenBank accession numbers, primer and probe sequences for genes quantified using real-time PCR relative to 18S or Hprt1

Gene GenBank accession Primer sequence (300 nm) Probe sequence (100 nm)

18S V01270.1 Fwd: 50-GCATGGCCGTTCTTAGTTGG-30 50FAM-TGGAGCGATTTGTCTGGTTAATTCCGA-BHQ1-30

Rev: 50-TGCCAGAGTCTCGTTCGTTA-30

Akt2 NM_017093 Fwd: 50-ACCCAACACCTTTGTCAT-30 50FAM-TGCCTGCAGTGGACCACAGT-BHQ1-30

Rev: 50-GCCCGTATCCACTCTT-30

Glut2 NM_012879 Fwd: 50-GCCCTGGGCACTCTTCAC-30 50FAM-CAACTGGCTCTTGTCACAGGCA-BHQ1-30

Rev: 50-TGAGGCCAGCAATCTGACTA-30

Hprt1 NM_012583 Fwd: 50-CAGCCCCAAAATGGTTAAGGTTGCA-30 50FAM-GAAGTGTTGGATACAGGCCAGA-BHQ1-30

Rev: 50-GCTTTCCTTGGTCAAGCAGTA-30

Igf1 X_06043 Fwd: 50-CCAGCGCCACACTGACATG-30 50FAM-CCCAAGACTCAGAAGGAAGTACACTTGA-BHQ1-30

Rev: 50-GGGAGGCTCCTCCTACATTC-30

Igf1r NM_052807 Fwd: 50-CCGCAGGATGGCTATCTGTTC-30 50FAM-CGGCACAACTACTGCTCCAAAGACA-BHQ1-30

Rev: 50-CGGCGTACTTTCTGATGGGTAT-30

Insr NM_017071 Fwd: 50-GCTGCTCATGTCCTAAG-30 50FAM-ACTGACTCTCAGATCCTGAAGGAGC-BHQ1-30

Rev: 50-CACGTTGTGCAGGTAA-30

Pdx1 NM_008814 Fwd: 50-AACCGCGTCCAGCTCCCTTT-30 50FAM-ATGAAATCCACCAAAGCTCACGCGT-BHQ1-30

Rev: 50-CTCGGGTTCCGCTGTGTAAG-30

Pepck NM_198780 Fwd: 50-GCAAGCTGAAGAAATATGAC-30 50FAM-ACTGTTGGCTGGCTCTCACTGACC-BHQ1-30

Rev: 50-GCTCTTGGGTAATGATGAC-30

Vegf NM_031836 Fwd: 50-GGAGCAGAAAGCCCATGAAGT-30 50FAM-TCATGGACGTCTACCAGCGCA-BHQ1-30

Rev: 50-GATGTCCACCAGGGTCTCAA-30
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islets (r 5 0.522, P 5 0.011, n 5 23) and proportion of b-
cells per islet (r 5 0.538, P 5 0.010, n 5 22, data not shown).
Both absolute (r 5 0.581, P 5 0.005, n 5 21) and relative
(r 5 0.543, P 5 0.009, n 5 21) b-cell mass correlated posi-
tively with post-mortem body weight, despite having no
direct relationship to birth weight (data not shown).

Pancreatic and hepatic gene expression

Pancreatic gene expression of Glut2, Igf1r, Insr, Pdx1 and Vegf
was elevated (P , 0.05) in Restricted-on-Control offspring on
postnatal day 7 compared to Control-on-Controls (Fig. 3).
Pancreatic Insr and Igf1r mRNA expression were also upregu-
lated (P , 0.05) in Restricted-on-Restricted offspring at this age
compared to Control-on-Controls (Fig. 3). In contrast, there
were no differences in pancreatic gene expression observed at
6 months, whether expressed in absolute terms (Fig. 4) or
relative to b-cell mass (data not shown). Furthermore, absolute
and relative b-cell mass did not correlate with pancreatic gene
expression at 6 months (data not shown). Restricted-on-
Restricted offspring had decreased (P , 0.05) hepatic Glut2
mRNA compared to Control-on-Controls on postnatal day 7
with no other differences identified on postnatal day 7 or at
6 months (Table 3).

Discussion

Despite previously reporting hypoinsulinemia and impaired
glucose tolerance in Restricted-on-Restricted rats,13 there is no
adverse effect on intrinsic b-cell function, estimated by

insulin secretion relative to b-cell mass in this study. This
suggests that the lower b-cell mass in overall fewer islets in
these offspring impairs the ability of the pancreas to meet
normal metabolic demands following uteroplacental insuffi-
ciency. Importantly, we have shown that improving lactation
for Restricted-on-Control male rat offspring can attenuate
deficits in adult pancreatic islet number, islet mass and b-cell
mass induced by uteroplacental insufficiency. Together, these
data support previous studies in the rat, in which growth-
restricted offspring had reduced pancreatic islet number
and b-cell mass in adulthood,4,19,20 as well as our previous
findings of improved glucose tolerance in Restricted-on-
Control rats.13 Furthermore, the average number of total
islets, small islets and proportion of b-cells per islet correlated
positively with birth weight in our adult male offspring.
However, these deficits in endocrine pancreatic morphology
were in the absence of any changes in regulatory gene
expression in the whole pancreas or relative adiposity.

Male offspring born small and provided with improved
milk quality and quantity (Restricted-on-Control)15 showed a
marked increase in relative pancreatic gene expression of the
b-cell specific transcription factor (Pdx1) and growth factors
(Igf1r and Vegf) on postnatal day 7 compared to all other
groups. This upregulation above that of the Control-on-
Control male pups may be a compensatory response following
exposure to a poor intrauterine environment, in the face
of improved postnatal nutrition. Following this lactational
improvement and upregulation of pancreatic genes early in life,
pancreatic islet and b-cell mass in Restricted-on-Control offspring
were increased when compared to Restricted-on-Restricted

Table 2. Effect of prenatal and postnatal growth restriction and cross-fostering on body weight, dimensions and organ weights on postnatal day 7 and
at 6 months

Pup-on-Mother Control-on-Control Control-on-Restricted Restricted-on-Control Restricted-on-Restricted

Postnatal day 7
Body weight (g) 10.53 6 0.66 9.34 6 0.19 7.47 6 0.34* 6.61 6 0.39*
Crown rump length (mm) 46.62 6 0.99 45.21 6 0.59 41.99 6 0.62* 40.33 6 0.97*
Hind limb length (mm) 14.60 6 0.24 14.19 6 0.11 13.22 6 0.21** 12.50 6 0.26**
Head length (mm) 16.55 6 0.23 16.71 6 0.33 15.73 6 0.48* 15.18 6 0.31*
Pancreas weight (g) 0.016 6 0.002 0.015 6 0.001 0.011 6 0.001* 0.009 6 0.001*
Relative pancreas weight (%) 0.17 6 0.02 0.15 6 0.01 0.15 6 0.01 0.14 6 0.01
Liver weight (g) 0.31 6 0.01 0.28 6 0.01 0.24 6 0.01* 0.21 6 0.01*
Relative liver weight (%) 3.00 6 0.17 3.03 6 0.12 3.14 6 0.05 3.28 6 0.19

6 months
Body weight (g) 386.1 6 7.0 368.9 6 2.3 355.4 6 7.1* 353.9 6 6.9*
Pancreas weight (g) 1.19 6 0.07 1.26 6 0.06 1.15 6 0.06 1.10 6 0.06
Relative pancreas weight (%) 0.31 6 0.02 0.34 6 0.02 0.33 6 0.02 0.31 6 0.01
Liver weight (g) 8.67 6 0.15 8.49 6 0.16 8.03 6 0.13 8.34 6 0.17
Relative liver weight (%) 2.32 6 0.03 2.35 6 0.04 2.29 6 0.03 2.42 6 0.05

Body weight, crown rump length, hind limb length, head length, absolute pancreas and liver weight, relative pancreas and liver weight
measured for male offspring. All data are expressed as mean 6 S.E. (n 5 8).

*Indicates significantly different (P , 0.05) to Control-on-Control.
**Indicates significantly different (P , 0.05) to all other groups.
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Fig. 1. The effect of prenatal and postnatal growth restriction and
cross-fostering on plasma metabolite concentrations in non-fasted
male offspring at 6 months. (a) C-reactive protein (CRP), (b) total
cholesterol, (c) non-esterified fatty acids (NEFA), (d ) pancreatic-
amylase and (e) triglycerides measured at 6 months of age for
male offspring. Cont 5 Control; Rest 5 Restricted, Pup-on-Mother.
All data are expressed as mean 6 S.E. (n 5 8/group). *Indicates
significantly different (P , 0.05) to Control-on-Control.

0

12

24

P
an

cr
ea

ti
c 

is
le

t 
n

u
m

b
er

*

0

11

22

P
an

cr
ea

ti
c 

is
le

t 
m

as
s 
(m

g)

#

0

9

18

β-
ce

ll 
m

as
s 
(m

g)

#

0

50

100

R
el

at
iv

e 
n

u
m

b
er

 o
f 

is
le

ts
 (

%
)

Small
Medium
Large

pup:

mother:

Rest
on

Rest

Rest
on

Cont

Cont
on

Rest

Cont
on

Cont

(a)

(b)

(c)

(d)

Fig. 2. The effect of prenatal and postnatal growth restriction and
cross-fostering on (a) islet number per section area, (b) absolute
islet mass, (c) absolute b-cell mass and (d) percentage of small,
medium and large islets in male offspring at 6 months. Small
(,5000 mm2), medium (5000–10,000 mm2) and large
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are expressed as mean 6 S.E. (n 5 6–8 for all groups). *Indicates
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offspring at 6 months of age. This correlates well with the
improved metabolic function in these Restricted-on-Control
male adults from the same rats.13 Therefore, this demon-
strates that both the intrauterine and lactational environments
are important determinants of adult endocrine pancreatic
morphology and metabolic function.

It has been well-documented that increased weight gain
between the ages of 2 and 7 years in low birth weight children
independently predicts an increased risk of cardiovascular
disease, obesity and diabetes in adulthood.44–47 Furthermore,
placental restriction in the sheep is associated with rapid
catch-up growth during the 1st month of life resulting in
visceral obesity and insulin resistance.6,48 In previous studies
using the Sprague-Dawley rat, uteroplacental insufficiency
induced by bilateral uterine artery ligation resulted in growth-
restricted offspring catching up in weight to Controls by
7 weeks of age with concomitant mild glucose intolerance,
when fostered onto an unoperated mother after birth.4,49

By 10 weeks of age, these rats weighed more than Controls,
developed insulin resistance and were obese with virtually
absent acute first-phase insulin secretion by 6 months.4 In
contrast, we observed no accelerated growth or obesity in our
cross-fostered Restricted offspring, and no evidence of insulin
resistance following an insulin tolerance test,13 supported by
no alterations in key hepatic genes involved in the insulin-
signaling cascade at 6 months of age. A reduction in hepatic
Pepck mRNA expression in the Control-on-Restricted offspring
on postnatal day 7 may be suggestive of impaired hepatic
glucose production. However, no further glucose or insulin
tolerance testing has been performed in this cohort at this age.
These differences in growth profiles and subsequent meta-
bolic control are potentially due to a number of factors
including strain differences (Wistar-Kyoto v. Sprague-Dawley
rats) in response to the bilateral uterine vessel ligation surgery,
cross-fostering, varying litter sizes, altering lactation and
increased adiposity.
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Fig. 3. The effect of prenatal and postnatal growth restriction and cross-fostering on pancreatic (a) Glut2; (b) Igf1; (c) Igf1r, insulin-like
growth factor-1 receptor; (d ) Insr, insulin receptor; (e) Pdx1, pancreatic duodenal homeobox-1 and (f ) Vegf, vascular endothelial growth
factor mRNA expression relative to the endogenous reference gene (Hprt1) in postnatal day 7 male offspring. Cont 5 Control;
Rest 5 Restricted, Pup-on-Mother. All data are expressed as mean 6 S.E. (n 5 6–8 for all groups). *Indicates significantly different (P , 0.05)
to Control-on-Control. #Indicates significantly different (P , 0.05) to all other groups.
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Altered growth profiles in late gestation, early postnatal life
and the environments that induce these can severely impact
on adult metabolic health, as previously reviewed.3,50 The
critical period around birth is important for the development
and later function of pancreatic b-cells, the primary deter-
minants of glucose tolerance, in a number of different species
and paradigms.8 Nutritional perturbations, such as uter-
oplacental insufficiency and maternal undernutrition during
gestation and lactation in rodents, can adversely affect
endocrine pancreas development, resulting in reduced b-cell
mass,4,51–53 impaired glucose tolerance and first-phase insulin
secretion.4,53 It appears that the insulin secretion deficiency
and resulting impaired glucose tolerance in our adult male
rats with prenatal and postnatal restraint may be due to a
pancreatic b-cell mass deficit programmed around birth,
since there was no impairment in intrinsic b-cell function.
The importance of the immediate postnatal environment for
later metabolic function is highlighted in a study which

exposed growth-restricted rat offspring to the long-acting
glucagon-like peptide-1 analog, Exendin-4, in early postnatal
life.17 They showed that the rate of b-cell proliferation was
normalized, reversing the adverse consequences of perinatal
insults, thereby preventing the development of diabetes in
adulthood.17 This strongly supports our results, which clearly
show amelioration of pancreatic deficits following cross-
fostering of Restricted offspring onto a Control mother.

It seems likely that the intrauterine nutritional environ-
ment can not only program b-cell mass in offspring via
altered organogenesis of the endocrine pancreas but also
change to key lineage determinants, such as Pdx1.29 There is
evidence that intrauterine growth restriction induced by
uteroplacental insufficiency can both increase and decrease
Pdx1 mRNA expression within the pancreas depending upon
the stage of development and life examined.54 Stoffers et al.
observed that Pdx1 mRNA in the pancreatic islet is reduced
by more than 50% before birth, remains downregulated
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Fig. 4. The effect of prenatal and postnatal growth restriction and cross-fostering on pancreatic (a) Glut2; (b) Igf1; (c) Igf1r, insulin-like
growth factor-1 receptor; (d ) Insr, insulin receptor; (e) Pdx1, pancreatic duodenal homeobox-1 and (f ) Vegf, vascular endothelial growth
factor mRNA expression relative to the endogenous reference gene (Hprt1) in male offspring at 6 months. Cont 5 Control;
Rest 5 Restricted, Pup-on-Mother. All data are expressed as mean 6 S.E. (n 5 6–8 for all groups). There were no differences in pancreatic
gene expression across groups at 6 months.
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postnatally and is almost absent by adulthood in growth-
restricted rats.17 This initial downregulation and sustained
repression of Pdx1 gene transcription in the pancreatic islet
appears to be acting via epigenetic modifications, particularly
histone deacetylation and methylation that generally suppress
gene transcription.55 Furthermore, this process is reversible at
the neonatal stage, defining a critical developmental window for
potential intervention. Presently, however, we found no evidence
of uteroplacental insufficiency suppressing Pdx1 gene transcrip-
tion or of any other growth factor or functionally relevant gene
studied in the whole early postnatal or adult pancreas. This may
be complicated by the fact that pancreatic islets were not isolated
and that the pancreas predominantly comprises exocrine tissue.
Although pancreatic and hepatic gene expression does not
appear to be adversely affected by uteroplacental insufficiency or
cross-fostering at 6 months of age, whole pancreatic Pdx1, Igf1r
and Vegf mRNA expression was increased in Restricted-on-
Control pups when compared to Restricted-on-Restricted at
postnatal day 7. This upregulation of key genes did not persist
into adulthood, suggesting that it was a transitory response to
improved milk quality and quantity, but one that nevertheless
appears to prevent later structural and functional deficits
observed in adult Restricted offspring exposed to a poor lacta-
tional environment.

Adult growth-restricted offspring born to mothers with
50% global food reduction throughout pregnancy have
increased plasma CRP levels, despite being nursed by Control
dams.56 Although it is not known how CRP specifically
affects insulin signaling and b-cell function, the increased
circulating CRP levels in both the Control-on-Restricted and
Restricted-on-Restricted male offspring at 6 months of age
may be predictive of low-grade systemic inflammation and
later impaired glucose tolerance.10,11 When lactation was
improved in Restricted male offspring cross-fostered onto a
Control mother, circulating CRP concentrations returned to
Control-on-Control levels, concomitant with restored insulin
secretion and glucose tolerance as reported earlier.13 Con-
sidering that we previously found that Restricted-on-Restricted

male offspring were not insulin resistant or obese,13 it was not
surprising that there were no other differences in circulating
total cholesterol, NEFA or triglycerides.

In summary, we have shown that adult male offspring
exposed to uteroplacental insufficiency followed by a poor
lactational environment (Restricted-on-Restricted) have endo-
crine pancreatic mass deficits that are ameliorated by
improved lactation (Restricted-on-Control). We have char-
acterized an underlying deficit in the mass of the endocrine
pancreas that may be responsible for the insulin secretion
deficiency and impaired glucose tolerance observed in these
growth-restricted adult male offspring. Further determination
of the mechanisms involved in this amelioration by improved
early postnatal nutrition may provide additional insight into
other early life interventions that can modulate these long-
term consequences for low birth weight offspring.

Acknowledgments

The authors wish to thank Mr Chris Chiu and Dr Miles De
Blasio for technical assistance with real-time PCR and
COBAS analysis, respectively. The authors also thank Kerryn
Westcott for professional assistance with animal surgery and
handling. ALS present contact address: Baker IDI Heart &
Diabetes Institute, Victoria, Australia. This research was
supported by a grant from the National Health and Medical
Research Council of Australia to MEW (NHMRC; no.
400004), The University of Melbourne ECR grant to ALS
and ANZ trusts grant to ALS. ALS was supported by an
NHMRC Peter Doherty Biomedical Research Fellowship.

Statement of Interest

None.

References

1. Barker DJP, Osmond C, Golding J, Kuh D, Wadsworth MEJ.
Growth in utero, blood pressure in childhood and adult life,

Table 3. Effect of prenatal and postnatal growth restriction and cross-fostering on hepatic mRNA expression on postnatal day 7 and at 6 months

Pup-on-Mother Control-on-Control Control-on-Restricted Restricted-on-Control Restricted-on-Restricted

Postnatal day 7
Akt2 1.014 6 0.083 1.020 6 0.065 1.113 6 0.309 0.812 6 0.084
Glut2 1.070 6 0.186 0.826 6 0.090 0.576 6 0.160 0.509 6 0.131*
Pepck 1.026 6 0.110 0.658 6 0.053* 1.139 6 0.309 0.927 6 0.229

6 months
Akt2 1.859 6 0.581 1.907 6 0.658 1.634 6 0.460 1.112 6 0.454
Glut2 1.951 6 0.633 1.738 6 0.596 1.440 6 0.388 0.839 6 0.375
Pepck 1.633 6 0.446 2.085 6 0.721 1.224 6 0.348 1.034 6 0.414

Akt2, v-akt murine thymoma viral oncogene homolog-2; Glut2, glucose transporter-2; Pepck, phosphoenolpyruvate carboxykinase. Values
are expressed as mean 6 S.E. (n 5 8 per group), relative to a calibrator (the control group).

*Indicates significantly different (P , 0.05) to Control-on-Control.

242 A. L. Siebel et al.



and mortality from cardiovascular disease. Br Med J. 1989; 298,
564–567.

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

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

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

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

6. Owens JA, Gatford KL, De Blasio MJ, et al. Restriction of
placental growth in sheep impairs insulin secretion but not
sensitivity before birth. J Physiol. 2007; 584, 935–949.

7. Kahn BB. Type 2 diabetes: when insulin secretion fails to
compensate for insulin resistance. Cell. 1998; 92, 593–596.

8. Masiello P. Animal models of type 2 diabetes with reduced
pancreatic b-cell mass. Int J Biochem Cell Biol. 2006; 38, 873–893.

9. Elayat AA, el Naggar MM, Tahir M. An immunocytochemical
and morphometric study of the rat pancreatic islets. J Anat.
1995; 186, 629–637.

10. de Lemos ET, Reis F, Baptista S, et al. Exercise training is
associated with improved levels of C-reactive protein and
adiponectin in ZDF (type 2) diabetic rats. Med Sci Monit. 2007;
13, BR168–BR174.

11. D’Alessandris C, Lauro R, Presta I, Sesti G. C-reactive protein
induces phosphorylation of insulin receptor substrate-1 on
Ser307 and Ser 612 in L6 myocytes, thereby impairing the
insulin signalling pathway that promotes glucose transport.
Diabetologia. 2007; 50, 840–849.

12. Goldberg RB. Cytokine and cytokine-like inflammation
markers, endothelial dysfunction, and imbalanced coagulation
in development of diabetes and its complications. J Clin
Endocrinol Metab. 2009; 94, 3171–3182.

13. Siebel AL, Mibus A, De Blasio MJ, et al. Improved lactational
nutrition and postnatal growth ameliorates impairment of
glucose tolerance by uteroplacental insufficiency in male rat
offspring. Endocrinology. 2008; 149, 3067–3076.

14. Wadley GD, Siebel AL, Cooney GJ, et al. Uteroplacental
insufficiency and reducing litter size alters skeletal muscle
mitochondrial biogenesis in a sex specific manner in the adult
rat. Am J Physiol. 2008; 294, E861–E869.

15. Wlodek ME, Ceranic V, O’Dowd R, Westcott KT, Siebel AL.
Maternal progesterone treatment rescues the mammary
impairment following uteroplacental insufficiency and improves
postnatal pup growth in the rat. Reprod Sci. 2009; 16, 380–390.

16. Schwitzgebel VM, Somm E, Klee P. Modeling intrauterine growth
retardation in rodents: impact on pancreas development and
glucose homeostasis. Mol Cell Endocrinol. 2009; 304, 78–83.

17. Stoffers DA, Desai BM, DeLeon DD, Simmons R. Neonatal
exendin-4 prevents the development of diabetes in the
intrauterine growth retarded rat. Diabetes. 2003; 52, 734–740.

18. Scaglia L, Cahill CJ, Finegood DT, Bonner-Weir S. Apoptosis
participates in the remodeling of the endocrine pancreas in the
neonatal rat. Endocrinology. 1997; 138, 1736–1741.

19. Kahn SE. The importance of beta-cell failure in the
development and progression of type 2 diabetes. J Clin
Endocrinol Metab. 2001; 86, 4047–4058.

20. Messer NA, I’Anson H. The nature of the metabolic signal that
triggers onset of puberty in female rats. Physiol Behav. 2000; 68,
377–382.

21. Gallo LA, Wlodek ME, McConell GK, Laker RC, Siebel AL.
Exercise training early in life prevents pancreatic b-cell mass
deficits in growth restricted male rats. J DOHaD. 2009; 1,
S189–S190.

22. Hill DJ, Hogg J, Petrik J, Arany E, Han VKM. Cellular
distribution and ontogeny of insulin-like growth factors (IGFs)
and IGF binding protein messenger RNAs and peptides in
developing rat pancreas. J Endocrinol. 1999; 160, 305–317.

23. Boujendar S, Arany E, Hill D, Remacle C, Reusens B. Taurine
supplementation of a low protein diet fed to rat dams
normalizes the vascularization of the fetal endocrine pancreas.
J Nutr. 2003; 133, 2820–2825.

24. Ham JN, Crutchlow MF, Desai BM, Simmons RA, Stoffers
DA. Exendin-4 normalizes islet vascularity in intrauterine
growth restricted rats: potential role of VEGF. Pediatr Res.
2009; 66, 42–46.

25. Gatford KL, Mohammad SNB, Harland ML, et al. Impaired
b-cell function and inadequate compensatory increases in b-cell
mass following intrauterine growth restriction in sheep.
Endocrinology. 2008; 149, 5118–5127.

26. Achermann JC, Hamdani K, Hindmarsh C, Brook CGD. Birth
weight influences the initial response to growth hormone
treatment in growth hormone-insufficient children. Pediatrics.
1998; 102, 345.

27. Sander M, German MS. The b cell transcription factors
and development of the pancreas. J Mol Med. 1997; 75,
327–340.

28. Ahlgren U, Jonsson J, Jonsson L, Simu K, Edlund H. Beta-cell
specific inactivation of the mouse Ipf1/Pdx1 gene results in loss
of the beta-cell phenotype and maturity onset diabetes. Genes
Dev. 1998; 12, 1763–1769.

29. Chamson-Reig A, Thyssen SM, Arany E, Hill DJ. Altered
pancreatic morphology in the offspring of pregnant rats given
reduced dietary protein is time and gender specific. J Endocrinol.
2006; 191, 83–92.

30. Kiraly MA, Bates HE, Kaniuk NA, et al. Swim training prevents
hyperglycemia in ZDF rats: mechanisms involved in the partial
maintenance of beta-cell function. Am J Physiol. 2008; 294,
E271–E283.

31. Kubota N, Tobe K, Terauchi Y, et al. Disruption of insulin
receptor substrate 2 causes type 2 diabetes because of liver
insulin resistance and lack of compensatory beta-cell
hyperplasia. Diabetes. 2000; 49, 1880–1889.

32. Ohneda M, Inman LR, Unger RH. Caloric restriction in obese
pre-diabetic rats prevents beta-cell depletion, loss of beta-cell
GLUT 2 and glucose incompetence. Diabetologia. 1995; 38,
173–179.

33. Tanaka Y, Gleason CE, Tran PO, Harmon JS, Robertson RP.
Prevention of glucose toxicity in HIT-T15 cells and Zucker
diabetic fatty rats by antioxidants. Proc Natl Acad Sci. 1999; 96,
10857–10862.

34. Wlodek ME, Mibus A, Tan A, et al. Normal lactational
environment restores nephron endowment and prevents

Growth restriction, cross-fostering and pancreas 243



hypertension after placental restriction in the rat. J Am Soc
Nephrol. 2007; 18, 1688–1696.

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

36. Wlodek ME, Westcott KT, O’Dowd R, et al. Uteroplacental
restriction in the rat impairs fetal growth in association with
alterations in placental growth factors including PTHrP.
Am J Physiol. 2005; 288, R1620–R1627.

37. Di Nicolantonio R, Koutsis K, Westcott KT, Wlodek ME. Lack
of evidence for a role for either the in utero or suckling periods
in the exaggerated salt preference of the spontaneously
hypertensive rats. Physiol Behav. 2005; 86, 500–507.

38. Di Nicolantonio R, Koutsis K, Westcott KT, Wlodek ME.
Relative contribution of the prenatal versus postnatal period on
development of hypertension and growth rate of the
spontaneously hypertensive rat. Clin Exp Pharmacol Physiol.
2006; 33, 9–16.

39. Wlodek ME, Westcott KT, Serruto A, et al. Impaired mammary
function and parathyroid hormone-related protein during
lactation in growth-restricted spontaneously hypertensive rats.
J Endocrinol. 2003; 177, 233–245.

40. Bonner-Weir S. b-cell turnover: its assessment and implications.
Diabetes. 2001; 50, S20–S24.

41. Wlodek ME, Westcott K, Siebel AL, Owens JA, Moritz KM.
Growth restriction before or after birth reduces nephron
number and increases blood pressure in male rats. Kidney Int.
2008; 74, 187–195.

42. Ackermann AM, Gannon M. Molecular regulation of
pancreatic beta-cell mass development, maintenance, and
expansion. J Mol Endocrinol. 2007; 38, 193–206.

43. Edlund H. Pancreatic organogenesis – developmental
mechanisms and implications for therapy. Nat Rev Genet. 2002;
3, 524–532.

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

45. Lucas A, Fewtrell MS, Davies PS, et al. Breastfeeding and catch-
up growth in infants born small for gestational age. Acta
Paediatr. 1997; 86, 564–569.

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

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

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

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

50. Holemans K, Aerts L, Van Assche FA. Lifetime consequences of
abnormal fetal pancreatic development. J Physiol. 2003; 547,
11–20.

51. De Prins FA, Van Assche FA. Intrauterine growth retardation
and development of endocrine pancreas in the experimental rat.
Biol Neonate. 1982; 41, 16–21.

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

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

54. Lesage J, Blondeau B, Grino M, Breant B, Dupouy JP.
Maternal undernutrition during late gestation induces fetal
overexposure to glucocorticoids and intrauterine growth
retardation, and disturbs the hypothalamo-pituitary adrenal axis
in the newborn rat. Endocrinology. 2001; 142, 1692–1702.

55. Park JH, Stoffers DA, Nicholls RD, Simmons RA.
Development of type 2 diabetes following intrauterine growth
retardation in rats is associated with progressive epigenetic
silencing of Pdx1. J Clin Invest. 2008; 118, 2316–2324.

56. Magee TR, Han G, Cherian B, et al. Down-regulation of
transcription factor peroxisome proliferator-activated receptor
in programmed hepatic lipid dysregulation and inflammation in
intrauterine growth-restricted offspring. Am J Obstet Gynecol.
2008; 199, 271–275.

244 A. L. Siebel et al.


