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ABSTRACT: A suboptimal in utero environment leads to fetal adap-
tations to ensure short-term survival but in the long-term may lead to
disease when the postnatal growth does not reflect that in utero. This
study examined the effect of IUGR on whole body insulin sensitivity and
metabolic activity in adult rats. FemaleWistar-Kyoto rats were fed either
a normal protein diet (NPD 20% casein) or a low protein diet (LPD;
8.7% casein) during pregnancy and 2 wk of lactation. In offspring at
32 wk of age, indirect calorimetry and dual energy x-ray absorpti-
ometry (DEXA) were performed to assess metabolic activity and
body composition. Insulin sensitivity was assessed using a euglyce-
mic-hyperinsulinemic clamp. At 3 d of age, male and female LPD
offspring were 23 and 27% smaller than controls, respectively. They
remained significantly smaller throughout the experimental period
(�10% smaller at 32 wk). Importantly, there was increased insulin
sensitivity in LPD offspring (47% increase in males and 38% increase
in females); pancreatic insulin content was normal. Body composi-
tion, O2 consumption, respiratory exchange ratio (RER), and loco-
motor activity were not different to controls. These findings suggest
that in the absence of “catch-up” growth IUGR programs for im-
proved insulin sensitivity. (Pediatr Res 70: 339–344, 2011)

Over recent years, there has been an escalation in the
incidence of metabolic syndrome and type 2 diabetes

within the community, and this has been linked to a mismatch
in prenatal and postnatal growth (1–3). In this regard, many
epidemiological and experimental studies support the hypoth-
esis that a suboptimal in utero environment leads to fetal
adaptations to ensure short-term survival but, in turn, lead to
long-term disease risk when the postnatal environment does
not reflect that in utero (2–4). In addition, IUGR leads to a
reduction in prenatal growth and altered ontogeny of major
organs, which may also contribute to long-term disease risk
(5–8). For example, IUGR, because of maternal protein re-
striction in rats has been shown to lead to a reduced number of
cardiomyocytes in the heart (6), reduced nephron endowment
in the kidney (7), and reduced �-cell proliferation and islet
size in the pancreas (8).
Hence, it is likely that altered programming of glucose

metabolism coupled with direct reductions in pancreatic islet
� cells contribute to the development of metabolic syndrome
and type 2 diabetes in infants that were growth restricted in

utero, particularly when the postnatal growth trajectory is
inappropriately higher than that in utero (9). Although there is
substantial evidence to support this hypothesis, whether IUGR
can program for improved postnatal glucose metabolism in the
absence of “catch-up” growth has been relatively unexplored,
and it is imperative that this alternative be rigorously tested.
Importantly, in this regard, in our laboratory, we have a model
of maternal protein restriction in Wistar Kyoto (WKY) rats
where the IUGR offspring remain smaller throughout life
when compared with nongrowth restricted offspring; these
offspring also remain normotensive (7). The Thrifty Pheno-
type hypothesis (4,10,11) predicts that coronary heart disease,
type 2 diabetes, stroke, and hypertension manifest because
undernutrition during fetal life and infancy initiates altered
structure, but disease only manifests when offspring demon-
strate catch-up growth in adulthood. We propose that because
our IUGR offspring show postnatal growth appropriate to
body composition they will be programmed for improved
glucose regulation in adulthood as long as catch-up growth
does not occur. In our model, the dams are fed a low protein
diet (LPD) for 2 wk before pregnancy, throughout pregnancy,
and for 2 wk in lactation. This maternal dietary regime differs
from the protocol of many laboratories where the dams are
only fed the LPD during pregnancy. This may account for the
persistent reduced growth and normotension that we observe
in the offspring. Our specific aims were to determine in adult
rat offspring whether restricted growth in utero followed by
persistently low body growth throughout life leads to differ-
ences in food intake, whole body insulin sensitivity, energy
expenditure, and locomotor activity.

METHODS

Animals and diet treatment. WKY rat dams were fed either a LPD (8.7%
casein) or a normal protein diet (NPD; 20% casein) for 2 wk before mating,
during pregnancy, and for a further 2 wk after birth (12). The nutrient content
of the semipurified diets (vitamins, minerals, methionine, and oils) was
equivalent, except the starch, which was manipulated to ensure that the diets
were close to isocaloric (Glen Forrest Stockfeeders, Glen Forrest, Western
Australia) (12). Diet intake was monitored daily until weaning at 4 wk of age.
To prevent stress to the dams, the pups were not handled until 3 d after birth.
At 3 d of age, all litters were culled to 8 pups per dam (average litter size was
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between 10 and 14 per dam) and the remaining offspring allowed to grow to
32 wk of age. Seven male and female offspring per group (1 male and 1
female derived randomly per litter) were used. At weaning, the rats were
housed at two rats per cage until 24 wk of age. From 24 wk of age, animals
were housed individually for measurement of dietary intake. At 32 wk of age,
the rats were perfusion fixed (12). The pancreas and visceral fat (epididymal
and intra-abdominal) were excised and weighed. All animal experiments were
approved by the Monash University Biochemistry, Anatomy and Microbiol-
ogy Animal Ethics Committee, and treatment and care of the animals con-
formed to the Australian code of practice for the care and use of animals for
scientific purposes.

Growth trajectories. From 3 d after birth to 32 wk of age, body weight
(BWT), abdominal girth, head length, head width, and hind leg length were
measured weekly (13).

Blood pressure. Tail-cuff systolic blood pressure was measured in pre-
warmed restrained rats (NPD and LPD offspring) from 24 to 32 wk of age.
The blood pressure measurements were performed in triplicate twice weekly.

Indirect calorimetry. At 31 wk of age, O2 consumption, RER, energy
expenditure, and general locomotor activity was assessed using indirect
calorimetry. The calorimetry system consists of custom-made cages in which
the sample air is transferred to a control unit that contains specialized O2 and
CO2 sensors that determine changes in air concentrations of O2 and CO2 (TSE
Systems, Bad Homburg, Germany). All rats were monitored in the cages (one
rat per cage) for at least 72 h including a 24-h acclimatization period. O2

consumption (VO2) and CO2 production (VCO2) were measured every 30 min
for 3 min/cage and recorded using specialized software. RER was calculated as
the quotient of VCO2/VO2, with a value of 1 representing 100% carbohydrate
oxidation and 0.7 representing 100% fat oxidation. In addition, cage tops were
equipped with infrared sensors (TSE InfraMot; TSE Systems) to assess general
locomotor activity of the animals, measured as arbitrary “InfraMot units.”

Dual energy x-ray absorptiometry—assessment of body composition. At
32 wk of age, rats were anesthetized using isoflurane; lean muscle mass, bone
mineral content, and total % of fat were determined by scanning with an
Hologic Discovery A-QDR series bone densitometer (Hologic, Inc., MA).

Pancreatic insulin concentration. Pancreatic (tissue extraction) insulin
levels were measured by radioimmunoassay (ProSearch International Austra-
lia Pty Ltd, Victoria, Australia) using a Linco Research radioimmunoassay kit
for rat insulin.

Whole body insulin sensitivity. Insulin sensitivity was assessed in NPD
and LPD offspring at 32 wk of age using a euglycemic-hyperinsulinemic
clamp. Rats were anesthetized, and catheters were inserted into the left
femoral vein, right femoral vein, and right femoral artery. A priming dose of
insulin (Actrapid 10 �IU/kg/min; Novo Nordisk, Gentofte, Denmark) was
infused in the left femoral vein at a constant rate (31.66 �L/min; rate
determined in pilot study). A variable glucose infusion was administered
through the right femoral vein 1 min after the insulin infusion started. The
infusion rate of the priming dose of glucose was determined through an initial

pilot study. Blood glucose was measured every 5 min using a TrueTrack smart
system blood glucose monitor (Home Diagnostics, Inc., Fort Lauderdale, FL),
and the glucose infusion rate was adjusted to maintain euglycemia. A steady state
was attained after �30 min and was maintained for an additional 30 min. The
insulin sensitivity index (ISI) was then calculated according to Damas et al. (14).

ISI �
Steady state glucose infusion rate (mg � kg.� 1 min� 1)

Steady state plasma insulin infusion rate (mU � kg.� 1 min� 1)

Statistical analysis. All data are expressed as mean � SEM (SEM). Data
were statistically analyzed using GraphPad Prism (version 5.00; GraphPad
Software, SanDiego, CA, USA). A two-way ANOVA was applied to data at
32 wk of age; factors were represented as maternal diet (pD; LPD or NPD),
gender (pG; male or female), and their interaction (pD�G). Statistical signif-
icance was accepted at the level of p � 0.05. Changes in BWT, head length,
abdominal girth, head width, hind limb length, blood pressure, O2 consump-
tion, RER, and energy expenditure over time were analyzed using a repeated
measures two-way ANOVA.

RESULTS

Growth trajectories. BWT was significantly reduced at 3 d
of age in LPD offspring compared with NPD offspring (23%
reduction in males and 28% reduction in females; Table 1).
Postnatal growth in LPD and NPD offspring from 1 wk to

32 wk of age is depicted in Figure 1A. At 32 wk of age, BWT
of LPD offspring remained significantly reduced compared
with NPD offspring in both male and female offspring (9%
lower in male, p � 0.05 and 10% lower in female offspring,
p � 0.05; Fig. 1A). LPD offspring also exhibited a signifi-
cantly decreased growth in head length (Fig. 1B, p � 0.05),
abdominal girth (Fig. 1C, p � 0.05), and hind limb length
(Fig. 1D, p � 0.05) but no difference in head width (Fig. 1E)
throughout the experimental period.
DEXA analysis: body composition. DEXA scanning

showed no differences in relative lean muscle mass (Fig. 2A)
and total % of body fat (Fig. 2B) between LPD offspring and
NPD offspring or in male offspring versus female offspring.
Female offspring exhibited an increased relative bone mineral

Table 1. BWT, pancreas weight, and visceral fat pad weight in NPD and LPD offspring at 32 wk of age

NPD (male),
(n � 7)

NPD (female),
(n � 7)

LPD (male),
(n � 7)

LPD (female),
(n � 7) p

BWT at 3 d of age (g) 5.77 � 0.17 5.90 � 0.13 4.44 � 0.13 4.28 � 0.13 pD � 0.0001*
pG � 0.93
pD�G � 0.33

BWT at 32 wk of age (g) 462 � 8 262 � 4 422 � 8 236 � 6 pD � 0.0002*
pG � 0.0001*
pD�G � 0.38

Pancreas weight (mg) 636 � 30 576 � 20 676 � 90 540 � 50 pD � 0.96
pG � 0.06
pD�G � 0.45

Visceral fat pad weight (mg) 16448 � 1318 10501 � 719 16136 � 976 8525 � 539 pD � 0.27
pG � 0.0001*
pD � G � 0.42

Pancreas weight: BWT (mg/g) 1.3 � 0.1 2.1 � 0.1 1.6 � 0.2 2.2 � 0.1 pD � 0.38
pG � 0.03*
pD�G � 0.66

Visceral fat pad weight: BWT (mg/g) 36.6 � 0.03 40.1 � 0.04 38.2 � 0.02 36.1 � 0.02 pD � 0.45
pG � 0.39
pD�G � 0.14

Data were analyzed by a two-way ANOVA with maternal diet (D: NPD or LPD), gender (G: male or female), and maternal diet � gender (D�G) interaction
as factors.
* p � 0.05.
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content compared with male offspring (pG � 0.001), but there
was no difference between NPD and LPD offspring (Fig. 2C).
Dietary intake. When food intake was measured in adult-

hood (from 24 to 32 wk of age), LPD offspring consumed
significantly less (p � 0.0001) compared with NPD offspring
in both males and females. However, when food intake was
corrected to lean muscle mass, there was no significant dif-
ference between LPD and NPD offspring.
Indirect calorimetry. Over a 48-h experimental period,

there was no difference in energy expenditure between adult
NPD and LPD offspring (Fig. 3A). Overall, females exhibited
a greater energy expenditure (p � 0.0001) compared with
males. Female offspring showed significantly greater O2 con-
sumption per gram of BWT (p � 0.0001), whereas there was
no difference between LPD offspring and NPD offspring in O2

consumption (Fig. 3B). There were no significant differences
in RER (Fig. 3C) and locomotor activity (Fig. 3D) between
NPD offspring and LPD offspring. However, locomotor activ-
ity was greater (p � 0.0001) in female offspring compared
with male offspring (Fig. 3D).

Blood pressure. Blood pressure remained relatively con-
stant throughout the measurement period (24 to 32 wk) in all
rats (Fig. 4). There was no significant effect of maternal
protein restriction or gender on blood pressure.
Whole body insulin sensitivity. At 32 wk of age, whole

body ISI was significantly greater in LPD offspring compared
with NPD offspring (70% increase, pD � 0.0001; Fig. 5); ISI
per lean body mass was also significantly increased (pD �
0.0001). There was also a significantly greater ISI in female
offspring; females exhibited a 39% increase (pG � 0.0046)
compared with males. The highest whole body ISI was ob-
served in female LPD offspring.
Pancreatic insulin levels. At 32 wk of age, there was no

significant difference in pancreatic insulin levels between
NPD and LPD offspring (males: 0.119 � 0.013 mg/g and
0.096 � 0.023 mg/g, respectively, and females: 0.086 � 0.01
mg/g and 0.083 � 0.004 mg/g, respectively).
Pancreas and visceral fat weight. At necropsy, there was

no difference in absolute pancreas weight or relative pancreas
weight or visceral fat (epididymal and intra-abdominal)

Figure 1. Postnatal measurements from 0 to 32 wk of age of (A) BWT, (B) head length, (C) abdominal girth, (D) hind limb length, and (E) head width in NPD
(male F, n � 7 and female f, n � 7) and LPD (male E, n � 7 and female �, n � 7) offspring. Data were analyzed by a repeated measures two-way ANOVA.
*p � 0.05. Error bars represent � SEM.

Figure 2. Body composition assessed by DEXA: (A) lean muscle mass: BWT; (B) total % of fat; and (C) relative bone mineral content: BWT (males: M �;
females: F f). Data were analyzed by a two-way ANOVA with maternal diet (D: NPD or LPD), gender (G; male or female) and maternal diet � gender (D�G)
interaction as factors. There was a significant gender difference (pG � 0.001) in bone mineral content: BWT.
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weight between LPD offspring and NPD offspring. When
corrected to BWT, there was a significant increase in relative
pancreatic weight in female offspring (pG � 0.03) compared
with male offspring (Table 1).

DISCUSSION

In this study, we clearly demonstrate improved whole body
insulin sensitivity in rat offspring that were growth restricted
in utero and whose growth trajectory remained attenuated in

adulthood. Thirty-two-week-old offspring of protein restricted
rats were of lower BWT compared with age-matched controls
and DEXA body composition analysis indicated that fat and
lean muscle mass were proportional to BWT; pancreatic in-
sulin content was normal. Caloric intake was lower in off-
spring of protein restricted rats compared with controls but
was appropriate for BWT. To determine whether energy
expenditure and metabolic parameters were affected by expo-
sure to a protein restricted diet during development, we carried
out indirect calorimetry. Analysis showed no differences in
oxygen consumption, RER, and energy expenditure between
IUGR and non-IUGR offspring. Hence, our findings of im-
proved insulin sensitivity in the absence of catch-up in body
growth clearly supports the concept of programming for im-
proved glucose regulation in adulthood when the postnatal
growth trajectory resembles that in utero. In accordance with
previously published studies, there were no differences in
blood pressure in the IUGR and non-IUGR offspring over the
experimental period (7).
Appropriate postnatal growth trajectory to that predicted

in utero. In the present study, the LPD offspring were 9%
lighter in males and 10% lighter in females compared with
controls at 3 d of age (the first time point when BWT was
measured). Comprehensive growth measurements in the ex-
perimental period after birth (3 d to 32 wk) clearly demon-
strated an attenuated postnatal body growth in the LPD off-
spring; the reduced BWT were accompanied by proportional
reductions in abdominal girth, hind limb length, and head
length. Thus, there is no evidence for asymmetric growth in
these offspring. Growth trajectories in IUGR offspring did not
show evidence of catch-up growth nor was there evidence of
altered body composition in adulthood when organ and fat pad
mass were determined. Because measurement of adiposity by
dissecting and weighing fat pads does not take into account
differences in intramuscular or s.c. fat deposition, we, there-
fore, also measured whole body composition by DEXA.
Whole body DEXA offered no evidence for increased depo-
sition of body fat in the IUGR offspring. These findings are
contrary to the findings of other studies where altered pro-

Figure 3. Indirect calorimetry measurements of (A) energy expenditure, (B)
O2 consumption, (C) RER, and (D) locomotor activity in NPD (male F, n �
7 and female f, n � 7) and LPD (male E, n � 7 and female �, n � 7)
offspring at 31 wk of age. Data were analyzed by a repeated two-way
ANOVA. There were no statistical differences between NPD and LPD
offspring. Error bars represent � SEM.

Figure 4. Tail cuff systolic blood pressure measured from 24 to 32 wk of age
in NPD (male F, n � 7 and female f, n � 7) and LPD (male E, n � 7 and
female �, n � 7) offspring. Data were analyzed by a repeated two-way
ANOVA. There were no statistical differences between NPD and LPD
offspring. Error bars represent � SEM.

Figure 5. Bar graph depicting ISI (a measure of whole body insulin sensi-
tivity) in male (M: �) and female (F: f) NPD and LPD offspring (n � 7 in
all groups) at 32 wk of age. Data were analyzed by two-way ANOVA with
maternal diet (D: NPD or LPD), gender (G; male or female) and maternal
diet � gender (D�G) interaction as factors. There was a significant maternal
diet effect (pD � 0.0001) and significant gender effect (pG � 0.0043).
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gramming of body fat composition has been described in
IUGR offspring; however, this usually occurs when there is
catch-up in body growth (15,16).
IUGR in the absence of postnatal catch-up in growth

appears to program for improved insulin sensitivity in
adulthood. As initially hypothesized, we have observed in-
creased insulin sensitivity in adult offspring that had been
growth restricted in utero and whose growth trajectory after
birth remained significantly attenuated when compared with
nongrowth-restricted offspring. Our findings support previous
studies where in young adulthood, IUGR offspring have a
significantly better glucose tolerance and insulin sensitivity
than controls (17,18) when their BWT is maintained on a
lower growth trajectory after birth. Importantly, the program-
ming of increased insulin sensitivity in the IUGR offspring in
adulthood was accompanied by normal carbohydrate metab-
olism, normal body composition, and attenuation in daily food
intake in the adult offspring. Indeed, a mismatch in prenatal
and postnatal growth is thought to be a major contributing
factor to the impaired glucose metabolism often observed in
IUGR subjects, with epidemiological studies demonstrating
that the highest risk of metabolic syndrome occurs when
IUGR is followed by catch-up in growth after birth (19–21).
In our model of maternal protein restriction, the offspring

are not only growth restricted in utero but they remain smaller
throughout life. The lack of catch-up growth is not what the
“thrifty phenotype” hypothesis predicts (4); our offspring were
IUGR because of a reduction in maternal protein availability
but when weaned they were allowed ad libitum access to a
NPD, which theoretically represents an increased plane of
nutrition. Based on the “thrifty phenotype” hypothesis,
catch-up growth, accumulation of body fat and insulin resis-
tance should subsequently ensue. However, in our study,
because IUGR offspring did not demonstrate catch-up in body
growth, the findings of improved whole body insulin sensitiv-
ity is as predicted.
At this stage, we cannot identify the mechanisms underly-

ing the persistent reduction in body growth in LPD offspring,
however, it is likely that the IGFs (IGF-I and IGF-II) may be
involved in the long-term programming of reduced body
growth (22,23) and thus enhancing insulin sensitivity.
Importantly, our dietary regime of maternal protein restric-

tion differs from many other laboratories in that the rat dams
were administered the LPD for 2 wk before mating, through-
out pregnancy and for 2 wk during lactation (6,7,12). Indeed,
there have been a number of recent studies demonstrating the
importance of not only the intrauterine environment but also
the periconceptional and lactational environment in determin-
ing the long-term growth profile of the offspring (24–27).
Certainly, it is conceivable that prolonged suboptimal nutri-
tion from the periconceptional period until 2 wk during lac-
tation will have a different programming effect on body
growth when compared with suboptimal nutrition during preg-
nancy only.
In the present study, there was improved insulin sensitivity

in females compared with males in both control and LPD
offspring. These findings are in accordance with previously
published findings of lower postabsorptive insulin levels in

females compared with males (26,28), suggesting that female
rats are intrinsically more sensitive to insulin than males. It is
thought that the nutritional sensitivity in males may relate to
faster growth of tissues in males and hence more critical
nutritional needs (29).
Metabolism and energy consumption. It was considered

likely in the undertaking of these studies that the improved
insulin sensitivity and lack of catch-up in growth in our LPD
offspring would be associated with an increased metabolic rate
or a shift in the balance between carbohydrate and fat metab-
olism. To the contrary, however, using highly sensitive indi-
rect calorimetric techniques we found no differences in O2

consumption, energy expenditure, or RER between the NPD
and LPD offspring, thus demonstrating that the oxidative
phosphorylation and �-oxidative pathways governing glucose
and fat metabolism were normal in our IUGR offspring. Given
that pancreatic insulin content was also normal, by a process
of elimination, we therefore speculate that the observed in-
creased insulin sensitivity in the IUGR offspring is because of
alterations in insulin signaling as has been suggested by
Ozanne et al. (30,31). Further studies in isolated pancreatic
islet � cells are required to confirm this. An alternative
possibility is that the consumption of the LPD by lactating
dams in the first 2 wk after birth resulted in a change in the
postnatal leptin surge that occurs in rodents and is responsible
for maturation of appetite circuits. Indeed, Vickers et al. (32)
show that the phenotype in offspring of semistarved rats can
be normalized by administering leptin to pups in early post-
natal life and Kirk et al. (33) showed an exaggerated postnatal
leptin surge in offspring of obese mice.
Programming of appetite. In the present study, food intake

was significantly reduced in the LPD offspring in adulthood,
however, when adjusted to BWT, this was not different to
controls; whether the food intake was a corollary of body size
or whether body size was a corollary of food intake is uncer-
tain. Previous findings suggest that the early postnatal period
is crucial in the programming of long-term appetite (26,34,35)
thus highlighting the importance of the diet of the mother
during lactation on the subsequent growth trajectory of the
offspring. Therefore, since our LPD offspring were exposed to
maternal protein restriction for 2 wk during lactation (the first
2 wk postnatally), it is likely that the reduced postnatal
appetite and attenuated growth trajectory was programmed in
the early lactational period. Hence, restricting the diet 2 wk
before mating, during pregnancy, and during 2 wk of lactation
may have programmed the appetite, which eventually pre-
vented the loss of insulin sensitivity after neonatal life. Fur-
thermore, this would account for the catch-up in growth often
observed in other rat models of maternal protein restriction,
where it is usual for the mothers to be placed onto normal
laboratory chow at birth; this may initiate a shift in the early
postnatal growth trajectory or alter the timing or peak of the
postnatal leptin surge (36), which is thought to be critical in
shaping the neural architecture of hypothalamic feeding cir-
cuitry (37). In future studies, analysis of leptin levels in our
LPD offspring in the early postnatal period and later in
adulthood would help to elucidate whether there is lactational
programming of appetite.
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In conclusion, our findings clearly demonstrate that mater-
nal protein restriction and/or IUGR can lead to the program-
ming of improved postnatal whole body insulin sensitivity
when postnatal growth is similar to that in utero. Importantly,
lack of hypertension in our animals may also be due to the
absence of catch-up growth in IUGR rat offspring. The find-
ings thus highlight the importance of maintaining a similar
growth trajectory after birth to that in utero.
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