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Postnatal ad libitum caloric intake superimposed on intrauterine
growth restriction (IUGR) is associated with adult-onset obesity,
insulin resistance, and type 2 diabetes mellitus (T2DM). We hy-
pothesized that this paradigm of prenatal nutrient deprivation–
induced programming can be reversed with the introduction of
early postnatal calorie restriction. Ten-month-old male rats ex-
posed to either prenatal nutrient restriction with ad libitum post-
natal intake (IUGR), pre- and postnatal nutrient restriction (IPGR),
or postnatal nutrient restriction limited to the suckling phase
(50% from postnatal [PN]1 to PN21) (PNGR) were compared with
age-matched controls (CON). Visceral adiposity, metabolic profile,
and insulin sensitivity by hyperinsulinemic-euglycemic clamps
were examined. The 10-month-old male IUGR group had a 1.5- to
2.0-fold increase in subcutaneous and visceral fat (P , 0.0002)
while remaining euglycemic, insulin sensitive, inactive, and
exhibiting metabolic inflexibility (VO2) versus CON. The IPGR
group remained lean, euglycemic, insulin sensitive, and active
while maintaining metabolic flexibility. The PNGR group was in-
sulin sensitive, similar to IPGR, but less active while maintaining
metabolic flexibility. We conclude that IUGR resulted in obesity
without insulin resistance and energy metabolic perturbations
prior to development of glucose intolerance and T2DM. Post-
natal nutrient restriction superimposed on IUGR was protective,
restoring metabolic normalcy to a lean and active phenotype.
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A
growing body of epidemiological observations
and animal experiments has established the in-
fluence of intrauterine nutritional restriction and
low birth weight on the later development of

adult-onset metabolic disorders such as obesity, type 2 di-
abetes mellitus (T2DM), and dyslipidemia (1–5). Disruption
of tissue-specific insulin-signaling pathways during the fetal
and postnatal stages of development perturbs the whole-
body glucose homeostasis, with concomitant insulin re-
sistance in skeletal muscle and white adipose tissue (WAT)
of the adult (1–3). We have previously demonstrated ex-
cessive weight gain and increased glucose-induced insulin
release with emerging hepatic insulin resistance in female
adult intrauterine growth–restricted (IUGR) rat offspring
with ad libitum postnatal caloric intake (4). Undernutrition
during gestation by itself led to increased hepatic glucose
production (HGP) and impaired insulin signaling before

the onset of obesity and diabetes in the adult male off-
spring (5). This presentation was distinct from the pheno-
type seen with postweaning high-fat diet consumption (6).
Hyperglycemia and increased plasma insulin concentration
with excessive total fat mass have previously been reported
after ad libitum intake in 9-month-old IUGR male offspring
that was further accentuated by increased dietary fat intake
(6–8).

However, in large human observations, while small size
at birth correlated with higher total fat mass, the resting
metabolic rate per unit of fat-free mass also increased in
young adults (9). While small size at birth may not neces-
sarily reflect the nutritional state, it is not known whether
this paradoxical increase in metabolic rate with increased
adiposity is due to altered resting metabolic rate, meta-
bolic fuel selection, or change in physical activity level.
Based on these human observations, we examined distri-
bution of body fat mass and metabolic profile in our pre-
viously described rat model of prenatal nutrient restriction
with ad libitum postnatal calorie intake, restricted postnatal
calorie intake, or postnatal calorie restriction alone (4).

We hypothesized that 1) unrestricted postnatal caloric
intake superimposed on nutrient restriction limited to late
gestation and associated with IUGR would result in adult-
onset obesity and glucose intolerance in the male offspring
and 2) early postnatal caloric restriction would protect the
male IUGR offspring from developing adult-onset obesity
and glucose intolerance. To test these hypotheses, we used
the previously well-described rat model of caloric restric-
tion during late gestation with cross-fostering allowing ex-
amination of four different groups, consisting of the control
(CON) (gold standard), intrauterine growth restriction with
postnatal ad libitum milk intake (IUGR), postnatal caloric
limitation with growth restriction (PNGR), and combined
IUGR with PNGR (IPGR).

RESEARCH DESIGN AND METHODS

Sprague-Dawley rats (Charles River Laboratories, Hollister, CA) were housed
in individual cages, exposed to 12-h light/dark cycles at 21–23°C, and allowed
ad libitum access to standard rat chow (composition carbohydrate 63.9%, fat
6.25%, and protein 18.6%). The National Institutes of Health guidelines were
followed as approved by the animal research committee of the University of
California, Los Angeles.
Animal model. We provided 50% of daily food intake (11 g/day) of a pregnant
rat with ad libitum access to water from embryonic day (e)11 to e21, as we have
previously described. This prenatal semi–nutrient restriction led to IUGR (3).
At birth, the litter size was culled to six to ensure no interlitter nutritional
variability. Postnatally, the cross-fostering of animals generated four experi-
mental groups, as we have previously described (3). The newborn pups born to
ad libitum–feeding control mothers were reared by either mothers continued
on semi–nutrient restriction during lactation from postnatal (PN)1 to PN21
(PNGR) or by control mothers (CON) (Fig. 1A). During the suckling phase,
the intrauterine semi–nutrient restriction progeny was fed and reared either
by control mothers with ad libitum access to calories (IUGR), representing in-
trauterine nutrient restriction, or by semi–nutrient restriction mothers that con-
tinued to receive 50% of daily food intake (IPGR) during lactation, representing
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intrauterine with superimposed postnatal nutrient restriction. All four groups had
ad libitum access to water and rat chow after weaning from dams until the time of
study at 10 months of age. In this study, only the male offspring were examined.
Abdominal computed tomography. The animals were anesthetized by an
initial intraperitoneal injection containing mixture of ketamine and xylazine
(50 + 4.8 mg/kg) followed by inhaled 2% isoflurane per 2.5 L oxygen delivered by
a nose cone during the entire procedure. The animals were placed supine in the
micro–computed tomography scanner (MicroCAT II system; Siemens Preclinical
Solutions, Knoxville, TN). Images were created using a Feldkamp reconstruc-
tion algorithm to a 400-micron voxel size and 800-micron resolution. The sub-
cutaneous and visceral fat areas were measured on one cross-sectional scan
obtained at the constant level of the fifth lumbar vertebra. The intraperitoneal
and subcutaneous fat tissue was assessed by the region-of-interest (ROI) anal-
ysis. Total fat area was calculated by counting the number of pixels in each ROI,
i.e., total fat and the visceral fat areas. Subcutaneous fat area was assessed by
subtracting visceral fat from the total fat areas (10).
Food and water intake. Body weight and food and water intake were
recorded in 15 postweaned animals from each group over a period of 24 h at
intervals of 1 month, taking into account food spillage and evaporation.

Energy expenditure and respiratory exchange ratios. An indirect open-
circuit calorimeter (Oxymax; Columbus Instruments, Columbus, OH) was used
for these measurements in 10-month-old males in all four groups (11). The
calorimeter was calibrated, and rats were weighed and placed individually in
sealed chambers. Rats were conscious and unrestrained during the measuring
period. All measurements were made simultaneously in the fed state with ad
libitum access to food and water and after an overnight fast with free access to
water only. After an optimal acclimation period of 24 h, the calorimeter airflow
rate was adjusted according to the animal weight. The expired air was analyzed
for a 30-s period every 6 min using an electrochemical O2 analyzer and a CO2

sensor (Oxymax). VO2 and VCO2 were measured by the indirect calorimeter
and expressed as milliliters of O2 3 hour21 3 body weight in kilograms (11,12).
The respiratory exchange ratio (RER) was calculated as VCO2/VO2 (volume of
CO2 produced per volume of O2/CO2 consumed [milliliters per kilogram per
minute]). Energy expenditure (kilocalories per kilogram per hour; heat pro-
duction) was calculated using a rearrangement of the Weir equation as sup-
plied by Columbus Instruments: (3.815 + 1.232 3 RER) 3 VO2 (11,13). A mean
of 12–14 determined values per rat was averaged for the final value. (n = 6 in
each group.) Analysis of the substrate used for oxidation was derived based
on the RER values using Table 1 of a previously published article (14). As
a control, resting VO2 measured during none to less than baseline activity (0–10
counts/10 min) (12) served as a measure of basal or resting metabolic rate.
Activity scoring. Oxymax (Opto-M3 Activity Monitor) with 16 infrared (IR)
beams intersecting the chamber in the x-, y-, and z-axes was used to obtain
activity counts associated with ambulation. IR photocells were placed at
a height above the animal (z-axis) to detect activities of rearing or jumping.
The activity data were obtained concurrently during the period of calorimetric
measurements and were averaged every 10 min. Calorimeter was configured
for x, xy, xz, or xyz coverage. Each interruption of IR beams in x- and y-axes
accrued a count of activity, and z-axis counted rearing (12).
Intravenous glucose tolerance tests. Adult awake 10-month-old male ani-
mals received 0.5 g/kg glucose via the tail vein, and blood was obtained at 0, 5,
15, 30, 60, and 120 min subsequently to measure plasma glucose and insulin
concentrations. The insulin concentrations measured at 5 min following the
intravenous glucose challenge reflected the first phase and were used to de-
termine the glucose-stimulated insulin release (GSIR).
Hyperinsulinemic-euglycemic clamp studies

Surgical catheter placement. Ten-month-old adult male rats were anes-
thetized using inhalational isoflurane. One week prior to the clamp studies,
catheters were inserted into two jugular veins and right carotid artery, tunneled
subcutaneously, exteriorized, and maintained patent with heparinized saline.
Pain was controlled with ketoprofen (10 mg/kg), and antibiotics (50 mg/kg
ampicillin) were given daily for the first 48 h after surgery. Only animals that
recovered adequately and were active and eating normally after the surgery
were used in the clamp experiments.
Hyperinsulinemic-euglycemic clamp experiments. All animals were sub-
jected to an overnight fast for ;16 h prior to the clamp to standardize liver
glycogen and hepatic glucose output. Under basal conditions, the animals
received a primed (5 mCi bolus) constant intravenous infusion of [3-3H]glucose
(0.05 mCi/min) over 90 min to achieve steady state (Fig. 1B). For creation of the
hyperinsulinemic-euglycemic clamp condition, rats then received an intraven-
ous infusion of insulin (Novolin R, regular human insulin, recombinant DNA
origin; Novo Nordisk) at 4 mU/kg/min with continuation of the (3-3H)glucose
(0.2 mCi/min) infusion to maintain the achieved steady state (Fig. 1B).
A variable infusion of 50% glucose solution was started at the beginning of the
hyperinsulinemic clamp and adjusted to maintain the plasma glucose concen-
tration at 100–120 mg/dL (euglycemia). Insulin-stimulated tissue glucose uptake
was simultaneously estimated by the concomitant administration of an in-
travenous bolus of the nonmetabolizable 2-deoxy-D-[1-14C]glucose (10 mCi;
Perkin Elmer). Blood sampling was performed every 10 min over a 45-min

FIG. 1. A: Experimental groups are depicted schematically. B: Experi-
mental design, hyperinsulinemic-euglycemic clamp study. mU, milliunits.

TABLE 1
Body weight, plasma insulin and leptin concentration, and food and water intake corrected for body weight in 10-month-old male
animals after an overnight fasting state

Body weight (g)
Glucose
(mg/dL)

Insulin
(ng/mL)

Leptin
(ng/mL)

Food intake/100 g
body wt (g)a

Body weight/FI
(g/g)b

Water intake/body
weight (g)

CON (15) 784.3 6 21.0 134.6 6 10.3 1.8 6 0.2 20.0 6 3.7 3.0 6 0.2 34.8 6 3.1 0.037 6 0.005
IUGR (16) 841.2 6 22.2*†‡ 157.2 6 22.1 1.8 6 0.2 32.0 6 3.9*†‡ 2.8 6 0.3‡‡ 37.1 6 2.6 0.037 6 0.006
IPGR (15) 663.5 6 14.4** 146.0 6 6.8 1.7 6 0.2 15.9 6 2.1### 3.4 6 0.4 29.8 6 1.8 0.0423 6 0.006
PNGR (15) 664.1 6 11.9** 123.1 6 9.9 0.9 6 0.1*#†† 10.5 6 0.7### 3.9 6 0.3* 27.2 6 2.5## 0.048 6 0.009

Data are means 6 SD. aFood intake per 100 g body wt as assessed over a 24-h period at 10 months of age alone is shown. bBody weight per
gram of food intake (FI) reflects the caloric efficiency. *P , 0.03 vs. CON. †P , 0.0001 vs. IPGR. ‡P , 0.001 vs. PNGR. ‡‡P , 0.008 vs. PNGR.
**P , 0.0001 vs. CON. ###P , 0.001 vs. IUGR. #P , 0.05 vs. IUGR. ††P , 0.002 vs. IPGR. ##P , 0.02 vs. IUGR.
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period after achieving clamp conditions. At the end of the clamp study, rats
were killed with pentobarbital sodium (150 mg/kg i.v.) and the collected tissues
were snap-frozen in liquid nitrogen for subsequent analysis.
Total-body glucose kinetics. Plasma samples were analyzed for glucose
concentration by a HemoCue glucose 201 analyzer (HemoCue, Cypress, CA).
[3-3H]glucose specific radioactivity was assessed in the supernatant of
barium hydroxide–zinc sulfate–precipitated plasma samples after overnight
elimination of tritiated water (Somogyi method) by evaporating to dryness. In
steady state, the Ra of glucose, which equals Rd, was calculated by dividing the
infusion rate of labeled glucose by the specific activity at the same time point.
Endogenous HGP was calculated by subtracting the unlabeled glucose infusion
rate (GIR) from Rd.
Tissue glucose uptake. Tissue samples, which included the liver, white fat,
soleus muscle, extensor digitorum longus muscle, and gastrocnemius, were
treated with 1 mol/L NaOH at 60°C for 45 min. These tissue extracts were
neutralized with 1 mol/L HCl prior to deproteination by 6% HClO4 and Ba(OH)2/
ZnSO4 precipitation separately. The supernatants were collected by centrifugation
at 5,000g for 5 min, and the radioactivity associated with total and free 2-
deoxyglucose was measured. Tissue 2-deoxyglucose-6-PO4 concentration was
calculated as the difference between total (HClO4 supernatant) and free
2-deoxyglucose [Ba(OH)2/ZnSO4 supernatant] radioactivity.
Plasma assays. Plasma was separated, and aliquots were prepared for mea-
surement of glucose by the glucose oxidase method (Sigma Diagnostics,
St. Louis, MO) (sensitivity = 0.1 mmol/L). Insulin and leptin were quantified by
enzyme-linked immunosorbent assays using rat standards and anti-rat insulin
or leptin antibodies (Linco Research, St. Charles, MO) (sensitivity: insulin =
0.2 ng/mL, leptin = 0.04 ng/mL using 10-mL sample).
Data analysis. All data are expressed as means 6 SE. The ANOVA models
were used for normal distribution of data to compare the various treatment
groups at different ages and F values determined. Intergroup differences were
validated by the post hoc Fisher paired least significant differences test.
Comparison of the fasted with the fed states between the four experimental
groups was conducted by two-way ANOVA for measurements of VO2, VCO2,
heat production, resting energy ratio, and activity. Similarly, comparison be-
tween basal and hyperinsulinemic-euglycemic clamp conditions (Rd, HGP, and
GIR) of the four experimental groups was conducted by two-way ANOVA, and
pairwise comparisons were performed using the post hoc Tukey test. Signif-
icance was assigned when P values were ,0.05.

RESULTS

Anthropometric measurements, food and water intake,
plasma glucose, and hormone concentrations. From 4
to 10 months of age, the IUGR male weighed significantly
more than CON, while IPGR and PNGR were lighter than
CON and IUGR (Fig. 2A and Table 1). Body weight at
weaning (21 days) in IUGR, IPGR, and PNGR was uni-
formly lower than that of the age-matched CON (P ,
0.0001) (Fig. 2A). This weight gain by 10-month-old IUGR
was associated with a lower food intake (per 100 g body wt)
versus that of 10-month-old PNGR (P , 0.008) (Table 1)
and achieved statistical significance the earliest at 6 months
of age (P , 0.001) (Fig. 2A). In contrast, the lighter PNGR
demonstrated a higher food intake per unit body weight
compared with CON (P , 0.03) and IUGR (P , 0.008) at
10 months (Table 1). There were no differences in water
intake between the four groups (Table 1). The caloric
efficiency determined as body weight/food intake (de-
fined as the body weight achieved per unit caloric intake)
in IUGR and IPGR groups was similar to CON but was
lower in PNGR versus that in IUGR (Table 1). Further, the
PNGR group demonstrated the lowest caloric efficiency
(body weight/food intake) and was statistically significant
compared with the IUGR group (P , 0.02) (Table 1).
While intergroup baseline glucose concentrations were
not different, plasma insulin concentration in the PNGR
group was significantly lower than in the CON (P , 0.3),
IUGR (P, 0.5), and IPGR (P, 0.002) groups. The plasma
leptin concentrations were higher in IUGR than in CON
(P , 0.03), IPGR (P , 0.0001), and PNGR (P , 0.001)
(Table 1).

Assessment of visceral and subcutaneous fat. Com-
puted tomography scan ROI analysis quantified (Fig. 2B)
a significant increase in subcutaneous (P , 0.0004) and
visceral (P , 0.0002) fat in the IUGR group, reflecting the
increased plasma leptin concentration (Table 1) compared
with CON, IPGR (P , 0.0001 for subcutaneous and vis-
ceral), and PNGR groups (P , 0.0001 for subcutaneous
and visceral). Representative computed tomography scans
at the level of L5 are depicted in the inset of Fig. 2B. In
contrast, while there is an apparent qualitative decrease in
subcutaneous fat and increase in visceral fat of the PNGR
and IPGR versus CON (Fig. 2B) groups, ROI quantification
did not reveal any significant difference (Fig. 2B).
VO2, heat production, VCO2, RER, and activity. After an
overnight fast, VO2 (milliliter per kilogram per hour) in all
three groups was similar to that in CON (Fig. 3A). How-
ever, after feeding, the IUGR group failed to increase VO2
(Fig. 3A) and heat production (kilocalories per kilogram
per hour) (Fig. 3B), which we referred to as “metabolic

FIG. 2. A: The weight gain in CON, IUGR, IPGR, and PNGR is shown
from 4 to 10 months of age. The inset shows body weight at 21 days (d)
for the four groups. *P< 0.0001 IUGR, IPGR, and PNGR vs. CON (inset);
#P < 0.0001 IPGR and PNGR vs. IUGR (inset); **P < 0.001 IUGR, IPGR,
and PNGR vs. CON. B: Quantification by ROI analysis of subcutaneous
and visceral fat is shown in CON, IUGR, IPGR, and PNGR; n = 6 for each
group. The inset shows the representative transverse section images of
abdominal computed tomography scans for each group at 10 months of
age. Arrow points to the subcutaneous fat. A, anterior; L, left; P, pos-
terior; R, right; V, visceral. **P < 0.0004, *P < 0.0002 IUGR vs. CON;
#P < 0.0001 IUGR vs. IPGR; ‡P < 0.0001 IUGR vs. PNGR. (A high-quality
color representation of this figure is available in the online issue.)
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inflexibility,” while the IPGR (P , 0.001) and PNGR (P ,
0.01) groups showed a significant increase in VO2 and heat
production (IPGR P , 0.04 and PNGR P , 0.05) similar to
CON (P , 0.003) (Fig. 3A and B). In the IPGR, VO2 during
the fed state was significantly higher than VO2 in both fast-
ing and fed states of the IUGR group (P , 0.001) (Fig. 3A).
Resting VO2 was measured as a reflection of basal metabolic
rate assessed during the resting state consisting of none to
less than baseline activity (0–10 counts/10 min) and ob-
served to be lower in IUGR versus CON, IPGR, and PNGR,
only achieving statistical significance compared with the
IPGR group (P , 0.05) (Fig. 3A). The IUGR group dem-
onstrated lower heat production in the fed state compared
with CON, IPGR, and PNGR (Fig. 3B). In contrast to VO2,
VCO2 showed an appropriate increase in the fed state ver-
sus the fasted state in all experimental groups (IUGR P ,
0.02; IPGR and PNGR P , 0.001), similar to that of CON
(P, 0.001) (Fig. 3C), although the IUGR demonstrated the
least increase. The resting energy ratio (VCO2/VO2) was

higher after feeding in all groups, similar to CON (P ,
0.001) (Fig. 3D). Additionally, an expected significant in-
crease in percent of energy generated from carbohydrate
(P , 0.001) after feeding but from fat during the fasting
state (P , 0.001) was noted in all four groups (Fig. 3E).

The total, rearing, and ambulatory activity counts averaged
over 10-min epochs showed increase in IPGR (P , 0.02,
0.003, and 0.02, respectively) during the fed versus the
fasted states, similar to that seen in CON (Fig. 4A–C). The
total activity of the IUGR that demonstrated metabolic
inflexibility and that of the PNGR that exhibited caloric
inefficiency were no different between the fed and fasted
states (Fig. 4A–C).
Glucose tolerance test and GSIR. Plasma glucose and
glucose area under the curve (AUC) in IUGR, IPGR, and
PNGR were not different from CON (Fig. 5A and B). GSIR
at 5 min after a glucose challenge in IPGR was significantly
higher than in CON (P , 0.03), IUGR (P , 0.005), and
PNGR (P , 0.003) (Fig. 5C). This resulted in total insulin

FIG. 3. A: VO2. B: Heat production. C: VCO2. D: RER. E: Percent use of substrates carbohydrate (CHO) and fat is shown in IUGR, IPGR, PNGR, and
CON groups during fasting and fed states (n = 6 in each group). Fasting vs. fed states in the respective groups:

a
P< 0.01,

b
P< 0.02,

f
P< 0.001,

g
P <

0.003. #P < 0.001 VO2 fed-state IPGR vs. fasting and fed states in IUGR group. ##P < 0.05 resting-state VO2 IUGR vs. resting-state VO2 IPGR.
*P < 0.03 heat production during fed state in the IUGR vs. the fed state in CON. #P < 0.0003 heat production during fed state in the IUGR vs.
fed state in CON. ‡P < 0.02 heat production during fed state in PNGR vs. fed state in IUGR. ‡P < 0.001 VCO2 fed state in IPGR vs. fed state in
IUGR.
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AUC of IPGR that was higher compared with that of PNGR
(P , 0.01) but similar to that of CON (Fig. 5D).
Hyperinsulinemic-euglycemic clamp studies. Under
basal conditions, the Rd and HGP were significantly higher
in IPGR compared with CON (P , 0.04), IUGR (P , 0.01),
and PNGR (P , 0.01) (Fig. 6A and B). During hyper-
insulinemic-euglycemic clamp conditions, Rd in the IPGR
group remained significantly greater than that in the CON
(P , 0.02) and IUGR (P , 0.01) groups and increased
from the corresponding basal Rd in the IPGR group (P ,
0.001). The PNGR group exhibited increase in Rd during
the hyperinsulinemic clamp compared with the correspond-
ing basal Rd (P , 0.001) and that of the hyperinsulinemic-
clamped IUGR group (P, 0.01). While HGP trended toward
a decrease during the hyperinsulinemic clamp versus the
corresponding basal value in all groups, a significant de-
crease was noted only in the IPGR group (P, 0.05) (Fig. 6B).
The GIR and 2-deoxyglucose uptake in skeletal muscle
(SKM) (soleus; oxidative type) were significantly increased
in IPGR and PNGR compared with CON and IUGR (P ,
0.05), supporting increased SKM insulin sensitivity and
insulin-induced glucose uptake by oxidative muscle fibers
(Fig. 6C and D). The GIR and 2-deoxyglucose uptake in
SKM (soleus) of the IUGR was no different from that of
CON. There were no intergroup differences observed in
the insulin-induced glucose uptake by the extensor dig-
itorum longus muscle (glycolytic type), gastrocnemius
(mixed type), liver, or WAT (Fig. 6D).

DISCUSSION

This is a study examining the impact of metabolic pro-
gramming in the adult male rat subjected to postnatal ad

libitum feeding versus that of postnatal caloric restriction
superimposed on intrauterine caloric restriction. IUGR
led to an obese and metabolically inflexible but glucose
tolerant and non–insulin resistant adult phenotype, while
IPGR and PNGR displayed a lean, metabolically flexible,
and highly insulin-sensitive phenotype (muscle and liver).
IPGR demonstrated a higher glucose-induced insulin re-
sponse compared with CON, resulting in normal glucose
tolerance. This presentation in IPGR correlated with a higher
resting oxygen consumption rate and physical activity level
compared with CON, IUGR, and PNGR. Thus, it appears
that postnatal nutrient restriction during lactation had
a positive effect on the intrauterine calorie-restricted adult
phenotype. This finding is novel in the backdrop of epide-
miological observations of developing obesity and T2DM in
low–birth weight infants with a flat postnatal growth pattern
until 2 years of age followed by exponential growth be-
tween 2–8 years of age (15).

The increased visceral and subcutaneous fat and plasma
leptin concentration in the IUGR group and absence of the
same in IPGR and PNGR groups observed in our present
study may underlie the observed metabolic profile. Nor-
mal insulin concentration and insulin-sensitive state of the
10-month-old male IUGR rat offspring may also promote
triglyceride synthesis and storage in WAT. Previously,
9-month-old IUGR rat offspring subjected to ad libitum
postnatal intake were observed to be heavier with increased
adiposity by dual-energy X-ray absorptiometry and hyper-
triglyceridemia, with no change in lean body mass (7,16).
Increased intra-abdominal adipose tissue is also reported
from whole-body MRI obtained as early as term-corrected
age in prematurely born low–birth weight human neonates
with accelerated postnatal body weight gain (17,18).

FIG. 4. Total activity (A), rearing activity (B), and total ambulatory activity (C) are shown in IUGR, IPGR, PNGR, and CON groups during fasting
and fed states averaged as counts for 10-min epochs (n = 6 in each group). Fasting vs. fed states compared within the same group:

a
P < 0.01,

b
P <

0.02,
f
P < 0.001,

g
P < 0.003.
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The reason for visceral adiposity in insulin-sensitive IUGR
remains unresolved in this study. Human adults demon-
strating insulin sensitivity in the early stages of developing
obesity have been described (19,20). One possible expla-
nation is that even at 10 months of age, the insulin-sensitive
state is responsible for promoting visceral adiposity. Once
a certain threshold of adiposity is attained, insulin re-
sistance may ensue. This explanation suggests that perhaps
at a subsequent age (e.g., 15–17 months), insulin resistance
may be evident that has not quite manifested at 10 months
of age in the male IUGR offspring. An alternate explanation
may be related to metabolic programming due to prenatal
exposure to caloric restriction. Caloric restriction during
a critical window of development may metabolically pro-
gram the offspring permanently. Thus, a state of insulin
deficiency due to caloric restriction during the fetal stage
of development may have permanently programmed in-
sulin sensitivity that persists during adult life despite ac-
quisition of visceral adiposity. Such a state is uniquely
different from that encountered in a normal adult animal
exposed to a high-calorie diet, where adiposity and insulin
resistance are seen (21). In the case of the latter explanation,
insulin sensitivity is likely to persist at subsequent ages as
well, warranting such investigations in the future to deter-
mine the reason behind the insulin-sensitive state in the
adult IUGR male offspring.

Food intake per body weight in IUGR was lower than
in CON, and VO2 consumption failed to increase in the fed
versus fasted states. In contrast, IPGR with no similar ac-
cumulation of visceral adipose tissue exhibited an improved

metabolic profile with flexibility in postfeeding VO2 and heat
production. Therefore, while prenatal nutrient restriction
resulted in heat production of both IUGR and IPGR similar
to that of CON during fasting, only IUGR demonstrated
decreased heat production (kilocalories per kilogram per
hour) in the fed state compared with CON. PNGR with
higher food intake per body weight and decreased caloric
efficiency had an improved metabolic profile seen as an
increase in VO2 and heat production during the fed state
mimicking IPGR and CON.

Activity level in the fed state of CON and IPGR increased
significantly compared with the fasted state. In contrast,
activity level in the fed state did not change significantly
in the obese IUGR and lean PNGR groups compared with
CON. The explanation for this observation may be related
to either a central trigger in the hypothalamus (22) or pe-
ripheral skeletal muscle fiber type changes, each being
specific to IUGR versus PNGR groups. The ultimate phe-
notype of obesity is due to a diminution of energy expen-
diture and physical activity despite reduced caloric intake
in the adult male IUGR offspring. While exercise may
augment energy expenditure and further enhance insulin
sensitivity in the IUGR depending on the intensity of train-
ing and amount of exercise (23,24), it is not clear whether
this intervention would further benefit the PNGR that
already exhibits augmented energy expenditure and en-
hanced insulin sensitivity with increased insulin-stimulated
glucose uptake in the soleus. Additional differences ob-
served in the resting VO2 revealed IUGR to display the least
oxygen consumption independent of physical activity

FIG. 5. A: Plasma glucose concentrations at baseline and 5, 15, 30, 45, 60, and 120 min after an intravenous glucose challenge are shown in CON,
IUGR, PNGR, and IPGR (n = 7 each in all groups). B: AUC for plasma glucose concentration during the glucose tolerance test for CON, IUGR,
PNGR, and IPGR. C: Plasma insulin concentrations at baseline and 5, 15, 30, 45, 60, and 120 min after an intravenous glucose challenge are shown
in CON, IUGR, PNGR, and IPGR (n = 7 each in all groups). *P < 0.03 IPGR vs. CON, IUGR, and PNGR; ‡P < 0.05 IUGR vs. PNGR. D: The AUC for
plasma insulin concentrations during the glucose tolerance test for CON, IUGR, PNGR, and IPGR; ‡P < 0.01 IPGR vs. PNGR.
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compared with the lean IPGR and PNGR groups. Thus,
exercise may only show partial benefit in the IUGR group
as well. Collectively, these findings related to the metabolic
and energy profiles and activity level situate the PNGR
group in between the IUGR (low) and IPGR (high) groups.

The whole-body glucose metabolism examined by
hyperinsulinemic-euglycemic clamp studies did not show
any significant differences in Ra, HGP, or GIR between IUGR
and CON confirming an insulin-sensitive state in the for-
mer. Additionally, there was no hyperglycemia or hyper-
insulinemia by intravenous glucose tolerance test. These
findings in freely moving rats are similar to those of pre-
vious reports in anesthetized 260-day-old male IUGR rats
that were shown to maintain insulin sensitivity by in vivo
hyperinsulinemic-euglycemic clamp studies (6). The IPGR
group demonstrated enhanced whole-body insulin sensitivity
with higher Ra and GIR during basal and hyperinsulinemic
clamp conditions compared with all the other groups. The
PNGR group displayed such an increase in Rd only under
hyperinsulinemic-euglycemic clamp conditions. Higher HGP
in IPGR under basal condition that was suppressed during
hyperinsulinemic clamp may reflect the liver’s response (Ra)
at attempting to match the higher whole-body demand for
glucose (Rd) in the more active IPGR group, also reflected
as enhanced hepatic insulin sensitivity and skeletal muscle
glucose uptake. In contrast, the PNGR group did not dem-
onstrate such changes in HGP, while expressing increased
insulin sensitivity in other tissues (GIR changes reflecting
those of skeletal muscle–soleus glucose uptake).

While other groups using the gestational caloric restric-
tion rat model have previously reported in vivo insulin
resistance in the adult IUGR male offspring, these con-
clusions were based on ratios between circulating glucose
and insulin concentrations alone (25). Similarly, in a com-
parison of two other rat IUGR models present in the

literature with our model described here, it appears that
the utero-placental insufficiency rat model of IUGR results
in hepatic insulin resistance with no change in glucose
utilization at an early age of 3–6 months (5) and increased
visceral adipose tissue in 21-day-old males (26). The protein-
restricted IUGRmale offspring demonstrates in vitro changes
that are consistent with insulin resistance in skeletal mus-
cle and WAT (27); however, no in vivo hyperinsulinemic-
euglycemic clamp studies exist to date. A decrease in
pancreatic b-cell mass and their replication was previously
shown in the IUGR offspring at 21 days of age (28). In a
compilation of these studies together, it appears that none
of these studies demonstrated changes in in vivo glucose
utilization consistent with insulin resistance; rather, some
investigations demonstrated early insulin deficiency or relied
on ratios between glucose and insulin to make conclusions
regarding the presence of insulin resistance subsequently
in the adult offspring. Using hyperinsulinemic-euglycemic
clamp experiments conducted systematically along with
assessment of tissue glucose uptake in the current study,
we have observed insulin sensitivity despite visceral ad-
iposity in the adult IUGR male offspring.

In conclusion, the male IUGR adult rat offspring at the
age of 10 months demonstrates visceral and subcutaneous
adiposity, metabolic inflexibility between fasting and fed
states, and decreased activity while remaining insulin sen-
sitive in the fed state. In contrast, the adult male IPGR
offspring remain lean, demonstrate enhanced insulin sen-
sitivity, metabolic flexibility, and increased resting VO2 and
activity in the fed state. PNGR offspring remain lean and
insulin sensitive and demonstrate caloric inefficiency de-
spite metabolic flexibility but without an increase in activity
during the fed state. Therefore, postnatal caloric restriction
superimposed on IUGR improved the metabolic profile,
while unrestricted access to calories in the IUGR offspring

FIG. 6. A: Whole-body insulin sensitivity with Rd under basal conditions and during hyperinsulinemic-euglycemic (HI) clamp in all groups
(n = 6 each in all groups). *P < 0.04 vs. CON; **P < 0.02 vs. CON; #P < 0.01 vs. IUGR; ‡P < 0.01 vs. PNGR;

a
P < 0.001 Rd under basal vs.

hyperinsulinemic-euglycemic clamp conditions. B: HGP under basal and during hyperinsulinemic-euglycemic clamp conditions in all groups (n = 6
each in all groups). *P< 0.04 vs. CON; #P < 0.01 vs. IUGR; ‡P < 0.01 vs. PNGR;

a
P < 0.001 HGP under basal vs. hyperinsulinemic-euglycemic clamp

conditions. C: Insulin sensitivity with GIR during the hyperinsulinemic-euglycemic clamp condition in all groups (n = 6 each). *P < 0.04 vs. CON;
***P < 0.003 vs. CON; #P < 0.04 vs. IUGR; ##P < 0.003 vs. IUGR. D: Insulin-stimulated glucose uptake in skeletal muscles, liver (LIV), and WAT in
all groups is shown (n = 6 each in all groups). DG, deoxyglucose; EDL, extensor digitorum longus muscle; GA, gastrocnemius; SOL, soleus. *P <
0.04 vs. CON; #P < 0.04 vs. IUGR.
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promoted metabolic inflexibility and visceral adiposity prior
to the development of insulin resistance or overt diabetes.
Similar systematic studies at a subsequent age in the adult
IUGR male offspring are warranted to determine whether
the state of insulin resistance with or without glucose in-
tolerance sets in much later in life. We speculate that our
study provides the basis for exploring postnatal nutritional
interventions targeting “catch-up growth” in future clinical
trials.
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